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ABSTRACT: The emergence of a variety of highly transmissible
SARS-CoV-2 variants, the causative agent of COVID-19, with
multiple spike mutations poses serious challenges in overcoming
the ongoing deadly pandemic. It is, therefore, essential to
understand how these variants gain enhanced ability to evade
immune responses with a higher rate of spreading infection. To
address this question, here we have individually assessed the effects
of SARS-CoV-2 variant-specific spike (S) protein receptor-binding
domain (RBD) mutations E484K, K417N, L452Q, L452R, N501Y,
and T478K that characterize and differentiate several emerging
variants. Despite the hundreds of apparently neutral mutations
observed in the domains other than the RBD, we have shown that
each RBD mutation site is differentially engaged in an interdomain
allosteric network involving mutation sites from a distant domain, affecting interactions with the human receptor angiotensin-
converting enzyme-2 (ACE2). This allosteric network couples the residues of the N-terminal domain (NTD) and the RBD, which
are modulated by the RBD-specific mutations and are capable of propagating mutation-induced perturbations between these
domains through a combination of structural changes and effector-dependent modulations of dynamics. One key feature of this
network is the inclusion of compensatory mutations segregated into three characteristically different clusters, where each cluster
residue site is allosterically coupled with specific RBD mutation sites. Notably, each RBD mutation acted like a positive allosteric
modulator; nevertheless, K417N was shown to have the largest effects among all of the mutations on the allostery and thereby holds
the highest binding affinity with ACE2. This result will be useful for designing the targeted control measure and therapeutic efforts
aiming at allosteric modulators.

■ INTRODUCTION

Global efforts are underway toward the development of more
effective vaccines and antiviral drugs to efficiently cope with
the ongoing COVID-19 pandemic, which has caused 4 170 155
deaths as of July 2021. However, such efforts are being
seriously hindered by the rapid emergence of multiple SARS-
CoV-2 variantsthe causative agent of COVID-19.1−3 There
is now growing evidence that mutations that changed the
antigenic phenotype of SARS-CoV-2 are capable of evading
immune responses and attenuating the neutralizing effects of
antibodies.4−6 Recent studies further show that new variants
are potentially evolving due to selective pressure exerted by
convalescent plasma and mAb treatments.7−9 Under such
selective pressure, long-term virus shedders may contribute to
sporadic emergence of more intensely mutated variants. There
are several variants of concern (VOCs) or variants of interest
(VOIs) circulating globally that have been reported by the
WHO technical advisory group (Table 1)a,b, demanding
immediate attention for setting better control measures. With a
noted suite of mutations, these variants are being identified,

which have been causing significant community transmission
or multiple COVID-19 clusters in multiple countries with
increasing relative prevalence alongside increasing numbers of
cases over time. Here, we have considered prominent spike
receptor-binding domain (RBD) mutations that are commonly
observed among the VOI/VOC variants (Table 1), namely,
E484K, K417N, L452Q, L452R, N501Y, and T478K. These
RBD mutations are noted to characterize and differentiate
several emerging variants. VOCs/VOIs with these mutations
are distinguished with changes in several virus characteristics
such as transmissibility, disease severity, immune escape,
diagnostic escape, or therapeutic escape.4,10−13 One such
predominant VOC in much of the world that appeared first in
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India in late 2020 is the delta variant with very high
transmissibility. This variant is identified as lineage B.1.617.2,
characterized by several spike mutations. Of these, T478K and
K417N substitutions in the spike protein make it character-
istically different from other VOIs. Although comparative
assessments of variant characteristics have been reported in
recent studies, it remains unclear how such mutations affect
virus characteristics with seemingly uncorrelated sporadic
mutations.
Coronavirus (CoVs) recognize and enter the human host

cell by binding its prefusion-form spike protein (S) to the
human angiotensin-converting enzyme-2 (ACE2), which is
highly expressed on the surface of lungs, heart, kidneys, and
intestine cells. To stop this essential entry process and
subsequent infection, most of the vaccine development and
therapeutic efforts focus on the S-protein.14 The S-protein is a
trimer, where each protomer is made of two subunits: an
amino(N)-terminal S1 and a carboxyl (C)-terminal S2.15

During proteolytic processing and subsequent membrane
fusion, the S1/S2 junctions at Arg685-Ser686 are cleaved by
the cellular protease furin. The subunit S1 is mainly involved in
prefusion interactions with the human receptor protein
ACE2.16 It consists of an N-terminal domain (NTD), the
receptor-binding domain (RBD), and two structurally
conserved subdomains SD1 and SD2. Several studies have
illustrated a variety of conformational arrangements of RBD,
switching between the RBD-up position amenable for ACE2
binding and the RBD-down position relatively resistant to
receptor binding.17−19 Most VOC/VOI mutations that
differentiate one from the others are located in RBD and
NTD and affect interactions with ACE2.4 For example, the P.1
lineage detected first in Brazil is characterized by several amino
acid (AA) substitutions mostly located either in RBD or in
NTD: L18F, T20N, P26S, D138Y, R190S, K417T, E484K,
N501Y, H655Y, and T1027I, which are shown to reduce
neutralization by some antibodies. However, it is not clear how
the NTD mutations affect the interactions with the ACE2 that
binds to the RBD. Here, we examine if portions of NTD in

part or clustered forms are involved in allosteric communica-
tion with VOC/VOI noted in six mutational spots in the
RBD.20

