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ABSTRACT

SARS-CoV-2 main protease is one of the major targets in drug development efforts against Covid-19.
Even though several structures were reported to date, its dynamics is not understood well. In particu-
lar, impact of dimerization and ligand binding on the dynamics is an important issue to investigate. In
this study, we performed molecular dynamics simulations of SARS-CoV and SARS-CoV-2 main pro-
teases to investigate influence of dimerization on the dynamics by modeling monomeric and dimeric
apo and holo forms. The dimerization causes an organization of the interdomain dynamics as well as
some local structural changes. Moreover, we investigated impact of a peptide mimetic (N3) on the
dynamics of SARS-CoV and SARS-CoV-2 Mpro. The ligand binding to the dimeric forms causes some
key local changes at the dimer interface and it causes an allosteric interaction between the active sites
of two protomers. Our results support the idea that only one protomer is active on SARS-CoV-2 due
to this allosteric interaction. Additionally, we analyzed the molecular dynamics trajectories from graph
theoretical perspective and found that the most influential residues — as measured by eigenvector cen-
trality — are a group of residues in active site and dimeric interface of the protease. This study may
form a bridge between what we know about the dynamics of SARS-CoV and SARS-CoV-2 Mpro. We
think that enlightening allosteric communication of the active sites and the role of dimerization in
SARS-CoV-2 Mpro can contribute to development of novel drugs against this global health problem as
well as other similar proteases.

Abbreviations: COVID-19: Coronavirus Disease 2019; LMI: Linear Mutual Information; Mpro: main pro-
tease; MD: Molecular Dynamics; N3: N-[(5-METHYLISOXAZOL-3-YL)CARBONYL]JALANYL-L-VALYL-N~1~-
((1R,2Z)-4-(BENZYLOXY)-4-OXO-1-{[(3R)-2-OXOPYRROLIDIN-3-YLIMETHYL } BUT-2-ENYL)-L-LEUCINA MIDE;
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Introduction

Covid-19 is a global health problem that has been affecting
the entire world since the end of 2019 (China Novel
Coronavirus Investigating and Research Team, 2020). About
66 million individuals were diagnosed with Covid-19 and the
disease caused death of about 1.5 million people as of 8
December 2020 (https://covid19.who.int/). Genome of epi-
demiological agent of Covid-19, namely SARS-CoV-2 virus,
contains two proteases that help it replicate in host cells.
These proteases are 3C-like protease and papain like prote-
ase. 3C-like protease, also known as main protease (Mpro), is
a major drug target since human beings do not have any
homolog of it.

SARS-CoV-2 Mpro is a homodimer and each protomer
contains 306 residues. Each protomer has two major
domains: catalytic domain (residues 1 to 180) and extra-
domain (residues 200 to 306). Active site residues H41 and
C145 are sandwiched between two subdomains of the

catalytic domain. The major domains are connected with a
flexible region of 19 amino acids and the domains are ori-
ented in an approximately tetragonal molecular geometry
(Figure 1(A,B)). Even though SARS-CoV Mpro is not different
structurally from the SARS-CoV-2 Mpro, there are 14 muta-
tions at various locations (See Figure 1 and Supporting
Information Figure S1).

Several experimental structures of SARS-CoV-2 Mpro were
reported to date but most of the structures, even the ones
with mutations, are not significantly different (> 3 A RMSD)
from each other. Even though we have a lot of structural
information about SARS-CoV-2 Mpro, the role of its dynamics
and role of dimerization is not well-understood.
Understanding impact of dimerization on the dynamics of
SARS-CoV-2 Mpro can open new venues for potential thera-
peutics (Goyal & Goyal, 2020). In fact, several experimental
and computational studies were conducted to understand
influence of dimerization on SARS-CoV Mpro (Chen et al,
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Figure 1. SARS-CoV-2 Mpro given in New Cartoon representation. Coloring is according to chain IDs (or protomers): A, blue; B, red. Each protomer contains two
major domains. Catalytic domain and extra domain were highlighted with transparent surface representation. The residues connecting the catalytic and extra
domains is shown in black tube representation. Residue 139 and catalytic dyad residues (H41 and C145) are presented in Licorice representation. SARS-CoV Mpro
differs from SARS-CoV-2 Mpro at the mutation sites highlighted as cyan VDW spheres. (A) Front view. (B) Side view. (C) 2D structure of N3. All protein visualizations

were produced with VMD (Humphrey et al., 1996).

