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a b s t r a c t 

Due to COVID-19, the whole world is undergoing a devastating situation, but treatment with no such 

drug candidates still has been established exclusively. In that context, 69 diverse chemicals with potential 

SARS-CoV-2 3CL pro inhibitory property were taken into consideration for building different internally and 

externally validated linear (SW-MLR and GA-MLR), non-linear (ANN and SVM) QSAR, and HQSAR models 

to identify important structural and physicochemical characters required for SARS-CoV-2 3CL pro inhibition. 

Importantly, 2-oxopyrrolidinyl methyl and benzylester functions, and methylene (hydroxy) sulphonic acid 

warhead group, were crucial for retaining higher SARS-CoV-2 3CL pro inhibition. These GA-MLR and HQSAR 

models were also applied to predict some already repurposed drugs. As per the GA-MLR model, curcumin, 

ribavirin, saquinavir, sepimostat, and remdesivir were found to be the potent ones, whereas according to 

the HQSAR model, lurasidone, saquinavir, lopinavir, elbasvir, and paritaprevir were the highly effective 

SARS-CoV-2 3CL pro inhibitors. The binding modes of those repurposed drugs were also justified by the 

molecular docking, molecular dynamics (MD) simulation, and binding energy calculations conducted by 

several groups of researchers. This current work, therefore, may be able to find out important structural 

parameters to accelerate the COVID-19 drug discovery processes in the future. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

In December 2019, many people of Wuhan, China, have been af- 

ected with a serious, unknown pneumonia-like disorder that did 

ot respond to any antibiotics [1] . Certainly, the disease spread at 

ightning speed to the rest of the world, and therefore, the World 

ealth Organization (WHO) announced this infection as coron- 

virus disease 2019 (COVID-19) [2] . This disease has been produced 

y the infection of the novel coronavirus or severe acute respi- 

atory syndrome coronavirus-2 (SARS-CoV-2) [3–4] . Consequently, 

his novel coronavirus is found to be closely related to a similar 

irus, i.e., SARS-CoV spread during 2003 [1] . Currently, COVID-19 

as greatly affected the whole world and around 222 countries 
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nd territories throughout the world have been found to have the 

OVID-19 infection. More than 232 million COVID-19 cases and 

ver 4.7 million deaths were reported due to this CoVID-19 disease 

s of May 2021 [5] . The severe COVID-19 is diagnosed as acute res- 

iratory distress syndrome (ARDS) and multiple organ failure pos- 

ibly induced by the uncontrolled immune response in the host 

ells [6–7] . Coronavirus (CoV) infection in humans, as well as in 

ther animals, has resulted in a variety of highly frequent and se- 

ious diseases, along with the SARS and the Middle East respira- 

ory syndrome (MERS) [8] . The SARS was found first in China in 

ovember 2002. In 2003, the WHO found out the causative agent 

f SARS, and they identified the SARS-CoV [9] . Again, SARS-CoV 

an also be found among some animals like civet cats and horse- 

hoe bats [10] . However, the source of the MERS-CoV was primarily 

earched in bats, but the dromedary camels of Oman and Canary 

slands showed to have a high frequency of MERS-CoV-neutralizing 

ntibodies [9] . Interestingly, in line with the debate on the actual 

ource, the SARS-CoV-2 was found in bats (RaTG13) and pangolins 

https://doi.org/10.1016/j.molstruc.2021.132041
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.132041&domain=pdf
mailto:balaram@hyderabad.bits-pilani.ac.in
mailto:tjupharm@yahoo.com
https://doi.org/10.1016/j.molstruc.2021.132041


N. Adhikari, S. Banerjee, S.K. Baidya et al. Journal of Molecular Structure 1251 (2022) 132041 

[

h

C

p

g

S

c

p

(

l

g

s

t

2  

M

1

l

t

i

g

p

[

l

p

t

c

f

p

t

v

b

T

o

i

S

a

a

t

c

p

p

d

s

f

j

[

a

m

i

[

t  

w

2

a

m

3

v

b

a

C

m

2

2

t

a

w

t

i

n

w

[

t

o

[

s

2

t

r

d

a

c

[

c

(  

i

t

t

e

a

e

e

l

e

M

a

t

t

2

a

(

t

f

t

2

c

t

b

t

n

f

t

s

c

f

11] . The pangolins and the civet cats served as an intermediary 

ost, but researchers detect the similarity among the strains of 

oVs which are closely related to SARS-CoV-2 [1] . 

The structure of coronaviruses consists of single-stranded 

ositive-sense RNA that acquires a greater number of viral RNA 

enomes [12–13] . Some of the newer studies demonstrated that 

ARS-CoV-2 has a similar genomic resemblance with other Beta- 

oronaviruses . The main structure of SARS-CoV-2 contains spike 

rotein (S), membrane protein (M), open reading frame 1ab 

ORF1ab) which encodes non-structural proteins (nsps), enve- 

ope protein (E), 50-untranslated region (UTR), 30-untranslated re- 

ion (UTR), nucleocapsid protein (N) and other unidentified non- 

tructural ORFs that are useful toward the construction of viral par- 

icles [14] . A common coronavirus genome gives rise to more than 

0 proteins and at least six open reading frames (ORFs) [ 13 , 15 ].

oreover, two-third of a genome contains first ORF (ORF1a/b) and 

6 non-structural proteins (nsp1-nsp16) but the Gammacoronavirus 

acks nsp1 [13] . Several coronaviral proteins have already been es- 

ablished as promising targets for COVID-19 drug discovery. These 

nclude helicase, RNA-dependent RNA polymerase (RdRp), hemag- 

lutinin esterase along with the structural and other non-structural 

roteins which can be targeted for anti-SARS-CoV-2 drug discovery 

 3 , 16 ]. 

Among these proteins, there are two proteases, namely papain- 

ike protease (PL pro ) and main protease or 3-chymotrypsin-like 

rotease (M 

pro /3CL pro ), that are essential components for replica- 

ion of SARS-CoV-2. These PL pro and 3CL pro are responsible for 

leaving the two polyproteins, i.e., PP1A and PP1AB into several 

unctional components. PL pro split the N-terminal domain to viral 

recursor protein at the three sites whereas 3CL pro splits the C- 

erminal domain to precursor protein at the 11 sites [17] . However, 

iral proteases such as 3CL pro /M 

pro along with PL pro are responsi- 

le for the nsp preparation by processing these polyproteins [13] . 

hus, M 

pro and PL pro are auspicious targets for antiviral drug devel- 

pment. Enormous efforts have been made to analyze their signif- 

cance and to develop effective therapeutics against the SARS-CoV. 

imilar approaches had been adopted for other pathogenic coron- 

viruses (i.e., MERS-CoV) because of the similarity of active sites 

nd enzymatic mechanisms with SARS-CoV [18–19] . Interestingly, 

he sequence homology of SARS-CoV-2 3CL pro is 96% structurally 

loser to the SARS-CoV 3CL pro [20] . These structural similarities 

oint out that targeting SARS-CoV-2 3CL pro as a potential thera- 

eutic target is quite a feasible approach for anti-CoVID-19 drug 

evelopment. 

Besides, the development of newer anti-SARS-CoV-2 agents, the 

tudy of previously reported SARS-CoV inhibitors can be help- 

ul. In this scenario, drug repurposing has emerged out as a ma- 

or approach in the development of anti-SARS-CoV-2 treatment 

21] . Also, several repurposed drugs such as lopinavir, ritonavir, 

zvudine, favipiravir, remdesivir, chloroquine, hydroxychloroquine, 

ethylprednisolone, tocilizumab, ribavirin, and oseltamivir are be- 

ng tested in the clinical studies against SARS-CoV-2 treatment 

22–23] . 

