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ABSTRACT

Fragment based drug discovery (FBDD) by the aid of different modelling techniques have been emerged
as a key drug discovery tool in the area of pharmaceutical science and technology. The merits of em-
ploying these methods, in place of other conventional molecular modelling techniques, endorsed clear
detection of the possible structural fragments present in diverse set of investigated compounds and can
create alternate possibilities of lead optimization in drug discovery. In this work, two fragment iden-
tification tools namely SARpy and Laplacian-corrected Bayesian analysis were used for previous SARS-
CoV PLpro and 3CLpro inhibitors. A robust and predictive SARpy based fragments identification was per-
formed which have been validated further by Laplacian-corrected Bayesian model. These comprehensive
approaches have advantages since fragments are straight forward to interpret. Moreover, distinguishing
the key molecular features (with respect to ECFP_6 fingerprint) revealed good or bad influences for the
SARS-CoV protease inhibitory activities. Furthermore, the identified fragments could be implemented in

Fragment based drug discovery

the medicinal chemistry endeavors of COVID-19 drug discovery.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

World Health Organization (WHO) has declared COVID-19 dis-
ease as a global pandemic. To date over 120 million confirmed
cases along with near 3 million COVID-19-related mortalities were
reported worldwide [1,2]. Studies on COVID-19 revealed that beta-
coronaviruses also known as SARS-CoV-2 usually produce sev-
eral proteases during their life cycle [3]. Among them two key
proteases essential for viral replications are papain-like protease
(PLpro) and 3C like protease (3CLpro). The papain-like protease
discharge several diUbLys48 products by cleaving ISG15, a two-
domain Ub-like protein, and Lys48-linked polyUb chains [4-6].
Thus, they function by hijacking the host ubiquitin enzyme that is
responsible for the host defence mechanism [7,8]. Whereas, in 3C
like protease (3CLpro) also known as SARS-CoV-2 main protease
(Mpro) encompasses of 306 amino acid long polypeptide chains
and plays a significant role in enzymatic activity leading to its

E-mail addresses: shovanlal.gayen@gmail.com (S. Gayen), tjupharm@yahoo.com
(T. Jha).
# Authors have equal contribution.
$ Present address: Laboratory of Drug Design and Discovery, Department of Phar-
maceutical Technology, Jadavpur University, Kolkata, India.
* Corresponding authors.

https://doi.org/10.1016/j.molstruc.2021.130366
0022-2860/© 2021 Elsevier B.V. All rights reserved.

post-translational processing of replicase polyproteins. The 3CLpro
monomer mainly consists of three domains [9]. Both PLpro and
3CLpro are equally important for viral life cycle and play a vi-
tal role in the transcription/replication during the infection. Hence,
pinpointing these two proteases (i.e., PLpro and 3CLpro) may serve
as important targets for designing of several antiviral drugs against
the highly contagious COVID-19 [10,11].

Discovering an effective inhibitor against the PLpro and 3CLpro
are ongoing [12-17]. The cost of bringing a single effective drug
candidate to market not only requires billions of dollars but also
requires huge time to accomplish [18]. In order to make this pro-
cess faster, researchers around the globe has shifted their focus to
the various emerging in silico lead discovery methods (Figure 1)
[19,20]. Presently, among all the known computational techniques,
the fragment based drug discovery (FBDD) proved to be very effi-
cient method of drug design and discovery [21,22]. The identified
important structural fragments will be helpful for efficient design-
ing of lead molecule against SARS-CoV-2 main proteases - PLpro
and 3CLpro. This way of lead designing process based on smaller
fragments may remove the usual ADME associated problems with
protease inhibitors based drug discovery [23].

In the past 20 years, the concept of FBDD has recognized it-
self as a strategic approach for finding high-quality lead candi-
dates [19]. It has a potential to address inflexible biological tar-
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Fig. 1. Fragment based drug discovery process.

gets involving intracellular protein-protein interactions also. Today,
more than ten FBDD based lead molecules targeting diverse pro-
tein families in different diseases have been progressed into clin-
ical trials [20]. In FBDD the identification of very small molecules
or so-called “fragments” which are responsible for binding to their
specific target proteins are carried out [21]. Typically, screening
of a small library of low molecular weight compounds for bind-
ing to a specific part of the target/receptor is the starting point of
FBDD [22]. The structural evidence and thermodynamics of frag-
ment binding proposed that they tends to bind to the crucial re-
gions of the protein sites, mainly contribute to the enthalpy driven
free energy change of ligand binding [24]. Thus, the fragments can
contribute to the crucial part of a drug molecule.