2006, 2008; Shi et al., 2008; Shi & Song, 2006; Wei et al.,
2006; Zheng et al., 2007). However, our knowledge on
impact dimerization on structure and dynamics of SARS-CoV-
2 Mpro is still quite limited.

Another issue that may have a potential to open new
therapeutic venues is investigation of allosteric interactions
and their relations to the dynamics of proteases
(Gunasekaran et al., 2004; Lee, 2015; Sheik Amamuddy,
Veldman, et al., 2020). Indeed, there are some studies on
allosteric interactions of SARS-CoV Mpro and their relation to
its dynamics (Barrila et al., 2006; Lim et al, 2014, 2019). On
the other hand, there is only a single coarse-grained elastic
network model study that investigate allosteric interactions
SARS-CoV-2 Mpro (Dubanevics & McLeish, 2021). As we will
show later, dynamically driven allosteric interactions may
exist between side chain atoms as well as representative
atoms like Ca atoms. Therefore, an atomic level investigation
can reveal valuable information in this front.

Molecular dynamics (MD) simulation method is an estab-
lished computational method to understand dynamics of
proteins in different temporal (from picoseconds to microsec-
onds) and spatial domains (from individual atoms to multiple
subunits; Karplus & McCammon, 2002; Adcock & McCammon,
2006). For SARS-CoV-2, several MD studies were conducted
to investigate impact of the dynamics but most of them
were short simulations aiming to identify potential com-
pounds against SARS-CoV-2 (Alamri et al, 2020; Alazmi &
Motwalli, 2020; Ghosh et al., 2020; Khan et al., 2020; Kumar
et al, 2020; Liang et al., 2020; Tahir Ul Qamar et al., 2020).
The dynamics of SARS-CoV and SARS-CoV-2 Mpro need to be
enlightened further from different perspectives. For example,
how dimerization can affect the dynamics is an important
and open research question to investigate because muta-
tions can render several inhibitors targeting only active sites
(Kurt Yilmaz et al, 2016). There is only a single computa-
tional study focused on the impact of the dimerization SARS-



CoV-2 Mpro. Though quite informative, that study lacks a
comparison of the dynamics of SARS-CoV Mpro and SARS-
CoV-2 Mpro from the dimerization perspective (Suarez &
Diaz, 2020). Additionally, impact of peptide or ligand binding
on the dynamics is another issue that is worthy of further
research. Enlightening these issues and revealing allosteric
interactions can have a broad impact not just on Covid-19
but on all viral diseases that utilize similar proteases and
mechanisms for replication. More importantly, it is necessary
to compare the dynamical similarities and differences
between SARS-CoV and SARS-CoV-2 to see how much they
are similar in terms of their dynamics. In this way, we can
form a bridge between SARS-CoV and SARS-CoV-2 Mpro
dynamics. As a result, we can see which information on
SARS-CoV Mpro dynamics is transferrable to SARS-CoV-
2 Mpro.

Due to the reasons explained in the previous paragraphs,
we performed atomistic MD simulations of SARS-CoV Mpro
and SARS-CoV-2 Mpro to understand the impact of dimeriza-
tion and ligand binding on the dynamics and structures. We
used a peptide mimetic called N3 to investigate impact of
ligand binding (Figure 1(C)). This peptide mimetic was shown
experimentally to bind several proteases including SARS-CoV
and SARS-CoV-2 (Cui et al, 2019; Jin et al, 2020; Li et al.,
2007; Wang et al., 2016, 2017; Xue et al., 2007).

