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The influx of coronavirus in 2019 (COVID-19) has recorded millions of
infection cases with several deaths worldwide. There is no effective
treatment, but recent studies have shown that its enzymes maybe considered
as potential drug target. The purpose of this work was to identify the binding
site in-silico and present the 3D structure of COVID-19 main-protease
(Mpro) by homology modeling through multiple alignment followed by
optimization and validation. The modeling was done by Swiss-Model
template library. The obtained homotrimer oligo-state model was verified for
reliability using PROCHECK, Verify3D, MolProbity and QMEAN. HHBIits
software was used to determine structures that matched the target sequence
by evolution. Structure quality verification through Ramachandran plot
showed an abundance of 99.3% of amino acid residues in allowed regions
while 0.1% in disallowed region. The Verify3D rated the structure a 90.87%
PASS of residues having an average 3D-1D score of at least 0.2, which

validates a good environment profile for the Mpro model. The features of the
secondary structure indicated that the structure contains 32.05% a-helix and
37.17% random coil with 25.92 extended strand. The result of this study
suggests that blocking expression of this protein may constitute an efficient
approach for infection transmission blockage.
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1. INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is often called COVID-
19 is a novel strain of coronavirus that was first discovered in late 2019 at Wuhan in China as confirmed by
the Chinese authority on 7th January 2020. It is responsible for a viral outbreak of respiratory illness known
as COVID-19 as christened by the world health organization (WHO). The virus has spread rapidly to every
continent of the world and as of 14th April 2020, about 1,918, 855 cases with 119, 588 deaths across 185
nations had been confirmed globally by the center for systems science and engineering (CSSE) at Johns
Hopkins University (JHU) [1]. There is still neither known effective drug nor vaccine in use or targeted
therapies for its cure besides public health and social measures such as observing regular hygiene, social
distancing, wearing of masks and avoiding large crowd that have been prescribed to hopefully halt its
persistent spread. However, there is the need for greater understanding of its origin, epidemiology, evolution,
transmission, pathogenesis and diagnosis. The discovery of vaccines, antivirals, laboratory biosafety and
issues such as how immune evasion occurs in its hosts cannot be over emphasized. The transmission rate of
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the virus is in exponential proportion hourly while death rate is fizzy and alarming [2]. More transmissions
and symptoms are revealed daily as the virus evolves with depth of unexplainable mutation. Research
scientists have clearly situated that successful diagnosis, treatment and prevention of COVID-19 are highly
dependent on a deep understanding of the role of complex structures of glycosylation [3]. Moreover, isolation
of protease binding site in this viroid can be the breaking point for understanding and blocking mutations
responsible for fast and easy transmission of the immunity of hosts. A binding site is a region on a protein,
deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) to which other specific molecules and ions bind and
it exhibits chemical specificity and affinity. Specificity is a measure of the types of ligand that will bind
while affinity is a measure of the strength of a chemical bond [4]. Hence, an understanding of the complex
structures of COVID-19 enzymes, proteases and exhuming their active site can give a useful insight to the
mechanisms deployed for brisk cross-species, host-to-host transmission and more interestingly an
understanding of the coverage area of amino acids involved in cavity building. This would help to establish
the active sites of such proteins that may assist in speedy vaccine discovery and drug development.

