
 

 

3.3.2. Number of research papers per teachers in 

the Journals notified on UGC website during the 

year 



Sr. No Title of paper Name of the author/s Name of journal 
ISSN 

number 

Link to the 

recognition in UGC 

enlistment of the 

Journal 

1.  

A combine stress of salinity and high 

temperature in vigna mungo (l.) Hepper leads to 

expression of more small heat shock proteins 

during in-vitro conditions 

Dr. P. G. Bansod 

The journal of oriental 

research madras [Vol. 

XCII-XLIII) 

0022-3301 

https://www.worldcat.o
rg/formats-
editions/1754710 

  

2.  
Transition from IPv4 to IPv6 Network in IoT 

Security Based upon Transition Methods 
Prof. S. B. Sarvaiya 

International Journal on 

Orange Technology 

(IJOT) 

2615-8140 

https://journals.researc

hparks.org/index.php/I

JOT 

3.  
The Theme of Human suffering in " The Guide' 

by R. K. Narayan 
Dr. V. P. Shekokar 

Royal- An International 

Multidisciplinary Half 

Yearly Research Journal 

2278-8158 
http://www.sjifactor.c

om/ 

4.  

Bulk Viscous LRS Bianchi Type I 

Cosmological Model of the Inflationary 

Universe in General Relativity 

A. P. Wasnik, P. P. Khade 

International Journal of 

Physics and 

Mathematics 

2664-8636 

https://www.physicsjou
rnal.net/article/view/34
/3-3-12 

5.  Use of IT in Education  Dr. D. S. Wankhade 
International E-research 

Journal  
2348-7143 

www.researchjourney.

net 

 

  

6.  
Role of Nutrition in Sports  

Performance and Fitness 
Dr. D. S. Wankhade 

Multidisciplinary 

International Research 

Journal 

2278-9308 

www.aadharsocial.co

m 

  

7.  Gender Inequality Dr. D. S. Wankhade 

Sanskruti International 

Multidisciplinary 

Research Journal 

2455-1511 
www.simrj.org.in 

  

https://www.worldcat.org/formats-editions/1754710
https://www.worldcat.org/formats-editions/1754710
https://www.worldcat.org/formats-editions/1754710
https://journals.researchparks.org/index.php/IJOT
https://journals.researchparks.org/index.php/IJOT
https://journals.researchparks.org/index.php/IJOT
https://www.physicsjournal.net/article/view/34/3-3-12
https://www.physicsjournal.net/article/view/34/3-3-12
https://www.physicsjournal.net/article/view/34/3-3-12
http://www.researchjourney.net/
http://www.researchjourney.net/
http://www.aadharsocial.com/
http://www.aadharsocial.com/
http://www.simrj.org.in/


8.  
A Role of Diet and 

 Nutrition in Sports Performance and Fitness  
Dr. D. S. Wankhade 

Role of Physical 

activities,  

health and fitness in 

todays crisis 

2277-8071 
www.ycjournal.net 

  

9.  

The Phenotypic Effect of Cardamom oli on the 

Developmental Stages of Drosophila 

Melanogaster 

Dr. Y.D. Akhare 

International Journal of 

Scientific Research in 

Science and Technology 

2395-602X 
https://ijsrst.com/pape

r/8460.pdf 

10.  
Variability of Nocturnal Insects In Sant Gadge 

Baba Amravati University Campus, Amravati 
Dr. Y.D. Akhare 

International Journal of 

Scientific Research in 

Science and Technology 

2395-602X 
https://ijsrst.com/pape

r/8445.pdf 

11.  
Effect of Ocimum santum Extract on 

Developmental Stages of Drosophila 

melanogaster 

Dr. Y.D. Akhare 

International Journal of 

All research Education 

and Scientific Methods 

2455-6211 

http://www.ijaresm.co

m/uploaded_files/doc

ument_file/Y._D_._A

khare_bTkm.pdf  

12.  
Fourier transform infrared spectroscopy 

analysis of Sauromatum venosum (Ait.) schott. 

Tuber extract for alkaloids 

Dr. M. U. Ghurde 
International Journal of 

Botany Studies  
2455-541X 

www.botanyjournals.c

om 

13.  
The Core Principles of Management for 

Business Management 
Dr.S.K.Rodde IDEAL  2319 - 359X 

http://ww1.ajantaprak

ashan.com/?subid1=5

d434b00-7c44-11ed-

83bf-e40eae037a71 

14.  
Tourism Marketing and Sales Promotion 

Strategies 
Dr. P. B. Upase IDEAL  2319 - 359X 

http://ww1.ajantaprak

ashan.com/?subid1=5

d434b00-7c44-11ed-

83bf-e40eae037a71 

15.  
Analysis of IoT Data Transfer Messaging 

Protocols on Application Layer 
Prof. S. B. Sarvaiya 

International Journal for 

Research in Applied 

Science and 

Engineering 

Technology(IJRASET) 

2321-9653 www.ijraset.com  

http://www.ycjournal.net/
https://ijsrst.com/paper/8460.pdf
https://ijsrst.com/paper/8460.pdf
https://ijsrst.com/paper/8445.pdf
https://ijsrst.com/paper/8445.pdf
http://www.ijaresm.com/uploaded_files/document_file/Y._D_._Akhare_bTkm.pdf
http://www.ijaresm.com/uploaded_files/document_file/Y._D_._Akhare_bTkm.pdf
http://www.ijaresm.com/uploaded_files/document_file/Y._D_._Akhare_bTkm.pdf
http://www.ijaresm.com/uploaded_files/document_file/Y._D_._Akhare_bTkm.pdf
http://www.ijraset.com/


16.  
Trustworthy IoT Traditional Network Security 

to Authentication and Access Control Model for 

Heterogeneous Devices 

Prof. S. B. Sarvaiya 

International Journal of 

Innovative Research in 

Technology 

2349-6002 www.ijirt.org 

17.  
Higher Education in Commerceis aligned 

withEmployability Skills: A myth or a reality 
Dr. D. S. Rangacharya Oriental Research 0022-3301 

https://portal.issn.org/

advancedsearch  

18.  
 Cashless Transactions: Challenges and 

Remedies 
Dr. D. S. Rangacharya Royal 2278-8158 

https://portal.issn.org/r

esource/ISSN/2278-

8158 

19.  
Financial Inclusion: Solution for Banking 

Shadow 
Dr. D. S. Rangacharya Ajanta 2277-5730 

https://portal.issn.org/r

esource/ISSN/2277-

5730 

20.  
Empiricial Study of Prediction Model in 

Education Domain 
K. P. Raghuvanshi 

Journal of Emerging 

Technologies and 

Innovative Research 

(JETIR) 

2349-5162 

http://www.jetir.org/vi

ew?paper=JETIR2211

292 

  

21.  An Empirical Study on Virtual Private Network S. K. Totade 

Journal of Emerging 

Technologies and 

Innovative Research 

(JETIR) 

2349-5162 

http://www.jetir.org/vi

ew?paper=JETIR2211

292 

22.  Cyber Security Awareness Rana Afreen Sheikh 

International Research 

Journal of Innovations 

in Engineering and 

Technology (IRJIET) 

2581-3048 https://irjiet.com/ 

23.  Role of Web Technology in Primary Education S. B. Bele 

International Research 

Journal of Innovations 

in Engineering and 

Technology (IRJIET) 

2581-3048 
https://irjiet.com/ 

  

http://www.ijirt.org/
https://portal.issn.org/advancedsearch
https://portal.issn.org/advancedsearch
https://portal.issn.org/resource/ISSN/2278-8158
https://portal.issn.org/resource/ISSN/2278-8158
https://portal.issn.org/resource/ISSN/2278-8158
https://portal.issn.org/resource/ISSN/2277-5730
https://portal.issn.org/resource/ISSN/2277-5730
https://portal.issn.org/resource/ISSN/2277-5730
http://www.jetir.org/view?paper=JETIR2211292
http://www.jetir.org/view?paper=JETIR2211292
http://www.jetir.org/view?paper=JETIR2211292
http://www.jetir.org/view?paper=JETIR2211292
http://www.jetir.org/view?paper=JETIR2211292
http://www.jetir.org/view?paper=JETIR2211292


24.  
Investigation of Nonlinear I-V characteristics of 

nanocrystalline tin oxide 

Balkhande V.M., Abdul 

Tantray, Raulkar K.B., 

Lamdhade G. T 

International Journal of 

Scientific Research in 

Science and Technology 

(IJSRST) 

2395 - 602X https://ijsrst.com/ 

25.  
I-V characteristics of Cupric Oxide (CuO) thin 

film 

Balkhande V.M., Abdul 

Tantray, Raulkar K.B., 

Lamdhade G.T. 

International Journal of 

Scientific Research in 

Science and Technology 

(IJSRST) 

2395 - 602X https://ijsrst.com/ 

26.  
Synthesis and Characterization of LiBaB9O15 : 

Gd3+ Phosphor by Recrystallization Method 

N. D. Kherde, A. O. 

Chauhan, P. A. Nagpure, S. 

K. Omanwar 

International Journal of 

Scientific Research in 

Science and Technology 

(IJSRST) 

2395 - 602X 
https://ijsrst.com/IJSR

ST22291325 

27.  
Synthesis and Photoluminescence study of 

LaF3:Gd3+ phosphors for Phototherapy 

Application 

A. O. Chauhan, C. B. Palan, 

N. S. Sawala, S. K. 

Omanwar 

Journal of Emerging 

Technologies and 

Innovative Research 

(JETIR) 

2349 - 5162 www.jetir.org  

28.  
Synthesis and luminescence properties of 

MSO4:Eu (M=Ca, Ba) phosphors for radiation 

dosimetry  

C. B. Palan, A. O. Chauhan, 

N.S. Sawala, S. K. Omanwar 

Journal of Emerging 

Technologies and 

Innovative Research 

(JETIR) 

2349 - 5162 www.jetir.org  

29.  
Synthesis and Photoluminescence properties of 

Eu3+ ions doped LiBaPO4 phosphor 

N. S. Sawala, S. R. Jaiswal, 

A. O. Chauhan, C. B. Palan, 

S. K. Omanwar 

Journal of Emerging 

Technologies and 

Innovative Research 

(JETIR) 

2349 - 5162 www.jetir.org  

30.  Sthanik Swrajya Sanstha Ani Mahila Netrutva Mr. Amit O. Ingole Srujan Prabhat 2249-1171 

https://portal.issn.org/r

esource/ISSN/2249-

1171 

31.  
Misconceptions of Covid-19 Vaccine Aming 

College Students 
Dr. S. D. Wakode Printing Area 2394 5303 

https://www.vidyawar

ta.com/03/?p=5036  

https://ijsrst.com/IJSRST22291325
https://ijsrst.com/IJSRST22291325
http://www.jetir.org/
http://www.jetir.org/
http://www.jetir.org/
https://portal.issn.org/resource/ISSN/2249-1171
https://portal.issn.org/resource/ISSN/2249-1171
https://portal.issn.org/resource/ISSN/2249-1171
https://www.vidyawarta.com/03/?p=5036
https://www.vidyawarta.com/03/?p=5036


32.  
Misconceptions of Covid-19: The Role of Social 

Media in it's Spread 
Dr. S. D. Wakode Research Journey 2348-7143 

https://www.researchj

ourney.net/special-

issues 

33.  
Effect of Endosulfanon Intestine and Pancreas 

of frog Ranatigrina 
Rathod S. H, N. R, Thorat 

International Journal of 

Scientific Research in 

Science and Technology 

2395-6011 
https://ijsrst.com/pape

r/9239.pdf 

34.  
Effects of water extract of Parthenium 

hysterophorus on Haematological contents of 

freshwater fish Labeo rohita 

(Vikhar) Khedkar, A.P. 

Journal of Emerging 

Technologies and 

Innovative Research 

2349-5162 https://www.jetir.org 

35.  
Effect of Terminalia Arjuna Bark Extract on 

Streptozotocin-Induced Diabetic Rats 

Akhare Y. D., Shraddha 

Sharma 

International Journal of 

Current Science 

Research and Review 

2581-8341 

https://ijcsrr.org/single

-

view/?id=5743&pid=5

593 

36.  
Effect of Extract of Emblica officinalis on 

Developmental Stages of Drosophila 

melanogaster 

Dr. Y. D. Akhare, Shrutika 

S. Kurhekar 

International Journal of 

Science and Research 
2319-7064 

https://www.ijsr.net/vi

ew.php?id=SR224251

44801  

37.  
Effect of Neem Extract on the Developmental 

Stages of Drosophila Melanogaster 

Y. D. Akhare, H. A. 

Patharikar, P. R. Kumare 

International Journal of 

All Research Education 

and Scientific Methods 

(IJARESM), 

2455-6211 www.ijaresm.com 

38.  

Identification of concealed structural alerts 

using QSTR modeling for Pseudokirchneriella 

subcapitata,  

Vijay H. Masand, Magdi E. 

A. Zaki, Sami A. Al-

Hussain, Anis Ben Ghorbal, 

Siddhartha Akasapu, Israa 

Lewaa, Arabinda Ghosh, 

Rahul D. Jawarkar,  

Aquatic toxicology 0166-445X 

https://www.scopus.co

m/authid/detail.uri?aut

horId=25626713900 

  

39.  

QSAR based virtual screening derived 

identification of a novel hit as a SARS CoV-

229E 3CLpro Inhibitor: GA-MLR QSAR 

modeling supported by molecular Docking, 

R. D. Jawarkar, Ravindra 

kumar L. Bakal, Magdi E. A. 

Zaki, Sami Al-Hussain, 

Arabinda Ghosh, Ajay 

kumar Gandhi, Nobendu 

Arabian Journal of 

Chemistry 
1878-5352 

https://www.scopus.co

m/authid/detail.uri?aut

horId=25626713900 

  

https://www.researchjourney.net/special-issues
https://www.researchjourney.net/special-issues
https://www.researchjourney.net/special-issues
https://ijsrst.com/paper/9239.pdf
https://ijsrst.com/paper/9239.pdf
https://www.jetir.org/
https://ijcsrr.org/single-view/?id=5743&pid=5593
https://ijcsrr.org/single-view/?id=5743&pid=5593
https://ijcsrr.org/single-view/?id=5743&pid=5593
https://ijcsrr.org/single-view/?id=5743&pid=5593
https://www.ijsr.net/view.php?id=SR22425144801
https://www.ijsr.net/view.php?id=SR22425144801
https://www.ijsr.net/view.php?id=SR22425144801
http://www.ijaresm.com/
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900


molecular dynamics simulation and MMGBSA 

calculation approaches,  

Mukerjee, Abdul Samad, 

Vijay H. Masand, Israa 

Lewaa,  

40.  

Identification of potential edible mushroom as 

SARS-CoV-2 main protease inhibitor using 

rational drug designing approach,  

Debanjan Sen, Bimal 

Debnath, Pradip Debnath, 

Sudhan Debnath, Magdi E. 

A. Zaki, Vijay H. Masand,  

Scientific Reports 2045-2322 

https://www.scopus.co

m/authid/detail.uri?aut

horId=25626713900 

  

41.  

Exploring the Prominent and Concealed 

Inhibitory Features for Cytoplasmic Isoforms of 

Hsp90 Using QSAR Analysis, 

Magdi E. A. Zaki, Sami A. 

Al-Hussain, Syed Nasir 

Abbas Bukhari, Vijay H. 

Masand, Mithilesh M. 

Rathore, Sumer D. Thakur, 

Vaishali M. Patil,  

Pharmaceuticals 1424-8247 

https://www.scopus.co

m/authid/detail.uri?aut

horId=25626713900 

  

42.  

 Identification of potent aldose reductase 

inhibitors as antidiabetic (Anti-hyperglycemic) 

agents using QSAR based virtual Screening, 

molecular Docking, MD simulation and 

MMGBSA approaches,  

Ravindra L. Bakal, Rahul D. 

Jawarkar, J. V. Manwar, 

Minal S. Jaiswal, Arabinda 

Ghosh, Ajaykumar Gandhi, 

Magdi E. A. Zaki, Sami Al-

Hussain, Abdul Samad, 

Vijay H. Masand, Nobendu 

Mukerjee, Syed Nasir Abbas 

Bukhari, Praveen Sharma, 

Israa Lewaa, 

Saudi Pharmaceutical 

Journal 
1319-0164 

https://www.scopus.co

m/authid/detail.uri?aut

horId=25626713900 

  

43.  

Mechanistic Analysis of Chemically Diverse 

Bromodomain-4 Inhibitors Using Balanced 

QSAR Analysis and Supported by X-ray 

Resolved Crystal Structures 

Magdi E. A. Zaki, Sami A. 

Al-Hussain, Aamal A. Al-

Mutairi, Vijay H. Masand, 

Abdul Samad, and Rahul D. 

Jawarkar 

Pharmaceuticals 1424-8247 

https://www.scopus.co

m/authid/detail.uri?aut

horId=25626713900 

  

44.  

Perceiving the Concealed and Unreported 

Pharmacophoric Features of the 5-

Hydroxytryptamine Receptor Using Balanced 

QSAR Analysis 

Syed Nasir Abbas Bukhari, 

Mervat Abdelaziz Elsherif, 

Kashaf Junaid, Hasan Ejaz, 

Pravej Alam, Abdul Samad, 

Rahul D. Jawarkar, Vijay H. 

Masand 

Pharmaceuticals 1424-8247 

https://www.scopus.co

m/authid/detail.uri?aut

horId=25626713900 

  

https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900


45.  

Synthesis and Evaluation of Some New 4H-

Pyran Derivatives as Antioxidant, Antibacterial 

and Anti-HCT-116 Cells of CRC, with 

Molecular Docking, Antiproliferative, 

Apoptotic and ADME Investigations 

Nahed N. E. El-Sayed, 

Magdi E. A. Zaki, Sami A. 

Al-Hussain, Abir Ben 

Bacha, Malika Berredjem, 

Vijay H. Masand, Zainab 

M. Almarhoon, Hanaa S. 

Omar 

Molecules 1420-3049 

https://www.scopus.co

m/authid/detail.uri?aut

horId=25626713900 

  

46.  

QSAR, Molecular Docking, MD Simulation and 

MMGBSA Calculations Approaches to 

Recognize Concealed Pharmacophoric Features 

Requisite for the Optimization of ALK Tyrosine 

Kinase Inhibitors as Anticancer Leads 

Rahul D. Jawarkar, Praveen 

Sharma, Neetesh Jain, 

Ajaykumar Gandhi, 

Nobendu Mukerjee, Aamal 

A. Al-Mutairi, Magdi E. A. 

Zaki, Sami A. Al-Hussain, 

Abdul Samad, Vijay H. 

Masand, Arabinda Ghosh, 

Ravindra L. Bakal 

Molecules 1420-3049 

https://www.scopus.co

m/authid/detail.uri?aut

horId=25626713900 

  

47.  

QSAR Evaluations to Unravel the Structural 

Features in Lysine-Specific Histone 

Demethylase 1A Inhibitors for Novel 

Anticancer Lead Development Supported by 

Molecular Docking, MD Simulation and 

MMGBSA 

Rahul D. Jawarkar, Ravindra 

L. Bakal, Nobendu 

Mukherjee, Arabinda 

Ghosh, Magdi E. A. Zaki, 

Sami A. Al-Hussain, Aamal 

A. Al-Mutairi, Abdul 

Samad, Ajaykumar Gandhi, 

Vijay H. Masand 

Molecules 1420-3049 

https://www.scopus.co

m/authid/detail.uri?aut

horId=25626713900 

  

48.  

Repurposing food molecules as a potential 

BACE1 inhibitor for Alzheimer’s disease 

Nobendu Mukerjee, 

Anubhab Das, Rahul D. 

Jawarkar, Swastika Maitra, 

Padmashree Das, Melvin A. 

Castrosanto, Soumyadip 

Paul, Abdul Samad, Magdi 

E. A. Zaki, Sami A. Al-

Hussain, Vijay H. Masand, 

Mohammad Mehedi Hasan, 

Syed Nasir Abbas Bukhari, 

Asma Perveen, Badrah S. 

Alghamdi, Athanasios 

Frontiers in Aging 

Neuroscience 
1663-4365 

https://www.scopus.co

m/authid/detail.uri?aut

horId=25626713900 

  

https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900


Alexiou, Mohammad Amjad 

Kamal, Abhijit Dey, Sumira 

Malik, Ravindra L. Bakal, 

Adel Mohammad 

Abuzenadah, Arabinda 

Ghosh, Ghulam Md Ashraf 

49.  

Quinoline Derivatives with Different Functional 

Groups: Evaluation of Their Catecholase 

Activity 

Mohamed Moutaouakil, 

Said Tighadouini, Zainab M. 

Almarhoon, Maha I. Al-

Zaben, Abir Ben Bacha, 

Vijay H. Masand, Jamal 

Jamaleddine, Rafik Saddik 

Catalysts 2073-4344 

https://www.scopus.co

m/authid/detail.uri?aut

horId=25626713900 

  

50.  

Pharmacophore Synergism in Diverse Scaffold 

Clinches in Aurora Kinase B,  

Vijay H. Masand, Sami A. 

Al-Hussain, Mithilesh M. 

Rathore, Sumer D. Thakur, 

Siddhartha Akasapu, Abdul 

Samad, Aamal A. Al-

Mutairi, Magdi E. A. Zaki 

International journal of 

molecular sciences 
1422-0067 

https://www.scopus.co
m/authid/detail.uri?aut
horId=25626713900 

51.  
Artificial photosynthesis and current status of its 

application in generating fuels: A patent 

analytical study  

Dr. Pradnya Nalawade  

Journal of Emerging 

Technologies and 

Innovative Research 

(JETIR)  

2349-5162 
http://jetir.org/jetir%20
ugc%20approval.pdf  

52.  
Synthesis and Antimicrobial Studies of newly 

synthesized 1-substituted-3-substituted propane 

- 1, 3-Dioness 

Dr. P. S. Bodkhe, Sushil 

Pagariya, Rajendra Pathade, 

Ram Isankar 

Journal of Advanced 

Scientific Research   
0976-9595 

 
http://www.sciensage.i
nfo  

 

https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
https://www.scopus.com/authid/detail.uri?authorId=25626713900
http://jetir.org/jetir%20ugc%20approval.pdf
http://jetir.org/jetir%20ugc%20approval.pdf
Gajanan
Stamp



THE JOURNAL OF ORIENTAL RESEARCH MADRAS ISSN 0022-3301 |August 2021 92 
A COMBINE STRESs OF SALINITY AND HIGH TEMPERATURE IN VIGNA MUNGO (L.) HEPPER LEADS TO EXPRESSION OF MORE SMALL HEAT SHOCK PROTEINS 

DURING IN-VITRO CONDITIONS* 

BY 

P. G. Bansod* 

Vidya Bharati mahavidyalaya, Amravati 

S. N. Malode* 
Government Vidarbha Institute of Science and Humanities 

Abstract 

The analysis was carried out to investigate the induction of heat shock proteins during the 
seedlings stage of Vigna mungo L. Hepper. In this study three day old seedlings of Vigna mungo L. 

Hepper are exposed to high temperature stress along with the integrated high temperature and high salinity stress independently under the control laboratory conditions. Two types of treatments such as 

dry treatment and pre-soaked water treatments were used for seeds, in dry set seeds were directly treated to various concentrations of NaCi (0.2%, 0.4%, 0.6 % and 0.8%.) for 18 hrs, whereas, pre- soaked water treatments (PSW) seeds were soaked in distilled water for 12 hrs and then subjected the 
NaCl (0.4%, 0.8%, 1.2% and 1.6%) treatment for 6hrs.The enormous fluctuation in expression of total proteins as well as in SDS-profile has been observed. Many small HSPs of low molecular weight are 
reported in this analysis such as 7.5 KDa, 5.7 KDa and 3.6 KDa along with a protein with molecular 

weight 43 KDa which was constitutively expressed in all seedlings irrespective of the high temperature 
and high salinity treatments. 
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Introduction 
Abiotic stresses are serious threats to agriculture and the environment which have been exa- 

cerbated in the current century by global warming and industrialization. 
Some of the most serious effects of abiotic stresses occur in the arid and semiarid regions where 

rainfall, high evaporation low, native rocks, saline irri-gation water, and poor water management all 
contribute in agricultural areas. Abiotic stresses lead to series of morphological, physiological, 
biochemical changes that adversely affect the plant growth and productivity (Wang et al., 2001b). 
Drought, salinity, extreme temperatures and oxidative stress are often inter connected and may induce 
similar cellular damage, for example drought and salinity are manifested primarily as osmotic stress, 
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resulting in the disruption of homeostasis and ion distribution in the cell (Serrano et al, 1999; Zhu,

2001b). 
Gisela Jansen (2008) evaluated effects of temperature on yield and protein content of Lupinus 

angusttjolinus cultivars, showed that higher temperature led to a decrease in yield, but rise in protein 

content. Don et al., (2005) reported that high temperature affects the high molecular weight fraction 

of gluten protein in wheat. They reported significant effects of prolonged exposure to high 
temperatures (up to 40C) on gluten in macro polymer (GMP) and its constituting gluten in particies 

showed that changes in dough mixing requirements were directly related to changes in gluten in macro 
polymer. Similar reductions were observed in starch, protein and oil contents of the maize kernel 
(Wilhelm et al., 1999). Nayer and Heidari (2008), generated the drought stress in maize plant by PEG 
6000, they observed that after 24 hours treatment the total soluble protein content of two maize 
cultivars (C-704 and C-301) was first increased and then decreased in the roots and leaves. The 

decrease in total soluble protein content was equal in both varieties, but in the leaves of CV-301 was 

greater than in CV-704. In drought the accumulation of dehydrin like 38, 50, 57 and 65 KDa root 

protein and 22 KDa leaf proteins was induced in both varieties. A glass house study was conducted by 
Bako (2006) to evaluate the effects of high temperature growth conditions on crude protein content in 

maize (Zea mays L.) plants. The crude proteins declined significantly with plant age. Duca and Barsan, 
(2001) recorded an increase of protein content in the vegetative tissues especially under the action of 

high concentration of salts. High temperature stress causes a complete loss of low temperature proteins 
and it is repaced by lower rate of protein synthesis of heat induced proteins. Thus the metabolie 
inhibition by high temperature is due to a multifaceted impact on enzyme degradation and enzyme 
specific activity (Nargas and Swarnkar, 2000) 

In most of the studies of heat shock induced stress in plants, plant cells, tissues, organs or 

whole plants have been exposed to only one environmental stress factor i.e. high temperature. However 

under field conditions plants are often simultaneously exposed to soil drying and high temperature

stress. Furthermore in the arid area like Vidarbha many of the soil are saline having considerable

concentration of salts. Vigna mungo already facing dual stresses, has to be withstand the additional 

saline stress in arid areas. These multiple stresses could create a novel effect in physiology of crop 

plants. As the Heat Shock Protein are prime molecules to be expressed during such stresses, it become 

essential to study the effect of such multiple stresses on expression of Heat Shock Proteins (HSPs). In 

this investigation we emphasized on high temperature stress independently as well as high temperature 

in conjunction with salinity. 

Materials and Methods 
Parental material of Vigna mungo (L) Hepper six cultivars were obtained from various Institutes. Four 

cultivars namely AKU-15, AKU-9904, BDU-I and TAU-I were obtained from PKV, Akola and two 

remaining cultivars i.e. Azad-I and Shekhar were obtained from Department of Pulses, Pusa, New 

Delhi. Lethal dose 50 (LDso) is used as a criteria to define the optimum chemical dose. For 
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determination of (LDso) treatments of various concentrations were given to the dry as well as pre 
soaked seeds. Treated seeds then tested for germination. After 48 hours, germinated seeds were 

counted and recorded the germination percentage. 
Methods of treatment:-

Pure and homogenous seeds of Vigna mungo (L) Hepper were treated with different 

concentrations of NaCl. For treatments dry as well as presoaked in water (PSW) seeds were utilized. 
All the treatments were caried out in triplicates at Cytogenetic and Molecular Biology Laboratory, 

Department of Botany, Government Vidharbha Institute of Science and Humanities, Amravati. In case 
of dry treatment seeds were directly treated in various concentrations of chemicals solution for 18hrs, 

whereas. pre-soaked water treatments (PSw) seeds were soaked in distilled water for 12 hrs and then 
subjected the chemical treatment for 6hrs. All the germination trays were kept in germination chambers 
and maintained at 25°C temperature with 70% relative humidity. For dry seeds treatment uniform 
seeds were directly soaked in the mutagenic solution, for about 18 hrs. 

In pre-soaked water (PSsW) treatments dry seeds were soaked in distilled water for 12hrs and 

then exposed to chemical solution for 6 hrs. All reatments vwere carried out in triplicates at 2440.5°e 

in Remi orbital shaking incubator. For presoaked water treatments with NaCl concentrations used were 

0.4%, 0.8%, 1.2% and 1.6% and for dry treatments it was 0.2%, 0.4%, 0.6 % and 0.8%. 
Quantitative and qualitative analysis of proteins: The quantitative analysis of proteins is carried 
out by Bradford method for which three day old seedlings of Vigna mungo (L) Hepper grown in the 

germination tray after providing relevant treatments and maintained at 25c were used. Qualitative 

analysis of proteins is done by SDS-PAGE (Lammaeli, 1970). 

Result and Discussion
1. Temperature stress 

When the comparison was made between the quantity of protein in three day old seedling of six 

cultivars of Vigna mungo (L) Hepper treated with temperature alone, it has been observed that, in 

dry treatment at 35°C, the amount of protein was highest (126.74mg/g) in AKU-15 cv. and lowest 
(37.08mg/g) in Shekhar cv. which shows 77.36% increase. Whereas at 40°C, it was highest 

(129.Img/gm) in AKU-15 cv. and lowest (34.72mg/g) in Azad-1 cv. which shows 78.80% increase. 
At 45 C it was highest (110.22 mg/'g) in AKU-15 ev. and lowest (37.08 mg/g) in Shekhar cv. which 
shows 74.82% increase (Table-1, 3 and 5). 

In PSW treatment, at 35C the quantity of protein among six cultivars was highest (130.46 
mg/g) in AKU-15 cv. and lowest (18.2 mg/g) in Shekhar cv. which shows 87.75% increase; whereas 

at 40 C, the protein quantity was highest (152.68 mg/g) in AKU-15 cv. and lowest (32.36 mg/g) in 
Shekhar cv. which shows 82.51% increase. At 45 C temperature the protein amount was highest 
(136.18 mg/g) in AKU-15 cv. which shows 83.12% increase and lowest in (27.64 mg/g) Shekhar 
cv. (Table-1 and 5). 

2. Combine temperature and salinity stress 

The comparative study of protein quantity among the three day old seedling of six cultivars of Vigna 
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mungo (L) Hepper treated with salinity (NaCI) revealed that, in dry treatment at 35°C, the amount 
ot protein was highest (136.18 mg/g) in AKU-15 cv. which shows 51.79% increase and lowest 
4.04mg/g) in Shekhar cv. Whereas at 40°c, it was highest (166.8 mg/g) in AKU-15 cv. which 
shows 56.36% increase and lowest (1 1.12 mg/g) in Azad-1I cv. At 45°C it was highest (140.9mg/g) 
in AKU-I5 cv. which shows 56.10% increase and lowest (13.48 mg/g) in Shekhar cv. (Table-I and 

The seedling 
salinity stc 

and thes 

5) 

8ive 

In PSW salinty treatment, at 35°C the quantity of protein among six cultivars was highest 
(130.46 mg/g) in AKU-15 cv. which shows 52.1 5% increase and lowest 4.04mg/g in Shekhar cv.; whereas at 40 C, the protein quantity was highest (152.68mg/g) in AKU-15 cv. which shows 
54.18% increase and lowest (4.04mg/g) in Azad-I cv. At 45°C temperature the protein amount was 
highest (136.18mg/g) in AKU-15 cv. which shows 53.22% increase and lowest (8.76mg/g) in Shekhar cv. (Table-1 and 5). 

In most of the cases initially during the rise of temperature i.e. up to 40C protein amount also increased. Above 40°C temperature this protein amount in seedling gradually or suddenly decreased. Our observations in this regards are same, as at 40°C most of the seedlings shows highest amount of proteins. The Azad-1 cultivar was more responsive to temperature and salinity stress in terms of protein production. The increase in protein amount was observed in AKU-15> TAU-1> BDU-1> AKU-9904> Azad-1> Shekhar this trend (Fig. 1) 

Fig.1 -Protein quantity of six cvs of 
Vigna mungo (L) Hepper in response 

to temperature (mgg) 

11494 1291 AKU-15 
AKU-9904 
Azad-1 
BDU-1 
Shekhar 
TAU-1 

SV08 

103.14 
886 

The literature available on this aspect with reference to this plant is insufficient to fully understand 

the role of effects of temperature stress but in most of the cases initially during the rise of 

temperature i.e. up to 40°C protein amount also increased. Above 40°C temperature this protein 

amount in seedling gradually or suddenly decreased. Our observations in this regards are same, as 

at 40°C most of the seedlings shows highest amount of proteins. 

SDS-PAGE Analysis 
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The seedlings in which the temperature stress imposed independently as well as in conjunction with salinity stress, many new polypeptides have been induced, which are not found in control seedlings, and these are mostly of low molecular weight. The treatment wise induction of new polypeptides is given below. 

Cultivar New polypeptides obtained 

21.8 and 5.9 KDa (Plate-5) 
169.4, 23.9, 7.5 and 3.6 KDa ( 
Plate-5) 

Stress applied 

1.2% NaCi /PSW/ 40°C 
0.4,0.8,1.2 and 1.6 % NaCl/PSW/ 40°C 

AKU-9904 

1.2 % NaCl/PSW/ 45°C 5.7 KDa (Plate-6) Azad-I 

Table 19 - New polypeptides obtained on SDS-PAGE gel of the three day old seedlings of Vigna mungo L. (Hepper) treated with various concentration of Nacl and temperature stress. 

The bands obtained in the SDS-PAGE analysis reveal that the heavy bands like 169.4 KDa 
obtained in AKU-9904 at 40°C in 0.4, 0.8, 1.2 and 1.6 % NaCI PSW (Plate- 5); are very few as 
compared to the other bands, which mostly belong to low molecular weight proteins below 30 KDa. 

5.9 KDa obtained in AKU-9904 at 40°C in 1.2% NaCl-PSW (Plate-5); 7.5 and 3.6 KDa 
obtained in AKU-9904 at 40°C in 0.4, 0.8, 1.2 and 1.6 % NaCl-PSW (Plate-5) and 5.7 KDa obtained 
in Azad-1 at 45°C in 1.2% NaCl-PSW (Plate-6) are the characteristic feature of this investigation. In some of the treatments it has been observed that the temperature alone i.e. the control 
seedlings expressed more number of polypeptides than treatment, which indicates the suppression of 
the synthesis of many proteins in combined stress. These polypeptides are as follows. 
Cultivar New polypeptides obtained in control 

17.9 KDa (Plate-2) 

Stress applied 

Dry/45 cC 
PSW/ 45°C 

Azad -1 

18.9 KDa and 14.6 KDa (Plate-6) 
5.1 KDa (Plate-7) 

94.3, 80.2 and 68.0 KDa (Plate-7) 

BDU-1 

PSW/ 45°C 

PSW/ 40°C 
Shekhar 

TAU-1 
Table 20 - New polypeptides obtained on SDS-PAGE gel of the three day old control. 
(temperature alone) seedlings of Vigna mungo L. (Hepper). 

The bands obtained in the SDS-PAGE analysis also reveal that in some cases the seedling 
without treatment i.e. control shows the bands that did not appeared in the treatment which suggest 
that some of the proteins are inhibited from being synthesized. This inhibition of protein synthesis may 
be due to negative regulation of gene expression. 

Among five conserved families of HSPs (HSPs 100, HSPs 90, HSPs 70, HSPs 60 and small 
HSPs), the small Heat Shock Proteins found to be most prevalent in plants. Small HSPs vary in size 

from 12 to 40 KDa (Vierling, 1991). Various studies have shown that plant small HSPs are not only 
expressed in response to Heat shock, but also under water, salt and oxidative stress (AImoguera et al., 

1993; Alamillo et al. , 1995; Sabehat et al., 1998, Harndahl et al., 1999; Hamilton and Heckathorn, 

2001). 
The first leaf tissues proteins of cultivated tetraploid (Triticum durum) and hexaploid (T. 

aestivum) wheat species exposed to 100 mM NaCl stress were separated by two dimensional get 



ISSN: 0022-3301 August 2021| 
P. G. Bansod, S. N. Malode 97 

electrophoresis by Terzi and Yildiz (2008). There was no newly synthesized protein in the NaCl 
treatment compared to the control treatment. As a result of salt stress the most remarkable change was 

increase in total proteins. 

O 

eratan (2008) evaluated effect of salinity on growth, proteins and antioxidant enzymes in 
three Acanthophylum species of different ploidy levels, NaCl generally increased protein content in 

seedling of all the species. Similar result also obtained in, seedlings of Nicotiana tabacum (Niknam er 

al, 2004) and Trigonella foenum-graecum increased under NaCI stress (Niknam et al., 2006). 

Gloria Ima (2010) evaluated the effects of saline stress on soluble proteins on Paulownia 

imperialis (Siebold & Zuccarini) and Paulownia fortunei (Seemann & Hemsley) grown in vitro. 
Protein content was higher in plants grown in the lowest concentration of sodium chloride (20 mM) at 
days. Protein content was statistically similar in plants grown at concentrations of 40, 60, and 80 
mM of sodium chloride, and significantly decreased at the highest sodium chloride concentration (l60 
mM). 

Low molecular weight heat shock proteins in both plants and animals are together aggregated 
into a protein of higher molecular weight (Neumann et al., 1989). The increase in total protein content 
after the combined stress can be attributed to these aggregations of higher molecular weight protein. This implies that combined stress can be resulted into the increased gene expression. In the present investigation control refers to the seedlings which have been treated with 
temperature only, as the main aim of the study was to find out the effect of combined stress. The results revealed that temperature independently is more efficient in inducing the higher protein amount as 
compared to temperature in conjunction with salinity. Among the plants with salinity induced stress in conjunction with rise in temperature, it has been revealed that at the lower concentrations, these 
stresses improve the amount of proteins in the seedlings. In the seedling stage of the plants, active localization of metabolites such as DNA and proteins are required which moves from one cellular 
compartment to other. This movement in turn is regulated by signal transduction mechanism which is the output of signal received from outside the cell, either in the form of chemical or environmental stress. The increase in seedling protein amount may be attributed to increase in signal transduction rate. 

Temperature stress is one of the important environmental factors that may affect morphology, anatomy and plant biochemistry at all levels of organization. Direct injuries due to high temperatures in plants include protein denaturation. Recognition and signaling pathways regulating the responses to abiotic stresses (e.g. drought, salinity, cold and heat) are similar to those used for responding to biotic stresses. The adaptation to one stress condition can affect tolerance to other non-related stresses, a phenomenon referred to as cross-tolerance. 
In response to temperature stress various approaches are being used by the plants, which can mitigate the effect of stress and lead to the adjustment of the cellular environment and plant tolerance. In nature stress does not generally come in isolation and many stresses act hand in hand with each 
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other. In response to these stress signals that cross talk with each other, plants naturally have developed diverse mechanisms for combating and tolerating them. 

The developmental stage of the plant is important in order to withstand or sustain the adverse fluctuation in the environment. In fact it is the early development stages of living organism which ultimately decides their fate in future. In the SDS-PAGE profile of the three day old seedlings, in most of the cases, the lane on gel representing control plant proteins showed or expressed less number of bands as compared to treated, where the number ranges from 3 to 9 bands. The high intensity band of molecular weight ~ 40 KDa was common in all the gel irrespective of control and treatment. This protein may be a product of housekeeping gene which performs the normal function of plants. The expression of this protein is not affected by temperature, salinity and mutagens. This band can be utilized to trace phylogenetic relationship between various species of Vigna. This band could be a unique feature of our analysis. 

PLATE-v 

C D E 

KDa 

29 

NaCU AKU-15/ 35°C/ PSW. 

C D M 

KDa 

29 

20.1 

14.3 

6.5 

NaC/ AKU-9904/ 40°C/ PSWN. 

M-Murker, A-Control, R-0.4%, C-0.8%, D-1.2%, E-1.6%. 
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PLATE-VI 

E D B M 

KDa 

66 
43 

2o.1 
14.3 

Nacl/ Azad-1/ 45"C/ PSW. 

M A B C D 

KDa 

66 

43 > 

29 

20.1 

6.5 

Nacl/ BDU-1/ 40°c/ PSW. 
M-Marker, A-Control, B-0.4%, C-0.8%, D-1.2%, E-1.6%. 
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PLATE-II

M A B C D 

RDa 

66 

43 

29 

6.5 

NaCV AKU-9904/ 4S°C/ Dry. 

M-Marker, A-Control, B-0.4%, C-0.8%, D-1.2%, B-1.6%. 

M A B C D E 

KDa 

66 

43 

29 

20.1 

14.3 
6.5 

3 

NaC/ Azad-1/ 45°C/ Dry. 

M-Marker, A-Control, B-0.2%, C-0.4%, D-0.6%, E-0.89% 
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PLATE-I 

M A B C D E 

KDa 

66 

43 

29 

20.1 

14.5 
6.5 

3 

NaClI AKU-15/ 45C/ Dry. 

M A B C D E 

KDa 

66 

43 

29 

NaCV AKU-904/ 45PC/ Dry. 

M-Marker, A-Control, B-0.2%, C04%, D-0.6%, E-0.8%. 
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PLATE-IV

B C D M 
KDa 

205 
97.4 

66 

3 
20.1 

14.3 

Nacb TAU-1/ 40°C/ Dry. 

C D E B M 

KDa 

97.4 

66 

43 

29 

20.1 

143 

NacU TAU-1/45°C/ Dry. 
M-Marker, A-Control, B-0.2%, C-0.4%, D-0.6%, E-0.8% 
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Abstract: While deployments of IPv6 networks have 

increased over recent years, especially in IoT Paradigm. 

Today there are two types of internet protocol versions 

that are currently working in the global internet to 

transfer data from one electronic device to another.IPv4 

which consists of 32 bits long addresses and IPv6 which 

consists of 128bits long addresses which is more 

effective as it can handle billions of devices and can 

assign each device different IP address. This paper will 

present an overview of the main migration technologies 

that can be used to transition from an IPv4 network to 

an IPv6 network, this paper will also research on finding 

and comparing the effects of IPv6 transition methods 

such as Dual Stack, Tunneling and Network Address 

Translation-Protocol Translation will be compared on 

variant parameters to find the best performing 

transition method in IoT Network in terms of security. 

Keywords: IoT (Internet of Things), IPv4 (Internet 

Protocol Version 4), IPv6 (Internet Protocol Version 6), 

Transition Methods, Dual Stack, Tunneling, NAT-PT. 

1. Introduction: 

In the modern area there are two types of internet 

protocol versions that are currently working in the 

global internet to transfer data from one electronic 

device to another. IP address are assigned to every 

device and every device has its unique address 

generated through binary values consists of 0 and 1. 

Today these two versions of Internet protocol are 

widely used to connect different networks to each other. 

IPv4 is the earlier version of IPv6. IPv4 consists of 32 

bits long addresses and each unique address is assigned 

to each device so data can be transmitted to that specific 

address [1]. 

The new version of Internet Protocol was published in 

1996 called IPv6 which consists of 128 long bits 

addresses. Due to large number of growths in electronic 

devices, an IPv4 address was not enough to cover all the 

devices. To resolve the issue IPv6 introduced which can 

handled billions of devices and more than that and 

assign each device different unique address that is IP 

address. IPv6 found out much better and efficient in 

addressing of devices, routing of networks, security of 

information and data, translation of network address 

also in support of configuration of protocol. Assign a 

unique IP address IoT devices establish a secure 

communication channel, their connection should be 

bootstrapped through the so-called device binding 

process and visualize sensor data, users can easily 

understand the physical environment and operate the 

devices [2]. 

A variety of transition methods are available to facilitate 

the migration to IPv6.These methods have been 

observed and compared with each other and the effects 

of these transition methods on IPv6 in IoT security. 

These transition strategies are observed and compared 

that are Dual-Stack, Tunneling and NAT-PT Each 

method or technique has its own pros and cons and 

each method performs its own strategy [3]. 

1.1. Importance of IPV6 Network in IoT Security: 

The internet communications have evolved rapidly after 

the creation of IPv6 Internet Protocol version 6. The 

major difference of IPv6 is that it allows more unique 

addresses to create. There are five major reasons why 

IPv6 is more important and better option for the IoT 

network paradigm than  IPv4 Internet Protocol version 

4. 

First and most important one is the security: 

Security is the most important feature used to secure 

the communication between the IoT devices from 

threats, virus, attacks, etc. IPv6 uses end-to-end 

encryption technology which can encrypt the data so it 

can be secured and cannot be hacked. IPv6 also 

supports more secure and safe name resolution than 

IPv4. 
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Second is the scalability: Ipv6 protocol provides the 

connections of devices in more scalable form. It 

provides large area of devices so they can connect 

together on a large scale communicating over a long 

distance as well [4]. 

Third is the connect ability: which means connecting 

billions of devices to each other and allow a networking 

protocol so they can transfer data to each other.IPv6 

allows much more addresses than IPv4 so billions of 

devices can connect to each other. 

Fourth is Internet Protocol version 6 uses 

multicasting: To transmit data packets from one 

destination to another means IPv6 supports 

multicasting of packets at one time in different 

destinations. 

Fifth is IP Protocol version 6 providing 

Authentication: IP version 4 does not provide 

authentication whereas IP version 6 provides 

Authentication as well as Confidentiality, Integration, 

and Access control of each data packet [5]. 

The overall graph of the adoption of IPv6 by Internet 

users since late 2015 to 2025 is shown in figure 1. 

 
Figure 1: Growth from IPv6 to IPv4 Network 

2. History: 

In late 1960’s there was a great need and demand of research centres and universities to develop a protocol or 

networking system to exchange data. To overcome this need ARPA (Advanced Research Project Agency) developed a 

net called ARPANET from 1972 it renamed DARPA from ARPANET [6].  

In 1981 the ARPANET developed a transfer control protocol called IPv4 which was a huge success [7]. 

After 1990’s IPv4 address space was getting full and at that time there was not enough addresses left to assign the 

new devices [8]. 

The new version of Internet Protocol was published in 1996 called IPv6 which consists of 128 long bits addresses. 

IPv6 found out much valuable and impressive as compared to IPv4 and it found out much better and efficient in 

addressing of devices, routing of networks, security of information and data, translation of network address and in 

support of configuration of protocol [9]. 

Still now these two versions are using. Both internet protocols have different configurations and are used in different 

environment. A census of the Internet’s connected devices would readily number in the tens of billions of devices. If 

they all needed a globally unique permanent IP address, IPv6 would have been an imperative over a decade ago [10]. 
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3. Transition from IPV4 to IPV6 Network in IoT Security: 

There is not complete transition from IPv4 to IPv6 because IPv6 is not backward compatible. However; there are 

three methods, which can convert IPv4 to IPv6.The methods that can convert IPv4 to IPv6 are described as below. 

3.1. Transition Methods: 

One of the most important parts of implementing IPv6 is being able to gracefully transition from IPv4.The methods 

discussed in this paper can each be used as option when beginning an IPv6 deployment and should each be looked 

over for applicability depending on the specific requirements of an organization. There are three main methods that 

can be used when transitioning a network from IPv4 to IPv6 in IoT environment. These methods are 1) Dual-Stack, 2) 

Tunneling and 3) NAT-PT is explained in this section. 

 
Figure 2: Types of Transition Methods 

3.1.1. Dual-Stack Method 

Dual Stack can process both IPv4 and IPv6 traffic simultaneously. The increase of devices day by day, it seems we are 

running out of IP address in IPv4 for each format which seems a big issue. IPv6 is the solution which is a new IP 

address format. The ISPs (Internet Service Provider) task is to provide net connections to their customers which are 

IPv4-to-IPv4 or IPv6-to-IPv6 but because of Dual Stack, every network is configured on both IPv4 and IPv6 and data 

can follow or both protocols simultaneously. Dual Stack equipped with both of the stacks, it can disable any of the 

stack when required either IPv4 or IPv6 and also can run both at same time [11]. 

Dual Stack is a simple transition method or solution that supports both internet protocols. Dual Stack devices like PC, 

a router or a server and other IoT (internet of things) can support both IPv4 and IPv6. This transition method is 

effective because IPv4 is not compatible sometimes on IPv6 devices and vice versa. Dual Stack includes both 

protocols working parallel which can be applied on both end system to establish connection and flow [12]. 

 
Figure 3: Dual Stack Router Connectivity 
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In the above figure 3, a server having IPv4 as well as IPv6 address configured for it can now speak with all the hosts 

on both the IPv4 as well as the IPv6 networks with the help of a Dual Stack Router. The dual Stack Router can 

communicate with both the networks. It provides a medium for the hosts to access a server without changing their 

respective IP versions. 

3.1.2. Tunneling Method 

For minimizing the transitions, all the routers on the way between the two IPv6 nodes do need to support IPv6.This 

method of transition is called Tunneling. Primarily IPv6 packets are placed inside IPv4 packets then the packets are 

routed through the IPv4 routers. 

Tunneling is another transition method that provides a way or a tunnel to use IPv4 infrastructure to carry traffic of 

IPv6. This method uses routing infrastructure of one internet protocol to carry internet protocol traffic via channel 

also called tunnelling. Tunneling can be used as Router-to-Router or Host-to-Router or Host-Host or Router-to-Host. 

Most of the internet traffic is carried from one router or host to another via tunnels to migrate from IPv4 to IPv6 as 

the different devices uses different versions. IPv4 which is a 32-bit address can support around 4.3 billion devices 

where as IPv6 uses 128-bit address and support much more devices i.e. 2 times to 128 power [12]. 

The Tunneling method is also divided into two types of methods one is Manual Tunneling and another one is 

Automatic Tunneling are listed below. 

Manual Tunneling: Tunnels which uses peer to peer topology and need manual configuration called manual IPv6 

tunnel.  

Automatic Tunneling: Tunneling uses the embedded address information of IPv4 in IPv6 packet then this type of 

tunnelling known as Automatic Tunneling. 

In a scenario where different IP versions exist on intermediate path or transit networks, tunneling provides a better 

solution where user’s data can pass through a non-supported IP version. 

 
Figure 4: Tunneling Between Ipv6 over IPv4 Network 

The above figure 4 depicts how remote IPv4 networks can communicate via a Tunnel, where the transit network was 

on IPv6.Vice versa is also possible where the transit network is on IPv6 and the remote sites that intend to 

communicate are on IPv4. 

3.1.3. Network Address Translation-Protocol Translation (NAT-PT)  

This is another important method of transition to IPv6 by means of a Network Address Translation-Protocol 

Translation (NAT-PT) enabled device. With the help of a NAT-PT device, actual can take happens between IPv4 and 

IPv6 packets and vice versa. 

Network Address Translation ( NAT) method facilitates communication between IPv4-only and IPv6-only network by 

translating two different IP address families. This method translates IPv6 from IPv4 and gives consistent Internet 

experience to the users by accessing contents over the Internet, which have Ipv4 services. NAT-PT is similar to the 

NAT system utilized in IPv4 that is frequently used for converting private (RFC 1918) IPv4 address to public IPv4 

address and vice versa. It is used to convert IPv4 address to IPv6 address and vice versa. This method should be used 

only when there are no other techniques to allow IPv6-only devices to communicate with IPv4-only devices [13]. 
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Figure 5: NAT-Protocol Translation Basic Operation 

In the above figure 5, a host with IPv4 address sends a request to an IPv6 enabled server on Internet that does not 

understand IPv4 address. In this scenario, the NAT-PT device can help them communicate. When the IPv4 host sends 

a request packet to the IPv6 server, the NAT-PT device/router strips down the IPv4 packet, removes IPv4 header, and 

adds IPv6 header and passes it through the Internet. When a response from the IPv6 server comes for the IPv4 host, 

the router does vice versa. 

In IPv6, there are two types of NAT-PT  

Traditional: Traditional NAT-PT where sessions from IPv6 network are unidirectional. In this type, it allows hosts 

that are in IPv6 network to access the hosts that are in IPv4 network.  

Bidirectional: In Bidirectional NAT-PT, sessions from both networks can be initiated i.e. from hosts in the IPv6 

network as well as in the IPv4 network.  

NAT-PT transition method main task is to migrate from IPv4 to IPv6 and also to provide connection bidirectional 

between IPv6 and IPv4.  

4. Comparison between Transition Methods of IPv6 over IPv4: 

All three transition methods are observed, compared and the effect of transition methods in IoT security. All 

transition methods are useful in some way and all of them has pros and cons according to the system.Comparision 

has been observed and studied that is presented below [14, 15]. 

Table1: Comparative Analysis of Three Transition Methods 

Parameters/Transiti

on Methods 
Dual-Stack Tunneling NAT-PT 

Latency Medium Low High 

Throughput Moderate Highest Lowest 

Packet Loss High Low High 

Traffic High Low Medium 

Packet Delivery Fast Fast Slow 

Delay Minimum Minimum Maximum 

Security Higher Lowest Average 

Connectivity Bidirectional Bidirectional Bidirectional 

Transition Approach Simplest Complex More Complex 

Flexibility Greatest Moderate Lowest 

Cost Low High Medium 

Advantages 

Easy to implement. 

Already supported in all 

Operating System and Devices. 

Simple Deployment. 

No Additional 

Management. 

Solve Network Issues. 

The Router is used as a 

Translation Communicator. 
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Drawbacks 

Required additional Memory 

and CPU Power. 

Two Routing Tables. 

Harder to 

troubleshooting and 

Network 

Management 

Vulnerable to 

security attacks 

Complexity increases in IP 

addresses. 

Reduction in the overall 

value and utility of the 

network. 

Limitations Two firewalls sets of policies. 
Have single points 

of failure. 

Harder to control on a 

larger scale 

Performance Analysis 

Dual-Stack transition method 

shows better performance in 

the network compared to 

Tunneling in terms of Latency 

and Delay. 

Better deliverables 

are produced in 

terms of Packet 

Delivery and Delay. 

Rapid Deployment 

mechanism is convenient 

and easy to manage. 

However it has low 

flexibility. 

5. Problems and Discussion: 

It is most important that the transition from IPv4 to 

IPv6 is stable and Non-Interruptive to exiting services. 

The effect of IPv6 over IPv4 transition methods in IoT 

security includes the problems in the following majors’ 

areas: Address Architecture, Connectivity, 3) High 

Availability, 4) Applications and 5) Network 

Management [16, 17]. 

1. Address Architecture Problems: IPv6 has much 

larger address space in comparison with IPv4. Due 

to the large IPv6 address space, special attention is 

needed when designing the IPv6 network since it 

differs from the fragmented and smaller IPv4 

address design. 

2. Connectivity Problems: While shifting the 

transition from IPv6 to IPv4 network to provide 

continuity of services to the users. The Dual-Stack is 

the natural approach but due to the depletion of 

IPv4 address, cost and up-gradation of the network 

to IPv6-only. 

3. High Availability: High Availability is the major 

requirement for every service and network service. 

An application running on IPv6 may need to failover 

to IPv4 network due to network failure during 

transitioning.  

4. Applications Problems: During the transition 

process, IPv4 and IPv6 applications will co-exist in 

the network. Regardless of what technology 

providers choose to use, services should be 

provided to the customers. Users should find out the 

best for the transition without affecting the services 

they provide. 

5. Network Management: New technologies and 

methods may be introduced during the transition 

process. These new technologies and techniques 

require new operation models. 

6. Conclusion: 

In this paper, the three transition methods of the IPv4 to 

IPv6 transition have been discussed, deployed and 

compare. It has been found that these three methods 

have distinct advantages, drawback and features. The 

appropriate transition mechanism will be chosen for the 

network based on various parameters like the size of 

the network, the availability of the latest devices, the 

cost, and the security concern. If Latency, Throughput 

and Packet Loss are considered then Tunneling method 

is the best choice as compare to the Dual-Stack and 

NAT-PT. But the Tunneling method has vulnerable to 

security attacks, solved these security issues by IPSec 

(IP Security).So, our recommendation is to use 

Tunneling mode with IPSec for the transition purpose. 

The Dual-Stack remains more popular and practical 

with low cost in implementation and supported by wide 

range of devices. Transition Methods, like Tunneling 

and NAT-PT, are not optimally supported for the 

networks during a transition from IPv4 to IPv6.Thus; 

Dual-Stack seems the preferable method to begin 

adopting IPv6 with upgradable devices in order to 

securely manage the exiting IPv4 infrastructure. The 

deployment of IPv6 over IPv4 network is the best way 

for the growth of IoT’s devices as well as also 

improvement in terms of their security.  
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Abstract 
We discussed Bianchi type-I bulk viscous cosmological model of inflationary universe in GR. To get deterministic model of the universe, 
it has been considered a flat region in which potential tConsV tan)( =φ  whereφ  is Higg’s field and also considered coefficient of bulk )(ξ is 
inversely proportional to the expansion )(θ .The physical and geometrical aspects of the model in the context of inflationary scenario are 
also discussed. 
 
Keywords: LRS Bianchi type-I, inflationary scenario, bulk viscosity 
 
Introduction 
The basic idea behind inflation is that a repulsive form of gravity 
caused the universe to expand. General relativity from its 
inception predicted the possibility of repulsive gravity; in the 
context of general relativity you basically need a material with a 
negative pressure to create repulsive gravity. According to 
general relativity it's not just matter densities or energy densities 
that create gravitational fields; it's also pressures. A positive 
pressure creates a normal attractive gravitational field of the kind 
that we're accustomed to, but a negative pressure would create a 
repulsive kind of gravity. It also turns out that according to 
modern particle theories, materials with a negative pressure are 
easy to construct out of fields which exist according to these 
theories. By putting together these two ideas — the fact that 
particle physics gives us states with negative pressures, and that 
general relativity tells us that those states cause a gravitational 
repulsion, we reach the origin of the inflationary theory. 
By answering the question of what drove the universe into 
expansion, the inflationary theory can also answer some 
questions about that expansion that would otherwise be very 
mysterious. There are two very important properties of our 
observed universe that were never really explained by the Big 
Bang theory; they were just part of one's assumptions about the 
initial conditions. One of them is the uniformity of the universe 
— the fact that it looks the same everywhere, no matter which 
way you look, as long as you average over large enough volumes. 
It's both isotropic, meaning the same in all directions, and 
homogeneous, meaning the same in all places. The conventional 
Big Bang theory never really had an explanation for that; it just 
had to be assumed from the start. The problem is that, although 
we know that any set of objects will approach a uniform 
temperature if they are allowed to sit for a long time, the early 
universe evolved so quickly that there was not enough time for 
this to happen. To explain, for example, how the universe could 
have smoothed itself out to achieve the uniformity of temperature 
that we observe today in the cosmic background radiation, one 

finds that in the context of the standard Big Bang theory, it would 
be necessary for energy and information to be transmitted across 
the universe at about a hundred times the speed of light. 
In the inflationary theory this problem goes away completely, 
because in contrast to the conventional theory it postulates a 
period of accelerated expansion while this repulsive gravity is 
taking place. That means that if we follow our universe 
backwards in time towards the beginning using inflationary 
theory, we see that it started from something much smaller than 
you ever could have imagined in the context of conventional 
cosmology without inflation. While the region that would evolve 
to become our universe was incredibly small, there was plenty of 
time for it to reach a uniform temperature, just like a cup of coffee 
sitting on the table cools down to room temperature. Once this 
uniformity is established on this tiny scale by normal thermal-
equilibrium processes and I'm talking now about something that's 
about a billion times smaller than the size of a single proton 
inflation can take over, and cause this tiny region to expand 
rapidly, and to become large enough to encompass the entire 
visible universe. The inflationary theory not only allows the 
possibility for the universe to be uniform, but also tells us why 
it's uniform: It's uniform because it came from something that had 
time to become uniform, and was then stretched by the process of 
inflation. 
In terms of the evolution of the universe, the fact that the universe 
is at least approximately flat today requires that the early universe 
was extraordinarily flat. The universe tends to evolve away from 
flatness, so even given what we knew ten or twenty years ago. we 
know much better now that the universe is extraordinarily close 
to flat, we could have extrapolated backwards and discovered 
that, for example, at one second after the Big Bang the mass 
density of the universe must have been equal, to an accuracy of 
15 decimal places, to the critical density where it counterbalanced 
the expansion rate to produce a flat universe. The conventional 
Big Bang theory gave us no reason to believe that there was any 
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mechanism to require that, but it has to have been that way to 
explain why the universe looks the way it does today. The 
conventional Big Bang theory without inflation really only 
worked if you fed into it initial conditions which were highly 
finely tuned to make it just right to produce a universe like the 
one we see. Inflationary theory gets around this flatness problem 
because inflation changes the way the geometry of the universe 
evolves with time. Even though the universe always evolves 
away from flatness at all other periods in the history of the 
universe, during the inflationary period the universe is actually 
driven towards flatness incredibly quickly. If you had 
approximately 10-34 seconds or so of inflation at the beginning of 
the universe, that's all you need to be able to start out a factor of 
105 or 1010 away from being flat. Inflation would then have 
driven the universe to be flat closely enough to explain what we 
see today. 
At the present time this inflationary theory, which a few years ago 
was in significant conflict with observation now works perfectly 
with our measurements of the mass density and the fluctuations. 
The evidence for a theory that's either the one that I'm talking 
about or something very close to it is very, very strong.  
Bulk viscous cosmology is also an alternative to gravity 
modifying theories (Nojiri and Odintsov) [1] in that it alters the 
right hand side of Einstein’s field equations instead of the left 
hand side. In this situation based on the Eckart theorem (Eckart) 
[2], the consideration of the DE fluid with viscous is important. 
The evolution of universe involves sequence of dissipative 
process. In isotropic and homogeneous model, the process of 
dissipative is modeled as a bulk viscosity (Ren and Meng [3]; Hu 
and Meng [4]; Meng and Duo [5]). Brevik et al. [6] investigated the 
overall cases of viscous cosmology in early and late time 
universe. Norman and Brevik [7] investigated the properties of the 
characteristic of two different viscous cosmological models for 
the future universe. Norman and Brevik [8] derived observance of 
the bulk viscous and approximated the bulk viscosity of the 
cosmic fluid. The finding of viscosity dominance by late epoch 
of the universe with accelerated expansion was studied by 
Padmanabhan and Chitre [9]. Velten et al. [10] have investigated 
phantom DE as an effect of bulk viscosity. It is illustrated by 
Brevik and Gorbunova [11] that the fluid which lies in the 
quintessence region can minimize its pressure and cross the 
barrier, and behaves like a phantom fluid which leads to the 
inclusion of large bulk viscosity in a sufficient way. 
The characterization by shear and bulk viscosities leads to the 
effect of dissipation at microscopic interactions. As expansion 
fluid leaves its equilibrium state, the energy density and the 
pressure decrease. If there is no bulk viscosity, then, the fluid 
relaxes instantaneously with pressure and density related 
by. Bulk viscosity slightly met this nature by leading a certain 
relaxation time scale, but producing a shift between the equation 
of state pressure and the absolute pressure. Bulk viscosity 
becomes essential only for such effects where fluid 
compressibility is essential. Researchers have contributed a 
necessity role to bulk viscous fluid matter which is different from 
the traditional case. The effects of both shear and bulk viscosity 
were explained by Hoogeveen et al. [12] using kinetic theory 
during early time. The detailed implement for the origin of bulk 
viscosity in the universe is not correctly understood yet. 
Based on the hypothetical view, the bulk viscosity can be derived 
from local thermodynamic equilibrium, the manifestation as an 

effective pressure to bring back the system to its thermal 
equilibrium, which was broken when the cosmological fluid 
expands. The bulk viscosity pressure thus generated ceases as 
soon as the fluid reaches equilibrium condition. Very recently, 
the concept of bulk viscosity is introduced into a DE study. It is 
important to develop a cosmological model. The concept of 
viscosity has come from fluid mechanics, and it is related to the 
velocity gradient of the fluid. Misner [13] revealed that during 
cosmic evolution when neutrinos decouple from the cosmic fluid, 
bulk viscosity could arise and lead to an effective mechanism of 
entropy production. The isotropic homogeneous spatially flat 
cosmological model with bulk viscous fluid was discussed by 
Murphy [14]. Bulk viscosity related to the grand unified-theory 
phase transition (Langacher) [15] may lead to explain the cosmic 
acceleration. The presence of bulk viscosity leads to an 
inflationary-like solution in Friedmann-Robertson-Walker 
(FRW) space time obtained by Padmanabhan and Chitre [16]. 
Guth [17] introduced the idea of early inflationary phase the 
context of grand unified field theories. Panchapakeshan and Sethi 
[18] have discussed inflationary scenario and large scale structure 
of the universe. Bali and Jain [19] discussed inflationary scenario 
in Bianchi type- I inflationary universe in general relativity. Bali 
and Singh [20] have investigated Bianchi Type-V viscous fluid 
string dust cosmological model assuming the condition that the 
bulk coefficient )(ξ  is inversely proportional the expansion )(θ in 
the model. 
In the present work, we have studied Bulk viscous LRS Bianchi 
Type-I cosmological model of the inflationary universe. The 
geometrical and physical aspects of the model have been studied. 
We consider string cosmology far the spherically symmetric is 
homogeneous anisotropic space-time with metric amsatz. 
 

( )2222222 d zd ybd xad td s +++−=
 (1) 

 

Where  
The Lagrangian will be that of gravity minimally coupled to a 

scalar field )(ϕV  (Stein-Schalers, [21]) 
 

( )
2

1 4 xdVgRgs ∫ 



 −∂∂−−= ϕϕϕ υµ

µ υ

 (2) 
 
[Notations have their usual meaning and units are taken so that

CG == 18π ].  

Now the variation of S with respect to the dynamical field, leads 
to the Einstein field equation in presences of bulk viscosity 
 

)(
2

1
µ ϑµ ν

ν
µµ ϑµ ϑ ξ θ TguuR gR −=++−

 (3) 
 

Where 
µu  the four velocity vector,

ν
µθ u= , is the scalar of 

expansion and ξ  the coefficient of bulk viscosity.  
Here  
 

( ) 1;
2

1
−=



 +∂∂−∂∂= ν

µµυµµ υ µ υϕϕϕϕϕ uugVT p

 (4) 

)(,)( tbbtaa ==
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And 
 

[ ] ( )1

ϕ
ϕϕµµ d

d V
g

g
−=∂−∂

−
 (5) 

 
The Einstein field equation (3) from the metric (1) are given by, 
 

( )
2

1
2 2

2
ξϕφ ++−=+ V

b

b

b
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 (6) 
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2
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b

b

a
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( )
2

1
2 2 ϕφ V

b

b

a b

ba
+=+ 



  (8) 
 

And the equation for the scalar field φ  leads to 
 

02 =+







++

ϕ
φφ

d

d V

b

b

a

a 


 (9) 
 
Solution of the field equations: 
We are interested in inflationary solutions, the flat region is 
considered where Potential is constant. Also to get determinant 

model we assume that coefficient of bulk viscosity )(ξ is 

proportional to expansion θ (Kandalkar et al.) [22], thus we have 
 
( ) )(ta n)(ta nc o s 10 s a yctc o n sa n ds a yctnV ==== ξ θϕ  (10) 

 
Thus Equation )9(  leads to 
 

2a

αφ =
 (11) 

 
Where α is the constant of integration. 

From .eq )9( and )7( , we have 
 

0
2

2

=−+−
b

b

a b

ba

b

b

a

a 

 (12) 
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Which on integration leads to 
 

2a

k

b

b

a

a
=−



 (14) 

Now equations
)8(

2

1
)6(

2

1
)7( −+

together with eq. )11( leads to  
 

2 01042
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Using η=2ab  in eq. (16), we get 
 

2

2
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2

2

2
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η
α

η
η

−=+









+







V

b

b
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Now, η=2ab  leads to 
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From ,)14(.eq we have 
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And  
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Using )20(.eq and )21(.eq  we have 
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2
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1
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0
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Which leads to 
 

0
3

2

3

2 222
0

2 =++−− αηηηη kV
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Using suitable the transformation 
 

)(ηη f=
 (24) 

 
So that 
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)23(.eq  Now becomes 
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Which leads to 
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We had four )9()6(. −eq  in five unknown ϕ,,ba ξ and V , the 

condition 10. cconstandcconstV ==== ξθ , gives us four 
equations in three unknown which is over determined set. It is 
easy to verify that these equations are consistent and have a 
solution when 0=m . Thus )27(.eq  lead to 
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3 223
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Which leads to 
 

2

3
3 22

0

d

kV

d
=







 ++ αη

η

 (29) 
 
And this leads to 
 

)(3s i n 0 βη += tVhm
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Where, 
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And β  is a constant. 
Thus from )20( and )21( , we have 
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)33()32( andEquation , on integration lead to 
 

( )3
2

1
t a n)(3s i n 033

2

00
3

1
3

1 Vm

k

BtVhBtVha 














 ++=γ

 (34) 

( )3
2

1
t a n)(3s i n 033

00
3

1
3

1 Vm

k

BtVhBtVhb
−
















 ++=δ

 (35) 
 
Thus, 
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Using suitable transformation 
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The model (37) represents LRS Bianchi type I bulk viscous 
inflationary universe in general relativity.  
 
Some Physical and Geometrical Aspects 
The scalar of expansion ( )θ  and the shear )6(  for the model )37(

are given by 
 

03c o t h
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The rate of expansion H; (Hubble parameters) in the direction of 

ZYX ,,  are given by 
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And 
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The Higg’s field )(ϕ  is given by )36(nEq  
 

( )3s i n 0 TVhm

αϕ =

 (42) 
 
The spatial volume V  is given by 
 

3s i n0 TVhV =
 (43) 
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The coefficient of bulk viscosity is θ
ξ 1
∝

 
 

( )3t a n hToVoc=ξ
 (44) 

 
Conclusion 
The model (37) has no initial singularity. From equation (31), we 

have,










−=

2

2

0
3

2
2

m

k
V

m

α

, α is constant of integration. Clearly

2

2

0
3m

k
V >

. Thus the quantity m

k

has physical relevance. The 

quantity m

α

appears in Higg’s field. The model vanish for largeT  
and it diverges when 0=T . 

The coefficient of bulk viscosity ξ  is vanishes for 0=T  and 
tends to constant as ∞→T .  
Hence the universe remains anisotropy throughout the evolution 
of the universe.  
The expansion ∞→θ , when 0→T  and

∞→→ Twhenquantityfiniteθ . The m

k

 measures anisotropy in 
the model. The shear value of 0→σ  when ∞→T and ∞→σ  
when 0→T  
The spatial volume increases with time. When ∞→T then spatial 
volume ∞→V .Hence inflation is exist in Bulk viscous LRS 
Bianchi type I model with a mass less scalar field in the potential 
which has flat space region.  
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ABSTRACT 

 

The fruit fly Drosophila melanogaster has been extensively studied as a model 

organism for genetic investigation. It also has many characteristics which make 

it an ideal organism for the study of animal development and behaviour, 

neurobiology and human genetic disease and condition. Drosophila 
melanogaster share several basic biological and chemical neurological and 

physiological similarities with mammals. In the present study, we noted the 

phenotypic effect of cardamom oil on the different stages of Drosophila 
melanogaster. The fruit flies were grown on 10-gram culture media 

supplemented with different concentration of cardamom oil (0.5µl, 1 µl, 2.5 µl). 

Further, the size and growth of different life stages of Drosophila melanogaster 

were observed and total protein estimated from it.The increase in the size and 

protein concentration in different life stages of controlled Drosophila 
melanogaster were recorded. Cardamom is a highly valued herbal spice used in 

tropical and subtropical Asia. cardamom is used as a flavouring and cooking 

spices in both food and drink and as a medicine. 

Keyword: Drosophila Melanogaster, Cardamom Oil, Herbal Spice, Culture 

Media, Larval Stages, Protein  
 

I. INTRODUCTION 

 

Spices were among the most valuable items of trade in 

ancient and medieval times. As long ago as 3500 BC 

the ancient Egyptians were using various spices for 

flavouring food, in cosmetics, and for embalming 

their dead. The use of spices spread through the 

Middle East to the Eastern Mediterranean and Europe. 

Today, it is available in most tropical places in Asia, 

including India, China, Bhutan, Vietnam, Malaysia, 

Korea, and Japan. In botanical terms, it belongs to the 

family of Zingiberaceae and its scientific name is 

Elettaria cardamomum. There are two main types or 

subspecies of cardamom. Their scientific names are 

Elettaria, which is called green or true cardamom, and 

Amomum, which stands for black white, or red 

cardamom (Nair KPP 2002). Cardamom has digestive, 

antispasmodic, carminative, anti-inflammatory, anti-

microbial, aphrodisiac and diuretic properties. 

 

Drosophila melanogaster, also known as the fruit fly, 

is an excellent model organism widely used in 

biological research that has made significant 

contributions to the greater scientific community 

over the lost century. It is because fruit flies are 

inexpensive to maintain in the laboratory, have 
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simplified genetics, and short generation times allow 

for quick experiments with high sample numbers. 

Drosophila melanogaster exhibits complete 

metamorphism, meaning the life cycle includes an 

egg, larval forms, pupa and finally emergence as a 

flying adults. Eco-friendly and easily biodegradable 

plant products with natural insecticidal activity has 

increased in recent years. To control pests without 

disturbing the environment, natural products have 

been screened for potential sources of insecticides. 

Plant materials with insecticidal properties have been 

employed to kill insects all over the world for 

generations. These materials are considered to be an 

alternative to conventional pesticides owing to their 

low toxicity to warm-blooded mammals, in addition 

to their high volatility. Botanical insecticides may be 

safer for the environment than synthetic insecticides, 

and they are usually easily processed and utilized by 

farmers and small industries (Belmain et al., 2001).  

The cardamom, Elettaria cardamomum (L.) Maton 

(Zingiberaceae), as also known as the „„Queen of 

spices‟‟, is a tall, perennial, reed-like herb growing 

wild. Some studies have shown that cardamom 

essential oils have inhibitory effects against fungus 

growth (Utta-Ur´ et al., 2000), insecticidal activity 

(Abbasipour et al., 2011b) and marked antiapamodic, 

analgesic, as well as anti-inflammatory activity (Al-

Zuhair et al., 1996). This study aims to investigate the 

effect of Cardamom Oil on the developmental stages 

of Drosophila melanogaster.  

 

II. MATERIAL AND METHODS 

 

Fruit flies were collected on ripe banana fruit. After 

that flies were cultured on potato, dextrose and agar 

culture media. Cardamom oil has monoterpenes, 

vitamins and minerals. 

 

Preparation of culture media: Boil the potato and 

clean it then weight up to 100gm then add 1.09 gm 

agar, 100ml of H2O added in it and 1 gm dextrose. 

Homogenize the mixture and make a fine paste. After 

the formation of paste, autoclave it at 15 lb for 10-15 

min. Cool the media up to 60°C. Then add 0.8 ml 

propionic acid put the culture media up to 40°C add 

0.59gm yeast in it by dissolving it in distilled water 

then sterilized it in the autoclave at 15 IP 

 

Composition of Cardamom Oil (Bitter): Essential oil 

of Elettaria cardamom leaves was analyzed by GC-MS 

Sixteen components constituting 93.62% of the total 

ware identified The identified component were 

monoterpenes (27.37%), oxygenated monoterpenes 

63%, acetates (0.63) sesquiterpenes (1:43) and fatty 

acids caster 1.17 % among this 4 terpineol 30.261 & 

and 1:8 cenol 25,74% were found as major 

components where as other components were found 

to be a terpinene (9,807%) p cymene (5.300%) 

terpinene (4.6759) tujene (1633%) la pinene (1.16596) 

sabinene (2.069%) terpieness (2.675%) linalool 

(2.6739) menth-2-en-1-01 0.754%), terpanol (3:44%) 

and endbory acetate(0.593) 

 

Experimental set up: Take four culture vial, 1st having 

0.5ul cardamom oil and 10gm of normal culture 

media, 2ndhaving 1ul cardamom oil and 10gm of 

normal culture media, 3rdhaving 2.5ul cardamom oil 

and 10gm of normal culture media and 4thhaving only 

10 gm culture media without cardamom oil for 

normal growth of Drosophila melanogaster. 

Drosophila flies anaesthetized with diethyl ether and 

transfers into culture vial and each vial contains 10 

lies (5 female and 5 male). The vial cover with cotton 

plug and place on the working table. The flies were 

laid eggs in culture, hatch and completed the life 

cycle within 10 to 15 days. Then collect the larval 

stages for measurement of total length and protein 

estimation by De Lowry‟s method. The measurement 

of the size of the various stages of Drosophila 

melanogaster was carried out with help of 

Oculometer. The total estimation of protein was done 

by the De‟ lowery method. Photographs were taken 

in the Carl Zeiss trinocular microscope and 

stereomicroscope. All results are presented as Mean ± 
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SD. Test of significance (t-test) was used to analyse 

the data collected. 

 

III. RESULT AND DISCUSSION 

 

The size and growth in the control D. melanogaster 

are normal but in experimental D. melanogaster size 

and growth rate was slightly higher. In the 

micrometre, the change was 1.5um, 3.3um, 0.3um, 

2um, 0.5um, 0um of 1st, 2nd, 3rd  instar larvae,prepupa, 

pupa and adult respectively as compared to controlled 

D. melanogaster.  

 

The protein concentration in control D. melanogaster 

is normal but in experimental D. melanogaster level 

of protein concentration was slightly higher. The 

change protein concentration was 0.7ul, 0.5ul, 0.34ul, 

0.11ul, 0.19ul, -0.2ul of 1st, 2nd, 3rd  instar larvae, 

prepupa, pupa and adult respectively as compared to 

control D. melanogaster. In the present study we 

found that with the increased in concentrations the 

size of different development stages of Drosophila  

melanogaster were increased as compared to control. 

This increase in size may be result due to the effect of 

cardamom oil. 

 

In other studies (Arslan et al. 2005; Al-Saleh et al. 

2006). The higher bursa index observed in the 

chickens fed CEO-supplemented diets could be 

attributed to the antimicrobial and anti-inflammatory 

activities of active substances from cardamom, which 

may induce a positive effect in the activation and 

development of these organs. The inflammatory 

cytokines, IL-1b and IL-6, which are widely expressed 

in lymphoid tissue of birds, are the most powerful 

cognitive pathways in response to inflammatory 

processes. 

 

Green cardamom supplement improved the grade of 

fatty liver, serum glucose indices, lipids, and irisin 

level among overweight or obese NAFLD patients. 

The changes in these biomarkers may yield beneficial 

effects on NAFLD (Daneshi-Maskooni et al., 2019). 

 

 

Table No. 1 : Measurement of size and protein from various larval stages of Drosophila melanogaster. 

 

Sr. No. Larval stage Size of larval stage in 

micrometer (µm) 

Protein concentration larval stage in 

microlitre (µl) 

Control Experimental Control Experimental 

1 1st instar 40.5 42 0.238 0.245 

2 2nd instar 40.7 44 0.260 0.265 

3 3rdinstar 50.5 50.8 0.286 0.320 

4 Prepupa 60 62 0.364 0.375 

5 Pupa 74.5 75 0.421 0.440 

6 Adult 110 110 0.568 0.566 
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     Size of larval stage in micrometer (µm)                                  Protein conc. larval stage in microlitre (µl) 

              
First Instar Larvae 

                Control                                                                           Experimental 

     

 

 

   

   

                                                                          

                                                                 0.5µl                 1µl                  2.5 µl 

Second Instar Larvae 

      Control                                                                               Experimental 

 

 

 

   

 

 

                                                                                  0.5µl       1µl                          2.5 µl 

 

Third Instar Larvae 

     Control    Experimental          

   

  

 

 

 

    

 

0.5µl        1µl                 2.5 µl 
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Pre-pupa 

                Control                                                                          Experimental          

 

 

 

  

 

 

 

                                                                             0.5µl                 1µl                 2.5 µl 

Pupa 

                Control                                                                              Experimental   

 

 

 

  

 

 

 

 

 

                                                                           0.5µl                          1µl            2.5 µl 

 

Adult 

      Control                                                                                     Experimental      

    

 

 

   

 

 

 

                                                                                          0.5µl                         1µl                             2.5µl 

 

Laarif et al. (2013) reported the chemical composition 

and insecticidal activity of essential oil from (Citrus 

aurantium) (Rutaceae) fruit peels against two 

greenhouse insects such as Spodoptera littoralis 

(Noctuidae) and T. absoluta. Moawad et al. (2015) 

reported that mixed clove, bitter orange and zinc 

sulfate collectively had the ability to cause highest 

mortality to T. absoluta larvae to a degree of 97.0%.  

 

In another study, the insecticidal properties of 

essential oils extracted from Citrus aurantium were 

tested against third instar larvae of pest species, T. 

absoluta (Ebadah et al., 2016). LC50 values for 3rd 

larval instars (outside leaf and inside leaf) were 17.56 

and 59.93 ml/L air, respectively. However, in recent 

studies, the LC50 values of cardamom essential oils in 

the leaves inside and outside of the larvae were 7.87, 
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1.54 ml/L air, respectively. Hence, the essential oil of 

cardamom is more effective than that of orange. 

Moawad et al. (2013) stated that clove, eugenol and 

iso eugenol caused highly reduced percentage of 

penetration and accumulative mortality of larvae and 

caused ovipositional deterrence reaction toward adult 

stage of T. absoluta under laboratory conditions. In 

addition, Perez et al. (2013) evaluated the effect of 

different cinnamates on the behavior of larval 

herbivory of the second stage of T. absoluta on tomato 

discs in different aqueous solutions of different 

concentration. 

  

These results suggest that E. cardamomum oil has 

potential to be used in sustainable pest management 

in the greenhouse. It will purely safeguard the 

environment and health of the user especially when 

the application of synthetic insecticides gives rise to 

the development of resistance and pollution of the 

environment. 
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ABSTRACT 

 

The insects are known to be the most successful and diverse animals on earth. 

Variability of nocturnal insects in Sant Gadge Baba Amravati University 

campus was recorded by using the light trap method for collection of insect. 

This trap consists of the light source and a big white sheet. The sheet was hung 

on the pillars. Insects were attracted to the light source settled on the sheet. 

The second sheet was also spread on the ground to catch the insect that fall. 

Collected insect in the killing bottle by beating tray aspirator, and forceps. 

Lightning hours were set for seven hours. During this study, total 6 orders of 

species of insects are found are Coleoptera, Lepidoptera, Orthoptera, 

Hemiptera, Diptera, and Hymenoptera, insects belonging to different families 

was collected in university campus by using light trapping methods 

respectively and moderate species diversity were observed. The abundance of 

species of most night insect in the study area maybe due to the loss of their 

natural habitat. This may be the virtue of anthropogenic activity such as 

fragmentation of habitat, replacement of the habitat for humane purpose or 

may be other due reasons that eventually lead to the decline of species 

diversity. 

Keywords : Variability, Nocturnal insects, Sant Gadge Baba Amravati 

University. 

                                                        

 

I. INTRODUCTION 

 

Insects have been around for more than 400 million 

years and it could be argued that they are the most 

successful and enduring life form that has ever arisen 

on this planet. Insects are abundant and ubiquitous. 

From the poles to the equator, from the surface of the 

sea to the highest peaks and from deserts to rain 

forests. Diverse as well as abundant, insects comprise 

roughly half of the Earth’s one and a half million 

known species. There are many more species than 

those to which we have given names and past 

estimates have been as high as 100 million. The 

majority view nowadays is that we share the planet 

with somewhere between 5-15 million species, of 

which insects will be a sizeable proportion. Insects 
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are the dominant component of biodiversity in 

terrestrial ecosystems and play important roles in 

ecosystem processes (Weisser and Siemann, 2004). 

Insects exhibit considerable variations in their season 

availability, size, trophic level, life history, mobility, 

strategy and habitats. Insect communities constitute 

an integral part of terrestrial ecosystems by the 

diversity of both the species and life forms (Adjaloo et 

al., 2012). Insects dominate in many food webs and 

food chain lengths (Sugihara et al., 1997) and have 

great importance because of their diversity, ecological 

roles and influence on the agriculture, natural 

resources and human health (Foottit and Adler, 2009).  

About one million species are extant and certainly, 

many more await discovery and description, 

especially in the tropics. The class includes 30 orders 

with the variable number of species: the less diverse 

include the Mantophasmatodea (gladiators, 24 spp.) 

(Zompro et al, 2002:Damgaard et al. 2008), 

Grylloblattodea (ice crawlers, 32 spp.) (Wipfler et al. 

2014), and Zoraptera (angel insects, 30 spp.) 

(Mashimo et al. 2014); whereas the more diverse 

comprise the Dipteran (flies, 100,000 spp.). Hemiptera 

(bugs, 100,000 spp.), Hymenoptera (wasps, bees, ants, 

and sawflies; 120,000 spp.) Lepidoptera (butterflies 

and moths, 150,000 spp.) and of course, the 

Coleopteran (beetles, 370,000 spp.) (Capinera 2008). 

The Orthoptera senses trictois somewhat in the 

middle regarding the number of species 25,000 

although this may be doubled with new species from 

poorly surveyed or unexplored regions. The order 

includes well-known insects such as grasshoppers, 

locusts, katydids and crickets but also, bush-crickets, 

wetas, mole-crickets, ant-inquiline crickets 

Keeping in mind the above literature the present 

study aimed to know the different variety of insects 

from different order at selected places of Amravati 

university campus.  

 

II. MATERIAL AND METHODS 

In the present study, we have been used the light trap 

method for collection of insect. This trap consists of 

the light source and a big white sheet. The sheet was 

hung on the pillars. Insects were attracted to the light 

source settled on the sheet. The second sheet was also 

spread on the ground to catch the insect that fall. 

Collected insect in the killing bottle by beating tray 

aspirator, and forceps. Lightning hours were set for 

seven hours. 

 

A cotton swab dipped in benzene was put in killing 

bottle which used to anesthetize the insects. The 

insect was cached up in the following month (January, 

February, and March) at different interval of time.  

 

The collected insects was put in the killing bottle to 

anesthetize and then removed to dry preservation for 

overnight by using of 160w mercury bright light. The 

average temperature ranged from 30–40 °C maximum 

and 15–25 °C minimum during the collection.  The 

collected insects were then allowed for labelling, and 

sorting order wise. 

 

Site of collection :   

Insects are a remarkable group of animals. They occur 

virtually everywhere and make up more than half of 

all living things on earth. In the present study, we 

have selected the study area “Sant Gadge Baba 

Amravati University campus” for insect collection. 

The area was mostly vegetation and moderately 

temperate during the collection month. Most insects 

were noticed near the swampy area as well as the 

gardening site. 

Preservation of collected insects :  

The collected insects were transferred from killing 

bottle to preservation box.  Smaller insects were 

preserved in 70% alcohols and large insects were 

preserved by pinning. Insects were pinned through 

properly thorax region about halfway between the 

two ends of the body.   

Labelling and storage : 

 In order to have scientific values the collected 

specimens were labelled, in one side of the label, we 

noted locality, data, and last name of the collector in 
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an international convention writing procedure by a 

permanent marker pen.  

 

Now, the labelled dried specimens were kept in a 

storage box with a small amount of flake naphthalene 

so that it may be protected from other museum 

insects.  

 

III. OSERVATIONS AND RESULT 

 

During this study, total 6 orders of species of insects 

are found are Coleoptera, Lepidoptera, Orthoptera, 

Hemiptera, Diptera, and Hymenoptera,  insects 

belonging to different families were collected in 

university campus by using light trapping methods 

respectively and moderate species diversity was 

observed. Temperature variations during the study 

period of different months. The highest number of 

Lepidoptera was collected during  February and 

March 2016. Some habitats factors that influence the 

patterns of Lepidoptera and other orders diversity are 

vegetation including host plants, food availability, 

temperature and wind exposure. So the temperature 

plays a major role in distributions of night insects. 

Mostly the nocturnal insects identified and classified 

at genus level and the rest of few are pause at the 

family level below under classified are. 
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IV. DISCUSSION 

 

Based on the survey which was carried out in the 

present study a total of 41 species belonging to 12 

families were found. This study was mainly carried 

out to elucidate the biodiversity of moth fauna that 

has not been studied previously. It was observed that 

the number of moth species belonging to family 

Erebidae, was found more than other families viz., 

Noctuidiae, Crambidae, Arctiidae, Geometridae, 
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Sphingidae, Lymantriidae, Saturniidae, and 

Lasiocampidae. The collection was more mainly in 

August. Similar studies were carried out at 16 sites in 

southern Korea to determine the patterns of diversity 

for moths in this area. A total of 975 moth species 

were recognized in the 6 month collection periods 

(May to Oct) between 2001 and 2007. Species diversity 

and seasonal abundance of fruit piercing moth were 

carried out from different localities in Tamil Nadu. 

They observed five species of fruit piercing moth 

belonging to two genera (Ramkumar 2010) 

Comprehensible surveys of moth diversity have been 

done in Hawaii (Zimmerman 1948) and on larger 

continental islands New Zealand ( Hudson 1928), and  

( Holloway 1976). 

 

Orthoptera and coleopteran showed fewer species in 

the study area. The presence of less food and shelter 

on the restored site could be the reason for the less 

diversity of these insect species on that site. Most 

species of belongs to these three order just visit the 

ecosystem for sake of food and shelter as “Visitors” and 

come from the nearby agricultural fields on which 

they act as pests (Ahmed et al., 2004; Sultana and 

Wagan, 2010). Dipteran communities were more 

clearly differentiated by habitat as defined by 

dominant vegetation rather than geographic proximity 

between sites. This result does not mean that spatially 

autocorrelated factor does not influence these 

communities, however. In regions such as our study 

area that incorporate many habitat type distance may 

not be as important as habitat type (Harrison et al. 

1992). Lepidopterans were probably one of the 

common and abundant among other insect species in 

the study site. This could be many reasons elaborated 

by Holloway (1980, 1984 and 1985), especially their 

abundance, species richness, response to vegetation 

and climate. 

 

In tropical zones, the most significant temperature is 

not seasonal, but rather diurnal and nocturnal. The 

differences in temperature between day and night 

could also explain the diversity and species richness 

between diurnal and nocturnal insects, as the insects 

must explaine more energy to adapt to the lower 

nocturnal temperature. Indeed, at the individual level 

the available heat, as indicated by body temperature, is 

the most significant variable that determines growth 

and activity (Huffaker and Gutierrez 1999). Metabolic 

activities essential for development, feeding, dispersal, 

reproduction, and survival may all are impeded by the 

decrease in nocturnal temperature, which likely 

results in great diversity, species richness, and 

abundance. The abundance of species of most night 

insect in the study area may be due to the loss of their 

natural habitat. This may be the virtue of 

anthropogenic activity such as fragmentation of 

habitat, replacement of the habitat for humane 

purpose or maybe other due reasons that eventually 
lead to the decline of species diversity. 
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ABSTRACT 
 

The fruit fly Drosophila melanogaster has been extensively studied as a model organism for genetic investigation. 
It also has many characteristics which make it an ideal organism for the study of animal development and 
behavior, neurobiology, human genetic disease and condition. Drosophila melanogaster share several basic 
biological and chemical neurological and physiological similarities with mammals. In the present study, we 
noted the phenotypic effect of Ocimum sanctum extract on the different developmental stages of Drosophila 
melanogaster. The fruit flies were grown on 10-gram culture media supplemented with concentration of Ocimum 
sanctum(10µl). Further, the size and growth of different life stages of Drosophila melanogaster were observed 
and total protein estimated from it.The increase in the size and protein concentration in different life stages of 
controlled Drosophila melanogaster were recorded.  
 
Keyword: Drosophila melanogaster, cardamom oil, herbal spice, culture media, larval stages, protein. 

 
INTRODUCTION 

 
Plants have always been an important source of drugs. A large number of the world’s populations, especially in 

developingcountries, depend upon medicinal plants as an alternative and complimentary drugs therapy for various 
ailments. Someof the most common practices involve the use of crude plantextracts, which may contain a broad 
diversity of moleculeswith often unknown biological effects (Yakob et al., 2012).  
 
Since the medicinalplants are being used indiscriminately without notifying totheir possible unhealthy or toxic effects, 
the World HealthOrganization has recommended that traditional plants usedfor the treatment of diseases need further 
scientific investigationon their toxic side effects. Plants produce bioactivecompounds which act as defence mechanisms 
against anydisease, and at the same time, may be toxic in nature (Roch2001).Ocimum sanctum Linn (Labiatae), known 
as holy basil, is a commonly used home remedy and has been advocated for various ailments like cold, fever, 
dysentery, hemorrhage and dyspepsia, glucoma, cataract, chronic conjunctivitis, and other painful eye diseases, as well 
as gastric and hepatic disorders in indigenous system of medicine (Prakash& Gupta 2005).  
 
The chemical composition of Ocimum sanctum L. ishighly complex, containing many nutrients and otherbiologically 
active compounds. The quantity of many ofthese constituents are significantly affected by differinggrowing, harvesting 
processing and storage conditionsthat are not yet well understood. 
 
The sugars are composed of xylose andpolysaccharides.Phytochemical investigation of OSstem and leaves have shown 
constituents like saponins,flavonoids, triterpenoids and tannins. OcimumsanctumL. contains Vitamin C, A and minerals 
likecalcium, zinc and iron, as well as chlorophyll and manyother phytonutrients. (Siva M et al.,2016). 
 
In the last decade the fruit fly has gained popularity as a model system for human neurodegenerative diseases 
(Gistelinck et al., 2012). The genetic toolkit of the fly is extensive and flexible; furthermore it is not too different from 
the human genome. D. melanogaster contains around 13,767 protein-coding genes while humans have 19,599, as a 
result fairly 70% of human’s disease-causing genes are preserved in the fly (Bonner and Boulianne, 2011; Gistelincket 
al., 2012). In the present study, we evaluated the effect of Ocimumsanctumon development of    Drosophila flies 
supplementedwith an extract of this plant exhibited reduced mortality.Although our study does not reveal the 
causalmechanism behind our observed anti-aging effects, it doessuggestthatOcimumsanctumspecies is worthy of 
continued investigation.“Chattopadhay” 1993 observed the hyperglycemic effects of ocimum sanctum leaf extract in 
normal and streptozotocin diabetic rats. He noticed the oral administration of alcoholic extract of leaves of Ocimum 
sanctum led to marked lowering of blood sugar level in normal rat glucose fed hyperglycemic rats and streptozotocin 
induced diabetic rats. 
 
 



International Journal of All Research Education and Scientific Methods (IJARESM), ISSN: 2455-6211 
Volume 9, Issue 10, October-2021, Impact Factor: 7.429, Available online at: www.ijaresm.com  

 

 
IJARESM Publication, India >>>> www.ijaresm.com Page 1331 

MATERIAL AND METHODS 
 
Fruit flies were collected on ripe banana fruit. After that flies were cultured on potato, dextrose and agar culture media. 
Cardamom oil has monoterpenes, vitamins andminerals. 
 
Preparation of culture media: Boil the potato and clean it then weight up to 100gm then add 1.09 gm agar, 100ml of 
H2O added in it and 1 gm dextrose. Homogenize the mixture and make a fine paste. After the formation of paste, 
autoclave it at 15 lb for 10-15 min. Cool the media up to 60°C. Then add 0.8 ml propionic acid put the culture media up 
to 40°C add 0.59gm yeast in it by dissolving it in distilled waterthen sterilized it in the autoclave at 15 IP. 
 
Extraction of Ocimumsanctum:Fresh leaves of Ocimum sanctum were collected from local area .Specimen were 
deposited in the laboratory. Collected leaves were oven dried at oven at 400C overnight and then crushed in a crucible 
and weighted separately. For methanolic extracts samples of the crush leaves (5gm tulasi) were soaked separately in 
100 ml of methanol in a sealed container at 40C for two days. The sample was then filtered and centrifuged for the 
aqueous extract.  
 
Experimental set up: Take four culture vial having 10 ulOcimum sanctum extract and 10gm of normal culture media 
and 2nd having only 10 gm culture media without Ocimum sanctum extract for normal growth of Drosophila 
melanogaster.Drosophila flies anaesthetized with diethyl ether and transfers into culture vial and each vial contains 10 
flies (5 female and 5 male). The vial cover with cotton plug and place on the working table. The flies were laid eggs in 
culture, hatch and completed the life cycle within 10 to 15 days. Then collect the larval stages for measurement of total 
length and protein estimation by De Lowry’s method. The measurement of the size of the various stages of Drosophila 
melanogaster was carried out with help of Oculometer. The total estimation of protein was done by the De’ lowery 

method. Photographs were taken in the Carl Zeiss trinocular microscope and stereomicroscope. All results are 
presented as Mean ± SD. Test of significance (t-test) was used to analyse the data collected. 

 
RESULT &DISCUSSION 

 
Table: Measurement of size (µm)& Protein (µg) from various larval stages of Drosophila melanogaster 

 
  Size Protein 

 
1st instar   larva 

Control 60.45 ± 8.20 35.256  ± 1.57 

Experimental        NS 
68.5±12.70 (13.31%) 

       NS 
35.776 ±981.27 (1.474%) 

 
2nd instar larva 

Control 86.7 ± 13.49 41.488 ± 0.98 

Experimental         NS 
  148±49.39 (68.75%) 

       NS 
40.85±1.07 (1.537%) 

 
3rd instar larva 

Control 175.6  ±10.65 43.216 ± 0.50 

Experimental       NS 
166.6±7.68 (5.12%) 

     NS 
14.79±0.90 (65.77%) 

 
Pupa 

Control 189.5 ± 31.13 45.054 ± 0.26 
Experimental 

 
        NS 
144.8±12.33 (23.58%) 

      NS 
24.28±2.96 (46.27%) 

 
Adult 

 

Control 186.5 ± 15.64 45.458 ± 0.69 
Experimental 

 
        NS 
162.5±8.79 (12.86) 

     NS 
32.188±.098 (29.19%) 

Mean ± S.D. of  five  flies  P˂0.05( ⃰ ), P˂0.01(  ⃰ ⃰ ) and  P<0.001( ⃰  ⃰  ⃰  ) and  NS= not significant. The value mention in 
parenthesis is the % change over the control. 
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Graphical representation of size 

 

 
 

Graphical representation of concentration protein. 
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Experimental 

 
 

1st instar larva       2nd instar larva3rd instar larva          Pupa                     Adult 
 
In the present study the Ist and IInd instar larvae increasing the protein concentration but IIIrdinstar larvae, Pupa and 
Adult the amount of protein is decrease due to extract of Ocimum sanctum. Extract leaves of Ocimum sanctum have 
been shown to possess hypoglycemic effects in experimental animals (Sethi et al, 2004). The phenotypic character in 
different larval stages of Drosophila melanogaster is change due to effect of Ocimum sanctum extract. The variation in 
size and transparency in colour observed in the present study. 
 
In vivo cytogenetic assay (Babu K. & Uma MaheswariK. C., 2006) in Allium cepa root tip cells has been carried out to 
detect the modifying effect of O. sanctum L. aqueous leaf extract against chromium (Cr) and mercury (Hg)-induced 
genotoxicity. It was observed that the roots post-treated with the leaf extract showed highly significant recovery in 
mitotic index (MI) and chromosomal aberrations. When compared to pretreated (Cr/Hg) samples, the lower doses of 
the leaf extract were found to be more effective than the higher doses. Ocimum sanctum L. extract (10 mg/kg body wt., 
PO) before and after mercury (HgCl2) intoxication (5 mg/kg body wt.) showed a significant decrease in lipid 
peroxidation.(Sharma M. K. et. al., 2002) Serum glutamate pyruvate transaminase (SGPT) activities compared to 
HgCl2 - induced values suggests that O. sanctum L. extract provides protection against HgCl2 -induced toxicity in mice. 
 
In the study of antimicrobial activity on extract of Ocimum sanctum based on the growth inhibition zone diameter 
obtained by 20 and 40 mg/ml Ocimum methanol extract concentration, bacterial strains were tested. This methods 
allows better diffusion of the extracts into the medium thus enhancing contact with organism. The antimicrobial 
activity of extracts of Ocimum sanctum was used against four pathogenic organism, Escherichia coil, Staphylococcus 
aureus , Aeromonashydrophila and Eterococcusfaecalis. 
 
Benzene extract of O. sanctum L. leaves have a reversible antifertility (Ahmed M. et. al., 2002)   effect, as O. sanctum 
L. extract (250 mg/kg body weight) for 48 days decreases the total sperm count, sperm motility and forward velocity. 
The percentage of abnormal sperm increased in caudal epididymal fluid and the fructose content decreased in the 
caudal plasma of the epididymis and the seminal vesicles. All these parameters returned to normal two week after the 
withdrawal of the treatment. 
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Abstract 

Alkaloids are one of the largest groups of plant secondary metabolites; represent a highly diverse group of chemical entities. 

Plants are considered pharmacologically 
active when they contain alkaloids which could be of benefit to health. The FTIR 

spectroscopic analysis of Sauromatum venosum (Ait.) Schott. tuber extract for alkaloids revealed the presence of different 

characteristic peak values of alkaloids with various functional compounds in the extracts. The FTIR analysis of Sauromatum 

venosum (Ait.) Schott. tuber extract confirmed the presence of Ar-OH stretching, -CH stretching, Ar-H stretching, C-O 

stretching and C-O-C stretching which showed the major peaks for alkaloids. The FTIR, which was used to detect the 

characteristic peak values and their functional groups in tuber extract which may be used to prepare new drugs for the benefit 

of human health in future. 

Keywords: 
Sauromatum venosum, 

tuber extract, secondary metabolites, alkaloids, FTIR 

Introduction 

compounds 
identified in the plants (Pereira et al., 1994; Jain 

et al, 2008) 
. , The plant is used as antidote and 

antitumor (Choudhary et al., 2008)S 
Alkaloids are heterogeneous group compounds 

which 

contain one or more nitrogen atoms in acyclic systemn. These 

may contain one the functional groups viz. carboxylic acid, 

alcohol, ether, esters amide, amine, alkene, aromatic ring 

and alkyl or arylhalide. The plants are 
considered as 

pharmacologically 
active contain polyphenolic 

compound 

such as alkaloids which exerts a biochemical and /or 

physiological effect on the cell (Ajibesin, 2005) ", which 

could be of benefit to health. Moreover, many 
alkaloids 

revealed the significant 
bioactivities, such as the relieving 

action of ephedrine for asthma, the analgesic 
action of 

morphine, and the anticancer effects of vinblastine (Benyhe, 

1994; Huang et al., 2007; Wang, et al., 2009; Lee, 2011; 

and Lu et al., 2012) 4. 10, 24, 14, 14), In fact, alkaloids are 

among the most important active 
constituents in natural 

herbs and some of these compounds 
have already been 

Successfully developed into chemotherapeutic 
drugs, such as 

camptothecin (CPT), a famous 
topoisomerase 

I (Top 1) 

inhibitor (Haung et al., 2007) 
l6) and 

vinblastine, 
which 

nteracts with tubulin (Li et al., 2007) , Alkaloids are 

imperative 
chemical compounds 

that give a rich reservoir 

for drug discovery. 
Sauromatum venosum (Ait.) Schott. syn. S. guttatum (Wall.) 

Schoft. (Araceae), is locally 
known as 'Sanp ki Booti', 

Voodoo lily' or 'Snake Plant.' It is a shade loving perennial 

herb and found in Melghat region of Amravati District. 

uber/Corm is a 
condensed form of rhizome consists 

or 

SOlid, stout, fleshy underground 
stem. It contains heavy 

deposits of food material. Tuber size is upto 13 cm or more 

broad, globose and depressed. It is reported to contain 
the 

constituents 

Fig 1: A) 
Sauromatumvenosum 

Plant B) Tuber/Corm 

FT-IR spectroscopy 
is capable of providing strong insight 

into the structural and functional
alterations induced by 

various factors due to its high sensitivity, the technique was 

successfully explored for the study of biological 
materials. 

IR spectroscopy 
has become a widely accepted tool for the 

characterization of biomolecules present in the sample 

(Margarita and Quinteiro, 2000) 
Fourier Transform 

Infrared Spectroscopy (FTIR) is the most powerful tool to 

identify the types of chemical bonds (functional groups) 

present in the compounds. FTIR spectroscopy is one of the 

most widely used methods to identify the chemical 

constituents and elucidate the compound 
structures to 

propose in medicinal purposes 
[Marimuthu and Gurumurthi 

(2013); 
Ashokkumar and Ramaswamy, (2014)] 

Suuromatum 
venosumare 

short lived found in rainy season's 

remains 
ethno-medicinally 

undocumented and have not 

been explored with respects to 
phyto-constituents 

and 

bioactive 
constituents. Hence, the present study was planned 

to investigate the alkaloids in Sauromatum 
venosum 

corm 

extract by FTIR Spectroscopy. 

like Lectins, Dimethyl 
sulphides, P 

CaTyophyllene, indole, ammonia, 
trimethylamine, primary 

amines (Shinwari and Khun, 2000) 1221, Plant is reputed to be 

Capable of neutralizing the action of snake venom and their 

antivenom activity has been related to certain 
chemical 
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Materials and Methods 

Selection and 
Collection of Plants: Saurom 

KBr salt and encapsulated in 100 mg of KBr pellet in order 
to prepare translucent sample discs. The infrared spectrum 
of solid was recorded in the scan range from 4000-400 cm 
on a FTIR spectrophotometer. Samples were introduced in 
sample chamber and spectra were taken in ATR mode. 
These spectra were recorded as absorbance values at each 
data point in replicate two times. Perkin Elmer 
spectrophotometer was used to detect characteristic peak 
and their functional group. Results obtained were plotted 

against wave number verses percent transmission. 

ants: Sauromalum venosum 

its medicinal value and 

collected 

from 
Semadoh region of Melghat of Amravati tuber 

was 
selected on the basis of its 

District in the month of June to September. 

ldentification and Authentification of plants: The plant 

was further identified with the help of standard floras 

(Sharma et al., 1996; Almeida, 2001; Dhore, 2002) 121, 2, 61 

and authenticated by Dr. S.P. Ro the Professor and Head 

Department of Botany, Shri. Shivaji Science College, 

Akola. 

Results and Discussion 

Preparation of extract: The Sauromatum venosum tuber 

was cut into fine pieces and kept for shade-dried (at 25°C) 

and was powdered in the mechanical grinder. The extraction 

was done by using 20gm of tuber powder in 150ml of 

solvent by Soxhlet extraction method (Sadasivam and 

Manickam, 1996) using different solvents such as 

distilled water, acetone, ethanol, petroleum ether and 

chloroform. The presence of alkaloids in the sample was 

detected by performing the qualitative tests (Khandelwal, 

2007). The crude quantification of alkaloid was carried out 

by using precipitation method (Krishnaiah et al., 2009) 31 

The results revealed that the presence of various 

phytochemicals in crude extract Sauromatum venosum 

tuber. The FTIR spectrum was used to identify and detect 

the characteristic peaks and functional groups of the active 

components based on the peak value in the region of 

infrared radiation (Gupta et al., 1977) D (Table 1; Fig. 1). 

Extract of Sauromatum venosum tuber was subjected to 

FTIR analysis and the functional groups of the components 

were separated based on their peaks. The results exhibited 

the presence of characteristic bands at 3019.79 cm 

indicating the presence of Ar-OH stretching, Strong peak at 

2925.88 cm'show -CH, stretching, at 2855.32 assign to C-H 

streching shows some alkane group present in this rare 

medicinal plant. Besides Aromatic compounds with Ar-H 

stretching, at 1215.76 shows C-O stretching indicates 

presence to ketones, aldehydes, carboxylic acids, and esters 

bands and sensitive to peptide linkage. Peak at 1113.47 

shows C-0-C strong stretching which can from two 

coordinate compounds (Fig.1). 

Fourier Transform Infrared Spectrophotometer analysis 

(FTIR): The Fourier-Transform Infrared Spectroscopy 

(FTIR) analysis of the crude extract of Sauromatum tuber 

carried was out 
from Sophisticated Analytical 

Instrumentation Facilities, Central Drug Research Institute 

Lucknow, India. The dried 10mg of powder was mixed with

500 000 10 m00
150 

Fig 1: IR Spectra analysis of Sauromstum 
venosum 

corm for alkaloids 

determined. 
FT-IR 

spectroscopy 
is capable of providing 

strong insights 
into the 

structural and 
functional 

alterations 

induced by the various 
factors due to its high sensitivity 

(Toyran 
et al., 2005; Dogan et al, 2007) 

E3. ", FT-IR 

technique 
was used tor 

assessment 
the type of organic 

and 

inorganic 
complexes 

in plants. 

phytochemical 

analysis 
of aqueous 

extract of 
Sauromatum 

venosumt 
uber 

detected the presence 
of 

carbohydrate 
and 

glycosides, 
protein 

and 
amino acids, 

alkaloids, 
phenolic 

compounds 
& 

tlavonoids, 

phytosterols, 
saponins 

and 

terpenoids 
(Ghurde 

and 
Malode, 2018) 

The present 

study, 
the 

FTIR 
spectroscopic 

analysis 
showed 

the 

presences 

of 
phytoconstinuents 

in the corm 

extract. 

Alkaloids 
are

used as 
efficacious 

remedies 
in low

1able 1: IR spectral analysis of Sauromatum 
venosum (Ai 

Schott. tuber for alkaloids 

Absorption Expected 

(cm) 

3500-3000 
3000-2800 

3000-2500 
1375-1200 
1150-1070 

Sr. NoAbsorption Assignment 
Observed (cm") 

3019.79 Ar-OH stretching 

2925.88 
2855.32 
1215.76 C-O stretching | 

I1347 

The qualitative 

-CH stretching | 
Ar-H stretching 

C-O-C stretching| 

Fourier Transform Infrared 
Spectrophotometer 

(FTIK) 

pernaps the most influential tool for identifying the types 

ounds. 

chemical bonds (functional groups) present in conpu 

The wavelength of light absorbed by the molecule 18 

characteristic of the chemical bond as can be seen 
in ne 

annolaled spectrum. By interpreting the infrared absorpluon 

concentrations 

serves 
as 

cardiotonics, 

potential 
oncological 

medicines, 

etc. 
Nature 

offers 
resources 

that include 

chemical 

compounds 

which can 
potentially 

solve many 
or 
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hese problems. Investigation of natural products obtained 

from plants, the isolation of compounds and their 

modification, and the evaluation of their biological 

activities, represents an important field of biological and 
pharmaceutical research. 

Conclusion 
The Present study concluded that the Sauromatum venosum 
tuber has rich source of phytoconstituents like alkaloids, 
flavonoids, saponins, phenols and tannins. FTIR spectra 
showed the presence characteristic functional group of 
compound sex hibiting the strong peak values C-O 
stretching indicates presence to ketones, aldehydes, 
carboxylic acids, and esters bands and sensitive to peptide 
linkage as well as aromatic and peptide linkage with C-0-c 
indicate complex compounds used as a cardio tonic with 
their respective functional groups. Further study is needed 
with this corm extract to isolate, characterize and elucidate 
the structure of bioactive compound of this corm extract for 
industrial drug formulation in future. 
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Abstract: Now on a daily basis during a smarter embedded world, have Internet of Things. IoT have lot of things for the 
embedded systems, and it's the potential to remodel our world with the assistance of it. Internet of Things (IoT) or Web of Things 
(WoT) is emerging technology and it wireless network between two or more objects or smart things connect via Internet. IoT 
classified in two types first is within IoT and second side is outside of IoT.  
In inside IoT consider as protocols in IoT. In outside of IoT consider as sensor, actuators, etc., those are physically possible. 
In within IoT consider as protocol and IoT have own Protocol Stack. Protocol Stack has different layer like Application Layer, 
Transport Layer, Internet Layer and Physical/Link Layer. The judgmental role goal of IoT is to confirm effectual 
communication between two objects and build a sustained bond among them using different application. The 
application Layer liable for providing services and determining a group of protocol for message passing at the application Layer. 
This paper understands Application Layer Data Transfer Messaging Protocol like MQTT, AMQT, COAP, XMPP, DDS, HTTP, 
RESTFULL, and WEB-SOCKET. Also describe which sort of architecture (like Request/Response, Client/Server and 
Publish/Subscribe) and security (like DTLS, TCL/SSL and HTTPS) support in those protocols that decide upon appropriate 
protocol supported application needs. 
Keywords: IoT, WoT, M2H, M2M, MQTT, AMQT, COAP, XMPP, DDS, HTTP, RESTFULL, WEB-SOCKET. 
 

I. INTRODUCTION 
IoT has significantly changed ones perspective of living style. It has enabled many non-living objects to behave smartly and 
intellectually according to the circumstance and environment. A growing number of physical objects are being connected to the 
Internet at an unprecedented rate realizing the idea of the Internet of Things (IoT). 
The IoT envisions hundreds or thousands of end-devices with sensing, actuating, processing, and communication capabilities able to 
be connected to the Internet [1].The captured data needs a direction to be Transferred, Modified, Controlled, Acknowledged, Stored 
or Exported to other devices. These tasks can be performed through suitable protocols. Typically, IoT is expected to offer advanced 
connectivity of devices, systems, and services that goes beyond, Human-to-Machine (H2M), Machine-to-Machine (M2M) 
communications. In section 2 studies the literature review, in section 3 explain the working of the data transfer protocols between 
the transmitter and the receiver is given. Section 4 Analyse the result and discuss, section 5 gives the conclusion of the work, the 
comparisons of the messaging protocols is important to choose a suitable design platform. 
1) Human To Machine Communications In IoT ( H2M): Human to Machine communication originally emerged from Telemetry 

technology, and its main aim was to measure data and automatically transmit it from remote sources typically by cable or a 
radio.Nowdays,plethora of sensors are being developed, which have better perceptual abilities than humans and can detect 
information that humans cannot.  
Affordable electronic devices halved to an increasing number of them being connected to the Internet. The smart IoT devices 
open up the possibility to reduce the burden on the user end by equipping everyday objects. Human-to-Machine communication 
is a very important development in Internet of Things.Fiqure 1 shows the human to machine interaction and its relation to the 
IoT.Figure 1 shows the elaborate human to machine interaction which demonstrates the use of sensors, actuators, cognition unit 
and processing unit.  
The data transfer in HMI model is based on the cognitive ability of the human. The machine sends the control data to the 
actuator unit to perform the required action. 
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Figure 1: Human to Machine Interaction 

 
2) Machine To Machine Communications In Iot ( M2m): Machine to Machine (M2M) is a broad term that can be used to describe 

any technology that enables networked devices to exchange information and perform actions without the manual assistance of 
humans. It forms the basis for a concept known as the Internet of Things (IoT).Key components of an M2M system include 
sensors.RFID, a Wi-Fi or cellular communications link and autonomic computing software programmed to help a networked 
device interpret data and make decisions.M2M communications expands telemetry’s role beyond its common use in science 
and engineering and places it in an everyday setting. People already are using M2M, but there are many more potential 
applications as wireless sensors networks and computers improve, benefitting the concept to be amalgamated with other 
technology. The main goal of M2MC is to enable the sharing of information between electronic systems autonomously; Figure 
2 shows the amalgation of Machine to Machine and IoT in real time. In other words Machine to Machine refers to technologies 
that allow both wireless and wired systems to communicate with other devices.M2M application protocols take a fundamental 
role in communication efficiency: Protocol overheads, necessary number of management or control and information messages, 
reliability and security. All these impact the number and size of transmissions consequently, the energy and bandwidth 
consumptions in a mobile device. It finds it major application in protocols namely MQTT, AMQT, COAP, XMPP, DDS, 
HTTP, RESTFULL, and WEB-SOCKET. 

 
Figure 2: Amalgamation of M2M and IoT 

 
II. RELATED WORK 

Internet of Things (IoT) is emerging technology. Show in previous section inside of IoT describe as protocols. By studying paper 
regarding IoT and IoT protocol related IETF standards paper show Application Layer protocols focus basically on message 
exchange between applications and the Internet [2].A Data Transfer Protocol is a standardised format for transmitting data between 
two devices. The type of protocol used can determine the variables. Application Layer work with other layer like Transport Layer, 
Internet Layer and Physical Layer. In this paper our aim to provide comprehensive survey to describe all main eight Application 
Layer Protocols. 
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A. IoT Ecosystem 
Figure 3 shows a 7-Layer model of IoT Ecosystem. At the bottom Layer is the market or application domain. The second layer 
consists of sensors that enable the application. The third layer consists of interconnection layer that allows the data generated 
sensors to be communicated, usually to a computing facility, data centre, or a cloud. Finally the top layer consists of services that 
enable the market and may include energy management, health management, education, transportation etc. [3]. 

 
Figure 3: IoT Ecosystem 

 
In this paper, we concentrate on the Session Layer. This layer itself can be shown in a Multi-Layer stack as shown in figure 4.We 
have shown only the Data link, Network, and Transport or Session Layers. The data link layer connects two IoT elements which 
generally could be two sensors or the sensor and the gateway device that connects a set of sensors to the Internet. Often there is a 
need for multiple sensors to communicate and aggregate information before to the Internet. Specialized protocols have been 
designed for routing among sensors and part of the routing layer. The Session Layer protocols enable messaging among various 
elements of the IoT communication subsystem. A number of security and management protocol have also been developed for IoT as 
shown in the figure. 

 
Figure 4: Protocols for IoT 

 
III. IOT APPLICATION LAYER MESSAGING PROTOCOLS 

A communication protocol is nothing but a language that is used by objects to interact among them. In simple words, a protocol is a 
set of rules that must be obeyed by the communicating objects. Communication Protocols are extremely essential in heterogeneous 
systems; where the objects interacting may be heterogeneous in nature, needing a common framework for them to interact. This 
section reviews standards and protocols for message passing in IoT Application Layer proposed by different standardization [2].All 
most Web-based application and IoT application are IP based and they use TCP and UDP for transport. However, there are several 
message distribution functions that are common among many IoT applications; it is desirable that these functions be implemented in 
an interoperable standard ways by different applications. Those protocols are: 
1) MQTT (Message Queuing Telemetry Transport Protocol): MQTT (Message Queue Telemetry Transport) was develop by or 

introduce by IBM in 1999 and standardized by OASIS in 2013 to target come up with lightweight M2M communication [3].It 
is Publish/Subscribe Protocol architecture similar to Client/Server Protocol show in figure 5 below. The importance of MQTT 
Protocol is due to its simplicity and the no need of high CPU and memory usage (reason is the lightweight protocol) [4].MQTT 
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supports a wide range of different devices and mobile platforms. At Transport Layer TLS/SSL security provides to 
MQTT.Show above figure 5 there three components are there Publishers, a Broker and Subscribers. Publishers are generally 
lightweight sensors that connect with a broker and send data to a broker and go back to sleep. Subscribers are IoT applications 
that interested in data send by sensors and also connect with a broker, so broker send interested data to subscribers. The brokers 
classify sensor data in Topics and send them to subscribers interested in the Topics. This all thing is on IoT point of View [5]. 

 
Figure 5: Working of MQTT Protocol 

 
2) CoAP (Constrained Application Protocol): CoAP (Constrained Application Protocol) is used for low power and low memory 

embedded devices where it can be used for communication instead of HTTP.Currently there is HTTP Protocol available with 
Request/Response paradigm but HTTP has many features and more footprint [5].HTTP runs over TCP where TCP will need 
more resources due to three way handshake and many more complex mechanism. Now for low power embedded devices, there 
is no need of this heavy protocols and we can optimize it to run over TCP.As CoAP is a Restful web Transfer Protocol for use 
with constrained networks. CoAP uses Client/Server model of approach same as HTTP.It is designed for constrained networks 
with low overhead and lower footprint [6]. 

 
Figure 6: Constrained Application Protocol 

 
3) AMQP (Advanced Message Queuing Protocol): The Advanced Message Queuing Protocol (AMQP) is a protocol that across 

from the financial industry. Security is managed with the use of the TLS/SSL Protocols. Its run over TCP.AMQP is follow 
Publish/Subscribe communication Protocol for messaging [6,7].AMQP is same like MQTT but AMQP have advantage its store 
data then forward it, and this features used at when network disruptions that time ensures reliability. Show in figure 7 below a 
broker divide into two part Exchange and Queue. Exchange responsibility to receive Publishers messages and distribute to 
Queue. A queue is based on Pre-define Roles and Condition and it’s basically send message to subscribers who subscribe those 
data. 

 
Figure 7: Advanced Message Queuing Protocol 
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4) XMPP (Extensible Messaging and Presence Protocol): Extensible Messaging and Presence Protocol (XMPP) is a Messaging 
Protocol that was designed originally for chatting and message exchange applications. It was standardized by IETF in 1999 
named as jabber In all Application Layer Protocols only XMPP Protocol support Publish /Subscribe  and Request/Response 
model and it’s depend on application developers to develop application which model they use [8].It does not provide any 
quality of service guarantees and, hence, is not practical for M2M communications. XMPP is IP based communication protocol 
with Extensible Mark-up Language (XML) support [9]. 

 
Figure 8: Extensible Messaging and Presence Protocol 

 
5) DDS (Data Distribution Service): Data Distribution Service (DDS) is another Publish/Subscribe Protocol that is designed by 

the Object Management Group (OMG) for M2M communications. It defines two sub layers: Data-Centric Publish-Subscribe 
(DCPS) which disseminates information to subscribers and Data-Local Reconstruction Layer (DLRL) which is an optional and 
is an interface to the DCPS functionalities. It shares data among distributed objects [9]. 

 
Figure 9: Data Distribution Service 

 
6) HTTP (Hyper Text Transfer Protocol): HTTP is specially designed for Internet. It was developed by Tim Berners Lee and later 

standardized by IETF in 1997.Though HTTP uses Request/Response architecture, it doesn’t use topics.HTTP is based on 
Representational State Transfer (REST),an architectural style that makes information available as resources identified by URIs 
[8].HTTP is simple text based protocol where no fixed header size is defined. It has features on Persistent and Non-Persistent 
connections.by default TCP is used as HTTP’s Transport Protocol, but HTTP doesn’t have any QoS support [9].HTTP is very 
powerful protocol, but it’s relatively expensive in implementation and network resource usage. This makes it difficult to adopt 
HTTP as it is for IoT networks.HTTP transfers a large number of small packets over web but overhead of HTTP causes many 
problems, such as consumption of network resources and large delays [10]. 
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Figure 10: Working of Hyper Text Transfer Protocol 

 
7) RESTFULL (REpresentational State Transfer): Representational State Transfer ( RESTFUL Services) is an engineering that 

gives web administrations which permit correspondence and information trade between various gadgets utilizing HTTP in IoT 
condition [5].REST utilizes the HTTP strategies GET,POST,PUT,and DELETE to give an asset arranged informing framework 
where all activities can be performed essentially by utilizing the synchronous request/response HTTP commands. RESTFUL 
services use the secure and reliable HTTP which is the proven worldwide Internet language. It can make use of TLS/SSL for 
security [9]. 

 
Figure 11: Working of RESTFULL Protocol 

 
8) WEB-SOCKET: The WEB-SOCKET Protocol provides two ways for communication between clients and a remote server. 

Web-Socket provides security similar to the security model used HTTPS Protocol. For browsing Application Layer used and 
web-Socket work on TCP Transport Layer Protocol, so they need to interact and communicate with host those who connect 
with remote. Web-Socket is a Web-based Protocol that works on the single TCP channel and provides full duplex 
communications. Web-Socket starts session without Publish/Subscribe and Request/Response models like previous protocols 
[9, 10]. 

 
Figure 12:  Working of WEB-SCOKET Protocol 
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IV. RESULT AND DISCUSSION 
To interconnect objects to transfer data and to publish information over a network without requiring Human-to Human or Human–
to-Computer interaction is now possible. That is why the IoT application programmers are faced with the challenges of choosing an 
appropriate communication protocols for their resource-constrained applications. 
Performance Evaluation: In The process of Subscription-Publication, the challenge is to accomplish the message delivery with a 
high efficiency, a low latency and a low packet loss rate using one of reliability and QoS level. Otherwise, it is up to the application 
to select the appropriate QoS level for its publications and subscriptions, thus the decision to use one of these levels impacts on the 
application performance as well as on the use of bandwidth and battery life of devices.However,although the traditional protocol’s 
effectiveness, the need for a suitable protocol for IoT applications involving constrained devices is necessary because the biggest 
obstacle in the functioning of these devices is energy consumption. Both MQTT and CoAP protocols are being implemented for 
Mesh-Networking applications in networks in order to allow inter-standard communication between lightweight end nodes. Data 
transfer Protocols are rapidly emerging and integrating the IoT market as leading lightweight messaging protocols for constrained 
devices.  
Each protocol offers unique benefits and each poses challenges and tradeoffs.The strengths and issues of these eight protocols are 
summarized in Table 1 [9, 10].The purpose of this evaluation is to choose the use of either MQTT or CoAP according to the best 
throughput and lowest latency resulted in the presence of different criteria. AMQP can be integrated with TLS in order to ensure 
secure communication.DDS, RESTFUL, and WEB-SOCKET is an excellent quality of service levels and reliability 
quarantees.XMPP is very secure protocol which supports encryption, authentication, and access control. MQTT and CoAP use 
different transmission protocols of TCP and UDP.CoAP present the best performances in terms of both throughput and latency. 
 

