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Abstract
Novel coronavirus SARS-CoV-2 has infected millions of people with thousands of mortalities globally. The main protease 
(Mpro) is vital in processing replicase polyproteins. Both the CoV’s Mpro shares 97% identity, with 12 mutations, but none 
are present in the active site. Although many therapeutics and vaccines are available to combat SARS-CoV-2, these treat-
ments may not be practical due to their high mutational rate. On the other hand, Mpro has a high degree of conservation 
throughout variants, making Mpro a stout drug target. Here, we report a detailed comparison of both the monomeric Mpro 
and the biologically active dimeric Mpro using MD simulation to understand the impact of the 12 divergent residues (T35V, 
A46S, S65N, L86V, R88K, S94A, H134F, K180N, L202V, A267S, T285A and I286L) on the molecular microenviron-
ment and the interaction between crucial residues. The present study concluded that the change in the microenvironment 
of residues at the entrance (T25, T26, M49 and Q189), near the catalytic site (F140, H163, H164, M165 and H172) and in 
the substrate-binding site (V35, N65, K88 and N180) is due to 12 mutations in the SARS-CoV-2 Mpro. Furthermore, the 
involvement of F140, E166 and H172 residues in dimerization stabilizes the Mpro dimer, which should be considered. We 
anticipate that networks and microenvironment changes identified here might guide repurposing attempts and optimization 
of new Mpro inhibitors.
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Introduction

The year 2019 ended with a fatal outbreak of a novel coro-
navirus (SARS‐CoV‐2) identified as a causative agent for 
a series of unusual pneumonia cases in Wuhan City, Hubei 
Province of China [1, 2]. As the cases were reported sporadi-
cally, the WHO announced a Public Health Emergency of 

International Concern (PHEIC) for the 2019-nCoV outbreak 
in January 2020 (WHO.int). Furthermore, since the infec-
tion crossed geographical barriers, the WHO permanently 
named the 2019-nCoV pathogen SARS-CoV-2 and the caus-
ing coronavirus disease 2019 (COVID-2019) by declaring 
it a pandemic situation in March 2020 (WHO.int). The dis-
ease caused by SARS-CoV-2 presents vast pathophysiologi-
cal symptoms, including fever, coughing and shortness of 
breath in typical cases, whereas pneumonia, kidney failure 
and severe acute respiratory failure in severe cases [2, 3].

SARS-CoV-2 belongs to the subgenus Sarbecovirus, 
genus Betacoronavirus, Coronaviridae family and the 
Orthocoronavirinae subfamily. It is a β‐coronavirus of 2B 
(β-coronavirus) group and to date not reported zoonotic 
unlike earlier coronaviruses [4, 5]. SARS-CoV-2 is an 
enveloped single-stranded RNA virus (+ve ssRNA) with a 
genome size of 29.9 kb genome that spreads widely among 
humans and other mammals, causing a wide range of symp-
toms from the common cold to fatal diseases, such as severe 
acute respiratory syndrome (SARS) [6, 7]. Genome sequenc-
ing of SARS-CoV-2 has revealed 96% identical to the bat 
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coronavirus and 79.6% sequence identical to SARS-CoV 
[3]. Other known members of Betacoronavirus patho-
genic to humans are SARS-CoV, the causative agent of the 
2002–2003 outbreak [8], and Middle East respiratory syn-
drome (MERS-CoV), which broke out in 2012 [9]. Both 
have high mortality rates, 9.6% for SARS-CoV and 34.4% 
for MERS-CoV. Despite SARS-CoV-2 being genetically dis-
tinct from SARS-CoV, the proteome is quite similar. The two 
major types of protein are being identified for pathogenicity: 
nonstructural proteins (nsps) and structural proteins. The 
SARS-CoV-2 virus genome has 15 open reading frames 
(ORFs): ORF 1a (encodes nsp1- nsp11); ORF 1b (encodes 
nsp12 - nsp16); ORF S (encodes a spike [S] protein); ORFs 
3a, 3b, 6, 7a, 7b, 8, 9a, 9b and 10 (encode accessory pro-
teins); ORF E (encodes envelope protein, virus assembly 
and morphogenesis proteins); ORF M (encodes membrane 
protein and virus assembly proteins); and ORF N (encodes 
nucleocapsid protein) [10, 11]. With ribosomal frameshift-
ing during translation, the replicase gene of SARS-CoV-2 
encodes two overlapping translation products, polyproteins 
1a and 1ab (pp1a and pp1ab) [12]. Each of these poly-
proteins is then cleaved by the main protease (Mpro) and 
papain-like protease (PLpro) of SARS-CoV-2 to release 
11 (pp1a) and 5 (pp1ab) functional proteins necessary for 
viral replication.

As viral proteases play a vital role in processing the 
polyproteins translated from viral RNA, inhibitors designed 
against these proteases could effectively block coronavi-
rus replication, thus making the proteases attractive targets 
for drug discovery [6]. Viral proteases are suggested to be 
involved in SARS-CoV-2’s mechanisms of infection and 
pathogenicity [13]. The Nsp5 is the central protease (Mpro) 
of SARS-CoV-2, a chymotrypsin-like cysteine protease 
also known as “3C-like protease” (3CLpro); it is neces-
sary for viral replication, structural assembly and patho-
genicity [14]. The Mpro cleaves at least 11 sites during the 
proteolytic processing of pp1a and pp1ab. The recognition 
sequence at most sites is Leu-Gln↓(Ser, Ala, Gly) (↓ marks 
the cleavage site) [15, 16]. SARS-CoV-2 Mpro is classified 
as a chymotrypsin-like cysteine protease with a molecular 
mass of ~33.8 kDa [17]. Its recently discovered structure 
contains three domains: domains I (residues 1–101) and 
II (residues 102–184), which are made up of antiparallel 
β-barrel structures (13 β-strands) in a chymotrypsin-like 
fold responsible for catalysis; and the α-helical domain III 
(residues 201–306; 5 α-helices), which is required for enzy-
matic activity [16, 17]. A long loop (residues 185–200) con-
nects domains I and II with III. The substrate-binding site 
is located in a cleft between domains I and II, composed of 
a Cys-His dyad. The overall structure is similar to SARS-
CoV Mpro and with other β-coronaviruses Mpro (MERS-
Mpro, HKU5-Mpro and HKU4-Mpro) [17]. The structures 
of SARS-CoV-2 Mpro and SARS-CoV Mpro are similar, 

the main difference being the surfaces of the proteins, where 
12 different amino acids are located. Since the structure of 
SARS-CoV was first explained and, more recently, that of 
SARS-CoV-2 was available, numerous efforts have been 
made to inhibit viral-polyprotein cleavage by blocking 
active sites of the protein in order to prevent the spread of 
infection [15, 16]. Our present study attempted to identify 
the sequence and structural differences between SARS-CoV 
Mpro and SARS-CoV-2 Mpro and their dynamics differ-
ences using the Molecular Dynamics (MD) approach. Our 
findings could help researchers identify new compounds/
inhibitors against SARS-CoV-2 Mpro and add to the col-
lective knowledge of how these two Mpro differ in their 
structural dynamics, which will aid in repurposing their 
existing antiviral protease inhibitors.

