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ABSTRACT

Covid-19 is a viral disease caused by the virus SARS-CoV-2 that spread worldwide and caused more
than 4.3 million deaths. Moreover, SARS-CoV-2 still continues to evolve, and specifically the E484K,
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N501Y, and South Africa triple (K417N + E484K + N501Y) spike protein mutants remain as the ‘escape’

phenotypes. The aim of this study was to compare the interaction between the receptor binding
domain (RBD) of the E484K, N501Y and South Africa triple spike variants and ACE2 with the interaction
between wild-type spike RBD-ACE2 and to show whether the obtained binding affinities and confor-
mations corraborate clinical findings. The structures of the RBDs of the E484K, N501Y and South Africa
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triple variants were generated with DS Studio v16 and energetically minimized using the CHARMM22
force field. Protein-protein dockings were performed in the HADDOCK server and the obtained wild-
type and mutant spike-ACE2 complexes were submitted to 200-ns molecular dynamics simulations
with subsequent free energy calculations using GROMACS. Based on docking binding affinities and
free energy calculations the E484K, N501Y and triple mutant variants were found to interact stronger
with the ACE2 than the wild-type spike. Interestingly, molecular dynamics and MM-PBSA results
showed that E484K and spike triple mutant complexes were more stable than the N501Y one.
Moreover, the E484K and South Africa triple mutants triggered greater conformational changes in the

spike glycoprotein than N501Y. The E484K

variant

alone, or the combination of

K417N + E484K + N501Y mutations induce significant conformational transitions in the spike glycopro-

tein, while increasing the spike-ACE2 binding affinity.

1. Introduction

Towards the end of December 2019, cases of pneumonia of
unknown etiological origin started to emerge in the Hubei
region of Wuhan, China (Riou & Althaus, 2020). These cases
that occurred in individuals were soon identified as the 2019
novel Coronavirus (2019-nCoV) by Chinese authorities (WHO,
2020). Although these cases, which occurred in China, were
not followed very closely by other states, 2019-nCoV spread
to the whole world like a storm in a short time and rose
from the epidemic category to the pandemic category.
Currently, the causative agent of this pandemic is formally
named SARS-CoV-2 (Severe Acute Respiratory Syndrome
Coronavirus 2, COVID-19) by the International Committee on
Taxonomy of Viruses (Ceraolo & Giorgi, 2020). According to
the latest global statistics, there are over 200 million corona-
virus cases and more than 4.3 million deaths in the world
(Worldometer, 2020).

Shortly after the epidemic in China became a pandemic,
many groups began to characterize the structure of the viral

proteins and its interaction with the receptor, especially the
spike protein, interacting with the human angiotensin-con-
verting enzyme 2, ACE2 (Lan et al, 2020; Luan et al.,, 2020;
Shang et al,, 2020; Walls et al., 2020; Wrapp et al., 2020; Yan
et al, 2020). In the same time, many computational studies
were carried out aiming to investigate the spike-ACE2 inter-
actions (Ali & Vijayan, 2020; Al-Karmalawy et al., 2021; Amin
et al, 2020; de Andrade et al., 2020; Ghorbani et al., 2020;
Qiao & Olvera de la Cruz, 2020; Sakkiah et al., 2020; Spinello
et al., 2020; Verkhivker, 2020; Verkhivker & Di Paola, 2021;
Wang, Liu et al, 2020) and feverish bioinformatics-based
drug-repurposing (Barros et al., 2020; de Oliveira et al., 2021;
Ekins et al., 2020; Idris et al., 2020; Sharma et al., 2020) and,
albeit limited, experimental SARS-CoV-2 inhibition studies
were initiated all over the world following the statement of
National Institutes of Health (NIH) in April 2020 that the basic
genomic layout and the biology of MERS, SARS and SARS-
CoV-2 viruses were very similar (Harrison, 2020). Repurposed
drugs were divided into two groups as ‘acting on the virus’
and ‘acting on the host’, and it was suggested that 20 drugs
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in the first group and 10 drugs in the second group could
be effective in SARS-CoV-2 infections (Singh et al., 2020). At
the same time, as a result of WHO's call on accelerating vac-
cine development studies in April 2020, today a total of 11
vaccines (Moderna mRNA-1273, Pfizer-BioNTech tozinameran,
Sputnik Light, Sputnik V, Oxford-AstraZeneca, Novavax,
Johnson&Johnson, Covaxin, Convidecia, BBIBP-CorV,
CoronaVac) are currently approved for use in the treatment
of SARS-CoV-2 (Anonymous, 2021; ClinicalTrials.gov, 2020a,
2020b, 2020c, 2020d, 2020e).

However, as in all other RNA viruses, mutations have been
occurring above the expected frequency in SARS-CoV-2 and
the problem of resistance against repurposed drugs or vac-
cines has already emerged (Team, 2021). Today, there are a
total of 32 recorded variants of the SARS-CoV-2 and three of
these variants (B.1.351 [South Africal, B.1.351 4 P384L [South
Africal, B.1.351 +E516Q [South Africal) still maintain their
importance in terms of public health, as they are ‘escape
mutants’ (Variants of Concern) (European Centre for Disease
Prevention and Control (ECDC),), 2021).