In this study different fragment based computational tools like
SARpy analysis and Bayesian classification was applied on to the
dataset of previous SARS-CoV PLpro and 3CLpro inhibitors. The
methods were successfully used previously to identify different
fragments of various pharmacological and toxicological proper-
ties [25-29]. In these methods, the whole molecular structure
was fragmented in a certain way into small parts and finally the
contribution to increase or decrease the pharmacological activ-
ity/toxicological properties was identified. Thus, the identified frag-
ments can give potential clues in the lead optimization process.
Since the binding site of PLpro and 3CLpro enzymes were con-
served between SARS-CoV and SARS-CoV-2 the fragments will be
very useful for COVID-19 drug discovery [3,14,30,31]. The current
study will offer an idea to in-depth qualification of fragment hits.
This will stimulate further research by providing valuable guidance
to the medicinal chemists for designing of novel PLpro and 3CLpro
inhibitors against previous SARS as well as recent COVID-19 dis-
eases.

2. Materials and methods
2.1. Dataset

The dataset comprising of diverse SARS-CoV PLpro and 3CL-
pro inhibitors with their biological activities were retrieved from
different literatures [32-40]. The duplicate compounds and the
compounds with no inhibitory activities were removed from the
dataset. Finally, 91 PLpro and 88 3CLpro inhibitors were selected
for the determination of structural alerts using SARpy analysis
[26-28]. The activity threshold was considered by taking the av-
erage of SARS-CoV PLpro pICsy values (ie., ICsq value of 6,200
nM), whereas in 3CLpro the activity threshold was set to the ICsq
value of 10,000 nM. Thus, the molecules having the pICsy values
higher than the active threshold value were selected as actives
compounds, whereas the molecules with pICsy values lower than
the active thresholds were considered as inactives. Finally, out of 91
PLpro inhibitors, 40 molecules were found to be active and 51 in-
actives Tables S1. Among 88 3CLpro inhibitors, 27 molecules were
considered as actives and 61 inactives as depicted in the Table S2.
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2.2. SARpy analysis

SARpy is a python based standalone software programme for
automated QSAR model development [41-44]. The software uses
user-defined SMILEs notations for generating substructures in the
set and tries to correlate between the particular molecular struc-
tures and their biological activity using three different steps. These
are:

a Fragmentation: In this step, recursive simple fragmentation al-
gorithm is used to detect the chemical substructures present in
the training set molecules. It iterates over every bond in the in-
put structures and tries to generate possible pair of fragments.

b Evaluation: Once all the substructures have been generated,
their individual evaluation is done in order to detect the pos-
sible structural alerts (SAs) present in them.

¢ Extraction: Finally, from the large collection of structural alerts
that were generated, only the reduced sets of predicted rules
were applied. In our current study, the rule sets were gener-
ated using two different settings they are: standard settings and
modified settings. Further, the parameters selected in standard
settings are minimum 2, maximum 18 atoms and occurring in a
minimum 3 training set substances. Whereas, in modified set-
tings minimum 3 and maximum 18 atoms and occurring in a
minimum 5 training set substances was selected [45].

Additionally, each of the above SA settings was verified with
two different single alert precision parameters they are: Auto MIN
and Auto MAX. In the auto MIN settings the false negatives are
minimized thus responsible for increasing the sensitivity values.
Whereas, the auto MAX settings is considered for increasing the
specificity values by minimizing the false positives in the training
set. Thus, the aforementioned settings were first applied to split 1
to identify the settings generating the best overall result. Finally,
the best optimal settings were then applied to both split 2 and
split 3 for model development and evaluation [44-47].

