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A B S T R A C T   

SARS-CoV-2 has posed global challenge for healthcare due to COVID-19. The main protease (Mpro) of this virus is 
considered as a major target for drug development efforts. In this work, we have used virtual screening approach 
with molecular dynamics simulations to identify high affinity and low molecular weight alternatives of boce
previr, a repurposed drug currently being evaluated against Mpro. Out of 180 compounds screened, two boce
previr analogs (PubChem ID: 57841991 and 58606278) were reported as potential alternatives with comparable 
predicted protease inhibitor potential and pharmacological properties. Further experimental validation of the 
reported compounds may contribute to the ongoing investigation of boceprevir.   

1. Introduction 

As the world keeps on battling the COVID-19 pandemic, worldwide 
endeavors are progressing for the rapid identification of effective vac
cines as well as antivirals. At present there are 63 vaccines under clinical 
trials (https://www.who.int/publications/m/item/draft-landscape 
-of-covid-19-candidate-vaccines). Antivirals such as Ivermectin and 
Danoprevir (clinical trial ID: NCT04435587 and NCT04291729 respec
tively) are under phase IV of clinical trial among others. Albeit multiple 
vaccines and inhibitors have entered clinical trials, endeavors to develop 
inhibitors and antibodies are as yet critical to treat this disease on ac
count of clinical need and mutations in the virus that could influence the 
efficacy of the antiviral agents [1,2]. 

The single stranded positive-sense RNA genome of severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) comprises of ~ 
30,000 nucleotides [3,4]. The replicase gene of the virus, encompassing 
more than 21,000 nucleotides, encodes two overlapping polyproteins, 
pp1a (~486 kDa) and pp1ab (~790 kDa). These polyproteins are 
essential for the replication and transcription of coronaviruses. The main 
protease, a 33.8-kDa cysteine protease, and papain-like protease (PLpro) 
are essential for proteolytic processing of these polyproteins into func
tional peptides in a multistep process [5,6]. As a drug target, PLpro is not 
so much preferred as it recognizes the C-terminal sequence of ubiquitin, 
and compounds inhibiting PLpro may also inhibit host cell 

deubiquitinases. However, the Mpro cleaves at a very specific cleave site 
of the polypeptide sequences and prefers a glutamine residue at the P1 
site. The cleavage site of Mpro is [Leu-Gln↓ (Ser, Ala, Gly)] (↓: cleavage 
site). Such cleavage specificity is not reported in any human proteases 
[7,8]. These functional attributes make Mpro an attractive target for drug 
development studies. The determination of multiple experimental 
structures of Mpro in its apo form and with co-crystallized ligands 
dramatically facilitates the process of drug discovery. The usual drug 
development process typically costs a lot of time and money. Hence, 
multiple efforts are going on for computational screening of large 
chemical libraries as well as re-purposing antivirals for the rapid iden
tification of lead compounds with the potential to be translated into 
effective and safe drugs. 

The main protease (Mpro) from SARS-CoV-2 shows structural simi
larity with other main proteases and has three domains. The two do
mains, domains I (residues 8–101) and II (residues 102–184) have 
mainly antiparallel β-barrel structures while domain III covering amino 
acid residues 201–303 contain five α- helices [6,9]. The substrate- 
binding site (Met49, Gly143, Ser144, His163, His164, Met165, Glu166, 
Leu167, Asp187, Arg188, Gln189, Thr190, Ala191, and Gln192), located in the 
cleft between domain I and II and partly in the loop joining the domain II 
and III, harbors the catalytic dyad formed by Cys145 and His41 [10]. 

Boceprevir (M.W.: 519.68 g/mol,) is an FDA approved drug against 
hepatitis C virus (HCV) that targets serine protease NS3 for inhibitor. It 
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is reported to be well tolerated with few drug-drug interactions, and no 
major hepatic or renal toxicity [11]. A recent report suggests that 
boceprevir inhibits the enzymatic activity of Mpro with an IC50 value of 
4.13 µM [12]. The cellular cytotoxicity testing was also found to be well 
tolerated with a CC50 value of over 100 µM for all the cell lines tested. 
The same study also reported that boceprevir has potent antiviral ac
tivity against SARS-CoV-2. The crystal structure of Mpro complexed with 
boceprevir (PDB ID: 6WNP) also shows that it effectively binds to the 
catalytic residues. 