Table 1: Comparative Analysis of IoT Data Transfer Messaging Protocols 
Sr.No Criteria MQTT CoAP AMQP XMPP DDS HTTP RESTFU

L 
WEBSOCKET 

1 Year 1999 2010 2003 1999 2004 1997 2000 2011 
2 RESTFUL No Yes No No No Yes Yes yes 
3 Transport Protocol TCP UDP TCP TCP TCP/UDP TCP TCP/UDP TCP 

4 Publish/Subscribe 
Model 

Yes Yes Yes Yes Yes No No No 

5 Request/Response No Yes No Yes No Yes Yes YES 
6 Security SSL DTLS SSL SSL SSL/DTLS SSL SSL/TLS TLS 
7 QoS yes Yes Yes No Yes No NO NO 
8 Header Size 2 4 8 ----- ------- ------- ------ ------ 
9 XML Support No No No Yes No Yes Yes Yes 

10 Encoding Format Binary Binary Binary Character Binary Text Text Text 
11 Default Port 1883/8883 5683/5684 5671/5672 5222/5223 7400/7401 80/443 23450/tcp RFC 6455 
12 Proxy Support Partial Yes Yes Yes Yes Yes Yes Yes 

 
V. CONCLUSION 

In this paper, we made a shot to supply survey on the embedded world and/or Machine to Human (M2H), Machine to Machine 
(M2M) communication around Data transfer Messaging Protocols. During this paper we have analyzed and compared messaging 
protocols for IoT systems. Started our discussion with MQTT then discussed, MQTT, AMQT, COAP, XMPP, DDS, HTTP, 
RESTFULL, and WEB-SOCKET. Each of these protocols has their different pros, cons and is meant for particular scenarios. Also 
we performed comparative analysis of this protocol which is in a position to assist us to choose appropriate messaging protocol 
depending upon application requirements.  
There are three major components for implementing IoT on different applications: Security, Privacy and Trust. While increasing the 
expansion of IoT, Security is more important for reliable data transferred among the billions of smart objects. This paper 
concentrates on Application Layer Data Transfer Messaging Protocols on IoT devices. CoAP having light weight and consume low 
energy; CoAP is utilized on many applications of IoT. To secure data transferred, CoAP combined with DTLS Protocols named as 
Datagram Transport Layer Security Protocols because the safety agent. So, in future we concentrate on Security in Application 
Layer Protocols. 
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Abstract-Security is the basic requirement of any user for 
Internet of Things (IoT) traditional network. An internet 
user will not share his confidential and important data 
on the network unless the traditional network is trusted. 
IoT is considered as a collection of heterogeneous 
devices, such as, radio frequency identification, sensors 
and actuators, which form a huge traditional network, 
enabling not connected to computer in the network to 
produce a trustworthy world of services. Security and 
privacy are the two most important aspects of the IoT 
network, which includes authentication, authorization, 
data protection, network security, and access control. 
Additionally, traditional network security cannot be 
directly used in IoT traditional networks due to its 
limitations on computational capabilities and 
heterogeneous devices storage capacities. Authentication 
and Access control is the mainstay of the IoT traditional 
network, as all components undergo an authentication 
process before establishing communications between 
heterogeneous devices therefore, securing authentication 
and access control is essential to ensure that resources 
are only granted to the authorized users. With 
authentication and access control information, it sets the 
access rights of the subject to the object and protects 
heterogeneous devices from unauthorized access to 
ensure confidentiality and integrity of the system 
resources in the send and receive data signal is one of the 
basic security services. Current access control 
technology can be divided into Role-based Access 
Control (RBAC) and Resource Role Hierarchy Based 
Access Control (RRBAC). The first kind of access 
control model is RBAC, which is widely used in 
traditional networks and second is suitable for multiple 
security domains with different applications. In this 
paper focused on IoT security particularly on their 
authentication and access control model. Also, studies on 
existing evaluation schemes of IoT authentication and 
access control. 
 

Keywords- Access Control, Authentication, Attribute-
Based Access Control (ABAC), Role-Based Control 
(RBAC), Resource Role Hierarchy Based Access Control 
(RRBAC). 

1. INTRODUCTION 
 
The fundamental question that needs to be answered is 
how we can trust the validity of the data being 
generated in the first place. IoT therefore needs to 
improve its trustworthiness before it can be used to 
solve challenging economic and environmental 
problems tied to our social lives. 
Due to huge number of IoT devices and machine to 
machine communication feature of IoT, legacy 
authentication and authorization techniques are not 
viable for it. Devices must authenticate each other 
before exchanging any information between them 
(M2M communication) which is a challenge for 
researcher due to massive number of heterogeneous 
devices. IoT is focusing on Machine to Machine 
(M2M) mode of communication. For such 
communication nodes authentication is very important 
for insuring security and privacy. When two or more 
nodes are communicating with each other for a 
common objective they should authenticate each other 
first in order to block fake node attack. However, there 
is no efficient authentication mechanism for massive 
number of IoT devices. Authentication and access 
control mechanisms are capable of preventing 
unauthorized users from accessing the data of sensor 
nodes on the IoT perception layer and guaranteeing the 
data security effectively. User authentication is to 
allow legitimate user to access resources as well as to 
decline malicious person or attacker [1]. After 
authentication, access control is to restrict 
authenticated user to access the only data that have the 
privileges. However, due to the characteristics of 
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wireless sensor network, secure access is faced with 
more severe challenges.  The trustworthiness to 
heterogeneous device authentication and access 
control model in IoT traditional network are discussed 
here. In this paper, authors focus various evaluation 
techniques with their parameters and supporting 
equations. This paper presents an overview of the 
existing work on trust authentication, access control 
models in IoT. The first access control model is role-
based access control (RBAC), which is widely used in 
traditional networks. Adopt ABAC-based 
authorization method in order to access various 
resources and data in this type of model, users require 
certain certificate information that falls into ABAC. If 
a user has some special attributes in ABAC, it is 
possible to access a particular resource or piece of 
data.  ABAC is a more flexible and scalable that 
abstract identity, role, and resources information of the 
traditional access control into entity attributes. 
Additionally, ABAC can support either fine-grained 
access control in the complex system or dynamic 
extension of large-scale users. The second access 
control model RRBAC is suitable for multiple security 
domains with different applications [2, 3]. 
The paper focuses on building an access control model 
and system based on trust computing, which is a new 
field of access control techniques that includes Access 
Control, Trust Computing, Internet of Things, network 
attacks, and cheating detection technologies. Because 
target access control systems can be very complex to 
manage, there has been substantial research in this 
domain, most of which has been related to attacks like 
self-promotion and ballot stuffing where a node falsely 
promotes its importance and boosts the reputation of a 
malicious node (by providing good recommendations) 
to engage in a collusion-style attack. The traditional 
trust computation model is inefficient in 
differentiating a participant object in IoT, which is 
designed to win trust by cheating. There is an urgent 
need to put forward more suitable and effective 
methods to ensure the security of IoT 
This paper is organized as follows. Section II describes 
the authentication model for IoT security. Section III 
presents Access control model for IoT security. In 
section IV Authentication Evaluation Techniques for 
IoT security, Section V presents Access Control 
Evaluation Techniques for IoT security finally, section 
VI concludes the paper and future research. 
 

2. AUTHENTICATION MODEL FOR IOT 
SECURITY 

 
Authentication allows communicating entities to 
convince the identity of each other and exchange 
session keys. In wireless sensor network, user and 
terminal nodes in the communication process require 
mutual authentication to ensure network security, 
while terminal nodes require authentication mutually 
to prevent malicious nodes attacks. Encryption 
mechanism ensures confidentiality to prevent data 
from being stolen during communication process via 
encoding the data. Usually, the authentication is 
divided into two parts [4, 5]. 
(1) Authentication: authentication between user and 
terminal nodes ensures only the legitimate User can 
access the network. 
(2) Key establishment: session keys should be created 
between the user and nodes for secure 
Communication. 

 
Figure 1: Authentication Model for IoT security 

 
3. ACCESS CONTROL MODEL FOR IOT 

SECURITY 
 

As discussed in Section 3, access control is the most 
fundamental component in trustworthy security. Many 
access control models have been developed in the past 
three decades and among all these models, Role-Based 
Access Control (RBAC) models [6] are most widely 
used in enterprises and other organizations. Role-
based models can greatly cut down the cost for policy 
specification. Also, Role hierarchy in RBAC provides 
a natural representation (role hierarchy) of the 
structure of the users in an organization. Role 
faithfully describes the responsibility and authority of 
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the user in the position represented by the role. The 
RBAC model focuses on building a hierarchy of the 
subjects to reduce the overhead in access right 
specification and management but does not consider 
the same for the objects (i.e., the resources to be 
accessed). In IoT security, there are an enormous 
number of resources. If permissions have to be 
assigned for individual IoT resources to roles, 
permission assignment and management can have a 
very high complexity, likely to be infeasible 
[7].RBAC model also has limitations in highly open 
environment where no role hierarchy can be 
formulated [8] In RBAC, the only alignment required 
for interoperation is to map the roles from one domain 
to another and role mapping techniques has been well 
explored [9]. For interoperation in ABAC, need to 
align the attributes as well as the values for the 
attributes. If two systems do not have equivalent 
attributes, it is impossible to align them. Extended the 
RBAC model and created the RRBAC (Resource and 
Role hierarchy Based Access Control) model [10] to 
circumvent the problems in RBAC and ABAC 
discussed above. Similar to role hierarchy, IoT 
resources can be organized in a hierarchy and 
permissions can be assigned based on the resource 
hierarchy. By providing resource hierarchy as a part of 
the access control model, we can greatly simplify 
access rights assignments using the resource groups 
and privilege inheritance concept on the resource 
hierarchy. The high level RRBAC model is formally 
specified in Section 3.1. For the dynamic and open IoT 
systems develop a “resource role hierarchy” based 

access control model to support easy policy 
specification. An entity in the system can build a 
resource role hierarchy to specify its view of the other 
entities in the system without knowing the specific 
entities.  Integrate the RBAC model with RRBAC so 
that access control policies can be specified based on 
the relative role hierarchy and resource hierarchy [11]. 
When a dynamic IoT network is formed, the other 
entities are mapped to the relative role hierarchy of 
entity based on their attributes. The attribute values are 
obtained by mining the societal databases and social 
networks. The resource role hierarchy concept is 
presented in Section 3.2. 
3.1 Role-Based Access Control Model (RBAC) 
Role-Based Access Control approach (RBAC), a 
policy mechanism defined roles and privileges. This 
approach scales better than other models. However, 

when talking about a huge amount of devices, 
managing roles for individual entities the possibility of 
grouping sensors and assigning roles to those that have 
the same rights is a good solution for this problem. For 
providing access rights to user, it is important to know 
the user’s responsibilities assigned by the 

organization. RBAC try to reduce the gap by 
combining the forced organizational constraints with 
flexibility of explicit authorizations [12]. RBAC 
mostly used for controlling the access to computer 
resources. RBAC is very useful method for controlling 
what type of information users can utilize on the 
computer, the programs that the users execute, and the 
changes that the users can make. In RBAC roles for 
users are assigned statically, which is not used in 
dynamic environment. It is more difficult to change 
the access rights of the user without changing the 
specified roles of the user. RBAC is mostly preferable 
access control model for the local domain. Due to the 
static role assignment, it does not have complexity. 
Therefore, it needs the low attention for maintenance 
[13, 14]. Role is nothing but the abstractions of the 
user behaviour and their assigned duties [15]. 

 
Figure 2: Role-Based Access Control Model 

Essentially, in role-based access control policies need 
to identify the roles in the system, a role can be defined 
as a set of responsibilities and actions associated with 
a particular working activity. In an Access control 
security model, a role is considered as a job-related 
access right which can be given to the authorized users 
within an organization. It allows authorized user to 
achieve its associated responsibilities [14, 15]. 
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Figure 3: User-Role-Permission Mapping 

A permission p is a pair < trans, objset >, where trans 
represents the transaction that executes on the set of 
objects that is objset. Consider P indicate the universal 
set of permissions, Trans indicate the universal set of 
transactions, and Obj indicates the set of objects.  
 
3.2 Resource and Role Hierarchy Based Access 
Control (RRBAC) 
The big difference between RRBAC and (ABAC). 
RRBAC is suitable for multiple security domains with 
different applications. Figure 4 is the structure graph 
of RRBAC model. From Figure 4, the users are 
distributed anywhere, in a school, in a company etc. In 
every security domain, the administrator is charge of 
managing the sessions and roles. Usually, the session 
IDs are randomly generated as a procedure for a user 
to perform actions. The roles are man-made according 
to the registration of the resources. The resources are 
also distributed. After a resource registers and passes 
the examination, it can become a legitimate resource. 
Surely, a valid resource is treated as a part of the 
domain [16]. 

 
Figure 4: The structure graph of RRBAC Model [16] 

 
4. IOT AUTHENTICATION EVALUATION 

TECHNIQUES 
 
As the new and challenging authentication techniques 
are necessary to protect the IoT environment from 

various emerging attacks, evaluation of those 
proposed schemes are equally important to check their 
potency. In this section, discuss several evaluation 
techniques with their parameters and supporting 
equations [17]. 
A. Average Response Time 
Response time is assumed to be the time taken by the 
server to result in the response of a request to the 
client. This can be affected by few factors, such as, 
number of users, number of request, type of requests, 
think time, network bandwidth, and server 
configuration. First response time can be executed by 
the time of client request and the time of first response, 
which is defined in equation 1. 

Tres = tres - treq                  (1) 
Here Tres, tres, treq are response time, time of client 
request and time of first response respectively. 
Average response time is calculated by the mean of all 
response time, which is determined in equation 2. 

Tavg_res = (n/r) - Tthink    (2) 
Where Tavg_res is the average response time, n is the 
number of concurrent users. r is the number of requests 
per second the server receives. Tthink is the average 
think time (in seconds).However, to obtain an accurate 
response time result, a user should always include 
think time in the equation. 
 
B. Impact on Throughput 
Throughput (TP) can be described as the amount of 
data passes through a system in a unit of time. In the 
traditional network of IoT, find out the total number of 
transmitted data preserved in a second. The TP can be 
defined in equation 3. 

TP = ∑ (Qr
i * li ) / Tw     (3) 

Here, TP denotes throughput, while Qr
i  is the 

Quantity and li  is the length of the ith kind, and Tw 

denotes as the whole time of the simulation. 
 
C. Packet Delivery Ratio 
Packet Delivery Ratio is calculated based on the 
number of packets sent by the sender and the number 
of packets successfully received at the receiver end. 
However, it depends on several factors like network 
configuration, device capabilities, and bandwidth; 
therefore, it is difficult to test the network 
performance. Equation 4 can be used to calculate the 
packet delivery ratio. 

PDR = Nrp / Nsp    (4) 
Where PDR is Packet Delivery Ratio; Nsp is the total 
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number of sent packets, and Nrp is the total number of 
received packets. It has been identified that throughput 
falls when the number of nodes increases in a network. 
In the wireless sensor network, packet-sending 
circumstances are defined in the energy model, like 
that; energy is consumed when a packet is sent over 
the network. Therefore, more packet transfer cost core 
energy consumption. Ultimately, the packet can be 
discarded due to less energy or long-distance travel 
[17]. 
 
D. Handshake Duration  
Handshaking is the process of negotiation between 
two network parties in the IoT network. These parties 
can be user, sensor, actuator, server or other nodes. As 
shown in Figure 5, handshaking takes place by 
completing the two-roundtrip message, whereas, 
client's discovery offers by the server and again the 
client's request acknowledges by the server. Duration 
to a handshake Ths is computed at the client-end using 
equation 5. 

Ths = Ts + Tres + Tp         (5) 
Where Ts is the time taken by whole session request, 
Tres is client response time and Tp denotes as 
processing time at the server. However, to calculate 
the handshake duration, a user must perform several 
random numbers of handshakes between the client and 
the server.  

 
Figure 5:  Four Way Authentication Handshaking. 

E. End-To-End Delay 
End-to-End Delay or E2ED denotes the average time 
to deliver packets from sender to receiver.E2ED can 
be calculated by using equation 6. 

E2ED = ∑ (Tr
i -Ts

i) / n   (6) 

Here, i is the number of packets and n is the number of 
received packets, while Tr 

i is the received and Ts
i 

denotes the sent timestamp for ith packet. E2ED is 
proportional to the number of sensors in the IoT 
network. Therefore, an increased number of nodes put 
up the congestion in the network. 
 

5. IOT ACCESS CONTROL EVALUATION 
TECHNIQUES 

 
Access Control technologies are known as the main 
elements to address the security and privacy issues in 
the Internet of Things. Any effective access control 
system should satisfy the main security properties of 
confidentiality (preventing unauthorized divulgation 
of resources), integrity (preventing resource to be 
modified without authorization resources), and 
availability (assuring access to resource by legitimate 
users when needed).In addition, the classification of 
IoT heterogeneous devices by assigning them a 
particular class according to their evaluation 
techniques. These evaluation techniques will help in 
building an adequate access control framework to 
achieve the required security level for each domain 
application. 
A. Quantitative and Qualitative Evaluation techniques 
In this section, we evaluate in both quantitative and 
qualitative way towards access control in IoT and their 
versatility for preserving security and privacy by 
referring to the above Role-Based Access Control 
Model (RBAC) and Resource Role Hierarchy Based 
Access Control (RRBAC) Model based on the 
described legend below this evaluation is highlighted 
as follow [18]. 

Legend: VH= Very High=> 5, H= High =>4, 
M=Medium =>3, L= Low => 2, VL= Very 

                    Low =>1, No= Null => 0 
Each quality criteria is assigned a value ranging from 
0 to 5, where 0 signifies not defined, 1 signifies a very 
low quality sufficiency,2 signifies a low quality 
sufficiency,3 signifies a medium quality sufficiency,4 
signifies a high quality sufficiency while 5 signifies a 
very high quality sufficiency. These values are then 
used to indicate the sufficiency of each access control 
model’s interoperability between heterogeneous 
devices for each security and privacy preserving 
analysis for IoT.  
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B. Evaluation of Access Control based on RBAC and 
RRBAC Model 
The web service technology is known to provide great 
interoperability between heterogeneous devices. For 
this reason, we classify all the devices that adopt the 
web of think approach (based on web service) as high-
quality sufficiencies in term of interoperability based 
on RBAC model have the following issues [18]. 
(1) Interoperability: the difficulty to approve a real 
consensus regarding the meaning of role to be shared 
with different applications, platforms, domains and 
enterprises. 
(2)Role explosion: The role explosion issue justifies 
the critical dynamicity aspect of RBAC. Actually, 
RBAC defines access permissions in a static and fixed 
manner without taking the context of the access into 
consideration. As a result, a pure RBAC solution may 
be inappropriate for defining fine-grained access 
permissions based on context, and dynamics of IoT 
environment. 
(3) Critical scalability: policies cannot evolve easily. 
In fact, the creation of new roles can lead to rebuilding 
the entire model.  
(4) Nonsupport of delegation: a subject cannot grant 
access rights to another subject, as well as grant the 
right to further delegate all or part of the granted rights. 
 

6. ANALYSIS AND DISCUSSION 
 
The current concept of network and connectivity is 
going to be changed in the next few years. As it is 
predicted that the number of connected heterogeneous 
devices in the world will take over the headcount of 
human beings soon, this can be possible because of the 
expansion of the authentication and access control 
evaluation techniques in Internet of Things. However, 
security on IoT is still searching for its way to improve 
so that it can provide reliability and protection against 
threats. Again, suitable selection of authentication and 
access control model is one of the main important parts 
in security, because it is the gateway of a user or 
device to introduce in a network. In addition, a proper 
selection of authenticate devices to protect the network 
from attacks. Due those issues, basic RBAC model is 
not really a suitable solution to perform authorization 
functions in IoT domain applications requiring high 
level of interoperability/scalability, such as smart grids 
and smart cities. Authentication and access control is 
the process for giving the authority to access the 

specific resources, applications and system. Access 
control defines a set of criteria to access the 
heterogeneous devices of the IoT system and its 
resources. In Role Based model creates different 
authorities permissions by assigning access rights to 
specific roles or jobs within the IoT system then role 
based access control assigns these roles to users, It is 
effectively implemented in an environment because 
command and resources are assigned according to the 
roles. 

7. CONCLUSION 
 
The data can be perceived from any device at any 
moment. The powerful IoT heterogeneous devices 
authentication and Access Control is needed to make 
sure connected devices on the IoT can be trusted and 
access to the device resources to be what they intend 
to be. Accordingly, each IoT device needs a distinctive 
identity that can be authenticated when the device 
connected to the traditional network, it can track every 
device communicate securely with it, and inhibit it 
from executing detrimental processes. If a device 
shows unforeseen behaviour can simply revoke its 
privileges and compulsory to verify that the data do 
not change during transit. Then the network checks if 
this information is correct or not and ensures that the 
device is connected to the right network or not. It can 
be done using authentication and access control 
mechanism.  
This paper is to propose a flexible Resource and Role 
Hierarchy Based Access Control (RRBAC) model for 
the dynamic IoT environment. Working from the 
RBAC access control model, the RRBAC access 
control model is more extendable, flexible and 
trustworthy. The main contribution of this paper is to 
understand the trust models enable the owners and 
roles to determine the trustworthiness of individual 
roles and users in the RBAC system respectively. 
RRBAC allow the data owners to use the trust 
evaluation techniques to decide to save their data in 
the IoT environment. RRBAC model provides a 
flexible approach for many security domains. 
Authentication and Access Control models supports 
different types of resources sharing to reduce the 
impact of any wrong data signal on the IoT traditional 
network. As a consequence, the RRBAC model 
provides a self-adaptive framework which is reliable 
enough too attached to any heterogeneous devices in 
the IoT environments. 
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Abstract: Data mining has been used in many different sectors to extract relevant data from the large data sets for analytical 
purposes. In recent years, several research studies have proven the significance of using data mining techniques in education. With 
the use of various data mining techniques, relevant data can be efficiently extracted from the large sets of data present in the 
education system. By analyzing the extracted data, many different aspects regarding education can be predicted with a significantly 
high accuracy rate. This includes predicting aspects such as newly emerging fields, performance of students and instructors, learning 
pace of the students, chances of employment after graduation and dropout rate in a particular field etc. This paper presents an 
empirical study on various papers which show how prediction models can be used to extract the relevant data from the large data 
sets present in the education system for analyzing several important aspects. 

 

Keywords: Data Mining, Prediction Model, Data Analysis, Big Data. 

 

 I. INTRODUCTION 

Data mining is an exploratory data analysis, an art of extracting information from data, a process of discovering patterns in data, 
and a task of discovering meaningful data from big data with the aim of obtaining clear and useful results. There are many goals of 
data mining such as to reduce large data into useful knowledge, to find useful patterns from large data, to identify important trends 
and previously unknown behavior pattern to find patterns in historical data, and to uncover previously unknown patterns. 

 

II. DATA MINING TECHNIQUES 

1. Association 
Association analysis is the finding of association rules showing attribute-value conditions that occur frequently together 

in a given set of data. 

 
2. Classification 
 Classification is the process of finding a set of models that describe and distinguish data classes or concepts, for the purpose 
of being able to use the model to predict the class of objects whose class label is unknown. 
 
3. Prediction 
 Prediction uses a combination of other data mining techniques such as trends, clustering, classification, etc. It analyzes 
past events or instances in the right sequence to predict a future event. 
 
 
 

http://www.jetir.org/


© 2022 JETIR November 2022, Volume 9, Issue 11                                                  www.jetir.org (ISSN-2349-5162)  

JETIR2211411 Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org e5 
 

4. Clustering 
 Clustering is the task of dividing the data points into a number of groups such that data points in the same groups are more 
similar to other data points in the same group and dissimilar to the data points in other groups. 
 
 
5. Regression 
 Regression can be defined as a statistical modeling method in which previously obtained data is used to predict continuous 
quantity for new observations. 
 
6. Sequential Patterns 
 The sequential pattern is a data mining technique specialized for evaluating sequential data to discover sequential patterns. 
 

III. LITERATURE REVIEW 

Sr. 
No. 

Prediction 
Model 

Authors Techniques Conference/Journal 
and Year 

Conclusion 

1 College 
Students' 
Employment 

Houwen Fan Decision Tree 13th International 
Conference on 

Intelligent 
Computation 

Technology and 
Automation,  2020 

Based on the enrollment, student status 
management and employment data of a 
university over the years, this paper 
preprocesses and analyzes the employment 
related data, applies the classification 
algorithm to generate the decision tree 
model of employment prediction, extracts 
the prediction rules, and evaluates the 
accuracy of the employment data Through 
analyzing and obtaining the regular 
potential information, the prediction model 
of student employment and employment 
unit type is generated. In the process of the 
experiment, based on the research of 
predicting the employment of college 
students, we realized the construction of the 
decision tree model of employment 
prediction through programming. 

2 Predicting 
Student 
Performance 

Wan Fairos 
Wan Yaacob, 
Syerina Azlin 

Md Nasir, 
Wan Faizah 

Wan Yaacob, 
Norafefah 

Mohd Sobri 

K-NN 
Naives Bayes 

DT – 
Information 

Gain 
DT – Gini 
Logistic 

Regression 
(LR 

Indonesian Journal 
of Electrical 

Engineering and 
Computer Science, 

Dec 2019 

In this paper, four supervised data mining 
algorithms were applied on the students 
performance data to predict student 
performance either excellent or non-
excellent based on predictive accuracy. The 
results indicate that the Naïve Bayes 
classifier outperformed other algorithm 
compared to Decision Tree, k-NN, and 
Logistic Regression with accurate and 
comprehensive classifier. 

3 Predict 
Student’s 

Performance 

Annisa 
Uswatun 

Khasanah1), 
Harwati 2) 

Bayesian 
Network & 

Decision Tree 

IOP Conference 
Series, 2017 

Some high influence attributes in student 
prediction that can be considered by 
university management to minimized 
student drop out based on the result of this 
study are First Semester GPA, First 
Semester Attendance, Senior High School 
Department, Gender, Father Occupation, 
Mother Occupation, Mother Education, and 
Origin. From this study that feature 
selection can increase the accuracy rate of 
the prediction, and Bayesian Network is 
outperforming Decision Tree since it has 
higher accuracy rate. 

4 Students’ 

Employability 
Prediction 
Model 

Tripti 
Mishra., 

Dharminder 
Kumar., 

J48 
Random forest 
Random Tree 

SMO 

International journal 
of applied 

engineering 
research,  Nov 2016 

The aim of this paper was to apply various 
classifiers to find the employability of 
students and develop employability model 
based on the suitable classifier. It was 
found that J48 algorithm which is 
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through Data 
Mining 

Sangeeta 
Gupt 

Multilayer 
Perceptron 

Naive Bayes 

implementation of pruned C4. 5 Decision 
Tree algorithm of WEKA is most suitable 
for the employability prediction. 

5 Predict Slow 
Learners 

Parneet Kaura 
,Manpreet 

Singhb 
,Gurpreet 

Singh Josanc 

Multilayer 
Perception 
75%, Naïve 

Bayes 
65.13%, SMO 
68.42%, J48 

69.73% , 
REPTree 

3rd International 
Conference on 

Recent Trends in 
Computing, 2015 

Among all data mining classifiers Multi 
Layer Perception performs best with 75% 
accuracy and therefore MLP proves to be 
potentially effective and efficient classifier 
algorithm. Also comparison of all 5 
classifiers with the help of WEKA 
experimenter is also done, in this case also 
MLP proves to be best with F-measure of 
82%. Therefore, performance of MLP is 
relatively higher than other classifiers. A 
model performance chart is also plotted. 
This research help the institutions to 
identify students who are slow learners 
which further provide base for deciding 
special aid to them. 

6 Students’ 

Academic 
Performance 

Fadhilah 
Ahmad, Nur 

Hafieza 
Ismail and 

Azwa Abdul 
Aziz 

Navie Bayes 
Decision Tree, 

RB 

Applied 
Mathematical 

Sciences, Vol. 9, 
2015 

The amount of data stored in an educational 
database at IHL is increasing rapidly by the 
times. In order to get the knowledge about 
student from such large data and to discover 
the parameter that contributed to the 
students’ success, the classification 

techniques are applied to the students’ data. 

This study also conducts a comparative 
analysis of three classification techniques; 
DT, NB, and RB using WEKA tool. The 
experimental result shows that the RB has 
the best classification accuracy compared 
to NB and DT. 

7 A Study 
Model On 
The Impact 
Of Various 
Indicators In 
The 
Performance 
Of Students 
In Higher 
Education 

Jai Ruby1 , K. 
David2 

Chi-square, 
Information 
Gain, Gain 

Ratio, Linear 
Regression, 
Correlation. 

International Journal 
of Research in 

Engineering and 
Technology 

This study paper on performance analysis 
of student data help the institution to decide 
on the factors to concentrate for the better 
performance of the academic results of the 
students.  

8 Performance 
of Students in 
Higher 
Education 

Jai Ruby 1 , 
Dr. K. David 

2 

ID3, J48, NB 
Tree, MLP, 
Simple Cart, 

Rep Tree, 
Decision 

Table 

International Journal 
for Research in 

Applied Science and 
Engineering, 2014 

This study paper helps the institution to 
know the academic status of the students in 
advance and can concentrate on weak 
students to improve their academic results. 
All the classification algorithms MLP, ID3, 
J48, REPTree, NBTree, SimpleCart and 
Decision Table considered in the study 
shows prediction accuracy above 68% for 
the student dataset. 

9 Mining 
Students’ 

Data for 
Performance 
Prediction 

Tripti Mishra, 
Dr. 

Dharminder 
Kumar, Dr. 
Sangeeta 

Gupta 

Random Tree, 
J48 

Fourth International 
Conference on 

Advanced 
Computing & 

Communication 
Technologies, 2014 

This paper focused on identifying attributes 
that influenced students ‘third semester 

performance. Effect of emotional quotient 
parameters on placement has been 
established. Random tree gave higher 
accuracy of prediction than J 48. 

10 Prediction of 
Student 
Performance 

M. Durairaj 
#1, C. Vijitha 

*2 

Naïve Bayes 
Decision Tree 

International Journal 
of Computer Science 

and Information 
Technologies, 2014 

Using K-Means clustering algorithm, we 
predicted the pass percentage and fail 
percentage of the Overall students appeared 
for a particular examination. The results 
show the students’ performance and it is 

seems to be accurate. The comparison 
between Naviebayes algorithm and 
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decision stump tree technique shows that 
the Navie bayes techniques produce 
accurate result than the other and it is 
measured using confusion matrix. The 
results are predicted within 0 seconds. 

11 Student 
Performance 

Dorina 
Kabakchieva 

OneR Rule 
Learner, 

Decision Tree, 
Neural 

Network and 
K-Nearest 
Neighbour 

International Journal 
of Computer Science 

and Management 
Research, 2012 

The classification models, generated by 
applying the selected four data mining 
algorithms – OneR Rule Learner, Decision 
Tree, Neural Network and K-Nearest 
Neighbour, on the available and carefully 
pre-processed student data, reveal 
classification accuracy between 67.46% 
and 73.59%. The highest accuracy is 
achieved for the Neural Network model 
(73.59%), followed by the Decision Tree 
model (72.74%) and the k-NN model 
(70.49%). The Neural Network model 
predicts with higher accuracy the “Strong” 

class, while the other three models perform 
better for the “Weak” class. 
 

12 Academic 
Performance 
for First Year 
Student 

Ernesto 
Pathros Ibarra 
García¹ Pablo 

Medina 
Mora² 

Naïve Bayes 10th Mexican 
International 

Conference on 
Artificial 

Intelligence, 2011 

Predictions for the low and high groups 
have significant percentage accuracy in 
some cases, exceeding 70% if the naïve 
Bayes classifier is used. This shows that it 
is possible to obtain a good prediction 
model. It can be used to detect low 
performing students and high performing 
students take appropriate decisions even 
before the courses start and, hence, to revert 
their academic standing. 

13 Early 
Prediction of 
Student 
Success 

Zlatko J. 
Kovačić 

CHAID Tree 
Cart Tree 

Informing Science & 
IT Education 

Conference, 2010 

This study examines the background 
information from enrolment data that 
impacts up on the study outcome of 
Information Systems students at the Open 
Polytechnic. Based on results from feature 
selection (Figure 2 and Table 3), the 
CHAID tree presented in Table 4 and 
Figures 3 and 4, the CART trees presented 
in Table 5 and Figures 5 and 6 it was found 
that the most important factors that help 
separate successful from unsuccessful 
students are ethnicity, course programme 
and course block. Demographic data such 
as gender and age though significantly 
related to the study outcome, according to 
the feature selection result, were not used in 
the classification trees. Unfortunately the 
classification accuracy from the 
classification trees was not very high. In the 
case of the CHAID tree the overall 
classification accuracy was 59.4% and in 
the case of the CART tree slightly higher at 
60.5%. 

 

V. CONCLUSION 

Prediction models are very important in any domain. We use the prediction model in the Education domain. Using this model we 
can predict the College Students' Employment, Early Prediction of Student Success, Academic Performance for First Year Student, 
Performance of Students in Higher Education, Students’ Academic Performance and Students’ Employability.  
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IV. FUTURE SCOPE 

Data mining techniques are already used for the prediction of success rate of students and chances of employment after graduation. 
By extracting the relevant data from the database of a particular university or a college, the average number of Start-ups in upcoming 
years from the respective university or college can be predicted. These techniques can also be used for the prediction of average 
placement rate of a university or a college in upcoming years. 
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Abstract: Now a days, network security becomes an essential part of human life. Everyone wants that his or her network should be 
secure and free from every kind of malicious activities. Network security is important because it keeps sensitive data safe from 
cyber-attacks and ensure the network is usable and trustworthy. Virtual Private Network provides us a protected network 
connection, whenever we use public network connection Virtual Private Network encrypt our internet traffic and hide our online 
identity. Due to this, third-party applications cannot get our data. Virtual Private Network connects our mobiles or PCs to server 
computer so that internet connection of server computer can be easily used. Virtual Private Networks are legal networks. Our data 
remains secure from hackers, public networks and government and third-party applications. The intention of this paper is to 
enlighten the structure of Virtual Private Network and how it is easy to use for individual and other sectors ae well. At the 
beginning we have introduced about Virtual Private Network and then working of VPN. 

Keywords: Tunnel, Encryption, Remote Access VPNs, Personal VPNs, Mobile VPNs, Site-to-Site VPNs, WAN 
 

I. INTRODUCTION 
A Virtual Private Network (VPN) is a part of data security which provides security to its users from hackers, government, public 
networks and third-party applications. Virtual Private Network provides users an encrypted server and conceal user’s IP address 

from corporations, government agencies and hackers. Virtual Private Network protects user identity even if they are using public or 
shared Wi-Fi and keep user’s data private and safe from any prying internet eyes. Virtual Private Network or VPN is a technology 

which used for connecting the components and resources of one network over another. In common usage, a Virtual Private 
Network (VPN) is a private corporate network whose Wide Area Network (WAN) connections are made over a shared public 
network, usually the Internet. 

 
 
 
 
 
 
 
 
 
 
 
 

VPN was firstly developed by Microsoft in 1996.The purpose behind it is that to provide secure access of Internet network of 
company to the remote employees of the company, here remote employees are the employee who works from outside location. By 
doing this productivity of company get increased and observing this other companies also started using VPN services. A Virtual 
Private network extends a private network across public network and enables users to send and receive data across shared or public 
networks as their devices are directly get connected to the private network. The benefits of VPN consist of increase in 
functionality, security and management of the private network. A VPN is created by establishing a virtual point-to point 
connection through the use of dedicated circuits or with tunneling protocols over existing networks. A VPN available from the 
Public Internet can provide some of the benefits of a Wide Area Network (WAN). 
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II. WORKING OF VPN 
Virtual Private Networks use tunneling technologies to allow users to access private network resources through the Internet or 
other public network. When user get connected to secure Virtual Private Networks then their internet traffic passes through 
encrypted tunnel which is not seen to any entity such as hackers, government and not even by Internet Service Provider of user. 
Due to use of VPN data is not readable to these entities. To understand how VPN exactly works let us take two different situations 
first is without using VPN and second is with using VPN-  
2.1. Without using VPN 
When without using VPN, we access internet then Internet Service Provider (ISP) also connect on the site which is success by us 
as they are providing Internet Service to us. Internet Service Provider gives us unique IP address, as ISP handle our internet data, 
they can get to know what we are browsing on internet so in that case our privacy not remains secure. Internet Service Provider can 
see what we are browsing over the Internet. 
2.2. With using VPN 
When we get connected to Internet through VPN then VPN established secure connection through VPN server this works when we 
have proper application installed in our devices. Application of VPN which present in our device for usage of VPN service is 
known as VPN client. As our internet traffic is still passing through ISP, but ISP is unable to see the final destination of the traffics. 
And websites we visit cannot see our original IP address as VPN masked our IP address. A VPN creates a private tunnel within a 
public connection (ex. the internet). VPN software allows it users to send and receive data transfers securely. VPN use different 
types of VPN Protocols to encrypt web connections and make them private. Furthermore, different versions of VPN software exist.  
III. TERMINOLOGIES 
1.Virtual: - It means existing, seen or happening online or on a computer screen, rather than in person or in the physical world.  
2.Private: - It means belonging to or intended for one particular person or group and not to be shared by others. 
3.Network: - A network consists of two or more computers that are linked in order to share resources, exchange files, or electronic 
communications. 
4.Encryption: - Encryption is a method by which information is converted into secret code that hides the information’s true 

meaning. 
5.WAN (Wide Area Network): - A wide area network (WAN) is a geographically distributed private telecommunication network 
that interconnects multiple local area networks (LANs). 
6.ISP (Internet Service Provider): - Internet Service Provider (ISP) refers to a company that provides access to the internet to 
both personal and business customers. 
7.IP Address: -An IP address is a unique address that identifies a device on the internet or a local network. 
8.Tunnel: - It is a kind of passage, similarly in networking, tunnels are a method for transporting data across a network using 
protocols that are not supported by that network. Tunneling works by encapsulating packets: wrapping packets inside other 
packets. 
VI. SECURITY AND PRIVACY OF VPN 
VPN provides you online privacy and anonymity by creating a private network from a public internet connection. VPN mask your 
IP address so that your online activities are virtually untraceable. VPN service establishes secure and encrypted connections to 
provide greater privacy than a secured Wi-Fi hotspot. A virtual private network is a key privacy tool that should be used whenever 
logging onto the internet from a public place or any other spot that offers access to free public Wi-Fi. A VPN creates a type of 
tunnel that hides your online activities. Virtual Private Network can hide a lot of information that can put your privacy at high risk. 
Here are five of them- 
 Your Browsing History 
 Your IP Address 
 Your location for streaming 
 Your devices 
 Your web activity – to maintain internet freedom 
A virtual private network is an internet security service that allows users to access the internet as though they were connected to a 
private network. VPNs use encryption to create a secure connection over unsecured internet infrastructure. Encryption is a way of 
scrambling data so that only authorized parties can understand the information. It takes readable data and alters it so that it appears 
random to attackers or anyone else who intercepts it; so, we can say that encryption is “secret code”. VPNs are one way to protect 

corporate data and manage user access to that data. VPNs protect data as users interact with apps and web properties over the 
Internet, and they can keep certain resources hidden. 
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V. TYPES OF VIRTUAL PRIVATE NETWORK 
Virtual Private Network services mainly falls in four types, viz., Remote Access VPNs, Personal VPNs, Mobile VPNs and Site-to-
Site VPNs. 
5.1. Remote Access VPNs Service 
A Remote Access VPN lets us use the internet to connect to a private network. The internet is an untrusted link in the 
communication. VPN encryption is used to keep the data private and secure as it travels to and from the private network. User can 
connect to another network using private encryption tunnel. User can get connect to public network or company network through 
this VPN. Remote Access VPN are also sometimes called client-based VPNs or client-to-server VPNs. 
5.2. Personal VPNs Service 
A Personal VPN service connects you to a VPN server which act as intermediate between your device and the online services 
which you want to access. The Personal VPN is sometimes called as a consumer or commercial VPN which encrypts our 
connection, hides your identity online and lets you spoof your geographic location. A Personal VPN service is differing from a 
Remote Access VPN as it doesn’t give you access to a private network instead of that a Personal VPN works by giving you access 
to the public internet but over encrypted connection. 
5.3. Mobile VPNs Service 
While remote access VPNs let you connect to a local network from anywhere, they assume that the user will stay in one location. If 
the user disconnects the IP tunnel closes. A Mobile VPN is better option than a Remote Access VPN if the user is unlikely to have 
a stable connection, on the same network, for the entire session. With a mobile VPN, the VPN connection persists even if the user 
switches Wi-Fi or cellular network, loses connectivity, or switches their devices off for a while. A Mobile VPN can be used with 
any device and any connection: it doesn’t have to be a mobile phone on a mobile network. 
5.4. Site-to-Site VPNs Service 
Whereas a Remote Access VPN is designed to let individual users to connect to a network and use its resources, a Site-to-Site VPN 
joins together two networks on different sites. It is also known as Router-to-Router VPN. It is mainly used in corporate 
environment which have their offices and headquarters at different locations, in this case Site-to-Site VPN creates a closed internal 
network where each and every location get connected with each other and connect them into a single network. Site-to-Site VPN is 
also known as intranet.  Site-to-Site VPNs are also sometimes known as network-based VPNs. 
Depending on who owns the networks being joined, there are generally two different forms of Site-to-Site VPN: 
 Intranet-Based VPN: When the network being connected belong to a VPN single company, the combined VPN is known 
as an intranet-based VPN. This enables a company to establish a single wide area network (WAN) that spans two or more of its 
offices. Users in the company can access resources from other sites as easily as if they were on their own site.  
 Extranet-Based VPN: When the networks being connected belong to different companies, the combined VPN is known 
as extranet-based VPN. An extranet VPN is used, for example, when a company wants to connect to its supplier’s, so they can 

trade more efficiently. 
 VI. USES OF VIRTUAL PRIVATE NETWORK 
 VPN is used whenever user feel that privacy is most vital factor for users. 
 Users can use VPN while Travelling, Streaming, while using public Wi-Fi, Playing Games, Online Shopping. VPN can be 
used in that devices which can access internet. 
 Devices like Laptops, Tablets, Smart phones, Voice assistant, Smart applications, Smart TV can access internet through 
VPN Services. VPN provides service on multiple platforms. 
 As VPN are legal and it is used by the companies to protect their data from hackers and it is also used by individual.  
 VPN are also used in the countries having highly respected government. 
 VPN can be used for one’s own security over public network. 
 
VII. CONCLUSION 
Security of data is very important for everyone, as there are many different sources and services are available in the market but 
among them Virtual Private Networks services provides better privacy and security to the users. VPN hides our original online 
identity and activities or work we perform on internet from hackers and third-party applications. User can switch as often as he or 
she lies with no limits using different locations; using VPN one can download or access content from anywhere; VPN can access 
on various platforms like Windows, Mac, iOS, Android, Linux, routers, etc. Virtual Private Networks make users relax in terms of 
online security and privacy.  
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Abstract - In this research paper we will talk about cyber 
security awareness. What is cyber security and why we 
need awareness of cyber security. Today we all are using 
internet and sharing our data and information on internet 
so it can be theft or steal so we need to have its security by 
all manner. We will also cover market of cyber security. 
We will also know that what are threats that we will face 
on internet. We will also talk on why awareness of cyber 
security is required. Why it is needed, and what benefits 
we will get after knowing it. This whole research paper is 
based on awareness of security of our data on internet. We 
will also talk how to get awareness of cyber security. And 
we will discuss what information of ours may be stolen via 
internet. 

Keywords: Cyber Security, Awareness, data, information, 
internet, threats. 

I. INTRODUCTION 

Today we are all using internet and sharing our data via 
internet. We are using lots of web applications like Gmail, 
maps, digital locker, etc. So, we need security to keep our data 
securely because some hackers can steal our data and they can 
communicate to world by using our identity. They can steal 
any type of our data. 

Like they can also view our bank details and they can 
also read our messages etc. We need to have awareness 
regarding our digital data in today’s world. Because data is our 

most precious thing in this world. There are various ways that 
we can spread awareness of cyber security. We must think on 
every part of security. So, users get proper awareness of cyber 
security. There are also threats in the IT world. There is 
various type of users on internet so we have to give different 
type of awareness. 

II. METHODOLOGY 

We had read different types of research paper on cyber 
security awareness. So, we got much information regarding 
cyber security awareness. We knew that what are methods 
applied by some organizations to spread awareness among 

users. We have read articles on cyber security awareness so 
we got knowledge that how to get awareness and what are key 
points we need to consider in this topic. We collected our 
points on bases of research we have done. We had read on 
many types of points for this paper and we selected some 
necessary points to prepare this paper. 

What is cyber security awareness? 

In today’s world we live in the age of information 

technology we have our data online or on the servers. So, we 
must be aware that this information can be stolen by hackers 
and they can use it for they own interest. So, need it to keep 
our data secure. Some of our data is very important like bank 
details. If hacker has all details of our bank account and we 
had interaction with hacker then they can easily transfer our 
cash to their account. It is very risky. If we are chatting with 
anybody then hacker can hack our phone and read our 
messages. They can also send messages from our behalf. 

Why awareness of cyber security is required? 

We have lots of data in our devices. If we do not use 
antivirus software then our data can be stolen by hackers and 
they can have access of our data. Likewise, if have stored our 
data on servers then servers need security like we can add 
firewall to servers so we can keep our data secure. We all have 
some sensitive information like bank details so these types 
information we must keep securely. Because if it is stolen then 
we may be lost our cash. Some people called as hacker can 
steal our data and they can use it on their interest. They do not 
care about our identity or security. 

III. THREATS OF IT 

Hacking is the main threat to the IT field. We must be 
aware that our data can be stolen by hackers whether it is 
available online (servers) or offline (devices). We must use 
antivirus software in our devices so hackers cannot steal our 
data. In today’s world email is primary tool for 
communication and hackers are sending emails to hack our 
data so we must be aware of that and we must not click on 
untheorized links that we get in our email account. There are 
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some viruses called malware and ransomwares they can hack 
our devices if they enter on our device by email.  Web browser 
is hot target for hackers because it is directly connected to the 
internet and we visit every website by it. We have our data 
regarding to our activity in the browser. 

IV. CYBER SECURITY AS AN OPPORTUNITY 

We can run training program on awareness of cyber 
security so user can get knowledge regarding it. So, people 
also can earn from it. We can find jobs in the field of cyber 
security and earn money. Cyber security is very important 
field in today’s world because we have seen data theft and 

hacking so we must keep our data securely. There are varieties 
of work in cyber security we can learn anything that comes in 
our interest area. We can start spreading awareness from 
school and colleges because as we know that today’s students 

are spending so much their time on social media. Security of 
their data is very important. Security is also very important to 
servers so we can find jobs to companies to maintain security 
to their servers. 

How to get awareness? 

We can participate in different programs of cyber security 
awareness. We can learn about cyber security on internet by 
doing some certification course on awareness. We must know 
that hackers can hack our devices by sending emails so we 
must be aware on that we should not click any unauthorized 
link of emails. We should read daily news on cyber security 
and about hackers that how they are hacking our devices. 
What are tricks they are using to hack our devices. We must 
not click on unrecognized links which is received by 
messages. And most important do not trap in “lottery scheme” 

notifications which we receive in our phone. It is also a cyber-
crime. 

What information of ours can be stolen? 

Hackers can steal our bank details, emails, messages, 
contacts, images, videos, etc. So, we must keep these things 
securely. We must not keep password in written in any file. 
And if we doing this then do not keep these types of files on 
internet. We must use antivirus software in our devices so we 
can keep them secure. If we are putting some type of data on 
the internet then we must have trust on that site. Our name, 
mobile number and occupation is very important because 
some organizations are purchasing this information to sell 
their products / services. Like we have seen that banks are 
calling us to buy their credit cards and for giving loans to us. 
So, from somewhere they are getting this information. 

 

V. CONCLUSION 

In this paper we have discussed on various types of 
points regarding to cyber security awareness. Like what is 
cyber security awareness? how to get awareness? threats of IT 
etc. By this paper user can get awareness on cyber security. 
And they can learn lots of things from it. We discussed on 
some opportunity that we can get from cyber security. 
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Abstract - World is changing day by day using 
technologies. Web technology plays vital role in 
educational field. Technology is progressing rapidly. Great 
amount of educational information is readily available and 
easily accessible throughout the web. There are lots of 
technologies like internet, email, online teaching platforms, 
etc. used by the teachers and students to communicate. In 
this research paper we are specially focusing on the ‘Role 

of Web Technology in Primary Education’. 

Keywords: Primary Education, Technology in Education, 
Student Life-changing Technology. 

I. INTRODUCTION 

Now days there are different types of teaching 
methodologies in primary education. Various online 
educational platforms are open to all students. Use of web 
technology in education sector has some advantages and 
disadvantages too. In this research paper, we are going to 
know about not only Web Technology but also the changing 
life of students due to this technology.  

II. WEB TECHNOLOGY 

Web technology is defined as the various tools and 
technologies that are used as a medium of communication 
between server and user/client using internet. Web 
Technology is the combination of World Wide Web (WWW), 
web browser, web server, web pages. WWW is the collection 
of documents, connected through links, spread out over 
thousands of computer over the internet and these pages over 
the web can be accessed using a web browser. It includes 
building, creating, and maintaining of websites. Furthermore it 
contains aspects such as web design, web publishing, web 
programming, and database management. 

 

Primary Education 

In India, Primary education is of eight years. Students‟ 
ages from 6 to 14 comes under the primary education. Mainly 
primary education has two stages first one is „primary stage‟ 

from class 1 to 5 and second one is „upper primary stage‟ from 

class 6 to 8. It is a time of remarkable growth with brain 
development. 

For primary students, technology can be used to build 
fundamental skills to prepare them for future independent 
learning. Students are using interactive games to reinforce 
math, spelling, phonetic, and reading skills. Sites like Spelling 
training permit students our teachers to upload their own word 
lists to practice word pronunciation and create interactive 
games. Parents can also use these sites to exercise 
fundamental skills beyond the walls of the classroom.  

In primary students, Technology help to teach Math and 
English and indeed other curriculum in a fun manner and put 
these subjects into environment making them easier to digest 
and more understandable to younger primary age pupils.  

Technology in Teaching and Learning 

It is very easy to know or learn something. Today we all 
are using technology and so all the educational information is 
easily available throughout the web. Just one click on Google, 
we come to know the answer to our questions. Also on you 
tube there are lot of tutorials to watch and study. The teacher 
will simply switch on or switch off radio programs, television 
programs, play DVDs or CDs that contain educational 
programs. Technology is a teaching tool, but can never replace 
a teacher. It is being used to facilate and lightens the work of 
the teacher. Technology has modernized the teaching-learning 
environment.  

While the teacher utilize technology as the tool for 
learning, likewise it is an effective tool, it makes learning 
interesting, easy and effective. Even the teachers who are 
teaching can utilize similar tools for learning. Students are 
using these learning tools and completing their academic task 
effectively using the technology. The topics they are studying 
are also becoming increasingly clear to them because of 
availability of information in images, videos and animation 
format.  
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III. IMPACT OF TECHNOLOGY ON EDUCATION 

Technology is changing in such way that we learn from 
zero to hero. Education is one of the most impacted areas of 
technology. According to our research, there is some positive 
impact as well as some negative impact of technology on 
education. 

Positive Impact 

1) Easier Access to Information: The books can stored in the 
classroom because the information that they need is easily 
accessed on a computer. 

2) Broaden the mind: Before the internet, children knew what 
their family thought them. This caused their political and 
religious views to be the only ones that the children knew. 
Having access to the technology will expose them to things 
outside of their parents interest and help them to from own 
opinion. 

3) Prepare student for the future: If the students are well-
versed on using technology to collaborate and communicate as 
early as now. They will not have trouble fitting in. competing 
and finding jobs in the future. 

4) Promotes exciting way to educate students: Since there are 
lots of images, videos and other graphics and text that may to 
found in your computer, more students would feel the 
excitement in studying through the use of the gadget, this is 
very important in order to arouse their interest in studying. 

5) Make students challenging: Education is becoming 
challenging day by day. Educational websites, applications, 
games like word puzzle, sudoku, logical games make students 
mind challenging that will be better for their future life. If 
students learn how to face challenges today, it will become 
easy for them to face challenges in their next educations.  

Negative Impact 

1) Expensive: Technology required in the education includes 
internet services, computer hardware, printers, internet 
browser etc. Acquiring all of these needs a lot of money to 
invest in technology at your school. 

2) Distraction: Cartoon are becoming very popular among the 
children. They are spending most of their time, which is 
having bad effect on their studies. 

3) Students acquiring wrong information: Many websites and 
other online platform are providing wrong information that 
users require. Many websites post deceptive material online in 
order to increase traffic, even if the information is inaccurate.  

4) Health issue: Media devices may lead to psychological and 
physical issues, such as eyestrain and difficulty focusing on 
important task. They may also contribute to more serious 
health conditions, such as depression.  

Improvement of students due to technology 

 

IV. CONCLUSION 

Technology is being used more and more in education. 
Students are progressing highly using these technologies. 
Getting the prior knowledge is very helpful for students in 
their education. Students can get prior knowledge of their 
higher education so that whenever they will go for their higher 
education, it will not difficult to learn and understand. 
Technology is very helpful for not only students but also 
teachers. Teachers are using new concepts for teaching using 
the technology. In some school teachers are providing 3D 
animated concepts so that students will visually understand all 
the concepts easily. But technology can not replace a teacher. 
They both together will make a bright student. 
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Abstract:
Current versus voltage characteristics (I-V) of nanocrystalline tin oxide (SnO2) has been 
investigated at various temperatures (from 50oC to 350oC) in air.  The characteristics were 
measured by using Keithley 6487 voltage source cum picoammeter. The nanocrystalline 
powder of SnO2 was prepared by the liquid phase method and samples were prepared via 
spray pyrolysis technique in the form of thin films on an optically plane and clean glass 
surface. X-ray diffraction studies showed a tetragonal rutile structure for the samples. 
Microstructural studies were performed with scanning electron microscopy. The 
nanocrystalline tin oxide exhibited nonlinear I-V characteristics of the current-controlled 
negative resistance type (NTC). The results show that the threshold field (break down) 
voltage is higher due to the formation of a tin oxide layer over the crystalline tin. It is also 
found that the threshold field increases with the decrease in grain size.
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Abstract:
Cupric oxide (CuO), having a narrow bandgap of 1.2?eV and a variety of chemophysical 
properties, is recently attractive in many fields such as energy conversion, optoelectronic 
devices, and catalysts. Compared with bulk material, the advanced properties of CuO 
nanostructures have been demonstrated. Current versus voltage characteristics (I-V) of 
nanocrystalline cupric oxide (CuO) has been investigated at various temperatures (from 
50oC to 350oC) in air.  The characteristics were measured by using Keithley 6487 voltage 
source cum picoammeter. The nanocrystalline powder of cupric oxide (CuO)  was 
prepared by the liquid phase method and samples were prepared via spray pyrolysis 
technique in the form of thin films. X-ray diffraction studies showed a monoclinic structure 
of CuO and no other peaks are observed. Microstructural studies were performed with 
scanning electron microscopy. The nanocrystalline cupric oxide exhibited nonlinear I-V 
characteristics of the current-controlled negative resistance type (NTC). 
Keywords: I-V characteristics, nanocrystalline cupric oxide, liquid phase, XRD, SEM
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Abstract:
Current versus voltage characteristics (I-V) of nanocrystalline tin oxide (SnO2) has been 
investigated at various temperatures (from 50oC to 350oC) in air.  The characteristics were 
measured by using Keithley 6487 voltage source cum picoammeter. The nanocrystalline 
powder of SnO2 was prepared by the liquid phase method and samples were prepared via 
spray pyrolysis technique in the form of thin films on an optically plane and clean glass 
surface. X-ray diffraction studies showed a tetragonal rutile structure for the samples. 
Microstructural studies were performed with scanning electron microscopy. The 
nanocrystalline tin oxide exhibited nonlinear I-V characteristics of the current-controlled 
negative resistance type (NTC). The results show that the threshold field (break down) 
voltage is higher due to the formation of a tin oxide layer over the crystalline tin. It is also 
found that the threshold field increases with the decrease in grain size.
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Abstract:
Cupric oxide (CuO), having a narrow bandgap of 1.2?eV and a variety of chemophysical 
properties, is recently attractive in many fields such as energy conversion, optoelectronic 
devices, and catalysts. Compared with bulk material, the advanced properties of CuO 
nanostructures have been demonstrated. Current versus voltage characteristics (I-V) of 
nanocrystalline cupric oxide (CuO) has been investigated at various temperatures (from 
50oC to 350oC) in air.  The characteristics were measured by using Keithley 6487 voltage 
source cum picoammeter. The nanocrystalline powder of cupric oxide (CuO)  was 
prepared by the liquid phase method and samples were prepared via spray pyrolysis 
technique in the form of thin films. X-ray diffraction studies showed a monoclinic structure 
of CuO and no other peaks are observed. Microstructural studies were performed with 
scanning electron microscopy. The nanocrystalline cupric oxide exhibited nonlinear I-V 
characteristics of the current-controlled negative resistance type (NTC). 
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Abstract 

The narrowband UVB emitting phosphor LaF3 doped with various concentration of Gd3+ ions were 

successfully synthesized by wet chemical synthesis method with RAP (Reactive Atmospheric process). The 

crystal structure and the phase purity of samples were characterized using powder X-ray diffractometer. 

Crystallographic data obtained for LaF3 phosphor matches well with the reported data. Gd3+ ions were 

successfully incorporated in the LaF3 host lattice separately and their photoluminescence properties were 

analyzed at room temperature. The Phosphor shows sharp and intense emission at 311 under the excitation of 

275 nm due to 6PJ  8S7/2 transition of Gd3+ ions. Optimum concentration of Gd3+ ions in the prepared 

phosphor was found to be 0.04 mol. For this concentration the critical distance R0 was calculated to be 13.78Å. 

Keywords: Wet Chemical Synthesis, Photoluminescence, XRD, Narrowband UVB  

 

1. Introduction 

The UV radiation differentiated as per their Biological and Physical characteristic and divides into 

three parts such as UV-C: the rays that do not pass through the earth's atmosphere (200-290 nm) UV-B: the 

rays responsible for nearly all biological effects following sun light exposure including tanning, burning and 

skin cancer, (290-320 nm) and UV-A: those rays closest to the visible spectrum that pass through glass and 

are the least harmful to the skin (320-400nm). 

Recently the treatment of skin diseases using artificial sources of ultraviolet (UV) radiation in 

controlled condition is well established. UV therapy is useful for treating more than 40 types of skin diseases 

and disorders such as psoriasis [1], or vitiligo [2], which could be treated by UV-B radiation, and lichen 

sclerosus [3], morphea [4] scleroderma [5], cutaneous T-cell lymphoma, lupus erythematosus [6], which could 
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be treated by UV-A radiation. In the treatment of hyperbilirubinemia [7], commonly known as infant jaundice. 

The basis of phototherapy is believed to be the direct interaction of light of certain frequencies with tissues to 

cause a change in the immune response. In the treatment of skin diseases, few methods are currently used: 

phototherapy with narrowband UVB (310 - 313 nm) and photochemotherapy PUVA, with UVA (365 nm) 

and psoralens as photosensitizers. In 1976, Fischer published a study wherein he evaluated the “healing” 

effects of 313, 334, 365, and 405 nm light on psoriasis. He concludes that, 313 nm light exerted a potent 

clearing effect on psoriasis than the longer wavelength [8].  

Over the last decade, lanthanide doped fluorides (LnF3) have been intensively studied as promising 

luminescent materials. LnF3 are featured with low phonon energy of the crystal lattice (e.g. LaF3 = 350 cm-1), 

resulting in a relatively high QY of luminescence and diminished nonradiative relaxation of their excited 

states. Fluoride materials captured the attention due to their properties such as reasonably high thermal 

conductivity, good enough mechanical hardness, and high chemical stability, multicolor luminescence [9], 

long radiative lifetimes (several ms) [10], invariable luminescence in time [11], low cytotoxicity, well defined 

crystal structures and possibilities of easy surface modifications. Zhang et al., has reported that the UC 

emission of Ho3+ was changed from green to red in cubic phase NaYF4: Yb3+/Ho3+ NCs by introducing Ce3+ 

[12]. 

The Yttrium fluoride (YF3) phosphor has been studied since the 1969’s, that shows YF3 is an ideal 

host for optically active rare earth’s (RE’s) mostly because of its low phonon energies (530 cm-1) and a wide 

band gap (10.5 eV), which diminish the probability for non-radiative relaxation [13, 14]. M. Domineberges 

et al. reported the optical study of Ce3+ ion in YF3 phosphor [15]. Pankratov et al., has reported the intrinsic 

spectroscopic properties of YF3 phosphor have been investigated for scintillation applications [16]. Yan et al. 

have successfully synthesized Eu3+ doped yttrium hydroxide fluoride mesocrystals by facile hydrothermal 

route to explore the possible application in optical thermometry [17]. 

The Lanthanum fluoride phosphor possesses a large band gap (10.1 eV), is an ideal host for studying 

Ce3+ fluorescence for scintillators because the 4f and 5d levels of cerium are located in the gap of the host 

lattice [18]. R.E. Kroon et al. has reported the decay study and energy transfer mechanism of Ce3+ and Tb3+ 

ions in LaF3 phosphor [19]. Guss et al. [20] fabricated LaF3: Ce3+ nanoparticles mixed with oleic acid and 

characterized their optical, physical, and radiation detector properties. 

 

2. Materials and Methods 

2.1. Synthesis Method 

The phosphors LaF3:Gd3+ were successfully prepared by wet chemical synthesis method with RAP 

(Reactive Atmospheric process). The precursors chemicals La2O3 (99.99 %, AR), Gd2O3 (99.90 %, AR) and 

Hydrofluoric acid used for synthesis of phosphor. The detail of molar ratio of each precursor used for phosphor 

synthesis is given in Table 1. 

The starting materials were taken in a proper stoichiometric ratio mixed together in a Teflon beaker. 

A small quantity of double distilled water (D.W.) was added and paste was formed. After that, the solution of 

HNO3 was added drop by drop and mixture was simultaneously heated slowly at 80ºC, till the completely 
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clear homogeneous solution was obtained. The solution was further heated to remove the excess of nitric acid. 

Little quantity of double distilled water was again added. The resulting solution was considered as 

La(NO3)3:Gd3+. Later, the Hydrofluoric acid (HF) was added drop by drop in solution using syringe to get 

precipitate. Filtered the precipitate and washed by DDW few times and then dried under an infrared (IR) lamp. 

The dried powder was finally heated at 500℃ for 1 hr. 

Table 1. Molar Ratio of each precursor used for synthesis 

Sr. 

No. 

Products Corresponding reaction with balanced molar ratios 

of precursors 

1 La(1-x) F3: xGd3+ (1-x) La2O3 + HF + xGd2O3 {In stock solution form 1gm 

= 100ml}
La(1-x) F3: xGd3+ + Gaseous products 

(H2O, fluorine acid and NO2) (x = 0.002, 0.005, 0.01, 

0.03 and 0.04) Δ (Heating) at 500°C for 1 h. 

 

2.2. Characterizations 

The phase purities of LaF3:Gd3 samples were studied using Rigaku miniflex II X-ray Diffractometer 

with scan speed of 4.0º/min and Cu Ka (k = 1.5406 Å) radiation. Photoluminescence properties were measured 

on (Hitachi F-7000) fluorescence spectrophotometer at room temperature. The parameters such as spectral 

resolution, width of the monochromatic slits (1.0 nm), photomultiplier tube (PMT) detector voltage and scan 

speed were kept constant throughout the analysis of samples. 

 

3. Results and Discussion 

3.1. XRD Analysis 

The diffraction pattern is usually used to identify the crystal structure and the phase purity of the 

sample. Fig. 3.1 show the powder X-Ray Diffraction patterns of LaF3:Gd3+ sample prepared by using wet 

chemical synthesis method. The XRD pattern for LaF3:Gd3+ agrees well with the ICDD file no. (00-032-

0483). This agreement indicates that the material was successfully prepared using the wet chemical synthesis 

method. The crystal structure of the prepared materials can be refined to be Hexagonal, with lattice parameter 

a = 7.187 Å, b = 7.187 Å, c = 7.350 Å. 

 
Fig. 1. X-ray diffraction pattern of LaF3 phosphor. 
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3.2. Photoluminescence Spectra 

3.2.1. PL measurement of LaF3:Gd3+ phosphors 

Fig.2. represented the excitation and emission spectra of LaF3:xGd3+ (x = 0.005, 0.01, 0.02, 0.03 and 

0.04) phosphors. The double shoulder excitation peak observed at 272 nm - 282 nm maximum at 275 nm 

corresponding to 8S7/2  6IJ transition of Gd3+ ions. Under the excitation of 275 nm phosphor shows intense 

and sharp Narrow Band UVB (NB-UVB) emission at 311 nm corresponds to the 6P7/2  8S7/2 transitions of 

the Gd3+ ions. There was weak line was observed at 307 nm due to the 6P5/2  8S7/2 transition of the Gd3+ ions. 

In addition, the emission intensity of phosphor increases with increasing concentration of an activator 

(Gd3+ ions) and achieve a maximum intensity for the concentration of 0.04 moles of Gd3+ ions. For LaF3 

system the quenching phenomena were not observed upto the 0.04 mol concentration of Gd3+ ion. 

 
Fig. 2.  Excitation and Emission spectra of LaF3:xGd3+ (x = 0.002, 0.005, 0.01, 0.03, 0.04) phosphors. 

According to Blasse, the average shortest distance between nearest activator ions is equal to the critical 

transfer distance (RC). On other hand the critical distance (RC) was nothing but the critical separation between 

donor (activator ion) and acceptor (quenching ion), at which the non-radiative rate equals that of the internal 

single ion relaxation. Hence the critical distance was calculated using the following equation, 

1

33
2

4C
c

V
R

x N

 
  

   

Where, V is the volume of the unit cell (in A3), χC is critical concentration and N is the number of La3+ 

ions in the unit cell. By taking the value of above said parameters from the experimental results and the crystal 

structure of the compound LaF3, the value of χC= 0.04, N= 6 and V= 328.80 Å3, the critical distance RC of 

LaF3 doped with Gd3+ phosphor is calculated to be about 13.78 Å. 
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4. Conclusions 

The inorganic narrow UVB emitting LaF3:Gd3+ phosphor was intentionally and successfully prepared 

by wet chemical synthesis method with RAP method which is low cost, low temperature and not required any 

other additive for initiation synthesis process. Photoluminescence properties in the UV region, which is used 

for phototherapy lamps, are studied. The XRD pattern of prepared sample found in agreements with the 

respective ICDD file no. (00-032-0483) and found to be in complete crystalline nature.   

The photoluminescence spectra specify that the LaF3:Gd3+ gives sharp narrow UVB emission i.e. 311 

nm under the 275 nm excitation attributed to 6P7/2
8S7/2 optical transition of Gd3+ ion. This narrow band UVB 

emission is of importance in medical phototherapy, biological agent detection, sterilization, and covert 

communication. The study of spectroscopic data has demonstrated that, with an increase in the concentration 

of gadolinium, the luminescence intensity of Gd3+ ions increase upto the 0.04 mol concentration of Gd3+ ion. 

Hence, we can conclude that LaF3:Gd3+ phosphor is useful for phototherapy lamp application because of its 

intense emission at NB-UVB region (311±2 nm). 
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Abstract 

The goal of this work was to investigate the relevant dosimetric and luminescent properties of 

MSO4:Eu (M=Ca, Ba) phosphor for radiation dosimentry. The structural property was studied through X-ray 

diffraction technique. Additionally, the photoluminescence (PL), thermoluminescence (TL) and optically 

stimulated luminescence (OSL) behaviors of MSO4:Eu (M=Ca, Ba) phosphor was studied. The XRD pattern 

of MSO4:Eu (M=Ca, Ba)  phosphor fully matched with the International center for diffraction data (ICDD) 

file. The PL spectra of as-prepared MSO4:Eu (M=Ca, Ba) phosphor showed characteristic emission in near-

UV region, The TL glow curve of MSO4:Eu (M=Ca, Ba) phosphors were consist overlapping peaks in 

temperature 50–300°C. Also MSO4:Eu (M=Ca, Ba) phosphors show excellent CW-OSL response under β 

irradiation. 

Keywords: Radiation dosimetry; Luminescence properties; X-ray diffraction; Thermoluminescence; 

Optically Stimulated Luminescence; MSO4:Eu (M=Ca, Ba). 

1. Introductions 

Radiation dosimetric methods are used for the estimation of dose absorbed by radiation in a detector 

material. These methods are required for estimation of absorbed dose in various applications of radiation, such 

as personnel and environmental dosimetry, retrospective, accidental, dosimetry and medical applications of 

radiation. The use of Thermoluminescence (TL) as a method for radiation dosimetry of ionizing radiation has 

been established for many decades and has found many useful applications in various fields, such as 

personnel, environmental, medical, archaeological, geological dating and space dosimetry. Several high 
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sensitive TL phosphor materials and thermoluminescent dosimeters (TLDs) are now commercially available 

in different physical forms. There are many commercial TLD systems which are being used for various 

dosimetric applications and even presently, TL is a popular technique in the field of radiation dosimetry, 

particularly in personnel monitoring [1-4].  

Thermoluminescent materials based on rare earth (RE)-doped alkaline earth sulphates have been 

studied since 1970 [5]. Sulphates are known to be good Thermoluminescent materials.Sulphate based RE 

doped phosphors, particularly alkaline earth sulphates, because of its high sensitivity, ease of preparation and 

stability of response in adverse climates, have already been very popular for use in radiation dosimetry, using 

thermoluminescence [6]. The main characteristics of some Eu activated sulphate TL materials are tabulated in 

Table 1. 

Table 1. The main characteristics of some Eu activated sulphate based TL material 

S.N Material Zeff Glow 
peak 
Temp 

(°C) 

Synthesis 

Method 

Application Ref. 

 

1. 

 

BaSO4:Eu 30.3 190 Precipitation 
method 

Radiation 
dosimetry 
using OSL 
as well as 

TL 

[7] 

2. BaSO4: Eu 30.3 - Recrystallization 
method 

Dosimetric 
applications

. 

 [8] 

3. SrSO4:Mn 46.5 346 Wet chemical 
precipitation 

method 

High 
temperature 

radiation 
dosimetry 

applications 

 [9] 

4. SrSO4:Eu 46.5 231 Acid evaporative 
method 

  [10] 

5. SrSO4:Eu 46.5 312 Chemical 
precipitation 

method 

Research in 
mixed fields 

detection 
dosimeters 

 [11] 

6. SrSO4:DyTb 46.5 217 Co-precipitation 
method 

Estimating 
high dose of 
gamma rays 

 [12] 

7. CaSO4: Eu 15.3 180 - TLD  [13] 

8. CaSO4: Eu 15.3 173 Chemical co-
precipitation 

method 

High dose 
in space 

craft 
payload 

 [14] 

In the last two decades an alternative technique namely OSL has been developed and widely used. The 

OSL technique is the best of all the known techniques for measurement of radiation exposuressince the out 

process does not involve problems of blackbody radiation and thermal quenching as in TL [15-18].  
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Many studies have searched for new OSL materials with suitable properties for dosimetry, including 

phosphate, borate, sulfate and halides [19-34]. Rare earth activated MSO4 is an interesting material for 

TL/OSL, it has a low effective atomic number with hydrated Orthorhombic phases [35]. Rare earths (RE) 

activated sulfate based phosphors are widely used for radiation dosimetry.   

The purpose of this work was to investigate the dosimetric and luminescence properties of a MSO4:Eu 

(M=Ca, Ba) phosphor, this phosphor is developed  via co-precipitation method for radiation dosimetry 

application. However, to the best of our knowledge, there are no reports on the Comparative studies of 

TL/OSL properties of MSO4:Eu (M=Ca, Ba) phosphor. 

2. Experimental details 

MSO4 (M=Ca, Ba) phosphors activated with Eu were prepared by co-precipitation method described in 

our earlier works [36]. The sitochometry of the reaction is maintained by formula M1-xSO4:xEu2+(M=Ca, Ba). 

The nitrate precursor of Calcium/ Barium was dissolved in 100 ml of double-distilled water with addition of 

the stock solution prepared for Eu2O3.Solution in glass beaker under stirring to form a homogeneous aqueous 

solution and it was confirmed that precursor was dissolved in water. 10 ml H2SO4solution was added drop by 

drop into the mixed aqueous solution of M1-x(NO3)2: xEu (M=Ca, Ba) under rigorous stirring at room 

temperature and white precipitation formed. After that, the MSO4(M=Ca, Ba) precipitate was centrifuged and 

washed several times by water to remove the excess residual salts. The precipitate was dried at 60°C for 2 hr 

by optical heating. The dried sample was annealed at 900°C for 1 hr to get white crystalline powder of 

MSO4:Eu2+(M=Ca, Ba).The complete process involved in the reaction was represented as a flow chart in Fig. 

1. 

 

http://www.jetir.org/


© 2022 JETIR May 2022, Volume 9, Issue 5                                                                               www.jetir.org (ISSN-2349-5162) 

JETIRFO06058 Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org 334 
 

 

Fig. 1 Flow chart of M (1-x) SO4:xEu2+(M=Ca, Ba) synthesized by Co-Precipitation method. 

 

3. Results and discussion 

 The structure of the as-prepared samples were analyzed by Rikagu Miniflex X-ray diffractometer, 

using monochromatic CuKα1 ( = 1.5405 Å) radiation in the 2 range of 10-60°. Photoluminescence was 

studied on a Hitachi F-7000 fluorescence spectrophotometer. Emission and Excitation spectra were recorded 

using a spectral slit of 2.5 nm for each window. For studying the TL and OSL response, all the samples were 

irradiated using 90Sr/90Y beta source with the dose rate of 20mGy per minute. All OSL measurements were 

carried out using an automatic Risø TL/OSL-DA-15 reader system which can accommodate up to 48 discs at 

IGCAR . Blue LEDs emitting at 470 nm (FWHM = 20 nm) are arranged in four clusters each containing 

seven individual LEDs. The total power from 28 LEDs at sample position is w80 mW/ cm2. A green long pass 

filter (GG-420) is incorporated in front of each blue LED cluster to minimize the amount of directly scattered 

blue light from reaching the detector system. The standard PMT used in the Risø TL/OSL luminescence 

reader is a bialkali EMI 9235QA, which has an extended UV response with maximum detection efficiency 

M1-x(NO3)2

(M=Ca, Ba)
100 ml Water

Stock solution of  
Eu2O3+ HNO3

Aq. Sol. Of
M0.995(NO3)2:0.005Eu

Add. 10ml . H2SO4

(drop wise)

Under rigorous 
stirring white 

precipitation formed

Dried at 60  C

Sintered in air at 900  C for 
2h and quenched.

M0.995(NO3)2:Eu0.005
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between 300 and 400 nm. To prevent scattered stimulation light from reaching the PMT, the Risø reader is 

equipped with a 7.5 mm Hoya U-340 detection filter, which has a peak transmission around 340 nm (FWHM 

~80 nm) 

3.1. X-ray diffraction pattern 

 The structure of MSO4:Eu2+(M=Ca, Ba) phosphor was orthorhombic.  

  

Fig. 2 X-Ray diffraction patterns of MSO4:Eu(M=Ca, Ba)phosphors with ICDD patterns  

 

In order to determine the phase purity, chemical nature of the phosphor, X-ray diffraction (XRD) 

analysis was carried out. Fig. 2 show the XRD pattern of MSO4:Eu2+(M=Ca, Ba) phosphor along with the 

standard XRD pattern (ICDD Card No. 01-072-0503 and 00-024-1035). The XRD pattern shows the 

formation of pure CaSO4 and BaSO4 phase. The addition of the dopant (Eu) does not seem to have effect on 

the XRD pattern which suggests that the dopant was incorporated in the lattice. 

3.2 Photoluminescence Properties (PL) 

The combine excitation and emission spectra of MSO4: Eu (M=Ca, Ba) phosphors were give in Fig. 3. 

The excitation and emission spectra of BaSO4:Eu phosphor was observed at 377 nm and 326 nm respectively. 

The excitation and emission spectra of CaSO4:Eu phosphor was observed at 384 nm and 320 nm respectively.  

CaSO4

BaSO4
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Fig. 3 Excitation and emission spectra of MSO4: Eu (M=Ca,Ba) phosphors  

3.3 Thermoluminescence (TL) 

Thermoluminescence glow curve of MSO4: Eu (M=Ca, Ba) phosphors under β irradiation as shown in 

Fig. 4. The TL glow curve of the MSO4: Eu (M=Ca, Ba) phosphor consists of overlapping peaks in 

temperature rang 50-300°C. The TL sensitivity of BaSO4:Eu phosphor was 5 time sensitive than TL 

sensitivity of CaSO4:Eu phosphor.  

 

Fig. 4 Comparison of TL responses MSO4: Eu (M=Ca,Ba) phosphors under beta irradiation 
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3.4 Optically stimulated luminescence 

The CW-OSL response of prepared MSO4: Eu (M=Ca, Ba) phosphor under 100mGy of β irradiation as 

shown in Fig. 4.  The OSL sensitivity of compared with two different [37]. In the first method, The OSL 

sensitivity of BaSO4:Eu phosphor was found to be about 40 times to that of CaSO4:Eu phosphor. OSL 

sensitivity of CaSO4:Eu phosphor was more than BaSO4:Eu phosphor by using second method. The difference 

in the sensitivities in the two methods is because of the fact that the OSL decay in the BaSO4:Eu based 

phosphors is faster as compared to CaSO4:Eu phosphor. 

 

Fig. 4 Comparison of OSL responses MSO4: Eu (M=Ca,Ba) phosphors under beta irradiation 

4. Conclusions 

In this reports MSO4: Eu (M=Ca,Ba) phosphor was synthesized via Coprecipitaion method. The XRD 

pattern of prepared MSO4: Eu (M=Ca,Ba) phosphor was perfectly matched with ICDD file. The TL glow 

curve consist overlapping peaks in temperature 50-300°C range. The emission spectra of prepared phosphor 

was obsreved in 350 – 450 nm range. The CW-OSL decay pattern of prepared MSO4: Eu (M=Ca,Ba) 

phosphor was same than CW-OSL decay pattern of commercial available α-Al2O3:C phosphor.  The OSL 

sensitivity of BaSO4:Eu phosphor was found to be about 40 times to that of CaSO4:Eu phosphor. The OSL 

decay in the BaSO4:Eu based phosphors is faster as compared to CaSO4:Eu phosphor. The effective atomic 

number of prepared MSO4: Eu (M=Ca,Ba) phosphor is nearly s 15. Although MSO4: Eu (M=Ca,Ba)  is not a 
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material equivalent to tissue but, due to its high TL and OSL sensitivities, this phosphor can be proposed as a 

suitable candidate for radiation dosimetry, of course, after further progress in the studies. 
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Abstract 

The red orange emitting LiBa(1-x)PO4:xEu3+ phosphor was successfully synthesized by combustion 
method. The structure of the prepared LiBaPO4: Eu3+ phosphor was confirmed by powder XRD analysis and 
its photoluminescence properties has been studied in the range of 200 – 400 nm. The XRD pattern of 
prepared LiBa0.98PO4:0.02Eu3+ phosphor is well matched with available standard ICDD file. The effect of 
different concentrations of Eu3+ ions in LiBaPO4 phosphor was studies and optimum PL intensity was 
obtained at 0.01 mol of Eu3+ ion. The photoluminescence (PL) emission spectra of prepared LiBaPO4:Eu3+ 
phosphor consist of series of sharp line peaks at 596 nm, and 615 nm under the excitation of 393 nm.  

 
Keywords: Photoluminescence, Combustion method, LiBaPO4:Eu3+, SSL 
 

1.0 Introduction 

 The phosphates with chemical composition ABPO4 (A and B are mono and divalent cations, 
respectively) are in a large family of monophosphates with the different structures rigorously depending on 
the relative ionic size of the A and B ions [1, 2]. These compounds have been considered to be efficient 
luminescent materials due to their excellent thermal and hydrolytic stability [3, 4]. Recently, Eu2+-doped 
ABPO4 phosphates have received much attention because of its potential applications as new white light 
emission diodes (W-LEDs) phosphors, such as KCaPO4:Eu2+ [5], KSrPO4:Eu2+,[6] NaCaPO4:Eu2+, [7] and 
ABaPO4:Eu2+ (A = Na, K) [8]. The use of combustion synthesis has been developed looking at experiences 
of last few years in the preparation of luminescent materials, specifically borates, silicates, aluminates, and 
some oxides. The advantages of using the combustion method are low cost, highly effective as well as time 
saving approach to produce highly stable particles. Furthermore, under some specific conditions, uniform 
and narrow distribution of particle with regular size crystallite could be obtained by the combustion method 
[9]. Inspiring from the above discussuion, it was decided to attempt the combustion method for the synthesis 
of LiBaPO4 activated with Eu3+ as activator.  
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2.0 Experimental 

2.1 Synthesis of Materials and Characterizations 

  

The reputation on combustion synthesis was only due to drawbacks of solid state diffusion method 
[9]. The AR grade constituent raw materials were used such as lithium nitrate (LiNO3), barium nitrate 
(BaNO3)2, ammonium dihydrogen orthophosphate (NH4H2PO4), ammonium nitrate (NH4NO3) and urea 
(CO(NH2)2). The precursors were mixed thoroughly in China clay basins. The stock solution of the dopant 
Eu2O3 was then added into the mixture and later little amount of double distilled water was added into the 
prepared mixture. The mixture slowly converts into the thick paste. The thick paste was then heated for 5–

10 min on hot plate, till it turns into a homogeneous clear solution. The clear solution obtained was then 
transferred directly to preheated furnaces maintained at temperature of 550°C. The clear solution was 
warmed and boiled till the evolution of lots of fumes, for 5 min. As the fuel reaches the required 
temperature for burning, the self-heat generating redox reaction was started. The temperature of 
environment during the reaction was may be around 1100–1200°C. This sudden high temperature 
generation from the fuel and oxidizer reaction increases the chances of the formation of fine and stable 
product. The fine powder of LiBa(1-x)PO4:xEu3+ (x = 0.001, 0.002, 0.005, 0.01 and 0.02 ) were then finally 
obtained. The powder obtained from the reaction was then calcinated in the microwave furnace at 800°C for 
2 hr and suddenly quenched at room temperature. This step was introduced to remove excess of organic 
impurities and carbon traces remaining in the material after reaction. Also the calcining gives the particles 
with fine structure due to sudden quenching.  

The detail of stoichiometric molar amount of each precursor used for phosphors synthesis is given in 
Table 1. 

 
Table 1. Molar ratio of precursors used for material preparation and corresponding chemical reaction. 

Compounds Corresponding reaction with balance molar ratios of precursors 

LiBa(1-x)PO4:xEu3+ 
LiNO3 + (1-x)Ba(NO3)2 + x(Eu2O3 + HNO3 )+ NH4H2PO4 + 5CO(NH2)2 + 

7.5NH4NO3 LiBa(1-x)PO4:xEu3+ + (Gaseous product like NO3, N2,CO2, 

and H2O) 

 

 The structural confirmation of as prepared material was done by XRD method by using Rigaku 
miniflex II X-ray diffractometer with scan speed of 2.000°/min and Cu Kα (λ = 1.5406 Å) radiation in the 

range 10° to 70°. The PL excitation and PL emission spectra were recorded at room temperature on (Hitachi 
F-7000) fluorescence spectrometer associated with 450W Xenon discharge lamp in range of wavelength 200 
– 700 nm. The measuring parameter such as width of monochromatic slit (1.0 nm), photomultiplier tube 
(PMT) detector voltage, scan speed (240 nm/min), spectral resolution were kept constant during the entire 
analysis of materials.  

2.2 Structural Confirmation 

 For the phase confirmation the sample with maximum dopant concentration chosen. The formation 
of the LiBa0.98PO4: 0.02Eu, sample in the crystalline phase synthesized by combustion method was confirmed 
by XRD pattern as shown in Fig.1. The XRD pattern of LiBa0.98PO4: 0.02Eu agreed well with the standard 
data from ICDD file having file number (00-014-0270) of LiBaPO4. Also the XRD pattern show that the 
formed material was absolutely crystalline and in single phase. The XRD data can be refined to be 
hexagonal structure and crystallized in the P63 space group. Based on the effective ionic radii it was 
assumed that the Ba2+ was more preferably replaced by Eu3+ ions [10]. 
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Fig. 1: XRD pattern of the LiBa0.98PO4:0.02Eu3+ phosphor. 

2.3 Photoluminescence Properties 

The excitation and emission spectra of LiBa(1-x)PO4:xEu3+ phosphor is as presented in the Fig. 2 and 
Fig. 3 respectively. The excitation and emission spectra of LiBa(1-x)PO4:xEu3+ (x = 0.001, 0.002, 0.005, 0.01 
and 0.02) phosphor, were monitored at wavelength 615 nm and 393 nm respectively. The excitation spectra 
consists of series of lines at 321, 365, 378 and 393 nm correspond to the 7F0

5H3, 7F0
5D4, 7F0

5L7 and 
7F0

5L6 transitions respectively. Among these peaks, the excitation at 394 nm is the dominant, as shown in 
Fig. 2. On the other hand emission spectra consist of two sharp peaks 596 nm and 613 nm with one weak 
peak at 653 nm. The emission at 596 nm corresponds to the 5F0

7D1 (magnetic dipole), the emission at 613 
nm corresponds to the 5F0

7D2 (electric dipole) and weak emission at 653 nm corresponds to the 5F0
7D3 

transition of Eu3+ ions [11].  The PL emission intensity was studied as a function of concentration of Eu2+ 
(0.1mol% to 2.0 mole %). It is observed that 0.01 mol is the optimum concentration of Eu3+ ions for the 
prepared phosphor. The luminescence intensity is found to be decreased when the concentration of Eu3+ ions 
is increased beyond the optimum value, due to well known consequence of concentration quenching. 

 

 
Fig. 2: PL excitation spectra of LiBa(1-x)PO4:xEu3+ (x = 0.001, 0.002, 0.005, 0.01 and 0.02) phosphors 
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Fig. 3: PL emission spectra of LiBa(1-x)PO4:xEu3+ (x = 0.001, 0.002, 0.005, 0.01 and 0.02) phosphors 

 

3.0 Conclusions 

  The polycrystalline LiBa(1-x)PO4:xEu3+ phosphor was effectively prepared  by combustion method. 
The XRD pattern of prepared LiBa0.98PO4:0.02Eu3+ phosphor is good settlement with the ICDD standard file 
with card no. 00-014-0270. The PL excitation spectra, was monitored at 615 nm and emission spectra was 
monitored at 393 nm. The outcome of this phosphor provides the support for the probable and potential 
application in red-orange emitter in many applications in fluorescent area including solid state lighting 
(SSL). 
 

References 

[1]. W. J. Tang, D. H. Chen, J. Am. Ceram. Soc. 92 (2009), 1059. 
[2]. Y. Chen,    J. Wang, M. Zhanga, Q. Zenga  RSC Adv., 7, (2017), 21221. 
[3]. R. Yuan Yang, Y. Ming Peng, Y. Kuin Su J. Elect. Mat., 42, (2013) 129. 
[4]. C. C. Lin, Z. R. Xiao, G. Y. Guo, T. S. Chan, R. S. Liu, J. Am. Chem. Soc. 132 (2010), 3020. 
[5]. T. S.Chan, R. S. Liu, I. Baginskiy, Chem. Mater. 20 (2008), 1215. 
[6]. C. B. Palan, K. A. Koparkar, N. S. Bajaj, S. K. Omanwar, Res. Chem. Intermed. 42 (2016), 7637. 
[7]. Y. S.Tang, S. F. Hu, C. C. Lin, N. C. Bagkar, R. S. Liu, Appl. Phys. Lett. 90, (2007), 151108. 
[8]. C. X. Qin, Y. L. Huang, L. Shi, G. Q. Chen, X. B. Qiao, H. J. Seo, J. Phys. D: Appl. Phys. 42 

(2009), 185105. 
[9]. M. Ben Amara, M. Vlasse, G. Le Flem, P. Hagenmuller, Acta Crystallogr., Sect. C 39 (1983), 1483. 
[10]. C. B. Palan, N. S. Bajaj, A. Soni, M. S. Kulkarni, S. K. Omanwar, Bull. Mater. Sci., 38 (2015), 

1527. 
[11]. N. S. Bajaj, S. K. Omanwar, Opt. Mater.  35, (2013) 1222. 
[12]. L. Elammari, M. El Koumiri, I. Zschokke-Gr€anacher, B.Elouadi, Ferroelectrics 158 (1994), 19. 

 
 

 

 

 

 

  

400 450 500 550 600 650 700

R
e

l.
 I

n
te

n
si

ty
 (

a.
 u

.)

Wavelength (nm)

0.1 mol%

0.2 mol%

0.5 mol%

1.0 mol%

2.0 mol%

λex = 393 nm

http://www.jetir.org/
https://pubs.rsc.org/en/results?searchtext=Author%3AYan%20Chen
https://pubs.rsc.org/en/results?searchtext=Author%3AJing%20Wang
https://pubs.rsc.org/en/results?searchtext=Author%3AMei%20Zhang
https://pubs.rsc.org/en/results?searchtext=Author%3AQingguang%20Zeng








Copyright: © the author(s), publisher and licensee Technoscience Academy. This is an open-access article distributed under the 

terms of the Creative Commons Attribution Non-Commercial License, which permits unrestricted non-commercial use, 

distribution, and reproduction in any medium, provided the original work is properly cited 

 

 
  
 
  

 

International Journal of Scientific Research in Science and Technology 

Print ISSN: 2395-6011 | Online ISSN: 2395-602X (www.ijsrst.com) 

doi : https://doi.org/10.32628/IJSRST229145 

 

 
 
 
 
 

256 

Effect of Endosulfan on Intestine and Pancreas of frog Rana 

tigrina 
Rathod S. H, N. R, Thorat 

Department of Zoology, Vidya Bharati Mahavidalaya, Amravati, Maharashtra, India 

 

 

 

Article Info 

Volume 9, Issue 1 

Page Number : 256-260 

Publication Issue 

January-February-2022 

Article History 

Accepted : 08 Feb 2022 

Published : 17 Feb 2022 

ABSTRACT 

 

Now a day’s use of pesticides is the matter of great discussion for 

environmentalist to gain more relevant information on tolerance of organism 

to the pesticides. Rana tigrina were exposed to sub lethal concentration of 

Endosulfan (0.073 ml/lit) for 7 days regularly. The globlet cells of intestine was 

found to be swollen, enlargement of cells, cell shrinkage, damage of cell 

membrane, vacuoles formation  and pancreas exocrine secreatory acini cells 

was found to be damaged and  connective tissue was loosely bounded also 

observed on exposure to Endosulfan.   

Keywords : Endosulfan, Intestine, Pancreas. 

 

 

I. INTRODUCTION 

 

Now days the tremendous increase in environmental 

pollution is seen. Environmental pollution is due to 

the introduction of pollutants into natural 

environment that causes instability disorders, harms 

or discomfort the living organism in the ecosystem. 

Pollution can take the form of toxic chemical 

substance and contaminated water, soil, air which 

showed effect on the targeted and non- targeted 

organisms. It has been studied that acute toxicity of 

endosulfan on Bufo bufo gills & stream near sprayed 

agriculture field, after 24, 48, and 96 hours of 

exposure showed 50% mortality (LC 50) (Ilaria 

Bernabo et.al., 2008). It has been found that exposure 

to natural and synthetic estrogenic chemicals may 

adversely affect wildlife and human health (Colborn 

et al., 1993). There are various pesticides such as, 

Organochlorine (Endosulfan, Endrin) are used in 

fields and gardens. The environmental toxicological 

studies on vertebrates is rapidly expanding, fishes 

have become valuable indicator for the evaluation of 

the effects of toxic compounds (Khidr and Mekkawy, 

2008). Histology and histopathology can be used as 

biomonitoring tools for health in toxicity studies 

(Meyers and Hendricks, 1985). Histoplathological 

alterations are biomarkers of effect exposure to 

environmental stressors, revealing alterations in 

physiological and biochemical function (Hinton et.al., 

1992). Histopathology, the study of lesions or 

abnormalities on cellular and tissue levels is useful 

tool for assessing the degree of pollution, particularly 

for sublethal and chronic effects (Bernet et. al., 1999). 

There are various ways of spread of pesticidal 
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pollution in the environment such as rain water 

drained off from the pesticides spread field through 

which pesticides residues reach to environment and 

cause toxic effect on the aquatic and other organisms. 

In past several decades, decline in amphibian 

population has been occurring all over the world, for 

unexplained reasons which are thought to be varied 

but of which pesticides may be a part. Mixtures of 

multiple pesticides appear to have a cumulative toxic 

effect on frogs. Tadpoles from ponds with multiple 

pesticides present in the water lake longer period to 

metamophosis into adult frogs, decreasing their 

ability to catch prey and to avoid predators. (Benoit 

et.al., 2003) studied that the effect of cadmium , 

Endosulfan and atrizine on African frog (Xenopus 

leavis ) and Bull frog Rana catesbeiana showed 

adverse impact on secreatory capacity of adrenal cells 

of amphibians. Amphibians itself acts as a pest 

controlling organism plays a vital role in food web 

and are commonly found in agriculture fields, near 

ponds and rivers. When they came in contact with 

pesticides they absorb orally, cutaneously or by 

inhalation and get affected even though when they 

feed on the affected insects they get affected 

indirectly.  

II. Material and Method 

 

Adult frog ( Rana tigrina )  of both sexes where 

collected by net or hand from their spwaning ponds 

at unpolluted and non-agriculture site. The 

collected frogs were transported to laboratory in 

covered baskets. Adult frogs of the same size and 

same weight (35-40 gm) were acclimatized in glass 

aquarium tank for the time period of 10 to 15 days 

in laboratory condition; frogs were feed twice a day 

alternatively by insects. Stock solutions of 

experimental dose were prepared by using 

Endosulfan and ethanol as a vehicle. From 0.073 ml 

stock solution is used as dose in per liter water after 

acclimatization of 10-15 days frogs has become 

divided into two groups: 

 

GROUP I - Control  

GROUP II – Experimental  

Group I and Group II consist of six adult frogs 

respectively. Group I were placed in plane water 

glass aquarium. While Group II is treated with 0.073 

ml/lit of dose of Endosulfan for 7 days. On eighth 

day frogs of both groups were sacrifice for further 

experimentation. 

For Histopathalogical observation, after 7 days, frog 

of each group were removed and dissected. Small 

pieces of the intestine and pancreas were taken and 

immediately fixed in alcholic bouin’s fluid. Fixed 

tissues were processed routinely for paraffin 

embedding technique. Embedded tissues were 

sectioned at 5-7μ in thickness and then stained with 

double staining method. Finally the sections were 

proceed for microscopic studies for observation and 

collect their respective photographs for observation.    

 

III. Observations 

 

Histopathalogical changes in intestine exposed to 

Endosulfan: 

Frog Rana tigrina exposed to sub lethal 

concentration of Endosulfan showed the 

morphological changes. In the present investigation 

cells of intestine of treated frog showed flaccid and 

degenerative stage. Cells of intestine showed 

shrinkage, damaged and ruptured membrane of the 

cells, and space between the intestinal goblet cells 

was clearly observed. 

 

Histopathalogical changes in pancreas exposed to 

Endosulfan: 

 

Frog Rana tigrina exposed to sub lethal 

concentration of Endosulfan showed the 

morphological changes in the cells of pancreas. It 

showed the disruptor of the secreatory acini cells 

and damage of the islets of langerhans cells of 

pancreas, as well as connective tissue was loosely 

bounded also observed.  
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Fig no.1) Section of control frog intestine-Goblet 

cells of normal size are observed before treatment to 

endosulphan. 

 
Fig. 1.1 Section of endosulfan treated intestine 

Globlet cells become swollen and enlarged after 7 

days treatment of endosulfan 

 
Fig.2) Section of Control frog intestine 

 
Fig.2.1) Section of Endosulfan treated frog intestine- 

Shows the endosulfan effects, goblet cells shrinkage, 

damage of cell membrane and vacoule formation. 

 
Fig. 3) Section of control frog Pancreas-

Connective tissue and exocrine secreatory normal of 

frog Rana tigrina 
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Fig. 3.1) Section of Endosulfan treated Pancreas- 

shows exocrine secreatory acini cells suspended and 

islets of langerhans cells become disrupted. 

 

IV. RESULTS AND DISCUSSION 

 

Pesticides indirectly and directly affect on non-

targeted organism and may interfere the 

physiological process of the living organism. A 

pesticide not only affects the physiochemical 

properties of the ecosystem but also affects the flora 

and fauna. The proper and safe use of pesticides will 

be ensuring only a good knowledge of their 

toxicological characteristics and behavior in 

biological media to be reviewed. Here we study the 

effect of Endosulphan on intestine and pancreas of 

frog Rana tigrina which shows morphological 

changes. 

 

Histological changes in the Pancreas: 

In the present investigation the effect of endosulfan 

shows the morphological changes in the intestinal 

cells the cell become swollen, cell membrane of 

intestinal cell was highly affected and disturbed, 

vascularization and degeneration of intestinal cell 

were also observed. Similar finding by Chayya Roy 

Kundu et.al.,(2011) observed  the effect of malthion 

at subleathal concentration (0.006) on the intestine 

of cricket frog (Fegarvarya limnocharis) was 

observed for 24 hour to 240 hour of exposure and 

remarkable histopathological alteration were 

observed it showed acute pathological condition in 

intestinal wall, due to toxicity the cytoplasm of cells 

disintegrated become empty and vacuolated, cell 

membrane was ruptured and degenerative villi of 

intestine also observed. 

 

Similar finding also observed by T. Braunbeck and S. 

Appelhum (1999) on the exposure of endosulfan to 

carp Cyprinus carpio for 5 weeks it showed the liver 

alteration and enlargement of nucleolus, Golgi 

complex and rough endoplasmic reticulum and ultra 

structure of intestine shows complete lack of 

chylomicrons in epithelial lining which indicates 

disturbance of intestinal absorption. 

 

Histological changes in the Pancreas: 

In the present investigation toxicity of endosulfan 

showed impact on morphological changes in 

pancreatic cells .The cells of islets of langerhans 

secretory acini cells becomes ruptured and 

degeneration of pancreatic cells were observed. 

Similar Study were observed by Ozlem Oznien 

et.al.,(2010) studied the exposure of endosulfan and 

vitamin C on rabbit pancreatic cells. It was showed 

remarkable degenerative changes and decrease in 

proinsulin-insulin and amylin secreating cells also 

slight decrease in glucagon secreating cells. From 

the present investigation it was suggested that 

endosulphan may show impact on the endocrine 

organs of frog, endosulfan is toxic to the amphibians 

and other organism so there is need to more 

research to develop a less toxic pesticides which will 

not harmful for targeted and non-targeted organism. 
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ABSTRACT: The present study was conducted and assessed the toxicity of Parthenium 

hysterophorus is on locally available fresh water fish. The present study deals with to 

determine haematological effects on fresh water fish, Labeo rohita. The fishes were collected 

from nearby water body and brought to the laboratory for determination of haematological 

parameters up to 96hr. period. The blood parameters are important in diagnosing the 

structural and functional status of the animal. Hematological and biochemical indices provide 

extensive information about fish oxygen transport capacity, immune potential, level of stress, 

disease, intoxication, nutritional status etc. 

(KEYWORDS: Parthenium hysterophorus,WBC,Platelets count,Labeo rohita.)  

 

INTRODUCTION: 

          Fresh water can be defined as water with less than 500 parts per million (ppm) of dissolved salts 

(Walter,C.and Maguire,J.1996). Water is an essential issue for the survival of all living organisms 

especially aquatic animals like fishes. Water is a critical issue for the survival of all living organisms. To 

encourage the fishery is necessary for ever increasing demands for protein rich food to earn valuable 

foreign exchange (Varadharajan, 2012).Water of good quality is required for living organisms.  Water 

quality characteristics influence histopathological appearances of poisonous effects (Bhavan and 

Geraldine, 2000).  

Rohu is the natural inhabitant of freshwater sections of the rivers. Rohu is a bottom feeder. It is diurnal and 

generally solitary. It is commonly eaten in Bangladesh and the Indian states of Bihar, West Bengal. The higher 

concentration of toxicants bring the adverse effects on aquatic organisms, at cellular level or molecular level and 

ultimately lead to disorder in biochemical composition which is useful in determining different toxicants and 

http://www.jetir.org/
mailto:alkavikhar@gmail.com
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protective mechanism of the body to resist the toxic effects of the substances (Jain and Kulshreshta, 2000).   

Parthenium hysterophorus L.(Congress grass) is an exotic weed comes under Asteraceae family, accidently 

introduced in India, 1955 in Pune through the imported food grains(Dhawan and Dhawan, 1996). It is 

harmful to all the living beings; it has nearly destroyed all the useful crops and plants, even though growing 

near to it. It is known to cause asthma, bronchitis, dermatitis, and hay fever in man and livestock 

(Narasimhan et al. 1977). Root extracts are useful in dysentery (Singh et al. 1996). It is used as folk remedies in 

West Indies and Central America (Navie et al. 1996). Sharma and Bhutani, (1988) also reported as parthenium is 

promising remedy against hepatic amoebiasis.  It contains several important chemical constituents, mainly histamine, 

saponin, glucosides and triterpene (sesquiterpene).  

Blood is most important and abundant body fluid. Its composition often reflects the total 

physiological condition Blood of living organisms are very sensitive to changes and are widely used in 

Ichthyology research, aquaculture research as well as toxicology and biological monitoring (Svoboda et 

al., 2001; Adedeji et. al., 2009; Adeyemo, 2008).WBCs and platelets being the essential cellular 

components of fish blood Significant reduction in rat WBC count after oral treatment of Parthenium extract 

signifies its immune system weakening ability (Yadav et al. 2010). Significant decreases in the number of 

circulating thromobocytes in a teleost leads to increases in clotting time, loss of haemoglobin content and 

immature erythrocytes.The methanol extract of the flowers showed significant antitumour activity and 

parthenin exhibited cytotoxic properties against T cell leukaemia, HL-60 and Hela cancer cell lines (Das et 

al. 2007). Panigrahi and Mishra (1978) have reported a increase in WBC in Colis fasciatus exposed to 

metals. The leucocytosis may also be attributed for the removal of cellular debris of necrosed tissue in the 

rats under the toxic stress (Mcleay and Brown, 1974). An increase in WBC count after chemical stress 

recorded in the present study is in accordance with various workers (Sharma et al., 1984; Tyagi, 1984; 

Goel and Maya, 1986). White blood corpuscles (WBC) play a major role in defence mechanism (Adedeji 

et al., 2009)The response of the leucocytes to the changes in water quality and chemicals is variable 

(Nussey et al., 1995). Several other authors also reported an increase in leucocyte count in various fresh 

water fishes exposed to different heavy metal salts which supports findings in the present study (Ali et al., 

2000). Platelets are first line of defense against accidental blood loss and platelets play an important role in 

the inflammatory response (Smith et al., 1976). 

  
MATERIAL AND METHODS:  
            Labeo rohita fish were collected from Nal Damayanti Dam,local fish market Amravati  washed with 10% 

solution of  Potassium Permagnate to free any fungal infections. Then acclimatized to the laboratory condition for 

fifteen days in large aquarium. The fish size15 to 20 cm in length and weight 150 to 200 gm. Fishes maintained in 

well water and its physico-chemical characteristics analyzed following the method given in APHA (2005). Fishes 

fed with add libitum food, oil cake and rice bran to keep them more or less in the same state of metabolic 

requirement. 

 A group contain ten fishes were taken in both container experimental and control respectively. The dose starting 

from 10 ml in 10 lit. Well water. The dose increased daily by 10 ml. Their behavioral changes recorded daily and 

throughout the exposure period. Everyday water change to maintain the concentration of Parthenium hysterophorus 

http://www.jetir.org/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3339593/#CR55
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extract and histological changes were recorded.  

 

RESULT AND DISCUSSION: 

The exposure of Labeo rohita to lethal levels of extract resulted in time-and concentrations dependent 
significant. 

A) Total leukocyte count or White Blood Cell  

In the present investigation the control values for haematological parameter WBCs for lethal concentration is 

(9.80±0.017). At different concentration 0.50 ml/l to 6.00 ml/l of extract of Parthenium hysterophorus at 24hrs 

(10.40±0.005 to 14.89±0.005), 48hrs (10.42±0.025 to 14.37±0.025), 72hrs (10.43±0.061 to 12.76±0.38) and 96hrs 

(10.55±0.032 to 11.37±0.30). It is significantly increase to increasing the concentration but decrease at the end. 

Table 1: Total leucocyte count of Labeo rohita exposed to Parthenium hysterophorus extract at different 

time intervals. 

 

Total Leucocyte Count (× 10mm3) 

Exposur

e Period 

(hrs.) 

Lethal Concentration 

0.50 1.00 1.50 3.00 4.00 5.00 6.00 

Control 
9.80 

±0.017 

9.80 

±0.017 

9.80 

±0.017 

9.80 

±0.017 

9.80 

±0.017 

9.80 

±0.017 

9.80 

±0.017 

24hrs. 
10.40 

±0.005 

10.51 

±0.023 

10.86 

±0.030 

11.19 

±0.037 

11.83 

±0.055 

12.43 

±0.035 

14.59 

±0.005 

48hrs. 
10.42 

±0.025 

10.57 

±0.045 

11.26 

±0.10 

11.53 

±0.037 

12.22 

±0.045 

12.65 

±0.015 

14.37 

±0.025 

72hrs. 
10.43 

±0.061 

10.76 

±0.011 

11.33 

±0.020 

11.89 

±0.15 

12.53 

±0.026 

13.62 

±0.020 

12.76 

±0.38 

96hrs. 
10.55 

±0.032 

11.19 

±0.01 

11.82 

±0.060 

12.48 

±0.020 

12.93 

±0.085 

12.22 

±0.015 

11.37 

±0.30 

 

Each value is the mean ± SD of three observations; p value represents significant of differences between 

control and experimental animal. Significant at p< 0.05. 

B) Total thrombocyte count or Platelets 

While the control values for hematological parameterThrombocytes or Platelets for lethal concentration is 

(19.52±0.20). At different concentration 0.50 ml/l to 6.00 ml/l of extract of Parthenium hysterophorus at 24hrs 

(19.68±0.15 to 27.60±0.02), 48hrs (20.2±0.3 to 28.36±0.03), 72hrs (21.30±0.37 to 29.3±0.26) and 96hrs (22.34±0.25 

http://www.jetir.org/
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to 30.46±0.20). It is significantly increased to increasing the concentration. 

Table2: Total Thrombocyte count of Labeo rohita exposed to Parthenium hysterophorus extract at different 

time intervals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Each value is the mean ± SD of three observations; p value represents significant of differences between 

control and experimental animal. Significant at p< 0.05. 

 

Fig.1: Total leucocytes count for Labeo rohita exposed to Parthenium hysterophorus water extract of lethal 

concentration at different time intervals. 
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Total Thrombocyte Count (× 103 mm3) 

Exposur

e Period 

(hrs.) 

Lethal Concentration  

0.50 1.00 1.50 3.00 4.00 5.00 6.00 

Control 
19.52 

±0.20 

19.52 

±0.20 

19.52 

±0.20 

19.52 

±0.20 

19.52 

±0.20 

19.52 

±0.20 

19.52 

±0.20 

24hrs. 
19.68 

±0.15 

20.44 

±0.15 

21.63 

±0.15 

22.32 

±0.30 

24.50 

±0.26 

25.40 

±0.1 

27.60 

±0.2 

48hrs. 
20.20 

±0.3 

21.20 

±0.05 

22.14 

±0.25 

23.44 

±0.35 

25.55 

±0.20 

26.17 

±0.15 

28.36 

±0.30 

72hrs. 
21.30 

±0.37 

21.86 

±0.20 

23.35 

±0.40 

24.27 

±0.20 

26.47 

±0.45 

26.15 

±0.35 

29.30 

±0.26 

96hrs. 
22.34 

±0.25 

23.30 

±0.1 

24.47 

±0.40 

25.10 

±0.36 

27.60 

±0.26 

28.56 

±0.25 

30.46 

±0.20 
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Fig2.: Total Thrombocytes count for Labeo rohita exposed to Parthenium hysterophorus water extract of 

lethal concentration at different time intervals. 

In the present work the TLC or WBC increase continued in lethal effect at different exposure 

periods in fish exposed to the two lower concentrations (Table1). But, it reduced in higher concentration at 

96 h exposure period in lethal effect it decreases during long exposure period (Table1). White Blood Cells 

(WBC) count decrease with increasing level of the toxicant and prolonged exposure to extract that affected 

leucopoiesis. This assumption is also in line with, (Das et al., 2006). Decrease in total WBC counts reflects 

a state of stress in fish and points to the role of compound present in to extract as a potential environmental 

stressor.  The findings of the present study is in coincide with the work of (Subeena Begum and Navaraj, 

2012) who reported that WBC counts are higher in Labeo rohita fingerlings treated with Mangifera indica 

when compared to control. Thrombocytes are involved in blood clotting and vital to the haemostatic plug 

after vascular injury. The increase in the level of thrombocytes  in the present study during lethal effect at 

different exposure period up to 96 h (Table2) suggests the toxicant may have enhanced thrombocytopoiesis  

through increased rate of conversion of arachidonic acid to thromboxane B2 (Craig et al., 2002). In the 

present work, the thrombocytes count of fish exposed to the extract steadily increased up to end of the 

experiment. These findings are supported by (Vijayamohonan, 2000). There is steady increase in 

thrombocyte count as the exposure period increased, in the present study must be due to entry of toxicant 

root extract in blood, which causes haemolysis and tissue damage that librates more platelets in the 

circulation.  

CONCLUSION: 

A) Total leukocyte count or White Blood Cell 

In the present investigation the control values for hematological parameters for lethal concentration 

is (9.80±0.017). At different concentration 0.50 ml/l to 6.00 ml/l of extract of Parthenium hysterophorus 

at 24hrs (10.40±0.005 to 14.89±0.005), 48hrs (10.42±0.025 to 14.37±0.025), 72hrs (10.43±0.061 to 

12.76±0.38) and 96hrs (10.55±0.032 to 11.37±0.30). It is significantly increase to increasing the 

concentration but decrease at the end. 
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B) Total thrombocyte count or Platelets 

In the present investigation the control values for hematological parameters for lethal concentration is (19.52±0.20). 

At different concentration 0.50 ml/l to 6.00 ml/l of extract of Parthenium hysterophorus at 24hrs (19.68±0.15 to 

27.60±0.02), 48hrs (20.2±0.3 to 28.36±0.03), 72hrs (21.30±0.37 to 29.3±0.26) and 96hrs (22.34±0.25 to 

30.46±0.20). It is significantly increase to increasing the concentration 
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ABSTRACT: The present study was carried out to evaluate the antihyperglycemic property of Terminalia arjuna in streptozotocin-
induced type 2 diabetic model rats. To evaluate the antihyperglycemic and antioxidant role of ethanol extract of Terminalia arjuna 
leaf in rats. Hyperglycemia was induced in rats by single intraperitoneal injection of streptozotocin (STZ, 120mg/kg body weight). 
Three days after STZ induction, the hyperglycemic rats were treated with a dilution of bark extract of T. arjuna orally at the dose 
of 1 ml and 2 ml daily for 15 days. The level of blood glucose before meals were measured on every fifth day during the 15-day 
treatment. Ethanol extract of T. arjuna dose-dependently reduced and normalized blood glucose levels. T.arjuna treatment also 
significantly increases protein levels. The present study shows that T. arjuna leaf shows remarkable reduction in blood glucose level 
in STZ-induced diabetic rats. The T. arjuna has an effect in physiological and biochemical processes in rats. 
 
KEYWORDS: Antihyperglycemic, streptozotocin, Terminalia arjuna (Combretaceae). 
 
INTRODUCTION 
Diabetes mellitus is a condition associated with high blood glucose levels and it is mainly linked with a low level of insulin in the 
blood or the inability of target organs to use insulin. . It is the most prevalent disease in the world affecting 25% of the population 
and afflicts 150 million people and is predicted to rise to 300 million by 2025 (Vats et.al.2000). It causes numerous complications 
such as retinopathy, neuropathy, and peripheral vascular insufficiencies (Chehade & Mooradian, 2000). Diabetes is still not 
completely curable by the present antidiabetic therapy. Insulin therapy is the only satisfactory approach in diabetic Mellitus, even 
though it has several drawbacks like insulin resistance (Piedrola et al., 2001), anorexia, brain atrophy, and fatty liver in chronic 
treatment (Weidmann et al., 1993). There are many medications available To reduce blood glucose levels but certain adverse effects 
and weak effectiveness of them have led to the search for more effective agents. 

Terminalia arjuna (Combretaceae), commonly known as Arjuna, is a large tree growing on the banks of rivers, streams, and dry 
watercourses and it is considered a versatile medicinal plant. In India, the plant has been traditionally used for several medicinal 
purposes. The fruits of the plant are used as a tonic. Externally, its leaf paste is used as a cover on sores and ulcers. The bark is 
antidysenteric, antipyretic, astringent, cardiotonic, lithotripsy, and tonic; a powder of the bark acts as a diuretic in cirrhosis of the 
liver and gives relief in symptomatic hypertension (Chatterjee & Pakrashi, 1994). T.arjuna is a potent anti-diabetic and beneficial 
in the control of diabetes-related abnormalities in serum lipid profile renal markers and oxidative damage in liver and pancreas of 
streptozotocin-induced rat model (Parveen et al. 2011). The powder of the bark is also given with honey in fractures and contusions 
with ecchymosis. Besides this, the extract of the bark as an astringent is used for cleaning sores, ulcers, cancers, and so on (Dhiman, 
2006). The stem bark of Terminalia arjuna is also used for the treatment of various cardiovascular diseases; (Parveen et al., 2012). 
No pharmacological investigation is still reported on T. arjuna leaf. Therefore the present study was performed to investigate the 
antidiabetic effect of extract of T. arjuna leaf against streptozotocin (STZ)-induced diabetic rat. Streptozotocin is a naturally 
occurring chemical that is particularly toxic to the insulin-producing beta cells of the pancreas in mammals. It is used in medicine 
for treating certain cancer cells of islets of Langerhans and used in medical research to induce an animal model with Type 1 diabetes 
in large doses as well as Type 2 diabetes with multiple low doses. ( Brentjens R, Saltz, 2001). 

Traditional healers claim that the stem bark of the plant possesses anti-diabetic properties. Some scientific studies also show the 
hypoglycemic property of this plant. However, no published report supports both the acute and chronic hypoglycemic effect of T. 
arjuna on streptozotocin-induced diabetic model rats. As the majority of the diabetic population suffers from diabetes, we undertook 
the present study to evaluate the anti-diabetic effect of T.Arjuna on diabetic model rats and to analyze the possible hypoglycemic / 
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antihyperglycemic and activity of the extract as well as to investigate the possible chemical constituents responsible for the activity 
and the target tissue involved in this action. 

             
 
MATERIALS & METHODS 
Plant Extract:- 
The experimental animals were administered intramuscularly with active principles of plants extract T. arjuna. Dilution of drugs. T 
Arjuna was made with 100 ml distilled water. From the above stock, 1 ml and 2 ml quantities were administered intramuscularly to 
the high region of the experimental rat using a 2 ml disposable syringe and 24G disposable needle daily once for up to 15 days. 

Experimental Setup:- 
Experiments were carried out by dividing the rat of both sexes into various groups. 
Group I:- Served as a normal healthy control rat., 
Group II:- Served as experimental rat (EXPT. A. Diabetic induce control rat given 1 ml. bark extract 500  mg/kg PO. ) 
Group III; - served as experimental rat (EXPT. B. Diabetic induced control rat given 2 ml. T. arjuna extract 250 mg/kg PO.) 
Group IV: - Served as untreated diabetic induced control rat. (EXPT. C) Induction of diabetes in rat:-120 mg/kg of STZ in sterile 
saline was induced by a single IP injection. The duration of treatment was 15 days. 

Collection of blood, kidney, and liver from the rat:- 
After the experimental regimen, the animals were sacrificed by cervical dislocation under mild chloroform anesthesia. Blood was 
collected on decapitation and serum was separated by centrifugation (for 20 min at 2000 rpm). The liver and kidney were excised 
immediately and thoroughly washed in ice-cold saline. The serum and tissues were collected and used for biochemical experiments. 
Estimation of serum glucose was estimated by GOD/POD method (Trinder, P. 1969). 

Determination of total protein in tissue:- 
Liver protein analysis can diagnose the liver disorder, nutritional deficiencies of protein, renal failure, and lymphoproliferative 
disorder. 100 mg(0.10g) of tissue was taken and dried by folding between the folding of filter paper and drop in a beaker kept on 
ice. It was transferred to a homogenizer tube and homogenized by taking 10 ml of distilled water. It was centrifuged and the 
supernatants were used for protein estimation. Protein is estimated by different methods as described by the de Lowry method. No 
method is 100% sensitive. Hydrolyzing the protein and estimating the amino acid alone will give the exact quantification. Specimens 
used are Liver, Kidney & Pancreas. 

Determination of glycogen in tissue 
“Glycogen, the branched-chain homopolysaccharide, is present both in liver & muscle. Glycogen can be effectively 

extracted from the liver by treatment with alkali followed by separation of glycogen by alcoholic precipitation. 
Liver tissue was collected from a well-fed rat .10 g of liver tissue was weighed or transferred into a 100ml conical flask & 

added 20ml of 30% KOH and kept in a boiling water bath for 30 minutes Content was centrifuged at 4000 rpm for 30 min. The 
supernatant was discarded and the ppt was collected. The glycogen ppt is recovered by centrifugation of the above content with d/w 
and ethanol at 4000 rpm for 15 min. Discarded supernatant was dried for a glycogen sample in a desiccator containing calcium 
chloride as a desiccant and the % yield of glycogen was calculated. 
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RESULT & DISCUSSION 
Table 1. Effect of T. arjuna stem bark on serum glucose, of control and experimental rats. 

Parameters Group 1 
 

Group II Group III Group IV 

 
Control 

 
Expt. A Expt. B Expt. C 

Serum Glucose 
(mg/dl) 

98.33 
02.66 

± * 
302.67±22.35 

* 
125.60 ± 24.73 

* 
82.50 ± 04.72 

Values are mean ± SD of five observations,*p<0.05, **p<0.01, and NS =Not significant. 
 
Fig.:- 1 

 
 
Table 2.  Effect of T. arjuna plant extract on glycogen% in some organs of the rat. 

Tissue\Group Control Expt. A Expt. B Expt. C 

Liver 3.47 ± 0.34 

** 
1.02 ± 1.44 

NS 
0.7 ± 1.84 

** 
0.5 ± 0.37 

Kidney 3.58 ± 0.39 

** 
0.78 ± 0.26 

** 
0.98 ± 0.57 

** 
7.52 ± 0.40 

Pancreas 2.07 ± 0.27 

** 
1.71 ± 0.15 

** 
0.57 ± 0.36 

* 
1.19 ± 0.63 

Muscles 2.25 ± 1.57 

NS 
0.37 ± 0.3 

** 
0.28 ± 1.65 

NS 
13.4 ± 
11.14 

              Values are mean ± SD of five observations,*p<0.05, **p<0.01, and NS =Not significant. 
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Fig:- 2 

 
 
Table No 3. Effect of T. arjuna plant extract on protein concentration mg /g in some organs of the wild rat. 

 

                     Fig:- 3 

 

In our study, administration of T.arjuna bark extract resulted in a significant reduction in blood glucose level, when compared 
with diabetic control animals. The extract containing 500 mg/kg body weight showed a better glucose level reduction than 250 
mg/kg body weight. The mechanism may be through the stimulation of b cells for elevated secretion of insulin, thereby increasing 
the utilization of glucose in various tissues (Prakasam et al., 2002.). 

Tissues/ 
groups  

Control Expt. A Expt. B Expt. C  

Liver 12.33 ± 1.0 * 
12.87 ± 0.3 

** 
0.24 ± 1.97 

NS  
13.3 ± 0.26  

Kidney ± 11.12 
0.39 

NS 
9.74 ± 2.8 

** 
0.032 ± 0.08 

NS  
4.47± 2.8  

Pancreas 10.4 ± 0.13 ** 
13.62 ± 0.26 

** 
0.75 ± 2.28 

**  
0.4 ± 0.15  

Muscles 7.80 ± 0.86 * 
3.22 ± 0.72 

* 
4.21 ± 0.31 

*  
1.83 ± 0.27  

Values are mean ± SD of five observations,*p<0.05, **p<0.01, and NS =Not significant.  
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In the present study, the stz induced diabetic rats were chosen as an experimental model. An experimental rat that was 
administered with 2 ml Termenillia arjuna bark extract for 15 days showed a significant fall in tissue protein whereas control rats 
were shown there were small changes in tissue protein i,e the protein level in tissue is moderately decreasing. It might be due to the 
antihyperglycemic property of T. arjuna. 

Experimental wild rats administered T.arjuna (2ml) showed that the liver protein gradually decreased as compared with the 
control rat as well as bark extract of 1 ml showed that the liver protein moderately increased as compared to control and again those 
diabetic induced rats showed liver protein significantly increase. The decrease in total protein content and other diabetic 
complications such as increased gluconeogenesis and ketogenesis in STZ induced mice may be due to elevated transaminase 
activities (Ghosh  & Suryawanshi, 2001). 

The glycogen of liver and glycogen of muscles is decreased given 2 ml dose experimental rat as compared to another rat. 
Diabetic induced rats showed that the glycogen of muscles moderately increases. 

Mythili P. et. al., 2012 have found phytosterols, flavonoids (arjunone, arjunolone, and luteolin, arjunic acid, arjunolic acid, 
arjungenin,arjun glycosides) in Terminalia arjuna bark triterpenoids extract. Flavonoids (Arjunic acid, arjunolic acid, arjungenin 
acid, and arjunglycesides) being powerful antioxidants are reported to play a role in antihyperglycemic and analgesic activity by 
targeting pancreas and prostaglandins since the stem bark of T. arjuna plant contain flavonoids and glycosides. 
 
CONCLUSION 
It can be concluded that the medicinal plant T.arjuna has a promising antihyperglycemic effect in streptozotocin-induced model rats 
and it can be considered a potent source of the antidiabetic agent. The antihyperglycemic activity can be possible due to its 
antioxidant properties. It also shows that T. arjuna decreases the protein level in the tissue of rats. 
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Abstract: Drosophila melanogaster is an excellent organism to test on ayurvedic medicines. It also remains one of the most studied 
organisms in biological research, particularly in genetic analysis. The objective of our study was to explore the potential of Emblica 
officinalis on the life span of Drosophila melanogaster using the adult feeding method. Emblica officinalis commonly known as the 
Indian gooseberry is an important medicinal plant in the traditional Indian system of Ayurvedic medicine. In the present study, we 
noted the phenotypic effect of Emblica officinalis extracts on the different developmental stages of Drosophila melanogaster. The fruit 
flies were grown on 10-gram culture media supplemented with a concentration of E. officinalis (0.1ml). Further, the size and growth of 
different life stages of D. melanogaster were observed and total protein estimated from it. The increase in the size and protein 
concentration in different life stages of controlled D. melanogaster were recorded.  
 
Keywords: Drosophila melanogaster, Emblica officinalis, Protien, Lifespan 
 

1. Introduction 
 
India has been known to be a rich depot of medicinal plants. 
More than 35% of the entire plant species, at one time or 
other, were used for medicinal purposes. Plants have always 
been an important source of drugs (Yakob et al., 2012). A 
large number of the world’s populations, especially in 
developing countries, depend upon medicinal plants as an 
alternative and complementary drugs therapy for various 
diseases.  
 
Medicinal plants such as Aloe (Aloe vera), Tulsi (Ocimum 
tenuiflorum), Neem (Azadirachta indica), Aamla (Emblica 
officinalis), Turmeric (Cucurma longa), and Ginger 
(Zingiber officinale) cure several common maladies. These 
are considered home remedies. The extractor plant is 
identified to be curative against diversified ailments and 
several pathophysiologies or antioxidant property which 
prevents the damage of cellular compartments from 
oxidative stress. In Ayurveda "Swaasthasya Rakshanam" is 
one of the goals of treating disorders, maintaining or 
preserving good health (Charaka Samhita Sutrasthana, 
2000a). However, serious efforts are required in systemic 
research to identify, isolate and evaluate the chemical 
constituents for nutritional and therapeutic potentials.  
 
Emblica officinalis is commonly known as Indian 
gooseberry, Aamla in Marathi, and Amalaki in Sanskrit is a 
deciduous tree of the family Phyllanthaceae. In Ayurveda, 
Aamla is considered to be a potent rejuvenator and immune 
modulator effective in stalling degenerative processes and 
senescence and promoting longevity, enhancing digestion, 
treating constipation, reducing fever and cough, alleviating 
asthma, strengthening the heart, benefiting the eyes, 
stimulating hair growth and enliven the body. E. officinalis 
contain high amounts of ascorbic acid (vitamin C) and have 
a slightly bitter taste that may derive from a high density of 
ellagitannins, such as emblicanin A (37%), emblicanin B 
(33%), punigluconin (12%), and pedunculagin (14%). Amla 
also contains punicafolin and phyllanemblinin A, 
phyllanemblin other polyphenols, such as flavonoids, 

kaempferol, ellagic acid, and gallic acid (Rawal S, et.al., 
2014).  
 
Drosophila melanogaster is a species of fly in the family 
Drosophilidae. The species is known generally as the 
common fruit fly or vinegar fly. D. melanogaster as the test 
system proved to be an excellent organism to test the effect 
of many drugs and other chemicals. This is cosmopolitan 
mostly found in temperate regions. In Drosophila and other 
insects body size is positively linked with mating success, 
longevity, fecundity, and other fitness characteristics also 
the best phenotypic heritable characteristics (Santos et al., 
1992). All these conclusions demonstrated the advantage of 
size in mating success and fitness. Various researchers 
demonstrated the fitness studies in Drosophila such as 
fecundity, fertility (Long et al., 1980), and longevity (Cordts 
& Partridge, 1996, Partridge Tower, 2008). The species 
shares large numbers of homologous genes with mammals, 
13,601 with humans. These have been studied to identify 
sequences related to those causing human diseases (Reiter et 
al. 2001). The present study was carried out with an 
objective to explore the potential of Emblica officinalis 
drug, on the fitness of D. melanogaster using the adult 
feeding method and found an increase in the life span of D. 
melanogaster flies.  
 
2. Materials and Methods 
 
Collection and culture of Drosophila melanogaster fly: D. 
melanogaster has a cosmopolitan distribution. These flies 
were collected on ripe banana fruit and fed on them then 
transferred to a conical flask by covering the open mouth of 
the flask with a muslin cloth so that flies were easily 
collected with a brush.  
 
For studying Drosophila etherization process is used and for 
culturing those etherized and re-etherized bottles are used. 
Flies become inactive and we studied them under a 
microscope. The flies were cultured on potato, dextrose, and 
agar culture media.  
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Preparation of Emblica officinalis (Amla) Extract: For 
making ethanolic E. officinalis extract about 415.76gm of 
powdered material of E. officinalis was taken in a clean, 
flat-bottomed glass container and soaked in 1300ml of 80% 
ethanol. This container was sealed and kept for 2days 
accompanied by occasion al shaking and stirring. Then the 
whole mixture is filtered with filter paper and evaporated 
the filtrate at room temperature. The gummy concentrate 
was designed as an ethanolic extract.  
 
Experimental setup: Take five culture vials having 0.1 ml 
of E. officinalis extract and 10 gm of normal culture media. 
Drosophila flies are anesthetized with diethyl ether and 
transferred into culture vials and each vial contains 10 flies 
95 females and 5 males). The vials were covered with a 
cotton plug and placed on the working table. The flies were 
laid eggs in cultures, hatched, and completed the life cycle 
within 10 to 15 days. Collecting the larval stages for 
measurement of total length and protein estimation was 
done by De Lowry’s (1951) method.  
 
