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SARS-CoV2 mutants B.1.1.7, B.1.351, and P.1 contain a key mutation N501Y. B.1.135 and P.1 lineages have
another mutation, E484K. Here, we decode the effect of these two mutations on the host receptor, ACE2, and
neutralizing antibody (B38) recognition. The N501Y RBD mutant binds to ACE2 with higher affinity due to
improved n-n stacking and n-cation interactions. The higher binding affinity of the E484K mutant is caused due to
the formation of additional hydrogen bond and salt-bridge interactions with ACE2. Both the mutants bind to the
B38 antibody with reduced affinity due to the loss of several hydrogen-bonding interactions. The insights ob-

tained from the study are crucial to interpret the increased transmissibility and reduced neutralization efficacy of
rapidly emerging SARS-CoV2 VOCs.

1. Introduction

SARS-CoV2 emerged initially from a local seafood market in Wuhan,
China, is now a pandemic that causes severe outbreaks in more than 216
countries. During the outbreak, genetic diversification of the virus under
different selection biases leads to several SARS-CoV2 genomic variants
[1]. SARS-CoV2 is a positive-stranded RNA virus enclosed within a viral
envelope [2] where three structural proteins, E, M, and spike glyco-
protein, are embedded [2]. Spike protein forms a homo-trimeric large
clover-shaped protrusion that mediates viral entry to the host cell
through the human ACE2 receptor [3]. Each spike monomer consists of
the S1 and S2 domains. Three S1 domains associate to form the ecto-
domain and the S2 domains entangle to create the stalk, trans-
membrane, and small intracellular domains [2,4]. The receptor-binding
domain (RBD) of the S1 binds to the peptidase domain (PD) of the ACE2
receptor to open up the S1/52 and S2' cleavage sites. Cleavage by the
host proteases mediates the fusion of the viral membrane to the host
membrane [4,5]. Due to its role in host receptor recognition, spike
protein is under positive selection pressure to produce SARS-CoV2
variants with increased transmissibility and infection rate [6]. Spike
protein is also the target for vaccine and immunogenic therapy devel-
opment as there exist many immunodominant solvent-exposed epitopes
that are readily accessible by antibody pool [7]. Thus, tracking the
SARS-CoV2 spike variants, particularly the RBD variants, is very
important to identify mutant viral strains with higher transmissibility

and the ability to cause immune invasion.

Data indicate that the viral genome acquires ~ 2-3 mutations per
month [8]. Although most of the mutations purge out from the popu-
lation, few of them are fitness-enhancing mutations that alter the anti-
genic potential of SARS-CoV2, which require focused attention. Using a
large-scale genomic screening pipeline, my group previously identified
two spike mutants, V367F and S494P, with enhanced human ACE2
binding ability [9]. Later, it was demonstrated that the S494P caused a
3-5 fold decrease in neutralization titer [10] and was reported in many
cases in UK, USA, and Mexico [11]. Gan et al. extended the screening on
16,083 sequences and identified several spike mutants with enhanced
receptor recognition abilities. These include N440K, S443A, G476S,
E484R, and G502P, which cluster near known human ACE2 recognition
sites, Lys31 and Lys353 [12]. Mutations that occur within the RBM
(Receptor Binding Motif; residues 438-506) of the RBD deserve special
attention since they can alter human ACE2 binding affinity and decrease
neutralization by several mAbs. To date, many significant spike RBD
mutants were identified with altered ACE2 recognition and antigenic
properties. N439K, L452R, and Y453F showed an increase in ACE2 re-
ceptor binding ability. Among these mutants, the N439K exhibits
resistance to several mAbs and even escapes some polyclonal responses
[13]. While, in vitro study demonstrates reduced sensitivity of the L452R
RBD mutant to BNT162b2 mRNA vaccine-elicited antibodies [14]. On
the other hand, an ELISA-based ACE2/RBD inhibition assay reports
Y453F RBD mutant does not decrease established humoral immunity
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from previously infected individuals or affect the neutralizing antibody
response [15]. On the otherhand, G446V, S477N, G485R, and F490S
RBD mutants demonstrated ~ 3-5 fold decrease in neutralization titer
for few sera [16]. G446V RBD mutation was reported to reduce ACE2
binding affinities [17], but S477N mutation strengthen the binding be-
tween SARS-CoV2 spike RBD and hACE2 [18]. Analysis of the crystal
structure of G485R RBD mutant-ACE2 complex (PDB ID: 7L0O4) reveals
that the residue 485 is not directly interacts with hACE2. G485R mu-
tation leads to a rotation in the loop, affecting some interacting residues
without significantly reducing the affinity. The F490S mutation on the
other hand showed limited effects on ACE2 binding affinity. Table 1

Table 1
List of RBD mutants and escape variants along with their effects on ACE2 binding
and antibody recognition.

