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B.1.618 variant slightly alters the
spike RBD–ACE2 binding affinity and is an antibody
escaping variant: a computational structural
perspective

Abbas Khan, †a Jianjun Gui,†b Waqar Ahmad,c Inamul Haq, d Marukh Shahid,e

Awais Ahmed Khan,f Abdullah Shah,g Arsala Khan,h Liaqat Ali,i Zeeshan Anwar,j

Muhammad Safdar,k Jehad Abubaker,l N. Nizam Uddin,m Liqiang Cao,*n

Dong-Qing Wei *aop and Anwar Mohammadq

Continuing reports of new SARS-CoV-2 variants have caused worldwide concern and created a challenging situation

for clinicians. The recently reported variant B.1.618, which possesses the E484K mutation specific to the receptor-

binding domain (RBD), as well as two deletions of Tyr145 and His146 at the N-terminal binding domain (NTD) of

the spike protein, must be studied in depth to devise new therapeutic options. Structural variants reported in the

RBD and NTD may play essential roles in the increased pathogenicity of this SARS-CoV-2 new variant. We explored

the binding differences and structural-dynamic features of the B.1.618 variant using structural and biomolecular

simulation approaches. Our results revealed that the E484K mutation in the RBD slightly altered the binding affinity

through affecting the hydrogen bonding network. We also observed that the flexibility of three important loops in

the RBD required for binding was increased, which may improve the conformational optimization and

consequently binding of the new variant. Furthermore, we found that deletions of Tyr145 and His146 at the NTD

reduced the binding affinity of the monoclonal antibody (mAb) 4A8, and that the hydrogen bonding network was

significantly affected consequently. This data show that the new B.1.618 variant is an antibody-escaping variant with

slightly altered ACE2–RBD affinity. Moreover, we provide insights into the binding and structural-dynamics changes

resulting from novel mutations in the RBD and NTD. Our results suggest the need for further in vitro and in vivo

studies that will facilitate the development of possible therapies for new variants such as B.1.618.
1. Introduction

Coronaviruses, which have affected the world with their
continuous emergence at various intervals and their staggering
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distribution levels, are positioned within four genera, a, b, g,
and d, of the subfamily Orthocoronavirinae in the family Coro-
naviridae.1,2 The epidemics of SARS, MERS, and SARS-CoV-2 in
2003, 2012, and 2019, respectively, which were caused by
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b coronaviruses, were responsible for serious negative effects on
human health, society, and economics worldwide.3,4 These
epidemics were associated with the ability of b coronaviruses to
spread among humans.5–7 The recent pandemic caused by
SARS-CoV-2 in late 2019 has continued (i.e., in the “third wave”)
with the evolution of more contagious and virulent variants
such as B.1.1.7 (United Kingdom), B.1.135, and P.1 (reported in
South Africa and Brazil). These new variants have contributed to
higher infectivity and contiguity, which has resulted in
increased hospitalization.8 To date, the number of people
affected globally is 171.90 million, with 3.57 million deaths
recorded. The case fatality ratio (CFR) for SARS-CoV-2 is 3%,
which is less than the 10% and 35% CFR induced by SARS and
MERS, respectively.5,9 Nevertheless, the rapid expansion of
SARS-CoV-2 and the emergence of new variants have presented
increased risks to public health. Consequently, researchers
have used various methods to reduce risks, including deter-
mining the evolutionary pattern between coronaviruses, devel-
oping novel vaccines, identifying the mutational landscape,
drug repositioning, and developing novel drugs.10–17

Using multi-omics data to facilitate the control of COVID-19
primarily relies on understanding the SARS-CoV-2 proteome,
which comprises sixteen nonstructural proteins (NSP1–NSP16)
and four structural proteins S, E, N, and M.18 These structural
proteins have an array of functions, including attachment to the
host receptor, transcription, and replication.19 When attempt-
ing to control the spread of SARS-CoV-2, the spike protein and
proteases are the main targets for the development of antiviral
drugs and vaccines. These therapies either activate the innate
immune response to cope with the pathogens or block the viral
protein from binding with receptor proteins.20