The measurements of the size of the various stages of 
Drosophila melanogaster were carried out by the 
oculometer. The photographs were taken in Carl Zeiss 
binocular microscope and stereo zoom microscope. All 
results are presented a mean ± SD. Test of significance (t-
test) was used to analyze the data collected.  
 
3. Observation and Result 
 
It has been observed that E. officinalis plant has potent 

antioxidant activity. Thus to determine whether 
supplementation of Amla powder with food, provides any 
nutritional a support, survivorship assay of control (without 
E. officinalis and with E. officinalis) fed flies was 
performed. For this, an equal number of male and female 
flies were fed on control, and E. officinalis mixed food.  
 
In the present study, the 1st, 2nd.3rd, pupal stage and adult 
stage flies showed a normal size along with normal growth 
and development. The concentration of 0.1ml showed 
extremely significant change by making an increase in size 
at each stage of development. The percent change of 36.1%, 
5%, 95.6%, 87.29%, and 88% was observed in 1st instar, 2nd 

instar, 3rd instar, pupa, and adult respectively over the 
control (Table).  
 
Whereas in protein concentration, significant increases were 
found in an experimental setup. In 1st instar larvae 55.63%, 
in 2nd instar larvae 17.21%, in 3rd instar larvae 14.07%, in 
pupal stage 0.374% and in adult stage 13.648% changes 
were noted over the control (Table).  
 
The phenotypic characteristics were altered in the 
developmental stages of the experimental setup. In 1st, 2nd 

and 3rd larvae increased in size, faded transparency, 
yellowish to brownish color, and high segmentation was 
noticed in the experimental setup as compared to normal 
fruit flies. In pupal and adult stages, increased size, 
brownish color, no transparency, and high pigmentation 
were found over the control. 
 

 
Table: Measurement of size (µm) & Protein (µg) from various larval stages of Drosophila melanogaster. 

Developmental stages 
 

Size Protein 

1st instar larva 
Control 175.6 ± 10.65 35.256 ± 1.57 

Experimental 
NS NS 

195.6 ± 9.85 (36.1%) 44.37 ± 2.46 (55.63%) 

2nd instar larva 
Control 60.45 ± 8.20 41.488 ± 0.98 

Experimental 
NS NS 

63.9 ± 5.19 (5%) 82.788 ± 2.78 (17.21%) 

3rd instar larva 
Control 87.7 ± 13.49 75.6 ± 10.65 

Experimental 
NS NS 

95 ± 12.27 (95.6%) 85.928 ± 2.26 (14.072%) 

Pupa 
Control 184.5 ± 15.34 45.054 ± 0.26 

Experimental 
NS NS 

186 ± 12.44 (87.29%) 99.626 ± 1.88 (0.374%) 

Adult 
Control 186.5 ± 15.64 45.458 ± 0.69 

Experimental 
NS NS 

188 ± 11.15 (88%) 86.352 ± 2.62 (13.648%) 
Mean ± S.D. of five flies ˂0.05 ( ⃰), P˂0.01( ⃰ ⃰), and P<0.001( ⃰ ⃰ ⃰ ) and NS= not significant. The value mentioned in parenthesis 
is the % change over the control. 
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Normal development of D. melanogaster:  
 

 
 
Experimental development of D. melanogaster: 
 

 
 
4. Discussion 
 
Amla (Emblica officinalis) has a hallowed position in 
Ayurveda- an Indian indigenous system of medicine. In the 
present study, we reveal that there was significant increase 

in size of experimental set up as compared to the normal 
flies. It may be due to the beneficial effect of Emblica 
officinalis extract. 
 
Shilpa Rawal (2014) reported the intake of food and 
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nutrition plays a major role in affecting aging process and 
longevity. However, the precise mechanisms underlying the 
aging process are still unclear. To this respect, diet has been 
considered to be a determinant of aging process. In order to 
better illustrate this, they used Drosophila melanogaster as 
a model and fed them orally with different concentrations of 
two commonly used Indian medicinal plant products, 
Cucurma longa (rhizome) and Emlica officinalis (fruit). 
Similar type of results is found in the present study.  
 
The lifespan of D. melanogaster was increased in the study 
after the treatment of Emblica officinalis.  
 
Lee K. S (2010) reported that curcumin extended the life 
span of two different strains of Drosophila melanogaster, an 
effect that was accompanied by protection against oxidative 
stress, improvement in locomotion, and chemopreventive 
effects. Life span extension was gender and genotype-
specific. Curcumin also modulated the expression of several 
aging-related genes, including mth, thor, lnR and JNK. The 
observed positive effects of curcumin on the life span of two 
different D. melanogaster strains demonstrate a potential 
applicability of curcumin treatment in mammals. Whereas 
in the present study the protein concentration increases were 
recorded in an experimental setup. (Akhare et al., 2021) 
reported the protein concentration in control D. 
melanogaster was normal but in experimental protein, the 
concentration was changed after the effect of neem extract.  
 
In the present study the 1st, 2nd, 3rd, pupa, and adult stage 
flies showed extremely significant change by making an 
increase in size at each stage of development. Furthermore, 
the study was get concluded on the phenotypic character 
change in the development if Drosophila melanogaster in 
an experimental setup. Like as the phenotypic character 
involved the change in the transparency of the Drosophila 
body. Along with that, the segmentation on the body surface 
occurred in each of the stages. The segmentation showed the 
overall impact of body features on a fly. The effect of 
Emblica officinalis extract showed no pigmentation in an 
experimental setup but in the control setup, it does. The 
intake of 0.1ml concentration showed a color change too. 
All changes in the phenotypic character may be due to the 
activity of Emblica officinalis extract.  
 
Many researchers have made studies on the effect of 
different chemicals on fertility in D. melanogaster 
(Vasudeva and Krishnamurthy1983). The rate of 
development is another parameter, which is used to examine 
some chemicals clinically. In that studies, the genetic 
constitution, amount of the food, temperature, and space 
were kept constant. The differences in the development 
must have been determined by the chemical used and not by 
the other factors. This type of result on the developmental 
time by different chemicals in Drosophila melanogaster has 
been shown by Luning (1966). 
 
5. Conclusion 
 
The conclusion of our experiment suggests that extract of 
Emblica Officinalis enhances the development of D. 
melanogaster. This noticeably increases longevity, fertility, 
fecundity, number along with developmental time. The 

Influence of the above fruit extract is found in the parents 
and F1 generation and not in the F2 generations. The impact 
of the E. officinalis is not carried in further generations after 
the F1 generation. Lastly, here concludes there is a linear 
interrelationship between sexual activities and fitness 
parameters in experimental culture. So, along with life span, 
other reproductive fitness characteristics of flies like size, 
pigmentation, segmentation, and protein concentration were 
undertaken for this study so as to explore the unknown 
principles of Emblica Officinalis extract therapy which 
improves the quality of the life.  
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ABSTRACT 
 

The common fruit fly, Drosophila melanogaster is used as a model organism. Drosophila melanogaster share several 
basic biological, biochemicals, neurological and physiological similarities with mammals. In the present study, we 
noted the toxicological effect of extract of Azadirachtaindica leaf on different developmental stages of Drosophila 
melanogaster. The fruit flies were grown on 10 gm culture media supplemented with leaf extract of Azardirachta 
Indica. Neem is the most promising and medicinal plant, having widely value in biological activity and it is a well 
known for it insecticidal properties. Further, the size and growth of different life stages of Drosophila melanogaster 
were observed and total protein estimated from it. The reduction in the size of different stages and reduction in 
protein concentration in controlled Drosophila melanogaster were recorded. 
 
Keywords : Drosophilamelanogaster, Azadirachtaindica, aqueous extract , larval stages, protein. 

 
INTRODUCTION 

 
Herbal medicine has long been recognised as one of the oldest forms of remedies used by humans. Many people in 
developing countries still rely on traditional healing practice and medicinal plants for daily heath care needs, in spite of the 
advancement in modern medicine. Drosophila melanogaster, also known as the fruit fly, is an excellent model organism 
widely used in biological research that has made significant contributions to the greater scientific community over the last 
century. It is because fruit flies are inexpensive to maintain in the laboratory, have simplified genetics, and short generation 
times allow for quick experiments with high sample numbers. 
 
Neem is a key ingredient in non-pesticidal management, providing a natural alternative to synthetic pesticides. Because 
neem contains an antifungal and antibacterial property that effect on bacteria as well as fungal growth. Neem seed grind 
into a powder that is soaked overnight in water and sprayed onto the crop, to be effective, it must be applied repeatedly at 
least every ten days. Neem does not directly kill the insect on the crop. It acts as an antifeedant, repellent and egg-laying 
deterrent protecting the crop from damage. The insect starves and dies within a few days. Neem also suppresses the 
hatching of pest insect from their eggs. Neem based fertilizer has been effective against the pest Southern armyworm. 
Neem cake is often used as a fertilizer. 
 
However, Azadirachtaindica has been found to be toxic to non-target organisms where it induces marked alterations in 
experimental animals (Siriwattanarungsee, S., Sukontason, K. L., Kuntalue, B., & Sukontason, K. 2008). Biologically 
Azadirachtaindica has various bioactive ingredients with diverse applications. These bioactive ingredients are known to 
have an anti-inflammatory, anti-allergic, insecticidal, nematicidal, spermicidal, antiviral, antifungal, anti-AIDS, anticancer, 
anti-antimalarial, antipyretic, antiarthritic, hypoglycemic, anti gastric ulcer, immunomodulatory, antihistamine, 
antitubercular, antiprotozoal, insect repellent, antifeedant, antihormonal and some other biological activities. Each and 
every part of Azadirachta indica tree known to possess biological activity. The biological activity depends upon the 
ingredients present in that particular part. More than 135 compounds have been isolated from different parts of 
Azadirachtaindica. commonly-known as neem. 
 
Neem leaves are dried and placed in the cupboard to prevent insect eating the clothes and in tins where rice in Neem leaves 
are dried and tropical region to keep away mosquitoes. Neem reduces fecundity and longevity as well as increased the 
development time of immature insect. On the insect has been shown to act as growth retardant and cause moulting disorder, 
change in the behaviour and morphogenetic defect. The present work to be undertaken for better understanding the effect of 
neem extract on development of Drosophila melanogaster 
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MATERIAL AND METHODS 
 
Fruit flies were collected on ripe banana fruit. After that flies were cultured on potato, dextrose and agar culture media. 
Neem is well known for its marvelous medicinal properties. These plants areone of the richest source of health for human 
beings coming from nature. 
 
Preparation of aqueousneem leaf extract: Azadirachtaindica leaves were obtained from the surrounding area of Vidya 
Bharati college laboratory, dried and finely chopped, then dissolved in acetone at aconcentration of 200gm of dried leaves 
per 100ml of acetone for 24 hours at room temperature (as described by khan and Ahmad et al.1998). The material was 
filtered and the residue gain has shaken twice with 100ml acetone. All the extract were combined and evaporated to almost 
dryness and redissolved in 1 Molar acetone. The prepared extract was used in the experiment in different dilution. 
 
Experimental set up: Take five culture vial having 0.1 ml of neem leaf extract and 10gm of normal culture media mixed. 
Drosophila flies anaesthetized with diethyl ether and transfers into culture vial and each vial contains 10 lies (5 female and 
5 male). The vial covers with cotton plug and place on the working table. The flies were laid eggs in culture, hatch and 
completed the life cycle within 10 to 15 days. And collect the larval stages for measurement of total length and protein 
estimation by De Lowry’s method. The measurement of size of the various stages of Drosophila melanogaster was carried 
out with help of coulometer. The total estimation of protein was done by the De' lowery method. Photographs were taken in 
the carl zeiss trinocular microscope and stereo microscope. All results are presented as Mean ± SD. Test of significance (t-
test) was used to analyse the data collected. 

 
RESULT AND DISCUSSION 

 
The size and growth in the control D. Melanogaster is normal but in experimental D. melanogaster size and growth rate 
was changed. In the percentage, the change was 48.5%, 17.7%, 18.7%, 63.7%, 73.3% of 1st, 2nd , 3rd instar larvae, pupa and 
adult respectively as compared to controlledD. melanogaster. 
 
The protein concentration in control D. melanogaster is normal but in experimental D. melanogaster level of protein, 
concentration was changed. In percentage, the protein concentration was 62.34%, 66.49%, 69.34%, 61.98%, 19.41% of 1st, 
2nd, 3rd instar larvae, pupa and adult respectively as compared to control D. melanogaster. Recent studies have also 
demonstrated neem-induced effect on vitellogenesis and severe degeneration of follicle cell during oogenesis in mosquitoes 
(Lucantoni L. et.al., 2006). When toxicological evaluation of neem extract against third instar larva of Drosophila 
melanogaster was applied the larvae were found to be melanised and failed to pupate (Anjum et al., 2010). 

 
Table No. 1: Measurement of size and protein from various larval stages of Drosophila melanogaster 

 
Developmental stages Groups Size(µm) Protein conc.(µg) 

1st instar larva Control 60.45 ± 8.20 35.256 ± 1.57 
Experimental NS 

51.5 ± 6.25 (48.5) 
NS 

13.276 ± 0.11 (62.34%) 

2nd instar larva Control 87.7 ± 13.49 41.488 ± 0.98 
Experimental NS 

82.3 ± 2.45 (17.7%) 
NS 

13.902± 0.035 (66.49%) 

3rd instar larva Control 175.6 ± 10.65 43.216 ± 0.50 
Experimental NS 

118.7 ± 1.88 (18.7%) 
NS 

13.246± 0.040 (69.34%) 

Pupa Control 189.5 ± 31.13 45.054 ± 0.26 
Experimental NS 

163.7 ± 5.94 (63.7%) 
NS 

17.126 ± 0.14 (61.98%) 

Adult Control 186.5 ± 15.64 45.458 ± 0.69 
Experimental NS 

173.3 ± 2.98 (73.3%) 
NS 

16.582 ± 0.24 (3.05%) 
 
Mean ± S.D. of  five  flies  P˂0.05( ⃰ ), **P˂0.01(***) and  P<0.001 and  NS = not significant. The value mention in 
parenthesis is the % change over  the control. 
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Graph No.1 : Size and protein estimation of control and experimental larvae, pupa adults ofDrosophila melanogaster 
We found a reduction in the size of each development stage as compare to control It may be the inhibitory effect of neem 
leaf extract which contains inhibitory growth compound so they were induced to reduce the normal growth of flies. Neem 
elaborates a vast array of biologically active compound that is chemically diverse and structurally complex. More than 140 
compounds have been isolated from different part of neem. Neem leaf its constituent has been demonstrated to exhibit 
immunomodulatory, anti-inflammatory, antihyperglycemic, antibiotic properties (subapriya  R,et.al., 2005).   
 
We observed the decreased the size and also noticed that transparency colour, pigmentation and life span were showed 
variation. It may be due to the effect of the insecticidal activity of neem .R.Gnanamani et al. (2017) reported the efficacy of 
Azadirachtaindica on the biochemical estimation of a Lepidopteran pest pericalliaricini. The investigation report on the 
impact of the leaf extract of Aadirachtaindica on the total protein, carbohydrate and lipid level of fifth instar larvae of 
Pericalliaricini. After treatment with A. Indica leaf extract. Total protein level was reduced to 0.22mg from 0.72mg/g the 
carbohydrate level was decreased gradually from control. Lipid content in the p.ricini larvae also slowly decreased. 
 
In our study, it is concluded that the impact of neem leaf extract on the stages of Drosophila melanogaster was found on 
the size, protein concentration and phenotypic character. They interrupt protein concentration with the decline of protein 
synthesis hormones. In contrast, the inhibitory effect of neem was showed by reducing the size it may be due to the 
azadirachtin. It shows an effect on normal development and growth. It was also found variation over the experimental flies 
Because neem exert effect on the pest, insect and the flies to control their population rate. So, They were show variation in 
the phenotypic character as compared to normal. It may be due to the insecticidal of neem. 
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A B S T R A C T   

In the present work, QSTR modeling was conducted for microalga Pseudokirchneriella subcapitata using a data set 
of 271 molecules belonging to different types of chemical classes for the prediction of EC50 for 72 hr based assays. 
The balanced QSTR model encompasses seven easily interpretable molecular descriptors and possesses statistical 
robustness with high predictive ability. This Genetic Algorithm Multi-linear regression (GA-MLR) model was 
subjected to internal validation, Y-randomization test, applicability domain analysis, and external validation as 
per the recommended OECD guidelines. The newly developed model fulfilled the threshold values for more than 
20 recommended validation parameters including R2 = 0.72, Q2

LOO = 0.70, etc. The developed QSTR model was 
successful in identifying the type of hybridization or specific type of atoms of previously reported and newer 
structural alerts. Thus, the model could be useful for data gap filling and expanding mechanistic interpretation of 
toxicity for different chemicals.   

1. Introduction 

The 2006 Organization for Economic Cooperation and Development 
(OECD) Guidelines for the Testing of Chemicals (Alga, Growth Inhibi-
tion Test; OECD, 2006) demands reliable toxicity data for growth inhi-
bition on aquatic plants, preferably on algae, because of often greater 
sensitivity to chemical exposures compared to fishes (Aruoja et al., 
2011) and being first acceptors of several toxic chemicals such as her-
bicides, pharmaceuticals, etc. (Machado and Soares, 2021). Hence, the 
availability of algal toxicity data of high quality and subsequent analysis 
could help to minimize the requirements for the testing of large numbers 
of new chemicals under current regulatory programs. Therefore, several 
algal species including Pseudokirchneriella subcapitata, Pediastrum duplex, 

Monoraphidium arcuatum, Nannochloropsis-like sp., and Chlorella sp. 12, 
etc. have been used successfully for toxicity testing (Machado and 
Soares, 2021; Stone et al., 2019). 

P. subcapitata, now known as Raphidocelis subcapitata, is a microalga 
with a high sensitivity to the exposure with toxic substances in fresh 
water (Machado and Soares, 2021). In addition, its ubiquitous distri-
bution in aquatic ecosystems renders it a useful species for the assess-
ment of nutrient levels (Marques et al., 2007). Therefore, it is commonly 
used for eco-toxicological studies as a bio-indicator species (Yamagishi 
et al., 2017). However, toxicological in vivo studies are expensive and 
time consuming (Yang et al., 2020b). Consequently, alternative ap-
proaches based on computational techniques like QSAR (Quantitative 
Structural-Activity Relationship) are methods of choice to minimize 

Abbreviations: OECD, Organization for economic cooperation and development; FIFRA, U.S. federal insecticide, Fungicide and rodenticide Act; EPA, U.S. Envi-
ronment protection agency; QSAR, Quantitative structural-activity relationship; QSTR, Quantitative structural-toxicity relationship; GA-MLR, Genetic algorithm 
multiple linear regression. 
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these shortcomings (Yang et al., 2020b). Due to their ability to identify 
structural alerts for toxicity, deciphering plausible toxic mechanisms 
and predicting the toxicity of a compound, QSARs have received 
recognition and approval by different regulatory agencies such as OECD, 
the European REACH framework, Agency for Toxic Substances and 
Disease Registry (ATSDR), Atlanta (USA), etc. (Khan et al., 2019) (Fu 
et al., 2015; Khan and Roy, 2019; Toropov et al., 2017). 

In fact, Biocidal Products Regulation (BPR) (BPR, Regulation (EU) 
528/2012) promotes the use of QSAR for the adaptation of the data 
requirements, if the developed model satisfies all the requirements 
mentioned in annex IV on the general rules (Khan et al., 2019; Khan and 
Roy, 2019). These requirements include use of adequate and reliable 
documentation of the applied method for QSAR model development 
followed by its appropriate validation, and the chemicals must fall 
within the applicability domain of the model (Eu, 2012). Thus, for 
chemicals lacking experimental toxicity data or yet to be synthesized, 
the QSAR models are expected to reliably predict their toxicity. 

This prompted a large number of researchers to develop QSTR 
(Quantitative Structural-Toxicity Relationship) models for 
P. subcapitata. However, most of these studies either used small data sets 
or data sets lacking diversity in chemical classes (see row 1-3 in Table 1). 
Though, in 2019, Khan and Roy reported a six-parametric QSTR model 
for pEC50 (-log10 EC50) (24 hr) using a larger data set of 334 chemicals 
comprising a variety of compounds (Khan and Roy, 2019). The devel-
oped model had a coefficient of determination of R2 = 0.72. Later, the 
same data set was used by Yu (Yu, 2020) for developing a Support Vector 
Machine (SVM) based eight parameter QSTR model, which has an 
acceptable R2 = 0.75 and MAE = 0.60. However, their models used 
pEC50 determined for 24 hr assays. Whereas, OECD guidelines (OECD, 
2006) prefer 72 hr (or longer) assays for determination of toxicity, 
which is also recommended by algal toxicologists (Brill et al., 2021). 
Until to date, no QSTR model has been reported for a larger data set of 
diverse chemicals based on pEC50s determined for 72 hr assays. There-
fore, there is a need to develop a properly validated and balanced 
(Masand et al., 2021) QSTR model for toxicity against P. subcapitata 
using a larger data set comprising pEC50 determined for 72 hr assays. 

The present work is an attempt to develop a QSTR model comprising 
a balance of descriptive and predictive aspects for pEC50s for an assay of 
72 hr for P. subcapitata using a larger data set. The work further aimed to 
identify novel, important and concealed structural features, which are 
difficult to be captured by visual inspection. 

2. Materials and methods 

In the present work, the standard procedure recommended by OECD 
and other regulatory agencies for successful QSTR analysis has been 
followed (OECD, 2006). The procedure involved data set formation and 
curation, calculation of molecular descriptors and their pruning, model 
generation and its thorough validation, and mechanistic interpretation 
of the model (Cherkasov et al., 2014; Dearden et al., 2009; Fujita and 
Winkler, 2016; Gramatica, 2007, 2014, 2020; Johnson, 2008). 

The present work comprises QSTR analysis using a data set for 
P. subcapitata, which involves organic chemicals belonging to diverse 
scaffolds with high variation in substitution patterns and toxicity profile. 
A few representative molecules have been depicted in Fig. 1 as examples 
to show diversity of molecules in the data set. 

The data set was collected from the literature and publicly available 
databases (Connors et al., 2019). Then, it was subjected to curation 
before actual QSTR analysis (Fourches et al., 2010). The curation in-
volves removal of duplicate entries, metal derivatives, complexes, salts, 
and molecules without EC50 values. In case of duplicate entries with two 
different values of EC50, the entry with a lower value was retained to 
consider a possible worst case situation (Yang et al., 2020a). Also, EC50 
values available as mg/L were converted to mol/L before initiating the 
analysis. Consequently, the data set consisted of 271 molecules tested 
for P. subcapitata for an assay of 72 hr. The five least and most toxic 
compounds from the selected data set were depicted in Table 2. The CAS 
number, SMILES notation and pEC50 for all the molecules are presented 
in the supplementary materials. 

In the next step, molecular descriptor calculation was accomplished 
using PaDEL (Yap, 2011) and PyDescriptor (Masand et al., 2017a; 
Masand and Rastija, 2017). This led to a pool of more than 29,000 
molecular descriptors. Then, QSARINS 2.2.4 (Gramatica et al., 2013) 
was used to eliminate highly correlated (|R| > 0.95) and nearly constant 
(99%) molecular descriptors. This noticeably minimized the number of 
molecular descriptors for the data set to 2862. However, the reduced 
pool of molecular descriptors still comprised a variety of descriptors 
such as atom-pairs, presence/absence of certain functional group-
s/atoms, molecular properties, etc. Thus, it covers a broad molecular 
descriptor space to allow to identify prominent structural features. 

Then, the data set was randomly split into a training set and an 
external (or prediction) set in an 80:20 (217:54 molecules) proportion. 
The training set was used for selection of appropriate number of mo-
lecular descriptors, i.e. for model building using Genetic Algorithm (GA) 
multi-linear regression (MLR) analysis. The molecules in the prediction 
set were not involved in the selection of molecular descriptors, that is, 

Table 1 
QSTR models reported for P. subcapitata and their comparison with model-A.  

S. 
N. 

Equation Chemical Class h (Test 
duration in hr) 

Number of 
molecules in data 
set 

R2 Reference 

1 Log(1/EC50) = 0.6 logKow - 0.9 propargylic alcohols 
(primary) 

48 15 0.76 Chen et al., 
(2012) 

2 Log(1/EC50) = 0.0014 logKow - 2.10 Elumo - 0.024 logKow × Elumo + 4.00 propargylic alcohols 
(secondary) 

48 7 0.85 Chen et al., 
(2012) 

3 Log(1/EC50) = -1.799 + 0.8763LogKow-mix non-polar narcotic 
chemicals 

72* 50 0.9469 Aruoja et al., 
(2014) 

4 pEC10 = 1.93569 + 0.02315 CrippenMR +0.00496 MW + 0.3396 MLOGP 
+ 0.64439 LogKow – 1.71498 nSO2OH + 1.48957 B02[N-S]- 
2:24679 × 3A – 0.17172 H-051 

organic compounds 48 251 0.70 Khan and Roy 
(2019) 

5 pEC50 = 3.67917 + 0.02888 CrippenMR + 0.39725 MLOGP + 0.60323 B06 
[C –N]+ 0.78557 B05 [C- Cl] + 1.16506 B02[N-S]- 1.46683 
nSO2OH 

organic compounds 24 251 0.72 Khan and Roy 
(2019) 

6 pEC10 = 1.579 + 0.027 CrippenMR – 0.370 MHYD + 0.927 F02[N-S] 
+ 0.768 B05[C-Cl] + 0.497 CCCN + 1.017 R3m 

organic compounds 24 334 0.75 Yu (2020) 

7 pEC50 = 3.298 + 0.186 naroCpcplus + 0.479 fnotringNsp3C1B + 1.565 
fClaroC5B + 0.104 nTRing + 0.326 XLogP + 1.029 SubFP96 -2.439 
fsp2Csp3C8B 

organic compounds 72* 271 0.72 Present work 

* Recommended exposure duration by OECD 
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they were used for external validation of the developed model only. The 
Genetic Algorithm (GA) module available in QSARINS 2.2.4 (Grama-
tica, 2013; Gramatica, 2020; Gramatica et al., 2012; Gramatica et al., 
2013) was used for searching the molecular descriptors using Q2

LOO as a 
fitness function and number of generations was set to 10,000. The 
GA-MLR analysis resulted in the generation of a multitude of seven 
parametric models for the data set. Then, the reported model-A was 
selected on the basis of its superior statistical performance, which 
involved fulfilling of recommended threshold values for different in-
ternal and external validation parameters, thus ensuring adequate 
validation of the model-A. The suggested values for different internal 
and external validation parameters were as follows (Masand et al., 
2019a; Masand et al., 2018; Masand et al., 2017b; Masand et al., 2019b): 

R2
tr (coefficient of determination) ≥ 0.6, Q2

loo (Leave-one-out coef-
ficient of determination) ≥ 0.5, Q2

LMO (Leave-many-out coefficient of 
determination) ≥ 0.6, R2 > Q2, R2

ex (coefficient of determination for 

external set) ≥ 0.6, RMSEtr (Root mean squared error for training set) <
RMSEcv (Root mean squared error for cross validation), CCC (Concor-
dance Correlation Coefficient) ≥ 0.80, Q2-Fn (Leave-one-out coefficient 
of determination for test set) ≥ 0.60 with RMSE and MAE (Mean abso-
lute error) close to zero. 

All the models not satisfying the threshold values were rejected. In 
addition, Y-scrambling was performed to eliminate the models devel-
oped by chance (Dearden et al., 2009; Gramatica, 2013; Gramatica, 
2020; Masand et al., 2014). The applicability domain of the developed 
model was assessed using Williams plot. Further details of experimental 
methodology and description of various validation parameters are 
available in the supplementary materials. 

The model-A is a seven parametric model. The description and other 
details are available in Table 3. 

3. Results and discussion 

The very first principle and expediency of a QSAR analysis is to gain a 
deep understanding and knowledge about structural features associated 
with a bio-activity (descriptive QSAR) and to predict the desired activity 
of an unknown molecule before its synthesis and bio-screening (pre-
dictive QSAR) (Fujita and Winkler, 2016). Therefore, in the present 
QSTR analysis, molecular descriptors with ease of interpretation in 
terms of structural features were used during model building. The 
developed QSTR model for the data set was as follows: 

Model-A: Training Set: 80% (217 molecules) and Prediction set: 20% 
(54 molecules) pEC50 = 3.298 (± 0.154) + 0.186 (± 0.049) * nar-
oCpcplus + 0.479 (± 0.087) * fnotringNsp3C1B + 1.565 (± 0.389) * 
fClaroC5B + 0.104 (± 0.026) * nTRing + 0.326 (± 0.048) * XLogP +
1.029 (± 0.348) * SubFP96 -2.439 (± 0.765) * fsp2Csp3C8B 

Fig. 1. Different types of scaffolds used for the present QSTR analysis (as representative examples).  

Table 2 
Five least and most toxic compounds of the present data set.  

CAS number SMILES pEC50(mol/L) 

143226 CCCCOCCOCCOCCO 2.422 
868779 CC(=C)C(=O)OCCO 2.57 
110190 CC(COC(=O)C)C 2.667 
96231 ClCC(CCl)O 2.73 
108952 Oc1ccccc1 2.77 
205823 c1ccc2c(c1)ccc1c2c2cccc3c2c1ccc3 8.022 
124287 CCCCCCCCCCCCCCCCCCN(C)C 8.218 
23184669 CCCCOCN(c1c(CC)cccc1CC)C(=O)CCl 8.264 
51218496 CCCOCCN(c1c(CC)cccc1CC)C(=O)CCl 8.318 
193395 c1ccc2c(c1)c1cc3cccc4c3c3c1c2ccc3cc4 9.14  
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3.1. Validation parameters for model-A 

R2
tr = 0.718, R2

adj. = 0.708, LOF = 0.416, RMSEtr = 0.604, MAEtr =

0.506, CCCtr = 0.836, s = 0.615, F = 75.98, R2
cv (Q2loo) = 0.700, RMSEcv 

= 0.623, MAEcv = 0.524, CCCcv = 0.827, Q2
LMO = 0.68, R2

Yscr = 0.033, 
RMSEex = 0.565, MAEex = 0.432, R2

ex = 0.693, Q2-F1 = 0.691, Q2-F2 =

0.691, Q2-F3 = 0.752, CCCex = 0.826 
The close values of R2

tr, R2
adj. (adjusted coefficient of determination) 

and R2
cv (Q2loo) indicate that the model has been built using adequate 

number of variables (Kiralj and Ferreira, 2009). The high value of Q2
LMO, 

which is essential to confirm internal validation of a model along with 
low value of Y-scrambling related parameters viz. R2

Yscr (coefficient of 
determination for Y-scrambling) and Q2

Yscr (Leave-one-out coefficient of 
determination for Y-scrambling) indicates that the model possesses 

statistical robustness and free from chance correlations (Cherkasov 
et al., 2014; Fujita and Winkler, 2016; Gramatica, 2014, 2020; Masand 
et al., 2015). The model-A has high external predictive ability, which is 
reflected by the high value of R2

ex, Q2-Fn and CCCex (Chirico and Gra-
matica, 2011, 2012; Consonni et al., 2009; Consonni et al., 2019; Gra-
matica, 2014). The Fischer value F indicates the high statistical 
significance of the model-A. Thus, a comparison of validation parame-
ters for model-A with the recommended threshold values for the same 
parameter indicates that the model-A satisfies the suggested criteria. The 
predicted pEC50, residuals, etc. are available in supplementary material. 

The model-A is a seven parametric model. Out of seven parameters, 
six molecular descriptors naroCpcplus, fnotringNsp3C1B, fClaroC5B, 
nTRing, SubFP96 and XLogP (see Table 3 for their description) have 
positive coefficients in model-A. Therefore, any increase in their values 
will result in a higher toxicity. The reverse is true for the seventh mo-
lecular descriptor fsp2Csp3C8B (see Table 3 for its description), as it has 
a negative coefficient in the model-A. 

The molecular descriptors present in the model-A have been depicted 
in Fig. 2 and their description is available in Table 3. The values of all 
molecular descriptors for all data set molecules are present in the sup-
plementary materials. 

The molecular descriptor naroCpcplus stands for number of positively 
charged aromatic Carbon atoms. This descriptor further indicates the 
importance of aromatic rings and the bonding of a hetero atom with 
higher electronegativity than Carbon such as F, Cl, Br, O, N, etc. as a 
substituent on the aromatic ring in deciding the toxicity. From this it 
appears that positively charged aromatic carbon atoms signify the 
enhanced electrophilicity, which in turn, is responsible for augmented 
toxicity. A similar observation has been earlier reported by Rasulev 
et al. (2010) and He et al., (2012). Thus, the higher the number of aro-
matic rings along with more electronegative hetero atoms as a substit-
uent on the aromatic ring atoms, the higher the toxicity. 

Another similar molecular descriptor which highlights the impor-
tance of aromatic carbon atoms as well as chlorine atoms is fClaroC5B. 
The descriptor fClaroC5B indicates the frequency of occurrence of aro-
matic carbon atoms exactly at five bonds from chlorine atom. If the same 

Table 3 
Molecular descriptors present in model-A.  

S. 
N. 

Molecular 
descriptor 

Description Software used 
for calculation 

1 naroCpcplus Number of positively charged 
aromatic Carbon atoms 

PyDescriptor 

2 fnotringNsp3C1B Frequency of occurrence of sp3- 
hybridized Carbon atom present 
exactly at one bond from non-ring 
Nitrogen atoms 

PyDescriptor 

3 fClaroC5B Frequency of occurrence of 
aromatic Carbon atoms exactly at 
five bonds from Chlorine atom 

PyDescriptor 

4 nTRing Number of rings (includes counts 
from fused rings) 

PaDEL 

5 SubFP96 Number of C-S, dithiophosphates or 
Carbodithioic ester moiety in a 
molecule 

PaDEL 

6 XLogP Lipophilicity of a molecule PaDEL 
7 fsp2Csp3C8B Frequency of occurrence of sp3- 

hybridized Carbon atoms exactly at 
eight bonds from sp2-hybridized 
Carbon atom 

PyDescriptor  

Fig. 2. Depiction of molecular descriptors present in the model-A.  
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aromatic carbon atom is also present at four or less bonds from any other 
Chlorine atom than it was rejected during the calculation of this 
descriptor. Khan and Roy (2019), and later Yu (2020), also identified 
B05[C-Cl], which stands for the presence/absence of C-Cl at topological 
distance 5, as an important feature. In the present work, we have further 
and successfully identified the specific type of carbon atom (i.e. aro-
matic carbon), which is responsible for augmentation of toxicity in 
combination with chlorine atom. The increased toxicity could be 
attributed to either nucleophilic substitution of Cl atom or lipophilic 
contribution of Cl atoms as in case of Pretilachlor (CAS: 51218-49-6) and 
Butachlor (CAS: 23184-66-9) (Artemenko et al., 2011; Han and Hatzios, 
1991). 

A molecular descriptor which is present in model-A and signifies the 
importance of rings in deciding the toxicity is nTRing, a 2D- descriptor 
which means number of rings (includes counts from fused rings). As the 
number of rings in the molecule increases, toxicity also increases 
(Ghavami and Sepehri, 2015). Likewise, another structural feature 
associated with augmentation of toxicity is SubFP96, which counts the 
number of C-S, dithiophosphates or Carbodithioic ester moiety in a 
molecule. Giuseppina et al., (2019) have also pointed out that dithio-
phosphates are fragments associated with aquatic toxicity. 

fnotringNsp3C1B is a molecular descriptor which represents the fre-
quency of occurrence of sp3-hybridized carbon atom present exactly at 
one bond from non-ring nitrogen atoms. This molecular descriptor in-
dicates that increasing the number of sp3-hybridized carbon atom 
directly attached to non-ring nitrogen atoms could lead to enhanced 
toxicity. 

XLogP represents the lipophilicity of a molecule. Due to its positive 
coefficient in model-A, it appears that increasing the lipophilicity, in-
creases toxicity, too. This observation is supported by the fact that there 
is an overall increase in the toxicity of molecules with an increase in 
XLogP values and vice- versa. However, several molecules like 822-16-2 
(pEC50: 3.413, XLogP: 8.227), 143-19-1 (pEC50: 3.652, XLogP: 7.711), 
111-03-5 (pEC50: 4.172, XLogP: 7.132) are exceptions to this observa-
tion, which indicates that other molecular descriptors and confounding 
factors also play crucial role in deciding the overall toxicity of a 
molecule. 

It is a common observation that increased lipophilicity could lead to 
higher toxicity. Lipophilicity is usually said to increase with number of 
carbon atoms. Interestingly, in the present work, we found a carbon- 
based molecular descriptor fsp2Csp3C8B (frequency of occurrence of 
sp3-hybridized carbon atoms exactly at eight bonds from sp2-hybridized 
carbon atom) having a negative coefficient in the developed model. 
Therefore, increasing its value could lead to lower toxicity. It should be 
noted that if the same sp3-hybridized carbon atom is also present at 
seven or less bonds from any other sp2-hybridized carbon atom, then it 
was not considered during the calculation of fsp2Csp3C8B. There are six 
molecules which possess such a combination of carbon atoms have 
relatively lower toxicity (pEC50 = 3.413 to 4.396 M). This is further 
indicated by molecules like CAS number 822-16-2 (pEC50: 3.413), 143- 
19-1 (pEC50: 3.652), 111-03-5 (pEC50: 4.172) having high values of 
XLogP but lower toxicity, which could be attributed to the fact that they 
have fsp2Csp3C8B = 1, along with the absence of other toxicity 
enhancing features (naroCpcplus = 0, fnotringNsp3C1B = 0, fClaroC5B =
0, SubFP96 = 0, and nTRing = 0). The profound effect of fsp2Csp3C8B is 
reflected from the fact that the molecule CAS number 683-10-3 had 
lower toxicity despite having fnotringNsp3C1B = 4. Therefore, 
fsp2Csp3C8B appears as a novel structural feature associated with the 
toxicity profile a molecule against P. subcapitata; however, careful 
consideration and further confirmation is required, as only six molecules 
from the present data set contain fsp2Csp3C8B = 1. In addition, molecule 
numbers 30, 39, 41, 224, and 227, which possess fsp2Csp3C8B = 1, 
have appeared as outliers for model-A (see Fig. 3b). 

Based on the findings of this study, model-A has acceptable statistical 
performance and the majority of molecules are present within applica-
bility domain (see Fig. 3 and supplementary materials). 

It appears that compound number 206 (CAS 193-39-5) and 41 (CAS 
334-48-5) were outliers (see Fig. 3). On excluding these two compounds, 
the statistical performance of model-A slightly diminished with respect 
to fitting and cross-validation (R2

tr = 0.696, Q2
LOO = 0.673) but 

improved significantly for external (prediction or test) set with R2
ex =

0.760, Q2-F1 = 0.758, Q2-F2 = 0.758, Q2-F3 = 0.788, and CCCex = 0.857. 
This indicates that these two molecules are able to influence the model 
performance. Structural analysis of these compounds revealed that 

Fig. 3. Different graphs associated with model-A. (a) experimental (x-axis) vs. predicted (y-axis) pEC50 (the solid line represents the regression line and molecules 
with high residuals have been labelled); (b) Williams plot for applicability domain HAT i/i (x-axis) vs. Std. residuals (y-axis) (the vertical solid line represents h* =
0.111 and horizontal dashed lines represent the upper and lower boundaries for standard residuals and all outliers have been labelled). 

V.H. Masand et al.                                                                                                                                                                                                                             



Aquatic Toxicology 239 (2021) 105962

6

molecule 206 (CAS 193-39-5) was Indeno[1,2,3-cd]pyrene, a polycyclic 
aromatic hydrocarbon (PAH), and 41 (CAS 334-48-5) was decanoic acid 
(also known as cupric acid), a free fatty acid (FFA). The compound 206 
is highly toxic (pEC50: 9.140), which could be attributed to its abnor-
mally high lipophilicity (XLogP = 6.404) and nTRing = 39, thus due to 
the presence of six fused rings, it could be an outlier. Likewise, molecules 
1, 30, 39, 55, 57, etc. are outliers due to abnormally high or low lip-
ophilicity. Molecules 30, 39, 41, 224, and 227 were structural outliers 
due to the presence of fsp2Csp3C8B = 1. 

Conclusion: The identification of novel structural alerts for toxicity 
are important for policy makers and regulatory agencies. The QSTR 
model developed using diverse chemicals in the present work has not 
only successfully identified novel structural alerts but also extended and 
deepened the information and understanding about known structural 
alerts. It is statistically robust and validated using a good number of 
validation parameters showing excellent performance for prediction of 
external compounds within the applicability domain of the model. The 
model identified the importance of aromatic carbon atoms, chlorine 
atoms, lipophilicity, number of rings, etc. as prominent features that 
govern the toxicity of a molecule. The model should be useful for data 
gap filling, prediction of toxicity values of new or untested biocides, and 
minimization of cost involved in toxicity assessment. 

Author statement 

Vijay H. Masand: Conceptualization, Methodology, Software 
Magdi E.A. Zaki: Writing- Original draft preparation, Revising 

Manuscript 
Sami A. Al-Hussain: Funding acquisition, Resources 
Anis Ben Ghorbal: Statistical analysis, Validation 
Siddhartha Akasapu: Investigation, Writing - Review & Editing 
Israa Lewaa: Statistical analysis, Validation 
Arabinda Ghosh: Methodology, Data Curation 
Rahul D. Jawarkar: Data Curation, Investigation 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The authors acknowledge the Deanship of Scientific Research at 
Imam Mohammad Ibn Saud Islamic University, Riyadh, KSA, for its 
support of this research through research group number RG-21-09-77. 
We are also thankful to Dr. Paola Gramatica and her team for providing 
QSARINS 2.2.4. 

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.aquatox.2021.105962. 

References 

Artemenko, A.G., Muratov, E.N., Kuz’min, V.E., Muratov, N.N., Varlamova, E.V., 
Kuz’mina, A.V., Gorb, L.G., Golius, A., Hill, F.C., Leszczynski, J., Tropsha, A., 2011. 
QSAR analysis of the toxicity of nitroaromatics inTetrahymena pyriformis: structural 
factors and possible modes of action. SAR QSAR Environ. Res. 22, 575–601. https:// 
doi.org/10.1080/1062936x.2011.569950. 
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Abstract Congruous coronavirus drug targets and analogous lead molecules must be identified as

quickly as possible to produce antiviral therapeutics against human coronavirus (HCoV SARS

3CLpro) infections. In the present communication, we bear recognized a HIT candidate for HCoV

SARS 3CLpro inhibition. Four Parametric GA-MLR primarily based QSAR model (R2:0.84,

R2adj:0.82, Q2loo: 0.78) was once promoted using a dataset over 37 structurally diverse molecules

along QSAR based virtual screening (QSAR-VS), molecular docking (MD) then molecular dynamic

simulation (MDS) analysis and MMGBSA calculations. The QSAR-based virtual screening was

utilized to find novel lead molecules from an in-house database of 100 molecules. The QSAR-vS

successfully offered a hit molecule with an improved PEC50 value from 5.88 to 6.08. The benzene

ring, phenyl ring, amide oxygen and nitrogen, and other important pharmacophoric sites are

revealed via MD and MDS studies. Ile164, Pro188, Leu190, Thr25, His41, Asn46, Thr47, Ser49,

Asn189, Gln191, Thr47, and Asn141 are among the key amino acid residues in the S1 and S2

pocket. A stable complex of a lead molecule with the HCoV SARS 3CLpro was discovered using

MDS. MM-GBSA calculations resulted from MD simulation results well supported with the bind-

ing energies calculated from the docking results. The results of this study can be exploited to

develop a novel antiviral target, such as an HCoV SARS 3CLpro Inhibitor.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Coronaviruses are classified as RNA viruses. To date, seven
human coronaviruses (HCoVs) viz. SARS-CoV, Middle East

Respiratory Syndrome (MERS) -CoV, and SARS-CoV-2,
229E, Human coronavirus OC43, Human coronavirus NL63
(HCoV-NL63), and Human coronavirus HKU1

(HCoV-HKU1) have been discovered. First, three of the seven
coronaviruses, particularly SARS-CoV, MERS-CoV, and
SARS-CoV-2 are pathogenic species. Whereas the ultimate four,

namely 229E, OC43, NL63, and HKU1 cause mild diseases.
Coronaviruses belongs to the order Nidovirales, household
Coronaviridae, and subfamily Orthocoronavirinae. Amongst
the four coronavirus genera (Alphacoronavirus, Betacoron-

avirus,Gammacoronavirus,Deltacoronavirus),HCoVs are cate-
gorized below Alphacoronaviruses; HCoV-229E and NL63 and
Betacoronaviruses; MERS-CoV, SARS-CoV, HCoVOC43 and

HCoV-HKU1. SARS-CoV-2 from the Betacoronavirus genus
has fairly close relatedness with two bat-derived CoV-like coron-
aviruses, viz. bat-SL-CoVZC45 and bat-SL-CoVZXC21 (Malik,

2020) Coronaviruses are of sphere-shape with a diameter of a
hundred twenty-five nm with the club-shaped projections on
the floor that resemble a photo voltaic corona. Coronavirus has

fairly the greatest genome amongst each and every positive-
strand RNA viruses. (Lai et al., 2006)

An incredibly transmissible coronavirus to that amount
causes lethal respiratory harm was once in the beginning deter-

mined of China. The severity of the symptoms is characterized
by the increased nasal mucosal plasma exudation and inter-
feron c (IFNc) levels in nasal lavage specimens (Linden

et al., 1995). The advance peak of respiratory tract viral loads
seems within the preceding three days then infection or drops
off dramatically within a week, correlating including develop-

ment and raise within signs and symptoms stability.
Dramatically, there is a consequential considerable

vibrancy into the quantity of corona cases. To date, corona

infection has reached more than 29 lot humans international

with a mortality dimensions as high as 3.15 % (according in
accordance with World Health Organization’s (WHO’s)
report, September 2020). Despite the fact, potent hit in oppo-

sition to SARS-CoV-2 is still a dream durability (Konwar and
Sarma, 2020).

A 3C-like protease (3CLpro) additionally appear among

CoV-229E, the causative agent for the severe acute respiratory
sign (SARS) into human. CoV-229E and SARS-CoV exist in a
complex with the inhibitors were investigated in the several
crystal structures of 3Cpro from CVB3 and 3CLpro protein.

(Lee et al., 2009) In it concern, numerous investigators hold
utilized MD, MDS, quantitative structure–activity relationship
(QSAR) studies for virtual screening to to identify a new hit

for HCoV SARS 3CLpro inhibition.
QSAR techniques have been effectively implemented not

only In the development of a reliable statistics-based mathe-

matical correlation between physicochemical properties of
chemical substances and their desired biological activities but
also to forecast the biological activity of de novo molecules.

In the last couple of decades togetherwith the advances in the

computational field, wet-lab chemical experimentation has been
substituted by molecular modeling and virtual experimentation
that deploy fundamentals of basic sciences such as, mathemat-

ics, chemistry, physics, and algorithms (Gini, 2016).
Enriching the utility about QSAR methodologies among

the drug search yet development endeavor, especially into

the improvement on the doubtlessly potent fresh chemical enti-
ties then hit/lead together with diverse bioactivity is a captivat-
ing scientific research community. (Garro Martinez et al.,

2015) With the advances in computational sciences, QSAR
technologies are evolving rapidly and gaining potential makes
use of in regulatory science. Food and Drug Administration
(FDA) had invested a lot of efforts to facilitate the develop-

ment of reliable QSAR models in setting up chemical data-
bases using superb and protected experimental statistics
accompanied with the aid of the development of computa-

tional algorithms (Hong et al., 2016).
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Successful application of high throughput screening (HTS)
to molecules’ libraries to find out the new lead for a particular
biological property is one of the core traits in drug discovery.

To set up the correlation of the undertaking of a molecule with
molecular descriptors, QSAR analysis is frequently used which
includes digital molecular filtering and screening based on a

mathematical model. This strategy reduces the cost in the fail-
ure of a drug candidate in superior (clinical) degrees by filter-
ing combinatorial libraries, rejecting these molecules with an

expected toxic effect, and disadvantaged pharmacokinetic pro-
files, thereby decreasing the number of experiments.

Molecular docking (MD) is one of the widely used, well-
established in-silico structure-based drug discovery methods.

Docking describes and/or predicts ligand-target interactions
at the molecular level, set up structure–activity relationships
(SAR) and enable the identification of new lead candidate of

therapeutic interest a priori information on the chemical struc-
ture of other goal modulators. MD techniques are largely used
to discover conformation adopted by means of ligands inside

the binding pocket(s) of the macromolecular targets. MD addi-
tionally evaluates the ligand-receptor binding free power by
way of assessing critical phenomena via a complicated inter-

molecular recognition system (Ferreira et al., 2015).
Hit identification and lead optimization are abundantly

tangled with computational modeling. In drug discovery,
structure-based virtual screening (VS) has been indispensable

for more than a decade with its drastically studied, underlying
computational technique, docking. The parameters for vS may
range with the objective, however the usual protocol is very

straightforward. Principally in vS a library of small molecules
are docked into the binding pocket of a macromolecule (target
receptor, protein, etc.). The system ends up by way of return-

ing various solutions per molecule, ranked in the order of
acceptance for similarly screening and the identification of
the fine possible hit(s) (Kontoyianni, 2017). vS is a time, cost,

resources, and labor saving approach and this has marked vS
as one of the effective computational techniques to display
libraries of small molecules for new hits to be experimentally
examined for desired property/activity. Among the vS

approaches, QSAR analysis is the most powerful method
due to its excessive and speedy throughput and desirable hit
rate. A QSAR model once developed and fully validated for

robustness and productiveness, can be utilized to the reliable
prediction of the biological property of novel compounds.
Although the experimental trying out of computational hits

is now not an inherent section of QSAR methodology, it is
exceptionally preferred and need to be carried out as an ulti-
mate validation of developed models, advisably.

In the present scientific contribution, QSAR primarily based

virtual screening strategy is expected for the rapid and less
expensive development of medicines to deal with SARS-CoV-
2. This tactic is primarily based on discovering the anti-HCoV

SARS 3CLpro attainable of leverage molecules beforehand tes-
tified to have powerful inhibitory recreation for the same. Crit-
ical evaluations of present information onHCoVSARS3CLpro

inhibitors the use of QSAR based vS supported and enriched by
way of MD and MDS procedures have been carried out to per-
ceive novel HCoV-229E inhibitors with preferred properties.

2. Experimental

2.1. Preparation of data sets

To begin, we classified the complete Chembl information set
into two classes, with assays of each the wild kind and mutant

form of the target. As documented with the aid of Chembl, no
in-vitro assay was developed to evaluate Human Coronavirus
229E inhibitory activity towards mutant targets.

After removing structural duplicates, we used the median
EC50 value to create the QSAR models. The log-transformed
EC50 values were used for the QSAR models. All the com-
pounds test in vitro against Human coronavirus 229E were

used in this collection of inhibitor structures from the
ChEMBL database.In the end, 39 compounds representing
37 unique compounds were identified as having been tested

against Human Coronavirus 229E (see Table 1).

2.1.1. Modeling set preparation from ChEMBL data

ChEMBL’s trustworthily determining criteria were used to

prefilter the compounds and data in the database: (1) the con-
fidence score (a quantitative indicator of data quality in
ChEMBL) is greater than 8; (2) expert-based curation; (3) data

source (PubMed); is indicated; (4) EC50 is a parameter of activ-
ity measurement; (5) EC50 is precisely define (there is no ‘‘>”

or ‘‘*” signal before EC50); (6) We have not included the struc-

ture because it is not a multi-component complex or salt.
Therefore, only the compounds tested against the Human
Coronavirus 229E inhibition assay were extracted from
ChEMBL.

2.2. Structure optimization and molecular descriptor calculation

To create the structures, ACD Labs’ chemical sketch program

(www.acdlabs.com) was used. The structures were converted
into 3D structures using Open-Babel 2.4 and then optimized
with MMFF94 force fields.The 3D constructions were opti-

mized using TINKER default settings, and then they were
aligned using Open3DAlign.

2.3. Molecular descriptor pruning

Over 30,000 molecular descriptors have been created by way of
PyDescriptor and PaDEL for each molecule in all sets. This led
to molecular descriptor thinning as it eliminated vain molecu-

lar descriptors. As a way to keep away from multi-collinear
and counterfeit variables in the GAMLR (Genetic
Algorithm–Multi-linear Regression) model, molecular descrip-

tors with excessive co-linearity (|R|greater than0.90) and
tightly constant (greater than95 %) had been excluded the
usage of objective feature selection in QSARINS ver. 2.2.4.

Despite the limited variety of molecular descriptors, the con-
densed pool was once massive adequate to embody the area
of 1D to 3D descriptors (Davies et al., 2015; Masand et al.,

2018; Masand et al., 2017).
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2.4. Splitting the data set into training and external sets and
subjective feature selection (SFS):

A precise way to avoid statistics leakage is to split the data set
into training, prediction, and external/test sets with the appro-

priate composition and parts prior to exhaustive subjective fea-
ture selection (Masand et al., 2017). For bias-free analysis, the
dataset was randomly split up into training (80 % = 30 mole-

cules) and prediction (20 % = 7 molecules) sets. To choose a
set of molecular descriptors, a training set was used alone, and
a prediction/external set was used solely to perform external

validation of the model (Predictive QSAR) (See Fig. 1).
We employed QSARINS-2.2.40s GA-MLR method to pick

out relevant descriptors for subjective feature decision the

usage of Q2
LOO as a fitness parameter. The variety of molecular

descriptors in the model is an essential factor in growing a
profitable QSAR model without excessive over-fitting. Using
breaking point values drawn from R2

tr and Q2
LOO values, a

design (see Fig. 2) was plotted between the wide variety of
molecular descriptors involved in the QSAR model and the

number of molecular descriptors involved in the model. The
breaking point used to be consequently viewed to be the opti-

mal number of the molecular descriptors. According to Fig. 2,
there are four variables that determine the breaking point. As a
result, we excluded QSAR models with more than 4

descriptors.

2.5. QSAR model building and their validation:

The set of information used to be arbitrarily split using ran-
dom splitting in QSARINS into a training set and a prediction
set (80 % training and 20 % prediction, respectively). After
creating the model, the training set was used for external val-

idation, that is, to reveal the model’s potential to predict fresh
chemical entities (Masand et al., 2016; Masand et al., 2015;
Masand et al., 2015; Gramatica, 2020).

With default settings, QSARINS used to be used to create
GA-MLR primarily based QSAR models. In GA, the selected
fitness purpose to maximize used to be Q2, which also covered

the double cross-validation. During the improvement of the

Table 1 showing Experimental end point (experimental pEC50 value in nm), Predicted fitting (Predicted pEC50 value) and Predicted

fit residual value (residual).

sn Status Exp. endpoint Pred. fitting Pred.Fit.Res. Pred. LOO Pred. LOO Res.

1 Training 6.699 6.4234 �0.2756 6.3412 �0.3578

2 Training 6.301 6.4887 0.1877 6.5641 0.2631

3 Training 6.222 5.8991 �0.3229 5.8629 �0.3591

4 Training 5.886 5.6832 �0.2028 5.6284 �0.2576

5 Training 5.824 5.5829 �0.2411 5.5531 �0.2709

6 Prediction 5.745 5.475 �0.27 PRED �0.27

7 Training 5.745 5.8673 0.1223 5.9219 0.1769

8 Prediction 5.745 5.8991 0.1541 PRED 0.1541

9 Training 5.602 5.8991 0.2971 5.9324 0.3304

10 Training 5.284 5.0159 �0.2681 4.9946 �0.2894

11 Training 5.268 5.1013 �0.1667 5.0908 �0.1772

12 Training 5.268 5.1013 �0.1667 5.0908 �0.1772

13 Training 5.268 5.2093 �0.0587 5.2047 �0.0633

14 Training 5.268 5.1013 �0.1667 5.0908 �0.1772

15 Training 5.268 5.6909 0.4229 5.746 0.478

16 Training 5.26 5.1239 �0.1361 5.1067 �0.1533

17 Training 5.102 5.1293 0.0273 5.1346 0.0326

18 Training 5.102 5.1293 0.0273 5.1346 0.0326

19 Training 5.102 5.0213 �0.0807 5.0119 �0.0901

20 Prediction 5.102 5.0866 �0.0154 PRED �0.0154

21 Training 5.102 5.3523 0.2503 5.3728 0.2708

22 Training 5.073 4.9786 �0.0944 4.9689 �0.1041

23 Training 5.051 4.9934 �0.0576 4.985 �0.066

24 Training 5.051 4.765 �0.286 4.7031 �0.3479

25 Prediction 5.051 4.9079 �0.1431 PRED �0.1431

26 Training 5.051 5.2093 0.1583 5.2217 0.1707

27 Training 5.051 4.9786 �0.0724 4.9712 �0.0798

28 Prediction 5.048 4.7402 �0.3078 PRED �0.3078

29 Training 5.025 4.7627 �0.2623 4.6986 �0.3264

30 Prediction 5.025 4.8481 �0.1769 PRED �0.1769

31 Training 4.928 5.3321 0.4041 5.3673 0.4393

32 Training 4.923 5.0415 0.1185 5.0826 0.1596

33 Training 4.609 4.5289 �0.0801 4.5015 �0.1075

34 Training 4.403 4.4822 0.0792 4.5994 0.1964

35 Training 4.357 4.7999 0.4429 4.9401 0.5831

36 Training 4.347 4.5491 0.2021 4.5866 0.2396

37 Training 4.222 4.4209 0.1989 4.4861 0.2641
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model, it was once found that the value of Q2 extended up to 4

variables, but then dropped significantly. To avoid overfitting
and construct simple and informative QSAR models, the
molecular descriptor vary was once confined to a set of 4

descriptors (Fujita and Winkler, 2016; Gramatica, 2014).

Values for molecular descriptors used in QSAR models can

be determined in the extra information for every molecule.
Because one of the OECD guidelines advises methodically val-
idating a QSAR model, all of the fashions had been subjected

to inside and external validation, Y-scrambling, and

Fig. 1 Depiction of 37 dataset molecules used in QSAR study.

Fig. 2 Plot of number of descriptors against Coefficient of Determination R2 and Leave-One out Coefficient of Determination Q2 to

identify the optimum number of descriptors.
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QSARINS model applicability domain (AD) analysis. A GA-
MLR based QSAR model’s statistical agreeable and strength
have been assessed the use of the following criteria: (a) Internal

validation primarily based on leave-one-out (LOO) and leave-
many-out (LMO) system (i.e. cross-validation (CV)); (b) the
usage of External validation; (c) Y-randomization (or Y-

scrambling) and (d) fulfilling of precise threshold value for
the statistical limits (Consonni et al., 2019; Huang and Fan,
2011) : R2

tr � 0.6, Q2
loo � 0.5, Q2

LMO � 0.6, R2 > Q2,

R2
ex � 0.6, RMSEtr < RMSEcv, DK � 0.05, CCC � 0.80,

Q2 -Fn � 0.60, r2m � 0.6, (1-r 2/ro2) < 0.1, 0.9 � ok � 1.1
or (1-r 2/r’o2) < 0.1,0.9 � k’ � 1.1,| ro2 � r’o2| < 0.3 with
RMSE and MAE shut to zero. As a result, any QSAR model

that did no longer meet the above-mentioned criteria was once
eliminated. The formulae for calculating these statistical
parameters are accessible in the supplementary material.

2.6. Molecular docking analysis

The protein data bank provided the pdb file for SARS-CoV

229e 3CLpro (pdb id-2zu2). The pdb 2zu2 was carefully chosen
for its X-ray resolution and sequence completion. For docking
analysis, the optimised protein is suitable (see Fig. 7). The

native ligand (zinc-coordinating and peptidomimetic chemi-
cals) was eliminated before docking study. The binding site
for native ligand has been considered as the active site in the
present work. Consequently, all the compounds were docked

into the active site, where native ligand was bound with
SARS-CoV 229e 3CLpr, the docking pose for the most active
molecule as a representative is presented here for convenience.

The software NRGSuite was utilized to perform the molec-
ular docking study. (Gramatica, 2007) This is a free and open
source software that may be used as a PyMOL plugin. With

the help of FlexAID, it can detect surface holes in a protein
and use them as target binding sites for docking simulations.
It uses a genetic algorithm to operate conformational search,

model ligand and side-chain flexibility, and allows for covalent
docking simulation. To acquire the great performance using
NRGSuite, the flexible–rigid docking method was used with
the following default settings: input method for binding

sites—spherical shape (diameter: 18 Å); spacing of three
dimensional grid—0.375 Å; side chain flexibility-no; ligand
flexibility-yes; ligand pose as reference-no; constraints-no; Het-

ero groups-included water molecules; van der Walls
permeability-0.1; solvent types-no type; number of
chromosomes-1000; number of generations-1000; fitness

model-share; reproduction model-population boom; and num-
ber of top complexes-5 . For validation of molecular docking,
the molecule TG-0204998, a recognized peptidomimetic inhibi-
tor of SARS-CoV 229e 3CLpro, was used to validate the dock-

ing protocol.

2.7. MD simulation analysis

The virtual screening results are used to analyze the Hit Mole-
cule 97 with a docking score of �8.043 kcal/mol and Molecule
4 the usage of the Schrodinger Desmond module in molecular

dynamics and simulation (MD simulation). Using Hit Mole-
cule 97 and Molecule 4 docking complexes, the SPC (Simple
point charge) model used to be employed to bind protein

ligands. The OPLS-2005 pressure subject (Gaudreault et al.,

2015) and explicit solvent model with the SPC water molecules
have been used in this system (Lee et al., 2009). Na + ions had
been introduced to neutralize the charge. 0.15 M, NaCl

options delivered to the machine to simulate the physiological
environment. The NPT ensemble was set up by the use of the
Nose-Hoover chain coupling scheme (Jorgensen et al., 1996)

with temperature 300 K, leisure time of 1.0 ps and pressure
1 bar was once maintained in all the simulations. A time step
of 2 fs used to be used. The Martyna-Tuckerman–Klein chain

coupling scheme barostat technique was used for pressure con-
trol with a leisure time of 2 ps.

Long-range electrostatic interactions were calculated the
use of the particle mesh Ewald technique (Martyna et al.,

1992) with a radius of 9 Å for Coulomb interactions. The
non-bonded forces have been calculated using the RESPA
integrator. To have a look at the balance of the complex in

MD simulations, the root mean square deviation (RMSD),
root mean square fluctuation (RMSF), radius of gyration
(Rg), and protein ligand interactions had been measured.�

2.8. Molecular mechanics generalized Born and surface area

(MMGBSA) calculations

During MD simulations of 2zu2 complexed with dataset com-
pound 4, most active hit molecule 97 and least active hit mole-
cule 70, the binding free energy (Gbind) of docked complexes
was calculated using the premier molecular mechanics general-

ized Born surface area (MM-GBSA) module (Schrodinger
suite, LLC, New York, NY, 2017–4). The binding free energy
was calculated using the OPLS 2005 force field, VSGB solvent

model, and rotamer search methods (Lai et al., 2006). After the
MD run, 10 ns intervals were used to choose the MD trajecto-
ries frames. The total free energy binding was calculated using

Eq. (1):

DGbind ¼ Gcomplex� GproteinþGligandð Þ ð1Þ
Where,
DGbind = binding free energy,

Gcomplex = free energy of the complex,
Gprotein = free energy of the target protein, and
Gligand = free energy of the ligand.

3. Result

In this paper, QSAR and Molecular docking studies were
employed to uncover hidden structural information responsi-

ble for SARS-CoV 229e 3CLpro inhibition. The QSAR model
is created using PyDescriptor, which is simple to understand
and link with biological activity. With the availability of easily

accessible chemical descriptors and interpretation in terms of
structural properties, the four-parameter GA–MLR model
shows strong external prediction ability. Even though the cur-

rent analysis used a straight evaluation of EC50 values of the
molecules in the dataset to describe the influence of a precise
descriptor, it is important to note that the combined or oppo-

site effect of unknown factors or other molecular descriptors
could have a significant impact on the molecule’s EC50 value.
(See Table 1)

The present QSAR analysis is performed using a data set

comprising structurally assorted 37 compounds with experi-
mentally determined EC50 value ranging from 200 to

6 R.D. Jawarkar et al.



60,000 nM. Therefore, it encompasses acceptable as well as
comprehensive chemical space and data range. This will be uti-
lized for the development of properly validated genetic algo-

rithm combined multilinear regression (GA-MLR) model to
assemble or outspread exhaustive evidence about the pharma-
cophoric features that govern desired bio-activity (Descriptive

QSAR) and having adequate external predictive capability
(Predictive QSAR). The four variable based GA-MLR QSAR
model along with the selected internal and external validation

parameters (see supplementary material for additional param-
eters) is as follow:

3.1. QSAR model

To accomplish a better knowledge about structural features
determining the SARS-CoV 229e 3CLpro inhibitory activity,
we have used interpretable molecular descriptors (as structural

features) for model development. The GA-MLR QSAR four
parametric model with its selected internal and external valida-
tion parameters (see supplementary material for additional

parameters), is as follow:
QSAR Model: Training set: 30 (80 %) and Prediction set: 7

(20 %)

pEC50 = 5.343 (±0.516) + 0.567 (±0.562) *
fnotringNsp3C3B + -0.043 (±0.198) * faccH4B + -0.108
(±0.352) * com_lipohyd_3A + -0.208 (±0.555) *
ringC_sp3N_2B

Validation parameters for QSAR model: R2: 0.8425, R2
adj:

0.8183, Q2
loo: 0.7762, R2-Q2

loo: 0.0663, R2-R2
adj: 0.0242, Kxx:

0.2178, Delta K: 0.1545, RMSE tr: 0.2203, RMSE cv: 0.2626,

RMSE ex: 0.2014, Sy: 0.2405, F: 34.7785, Q2-F1: 0.6342,
Q2-F2: 0.6168, Q

2-F3: 0.8683, CCC tr: 0.9145, CCC cv: 0.8776,
CCC ex: 0.8584, r2m av: 0.6534, r2m de: 0.1706, MAE tr:

0.1896 , MAE cv: 0.2272, MAE ex: 0.1779, RSS tr: 1.5043,
PRESS cv: 2.1379, PRESS ex: 0.2434 , R2

LMO: 84.6802, Q
2
LMO:

73.6421, R2
Yscr: 13.6730, Q

2
Yscr: �25.4536

In the present QSARmodeling work, various statistical val-
idation parameters were suggested to justify the internal and
external robustness and have typical meaning (see supplemen-
tary material for detailed descriptions and formulae). The high

value of unlike statistical parameters like R2
tr (coefficient of

determination), R2
adj. (adjusted coefficient of determination),

and R2
cv (Q

2loo) (cross-validated coefficient of determination

for leave-one-out), R2
ex (external coefficient of determination),

Q2�Fn andCCCex (Concordance CorrelationCoefficient) etc.
and low value of LOF (lack-of-fit), RMSEtr (Rootmean square

error), MAEtr (Mean absolute error), R2
Yscr (R2 for Y-

scrambling), etc. alongside different graphs obtained in the
developed QSAR model explain the statistical robustness as
well as excellent internal and external predictive ability with

no chancy correlation. Furthermore, the Williams plot speci-
fies that the model is statistically satisfactory (see Fig. 5). Thus,
the developed QSAR model satisfies all the Organisation for

Economic Co-operation and Development (OECD) suggested
guidelines. (See supplimentary material section 1.3.1 for

explanation and calculation method of various statistical

parameters)

3.2. Discussion

A properly developed and validated QSAR model successfully
established a correlation between a salient pharmacophoric

traits presented by molecular descriptors and their biological
activity, that extend hidden information about mechanistic

features of molecule, specificity of particular substituents and
even presence or absence of various pharmacophoric aspects
critical for SARS-CoV 229e 3CLpro inhibition. Although, in

the developed QSAR model, we have compared the EC50 value
of diverse dataset molecules in correlation and as an effect of
certain molecular descriptor, however a similar or opposite

effect of other molecular descriptors or unknown features hav-
ing a prevailing influence in determining the general EC50

value of a molecule cannot be ignored. Moreover, In other
words, a single molecular descriptor is not sufficiently expert

of fully clarifying the experimental EC50 value for such a
diverse set of molecules. That is, the successful application of
the established QSAR model depend on the simultaneous

usage of constituent molecular descriptors.

3.2.1. Mechanistic interpretation of descriptor

3.2.1.1. FnotringNsp3C3B. The descriptor fnotringNsp3C3B
point out closer to the frequency of prevalence of sp3 hybri-
dized carbon atom precisely at three bonds from non-ring

nitrogen atom. The descriptor fnotringNsp3C3B has nice core-
lationship with the pEC50, therefore increase in the wide vari-
ety of such combination in molecule, and may similarly

enhances the SARS-CoV 229e 3CLpro inhibition.
The calculation of the fnotringNsp3C3B descriptor was dis-

allowed if the same sp3 hybridized carbon atom was once

simultaneously present at one or two bonds from any different
non-ring nitrogen atom. This statement supports, when we
have compared the structures of molecule 1(pEC50 = 6.69,

fnotringNsp3C3B = 3) and 37(pEC50 = 4.22,
fnotringNsp3C3B = 0). If, we amplify the value of the descrip-
tor fnotringNsp3C3B from 1 for the molecule 37 to 3 resulted
into increase in the pEC50 by means of about 2.47 unit (about

20-fold expand in the SARS-CoV 229e 3CLpro inhibition).
Furthermore, the presence of a sp3 hybridized carbon atom
at 3 bonds from a non-ring nitrogen atom performs a neces-

sary role in SARs covid viral inhibition when we consider that

Fig. 3 Display of Descriptor fnotringNsp3C3B exclusively for

the molecule 1 and 37.
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it increases hydrophobicity and offers an electrostatic function
to the molecule 1. Molecular 37, on the different hand, lacks
the same property, which ought to be the reason of the discrep-

ancy in pEC50 of these molecules. (See Fig. 3), Similar obser-
vation is revealed when we have in contrast molecule 2
(pEC50 = 6.30 nm, fnotringNsp3C3B = 3) with molecule 34

(pEC50 = 4.43 nm, fnotringNsp3C3B = 0).

3.2.1.2. FaccH4B. The descriptor faccH4B highlights the fre-

quency of hydrogen atoms precisely at four bonds from the
acceptor atoms. Because the descriptor has a negative correla-
tion with pEC50, adding greater nitrogen atoms at four bonds
from the acceptor atom might also decrease the pEC50 value of

these molecules. If the identical Hydrogen atom is simultane-
ously existing at two to three bonds from any acceptor atom,
then it was once excluded at some stage in the calculation of

faccH4B.
The poor pEC50 for the molecule 33(pEC50 = 4.60) and 37

(pEC50 = 4.22) could be attributed to the frequency of occur-

rence of such hydrogen atoms exactly at 4 bonds from the
acceptor atoms. (faccH4B = 14). This ought to be the possible
reason for the variation in the biological activity of the mole-

cule1 (pEC50 = 6.69, faccH4B = 12), 37(pEC50 = 4.22,
faccH4B = 14) resp (See Fig. 4). If, we limit the value of the
descriptor faccH4B from 14 for the molecule 37 to the 12
resulted into increase in the pEC50 by about 2.47 unit (about

20-fold amplification in the SARS-CoV 229e 3CLpro inhibi-
tion) (see Fig. 5).

Because this descriptor has a negative coefficient in the gen-

erated models, the number of hydrogen atoms close to the 4
bonds acceptor atom is a proper combination to hire for
SARS-CoV 229e 3CLpro lead/drug optimization. Because

hydrogen is the smallest element, it suggests that the bulk in
the vicinity of ring Nitrogen atoms be stored to a minimum.
To enhance SARS-CoV 229e 3CLpro inhibition, steric bulk

close to acceptor atom inside four bonds atoms be decreased
or averted in future changes.

3.2.1.3. Com_lipohyd_3A. This descriptor signify the preva-

lence of hydrophobic atoms inside 3A0 from the center of mass

of the molecule. It has a negative coefficient in the developed
QSAR model; therefore, growing the number of such
hydrophobic atoms may want to end result in the reduced

EC50 value for a molecule for SARs covid virus. The under-
privileged pEC50 values for the molecules 35(pEC50 = 4.35,
com_lipohyd_3A = 4), 36(pEC50 = 4.34, com_lipo-

hyd_3A = 3) and 37(pEC50 = 4.22, com_lipohyd_3A = 3)
may want to be associated with the occurrence of hydrophobic
atoms inside 3A0 from the center of mass of the molecule. This

observation supported, when we have compared another pair
of molecules, 25 (pEC50 = 5.05, com_lipohyd_3A = 3) with
3 (pEC50 = 6.22, com_lipohyd_3A = 1). If, we limit the value
of the descriptor com_lipohyd_3A from 3 for the molecule 25

to 1 will give upward thrust to the 2 expand in the pEC50 via
about 1.17 unit (about eleven fold increase in the SARS-CoV
229e 3CLpro inhibition). Furthermore, in some molecules

namely; 1(pEC50 = 5.10, com_lipohyd_3A = 0), 18
(pEC50 = 5.10, com_lipohyd_3A = 0) and 20
(pEC50 = 5.10, com_lipohyd_3A = 0), lipo-hydrophobic

atom is absent therefore, it is exhibits that there is a require-
ment of only one lipo-hydrophobic atom inside 3A0 from the
center of mass of the molecule. This statement is supported,

when we have in contrast the activity of molecule 1
(pEC50 = 6.69, com_lipohyd_3A = 1) with the molecule
17, 18 and 20.

3.2.1.4. RingC_sp3N_2B. The presence of a sp3 hybridized
nitrogen atom within two bonds from ring carbon atoms is
represented by this description. In the mounted QSAR model,

this descriptor has a negative coefficient; thus, an amplification
in the number of such sp3 hybridized nitrogen atoms should
result in a decrease in the EC50 value for the molecule for

SARS-CoV 229e 3CLpro. The poor EC50 for the molecules
34 (pEC50 = 4.40, ringC_sp3N_2B = 3), 35 (pEC50 = 4.35,
ringC_sp3N_2B=4), 23 (pEC50= 5.05, ringC_sp3N_2B=3),

25 (pEC50 = 5.05, ringC_sp3N_2B = 3) and 26
(pEC50 = 5.051, ringC_sp3N_2B = 1) may additionally
attributed to the high frequency of occurrence of such sp3
hybridized nitrogen atoms. In the existing dataset, there are

around 14 molecules which have 3 to 1 such sp3 hybridized
nitrogen within 2 bonds from the ring carbon atoms. Based
on this analysis, it is rationale to say that, close combination

of such nitrogen atom and ring carbon atom should be eluded
in future to have higher EC50 for SARS-CoV 229e 3CLpro
inhibition. Alongside, molecule 1(pEC50 = 6.69,

ringC_sp3N_2B = 0), 2(pEC50 = 6.3, ringC_sp3N_2B = ),
3(pEC50 = 6.2, ringC_sp3N_2B = 0), 7(pEC50 = 5.74,
ringC_sp3N_2B = 0), 8(pEC50 = 5.74, ringC_sp3N_2B = 0),
and 9(pEC50 = 5.60, ringC_sp3N_2B = 0) show absence of

such Sp3 hybridized nitrogen atoms, that ought to be the pos-
sible cause for the decrease in the activity of these molecules.

The constituent molecular descriptors obtained in the GA–

MLR QSAR model have presented visible and hidden records
about the structure landscapes linked to a various set of mole-
cules investigated for their activity against SARS-CoV 229e

3CLpro inhibition in the current QSAR study. It is essential
to recognize that no single molecular description can totally
explain the supported EC50 distribution for such a numerous

set of molecules. That is, the performance of the built QSAR
model is dependent on the employment of constituent molecu-
lar descriptors at the equal time.

Fig. 4 Presentation of the descriptor faccH4B for the molecules

1 and 37 only.
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3.3. QSAR-Based virtual screening

Supplementary Materials include SMILES notations, calcu-

lated molecular descriptor values, pEC50, and EC50 for a
100-compound in-house library utilized for virtual screening.
We’ve included the five most active and five least active hit

molecules from the in-house library, as predicted through the
created QSAR model, for the sake of convenience. (See Fig. 2)

3.3.1. Docking analysis

SARS-CoV 3CLpro is a dimeric protein with three domains in

each subunit. 3CLpro has a massive loop between -strands C1
and D1, in accordance to structure-based sequence alignment.
SARS-CoV 3CLpro’s C1–D1 loop keeps the P2 facet chain in
the S2 hydrophobic pocket. The C1–D1 loop of SARS-CoV

3CLpro secures the S2 hydrophobic pocket for the P2 side
chain. Gln as the P1 residue, a hydrophobic residue at the

Fig. 5 Different graphs associated with the developed Quantitative Structure � Activity Relationship (QSAR) model: (a) experimental

vs predicted pEC50 and (b) Williams plot to assess applicability domain of model, and (c) Insubria Plot.
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P2 position, and a brief amino acid residue at the P1 position
are all identified by means of 3CLpro with similar substrate

specificity. (see Fig. 6).
To unfold binding mode and interactions, the dataset mole-

cule 4 and a known inhibitor such as TG-0204998 were docked

into the active binding pocket of SARs Cov 229e 3CLpro in this
study.

The substrate binding subsites are chosen as S1, S1, S2, S3,
and S4. with preserved water molecules. The catalytic dyad of

His-Cys is located in the active site in the cleft between

domains I and II, whereas domain III participates in the pro-
tease dimerization. TG-0204998, the unsaturated ethyl ester

occupies the S1site, which is in close proximity to the catalytic
center. Therefore, we have selected native binding site of
known inhibitors, TG-0204998 as an active site in the docking

protocol.
The TG-0204998 is the peptidomimetic inhibitors of SARs

Cov 229e 3CLpro, whose X-ray resolution shape is used to val-
idate the docking protocol. The alignment of SARs Cov 229e

3CLpro with the TG-0204998 and the molecule four is

Fig. 5 (continued)

Fig. 6 Depiction of Molecule 4 orientation within the binding pocket of SARS-CoV 229e 3CLpro (pdb id-2zu2).
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depicted in Fig. 7, which mean that the docking protocol is
agreeable (see Fig. 7). Table 2 divulges the docking scores
for the 5 most active and 5 least active dataset molecules.

In this paper, we have identified a novel class of SARs Cov
229e 3CLpro inhibitor by performing a computer aided drug-
design protocol. Our experiment contain selection of the data-

set containing 37 structurally diverse compounds whose activ-
ity was predicted by using QSAR modelling. Further, the
developed QSAR model was once used to predict the biologi-

cal activity of in-house library undertaking of 100 numerous
compounds. Successively, we have docked all the hundred
compounds into the SARs Cov 229e 3CLpro. On the founda-
tion of docking simulation outcomes (docking score), we have

chosen 5 most active and 5 lease active hit compounds accom-
panied through molecular dynamic simulation and binding
free energy calculations.

Amongst the five most active molecules, molecule 4 (-
8.473 kcal/mol) and molecule 5 (-9.605 kcal/mol) achieved
good docking score but, RMSD value become less for the

molecule 5; therefore. Molecule four is chosen for the docking
analysis. The molecule four with the RMSD value of 1.609 dis-
play better fit into the binding pocket of SARS-CoV 229e

3CLpro. The 2D and 3D interactions of molecule 4 with
SARS-CoV 229e 3CLpro is presented in Figs. 2 and 3 Even
though, some inactive molecule namely, molecule 35 collect a
docking score of �10.147 kcal/mol with the RMSD value of

2.53, that should be attributed to the large size of the molecule
10, as in contrast to molecule 4.

3.3.2. Docking pose analysis of the most active molecule 4

The molecule 4 bind to the active site of SARS-CoV 229e
3CLpro as that of the TG-0204998 in the similar manner.
Chemically, molecule 4 is a (S)-N-benzyl-3-((S)-2-cinnama

mido-3-cyclopropylpropanamido)-2-oxo-4-((S)-2-oxopyrroli
din-3-yl) butanamide. The terminal benzyl substituent
anchored with hydrophobic residue ALA: 1 thru pi-cation

interactions. Likewise, 2-cinnamamido moiety subsequent to
the benzyl moiety structure a hydrogen bond with the nega-
tively charged residue GLU165 through the involvement of a

water molecule, while cinnamamido nitrogen form a hydrogen
bonding contact with polar residue ASN B:14. Here, Glu165 is
a necessary residue for keeping the enzyme in proper confor-

mation. (See Fig. 8)
Further, the cyclopropyl substituent show exposure to the

solvent whilst adjoining carbonyl oxygen bind with water

molecule by hydrogen bonding interactions. Concurrently,
oxygen atom of 2-oxopyrrolidin bind with negatively charged
residue GLU165 through means of hydrogen bonding interac-

tion whereas, terminal 2-oxo oxygen attached with Gly143
residue the usage of hydrogen bond. At the same time, adja-
cent benzamide oxygen anchored hydrogen bond with the
hydrophobic residue Cys144, which form the S2 pocket of

the SARS-CoV 229e 3CLpro. Moreover, pyrrolidine ring form
a close contact with the catalytic polar residue His B: 41 Here,
it show off Pi-alkyl contact with the His B: 41 which signify the

inhibitory impact of SARS-CoV 229e 3CLpro.
The identical observation is indicated by using the descrip-

tor fnotringNsp3C3B, highlight the significance of sp3 hybri-

dized carbon atom exactly at three bonds from non-ring
nitrogen atom. In the molecule 4, cinnamamido nitrogen struc-
ture hydrogen bonding with the polar residue Asn141 while

Sp3 hybridized C1 carbon atom of cyclopropyl flexibly
exposed the molecule 4 to the solvent accessible surface area
of the receptor. Thus, QSAR and molecular docking results
are analogous and are complimentary. Further, the descriptor

faccH4B signify that, the presence of least quantity of hydro-
gen atom precisely at four bonds from acceptor atom in the
ligand molecule is recommended for biological activity. The

much less density of hydrogen atoms in the close proximity
of the acceptor oxygen atom in the molecule 4 leads to the less
steric bulk, which facilitate the desirable binding and align-

ment of molecule into the active pocket. This justify that,
QSAR analysis showed right correlation with the docking
results. Subsequently, the descriptor com_lipohyd_3A mean
the prominence of the lipo-hydrophobic atoms within 3A0

from the center of mass of the molecule. Herein, center of mass
of the molecule 4 is located near cyclopropylamido nitrogen
atom, where no bulky hydrophobic substituent is present

Fig. 7 Display of Superimposed structures of Molecule 4 (Green colored) with Molecule TG-0204988 (Cyan Colored) within the binding

pocket of SARS-CoV 229e 3CLpro (pdb id-2zu2).
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within the vicinity of 3A0; therefore, it flexibly align the mole-
cule four in the S2 pocket of the SARS-CoV 229e 3CLpro.

This implies that, docking outcomes are in good agreement
with QSAR analysis. Finally, the descriptor ringC_sp3N_2B
gives an idea about the prevalence of sp3 hybridized nitrogen

atom within 2 bonds from ring carbon atoms. In this, molecule
four don’t have such kind of combination which may addition-
ally drop the binding affinity against SARS-CoV 229e 3CLpro.

This exhibits that, QSAR analysis correctly identified con-

cealed and hidden structural characteristic decisive for
SARS-CoV 229e 3CLpro inhibition.

3.3.3. Docking pose analysis of the most active hit molecule 97

Table 3 shows the molecular docking scores for the six most
active and six least lively hit molecules. With a docking score

of �8.043 kcal/mol and an RMSD of 1.53257, hit no. molecule
97 emerged as the most active of the 100 hit molecules. It
reveals a 6.089 predicted EC50. Although various hit

Table 2 Portrayal of Structures, Docking Score (kcal/mol) and RMSD values for the five most active and five least active dataset

molecules.

Molecule Structures Docking Score RMSD

1 �7.1447477 2.7707791

2 �7.8803358 1.7312964

3 �7.3945093 2.4114711

4 �8.4731464 1.6090333

5 �9.605979 2.440057

33 �7.4059458 1.5316099

34 �6.7014847 2.1337159

35 �10.147323 2.534488

36 �6.8096747 2.0087693

37 �7.909008 1.5497004
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molecules, such as 19, 6, 39, 91, and 38, exhibited robust pre-
dictive activity, but they did now not have top binding charac-

teristics, consequently hit molecule 97 was chosen as the most
outstanding hit for the analysis.

Chemically, hit molecule 97 is (S)-3-(2-((2-(sec-

butylamino)-2-oxoethyl) thio)-4-oxoquinazolin-3(4H)-yl)-N-(
3, 4-dimethoxyphenethyl) propenamide). To verify the binding
mode of hit molecule 97, we have docked it into the SARS-

CoV 3CLpro. The docking pose analysis exhibits that, hit
molecule ninety-seven bind with the SARS-CoV 3CLpro via
hydrogen bonding and hydrophobic contacts with the involve-
ment of water molecules. The drug receptor interaction give

rise to the docking score of �8.043 with the RMSD of 1.53.
This results support that, the molecule 97 have very good fit-
ting and affinity for SARS-CoV 3CLpro. (See Figs. 9, 10

and 11)
In the molecule 97, the 2-oxo-ethylthio oxygen form a

hydrogen bonding interaction with the key amino acid residue

His B: 41, which form a catalytic dyad of SARS-CoV 3CLpro
and an important amino acid residue in the S1 pocket (See
Fig. 10). Further, the terminal side chain substituent di meth-

oxy substituted phenyl ring structure a pi-cation contact with
the hydrophobic residue Ala: 1 of S2 hydrophobic pocket.
Next, 4-oxoquinazolin oxygen atom bind with Thr B: 7 residue
through hydrogen bonding interaction with the involvement of

water molecule. Moreover, propanamide oxygen in amide
linkage joining quinazoline and dimethoxy phenyl ring, form
a contact of hydrogen bond with the negatively charged Glu

B:165 residue, while amide nitrogen anchored a hydrogen
bond with the Asn B:141 residue. Here, binding of hit molecule
97 into the respective S1 and S2 binding pocket of SARS-CoV

3CLpro give an explanation for its binding specificity. Our
docking evaluation outcomes provide a structural basis for

the optimization of the Hit molecule 97 and development of
potential candidate for the antiviral therapies.

3.4. Molecular dynamic simulation based analysis for the

molecule 4 and hit molecule 97

Root mean square deviation (RMSD) of the C-a backbone of
229e with ligand coupled complex confirmed a fairly stable
structure, with a fluctuation of 80 Å denoted as a pink colored

line. However, the ligand Hit Molecule 97, RMSD was once at
first slightly distorted until 40 ns, after which it grew to be
steady from 70 ns to 100 ns with no in addition variations.
The RMSD of the C-a spine of HcoV 229e with ligand bound

complex, on the other hand, confirmed a relatively stable struc-
ture with a fluctuation of 80, as proven by the green colored
line. However, the ligand Molecule 4, RMSD exhibited minor

distortions until 50 ns, after which it became stable from 60 ns
to a hundred ns, with no similar fluctuations. (See Fig. 12)

On the other hand, root mean square fluctuations of respec-

tive amino acids of C-a spine of 2 displayed least fluctuations
signifying the stable protein structure (Fig. 13).

Ligand-protein interactions might also be tracked for the

duration of the simulation. There are 4 sorts of interactions:
additive, multiplicative, functions, and symmetric. Hydrogen
bonds, hydrophobic, ionic, and water bridges are classifica-
tions of protein–ligand interactions. Ligand interaction of

Hit Molecule 97 with the binding site residues of 229e and
molecule 4 with the binding site residues of Hcov_229e; dis-
played the formation of non-bonded interactions such as

hydrophobic interaction as shown in Fig. 14(A) & (B).
The radius of gyration (Rg) is the indicator of the size and

compactness of the protein in the ligand-bound state displayed

in Fig. 12. We have observed the Rg plot of Ca-backbone of

Fig. 8 Presentation of 2D interaction of molecule 4 with SARS-CoV 3CLpro (pdb id-2zu2).
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Table 3 Presentation of Structures, Docking Score (kcal/mol), RMSD and PEC50 values for the five most active and five least active

Hits obtained in QSAR Modeling Based Virtual Screening.

sn Molecule Structure Docking score RMSD PEC50 status

1 19 �6.960 1.368 6.872 Most active

2 6 �7.126 2.978 6.743 Most active

3 39 �7.126 1.598 6.678 Most active

4 91 �6.728 2.3425 6.175 Most active

5 97 �8.043 1.53257 6.089 Most active

6 38 �7.335 1.666 6.025 Most active

7 4 �6.627 2.1068397 3.937 Least active

8 9 �7.485 1.298 3.921 Least active

9 59 �6.756 1.814 3.743 Least active

10 98 �6.948 0.9944 3.657 Least active
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229e- Hit Molecule 97 (red) and Hcov_229e-complex molecule
4(black) bound protein complex in Fig. 12 having significant
compactness well after the last 40 ns with an average of

25.8 Å deviation indicating the significant convergence. We
observed less Rg score in complex molecule 4 bound 229e com-
plex with 25.6 Å throughout the simulation (Figure S1, black,
See Supplimentary material). But we observed the high lower-

ing of Rg in Hcov_229e- Hit Molecule 97 bound complex (Fig-
ure S1, red, see Supplimentary material), which signify less
compactness and lesser stability comparatively.

We have also recorded the average hydrogen bonds formed
between complexes Hcov_229e- Hit Molecule 97 (red) & 229e-
complex molecule 4(black), during the 100 ns simulation in

(Figure S2, see Supplimentary material). The average hydrogen
bond formed for complex Hcov_229e- Hit Molecule 97 (red) is
1 and for complex 229e-complex molecule 4(black) is 2.

A chronology of the interactions and contacts that were

listed on the preceding page. The (Figure S3, See Supplimen-

tary material) displays the total number of distinct interactions
the protein makes with the ligand during the journey. Ligand-

Table 3 (continued)

sn Molecule Structure Docking score RMSD PEC50 status

11 94 �7.533 1.638 3.635 Least active

12 70 �7.042 2.106 3.592 Least active

Fig. 9 Presentation of 2D interaction of Hit molecule 97 with SARS-CoV 3CLpro (pdb id-2zu2).

QSAR based virtual screening derived identification of a novel hit as a SARS CoV-229E 3CLpro 15



Fig. 10 Depiction of Hit Molecule 97 orientation within the binding pocket of SARS-CoV 229e 3CLpro (pdb id-2zu2).

Fig. 11 Display of Superimposed structures of Hit Molecule 97 (Green colored) with Molecule TG-0204988 (cyan Colored) within the

binding pocket of SARS-CoV 229e 3CLpro (pdb id-2zu2).

Fig. 12 Root mean square deviation (RMSD) of C-a backbone

of 229e (red) with Hit Molecule 97and Hcov_229e(green) with

ligand compound 4 for 100 ns simulation exhibiting a stable

configuration of 229e-hit6 & Hcov_229e-compound4.

Fig. 13 Root mean square fluctuation of C-a backbone of 229e

(red) & Hcov_229e (green) at its respective amino acid residues for

100 ns simulation exhibiting a stable configuration.
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interacting residues are shown on the bottom panel in Fig-

ure S4 in Supplimentary material. Some residues make several
specific contacts with the ligand, which is shown by a deeper

shade of orange on the y-axis.The range of distribution of dis-
tinct forms of the molecule is determined by the RMSD of a
ligand to the reference conformation. Calculate the radius of
gyration using the ligand’s ‘‘extendedness,” which is equal to

the ligand’s moment of inertia. In a ligand molecule, the num-
ber of intramolecular hydrogen bonds (intramolecular HB).

Use a probe radius of 1.4 to estimate the molecular surface

area. This is the van der Waals area. Use the formula with the
oxygen and nitrogen atoms acting as the entire composition to
get the PSA. Figure S5 (See Supplimentary material) highlights

the ligand characteristics such as RMSD, radius of gyration
(rGyr), intramolecular hydrogen bond, molecular surface area

(MolSA), solvent accessible surface area (SASA), and polar
surface area (PSA). Both the ligands possess an intramolecular
hydrogen bond.

A detailed molecular structure drawing that depicts the
ligand molecules’ molecular structure as well as specific amino
acid residue interactions with protein residues. Interactions
that occur 12.0 % or more of the simulation time are reported

if the simulation lasts from 0.00 to 100.00 nsec. Some residuals
are capable of interacting with the same ligand atom via a vari-
ety of interactions. From the Fig. 15(A) it can be concluded

that Glu165 is charge negatively; Ile164, Pro188, Leu190 are
having hydrophobic interactions; while Thr25, His41, Asn46,
Thr47, Ser49, Asn189, Gln191 are showing polar interactions

with the ligand Hit Molecule 97. While from the Fig. 15 (B)

it can be concluded that Pro188 is showing hydrophobic

Fig. 14 The types of bonds and the amino acid residues that participated during 100 ns of simulation; (A)229e- Hit Molecule 97, (B)

Hcov_229e-complex molecule 4.
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interactions; Asp186 is negatively charged; Gly142 is showing

a hydrophilic interaction; while His41, Thr47, Asn141, Gln163
are having a polar interaction with the ligand complex mole-
cule 4. (see Figs. 16 and 17 for 2D and 3D depiction of hit

molecule 97 and molecule 4)

3.5. Molecular mechanics generalized Born and surface area
(MMGBSA) calculations

MMGBSA is a popular method in calculating the binding
energy of ligand to protein molecules. The estimation of the
binding free energy of each of the protein–ligand complexes,

as well as the role of other non-bonded interactions energies
were estimated. The average binding energy of the ligands
dataset compound 4 (229e-complex4), most active hit molecule

97 (229e-hit6) and least active hit molecule 70 with SARS
CoV-229E 3CLpro were found to be –32.2 ± 7.6, �53.81 ± 6
.7 and �7.2 ± 3.4, respectively (Table 4). The DGbind is influ-

enced by of various types of non-bonded interactions, includ-

ing DGbind Coulomb, DGbindCovalent, DGbindHbond,
DGbindLipo, DGbindSolvGB and DGbindvdW interactions.
Among all the types of interactions DGbindvdW, DGbindLipo

and DGbindCoulomb energies contributed most to achieve the
average binding energy. In contrast, DGbindSolvGB and
DGbind covalent energies contributed the lowest to attain
the final average binding energies (see Fig. 18).

3.5.1. Results presented in Mean ± SD

In addition, the values of DGbindHbond interaction of hit

molecule 97, dataset compound 4 and 70-inactive protein com-
plexes showed the stable hydrogen bonds with the amino acid
residues. In all the complexes DGbindSolvGB and
DGbindCovalent showed unfavorable energy contributions

and thus opposed binding. It is observed from Fig. 18, at
pre-simulation (0 ns) dataset compound 4, most active hit
molecule 97 and least active hit molecule 70 at the binding

Fig. 15 2D interaction plots showing ligand interactions of 229e with (A) Hit Molecule 97 & (B) complex molecule 4 with the binding

cavity residues of SARS-CoV 3CLpro.
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pocket of SARS CoV-229E 3CLpro undergone substantial
angular movement of the pose (curved to straight) after post

simulation (100 ns). These conformational changes conse-
quences the better acquisition at the binding pocket as well
as the interaction with the residues for higher stability and bet-

ter binding energy.
Thus MM-GBSA calculations resulted, from MD simula-

tion trajectories well corroborated with the binding energies
calculated from the docking results. Therefore, it can be sug-

gested that the dataset compound 4, most active hit molecule
97 has good affinity for the major target SARS CoV-229E
3CLpro. However, least active hit molecule 70 displayed least

Fig. 16 Presentation of 3D and 2D interaction of Hit Molecule 97 in complex with SARS-CoV 3CLpro.

Fig. 17 Presentation of 3D and 2D interaction of Molecule 4 in complex with SARS-CoV 3CLpro.

Table 4 MMGBSA binding energy contribution by non

bonded interactions by 229e-complex4, 229e-hit6 and 70-

inactive molecules with the target protein.

Energies

(kcal/mol)

229e-

complex4

229e-hit97 70-inactive

DGbind –32.2 ± 7.6 �53.81 ± 6.7 �7.2 ± 3.4

DGbindLipo �13.8 ± 2.9 �19.5 ± 2.4 �5.6 ± 1.1

DGbindvdW �38.1 ± 7.7 �52.2 ± 7.2 �4.8 ± 6.0

DGbindCoulomb �8.1 ± 7.9 �14.0 ± 9.1 �2.8 ± 0.9

DGbindHbond �0.14 ± 0.2 �0.95 ± 0.1 �0.49 ± 0.3

DGbindSolvGB 23.6 ± 9.1 30.6 ± 5.4 2.2 ± 0.7

DGbindCovalent 4.9 ± 2.3 2.8 ± 1.9 3.1 ± 3.5
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Fig. 18 MMGBSA trajectory (0 ns, before simulation and 100 ns, after simulation) exhibited conformational changes of dataset

compound 4(a), most active hit molecule 97(b) and least active hit molecule 70 upon binding with the protein SARS CoV-229E 3CLpro.

The arrows indicating the overall positional variation (movement and pose) of dataset compound 4, most active hit molecule 97 and least

active hit molecule 70 at the binding site cavity.

20 R.D. Jawarkar et al.



binding energy with SARS CoV-229E 3CLpro. The
MMGBSA trajectories displayed the conformational changes
in the dataset compound 4, most active hit molecule 97 and

least active hit molecule 70 to achieve the best fitting in the
binding cavity of the protein.

4. Conclusion

Throughout of this paper, QSAR modelling, QSAR-based vir-
tual screening, molecular docking, and MD simulation reality

findings are used to uncover the new molecule as a SARS-CoV
229e 3CLpro inhibitor. Expending four descriptors, a GA-
MLR based QSAR model is invented to understand the essen-

tial pharmacophoric prospect accountable for the SARS-CoV
3CLpro inhibition. Ensuing OECD directions, the QSAR
model was once appraise for both internal and external valida-

tion measures. Pharmacophoric characters counting fno-
tringNsp3C3B, faccH4B, com_lipohyd_3A, and
ringC_sp3N_2B seems as prominent aspects that deliver
SARS-CoV 3CLpro inhibition, concurrent to the cutting-

edge investigation. Internal and external validation specifica-
tion in the derived model have a high value. In addition,
QSAR-based virtual screening yielded a compound with a

lower PEC50 value of 5.88 nm and a higher PEC50 value of
6.08. Furthermore, molecular docking investigation of mole-
cule 4 into the SARS-CoV 3CLpro proclaim the key pharma-

cophoric moieties implicated in the binding interactions that
are accountable for the inhibitory potential. The MD simula-
tion and Molecular Docking evaluation divulge the imperative
pharmacophoric centers like benzene ring, phenyl ring, amide

oxygen and nitrogen etc. plays vital position in executing
hydrogen bonding and hydrophobic interactions with the key
amino acide residues namely; Ile164, Pro188, Leu190, Thr25,

His41, Asn46, Thr47, Ser49, Asn189, Gln191, His41, Thr47,
Asn141. In order to produce effective and selective SARS-
CoV 3CLpro inhibitors, QSAR and molecular docking yielded

a consensus as well as complimentary pharmacophoric fea-
tures, which should be kept in the future. Finally, the extraor-
dinary high docking score of hit molecule 97 with SARS-CoV

3CLpro explains the higher affinity and opens up new domain
for a novel SARS-CoV 3CLpro inhibitor drug.
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Appendix A. Supplementary material

� See supplimentary material section 1.3.1 for explanation

and calculation method of various statistical parameters.

� Section 1.3.3 Figure S1, S2, S3, S4, S5.

� Excel file contains smiles for dataset compound along with
EC50 & PEC50,Calculated descriptors for dataset molecule
and Smiles notation for 100 in house library of compounds

used in QSAR based Virtual Screening and their Predicted
pEC50 values.

Supplementary data to this article can be found online at
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Identification of potential edible 
mushroom as SARS‑CoV‑2 main 
protease inhibitor using rational 
drug designing approach
Debanjan Sen1, Bimal Debnath2, Pradip Debnath3, Sudhan Debnath4*, Magdi E. A. Zaki5* & 
Vijay H. Masand6

Severe Acute Respiratory Syndrome Coronavirus‑2 (SARS‑CoV‑2) is highly pathogenic to humans 
and has created health care threats worldwide. This urgent situation has focused the researchers 
worldwide towards the development of novel vaccine or small molecule therapeutics for SARS‑CoV‑2. 
Although several vaccines have already been discovered and are in use for the masses, no therapeutic 
medication has yet been approved by FDA for the treatment of COVID‑19. Keeping this in view, in 
the present study, we have identified promising hits against the main protease  (Mpro) of SARS‑CoV‑2 
from edible mushrooms. Structure‑based virtual screening (VS) of 2433 compounds derived from 
mushrooms was performed with  Mpro protein (6LU7). Four promising hits, namely, Kynapcin‑12 
(M_78), Kynapcin‑28 (M_82), Kynapcin‑24 (M_83), and Neonambiterphenyls‑A (M_366) were identified 
based on the result of docking, Lipinski’s rule, 100 ns molecular dynamics (MD) simulation and MM/
PBSA binding free energy calculations. Finally, the inhibitory properties of these hits were compared 
with three known inhibitors, baicalein (1), baicalin (2), and biflavonoid (3). Data indicated that 
M_78, M_82 and M_83 compounds present in edible mushroom Polyozellus multiplex were potent 
inhibitors of  Mproprotein (6LU7). It could be concluded that edible mushroom Polyozellus multiplex has 
potential activity against SARS‑CoV‑2 infection and identified molecules could be further explored as 
therapeutic inhibitors against SARS‑CoV‑2.

Pandemic COVID-19 caused by SARS-CoV-2 virus has posed serious challenges to the research community, 
health workers, and government officials worldwide. Due to the rapid human-to-human contagious nature of 
SARS-CoV-2, the disease adversely affected 241.2537 million people, with 4.9116 million fatalities in 223 coun-
tries and territories around the world (report as of 17th October 2021; https:// www. world omete rs. info/ coron 
avirus/). The disease drastically hit the economic growth worldwide and pushed millions of people towards 
unemployment. The SARS-CoV-2 was initially detected at the end of December 2019, in Wuhan City, character-
ized by an atypical pneumonia  outbreak1–3. The World Health Organization (WHO) declared COVID-19 as a 
global public health emergency of international concern and in March 2020, it was declared as a pandemic. Under 
this emergency, scientists all over the world have been working for the development of novel vaccines and drug 
molecules to prevent and treat the COVID-19 disease. Recently, several manufacturers such as Pfizer Biotech, 
AstraZeneca University of Oxford, Serum Institute of India Pvt. Ltd, Moderna Biotech, Sinopharm / BIBP have 
launched vaccines in the market to combat COVID-19. Unfortunately, no therapeutic medication has yet been 
approved by FDA for the treatment of this disease.

The human coronaviruses genome has several conserved structural proteins such as Spike (S) glycoprotein, 
envelope (E) protein, membrane (M) protein, and nucleocapsid (N) protein. It has at least four non-structural 
proteins (nsPs) such as- 3-chymotrypsin-like protease  (3CLpro) also known as Main protease  (Mpro), papain-like 
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protease  (PLpro), helicase, and RNA-dependent RNA polymerase (RdRp)4. Protein sequence alignment analyses 
of SARS-CoV-2 indicated that catalytic sites of the four SARS-CoV-2 enzymes which could serve as antiviral 
targets are highly conserved and show a total of 79.9% genomic similarity with SARS-CoV5. This attribute could 
be utilized to understand and inhibit the replication cycle of SARS-CoV-2. The non-structural proteins (nsPs), 
 3CLpro and  PLpro, which are two important proteases, play a crucial role in the viral replication process through 
the extensive proteolysis of two replicase polyproteins, pp1a and pp1ab into 16 non-structural proteins (nsP1-
nsP16)6. These nsPs are assembled and form the replication-transcription complex which regulates various 
functions of virus replication viz. replication of the viral genome, sub-genomic RNA processing, and packaging 
of the new  virion7. Interrupting any replication process would become a potential molecular target to develop 
therapeutics against coronavirus.

The urgent need for drugs to treat COVID-19 has led scientists to focus on protease inhibitors as potential 
drugs for the treatment of COVID-19 patients. In this regard,  Mpro has been found to be highly sensitive, there-
fore, it has been considered as a key therapeutic target for the development of a drug against  coronavirus8,9. As 
a treatment strategy against COVID-19, a combination of anti-HIV protease drugs, lopinavir and ritonavir, 
was currently employed to treat the COVID-19 patients with mild and moderate  infections10,11. However, the 
patients’ outcome treated with this combination suggested that the curative effect of these drugs is minimal with 
potentially toxic side effects that might be harmful to the  patients12. Some other repurposed drugs are also cur-
rently used, taking the advantage of drug safety, to treat the COVID-19 patients as a short-term and non-specific 
 solution13–16. Identifying bioactive compounds from the natural sources, which could inhibit SARS-CoV-2 main 
protease, has been considered as an alternative approach to combat COVID-19. In silico techniques provide 
promising preliminary evidence for drug discovery in a shorter span of period. Recently, several researchers 
have focused on identifying potential biomolecules active against SARS-CoV-2 from natural sources by implica-
tion of in silico drugs designing  approach17–21. This is because phytochemicals have been used as a good source 
of antiviral drugs in folk medicine to treat viral infections. Moreover, drug molecules identified from natural 
resources, especially plants have minimal side effects associated with them. Therefore, the development of more 
targeted inhibitors from natural sources could be an efficient therapeutic strategy to combat COVID-19.

Mushrooms are rich in low-calorie fibre, protein, health-boosting vitamins, and minerals. It is used as food 
due to its great taste and amazing health benefits worldwide. Mushrooms raised with exposure to ultraviolet 
light are a good source of Vitamin  D22. There is a common belief that supplementation of mushrooms in dietary 
meals reduces the health care expenditure and remove the fear of the influenza  outbreak23. Recent pharmaco-
logical studies indicated that mushrooms are an exceptional source of several bioactive molecules, possessing 
 antiviral24,25, anti-inflammatory26,27, antioxidants, antifungal, anticancer, antibacterial, and inhibition of plate-
let aggregation  activities28. Mushrooms exhibited strong anti-viral properties when used against influenza-A 
 virus29–31, Dengue virus serotype  232, HIV-1, HIV-233,34, type-2 herpes simplex  viruses35, pandemic H1N1 and 
human  H3N236. Many patients have continually suffered from inflammatory complications due to cytokine 
storms because of the elevated levels of ILs, IFN-γ, tumour necrosis factor α (TNF-α), interferon gamma-induced 
protein (IP10), and granulocyte colony-stimulating factor (GCSF)37. The major life-threatening event associated 
with the COVID-19 infection is cytokine  storm37. More importantly, studies have shown that several edible 
mushrooms boost up immune responses by stimulating the immune effect or cells like cytotoxic T lymphocytes 
(TCL), T-cells, dendritic cells (DCs), natural killer cells, and macrophages, which further induced the expres-
sion and secretion of cytokines including interleukins (ILs) and interferon-gamma (INF-γ)38,39. These exciting 
medicinal properties of mushrooms have led us to investigate their therapeutic potential against the COVID-
1940. The main aim of the present study was to identify potential edible mushrooms with compounds having a 
high binding affinity towards SARS-CoV-2  Mpro. Recently, Rangsinth et al. have carried out an in-silico study of 
mushroom compounds against the main protease of SARS-CoV-241. However, they have investigated only 36 
compounds that have been reported to possess anti-HIV protease properties. In our present study, we carried 
out a detailed investigation of 2433 mushroom compounds for their potential as SARS-CoV-2 main protease 
inhibitors using VS, MD simulation, Lipinski’s rule, MM/PBSA binding free energy calculation, and comparison 
with known inhibitors. We observed that several phenolic compounds of mushrooms exhibited strong binding 
affinity with the main protease of SARS-CoV-2. Based on the results obtained, we believe that further in-vitro 
and in vivo studies of the reported compounds may provide more scientific information about the inhibitory 
properties of these mushrooms.

Materials and methods
Data collection and preparation target protein. In the present study, a databank of 2433 compounds 
was retrieved from different mushrooms available in the  literature42–47 and mushroom compounds from the 
food databank (https:// foodb. ca/). Structures of all compounds retrieved from the literature were drawn using 
ChemDraw Professional 15.1 and saved in the sdf format. After importing all the ligand files in the Maestro 
version 12.3 used under academic license, a single file was prepared. Then the prepared single-file was imported 
into the PyRx software tool. The UFF force  field48 was used to convert all the ligands in the pdbqt format, fol-
lowed by energy minimization. The X-ray crystal structure of SARS-CoV-2  Mpro (PDB ID: 6LU7, resolution: 
2.16 Å) was downloaded from the RCSB protein databank (http:// www. rcsb. org/)49,50. The previously prepared 
protein pdbqt file of  Mpro17 was used for the docking purpose in both AutoDock Vina (ADV) in PyRx and Auto-
Dock 4.2 (AD), both are open-source software. The top fourteen hits resulted from virtual screening were again 
re-docked using AutoDock 4.251 software considering identical grid parameters.

Receptor grid generation, RMSD calculation, virtual screening, and molecular docking. The 
AutoDock Vina integrated with PyRx  software52–54 was used to perform the virtual screening installed in a 

https://foodb.ca/
http://www.rcsb.org/


3

Vol.:(0123456789)

Scientific Reports |         (2022) 12:1503  | https://doi.org/10.1038/s41598-022-05349-x

www.nature.com/scientificreports/

Windows 10 Operating System supported by Intel i5 8600 K processor with 8 GB RAM. The grid dimension of 
the main protease was fixed by selecting active site amino acid residue information (HIS-41, MET-49, PHE-140, 
LEU-141, GLY-143, CYS-145, HIS-163, GLU-166, GLN-189). The grid centre coordinate of  Mpro were –10.88, 
13.93, 68.21 along the X, Y and Z axis, respectively and grid size were 58, 68, 70 along X, Y and Z axis, respec-
tively with grid spacing 0.375. The energy range was set at 4 and exhaustiveness was set at 8.0. For docking with 
protonated target, protonation was done by using H +  + server version 3.2 (http:// bioph ysics. cs. vt. edu/H + +)55 at 
pH = 6.5, internal dielectric = 10.0, external dielectric = 80.0 and salinity 0.15. The docking score of coligand (N3) 
was considered as the standard reference. Validation of the docking protocol is a crucial step before performing 
docking-based virtual screening. The docking protocol was validated by measuring the root mean square devia-
tion (RMSD) using PyMOL 2.5. The compounds and co-ligand was prepared using the default parameters of 
PyRx. For calculation of RMSD, each docking poses of N3 generated during the docking program were superim-
posed on the native conformation of N3, using the “pair_fit” command in PyMOL software (http:// www. pymol. 
org). The output compound and protein in pdbqt format were imported in PyMOL 2.5 for visual inspection of 
binding poses, followed by the export of the protein–ligand complex in PDB. The protein–ligand complexes 
imported in ProteinsPlus server (https:// prote ins. plus)56,57 and their 2D interactions were analyzed.

Drug‑likeness properties prediction. Nearly 40% of the identified candidate drugs fail in the clinical 
trials due to the poor ADME  properties58. Therefore, prediction of the five physicochemical parameters such as 
molecular weight, number of H-bond acceptors, number of H-bond donors, molar refractivity, n-octanol/water 
partition coefficient, i.e., Lipinski’s rule of  five59 of the selected hits was performed using publicly available online 
server SwissADME (http:// www. swiss adme. ch)60.

Molecular dynamic simulation protocol. All-atom molecular dynamics simulation (MDS) of the 
selected hits was conducted by Gromacs 2018.161 software supported by NVIDIA RTX 2070 GPU and Intel i7 
990 k processor running over Linuxmint 19.3 Operating System (OS). The pdb2gmx program of the Gromacs 
2018.1 package with  Charmm3662 force field was used to prepare the protein topology. Topology for each ligand 
was obtained from the  SwissParamTool63, an online server-based parameterization program. After rejoining the 
protein and ligand topology, each system was solvated using  TIP3P64 water model into a (10Åx10Åx10Å) cubic 
box. Adequate numbers of  Na+ and  Cl‒ ions (0.15 M) were added to neutralize each solvated protein–ligand sys-
tem. The steepest descent  algorithm65 was used to minimize each system with a maximum of 50,000 steps, and 
the force was set to less than10.0 kjole/mol. In the two-stage equilibration step, the 1st step is the NVT ensemble 
step in which the volume, temperature, and number of particles were kept constant and maintained for 2 ns. 
The 2nd step is the NPT ensemble step which has constant pressure along with equilibration of temperature and 
numbers of particles for 10 ns. For each equilibration step, 100 ns positional restraint of  Cα atoms were applied. 
Free movement of the solvent molecules was allowed to maintain the solvent equilibrium. The linear constraint 
solver  algorithm66 was used to constrain the covalent bonds of the system. The particle mesh Eshwald (PME)67 
method was applied for long-range electrostatic interaction setting cutoff of 1.2  nm and Fourier spacing of 
1.2 nm. The V-rescale weak coupling  method68 was used to regulate the temperature (310.15 K) of the system. 
The Parrinello–Rahman  method69 was used to regulate 1 atm pressure, density, and total energy of the system. 
Each equilibrated system with acceptable geometry and solvent orientation was subjected to100 ns production 
run without setting any restraint followed by a 2 fs time step. The structural coordinates were recorded in every 
2 ps interval. After the successful completion of the MDS, water and ions were stripped out, followed by PBC 
correction to refine the trajectories. From the refined trajectories, various parameters like root mean square 
deviation (RMSD)70, root mean square fluctuation (RMSF)71, the radius of gyration (Rg)72, and solvent accessible 
surface area (SASA)73 that occurred in between ligand and protein were calculated considering co-crystal coor-
dinates as a reference structure. The VMD1.974 program was used to visualize the trajectory and render images. 
Grace 5.1.25 software (https:// plasma- gate. weizm ann. ac. il/ Grace) was used as a plotting program. The stability 
of MD complexes was also evaluated using the centre of mass (CoM) distance.

Molecular mechanics Poisson‑Boltzmann surface area (MM/PBSA) calculation protocol. The 
ligand–protein binding interaction was quantitatively estimated by a widely acceptable Molecular Mechanics 
Poisson-Boltzmann Surface Area (MM/PBSA)  approach75. The g_mmpbsa script  program76, a high throughput 
MM/PBSA calculation tool in Gromacs software, was used to perform MM/PBSA based binding free energy 
(∆Gbind) calculation [https:// rashm ikuma ri. github. io/g_ mmpbsa/ Tutor ial. html]. The g_mmpbsa script pro-
gram, along with the APBS 1.4  program77 was used to calculate the above terms. To perform the calculations 
mentioned above, snapshots of the last 10 ns frames were extracted from the total trajectory using the gmax-
trjconv command. The total 100 ns trajectory frames were supplied as an input for the g_mmpbsa program to 
calculate the binding energy.

Results and discussion
Molecular docking and Lipinski’s rule analysis. The  Mpro binding site interactions were assigned 
by importing the protein–ligand crystal structure in the ProteinsPlus server. The detailed active site interact-
ing amino acid residues included LEU-4, GLY-143, HIS-163, GLU-166, and GLN-189. Therefore, a receptor 
grid box was prepared by selecting these active site amino acid residues. The RMSD value between the co-
ligand and docking pose of the same was 1.47Å17. This value was less than 2.0 Å; therefore, the validation of the 
docking protocol was regarded to be successful. This indicates that there is little visible difference between the 
docked pose of colignd to the original crystallographic bound ligand pose. In the first step, databases containing 
2433 numbers of compounds derived from mushrooms were docked with a ligand-free  Mpro active site using 
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AutoDock Vina in PyRx. Amongst the top-scored hits extracted from the docking, fourteen hits with docking 
scores ≤ − 7.0 kcal/mol were subjected to AD to eliminate the false positives. Lower the value of docking score 
(i.e. higher negative value) of a ligand indicates a higher binding affinity towards the target protein. Out of eight 
docked conformations generated during the docking with ADV of each ligand, their highest binding energy 
conformation was selected for 2D visualization of interactions (Fig. S1). In the crystal structure of SARS-CoV-2 
 Mpro (PDB ID: 6LU7), the co-ligand (N3) of SARS-CoV-2  Mpro was covalently bonded with CYS-145. This co-
ligand was isolated from the protein–ligand crystal structure and re-docked into the active site of  Mpro. The dock-
ing score of co-ligand was − 7.2 kcal/mol and this value was used as a control value to reduce the chemical space 
after docking. The hits with the docking score of ≤ − 7.2 were selected as SARS-CoV-2  Mpro inhibitors, source 
mushroom of the selected hits and trivial name of the hits have been summarized in Table 1. The docking score 
predicted by the ADV of top ten hits ≤ − 8.0, are M_78, M_82, M_83, M_88, M_111, M_112, M_201, M_366, 
M_421 and M_505. The structural insights into the binding interaction of these hits with SARS-COV-2  Mpro 
were analyzed using ProteinsPlus are shown in Fig. S1. Zhang et al. showed that α-ketoamide inhibitor bound 
with the active site of  Mpro, involving, HIS-41, HIS-164 and CYS-145 amino acid  residues78. Yoshino et al. also 
performed long-time molecular dynamics (MD) simulation of  Mpro with three drug-like peptide candidates and 
identified the crucial active site amino acid residues HIS-41, GLY-143, and GLU-166 involved in the inhibition 
of  Mpro79. Along with docking score, interaction with crucial amino acid residues may be other important criteria 
in the selection of potential inhibitors. The ADV docking score of ten hits was less than the ADV docking score 
of known inhibitors 1 and was comparable to other known inhibitors 2 and 3 (Table S1). The hits M_78, M_82, 
M_83, and M_201 interacted with the two crucial amino acid residues viz. HIS-41, and GLU-166 along with the 
other interacting residues. The hit M_111 interacted with the three crucial amino acid residues viz. HIS-41, CYS-
145, GLU-164, along with five more interactions. Along with the other interacting amino acid residues, the hits 
M_88 and M_112 interacted with the GLY-143, GLU-166, and CYS-145, GLU-166, respectively. The other hits 
M_366, M_421, and M_505 interacted with the crucial amino acid residues, HIS-41 or GLU-166. All the top hits 
also showed the AD docking score less than AD docking score of two known inhibitors 1 and 2 (Table 1). The 
docking results of the fourteen selected hits with protonated  Mpro (Fig. S2) were very close to the docking score 
of hits with nonprotonated  Mpro. The docking score with protonated  Mpro have been shown in Table S2. Further, 
all the ten top hits were deeply inserted into the active site of  Mpro. The 3D surface topology pose of hits M_78, 
M_82, M_83, M_88, M_111, M_112, M_201, M_366, M_421 and M_505 in the active site have been shown in 
Fig. S3. The binding pose of inhibitors M_78, M_82, M_83, M_88, M_111, M_112, and M_336 superimposed 
on the binding pose of known inhibitors 1 and 2. It was observed that the pharmacophoe of most of the selected 
top-scored hits matched with the known inhibitors. A visual inspection of selected inhibitors superimposed on 
known inhibitors is shown in Fig. S4.

Most of the top ten hit exhibited close (< 3.0 Å) hydrogen bond donor and hydrogen bond acceptor interac-
tions. These short-distance interactions revealed the efficient binding affinity of the hits towards  Mpro. The detailed 
view of the 3D interaction often hits with SARS-CoV-2  Mpro active site amino acid residues have been depicted 
in Fig. 1. The molecular weights of all the top hits were in the range of 340.33‒540.60. The acceptable range 
of molecular weight is ≤ 500. Therefore, the molecular weight of all the hits, except M_421 and M_505 were in 
the acceptable range. The number of hydrogen bond acceptors of all the hits was also in the range of 6‒10. The 
acceptable range of this is ≤ 10. Therefore, the numbers of hydrogen bond acceptor values of all the selected hits 
were in the acceptable range. The range of hydrogen bond donor groups of all the selected hits was 4‒5, and the 
acceptable range is ≤ 5; this property was also in the acceptable range.

For a drug-like molecule, the molar refractivity should be between 40 and 130, and here all the hits were 
in this range except M_421 and M_505. The n-octanol/water partition coefficient of all the hits should be ≤ 5; 
this value for all the selected hits was in the acceptable range in the present study. Therefore, the Lipinski rule 
of five dealing with 90% of the orally active drugs that have achieved phase II clinical status was obeyed by the 
hits M_78, M_82, M_83, M_88, M_111, M_112, M_201, M_366. Among the mushroom compounds based on 
docking score and interaction with amino acid residues, and drug-like charactersM_78, M_82, M_83, M_88, 
M_111, M_112, M_201, M_366 were selected for the MD simulation study. The physiochemical parameters of 
the top ten proposed inhibitors have been shown in Table 2.

Molecular dynamics simulation properties analysis. The application of the molecular dynamics sim-
ulation is a widely accepted approach for predicting the protein–ligand complex’s stability. The 100 ns atomistic 
MD simulation was performed to explore the dynamics property of each identified protein–ligand complex 
and was compared with the dynamic behavior of the ligand-free protein (LFP) co-crystalline inhibitor bound 
protein. The average values of every parameter calculated from molecular dynamics (MD) trajectories has been 
depicted in Table 3.

The acceptable average RMSD value for globular protein is ≤ 3.0Å80. Nonetheless, lower RMSD values are 
ideally acceptable. It was observed that the protein backbones average RMSD of the selected  Mpro‒ligand (M_78, 
M_82, M_83, M_111, M_112, M_201, M_366) were less than 3.0 Å (Table 3). The average RMSD value exhibited 
by M_82, M_83, M_112, M_201, and M_366‒protein systems was lower than the RMSD value of apo-protein. 
The average RMSD of M_366‒protein system was found to be ~ 1.98 Å, which was even lower than the standard 
inhibitor baicalein (~ 2.15 Å)81. The RMSD profile of the protein-M_88 system was > 3.0 Å. To compare the RMSD 
of the protein backbone profile of protein–ligand (M_78, M_82, M_83, M_366) system with apo-protein, the 
RMSD was plotted against time from the 100 ns molecular dynamics trajectories as shown in Fig. 2. Similarly, 
the RMSD profiles of the protein–ligand (M_88, M_111, M_112, M_201) system has been depicted in Fig. S5.

To analyze the fluctuation of the individual amino acid residues, the RMSF parameter was calculated for 
each protein–ligand complex system from the 100 ns molecular dynamics trajectories. Lower the RMSF value 
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Sl no Compound source Structure of the selected hits and trivial name
*ADV score 
kcal/mol **BSI

#AD score 
kcal/mol Ki

1
M_01
Ganoderma pfeifferin Bres
Family: Ganodermataceae

Ganomycin A  

− 7.5
H-bonding: ASN-142, HIS-163, 
THR-190; Hydropbobic: MET-
165, GLN-189, ARG-188

− 6.47 18.02 μM

2

M_60
Lepista sordida (Schu-
mach.),
Edible mushroom,
Family: Tricholomataceae

Lepistatins A  

− 7.0
H-bonding: GLU-166, ARG-188
Hydropbobic: MET-165, GLN-
189

− 7.38; 3.87 μM

3

M_62
Lepista sordida (Schu-
mach.)
Edible mushroom,
Family: Tricholomataceae

Lepistatins C  

− 7.0
H-bonding: GLU-166, ARG-188
Hydropbobic: MET-165, GLN-
189

− 7.37 3.97 μM

4

M_77
Polyozellus multiplex 
(Underw.) Murrill
Korean edible mushroom,
Family: Thelephoraceae

Benzofurans - kynapcin-9  

− 7.4
H-bonding: GLU-166, ASP-
187; Hydropbobic: MET-49, 
MET-165

− 8.03 1. 29 μM

5

M_78
Polyozellus multiplex 
(Underw.) Murrill.,
Korean edible mushroom,
Family: Thelephoraceae

Benzofurans - kynapcin-12  

− 8.1
H-bonding: PHE-140, GLU-166, 
ASP-187; Hydropbobic: HIS-41, 
GLU-166

− 7.77 2.02 μM

6

M_82
Polyozellus multiplex 
(Underw.) Murrill
Korean edible mushroom,
Family: Thelephoraceae

Benzofurans-kynapcin-28  

− 8.5
H-bonding: LEU-141, SER-144, 
GLU-166, ASP-187; Hydropbo-
bic: HIS-41, MET-165

− 7.54 3.72 μM

7

M_83
Polyozellus multiplex 
(Underw.) Murrill
Korean edible mushroom,
Family: Thelephoraceae

Benzofurans-kynapcin-24  

− 8.3
H-bonding: LEU-141, SER-144, 
GLU-166, ASP-87; Hydropbobic: 
HIS-41, MET-165

− 8.58 512.25 nM

Continued
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Sl no Compound source Structure of the selected hits and trivial name
*ADV score 
kcal/mol **BSI

#AD score 
kcal/mol Ki

8
M_88
Sarcodonim bricatus (L.) P. 
Karst, Edible mushroom,
Family: Bankeraceae

p-hydroxybenzoic acid  

− 8.0 H-bonding: GLU-166, ASP-187, 
GLY-143 − 9.08 219.43 nM

9
M_111
Thelephora ganbajun M. 
Zang, Edible mushroom,
Family:Thelephoraceae

Ganbajunin G  

− 8.8
H-bonding: PHE-140, CYS-145, 
HIS-164, ASP-187; Hydropbobic: 
HIS-41, MET-49, MET-165, 
GLN-189

− 10.2 33.64 nM

10
M_112
Thelephora ganbajun M. 
Zang, Edible mushroom,
Family:Thelephoraceae

6'-Methoxy-[1,1':4',1''-terphenyl]-

2',3',4,4'',5'-pentaol  

− 8.0 H-bonding: PHE-140, CYS-145, 
GLU-166, ASP-187; − 7.52 3.85 μM

11
M_201
Neonothopanus nambi (bio-
luminescent Mushroom)

Neonambiterphenyls B  

-8.5
H-bonding: CYS-44, GLU-166
Hydrophobic: HIS-41, MET-165, 
ARG-188

-8.00 1.21 μM

12
M_366
Neonothopanus nambi (bio-
luminescent Mushroom)

Neonambiterphenyls A  

− 8.3
H-bonding: CYS-44
Hydrophobic: HIS-41, MET-165, 
ARG-188

− 8.73 401.89 nM

13
M_421
Neonothopanus nambi (bio-
luminescent Mushroom)

aurisin A  

− 9.3 H-bonding: GLU-166 − 8.45 638.15 nM

Continued
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generalizes that after binding with the ligand, the fluctuation of the amino acid residues under consideration 
is reduced. These facts infer stable protein ligands binding, i.e., after binding with ligand, the fluctuation of 
residues is minimized. The amino acid residues THR-24 to GLN-192 lies in the binding site region of this pro-
tein. Amongst the residues, the HIS-41 and CYS-145 are the important residues that regulate the functionality 
of this  protein78. The average RMSF value of each protein–ligand system has been mentioned in Table 3. The 
plots of protein–ligand (M_78, M_82, M_83, M_366) system amino acid residues and RMSF has been shown 
in Fig. 3. Similarly, the plots of protein–ligand (M_88, M_111, M_112, M_201) system residue vs RMSF have 
been depicted in Fig. S6.