RBD Effect on ACE2 binding Effect on neutralizing antibody and

mutants with respect to wild-type  immunity

E340K Decrease [19] Resistance to a broadly reactive NAb,
$309 [19]

N343A Loss of ACE2 binding Impaired neutralizing antibody

[19] generation [20]

T3451 Limited effect [17] Efficient binding of all NAbs [17]

R346S Limited effect [19] Resistant to C135, but retained full
sensitivity to both C121 and C144 [21]

V367F Increase [22] Low binding affinity in HLA-A01:01,
HLA-B07:02, and HLA-B35:01 compared
to the wild type [23]

R408I Limited effect [24] decrease the binding affinity of S protein
to the CR3022 antibody [24]

K417N Moderately decrease Resistance to plasma samples, as the NAb

[25] titers were approximately 2-4 times
lower than those for the wildtype [19]
K417T Moderately decrease Capable of antibody escape [17]
[25]

N439K Increase [13] Confers resistance against several
neutralizing monoclonal antibodies,
escapes some polyclonal responses [13]

N440Y Limited effect [17] Disrupted fewer NAbD interactions [17]

G446V Decrease [17] Demonstrated escape to COVA2-15 and
C135 mAbs [26]

N450K Limited effect [19] Immune escape the neutralization by
monoclonal antibodies and human
convalescent sera [27]

L452R Increase [28] confer escape from HLA-A24-restricted
cellular immunity [28]

Y453F Increase [15] Confer escape from HLA-A24-restricted
cellular immunity [28]

A475V Decrease [17] Less binding to multiple class I antibodies
[17]

G476S Decrease [29] Shortened a linear B cell epitope length
and even abolished the discontinuous B
cell epitope [23]

S477N Increase [25] resistant to neutralization by multiple
monoclonal antibodies [27]

S477G Moderate increase [30] Conferred resistance to sera [27]

T478I Unaltered [31] Reduced neutralization by monoclonal
antibodies and human convalescent sera
[27]

E484K Increase [25] Less sensitive to neutralization by
convalescent human sera, evades
antibody neutralization elicited by
infection or vaccination [32]

E484Q Limited effect [33] Limited effect on immune invasion [14]

F486L Decrease [34] Resistance to plasma samples, as the NAb
titers were approximately 2—4 times
lower [19]

F490S Limited effect [19] Predicted to be markedly resistant to
neutralization by LY-CoV555 [35]

Q493L Beneficial [36] Possible vaccine escape [11]

5494p Increase [9] Reduces antibody neutralization of
convalescent and post-immunization sera
[37]

N501Y Increase [25] 272 convalescent sera showed reduced
binding of anti-RBD IgG to N501Y [38]

Y505W Increase [17] Efficiently binds to different Nabs [17]
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summarizes a list of RBD mutants and escape variants along with their
effects on ACE2 binding and antibody recognition.

WHO declared several SARS-CoV2 mutants as variants of concern
(VOC) as they cause sustained disease outbreak across the globe.
Currently, there are four variants of concerns: Alpha variant (B.1.1.7;
RBD mutations: N501Y, A570D), Beta (B.1.351; RBD mutations: K417N,
E484K, and N501Y), Gamma (P.1, B.1.1.28.1; RBD mutations: K417N/T,
E484K, and N501Y) and Delta (B.1.617.2; RBD mutations: L452R,
T478K) [39]. (https://viralzone.expasy.org/9556) Among them, line-
ages B.1.1.7, B.1.351, and P.1 contain a key common RBM mutation,
N501Y, which was experimentally shown to increase the ACE2 binding
affinity [40]. In pseudoviruses carrying the N501Y mutation, a 10-fold
decrease in efficacy was reported during the neutralization of mRNA
vaccine-elicited mAbs [41]. However, mouse-adapted SARS-CoV-2
N501Y strain can be effectively neutralized by vaccine-elicited sera
[42].

Recently, computational and experimental approaches have been
adopted to understand the mechanism of increased transmissibility and
the immune invasion ability of the N501Y spike mutant. Ali et al. re-
ported minor enhancement in the RBD-ACE2 interaction energies upon
N501Y mutations using the molecular dynamics simulations. However,
the length scale of the simulation is very short [43]. Khan et al. did not
observe any significant enhancement in binding affinity when Y501
binds with ACE2 compared to N501 using Protein-Protein docking [44].
Verma et al., on the other hand, performed structural modeling using
computation mutagenesis followed by energy minimization and binding
free energy calculations using MM/GBSA (Molecular Mechanics/
Generalized Born Surface Area) method to probe the effect of N501Y
RBD mutation on the ACE2 binding affinity. They observed an
enhancement of 7 kcal/mol in ACE2 binding energy upon N501Y mu-
tations [45]. Notably, these modeling approaches qualitatively evaluate
the binding affinity as they inherently ignore the effect of mutations on
non-local interactions. Recently, Luan et al. performed 185 ns equilib-
rium simulation and free energy calculation using the FEP (Free energy
perturbation) method to evaluate the effect of N501Y mutation on ACE2
binding [46]. An enhancement of —0.81 kcal/mol in the ACE2 binding
free energy was reported for the N501Y mutant, which was attributed to
the formation of favorable interactions with Tyr41 and Lys353 of ACE2.
However, surface plasmon resonance (SPR) binding assays revealed over
ten times increment in binding affinity for Y501 RBD with ACE2, in
comparison to the wild-type N501Y due to the formation of two new
hydrogen bonds with the side chains of Asp38 and Lys353 of ACE2, in
addition to the formation of a  stacking interaction between Tyr501 of
RBD and Tyr41 of ACE2. Notably, the large change in binding affinity is
atypical to a single amino acid mutation, indicating mutation-induced
remodeling of the RBD-ACE2 interface, which is challenging to probe
accurately using computational approaches.