Since boceprevir is a promising candidate to be an effective drug, we 
have used virtual screening in combination with molecular dynamics 
(MD) simulations to find a possible candidate with better binding from a 
library of compounds similar to boceprevir. Among the 180 low mo
lecular weight boceprevir analogs, two compounds (PubChem ID: 
57841991 and 58606278) formed stronger and stable interactions to the 
binding site than boceprevir. We hope this study will aid the rapid dis
covery of inhibitors against Mpro with more efficiency. 

2. Materials and methods 

2.1. Structure-based virtual screening 

Out of 1,275 similar compounds of boceprevir available in PubChem 
database [13], we retrieved a total of 180 compounds having molecular 
weight less than 519.68 g/mol with available 3D conformers. Com
pounds having a Tanimoto score of 0.9 or greater were considered as 
similar compounds based on 2D similarity[14]. The Mpro structure at 
room temperature (PDB ID: 6WQF) [9] was selected for docking since it 
had the suggested protonation states of histidine residues, and the 
structure was solved at room temperature. It has been suggested that this 
structure solved at room temperature is more appropriate for molecular 

docking studies as it provides more relevant information at physiolog
ical temperatures [9]. The compounds were energy minimized with the 
steepest descent algorithm prior to docking using UCSF Chimera [15]. 
The selected compounds, along with boceprevir as control were docked 
by centering the grid box centered on the substrate-binding site of Mpro 

(x, y and z center coordinates :36.56, 46.43 and 56.04) with the Auto
Dock vina program [16]. The screening was performed with a exhaus
tiveness value of 8 and ten runs for each compound, and the best pose 
was selected based on the lowest binding free energy (kcal/mol). The 2D 
ligand interactions were visualized with the Discovery studio visualizer 
[17]. 

2.2. Biological activity and pharmacokinetic property prediction 

The PASS (Prediction of Activity Spectra for Substances) server 
(http://www.pharmaexpert.ru/passonline/) [18] was utilized to predict 
the protease inhibition probability of the selected compounds. The 
server can predict pharmacological effects and biochemical mechanisms 
of a compound based on the structural formula and the prediction may 
be analyzed based on the ratio of probability to be active (Pa) and 
probability to be inactive (Pi). The absorption (A), distribution (D), 
metabolism (M), and toxicity (T) profiles of the compounds were 
calculated based on human intestinal absorption (HIA), blood–brain 
barrier permeability, CYP2D6 inhibitor/substrate, and Ames mutage
nicity and mouse carcinogenicity parameters respectively. The excretion 
parameter is represented by HIA, as it is a sum of bioavailability and 
absorption evaluated from the ratio of excretion or cumulative excretion 
in urine, bile, and feces [19]. The pharmacokinetic parameters were 
predicted by using the pre-ADMET server (https://preadmet.bmdrc.kr/) 
[20]. 

Fig. 1. 2D chemical structures of boceprevir and top scoring compounds.  
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2.3. Molecular dynamics simulation 

MD Simulation is a routinely applied method to decipher the dy
namic interactions between biomolecules with small molecules, pep
tides, or nanoparticles [21–24]. For exploring the binding dynamics, the 
apo-protein, and docked complexes were simulated using GROMACS 
v.2018 with the GROMOS 54a7 force field [25]. PRODRG server was 
used to calculate the ligand parameters [26]. The catalytic dyad is 
suggested to be activated by a proton transfer from Cys145 to His41 

possibly activated by substrate binding [9]. Therefore, the His41 and 
Cys145 were prepared in their neutral state, with His41 protonated at Nδ. 
Based on previous studies protonation states of other histidine residues 
were assigned at the Nδ (HISA) or Nε (HISB) sites as follows: HISA64, 
HISA80, HISB163, HISB164, HISB172, and HISB246 [27,28]. The sys
tem was solvated in a cubic box of 1.2 nm containing SPC water mole
cules. The addition of NA+ ions neutralized the charge of the systems. 
The steepest descent method was utilized for energy minimization for 
50,000 steps for all systems with a tolerance of 1000 kJ mol-1nm− 1. NVT 
and NPT equilibrations were carried out at 300 K and 1 bar using the V- 
rescale thermostat and Berendsen barostat [9]. The final production of 
130 ns was performed using the leap-frog integration with Nose-Hoover 
and Parinello-Rahman couplings [29]. Bond-lengths were constrained 
using the Linear Constraint Solver (LINCS) algorithm [30]. The trajec
tories were analyzed using GROMACS inbuilt utilities. 

