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ABSTRACT

COVID-19 caused by SARS-CoV-2 have become a global pandemic with serious rate of fatalities. SARS-
CoV and MERS-CoV have also caused serious outbreak previously but the intensity was much lower
than the ongoing SARS-CoV-2. The main infectivity factor of all the three viruses is the spike glyco-
protein. In this study we have examined the intrinsic dynamics of the prefusion, lying state of trimeric S
protein of these viruses through Normal Mode Analysis using Anisotropic Network Model. The dynamic
modes of the S proteins of the aforementioned viruses were compared by root mean square inner
product (RMSIP), spectral overlap and cosine correlation matrix. S proteins show homogenous correlated
or anticorrelated motions among their domains but direction of C, atom among the spike proteins show
less similarity. SARS-CoV-2 spike shows high vertically upward motion of the receptor binding motif
implying its propensity for binding with the receptor even in the lying state. MERS-CoV spike shows
unique dynamical motion compared to the other two S protein indicated by low RMSIP, spectral overlap
and cosine correlation value. This study will guide in developing common potential inhibitor molecules
against closed state of spike protein of these viruses to prevent conformational switching from lying to

standing state.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

Coronaviruses are zoonotic pathogens which belong to the
largest group of Nidovirales order [1] and has been shown to infect
many avian and mammalian species [2]. Severe acute respiratory
syndrome coronavirus (SARS-CoV), Middle East respiratory syn-
drome coronavirus (MERS-CoV) and novel coronavirus (SARS-CoV-
2) are in betacoronavirus family but with different lineages. SARS-
CoV-2, SARS-CoV belongs to lineage B whereas MERS-CoV belongs
to lineage C but a common factor is that they all cause acute lung
injury (ALI) and acute respiratory distress syndrome (ARDS) which
leads to pulmonary failure and result in fatality. COVID-19 caused
by novel coronavirus (SARS-CoV-2), has now emerged as global
pandemic and high rate of fatalities have been reported globally
[3—5]. The major surface protein of all these 3 coronaviruses is
called spike glycoprotein (S) which is responsible for host
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attachment of the virus and entry into cell by membrane fusion.
The protein protrudes out of the surface and is found in a trimeric
configuration [6]. The protein has 2 subunits called S1 and S2. S1
subunit has the receptor binding domains (RBD) which help to
stabilize the prefusion state. The S2 subunit remains anchored to
the membrane and contains the fusion machinery and further
cleaved to form S2’ in certain coronaviruses thus activating the
membrane fusion cascade [7,8]. The receptors recognized by the
viruses are also different in case of MERS-CoV it is 5-N-acetyl-9-0-
acetyl-sialosides found on glycoproteins and glyco-lipids at the
host cell surface while for SARS-CoV and SARS-CoV-2 it is hACE2
receptor [9,10]. Spike glycoprotein undergoes conformational
switch in order to bind with the receptor. In lying or closed state the
receptor binding domain is buried deeply into the trimer core and
so it is not accessible to the receptor making the conformational
switch essential. In standing or open state one of the RBD protrudes
out of the trimer core and becomes accessible to the receptor [11]. A
detailed study to explore the intrinsic dynamical motion of the
prefusion lying state spike protein trimer is needed for proper
understanding of its function from conformation perspective.

In recent years characterization of whole protein collective and
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domain-specific motions have been accomplished using normal
mode calculations [12,13]. Coarse-grained normal mode analysis
(CG-NMA) has now become a valuable tool for studying the bio-
logically relevant conformational motions of large protein or pro-
tein complex. Although coarse-grained NMA (CG-NMA) does not
capture the detailed local dynamics that are obtained from all atom
molecular dynamics simulation, CG-NMA has been shown to be
equally effective in demonstrating the global functional motions of
proteins [14,15]. NMA with anisotropic network model (ANM), a
variant of elastic network model (ENM), has been proved to be
successful in describing the collective dynamics of a wide range of
biomolecular systems [16—18]. Notable application of NMA using
ANM especially in membrane proteins has been thoroughly
mentioned in the study and review done by Bahar et al. [19,20].