Two other rapidly emerging SARS-CoV2 variants (B.1.135 and P.1)
contain another crucial RBM mutation, E484K. The variant of interest
P.2, first reported in Rio de Janeiro and then rapidly widespread in the
northeast region of Brazil, contains only the E484K spike mutation [16].
This mutation itself and in combination with the N501Y mutation
significantly enhance the ACE2 binding affinity, evident from SPR data
[40]. Initial modeling studies suggest enhancement of ACE2 binding
affinity for E484K mutant due to the formation of additional hydrogen
bond involving Lys484 of mutant RBD with ACE2 and gain in average
solvation energy [12,44].

E484K mutation may be accountable for evasion from neutralizing
antibodies [47,48]. Recently, in-vitro micro-neutralization assays
revealed a significant reduction in neutralization efficiency for the re-
combinant (r)SARS-CoV-2 virus with E484K mutation compared to the
control USA-WA1/2020 strain on 34 sera collected from different study
participants [48]. Also, the E484K variant caused a 3-4-fold decrease in
the neutralization titer in five individuals who received two doses of the
Pfizer-BioNTech vaccine [48]. Recently, native Spike-targeted mono-
clonal antibodies (mAbs) were developed by Regeneron and Eli Lilly
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which was given emergency approval by the FDA [49-51]. Recent data
suggest that N501Y mutation does not significantly alter the binding
affinity with one of the mAb, Bamlanivimab [51]. However, the E484K
RBD mutation diminishes its interaction with Bamlanivimab in vitro
[52].

A molecular-level insight is urgently required to quantitate the effect
of both the N501Y and E484K RBD mutations on receptor recognition
and therapeutic monoclonal antibody recognition. This information is
highly essential to interpret the higher infectivity rates of SARS-CoV2
VOCs and efficacy of mutant strains on therapeutics mAbs, neutraliza-
tion and vaccines elicited sera. The effect of a single mutation on the
protein—protein interface is very difficult to probe computationally due
to high conformational complexity. Large-scale conformational changes
are generally associated with the long-timescale phenomenon. Under-
standing the effect of mutation on the entire RBD-ACE2 interface re-
quires extensive computation that accounts for mutation-induced large-
scale conformational dynamics as well as long-distant allosteric effects.
Here, we critically decode the role of both the N501Y and E484K spike
mutations on ACE2 and neutralization antibody recognition using
extensive all-atom molecular dynamics simulation complimented with
binding free energy simulations.

2. Materials and Method
2.1. Preparation of mutant spike-ACE2, and spike-antibody complexes

Recently, my group refined the crystal structure of the SARS-CoV2
RBD-ACE2 complex (PDB ID: 6MO0J [53]) using extensive molecular
dynamics simulation, which was used as a starting structure in the
present study [9]. The E484K and N501Y mutant complexes were built
from the wild-type SARS-CoV2 RBD-ACE2 complex by mutating the
glutamate to lysine at 484th residue and asparagine to tyrosine at the
501st residue, respectively, in the spike RBD region.

The recently resolved crystal structure of the SARS-CoV2 spike RBD
complexed with a neutralizing antibody (B38) was considered for the
study (PDB ID:7BZ5) [54]. The wild-type SARS-CoV2 RBD from the
RBD-ACE2 complex was aligned on the RBD-B38 crystal structure, and
then the aligned RBD complexed with the B38 antibody was considered
as the wild-type RBD-B38 docked complex. The E484K-B38 and N501Y-
B38 complexes were prepared by carrying out the specific mutations on
the wild-type SARS-CoV2 RBD-B38 complex using the mutagenesis
toolkit of Visual Molecular Dynamics (VMD) [55].