Long-range allosteric perturbations are propagated not only
by structural changes but also by effector-dependent
modulations in dynamics. Studies based on statistical
thermodynamics show that cooperative interaction free
energies can be generated by ligand binding. Potential changes
in macromolecular thermal fluctuations due to ligand binding
involve several forms of dynamic communications ranging
from highly correlated, low-frequency normal mode vibrations
to random local anharmonic motions of molecular domains.
This form of dynamic allostery is primarily an outcome of the
entropy effect.21−23 The effector-dependent modulations of the
structural dynamics play a critical role in propagating long-
range allosteric perturbations for which structural changes are
not necessary.24 The end-points of this long-range allostery are
characterized by comparative analyses between apo- and
effector-bound states. Such allosteric propagations of pertur-
bations are performed by a network of AA residues that
connect the distal dynamic domain of the protein structure.25

Revelations of such an AA residue network that underpin
mutation-induced dynamic allosteric modulations are critical
for understanding and predicting differential effects of VOIs.
Here, we have used computationally predicted chemical shift
data of 1H and 15N, calculated based on SHIFTX2,26 which
combines ensemble machine learning methods with sequence
alignment-based methods, to probe a variety of VOC/VOI
mutation networks differentially connecting NTD and RBD of
the SARS-CoV-2 spike protein. In parallel to well-exploring the
chemical shift covariance analysis (CHESCA),27 we have
designed an integrated methodology combining sequence,
structure, and chemical shift data to infer such long-range
allosteric connections modulated by SARS-CoV-2 VOC/VOI
RBD mutations. The molecular complex detection (MCODE)
technique28 was applied in Cytoscape plugins29 to extract
highly connected subgraphs of vulnerable mutation sites
identified from AA sequences of Spike variants. The chemical

Figure 1. Probabilistic scheme for the identification of compensatory mutations based on amino acid (AA) sequences. The left panel shows the list
of mixed AA unique sequences of the S-protein of all SARS-CoV-2 variants, which were then compared pairwise to create a binary population (BP)
of the sequence, as shown in the middle panel (N = 1784, L = 1273, M = 1 590 436); “1” stands for the AA substitution, and “0” otherwise. The
right panel illustrates how two mutation sites were compared using conditional probability over the S-binary population (BP). The mutation site i is
compensatory to the site j or vice versa if both the conditional probability P(si|sj) = 1 and P(sj|si) =1.
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shift projection analysis (CHESPA)30 had been implemented
on the mutated and nonmutated spike chemical shift data to
quantify the effects of the noted RBD mutations. Then, the
RBD and ACE2 binding affinity, dissociation constant, H-
bond, and salt bridges were calculated using PROtein binDIng
enerGY prediction (PRODIGY)31 and PDBePISA web-
servers.32 It shows that high-frequency correlated mutation
sites at NTD are segmented with different combinations of
secondary structural components that established a strong
allosteric communication with the mutational spot at RBD. In
particular, the delta variant consisting of the RBD mutation
K417N shows a strong long-range modulated allostery,
resulting in higher interactions with ACE2. These results
provide important inputs to the awaited development of
allosteric modulators inhibiting interactions with ACE2 and
thereby that block the viral entry.

■ RESULTS AND DISCUSSION

Compensatory Mutation Network (CMN) across
SARS-CoV-2 Spike Variants. Compensatory mutation has
beneficial effects on fitness in the presence of a deleterious
mutation, but it, otherwise, remains neutral or deleterious. It
usually occurs nonrandomly over gene sequences and is more

likely than expected by chance to be close to the site of the
actual deleterious mutation. To identify a suite of such
compensatory mutations that are commonly followed by a
single mutation in biological sequences and are responsible for
maintaining conformational and functional stability, we
collected SARS-CoV-2 spike (S) protein sequence variants
from the NCBI databasec. We obtained a total of around 91
000 sequence samples, with each of the sequence variants of
length 1273 observed in at least three different samples (n ≥ 3)
for subsequent alignment analysis (Table S1). Of these, we
found 1784 unique sequences (N = 1784) clustered among all
of the SARS-CoV-2 spike protein sequence samples. Instead of
reference-based comparison, we compared all possible pairwise
sequence variants in each position of the sequence. This

creates a binary sequence variant population of size M ( )1784
2

(=1 590 436 sequences), with 0 indicating no substitution and
1 indicating a single AA substitution (Figure 1).
This provided a total count of 618 mutation sites (≈50

percent positions) in the spike protein. With these identified
residual sites, we examined compensatory relationships among
these positions by calculating pairwise joint and conditional
probability over the binary population (( Methods). In

Figure 2. SARS-CoV-2 spike protein “AA compensatory mutation network (CMN)”: colored nodes represent the densely connected mutation
sites, and the edges denote the compensatory connection. (A) Visual presentation of the CMN-a connected, undirected network entirely located in
the N-terminal domain of the S1 unit of a spike protomer, which is visually segregated into three segments that are bridged by three nodes 141,
179, and 180. (B) Three network clusters: C1 (yellow), C2 (pink), and C3 (blue); an outcome of the molecular complex detection (MCODE)
technique in cytoscape. (C) Different quantitative characteristics that distinguish the clusters C1, C2, and C3 in the source network (A) and the
clustered network.
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pairwise comparison among the mutation positions, we
selected all of the pairs having the highest equal conditional
probability of 1, inferring their strong compensatory effects. As
a result, only 152 sequence sites and 2671 pairwise

connections were identified out of the total ( )618
2

(=190 653) pairwise mutation sites (Table S2). It, therefore,
provided an undirected, unweighted network, where each of
the 152 mutation sites represents a network node and each of
the 2671 pairwise connections represents an edge. We, then,
formed a component (i.e., a maximally connected network) by
excluding all of the isolated nodes, which eventually refer to a
compensatory mutation network of the SARS-CoV-2 spike
protein (Figure 2A). Analogous to the usual characteristic of
compensatory mutations that tend to occur more commonly in
certain regions of the protein, we have noted that this entire
network lies within the NTD (resi 13−305) of the spike
protein. It is a maximally connected mutation network
including 90% of the mutation sites (136 nodes out of 152
and 2660 edges out of 2671) with a multimodal degree
distribution (Figure S1).