In this study we have explored the intrinsic dynamics of the
closed or lying state spike (S) glycoprotein of SARS-CoV-2, SARS-
CoV and MERS-CoV through NMA studies using ANM. We found
noticeable variations in the dynamics of the proteins in different
low frequency modes in terms of both magnitude and direction of
displacement vectors. We found that receptor binding motif (RBM)
of a single chain of SARS-CoV-2 spike show high fluctuation in the
lying state indicating its high probability to bind with the receptor
implying the high infectivity of SARS-CoV-2 than other two viruses.
MERS-CoV S shows distinct dynamics than SARS-CoV S and SARS-
CoV-2 S indicates its low sequence similarity and distant phyloge-
netic relationship with other. Detailed domain-wise motion, atomic
fluctuation data and quantitative comparison between S protein
structures of the mentioned viruses will aid in identifying common
potential drug binding hotspots in the receptor binding domain of
the protein which will guide in designing common inhibitor or
modified version of these molecules through structure-based
approach.

2. Materials and methods
2.1. Protein structure retrieval

All the X-ray crystal structures for SARS-CoV-2, SARS-CoV and
MERS-CoV S proteins in the lying state were taken from protein
data bank [21]. The corresponding PDB IDs are 6VXX, 5X58 and
6Q05 respectively [11,22,23]. CHARM-GUI was used to prepare the
protein (i.e adding missing atoms and assigning correct protonation
states) [24]. As a large part of this study is involved in the
comparative analysis purposes, we have discarded part of the S2
region of S protein of all viral strains so that each protein model has
equal number of Ca atoms (1087 in all three chains). S2 region of
the protein does not take active part in receptor interaction.

2.2. Normal mode analysis (NMA) using anisotropic network model
(ANM)

Detailed mathematical description about normal mode analysis
and how it is applicable to protein molecule is given in many
studies [20,25—27]. NMA is a technique to study vibrational motion
of harmonic oscillating system near the equilibrium state. The
motions are of small amplitude in a potential well and cannot cross
energy barriers. At a minimum state g, the potential energy V can
be obtained from the approximation of Taylor series expansion. For
the generalized coordinates g;:

1( 9%V 1
V—2<m> Oninj:§%jninj (1)

Where 7; specifies the deviation from equilibrium (g; = qo; + ;).
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The kinetic energy T also approximated from Taylor expansion. The
resulting Lagrangian is L = T-V, which results in linear differential
equations of motion:

Ty + Viym; = 0 (2)

Assuming oscillatory solution, 7; = ajcos(wit+0;) and
substituting it in Eq. (2) results in eigenvalue problem:

ATVA= (3)

A is the matrix of amplitudes a;,, and V is the matrix of the second
derivative of the potential energy and is referred to as Hessian. A is a
diagonal matrix of eigenvalues. The pattern of motions is fully
specified by the vibrational normal modes, i.e. the eigenvectors (Ay)
and their associated eigenvalues (). The vector describes the
directionality and magnitude of motion of each particle relative to
other particles.

Anisotropic network model (ANM) is best described in the paper
authored by Bahar et al. [19]. It is a variant of Elastic network model
(ENM) where nodes are identified by the positions of Ca. atoms and
an uniform spring constant y (in this study we have taken y = 15) is
adopted for the bonds. Then the potential is calculated by the
following expression:

V= z ; (4)
257;i(Ty) (Ry — RY)

Here R; and R,‘} are instantaneous and equilibrium distances be-
tween the nodes i and j, I';; is the ij th element of the Kirchhoff
matrix I' of inter-residue contacts, equal to 1 if nodes i and j are
within an interaction cutoff distance r., zero otherwise. Resulting
Hessian matrix H for a network of N nodes is a 3 N x 3 N matrix
composed of N x N super elements, Hj:

oy [Xifi XYy XiZy
Hyj=—=5 | YyXy Y5V YyZy
(R}}) ZyXij  ZyYy ZiZ

Here Xj;, Y; and Z; are the components of the distance vector Rg.

(5)

The resulting eigenvalue equation looks in the form:

. Wsq
H'=Y" Ui, (6)

i=1 1

Here we consider (3 N - 6) non zero modes, 4; corresponds to ei-
genvalues and the corresponding eigenvectors are u;. The inverse
H'is also organized in N x N submatrices of size 3 x 3, each. The ij
th submatrix Hjj! defines the covariance between the fluctuations
of residues i and j. The cross-correlation (CC) between the equi-
librium fluctuations of residues i and j, AR;-AR; is expressed in
terms of the trace (tr) of these submatrices as:

tr(H,f)
tr(Hgl)tr(H,-jl)

We have performed the NMA and all the analysis functions
including root mean squared inner product (RMSIP) [28], spectral
overlap [29] and cosine correlation or overlap [30] using ProDy
python package [31]. RMSIP computes quantitative comparison
value between the sets of normal modes and expressed as:

Cij = <AR1 . AR]> = (7)
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[N

RMSIP — (11—0 lii(xi.yj)z

=1 j=1

) (8)

Where X; and Y;j represents the eigenvectors of a pair of proteins
being compared and i and j represent the mode numbers.