2.4. MM-PBSA analysis 

To estimate the post-simulation binding free energy of the com
plexes, the molecular mechanics Poisson-Boltzmann surface area (MM- 
PBSA) approach was utilized. This approach has been successfully 
applied to various protein–ligand/peptide complexes [31,32]. The 
binding free energy, and per residue energy contributions were calcu
lated using the g_mmpbsa tool [33]. This GROMACS tool estimates 
Gibb’s free energy of binding using the MM-PBSA method as described 
by the equation below. The SASA model was used for calculation of 
nonpolar solvation energy in this study. 

Gbind = (ΔEelec + ΔEvdw) + (ΔGpolar + ΔGSASA) 
The g_mmpbsa tool also calculates the energy contribution of each 

residue by decomposing the total binding free energy at the residue level 
[33]. 

Table 1 
Details of the top six compounds including boceprevir (10324367) from the 
docking analysis with Mpro substrate binding site. Residues forming H-bonds 
were shown in bold.  

SL 
No 

Ligand MW. 
g/mol 

Binding 
Energy 
(kcal/ 
mol) 

H-bond 
interactions 
P-L [Length 
in Å] 

Other interactions 

1 10324367  519.68  − 6.8  NH(Thr26)-O 
[2.57] 
HD22 
(Asn142)-O 
[2.52] 
NH(Gly143)- 
O [2.12] 
HG(Cys145)- 
O [2.71] 
HE21 
(Gln189)-O 
[2.53]  

Thr25#, Leu27#, 
His41#, Cys44#, 
Thr45#, Ser46#, 
Met49*, Phe140#, 
Leu141#, Ser144#, 
His163*, His164#, 
Met165*, Glu166#, 
Arg188# 

2 58606278  517.66  − 7.5 O(Thr26)– 
NH [2.85] 
O(Thr26)– 
NH [2.66] 
HD22 
(Asn142)-O 
[2.81] 
NH(Gly143)- 
O [1.89] 
HG(Cys145)- 
O [2.88] 
O(Glu166)– 
NH [2.14] 

Thr25#, Leu27#, 
His41#, Cys44#, 
Ser46#, Met49*, 
Leu141#, His163#, 
Met165*, Leu167*, 
Pro168*, Arg188#, 
Gln189#, Thr190#, 
Gln192# 

3 58605188  515.64 − 7.4 HD22 
(Asn142)-O 
[2.51] 
NH(Gly143)- 
O [2.41] 
HG(Cys145)- 
O [2.81] 
O(Glu166)– 
NH [2.52] 

Thr25#, Thr26#, 
Leu27#, His41*, 
Cys44#, Ser46#, 
Met49*, Phe140#, 
Leu141#, His163*, 
Met165*, Leu167#, 
Pro168*, Arg188$, 
Gln189#, Thr190#, 
Gln192# 

4 59115738 517.66 − 7.3  O(Thr26)– 
NH [2.73] 
HD22 
(Asn142)-O 
[2.43] 
NH(Gly143)- 
O [2.36] 
HG(Cys145)- 
O [2.89] 
O(Glu166)– 
NH [2.22]  

Thr25#, Leu27#, 
His41#, Cys44#, 
Ser46#, Met49#, 
Phe140#, Leu141#, 
His163#, Met165*, 
Leu167*, Pro168*, 
Arg188#, Gln189#, 
Thr190#, Gln192# 

5 58908774 477.6 − 7.2  O(Thr26)– 
NH [2.60] 
HD22 
(Asn142)-O 
[2.53] 
NH(Gly143)- 
O [2.32] 
HG(Cys145)- 
O [2.84] 
O(Glu166)– 
NH [2.63] 
HE21 
(Gln189)-O 
[2.30] 

Thr25#, Leu27#, 
His41#, Cys44#, 
Ser46#, Met49#, 
Phe140#, Leu141#, 
His163*, Met165*, 
Leu167#, Pro168*, 
Arg188$, Thr190#, 
Gln192# 

6 58605473 477.60 − 7.2  O(Thr26)– 
NH [2.65] 
HD22 
(Asn142)-O 
[2.54] 
NH(Gly143)- 
O [2.33] 
HG(Cys145)- 

Thr25#, Leu27#, 
His41*#, Cys44#, 
Ser46#, Met49#, 
Phe140#, Leu141#, 
His163*, Met165*, 
Leu167#, Pro168*, 
Arg188$, Thr190#, 
Gln192#  