Interestingly, most of the mutations that the virus can tol-
erate occurs on the spike glycoprotein. Although most amino
acid substitutions are deleterious for receptor binding
domain (RBD) expression and ACE2 binding, a substantial
number of mutations in the RBD has been reported to be
functional or even enhance ACE2 binding, including ACE2
interface residues (Starr et al, 2020). A very recent study
reported that the amino acid substitutions are predominantly
found in the spike gene and the RBD, that make up 13%
and 2% of the viral genome, respectively (Choi et al., 2020).
A recurrent emergence and significant onward transmission
of a mutation in the spike gene which result in loss of H69/
V70 has recently been reported to co-occur with the receptor
binding motif (RBM) amino acid substitutions N501Y, N439K
and Y453F (Kemp et al., 2020). It has been reported that the
N501Y mutation affects the receptor binding affinity of the
spike protein and increases the infectivity of the virus alone
or together with the 69/70 deletion in the N-terminal domain
of the protein. It was also reported from the same study that
SARS-CoV-2 variants with mutations at position 501 showed
increased ability to evade monoclonal antibodies (Chand et
al., 2020; Rambaut et al., 2020).

Recently, just after N501Y, one of the mutations with the
highest frequency nearly in all SARS-CoV-2 variants is the
E484K. It has been reported that the experimental induction
of E484K mutation alone can provide resistance to many
monoclonal antibodies, and is associated with complete
elimination of neutralization capacity in convalescent sera
tested in some SARS-CoV-2 lineages (Ferrareze et al, 2021;
Jangra et al., 2021; Xie et al, 2021). Furthermore, vaccines
manufactured by Novavax and Johnson & Johnson which
have been tested in recent clinical trials were reported to be
less effective against South African variants (B.1.351) harbor-
ing the E484K mutation than UK (B.1.1.7) and US (B.1.427
and B.1.429) lineages (Wise, 2021). Mechanistically, the E484K
mutation in the flexible loop region of the SARS-CoV-2
receptor binding domain (RBD) causes the formation of
novel favorable contacts in the RBD/ACE2 interface (Nelson

et al,, 2021) and more specifically, it ends up with a stronger
ionic interaction between the residue GLU75 of ACE2 and
the LYS484 of RBD (Franceschi, Caldana et al., 2021).

In addition to the N501Y and E484K mutations, the substi-
tution that is at least as effective in the escape of SARS-CoV-2
from antibodies and causes greater conformational changes
when found in combination with other mutations is the K417N
mutation (Nelson et al.,, 2021). While the K417N mutation alone
cannot give the virus the ability to escape from neutralization
significantly, it causes a 5- to 12-fold decrease in serum neu-
tralization when found in combination with E484K and N501Y
mutations (Chen et al.,, 2021; Fratev, 2020). Thus, these three
mutations (K417N, E484K, N501Y), alone or in combination,
most likely play a role as key mutational factors in the viru-
lence and escape potential of the SARS-CoV-2.

The aim of this study was therefore to compare these
mutant (N501Y, E484K, K417N) spike glycoprotein/ACE2 inter-
actions with the wild-type RBD/ACE2 interaction and to
investigate whether the obtained binding conformations cor-
relate with the clinical data. For this purpose: i) two single
mutants (N501Y and E484K) and a multiple-mutant
(K417N + N501Y + E484K) were constructed on the initial
crystallographic  structure of the spike protein, ii) the
obtained mutant structures were submitted to energy mini-
mization, iii) protein-protein dockings were performed on the
HADDOCK server, iv) the docked spike/ACE2 conformations
with the most negative binding energy (including control)
were subjected to 200-nanosecond long molecular dynamics
simulations in order to observe the stability of these interac-
tions and, v) the binding free energies of all complexes were
calculated using the endpoint MM-PBSA method.

2. Material and methods

2.1. Retrieval and mutation of the SARS-CoV-2 spike
glycoprotein structure

Initially, using the Discovery Studio Visualizer v16, the crystal-
lographic structure of the receptor binding domain (RBD) of
spike glycoprotein was gained by removing the ACE2
enzyme from the 2019-nCoV RBD/ACE2-B°AT1 complex (PDB
ID: 6M17, Resolution: 2.90 A) (Yan et al., 2020). Subsequently,
using the protein editing tool of Discovery Studio Visualizer
v16, the K417, E484 and N501 residues in the receptor bind-
ing motif (RBM) of the spike glycoprotein were computation-
ally mutated into residues N417, K484 and Y501 to generate
the K417N, E484K and N501Y mutants of spike glycoprotein,
respectively (Figure 1). In order to perform energy minimiza-
tion after mutation, the resulting mutant 3D crystallographic
structures were subjected to geometry optimization using
CHARMM?22 force field implemented in Vega ZZ (Pedretti et
al., 2004). Therefore, the protein structural imperfections after
the generation of each mutant were refined.