Cosine correlation or overlap measures the similarity between
two vectors of an inner product space. It is calculated by the cosine
of the angle between the two vectors and determines whether two
vectors are pointing roughly in same direction. The following
mathematical formula is:

>haib;

a-b
@l b /> a2/ >0b?

N n
Where @-b =>_a;b; = a;by + ayby + -+ + anby, is the dot prod-
1

cosf =

(9)

uct of two vectors. Its value ranges from 0 to 1 with 1 corresponds
to 100% similar. We have also used in-house python scripts for the
plotting purposes. Spectral overlap calculates overlap between
covariances of modes 1 and modes 2, hence the dimension of the
covariance matrix should be same in two comparing structur-
es.VMD 1.9.2 was used for mode visualization and image rendering.
Structural alignments of the models were done using PyMol.

3. Results

3.1. Characterization of normal modes of SARS-CoV-2, SARS-CoV
and MERS-CoV spike glycoprotein (S protein)

We have computed the eigenvalues of first hundred non-zero
normal modes of the SARS-CoV-2, SARS-CoV, and MERS-CoV
spike (S) proteins in the lying state (Fig. 1). The energy associated
with a given normal mode is directly proportional to its eigenvalue
[28]. We have discarded the first six zero-eigenvalues, as those
values correspond to the rigid motions (three translational and

Journal of Molecular Graphics and Modelling 102 (2021) 107778

three rotational motions). Despite having similar kind of three-
dimensional architecture, frequency of the normal modes do not
overlap and significant variations are seen quite clearly in the lower
as well as higher normal mode indices in the three S protein
models. The spectra of the eigenvalues for the SARS-CoV-2 S is
lower compared to the SARS-CoV S and MERS-CoV S, which in-
dicates comparatively more collective motion in the former model.
SARS-CoV S and MERS-CoV S show some overlaps in the mode
indices 7—12 which may be considered as superficial.

3.2. Correlated dynamics of SARS-CoV-2, SARS-CoV and MERS-CoV
spike (S) protein and visual analysis of the first four non-zero modes

We have assessed the extent to which the trimer conformation
influences the dynamics of each S protein chain (Fig. 3). Overall the
pattern of the cross correlation matrix (CCM) looks similar for three
models and have similar domain wise correlated movement but the
magnitude of correlation coefficients (CC) are different to some
extent. According to PDB and Uniprot protein feature view, the
position of S1 NTD, S1 CTD and RBD for the protein models are as
follows: SARS-CoV: 14—290 is S1 NTD (N-terminal domain),
321-513 is S1 CTD (C terminal domain), 306—527 is RBD (binding
motif is 424—494); SARS-CoV-2: 13—303 is S1 NTD, 334527 is S1
CTD, 319-541 is RBD (binding motif is 437—508); MERS-CoV:
18—350 is S1 NTD, 381588 is S1 CTD, 382—503 is RBD [11]. In
Fig. 2, different functionally important domains of the three spike
proteins are shown.

Multiple sequence alignment of the proteins is given in sup-
plementary. Emphasizing the motions among the domains, it was
found that SARS-CoV and SARS-CoV-2 S proteins have homogenous
correlated displacements. S1 CTD and NTD of each chain have weak
negative correlation with each other (—0.1 to —0.4). S1 CTD of one
chain has weak negative correlation with CTD of other chains and
same scenario is seen with the NTD. S1 CTD and NTD in each chain
are negatively correlated with each other implying the RBM tries to
move further from NTD in order to be accessible by the receptor.
One of the interesting facts is that S1 NTD of one chain shows
strong positive correlation with CTD of at least one of the two other
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Fig. 1. The eigenvalues of first 106 normal modes of prefusion state of the S proteins of SARS-CoV, MERS-CoV, and SARS-CoV-2 are plotted against the normal mode index. The
values are in arbitrary units as the spring constant is also in arbitrary unit. The first six zero-eigenvalue modes are not shown; so mode index 0 in this graph is equal to 7 and 100 is

equal to 107.



