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The rapid spread of SARS-CoV-2 has caused the COVID-19 pandemic, resulting in
the collapse of medical care systems and economic depression worldwide. To combat
COVID-19, neutralizing antibodies have been investigated and developed. However, the
evolutions (mutations) of the receptor-binding domain (RBD) of SARS-CoV-2 enable
escape from neutralization by these antibodies, further impairing recognition by the
human immune system. Thus, it is critical to investigate and predict the putative
mutations of RBD that escape neutralizing immune responses. Here, we employed
computational analyses to comprehensively investigate the mutational effects of RBD
on binding to neutralizing antibodies and angiotensin-converting enzyme 2 (ACE2) and
demonstrated that the RBD residues K417, L452, L455, F456, E484, G485, F486,
F490, Q493, and S494 were consistent with clinically emerging variants or experimental
observations of attenuated neutralizations. We also revealed common hotspots, Y449,
L455, and Y489, that exerted comparable destabilizing effects on binding to both ACE2
and neutralizing antibodies. Our results provide valuable information on the putative
effects of RBD variants on interactions with neutralizing antibodies. These findings
provide insights into possible evolutionary hotspots that can escape recognition by
these antibodies. In addition, our study results will benefit the development and design
of vaccines and antibodies to combat the newly emerging variants of SARS-CoV-2.
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INTRODUCTION

SARS-CoV-2, which causes viral pneumonia in humans, is
the cause of COVID-19 (Lai et al., 2020). Under an electron
microscope, the virus exhibits crown-like morphology (“corona”)
and is thus named coronavirus (Gui et al., 2017). The World
Health Organization declared COVID-19 as a pandemic. In April
2021, there were 142.5 million confirmed cases of COVID-19,
including 3,043,707 deaths (daily online worldwide data about
COVID-191). Common symptoms of SARS-CoV-2 infection
include diarrhea, dry cough, fever, nasal congestion, respiratory
problems, and sore throat (Baj et al., 2020). In severe cases, kidney
failure, severe acute respiratory syndrome, and pneumonia may
ensue, eventually leading to death (Lai et al., 2020).

SARS-CoV-2, a single-stranded positive-sense enveloped RNA
virus, consists of an RNA sequence of approximately 30,000 bases
(Naqvi et al., 2020). This viral genome has 10 open reading frames
(ORF) (Tsai et al., 2020). Of these, ORF1ab encodes polyprotein
lab (pp1ab), which is cleaved by the proteases 3CLpro and PLpro

to yield multiple proteins associated with viral RNA replication
and transcription (Graham et al., 2008; Moustaqil et al., 2021)
as well as 16 non-structural proteins, creating the replication–
transcription complex of SARS-CoV-2 (Romano et al., 2020).
In addition, ORFs 2–10 encode four structural proteins: spike
(S), membrane (M), nucleocapsid (N), and envelope (E). The N
protein is critical for packing the RNA genome, and the S, M,
and E proteins are essential for viral coating. The S protein is a
large oligomeric transmembrane protein responsible for the entry
of the virus into the host cell (Lan et al., 2020). It comprises
two functional domains: S1 and S2; the S1 domain comes
into contact directly with the angiotensin-converting enzyme 2
(ACE2) receptor on the host cell (Wrapp et al., 2020), whereas
the S2 domain mediates cell membrane fusion (Walls et al., 2020;
Wrapp et al., 2020).

SARS-CoV-2 enters the host cell through ACE2; thus, the
S protein partly determines its transmissibility and infectivity
(Hoffmann et al., 2020). The receptor-binding domain (RBD)
of the S1 subunit directly interacts with ACE2 (Lan et al.,
2020; Yang et al., 2020). Thus, some antiviral drugs targeting
RBD were developed. Small molecules, such as chloroquine,
hydroxychloroquine, ivermectin, and azithromycin, have been
reported to target the S protein–ACE2 interface (Pandey et al.,
2020; Batalha et al., 2021; Mirtaleb et al., 2021). Moreover,
novel drug-like compounds DRI-C23041 (Rajgor et al., 2020)
and DRI-C91005 (Lan et al., 2020) have been observed to
inhibit the S protein–ACE2 interaction, with low micromolar
activity. The S protein is immunogenic; hence, several approaches
have targeted it for viral neutralization. Neutralizing antibodies
targeting RBD have also been developed (Pinto et al., 2020;
Rogers et al., 2020; Xiaojie et al., 2020; Liu et al., 2021;
Lu et al., 2021). Some antibody-based antiviral therapeutics
have demonstrated high specificity, potency, and modularity.
However, RNA viruses continually change through mutations,
leading to the emergence of new variants (Pachetti et al., 2020;
Nagy et al., 2021; Wang et al., 2021). This antigenic evolution

1https://www.worldometers.info/coronavirus/

leading to RBD mutations overcomes the established neutralizing
antibody immunity (Eguia et al., 2021; Greaney et al., 2021a).
It is therefore critical to systematically monitor the antigenic
evolution and investigate viral mutations that can impair the
immune response conferred by neutralizing antibodies.

Here, we comprehensively estimated the RBD mutations
that destabilize the binding of five representative neutralizing
antibodies: the H11-D4 and VH1-2-15 nanobodies, MR17 and
SR4 sybodies, and P2B-2F6 Fab, which target RBD’s receptor-
binding motif. We employed complex structures retrieved from
the Protein Data Bank to calculate binding stability through
detailed mutational scanning, in which a single residue was
replaced by all other 20 amino acids in RBD to systematically
investigate the hotspots that affect binding. The resulting
heatmaps demonstrated that mutations at R403, K417, G447,
N448, Y449, N450, L452, Y453, L455, F456, E484, G485, F486,
Y489, F490, P491, L492, Q493, S494, Y495, and G496 were
unfavorable for binding with antibodies. Notably, the E484K
and L452R mutants are also present in the P.1 viral lineage.
Moreover, F456 variants have reduced binding to neutralizing
antibodies, and L455, F486, and F490 have substantial antigenic
effects. The N501Y mutant is present in emerging viral lineages,
such as B1.1.7 and B.1.351. All the aforementioned clinical and
experimental reports support our findings. Thus, the interactive
residues of RBD (Y449, L452, L455, E484, Y489, F490, L492,
Q493, and S494) identified in this study can be hotspots for
further antibody engineering or vaccine developments to combat
potential variants of SARS-CoV-2.

MATERIALS AND METHODS

Preparation of Protein Structures
The structures of the SARS-CoV-2 S protein in complex with
nanobodies, sybodies, Fabs, and ACE2 were retrieved from the
Protein Data Bank (PDB IDs: 6M0J, 6YZ5, 7BWJ, 7C8V, 7C8W,
and 7L5B). The CHARMm Polar H forcefield was applied to all
complex structures before computations.