2.2. Equilibrium simulations of wild-type and mutant SARS-CoV2 spike
RBD-ACE2 and RBD-antibody complexes

All the simulations were performed using GROMACS 2018.1 [56,57]
packages using the AMBER99SB-ILDN force field [58]. All the com-
plexes were first energy minimized in vacuo to remove any bad contacts.
Then each complex was immersed in a triclinic box so that the minimum
distance between any protein atom and box walls was > 10 A. The box
dimensions for wild-type and mutant SARS-CoV2 RBD-ACE2 complexes
were 100 x 100 x 180 A3, and for wild-type and mutant SARS-CoV2
RBD-B38 complexes, the box dimensions were 100 x 100 x 190 A3,
Each box was solvated with TIP3P (Transferable intermolecular poten-
tial 3 point) water model, and an appropriate number of counter ions
were added to neutralize the charge of each system. Then, 500 steps of
energy minimization using the steepest descent algorithm were carried
out for each system, followed by 10 ns of position-restrained dynamics
where the protein backbone dynamics were restrained. At the same
time, water molecules were allowed to move freely. After that, a 2 ns
simulation in NVT (canonical) ensemble was carried out for each com-
plex at 298 K, followed by another 2 ns simulation in NPT (Iso-
thermal-isobaric) ensemble where both the proteins and solvent
molecules were allowed to move freely. Finally, 500 ns of production
simulations were performed in the NPT ensemble. All the simulations
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were carried out under periodic boundary conditions. The temperature
was kept constant by coupling to a Nosé-Hoover thermostat with a
coupling time constant of 0.1 ps. The pressure was maintained at 1 bar
through coupling to the isotropic Parrinello-Rahman barostat with the
time constant for coupling set to 2 ps. Electrostatic interactions were
calculated using the PME method with default values for grid spacing.

2.3. Calculation of the potential of mean force (PMF) for wild-type and
mutant spike RBD to ACE2 and B38 antibody

The optimized wild-type and mutant (E484K and N501Y) SARS-
CoV2 RBDs complexed with ACE2 and B38 were immersed in a
triclinic box filled with TIP3P water such that the minimum distance
between any protein atom and box edges was > 10 A. The box di-
mensions for wild-type and mutant SARS-CoV2 RBD-ACE2 complexes
were 100 x 100 x 200 A3, and for wild-type and mutant SARS-CoV2
RBD-B38 complexes, the box dimensions were 100 x 100 x 190 A%,
In Z-direction, the box length was chosen in a way that it was greater
than the double of final pull distance. Charges of each system were
neutralized by adding an appropriate number of counterions. Each
system was then minimized with 500 steps using the steepest descent
algorithm. Then, 10 ns position restrained dynamics were performed
where the proteins were restrained while water molecules were allowed
to move freely. This was followed by 2 ns equilibration at 298 K in the
NVT ensemble, and 2 ns NPT simulation, performed using the same
simulation protocol mentioned in the equilibrium simulation section.

The potential of mean force (PMF) for pulling the spike RBD (Wild-
type and mutants) from the ACE2 or B38 was computed using the um-
brella sampling techniques. RBD was pulled from the ACE2/B38 protein
binding interface along the Z-direction in an interval of 1 A with an
umbrella force constant of 500 kJ.mol~*.nm?. In each umbrella window,
2 ns equilibration was performed, followed by 3 ns production run in
NPT ensemble using the same thermostat, barostat, and associated
coupling parameters, mentioned above. Twenty four windows were
considered for each case to sample the entire reaction coordinate. A
weighted histogram analysis method (WHAM) [59] was used to
construct the PMF profile. Sufficient overlap among all the windows was
confirmed by histogram analysis. For each system, at least three inde-
pendent umbrella simulations were performed.

3. Results

3.1. Interactions of wild-type, N501Y and E484K mutant RBDs with
ACE2: Insights from equilibrium simulations

The RBD structure was built using the sequence of SARS-CoV2
samples collected from the Wuhan seafood market (isolate = Wuhan-
Hu-1; Accession NC_045512, Version NC_045512.2), referred to as wild-
type in the text. Equilibrium molecular dynamics simulations have been
used to underscore the effect of the E484K and N501Y RBD mutations on
ACE2 recognition. A root mean square deviation (RMSD) based clus-
tering of the simulation trajectories for the three systems (Wild-type
RBD-ACE2, N501Y RBD-ACE2, and E484K-ACE2) is shown in Fig. 1A.
Upon complexed with ACE2, the wild-type RBD is comparatively stable
with two evident conformational clusters. The larger cluster contains
RBD conformations observed during the 120-500 ns simulation
timescale.

The N501Y mutation in spike RBM induces dynamics in the complex.
Three different conformational clusters are evident. Conformations from
the first 120 ns of the simulation are clubbed together in a cluster. The
second cluster contains conformations observed during the 120-200 ns
timescale. All the conformations from the last 300 ns are clubbed into
the third cluster. On the other hand, the E484K RBD mutation signifi-
cantly stabilizes the complex. All the conformations are clubbed into a
single cluster.