S. Majumder, D. Chaudhuri, . Datta et al.

Journal of Molecular Graphics and Modelling 102 (2021) 107778

Fig. 2. Important functional domains of Spike glycoprotein of A) SARS-CoV-2, B) SARS-CoV C) MERS-CoV. Upper panel shows the vertical view and the lower panel shows the
orthographic top view of the spike. Color coding is as follows: Orange: S1 NTD, Violet: S1 CTD, Cyan: S2 region and Blue: RBD. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Cross correlation matrix (CCM) obtained from the first 100 non-zero modes of S protein of (A) SARS-CoV, (B) SARS-CoV-2 and (C) MERS-CoV. Each cell in the matrix depicts
the correlation between the motions of two Co. atoms in the protein on a range from —1 (anticorrelated, dark blue) to +1 (correlated, dark red) with 0 conferring no correlation. The
horizontal colored bars represent the chain IDs in the trimer as chain A (Blue), chain B(Red), chain C(grey). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

chains which is true for both SARS-CoV and SARS-CoV-2 S protein
but variation is seen in the CCM of MERS-CoV S protein (Fig. 3C). S1
NTD of each chain is negatively correlated with NTD of other chains
with magnitude range —0.2 to —0.4 but CTD shows weak positive
correlation with the CTD of other chains. NTD and CTD belonging to
same chain and different chain show similar correlation pattern for
SARS-CoV and SARS-CoV-2.

To further stress the nature of correlated dynamics of the RBM
(in case of SARS-CoV and SARS-CoV-2) or RBD (in case of MERS-
CoV), we have extracted the CCM of the receptor binding region
of each S protein model and plotted as heat map (Fig. 4). Acommon
fact is that RBM or RBD of different chains show indistinguishable
concerted movements for a particular S protein. In case of SARS-
CoV-2 S, two ranges of correlations are seen in the CCM: weak
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Fig. 4. CCM of the RBM (for SARS-CoV, SARS-CoV-2) and RBD (MERS-CoV) extracted from Fig. 2. The CCM is plotted using Seaborn python module and the color intensity values
corresponds to Fig. 2. A) CCM of SARS-CoV-2, B) CCM of SARS-CoV and C) CCM of MERS-CoV S protein. RBM 1, 2, 3 or RBD 1, 2, 3 corresponds to the domains of chain A, B, C
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

positive (0—0.25) and strong positive (0.5—1) (Fig. 4A). Overall
weak negative correlation (—0.1 to —0.5) is noticed between the
RBMs of SARS-CoV S (Fig. 4B) and dominance of very strong cor-
relation is observed among the RBDs of MERS-CoV S protein
(Fig. 4C).

Displacement vectors of atoms for individual normal modes
provide significant information about the protein dynamics and
these vectors are unique to a particular normal mode. The low
frequency normal modes show collective motions of the amino
acids which are related to the functional movements of proteins
such as opening and closing motions and sliding motions around
the interfaces of domains [32]. In order to comprehensibly describe
the motion of the trimer chains of the first four low frequency (low
eigenvalue) modes (A7, As, Ag, A1p), first we have computed three
unique symmetry axis of the spike trimer using VMD Symmetry
Tool. Among the three symmetry axis, one pointed outward
through the trimer core, which we have named the Z axis (default 2
in VMD nomenclature) and the other two axis were named as X and
Y axis (default VMD nomenclature 1 and O respectively). We have
used default PDB chain ids of the three spike protein structures to
address the chain and trimer motion individually. As previously
described we will confined ourselves to discuss the motion of S1
domain of the three chains as it harbors the functional receptor
binding domain. In all the structures, the B-strand region (BSR) of
S1 dominates overall motions of the trimer in first four low fre-
quency non-zero modes (supplementary 4, 5 and 6). We did not
notice any concerted motion of the three chains (i.e. move in a same
direction) in the mentioned modes of all the three structures. In
SARS-CoV-2 spike mode 1 (A7), chain A, B and C shows rotational
motion around the Z symmetry axis but direction is not coherent. In
order to quantitatively characterize the mutual directionality of the
domains of each chain, we have computed the cosine similarity (CS)
which will give an intuition about the similarity measure between
the displacement vectors and positive/negative sign will highlight
the direction of the Ca atom motion. BSR of chain A and B move in