Evaluation of developed models is one of the key features for
the prediction of model performances. From the three different
splits, the number of true positives, true negatives, false positives
and false negatives were determined. This information was fur-
ther used for prediction of performances such as sensitivity, speci-
ficity, accuracy, Matthew’s correlation coefficients (MCC), error rate
(Table 1). The unpredicted rate was also calculated as prediction
performance measure for different models by using the formula
shown in Table 1.

2.3. Bayesian classification study

Bayesian classification study by the aid of Biovia Discovery
Studio (DS) software [48] was conducted. Before conduct this
Bayesian classification study, several fundamental molecular fea-
tures namely, ALogP, Molecular weight (MW), Number of hydrogen
bond donors (nHBD), Number of hydrogen bond acceptors (nHBA),
Number of rotatable bonds (nRB), Number of rings (nRings), Num-
ber of aromatic rings (nAR), Molecular fractional polar surface area
(MFPSA) of the dataset molecules have been calculated [48]. Along-
side those molecular properties extended connectivity fingerprint
of diameter 6 (ECFP_6), a topological fingerprint descriptor was
also considered for this study [49]. The quality of this classifica-
tion model was evaluated using the Receiver operating character-
istics (ROC) [50]. Furthermore, the sensitivity, specificity and con-
cordance were calculated for both the training and the test sets
[25].
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Table 1
The equations of statistical validation parameters.
Entry  Parameter Equation
1 Sensitivity TP/(TP+FN)
2 Specificity TN/(TN+FP)
3 Accuracy (TP+TN)/(TP+FP+TN+FN)
4 MCC (TP+TN)—(FP%FN)//(TP+FP)(TP--EN)(TN+FP)(TN-+FN)
5 Error rate (FP+FN)/Total
6 Unpredicted rate ~ Number of unpredicted compounds | number of compounds in the dataset

TP = True positive, TN = True negative, FP = False positive, FN = False negative.

Table 2

Performance of model building settings as obtained in case of PLpro and 3CLpro inhibitors.

PLpro inhibitors

Settings Rules (#) Training set

(Positive, Error rate Unpredicted

Negative) rate
Standard- 14 (7, 7) 0.19 0.03
Auto MIN
Standard- 9 (3, 6) 0.00 0.53
Auto MAX
Modified- 10 (5, 5) 0.23 0.04
Auto MIN
Modified- 5(2,3) 0.00 0.62
Auto MAX
3CLpro inhibitors
Standard- 14 (4, 10) 0.19 0.03
Auto MIN
Standard- 7 (1, 6) 0.00 0.41
Auto MAX
Modified- 8(2,6) 0.11 0.11
Auto MIN
Modified- 3(1,2) 0.00 0.60
Auto MAX

Test set
Structures Error rate Unpredicted Structures
matched rate matched
71 0.06 0.39 11
34 0.00 0.61 7
70 0.22 0.22 14
28 0.22 0.22 0
68 0.17 0.06 17
41 0.39 0.00 7
62 0.17 0.00 17
28 0.39 0.00 7

3. Results and discussions
3.1. Training Set and Test Set division

In this study 91 PLpro and 88 3CLpro inhibitors were selected
as dataset in order to identify the fragments important for control-
ling the protease inhibition. The inhibitors were distributed into
training set (80%) and test set (20%) randomly by using CORAL
software. Again, the dataset was divided into training set A (80%)
and test set A (20%) using the rational division algorithm (Kennard-
Stone algorithm) [51-52] by using the DatasetDivisionGUI 1.2 tool
[53]. This algorithm selects the objects so they are divided evenly
throughout the descriptor space of the original data set. The de-
scriptors such as ALogP, Molecular weight (MW), Number of hy-
drogen bond donors (nHBD), Number of hydrogen bond acceptors
(nHBA), Number of rotatable bonds (nRB), Number of rings (nRings),
Number of aromatic rings (nAR), Molecular fractional polar surface
area (MFPSA) and biological activity (active/inactive).

After the division of training and test set the key fragments
from developed models were obtained by SARpy as well as
Bayesian classification analysis and were interpreted for their im-
portance in protease inhibition.