Our group has already performed several extensive studies on 

he previous SARS-CoV inhibitors [ 3 , 18–19 , 24–30 ]. In this study,

e have reported the structural analysis of 69 diverse SARS-CoV- 

 3CL pro inhibitors by the regression-based quantitative structure- 

ctivity relationship (QSAR) methodologies to identify the funda- 

ental structural features having crucial effects on SARS-CoV-2 

CL pro inhibition. The outcomes of this current research were also 

alidated using the available SARS-CoV-2 3CL pro crystal structure- 

ound ligand interactions. This may be beneficial in the newer 

nti-coronaviral drug development, optimization of previous SARS- 

oV inhibitors, and screening of newer drugs for CoVID-19 treat- 

ent. 
t

2 
. Experimental 

.1. Dataset preparation 

A total of 69 structurally diverse chemical entities (Supplemen- 

ary Table S1) with a wide range of SARS-CoV-2 3CL pro inhibitory 

ctivity in vitro ( IC 50 value ranging from 0.01 μM - 124.93 μM) 

ere mustered together from the literature [ 20 , 31–38 ]. To main- 

ain the uniformity of the dataset, the mean SARS-CoV-2 3CL pro 

nhibitory activity ( IC 50 in μM) values were transformed into their 

egative logarithmic scale. A set of 14 4 4 2D molecular descriptors 

as calculated for each compound using PaDEL descriptor software 

39] followed by the dataset pre-treatment technique to eliminate 

he highly correlated descriptors. The dataset division was carried 

ut using the Kennard-Stone ( KS ) method using DTC Lab software 

40] where a 3:1 ratio was preserved for the training and the test 

et ( N Train = 51, N Test = 18). 

.2. Feature selection and MLR model development 

For the multiple linear regression (MLR) model development, 

wo different techniques such as stepwise (SW) and genetic algo- 

ithm (GA) methods were utilized to reduce the dimension of pre- 

ictor parameters [41–42] . The best subset selection process was 

pplied to this reduced data to identify the best regression model 

onsisting of five molecular descriptors using DTC Lab software 

 40 , 42 ]. The best models were selected based on their squared 

orrelation coefficient ( R 2 ), Leave-One-Out ( LOO )-cross-validated R 2 

 Q 

2 ), and externally validated R 2 ( R 2 Pred ) values [42–43] . Both the

nternal and external cross-validations were conducted to justify 

he reliability and predictive ability of selected MLR models. Sta- 

istical validation parameters, namely adjusted R 2 ( R 2 A ), standard 

rror of estimate ( SEE ), predicted residual sum of squares ( PRESS ), 

nd variance ratio ( F ) at a specified degree of freedom value were 

stimated. To rationalize the robustness of the selected MLR mod- 

ls, the internal cross-validation parameter such as Q 

2 was calcu- 

ated that indicates the internal predictability of the MLR mod- 

ls for the training population. The external predictability of these 

LR models was evaluated using the R 2 Pre d values [43] . Addition- 

lly, employment of the Y-randomization test ( cRp 2 ), calculation of 

he r m 

2 metrics, and the Golbraikh-Tropsha model acceptability cri- 

eria were also determined for these MLR models [42–44] . 

.3. Non-linear QSAR model development 

Here, the development of non-linear QSAR models such as the 

rtificial neural network (ANN) and the support vector machine 

SVM) was carried out by the descriptors that were used to build 

he MLR models. This was performed to validate these MLR models 

urther as well as to investigate the machine learning capability of 

hose selected molecular descriptors. 

.3.1. Artificial Neural Network (ANN) model 

The artificial neural network (ANN) method is a popular ma- 

hine learning technique for QSAR model development. It imitates 

he biological neuronal functions and deals with feed-forward and 

ack-propagation of error algorithms [45–46] . The typical construc- 

ion of an ANN model generally comprises three different layers 

amely, the input, hidden, and output layers. Compared to the 

eed-forward network of the brain neural nodes, in ANN method, 

he input is provided in the input layer which is forwarded to the 

uccessive hidden layer. In this hidden layer, the information is 

onveyed to the nodes present in it, and the output is finally sent 

rom the hidden layer to the output layer [45–47] . 

In this study, to investigate the machine learning capability of 

hese MLR models, the Autoweka software [48] was used to opti- 
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ize the learning process (optimization of parameters like learn- 

ng time, number of epochs, momentum, and learning rate). The 

nal ANN model was constructed in Weka 3.8 software [49] us- 

ng the backpropagation of error algorithm and was both internally 

nd externally cross-validated. 

.3.2. Support Vector Machine (SVM) model 

The support vector machine (SVM) model was first introduced 

y Vapnik [50] which follows the structure risk minimization prin- 

iples of statistical learning theory [46] . SVM is used to solve prob- 

ems through either regression or classification-based analyses. In 

VM, to create a maximum margin, the input samples are grooved 

n separate classes by hyperplane construction into the linear data. 

ere, the non-linear conversion of the linear data is carried out us- 

ng the Kernel function [ K (x, y) ] and project the variable matrix into 

 higher dimensional feature space employing the Kernel function 

 46–47 , 51 ]. Here, the radial basis function ( RBF ) kernel was utilized

o transform the data. Like the ANN model development, the op- 

imization of the SVM model parameters such as the complexity 

f the kernel ( C ) and kernel width ( γ ) was done using Autoweka

oftware [48] . The final SVM models were constructed using Weka 

.8 software [49] . 

.4. Hologram QSAR (HQSAR) model 

The utilization of fragment-based approaches in the arena of 

rug design and discovery has provided several successes over 

ime and has become more popular over the last decade [52–

3] . The hologram QSAR (HQSAR) method utilizes the molecular 

ologram or specialized molecular fingerprints of different lengths 

s the independent variable to correlate them with the biolog- 

cal response of compounds with the help of the partial least 

quare (PLS) technique [54] . In this study, the HQSAR models were 

onstructed on the molecules of the training set by SYBYL-X 2.0 

oftware [55] using various combinations of fragments/parameters. 

hese fragment distinction parameters include the atom number 

A), atomic connections (C), chirality (Ch), bonds (B), number of 

ydrogens (H), and donor-acceptor (DA) features. Depending on the 

ombination of fragment distinction parameters, the HQSAR mod- 

ls were constructed on the training set molecules. The best model 

mong these constructed HQSAR models was chosen depending on 

he highest Leave-One-Out ( LOO ) cross-validated R 2 ( Q 

2 ) and the 

ower standard error ( SE ) value. Moreover, this best HQSAR model 

as subjected to external validation on test set molecules [ 43 , 47 ]. 

. Results and discussion 

.1. Multiple linear regression (MLR) models 

Both of the final MLR models (SW-MLR and GA-MLR) models 

ere constructed using 5 molecular descriptors and were selected 

s the final models depending on their Q ² and R ²pred values. The de- 

eloped SW-MLR ( Eq. (1) ) and GA-MLR ( Eq. (2) ) models are shown

elow: 

I C 50 = 5 . 270 ( ±0 . 125 ) + 0 . 164 ( ±0 . 035 ) maxH Bint 10 

− 0 . 133 ( ±0 . 019 ) naasC − 0 . 368 ( ±0 . 077 ) nsss sC 

+ 0 . 551 ( ±0 . 155 ) MDEN −22 − 3 . 812 ( ±1 . 193 ) MATS 1 s 

(Eq. 1) 

 train =51 , N test = 18 , R = 0 . 838 , R 2 = 0 . 703 , R 2 
A 

= 0 . 670 , Q 

2 = 0 . 636 , 

E E = 0 . 544 , P RE SS = 13 . 308 , F (5 , 45) = 21 . 258 , A v g. r 2 m LOO = 0 . 515 , 

R 2 p = 0 . 656 , R 2 
pred 

= 0 . 565 ; A v g. r 2 m test = 0 . 543 , p < 0 . 05 . 
3 
I C 50 = 4 . 358 ( ±0 . 202 ) + 4 . 942 ( ±0 . 966 ) MATS 3 e 

+ 0 . 124 ( ±0 . 039 ) maxH Bint 10 

+ 0 . 198 ( ±0 . 044 ) maxH Bint 8 + 1 . 367 ( ±0 . 490 ) FMF 

− 0 . 5653 ( ±0 . 093 ) MDEO −22 (Eq. 2) 

 train =51 , N test = 18 , R = 0 . 860 , R 2 = 0 . 740 , R 2 
A 

= 0 . 711 , Q 

2 = 0 . 674 , 

E E = 0 . 508 , P RE SS = 11 . 618 , F (5 , 45) = 25 . 660 , A v g. r 2 m LOO = 0 . 566 , 

R 2 p = 0 . 692 , R 2 
pred 

= 0 . 654 ; A v g. r 2 m test = 0 . 502 , p < 0 . 05 . 

