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Abstract

Although the current coronavirus disease 2019 (COVID-19) vaccines have been used worldwide to halt spread of the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the emergence of new SARS-CoV-2 variants with E484K mutation
shows significant resistance to the neutralization of vaccine sera. To better understand the resistant mechanism, we
calculated the binding affinities of 26 antibodies to wild-type (WT) spike protein and to the protein harboring E484K
mutation, respectively. The results showed that most antibodies (~85%) have weaker binding affinities to the E484K mutated
spike protein than to the WT, indicating the high risk of immune evasion of the mutated virus from most of current
antibodies. Binding free energy decomposition revealed that the residue E484 forms attraction with most antibodies, while
the K484 has repulsion from most antibodies, which should be the main reason of the weaker binding affinities of E484K
mutant to most antibodies. Impressively, a monoclonal antibody (mAb) combination was found to have much stronger
binding affinity with E484K mutant than WT, which may work well against the mutated virus. Based on binding free energy
decomposition, we predicted that the mutation of four more residues on receptor-binding domain (RBD) of spike protein,
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viz., F490, V483, G485 and S494, may have high risk of immune evasion, which we should pay close attention on during the

development of new mADb therapeutics.
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Introduction

The SARS-CoV-2 has already caused over 168 million confirmed
cases and over 3 million deaths worldwide by the end of May
2021 [1]. Although there are no specifically effective drugs on
market to cure the COVID-19, exceeding 80 vaccines are in
clinical development and exceeding 180 vaccines are in pre-
clinical development [2]. In fact, vaccines have been widely used
to curtail the disease, and mAb therapeutic has attracted great
concerns [3, 4].

Current mAbs and vaccines were designed based on the
initial SARS-CoV-2 identified at the end of 2019. However,
SARS-CoV-2, as an RNA virus, was expected to have a high
mutation rate [3]. Since identified in the early phases of the
COVID-19 pandemic, considerable variants have been reported,
including fast-spreading variants appeared in the UK (B.1.1.7),
South Africa (B.1.351) and Brazil (B.1.1.248). Several studies have
shown that neutralization by some mAbs and immune sera was
diminished against the SARS-CoV-2 variants, particularly for the
B.1.351 harboring E484K [5]. For instance, Novavax vaccine (NVX-
CoV2373), which shows high effective rates of 96 and 86% for the
common strains of SARS-CoV-2 and the B.1.1.7, respectively,
has greatly reduced effective rate to 51.0% for the B.1.351 in
the HIV-negative population and to <50% in entire population,
respectively [6].

Recently, experiments in vitro have shown that E484K muta-
tion occurs when SARS-CoV-2 was co-incubated in a highly neu-
tralizing COVID-19 convalescent plasma [7]. The single mutation
(E484K) residing in RBD makes the SARS-CoV-2 variant strongly
resist to plasma neutralization, indicating that the survivors
may be reinfected by the variants carrying with E484K mutation.
Recently emerged SARS-CoV-2 variants B.1.1.33, P1 and P2 are
also identified as the E484K mutant in the Brazilian territory,
which are of serious concern due to the possibility of escaping
from neutralizing antibodies [8]. Additionally, a recent experi-
mental study suggested that the E484K mutation impairs the
efficacy of current mAbs targeting the angiotensin-converting
enzyme 2 (ACE2) binding site, such as REGN10933 [9]. Therefore,
the E484K mutation has received particular attention among
the SARS-CoV-2 variants due to its worrisome implications in
vaccination and passive immune therapies.

Although the E484 resides at the interface of RBD and ACE2
[10], there is no obvious interactions formed by E484 with ACE2
or with other two monomers of spike protein trimer (Figure S1).
A number of biophysical and simulation studies also demon-
strated the little role of the E484 for ACE2-RBD interactions [11-
14]. A deep mutational scanning study revealed that the E484K
mutant only leads to slightly increased ACE2 binding affinity of
the mutated RBD [15]. Hence, the strong immune evasion of the
E484K mutant is unlikely caused by its ACE2 binding affinity but
by its mAb interaction.