Visual analysis and two-dimensional (2D) graphical
representations of the SARS-CoV-2 spike compensatory
mutation network (Figure 2B) showed clustering of several
network nodes (used MCODE28) around the pick of
multimodal degree distributions of the whole network. We
noted three such clusters represented by subnetworks, namely,
C1, C2, and C3, with significantly different network properties
(Figure 2C). Moreover, these three subnetworks are bridged
within the whole compensatory mutation network by only
three nodes: resi 149, 179, and 180; deleting these nodes
causes complete disconnection between these three subnet-
works. Each of the clusters contains nearly consecutive sites of
the primary structure of the spike protein (C1: resi 74−140;
C2: resi 159−172; C3: 186−212) (Table S2). When these
nodes were mapped on the three-dimensional (3D) structure
of the S-protein (Figure 3A), it represented β strands in the
NTD of the S-protein (Figure 3B). C1 is characterized by a β
sheet of three strands, C2 by a single β strand, and C3 by a β
sheet of two strands. Although they are relatively close in the
3D space, they propagate allosteric effects differentially to
specific RBD sites under different RBD mutations, resulting in
increased or decreased binding affinity with the human

Figure 3. Mapping of compensatory mutation segments onto the 3D structure of the spike (S) protein protomer with the RBD-up form. (A)
Different domains and subdomains belonging to S1 (upper part) and S2 (lower or base part) units of the S-protomer. (B) Mapped structural
segments C1, C2, and C3 on the N-terminal domain (NTD) (pink) involving differently composed β strands. (C) Schematic presentation of the
functional significance of C1, C2, and C3 that differentially establishes a long-range allosteric communication with the RBD (blue) mutation site,
where C1, C2, and C3 residues act as allosteric activators capable of propagating the mutation-induced allosteric signals to a distant allosteric site in
RBD through a combination of structural changes and modulations of dynamics.
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receptor ACE2 (described in the following sections). Given
the high level of structural plasticity of NTD and RBD
domains (Figure 3C), there can be many more combinations
of mutations requiring compensatory changes that are
compatible with high viral fitness and may contribute to
efficient immune escape. For example, a recent study showed
that N439K compensated for an RBM mutation K417V that
otherwise decreases the receptor-binding affinity and that
several mAbs were more sensitive to these mutations in
combination versus individually.45

Mutational Spots in the Receptor-Binding Domain
(RBD) Are Driven by Long-Range Dynamic Allostery. To
understand the functional significance of the compensatory
mutation network, we examined if there are any allosteric
communications between the compensatory mutations and the
different VOI-specific RBD mutations in the spike protein.
Such a long-range allosteric perturbation (>20 Å), arising from
mutations or chemical modifications of the ligand effector and
propagated to a distant end, can effectively be detected in
chemical shift changes of diamagnetic 1H, 13C, and 15N of
protein residues. Here, we have used a computer program
called SHIFTX2,26 which is capable of accurately predicting
1H, 13C, and 15N chemical shifts from protein coordinate data
(Table S3). SHIFTX2 uses a large, high-quality database of
training proteins (>190) in advanced machine learning
techniques, incorporating many more features (χ2 and χ3

angles, solvent accessibility, H-bond geometry, pH, temper-
ature) and thereby achieving high accuracy by combining
sequence-based and structure-based chemical shift prediction
techniques. This chemical-shift-based prediction of long-range
allostery has further been probed in the Ohm-a computation-
ally efficient network-based method,46,47 which is similar to the
well-known NMR chemical shift covariance analysis (CHES-
CA).27 “Ohm” automatically determines the allosteric network
architecture and identifies allosterically coupled residues based
on the perturbation propagation algorithm that repeats the
stochastic process of perturbation propagating on a network of
interacting residues in a given protein. Such residue−residue
allosteric coupling is measured by an allosteric coupling
intensity (ACI)a frequency with which each residue is
affected by a perturbation. By considering C1, C2, and C3
residue positions in NTD as active sites, we calculated the ACI
for all of the VOC-/VOI-specific RBD mutation sites and then
compared them with the chemical-shift-based results.
Using 1H and 15N combined chemical shifts, we examined

whether the pairwise inter-residue correlation remains linear in
different conformational states of RBD bound with/without
the ACE2 and further observed if there is any deviation from
this linear relationship under different RBD mutations. Such a
linear correlation in different states of the same protein
indicates inter-residue allosteric coupling. This examination
showed that several residues belonging to the C1, C2, or C3
cluster of the compensatory mutation network retained the
strong linear correlation with VOC-/VOI-specific RBD
mutation sites in all of the given RBD conformational states.
Although this linearity is noted in the RBD-mutated and
nonmutated states as well, it largely varies among the C1, C2,
and C3 clusters with inconsistent differences between the
mutated and nonmutated states (Table 2). When compared
among the different RBD-mutated states (i.e., E484K, K417N,
L452Q, L452R, N501Y, and T478K), it showed strong
allosteric signals activated by a suite of residues in C1, C2,
and C3 with overall correlation ≥ 0.7 (Figure 4a) that