We performed the following simulations to do a system-
atic investigation: At first, we performed one microsecond-
long MD simulations of monomeric and dimeric apo forms
of SARS-CoV and SARS-CoV-2 Mpro. Then, we carried out
one microsecond-long MD simulations of the monomeric
and the dimeric forms with N3 to analyze how ligation
affects the dynamics of SARS-CoV and SARS-CoV-2 Mpro.
After these simulations, we performed a local analysis of
catalytic dyad residues (H41 and C145) and residue 139,
which is a key residue at the interface of the dimers. Finally,
we analyzed linear correlations with linear mutual informa-
tion (LMI) to identify impact of dimerization. We utilized the
LMI maps to build a network with graph theory and tried to
identify residues sensitive to effector binding using eigen-
vector centrality obtained from this network.

Materials and methods
Materials

PDB structure 6y2e was used to model apo state of SARS-
CoV-2 Mpro (Zhang et al., 2020). PDB structure 6lu7, which
contains also the coordinates of N3, was used as starting
structure to investigate dynamics of the holo state of SARS-
CoV-2 Mpro (Jin et al., 2020). For SARS-CoV Mpro, PDB struc-
ture 192w was used to model apo state and 2hob was used
to model N3 bound state of SARS-CoV Mpro (Xue et al.,
2007). All PDB structures contained only a monomer in the
asymmetric unit. The biological unit and the symmetry oper-
ations therein were used to obtain the dimers. The first chain
and the second chain were named as protomer A and proto-
mer B in all simulations, respectively (Figure 1).
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Methods

Parameterization of N3

Antechamber (Wang et al., 2006) was used to calculate the
AM1 BCC partial charges (Jakalian et al, 2002) of N3 with
GAFF (Wang et al., 2004) and the topology file of N3 for
GROMACS was obtained with Acpype tool (Sousa da Silva &
Vranken, 2012).

Molecular dynamics simulations

Both monomeric and dimeric systems were solvated in a
rhombic dodecahedral box with periodic boundary condi-
tions and a minimum distance of 12 A between the solvent
and the box. The sodium and chloride ions were added to
neutralize the net charge of the systems at a concentration
0.15M. TIP3P water model was used to model the interac-
tions of water molecules and AMBER99SB-ILDN force field
was preferred for the proteins in all simulations (Lindorff-
Larsen et al, 2010; Jorgensen et al., 1983). System composi-
tions for all simulations are given in Supporting Information
Table S1.

All MD simulations were performed with GROMACS 2018
(Pall et al, 2015; Pronk et al., 2013; Van Der Spoel et al,
2005). After minimizations, the systems were equilibrated in
NVT ensemble for 1ns. After 1ns-long NPT equilibrations, 1
microsecond-long production runs in identical conditions to
the NPT run were carried out. The pressure was set to 1 bar
and the simulation temperature was set to 298.15K. The
pressure was controlled with Berendsen barostat while the
temperature was controlled with velocity rescaling algorithm
during NPT simulations (Saint-Martin et al., 2004). Particle
mesh Ewald method was used to model the electrostatic
interactions (Darden et al., 1993; Essmann et al., 1995). The
bond lengths and angle of water molecules were constrained
with SETTLE algorithm and LINCS algorithm was used to con-
straint the hydrogen bonds (Hess, 2008; Hess et al., 1997;
Miyamoto & Kollman, 1992). Time-step was 2 fs in all simula-
tions and the trajectories were sampled every 200 ps.
Production runs were also under isobaric-isothermal ensem-
ble but Parrinello-Rahman barostat (Parrinello & Rahman,
1981) was utilized during the production runs. All simulations
were triplicated with a different initial random seed to inves-
tigate reproducibility of the results.