Calculation of Mutational Binding
Stability
The mutational binding stability of RBD with its targets was
estimated by Discovery Studio (DS) 3.5 (Accelrys, San Diego,
CA, United States), MutaBind2 (Zhang et al., 2020), FoldX
(Schymkowitz et al., 2005), and mCSM-PPI2 (Rodrigues et al.,
2019). For the prediction in DS, the Calculate Mutation Energy
(Binding) protocol was used to estimate the mutational binding
stability. The complex structure was used as the “input typed
molecule,” and the complexed partners of RBD were employed
as the “ligand chain.” Additionally, interactive residues of RBD,
making direct contact with its targets (within a maximum
distance of 5 Å from the targets’ interface), were selected for
a mutational study. Furthermore, a single mutation was used
as “mutation sites,” and all 20 amino acids were chosen as
the “mutations” parameter.” Additionally, the dielectric constant
[The dielectric constant of a molecular interior corresponds to
the measure of electric potential energy. Therefore, the induced
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polarization is stored within a given volume of substance under
the action of an electric field. It is expressed as the ratio of
the dielectric permittivity of the material to that of a vacuum
or dry air (Ilic, 2001)], solvent dielectric constant, maximum
structures to save, and maximum number of mutants were set
to 10, 80, 25, and 25, respectively. All other parameters were set
to default. For the prediction in FoldX, the binding stability was
determined according to a previous report (Teng et al., 2021). In
addition, the calculations in MutaBind2 and mCSM-PPI2 were
followed by the online prediction instructions. The mutational
binding stability resulted from the calculations of the effect of
mutations on the binding affinity. We performed combinatorial
scanning mutagenesis in protein complexes, depending on the
selected mutation sites. For each single mutant, the differences
in the free energy of binding between the wild-type and mutated
structures are calculated. Mutational energy is the total free
energy difference between the wild-type and mutated structures.
It is calculated as a weighted sum of the VDW, electrostatic,
entropy, and non-polar terms. Accordingly, the negative and
positive values of mutational energies represent the stabilized and
destabilized binding stabilities.

Generation of Heatmaps of Mutational
Binding Energy
The binding energy values upon single mutations were subjected
to heatmap generation by using Excel. The residues for mutations
were used as the y-axis, and the amino acid types of single
mutations were used as the x-axis. The binding energy values
of all mutations were selected for conditional formatting. The
blue and red colors are used to indicate the values of binding
energies, respectively, with the gradient to a range of cells for
the color scales.

Ligplot Analyses
The molecular interactions of each complex structure of the S
protein with its targets were analyzed using a ligplot (Wallace
et al., 1995; Laskowski and Swindells, 2011), and its DIMPLOT
module was employed for plotting protein–protein and domain–
domain interactions.

RESULTS

Mutational Binding Stability of RBD
Variants Interacting With the H11-D4
Nanobody
Before investigating the effects of RBD mutations on the binding
of antibodies, we searched for the dissolved complex structure
of RBD with antibodies in the Protein Data Bank. The H11-
D4 nanobody has high affinity to the S protein and blocks its
attachment to ACE2. The structure of the H11-D4 nanobody in
complex with RBD is illustrated in Figure 1A. The epitope of
RBD to H11-D4 was analyzed with a ligplot and is illustrated
in Figure 2A. The RBD residues N450, E484, F490, Q493, and
S494 predominantly form hydrogen bonds, and residues R346,
Y449, L452, F456, V483, Y489, and L492 make hydrophobic

contacts with the H11-D4 nanobody. These interactive residues
were further mutated into all 20 amino acids to estimate their
effects on the binding stability against the H11-D4 nanobody.
Additionally, RBD residues that make direct contact with the
H11-D4 nanobody (within a maximum distance of 5 Å from the
nanobody interface) were selected for the mutational study. The
resultant binding stability of the RBD variants was plotted into a
heatmap, with the y-axis as the residues mutated and the x-axis as
the amino acid types of single mutations. The calculated binding
stability values are colored with the gradient of a range between
blue (stabilized binding) and red (destabilized binding). The
results revealed that mutations at Y449, N450, L452, E484, Y489,
F490, P491, L492, Q493, and S494 were mostly not favorable for
binding stability (Figure 2B and Table 1).

Mutational Effects on the Binding
Stability of RBD With VH1-2-15
Nanobody
We investigated the mutational effects of RBD on binding
stability by using a distinct complex structure. The RBD structure
in complex with the VH1-2-15 nanobody is illustrated in
Figure 1F. Ligplot analyses illustrate that the RBD residues
Y449, E484, and S494 form hydrogen bonds, and L452, V483,
G485, Q493, G496, Q498, and F490 make hydrophobic contacts
with VH1-2-15 (Figure 3A). These interactive residues of RBD
were further subjected to mutational calculations to estimate
their binding stability with VH1-2-15. The result indicated
that mutations at the residues Y449, F456, E484, G485, C488,
F490, L492, S494, and G496 were predominantly unfavorable for
binding to the VH1-2-15 nanobody (Figure 3B and Table 1).

Variations in Mutational Binding Stability
of RBD Mutants Targeting SR4 and MR17
Sybodies
We examined the destabilizing abilities of RBD variants in
binding to SR2 and MR17 sybodies. The structure of the
RBD–SR4 complex is illustrated in Figure 1C. Ligplot analyses
demonstrate that the residues Y453, Q493, S494, and N501 of
RBD interact with SR4 through hydrogen bond interactions
(Figure 4A). Moreover, the residues G446, G447, Y449, L452,
L455, F456, E484, Y489, F490, L492, Y495, G496, Q498, and Y505
interact with SR4 through hydrophobic contacts. Consequently,
these interactive residues contributing to SR4 binding were used
for mutational binding stability calculations. The results revealed
that the residues G447, Y449, L452, L455, F456, Y489, F490,
L492, Q493, S494, and G496 were mostly unfavorable for binding
to SR4 when substituted by other amino acids (Figure 4B and
Table 1).

The structure of the MR17 sybody, a LIama-derived single-
domain antibody, in complex with RBD is illustrated in
Figure 1D. MR17 engages in RBD at the receptor-binding motif
(RBM). We analyzed molecular interactions between MR17 and
RBD in detail (Figure 5A). The results revealed that RBD contacts
MR17 through hydrogen bonding (Y453, E484, F486, C488, F490,
Q493, and S494) and hydrophobic interactions (R403, L455,
I472, G485, Y489, Y495, Y499, and Y505). These interactive
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FIGURE 1 | Structures of SARS-Cov-2 receptor-binding domain (RBD) in complex with neutralizing antibodies and angiotensin-converting enzyme 2 (ACE2). (A) The
complex structure of RBD with H11-D4 nanobody (PDB ID: 6YZ5). (B) The complex structure of RBD with P2B-2F6 Fab (PDB ID: 7BWJ). (C) The complex structure
of RBD with SR4 sybody (PDB ID: 7C8V). (D) The complex structure of RBD with MR17 sybody (PDB ID: 7C8W). (E) The complex structure of RBD with ACE2 (PDB
ID: 6M0J). (F) The complex structure of RBD with the VH1-2-15 nanobody (PDB ID: 7L5B). In all panels, the protein structures are shown in ribbons and colored in
cyan (RBD) and green (antibodies) with the interactive residues (side chains) presented in sticks (magenta).

residues of RBD were further mutated to other amino acid types
to evaluate their effects on binding stability toward MR17. As
presented in Figure 5B and Table 1, most of the mutations within
the interactive residues R403, Y453, L455, E484, F486, C488,
Y489, F490, Q493, and Y495 caused apparently unfavorable
binding to MR17.