allosterically coupled with the RBD mutation differentially,
indicating potential long-range allosteric communication
between compensatory mutation sites in NTD and the RBD
mutation site (Figure 4b). The number of residues among the
compensatory mutation clusters that allosterically coupled with
the RBD mutation sites varies significantly, referring to
differential effects of RBD mutation sites. For example, spike
K417N and the nonmutated states involve 33.33 and 44.44%
residues of the C2 cluster, respectively (Table 2), which
allosterically coupled with the RBD site 417 with the absolute
correlation being greater than 0.7. However, S E484K involves
44.44% residues of the C2 cluster, which is 10% less than its
nonmutated form, having allosteric coupling with the RBD
mutation site 484. Existence of such coupling has further been
observed in a measured allosteric coupling intensity (ACI) in
the Ohm webserver. With the inputs of compensatory
mutation sites of C1, C2, and C3 as active sites in Ohm
separately, we calculated the allosteric coupling intensity (ACI)
for the RBD mutation sites (Table S4). It showed that ACIs
are more than 0.2 bound with/without the ACE2; however,
the bound ACE2 reduces and the RBD mutation with the
bound ACE2 enhances the ACI relative to its native RBD-up
state. These Ohm outcomes are in agreement with the
residue−residue correlation analysis based on the chemical
shifts. In particular, S K417N has ACI values of 0.35, 0.31, and
0.28, respectively, when C3, C2, and C1 are considered as the
active sites, which is >40% when compared with its native
RBD-up conformational form, indicating strong allosteric
connections for the K417N S conformation (Figure 5). In
parallel to these noted observations, a recent study reported
that K417 and N501 residues serve as effector centers of
allosteric interactions and anchor distant sites that mediate
long-range allosteric communications in the complex.48

To evaluate the effects of RBD-specific mutations on the
allosteric communications and thereby on the interactions with
ACE2, we applied chemical shift projection analysis (CHES-
PA).30 In CHESPA, one of the vectors A is projected on the

Table 2. Percentage of Residues in the Compensatory
Mutation Segments C1, C2, and C3 that Showed Allosteric
Connection with the RBD Site with/without Mutation,
Having the Combined Chemical-Shift-Based Correlation |r|
≥ 0.7

RBD mutation class mutated concn (%) reference concn (%)

E484K C1 23.53 11.76
K417N C1 8.82 17.65
L452Q C1 26.47 2.94
L452R C1 17.65 2.94
N501Y C1 20.59 11.76
T478K C1 29.41 20.59
E484K C2 44.44 55.56
K417N C2 33.33 44.44
L452Q C2 11.11 11.11
L452R C2 22.22 11.11
N501Y C2 11.11 33.33
T478K C2 11.11 NA
E484K C3 37.50 25.00
K417N C3 18.75 18.75
L452Q C3 18.75 12.50
L452R C3 6.25 12.50
N501Y C3 18.75 25.00
T478K C3 18.75 25.00
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other vector B to measure the shift along B, where A denotes
the residue-wise combined chemical shift differences between
the RBD-up S without the bound ACE2 and the mutated
ACE2-bound S, and B denotes the differences between RBD-
up S and the nonmutated ACE2-bound S. The analysis
provides two key residue-specific descriptors of the perturba-
tion caused by the mutations: the fractional shift (X) and the
cos θ (Methods). Only residues with absolute cos θ values
close to 1 are suitable reporters of the allosteric activity, while
the S-protein binds with ACE2. However, if the fractional shift
X is positive, it indicates that the RBD mutation effects toward
an allosterically more active state, and it is otherwise if X is
negative. CHESPA outcomes show that a large number of

NTD residues hold positive X values with absolute cos θ
greater than 0.9 (Figure 6), indicating the strong allosteric
activity of compensatory mutations sites in NTD and thereby
coupling with VOI-specific RBD mutation sites. While all of
the mutations have significant effects, K417N showed many
more residues with very high positive X values. Moreover,
many mutation sites in the compensatory mutation segments
C1, C2, and C3 are common and highly active (X > 1.0 and
cos(θ) > 0.9) across all of the RBD mutation sites: 87, 89, 91,
114, 115, 123, and 128 of C1; 159 of C2; and 187 and 196 of
C3, indicating their critical role in maintaining the allosteric
communications. In a recent study of dynamic profiling of
binding and allosteric propensities of the SARS-CoV-2 spike

Figure 4. Residue−residue allosteric coupling between the residues j in C1, C2, C3, and the VOI-/VOC-specific RBD mutation site i. (a) Pearson
correlation (r) based on the combined chemical shift of 1H and 15N ppm values in five conformational forms “k” of the S-protein: S-protein with
the RBD-down, the RBD-up, bound with ACE2, clockwise and anticlockwise movement of RBD bound with the ACE2 (δik), and under different
specific RBD mutations. (b) Best correlation sites (or j-residues) in the compensatory mutation segments C1, C2, and C3 showing allosteric
connection with the specific RBD site that is modulated by the VOI-/VOC-specific RBD mutations (mut, mutated; ref, reference).
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protein with different classes of antibodies, it was seen that
RBD mutation sites K417, E484, and N501 correspond to a
group of versatile allosteric centers in which small
perturbations can modulate collective motions, alter the global
allosteric response, and elicit binding resistance.49

