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New SARS-CoV-2 variants emerged in the United Kingdom and South Africa in December 2020 in
concomitant with the Brazillian variant in February 2021 (B.1.1.248 lineage) and currently sparking
worldwide during the last few months. The new strain 501.V2 in South Africa bears three mutations in
the spike receptor-binding domain (RBD); K417 N, E484K, and N501Y, while the Brazilian B.1.1.248
lineage has 12 mutations. In the current study, we simulate the complex ACE2-SARS-CoV-2 spike RBD

I;/i}l/( ";’Ocrdf; 5 system in which the RBD is in the wild-type and mutated isoforms. Additionally, the cell-surface Glucose
501 \/-20 B Regulated Protein 78 (CS-GRP78) associated with the ACE2-SARS-CoV-2 spike RBD complex (ACE2-S

RBD) is modeled at the presence of these mutant variants of the viral spike. The results showed that
E484K and N501Y are critical in viral spike recognition through either ACE2 or CS-GRP78. The mutated
variants (the UK, South African, and Brazilian) of the spike RBD tightly bind to GRP78 more than in the
case of the wild-type RBD. These results point to the potent role of GRP78 with ACE2 in the attachment of
the new variants, which could be a key for the design of inhibitors to block SARS-CoV-2 attachment and

B.1.1.248 lineage
Structural bioinformatics
GRP78

Spike RBD

entry to the host cell.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

New variants of SARS-CoV-2 have been spread worldwide in the
last few months, drawing attention and raising doubts [1]. At the
same time of vaccine availability by pharmaceutical companies,
doubts were raised regarding the efficacy of vaccines against the
emerging mutations in the receptor-binding domain (RBD) of the
spike protein [1,2]. Some potential mutations found in the new
variants of SARS-CoV-2 could be problematic owing to its viral-host
cell recognition engagement, for example, the N501Y mutation,
which is shared in the three variants, the South African (501.V2),
Brazilian (B.1.1.248 lineage) and the UK (VOC-202012/01) [3]. This
mutation could affect the host-cell receptor ACE2 (angiotensin-
converting enzyme 2) recognition as it lies in its binding surface
residue [4].

We previously reported the Glucose Regulated Protein 78
(GRP78), also called Heat Shock Protein A5 (HSPA5) or Bip, as a
possible recognition element for SARS-CoV-2 attachment and entry
[5,6]. The substrate-binding domain B (SBDf) of the GRP78 is the
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docking domain for the C480—C488 region in the SARS-CoV-2 spike
RBD. CS-GRP78 is predicted to bind to the spike alongside the pu-
tative host-cell receptor, ACE2 [7,8]. The generated hypotheses are
approved by a new experimental study where Lee et al. have
located GRP78 in association with both ACE2 and the spike proteins
upon the infection of cells by SARS-CoV-2. They propose that the
substrate binding domain is crucial for the association [9].
Computational methods are used as an integral part of the ex-
periments for accelerating the availability of approved drugs and
vaccines against many viral pathogens, including SARS-CoV-2
[10—12]. Molecular docking and dynamics simulations predict the
fate of small molecule binding to biomolecules and predict protein
behavior in silico at the physiological conditions [13—16]. In this
study, protein-protein docking combined with molecular dynamics
simulations is used to study the potential mutations reported in the
new variants of SARS-CoV-2 spike RBD and its contribution to host-
cell recognition binding affinity on both ACE2 and GRP78 receptors.
Despite its incorporation in the ACE2 binding surface, the N501Y
mutation showed a remarkable increase in binding of the ACE2-
spike RBD complex to the host-cell surface Glucose Regulated
Protein 78 (CS-GRP78) [17]. On the other hand, the E484K is located
at the spike RBD's binding motif (C480—C488 region) that we
previously reported to be recognized by cell-surface GRP78 [5]. In
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Table 1

The interaction patterns after docking GRP78 (5E84) into the WT ACE2-RBD and Mut ACE2-RBD complexes (6M17). Bold residues are the interacting residues found in both WT
and Mut ACE2-RBD complexes, while the red-colored residues are the crucial mutations in the RBD. State 1 and state 2 are the two representative conformations for the RBD
Mut complex after clustering the MDS trajectories.