Considering that the RBD is a dominant target of neutralizing
antibodies and its E484K mutation has led to unsettling immune
evasion, it is of great importance to understand the underlying
mechanism for better coping with the E484K mutation. In this
paper, we calculated the binding affinities of current 26 mAbs to

RBDywr and to RBDgasux, respectively, alarming that 22 mAbs have
decreased binding affinity to the E484K mutant. Impressively, a
mADb combination (52 & 298) was predicted to have enhanced
binding affinity. In addition, we predicted other four detrimental
mutations that may cause potential immune evasion from most
of the currently available mAbs.

Methods
Preparation of mAb-spike complexes

Twenty-five mAb-spike complex structures including 26 mAbs
that bind to the RBM of spike protein were downloaded directly
from Protein Data Bank (PDB). The missing residues were built
by using SWISS-MODEL webserver [16, 17]. The E484K mutation
was built by PyMOL based on initial wild-type (WT) structures.
Two glycosylated spike protein models (PDB ID: 7K43 and 7K4N)
were built as representatives of RBD ‘up’ and ‘down’ states,
respectively, by using GLYCAM-Web (www.glycam.org).

A cubic box of TIP3P water was used to solvate the complex
system, which was extended by 12 A from the solute. Each
system was neutralized by a number of Na* or Cl~. The protein
complexes were parameterized by Amber ff14SB force field [18],
and the glycans were parameterized by GLYCAM_06j-1 force field
[19]. About, 10 000 steps of minimization, including 5000 steps
of steepest descent minimization and 5000 steps of conjugate
gradient minimization, were performed to remove bad contacts
formed during the system preparation. Each system was heated
to 300 K within 0.2 ns, and then 0.1 ns of equilibration was per-
formed in NPT ensemble. Sander program in Amber 18 was used
to run the minimization, heating and equilibrium simulations
with constraints on heavy atoms [20].

Molecular dynamics simulations

To assess the dynamic interactions of mAb-RBD, pmemd.cuda
in Amber 18 was used to perform MD simulations for mAb-RBD
complexes at 300 K. Temperature was controlled by Langevin
dynamics, and bonds involving hydrogen atoms were fixed by
the SHAKE algorithm [21]. The cutoff distance applied for van
der Waals interactions was 8.0 A. And long-range electrostatic
interactions were addressed by the particle mesh Ewald method
[22]. About, 20 ns of production MD simulations of 25 mAb-
spike complexes were run for both the WT and E484K mutant.
To explore the binding free energy variance with simulation
time, additional 500 ns MD simulations were performed for
REGN10933-RBD complexes (PDB ID: 6XDG) [23] (Figure S2 and
Table S1).

Binding free energy calculation

Binding free energy (AG) of mAb-RBD complexes was calculated
by end-point molecular mechanics generalized Born surface
area (MM/GBSA) [24]. In this study, the dielectric constants of
solute and solvent were set to 1.0 and 80.0, respectively. The
OBC solvation model (igb=5) was used. And the binding free
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Figure 1. The binding sites of current mAbs on spike protein. The spike protein is represented as surface. The RBM (green), base of RBD (cyan), NTD (orange) and S2

epitope (blue) bound with their representative mAbs (magenta) are shown as cartoon.

energy was further decomposed into energy contribution of each
residue in Amber18 (idecomp =1).

Results and discussion

Mapping the binding sites of current mAbs on spike
protein

Figure 1 shows that the binding sites of current mAbs are largely
focused on the S1 fragment of the spike protein, including the
N-terminal domain (NTD), the base and the receptor-binding
motif (RBM) of RBD, respectively. There are more than ten mAbs
targeting NTD that have available crystal structures in PDB, for
instance, 4A8 (PDB ID: 7C2L) [25], FCO5 (PDB ID: 7CWU) [26] and
2-17 (PDB ID: 7LQW) [27]. Besides, Acharya P. et al. presented a
cryo-EM structure of a glycan-dependent mAb (PDB ID: 2G12)
targeting N709, N717 and N801 [28], revealing a new S2 epitope
on SARS-CoV-2 spike. Although the RBD ‘up’ state is required for
the ACE2 binding of spike protein [29], RBD could bind to mAbs in
its ‘down’ state. For example, S2E12 (PDB ID: 7K4N) binds to RBD
that is in ‘up’ state, while S2M11 (PDB ID: 7K43) binds to RBD
that is in ‘down’ state [30]. By structural analysis, we found 26
mAbs bind to RBM and even near the position of E484, indicating
that most of the current mAbs are likely influenced by the E484K
mutation.