Changes in the Binding Stability of RBD
Variants Targeting P2B-2F6 Fab
The mutational effects on the interactions of SARS-CoV-2 RBD
variants with the plasma antibody P2B-2F6 Fab were also
examined. The complex structure of P2B-2F6 Fab and SARS-
CoV-2 RBD is illustrated in Figure 1B. P2B-2F6 Fab primarily
interacts with RBD through its heavy chain. As illustrated in
the ligplot (Figure 6A), the epitope residues are in the RBM of

RBD, including Y449, N450, and E484 and K444, G446, G447,
N448, L452, V483, G485, F490, and S494. We systematically
analyzed their mutational effects on the binding stability of RBD
toward P2B-2F6 Fab. The results revealed that the amino acid
replacements of the interactive residues G447, Y449, N450, L452,
V483, E484, and F490 resulted in unstable binding between RBD
and P2B-2F6 Fab (Figure 6B and Table 1).

DISCUSSION

Epidemics have been affecting humans for decades (Khan
et al., 2020). Millions of people have died from epidemics,
including the 6th and 7th “EI Tor” cholera (Zhang et al.,
2014), influenza A (H2N2) (Joseph et al., 2015), and HIV/AIDS
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FIGURE 2 | The mutational binding stabilities of RBD variants interacting to H11-D4 nanobody. (A) The molecular interactions of SARS-CoV-2 RBD with H11-D4
nanobody analyzed by ligplot. The chains E and F correspond to RBD and H11-D4 nanobody, respectively. (B) The heatmap of interactive residues of RBD derived
from the calculated mutational binding stabilities by using Discovery Studio 3.5 (DS), Mutabind2, FoldX, and mCSM-PPI2. The boxes of each mutations were colored
with the gradient of a range between blue (stabilized binding) and red (destabilized binding). In all panels, the solid and hollow circles denote significant and moderate
decreases of the binding stabilities, respectively.
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TABLE 1 | Mutation sites destabilizing SARS-CoV-2 RBD binding to neutralizing antibodies.

Destabilizing mutations on SARS-CoV-2 RBD

R403 K417 G447 N448 Y449∗ N450 L452∗ Y453 L455c∗ F456c E484c∗ G485c F486c C488 Y489∗ F490c∗ P491 L492∗ Q493∗ S494∗ Y495 G496

H11-D4 (nanobody) © © © © © © © © © © ©

VH1-2-15(nanobody) © © © © © © © © © ©

SR4 (sybody) © © © © © © © © © © © ©

MR17 (sybody) © © © © © © © © © © ©

P2B-2F6 (Fab) © © © © © © ©

Identified variants

aUnited Kingdom
(Nigeria); B.1.525

E484K

aUnited Kingdom
B.1.1.7

E484K S494P N501Y

aUnited States
(New York); B.1.526

E484K

aUnited States (California)
B.1.427, B.1.429

L452R

aUnited States
(New York); B.1.526.1

L452R

a India
B.1.617, B.1.617.1
B.1.617.2, B.1.617.3

L452R E484Q

aBrazil, P.1 K417N E484K N501Y
aBrazil, P.2 ‘ E484K
aSouth Africa, B.1.351 K417N E484K N501Y
aJapan, P.1 K417T E484K N501Y
bPeru, C.37 L452R F490S N501Y

*Hotspots.
aU.S. Department of Health and Human Services (https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/variant-surveillance/variant-info.html).
bEuropean Centre for Disease Prevention and Control (https://www.ecdc.europa.eu/en/covid-19/variants-concern).
cMutations at other structurally adjacent sites in the RBD’s receptor-binding ridge can also have substantial antigenic effects.
The bold values are residue number in SARS-COV-2 RBD.
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FIGURE 3 | The mutational binding stabilities of RBD variants interacting to VH1-2-15 nanobody. (A) The molecular interactions of SARS-CoV-2 RBD with VH1-2-15
nanobody analyzed by ligplot. The chains A and H correspond to RBD and VH1-2-15 nanobody, individually. (B) The heatmap of interactive residues of RBD derived
from the calculated mutational binding stabilities by using Discovery Studio 3.5 (DS), Mutabind2, FoldX, and mCSM-PPI2. The boxes of each mutations were colored
with the gradient of a range between blue (stabilized binding) and red (destabilized binding). In all panels, the solid and hollow circles indicate significant and
moderate decreases of the binding stabilities, respectively.

(Gayle and Hill, 2001). At present, the COVID-19 pandemic
presents a major global threat. Its causative agent, SARS-CoV-2,
is an RNA virus and can thus mutate and evolve (Zheng, 2020).

RNA viruses have higher mutation rates than DNA viruses
(Sanjuan and Domingo-Calap, 2016). SARS-CoV-2 has been
evolving at a rate of one–two mutations every month in the
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FIGURE 4 | The mutational binding stabilities of RBD variants interacting to SR4 sybody. (A) The molecular interactions of SARS-CoV-2 RBD with SR4 sybody
analyzed by ligplot. The chains A and B correspond to SR4 sybody and RBD, respectively. (B) The heatmap of interactive residues of RBD derived from the
calculated mutational binding stabilities by using Discovery Studio 3.5 (DS), Mutabind2, FoldX, and mCSM-PPI2. The boxes of each mutations were colored with the
gradient of a range between blue (stabilized binding) and red (destabilized binding). In all panels, the solid and hollow circles symbolize significant and moderate
decreases of the binding stabilities, respectively.

current pandemic (Callaway, 2020). The RBD domain of the S
protein of SARS-CoV-2 directly binds to ACE2 to enter the host
cell (Lan et al., 2020). Thus, RBD determines the transmissibility
and infectivity of the virus, and all vaccines under development

directly target it. Moreover, neutralizing antibodies have been
developed against SARS-CoV-2 (Jiang et al., 2020; Pinto et al.,
2020; Rogers et al., 2020; Xiaojie et al., 2020; Lau et al., 2021;
Liu et al., 2021; Lu et al., 2021). However, RBD mutations can
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FIGURE 5 | The mutational binding stabilities of RBD variants interacting to MR17 sybody. (A) The molecular interactions of SARS-CoV-2 RBD with MR17 sybody
analyzed by ligplot. The chains A and B correspond to MR17 sybody and RBD, respectively. (B) The heatmap of interactive residues of RBD derived from the
calculated mutational binding stabilities by using Discovery Studio 3.5 (DS), Mutabind2, FoldX, and mCSM-PPI2. The boxes of each mutations were colored with the
gradient of a range between blue (stabilized binding) and red (destabilized binding). In all panels, the solid and hollow circles represent significant and moderate
decreases of the binding stabilities, respectively.
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FIGURE 6 | The mutational binding stabilities of RBD variants interacting to P2B-2F6 Fab. (A) The molecular interactions of SARS-CoV-2 RBD with P2B-2F6 Fab
analyzed by ligplot. The chains E and H correspond to RBD and P2B-2F6 Fab sybody, respectively. (B) The heatmap of interactive residues of RBD derived from the
calculated mutational binding stabilities by using Discovery Studio 3.5 (DS), Mutabind2, FoldX, and mCSM-PPI2. The boxes of each mutations were colored with the
gradient of a range between blue (stabilized binding) and red (destabilized binding). In all panels, the solid and hollow circles denote significant and moderate
decreases of the binding stabilities, respectively.
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enable escape from the neutralizing immune response (Eguia
et al., 2021; Greaney et al., 2021a). Thus, it is crucial to predict
RBD mutations that can destabilize binding with neutralizing
antibodies and weaken their effect.