The SARS-CoV-2 spike protein interacts with the host
angiotensin-converting enzyme (ACE2), establishing a connec-
tion that helps the attachment to and invasion of the virus into
the host cell.19 The transmission of SARS-CoV-2 is facilitated by
two subunits (S1 and S2),21 which activate an immune response
that triggers the host immune system upon infection and
provides a primary route for the innate response.22 Thus, inhi-
bition of the ACE2–receptor-binding domain (RBD) complex is
crucial for controlling the infection caused by SARS-CoV-2.23 On
the one hand neutralizing monoclonal antibodies (mAbs) that
target the RBD site of the spike protein is gaining more atten-
tion; however it may suffer from resistance caused by the virus
when used alone. Alternatively, antibodies that target the non-
RBD site and that can be used as a cocktail may work more
efficiently to neutralize the virus. A recent study also reported
that a neutralizing antibody, 4A8, targets the NTD of the spike
protein extracted from the convalescent plasma of COVID-19
patients. Among the 10 naturally produced antibodies, 4A8
has been reported to bind strongly to the NTD and effectively
neutralize the viral infection.24 Therefore, the spike protein is an
important and promising target for antiviral studies.25

Throughout the SARS-CoV-2 pandemic, which is currently in
its third wave, numerous variants exhibiting various mutations
have been reported. Several variants are reported to posses
multiple mutations on the spike protein RBD domain. However,
three main SARS-CoV-2 variants, namely B.1.1.7, B.1.351, and
© 2021 The Author(s). Published by the Royal Society of Chemistry
P.1, are recognized as variants of concern because of their
increased transmissibility, severity of infection, and potential
evasion of the host immune response.26

Recently, a new variant, B.1.618, has been reported in different
countries around the world, including India, the UK, Pakistan, and
Ireland; it has onemutation in the RBD (E484K) and two deletions
(Tyr145 and His146) at the antibody binding site, i.e., the N-
terminal binding domain (NTD) of the spike protein. Studies on
the B.1.618 variant are needed to devise suitable therapeutic
strategies. A detailed molecular-level investigation will be indis-
pensable for revealing the role of the E484K substitution and
Tyr145 and His146 deletions, and is required to decipher the
structural and functional changes they produce. Consequently, in
the present study, we employed consensus protein–protein inter-
action and biomolecular simulation methods to investigate the
structural determinants that alter the binding affinity of ACE2–
RBD and evaluate how the binding of mAb is impacted by the
deletions. These analyses will help researchers to understand the
structural and binding changes in the RBD and NTD domains and
to assess the future repercussions of these changes.
2. Material and methods
2.1 Structure retrieval and mutant modelling

The primary amino acid sequences of the RBD and NTD of the
SARS-CoV-2 spike protein were retrieved from UniProt using
accession number P0DTC2. The RBD domain corresponds to
positions 319–541, whereas the NTD corresponds to positions 13–
303. In the RBD sequence, lysine was introduced at position 484 by
replacing glutamic acid. However, tyrosine at position 145 and
histidine at position 146 were deleted from the sequence, which
was subjected to structural modelling. Chimera-embedded Mod-
eller version 14.0 was used to model the 3D structures of RBD.
Loopmodelling of NTDmissing from the crystal structure was also
undertaken which is important for the interaction with mAb, and
the modelling of residues 51–55 was performed. The modelled
structures were subjected to structural renement and validation.
2.2 Mutation-induced stability and function correlation

Mutation stability and function correlation were detected
through computational algorithms deployed online. For this
purpose, various online web servers, such as BeAtMuSiC,27

mCSM-PPI2,28 and DynaMut2,29 were used. To compute the
stability changes associated with E484K replacement, we used
BeAtMuSiC, which denes the backbone torsion angles, pair-
wise distances between residues, and solvent accessibilities, to
estimate the mutational effect on stability and interface by
applying statistical potentials. This method determines the
folding and binding free energy changes of the two interacting
protein partners as follows:

DGbind ¼ Gcomplex � GpartnerA � GpartnerB.

Upon substitution, the binding free energy changes are
calculated using the following equation:
RSC Adv., 2021, 11, 30132–30147 | 30133
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DDGbind ¼ Gmutant
bind � Gwildtype

bind .

The equilibrated structure from the MD trajectory was
utilized to estimate the binding energy differences between the
wild-type and mutant complexes.