parallel with the XY plane merely in the same direction (CS value of
0.26) whereas BSR of chain C shows an upward translational mo-
tion from XY plane (at an angle of 35°-45") and in opposite direction
of chain B BSR (CS value of —0.8). RBM of chain A, B and C shows
somewhat unidirectional translational motion along negative Y
direction (CS value of 0.48 between A and B, 0.40 between A and C
and 0.61 between B and C) but a bending motion is seen in RBM of
chain B and C. In chain C RBM, segment Ser469 to Gly482 has
opposite directional movement than rest of the RBM. Mode 2 (Ag)
has exact similar kind of dynamics as mode 1 except chain B and
chain C BSR move in same direction in parallel with XY plane (CS
value of 0.35) and chain A BSR shows upward translational motion
from XY plane. All three RBM shows unidirectional translational
motion along XY plane. RBM of chain A and chain C move in mere
exact same direction with CS value of 0.72. No bending motion is
seen the RBM of all the chains. In mode 3 (}g), predominant
translational motion is seen in chain C RBM along Z axis. In mode 4
(Mo), a complete rotational motion of the BSRs around Z axis in the
clockwise fashion is seen. RBM of all the chains show discontinuous
motion with very low magnitude (supplementary 5). In mode 1 of
SARS-CoV spike, we found a very strong colliding motion of chain B
and C BSR (CS value of —0.76) and chain A BSR produces somewhat
translational motion along the negative Z axis through XY plane
which is unique than SARS-CoV-2 spike mode 1. Another striking
difference comes from the motion of the RBM. Chain A and chain B
RBM shows collision type motion with one another (CS
value —0.31) which is absent in SARS-CoV-2 spike. Chain A RBM
does not show unidirectional motion as the other two chains do.
Pro446-Trp463, Tyr481-Pro494 and Gly469-Tyr481 produce vary-
ing vector directionality. In mode 2, there occurs some similarity
with SARS-CoV-2 spike BSR motion in mode 1: chain A and C BSR
shows unidirectional motion parallel to XY plane (CS value of 0.26)
and chain B BSR is pushed towards the trimer core. BSRs of all the
chain shows anticlockwise rotational motion in mode 3 and the
RBMs tend to coalesce into trimer core which could be regarded as
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closing motion. In mode 4 chain B and C BSR move in a same di-
rection (negative XY plane) (CS value of 0.65) and takes the RBMs in
the same direction as a result these two chain tends to open the
trimer core. On the other hand, chain A RBM is pushed towards the
core to fill the void produced by other two chains. In all the four
described modes, RBM does not show any kind of translational
motion along the positive Z axis (supplementary 4). Overall spike
motion of MERS-CoV spike in all the four modes seems to be mere
similar with SARS-CoV and SARS-CoV-2 but some differences
persist. In mode 1 chain B and C BSR shows translational motion
along parallel to XY plane in the same direction (CS value of 0.39)
whereas chain A BSR moves towards the negative Z axis. RBDs of all
the chains move along in the same direction (parallel to 4th
quadrant of XY plane). Mode 2 shows high degree of similarity with
mode 1. This time chain A and B BSR move unidirectional (CS value
of 0.22) parallel to XY plane and chain C BSR shows upward
translational motion along positive Z axis (approximate 90° from
XY plane). All the RBD shows strong unidirectional motion along
third quadrant of XY plane. In mode 3, some sort of unclear clock-
wise rotational motion around Z axis is seen in all the chains but the
RBD seems to stationary. During the rotation, single chains show
bending motion. Mode 4 motion is somewhat rearrangement of
mode 1 and the RBDs move in the same direction (along the first
quadrant of XY plane) with similar CS value (0.64 + 0.05)
(supplementary 6). In Fig. 5 we have projected the eigenvectors of
the first four non-zero low frequency normal modes (A7, Ag, A9, A10)
on to the Ca backbone atom.

3.3. Atomic fluctuations of the trimeric S protein of SARS-CoV-2,
SARS-CoV and MERS-CoV

We have computed the squared atomic fluctuations of the S
protein models using first 10 non-zero normal modes (Fig. 6). The
amplitude of the fluctuations shows variation within the models. In
SARS-CoV S, the three chains have exact similar fluctuation pattern
as if they are mirror image to each other. Region 404—504 which
include the RBM, has much lower mean atomic displacement
(although residues 441—450 of all the three chains show high
fluctuation) than the B-strand region (14—290) which is also
evident from the vector representation (Fig. 5A). Mean atomic
fluctuation of the NTD p-strand region (18—267) and RBM
(437—508) of SARS-CoV-2 S is much higher compared to the SARS-
CoV and MERS-CoV S. There are some localized differences which
are worth discussing. Highest fluctuation in SARS-CoV S comes
from residue Leu486 (0.32) in all the chains. In SARS-CoV-2 S high
mobility comes from following residues: Glu156 (2.76) of chain A,
Met153 (2.34) and Cys480 (3.25) of chain B, Arg158 (2.58) and
Gly485 (2.28) of chain C. In MERS-CoV S highest fluctuation comes
from a single residue of two different chains: Pro761 in chain A and
C which is obviously part of S2 region. When the fluctuation of the
RBM of SARS-CoV S and SARS-CoV-2 S and RBD of MERS-CoV were
magnified for deeper analysis, a noticeable scenario appears. In
SARS-CoV and MERS-CoV S the RBM and RBD respectively of all the
chains have perfectly overlapped atomic fluctuation but wide
variation is spotted in SARS-CoV-2 S where RBM of all the chains do
not fluctuates in a synchronized fashion (Fig. 7). When atomic
fluctuation of the standing state spike of SARS-CoV and SARS-CoV-2
was computed, it was found that the RBM of later has higher mean
atomic fluctuation than the former (Supplementary).