H-bonding Hydrophobic interaction
complex HADDOCK No. Amino acids involved Amino acids involved from No. Amino acids involved Amino acids involved from
score from RBD GRP78 from RBD GRP78
WT ACE2-RBD-GRP78 —743 +09 2 N481 and F486 E427 and G454 3 T478, P479, and V483 V453 (2) and V457
Mut ACE2-RBD-GRP78 —91.5+35 6 T478, K484(3), and S452, G454(2), and T458(3) 5 E471,1472, N481, and T428, V429(2), V453, and 1459
F486(2) V483(2)

Mut ACE2-RBD-GRP78 —933+3.0 5 P479,N481, K484(2), and E427, G430, S452,G454,and 6 V483(4), F486, and F490 1426, T428, V429, F451, T456,
(state 1) F486 T456 and 1459

Mut ACE2-RBD-GRP78 —829+14 5 (480, G482(2), V483, and V429, 1450, and S452(3) 4 P479, V483, K484, and T428, V429, F451, and V490
(state 2) K484 F486

[ GRP78

I AcE2

I SARS-CoV-2 spike RBD
I WT E484 and K31
I Mut K484 and K31

Fig. 1. The superposition of the docked complexes of GRP78 (green) to ACE2 (cyan)-SARS-CoV-2 Spike RBD (red) complex WT and Mutated (E484K). The enlarged panel on the right
side shows the interacting residues in colored sticks in which WT RBD is blue, while the E484K mutant variant in magenta. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

essence, the new mutations are considerable binding targets for CS- 2.2. Molecular dynamics simulation
GRP78.

Molecular Dynamic Simulation (MDS) on the spike RBD WT and
mutated (K417 N, E484K, and N501Y) is performed using Nanoscale
molecular dynamics software (NAMD) version 2.13 [24]. The
necessary files for MDS were generated using the CHARMM-GUI
webserver [25—28]. The system's temperature was set to the
physiological 310 K, while the salt concentration was set to 154 mM
NaCl. Minimization in 20000 steps was performed on the RBDs in
the NVT ensemble (constant number of atoms, constant volume,
and constant temperature) using a conjugate gradient algorithm.
Equilibration is then performed in an NPT ensemble (constant
number of atoms, constant pressure, and constant temperature) for
1 ns period. Nose-Hoover Langevin piston controlled the pressure
at the atmospheric value (1.01325 bar). In contrast, Langevin dy-
namics managed the temperature at the physiological 310 K.
Finally, a production run for 25 ns was done in the NVT ensemble.
The CHARMMS36 force field is used, while the TIP3P water model is
utilized in the simulation using NAMD 2.13 software [29,30].
Different in-house written scripts and the visualizing molecular
dynamics (VMD) software tools are being used in data analysis
[31,32].

2. Materials and methods
2.1. Molecular docking

HADDOCK webserver was used to predict the binding of GRP78
to the spike/ACE2 complex [18]. The PyMOL V2.2.2 software was
utilized to prepare the corresponding RBD mutations (K417 N,
E484K, and N501Y) found in SARS-CoV-2 variants 501.V2 and
B.1.1.248 [19]. We docked GRP78 (PDB ID: 5E84) with both wild-
type spike RBD-ACE2 (PDB ID: 6M17) complex (WT ACE2-RBD)
and the mutated RBD-ACE2 complex (Mut ACE2-RBD). Unnecessary
chains and molecules were removed from the PDB files using
PyMOL V2.2.2, while hydrogens were added using Chimera soft-
ware [20,21]. GRP78 and SARS-CoV-2 Spike RBD's active site resi-
dues were set as T428, V429, V432, T434, F451, S452, V457 & 1489,
and C480—C488, respectively, while other options of HADDOCK
were kept default [22,23]. Any attached carbohydrate moieties
(NAG) were kept in the structures due to their crucial role in viral
spike recognition.
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3. Results and discussion