The only public domain of experimentally generated atom file from this specific coronavirus at
present is the COVID-19 coronavirus 3CL hydrolase (Mpro), which is also known as COVID-19 main
protease (Mpro) with evidence of experimental analysis [5]. The first 3D structures were an outcome of
coronavirus related outbreak of 2003 that has culminated into the existence of over 200 SARS protein
database (PDB) experimental structures [6]. These related proteins make conservation of vital structural
information that may further the understanding of the current strain of coronavirus. This may lead to new
treatment, discovery of vaccines and drug development that could facilitate the containment of the virus
outbreak. However, coronavirus 3CL hydrolase (Mpro) enzyme is essential for proteolytic maturation of the
virus. Investigating this protein may expose a promising target for small molecule drug discovery that is
capable of inhibiting cleavage of the viral polyprotein and prevent the spread of its infection [7].
Evolutionarily, features of the enzymes are preserved [8-10], and a comprehensive analysis of such features
can help gain a deeper understanding of the protein functions and its roles. The analysis of unknown atomic
resolution model of SARS-CoV-2 viral protein (target protein) from its amino acid sequence and 3D
structure of a related homologous protein (template protein) are presented. A comparative model is highly
dependent on identifying at least one known protein structure that may resemble the structure of a query
sequence (target protein), which will then produce an alignment that maps the residues in the query sequence
to residues in the template sequence. Research has shown that three dimensional (3D) protein structure is
more conserved than protein sequences by evolution among homologues. However, sequences below the
range of 20% sequence identity usually possess structures that are highly different [11]. Homologous proteins
that occur naturally contain similar structures just as related proteins contain similar sequences [8]. Since 3D
structures of proteins in a family are jealously preserved than their sequences [9], protein structures are more
conserved than DNA sequences. Detectable levels of sequence similarity usually imply significant structural
similarity [10]. Sequence alignment and template structure are then deployed to produce a structural model of
the target.

The first important contribution of this study to the existing literature is the novel identification of
the binding site of COVID-19 main protease and surface cavity of binding pocket of the virus using various
simulation and analysis methods in the field of bioinformatics for possible target discovery. The other
essential contribution is the presentation of 3D structure of COVID-19 main protease. Since the influx of the
virus, many studies have been carryout in different domains, but a lot is not known about its protease yet,
which presents an apparent chasm in the literature that this study is making a distinctive contribution.

2. MATERIALS AND METHODS

Materials for this study include Uniprot database, Swiss-Model template library, basic local
alignment search tool (BLAST), HHBIits and protein database (PDB), which were used to build Mpro
tertiary structure. ProMod3 3.0.0 program on Swiss-Model workspace, MolProbity program, PROCHECK
tool, Ramachandran plot, Verify3D, and QMEAN were exploited for validating the reliability of the COVID-
19 structural model.

A self-optimized prediction method with alignment (SOPMA) was applied to compute the features
of the secondary structure while DeepSite algorithm was used to elucidate the binding site area. In-silico
procedure for 3D-model generation began with downloading Mpro (target) sequence from Uniprot database
with ID P15423. This was followed by selection of template, extraction of template structure on PDB
database and entry ID 6u7h.1.A was completed in a template alignment with target sequence. Model building
involving a tertiary structure, optimization and validation of the generated structure was implemented in the
homology modeling procedure. The PDB file of target protein COVID-19 Mpro was downloaded [5]. The
visual molecular dynamics (VDM) visualization program was used to view the secondary features of the
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protein [12]. FASTA format of the Mpro sequence with accession 1D P15423 was exhumed from the famous
UNIlversal PROTein (UniProt) database [13, 14]. The Swiss-Model template library (SMTL) version 2020-
03-25 with PDB release 2020-03-20 [15] was extensively screened using the BLAST server for related
structures that matched the target sequence. The ProMod3 3.0.0 program [16] was used to model the
COVID-19 Mpro as a PDB file described in homology modeling methods. The Swiss-Maodel workspace [17-
20] produced the 3D-structure of the target protein.

The MolProbity program [21] was used to evaluate the reliability of 3D atomic models of COVID-
19 Mpro. The program checks for validity of all experimental measurements of the molecular atoms,
consistency of the atomic model when compared to the experimental data and consistency of the model with
known physical and chemical properties. PROCHECK [22] was deployed to verify the steriochemical quality
of the models and selected the best model. The verify3D structure evaluation server [23, 24] and QMEAN
[25, 26] were employed for 3D profiling of the residue. SOPMA [27, 28] was used to analyze the secondary
structure evolution. The identification of active site was accomplished using the DeepSite, which is a state-
of-the-art machine learning algorithm based on deep convolution neural network method that uses a
volumetric overlap and a distance approach for determining the ligand binding site in a protein [29].

3. RESULTS AND DISCUSSION

The structure of COVID-19 Mpro was constructed with the template sequence of chain A as shown
in Figure 1. The selected template is an experimentally generated electron microscopy structure of spike
glycoprotein HCoV-229E (PDB ID: 6u7h.1.A) [30-32].