Mutation-Induced Modulation of Spike Protein
Interactions with ACE2 through the Dynamic Allosteric
Network. Successful entry of SARS-CoV-2 into the human
host cell depends on how the S-protein RBD interacts with the
human receptor ACE2 and subsequently modulates the
proteolytic processing of the S1 unit for membrane fusion.
We probe here how the VOC-/VOI-specific RBD mutation
affects this interaction with the ACE2. We used PROtein
binDIng enerGY prediction (PRODIGY)31a webserver that
predicts the binding affinity from their 3D structures based on
intermolecular contacts and properties derived from the
noninterface surface. Before giving input into PRODIGY, the
individual mutant structure is prepared for all of the VOI-/
VOC-specific RBD mutants with the reference pdb 7a94
having one up-RBD bound with ACE2. The rotamer library in
UCSF-Chimera50 has been utilized to select the most copious
pose for the substitution, and then, this mutated structure has
been refined in the 3Drefine program51 that optimizes the

hydrogen-bonding network and minimizes the energy using all
atom force fields. These energy-minimized structures were
used to dock with ACE2 in the Frodock2.0 docking server that
includes a complementary knowledge-based protein-docking
potential, choosing a dock having minimum energy, and a pose
of ACE2 bound with the up-RBD. Finally, this resultant
complex was used in PRODIGY.
To calculate structural and chemical properties of ACE2-

bound RBD nonmutant- and mutant S-proteins, we used PISA
software.32 While comparing the interface interactions, it
shows that all of the VOI-specific mutations have significant
effects at the interface with an approx. 2 times higher solvent-
accessible area (SAA) at the interface for the mutated structure
(Table 3), indicating a higher potential of ACE2 and RBD
interactions. In particular, delta-specific RBD mutation K417N,
T478K, and Lamda-specific L452Q showed a much higher
SAA relative to the ACE2-bound active S-protein. When we
examined the H-bond network at the interface, we found
mutation-specific alterations and unequal distribution of H-
bonds. Besides the H-bond, T417N, L452Q, L452R, N501Y,
and T478K caused the formation of several salt bridges at the
interface. This differential distribution of H-bonding and salt
bridges may explain the different binding energy (ΔG) and

Figure 5. VOI-/VOC-specific RBD mutation-induced variation in the allosteric coupling intensity (ACI)a frequency with which each residue is
affected by a perturbation: ACIs were calculated in the “OHM webserver” with the residues in the compensatory mutation segments C1, C2, and
C3 as activator sites. It showed that the RBD mutation modulates the ACIs with a significant increase under the mutation K417N.
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dissociation coefficient (kd) under dissimilar RBD mutations.
When compared with the ACE2-bound nonmutated S-protein,
all of the RBD mutations showed reduced ΔG and Kd,
indicating higher interface interactions and binding affinity
caused by the mutations. Among all of the considered
mutations, it was seen that K417N has the highest effect on
ΔG and Kd (−17.2 kcal/mol, 2.50 × 10−13 M). Notably, the
K417N S-protein holds five H-bonds with the distance cutoff
of 3.00 Å and four salt bridges to hold tight interactions with
ACE2. It further shows that ACE2-bound K417N S holds 7.7
and 3.3% solvent-accessible area at the interface of ACE2 and
spike, respectively, and 182 interface contact residues, which is
the largest among all of the mutations. Among all of the
interface residues, it is seen that the dominant polar
hydrophilic residue SER appeared 24 times on the RBD,
while the ACE2 interacting interface dominant hydrophilic

residues GLU occurs 39 times, allowing formation of a large
number of H-bonds and salt bridges at the interface.
Along with the VOC-/VOI-specific mutations, we further

examined the effects of different flexible RBD orientations (i.e.,
clockwise and anticlockwise movements of RBD) that can be
caused by several mutations at hinge residues located close to
the S1/S2 junction (e.g., D614G).52 Such flexible orientations
of RBD were found to have significant diminishing effects,
altering the binding affinity to ACE2 (Figure 7A). Interest-
ingly, we observed a significant increase in ΔG and Kd under
the flexible RBD orientations in contrast to their lowest values
for the K417N S-protein (Figure 7B). Thus, reorientation of
RBD with mutations at hinge residues may alter the VOI-/
VOC-specific mutation effects. This result, therefore, generally
indicates that the increased stability and rigidity of the
prefusion confirmation state of the S-protein have a higher

Figure 6. Chemical shift (CS) projection analysis showing the effects of VOI-/VOC-specific RBD mutations. (a) Fractional shift (X) variation in
the compensatory mutation segments C1, C2, and C3 induced by the RBD mutations, E484K, K417N, L452Q, L452R, N501Y, and T478K. There
are a select few residues for which X is negative in all of the segments when |cos θ| ≥ 0.9. (b) Projection angle, cos θ, which is an indicator of the
direction of chemical shift movement along (+ve values) or against (−ve values) the allosteric activity.
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affinity to ACE2 under all of the VOC-/VOI-specific RBD
mutations.
In addition to mutations, SARS-CoV-2 S-protein N-

glycosylation plays an important role in viral entry to human
cell models as the viruses lacking N-glycans enter the host cell
less effectively.53 In a recent study, glycosylation profiles and
their changes during the course of global transmission were
characterized and compared with SARS-CoV. It reported nine
predicted N-glycosylation sites and three O-glycosylation sites
unique to SARS-CoV-2, but there was no evidently observed
variation of the glycan sites so far.54 Further research showed
that the glycans at sites N165 and N234 affect the RBD
conformational plasticity, as their presence stabilizes the RBD
“up” conformation, permitting efficient binding to the human
angiotensin-converting enzyme-2 (hACE2) receptor. Deletion
of these glycan residues through N165A and N234A mutations
significantly reduced binding of the S-protein to ACE2 as a
result of a conformational shift of the RBD toward the “down”
state, weakening accessibility to ACE2.55

