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Abstract

Studies have indicated that the N501Y mutation in the spike protein of SARS-CoV-2 enhances the binding
efficiency between its receptor-binding domain (RBD) and the human angiotensin-converting enzyme 2 (ACE2)
receptor, decreasing vaccine effectiveness and increasing the potential for viral infection. In this work, the
structures of the wild-type RBD and N501Y-RBD in complex with the ACE2 receptor were generated to evaluate
the effect of the N501Y mutation on their binding efficiency using molecular dynamics simulations, free energy
calculations based on the MM/GB(PB)SA and SIE methods, and residue interaction network analysis. The results
revealed that the N501Y-RBD/ACE2 complex displays higher compactness than the wild-type RBD/ACE?2
structure via strong H-bonding, n—x, and van der Waals interactions. Moreover, the number of hot-spot residues
in N501Y-RBD/ACE2 was higher than that of the wild-type RBD/ACE?2 system. Structural and energetic
insights gained from the study could be utilised for the design of novel drugs and vaccines against newly
emerging coronavirus strains.

Keywords: SARS-CoV-2, S protein RBD-ACE?2 binding, N501Y mutation, MD simulation, Residue interaction
network analysis

1. Introduction

The outbreak of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in 2019 has led to a
global pandemic and over 613 million and 6.5 million confirmed cases and deaths, respectively, as reported by
the World Health Organisation (WHO) in September 2022 [1]. Clinical symptoms of SARS-CoV-2 infection
include a sore throat, dry cough, fever, and acute respiratory distress syndrome [2]. Regarding its structure, SARS-
CoV-2 comprises a positive-sense, single-stranded RNA (+ssRNA) genome 30 kb in length along with an
envelope, a membrane, an inner nucleocapsid, and spike (S) proteins [3, 4].

The S protein forms a major component of the surface of SARS-CoV-2, responding to human cell attachment
and triggering membrane fusion [5]; as shown in Figure 1A, it consists of two subunits, namely S1 and S2 [6]. S1
contains a receptor-binding domain (RBD) that interacts with an angiotensin-converting enzyme 2 (ACE2)
receptor found on the membranes of human lung cells [7, 8], while S2 allows for the fusion of viral and cellular
membranes, resulting in the entry of SARS-CoV-2 into host cells [5]. Studies have revealed that N501, one of the



amino acids involved in the binding between ACE2 and the RBD, can mutate; such mutated virus strains have
spread in the European Union (EU), South Africa, and Brazil [9-11].
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Figure 1 Crystal structure of the SARS-CoV-2 spike protein (PDB ID 7A94). The binding of the open form of
the RBD (blue) to ACE2 (green) is presented, while the closed form of the RBD and S2 are represented in grey
and dark grey, respectively. (A) represents the S protein binding to ACE2, (B) shows the complex formed between
the RBD and ACE2 and amino acids within the interface area, and (C) depicts the binding interaction between
N501 in the RBD and Y41 and K353 in ACE2 at the RBD-ACE2 interface.

The N501Y mutation of the SARS-CoV-2 S protein, located in the RBD binding site, has rapidly spread in
England, Brazil, and South Africa [9-11]; according to the Global Initiative on Sharing Avian Influenza Data
(GISAID), the N501Y mutations in England, South Africa, and Brazil are classified as 201 (20I/501Y.V1, Alpha),
20H (20H/501Y.V2, Beta), and 20J (20J/501Y.V3, Gamma), respectively. The cryo-EM structure of the SARS-
CoV-2 spike RBD of'the Alpha variant bound to the ACE2 receptor has been characterised [ 12]. Due to the N501Y
mutation found in this variant, the mutated Y501 residue could interact with the Y41 and K353 residues of ACE2,
resulting in increased binding affinity within the RBD/ACE2 complex [13]. Additionally, enhanced network
interaction with ACE2 has been identified in the Alpha variant [14]. This study performs molecular dynamics
(MD) simulations and free energy calculations — based on the molecular mechanics/generalised Born surface area
(MM/GBSA), molecular mechanics/Poisson—Boltzmann surface area (MM/PBSA) [15], and solvated interaction
energy (SIE) methods [16] — to compare the molecular-level interactions and susceptibility of the protein—protein
complex in the N501Y mutation and wild-type (WT) systems. We aim to gain insights from the structural and
binding results to help explain the binding patterns between the N501Y RBD SARS-CoV-2 species and the ACE2
receptor.