3.2. Model Development

3.2.1. SARpy analysis

In SARpy analysis, model building setting was considered as the
initial step in order to build robust classification models. Differ-
ent model buildings settings like: Standard-Auto MIN; Standard-
Auto MAX; Modified-Auto MIN; Modified-Auto MAX was applied
to the dataset. After model development, the three different sta-
tistical parameters like: error rate, unpredicted rate and number
of structured matched along with the number of generated rules
were considered for model evaluation for both training and test

set. The performance of different model building settings for both
PLpro and 3CLpro inhibitors are shown in Table 2. Among these,
the Modified-Auto MIN setting was found to have acceptable pa-
rameters such as: lowest unpredicted rate 0.04 and 0.22; highest
structures matched 70 and 14 for both training and test set re-
spectively in case of PLpro inhibitors, whereas, Standard-Auto MIN
settings was found to be suitable for 3CLpro inhibitors. So, these
settings were considered for further model development.

Further, to evaluate the capability of the selected methods the
dataset was split again into training and test set two times (Split
2 and 3) separately and was used for the model development. The
uniform distribution of the training and test set SARS-CoV PLpro
and 3CLpro inhibitors in the PCA three dimensional plots referred
a proper division of the training and the test sets from the split
2 and 3. After the division, by using Modified-Auto MIN settings
for PLpro inhibitors and Standard-Auto MIN settings for 3CLpro in-
hibitors, total three different models from each setting were gen-
erated as shown in Table 3.

As expected, all the developed models were found to have sig-
nificant statistical parameters. Among them, the model developed
by using split 3 were found to have better statistically parameters
in both the cases.

In case of PLpro inhibitors, the best model with sensitiv-
ity = 0.67, 0.83; specificity = 0.93, 0.75; and accuracy = 0.79, 0.79
were found for both training and test set respectively. Whereas, for
3Clpro inhibitors the training and test sets were found to have sen-
sitivity = 0.73, 1.00; specificity = 1.00, 0.92; and accuracy = 0.86,
0.94, respectively. Additionally, the MCC value 0.61, 0.75 for train-
ing and 0.58, 0.86 for test in case of PLpro and 3CLpro respectively
indicates that the classifier have good performance for the identi-
fication of structural fragments from the dataset. These fragments
are high chemical reactivity molecular fragments responsible for
modulating the protease inhibition. Therefore, the fragments ob-
tained from compounds can be used to flag the potential chemi-
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Table 3

Performance of prediction models of PLpro and 3CLpro inhibitors developed from 3 differ-

ent splits.
PLpro inhibitors

Training set Test set
split 1 split2  split3  split1 split 2 split 3?
Sensitivity 0.64 0.74 0.67 0.71 0.56 0.83
Specificity 1.00 0.89 0.93 0.71 1.00 0.75
Accuracy 0.76 0.80 0.79 0.71 0.71 0.79
MCC 0.61 0.62 0.61 0.43 0.56 0.58
Error rate 0.23 0.18 0.21 0.22 0.22 0.17
Unpredicted rate 0.04 0.11 0.04 0.22 0.22 0.22
Structures matched (#) 70 65 70 14 14 14
3CLpro inhibitors
Sensitivity 0.83 0.81 0.70 0.50 0.66 1.00
Specificity 0.80 0.92 1.00 1.00 1.00 0.92
Accuracy 0.80 0.89 0.86 0.82 0.77 0.94
MCC 0.53 0.73 0.75 0.60 0.62 0.86
Error rate 0.19 0.10 0.13 0.17 0.17 0.06
Unpredicted rate 0.03 0.06 0.06 0.06 0.28 0.06
Structures matched (#) 68 66 66 17 13 17
3 The best model obtained from split 3 is marked in bold.
Table 4
Important identified structural alerts of PLpro inhibitors as obtained from SARpy analysis.
SMARTS Structural alert (SA) Structure
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cal compounds responsible for protease inhibition. The fragments
along with the SMARTS patters as obtained from the best model
split 3 of both PLpro and 3CLpro inhibitors are shown below in
Table 4 and 5, respectively.