The difference of binding free energy between WT and
E484K mutant RBDs to the mAb REGN10933

Recently, Hansen et al. found that the neutralization 1Cso of
REGN10933 on the E484K mutant and SAA9 (B.1.351) variant

was 10.5 and 58.8 times lower than that of the WT, respectively
[9]. We calculated the binding free energy (AG) of REGN10933 to
the WT and E484K mutant, respectively. As shown in Figure 1
(Table S2 for details), the AG to the mutant RBD is —24.71+0.67,
—21.13+£0.67, —29.61+0.77 kcal/mol, respectively, in triple
runs, while that to the WT is —36.194+0.91, —36.12+0.79,
—41.61+0.69 kcal/mol, respectively, in triple runs. The signifi-
cantly reduced AG of the SARS-CoV-2 harboring E484K mutation
to REGN10933 suggests its weakened neutralization efficacy,
which is consistent with the experimentally determined
neutralization ICso values (resistance 10.5-fold) [9].

To evaluate whether the E484K mutation affects the
ACE? binding affinity, we calculated the AG of ACE2 to the
WT and the E484K mutant, which are —36.43+0.77 (AGwr)
and —41.52+0.69 kcal/mol (AGgsak), respectively. The slightly
increased binding free energies demonstrated that E484K
mutation has a little beneficial effect on the binding strength
of ACE2 to the RBD, which is consistent with biophysical studies
[15]. We decomposed the binding free energy and found that
the residue E484 contributed 0.82 kcal/mol to the overall binding
strength, suggesting that E484 is not a key residue for the RBD-
ACE2? interactions. Therefore, the special role of E484K mutation
in immune evasion could be attributed to its significantly
reduced binding affinity to mAbs.

The diverse impacts of E484K mutation on its binding
affinities to 26 mAbs

There are 25 mAb-RBD complex structures found in PDB,
including 26 mAbs. To explore the potential effect of the E484K
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Figure 2. The binding free energy of mAb to RBDy or RBDg4gax . (A) The binding free energy of RBDy to mAb (black), and of RBDggg4x to mAb (gray). (B) The relative
binding free energy (AAG = AGgqg4x-AGwT) between mAb-RBDyt and mAb-RBDgygqk (twill), and the percentage of |AAG/AGwt| (White).

mutation on its binding to those mAbs, we constructed 25
complex structures of the E484K mutant RBD and the 26 mAbs.
Then, the binding free energy calculation was performed for the
50 complexes. After analyzing the AG of seven different lengths
of MD simulation time (Table S3), viz. 4-8, 4-12, 4-16, 4-20, 8-20,
12-20 and 16-20 ns, we found that the average AG fluctuation
between 4-16 and 4-20 ns is only 1.25 kcal/mol (P =0.99), showed
that 20 ns MD simulation is long enough to obtain reliable AG,
which is consistent with our previous study [13, 31] and other
literature reports [11, 32, 33]. To further explore the impact of
simulation time on binding free energy, two REGN10933-RBD
complexes for WT and E484K mutant, respectively, were run for
500 ns. As shown in Figure S2 and Table S1, the same variation
trend of binding free energy change was observed by the two
different simulation time.

With 2.00 kcal/mol as criteria, 22 systems show weaker bind-
ing affinity of mAb-RBDgygsx than mAb-RBDyr (Table S2), indi-
cating that 85% of the RBD-targeting mAbs might exhibit weaker
neutralization ability to the E484K mutated virus. Tortorici M.
A. et al. showed that S2M11 (PDB ID: 7K43) possessed lower
neutralization ability in the E484K mutant [30], and Chen R. E.
et al. showed that the neutralization ability of S2E12 (PDB ID:
7K4N) was reduced about 5 folds against the E484K virus [34].
Therefore, our predictions (Figure 2) are in good agreement with
these experimental results, indicating the high reliability of the
simulation results.