3.4. Comparative analysis on the normal modes of the trimeric S
protein of SARS-CoV-2, SARS-CoV and MERS-CoV

In order to compare the normal modes between the structures,
we have calculated the RMSIP, spectral overlap using the first 100
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non-zero normal modes and plotted the cosine correlation be-
tween the modes of the structures. As chain A, B and C of one spike
protein does not correspond to the same in other spike, we have
computed all possible combination. Chain A, B and C have six
possible combinations (ACB, BAC, BCA, CAB, CBA, ABC and the
naming are 1,2,3,4,5,6 respectively) and during quantitative com-
parison between two structures, all the mentioned combinations
has been taken account and average value was computed. As RMSIP
and spectral overlap do not consider vector dimensionality, single
combination computation is sufficient to draw conclusion. From
Table 1 it is evident that there is very little similarity present in
terms of the normal modes between the S proteins of the
mentioned viruses due to very low RMSIP and spectral overlap
values. The values do not deviate much from the default chain id
values. We also noticed a negative correlation between RMSD and
the computed RMSIP, spectral overlap values. In spite of having
structural differences we have explored for any modes which are
similar between the S protein models. Overlap plots were also
calculated for every chain combination (supplementary). Very low
overlap values between the modes of SARS-CoV and MERS-CoV
spike and SARS-CoV-2 and MERS-CoV spike indicates very low
similarities in the motions of the spike in all chain combinations. In
case of SARS-CoV and SARS-CoV-2, overlap values greater than 0.6
is found in first two non-zero normal modes in one of the combi-
nations (Supplementary) indicating mere identical global motions.
In Fig. 9 we have plotted the overlap values of the mentioned spike
proteins for pictorial overview where the default PDB chain ids
were used. For example, a very low overlap value of 0.36 between
Mg of MERS-CoV and %37 of SARS-CoV spike is noticed
(Supplementary animation 1,2,3,4) indicating they have no com-
mon global collective motions. So, overlap values can reveal
detailed similarities or dissimilarities between the modes of two
comparing protein structures. Overlap plots of the other combi-
nations We also compared the normal modes of lying and standing
states of SARS-CoV and SARS-CoV-2 (Fig. 8) spike and previously
explained chain id combinations was also used to compute RMSIP,
spectral overlap and cosine correlation. We found that default PDB
chains id of this two conformations of spike has highest RMSIP and
spectral overlap values indicating high level of similarity between
the modes. Overlap matrix also confirms this fact (Supplementary).
Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jmgm.2020.107778

4. Discussion

Normal mode analysis of equilibrium structures falls in the
category of principal component analysis-based methods like sin-
gular value decomposition of molecular dynamics or Monte Carlo
trajectories or essential dynamics analysis of the covariance
matrices retrieved from MD runs [20]. These studies have proven to
be useful in studying the equilibrium dynamics of proteins which
are spanned by low frequency end of the mode spectrum [33].
Anisotropic network model (ANM), a category of elastic network
model (ENM), has been previously evaluated on a large set of
proteins to obtain optimal model parameters to achieve best cor-
relation with experimental datasets and it is shown that protein
residue fluctuations can be accurately predicted by this model
which is in well agreement with the experiments [34]. Spike
glycoprotein or S protein of MERS-CoV, SARS-CoV and SARS-CoV-2
is the major determinant of viral tropism and is responsible for
receptor binding and membrane fusion to cause severe pulmonary
diseases which often leads to fatality. Detailed studies on the
atomic motions of the S protein will enable us to gain information
about different conformations of this protein which will ultimately
lead to the identification of possible inhibitor binding sites and
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Fig. 5. Orthographic top view of the S protein of (A) SARS-CoV, (B) SARS-CoV-2, (C) MERS-CoV. Eigenvectors of first four non-zero normal modes are projected on Ca backbone
atom. Yellow arrows indicate the direction of the vectors and length indicates the magnitude of displacement of the respective normal mode (vector values corresponds to particular
mode and the scale is not same). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