The SW-MLR model ( Eq. (1) ) was found to predict 63.6% and 

xplain 67% SARS-CoV-2 3CL pro inhibition of the dataset molecules, 

hereas the GA-MLR model ( Eq. (2) ) was capable of explaining 

1.1% and predict 67.4% activity variation of the dataset molecules. 

he meaning of the descriptors used to build the SW-MLR and GA- 

LR models are provided in Table 1 . Additionally, the MLR models 

ere also able to pass the Golbraikh and Tropsha model accept- 

bility criteria [44] ( Table 2 ). 

The observed versus predicted activity plots for the SW-MLR 

nd GA-MLR models are given in Fig. 1 A and 1 B, respectively. 

Furthermore, the applicability domain (AD) of the constructed 

LR models has been checked using the Euclidean distance-based 

ethod [40] where the normalized mean distance of molecules for 

ach of the developed MLR models had been investigated ( Fig. 1 C 

nd 1 D). Additional information regarding Eq. (1) and Eq. (2) are 

rovided in Supplementary Tables S2-S7. 

.1.1. Robust validation of the MLR models 

The robustness of both these final SW-MLR ( Eq. (1) ) and GA- 

LR ( Eq. (2) ) models was further validated. 50 different training 

nd test set combinations were made and keeping the same de- 

criptors, these models were tried for their statistical evaluation. 

nterestingly, all these 50 models (Supplementary Tables S8 and 

9) generated were statistically validated as evidenced by their in- 

ernal and external cross-validation parameters. This further sug- 

ests that the selection of these descriptors used to develop the 

W-MLR and GA-MLR models is validated. 

.1.2. Interpretation of MLR model descriptors 

In the SW-MLR model ( Eq. (1) ), five descriptors ( naasC, nssssC, 

DEN-22, MATS1s, maxHBint10 ) were found to be correlated with 

he SARS-CoV-2 3CL pro inhibition. The descriptor naasC denotes 

he count of atom-type E-state:C:. It was noticed that compounds 

aving higher values of the descriptor possess low activity (Com- 

ounds 39, 50, 52, 64, 54–57 , and 60 –63 ). On the other hand,

ompounds with zero value of the descriptor possess higher SARS- 

oV-2 3CL pro inhibitors (Compounds 11, 19, 21, 25, 27 , and 30 –35 ). 

he other descriptor nssssC denotes the count of the atom-type E- 

tate: > C < . It represents the E-state of the SP 3 hybridized carbon 

tom. The negative coefficient of nssssC indicates that molecules 

ossessing higher values of this descriptor disfavor SARS-CoV-2 

CL pro inhibition. Compounds having such type of carbon func- 

ions are less potent inhibitors (Compounds 2 –3, 38, 49, 54, 58, 

0 , and 65 ). Another descriptor MDEN-22 represents the molecu- 

ar distance edge between all secondary nitrogen atoms. The posi- 

ive contribution of MDEN-22 implies that compounds with higher 

alues of this descriptor possess higher SARS-CoV-2 3CL pro in- 

ibitory activity. Compounds containing a higher number of sec- 

ndary nitrogen atoms are effective SARS-CoV-2 3CL pro inhibitors 

Compounds 9, 19, 21 –22 , and 25 –26 ). Again, MATS1s denotes 

he Moran autocorrelation-lag 1/weighted by I state. The nega- 

ive coefficient of this descriptor reveals that compounds with 

ower values of MATS1s are effective inhibitors of SARS-CoV-2 

CL pro (Compounds 22, 25 –27, 30 , and 32 ). In the SW-MLR model 

 Eq. (1) ), the positive impact of the descriptor maxHBint10 has 

een implicated in SARS-CoV-2 3CL pro inhibition. It denotes the 

aximum E-state descriptor of strength for potential hydrogen 
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Table 1 

Meaning of the descriptors used to construct SW-MLR and GA-MLR models. 

Sl No. Descriptor Description 

1 naasC Count of atom-type E-state:C: 

2 nssssC Count of atom-type E-state: > C < 

3 MDEN-22 Molecular distance edge between all secondary nitrogen 

4 MATS1s Moran autocorrelations-lag 1/weighted by I state 

5 maxHBint10 Maximum E-state descriptor of strength for potential hydrogen bonds of path length 10 

6 maxHBint8 Maximum E-state descriptor of strength for potential hydrogen bonds of path length 8 

7 MDEO-22 Distance edge between all secondary oxygens 

8 FMF Complexity of a molecule 

9 MATS3e Moran autocorrelation-lag 3/weighted by Sanderson electronegativities 

Fig. 1. (A) The observed vs predicted activity of the training and test sets as per the SW-MLR model; (B) The observed vs predicted activity of the training and test sets as 

per the GA-MLR (C) Normalized mean distance values vs compound numbers as per the SW-MLR model. (D) Normalized mean distance values vs compound numbers as per 

the GA-MLR model. 

b

h
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a

P

onds of path length 10. Several compounds of this dataset having 

igher activity display higher values of this descriptor (Compounds 

1, 19 –22, 25 –26, 30 –31 , and 33 ). These compounds contain a

–2-oxopyrrolidinyl methyl ring associated with other functional 

roups (such as amide, carbonyl) capable of forming potential hy- 

rogen bonding interactions. A large number of compounds devoid 

f such structural feature possess a zero value of maxHBint10 and 

ence, are lower active SARS-CoV-2 3CL pro inhibitors (Compounds 

, 4 –10, 12 –18, 41 –47, 50 –52, 58 , and 61 –66 ). This result supports
4 
ur earlier observation [26] where it was noticed from the ro- 

ust classification-dependent analysis (namely, linear discriminant 

nalysis, SARpy analysis, Bayesian classification technique, and re- 

ursive partitioning) that compounds possessing 2-oxopyrrolidine 

oiety with adjacent electronegative groups are crucial for impart- 

ng higher SARS-CoV-2 3CL pro inhibition. The crystallographic data 

lso showed that the 2-oxopyrrolidine ring enters the S1 subsite 

long with forming favorable hydrogen bonding interactions with 

he140, His164, and Glu166. 
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Table 2 

Golbraikh and Tropsha criteria’s for the constructed MLR models. 