It can be ascertained from Table 3 that each system other than M_88 and M_201 bound system, exhibited 
lower RMSF values in comparison to the apro-protein RMSF. In contrast, M_111 system depicted a slightly 
higher RMSF (~ 1.38 Å) value. Each residue of M_88 and M_201 system showed significantly higher RMSF 
profiles (Fig. S6). Visual inspection of the trajectory concluded unacceptable changes taking place in the M_201 
bound system during the 100 ns simulation time. The radius of gyration parameter further confirmed that event.

The parameter radius of gyration (Rg) furnishes information about the compactness of the protein. The higher 
value of Rg indicates that the protein changes its conformation of distortion during the simulation. The average 
Rg value of the protein–ligand (M_78, M_82, M_83, M_112, M_201, M_366) system was lower than the Rg value 
of apo-protein (Table 3). The average Rg value of the protein–ligand (M_78, M_82, M_83, M_201) system was 
lower than the Rg value of the standard inhibitor (22.44 Å). The Rg profile of the hits M_78, M_82, M_83, and 
M_366 have been depicted in Fig. 4 and Rg profile of M_88, M_111, M_112, M_201 has been shown in Fig. S7.

The protein–ligand system’s solvent-accessible surface area parameter (SASA) was calculated for each pro-
tein–ligand system and plotted against the time in nanosecond. Considering that ligand binding is a solvent 
replacement process, the lower values of the SASA parameter indicate that the binding pocket is less solvent-
exposed, and the ligand retains inside the binding pocket during the simulation. The average SASA value of the 
protein–ligand (M_78, M_82, M_83, M_201, M_366) system was lower than the SASA value of apo-protein 
(Table 3). The average SASA value of the protein–ligand (M_82, M_201) system was lower than the SASA value 
of the standard inhibitor (1472Å2). The changes in SASA of  Mpro‒ligand (M_78, M_82, M_83, M_366) systems 
and apo-protein during 100 ns simulation time have been shown in Fig. 5. Similarly, the changes of SASA value 
of M_88, M_111, M_112, M_201 protein system have been shown in Fig. S8. Each protein–ligand system, other 
than a protein–ligand system of M_111, and M_112, showed a lower average SASA value in comparison to the 
apo-proteins average SASA value (Table 3). Nevertheless, the M_201 system exhibited a SASA value of ~ 1456.0Å2 
(lower than the apo-protein SASA value) which indicated that the ligand M_201 resided deeply into the binding 
pocket. However, this binding caused significant changes in the protein structure.

It was observed from Fig. S9 that the center of mass (CoM) distance for all the ligands resided within ~ 5.0 Å 
distance from the main protease binding site. The hits M_78 and M_82 consistently depicted ~ 2.0 Å distance 
from the protein binding pocket throughout the simulation. Ligand M_83 after ~  85th ns showed slightly higher 
displacement (~ 1.0 Å). After ~ 95 ns, the protein binding pocket M_83 distance reduced to ~ 2.2 Å. The M_366 
after ~  36th ns showed a higher distance (~ 4.1 Å) from the protein binding pocket. However, after ~ 90 ns the 
distance reduced and stabilized at ~ 2.8 Å.

Binding free energy (∆Gbind). The MM/PBSA based binding free energy (∆Gbind) was calculated from the 
total 100 ns of the molecular dynamics trajectories. The ∆Gbind of the standard inhibitor was − 180.50 kJ/mol, 
and the ∆Gbind of M_78, M_201, and M_366 were − 193.55, − 193.50 − 190.10 kj/mol, respectively, greater than 
the ∆Gbind of the standard inhibitor (Table 3). The ∆Gbind of M_82 was − 180.10 kj/mol, which was nearly the 

Sl no Compound source Structure of the selected hits and trivial name
*ADV score 
kcal/mol **BSI

#AD score 
kcal/mol Ki

14
M_505
Neonothopanus nambi (bio-
luminescent Mushroom)

aurisin G  

− 8.8 H-bonding: HIS-41 − 8.92 290.54 nM

15 Co-ligand N3

N3  

− 7.2
H-bonding: ALA-2, GLY-143, 
HIS-163, GLU-166; Hydropho-
bic: LEU-4, MET-49, GLN-189

− 6.63 13.71 μM

Table 1.   Source mushroom of the compounds, the structure of the top fourteen hits, trivial name of the 
compounds, docking score (*ADV = Auto Dock Vina, **BSI = Binding Site Interaction, #AD = Auto Dock 4.2), 
interacting active site residues.
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Figure 1.  Detailed view of 3D interactions of selected hits (green stick) with SARS-CoV-2  Mpro active site 
amino acid residues (cyan stick) and their interacting distances. The hydrogen-bonding interactions were 
depicted in a yellow dotted line.
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Table 2.  Physiochemical parameters of selected SARS-CoV-2  Mpro proposed inhibitors from mushrooms. The 
parameters MW molecular weight, NHBA number of H-bond acceptors, NHBA number of H-bond donors, 
MR molar refractivity, iLOGp n-Octanol/Water partition coefficient).

Parameters M_78 M_82 M_83 M_88 M_111 M_112 M_201 M_366 M_421 M_505

MW 410.37 399.28 414.32 439.35 458.46 340.33 382.32 366.32 540.60 554.63

Acceptable Range  ≤ 500  ≤ 500  ≤ 500  ≤ 500  ≤ 500  ≤ 500  ≤ 500  ≤ 500  ≤ 500  ≤ 500

NHBA 8 10 10 10 7 6 8 7 9 9

Acceptable Range  ≤ 10  ≤ 10  ≤ 10  ≤ 10  ≤ 10  ≤ 10  ≤ 10  ≤ 10  ≤ 10  ≤ 10

NHBD 4 4 4 4 4 5 5 4 4 3

Acceptable Range  ≤ 5  ≤ 5  ≤ 5  ≤ 5  ≤ 5  ≤ 5  ≤ 5  ≤ 5  ≤ 5  ≤ 5

MR 108.40 95.81 102.07 110.38 127.88 93.92 100.77 98.75 136.97 141.70

Acceptable Range 40–130 40–130 40–130 40–130 40–130 40–130 40–130 40–130 40–130 40–130

iLOGp 2.39 1.48 2.37 2.26 2.72 2.15 1.74 1.83 3.811 2.93

Acceptable Range  ≤ 5  ≤ 5  ≤ 5  ≤ 5  ≤ 5  ≤ 5  ≤ 5  ≤ 5  ≤ 5  ≤ 5

Table 3.  Average values of Root Mean Square Deviation (RMSD), Root Mean Square Fluctuation (RMSF), 
Radius of Gyration (Rg), Solvent Accessible Surface Area (SASA), MM/PBSA based binding free energy 
calculated from 100 ns molecular dynamics trajectories. *Data available in  Supplementary81.

Sl no Compound ID Average RMSD (Å) Average RMSF (Å) Average Rg (Å) Average SASA (Å2)
Binding energy (kj/
mol)

1 Apo protein 2.38 1.34 22.51 1508.6 –

2 Baicalein* – – – – –

3 M_78 2.42 1.05 22.43 1483.26 − 193.55 ± 4.8

4 M_82 2.20 1.06 22.42 1460.12 − 180.10 ± 2.6

5 M_83 2.25 1.14 22.16 1493.40 − 174.73 ± 4.4

6 M_88 3.18 1.46 22.75 1520.00 − 177.73 ± 6.2

7 M_111 2.60 1.38 22.56 1518.49 − 147.71 ± 89

8 M_112 1.50 1.07 22.45 1517.50 − 146.60 ± 2.9

9 M_201 2.52 3.13 22.40 1456.00 − 153.50 ± 7.69

10 M_366 1.98 1.18 22.50 1486.14 − 190.46 ± 0.18

Figure 2.  A visual representation of  Mpro backbone RMSD (Å) of  Mpro‒ligand (M_78, M_82, M_83, M_366) 
complexes and apo-protein obtained from 100 ns MD simulation trajectories. Different ligands represented by 
different colours.
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same as the ∆Gbind value of the standard inhibitor. The ∆Gbind value of M_112 and M_111 was low in compari-
son to the ∆Gbind value of the standard inhibitor. Finally, the RMSD value of the hit M_88 was greater than the 
acceptable range and therefore was not considered as a promising hit. Due to the low ∆Gbind value of the hits, 
M_111 and M_112 which were − 147.71 and − 146.60 kj/mol and greater SASA values in comparison to the 
apo-protein, the hits M_111 and M_112 were excluded from the list of promising hits. The per-frame binding 

Figure 3.  A visual representation of  Mpro backbone RMSF vs residue number of  Mpro –ligand (M_78, M_82, 
M_83, M_366) systems and apo-protein during 100 ns simulation.

Figure 4.  A visual representation of radius of gyration (Rg) vs time of  Mpro‒ligand (M_78, M_82, M_83, 
M_366) systems and apo-protein during 100 ns MD simulation.

Figure 5.  A visual representation of solvent accessible surface area (SASA) of  Mpro‒ligand (M_78, M_82, 
M_83, M_366) systems and apo-protein during 100 ns simulation time.
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energy over the simulated time of M_78, M_82, M_83, and M_366 are depicted in Fig. S10. The RMSD value of 
hit M_201 was comparatively high (2.52 Å), and its ∆Gbindwas also comparatively low and therefore excluded 
from the list of promising hits. From the analysis of various parameters like RMSD, RMSF, Rg, SASA, and MM/
PBSA calculated from the MD trajectories, it can be stated that the ligand M_78, M_82, M_83, and M_366 might 
have the potential to form a stable complex with SARS-CoV-2Mpro.

There have been a large report of antiviral activities of mushroom compounds (Table S3) and therefore 
identification of SARS-CoV-2  Mpro inhibitors from reported mushroom compounds is of great interest. All the 
proposed compounds are novel, structurally diverse, and contain phenolic functional groups. Polyphenolic 
compounds perform a series of defensive activities in the human body. One of the important classes of phenolic 
compounds are flavonoids, which showed blocking potential against different viral proteins like  Mpro,  PLpro, 
Spike against SARS-CoV and MARS-CoV82. Two flavones found in different plants, baicalein (1) and baicalin 
(2) (Fig. 6), exhibited in vitro inhibition against SARS-CoV-2  Mpro and  IC50 values, of which were 6.41 and 
0.94 μM,  respectively83. Another biflavonoids (3) found in Torreyanucifera showed inhibitory activity against 
SARS-CoVMpro and the  IC50 value of which was 8.3 μM84.

The ADV docking scores of the proposed hits were similar to the ADV docking score of the known inhibitors 
1, 2, and 3 and the docking scores were ‒7.7, ‒8.6, and ‒8.7 kcal/mol, respectively (Table S1). The best docking 
poses of the proposed hits M_78, M_82, M_83, and M_366 in the active site superimposed on the two SARS-
CoV-2 known inhibitors 1 and 2 have been shown in Fig. S3. It was observed that the pyran ring, chromen-4-one-
oxygen atom, pyran-1-oxygen atom of inhibitors 1 matched with the middle ring, an acetylated-phenolic-oxygen 
atom of the middle ring, and phenolic-OH of the middle ring, respectively, of hit M_78. Two rings of one of the 
benzofuran moiety; 5,6-dihydroxy group of one of the benzofuran moiety, furan oxygen of benzofuran moiety of 
hit M_82 matched with two rings of inhibitor 1; a 6,7-dihydroxy group of 1, and pyran-1oxygen of 1, respectively. 
The matching of the pharmacophore of hit M_83 was very close to M_82. The pyran ring, 6-hydroxyl group, and 
pyran-1-oxygen of compound 1 matched with one of the aromatic rings of dibenzofuran, 1-hydroxy group of 
dibenzofuran, and furan oxygen, respectively with M_366. The matching of the pharmacophores of the proposed 
hits in the most stable binding pose with standard inhibitor baicalein was again a piece of evidence in the favour 
of the potential of the selected hits, against SARS-CoV-2  Mpro.

Conclusion
Based on the detailed in-silico studies, it can be concluded that compounds M_78, M_82, M_83, and M_366 
showed docking scores greater than co-ligand and comparable docking scores with the two known SARS-CoV-2 
inhibitors. The binding affinity of the hits M_78, M_82, M_83, M_366 against  Mpro protein of SARS-CoV-2 was 
also supported by all the MD parameters such as RMSD, RMSF, Rg, SASA, MM-PBSA binding energy (∆Gbind). 
Moreover, all the proposed hits obeyed the Lipinski rule of five and matches pharmacophores with known inhibi-
tors in the active site. The promising hits Kynapcin-12 (M_78), Kynapcin-28 (M_82), Kynapcin-24 (M_83) are 
available in edible mushroom Polyozellus multiplex and another promising hit Neonambiterphenyls-A (M_366) is 
available in the poisonous mushroom Neonothopanus nimbi. The mushroom P. multiplex contains three potential 
hits which might be used as a remedy against COVID-19 after the appropriate biological screening. These novel 
phenolic scaffolds may be further developed as more potential SARS-CoV-2 inhibitors.
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Abstract: Cancer is a major life-threatening disease with a high mortality rate in many countries.
Even though different therapies and options are available, patients generally prefer chemotherapy.
However, serious side effects of anti-cancer drugs compel us to search for a safer drug. To achieve
this target, Hsp90 (heat shock protein 90), which is responsible for stabilization of many oncoproteins
in cancer cells, is a promising target for developing an anti-cancer drug. The QSAR (Quantitative
Structure–Activity Relationship) could be useful to identify crucial pharmacophoric features to
develop a Hsp90 inhibitor. Therefore, in the present work, a larger dataset encompassing 1141 diverse
compounds was used to develop a multi-linear QSAR model with a balance of acceptable predictive
ability (Predictive QSAR) and mechanistic interpretation (Mechanistic QSAR). The new developed
six-parameter model satisfies the recommended values for a good number of validation parameters
such as R2tr = 0.78, Q2LMO = 0.77, R2ex = 0.78, and CCCex = 0.88. The present analysis reveals that
the Hsp90 inhibitory activity is correlated with different types of nitrogen atoms and other hidden
structural features such as the presence of hydrophobic ring/aromatic carbon atoms within a specific
distance from the center of mass of the molecule, etc. Thus, the model successfully identified a variety
of reported as well as novel pharmacophoric features. The results of QSAR analysis are further
vindicated by reported crystal structures of compounds with Hsp90.

Keywords: Hsp90; cancer; QSAR; machine learning; pharmacophores

1. Introduction

Cancer kills; therefore, medicinal chemists are continuously trying to develop thera-
peutic agents that could retard the growth of cancer cells. In cancer cells, a protein Hsp90
(heat shock protein 90, also known as HSPC) is overexpressed [1]. It is a highly conserved,
non-fibrous, and chaperone protein with a key role in many cellular processes like proper
folding of other proteins, apoptosis, cell cycle control, cell viability, and degradation and
signaling events [1–6]. As the name indicates, Hsp (heat shock proteins) shield cells when
stressed by higher temperatures. The number “90” comes from the fact that it weighs about
90 kDa. There are two isoforms of Hsp90: Hsp90α (the inducible form) and Hsp90β (the
constitutive form), which are found in cytoplasm and share 85% sequence identity [1–6].
These two isoforms are like flexible biological catalysts and interact with a good number
of newly synthesized proteins, such as Akt2, CDKs, PKC, MAP kinases, steroid receptors,
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BCL-6, CAR, p53, Oct4, etc., to avoid their aggregation or mistakes in their folding [6].
Despite a crucial role, in cancer cells, these are responsible for the stabilization of a number
of oncoproteins required for tumor growth, leading to their overexpression [1–6]. Conse-
quently, Hsp90 is an attractive target for developing a drug for cancer.

The majority of Hsp90 inhibitors occupy the ATP (adenosine tri-phosphate) pocket
in the N-terminal domain of Hsp90, leading to limited ATPase activity [1–6]. At present,
several natural and semi-synthetic Hsp90 inhibitors (see Figure 1) are in different stages of
clinical trials for a variety of cancers [2,3,7–9].

Figure 1. Different clinical trial candidates as inhibitors of Hsp90.

Unfortunately, several inhibitors have shown hepatotoxicity and ocular toxicity [2,10];
consequently, there is a need to modify them with retention of activity against Hsp90,
which could be achieved on knowing the structural features responsible for their Hsp90
inhibitory activity. A simple, cost-effective, and faster yet effective strategy to know
crucial pharmacophoric features is to use QSAR (Quantitative Structure–Activity Relation-
ships), a successful, contemporary, and widely used branch of computer assisted-drug
designing [11–16].

In QSAR analysis, generally, a good number of inhibitors are analyzed using a suitable
technique like machine learning, deep learning, etc. There are two main advantages of
using the QSAR approach [11,17,18]: (a) the analysis helps to identify the prominent struc-
tural features or patterns that influence the bioactivity profile of molecules (Mechanistic
interpretation or Qualitative QSAR), and (b) the analysis could be used to predict the
desired bioactivity of a molecule prior to its synthesis and lab testing (Predictive ability
or Predictive QSAR). Therefore, many researchers prefer QSAR as a method of choice
for drug/lead optimization. Nowadays, a QSAR analysis with a balance of mechanistic
interpretation with predictive ability is highly preferred.

The literature survey reveals that QSAR analyses have been reported for Hsp90,
but they are either based on a small dataset, lack general applicability, have poor predictive
ability, are deficient of a mechanistic interpretation, or a combination of these factors,
which limit their use [9,19–22]. Therefore, in the present work, we accomplished QSAR
analysis for a larger and diverse dataset of Hsp90 inhibitors, and followed the OECD
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(Organization for Economic Cooperation and Development) guidelines while developing
a QSAR model to have a balance of mechanistic interpretation with predictive ability.

2. Results

The exhaustive and heuristic search resulted in the development of a six-descriptor-
based QSAR model (see model-A), which was subjected to thorough statistical validation
for internal and external validations.

Model-A: pIC50 (M) = 3.903 (± 0.134) + 0.101 (± 0.013) × com_ringChyd_4A + 0.433
(± 0.058)× faroCN2B + 0.714 (± 0.214)× aroCminus_sumpc + 0.065 (± 0.005)× aroC_aroN_5B
+ 0.266 (± 0.048) × fringNsp3C5B + 0.59 (± 0.082) × da_amdN_6B

Statistical validation of model-A:
Ntr = 915, Next = 226, R2

tr = 0.779, R2
adj. = 0.777, R2

tr − R2
adj. = 0.002, LOF = 0.244,

Kxx = 0.219, ∆K = 0.122, RMSEtr = 0.487, MAEtr = 0.404, RSStr = 217.321, CCCtr = 0.876,
s = 0.489, F = 533.134, R2

cv (Q2loo) = 0.775, R2-R2
cv = 0.004, RMSEcv = 0.491, MAEcv = 0.407,

PRESScv = 220.839, CCCcv = 0.874, Q2
LMO = 0.775, R2

Yscr = 0.007, Q2
Yscr = −0.009,

RMSEex = 0.474, MAEex = 0.383, PRESSext = 50.675, R2
ex = 0.779, Q2-F1 = 0.778,

Q2-F2 = 0.778, Q2-F3 = 0.791, CCCex = 0.876, R2-ExPy = 0.779, R’o2 = 0.727, k’ = 0.989,
1−(R2/R’o2) = 0.066, r’2m = 0.602, Ro

2 = 0.779, k = 1.005, 1 − (R2 − ExPy/Ro
2) = 0,

r2m = 0.766
Different researchers have recommended the above statistical parameters to judge the

robustness and external predictive ability of a QSAR model [11–16,23–31]. The formula to
calculate them is available in the Supplementary Materials. It is clear that model-A fulfils the
recommended threshold for many validation parameters and other criteria. A high value
of different parameters like R2

tr (coefficient of determination), R2
adj. (adjusted coefficient

of determination), and R2
cv (Q2loo, cross-validated coefficient of determination for leave-

one-out), R2
ex (external coefficient of determination), Q2−Fn, and CCCex (Concordance

Correlation Coefficient), etc., and a low value of LOF (lack-of-fit), RMSEtr (root mean
square error), MAEtr (mean absolute error), R2

Yscr (R2 for Y-scrambling), etc. along with the
different graphs (see Figure 2) associated with the model indicate that the model possesses
statistical robustness with excellent internal and external predictive ability as well as
free from chance correlations. Additionally, the Williams plot specifies that the model is
statistically acceptable (see Figure 2d). Therefore, it fulfils all the OECD recommended
guidelines for creating a useful QSAR model.

Figure 2. Cont.
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Figure 2. Different graphs associated with model-A: (a) experimental vs. predicted pIC50 (the solid
line represents the regression line), (b) experimental vs. residuals, (c) Williams plot for applicability
domain (the vertical solid line represents h* = 0.023 and horizontal dashed lines represent the upper
and lower boundaries for applicability domain), and (d) Y-randomization.

3. Discussion
Mechanistic Interpretation of QSAR Model

A very crucial aspect of a useful QSAR analysis is to gain deep insight into the
pharmacophore or structure-oriented linking of molecular descriptors [17,32]. This not
only helps throughout the drug discovery process, but also expands the information and
understanding of mechanistic aspects of different types of molecules. Though, in the present
work, a specific molecular descriptor was used to equate the pIC50 values of different
molecules, but an extending or reverse influence of unknown factors or other molecular
descriptors, having a dominant effect in deciding the final pIC50 value of a molecule, cannot
be ignored. To simplify, a single molecular descriptor (in turn structure feature) cannot
decide the overall experimental pIC50 value of a molecule. In other words, the effective use
of an appropriately validated QSAR model depends on the synchronous consideration of all
constituent molecular descriptors. Interestingly, in model-A, all the molecular descriptors
have positive coefficients, which indicates that increasing their value could result in a better
Hsp90 inhibitory activity.

The descriptor com_ringChyd_4A represents the total number of hydrophobic ring
carbons, having partial charge in the range±0.2, within 4Å from the com (center of mass) of
the molecule. From this, it appears that mere total number of ring carbons is very important,
but replacing com_ringChyd_4A with nringC (number of ring carbon atoms) or naroC
(number of aromatic carbon atoms) significantly reduced the statistical performance of
the model (R2 = 0.72). To add further, com_ringChyd_4A has a positive correlation of
R = 0.488 with pIC50, whereas nringC and naroC have a correlation of R = 0.461 and 0.405,
respectively. com_ringChyd_3A and com_ringChyd_5A represent the total number of
ring carbons, having partial charge in the range ±0.2, within 3Å and 5Å from the com
(center of mass) of the molecule, respectively. Replacement of com_ringChyd_4A with
com_ringChyd_3A or com_ringChyd_5A resulted in slightly reduced performance of the
model with R2 = 0.75 and 0.76, respectively. This indicates that the optimum distance is 4Å.

The importance of hydrophobic ring carbon atoms is supported by the X-ray-resolved
structure of a good number of Hsp90 inhibitors because the active site of Hsp90 consists
of lipophilic side chains of Leu48, Ile91, Val186, Leu315, Ile388, and Val391 [33,34], which
favors the presence of hydrophobic moiety in the inhibitors. For example, a compari-
son of molecule 988 (pIC50 = 6.009, com_ringChyd_4A = 10) with 1007 (pIC50 = 6.481,
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com_ringChyd_4A = 15) highlights the importance of com_ringChyd_4A. Another pair
of molecules, viz. 794 and 814, also supports this observation. The molecular descriptor
com_ringChyd_4A is depicted in Figure 3 for different molecules.

Figure 3. Depiction of com_ringChyd_4A using different molecules: (a) molecules 988, 1007
(MMFF94 optimized), and 1007 (X-ray resolved dock pose from pdb 6EY8); (b) molecules 794
and 814 (both X-ray-resolved poses from pdb 5XR9 and 4LWE, respectively). The small black sphere
represents the com (center of mass) and the bigger transparent sphere represents the distance of 4Å
from the center of mass. The dotted yellow line represents the distance (Å) of com from the centers of
the different nearest rings.

From Figure 3, it is clear that the lowest energy conformer of molecule 988 has
com_ringChyd_4A = 10 due to the closer presence of com (distance 1.206 Å) to the benzene
ring of indazole ring. In case of molecule 1007 (MMFF94-optimized and X-ray-resolved
pose from pdb 6EY8), the com is located slightly away from the benzene ring of Indazole
ring at a distance > 2.40 due to specific conformation, thereby increasing the value of
com_ringChyd_4A to 15. This could be a plausible reason for the difference in the bioactiv-
ity of these two compounds. Similarly, a better Hsp90 inhibitory activity of molecule 794
than 814 could be attributed to difference in their com_ringChyd_4A values.

Another molecular descriptor that has a positive effect on Hsp90 activity is faroCN2B,
which signifies the presence of nitrogen exactly at two bonds from aromatic carbon atoms.
If the same nitrogen atom is also present at two or less bonds from any other aromatic carbon
atom, then it was excluded while calculating faroCN2B. This descriptor highlights the
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importance of nitrogen atoms separated from aromatic ring (Benzene, etc.) by two bonds.
As the majority of nitrogen atoms act as either an H-bond donor or acceptor; therefore, the
presence of nitrogen atoms in the vicinity of aromatic rings could be useful in enhancing
interactions with the polar residues of receptor (Hsp90). Additionally, the descriptor further
points out the crucial role played by the aromatic rings undoubtedly due to their lipophilic
nature. Taken together, the descriptor faroCN2B signifies the importance of two important
structural features: aromatic rings and their vicinal nitrogen atoms.

This observation is confirmed when we compare the X-ray-resolved structures of
molecule 727 (pIC50 = 6.654, faroCN2B = 1, pdb = 4O09) with 725 (pIC50 = 7.137, faroCN2B
= 2, pdb = 4O05) depicted in Figure 4. The nitrogen atoms responsible for faroCN2B are
highlighted by blue dotted circles. From Figure 4, it is clear that the aromatic ring B of both
the molecules is responsible for hydrophobic interactions with the residue Met98. The ni-
trogen atom of ring A present in both the molecules is not only a constituent of faroCN2B,
but also responsible for H-bonding with the residue Asp93. Thus, such a combination of
aromatic carbons and nitrogen is highly beneficial to enhance the interactions with the
receptor. In case of molecule 733, an additional nitrogen atom is present in ring F, which
is a constituent of faroCN2B, and responsible for the H-bond interaction with the nearby
water molecule. Thus, the present QSAR analysis revealed an important structural feature,
which is also visible in X-ray-resolved structures of the same inhibitors with the same target
enzyme Hsp90.

Figure 4. Depiction of faroCN2B using representative examples only.

A comparison of the following pairs of molecules further vindicates the importance
of faroCN2B in determining the bioactivity: 213 (pIC50 = 6.523, faroCN2B = 2) with
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212 (pIC50 = 6.469, faroCN2B = 1) and 758 (pIC50 = 7.444, faroCN2B = 2) with 759
(pIC50 = 7.569, faroCN2B = 3).

The importance of aromatic carbon atoms is further emphasized with the presence of
aroCminus_sumpc as a constituent variable of model-A. The molecular descriptor aroCmi-
nus_sumpc represents the sum of partial charges on negatively charged aromatic carbon
atoms. The positive coefficient for aroCminus_sumpc indicates that the higher the value
of this descriptor, the better the activity profile. The sum of partial charges on negatively
charged aromatic carbon atoms will always be negative; therefore, in reality, this descriptor
actually decreases the pIC50 value. Further, the replacement of aroCminus_sumpc by
aroCplus_sumpc (sum of partial charges on positively charged aromatic carbon atoms) led
to a model with almost identical statistical performance (R2

tr = 0.772, Q2
LMO = 0.767, R2

ex
= 0.78, CCCex = 0.876). In fact, aroCplus_sumpc has a better correlation (R = 0.33) with
pIC50 than aroCminus_sumpc (R = 0.10). From this it is clear that, if aromatic carbons are
positively charged than the molecule possesses better Hsp90 inhibitory activity. Therefore,
the best strategy is to attach atoms or groups that enhance lipophilic and mild polar in-
teractions with the receptor (for example -Cl, etc.) to the aromatic carbon atoms. In short,
substituted aromatic rings are preferable for better activity. This observation is supported
by comparing following pairs of molecules: 2 with 3, 1054 with 1059, and 214 with 212.

aroC_aroN_5B, which represents the total number of aromatic carbon atoms within
five bonds from aromatic nitrogen atoms, again points out the key role played by aromatic
carbon atoms in deciding Hsp90 inhibitory activity. It also underlines the usefulness
of aromatic nitrogen atoms. This descriptor has a positive correlation with pIC50 with
R = 0.63. Therefore, an increase in number of aromatic carbon atoms within five bonds
from aromatic nitrogen atoms leads to better Hsp90 inhibitory activity. The following pairs
of the molecules support this observation: 888 (pIC50 = 7.523, aroC_aroN_5B = 22) with
887 (pIC50 = 6.046, aroC_aroN_5B = 20) and 107 (pIC50 = 5.953, aroC_aroN_5B = 13) with
108 (pIC50 = 4.874, aroC_aroN_5B = 10), to mention a few. Further, the 50 most active
molecules possess relatively higher value of aroC_aroN_5B (range 8–17) than the 50 least
active molecules (range 0–8).

fringNsp3C5B stands for the number of sp3-hybridized carbon atoms exactly at five
bonds from the ring nitrogen atom. If the same sp3-hybridized carbon atom is also present at
four or less bonds from any other ring nitrogen atom, then it was excluded while calculating
fringNsp3C5B. It is interesting to note that the 50 most active molecules, except molecule
618, possess at least one or more of such a combination of carbon and ring nitrogen, whereas
the 50 least active molecules either lack it or have fringNsp3C5B = 1. In the majority of com-
pounds, the sp3-hybridized carbon atoms are present either as a linker between two rings
or as a substituent, which therefore enhances conformational flexibility of the molecule
to adopt a bioactive conformer or lipophilic characters of the molecule. A comparison
of 895 (pIC50 = 7.071, fringNsp3C5B = 2) with 896 (pIC50 = 6.777, fringNsp3C5B = 1),
859 (pIC50 = 7.237, fringNsp3C5B = 2) with 896 (pIC50 = 7.071, fringNsp3C5B = 1),
326 (pIC50 = 6.921, fringNsp3C5B = 1) with 328 (pIC50 = 7.046, fringNsp3C5B = 2),
and 412 (pIC50 = 7.155, fringNsp3C5B = 1) with 411 (pIC50 = 6.959, fringNsp3C5B = 0)
and 410 (pIC50 = 6.854, fringNsp3C5B = 0) confirms the importance of fringNsp3C5B in
deciding the activity.

A molecular descriptor that identifies the relation of total number amide nitrogen
atoms within six bonds from the H-bond donor and acceptor atoms is da_amdN_6B. In the
majority of compounds in the present dataset, the amide group is present as a substituent
on aromatic ring or as a linker between two rings. The descriptor da_amdN_6B suggests
the significance of amide group and its correlation with the H-bond donor and acceptor
atoms. This observation is confirmed on comparing molecule A with molecules B and C
(see Figure 5).
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Figure 5. Pictorial representation of da_amdN_6B using representative examples only.

A good number of researchers have also pointed out that the amide group is crucial
for Hsp90 inhibitors to establish H-bonding with residues of the active site (see pdb 4AWO).
For example, Zhao et al. [4] pointed out that the distance between the nitrogen atoms on
the piperidine ring and the amide are important for Hsp90 inhibition. Similarly, Baruchello
and co-workers [35] studied a library of 3,4-isoxazole diamides for Hsp90 binding and
found that a substantial reduction in Hsp90 binding affinity when the amide was replaced
with substituted amines. In addition, a H-bond donor at the C-4 position on the isoxazole
is vital for retaining the activity. Davies et al. [36] observed that S-acetamide derivatives
of compounds have better bioactivity profile than the S-alkylamines. The importance
of da_amdN_6B was further confirmed by comparing following pair of the molecules:
856 (pIC50 = 6.848, da_amdN_6B = 0) with 861 (pIC50 = 7.114, da_amdN_6B = 1). The earlier
work identified the role of amide group, and in the present work, we successfully identified
that a combination of amide group with H-bond donor/acceptor within six bonds is a better
strategy to have better Hsp90 inhibitory activity. Therefore, such a combination of the amide
nitrogen atom and H-bond donor/acceptor should be retained in future optimizations.

In short, three molecular descriptors emphasize the importance of ring carbon atoms,
especially aromatic carbon atoms. This could be attributed to the lipophilic character of
the active site of Hsp90. Likewise, four molecular descriptors underline the significance of
different types of nitrogen atoms, which are responsible for the establishment of the polar
or H-bond interactions with polar residues and water molecules present inside the active
site of Hsp90. Hence, the present work is successful in identifying reported as well as novel
pharmacophoric features of Hsp90 inhibitors.

4. Materials and Methods

The OECD (Organization for Economic Cooperation and Development) guidelines and
a standard protocol recommended by different researchers [11–13,16,18,25,26,29,30,37] in-
volve the sequential execution of (1) data collection and its curation, (2) structure generation
and calculation of molecular descriptors, (3) objective feature selection (OFS), (4) splitting
the dataset into training and external validation sets, (5) subjective feature selection involv-
ing building a regression model and validation of the developed model, which have all
been followed to build a widely applicable QSAR model for Hsp-90 inhibitory activity.
This also ensures thorough validation and successful application of the model.

4.1. Data Collection and Its Curation

The dataset of Hsp-90 inhibitory activity used for building, training, and validating
the QSAR model in the present work was downloaded from BindingDB (https://www.
bindingdb.org/bind/index.jsp, accessed on 24 December 2021), which is a free and publicly
accessible database. Initially, the dataset comprised 1839 molecules. Then, as a part of data
curation, entries with ambiguous IC50 values, duplicates, salts, metal-based inhibitors, etc.

https://www.bindingdb.org/bind/index.jsp
https://www.bindingdb.org/bind/index.jsp
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were omitted [11–13,16,18,25,26,29,30,37]. The final dataset comprises 1141 structurally di-
verse molecules with remarkable variation in structural scaffolds, which were tested exper-
imentally for potency in terms of IC50 (nM) (see the MS Excel file ‘SupplementaryMaterial-
Final’ in the Supplementary Materials). The dataset includes N-terminal inhibitors of Hsp90.
The experimental IC50 values have a sufficient variation ranging from 5 to 350,000 nM.
After that, IC50 values were converted to their negative logarithmic value (pIC50 =−log10IC50)
so that a comparison of their values became easier. In Table 1 and Figure 6, some of the
most and least active molecules are included as examples only.

Table 1. SMILES notation, IC50 (nM) and pIC50 (M) of the five most and least active molecules of the
selected dataset.

S.N. Ligand SMILES IC50 (nM) pIC50 (M)

308 COc1cccc(n1)-
c1cc(F)ccc1[C@H]1Cc2nc(N)nc(C)c2C(NOC2C[C@H](O)[C@H](O)C2)=N1 5 8.301

908 CCNC(=O)c1noc(c1NC(=O)[C@H]1CC[C@H](CNS(=O)(=O)c2ccc(F)cc2)CC1)-
c1cc(C(C)C)c(O)cc1O 5.4 8.268

770 CCNC(=O)c1nnn(c1-c1ccc(CNC2CCCCC2)cc1)-c1cc(C(C)C)c(O)cc1O 6.8 8.167

767 CCNC(=O)c1nnn(c1-c1ccc(CN2CCCCC2CCO)cc1)-c1cc(C(C)C)c(O)cc1O 10 8

749 CCNC(=O)c1nnn(c1-c1ccc(CNCCCN(CC)CC)cc1)-c1cc(C(C)C)c(O)cc1O 12 7.921

775 Oc1cc(O)c2C[C@@H](OC(=O)[C@H]3CC[C@H](F)CC3)[C@H](Oc2c1)c1ccc(O)c(O)c1 69,000 4.161

1073 COC(COCCOc1ccc(Br)cc1)CN1CCN(CC1)c1ccccc1C(C)(C)C 70,430 4.152

1141 CO[C@H]1C[C@H](C)Cc2c(OC)c(O)cc3NC(=O)\C(C)=C\[C@H](O)C[C@H](OC)
[C@@H](OC(N)=O)\C(C)=C\[C@H](C)[C@H]1Oc23 96,000 4.018

778 Oc1cc(O)c2C[C@H](OC(=O)c3ccccc3)[C@H](Oc2c1)c1ccccc1 120,000 3.921

207 CSc1nc(C)nc(N)n1 350,000 3.456

Figure 6. Representative examples from the selected dataset (the five most active and five least
active molecules).



Pharmaceuticals 2022, 15, 303 10 of 14

4.2. Calculation of Molecular Descriptors and Objective Feature Selection (OFS)

A crucial step before the calculation of molecular descriptors is to convert the SMILES
notations to 3D-optimized structures and partial charge assignment, which was accom-
plished using OpenBabel 3.1 [38] using MMFF94 force field. In the present work, the X-ray-
resolved structure of molecule 1007 (pdb 6YE8) was used to identify the parameter tuning
in OpenBabel, required to get a better optimized structure, until there was a high similarity
between the MMFF94-optimized structure and X-ray-resolved structure. This enhances
the chances of getting a bioactive conformer, which in turn is highly beneficial for fur-
ther optimization of Hsp90 inhibitors in the drug discovery pipeline. A comparison of
the X-ray-resolved structures of molecules 1007 and 33 (pdb 2VCJ) and their respective
MMFF94-optimized structures are represented in Figure 7.

Figure 7. A comparison of X-ray-resolved and MMFF94-optimized structures of molecules 1007 and 33.

From Figure 7, it is clear that there is a high similarity between the X-ray-resolved and
MMFF94-optimized structure of molecules 1007 and 33, which indicates that appropriate
parameter tuning was achieved to optimize the rest of the molecules. That is, the same
parameter tuning in OpenBabel was used to optimize the other molecules of the selected
dataset. The parameters are as follows: geometry optimization, steepest descent, number
of steps: 1500; cut off: 0.01.

In the next step, the 3D-optimized structures of all molecules in the dataset were used
to calculate a good number of molecular descriptors. It is important to note that calculation
of diverse molecular descriptors enhances the chances of a successful QSAR analysis and
significantly helps in mechanistic interpretation. However, descriptor pruning is very useful
as it further strengthens the diminished risk of overfitting from noisy redundant descriptors.
To fulfil these objectives, more than 40,000 molecular descriptors were generated using
PyDescriptor [39]. After that, OFS involved elimination of the near constant (90% molecules)
and highly intercorrelated (|R| > 0.90) molecular descriptors. For this, QSARINS-2.2.4
was used. The final set of molecular descriptors comprises 1228 molecular descriptors,
which still comprise manifold descriptors (1D- to 3D-), leading to coverage of a broad
descriptor space.

4.3. Splitting the Dataset into Training and External Sets and SFS (Subjective Feature Selection)

Subjective feature selection involves selection of appropriate number and set of molec-
ular descriptors to build a model using suitable algorithm. Prior to SFS, it is essential to
divide the dataset into training and test (also known as external or prediction set) sets with
a proper composition and proportions to circumvent information leakage and to verify the
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predictive ability of a model [11–13,16,18,25,26,29,30,37]. Hence, the dataset was randomly
split into training (80% = 915 molecules) and prediction or external (20% = 226 molecules)
sets. It is to be noted that the training set was used for the selection of optimum number
of molecular descriptors, and the sole purpose of prediction/external set was to validate
the external predictive ability of the model (Predictive QSAR). A GA-MLR-based QSAR
model is free from over-fitting if it comprises an optimum number of molecular descriptors.
Therefore, in the present work, a simple yet effective method of identifying the breaking
point was used. Generally, the continuous inclusion of molecular descriptors in the GA-
MLR model significantly increases the value of Q2

LOO, but after the breaking point, the
value of Q2

LOO does not increase significantly [24]. The number of molecular descriptors
corresponding to the breaking point was considered optimum for model building. A graph
(see Figure 8) was plotted between the number of molecular descriptors involved in the
model and Q2

LOO values, which indicated that the breaking point agreed with the six
molecular descriptors. Consequently, QSAR models comprising more than six descrip-
tors were not considered. For SFS, the set of molecular descriptors was selected using
the genetic algorithm integrated with multilinear regression (GA-MLR) method available
in QSARINS-2.2.4 (generations per size: 10,000; population size: 50; mutation rate: 60;
significance level: 0.05; fitness parameter: Q2

LOO).

Figure 8. Plot of number of descriptors against leave-one-out coefficient of determination Q2
LOO to

identify the optimum number of descriptors.

4.4. Building Regression Model and Its Validation

The GA-MLR approach resulted in the generation of a good number of models
having good to excellent statistical performance. Therefore, the following stringent pa-
rameters and criteria suggested by different researchers were used to select the best
model [11–13,16,18,25,26,29,30,37,40]: R2

tr ≥ 0.6, Q2
loo ≥ 0.5, Q2

LMO ≥ 0.6, R2 > Q2,
R2

ex ≥ 0.6, RMSEtr < RMSEcv, ∆K≥ 0.05, CCC≥ 0.80, Q2-Fn≥ 0.60, r2
m≥ 0.5, (1-r2/ro

2) < 0.1,
0.9 ≤ k ≤ 1.1 or (1-r2/r’o2) < 0.1, 0.9 ≤ k’ ≤ 1.1,| ro

2− r’o2| < 0.3, RMSEex, MAEex,
R2

ex, Q2
F1, Q2

F2, and Q2
F3, and low R2

Yscr, RMSE, and MAE. The details of these sta-
tistical parameters are available in the Supplementary Materials. An important aspect
of validation of a QSAR model is to identify the applicability domain. In the present
work, the William’s plot was plotted to assess the applicability domain of the QSAR
model [11–13,16,18,25,26,29,30,37,41,42].
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5. Conclusions

In the present work, a relatively large and structurally diverse dataset of 1141 Hsp90 in-
hibitors was used for developing a six-descriptor-based and extensively validated GA–MLR
QSAR model with R2

tr = 0.78, Q2
LMO = 0.77, R2

ex = 0.78, and CCCex = 0.88. The inclusion of
easily understandable descriptors resulted in identification of important pharmacophoric
features that are correlated with Hsp90 inhibitory activity. The present QSAR analysis
effectively captured a mixture of reported as well as novel significant structural features.
The analysis vindicates that ring and aromatic carbons are important in deciding the ac-
tivity. In addition, different types of nitrogen atoms in correlation with different types of
carbon atoms influence the Hsp90 inhibitory activity. A good balance of external predictive
ability and mechanistic interpretations, which are further supported by the reported crystal
structures of Hsp90 inhibitors, make the QSAR model useful for the future optimization of
molecules in the pipeline as a better Hsp90 inhibitor.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ph15030303/s1.
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a b s t r a c t

The aldose reductase (AR) enzyme is an important target enzyme in the development of therapeutics
against hyperglycaemia induced health complications such as retinopathy, etc. In the present study, a
quantitative structure activity relationship (QSAR) evaluation of a dataset of 226 reported AR inhibitor
(ARi) molecules is performed using a genetic algorithm – multi linear regression (GA-MLR) technique.
Multi-criteria decision making (MCDM) analysis furnished two five variables based QSAR models with
acceptably high performance reflected in various statistical parameters such as, R2 = 0.79–0.80,
Q2
LOO = 0.78–0.79, Q2

LMO = 0.78–0.79. The QSAR model analysis revealed some of the molecular features that
play crucial role in deciding inhibitory potency of the molecule against AR such as; hydrophobic Nitrogen
within 2 Å of the center of mass of the molecule, non-ring Carbon separated by three and four bonds from
hydrogen bond donor atoms, number of sp2 hybridized Oxygen separated by four bonds from sp2
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hybridized Carbon atoms, etc. 14 in silico generated hits, using a compound 18 (a most potent ARi from pre-
sent dataset with pIC50 = 8.04 M) as a template, on QSAR based virtual screening (QSAR-VS) furnished a scaf-
fold 5 with better ARi activity (pIC50 = 8.05 M) than template compound 18. Furthermore, molecular docking
of compound 18 (Docking Score = –7.91 kcal/mol) and scaffold 5 (Docking Score = –8.08 kcal/mol) against
AR, divulged that they both occupy the specific pocket(s) in AR receptor binding sites through hydrogen
bonding and hydrophobic interactions. Molecular dynamic simulation (MDS) and MMGBSA studies right
back the docking results by revealing the fact that binding site residues interact with scaffold 5 and com-
pound 18 to produce a stable complex similar to co-crystallized ligand’s conformation. The QSAR analysis,
molecular docking, and MDS results are all in agreement and complementary. QSAR-VS successfully iden-
tified a more potent novel ARi and can be used in the development of therapeutic agents to treat diabetes.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The aldose reductase (AR) belongs to the Aldo-Keto Reductase
superfamily (AKRs) composed of 190 enzymes. AR catalyzes the
reduction of carbonyl substrates such as sugar aldehydes along
with few other biomolecules and marks their role in lipid, carbohy-
drates, and xenobiotic metabolism (Jez et al., 1997). AR is the first,
rate-limiting enzyme in the polyol pathway and it causes sorbitol
accumulation in the insulin-independent tissues. Hence, AR has
been linked to retinopathy – cataract in particular – and the patho-
physiology of diabetes sequelae such as angiopathy, neuropathy,
and nephropathy (Moon et al., 2006).

AR inhibitors reduce diabetes-related disorders, particularly in
the tissues that exhibit insulin-independent glucose uptake such
as; neural tissues, the lens, and glomeruli. Various AR inhibitors
such as, alrestatin, benurestat, epalrestat, fidarestat, imirestat,
lidorestat have been developed to treat secondary complications
in diabetes (Krans 1993, van Gerven and Tjon-A-Tsien 1995, Tsai
and Burnakis 2016). ONO Pharmaceuticals developed Epalrestat,
the only AR inhibitor approved for the treatment of diabetic neu-
ropathies in Japan, India, and China (Steele et al., 1993,
Kucerova-Chlupacova et al., 2020). Many of them have been stud-
ied in clinical trials, but eventually discontinued due to no effect or
harmful side effects such as fever, nausea, diarrhea, increased liver
enzymes, rash including toxic epidermal necrolysis, Stevens-
Johnson syndrome, marked thrombocytopenia, lymphadenopathy,
splenomegaly and adult dyspnea syndrome (Foppiano and
Lombardo 1997). Due to these concerns, the need for the develop-
ment of the de novo ARi inhibitor has been increased.

In QSAR study, statistical approaches are used to identify a
mathematical correlation between structural properties of similar
molecules and their bioactivity. Traditional QSAR study employs
a variety of scientific disciplines including chemistry, computer
science, mathematics, statistics, and biology. Following are the
stages in a standard QSAR analysis procedure: (1) to Assemblage
molecules with the specified activity/property (referred as a data-
set); (2) to draw structures in 2D, convert them into 3D and to opti-
mize them using an appropriate force field; (3) to calculate of as
large as possible number of and variety of molecular descriptors
and subsequent data pruning using a suitable statistical method;
(4) to employ an appropriate feature (molecular descriptor) selec-
tion algorithm to build a QSAR model; and (5) adequate validation
of the developed QSAR model (Pourbasheer et al., 2015, Masand
et al., 2016).

To find out structural and molecular features of the molecule
that govern the expected activity of the molecule is the main goal
of a QSAR study (i.e. descriptive QSAR). Whereas prediction of
dezired activity of the molecule prior to its wet lab synthesis and
bio-testing is a secondary goal of the QSAR study (i.e. statistical
QSAR) (Fujita and Winkler 2016). A good balance of descriptive
and statistical elements in a QSAR model not only provides more

information about the structural configurations that have a posi-
tive association with an intended activity/property of a drug candi-
date, but it also improves understanding of the drug’s mechanism
of action. To find a potential hit as an AR inhibitor, we have used
QSAR, QSAR-based virtual screening, molecular docking, MD simu-
lation and MMGBSA analysis in this study.

2. Materials and methods

2.1. Preparation of data sets

A crude dataset of 432 compounds with experimental AR inhi-
bitory potency measured in terms of IC50 values is procured from
ChEMBL (Gaulton et al., 2017) database. After removing structural
duplicates, multi-component compounds or salts, and compounds
with imprecise IC50 values finally a limited data set of 226 AR inhi-
bitors with accurate IC50 values is obtained. IC50 values in nanomo-
lar (nM) units were first converted into molar (M) and then into
pIC50 M (pIC50 = -logIC50 M) for ease of data set handling. (See sup-
plementary information Table S1 for SMILES notations for all the
226 compounds with experimental IC50 and pIC50 M values).

2.2. Model development and validation

We did use ChemSketch to create 2D structures of all the 226
molecules, an Open Babel 3.1.1 programme (O’Boyle et al., 2011)
to transfigure them into corresponding 3D structures, and a hyper-
chem programme (Ivanciuc 1996) to optimize these 3D molecular
structures by employing the semi-empirical PM6 method (Bikadi
and Hazai 2009). The resultant conformers were used for the calcu-
lation of the molecular descriptors using PyDescriptor available as
a PyMOL plugin. More than 40,000 descriptors makeup the
PyDescriptor, which covers topological, geometric, and constitu-
tional chemical space of molecules (Masand and Rastija 2017).

Furthermore, the pre-filtration of descriptors (excluding semi-
constant descriptors (greater than80%) and highly intercorrelated
descriptors (greater than95%)) give rise to a contracted dataset of
2546 descriptors. The present data set of 226 molecules was
divided into training (an 80% i.e. 181) for the QSAR model develop-
ment and test sets (a 20 % i.e. 45) for its validation. The QSAR Mod-
els were built by multiple linear regression. The descriptor
selection for the training set was carried out by using the entire
subset and Genetic function algorithm available in QSARINS 2.2.4
software (Gramatica 2020) (Dearden et al., 2009, Gramatica 2013,
Cherkasov et al., 2014, Gramatica 2014, Fujita and Winkler 2016,
Harit et al., 2017).

To ascertain the robustness of the develop model various vali-
dation criteria are reported in the literature. The internal predictiv-
ity and statistical quality of the built model is verified by the
parameters like the coefficient of determination (r2), the
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leave-one-out cross-validation (Q2
LOO), and leave-many-out cross-

validation (Q2
LMO). Additionally, for every developed model the stan-

dard error of estimate (s) is described. To add an extra portion of the
accuracy for the reported QSAR models, Root Mean Squared Error
(RMSE) for the training (RMSEtr) and external prediction (RMSEext)
set that account on the whole error of the model are also described.
To ensure least possible inter-correlation among descriptors, the
QUICK rule was fixed to 0.05. A Y-randomization test at 2000 itera-
tions was performed to ascertain the reliability of the developed
QSAR model and to rule out the possibility of any speculative
correlation.

The external validation of all the models were verified with the
subsequent validation criteria; r2ext (external determination coeffi-
cient), Q2

F1, Q2
F2, Q2

F3, CCCext, r2m, and Dr2m. The parameter R2m (overall)
penalizes a model for large differences between observed and pre-
dicted values of the compounds of the whole set (considering both
training and test sets). The Dr2m estimates the indulgence between
the values of the predicted and the resultant experimental activity
data (pIC50 M value). It has been suggested that the observed value
for the r2m should be greater than 0.5. All of the QSAR models were
also tested for validation parameters, such as Golbraikh and Trop-
sha’s criteria to justify model reliability and robustness.

Generally, good predictive ability of the developed QSAR model
depends upon the closeness of predicted value against experimen-
tal biological activity value. Even, presence of a single outlier
diminishes the predictive capability of the developed QSAR model.
Subsequently, we have tried to highlight the outlier on the basis of
those compounds who showed significantly high residual value in
GA-MLR based QSAR models. Moreover, we have identified the
outlier compounds by comparing the predicted value with the
standardized residual values. Likewise, structural variation in

database compounds was observed by leverage effect in Williams
plot. The applicability domain of the developed QSAR model is
ascertained by merging the leverage and the standard residuals.

The multi criteria decision making (MCDM) function available
in QSARINS v4.1.1 software is used to rank the developed models.
It includes some criteria related to the external and internal valida-
tion whose values fall between 0 and 1, wherein 0 represents worst
validation while 1 represents the best validation performance. The
geometric average of all the values obtained in internal and exter-
nal validation gives rise to MCDM values. The model with the high
MCDM agreement among the best selected validation criteria is
sorted as the best QSAR model for the analysis. In addition, the best
model is evaluated for OECD (organization for economic corpora-
tion and development) guidelines (Gramatica et al., 2013,
Gramatica et al., 2014, Consonni et al., 2019).

2.3. QSAR based virtual screening

In QSAR based virtual screening, we have carried out scaffold
hopping by using the RDKIT module. Herein, we have used the
most active compound 18 as a template molecule to generate dif-
ferent variants. This has given rise to 14 different scaffolds with
enhanced chemical space. Accordingly, 14 variants of compound
18 were used for QSAR-based virtual screening. Erstwhile to
molecular descriptor calculations, the 3D- structures of the mole-
cules were arranged in the same way as a modeling set. Then
molecular descriptors were calculated and the appropriately vali-
dated five parametric QSARmodel was used to envisage the biolog-
ical property of novel compounds (Jawarkar et al., 2021). The
structures of some representative scaffolds are given in Fig. 1.

Fig. 1. Showing few representative examples of compounds generated by scaffold hopping.
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(Depiction of 14 scaffolds, their smiles notations, calculated
descriptors and predicted IC50 Values is available as Table S2 in
supplementary material).

2.4. Molecular docking study experimental

The human AR in the pdb file was obtained from the Protein
Data Bank (https://www.rcsb.org/structure/1fzd). The pdb:1fzd
was selected on the origin of X-ray resolution and conclusion of
the sequence. The optimized protein is suitable for docking analy-
sis. All the active compounds were docked in the active site, but for
the sake of ease, herein, the docking pose for most active molecule
18 as a symbol has been depicted.

The software NRGSuite was used to investigate molecular dock-
ing. This open source programme is available as a PyMOL plugin
(https://www.pymol.org). It has the competence to ascertain the
surface cavities in a protein and use them as target binding-sites
for docking simulations with the aid of FlexAID. It practices genetic
algorithms for conformational search, simulates ligand and side-
chain flexibility and permits for the simulation of covalent docking.
In the current work, flexible-rigid docking procedure was hired
with succeeding default settings to get finest performance from
NRGSuite: binding sites input method, spherical shape; spacing
of three dimensional grid: 0.375 Å; side chain flexibility- no; ligand
flexibility- yes; ligand pose as reference- no; constraints- no; HET
groups- comprised water molecules; van der Waals permeability-
0.1; solvent types- no type; number of chromosomes- 1000; num-
ber of generations- 1000; fitness model- share; reproduction
model- population boom; number of TOP complexes-5, Biovia Dis-
covery studio software was used to visualize the docking results
(Gaudreault et al., 2015).

2.5. MD simulations study

Based on the virtual screening results, the scaffold 5 with a
docking score of �8.08 kcal/mol and Molecule 18 (-7.91 kcal/
mol) is further investigated in molecular dynamics and simulation
using the Schrodinger Desmond module (MD simulation) and
MMGBSA binding free energy analysis. The protein ligand docking
complexes of scaffold 5 and molecule 18 docking complexes were
created using the Desmond module’s SPC (Simple point charge)
configuration. The OPLS-2005 force field (Bowers et al., 2006)
and explicit solvent model with the SPC water molecules were
used in this system (Jorgensen et al., 1996, Shivakumar et al.,
2010). Na+ ions were added to neutralize the charge. 0.15 M, NaCl
solutions added to the system to simulate the physiological envi-
ronment. The NPT ensemble was set up by using the Nose-
Hoover chain coupling scheme (Martyna et al., 1992) with temper-
ature 300 K, relaxation time of 1.0 ps and pressure 1 bar was main-
tained in all the simulations. A time step of 2 fs was used. The
Martyna-Tuckerman–Klein chain coupling scheme (Martyna
et al., 1994)barostat method was used for pressure control with a
relaxation time of 2 ps. The particle mesh Ewald method
(Toukmaji and Board 1996) was used for calculating long-range
electrostatic interactions and the radius for the Coulomb interac-
tions was fixed at 9 Å. RESPA integrator was used to calculate
the non-bonded forces. The root mean square deviation (RMSD),
root mean square fluctuation (RMSF), radius of gyration (Rg), pro-
tein ligand interactions were monitored to observe the stability of
the complex in MD simulations.

2.6. Molecular mechanics generalized born and surface area
(MMGBSA) calculations

During MD simulations of aldose reductase enzyme in com-
plexed with molecule 18 and scaffold 5, the binding free energy

(Gbind) of docked complexes was calculated using the premier
molecular mechanics generalized Born surface area (MM-GBSA)
module (Schrodinger suite, LLC, New York, NY, 2017–4). The bind-
ing free energy was calculated using the OPLS 2005 force field,
VSGB solvent model, and rotamer search methods (Jawarkar
et al., 2022, Kumar et al., 2022). After the MD run, 10 ns intervals
were used to choose the MD trajectories frames. The total free
energy binding was calculated using equation (1):

DGbind ¼ Gcomplex� ðGproteinþ GligandÞ ð1Þ
where,DGbind = binding free energy, Gcomplex = free energy of the
complex, Gprotein = free energy of the target protein, and Gli-
gand = free energy of the ligand. The MMGBSA outcome trajectories
were analyzed further for post dynamics structure modifications.

2.7. In silico ADMET property prediction

The ADME (Absorption, Distribution, Metabolism, and Excre-
tion) properties of the chosen phytocompound were calculated
using the SWISS adme web server (https://www.swissadme.ch/).
The molecular as well as pharmakokinetic behaviour of molecule
18 and scaffold 5 were assesed for drug like properties, total polar
surface area (TPSA), water solubility, blood brain barrier (BBB) per-
meant, gastro intestinal (GI) absorption, Lipinski, Ghose, Veber,
Egan and Muegge violations and synthetic accessibility. If the test
molecules e.g. molecule 18 and scaffold 5 pass the drug like filters
therefore, it can be predicted to be candidate molecule against
aldose reductase. For the analysis of ADME, the SMILEs format of
molecule 18 and scaffold 5 have been used individually to
retrieved the outcomes from the server.

3. Results

In the present investigation, QSAR analysis is performed using a
dataset composed of 226 ARi inhibitors with reported IC50 values
and molecular docking is accomplished to pinpoint the important
structural features. The QSAR model was developed by using easily
interpretable molecular descriptors to correlate them with struc-
tural features. The five parametric GA–MLR based QSAR model
has decent external predictive ability with the incidence of easily
comprehensible molecular descriptors alongside the interpretation
in terms of structural features. For the aim of model selection,
Multi-Criteria Decision Making (MCDM) analysis has been
employed in this study. As a result of the MCDM study, a robust
QSAR model was chosen for the analysis. The findings are given
below.

3.1. Multi-Criteria decision making (MCDM) analysis

In the current QSAR analysis, we have implemented Multi-
Criteria Decision Making (MCDM) (Pavan and Todeschini 2009)
technique that involves combining the performances of a certain
number of criteria simultaneously, as a single number (score)
between 0 and 1.

The MCDM is achieved by associating to each validation criteria
a desirability function whose value falls in the range from 0 to 1
(where 0 designates the worst validation criteria value and 1 the
best). Using the geometric average of all the values obtained from
the desirability functions gives the MCDM value. By default, the
MCDM of fitting (maximizing R2, R2

adj and CCCtr, while minimizing
R2-R2

adj), cross validation (maximizing Q2
LOO, Q2

LMO and CCCcv, while
minimizing R2

Yscr) and external validation (maximizing Q2
F1, Q2

F2, Q2
F3

and CCCEXT), are automatically calculated using all the above criteria
in QSARINS v2.2.4 programme. If any one of the criteria is missing,
then the MCDMmodel will not be obtained. The model with the best
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MCDM criteria is selected for analysis(See Table 1). In the present
analysis, model no 134 has satisfied the best MCDM criteria (See
Table 2 for various MCDM parameters), therefore it is selected for
the analyses (see Fig. 2).

In Fig. 3, model no 135 depicts very good fitting performance
but it is lacking in external predictive performance. For instance,
model no 133 showed very good external predictive performance
but not satisfactory in fitting. Therefore, model no 134 in between
133 and 135 showed better compromise between fitting and pre-
dictivity, hence selected as best model for analysis and QSAR based
virtual screening. Moreover, apart from model no 134, we have
developed a full set model.

3.2. QSAR model 1.1 (Model no 134)

pIC50 = 2.603 (±0.447) � 0.193 (±0.085) com_ringCmi-
nus_2A + 0.249 (±0.074) H_ringN_2B � 1.331 (±0.226) com_N-
hyd_2A � 0.34 (±0.113) notringC_don_3B + 0.012 (±0.001)
allminus_SASA.

(The experimental and predicted pIC50 M value for the divided
dataset model is available as Table no S3 in supplementary
material).

R2:0.80, R2
adj:0.79, R2-R2

adj:0.01, LOF:0.26, Kxx:0.20, DeltaK:0.09,
RMSEtr: 0.49, MATer:0.40, RSStr:42.75, CCCtr:0.89, s:0.50, F:140.68,
Q2
loo:0.79, R2-Q2

loo:0.02, RMSEcv: 0.50, MAEcv: 0.41, PRESScv: 45.25,
CCCcv: 0.88, Q2

LMO: 0.79,R2Yscr: 0.03, Q2 scr: �0.04, RMSE AVYscr:
1.07, RMSEext: 0.54, MAEext: 0.44, PRESSext:12.98, Q2

F1: 0.80,Q2
F2: 79,

Q2
F3: 0.75,CCC exe: 0.88, r2m aver.: 0.68, r2m delta: 0.18.

3.3. QSAR model 1.2 (Full set model)

PIC50 = 2.619 (±0.399) � 0.085 (±0.033) minus_don_3B + 0.431
(±0.086) don_ringC_6Ac � 0.353 (±0.166) don_notringC_4B �
0.584 (±0.123) fsp2Osp2C4B + 0.012 (±0.001) allminus_SASA
(The experimental and predicted pIC50 M value for the full dataset
model is available as table no S4 in supplementary material).

R2 = 0.79, R2
adj = 0.79, R2-R2

adj = 0.01, LOF = 0.28, Kxx = 0.16, Del-
taK = 0.14, RMSEtr = 0.50, MAEtr = 0.40, RSStr = 57.41, CCCtr = 0.89,
s = 0.51, F = 168.60, Q2

loo = 0.78, R2-Q2
loo = 0.01, RMSE cv = 0.52,

MAEcv = 0.41, PRESScv = 60.39, CCCcv = 0.88, Q2
LMO = 0.78, R2Yscr = 0.02,

Q2Yscr = -0.03, RMSE AV Yscr = 1.10.
The statistical validation parameters listed above are recom-

mended for judging internal and external robustness, and they
have the same meaning as before (see Supplementary Material
Table S5 for detailed formulae and Table S6 for the detailed

descriptions of the descriptors). The high value of R2
tr (coefficient

of determination), R2
adj. (adjusted coefficient of determination), R2

cv

(Q2
loo) (cross-validated coefficient of determination for leave-one-

out), R2
ex (external coefficient of determination), Q2

Fn, and CCCex

(concordance correlation coefficient), and the low value of LOF
(lack-of-fit), RMSEtr (root mean square error).The various graphs
associated with the model(see Figs. 3 and 5), such as MAEtr (mean
absolute error), R2

Yscr (R2 for Y-scrambling), and others, show that
the model is statistically robust, with high internal and external pre-
dictive capacity, and is free of chancy correlation. Furthermore, the
Williams plot (see Fig. 4) demonstrates that the model is statistically
acceptable.Moreover, insubris As a result, it complies with all of the
OECD’s suggested standards for developing an effective QSAR model.

4. Discussion

4.1. Allminus_SASA

The solvent accessible surface area, integrates shape and elec-
trical property which additionally can be contributed by the pres-
ence of hydrogen bond donor/acceptor atoms (heteroatoms, such
as N, O, etc.) in a molecule and is determined by mapping atomic
partial charges. Owing to the electronegativity difference between
such heteroatoms and carbon/hydrogens there occurs a partial
charge separation, subsequent dipole formation, thereby intensify-
ing the drug – water solubility and facilitating drug – biological
target interaction, ultimately. The molecular descriptor, allmi-
nus_SASA (solvent accessible surface area (Å2) of all negatively
charged atoms) is in a positive relationship with pIC50 M (positive
coefficient in both QSAR equation) and hence, increase in its value
may possibly lead to better AR inhibitory activity.

This can be well illustrated by comparing compound 190
(allminus_SASA = 131.34, Number hydrogen bond donor/accep-
tor = 2; pIC50 = 4.0 M) and 16 (allminus_SASA = 411.21,Number
hydrogen bond donor/acceptor = 7; pIC50 = 7.48 M) wherein possi-
bly, for about three fold increase in allminus_SASA value leads to
more than 3000 fold increase in AR inhibitory potency. Illustrative
Fig. 6 depicts the allminus_SASA.

4.2. Minus_don_3B

The minus_don_3B (presence of a donor within three bonds
from a negatively charged atom) has a negative relationship with
the inhibitory activity of AR and its value should be kept as low
as possible. The importance of this bioactivity governing feature
can be supported by comparing compound 20 (minus_don_3B = 0;
pIC50 = 6.40 M) with the compound 172 (minus_don_3B = 12;
pIC50 = 4.69 M). Both, compounds 20 and 172 constitute a compa-
rable number of hydrogen bond donors/acceptors which are
expected to bring very close AR inhibitory potency to both (as
explained for allminus_SASA in preceding section). But contrast
observation in case of the compound 20 and 172 pair, highlights
the importance of absence of not all but specific donor atoms or
negatively charged carbons, defined by minus_don_3B. Further-
more, the lone pair of electrons, associated with the donor NH &
OH groups can be deployed to make a covalent link with a biolog-
ical target. Plausibly, a good compromise between phenyl and
moderately long chain ether functionality induced lipophilicity
and donor atoms induced hydrophilicity, enhanced the AR inhibi-
tory potency of compound 20 (see Fig. 7).

4.3. Don_ringC_6Ac

The Don_ringC_6Ac (presence of partially charged ring carbon
atoms within 6 Å of the donor) being having positive correlation

Table 1
Display of five variable models in MCDM.

Model
id

Size Variables/Descriptor

134 5 com_ringCminus_2A H_ringN_2B com_Nhyd_2A
notringC_don_3B allminus_SASA

133 5 H_ringN_2B lipo_don_3Bc com_Nhyd_2A notringC_don_5B
allminus_SASA

132 5 H_ringN_2B lipo_don_3Bc com_Nhyd_2A notringC_don_3B
allminus_SASA

129 5 minus_H_3B H_ringN_2B com_Nhyd_2A notringC_don_3B
allminus_SASA

131 5 all_HASA3 H_ringN_2B com_Nhyd_2A notringC_don_3B
allminus_SASA

130 5 all_HASA3 H_ringN_2B com_Nhyd_2A notringC_don_5B
allminus_SASA

128 5 H_ringN_2B ringN_H_8Ac com_Nhyd_2A notringC_don_5B
allminus_SASA

127 5 H_ringN_2B ringN_H_8Ac com_Nhyd_2A notringC_don_3B
allminus_SASA

126 5 H_ringN_2B ringN_H_5Ac com_Nhyd_2A notringC_don_5B
allminus_SASA
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Fig. 2. Depiction of MCDM graph for model 135. The � axis indicates MCDM fit while y axis shows MCDM ext (Black circle showing three best models).

Fig. 3. Depiction of Scatter plot of experimental vs. predicted data by LOO.

Table 2
Presentation of different MCDM parameters.

Model id R2 R2
adj Q2

LOO Q2
LMO CCC tr CCC cv Q2

F1 Q2
F2 Q2

F3

134 0.7999 0.7942 0.7881 0.7888 0.8888 0.8824 0.7975 0.7935 0.7488
133 0.7984 0.7926 0.7848 0.7821 0.8879 0.8805 0.8164 0.8128 0.7724
132 0.7965 0.7908 0.7838 0.7803 0.8867 0.8798 0.8163 0.8127 0.7722
129 0.7953 0.7895 0.7816 0.7782 0.886 0.8785 0.7435 0.7385 0.682
131 0.7951 0.7893 0.7833 0.7814 0.8858 0.8794 0.7945 0.7904 0.7451
130 0.7947 0.7889 0.7817 0.7766 0.8856 0.8785 0.7882 0.784 0.7373
128 0.7942 0.7883 0.7802 0.7773 0.8853 0.8777 0.7859 0.7817 0.7345
127 0.7933 0.7874 0.78 0.7767 0.8847 0.8775 0.7873 0.7831 0.7362
126 0.7927 0.7869 0.7782 0.7759 0.8844 0.8765 0.7814 0.7771 0.729
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Fig. 4. Display of Williams plot using data predicted by LOO. (Molecules out of applicability domain have been shown with their serial numbers).

Fig. 5. Insubria plot for Divided set model 134. (Molecules out of applicability domain have been shown with their serial numbers).

Fig. 6. Depiction of the descriptor allminus_SASA for compound 16 & 190. (The negatively charged atoms are depicted by a bold red color).
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with the pIC50 (M), high possible value of don_ringC_6Ac is advis-
able for better AR inhibitor lead optimization. In Compound 85
(don_ringC_6Ac = 2.49, number of H-bond donor/acceptor = 9;
pIC50 = 7.52 M), a blend of hydrogen bond donors capable of form-
ing electrostatic interactions, with equally important lipophilic
carbons (in unsaturated region of the isoquinoline and the pyrro-
lidine ring) enabling lipophilic interactions of molecule, for AR
inhibition makes it 2.83 unit more potent than compound 103
(don_ringC_6Ac = 0, number of H-bond donor/acceptor = 7;
pIC50 = 4.59 M) (see Fig. 8).

4.4. Don_notringC_4B

The don_notringC_4B (non-ring carbon atom within four bonds
from the donor) has negative correlation with biological activity
and hence minimum possible value of this molecular descriptor
while AR inhibitor lead optimization is recommended. Absence of
non– ring carbon atoms within four bonds from the donor atom
probably makes compound 46 about 660 times more potent than
compound 185 where there are two such non-ring carbons present
(Fig. 9). In corollary, a non-ring carbon atom within a molecule
must be placed at a distance of five or more bonds from the donor
atoms to develop leads with desired potency.

4.5. fsp2Osp2C4B

A molecular descriptor fsp2Osp2C4B (the frequency of occur-
rence of a sp2 hybridized carbon atom exactly four bonds from a
sp2 hybridized oxygen atom) has a negative correlation with bio-
logical activity and keeping its value minimum possible is advis-
able for better AR inhibitory potency. Absence of this specific

combination of sp2-O a distance of four bonds from the sp2-C atom
in compound 37 possibly make it more potent than compound 1 in
which such a combination is observed twice. (Fig. 10). Further-
more, overall lipophilicity of the molecule to the large extent is
contributed by unsaturated ring carbons. Importance of lipophilic-
ity in molecules for its AR inhibitory potency highlighted in fore-
gone discussion support and supported by the importance of
absence of not all but specific combination of sp2C and sp2O.

4.6. com_ringCminus_2A

com_ringCminus_2A encodes information on the number of
negatively charged ring Carbon atoms within 2 Å from the center
of mass of the molecule. AR inhibitory potency is inversely propor-
tional to the value of this molecular feature and hence, low possi-
ble value of com_ringCminus_2A in a molecule is advisable for
better AR inhibitory potency. This observation can be supported
by Comparison of 203 (com_ringCminus_2A = 4; pIC50 = 4.000 M)
with 109 (com_ringCminus_2A = 0; pIC50 = 7.95 M) wherein
decrease in value of com_ringCminus_2A from 4 in compound
203 to 0 in compound 109 cause about 10,000 fold increase in
AR inhibitory activity (see Fig. 11).

Generally, molecules in the receptor pocket should be more
steadily balanced if its center of mass is below the balance point,
but unstable if it is above the balance point. The appropriate orien-
tation of the molecule within the active site pocket is determined
by the molecule’s center of mass. This finding supports the idea
that having a larger number of negatively charged carbon atoms
within the 2 Å radius can cause problems with molecular align-
ment within the receptor active site pocket. This could be the cause

Fig. 7. Depiction of the descriptor minus_don_3B for the compound 20 and 172 only. (Donors are indicated by the dotted circle while negatively charged atoms are shown by
red bold color).

Fig. 8. Representation of descriptor Don_ringC_6Ac for the compound 85 and 103 only. (Donors are highlighted by a dotted circle while carbon atoms within 6 A0 are
indicated by red bold color).
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of the differences in biological activity between molecules 203 and
109 (see Fig. 11).

4.7. com_Nhyd_2A

In the established QSAR model, the molecular descriptor
com_Nhyd_2A (presence of hydrophobic nitrogen within 2 Å of
the center of mass) is negatively connected with biological activity
and hence it is advisable to abstain from introduction of such
hydrophobic nitrogen (partial charge in between �0.2 to + 0.2) to
avoid deterioration of biological activity. Here, in compound 57,
one hydrophobic nitrogen is present with a charge of �0.09 while
another nitrogen has a charge of 0.06. (see Fig. 12).

The poor activity for the molecule 16, 22, 36, 26, 32, 33 and 51
can be correlated with the high value of such hydrophobic Nitro-
gens within 2A0 from the center of mass of the molecule
(com_Nhyd_2A = 1).

4.8. H_ringN_2B

The descriptor H_ringN_2B represents a combination of ring
nitrogen and hydrogen separated by within 2 bonds. This descrip-
tor has a positive coefficient in the QSARmodel; therefore the com-
bination of ring nitrogen within 2 bonds from the hydrogen

element is the favorable combination to be used for hit/lead opti-
mization. (see Fig. 13).

Generally, Hydrogen is the smallest element, it implies that
there should be minimum bulk in the vicinity of ring Nitrogen
atoms. Therefore, in future modifications, steric bulk nearer to ring
Nitrogen atoms should be avoided to have better activity against
AR.

A poor activity profile of molecules 112, 113, 100, 102, 118 and
133 is due to absence of such hydrogen and ring nitrogen combina-
tions within 2 bonds (H_ringN_2B = 0), therefore higher the num-
ber of such combinations, greater will be AR inhibitory activity.
This may be a plausible reason for the difference in the biological
activity of these molecules.

4.9. QSAR based virtual screening

The QSAR based virtual screening was performed by employing
a divided set QSAR model.

Among these 14 scffolds furnished by QSAR-VS, scaffold 5
turned out as the more potent AR inhibitor than a template com-
pound 18. Close observation of the values of molecular features
for both scaffold-5 and compound 18 revealed that the large value
of two molecular descriptors viz. number of Hydrogen atoms that
are two bond away from ring Nitrogen atoms (H_ringN_2B) and
solent accessible surface area of all the negatively charged atoms

Fig. 9. Depiction of descriptor don_notringC_4B for the compound 46 and 185.

Fig. 10. pictorial depiction of descriptor fsp2Osp2C4B for the compounds 1 and 37.
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Fig. 11. Presentation of the descriptor com_ringCminus_2A for the compound 203 and 109.

Fig. 12. Representation of the descriptor com_Nhyd_2A for the compound 57 and 18(Star in the figure indicates center of mass of the molecules).

Fig. 13. Depiction of the descriptor H_ringN_2B for the compound 2 and 25.
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(allminus_SASA) which are in positive corelation with AR inhibi-
tory potency suffice to enhance the AR inhibitory potency of the
scaffold-5 (H_ringN_2B = 4, allminus_SASA = 353.8; pIC50 = 8.05 M)
over template compound-18 (H_ringN_2B = 2, allminus_SASA = 3
37.4; pIC50 = 8.04 M). In other scaffolds, increase in either
H_ringN_2B or allminus_SASA or both is not as in case of scaffold
�5. Hence, the synchronous effect of H_ringN_2B and allmi-
nus_SASA is the possible reason for the increase in the potency
of AR inhibitor (scaffold 5).

4.10. Molecular docking analysis of molecule 18

Human AR (Pdb-1fzd), a 36 kDa enzyme with a supple and mal-
leable active site, is the target protein under consideration. The
enzyme folds into a TIM-barrel and is thought to be involved in
diabetic retinopathy and angiopathy. (Docking score, RMSD and
pedicted pIC50 M values are displayed in Table 3).

As a result, it was created to be a promising drug target. It uses
NADPH as a reducing cofactor to convert various aldehydes (in-
cluding glucose in diabetic circumstances) to their corresponding
alcohols. NADPH contributes a hydride ion to the carbonyl carbon
of the aldehydes, resulting in a negatively charged intermediate,

although the exact mechanism is still debated. Furthermore, a sub-
sequent proton transfer from one of the nearby acidic active site
residues is used to trace this step. The binding site consists of
two sub-pockets, one encompassing the residues possibly involved
in catalysis (Tyr48, Lys77, and His110) sideways with the nicoti-
namide moiety of the cofactor, while the second so-called speci-
ficity pocket is formed by Trp111, Ala299, Leu300 and Phe122.

With a docking score of �7.912 kcal/mol, molecule 18 orients in
the specificity pocket in the same way as the pdb-1fzd ligand (see
Fig. 14). Through typical hydrogen bonding, carbon hydrogen
bonding, and hydrophobic interactions, molecule 18 forms a com-
plex with human AR. Molecule 18 resides in the second pocket,
known as the specificity pocket, in which the 4-oxothiazolidine
oxygen acts as an acceptor, forming a conventional hydrogen bond
with the NH2 hydrogen atom of specificity pocket residue A:
LEU300 (1.90 A0) and so acting as a hydrogen bond donor. Further
the same 4-oxo thiazolidine oxygen acceptor atom anchored car-
bon hydrogen bond with hydrogen atom of ALA299 (2.74A0) resi-
due therefore, acts as hydrogen bond donor in the drug receptor
interaction. (see Fig. 15).

Furthermore, molecule 180s terminal acceptor carboxyl oxygen
forms a carbon hydrogen bond with the specificity pocket A:

Table 3
Depiction of docking Results along with pIC50 M and IC50 by QSAR based virtual screening for the Molecule 18 and the series of 14 Scaffolds.

Sn DockingScore (kcal/mol) RMSD pIC50 M IC50 in nM

Molecule 18 �7.91 0.95659 8.04 9.12
Scaffold 1 �7.89 1.02 6.21 616.5
Scaffold 2 �7.69 1.28 7.83 14.79
Scaffold 3 �7.86 1.41 7.61 24.54
Scaffold 4 �7.81 1.65 7.83 14.79
Scaffold 5(Pose 1) �8.08 1.29 8.05 8.91
Scaffold 5(Pose 2) �8.00 0.88
Scaffold 6 �7.91 1.20 7.84 14.4
Scaffold 7 (Pose 1) �8.06 1.11 7.83 14.7
Scaffold 7(Pose 2) �8.04 1.25
Scaffold 8 �7.87 1.82 7.52 30.2
Scaffold 9 �7.91 1.44 7.79 16.2
Scaffold 10 �7.83 1.18 7.97 10.7
Scaffold 11 �7.91 0.81 7.74 18.1
Scaffold 12 �7.96 1.50 7.61 24.5
Scaffold 13 �8.01 1.21 7.75 17.7
Scaffold 14 �8.00 0.99 7.83 14.7

Fig. 14. Showing 3D and 2D interaction of Molecule 18 with Human aldose Reductase.
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ALA299 (2.62A0) residue, where the side chain carbon atom acts as
a donor in drug receptor interactions. Furthermore, the acceptor
hydroxy group of the terminal carboxyl substituent forms a carbon
hydrogen bond with the donor hydrogen atom of the secondary
amino group of PRO310 (2.74 Å) residue, producing the human

aldose reductase specificity pocket. Following that, the naph-
thalene component of Molecule 18 intercalates with the benzene
ring of TRP 20(5.21 Å) residue, resulting in a p - p stacking
hydrophobic interaction between the naphthalene ring and the
benzene ring of TRP20 residue due to the involvement of p orbitals.

Fig. 15. Depiction of superimposed orientation of Molecule 18 (green) with Pdb-1fzd ligand (yellow) in specificity pocket.

Fig. 16. Showing 3D and 2D interaction of Scaffold 5 with Human aldose Reductase.
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Through p -sulphur interactions, the thioxozolidine ring’s sul-
phur atom forms a 4.90 Å contact with the oxygen atom of trypto-
phan. As a result, the specificity pocket residue TRP111 (3.57 Å)
causes p -sulphure and p - p stacking (3.80 Å) interactions with
the thioxozolidine ring’s sulphure atom. Likewise another speci-
ficity pocket residue PHE122 forms a p -suphur contact of 4.94 Å
with sulphure atom of thioxozolidine ring of Molecule 18. TRP79

residues (5.53 Å) also create p -sulphure contacts with the sulphur
atom of the thioxozolidine ring through p - p T shaped hydropho-
bic interactions with the naphthalene ring. Subsequently, speci-
ficity pocket residue LEU300 (5.03 Å) form p -alkyl hydrophobic
contact with thioxozolidine ring, CYS303 anchored p -alkyl
hydrophobic contact with thioxozolidine ring while VAL47 interca-
late with naphthalene ring through p -alkyl hydrophobic interac-

Fig. 17. Depiction of superimposed orientation of scaffold 5 (green) with Pdb-1fzd ligand (yellow) in specificity pocket.

Fig. 18. Presentation of human AR with (A) Molecule 18; (B) scaffold 5, RMSD to measure the average change in displacement of a selection of atoms for a particular frame
with respect to a reference frame.
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Fig. 19. Presentation of human AR – (A) Molecule 18; (B) scaffold 5 RMSF for characterizing local changes along the protein chain.

Fig. 20. 2D interaction plots showing ligand interactions of (A) Molecule 18; (B) Scaffold 5 with the binding cavity residues of Aldose Reductase (AR).

Fig. 21. (A) Molecule18 contact histogram (H-bonds, Hydrophobic, Ionic, Water bridges) of the ligand, molecule-18 bound with protein recorded in a 100 ns simulation
interval; (B) Scaffold 5 contact histogram (H-bonds, Hydrophobic, Ionic, Water bridges) of the ligand, molecule-5 bound with protein recorded in a 100 ns simulation interval.
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tions. Docking analysis revealed that Molecule 18 bind with speci-
ficity pocket residues Trp111, Ala299, Leu300 and Phe122 through
conventional hydrogen bond, carbon hydrogen bond, p -sulphur
interaction, p - p stacked hydrophobic and p -alkyl hydrophobic
interactions. In Molecule 18, thioxozolidine ring, naphthalene ring,
terminal carboxyl substituent, methoxy substituent on naph-
thalene ring plays crucial role for enhancing binding affinity
against the human aldose reductase receptor.

4.11. Molecular docking analysis of scaffold 5.

As previously stated, the human AR receptor is divided into two
sub-pockets, one containing residues that may be involved in catal-
ysis (Tyr48, Lys77, and His110) that are sideways with the nicoti-
namide moiety of the cofactor, and the other containing Trp111,
Ala299, Leu300, and Phe122 residues.

With a docking score of �8.08 kcal/mol, scaffold 5 achieved the
same conformation in the specificity pocket as Pdb-1fzd ligand (see
Fig. 16) and was anchored with specificity pocket residues Trp111,

Ala299, and Leu300 via conventional hydrogen bonds, carbon
hydrogen bonds, pi-sulfur contact, pi-donor hydrogen bond, p - p
stacked hydrophobic contact, and p - p T-shaped contact, pi-
alkyl contact and alkyl contacts.(see Fig. 17) According to the
results of the molecular docking analysis, scaffold 5 has an excel-
lent binding characteristic and affinity for the AR receptor. It also
aligns into the specificity pocket in the same way the co-
crystallized pdb ligand does.

The allminus SASA descriptor further emphasizes the need of a
solvent-accessible surface. The presence of abundant SASA in the
ligand molecule means that the ligand is exposed to the vander-
waals surface of the receptor molecule, increasing hydrophobic
interactions. The network of solvent accessible surfaces of the
ligand molecules around them remains intact as a result of
hydrophobic groups tending to join together. This means that
the results of QSAR and docking are complementary and
consistent.

Furthermore, the Don_ringC_6Ac descriptor represents a blend
of electronic and lipophilic features in the ligand molecule that
contribute to hydrogen bonding and hydrophobic interactions. As
a result, it is reasonable to conclude that the results of molecular
docking and QSAR are complementary and in good agreement. As
a result, the descriptor H_ringN_2B emphasizes the role of reduced
steric bulk in enhancing receptor surface binding affinity. When we
look at the docking score for ligand molecule 18 and scaffold 5, we
can see that this observation is correct. As a result, the docking
results match the QSAR analysis perfectly.

4.12. Molecular dynamics (MD) simulation study

MD simulation studies were performed in order to define the
structural stability and conformational analysis of the screened
nitrogen heterocycles with target protein is human aldose reduc-
tase (Pdb: 1fzd) which is a 36 kDa sized enzyme displays marked
flexibility and malleability with respect to its active site. The Mole-
cule 18 and scaffold 5 anchored with human aldose reductase and
docking results were analyzed for 100 ns in MD simulation and
displayed in Fig. 18. The conformation of Molecule 18 bound to
the human aldose reductase displayed stable and converged con-
formation at the end of 100 ns (Fig. 18.A). Earlier till 50 ns a little
RMSD fluctuations observed but later the system was fully con-
verged with 1 Å deviation (Fig. 18 A, blue). On the other hand,
ligand RMSD exhibited quite stable conformation from the begin-
ning to end of the 100 ns simulation suggesting good fit and stable
accommodation at the binding site of human aldose reductase pro-
tein (Fig. 18 A, red). The scaffold 5 bound to aldose reductase dis-
played stable conformation with less fluctuations in RMSD of both
protein and ligand as displayed in Fig. 18.

TheRMSFplotsofMolecule18andscaffold5boundaldose reduc-
tase were displayed in Fig. 19. The C-a backbone displayed very less
fluctuations in the respective amino acids positions with an average
of 0.4Å (Fig. 19 (A)).Whereas, scaffold 5 boundaldose reductase dis-
played significant fluctuations 1.2–2.0 Å between 110 and 120 resi-
dues and 2.8 Å between 210 and 220 residues (Fig. 19 (B)).

The interaction plots (Fig. 20 (A) and (B)) displayed the interac-
tion of binding site residues of aldose reductase with the ligands
Molecule 18 and scaffold 5. After 100 ns of simulation Molecule
18 formed conventional H-bonds with the Arg296, Leu300 and
Tyr309 (Fig. 20 (A)) to entail into a stable complex. On the other
hand, scaffold 5 binds by conventional H-bonds with Lys21 and
pi-pi interaction with Trp111 (Fig. 20 (B)).

Throughout the simulation, protein interactions with the ligand
can be observed. As seen in the graph above, these interactions can
be classified and summarized by type. Hydrogen Bonds, Hydropho-
bic, Ionic, and Water Bridges are the four forms of protein–ligand
interactions (or ’contacts’). Each interaction type has a number of

Fig. 22. Stepwise trajectory analysis for every 20 ns displaying the protein, (A)
Scaffold 5 and molecule 18 and (B) Scaffold 5 and molecule 18; these show the
conformation during 100 ns of simulation scale.
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subtypes that can be examined usingMaestro’s ’Simulation Interac-
tions Diagram’ panel, shown in Fig. 21. (A) and (B)). The stacked bar
charts are standardized over the course of the trajectory. Some pro-
tein residues may make several interactions of the same subtype
with the ligand, values above 1.0 are feasible. As seen in Fig. 21;
the majority of the significant ligand–protein interactions discov-
ered by MD are hydrogen bonds and hydrophobic interactions.

The stepwise trajectory analysis of every 25 ns of simulation of
Scaffold 1 bound to molecule 18 and Scaffold 6 bound to molecule
5 displayed the positional alteration with reference to 0 ns struc-
ture [Fig. 22]. It has been observed that the ligand, molecule 18
with Scaffold 5 in Fig. 22 (A) and molecule 18 with Scaffold 5 in
Fig. 22 (B) have possessed a structural angular movement at the
end frame to achieve its conformational stability and convergence.

4.13. Molecular mechanics generalized born and surface area (MM
GBSA) calculations

To assess the binding energy of ligands to protein molecules,
the MMGBSA technique is commonly employed. The binding free

energy of each molecule 18 complex and Scaffold 5, as well as
the impact of other non-bonded interactions energies, were esti-
mated. With Scaffold 1, the ligand molecule 18 has a binding
energy of �61.836 kcal/mol, whereas with Scaffold 6, the ligand
molecule 18 has a binding energy of �57.590 kcal/mol Non-
bonded interactions like GbindCoulomb, GbindCovalent, GbindHbond,
GbindLipo, GbindSolvGB, and GbindvdW govern Gbind. Across all
types of interactions, the GbindvdW, GbindLipo, and GbindCoulomb
energies contributed the most to the average binding energy. On
the other side, the GbindSolvGB and Gbind Covalent energies con-
tributed the least to the final average binding energies. Further-
more, the GbindHbond interaction values of molecule 18 and
Scaffold 5 complexes demonstrated stable hydrogen bonds with
amino acid residues. In all of the compounds, GbindSolvGB and
GbindCovalent exhibited unfavorable energy contributions, and so
opposed binding. Fig. 23 (A) reveals that between pre-simulation
(0 ns) and post-simulation (100 ns), molecule 18 in the binding
pocket of Scaffold 1 has undergone a large angular change in the
pose (curved to straight) and Fig. 23 (B) reveals that between
pre-simulation (0 ns) and post-simulation (100 ns), molecule 5 in
the binding pocket of Scaffold 6 has undergone a large angular
change in the pose (curved to straight). These conformational
changes lead to better binding pocket acquisition and interaction
with residues, which leads to enhanced stability and binding
energy (shown in Table 4).

Thus, MM-GBSA calculations resulted, from MD simulation tra-
jectories well justified with the binding energy obtained from
docking results moreover, the last frame (100 ns) of MMGBSA dis-
played the positional change of the molecule 18 and scaffold 5 as
compared to 0 ns trajectory signify the better binding pose for best
fitting in the binding cavity of the protein (see Fig. 23).

Fig. 23. MMGBSA trajectory (0 ns, before simulation and 100 ns, after simulation) exhibited conformational changes of molecule 18 and scaffold 5 upon binding with the
protein, molecule 18 (A) and scaffold 5 (B). The arrows indicate the overall positional variation (movement and pose) of ligands at the binding site cavity.

Table 4
Binding energy calculation of molecule 18 and Scaffold 5 and non-bonded interaction
energies from MMGBSA trajectories.

Energies (kcal/mol) Molecule 18 Scaffold 5

DGbind �61.839 ± 5.673 �55.590 ± 3.705
DGbindLipo –23.517 ± 1.693 �20.995 ± 1.509
DGbindvdW �49.459 ± 1.857 �43.737 ± 3.695
DGbindCoulomb 17.834 ± 7.867 9.519 ± 3.212
DGbindHbond �1.829 ± 0.723 �1.128 ± 0.388
DGbindSolvGB 16.579 ± 8.341 12.866 ± 10.172
DGbindCovalent 1.362 ± 0.728 1.253 ± 0.801
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4.14. ADMET study of molecule 18 and scaffold 5

ADMET study of molecule 18 and scaffold 5 showed interesting
molecular as well as pharmakokinetic properties. Total polar sur-
face area of a molecule should be within the range of 20–130 Å.
The molecule 18 TPSA was calculated to be 124.23 and for scaffold
5 TPSA is quite high 150 Å. The next descriptor (LogS, ESol model)
was calculated to be water solubility whose range should be < 6.
The molecule 18 showed high solubility having �4.5 whereas, scaf-
fold 5 displayed �3.49. Therefore, it can be suggetsed that both
molecule 18 and scaffold 5 have good solubility in water. GI
absorption of molecule is found to be significant whereas, scaffold
5 has less GI absorption capacity. For drug likeliness property,
molecule 18 displayed significant likeiness since none of the prop-
erties violate Lipinski, Ghose, Veber, Muegge and Egan filters.
Whereas, scaffold 5, except Lipinski and Ghose all other filters
are violated. Therefore, suggestively molceule 18 could be a proper
drug where as scaffold has drug like properties. Molecule 18 has
good capacity to tavel through BBB whereas, the possibility for
scaffold 5 to pass through BBB is less. Moreover, both molecule
18 and scaffold 5 displayed to have good syntesizing accessibility
score 3.37 and 3.2, respectively, which signifies both the lead
molecules can be syntheiszed in the laboratory. As per the
recommedation which should be < 6, both the molecule 18 and
scaffold 5 are synthesizable. The overall comparative analysis of
ADMET parmaters suggested that molecule 18 has better chance
to become drug molecule instead scaffold 5.

5. Conclusions

In the present investigation, we used QSAR analysis, QSAR-
based virtual screening, Molecular docking, and Molecular
dynamic simulation to find a new AR receptor inhibitor that is a
strong antidiabetic agent. To identify hidden structural features
responsible for AR inhibition, a five parametric GA MLR-based full
set and divided set QSAR model was developed. Pharmacophoric
features such as solvent accessible surface area, partially charged
ring carbon atoms within 6 Å of donor, combination of ring nitro-
gen and hydrogen separated by 2 bonds, and others emerged as
projecting features that govern AR inhibition based on the devel-
oped QSAR model analysis. We conducted virtual screening using
QSAR yielded a novel hit molecule (scaffold 5) with a pIC50 of
8.05 M (IC50 = 8.91 nM). Furthermore, molecular docking analysis
of molecule 18 and scaffold 5 demonstrates that both molecules
in the specificity binding pocket of AR adopted the same conforma-
tion as the pdb ligand. This study offered light on the pharma-
cophores involved in the binding interactions that inhibit AR. It
gives the impression that, molecule18 and scaffold 5 bind with
the specificity pocket residue A: LEU 300(1.90 Å, ALA299
(2.74 Å), ALA299 (2.62 Å), PRO310 (2.74 Å), TRP 20(5.21 Å). The
QSAR and molecular docking results are consensus and comple-
mentary, and the identified pharmacophoric properties must be
retained in the development of new and potential AR inhibitors
as antidiabetic agents in the future. Finally, the high docking score
alongside increase in IC50 value (8.91 nM) for scaffold 5 by 0.21 nm
shows that it has a higher affinity for the specificity binding pocket
of AR receptors, and this study could lead to the development of
novel AR inhibitors as new antidiabetic agents. Subsequently, The
formation of the significant number of hydrogen bonds in MD sim-
ulation corroborated the findings with molecular docking also sug-
gested for a stable complex formation during the MD simulation
over 100 ns time scale. MMGBSA is a powerful tool in determining
the binding energy of the ligand with its respective protein targets.
MMGBSA studies accurately predicted the total binding energy of
theWedelosin at the binding cavity of ALK and BTK and exhibited

a very low binding energy suggesting the capacity of theWe Scaf-
fold 5 to conform into a stable complex. The binding energies in
MMGBSA trajectory supported by van der Walls energy, Lipophilic
energy, Coulombic energies and similarly reported elsewhere.The
ADMET study revealed that scaffold 5 beheave as drug like candi-
date. The findings of this study may be relevant in the development
of novel therapeutic targets for AR as an antidiabetic agent in the
future.
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Abstract: Bromodomain-4 (BRD-4) is a key enzyme in post-translational modifications, transcriptional
activation, and many other cellular processes. Its inhibitors find their therapeutic usage in cancer,
acute heart failure, and inflammation to name a few. In the present study, a dataset of 980 molecules
with a significant diversity of structural scaffolds and composition was selected to develop a balanced
QSAR model possessing high predictive capability and mechanistic interpretation. The model was
built as per the OECD (Organisation for Economic Co-operation and Development) guidelines and
fulfills the endorsed threshold values for different validation parameters (R2

tr = 0.76, Q2
LMO = 0.76,

and R2
ex = 0.76). The present QSAR analysis identified that anti-BRD-4 activity is associated with

structural characters such as the presence of saturated carbocyclic rings, the occurrence of carbon
atoms near the center of mass of a molecule, and a specific combination of planer or aromatic nitrogen
with ring carbon, donor, and acceptor atoms. The outcomes of the present analysis are also supported
by X-ray-resolved crystal structures of compounds with BRD-4. Thus, the QSAR model effectively
captured salient as well as unreported hidden pharmacophoric features. Therefore, the present study
successfully identified valuable novel pharmacophoric features, which could be beneficial for the
future optimization of lead/hit compounds for anti-BRD-4 activity.

Keywords: QSAR; BRD-4; pharmacophoric features; X-ray

1. Introduction

Cancer and heart failure are major causes of mortality [1], health complications, and
social and economic problems for millions of people around the globe. Researchers have
identified different chemotherapeutic methods to minimise heart failure as well as the onset,
growth, and survival of cancer cells [1]. However, different serious health issues initiated
or echoed by different anti-cancer and cardiac drugs are of great concerns. Therefore, the
quest for a harmless and effective anti-cancer and cardiac drug is an important goal for the
research and development laboratories of pharmaceutical companies and academic insti-
tutions. For this, researchers generally prefer to inhibit any irregularity occurring during
a vital cellular process. A good number of recent studies have confirmed that reversible
lysine acetylation (RAL) is a dynamic process responsible for protein post-translational
modifications, transcriptional activation, and other cellular processes [2–11]. Therefore,
any anomaly with RAL could lead to the initiation of malignancy or its survival [7,12]. RAL
is regulated by three types of epigenetic regulatory proteins [12,13]: (1) histone acetyltrans-
ferases (HATs) acetylate lysine, (2) Histone deacetylases (HDACs), and (3) bromodomain
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(BRD) family of proteins. HATs are responsible for acetylation of lysine residues on histone
tails and thereby behave as “writers”, whereas the reverse is true for HDACs and sirtuins,
which work as “erasers” that are accountable for the elimination of the acetyl group from
acetylated lysine (KAc) [14]. The Bromodomain and Extra-terminal (BET) family selectively
recognises and links with acetylated lysine residues in histones H3 and H4 [15–17]; thus,
they function as “readers”. The BET proteins, viz., BRD2, BRD3, and BRD-4, and bromod-
omain testis-specific protein (BRDT) are widely recognised as druggable target proteins for
regulating cellular epigenetics [15]. Therefore, intruding interactions between BET proteins
and acetylated lysine have attracted many researchers to develop better therapeutics for
various human diseases including cancer, acute heart failure, and inflammation [2–11].

BRD-4, also called mitotic chromosomal-associated protein (MCAP), Fshrg4, or Hunk1,
is ubiquitously expressed and plays a crucial role in a number of DNA-centered pro-
cesses [15]. It is generally localised in the nucleus and regulates transcription by RNA
polymerase II through a positive transcriptional elongation factor complex [15]. Struc-
turally, it comprises two highly conserved N-terminal bromodomains (BD1 and BD2), an
ET domain, and a C-terminal domain (CTD) [7]. Furthermore, BRD-4 contains a set of
four helices: αZ, αA, αB, and αC. αZ and αA helices are connected through the ZA loop,
whereas the BC loop connects the αB and αC helices [11,18]. Together, the four helices and
the two loops create an active acetyl-lysine binding pocket (see Figure 1) [11,18]. The active
site also consists of a hydrophobic WPF shelf (Trp81, Pro82, and Phe83), ZA loop, Tyr97,
Asn140, and Met149 [11,18]. The majority of BRD-4 inhibitors compete with histone H4 to
imitate the interactions with Tyr97 and Asn140 [3]. The WPF shelf is believed to play an
important role in deciding the selectivity for BET bromodomains [6].
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Figure 1. X-ray resolved structure of BRD-4 using pdb 5UVT (a) without molecular surface and
(b) with molecular surface (green: carbon; red: oxygen; blue: nitrogen).

Recent studies indicate that the inhibition of BRD-4 is a good strategy, and a good
number of BRD-4 inhibitors are in clinical or pre-clinical trials (see Figure 2) [2,19,20].

However, the quest for a safer and effective BRD-4 inhibitor with an optimum ADMET
(Absorption, Distribution, Metabolism, Excretion, and Toxicity) profile with a retention of
potency is still in progress. For this, it is essential to know the prominent and concealed
pharmacophoric features associated with BRD-4 inhibitors. To achieve this goal, a good
number of researchers have reported SAR (Structure Activity Relationships) and QSAR
(Quantitative SAR) analyses of BRD-4 inhibitors. Tahir et al. [21] developed a CoMSIA
(3D-QSAR) model with an R2

tr (coefficient of determination) = 0.982 and R2
cv (or Q2

loo)
(cross-validated coefficient of determination for leave-one-out) = 0.500 for a dataset of
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60 quinolinone and quinazolinone derivatives as BRD-4 inhibitors. Tong et al. [22] reported
four 3D-QSAR models possessing R2

tr = 0.912 to 0.963 and R2
cv = 0.574 to 0.759 for the BRD-

4 inhibitory activity of 4,5-dihydro-[1,2,4]triazolo[4,3-f]pteridine derivatives. Obadawo and
co-workers [23] performed QSAR modelling (R2

tr = 0.93 and R2
cv = 0.70) for 40 different

substituted 4-Phenylisoquinolinones as potent BET bromodomain (BRD-4-BD1) inhibitors.
Speck-Planche and Scotti [6] performed multi-target QSAR for bromodomain inhibitors
using linear discriminant analysis and artificial neural networks. Their binary classification
(active/inactive), which is based on a fragment-based topological approach, and analysis
led to the identification of a good number of pharmacophoric features. However, the
fragment-based topological approach involved the use of SMILES of molecules and thereby
lacks the inclusion of 3D information. Thus, even though these studies are successful in
identifying easily visible pharmacophoric features, they are based on small datasets with
limited variations in structures, binary classification, lack thorough validation and general
applicability, and provide partial mechanistic interpretations.
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A literature survey reveals that BRD-4 inhibitors possess structural isomerism (posi-
tional, chain, etc.), variations in central scaffolds, and their chemical space is very broad [6,7];
therefore, many concealed or hidden correlations of pharmacophoric features cannot be
identified by visual inspection [24]. In such a situation, there is a need to accomplish
thorough QSAR analysis using a larger dataset of BRD-4 inhibitors. In the present work, we
have performed QSAR analysis of 980 structurally diverse BRD-4 inhibitors. The developed
QSAR model possesses a balance of excellent predictive ability with in-depth mechanis-
tic interpretations, which are reinforced by reported X-ray-resolved structures of BRD-4
inhibitors with the target enzyme.

2. Results

The present QSAR analysis is based on a dataset covering a broad chemical space and
data range owing to the inclusion of structurally diverse compounds with experimentally
measured IC50 in the range of 1 nM to 15 µM. Consequently, this helped us in developing
an appropriately validated genetic algorithm multi-linear regression (GA-MLR) model
for gathering or extending exhaustive information about the pharmacophoric traits that
govern the desired bio-activity (Descriptive QSAR) and also possessing acceptable external
predictive capability (Predictive QSAR) [25–27]. The seven variable-based GA-MLR QSAR
model (see model-A), along with selected internal and external validation parameters (see
Supplementary Material for additional parameters), is as follows.

Model-A: pIC50 = 4.27 (±0.156) + 0.093 (±0.017) * fsp3CringC2B + 0.108 (±0.014) *
com_C_4A + 0.391 (±0.066) * Saturated_Carbo_Rings + 0.428 (±0.036) * fsulfonSaroC8B +
0.625 (±0.059) * flipoacc3B + 0.921 (±0.067) * fsp3OaroN6B—0.367 (±0.063) * fplaNN4B.
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Validation of Model-A: Method of splitting = Random, No. of descriptors = 7,
Ntraining = 785, Ntest = 195, R2

tr = 0.762, R2
adj. = 0.760, RMSEtr = 0.389, MAEtr = 0.326,

CCCtr = 0.865, s = 0.391, F = 355.446, R2
cv (Q2loo) = 0.757, RMSEcv = 0.393, MAEcv = 0.329,

CCCcv = 0.862, Q2
LMO = 0.756, R2

Yscr = 0.009, Q2
Yscr = −0.012, RMSEex = 0.392, MAEex = 0.323,

R2
ex = 0.762, Q2-F1 = 0.762, Q2-F2 = 0.760, Q2-F3 = 0.758, CCCex = 0.860.

A multitude of statistical validation parameters and analysis of associated graphs
has been recommended by different researchers to confirm the statistical robustness and
external prediction ability of a QSAR model [28–39]. The same approach has been fol-
lowed in the present work. A high value of R2

tr, R2
adj., R2

cv (Q2loo), R2
ex, Q2-Fn, CCCex,

etc., and a small value of LOF (lack-of-fit), RMSEtr, MAEtr, R2
Yscr (R2 for Y-scrambling),

etc., along with different graphs (Figure 3a–d) related to model-A support the external
predictive ability, statistical robustness, and point outs the lack of chancy correlation
for model-A [28–38]. Moreover, the Williams plot [40–44] point outs that the majority of
molecules (929 molecules) are within the applicability domain; thus, the model is sta-
tistically acceptable (see Figure 3b). The outliers with high leverage have been labeled
in Figure 3b. Therefore, it fulfills all the Organisation for Economic Co-operation and
Development (OECD) endorsed guidelines for generating a thriving QSAR model.
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Figure 3. Different graphs associated with the model: (a) experimental vs. predicted pIC50 (the
solid line represents the regression line); (b) experimental vs. residuals values; (c) Williams plot
for applicability domain (the vertical solid line represents h * = 0.031 and horizontal dashed lines
represent the upper and lower boundaries for standard residuals); (d) Y-randomization.

The descriptions of seven molecular descriptors constituting model-A have been
tabulated in Table 1.
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Table 1. Details of molecular descriptors present in model-A.

Variable Description Software Used
for Calculation

fsp3CringC2B Frequency of occurrence of ring carbon atoms exactly at 2 bonds
from sp3-hybridised carbon atoms PyDescriptor [45]

com_C_4A Total number of carbon atoms within 4 Å from centre of mass
(com) of molecule

PyDescriptor

Saturated_Carbo_Rings Total number of saturated rings containing carbon atoms only DataWarrior [46]

fsulfonSaroC8B Frequency of occurrence of aromatic carbon atoms exactly at 8
bonds from sulphur atoms of Sulfone group PyDescriptor

fsp3OaroN6B Frequency of occurrence of aromatic nitrogen atoms exactly at 6
bonds from sp3-hybridised oxygen atoms PyDescriptor

flipoacc3B Frequency of occurrence of H-bond acceptor atoms exactly at 3
bonds from lipophilic atoms PyDescriptor

fplaNN4B Frequency of occurrence of nitrogen atoms exactly at 4 bonds
from planer nitrogen atoms PyDescriptor

Interestingly, five molecular descriptors, viz., com_C_4A, fsp3CringC2B, flipoacc3B,
fsulfonSaroC8B, and Saturated_Carbo_Rings, comprise the presence of different types of
carbon atoms, which indicates the importance of carbon atoms in deciding BRD-4 inhibitory
activity. The same is true for nitrogen, which is a part of three molecular descriptors, viz.,
flipoacc3B, fplaNN4B, and fsp3OaroN6B. Since, in general, the presence of carbon increases
lipophilicity whereas nitrogen is attributed to significantly influence the pharmacological
and hydrophilic profile, therefore, a balance of an appropriate number of carbons for
lipophilicity and nitrogen is necessary to obtain adequate BRD-4 inhibitory activity. Of the
seven descriptors in model-A, six have positive coefficients and only one has a negative
coefficient. The effects of descriptors and their role in deciding the BRD-4 inhibitory profile
have been discussed in more detail with relevant examples in the Discussion section.

3. Discussion
Mechanistic Interpretation of QSAR Model

An appropriately validated relationship between prominent structural features or
molecular descriptors of the molecules with the bioactivity enlarges knowledge about
mechanism of action of molecules, reasons for their specificity, and pharmacophoric
atoms/groups accountable for the desired bioactivity [20,26,39]. In the present analy-
sis, although we have equated the IC50 values of different molecules in a relationship with
a specific molecular descriptor (or feature), a synergistic or reverse effect of other molecular
descriptors or unknown factors having a superseding influence in deciding the overall IC50
value of a molecule cannot be ignored. That is, a single molecular descriptor or feature
neither decides nor completely explains the experimental IC50 value for such a large and
structurally diverse set of molecules. In other words, the effective use of a validated QSAR
model depends on the synergetic consideration of constituent molecular descriptors. The
newly developed QSAR model-A comprises seven descriptors.

The molecular descriptor fsp3CringC2B represents the frequency of occurrence of
ring carbon atoms exactly at two bonds from sp3-hybridised carbon atoms. If the same
ring carbon atom was also present at less than two bonds from any other sp3-hybridised
carbon atoms, then it was excluded while calculating fsp3CringC2B. Its positive coeffi-
cient in model-A and also a correlation of 0.30 with pIC50 indicate that increasing such
a combination of ring and sp3-hybridised carbon atoms could lead to better inhibitory
activities for BRD-4. For example, a comparison of molecule 736 with 737 indicates the
significant influence of ring carbon atoms (shown using green dots in Figure 4a,b) at exactly
two bonds from sp3-hybridised carbon atoms. This is further supported by their reported
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X-ray resolved structures with BRD-4. Molecule 736 (pdb: 5z1s [47]) has an additional
water-mediated interaction with receptors with a distance of 3.37 Å (see Figure 4c) due to
the -OCH3 group present in the benzoxazinone ring. The same -OCH3 group is responsible
for increasing the value of fsp3CringC2B for 736, but it is absent in 737 (pdb: 5z1r [47]).
The difference in IC50 for the following pairs of molecules further support the influence of
fsp3CringC2B on the activity profile: 255 with 499, 725 with 716, 231 with 240, and 89 with
105, to mention a few.

From this discussion, it appears that ring carbon atoms alone are important. However,
replacing fsp3CringC2B by number of ring carbon atoms as a descriptor in model-A reduced
the statistical performance from R2

tr = 0.76 to 0.73. In addition, the number of ring carbon
atoms has a correlation of 0.27 with pIC50. Therefore, fsp3CringC2B is a better descriptor
than the number of ring carbon atoms.
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Figure 4. Comparison of BRD-4 inhibitory activity of molecule 736 with 737 with respect to
fsp3CringC2B: (a,b) 2D representation of 736 and 737; (c,d) X-ray-resolved structures of 737 (pdb:
5z1r) and 736 (pdb: 5z1s). Cyan coloured spheres represent water molecules, and dashed lines signify
interactions and distances in Å.

com_C_4A, which stands for total number of carbon atoms within 4 Å from centre
of mass (com) of molecule, has a positive coefficient in model-A. Therefore, increasing
the value of com_C_4A leads to better inhibitory activities. This observation is supported
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by the fact that it has a correlation of 0.404 with pIC50, and molecules with IC50 < 10 nM
(29 molecules) possess a high value of com_C_4A. In addition, a simple comparison of the
following pairs of the molecules strengthens this observation: 620 with 621, 720 with 710,
724 with 717, 526 with 518, and 691 with 692, and 595 with 596. At first glance, it looks as if
com_C_4A is pointing out the importance of the number of carbon atoms. However, nC
(number of carbon atoms) has a correlation of 0.29 with pIC50 and substituting com_C_4A
by nC led to a decrease in statistical performance of model-A from R2

tr = 0.76 to 0.69.
Therefore, com_C_4A is a better choice as a variable for model-A.

As the presence of carbon is generally associated with the increased lipophilicity of
a molecule, therefore, com_C_4A indicates that the lipophilic part must be concentrated
near the com of the molecule for better activities. This in turn provides a crucial hint
about the active site of BRD-4. It appears that a significant portion of the active site of
BRD-4 is reasonably lipophilic in nature. This is supported by the fact that the active site
of BRD-4 consists of a hydrophobic WPF shelf (see Figure 1) [11,18]. Thus, the findings
of the present QSAR analysis are supported by the reported X-ray-resolved structure of
BRD-4 enzyme. In addition, the pharmacophore model, depicted in Figure 5, generated
using most active molecule 297, again points out the presence of a lipophilic region near
the com of the molecule.
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Figure 5. Pharmacophore model using most active molecule 207 (red: H-bond acceptor; blue: H-bond
donor; green: hydrophobic region). Distances are shown using yellow dashed lines and figures
indicate the distances in Å for different regions from center of mass. The black sphere represents the
position of the center of mass of molecule.

Another descriptor that also point outs the importance of lipophilicity of a molecule is
flipoacc3B, which represents the frequency of occurrence of H-bond acceptor atoms exactly
at three bonds from lipophilic atoms. However, an acceptor atom was excluded while
calculating flipoacc3B if it is also present within two or less bonds from same or any other
lipophilic atom. Evidently, the lipophilic part of a molecule close to H-bond acceptor moiety
(O or N atoms) plays a crucial role in deciding the inhibitory effect for BRD-4. This is once
again visible in the pharmacophore model depicted in Figure 6. A simple comparison of
the following pairs of molecules supports this observation: 812 with 823, 7 with 8, and 4
with 10.

An easily interpretable and influential molecular descriptor is Saturated_Carbo_Rings,
which corresponds to total number of saturated carbocyclic rings. It has positive coefficient
in model-A; therefore, increasing such rings is beneficial. A comparison of IC50 for 411 with
384 (see Figure 6), 137 with 127, 73 with 67, 131 with 124, 60 with 61, 570 with 573, and 572,
230 with 247 is in favour of this observation.

The importance of Saturated_Carbo_Rings in model-A indicates that the lipophilicity
and flexibility of a molecule are the actual factors governing an activity profile. It is
noteworthy that clogP, which represents molecular lipophilicity, has a correlation of 0.193
with pIC50, whereas Saturated_Carbo_Rings has 0.240. Thus, Saturated_Carbo_Rings
is a better choice, as it pinpoints the specific feature or part of the molecule (saturated
carbocyclic rings), which is correlated with the activity due to its lipophilic nature, whereas
clogP is a molecular property. A plausible reason could be the crucial role played by
hydrophobic zones such as saturated carbocyclic rings at the periphery or outer part of
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molecule as a proxy for BRD4 selectivity through their interaction with the WPF shelf [6].
Therefore, saturated carbocyclic rings should be retained in future optimizations for better
activity profiles. Thus, the present work is successful in identifying the significance of
saturated carbocyclic rings as a novel unreported pharmacophore feature associated with
BRD-4 inhibitory activity.
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The molecular descriptor fsulfonSaroC8B (frequency of occurrence of aromatic carbon
atoms exactly at eight bonds from sulphur atoms of Sulfone (-SO2-) group) has a positive
coefficient in model-A. Consequently, increasing the value of fsulfonSaroC8B, favours
binding with BRD-4. It is to be noted that if the same aromatic carbon atom is also present
at ≤7 bonds from a sulphur atom of same or different Sulfone group through any path, then
it was excluded while calculating fsulfonSaroC8B. Obviously, this descriptor signifies the
importance of the Sulfone group (a highly polar group) and its correlation with aromatic
rings (a lipophilic moiety) in deciding the binding with BRD-4. This is clearly reflected in
the difference in the activity of the following pairs of molecules: 715 with 718, 723 with 724,
714 with 715, 707 with 716, 936 with 941, and 942 with 943. Recent studies indicate that
Sulfone moiety is present in a cleft near the ZA-loop and establishes an H-bond with the
-CONH- (amide) of backbone [19].

fsp3OaroN6B stands for the frequency of occurrence of aromatic nitrogen atoms
exactly at six bonds from sp3-hybridised oxygen atom. If the same aromatic nitrogen
atom is also present at ≤5 bonds from the same or any other sp3-hybridised oxygen atom
through any path, then it was excluded while calculating fsp3OaroN6B. For example, 79
with 609, 81 with 620, and 614 with 615, to mention a few. In our previous study [20],
we identified a similar descriptor notringO_acc_6B (total number of all non-ring Oxygen
atoms present within a distance of six bonds from H-bond acceptor atoms) as an important
pharmacophoric feature that governs the binding affinity (Ki) of a molecule for BRD-4. Thus,
a consensus between the previous and the present study indicates that a molecule must
have an H-bond acceptor (preferably aromatic nitrogen) at a distance of six bonds from a
sp3-hybridised oxygen atom (non-ring oxygen favoured). This observation is supported by
the difference in the activity of molecule S1, S2, and S3 [48] (see Figure 7). To add further,
the sp3-hybridised oxygen atom is present as a linker between two aromatic rings or as an
-OR (alkoxy) group in a good number of molecules [20].
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The only descriptor with a negative coefficient in model-A is fplaNN4B, which cor-
responds to frequency of occurrence of nitrogen atoms exactly at 4 bonds from planer
nitrogen atoms. If the same nitrogen atom is also present at ≤3 bonds from the same or
any other planer nitrogen atom through any path, then it was excluded while calculating
fplaNN4B. The following pairs of molecules have a significant difference in their activities,
which could be attributed to the presence of fplaNN4B as a structural feature: 945 with 954,
936 with 944, 411 with 385, 170 with 171, 722 with 714, 563 with 577, 737 with 734, 239 with
240. Therefore, such a combination of nitrogen atoms should be avoided to have better
inhibition of BRD-4.

4. Materials and Methods

The present work follows the standard procedure recommended by OECD and differ-
ent researchers to perform QSAR analysis [49–51]. All the software were used with default
settings to obtain a QSAR model possessing a balance of predictive ability and mecha-
nistic interpretation; however, some settings were changed, which have been reported at
appropriate places. The different steps are as follows.

Step-1: Collection of data and curation: The present work commenced with the
collection of a large dataset of 2026 experimentally tested BRD-4 inhibitors from a free
and publicly available database BindingDB (https://www.bindingdb.org/bind/index.jsp,
accessed on 16 March 2022). A QSAR analysis is significantly influenced by the quality
of data, its composition, and its appropriate curation before further processing [50,52–54].
Therefore, in the next step, data curation was performed [55], which involved the removal
of duplicate entries, organometallic compounds, salts, molecules with ambiguous IC50
values, etc. This reduced the dataset to 980 molecules only. The reduced dataset still
consists of molecules with experimental IC50 (nM) in the range 1 nM to 15 µM and the
presence of diverse scaffolds such as heterocyclic rings, positional isomers, stereoisomers,
etc., enhancing the chemical space and consequently widening the applicability of the
newly developed model. The SMILES (Simplified Molecular Input Line Entry System)
notations, including experimental IC50 and pIC50 (=−log10IC50) of all the molecules used
in the present work, are available in Supplementary Materials. For the sake of convenience,
representative examples have been presented in Figure 8 to depict the structural diversity
of the current dataset.

In Table 2, five most and least active molecules have been included as examples only
along with their SMILES notation: IC50 (nM) and pIC50 (M).

Step-2: In the next step, SMILES notations were used to develop the optimised 3D
structures (semi-empirical PM3 method) of the molecules, accomplished using OpenBabel
2.4 [56] and MOPAC 2012 (openmopac.net) using default settings.

Step-3: A QSAR model achieves a balance of mechanistic interpretation and predictive
ability if a good number of diverse molecular descriptors are calculated, followed by
adequate pruning to reduce the chances of overfitting from noisy redundant descriptors [57].
The next step involved the calculation of myriad number of 1D- to 3D-molecular descriptors
for all molecules. For this, PyDescriptor [45] and DataWarrior [46] were used, which

https://www.bindingdb.org/bind/index.jsp
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generated more than 40,000 molecular descriptors for a single molecule. Obviously, the
descriptor pool contained a good number of redundant molecular descriptors; therefore,
highly correlated (|R| > 0.95) and nearly constant (>98%) variables were removed using
QSARINS 2.2.4 [58]. This considerably decreased the size of set of molecular descriptor
pool from 30,000 to 4326, which still contained a variety of molecular descriptors.
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Table 2. SMILES notation and IC50 (nM) and pIC50 (M) of five most and least active molecules of the
selected data set.

SN Ligand SMILES IC50
(nM)

pIC50
(M)

207 Cn1cc2-c3cc(CS(C)(=O)=O)ccc3N(Cc3c[nH]c(=O)c1c23)c1ccccn1 1 9
692 Cn1cc2-c3cc(CS(C)(=O)=O)ccc3N(Cc3c[nH]c(c23)c1=O)c1ccc(F)cc1 1.5 8.824
158 CCS(=O)(=O)c1ccc2Oc3ccc(F)cc3CCCCOc3cc(=O)n(C)cc3-c2c1 2 8.699
570 COc1cc2c(cc1-c1c(C)noc1C)[nH]c1nc(C)nc(Nc3cc(nn3C)C3CC3)c21 2 8.699
688 Cn1cc2CN(c3ccc(F)cc3)c3ccc(CS(C)(=O)=O)cc3-c3c[nH]c(=O)c1c23 2.5 8.602
633 CC(=O)N1CCc2c(C1)c(nn2C1CCOCC1)-c1cccc2c(Cl)cncc12 14,000 4.854
242 CC(=O)N1CCc2c(C1)c(Nc1cccc(C)c1)nn2C1CC1 15,000 4.824
385 Cc1noc(C)c1-c1ccc(C)c(c1)S(=O)(=O)NC1CCNCC1 15,000 4.824
634 CCc1cncc2c(cccc12)-c1nn(C2CCOCC2)c2CCN(Cc12)C(C)=O 15,000 4.824
721 CNC(=O)c1cn(C)c(=O)c2ccccc12 15,000 4.824

4.1. Splitting the Data Set into Training and External Sets and Subjective Feature Selection (SFS)

For developing a useful QSAR model and its appropriate validation, it is essen-
tial to divide the dataset into training and external (also called as prediction or test set)
sets [50,52–54,59]. Consequently, in the present work, the dataset was randomly divided
into training (80% = 785 molecules) and external (20% = 195 molecules) sets to minimise
any bias. The only purpose of the training set was to choose suitable number of variables
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(molecular descriptors), whereas the external set was employed only for validation pur-
pose, i.e., external validation of the model (Predictive QSAR). Genetic Algorithm (GA) and
multi-linear regression (MLR) available in QSARINS 2.2.4 were used for model building.
For this, Q2

LOO was used as a fitness function, and the number of generations was set to
10,000. A decisive step in QSAR modelling is to select the optimum number of molecular
descriptors for model building to avoid over-fitting and to obtain acceptable interpretabil-
ity. Consequently, the heuristic search involved building multiple models from univariate
to multivariate with the successive addition of molecular descriptors until there was an
increase in the value of Q2

LOO, which is called the breaking point [39,60]. A 2D graph
between the number of molecular descriptors involved in the models and Q2

LOO values
has been depicted in Figure 9. The number of variables matching with the breaking point
was considered optimal for model building as there was no improvement in the statistical
performance of model upon the inclusion of additional molecular descriptors. The analysis
led to the matching of breaking points with seven variables. Therefore, QSAR models with
more than seven descriptors were excluded.
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4.2. Building Regression Model and Its Validation

Appropriate validations involving cross/inter validation, external validation,
Y-randomization analysis, and applicability domain (Williams plot) are necessary to esti-
mate the reliability and general applicability of a QSAR model [25,31,33,50,61]. A properly
validated QSAR model finds its usage for QSAR-based virtual screening, lead/hit optimiza-
tion, decision making, etc. The following validation parameters and their recommended
threshold values are usually used to assess a model [39,60]: R2

tr (coefficient of determi-
nation) ≥ 0.6; Q2

loo (cross-validated coefficient of determination for leave-one-out) ≥ 0.5;
Q2

LMO (cross-validated coefficient of determination for leave-many-out) ≥ 0.6, R2 > Q2;
R2

ex (external coefficient of determination) ≥ 0.6; CCC (Concordance Correlation Coeffi-
cient) ≥ 0.80; Q2-Fn ≥ 0.60; high values of external validation parameters R2

ex, Q2
F1, Q2

F2,
and Q2

F3, with low values of R2
Yscr (coefficient of determination for Y-randomization);

RMSE (Root mean square error); MAE (Mean absolute error); RMSEtr < RMSEcv. The for-
mulae for calculating these statistical parameters are available in Supplementary Materials.
In the present analysis, a Williams plot was used to assess the applicability domain of the
newly developed QSAR model.
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4.3. Pharmacophore Model

For pharmacophore modelling, the 3D-optimised structure of the most active molecule,
207, was selected. The model was generated using LIQUID [62,63], a free and easy to use
PyMOL plugin, using default settings, except that the contour region was set to 3 for
H-bond donor/acceptor and hydrophobic regions.

4.4. Other Experimental Details

The reported X-ray resolved structures (pdb 5z1r and 5z1s) were downloaded from
Protein Data Bank (www.rcsb.org accessed on 13 April 2022). PyMOL version 2.4 has been
used for the depiction of molecular interactions between the compounds and the protein.

5. Conclusions

In the present study, a seven-descriptor-based and rigorously validated GA–MLR
QSAR model with R2

tr = 0.79, Q2
LMO = 0.79, and R2

ex = 0.78 was derived to identify the
significant pharmacophoric features that influence BRD-4 inhibitory activity. As mentioned
earlier, it is essential to perceive salient and visually unrecognizable pharmacophoric
features linked with BRD-4 inhibitory activity for different chemical scaffolds. The analysis
indicates that the presence of ring carbon and nitrogen atoms, occurrence of carbon atoms
near the center of mass of a molecule, specific combination of planer nitrogen with ring
carbon, donor and acceptor atoms, etc., are prominent features to be retained in future
optimizations. On the other hand, a combination of nitrogen atoms with planer nitrogen
atoms exactly at four bonds should be avoided for better BRD-4 inhibitory activity. The
reported crystal structures of BRD-4 inhibitors strengthen these observations. The present
study efficaciously captured and reported novel pharmacophoric features and has a good
balance of predictive ability and mechanistic interpretations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15060745/s1.
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Abstract: The 5-hydroxytryptamine receptor 6 (5-HT6) has gained attention as a target for developing
therapeutics for Alzheimer’s disease, schizophrenia, cognitive dysfunctions, anxiety, and depression,
to list a few. In the present analysis, a larger and diverse dataset of 1278 molecules covering a broad
chemical and activity space was used to identify visual and concealed structural features associated
with binding affinity for 5-HT6. For this, quantitative structure–activity relationships (QSAR) and
molecular docking analyses were executed. This led to the development of a statistically robust
QSAR model with a balance of excellent predictivity (R2

tr = 0.78, R2
ex = 0.77), the identification of

unreported aspects of known features, and also novel mechanistic interpretations. Molecular docking
and QSAR provided similar as well as complementary results. The present analysis indicates that
the partial charges on ring carbons present within four bonds from a sulfur atom, the occurrence of
sp3-hybridized carbon atoms bonded with donor atoms, and a conditional occurrence of lipophilic
atoms/groups from nitrogen atoms, which are prominent but unreported pharmacophores that
should be considered while optimizing a molecule for 5-HT6. Thus, the present analysis led to
identification of some novel unreported structural features that govern the binding affinity of a
molecule. The results could be beneficial in optimizing the molecules for 5-HT6.