Furthermore, the outcomes from the Kennard-Stone rational
division method yielded comparable results to the random di-
vision (Supplementary Table S3-S4). Similar fingerprints such
as  N1(CCC(CC1)C(=0)NCclcc(cecl)) and CC=C(CCC=C(C)C)C
for PLpro inhibitors and N(C(=0)CSclnccc(nl))clcccecd,
S(=0)(=0)c1nc(c(c(c1))N(=0)=0) for 3CLpro inhibitors were
also obtained from both Random division and Kennard-Stone
rational division methods as can be seen from Supplementary
Table S5-S6.

3.2.2. Bayesian classification analysis

The processes of Laplacian-corrected Bayesian classification
model development was done on training set and externally vali-
dated on test set compounds. The selection of the training and test
sets was considered from the best model generated from SARpy
model. The results of Laplacian-corrected Bayesian classification
model analysis derived from training set compounds are summa-
rized in Table 6. It showed that the Bayesian classification model
with sensitivity, specificity and concordance values of 0.767, 0.930
and 0.863, respectively, was obtained for the training set of SARS-
CoV PLpro inhibitors. Likewise, the Bayesian classification model
for the training set of SARS-CoV 3CLpro inhibitors displays sensi-
tivity, specificity and concordance values of 1.000, 0.729 and 0.814,
respectively.
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Important identified structural alerts of 3CLpro inhibitors as obtained from SARpy analysis.
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Table 6
Statistics of training and test set of SARS-CoV PLpro and 3CLpro inhibitors.
Target Set ROC TP FN FP TN Sensitivity Specificity Concordance
PLpro Training# 0.751 23 7 3 40 0.767 0.930 0.863
Test 0.662 8 2 5 0.800 0.625 0.722
3CLpro Training# 0.840 22 0 13 35 1.000 0.729 0.814
Test 0.908 5 0 7 6 1.000 0.462 0.611

Receiver operating characteristics (ROC); *a 5-fold cross validation is performed for the training set to calculate the statistics.
The ROC of 0.751, 0.840 and 0.662, 0.908 were revealed for the training, test set of SARS-CoV PLpro and SARS-CoV 3CLpro inhibitors, respectively. These results demonstrate

that the both models were robust and also provide a good predictive value.

3.3. Mining of the fragments those modulate biological activity

In order to identify the potential SARS-CoV protease inhibitor
activity regulators, particular focus is give on the molecular mod-
elling techniques like SARpy and Bayesian classification analysis to
identify the fragments controlling the protease inhibition. The frag-
ments can increase or reduce the protease inhibitions are classified
as good or bad fragments, respectively. For this rational division
method and their corresponding QSAR methodologies, random se-
lection provides essentially equivalent results.

3.3.1. Interpretation of fragments for SARS-CoV PLpro inhibitors

The important fragments for the PLpro inhibitors were identi-
fied as shown in Table 4. The possible role of these fragments con-
trolling the PLpro inhibition is shown in Figure 2.

The molecular fragment Cc1cc(ccc1)C(=0)NC signifies the pres-
ence of any benzamide moiety found in compounds A009 (SARS-
CoV PLpro ICsg = 0.6 uM) is responsible for inducing activity.
Hence, this feature is responsible for modulating activities of SARS-
CoV PLpro inhibitors. This fingerprint is marked in the Figure 2.
Not surprisingly, this observation is in agreement with fingerprints
G9, G10, G12, G14 (Figure S1) predicted by the Bayesian classi-
fication model on SARS-CoV PLpro inhibitors. The inhibitor A009
(GRL0O617) and SARS-CoV PLpro interaction in Discovery Studio
(DS) [48] suggests a pair of hydrogen bonds and some hydropho-
bic interactions which stabilized the complex (PDB: 3E9S). Notably,
the amide group of benzamide moiety of GRLO617 helps in the in-
teraction with the side chain of D165 and the backbone nitrogen
of Q270 to form hydrogen bonds (Figure 3A).
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Fig. 2. Important structural alerts for PLpro inhibitors.
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Fig. 3. 3D interaction plots of naphthyl based PLpro inhibitors with SARS-CoV PLpro active site amino acid residues (A) PDB: 3E9S and (B) PDB: 3M]J5.