Linear mutual information
LMI is a parameter widely used to investigate linear correla-
tions of protein fluctuations. Unlike Pearson correlations, it
does not suffer from the angular dependency problem
(Lange & Grubmuller, 2006). To calculate LMI between resi-
dues i and j, one has to calculate G = (x/x;) and C;=
(x,-,xj)T(xf,xj)))> where x; = R; — (R;). Here, R; denotes the
position vector of atom i. Inserting C;, C; and Cj into the fol-
lowing equation

1
LMI; = > [In(detG;) 4 In(detG) — In(detCy)]
gives us pairwise LMI. LMI between a residue pair is 0 when
there is no correlation, and it is 1 when they are completely
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Figure 2. RMSD plots of SARS-CoV and SARS-CoV-2 Mpro in monomeric (left column) and dimeric forms (middle and right columns) for all simulations. (A) SARS-
CoV-2 - Mpro apo (PDB ID: 6y2e). (B) SARS-CoV-2 — Mpro holo (PDB ID: 6lu7). (C) SARS-CoV — Mpro apo (PDB ID: 1g2w). (D) SARS-CoV — Mpro holo (PDB ID: 2hob).

correlated. g_correlation program developed by Lange and
Grubmuller was used to calculate pairwise LMI (Lange &
Grubmuller, 2006).

Graph theory and eigenvalue centrality

In recent years, dynamical cross-correlations (DCC), linear and
generalized mutual information have been widely used to
identify key residues that can affect function of biological
macromolecules upon mutation or effector binding (Negre
et al,, 2018; Penkler et al,, 2018; Sethi et al, 2009; Van Wart
et al, 2014). According to the application of this theory to
protein dynamics, all Ca atoms (or any other selected atom
type) form the nodes of a graph. The edges correspond to
pairwise interactions between the nodes and a weight
(importance) can be assigned to each edge. The weights can
be Euclidean distances, hydrogen bonds, covalent bonds or
DCGCs, LMIs and so forth (Di Paola et al., 2013). Since we
want to analyze importance of the dynamics, LMI; (in fact,
-log(|LMI;|) obtained from the trajectories was assigned as
edge weights between residues i and j. Only the residues
above a certain LMI (>0.3) and distance threshold (<7 &) are
considered interacting with each other, namely forming an
edge. We should note that similar threshold values were
used in other studies as well (Lim et al., 2014; Sethi et al,
2009; Van Wart et al., 2014; Sheik Amamuddy, Verkhivker,
et al., 2020; Botello-Smith & Luo, 2019).

In such a network, degree of a node is sum of its edge
weights. Therefore, the nodes that have a high coupling to
the surrounding residues have a high degree. Degree of a
node by itself does not imply importance of a residue. To
determine if a residue is influential, it is important to con-
sider the degree of the nodes it is connected as well. For
example, the people with high number of friends are the
ones with a high degree in a social network. However, only
having several friends that have a high degree can make an
individual an influential person. In this sense, eigenvector
centrality is a measure used to quantify the influence of a
node in a network (Zaki & Meira, 2014). Eigenvector central-
ity was used before to assess key residues to effector binding
in IGPS (Negre et al., 2018). Motivated by the IGPS results,
we calculated eigenvector centrality of each residue in the
dynamics network of SARS-CoV-2 and SARS-CoV Mpro in
order to analyze only the dimeric states. We utilized
NetworkX (https://networkx.github.io/) and correlationplus
(https://github.com/tekpinar/correlationplus) Python pack-
ages for eigenvector centrality calculations.

Results and discussion
Stability of the proteases in the simulations

We plotted Ca RMSD of all simulations in Figure 2. In add-
ition, time evolutions of all simulations are presented in
Supporting Information Movies S1-S8 from front and back
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Figure 3. Intrachain LMI maps of SARS-CoV and SARS-CoV-2 Mpro in monomeric (left column) and dimeric forms (middle and right columns) for the first simula-
tion set. (A) SARS-CoV-2 — Mpro apo (PDB ID: 6y2e). (B) SARS-CoV-2 — Mpro holo (PDB ID: 6lu7). (C) SARS-CoV — Mpro apo (PDB ID: 1g2w). (D) SARS-CoV - Mpro

holo (PDB ID: 2hob). Black dashed rectangles highlight interdomain LMI.