Keywords: 5-hydroxytryptamine receptor 6; neurodegeneration; QSAR; molecular docking;
pharmacophoric features

1. Introduction

Millions of people are suffering from central nervous system (CNS)-related diseases,
such as Alzheimer’s disease, schizophrenia, cognitive dysfunctions, anxiety, depression,
etc. [1–4], and are facing diverse health and social challenges. Though therapeutic agents
are available for the treatment of these diseases, they lack the ability to reduce the continu-
ous loss of cognitive function, as most of them target only the acetylcholine deficit [2,3,5–9].
Therefore, there is a need to develop a therapeutic agent with a different mechanism of ac-
tion and bio-activity profile to support the existing drug space. Recently, G-protein-coupled
receptors (GPCRs), viz., the serotonergic system of serotonin (5-hydroxytryptamine) recep-
tors, have received greater attention due to their vital role in signal transduction pathways
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and numerous neurological functions [2,4,7–10]. To add further, 5-hydroxytryptamine
receptors (5-HT1–7) play vital roles in many cognitive dysfunctions such as memory loss,
reduced learning ability, etc. [4,5,8,9]. Among them, the 5-HT6 receptor has emerged as
a promising target due to its crucial role in the onset of Alzheimer’s disease, cognitive
processes, mood control, depression, and anxiety [4,5,8,9], to name a few. It is believed that
blocking the 5-HT6 receptor significantly improves learning and memory processes [4,5,8,9].
In addition, it has also emerged as a molecular target for the treatment of obesity and the
related metabolic syndrome [11]. An additional advantage associated with 5-HT6 is its
restricted and exclusive occurrence within the CNS, which implies that compounds acting
through this receptor could have minimal peripheral side effects [2,3,6,10,12]. Even though
several molecules have been identified as promising ligands with high binding affinities
for 5-HT6 (see Figure 1), none of them has cleared the clinical stages or been approved as a
drug [1,7–10,12].

Figure 1. Chemical structures of representative examples of clinically tested 5-HT6 ligands.

Therefore, there is a need to develop a novel therapeutic agent with a better ADMET
(absorption, distribution, metabolism, excretion, and toxicity) profile and the retention of
a high binding affinity for 5-HT6. For this, it is essential to know the prominent and con-
cealed pharmacophoric features associated with binding affinities for 5-HT6 using a broad,
structurally diverse dataset with adequate variations in activity space. To achieve these
targets, computer-aided drug designing (CADD) is a contemporary and feasible solution
due to its low cost and time efficacy [13,14]. Ligand-based drug designing (LBDD) is a
thriving and widely accepted branch of CADD with a higher success rate of identification
of key pharmacophoric features. It is the method of choice if the 3D structure of a target
protein is not available [14]. Under the terrain of LBDD, the quantitative structure–activity
relationship (QSAR) is an effective and multidisciplinary approach that is useful to identify
salient and hidden pharmacophoric features [15–18].

Though different types of ligands encompassing diverse scaffolds are known for
5-HT6, the lack of an X-ray-resolved 3D structure restricts the use of structure-based drug
designing (SBDD) approaches. Consequently, many researchers have performed QSAR
analysis for 5-HT6 using different types of scaffolds. Doddareddy and co-workers [1]
accomplished a 3D QSAR analysis using a small dataset of 33 N1-arylsulfonylindole
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compounds as 5-HT6 antagonists. The analysis reinforced the pharmacophoric features
reported by López-Rodríguez et al. [4,19]. Later in 2011, Hao et al. [3] studied relatively
a larger dataset of 223 ligands reported for 5-HT6 for QSAR, homology-based molecular
docking, and molecular dynamics simulations for 5 ns. Their analysis pointed out that
the interaction with the residue Asp106 is important. A 2D and 3D QSAR analysis of
arylsulfonamide-derived 5-HT6 receptor antagonists [12] highlighted the importance of
the pharmacophore model reported by López-Rodríguez et al. [4,19]. Though these studies
contributed to the identification of some important structural features, the developed QSAR
models were either based on smaller datasets or specific scaffolds only, thereby lacking
general applicability. In addition, poor external predictive ability restricts their usage for a
lead optimization pipeline. A QSAR analysis based on a large and diverse set of molecules,
with a balance of predictive ability (predictive QSAR) and mechanistic interpretation
(mechanistic QSAR) provides an in-depth understanding of the correlation between the
structural features and the desired bio-activity [15,20,21]. Therefore, QSAR analysis has
been executed in the present work using a large and diverse dataset that covers a broad
chemical and activity space to find out the structural features of high importance for 5-HT6
ligands. Molecular docking has been carried out to support and complement the QSAR
analysis. Further, an in-depth analysis of a larger dataset comprising diverse scaffolds led
to the identification of reported as well as unreported pharmacophoric features, which
could be useful in the optimization of molecules during a drug discovery pipeline.

2. Results

In the present work, we have identified reported as well as unreported structural
features of 5-HT6 ligands. As stated in the introduction section, the emphasis was on
building a genetic algorithm–multilinear regression (GA-MLR) model with a balance of
predictive ability and mechanistic interpretations. The newly built six-parametric model is
as follows:

Model-1: pKi = 6.754 (±0.091) −0.109 (±0.014) * com_Hhyd_3A −0.700 (±0.043)
* ringC_S_4Bc −0.604 (±0.104) * flipo&S_ringN3B −0.528 (±0.075) * KRFPC620 −0.339
(±0.053) * sp3N_sp2O_8B + 0.545 (±0.067) * fsp3Cdon1B

The details of the molecular descriptors present in Model-1 have been tabulated in
Table 1 and are discussed in detail in the discussion section. Table 2 contains selected
validation parameters associated with Model-1.

Table 1. Some details of constituent molecular descriptors present in Model-1.

Molecular
Descriptor Description Software Used

for Calculation Correlation with pKi

com_Hhyd_3A
Total number of hydrogen atoms with partial charge
in the range of ±0.2 within 3 Å from center of mass

of molecule
PyDescriptor −0.625

ringC_S_4Bc Sum of partial charges on ring carbon atoms present
within four bonds from sulfur atom PyDescriptor −0.696

flipo&S_ringN3B Frequency of occurrence of ring nitrogen atom
present exactly at three bonds from lipophilic atom PyDescriptor −0.248

sp3N_sp2O_8B
Total number of sp3-hybridized nitrogen atoms
present within eight bonds from sp2-hybridized

oxygen atoms
PyDescriptor −0.133

KRFPC620 Nitrogen attached to three CH3CH2- groups PaDEL −0.444

fsp3Cdon1B Frequency of occurrence of H-bond donor atom
bonded with sp3-hybridized carbon atom PyDescriptor 0.026
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Table 2. Selected statistical validation parameters for Model-1.

Parameter Value Parameter Value

R2
tr 0.783 Q2

LMO 0.779

R2
adj. 0.781 R2

Yscr 0.006

RMSEtr 0.419 RMSEex 0.425

MAEtr 0.350 MAEex 0.357

CCCtr 0.878 R2
ex 0.772

R2
cv (Q2loo) 0.780 Q2-F1 0.768

RMSEcv 0.422 Q2-F2 0.768

MAEcv 0.352 Q2-F3 0.777

CCCcv 0.876 CCCex 0.871
Note: tr—Training, cv—Cross-validation, ex—External.

It is evident from above statistical parameters that the model is statistically predictive,
with high values of different parameters such as R2

tr (coefficient of determination), R2
adj.

(adjusted coefficient of determination), and R2
cv (Q2

LOO) (cross-validated coefficient of
determination for leave-one-out), R2

ex (external coefficient of determination), Q2−Fn, and
CCCex (concordance correlation coefficient for external set), etc., and low values of LOF
(lack-of-fit), RMSE (root-mean-square error), MAE (mean absolute error), R2

Yscr (R2 for
Y-scrambling), etc. Thus, the model possesses high external predictive ability, is free
from chance correlations, and satisfies the recommended threshold values for various
validation parameters [16,22–29]. All validation parameters associated with Model-1 and
their formulae are available in the Supplementary Materials.

Figure 2 contains the different graphs associated with Model-1, viz., the experi-
mental vs. predicted pKi (Figure 2a), experimental vs. residuals (Figure 2b), and the
Y-randomization plot (Figure 2d). We used a Williams plot to judge the applicability do-
main of the model (see Figure 2c). Thus, it satisfies all the OECD-endorsed guidelines and
criteria for creating a useful QSAR model.

Figure 2. Cont.
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Figure 2. Different graphs associated with the Model-1. (a) Experimental vs. predicted pKi (the solid
line represents the regression line); (b) experimental vs. residuals; (c) Williams plot for applicability
domain (the vertical solid line represents h* = 0.021 and the horizontal dashed lines represent the
upper and lower boundaries of the applicability domain); (d) Y-randomization plot.

The docking scores for all the molecules are incorporated in the Supplementary Materials
(see Excel file ‘SupplementaryMaterial-Final.xlsx’, available in the Supplementary Materials).

3. Discussion

The interpretation of a QSAR model using molecular descriptors, also known as
mechanistic interpretation, is a crucial aspect to highlight and link various structural
features with significant influence in deciding the bio-activity of molecules [15,21]. It is
also one of the requirements suggested by the OECD for developing a thriving QSAR
model. In the present work, we used a simple approach in which the pKi values of different
molecules were compared using a specific molecular descriptor. Nonetheless, we make
clear that the final experimental pKi value of a molecule cannot be governed by just a single
structural feature (molecular descriptor). To add further, the extending or reverse effect
of other molecular descriptors and unknown factors play crucial roles in deciding the pKi
value of a molecule. Therefore, a concomitant consideration of all molecular descriptors
and their associated structural features is a better strategy for the effective use of a QSAR
model. Model-1 encompasses six molecular descriptors.

The molecular descriptor com_Hhyd_3A represents the total number of hydrogen
atoms with a partial charge in the range of ±0.200 and also present within 3 Å from the
center of mass (com) of the molecule. As the partial charge must be within the range
±0.200, this descriptor expresses the role played by non-polar hydrogens [30] when present
within 3Å from the center of mass of the molecule. The descriptor com_Hhyd_3A has a
negative coefficient in Model-1, which indicates that the lower the value, the better the
binding affinity. This could be achieved by replacing non-polar hydrogen atoms with
suitable atoms/groups. This indirectly points out that the presence of polar hydrogens,
in turn, polar groups nearer to center of mass of a molecule, are beneficial for escalating
the pKi value. In addition, hydrogen is smaller than other elements, and replacing it with
any other element will increase the steric bulk. Therefore, bulkiness near the center of
mass of the molecule is highly favorable for increasing the pKi value. To add further,
com_Hhyd_3A depends on the location of the center of mass, which changes with the
positions of groups/atoms (positional isomers). Therefore, the value of com_Hhyd_3A
varies for positional isomers, for example, molecules number 331 and 332. Hence, the
descriptor effortlessly captures the importance of positional isomerism in deciding the
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pKi value. Thus, the descriptor com_Hhyd_3A and its negative correlation (correlation
coefficient R = −0.63) with pKi highlighted the crucial role played by the presence of
polar groups and steric bulkiness near the center of mass of a molecule as well as the
positional isomerism. This observation was further confirmed by comparing following
pairs of molecules: 542 (Ki = 25520 nM, com_Hhyd_3A = 8) with 547 (Ki = 2506 nM,
com_Hhyd_3A = 6) (depicted in Figure 3), 543 (Ki = 14650 nM, com_Hhyd_3A = 9) with
545 (Ki = 8611 nM, com_Hhyd_3A = 6), 1011 (Ki = 91 nM, com_Hhyd_3A = 6) with
1082 (Ki = 419 nM, com_Hhyd_3A = 7), 935 (Ki = 2843 nM, com_Hhyd_3A = 8) vs. 937
(Ki = 2005 nM, com_Hhyd_3A = 6), and 929 (Ki = 2427 nM, com_Hhyd_3A = 7) vs. 938
(Ki = 1540 nM, com_Hhyd_3A = 5), to list a few. Thus, for the first time, com has been used
as a useful approach to explain the differences in the binding affinities of ligands for 5-HT6.
In addition, this novel approach provides a novel justification for the differences in the
activity of positional isomers.

Figure 3. Depiction of com_Hhyd_3A using molecules 542 and 547 as representative examples (radius
of gray sphere is 3 Å).

ringC_S_4Bc, which signifies the sum of partial charges on ring carbon atoms present
within four bonds from a sulfur atom, has a negative coefficient in Model-1. In addition,
it has a correlation coefficient of −0.696 with pKi. Therefore, decreasing the value of
ringC_S_4Bc could lead to a higher pKi value, i.e., a better binding affinity. The descriptor
highlights the importance of ring carbon and sulfur atoms; therefore, it looks as if merely
ring carbon or sulfur atoms are enough to control the binding affinity. Replacing it with
nringC (the total number of ring carbon atoms) or nS (the total number of sulfur atoms)
reduced the statistical performance of Model-1 (R2 = 0.74 and 0.73). Therefore, a combined
presence of ring carbons and sulfur atoms within four bonds from each other has more
influence. The descriptor is shown using molecules 335 and 339 as representative examples
in Figure 4. A comparison of the following pairs of molecules confirmed the observation:
335 with 339, 952 with 953, 954 with 955, 248 with 249, 762 with 763, 221 with 260, 175 with
650, 1089 with 1101, 989 with 1030, etc.

A literature survey revealed that a combination of a H-bond acceptor, such as a sul-
fonamide or sulfone moiety, along with fused rings such as naphthalene, benzothiophene,
or indole, is highly suitable for augmenting the pKi values of 5-HT6 ligands [6] due to
their hydrophobic character [5]. Interestingly, the sulfone or sulfonamide groups are di-
rectly attached to fused rings in many compounds of the present dataset. In addition, in
the present work, we found that the partial charges on the ring carbons of fused rings
also influenced the binding affinity of a molecule for 5-HT6. Therefore, the hydrophobic
character of fused rings and the partial charges on a ring carbon are equally important.
This observation is further supported by the molecular docking analysis. The molecular
docking analysis revealed that molecules number 335 and 339 have different poses and
types of interactions. Molecule 335 has an established H-bond with Asp87 (distance 2.86 Å)
and a pi–pi interaction with Phe-222 (distance 5.17 Å), whereas molecule 339 has only a
H-bond formation with Asn225 (distance 2.70 Å) and lacks any pi–pi interactions. Molecule
335 was able to establish a pi–pi interaction due to the presence of a sulfone group, which
caused substantial changes in the partial charges of ring carbon atoms and the C-S-C bond
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angle (99.8◦ in 335 and 105.6◦ in 339) and also changed the solvent-accessible surface areas
(2312.8 Å2 for 335 and 2098.4 Å2 for 339). The docking poses for molecules number 335
and 339 are shown in Figure 4c. The yellow dotted line represents the prominent interac-
tion with distances in Angstrom units. It is clear from the present analysis that not only
lipophilic factors but electronic factors associated with ring carbon atoms vicinal to sulfur,
in turn aromatic/aliphatic rings, are an important parameter in deciding the inhibitory
activity for 5-HT6. Thus, the present work is successful in identifying novel unreported
crucial aspects of a previously known pharmacophoric feature required for better activity
for 5-HT6.

Figure 4. Molecules 335 and 339 as representative examples to depict the effect of descriptor
ringC_S_4Bc. (a) Comparison of docking pose of 335 (pink) and 339 (blue), (b) C-S-C bond an-
gle shown using yellow dotted lines, (c) docking pose for 335 (pink) and 339 (blue), (d) carbon atoms
(yellow) within four bonds of sulfur (magenta) with respective partial charges.

The molecular descriptor flipo&S_ringN3B represents the frequency of occurrence
of a ring nitrogen atom exactly three bonds from a lipophilic atom or sulfur atom. If the
same ring nitrogen atom is also present at two or less bonds from any other lipophilic
atom or sulfur atom, then it is neglected while calculating flipo&S_ringN3B. It has a
negative coefficient in Model-1, which suggests that lowering the value of flipo&S_ringN3B
could lead to a better binding profile. This observation is justified by the fact that there
are 383 molecules with Ki ≤ 10 nM, but only one of them has flipo&S_ringN3B = 2
(molecule number 50). Only two molecules (molecules number 569 and 978) possess
flipo&S_ringN3B = 1, and the remaining 380 molecules have flipo&S_ringN3B = 0. A
comparison of molecules 870 with 871, 896 with 903, and 892 with 897 and 898 further
strengthens the observation. For example, consider molecules 986 and 1024. In the case of



Pharmaceuticals 2022, 15, 834 8 of 18

molecule 986, the presence of an additional -CH3 group on the imidazole ring increased the
number of lipophilic atoms within three bonds of the ring nitrogen as well as the lipophilic
surface area (178.3 Å2), thereby having flipo&S_ringN3B = 0, while molecule 1024 lacks
such a substituent and consequently has flipo&S_ringN3B = 1 and a lower lipophilic surface
area of 173.5 Å2 (See Figure 5).

Figure 5. Representation of flipo&S_ringN3B using molecules 986 and 1024 as examples. The green
contour in the middle figures depicts the lipophilic surface area.

Likewise, in the case of highly active molecules, a lower value of flipo&S_ringN3B is
possible due to a lower number of ring nitrogen (for example molecule 681) or due to the
presence of lipophilic atoms within three bonds of a ring nitrogen. Thus, this descriptor
signifies that the presence of lipophilic atoms near ring nitrogen atoms decreases the value
of flipo&S_ringN3B, which in turn increases the pKi value. In other words, it points out
an unreported structural feature of conditional importance of lipophilic atoms as well as
ring nitrogen atoms in deciding the binding affinity profile. A plausible reason could be
attributed to the fact that increasing the lipophilic environment around a ring nitrogen
balances the polarity induced by the highly electronegative nature of nitrogen, which
ultimately leads to improved brain penetration [4] due to the better lipophilic characters
of the molecule. The molecular docking poses for molecules number 986 and 1024 (see
Figure 5) indicate that the additional -CH3 group is responsible for pi-alkyl hydrophobic
interactions with the active site residues of 5-HT6 for molecule number 986. In the case of
molecule number 986, the additional -CH3 group interacts with Phe221, Cys91, and Trp218.
The interaction with Trp218 is absent in case of molecule number 1024.

The molecular descriptor fsp3Cdon1B, which signifies the frequency of occurrence of
a H-bond donor atom directly bonded with an sp3-hybridized carbon atom, has a positive
coefficient in Model-1. Therefore, increasing such a combination of carbon and H-bond
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donor atoms could lead to a higher pKi value. An inspection of molecules with Ki ≤ 10 nM
(383 molecules) reveals that only 16 molecules lack such a combination of donor and carbon,
286 molecules have one such combination, and 82 molecules possess fsp3Cdon1B = 2. A
comparison of molecules number 250 (Ki = 71.1 nM, fsp3Cdon1B = 0) and 251 (Ki = 7.2 nM,
fsp3Cdon1B = 1) further supports the positive effect of the presence of fsp3Cdon1B on
the pKi value (see Figure 6). The molecular docking poses for molecules number 250
and 251 support this observation (see Figure 6b–d). Both molecules interact with similar
residues such as Leu163 (H-bond). However, a prominent difference in the docking poses
of molecules number 251 and 250 is the H-bond formation with a distance of 2.52 Å by
the -NH of the piperidine ring with Asp87, which is absent in the case of 250. This is due
to the fact that the pyran ring of molecule 250 is oriented away from Asp87, whereas the
piperidine ring of 251 is close enough to establish a H-bond with Asp87. Thus, it highlights
the importance of the presence of a donor atom in the 5-HT6 ligand. The -NH of the
piperidine ring is responsible for fsp3Cdon1B = 1 for molecule number 250. Thus, the
molecular docking and QSAR provided similar and complementary results.

Figure 6. (a) Representation of fsp3Cdon1B using molecules number 250 and 251 as examples,
(b) docking pose for molecule number 251 (dotted line represents H-bond formation), (c) overlap of
docking pose of 250 (cyan) and 251 (pink), (d) docking pose for 250.

Another molecular descriptor which highlights the importance of nitrogen atoms and
their local environment is KRFPC620. The molecular descriptor KRFPC620 considers the
count of a fragment that encompasses a planer nitrogen atom attached to three CH3-CH2-
groups. For better clarification, it is depicted in Figure 7 using representative examples
only. The negative coefficient for the descriptor indicates that the pKi value increases with
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a decrease in the value of KRFPC620. A comparative analysis of the following pairs of
molecules supports this trend: 472 with 776, 748 with 749, 757 with 761, 1074 with 1096, 1068
with 1075, 1100 with 1116, 1094 with 1058, etc. To add further, of the 383 molecules with
Ki ≤ 10 nM, 37 molecules have KRFPC620 = 1, whereas 346 molecules lack the presence of
KRFPC620. Therefore, such a combination of nitrogen with CH3-CH2- must be avoided for
a better pKi value.

Figure 7. Pictorial representation of KRFPC660 (blue colored) using representative examples.

Many researchers have highlighted the importance of the presence of a positive ion-
izable atom or group such as the nitrogen in piperazine or in a (dimethylamino)ethyl
fragment for a better binding affinity for 5-HT6 [4]. The present work also successfully
highlighted the negative impact of a third ethyl group on ionizable nitrogen on binding
affinity. Therefore, in agreement with previous studies [4,12], a methyl substituted piper-
azine, non-substituted piperazine, or a (dimethylamino)ethyl fragment is a better choice to
act as a positive ionizable moiety.

Another descriptor whose value must be lowered due to its negative coefficient in
Model-1 to have a better pKi value is sp3N_sp2O_8B. It counts the total number of sp3-
hybridized nitrogen atoms present within eight bonds of sp2-hybridized oxygen atoms. Of
the 383 molecules with Ki ≤ 10 nM, 181 molecules lack such a combination of nitrogen and
oxygen atoms, whereas the remaining 201 molecules possess only one such combination.
In addition, the following pairs of molecules, on comparison, support the observation: 624
with 627 (see Figure 8), 557 with 556 and 555, 271 with 274, 116 with 120, and 117 with 123,
to mention a few.

To summarize the prominent structural features and the pharmacophoric model, we
used the two most active molecules, 681 and 271, as representative examples (see Figure 9).
The pharmacophoric pattern consists of two hydrophobic regions (green contour), two
H-bond acceptor regions (red contour), and one H-bond acceptor region (blue contour),
as depicted in Figure 9a using molecule 681. Thus, the pharmacophoric pattern agrees
with previous studies [4,12]. Figure 9b depicts the molecular descriptor ringC_S_4Bc in
molecule 271. Figure 9c represents the descriptors fliporingN3B and fsp3Cdon1B. The
three hydrophobic -CH3 groups shown by green dots are responsible for balancing the
hydrophilic effect of ring nitrogen atoms, thus enhancing the CNS penetration ability of a
molecule. Moreover, the -CH3 groups labelled as A and B enhance the value of fsp3Cdon1B,
as they are directly attached to donor atoms. Thus, the present work not only captured the
pharmacophoric features reported by López-Rodríguez et al. [4,12] but also successfully
extended it.
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Figure 8. Illustrative examples for representation of sp3N_sp2O_8B.

Figure 9. Depiction of (a) pharmacophoric feature using molecule 681 (green: hydrophobic, red:
H-bond acceptor, blue: H-bond donor regions, dotted lines show distances in Angstrom units),
(b) yellow atoms represent ringC_S_4Bc in molecule 271, (c) fliporingN3B represented by red-colored
bonds with numbering using molecule 271.

The molecular docking score spans from −5.7 to −12.2 for molecules in the current
dataset (see Supplementary Materials). For the sake of convenience, twenty molecules with
the highest and lowest molecular docking scores are tabulated in Table 3. Surprisingly, not
only the molecular docking score has a weak correlation of 0.10 with pKi but also many
molecules with lower binding affinity values have better docking scores (see Tables 3 and 4).
This could be attributed to the large size of the active site of 5-HT6 (see Figure 10), which
allows the adoption of different conformations for molecules. Moreover, recent studies
point out that current docking software such as AutoDock, Dock, etc., and respective
algorithms for docking scores are inclined toward the flexibility of ligands, which in turn,
is associated with the loss of ligand conformational entropy on binding [31]. The molecules
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with lower binding affinity for 5-HT6 have a high degree of flexibility. Thus, all these
factors together resulted in an artificially more favorable binding score for the more flexible
decoys than for actives.

Figure 10. Binding site of 5-HT6 used in the present work.

Table 3. The molecular docking score and Ki (nM) for ten molecules with the highest and lowest
molecular docking scores.

Molecule
Number SMILES Ki

(nM)

Affinity-
Docking

Score (Kcal/mol)

741 CC(=O)Nc(cc1)ccc1CCNICC2Cc(c23)ccc4c3ccn4S(=O)(=O)c5ccccc5 79.43 −12.2

134 C1NCCCC1C(=O)Nc(ccc2)c(c23)[nH]nc3S(=O)(=O)c4cccc(c45)cccc5 9.8 −12

489 c1cccc(c12)[nH]cc2C(C3=O)CC(=O)N3CCCN(CC4)CCC4c5c[nH]c(c56)ccc(c6)OC 264 −11.9

490 c1cccc(c12)[nH]cc2C(C3=O)CC(=O)N3CCN(CC4)CCC4c5c[nH]c(c56)ccc(F)c6 1146 −11.8

1093 CC(=O)Nc(n1)[nH]c(c1C)-c2cn(c(c23)cccc3)S(=O)(=O)c4cccc(c45)cccc5 13 −11.7

668 CI(C)CCC1c2c[nH]c(c23)ccc(c3)NS(=O)(=O)c(ccc4)c(c45)nccc5 21.2 −11.7

133 C1CCCCN1CCC(=O)Nc(ccc2)c(c23)[nH]nc3S(=O)(=O)c4cccc(c45)cccc5 24 −11.7

381 FC(F)(F)c1cc(ccc1)S(=O)(=O)n(c(c2c34)CCC(C2)N)c3ccc(c4)OC 39.1 −11.7

805 c1cccc(c12)ccc(c2)S(=O)(=O)NCCN(CC3)CC=C3c4c[nH]c(c45)ccc(F)c5 67 −11.7

628 c1cccc(c12)CN([C@@H](C2)C(=O)N)C(=O)CCCCN3CCN(CC3)c(cccc4)c4-c5ccccc5 594 −11.7

1086 CCn1cncc1-c2c[nH]c(c23)ccc(Br)c3 1349 −7.3

1016 CCn1cncc1-c2c[nH]c(c23)cccc3 3020 −7.3

1203 N1CCC[C@@H]1Cc2c[nH]c(c23)cccc3 60 −7.2

1202 c1cccc(c12)n(cc2)C[C@H]3CCCN3C 550 −7.2

339 NCCc1cc(ccc1)Sc2ccccc2 115 −7.1

93 CCN(CC)CCc1c[nH]c(c12)cccc2 575 −6.4

738 NCCc1c[nH]c(c12)ccc(c2)O 42.333 −6.2

534 CC(N)Cc1c[nH]c(c12)cccc2 910.505 −6.2

444 NCCc1c[nH]c(c12)ccnc2 64 −5.7

445 CN(C)CCc1c[nH]c(c12)ccnc2 100 −5.7
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Table 4. SMILES (simplified molecular input line entry system) notation, Ki (nM), pKi (M), and
molecular docking score for the five most and five least active molecules of the selected dataset.

Molecule
Number SMILES (Simplified Molecular Input Line Entry System) Notation Ki(nM) pKi(M) Docking Score

(Kcal/mol)

681 C1CNCCN1c(ccc2)c(c23)scc3S(=O)(=O)c4ccccc4 0.5006 9.301 −9

271 Cc(n1)cc(NC)n(c12)nc(NC)c2S(=O)(=O)c3ccccc3 0.5754 9.24 −8.3

142 C1CNCCC1Nc(c2)ccc(c23)[nH]nc3S(=O)(=O)c(c4)ccc(c45)cccc5 0.6 9.222 −10.8

279 Cc(n1)IN)c(C)n(c12)nc(NC)c2S(=O)(=O)c3ccccc3 0.6457 9.19 −8.4

428 CN(C1)CIn2)c1c(C)n(c23)nc(NC)c3S(=O)(=O)c4ccccc4 0.66 9.18 −9.1

622 O=I(C)c(=O)n(C)c(c12)ncn2CCCCN3CCN(CC3)c4ccccc4 14210 4.847 −9.6

543 c1cccc(OC)c1N(CC2)CCICCCCI(=O)N(C)C(=O)C3(C)c4ccccc4 14650 4.834 −10.1

267 c1ccccc1N(CICCN2CC(O)CN3C(=O)N(C)C(=O)C3(c4ccccc4)c5ccccc5 20410 4.69 −9.7

542 c1cccc(F)cICC2)I2CCCCCN3C(=O)N(C)C(=O)C3(C)c4ccccc4 25520 4.593 −10.1

266 c1cI(OC)c1N(CC2)CCN2CCCN3C(=O)N(C)C(=O)C3(c4ccccc4)c5ccccc5 29070 4.537 −10.8

4. Materials and Methods

In the present study, we have followed the OECD (Organization for Economic Co-
operation and Development) guidelines and standard protocol, which has been endorsed
by different researchers, for an effective QSAR analysis [15,17,18,21,29,32–35]. The different
steps for developing a model involved a careful selection of a dataset and data curation,
followed by 3D structure generation for all molecules, molecular descriptor calculations
and their pruning, model development and its thorough validation (internal and external),
and mechanistic interpretation [20,36,37]. These steps were executed sequentially to avoid
errors and human bias and to ensure the appropriate validation of the model.

4.1. Selection of Dataset

The size, composition, and structural diversity of the dataset are important char-
acteristics that decide the success and utility of QSAR and molecular docking analysis
throughout the pipeline of drug discovery [15–17,21,29,32,34,38–41]. Therefore, a large
dataset of 3398 reported ligands for 5-HT6 was downloaded from BindingDB (https:
//www.bindingdb.org/bind/index.jsp, accessed on 14 January 2022). Then, duplicates,
salts, metal derivatives, rule-of-five violators, and molecules with undefined Ki values
were removed as a part of data curation [42], which reduced the size of the dataset to
only 1278 molecules. The reduced dataset was still diverse enough, with the presence of
positional and chain isomers, different heterocyclic and aromatic scaffolds, stereoisomers,
etc. The experimental Ki spanned five orders of magnitude (0.5006 nM to 29.07 µM). For a
better QSAR analysis, the experimental Ki values were converted to pKi (pKi = −lgKi). To
understand the structural variation possessed by the dataset, some highly active and least
active molecules are depicted in Figure 11, and their other details are presented in Table 4.

4.2. Calculation of Molecular Descriptors and Objective Feature Selection (OFS)

The next step involved the conversion of all SMILES notations to respective 3D-optimized
structures using the appropriate method. For this, OpenBabel 3.1 [43] was used to convert
SMILES to SDF (structure data file). After that, MOPAC2016 [44] was used to convert
SDF to MOL2 using PM3, a semi-empirical method based on the same formalism and
equations as the Austin Model-1 (AM1) method, for structure optimization and partial
charge assignment. Then, molecular descriptor calculations were accomplished using
PyDescriptor [45] and PaDEL [46], which together provided more than 42,000 molecular
descriptors for each molecule. Though the myriad numbers of molecular descriptors
increase the possibility of achieving a successful QSAR analysis, they also increase the
risk of chance correlations or overfitting from noisy redundant descriptors. Therefore,

https://www.bindingdb.org/bind/index.jsp
https://www.bindingdb.org/bind/index.jsp
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OFS was performed using QSARINS 2.2.4 [47], which eliminated near constant (for 90%
molecules) and highly intercorrelated (|R| > 0.90) molecular descriptors. After OFS,
the reduced set of molecular descriptors encompassed only 4186 descriptors, which still
covered a broad descriptor space due to the presence of 1D to 3D descriptors, fingerprint,
and charged-based descriptors as well as atom-pair descriptors. The remaining descriptors
were easily interpretable in terms of structural features, thereby increasing the possibility
of mechanistic interpretation of the model.

Figure 11. Representative examples from the selected dataset (five most active and five least active
molecules) of 5-HT6 ligands.

4.3. Splitting the Dataset and Subjective Feature Selection (SFS)

SFS is a crucial step during model building to select a suitable number and set of
molecular descriptors using a suitable feature selection algorithm such as stepwise regres-
sion, genetic algorithm, etc. For the appropriate training and validation of the model,
before actual model building, the dataset was randomly divided into a training set (80%,
i.e., 1024 molecules) and a prediction set (20%, i.e., 254 molecules). The random division
of a dataset into an 80:20 proportion was performed to avoid any bias and minimize in-
formation leakage [32,48], to confirm the external predictive ability of the model, and to
achieve a better composition of the training and prediction sets [29,34]. The training set
was used only for the selection of the appropriate number and set of molecular descriptors.
The prediction set, also termed the external validation set, was used only for the validation
of the newly developed model.

It is essential to include the optimum number of molecular descriptors in the model
to avoid over- and underfitting. Consequently, a simple graphical method was used to
identify the optimum number of descriptors for a model. Usually, the successive addition
of a variable (molecular descriptor) in a multilinear regression (MLR) model augments the
value of Q2

LOO until the final elevation point is achieved [25,29]. After that, there is little
or poor augmentation to the value of Q2

LOO. Hence, the number of molecular descriptors
matching the elevation point were considered optimum for model building [36]. This is
depicted in Figure 12 as a graph. From Figure 12, the final elevation point is matched to
six molecular descriptors. Therefore, the heuristic search was confined to including only
six molecular descriptors in the QSAR model using a multi-regression analysis. The set
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of molecular descriptors were selected using a genetic algorithm as a feature selection
algorithm and using Q2

LOO as the fitness parameter along with the genetic algorithm–
multilinear regression (GA-MLR) method using QSARINS-2.2.4 [47].

Figure 12. Plot of number of descriptors against leave-one-out coefficient of determination, Q2
LOO,

to identify the optimum number of descriptors.

4.4. Building Regression Model and Its Validation

The search for six molecular descriptors for the development model ultimately pro-
vided different combinations of different molecular descriptors. However, only one com-
bination of molecular descriptors was selected due to the statistical performance and the
satisfaction of the following stringent parameters and criteria, which have been suggested
by other researchers [16,22–29]:

R2
tr ≥ 0.6; Q2

LOO ≥ 0.5; Q2
LMO (cross-validated coefficient of determination for leave-

many-out) ≥ 0.6; R2
tr > Q2

LOO; R2
ex ≥ 0.6, CCC (concordance correlation coefficient) ≥ 0.80;

Q2-Fn ≥ 0.60; high values of the external validation parameters R2
ex, Q2

F1, Q2
F2, and Q2

F3;
and low values of R2

Yscr (coefficient of determination for Y-randomization), RMSE (root-
mean-square error), and MAE (mean absolute error), with RMSEtr < RMSEcv.

The formulae and other details of these statistical parameters are available in the
Supplementary Materials. For further validation, it was essential to determine the applica-
bility domain of the QSAR model [49,50]. For this, we used a Williams plot (standardized
residuals vs. hat values) to evaluate the applicability domain of the QSAR model [47].

4.5. Molecular Docking

Since the X-ray-resolved structure of 5-HT6 is not available, an appropriately vali-
dated and reported homology model built using a β2 receptor template (PDB ID: 4LDE)
by Vanda et al. [8] was used for molecular docking [6,7] in the present work. 4LDE (se-
lected template) and 5-HT6 (modelled receptor) possess equivalent positions for the most
conserved amino acid in each helix and motifs characteristic for class A GPCRs [6–8]. The
sequences of 5-HT6 and 4LDE were retrieved from the UniProtKB/Swiss-Prot database [8].
The protein was prepared using Chimera (www.cgl.ucsf.edu/chimera/, accessed on
14 January 2022) with default settings. Then, for the execution of molecular docking,
AutoDock Vina [51], available in DockingApp [52], which allows users to select flexible
residues of the input receptor, was used with flexible docking for virtual screening with
default settings. The binding site of 5-HT6, which consists of four major grooves, P1-P4,
used in the present work, is depicted in Figure 10. The binding site was used for automated

www.cgl.ucsf.edu/chimera/
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molecular docking for all the molecules. Further details of molecular docking are available
in the Supplementary Materials.

5. Conclusions

The present work has resulted in the development of a statistically predictive GA-MLR
model with a balance of excellent predictive ability (R2

tr = 0.78, R2
ex = 0.77) and novel

mechanistic interpretations. The present QSAR and molecular docking analysis has suc-
cessfully identified the importance of steric bulkiness, polar groups, and substitution with
respect to the center of mass. It also highlighted the role played by partial charges on ring C
atoms present near sulfur atoms. Further, Model-1 successfully identified that a conditional
occurrence of lipophilic atoms/groups with respect to nitrogen atoms is better for having
a higher pKi value. The crucial role played by the interrelationships between specific
types of atoms, such as sp3-hybridized carbon/nitrogen atoms, ring nitrogen atoms, etc.,
further escalated the expediency of Model-1. The model possesses high external predictive
ability, which is evident from its statistical performance. In conclusion, the present work
not only effectively identified reported and novel unreported pharmacophoric features
associated with 5-HT6 but also offers a highly predictive QSAR model. It could be beneficial
throughout the drug discovery pipeline to optimize the lead compounds to develop a better
therapeutic for 5-HT6.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph15070834/s1: Additional statistical parameters for model-1, Addi-
tional details of experimental procedure for molecular docking, Statistical symbols with names and
explanations, Molecular descriptors for all molecules used in model-1, their correlation matrix and
molecular docking score.
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Abstract: Colorectal cancer oncogenesis is linked to dysbiosis, oxidative stress and overexpression
of CDK2. The 4H-pyran scaffold is considered an antitumoral, antibacterial and antioxidant lead
as well as a CDK2 inhibitor. Herein, certain 4H-pyran derivatives were evaluated as antibacterial,
antioxidant and cytotoxic agents against HCT-116 cells. Derivatives 4g and 4j inhibited all the tested
Gram-positive isolates, except for B. cereus (ATCC 14579), with lower IC50 values (µM) than ampicillin.
In addition, 4g and 4j demonstrated the strongest DPPH scavenging and reducing potencies, with
4j being more efficient than BHT. In cell viability assays, 4d and 4k suppressed the proliferation
of HCT-116 cells, with the lowest IC50 values being 75.1 and 85.88 µM, respectively. The results of
molecular docking simulations of 4d and 4k, inhibitory kinase assays against CDK2, along with
determination of CDK2 protein concentration and the expression level of CDK2 gene in the lysates of
HCT-116 treated cells, suggested that these analogues blocked the proliferation of HCT-116 cells by
inhibiting kinase activity and downregulating expression levels of CDK2 protein and gene. Moreover,
4d and 4k were found to induce apoptosis in HCT-116 cells via activation of the caspase-3 gene.
Lastly, compounds 4g, 4j, 4d and 4k were predicted to comply with Lipinski’s rule of five, and they
are expected to possess excellent physiochemical and pharmacokinetic properties suitable for in vivo
bioavailability, as predicted by the SwissADME web tool.

Keywords: colorectal cancer; dysbiosis; oxidative stress; 4H-pyran; CDK2; caspases; ADME

1. Introduction

Colorectal cancer (CRC) is a huge international health burden. It is currently ranked as
the third most common cancer and the fourth most common cause of cancer-related death
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globally [1]. According to estimates from GLOBOCAN, in 2020 there were 1.9 million new
CRC incident cases and 0.9 million deaths worldwide. The global projections for 2040 of
new CRC cases are estimated to reach approximately 3.2 million [2].

Colorectal tumorigenesis is a highly complex process (Figure 1). Although little is
known about the exact causes of sporadic cancer (with no family history of genetic predis-
position), it is initiated by a number of carcinogenic events, which lead to the accumulation
of genetic mutations in oncogenes and tumor suppressor genes, in addition to epigenetic
modifications. These events drive the transformation of normal cells into uncontrolled
adenomas and eventually to malignant carcinomas [3]. A good understanding of the
factors promoting or accompanying these carcinogenic events would enable better policies
for prevention and targeted therapy. Oxidative stress and dysbiosis of colon microflora
constitute risk factors that drive these carcinogenic events, while deregulation of cell-cycle
related proteins is a key feature of all cancer cells [4].
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Oxidative stress is caused by an overwhelming production of reactive oxygen species
(ROS) accompanied by the downregulation of antioxidant enzymes within the cell. These
reactive molecular species may be generated from endogenous sources (intrinsic), including
mitochondria, inflammatory cells and several enzymatic cellular complexes. In addition,
they can originate from external sources (extrinsic), such as toxins, certain drugs, radiation
and tobacco smoking. It is now well established that uncontrolled increased levels of
reactive oxygen species contribute to the etiology of CRC via different mechanisms. One
mechanism involves lipid peroxidation via attacking polyunsaturated fatty acids, which
lead to the production of malonaldehyde, hexanal, acrolein and 4-hydroxy-2-nonenal, all
of which are known mutagenic products capable of inducing persistent destabilization
of chromosomes [5]. A second mechanism involves DAN modification, which results in
mutations particularly in the p53 gene and mitochondrial DNA [5]. A third mechanism
comprises induction of chronic inflammatory bowel diseases (IBDs), including, Crohn’s
disease (CD) and ulcerative colitis (UC) [6]. Moreover, deregulation of ROS is accompanied
by the generation of an inflammatory environment, which suppresses apoptosis and acti-
vates proliferation and angiogenesis, thus eventually leading to the initiation of neoplastic
transformation [7]. In addition, several studies have also proved the involvement of ROS in
the migration and invasion of cancerous cells [8]. Furthermore, ROS play a prominent role
in chemotherapy resistance toward drugs, such as 5-fluorouracil, vinblastine, doxorubicin
and tamoxifen [8]. Consequently, trapping free radicals with antioxidants seems to be
a possible approach to prevent inflammation and cancer. Additionally, antioxidants are
reported to exhibit anticancer activities through activating immune response, inhibiting
angiogenesis, downregulating oncogenes and stimulating tumor suppressor genes [9].
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Experimental evidence has established that dysbiosis of certain intestinal bacterial
strains can promote chronic gastrointestinal inflammations, which eventually will lead to
the development and spread of CRC [10,11]. The Gram-negative strains, Escherichia coli [12]
and Klebsiella pneumonia belong to this class of virulent pathogens [13]. Additionally,
certain studies have hypothesized that Pseudomonas bacteria are directly pro-oncogenic and
promoters for CRC [14].

Additionally, animal model studies have shown that Enterococcus faecalis caused colon
inflammation after infection, which promoted CRC occurrence [15]. In addition to this,
some case studies indicated that the mean copy number of Enterococcus faecalis in people
with colorectal cancer was significantly higher than in those with polyps and healthy
people, which implies the ability of this strain to induce colorectal carcinogenesis [16].

Despite the recent advances in novel chemotherapy, such as immune checkpoint
inhibitors, limitations due to chemotherapeutic resistance remain. Many preclinical and
clinical studies have shown that microbiota modulate cancer treatment responses via
influencing pharmacokinetic properties, such as metabolism, enzymatic degradation and
pharmacodynamics (i.e., immunomodulation), in cancer therapy. Therefore, some new
insights into cancer treatment are proposed based on manipulating the gut microbiota to
augment cancer therapeutic responses [17].

Cancer patients who are undergoing anticancer treatment have severely weakened
immune systems; thus, they are more vulnerable to bacterial infections and their life-
threatening complications. A previous retrospective surveillance study revealed that the
most common associated bacterial pathogens were Klebsiella pneumonia and
Enterococcus faecium (bloodstream), Pseudomonas aeruginosa (respiratory tract), Escherichia coli
(in urinary tract), Staphylococcus aureus and S. epidermidis (skin and soft tissues) [18]. It is
worth noting that some of these microbes are rather difficult to treat, as they are considered
to be drug-resistant isolates [19]. Furthermore, several reports have associated antibiotic
resistance with oxidative stress [20]. Therefore, molecules exerting antioxidant [21] and/or
antibacterial [22] effects would be considered as attractive candidates that could provide
protection against the development of CRC and its complications.

Up to 85% of CRC cases exhibit chromosomal instability (CIN), featuring changes
in chromosome numbers and structure. CIN affects the expression of tumor-associated
genes and/or genes regulating cell-cycle division [23]. Decades of research in diverse fields,
including cell biology, yeast genetics, biochemistry and genetic engineering, have identified
the regulators of the cell division cycle [24]. Normally, the transitions of the cell cycle of the
mammalian cell are strictly mediated by many cyclins and their effectors, cyclin dependent
kinases (CDKs), which are a group of conserved serine/threonine protein kinases, each of
which regulates a specific stage of the cell cycle [25]. In human cells, 20 CDKs and 29 cyclins
have been identified. The CDK family is comprised of CDK1–7 and CDK14–18, which
mediate cell-cycle transitions and cell division, whereas CDK8–13 and CDK19–20 regulate
gene transcription [26]. Thus, any deregulation in the function or change in the level of
these enzymes can result in the induction of tumorigenesis, including CRC [27]. In fact,
previous reports have confirmed that the expression of CDK2 is dramatically increased in
various colon cancer cell lines [28], including HCT-116, HCT-15 [29], LoVo and DLD-1 [30],
compared with “normal” human colon epithelial cells (HCECs). Thus, targeting CDK2 has
been recognized as a potential therapeutic approach for colon cancer treatment [31]. In
addition, CDK2 inhibitors are likewise expected to have effectiveness in combination with
other drugs or where synthetic lethality can be identified [32].

Taken together, the discovery, design and development of novel effective molecules
for neutralizing free radicals and eradicating virulent bacterial strains and inhibiting CKD2
are to be considered as preventive and therapeutic approaches against CRC.

Consequently, in a quest to design new chemical compounds to meet all these health
needs, the pyran scaffold can be considered a potential synthetic target. The 4H-Pyran
motif is embedded in bioactive 4H-chromene derivatives which display antitumoral and
antibacterial effects, such as compounds Ia,b [33], and antioxidant activities, such as
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derivatives IIa,b [34]. Moreover, compelling evidence has indicated that CDK2 is a valid
anticancer target of pyran-containing compounds III–VI, as shown in Figure 2 [35–37], due
to its pro-tumorigenic role via interference with cell division cycle.
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Synthetically, 4H-pyrans and pyrano[2,3-c]pyrazoles derivatives are easily accessible,
using a variety of catalysts [38,39] at ambient temperature, or under microwave or ultra-
sound irradiations [40–42]. These compounds are proven to display antibacterial [43–45],
antitumoral [46–48] and antioxidant activities [49].

Based on the above-stated facts and in continuation of our research program of anti-
cancer drug discovery, we designed and synthesized some new 4H-pyran and
pyrano[2,3-c]pyrazole derivatives for in vitro biological screening as antioxidant, antibac-
terial and antiproliferative agents against HCT-116 cells of human colorectal cancer [50,51].
The underlying mechanism of the antiproliferative actions of the promising cytotoxic 4H-
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pyran derivatives was studied using molecular docking simulations in the ATP binding
pocket of CDK2 and through the performance of a CDK2 inhibitory assay. Moreover, the
concentration of CDK2 protein and the expression level of CDK2 gene in the lysates of
HCT-116 cells treated with the cytotoxic candidates were measured and compared with
positive and negative control experiments. Furthermore, quantitative real time PCR experi-
ments for the caspase-3 gene were carried out to investigate the apoptotic activity of these
candidates. Lastly, the expected physiochemical and pharmacokinetic properties of the
active candidates were predicted using a Lipinski’s rule of five filter and BOILED-EGG and
bioavailability radar charts.

2. Results and Discussion
2.1. Chemistry

Initially, the 4H-pyran templates 4a–m were prepared using one-pot, tandem cascade
Knoevenagel condensation/Michael addition and cyclization reactions of diverse aryl
aldehydes 1a–k, malononitrile 2 and various β-ketoesters 3a–c in ethanolic piperidine
solutions at room temperature. Similarly, the synthesis of pyrano[2,3-c]pyrazole derivatives
5a,b was efficiently achieved via one-pot, four-component reactions of ethyl acetoacetate
3b, hydrazine hydrate, aromatic aldehydes 1e,f and malononitrile 2 under thermal heating
and in the presence of ethanol as a solvent and triethyl amine as a catalyst (Scheme 1).
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The structures of all synthesized compounds were confirmed by their spectroscopic
data, in addition to the results of elemental analyses. Thus, the IR spectra of derivatives
4a–m showed the characteristic stretching absorption bands in the frequency range of
νmax (KBr)/cm−1 3478~3416 (asymmetric vibration—NH2) and 3349~3197 (symmetric
vibration—NH2), 2203~2188 (C≡N) and 1724~1689 (C=O); whereas the IR spectra of 5a,b
indicated the presence of the stretching absorption bands at νmax (KBr)/cm−1 3377 and
3309 (asymmetric vibration—NH2), 3381 and 3357 (symmetric vibration—NH2), 3159 and
3183 (NH) and 2170 and 2183 (C≡N).

The detailed 1HNMR and 13CNMR analytical data for derivatives 4a–m and 5a,b are
presented in the experimental section. In addition, the mass spectrum (EI) of each com-
pound displayed the anticipated molecular ion peak. The spectra of some representative
examples are provided in the Supplementary Materials.

Finally, the results of the elemental analyses for C, H and N of all the synthesized
compounds were found to be within the permissible limits.

2.2. Biological Screening
2.2.1. Antioxidant Assays

Antioxidants are substances capable of free radical scavenging, quenching singlet oxy-
gen, inactivating peroxides and other reactive oxygen species (ROS), chelating metal ions,
quenching secondary oxidation products and inhibiting pro-oxidative enzymes. Therefore,
the antioxidant potential of a compound can be evaluated using a variety of chemical assays
with different mechanisms [52]. Since the synthesized compounds are electron-rich, with
substituents capable of electron donation and H-bond donation as well, in this study, two
radical scavenging methods were employed, including the 1,1 diphenyl-2-picrylhydrazyl
(DPPH) assay and the ferrous-reducing antioxidant capacity (FRAC) assay.

Initially, the DPPH radical scavenging potency assay was performed at various con-
centrations of the studied compounds ranging from 0.03 to 1 mg/mL. The IC50 values
for DPPH were calculated from the plot of the scavenging effect against the compound
concentration.

The obtained results (Table 1) showed that the compounds 4g, 4j, 4l, 4m and 4d
exhibited the highest scavenging activity at 1 mg/mL, with scavenging potencies of 90.50,
88.00, 70.20, 69.00 and 65.25 %, respectively, as compared to 95.30 % for BHT. At the
same concentration, the remaining compounds demonstrated poor to moderate DPPH
radical scavenging activities ranging from 23.25 to 57.10%. Determination of the half-
maximal inhibitory concentrations indicated that compounds 4g and 4j displayed the
most promising free radical scavenging activities, with the lowest IC50 values of 0.329 and
0.1941 mM, respectively, as compared to BHT, which exhibited 0.245 mM.

Secondly, FRAC was determined over the concentration range of 0.0−1 mg/mL via
monitoring Fe3+−Fe2+ transformation in the presence of the studied compounds and the
reference antioxidant BHT to estimate the values of efficient concentration (EC50), expressed
in mM. As depicted in Table 1, the pyrans 4g, 4j and BHT exhibited comparable tendencies
with respect to their reducing power, with EC50 values of 0.072, 0.074 and 0.089 mM,
respectively, whereas the rest of the tested compounds were less effective, with EC50 values
in the range of 0.149−1.562 mM.
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Table 1. Antioxidant activities of the studied 4H-pyran and 4H-pyrano[2,3-c]pyrazole derivatives
as determined by calculation of IC50 (mM) and EC50 (mM) values. Experiments were performed in
triplicate and are reported as the means ± standard deviations.

Comp. No. IC50 (mM) for DPPH
Scavenging Potency

DPPH Radical
Scavenging Effenciency (%)

at 1 mg/mL
Reducing Power EC50 (mM)

4a 2.291 ± 0.134 24.15 ± 1.62 0.827 ± 0.045
4b 2.560 ± 0.117 23.25 ± 1.06 1.197 ± 0.079
4c 2.243 ± 0.050 57.10 ± 1.56 1.234 ± 0.067
4d 0.504 ± 0.032 65.25 ± 1.77 0.149 ± 0.016
4e 1.651 ± 0.097 39.25 ± 1.06 0.305 ± 0.039
4f 3.336 ± 0.131 43.75 ± 1.77 0.398 ± 0.045
4g 0.329 ± 0.042 90.50 ± 2.12 0.072 ± 0.004
4h 1.309 ± 0.075 33.50 ± 2.12 0.221 ± 0.011
4i 1.784 ± 0.115 26.05 ± 1.06 0.274 ± 0.039
4j 0.194 ± 0.011 88.00 ± 1.41 0.074 ± 0.004
4k 1.050 ± 0.075 40.55 ± 2.19 1.562 ± 0.102
4l 0.919 ± 0.026 70.20 ± 1.70 0.801 ± 0.019

4m 0.421 ± 0.017 69.0 ± 2.83 0.506 ± 0.034
5a 0.826 ± 0.092 45.50 ± 2.12 0.363 ± 0.047
5b 1.781 ± 0.082 37.50 ± 2.12 0.467 ± 0.041

BHT 0.245 ± 0.027 95.30 ± 0.42 0.089 ± 0.003

2.2.2. Antibacterial Assays

The results for the in vitro antibacterial properties of the synthesized compounds
against five Gram-positive and four Gram-negative human-pathogenic strains, which were
assessed by both the agar diffusion method (based on inhibition zone (IZ)) and the broth
dilution bioassay (for the determination of the half-maximal inhibitory concentration (IC50)
values), using ampicillin as the reference antibiotic drug, are shown in Tables 2 and 3.

Some of the tested compounds were found to be more effective against Gram-positive
bacteria than Gram-negative isolates by producing larger IZs and lowering IC50 against
certain strains. Reduced sensitivity against Gram-negative pathogens can be attributed
to the restricted permeability of the chemical inhibitors across their cell walls due to the
existence of an outer cell envelope, which acts as a selective barrier [53].

The results against Gram-positive strains identified compound 4g as the most active
agent against B. subtilis (ATCC 6633), with a lowered IC50 value (25.69 µM) and a bigger in-
hibition zone of 28.00 mm, compared to the results obtained for ampicillin: IC50 = 37.20 µM,
IZ = 25.50 mm. Despite pyrans 4f, 4i, 4j, 4l and 4m displaying lower IC50 values (ranging
from 36.79 to 23.64 µM), their IZs were bigger, in the range of 21.50 (4j) to 9.50 mm (4i).

Considering S. aureus (ATCC 25923) and S. epidermidis (ATCC 14990), bigger IZs (mm)
were displayed by 4g (27.50, 29.75) and 4j (25.25, 26.65) as compared to the results of
21.50, 22.50 obtained for ampicillin, respectively. In addition, these derivatives exhibited
lowered IC50 (µM) values (4g: 27.78, 30.32) and (4j: 33.34, 33.34) as compared to 38.64 and
50.09 produced by ampicillin against these isolates, respectively.
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Table 2. Antibacterial evaluation of the studied compounds against some Gram-positive bacterial strains by measurement of the diameters of the inhibition zones
(IZs, mm) and determination of the half-maximal inhibitory concentrations (IC50s, µM). Ampicillin was used as the reference antibiotic. Results were obtained from
three independent experiments.

B. cereus
(ATCC 14579)

B. subtilis
(ATCC 6633)

E. faecalis
(ATCC 29122)

S. aureus
(ATCC 25923)

S. epidermidis
(ATCC 14990)

Comp. No. IZ (mm) IC50 (µM) IZ (mm) IC50 (µM) IZ (mm) IC50 (µM) IZ (mm) IC50 (µM) IZ (mm) IC50 (µM)

4a 7.50 ± 0.71 71.75 ± 2.04 5.20 ± 0.28 64.43 ± 3.37 9.00 ± 1.41 49.64 ± 1.81 8.00 ± 1.41 41.20 ± 2.48 9.50 ± 0.71 42.32 ± 1.33
4b 16.50 ± 0.71 43.14 ± 1.98 19.50 ± 0.71 49.12 ± 1.39 15.50 ± 0.71 56.77 ± 1.59 20.50 ± 0.71 50.23 ± 1.39 23.50 ± 0.71 32.42 ± 1.39
4c 14.00 ± 1.41 44.50 ± 0.83 11.00 ± 1.41 46.27 ± 1.68 10.00 ± 1.41 41.05 ± 2.18 15.50 ± 0.71 37.01 ± 2.02 16.65 ± 0.50 30.37 ± 1.00
4d 9.50 ± 0.71 39.52 ± 0.80 12.00 ± 1.41 40.32 ± 1.95 14.50 ± 0.71 29.10 ± 2.27 9.00 ± 1.41 24.40 ± 1.15 8.50 ± 0.71 26.69 ± 1.15
4e 23.00 ± 1.41 33.57 ± 1.58 20.50 ± 0.71 37.73 ± 1.58 15.50 ± 0.71 37.32 ± 2.16 16.50 ± 2.10 34.82 ± 2.16 20.50 ± 2.12 30.80 ± 1.58
4f 22.50 ± 0.71 42.40 ± 2.65 19.50 ± 0.71 36.79 ± 0.87 19.00 ± 1.41 34.61 ± 0.59 16.50 ± 0.71 38.35 ± 1.31 14.50 ± 0.71 33.05 ± 2.65
4g 29.00 ± 1.41 29.42 ± 1.49 28.00 ± 1.41 25.69 ± 1.70 24.50 ± 0.71 31.82 ± 1.49 27.50 ± 0.71 27.78 ± 1.25 29.75 ± 0.35 30.32 ± 1.49
4h 4.50 ± 0.71 46.48 ± 1.52 6.00 ± 1.41 50.08 ± 2.83 8.00 ± 1.41 45.94 ± 0.75 17.50 ± 0.71 32.72 ± 0.93 16.50 ± 0.71 35.79 ± 1.52
4i 14.50 ± 0.71 38.01 ± 1.37 9.50 ± 0.71 31.56 ± 1.95 6.50 ± 0.71 37.46 ± 1.37 9.50 ± 2.12 40.21 ± 1.37 11.50 ± 0.71 45.97 ± 0.96
4j 24.50 ± 0.71 27.63 ± 1.51 21.50 ± 0.71 23.64 ± 0.37 23.20 ± 0.57 28.16 ± 1.51 25.25 ± 1.06 33.34 ± 1.70 26.65 ± 0.92 33.34 ± 1.70
4k 7.00 ± 1.41 48.06 ± 1.35 4.50 ± 0.71 42.14 ± 2.48 5.50 ± 0.71 45.37 ± 0.57 5.75 ± 0.35 43.89 ± 0.57 4.50 ± 0.71 50.22 ± 2.48
4l 10.00 ± 1.41 33.22 ± 2.42 11.50 ± 0.71 32.56 ± 1.50 6.00 ± 1.41 37.81 ± 1.50 9.00 ± 1.41 31.12 ± 0.55 10.50 ± 0.71 33.35 ± 1.10
4m 18.50 ± 0.71 35.76 ± 1.20 21.50 ± 0.71 32.75 ± 2.05 20.50 ± 0.71 35.28 ± 2.22 17.50 ± 0.71 33.23 ± 1.01 18.50 ± 0.71 35.04 ± 1.88
5a 12.50 ± 0.71 62.43 ± 0.46 12.50 ± 0.71 62.43 ± 0.46 10.50 ± 0.71 51.86 ± 1.39 14.00 ± 1.40 43.93 ± 1.39 13.50 ± 0.71 54.84 ± 1.88
5b 8.00 ± 1.41 42.65 ± 1.66 8.50 ± 0.71 41.77 ± 1.23 9.75 ± 1.06 45.13 ± 1.87 5.50 ± 0.71 39.14 ± 1.66 6.60 ± 0.57 50.05 ± 0.61
Ampicillin 23.50 ± 0.71 25.76 ± 0.57 25.50 ± 0.71 37.20 ± 1.43 24.50 ± 0.71 36.49 ± 3.03 21.50 ± 0.71 38.64 ± 2.00 22.50 ± 0.71 50.09 ± 3.43
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Table 3. Antibacterial evaluation for the studied compounds against some Gram-negative bacterial
strains by measurement of the diameters of the inhibition zones (IZs, mm) and determination of the
half-maximal inhibitory concentrations (IC50s, µM). Ampicillin was used as the reference antibiotic.
Results were obtained from three independent experiments.

E. coil
(ATCC 25966)

K. pneumonia
(ATCC 700603)

P. aeruginosa
(ATCC 27853)

S. enteric
(ATCC 43972)

Comp. No. IZ (mm) IC50 (µM) IZ (mm) IC50 (µM) IZ (mm) IC50 (µM) IZ (mm) IC50 (µM)

4a 4.5 ± 0.71 138.41 ± 6.68 2.5 ± 0.7 131.09 ± 3.50 5.5 ± 0.7 37.6 ± 0.5 4.5 ± 0.7 119.63 ± 1.91
4b 2.5 ± 0.71 100.19 ± 3.90 1.5 ± 0.7 99.07 ± 2.50 2.5 ± 0.7 84.05 ± 5.01 1.5 ± 0.7 118.14 ± 3.34
4c 2.5 ± 0.71 93.74 ± 4.98 3.5 ± 0.7 112.25 ± 1.42 7.5 ± 0.7 85.90 ± 2.61 8.5 ± 0.7 100.26 ± 2.61
4d 3.5 ± 0.71 88.67 ± 2.52 4.5 ± 0.7 72.63 ± 0.69 6.5 ± 0.7 67.36 ± 1.37 7.0 ± 0.0 65.77 ± 2.29
4e 2.7 ± 0.35 103.22 ± 3.05 2.5 ± 0.7 90.73 ± 2.78 4.5 ± 0.7 87.96 ± 2.78 3.5 ± 0.7 96.14 ± 2.50
4f 7.5 ± 0.71 95.72 ± 5.61 4.5 ± 0.7 82.00 ± 3.43 6.0 ± 1.4 104.76 ± 2.81 6.5 ± 0.7 94.16 ± 3.43
4g 11.0 ± 1.41 61.84 ± 5.38 11.5 ± 0.7 61.84 ± 2.99 13.5 ± 0.7 54.07 ± 4.48 11.5 ± 0.7 53.02 ± 3.29
4h 1.5 ± 0.71 114.05 ± 0.80 3.5 ± 0.7 118.33 ± 2.67 4.5 ± 0.7 89.48 ± 2.94 5.5 ± 0.7 111.65 ± 2.94
4i 5.5 ± 0.71 82.57 ± 1.65 6.5 ± 0.7 79.86 ± 3.02 8.5 ± 0.7 62.02 ± 2.20 8.0 ± 1.4 91.52 ± 2.74
4j 10.5 ± 0.71 57.12 ± 0.80 12.0 ± 1.4 48.35 ± 3.99 14.5 ± 0.7 49.68 ± 4.78 14.5 ± 0.7 51.81 ± 2.92
4k 4.5 ± 0.71 80.24 ± 4.31 2.5 ± 0.7 77.82 ± 2.96 3.5 ± 0.7 73.24 ± 3.50 2.5 ± 0.7 75.53 ± 2.42
4l 3.5 ± 0.7 90.07 ± 2.63 2.5 ± 0.7 77.46 ± 7.08 4.5 ± 0.7 72.74 ± 2.63 4.0 ± 0.0 77.60 ± 1.58
4m 5.5 ± 0.71 69.35 ± 2.89 6.5 ± 0.7 66.70 ± 2.41 9.5 ± 0.7 60.92 ± 2.17 8.5 ± 0.7 61.77 ± 2.17
5a 2.8 ± 0.21 109.67 ± 5.95 6.0 ± 1.4 96.46 ± 4.96 5.5 ± 0.7 85.89 ± 3.30 4.5 ± 0.7 104.72 ± 1.32
5b 3.5 ± 0.71 116.84 ± 4.09 4.5 ± 0.7 109.54 ± 1.75 6.5 ± 0.7 92.30 ± 1.46 7.5 ± 0.7 106.03 ± 2.92
Ampicillin 23.5 ± 0.71 57.96 ± 4.87 21.0 ± 1.4 32.91 ± 2.29 21.5 ± 0.7 41.50 ± 1.72 19.5 ± 0.7 14.88 ± 0.34

Moreover, derivative 4b selectively exerted a larger IZ (23.50 mm) and a lower IC50
value (32.42 µM) against S. epidermidis, whereas compounds 4a, 4c, 4d, 4e, 4f, 4l, 4m and
5b inhibited it, with lowered IC50 values (µM) spanning from 50.05 (5b) to 26.69 (4d),
though they displayed smaller inhibition zones than the reference, ranging from 6.60 (5b)
to 20.50 (4e). Therefore, S. epidermidis can be considered the most sensible strain to the
synthesized compounds. Similarly, compounds 4c, 4d, 4e, 4f, 4h, 4l and 4m suppressed the
growth of S. aureus, with lowered IC50 values spanning from 24.40 (4d) to 38.35 (4f) and
smaller IZs ranging from 9.00 (4d and 4l) to 17.50 (4m and 4h).

With regard to E. faecalis (ATCC 29122), pyran 4g and the standard drug produced
equal inhibition zones of 24.50 mm; however, 4g was capable of exhibiting a lowered IC50
value of 31.82 µM in comparison with that of 36.49 µM for ampicillin.

Contrarily, pyrans 4d, 4f, 4j and 4m showed lower inhibition zones, ranging from
14.50 (4d) to 23.20 mm (4j), and lower IC50 values, ranging from 28.16 (4j) to 35.28 µM (4m),
than ampicillin.

Lastly, although the same compounds 4g and 4j exerted the biggest inhibition zones of 29.00
and 24.50 mm relative to that of 23.50 mm exerted by ampicillin against B. cereus, they exhibited
higher IC50 values (29.42 and 27.63 µM, respectively) as compared to ampicillin (25.76 µM).

Collectively, 4g showed promising antibacterial efficiency (lower IC50 values and
bigger IZs) against all of the tested isolates as compared to the reference antibiotic, except
for B. cereus, which was the microbe least sensitive to the synthesized compounds. Similarly,
4j was very effective against S. aureus (ATCC 25923) and S. epidermidis (ATCC 14990).

Contrarily, the anti-Gram-negative evaluation revealed that none of the studied com-
pounds was capable of inhibiting the microbes with bigger IZs or lower IC50 values, except
for 4a, which inhibited P. aeruginosa (ATCC 27853), with an IC50 of 37.6 µM, which is lower
than those of ampicillin (41.50 µM) and 4j, which suppressed E. coli (ATCC 25966) by a
comparable concentration of 57.12 µM to that of ampicillin (57.96 µM).

Furthermore, the lowest IC50 values against K. pneumonia (ATCC 700603) and S. enteric
(ATCC 43972) were displayed by the derivatives 4g (61.84 and 54.07 µM) and 4j (48.35 and
49.68 µM) as compared to 32.91 and 41.50 µM, respectively, for ampicillin.

In summary, although none of the tested compounds showed significant activities
against Gram-negative microbes, the observed anti-Gram-positive potential of compounds
4g and 4j is of great significance. This is due to the fact that Gram-positive strains are
reported to be common causes of bloodstream, skin, soft-tissue and intra-abdominal in-
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fections [54], which result in severe manifestations, such as sepsis [55] and/or endocardi-
tis [56], especially in immunosuppressed cancer patients. Furthermore, recent reports have
indicated that some of these bacterial isolates showed multidrug-resistant profiles [57],
particularly E. faecalis and S. aureus, which amplify their serious complications and increase
health care expenditures.

The observed broad-spectrum anti-Gram-positive profiles of 4g and 4j as compared to
the other analogues can be attributed to their improved antioxidant capabilities. Indeed,
the positive correlation between these two activities is well-documented. Catechin, which
is a well-known potent free radical scavenger, has been reported to display anti-Gram
positive and anti-Gram negative activities as well. Several mechanisms have been reported
to account for the toxicity of catechin towards bacteria. Oxidative damage through mem-
brane permeabilization was found to be the inhibitory mechanism of catechin against
B. subtilis [58]. In addition, some experimental data showed a significant decrease in super-
oxide dismutase (SOD) and catalase (CAT) activity after treatment of the Gram-positive
S. aureus strain with catechin at its minimum inhibitory concentration (MIC). These inhi-
bitions could be attributed to the capability of catechin as an antioxidant agent to chelate
the metal cofactors (Zn, Fe and Mn) at SOD catalytic sites [59]. Inhibiting superoxide
dismutase would increase the bacterial sensitivity to the reactive oxygen species, resulting
in inhibition of bacterial growth [60]. Other alternative proposals for the bactericidal actions
of catechin include its ability to generate hydrogen peroxide, which causes cell membrane
damage [61]. Hydrogen peroxide generation by antioxidants was reportedly attributable to
antioxidant autoxidation in culture media [62]. In the view of the aforementioned facts, it
can be suggested that the antibacterial effects of the antioxidant candidates 4g and 4j might
be attributed to one or more of the indicated mechanisms, which could be investigated
in future.

2.2.3. Cell Viability Assays

The synthesized compounds were also examined at four concentrations (10, 25, 50
and 100 µg/mL) for their cytotoxic effects on human colorectal cancer HCT-116 cells after
their incubation together for 24 h. The results, which were expressed in terms of percent
of viable cells at each concentration as plotted in Figure 3, revealed that analogs 4g and
4j were not able to inhibit the growth of the cancerous cells, even at the highest used
concentration (100 µg/mL). Conversely, they displayed the highest detectable percentages
of viable cells: 86.0 and 94.0% at 100 µg/mL, respectively. Meanwhile, eleven compounds,
namely, 4k, 4b, 4d, 6b, 4l, 4m, 4c, 4e, 5a, 4h and 4i, exhibited potent cytotoxic activity at
a concentration of 100 µg/mL by reducing cells viability to the extent of 11.0–32.5. The
remaining compounds in this series, namely, 4a and 4f, displayed the least cytotoxic effects
with percent cell viability measures of 46.0 and 55.5, respectively.

Based on these results, the IC50 values for the promising cytotoxic candidates were
determined, as shown in Table 4.

The calculated IC50 values (µM) ranged from 75.10 (4d) to 332.59. The smallest median
concentrations were exhibited by compounds 4d (75.10), 4k (85.88), 4m (89.33), 4l (93.35)
and 5b (97.91).
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Figure 3. Cytotoxic potency of the studied compounds on HCT-116 cells expressed as percent-
ages of viable cells at 10, 25, 50 and 100 µg/mL concentrations. Results were obtained from three
independent experiments.

Table 4. IC50 values of cytotoxicity for the studied 4H-pyran and pyrano[2,3-c]pyrazole derivatives
on HCT-116 cells expressed in µg/mL and µM. Experiments were performed in triplicate and are
reported as the means ± standard deviations.

Comp. No. Mean IC50 (µg/mL) Mean IC50 (µM)

4a 51.99 ± 4.54 165.43 ± 14.44
4b 36.51 ± 3.18 101.60 ± 8.83
4c 43.01 ± 2.03 102.07 ± 4.82
4d 32.78 ± 2.22 75.10 ± 5.09
4e 49.71 ± 3.53 137.92 ± 9.78
4f 106.67 ± 4.29 332.59 ± 13.38
4g ND 1 ND 1

4h 69.21 ± 4.29 184.89 ± 11.46
4i 65.95 ± 4.53 180.99 ± 12.42
4j ND 1 ND 1

4k 31.90 ± 2.83 85.88 ± 7.61
4l 35.55 ± 1.77 93.35 ± 4.63

4m 37.10 ± 2.10 89.33 ± 5.05
5a 60.00 ± 3.28 189.21 ± 10.84
5b 33.52 ± 2.42 97.91 ± 7.06

1 ND: Not determined.

2.2.4. Investigation of the Underlying Mechanism of Action for the
Antiproliferative Candidates
2.2.4.1. Molecular Docking Simulations against CDK2 as a Potential Molecular Target

The molecular docking approach has become a powerful tool for identifying com-
pounds showing potential anticancer activity against a specific target and with a selective
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inhibition mechanism [63]. Cancer is increasingly viewed as a cell-cycle disease. Cyclin-
dependent kinases (CDKs) are a crucial protein family involved in cell proliferation through
regulating the progression of the cell cycle and transcription. Animal model studies and
molecular analyses of human tumors have indicated that many of these regulators are
altered in cancer, particularly, CDK4, CDK6 and CDK2 and their substrates, which con-
trol progression through the G1/S phases of cell-cycle division. A literature survey con-
firmed that CKD2 is a valid target for 4H-pyran derivatives (Figure 2) with anticancer
activities [33–37]. Therefore, to investigate whether or not the cellular mechanism by which
the most active cytotoxic derivatives 4d and 4k suppressed the proliferation of HCT-116
cells is related to the inhibition of CDK2, the induced-fit docking approach in the ATP
active site of the enzyme using the Glide program of Schrodinger-Maestro 11.2 was em-
ployed prior to the in vitro inhibitory kinase assays. The ATP-binding pocket of CDK2 is
considered to be the site most commonly targeted by the kinase inhibitors. They compete
with ATP to bind at the kinase site by forming hydrogen bonds with backbone amino acid
residues and by establishing hydrophobic interactions with side chains of surrounding
residues [64], leading to the inhibition of kinase phosphorylation and suppression of CDK2
hyperactivation, thus, holding back infinite cell proliferation [65].

In this study, the docking procedures were initially validated using redocking ap-
proach. Thus, the CDK2-inhibitor 4-[3-hydroxyanilino]-6,7-dimethoxyquinazoline (co-
crystallized ligand, DTQ) was removed, after which it was redocked to reproduce the
reported complex (PDB code: 1DI8). The significant residues in the active site of the protein
are Lys33, Glu51 and Asp145. Figure 4 shows the superimposition of the predicted and the
co-crystal structure of the reference inhibitor in the ATP active site of the protein. Moreover,
the value of the root-mean-square deviation (RMSD) between the redocked conformation
of DTQ and that observed in the X-ray crystallographic complex was found to be 0.34 Å,
which is less than the cutoff value (2 Å) for the correct docking procedures. These obser-
vations confirmed that the redocked ligand was closely bound to the true conformation,
indicating the reliability of the docking protocols.

Afterwards, a comparative in silico molecular modeling study using the most active
cytotoxic derivatives 4d and 4k, along with the least active analogue, 4f, and the well-
known CDK2 inhibitor BMS-265246, which was used in the in vitro inhibitory kinase
assays, as well as the co-crystallized ligand (DTQ), was performed. Upon completion of
each docking calculation, a maximum of 100 poses per ligand were generated and the final
best-docked conformations were ranked using an XP Glide score function and Glide energy.

According to the data presented in Table 5, the cocrystal ligand DTQ and BMS-265246
showed better scoring functions than the synthesized compounds. Both 4d and 4k showed
high affinity to the target protein, with 4d demonstrating comparable binding strength (Glide
energy = −48.700 Kcal/mol) to the co-crystal ligand (Glide energy = −49.122 Kcal/mol) and
BMS-265246 (Glide energy = −47.340 Kcal/mol), whereas the inactive analog 4f exhibited
the lowest affinity to the enzyme with the highest Glide energy value (−30.726 Kcal/mol).

Lastly, the lowest-energy docked complexes of the co-crystallized ligand DTQ, the
reference inhibitor BMS-265246, 4d, 4k and 4f with the protein were used to identify the
crucial interactions for inhibition of CDK2. The ligand–protein interactions (hydrogen
bonds, as well as hydrophobic interactions) are shown in Figures 5–14.

Table 5. Binding free energy of 4d, 4k, 4f, BMS-265246 and DTQ at the active site of CDK2.

Ligands Glide Score XP Glide Energy Kcal/mol

4k −6.383 −43.311
4d −6.224 −48.700
4f −4.160 −30.726

Co-crystallized ligand (DTQ 1) −9.649 −49.122
BMS-265246 −7.187 −47.340

1 DTQ: 4-[3-hydroxyanilino]-6,7-dimethoxyquinazoline.
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Figure 7. Three-dimensional binding interactions of BMS-265246 within the ATP binding pocket of
CDK2. Hydrogen bond (purple dotted line), hydrogen atoms (white), nitrogen atoms (blue), fluorine
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Docking pose for DTQ:
Through examination of molecular docking, the pose of DTQ is shown to be very

interesting, as it involves an active site water molecule as a bridge for H-bond establish-
ment [66]. In addition to this, the phenolic OH and N-1 of the pyrimidine ring of DTQ are
responsible for H-bond formation with Lys33 and Leu83, respectively (Figures 5 and 6).

It is noteworthy that the H-bonding interactions with Lys33 and Leu83 on the protein
backbone are important for potent inhibitory activity [67].

Docking pose for BMS-265246:
The docking pose for BMS-265246 indicates that it coordinated different residues of

the enzyme due to hydrophobic and polar interactions.. The Leu83 residue and the NH
of the pyrazole ring of BMS-265246 are responsible for a strong H-bond formation with a
distance of 2.15 Å. The N-2 atom of the same pyrazole ring interacted with Asp86 due to
mild polar interactions. The 2,6-diflouro-4-methyl phenyl moiety established hydrophobic
interactions with the nearby residues, viz. Ala144, Asp145 and Leu148 (Figures 7 and 8).
From these docking results, the obtained pose of BMS-265246 established similar important
molecular interactions, in particular, H-bonding with Leu83, as documented before [68].

Docking pose for 4d:
This pyran derivative formed three hydrogen bonds—with amino acid residue ASP86

through its amino group as a donor, with amino acid GLN131 through the 3-methoxyl
group as an acceptor and the last with ASN132 as an acceptor through the 5-methoxyl
group. These binding interactions confirmed the importance of the methoxy groups
at the m-positions (3,5-positions) as well as the amino group for further optimization.
Additionally, this ligand showed lipophilic interactions with ILE10, VAL18, ILE10, PHE80
and LEU148. Moreover, the phenyl ring was involved in pi–pi stacking interactions with
PHE80 (Figures 9 and 10)

Docking pose for 4k:
Likewise, the analysis of the binding interactions between CDK2 and compound 4k

(Figures 11 and 12) revealed the formation of two hydrogen bonds between the amino acid
residues ASP86 and LYS129 in the active pocket and amino (as a donor) and nitrile (as an
acceptor) substituents of 4k. Additionally, the phenyl ring of the benzyl moiety showed
lipophilic interactions with ILE10, VAL18, ILE10, PHE80, LEU148, LEU134 and VAL64.

Docking pose for 4f:
Contrarily, the inactive derivative 4f did not form any hydrogen bonds inside the

active site of CDK2. However, it showed lipophilic interactions with ILE10, VAL18, LEU83
and Val64, as shown in Figures 13 and 14.

Overall, it can be concluded that there is a positive correlation between the docking
simulations and the results of the cell viability assays, which support our claim that CDK2
is a potential target which could be responsible for the observed antiproliferative activities
of compounds 4d and 4k.

Moreover, the docking analyses of 4d, 4k and 4f successfully provided information on
possible structural modifications to improve kinase inhibitory efficiency. These analyses
highlighted that an inhibitor for CDK2 requires a bulkier ring to be attached to the main
scaffold (the pyran ring in the present case) through a flexible chain of two to three atoms.
Furthermore, it should be present at the periphery of the molecule to penetrate well inside
the ATP binding site to establish lipophilic and mild polar interactions [69]. In addition,
docking analyses indicated that H-bond donors or acceptors on the central scaffold could
substantially enhance binding with the receptor.

2.2.4.2. In Vitro CDK2 Inhibitory Assays

To further substantiate the promising results of the docking analyses of pyrans 4d and
4K in the ATP active site of CDK2, their in vitro potencies to inhibit the enzyme activity
were evaluated over a concentration range of 0.01−10 µM. The results of kinase assays
(Figure 15) revealed that both pyrans strongly affected CDK2 activity in a dose-dependent
manner. Thus, compound 4d, at 0.01, 0.1, 1, or 10 µM, decreased CDK2 activity by 26.9, 41.5,
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72.5 and 89%, respectively, while compound 4k inhibited kinase efficiency by 21.9, 42.4,
66.3 and 83.6%, respectively, at the same concentrations. On the other hand, the positive
control BMS-265246 was found to be more effective and reduced CDK2 activity by 92.3%
at the highest concentration used (10 µM).
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Figure 15. In vitro evaluation of the CDK2 inhibitory efficiency of pyrans 4d and 4K as compared to
the reference inhibitor BMS-265246 over a concentration range of 0.01−10 µM. Results were obtained
from three independent experiments.

Moreover, the IC50 values for 4k, 4d and BMS-265246 were deduced (Figure 16) and
they were found to be 0.214, 0.143 and 0.036 µM, respectively.
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Thus, our results for the kinase inhibitory assays are in agreement with the previously
reported studies, which indicated that tropane–pyran hybrid structures could be consid-
ered as promising core scaffolds for developing new anticancer agents acting as CDK2
inhibitors [37].
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It is worth noting that inhibition of CDK2 activity is considered to be a good approach
for preventing chemotherapy-induced alopecia (CIA) by arresting the cell cycle without
sensitization of the epithelium [70].

Collectively, the results of the docking simulations, the cell viability inhibition assays in
HCT-116 colon cancer cells and the in vitro CDK2 inhibitory assays confirmed the potential
of pyrans 4K and 4d as antiproliferative agents via the induction of cell-cycle arrest through
CDK-2 inhibition.

2.2.4.3. Further Mechanistic Studies via Quantitative Determination of the Concentration
of CDK2 Protein and the Expression Profile of the CDK2 Gene in HCT-116 Cells Treated
with the Cytotoxic Candidates

During the pathogenesis of cancer in humans, the enzymatic machinery, including
human cyclins and their kinase (CDK) partners, which control the decisions to progress
from a resting state (G0) to the cell cycle (G0-to-G1 transition) and/or to progress from
the G1 (Gap-1) phase (in which the cell prepares for DNA synthesis) to the S phase (DNA
synthesis phase), was found to be dysregulated, resulting in unrestrained proliferation.
Furthermore, mutations have been observed in genes encoding CDKs; thus, the growth
promoter and activator of G1 phase progression (the CDK2 gene) has been reported to be
overexpressed in some human cancer subtypes, including colorectal, leukemia, pancreatic
and renal carcinomas [24,71]. Moreover, overexpression of CDK2 in primary CRC tumors
is linked to lymph node metastasis [72]. Therefore, different strategies for therapeutic
intervention have been proposed based on inhibiting CDK activity and silencing the co-
expressed genes in colon cancer cells to prevent them from proliferating and to induce
their death [73].

Based on these facts, the effects of 4d and 4k on the expression levels of the CDK2
protein as well as the CDK2 gene were studied in a two-step protocol.

First, the commercial Human CDK2 ELISA Kit was used to estimate concentrations of
the protein in the lysate of HCT-116 cells treated with 4d and 4k. The results were compared
with the positive (cells treated with the reference CDK inhibitor, BMS-265246) and negative
control experiments. The data presented in Figure 17 show that the concentration of
CDK2 was estimated to be 7.466 ng/mL in the negative control experiment, while it
was reduced to 2.229, 3.932 and 4.634 ng/mL in the positive control, 4k- and 4d-treated
samples, respectively. These results implied that compounds 4d and 4k downregulated
the expression of the CDK2 protein 1.9- and 1.6-fold, respectively, as compared to the
negative control.
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Figure 17. In vitro quantitative determination of the concentrations of CDK2 (ng/mL) in HCT116
cells treated with pyrans 4d and 4K compared with the positive control BMS-265246 and the negative
control samples.
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Second, the expression profiles of the CDK2 gene in HCT-116 cells treated with com-
pounds 4d and 4k were determined. The results were compared with the positive control
(cells treated with the well-known cytotoxic drug 5-fluorouracil) and the negative control
(untreated cells).

As shown in Figure 18, the CDK2 transcript levels were decreased significantly, 0.29-,
0.45- and 0.50-fold, by 5-FU, 4K and 4d, respectively, as compared to the untreated cells
after 24 h of the treatment.
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Accordingly, our results imply that pyrans 4K and 4d might cause growth arrest in
HCT-116 cancer cells via downregulation of CDK2 gene and protein as well.

2.2.5. Investigation of the Apoptotic Potential via Real-Time PCR Determination of the
Expression Profile of the Caspase-3 Gene in HCT-116 Cells Treated with Pyrans 4d and 4k

Normally, apoptosis, or programmed cell death, is considered as a safeguard mech-
anism for managing stress and maintaining tissue homeostasis. It proceeds through a
series of well-ordered biochemical cascades of events, which are regulated by a network
of proteins. However, due to genetic and epigenetic mutations, deregulation of these
proteins occurs, which results in evasion of apoptosis. This oncogenic transformation is
a hallmark of human cancer, and it contributes to other tumorigenic events, including
uncontrolled growth, accumulation of further genetic mutations, tumor angiogenesis and
metastasis and chemotherapeutic resistance [74]. Therefore, reinitiating selective cancer cell
death is a fundamental goal in anticancer drug development. Research in cancer biology
has provided fundamental insights into the apoptotic pathways and their deregulation
in colon cancer. Moreover, it has identified the molecular targets for reinitiating selec-
tive tumor cell death, including antiapoptotic Bcl-2 family proteins, apoptosis inhibitors
and activators of the TRAIL death receptor signaling pathway, as well as other apoptotic
markers, such as caspases. Among the caspases, which play critical roles in apoptosis,
are the initiators, including caspases-8 or 9, and the effectors, including caspase-3 and
caspase-7. After being activated by the initiators, the executioner caspases cleave numerous
vital structural and regulatory proteins, leading to cell death [75]. Previous studies have
demonstrated that expression level of caspase-3 is downregulated in cancer; therefore,
enhancing its activity with natural and synthetic compounds was suggested as a possible
strategy for cancer therapy [76,77]. In fact, pyran-containing, 4H-chromene derivatives,
such as 3-amino-1-(4-fluorophenyl)-1H-benzo[f ]chromene-2-carbonitrile [78] and 3-amino-
1-(4-iodophenyl)-8-methoxy-1H-benzo[f ]chromene-2-carbonitrile [79], were found to be
effective against HT-29 cells of CRC and -MDA-MB-231 cells of breast cancer, respectively,
via a 3-caspase-dependent apoptosis mechanism; therefore, we anticipated that our closely
related pyran analogues 4d and 4k might be capase-3 inducers as well. Thus, the real-time
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quantitative PCR analyses of caspase-3-gene levels following treatment with compounds
4d and 4K at a concentration of 10 mg/mL for 24 h, were performed to investigate their
potential as proapoptotic agents.

As shown in Figure 19, the treated HCT-116 cultures showed significant expression of
caspase-3 gene as compared to the positive (5-FU-treated) and the negative (pure HCT-116
cells) control cultures. The transcription levels of the caspase-3 gene in HCT-116 in treated
cultures were increased 7.31-, 4.62- and 2.55-fold by 5-FU, 4K and 4d, respectively, as
compared to the negative control. These results indicated a concentration of 10 mg/mL for
increasing the expression of caspase-3 gene and subsequent induction of mitochondrial
apoptosis of the HCT-116 cells.
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Overall, pyrans 4d and 4k can be considered interesting candidates to be subjected to
further studies in order to investigate their usefulness in developing new anti-CRC agents
capable of inhibiting the proliferation of HCT-116 cells through inducing cell-cycle arrest at
the G1/S boundary by targeting CDK2 and enhancing the apoptosis of cancerous cells via
activation of the caspase-3 gene.

2.3. Physicochemical and Pharmacokinetic Properties and Lipinski’s Rule of Five

Six physicochemical parameters, comprising Lipophilicity (LIPO), Size, Polarity
(POLAR), Insolubility (INSOL), Unsaturation (UNSAT) and Flexibility (FLEX) were
predicted for the tested compounds using the bioavailability radar chart [80], in which the
pink-colored zone (Figure 20) indicates the suitability of physicochemical properties to
have good in vivo bioavailability.

The results indicated that, compounds 4g and 4d did not violate any parameters in
the radar chart, while 4j and 4k derivatives violated only the UNSAT parameter, which is
acceptable. The calculated log p values were intermediate (2.27 for 4g, 2.99 for 4j, 2.98 for
4d and 2.80 for 4k). Based on these data, it can be predicted that all the tested derivatives
would have good bioavailability profiles, especially the molecules 4g and 4d.

The SwissADME server provides a BOILED-EGG chart to indicate human intestinal
absorption (white part), blood–brain barrier penetration (yellow part) and the probability
of the tested compound acting as a substrate (PGP+, blue color) or not a substate (PGP−,
red color) for permeability glycoprotein (PGP).

The results (summarized in Figure 21) showed that all the tested derivatives can be
expected to be of good oral absorption, which is indicated by their presence in the white
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area. Moreover, they would not penetrate the blood–brain barrier (BBB, egg yolk area);
thus, they would not cause CNS toxicity. Finally, the four compounds are red-colored,
which means that they are not anticipated to be substrates for PGP; therefore, they would
not suffer from restricted entry to the target cells through efflux pumps [81].
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Eventually, the drug-likeness and good oral bioavailability characteristics for the
studied compounds were predicted using the Lipinski’s rule of five filter [82]. As shown in
Table 6 no compound did violate any parameter of the rule, which states that no violation
or even one violation indicates expected good oral bioavailability.

Table 6. Drug-likeness of the tested compounds.

Comp. No. Properties Comment

4g

• Log P = 2.27 (<5) No violation
• Molecular weight = 334.75 g/mol (<500)

• No. of H-bond donor groups (Ohs + NHs) = 3 (≤5)
• No. of H-bond acceptor atoms (Os + Ns) = 6 (≤10)

4j

• Log P = 2.99 (<5) No violation
• Molecular weight = 376.41 g/mol (<500)
• No. of H-bond donor groups (OHs + NHs) = 2 (≤5)
• No. of H-bond acceptor atoms (Os + Ns) = 6
• (≤10)

4d

• Log P = 2.99 (<5) No violation
• Molecular weight = 436.46 g/mol (<500)

• No. of H-bond donor groups (OHs + NHs) = 2 (≤5)

• No. of H-bond acceptor atoms (Os + Ns) = 8 (≤10)

4k

• Log P = 2.80 (<5) No violation
• Molecular weight = 371.39 g/mol (<500)
• No. of H-bond donor groups (OHs + NHs) = 2
• (≤5)
• No. of H-bond acceptor atoms (Os + Ns) = 6 (≤10)

Although the in-silico predictions are promising, these results are preliminary and
should be confirmed experimentally.

3. Materials and Methods
3.1. Chemistry
3.1.1. General

All reagents were used as supplied commercially. The IR spectra were obtained using
potassium bromide (KBr) discs and recorded on a PerkinElmer FTIR spectrophotometer,
Spectrum BX 1000 in wave number (cm−1). Nuclear magnetic resonance spectroscopy
was performed on a Bruker Avance 500 spectrometer, operating at 500 MHZ for 1H and
125 MHZ for 13C at 25 ◦C (Research Unit, College of Pharmacy, Prince Sattam Bin Abdu-
laziz University, Al-Kharj, KSA), or on an Eclipse 300 FT NMR spectrometer operating at
300 MHz spectrometer for 1H and at 75 MHz for 13C at 25 ◦C (College of Science, King
Saud University, Riyadh, KSA). The chemical shifts are expressed in ppm and tetramethyl
silane (TMS) was used as internal standard; mass spectra were recorded on a Shimadzu
Qp-2010 Plus Mass Spectrometer using Ionization Mode: EI (Micro Analytical Center, Cairo
University, Egypt). Percentages of C, H and N in the new compounds were evaluated at
the regional center for Mycology and Biotechnology (RCMB), Al-Azhar University.

3.1.2. General Procedures for the Synthesis of
6-Amino-5-cyano-4-(aryl)-2-methyl-4H-pyran-3-carboxylic Acid Esters 4a–m

To an ethanolic mixture (20 mL) of benzaldehyde derivative 1a–k (0.004 mol), namely,
2-formyl-benzoic acid, 3-methxy-2-nitro benzaldehyde, 3,4,5-trimethoxy benzaldehyde,
biphenyl-3-carbaldehyde, 2-chloro-3-hydroxy-benzaldehyde, 2,4,6-trimethoxy benzalde-
hyde, 4-fluorobenzaldehyde, 4-methoxybenzaldehyde, 4-formyl-benzonitrile, 2-chloro-
benzaldehyde, or 2,4-dichlorobenzaldehyde, and malononitrile 2 (0.004 mol, 0.264 g),
piperidine (0.8 mL) and the appropriate β-ketoester derivative 3a–c (0.004 mol) namely;
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methyl acetoacetate, ethyl acetoacetate or benzyl acetoacetate were added. The resulting
reaction mixture in each was stirred at room temperature for 24 h, then it was worked up
as described below to obtain the desired product.

6-Amino-4-(2-carboxy-phenyl)-5-cyano-2-methyl-4H-pyran-3-carboxylic acid methyl
ester 4a

Filtration of the obtained reaction suspension afforded a yellow solid, which was washed
with H2O/dil. HCl, air dried and recrystallized from EtOH to give shiny white crystals,
yield (63%), m.p. 216–218 ◦C; νmax (KBr)/cm−1 3328 (broad OH and NH2), 3193 (CH-Ar),
2895 (CH-aliphatic), 2656, 2544, 2196 (CN), 1716 (C=O-ester), 1675 (C=O-carboxylic), 1605
(C=C), 1445 1405, 1377, 1325, 1264, 1226, 1182, 1124, 1068, 1042, 955, 876, 842, 803, 749,
728, 648, 624, 518, 442; δH (500 MHz; DMSO-d6) 7.73 (1H, dd, J = 7.7, 1.1 Hz, CH-Ar), 7.50
(1H, t, J = 7.3 Hz, CH-Ar), 7.29–7.25 (2H, m, 2 × CH-Ar), 6.85 (2H, br. s, NH2), 5.63 (1H,
s, C4H-pyran), 3.46 (3H, s, O-CH3), 2.31 (3H, s, CH3); δC (125 MHz; DMSO-d6), 168.60
(C=O), 165.83 (C=O), 158.73, 157.04, 146.03, 131.95, 130.48, 129.36, 129.01, 126.39, 119.27,
107.59 (4 × CH-Ar, 2 × Cq-Ar, 3 × Cq-pyran, CN), 56.05 and 51.29 (C5-pyran and O-CH3),
32.72 (C4H-pyran), 18.40 (CH3); MS (EI) m/z (%) [M+] 314.85 (0.24) for C16H14N2O5, 268.90
(39.95), 252.85 (14.51), 236.90 (100.00), 208.90 (11.83), 192.90 (10.28), 133.00 (31.62), 116.05
(21.80), 105.00 (41.68), 89.00 (27.86), 77.05 (77.39), 66.00 (29.21), 57.05 (15.98). Anal. Calcd.
for C16H14N2O5: C, 61.14; H, 4.49; N, 8.91. Found; C, 61.36; H, 4.70; N, 9.07.

6-Amino-5-cyano-4-(3-methoxy-2-nitro-phenyl)-2-methyl-4H-pyran-3-carboxylic acid ethyl
ester 4b

The excess solvent was evaporated and the resulting yellow solid was washed with
water, air dried and recrystallized from EtOH to afford a pure product as a pale yellow solid,
yield (85%), m.p. 220–222 ◦C; νmax (KBr)/cm−1 3475 (asymmetric NH2), 3351 (symmetric
NH2), 3168 and 3098 (CH-Ar), 2989, 2940, 2898 and 2847 (CH-aliphatic), 2192 (CN), 1679
(C=O), 1629 and 1586 (C=C), 1530 (NO2), 1478, 1449, 1372, 1332, 1277, 1210, 1122, 1056, 1018,
956, 908, 851, 802, 655, 613, 562, 512, 443; δH (500 MHz; DMSO-d6) 7.51 (1H, t, J = 8.2 Hz,
CH-Ar), 7.18 (1H, d, J = 8.4 Hz, CH-Ar), 7.06 (2H, br. s, NH2), 6.88 (1H, d, J = 7.9 Hz, CH-Ar),
4.35 (1H, s, C4H-pyran), 3.96 (2H, q, J = 7.1 Hz, O-CH2-CH3), 3.87 (3H, s, O-CH3), 2.32 (3H,
s, CH3), 0.99 (3H, t, J = 7.1 Hz, O-CH2-CH3); δC (125 MHz; DMSO-d6), 164.76 (C=O), 158.89,
158.08, 149.97, 139.63, 137.79, 131.78, 120.83, 118.79, 111.67, 105.54 (3 × CH-Ar, 3 × Cq-Ar,
3 × Cq-pyran, CN), 60.21 (O-CH2), 56.55 and 55.80 (C5-pyran and O-CH3), 34.43 (C4H-
pyran), 18.22 (2 × CH3); MS (EI) m/z (%) [M+] 359.80 (0.40) for C17H17N3O6, 341.85 (35.07),
324.85 (5.56), 311.90 (6.19), 296.85 (4.09), 283.85 (8.98), 272.90 (12.99), 297.90 (43.20), 251.90
(11.35), 237.90 (10.52), 226.90 (34.93), 206.90 (11.00), 178.90 (12.93), 160.95 (11.26), 140.05
(6.60), 127.05 (9.20), 115.05 (20.68), 102.00 (23.05), 90.00 (29.84), 76.05 (69.38), 67.00 (100.00),
59.01 (38.59), 51.05 (33.51); Anal. Calcd. for C17H17N3O6: C, 56.82; H, 4.77; N, 11.69. Found:
C, 57.11; H, 4.83; N, 11.97.

6-Amino-5-cyano-4-(3-methoxy-2-nitro-phenyl)-2-methyl-4H-pyran-3-carboxylic acid
benzyl ester 4c

Addition of ice/H2O to the reaction mixture and filtration gave the crude product as a
yellow precipitate which was air dried and recrystallized from EtOH/petroleum ether to
obtain the pure product as a yellow powder, yield (64%), m.p. 190–192 ◦C; νmax (KBr)/cm−1

3434 (asymmetric NH2), 3321 (symmetric NH2), 3221; 3190 and 3090, 3031 (CH-Ar), 2942
and 2846 (CH-aliphatic), 2195 (CN), 1716 (C=O), 1673 and 1603 (C=C), 1528 (NO2), 1479,
1449, 1406, 1370, 1315, 1285, 1225, 1174, 1181, 1133, 1063, 963, 912, 847, 804, 756, 695, 662,
566, 524, 435; δH (300 MHz; DMSO-d6) 7.55-7.46 (2H, m, 2 × CH-Ar), 7.30–7.17 (3H, m,
3 × CH-Ar), 7.08 (2H, br. s, NH2), 7.07-7.01 (2H, m, 2 × CH-Ar), 6.87 (1H, d, J = 7.5 Hz,
CH-Ar), 5.07 and 4.98 (2H, AB q, J = 12.6 Hz, O-CH2-Ph), 4.39 (1H, s, C4H-pyran), 3.88
(3H, s, O-CH3), 2.32 (3H, s, CH3); δC (75 MHz; DMSO-d6), 164.11 (C=O), 158.80, 158.06,
150.11, 139.42, 137.64, 135.98, 131.82, 128.22, 127.79, 127.48, 120.89, 118.67, 111.77, 105.49
(8 × CH-Ar, 4 × Cq-Ar, 3 × Cq-pyran, CN), 65.56 (O-CH2-Ph), 56.64, 55.89 (C5-pyran
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and O-CH3), 34.65 (C4H-pyran), 18.48 (CH3); MS (EI) m/z (%) [M+ + 1] 422.10 (0.25) for
C22H19N3O6, 404.00 (1.48), 360.10 (1.07), 343.05 (0.02), 309.10 (0.76), 291.10 (1.16), 283.05
(1.27), 268.05 (3.94), 252.05 (1.83), 227. 00 (4.78), 201.00 (2.05), 153.05 (0.43), 140.05 (0.78),
107.10 (2.60), 92.05 (8.02), 91.05 (100.00), 77.05 (3.46), 65.00 (12.07), 51.00 (3.09); Anal. Calcd.
for C22H19N3O6: C, 62.70; H, 4.54; N, 9.97; O, 22.78. Found: C, 62.59; H, 4.68; N, 10.19.

6-Amino-5-cyano-2-methyl-4-(3,4,5-trimethoxy-phenyl)-4H-pyran-3-carboxylic acid benzyl
ester 4d

Filtration of the resulting mixture afforded a yellowish-white powder. Recrystal-
lization from MeOH/petroleum ether afforded shiny white crystals, yield (57%), m.p.
158–160 ◦C; νmax (KBr)/cm−1 3430 (asymmetric NH2), 3327 (symmetric NH2), 3181 (CH-Ar),
2940 and 2887 (CH-aliphatic), 2373, 2192 (CN), 1711 (C=O), 1689, 1641 and 1593 (C=C),
1503, 1463, 1427, 1378, 1322, 1252, 1222, 1120, 1059, 995, 888, 856, 802, 759, 719, 693, 662,
578, 515 cm−1; δH (300 MHz; DMSO-d6) 7.37–7.25 (3H, m, 3 × CH-Ar of benzyl group),
7.18–7.11 (2H, m, 2 × CH-Ar of benzyl group), 6.92 (2H, br. s, NH2), 6.37 (2H, s, 2 × CH-Ar
of trimethoxyphenyl group), 5.10 and 5.02 (2H, ABq, J = 12.9 Hz, O-CH2-Ph), 4.32 (1H, s,
C4H-pyran), 3.68 (6H, s, 2 × O-CH3), 3.64 (3H, s, O-CH3), 2.35 (3H, s, CH3); δC (75 MHz;
DMSO-d6), 165.45 (C=O), 158.44, 157.36, 152.89, 140.52, 136.47, 135.89, 140.52, 136.47, 135.89,
128.27, 127.88, 127.56, 119.76, 106.73, 104.351 (7 × CH-Ar, 5 × Cq-Ar, 3 × Cq-pyran, CN),
65.77 (O-CH2-Ph), 59.99, 57.29 and 55.76 (C5-pyran and 3 × O-CH3), 39.30 C4H-pyran,
18.30 (CH3); MS (EI) m/z (%) [M+ + 1] 437.05 (6.98) for C24H24N2O6, [M+] 436.05 (24.88),
345.00 (36.17), 327.00 (2.08), 301.05 (3.55), 284.00 (5.49), 269.05 (9.70), 244.00 (3.34), 221.00
(2.36), 168.00 (2.28), 134.05 (1.57), 128.05 (0.90), 109.05 (1.08), 91.05 (100.00), 65.00 (9.29),
51.00 (2.45). Anal. Calcd. for C24H24N2O6: C, 66.04; H, 5.54; N, 6.42. Found: C, 66.21; H,
5.59; N, 6.64.

6-Amino-4-biphenyl-3-yl-5-cyano-2-methyl-4H-pyran-3-carboxylic acid ethyl ester 4e

The resulting mixture was poured onto ice/H2O and filtered to give a pale-yellow
powder, air dried and recrystallized from EtOH/ petroleum ether to afford white crystals,
yield (73%); m.p. 186–190 ◦C; νmax (KBr)/cm−1 3374 (asymmetric NH2), 3213 (asymmetric
NH2), 3060 and 3032 (CH-Ar), 2976 and 2922 (CH-aliphatic), 2368, 2340, 2188 (CN), 1708
(C=O), 1676 and 1602 (C=C), 1475, 1419, 1373, 1321, 1262, 1211, 1180, 1132, 1069, 951, 902,
868, 774, 746, 698, 647, 545, 513; δH (500 MHz; DMSO-d6) 7.62 (2H, d, J = 7.5 Hz, 2× CH-Ar),
7.52 (1H, d, J = 7.9 Hz, CH-Ar), 7.48 (2H, t, J = 7.55 Hz, 2 × CH-Ar), 7.44–7.41 (2H, m,
2 × CH-Ar), 7.38 (1H, t, J = 7.3 Hz, CH-Ar), 7.17 (1H, d, J = 7.8 Hz, CH-Ar), 6.98 (2H, br. s,
NH2), 4.43 (1H, s, C4H-pyran), 3.98 (2H, q, J = 7.1 Hz, O-CH2-CH3), 2.35 (3H, s, CH3), 1.02
(3H, t, J = 7.1 Hz, O-CH2-CH3); δC (125 MHz; DMSO-d6), 165.46 (C=O), 158.54, 156.81,
145.60, 140.21, 140.04, 129.19, 128.97, 127.48, 126.58, 126.21, 125.51, 125.28, 119.76, 107.07
(9 × CH-Ar, 3 × Cq-Ar, 3 × Cq-pyran, CN), 60.16 (O-CH2-Ph), 57.15 (C5-pyran), 38.85
(C4H-pyran), 18.22 (CH3), 13.67 (CH3); MS (EI) m/z (%) [M+ + 1] 360.85 (9.65) and [M+]
359.90 (36.27) for C22H20N2O3, 330.85 (26.30), 313.90 (24.30), 293.90 (4.77), 286.90 (15.54),
270.90 (8.75), 228.90 (10.19), 206.90 (100.00), 178.90 (24.65), 160.95 (15.76), 133.05 (6.67),
115.00 (10.63), 105.05 (15.92), 88.00 (16.94), 77.05 (22.94), 67.00 (44.11), 51.00 (14.94); Anal.
Calcd. for C22H20N2O3: C, 73.32; H, 5.59; N, 7.77. Found: C, 73.59; H, 5.71; N, 7.98.

6-Amino-4-(2-chloro-3-hydroxy-phenyl)-5-cyano-2-methyl-4H-pyran-3-carboxylic acid
methyl ester 4f

The resulting mixture was poured on ice–dil. HCl mixture, then filtered and the obtained
solid was air dried to obtain an off-white powder. Recrystallization from EtOH/petroleum
ether gave a shiny white powder yield (85%), m.p. 238–240 ◦C; νmax (KBr)/cm−1 3478 (OH),
3319 (NH2), 3015 (CH-Ar), 2946 and 2843 (CH-aliphatic), 2366, 2200 (CN), 1713 (C=O),
1674, 1634 and 1593 (C=C), 1462, 1403,1374, 1349, 1261, 1227.7, 1187, 1133, 1074, 976, 853,
801, 759, 726, 667, 547, 500, 443; δH (500 MHz; DMSO-d6) 10.09 (1H, s, OH), 7.08 (1H, t,
J = 7.9 Hz, CH-Ar), 6.85 (2H, br. s, NH2), 6.81 (1H, dd, J = 8.1, 1.1 Hz, CH-Ar), 6.60 (1H, dd,
J = 7.6, 1.1 Hz, CH-Ar), 4.93 (1H, s, C4H-pyran), 3.49 (3H, s, O-CH3), 2.34 (3H, s, CH3); δC



Pharmaceuticals 2022, 15, 891 28 of 39

(125 MHz; DMSO-d6), 165.82 (C=O), 158.60, 157.52, 152.94, 143.39, 127.38, 119.63, 119.50,
119.30, 119.23, 114.55, 106.22 (3 × CH-Ar, 3 × Cq-Ar, 3 × Cq-pyran, CN), 56.45 and 51.41
(C5-pyran and O-CH3), 35.28 (C4H-pyran), 18.12 (CH3); MS (EI) m/z (%) [M+ + 1, 37Cl]
322.80 (0.92); [M+, 37Cl] 321.80 (4.70); [M+ + 1, 35Cl] 320.80 (3.09) and [M+, 35Cl] 319.80
(13.67) for C15H13ClN2O4, 306.80 (1.28), 304.80 (3.81), 285.85 (10.38), 284.90 (58.22), 272.85
(1.03), 270.85 (0.36), 252.85 (5.53), 246.85 (1.34), 244.85 (3.08), 224.90 (4.03), 222.90 (1.39),
193.90 (10.96), 192.90 (100.00), 175.90 (9.94), 160.95 (28.16), 127.05 (6.44), 114.00 (10.61),
105.05 (20.05), 99.00 (12.74), 89.00 (23.42), 77.05 (19.61), 67.00 (54.84), 59.05 (37.40), 57.05
(11.01), 51.05 (10.88). Anal. Calcd. for C15H13ClN2O4: C, 56.17; H, 4.09; N, 8.73. Found: C,
56.44; H, 4.32; N, 8.99.

6-Amino-4-(2-chloro-3-hydroxy-phenyl)-5-cyano-2-methyl-4H-pyran-3-carboxylic acid
ethyl ester 4g

The resulting reaction mixture was poured onto ice–dil. HCl mixture, then filtered
and the obtained solid was air dried to afford an off-white powder. Recrystallization
from EtOH/petroleum ether gave a shiny off white powder (65%), m.p. 212–213 ◦C;
νmax (KBr)/cm−1 3454 (OH), 3350 (NH2), 3197 (CH-Ar), 2974 and 2853 (CH-aliphatic), 2642,
2574, 2372, 2203 (CN), 1713 (C=O), 1669 and 1606 (C=C), 1583, 1465, 1408, 1375, 1322, 1293,
1234, 1185, 1134, 1073, 975, 862, 807, 763, 727, 670, 560, 487; δH (300 MHz; DMSO-d6) 10.10
(1H, s, OH), 7.08 (1H, t, J = 7.1 Hz, CH-Ar), 6.95 (2H, br. s, NH2), 6.83 (1H, d, J = 7.8 Hz,
CH-Ar), 6.60 (1H, d, J = 7.8 Hz, CH-Ar), 4.90 (1H, s, C4H-pyran), 3.94 (2H, q, J = 7.2 Hz,
O-CH2-CH3), 2.38 (3H, s, CH3), 0.98 (3H, t, J = 7.2 Hz, O-CH2-CH3); δC (75 MHz; DMSO-d6),
165.28 (C=O), 158.55, 157.39, 152.98, 143.49, 127.42, 119.48, 119.29, 114.48, 106.37 (3× CH-Ar,
3 × Cq-Ar, 3 × Cq-pyran, CN), 60.09 (O-CH2), 56.26 (Cq-pyran), 34.6 (C4H-pyran), 18.08
(CH3), 13.62 (CH3); MS (EI) m/z (%) [M+ + 1, 37Cl] 337.00 (0.63), [M+, 37Cl] 336.00 (3.06),
[M+ + 1, 35Cl] 335.00 (2.34) and [M+, 35Cl] 334.00 (8.94) for C16H15ClN2O4, 307.00 (5.17),
305.00 (14.95), 300.05 (15.37), 299.10 (81.62), 291.00 92.77), 289.00 (7.87), 271.05 (3.09), 261.00
(9.05), 225.00 (6.39), 208.00 (12.99), 207.00 (100.00), 179.00 (31.94), 161.00 (17.35), 133.05 (6.00),
127.05 (4.38), 115.05 (3.79), 105.05 (5.32), 89.05 (6.04), 77.05 (3.88), 67.00 (15.90), 63.00 (11.37),
57.05 (3. 59), 51.00 (4.07); Anal. Calcd. for C16H15ClN2O4: C, 57.41; H, 4.52; N, 8.37. Found:
C, 57.57; H, 4.41; N, 8.56.

6-Amino-5-cyano-2-methyl-4-(2,4,6-trimethoxy-phenyl)-4H-pyran-3-carboxylic acid ethyl
ester 4h

Filtration of the resulting reaction mixture afforded a yellow solid, which was washed
with water and air dried. Recrystallization from EtOH afforded the pure product as a
yellow powder, yield (60%), m.p. 196–198 ◦C; νmax (KBr)/cm−1 3465 (asymmetric NH2),
3330 (symmetric NH2), 3228 and 3192 (CH-Ar), 2940 and 2839 (CH-aliphatic), 2371, 2198
(CN), 1709 (C=O), 1688 and 1602 (C=C), 1460, 1404, 1330, 1226, 1150, 1119, 1062, 948, 922,
816, 785, 717, 649, 606, 500; δH (300 MHz; DMSO-d6) 6.54 (2H, br. s, NH2), 6.18 (2H, s,
2 × CH-Ar), 4.88 (1H, s, C4H-pyran), 3.90 (2H, q, J = 6.9 Hz, O-CH2-CH3), 3.75 (3H, s,
O-CH3), 3.71 (6H, s, 2 × O-CH3), 2.23 (3H, s, CH3), 1.02 (3H, t, J = 6.9 Hz, O-CH2-CH3); δC
(75 MHz; DMSO-d6) 166.31 (C=O), 159.85, 159.700, 159.13, 156.94, 120.54, 112.39, 105.44,
91.41 (2 × CH-Ar, 4 × Cq-Ar, 3 × Cq-pyran, CN), 59.78, 56.36, 56.12, 55.96, 55.27 (O-CH2,
C5-Pyran, 3 × O-CH3), 27.26 (C4H-pyran), 18.08 (CH3), 13.91 (CH3); MS (EI) m/z (%)
[M+ + 1] 375.00 (5.63) and [M+] 374.05 (24.69) for C19H22N2O6, 345.00 (17.76), 343.00 (29.18),
329.05 (6.42), 313.00 (4.86), 297.00 (100.00), 285.05 (18.39), 269.05 (13.20), 257.05 (21.80),
241.05 (4.48), 227.00 (4.35), 207.00 (11.32), 179.00 (12.32), 161.00 (11.25), 134.05 (10.03), 77.00
(8.03), 66.95 (15.11), 57.00 (5.43), 51.00 (3.59). Anal. Calcd. for C19H22N2O6: C, 60.95; H,
5.92; N, 7.48. Found: C, 61.17; H, 6.08; N, 7.71.

6-Amino-5-cyano-4-(4-fluoro-phenyl)-2-methyl-4H-pyran-3-carboxylic acid benzyl ester 4i

The resulting reaction mixture was poured onto iced water and the precipitated solid
was filtered off to obtain a yellow powder, which was washed with plenty of water, air
dried, recrystallized from EtOH/ petroleum ether to give a pale yellow powder, yield (80%),
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m.p. 124–126 ◦C; νmax (KBr)/cm−1 3458 (asymmetric NH2), 3324 (symmetric NH2), 3238
and 3095 (CH-Ar), 2939 (CH-aliphatic), 2370, 2199 (CN), 1721 (C=O), 1680 and 1602 (C=C),
1504, 1450, 1405, 1376, 1321, 1219, 1177, 1119, 1056, 958, 852, 763, 742, 696, 595, 521, 466; δH
(300 MHz; DMSO-d6) 7.31–7.27 (3H, m, 3 × CH-Ar), 7.13-7.09 (6H, m, 6 × CH-Ar), 6.94 (2H,
br. s, NH2), 5.07 and 4.98 (2H, ABq, J = 16.4 Hz, O-CH2-Ph), 4.34 (1H, s, C4H-pyran), 2.32
(3H, s, CH3); δC (75 MHz; DMSO-d6), 164.65 (C=O), 157.80, 156.91, 140.17, 135.43, 128.80,
128.72, 127.98, 127.63, 127.42, 115.06, 114.78, 106.18 (9 × CH-Ar, 3 × Cq-Ar, 3 × Cq-pyran,
CN), 65.48 (O-CH2-Ph), 56.99 (C5-pyran), 38.74 (C4H-pyran), 18.04 (CH3); MS (EI) m/z (%)
[M+ + 1] 365.05 (0.42) and [M+] 364.05 (1.41) for C21H17FN2O3, 273.05 (44.27), 269.10 (9.28),
251.05 (0.71), 229.00 (3.41), 213.00 (2.77), 200.00 (0.74), 184.00 (1.45), 158.00 (1.24), 145.05
(1.10), 133.05 (1.33), 121.05 (0.83), 91.05 (100.00), 77.00 (2.43), 65.00 (13.54), 51.00 (3.00).

6-Amino-5-cyano-4-(4-methoxy-phenyl)-2-methyl-4H-pyran-3-carboxylic acid benzyl ester 4j

The resulting reaction mixture was poured onto iced water and the precipitate was
filtered off to obtain a yellow solid, which was washed with plenty of water, air dried and
recrystallized from EtOH–petroleum ether to give off-white shiny crystals, yield (87%),
m.p. 170–172 ◦C; νmax (KBr)/cm−1 3407 (asymmetric NH2), 3328 (symmetric NH2), 3263,
3219 and 3009 (CH-Ar), 2958 (CH-aliphatic), 2370, 2189 (CN), 1698 (C=O), 1678, 1646 and
1603 (C=C), 1511, 1417, 1379, 1334, 1261, 1208, 1174, 1113, 1059, 1032, 1004, 948, 852, 813,
771, 692, 601, 568, 527; δH (300 MHz; DMSO-d6) 7.31–7.29 (3H, m, 3 × CH-Ar), 7.12–7.09
(2H, m, 2 × CH-Ar), 7.00 (2H, dd, J = 8.4, 2.7 Hz, 2 × CH-Ar), 6.94 (2H, br. s, NH2), 6.84
(2H, dd, J = 8.4, 2.72 Hz, 2 × CH-Ar), 5.05 and 5.3 (2H, ABq, J = 12.6 Hz, O-CH2-Ph), 4.27
(1H, s, C4H-pyran), 3.74 (3H, s, O-CH3), 2.31 (3H, s, CH3); δC (75 MHz; DMSO-d6), 165.39
(C=O), 158.25, 158.14, 156.76, 136.82, 135.79, 128.24, 127.84, 127.63, 119.74, 113.83, 107.18
(9 × CH-Ar, 3 × Cq-Ar, 4 × Cq-pyran, CN), 65.67 (O-CH2-Ph), 57.57, 55.04 (C5-pyran and
O-CH3), 38.92 (C4H-pyran), 18.23 (CH3); MS (EI) m/z (%) [M+ + 1] 377.05 (0.99) and [M+]
376.05 (3.61) for C22H20N2O4, 310.05 (0.77), 285.05 (51.33), 269.05 (6.84), 241.05 (6.47), 225.00
(4.71), 212.00 (0.68), 184.00 (3.11), 161.00 (4.63), 135.05 (2.31), 108.05 (1.55), 91.05 (100.00),
77.00 (4.75), 65.00 (13.86), 51.00 (3.36).

6-Amino-5-cyano-4-(4-cyano-phenyl)-2-methyl-4H-pyran-3-carboxylic acid benzyl ester 4k

Evaporation of the excess solvent afforded a sticky, dark-red residue, which was
treated with iced water, to resolve it into a dark-red precipitate. Filtration, air drying and
recrystallization from EtOH gave shiny golden crystals, yield (58%), m.p. 156–158 ◦C; νmax
(KBr)/cm−1 3407 (asymmetric NH2), 3301 (symmetric NH2), 3265, 3224, 3196 and 3061
(CH-Ar), 2964 and 2887 (CH-aliphatic), 2373, 2203 (CN), 1720 (C=O), 1685 and 1607 (C=C),
1497, 1449, 1405, 1376, 1319, 1258, 1216, 1182, 1129, 1057, 913, 864, 797, 752, 696, 615, 549,
507, 484, 437; δH (300 MHz; DMSO-d6) 7.76 (2H, d, J = 8.1 Hz, 2 × CH-Ar), 7.33–7.27 (5H,
m, 5 × CH-Ar), 7.08–7.02 (4H, m, 2 × CH-Ar and NH2), 5.08 and 4.96 (2H, ABq, J = 12.6
Hz, O-CH2-Ph), 4.44 (1H, s, C4H-pyran), 2.34 (3H, s, CH3); δC (75 MHz; DMSO-d6), 164.98
(C=O), 158.50, 158.38, 150.35, 135.64, 132.57, 128.23, 127.92, 127.74, 119.31, 118.76, 109.61,
105.66 (9 × CH-Ar, 3 × Cq-Ar, 3 × Cq-pyran, 2 × CN), 65.79 (O-CH2-Ph), 56.33 (C5-pyran),
34.85 (C4H-pyran), 18.43 (CH3); MS (EI) m/z (%) [M+] 371.00 (0.94) for C22H17N3O3, 280.00
(55.65), 269.05 (16.00), 236.00 (2.30), 178.95 (2.02), 128.05 (1.20), 107.05 (2.71), 91.05 (6.47),
65.00 (12.33), 51.00 (3.64).

6-Amino-4-(2-chloro-phenyl)-5-cyano-2-methyl-4H-pyran-3-carboxylic acid benzyl ester 4l

Filtration of the resulting reaction suspension afforded a pale-yellow solid that was
washed with plenty of water, air dried and recrystallized from MeOH–petroleum ether
to give white crystals, yield (70%), m.p. 162–164 ◦C; νmax (KBr)/cm−1 3467 (asymmetric
NH2), 3321 (symmetric NH2), 3217, 3180, 3058 and 3030 (CH-Ar), 2955 (CH-aliphatic),
2368, 2200 (CN), 1724 (C=O), 1678 and 1598 (C=C), 1467, 1440, 1402, 1378, 1321, 1229, 1177,
1127, 1060, 958, 830, 745, 698, 674, 616, 577, 499, 420; δH (300 MHz; DMSO-d6) 7.37–7.14
(7H, m, 7 × CH-Ar), 7.02–6.90 (4H, m, 2 × CH-Ar and NH2), 5.07 and 4.98 (2H, ABq,
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J = 12.6 Hz, O-CH2-Ph), 4.91 (1H, s, C4H-pyran), 2.36 (3H, s, CH3); δC (75 MHz; DMSO-d6),
165.34 (C=O), 158.59, 158.56, 140.06, 135.77, 132.06, 129.74, 129.49, 128.42, 128.27, 127.82,
127.57, 119.19, 105.76 (9 × CH-Ar, 3 × Cq-Ar, 3 × Cq-pyran, CN), 65.76 (O-CH2-Ph), 56.19
(C5-Pyran), 35.02 (C4H-pyran), 18.39 (CH3); MS (EI) m/z (%) [M+, 37Cl] 382.05 (0.64) and
[M+, 35Cl] 380.05 (1.17) for C21H17ClN2O3, 291.00 (8.32), 289.00 (24.11), 271.05 (0.47), 269.10
(12.27), 247.00 (0.67), 245.00 (3.25), 209.00 (1.63), 207.00 (0.46), 181.00 (1.10), 179.00 (0.92),
167.00 (0.95), 165.00 (1.23), 136.05 (0.29), 134.10 (0.90), 91.05 (100.00), 77.05 (3.48), 65.00
(16.45), 51.00 (4.41). Anal. Calcd. for C21H17ClN2O3: C, 66.23; H, 4.50; N, 7.36. Found: C,
66.48; H, 4.73; N, 7.57.

6-Amino-5-cyano-4-(2,4-dichloro-phenyl)-2-methyl-4H-pyran-3-carboxylic acid benzyl
ester 4m

Filtration of the reaction suspension and recrystallization of the obtained solid from
ethanol gave a white powder, yield (57%), m.p. 146–148 ◦C; νmax (KBr)/cm−1 3466 (asym-
metric NH2), 3322 (symmetric NH2), 3223 and 3190 (CH-Ar), 2957 (CH-aliphatic), 2371,
2341, 2202 (CN), 1720 (C=O), 1683, 1642 and 1603 (C=C), 1462, 1402, 1375, 1223, 1176, 1124,
1098, 1060, 1005, 956, 844, 745, 698, 647, 584, 517, 455; δH (300 MHz; DMSO-d6) 7.45 (1H,
d, J = 2.1 Hz, CH-Ar), 7.35 (1H, dd, J = 8.4, 2.1 Hz, CH-Ar), 7.28–7.18 (4H, m, 4 × CH-Ar),
7.05–6.93 (4H, m, 2 × CH-Ar, NH2), 5.09 (1H, d, J = 12.6 Hz, one of O-CH2-Ph), 4.92 (1H,
d, J = 12.6 Hz, one of O-CH2-Ph), 4.87 (1H, s, C4H-pyran), 2.36 (3H, s, CH3); δC (75 MHz;
DMSO-d6), 164.50 (C=O), 158.46, 158.09, 140.88, 135.27, 132.54, 131.57, 130.72, 128.37, 127.78,
127.50, 127.37, 118.61, 104.89 (8 × CH-Ar, 4 × Cq-Ar, 3 × Cq-pyran, CN), 65.37 (O-CH2),
55.30 (C5-pyran), 34.64 (C4H-pyran), 18.01 (CH3); MS (EI) m/z (%) [M+, 37Cl] 416.00 (0.58),
[M+, 35Cl] 414.00 (0.79) for C21H16Cl2N2O3, 324.90 (19.35), 322.90 (29.45), 307.90 (0.29),
305.90 (0.37), 280.95 (1.65), 279.95 (0.60), 269.05 (13.68), 270.00 (4.80), 243.00 (1.44), 221.90
(0.76), 207.95 (1.20), 186.95 (0.94), 164.00 (1.00), 134.05 (1.62), 92.05 (8.02), 91.05 (100.00),
79.05 (2.57), 65.00 (14.26), 57.05 (5.88), 51.00 (3.42). Anal. Calcd. for C21H16Cl2N2O3: C,
60.74; H, 3.88; N, 6.75. Found: C, 60.95; H, 4.12; N, 6.93.

3.1.3. General Procedures for Synthesis of
6-Amino-4-(aryl)-3-methyl-2,4-dihydro-pyrano[2,3-c]pyrazole-5-carbonitrile 5a,b

To a mixture of ethyl acetoacetate 3b (0.003, 0.39 g, 0.38 mL) and hydrazine hydrate
(2.1 equiv., 0.0062, 0.31 g, 0.3 mL), the appropriate aromatic aldehyde 1e or 1f (0.003 mol)
was added, followed by malononitrile 2 (0.003, 0.2 g), EtOH (20 mL) and Et3N (0.0007 mol,
0.07 g, 0.1 mL). The resulting reaction mixture was heated under reflux for 12 h.