MFVLLVAYALLHIAGCQTTNGLNTSYSVCNGCVGYSEN
VFAVESGGYIPSDFAFNNWFLLTNTSSVVD GVVRSFQPL
LINCLWSVSGLRFTTGFVYFNGTGRGDC KGFSSDVLSD
VIRYNLNFEENLRRGTILFKTS Y GVVVFYCTNNTLVSG
DAHIPFGTVLGNFYCFVNTTIGNETTSAFVGALPKTVE
EFVISRTGHFYINGYRYFTLGNVEAVNENVTTAETTDF
CTVALASYADVLVNVSQTSIANIIYCNS VINRLRCDQLSF
DVPDGFYSTSPIQS VELPVSIVSLPVYHKHTFIVLY VDFE
PQSGGGRCFNCY PAGVNITLANENETKGPLCVDTSHET
TEYVAVYANVGR WS ASINTGNCPFSFGKVNNFVEFGS
VCFSLEDIPGGCAMPIVANWAYSKEYYTIGSLYVSWSDG
DGITGVPQPVEGVSSFMNVILDKCTKYNIYD VS GVGVI
RVSNDTFLNGITYTSTSGNLL GFKDVTEG TIYSITPCNPP
DQLVVYQQAVVGAMLSENFTS YGFSNVVELPKFFYASN
GTYNCTDAVLTYSSFGVCADGSIIAVQPRNVSYDSVSAI
VTANLSIPSNWTTSVQVEYLQITSTPIVVDC STY VENGN
VRCVELLEQYTSACKTIEDALENSARLESADVSEMLTFD
KKAFTLANVSSFGDYNLSSVIPSLPTS GSEVAGR SAIEDIL
FSKLVTSGLGTVDADYKKCTKGLSIADLAC AQY YN GIM
VLPGVADAERMAMY TGSLIGGIALGGLTSAVSIPFSLAI
QARINYVALQTDVLQENQKILAASFNEAMTNIVDAFT
GVNDAITQTSQALQTVATALNKIQD VVNQQGNSLNHL
TSQLEQNFQAISSSIQATYDRLDTIQADQQVDRLITGRLA
AINVFVSHTLTKYTEVRASRQLAQQKVNEC VESQSKERY
GFCGNGTHIFSIVNAAPE GLVFLHTVLLPTQYKDVEAW
SGLCVDGTINGY VLRQPNLAL YKEGNYYRITSRIMFEPRI
PTMADFVQIENCNVTFVNISRSELQTIVPEYID VNKILQ
ELSYKLPNYTVPDLVVEQYNQTILNLTSEISTLENKSAE
LNYTVQELQTLIDNINSTL VDL KWLNE VETYIEWEWW
VWLCISVVLIFVVSMLLLCCCSTGCC GFFSCFASSIRGCCE STKLPYYDVEKIHIQ

Figure 1. COVID-19 Mpro amino acid sequence (target sequence)

The homology modeling of 3D structure of COVID-19 Mpro was completed as shown in Figure 2
with PDB template and Uniprot target sequence. The structure is based on linear combination of the target
template alignment coverage of 99.10% sequence identity, 0.95 coverage with homotrimer oligo-state 3.1A
resolution and sequence similarity of 0.60.

The position specific iterated (psi) against pattern heat initiated (phi) distribution values of non-
glycine and non-proline residues on Ramachandran plot [33] are shown in Figure 3 and Table 1. During the
BLAST search, one hundred and seventeen (117) template matches were established. The quality feature of a
template was predicted for the templates identified by BLAST as obtained from the target template
alignment. The template with the highest quality feature of HCoV-229E belonging to the human coronavirus
S-protein family was selected for model building. This family is known to mediate receptor binding, fusion
of viral and host cell membrane, but maintaining the functions of the S-protein is yet undiscovered [30]. The
availability of 229E S-protein electron cryomycroscopy structure of in-silico 3D structure prediction may
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provide a broader intuition into immune evasion, cross-species and host-to-host transmission of COVID-19.
The Ramachandran plot of the model depicts 90.3% amino acid deposit in the favorable region and 0.1%
amino acid deposit in the disallowed region with a total residue deposit of 99.9% in favored and allowed
regions. However, classification of residues is based on quadrangular regions in the Ramachandran plot
analysis. The red area in the graph indicates the most allowed regions while yellow region shows the allowed
regions. The triangular signs represent glycine while squares represent other residues as shown in Figure 3
and Table 1. PROCHECK analysis provides an evidence that all residues fell within the expected limits of
the Ramachandran plot and is appraised a good model.
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Figure 2. The 3D model of COVID-19 Figure 3. Ramachandran plot of COVID-19 Mpro