The values of the HADDOCK scores for the docking of GRP78 to
the WT ACE2-RBD and the Mut ACE2-RBD (mutated)
are —74.3 + 0.9 and —91.5 + 3.5, respectively. This indicates better
binding for the GRP78 against the mutated variant of SARS-CoV-2
compared to the wild-type. Table 1 lists the scores and in-
teractions established upon docking GRP78 into the two com-
plexes (WT ACE2-RBD and Mut ACE2-RBD). GRP78 is tightly
bound to the mutated RBD with six H-bonds and five hydrophobic
contacts instead of two H-bonds and three hydrophobic contacts
in the case of WT ACE2-RBD. The essential E484K mutant in the
SARS-CoV-2 spike RBD is responsible for three H-bonds to GRP78
residue, T458. The two representative conformations of the 25 ns
molecular dynamics simulation trajectories (state 1 and state 2 in
Table 1) for the mutated RBD show comparable results regarding
the scores and the interacting residues. K484 is responsible for at
least two interactions (H-bonds or hydrophobic interactions) in
the mutated RBD.

GRP78 does not only interacts with spike RBD, but also it in-
teracts with ACE2 RBD. Three H-bonds (T456 and R488(2)) and
two hydrophobic contacts (A486 and P491) are responsible for
binding the host-cell chaperone (GRP78) to the mutant spike RBD.
Instead, the interactions in the WT isoform of RBD were through
three H-bonds (A486, R488, G489) and a salt bridge (R488).

In the mutant RBD isoform, the N501Y may be responsible for
better binding of the RBD to the host cell receptors, as we reported
previously in the UK variant of SARS-CoV-2 (VOC-202012/01) [17].
Y501 in the mutated RBD variants forms H-bond to K353 of ACE2.
The established H-bond may be responsible for a more stable
complex in the new variants of SARS-CoV-2 (UK, South African,
and Brazilian).

To check the effect of spike RBD mutation E484K alone on the
ACE2 binding, we perform another mutated spike RBD isoform
with only E484K mutant. Fig. 1 shows the superposition of the WT
ACE2-RBD-GRP78 and the Mut ACE2-RBD-GRP, where ACE2, spike
RBD, and GRP78 are depicted in cyan, red, and green cartoon,
respectively. The enlarged panel shows the orientation of E484
(WT in blue sticks) versus K484 (Mut in magenta sticks) of the
spike RBD relative to K31 of the ACE2.

Surprisingly, the WT has a salt bridge between E484 (RBD) and
K31 (ACE2); this bridge is broken in the E484K isoform. As
compensation, more H-bonds are formed in the mutated isoform
compared to the WT (19 versus 12 for the Mut and WT, respec-
tively). There is a net 5% increase in the HADDOCK score in the
E484K isoform (—120.0 + 4.1) compared to the WT (—126.1 + 3.3).
This increase in the score is also reported in the UK, N501Y RBD,
variant (HADDOCK score —120.8 + 1.7) and the triple mutant
(K417 N, E484K, and N501Y) RBD variant (HADDOCK
score —121.0 + 3.2).

Table 2 shows the docking scores and the interactions estab-
lished upon docking of the ACE2 into SARS-CoV-2 spike RBD in
WT and the 501.V2 variant (K417 N, E484K, and N501Y) without
GRP78. We performed this docking experiment to check the
ACE2-spike RBD binding in the WT and a mutated variant without
the other receptor GRP78 in charge. As shown in the table, the salt
bridge formed in the WT ACE2-spike RBD complex is not present
in the mutated variant due to the E484K mutation. Additionally,
K417 N mutation is responsible for the loss of one H-bond in the
Mut ACE2-spike RBD variant. These two broken bonds may be
accountable for reduced binding (increased HADDOCK score) in
the mutated variant. On the other hand, the N501Y mutation is
responsible for forming one H-bond and one hydrophobic contact
in the mutated variants of SARS-CoV-2. Hence, it contradicts the
reduction in the binding from the other two modifications. The

involved from

Amino acids
ACE2
K31

Salt Bridge
involved from
RBD
E484

Q24, T27(3), D30, Y41, M82, 1
Q24, T27(2), D30, H34, Y41,
MS2, Y83, and K353(2)