Parameter Threshold Eq.1 Eq.2 Eq.3 

Q ² Q 2 > 0.5 0.636 0.674 0.655 

r 2 r 2 > 0.6 0.627 0.649 0.918 

r 0 
2 -r 0 ’ 

2 |r0 ̂ 2-r’0 ̂ 2| < 0.3 0.089 0.154 0.070 

k 0.85 < k < 1.15 0.991 0.974 0.975 

k ’ 0.85 < k’ < 1.15 0.997 1.018 1.023 

(r 2 -r 0 
2 )/r 2 [(r ̂ 2-r0 ̂ 2)/r ̂ 2] < 0.1 0.160 0.000 0.033 

(r 2 -r 0 ’ 
2 )/r 2 [(r ̂ 2-r’0 ̂ 2)/r ̂ 2] < 0.1 0.018 0.238 0.1098 

r 2 , Squared correlation coefficient between observed vs predicted re- 

sponse of the test set compounds; r 0 
2 , The values for regression 

through the origin (observed vs predicted); r 0 ’ 
2 , The values for regres- 

sion through the origin (predicted vs observed); k , Slope of the regres- 

sion lines through the origin for observed vs predicted; k’ , Slope of the 

regression lines through the origin for predicted vs observed. 
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Similar to the SW-MLR model ( Eq. (1) ), the GA-MLR model 

 Eq. (2) ) also displays the positive impact of maxHBint10 on SARS- 

oV-2 3CL pro inhibition. Apart from that, four other descriptors, 

.e., maxHBint8, FMF, MDEO-22 , and MATS3e ( Table 1 ) have a di-

ect correlation with the biological activity. The descriptor max- 

Bint8 denotes the maximum E-state descriptor of strength for 

otential hydrogen bonds of path length 8. The positive contri- 

ution of maxHBint8 implies that compounds having higher val- 

es of this descriptor favor SARS-CoV-2 3CL pro inhibition (Com- 

ounds 11, 19 –22, 25 –26 , and 30 –33 ). All these compounds ex-

rt the positive impact of the 2-oxopyrrolidinyl methyl group along 

ith associated electronegative functions (such as carbonyl, amide, 

nd hydroxy) for forming effective hydrogen bonding interactions 

t the enzyme active site. On the other hand, similar to the for- 

er descriptor, i.e., maxHBint10 , a number of compounds hav- 

ng zero value of this descriptor are devoid of such feature and 

herefore, are less active SARS-CoV-2 3CL pro inhibitors. In the GA- 

LR model ( Eq. (2) ), the descriptor FMF has a positive contribu- 

ion towards biological activity. The descriptor FMF denotes the 

omplexity of a molecule. The positive contribution of FMF points 

ut that molecules with higher complexity values are higher ac- 

ive than molecules with lower complexity. As per the values of 

his descriptor, several compounds (Compounds 11, 19 –22, 25 –

6 ) have higher values of this parameter. These compounds con- 

ain aryl (benzyloxy, benzyl) and heteroaryl (2-oxopyrrolidinyl, in- 

olyl) rings in their molecular structure. However, several com- 

ounds possess a value of 0 (Compounds 6, 8, 13 ) of this de- 

criptor or lower values of this descriptor (Compounds 4, 7, 10 , 

nd 40 ). Compounds 6, 8 , and 13 bear a linear structure with no

ryl/heteroaryl functions whereas compounds 4, 7, 10 , and 40 con- 

ain only one phenyl ring in their structure. Therefore, it may be 

nferred that compounds with a higher number of aryl/heteroaryl 

ing structures are better effective compared to compounds with 

o aryl/heteroaryl groups as well as compounds with a lower num- 

er of aryl/heteroaryl ring structures. On the other hand, MDEO-22 

as a negative influence on the SARS-CoV-2 3CL pro inhibitory ac- 

ivity. It denotes the distance edge between all secondary oxygen 

toms. Compounds with a higher number of esters and ether func- 

ions display higher values of this descriptor (Compounds 1, 38, 40, 

9, 54, 57 , and 68 ) and therefore, are lower active compounds. On 

he other hand, the higher active molecules do not possess such 

ypes of features. MATS3e , an autocorrelation descriptor, denotes 

oran autocorrelation-lag 3/weighted by Sanderson electronega- 

ivities. It is correlated positively with the SARS-CoV-2 3CL pro in- 

ibitory activity. Several molecules possess higher values of this 

escriptor due to the presence of higher electronegative function- 

lities at their structures (Compounds 11, 20, 22, 25, 31 , and 33 ). 

hese electronegative functionalities are responsible for forming 

avorable hydrogen-bonding interactions with the active site amino 
5 
cid residues. On the other hand, a large number of molecules con- 

ain negative values of MATS3e descriptor and therefore, are lower 

ctive SARS-CoV-2 3CL pro inhibitors. 

.1.3. Analysis to extract the key structural features 

As both these SW-MLR ( Eq. (1) ) and GA-MLR ( Eq. (2) ) mod-

ls reveal the importance of different structural features responsi- 

le for regulating SARS-CoV-2 3CL pro inhibition, another SW-MLR 

odel ( Eq. (3) ) was tried with well-known physicochemical pa- 

ameters (namely ClogP, CMR , dipole moments along X, Y and Z 

xis, total dipole moment, polar surface area, polar volume, sur- 

ace area, and volume) calculated with the help of the SYBYL-X 2.0 

oftware [55] along with several indicator variables to extract out 

s well as to validate the crucial features required for modulating 

he SARS-CoV-2 3CL pro inhibitory potency of these molecules. 

pI C 50 = 4 . 999 ( ±0 . 094 ) + 1 . 555 ( ±0 . 167 ) I 2 −oxo−pyr 

+ 0 . 542 ( ±0 . 185 ) I Benzylester (Eq. 3) 

 train = 51 , N test = 18 , R = 0 . 833 , R 

2 = 0 . 695 , R 

2 
A = 0 . 682 , Q 

2 = 0 . 655 ,

EE = 0 . 533 , PRESS = 13 . 637 , F ( 2 , 48 ) =54 . 738 , Avg . r 2 m LOO = 0 . 536 ,

R 

2 
p = 0 . 679 , R 

2 
pred 

= 0 . 874 ; Avg . r 2 m test = 0 . 648 , p < 0 . 05 . 

Constructed with two indicator variables ( I 2-oxo-pyr and 

 Benzylester ), Eq. (3) was able to explain 68.2% and predict 65.5% 

ctivity variation of the dataset molecules. I 2-oxo-pyr and I Benzylester 

enote the presence or absence of the 2-oxopyrrolidinyl methyl 

roup and benzyl acetate amide function, respectively. It was 

bserved from the model ( Eq. (3) ) that the presence of the 

-oxopyrrolidinyl methyl group and the benzyl acetate amide 

unction have a positive impact on SARS-CoV-2 3CL pro inhibition. 

he observed versus predicted activity plot for Eq. (3) is given in 

ig. 2 A. 

The AD of the Eq. (3) was also tested similarly to the SW-MLR 

 Eq. (1) ) and GA-MLR ( Eq. (2) ) models ( Fig. 2 B). The Golbraikh and

ropsha model acceptability parameters [42] for Eq. (3) are pro- 

ided in Table 1 . Additional information regarding Eq. (3) is pro- 

ided in Supplementary Tables S10-S12. 

Several compounds (Compounds 4 –5, 7, 9 –11, 20 –21, 27, 40 , 

nd 42 ) are found to possess the benzyl acetate amide function 

n their molecular structure and therefore, are effective SARS-CoV- 

 3CL pro inhibitors. On the other hand, compounds bearing the 

-oxopyrrolidinyl methyl group (Compounds 11, 19 –37 ) are also 

otent SARS-CoV-2 3CL pro inhibitors. However, it was interesting 

o note that compounds containing both these functional moieties 

re the most potent compounds in this series (Compounds 19 –21 ). 

herefore, both these functional moieties must be taken into con- 

ideration during designing highly potent SARS-CoV-2 3CL pro in- 

ibitors. 