Next, fragment N1(CCC(CC1))C(C)clcccc2cecccc12 found in com-
pound A018, A033 and others (Figure 2), A022-A025, A027, A030,
A032, A033, A040-A042, A047, A048, A053, A054 signify the pres-
ence of 1-(1-(naphthalen-1-yl)ethyl)piperidine group is also an-
swerable for SARS-CoV PLpro inhibitory activities. Meanwhile, we
have analyzed the ligand-receptor interaction in Discovery Studio
(DS) [48] where the piperidine ring engages in s-sigma interac-
tion with the Y265 while the naphthalene ring forms several inter-
actions with amino acids P248, P249, Y269 at the solvent exposed
site of the enzyme (PDB: 3MJ5), as illustrated in Figure 3B. There-
fore, this indicates that naphthalene and piperidine rings are piv-
otal for SARS-CoV PLpro inhibition which also supports Bayesian
modelling result in which G1-G7 fingerprints predicted these fea-
tures as positive regulator of the PLpro inhibitory activities. Re-
cent study by Freitas and co-workers suggested that 1-naphthalene
based derivatives are also capable of inhibiting SARS-CoV-2 PLpro
up to ICsq value of 2.4 uM [54].

Meanwhile, it should be noted that the 1-naphthyl contain-
ing PLpro inhibitors are more effective than the corresponding
2-naphthyl analogue (A003: SARS-CoV PLpro ICsq = 14.8 uM).
Bad fragment B2 (Figure S2) predicted by the Bayesian clas-
sification model on SARS-CoV PLpro inhibitors illustrated the
negative contribution of 2-naphthyl analogues. In addition, frag-
ment SA N1(CCC(CC1)C(=0)NCclcc(cccl)) representing the N-
benzylpiperidine-4-carboxamide group found in several active
compounds (A022-A025, A027, A030, A032, A033, etc.) and
C(=0)NC(c1cc2c(ccl)ccec2)C representing the N-(1-(naphthalen-2-
yl)ethyl)formamide group found in compounds (example A077 in
Figure 2) are the potential fragment that are liable for increas-
ing the PLpro inhibitory activities of these compounds. Interest-
ingly, this information is aligned with the experimental results by

means of X-ray structural analyses of inhibitor bound SARS-CoV
PLpro enzyme (PDB: 40WO0) [32]. The carboxyamide nitrogen of
the inhibitor (compound A033) engages in the formation of a 3 A
hydrogen bond with the backbone carbonyl of Y269 at the active
site (PDB: 40W0) as depicted in Figure 4 drawn by PyMOL tool
[55].

Further, fragment like 2,6-dimethylocta-2,6-dieneas found in
compounds A106-A112 is represented by the molecular fragment
CC=C(CCC=C(C)C)C (Figure 2). Likewise, bad fingerprints B8, B14
and B15 (as depicted in Figure S2) also supported the neg-
atively contribution of 2,6-dimethylocta-2,6-dienefunction (com-
pounds A106-A112) to SARS-CoV PLpro inhibitory activities. Addi-
tionally, the study was also performed with Kennard-Stone rational
dataset division method, similar types of good fingerprints like G5,
G7, G8, G9, G10, G20 etc. (Figure S5) and bad fingerprints like B8,
B13, B14 etc. (Figure S6) were obtained.

3.3.2. Interpretation of fragments for 3CLpro inhibitors

The fragments crucial for inducing activity to 3CLpro inhibitors
were predicted and were further used for interpretation as shown
in Table 5. The structural alert C(=0)Oclcncccl defines the pres-
ence of pyridin-3-yl formate group in compounds B001-B003 and
B005-B011 is responsible for inducing biological activities against
SARS-CoV 3CLpro (Figure 5).