■ CONCLUSIONS
We have described structural and functional significance of
SARS-CoV-2 variant-specific spike (S) protein RBD mutations,
E484K, K417N, L452Q, L452R, N501Y, and T478K, which
characterize and differentiate several variants of interest/
concern (VOIs/VOCs) as reported by the World Health
Organization (WHO). We have shown here that these
mutations are not sporadic but engaged in an interdomain
allosteric network differentially affecting interactions with the
human receptor ACE2 and thereby are the determining factors
of the higher transmissibility and infectivity of SARS-CoV-2.
This allosteric network coupled the residues of the N-terminal
domain (NTD) and the receptor-binding domain (RBD),
which are further modulated by the RBD-specific mutations
and are capable of propagating mutation-induced perturbations
between these domains through a combination of structural
changes and RBD mutation-dependent modulations of
dynamics. One key feature of this network is the inclusion of
compensatory mutations segregated into three characteristi-
cally different clusters, where each cluster residue site is
allosterically coupled with specific RBD mutation sites. We
mutated specific RBD mutation sites and quantified the
changes in the allosteric coupling and then its effects on the
interactions between RBD and ACE2. Each mutation was
observed to increase interactions with ACE2; however, the
extent of effects varies among the RBD mutations through
different allosteric connections with the compensatory
mutation clusters in the NTD. This result, therefore, provides
important clues on how these specific RBD point mutations
modulate the spike dynamics and interactions for higher
transmissibility.
We have demonstrated highly sensitive hybrid detection

methods of compensatory mutation coupling and its allosteric
connections with a distant residue in another domain. Notably,
this simple sequence-based probabilistic scanning of compen-
satory mutations deployed for SARS-CoV-2 spike proteins
with hundreds of mutations generates segregated patterns in
the NTD which are similar to the general features of
compensatory mutations. While each cluster separately
coupled with the RBD mutation sites through combined
chemical shift changes, it shows a linear correlation with a high
allosteric coupling intensity (ACI). Mutation effects are
quantified by projecting residue−residue chemical shiftT
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changes in the RBD-mutated spike on the nonmutated spike
bound with ACE2 that are surrogated by two descriptors:
fractional shift (X), describing the extent of effects, and the
cosine of the angle between the vectors, including mutated and
nonmutated residues that describe the activation/inactivation
of allosteric states. Among all of the considered mutations that
showed positive allosteric modulation, K417N was found to
have the largest effects on the allostery and thereby holds the
highest binding affinity with ACE2, providing an explanation as
to why the delta variant shows higher transmissibility.
Estimate of such mutational pathways by which SARS-CoV-

2 will evolve is extremely challenging. Nevertheless, there is a
rapidly expanding knowledge base regarding the effect of
SARS-CoV-2 spike mutations on antigenicity and attenuation
of the neutralizing effects of antibodies. Integration of SARS-
CoV-2 sequences with structure-based pharmacological studies
facilitates the detection of potential variants of concern at a
relatively low frequency. This is useful for targeted control

measure and further laboratory characterization and therapeu-
tic efforts, advancing molecular understanding and connections
among different mutations and their significance.

■ METHODS

Identifying Vulnerable Mutational Sites across SARS-
CoV-2 Spike Variants. Instead of classical reference-based
sequence analysis, we rely on differential sequence comparison
among the mutated sequences to identify vulnerable mutation
sites that are prone to frequent alterations in the available
SARS-CoV-2 variants. We emphasized only the sites that are
highly susceptible to mutation, with the hypothesis that SARS-
CoV-2 changes itself structurally for more stronger binding
with the host. We used a binary vector-based comparison for
the ease of computation of such highly vulnerable sites. A pair
of sequences is compared for each amino acid. A match is
ignored, scoring 0 in the position of the resultant vector.
However, a mismatch is rewarded with 1 to indicate the

Figure 7. Effects of VOI-/VOC-specific RBD mutations on the SARS-CoV-2 S-RBD and ACE2 interactions, with the different RBD orientations.
(A) Snapshots of the effects of the RBD mutations, N501Y, T478K, and K417N; interface interactions and their distribution between ACE2 (red)
and the RBD (blue) differed among the mutated states with different RBD movements, determining different dissociation constants Kd. Among all
six considered RBD mutations, K417N showed the lowest Kd. (B) Zoomed-in snapshots of the H-bond and salt bridge interactions with the K417N
mutation. It holds five H-bonds with the distance cutoff of 3.00 Å and four salt bridges and has 182 interface contact (IC) residues, the largest
among all six mutations.
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presence of alternation in a particular position. The same
process has been applied to all pairs of N candidate sequences,

leading to ( )N
2 binary vectors. Next, we calculated the

probability of vulnerability of each site.

Assume a set of M =( )N
2 binary vectors and each vector has

L residual sites, S = {s1,s2, ···, sL}, where si = {b1,b2, ···, bM}. The
vulnerability of a mutation site si can be calculated as follows.