Materials and methods

Sequence analysis

A comparison of the SARS-CoV-2 Mpro protein sequence 
with other Mpro sequences from coronaviruses known to 
cause SARS in humans, i.e. SARS-CoVs, MERS-CoV and 
HCoV, was performed. Additionally, a sequence from inter-
mediate host Bat-CoV-RaTG13 was also considered for the 
analysis. The basis for selecting these sequences was based 
on the historic outbreak of coronavirus infecting humans to 
assess the sequence-level similarity and divergence from an 
evolutionary point of view. The Mpro sequences in FASTA 
format were downloaded from NCBI for the SARS-CoV-2 
(GI: 1820435677), SARS-CoV (GI: 157834798), MERS-CoV 
(GI: 70842105), Bat-CoV-RaTG13 (NCBI: QHR63299.1) 
and four other human coronaviruses HCoV-HKU (GI: 
203282419), HCoV-OC43 (GI: 203282418), HCoV-NL63 
(GI: 403071823) and HCoV-229E (GI: 403071823), which 
have been known to cause SARS in human. The SARS-CoV-2 
was also checked individually with other Mpro sequences 
using BLAST (https:// blast. ncbi. nlm. nih. gov/ Blast. cgi) [18] 
to identify pair-wise sequence identity. Multiple sequence 
alignment was performed using ClustalW (http:// www. clust al. 
org/) [19] to identify conserved residues, followed by phyloge-
netic tree construction using MEGA6 [20]. ESPript3 (https:// 
espri pt. ibcp. fr/ ESPri pt/ ESPri pt/) was used for structure-based 
sequence alignment using the SARS-CoV-2 structure as a 
reference [21]. The Maximum Parsimony method was used 
for tree construction, followed by 1000 bootstrap iterations 
for statistical significance. Physicochemical parameters of 
all CoV Mpro, including isoelectric point, instability index, 
grand average of hydropathicity (GRAVY) and amino acid 
composition, were computed using the ProtParam (https:// 
web. expasy. org/ protp aram/) tool of ExPASy.

https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.clustal.org/
http://www.clustal.org/
https://espript.ibcp.fr/ESPript/ESPript/
https://espript.ibcp.fr/ESPript/ESPript/
https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
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Structure comparison of Mpro from SARS‑CoV 
and SARS‑CoV‑2

Numerous studies have been going on for Mpro from SARS-
CoV-2, which has recently led to rapid identification and 
deposition of 3D X-ray structures coordinates in PDB. The 
available structures of SARS-CoV-2 Mpro were downloaded 
from PDB for structure comparison. The SARS-CoV-2 Mpro 
structures have been solved in apo- and ligand-bound forms. 
For our comparative study, we used PDB ID: 6M03 (the 
crystal structure of COVID-19 main protease in an apo form) 
for SARS-CoV-2 and PDB ID: 2DUC (crystal structure of 
SARS coronavirus main proteinase (Mpro)) for SARS-CoV. 
For structure-based comparison, Mpro from CoVs infecting 
humans as well as other similar viruses infecting other hosts 
(i.e. infectious bronchitis virus (IBV), porcine transmissi-
ble gastroenteritis coronavirus, feline infectious peritonitis 
virus, porcine epidemic diarrhoea virus and murine hepatitis 
virus) was undertaken to access the fold similarity in Mpro 
known structures from different coronavirus infecting hosts 
other than humans. In the case of multiple structures avail-
able in PDB for the same protein, the one representing the 
structure for the complete protein with the highest structure 
resolution was chosen for structural comparison analysis. 
Mpro structures from other CoVs: SARS-CoV (PDB ID: 
5B6O), MERS-CoV (PDB ID: 5WKJ), BtCoV-HKU4 (PDB 
ID: 2YNA), HCoV-HKU1 (PDB ID: 3D23), MHV-A59-
CoV (PDB ID: 6JIJ), PEDV-CoV (PDB ID: 5ZQG), FIPV-
CoV (PDB ID: 5EU8), TGEV-CoV (PDB ID: 4F49), HCoV-
NL63 (PDB ID: 5GWY), HCoV-229E (PDB ID: 2ZU2) and 
IBV-CoV (PDB ID: 2Q6D) were downloaded from PDB 
(https:// www. rcsb. org/) for structural superposition. PyMOL 
[22], Chimera [23] and other tools were used for structural 
superposition and analysis of structural features in SARS-
CoV-2 Mpro and differences with other CoV Mpro.

Molecular Dynamics Simulations of Mpro 
from SARS‑CoV‑2 and SARS‑CoV

For comparison of dynamics of Mpro from SARS-CoV and 
SARS-CoV-2, PDB ID: 2DUC and PDB ID: 6M03 were used 
as the starting conformation in Molecular Dynamics Simula-
tions (MDS). To assess the comparison between monomer 
and dimer, four MDS were set up: SARS-CoV_monomer, 
SARS-CoV_dimer, SARS-CoV-2_monomer and SARS-
CoV-2_dimer. Each MDS setup was performed for a 50-ns 
production run, as reported in our earlier studies [24–26] 
using GROMACS ver.2016.4 [27] with Amber99SB force‐
field [28]. All the MDS systems were solvated with a sim-
ple point charge (SPC) water model in a dodecahedron box 
configuration with a distance of 1 nm from all the protein 
directions and periodic boundaries. The simulation setup was 
neutralized by adding an equal number of counter ions  (Na+/

Cl−) and subjected to energy minimization using the steepest 
descent algorithm to remove any steric clashes and wrong 
contacts before the actual MD run. Following minimization, 
equilibration with position restraint was carried out under 
NVT (constant number [N], constant volume [V] and constant 
temperature [T]) and NPT (constant number [N], constant 
pressure [P] and constant temperature [T]) ensemble for 100 
ps each. For NVT equilibration, a modified Berendsen ther-
mostat algorithm [29] was used to maintain the system at a 
constant volume for 100 ps and a constant temperature of 300 
K. NPT equilibration was performed at a constant pressure of 
1 bar for 100 ps maintained by Parrinello‐Rahman barostat 
[30]. For calculations of long‐range electrostatic interactions, 
Particle Mesh Ewald approximation was applied with a 1-nm 
cut-off [31] and computing coulomb & the van der Waals 
interactions, and the bond length was constraint using the 
LINCS algorithm [32]. Final production MD was simulated 
for a 50-ns run with default parameters. The trajectories were 
visualized using VMD [33] and Chimera [23]. For the calcula-
tion of root mean square deviation (RMSD), root mean square 
fluctuation (RMSF), hydrogen bonds (H‐bonds) and other 
analysis, in-built gmx commands were used in GROMACS, 
and the plotting tool GRACE was used for the generation and 
visualization of the plots (http:// plasma- gate. weizm ann. ac. il/ 
Grace) as reported in our previous study [34].