3-D representations of the conformational dynamics obtained from
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Fig. 1. (A) Root mean square deviation (RMSD) based clustering of the SARS-CoV2 spike RBD-ACE2 complexes obtained from the simulation trajectories for the
three systems (Wild-type RBD-ACE2, N501Y RBD-ACE2, and E484K-ACE2) is shown. (B) 3-D representation of the conformational dynamics obtained from the
simulations of all the three complexes in terms of the root mean square deviation (RMSD), the radius of gyration (Rg) space of RBD, and RBD-ACE2 hydrogen bonds.

the simulations for all the three complexes are shown in Fig. 1B. In the
root mean square deviation (RMSD) and radius of gyration (Rg) space,
wild-type RBD dynamics are confined rather narrowly compared to the
N501Y mutant when complexed with the ACE2. In this conformational
ensemble, the RBD-ACE2 hydrogen bonding varies greatly. On average,
there are 11-13 RBD-ACE2 hydrogen bonds. Two populations are
evident, one with 7-9 RBD-ACE2 hydrogen bonds and the other one
with 17-19 RBD-ACE2 hydrogen bonds. In contrast, N501Y mutant RBD
forms less number of interfacial hydrogen bonds. A small proportion of
the complex conformations are observed with 7-9 hydrogen bonds,
while the rest of the complex conformations are characterized by ~
11-13 RBD-ACE2 hydrogen bonds. The conformational space sampled
during the molecular dynamics simulations by the E484K spike mutant
is more confined in RMSD and R space, reconfirming high stabilization
of the complex. The average number of interfacial hydrogen bonds
ranges between 13 and 15 for most of the sampled conformations. A

small conformational state with reduced number of RBD-ACE2
hydrogen bonds (7-9 hydrogen bonds) is also noticed.

Further RMSD based clustering is used to identify the most populated
solution structure of wild-type, N501Y, and E484K RBD complexed with
ACE2. The wild-type complex visited 151 conformational clusters dur-
ing the simulation using a 1.2 A RMSD cut-off. The 136th cluster is the
most populated, span over 120-500 ns during the simulation (Fig. 2A).
N501Y mutation increases the number of clusters visited during the
simulation. A total of 180 clusters are observed (Fig. 2A). Many small
conformational clusters are evident from the simulation trajectory.
Among them, the 178th cluster is the most populated one. E484K RBD-
ACE2 complex visited the least number of clusters during the simulation,
further indicating high stabilization of the complex. The 96th cluster is
the most populated one. The alignment of the average complex structure
from the most populated clusters for the three complexes is shown in
Fig. 2B. Overall the RBD-ACE2 complex structures remain very similar,
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apart from the fluctuations of several loop regions. The binding interface
has been zoomed in the inset. The wild-type and E484K RBD-ACE2
complexes show similar interfacial packing. However, the N501Y RBD
mutation alters interfacial packing. Notably, the N-terminal loopy
overhang region that packs the interfacial helical region around the
peptidase domain of the ACE2 changes its conformation such that it
loses contacts with the ACE2. Analysis of the solvent-accessible surface
area (SASA) of RBD reveals that the interfacial areas packed between the
mutants (N501Y and E484K) spike RBD and ACE2 are higher than the
wild-type RBD. The E484K RBD is packed tightly to the ACE2 PD surface
during the simulation (Fig. 2C). A notable observation is that there is a
significant reduction of the complex population with higher SASA (i.e.,
low RBD-ACE2 interface area) in the case of both the mutants (Fig. 2C).
This signifies tight interfacial packing between RBD and ACE2 in the
case of both N501Y and E484K mutants. Root mean square fluctuations
also reveal that E484K mutation highly stabilized the RBM upon
complexation with the ACE2. The region from 480 to 486 is highly
stabilized in E484K mutated RBD compared to the wild-type. N501Y
mutation in the RBD also mildly stabilizes this region (Fig. 2D).

3.2. E484K and N501Y mutants show higher binding affinity to hACE2
compared to wild-type RBD: Evidences from free-energy calculations

Equilibrium simulations indicate that both N501Y and E484K mu-
tations stabilize the RBM upon complexation with ACE2. The potential
of mean force (PMF) has been computed to evaluate the effect of sta-
bilization of mutant RBDs on ACE2 binding free-energy. The free energy
for complex formation (AGpinq) is obtained by calculating the unbinding
energy of wild-type and mutant RBDs from the RBD-ACE2 complexes
using the umbrella sampling method. Wild-type RBD binds to the ACE2
with an affinity of —144 kJ/mol. The N501Y mutant RBD interacts more
strongly with the ACE2. The calculated binding free energy is —165 kJ/
mol. The E484K mutant RBD showed a remarkably higher affinity to-
wards ACE2 with the calculated binding free energy of —210 kJ/mol
(Fig. 3A).