=
∑

P s
b

M
( )i

M
i1

(1)

A site si is considered potentially prone to mutation if P(si) > τ,
a user-defined threshold. Considering all such potentially
vulnerable sites, we constructed a network of coexisting
vulnerable sites.
Extracting Strongly Cohesive Mutation Sites. We

calculated coexisting vulnerable sites that exhibit certain co-
occurrence of alternation with respect to all candidate variants.
We used the conditional probability score to calculate
coexisting vulnerable sites. The coexistence probability of
two sites si and sj (si, ···, sj) can be calculated as follows.

θ θ θ··· | = | = ≤ ≤

| =

s s P s s P s s

P s s
P s s

P s

, , , if ( ) or ( ) (0 1)

, ( )
( and )

( )

i j i j j i

i j
i j

j (2)

All pairs of si, ···, sj are combined to create an adjacency matrix
A as follows.

= ···l
mo
no

|
}o
~o

A i j s s( , ) 1, if , , exists
0, otherwise

i j

(3)

Next, we applied the well-known molecular complex detection
(MCODE) technique28 using Cytoscape plugins29 to extract
highly connected subgraphs of vulnerable sites with the above
network. MCODE is actually designed to identify connected
regions in large protein−protein interaction networks that may
represent molecular complexes. The method is based on vertex
weighting by local neighborhood density and outward traversal
from a locally dense seed protein to isolate the dense regions
according to given parameters.
Chemical Shift Changes and Allosteric Coupling of

Residues between RBD and NTD. It often remains
experimentally challenging to define a network of residues
that mediate the cross-talk between distal sites. Such clusters of
coupled residues are particularly elusive in allosteric processes
with a significant dynamically driven component, as in this case
the allosteric signal propagation relies on subtle, but critical,
conformational and side-chain packing rearrangements that
often fall below the resolution of common X-ray or NMR
structure determination methods. To cope with this situation,
it was noted that chemical shift (CS) data can be explored to
examine long-range allosteric communications. Exploring CS
data was found to be very effective, as allosterically coupled
residues exhibit concerted and correlated chemical shift
changes for a given set of perturbations. Such correlations
can be observed in a set of allosteric perturbations that induce
different degrees of activation with minimal covalent
modifications and that are spatially colocalized within a single
region of the protein structure.
Allosterically coupled residues exhibit concerted and

correlated chemical shift changes for a given set of

perturbations. Such correlations can be observed in a set of
allosteric perturbations that induce different degrees of
activation with minimal covalent modifications and that are
spatially colocalized within a single region of the protein
structure. According to a two-state activation model with a fast
exchange regime, chemical shifts for different residues
sufficiently away from the effector binding site56 that senses
the same perturbed equilibrium are linearly correlated. In the
case of the multistate model, linearity was still maintained
through partial reordering of the points that correspond to the
same active ligands. Within these premises, the existence of
long-range allosteric communication can be probed, noting
linear coupling of distant residues by their chemical shifts, as
has been successfully implemented in the chemical shift
covariance analysis (CHESCA).27 Structural changes and the
effector-dependent modulations in dynamics both play critical
roles in long-range propagation of allosteric signals. Com-
parative analyses of the structural and dynamic profiles of apo-
and effector-bound states are effectively used to characterize
the terminal receptor sites of these allosteric signals. However,
defining a network of residues that mediate such cross-talk
between distal sites remains technically difficult. In particular,
when the allosteric signal propagation primarily relies on
conformational and side-chain packing rearrangements, iden-
tifying such clusters of coupled residues remains elusive. As
chemical shifts are highly sensitive to both structural changes
and the effector-dependent modulations, it has been shown to
be very effective for determining long-range allostery greater
than 20 angstrom. In a chemical-shift-based approach, residues
that belong to the same effector-dependent allosteric network
exhibit a concerted response to the perturbation set, which
may not be true when such a network was solely determined
based on the 3D protein structure. Given the five conforma-
tional states of the spike protein with active/inactive RBD,
RBD bound with ACE2, and clockwise and anticlockwise poses
of ACE2-bound RBD, we separately probed such a linear
correlation between the residues in segments C1, C2, and C3
of the compensatory mutation network in the NTD and the
VOC-/VOI-specific RBD mutation sites away from the ACE2-
bound residues.
Residue-wise combined chemical shifts are calculated as the

weighted sum of the ppm values of the amide proton 1H and
15N nitrogen

δ δ δ= +W Wik ik ik
N N H H

(4)

where δik denotes the combined chemical shift of residue i at
the kth perturbed state and WN and WH are the weights for the
chemical shifts δik

N and δik
H, respectively. If two residues (or

sites) i and j belong to the same allosteric network, their
perturbation-dependent chemical shift variations exhibit a
linear correlation regardless of their magnitude. Therefore,
allosterically coupled residues i and j establish a linear equation
as follows

δ δ α β= +ik jk (5)

The presence of nonlinear terms in eq 5 is neglected based on
the observations that a slight RBD reorientation causes
correlated perturbation in the local environment of residues i
and j. Such correlated perturbations (Pearson correlation (rij))
as calculated in eq 6 are depicted in the maintained correlation
|rij| ≥ 0.7, displaying a collective concerted response to
perturbed states.
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ik ik jk jk
2 2

(6)

where δik and δjk are two vectors of equal length and δik and δjk

correspond to the means of δik and δjk, respectively.
To gauge the direction in which the given RBD mutation

affects the allosteric active states, we have implemented the
chemical shift projection analysis (CHESPA).30 The com-
monly used compounded ppm changes, computed as