viewpoints. In general, all dimeric forms are more stable
than the monomeric forms regardless of the ligand bind-
ing state (compare the left columns with the middle and
the right columns in Figure 2). In two simulations of the
monomeric forms, we can see that RMSD can go over
75A. The first simulation of the monomeric holo SARS-
CoV-2 Mpro shows a conformational change about 700ns.
This conformational change is reorientation of extra-
domain compared to the catalytic domain (Figure 2(B) and
Supporting Information Movie S2). In addition, we can also
observe a reorientation of the extra-domain in the mono-
meric apo SARS-CoV Mpro (Figure 2(C) and Supporting
Information Movie S3). Even though the domain reorienta-
tions are not repeated in all replica simulations of the

monomers, this gives us a hint that a change in interdo-
main flexibility is an essential impact of dimerization both
for SARS-CoV and SARS-CoV-2 Mpro. The most flexible
regions in the dimers are terminal residues, particularly C
terminal (see RMSF plots in Supporting Information Figure
S2). On the other hand, active site residues H41 and C145
are located at positions of the lowest flexibility regardless
of their oligomerization state. Low flexibility character of
active site residues was reported before for other proteins
as well (Yuan et al., 2003). Even though individual trajecto-
ries show different characters, SARS-CoV and SARS-CoV-2
Mpro display similar stability/flexibility behavior, namely,
the monomers have higher flexibility and the dimers are
relatively more stable.
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Figure 4. Distance between SG atom of C145 and NE2 atom of H41 in apo and holo states of SARS-CoV and SARS-CoV-2 Mpro. In addition to the time evolution
of the distances, density of distance states is given in each plot as Gaussian-like shaded areas. The monomers are in the left column, the protomer A is in the mid-
dle column, and the protomer B is in the right column. Horizontal blue line indicates 4 A distance. (A) SARS-CoV-2 Mpro apo state (PDB ID: 6y2e). (B) SARS-CoV-2
Mpro holo state (PDB ID: 6lu7). (C) SARS-CoV Mpro apo state (PDB ID: 1g2w). (D) SARS-CoV-2 Mpro holo state (PDB ID: 2hob).

Impact of dimerization on SARS-CoV and SARS-CoV-
2 Mpro

Even though the RMSD and RMSF plots showed some differ-
ences in individual trajectories, they were not sufficient to
reach a conclusion about major differences between mono-
meric and dimeric forms because the replica simulations
were not showing identical patterns. Due to this reason, we
measured inter-residue linear correlations with LMI. All apo
and holo monomers show highly disorganized intrachain cor-
relations and the domain borders are indistinguishable
between the catalytic domain and the extra domain. When
dimerized, the most important contribution of dimerization
appears in establishing correlations of the domains into dis-
tinguishable regions (Figure 3(A,B), the left column vs. the
middle and the right columns). Even upper and lower parts
of the catalytic domain become distinguishable upon dimer-
ization. Dimerization organizes correlations into clearly distin-
guishable domains and interdomain correlations reduce
significantly upon dimerization. The catalytic domain and the
extra domain patterns still have high intradomain correla-
tions even though interdomain correlations reduced notice-
ably. In short, a reorganization of LMI maps and a reduction
of interdomain LMI are hallmarks of the dimerization in
SARS-CoV-2 Mpro. We performed the same analysis for SARS-
CoV Mpro as well and the reduction of interdomain correla-
tions is clearly observable there as well (Figure 2(C,D)). This
behavior does not change upon N3 binding. The results are
not different, and the patterns are similar in the second and
the third simulation set as well (Supporting Information
Figures S3 and S4). This indicates that dimerization serves to
almost identical function in both SARS-CoV and SARS-CoV-2

and LMI parameter by itself cannot show impact of

N3 binding.