Table 1 (continued ) 

SL 
No 

Ligand MW. 
g/mol 

Binding 
Energy 
(kcal/ 
mol) 

H-bond 
interactions 
P-L [Length 
in Å] 

Other interactions 

O [2.82] 
O(Glu166)– 
NH [2.46] 
HE21 
(Gln189)-O 
[2.34] 

7 57841991 505.6 − 7.2  NH(Gly143)- 
O [2.62] 
HE2(His163)- 
O [2.22] 
O(Glu166)– 
NH [2.33] 
NH(Glu166)- 
O [2.43] 
O(Arg188)– 
NH [2.20] 

His41*, Met49*, 
Phe140#, Leu14#1, 
Asn142$, Ser144#, 
Cys145#, Met165$, 
Leu167$, Pro168$, 
His172#, Gln189$, 
Thr190#, Gln192# 

#van der Waals, *Akyl and $ carbon-hydrogen bond. 
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Fig. 2. Interactions of the docked compounds to Mpro: a) Surface representation of SARS-CoV-2 Mpro showing the mode of binding by the compounds (domain I: 
brown, domain II: cyan, domain III: pink and loop connecting domain I and II: silver). 2D representations of the interactions: b) boceprevir, c) 58606278, d) 
58605188, e) 59115738, f) 58908774, g) 58605473 and h) 57841991. 

Table 2 
Protease inhibitor potential along with ADMT properties of the selected compounds.  

Sl no Compound ID 
(PubChem) 

Protease inhibitor Activity Antiviral (Hepatitis) A D M T 
Pa Pi Pa Pi 

1 10324367  0.347 0.006 0.729 0.002 75.07 0.07 Non Non 

2 58606278 0.287 0.012 0.714 0.002 75.53 0.07 Non Non 
3 58605188 0.250 0.019 0.701 0.002 75.86 0.06 Non Non 
4 59115738 0.214 0.027 0.731 0.002 75.47 0.07 Non Non 
5 58908774 0.268 0.015 0.726 0.002 66.30 0.05 Non Non 
6 58605473 0.268 0.015 0.726 0.002 66.30 0.05 Non Non 
7 57841991 0.324 0.008 0.736 0.002 72.44 0.06 Non Non  
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3. Results 

3.1. Interaction of the compounds with Mpro 

The control compound boceprevir (PubChem ID: 10324367) scored 
− 6.8 kcal/mol while docked with AutoDock vina. The top six com
pounds 58606278, 58605188, 59115738, 58908774, 58605473, and 
57841991 were selected based on the binding energy (Fig. 1 and 
Table 1). All the compounds interacted within the binding pocket and 
formed interactions with the vital substrate-binding residues and the 
catalytic residues His41 and Cys145 (Table 1 and Fig. 2). Boceprevir 
formed 5 hydrogen bonds (H-bonds) with the binding site residues 
Thr26, Asn142, Gly143, Cys145 and Gln189. The compound 58606278 
formed 6H-bonds with the residues Thr26, Asn142, Gly143, Cys145 and 
Glu166. The compound 58605188 formed 4H-bonds with the residues 
Asn142, Gly143, Cys145, and Glu166.The compound 59115738 formed 5H- 
bonds with the residues. The compound 58908774 formed 6H-bonds 
with the residues Thr26, Asn142, Gly143, Cys145, Glu166 and Gln189. The 
compound 58605473 formed 6H-bonds with the residues Thr26, Asn142, 
Gly143, Cys145, Glu166 and Gln189. The compound 57841991 formed 5H- 
bonds with the residues Gly143, His163, Glu166 and Arg188. In all the 

compounds, Glu166 formed H-bonds consistently. The catalytic residue 
His41 formed either van der Waals or akyl bond with all the compounds. 
Other substrate-binding residues formed van der Waals, akyl and carbon 
hydrogen bonds. Details of the docking results of the rest of the com
pounds were shown in supplementary table 1. 