.2. Non-linear QSAR model development 

.2.1. Artificial neural network (ANN) model 

Here, the descriptors used to construct the SW-MLR ( Eq. (1) ) 

nd GA-MLR ( Eq. (2) ) models were employed in the generation of 

he ANN models (SW-ANN and GA-ANN). To achieve the optimal 

arameters for ANN model development, an extensive search re- 

arding the different ANN model parameters, i.e., the number of 

odes in the hidden layer, learning rate, momentum, and the num- 

er of learning epochs was performed using the Autoweka soft- 

are [48] . 

For both the SW-ANN ( Eq. (1) ) and GA-ANN ( Eq. (2) ) models,

he parameter search provided an optimal learning epoch of 0.1. 

esides, for the SW-ANN model, the parameter search provided an 

ptimal number of hidden layer nodes of 03 with an optimal train- 

ng time of 300 ( Fig. 3 A and 3 C). Also, an optimal number of nodes
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Fig. 2. (A) The observed vs predicted activity of the training and test sets as per the SW-MLR model; (B) Normalized mean distance values vs compound numbers as per 

the SW-MLR model; (C) The observed vs predicted activity of the training and test sets as per the HQSAR model (model 47B ). 

i

a  

d

i

A

v

s

v

a

m

u

h

3

e

a

w

w  

j

a

o

f

a

S

w  

T

b

f

t

a

3

n

n the hidden layer was found to be 01 for the GA-ANN model 

long with an optimal learning time of 100 ( Fig. 3 B and 3 D). Ad-

itionally, the predictability of the ANN models has been depicted 

n Table 3 . 

From the perspective of the model performance, the SW- 

NN model delivered a correlation coefficient ( R ) and LOO-cross- 

alidated correlation coefficient ( R CV ) value of 0.872 and 0.779, re- 

pectively. For the test set, the SW-ANN model exhibited an R Pred 

alue of 0.745. On the other hand, the GA-ANN model provided 

n R and R CV value of 0.865 and 0.833, respectively. The GA-ANN 

odel also exhibited an R Pred value of 0.814 for the test set pop- 

lation. The observed versus predicted activity of the ANN models 

as been depicted in ( Fig. 4 A and 4 B). 

.2.2. Support vector machine (SVM) model 

Similar to the ANN models, the SW-SVM and GA-SVM mod- 

ls were also constructed by using the descriptors of the SW-MLR 

nd GA-MLR models. The optimal SVM parameters, i.e., the kernel 

idth ( γ ) and complexity ( C ) was also done using Autoweka soft- 
6 
are [48] by grid searching ( Fig. 4 C and 4 D) and exponential ad-

ustments of C and γ values (Values ranging from −19 to 19) with 

n incremental step of 2.0. The SVM parameter search showed an 

ptimal C of 128.0 and 0.125 along with γ of 0.0078125 and 8.0 

or the SW-SVM and GA-SVM models, respectively. 

The SW-SVM model showed an R and R CV of 0.839 and 0.828 

long with an R Pred value of 0.812 for the test set. Also, the GA- 

VM model delivered an R value of 0.913 with an R CV of 0.828 

hile exhibiting an R Pred value of 0.814 for the test set ( Table 3 ).

he observed versus predicted activity of the ANN models has 

een depicted in ( Fig. 4 C and 4 D). Also, the predicted activities 

rom the SW-ANN and SW-SVM models are given in Supplemen- 

ary Table S2 whereas the predicted activities from the GA-ANN 

nd GA-SVM models are given in Supplementary Table S4. 

.3. Hologram QSAR (HQSAR) model 

Regarding the HQSAR analysis, all the probable model combi- 

ations were investigated by using different fragment distinction 
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Fig. 3. (A) ANN parameter optimization involving the number of hidden nodes for the SW-ANN model; (B) ANN parameter optimization involving the number of hidden 

nodes for the GA-ANN model; (C) ANN parameter optimization involving learning epochs for the SW-ANN model; (D) ANN parameter optimization involving learning epochs 

for the GA-ANN model; (E) SVM parameter optimization involving a grid search for the SW-SVM model; (F) SVM parameter optimization involving a grid search for the 

GA-SVM model. 

7 
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Table 3 

Statistical parameters of the constructed ANN and SVM models. 

Parameters 

SW-ANN GA-ANN 

Training set LOO –CV Test set Training set LOO –CV Test set 

R 0.872 0.779 0.745 0.839 0.828 0.812 

RMSE 0.462 0.605 0.647 0.527 0.540 0.509 

MAE 0.377 0.475 0.419 0.390 0.409 0.370 

Parameters SW-SVM GA-SVM 

Training set LOO –CV Test set Training set LOO –CV Test set 

R 0.865 0.833 0.789 0.913 0.828 0.814 

RMSE 0.476 0.521 0.536 0.397 0.532 0.499 

MAE 0.349 0.400 0.368 0.255 0.422 0.387 

Fig. 4. (A) The observed vs predicted activity of the training and test sets as per the SW-ANN model; (B) The observed vs predicted activity of the training and test sets as 

per the GA-ANN; (C) The observed vs predicted activity of the training and test sets as per the SW-SVM model; (D) The observed vs predicted activity of the training and 

test sets as per the GA-SVM model. 

8 
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Table 4 

HQSAR models constructed using different fragment distinction parameters. 

Model Fragment distinction Q 2 R 2 SE Length Component 

1 A 0.301 0.633 0.604 199 5 

2 B 0.358 0.516 0.686 61 4 

3 C 0.372 0.726 0.528 59 6 

4 H 0.184 0.352 0.794 401 4 

5 Ch 0.184 0.352 0.794 401 4 

6 DA 0.303 0.574 0.643 401 4 

7 A/B 0.411 0.695 0.550 401 5 

8 A/C 0.339 0.810 0.440 401 6 

9 A/H 0.451 0.772 0.482 307 6 

10 A/Ch 0.368 0.649 0.585 83 4 

11 A/DA 0.384 0.581 0.624 353 3 

12 B/C 0.442 0.689 0.55 151 4 

13 B/H 0.258 0.516 0.686 61 4 

14 B/Ch 0.258 0.516 0.686 61 4 

15 B/DA 0.335 0.737 0.512 307 5 

16 C/H 0.372 0.726 0.528 59 6 

17 C/Ch 0.372 0.726 0.528 59 6 

18 C/DA 0.300 0.748 0.501 257 5 

19 H/Ch 0.184 0.352 0.794 401 4 

20 H/DA 0.303 0.574 0.643 401 4 

21 Ch/DA 0.279 0.551 0.661 401 4 

22 A/B/C 0.450 0.742 −0.507 257 5 

23 A/B/H 0.515 0.798 0.453 307 6 

24 A/B/Ch 0.403 0.696 0.550 401 5 

25 A/B/DA 0.426 0.745 0.504 401 5 

26 B/C/H 0.442 0.689 0.55 151 4 

27 B/C/Ch 0.442 0.689 0.55 151 4 

28 B/C/DA 0.34 0.706 0.535 353 4 

29 C/H/Ch 0.372 0.726 0.528 59 6 

30 C/Ch/DA 0.312 0.727 0.521 257 5 

31 A/B/C/H 0.580 0.805 0.445 199 6 

32 A/B/C/Ch 0.402 0.671 0.566 257 4 

33 A/B/C/DA 0.355 0.789 0.459 83 5 

34 A/B/H/Ch 0.515 0.836 0.408 307 6 

35 A/B/H/DA 0.586 0.831 0.414 71 6 

36 A/B/Ch/DA 0.391 0.753 0.495 401 5 

37 A/C/H/Ch 0.551 0.817 0.432 83 6 

38 A/C/H/DA 0.564 0.829 0.413 257 5 

39 A/C/Ch/DA 0.228 0.575 0.636 53 3 

40 A/H/Ch/DA 0.439 0.739 0.509 61 5 

41 B/C/H/Ch 0.442 0.689 0.550 151 4 

42 B/C/H/DA 0.340 0.706 0.535 353 4 

43 B/H/Ch/DA 0.372 0.732 0.516 307 5 

44 C/H/Ch/DA 0.312 0.727 0.521 257 5 

45 A/B/C/H/Ch 0.595 0.824 0.423 53 6 

46 A/B/C/Ch/DA 0.265 0.700 0.540 257 4 

47 A/B/C/H/DA 0.628 0.843 0.400 257 6 

48 A/B/H/Ch/DA 0.614 0.801 0.450 71 6 

49 B/C/H/Ch/DA 0.319 0.693 0.547 353 4 

50 A/B/C/H/Ch/DA 0.530 0.832 0.413 353 6 

The best HQSAR model (Model 47) is shown in bold face. 
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Table 5 

Sub-models of HQSAR model 47 constructed using different atom counts. 