2.2. Protein-protein dockings

Following the energy minimization, the control SARS-CoV-2
RBD/ACE2 and mutant (E484K, N501Y, K417N + E484K + N501Y)
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Figure 1. A. Superposed images of spike glycoproteins SARS-CoV-2 E484K mutant and wild-type SARS-CoV-2. The mutated glutamic acid 484 (GLU484) residue is
shown in green, and the substituted lysine 484 (LYS484) residue is shown in red. B. Superposed images of spike glycoproteins SARS-CoV-2 N501Y mutant and wild-
type SARS-CoV-2. The mutated asparagine 501 (ASN501) residue is shown in green, and the substituted tyrosine 501 (TYR501) residue is shown in red. C.
Superposed images of spike glycoproteins SARS-CoV-2 K417N + E484K + N501Y mutant and wild-type SARS-CoV-2. The mutated lysine 417 (LYS417), glutamic acid
484 (GLU484) and asparagine 501 (ASN501) residues are shown in green, and the substituted asparagine 417 (ASN417), lysine 484 (LYS484) and tyrosine 501
(TYR501) residues are shown in red. D. Sequence representation of the regions of the E484K, N501Y and K417N mutations corresponding to the amino acid

sequence of the spike glycoprotein.

SARS-CoV-2 RBD/ACE2 protein-protein dockings were per-
formed on the HADDOCK (High Ambiguity Driven protein-pro-
tein DOCKing) 2.4 docking server (De Vries et al., 2010).
HADDOCK is a docking server that uses biochemical or biophys-
ical interaction data such as chemical shift perturbation
obtained from NMR titration experiments or mutagenesis data.
Information about the interacting residues is introduced as
ambiguous interaction restraints (AIRs) in order to perform
docking. According to the HADDOCK docking protocol, the pro-
tein-protein interface is set flexible based on an analysis of inter-
molecular contacts within a 5 A cut-off. Therefore, each binding
pose is allowed to have different flexible regions defined.
Residues in this interface region are then allowed to move their
side-chains in a second refinement step. Finally, both backbone
and side-chains of the flexible interface are granted freedom
(De Vries et al,, 2010). After the docking calculations are com-
pleted, the protein-protein complexes are ranked according to
their intermolecular energies (sum of electrostatic, van der
Waals and AIR energy terms) (Dominguez et al., 2003). In

addition, in order to ensure the interaction of the correct inter-
face residues in protein-protein docking using the HADDOCK
server, Lys417, Tyr449, Tyr453, Glu484, Asn487, Tyr489, GIn493,
Gly496, GIn498, Thr500, Asn501 and Gly502 were determined as
the interacting interface amino acids of the spike protein,
whereas the ACE2 interacting residues were restricted to Thr27,
Asp30, Lys31, His34, Asp38, Tyr41, GIn42, Glu75, Tyr83, Lys353,
Gly354, Asp355 and Arg357. These interacting residues of spike
glycoprotein and human ACE2 (both wild-type) were identified
by visual inspection of the interface of the 2019-nCoV RBD/
ACE2-B°AT1 complex (PDB ID: 6M17) in the DS Visualizer
v16 software.

Among the top 10 clusters generated by the HADDOCK
server, the cluster with the best HADDOCK score was
selected and the number one protein-protein docking pose
(the complex with the most favorable binding free energy)
in this cluster was saved as the top-ranked (representative)
conformation. The protein-protein docking is an important
step to investigate if the mutants have the same binding
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mode as the wild-type spike and to obtain quantitative and
qualitative estimates of the interactions.

2.3. Calculation of wild-type SARS-CoV-2 RBD/ACE2 and
mutant SARS-CoV-2 RBD/ACE2 binding affinities

The PRODIGY (PROtein binDIng enerGY prediction) web ser-
ver (https://bianca.science.uu.nl/prodigy/) was used to calcu-
late the binding affinities (kcal/mol) and dissociation
constants (Ky) of top-ranked protein-protein complexes (wild-
type, E484K, N501Y and K417N + E484K+ N501Y) obtained
from the HADDOCK server. The predictive model of PRODIGY
operates on the assumption that the number of interfacial
contacts (ICs) in a protein-protein complex is directly corre-
lated with the free energy of binding (Kastritis et al., 2014).

2.4. Structural (interface) analysis of docking complexes

The structural analysis of the interfaces in the complexes
obtained as a result of wild-type and mutant SARS-CoV-2
RBD/ACE2 dockings was performed using the PDBePISA
(Proteins, Interfaces, Structures and Assemblies) web server
(https://www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/piserver)  as
well as the DS Visualizer v16. Details of the protein-protein
interface area (A% calculation in the PDBePISA server are
described in the study of Shrake and Rupley (Shrake &
Rupley, 1973). The other parameters such as the total num-
ber of interfacing residues, number of salt bridge-making res-
idues, number of hydrogen bond-making residues and
number of hydrogen bonds are calculated automatically by
the PDBePISA server.