2. Materials and methods
2.1 Preparation of RBD structure

In the present work, the WT-RBD/ACE2 and N501Y-RBD/ACE2 complexes were investigated computationally.
The initial structure for the WT-RBD/ACE2 complex (PDB ID 6MO0J [17]) was retrieved from the RSCB Protein
Data Bank, and the mutated N501Y residue in the RBD was generated from the WT crystal structure using
AMBER’s LEaP program [18], where the amino acid in the RBD at residue N501 was changed to Y501.
Subsequently, the protonation states of ionisable amino acids of both complexes were checked at pH 7.0 using the
PROPKA 3.0 web server [19]. The AMBER {f14SB force field [20] was applied for all proteins. In addition, the
total charges of both systems were neutralised using sodium ions and the LEaP module. Moreover, the TIP3P



water model [21] was employed to solvate each protein complex, with a distance of 10 A between the protein—
protein complex and the edge of the octahedral periodic water box. The water molecules and hydrogen atoms
were minimised to remove any bad contacts using the steepest descent (1000 steps) and conjugate gradient (2500
steps) methods, respectively. Finally, all the atoms were minimised using similar techniques.

2.2 MD simulations of N501Y- and WT-RBD/ACE? systems

Both systems were simulated using periodic boundary conditions in the isothermal—isobaric (NPT) ensemble,
as explained previously [22], and the SHAKE algorithm was used to constrain the covalent bonds involved with
hydrogen atoms [23]. The charge-charge and non-bonded interactions within a 10 A cutoff distance were
computed using the particle mesh Ewald summation method [24]. A time step of 2 fs was applied, and in the
relaxation step, the temperature and pressure were controlled using a Langevin thermostat with a collision
frequency of 2 ps™! and a Berendsen barostat with a pressure relaxation time of 1 ps. All protein atoms were then
restrained using a harmonic constraint of 50.0 kcal/mol A2 while the systems were heated for 100 ps from 100 to
310 K. After heating, the complexes were equilibrated at 310 K with the same harmonic constraint for 1 ns. The
systems were simulated for 100 ns under the NPT ensemble at the same temperature and pressure in the
equilibration step, and coordinates were saved every 10 ps in the MD trajectories.

The trajectories were analysed using the CPPTRAJ module [25] in the AMBERI16 program. The system
stability was evaluated by measuring the root-mean-square deviation (RMSD) and the radius of gyration (Rg). In
addition, the binding affinity between the RBD and ACE2 was investigated with binding free energy calculations

using the MM/GBSA and MM/PBSA methods (AG:)Vilm/ GBSA and Ath)viIr]:/é/ PBSA), neglecting entropy contributions,
and the SIE method. Regarding the percentage occupation of hydrogen bonds (%H-bonds), the distance and angle
between H-bond donors and acceptors were set to < 3.5 A and > 120°, respectively, to evaluate the intermolecular
interactions between the RBD and ACE2. Furthermore, the residue contribution in the protein—protein binding
was investigated using the per-residue decomposition free energy (AGEESIAU®), computed by the MM/GBSA
method. Moreover, the effect of the N501Y mutation was analysed by calculating the solvent-accessible surface
area (SASA), the number of contact atoms (#contacts), and the protein—protein interaction between residue
N/Y501 and ACE2. The residue interaction network was studied using the Residue Interaction Network Generator
(RING 3.0) program [26]. A total of 100 snapshots from the last 30 ns of the MD trajectories was used to identify
non-bonding interactions between residue N/Y501 and the ACE2 receptor. In this work, we used a program default
to calculate the distances between each node, that is, with H-bonds < 3.5 A, ionic bonds < 4 A, n—cation
interactions < 5 A, van der Waals (vdW) interactions < 0.5 A, n—n stacking < 6.5 A, and disulfide bonds < 2.5 A.
Only > 40% occupation of intermolecular interactions was selected to form the edges using Cytoscape [27].