Here, we comprehensively and systematically investigated
the variants of RBD in terms of their binding stability to
the antibodies. RBD residues that contact antibodies within a
maximum distance of 5 Å from the antibodies’ interface were all
considered to be interactive and substituted by all 20 amino acids
for binding stability calculations. First, we found that variants of
the RBD residues Y449, N450, L452, E484, Y489, F490, P491,
L492, Q493, and S494 significantly reduced binding stability
with the H11-D4 nanobody (Figure 2B and Supplementary
Tables 1, 7, 13, 19). Notably, the residues N450, E484, F490,
Q493, and S494 mainly interacted with the H11-D4 nanobody
through hydrogen bonds; Y449, L452, Y489, and L492 contact
the nanobody through hydrophobic interactions. Furthermore,
the binding stability of RBD to the VH1-2-15 nanobody was
disrupted when the residues Y449, E484, and S494 (primarily
hydrogen bonds) and F456, G485, C488, Y489, F490, L492, and
G496 (hydrophobic contacts) were subjected to single-amino acid
mutations (Figure 3B and Supplementary Tables 2, 8, 14, 20).
Similarly, the single-amino acid mutations of RBD also weaken
its binding with the SR4 sybody (Figure 4B and Supplementary
Tables 3, 9, 15, 21), in which the residues G447, Y449, L452,
L455, F456, Y489, F490, L492, and G496 were connected by
hydrophobic interactions, whereas residues Q493 and S494 were
mostly connected through hydrogen bonds. In addition, the
amino acid replacements impaired RBD binding to the MR17
sybody. Mutations at Y453, E484, F486, C488, F490, and Q493
(predominantly hydrogen bonds) and R403, L455, Y489, and
Y495 (hydrophobic contacts) considerably destabilized binding
stability (Figure 5B and Supplementary Tables 4, 10, 16, 22).
Moreover, the variants causing apparent decreases in the binding
stability of RBD to P2B-2F6 Fab were those with mutations at
G447, Y449, N450, E484 (essentially hydrogen bonds), L452,
V483, and F490 (mostly hydrophobic interactions) (Figure 6B
and Supplementary Tables 5, 11, 17, 23). Additionally, we
estimated the mutational effects on binding between RBD and
ACE2 (Figure 1E and Supplementary Figure 1). The RBD
residues K417, Y449, N487, and G502 interacted with ACE2
primarily through hydrogen bonding and were not favorable for
binding when mutated to other amino acids (Supplementary
Figure 1B and Supplementary Tables 6, 12, 18, 24). As well,
the residues L455, F456, F486, Y489, Q498, N501, and Y505
in contact with ACE2 by hydrophobic interactions were prone
to destabilize the binding after single-amino acid replacements.
We therefore compared the variants that significantly detracted
from the binding stability of RBD among all antibodies. We
found that RBD variants mutated at R403, K417, G447, N448,
Y449, N450, L452, Y453, L455, F456, E484, G485, F486,
Y489, F490, Q493, S494, Y495, and G496 were unfavorable
to binding with antibodies (Table 1). Notably, most of these
residues were hydrophobic and aromatic, except for R403, K417,
N448, N450, E484, Q493, and S494. Moreover, mutations at
Y449, L452, L455, E484, Y489, F490, L492, Q493, and S494,
which destabilize the binding, were concurrent with the high

frequency observed in most antibodies in this study. These results
imply that the residues Y449, L452, L455, E484, Y489, F490,
L492, Q493, and S494 can be immune-escaping hotspots that
may destabilize binding with antibodies and erode neutralizing
immune responses.

Several experimental studies made effort to investigate the
mutational escape from neutralizing and convalescent antibodies
(Andreano et al., 2020; Li et al., 2020; Starr et al., 2020; Weisblum
et al., 2020a; Garcia-Beltran et al., 2021a; Greaney et al., 2021a,b).
Weisblum et al. (2020b) employed a recombinant chimeric
VSV/SARS-CoV-2 reporter virus to investigate the mutations in
the RBD, which confer resistance to monoclonal antibodies or
convalescent plasma. They found E484K, F490L, and Q493K/R
occured at high freequency during recombinant chimeric
VSV/SARS-CoV-2 passage in the presence of neutralizing
antibodies or plasma. In addition, the mutants E484K and Q493R
caused apparently complete resistance to monoclonal antibodies
(Weisblum et al., 2020b). Li et al. (2020) investigated 80 RBD
variants for the infectivity and reactivity to a panel of neutralizing
antibodies and sera from convalescent patients. They reported
that most variants were less infectious, but L452R and F490L
became resistant to some neutralizing antibodies (Li et al., 2020).
Also, the immune escape of lineage B.1.351 of South Africa
was examined and revealed that variants K417N/T, E484K, and
N501Y were highly resistant to neutralization (Garcia-Beltran
et al., 2021b). Greaney et al. (2021a) have mapped all the
mutations to the RBD that escape binding by antibodies isolated
from convalescent plasma. Their yeast-display deep mutational
scanning revealed that antibodies were escaped by mutations
to sites K417, N450, L452, L455, F456, E484, F486, F490,
and Q493 (Greaney et al., 2021a). In our study, we analyzed
that RBD residues Y449, L452, L455, E484, Y489, F490, L492,
Q493, and S494 were hotspots with significantly destabilizing
effects on binding to neutralizing antibodies. Especially, the
identified hotspots, L452, L455, E484, F490, and Q493 are
well consistent with the reported immune escape mutations
from neutralizing and convalescent antibodies. Moreover, our
findings that impaired binding stability of RBD and antibodies
resulted from the mutational effects at L455, F456, G486, F486,
and F490 (Table 1) are in good concordance with those of
Greaney et al. (2021a) – mutations at sites near the structurally
adjacent site of RBD’s receptor-binding ridge (e.g., L455, F456,
G485, F486, and F490) have substantial antigenic effects. All
these consistencies indicate the precision and reliance of our
computational study in revealing the hotspots of SARS-CoV-2
RBD-specific neutralizing antibodies. In addition to the antibody
immune escape of RBD, its binding and interaction to ACE2 were
also characterized by in vitro and in silico mutational studies.
Starr et al. (2020) systematically changed every amino acid in
the RBD of the SARS-CoV-2 spike protein and determined
the effects of the substitutions on RBD expression, folding,
and ACE2 binding. They found that there are handful of sites
where ACE2 binding imposes strong constrain (e.g., Y489,
G502, and Y505), and mutations at interface residues (Y449,
L455, F486, and Y505) enhance RBD expression but destabilize
the effect of surface-exposed hydrophobic patches required for
ACE2 binding. Mutations that enhance ACE2 binding affinity
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of RBD are notable at sites Q493, Q948, and N501. Besides,
Teng et al. (2021) have conducted a computational study to
investigate the effects of mutations on SARS-CoV-2 RBD-ACE2
binding affinity. They reported that mutations on residues
G476, V483, Q498, T500, G496, and G502 exert apparently
destabilizing impacts in RBD–ACE2 complex. In our study,
we also analyzed the mutational effects of RBD on interacting
with ACE2 (Supplementary Figure 1), in which variants of
Y449, L455, F456, F486, N501, G502, and Y505 conspicuously
impaired the binding stability, corroborating with Starr’s and
Teng’s findings.