3.3. E484K and N501Y mutations alter the interaction profiles of RBD-
ACE2 interface

We then decode the gain of the ACE2 binding energy for mutant

Hydrophobic Interaction

>
@

SARS-CoV2 mutant

50, —— SARS-Cov2 GLY502 (M-M)
= ——N501Y mutant TYR489 ALA475 (M-S)
g 0 —— E484K mutant PHE486 GLY476 (M-S)
< 50l TYR501 GLN493 (M-S)
> -
3 . TYR495 (M-S)
2-100- GLY496 (M-S)
g lonic Interaction THR500 (M-S)
o -150- N501Y  E484K TYR505 (M-S)
e SARS-CoV2
w 200 y mutantmutant )\ 2G403 (S-S)
| = s LYS417 (S-5)
45 50 55 6.0 65 7.0 7.5 GLU406 TYR449 (S-S)
Spike-ACE2 distance (dz, nm) SERA477 (S-S)

LYS484

1 -7t Interaction
N501Y  E484K
SARS-Cov2 mutant mutant

PHE486
ASN501/
TYRS501

n —cation Interaction

TYRS501
TYR505

SARS-CoV2 mutant

International Immunopharmacology 102 (2022) 108424

RBDs in terms of interactive features. Fig. 3B represents the colored
coded representation of interfacial interactions involved in ACE2
recognition by spike RBDs for all three cases, and Fig. 4A, B, C, and D
show the mapping of those interactions on the RBD-ACE2 interface for
wild-type and mutant spike RBDs. Recently, Chakraborty et al. showed
that the Phe486 is the highest energetic contributor for forming the
spike-ACE2 complex using the MM/GBSA method [9]. This interaction
is also preserved for mutants too. The residue interacts with the Met82 of
ACE2 using van der Waals interactions. TYR489 is another significant
energetic contributor that interacts with Phe486. This interaction is
evident in the wild-type and N501Y mutant but lost upon E484K mu-
tation. The E484K mutation disrupts most of the hydrophobic in-
teractions involved in ACE2 recognition. Upon N501Y mutation, the
Tyr501 gains van der Waals contacts with the ACE2 interface. Fig. 4A
represents the common interfacial hydrogen bonds are evident in all the
three RBD-ACE2 complexes. Hydrogen bonding interactions involving
the GIn493, Arg403, Gly496, GIn498, and Thr500 present at the middle
and C-terminal loop of the RBM remain preserved in all the three RBD-
ACE2 complexes.

In addition, wild-type RBD forms three unique hydrogen bonds be-
tween the Ala475, Gly476, and Tyr495 of the RBM and Ser19, Lys353 of
ACE2 (Fig. 4B), which are absent in both the mutants. N501Y mutant
RBD forms a specific hydrogen bond involving Ser477 of the RBD. The
gain in binding affinity for the N501Y mutant to the ACE2 is due to the
improved 7m-t and =-cation interactions. Mutation of asparagine to
tyrosine at the 501st position allows formation for a n-cation interaction
with the Lys353 and a n-m stacking interaction with Tyr41l of ACE2
(Fig. 4C).

The E484K mutation allows Lys484 of the RBM to form specific
hydrogen bonds with ACE2. In addition, the particular residue is
involved in salt-bridge interaction with Glu75 of ACE2. These high-
affinity interactions allow E484K mutant RBD to be firmly bound to
the ACE2 interface. This intense encounter of E484K RBD to ACE2 al-
lows the remodeling of few interfacial residues. The Tyr505 forms
hydrogen bonding interactions with Arg393, Asn501 forms interactions
with Lys353, and the Thr500 also forms hydrogen-bonding interactions
with Tyr41 of ACE2 (Fig. 4D). The Phe486 of RBD creates additional n-t
stacking interaction with Tyr83 of ACE2, which is also present in the
N501Y RBD-ACE2 complex.

The work highlights that the E484K and N501Y are gain-of-function

Hydrogen Bonding Interaction
N501Y E484K

N501Y
mutant mutant

E484K
mutant

SARS-CoV2
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Fig. 3. (A) Potential of mean force for the binding of wild-type (black), N501Y (red), and E484K (blue) RBD to ACE2. (B) Color-coded representation of interfacial
interactions involved in ACE2 recognition by the wild-type and mutant spike RBDs. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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mutants. By specific modulation of intermolecular hydrogen bonds, -n
stacking, and n-cation interactions, both the mutants bind to the host
receptor with increased affinity.

3.4. Interactions of wild-type, N501Y and E484K mutant RBDs with a
neutralizing antibody, B38: Insights from the equilibrium simulations

Recently, four human-origin monoclonal neutralizing antibodies
(mAB) were identified from a convalescent patient [54]. Among them,
the B38 antibody binds to the spike RBD and competes with the ACE2.
The crystal structure of the B38-RBD complex was also resolved at high
resolution [54]. The complex structure is used to explore the effect of
both the E484K and N501Y RBM mutations on the B38 monoclonal
antibody recognition.