Model Atom Count Q 2 R 2 SE Length Component 

47A 1 to 4 0.644 0.87 0.363 353 6 

47B ∗ 2 to 5 0.67 0.867 0.367 353 6 

47C 3 to 6 0.622 0.844 0.399 353 6 

47D 4 to 7 0.628 0.843 0.400 257 6 

47E 5 to 8 0.609 0.827 0.419 257 6 

47F 6 to 9 0.53 0.805 0.440 71 5 

47G 7 to 10 0.369 0.67 0.560 71 3 

The best HQSAR model (Model 47B ) is shown in bold face ( ∗R 2 Pred = 0.715). 

3

t

o

g

arameters (A, B, C, H, Ch, and DA) to generate 50 HQSAR models 

 Table 4 ). 

Among these 50 models, 10 models were found to fulfill the 

nternal cross-validation criteria as their Q 

2 > 0.50 (model 23, 31, 

4, 35, 37, 38, 45, 47, 48 and 50). Among these 10 HQSAR models, 

he best model (model 47) was taken into account depending on 

he highest Q 

2 value (0.628) and the lowest SE value (0.40). 

The best model (model 47 ) was optimized further with the help 

f different atom counts to investigate whether a higher Q 

2 value 

ould be achieved or not. It was observed that six out of seven 

QSAR models (model 47A - 47F ) fulfilled the Q 

2 criteria ( Q 

2 > 0.50).

mong these models, model 47B (atom count: 2–5, Length: 353, 

omponent: 6) exhibited the highest Q 

2 value (0.670) and the low- 

st SE value (0.367) ( Table 5 ). The observed and predicted activity 

alues of the molecules as per the best HQSAR model (model 47B ) 

re provided in Supplementary Table S13. The observed versus pre- 

icted activity from the HQSAR model (model 47B ) has been pro- 

ided in Fig. 2 C. 

i

9 
.3.1. Interpretation of HQSAR model 

According to the best HQSAR model (model 47B ), the impor- 

ance of the good and bad fragments of the molecules can be 

btained. The good fragments of these compounds are shown in 

reen and blue-green colors, whereas the bad fragments are shown 

n red and orange-red colors. However, the white-colored frag- 
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Fig. 5. Contour map of the (A) compound 21 and (B) compound 18 was obtained from the HQSAR study (bad = > red: less than −0.1939675; red-orange: −0.1939675 to 

−0.1163805; orange: −0.1163805 to −0.077587; white: −0.077587 to 0.073580667; yellow: 0.073580667 to 0.110371; green-blue: 0.110371 to 0.18395167; good- > green: 

0.18395167 and above). 
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ents display moderate contributions towards biological activity. 

he best active compound (Compound 21 ) shows the significance 

f the good fragments as depicted in Fig. 5 A. 

Three carbon atoms at the terminal phenyl group along with 

he adjacent carboxamido ester moiety of compound 21 display 

heir positive contributions towards SARS-CoV-2 3CL pro inhibition 

s evidenced by the green (0.18395167 and above) and green- 

lue (0.110371 to 0.18395167) fragments. Moreover, the methy- 

ene group attached with the phenyl ring shows a good con- 

ribution as depicted by the yellow (0.073580 6 67 to 0.110371) 

ragments ( Fig. 5 A). Again, the chiral carbon atom where the 2- 

xopyrrolidinyl methyl group is attached shows good contributions. 

oreover, the adjacent carbonyl oxygen atom shows a good con- 

ribution towards SARS-CoV-2 3CL pro inhibitory activity. One of the 

erminal methyl carbon atoms of the i –butyl moiety, adjacent to 

he benzyloxy carboxamido function, projects its good contribution 

owards SARS-CoV-2 3CL pro inhibition. The positive influence of the 

enzyl and benzyloxy carboxamido functions on the biological ac- 

ivity is also noticed for several other molecules (Compounds 5, 

, 19–20, 40 , and 43 ). This result is in agreement with our ear-

ier observation [30] where it was observed from the crystallo- 

raphic data analysis that the i –butyl group enters the S2 subsite 

f the SARS-CoV-2 3CL pro enzyme surrounded by the amino acid 

esidues His41, Met49, and Met169. Apart from that, the caboxy- 

enzyl group occupies the S4 pocket, whereas the carboxy group 

an form potential hydrogen bonding interaction. 

The other potent compounds of this series (Compounds 9, 11, 

9 –20, 26–27 , and 37 ) only show the importance of several good 

ragments but do not show any bad fragments. Compound 11 dis- 

lays the importance of the 2-oxopyrrolidinyl methyl function as 

ell as the adjacent methylene (hydroxy) sulphonic acid warhead. 

imilar observations are also noticed for other potent SARS-CoV- 

 3CL pro inhibitors (Compounds 29, 31, 33 , and 35 ). Many of the 

ataset compounds having moderate to the less SARS-CoV-2 3CL pro 

nhibitory activity show neither good nor bad fragments, but they 

xhibit the influence of moderate fragments towards the SARS- 

oV-2 3CL pro inhibition (Compounds 14–17, 39, 41, 45, 47–48, 50–

4, 56–59, 61, 63–64 and 66–69 ). 

Regarding the least active molecule (Compound 18 ), red 

 −0.1939675 to −0.1163805) fragments at the phenyl ring and the 

djacent unsaturated carbon atom have been observed ( Fig. 5 B). 

part from that, many of these compounds (Compounds 10, 23, 44, 

e

10 
6, 60 , and 65 ) exhibit red/red-orange (less than −0.1939675) frag- 

ents which show their negative influence on SARS-CoV-2 3CL pro 

nhibition. 

. External validation of QSAR models by repurposed drugs 

Several FDA-approved drugs and other compounds which have 

lready been repurposed by several groups of researchers [ 3 , 56–

6 ] were considered here to judge whether our QSAR models can 

xplain/predict these molecules or not. 

A number of compounds were found to be highly predicted 

IC 50 < 1 μM) by our SW-MLR ( Eq. (1) ) and GA-MLR ( Eq. (2) ) mod-

ls. Among these compounds, five compounds were predicted as 

igher active SARS-CoV-2 3CL pro inhibitors by both of these mod- 

ls ( Figs. 6 and 7 ). 

As per the best MLR model (i.e., GA-MLR model), curcumin 

as predicted as the most active SARS-CoV-2 3CL pro inhibitor (Pre- 

icted IC 50 = 93.52 nM) whereas by the SW-MLR model ( Eq. (1) )

urcumin resulted in a predicted IC 50 of 848.47 nM. Ribavirin was 

he second most active molecule predicted by the GA-MLR model 

 Eq. (2) ) (Predicted IC 50 = 129.89 nM) whereas the predicted IC 50 

y the SW-MLR model ( Eq. (1) ) was 411.34 nM. Saquinavir was 

he third most effective molecule predicted by the GA-MLR model 

 Eq.2 ) (predicted IC 50 = 135.21 nM) and SW-MLR model ( Eq. (1) )

predicted IC 50 = 564.06 nM). Apart from these molecules, sepi- 

ostat (predicted IC 50 = 643.57 nM) and remdesivir (predicted 

C 50 = 677.75 nM) were predicted well by GA-MLR models. 