2.5. Molecular dynamics study

In this study, protein-protein complexes obtained from dock-
ing analysis with ACE2 of wild-type spike protein and other
variants (E484K, N501Y and K417N + E484K+ N501Y) were
subjected to 200-ns molecular dynamics simulations to test
the stability and to investigate the dynamic evolution of
these systems. The lowest binding free energy configurations
obtained from the docking of the Spike-hACE2 complexes,
either for the wild type or for the mutant type, were used as
starting points for the molecular dynamics simulations as fol-
lows: The pdb files were used as input geometry for molecu-
lar dynamics simulations using standard GROMACS (Abraham
et al,, 2015) tools, with the AMBERO3 force field (Duan et al.,
2003). The complexes were solvated using TIP3P water mole-
cules (Jorgensen et al., 1983), sodium and chloride ions cor-
responding to physiological concentration, employing cubic
simulation boxes with periodic boundary conditions. The van
der Waals interactions were calculated directly until a 1.2nm
cutoff and the electrostatic interactions were calculated using
the Particle Mesh Ewald (PME) method (Darden et al., 1993).
The constructed systems were initially energetically mini-
mized using the combination of the conjugate gradients and
the steepest descent algorithms. After the minimization they
were submitted to 500ps position restrained simulations
allowing the solvent and ions to relax without disturbing the

complex geometry. After that followed the thermalization, as
a sequence of three unrestricted molecular dynamics simula-
tions with 5ns each in temperatures of 200 K, 240 K and 280
K. After these steps, 200 ns long production simulation runs,
in the NPT ensemble, were carried out, employing a Nosé-
Hoover thermostat (Hoover, 1985) and a Parrinello-Rahman
barostat (Parrinello & Rahman, 1981). The trajectories were
then analyzed visually using VMD (Humphrey et al, 1996)
and also using standard GROMACS tools, to quantify the
structural and thermodynamic stability of the complexes as
well as to investigate the details of the interactions.

2.6. Binding free energy calculations

The binding free energy between the wild-type or mutant
spike proteins and the ACE2 protein was estimated using
Molecular mechanics Poisson-Boltzmann surface area (MM/
PBSA) binding free energy calculations (Baker et al, 2001;
Homeyer & Gohlke, 2012). Sets of 200 configurations for
each system were obtained as 1ns spaced snapshots,
obtained directly from the molecular dynamics trajectories.
The calculations were carried out using the g_mmpbsa
GROMACS-compatible free energy program (Kumari et al.,
2014) with a gridspace of 0.5 A, salt concentration of 0.150
M, solute dielectric constant of 2 and employing the solvent
accessible surface area (SASA) as estimate of the nonpolar
solvation energy. The same program was also used to esti-
mate the residues’ contributions to the binding free energy.

3. Results and discussion
3.1. Docking and structural analysis

The spike protein is located on the surface of the SARS-CoV-
2 virus and its molecular interaction with ACE2 plays a major
role in viral entry into host cells (Hattori et al., 2021).
Therefore, understanding the conformational effects of
receptor binding domain (RBD) amino acid substitutions that
occur at this interface, which could increase the infectivity of
the virus, has important implications for vaccine- or drug-
based treatment strategies. The receptor binding motif (RBM)
is the main functional component of RBD and consists of
two regions, region 1 and region 2, which form the interface
between the spike (S) protein and hACE2 (Yi et al., 2020).
Structural analysis of hACE2 recognition by SARS-CoV-2
shows that Leu455, Phe486, Glu493, Ser494 and Asn501 in
the RBM of SARS-CoV-2 play critical roles in hACE2 binding.
On the other hand, Lys31, Glu35, Asp38, Met82 and Lys353
residues of ACE2 form direct contact with the RBM of SARS-
CoV-2 (Wan et al, 2020). However, as the molecular inter-
action between RBM and hACE2 has a dynamic nature, the
type and number of interacting residues can vary consider-
ably (Lan et al., 2020).

In this study, calculated binding energies and dissociation
constants (Kg) as a result of the dockings of wild-type spike/
ACE2 and mutant spike/ACE2 complexes, obtained using
PRODIGY server, are given in Table 1. The binding affinity
(kcal/mol) and dissociation constant (Kgq, in molar) values
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obtained from the PRODIGY web server were found as —10.7
and 1.4 x 108 for wild-type (control) spike-ACE2, —13.3 and
1.7 x 10 ~'° for spike (N501Y)-ACE2, —12.9 and 3.4 x 10 '°
for spike (E484K)-ACE2, and —12.4 and 7.6 x 10~ '° for spike
South Africa triple mutant (K417N + E484K+ N501Y)- ACE2
complex. The dissociation constant (Ky) refers to the concen-
tration of ACE2 at which half of the SARS-CoV-2 spike glyco-
proteins form complexes with ACE2 in the equilibrium state.
The smaller the Kq numerically, the more tightly ACE2 binds
to the spike glycoprotein (or vice versa) and the greater the
affinity between the ACE2 and the spike glycoprotein.
Therefore, considering the Kgy, the N501Y mutant binds ACE2
82-fold stronger, the spike E484K mutant binds ACE2 41-fold
stronger, and the South African triple mutant
(K417N + E484K + N501Y) binds ACE2 18-fold stronger than
the wild-type spike protein.