In the 2-D space defined by RMSD and Rg, the wild-type RBD-B38
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complex occupies a distinct space compared to the two mutant-B38
complexes. As a result, the conformational ensemble sampled during
the simulation timescale for the wild-type SARS-CoV2 RBD-B38, E484K
RBD-B38, and N501Y RBD-B38 is different with almost no overlap
(Fig. 5A). This altered conformational dynamics can result from differ-
ential interactions of mutant spikes with the heavy (H) and light (L)
chains of the antibody.

Further, cluster analysis has been performed to identify the most
populated solution structure of all the three RBD-antibody complexes.
The 4th, 5th, and 1st cluster conformations are the most stable during
the simulation timescale for wild-type RBD-B38, E484K RBD-B38, and
N501Y RBD-B38, respectively (Fig. 5B). Therefore, the representative
conformation from each cluster has been identified for each complex,
aligned, and shown in Fig. 5C. The loopy overhang of the RBM, which is
in contact with the H and L chain of the B38 antibody, is highly stable

Fig. 5. (A) 2-D scatter representation of
the conformational ensemble of wild-
type RBD-B38 (black), N501Y RBD-B38
(red), and E484K RBD-B38 (blue) com-
plexes obtained from the equilibrium
simulation in RMSD and R, space. (B)
Time-evolution of conformational clus-
ters of wild-type (black), N501Y (red),
and E484K (blue) RBD complexed with
B38. (C) The alignment of the average
complex structure from the most popu-
lated clusters for the three systems is
shown. Wild-type, N501Y, and E484K
RBD are colored gray, red, and blue. B38
is represented in surface mode. (D) The
distribution of the number of hydrogen
bonds between the wild-type and
mutant RBDs and the H-chain (left) and
L-chain (right) of the antibody. (For
interpretation of the references to colour
in this figure legend, the reader is
referred to the web version of this
article.)
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without any noticeable deformation. However, the distal loop regions of
the RBD show high flexibility. A closer look at the contact regions re-
veals the difference in the recognition mechanism (Fig. 5C, inset). The
RBM forms many contacts with both the H and L chains, and E484K
mutant RBM shows very similar protein-protein contacts with the
binding interface of the B38 antibody. However, the RBM of the N501Y
mutant spike loses critical contact with the H-chain of the antibody due
to the upward curvature of a loop region. (Inset of the Fig. 5C). Wild-
type SARS-CoV2 RBD forms a higher number of hydrogen bonds with
the H-chain. Both the mutants show a significant reduction in the
number of hydrogen bonds involving the H-chain of the antibody
(Fig. 5D). Particularly, the E484K RBD loses a higher number of
hydrogen bonding interactions during the simulation. The wild-type
RBD forms a lower number of hydrogen bonding interactions with the
L-chain than the H-chain. N501Y mutation further decreases the
hydrogen bonding interaction with the L-chain. But the E484K mutant
RBD shows an increase in hydrogen bonding interactions with the L-
chain during the simulation. However, the distribution is broad with a
reduction in the occurrence frequency, indicating the transient nature of
these hydrogen-bonding interactions.

3.5. Binding affinity predictions of wild-type, E484K and N501Y RBD to
B38 antibody using potential of mean force calculations

Furthermore, the binding affinities of the wild-type and mutant RBDs
with the antibody have been calculated using umbrella sampling
method. Astonishingly, the potential of mean force (PMF) profiles re-
veals that the binding affinity is maximum with the B38 mAB for wild-
type RBD, and mutations reduce the binding affinity. Notably, the E484k
mutant showed the least binding affinity to the B38 mAb (Fig. 6A). Then,
the pharmacophoric feature for antibody recognition has been decoded
for both the wild-type and mutant RBDs, and the results are shown in
Fig. 6B. The N501Y mutant RDB gains few n-n stacking and n-cation
interactions during antibody recognition. However, the loss of binding
affinity is primarily due to the loss of crucial hydrogen bonding in-
teractions. Asn501 in wild-type RBD forms six hydrogen bonds with the
B38 antibody involving both the sidechain and mainchain donors and
acceptors. Mutation of the residue with tyrosine leads to the complete
loss of the entire hydrogen bonding network. Apart from this specific
loss, Tyr449, Lys458, Asn460, Ser494, Tyr495, Thr500, Val503, and
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Gly504 also lose their hydrogen-bonding interactions with the B38 mAb.
Thus, the loss of many hydrogen-bonding interactions with the antibody
accounts for the reduced binding affinity of the N501Y mutant. The
E484K mutant RBD loses all the n-cation interactions in addition to the
loss of several hydrogen-bonding interactions with the B38 antibody.
Tyr449, Asn460, Ser494, Tyr495, Thr500, and Gly502 lose hydrogen
bonding interactions with the antibody for the E484K mutant.