6-Amino-4-(2-chloro-3-hydroxy-phenyl)-3-methyl-2,4-dihydro-pyrano[2,3-c]pyrazole-5-
carbonitrile 5a

Evaporation of the excess solvent and recrystallization of the remaining product from
EtOH afforded a beige solid, yield (65%), m.p. 240–242 ◦C; νmax (KBr)/cm−1 3377 and 3309
(OH, NH2 and NH), 3159 (CH-Ar), 2929 (CH-aliphatic), 2698, 2368, 2171 (CN), 1650 and
1597 (C=C), 1515, 1486, 1458, 1412, 1344, 1291, 1257, 1189, 1161, 1102, 1051, 962, 863, 834,
782, 724, 670, 604, 559, 462; δH (300 MHz; DMSO-d6) 12.12 (1H, s, NH), 10.18 (1H, br. s, OH),
7.11 (1H, t, J = 7.8 Hz, Ar-H), 6.90 (2H, br. s, NH2), 6.84 (1H, dd, J = 8.0, 1.1 Hz, Ar-H), 6.58
(1H, apparent d, J = 7.5 Hz, Ar-H), 5.06 (1H, s, C4H-pyran), 1.82 (3H, s, CH3); δC (75 MHz;
DMSO-d6) 161.19, 154.92, 153.01, 135.28, 127.4, 120.47, 119.26, 114.52, 97.57, (3 × CH-Ar,
3 × Cq-Ar, 3 × Cq-pyran, Cq-pyrazole, CN), 55.99 (C5-pyran), 30.67 (C4H-pyran), 9.55
(CH3); MS (EI) m/z (%) [M+ + 1 37Cl] 304.95 (1.37), [M+, 37Cl], 304.00 (7.36), [M+ +1 35Cl]
303.00 (5.84) and [M+, 35Cl] 302.00 (22.49) for C14H11ClN4O2, 278.00 (1.13), 276.00 (3.31),
269.05 (0.21), 267.05 (1.22), 237.00 (1.99), 201.00 (18.55), 176.00 (10.65), 175.00 (100.00), 128.05
(1.25), 115.10 (5.92), 105.05 (1.99), 99.00 (2.82), 89.00 (4.58), 77.00 (3.02), 66.00 (7.52), 63.00
(8.23), 57.05 (3.77), 51.00 (4.44). Anal. Calcd. for C14H11ClN4O2: C, 55.55; H, 3.66; N, 18.51.
Found: C, 55.79; H, 3.78; N, 18.68.
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6-Amino-3-methyl-4-(2,4,6-trimethoxy-phenyl)-2,4-dihydro-pyrano[2,3-c]pyrazole-5-
carbonitrile 5b

The resulting reaction mixture was cooled down and poured onto ice/water to obtain
a pale-yellow precipitate. Recrystallization from EtOH/DMF afforded a yellow/mustard
solid (70%), m.p. 182–184 ◦C; νmax (KBr)/cm−1 3183 and 3183 (NH2 and NH), 3002
(CH-Ar), 2940 and 2841 (CH-aliphatic), 2696, 2372, 2184 (CN), 1655 and 1599 (C=C), 1490,
1462, 1409, 1334, 1281, 1226, 1149, 1118, 1040, 951, 922, 828, 759, 733, 650, 581, 526; δH
(300 MHz; DMSO-d6) 11.75 (1H, s, NH), 6.54 (2H, s, 2 × Ar-H), 6.14 (2H, br. s, NH2),
5.02 (1H, s, CH-pyran), 3.72 (3H, s, OCH3), 3.64 (6H, s, 2 × OCH3), 1.86 (3H, s, CH3);
δC (75 MHz; DMSO-d6) 161.68, 159.29, 155.09, 133.60, 120.28, 111.57, 97.63, (2 × CH-Ar,
4 × Cq-Ar, 3 × Cq-pyran, C3-pyrazole, CN), 55.80, 55.24, 54.79 (C5-pyran and 3 × O-CH3),
24.3 (C4H-pyran), 8.89 (CH3); MS (EI) m/z (%) [M+] 302.00 (22.49) for C17H18N4O4, 342.05
(15.25), 327.05 (29.93), 311.00 (100.00), 295.00 (5.77), 276.05 (14.53), 245.00 (54.35), 230.00
(8.58), 201.00 (4.44), 175.00 (26.46), 139.10 (8.45), 121.05 (6.39), 98.05 (11.78), 77.05 (10.21),
65.05 (7.86), 57.05 (15.75).

3.2. Biology
3.2.1. Antioxidant Assays

The in vitro antioxidant potential of the synthesized compounds was assessed by two
different techniques and compared to butylated hydroxytoluene (BHT), a widely used
commercial antioxidant which was taken as the positive control.

DPPH Radical Scavenging Assay

The compounds’ capacities to scavenge the stable radical 1,1 diphenyl-2-picrylhydrazyl
(DPPH) formed in solution by donation of a hydrogen atom or an electron was investigated
according to the method described by Bersuder and coworkers [83]. Due to the fact that the
initial blue/purple solution of diphenyl picrylhydrazine changes to yellow in the presence
of compounds with a capacity to scavenge DPPH free radicals, this reaction is used as a
measure of a compound’s ability to scavenge any free radical. Briefly, a 0.5 mL volume of
DPPH ethanolic solution was mixed with an equal volume of each sample concentration
(0.03 to 1 mg/mL), shaken strongly and incubated at room temperature for 1 h in darkness.
The absorbance of the residual DPPH radicals was measured at 519 nm and compared to
that of the control (without the tested compound). DPPH radical scavenging was calcu-
lated using the following formula: Scavenging effect (%) = (1 − Acompound/AControl) × 100,
where Acompound and Acontrol are the absorbances of the tested compound and of the control,
respectively. A plot of the scavenging effect (%) versus the sample concentration was also
performed to determine the compound concentration providing 50% inhibition (IC50).

Reducing Power Assay

The reducing power of the studied compounds was assessed according to Oyaizu’s
method [84]. Briefly, different concentrations (ranging from 0 to 1 mg/mL) of each tested
compound were first mixed with 1 mL of 0.2 M sodium phosphate buffer (pH 6.6) and
1 mL of 1% potassium ferricyanide (K3Fe(CN)6) and incubated at 50 ◦C for 20 min. After
the addition of 1.25 mL of 20% trichloroacetic acid (TCA), the mixture was centrifuged
for 10 min at 3000 rpm and the upper layer solution was then mixed with 0.5 mL of 0.1%
fresh ferric chloride and an equal volume of deionized water. Finally, the absorption of the
resulting mixture was measured at 700 nm using a UV spectrophotometer against distilled
water as the blank, while butylated hydroxytoluene (BHT) was used as a positive control.
The sample ferric reducing power capability was indicated by increased absorbance.

3.2.2. Antibacterial Activity

The antibacterial activity of all synthesized compounds was evaluated against the
Gram-negative strains E. coli (ATCC 25966), K. pneumonia (ATCC 700603), P. aeruginosa
(ATCC 27853) and S. enteric (ATCC 43972) and against the Gram-positive strains B. cereus
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(ATCC 14579), B. subtilis (ATCC 6633), E. faecalis (ATCC 29122), S. aureus (ATCC 25923)
and S. epidermidis (ATCC 14990), using the agar diffusion method through measuring the
appearance of the inhibition zone on the surface of the top agar, as reported by Berghe
and Vlietinck [85]. Ampicillin (10 µg/well) was used as the positive reference standard.
Bacterial viability was also investigated by determining the colony-forming ability (CFU)
of bacteria incubated at different time intervals without or with appropriate amounts of the
compound, which were mixed with 2 ×107 CFU/mL in sterile BHI and incubated under
shaking for 60 min at 37 ◦C. Samples were serially diluted into sterile BHI, streaked onto
media agar plates and incubated for 24 h at 37 ◦C. The antibacterial potency of the tested
compounds was expressed as the residual number of CFUs with reference to the initial
inoculums. The results presented as the half-maximal (50 %) inhibitory concentration (IC50)
values are the means of three different measurements.

3.2.3. Cell Culture

Cytotoxic potency was examined for a human colon cancer cell line HCT-116 (Ameri-
can Type Culture Collection; Manassas, VA, USA) using various amounts of each compound
(10, 25, 50 and 100 µg). Samples were diluted in Dulbecco’s Modified Eagle’s Medium,
consisting of 10% Fetal Bovine Serum, and added to cells grown and cultured for 24 h
in a 5% CO2-humidified incubator at 37 ◦C. Then, the activity of lactate dehydrogenase
released from damaged cells was determined in the collected supernatant aliquots using
an ELISA endpoint assay (Benchmark Plus, Bio-Rad, Hercules, CA, USA). As positive
and negative controls, respectively, 0.1% Triton X-100 in the assay medium and the assay
medium only were used. Cell viability, shown as mean values ± SDs (n = 3), was expressed
as a relative percentage of the OD values determined at 600 nm in compound-treated cells
and the control.

3.2.4. CDK2 Inhibitory Assay

CDK-2 inhibition activity of the studied compounds 4d and 4k was evaluated using
a commercial CDK2 ELISA Kit (cat. no.: 79599; BPS Biosciences, San Diego, CA, USA)
following the manufacturer’s instructions. Briefly, different concentrations of each com-
pound or the positive control BMS-265246 (0.01, 0. 1, 1 or 10 µM) were incubated with
20 µL of diluted CDK2/CyclinA2 enzyme at 30 ◦C for 45 min. Following the addition of
50 µL Kinase-Glo® Reagent to each well, the plate was incubated at room temperature for
15 min. Then, the luminescence signal was measured using the microplate reader. The
CDK2 inhibitory activity was expressed as inhibition percentage, which was determined
by comparison with a control experiment for comparative purposes. IC50 values were
deduced from the curves. All measurements were performed in triplicate.

3.2.5. In Vitro Quantitative Determination of CDK2 Concentration in HCT-116 Cells

The in vitro quantitative measurement of concentration of CDK2 in lysates of HCT-116
cells was carried out using a commercial Human CDK2 ELISA Kit (cat. no.: LS-F22176;
LifeSpan Biosciences Inc., Seattle, WA, USA) in the presence or absence of the studied
compounds (4d and 4k), following the manufacturer’s instructions. Briefly, standards,
blanks or samples were first incubated in the corresponding wells for 90 min at 37 ◦C. Then,
biotinylated detection antibody was added to each well and the plate was incubated for 1 h
at 37 ◦C followed by the addition of an Avidin–Horseradish Peroxidase (HRP) conjugate
which binds to the biotin. After incubation of the mixture for 30 min at 37 ◦C, unbound
Avidin–HRP conjugate was washed away and a TMB substrate was then added which
reacts with the HRP enzyme, resulting in color development. After that, the reaction was
stopped using a sulfuric acid stop solution to terminate the color-development reaction
and the optical density of each well was measured using a microplate reader at 450 nm.
BMS-265246 was used as the standard drug for inhibition of CDK2. All measurements
were performed in triplicate.
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3.2.6. Gene Expression Profiles
Design of the Primer

Primers specific for the cyclin-dependent kinase-2 (CDK2) and caspase-3 genes were de-
signed using primer blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed on
31 October 2021) or primer3 (https://primer3.ut.ee/, accessed on 31 October 2021) software.
The selected genes covered the two main groups of the cyclin-dependent kinase-2 (CDK2)
gene and the caspase-3 gene. Primers were used in RT-qPCR analysis to amplify fragments
of 100–200 bp in length (Table 7).

Table 7. Oligonucleotide primer pairs used for quantitative real-time polymerase chain reaction
(RT-qPCR) analysis.

Gene Name Forward Primer Reverse Primer

Caspase-3 F 5′-GGAAGCGAATCAATGGACTCTGG-3′ R 5′-GCATCGACATCTGTACCAGACC-3′

Housekeeping gene (GAPDH) F 5′-GCACCGTCAAGGCTGAGAAC-3′ R 5′-ATGGTGGTGAAGACGCCAGT-3′

RNA Isolation and Reverse Transcription

Total RNA was extracted from each cell culture flask using the RNeasy extraction kit
(RNeasy micro kit, cat. no. 74004). Up to 1 × 106 cells, depending on the cell line, were
disrupted in buffer RLT and homogenized and disrupted. Ethanol was then added to
the lysate, creating conditions that promote the selective binding of RNA to the RNeasy
membrane. The samples were then applied to the RNeasy Mini spin column. Total RNA
binded to the membrane, contaminants were efficiently washed away and high-quality
RNA was eluted in RNase-free water. All bind, wash and elution steps were performed
by centrifugation in a micro-centrifuge, with DNAse I treatment. The amount of extracted
RNA was quantified by estimating the absorbance at 260 nm. The purity of the RNA was
checked by measuring the ratio of the absorbance at 260 and 280 nm, where a ratio ranging
from 1.8 to 2.0 was taken to be pure. The absence of degradation of the RNA was verified
by RNA electrophoresis on a 1.5% agarose gel containing ethidium bromide. First-strand
cDNA was generated from 1 µg of each flask using the High-Capacity cDNA Archive Kit,
Model for One-Step RT-PCR procedures (RT-PCR kit- BioRad-USA, cat. no. 345-0412),
according to the manufacturer’s protocol.

Quantitative Real-Time PCR (qRT-PCR)

Quantitative real-time PCR was carried out with the Thermal Cycler Rotorgene Real-
Time System II (Rotorgene, South Korea) with the SYBR kit. The primer sequences are
shown in Table 5. The PCR reaction was carried out in triplicate in 96-well plates. The
mixture included 12.5 µL SYBR premix ExTag, 1 µL of 60 ng cDNA as the template, 5 µL
of 2 µmol/L primer premix and 6.5 µL of DNase-free nuclease water at a total volume of
25 µL. The thermal profile of the real-time system was one step at 95 ◦C for 30 s, followed
by 30 to 45 cycles at 95 ◦C for 10 s (denaturation) and at 55 ◦C for 30 s (annealing and
extension), followed by an added dissociation pattern. The actin gene was used as an
internal control gene, was abundant and remained constant, and GAPDH was used as an
internal standard (housekeeping gene).

Data Analysis

The relative expression levels through the average cycle threshold (CT) were success-
fully detected. Average CT values were calculated from the triplicate experiment conducted
for each gene; the CT value was detected by subtracting the average CT value of genes from
the CT value of actin and GAPDH genes. The relative expression levels of the target genes
were calculated using the ∆∆ Ct method [86] and the reference genes GAPDH for the cancer
cell line. Finally, a fold change equation (2−1) was used to estimate relative expression
levels, while the standard deviation was calculated from the replicated experimental data.

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://primer3.ut.ee/
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3.3. In Silico Studies

The cyclin-dependent kinase 2 (CDK2) enzyme was selected as the molecular target to
investigate the underlying molecular mechanism of the antiproliferative effects based on
similarity to previously reported antitumoral pyran derivatives, which induced cell-cycle
arrest via targeting CDK2 enzyme [35–37]. The structure of the target protein was retrieved
from the Protein Data Bank (www.rcsb.org accessed on 10 January 2022). Thus, the three-
dimensional crystal structure (PDB code: 1DI8) of CDK2 in complex with 4-[3-hydroxy
anilino]-6,7-dimethoxyquinazoline (DTQ) was used.

The protein was prepared with a protein preparation wizard available in the Schrodinger
suite, using the standard protocol recommended by Schrodinger, which involved removal
of water/solvent molecules, fixing of non-standard residues and adding hydrogens and
partial charges.

The structures of the studied compounds (ligands), including 4d, 4f, 4k, BMS-265246
and DTQ, were sketched using the built-in panel of Maestro 11.

Ligand preparation is a capability of the Schrodinger software suite that combines
tools for generating 3D structures and 2D (SDF) representations as well as performing
ligand geometry minimization. By employing the Ligprep protocol, all the ligands were
organized using OPLS3 with default settings, and the output file was saved in maegz
format automatically [87].

The Glide module [88] in extra precision (XP) mode [89] was used for flexible molecular
docking of all the molecules inside the active site (ATP binding site of the kinase) [90], using
default settings, as recommended in the manual for the Glide module from Schrodinger.
The residues Lys33, Glu51 and Asp145, constituting the active site, were set as flexi-
ble residues. For validation of the docking protocol, the co-crystallized ligand DTQ
(4-[3-hydroxyanilino]-6,7-dimethoxyquinazoline) was redocked, with an RMSD of 0.34 Å.

Upon completion of each docking calculation, a maximum of 100 poses per ligand
were generated, which were passed through a series of filters, and the final best docked
structures were ranked using a Glide score function and Glide energy. The Glide score
of the predicted poses, which is the scoring energy for the best pose (lowest energy) of
each ligand in the binding site, and the Glide energy were used to quantify the binding
strength of the different compounds to the target protein. The protein–ligand complexes
were analyzed to examine various types of interactions. For the best-scored ligands, the 2D
and 3D plots of molecular ligand–receptor interactions were analyzed for hydrogen bonds
and halogen bonds.

ADME Evaluation

SwissADME [91] is a free web tool for evaluating the pharmacokinetics, drug-likeness
and medicinal chemistry friendliness of small molecules.

It was accessed on 10 January 2022 to predict the ADME properties of the bioactive
synthesized compounds 4g, 4j, 4d and 4k.

4. Conclusions

Eleven new derivatives of 2-amino-4H-pyran and one 2,4-dihydropyrano[2,3-c]pyrazole
were synthesized, fully characterized and examined for antioxidant and antibacterial activi-
ties as well as cytotoxicity on a HCT-116 cell line of colorectal cancer. Derivatives 4g and 4j
showed promising antioxidant potencies as compared to BHT. Moreover, these analogues
were more potent than ampicillin, displaying lowered IC50 values against the Gram-positive
strains B. subtilis (ATCC 6633), S. aureus (ATCC 25923) and S. epidermidis (ATCC 14990)
and E. faecalis (ATCC 29122). The cell viability assays showed that compounds 4d and
4k exhibited the strongest antiproliferative activities, whereas 4g and 4j were found to
be inactive. Thus, the latter analogues would be suitable candidates for further toxicity
studies to evaluate their potential as safe antioxidant and anti-Gram-positive bacterial
agents that could be used as preventive and adjuvant therapeutic agents against CRC.
The antiproliferative mechanism of action of 4d and 4k was investigated using molecular

www.rcsb.org
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docking simulations within the ATP binding site of CDK-2. The docking results revealed
that 4d and 4k would inhibit CDK2 activity by competing with ATP to bind on the ki-
nase site through establishing hydrogen bonds with backbone amino acid residues and
by establishing hydrophobic interactions with side chains of surrounding residues. In
addition, the docking results revealed that a more powerful inhibitor for CDK2 requires a
bulkier ring to be attached to the pyran ring through a flexible chain of two to three atoms.
Moreover, H-bond donors or acceptors on the central scaffold could substantially enhance
binding with the receptor. Further mechanistic studies, including kinase inhibitory assays,
quantitative measurement of CDK-2 protein and real-time PCR profiling of CDK-2 gene
in HCT-116 treated cells, confirmed that the antiproliferative actions of 4d and 4k could
be attributed to inhibiting the activity and downregulating the expression level of CDK-2
protein and gene as well. Consequently, these derivatives would be useful leads for the
generation of new anti-CRC agents that do not cause chemotherapy-induced alopecia and
arrest the cell cycle without sensitization of the epithelium. Finally, investigation of the
proapoptotic potential of these analogues using real-time PCR profiling of the caspase-3
gene in HCT-116 treated cells indicated that the concentration of 10 mg/mL of 4d or 4k
is optimal for inducing mitochondrial apoptosis of the HCT-116 cells via upregulating
the expression of caspase-3; therefore, further studies on this topic will be pursued in the
future. Despite the in-silico predictions of the ADME profiles and drug-likeness properties
of the bioactive candidates 4g, 4j, 4d and 4k using the bioavailability radar plots, the
BOILED-EGG chart and Lipinski’s rule of five filter provided a first glance at the potential
of these derivatives to be orally bioactive, though more in vivo investigations using animal
models are needed to confirm the validity of these predictions.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ph15070891/s1: Representative spectra of the synthesized compounds.
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Abstract: ALK tyrosine kinase ALK TK is an important target in the development of anticancer
drugs. In the present work, we have performed a QSAR analysis on a dataset of 224 molecules in
order to quickly predict anticancer activity on query compounds. Double cross validation assigns
an upward plunge to the genetic algorithm–multi linear regression (GA-MLR) based on robust
univariate and multivariate QSAR models with high statistical performance reflected in various
parameters like, fitting parameters; R2 = 0.69–0.87, F = 403.46–292.11, etc., internal validation parame-
ters; Q2

LOO = 0.69–0.86, Q2
LMO = 0.69–0.86, CCCcv = 0.82–0.93, etc., or external validation parameters

Q2
F1 = 0.64–0.82, Q2

F2 = 0.63–0.82, Q2
F3 = 0.65–0.81, R2

ext = 0.65–0.83 including RMSEtr < RMSEcv.
The present QSAR evaluation successfully identified certain distinct structural features responsible
for ALK TK inhibitory potency, such as planar Nitrogen within four bonds from the Nitrogen atom,
Fluorine atom within five bonds beside the non-ring Oxygen atom, lipophilic atoms within two
bonds from the ring Carbon atoms. Molecular docking, MD simulation, and MMGBSA computation
results are in consensus with and complementary to the QSAR evaluations. As a result, the current
study assists medicinal chemists in prioritizing compounds for experimental detection of anticancer
activity, as well as their optimization towards more potent ALK tyrosine kinase inhibitor.

Keywords: ALK tyrosine kinase inhibitors; QSAR; anticancer; molecular docking; MD simulation;
MMGBSA

1. Introduction

The cancer kinome is currently acknowledged as a powerful target for the treatment
of cancer; it comprises over 500 protein kinases, however only a few of them possess
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therapeutic activity. The term ALK was coined from a chromosomal rearrangement inside
anaplastic large cell lymphoma (ALCL) that was described as a front companion but
discovered in 1994 [1]. Anaplastic lymphoma kinase (ALK) is a kind of oncogenic protein
that is often expressed in the brain, small intestine, or testis but not in normal lymphoid
cells [2]. The main physiologic aspect inhibited by the anaplastic lymphoma kinase (ALK)
gene is brain development, which can keep many cancers altered, including non-small-cell
lung cancer (NSCLC) or anaplastic large cell lymphomas (ALCL) [3].

Moreover, ALK gene activation appears to contribute to the initiation of carcinogen-
esis in a variety of human cancers such as anaplastic large cell lymphoma, lung cancer,
inflammatory myofibroblastic tumors, and neuroblastoma, with the end result of fusion
with additional oncogenes (NPM, EML4, TIM, etc.) and gene amplification, mutation, and
protein overexpression [4]. As a basis for the researchers’ involvement with the tyrosine
kinase as a specific target in cancer treatment, the ALK fusion protein was created. TK
plays a major role in signal transduction and is classified as a protein kinase up to the
point where it is separated from the phosphate group by a tyrosine residue [5]. ALK is
a recognized molecular target in a variety of ALK mutated malignancies, including non–
small cell lung cancer. On the other hand, the rise of drug resistance has almost completely
restricted the scientific advantage of targeting ALK with tyrosine kinase inhibitors (TI) [6].
Furthermore, because of the treatment of ALK rearranged cancer, ALK has been suggested
as a therapeutic target protein.

Academic institutions and the pharmaceutical sector are working hard to develop
potent ALK inhibitors. Currently, the US Food and Drug Administration (US. FDA) has
approved crizotinib, Entrectinib, ceritinib, or alectinib for the treatment of patients with
metastatic “ALK-positive” NSCLC [7–12]. Small-molecular inhibitors of ALK, such as
AP26113 [13] and lorlatinib (PF-06463922) [14], are currently being evaluated in clinical
studies (See Figure 1). On the other hand, irreversible drug resistance is rapidly spreading
over the world, endangering the efficacy of chemotherapy containing these drugs. Alec-
tinib [2], ceritinib [3], ASP3026 [4], PF-0643922, X-396, AP26113, and TSR-011 are examples
of small molecules of ALK inhibitors that have been developed and are now being tested
in clinical studies) [15–17].
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We conducted a quantitative structure activity relationship (QSAR) investigation on a
dataset of 224 compounds, including clinically installed ALK tyrosine kinase inhibitory
activity (Ki), in order to evaluate the critical structural and physicochemical requirements
for ALK inhibitors as potent anticancer agents.

Following are the most common QSAR modelling steps: (I) selection of a dataset
of molecules that cover a wide chemical space along with verified bio-activity expressed
in terms of Ki, IC50 or EC50; (II) generation of 3D-structures of the molecules followed
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by their optimization using appropriate molecular mechanics; (III) molecular descriptor
calculation and data pruning using an acceptable statistical method, if required; (IV) QSAR
model development using an appropriate technique that recommends promising molecular
descriptor selection; and (V) double cross validation of the developed QSAR models.
Statistical QSAR evaluates the bioactivity of a chemical based on its in vitro modification
and in vivo testing in a wet lab. Furthermore, illustrative QSAR legitimately vary along
with the statistical parameters between QSAR models that provide deep understanding for
the pharmacokinetic then optimization of the lead drug [18–26].

Therefore, in the present study, we have attempted to create a QSAR model by utilizing
a dataset of 224 structurally diverse compounds whose ALK tyrosine kinase inhibitory
activity was previously determined experimentally (Ki). Additionally, the most active
compounds in the current dataset have been examined for molecular docking studies,
which have been followed by MD simulation and MMGBSA calculations. The primary
goal of the current work is to uncover the array of Pharmacophoric characteristics involved
in the binding affinity or stability of the drug-ALK complex. Furthermore, the stability on
the drug receptor complex was observed and analyzed using MD simulation or MMGBSA
techniques. The QSAR model developed in this work should provide useful information to
the synthetic chemists in the discovery and development of leads to more powerful ALK
Tyrosine kinase inhibitors.

2. Results

All the statistical parameters associated with fitting, double validation, or Y-scrambling
for the generation of de-novo-QSAR models 1.1–1.2, along with the respective threshold
values for half of the parameters are displayed in Table 1 (at the bottom of the table).

Table 1. The statistical parameters connected with the fitting, double validation and Y-scrambling for
models 1.1 and 1.2.

Statistical Parameters Model-1.1
(Univariate Dividedset Model)

Model-1.2
(Multivariate DividedSet Model)

Fitting
R2 0.699 0.86

R2
adj 0.692 0.86

R2-R2
adj 0.001 0.003

LOF 0.57 0.25
Kxx 0.00 0.29

Delta K 0.83 0.14
RMSEtr 0.74 0.48
MAEtr 0.57 0.38
RSStr 101.03 42.10
CCCtr 0.81 0.93

S 0.75 0.49
F 403.4 292.1

Internal Validation
Q2

LOO 0.68 0.86
R2-Q2

LOO 0.005 0.007
RMSEcv 0.75 0.49
MAEcv 0.58 0.39

PRESScv 102.9 44.6
CCCcv 0.81 0.92
Q2

LMO 0.68 0.86
R2

Yscr 0.005 0.02
RMSE AVYscr 1.35 1.3

Q2
Yscr −0.01 0.03

External Validation
RMSEext 0.79 0.57
MAEext 0.61 0.45

PRESSext 27.8 14.3
R2

ext 0.65 0.83



Molecules 2022, 27, 4951 4 of 27

Table 1. Cont.

Statistical Parameters Model-1.1
(Univariate Dividedset Model)

Model-1.2
(Multivariate DividedSet Model)

Q2-F1 0.64 0.82
Q2-F2 0.63 0.82
Q2-F3 0.65 0.81

CCCext 0.80 0.90
r2m aver. 0.52 0.75
r2m delta 0.10 0.15

k’ 0.99 0.99
K 0.98 0.99

Clos’ 0.10 0.04
Clos 0.01 0.0

Fitting parameters such as R2, R2
adj, and CCCtr, among others, have achieved val-

ues well above the mentioned threshold limits, indicating the statistical acceptability of
comprehensive QSAR models with a wide variety of chemical descriptors in them. Q2

LOO,
Q2

LMO, and so on are internal validation parameters whose values indicate the statistical
robustness of QSAR models. High values for external validation parameters R2

ext, Q2-Fn,
and so on indicate external predictability for both models which is reflected in a graph
of experimental endpoint verses model predicted endpoint (Figure 2A,C). Williams plots
that support applicability domain (AD) on the developed QSAR models are shown in
Figure 2. To exclude the possibility of occasional improvement in QSAR models, appro-
priate threshold values based on sufficient parameters and minimal correlation among
molecular descriptors must be maintained (See Supplementary Materials File S5 for the
detailed formulas for the calculation of various QSAR model performance parameters).
Statistical robustness and high external predictability are strong arguments in favor of
these models.
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2.1. Model. 1.1 (Univariate Analysis)

The univariate statistical analysis of the divided dataset QSAR model revealed that the
dataset molecules have a gradual then spectacular outset (R2 = 0.690) with the descriptor
rsa, which stands for ratio of surface area (ratio of molecular surface area to the solvent
accessible surface area). The developed univariate QSAR model is as follow:

pKi = −8.9 (±1.5) + 25.0 (±2.4) × rsa (1)

2.2. Model. 1.2 (Multivariate Analysis)

The another QSAR model with multiple varioable is given below;

pKi = −6.7 (±1.09) + 21.6 (±2.1) × rsa + 1.08 (±0.16) × notringO_F_5B + 0.06
(±0.03) × N_plaN_4B + −0.03 (±0.02) × ringC_lipo_2B

(2)

(Supplementary Materials Tables S3 and S4.)

3. Discussion

A precisely validated correlation between visible features of molecules, as embodied
by molecular descriptors and their ALK TK inhibitory potency, amplifies the records
about mechanistic features of molecules, as well as specificity and volume (presence and
even absence) of various structural characteristics for favorable anticancer activity. In a
broad sense, the ALK TK inhibitory efficacy of the compounds in the current dataset is
the aggregate of four chemical descriptors that emerged in the developed univariate and
multivariate QSAR models. Molecular descriptors may be classified into two groups based
on their sign between sophisticated QSAR models.

The molecular descriptors rsa, notringO_F_ 5B, and N_plaN_4B performed well in the
established QSAR models. Amplification of the values of these chemical descriptors can
also contribute to an increase in the compound’s ALK TK inhibitory efficacy.

The raised QSAR models include the molecular descriptor ringC_lipo_2B with a nega-
tive coefficient, and by decreasing the value of that molecular descriptor the compound’s
ALK TK inhibitory efficacy may be increased. The value of these four molecular descriptors
is highlighted in the next section by comparing the variation in ALK TK inhibitory potency
of the molecules (expressed in terms of Ki and pKi) with the shift in the values of the
molecular descriptors seen in the QSAR models. However, the compound’s bioactivity
is the result of the combined action of several molecular descriptors that may or may not
have been included in QSAR models.

3.1. Mechanistic Interpretation
3.1.1. rsa

The present QSAR evaluation performed on a given dataset marked the ratio of
molecular surface area (All_MSA, molecular surface area) to the solvent accessible surface
area (All_SASA) encoded by rsa (ratio of surface area) as one of the best performing
molecular descriptors with a positive relationship with ALK TK inhibitory potency of the
molecule. The chemical descriptor rsa (ratio of surface area) encrypts information on the
molecular surface area (All_MSA: molecular surface area of the molecule (all atoms)) to the
solvent accessible surface area (All_SASA: solvent accessible surface area of the molecule
(all atoms)) ratio, and has a positive relationship with the molecule’s ALK TK inhibitory
potency. A small change in rsa results in a big change in the inhibitory activity of ALK TK.
Because rsa is the ratio of the value of All_MSA to the value of All_SASA, the large possible
value of All_SASA to the small value of All_SASA will set the rsa to the larger value, thus
increasing the molecule’s ALK tyrosine kinase inhibitory efficacy. This is demonstrated
by comparing molecule 178 (pKi = 10, rsa = 0.68, All_MSA = 400.5, All_SASA = 587.6) to
molecule 181 (pKi = 9.252, rsa = 0.66, All_MSA = 426.6, All_SASA = 639.9). The significance
of rsa may be demonstrated by another pair of molecules 110 (pKi = 4.5, rsa = 0.528) and
47 (pKi = 5.4, rsa = 0.575) that also corroborate the observation (see Figure 3a). A triad of
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compound 54 (pKi = 5.9, rsa = 0.573), compound 65 (pKi = 6.0, rsa = 0.589), and compound
144 (pKi = 6.9, rsa = 0.610) also highlights the importance of high value of ratio of surface
area (see Figure 3b).
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3.1.2. N_plaN_4B

The molecular descriptor N_plaN_4B represents the number of Nitrogen atoms with
four bonds from the planar Nitrogen atom and it has a positive coefficient in the developed
QSAR model. A significant number of such booster pairs of Nitrogen and planar Nitrogen
may provide a more powerful ALK TK inhibitory activity. This observation is reinforced
by comparing the molecule 92 (pKi = 6.8, N_plaN_4B = 5) with five booster Nitrogen pairs
to the molecule 78 (pKi = 5.9, N_plaN_4B = 2) with just two booster Nitrogen pairs.

Moreover, in clinical trial agent AP26113 has such booster pairs, i.e. planar Nitrogen
within four bonds from the Nitrogen atoms. The present observation confirmed that the
QSAR model has successfully identified similar Pharmacophoric traits which are also
present in clinical trial agents AP26113. Therefore, the planar Nitrogen within 4 bonds
from the Nitrogen atom is mandatory for enhancing the affinity of ALK tyrosine kinase
inhibitors (see Figure 4).
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Additionally, replacement of the molecular descriptor N_plaN_4B with fplaNN4B
(represent the frequency of occurrence of Nitrogen atom exactly at four bonds from the
planer Nitrogen atom) (Q2

loo = 0.85, R2 = 0.85) and ringN_plaN_6B (occurrence of planar
Nitrogen within six bonds from the ring Nitrogen atom) (Q2

loo = 0.85, R2 = 0.85) led to the
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diminution in the statistical presentation of the model. Thus, it can be concluded that the
molecular descriptor N_plaN_4B is the better choice for predicting the ALK TK inhibitory
potency. Consequently, the optimal value of distance between planar nitrogen and nitrogen
atom is four bonds.

3.1.3. notringO_F_5B

The molecular descriptor notringO_F_5B represents the number of Fluorine atoms
within five bonds from the non-ring Oxygen atom. This molecular descriptor has a positive
relationship with the ALK TK inhibitory activity of the compound, and therefore augment-
ing its value could offer a more potent ALK TK inhibitor. The significance of the presence
and large value of a pair of Fluorine within five bonds from non-ring Oxygen can be
rationalized from the fact that in the present dataset, the relatively least active compounds
with pKi ≥ 7.400 (with very few exceptions) either Fluorine atoms itself absent or such
booster pair of Fluorine and non-ring Oxygen is absent, i.e. notringO_F_5B = 0. Whereas,
in most active compounds with pKi ≥ 9.155 at least one such Fluorine is five bonds away
from the non-ring Oxygen atom (notringO_F_5B ≥ 1). In addition to this, there are 36 such
diverse sets of compounds in the entire dataset which comprises one to two such a pair of
oxygen atom and fluorine atom present within five bonds. Moreover, the compounds such
as, 174 (pKi = 9.24, notringO_F_5B = 2), 175 pKi = 9.20, notringO_F_5B = 2), 165, and 167
were present in prediction set while; the rest of 32 active compounds were exist in training
set. Around 16% of the molecule comprises this molecular descriptor. The occurrence of
the molecular descriptor notringO_F_5B was not only limited to the series of homologues
molecules, but it occurs in the diverse set of molecules like 161 and 167 also. Additional
evidence in support is the molecule 161 (pKi = 9.398, notringO_F_5B = 1) with the molecule
173 (pKi = 9.420, notringO_F_5B = 2) (see Figure 5).
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From this observation it is revealed that the combination of Fluorine atom with non-
ring Oxygen atom is independently important for inhibitory potency of ALK TK; but shift-
ing a fluorine atom with any sulfur atom [i.e., notringO_S_5B (Q2

LOO = 0.7219, R2 = 0.7344)
that represent the occurrence of Sulfur atom within five bonds from the non-ring Oxygen
atom] or any acceptor atom [i.e., notringO_Acc_5B (Q2

LOO = 0.7244, R2 = 0.7350) that rep-
resent the occurrence of acceptor atom within five bonds from the non-ring Oxygen atom]
significantly diminishes the statistical presentation of the QSAR model. Therefore, the
presence of a fluorine atom has good correlation with the Ki value.
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3.1.4. ringC_lipo_2B

The molecular descriptor ringC_lipo_2B encodes information on the occurrence of
the ring carbon atoms within two bonds from lipophilic atoms. This observation is sup-
ported by comparing the pKi value of the molecule 156 (pKi = 8.55, ringC_lipo_2B = 14)
with the molecule 162 (pKi = 8.30, ringC_lipo_2B = 19), for which decrease in the value
of the molecular descriptor ringC_lipo_2B for the molecule 162 to 14 resulted into an in-
crease in the pKi value by about 0.25 per unit. The triad of the molecules 180 (pKi = 8.699,
ringC_lipo_2B = 16), 179 (pKi = 9.155, ringC_lipo_2B = 14), 178 (pKi = 10, ringC_lipo_2B = 11)
also signifies the importance of the molecular with this Pharmacophoric future (see
Figure 6a,b). This is obvious as the macrolides and aromatic rings are quite abundant
in the present dataset molecules.
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On the other hand, when we have shifted molecular descriptor ringC_lipo_2B with the
descriptors ringC_lipo_1B and fringCnotringC1B in which the statistical performance of the
QSAR model was meaningfully improved with the molecular descriptor fringCnotringC1B
(Q2

LOO = 0.87, R2 = 0.87); while performance slightly goes down with the descriptor
ringC_lipo_1B (Q2

LOO = 0.84, R2 = 0.85). Therefore, from the present observation, it is
revealed that with an increase in numbers of the non-ring carbon atoms attached directly
to the ring carbon atoms, TK inhibitory potency could increase. Based on this observation,
the optimal distance between non ring carbon atom/lipophilic atom and ring carbon atom
must be one. Moreover, we have highlighted the structure of molecule 156 and 162 to
rationalize the impact of the molecular descriptor ringC_lipo_2B. Absence of the triazole
ring, methyl group on the pyrazole ring and carbonitrile group significantly affects the TK
inhibitory potency, and may be the possible reason for the decline in the potency of the
molecule 162.

3.2. Molecular Docking

ALK was discovered to be a new receptor tyrosine kinase (RTK) with an external
ligand-binding domain (1030 amino acids), a transmembrane domain (28 amino acids),
and an intracellular tyrosine kinase domain based on the amino acid sequences (561 amino
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acids) [26,27]. While the human ALK tyrosine kinase domain is very comparable to
the insulin receptor, its extracellular domain is unique among the RTK family in that it
comprises two MAM domains (meprin, A5 protein, as well as receptor protein tyrosine
phosphatase mu), an LDLa domain (low-density lipoprotein receptor class A), and a
glycine-rich region [27,28].

ALK’s ATP binding site has 27 residues, and to boost selectivity against other kinases,
residues that differ from ALK were targeted. The ALK Leu1198 residue is preserved in
26 percent of the kinome and is typically Phe or Tyr in other kinases. By expanding into
this pocket and bumping against the bigger Phe and Tyr residues, this smaller Leu residue
might potentially provide selectivity against the majority of kinases (60 percent) [14].

The protein data bank provided the ALK tyrosine kinase pdb file (pdb id-5fto, Res-
olution 1.7 Å). The pdb 5fto was chosen for its X-ray resolution or sequel complete-
ness. The protein 5ft was prepared by UCF Chimera chimera-1.16-win64 software (https:
//www.cgl.ucsf.edu/Visitors/index.html, Oakland, California, accessed on 2 March 2022).
During protein preparation, we have retained water molecules. High affinity for a protein
target must be attained as it is a crucial component of drug design. Although there are
statistical mechanics-based formal mathematical equations that can be used to calculate
binding free energies, doing so in practice is quite challenging, especially when the effect
is caused by a single water molecule rather than the bulk properties of water and it is
impossible to capture solvation effects. It is impossible to avoid these granular effects; a
review of PDB structures reveals that each ligand-protein combination contains 4–6 ligand-
bound water molecules. Furthermore, water not only stabilizes ligand interactions but
plays a biological role in dictating specificity. Therefore, the improved protein with water
molecules was appropriate for docking analysis. Before the docking investigation, the
natural ligand (Entrectinib) was removed; in the present study, the binding site for native
ligand, namely the active site, has been studied. As a result, the compounds were docked
between the active site, where the native ligand was originally bound orthosterically along
ALK tyrosine kinase, and the docking pose for the most active molecules 172 and 178,
and an example is shown here for convenience (see Figure 7a,b). Based on the activity
profile, we have carried out molecular docking analysis of the compounds 172 and 178
only. The docking analysis of compound 172 into the ALK tyrosine kinase binding pocket
revealed conventional hydrogen bonding, carbon hydrogen bonding, pi-pi stacked, and
pi-alkyl hydrophobic interactions (See Figure 7c), with a docking score of −8.009 kcal/mol
(RMSD = 0.84 Å) and binding energy of −77.42 kcal/mol (see Table 2). In the binding
pocket of the ALK tyrosine kinase, compound 172 adopts the same collapsed conformation
as the co-crystallized ligand Entrectinib (See Figure 7d). The hydrogen atom on the N1
nitrogen between the pyrazole ring performs conventional hydrogen bonding with the oxy-
gen atom of the residue GLU1197 forming the hinge region with the interatomic association
of 2.87 Å, where the oxygen atom of the stated residue acted as hydrogen bond acceptor,
and the hydrogen atom on the N1 nitrogen atom acted as hydrogen bond donor. Alongside,
another conventional hydrogen bond was discovered in the hydrogen atom on the N2
pyrazole nitrogen with the residue MET1199 of the hinge region (interatomic distance
2.17 Å), within which pyrazole nitrogen appeared as like a hydrogen bond acceptor along
MET1199 residue emerged as a hydrogen bond donor in the current composite 172-ALK
tyrosine kinase complex. Table 2 displays the full docking results for the composite 172.
Furthermore, the gatekeeper residue LEU1198 was attached with N2 nitrogen over the
pyrazole ring through carbon hydrogen bonding along an interatomic distance of 2.82 Å. It
was reported that the LEU1198 decide the selectivity of the ligand against variety of the
kinases. The present observation in the docking analysis supports this fact.

https://www.cgl.ucsf.edu/Visitors/index.html
https://www.cgl.ucsf.edu/Visitors/index.html
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Moreover, at an interatomic distance of 4.81 Å, the pi-pi stacking hydrophobic contact
has been facilitated by the indulgence of the pi orbital of the benzene ring and the pi orbital
of the PHE1127. Furthermore, in compound 172, the pyrimidine ring is anchored with
VAL1130 (interatomic distance 4.28 Å) and LEU1256 (interatomic distance 4.56 Å) and
is coupled to the benzene cyclononaphane ring by alkyl hydrophobic contact. VAL1130
(interatomic distance 4.48 Å) and LEU1256 (interatomic distance 5.07 Å) make pi-alkyl
hydrophobic contact with the pyrimidine ring and the cyclononaphane ring at the same
time. Furthermore, the presence of an ether linkage in the unsaturated cyclononaphane ring
amplifies the hydrophobicity of compound 172 as compared to the saturated benzene ring
and, to a lesser extent, pyrimidine ring carbons. These findings validate the significance
of the cyclononaphane ring in the molecule 172, which is primarily responsible for the
compound’s efficacy as mediated by the hydrophobic contact with the ALK tyrosine kinase.
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Table 2. Presentation of docking interactions of the compound 172.

Residue Distance in Å
Type of

Interaction Type of Bonding From Nature To Nature Angle
DHA

Angle
HAY

MET1199:H 2.17 Hydrogen Bond Conventional
Hydrogen Bond MET1199 H-Donor 0:N H-Acceptor 142.364 93.83

GLU1197 2.87 Hydrogen Bond Conventional
Hydrogen Bond 0:H H-Donor GLU1197 H-Acceptor 111.868 157.456

LEU1198 2.82 Hydrogen Bond Carbon
Hydrogen Bond LEU1198 H-Donor 0:N H-Acceptor 140.175 119.444

PHE1127 4.81 Hydrophobic Pi-Pi Stacked PHE1127 Pi-Orbitals 0 Pi-Orbitals

VAL1130 4.28 Hydrophobic Alkyl VAL1130 Alkyl 0 Alkyl

LEU1256 4.59 Hydrophobic Alkyl LEU1256 Alkyl 0 Alkyl

PHE1127 4.48 Hydrophobic Pi-Alkyl PHE1127 Pi-Orbitals 0 Alkyl

VAL1130 5.07 Hydrophobic Pi-Alkyl 0 Pi-Orbitals VAL1130 Alkyl

ALA1148 3.54 Hydrophobic Pi-Alkyl 0 Pi-Orbitals ALA1148 Alkyl

MET1199 5.43 Hydrophobic Pi-Alkyl 0 Pi-Orbitals MET1199 Alkyl

LEU1256 4.62 Hydrophobic Pi-Alkyl 0 Pi-Orbitals LEU1256 Alkyl

LEU1122 4.93 Hydrophobic Pi-Alkyl 0 Pi-Orbitals LEU1122 Alkyl

VAL1130 3.94 Hydrophobic Pi-Alkyl 0 Pi-Orbitals VAL1130 Alkyl

LEU1256 4.17 Hydrophobic Pi-Alkyl 0 Pi-Orbitals LEU1256 Alkyl

As a result, it can be concluded that the molecule 172 that binds to the ALK tyrosine
kinase and drug receptor complex was mostly stabilized via conventional hydrogen, carbon
hydrogen, pi-pi cation contact, alkyl hydrophobic and pi-alkyl hydrophobic interactions
(See Figure 7).

Moreover, the residues: ALA1148 (interatomic distance 3.54 Å), MET1199 (inter-
atomic distance 5.43 Å), LEU1256 (interatomic distance 4.62 Å), LEU1122 (interatomic
distance 4.93 Å), VAL1130 (interatomic distance 3.94 Å) and LEU1256 forming part of a
glycine rich loop (interatomic distance 4.17 Å) establishes a pi-alkyl hydrophobic interac-
tion with the pi electrons of the pyrimidine and benzene rings, strengthening the molecule
172-ALK tyrosine receptor complex.

Furthermore, the docking analyses for compound 178 reveal the stability of the drug
receptor complex through the formation of water-mediated hydrogen bonds, carbon hy-
drogen bonds, pi-pi stacking hydrophobic contacts, alkyl and pi-alkyl interactions, and a
binding energy of −87.50 kcal/mol (docking score −7.84 kcal/mol, RMSD: 1.06 Å). The
HOH2080 water molecules display hydrogen bonding contact with the N7 nitrogen atom
of the cyclononaphane ring with an interatomic distance of 2.87 Å (see Figure 8a,b). At the
same time, hydrogen of the N7 nitrogen produced by keto-enol tautomerism binds to the
ASP1203 residue (interatomic distance 2.58 Å). This interaction is mediated by the presence
of N7 nitrogen as a hydrogen bond donor and the oxygen atom of the ASP1203 residue.
In addition, ASP1203 and the N1 nitrogen atom of the pyrazine ring in compound 178
formed another carbon hydrogen bond (see Figure 8a,b) (see Table 3). The superimposed
conformation of compound 178 with the pdb-5fto ligand Entrectinib into the binding pocket
of ALK TK is shown in Figure 8c,d.

Interestingly, the two pi-pi stacking hydrophobic contact into the drug receptor com-
plex has been sustained and facilitated by the involvement of pi electrons from the pyrazine
ring, pyrimidine ring, as well as pi electrons from the saturated benzene ring in residue A:
PHE1127 (Interatomic distances 5.03 and 3.82 Å resp.). As a result, the residues A: ALA1148
(Interatomic distance 3.88 Å), A: LEU1122 (Interatomic distance 5.49 Å), A: LEU1198 (In-
teratomic distance 5.22 Å), and A: MET1199 (Interatomic distance 5.47 Å) establish an
alkyl hydrophobic contact with the cyclononaphane ring’s C4 substituted methyl moiety.
Furthermore, the pi electrons of the benzene ring at residue A: PHE1127 (interatomic dis-
tance 4.51 Å) establish pi-alkyl hydrophobic contact with the alky moieties of the pyrazine
and pyrimidine rings. The pyrazine ring and pyrazine then form a two pi-alkyl contact
with the residue A: LEU1256, with interatomic distances of 5.43 and 4.60 Å, respectively.
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Similarly, the residues A: VAL1130 and A: LEU1122 were linked with the pyrimidine ring
and benzene ring via pi-alkyl hydrophobic interactions (Interatomic distances 4.14 Å and
3.84 Å, respectively). The Figure 9A,B displays the 2D interaction and surface view for the
compound 172 and 178.
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Table 3. Presentation of docking interactions of the compound 178.

Residue Distance in Å
Type of

Interaction
Types of
Bonding From Nature To Nature Angle

DHA
Angle
HAY

HOH2080 2.87 Hydrogen Bond
Water Hydrogen

Bond; Carbon
Hydrogen Bond

0:H3 H-Donor HOH2080 H-Acceptor 114.83 91.8

ASP1203 2.58 Hydrogen Bond Carbon
Hydrogen Bond 0:H1 H-Donor ASP1203 H-Acceptor 119.9 102.5

ASP1203 2.70 Hydrogen Bond Carbon
Hydrogen Bond 0:H1 H-Donor ASP1203 H-Acceptor 147.9 110.3

PHE1127 5.03 Hydrophobic Pi-Pi Stacked PHE1127 Pi-Orbitals 0 Pi-Orbitals

PHE1127 3.82 Hydrophobic Pi-Pi Stacked 0 Pi-Orbitals PHE1127 Pi-Orbitals

ALA1148 3.88 Hydrophobic Alkyl ALA1148 Alkyl 0:C Alkyl

LEU1256 4.66 Hydrophobic Alkyl 0:C Alkyl LEU1256 Alkyl

LEU1122 5.49 Hydrophobic Alkyl 0:C Alkyl LEU1122 Alkyl

LEU1198 5.22 Hydrophobic Alkyl 0:C Alkyl LEU1198 Alkyl

MET1199 5.47 Hydrophobic Alkyl 0:C Alkyl MET1199 Alkyl

PHE1127 4.51 Hydrophobic Pi-Alkyl PHE1127 Pi-Orbitals 0:C Alkyl

LEU1256 5.43 Hydrophobic Pi-Alkyl 0 Pi-Orbitals LEU1256 Alkyl

VAL1130 4.14 Hydrophobic Pi-Alkyl 0 Pi-Orbitals VAL1130 Alkyl

LEU1256 4.60 Hydrophobic Pi-Alkyl 0 Pi-Orbitals LEU1256 Alkyl

LEU1122 3.84 Hydrophobic Pi-Alkyl 0 Pi-Orbitals LEU1122 Alkyl

Molecules 2022, 27, x FOR PEER REVIEW 14 of 28 
 

 

of the pyrazine and pyrimidine rings. The pyrazine ring and pyrazine then form a two pi-
alkyl contact with the residue A: LEU1256, with interatomic distances of 5.43 and 4.60 Å, 
respectively. Similarly, the residues A: VAL1130 and A: LEU1122 were linked with the 
pyrimidine ring and benzene ring via pi-alkyl hydrophobic interactions (Interatomic dis-
tances 4.14 Å and 3.84 Å, respectively). The Figure 9A,B displays the 2D interaction and 
surface view for the compound 172 and 178. 

 
Figure 9. (A) Best docked pose of 172 with ALK displaying 2D interaction plot on the left panel. 
Pink dashed lines indicating the Pi-Alkyl bond and residues embedded in light green sphere indi-
cating to involve in Van der Waals interactions. On the center panel, surface view of ALK displaying 
binding cavity of 172 and right panel displaying the zoomed out binding pocket having amino acid 
residues surrounding the 172 molecule; (B) Best docked pose of 178 with ALK displaying 2D inter-
action plot on the left panel. Pink dashed lines indicating the Pi-Alkyl bond and residues embedded 
in light green sphere indicate involvement in Van der Waals interactions. On the center panel, sur-
face view of ALK displaying binding cavity of 178 and right panel displaying the zoomed out bind-
ing pocket having amino acid residues surrounding the 178 molecules. 

In case of the molecule 178, there is a complete reversal of the conformation in com-
parison with the reported pdb 4CMU for the molecule 178. In the present work, we have 
used pdb 5fto for performing docking for the most active molecules 172 and the 178. The 
co-crysallized native ligand was docked along the 172 and the molecule 178. The RMSD 
values for the molecule 178 was found to be 1.06 Å, while co-crystallized ligand (pdb-5fto) 
displayed a RMSD of 1.19 Å, which was less than the molecule 178. This observation re-
vealed the good fit of the molecule 178 into the binding pocket of the ALK tyrosine kinase 
due to the relatively higher flexibility of the ligand. The success rates in binding mode 
prediction for different docking programs such as, AutoDock 4 version (v4.2.6), FlexX 1.8, 
FRED (OEDocking 4.1.2.1), Glide 6.7, CCDC GOLD Suite 5.3, and ICM-Pro docking on the 
numerous known ligands when the RMSD cutoff ranges from 1.0 to 3.0 Å [29]. The same 
docked complex of the molecule 178 with ALK TK was analysed for the stability by MD 
simulation and MMGBSA. Although most of the existing docking programs were devel-
oped as a general methodology for different systems, they do have their own strengths 
and limitations and may show different performances on specific applications. 

The simulation studies revealed the stability of 178 into the binding pocket of ALK 
TK, although it displayed reverse conformation. Moreover, the reversal of the confor-
mation could also be attributed to the large size of active site of ALK TK (See Figure 8a,b), 
which allows adoption of different conformations for molecule 178. Additionally, recent 

Figure 9. (A) Best docked pose of 172 with ALK displaying 2D interaction plot on the left panel. Pink
dashed lines indicating the Pi-Alkyl bond and residues embedded in light green sphere indicating to
involve in Van der Waals interactions. On the center panel, surface view of ALK displaying binding
cavity of 172 and right panel displaying the zoomed out binding pocket having amino acid residues
surrounding the 172 molecule; (B) Best docked pose of 178 with ALK displaying 2D interaction plot
on the left panel. Pink dashed lines indicating the Pi-Alkyl bond and residues embedded in light
green sphere indicate involvement in Van der Waals interactions. On the center panel, surface view
of ALK displaying binding cavity of 178 and right panel displaying the zoomed out binding pocket
having amino acid residues surrounding the 178 molecules.



Molecules 2022, 27, 4951 14 of 27

In case of the molecule 178, there is a complete reversal of the conformation in com-
parison with the reported pdb 4CMU for the molecule 178. In the present work, we have
used pdb 5fto for performing docking for the most active molecules 172 and the 178. The
co-crysallized native ligand was docked along the 172 and the molecule 178. The RMSD
values for the molecule 178 was found to be 1.06 Å, while co-crystallized ligand (pdb-5fto)
displayed a RMSD of 1.19 Å, which was less than the molecule 178. This observation
revealed the good fit of the molecule 178 into the binding pocket of the ALK tyrosine kinase
due to the relatively higher flexibility of the ligand. The success rates in binding mode
prediction for different docking programs such as, AutoDock 4 version (v4.2.6), FlexX 1.8,
FRED (OEDocking 4.1.2.1), Glide 6.7, CCDC GOLD Suite 5.3, and ICM-Pro docking on
the numerous known ligands when the RMSD cutoff ranges from 1.0 to 3.0 Å [29]. The
same docked complex of the molecule 178 with ALK TK was analysed for the stability
by MD simulation and MMGBSA. Although most of the existing docking programs were
developed as a general methodology for different systems, they do have their own strengths
and limitations and may show different performances on specific applications.

The simulation studies revealed the stability of 178 into the binding pocket of ALK
TK, although it displayed reverse conformation. Moreover, the reversal of the conforma-
tion could also be attributed to the large size of active site of ALK TK (See Figure 8a,b),
which allows adoption of different conformations for molecule 178. Additionally, re-
cent studies point out that current docking software like AutoDock 4 version (v4.2.6),
Dock (version 3 and 6), NRG Suite (PyMOL versions 1.2 and above) etc. and respective
algorithms for docking scores are inclined toward flexibility of ligands which in turn is
associated with loss of ligand conformational entropy on binding. Various factors such as
binding site characteristics, one-dimensional properties of the compound library, the type
of the binding pocket, ligand and protein flexibility and input differences apparently decide
the docking performance [30]. Therefore, the molecule 178 (docking score −7.84 kcal/mol)
with lower binding affinity for ALK TK has displayed a high degree of flexibility. Thus, all
these combined factors resulted in an artificially more favorable binding score for more
flexible decoys than for actives.

In addition to this, when we have redock the molecule 178 again into the binding
pocket of ALK TK for comparing the docking results with the QSAR findings, it has attained
similar conformation as that of the co-crysallized ligand (pdb-5fto) and the molecule 172.
This observation supports the reported finding related to the loss of bioactive conformation
due to the high degree of flexibility.

3.3. Comparison of Molecular Docking Results with the Reported X-ray Evidences

For comparing the docking results with the QSAR findings, it has attained similar
conformation to that of the co-crysallized ligand (pdb-5fto) and the molecule 172. The
docking position of molecule 172 shows that the phenyl with fluorine as a substituent
is within the cavity formed by GLY1269 and ASN1254. Maria Menichincheri et al. [31]
reported a similar observation. The molecule 171 has a comparable benzene ring with
a fluorine substituent; however, the docking position shows that the fluorine carrying
ring is unable to occupy the cavity produced by GLY1269 and ASN1254. Furthermore,
conformation is completely reversed for molecules 171 and 172. One probable explanation
is the existence of an extra carbon atom in molecule 172, which has resulted in increased
flexibility and rsa (ratio of surface areas = ALL_MSA/ALL-SASA). As a result, QSAR and
docking led to consistent and complementary results (see Figure 10).

Similarly, comparing molecules 176 and 178 indicates an intriguing impact of the
N_Plan_4B and ringC_lipo_2B on docking position and activity profile. When compared
to molecule 176, molecule 178 has a larger number of N_Plan_4B and a lower value of
ringC_lipo_2B. This might be the explanation for the docking conformation reversal and
variances in binding affinities. The added planer nitrogen appears to be boosting the
polarity of the molecule (see Figure 11a,b).
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Figure 10. Depiction of the docking pose for the molecules 171 (a) and 172 (b) within the binding
pocket of the ALK tyrosine kinase.

The combined effect of increase rsa and the presence of notringO_F_5B have resulted in
increased potency for 218 as compared to 214. Another example is the pair of molecules 191
verses 205. This observation again divulges that the QSAR results and docking outcomes
are in complete agreement with each other.
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Figure 11. Depiction of the docking pose for the molecule 178 (a) and 176 (b) within the binding
pocket of the ALK tyrosine kinase.

3.4. Molecular Dynamics Simulation (MD)

Molecular dynamics and simulation (MD) experiments were performed to investigate
the stability or convergence of the most active compounds 172 and 178 bound ALK complex.
Based on the activity profile and molecular docking results, we have used dock complexes
of the compound 172 and 178 for MD simulation analysis. When the root mean square
deviation (RMSD) data were compared, each simulation including 100 ns revealed stable
conformation. The C-backbone of ALK bound to 172 exhibited a deviation of about 2.2 Å
(see Figure 12) while the C-backbone of ALK bound to 178 exhibited a deviation of about
1.8 Å (Figure 12); RMSD plots are within the acceptable range signifying the stability of
proteins in the 172 and 178 bound state earlier than or after simulation; however, it can also
be suggested that the two ligands, 172 and 178 bound to ALK is quite stable within complex.
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Figure 12. MD simulation trajectory analysis of Root Mean Square Divisions (RMSD) of 172 and
178 bound with ALK at 100 ns time frame displayed H-Bond plot of 172 bound ALK (red), 178 bound
ALK (black).

The radius of gyration is a measure of the protein’s compactness. The Radius of Gyra-
tion was reduced in 172 and 178 bound proteins, respectively (see Figure 13). According to
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the overall quality analysis based on RMSD and Rg, 172 or 178 bound to the protein targets
subsequently in the binding cavities and plays a significant role in the protein stability.
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Figure 13. MD simulation trajectory analysis of Radius of gyration (Rg) of 172 and 178 bound with
ALK at 100 ns time frame displayed H-Bond plot of 172 bound ALK (red), 178 bound ALK (black).

Plots for root mean square fluctuations (RMSF) of amino acid residues are shown at a
time function of 100 ns. From the 100 ns simulation runs on ALK shown in Figure 14, ligand
172 has few variations peaks at residue indices 1145, 1220, and 1290, but ligand 178 has
fluctuations at residues 1139, 1220, 1275, and 1345, although it was subsequently stabilized.
As a result of the RMSF plots, it is reasonable to conclude that the protein structures were
stable throughout the simulation within the 172, 178 bound conformation.
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Figure 14. MD simulation trajectory analysis of Root Mean Square Fluctuations (RMSF) of 172 and
178 bound with ALK at 100 ns time frame displayed H-Bond plot of 172 bound ALK (red), 178 bound
ALK (black).

The average hydrogen bonds established in 172 and 178 or the corresponding proteins
throughout the 100 ns simulation were also noticed and recorded in Figure 15. From 0 ns
to a100 ns, an average of one hydrogen bonding is seen throughout the simulation or
the same for MD simulations on 172 and 178 including ALK (Figure 15). Overall, three
hydrogen bonds were generated during the simulation, as determined by a 2D ligand
binding plot of 172 bound ALK protein, whereas in 178 bound along ALK, an average
of one hydrogen bonding was produced. The quantity of hydrogen bonding over ALK
along 172 and 178 hold strengthened the binding, assisting in making it more stable during
the simulation (See Figure 15). In molecular docking studies, we have observed from the
2D interaction diagram where in ALK-172, we can see two hydrogen bonds were formed,
on the other hand for ALK-178 we have observed single hydrogen bonding, therefore the
same pattern for Molecular Dynamics.
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Figure 15. MD simulation trajectory analysis of Hydrogen Bonding (H-Bonds) of 172 and 178
bound with ALK at 100 ns time frame displayed H-Bond plot of 172 bound ALK (red), 178 bound
ALK (black).

The step wise analysis of the stimulation trajectory of every 25 ns from beginning
to end is depicted in Figure 16. The simulation trajectories exhibited the ligand 172 and
178 having no significant conformational changes throughout the 100 ns simulation. This
signifies that the simulation complexes of ALK-172 and ALK-178 are stable and the ligand
conformations at the active binding pocket of the ALK remains significantly unaltered (See
Figure 16).
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3.5. Molecular Mechanics Generalized Born and Surface Area (MMGBSA) Calculations and
Energy Calculations

The MMGBSA technique is widely used to calculate the binding energy of ligands to
protein molecules. With ALK, ligand 172 has the lowest binding energy of −49.3 kcal/mol,
whereas 178 has a binding energy of −52.5 kcal/mol. The GbindvdW, GbindLipo, and
GbindCoulomb energies contributed the most to the common binding energy of all kinds
of interactions. Gbind is governed by non-bonded interactions such as GbindCoulomb,
GbindCovalent, GbindHbond, GbindLipo, GbindSolvGB, and GbindvdW. Across all in-
teractions, the GbindvdW, GbindLipo, and GbindCoulomb energies contributed the most
to the average binding energy. On the other hand, the GbindSolvGB and Gbind Cova-
lent energies contributed the least to the final average binding energies. Furthermore,
the GbindHbond interaction values of the 172-ALK and 178-ALK complexes indicated
stable hydrogen bonds with amino acid residues. GbindSolvGB and GbindCovalent had
negative energy contributions in all of the compounds, and so opposed binding. When
coupled, GbindSolvGB and GbindCovalent verified adverse energy contributions and
hence resisted binding. Figure 17 (left panel) shows that 172 and 178 at the ALK binding
pocket experienced an angular shift of the angle (curved to straight) after post simulation
at pre-simulation (0 ns) (100 ns) (see Figure 17). These conformational alterations result in
improved binding pocket acquisition and engagement with residues, resulting in increased
stability and binding energy (see Table 4).
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Figure 17. MMGBSA trajectory (0 ns, before simulation and 100 ns, after simulation) exhibited
conformational changes upon binding the ligands with the protein, (A) ALK-172; (B) ALK-178. The
arrows indicating the overall positional variation (movement and pose) of 172 and 178 at the binding
site cavity.

Table 4. Binding energy calculation of 172 and178 with ALK and non-bonded interaction energies
from MMGBSA trajectories. (* indicates mean value of energy parameters).

Energies (kcal/mol) * ALK-172 ALK-178

∆Gbind −49.4 ± 4.2 −52.6 ± 3.0
∆GbindLipo −17.4 ± 0.6 −19.5 ± 1.5
∆GbindvdW −41.1 ± 3.2 −44.8 ± 3.1

∆GbindCoulomb −9.1 ± 3.5 −5.7 ± 2.2
∆GbindHbond −1.4 ± 0.6 −0.3 ± 0.2
∆GbindSolvGB 19.7 ± 3.1 18.2 ± 1.8

∆GbindCovalent 1.0 ± 0.9 1.3 ± 1.2

As a result, it is possible that the 172 (See Figure 18A) and 178 (See Figure 18B)
molecules have a high affinity for the primary target ALK. In ALK bounded 172 complex
systems, the average total energy was −130.00 kcal/mol (green), while van der Waal’s
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energy (vdW) seemed to be merged over the total energy with an average energy of
−30.00 kcal/mol, which was seen as the primary contributor to the stability of the ALK172
complex (cyan). Furthermore, coulombic interactions had a little impact on system stability,
contributing an average energy of −101.00 kcal/mol (red) (See Figure 18). The energy pro-
files of the protein, ALK, and 178 complex systems were chosen to demonstrate the overall
system’s stability. In this regard, the Total Energy of the ALK-178 system has demonstrated
to be completely stable, with an average total energy of −55.00 kcal/mol (dark green).
However, van der Waal’s energy (vdW) remained merged up-on the total energy with
an average energy of −40 kcal/mol, taking into account as the primary contributor to
the ALK-178 complex’s stability (cyan). Furthermore, coulombic interactions performed
a minimal influence in system stability, supplying an average energy of −10.00 kcal/mol
(red) as seen in Figure 18.
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Thus, MM-GBSA calculations resulted from MD simulation trajectories that were well
justified with the binding energy obtained from docking results. Furthermore, the last
frame (100 ns) of MMGBSA displayed the positional change of the 172 and 178 as compared
to the 0 ns trajectory, indicating the better binding pose for best fitting in the protein’s
binding cavity (See Figure 19).
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4. Materials and Methods
4.1. Selection of Data-Set

For the current study, 224 molecules with diverse structural features were selected due
to the presence of different scaffolds and the substantial variation in the activity profile with
an experimentally determined inhibition coefficient (Ki) for ALK tyrosine kinase [32–35].
Ki values ranging from 0.1 to 100,000 nM were changed to pKi (Ki = −log Ki) before
actual QSAR evaluation for the ease of handling the data. The Figure 19 depicts five most
active molecules followed by five least active molecules, indicating the heterogeneity of
bio-activity and chemical properties. The Table 5 displays SMILES notations alongside
ChEMBL id [36] and reported Ki and pKi values for several sample compounds. (See
Table S1 in Supplementary Materials displaying Sr no, ChEMBL id, smiles notation, Ki
value, and pKi values).

Table 5. Presentation of Serial number, ChEMBL ID, Smiles, pKi and Ki value of 10 most active and
10 least active molecules in the dataset as representative examples only.

Sn CHEMBL ID Smiles pKi Ki in nM

178 CHEMBL3286823 Cc1nn(C)c2c1-
c1cnc(N)c(n1)O[C@H](C)c1cc(F)ccc1C(=O)N(C)C2 10 0.1

172 CHEMBL3286815 N#Cc1[nH]nc2c1-
c1cnc(N)c(c1)OCc1cc(F)ccc1OCCC2 9.68 0.22

176 CHEMBL3286820 Cc1nn(C)c2c1-
c1cnc(N)c(c1)O[C@H](C)c1cc(F)ccc1C(=O)N(C)C2 9.58 0.29

216 CHEMBL4286522 Cc1[nH][n+](C)c2c1-
c1cnc(N)c(c1)O[C@H](C)c1cc(F)ccc1C(=O)N(C)C2 9.53 0.29

173 CHEMBL3286816 Cn1ncc2c1-
c1cnc(N)c(c1)OCc1cc(F)ccc1OCCC2 9.42 0.38

161 CHEMBL3128064 Cc1nc(C(C)(C)O)sc1-
c1cnc(N)c(O[C@H](C)c2cc(F)ccc2-n2nccn2)c1 9.39 0.4

181 CHEMBL3286832 C[C@H]1Oc2nc(cnc2N)-
c2c(nc3ccc(C#N)cn23)CN(C)C(=O)c2ccc(F)cc21 9.25 0.56

174 CHEMBL3286818 C[C@H]1Oc2cc(cnc2N)-
c2c(nn(C)c2C#N)CCOc2ccc(F)cc21 9.24 0.57

175 CHEMBL3286819 C[C@H]1Oc2cc(cnc2N)-
c2c(nn(C)c2C#N)CCCOc2ccc(F)cc21 9.20 0.61

179 CHEMBL3286830 C[C@H]1Oc2cc(cnc2N)-
c2c(nn(C)c2C#N)CN(C)C(=O)c2ccc(F)cc21 9.1 0.7

110 CHEMBL1995765 Nc1cc( = O)[nH]n1-c1ccccn1 4.5 31,622.7

13 CHEMBL1972934 Nc1ncnc2sccc12 4.4 39,810.7

39 CHEMBL1975212 Nc1ncnc2scc(-c3ccccc3)c12 4.4 39,810.7

48 CHEMBL1949855 O=c1[nH]cnc2c(Cl)cccc12 4.4 39,810.7

107 CHEMBL1994159 CC(=O)c1cccc(-c2ccc3nccn3n2)c1 4.3 50,118.7

129 CHEMBL2000879 c1ccc(C2CCc3[nH]ncc3C2)cc1 4.3 50,118.7

33 CHEMBL1971519 Nc1n[nH]c2cccc(-c3ccc(F)cc3)c12 4.2 63,095.7

34 CHEMBL1971534 NC(=O)c1cc2ccncc2s1 4.2 63,095.7

50 CHEMBL1975921 O=c1[nH]c2cc(Br)cnc2[nH]1 4.2 63,095.7

131 CHEMBL2007097 Nc1nc(=O)[nH]c2sccc12 4.1 79,432.8

4.2. Molecular Structure Drawing and Optimization

The complete 224 molecules’ 2D structures were drawn using free and open source
software’s ChemSketch 12 Freeware (https://www.acdlabs.com/resources/free-chemistry-

https://www.acdlabs.com/resources/free-chemistry-software-apps/chemsketch-freeware/
https://www.acdlabs.com/resources/free-chemistry-software-apps/chemsketch-freeware/
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software-apps/chemsketch-freeware/ accessed on 2 March 2022, version 2021), while
their 3D structures were generated using Open Babel 2.4, respectively. Furthermore,
optimization of the full dataset molecules was achieved using the MMFF94 force field
provided in TINKER (default settings), whilst Open3DAlign was used for molecular
alignment, respectively [37].

4.3. Molecular Descriptor Calculation and Objective Feature Selection (OFS)

PyDescriptor, which is available as a plugin in the PyMOL 2.5 software application,
was used to calculate descriptors for each molecule [38]. Molecular descriptors with almost
constant values (>95 percent) and co-linearity (|R|) greater than 0.95 were eliminated
using objective feature selection (OFS) stability among QSARINS v2.2.4 [39]. This approach
removed unnecessary molecular descriptors that impact multi-collinear and mock vari-
ables in the GA-MLR model. As a result, following OFS treatment, about 3339 molecular
descriptors were separated in order to develop QSAR models.

4.4. Subjective Feature Selection, QSAR Model—Development and Validation

The condensed pool of computed molecular descriptors includes 1D- and 3D-descriptors,
as well as molecular properties or value descriptors, and so on. Coinciding with a huge
molecule, followed by a vivid gap. After developing robust QSAR models, the Subjective
Feature Selection (SFS) function in QSARINS v2.2.4 is used to run Genetic Algorithm
(GA) based multi linear regression (MLR). QSAR models were developed in accordance
with OECD guidelines and were then subjected to extensive internal or external statistical
validation, Y-scrambling, or Applicability domain examination. The following steps are
included in the QSAR model development practice. The whole dataset was utilised to
create QSAR models, which were mostly based on the undivided (training set) dataset,
however in this study, we are presenting one univariate divided set and another divided
set multivariate QSAR models

1. The QSAR techniques have been anticipated to use a loosely split operation in
QSARINSv2 software v2.2.4 based on a divided dataset. It divided a given dataset
into 80% training (180 molecules in the training set) and 20% prediction (44 molecules
in prediction set). The 180 molecules from the training set were used to generate the
QSAR model, and external validation was completed on 44 compounds from the
prediction set.

2. The QSARINS software v2.2.4 program was used to construct GA-MLR mainly based
QSAR models, incorporating default parameters. Q2

LOO is utilised as a fitness pa-
rameter to accomplish subjective feature selection. While doing SFS, the Q2

LOO value
was extraordinarily prolonged up to the four variables, but an insignificant uplift was
seen after that. Thus, in order to keep the QSAR model from over-fitting, SFS was
previously limited to a set of four descriptors. This resulted in the creation of simple
and predictive QSAR models. (See Supplementary Materials Table S2 values for the
selected four molecular descriptors present in QSAR models).

An important aspect of developing a good QSAR model with minimal over-fitting
and appropriate interpretability is to have an enough number of molecular descriptors in
QSAR the model. In the present study, a plan (see Figure 20) was projected in the large
range of molecular descriptors included among the model yet R2

tr and Q2
LOO values to get

the so-called breaking point. As a result, the variety of chemical descriptors related to the
breakdown point used to be prioritized for model construction. Figure 20 shows that the
breakage point correlates with four different factors. As a result, QSAR models with more
than four descriptors were rejected.

https://www.acdlabs.com/resources/free-chemistry-software-apps/chemsketch-freeware/
https://www.acdlabs.com/resources/free-chemistry-software-apps/chemsketch-freeware/
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To perform acceptable validation, QSARINS v2.2.4 was used to do (a) leave-one-out
(LOO) or leave-many-out (LMO) parameter-based internal validation; (b) external vali-
dation; (c) Y-scrambling or model applicability domain (AD) analysis in accordance with
OECD requirements. The robustness of the GA-MLR-based QSAR model was previously
assessed on the basis of how well the various statistical parameters perform on the respec-
tive starting value. Two QSAR models (1.1 and 1.2) consisting of univariate divided set
and multivariate divided set models with excellent values on these parameters and best
predictive capability were chosen for the analysis, but the rest of the QSAR models failed
to fulfil some of these factors above-mention values and were omitted [35].

4.5. Molecular Docking

The protein data bank provided the ALK tyrosine kinase pdb file (pdb id-5fto, Res-
olution 1.7). For its X-ray resolution or sequel completeness, the pdb 5fto was carefully
chosen. The optimized protein is appropriate for docking analysis. The protein preparation
was carried by UCF chimera-1.16-win64 software (See Supplementary Materials for the
detail procedure of protein preparation by chimera-1.16 software). Before the docking in-
vestigation, the natural ligand (Entrectinib) was removed. In the present study, the binding
site for native ligand, namely the active site, has been studied. As a result, the compounds
were docked between the active site, where the native ligand was originally bound along
ALK tyrosine kinase, and the docking posture for the most active molecules 172 and 178
is shown below for convenience. The NRGSuite programme (PyMOL versions 1.2 and
above) was used to do the molecular docking investigation. Because this is a free and open
source software program, it may also be utilised as a PyMOL plugin [35]. It detects surface
holes in a protein and uses them as target binding sites for docking simulations with the
help of FlexAID [40]. It employs a genetic algorithm for function conformational search,
model ligand and side-chain flexibility, and allows for covalent binding simulation. To
achieve substantial performance with NRGSuite, the flexible–rigid docking approach was
employed in conjunction with the following default settings: Because of the binding sites,
the input technique is spherical (diameter: 17); the spacing on the three-dimensional grid is
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0.385; facet band flexibility is no; ligand flexibility is yes; ligand posture is no; restrictions
are no. Hetero groups-cloud molecules included; van der Walls permeability −0.1; solvent
types-none; variation on chromosomes—1000; variation on generations—1000; fitness
model-share; copy model-population boom; and variation on top complexes—5. After
the docking process was validated, the molecule Entrectinib, a discovered tyrosine kinase
inhibitor, was employed for validation.

4.6. MD Simulation Analysis

The virtual screening findings are utilised to evaluate the most active Molecule 178
with a docking score of −7.8 kcal/mol and Molecule 172 (−8.0 Kcal/mol) in molecular
dynamics and simulation using the Schrodinger Desmond versus 2020.1 (MD simulation).
The SPC (Simple factor charge) model was utilised to bind protein ligands using the docking
complexes Molecule 178 and Molecule 172. In this system, the OPLS-2005 pressure subject
and explicit solvent model with SPC water molecules were applied. To neutralise the
charge, Na+ ions were added [41]. To imitate the physiological environment, 0.15 M NaCl
alternatives are provided to the computer [42]. The Nose–Hoover chain coupling approach
was employed to build up the NPT ensemble with temperature 300 K, leisure time of 1.0 ps,
and pressure 1 bar, which was once as soon as maintained in all simulations. A 2 fs time
step will be employed. The barostat approach with the Martyna–Tuckerman–Klein chain
coupling scheme [43] was originally utilised for pressure control with a leisure time of
2 ps. The particle mesh Ewald technique [44] was used to calculate long-range electrostatic
interactions with a radius of 9 for Coulomb interactions. The non-bonded forces were
estimated using the RESPA integrator. The root mean square deviation (RMSD), root mean
square fluctuation (RMSF), radius of gyration (Rg), and protein ligand interactions were
assessed to have a check at the stability of the complex in MD simulations.

4.7. Molecular Mechanics Generalized Born and Surface Area (MMGBSA) Calculations

The binding free energy (Gbind) of docked complexes was determined using the
molecular mechanics generalized born surface region (MM-GBSA) module in MD simu-
lations comprising 5fto bonded with the most active molecule 178 and the molecule 172.
(Schrodinger suite, LLC, New York, NY, USA, 2017-4). At around the same time, the binding
free energy was estimated using the OPLS 2005 force field, the VSGB solvent model and
rotamer search techniques [45]. Following the MD run, the MD trajectories frames were
chosen at 10 ns intervals. The total free energy binding used to be calculated the usage of
Equation (1):

∆Gbind = Gcomplex − (Gprotein + Gligand) (3)

where,

∆Gbind = binding free energy,
Gcomplex = free energy of the complex,
Gprotein = free energy of the target protein, and
Gligand = free energy of the ligand.

5. Conclusions

A cheminformatics technique was used effectively in the current investigation to
predict ALK Tyrosine kinase inhibitory activity in order to uncover fundamental structural
aspects important for anticancer activity. Two statistically robust univariate and four para-
metric QSAR models with exceptional external predictive capability were built, and the
right number of molecular features were accurately positioned. The QSAR analysis effec-
tively identified a combination based on previously unknown Pharmacophoric properties.
The existence of fluorine atoms on the phenyl ring, as well as the presence of planar nitrogen
atoms, must be retained in future drug design, coupled with some novel Pharmacophoric
qualities such as rsa. The molecular descriptors identified in the developed QSAR models,
such as the ratio of surface area (rsa), planar nitrogen within four bonds from the nitrogen
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atom, fluorine atom within five bonds from the non-ring oxygen atom, lipophilic atoms
within two bonds from the ring carbon atoms, and so on, can potentially enhance the ALK
Tyrosine kinase inhibition potency. QSAR and molecular docking studies have successfully
identified certain significant Pharmacophoric traits, such as the presence of an extra carbon
atom in molecule 172, which results in increased flexibility and rsa; comparison of molecule
176 with 178 reveals an interesting influence of the N_PlanN_4B and ringC_lipo_2Bon
docking pose and activity profile; and reversal in docking conformation and differences in
the binding affinities of compounds 176 and 178. Moreover, identification of the additional
polar nitrogen in QSAR analysis responsible for increasing the polarity of the molecule. This
observation reveals that the QSAR and docking results are completely consistent with one
another. The molecular docking studies on the 172 and 178 with the ALK tyrosine kinase
receptor revealed that these compounds anchored to the ALK tyrosine kinase along the
orientation or position extremely close to co-crystallized ligand; Entrectinib that resulted
from crystallographic analysis of the ALK tyrosine kinase protein including its actual lig-
and. As a result, the created QSAR models meet the threshold values for several statistical
parameters required to get the accuracy and applicability of a QSAR model. As a result,
the obtained QSAR models include an appropriate mix of quantitative and qualitative
characteristics. The pharmacophoric properties found in QSAR models show tremendous
potential for optimizing dataset compounds in accordance with more potent ALK tyrosine
kinase inhibitors as anticancer leads. Furthermore, MD simulation and binding free energy
analyses support the findings of the QSAR and molecular docking studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27154951/s1, Table S1: The SMILES notation for two
hundred twenty four (224) ALK tyrosine kinase leads, along with their reported Ki and pKi values.
Table S2: The values for selected molecular descriptors present in QSAR models. Table S3: Details
regarding performance of Univariate Divided set model 1.1. containing Different graphs associated
with model, Table S4: Details regarding performance of Multivariate divided set model comprising
Different graphs associated with model 1.2. Statistical parameters for used for validation of QSAR
models. File S5: Description of the performance parameters in QSARINS.
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Abstract: Using 84 structurally diverse and experimentally validated LSD1/KDM1A inhibitors, quan-
titative structure–activity relationship (QSAR) models were built by OECD requirements. In the QSAR
analysis, certainly significant and understated pharmacophoric features were identified as critical for LSD1
inhibition, such as a ring Carbon atom with exactly six bonds from a Nitrogen atom, partial charges of
lipophilic atoms within eight bonds from a ring Sulphur atom, a non-ring Oxygen atom exactly nine
bonds from the amide Nitrogen, etc. The genetic algorithm–multi-linear regression (GA-MLR) and double
cross-validation criteria were used to create robust QSAR models with high predictability. In this study,
two QSAR models were developed, with fitting parameters like R2 = 0.83–0.81, F = 61.22–67.96, internal
validation parameters such as Q2

LOO = 0.79–0.77, Q2
LMO = 0.78–0.76, CCCcv = 0.89–0.88, and external

validation parameters such as, R2ext = 0.82 and CCCex = 0.90. In terms of mechanistic interpretation
and statistical analysis, both QSAR models are well-balanced. Furthermore, utilizing the pharmacophoric
features revealed by QSAR modelling, molecular docking experiments corroborated with the most active
compound’s binding to the LSD1 receptor. The docking results are then refined using Molecular dynamic
simulation and MMGBSA analysis. As a consequence, the findings of the study can be used to produce
LSD1/KDM1A inhibitors as anticancer leads.

Keywords: LSD1; KDM1A; QSAR; anticancer; molecular docking; MD simulation; genetic algorithm–
multi linear regression; MMGBSA

1. Introduction

Lysine-specific histone demethylase 1A (LSD1), also known as lysine (K)-specific
demethylase 1A (KDM1A), is a crucial member of the monoamine oxidases family. LSD1
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catalyzes two important and completely opposing enzymatic reactions with flavin adenine
dinucleotide (FDA) as a cofactor: transcription repression via de-methylation at histone
3 lysine 4 methyl 1/2 (H3K4me1/2) and transcription activation via de-methylation at
histone 3 lysine 9 methyl 1/2 (H3K9me1/2) [1]. LSD1 is also involved in the de-methylation
of TP53, E2F1, and DNMT1 [2]. The typical healthy physiological condition is characterized
by regimented epigenetic control of cyclic cellular processes, including rejuvenation, differ-
entiation, and proliferation. LSD1 modulates differentiation and proliferation pathways
in highly proliferative and widely metastatic small-cell lung cancer (SCLC) [3]. LSD1
overexpression is also found in other cancer types, including prostate cancer, breast cancer,
colorectal cancer, and neuroblastoma [1–3].

According to reports, if LSD1 overexpression is reduced in several forms of blood
malignancies (haematological sarcomas) such as leukaemia, multiple myeloma, and solid
tumours, cell differentiation is also reduced. This makes LSD1 an appealing target for
anticancer medication development [1].

There have been several reports of reversible LSD1 inhibitors to date [4]. Sorna et al.
used high-throughput virtual screening to identify reversible LSD1 inhibitors; however,
these drugs appeared to have considerable off-target and nonspecific effects [4,5]. Ma et al.
found several pyrimidine–thiourea hybrids that showed a high sensitivity to LSD1 inhibi-
tion in vitro and in tumour xenografts. [4]. Furthermore, Li et al. developed a series of [1–3]
triazolo [4,5-d] pyrimidine derivatives as selective LSD1 inhibitors, which were reported
to block tumour cell migration [5]. The activity of documented reversible inhibitors, on
the other hand, did not meet the advances of covalent inhibitors, due in part to the huge
size and polarity of the LSD1 substrate binding pocket [6]. Furthermore, the reported com-
pounds’ erroneous binding techniques and the lack of theoretical research motivated us to
hunt for hidden and buried structural features that are required for developing effective,
efficient, and reversible LSD1 inhibitors. This convergence of circumstances encouraged us
to do a computational study on the proven reversible LSD1 inhibitors from the appropriate
database, as well as examine the underlying structural elements influencing the design and
inhibition of potent and effective LSD1 inhibitors.

QSAR is a statistically-based intersectional plan of activities and standardized tech-
nique for identifying the mathematical relationship between the structural property of a
molecule and its biological activity. General QSAR modelling protocol involves: (I) select-
ing a sufficiently abundant, admissible molecular dataset with accurate biological activity;
(II) 3D-structure creation and optimization; (III) molecular descriptor calculation and con-
strained trimming using appropriate statistical methods; (IV) QSAR model development
using an algorithm that fits favourable molecular descriptors; and (V) sufficient valida-
tion of the existing QSAR model (s) [5]. Circumstantial QSAR analysis quantifies the
relationship between conspicuous but seemingly confusing molecule structural features
and their experimentally studied biological activity. Statistical QSAR analysis predicts
the biological activity of a drug prior to wet lab manufacturing and experimental in vivo
testing. A QSAR that is conceptually neutral, illustrative, and statistically enhances phar-
macokinetics knowledge [6,7]. This emphasizes the value of the QSAR study in promoting
lead optimization.

QSAR models for LSD1 inhibitors have been discussed by a number of researchers.
Rahman Abdizadeh et al. developed a 3D QSAR model for the set of tranylcypromine
derivatives as a data set that performed similarly to the CoMFA (q2 = 0.67; r2ncv = 0.93;
r2pred = 0.97), CoMFA-RF (q2 = 0.69; r2ncr = 0.93; r2pred = 0.93), CoMSIA (q2 = 0.83;
r2ncv =0.96; r2pred = 0.96), and HQSAR models (q2 = 0.85; r2ncv,= 0.90; r2pred = 0.73) for
training as well as the test set of LSD1 inhibition. Moreover, the significant gap between
the q2 and the r2 values indicate the overfitting in both the COMFA and CoMSIA models.
However, because of the absence of mechanistic interpretation and atom-by-atom phar-
macophoric features in CoMFA and CoMSIA investigations, their use has been limited
to the optimization of a few pharmacological classes [8]. To date, several LSD1 inhibitors
have been approved, and some of them, including ORY-1001, GSK-2879552, IMG-7289,
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INCB059872, CC-90011, and ORY-2001 (See Figure 1), are currently being studied in clinical
trials for cancer treatment, particularly in small lung cancer cells (SCLC) and acute myeloid
leukaemia (AML) [9].
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Figure 1. Presentation of the Structures of some clinical trial molecules.

A moderate-sized dataset-based QSAR with enough predictive capability and mech-
anistic understanding is clearly useful for boosting lead potency. In this study, we used
molecular docking, MD simulation, and MMGBSA to create robust QSAR models for
84 structurally varied molecules with empirically established LSD1 inhibitory efficacy.

2. Results

Despite the fact that the current study is based on a moderate size dataset of 85 molecules,
the existence of multiple molecular scaffolds, functional groups, substituents, diverse rings
viz. non-aromatic, homoaromatic, heteroaromatic, fused rings; spiro compounds, etc., has
significantly covered a vast chemical space. The QSAR models developed are based on a split
and entire data set. R2, R2adj, CCCtr, and other fitting metrics have values far above the allowed
threshold values, indicating that the QSAR models are statistically tolerable with the required
number of chemical descriptors. Internal validation parameters include Q2

LOO, Q2
LMO, and

others with values that condescend to give the statistical robustness of the QSAR models. The
external predictability of both models can be seen in the high values of external validation aspects
like R2

ex and Q2
Fn. Model applicability domain is supported by William’s plots (See Figure 2)

(Applicability Domain). Fulfillment of allowed threshold values for numerous parameters, as
well as poor correlation among molecular descriptors, rule out the possibility of serendipitous
QSAR model construction [10–14] (see Table S2, Supplementary Information). These grounds
validate these models’ statistical robustness and strong external prediction.

2.1. Outlier Behavior of the Dataset Molecules

The third type of outlier, outliers toward the model, can only be identified after the
regression model has been established. They indicate an X-Y link. Because of the variety of
chemical structures explored in the study, model outliers are a specific form of outlier that
may be found in high numbers in the QSAR/QSPR data set.

Based on the Williams plot, molecule 60 was identified as the third type of outlier in
the divided set model, molecule 79 as an X outlier, and molecule 82 as a Y outlier. Figure 3
illustrates the core plot and loading plot of the Descriptor in a split-set QSAR model. The
descriptor ring, CH3B, has a significant impact on molecule 60’s outlier characteristics, but
the descriptors lipo_ringS_8Bc and com_sp2O_4A have a substantial impact on molecule 82.
The descriptor fringCH3B, on the other hand, had a major impact on molecule 79. The
aforementioned conclusion explained the impact of particular molecular descriptors on the
cluster of molecules in the dataset (See Figure 3).
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Figure 2. (A) Graph of experimental vs. Predicted pEC50 values for model 1.1. (B) Williams plot for
model 1.1. (C) Graph of experimental vs. Predicted pEC50 values for model 1.2. (D) Williams plot for
model 1.2.

2.2. GA-MLR QSAR Models

Model-1.1 (Divided Set: Training Set-80% (67 molecules) and Prediction Set-20%
(17 molecules)):

pEC50 = 13.856 (±1.734)–0.832 (±0.226) avg_molweight—0.211 (±0.087) fringCH3B + 0.263
(±0.092) fNringC6B + 4.482 (±1.892) lipo_ringS_8Bc—0.639 (±0.279) com_sp2O_4A.

[R2 = 0.83, R2
adj = 0.82, Q2

LOO = 0.79, Q2
LMO = 0.78, RMSEtr = 0.49, MAEtr = 0.37,

RSStr = 16.37, CCCtr = 0.91, RMSEcv = 0.54, MAEcv = 0.40, PRESScv = 20.07, CCCcv = 0.89,
R2

ext = 0.82, Q2
F1 = 0.81, Q2

F2 = 0.81, Q2
F3 = 0.81, CCCex = 0.90].

Model-1.2 (Full Set: Training Set-100%, (84 molecules)):
pEC50 = 6.488 (±0.315)–0.151 (±0.078) fringCH3B + 2.921 (±1.496) lipo_ringS_8Bc + 0.972

(±0.349) famdNnotringO9B + 0.347 (±0.104) fdonsp3C2B—0.775 (±0.302) fsp3CamdN4B.
[R2 = 0.81, R2

adj = 0.80, Q2
LOO = 0.78, Q2

LMO = 0.77, RMSEtr = 0.51, MAEtr = 0.41,
RSStr = 22.24, CCCtr = 0.90, RMSEcv = 0.56 MAEcv = 0.45, PRESScv = 26.57, CCCcv = 0.88].

In this QSAR investigation, model 1.1 was constructed using the extended dataset,
whereas model 1.2 was created using the entire dataset. The developed models are distinct
in three of the five descriptors out of a total of five. The effects of variation in each molecular
descriptor on the biological activity of the associated molecule are demonstrated with
examples in the next section, even if the permutation in the bioactivity of each molecule in
the dataset is the total of all five molecular descriptors.
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3. Discussion
3.1. Mechanistic Interpretation of Descriptors

fNringC6B, lipo_ringS_8Bc, famdNnotringO9B, and fdonsp3C2B: These four molec-
ular descriptors had positive coefficient values in both the divided and full set models,
showing that amplification in the values of these molecular descriptors improves the an-
ticancer potential of LSD1 inhibitors. The importance of some molecular descriptors is
demonstrated by comparing variations in the pEC50 or EC50 values with transformations
in the values of molecular descriptors.

fNringC6B (frequency of occurrence of ring carbon atom exactly at 6 bonds from
nitrogen atom). This observation is supported by comparing compound 1 (fNringC6B = 1;
pEC50= 9.42) with compound 6 (fNringC6B = 0; pEC50 = 7.71). Possibly, an increase in the
value of fNringC6B to 1 for compound 6 enhanced its LSD1 inhibitory potency by about
two hundred and twenty-two times (∆pEC50 = 2.22) (See Figure 4).

This observation was also seen by comparing the subsequent pair of molecules:
17(PIC50 = 7.25, fNringC6B = 2) with 18(PIC50 = 7.21, fNringC6B = 0), 31(PIC50 = 7.04,
fNringC6B = 4) with 32(PIC50 = 6.91, fNringC6B = 0), 52(PIC50 = 6.11, fNringC6B = 1) with
56(PIC50 = 5.88, fNringC6B = 0), etc.

Vianello Paola et al. and colleagues also reported the synthesis of chemical 2 (4-ethyl-
N-[3-(methoxymethyl)-2-[(4-[(3R)-pyrrolidin-3-yl] methoxyphenoxy) methyl] phenyl]- 4H-
thieno [3,2-b] pyrrole-5-carboxamide) from the dataset (see Figure 5). The most efficient
basic moiety was compound 2 with pyrrolidin-3-yl-methanol substituent, which had potent
inhibitory activity against LSD1 (IC50 = 0.08570.02 M) according to structure–activity
relationship studies. He went on to say that the polar interaction with two negatively
charged regions of the LSD1 catalytic site is responsible for the compound 2’s increased
potency [10] (See Figure 5).
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Thus, the present observation supports that the pyrrolidine ring enhances the polarity
of the compound 2 that occurred exactly at 6 bonds. As a whole, the same feature has
been captured in the QSAR model through the descriptor fNringC6B; therefore, QSAR
results are complimentary with the reported findings. At the end, the QSAR model not only
identified the polar nitrogen, but it also recognized the lipophilic carbon atom important
for LSD1 inhibitory activity.

lipo_ringS_8Bc (Sum of partial charges of lipophilic atoms within 8 bonds from ring
sulfur atom). The molecule with the better LSD1 inhibition might be obtained by en-
hancing the number of lipophilic atoms that accounted within 8 bonds from the sulfur
atom. Just a four-fold amplification in the value of lipo_ringS_8Bc sufficed about 2 × 103
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fold more potent (∆pEC50 = 3.32) LSD1 inhibitor compound 4 (lipo_ringS_8Bc = 0.19;
pEC50 = 8.04) than compound 72 (lipo_ringS_8Bc = 0.05; pEC50 = 4.72). Several other pairs
of compounds also support this observation: 31 (lipo_ringS_8Bc = −0.23; pEC50 = 7.046)
with 32 (lipo_ringS_8Bc = 0; pEC50 = 6.917), 35 (lipo_ringS_8Bc = 0; pEC50 = 6.827) with
36 (lipo_ringS_8Bc = −0.28; pEC50 = 6.81), and 45 (lipo_ringS_8Bc = −0.207; pEC50 = 6.511)
with 46 (lipo_ringS_8Bc = −0.231; pEC50 = 6.509).

Whence merely adding the number of carbon atoms is restricted (here average_molweight,
i.e., molecular property average molecular weight, is with negative correlation) or inadequate,
it is advisable to add electronegative atoms to the carbon atoms within 8 bonds from the ring
sulfur to intensify the partial positive charge on the lipophilic atoms that boost up the LSD1
potency of the compound, respectively (see Figure 6).
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Furthermore, a comparison of compound 4 to the previously reported molecule
28186757 suggests that increasing the amount of carbon atoms at the 8th position, specifi-
cally in the ether-containing carbon atom, will enhance the LSD1 inhibitory activity even
more [10].

famdNnotringO9B (Frequency of occurrence of non-ring oxygen atom exactly at
9 bonds from the amide nitrogen) with a positive coefficient exhibit a direct correlation with
LSD1 inhibitory potency. The four displayed compounds, 10, 65, 13, and 14, in Figure 7
illustrate the influence of the present molecular descriptor on the LSD1 inhibitory potency
of the compound. It can be noted that, if the same non-ring carbon atom simultaneously
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occurred at one to eight bonds or more than 9 bonds from the amide nitrogen, then it is
eluded during the calculation of famdNnotringO9B (see Figure 7).
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Non-ring oxygen was detected exactly 9 links from the amide nitrogen in compound 10,
but the same oxygen was missing in compounds 65, 13, and 14. This finding further
supports the idea that the appropriate distance between the amide nitrogen and the non-
ring oxygen is important for LSD1 inhibition. This helps to explain why molecules 10
and 65, 13, and 14 have different LSD1 inhibitory action. Instead, Vianello, Paola, and
colleagues found that removing oxygen had only a little effect on the LSD 1 inhibitory
function. This new discovery backs up the QSAR concept, emphasizing the significance of
the oxygen atom in the 9th position from the amide nitrogen. In addition, Vianello Paola
emphasized the importance of thieno [3,2-b]pyrrole-5-carboxamides as novel reversible
inhibitors of the LSD1 receptor, noting that the same amide nitrogen was successfully
detected as famdNnotringO9B in QSAR modelling. As a result, the QSAR results are
consistent with the stated findings.

Another key chemical characteristic, fdonsp3C2B (frequency of occurrence of sp3
hybridised carbon atom exactly at 2 bonds from donor atom), is strongly linked with the
reported bioactivity of LSD1 inhibitors. When comparing compound 1 to compound 57,
it can be shown that increasing the number of sp3 hybridised carbon atoms exactly at 2
bonds enhances the LSD1 inhibitory potency (see Figure 8).
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Furthermore, the same result holds true for a few other compounds: the most active
compound 1 (PEC50 = 9.42, fdonsp3C2B = 6), as well as the compounds 2 (PEC50 = 8.17,
fdonsp3C2B = 2), 3 (PEC50 = 8.10, fdonsp3C2B = 2), 4 (PEC50 = 8.07, fdonsp3C2B = 2),
and 5 (PEC50 = 7.49, fdonsp3C2B = 2). The LSD1 inhibitory activity will be increased
by 3.55 units if the value of the molecular descriptor fdonsp3C2B for the molecule 57 is
increased from 2 to 6 (about a 35-fold increase in LSD1 inhibitory potency). Furthermore,
sp3 hybridised carbon atoms should be added to boost LSD1 inhibitory activity, according
to the current findings. Furthermore, increasing the amount of such sp3 hybridised carbons
along the donor increases the electrical and hydrophobic interaction with the LSD1 receptor,
showing lipophilicity.
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Following that, it was discovered that during the MD modeling of compound 1
that the NH moiety, which acts as a donor with two bonds from the sp3 hybridized
carbon atom (fdonsp3C2B), demonstrated significant hydrogen bonding with GLu308
(86 percent) and thus plays an important role in the stability of the LSD1–compound
1 complex. Furthermore, by including a water molecule, the same NH moiety created
hydrogen bonds with a similar residue (GLu308), increasing the stability of the drug
receptor complex. Furthermore, another NH2 substituent (91 percent) developed hydrogen
bonding connections with the Glue801 residue, increasing the stability of the drug receptor
complex (see Figure 9). This implies that the QSAR modelling has effectively identified
certain important pharmacophores involved in the stability of the drug receptor complex,
in addition to finding the many hidden structural elements crucial for LSD1 inhibition. As
a consequence, the QSAR findings are entirely consistent with the molecular docking and
MD simulation experiments.
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Compound 1 interactions during MD simulations.

No one chemical descriptor can explain the variation in inhibitory effectiveness of
medicines in a dataset. The performance of the QSAR model is impacted by the syn-
chronous effect of many molecular descriptors, some of which are not included in the
QSAR models.

3.2. Molecular Docking

The molecular interaction of the five most active molecules with the LSD1 protein at
the active site was investigated using molecular docking. The crystal structure of LSD1
was obtained using the RCSB protein data repository (https://www.rcsb.org/structure/
2dw4, accessed on 24 May 2022) (PDB code: 2DW4). The full length of LSD1 comprises
852 amino acids with three key structure domains [11–14]: N-terminal Swi3-Rsc8-Moira
domain (SWIRM domain, residues 172–270); C-terminal amine oxidase-like domain (AOL
domain, residues 271–417 and 523–833); and central tower-like domain (Tower domain,
residues 418–522). The SWIRM domain of LSD1 consists of six long α-helices (SWα1–6) and
two stranded β-sheets (SWβ1–2), which regulates the chromatin remodeling and histone
modification by taking part in protein–protein interactions.

We investigated the probable interactions of inhibitors inside the active site of LSD1 to
better understand the SAR and QSAR models of the five most active drugs. With an RMSD
of 1.3618 A, the 2DW4 ligand was redocked into the LSD1 binding pocket. Because the
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accuracy of the docking results was determined by RMSD, this indicates that NRG Suite
docking was able to effectively recognise the correct binding configuration (2.0). The dock-
ing scores for the five compounds, 1 (EC50 = 0.38 nm), 2 (EC50 = 6.7 nm), 3 (EC50 = 7.8 nm),
4 (EC50 = 8.4), 5 (EC50 = 18), and pdb-2dw4 ligand, were found to be −8.33(RMSD−1.38 A),
−10.47(RMSD 1.82 A), −11.16(RMSD 1.32A), −11.10(RMSD 1.58A), −10.96(RMSD 1.13A),
and −11.31(RMSD 1.36A) Kcal/mol, respectively, demonstrating that docking scores could
predict ligand EC50 values. The 2D interactions for the five compounds were displayed in
Figures 10–14.

In terms of compound 5’s low activity, the amide nitrogen forms a conventional
hydrogen bond with the neutral non-polar amino acid residue MET332, a water–hydrogen
bond with HOH1032, and a neutral polar amino acid residue with the pyrrolidine ring.
THR624 forms a second hydrogen bond. With HOH1251, it creates a third water–hydrogen
bond. TRP751, GLY330, LEU859, ALA331, TYR761, VAL811, ARG316, and ALA814, on
the other hand, have been shown to form hydrophobic bonds with a thiene-pyrrole ring, a
benzamide ring, a phenoxy ring, or a pyrrolidine ring (pi-pi T-shaped, amide-pi stacked,
alky and pi-alkyl interactions). Despite the wide and flexible structure of compound five,
the active conformation and compound-5–LSD1 complex were maintained via a variety of
hydrophobic interactions and hydrogen bonding.

Compound 5 and compound 4 have similar interactions, although compound 4 is
three times more powerful than compound 5. In the structure, compound 5 has a folded
shape, whereas compound 4 has an extended conformation akin to the pdb-2dw4 ligand.
Within the active area of the LSD1 receptor, chemicals 5 and 4 are diametrically opposed.
Except for one hydrophobic interaction with a TYR761 amino acid residue, the thien-pyrrole
ring orientation was different. The QSAR models demonstrate the importance of the thiene-
pyrrole ring for the reversible inhibition of the LSD1 receptor. The molecular descriptor
lipo_ringS_8Bc indicates the importance of the Sum of partial charges of lipophilic atoms
within 8 bonds from ring sulfur atoms. With TRP751, compound 4 (lipo ringS 8Bc= −0.1869)
made more than eight types of hydrophobic connections and one pi-sulphure interaction,
whereas compound 5 (lipo ringS 8Bc = −0.2319) made seven hydrophobic contacts (See
Figure 11A,B). The difference in the reactivity of these compounds was linked with the oc-
currence of positively charged lipophilic atoms. The present observation indicates that the
decrease in the negative charge promotes more hydrophobic contacts in the compound 4.
Furthermore, in compound 1 (lipo ringS 8Bc = 0), partial positive charges are zero, un-
derlining the observation of declining negative charges and intensifying positive charges
within the thiene-pyrrole ring, which promotes better hydrophobic contact with the LSD1
receptor. The compounds 3 (lipo_ringS 8Bc = −0.1869) and 2 (lipo_ringS 8Bc = −0.2339)
showed the same behavior. Finally, QSAR analysis was successful in uncovering latent
pharmacophoric characteristics that determine not only the LSD1 inhibitory action of these
compounds, but also their binding pattern. As a result, the molecular docking analysis
results are entirely congruent with the QSAR findings.

Moreover, compound 2 (EC50 = 6.7 nm), was marginally more potent than compound 3
(EC50 = 7.8 nm). The 2D interactions for compounds 2 and 3 show that compound 2
produced three standard hydrogen bonding contacts with SER760, LYS661, ARG316, and
GLU801, but compound 3 did not form any conventional hydrogen bonding interactions
with SER760, ALA809, THR810, or HOH1257. Moreover, compound 2 executed more than
11 different hydrophobic contacts with the HIS564, ALA539, VAL333, GLY330, TRP751,
VAL811, VAL317, ALA814, etc. Moreover, the thiene-pyrrole ring in the compound didn’t
contribute in any of the hydrophobic contact, but it aligned over the solvent accessible
surface area of the LSD1 receptor (See Figure 12A,B). Furthermore, when the conformations
of compounds 2 and 3 are compared to the pdb-2dw4 ligand, it is clear that compound
2 aligns and superimposes entirely along the docked conformation of the pdb ligand.
Following that, in compound 3, the thiene-pyrrole ring aligns vertically in the receptor
(LSD1) binding pocket, which is completely different from the bioactive conformation of
the pdb ligand and could explain the difference in potency between these compounds
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(see Figure 13, green-comp-2, yellow-comp-3, and cyan-pdb-2dw4 ligand). The benzene
ring connected to the thiene-pyrrole ring by amide linkage in compound 3 contains a
bulky substituent (methoxy ethyl) compared to compound 2 (methoxy methyl), which may
have hampered compound 3’s ability to achieve the same bioactive conformation as the
pdb ligand. This helps to explain the differences in potency and binding affinity for the
LSD1 receptor.
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binding cavity of Compound 1 and right panel displaying the zoomed out binding pocket having
amino acid residues surrounding the Compound 1.
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The compound 2 (PIC50 = 8.174, fdonsp3C2B = 2, lipo_ringS 8Bc = −0.2339) and
3 (PIC50 = 8.174, fdonsp3C2B = 2, lipo_ringS 8Bc= (PIC50 = 8.174, fdonsp3C2B = 2, lipo_ringS
8Bc = −0.2339) differed from the compound 1 (PIC50 = 9.42, fdonsp3C2B = 6, lipo_ringS
8Bc = 0) in terms of two descriptors: fdonsp3C2B and lipo_ringS 8Bc. Compound 3 can’t
form hydrogen bonds or hydrophobic interactions with the receptor because of its altered
orientation. The amide donor produced hydrogen bonds with the SER760 residue in
compound 2, whereas another donor nitrogen of the terminal pyrrolidine ring aligned
over the solvent accessible surface region, and the sp3 hybridised carbon atom made
hydrophobic interactions with the receptor. In the QSAR model, the same feature was
captured. In addition, the thiene-pyrrole ring sulphure atom formed conventional hydrogen
bonds with the ARG316 and GLU 801 residues, as well as a water–hydrogen link with
the HOH1254 residue. The relevance of the thiene-pyrrole sulphure atom, which was
captured in the QSAR model as lipo ringS 8Bc descriptors, is highlighted by this observation.
Furthermore, the lipophilic carbon atoms in the benzene ring of compound 2 connected
to the thiene-pyrrole ring via amide linkage generate distinct hydrophobic interactions
with the receptor. This finding emphasises the significance of positively charged lipophilic
carbon atoms in drug receptor interactions. Thus, QSAR modelling was successful in
identifying the features required to improve binding affinity, and the results were in perfect
agreement with the molecular docking data. In addition, comparison with the most active
compound 1 (PIC50 = 9.42, fdonsp3C2B = 6, lipo ringS 8Bc = 0) indicated the importance of
the lipophilic, as well as the electronic properties required for binding affinity and, ultimately,
LSD1 receptor inhibition.

The docking results revealed that the descriptors, fdonsp3C2B and lipo_ringS_8Bc,
played important roles in the inhibition of the LSD1 receptor, which was consistent with
the QSAR findings.

3.3. Molecular Dynamic Simulations

During the simulation, monitoring the protein’s RMSD can provide insight into its
structural conformation. The RMSD analysis can identify if the fluctuations at the end of the
simulation are centred on some thermal average structure if the simulation has equilibrated.
For tiny, spherical proteins, changes on the order of 1–3 are perfectly acceptable. Larger
changes, on the other hand, imply that the protein is significantly changing form during
simulation. It’s also crucial that your simulation converges, which means the RMSD
values settle around a fixed number. If the average RMSD of the protein is still increasing
or dropping at the end of the simulation, your system has not equilibrated, and your
simulation may not be lengthy enough to do a thorough analysis. Ligand RMSD (right
Y-axis): the ligand RMSD (right Y-axis) shows how stable the ligand is in relation to the
protein and its binding pocket.

When the protein–ligand complex is aligned on the reference protein backbone first,
and then the RMSD of the ligand-heavy atoms is measured, the RMSD of the ligand is
plotted. If the observed values are significantly greater than the RMSD of the protein, the
ligand has most likely diffused away from its initial binding site.

The above-mentioned diagram is the triple run result of Root Mean Square Divisions
(RMSD) MD simulation trajectory analysis. The RMSD plot of the LSD–compound 1
complex (Figure 3) indicates that the complex stabilizes at about 20 ns. After that, for the
length of the simulation, swings in RMSD values for target remain within 0.5, which is
absolutely acceptable. The ligand fit-to-protein RMSD values fluctuate within 0.7 Angstrom
after they have been equilibrated. These findings indicate that the ligands stayed firmly
connected to the receptor’s binding site throughout the simulation period. The RMSD
values for ligand fit to protein do not change much during the simulation duration, showing
that the ligands remain securely attached to the receptor’s binding site, as shown in
Figure 15.
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Figure 15. MD simulation trajectory analysis of Root Mean Square Divisions (RMSD) of compound 1
bound with LSD; 150 ns time frame in triplicate displayed.

Figure 16 shows the average hydrogen bonds established throughout the 150 ns triple
simulation between compound 1 and the various proteins. From 0 to 150 ns, an average of
four hydrogen bonds are observed for LSD, and the same is true for triple MD simulations
of compound 1 and LSD (Figure 16). Throughout the simulation, two hydrogen bonds
were established, as shown by the 2D ligand binding figure. The number of hydrogen
bonds between LSD and compound 1 has increased, making the binding stronger and more
robust over simulation.
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Figure 16. MD simulation trajectory analysis of Hydrogen-bonding (H-bonding) of compound 1
bound with LSD 150 ns time frame in triplicate displayed.

On the RMSF plot, peaks represent portions of the protein that fluctuate the most
during the simulation. Protein tails (both N- and C-terminal) typically change more than
any other part of the protein. Alpha helices and beta strands, for example, are usually
stiffer than the unstructured component of the protein and fluctuate less than loop sections.
According to MD trajectories, the residues with greater peaks belong to loop areas or N-
and C-terminal zones (Figure 17). Although there is some instability between 400 and
600 residues, the stability of ligand binding to the protein is demonstrated by stable RMSF
values of binding site residues.
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Figure 17. MD simulation trajectory analysis of Root Mean Square Fluctuations (RMSF) of com-
pound 1 bound with LSD with their triplicate runs.

The compactness of proteins is measured by the radius of gyration. The Radius of
Gyration of LSD proteins bound to compound 1 was reduced (Figure 18). Compound 1
bonded to the protein targets posthumously in the binding cavities and plays a substantial
role in the stability of the proteins, according to the overall quality analysis using RMSD
and Rg.
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Figure 18. MD simulation trajectory analysis of Radius of Gyration (RoG) of compound 1 bound
with LSD with their triplicate runs.

Protein interactions with the ligand can be detected throughout the simulation. These
interactions can be categorized and summarized by type, as shown in the graphs below. The
four types of protein–ligand interactions (or ‘contacts’) are hydrogen bonds, hydrophobic,
ionic, and water bridges. The ‘Simulation Interactions Diagram’ panel in Maestro can be
used to analyse the subtypes of each interaction type. Over the course of the trajectory,
the stacked bar charts are standardised; for example, a value of 0.7 indicates that the
specific interaction is maintained for 70% of the simulation duration. Values exceeding 1.0
are possible because some protein residues may have several interactions with the same
subtype of ligand. The majority of the important ligand–protein interactions found by
MD are hydrogen bonds and hydrophobic interactions, as shown in Figure 19. In terms of
H-bonds, the LSD–compound 14 complex residues VAL 4288, GLY 290, TYR 571, ASP 754,
and SER 760 are the most essential. Over the course of the trajectory, the stacked bar charts
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were standardised; for example, a value of 1.0 signifies that the specific interaction was
maintained for 100% of the simulation duration. Values exceeding 1.0 are possible because
some protein residues may have several interactions with the same subtype of ligand.
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chosen trajectory are shown.
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The presence of protein secondary structural elements (SSE) such as alpha helices and
beta strands is checked throughout the simulation to guarantee that they are not present.
The plot above shows the distribution of SSE by residue index over the entire protein
structure, and it includes all residues. The graphs at the bottom illustrate the evolution of
each residue and its SSE assignment throughout the experiment, in contrast to the charts
below, which show a summary of the SSE composition for each trajectory frame during the
simulation (as shown in Figure 21).
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In comparison to the 0 ns structure, the positional change was obvious in the stepwise
trajectory analysis of every 25 ns of compound 1 simulation with LSD (Figure 22). In
order to achieve conformational stability and convergence, the ligand, compound 1, was
discovered to exhibit structural angular mobility at the end frame.

The ligand torsions graphic depicts the conformational evolution of each rotatable
bond (RB) in the ligand throughout the simulation trajectory (0.00 through 150.00 ns). The
top panel shows a two-dimensional schematic of a ligand with color-coded rotatable bonds.
Each rotatable bond torsion is accompanied with a dial plot and a bar plot of the same
colour. The structure of the torsion during the simulation is depicted by dial (or radial)
charts. The simulation begins in the radial display’s centre, and the time evolution is
plotted radially outwards.

In the bar charts, which summarize the data from the dial plots, the probability density
of the torsion is shown. If torsional potential data is provided, the graphic also displays
the potential of the rotatable bond (by summing the potential of the related torsions). The
potential values are given in kcal/mol and are displayed on the chart’s left Y-axis. The
correlations between the histogram and torsion potential can reflect the conformational
strain that the ligand undergoes in order to maintain a protein-bound shape (See Figure 23).



Molecules 2022, 27, 4758 21 of 29Molecules 2022, 27, x FOR PEER REVIEW 22 of 30 
 

 

 
Figure 22. Stepwise trajectory analysis for every 25 ns displaying the protein and ligand confor-
mation during 150 ns of simulation of LSD-compound 1. 

 
Figure 23. Ligand torsion profile of LSD-compound 1 displayed during 150 ns of simulation 1. 

Molecular Mechanics Generalized Born and Surface Area (MMGBSA) calculations. 
The MMGBSA method is often used to determine the binding energy of ligands to protein 

Figure 22. Stepwise trajectory analysis for every 25 ns displaying the protein and ligand conformation
during 150 ns of simulation of LSD-compound 1.

Molecules 2022, 27, x FOR PEER REVIEW 22 of 30 
 

 

 
Figure 22. Stepwise trajectory analysis for every 25 ns displaying the protein and ligand confor-
mation during 150 ns of simulation of LSD-compound 1. 

 
Figure 23. Ligand torsion profile of LSD-compound 1 displayed during 150 ns of simulation 1. 

Molecular Mechanics Generalized Born and Surface Area (MMGBSA) calculations. 
The MMGBSA method is often used to determine the binding energy of ligands to protein 

Figure 23. Ligand torsion profile of LSD-compound 1 displayed during 150 ns of simulation 1.



Molecules 2022, 27, 4758 22 of 29

Molecular Mechanics Generalized Born and Surface Area (MMGBSA) calculations.
The MMGBSA method is often used to determine the binding energy of ligands to protein
molecules. The binding free energy of each protein–compound 1 complex was calculated,
as well as the influence of the other non-bonded interactions energies (Table 1). The binding
energy of ligand compound 1 with LSD is −59.78 kcal/mol. Gbind is governed by non-
bonded interactions such as GbindCoulomb, GbindCovalent, GbindHbond, GbindLipo,
GbindSolvGB, and GbindvdW. The GbindvdW, GbindLipo, and GbindCoulomb energies
contributed the most to the average binding energy across all types of interactions. These
conformational alterations result in improved binding pocket acquisition and engagement
with residues, resulting in increased binding energy and stability. Thus, the binding energy
obtained from docking results was well justified by MM-GBSA calculations. Furthermore,
the last frame (150 ns) of MMGBSA displayed the positional change of compound 1 as
compared to the 0 ns trajectory, indicating a better binding pose for best fitting in the
protein’s binding cavity (see Figure 24).

Table 1. Binding energy calculation of compound 1 with LSD and non-bonded interaction energies
from MMGBSA trajectories. (star indicates mean of all th energy value).

Energies (kcal/mol) Mean * LSD1 + Comp-1

∆Gbind −42.18 ± 7.60
∆GbindLipo −07.62 ± 4.78
∆GbindvdW −15.63 ± 7.77
∆GbindCoulomb −12.54 ± 4.07
∆GbindHbond −11.68 ± 2.00
∆GbindSolvGB 31.53 ± 9.70
∆GbindCovalent 10.22 ± 4.00
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4. Materials and Methods
4.1. Preparation of Data Sets/Modeling Set Preparation from ChEMBL Data

Only compounds having experimental LSD1 inhibitory potency tested against a range
of LSD1 inhibition assays were used in the ChEMBL [9] database. A limited data set
of 84 LSD1 inhibitors with accurate EC50 values (0.38–89500 nM) was created from a
crude dataset of 191 compounds with experimental EC50 values after removing structural
duplicates, multi-component compounds or salts, and compounds with imprecise EC50
values. The EC50 values in nanomolar (nM) units were converted to molar units first (M).
For the sake of data set handling, EC50 (M) values for each molecule were transformed to
pEC50 (pEC50 = −logEC50). SMILES notations for all 84 substances with experimental EC50
and pEC50 values are listed in Table S1 in Supplementary. Figure 25 shows a representative
example of the five least active and five most active LSD1 inhibitors.
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4.2. Calculation of Molecular Descriptors and Objective Feature Selection (OFS)

Using Open Babel 3.1, the SMILES notations were translated to 3D structures [15].
The most stable conformation is found in the geometry optimized molecule. As a result,
calculating molecular descriptors on a dataset of optimized molecules assures that all
physico-chemical attributes for all molecules in the dataset are uniform. Prior to calculating
molecular descriptors, all of the compounds in the current dataset were optimized using
TINKER (force field MMFF94). An appropriate calculation of many molecular descriptors
is required in QSAR analysis to improve mechanistic understanding. A huge collection of
more than 30,000 unique 1D- to 3D-molecular descriptors may be found in PyDescriptor, a
PyMOL plugin [16]. Data trimming was performed to prevent the risk of overfitting due
to noisy duplicated descriptors. Then, using QSARINS-2.2.4 [17], objective feature selec-
tion (OFS) was used to exclude near-constant, constant, and significantly inter-correlated
(|R| > 0.90) molecular descriptors. Despite the fact that only 1733 molecular descriptors
were accepted into the contracted molecular descriptor pool, it nevertheless has a wide
range of descriptors that cover a wide chemical spectrum.
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4.3. Splitting of the Data Set Molecules into Training and External Sets and Subjective
Feature Selection

To avoid information leaking, it is critical to divide the entire data set into training
and prediction sets with correct configuration and sizes prior to rigorous subjective feature
selection [18]. To avoid bias, the entire data set was arbitrarily divided into two sets:
training (an 80%, or 67 molecules) and prediction (20%, or 17 molecules). The sole objective
of a training set is to select an acceptable number of molecular descriptors for developing
QSAR models, whereas the prediction set is used to validate these models externally
(Predictive QSAR). The genetic algorithm-reinforced multilinear regression (GA-MLR)
method, as implemented in QSARINS-2.2.4, was used to pick acceptable descriptors using
Q2

LOO as a fitness parameter for subjective feature selection.
To construct a good QSAR model, it is critical to avoid overfitting and to choose an

appropriate number of molecular descriptors in order to provide satisfactory interpretability.
As a result, a graph of the number of molecular descriptors (X-axis) involved in the models
against R2tr and Q2

LOO values (Y-axis) has been plotted in the current communication to
achieve breaking point, with the number of molecular descriptors corresponding to the
breaking point being an optimum number of descriptors in QSAR model building. Because
the graph in Figure 3 shows a breaking point at five variables, QSAR models with more
than five descriptors were eliminated (See Figure 26).
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and Leave-One-Out Coefficient of Determination Q2 to identify the optimum number of descriptors.

4.4. Model Development and Validation

The robustness of the created models was determined using a variety of validation
criteria reported in the literature. Internal predictability and statistical quality of the
developed model were tested using parameters such as the coefficient of determination (r2),
leave-one-out cross-validation (Q2

LOO), and leave-many-out cross-validation to achieve
this (Q2

LMO). In addition, for each developed model, the standard error of estimate(s) was
defined. For the given QSAR models for the stated dataset, RMSE (Root Mean Squared of
Errors) for the training (RMSETR) and external prediction sets (RMSEext) that denote the
complete error of the model that was predicted as an extra portion of the accuracy [5,18]
were used.

The QUIK rule (Q Under the Influence of K) was used to examine the inter-correlation
between descriptors. To reduce inter-correlation among descriptors, the QUICK rule was
set to 0.05. The fit of the randomly reordered Y-data was checked using Y-randomization
with 2000 iterations to ensure the trustworthiness of the created QSAR model. The de-
pendent variables (pEC50 value) of the training set were shuffled, and new coefficients of
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determination were produced for the randomization of the constructed QSAR model. The
new models’ coefficients of determination are significantly low, indicating that the reported
model in this QSAR research was not acquired by chance correlation [19].

All models were externally validated using the following validation criteria: r2ext
(external determination coefficient), Q2

F1, Q2
F2, Q2

F3, Concordance Correlation Coefficient
(CCC), CCCex, r2m, and r2m. The R2m (overall) parameter penalizes a model when there
are big disparities between observed and predicted values of all the compounds in the
collection (considering both training and test sets). The difference between the values of the
expected and the resultant experimental activity data was assessed using the r2m (pEC50
value). It has been suggested that the observed value for the r2m should be lower than 0.2
if the r2m value is more than 0.5. To validate model reliability and robustness, all QSAR
models were examined for validation parameters such as Golbraikh and Tropsha’s criterion.

In general, the created QSAR model’s predictive ability is determined by how well
the anticipated value matches the observed (experimental biological activity) value. Even
the presence of a single outlier reduces the generated QSAR model’s prediction ability. Fol-
lowing that, we attempted to identify the outliers based on compound with a considerably
high residual value in GA-MLR QSAR models. Furthermore, by comparing the predicted
value to the standardized residual values, we were able to identify the outlier compounds.
Similarly, the leverage effect in Williams’ plot revealed structural variation in database
compounds. The created QSAR model’s applicability domain is determined by combining
the leverage and standard residuals [20–23].

4.5. Molecular Docking Analysis

The protein data bank (https://www.rcsb.org/structure/2DW4, accessed on 24 May 2022)
was used to obtain the pdb file for the LSD1 receptor. The pdb 2dw4 [24] was chosen because of
its X-ray resolution and sequence completion. The health of the protein was evaluated before
actual docking simulations by plotting Ramchandran’s plot [25] (See Figure 27). For docking
analysis, the optimized protein is acceptable. Although all of the compounds were docked into
the active site, the docking pose for the most active compound 1 as a representative has been
shown below for convenience.
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The software NRGSuite [26] was utilized for molecular docking analysis. This open-
source software is accessible as a PyMOL plugin (www.pymol.org, accessed on 7 July 2022).
With the help of FlexAID [27], it can detect the surface cavities in a protein and use them as

https://www.rcsb.org/structure/2DW4
www.pymol.org
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target-binding sites for docking simulations. It models ligand and side-chain flexibility, as
well as covalent docking, and employs a genetic algorithm for conformational search. To
gain the best performance using NRGsuite, we used a flexible-rigid docking technique with
the following default settings: Side chain flexibility—no; ligand flexibility—yes; ligand pose
as reference—no; constraints- no; HET groups- included water molecules; van der Walls
permeability—0.1; solvent types—no type; number of chromosomes—1000; number of
generations—1000; fitness model—share; reproduction model—population boom; number
of TOP complexes—5. The native ligand, a known tranylcypromine inhibitor of LSD1 [24],
was used to validate the docking technique for molecular docking.

4.6. Molecular Dynamic Simulation

Desmond, a package from Schrödinger LLC [28], was used to simulate molecular
dynamics for 150 nanoseconds. Docking experiments provided the earliest step of protein
and ligand complexes for molecular dynamics simulation. In static settings, Molecular
Docking Studies can predict the ligand binding state. Because docking provides a static view
of a molecule’s binding pose in a protein’s active site [29], MD simulations tend to compute
atom movements over time by integrating Newton’s classical equation of motion. The
ligand binding status in the physiological milieu was predicted using simulations [30,31].

Protein Preparation Wizard or Maestro was used to preprocess the protein–ligand
complex, which included complex optimization and minimization. The System Builder
tool was used to prepare all of the systems. TIP3P was chosen as a solvent model with
an orthorhombic box (Transferable Intermolecular Interaction Potential 3 Points). In the
simulation, the OPLS 2005 force field was used [32]. Counter ions were added to the models
to make them neutral. A total of 0.15 M salt (NaCl) was added to replicate physiological
circumstances. For the entire simulation, the NPT ensemble with 300 K temperature
and 1 atm pressure was chosen. Before the simulation, the models were loosened. After
every 100 ps, the trajectories were saved for analysis, and the simulation’s stability was
determined by measuring the root mean square deviation (RMSD) of the protein and ligand
over time.

4.7. Molecular Mechanics Generalized Born and Surface Area (MMGBSA) Calculations

During MD simulations of LSD complexed with complex 1, the binding free energy
(Gbind) of docked complexes was calculated using the premier molecular mechanics
generalized born surface area (MM-GBSA) module (Schrodinger suite, LLC, New York,
NY, USA, 2017-4). The binding free energy was calculated using the OPLS 2005 force
field, VSGB solvent model, and rotamer search methods [16–18]. After the MD run, 10 ns
intervals were used to choose the MD trajectories frames. The total free energy binding
was calculated using Equation (1):

∆Gbind = Gcomplex − (Gprotein + Gligand) (1)

where, ∆Gbind = binding free energy, Gcomplex = free energy of the complex,
Gprotein = free energy of the target protein, and Gligand = free energy of the ligand. The
MMGBSA outcome trajectories were analyzed further for post-dynamics structural modifications.