3. Results and discussion
3.1 Validation of the mutated RBD structure

The WT- and N501Y-RBD structures were validated using Ramachandran plots [28] (Figure 2) of the torsional
angles — phi () and psi (y) [29]. The highly preferred observations are 96.71% and 97.35% for the WT and
N501Y systems, respectively, while the preferred observations are 1.31% for both systems. The questionable
observations are 1.97% and 1.32% for the WT and N501Y systems, respectively. Notably, the 501 position in
both systems was detected in a highly preferred region, in line with the stable secondary structure obtained within
the simulation time (Figure 3). Although the cryo-electron microscopy (cryo-EM) structure of N501Y-
RBD/ACE2 suggests a slightly altered conformation of the N501Y-RBD residues around the Y501 residue, the
conformation in the secondary structure of the RBD is similar to that of WT-RBD/ACE2. Altogether, these results
suggest that the mutated structure is acceptable.

3.2 Stability of WT- and N501Y-RBD/ACE? systems

RMSD calculations were used to evaluate the WT- and N501Y-RBD/ACE2 system stability, as presented in
Figure 4 (top). The RMSD values of the complex and ACE2 in the N501Y-RBD/ACE2 system increased
significantly within the first 30 ns compared to the RMSD results in the WT-RBD/ACE2 system, indicating that
the ACE2 conformation changed to enhance the fluctuations of the system due to the mutation of residue N501.
In addition, the Rg results support the altering of the ACE2 conformation in the N501Y-RBD/ACE2 system, as
shown in Figure 4 (bottom), indicating that the N501Y mutation can increase the compactness between N501Y-
RBD and ACE2. The last 30 ns of the MD trajectories were employed for further structural and energetic analysis.



Highly Preferred observations (96.711%) Highly Preferred observations (97.351%)
Preferred observations (1.316%) Preferred observations (1.325%)
Questionable observations (1.974%) Questionable observations (1.325%)
System Residue (0] U] ZONE
WT N501 -63.69 154.42 Highly Preferred
N501Y Y501 -62.64 154.34 Highly Preferred

Figure 2 Ramachandran plots for last 10 ns of simulation. The plot was generated from Ramachandran Plot Server
(https://www.umassmed.edu/zlab/).
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Figure 3 The secondary structure of WT and N501Y systems.
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Figure 4 (Top) RMSD plots of all atoms of complex (black), ACE2 (red), and RBD (blue). (Bottom) R, plots of
RBD/ACE2 complexes.

3.3 Binding affinity between WT/N501Y-RBD and ACE?2

To estimate the susceptibility of WT/N501Y-RBD to ACE2, MM/GBSA, MM/PBSA, and SIE binding free

energy calculations were performed; the results are presented in Tables 1 and 2. The binding free energy values
MM/GBSA _ SIE

of the N501Y system (AGping >>% = -63.24 = 0.70, AGY ! P = 44,42 + 0.51, and AGSE, = -13.7 + 0.07
kcal/mol) were found to be lower than those generated for the WT system (-49.43 + 0.74, -37.16 + 0.61, and -
12.87 + 0.07 kcal/mol, respectively), indicating that the N501Y mutation in the RBD of the SARS-CoV-2 S
protein strengthens its binding to the human ACE2 receptor. The MM/GB(PB)SA results show that the N501Y
mutation could increase vdW and electrostatic interactions in protein—protein binding compared to the WT model.
In comparison, the SIE method suggests the enhancement of only vdW interactions due to the N501Y mutation.