To verify our finding of possible immune-escape hotspots
(Y449, L452, L455, E484, Y489, F490, L492, Q493, and S494),

we compared our data with the current identified SARS-
CoV-2 variants. Notably, the mutant E484K was detected in
several SARS-CoV-2 variants (lineages B.1.525, B.1.526, B.1.1.7,
B.1.351, P.1, and P2) (Table 1). E484 variants also abolished
neutralization by monoclonal antibodies (Weisblum et al., 2020a;
Chen et al., 2021). E484Q variant was detected in India (lineages
B.1.617, B.1.617.1, and B.1.617.3). Consistently, the mutations
at E484 considerably impaired RBD binding to antibodies in
our study. Also, we observed that L452 variants destabilize RBD
binding to antibodies in our prediction. Comparably, the variant
L452R found in India (lineages B.1.617, B.1.617.1, B.1.617.2,
and B.1.617.3) has not yet been demonstrated to become more
infectious; however, it is becoming increasingly common in

FIGURE 7 | The molecular interactions of SARS-CoV-2 RBD variants identified from pandemic isolates. (A) The compared intermolecular interactions of K417 (light
cyan stick) and its variant N417 (red stick) in the complex of RBD–MR17. (B) The overlapped view of intermolecular interactions of K417 (light cyan stick) and its
variant N417 (red stick) in the complex of RBD–MR17. (C) The compared intermolecular interactions of L452 (light orange stick) and its variant R452 (red stick) in the
complex of RBD–SR4. (D) The overlapped view of intermolecular interactions of L452 (light gray stick) and its variant R452 (red stick) in the complex of
RBD–H11-D4. (E) The compared intermolecular interactions of E484 (light gray stick) and its variant K484 (red stick) in the complex of RBD–H11-D4. (F) The
overlapped view of intermolecular interactions of E484 (light pink stick) and its variant K484 (red stick) in the complex of RBD–VH1-2-15. (G) The intermolecular
interactions of E484 (light cyan stick) and its variant K484 (red stick) in the complex of RBD–MR17. (H) The intermolecular interactions of E484 (light green stick) and
its variant K484 (red stick) in the complex of RBD–P2B-2F6. (I) The compared intermolecular interactions of F490 (light gray stick) and its variant S490 (red stick) in
the complex of H11–D4. (J) The overlapped view of intermolecular interactions of F490 (light pink stick) and its variant S490 (red stick) in the complex of
RBD–VH1-2-15. (K) The intermolecular interactions of F490 (light cyan stick) and its variant S490 (red stick) in the complex of RBD–MR17. (L) The intermolecular
interactions of F490 (light green stick) and its variant S490 (red stick) in the complex of RBD–P2B-2F6. (M) The intermolecular interactions of F490 (light orange stick)
and its variant S490 (red stick) in the complex of RBD–SR4. (N) The intermolecular interactions of S494 (light gray stick) and its variant P494 (red stick) in the
complex of RBD–H11-D4. (O) The intermolecular interactions of N501 (light purple stick) in the complex of RBD–ACE2. (P) The intermolecular interactions of Y501
(red stick) in the complex of RBD–ACE2. In all panels, proteins are shown in ribbons and the molecular interactions are presented as dash lines.
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the United States (lineages B.1.427, B.1.429, and B.1.526.1).
Furthermore, the SARS-CoV-2 variants F490S and S494P were
identified as well in Peru (lineage C.37) and United States
(lineage B.1.1.7), respectively. Similarly, we analyzed that these
two variants exerted a destabilizing effect in the interactions of
RBD and neutralizing antibodies as well. It is noteworthy that
N501 was found to mutate to Y501 (N501Y) in the strain of
the B1.1.7 lineage (Singh et al., 2021; Tang et al., 2021)2. This
strain may be more transmissible and lethal and may be linked
to a higher chance of hospitalization (Leung et al., 2021). In
South Africa, in October 2020, the N501Y mutant was also
detected in the strain of the B.1.351 lineage (Tegally et al.,
2021). Also, variants K417N was found in Brazil (lineage P.1)
and South Africa (lineage B.1.351), and K417T was identified
in Japan (lineage P.1) (Table 1). Comparably, we found that
K417N/T conspicuously disrupted the binding of RBD to M17
sybody, although only in the prediction by DS. Our predictions
also observed that N501Y showed apparently increased binding
stability in the complex of RBD–ACE2, corroborating with
the current isolated variant (N501Y). These reports strongly
support the hotspots (L452, L455, F456, E484, F486, F490,
and S494) that we found and indicate that our findings are
precise and reliable for further use in antibody engineering or
vaccine developments.

To explore the possible mechanism of action of the identified
hotspots, we further investigated the molecular interactions
of mutational variations in the structural complex of RBD–
antibody. The residue K417 of RBD connected with D101
of MR17 by charge–charge interactions. Thus, RBD–MR17
complex could be destabilized when K417 was mutated to
non-charged N417 and T417 (Figures 7A,B). Structurally, the
residue L452 of RBD contacted with W99 and V102 of SR-
4 and H11-D4, respectively, through hydrophobic interactions.
These hydrophobic contacts are probably disrupted as L452
is substituted by an arginine residue, causing the decreased
binding affinity of RBD with SR-4 and H11-D4 (Figures 7C,D).
In addition, the charge–charge interactions can also be seen
in residue E484, which interacts with R52, R59, and R12 of
H11-D4, MR17, P2B-2F6, individually. As well, E484 formed
hydrogen bond with Y33 of VH1-2-15. All these molecular
interactions were abolished while E484 was replaced by a lysine
residue. This could also detract from the binding affinity of
RBD with neutralizing antibodies (Figures 7E–H). Moreover, the
aromatic residue F490 of RBD makes contributions in binding
to antibodies by exerting hydrophobic and cation–pi interactions
(Figures 7I–M). These molecular interactions were disrupted
when F490 was mutated to S490, therefore destabilizing the
binding stability of RBD and antibodies. Notably, the mutation
S494P could breakdown the hydrogen bond interactions of
S494 (RBD) with N101 and V102 of H11-D4, thus weakening
the binding affinity (Figure 7N). The variant N501Y showed
extra hydrophobic interactions with Y41 and K353, significantly
increasing the binding stability of RBD to ACE2 (Figures 7O,P),
explaining the high concurrency of the N501Y variant in several
countries. Taken together, our data revealed all the possible

2cov-lineages.org

hotspots that may substantially impair the binding of SARS-CoV-
2 RBD to both ACE2 and neutralizing antibodies. Our findings
will benefit the development and engineering of new and potent
antibodies and vaccines against SARS-CoV-2.