Impressively, one mAb combination system (PDB ID: 7K9Z)
with two mAbs (52 & 298) has stronger binding affinity to E484K
mutant than to WT (AAG=-15.87 +1.13 kcal/mol), which may
work well to fight against the mutated virus. Two systems, viz.,
6XE1 (CV30) [35] and 7CDJ (P2C-1A3) [36], have similar binding
free energies between WT and E484K mutant (AAG < 2.00 kcal/-
mol, Table S2), indicating that the neutralization of these mAbs
is insensitive to the E484K mutation. In summary, the E484K
mutation might cause an obviously weakened binding affinity
of about 85% mAbs to the spike protein of SARS-CoV-2.

Effect of protein glycosylation on the calculated binding
free energy

Protein glycosylation plays a crucial role in modulating the
conformational dynamics of spike’s RBD. Specifically, N-glycans
at N165 and N234 potentially affect RBD binding to ACE2
[37]. As representatives of RBD-up and RBD-down states, we
built two glycosylated SARS-CoV-2 spike models at GLYCAM-
Web (www.glycam.org) based on the structures of 7K43 (RBD-
down, Figure S3) and 7K4N (RBD-up, Figure S4). In total, 51 N-
linked glycans (Table S4) were added to the spike protein, and
the calculated binding free energy of mAb-spike (glycan) was
summarized in Table 1.

For the RBD-down state (7K43), the sum of N-glycan contri-
bution to the overall binding free energy is —1.06 +0.16 kcal/mol
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Table 1. The predicted mAb-spike binding free energies of the systems 7K43 and 7K4N (kcal/mol)

PDB ID System-Type AGwT AGEg484K AAG |AAG/AGwrT|
7K43 (S2M11) Glyco-trimer —60.41+0.96 —37.90+1.10 22.51+1.03 37.26%
Trimer —52.39+0.64 —34.86+0.92 17.53+0.78 33.46%
RBD —42.02+0.53 —25.67 +£0.56 16.34+0.55 38.90%
7K4N (S2E12) Glyco-trimer —36.96+0.48 —28.224+0.62 8.74+0.55 23.65%
Trimer —47.13+0.60 —24.794+0.48 22.34+0.54 47.40%
RBD —47.93+0.73 —39.70+0.49 8.23+0.61 17.17%
Table 2. The predicted binding free energies of 7 mAbs to spike trimer or to RBD (kcal/mol)
PDB ID System type AGwT AGEggg4x AAG |AAG/AGwrt|
7K43 (S2M11) Trimer —52.39 + 0.64 —34.86 + 0.92 17.53 33.46%
RBD —42.02 +0.53 —25.67 £ 0.56 16.34 38.90%
7K4N (S2E12) Trimer —47.13 £ 0.60 —24.79 £ 0.48 22.34 47.40%
RBD —47.93 +0.73 —39.70 + 0.49 8.23 17.17%
7K8T (C002) Trimer —45.25 + 1.06 —13.37 £ 0.85 31.89 70.46%
RBD —48.90 + 1.11 —18.39+0.78 30.51 62.39%
7DK4 (2H2) Trimer —60.54 + 1.16 —29.52 £ 1.17 31.01 51.23%
RBD —60.29 £ 0.72 —37.514+0.97 22.78 37.79%
7K8X (C121) Trimer —19.77 £ 0.72 —16.97 £ 0.66 2.79 14.13%
RBD —24.16 £ 0.77 —16.15 + 0.66 8.00 33.14%
7K8W (C119) Trimer —49.03 + 1.08 —14.98 + 1.22 34.05 69.45%
RBD —77.42 +0.78 —25.92+0.74 51.50 66.52%
7 K90 (C144) Trimer —61.03 £ 0.81 —47.90 + 1.03 13.14 21.52%
RBD —37.67 +£0.86 -18.34 + 1.14 19.33 51.32%
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Figure 3. The contribution of E484 or K484 to overall binding free energy. Per residue energy decomposition is based on 4-20 ns MD trajectories of mAb-RBD systems.

(WT) and 2.20+0.06 kcal/mol (E484K), respectively. The AAG
between the WT and E484K mutant are 22.514+1.03,17.53+0.78
and 16.34 +0.55 kcal/mol for glycosylated spike trimer, the spike
trimer and the RBD, respectively (Table 1). The results showed
that the glycosylation of spike protein may change the specific
values of the calculated free energy, but does not alter the
variation tendency of the E484K mutation effect.