Table 1 MM/PBSA and MM/GBSA binding free energies, Ath)\/i[:fj/ FBSA and AGévilr'fj/ GBSA (kcal/mol), of WT- and
N501Y-RBD in complex with the ACE2 receptor

WT N501Y
MM/PBSA MM/GBSA MM/PBSA MM/GBSA
AE,aw -91.86 + 0.68 -97.33 £0.58
AEc. -582.43 £2.69 -587.94 £3.27
AEyum -674.28 £2.90 -685.27+3.29
AGsol 624.85+2.65 637.12£2.56 622.03 £3.24 640.85+3.21
AGping -49.43 £0.74 -37.16 £0.61 -63.24 +0.70 -44.42 £0.51

Table 2 SIE binding free energy, AGSL4 (kcal/mol), of WT- and N501Y-RBD in complex with the ACE2 receptor

N501Y
AE,qw -91.55+0.58 97.33£0.58
AE. -282.11+1.30 261.4+1.45
AGF 2952+ 1.22 272.34 £ 1.34
YAMSA -16.77 £0.08 -16.8 £ 0.07
AGHE, -12.87+£0.07 -13.7+0.07




3.4 The intermolecular hydrogen bonds between WT/N501Y-RBD and ACE?2

The %H-bond was analysed to characterise the intermolecular interactions of the WT- and N501Y-RBD/ACE2
systems, as shown in Figures 5A and 5B, respectively. The results were considered at a > 40% occupation between
H-bond donors and acceptors. The findings indicate that residue 501 presents a stronger H-bond in the N501Y-
RBD/ACE2 system compared to the WT-RBD/ACE2 model. The substitution of asparagine with tyrosine in
residue 501 leads to an increase in its %H-bond from 20.50% (interacting with Y41) to 41.27% (interacting with
D38). Moreover, the N501Y mutation in the RBD enhances the formation of H-bonds with the ACE2 residues
S19, D38, D355, and A386 (S19@OG...A475@0, D38@OD2...N/Y501@OH, D355@OD2...T500@O0Gl1, and
A386@O0...Y505@OH, respectively). The increasing %H-bond occupation in the N501Y system indicates the
increasing strength of the H-bond at the interface between the RBD and ACE2. The increasing H-bond strength
decreases the distance between the donor and acceptor atoms of the amino acids in the binding site. Thus, the
N501Y mutation in the RBD can promote the binding affinity between the RBD of the SARS-CoV-2 S protein
and human ACE2 via increased %H-bonds and compactness.

A)WT

D386@0...Y505@0H
D355@0D2... T500@0G1
K353@0...G502@N
Y83@OH...N487@0D1
Y41@OH...T500@0G1
D38@0D2...N/Y501@0H
E37@OE2...Y505@O0H
E37@OE1...Y505@O0H
E35@O0E2...Q493@NE2
E35@OE1...Q493@NE2
Q24@O0E1...N487T@ND2
$19@0G...A475@0
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Figure 5 Intermolecular hydrogen bond interactions of RBD/ACE2 in the (A) WT- and (B) N501Y-RBD/ACE2

complexes, calculated from the trajectories from 70 to 100 ns; and (C) the percentage of H-bond occupation per
residue.
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Figure 7 The final MD snapshot of the N501Y system showing interaction between Y41 and Y501.