3.2. Biological activity and pharmacokinetic property prediction 

The compounds were analyzed in the PASS prediction server to 
explore the possible protease inhibitor potential (Table 2). The protease 
inhibitory activity of the compounds was compared with boceprevir. It 
was observed the protease inhibitor activity predictions of the com
pounds are comparable to boceprevir except the compound 59115738, 
which scored the lowest value of 0.214. The compound 57841991 had 
the closest protease inhibition value to boceprevir. Although the Pa 
values are less than 0.5, this could mean the descriptors of the com
pounds to the particular activity are new to the PASS training set, as the 
protease inhibition capacity of boceprevir has been proved experimen
tally for both HCV and SARS CoV-2[12,18,34]. The absorption (A), 
distribution (D), metabolism (M), and toxicity (T) prediction values of 
all the compounds were found comparable to the control compound 
boceprevir (Table 3). All the compounds showed good absorption values 
having either well absorbed values (70–100%) or moderately absorption 
values (20–70%). The low distribution values (less than 0.1) of the 
compounds indicate that they have low absorption to central nervous 
system (CNS). The compounds also demonstrated no CYP2D6 inhibitor/ 
substrate potential, Ames mutagenicity and mouse carcinogenicity 
similar to boceprevir. Since 59115738 had a very low probability of 
being a protease inhibitor and was therefore excluded from further 
analysis. 

3.3. MD simulation of the complexes 

The binding stability of the compounds boceprevir, 58605188, 
58605473, 58606278, 57841991, and 58908774 in complex with Mpro 

was submitted to 130 ns MD simulation each. The evolution of the 

Table 3 
The components of ligand binding free energy with Mpro. The values are in (kcal/ 
mol).  

Ligands Binding 
Energy 

van der 
Waal 
Energy 

Electrostatic 
Energy 

Polar 
Solvation 
Energy 

SASA 
Energy 

Boceprevir − 5.83 ±
0.50 

− 15.52 
± 1.00 

− 13.54 ±
0.36 

25.35 ±
0.57 

− 2.12 
± 0.03 

57841991 − 14.32 
± 0.27 

− 31.88 
± 0.25 

− 13.85 ±
0.99 

35.52 ±
0.28 

− 4.11 
± 0.22 

58605473 − 9.01 ±
0.43 

–23.64 ±
0.21 

− 2.83 ± 0.19 20.83 ±
0.41 

− 3.37 
± 0.33 

58606278 − 6.48 ±
1.93 

− 20.25 
± 0.23 

− 17.78 ±
0.24 

34.65 ±
0.50 

− 3.10 
± 0.03  

Fig. 3. Comparative analysis of trajectories: a) RMSD analysis of the apo-protein and the complexes calculated over 130 ns trajectories, b) Average RMSF of protein 
with simulated complexes, c) RMSF of substrate binding site residues [inset: average RMSF]. 
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backbone RMSD over time suggests a stable behavior for the boceprevir 
complex and the complexes made by the compounds except for the 
58605188, 58605473, and 58908774 complexes which displayed 
comparatively inconsistent trend (Fig. 3a). To observe the residue level 
fluctuations in each complex, the average RMSF of all residues and 
substrate-binding residues were calculated after 100 ns. High values of 
fluctuations were observed in the complexes made by 58605188 and 
58908774. The complex made by the compound 57841991 displayed 
the lowest RMSF among the simulated complexes followed by 58606278 
and 58605473 complexes (Fig. 3b). A similar pattern of RMSF was 
observed for the substrate-binding region as well (Fig. 3c), where the 
complexes formed by compounds 57841991 and 58606278 displayed 

comparatively lower RMSF, while the average RMSF of 58605473 
complex was found to be close to boceprevir complex. The RMSF of 
residues His41, Met49, Phe140, Leu141, Asn142, Gly143, Ser144, Cys145, 
His163, Glu166, and Leu167 were found to be lower than the apo-protein 
and boceprevir complex in the case of 57841991 complex. The RMSF of 
substrate binding residues for the 58605188 complex was found to 
highest among the complexes. 

The interactions of the compounds with Mpro were mapped by 
hydrogen bond (H-bond) graphs (Fig. 4). Boceprevir initially formed a 
maximum of 8H-bonds but the number was reduced after 50 ns (Fig. 4a). 
The compound 57,841,991 (Fig. 4b) formed higher H-bonds up to 10 
and maintained overall 8H-bonds from 20 ns. The compound 58605188 

Fig. 4. The H-bond graphs of the complexes with the compounds a) Boceprevir, b) 57814991, c) 58605188, d) 586054743, e) 58606278 and f) 58908774.  