It has been reported that a 2.1 kcal/mol free energy reduc-
tion in SARS-CoV-2 RBD/ACE2 binding causes a 30-fold
increase in protein-protein dissociation constant (Wang, Xu
et al,, 2020). Therefore, our view of how much a reduction in
binding energy between 1.7 and 2.6kcal/mol (or the
decrease of Ky between 18 — 82 times) would increase bind-
ing affinity, compared to control, is in agreement with the
result reported by Wang, Xu et al. (2020).

Thus, the mutations N501Y, E484K and South Africa triple
(K417N + E484K + N501Y) greatly increase the strength of
spike/ACE2 intermolecular interactions. Based on the inter-
face analysis we performed using EMBL-EBI PDBePISA web
server (Krissinel & Henrick, 2007) and DS Visualizer v16, the
interface areas of the spike (N501Y)-ACE2, spike (E484K)-
ACE2, and spike (K417N + E484K+ N501Y)-ACE2 complexes
were found to be 1027.3 A% 968.8 A2 and 1026 A2, respect-
ively, whereas this value was 901.6 A? for the wild-type
spike-ACE2 complex (Table 2). Another remarkable point is
that in our analysis, the N501Y, E484K, and spike triple
mutants have been found to have significantly larger num-
bers of amino acid residues in the spike RBD/ACE2 binding
interface: 66, 57 and 62, respectively (Table 2). The residues
involved in the interaction, as well as the classification of the
type of the interaction are shown in Table S1 in the supple-
mentary file.

Depending on the increase in the number of amino acids
in the interface, the total number of chemical interactions
(salt bridges and hydrogen bonds) established at the spike-
ACE2 interface in three different mutants increased signifi-
cantly compared to the control. These were 20, 18 and 11
for the N501Y, E484K and South Africa triple mutant, respect-
ively (Table 2).

By comparing the structures of the mutated spike pro-
teins after molecular docking with the wild-type spike
(Figure 2), we see that the binding mode is essentially the
same in all cases, although some structural changes can
be observed.

There are significant differences between the amino acids
of mutant spike proteins and wild-type spike protein inter-
acting with the ACE2 receptor (supplementary file Tables S1
and S2). The H-bonds and electrostatic interactions between
ACE2 and wild-type spike RBD or mutant spike RBD are
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shown in Table S1 (supplementary file). While Tyr501 in
N501Y mutant forms one hydrogen bond with Thr324 and
Lys353 of ACE2, Asn501 does not appear to interact with
ACE2 in the wild-type spike protein. In addition, two novel
electrostatic interactions occurred between Lys458 and
Glu484 residues of the N501Y mutant and Glu23 and Lys31
of ACE2, two of which were absent in the wild-type mutant
(supplementary file Tables S1 and S2). In the E484K mutant,
Lys484 interacted with Glu35 of ACE2 via a salt bridge inter-
action, whereas in wild-type spike, Glu484 interacted with
Lys31 of ACE2 via a carbon-hydrogen bond. Lys417 of E484K
also formed a novel electrostatic interaction with Asp30 of
the ACE2 receptor (supplementary file Tables S1 and S2). In
Spike South Africa triple mutant (K417N + E484K + N501Y),
Asn417 and Lys484 did not appear to undergo any bond for-
mation reaction with ACE2, while Tyr501 formed a hydrogen
bond contact with Lys353 of ACE2. In contrast, in the wild-
type spike, only Glu484 appears to interact with ACE2 and
form a carbon-hydrogen bond with Lys31 of ACE2 (supple-
mentary file Table S1 and S2). In particular, novel electro-
static interactions (Glu23-Lys458, and Lys31-Glu484 for
N501Y; Glu35-Lys484 for E484K) were observed in docking
simulations of spike mutants N501Y and E484K (supplemen-
tary file Table S1). When the residues interacting with ACE2
are compared, it was revealed that only 38% of the contact-
ing residues in the N501Y mutant, 45% in the E484K mutant
and 30% in the triple mutant resemble the contacting resi-
dues of the wild-type spike (supplementary file Table S2).
Figure S1 (supplementary file) shows the ‘heatmap’, which
counts how many times the contacting residues of wild-type
and mutant spike glycoproteins interact with the ACE2
receptor (regardless of bond type), or vice versa. It is clear
from the heatmap that mutations N501Y and E484K (except
the South Africa triple mutant) resulted in an increase in the
frequency of novel contacts between spike protein and ACE2
compared to the wild-type spike. The increased number of
chemical contacts (supplementary file Figure S1) shows that
the N501Y and E484K mutations cause conformational
changes in the spike glycoprotein’s receptor binding domain
(RBD) which interacts with ACE2, resulting in an increased
interface surface area.

The increase on the magnitude of the total interface area
(A%) and in the number of amino acids at the interface and
the increase of non-covalent salt bridges and H-bond interac-
tions indicate that the variants of E484K, N501Y and South
Africa triple strains induce conformational changes in the
spike RBD (Figure 2) and may explain why these ‘variants of
concern’ have increased infectious ability. Therefore, these
conformational changes were investigated more deeply
using molecular dynamics, as discussed in the
next subsection.