5. Conclusions

Pharmacophoric traits responsible for improved LSD1 inhibition unraveled by present
QSAR evaluation are interconnected and thus easy to incorporate to optimize present LSD1
inhibitors towards more potent analogues; for example, a higher number of Nitrogen atoms
precisely at six bonds and a lower number of Hydrogen atoms at three bonds from the ring
Carbon atom can be introduced at the same time to optimize the LSD1 inhibitors towards
better activity, and a higher number of non-ring Oxygen atoms precisely at nine bonds
from the amide Nitrogen and a less frequent occurrence of sp2 Oxygen within 4Å boosts
the LSD1 inhibitory activity. Likewise, the hydrogen bond donor atom at two bonds and
amide Nitrogen at four bonds from sp3 hybridized Carbon atoms enhances the desired
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activity. Two of the five descriptors in the split-set model emphasize the relevance of the
ring carbon atom, whereas one descriptor represents the importance of the ring Sulphur
atom, indicating that there is room for modification of dataset compounds for greater LSD1
inhibition. On the other hand, two out of five descriptors emphasize the relevance of amide
nitrogen, suggesting that the current dataset compounds might be optimized for improved
LSD1 inhibition. Lipophilic atoms, such as ring carbon atoms, were identified as a possible
center for the optimization of LSD1 inhibitors for anticancer efficacy by certain chemical
descriptors. As a result, the created QSAR model may be used to improve compounds
for better LSD1 inhibition and cancer prevention. The docking results revealed that the
descriptors, fdonsp3C2B and lipo_ringS_8Bc, played important roles in the inhibition of
the LSD1 receptor, which was consistent with the QSAR findings. The MD simulation
results display that the ligands were tightly bound to the binding site of the receptor
during the simulation. The ligands are still firmly connected to the receptor’s binding
site, as evidenced by the fact that the RMSD values for the ligand fit-to-protein does not
significantly vary over the course of the simulation. Compound 1’s position was altered in
the last 150-ns frame of the MMGBSA simulation, compared to the 0-ns trajectory, indicating
a more advantageous binding pose for the binding cavity of the protein. Therefore, the MD
simulation and MMGBSA analysis strengthens the outcome of the QSAR and Molecular
docking studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27154758/s1. Table S1: The SMILES notation for
84 leads, along with their reported EC50 and pEC50 values. Table S2: The values for selected
molecular descriptors present in QSAR models.
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GA Genetic Algorithm
MLR Multiple Linear Regression
QSAR Quantitative Structure-Activity Relationship
QSARINS QSAR Insubria
OECD Organization for Economic Co-operation and Development
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Alzheimer’s disease (AD) is a severe neurodegenerative disorder of the brain

that manifests as dementia, disorientation, difficulty in speech, and progressive

cognitive and behavioral impairment. The emerging therapeutic approach to

AD management is the inhibition of β-site APP cleaving enzyme-1 (BACE1),

known to be one of the two aspartyl proteases that cleave β-amyloid

precursor protein (APP). Studies confirmed the association of high BACE1

activity with the proficiency in the formation of β-amyloid-containing neurotic

plaques, the characteristics of AD. Only a few FDA-approved BACE1 inhibitors
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GRAPHICAL ABSTRACT

Food molecules as a potential BACE1 inhibitor against Alzheimer’s disease.

are available in the market, but their adverse off-target effects limit their usage.

In this paper, we have used both ligand-based and target-based approaches

for drug design. The QSAR study entails creating a multivariate GA-MLR

(Genetic Algorithm-Multilinear Regression) model using 552 molecules with

acceptable statistical performance (R2 = 0.82, Q2
loo = 0.81). According to

the QSAR study, the activity has a strong link with various atoms such as

aromatic carbons and ring Sulfur, acceptor atoms, sp2-hybridized oxygen,

etc. Following that, a database of 26,467 food compounds was primarily

used for QSAR-based virtual screening accompanied by the application of the

Lipinski rule of five; the elimination of duplicates, salts, and metal derivatives

resulted in a truncated dataset of 8,453 molecules. The molecular descriptor

was calculated and a well-validated 6-parametric version of the QSAR model

was used to predict the bioactivity of the 8,453 food compounds. Following

this, the food compounds whose predicted activity (pKi) was observed above

7.0 M were further docked into the BACE1 receptor which gave rise to

the Identification of 4-(3,4-Dihydroxyphenyl)-2-hydroxy-1H-phenalen-1-one

(PubChem I.D: 4468; Food I.D: FDB017657) as a hit molecule (Binding

Affinity =−8.9 kcal/mol, pKi = 7.97 nM, Ki = 10.715 M). Furthermore, molecular

dynamics simulation for 150 ns and molecular mechanics generalized born

and surface area (MMGBSA) study aided in identifying structural motifs

involved in interactions with the BACE1 enzyme. Molecular docking and

QSAR yielded complementary and congruent results. The validated analyses
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can be used to improve a drug/lead candidate’s inhibitory efficacy against

the BACE1. Thus, our approach is expected to widen the field of study of

repurposing nutraceuticals into neuroprotective as well as anti-cancer and

anti-viral therapeutic interventions.

KEYWORDS

beta-site APP cleaving enzyme 1, BACE1, Alzheimer’s disease, glioblastoma, QSAR,
molecular docking, MD simulations, golden lotus banana

Introduction

Alzheimer’s disease (AD) is a devastating mental illness,
which leads to an irreversible, progressive brain disorder
that slowly destroys memory skills and learning abilities (De
Strooper and Karran, 2016). Though the disease progression
and risk factors of AD are not completely understood, a large
number of evidence suggest the formation of amyloid-beta (Aβ)
is central to the pathophysiology of AD (Vassar et al., 1999).
AD progression stages vary from mild to severe in middle-
aged people to older persons detected with cognitive tests (Hall
et al., 2019). During the preclinical stage of AD, patients seem to
be symptom-free, but neurodegenerative changes occur in the
brain. Abnormal accumulation of Aβ-containing plaques and
hyperphosphorylated tau throughout the brain causes healthy
neurons to exhibit loss of synaptic connections, ion-channel
dysfunctions, and severe deterioration in neuronal health. This
ultimately leads to neuronal cell death and cognitive decline in
elderly persons (Musi et al., 2018; Sebastián-Serrano et al., 2018).
This progressive accumulation of Aβ is caused by imbalances in
the levels of Aβ production, aggregation, and clearance (Murphy
and LeVine, 2010; Jabir et al., 2021). Moreover, alterations
in synaptic plasticity and integral neuronal circuitries severely
hamper neurogenesis.

The Special Report examines MCI, including Alzheimer’s,
from the perspectives of consumers and primary care providers.
AD affects 6.5 million Americans who are 65 years old or
older. By 2060, this figure may increase to 13.8 million unless
medical advances prevent, slow down, or cure AD. A total of
121,499 AD deaths were reported on official death certificates
in 2019. According to one COVID-19 report, AD is the sixth
most common cause of death in the United States in 2019
and will move up to the seventh most common cause in
2020 and 2021. Among Americans 65 and older, AD is the
seventh most common cause of death. Between 2000 and 2019,
mortality from HIV, heart disease, and stroke all dropped,
whereas AD deaths rose by 145 percent. In 2021, 16 billion
hours of care were supplied by over 11 million family members
and other unpaid caregivers. These statistics demonstrate a
decrease in carers and an increase in the amount of care that
each caregiver who is still working gives. $271,6 billion was

spent on unpaid dementia care in 2021. Family caregivers now
have a higher risk of emotional discomfort as well as poorer
mental and physical health due to COVID-19. Caregivers of
dementia are also impacted by COVID-19. To safeguard their
own health and the health of their families, several caregivers
have resigned. However, there is a need for more dementia
carers. Medicaid payments are more than 22 times greater than
Medicare payments, and payments to beneficiaries 65 and older
with AD or other dementias are approximately three times
more than payments to beneficiaries without these illnesses.
Hospice, long-term care, and healthcare for dementia patients
will cost $321 billion in 2022. A poll by the Alzheimer’s
Association indicates MCI obstacles. The study revealed low
MCI knowledge, a lack of desire to seek medical attention for
symptoms, and challenges with MCI diagnosis. According to
survey findings, clinical trial participation should be increased
together with MCI awareness and diagnosis, particularly in
impoverished communities (Alzheimer’s Association, 2012).

Aβ is a neurotoxic aggregate produced by the consecutive
proteolysis of β-amyloid precursor protein (APP) by two
aspartyl proteases, beta-site APP cleaving enzyme, Beta-
Secretase (BACE1), and finally by γ secretase (Sinha et al., 1999;
Vassar et al., 1999; Yan et al., 1999; Cui et al., 2011; Zhang et al.,
2011). BACE1 is a novel target, a type 1 transmembrane aspartic
protease, related to the pepsin and retroviral aspartic protease
families (Moussa-Pacha et al., 2020), having 501 amino acids and
is predominantly expressed in the human brain (Zacchetti et al.,
2007; Hassan et al., 2018).

As there is a strong association between Aβ accumulation
and AD, the primary therapeutic strategy for the treatment
of AD targets lowering the concentration of Aβ. One such
strategy that has come up in recent findings involves inhibiting
the enzymes that generate Aβ in the first place. BACE1
antisense oligonucleotide treatment to APP overexpressing
cells is reportedly responsible for a decreased production of
β-secretase cleaved APP fragments. Recent studies suggest that
the levels of BACE1 protein and their activity were raised
to approximately double in patients with AD where BACE1
might initiate or enhance AD pathogenesis. Several studies
proved that BACE1 is a vital drug target and active site of the
enzyme (Sinha et al., 1999; Vassar et al., 1999; Dingwall, 2001;
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Fukumoto et al., 2002; Yang et al., 2003; Li and Südhof, 2004).
It is covered by a flexible antiparallel β-hairpin, called a flap
(Hussain et al., 2000). It is elucidated that the flap can control
substrate access to the receptor site and set the substrate into
the perfect orientation for the catalytic process (Lin et al., 2000).
Hence, the inhibition of proteases such as BACE1 may represent
modifying treatment for AD by controlling the production of
Aβ (Tresadern et al., 2011; Arif et al., 2020). Therefore, BACE1
inhibitors may be used to treat AD.

Natural compounds have been investigated for many years
for their ability to target a range of trans-acetyl peptidases in
the search for new medications with fewer side effects due
to their high biocompatibility. Apart from their benefits, the
majority of natural compounds have a variety of disadvantages,
including a high molecular weight, low stability, and in
many cases, insufficient solubility. These difficulties can be
resolved by using computer-assisted research to generate more
effective and selective inhibitors. They are less harmful and
more readily absorbed into the body than manufactured
drugs. Computational techniques enable the modeling and
screening of such compounds in a cost-effective and informative
manner from a vast library of choices. The binding sites
for various bioactive substances in BACE1 protein were
predicted, and their interactions were explored utilizing the
Food database and molecular docking. Musella lasiocarpa’s
bioactive component, 4-(3,4-Dihydroxyphenyl)-2-hydroxy-1H-
phenalen-1-one, is found to be the potential inhibitor of BACE1.
M. lasiocarpa, also known as Chinese Dwarf Banana, is the
only species in the genus Musella, which belongs to the family
of Musaceae. Some novel compounds have also been isolated
from this plant, which showed remarkable in vitro anticancer
activities and some degree of antimicrobial activity (Bo et al.,
2000; Dong et al., 2011).

These results demonstrate the potential of the M. lasiocarpa
as a source of novel drugs, nutraceuticals, and functional foods.
The result from this study will inspire the perspective of natural
compounds and computer-aided drug discovery and, in the
long run, significantly reduce the time required to research and
build new lead compounds with specified biological activity and
structural variety.

Methodology

QSAR modeling

Organization for economic corporation and development
guidelines and a standard protocol recommended by different
researchers, which involved sequential execution of (1) data
collection and its curation, (2) structure generation and
calculation of molecular descriptors, (3) objective feature
selection (OFS), (4) splitting the dataset into training and
external validation sets, and (5) subjective feature selection

involving building a regression model and validation of
the developed model, has been followed to build a widely
applicable QSAR model for the BACE1 inhibitory activity.
This also ensures thorough validation and successful
application of the model.

Selection of data set
The data set of BACE1 inhibitory activity used for building,

training, and validating the QSAR model in the present work
was downloaded from the Chembl database (accessed on 22nd
December 2021)1, which is a free and publicly accessible
database. Initially, the data set comprised of 552 molecules
(Davies et al., 2015). Then, as a part of data curation, entries with
ambiguous Ki values, duplicates, salts, metal-based inhibitors,
etc., were omitted. The final data set comprises structurally
diverse 371 molecules with remarkable variation in structural
scaffolds, which were tested experimentally for potency in
terms of Ki (nM). A collection of 371 molecules with various
structural configurations with mentioned enzyme inhibitory
concentration (Ki) was decided on for the existing work
(O’Boyle et al., 2011; Tosco et al., 2011; Fujita and Winkler,
2016). The Ki values ranging from 0.47 to 1,400 nM have
been transformed to pKi (pKi = – logKi) earlier than real
QSAR evaluation for ease of dealing with the data. Five least
and five most active molecules are depicted in Figure 1 to
illustrate the version in bio-activity with chemical features. The
SMILES strings with mentioned Ki and pKi values for all of the
molecules are depicted inside Supplementary Table 1 with the
Supplementary material.

Molecular structure drawing and optimization
Drawing the 2D structures of all 371 and converting them to

their corresponding 3D structures was done using ChemSketch
12 Freeware and Open Babel 2.4, (O’Boyle et al., 2011) both
free and open-source software, respectively.2 After that, the
MMFF94 force field available in TINKER (default setting)
and Open3DAlign is used for optimization and molecular
alignment, respectively.

Molecular descriptor calculation and objective
feature selection

PyDescriptor has over 30,000 molecular descriptors for each
molecule (Masand and Rastija, 2017). Molecular descriptors
with near constant values (>95%) and resonance (|R|) > 0.95
were eliminated using OFS in QSARINS v2.2.4 (Gramatica
et al., 2013, 2014). This work removed duplicate molecular
descriptors and prevented collisions of multicollinearity and
hypothetical variables in the Genetic Algorithm multiple linear
regression (GA-MLR) model. Only 3,281 molecular descriptors

1 https://www.ebi.ac.uk/chembl/g/#search_results/all/query bace 1

2 www.acdlabs.com
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FIGURE 1

Schematic representation of the inhibition of Aβ plaque formation by FDB017657.

were found in the reduced pool of molecular descriptors
generated after OFS processing.

Subjective feature selection, QSAR model
development, and validation

A reduced set of molecular descriptors consisting of 1D to
3D descriptors, molecular properties and charge descriptors,
etc., covers a fairly complete descriptor space. A statistically
robust genetic algorithm (GA) based on multiple linear
regression (MLR) was deployed to run the QSAR model using
the subjective feature selection (SFS) task in QSARINS v2.2.4.
Models derived according to the organization for economic
corporation and development (OECD) principles have been
subjected to rigorous internal and external statistical validation,
scrambling, and range analysis. The QSAR deployment process
goes through the following steps:

To generate a QSAR model from the split data set, a random
split operation is performed in QSARINS v2.2.4 to split the
given data set into 80% training set (297 molecules) and 20%
predictions (74 molecules set). A total of 297 molecules in the
training set were used to develop the QSAR model, and external
validation was performed on 74 molecules in the prediction set
(Gramatica et al., 2013).

The GA-MLR-based QSAR model was built with the
default setting QSARINS v2.2.4. Subjective feature selection was
performed by setting Q2

LOO as a fitness feature. The Q2
LOO

score increased significantly to six variables but then increased
slightly. Therefore, to avoid overfitting the model, SFS was
limited to a set of seven descriptors. This helped to get a simple
and informative QSAR model (see Supplementary Table 2 in
Supplementary information) for additional information on the
six selected molecular descriptors present in the QSAR).

A good QSAR model which has been properly validated
using various methods such as cross-validation, external

validation, Y-randomization, and applicability domain
(Williams plot) is useful for future utilization in virtual
screening, molecular optimization, and decision making, etc.
The following statistical parameters and their recommended
threshold values are routinely used to validate a model
(Bellacasa et al., 2013; Roskoski, 2013; Fujita and Winkler,
2016; Gramatica, 2020): R2

tr ≥ 0.6, Q2
loo ≥ 0.5, Q2

LMO ≥ 0.6,
R2 > Q2, R2

ex ≥ 0.6, RMSEtr < RMSEcv, 1K ≥ 0.05,
CCC ≥ 0.80, Q2-Fn ≥ 0.60, r2

m ≥ 0.5, (1-r2/ro
2) < 0.1,

0.9≤ k≤ 1.1 or (1-r2/ro
2) < 0.1, 0.9≤ k’≤ 1.1,(ro

2- r’o2|) < 0.3,
RMSEex, MAEex, R2

ex, Q2F1, Q2
F2, Q2

F3, and low R2
Yscr,

RMSE and MAE. The formulae for calculating these statistical
parameters are available in Supplementary Table 3 in the
Supplementary material. In addition, the Williams plot was
plotted to evaluate the applicability domain of the QSAR model.

QSAR-based virtual screening

A database of 26,467 food compounds was downloaded
from FooDB (accessed December 28, 2021)3, primarily for
QSAR-based virtual screening (VS) accompanied through the
utility of Lipinski rule of five; the elimination of duplicates, salts,
and metal derivatives resulted in a truncated dataset of 8,453
molecules. Therefore, the 8,453-food molecule was mainly used
for VS-based QSAR. Prior to the calculation of the molecular
descriptor, the 3D molecular system was organized within the
same Method as a modeling set. Next, the molecular descriptor
was calculated and a well-validated 6-parametric version of the
QSAR model was used to predict the bioactivity of the new
compound (Gramatica, 2013; Neves et al., 2018; Zaki et al., 2021;
Jawarkar et al., 2022; Mukerjee et al., 2022). (The calculated

3 http://foodb.ca/
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molecular descriptors along with the predicted pKi and Ki values
with smiles strings are given in Supplementary Table 4 in the
Supplementary material).

Virtual screening of natural
compounds using molecular docking

The structure-based virtual screening of the compounds was
performed using AutoDock vina Version 1.1.2 (Trott and Olson,
2010). Binding sites of BACE1 for screening were predicted
using DoGSiteScorer (Volkamer et al., 2012) and information
about the binding site of the native ligand. The size of the grid
box was set to be 96 × 52 × 56 Å for BACE1, centered around
the identified binding site. The compounds with the best binding
affinity (kcal/mol) corroborating ligand-based screening in the
QSAR analysis were selected for the studies.

Preparation of protein and ligand
molecule

The target of interest BACE1 (PDB I.D: 2ZHV)
crystallographic structure was discovered in the Protein
Data Bank’s structural database, and a molecular editor with
an open-source license was used to import the structure
(Discovery studio visualizer 4.0)4 (Figure 2). To get the
structure optimized, the UCSF Chimera utilized the steepest
descent to find 1,000 steps, followed by the conjugate gradient
of energy minimization approach to optimize the structure
of 4-(3,4-dihydroxyphenyl)-2-hydroxy-1H-phenalen-1-one
(PubChem I.D: 4468; Food I.D: FDB017657) was acquired from
Food Database after screening and QSAR. This dataset was
imported into the DS visualizer and saved as PDB files.

The FOOD database was used to obtain the library of ligands
by screening the metabolites of M. lasiocarpa (Bonvino et al.,
2018). The smiles notation and the three-dimensional structures
of the selected ligands were downloaded in SDF format from
the PubChem database (Kim et al., 2019), and further ligand
structure files were converted to PDB format using Open Babel
software (O’Boyle et al., 2011). The energy minimization of the
ligands was performed in UCSF Chimera software (Pettersen
et al., 2004) using the Amber ff 14 sb force field. The receptor
used in the study is receptor tyrosine kinase; RCSB Protein
Data Bank (PDB) (Berman et al., 2000) was used to download
receptors BACE1 with PDB I.D: 2ZHV, Resolution: 1.85 Å.
The protein structure was prepared by removing ligand, water
molecules, and metal ions. Polar hydrogens were added, and
non-polar hydrogens were merged. Finally, Kollman charges
were added to the protein molecule before converting to PDBQT
format by AutoDock Tools (v.1.5.6) of the MGL software
package (Forli et al., 2016).

4 https://www.rcsb.org/structure/2ZHV

Molecular docking for validation of
docking score

The best hits from the QSAR modeling and virtual
screening were re-docked against BACE1 (PDB I.D: 2ZHV).
Protein and ligand preparations were done using AutoDock
Tools (v.1.5.6) (Forli et al., 2016). Gasteiger charges were
added to the ligand molecules prior converting to the
PDBQT format. Online server DoGSiteScorer and the
information about the binding site residues of native
ligand were used to construct the grid box. The grid box
of dimensions 96 × 52 × 56 Å for BACE1 with 0.375 Å grid
spacing was constructed using auto grid 4.2. Semi-flexible
docking was done keeping the receptor molecule rigid and
ligands flexible. Molecular docking was done via AutoDock
4.2 (Morris et al., 2009) using the Lamarckian Genetic
Algorithm (LGA) scoring function with the number of GA
runs = 100, population size = 550, and a maximum number of
evaluations = 24,000,000.

Molecular dynamics simulation
(MD-simulation) and free energy
landscape (FEL) analysis

The MD simulations studies were carried out in triplicate on
dock complexes for BACE1 (PDB I.D: 2ZHV) with FDB017657
using the Desmond 2020.1 from Schrödinger, LLC. The
triplicate samplings were made using the same parameters
for each MD run to obtain the reproducibility of the results.
The OPLS-2005 force field (Bowers et al., 2006; Chow et al.,
2008; Shivakumar et al., 2010) and explicit solvent model with
the stocktickerSPC water molecules were used in this system
(Jorgensen et al., 1983). Na+ ions were added to neutralize
the charge of 0.15 M, and NaCl solutions were added to the
system to simulate the physiological environment. Initially, the
system was equilibrated using an NVT ensemble for 150 ns to
retrain over the protein- FDB017657 complex. Following the
previous step, a short run of equilibration and minimization
was carried out using an NPT ensemble for 12 ns. The NPT
ensemble was set up using the Nose-Hoover chain coupling
scheme (Martyna et al., 1994) with the temperature at 27◦C,
the relaxation time of 1.0 ps, and pressure of 1 bar maintained
in all the simulations. A time step of 2fs was used. The
Martyna–Tuckerman–Klein chain coupling scheme (Martyna
et al., 1992) barostat method was used for pressure control
with a relaxation time of 2 ps. The particle mesh Ewald
method (Toukmaji and Board, 1996) was used to calculate
long-range electrostatic interactions, and the Radius for the
Coulomb interactions was fixed at 9Å. RESPA integrator was
used for a time step of 2 fs for each trajectory to calculate
the bonded forces. The root means square deviation (RMSD),
radius of gyration (Rg), root mean square fluctuation (RMSF),
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and the number of hydrogen (H-bonds) were calculated to
monitor the stability of the MD simulations. The free energy
landscape of protein folding on the FDB017657 bound complex
was measured using geo_measures v 0.8 (Kagami et al., 2020).
Geo_measures include a powerful library of g_sham and form
the MD trajectory against RMSD and Radius of gyration
(Rg) energy profile of folding recorded in a 3D plot using
matplotlib python package.

Molecular mechanics generalized born
and surface area (MMGBSA)
calculations

During MD simulations of BACE1 complexed with
FDB017657, the binding free energy (Gbind) of docked
complexes was calculated using the premier molecular
mechanics generalized Born surface area (MM-GBSA) module
(Schrodinger suite, LLC, New York, NY, United States, 2017-4).
The binding free energy was calculated using the OPLS 2005
force field, VSGB solvent model, and rotamer search methods
(Piao et al., 2019). After the MD run, 10 ns intervals were used
to choose the MD trajectories frames. The total free energy
binding was calculated using equation 1:

1Gbind = Gcomplex − (Gprotein + Gligand) (1)

Where, 1Gbind = binding free energy, Gcomplex = free
energy of the complex, Gprotein = free energy of the target
protein, and Gligand = free energy of the ligand. The MMGBSA
outcome trajectories were analyzed further for post-dynamics
structure modifications.

Dynamic cross-correlation and
principal component (PCA) analysis

During a 150 ns MD simulation, a dynamic cross-
correlation matrix (DCCM) was constructed across all C-atoms
for all complexes to examine domain correlations. During a
150 ns simulation of the BACE1 (PDB I.D- 2ZHV) complexed
with FDB017657, PCA analysis was used to recover the
global movements of the trajectories. To calculate the PCA, a
covariance matrix was created as stated. For conformational
analysis of the FDB017657 in bound complex, 20 alternative
conformational modes of the main component as movements
of trajectories were calculated, and a comparison of the first
highest mode (PC2) with PC10 was investigated. Geo measures
v 0.8 was used to calculate the free energy landscape of protein
folding on an FDB017657-bound complex (Kagami et al.,
2020). The MD trajectory versus PC2 and PC10 energy folding
profiles were recorded in a 3D plot using the matplotlib python
package using Geo measures, which includes a comprehensive
library of g_sham.

Results

The present QSAR analysis is performed using a moderate-
size data set comprising structurally diverse compounds with
experimentally measured Ki in the range from 0.47 to 1,400 nM.
Thus, it covers a sufficiently broad chemical and data range.
This helped to derive a properly validated (Martin and
Muchmore, 2012; Gramatica et al., 2013; Masand et al., 2015;
Fujita and Winkler, 2016) genetic algorithm unified with
multilinear regression (GA-MLR) model to collect or extend
thorough information about the pharmacophoric features that
control the desired bio-activity (Descriptive QSAR) and having
adequate external predictive capability (Predictive QSAR). The
six variable-based GA-MLR QSAR model along with selected
internal and external validation parameters (see Supplementary
material for additional parameters) is as follows:

QSAR Model (Divided Set: Training Set-80% and Prediction
Set-20%):

pKi = 4.415 (± 0.236) + 0.046 (± 0.017) ∗

com_lipohyd_5A + 0.12 (± 0.027) ∗ faccC3B + 0.353
(± 0.105) ∗ aroC_sumpc+ 0.273 (± 0.034) ∗ N_acc_5B+ 0.109
(± 0.02) ∗ aroC_ringS_6B+ 0.269 (± 0.04) ∗ fsp3OringC8B+

Statistical parameters related to fitting, double cross-
validation, and Y-scrambling for the de novo QSAR model with
thresholds for some parameters (bottom of table) are shown in
Table 1.

Thresholds for some important statistical parameters:
R2
≥ 0.6, Q2

LOO ≥ 0.5, Q2
LMO ≥ 0.6, R2 > Q2, R2

ex ≥ 0.6,
RMSEtr < RMSEcv, 1K ≥ 0.05, CCC ≥ 0.80, Q2

Fn ≥ 0.60,
r2m ≥ 0.6, 0.9 ≤ k ≤ 1.1 and 0.9 ≤ k′ ≤ 1.1 at RMSE≈2,
MAE 4 ≈04 R2

adj of fitting parameter R2, etc.) The threshold is
significantly exceeded, confirming the adequacy of the number
of molecular descriptors in the model and the statistical
acceptability of the QSAR model. The values of Q2

LOO, Q2
LMO,

etc., (internal validation parameters) confirm the statistical
robustness of the QSAR model. The high values of the external
test parameters R2

ex, Q2
F1, Q2

F2, Q2
F3, etc., emphasize the

external predictability of the QSAR model. The coverage area of
the model (Applicability Domain) is determined from Williams
plots for the QSAR model (see Figure 3). Almost all statistical
parameters reached values well above the accepted threshold,
and the minimal correlation between the selected molecular
descriptors precluded the possibility of random development of
the QSAR model. This data confirms the statistical reliability
and high external predictability of the developed QSAR models.

A nicely proven correlation among salient capabilities of
the molecules represented through molecular descriptors, and
their bioactivity expands statistics approximately mechanistic
elements of molecules, specificity, and quantity (presence or
even absence) of various structural developments for preferred
bioactivity. Although, withinside the QSAR analysis, we’ve as
compared the Ki values of various molecules in correlation
and as an impact of a specific molecular descriptor, a similar
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TABLE 1 Statistical parameters for the developed QSAR model.

Statistical parameters Model

Fitting

R2 0.8120

R2
adj 0.8168

R2-R2
adj 0.0037

LOF 0.1807

Kxx 0.2382

Delta K 0.0928

RMSEtr 0.4079

MAEtr 0.3276

RSStr 49.5888

CCCtr 0.9014

s 0.4128

F 221.7565

Internal validation

Q2
LOO 0.8120

R2-Q2
LOO 0.0085

RMSEcv 0.4175

MAEcv 0.3352

PRESScv 51.9415

CCCcv 0.8968

Q2
LMO 0.8123

R2
Yscr 0.0197

RMSE AV Yscr 0.9534

Q2 Yscr
−0.0283

External validation

RMSEext 0.4604

MAEext 0.3803

PRESSext 15.4724

R2
ext 0.7829

Q2-F1 0.7832

Q2-F2 0.7819

Q2-F3 0.7714

CCCext 0.8742

r2
m aver. 0.6607

r2
m delta 0.1977

k′ 0.9967

K 0.9999

Clos′ 0.0496

Clos 0.0000

or contrary impact of different molecular descriptors or
unknown descriptors has a dominant impact in figuring out
the general Ki value of a molecule cannot be neglected. In
different words, a single molecular descriptor is incapable of
absolutely explaining the experimental Ki value for this sort of
numerous set of molecules. That is, the successful usage of the
advanced QSAR model is based on the concomitant usage of
molecular descriptors.

Mechanistic interpretation

com_lipohyd_5A (occurrence of the lipo-hydrophobic
atoms within 5A from the center of mass of the molecule) Since
this descriptor received a positive coefficient in the developed
QSAR model, increasing the value of the molecular descriptor
com_lipohyd_5A was observed to increase BACE1 inhibitory
activity. This can be observed by comparing the compound
368 (pKi = 7.75, com_lipohyd_5A = 14) with 48 (pKi = 6.37,
com_lipohyd_5A = 13) for which an increase in the value of
the molecular descriptor com_lipohyd_5A from 13 for the
molecule 48 to the 14 will give rise to increase in pKi value
by about 1 unit (about ten-fold increase in BACE1 inhibitory
activity). This observation is further reinforced by the following
pair of molecules; 243 (pKi = 7.35, com_lipohyd_5A = 8)
and 134 (pKi = 6.93, com_lipohyd_5A = 7), 211
(pKi = 7.92, com_lipohyd_5A = 12) and 207 (pKi = 7.58,
com_lipohyd_5A = 11), 189 (pKi = 8.4, com_lipohyd_5A = 15)
and 255 (pKi = 8.19, com_lipohyd_5A = 10), 262
(pKi = 5.52, com_lipohyd_5A = 15) and 115 (pKi = 4.97,
com_lipohyd_5A = 13), etc. Shifting the molecular descriptor
com_lipohyd_5A with com_lipohyd_6A statistically improves
the performance (R: 0.84) of the developed QSAR model, while
replacing com_lipohyd_5A with com_lipohyd_4A statistically
drops the performance of the QSAR model (R: 0.81). This
observation underscores the importance of the molecular
descriptor com_lipohyd_5A. In addition, the optimum distance
between lipo-hydrophobic atoms from the center of mass of the
molecule should be maintained at 6 Å to show better inhibitory
activity against BACE1.

faccC3B (occurrence of the carbon atom exactly at three
bonds from the acceptor atom). If the same descriptor exists
in two or four bonding at the same time, it will be removed
during the calculation of faccC3B. This descriptor received a
positive sign in the developed QSAR model. Therefore, further
increases in faccC3B value increase the inhibitory efficacy of
BACE1 inhibitors. Comparison of the compound 331 (pKi = 7.6,
faccC3B = 7) with 142 (pKi = 6.87, faccC3B = 6) illustrate the
influence of the molecular descriptor faccC3B. If the value of
the molecular descriptor faccC3B is enhanced from 6 for the
molecule 142 to 7 will upsurge the pki value by about 1 unit
(about 10-fold amplification in the BACE1 inhibitory activity).
Following pair from Figures 3C,D of molecules support this
observation; 295 (pKi = 8.72, faccC3B = 6) and 255 (pKi = 8.19,
faccC3B = 4), 262 (pKi = 5.52, faccC3B = 3) and 115 (pKi = 4.97,
faccC3B = 2), 258 (pKi = 8.7, faccC3B = 9) and 274 (pKi = 7.58,
faccC3B = 8), 128 (pKi = 6.28, faccC3B = 3) and 60 (pKi = 6.1,
faccC3B = 2), 169 (pKi = 8.7, faccC3B = 9) and 286 (pKi = 7.55,
faccC3B = 7), etc.

This shows that simple carbon atoms along the 3-bond
acceptor atom are essential for inhibitory efficacy, but the
molecular descriptors faccC3B and fdonC3B (frequency of
carbon atoms exactly 3 bonds away from the donor atom). Or
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FIGURE 2

Variations in activity and chemical structure in the present dataset of BACE1 inhibitors.

fdonlipo5B (an acceptor atom with exactly 5 bonds from the
donor atom) greatly improves the statistical detection power
of the developed QSAR model (fdonC3B, R: 0.89) (fdonlipo5B,
R: 0.88). This observation shows that the inhibitory effect can
be enhanced by replacing the acceptor atom with a donor
atom with 3 bonds of the same topology distance, or by
moving the carbon atom to any lipophilic atom along the
donor by a distance of five bonds. This observation shows
that the carbon atom is more important along the donor
atom located at the optimum distance of the three bonds.
Therefore, since most H-bond donors or acceptors are nitrogen
or oxygen, the presence of donor atoms close to the carbon
atom may help to enhance the interaction with the polar
residues of the receptor (BACE1). In addition, the descriptor
also shows the important role that carbon atoms definitely play
in lipophilicity.

aroC_sumpc (sum of partial charges on aromatic carbon
atoms in the range of + 0.2 and −0.2). A positive coefficient
for aroC_sumpc indicates that the higher the value of this
descriptor, the better the activity profile. The presence
of a large number of carbon atoms makes the molecule
lipophilic, while the presence of positively or negatively
charged carbon atoms causes various types of hydrophobic
interactions with the receptor (BACE1), such as pi-alkyl,
pi-cation, and pi-pi stacking. This observation underscores
the importance of the molecular descriptor aroC_sumpc. This
observation is supported by comparing the following pairs
of molecules: 316 (pKi = 8.5, aroC_sumpc = 0.224000013)
and 23 (pKi = 7.4, aroC_sumpc = −0.088000003),

159 (pKi = 9, aroC_sumpc = 0.013999997) and 298
(pKi = 8.5, aroC_sumpc = −0.197999999), 369 (pKi = 9,
aroC_sumpc = 0.356000006) and 109 (pKi = 8.14,
aroC_sumpc =−0.32299999), etc. This observation pointed out
that negatively charged carbons are not favorable for BACE1
inhibitory activity, hence, ring carbon atom with neutral or
positively charged possesses a better BACE1 inhibitory activity.

Subsequently, shifting the molecular descriptor
aroC_sumpc to the molecular descriptor ringC_sumpc
(sum of partial charges of the ring carbon atom) for future
drug optimization increases the statistical power (R: 0.88)
of the developed QSAR model. Furthermore, assuming that
the molecular descriptor aroC_sumpc is replaced with the
molecular descriptor aroCminus_sumpc (sum of partial charges
of negatively charged aromatic carbon atoms), this reduces
the statistical power (R: 0.75) of the QSAR model. Therefore,
incorporating the ring carbon atom (ringC_sumpc) is a better
choice for future optimization of hits to the lead molecule for
better inhibitory activity of BACE1.

N_acc_5B (occurrence of acceptor atom within 5 bonds
from the nitrogen atom). The molecular descriptor N_acc_5B
indicates that the acceptor atom is within the four bonds of
the nitrogen atom. This molecular descriptor has a positive
coefficient in the developed QSAR model, so increasing the
number of such combinations can enhance BACE1 inhibition.
The effect of N_acc_5B can be explained by comparing the
molecule 258 (pKi = 8.7, N_acc_5B = 5) and 57 (pKi = 6.4,
N_acc_5B = 3). For molecule 57, if the value of the molecule
descriptor increase from 3 to 5 will further amplify the pKi value
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FIGURE 3

Graph for (A) experimental vs. predicted pKi (B) experimental vs. residuals (C) Williams plot for applicability domain (D) Insubria Plot.

by about 2 units, therefore, enhancing the BACE1 inhibitory
activity by about 20 folds. These descriptors pointed out
the importance of the nitrogen atom in BACE1 inhibitory
activity. Moreover, additional molecular pair also illustrate the
effect of N_acc_5B on BACE1 inhibitory activity include; 250
(pKi = 7.64, N_acc_5B = 5) and 55 (pKi = 6.52, N_acc_5B = 3),
189 (pKi = 8.4, N_acc_5B = 5) and 252 (pKi = 7.57,
N_acc_5B = 4), 297 (pKi = 8.0, N_acc_5B = 8) and 102
(pKi = 7.17, N_acc_5B = 7), 312 (pKi = 8.5, N_acc_5B = 4) and
213 (pKi = 6.2, N_acc_5B = 3), etc.

The shift of the molecular descriptor N_acc_5B by the
molecular descriptor N_acc_2B (the occurrence of acceptor

atoms within two bonds from the nitrogen atom) strongly
affects the statistical performance (R: 0.86) of the developed
QSAR model (N_don_5B). This observation shows that the
subsequent descriptor is N_acc_2B, which is useful as a
better alternative to future drug optimization and to enhance
the BACE1 inhibitor activity. Again, it is suggested that the
optimum distance between the acceptor atom and the nitrogen
atom may be two bonds.

On the other hand, replacing the molecular descriptor
N_acc_5B with the molecular descriptor N_don_5B (the
appearance of a donor atom within 5 bonds from the nitrogen
atom) significantly increases the statistical power (R: 0.85)
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of the developed QSAR model. This remark reveals two
strategies for future optimization, consisting of reducing the
topological distance from five bonds to two bonds according
to the N_acc_2B descriptor, and replacement of acceptors
with donors by maintaining the optimal distance of five
bonds. This observation underscores the importance of nitrogen
atoms and acceptor/donor properties for better inhibitory
activity of BACE1.

aroC_ringS_6B (occurrence of the ring sulfur atoms within
six bonds from the aromatic carbon atoms). The positive
coefficient of the developed QSAR model descriptor justifies
the increase in the value of the aroC_ringS_6B descriptor
and further enhances the BACE1 inhibitory activity. Shifting
the molecular descriptor aroC_ringS_6B by fringSringC3B
(frequency of ring carbon atoms in exactly three bonds from
the ring sulfur atom) significantly increases the statistical power
(R:0.91) of the QSAR model. By comparing the molecule
222 (pKi = 8.0, aroC_ringS_6B = 1) and 362 (pKi = 7.75,
aroC_ringS_6B = 0), the influence of aroC_ringS_6B as
illustrated in the Figures 4A–J. Moreover, amplification in
the value of the molecular descriptor aroC_ringS_6B from
0 to 1 for the molecule will uplift the pKi value by about
0.75 units (about 7 fold increase in the BACE1 inhibitory
activity). Another pair of molecules also illustrate the effect
of aroC_ringS_6B on BACE1 inhibitory activity include;
256 (pKi = 8.5, aroC_ringS_6B = 2) and 2 (pKi = 7.5,

aroC_ringS_6B = 1), 295 (pKi = 8.7, aroC_ringS_6B = 2)
and 324 (pKi = 7.3, aroC_ringS_6B = 0), 189 (pKi = 8.4,
aroC_ringS_6B = 2) and 254 (pKi = 8.1, aroC_ringS_6B = 1),
144 (pKi = 7.8, aroC_ringS_6B = 2) and 140 (pKi = 7.0,
aroC_ringS_6B = 0), etc.

Furthermore, replacing the molecular descriptor
aroC_ringS_6B with fringSringC5B (frequency of ring carbon
atoms in exactly five bonds from the ring sulfur atom) shows
an increase in the statistical power (r: 0.94) of the developed
QSAR model. On the other hand, replacing the molecular
descriptor aroC_ringS_6B with fringSC6B (frequency of carbon
atoms appearing in exactly 6 bonds from the ring sulfur atom)
significantly reduces the statistical power (R: 0.80) of the QSAR
model. This observation emphasizes the importance of the ring
carbon atom and the ring sulfur atom. Furthermore, it can be
concluded that reducing the topology bond distance from six
to five bonds strongly affects the inhibitory activity of BACE1.
Therefore, in future drug designs, it is recommended to keep
the optimal distance between the ring carbon and the ring
sprue atom at five bonds in order to increase the inhibitory
activity of base 1. Aromatic and heterocyclic rings are very
powerful motifs in drug discovery with target proteins such
as the classical arene-arene interactions (π stacking), π-sulfur
interactions, and arene-cation interaction. It offers many unique
and powerful interactions such as bonds (end-face interactions)
and recently identified π cations.

FIGURE 4

(A,B) Depiction of molecular descriptor com_lipohyd_5A for the compound 368 and 48 (pink star in the in both molecules indicates center of
mass of the molecule). (C,D) Depiction of molecular descriptor faccC3B for the compound 331 and 48. (E,F) Illustration of the molecular
descriptor N_acc_5B for the molecule 258 and 57. (G,H) Presentation of the molecular descriptor aroC_ringS_6B for the molecule 222 and 362.
(I,J) Illustration of molecular descriptor fsp3OringC8B for the molecule 362 and 48.
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fsp3OringC8B (frequency of occurrence of the ring carbon
atom exactly at eight bonds from the sp3 oxygen atom) If the
same ring carbon atom occurs simultaneously in seven or nine
bonds, it will be bypassed in the fsp3OringC8B calculation. This
molecular descriptor has a positive coefficient in the developed
QSAR model, so increasing its value can improve the Ki value.

The effect of fsp3OringC8B can be assessed by comparing
the molecule 362 9 (pKi = 7.75, fsp3OringC8B = 2)
with 48 (pKi = 6.37, fsp3OringC8B = 1). Increasing the
value of fsp3OringC8B for molecule 1 to 2 for molecule
48 will upsurge the pKi value by 1.38unit (about 13-fold
amplification in the BACE1 inhibitory potential). Following
pair of molecules also explain the effect of fsp3OringC8B on
BACE1 inhibitory activity; 211 (pKi = 7.9, fsp3OringC8B = 3)
and 207 (pKi = 7.5, fsp3OringC8B = 1), 299 (pKi = 8.7,
fsp3OringC8B = 2) and 255 (pKi = 8.1, fsp3OringC8B = 1),
352 (pKi = 8.4, fsp3OringC8B = 2) and 30 (pKi = 6.0,
fsp3OringC8B = 0), 110 (pKi = 7.5, fsp3OringC8B = 4)
and 66 (pKi = 6.5, fsp3OringC8B = 0), etc. Replacing the
fsp3OringC8B molecular descriptor with the fsp3OringC9B
descriptor significantly reduces the statistical power (R: 0.78) of
the developed QSAR model.

This observation underscores the importance of the
molecular descriptor fsp3OringC8B. Therefore, future drug
designs need to maintain the optimal distance between sp3
hybridized oxygen and ring carbon atoms at eight bonds in
order to achieve better BACE1 inhibitory activity. Most oxygen
atoms act as either acceptors or ether linkage, which can confer
lipophilicity on the molecule. This may help to enhance both
polar and hydrophobic interactions with the BACE1 receptor.

Molecular docking for validation of
docking score

In molecular docking analysis of the BACE1 with
FDB017657 in Autodock output, a dock complex displayed
the best conformation. Receptors and ligands were saved in
the.pdbqt format for subsequent usage using the MGL 1.5.6
suite. Vina was launched from a command prompt using the
command line. In the setup, the default grid point spacing
was 0.525 and the exhaustiveness was set to 8. The output files
were in.pdbqt format, and they were analyzed using PyMol
and the Discovery studio visualizer 2021. The ligand-binding
was validated and optimized using the co-crystal ligand. Both
the receptor and ligands were made by combining 48 polar
hydrogen bonds and detecting 1 rotatable bond and adding
Kollman and Gasteiger charges. Finally, both receptor and
ligand molecules were stored in the.pdbqt format. With the
values X = −1.655, Y = 57.005, and Z = 133.83, a grid box
was produced with a spacing of 0.375. Docking experiments
of the protein-ligand complex were carried out using Genetic
Algorithm (GA) parameters were set with 100, population

TABLE 2 Screening of phytochemicals based on their
best binding energy.

Protein-ligand Binding affinity (kcal/mol)

2zhv_8265 −4.8

2zhv_8263 −4.7

2zhv_8262 −7.3

2zhv_8079 −4.7

2zhv_7888 −5

2zhv_7701 −6.4

2zhv_7594 −6.3

2zhv_7334 −2.9

2zhv_7032 −4.9

2zhv_6574 −5.1

2zhv_5179 −5.6

2zhv_4844 −7.6

2zhv_4817 −5.6

2zhv_4693 −4.9

2zhv_4688 −5.8

2zhv_4605 −5.5

2zhv_4468 −8.9

2zhv_4340 −7.6

2zhv_4009 −5.7

2zhv_3981 −4.6

2zhv_3805 −4.7

2zhv_3207 −5.7

2zhv_2839 −4.8

2zhv_1976 −5.4

2zhv_1749 −5.7

2zhv_734 −7.3

2zhv_686 −6.7

2zhv_673 −8.3

2zhv_603 −6.5

2zhv_442 −4.5

2zhv_41 −3.8

2zhv_4 −5.6

size was made 300 with a maximum number of evaluates was
set to low at 2,500,000 and maximum generations of 27,000.
Further docking experiments of the protein–ligand complex
were carried out using the Lamarckian Genetic Algorithm
(LGA) to obtain the lowest free energy of binding (G). The
2ZHV-FDB017657 complex showed free energy of binding
(1G) −8.9 kcal/mol, inhibitory concentration (Ki) 990.57 µM,
ligand efficiency −1.26, total internal energy −1.45 kJ/mol, and
torsional energy 0.3 kJ/mol. The docking scores are mentioned
in Table 2.

The principal residues making the binding pocket around
4-(3,4-dihydroxyphenyl)-2-hydroxy-1H-phenalen-1-one (Food
I.D: FDB017657) are comprised of THR72, THR231, GLY230,
ASP228, GLY34, ILE118, SER35, PHE108, ASP106, LYS107,
GLY74, and GLN73 by Van der Waals interaction forces; ASP32
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is involved in conventional hydrogen bonding, while TYR71 is
involved in forming a conventional Pi-Pi bond (Figure 5, left).

Molecular dynamics simulation (MD)
and free energy landscape analysis

Molecular dynamics and simulation (MD) studies were
carried out to determine the stability and convergence
of the 4-(3,4-Dihydroxyphenyl)-2-hydroxy-1H-phenalen-1-one
(PubChem I.D: 4468; Food I.D: FDB017657) bound BACE1
(PDB I.D: 2ZHV) complex. Each simulation of 150 ns displayed
stable conformation while comparing the root mean square
deviation (RMSD) values.

The Root Mean Square Deviation (RMSD) is a metric for
calculating the average change in the displacement of a group of
atoms in relation to a reference frame. It is calculated for each
and every frame of the trajectory. The RMSD for frame x is:

RMSDX =

√√√√ 1
N

N∑
i=1

(r′i(tX))− ri(tref ))2

where N is the number of atoms in the atom selection; tref is the
reference time (the first frame is usually used as the reference
and is treated as time t = 0); and where r′ is the position of
the selected atoms after superimposing on the reference frame
in frame x, where frame x is recorded at time tx. Every frame
in the simulation trajectory is subjected to the same technique
(Maiorov and Crippen, 1994).

For characterizing local changes along the protein chain, the
Root Mean Square Fluctuation (RMSF) is useful. The RMSF for
residue i is:

RMSFi =

√√√√ 1
T

T∑
t=1

< (r′i(t))− ri(tref ))2 >

The angle brackets indicate that the average of square distance
is taken over the selection of atoms in the residue. where
T is the trajectory time over which the RMSF is calculated,
tref is the reference time, ri is the position of residue I r′ is
the position of atoms in residue I after superposition on the
reference. Its simulation paths of Desmond were examined. MD
trajectory analysis was used to calculate the root mean square
deviation (RMSD), root mean square fluctuation (RMSF), and
protein–ligand interactions. Protein RMSD: The graphs depict
the evolution of a protein’s RMSD (left Y-axis). The RMSD is
estimated based on the atom selection once all protein frames
are aligned on the reference frame backbone.

The Cα-backbone of BACE1 bound to 4-(3,4-
dihydroxyphenyl)-2-hydroxy-1H-phenalen-1-one (PubChem
I.D: 4468; Food I.D: FDB017657) exhibited a deviation of
0.4 Å (Figure 6A). RMSD plots are within the acceptable range
signifying the stability of proteins in the FDB017657 bound
state before and after simulation and it can also be suggested

that FDB017657 bound BACE1 (PDB I.D: 2ZHV) is quite stable
in the complex might be due to significant binding of the ligand.

The radius of gyration is the measure of the compactness of
the protein. FDB017657 bound proteins displayed a lowering of
radius of gyration (Rg) (Figure 6B; R1, R2, R3). The lowering
of Rg indicates the compactness of the protein–ligand complex.
From the overall quality analysis from RMSD and Rg, it can
be suggested that FDB017657 bound to the protein targets
posthumously in the binding cavities and plays a significant role
in the stability of the proteins.

The plots for root mean square fluctuations (RMSF)
displayed a significant RMSF in BACE1 protein at a few
residues at the specific time function of 150 ns. Peaks show
sections of the protein that fluctuate the greatest during
the simulation on the RMSF plot. Typically, the tails (N-
and C-terminal) of proteins change more than any other
portion of the protein. Secondary structural parts such as
alpha helices and beta strands are usually more rigid than
the unstructured portion of the protein and fluctuate less
than loop areas. The residues with higher peaks belong to
loop areas or N and C-terminal zones, as determined by MD
trajectories (Figure 6C). The stability of ligand binding to
the protein is shown by low RMSF values of binding site
residues. From the triplicate runs of BACE1, as shown in
Figure 6C, a few fluctuating peaks can be seen although mostly
the complex is found to be stabilized as shown in Figure 6C. The
RMSF values are acceptable for stabilizing the protein–ligand
complex. Therefore, in RMSF plots, it can be suggested that the
protein structures were stable during simulation in FDB017657
bound conformation.

The average hydrogen bonds formed between FDB017657
and the respective protein, BACE1 (PDB I.D: 2ZHV), during the
150 ns simulation were also recorded (Figure 6D). From 0 ns to
150 ns a formation of hydrogen bonding was found throughout
the simulation and the same for triplicate MD simulation of
FDB017657 with BACE1 (Figure 6D). Moreover, the pattern of
two hydrogen bond formation with BACE1 (PDB I.D: 2ZHV),
in docking was corroborated by the number of hydrogen plot
analyses after 150 ns molecular dynamics (Figure 6D). The
amount of hydrogen bonds between BACE1 with FDB017657
has strengthened the binding and facilitated to conform to a
more stable complex during the simulation.

Throughout the simulation, protein interactions with
the ligand can be observed. As seen in the graph above,
these interactions can be classified and summarized by type.
Hydrogen bonds, hydrophobic, ionic, and water bridges are the
four forms of protein–ligand interactions (or “contacts”). Each
interaction type has a number of subtypes that can be examined
using Maestro’s “Simulation Interactions Diagram” panel (see
Figure 7A). The stacked bar charts are standardized over the
course of the trajectory. Some protein residues may make
several interactions of the same subtype with the ligand, values
above 1.0 are feasible. As shown in Figure 7A, the majority of
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FIGURE 5

Best docked pose of FDB017657 with 2ZHV displaying 2D interaction plot on the left panel. Pink dashed lines indicate the Pi-Alkyl bond and
residues embedded in the light green sphere, indicating involvement in Van der Waals interactions. On the center panel, surface view of 2ZHV
displays binding cavity of FDB017657, and right panel displays the zoomed-out binding pocket having amino acid residues at 3Å surrounding
the FDB017657 molecule.

the significant ligand–protein interactions discovered by MD
are hydrogen bonds and hydrophobic interactions. For 2ZHV-
FDB017657, complex residues VAL_31, ASP_32, TYR_71, and
THR_72 are the most important ones in terms of H-bonds.

Individual ligand atom interactions with protein residues
are depicted in Figure 7B. Interactions that occur for more
than 30.0% of the simulation period in the chosen trajectory
(0.00 through 150.0 ns) are displayed. From Figure 7B, it
can be concluded that the amino acid residues: PHE108,
TRP76, TYR71, and VAL69 involve a hydrophobic interaction,
LYS107, ARG128 possess a positive charge bonding with the
ligand, GLN73, SER35, and ASN37 are involved in polar
interactions, and ASP32 and ASP228 are involved in negatively
charged interaction with the ligand, FDB017657 in 150 ns
simulation time scale.

Throughout the simulation, the existence of protein
secondary structural elements (SSE) such as alpha helices and
beta strands is examined to ensure that they are not present.
The plot shown in Figure 7C depicts the distribution of SSE
by residue index over the complete protein structure, and
it encompasses the full protein structure. In contrast to the
charts, which show the summary of the SSE composition for
each trajectory frame during the course of the simulation, the
graphs at the bottom show the evolution of each residue and
its SSE assignment throughout the experiment. Throughout
the simulation, alpha-helices and beta-strands are monitored as
secondary structure elements (SSE). The left graph shows the
distribution of SSE across the protein structure by the residue
index. The top image highlights the SSE composition for each
trajectory frame throughout the simulation, while the bottom
plot tracks each residue’s SSE assignment through time.

It can be observed from Figure 7D, how each rotatable
bond (RB) in the ligand alters its conformation throughout the
simulation on the ligand torsions map (0.00 through 150.15 ns).
The top panel shows a two-dimensional schematic of a ligand
with color-coded rotatable bonds. There includes a dial plot

as well as bar plots in the same color for each rotatable bond
torsion. The evolution of the torsion’s conformation during
the simulation is depicted using dial (or radial) graphs. The
simulation’s time evolution is depicted radially outwards from
the simulation’s start point at the center of the radial plot. The
data from the dial plots are summarized in the bar plots, which
show the torsion probability density in the data. Alternatively, if
torsional potential data is available, the graphic will also indicate
the rotatable bond’s potential (by summing the potential of the
related torsions) kcal/mol. The potential values are given as
kcal/mol and plotted on the graph’s left Y-axis. The histogram
and torsion potential correlations can reveal the conformational
strain that the ligand is under in order to maintain a protein-
bound conformational state.

The stepwise trajectory analysis of every 25 ns of simulation
of FDB017657 with BACE1 displayed the positional alteration
with reference to the 0 ns structure (Figure 8). It has
been observed that the ligand, FDB017657 has possessed a
structural angular movement at the end frame to achieve its
conformational stability and convergence.

The free energy landscape (FEL) of achieving global minima
of Cα backbone atoms of proteins with respect to RMSD and
radius of gyration (Rg) is displayed in Figure 9, BACE1 bound
to the ligand, FDB017657 achieved the global minima (lowest
free energy state) at 1.1 Å and Rg 20.9 Å (Figure 9). The
FEL envisaged a deterministic behavior of BACE1 to the lowest
energy state owing to its high stability and best conformation at
FDB017657 bound state.

Molecular mechanics generalized born
and surface area calculations

To assess the binding energy of ligands to protein molecules,
the MMGBSA technique is commonly employed. The binding
free energy of each BACE1– FDB017657 complex, as well
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FIGURE 6

(A) MD simulation trajectory analysis of Root Mean Square Divisions (RMSD) of FDB017657 bound with 2ZHV, i.e., BACE1 150 ns time frame in
triplicate displayed: R1 (replicate 1) RMSD plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (red) with control protein BACE1 (PDB I.D: 2ZHV)
(light green); R2 (replicate 2) RMSD plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (dark maroon) with control protein BACE1 (PDB I.D: 2ZHV)
(juniper green); R3 (replicate 3) RMSD plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (lemon yellow) with control protein BACE1 (PDB I.D:
2ZHV) (cyan). (B) MD simulation trajectory analysis of Root Mean Square Fluctuations (RMSF) of FDB017657 bound with BACE1 (PDB I.D: 2ZHV)
at 150 ns time frame in triplicate displayed: R1 (replicate 1) RMSF plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (navy blue) with control
protein BACE1 (PDB I.D: 2ZHV) (black); R2 (replicate 2) RMSF plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (canary yellow) with control
protein BACE1 (PDB I.D: 2ZHV) (red); R3 (replicate 3) RMSF plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (gray) with control protein BACE1
(PDB I.D: 2ZHV) (purple). (C) MD simulation trajectory analysis of Radius of gyration (Rg) of FDB017657 bound with BACE1 (PDB I.D: 2ZHV) at
150 ns time frame in triplicate displayed: R1 (replicate 1) Rg plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (red) with control protein BACE1
(PDB I.D: 2ZHV) (light green); R2 (replicate 2) Rg plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (dark maroon) with control protein BACE1
(PDB I.D: 2ZHV) (juniper green); R3 (replicate 3) Rg plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (cyan) with control protein BACE1 (PDB I.D:
2ZHV) (lemon yellow). (D) MD simulation trajectory analysis of Hydrogen Bonding (H-Bonds) of FDB017657 bound with BACE1 (PDB I.D: 2ZHV)
at 150 ns time frame in triplicate displayed: R1 (replicate 1) H-Bond plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (red); R2 (replicate 2)
H-Bond plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (black); R3 (replicate 3) H-Bond plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV)
(light green).
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FIGURE 7

(A) Protein-ligand contact histogram (H-bonds, Hydrophobic, Ionic, Water bridges) of the ligand, FDB017657 bound with 2ZHV recorded in a
150 ns simulation interval. (B) Ligand atom interactions with the protein residues of 2ZHV bound with FDB017657. (C) Secondary Structure
element distribution by residue index throughout the protein structure. Red indicates alpha helices, and blue indicate beta-strands of 2ZHV
bound with FDB017657. (D) Ligand torsion profile.

as the impact of other non-bonded interaction energies,
were estimated. With BACE1, the ligand FDB017657 has a
binding energy of−53.4670 kcal/mol. Non-bonded interactions
like GbindCoulomb, GbindCovalent, GbindHbond, GbindLipo,

GbindSolvGB, and GbindvdW govern Gbind. Across all types
of interactions, the GbindvdW, GbindLipo, and GbindCoulomb
energies contributed the most to the average binding energy.
On the other side, the GbindSolvGB and Gbind Covalent
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FIGURE 8

Stepwise trajectory analysis for every 25 ns displaying the protein, BACE1 (PDB I.D: 2ZHV) and ligand conformation during 150 ns of simulation
of 4-(3,4-Dihydroxyphenyl)-2-hydroxy-1H-phenalen-1-one (PubChem I.D: 4468; Food I.D: FDB017657).

FIGURE 9

Free Energy Landscape displaying the achievement of global minima (1G, kJ/mol) of BACE1 in presence of FDB017657 with respect to their
RMSD (nm) and Radius of gyration (Rg, nm).

energies contributed the least to the final average binding
energies. Furthermore, the GbindHbond interaction values of
BACE1–FDB017657 complexes demonstrated stable hydrogen
bonds with amino acid residues. In all of the compounds,
GbindSolvGB and GbindCovalent exhibited unfavorable energy
contributions and so opposed binding. Figure 10 (left panel)
reveals that between pre-simulation (0 ns) and post-simulation
(0 ns), FDB017657 in the binding pocket of BACE1 has
undergone a large angular change in the pose (curved to

straight) (150 ns). These conformational changes lead to better
binding pocket acquisition and interaction with residues, which
leads to enhanced stability and binding energy (mentioned in
Table 3).

Thus, MM-GBSA calculations resulted from MD simulation
trajectories well justified with the binding energy obtained
from docking results; moreover, the last frame (150 ns) of
MMGBSA displayed the positional change of FDB017657 as
compared to the 0 ns trajectory signifying the better binding
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FIGURE 10

MMGBSA trajectory (0 ns, before simulation and 150 ns, after simulation) exhibited conformational changes of FDB017657 upon binding with
the protein 2ZHV. The arrows indicate the overall positional variation (movement and pose) of FDB017657 at the binding site cavity.

pose for best fitting in the binding cavity of the protein (see
Figure 10).

Therefore, it can be suggested that the FDB017657 molecule
has a good affinity for the major target BACE1.

Dynamic cross-correlation, principal
component analysis (PCA), and energy
calculations

Molecular dynamics simulation trajectories are analyzed for
dynamic cross-correlation among the domains within protein
chains bound with the FDB017657 molecule. For correlative
dynamic motion, the cross-correlation matrices of BACE1 were
generated and displayed in Figure 11. The blue blocks displayed
in the figure indicated the residues having high correlated
movement and red having the least correlation. The amino acid
residues of FDB017657 bound BACE1 showed the concerted
movement of residues (Figure 11).

Principal component analysis (PCA) determines the
relationship between statistically meaningful conformations

TABLE 3 Binding energy calculation of FDB017657 with 2ZHV and
non-bonded interaction energies from MMGBSA trajectories.

Energies (kcal/mol) 2ZHV

1Gbind −53.467± 3.001

1GbindLipo −22.124± 2.448

1GbindvdW 33.667± 0.0701

1GbindCoulomb −9.827± 5.083

1GbindHbond −1.465± 0.775

1GbindSolvGB −8.989± 1.695

1GbindCovalent −1.079± 1.049

(major global motions) sampled during the trajectory. PCA
of the MD simulation trajectories for BACE1 bound to the
FDB017657 molecule was analyzed to interpret the randomized
global motion of the atoms of amino acid residues. The internal
coordinates mobility into three-dimensional space in the spatial
time of 150 ns were recorded in a covariance matrix and the
rational motion of each trajectory is interpreted in the form
of orthogonal sets or Eigen vectors. In the BACE1 trajectory,
PCA indicates statistically significant conformations. It is
possible to identify the major motions within the trajectory
as well as the critical motions required for conformational
changes. In BACE1 bound to FDB017657, two different clusters
along the PC1 and PC2 planes are exhibited that indicate a
non-periodic conformational shift (Figure 12A). While these
global motions are periodic because the groupings along
the PC3 and PC4 planes do not totally cluster separately
(Figure 12B). Moreover, a high periodic global motion was
observed along the PC9 and PC10 planes due to the grouping
of trajectories in a single cluster at the center of the PCA plot
(Figure 12C). Centering of the trajectories in a single cluster
indicates the periodic motion of MD trajectories due to stable
conformational global motion.

The energy profiles of the protein, BACE1 and FDB017657
complex systems, were determined to display the stability of
the entire system. In this regard, the total energy (ETOT)
of the BACE1 bound FDB017657 system was shown to be
very stable with an average total energy of −69.00 kcal/mol
(green). However, van der Waal’s energy (vdW) displayed to
be merged over the total energy with an average energy of
−40.00 kcal/mol and contemplated as a principal contributor
to the stability of the BACE1-FDB017657 complex (cyan).
In addition, Coulombic interactions played a minor role in
the system stability and contributed to an average energy of
−32.00 kcal/mol (red), (see Figure 12D).
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FIGURE 11

Dynamic Cross Correlation matrix (DCCM) of 2ZHV and correlated amino acids conformed into secondary structural domains (colored) and
non-correlated domains (gray) of 2ZHV.

FIGURE 12

(A) PCA of 2ZHV- FDB017657 showing a stable configuration. (B) Energy plot of protein BACE1 and FDB017657 complex system during the
entire simulation event of 150 ns. (C,D) The change in PCA movements. The total energy (dark green), van der Waal’s energy (cyan) and
Coulomb energy (red) of the entire system indicate the stability of the individual systems bound to FDB017657 molecule.

Discussion

Proteolytic processing of APP by BACE1 is the rate-
determining step in Aβ production, hence BACE1 is employed
as a therapeutic target for creating innovative lead compounds
in AD in this study. According to the earlier reports, it was
suggested that the enzyme BACE1 is also associated with
different types of cancers and viruses in conjunction with
AD. In this study, we have tried to reveal the potential
of naturally available food molecules to bind the BACE1’s
active site in a highly specific binding pattern. The aim
of our study is toward the development of a drug from
food compounds with the help of computational biology as

it has the additional advantage regarding safety, and lesser
chance of side effects. The low toxicity profile of natural
products inspired by small-molecule inhibitors may prove to
be a great asset during the frenetic development period of
drug discovery when time is of the essence. Current state-
of-the-art computational approaches can be used to identify
structural and pharmacophoric properties of active natural
compounds that can be used as drugs. Our results suggest
that the selected 8,453 compounds from the Food database
are majorly phenols and naphthol metabolites having a high
potential of showing inhibitory activity against BACE1. The
Food database is a recent database that proved the potential
of food metabolites that we use in our daily life and found its
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major application in developing different therapeutics treating
depressive disorders and others.

A nicely proven correlation among salient capabilities of
the molecules represented through molecular descriptors, and
their bioactivity expands statistics approximately mechanistic
elements of molecules, specificity, and quantity (presence
or even absence) of various structural developments for
preferred bioactivity. Although, with the QSAR analysis, we’ve
compared the Ki values of various molecules in correlation
and as an impact of a specific molecular descriptor, a similar
or contrary impact of different molecular descriptors or
unknown descriptors has a dominant impact in figuring out
the general Ki value of a molecule can’t be neglected. In
other words, a single molecular descriptor is incapable of
absolutely explaining the experimental Ki value for this sort of
numerous sets of molecules. That is, the successful usage of the
advanced QSAR model is based on the concomitant usage of
molecular descriptors.

A QSAR model with multiple chemical descriptors is built
using a dataset of 371 compounds. The resulting model was
rigorously verified for fitting and internal validation to prove its
strong external prediction capacity and resilience. In addition,
virtual screening using QSAR yielded a novel food molecule
with a better Ki value of 10.715 nM. Combined QSARs and
molecular docking studies offered complimentary information
and helped discover prodigious and under-privileged chemical
characteristics that might be leveraged to change a molecule
to produce better BACE1 inhibitors with higher Ki values. In
the future, structural modifications that result in augmented
values for the molecular descriptors with positive coefficients
in the developed model for the anti-BACE1 activity will be
performed to generate novel hits suitable for construction and
in vitro evaluation as anti-Alzheimer’s (AD) disease therapy.
These reports already demonstrated the potential of this plant
as a source of novel drugs, nutraceuticals, and functional foods.
Our present study perhaps supports a further avenue for in vivo
and clinical trial of the food molecule, 4-(3,4-dihydroxyphenyl)-
2-hydroxy-1H-phenalen-1-one to target BACE1 for any future
scope to treat the AD along with viruses and cancer.
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Abstract: In this work, we are interested in finding new catalysts for catecholase, whose principle is
based on the oxidation reaction of catechol to o-quinone. In this context, we have studied a series of
seven quinoline-based compounds. The present work indicates that the complexes formed between
seven selected quinoline compounds and the copper salts viz. Cu(OAc)2, CuSO4, Cu(NO3)2, and
CuCl2 elicit catalytic activities for the oxidation of catechol to o-quinone. The complexes formed with
the Cu(OAc)2 salt show a much higher catalytic activity than the others, whereas the Cu(NO3)2 and
CuCl2 salts formed complexes with low catalytic activity. This study also shows that the oxidation
rate depends on two factors, namely the chemical structure of the ligands and the nature of the ions
coordinated with the copper.

Keywords: catalytic activity; quinoline; catechol oxidase; o-quinone

1. Introduction

Copper is among the important metals in many catalytic processes and is character-
ized by its ability to combine with organic ligands to catalyze several diverse biological
processes [1]. For example, catechol oxidase is a copper-based moiety that catalyzes the
oxidation of phenols to quinones in the presence of oxygen. It is found for example in
plants, wherein it plays an essential role in catalyzing the oxidation of catechol to o-quinone
to produce after polymerization melanin, which gives a dark brown color to damaged
fruits [2]. Dopamine is an important neurotransmitter, which after oxidation and poly-
merization gives polydopamine, an adhesive agent with many industrial applications.
The oxidation of phenols to corresponding quinones is a very interesting process that has
various applications in many fields [3].

Quinoline derivatives are among the compounds with great pharmacological pow-
ers [4], such as antimicrobial [5], anticancer [6–8], antifungal [9,10], antiviral [11], anti-
inflammatory [12], antioxidants [13,14], antitumor [15], anti-SARS-CoV-2 [16], corrosion
inhibitors [17,18], and antimalarial [19]. On the other hand, copper–quinoline complexes
are similar systems that can catalyze many biological processes. For this reason, we are
interested in this work to better understand this compelling mechanism and to discover
the efficiency of quinoline derivatives in the oxidation of catechol.
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This work aims to study the effect of ligands–copper(II) complexes on the oxidation of
catechol to o-quinone in the presence of O2 (Scheme 1). In this respect, the reaction was
first performed without catalysts, then using the copper salts Cu(OAc)2, CuSO4, Cu(NO3)2,
and CuCl2, then using the synthesized ligands (L1, L2, L3, L4, L5, L6, and L7—Scheme 2),
and finally, the reaction was catalyzed by the ligands–copper (II) complexes. In order to
be able to compare and discuss the obtained results, the oxidation rate for each catechol
transformation was calculated.
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2. Results and Discussions

The results of this study are represented in Figures 1 and 2, which give the absorbance
as a function of time for the different cases. Figure 1a presents the oxidation of catechol
without any catalyst, while Figure 1b represents the reaction catalyzed by the synthesized
ligands. In Figure 1c, the reaction is catalyzed by the metal salts and finally, Figure 2
provides the obtained results using the complexes formed between the synthesized ligands
and the metal salts. Table 1 represents the oxidation rate for the different cases.
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Figure 1. Oxidation of catechol to o-quinone in the absence of copper complexes: (a) Reaction without
any catalyst, (b) reaction catalyzed by the synthesized ligands, and (c) reaction synthesized by the
metal salts. Reaction conditions: methanol solutions, 0.15 mL metal salt at 2 × 10−3 mol/L, 0.15 mL
ligand at 2 × 10−3 mol/L, 2 mL catechol at 10−1 mol/L are mixed, T = 25 ◦C, λ = 390 nm.

Table 1. Oxidation rate of catechol to o-quinone in (µmol L−1 s−1).

Cu(OAc)2 CuSO4 Cu(NO3)2 CuCl2 Ligands Only

L1 71.38 34.86 16.53 13.33 11.39
L2 94.30 26.25 18.61 11.25 10.83
L3 85.27 27.91 17.36 12.22 12.08
L4 126.80 65.13 31.25 15.55 12.64
L5 114.44 52.63 27.64 14.03 8.61
L6 69.30 26.53 14.03 11.39 7.92
L7 89.58 48.75 17.91 12.64 7.08

Salt only 47.63 17.91 13.33 5.83
Without catalysis 2.78

We notice from Figure 1a that the absorbance remains at almost zero over time and
the oxidation rate is very low viz. 2.78 µmol L−1 s−1. Figure 1b also shows a very low
absorbance and conversion rate between 7.08 µmol L−1 s−1 and 12.64 µmol L−1 s−1. From
Figure 1c, we also notice that the absorbance and oxidation rate remain low for the metal
salts CuSO4, Cu(NO3)2, and CuCl2; however, the salt Cu(OAc)2 has a better oxidation rate
of 47.22 µmol L−1 s−1. Therefore, it can be deduced that the oxidation reaction cannot take
place without a catalyst and that neither ligands nor salts alone can catalyze this reaction,
except Cu(OAc)2, which has a slightly greater catalytic effect compared to the others.
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Figure 2. Oxidation of catechol to o-quinone in the presence of copper complexes: (a) Reaction in the
presence of Cu(OAc)2 and ligands, (b) reaction in the presence of CuSO4 and ligands, (c) reaction
in the presence of Cu(NO)3 and ligands, and (d) reaction in the presence of CuCl2 and ligands.
Reaction conditions: methanol solutions, 0.15 mL metal salt at 2 × 10−3 mol/L, 0.15 mL ligand at
2 × 10−3 mol/L, 2 mL catechol at 10−1 mol/L are mixed, T = 25 ◦C, λ = 390 nm.

The results obtained in Figure 2 show that the complexes formed between the Cu(OAc)2
salt and the ligands possess better catalytic activity for the oxidation of catechol, as
the obtained oxidation rates are the highest (Figure 2a). The L4/Cu(OAc)2 complex
shows an oxidation rate of 126.80 µmol L−1 s−1, followed by the L5/Cu(OAc)2 complex
(114.44 µmol L−1 s−1), then the L2/Cu(OAc)2, L7/Cu(OAc)2, and L3/Cu(OAc)2 com-
plexes with oxidation rates of 94.30, 89.58, and 85.27 µmol L−1 s−1, respectively, and
finally, L1/Cu(OAc)2 and L6/Cu(OAc)2, which give the lowest oxidation rates (71.38 and
69.30 µmol L−1 s−1, respectively).

The complexes formed between the ligands and the CuSO4 salt also give high oxidation
rates but are generally lower than those obtained in the case of Cu(OAc)2, as the highest
oxidation rate is 65.13 µmol L−1 s−1 for L4/CuSO4, followed by L5/CuSO4 and L7/CuSO4,
with oxidation rates of 52.63 and 48.75 µmol L−1 s−1, respectively, and then the complexes
formed between CuSO4 and ligands L1, L3, L6, and L2 come last with oxidation rates of
34.86, 27.91, 26.53, and 26.25 µmol L−1 s−1, respectively (Figure 2b).

The complexes formed between the ligands and Cu(NO3)2 also catalyze the oxidation
reaction, but with slightly lower oxidation rates compared to the previous ones, as the
L3/Cu(NO3)2 complex gives the largest oxidation rate of 31.25 µmol L−1 s−1, followed by
the L5/Cu(NO3)2 complex (27.64 µmol L−1 s−1), and then the complexes formed between
Cu(NO3)2 and the ligands L2, L7, L3, L1, and L6, with oxidation rates of 18.61, 17.91, 17.36,
16.53, and 14.03 µmol L−1 s−1, respectively (Figure 2c).

The complexes formed between the ligands and CuCl2 do not show a significant
catalytic effect, as there is no significant increase in absorbance in all cases, and the oxidation
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rate remains quite low, the largest conversion rate being 15.55 µmol L−1 s−1 for L4/CuCl2
and the smallest being 11.25 µmol L−1 s−1 for L2/CuCl2 (Figure 2d). We deduce from these
results that the chemical structure of the ligands and the nature of the copper salts play an
important role in the catalytic activity of the studied complexes.

It can be seen from this study that all the complexes formed between the ligands
and Cu(OAc)2 have very high catalytic activities compared to the complexes formed with
the other salts, and this is due to the weak bonding between the OAc− anions and the
Cu2+ cations, which facilitates the coordination between the ligands and copper. On the
other hand, the ligands L4 and L5 form complexes with a very high catalytic activity,
because the presence of electron donor groups increases the electron density at the nitrogen
atom, which favors the coordination with the metal and the formation of stable complexes.
However, in the case of L1 and L6, the catalytic activity decreases due to the presence of
electron-withdrawing groups (Cl and CO) that weaken the electron density at the oxygen
atom and thus disfavor the formation of the copper–metal bond. In the case of complexes
formed between the ligands and the metal salt CuCl2, the absorbance remains low, and the
catalytic activity decreases because the Cl- anions are strongly bound to copper, and the
coordination between the metal and the ligands thus becomes very difficult.

In summary, the catalytic activity of copper salts and quinoline ligands is very low,
but their assembly results in complexes that efficiently catalyze the oxidation of catechol
to o-quinone. The results show that the oxidation rate depends on two factors, namely
the ions’ nature, and the ligands’ chemical structure. The ions strongly bound to copper
reduce the coordination of the ligands, resulting in complexes of low catalytic activity, and
the reverse is true for the ions weakly bound to copper, which facilitate the coordination
of the ligands, giving stable complexes and high catalytic activities. On the other hand,
the chemical structure of the ligands plays an essential role, and the presence of electron-
donating groups enriches the coordination site in electron density, which increases the
stability of the studied complex as well as its catalytic activity. However, the presence of
electron-withdrawing groups decreases the electron density at the coordination site, which
decreases the stability of the complex and its catalytic activity.

3. Materials and Methods
3.1. Reaction and Method

The reaction studied is schematized in Scheme 1, the kinetics of this reaction was
followed by measuring the absorbance as a function of time by a UV–Vis spectrophotometer
for one hour at 390 nm (absorption maximum of o-quinone), under the following conditions:
T = 25 ◦C, ε = 1.6 L mol−1 cm−1. The solutions are prepared by dissolving in methanol, and
the complexes are synthesized in situ by mixing 0.15 mL of a solution (2 × 10−3 mol L−1)
of CuX2, nH2O, and 0.15 mL of a solution (2 × 10−3 mol L−1) of the ligand, and then 2 mL
of a solution of catechol at a concentration of 10−1 mol L−1 is added [20].

3.2. Synthesis of Ligands

The studied quinoline derivatives were synthesized according to the procedures
described in the literature (Scheme 3):

Synthesis of 2-chloroquinoline-3-carbaldehyde (compound L1): DMF (3 eq) and POCl3
(4.5 eq) were stirred for 30 min at 0 ◦C, then acetanilide (1 eq) in CHCl3 (15 mL) was added
slowly, and after the addition, the reaction mixture was heated for 16 h (80–90 ◦C). When
the reaction was complete, the mixture was poured into crushed ice and neutralized with
saturated NaHCO3 solution; the resulting precipitate was filtered, washed with water, and
recrystallized in ethyl acetate [21].
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Scheme 3. Protocol for the synthesis of quinoline derivatives.

Synthesis of 2-chloroquinoline-3-carboxylic acid (compound L2): 89 mg of com-
pound L1 were dissolved in a minimum of ethanol, then an ethanolic solution of AgNO3
(0.7 mmol) and NaOH (2.5 mmol) were added. The mixture was left under stirring at
room temperature for 4 h; at the end of the reaction, the excess AgNO3 was removed
by filtration, then a few drops of concentrated sulfuric acid were added to neutralize the
solution. The precipitate formed was filtered, washed with water, and dried to give a dark
yellow product [22].

Synthesis of ethyl 2-chloroquinoline-3-carboxylate (compound L3): In a minimum of
ethanol, 100 mg of compound L2 and 4 drops of concentrated sulfuric acid were added,
and the mixture was refluxed for 8 h. After cooling, the solid formed was recovered by
filtration, washed with water, dried, and recrystallized in ethanol [23].

Synthesis of 2-chloroquinoline-3-carbohydrazide (compound L4): 0.5 mmol of com-
pound L3 and 0.5 mmol of hydrazine were heated at reflux for 4 h in a minimum of ethanol,
and at the end of the reaction, 50 g of ice was added to the solution and the obtained
precipitate was filtered, washed with water, dried, and recrystallized in ethanol [24].
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Synthesis of N′-benzylidene-2-chloroquinoline-3-carbohydrazide (compound L5): To
15 mL of ethanol, 56 mg of compound L4 and 40 mg of benzaldehyde and a few drops of
acetic acid were added and heated at reflux for 12 h. At the end of the reaction, the reaction
mixture was allowed to reach room temperature and the resulting precipitate was filtered,
washed with water, dried, and recrystallized in ethanol [25].

Synthesis of 2-oxo-1,2-dihydroquinoline-3-carbaldehyde (compound L6): Compound
L1 (1 mmol) was heated to 110 ◦C for 12 h in acetic acid (70%), and at the end of the reaction,
the reaction mixture was allowed to reach room temperature. The precipitate formed was
filtered and washed with water, dried, and recrystallized in ethanol [26].

Synthesis of 3-(2-chloroquinolin-3-yl)-1-phenylprop-2-en-1-one (compound L7): To
20 mL of ethanol, 1 mmol of acetophenone, 1 mmol of compound L1, and 5 mL of 10%
NaOH solution were added. After 8 h of stirring at room temperature, the precipitate
formed was filtered, washed with water, and recrystallized in ethanol [27].

NMR data of all these ligands are available in the file Supplementary Materials.

4. Conclusions

The results of this study show that the studied quinoline-derived complexes possess
catalytic activities, and in particular, the complexes formed between the ligands and
the metal salt Cu(OAc)2 efficiently catalyze the oxidation of catechol to o-quinone. The
2-chloroquinoline-3-carbohydrazide ligand (compound L4) exhibits the highest catalytic
activity, and 2-oxo-1,2-dihydroquinoline-3-carbaldehyde (compound L6) exhibits the lowest
catalytic activity. In general, the oxidation efficiency of the studied complexes depends
on the ions’ nature and the ligands’ chemical structure. Ions weakly bound to the metal
and electron-rich coordination sites yield stable complexes that strongly catalyze catechol
oxidation. Further studies are still in progress in our laboratory to synthesize new quinoline
derivatives, evaluate their biological and catalytic activities, as well as to obtain more details
on this compelling catalytic process.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12111468/s1.
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Abstract: Aurora kinase B (AKB) is a crucial signaling kinase with an important role in cell division.
Therefore, inhibition of AKB is an attractive approach to the treatment of cancer. In the present work,
extensive quantitative structure–activity relationships (QSAR) analysis has been performed using a
set of 561 structurally diverse aurora kinase B inhibitors. The Organization for Economic Cooperation
and Development (OECD) guidelines were used to develop a QSAR model that has high statistical
performance (R2

tr = 0.815, Q2
LMO = 0.808, R2

ex = 0.814, CCCex = 0.899). The seven-variable-based
newly developed QSAR model has an excellent balance of external predictive ability (Predictive
QSAR) and mechanistic interpretation (Mechanistic QSAR). The QSAR analysis successfully identifies
not only the visible pharmacophoric features but also the hidden features. The analysis indicates that
the lipophilic and polar groups—especially the H-bond capable groups—must be present at a specific
distance from each other. Moreover, the ring nitrogen and ring carbon atoms play important roles
in determining the inhibitory activity for AKB. The analysis effectively captures reported as well as
unreported pharmacophoric features. The results of the present analysis are also supported by the
reported crystal structures of inhibitors bound to AKB.

Keywords: aurora kinase B; QSAR; pharmacophore modeling

1. Introduction

The machinery for cell division, also known as mitosis, is completely regulated. Any
irregularity or imperfect mitosis results in nondiploid DNA content, which ultimately
causes cancer [1]. Researchers have therefore become interested in developing cancer
chemotherapeutics that target centrosome maturation and separation, mitotic spindle as-
sembly, chromosomal separation, and cytokinesis involving the participation of numerous
important signaling kinases, including aurora, polo-like-kinase (Plk), and cyclin-dependent
kinase (Cdk) [2,3]. The successful transition to mitosis depends on the aurora kinase family
of serine/threonine kinases [4–7]. Since their discovery in 1995 and the initial detection
of their expression in human cancer tissue in 1998 [2,5,7–9], these kinases have received
a great deal of attention. This is due to their aberrant and excessive expression in a wide
range of solid and liquid tumors, such as pancreatic, lung, liver, and breast tumors, as well
as their oncogenic activity [2,4,5,7–11].

The aurora kinase family consists of three isoforms (A, B, and C), each of which differs
in the length and amino acid composition of the N-terminal domain, but they share a
common and conserved ATP binding site [2,12]. In order for the centrosome to mature,
and for spindle assembly, meiosis, and metaphase spindle orientation to occur, aurora-A
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is essential [2,12]. In order to achieve precise chromosomal segregation and cytokinesis,
aurora kinase B (AKB) is required [2,12]. Massive polyploidization and failure to bio-
orientate chromosomes result from AKB inhibition [2,12]. Since aurora kinase C (AKC),
which complements the activity of AKB, has received less attention to date, we decided to
focus only on AKB in this investigation, due to a lack of data for AKC [12].

Aurora kinases have been suggested as prospective targets for anticancer treatments
due to their crucial function in controlling the cell cycle. At this time, none of the ATP-
competitive inhibitors targeting AKB that are in clinical development (Figure 1) have been
granted approval [4,5,13].
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In these conditions, a quick and effective strategy to find AKB inhibitors is still a key
goal for medicinal chemists. To fulfill this goal, there is a need to use modern methods
such as computer-aided drug design (CADD) to reduce time, costs, trial-and-error proce-
dures, and other required resources [14,15]. The vibrant and developing field of CADD
is successful due to the result-oriented performance of molecular docking, QSAR, and
its other branches [14–16]. In QSAR, a mathematical model is created to connect chemi-
cal descriptors (structural features) to a desired bioactivity profile using a wide range of
machine learning techniques [17,18]. In a more pragmatic sense, QSAR allows one to prior-
itize compounds with desirable attributes for a subsequent (and presumably successful)
biological evaluation [17–19]. Traditional QSAR concentrates on producing statistically
significant models [17–19]. Previously, different researchers have reported QSAR models
for AKB using different techniques. For example, Neaz et al. [20] reported a 3D-QSAR
model for a dataset of forty-eight quinazoline derivatives possessing other heterocyclic
rings. The developed model had a leave-one-out cross-validated correlation coefficient
(Q2LOO) of 0.56. Another 3D-QSAR and molecular docking study of azaindole derivatives
as AKB inhibitors was accomplished by Lan and co-workers [21]. The best developed
QSAR model based on forty-one molecules had Q2LOO = 0.575. Likewise, Ashraf et al. [22]
used a dataset of 57 acylureidoindolin derivatives to develop a 3D-QSAR model, which
had Q2LOO = 0.641, and indicated that electrostatic and hydrophobic fields determine the
activity of compounds. Thus, AKB has been the subject of QSAR research; however, the
developed QSAR models find little usage due to a lack of generalizability, low predictive
power, being based on small datasets comprising limited scaffolds, or a combination of
these factors. Therefore, there is a need to develop a robust and balanced QSAR model
based on a larger dataset, encompassing diverse structural scaffolds. Consequently, in the
present work, a QSAR model has been developed that possesses high external predictive
ability and extensive mechanistic interpretations supported by X-ray-resolved structures.

2. Results

As stated in Section 1, the focus was on developing a genetic algorithm–multilinear
regression (GA–MLR) model with a combination of mechanistic interpretation and high
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predictive power. We have discovered several structural features in the current inves-
tigation. The recently constructed seven-parameter model and its statistical validation
parameters are as follows.

Model A: pIC50 = 4.611 (±0.224) + 0.559 (±0.105) × fringNplaN4B + 0.436 (±0.11) ×
fsp3Csp2N5B + 0.253 (±0.038) × N_H_2B + 0.164 (±0.035) × fsp2Osp2C5B + 0.1 (±0.015)
× da_lipo_5B − 0.317 (±0.056) × fringNC6B − 0.262 (±0.048) × fOringC6B.

Statistical parameters associated with model A: R2
tr = 0.815, RMSEtr = 0.468,

MAEtr = 0.401, CCCtr = 0.898, s = 0.473, F = 277.836, R2cv (Q2LOO) = 0.808, RMSEcv
= 0.477, MAEcv = 0.408, CCCcv = 0.895, Q2LMO = 0.807, R2Yscr = 0.016, Q2Yscr = −0.02,
RMSEex = 0.446, MAEex = 0.373, R2

ex = 0.814, Q2-F1 = 0.811, Q2-F2 = 0.811, Q2-F3 = 0.833,
CCCex = 0.900.

Model A is statistically robust, as shown by the high values of various statistical
parameters, such as the coefficient of determination (R2

tr) and cross-validated coefficient of
determination for leave-one-out (R2cv or Q2LOO), the external coefficient of determination
(R2

ex), Q2-Fn and the Concordance Correlation Coefficient (CCCex), etc., and the low
values of lack-of-fit (LOF), root mean square error (RMSEtr), and mean absolute error
(MAE). As a result, model A has high external predictive ability [23–30], is devoid of
random correlations [31,32], and meets suggested threshold values for key parameters. The
Supplementary Materials contain the formulae to determine these parameters. A Williams
plot was used to evaluate the model’s applicability domain [33–36]. As a result, it complies
with all the OECD-recommended standards and requirements for developing a valuable
QSAR model. Different graphs associated with model A are depicted in Figure 2.
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There are seven descriptors in model A, which have been calculated by PyDescrip-
tor [37] and tabulated in Table 1. Of the seven descriptors, five descriptors, viz. fringN-
plaN4B, fsp3Csp2N5B, N_H_2B, fsp2Osp2C5B, and da_lipo_5B, have positive coefficients
in model A, implying that increasing their value could lead to a better activity profile,
whereas the reverse is true for the remaining two descriptors, fOringC6B and fringNC6B,
which have negative coefficients in model A. Each molecular descriptor, which is a numeric
representation of structural features [37–39], has correlations with different types of phar-
macophoric features, which govern the inhibitory profile. However, it is to be noted that a
single structural feature can neither explain nor fully determine the final biological activity
(IC50) of a molecule. The biological activity IC50, etc., is an outcome of a combination of
different structural features and some unknown factors. Some features enhance the desired
pharmacological activity, whereas others are responsible for reversing it. It is believed
that two or more pharmacophoric groups concomitantly decide the biological activity
(pharmacophore synergism).

Table 1. Different molecular descriptors present in model A and their descriptions.

Molecular
Descriptor Description

fringNplaN4B Frequency of occurrence of planer nitrogen atoms exactly at 4 bonds from ring nitrogen atom

fsp3Csp2N5B Frequency of occurrence of sp2-hybridized nitrogen atoms exactly at 5 bonds from sp3-hybridized carbon
atoms

N_H_2B Total number of nitrogen atoms present within 2 bonds from hydrogen atoms

fsp2Osp2C5B Frequency of occurrence of sp2-hybridized carbon atoms exactly at 5 bonds from sp2-hybridized oxygen atoms

da_lipo_5B Total number of lipophilic atoms present within 5 bonds from H-bond donor cum acceptor atoms

fOringC6B Frequency of occurrence of ring carbon atoms exactly at 6 bonds from oxygen atoms

fringNC6B Frequency of occurrence of carbon atoms exactly at 6 bonds from ring nitrogen atoms

3. Discussion

Of the seven descriptors in model A, five descriptors, viz. fringNplaN4B, fsp3Csp2N5B,
N_H_2B, da_lipo_5B, and fringNC6B, indicate the importance of different types of nitrogen
atoms in determining the inhibitory activity for aurora kinase B. The same is true for
carbon, which is present in four descriptors, viz. fsp3Csp2N5B, da_lipo_5B, fringNC6B,
and fOringC6B. The relevance of oxygen is due to its presence in three descriptors, viz.
fsp2Osp2C5B, da_lipo_5B, and fOringC6B. At the same time, it should be noted that the
descriptors present in model A are highly interlinked; that is, increasing the value of one de-
scriptor could significantly change the value of another descriptor. This leads to substantial
changes in the biological profile of a molecule, pointing toward pharmacophore synergism,
as molecular descriptors are mathematical representations of pharmacophores. For exam-
ple, the values of descriptors fringNplaN4B and fringNC6B vary with the presence/absence
of ring nitrogen atoms. Therefore, increasing the value of fringNplaN4B by escalating ring
nitrogen atoms could also lead to a higher fringNC6B value. Therefore, in the present work,
we have adopted an approach that involves the concomitant consideration of two or more
molecular descriptors to explain the variance in the activity profile of matched molecular
pairs (MMP). Accordingly, the molecular descriptors whose values have changed for MMP
have been discussed concurrently with relevant examples in Section 3.

da_lipo_5B:

The descriptor da_lipo_5B is simultaneously associated with two important aspects
of a molecule: lipophilic character and H-bonding-capable (donor and acceptor) atoms. It
is to be noted that, in the present work, a carbon atom is non-lipophilic while calculating
da_lipo_5B, if oxygen or nitrogen is attached to it. The average value of da_lipo_5B for the
top one hundred active molecules (IC50 = 0.26 to 4.3 nM) is 15.29, and the value for the
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least active one hundred molecules (IC50 = 611 to 16,000 nM) is 8.51. This reveals that the
higher the number of lipophilic atoms within five bonds of a H-bond-capable atom, the
higher the activity. This gives an initial impression that lipophilicity (mostly represented
by logP [40]) is the only governing factor. However, the calculated logP (clogP), which
represents molecular lipophilicity, has a weak correlation of 0.077 with pIC50, whereas
da_lipo_5B has a value of 0.533. Therefore, the conditional occurrence of lipophilic atoms
in the vicinity of H-bonding-capable atoms is a better choice. A plausible reason could
be the composition of the active site of AKB, which consists of the persistent presence of
lipophilic residues such as Gly, Leu, Val, Phe, etc., between the acidic or basic residues
such as Glu, Asp, Lys [22]. This is why an aurora kinase B inhibitor also requires the
presence of H-bond-capable atoms, preferably with separation by five bonds and the
concomitant occurrence of lipophilic atoms in their vicinity. This observation is confirmed
by the reported X-ray-resolved structure of aurora kinase B (pdb: 4c2w [41]) (see Figure 3).
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The importance of da_lipo_5B highlights the significance of determining the numbers
of donor cum acceptor atoms required to obtain better activity. The average value of donor
cum acceptor atoms for the top one hundred active molecules (IC50 = 0.26 to 4.3 nM) is
3.21, and the value for the least active one hundred molecules (IC50 = 611 to 16,000 nM) is
2.24. A comparison of the following pairs of molecules as representative examples further
highlights the importance of da_lipo_5B: 314 with 402 (see Figure 3), 355 with 347, 206 with
207, 103 with 101, 103 with 99, 61 with 142, 57 with 58, etc.

fringNplaN4B:

fringNplaN4B stands for the frequency of occurrence of planer nitrogen atoms exactly
at four bonds from a ring nitrogen atom. If the same planer nitrogen atom is also present
at ≤4 bonds from the same or any other ring nitrogen atom through any path, then it is
excluded while calculating fringNplaN4B. The importance of fringNplaN4B is reflected by
the fact that the most active 110 molecules with IC50 values ranging from 0.26 to 5.9 nM
have one or more combinations of planer and ring nitrogen atoms. The reverse is true for
less active molecules (IC50 = 16,000 to 611 nM), with some exceptions, such as molecule
numbers 213, 73, 71, 66, 20, etc. Moreover, it was observed that replacing fringNplaN4B
with its corresponding equivalents, fringNplaN3B and fringNplaN5B, for three and five
bonds led to a reduction in the performance of model A (R2 = 0.770, for both). Moreover,
fringNplaN3B and fringNplaN5B have a correlation of R = 0.084 and 0.028 with pIC50,
respectively, whereas fringNplaN4B is a better choice as a descriptor, with R = 0.628.
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However, at first sight, it appears that, individually, ringN (number of ring nitrogen
atoms) or nplanN (number of planer nitrogen atoms) could be an alternative to fringN-
plaN4B. However, both have a weak correlation of 0.207 and 0.374 with pIC50, respectively.
Moreover, a loss in the statistical performance of model A on replacing fringNplaN4B with
ringN (R2 = 0.772) or nplanN (R2 = 0.770) again confirmed the importance of fringNplaN4B.
Therefore, a combination of ring and planer nitrogen atoms separated exactly by four bonds
is an important structural feature to obtain a better pIC50 for AKB.

A literature survey reveals that for pyrrolopyrazole derivatives, a substituted 3-
aminopyrazole moiety is important due to its ability to interact with the hinge region
of the ATP binding site [2]. The three nitrogen atoms of the N-C-N-N pattern present in
3-aminopyrazole are responsible for binding with the receptor [2]. Unfortunately, it appears
that the reported pattern is exclusive to pyrrolopyrazole derivatives bearing a substituted
3-aminopyrazole moiety. Interestingly, the terminal nitrogen atoms of the N-C-N-N pattern
are actually ring and planer nitrogen atoms, thereby suggesting the possible presence
of fringNplaN4B. However, in many active molecules of the present dataset bearing a
substituted 3-aminopyrazole moiety, the value of fringNplaN4B is zero; this is because the
planer nitrogen of the N-C-N-N pattern is also present within ≤4 bonds of the other ring
nitrogen atom. However, in several active molecules for AKB, fringNplaN4B is present
due to other scaffolds (see Figure 4). In other words, instead of the N-C-N-N pattern or a
substituted 3-aminopyrazole moiety, an emphasis on the simultaneous presence of planer
and ring nitrogen atoms separated by four bonds in the molecule is a better strategy to
enhance the inhibitory profile against AKB. Hence, the present work successfully identified
a novel aspect of a reported pattern (N-C-N-N) and extended it for other scaffolds.
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N_H_2B:

The positive coefficient for N_H_2B indicates that the presence of hydrogen in the
vicinity of nitrogen is beneficial to increase the inhibitory activity for aurora kinase B.
In many molecules, N_H_2B exists due to the direct attachment of a hydrogen atom to
a nitrogen atom (N-H) or due to hydrogen atoms bonded to carbon atoms adjacent to
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nitrogen (N-CHn fragment). N_H_2B favors two important structural features that could
lead to a better inhibitory profile: (1) the presence of polar hydrogen atoms as N-H or N-
CHn fragments; (2) steric hindrance or bulkiness in the vicinity of nitrogen atoms, because
hydrogen is the smallest among all the elements. The lesser the bulkiness around nitrogen
atoms, the better the inhibitory profile. These two structural features in combination allow
the polar interactions or H-bond formation between the ligand and the receptor. This
observation, and the significance of N_H_2B as well as da_lipo_5B, is confirmed by the two
forms of the ligand VX-680 (molecule number 14) in the pdb 4b8m [42].

The ligand VX-680 exists in two different forms, labeled as TA and TB in the present
work, in the two chains of pdb 4b8m. From Figure 5 and Table 2, it is clear that the TA
form consists of a higher number of hydrogen atoms than TB, especially in the vicinity of
nitrogen atoms. This led to different values for N_H_2B for the two forms (see Figure 5).
The form TA, having a higher N_H_2B value, has a higher number of interactions with
the receptor, because the additional hydrogen atoms attached to the nitrogen atoms of
the pyrazole (designated as N19 and N20) ring and aminopyrimidine (designated as N14)
are responsible for H-bond interactions with Glu171, Phe172, and Ala173 (see Table 2).
Meanwhile, these interactions are absent for TB, even though the respective atoms N19 and
N14 of TB are more proximate to receptor atoms. The TB form has only one prominent
interaction with the receptor due to the nitrogen (designated as N20) of the pyrazole ring
in the form of a H-bond with Ala173.
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Table 2. Distances of different atoms of TA and TB forms of VX-680 (molecule number 14) from the
receptor atoms (pdb 4b8m).

TA Form TB Form

Residue Residue
Atom

Ligand
Atom Distance Residue Residue

Atom
Ligand
Atom Distance

GLU171 O N19 2.97 GLU171 O N19 2.74

PHE172 CA N20 3.47 PHE172 CA N20 3.52

ALA173 N N20 2.84 ALA173 N N20 2.74

ALA173 O N14 2.93 ALA173 O N14 2.91

HOH2005 O N13 3.32 HOH2005 O N30 2.80
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The following comparisons of molecules further highlight the importance of N_H_2B
(see Figure 6): 108 with 75 and 101, 486 with 487 and 484, and 148 with 144, to list a
few. A simple analysis of these examples indicates that the presence of a pyrazole ring
leads to a better IC50 for a molecule (see Figure 6). However, it has a negative correlation
(R = −0.177) with pIC50. A plausible reason appears from the present work suggesting that
H-bond-capable polar groups are more suitable near the periphery of a molecule, rather
than a pyrazole ring, to achieve good interactions with the receptor.
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fsp3Csp2N5B:

The descriptor fsp3Csp2N5B is associated with two features, viz. sp2-hybridized
nitrogen and sp3-hybridized carbon atoms. As it has a positive coefficient in model 1,
increasing the numbers of such atoms favors the augmentation of pIC50. At the same
time, increasing fsp3Csp2N5B could influence the values of da_lipo_5B and N_H_2B, as
these descriptors are associated with carbon and nitrogen too. Therefore, it indicates that
pharmacophore synergism determines the final inhibitory ability of a molecule for AKB.
This is clearly reflected when molecule 435 is compared with molecule 438.

The pdb 4c2v contains two different tautomeric forms of ligand YJA in two different
chains, A and B. The influence of fsp3Csp2N5B along with N_H_2B is observed for the two
tautomeric forms of co-crystallized ligand ‘YJA’ in the pdb 4c2v [41]. The two tautomeric
forms show that YJA-T1 and YJA-T2 (see Figure 7) of ligand YJA have different values for
fsp3Csp2N5B and N_H_2B (see Table 3). The online tautomer generator from Chemaxon
(https://disco.chemaxon.com/calculators/demo/plugins/tautomers/, accessed on 28 Oc-
tober 2022) indicates that the ligand YJA can exist in seven different tautomeric forms.
However, only two tautomeric forms, YJA-T1 and YJA-T2, predominate, with approxi-
mately 16 and 84 percent, respectively. The rest of the tautomeric forms have less than a
0.1% probability of existence.

A comparison of the interactions of YJA-T1 and YJA-T2 with the receptor and the
solvent indicates that the two forms have established H-bonds with the similar amino
acid residues of the receptor but with different distances (see Figure 8). The YJA-T2 has
an additional H-bond with the solvent (HOH2108). Moreover, it has a higher number of
interactions with the receptor and the solvent (H2O) within 5 Å compared to YJA-T1. Thus,
the increased value of fsp3Csp2N5B and N_H_2B for these two tautomeric forms correlates
with a higher number of receptor atoms in the vicinity, which ultimately leads to an
augmented number of interactions. Additional details related to the interactions of YJA-T1
and YJA-T2 with the receptor are available in Table S1 in the Supplementary Materials.

https://disco.chemaxon.com/calculators/demo/plugins/tautomers/
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Table 3. A comparison of two tautomeric forms, YJA-T1 and YJA-T2.

Tautomer with
Descriptor Value

H-Bonds
Formed with

Distance (Å) with Angle
(Donor–Hydrogen–Acceptor)

(Cut-Off: 5 Å)

List of Receptor Heavy Atoms
within

5 Å of N3 atom of Ligand
(Residue–Atom–Distance in Å)

List of Receptor Heavy Atoms
within 5 Å of N1 Atom of

Ligand
(Residue–Atom–Distance in Å)

YJA-T1
fsp3Csp2N5B = 0

N_H_2B = 6
fsp2Osp2C5B = 3

LYS122 at 1.668 with 159.8
◦
,

GLN145 at 2.251 with 142.4,
ALA173 at 1.952 with 163.9

◦

VAL107-CB-4.672,
VAL107-CG1-4.351,
VAL107-CG2-4.419,
LU177-OE2-4.842,
LEU223-CG-4.608,

LEU223-CD1-3.627,
LEU223-CD2-4.406

LEU99-CD1-4.259,
ALA120-CB-4.501,
GLU171-C-4.888,
GLU171-O-4.058,
PHE172-N-4.808,

PHE172-CA-3.818,
PHE172-C-3.832,

PHE172-CB-4.641,
PHE172-CG-4.403,

PHE172-CD1-3.550,
PHE172-CE1-4.156,
ALA173-N-2.936,

ALA173-CA-3.743,
ALA173-C-4.208,
ALA173-O-3.930,

ALA173-CB-3.623,
LEU223-CD1-4.121
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Table 3. Cont.

Tautomer with
Descriptor Value

H-Bonds
Formed with

Distance (Å) with Angle
(Donor–Hydrogen–Acceptor)

(Cut-Off: 5 Å)

List of Receptor Heavy Atoms
within

5 Å of N3 atom of Ligand
(Residue–Atom–Distance in Å)

List of Receptor Heavy Atoms
within 5 Å of N1 Atom of

Ligand
(Residue–Atom–Distance in Å)

YJA-T2
fsp3Csp2N5B = 1

N_H_2B = 7
fsp2Osp2C5B = 3

LYS122 at 2.361 with 157.8
◦
,

GLN145 at 2.323 with 115.7
◦
,

ALA173 at 1.946 with 174.4
◦
,

HOH2108 2.222 with 106.7
◦

PHE104-CG-4.358,
PHE104-CD2-3.203,
PHE104-CE2-3.058,
PHE104-CZ-4.124,
VAL107-CB-4.591,

VAL107-CG1-4.413,
VAL107-CG2-4.142,
LEU223-CD1-4.047,
LEU223-CD2-4.948

LEU99-CD2-3.977,
ALA120-CB-4.707,
GLU171-C-4.734,
GLU171-O-3.872,
PHE172-N-4.690,

PHE172-CA-3.669,
PHE172-C-3.814,

PHE172-CB-4.567,
PHE172-CG-4.418,

PHE172-CD1-3.618,
PHE172-CE1-4.265,
ALA173-N-2.953,

ALA173-CA-3.799,
ALA173-C-4.271,
ALA173-O-3.915,

ALA173-CB-3.635,
LEU223-CD1-4.165

fsp2Osp2C5B:

The molecular descriptor fsp2Osp2C5B underlines the influence of a specific combina-
tion of sp2-hybridized carbon with sp2-hybridized oxygen in determining the inhibitory
profile for AKB. The positive coefficient for fsp2Osp2C5B indicates that increasing such a
combination of oxygen and carbon could lead to a better inhibitory profile. In the present
dataset, there are 426 molecules with the presence of at least one such combination of
oxygen and carbon. Likewise, the 200 most active molecules with IC50 values in the range
of 0.26 to 24 nM, except molecule numbers 36 and 469, also possess fsp2Osp2C5B >1. A
comparison of molecule number 167 with 168 further strengthens this observation (see
Figure 9).

A closer analysis revealed that the sp2-hybridized carbon with sp2-hybridized oxygen,
required for the existence of fsp2Osp2C5B are, in general, aromatic carbon atoms and
oxygen of the carbonyl group, especially the amide group, respectively. This further
highlights the importance of aromatic rings—and in turn lipophilic atoms—as aromatic
carbons are mostly lipophilic in nature. The need for an amide group in conjugation
point outs the necessity of a polar group to enhance the interactions with the receptor.
The two tautomeric forms of YJA-T1 and T2 possess such a combination and it results in
enhanced interactions with the receptor (see Figure 8). Obviously, a sp2-hybridized carbon
atom will be at a respective distance of three and five bonds from the nitrogen and oxygen
atoms of the same amide group; therefore, we also checked the importance of famdNsp2C3B
(frequency of occurrence of sp2-hybridized carbon atoms exactly at three bonds from amide
nitrogen atoms). It was observed that fsp2Osp2C5B and famdNsp2C3B have a correlation
of 0.64 and 0.58, respectively, with pIC50. Therefore, fsp2Osp2C5B is a better choice to be
considered for future optimizations and activity predictions.



Int. J. Mol. Sci. 2022, 23, 14527 11 of 18

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW  10  of  19 
 

 

Table 3. A comparison of two tautomeric forms, YJA‐T1 and YJA‐T2. 

Tautomer with 

Descriptor Value 

H‐Bonds 

Formed with 

Distance (Å) with Angle 

(Donor–Hydrogen–Acceptor) 

(Cut‐Off: 5 Å) 

List of Receptor Heavy Atoms within 

5 Å of N3 atom of Ligand 

(Residue–Atom–Distance in Å) 

List of Receptor Heavy Atoms within 5 Å of N1 Atom of Ligand 

(Residue–Atom–Distance in Å) 

YJA‐T1 

fsp3Csp2N5B = 0 

N_H_2B = 6 

fsp2Osp2C5B = 3 

LYS122 at 1.668 with 159.8°, 

GLN145 at 2.251 with 142.4, 

ALA173 at 1.952 with 163.9° 

VAL107‐CB‐4.672, 

VAL107‐CG1‐4.351, 

VAL107‐CG2‐4.419, 

LU177‐OE2‐4.842, 

LEU223‐CG‐4.608, 

LEU223‐CD1‐3.627, 

LEU223‐CD2‐4.406 

LEU99‐CD1‐4.259, ALA120‐CB‐4.501, 

GLU171‐C‐4.888, GLU171‐O‐4.058, 

PHE172‐N‐4.808, PHE172‐CA‐3.818, 

PHE172‐C‐3.832, PHE172‐CB‐4.641, 

PHE172‐CG‐4.403, PHE172‐CD1‐3.550, 

PHE172‐CE1‐4.156, ALA173‐N‐2.936, 

ALA173‐CA‐3.743, ALA173‐C‐4.208, 

ALA173‐O‐3.930, ALA173‐CB‐3.623, 

LEU223‐CD1‐4.121 

YJA‐T2 

fsp3Csp2N5B = 1 

N_H_2B = 7 

fsp2Osp2C5B = 3 

LYS122 at 2.361 with 157.8°, 

GLN145 at 2.323 with 115.7°, 

ALA173 at 1.946 with 174.4°, 

HOH2108 2.222 with 106.7° 

PHE104‐CG‐4.358, 

PHE104‐CD2‐3.203, 

PHE104‐CE2‐3.058, 

PHE104‐CZ‐4.124, 
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PHE172‐N‐4.690, PHE172‐CA‐3.669, 

PHE172‐C‐3.814, PHE172‐CB‐4.567, 

PHE172‐CG‐4.418, PHE172‐CD1‐3.618, 

PHE172‐CE1‐4.265, ALA173‐N‐2.953, 

ALA173‐CA‐3.799, ALA173‐C‐4.271, 

ALA173‐O‐3.915, ALA173‐CB‐3.635, 

LEU223‐CD1‐4.165 
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fOringC6B:

The descriptor fOringC6B is associated with the simultaneous and conditional occur-
rence of polar (oxygen) and lipophilic characters (ring carbons) with an exact separation
by six bonds. If a ring carbon is also present within five or less bonds of any other oxygen
atom, then it is omitted while calculating fOringC6B. The molecular descriptor fOringC6B
has a negative coefficient in model 1, which means that a higher number of such carbon
atoms could reduce the inhibitory profile of a molecule for AKB. This is confirmed when
the following pairs of molecules are compared: 526 with 511, 526 with 521, 204 with 205,
229 with 231, 477 with 485, and 256 with 257. The descriptor has been depicted in Figure 10.
The red dots indicate the ring carbons, which contribute to fOringC6B at exactly six bonds
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from the oxygen atom. The six bonds separating such carbon and oxygen atoms have been
labeled with numbers.
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It appears that reducing the number of ring carbon atoms is a feasible solution to
achieve a lower value of fOringC6B, but this will affect negatively other descriptors, viz.
da_lipo_5B, fsp2Osp2C5B. Instead, a solution is to reduce the number of oxygen atoms or
alternatively increase their presence within five or less bonds of ring carbon atoms. The
second solution is observed in the case of molecule number 229. The additional -OCH3
led to a decreased value of fOringC6B, because, while calculating fOringC6B, if a ring
carbon atom was simultaneously present within six bonds of two or more oxygen atoms, it
was excluded.

fringNC6B:

The molecular descriptor fringNC6B provides crucial information about the upper
limit for separation required between the lipophilic (carbon atoms) and polar (nitrogen
atoms) moieties to achieve a better activity profile. While calculating fringNC6B, if a carbon
atom is also present within five bonds of any other ring nitrogen, then it is omitted. If a
carbon atom is present exactly at a distance of six bonds from a ring nitrogen atom, then
it contributes negatively; therefore, such a combination should be avoided. Reducing the
bond gap between carbon and ring nitrogen is a feasible and justified solution, as other
descriptors, viz. da_lipo_5B and fsp3Csp2N5B, also indicate the same. As stated earlier,
a plausible reason for this could be the active site of AKB (see Figure 11). The influence
of fringNC6B on activity is confirmed when following pairs of molecules are compared: 5
with 500, 5 with 506, 374 with 406, 507 with 514, to list a few.

As stated earlier, the descriptors present in model A are entangled. Therefore, chang-
ing one descriptor could result in changes in other descriptors. For example, the descriptors
fringNplaN4B and fringNC6B indicate the importance of ring nitrogen atoms. The fringN-
plaN4B has a positive correlation with pIC50 but fringNC6B has the opposite relation.
Therefore, increasing the value of fringNplaN4B by escalating the ring nitrogen atoms
could also lead to a higher fringNC6B value. Hence, a balance of the appropriate number
and types of nitrogen, carbon, and oxygen could lead to significant inhibitory activity for
aurora kinase B.
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4. Materials and Methods

In this work, we adhered to the OECD’s and other researchers’ suggested standards
and recommendations [17–19,32,43,44] for a successful QSAR analysis. The various pro-
cedures for creating a model included meticulous dataset selection, data curation, 3D
structure production for all molecules, computation and trimming of molecular descrip-
tors, model creation and extensive validation, and mechanistic interpretation [45,46]. To
eliminate bias and ensure proper model validation, these stages were carried out one at
a time.

4.1. Selection of Dataset

The success and efficacy of a QSAR analysis in the drug discovery pipeline are signifi-
cantly influenced by the size, composition, and structural diversity of the selected dataset
used for the analysis [17–19,32,43,44]. As a result, a sizable dataset of 3398 reported AKB
ligands was downloaded from BindingDB (https://www.bindingdb.org/bind/index.jsp,
accessed on 14 January 2022). The dataset was then reduced to 561 molecules only after
duplicates (average value for duplicates), salts, metal derivatives, rule-of-five violators,
molecules with undefinable Ki values, etc., were eliminated during data curation [47]. The
condensed dataset still included a variety of molecules, such as stereoisomers, positional
and chain isomers, various heterocyclic and aromatic scaffolds, etc. Thus, it covered a broad
chemical space. The experimental IC50 ranged from 0.26 to 16,000 nM. The experimental
IC50 values were converted to pIC50 for a better QSAR analysis (−log10IC50). Figure 12
and Table 4 comprise some molecules that are very active and those that are least active, to
help the readers to understand the structural variation present in the dataset.

Table 4. SMILES notation, IC50 (nM), and pIC50 (M) of five most and least active molecules of the
selected dataset.

Mol ID SMILES IC50 (nM) pIC50 (M)

339 O=C(Nc1cc(CNc2ncnc3c(C(=O)N)cccc23)ccc1)c1cnc(NC)cc1 0.26 9.585

326 O=C(Nc1cc(C(Nc2ncnc3c(C(=O)N)cccc23)C)ccc1)c1[nH]nc(C(C)C)c1 0.27 9.569

350 O=C(Nc1cc(CNc2ncnc3c(C(=O)N)cccc23)ccc1)c1[nH]nc2c1CCCC2 0.3 9.523

316 O=C(Nc1cc(C(Nc2ncnc3c(C(=O)N)cccc23)C)ccc1)c1cnc(C)cc1 0.32 9.495

383 O=C(Nc1cc(CNc2ncnc3c(C(=O)N)cccc23)ccc1)c1[nH]nc(C(C)C)c1 0.33 9.481

191 O=C1OCc2c(C)c(O)c(O)c(O)c12 8690 5.061

506 O=C(c1nc(Nc2n[nH]c(C)c2)c2c(n1)cccc2)c1ccccc1 11,500 4.939

https://www.bindingdb.org/bind/index.jsp
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Table 4. Cont.

Mol ID SMILES IC50 (nM) pIC50 (M)

202 O=C(C)c1scc(-c2cnc3[nH]c(-c4ccc(OC)cc4)nc3c2)c1 12,100 4.917

427 O=C(O)c1cnc(Nc2nccc(/C=C\3/C(=O)N(C)/C(=N/c4ccc(CC)cc4)/S/3)c2)cc1 12,505.05 4.903

194 O(C)c1c(Nc2ncc3c([nH]c(-c4c(C)onc4C)c3)c2)cccc1 16,000 4.796
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Figure 12. Representative examples from the selected dataset (five most active and five least ac-
tive molecules).

4.2. Calculation of Molecular Descriptors and Objective Feature Selection (OFS)

The next step involved applying the proper methodology to convert SMILES notations
into 3D-optimized structures. OpenBabel 3.1 [48] was used to translate SMILES to SDF for
this. Then, utilizing PM3 as a force field for structure optimization and partial charge assign-
ment, SDF was converted to MOL2 using MOPAC [49] 2016. After this, PyDescriptor [37]
and PaDEL [50], which together offered more than 40,000 molecular descriptors for each
molecule, were used for molecular descriptor calculation. Although using a large number
of molecular descriptors increases the likelihood that a QSAR analysis will be effective,
with a balance of predictive and mechanistic interpretation abilities, it also raises the risk of
overfitting due to noisy redundancy in the descriptors or chance correlations. As a result,
OFS was carried out using QSARINS 2.2.4 [51], which eliminated molecular descriptors that
were nearly constant (for 90% of molecules) and highly inter-correlated (|R| > 0.90). After
extensive OFS, only 1150 descriptors were finally included in the reduced set of molecular
descriptors, but they nevertheless covered a wide descriptor space because they included
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fingerprints, charged-based, 1D to 3D, and a good number of atom-pair descriptors. The
likelihood of a mechanistic interpretation of the model increased because a significant
portion of the descriptors could be readily interpreted in terms of structural traits.

4.3. Splitting the Dataset into Training and External Sets and Subjective Feature Selection (SFS)

SFS is one of the most important steps in the QSAR model-building process that
involves choosing the right feature selection technique with an adequate number and
set of molecular descriptors. Before developing the QSAR model, the dataset was ran-
domly divided into a training set (80%, or 449 molecules) and a prediction set (20%, or
112 molecules), to allow for proper training and validation of the model. In order to elimi-
nate bias, reduce information leakage [32], confirm the model’s external predictive ability
to predict for molecules other than the training set, and to improve the composition of
the training and prediction sets, the dataset was randomly divided at a ratio of 80:20. The
selection of molecular descriptors was done using the training set only. The prediction set,
also known as the test set or external set, was used exclusively for judging the external
predictive ability of the model.

To prevent over- and underfitting, the QSAR model must have an ideal number of
molecular descriptors (variables). Consequently, the ideal number of descriptors for the
model was identified using a straightforward graphical (or breaking point) method [45,46,52].
The value of Q2LOO typically increases considerably when a new variable (molecular de-
scriptor) is added in stages to an MLR model until the desired elevation is reached. After this,
the value of Q2LOO increases slightly or negligibly. As a result, the number of molecular
descriptors that match the elevation point is ideal for creating a QSAR model. A graph of this
is shown in Figure 13. The last elevation point in Figure 13 corresponds to seven molecular
descriptors. Therefore, the genetic algorithm (GA) in combination with multi-regression
(GA–MLR) method, using QSARINS 2.2.4, was used for the exhaustive search to identify
seven molecular descriptors to develop the QSAR model. For GA–MLR, Q2LOO was used
as the fitness parameter.
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4.4. Building Regression Model and Its Validation

Different combinations of various molecular descriptors were eventually found during
the search for seven molecular descriptors for the QSAR model using GA–MLR. However,
due to the statistical performance and the satisfaction of adhering to strict parameters and
criteria, which have been recommended [17–19,23,27,32,33,44–46,52–57] by a significant
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number of researchers, only one combination of molecular descriptors was chosen. The
following threshold values and conditions were used to select the model:

R2
tr ≥ 0.6, Q2LOO ≥ 0.5, Q2LMO ≥ 0.6, R2 > Q2LOO, R2

ex ≥ 0.6, RMSEtr < RMSEcv,
∆K ≥ 0.05, CCC ≥ 0.80, Q2-Fn ≥ 0.60, r2m ≥ 0.5, (1-r2/ro2) < 0.1, 0.9 ≤ k ≤ 1.1 or (1-
r2/r′o2) < 0.1, 0.9 ≤ k′ ≤ 1.1, | ro2− r′o2| < 0.3, RMSEex, MAEex, R2

ex, Q2F1, Q2F2, Q2F3,
and low R2Yscr, RMSE and MAE.

The model’s application domain must be identified for additional validation. In
order to assess the application domain of the QSAR model, we employed a Williams plot
(standardized residuals vs. hat values).

5. Conclusions

In relation to different features influencing the inhibitory activity for AKB, the present
analysis successfully highlighted the significance of different types of atoms, groups,
patterns, and tautomerism. Additionally, it emphasized the significance of specific patterns
of atoms of different hybridization and their inter-relations in determining the final activity.
The conditional presence of lipophilic (carbon) atoms or groups with respect to nitrogen
atoms was also successfully recognized by model A as being beneficial for obtaining higher
inhibitory for AKB. The present work, for the first time, pointed out the role played by
tautomerism for AKB inhibitors. Model A performed statistically well, which was indicative
of its strong external prediction power. As the current work successfully recognized both
previously described and novel pharmacophoric properties associated with AKB inhibition,
the results are of immense use throughout the drug discovery pipeline for the development
of lead/drug candidates against AKB.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232314527/s1.
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Abstract: 

Scientists around the world are working towards the goal of developing technologies to make use of energy 

from the sun to produce fuels for transport, industry and electricity generation. Fuels produced using solar 

energy and carbon dioxide from the environment would  transform  our  energy  options  in  the  future  by  

providing  an  alternative  to  fossil fuels. 

This report analyses the artificial photosynthesis technology for producing fuels through the lens of 

intellectual property.  It uses the scale and intensity of patent activity to provide an overview of innovation 

in this technology. 

This study identified 53  innovations  related  to  artificial  photosynthesis.  These  results were categorized 

into four broad technology sub classes according to the type of system or area for fuel production and then 

analyzed to give a picture of the landscape in this area of research. 

 

The applicants that made major contributions to this field have origins from the United States  of  America,  

Korea  and  Japan,  whereas  Israel,  Spain,  Russia  has  had  nominal patent involvement in the contribution 
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to this field of study. Study on analysis of patent commercialization reveals that very few patents are 

exploited commercially. 

Keywords: Artificial photosynthesis, renewable energy sources, Patents, sustainable energy 
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Introduction 

 
 
Artificial  photosynthesis  is  a  term  which  describes  the  processes  that,  like  natural photosynthesis,  

harvest  sunlight  and  use  this  energy  to  chemically  convert  water  and carbon dioxide into fuels [1]. The 

journey began in the 19th century with the discovery of the  ‘photovoltaic  effect’,  whereby  an  electric  

current  is  produced  in  a  material  when exposed to light. 

 
Scientists around the world are working towards the goal of developing technologies to exploit  energy  from  

the  sun  to  produce  fuels  for  transport,  industry  and  electricity generation. Fuels produced using solar 

energy would transform our energy options in the future by providing an alternative to fossil fuels [2]. 

 
The purpose of this report is to explore the patent landscape of artificial photosynthesis technologies,  

specifically  in  the  areas  of  solar  energy  harvesting  and  carbon  dioxide reduction for the production of 

fuels. 

 
The  main  focus  of  this  report  will  be  to  investigate  global  patent  trends  within  these technologies  

and  more  specifically  to  identify  who  is  filing  patent  applications  and where. 

 
Another aim of this report is to see if the use of sunlight and atmospheric carbon dioxide for production of 

fuels as an emerging technology to solve the challenges of meeting the growing demand of fuel supply. 

 
Patents can be used as indicators of research output. A patent is a right that is granted for any device, 

substance, method or process that is new, inventive, and useful Patent rights are legally enforceable and give 

the owner exclusive rights to commercially exploit the invention for a limited period of time. 

 
It is a requirement of patent law that patent documents are published and that they fully disclose  inventions.  

As  a  result  of  the  disclosure  requirement,  patent  literature  reflects developments   in   science   and   

technology.   Patent   documents   include   other   useful information, such as international patent 

classifications and information about inventors and applicants. 

 
Through  the  extraction  and  analysis  of  data  associated  with  patent  documents,  it  is possible to measure 

aspects of inventive activity such as scope, intensity, collaboration and  impact.  These  metrics  can  be  
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developed  across  technology  sectors  and  by various units  of  measurement,  such  as  individuals  

(inventors),  institutions  (applicants),  regions and countries. The above groups were manually classified 

sorted and provide more useful analysis than the  IPC.  The  IPC  was  not  suitable  for  our  analysis,  as  

the  artificial  photosynthesis technology is interdisciplinary. 

 
Methodology 

 
 
A patent landscape report is a comprehensive  analysis based on patent documents in a specific  technology  

area,  covering  global  patenting  activity  or  patenting  in  a  certain geographical area.  The first step in 

preparing such a landscape report is to understand the main objectives and the technology scope. The main 

objectives usually lead to a series of more specific questions to be addressed. The technology area is usually 

broken down into sub-areas representing various technical aspects. Next a state -of-the -art patent search is 

performed  to  collect  relevant  patent  information.  The  patent  search  results  are  then analyzed to provide 

answers to those questions regarding the main objectives. 

 
Search strategy and data formatting 

 

We   searched   the   Thomson   Innovation   database   for   patents   relating   to   artificial photosynthesis 

for the period from 2002-2019. Following query was fired to obtain the data. 

Search Query 
 

1. CTB=(ARTIFICIAL PHOTOSYNTHESIS ) OR CTB=(MIMICKING PLANTS FOR FUELS) AND 

CTB=(NANOMATERIALS); 

 
2.  CTB=(ARTIFICIAL  ADJ  PHOTOSYNTHESIS)  OR  CTB=(converting  ADJ  solar 

 

ADJ energy ADJ in ADJ to ADJ fuels) AND CTB=(SUNLIGHT); 
 
 
3.   CTB=(REDUCE   ADJ   CARBONDIOXIDE   )   AND   CTB=(SUNLIGHT)   AND CTB=(FUELS) 

 
All the patent data was sorted according to relevance of topic and compacted into simple patent families [3]. 

A separate Excel sheet was prepared that includes all relevant simple patent families. Each simple family 

was identified and  represented  by  the  publication  number  of  a  single  published  family  

member,preferably the earliest published PCT publication number [4], if available. If the family has no PCT 

family member, the family member published in English was selected. 

The patent data included the following bibliographic information for each family. Title 
 

  Abstract 
 

  Claims 
 

  Applicant/assignee name(s) 
 

  Inventor name(s) 
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  Priority information 

 Earliest priority date (or application date in case no priority is claimed) , i.e. the date of first  filing 

in the family 

  Priority country of earliest priority 
 

  Publication numbers of all members of the simple family 
 

  IPC symbols 
 

  Number of forward citations 
 

  No. of backward citations 
 

  Status of patent (Dead/alive) 
 
 
The search results were categorized into the following groups 

 
 
1. Artificial photosynthesis modules: patent families including systems which are used to convert water 

and carbon dioxide in to different types of fuels. 

 
2. Photocatalysts: patent families including photocatalyst which are used to produce fuels using sunlight. 

 
3. Photo-electrochemistry: patent families including electrochemical generation of fuels from water and 

carbon dioxide using sunlight. 

 
4. Nanomaterials: patent families including nano-sized metal or metalloid particles used for generation of 

fuels from water, carbon dioxide or sunlight 

 

The above groups were manually classified sorted and provide more useful analysis than the IPC. The IPC 

was not suitable for our analysis, as the field of artificial photosynthesis is more interdisciplinary. 
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Publication trend 
 
 
Figure  1:  Year  wise  Publication  Trend  of  patents  in  the  Artificial  Photosynthesis technology 

 

 
 
 
 
 
Figure  1  demonstrates  the  artificial  photosynthesis  patent  applications  over  the  period 

 

2008-2019. 
 

There has been steady work around this area throughout the last few decades but the real flow in the activity 

around this technology has happened in the year 2011-2018. 

 
The  total  number  of  patent  family  applications  per  year  in  the  field  of  agricultural nanomaterials has 

steadily increased  from two patent applications in 2008 to 14 patent applications in 2018. In the year 2014 

saw fewer publication of artificial photosynthesis patent  applications,  however  from  the  2015  onwards  

again  growth  in  publication  of patent applications was seen. The highest patent applications were published 

in 2018. The growing  demand  for  fuel  as  well  the  global  emphasis  on  reducing  emissions  and 

recycling  of  gaseous  pollutant  to  save  environment  may have  contributed  to  this  more recent growth 

in patent filings. 

 
Top assignees 

 
 
From  the  53  patent  families  related  to  artificial  photosynthesis,  14  distinct  applicants were  identified.  

Figure  2  shows  the  top  ranked  applicants  in  this  area.  ABENGOA SOLAR,   HAIPEIER   SOLAR   

ENERGY   HYPERSOLAR   SAEED   MUBIAN   and COUNCIL   OF  SCIENTIFIC   &   INDUSTRIAL  

RESEARCH   in   collaboration   with RELIANCE  INDUSTRIES  are  the  most  active  applicants,  each  

with  11  patent  family members. 
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Figure 2: Top Assignee 

 
 

 
 
 
ABENGOA   SOLAR   is   a   subsidiary   of   Abengoa   headquartered   in   Spain,   is   a multinational   

chemical   company   whose   portfolio   includes   the   development   of photovoltaics,  

concentratedphotovoltaics,  or  concentrated  solar  thermal  technologies. ABENGOA SOLAR has patent 

families in the  area of Photo-electrochemistry, and the most  recent  patent  family  has  a  priority  date  in  

2008.  In  particular,  WO2009095509 relates to liquid Low concentration solar plant and method for 

maximizing the electricity production of the photovoltaic modules thereof. This patent family has 11 

applications. 