Key local changes upon N3 binding and allosteric
interaction between the active sites

Dynamics of catalytic dyad

As explained above, the dimerization stabilizes interdomain
correlations. However, impact of N3 binding on the dynamics
is not visible in the LMI maps. Therefore, we wondered if N3
binding can make some key local changes in the catalytic
dyads of the monomeric and the dimeric states. Several stud-
ies showed that the distance between SG atom of C145 and
NE2 atom of H41 should be < 4A for catalytic competency
of SARS-CoV Mpro (Chen et al., 2005, 2006, 2008; Lim et al.,
2014; Pang, 2004; Shi et al., 2011; Tan et al, 2005; Zheng
et al,, 2007). Therefore, we wondered if that is the case for
SARS-CoV-2 Mpro as well and analyzed how this distance
between the catalytic dyad residues evolved in our simula-
tions for monomeric/dimeric and apo/holo states of both
SARS-CoV and SARS-CoV-2 Mpro (Figure 4). In all monomeric
forms (the left column in Figure 4(A-D)), the distance is
spread to a wider distance range and it can go up to 10A. In
general, the dimerization reduces the distribution of the dis-
tances to a smaller density range (2.5-7.5 A). When we check
impact of N3 binding in dimeric forms, it is interesting to see
that the distance can be about 4A even in apo states. On
the other hand, only one chain can have < 4A distance in
the holo dimeric states. This result shows clearly that there is
an allosteric interaction between two active sites both in
SARS-CoV and SARS-CoV-2 Mpro even though the allosteric
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effect is more visible in the SARS-CoV-2 Mpro. In addition,
since it was shown that only one monomer is active in SARS-
CoV Mpro, our simulations suggest this assumption can be
valid for SARS-CoV-2 Mpro (Chen et al., 2006).

Dynamics of an interface residue

Residue 139 is at the interface of two protomers (See
Figure 1 for the details) and it is not far from the catalytic
dyad. Previous studies pointed that a mutation on this

residue of SARS-CoV Mpro can have a debilitating effect on
the catalytic activity (Barrila et al., 2006; Bacha et al., 2004).
Due to this reason, we wondered if we can quantify the dif-
ferences between apo/holo and monomer/dimer states of
SARS-CoV and SARS-CoV-2 Mpro. We studied  — ¢ distribu-
tion of this residue for all states investigated in this study
(Figure 5). We divided the dihedral surface into four quarters
to simplify the analysis. In general, }y — ¢ values are concen-
trated in the quarter Il of the dihedral surface for all cases.
For monomeric states, namely the left column, we observe



8 M. TEKPINAR AND A. YILDIRIM

H41 C145 H41 C145
Protomer A Protomer B
b 0.60 | 14/ - I T 10X I.II I 111 - I I | B¢ | 14/ . LTI T 10X I-Il IO . )| I | B¢
A = , 6y2e - No ligand - Sim. 1 — |, | 6y2e - No ligand - Sim. 1 — |,
s | 6y2e - No ligand - Sim. 2 —— | 6y2e - No ligand - Sim. 2 ——
< ' 6y2e - No ligand - Sim. 3 —— ' 6y2e - No ligand - Sim. 3 ——
S 0.40 | T I ! ! ! ! 1
5 | i : : 5 i i i
3] ! ! I I I I I I
()
g 020 || | | | M| z ; _j
0 | | | | | | | |
2 ! I I I I I I I
w 0.00 | g | | | | |
Protomer A Protomer B
z‘ 0.60 ] ! - | | ) | ) D 0 0 1) I 8 O I 111 ) T I T
B = i 6lu7 - With N3 - Sim. 1 —— |, i 6lu7 - With N3 - Sim. 1 ——
s ! 6lu7 - With N3 - Sim. 2 —— | | 6lu7 - With N3 - Sim. 2 ——
o ! 6lu7 - With N3 - Sim. 3 —— ||! 1 ! 6lu7 - With N3 - Sim. 3 ——
8 0.40 | T T i I T T T
5 | i i Lt | i i
3] ! ! I Lo I I I
() .
2 0200 | | l L : i N
: AL | N | | |
W 500 LA i b ' ‘
Protomer A Protomer B
c = | 192w - No ligand - Sim. 1 —— i 192w - No ligand - Sim. 1 — |;
B | 1g2w - No ligand - Sim. 2 —— | 1q2w No ligand - Sim. 2 —— |
< | ! 192w - No ligand - Sim. 3 —— I ' 192w - No ligand - Sim. 3 —— ||}
o 0.40 i T T ! I T —
O ! h i i ! | | It
e} I I I ! I I Lo
3] I I Lo ! I [ Lo
® 0.20 H I ‘ I I H ! I [ IH
g | n | [ | | | [
¢ LN & 0] L : a
W 900 & N ) I1i Al l | Al ISt
Protomer A Protomer B
b 0.60 | =X |96 HIENEENI) IR NI | 1011 ] T 10 || | | | I T 10X ll. ) 1011 . 10 |
= i 2hob - With N3 - Sim. 1 —— i 2hob - With N3 - Sim. 1 ——
D E I 2hob - With N3 - Sim. 2 —— ! 2hob - With N3 - Sim. 2 —
S ! 2hob With N3 - Sim. 3 —— ! 2hob - With N3 - Sim. 3 ——
8 0.40 | T T | T T T
5 5 | : L | i ! o
° I | I Lo ! [ I !
[ |
g 20 il |G | i IR | N
o I I 1.\ I | | | I I Ig
Re) I i h & ! d\ n! il i K I
1T} 0.00 L& J uli N ALY 1 W | v\ \ JLAN
50 100 150 200 250 300 50 100 150 200 250 300