For interface analysis, mCSM-PPI2, which exercises graph
kernels by combining evolutionary, network, and energetic terms
to estimate the impact of a mutation on the inter-residue non-
covalent interaction network, was used. Moreover, DynaMut2,
which uses contingent graph-based signatures and normal mode
analysis to determine the protein stability variation and dynamics
upon mutation from Gibbs free energy of folding, was applied.

2.3 Consensus docking of wild-type and mutant spike RBD
and ACE2

The MD relaxed sampled structure of E484K was subjected to
interaction modelling via the HADDOCK (high ambiguity-
driven protein–protein docking) algorithm30 to explore the
binding differences between the wild-type and E484K variant.
Restraint docking was performed by determining the interface
residues at 21, 24, 27, 28, 30, 35, 38, 79, 80, 82, 83, and 353 for
ACE2, and at 449, 453, 455, 456, 486, 487, 489, 493, 496, 498,
500, 501, 502, and 505 for RBD. The Guru interface was used to
virtualize the docking interface, which uses all the available
structural features for protein–protein or protein–DNA/RNA
docking and is considered the best interface operated by the
HADDOCK server. PDBsum was used for comprehension of
hydrogen bonds, electrostatic, and salt bridge interaction
patterns. For cross-validation, a hybrid algorithm that
combined both template-based and free approaches to estimate
the docking conformation and affinity was deployed as HDOCK.

2.4 Consensus docking of mAbs to wild-type and mutant
NTD

Similarly, for mAbs docking against the wild-type and truncated
(B.1.618) NTDs, the Guru interface of the HADDOCK webserver was
utilized.30 Restraint docking was performed by determining the
interface residues at 25–32, 51–58, and 100–116 for mAbs, and at
145–150 for NTD. PDBsumwas used for comprehension of hydrogen
bonds, electrostatic, and salt bridge interaction patterns, while
HDOCK was used for cross-validation, as described in Section 2.3.

2.5 Dissociation constant (KD) determination

Protein networks and interactions are important for regulating
cellular processes and functions. Determining the strength of
protein associations helps researchers understand their bio-
logical signicance and role in various diseases. We used an
online webserver, PRODIGY (PROtein binDIng enerGY predic-
tion), to provide insights into the binding strengths of wild-type-
RBD–ACE2, E484K-RBD–ACE2, wild-type-NTD–mAbs, and
truncated-(B.1.618)-NTD–mAbs complexes by employing an
experimental and contact-based prediction model. The pre-
dicted KD values for wild-type-RBD–ACE2, E484K-RBD–ACE2,
wild-type-NTD–mAbs, and truncated-(B.1.618)-NTD–mAbs
provide further insights into these interactions.
30134 | RSC Adv., 2021, 11, 30132–30147
2.6 Conformational dynamics of wild-type and mutant
complexes

Solvated complexes of wild-type-RBD–ACE2, E484-RBD–ACE2,
wild-type-NTD–mAbs, and truncated-(B.1.618)-NTD–mAbs
neutralized by counter ions were subjected to all atomic molecular
dynamics simulations using force eld ff18 in the AMBER20
simulation program.31,32 Two steps, 12 000 and 6000 conjugate
gradient energy minimization cycles, were completed to relax the
complexes and remove any bad clashes. With default heat
parameters of 300 K for 200 ps, each complex was heated. For
density equilibration, weak restraint was used for 2 ns at a constant
pressure, and a GPU-accelerated 500 ns MD simulation of each
complex was achieved using constant pressure. To control the
temperature, a Langevin thermostat with 1 atm pressure and 300 K
reading capacity was employed.33 The particle mesh Ewald algo-
rithm was used to evaluate long-range interactions with a cutoff
distance of 10 Å. To treat the covalent interactions involving
hydrogen, the SHAKE algorithm was used.34
2.7 Post-simulation trajectory analysis

Structural-dynamics features were estimated using CPPTRAJ and
PTRAJ35 to assess the inuence of the newly evolved variant on
stability, exibility, compactness, hydrogen bonding, and protein
motion. The dynamic stability of each complex was calculated as
the root mean square deviation (RMSD), whereas the residual
exibility was evaluated as root mean square uctuation (RMSF).
Structural compactness was calculated as the radius of gyration
(Rg) and hydrogen bonding over the simulation period.
2.8 Hydrogen bonding network analysis

The total number of hydrogen bonds and their sustainability
during the MD simulation were calculated to reveal the critical
interactions in the hydrogen bonding network.
2.9 Binding energy difference estimations

To compute the binding differences elicited by variations in the
protein structure upon mutation, structural frames from the
conformational dynamics were used for the estimation of
binding free energy. The MM/GBSA method was employed to
calculate the contributed van der Waals, electrostatic, and total
binding energies of each complex.36 These methods are widely
used and have been reported to strongly correlate with experi-
mental results.15,25,37–41 Each energy term, including vdW, elec-
trostatic, GB, and SA, was calculated as a part of the total
binding energy.