designing of proper inhibitors. In this study we have used NMA
study to characterize the motions and correlated dynamics within
the S protein structure of MERS-CoV, SARS-CoV and SARS-CoV-2.
We compared the motions of the three proteins with each other
to better understand their dynamics. Previously ANM was used to
characterize global mode shape of Gramicidin A, a membrane
protein, and it was found that the model obtained from the
calculation was as accurate as that obtained from CHARM22 force
field [35]. We have taken the prefusion, lying state conformations of
the S proteins of MERS-CoV, SARS-CoV and SARS-CoV-2 for the
NMA study. From the frequency data of the normal modes we can

get our first intuition about the variation in the global as well as
small localized movements of the Ca backbone atoms of S protein
models. The low frequency modes are of great interest to determine
most probable global fluctuations of protein molecule as large ei-
genvalues (high frequency modes), which is proportional to energy,
will lead to energetically unfavorable motions [20]. Spectra of ei-
genvalues shows that SARS-CoV-2 S has more collective motion
than other two S protein implying SARS-CoV-2 S protein has higher
stability [32] and has lower energetically expensive motion than
the latter. This stability of the S trimer of SARS-CoV-2 in terms of
eigenvalue frequency may give a part of the explanation about why
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Fig. 7. Squared fluctuations of the RBM of (A) SARS-CoV, (B) SARS-CoV-2 and RBD of (C) MERS-CoV. Y axis is the squared fluctuation and X axis is the residue index for all the plots.

Table 1
Comparison of normal modes of different S protein models.

Compared Models (S protein) RMSIP Spectral Overlap RMSD between the models (A) Sequence Identity (%)
SARS-CoV and MERS-CoV 0.33 + 0.004 0.07 + 0.008 5.377 30.67
SARS-CoV and SARS-CoV-2 0.39 + 0.02 0.11 + 0.02 1.840 73.98
MERS-CoV and SARS-CoV-2 0.31 + 0.005 0.06 + 0.004 3.951 35.54

SARS-CoV-2 is more infective than other two but do not provide
detailed description. It is shown that in SARS-CoV S, which is the
lying state, the RBD is buried in the S protein trimer therefore
interaction with ACE receptor is hindered. In order to bind with
receptor, S protein must switch to standing state where RBD of any
one of the chains is exposed and binds with receptor [8] (Fig. 8).
From the homogenous CCM plot of whole trimer (Fig. 2), we hy-
pothesize that the molecular mechanism of this conformational
switching at atomic scale may be similar in nature in the three
viruses but the variation seen in the CCM of RBM and RBD are

responsible for the difference in infectivity. It can be said from the
CCM that RBD of all three chains have equal probability to be
switched into standing state. From the first four low frequency non-
zero modes (A7 Ag, Ag, Ao) localized variation in the direction of C,
atom motion in the models are worth noticeable (Fig. 5). We have
also described the motions of the C, respect to the symmetry axis of
the trimer (supplementary 4,5,6). The B-sandwitch region in all the
three S protein models shows various translational motions re-
spects to the XY plane or clockwise and anticlockwise rotational
motion around the Z axis which serves the basis of overall intrinsic
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Fig. 8. Closed or lying state and open or standing state of spike protein of A) SARS-CoV-2 and B) SARS-CoV. In both cases one of the three RBDs is switched into open state and all

three RBDs have equal probability to be switched into this conformation.

dynamics and constitutes the variability in motions in the S protein
models. Complete rotational motion (clockwise or anticlockwise) of
the chains around Z axis is scarce in all the S protein structures. The
RBD or RBM also shows variation in C, vector directionality in said
spike proteins which also serves the basis of marked dynamic
variation. In mode 3 (Ag) of SARS-CoV-2 S protein, dominant motion
comes from the RBM motif of chain A, especially Phe486. A recent
MD simulation study shows that CR1 loop of RBD of SARS-CoV S

protein is more rigid than that of SARS-CoV-2 and this high flexi-
bility of CR1 in SARS-CoV-2 S protein anchors Phe486 deep into the
hydrophobic pocket of ACE2 receptor. This leads to more tight
binding of SARS-CoV-2 S protein RBD to the receptor than SARS-
CoV and it explains partially, why SARS-CoV-2 is 10—15 times
more infective than SARS-CoV [31]. Cryo-EM studies have shown
that, in SARS-CoV spike, the RBD is mostly in the standing state
[8,11] however, in SARS-CoV-2 spike, the RBD is mostly in the lying
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matrix between S protein of (A) SARS-CoV and SARS-CoV-2, (B) SARS-CoV and MERS-CoV, (C) SARS-CoV-2 and MERS-CoV.