Residue Number

Residue Number

Figure 6. Residue-wise eigenvector centralities of SARS-CoV and SARS-CoV-2 Mpro in only dimeric forms (left column: protomer A, right column: protomer B) with
7 A distance threshold and 0.3 LMI value threshold. (A) SARS-CoV-2 Mpro apo state (PDB ID: 6y2e). (B) SARS-CoV-2 Mpro holo state (PDB ID: 6lu7). (C) SARS-CoV
Mpro apo state (PDB ID: 1g2w). (D) SARS-CoV-2 Mpro holo state (PDB ID: 2hob). Solid vertical lines show locations of early mutations in GISAID database and a
mutational analysis of dynamics study (Sheik Amamuddy, Verkhivker, et al., 2020). Locations of catalytic dyad residues were highlighted with blue vertical lines.
Dot-dashed lines indicate locations of mutations between SARS-CoV and SARS-CoV-2 Mpro.

that the distribution is spread into the other quarters as well.
For only SARS-CoV-2 Mpro, we can observe a slight differ-
ence in the weight of populated states between apo and
holo dimeric states (see the middle and the right columns of
Figure 5(A,B)). The values are more localized in the N3 bound
state into two approximately circular regions within quarter

Il. A previous study reported that not only residue 139 but
also the adjacent two residues (residue 140 and 141) also
have an impact on catalytic activity of SARS-CoV Mpro (Li
et al,, 2016). Even though we analyzed them as well, we did
not observe a significant difference between apo/holo and
monomeric/dimeric states on y - ¢ surface for them. Our



results suggest that if residue 139 is mutated, it may have a
crippling effect on catalytic activity of SARS-CoV-2 Mpro as it
was observed in SARS-CoV Mpro. However, this study sug-
gests that the impact of residue 139 on catalytic activity is a
secondary impact via coupling of dimerization to the cata-
lytic activity.

Dynamically influential residues are located in the
active sites and dimeric interface

Residues with high eigenvector centrality are influential resi-
dues and they have high susceptibility to effector binding
(Negre et al., 2018; Zaki & Meira, 2014). Therefore, we plotted
eigenvector centrality per residue for dimeric states in Figure
6. Almost all residues with high eigenvector centrality are
within the catalytic domain or at the protomer interface and
this is true for both of the protomers (Supporting
Information Figure S5). We can see only a few residues that
have high eigenvector centrality in the extra domain, particu-
larly in C-terminal for holo SARS-CoV Mpro (Supporting
Information Figure S5D). Dynamically influential residues are
located approximately in the same positions both in SARS-
CoV and SARS-CoV-2 Mpro. We recalculated eigenvector cen-
trality with distance threshold values of 8-10A and we
observed that the values may slightly increase or decrease
but the locations of dynamically influential residues are
robust (see the same plot for 10A distance threshold in
Supporting Information Figure S6).