CONCLUSION

In this study, we explored the possible hotspots of SARS-
CoV-2 RBD that can enable virus escape from recognition by
neutralizing antibodies. Computational analyses demonstrated
that specific variants of RBD significantly impair binding to
neutralizing antibodies. Particularly, the RBD residues Y449,
L452, L455, E484, Y489, F490, L492, Q493, and S494 were found
to be hotspots because their variants could markedly destabilize
the binding to neutralizing antibodies. Notably, the hotspots
K417, L452, L455, E484, F490, and S494 were supported by
evidence from the literature. The hotspots Y449, L455, and
Y489 were commonly observed to disrupt the binding to ACE2
and neutralizing antibodies. Conclusively, our data provide
insights into the putative impacts of the possible immune-
escaping hotspots on interactions with neutralizing antibodies,
which can help develop new therapeutic agents against potential
variants of SARS-CoV-2.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

TS-T and KC-T designed the experiments and wrote the
manuscript. TS-T, KC-T, and YC-L performed the experiments
and analyzed the data. All authors contributed to the article and
have approved the submitted version.

FUNDING

This study was supported by the Ministry of Science and
Technology, Taiwan, ROC (MOST 108-2320-B-005-007 and 109-
2320-B-005-006-MY2).

ACKNOWLEDGMENTS

We thank the National Center for High-Performance Computing
(NCHC) for providing computational and storage resources.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.
698365/full#supplementary-material

Frontiers in Microbiology | www.frontiersin.org 13 July 2021 | Volume 12 | Article 698365

https://cov-lineages.org
https://www.frontiersin.org/articles/10.3389/fmicb.2021.698365/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.698365/full#supplementary-material
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-698365 July 10, 2021 Time: 17:29 # 14

Tsai et al. Immune Escaping Hotspots of SARS-CoV-2

REFERENCES
Andreano, E., Piccini, G., Licastro, D., Casalino, L., Johnson, N. V., Paciello,

I., et al. (2020). SARS-CoV-2 escape in vitro from a highly neutralizing
COVID-19 convalescent plasma. bioRxiv [preprint]. doi: 10.1101/2020.12.28.42
4451

Baj, J., Karakula-Juchnowicz, H., Teresinski, G., Buszewicz, G., Ciesielka, M., Sitarz,
E., et al. (2020). COVID-19: specific and non-specific clinical manifestations
and symptoms: the current state of knowledge. J. Clin. Med. 9:1753. doi:
10.3390/jcm9061753

Batalha, P. N., Forezi, L. S. M., Lima, C. G. S., Pauli, F. P., Boechat, F. C. S., De
Souza, M., et al. (2021). Drug repurposing for the treatment of COVID-19:
pharmacological aspects and synthetic approaches. Bioorg. Chem. 106:104488.
doi: 10.1016/j.bioorg.2020.104488

Callaway, E. (2020). The coronavirus is mutating - does it matter? Nature 585,
174–177. doi: 10.1038/d41586-020-02544-6

Chen, R. E., Zhang, X., Case, J. B., Winkler, E. S., Liu, Y., Vanblargan, L. A., et al.
(2021). Resistance of SARS-CoV-2 variants to neutralization by monoclonal and
serum-derived polyclonal antibodies. Nat. Med. 27, 717–726.

Eguia, R. T., Crawford, K. H. D., Stevens-Ayers, T., Kelnhofer-Millevolte, L.,
Greninger, A. L., Englund, J. A., et al. (2021). A human coronavirus evolves
antigenically to escape antibody immunity. PLoS Pathog. 17:e1009453. doi:
10.1371/journal.ppat.1009453

Garcia-Beltran, W. F., Lam, E. C., St Denis, K., Nitido, A. D., Garcia, Z. H., Hauser,
B. M., et al. (2021a). Multiple SARS-CoV-2 variants escape neutralization by
vaccine-induced humoral immunity. Cell 184, 2372.e9–2383.e9

Garcia-Beltran, W. F., Lam, E. C., St Denis, K., Nitido, A. D., Garcia, Z. H., Hauser,
B. M., et al. (2021b). Multiple SARS-CoV-2 variants escape neutralization by
vaccine-induced humoral immunity. Cell 184:2523. doi: 10.1016/j.cell.2021.
04.006

Gayle, H. D., and Hill, G. L. (2001). Global impact of human immunodeficiency
virus and AIDS. Clin. Microbiol. Rev. 14, 327–335. doi: 10.1128/cmr.14.2.327-
335.2001

Graham, R. L., Sparks, J. S., Eckerle, L. D., Sims, A. C., and Denison, M. R. (2008).
SARS coronavirus replicase proteins in pathogenesis. Virus Res. 133, 88–100.
doi: 10.1016/j.virusres.2007.02.017

Greaney, A. J., Loes, A. N., Crawford, K. H. D., Starr, T. N., Malone, K. D., Chu,
H. Y., et al. (2021a). Comprehensive mapping of mutations in the SARS-CoV-2
receptor-binding domain that affect recognition by polyclonal human plasma
antibodies. Cell Host. Microbe 29, 463.e6–476.e6.

Greaney, A. J., Starr, T. N., Barnes, C. O., Weisblum, Y., Schmidt, F., Caskey,
M., et al. (2021b). Mutational escape from the polyclonal antibody response to
SARS-CoV-2 infection is largely shaped by a single class of antibodies. bioRxiv
[preprint] doi: 10.1101/2021.03.17.435863

Gui, M., Song, W., Zhou, H., Xu, J., Chen, S., Xiang, Y., et al. (2017). Cryo-
electron microscopy structures of the SARS-CoV spike glycoprotein reveal a
prerequisite conformational state for receptor binding. Cell Res 27, 119–129.
doi: 10.1038/cr.2016.152

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Kruger, N., Herrler, T., Erichsen,
S., et al. (2020). SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is
blocked by a clinically proven protease inhibitor. Cell 181, 271.e8–280.e8.

Ilic, J. (2001). Encyclopedia of Materials: Science and Technology. Available online
at: https://www.sciencedirect.com/science/article/pii/B0080431526014856

Jiang, S., Hillyer, C., and Du, L. (2020). Neutralizing antibodies against SARS-
CoV-2 and other human coronaviruses. Trends Immunol. 41, 355–359. doi:
10.1016/j.it.2020.03.007

Joseph, U., Linster, M., Suzuki, Y., Krauss, S., Halpin, R. A., Vijaykrishna, D., et al.
(2015). Adaptation of pandemic H2N2 influenza A viruses in humans. J. Virol.
89, 2442–2447. doi: 10.1128/jvi.02590-14

Khan, U., Mehta, R., Arif, M. A., and Lakhani, O. J. (2020). Pandemics of the past:
a narrative review. J. Pak. Med. Assoc. 70(Suppl. 3), S34–S37.