Mpro by comparative modeling

The Verify3D ascertains whether the 3D atomic model is compatible with its own amino acid
sequence (1D) by assigning a structural class based on its location and environment (alpha, beta, loop, polar,
nonpolar) and comparing the results to good structures. Figure 4 verifies the compatibility level of the
COVID-19 model [26, 34]. The Verify3D graph shown in Figure 4 rated the model a PASS grade
corresponding to the acceptable environment of the model. Moreover, a rating of the model with 90.87% of a
residue above the required average was obtained, meaning that at least 80% of the amino acids have scored at
least 0.2 in the 3D/1D profile [35].

Table 1. Ramachandra plot statistics of COVID-19 Mpro

Statistics Residue Number  Percentage (%)
Residues in the most favored regions [A, B, L] 2411 90.3
Residues in the additional allowed regions [a, b, I, p] 237 8.9
Residues in the generously allowed regions [-a, -b, -1, -p] 20 0.7
Residues in the disallowed regions 2 0.1
Number of non-glycine and non-proline residues 2670 100.0
Number of end-residues (excl. Gly and Pro) 6 -
Number of glycine residues (shown in triangles) 216
Number of proline residues 99
Total number of residues 2991

The global model quality estimate (GMQE) of the target sequence model was evaluated using the
QMEAN4 based on four structural descriptors and results are presented in Figure 5 and Table 2. The GMQE
metric considers reliability scores ranging from 0 to 1 for the predicted model [25] with COVID-19 Mpro
model recording a raw score of 0.80. Good models are usually situated within the dark zone. The QMEAN
scoring function estimates the GMQE of the model on the basis of a linear combination of four structural
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descriptors, which are the statistical potentials of the mean force. The model is affirmed to be of a higher
quality because the Z-scores of Cp interaction energy, all atom pairwise energy, solvation and torsion are -
0.65 -0.84, -0.90 and -0.57 respectively as shown in Figure 5 and Table 2. The predicted global model
reliability is ranging from 0 to 1 [34]. The COVID-19 Mpro has a possibility of being a better model with the
global GMQE score of 0.80.

Figure 4. Verify3D graph of COVID-19 Mpro model

The local geometry is analyzed by a torsion angle potential over three consecutive amino acids. Two
distance-dependent interaction potentials based on CB atoms and all atoms are used respectively to assess
long-range interactions [34]. A solvation potential describes the burial status of the residues. Cheng et al. [36]
reported two terms reflecting the agreement between the predicted and calculated secondary structure and
solvent accessibility [37]. The QMEAN Z-score measures the features of the degree of nativeness observed
in a structural model and shows the model is comparable to existing experimental structures [25]. The
average Z-score for COVID-19 Mpro 3D-model is -1.01 according to the analysis as shown in Table 2 and
Figure 6.
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Figure 5. Global model quality estimate graph (with GMQE=0.80)

Table 2. Global quality estimate (Z-score) of COVID-19 Mpro

Scoring function terms Z-score
QMEAN score -1.01
Cp interaction energy -0.65
All-atom pairwise energy -0.84
Solvation energy -0.90
Torsion angle energy -0.57
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Figure 6 presents the result of the average Z-score and the position of our generated target model is
indicated by the red star, which is considered a good model because that position falls within the dark zone
region with Z-score less than 1. Consensus prediction from analysis of multiple alignments of secondary
structures is needed to determine if such amino acid lies within a helix strand or coil. Structural features
predicted by improvement in protein secondary structural based on SOPMA [28, 38-40] are represented in
Table 3. The enzyme was modeled with the standard conventions of the tool with an evidence that a-helix, 3-
sheets and loops are components of enzyme. The homology modeling algorithm has proved to be a vigorous
bioinformatics modeling tool. The a-helix dominated 32.05% amongst the secondary structure elements
quantified, followed random coils of 37.17% while B-sheets (turns) dominated 4.86% of the secondary
element quantification as represented on Table 3.