However, in case of HQSAR model (model 47b ), the best pre- 

icted compounds (predicted IC 50 < 1 μM) are completely different 

 Fig. 7 ). The best five compounds predicted well by HQSAR model 

re lurasidone (predicted IC 50 = 63.53 nM), saquinavir (predicted 

C 50 = 123.03 nM), lopinavir (predicted IC 50 = 246.60 nM), el- 

asvir (predicted IC 50 = 456.04 nM) and paritaprevir (predicted 

C 50 = 538.27 nM). 

Interestingly, saquinavir is the only molecule predicted well by 

ll three models. Sepimostat is another molecule predicted slightly 

ower (IC 50 = 1702 nM) by the HQSAR model compared to the SW- 

LR and GA-MLR model ( Eq.1 and Eq.2 , respectively). 

Various molecular docking studies have already been per- 

ormed with curcumin and SARS-CoV-2 3CL pro enzyme [ 74 , 77–81 ]. 

haerunnisa et al. [82] showed that curcumin displayed strong 

inding energy ( �G = −7.05 kcal/mol) with the SARS-CoV-2 3CL pro 

nzyme (PDB: 6LU7). It forms potential hydrogen bond interac- 
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Fig. 6. The best predicted FDA approved drugs by GA-MLR model. 

Fig. 7. The best predicted FDA approved drugs by HQSAR model. 
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Fig. 8. Molecular docking interaction of (A) Curcumin, (B) Ribavirin, (C) Saquinavir, (D) Sepimostat, and (E) Remdesivir with SARS-CoV-2 3CL pro enzyme (Hydrogen bonding 

interaction: green dotted arrow; π-sulfur interaction: violet dotted line; covalent interaction: blue line). 
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ion with Cys145, Leu141, Gly143, Ser144, and Thr190 and π-sulfur 

nteraction with Met165. The results are also in agreement with 

he observation of Ibrahim and co-workers [78] showing a docking 

core of −9.2 kcal/mol ( Fig. 8 A). 

The molecular dynamics (MD) simulation and MM-GBSA bind- 

ng energy calculation revealed that curcumin strongly binds to the 

ctive site ( �G = −34.2 kcal/mol) with stable binding interaction 

uring 40 ns MD simulation run. 

On the other hand, the second-highest active repurposed 

rug ribavirin displayed good docking interaction (relative dock- 

ng score = 2.01, relative ligand efficiency = 3.21, relative glide 

ipo = 0.37, and relative glide Hbond = 4.36) at the SARS-CoV-2 

CL pro active site [74] . It formed potential hydrogen bonding inter- 
12 
ction with the backbone amino acid residues Thr25 and Gln189 

 Fig. 8 B). Deshpande et al. [83] also showed that ribavirin was 

ffectively bound to the active site of SARS-CoV-2 3CL pro (PDB: 

Y84). Again, Gupta et al. [84] demonstrated that ribavirin strongly 

inds to SARS-CoV-2 3CL pro (PDB: 6LU7) and produced favorable 

ydrogen bonding with Leu141, Gly143, Arg188, and Gln189. The 

esult was slightly varied in the case of the results obtained by Ku- 

ar et al. [85] . It displayed a docking score of −6.813 and binding

nergy of −35.63 kcal/mol during docking with SARS-CoV-2 3CL pro 

PDB: 6LU7). Moreover, it showed potential hydrogen bonding with 

is164, Glu166, Gln189, and Thr190 at the active site. 

The 3 rd highest active compound saquinavir was studied 

hrough molecular docking analysis by different groups of re- 
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Fig. 9. Molecular docking interaction of (A) Lurasidone, (B) Elbasvir, (C) Lopinavir, and (D) Paritaprevir with SARS-CoV-2 3CL pro enzyme (Hydrogen bonding interaction: green 

dotted arrow; π- π stacking interaction: magenta dotted line; π-alkyl interaction: red dotted line; amide- π stacking: orange dotted line). 
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earchers [ 58 , 63 , 86–94 ]. Hall et al. [86] reported a docking score

f −7.285 kcal/mol while binding to the SARS-CoV-2 3CL pro (PDB: 

LU7). Again, Talluri et al. [87] showed that saquinavir had a 

inding affinity of −9.2 kcal/mol during the active site bind- 

ng (PDB: 6LU7). It formed hydrogen bonding interactions with 

is163, His164, Gly143, Ser144, Cys145, and Glu166. Saquinavir 

lso showed similar binding energy ( −9.6 kcal/mol) while binding 

o SARS-CoV-2 3CL pro (PDB: 6LU7) that was noticed by the molec- 

lar docking study conducted by Ortega et al. [88] . Raphael et al. 

58] examined that saquinavir had binding energy of −9.0 kcal/mol 

ith SARS-CoV-2 3CL pro (PDB: 6LU7) making several hydrogen 

onding interactions with Glu166, His41, His164, Gln189 along 

ith several π-alkyl interactions. 

Al-Khafaji et al. [63] showed that saquinavir, while docked 

nto SARS-CoV-2 3CL pro enzyme (PDB: 6LU7) displayed the highest 

ocking score ( −9.856 kcal/mol) and the lowest MM-GBSA binding 

nergy ( −72.17 kcal/mol). Saquinavir formed five hydrogen bonds 

ith Glu166, Gln189, His164 as well as covalent bonding with 

ys145 ( Fig. 8 C). Nevertheless, the molecular dynamics (MD) sim- 

lation study revealed that saquinavir has an average RMSD of 

.0186 as well as lower fluctuation and the binding became stable 
t 50 ns. [

13 
Sepimostat was the 4 th highest predicted molecule as per the 

A-MLR model. Tsuji et al. [64] showed that sepimostat effectively 

t into the active site of SARS-CoV-2 3CL pro enzyme (PDB: 6Y2G) 

aving an RDOCK score of −58.121 kcal/mol and a Vina score of 

7.9 kcal/mol. The carbonyl moiety of sepimostat was closely lo- 

ated at the Cys145 whereas the dihydroimidazole ring is located 

losely towards His41 at the enzyme active site ( Fig. 8 D). 

Various molecular modeling studies [ 83 , 95–101 ] were con- 

ucted on remdesivir, which was found to be the 5 th highest 

olecule in our analysis. Murugan et al. [96] displayed that remde- 

ivir showed a strong binding affinity with viral SARS-CoV-2 3CL pro 

nzyme ( −44.4 kcal/mol). Alajmi [97] showed that remdesivir had 

 docking score of −8.246 kcal/mol and prime MM-GBSA binding 

nergy of −52.23 kcal/mol with the SARS-CoV-2 3CL pro enzyme. As 

er the observation of Rehman et al. [98] , remdesivir had a dock- 

ng energy of −7.5 kcal/mol with SARS-CoV-2 3CL pro (PDB: 6LU7). 

t formed hydrogen bonding with Gly143, Thr24, His164, Glu166, 

nd Gln189 along with hydrophobic interactions with His41 and 

et49. As per the observation of Abdelrheem et al. [99] , remde- 

ivir displayed binding energy of −9.24 kcal/mol, ligand efficiency 

f −0.24, and intermolecular energy of −16.32. Hiremanth et al. 