Clustering of conformations for ensemble 
generation and Essential Dynamics

To assess the dominant conformation acquired by CoV 
Mpro through the entire simulations was studied by cluster-
ing analysis. The entire MDS trajectories were subjected to 
RMSD-based clustering via the ‘gmx cluster’ that explores 
the conformational landscape among the ensemble of pro-
tein structures. The GROMOS algorithm, as described by 
Daura et al. [35], was used to determine the dominant con-
formation with a 0.15-nm Cα RMSD cut-off. For investiga-
tion of the global motion of SARS-CoV and SARS-CoV-2 
Mpro in dimer and monomer form, Principal Component 
Analysis (PCA) or Essential Dynamics (ED) analysis was 
carried out. Congruent to our earlier studies, the collective 
motion and essential dynamics of Cα backbone atoms were 
also examined for the entire simulations trajectories, as 
computed using gmx covar and gmx anaeig tools [36–39]. 
PCA is a method that reduces the complexity of the data 
and results in the concerted motion in the MD simulations. 
These motions are essentially correlated and significant for 
biological functions. The set of eigenvectors and eigenvalues 
was computed by diagonalizing the covariance matrix. The 
eigenvalues represent the amplitude of the eigenvector along 
with the multidimensional space, while the Cα displacement 
along each eigenvector shows the concerted motions of the 
protein in each direction. FES (free energy surface) (kcal/

https://www.rcsb.org/
http://plasma-gate.weizmann.ac.il/Grace
http://plasma-gate.weizmann.ac.il/Grace
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mol) was also computed for all four MD systems consid-
ering the conformational variability in terms of ROG and 
RMSD taken together and represented by Gibbs free energy. 
It represents a mapping of all possible protein conformations 
adopted during the entire simulation trajectory. RMSD and 
ROG calculated to the average structure for computing FES 
were used to ensure adequate sampling for FES calculations.

Results and discussion

Sequence analysis

We performed multiple-sequence alignment of SARS-CoV-2 
Mpro with its closest known homologs SARS-CoV, MERS-
CoV, Bat-CoV-RaTG13, HCoV-HKU, HCoV-OC43, HCoV-
NL63 and HCoV-229E to identify conserved segments in 
Mpro (Fig. S1). Pair-wise alignment revealed that the Mpro 
of SARS-CoV-2 resembled Bat-CoV-RaTG13 (99.35%) and 
SARS-CoV (96.08%). It shared 50.65%, 49.02%, 48.37%, 
44.30% and 41.04% sequence identity with other human 
coronaviruses HCoV-HKU, HCoV-OC43, HCoV-NL63 and 
HCoV-229E, respectively (Table 1). The catalytic dyad of 
Cys-His was also conserved throughout all sequences in the 
Mpro family as it is essential for enzyme activity. In addi-
tion, the physicochemical properties of SARS-CoV-2 Mpro 
were in the same range as those of other Mpro, as shown in 
Table 1. Mpro from SARS-CoV-2, SARS-CoV, MERS-CoV 
and Bat-CoV-RaTG13 were 306 amino acids long, and Mpro 
from the other four human coronaviruses were 303 amino 
acids long. Sequence comparison of Mpro of SARS-CoV-2 
and SARS-CoV revealed that SARS-CoV-2 Mpro had 12 
divergent amino acids, of which 5 positions had residues 
with structurally/chemically similar amino acid substitution.

The majority (8/12) of variable residues were found in 
the Mpro β-strand-rich domains I and II, where the inhibitor/
catalytic site is located; the remaining (4/12) residues were 
found in domain III. The connecting loop residues (185-200) 

had no variable residues (Fig. S1). Also, SARS-CoV-2 Mpro 
had only two changes compared with Bat-CoV Mpro, one 
of which was inclusive of the 12 changes in Mpro between 
SARS-CoV and SARS-CoV-2; this indicated that Bat-CoV 
was intermediate between SARS-CoV and SARS-CoV-2 
(Fig. S2). This finding was consistent with an initial report 
that SARS-CoV-2 is more comparable to SARS-CoV than 
MERS-CoV and shares a common ancestor with bat coro-
naviruses, suggesting bats as an intermediate host between 
SARS-CoV and SARS-CoV-2 [6].

The 12 residues in SARS-CoV-2 Mpro that differed from 
those in SARS-CoV Mpro were T35V, A46S, S65N, L86V, 
R88K, S94A, H134F, K180N, L202V, A267S, T285A and 
I286L. The substrate-binding pockets, including the active 
site residues T25, T26, H41, M49, F140, N142, G143, S144, 
C145, H163, H164, M165, E166, P168, H172, Q189, T190, 
A191 and Q192, were conserved in Mpro from both CoVs. 
Therefore, our analysis will collectively refer to these resi-
dues as active-site residues elsewhere.

Structure comparison of Mpro from SARS‑CoV 
and SARS‑CoV‑2

We downloaded the available three-dimensional (3D) 
X-ray structure coordinates for SARS-CoV and SARS-
CoV-2 Mpro PDB. In this study, we used PDB ID: 6M03; 
for SARS-CoV-2, the structure was in the apo form, i.e. 
without any other molecule except the protein. While for 
SARS-CoV Mpro, we used PDB ID: 2DUC (crystal struc-
ture of SARS coronavirus Mpro [Mpro]), also in apo form. 
PDB ID: 2DUC was in dimer form, and PDB ID: 6M03 
was in monomer form. To compare the dimer forms, we 
transformed the coordinates of 6M03 accordingly. SARS-
CoV-2 Mpro contained three distinct domains: domains I 
(residues 1–101) and II (residues 102–184)), made up of 
antiparallel β-barrel structures (13 β strands), connected to 
the α-helical domain III (residues 201–306) (5 α-helices) by 
a long loop (residues 185-200) (Fig. 1). The dimer interface 

Table 1  Sequence identities and physiochemical properties of SARS-CoV-2 Mpro compared with Mpro of other human coronaviruses

Mpro (%) similarity with 
SARS-CoV-2

Length (a.a.) Mol. Wt. 
(kDa)

pI Grand average of hydropathicity 
(GRAVY)

Instability index

SARS-CoV-2 100% 306 33.8 5.95 −0.019 27.65
Bat-CoV-RaTG13 99.35% 306 33.8 5.95 −0.007 28.36
SARS-CoV 96.08% 306 33.8 6.22 −0.049 29.67
MERS-CoV 50.65% 306 33.3 5.86 0.129 27.33
HCoV-HKU1 49.02% 303 33.2 5.78 0.16 34.51
HCoV-OC43 48.37% 303 33.4 6.06 0.105 22.61
HCoV-NL63 44.30% 303 32.8 6.39 0.145 31.67
HCoV-229E 41.04% 303 33.1 6.38 0.059 30.42
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residues were not involved in active site formation except 
F140, E166 and H172, which formed fundamental interac-
tions that served to open and close active sites, making the 
dimeric form biologically active [40, 41].

The 3D structure of SARS-CoV-2 Mpro was highly con-
served compared with that of SARS-CoV Mpro, as expected 
from the 96% sequence identity; the root-mean-square devia-
tion (RMSD) was 0.67 Å for all Cα positions (comparison 
between the two apo-enzyme structures SARS-CoV-2 Mpro; 
PDB ID: 6M03 and SARS-CoV Mpro; PDB ID: 2DUC). 
Mpro formed an active catalytic dimer in which each monomer 
consisted of an N-terminal catalytic region and a C-terminal 
region. Dimerization was regulated by domain III (residues 
201-306), a globular cluster of five helices [15, 40]. When 
superimposed on SARS-CoV Mpro, homo-dimer SARS-
CoV-2 Mpro revealed high structural identity in domain ori-
entations and active sites (Fig. S3). The tight dimer formed by 
SARS-CoV-2 Mpro had a contact interface of ~1558 Å and 
~1306 Å for SARS-CoV Mpro, between domain II of chain A 
and the NH2-terminal residues (‘N-finger’) of chain B, with 
the two molecules, oriented perpendicular to one another 
(Fig. 1) as computed using the PDBSUM program (http:// 
www. ebi. ac. uk/ thorn ton- srv/ datab ases/ cgi- bin/ pdbsum/) [42].