In line with our views on the induced conformational
change in the spike RBD, it has been reported that the
E484K mutation reduces or completely abolishes the neutral-
izing antibody response in convalescent serums, and also
weakens the binding of serum polyclonal antibodies to the
receptor binding domain (RBD) of the spike glycoprotein
(Ferrareze et al., 2021; Jangra et al.,, 2021; Wang et al., 2021;
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Table 1. HADDOCK protein-protein docking results of the most common spike variants and the wild-type spike with ACE2.

HADDOCK PRODIGY binding PRODIGY dissociation
Complex cluster score affinity (kcal/mol) constant Ky (M)
Spike-ACE2_wild_type (Control) —125.0+5.7 —-10.7 14x107°
Spike_N501Y-ACE2 —143.1£75 —133 1.7 x107°
Spike_E484K-ACE2 —117.7x7.1 —129 3.4x107°
Spike_South_Africa_triple (K417N + E484K + N501Y) —1249+3.8 —124 76 x107°

Table 2. Comparison of interface area, total number of interfacing residues, number of salt bridge making residues, number of hydrogen bond-making residues
and number of hydrogen bonds at the wild-type spike/ACE2 interface and spike_N501Y/ACE2, spike_E484K/ACE2 and spike_South_Africa_triple
(K417N + E484K + N501Y)/ACE2 interfaces obtained from HADDOCK protein-protein docking.

Interface Total number Residues making Residues Number
Interface area (A2) of interfacing residues salt bridges making H-bonds of H-bonds
Wild-type Spike/ACE2 (control) 901.6 54 2 15 10
Spike_N501Y/ACE2 1027.3 66 6 21 14
Spike_E484K/ACE2 968.8 57 4 25 14
Spike_South_Africa_triple 1026 62 - 20 1

(K417N + E484K + N501Y)/ACE2

The data in the table were generated using PDBePISA (Proteins, Interfaces, Structures and Assemblies) web server (https://www.ebi.ac.uk/pdbe/pisa/) and DS
Studio v16, respectively.

RMSD = 1.22 A

RMSD = 1.23 A

Figure 2. Superimposed conformations of the spike glycoproteins after molecular docking simulations with ACE2. (a) Native (control) spike (red) and E484K variant
(blue), (b) Native spike (red) and N501Y variant (yellow), (c) Native spike (red) and multiple (K417N + E484K + N501Y) spike variant (green). Note that the three
spike variants show some conformational change relative to control. Figures were generated with Discovery Studio v16. RMSD: Root-mean-square deviation.

Wise, 2021; Xie et al.,, 2021). As can be seen in our study, the N501Y mutation increases the hydrophobic interactions

spike protein carrying the E484K mutation binds to ACE2 in
a slightly different conformation compared to the wild-type
(Figure 2a). In our protein-protein docking analysis, the spike
N501Y showed a significantly higher binding capacity to the
ACE2 receptor compared to the wild-type (Table 1).
Consistent with our results, it has been reported that the

between RBD and ACE2, while decreasing the hydrophilic
repulsion, thereby increasing the transmissibility of the infec-
tion (Li et al., 2021).

In our study, the spike triple variant
(K417N + E484K + N501Y) also showed a significantly more
favorable binding affinity to the ACE2 than the wild-type
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Figure 3. Time evolution of the structure and interactions in the complexes of A- Wild-type Spike/ACE2 (control), B- Spike_E484K/ACE2 C- Spike_N501Y/ACE2, and
D- Spike_South_Africa_triple (K417N -+ E484K + N501Y)/ACE2 in molecular dynamics simulations. In the left the root-mean-square deviation (RMSD) of atomic posi-
tions of the ligand (spike glycoprotein, black) and of the receptor (ACE2, red) are shown, whereas in the right the number of hydrogen bonds between spike glyco-

protein and hACE2 is shown.
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Figure 4. The RMSF (root mean square fluctuation) showing the mobility pattern for the several residues, averaged along the simulation trajectory. It can be
noticed that the RMSF of the ACE2 residues is essentially the same in all systems, whereas there are some (small) differences in the RMSF of the spike residues. The
N501Y variant shows enhanced mobility, compared to the wild spike, at the residues 448, 460-470 and 481. The E484K variant shows only a slight enhanced mobil-
ity at the residue 477 and the multiple variant also a very slight enhanced mobility in the residues 385, 390 and 480.

Table 3. Interface area of the complexes (the half of the sum of solvent-
accessible areas of spike and ACE2 minus solvent-accessible area of the com-
plex) and number of hydrogen bonds, calculated as average over the MD
simulations.

Complex Interface area (A2)  Number of hydrogen bonds
Wild 1013.7 £65.6 7.95+2.04
N501Y 1008.2 +85.1 6.05+2.00
E484K 1068.3 £68.1 9.81+2.64
Spike_South_Africa_triple 1215.3+136.7 7.87 +2.82

(Table 1) and caused some conformational changes in the
spike protein (Figure 2c).

3.2. Molecular dynamics and free energy calculations

As already pointed out, the conformational changes and the
interaction pattern obtained from the docking motivated a
more detailed analysis, using molecular dynamics.