For the RBD-up state (7K4N), similar results were observed,
the sum of N-glycan contribution in the predicted binding free
energy is also very small, which is 0.06 +0.00 kcal/mol (WT) and
0.97 +0.04 kcal/mol (E484K), respectively. Additionally, we com-
pared seven pairs of mAb-spike (trimer) and mAb-RBD (Table 2),
the same effect tendency of E484K mutation on binding free
energy was observed by using trimer structure or RBD only.

Hence, we postulated that the binding free energy of mAb-RBD
can reflect the overall change tendency of mAb-spike binding
free energy.

The role of E484 and K484

To further explore the mechanism of the E484K mutation affect-
ing the neutralization ability of mAbs, we compared energy
contributions of E484 and K484 to the overall binding free energy
(Figure 3, Table S2). In most of mAb-RBD systems (72%), E484
have obvious greater contribution (> 1.00 kcal/mol) to the bind-
ing free energy than that of K484. To further look into different
binding modes, 3 mAb-RBD complexes are taken as representa-
tive examples, whose neutralization ability is decreased (PDB ID:
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Figure 4. Three types of mAb-spike binding modes. (A) The mAb P17 (PDB ID: 7CWO) is showed by vacuum electrostatic potential, blue (positive charge), red (negative
charge). The RBD is showed by cartoon (cyan). (B) Interactions of E484 (cyan) and mAb P17 (magenta). The distances are shown with yellow dotted line. (C) The mAb
CV30 (PDB ID: 6XE1) is showed by vacuum electrostatic potential. The RBD is showed by cartoon (cyan). (D) The distance between E484 and CV30. (E) The mAbs 52 & 98
(PDB ID: 7K9Z) are showed by vacuum electrostatic potential. The RBD is showed by cartoon (cyan). (F) Key residues of RBD interacting with mAbs 52 & 98. The residues

with binding free energy change < —1.00 kcal/mol.

7CWO), unchanged (PDB ID: 6XE1) and enhanced (PDB ID: 7K9Z)
after the E484K mutation, respectively.

The energy contribution of E484 in 7CWO (P17) is —16.80+
2.35 kcal/mol (a strong attraction), while the energy contribu-
tion of K484 is 10.24+3.08 kcal/mol (a strong repulsion). By
structural analyses, we found that the negatively charged E484
could form a strong electrostatic interaction with mAb, while
the positively charged K484 should be repulsive to the positively
charged binding site of the mAb (Figure 4A and B). For the two
mADb-RBD systems (6XE1 and 7CDJ) that share similar binding
affinities between K484 mutant and WT, the difference in the

residue contribution to overall binding free energy is also slight.
By analyzing the crystal structure, e.g., 6XE1, we found that
the position of E484 is 7.7 A away from the mAb-RBD interface
(Figure 4C and D); therefore, the E484K mutation should have
little effect on the overall binding free energy. However, the
binding site for E484 in 7K9Z is negatively charged (Figure 4E);
therefore, the E484K mutation should enhance the binding of
RBD to mAbs (Table S2). By decomposing the binding free energy
of 7K9Z complexes, four residues in the K484 mutant RBD (Q474,
T478, E465 and R466) have stronger binding strength with 7K9Z
than WT (< — 1.00 kcal/mol for each of the residues, Figure 4F).


https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbab383#supplementary-data

Exploring the immune evasion of SARS-CoV-2 variant harboring E484K by molecular dynamics simulations | 7

A Y489

Y449
F490
F486
E484
Q493
V483
G485
$494
F456
N487
Y505
L455
N450
N448
N501
Q498
L1492
T478
8477
A475
L452
G447
V445

Residues of RBD

| T T T I

0 20 40 60 80
Percentage (%)

Residues of mAbs
Z » O - T a

jan

0 20 40 60 80
Count

Figure 5. Residues on the mAb-RBD interface. (A) Occupancy (%) of spike residues found in 26 mAb-RBD interfaces. (B) Occurrence number of residues on mAbs counted
in 26 mAb-RBD interfaces. Residues with energy contribution< — 1.00 kcal/mol are counted.

Furthermore, by structural analyses, we found that the E484K
mutation causes the four residues closer to the mAb, enhancing
their interactions with the mAb.