We also analysed the 12 residues between SARS-CoV-2 
Mpro and SARS-CoV Mpro (T35V, A46S, S65N, L86V, 
R88K, S94A, H134F, K180N, L202V, A267S, T285A and 

I286L) in terms of presence with the active/catalytic site. 
We found none in the active site, but just one of them, S46 
in SARS-CoV-2 (A46 in SARS-CoV), was located near the 
entrance to that site (Fig. 2).

To identify the structural conservancies of SARS-CoV-2 
Mpro from other Mpro of alpha, beta, gamma and delta 
coronaviruses, we identified structural homologs available 
in PDB using the Basic Local Alignment Tool (BLAST). 
The Mpro homolog structures identified from other CoVs 
were as follows: alphacoronavirus (PEDV-CoV (PDB ID: 
5ZQG), HCoV-NL63 (PDB ID: 5GWY), HCoV-229E (PDB 
ID: 2ZU2), FIPV-CoV (PDB ID: 5EU8) and TGEV-CoV 
(PDB ID: 4F49)), betacoronavirus (SARS-CoV (PDB ID: 
5B6O), MERS-CoV (PDB ID: 5WKJ), BtCoV-HKU4 (PDB 
ID: 2YNA), HCoV-HKU1 (PDB ID: 3D23) and MHV-A59-
CoV (PDB ID: 6JIJ) and gammacoronavirus (IBV-CoV 
(PDB ID: 2Q6D)). Sequence-based structural alignment 
using SARS-CoV-2 Mpro as a reference structure revealed 
a striking resemblance at the sequence and the structural 
level (Fig. S4). All of the secondary structural elements for 
domains I and II, i.e. antiparallel β-barrel structures (13 β 
strands), and domain III, i.e. 5 α-helices, were present in all 
of the CoV Mpro (Fig. S4). Phylogenetic analysis of these 12 
sequences and the newly identified BatCoV-RaTG13 Mpro 
revealed clear, distinct clades of alpha, beta and gammacoro-
naviruses. The SARS-CoV and SARS-CoV-2 Mpros formed 

Fig. 1  SARS-CoV-2 Mpro in 
monomer and dimer state: A 
monomer structure of SARS-
CoV-2 Mpro with domain 
assignment marked with residue 
ranges. B Dimer structure of 
SARS-CoV-2 Mpro coloured by 
domain assignment. C Dimer 
structure of SARS-CoV-2 
Mpro in surface representation 
coloured by domain assignment 
at two different angles. In all 
panels, domain I is marked in 
red, domain II in green, domain 
III in blue and the loop region 
with magenta

http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/
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a distinct clade from the rest of the sequences, with the latter 
very close to the recently identified BatCoV-RaTG13 Mpro 
[6].

Looking at the RMSD (Å) of the 12 superposed Mpro 
crystal structures, the most flexible regions seemed to be 
helical domain III (residues 201–306) and loops on the sur-
face. However, substrate-binding pockets were located in 
a cleft between domains I and II, which were still highly 

conserved among all CoV Mpro, suggesting the feasibility 
of designing antiviral inhibitors targeting this site (Fig. 3). 
It shows a variable tube representation of the Cα trace of 
12 Mpro homologous protein structures superimposed on 
SARS-CoV-2 Mpro; PDB ID: 6M03, and the tube size is 
proportional to the mean RMSD per residue between Cα 
pairs. The blue-to-red colour gradient shows sequence con-
servation from high to low. This analysis identified weak 

Fig. 2  Monomer structure alignment of SARS-CoV Mpro (red) and 
SARS-CoV-2 Mpro (blue) aligned with the Cα backbone. A The 
overall structure of SARS-CoV and SARS-CoV-2 Mpro with 12 dif-
fering amino acids is marked and shown in the sticks as red (SARS-
CoV Mpro) and blue (SARS-CoV-2 Mpro). The active site residues 
are coloured green. Close-up of active site residues represented in 

the sticks (side chains) as cyan (SARS-CoV-2 Mpro) and dark green 
(SARS-CoV Mpro). B The structure of SARS-CoV-2 Mpro in surface 
display in two angles (180° rotation) with 12 different residues from 
SARS-CoV Mpro marked and shown in blue sticks. The catalytic 
HIS41 and CYS145 residues are shown in green sticks, and other 
active site residues are shown on the green surface
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and strong structural conservation areas correlating with 
sequence similarity in substrate-binding pockets located 
in the cleft between domains I and II (Fig. 3). Conversely, 
we found sequence level variation (8/12) residues Mpro β 
strand-rich domains I and II, where the inhibitor/catalytic 
site was located; the remaining (4/12) residues were found in 
domain III. Our analysis indicated that the variations found 
in SARS-CoV-2 Mpro compared with SARS-CoV did not 
confer flexibility on the region where the inhibitor/catalytic 
site was located based on the RMSD (Å) deviation of Cα 
atoms.

Molecular Dynamics Simulations (MDS) of Mpro 
from SARS‑CoV‑2 and SARS‑CoV

The simulations were conducted to study the conformational 
behaviour, structural dynamics and stability of the Mpro of 
SARS-CoV-2 and SARS-CoV. We analysed the dimeric and 
monomeric forms' dimeric and monomeric forms' RMSD, 
RMSF, H‐bonds and PCA properties. A series of gmx 
commands and analysis was run for all four (SARS-CoV_ 
monomer, SARS-CoV_dimer, SARS-CoV-2_monomer 
and SARS-CoV-2_dimer) MDS to interpret the difference 
between Mpro from SARS-CoV-2 and SARS-CoV for single 
configurations according to functions like RMSD, RMSF 
and ROG by obtaining value/s for each time point through-
out the trajectory. Subsequently, the dynamics of both Mpro 
were also investigated in the time domain by averaging the 
fluctuations across entire simulations.