3.5 Key binding residues of WT- and N501Y-RBD/ACE?2 complexes

In this section, the MM/GBSA method was applied to investigate the key binding residues between the RBD
and ACE2. The AGLES{™e value was used to estimate the hot-spot residues of the RBD and ACE2 (Figure 6). In
this study, the residues exhibiting energy stabilisation and destabilisation were taken at energies < -2 and > 2
kcal/mol, respectively. We identified ten (Q24, T27, D355, K417, L455, F456, F486, Q493, Y501, and Y505)
and nine (T27, Y41,K353, D355, K417, F486, Q493, N501, and Y505) stabilising residues of the RBD associated
with the binding of ACE2 in the N501Y and WT systems, respectively. In contrast, the destabilising residue
(D405) was pronounced in both models. The increased susceptibility of hot-spot residues of N501Y-RBD,
including Q24, D355, K417, L455, F456, and notably Y501 (AG]ES4#¢ from -1.82, -3.25, -2.03, -1.85, -1.94, and
-3.58 keal/mol to -2.03, -4.20, -2.57, -2.35, -2.17, and -6.15 kcal/mol, respectively), results in promoting the
formation of H-bonds (Figure 5), as mentioned earlier. The increasing AGEES ¢ in the N501Y system compared
to the WT one, for residues such as Q24, D355, L.455, and notably Y501, has also been reported by Jawad et al.
[30]. However, some residues of ACE2 (Y41, K353, D405, F486, and Q493) exhibit lower susceptibility towards
the binding of N501Y-RBD. In the N501Y system, D38 (-0.58 kcal/mol) formed a strong H-bond with Y501
(Figure 5). In addition, the T-sharp n—= interactions between ACE2 Y41 and RBD Y501 (-1.44 kcal/mol) were
also found in the N501Y system (Figure 7). This result indicates that the N501Y mutation could enhance the
binding affinity compared to the WT-RBD system via strong H-bonds, n—7 interactions, and vdW interactions.
The ACE2-RBD interactions between Y41 and Y501, as well as that between K353 and Y501, correspond to the
cryo-EM structure of the N501Y spike protein ectodomain bound to ACE2, showing that Y501 in the spike protein
interacts with Y41 (n—= interactions) and K353 of ACE2 [15]. In addition, the binding affinity results are
supported by those of the biolayer interferometry (BLI) technique. Furthermore, the Y501 can change its
interactions within the binding site, while the secondary structure of the RBD and ACE2 (Figure 3) is similar to
that of the WT system.

The RBD residue 501 interacting with the ACE2 receptor was studied and compared between the WT and
N501Y systems using residue interaction network analysis with the RING 3.0 program. Figure 8 shows that Y501
can likely form H-bonds with D38, while the interaction with Y41 changes from H-bonding in the WT system to
n— stacking in the N501Y system. However, no H-bond with K353 was detected, resulting in a decreased K353
contribution to protein—protein binding, as depicted in Figure 6C.

ACE2 "' RBD

— H-bond - vdW MW mr—Tr interaction

Figure 8 Residue interaction network between residue 501 in the RBD and its neighbouring ACE2 residues in the
WT and N501Y systems. Only residue-residue interactions > 40% are presented.

4. Conclusions

In this work, we investigated the dynamics of WT/N501Y-RBD interacting with ACE2 and their susceptibility
using MD simulations and binding affinity calculations based on the MM/GBSA, MM/PBSA, and SIE methods.
Our analysis showed that the susceptibility of the RBD to ACE2 in the N501Y-RBD/ACE2 system is higher than
that in the WT-RBD/ACE2 system. Furthermore, the binding energy of the N501Y system was found to be more
robust than that of the WT system. Residue interaction network analysis revealed that the formation of
intermolecular interactions between the N501Y mutation in the RBD and the ACE2 residues was driven by the
formation of H-bond (Y501-D38), n—x (Y501-Y41), and vdW (Y501-K353) interactions. Furthermore, (i) the
enhanced susceptibility of N5S01Y-RBD hot-spot residues, such as Q24, D355, K417, L455, F456, and notably
Y501; and (i) the N501Y mutation could decrease the number of destabilising residues and promote H-bond



formation. Altogether, the N501Y mutation can reduce the number of destabilising residues at the protein—protein
interface and may increase the binding affinity between the RBD and ACE2 during the fusion process in human
membranes.
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