δ δΔ + ΔN H(0.2 ) ( )2 2 ,57−62 is based only on the magnitude
of the chemical shift variations caused by a mutation and not
on the direction in which the given mutation affects the
dynamic equilibrium. The compounded chemical shift differ-
ence between the apo-S and the S-mutant was calculated as the
magnitude of vector A, connecting the apo-S and S-mutant
ACE2-bound peaks and defined in the plane of the 1H and
scaled 15N ppm coordinates. The scaling factor of the 15N ppm
values is 0.2.63 Similarly, the compounded chemical-shift
difference between the apo-S and the ACE2-bound S is
computed as the magnitude of vector B, which represents the
activation vector joining the apo/inactive to the allosterically
active state. The projection of vector A onto B is a measure of
the shift along the activation vector caused by a given
mutation. To quantify the extent of activation (or inactivation)
achieved by a mutation, the fractional shift (X) is calculated as
the ratio of the component of vector A along vector B and the
magnitude of vector B (i.e., |B|).
The fractional shift (X) is scalar and is complemented by the

cos θ value. It is based on the relative orientation of vectors A
and B. Thus, the projection analysis of the chemical shifts
results in two key residue-specific descriptors of the
perturbation caused by the mutation, i.e., the fractional shift
(X) and the cos θ. The fractional shift, X, is positive if the
mutation shifts the equilibrium toward the allosterically active
state and negative otherwise. The absolute value of X
approaches 0 if the ppm variations caused by the mutation
are negligible when the mutation results in ppm changes of
comparable magnitude and direction, |X| ∼ 1. The |cos θ|
values approach unity (i.e., |cos θ| ∼ 1) with the strong
allosteric effect of the mutation. However, |cos θ| < 1 for
residues are more significantly affected by the mutation
through nearest-neighbor effects or other structural distortions
caused by the mutation and not through long-range allostery.
The fractional shift (X) is calculated as the ratio of the

component of vector A along vector B and the magnitude of
vector B (i.e., |B|)30

θ= | |
| ⃗|

1
X

A
B
cos

(7)

where B = [.2Δδikr
N, Δδik′r

H], A = [.2Δδikr
N, Δδik′m

H], and r and
m refer to the reference and mutated conditions, respectively,
in the kth (or k′th) state. θ is the angle between vectors A and
B.

θ =
⃗· ⃗

| ⃗ |·| ⃗|
A B

A B
cos

(8)

=
⃗· ⃗

| ⃗|
X

A B
B 2 (9)

Interface Analysis Using 3D Protein Structures. RBD
and ACE2 binding affinities, dissociation constant, H-bond,
and salt bridges were calculated using PROtein binDIng
enerGY prediction (PRODIGY)31 and PDBePISA webser-
versd.32 PRODIGYe predicts the binding affinity and identifies
the interfaces from 3D protein structures with the number and
type of intermolecular contacts within the 5.5Å distance cutoff.
It predicts the binding affinity based on a simple linear
regression of interface contacts (ICs) and some properties of
noninteracting surfaces (NISs) that were shown to influence
the binding affinity

Δ = − ×

− ×

+ × −

× + ×

+ × −

G 0.09459 ICs

0.10007 ICs

0.19577 ICs 0.22671

ICs 0.18681 %

NIS 0.3810 %NIS 15.9433

predicted charged/charged

charged/apolar

polar/polar

polar/apolar

apolar charged

(10)

ICs are classified based on the type of contacts within a
distance of 5.5 Å, where ICsxxx/yyy is the number of interfacial
contacts found at the interface between Interactor1 and
Interactor2. The dissociation constant (Kd) is calculated using
the formula ΔG = RT ln Kd, where R is the ideal gas constant
(in kcal K−1 mol−1), T is the temperature (in K), and ΔG is the
predicted free energy. For our calculation, the temperature was
set to 25.0 °C.
To extract H-bond and salt bridge interactions at the

interface, we used the PDBePISA webserverf. PISA considers
whether a H-bond will be present if the distance between the
heavy atoms in the donor and acceptor is less than 3.89 Å. In
the presence of the H atom, the acceptor−H distance must be
≤ 4 Å and the angle A-H-D lies between 90 and 270. The
relevant distance for a salt bridge is 4 Å. ACE2 docking with
the RBD-mutated spike was carried out in the FRODOCK
webserverg.64 Given the 3D coordinates of two interacting
proteins, it uses a fast-rotational docking method. It performed
global energy optimization by a six-dimensional (6D) (3D
rotations + 3D translations) rigid-body exhaustive search of the
orientations of a fixed molecule with respect to a mobile
receptor. Considering only the rotational part, each energy
term was calculated with a correlation function defined by the
interaction of potential parts of the receptor and the ligand.
This fast exhaustive rotational search was combined with an
implicit translational scan. The translational search was done
implicitly by sampling the space uniformly with a fixed step
size grid.
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Multimodal degree distribution of the amino acid
compensatory mutation network (CMN) (Figure S1)
(PDF)
Collected protein sequence data from the NCBI virus
database; there are a total of 1784 clustered (based on
exact sequence similarity) protein sequence samples,
with each cluster having a sample frequency ≥ 3 and
corresponding accession numbers (Table S1); a total of
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618 mutation sites (or residues), with each with amino
acid residue and associated clusters count (out of 1784)
from Table S1 (Table S2); predicted 1H and 15N
chemical shifts from protein coordinate data for five pdb
structures (6VXX, 6VSB, 7A94, 7A95, 7A96) in each
sheet for six RBD mutations (Table S3); predicted ACI
data considering reference pdb structures (7a94) and six
RBD mutations (Table S4) (XLSX)
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