state [36] thus the probability of infection should be more for SARS-
CoV than SARS-CoV-2. But from this study it can be said that the
intrinsic nature of the high flexibility of the RBD (especially the
RBM) of one of the chains increases the probability of the spike to
bind with the ACE2 receptor through multiple hydrophobic bonds
before switching to standing state. In standing state, the RBD of
SARS-CoV and SARS-CoV-2 spike protein shows higher atomic
fluctuation in order to be accessible to the ACE2 receptor which
supports the MD simulation data. The variation in the B-sandwich
region of MERS-CoV S due to grafting of distinct variable loops,
results in the variation in dynamics of the first four non-zero
normal modes as well as in the magnitude of atomic fluctuations.
In order to find any type of similarity in the dynamics of different
modes we have computed overlap matrix using the first 100 non
zero modes of the models. During the comparison of modes be-
tween the oligomer structures, issue of chain identifiers must be
addressed. In other words, when the two modes are compared,
chains A, B, and C in one protein (or mode) are not necessary to
correspond to chains A, B, and C in another protein (or mode).So, all
possible chain combinations of the spike are used during compar-
ison between two S proteins. For example, when modes of SARS-
CoV and MERS-CoV spike are compared, we produced six
possible chain combinations of MERS-CoV S: ABC(default PDB id),
ACB)B(c), Ba)A®)C, Ba)Ce)A, CayA®)B(c), Ca)B®)A(c) where ABC is
the default PDB chain ID. B(a)Ag)C means in this new chain ID chain
B in default id is now given as chain A identifier, chain A in default

10

id is now given as chain B identifier and chain C is not changed.
Average value was calculated for RMSIP and spectral overlap using
the six chain combinations in each comparison. Overlap plot was
also created for all combinations (supplementary 7,8,9). Overlap
plot of SARS-CoV-2 and SARS-CoV spike combination Bia)Cip)A
shows high overlap value (>0.5) in first five non-zero normal mode
indicating similar trend in global C, atom motion. Very low overlap
values between SARS-CoV and MERS-CoV, SARS-CoV-2 and MERS-
CoV spike in all chain combinations indicates absence of similarity
in C, atom motion both in low as well as higher normal mode index.
Similar chain combinations was also used in comparison of lying
and standing state of SARS-CoV and SARS-CoV-2 spike. High RMSIP
and spectral overlap value was found in default PDB chain id and
rest of the values are far from this value in both structures. In SARS-
CoV spike lying and standing state, computed RMSIP and spectral
overlap value is 0.75 and 0.36 and in SARS-CoV-2 spike lying and
standing state, computed RMSIP and spectral overlap value is 0.88
and 0.48 respectively. High overlap values along the diagonal of the
matrix suggests that in lying and standing state of SARS-CoV and
SARS-CoV-2 spike, overall intrinsic dynamics remains similar sup-
porting our finding that even in lying state there is a chance of
binding with the receptors due to high flexibility of the RBM. Very
low RMSIP and spectral overlap values involving MERS-CoV S
protein indicates very different kinds of atomic displacement than
the other models. These characteristics of MERS-CoV S protein
dynamics is obvious because of the distal placement of MERS-CoV S
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protein in phylogenetic tree from SARS-CoV and SARS-CoV-2 S
protein [35]. This study unravels the intrinsic difference between
the S proteins of three viruses which is manifested in the form of
varying degrees of infectivity.

5. Conclusions

The present comprehensive study demonstrated the intrinsic
dynamics of the S proteins from SARS-CoV-2, SARS-CoV and MERS-
CoV and their inter-relationship through normal mode analysis
using ANM. High fluctuation of the RBM of SARS-CoV-2 spike in-
dicates its propensity to bind with ACE2 even in the lying state
inferring its higher infectivity than SARS-CoV and MERS-CoV. The
distant relationship of MERS-CoV with the SARS-CoV and SARS-
CoV-2 in phylogenetic tree at sequence level resembles that at
the dynamics level due to its unique dynamical motion. Sites of
very low atomic fluctuation at the S1 site which harbours the RBD
could serve as the potential drug binding site. Our study could serve
as the basis for designing common potential drugs against the spike
of the three mentioned viruses which may inhibit the conforma-
tional changes from lying to standing state.
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