Lai, C. C., Shih, T. P., Ko, W. C., Tang, H. J., and Hsueh, P. R. (2020). Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) and coronavirus disease-
2019 (COVID-19): the epidemic and the challenges. Int. J. Antimicrob. Agents
55:105924.

Lan, J., Ge, J., Yu, J., Shan, S., Zhou, H., Fan, S., et al. (2020). Structure of the SARS-
CoV-2 spike receptor-binding domain bound to the ACE2 receptor. Nature 581,
215–220.

Laskowski, R. A., and Swindells, M. B. (2011). LigPlot+: multiple ligand-protein
interaction diagrams for drug discovery. J. Chem. Inf. Model 51, 2778–2786.
doi: 10.1021/ci200227u

Lau, E. H. Y., Tsang, O. T. Y., Hui, D. S. C., Kwan, M. Y. W., Chan, W. H., Chiu,
S. S., et al. (2021). Neutralizing antibody titres in SARS-CoV-2 infections. Nat.
Commun. 12:63.

Leung, K., Shum, M. H., Leung, G. M., Lam, T. T., and Wu, J. T. (2021). Early
transmissibility assessment of the N501Y mutant strains of SARS-CoV-2 in the
United Kingdom, October to November 2020. Euro Surveill 26:2002106.

Li, Q., Wu, J., Nie, J., Zhang, L., Hao, H., Liu, S., et al. (2020). The impact of
mutations in SARS-CoV-2 spike on viral infectivity and antigenicity. Cell 182,
1284.e9–1294.e9.

Liu, L. D., Lian, C., Yeap, L. S., and Meng, F. L. (2021). The development of
neutralizing antibodies against SARS-CoV-2 and their common features. J. Mol.
Cell Biol. 12, 980–986. doi: 10.1093/jmcb/mjaa070

Lu, Q., Zhang, Z., Li, H., Zhong, K., Zhao, Q., Wang, Z., et al. (2021). Development
of multivalent nanobodies blocking SARS-CoV-2 infection by targeting RBD of
spike protein. J. Nanobiotechnol. 19:33.

Mirtaleb, M. S., Mirtaleb, A. H., Nosrati, H., Heshmatnia, J., Falak, R., and
Zolfaghari Emameh, R. (2021). Potential therapeutic agents to COVID-19: an
update review on antiviral therapy, immunotherapy, and cell therapy. Biomed.
Pharmacother. 138:111518. doi: 10.1016/j.biopha.2021.111518

Moustaqil, M., Ollivier, E., Chiu, H. P., Van Tol, S., Rudolffi-Soto, P., Stevens, C.,
et al. (2021). SARS-CoV-2 proteases PLpro and 3CLpro cleave IRF3 and critical
modulators of inflammatory pathways (NLRP12 and TAB1): implications for
disease presentation across species. Emerg. Microbes Infect. 10, 178–195. doi:
10.1080/22221751.2020.1870414

Nagy, A., Pongor, S., and Gyorffy, B. (2021). Different mutations in SARS-CoV-2
associate with severe and mild outcome. Int. J. Antimicrob. Agents 57:106272.
doi: 10.1016/j.ijantimicag.2020.106272

Naqvi, A. A. T., Fatima, K., Mohammad, T., Fatima, U., Singh, I. K., Singh, A., et al.
(2020). Insights into SARS-CoV-2 genome, structure, evolution, pathogenesis
and therapies: structural genomics approach. Biochim. Biophys. Acta Mol. Basis
Dis. 1866:165878. doi: 10.1016/j.bbadis.2020.165878

Pachetti, M., Marini, B., Benedetti, F., Giudici, F., Mauro, E., Storici, P., et al. (2020).
Emerging SARS-CoV-2 mutation hot spots include a novel RNA-dependent-
RNA polymerase variant. J. Transl. Med. 18:179.

Pandey, A., Nikam, A. N., Shreya, A. B., Mutalik, S. P., Gopalan, D., Kulkarni,
S., et al. (2020). Potential therapeutic targets for combating SARS-CoV-2: drug
repurposing, clinical trials and recent advancements. Life Sci. 256:117883. doi:
10.1016/j.lfs.2020.117883

Pinto, D., Park, Y. J., Beltramello, M., Walls, A. C., Tortorici, M. A., Bianchi, S.,
et al. (2020). Cross-neutralization of SARS-CoV-2 by a human monoclonal
SARS-CoV antibody. Nature 583, 290–295.

Rajgor, D. D., Lee, M. H., Archuleta, S., Bagdasarian, N., and Quek, S. C. (2020).
The many estimates of the COVID-19 case fatality rate. Lancet Infect. Dis. 20,
776–777. doi: 10.1016/s1473-3099(20)30244-9

Rodrigues, C. H. M., Myung, Y., Pires, D. E. V., and Ascher, D. B. (2019). mCSM-
PPI2: predicting the effects of mutations on protein-protein interactions.
Nucleic Acids Res. 47, W338–W344.

Rogers, T. F., Zhao, F., Huang, D., Beutler, N., Burns, A., He, W. T., et al. (2020).
Isolation of potent SARS-CoV-2 neutralizing antibodies and protection from
disease in a small animal model. Science 369, 956–963. doi: 10.1126/science.
abc7520

Romano, M., Ruggiero, A., Squeglia, F., Maga, G., and Berisio, R. (2020). A
structural view of SARS-CoV-2 RNA replication machinery: RNA synthesis,
proofreading and final capping. Cells 9:1267. doi: 10.3390/cells9051267

Sanjuan, R., and Domingo-Calap, P. (2016). Mechanisms of viral
mutation. Cell Mol. Life Sci. 73, 4433–4448. doi: 10.1007/s00018-016-
2299-6

Schymkowitz, J., Borg, J., Stricher, F., Nys, R., Rousseau, F., and Serrano, L. (2005).
The FoldX web server: an online force field.Nucleic Acids Res. 33, W382–W388.

Singh, J., Samal, J., Kumar, V., Sharma, J., Agrawal, U., Ehtesham, N. Z.,
et al. (2021). Structure-function analyses of new SARS-CoV-2 variants B.1.1.7,
B.1.351 and B.1.1.28.1: clinical, diagnostic, therapeutic and public health
implications. Viruses 13:439. doi: 10.3390/v13030439

Starr, T. N., Greaney, A. J., Hilton, S. K., Ellis, D., Crawford, K. H. D., Dingens,
A. S., et al. (2020). Deep mutational scanning of SARS-CoV-2 receptor binding