96] showed that remdesivir forms hydrogen bonding interaction 



N. Adhikari, S. Banerjee, S.K. Baidya et al. Journal of Molecular Structure 1251 (2022) 132041 

w

6

p

H

m

l

s

d

2

a

s

I

i

i

3

t

E

e

w

z

t

a

a

s

(

s

H

l

d

i

6

d

s

t

u

s

s

e

a

w

h

π

t

e

G

w

a

h

f

t

s

i

−

5

d

w

a

t

w

w

3

a

w

s

h

t

M

b

T

h

o

o

s

1

h

o

o

S

A

c

a

T

b

2

f

a

2

m

p

a

e

a

s

o

m

l

o

a

e

t

D

C

o

B

a

B

B

p

i

A

c

f

t

d

ith His41, Arg188, and Thr190 with SARS-CoV-2 3CL pro (PDB: 

LU7). The post MD simulation study by Naik et al. [101] de- 

icted that remdesivir displayed potential hydrogen bonding with 

is163, Glu166, Cys145, Gly143 ( Fig. 8 E) along with several water 

olecules to make stable interactions. The RMSF values showed 

ower atomic fluctuations in binding site residues, which suggested 

maller conformational changes and established stable binding. 

As far as the HQSAR model was concerned, it also pre- 

icted several repurposed drug molecules as potential SARS-CoV- 

 3CL pro inhibitors. Among these compounds, the five highly 

ctive molecules were lurasidone (predicted IC 50 = 63.53 nM), 

aquinavir (predicted IC 50 = 123.03 nM), lopinavir (predicted 

C 50 = 246.60 nM), elbasvir (predicted IC 50 = 456.04 nM) and par- 

taprevir (predicted IC 50 = 538.27 nM). 

Thurakkal et al. [102] showed that lurasidone had strong bind- 

ng energy ( −8.4 kcal/mol) during binding to the SARS-CoV-2 

CL pro enzyme (PDB: 6Y84). The MD simulation study revealed 

hat the complex had a lower average backbone RMSD (1.54 Å). 

lmezayen et al. [103] showed that lurasidone had a binding en- 

rgy score ( −11.17 kcal/mol) and inhibition constant (K i = 6.52 nM) 

hile coordinating to the active site of SARS-CoV-2 3CL pro en- 

yme (PDB: 6LU7). Lurasidone formed hydrogen bonding interac- 

ion with His41, Glu166 as well as alkyl interactions with Met165 

nd Met49 along with π-alkyl interactions with Pro168, Met165, 

nd His41 ( Fig. 9 A). 

Wang et al. [62] showed that elbasvir had a docking 

core of −9.9 and the MM-PBSA-WSAS binding free energy 

 �G = −6.5 kcal/mol). Elbasvir is strongly bound to the active 

ite of SARS-CoV-2 3CL pro showing interaction with Thr25, Thr26, 

is41, Met49, Met165, Glu166, Gln189, and Thr190 ( Fig. 9 B). 

As far as the observation of Tripathi et al. [104] was concerned, 

opinavir exhibited effective SARS-CoV-2 3CL pro inhibition at 16 μM 

ose. Deshpande et al. [83] showed that lopinavir had good bind- 

ng energy ( �G = −9.9 kcal/mol) with SARS-CoV-2 3CL pro (PDB: 

Y84). Similarly, Gyebi et al. [105] showed that lopinavir had a 

ocking score of −8.3 with SARS-CoV-2 3CL pro (PDB: 6LU7). It 

howed several hydrogen bonding and hydrophobic interactions at 

he active site. Shah et al. [106] carried out a comparative molec- 

lar docking analysis and showed that lopinavir had good dock 

cores of five different SARS-CoV-2 3CL pro enzymes. It had docking 

cores of −6.834, −6.968, −7.331, −8.44, and 7.58 with five differ- 

nt SARS-CoV-2 3CL pro enzymes, namely 5R7Y, 5R7Z, 5R80, 5R81, 

nd 5R82 respectively. The molecular docking study of lopinavir 

ith SARS-CoV-2 3CL pro (PDB: 5R81) showed that lopinavir formed 

ydrogen bonds with Glu166 and His41. Moreover, His41 formed a 

- π stacking interaction with the phenyl ring of lopinavir ( Fig. 9 C). 

Paritaprevir is another molecule that was predicted well by 

he HQSAR modeling conducted in this study. Bahadur Gurung 

t al. [60] displayed that paritaprevir formed hydrogen bonds with 

lu166 and Asn142 along with several hydrophobic interactions 

ith Thr25, Thr26, His41, Met49, Gly143, Cys145, Met165, Gln189, 

nd Gln192. Alamri et al. [107] showed that paritaprevir formed 

ydrogen bonding interactions with Gly143 and Cys145. It also 

ormed amide- π stacking interaction with Thr45 and π-alkyl in- 

eraction with Met49, Met165, and Pro168. The MD simulation 

tudy resulted in an RMSD value of 1.2 Å. Again, the total bind- 

ng free energy resulted in a favorable MM-GBSA total energy of 

47.15 kcal/mol ( Fig. 9 D). 

. Conclusion 

The world is currently running through a devastating situation 

ue to COVID-19, and SARS-CoV-2 has badly affected the whole 

orld. To date, no such small molecule drug candidate has been 

pproved exclusively for the treatment of COVID-19, and thus, 

here is an extreme requirement for such drugs. In this current 
14 
ork, a robust, regression-dependent molecular modeling study 

as conducted on 69 diverse compounds possessing SARS-CoV-2 

CL pro inhibitory activity. Different linear (SW-MLR and GA-MLR) 

nd non-linear (ANN and SVM) QSAR, as well as HQSAR models, 

ere constructed in this present work to extract out important 

tructural features responsible for imparting SARS-CoV-2 3CL pro in- 

ibition. All these QSAR models were validated by internal and ex- 

ernal cross-validation methods in a robust fashion. For the SW- 

LR and GA-MLR models, 50 different test and training set com- 

inations were used to validate the robustness of these models. 

hese QSAR models suggest that the E-State indices related to SP 3 

ybridized carbon atoms, molecular distance edge between all sec- 

ndary nitrogen atoms, molecular distance edge between all sec- 

ndary oxygen atoms, molecular complexity, maximum E-state de- 

criptor of strength for potential hydrogen bonds of path length 

0 and 8 are crucial for pertaining the SARS-CoV-2 3CL pro in- 

ibitory activity. Another SW-MLR model with well-known physic- 

chemical parameters and indicator variables showed that the 2- 

xopyrrolidine and the benzylester functions are crucial for higher 

ARS-CoV-2 3CL pro inhibition. The non-linear ANN models (SW- 

NN, GA-ANN) and SVM (SW-SVM, GA-SVM) models were suc- 

essfully able to optimize all the linear QSAR models (SW-MLR 

nd GA-MLR) as suggested by the statistical validation parameters. 

he HQSAR model was also able to identify important good and 

ad structural fragments essential for modulating the SARS-CoV- 

 3CL pro inhibition. It also showed that 2-oxopyrrolidinyl methyl 

unction, benzylester function, and methylene (hydroxy) sulphonic 

cid warhead group are important for retaining higher SARS-CoV- 

 3CL pro inhibitory activity. Nevertheless, the GA-MLR and HQSAR 

odels were also tried to predict externally several already re- 

urposed drugs by a different group of researchers. The GA-MLR 

nd HQSAR models predicted 5 already repurposed compounds 

ach as potent inhibitors of SARS-CoV-2 (GA-MLR: curcumin, rib- 

virin, saquinavir, sepimostat, and remdesivir; HQSAR: lurasidone, 

aquinavir, lopinavir, elbasvir, and paritaprevir). The binding modes 

f interactions of all these selected compounds were justified by 

olecular docking studies, binding energy calculation, and molecu- 

ar dynamics (MD) simulation studies conducted by various groups 

f researchers. Therefore, this current linear and non-linear QSAR 

long with HQSAR models can accelerate the discovery of newer, 

ffective, and promising SARS-CoV-2 3CL pro inhibitors to combat 

he dreaded COVID-19 in the future. 
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