This indicates that pyridin-3-yl formate group is favoured for
SARS-CoV 3CLpro inhibition which is also supported by G3, G4,
G5 and G6 good fingerprints (Figure S3) as derived from the
ECFP_6 fingerprint. In contrast, the presence of pyridine nucleus
having branching with NO, and SO, group represented by the frag-
ment S(=0)(=0)c1nc(c(c(c1))N(=0)=0) is also considered as neg-
ative fragment in compounds B032 and B033 (Figure 5). This in-
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Fig. 5. Important structural alerts for SARS-CoV 3CLpro inhibitors.

dicates that pyridine nucleus having branching with NO, and SO,
group is unfavoured which also support previously published re-
sults [56]. The fragments like CN1C(=0)C(=0)c2cc(I)ccc12 defines
the presence of 5-iodo indoline-2,3-dione group is accountable for
SARS-CoV 3CLpro inhibitory activity. Active compounds B013, B026
bearing the fragment are illustrated in Figure 5. Further, the frag-
ments like CC(C)NC(=0)CNC(=0) and CN1C(=0)C(=0)c2cccccl2
define the presence of 2-formamido-N-isopropylacetamide and 1-
methylindoline-2,3-dione groups, respectively are also accountable
for SARS-CoV 3CLpro inhibitory activity. These observations can be
justified by observing the compounds B007, B004, B017 for frag-
ment CC(C)NC(=0)CNC(=0) and B013, B014, B015, B019, B024 for
SA CN1C(=0)C(=0)c2ccccc12. Notably, the CC(C)NC(=0)CNC(=0)
feature of compound B007 formed several interactions with SARS-
CoV 3CLpro active site amino acid residues (PDB: 3ATW) as illus-
trated in Figure 6.

By contrast, compounds B052, B057 bearing fragment
CC(C)NC(=0)CNC(=0) possess lower SARS-CoV 3CLpro inhibitory
activities. Likewise, the fragment, N(C(=0)CSclnccc(n1))clcececl
found in compounds B063-B068 and B070-B077 represent the
N-phenyl-2-(pyrimidin-2-ylthio)acetamide group is a significant
negative fragment for protease inhibition. This inspection is in
agreement with bad fingerprints (Figure S4) as constructed from
the ECFP_6 fingerprint. This observation is also verified by the
experimental results such as the activity of compound compounds
B063-B068 and B070-B077 bearing such fragment exhibited poor
SARS-CoV 3CLpro inhibitory activities. Hence, this sub-structural
feature is responsible for lowering the proteolytic activity against
SARS-CoV Mpro (Figure 7). Further, with Kennard-Stone rational
dataset division method, comparable good fingerprints including
G1, G8, G9 etc. (Figure S7) and bad fingerprints like: B3, B7, B8
etc. (Figure S8) were also obtained. Thus, these fingerprints will

E166

/ \
\

Fig. 6. 3D interaction plot of compound B007 with SARS-CoV 3CLpro active site
amino acid residues (PDB: 3ATW).

be important in optimizing the activity of the 3CLpro inhibitors in
future.

Further, the fragment c1ccc(cc1C)CCCC represents the presence
of 1-butyl benzene. This function should also consider as potential
modulator of protease inhibition and is responsible for hindrance
of activity in compounds. Not surprisingly, the Bayesian modelling
based Good fragments G7, G18, G19 and G20 clearly indicated the
importance of furan ring against SARS-CoV 3CLpro inhibition. This
observation is in agreement with our pervious observation [56] in
which compounds bearing both furan and pyridine exhibited effec-
tive proteolytic activities (ICs59 in between 50 to 63 nM). In addi-
tion, compound BO18 having a furan ring in its structure exhibits
promising SARS-CoV 3CLpro inhibitory activities. In a structure-
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Fig. 7. Structures of some inactive inhibitors containing bad Bayesian fragments.

Fig. 8. Binding mode of compound B018 with SARS-CoV 3CLpro active site amino acid residues as derived from the crystal structure (PDB: 3V3M) [57].

based analysis, Jacobs et al [57] found that the furan oxygen atom
of compound B018 forms hydrogen bonding interaction the back-
bone NH of G143. At the S1’ site, the catalytic C145 resides beneath
the furan oxygen atom at a short distance (Figure 8). Further, we
have analyzed the ligand (B018)-receptor (SARS-CoV 3CLpro) inter-
action in DS [48] where a m-donor hydrogen bond is noticed be-
tween the furan ring and the catalytic C145 [57] (Figure S9).