In this study, all mutant spike-ACE2 complexes (including
wild-type) obtained from protein-protein docking analyzes
showing the most negative binding energy were subjected
to 200-ns long molecular dynamics simulations in order to
investigate the time-dependent stability and dynamic evolu-
tion of the complexes. All systems were found to be stable,
showing conservation of the structure, as can be seen by the
analysis of the time evolution of the root mean square devi-
ation (RMSDs) and number of hydrogen bonds (Figure 3).
The root mean square fluctuation (RMSF), analyzed for each
residue, averaged over the whole trajectory, was also com-
puted (Figure 4). According to the RMSF, the mobility pattern
is nearly the same for the ACE2 protein in all systems.
Besides, a slight enhanced mobility relative to the native
spike was found in the spike residues 448, 460-470 and 481
in the case of N501Y mutation, in the residue 477 in the
E484K mutation and in the residues 480 and 385-390 in the
case of the triple mutation.

The Spike-hACE2 interaction was characterized by the
presence of many close contacts and hydrogen bonds which
can be monitored along the molecular dynamics trajectory.
In the wild-type system there were in average 7.95+2.04
hydrogen bonds. The system with three mutations
(K417N + E484K + N501Y) showed roughly the same number
of hydrogen bonds: 7.87 £2.82, whereas the N501Y mutation

system displayed a smaller number of hydrogen bonds
(6.05+2.00) and the E484K mutation system displayed the
largest number of hydrogen bonds: 9.81 +£2.64 (Table 3).

The interface area was also calculated using the molecular
dynamics results, with the same method as for the docking
results (Shrake & Rupley, 1973). The results are shown in
Table 3. It is clear that the interface area of the multiple
mutant is higher than of the other complexes, but the inter-
face area of the E484K mutant is also somewhat higher than
the wild-type, whereas the interface area of the N501Y
mutant is almost the same as the wild-type complex.

The binding free energy was calculated using the snap-
shots generated from the molecular dynamics trajectory. The
g_mmbpsa program (Kumari et al., 2014) yields not only the
binding free energy (total and components - van der Waals,
electrostatic, polar solvation and surface energy), see Table 4,
but also the binding free energy contributions averaged per
residues (see supplementary file Table S3). Despite the
apparently weaker hydrogen bond network, the system with
the N501Y mutation showed a more negative free energy of
binding than the wild-type system. The strongest interaction,
however, was found for the system with the mutation E484K,
where the binding free energy was remarkably stronger than
in the wild-type. This can be easily understood analysing the
residues contribution to the binding free energy (supplemen-
tary file Table S3). Indeed, the mutation of the negatively
charged residue Glu484 to the positively charged residue
Lys484 yielded a substantial negative free energy contribu-
tion to the stabilization of the complex (the contribution of
residue 484 changed from + 250,6 kJ in the wild spike to —
206,6 kJ upon mutation). The mutation in the residue 501
(Asn to Tyr, both polar non-charged residues) also contrib-
utes to the stabilization of the complex, but much less than
the E484K mutation.

Although the HADDOCK docking algorithm considered
some flexibility of the proteins, the final docking scores and
the PRODIGY binding affinities (Table 1) were based on only
one (the final) configuration, whereas the binding free ener-
gies obtained by the combination of MD and MM/PBSA
methods (Table 4) are values based on several configura-
tions, sampled over the entire MD trajectories. Considering
the importance of the conformational changes, the MD-MM/
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Table 4. Binding free energies (kcal/mol) and their components, calculated using MM/PBSA, for the interaction between ACE2 and A- Wild-type spike, B-
Spike_N501Y, C- Spike_E484K and D- Spike_South_Africa_triple (K417N + E484K 4+ N501Y).

Van der Waals Energy Electrostatic Energy Polar Solvation Energy

SASA Energy Binding Energy

Complex (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

Wild-type Spike/ACE2 (control) —91.56 £0.56 —31731+1.64 13247 +2.48 —10.75+£0.07 —287.25+2.10
Spike_N501Y/ACE2 —96.74+0.70 —324.27 £2.00 123.98 +3.01 —10.65+0.08 —307.62+241
Spike_E484K/ACE2 —97.95+0.54 —560.16 +2.37 174.02 +2.41 —11.25+£0.06 —49537+2.64
Spike_South_Africa_triple (K417N + E484K + N501Y)/ACE2 —120.46 + 1.06 —418.06 + 1.44 187.42+3.38 —12.85+£0.11 —363.98+2.34

(@)

(b) ()

Figure 5. Superimposed conformations after 200-ns molecular dynamics simulations of the spike glycoprotein/ACE2 complexes. (a) Native spike (red) and E484K
(blue) variant, (b) Native spike (red) and N501Y variant (yellow), (c) Native spike and multiple (K417N + E484K + N501Y) spike variant (green). Note that the E484K
(a) and multiple (c) spike variants show significant conformational changes relative to control (red).

PBSA estimates are more reliable. Therefore, the most stable

mutant complexes in our study can be ranked as:
E484K > South  Africa  triple  (K417N -+ E484K -+ N501Y)
> N501Y.