Y83, and D355

Y489, and T500(2)

No. Amino acids involved from RBD Amino acids involved from No. Amino acids
ACE2
10 F456(2), Y473, A475, F486(2),
Q493, Q498, Y501, and Y505

Hydrophobic interaction

Amino acids involved from ACE2
Q24(3), T27 K31(2), H34, D38(2),

T324, K353, D355, and R357
042, Y83(2), and K353(2)

Q493(2), Q498, Y501, and G502

No. Amino acids involved from RBD
T500(3), G502, and V503

H-bonding
—126.1 + 3.3 12 K417, Y449, Y473, N487, Y489, Q493, S494, E23, D30, H34(2), D38, Y41, Y83(2), 9 F456(2), Y473, A475, F486(2),

—121.0 + 3.2 14 G446, Y449, Y453, Q474, N487(3), Y489(2),

ACE2-
RBD
ACE2-
RBD

complex HADDOCK
score

Mut

WT

The interaction patterns after docking ACE2 to WT and Mut spike RBD. Bold residues are the interacting residues found in both WT and Mut ACE2-spike RBD complexes, while the red-colored residues are the crucial mutations in

the spike RBD.

Table 2
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Fig. 2. The per -residue RMSF calculated for the 25 ns period MDS on the SARS-CoV-2 spike RBD both WT (blue line) and mutated (orange line). Black dots represent the GRP78
binding region (C480—C488) of the spike RBD. The three mutants are shown in the RMSF graph (blue asterisk) and the structures (yellow and red sticks for WT and Mut,
respectively). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

net HADDOCK score increase (decreased binding affinity) in the
mutated variant is only 4% from the WT RBD isoform for the ACE2-
RBD system.

Fig. 2 represents the superposition of the per-residue Root Mean
Square Fluctuations (RMSF) in A (calculated during 25 ns MDS) in
the case of WT spike RBD (blue line) and the mutated spike RBD
(orange line). The three mutations (K417 N, E484K, and N501Y) are
labeled with asterisks on the RMSF graph and colored sticks in the
structures. The structures of the spike RBDs are represented in
colored cartoons, WT spike RBD is shown in green, while Mut spike
RBD is depicted in cyan. The GRP78 binding region (black dots) is
the most deviated part for the mutated RBD compared to the WT in
the RMSF graph. The RMSF values for this region that bear E484K of
the Mut RBD is twice that of WT RBD, which is in good agreement
with the docking study. Additionally, the RMSF value for the N501,
in the mutated spike RBD, is about 1.5 A that of Y501 residue in the
WT spike RBD.

In the mutated isoform of the spike RBD, the residues E484 and
less extent N501 show more dynamics than the WT spike RBD
residues K484 and Y501. These two mutations lie in the ACE2
binding interface and can affect both ACE2 and GRP78 recognition,
which yet to be determined experimentally. This recognition can be
prohibited by anti-GRP78 peptides, antibodies, and phytochemicals
that we are currently working on [33].

4. Conclusion

The two mutations E484K and N501Y in the spike RBD of SARS-
CoV-2 of the new variants (UK, South African, and Brazilian)
imbalance the weight in viral spike recognition through either
ACE2 or CS-GRP78. The mutated variants exhibit a tighter binding
of the spike RBD to CS-GRP78 than ACE2. These findings point to
CS-GRP78 as an effective collaborator in the introduction of WT and
Mut. SARS-CoV-2, accordingly, consider targeting cell-surface
GRP78 in the upcoming vaccine development and drug candidates.
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