4. Discussions

The present study explores the effect of two critical mutations,
E484K and N501Y, observed in few recently emerging variants of
concern of SARS-CoV2 on host receptor recognition and immune inva-
sion. These two mutations occur at the receptor-binding motif (RBM),
which is involved in host receptor recognition as well as binds to the
class I antibody. Previous modeling and simulation studies showed
contradicting results for N501Y mutant on ACE2 recognition [43-45].
Notably, these modeling approaches are based on protein—protein
docking and short simulations, which inherently ignore the mutation-
induced allosteric changes in the RBM interface and the RBM dy-
namics, which accounts for the observed disparity. The extensive free
energy simulation performed here complements the experimental data
and suggests 21 kJ/mol enhancement in ACE2 binding free energy over
the wild-type RBD for N501Y mutant. The extensive simulations also
reveal that the N501Y mutations change the local interactions involving
n stacking interaction between Tyr501 of RBD and Tyr41 of ACE2 [20].
The study suggests mutation induced remodelling of the entire RBD-
ACE2 interface. Three hydrogen bonds observed between the Ala475,
Gly476, and Tyr495 of the RBM and Ser19, Lys353 of ACE2, observed in
the wild-type RBD, are absent for Y501 RBD mutant. Also, asparagine
mutation to tyrosine at the 501st position allows formation for a n-cation
interaction with the Lys353. Not only the interaction pattern, but also
the N501Y mutation allows stabilization and close packing of the RBD
with ACE2 interface.

On the other hand, how the E484K mutation alters the ACE2
recognition is yet to be understood at the structural level. Equilibrium
simulation and free energy calculations suggest that mutation of gluta-
mic acid with lysine at the 484th position of the RBM allows the for-
mation of specific hydrogen bonds with ACE2 and a salt-bridge
interaction with Glu75 of ACE2. Apart from this local alteration, long-
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Fig 6. (A) Potential of mean force for the binding of wild-type (black), N501Y (red), and E484K (blue) RBD to B38 antibody. (B) Color-coded representation of
interfacial interactions involved in the B38 antibody recognition by the wild-type and mutant spike RBDs. The frequency of interactions is scaled according to the
color bar. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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distance allosteric changes allows formation of additional hydrogen
bonding interactions with ACE2. The Phe486 of RBD creates a new n-n
stacking interaction with Tyr83 of ACE2, which is also present in the
N501Y RBD-ACE2 complex.

Three therapeutic monoclonal antibodies, Bamlanivimab (LY-
CoV555) from Eli Lilly, Casirivimab (REGN10933), and Imdevimab
(REGN10987) from Regeneron, were given emergency approval by US
FDA for COVID19 [49-51]. Recent data suggest that N501Y mutation
does not significantly alter the binding affinity with Bamlanivimab [51].
However, the E484K mutation diminishes its interaction with Bamla-
nivimab in vitro [52]. Wang et al. recently evaluated the susceptibility of
the 28 pseudoviruses expressing many spike single and multiple varia-
tions to neutralization by 12 mAbs (11 of them are anti-RBD) and
observed that the E484K mutation is resistant to class Il mAbs, while in
combination with K417N and N501Y it showed resistance to class I and
II mAbs [60]. Thus it is important to evaluate the effect of both E484K
and N501Y mutations on mAbs recognition, particularly against anti-
RBD mAbs. The B38 antibody binds to the spike RBM and out-
competes ACE2. Therefore, it was chosen to decode the effect of both the
mutations on mAbs recognition. The extensive simulation and free en-
ergy data suggest that the E484K mutation showed the highest reduction
in binding affinity, while N501Y showed a moderate reduction in
binding affinity. Further analysis reveals the structural rationale behind
the observed reduction in binding affinity. Asn501 in wild-type RBD
participates in a hydrogen-bonding network involving six hydrogen
bonds with the B38 antibody. Mutation of the residue leads to the
complete destruction of the hydrogen bonding network. In addition,
N501Y mutant lose several additional hydrogen bonding interactions
with the B38 mAB. The E484K mutant RBD loses all the n-cation in-
teractions in addition to the loss of several hydrogen-bonding in-
teractions with the B38 mAb. Data suggest that N501Y mutant RDB
gains few n-n stacking and n-cation interactions during antibody
recognition which accounts for less reduction in binding affinity for this
mutant with B38 mAB.

Results obtained from this study provide crucial insight into the ef-
ficacy of therapeutic mAbs on SARS-CoV2 variants harboring the E484K
and N501Y mutations. Recent contact analysis of 57 PDB structures of
RBD-antibodies reveals E484 is one of the highly frequent contacts with
mAbs [37]. These indicate that the observed loss of binding affinity to
the B38 mAD is possibly applicable to other anti-RBD mAbs. The struc-
tural insights into the loss of epitopic potential of spike RBM upon E484k
and N501Y mutation provide a crucial guideline for future therapeutic
antibody designing against SARS-CoV2 variants of concerns.
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