For the free energy calculation, the following equation was
used:

DG(bind) ¼ DG(complex) � [DG(receptor) + DG(ligand)].

Each component of the total free energy was estimated using
the following equation:

G ¼ Gbond + Gele + GvdW + Gpol + Gnpol,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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where Gbond, Gele, and GvdW denote the bonded, electrostatic,
and van der Waals interactions, respectively. In contrast, polar
and nonpolar are represented by Gpol and Gnpol.

3. Results and discussion
3.1 Structure modelling and analysis

The spike glycoprotein is the primary determinant of COVID-19
infection; it instigates pathogenesis by binding to the host ACE2
receptor through the receptor-binding motif rooted in the RBD
domain. This trimeric multidomain protein is receptive to genetic
variations, which helps the virus to evolve effectively and increases
the frequency of infection accordingly. Contingent factors, i.e.,
ecological and epigenetics, contribute to the lethal evolution of the
new strains of SARS-CoV-2. Recently reported strains of SARS-CoV-
2 in the UK, South Africa, and Brazil are capable of causing
infection that is more likely to be lethal and are 70% more trans-
missible than the Wuhan strain. The evolution of SARS-CoV-2 is
ongoing; as such, the new B.1.618 variant has emerged with E484K
in the RBD domain, D614G at the furin binding site, and deletions
of Tyr145 and His146 from the NTD domain where the neutral-
izing antibodies bind and neutralize the virus.

A recent study reported that variant B.1.617 slightly alters the
binding of S-protein to ACE2 and can evade neutralizing anti-
bodies.42However, a detailed study on the new variant is needed to
understand the binding differences and explore the atomic-level
interactions of the wild type and E484K mutant on the RBD
domain. In addition, the effect of deletions on the NTD domain
with regards to neutralizing antibodies must be determined. A
previous structural study demonstrated how the new variants re-
ported in the UK, South Africa, and Brazil interact with the host
receptor and increase infectivity.38 These mutations, i.e. E484K,
D614G, and the deletions that may be associated with functional
complexity, could be used to counter infection in a specic
manner. Given the importance of the SARS-CoV-2 spike protein
RBD in the pathogenesis of the virus and the role of NTD in the
attachment of neutralizing antibodies, we subjected the RBD and
NTD domains to comparative binding and biophysical investiga-
tion upon their interaction with ACE2 and mAb.

The structures of the wild-type SARS-CoV-2 spike protein
RBD and mAb are available at (and were retrieved from) the
RCSB website using the accession numbers PDB ID: 6M0J and
7C2L, respectively. Structural modelling of E484K-RBD and
Y145–H146-deleted NTD was performed using Modeller inte-
grated with themolecular visualization soware Chimera (REF).
The loop region (51–55) in the S-protein wild-type-NTD is
missing; therefore, it was modelled using the loop modelling
module in Modeller.43 The modelled structures were relaxed
with a conjugate gradient energy-minimization algorithm and
validated using a Ramachandran plot, which revealed that only
1.4% and 0.38% of the total residues lie in the outlier region
while the rest of the structures are well conserved. Comparable
secondary structural element distributions were observed
among the wild-type and mutant modelled structures. RMSD
differences were also calculated to understand the impact of
mutations on structural deviation. The wild-type-RBD–ACE2
and E484K-RBD–ACE2 exhibited structural similarities with an
© 2021 The Author(s). Published by the Royal Society of Chemistry
RMSD difference of only 0.308�A, whereas signicant deviation
was observed between the wild-type and truncated (B.1.618)
NTDs. Specically, the RMSD difference between the wild-type
and truncated (B.1.618) NTDs was 1.108 �A. This indicates that
the deletion has caused signicant structural deviance, which
may in turn affect mAb binding. Fig. 1 depicts the structure of
the spike protein domain with the domain organization (A), the
superimposed structures of wild-type and E484K RBD (B), the
superimposed structure of the wild-type and truncated (B.1.618)
NTDs (C), and the structure of mAb along with the distribution
of three complementarity-determining regions (CDRs) (D).