Frontiers in Microbiology | www.frontiersin.org 14 July 2021 | Volume 12 | Article 698365

https://doi.org/10.1101/2020.12.28.424451
https://doi.org/10.1101/2020.12.28.424451
https://doi.org/10.3390/jcm9061753
https://doi.org/10.3390/jcm9061753
https://doi.org/10.1016/j.bioorg.2020.104488
https://doi.org/10.1038/d41586-020-02544-6
https://doi.org/10.1371/journal.ppat.1009453
https://doi.org/10.1371/journal.ppat.1009453
https://doi.org/10.1016/j.cell.2021.04.006
https://doi.org/10.1016/j.cell.2021.04.006
https://doi.org/10.1128/cmr.14.2.327-335.2001
https://doi.org/10.1128/cmr.14.2.327-335.2001
https://doi.org/10.1016/j.virusres.2007.02.017
https://doi.org/10.1101/2021.03.17.435863
https://doi.org/10.1038/cr.2016.152
https://www.sciencedirect.com/science/article/pii/B0080431526014856
https://doi.org/10.1016/j.it.2020.03.007
https://doi.org/10.1016/j.it.2020.03.007
https://doi.org/10.1128/jvi.02590-14
https://doi.org/10.1021/ci200227u
https://doi.org/10.1093/jmcb/mjaa070
https://doi.org/10.1016/j.biopha.2021.111518
https://doi.org/10.1080/22221751.2020.1870414
https://doi.org/10.1080/22221751.2020.1870414
https://doi.org/10.1016/j.ijantimicag.2020.106272
https://doi.org/10.1016/j.bbadis.2020.165878
https://doi.org/10.1016/j.lfs.2020.117883
https://doi.org/10.1016/j.lfs.2020.117883
https://doi.org/10.1016/s1473-3099(20)30244-9
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1126/science.abc7520
https://doi.org/10.3390/cells9051267
https://doi.org/10.1007/s00018-016-2299-6
https://doi.org/10.1007/s00018-016-2299-6
https://doi.org/10.3390/v13030439
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-698365 July 10, 2021 Time: 17:29 # 15

Tsai et al. Immune Escaping Hotspots of SARS-CoV-2

domain reveals constraints on folding and ACE2 binding. Cell 182, 1295.20–
1310.20.

Tang, J. W., Tambyah, P. A., and Hui, D. S. (2021). Emergence of a new SARS-CoV-
2 variant in the UK. J .Infect. 82, e27–e28.

Tegally, H., Wilkinson, E., Giovanetti, M., Iranzadeh, A., Fonseca, V., Giandhari,
J., et al. (2021). Detection of a SARS-CoV-2 variant of concern in South Africa.
Nature 592, 438–443.

Teng, S., Sobitan, A., Rhoades, R., Liu, D., and Tang, Q. (2021). Systemic effects of
missense mutations on SARS-CoV-2 spike glycoprotein stability and receptor-
binding affinity. Brief Bioinform. 22, 1239–1253. doi: 10.1093/bib/bbaa233

Tsai, P. H., Wang, M. L., Yang, D. M., Liang, K. H., Chou, S. J., Chiou, S. H., et al.
(2020). Genomic variance of Open Reading Frames (ORFs) and Spike protein in
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). J. Chin. Med.
Assoc. 83, 725–732. doi: 10.1097/jcma.0000000000000387

Wallace, A. C., Laskowski, R. A., and Thornton, J. M. (1995). LIGPLOT: a program
to generate schematic diagrams of protein-ligand interactions. Protein Eng. 8,
127–134. doi: 10.1093/protein/8.2.127

Walls, A. C., Park, Y. J., Tortorici, M. A., Wall, A., Mcguire, A. T., and Veesler,
D. (2020). Structure, function, and antigenicity of the SARS-CoV-2 Spike
Glycoprotein. Cell 181, 281.e6–292.e6.

Wang, R., Chen, J., Gao, K., Hozumi, Y., Yin, C., and Wei, G. W. (2021). Author
correction: analysis of SARS-CoV-2 mutations in the United States suggests
presence of four substrains and novel variants. Commun. Biol. 4:311.

Weisblum, Y., Schmidt, F., Zhang, F., Dasilva, J., Poston, D., Lorenzi, J. C., et al.
(2020a). Escape from neutralizing antibodies by SARS-CoV-2 spike protein
variants. Elife 9:e61312.

Weisblum, Y., Schmidt, F., Zhang, F., Dasilva, J., Poston, D., Lorenzi, J. C. C., et al.
(2020b). Escape from neutralizing antibodies by SARS-CoV-2 spike protein
variants. bioRxiv [preprint] doi: 10.7554/elife.61312

Wrapp, D., Wang, N., Corbett, K. S., Goldsmith, J. A., Hsieh, C. L., Abiona, O.,
et al. (2020). Cryo-EM structure of the 2019-nCoV spike in the prefusion
conformation. Science 367, 1260–1263.

Xiaojie, S., Yu, L., Lei, Y., Guang, Y., and Min, Q. (2020). Neutralizing antibodies
targeting SARS-CoV-2 spike protein. Stem Cell Res. 50:102125. doi: 10.1016/j.
scr.2020.102125

Yang, J., Petitjean, S. J. L., Koehler, M., Zhang, Q., Dumitru, A. C., Chen, W., et al.
(2020). Molecular interaction and inhibition of SARS-CoV-2 binding to the
ACE2 receptor. Nat. Commun. 11:4541.

Zhang, N., Chen, Y., Lu, H., Zhao, F., Alvarez, R. V., Goncearenco, A., et al.
(2020). MutaBind2: predicting the impacts of single and multiple mutations
on protein-protein interactions. iScience 23:100939. doi: 10.1016/j.isci.2020.
100939

Zhang, P., Li, F., Liang, W., Li, J., Kan, B., and Wang, D. (2014). The seventh
pandemic Vibrio cholerae O1 El Tor isolate in China has undergone genetic
shifts. J. Clin. Microbiol. 52, 964–967. doi: 10.1128/jcm.03121-13

Zheng, J. (2020). SARS-CoV-2: an emerging coronavirus that causes a global threat.
Int. J. Biol. Sci. 16, 1678–1685. doi: 10.7150/ijbs.45053

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Tsai, Lee and Tseng. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 15 July 2021 | Volume 12 | Article 698365

https://doi.org/10.1093/bib/bbaa233
https://doi.org/10.1097/jcma.0000000000000387
https://doi.org/10.1093/protein/8.2.127
https://doi.org/10.7554/elife.61312
https://doi.org/10.1016/j.scr.2020.102125
https://doi.org/10.1016/j.scr.2020.102125
https://doi.org/10.1016/j.isci.2020.100939
https://doi.org/10.1016/j.isci.2020.100939
https://doi.org/10.1128/jcm.03121-13
https://doi.org/10.7150/ijbs.45053
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Comprehensive Deep Mutational Scanning Reveals the Immune-Escaping Hotspots of SARS-CoV-2 Receptor-Binding Domain Targeting Neutralizing Antibodies
	Introduction
	Materials and Methods
	Preparation of Protein Structures
	Calculation of Mutational Binding Stability
	Generation of Heatmaps of Mutational Binding Energy
	Ligplot Analyses

	Results
	Mutational Binding Stability of RBD Variants Interacting With the H11-D4 Nanobody
	Mutational Effects on the Binding Stability of RBD With VH1-2-15 Nanobody
	Variations in Mutational Binding Stability of RBD Mutants Targeting SR4 and MR17 Sybodies
	Changes in the Binding Stability of RBD Variants Targeting P2B-2F6 Fab

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