Other potential mutations with high risk of immune
evasion

By binding free energy decomposition (Table S5), we systemati-
cally investigated the detailed roles of the key residues playing
in the RBD-mAb interaction with AG < —1.00 kcal/mol (Figure 5).
Among the 25 complexes, E484 was found to be the key inter-
action residue of 17 systems, accounting for 68% of the mAbs.
In addition to E484, we found 10 residues (Figure 5A) that are
mostly involved in the mAb binding with occupancy >30%,
which are Y489 (84%), Y449 (80%), F490 (80%), F486 (68%), Q493
(56%), V483 (52%), G485 (44%), S494 (40%), F456 (36%) and N487
(32%). Recently, Starr et al. found that a lysine mutation at residue
486 (F486K) of the RBD helps SARS-CoV-2 escape neutralization
by REGN10933 with slightly decreased binding affinity to ACE2.
However, the F486K was not accessible via a single-nucleotide
change [38].

The major difference of the interaction between the RBD-
ACE2 and RBD-mAD is the key binding residues (Table S6). In
details, Y489, Y449, F486, Q493, F456 and N487 can form stable
interactions with ACE2 [13, 39], their mutations may obviously
affect the infection efficacy of the SARS-CoV-2, which may lead
to less risk. Differently, the rest of four residues, viz., F490, V483,
G485 and S494, without strong binding to ACE2, could form stable
interaction with most mAbs. Therefore, the mutations in F490,
V483, G485 and S494 may impair the binding of the new RBD
mutants to mAbs, causing immune evasion. Although there is no
evidence showing the immune evasion caused by F490 mutation
[38], the high occupancy (80%) of F490 among 26 mAbs indicates
its dangerous potential to escape vaccine-induced immunity.
Therefore, close attention should be paid to the four residues
in developing new mAbs against the RBM of spike protein. In
addition, it is not surprising that the residues of mAb (Figure 5B)
that are high frequently observed on the RBD-mAbD interface
could match well the residues of RBD, to form strong binding
interaction. For instance, tyrosine and serine on mAb appear
most frequently on the interface of RBD-mAb, which can form
hydrogen bonds with residues on RBD (Y489, Y449, E484, Q493,
etc.), and the four residues on RBD (Y489, Y449, F490 and F486)


https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbab383#supplementary-data
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with the highest occupancy can form = - stacking with tyrosine
on mAb.

Conclusion

The rapid development and use of vaccines and mAbs have
made people see the dawn of success in the fight against the
COVID-19 pandemic. However, the immune evasion caused by
the mutation of SARS-CoV-2 spike protein, such as the B.1.351
harboring E484K, may reinfect the survivors, weaken or even
invalidate the efficacy of mAbs and vaccines. To understand the
underlined mechanism, we calculated and analyzed the binding
affinities of 26 mAbs to WT spike protein and to the E484K
mutant, respectively. The results reveal that the E484K mutation
impairs most of mAbs (~85%) to bind to the spike RBD. Further
calculations on the glycosylated and trimer spike proteins show
the same change tendency as that based on the mAb-RBD. In
addition, we predicted that the mutation of the four residues in
the RBD, viz., F490, V483, G485 and S494, are also likely to cause
immune evasion. Overall, this work sheds light on the impact of
the E484K mutation on mAb efficacy and predicts other potential
residue mutations with risk of immune evasion, which may
serve as an alarm for future mAb and vaccine development.

Key Points

Therecently identified SARS-CoV-2 variants harboring
E484K mutation was found to have great resistance to
numerous mADbs.

We calculated the binding free energy of current 26
mAbs to WT spike protein and its E484K mutant,
respectively. Twenty-two mAbs (85% of all the studied
mADbs) have significantly decreased binding affinity to
E484K mutant, indicating that E484K mutant is likely
resistant to most mAbs.

In most of mAb-RBD complexes (72%), E484 has obvi-
ous greater contribution to the binding strength of the
RBD to the mAbD (>1.00 kcal/mol) than K484 does.

The mutations of F490, V483, G485 and S494 are pre-
dicted to have immune evasion risk, as these residues
are involved in the binding of most mAbs.

Supplementary Data

Supplementary data are available online at https://academi
c.oup.com/bib.

Data Availability

The data that support the findings of this study are available
from the corresponding authors upon reasonable request.
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