In summary, SARpy analysis based structural fragments for
SARS-CoV 3CLpro inhibitory activity suggested that heterocyclic
rings such as pyridine, pyrimidine andindoline modulate the bi-
ological properties. Moreover, the results of Bayesian modelling
study are closely associated with the SARpy analysis. Additionally,
the Bayesian modelling study predicted the positive influence of
furan ring in the SARS-CoV 3CLpro inhibitory property. Therefore,
to achieve an attractive potency level, several heterocyclic rings
controlled the 3CLpro inhibitory activity with respect to their po-
larity, size and hydrogen bonding capabilities.

4. Implications for COVID-19 Drug Discovery

The medicinal chemistry outlook of novel coronavirus disease
2019 (COVID-19), caused by SARS-CoV-2, is just few months old.
Molecular modelling driven anti-viral study can generate several
possibilities in drug discovery against COVID-19. The fragments
studied and extensively interpreted in this current study surely
leaving much room for follow-up investigations against SARS-CoV-
2. Notably, the fragments identified by the SARpy analysis and
Bayesian classification study may be an effective approach to ac-
celerate drug design against SARS-CoV-2.

Since the binding site of PLpro and 3CLpro enzymes were con-
served between SARS-CoV and SARS-CoV-2 the fragments will be
very useful for COVID-19 drug discovery. Here, the identified frag-
ments can also found in recently reported compounds (Figures 9
and 10) [7,9,17,54]. The current study will offer an idea to explore
the important existing structural data and an in-depth qualification
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AND Ensemomer G12

NH,

GRL-0617

Compound 6
SARS-CoV-2 PLpro IC50 =2.4 yM  SARS-CoV-2 PLpro ICs, = 5.0 uM

Fig. 9. Structures of two active SARS-CoV-2 PLpro inhibitors highlighting important fragments. The activity values were taken from literature [54].

(o) - O
: NH 0 H N NH
(0] N N
YT Y 1T YT
0 lo) (0] (0] = (0]
M001 o7 NH Mooz o NH

Mpro IC50 =239 uM Mpro |C50 =0.67 HM

MO003
Mpro IC5, = 0.45 uM

Fig. 10. Structures of some active SARS-CoV-2 3CLpro inhibitors highlighting important fragments. The activity values were taken from literatures [9,17].

of fragment hits. This will stimulate further research by providing
valuable guidance to the medicinal chemists for designing of novel
PLpro and 3CLpro inhibitors against previous SARS as well as re-
cent COVID-19 diseases.

Meanwhile, looking the exact crystal binding position of an in-
hibitor and changing/replacing the different fragment(s) may offers
the possibility of modifying the lead compounds, hence, their in-
hibitory potential against the proteases. Besides, potential protease
inhibition activities are also accompanied by further increases in
scaffold diversity. However, care should be taken to design effec-
tive protease inhibitors by keeping ADME properties in mind. Nev-
ertheless, this study may offer a bigger direction in broad spectrum
anti-viral drug design and discovery.

5. Conclusion

Here, classification-based QSAR models for diverse set of SARS-
CoV PLpro and 3CLpro were developed and validated. All mod-
els were successfully used to hunt promising fragments. The frag-
ments can be further utilised for the virtual screening of chemical
libraries or FDA approved drugs to identify effective protease in-
hibitors.

The closely related fragment concepts are experiencing increas-
ing interest in medicinal chemistry. In our analysis, we have re-
fined the assessment of fragments by exploring structure activity
relationships (SARs). The fragments encode an attractive knowl-
edge base for compound design as well as utilized for lead opti-
mization.

Since the size of the database of SARS-CoV protease inhibitor
continues to grow, collectively our modeling studies emphasize
that our approach could be used to aid in the process of lead opti-
mization against the proteases. In diseases like COVID-19 with the
lack of potential drug and large-scale inhibitors, it is quite difficult

to connect the dots to quaerere significant therapeutics. Recipro-
cally, one can apply these identified fragments to increase the pro-
tease inhibition of weak hits resulting from QSAR/VS studies etc.
against targeted proteases.

To summarize, we have developed robust and validated mod-
els which may be applicable to drug design and lead optimization,
opening up opportunities to design small molecules targeting the
coronavirus proteases.
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