In the eigenvector centrality plot, a peak in the N-terminal
is clearly visible in all of the simulations. Several experimen-
tal studies on SARS-CoV Mpro show importance of these resi-
dues in enzymatic activity. Two studies on SARS-CoV Mpro
reported that N-terminal residues are indispensable for cata-
lytic activity (Chen et al., 2005; Zhong et al., 2008). In add-
ition, Chen et al. reported that mutation of Gly-11 can also
disrupt dimerization (Chen et al., 2008). Hsu et al. showed
that truncation of residue 4 and the following three residues
has a strong impact on both enzymatic activity and dissoci-
ation constant of the dimers. The region 144-152 also con-
tains one of the highest peaks. C145, which is one of the
catalytic dyad residues, is one of the residues in this group.
Moreover, residue S147 in this region also have high eigen-
vector centrality and it was shown that, though far away
from the interface, this residue has a debilitating effect on
catalytic activity when mutated to alanine. Interestingly, H41
does not have a high centrality by itself while the surround-
ing residues have it. The difference might stem from differ-
ences of the functional role of C145 versus H41. While C145
have a dynamic/chemical role, H41 serves as a base for
nucleophilic attack, therefore, might only have a chemical
role. In conclusion, previous experimental studies on SARS-
CoV Mpro support the idea that the high eigenvector cen-
trality residues identified here are sensitive to effector bind-
ing and mutations.

Fifty early stage mutations of SARS-CoV-2 Mpro reported
in GISAID database (Elbe & Buckland-Merrett, 2017) and ana-
lyzed by Sheik Amamuddy, Verkhivker, et al. (2020) are
marked as vertical solid lines in Figure 6. Similarly, when
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mutations of SARS-CoV Mpro are also considered (dot-
dashed lines), we observe that most of the early state muta-
tions are in low eigenvector centrality locations. However,
residue 7 and residue 116 have relatively high eigenvector
centralities. Both an experimental and a computational study
showed that a mutation in this residue can impact the
dynamics and enzymatic activity of SARS-CoV and SARS-CoV-
2 Mpro (Wei et al,, 2006; Sheik Amamuddy, Verkhivker, et al.,
2020). Similarly, a mutation in residue 116 caused a notice-
ably large difference in Ca RMSD. Since the mutations
reported in GISAID are from clinical isolates, we must still
assume that the mutated forms are still functional. In add-
ition, A7V and A116V mutations are only mutations between
amino acids of similar physicochemical properties. Therefore,
we think that high eigenvector centrality may point to the
active site residues that may have a disruptive influence on
the protease function via dynamics when mutated to amino
acids of only different physicochemical properties. However,
we put a note of caution that the observation here should
not be interpreted as a correlation between eigenvector cen-
trality and a possibility of future mutations.

Conclusions

On the basis of our results, we conclude that SARS-CoV
Mpro and SARS-CoV-2 Mpro display similar dynamics. Impact
of dimerization can be observed in the organization of LMI
into clearly distinguishable domains and a reduction in the
interdomain correlations both for SARS-CoV and SARS-CoV-2
Mpro. In addition, the dimerization alters distribution of y —
¢ angles for residue 139. Another important local effect is in
the catalytic dyad. N3 binding to the dimers shows an allo-
steric effect and causes only a single protomer to be active
at a time. We do not know vyet if this allosteric effect is a
general feature of all ligands or if it specific to N3 peptide
mimetic. If it is a general characteristic, it can contribute sig-
nificantly to the drug design efforts against Covid-19. Finally,
we identified some influential residues that are sensitive to
effector binding and/or mutations. We believe that the
results in this study sheds light in the dynamics of SARS-
CoV-2 Mpro and they can contribute to the drug/vaccine
design efforts against Covid-19 or similarly function-
ing proteases.
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