Stability of SARS‑CoV‑2 and SARS‑CoV Mpro

We investigated the overall stability of Mpro using an MDS 
run to assess configurational interpretation at each time 
point. Each 50-ns simulation RMSD value was evaluated to 
access the convergence of the simulation toward equilibrium 
in terms of the Euclidean distance from the average structure 
to a reference (crystal) structure. It is evident from the plots 
shown in Fig. 4 that most of the MDS reached equilibrium 
after 25 ns. Mean RMSD values of protein Cα backbones 
for SARS-CoV_monomer, SARS-CoV-2_monomer, SARS-
CoV_dimer and SARS-CoV-2_dimer were 0.17 ± 0.035, 
0.17 ± 0.025, 0.17 ± 0.020 and 0.13 ± 0.013 nm, respec-
tively. Mean RMSD values of the Mpro monomer of both the 
CoVs and Mpro from the CoV dimer were similar. The lower 
RMSD values of SARS-CoV-2_dimer compared with those 
of both Mpro monomer and SARS-CoV_dimer indicated 
the formation of a stable molecule. Further, we subjected all 
four MDS to Radius of Gyration (ROG) calculation for the 
entire 50-ns simulation. ROG measures the protein’s shape 
at each point by comparing it with the experimentally avail-
able hydrodynamic radius. Mean ROG values of protein Cα 
backbones for SARS-CoV_monomer, SARS-CoV-2_mono-
mer, SARS-CoV_dimer and SARS-CoV-2_dimer were 2.18 
± 0.011, 2.18 ± 0.014, 2.55 ± 0.0081 and 2.54 ± 0.0074 
nm, respectively (Fig. 4). ROG values of Mpro were similar 
between monomer and dimer forms in both CoVs, indicat-
ing that the overall shape was consistent irrespective of the 
changes at the residue level.

Fig. 3  Structural superposi-
tion of 12 CoV Mpro from 
different strains. A Superposi-
tion of 12 Mpro structures (Cα 
backbone) from different CoV 
onto SARS-CoV-2 Mpro as a 
query. B Representation of 12 
Mpro superposed structures 
using variable tube depiction, 
where the radius is proportional 
to the RMSD differences in Cα 
between SARS-CoV-2 Mpro 
and 12 other homologous Mpro 
structures. In both panels, blue-
to-red colour ramping is used 
to visualize and correlate con-
servation from strong to weak 
conservation areas. Domain 
assignments are marked with 
residue ranges in both panels



1316 Structural Chemistry (2023) 34:1309–1326

1 3

We also observed the formation of H-bonds for entire 
simulation trajectories of MD systems. The secondary 
structures that form the cores of protein structures under-
pinning the protein folding are stabilized by H-bonds and 
thus indicate the rigidity of the protein structure and speci-
ficity of intermolecular interactions between the secondary 
structures. Mean H-bond values of intramolecular interac-
tions of SARS-CoV_monomer, SARS-CoV-2_monomer, 
SARS-CoV_dimer and SARS-CoV-2_dimer were 211.73 
± 6.96, 217.415 ± 7.25, 441.363 ± 9.83 and 451.954 ± 
9.92 (Fig. S5). H-bond analysis indicated no substantial 
difference between Mpro or CoV in dimer or monomer 
form. To access the surface area of protein accessible to 
the solvent in which it was simulated, we calculated the 
surface accessible solvent area (SASA) variable for the 
entire trajectory. Total SASAs calculated for SARS-CoV_
monomer, SARS-CoV-2_monomer, SARS-CoV_dimer 
and SARS-CoV-2_dimer were 150.48 ± 2.28, 149.38 
± 2.18, 272.744 ± 3.18 and 265.811 ± 2.65 (Fig. S5). 

For the Mpro monomer, there is no significant difference 
between SARS-CoV and SARS-CoV-2, but for the dimer, 
the SARS-CoV-2 Mpro had little SASA values compared 
to SARS-CoV indicating a lesser magnitude of flexibility 
and instability.

SASA values of the 12 different residues and the active 
site residues are plotted in Fig. 5 for all four MD systems. 
For residues T35V, S65N and H134F, the SASA area was 
higher in SARS-CoV-2 than in SARS-CoV. This is because 
variable residue S65N was close to the binding site (T25, 
T26, M49 and Q189). Variable residue H134F was also criti-
cal, given that many functionally crucial residues (H172, 
E166, F140 (which are also involved in dimerization) and 
the oxyanion loop (140-144)) were found in its vicinity. In 
addition, H134F was also in the loop leading to the cata-
lytic residue C145. Conversely, for residues R88K, K180N 
and L202V, SASA values were lower in SARS-CoV-2 than 
in SARS-CoV. Again, this is because the variable residues 
R88K and K180N were close to the catalytic site.

Fig. 4  Molecular Dynamics Simulations of Mpro from SARS-CoV 
and SARS-CoV-2 in monomer and dimer structures, computing the 
deviation (nm) vs function of time (50 ns): RMSD of the protein Cα 
backbone atoms of SARS-CoV and SARS-CoV-2 Mpro in monomer 
(A) and dimer (B) forms. ROG of the protein Cα backbone atoms 

of SARS-CoV Mpro and SARS-CoV-2 Mpro in monomer (C) and 
dimer (D) forms. The inset graph represents average values with 
standard deviations, and SARS-CoV and SARS-CoV-2 Mpro are 
plotted in black and red, respectively
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SASA values of T285A and I286L were very different 
and lower for dimer than monomer. Specifically, T285A 
values were significantly lesser in SARS-CoV-2_dimer 
compared with SARS-CoV_dimer. This was correlated 
with the reduction in the distance between Cα of A285 
in SARS-CoV-2_dimer, which allowed the two domains 
III to approach each other closely, a finding supported 
by an earlier study [16, 41]. Our findings suggested that 
despite having overall structural similarity with those in 
SARS-CoV Mpro, the 12 divergent residues in SARS-
CoV-2 Mpro might affect the catalytic activity by modify-
ing the microenvironment of the catalytic site, conferring 
a potential change in SARS-CoV-2.

The SASA values for active site residues were also 
compared to compute the change in their exposure to sol-
vent vis a vis 12 different residues. The dimer values of 
T25 were more significant than the corresponding mono-
mer values in both the Mpro. For M49 and G143, SARS-
CoV-2 monomer and dimer values were lower than those 
for SARS-CoV Mpro. T25 and M49 were very close to the 
variable positions 46 and 65 and were possibly affected 
by them. Values of the residues at F140, H172 and E166 
in the case of the SARS-CoV-2 dimer were low compared 
to the SARS-CoV dimer, and these key residues are also 
involved in dimerization and vicinity to a variable resi-
due H134F in SARS-CoV-2 Mpro. The catalytic residue 
at C145 had a lower SASA value in SARS-CoV-2 than 
in SARS-CoV in monomer and dimer forms. Notably, 
variable positions A46S and H134F were found in a loop 
leading to this catalytic H41 and C145.

Residual fluctuations and molecular interactions 
in Mpro from SARS‑CoV and SARS‑CoV‑2

The root mean square fluctuations (RMSF) value is an impor-
tant measure of each atom’s fluctuation from its average posi-
tion. RMSF analysis reveals important insights into the flex-
ibility of molecular regions. RMSF plots for each MD system 
are shown in Fig. 6. The calculated average RMSF values 
for SARS-CoV_monomer, SARS-CoV-2_monomer, SARS-
CoV_dimer and SARS-CoV-2_dimer were 0.14 ± 0.054, 0.10 
± 0.056, 0.1015 ± 0.037 and 0.0825 ± 0.029 nm, respec-
tively. SARS-CoV-2 Mpro had lower RMSF values overall, 
with SARS-CoV-2_dimer having the lowest indicating higher 
stability and lower fluctuations. RMSF analysis of the protein 
backbone in SARS_CoV_monomer revealed the domain I 
region followed by domain II region as two of the most highly 
flexible regions in the case of SARS-CoV_ monomer. As 
shown in Fig. 6, we observed fewer fluctuations in domains I 
and II in the SARS-CoV-2_monomer, indicating the forma-
tion of a more stable molecule. In SARS-CoV-2_monomer, 
we found a continuous stretch of residues 20-110 to have 
many fewer fluctuations than its counterpart in SARS-CoV_
monomer; overall RMSF values of each domain in SARS-
CoV_dimer were lower than those in SARS-CoV_dimer.