Fig. 5. MM/PBSA per residue energy contribution to the binding energy for the complexes formed by the compounds boceprevir, 57841991, 58605473 
and 58606278. 
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maintained 5H-bonds consistently from 70 ns (Fig. 4c) while the com
pound 58605473 formed 4H-bonds in most of the simulation period 
(Fig. 4d). The compound 58606278 formed 6H-bonds in a compara
tively consistent way throughout the simulation period (Fig. 4e). Among 
the complexes studied, 58,908,774 formed the lowest number of H- 
bonds which was found to 2 on average (Fig. 4f). These trends of in
teractions can be correlated with changes in the RMSF of the complexes. 
The higher RMSF values of the 58605188 and 58908774 complexes may 
lead to loss of interactions found during the docking calculations. 

3.4. Binding free energy calculations 

Based on the RMSD, RMSF, and H-bond interaction analysis, the 
complexes formed by the compounds 57841991, 58605473, and 
58606278 were selected for MM-PBSA analysis along with boceprevir. 
Energy components of each complex were calculated for 101 snapshots 
that were extracted at every 0.1 ns from the final 10 ns. Among the 
complexes, 57841991 scored the highest binding free energy − 14.32 
kcal/mol, which is higher than the boceprevir complex (-5.83 kcal/mol). 
The other two complexes formed by 58605473 and 58606278 scored 
− 9.01 and − 6.48 kcal/mol respectively. In the case of the 57841991 
complex the contributions of van der Waals, polar solvation energy, and 
SASA energy to the binding free energy were found to be higher among 
the complexes. The binding energy differences in the 58605473 and 
58606278 complexes were contributed by the energy contributions from 
van der Waals, electrostatic energy, and polar solvation energy. 

To evaluate the binding pattern, the strong energy contribution of 
the substrate-binding residues for these complexes were calculated 
(Fig. 5). From the residue contribution analysis, it was observed that for 
58605473 complex, there is more negative contribution of substrate 
binding residues on average (-0.16 kcal/mol). Whereas the average 
energy contribution of the residues in the complexes 57841991 and 
58606278 were found to be more positively contributing − 0.47 kcal/ 
mol and − 0.28 kcal/mol respectively, which is better than boceprevir 
complex (-0.24 kcal/mol). The energy contribution from the critical 
catalytic residues His41 and Cys145 were also found to be stronger in 
these two complexes, which were found to be contributing poorly in the 
58605473 complex. Other highly contributing residues in the 57841991 
complex are Met165, Asp187, Arg188, Gln189, and Thr190 which were 
higher among the complexes. 

4. Discussion 

Understanding protein structure is of fundamental importance [35]. 
Moreover, with the growing number of daily cases of COVID-19 in
fections, subsequent efforts to combat the disease are also rising. Apart 
from the efforts to the development of a successful vaccine candidate, 
there are also multiple computational and experimental efforts to 
identify effective drugs/inhibitors either by repurposing the existing 
drugs or designing novel compounds [36–40]. Multiple studies also 
proposed natural compounds as potential inhibitors of SARS CoV-2 main 
protease[41–44]. 

In this work, we have computationally investigated possible high 
affinity and low molecular weight alternative of Boceprevir, a repur
posed drug currently being evaluated against SARS-CoV-2 main prote
ase. Among the 180 boceprevir similar compounds studied, we have 
identified 57,841,991 and 58606278 as high affinity and lower molec
ular weight alternatives. The probabilities of being a protease inhibitor 
for the compounds 57841991 and 58606278 were also found to be very 
close to the investigational inhibitor boceprevir together with the pre
dicted absorption, distribution, metabolism, and toxicity profiles. The 
reported compounds formed stable complexes with Mpro as suggested by 
RMSD and RMSF analysis and formed a consistently higher number of 
hydrogen bonds than boceprevir during the MD simulation analysis. 
These two complexes also scored higher binding energy than the boce
previr complex during the post-simulation binding energy analysis. 

Although the 58605473 complex scored better binding free energy than 
58606278, per residue contribution to the free energy of binding 
revealed that the average energy contribution from the substrate- 
binding region was poor in the 58605473 complex. The important cat
alytic residues His41 and Cys145 were found to be highly contributing in 
the case of 57841991 and 58606278 complexes. 

In conclusion, the overall observations from this computational 
study suggest that the compounds 57841991 and 58606278 could be 
investigated as low molecular weight alternatives of boceprevir. 
Experimental validation and optimization of the reported compounds 
might contribute to the development of a more potent analog of boce
previr against SARS-CoV-2. 
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