A surface plasmon resonance study showed that the
N501Y mutation had a faster association rate and slower dis-
sociation constant (Ky) upon binding to ACE2 (Tian et al.,
2021). However, the overall interaction pattern of N501Y
with ACE2 did not differ greatly from that of the wild-type
spike/ACE2 complex (Figure 5b and supplementary file
Figure S2a), and it was suggested that this mutation would
not pose a significant disadvantage to the vaccine efficacy
(Zhang et al, 2021). Indeed, by following the distances
between chosen pairs of residues we could show that the
pattern of neighboring residues along the simulation of the
N501Y mutated system does not differ substantially from the
wild spike one (supplementary file Figures S3-59).

The conversion of negatively charged Glu484 to positively
charged Lys484 in the E484K mutant, which we found to be
the most stable complex according to the results of MM-
PBSA analysis, has also been shown in another study to have
profound effects on a highly flexible loop in the RBD
(Franceschi, Caldana et al., 2021; Nelson et al., 2021). The
comparison of the conformations of the wild-type spike-
ACE2 complex with the E484K mutated spike-ACE2 complex
(Figure 5a) shows clearly a conformational transition, where
the spike protein is bent toward one of the ACE2 helices
(residues 549-560). This conformational change can be also
seen in the zoomed figure in the supplementary file Figure
S2b). Moreover, the residues 417 (supplementary file Figure
S5) and 478 (supplementary file Figure S7) come closer to

the ACE2 and there was a clear change of the pattern of
interacting residues for the spike residue 487 (supplementary
file Figure S8). Specifically, this mutation creates a strong
ionic interaction between the lysine (K484) amino acid of the
mutant spike protein and the residue E75 of hACE2 (Nelson
et al.,, 2021), and this finding is in excellent agreement with
the residual free energy contributions we obtained from
MM-PBSA calculations (supplementary file Table S3). Such
strong contribution of free energy is not found in the wild-
type spike E484.

The spike triple mutant (K417N + E484K + N501Y) we ana-
lyzed in our study showed significantly higher binding free
energy than wild-type in molecular dynamics simulations
and MM-PBSA analysis (Table 4). It has also been reported in
other MD simulations that this mutant combination, com-
pared with E484K or N501Y, maximally induces conform-
ational changes when bound to ACE2, resulting in novel
contacts between RBD and ACE2, and leading to a viral
‘escape’ conformation (Franceschi, Ferrareze et al, 2021;
Nelson et al., 2021). As can be seen in Figures 2c and 5c and
Figure S2c¢ (supplementary file) and supported by MM-PBSA
results (Table 4), we also found that the triple mutated spike
protein is strongly bent (although in a different way com-
pared to the E484K mutant, as seen in supplementary file
Figure S2¢) yielding significant conformational changes rela-
tive to the wild-type. As can be seen in Figures S3-S9 (sup-
plementary file), for most of the triple mutated spike key
residues, the pattern of neighboring ACE2 residues along the
simulation is strikingly different from the other systems.
Indeed, due to these conformational changes, the residue
ASP405 moves closer to ACE2, whereas the residue GLY446
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moves away. More details can be found in the supplemen-
tary material.

4, Conclusion

From an evolutionary point of view, viral mutations are
expected to reduce the mortality of the virus on the host
over time and let them survive in a higher harmony.
However, the investigated three SARS-CoV-2 variants of con-
cern (E484K, N501Y and triple mutant) in this study have sig-
nificantly increased the binding affinity of all the mutant
spike glycoproteins against ACE2, for which we believe that
could pose a potential danger to the efficacy of the currently
launched anti-SARS-CoV-2 vaccines. We also showed that
among variants, E484K and triple mutant triggered the stron-
gest changes in both the binding energy and the conform-
ation. It is clear that the selection pressure on SARS-CoV-2
further increases the RBD-ACE2 stabilization of variants
(Fernandez, 2021; Nelson et al., 2021), and the E484K alone
or in combination with K417N and N501Y, potentially results
in an ‘escape’ phenotype (Franceschi, Ferrareze et al., 2021;
Hu et al, 2021). Consistent with our molecular dynamics
study, it was reported that especially the
K417N + E484K+ N501Y (B.1.351) variant of the RBD was
more successful in avoiding neutralizing antibodies, and this
was due to the high plasticity of the SARS-CoV-2S and ACE2
interfaces (Hoffmann et al., 2021). In addition, E484K alone or
the triple mutant RBD (K417N + E484K+ N501Y) abolished
binding of the potent class 2 RBD neutralizing antibodies
(nAbs) (Wibmer et al., 2021). It has recently been reported
that the mechanism underlying the formation of these
‘escape phenotypes’ is generally the transition from the
'Hook-like" folded RBD tip seen in the native spike to the
highly '‘Disordered’ state, where the RBD tip cycles between
a series of conformations (Gobeil et al., 2021). Thus, we are
of the opinion that E484K and the triple mutant most likely
distort the native conformation of the RBD tip, thereby
blocking the binding of RBD-directed SARS-CoV-2 antibodies
to this domain, and hence the virus may escape from the
vaccine-induced immune response.
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