Further, we analysed the individual RMSF values of the 
12 divergent residues and the residues forming active sites 
in Mpro and plotted them, as shown in Fig. 7. In the case 
of SARS-CoV-2_monomer, all the 12 divergent residues 
showed a significant decrease in fluctuations (RMSF) than 
SARS-CoV_monomer Mpro, except for the three variant 

Fig. 5  The plot of SASA values for individual residues in all four MD 
systems: A the plot of 12 divergent residues in SARS-CoV-2 Mpro. 
The X-axis represents the residue present in SARS-CoV-2, followed 

by the residue number and ending with the residue found in SARS-
CoV. B The plot of residues in the active site conserved in SARS-
CoV and SARS-CoV-2 Mpro



1318 Structural Chemistry (2023) 34:1309–1326

1 3

A267S, T285A and I286L, which are found in domain III. 
Alternatively, in both CoV dimers, all the variant residues 
in SARS-CoV-2 showed fewer fluctuations than SARS-CoV. 
The above three variants present in domain III also showed 
lesser values, maybe due to dimerization implications. Nota-
bly, in the case of SARS-CoV-2_monomer Mpro, the T35V, 
S65N, R88K, H134F and L202V residues had at least 50% 
lesser RMSF values compared to SARS-CoV_monomer. 

The variable residue S65N is close to the binding site (T25, 
T26, M49 and Q189); R88K is close to the catalytic site; 
H134F is present in the loop that leads to catalytic C145, as 
well as H172, E166 and F140 (residues involved in dimeri-
zation) are present in its vicinity.

The individual RMSF values of residues from the active 
site showed a trend similar to that observed in the 12 
divergent residues (Fig. 7). The residues of domain I had 

Fig. 6  Residue-wise RMSF 
deviations (nm) of Mpro from 
SARS-CoV and SARS-CoV-2 
in monomer and dimer form: A 
RMSF plot of both CoV Mpro 
in monomer form. The 12 diver-
gent residues in SARS-CoV-2 
are marked with a green line in 
the lower plot. The active site 
residues are marked with a red 
line in the upper plot. B RMSF 
plot of both CoV Mpro in 
dimer form. In both panels, the 
domain I, II and III residues are 
marked in red, green and blue, 
respectively
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significantly lower values in SARS-CoV-2_monomer than 
in SARS-CoV_monomer. In SARS-CoV-2_monomer Mpro, 
the T25, T26, H41 and M49 residues had significantly lower 
RMSF values than in SARS-CoV_monomer Mpro. Notably, 
the environments of the above residues were directly affected 
by variable residues like R88K, S65N and A46S. Unlike the 
monomer CoV, in the case of both the CoV dimer, all the 
active site residues in SARS-CoV-2_dimer showed fewer 
fluctuations than SARS-CoV_dimer. We observed a similar 
trend in the RMSF values of the 12 variant residues. Sur-
prisingly, the residues involved in dimerization (F140, H172 
and E166) showed no significant RMSF differences between 
monomer and dimer CoV. Overall, the results of our RMSF 
analyses correlated with those of our SASA analyses.

We analysed molecular interactions of critical residues 
in CoV Mpro (monomer and dimer) using the foldx pro-
gram to assess the final structure obtained after MD simula-
tions. We assessed the change in molecular interactions or 
networks in key residues that might have been introduced 
due to mutations in SARS-COV-2. The variable position at 
A46S, located near the entrance of the binding site (Fig. 2), 
lost its interaction with M49 (active site residue) in both the 
monomer and dimer forms of SARS-CoV-2 Mpro, which 
was found in a previous study [43]. The variable residue 
at position H134F resulted in a substitution of +ve charge 
H134 to a hydrophobic F134 that altered the environment, 
and its location at the loop leading to the oxyanion loop 

means it might serve to modulate the active site (interaction 
unique to SARS-CoV-2: A105 and SARS-CoV: G183). Vari-
able residue at L86V, located near the catalytic site, resulted 
in a loss of interaction in SARS-CoV-2 (SARS-CoV: G179). 
Another variable position, R88K, located near the catalytic 
site, altered the electrostatic interaction profile of SARS-
CoV-2 (unique to SARS-CoV-2: E55 & H164 and SARS-
CoV: F103 & K180). A94’s variable position resulted in the 
loss of its interaction with P96 in SARS-CoV-2.

Interestingly, the variable position at K180N resulted 
in a loss of all electrostatic interactions in SARS-CoV-2 
due to the mutation of +ve charged residue (K) to a polar 
uncharged residue (N). Otherwise, K180 in SARS-CoV- 
had electrostatic interactions with R40, R88, R105, D176, 
E178 and D187. The variable residues T285A and I286L in 
SARS-CoV_2 resulted in changes in interaction compared 
with SARS-CoV and new connections with T280 and G283 
(both chain B) at the interface of the dimer.

The catalytic residues H41 and C145 did not have a 
much-altered environment due to the mutations found 
in SARS-CoV-2. However, a new H-bond network was 
formed in SARS-CoV-2: H41 with H164, which is also 
one of the residues involved in active site formation. Such 
N-H···N hydrogen bonds formed by imidazole groups of 
two histidine residues (H41: H164) are rare in proteins 
[44]. Our SASA analysis indicated that H41 & H164 are 
relatively buried, and such N-H···N H-bonds formed by 

Fig. 7  RMSF plots showing 
deviations (nm) of selected 
residues from SARS-CoV and 
SARS-CoV-2 Mpro in monomer 
and dimer form: RMSF plots 
of 12 divergent residues from 
both the CoV Mpro in monomer 
(A) and dimer (B). The X-axis 
represents the residue present in 
SARS-CoV-2, followed by the 
residue number and ending with 
the residue found in SARS-
CoV. RMSF plots of active site 
residues from the CoV Mpro in 
monomer (C) and dimer (D)
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a pair of buried histidine may significantly contribute to 
structural stability [44] of the SARS-CoV-2 Mpro, which 
is evident by our above RMSD and RMSF analysis. There 
is no change in the network of C145 catalytic residues, 
which indicates that the integrity of C145 may be essential 
for its conserved protease activity. The M49 and Q189 at 
the active site entrance are essential gatekeepers for sub-
strate binding [45]. The network of M49 has been changed 
slightly in SARS-CoV-2 Mpro (gained in SARS-CoV-2: 
T45 & Q189 and lost: P52 & D187).