Comparison with Non-redundant Set of PDB Structuras

|Z-score|>2 »1l<|Z-score|<2 e|Z-sCore|<l % model

Figure 6. Absolute quality estimation graph for COVID-19 Mpro model

Table 3. Computed secondary structure elements of COVID-19 Mpro

Secondary structure Element quantity Percentage (%)
Alpha helix 376 32.05
30 helix 0 0.00
Pi helix 0 0.00
Beta helix 0 0.00
Extended strand 304 25.92
Beta turn 57 4.86
Bend region 0 0.00
Random coil 436 37.17
Ambiguous state 0 0.00
Other states 0 0.00

ProMod-3 3.0.0 server models the coordinates of enzyme. These are conserved areas between the
target and the template, which are then copied from the template to the model. Fragment library was used in
modeling insertion and deletion operations. Furthermore, side chains are rebuilt while force field is used in
regularizing the geometry of the built model [16]. Default parameters used in this prediction are window
width of 17, similarity threshold of 8 and number of state is 4 (Figure 7).

This study reports a suitable binding site of the experimental protein along with the centroid and
predicts the binding pocket involved in the active site formation as shown in Figure 8 [29]. The highest
percentage commanded by the coiled regions is interpreted to be the high level of conservation and stability
of the modeled structure [41]. The 3D image is distinguished by its grid of 1 x 1 x 1 A3 buffer to account for
pockets located to the protein edges sized voxels. This is a collection of atomic-based pharmacophoric effects
defined for each voxel and a voxel tenancy is dependent on the atoms in the protein, their volume and seven
other atom properties known as channels. The DeepSite server calculated the occupancy for each property of
each voxel of the 3D image of COVID-19 Mpro submitted as the maximum contribution of all atoms
belonging to that channel at its center. The active site position of the building protein lies within the
following scores and centroids: 0,0.9994552731513977 [171.4 - 143.6 - 133.6], 1,0.9972174167633057,
[197.4 - 163.6 - 171.6] and 2,0.9986205101013184, [147.4 - 181.6 - 179.6]. This location is the gold colored
area depicted in Figure 8.
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Figure 7. Secondary structure element distribution of COVID-19 Mpro

Figure 8. Cavity predictions by DeepSite represented by the gold-colored volume

The DeepSite takes as input the atomic properties and features (channels) of the sub-grids and
generates binding site that captures local patterns in the structure as output of the grid, which makes the
binding pocket prediction possible [29]. Consequently, this work gives the major coverage area and volume
of amino acid involved in predicting the binding site and locations for local pattern in the structure of the grid
for the characterization of binding pockets. The aromatic surface cavity of the binding pocket for the
predicted binding site of COVID-19 Mpro is represented by the green colored area in Figure 9. Further
experimental analysis of the protein will be necessary to get the drug design and discovery phase of this study
ascertained.

Figure 9. Aromatic surface of the binding pocket of COVID-19 Mpro
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4.  CONCLUSION

The purpose of this work was to identify the binding site in-silico and present a standard 3D
structure of COVID-19 main protease (Mpro) by homology modeling. A targeted effort to support global
response to combatting the SARS-2 COVID-19 pandemic has motivated the modeling of the main protease
of the disease as reported in this paper. The structural analysis of COVID-19 Mpro was completed with
application of diverse tools and software systems. The study findings have revealed that further
characterization of COVID-19 Mpro will be most useful for an expedient drug design based intervention,
regulation and control of the disease. Hence, our thought is that Mpro of COVID-19 may be considered a
potential drug target. Nevertheless, more experimental analyses, verification and validation experiments will
be required as a targeted drug or vaccine design against COVID-19 virus.
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