 
COUNCIL    OF    SCIENTIFIC    &    INDUSTRIAL    RESEARCH    and    RELIANCE INDUSTRIES 

are India based Government Research organization and an Indian private sector   enterprise   respectively.   

RELIANCE   INDUSTRIES   is   involved   in   power generation,  infrastructure,  construction  and  defense.  

They have  eleven  patent  family in the area of photo-electrochemistry and have priority date in 2011 with 

PCT publication WO2013046228  related  to  process  for  generation  of  hydrogen  and  syngas.  KOREA 

ADVANCED INSTITUTE OF SCIENCE & TECHNOLOGY is a Korean Institute, has ten  patent  family 

members  in  the  area  of  photocatalyst  related  to  production  of  formic acid. 

 
MONTANA  STATE  UNIVERSITY  is  a  US  based  research  Institute,  has  nine  patent family   members   

relating   to   Composite   Nanomaterial   for   photocatalytic   hydrogen production particularly PCT 

publication WO2013046228 relates to reaction  for fixation of  anthropogenic  CO2  into  calcium  carbonate  

using  carbonic  anhydrase  (CA)  as  a biocatalyst.CA  is  being  employed  to  accelerate  the  rate  of  

hydration  of  CO2  to  form carbonate ions and proton. SUNDROP FUELS is US based bio-based fuel and 

chemical company, with headquarters in Longmont, Colorado has six patent family members with priority 

in 2010. More particularly PCT publication number WO2010036662 related to the products from a solar 
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assisted reverse-water-gas-shift reaction (RWGS) are used to create  a  liquid  hydrocarbon  fuel.  A  synthesis  

reactor  uses  any  unconsumed  hydrogen molecules  and  the  resultant  stabilized  carbon  monoxide  

molecules  from  the  RWGS reaction in the hydrocarbon fuel synthesis process to create a liquid 

hydrocarbon fuel. 

 
UNIVERSITY OF COLORADO again a public research university located in Boulder, Colorado, United 

States has four patent family members with priority in 2013. 

 
Other   major   applicants   are   HIROYUKI   KOBAYASHI,   UCHICAGO   ARGONNE, ZHEJIANG       

GONGSHANG       UNIVERSITY,       ZHEJIANG       GONGSHANG UNIVERSITY,  GOVERNING  

COUNCIL  OF  THE  UNIVERSITY  OF  TORONTO collectively have nine patent family members. 

Top filling country 
 
 
Although    ABENGOA    SOLAR    (Spain),    and    COUNCIL    OF    SCIENTIFIC    & INDUSTRIAL 

RESEARCH in collaboration with RELIANCE INDUSTRIES (India) are the applicants with the largest 

number of patent family members, the United States is the country  with  the  most  applications.  Figure  3  

demonstrates  top  filling  applicant  origin. The top three countries hold almost 50 per cent of the total patent 

families. 

 
The   United   States   is   a   highest   patent   filling   country   in   the   field   of   artificial photosynthesis.  

Korea  is  the  second  largest  filling  country.  Japan  China,  ranked  third overall. 

 
Figure 3: Top filling countries in the Artificial Photosynthesis technology 

 
 

 
 
 
Figure 3 also shows that the remainder of the world are not patenting in large numbers in the area of artificial 

photosynthesis. Israel, Spain, Russia and Peru contribute list patents in the field of artificial photosynthesis. 
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Top inventors 
 
 
An  analysis  of  the  inventors  of  the  53  patent  family  members  identified  about  twelve 

productive Inventors with at least three patent family members. 

 
Figure 4: Top inventors in the Artificial Photosynthesis technology 

 
 

 
 
 
ROBSON  RAPHAEL  GUIMARÃES  was  the  leading  inventor  with  23  family  patents filed  

across  various  countries.  GEORGE  A.  OLAH  was  the  second  leading  inventor, involved in 

eight family patents. SADHANA SURESH RAYALU and PETERS JOHN W  were  the  third  

leading  inventors,  involved  in  seven  patent  inventions.  Inventors WANG HAOTIAN, ALFREDO 

DUARTE were the next leading inventors with each of them having six patent family members. Lee 

Sahng Ha, STEVENS JOHN HENRY and HINMAN  BRIAN  L  involved  in  four  patent  family  

members  each  and  CÍCERO VENANCIO having three patent family members. 

Technology sub-area analysis 
 
 
The technology artificial photosynthesis was divided further in four sub-groups as shown in 

Figure 5. Each patent family was assigned a technology sub-area based on the type of fuel  

produced  and  the  type  of  technology  by  reviewing  the  abstract  and  description associated 

with each of the patent families. 
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Figure  5:  Share  of  various  sub-areas  in  the  artificial  photosynthesis  technology 

 

 
 
 
An in-depth analysis of various areas related to artificial photosynthesis revealed that the 

“Artificial  photosynthesis  module”  is  the  predominant  area  in  artificial  photosynthesis. The 

“Artificial photosynthesis module” accounts for 47% (or 25 patent family members) out  of  53  

patent  family.  The  inventions  classified  in  this  category  relates  generally  to modules for 

reduction of atmospheric carbon dioxide and water into fuel specifically, to carbonaceous fuel by 

utilizing sunlight. 

 
The second most important technology is that of “Photocatalyst”, which is disclosed in 

 
 
13 patent families (accounting for 25% of the total 53 patent family members). All these patent  

family  employed  metal,  metalloid  and  non-metals  as  catalyst  for  capturing  the sunlight i.e. 

conversion of sunlight in to different types of fuels.    Yet another 9 patent family  disclose  

“nanomaterials”  particularly  Metal  nanoparticles  including  bismuth, nickel cobalt serves as a 

charge carrier which enhances the photoefficiency of the solar cells.  Semiconductor  

Nanomaterial  including  silicon  nanowires,  Titanium  oxide,  shere shaped  carbon-nitride  

nanoparticles  again  acts  as  efficient  catalyst  for  reduction  of carbondioxide. 

Graphenenanomaterials have major contribution in the field of catalyst of solar energy 

conversion. 

 
The  “photo-electrochemistry”  is  another  area  which  disclosed  in  six  patent  family members (11% 

of 53 patent family members); which relates to the photo-electrochemical conversion of solar energy into 

fuel energy with high efficiency by using CO2  and water as starting materials. 
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Analysis based on type of fuel produced 
 
 
Figure 6: Type of fuel  produced in various sub-areas of the artificial photosynthesis technology 

 
 
 
The obtained 53 patent family member were further sub-grouped on the basis of the type of  Fuel  

produced  by  each  of  technology  sub-area.  Among  53  patents  family  carbon- hydrogen-oxygen 

compounds dominated the entire portfolio. As indicated on the graph, 

13  out  of  53  patent  family  members  refer  to  the  carbon-hydrogen-oxygen  compounds under  
artificial  photosynthesis  module  sub-area.  It  includes  the  alcoholic  compounds such as methanol, 
ethanol which are used as additive for fuel or directly as fuel. 

 
Other  types  of  fuels  including  electricity,  hydrogen,  oxygen,  hydrocarbons,  mixture  of gases are spread 

across all four technology subarea. There are 12 patents family which refer to the production of electricity 

collectively belongs to all four technology subarea. Remarkably,  PCT  publication  WO2009095509  has  

total  twelve  family  members,  the invention  related  to  low  concentration  solar  plant  and  method  for  

maximizing  the electricity  production  of  the  photovoltaic  modules.  Hydrogen  is  the  third  leading  fuel 

contributing  six  patent  families.  PCT  publication  WO2007086918  has  nine  family members  across  

the  world  generally  related  to  reaction  of  an  electron  donor  with  a composite material for photocatalytic 

hydrogen production by utilizing 1) a polymer gel; 

2)  a  photocatalyst;  and  3)  a  protein  based  H2  catalyst.  Hydrogen  is  one  the  major  fuel product 

produced during photoelectrochemical decomposition of water. 

 
Syngas  and  mixture  of  gas  has  less  contribution  to  the  technology,  however  these products are utilized 

for the production of hydrocarbons and alcoholic compounds [5]. 
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Legal status of patents and technology commercialization analysis 

 
 
Status   of   patent   application   is   a   proxy   for   assessment   of   commercialization   of technology. 

Figure 7 indicates the legal status of the patents irrespective of countries they are filed. Out of 53 patent 

families across the world 39 patent families are in force. There are  14  patent  families  which  are  lapsed  

due  to  fees  related  issues  or  not  being commercialized. 

Figure 8 shows patent applications in major countries which are in force or dead at the date of conducting 

that patent search. By analyzing the numbers of patents still in force in these countries, it is possible to get a 

picture where the applicants consider the biggest markets for the inventions. 

Figure 7: Legal status 
 
 

 
 
 
Figure 8: In Force and Lapsed patent applications since 2002 
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Figure 8 indicates that applicants are primarily protecting their inventions in the United States,  Australia  

and  Korea.  Overall  almost  all  major  filing  countries  have  kept  their patents in force. As  artificial  

Photosynthesis  is  an  immerging  technology  therefore,  it  is  challenging  to move  laboratory  prototype  

systems  to  commercial  technologies.  However,  if  this  new route of producing fuels is achieved on a 

large scale, it would transform our sustainable energy  options  by  providing  alternatives  to  oil,  gas  and  

coal  as  sources  of  fuel  for transport, industry and electricity generation [6]. 

 
Scientists and engineers are working together on significant scientific and technological challenges to 

successfully scale up laboratory prototypes to a commercial scale [7]. PCT application  number  

PCT/US2006/013742  having  priority  from  US  is  a  single  patent family which is commercialized till 

date.  It has nine patent family members across the world. The patent is related to the reduction process for 

converting CO2  into methanol with  the  help  of  Nobel  Laureate  George  A  Olah  (Inventor)  [8].  The  

company  CRI (Carbon Recycling International) George Olah Plant is located at Iceland. It has capacity of 

producing 5 million Liters of Methanol per year in the year 2015-2016. The recycling capacity of the plant 

is 5.5 thousand Cubic Meters of carbon dioxide per year. However, it  took  around  10  years  to  

commercialize  the  technology  [2006-2015(calculated  from filling date)]. Further analysis revealed that 

there is no licensee for this technology [9]. 

 
Korea is second major filling country. The Korean Centre for Artificial  Photosynthesis (KCAP) was 

launched at Sogang University in 2009, Funded by the National Research Foundation of Korea, it is working 

on materials development for photo-electrocatalysis and  the  development  of    systems  for  artificial  

photosynthesis,  thus  have  both  basic research and technical development with the goal of commercial 

exploitation[10] 

 
There are programs dedicated to artificial photosynthesis research and innovation in the United  States,  the  

Netherlands  and  South  Korea,  as  well  as  renewable  energy research centers in China and Japan. 

 
Recently,  the  US  Department  of  Energy  (DOE)  set  up  three  Energy  Innovation  Hubs, including a 

solar research facility. In July 2010, the DOE awarded $122 million dollars over five years to researchers at 

California Institute of Technology in partnership with the DOE’s Lawrence Berkeley National Laboratory 

for the formation of the Joint Center for Artificial Photosynthesis (JCAP). The preliminary objective of 

JCAP is to rapidly move artificial photosynthetic research out of the laboratory setting for commercial 

exploitation 
 

[11]. 
 
 
There  is  also  evidence  of  some  industries  like  RELIANCE  INDUSTRY,  SUNDROP FUELS  investing 

in artificial photosynthesis fuels research and innovation [12,13]. 
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Major limitations on the practical application and commercial use of approaches to artificial 

Photosynthesis technology 

 
1.  Scalability  of  the  invention  is  major  obstacle  to   successful  implementation  of technology   on   

commercial   scale   specifically   with   regard   to   photoelectrochemistry (electrolysers). 

 
2. The area required for "light harvesting" is second major challenge. 

 
 
3. On a larger scale, difficulties to store, distribute, and use hydrogen. 

 
 
4. Higher cost of development and design of architectures which can be used for scaling- up from the small 

scale to large scale [14] 

Conclusion 
 
 
This report uses the scale and intensity of patent activity related to synthesis of fuel from sunlight  and  

carbon  dioxide  using  artificial  photosynthesis  technologies  to  provide  an overview of innovation in the 

area. The report analysis on 53 patent families related to artificial photosynthesis, is concluded as below 

 
1. Patent activity in the field has increased since the year 2011. A noticeable increase in patent  families  in  

the  technology  sub  area  of  Artificial  photosynthesis  module  and Photocatalyst has largely contributed 

to this. 

 
2.  Almost  half  of  the  patent  families  were  in  the  category  of  Artificial  photosynthesis module 

primarily on production carbon hydrogen and oxygen type of compounds. 

 
3.  In the area of Photocatalyst, the major technology focus was in improving production of hydrogen, 

hydrocarbon and carbon hydrogen and oxygen type of fuels with 13 patent families. 

4.  By  identifying  the  origin  of  the  applicants  of  patent  families,  the  jurisdictions providing  the  

majority  of  contributions  to  the  field  of  study  were  determined.  The majority  of  contributions  arise  

from  the  United  States  of  America,  Korea,  Japan  and Australia.  However,  only  one  patent  family  

originates  from  Israel,  Spain,  Russia  and Peru. 

5.  This  report  identified  few  collaboration  in  the  patent  area  includes  collaboration between  COUNCIL  

OF  SCIENTIFIC  &  INDUSTRIAL  RESEARCH  and  RELIANCE INDUSTRIES. The major patent 

filling assignees such as HAIPEIER SOLAR ENERGY HYPERSOLARSAEED   MUBIAN   

UNIVERSITY   OF   CALIFORNIA   and   KOREA ADVANCED   INSTITUTE   OF   SCIENCE   &   

TECHNOLOGY   found   to   exhibit   a collaboration using the methods of this study. 

6. The major markets are the United States of America and Korea, these countries had the highest proportion 

of patents still in force. 
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7.   Carbon-Hydrogen_Oxygen   containing   fuel   contributes   more   to   the   technology followed by 

electricity and hydrogen. However, very few patents were commercialized at industry level. 
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ABSTRACT 
In this current work, one new series of 1-Substituted-3-substitutedpropane-1, 3-diones or β-diketones 4(a-e) have been 
synthesized from 4-Hydroxy-3-methoxybenzaldehyde i.e. Vanillin. The structures of titled synthesized compounds of the 
series have been confirmed by usual chemical characteristics, elemental analysis, IR and NMR spectral studies. They have 
also been studied for their antimicrobial effects against the growth response of pathogenic microorganisms viz. E. coli, S. 
aureus, A. flavus through agar diffusion method.  
 
Keywords: Propane-1, 3-diones,Vanillin, Spectral studies, Antimicrobial effects. 
 

1. INTRODUCTION  
Propane-1, 3-diones which are commonly referred as β-
diketones are one of the important classes of organic 
compounds frequently encountered in synthetic 
chemistry [1-3]. They are significant intermediates not 
only as key building blocks for synthesis of core 
heterocycles such as pyrazole, isoxazole, triazole, 
flavone, benzodiazepine and pyrimidine [4-9] in 
medicinal chemistry, but also as an invaluable chelating 
ligand for various metals of transition and lanthanide 
series in material chemistry [10].  
Aside from their synthetic importance, β-diketones 
have showed wide assortment of pharmacological 
activities such as antibacterial [11], antiviral [12], 
systematic insecticidal [13], antioxidant [14], 
prophylactic antitumor [15] as well as an anti-sunscreen 
agent that filters harmful ultra-violet (UV) radiation to 
protect skin [16]. Furthermore, β-diketones have 
examined as breast cancer chemo-preventive blocking 
agent [17], antiestrogenic [18] and anticarcinogenic [19] 
agent. In addition, β-diketones are well known to have 
a keto-enol tautomerism [20] and recently it has been 
reported that β-keto-enols are important pharma-
cophore for HIV-I integrase (IN) inhibitor [21].  
Presence of such varying pharmacological activities in 
these molecules developed our interest to synthesize 
some new β-diketone molecules containing phenolic as 

well as aldehydic group. With this view here, we have 
synthesized a new series of 1-Substituted-3-substituted 
derivatives of propane-1, 3-dione comprising moiety           
of vanillin, characterized them by usual chemical 
characteristics, elemental analysis and spectral 
techniques as well as investigated its antimicrobial 
activities through method of agar diffusion. 
 
2. EXPERIMENTAL 
All chemicals and solvents used during research were of 
highest purity purchased commercially from Merck, 
S.D. Fine and Alfa Aesar Company Ltd. The melting 
points of all the synthesized compounds were recorded 
by Thiele’s melting point apparatus as uncorrected 
values. Elemental analysis was carried out on Thermo 
Scientific (Flash 2000) CHNS elemental analyzer. IR 
spectra were recorded over Shimadzu IRAffinity-1 
instrument by means of KBr pallet. 1H NMR spectra 
were scanned by Brucker Avance-II at 400 MHz using 
DMSO-d6 as solvent and Trimethylsilane as an internal 
reference. 13C NMR spectrum of one sample (4a) was 
recorded on same instrument at 100 MHz. 
 
2.1. Experimental process for synthesis of 1-

Substituted-3-substitutedpropane-1,3-
diones 4(a-e) [22]: 

Synthesis of above titled compounds involves following 
preparatory steps: 
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2.1.1. Preparation of 4-Formyl-2-methoxyphenyl 
acetate (1) 

Initially Vanillin (a) was refluxed with acetic anhydride 
along with sodium acetate for 1 hr. The reaction 
mixture was cooled and poured over crushed ice by 
which two distinct layers were formed. The lower 
organic layer was separated by separating funnel, 
washed number of times by distilled water and purified 
by distillation to get 4-Formyl-2-methoxyphenyl acetate 
(1). M.p. 78-80°C, Yield 86%. 
 
2.1.2. Preparation of 5-Formyl-2-hydroxy-3-

methoxyacetophenone (2) 
4-Formyl-2-methoxyphenyl acetate (1) and anhydrous 
AlCl3 (1:3) were heated in an oil bath at 120°C for 1 hr 
(Fries rearrangement). The cooled reaction mixture was 
decomposed by 10% ice cold HCl to form crude ketone 
which was then purified by dissolving it in glacial acetic 
acid followed by pouring the solution slowly in ice cold 
distilled water with continuous stirring to get 5-Formyl-
2-hydroxy-3-methoxyacetophenone (2). M.p. 102-
104°C, Yield 78%. 
 
2.1.3. Preparation of 2-(Substitutedbenzoyloxy)-5-

formyl-3-methoxyacetophenones 3(a-e) 
0.04 mol 5-Formyl-2-hydroxy-3-methoxyacetophenone 
(2) and 0.05 mol corresponding substituted benzoic acid 
were dissolved in pyridine and POCl3 was dropwise 
added with constant stirring below 10°C of temperature. 
The reaction mixture was kept at room temperature for 
overnight and then decomposed by ice cold 10% HCl 
solution. The solid product was separated, filtered, 
washed with distilled water followed by 10% NaHCO3  

washing and again with plenty of distilled water. Finally, 
they were recrystallized by hot ethanol to obtain 2-
(Substitutedbenzoyloxy)-5-formyl-3-methoxyaceto-
phenones 3(a-e) as: 
2-(4’-Nitrobenzoyloxy)-5-formyl-3-methoxyacetophen-
one (3a), M.p.126-130ºC, Yield 80%. 
2-(4’-Methoxybenzoyloxy)-5-formyl-3-methoxyaceto-
phenone (3b), M.p.116-120ºC, Yield 71%. 
2-(2’-Chlorobenzoyloxy)-5-formyl-3-methoxyaceto-
phenone (3c), M.p.110-114ºC, Yield 75%. 
2-(4’-Chlorobenzoyloxy)-5-formyl-3-methoxyaceto-
phenone (3d), M.p.124-128ºC, Yield 76%. 
2-(2’,4’-Dichlorobenzoyloxy)-5-formyl-3-metho-
xyacetophenone (3e), M.p.134-136ºC, Yield 84%. 
 
2.1.4. Preparation of 1-(5’-Formyl-2’-hydroxy-3’-

methoxyphenyl)-3-(substitutedphenyl) 
propane-1, 3-diones or β-diketones 4(a-e) via 
Baker-Venkataraman Rearrangement 

0.05 mol 2-(Substitutedbenzoyloxy)-5-formyl-3-
methoxyacetophenone 3(a-e) was dissolved in 40 ml of 
pyridine. The resulting solution was warmed up to 60°C 
and pulverized KOH was added gradually with 
continuous stirring. After 6-8 hrs, the reaction mixture 
was acidified by ice cold dilute HCl solution (1:1). The 
solid product was separated, filtered, washed with 10% 
solution of NaHCO3 and then several times with 
distilled water. Finally, it was recrystallized from 
mixture of ethanol and acetic acid to get respective β-
diketones namely 1-(5’-Formyl-2’-hydroxy-3’-metho-
xyphenyl)-3-(substitutedphenyl)propane-1,3-diones 
4(a-e). The general experimental scheme for synthesis 
of above titled compounds is depicted in Fig. 1. 
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Fig. 1: Experimental scheme for synthesis of 1-(5’-Formyl-2’-hydroxy-3’-methoxyphenyl)-3-
(substitutedphenyl)propane-1, 3-diones 4(a-e) 
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2.2. Antimicrobial study 
In this section, all newly synthesized 1-(5’-Formyl-2’-
hydroxy-3’-methoxyphenyl)-3-(substitutedphenyl) 
propane-1, 3-diones 4(a-e) were screened for their 
antimicrobial activities by method of Agar diffusion [23-
24] in order to investigate their effects against              
growth response of pathogenic microorganisms E. coli, 
S. aureus and A. flavus at six concentrations ranging             
from 25 μg/ml to 1000 μg/ml. To prepare the 
solutions of above concentrations DMSO was used as 
solvent. Nutrient-agar and Czapek-Dox media were 
utilized respectively for antibacterial and antifungal 
analysis as well as standard Ciprofloxacin and 
Amphotericin drugs were utilized for the purpose of 
comparison. 
 
2.2.1. Antibacterial analysis 
First of all, the bacterial stock cultures were revived by 
inoculation in broth media and allowed to grown at 
37°C for about 18 hrs. The plates of agar of above 
media were prepared and wells or holes were prepared 
in the plates. Each plate was inoculated with 18 hrs old 
cultures [100 μl, 104 CFU] and spread evenly on the 
plate. Afterward, the wells or holes were filled with 
solutions of different concentration of compounds and 
standard drugs. All the plates were incubated at the 
temperature of 37°C for at least 24 hrs and zones of 
inhibition were measured as diameter (in mm). 
 
2.2.2. Antifungal analysis 
First of all, the fungal stock culture was revived by 
inoculation in broth media and allowed to grown at 
27°C for about 48 hrs. The plates of agar of above 
media were prepared and wells or holes were prepared 
in the plates. Each plate was inoculated with 48 hrs old 
cultures [100 μl, 104 CFU] and spread evenly on plate. 
Afterward, the wells or holes were filled with solutions 
of different concentrations of compounds and standard 
drugs. All the plates were incubated at 27°C 
temperature for near about 96 hrs and inhibition zones 
were measured as diameter (in mm). 
 
3. RESULTS AND DISCUSSION 
3.1. Spectroscopic data 
The spectral data of IR, 13C NMR and 1H NMR showed 
expected peaks or signals which correspond to various 
groups present in respective compound. Also, data on 
elemental analysis was found in full agreement with the 
proposed structure of compounds. The physical and 

spectroscopic data of newly synthesized compounds 4(a-
e) are summarized below. 
 
3.1.1. 1-(5’-Formyl-2’-hydroxy-3’-methoxyphenyl)-

3-(4’-nitrophenyl)propane-1, 3-dione (4a): 
Brown solid; Yield 76%; M.p. 180-184°C; Elemental 
Anal. Calcd. for C17H13NO7: C, 59.48; H, 3.82; O, 
32.62. Found: C, 59.41; H, 3.75; O, 32.56. IR Spectra 
(KBr cm-1): 3120 (phenolic OH), 2980 (aromatic C-H), 
2850 (aliphatic C-H), 1695 (C=O), 1520 (aromatic 
C=C), 1285 (C-N). 1H NMR Spectra (400MHz, 
DMSO-d6, δ, TMS=0): 2.51 (s, 3H, -OCH3), 3.43 (s, 
2H, -CH2), 3.80 (s, 1H, -OH), 8.15-8.32 (m, 6H, Ar-
H), 13.54 (s, 1H, -CHO). 13C NMR Spectra (100MHz, 
DMSO-d6, δ, TMS=0): 40 (-CH2), 190 (-CHO), 195 
(C=O), 123-136 (Ar-C), 149-165 (C=C). 
 
3.1.2. 1-(5’-Formyl-2’-hydroxy-3’-methoxyphenyl)-

3-(4’-methoxyphenyl)propane-1,3-dione(4b): 
Dark brown solid; Yield 68%; M.p. 140-144°C; 
Elemental Anal. Calcd. for C18H16O6: C, 65.85; H, 
4.91; O, 29.24. Found: C, 65.72; H, 4.87; O, 29.03. 
IR Spectra (KBr cm-1): 3340 (phenolic OH), 2980 
(aromatic C-H), 2910 (aliphatic C-H), 1615 (C=O), 
1515 (aromatic C=C), 1260 (C-O).1H NMR Spectra 
(400MHz, DMSO-d6, δ, TMS=0): 2.51 (s, 3H,-
OCH3), 3.81 (s, 2H, -CH2), 5.13 (s, 1H, -OH), 6.99-
7.90 (m, 6H, Ar-H), 10.10 (s, 1H, -CHO). 
 
3.1.3. 1-(5’-Formyl-2’-hydroxy-3’-methoxyphenyl)-

3-(2’-chlorophenyl)propane-1,3-dione (4c): 
Dark brown solid; Yield 72%; M.p. 133-136°C; 
Elemental Anal. Calcd. for C17H13ClO5: C, 61.36; H, 
3.94; O, 24.04. Found: C, 61.28; H, 3.87; O, 24.0. 1H 
NMR Spectra (400MHz, DMSO-d6, δ, TMS=0):            
2.50 (s, 3H, -OCH3), 3.38 (s, 2H, -CH2), 4.10 (s,             
1H, -OH), 6.77-7.65 (m, 6H, Ar-H), 9.88 (s, 1H,-
CHO). 
 
3.1.4. 1-(5’-Formyl-2’-hydroxy-3’-methoxyphenyl)-

3-(4’-chlorophenyl)propane-1,3-dione (4d): 
Brown solid; Yield 77%; M.p. 145-148°C; Elemental 
Anal. Calcd. for C17H13ClO5: C, 61.36; H, 3.94; O, 
24.04. Found: C, 61.30; H, 3.83; O, 24.0. IR Spectra 
(KBr cm-1): 3340 (phenolic OH), 2970 (aromatic C-H), 
2885 (aliphatic C-H), 1590 (C=O), 1385 (C-O), 875 
(C-Cl). 1H NMR Spectra (400MHz, DMSO-d6, δ, 
TMS=0): 2.52 (s, 3H, -OCH3), 3.36 (s, 2H, -CH2), 
4.30 (s, 1H, -OH), 7.23-7.74 (m, 6H, Ar-H), 10.9 (s, 
1H, -CHO). 
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3.1.5. 1-(5’-Formyl-2’-hydroxy-3’-methoxyphenyl)-
3-(2’,4’-dichlorophenyl)propane-1,3-dione(4e): 

Yellow-brown solid; Yield 80%; M.p. 168-170°C; 
Elemental Anal. Calcd. for C17H12Cl2O5: C, 55.61; H, 
3.29; O, 21.79. Found: C, 55.58; H, 3.21; O, 21.67. 
1H NMR Spectra (400MHz, DMSO-d6, δ, TMS=0): 
2.51 (s, 3H, -OCH3), 3.36 (s, 2H, -CH2), 4.15 (s, 1H, 
-OH), 7.48-7.83 (m, 6H, Ar-H), 13.54 (s, 1H, -CHO). 
 
3.2. Antimicrobial activity 
In the present work, total five 1-Substituted-3-
substituted derivatives of propane-1, 3-dione 4(a-e) 
were synthesized, purified by recrystallization and used 
individually to investigate their antimicrobial effects 
against pathogenic microorganisms viz. E. coli, S. aureus 
and A. flavus. The resulting data on antimicrobial activity 
of newly synthesized compounds 4(a-e) and standard 
drugs against E. coli, S. aureus and A. flavus with zone of 
inhibition in mm are tabulated in Table-(1-4) and their 
photographs are shown under Fig.-(2-4) respectively. 
From the results on antimicrobial activities, it was 
observed that, out of all these compounds 4(a-e), 
compound (4b) and (4c) were not showed any inhibition 

zones against E. coli at all the tested concentrations, 
while compounds (4a), (4d) and (4e) has showed 
(3,5,8), (3,3,5) and (3,6,8) mm zones of inhibition             
at concentrations of 250, 500 and 1000µg/ml 
respectively. The minimum inhibitory concentration 
(MICs) at which these compounds (4a), (4d) and (4e) 
showed inhibition against E. coli was at 250 µg/ml but in 
case of compounds (4b) and (4c) for E. coli, MICs was 
not found. In case of S. aureus, compound (4a) showed 
(3, 5, 10, 11) mm zones of inhibition at 100, 250, 500 
and 1000 µg/ml concentrations respectively with a 
MICs at 100 µg/ml. Compounds (4b) and (4d) showed 
4 and 3 mm of inhibition zones at 1000 µg/ml 
concentration only while compound (4e) showed (3, 5, 
7) mm of inhibition zones at 250, 500 and 1000 µg/ml 
respectively with MICs at 250 µg/ml. The compound 
(4c) not showed any inhibition zones for S. aureus at all 
the analyzed range of concentrations. The results on 
antifungal activity were shocked us because all these 
newly synthesized compounds 4(a-e) were not showed 
any zones of inhibitions at any concentrations against 
fungi A. flavus. 

 
Table 1: Antibacterial activity of synthesized compounds 4(a-e) against E. coli 

Compd. code 25 µg 50 µg 100 µg 250 µg 500 µg 1000 µg MIC µg 
4a NI NI NI 3 5 8 250 
4b NI NI NI NI NI NI NF 
4c NI NI NI NI NI NI NF 
4d NI NI NI 3 3 5 250 
4e NI NI NI 3 6 8 250 

 
Table 2: Antibacterial activity of synthesized compounds 4(a-e) against S. aureus 

Compd. code 25 µg 50 µg 100 µg 250 µg 500 µg 1000 µg MIC µg 
4a NI NI 3 5 10 11 100 
4b NI NI NI NI NI 4 1000 
4c NI NI NI NI NI NI NF 
4d NI NI NI NI NI  3 1000 
4e NI NI NI 3  5  7  250 

 
Table 3: Antibacterial activity of Ciprofloxacin drug against E. coli and S. aureus 

Organism 25 µg 50 µg 100 µg 200 µg 400 µg 800 µg MIC µg 
E. coli 18 20 23 26 28 31 25 

S. aureus 13 18 21 25 27 34 25 
 
Table 4: Antifungal activity of Amphotericin drug against fungi A. flavus 

Organism 25 µg 50 µg 100 µg 200 µg 400 µg 800 µg MIC µg 
A. flavus NI NI NI NI 7 10 400 

NI: No Inhibition; NF: MIC not found; MIC: Minimum Inhibitory Concentration 



 

                                                                 Pagariya et al., J Adv Sci Res, 2021; ICITNAS: 312-317                                                               316                     

 
"Special Issue: International Conference on Innovative Trends in Natural and Applied Sciences -2021” 

 
 
Fig. 2: Effects of synthesized compounds 4(a-e) and std. Ciprofloxacin on the growth response of E. coli 
 

 
 
Fig. 3: Effects of synthesized compounds 4(a-e) and std. Ciprofloxacin on the growth response of S. 
aureus 
 

 
 
Fig. 4: Effects of synthesized compounds 4(a-e) and std. Amphotericin on the growth response of A. 
flavus 
 
4. CONCLUSION 
In conclusion, a new series of 1-Substituted-3-
substituted derivatives of propane-1, 3-dione 4(a-e) 
comprising 4-Hydroxy-3-methoxybenzaldehyde i.e. 
Vanillin moiety were synthesized successfully in 
satisfactory yield via Baker-Venkataraman Transfor-
mation (BVT) of corresponding substituted 2-
benzoyloxyacetophenones 3(a-e) and their structures 
were elucidated or confirmed by chemical 
characteristics, elemental analysis and IR, 13C NMR and 
1H NMR spectroscopic techniques. The results on 
antimicrobial studies reveals that, all the five 
compounds 4(a-e) were found to have low to moderate 
antibacterial effects against the growth response of 
pathogens E. coli and S. aureus as compared to std. 
Ciprofloxacin drug but in case of antifungal activity 
against a pathogen A. flavus, they were found to have 
negligible effects at all analyzed range of concentrations 
and said to be inactive. 
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Abstract: This paper is briefly reviewed on types, examples, objective of Biomedical signals , which are observations of physiological 
activities of organisms, ranging from gene and protein sequences, to neural and cardiac rhythms, to tissue and organ images. 
Biomedical signal processing aims at extracting significant information from biomedical signals. With the aid of biomedical signal 
processing, biologists can discover new biology and physicians can monitor distinct illnesses. 
 
Keywords: Biomedical signals; examples, objectives; difficulties encountered 
 
1.Introduction 
 
The human body is a system which includes the nervous 
system, the cardiovascular system, and the musculoskeletal 
system, among others. The cardiac system performs the 
important task of rhythmic pumping of blood throughout 
the body to facilitate the delivery of nutrients, as well as 
pumping blood through the pulmonary system for 
oxygenation of the blood itself. Every system is consisting 
of several subsystems that carry on many physiological 
processes. Physiological processes are complex 
phenomena, including nervous or hormonal stimulation 
and control; inputs and outputs that could be in the form of 
physical material, neurotransmitters, or information; and 
action that could be mechanical, electrical, or biochemical. 
Most physiological processes are accompanied by or 
manifest themselves as signals that reflect their nature and 
activities. Such signals could be of many types, including 
biochemical in the form of hormones and 
neurotransmitters, electrical in the form of potential or 
current, and physical in the form of pressure or 
temperature [1-3]. 
 
Diseases or defects in a biological system cause alterations 
in its normal physiological processes, leading to 
pathological processes that affect the performance, health, 
and general well-being of the system. A pathological 
process is typically associated with signals that are 
different in some respects from the corresponding normal 
signals. If we possess a good understanding of a system of 
interest, it becomes possible to observe the corresponding 
signals and assess the state of the system.  
 
In intensive-care monitoring, the ear drum temperature 
may sometimes be measured using an infra-red sensor. 
Occasionally, when catheters are being used for other 
purposes, a temperature sensor may also be introduced into 
an artery or the heart to measure the core temperature of 
the body. It then becomes possible to obtain a continuous 
measurement of temperature, although only a few samples 
taken at intervals of a few minutes may be stored for 
subsequent analysis [4, 5]. Let us now consider another 
basic measurement in health care and monitoring: that of 
blood pressure (BP). Each measurement consists of two 
values - the systolic pressure and the diastolic pressure. BP 
is measured in milli-meters of mercury (mm of Hg) in 
clinical practice, although the international standard unit 
for pressure is the Pascal [6-8]. 

2.Examples of Biomedical Signals 
 
The preceding example of body temperature as a signal is 
a rather simple example of a biomedical signal. Regardless 
of its simplicity, we can appreciate its importance and 
value in the assessment of the well-being of a child with a 
fever or that of a critically ill patient in a hospital. The 
origins and nature of a few other biomedical signals of 
various types are described in the following subsections, 
with brief indications of their usefulness in diagnosis. 
 
2.1 The action potential 
 
This is the electrical signal that accompanies the 
mechanical contraction of a single cell when stimulated by 
an electrical current. Which cause by the flow of sodium, 
potassium, chloride and other ions across the cell 
membrane. It is the basic component of all bioelectrical 
signals. It provides information on the nature of 
physiological activity at the single-cell level. Recording an 
action potential requires the isolation of a single cell, and 
microelectrodes with tips of the order of a few 
micrometers to stimulate the cell and record the response 
[9]. 
 
2.2 The Electroneurogram (ENG) 
 
The ENG is an electrical signal observed as a stimulus and 
the associated nerve action potential propagate over the 
length of a nerve. It may be used to measure the velocity 
of propagation (or conduction velocity) of a stimulus or 
action potential in a nerve [lo]. ENGs may be recorded 
using concentric needle electrodes or silver - silver-
chloride electrodes (Ag - AgCl) at the surface of the body 
[10]. 
 
2.3 The Electromyogram (EMG) 
 
Skeletal muscle fibers are considered to be twitch fibers 
because they produce a mechanical twitch response for a 
single stimulus and generate a propagated action potential. 
Skeletal muscles are made up of collections of motor units, 
each of which consists of an anterior horn cell (or 
motoneuron or motor neuron), its axon, and all muscle 
fibers innervated by that axon. A motor unit is the smallest 
muscle unit that can be activated by volitional effort. The 
constituent fibers of a motor unit are activated 
synchronously. Component fibers of a motor unit extend 
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lengthwise in loose bundles along the muscle. In cross-
section, the fibers of a given motor unit are interspersed 
with the fibers of other motor units [11-12]. 
 
2.4 The electrocardiogram (ECG) 
 
The ECG is the electrical manifestation of the contractile 
activity of the heart, and can be recorded fairly easily with 
surface electrodes on the limbs or chest. The ECG is 
perhaps the most commonly known, recognized, and used 
biomedical signal. The rhythm of the heart in terms of 
beats per minute may be easily estimated by counting the 
readily identifiable waves. More important is the fact that 
the ECG wave shape is altered by cardiovascular diseases 
and abnormalities such as myocardial ischemia and 
infarction, ventricular hypertrophy, and conduction 
problems [13]. 
 
2.5 The electroencephalogram (EEG) 
 
The EEG (popularly known as brain waves) represents the 
electrical activity of the brain. A few important aspects of 
the organization of the brain are as follows: The main parts 
of the brain are the cerebrum, the cerebellum, the brain 
stem (including the midbrain, pons medulla, and the 
reticular formation), and the thalamus (between the 
midbrain and the hemispheres). The cerebrum is divided 
into two hemispheres, separated by a longitudinal fissure 
across which there is a large connective band of fibers 
known as the corpus callosum. The outer surface of the 
cerebral hemispheres, known as the cerebral cortex, is 
composed of neurons (grey matter) in convoluted patterns, 
and separated into regions by fissures (sulci). Beneath the 
cortex lie nerve fibers that lead to other parts of the brain 
and the body [14-16]. 
 
2.6 Event-related potentials (ERPs) 
 
The term event-related potential is more general than and 
preferred to the term evoked potential, and includes the 
ENG or the EEG in response to light, sound, electrical, or 
other external stimuli. Short-latency ERPs are 
predominantly dependent upon the physical characteristics 
of the stimulus, whereas longer-latency ERPs are 
predominantly influenced by the conditions of presentation 
of the stimuli. 
 
2.7 The Electrogastrogram (EGG) 
 
The electrical activity of the stomach consists of rhythmic 
waves of depolarization and repolarization of its 
constituent smooth muscle cells [17-19]. The activity 
originates in the mid-corpus of the stomach, with intervals 
of about 20 s in humans. The waves of activity are always 
present and are not directly associated with contractions; 
they are related to the spatial and temporal organization of 
gastric contractions. External (cutaneous) electrodes can 
record the signal known as the electrogastrogram (EGG). 
Chen et al. [20] used the following procedures to record 
cutaneous EGG signals. 
 
 
 

2.8 The Phonocardiogram (PCG) 
 
The heart sound signal is perhaps the most traditional 
biomedical signal, as indicated by the fact that the 
stethoscope is the primary instrument carried and used by 
physicians. The PCG is a vibration or sound signal related 
to the contractile activity of the cardio hemic system (the 
heart and blood together) and represents a recording of the 
heart sound signal. Recording of the PCG signal requires a 
transducer to convert the vibration or sound signal into an 
electronic signal: microphones, pressure transducers, or 
accelerometers may be placed on the chest surface for this 
purpose. The normal heart sounds provide an indication of 
the general state of the heart in terms of rhythm and 
contractility. Cardiovascular diseases and defects cause 
changes or additional sounds and murmurs that could be 
useful in their diagnosis [21-25]. 
 
2.9 The carotid pulse (CP) 
 
The carotid pulse is a pressure signal recorded over the 
carotid artery as it passes near the surface of the body at 
the neck. It provides a pulse signal indicating the 
variations in arterial blood pressure and volume with each 
heart beat. Because of the proximity of the recording site 
to the heart, the carotid pulse signal closely resembles the 
morphology of the pressure signal at the root of the aorta; 
however, it cannot be used to measure absolute pressure 
[21]. 
 
2.10 Signals from catheter-tip sensors 
 
For very specific and close monitoring of cardiac function, 
sensors placed on catheter tips may be inserted into the 
cardiac chambers. It then becomes possible to acquire 
several signals such as left ventricular pressure, right atrial 
pressure, aortic pressure, and intra cardiac sounds. While 
these signals provide valuable and accurate information, 
the procedures are invasive and are associated with certain 
risks [22, 23]. 
 
2.11 The speech signal 
 
Human beings are social creatures by nature, and have an 
innate need to communicate. We are endowed with the 
most sophisticated vocal system in nature. The speech 
signal is an important signal, although it is more 
commonly considered as a communication signal than a 
biomedical signal. However, the speech signal can serve as 
a diagnostic signal when speech and vocal-tract disorders 
need to be investigated [25]. 
 
2.12 The Vibroarthrogram (VAG) 
 
Considerable noise is often associated with degeneration 
of knee-joint surfaces. The VAG is the vibration signal 
recorded from a joint during movement (articulation) of 
the joint. Normal joint surfaces are smooth and produce 
little or no sound, whereas joints affected by osteoarthritis 
and other degenerative diseases may have suffered 
cartilage loss and produce grinding sounds. Detection of 
knee-joint problems via the analysis of VAG signals could 
help avoid unnecessary exploratory surgery, and also aid 
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better selection of patients who would benefit from 
surgery. The VAG signal, however, is not yet well 
understood, and is a difficult signal to analyse due to its 
complex non stationary characteristics [26-32]. 
 
2.13 Oto-acoustic emission signals 
 
The oto-acoustic emission (OAE) signal represents the 
acoustic energy emitted by the cochlea either 
spontaneously or in response to an acoustic stimulus. The 
discovery of the existence of this signal indicates that the 
cochlea not only receives sound but also produces acoustic 
energy. The OAE signal could provide objective 
information on the micromechanical activity of the 
preneural or sensory components of the cochlea that are 
distal to the nerve-fiber endings. Analysis of the OAE 
signal could lead to improved noninvasive investigative 
techniques to study the auditory system. The signal may 
also assist in screening of hearing function and in the 
diagnosis of hearing impairment [33]. 
 
3.Objectives of Biomedical Signal Analysis 
 
The representation of biomedical signals in electronic form 
facilitates computer processing and analysis of the data. 

Figure 1.1 illustrates the typical steps and processes 
involved in computer-aided diagnosis and therapy based 
upon biomedical signal analysis. 
 
The major objectives of biomedical instrumentation and 
signal analysis [10-12] are: 
 
 Information gathering - measurement of phenomena to 

interpret a system. 
 Diagnosis - detection of malfunction, pathology, or 

abnormality. 
 Monitoring - obtaining continuous or periodic 

information about a system. 
 Therapy and control - modification of the behaviour of 

a system based upon the outcome of the activities listed 
above to ensure a specific result. 

 Evaluation - objective analysis to determine the ability 
to meet functional requirements, obtains proof of 
performance, perform quality control, or quantify the 
effect of treatment. 

 
Signal acquisition procedures may be categorized as being 
invasive or non invasive, and active or passive. 

 

 
Figure 1.1: Computer-aided diagnosis and therapy based upon biomedical signal analysis 

 
3.1 The human - instrument system:  
 
The components of a human – instrument system [10-
12] are: 
 
 The subject or patient: It is important always to bear in 

mind that the main purpose of biomedical 
instrumentation and signal analysis is to provide a 
certain benefit to the subject or patient.  

 Stimulus or procedure of activity Application of 
stimuli to the subject in active procedures requires 
instruments such as strobe light generators, sound 
generators, and electrical pulse generator. 

 Transducers: electrodes, sensors. 
 Signal-conditioning equipment: amplifiers, filters. 
 Display equipment: oscilloscopes, strip-chart or paper 

recorders, computer monitors, printers. 

 Recording, data processing, and transmission 
equipment: analog instrumentation tape recorders, 
analog-to-digital converters (ADCs), digital-to-analog 
converters (DACs), digital tapes, compact disks (CDs), 
diskettes, computers, telemetry systems. 

 Control devices: power supply stabilizers and isolation 
equipment, patient intervention systems.  

 
The science of measurement of physiological variables and 
parameters is known as biometrics. Some of the aspects to 
be considered in the design, specification, or use of 
biomedical instruments [13-17] are: 
 
 Isolation of the subject or patient - of paramount 

importance so that the subject is not placed at the risk of 
electrocution. 
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 Range of operation - the minimum to maximum values 
of the signal or parameter being measured. 

 Sensitivity - the smallest signal variation measurable. 
This determines the resolution of the system. 

 Linearity - desired over at least a portion of the range of 
operation. Any nonlinearity present may need to be 
corrected for at later stages of signal processing. 

 Hysteresis - a lag in measurement due to the direction of 
variation of the entity being measured. Hysteresis may 
add a bias to the measurement, and should be corrected  

 Frequency response - represents the variation of 
sensitivity with frequency. 

 Stability - an unstable system could preclude 
repeatability and consistency of measurements. 

 Signal-to-noise ratio (SNR) - power-line interference, 
grounding problems, thermal noise, and so on, could 
compromise the quality of the signal being acquired. A 
good understanding of the signal-degrading phenomena 
present in the system is necessary in order to design 
appropriate filtering and correction procedures. 

 Accuracy - includes the effects of errors due to 
component tolerance, movement, or mechanical errors; 
drift due to changes in temperature, humidity, or 
pressure; reading errors due to, for example, parallax; 
and zeroing or calibration errors. 

 
4.Difficulties Encountered in Biomedical 

Signal Acquisition and Analysis 
 
4.1 Accessibility of the variables to measurement:  
 
Most of the systems and organs of interest, such as the 
cardiovascular system and the brain, are located well 
within the body (for good reasons!). While the ECG may 
be recorded using limb electrodes, the signal so acquired is 
but a projection of the true 3D cardiac electrical vector of 
the heart onto the axis of the electrodes. Such a signal may 
be sufficient for rhythm monitoring, but could be 
inadequate for more specific analysis of the cardiac 
system. 
 
4.2 Variability of the signal source:  
 
It is evident from the preceding sections that the various 
systems that comprise the human body are dynamic 
systems with several variables. Biomedical signals 
represent the dynamic activity of physiological systems 
and the states of their constituent variables. The nature of 
the processes or the variables could be deterministic or 
random (stochastic); a special case is that of periodicity or 
quasi-periodicity. 
 
4.3 Inter-relationships and interactions among 
physiological systems:  
 
The various systems that compose the human body are not 
mutually independent; rather, they are inter-related and 
interact in various ways. Some of the interactive 
phenomena are compensation, feedback, cause-and-effect; 
collateral effects, loading, and take-over of function of a 
disabled system or part by another system or part. 
 

4.4 Effect of the instrumentation or procedure on the 
system:  
 
The placement of transducers on and connecting a system 
to instruments could affect the performance or alter the 
behavior of the system, and cause spurious variations in 
the parameters being investigated. The experimental 
procedure or activity required to elicit the signal may lead 
to certain effects that could alter signal characteristics. 
This aspect may not always be obvious unless careful 
attention is paid. may need some rest between procedures 
or their repetitions. 
 
4.5 Physiological artefacts and interference:  
 
One of the pre-requisites for obtaining a good ECG signal 
is for the subject to remain relaxed and still with no 
movement. Coughing, tensing of muscles, and movement 
of the limbs cause the corresponding EMG to appear as an 
undesired artefact. In the absence of any movement by the 
subject, the only muscular activity in the body would be 
that of the heart. When chest leads are used, even normal 
breathing could cause the associated EMG of the chest 
muscles to interfere with the desired ECG. 
 
4.6 Energy limitations:  
 
Most biomedical signals are generated at microvolt or 
millivolt levels at their sources. Recording such signals 
requires very sensitive transducers and instrumentation 
with low noise levels. The connectors and cables need to 
be shielded as well, in order to obviate pickup of ambient 
electromagnetic (EM) signals. Some applications may 
require transducers with integrated amplifiers and signal 
conditioners so that the signal leaving the subject at the 
transducer level is much stronger than ambient sources of 
potential interference. 
 
4.7 Patient safety:  
 
Protection of the subject or patient from electrical shock or 
radiation hazards is an unquestionable requirement of 
paramount importance. The relative levels of any other 
risks involved should be assessed when a choice is 
available between various procedures, and analyzed 
against their relative benefits. Patient safety concerns may 
preclude the use of a procedure that may yield better 
signals or results than others, or require modifications to a 
procedure that may lead to inferior signals. Further signal-
processing steps would then become essential in order to 
improve signal quality or otherwise compensate for the 
initial loss. 
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Abstract 

hardware implementation, and etc. In this review, we summarize the importance of AI, role of AI, in the various branches of 
biomedical research. The aim of this review is to keep track of new scientific accomplishments, to understand the availability 
of technologies, to appreciate the tremendous potential of AI. New progress and breakthroughs will continue to push the 
frontier and widen the scope of AI application, and fast developments are envisioned in the near future.   
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1. Introduction: 
Artificial Intelligence (AI), where computers perform tasks that are usually assumed to require human 

intelligence, is currently being discussed in nearly every domain of science and engineering. Major scientific 
competitions like Image Net Large Scale Visual Recognition Challenges are providing evidence that computers 
can achieve human-like competence in image recognition. AI has also enabled significant progress in speech 
recognition and natural language processing. All of these advances open questions about how such capabilities 
can support, or even enhance, human decision making in health and health care. Two recent high-profile research 
papers have demonstrated that AI can perform clinical diagnostics on medical images at levels equal to 
experienced clinicians, at least in very specific examples [1,2].  

Artificial intelligence (AI) is defined as the intelligence of machines, as opposed to the intelligence of 
that is, any agent or 

device that can perceive and understand its surroundings and accordingly take appropriate action to maximize its 
chances of achieving its objectives. AI also refers to situations wherein machines can simulate human minds in 
learning and analysis, and thus can work in problem solving. This kind of intelligence is also referred to as 
machine learning (ML). Typically, AI involves a system that consists of both software and hardware. From a 
software perspective, AI is particularly concerned with algorithms. An artificial neural network (ANN) is a 
conceptual framework for executing AI algorithms. It is a mimic of the human brain an interconnected network 
of neurons, in 

which there are weighted communication channels between neurons . One neuron can react to multiple 
stimuli from neighboring neurons and the whole network can change its state according to different inputs from 
the environment [3-9]. 

The role of artificial intelligence in healthcare has been a huge talking point in recent months 
no sign of the adoption of this technology slowing down, well, ever really. AI in healthcare has huge and wide 
reaching potential with everything from mobile coaching solutions to drug discovery falling under the umbrella 
of what can be achieved with machine learning. That being said, many healthcare executives are still too shy 
when it comes to experimenting with AI due to privacy concerns, data integrity concerns or the unfortunate 
presence of various organizational silos making data sharing next to impossible. However, the future of healthcare 
& the future of machine learning and artificial intelligence are deeply interconnected. 

2. The Necessity of Artificial Intelligence: 
end the injustice in the uneven distribution of 

healthcare, and to make it more accessible and affordable for every person on Earth."  
The use of Artificial Intelligence, or AI, is growing rapidly in the medical field, especially in diagnostics 

and management of treatment. To date there has been a wide range of research into how AI can aid clinical 
decisions and enhance physicians' judgement. In recent years, AI and machine learning have emerged as powerful 
tools for assisting diagnosis. This technology could revolutionise healthcare by providing more precise diagnoses. 



The importance of AI as a component of the diagnostic process has been steadily increasing since building 
systems became more practical. There is ongoing enthusiasm for and hype about AI and both researchers and 
practitioners focus equally on this technology from multiple perspectives. There is no uniform definition for the 

minds, such as perceiving, reasoning, learning, interacting with the environment, problem solving, decision-
-like behavior and covers a 

wide range of research areas, such as natural language processing or robotics. However, current practical 
applications, including healthcare and disease diagnostics, are narrowed down to a specific task, and are being 
developed using machine learning. Algorithms exploit medical data to generate predictions and continuously 
learn and develop over time by constantly processing new and updated data. Algorithms acquire information 
through different types of knowledge and input or over multiple years of experience. Therefore, AI empowered 
systems are able to process more knowledge compared with humans, possibly outperforming them for certain 
medical tasks [10-12]. 

Role of Artificial Intelligence   
The field of healthcare is evolving at an increasing speed, and this is accompanied by a significant increase 

in the amount of data and challenges in terms of cost and patient outcomes, so AI applications have been used to 
reduce these challenges. Artificial Intelligence is very useful in solving problematic healthcare challenges and 
offers a number of advantages over traditional data analytics and clinical decision-making techniques. 

The following are the most important examples of the role of artificial intelligence (AI) in healthcare and 
medicine: 
AI in Medical Diagnosis:  

Artificial Intelligence has the potential to revolutionize medical diagnostics. Unnecessary routine 
laboratory testing increases unnecessary financial costs. Therefore, artificial intelligence applications have been 
used to narrow the circle of laboratory analyzes that the patient may need. AI can detect the presence of early 
disease as soon as possible as it can automate a large portion of the manual work and speed up the diagnosis 
process.  
Improving Clinical Workflow:  

Artificial intelligence is currently being used to efficiently manage workflow and analyze imaging. AI can 
be used to improve clinical workflow, support better clinical insights, reduce clinical variability, aid in setting 
study priorities, and minimize physician burnout. 

Artificial intelligence has the power to take over the time-consuming task of data input so that clinicians 
can focus on improving labor utilization, increasing daily productivity and providing the highest quality of care 
to patients. 
Predicting ICU Transfers: 

Unplanned transfer of patients to the ICU can have poor outcomes and sometimes even death in patients. 
Therefore, artificial intelligence has been used to reduce the percentage of these cases, by finding patients with 
severe cases.As artificial intelligence systems use patients 'medical records, laboratory results, and their vital 
signs to manage patients' condition before it deteriorates, and forcing them to be transferred to the intensive care 
unit. Artificial intelligence systems can guide clinicians on where to start treatment. 
Predicting Hospital Acquired Infections:  

Artificial intelligence can standardize the diagnosis of infections with Infection Prevention and Control 
(IPC) implications, and facilitate the dissemination of IPC expertise. AI provides opportunities to improve 
diagnosis through objective pattern recognition. Using AI-driven models, clinicians can monitor high-risk 
patients, predict which patients are most likely to develop central-line infections and intervene to reduce risk. 
Developing the Next Generation of Radiology Tools: 

Artificial intelligence can help develop the next generation of imaging tools that will provide accurate 
information and detailed enough to replace the need for tissue samples in some cases. The next generation of 
artificial intelligence is expected to be more effective in the healthcare system and there will be further 



improvements in performance. All of these developments promise to increase accuracy and reduce the number of 
routine tasks that exhaust time and effort [13-18]. 

3. Pros & Cons of Artificial Intelligence 
 Provides Real-Time Data 

 Real-time analytics can help improve physician-patient relationships. Making vital patient data available through 
mobile devices can engage patients in their treatments. Mobile alerts can inform doctors and nurses of urgent 
changes in patient statuses and emergencies. 

 Streamlines Tasks 
 For example, intelligent radiology technology is able to identify significant visual markers, saving hours of intense 

analysis. Other automated systems exist to automate appointment scheduling, patient tracking and care 
recommendations. 

        AI essentially allows hospitals to accept a wide array of plans, benefiting potential and existing patients. 
 Saves Time and Resources 

 As more vital processes are automated, medical professionals have more time to assess patients and diagnose illness 
and ailment. AI is accelerating operations to save medical establishments precious productivity hours. In any sector, 
time equals money, so AI has the potential to save hefty costs. 

 Assists Research 
 AI enables researchers to amass large swaths of data from various sources. The ability to draw upon a rich and 

growing information body allows for a more effective analysis of deadly diseases. Related to real-time data, research 
 

 May Reduce Physician Stress 
 Some latest research reports over half of the primary physicians feel stressed from deadline pressures and other 

workplace conditions. AI helps streamline procedures, automate functions, instantly share data and organize 
operations, all of which help relieve medical professionals of juggling too many tasks. 

4. Limits of Ai In Medicine 
 Needs Human Surveillance 

 Although AI has come a long way in the medical world, human surveillance is still essential. For example, surgery 
robots operate logically, as opposed to empathetically. Health practitioners may notice vital behavioral observations 
that can help diagnose or prevent medical complications. 

 May Overlook Social Variables 
 Patient needs often extend beyond immediate physical conditions. Social, economic and historical factors can play 

into appropriate recommendations for particular patients. For instance, an AI system may be able to allocate a patient 
to a particular care center based on a specific diagnosis. However, this system may not account for patient economic 
restrictions or other personalized preferences. 

 May Lead To Unemployment 
 Although AI may help cut costs and reduce clinician pressure, it may also render some jobs redundant. This variable 

may result in displaced professionals who invested time and money in healthcare education, presenting equity 
challenges. 

 Inaccuracies are Still Possible 
 Medical AI depends heavily on diagnosis data available from millions of cataloged cases. In cases where little data 

exists on particular illnesses, demographics, or environmental factors, a misdiagnosis is entirely possible. This factor 
becomes especially important when prescribing particular medicine. 

 Susceptible To Security Risks 
 As AI uses data to make systems smarter and more accurate, cyber-attacks will incorporate AI to become smarter 

with each success and failure, making them more difficult to predict and prevent. Once damaging threats out-
maneuver security defences, the attacks will be much more challenging to address [19-22]. 
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Abstract
Compressing and de-noising signals of ECG (Electrocardiograph), EEG (Electroencephalograph), GSR (Galvanic 

skin response), EOG (Electrooculography) and EMG (Electromyograph) is important in signal processing. Several steps 
are involved to process biomedical signals, among which the first step related to pre-processing, in which a noisy signal is 
processed for generating noise-free signal, which can be utilized for further operations. This work gives a detailed 
understanding of de-noising techniques those have been used. These techniques utilize the benefits of artificial neural 
networks (ANN), adaptive filtering, Remez Exchange Algorithm and finite impulse response (FIR) filtering. These techniques 
have been implemented for de-noising of biosignals, individually as well as combining with other techniques, for better 
results. The application of the method to simulated and biomedical signals shows its potential. 
Keywords : Biomedical signals, anolog, digital, FIR Filters, Remez Exchange Algorithm 

1 Introduction:  
Biomedical instrumentation is the branch of Medical Sciences where the medical instruments are to be 

studied. Biomedical instruments are used to record, analyze & process the biomedical signals. Biomedical signals 
are extracting the information from biological systems like brain, muscles or heart etc, under investigation. The 
extracting information may be so simple to note the pulse rate of a person from wrist or so complex like analyzing 
the information from heart by using ECG. There are various sources for extracting signals from the biological 
system [1-2].  
They are: 

i. Bioelectric signal:- ECG (Electrocardiograph), EEG (Electroencephalograph), GSR (Galvanic skin response), EOG 
(Electrooculography) and EMG (Electromyograph) are the bioelectric signals. These signals are generated from the 
nerve cells or muscle cells. These signals are collecting from the cell membrane potential which may be excited 
under certain conditions to generate an action potential.  

ii. Bioacoustic Signals:- Lung sounds, heart sounds, bowel sounds, and joint sounds are the bioacoustic signals 
generated from the human body in easy and noninvasive way during its working.  

iii. Biochemical Signals:- Neurotransmitters are the chemical messengers from the body that control and regulate the 
body. These signals are extracted from the chemical measurement of living tissues & samples which are taken from 
living being.  

iv. Biomechanical Signals:- This signals are extracted from some mechanical function of the biological system. The 
flow of blood & pressure signals, all types of motion & displacement signals are the example of the biomechanical 
signals.  

v. Biomagnetic Signals:- MMG (Mechanomyogram) or MEG (Magneto-encephalogram) are  the examples of 
biomechanical signals which are observed from the surface of muscles when it is contracted. Biomagnetic signals 
are obtained from the magnetic field produced by electrical currents occurred naturally in the brain of the living 
things.  

vi. Bio-optical Signals:- Bio optical signals can observe either naturally or the signals may be introduced to measure a 
biological parameter with an external light medium. 

vii. Bio-impedance Signals:- An electrical impedance signal can be obtained due to  the changes in blood volume or 
blood resistivity from human being. 

The biomedical signals are extracted from the biomedical instruments. Therefore it is useful to study of 
biomedical instruments. 
2. Significance of Biomedical Signals  

Biomedical signals are the collection of electrical signals acquired from any organ. This signal is normally 
a function of time. It may be in terms of its amplitude, frequency and phase. The analysis of these signals is very 
important for researchers as well as for careful medical diagnosis. It is also essential for proper treatment of 



patients. If the signals are not properly diagnosed and analyzed, it will lead to wrong diagnosis and can be 
dangerous for the lives. Careful analysis of biomedical signals such as ECG, EMG, and EEG are very important 
for proper diagnosis of disease. These signals are noisy as well as artefacts which have to be removed for proper 
treatment of a patient. Presently, extensive efforts and research have been done in this area for developing better 
algorithms, upgrading existing methodologies, improving detection techniques to reduce noise, and to acquire 
accurate biosignals [3-4].  
3. Sources of errors and significance of reduction of noise  

Accurate measurement of biomedical signals depends on the properties of electrodes and its interaction 
with the skin, amplifier design and the conversion and subsequent storage of the biomedical signal from analog 
to digital form.  Biomedical signals are influenced by electrical noise and some other factors.  
3.1 Electrical noise and factors influencing biomedical signal:  

The amplitude of biomedical signals is very small before being amplified. Biomedical signals collecting 
from any organ acquire noise while traveling through different tissues or blood vessels. Therefore it is 
important to understand the characteristics of the electrical noise. The electrical noise, which will be affected 
biomedical signals, can be categorized into the following types [5-6]:  

i. Power line interference  
ii. Base line drift 

iii. Electrode contact noise  
iv. Motion artifacts  
v. Muscle contraction 

vi. Instrumentation noise generated by electronic devices 
vii. Electrosurgical noise  

Power line interference and base line drift: This noise could be occurred due to stray effect of the alternating 
current and loose contact of the electrodes to the patient as well as faulty electrodes. This error can cause due to 
power line interference or not properly earthen measuring instruments and the patients. This noise is reduced by 
using notch filter [7]. 

Inherent noise in electronics equipment: This noise is induced by the electronics equipments and cannot 
be eliminated. But it can be reduced by using high quality electronic components. 
Ambient noise: This type of noise is procreated by the electromagnetic radiation from the surfaces of our body. It 
is almost impossible to avoid this. The ambient noise may have the amplitude that is one to three orders of 
magnitude greater than the biomedical signal. 
Motion artifact: There are two major sources of motion artifact: 
1) The electrode contact with the surface of our body and  
2) The cable of electrode.  

Motion artifact can be reduced by properly designed set up of the electronic circuitry. 
Inherent instability of signal: The amplitude of biomedical signal is random in nature. It is influenced by the firing 
rate of the motor units. In most of the situation, firing frequency region is of the order of 0 to 20 Hz. This class 
of noise is considered to be unwanted and therefore there is a need of removal of the noise [4].  
Electrosurgical noise: Electrosurgical noise is procreated by different medical equipment present within the 
patient care environment at frequencies between 100 kHz and 1 MHz, lasting for about 1 to 10 seconds [8]. The 
electrosurgical noise completely destroys the ECG signal and is presented in large amplitude [5]. 
The specific requirement of biomedical amplifiers [9]; 

 ECG amplifier 
 Frequency range is about 0.05- 100Hz. 
 Safety and protection: leakage current below safety standard limit of 10 µA.  
 Electrical isolation from the power line and the (earth) ground. 
 Safety against high defibrillation voltages. 



 EEG amplifier 
 Gain must deal with microvolt or lower levels of signals. 
 Components must have low thermal and electronic noise. 
 Other factors are similar to ECG. 

 EMG amplifier 
 Slightly improved amplifier BW suffices. 
 Post-processing circuits are always needed (e.g. rectifier and integrator). 

 EOG amplifier 
 High gain with very good low frequency or even DC response. 
 DC-drifting electrodes should be selected with great care. 
 Often active DC or drift cancellation or correction circuit may be necessary. 

From the above background, it seems that the quality of biomedical signal can be improved by- 
a) Design the instrumentation amplifier with increase in Signal to Noise ratio (SNR), high common mode 

rejection ratio (CMRR), low input referred noise voltage and low dc offset as well as very low power 
consumption. 

b) The distortion of biomedical signal must be as small as possible by avoiding unnecessary filtering, notch 
filters and distortions of signal peaks. 

4. Techniques used for reduction of noise 
The amplitude of biomedical signals is very small. Therefore it is easily contaminated by noise.  Due to 

noisy signal, there may be misleading of diagnosis and hence it is necessary to reduce noise from the original 
signals. Exclusive amplifiers designed with specific features and various filter circuits are used for reduction of 
noise from the biomedical signals. 

Table 1.1: Electric potentials of biomedical signals [9]: 
Biopotential Frequency Range Signal Amplitude Electrode 

Electrocardiogram (ECG) 0.05 - 100 Hz  1 - 5 mV Surface 

Electromyogram (EMG) 20 - 2000 Hz 0 - 10 mV Surface, needle 

Electroencephalogram 
(EEG) 

0.5 - 40 Hz 0.001 - 0.01 mV Surface 
 

Electro-oculography 
(EOG) 

DC -10 Hz 0.01 - 0.1 mV Contact  

Action potential of neurons 0 -10 KHz 
 

50 - 90 mV 
 

Glass pipette 

4.1 Exclusive amplifiers: 
The biomedical signals are extracted from organ of human beings and it is the input to the amplifier. This 

input consists of five components:  
i. The desired biopotential,  

ii. The undesired biopotential,  
iii. A power line interference signal of 50 Hz (60 Hz in some countries) and its harmonics,  
iv. Interference signals generated by the tissue/electrode interface, and 
v. Noise. 

Essential factors to be considered for measuring equipments [8]: 
 High amplification 
 High CMRR (High differential gain and low common mode gain)  
 High input impedance 
 Low Noise 
 Stability against temperature and voltage fluctuations 
 Electrical safety, isolation and defibrillation protection. 



Therefore proper design of the amplifiers is the extensive task. Table 1.2 shows the biopotential amplifiers design 
consideration for various biomedical signals. 

Table 1.2 Biopotential amplifiers design consideration [10]. 
Biopotential Exclusive amplifier design consideration Additional features  desired 

ECG Moderate gain, Bandwidth, noise, CMRR, Input 
Impedance  

Electrical safety, isolation, defibrillation 
protection 

EEG High gain, very low noise filtering Safety, isolation, low electrode-skin 
resistance 

EMG Gain and bandwidth of Op-Amps Post acquisition data processing 

EOG DC and low drift Electrode-skin junction potential. Artifact 
reduction 

Now many companies are used CMOS technology for designing of high performance amplifiers, which 
provides increase in gain and CMRR along with low power consumption [4]. Along with high performance 
amplifiers, various filter circuits are also used for reduction of unwanted signals or noise. These filter circuits are 
classified in number of ways: 

i. Analog or digital Filters 
ii. Passive or active filters  

iii. Audio (AF) or radio frequency (RF) filters 
4.2 Analog filters 

Analog filters are designed to processed analog signals, while digital filters are processed analog signals 
using digital techniques. Op Amp based active filters are called analog filters. Passive filter uses passive elements 
such as resistors, capacitors and inductors, while active filter employs transistors or operational amplifiers in 
addition to the resistors and capacitors. RC filters are commonly used for low frequency signals or audio signals, 
whereas LC or crystal filters are used for high frequency signals or radio frequency signals. The crystal provides 
more stable operations at high frequency due to high value of figure of merit. In audio frequencies, inductors are 
not used because it is bulky, expensive and may dissipate more power. It also emits magnetic field [11]. 

Active filters offer the advantages over passive filters: 
a) Gain and frequency adjustment: The operational amplifier is capable of providing desired gain. Therefore 

input signal is not attenuated. Frequency response of active filter is excellent. 
b) No loading problem: The active filter uses Op Amp having high input resistance and low output resistance 

and therefore it does not cause any loading effect. 
c) Cost: Usually active filter is more economical than the passive filter. Because the circuit uses Op Amp 

which is not expensive and the absence of inductor.  
Although active filters are most widely used in communication system and signal processing. Active filters 

are more extensively used in telephone, radio, television, radar, space satellites and biomedical instruments. 
The most commonly used filters  are;  

i. Low pass filter 
ii. High pass filter 

iii. Band pass filter 
iv. Band reject filter 
v. All pass filter 

4.3 Digital Filters 
Digital filters are important class of Linear Time Invariant (LTI) digital signal processing (DSP) systems. 

It is designed to modify the frequency characteristics of the input signal x (n). Digital filters are extensively used 
because of certain advantages over Analog filters. Digital filters have the potential to achieve much better signal 
to noise ratio than Analog filters. Digital Filters have emerged as a strong option for removing noise, shaping 
spectrum and minimizing Inter-Symbol Interference (ISI) in communication architectures. 



Digital Signal Processing (DSP) is used in video compression, digital set-top box, cable modems, digital 
versatile disk, portable video systems/computers, digital audio, multimedia and wireless communications, digital 
radio, digital still and network cameras, speech processing, transmission systems, radar imaging, acoustic beam 
formers, global positioning systems, and biomedical signal processing. The field of DSP is always been driven 
by the advances in DSP applications and in scaled Very-Large-Scale-Integrated (VLSI) technologies [12]. 
The design of digital filter involves five steps [13]: 

i. Filter Specification 
ii. Coefficient calculation 

iii. Realization  
iv. Analysis of Finite word length Effects 
v. Implementations 

Digital Signal Processing Systems (DSPS) relate input signals x (n) to the output y (n). The relationship 
between the output sequence of this system and may be represented by the operator as y (n) = F [x (n)]. The Fig. 
1.1 shows Discrete-time signal representation. 

 
x (n)                                             y (n) 

Figure 1.1: Discrete-time signal representation. 

4.4 FIR Filter  [14];  
FIR filter is a digital filter without feedback. The block diagram of FIR filter is shown in the Fig. 1.2. If 

x (n) is the input at nth time, and x (n  1) is the delayed input then the filter output y (n) = x (n) + x (n  1), 

 
 A simple FIR filter 

The general transfer function of an FIR filter in the z transform is given by 

                              
A filter with the above transfer function will be always stable, i.e. an input of finite amplitude will lead 

to an output that is also finite. This can be inferred from the location of the poles in the z-plane (the two-
dimensional plane formed by plotting the real part of z along the abscissa, and the imaginary part along the 
ordinate). The poles correspond to the points in the z-plane where the denominator of H (z) is zero; their 
counterparts are the zeros, where the numerator becomes zero. For the FIR filters, all poles are at the origin (z= 
0), and the zeros are at the z

l 
in the equation above. When the poles of a transfer function are within the unit circle 

(i.e.  z  < 1), then filter is stable; this clearly stated that the case of FIR filters. 
The advantage of FIR filters is that they can be designed to have linear phase. FIR filters have a linear phase 
response if and only if its impulse response is symmetric or anti-symmetric, that is h (n) = ± h (M n). Such filters 
may introduce delay in the output signal with respect to corresponding input signal, but all frequencies are delayed 
by the same amount. These filters thus distort the features of the signal that are not linear in their phase-response. 

FIR filters can be designed by using optimization packages or by using approximations to the ideal 
infinite-impulse responses by cutting the finite length using the different types of tapered windows. The main 
drawback of FIR filters is that in order to satisfy demanding specifications, FIR filters require a relatively high 

DSPS 

  (1) 



number of multiplications, additions and storage elements or large memory space. This makes FIR filters 
potentially more expensive than IIR filters in applications where the arithmetic operations or storage elements are 
costly, or need to be limited in number. FIR filters has the benefit of achieving linear phase, this motivates the 
widespread use of it. 
4.5 FIR Filter Designing Methods: 
Basically FIR Filter has three methods of designing [15] : 

i. Window Method  
ii. Frequency Sampling Method 

iii. Optimal Method (Remez Exchange Method)  
4.5.1 Window Method:  

 The impulse response h (k) is related to the inverse Fourier transform of H ( ). In this case, the pair of 
transformation is used which couples discrete time domain signals (sequence of samples) with a continuous 
spectral description.  
Discrete Time Fourier Transformation is represented by the equation,  

 
There are many types of window functions: 

i. Kaiser Window 
ii. Hamming Window 

iii. Hanning Window 
iv. Rectangular window 
v. Blackmann window 

By using Kaiser Window, it is quite possible to obtain separate control upon length or order of Filter. In 
Kaiser Window, there are two main pa
advantage of the window method is its Simplicity. It is simple to understand and simple to apply. It involves a 
minimum amount of computational efforts. The major disadvantage of it is its lack of flexibility.  
The window method uses the Fourier series in conjunction with a class of functions known as window functions. 
4.5.2 Frequency Sampling Method [15]: 

When a desired frequency response has been specified, then the frequency-sampling method for FIR filter 
design is used which is the simplest and most direct technique. It consists of uniform sampling of the desired 
frequency response, and an inverse DFT technique is used to obtain the corresponding finite impulse response. 
But the results are not optimal because the response generally deviates from what is desired between the samples. 
When the desired frequency-response is under sampled then the resulting impulse response will be time aliased 
to some extent. It is important to evaluate the final impulse response by the use of a simulated DTFT (FFT with 
lots of zero padding) comparing to the originally desired frequency response. 
4.5.3 Remez Exchange Algorithm  [16]: 

The Remez Exchange Algorithm is a standard method for filter designing. It minimizes the filter length 
and error between desired frequency response and actual frequency response. The Error function is defined as the 
difference between the ideal filter response and the practical filter response.  
The magnitude of the error |E( )| = |W( )[D( )  Pc( )]| 
Where  

D ( ) is the ideal filter response or desired filter response,  
Pc ( ) is the actual or practical filter response and  
W ( ) is the weight function. 

The Remez algorithm is not a general linear programming approach, but it is very robust, converges very 
rapidly to the optimal solution, and is widely used. 
Optimal Filter Design Method is used to design a filter, in which filter coefficients are adjusted again and again 
until a particular error is minimized. The various methods of optimal filter design are as follows: 

i. Least square method. 

(2) 

  (3) 



ii. Equiripple method. 
iii. Maximally flat. 
iv. Generalized equiripple. 
v. Constrained band equiripple. 

 

5. Results and discussion  

fix band of interference, so we were planned for adaptive filtering algorithms. The algorithms differentiate in a 
way of updating the coefficient (h) of filter sample by sample inputs. After an extensive experimentation over the 
adaptive algorithms, it is observed that the performance of filters depend on the SNR values of input signal, µ 
value (Step size), number of taps and other factors. Finally, we choose Artificial Intelligent based filtering 
algorithms for dynamic solution. These techniques have only two processes- training and testing. Training process 
based on subset outcomes of adaptive filtering algorithm in initial stages, which may not require in later time 
even on change of source input as well, called trained filter / smart filter. Such intelligent filters give the freedom 
of selection of signal with different SNR values; also not bother about number of parameter settings which lead 
one more step towards the auto filter concept. The goal of our proposed work is to develop an algorithm which 
will use for removing noise excellently. 
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Noise Reduction of  Electromyography (EMG) signals  
by Artificial Neural Network (ANN) Technique   

 

Gajbe R. J. 
Department of Electronics,Vidya Bharati Mahavidyalaya, Amravati  M.S.  India-444 602 

Abstract 
Electromyography (EMG) signals can be used for clinical/biomedical application and modern human computer 

interaction. EMG signals acquire noise while traveling through tissue, inherent noise in electronics equipment, ambient 
noise, and so forth. In this paper, it is shown that a Focused Artificial Neural Network ANN can elegantly solve to reduce 
the noise from EMG signal. It is seen that the performance of the proposed ANN clearly outperforms the best techniques. It 
is observed that ANN Filters work excellently as compared to adaptive filters and also observed that as the number of testing 
samples of biomedical signals. 
Keywords: EMG, SNR, MSE, MATLAB, ANN 

1 Introduction:  
Biomedical signals are the collection of electrical signals and analysis of these signals is very important 

for researchers as well as for careful medical diagnosis. It is also essential for proper treatment of patients. If the 
signals are not properly diagnosed and analyzed, it will lead to wrong diagnosis and can be dangerous for the 
lives. Careful analysis of biomedical signals such as ECG, EMG, and EEG are very important for proper diagnosis 
of disease. These signals are noisy as well as artefacts which have to be removed for proper treatment of a patient. 
Presently,extensive efforts and research have been done in this area for developing better algorithms, upgrading 
existing methodologies,improving detection techniques to reduce noise, and to acquire accurate bio-signals [1-
4].  

The EMG signal is a biomedical signal that measures electrical currents generated in muscles during its 
contraction representing neuromuscular activities. The nervous system always controls the muscle contraction 
and relaxation. Hence, the EMG signal is a complicated signal, which is controlled by the nervous system and is 
dependent on the anatomical and physiological properties of muscles. EMG signal acquires noise while traveling 
through different tissues. The main reason for the interest in EMG signal analysis is in clinical diagnosis and 
biomedical applications. So far, research and extensive efforts have been made in the area, developing better 
algorithms, upgrading existing methodologies, and improving detection techniques to reduce noise and to acquire 
accurate EMG signals. Noise removal from noisy EMG signal is a filtering problem. Here the Neural Network 
model is trained to separate known noise from EMG signal. Neural Networks (NNs) have been efficiently used 
for nonlinear multivariable function approximation [5-7].  

The main objective of our research work is to develop artificial intelligent model for reduction of noise 
from biomedical signal. This paper deals with intelligent removal of noise from the EMG signal using ANN-
based Techniques. 

 
2. Experimental : Performance measures by using following two factors;  
i)  Signal to Noise Ratio (SNR): 
The output SNR (SNRout), is calculated from power of the input signal x (n) and an noise signal e (n) and is given 
by, 

 
Where, SNRout is the ratio of the two powers expressed in decibels. 
ii) Mean Square Error (MSE)  
The formula for the mean square error is given by, 



 
Where,  N = number of samples in the set of data,          

 

 
2.1 Experimental Arrangement 
i) Database Descriptions: 
To design ANN Model, a sufficiently large amount of data is required for training and testing. We have collected 
standard data bases for biomedical signal from the  https://physionet.org,  http://www.emglab.net and etc. 
ii)  Software Specification Requirement: MATLAB: 

MATLAB is very rich in command toolbox. Although MATLAB is intended primarily for numerical 
computing, an optional toolbox uses the MuPAD, symbolic engine, allowing access to symbolic 
computing capabilities. Matlab for designing artificial intelligent model. MATLAB has enormous Toolboxes. 
Out of which, we used Signal processing toolbox, Neural network toolbox, Fuzzy logic toolbox, Filter design 
toolbox, Curve fitting toolbox, and Data based toolbox for design the filters [8-9]. 

In this paper, we have simulated the MATLAB codes for the data conversion, adaptive filter algorithm, 
artificial intelligent ANN Model training and its testing. 
iii) Software Implementation details: 

The GUI has been constructed by using Matlab codes. Other set of codes have been used to run the 
various algorithms for noise removal in Matlab simulator. The main GUI contains four parts as shown in the 
following Fig. 1.1. 
1] File input and its conversion  
2] Adaptive filter algorithm and its Input parameter section 
3] Output parameters section  
4] Artificial intelligent noise removal section. 

Figure 1.1: Artificial Intelligent Model for reduction of biomedical signal 
2.2  Artificial intelligent noise removal algorithm: We have designed an artificial intelligent model for removal 
of noise from the biomedical signal by using Matlab coding on the basis of Sugeno architecture and run the 



programme which creates graphical user interface. The Fig. 1.2 shows the block diagram of proposed artificial 
intelligent model.  

Figure 1.2: Block diagram of proposed A. I. Model 
2.3 ANN based Noise Removal Algorithm: 

Similar basic steps have been processed for training and weight storage of Neural Network Model as like 

of relevant algorithm. Then processed the same steps used in ANFIS Model to save the weights, MF and MFT 
parameters. Once parameters have been saved then network was ready to test. Then we have tested neural network 
by performing steps as given in Flowchart of Fig. 1.4 on various biomedical signals. 

Fig.1.3: Flow chart of training of ANN Model        Fig.1.4: Flow chart of testing of ANN Model 



2.4 Simulations 
The major objective of this study was to investigate a noise removal filters. For this, simulations are 

carried out on EMG signals. The results are obtained on the output parameter section of MATLAB based GUI 
for removal of noise from biomedical signals [10-15]. 

We have taken various data-based files of EMG from cited resources given in database descriptions. First, 
we have converted these files into MATLAB format file that is .mat format for further processing and saved as 
.mat files.  
Then we processed the adaptive filters on saved files. We have used LMS related algorithms namely LMS, Sign 
LMS, Sign LMS, Normalized LMS and Normalized LMS Sign for different step sizes, tap values and different 
SNR in values. 

For the illustration of all these simulation process, in shortest way, we have taken the screen snap for 
LMS related algorithm mentioned above for ANN Model. After application of adaptive filtering process, we have 
gathered all needful data in the allwe_algo_name .mat file for the further training and testing of artificial 
intelligent algorithm such as noise removal Neural Network.    

During the adaptive filtering, training and testing process, the all information regarding input parameters, 
output parameters and process status along with plots, etc. have available on the GUI panel. For ready outcome 
in notable way, we have summarized all the observations in tabular form.  

The adaptive Filters based on LMS algorithms have been trained on ECG and EMG (Blue lines) signal 
(File name- 100.mat) of samples = 500. It is shown in Fig. 1.3  

The various biomedical signals having sample size= 500: ECG and EMG (Blue lines) and biomedical 
signals with noise (Red lines) have been used for testing of Artificial intelligent and ANN model as shown in Fig. 
1.4. a,b,c,d,.  The performance parameters such as signal to noise ratio and MSE have been observed from GUI 
for various step sizes using different adaptive algorithms on ECG1 Signal as given in Table 1.1 and Table 1.2. 

Figure 1.3: ECG signal of Samples= 500 used to train the adaptive filters LMS algorithms 



Figure 1.4 .a,b.: Blue line shows biomedical signals (ECGs and EMGs) and Red line shows biomedical signals 
with noise 

Figure 1.4.c,d: Blue line shows biomedical signals (ECGs and EMGs) and Red line shows biomedical signals 
with noise 
Simulation Result for various Step under Adaptive Filters: 
Table 1.1: Signal to noise ratio for various step sizes using different adaptive algorithms (on ECG1 Signal). 

Step 
Size 

SNR_out 

LMS NLMS NSLMS SLMS SSLMS 

1e-7 -0.19906 26.7339 26.7339 7.97304 26.7338 

1e-8 0.21109 26.7339 26.7339 24.324 26.7339 

1e-9 1.23573 26.7339 26.7339 26.7018 26.7339 

1e-10 10.2783 26.7339 26.7339 26.7336 26.7339 

1e-11 24.5255 26.7339 26.7339 26.7339 26.7339 



1e-12 26.7039 26.7339 26.7339 26.7339 26.7339 

1e-13 26.7336 26.7339 26.7339 26.7339 26.7339 

1e-14 26.7339 26.7339 26.7339 26.7339 26.7339 

1e-15 26.7339 26.7339 26.7339 26.7339 26.7339 

Table 1.2: Mean square error for various step sizes using different adaptive algorithms 
Step 
Size 

MSE 

LMS NLMS NSLMS SLMS SSLMS 

1e-7 977169 1980.05 1980.05 148854 1980.09 

1e-8 889108 1980.05 1980.05 3448.79 1980.05 

1e-9 702247 1980.05 1980.05 1994.74 1980.05 

1e-10 87545 1980.05 1980.05 1980.20 1980.05 

1e-11 3292.4 1980.05 1980.05 1980.05 1980.05 

1e-12 1993.78 1980.05 1980.05 1980.05 1980.05 

1e-13 1980.19 1980.05 1980.05 1980.05 1980.05 

1e-14 1980.05 1980.05 1980.05 1980.05 1980.05 

1e-15 1980.05 1980.05 1980.05 1980.05 1980.05 

 
Table 1.1 shows that SNR_out for various step sizes on LMS related algorithms. From this, we have observed 

that NLMS and NSLMS performed better at step sizes from 1e-07 to 1e-15. But overall, all algorithms have good 
performance on step size 1e-10, which governs the rate of convergence and speed of tracking ability. 
However, use of small step size is to ensure a small steady state error but it may decreases the convergence speed 
of the adaptive filter. However, increase in step size is to improve the convergence speed of the adaptive filter, 
but it might cause the adaptive filter to become unstable, so we have to select optimum value of step size [15,16]. 
The adaptive filter processed on LMS related algorithms using ECG 1 (100.mat file). The outcomes are depicted 
on GUI in Fig. 1.5. 
Number of Samples used for Adaptive filters = 500. 

The Percent Root mean square Difference (PRD) indicates the reconstruction fidelity by point wise 
comparison with the original data. Another definition of error measure is called PRD and is given by:  

 
Where x[n] and x [n] are the original and reconstructed signals of length N, respectively and x is the average 
value of the signal. PRD provides a numerical measure of the residual root mean square (RMS) error and the 
observed value of prd_val = 0.0461 [10-11]. 

LMS (Step size=1e-10)                      SLMS (Step size= 1e-10) 

             



       
SSLMS (Step size= 1e-10)                     NLMS (Step size= 1e-10) 

                    
                    NSLMS (Step size= 1e-10) 

 
Figure1.5: Simulation Result of Adaptive Filters for the ECG 1 signal (LMS, Sign LMS, Sign Sign LMS, 

Normalized LMS & Normalized LMS Sign algorithms) 
 

Table1.3: Report of Adaptive filters for various algorithms.(No. of Samples = 500) 

Algorithm Parameters 
[µ =1e-10 and No. of Taps= 2] 

SNR in SNR out MSE 

LMS   0 10.333 86450.1 

SLMS   0 26.7336 1980.19 

SSLMS  0 26.7339 1980.05 

NLMS  0 26.7339 1980.05 

NSLMS  0 26.7339 1980.05 

From the Tables 1.1 and 1.2, we have to select proper value of step size which gives the good SNR out 
and minimum MSE. Thus we have preferred optimum value of step sizes which shows the best fit of straight line. 
Then we have developed adaptive filters for various LMS algorithms. The SNR out and MSE of various adaptive 
filters is shown in the Table 1.3. 

3. Results  and Discussion  
The higher level of noise reduction is possible by performing adaptive noise cancellation techniques, 

otherwise this level of reduction of noise is difficult to achieve by using conventional filtering methods. As per 
the simulation results, it is observed that LMS algorithm has some limitations such as instability when the power 



of input signal changes or the value of step size varies resulting in change of the rate of convergence. Thus 
SSLMS, NLMS and NSLMS algorithms are evolved from LMS algorithm to overcome the above-mentioned 
limitations. From the Table 1.1 and 1.2, it is inferred that the SSLMS, NLMS and NSLMS algorithm shows far 
greater stability with different step size. This combined with good convergence speed and relative computational 
simplicity. Thus, the SSLMS, NLMS and NSLMS algorithms are ideal for the real-time adaptive noise 
cancellation system. The amount of variation in non-stationary signals is difficult to control. LMS and SLMS 
have relatively poor performance for non-stationary as compared to SSLMS, NLMS and NSLMS and if we have 
to improve the performance of LMS and SLMS, the step size should have to reduce resulting in long convergence 
time. It is observed that ANN Filters works excellently as compared to adaptive filter and also observed that as 
the number of testing samples of biomedical signal (100.mat file) increases then the SNR value increases, while 
that of MSE decreases. 

Thus, from the overall observations, we have concluded that the artificial intelligent networks ANN can 
be used to reduce noise from various biomedical signals intelligently. The SSLMS, NLMS and NSLMS are more 
precise and consistence as compared LMS and SLMS algorithms for wide range of step sizes [17-21].  
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Adaptive Neural-Based Fuzzy Inference System (ANFIS) : A Survey  
 

Gajbe R. J. 
Department of Electronics,Vidya Bharati Mahavidyalaya,  

Amravati  M.S.  India-444 602 

Abstract 
The main aim of this study is to develop a flow prediction method, based on the adaptive neural-based fuzzy inference 

system (ANFIS) coupled with stochastic hydrological models. In comparison with the Mamdani model, the Sugeno model is 
based on automatic learning from the data and can accurately approximate a function using few rules. It has a stronger and 
more flexible illustration capability than the Mamdani model. 
Keywords: ANFIS, Fuzzy Systems, Mamdani, Sugeno , Membership Function 

Introduction: Fuzzy Systems  
Fuzzy systems suggest a mathematical system that interprets the subjective human knowledge of the real 

time processes. This is a way to manipulate practical knowledge with some level of uncertainty. Fuzzy sets theory 
was introduced by Lofti Zadeh in 1965. The general architecture of a fuzzy system is depicted in Figure 1.1 The 
behavior of these systems is described by using a set of fuzzy rules such as IF <premise> THEN <consequent>. 
These system uses linguistics variables with symbolic terms. Each term represents a fuzzy set. The terms of the 
input space compose the fuzzy partition. The fuzzy system consists of three stages [1-4]: 

1. The values of numerical inputs are mapped by a function according to a degree of compatibility of the 
respective fuzzy sets. This operation is called fuzzification. 

2. The fuzzy system processes the rules in accordance with the firing strengths of the inputs. 
3. The resultant fuzzy values are transformed again into numerical values. This operation is called 

defuzzification. 

Figure1.1: Basic Components of Fuzzy System 
In an FIS, the knowledge base is comprised of the fuzzy rule base and the database. The database contains 

the linguistic term sets considered in the linguistic rules and the MFs defining the semantics of the linguistic 
variables, and information about domains. The rule base contains a collection of linguistic rules that are joined 
by AND/OR operator. Expert can provide his knowledge in the form of linguistic rules (Hao Yu et al.). The 
fuzzification process collects the inputs and then converts them into linguistic values or fuzzy sets. The decision 
logic which is called as fuzzy inference which generates output from the input, and finally the defuzzification 
process produces a crisp output for control action.  

Interpretations of a certain rule or the rule base depend on the FIS model. The Mamdani and the Tagaki-
Sugeno-Kang (TSK) or simply Sugeno model are two popular FISs. TheMamdani model is a non-additive fuzzy 
model that aggregates the output of fuzzy rules using the maximum operator, while the Sugeno model is an 
additive fuzzy model that aggregates the output of rules using the addition operator [1-4].  
Mamdani inference model  

Fuzzy variables are pasteurized by fuzzy logic rules with MIN and MAX operators. The fuzzy logic can 
be interpreted as the extended Boolean logic: for binary 0 and 1, the MIN and MAX operators, AND and OR 



operators in Boolean logic, respectively. This has been depicted in the Table 1.1 and for fuzzy variables, the MIN 
and MAX operators [1-4].  

Table 1.1: Binary Operations Using Boolean Logic and Fuzzy Logic 

A B A AND B MIN (A,B) A OR B MAX (A, B) 

0 0 0 0 0 0 

0 1 0 0 1 1 

1 0 0 0 1 1 

1 1 1 1 1 1 

Table 1.2: Fuzzy Variables Operations Using Fuzzy Logic 

A B MIN (A,B) MAX (A, B) 

0.3 0.5 0.3 0.5 

0.3 0.7 0.3 0.7 

0.6 0.4 0.4 0.6 

0.6 0.8 0.6 0.8 

 
R1: if x is A1 and y is B1 then z is C1 and also  
R2: if x is A2 and y is B2 then z is C2  
Fact: x is x0 and y is y0  
Consequence: z is C 
The inference procedure of the Mamdani model with the min (AND) and max (OR) operators and fuzzy inputs is 
shown in Figure 1.2. 

 
 

Figure 1.2: Mamdani Inference Model 
 

the sentence connective is also 
interpreted as propositions and defined by max operator[4].  

i, i = 1, 2, are computed by 

1 = A1(x0 1(y0 2 = A2(x0 2(y0) 
The individual rule outputs are obtained by  

1 1 1 2 2 2(w)) 
Then the overall system output is computed by the individual rule outputs  



1 2 1 1 2 2(w)) 
Finally, to obtain a deterministic control action, employ any defuzzification strategy. For the instance, defuzzified 
value of fuzzy set is defined as its fuzzy centroid: 

 
The Mamdani Model consists of five layers as depicted in Fig. 1.3.  
Details are given below; 
Layer 1: Input layer 
Layer 2: Input membership or fuzzification layer 

 Neurons represent fuzzy sets used in the antecedents of fuzzy rules determine the membership degree of the 
input. 

 Activation function: The membership function. 

Layer 3: Fuzzy Rule Layer 
 Each neuron corresponds to a single fuzzy rule. 

 Conjunction of the rule antecedents: product 

 Output: the firing strength of fuzzy rule Ri , Ri = Aj Bk  

 The weights in layer 3 and layer 4 : the normalized degree (certainty factors) of confidence of the corresponding 
fuzzy rules.   

They are adjusted during training. 
Layer 4: Output membership layer 

 Disjunction of the outputs: C i = Rj Rj Rj: sum. 

 The integrated firing strength of fuzzy rule neurons R j and R k. 

 Activation function: The output membership function.  

Layer 5: Defuzzification layer 
 Each neuron represents a single output. (Ex.- Centroid Method). 

Learning: 

 A various learning algorithm may be applied: Back propagation. 

 Adjustment of weights and modification of input/output membership functions. 

 Sum-Product composition and centroid defuzzification was adopted; a corresponding ANFIS was constructed 
easily. 

 Extra complexity with max-min composition  no better learning capability or approximation power. 

Figure1.3: Neuro Fuzzy Equivalent System



The Mamdani model offers a high semantic level and a good generalization capability. It contains fuzzy 
rules built from expert knowledge. However, FISs based only on expert knowledge may result in insufficient 
accuracy. For accurate numerical approximation, the Sugeno model can usually generate a better performance.  
Sugeno inference model  

However, TSK or Sugeno architecture is more popular than Mamdani architecture where the 
defuzzification layer was replaced by normalization and weighted average. The TSK architecture does not require 
MAX operators, but a weighted average is applied directly to regions selected by MIN operators. TSK architecture 
is actually very straightforward method, in which the output weights are proportional to the average function 
values at the selected regions by MIN operators. The TSK fuzzy system works as a lookup table. Sugeno and 
Takagi use the following architecture which is graphically represented in Figure 1.4.  
R1: if x is A1and y is B1then z1 = p1x + q1y + r1 
R2: if x is A2and y is B2then z2 = p2x + q2y + r2 
Fact: x is x0and y is y0 
Consequence: z  
The firing levels of the fuzzy rules are computed by  
w1 = A1(x0 1(y0), w2 = A2(x0 2(y0) 
Then the crisp control action is demonstrated as 

 
If we have n rules in our rule-base system then the crisp control action is calculated as 

 
Where wi denotes the firing level of the ith rule, i= 1, 2 . . . , n 

Figure 1.4: Sugeno Fuzzy Model 

Figure 1.5: Equivalent ANFIS architecture 



The TSK model normally selects z as first-order polynomial, hence the model is also called the first-order 
TSK model. When z is selected as constant, it is termed as the zero-order TSK model and can be regarded as a 
special case of the Mamdani model.  

In comparison with the Mamdani model, the Sugeno model is based on automatic learning from the data 
and can accurately approximate a function using few rules. It has a stronger and more flexible illustration 
capability than the Mamdani model. In the Sugeno model, rules are extracted from the data, but the generated 
rules may have no meaning for experts. The Sugeno model has found more successful applications in building 
the fuzzy systems.  

The Sugeno Model consists of five layers as depicted in Fig. 1.5, called ANFIS architecture. Details are 
given below; 
Layer 1: Fuzzification layer 
Every node I in the layer 1 is an adaptive node with a node function. 
O1,I= Ai(x)     for i=1,2 or  : membership grade of a fuzzy set A1,A2 O1,I = Bi-2(y)  for i=3,4. 
Parameters in this layer: premise (or antecedent) parameters.  
Layer 2: Rule layer 
A fixed node labeled as  where the output is the product of all the incoming signals: O2,I= wi= Ai(x) Bi(y)    

 firing strength of a rule. 
Layer 3: Normalization layer 
A fixed node labeled N. 
The i-th node calculates the ratio of the i- O3,I= 
wi= wi / (wi+ wi ) fori=1,2. 
Outputs of this layer are stated as normalized firing strengths. 
Layer 4: Defuzzification layer 
An adaptive node with a node fnO4,I= wifi = wi (pi x + qi y + ri) fori where wiis the normalized 
firing strength from layer 3 and   {pi  ,  qi    ri }  is the set of parameter pf this node are called the Consequent 
Parameters.  
Layer 5: Summation neuron 
A fixed node which computes the overall output as the summation of all incoming signals. 
Overall output = O5, 1 wifi  = wifi wi. 

ANFIS learning:  
A learning algorithm of the least-squares estimator including the gradient descent method. 
Forward Pass: adjustment of consequent parameters, pi, qi, ri. 
Rule consequent parameters are known by the least-square estimator. 
Find a least-square estimate of k=[r1 p1 q1.. r2 p2 q2 ..rnpnqn] , k*, that minimizes the squared error e=|Od  O|2. 
E = e2 / 2 = (Od  O)2 / 2. 
The consequent parameters are adjusted while the antecedent parameters remain fixed. 
Backward Pass: adjustment of antecedent parameters. 
The antecedent parameters are tuned while the consequent parameters are kept fixed. 
(Ex.) Bell activation function: 1/ [1 + ((x-c)/a)2b]. 
Membership Function:  

A fuzzy set is wholly characterized by its membership function (MF). Since most fuzzy sets in use have a 
universe of conversation X consisting of the real line R, it would not be practical to list all the pair defining a 
membership function. A more convenient and brief way to define an MF is to express it as a mathematical formula 
[5]. 

1. Triangular MF: 

 



2. Trapezoid MF: 

 
3. Gaussian MF: 

 
1. Generalized Bell MF: 

 
2. Sigmoidal MF: 

 
 In the proposed model, we have used Generalized Bell Membership Function. So, brief discussion is given 
here. Figure1. 7.6 depict the meaning of parameters in Generalized Bell Function. These parameters are referred 
as premise parameters. 
 
 
 
 
 
 
 

 
 
 

Figure1.6: Meaning of parameters in Generalized Bell Function 
 

The parameter b is usually positive. If it is negative, the shape of this MF becomes an upside-down bell. 
However, each of these parameters has a physical meaning: c determines the centre of the corresponding 
membership function; a is the half width; and b (together with a) controls the slopes at the crossover points.  

Note that this MF is the overview of Cauchy distribution used in probability theory, so it is also referred to 
as the Cauchy MF. Because of their smoothness and concise notation, Gaussian and bell MFs are becoming 
increasingly popular for specifying fuzzy sets [2-3]. 
 
Advantages and disadvantages of Fuzzy Systems [8-10]: 
The advantages of the fuzzy systems are:  

 It has capacity to represent inherent uncertainties of the human knowledge with linguistic variables. 

 It has ability to interact with the expert of the domain with the engineer designer. 
 It represents the natural rules, so it can easily interpret the results. 

 It can easily widen the base of knowledge through the addition of new rules. 

 It is robust method in relation with the possible disturbances in the system.  
 



Disadvantages of fuzzy system are:  
 It is incapable to generalize or answer to what is written in its rule base. 

 It is not robust in relation to the topological changes in the system. Topological changes will have to 
demand alterations in the rule base. 

 It has to depend on the existence of a expert to determine the inference logical rules. 
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ABSTRACT 

This paper is mainly focused on Biomedical instruments , which are Basics of 

Medical Instruments, Block diagram of Medical Instrument. Biomedical signal 

processing aims at extracting significant information from biomedical signals. 

With the aid of biomedical signal processing, biologists can discover new 

biology and physicians can monitor distinct illnesses. 

Keywords : Bioelectric signal, Block diagram, Microelectrodes 

 

I. INTRODUCTION 

 

Introduction to biomedical signals 

Biomedical Instrumentation is the branch of medical 

science where the medical instruments are to be 

studied. Biomedical instruments are used to record, 

analyze & process the biomedical signals. Biomedical 

signals are extracting the information from biological 

systems like brain, muscles or heart etc, under 

investigation. The extracting information may be so 

simple to note the pulse rate of a person from wrist or 

so complex like analyzing the information from heart 

by using ECG. There are various sources for 

extracting signals from the biological system [1-2]. 

 

They are: 

1. :-ECG (Electrocardiograph), EEG 

(Electroencephalograph), GSR (Galvanic Bioelectric 

signal skin response), EOG (Electrooculography) and 

EMG (Electromyograph) are the bioelectric signals. 

These signals are generated from the nerve cells or 

muscle cells. These signals are collecting from the cell 

membrane potential which may be excited under 

certain conditions to generate an action potential.  

2. BioacousticSignals:-Lung sounds, heart sounds, 

bowel sounds, and joint sounds are the bioacoustic 

signals generated from the human body in easy and 

noninvasive way during its working.  

3. Biochemical Signals:- Neurotransmitters are the 

chemical messengers from the body that control and 

regulate the body. These signals are extracted from 

the chemical measurement of living tissues & samples 

which are taken from living being.  

4. Biomechanical Signals:- This signals are extracted 

from some mechanical function of the biological 

system. The flow of blood & pressure signals, all types 

of motion & displacement signals are the example of 

the biomechanical signals.  

5. BiomagneticSignals:-MMG (Mechanomyogram) or 

MEG (Magneto-encephalogram) are the examples of 

biomechanical signals which are observed from the 

surface of muscles when it is contracted. Biomagnetic 

signals are obtained from the magnetic field produced 

http://www.ijsrst.com/
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by electrical currents occurred naturally in the brain 

of the living things. 

6. Bio-optical Signals:- Bio optical signals can observe 

either naturally or the signals may be introduced to 

measure a biological parameter with an external light 

medium. 

7. Bio-impedance Signals:- An electrical impedance 

signal can be obtained due to the changes in blood 

volume or blood resistivity from human being. 

The biomedical signals are extracted from the 

biomedical instruments. Therefore it is useful to study 

of biomedical instruments. 

Basics of Medical Instruments: 

Fig. 1.1.1 shows the general block diagram of 

Biomedical Instrument. The detailed descriptions of 

each block are as follows [3-5]: 

1. Primary Sensing Element - The measurand is given 

to the primary sensing element where the conversion 

takes place. This is done by a transducer which 

converts the measured quantity into a usable 

electrical output. The transduction may be of any 

from such that mechanical, electrical or optical. 

2. Variable Conversion Element - The output of the 

primary sensing element is in the electrical form and 

is suitable for control, record and display. But it may 

be necessary to convert this output to some other 

suitable form for preserving the original information. 

This function is performed by the use of variable 

conversion element. A system may require one or 

more variable conversion elements. 

3. Variable Manipulation Element - The biomedical 

signals have very small amplitude. So it is necessary to 

manipulate the signal preserving the original nature 

of it. Thus the voltage amplifier is the example of 

variable manipulation element. The element that 

follows the primary sensing element in a 

measurement system is called signal conditioning 

element. The variable conversion element and 

variable manipulation element are jointly called as 

Signal Conditioning Element. 

4. Data Transmission Element - The transmission of 

data from one circuit to another is performed by the 

data transmission element. In case of spacecraft, the 

control signals are sent from the control stations by 

using radio signals. The stage that follows the signal 

conditioning element and data transmission element 

collectively is called the intermediate stage. 

5. Data Presentation Element - The readout or display 

devices which displays the required information 

about the measurand or measurement is called the 

data presentation element. The information of the 

measurement has to be monitor, control, and record 

for further analysis purposes. In case monitoring 

information, visual display devices are to be needed. 

For recording purpose, recorders like magnetic tapes, 

T.V equipment, and storage type CRT, printers, and 

so on are to be used. 

Measurand
(From Human Body) Pre-amplifier Signal Processing

Energy Source
Electric 
Light
Infrared
Mechanical
Ultrasound

Data 
Storage

Display

Alarms

Data
Transmission

Data
Transmission

Sensor/ Transducer

Calibration

Control 
System

Signal Conditioner

 
Figure 1 : General Block diagram of Medical 

Instrument 

 

Biomedical signals are provided the information from 

biological systems under investigation. This is done 

by the use of excellent electrodes and powerful 

biomedical instruments having excellent signal to 

noise ratio. Therefore it is also necessary to study the 

recording electrodes used under the biomedical 

system. 

Recording Electrodes used in the Biomedical 

Instrumentation:  

Recording electrodesare the devices that convert ionic 

potentials into electronic potentials. The type of 

electrodes used for the measurements depends on the 

anatomical location of the organ. Bio-electrodes are 

the sensors that convert ionic conduction into 

electronic conduction. The purpose of bio-electrodes 
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is to acquire bioelectrical signals such as ECG, EMG, 

and EEG, etc. 

Electrodes are mainly classified into two types [6]: 

1. Perfectly polarized electrodes and  

2. Perfectly non-polarized electrodes.  

There are various electrodes that can be used to 

measure bioelectric signals. The three main classes of 

electrodes are Microelectrodes, Body Surface 

electrodes and Needle electrodes. 

 

Microelectrodes 

Microelectrodes are electrodes having fine tips to 

penetrate a single cell in order to obtain readings 

from the cell without damaging the nearby cells. The 

main function of microelectrodes is to obtain 

recording potential. Impedance of microelectrodes 

can play a very important role in the monitoring of 

low amplitude and high-resolution of the cells. 

Because of the smaller size of microelectrodes, it has 

high impedances in kilo ohms range.  

It is classified into two types 

a. Metal type  

b. Micropipette type 

a) Metal microelectrode: 

Metal microelectrodes are prepared by electrolytic 

etching the tip of fine tungsten to the desired size and 

dimension. Then the wire is coated almost to the tip 

with any type of insulating material. The metal-ion 

interface takes place where the metal tip contacts the 

electrolyte. The main features of metal 

microelectrodes are 

1. It has excellent signal to noise ratio 

2. It is strong enough and easy to penetrate 

3. It has high biocompatibility 

b) Micropipette: 

The micropipette type of microelectrode is a glass 

micropipette with its tip drawn out to the desired size. 

The micropipette is filled with an electrolyte which 

should be compatible with the cellular fluids. A 

micropipette is a small and extremely fine pointed 

pipette used in making microinjections. A commercial 

type of micropipette is shown in Fig. 1.1.2. 

 

 
Figure1.1. 2:Micropipette type Electrodes 

Body Surface Electrodes: 

Body surface electrodes are placed in contact with the 

skin of the subject to obtain bioelectric potentials. 

Body surface electrodes are of many types and sizes. 

The various types of body surface electrodes are 

discussed below.  

 

Major body surface electrodes are 

a) Immersion electrodes: 

 In early years, these types of bioelectric measuring 

electrodes were used. These electrodes were simply 

buckets of saline solution in which the subject placed 

such as hands or feet. So it was not a comfortable type 

of measurement and hence it was replaced with the 

plate electrodes. 

b) Plate electrodes:  

These electrodes were separated from skin surface by 

cotton pads socked in a strong saline solution. These 

electrodes have generally smaller contact area. This 

type of electrodes has a tendency to lose their 

adhesive ability and therefore it causes errors in the 

result. 

c) Floating electrodes:  

These electrodes can eliminate the artifact errors 

which is a main problem with the plate electrodes. 

This is avoiding by making direct contact of the 

electrodes with the skin. So the main advantage of 

floating electrodes is mechanical reliable. The 

conductive path between the metal and the skin is the 

electrolyte paste or jelly. 

d) Disposable electrodes:  
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Normally plate electrodes, floating electrodes etc can 

be used more than one time. But it requires more care 

while cleaning after each use. Thus uses of disposable 

electrodes are now very popular which can be 

disposed after the use. 

e) Suction electrodes:  

These electrodes are well suited for the attachment of 

flat surfaces of body and the regions where the 

underlying tissues are soft. These electrodes have a 

small surface area. These types of electrodes are 

mainly used for the measurement of ECG. Suction 

electrodes are shown in Fig. 1.1.3. It is used a plastic 

syringe barrel to house suction tubing and input 

cables to an AC amplifier. 

 
Figure 1.1.3: Suction electrodes 

f) Ear clip & Scalp electrodes:  

These electrodes are widely used in the measurement 

of EEG. Scalp electrodes can provide EEG signals 

easily by placing it over the naked head. For 

measurement of EEG, it requires 10 – 20 electrodes 

and scalp electrode usually used. They can avoid 

measurement errors and movement errors. During 

labour, internal monitoring may be needed and 

usually fetal scalp electrodes are placed under the 

baby’s scalp. It is also used to monitor baby’s 

heartbeat while still in uterus. A typical ear clip and 

scalp electrodes are shown in Fig. 1.1.4. 

 

 
Figure 1.1.4: Ear clips and scalp electrodes 

g) Needle Electrodes: 

To reduce the interface and artifact error which are 

arise due to the electrode movement, a small sub-

dermal needle electrodes can be used for the 

measurement of EEG, EMG etc. Actually the needle 

electrodes are used to penetrate the skin of the scalp 

for measurement of EEG. Generally they are simply 

inserted through a small section of the skin just 

beneath the skin parallel to it. 

 

The needle electrodes for EMG measurement consist 

of fine insulated wires placed in such a way that their 

tips are in contact with the muscles, nerve or other 

tissues. The needle creates the hole necessary for 

insertion and the wires forming the electrodes are 

carried inside it. A typical EEG needle electrode is 

shown in Fig. 1.1.5. 
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Figure 1.1.5: Needle electrodes 

  

The main advantage of needle electrode is that it is 

less sensitive to cause error due to movement than the 

surface electrodes. Also the needle electrodes have 

lower impedances when compared to surface 

electrodes as it makes direct contact with the sub-

dermal tissues or intracellular fluid [7]. 
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Abstract 
Over the last decades a variety of chemical sensors have been developed based upon semiconductors, which monitor 

different characteristic sensor properties such as conductivities for electronic conductivity sensors. In the present work 
Polyaniline is prepared by polymerizationof aniline under acidic condition. Zinc Oxide (ZnO) nanopartical prepaired by 
wet chemical method at room temperature using zinc nitrate and sodium hydroxide as starting material . ZnO nanoparticles 
were combined with conducting (PANI) polymer via polymerization in acidic aqueous solution to obtain a new type of 
inorganic  organic composites nanostructured . It is observed that PANI doped ZnO nanocomposites sensor shows a high 
response and sensitivity with good repeatability as compared to that of purePANI and ZnO nanoparticle.Theeffect of 
hysteresis is of the sensors, theeffects of pure and composite oxide on sensitivity of the sensors were studied. The crystallinity 
and the crystallite size were examined byX-Ray Diffraction technique. 
Keywords: Polyaniline ,Zinc Oxide Nanocomposites,Humidity sensor. 

1.  Introduction 
There is a growing demand for a sensing system that has high sensitivity, wide dynamic range, good 

stability, quick response, good reproducibility, simple structure and minimal cost. Metal oxide films sensitive to 
humidity have been reported earlier where sensing has been done using optical means. However, metal oxide 
humidity sensors depending upon measurements of electrical parameters require high temperature operation and 
consume significant amount of power.Humidity control and monitoring are of great interest to a wide area; these 
include moisture sensitive products, fresh and pack-age food, drug storage and environmental control for valuable 
Antiques or paintings etc. [1, 2]. Humidity sensors that are available in the market include dew point, infrared, 
catalytic and tin oxide-basedsensors, which may be expensive, or require high temperature operation and consume 
significant amount of power and high cost ofmaintenance [3].Much research has been focused on the development 
of humidity sensitive material [4 6]. Among these are the investigation of using conducting polymers such as 
polyaniline, polypyrrole, and polythiophene for humidity and gas sensing [7 9]. Advantages with polymers as 
sensing materials are light weight, flexible, low cost and simple fabrication process [10]. Pure polymer, polymer 
blends and polymer inorganic composites have also been studied for the purposes, resulting in different degree 
of advancements in this area [11 16]. 

2. Synthesis of Material: 
A) Synthesis of Polyaniline (PANI): In general is synthesized using two major polymerization approaches: 
electronic and chemical polymerization. In the present work polyaniline is synthesized by chemical 
polymerization method in which 0.2 M aniline hydrochloride is used as monomer unit. The synthesis is done by 
oxidative polymerization with 0.25 M ammonia peroxysulphate in aqueous medium. Bothsolutions kept 1 hour 
at room temperature then mixed in beaker, briefly stirred. And left at rest to polymerized , next day, the pani 
precipitate was collected on a filter , washed with three 100 ml portion of 0.2 M HCL and similarly with acetone 
. polyaniline hydrochloride powder was dried in air and then in vaccum at 60°c. Polyaniline prepared under these 
reactions and processing condition are further referred to as standard sample. 
B) Synthesis of Zinc oxide (ZnO): It is prepared by the aqueous solution of zinc nitrate. And 
ispreparedbydissolving 0. 2M of zinc nitrate hexahydrate in 100 ml of distilled water .To this aqueous zinc nitrate 
solution 0.2 M sodium hydroxide is added and the reaction mixture was heated at 80°c along with stirring and the 



process is carried out for four hour after which the white precipitate was obtained. The formed oxide wet 
precipitate is centrifuged Then the wet precipitate is washed with de-ionized water to remove impurity ions 
present in it and further heated in the oven at 150°c to dry the precipitate formed. 
Characterization :The above synthesized PANI-ZnO composites are structurally and surface morphologically 
characterized by using different technique like X- ray diffraction (XRD),the x-ray diffraction patterns of the 
prepared samples are obtained by   Siemens D 5000 X-
The diffractograms are recorded in terms of 2  in the range 40°-50°  at ambient temperature with scanning rate 

(modal S 440) at 10kv. 
 
Result And Disscusions: 
XRD Pattern of ZnO 
 
 
 
 
 
 
 
 
 
 

Fig. 1 XRD of Pure ZnO 
 XRD pattern of pristine zinc oxide (ZnO) nanostructure synthesized by liquid phase method via chemical 
wet reaction method were calcinated at 800oC as shown in figure 1.The 
(100), (002), (101), (102), (110) and (103) planes. All the peaks match well the standard hexagonal wurtize 
structure of zinc oxide (ZnO) with lattice constants a = b = 0.3249 nm and c = 0.5206 nm [JCPDS card no. 36-
1451]. All the peaks are perfectly match with pure ZnO structure, which indicates the high purity of the obtained 
ZnO nanoparticle. The average crystalline size was found to be 37.38 nm calculated by Deye-Scherrer formula. 
 

 
                                                                   Figure: 2   Hysteresis plot 
  
 Hysteresis plot shows the variation between resistances of sample with respect to the relative humidity 
in increasing and decreasing order from 30 to 90 % RH as shown in the fig. 2. A very small hysteresis present 
during forward and reverse cycle of relative humidity, where as a very significant average change observed in the 
value of resistance of sample, in the sample ZP-1 (10ZnO  90PANI) the change in value of resistance is from 
1011 5  
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Figure: 3 Variation of sensitivity with Relative Humidity 

 
In the above samples the sensitivity is found to be increasing with the RH for all the samples of thick 

films and it is increasing up to some particular RH and then afterward it remains constant as shown in fig. 3 For 
higher RH the sensitivity is found to be higher in case of all samples of thick films. The sensitivity of ZP-1 
(10ZnO-90PANI) is more than ZP-2, ZP-3, and ZP-4 samples and also from the pristine samples P-0 and Z-0. 
The (ZnO-PANI) composite sensors exhibits significantly higher sensitivity than sensor constructed specially 
from ZnO nanoparticles and PANI itself due to the formation of heterogeneous interface between them and more 
adsorption site was created to absorbed more water vapours.  

5. Conclusions:  
Nanostructured ZnO was successfully prepared via chemical precipitation method and PANI with 

IUPACpolymerization technique. Minimum crystallite size was found to be for ZnO is 37.38 nm. The Hysteresis 
plot shows very significant average change in the value of the resistance from1011 5

reversed cycles of sampleZP-1(10ZnO-90PANI). The sensitivity is found to be increasing with the RH for all the 
samples of thick films and it is increasing up to some particular RH and then afterward it remains 
constant.Amongst all the prepared samples ZP-1 is more sensitivity than other prepared composite samples. 
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Abstract 
Polyaniline (PANI) and BaTiO3-Pani composites were synthesized by chemical polymerization method using 

ammonium per sulphate (APS) as an oxidizing agent. This is a single step polymerization process to synthesize the conducting 
polymer. Thick films of PANI and BaTiO3-Pani were fabricated by Screen  Printing followed by firing at 70º c for 30 min. 
BaTiO3-Pani thick films resulted in humidity sensor. An exceptional sensitivity was found to the relative sensor at 80º c and 
no cross sensitivity was observed to other hazardous and polluting gases ever at higher concentration. . The effect of 
microstructure and dopant concentrations on the gas response,Hysteresis , sensitivity, of the sensor in the presence of 
humidity were studied and discussed. 

Keywords: Polyaniline , Barium Titanate,BaTiO3-Pani composites , Humidity sensor. 

1.  Introduction 
The use of sensors by human being has been day by day increasing at an astounding rate in the last few 

years and modern society depends heavily on the use of the sensors for variety of purposes. Over the last decades 
a variety of chemical sensors have been developed based upon semiconductors, which monitor different 
characteristic sensor properties such as conductivities for electronic conductivity sensors, impedance for 
capacitance sensors, potentials for field effect sensors or temperatures for calorimetric sensors. For the 
determination of gas components, many of these devices make use of the same molecular detection principle. 
Depending on the operation temperature, their signals are caused by changes in the concentration of free electrons, 
dielectric constants, electrical fields and heats of adsorption or reaction. These changes result from physisorption, 
chemisorption, catalytic reactions, and surface or bulk defect reaction with particles from the gas phase.  

There is a continuing need for accurate, reliable, inexpensive sensing systems for measuring relative 
humidity (RH), not only for human comfort but also for a broad spectrum of applications in chemical industry, 
process control, atmospheric sciences, agriculture etc.  Humidity is one of the most common constituents present 
in the environment and its measurement is indispensable when it comes to monitoring of various environmental 
parameters. For instance, detecting organic pollutants in indoor atmosphere, organic vapour monitoring, 
maintenance of Green houses, performance of air/ smoke filters, hydrocarbon sensing are all affected by relative 
humidity conditions. Therefore, sensing and controlling relative humidity is of great importance [1]. 

In the recent years there has been significant progress in the field of polymer based humidity sensors. 
According to their sensing mechanisms these can be either resistive type or capacitive type. In addition to the 
traditional quaternary ammonium and sulfonate compounds, polymers containing phosphonium   have also been 
studied for humidity sensing. Copolymers, mutually reactive copolymers and conjugated polymers have also been 
reported for humidity sensing. Conjugated polymers especially conducting polymers like polypyrrole, 
polyethylene, polypropylene etc. have shown humidity sensing properties [2]. Besides these metal-polymer 
nanocomposites for instance iron oxide-polypyrrole have also been reported for relative humidity sensing sensor. 
The present study deals with the humidity sensing application such as relative humidity, stability humidity, 
selectivity etc. of selected inorganic materials. 

Humidity control and monitoring are of great interest to a wide area; these include moisture sensitive 
products, fresh and pack-age food, drug storage and environmental control for valuable Antiques or paintings etc. 
[3,4]. Humidity sensors that are avail-able in the market include dew point, infrared, catalytic and tin oxide 
sensors, which may be expensive, or require high temperature operation and consume significant amount of power 



and high cost ofmaintenance [5].Much research has been focused on the development of humidity sensitive 
material [6 8]. Among these are the investigation of using conducting polymers such as polyaniline, polypyrrole, 
and polythiophene for humidity and gas sensing [9 11]. Advantages with polymers as sensing materials are light 
weight, flexible, low cost and simple fabrication process [12]. Pure polymer, polymer blends and polymer
inorganic composites have also been studied for the purposes, resulting in different degree of advancements in 
this area [13 19]. 

2. Synthesis of Material : 
A) Synthesis of Polyaniline (PANI):In general  is synthesized using two major polymerization approaches : electronic and 
chemical polymerization. In the present work polyaniline is synthesized by chemical polymerization method in which 0.2 M 
aniline hydrochloride is used as monomer unit . the synthesis is done by oxidative polymerization with 0.25 M ammonia 
peroxysulphate  inaqeous medium . both solution kept 1 hour at room temperature then mixed in beaker ,briefly stirred. And 
left at rest to polymerize, next day, the pani precipitate was collected on a filter , washed with three 100 ml portion of 0.2 M 
HCL and similarly with acetone . polyaniline hydrochloride powder was dried in air and then in vaccum at 60°c. Polyaniline 
prepared under these reaction and processing condition are further referred to as standard sample[63]. 
B)Synthesis of Barium titanate (BaTiO3): In preparation of barium titanate (BaTiO3) 0.25 M Ba(NO3)2 solution and 0.25 
M TiO(NO3)2 solution were dissolved in 2 N nitric acid solution in a beaker. About 0.6 M tartaric acid solution was then 
added to under constant magnetic string. The solution heated under continuous string to its boiling point until all the liquid 
evaporated. About 7 gm of ammonium nitrate was added towards the ends to avoid slurry formation. Brown fumes evolution 
takes places and fluffy mass were settled at the base of the beaker. The product is then dried in vacuum oven at 96oC for 2 
hrs. So that moisture will removed from the final product and we will get dry product. Then this dry product was crushed 
into fine powder and finally this fine nanopowder of BaTiO3 was calcinated at temperature 800oC for 5 hrs. in the auto 
controlled muffle furnace  to remove the impurity form the product will be completely removed and get a final product of 
BaTiO3 nanoparticle. 

3. Experimental methodology for humidity: - 
The humidity chamber/ stability chamber has stainless steel body purchased from Gayatri Scientific, 

Mumbai . The working size of humidity chamber is 50×43×430cm (H×D×W). The chamber having two open 
side door window namely inner side door and outside door, inner side is full length inner plexi glass door which 
is transparent and outer side door was metal door with magnetic gasket and lock . inside the chamber it has two 
trays, which are made of stainless steel. it has PID digital display temperature indicators which is outside at the 
top of the chamber , indicating the current temperature of the chamber .indicating the current temperature of 
chamber. The power sources of 230 V having frequency of 50Hz required. the temp[rapture range is ambient to 
80 C. The chamber has temperature accuracy of  ± 1.0 C . 

The range of humidity varying from 40% RH to 80% RH having the accuracy of ± 3% RH. To operate 
the chamber a program feed for the varying RH as well as different temperature. Which will sets the controlled 
the humidity of set temperature for given time. To measure the humidity characteristics , the sensor element was 
placed inside the humidity chamber by operating the program at different RH and temperature the humidity was 
varied . The sensor element was placed inside the humidity was measured by standard hygrometer which is 
already placed inside chamber . The electrical resistance of the file was measured by using Keithley source meter 

-100, 
it is a program controller for humidity and temperature verses time even   controller .The UK-100 can be program 
by varing RH, temperature , time parameters. The total number of programs are 99out of this are set program for 
set temperature 40 C by varying RH  1 steps NO. Of program 8, event 0001, are tabulated  
4.Characterization :   

The above synthesized PANI-BaTiO3 composites are structurally and surface morphologically 
characterized by using different technique like X- ray diffraction (XRD), and scanning electron microscopy 
(SEM).the x-ray diffraction patterns of the prepared samples are obtained by   Siemens D 5000 X-ray 
diffractometer using CuK radition ( A°). The diffractograms are recorded in terms of 2  in the range 



40°-50°  at ambient temperature with scanning rate of 2° per minute .The surface morphology of polyaniline and 
 

X-Ray Diffaration 

Figure: 1  XRD of (BaTiO3) (B-0) 

The XRD pattern of pristine Barium Titanate  (BaTiO3) nanostructure synthesized by liquid phase method 
via solid state method calcinated at 800o

(110), (111), (200), (210) and (220) planes. All the peaks match well the standard provskite type structure of 
Barium Titanate (BaTiO3) with lattice constants a = 3.992 nm and c = 4.036 nm . All the peaks are perfectly 
match with pure BaTiO3structure, which indicates the high purity of the obtained BaTiO3nanoparticle. The 
average crystalline size was found to be 46.90 nm calculated by Deye-Scherrer formula. 
Hysteresis plot : 

Hysteresis plot shows the variation between resistances of sample with respect to the relative humidity 
in increasing and decreasing order from 30 to 90 % RH as shown in the figure. 2. A very small hysteresis present 
during forward and reverse cycle of relative humidity, where as a very significant average change observed in the 
value of resistance of sample, in the sample BP-1 (10BaTiO3  90PANI) the change in value of resistance is from 

1011  to 103 , these is a remarkable change in the value of resistance. 

 
Figure: 2 Hysteresis plot 

Sensitivity 
In the above samples the sensitivity is found to be increasing with the RH for all the samples of thick 

films and it is increasing up to some particular RH and then afterward it remains constant as shown in figure 3.  
For higher RH the sensitivity is found to be higher in case of all samples of thick films. The sensitivity of BP-1 
(10 BaTiO3 -90PANI) is more than BP-2, BP-3, and BP-4 samples and also from the pristine samples P-0 and B-
0. The (BaTiO3-PANI) composite sensors exhibits significantly higher sensitivity than sensor constructed 
specially from Barium Titanate nanoparticles and PANI itself due to the formation of heterogeneous interface 
between them and more adsorption site was created to absorbed more water vapours.  
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Figure: 3 Sensitivity curve 

5. Conclusions 
Nanostructured BaTiO3 was successfully prepared via chemical precipitation method and PANI with 

IUPAC polymerization technique. Minimum crystallite size was found to be BaTiO3 is 46..90 nm. The Hysteresis 
plot shows very significant average change in the value of the resistance from 1011 103 

reversed cycles of sample BP-1 (10 BaTiO3 -90PANI)). The sensitivity is found to be increasing with the RH for 
all the samples of thick films and it is increasing up to some particular RH and then afterward it remains constant. 
Amongst all the prepared samples BP-1 is more sensitivity than other prepared composite samples. 
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