Similarly, in the other gatekeeper residue, Q192, its 
interaction with T190 was lost in SARS-CoV-2, while 
interaction with M165 was unique to SARS-CoV-2. G143 
gained a new interaction with N28 in the case of SARS-
CoV-2, which is absent in SARS-CoV. Similarly, a new 
interaction was gained by H163 to M165 in the case of 
SARS-CoV-2, which is absent in SARS-CoV. A criti-
cal residue, M165, found adjacent to the critical residue 
E166, which is required to open the substrate-binding site 
in CoV Mpro, has gained a unique connection in SARS-
CoV-2 (HISA163, VALA186, ASPA187 and GLNA192) 
which are absent in SARS-CoV Mpro. P168 gained a new 
interaction with T169 in the case of SARS-CoV-2, which 
is absent in SARS-CoV. For position T190, a potential 
network with Q192, another active site residue was lost in 
the case of SARS-CoV-2 Mpro.

The Mpro dimer form is functional due to crucial inter-
actions of residues F140, E166, H172 and H163 within and 
between the residues of another chain, specifically the N-finger 
that serves to open and close the active site as well as play an 
active role in dimerization [15, 40]. Our analysis of the inter-
action network of this essential residue revealed that the vital 
interaction of F140, E166 and E290 with N-finger residues of 
the other chain was maintained, in particular with residues S1 
and R4 of the other chain. Apart from the N-finger residues, 
E166 also interacted with N214, D216 and C300 of another 
chain in SARS-CoV and SARS-CoV-2 Mpro, but awe also 
observed a new interaction with SARS-CoV-2: R217. Interest-
ingly, S1 from the N-finger of the other chain formed a unique 
H-bond with H172 in SARS-CoV-2 but was absent in SARS-
CoV. H172 was one of the critical residues in the active site of 
CoV Mpro that formed a typical H-bond with S1 of another 
chain, which might also contribute to the restructuring pro-
cess of SARS-CoV-2 Mpro. E290 was another crucial residue 
that interacted with R4 of another chain, forming a salt bridge 
interaction, which we observed in both CoV. Our collective 
analysis of RMSF, SASA and molecular interactions revealed 
that the 12 divergent residues in SARS-CoV-2 Mpro altered 
the microenvironments of neighbouring residues. These modi-
fied interaction networks ultimately restructured the molecular 
environment of the Mpro active-site residues at the entrance 
(T26, M49 and Q192) and near the catalytic region (F140, 
H163, H164, M165 and H172).

Clustering of conformations for ensemble 
generation and Essential Dynamics

The conformational space and transitions in the SARS-
CoV and SARS-CoV-2 Mpro for monomer and dimer were 
inspected by Principle Component Analysis (PCA) analysis. 
The PCA is a statistical computation that decreases the com-
plexity of the MDS trajectories by extracting only the collec-
tive motion of Cα atoms while preserving most of the other 
variations. It calculates the covariance matrix of positional 
fluctuations for backbone atoms which may decipher the 
dynamics and coherted motions of Mpro from both SARS-
CoV and SARS-CoV-2. Figure 8 shows a plot of eigen-
values calculated from the covariance matrix of backbone 
fluctuations, plotted in decreasing order vs the respective 
eigenvector indices for all MD systems. Top 15 eigenvec-
tors accounted for 77.50 %, 75.36 %, 68.08 % and 60.83 % 
of motions observed for 50-ns trajectory for SARS-CoV_
monomer, SARS-CoV-2_monomer, SARS-CoV_dimer and 
SARS-CoV-2_dimer, respectively. The plot, shown in Fig. 8, 
is the 2D projection of the trajectories for two major princi-
pal components, PC1 and PC3, for SARS-CoV_monomer, 
SARS-CoV-2_monomer, SARS-CoV_dimer and SARS-
CoV-2_dimer which represents different conformations in 
2D space. The PCA analysis revealed the following obser-
vations. First, the 2D projection of SARS-CoV_monomer 
(Fig. 8B) has more variation compared to the other three: 
SARS-CoV-2_monomer (Fig.  8C), SARS-CoV_dimer 
(Fig. 8D) and SARS-CoV-2_dimer (Fig. 8E). Second, it 
is evident from the 2D plot that the SARS-CoV-2_mono-
mer (Fig. 8C) and SARS-CoV-2_dimer (Fig. 8E) showed 
higher stability and occupied lesser phase space compared 
to SARS-CoV_monomer (Fig. 8B) and SARS-CoV_dimer 
(Fig. 8D). This indicates that the Mpro of SARS-CoV-2 is 
stable in both forms and less flexible than SARS-CoV Mpro. 
The covariance and 2D plot analysis also indicated the pres-
ence of two well-defined clusters in SARS-CoV_monomer, 
SARS-CoV-2_monomer & SARS-CoV_dimer and only 
one defined cluster in the case of SARS-CoV-2_dimer. 
The covariance plots depict the positive and negative limits 
are depicted by the covariance plots where positive values 
are related to the motion of the atoms occurring along the 
same direction (correlated), whereas the negative values 
indicate the motion of the atoms in the opposite direction 
(anti-correlated). Our PCA analysis from MD simulations 
(50 ns) revealed that the SARS-CoV_monomer (Fig. 8B) 
and SARS-CoV_dimer (Fig. 8D) had large anti-correlated 
motion and the SARS-CoV-2_monomer (Fig.  8C) and 
SARS-CoV-2_dimer (Fig. 8E) had a balance of correlated as 
well as anti-correlated motion. Thus, the above results con-
cluded that SARS-CoV_monomer and SARS-CoV_dimer 
had increased flexibility and conformational space compared 
to the SARS-CoV-2_monomer and SARS-CoV-2_dimer 
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and notably, the most stable and less flexible was of SARS-
CoV-2_dimer. Fifty structures were extracted from each MD 
simulation for essential dynamics visualization, projecting 
the extremely selected eigenvectors (Fig. S1). The extreme 
motion of SARS-CoV-2_monomer and SARS-CoV-2_dimer 
was less deviating compared to SARS-CoV_monomer and 
SARS-CoV_dimer, indicating a stable conformational space. 
The width of the main-chain trace represents fluctuations 
throughout the timescale of MD simulations.

For visualizing the direction and extent of the principal 
motions, the first and last eigenvector was plotted in a por-
cupine plot representation in which the arrows indicate the 
direction of the eigenvector and the magnitude of the cor-
responding value (Fig. 9). The plot shows that SARS-CoV_
monomer had cone projection throughout the three domains, 
while the SARS-CoV-2_monomer had less coherted motion 
in domains I and II. At the same time, the most stable and 

with the tiniest cone projection was the SARS-CoV-2_dimer 
indicating the most stable system formation. This result was 
in correlation with PCA analysis.

GROMOS 36-based clustering algorithm was applied to 
all four MDS setups to generate representative structures for 
the conformational space traversed by the MDS. The method 
creates representative RMSD-based clusters from the trajec-
tory frames. It counts the number of the neighbouring struc-
ture using a 0.15-nm cut-off and then forms a cluster set with 
the largest number of neighbour structures, followed by its 
elimination from the pool of clusters. The process is repeated 
for the remaining frames to identify other clusters with 
decreasing number of neighbour structures, and each cluster’s 
centroid is used as a representative structure. These centroid 
structure members from each cluster are representative struc-
tures of different frames. The RMSD values in the clusters 
range from 0.0519 to 0.41 nm (average 0.158004), 0.0501 

Fig. 8  PCA 2D projection scatters plot of SARS-CoV and SARS-
CoV-2 Mpro: A Overlay of 2D scatter plot projection of the motion 
of the proteins in phase space for the two principal components, 
PC1 and PC3, derived from four MD simulation setups. Panel B, 
C, D and E represent individual 2D plots of SARS-CoV_monomer, 
SARS-CoV-2_monomer, SARS-CoV_dimer and SARS-CoV-2_

dimer, respectively. F Plot representing Eigenvalues calculated from 
the covariance matrix of Cα backbone fluctuations vs the respective 
eigenvector indices for the first 50 eigenvectors from 1000 eigen-
vectors. For all the panels, the colour representation is SARS-CoV_
monomer (black), SARS-CoV-2_monomer (red), SARS-CoV_dimer 
(green) and SARS-CoV-2_dimer (blue)
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to 0.304 nm (average 0.146737), 0.0517 to 0.273 nm (aver-
age 0.139786) and 0.0532 to 0.247 nm (average 0.128409) 
for SARS-CoV_monomer, SARS-CoV-2_monomer, SARS-
CoV_dimer and SARS-CoV-2_dimer, respectively. Nineteen, 
16, 12 and 5 clusters with 798, 1273, 637 and 158 transitions 
were observed for SARS-CoV_monomer, SARS-CoV-2_
monomer, SARS-CoV_dimer and SARS-CoV-2_dimer, 
respectively. The representative structures from each cluster 
from SARS-CoV_dimer and SARS-CoV-2_dimer simu-
lations are shown in Supplementary Figs. S2 and S3. Our 

cluster analysis indicated that the Mpro of SARS-CoV-2 in 
both forms is stable and less flexible than SARS-CoV Mpro, 
while the SARS-CoV-2_dimer had a stable and least num-
ber of conformations. The free energy surface analysis was 
performed for all the MD systems, representing the confor-
mational variability in ROG and RMSD taken together and 
represented by Gibbs free energy (Fig. 10). The same trend 
as PCA and cluster analysis was also observed in FES. CoV_
dimer Mpro had converged free energy, and specifically, the 
SARS-CoV-2_dimer had the most converged free energy 

Fig. 9  The porcupine plot for conformational variability is computed 
from the crystal structure and average MD simulations ensemble. Por-
cupine plots of A SARS-CoV_monomer, B SARS-CoV-2_monomer, 
C SARS-CoV_dimer and D SARS-CoV-2_dimer. The length of the 

cone is proportional to the conformational variability, while the colour 
of the cone is represented by deviation in RMSD as indicated in the 
respective colour scale in each plot
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representing clustered RMSD and ROG values observed in 
its entire simulations.

Conclusion

A fatal outbreak of a novel coronavirus (SARS‐CoV‐2) was 
identified as a causative agent for SARS disease in Wuhan; 
China infected millions of lives, affecting ~213 countries 
globally. WHO announced a Public Health Emergency of 
International Concern (PHEIC), referring to the pathogen 
as SARS-CoV-2 and declaring it a pandemic [46]. Mpro 
is the central protease involved in polyprotein processing, 
thus assisting the virus in infection and proliferation. Despite 
having a high sequence similarity level, these homologous 
proteins’ active sites differed significantly in shape and 
size, implying that repurposing drugs for COVID-19 may 
be futile. The Mpro cleaves the pp1ab (polyprotein) into 
mature nsp(s), which are essential for viral replication and 
are rather evolutionary conversed among coronaviruses 
[47]. The human counterpart of viral proteases with the 
same specificity has not been discovered, making Mpro an 
ideal target for drug discovery against coronavirus infec-
tions [48]. The Mpro monomer is enzymatically inactive, 
unlike the dimeric Mpro. Generally, studies targeting Mpro 
have employed two strategies: (i) lead molecules targeting 
the substrate-binding pocket to block the catalytic activity 
and (ii) molecules inhibiting the Mpro dimerization [49]. 

However, no lead molecule targeting the catalytic binding 
pocket has reached clinical trials. The latter strategy target-
ing dimerization is not explored with full potential, and there 
are few reports on inhibitors targeting Mpro dimerization 
[50, 51]. The residues involved in Mpro dimerization are 
Arg4, Ser10, Gly11, Glu14, Asn28, Ser139, Phe140, Ser147, 
Glu290 and Arg298 [49]. An earlier study on SARS-CoV 
Mpro identified conserved serine residues (Ser139, Ser144 
and Ser147) located in the proximity of the active site that 
can be targeted to inhibit the protease activity [52]. An ear-
lier study indicated that the alanine substitution of Ser147 
leads to dimer instability, and this Ser147 forms H-bonds 
with the backbone of Ser144 and His163 residues [53]. 
Our study revealed that Met165 had a unique connection in 
SARS-CoV-2, particularly with His163, absent in SARS-
CoV Mpro.

The detailed analysis of the conformational changes in the 
binding pocket throughout the simulation shows the changes 
in flexibility and plasticity, which shows the possibility of 
reliable drug design. The effect of the variant residues on 
overall protein stability, active site residues and fluctuations 
were also analysed for both the CoVs Mpro in a monomer 
and a dimer. The insights revealed in our study agree with 
an earlier similar MD simulation study of the dimeric and 
monomeric form of a SARS-CoV Mpro by Zheng et al. 
[54]. The present MD simulation study attempted to test 
how the mutation accumulated in SARS-CoV-2 Mpro indi-
rectly reconfigures the critical molecular networks around 

Fig. 10  Free energy surface of Mpro computed over entire simulations 
(50ns): FES (in kcal/mol) for Mpro from A SARS-CoV_monomer, B 
SARS-CoV-2_monomer, C SARS-CoV_dimer and D SARS-CoV-2_

dimer considering the conformational variability in terms of ROG and 
RMSD took together and represented by Gibbs free energy
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the active site in SARS-CoV-2. Suarez and Diaz have per-
formed a similar study investigating the structure and flex-
ibility of the hydrated SARS-CoV-2 Mpro with 2-μs MD 
simulation [55]. Our present findings are somewhat consist-
ent with this report; particularly the inter-domain motions, 
interactions, inter-residue contacts and molecular networks 
are the catalytic site. A complete comparison of our study 
with the previously reported ones was not feasible. The pri-
mary reason is that most of the similar reports are focused 
on structure-activity relationships, whereas the present study 
aims to compare the SARS-CoV and SARS-CoV-2 Mpro 
monomer and dimer and study the effect of variable residues 
(mutations) on the structure.

Besides, it was also found that SARS-CoV-2 Mpro is 
more stable than SARS-CoV Mpro; the biological active 
SARS-CoV-2 dimer was more stable. A similar finding was 
reported by Goyal and Goyal, where emphasis on consider-
ing the dimer form of Mpro for drug designing was high-
lighted [49]. Although our results differ from a similar study 
by Tekpinar and Yildirim which concluded that SARS-CoV 
Mpro and SARS-CoV-2 Mpro display similar dynamics, the 
study included an N3 ligand, which could have impacted 
such behaviour [56]. Furthermore, another study attempted 
to identify the dimer-monomer equilibrium of SARS-CoV-2 
Mpro by small molecule inhibitor using SAXS experiments 
[57]. Therefore, we suggest utilizing the present findings 
for any further drug identification and repurposing studies.
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