3.2 Mutation-induced stability and function correlation

In an analysis of the stability and function of E484K, results from
BeAtMuSiC, DynaMut, and mCSM-PPI2 showed that the substi-
tution produces a destabilizing effect but that the binding affinity
remains comparable. An inter-residue interaction comparison
revealed that the wild type is enriched with mixed vdW, hydrogen,
polar, aromatic, and carbonyl bonds, whereas the E484K typed is
enriched with two polar and a few mixed hydrophobic and
carbonyl interactions. These results are consistent with previous
ndings, i.e., that enriched polar contacts increase stability and are
strongly correlated with binding affinity.44 Hence, the polar
contents are reduced in the E484K complex compared to the polar
contents in the wild type.Moreover, the global stability trend of the
RBD indicated that stabilizing mutation increases the binding
affinity and eventually the infectivity.44 However, the effect of
deletions cannot be determined using the aforementioned servers.

3.3 Spike RBD–ACE2 docking

We also determined binding differences using a protein–
protein docking approach. The association of biological
macromolecules, i.e. proteins that regulate essential cellular
process, plays an important role in maintaining normal cell
functions. Any incongruity in protein–protein interactions may
lead to biologically malfunctioning pathways, which may in
turn trigger disease phenotypes. The association of proteins in
cells is a complex phenomenon; in many diseases, the inter-
acting interface is a key drug target when developing treatments
for diseases. Any mutation at the interface or distinct site may
directly affect binding and affect expression. Thus, identifying
the binding of different proteins, particularly in SARS-CoV-2,
helps to develop novel therapeutic strategies, especially given
that the association of the RBD of the spike glycoprotein insti-
gates COVID-19 infection upon binding to the host ACE2
receptor. Recently, variations reported in the UK, South Africa,
and Brazil have been shown to cause substantial structural
deviation and altered binding properties.38 However, the newly
reported variant in India, i.e., that with an E484Kmutation, has yet
to be analyzed to determine whether the mutation is detrimental
to ACE2 binding and therefore viral transmission. In the present
study, using structural and biophysical investigations, we found
that the E484K mutation did not alter the binding affinity signif-
icantly; however, the bonding pattern was changed. The docking
scores and interactions between the wild-type and E484K
complexes were comparable. In total, 11 hydrogen bonds and only
RSC Adv., 2021, 11, 30132–30147 | 30135
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Fig. 1 The comparative structural evaluation of wild-type and mutant domains. (A) The complete structure of the spike trimeric protein with
domain organization, (B) the superimposed structures of wild-type and B.1.618 RBDs, (C) the superimposed structures of wild-type and trun-
cated (B.1.618) NTDs, and (D) the structure of mAb along with the distribution of three complementarity-determining regions (CDRs), which are
compulsory for interaction with the NTD.
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one salt bridge were reported in the wild-type complex. The
docking scores for the wild-type complex predicted by HADDOCK
and HDOCK were �122.6 � 0.7 and �302.12 kcal mol�1, respec-
tively. With a salt bridge between Glu30 and Lys417, the hydrogen
bonding interactors included Glu30–Lys417, Glu35–Gln493,
Glu38–Tyr449, Glu38–Gly496, Tyr41–Thr500, Tyr41–Thr500,
Gln42–Gln498, Asn330–Thr500, Lys353–Gly502, Lys353–Gly496,
and Lys353–Gln498. These ndings are consistent with previously
reported ACE2–RBD interaction data.38

The docking score for the B.1.618-RBD–ACE2 complex was
�123.6 � 3.1 according to HADDOCK with a cluster size of 67.
The HDOCK predicted docking score for the B.1.618-RBD–ACE2
complex was �311.03 kcal mol�1. The E484K-RBD complex
resulted in one salt bridge (between Lys403 and Glu30), whereas
12 hydrogen bonds were shown to be involved between E484K-
RBD and ACE2 residues: Lys403–Glu30, Gly432–Gln42, Tyr435–
Glu38, Tyr435–Gln42, Gln479–Glu35, Ser480–Tyr34, Gly482–
Lys353, Gln484–Lys353, Gln484–Gln42, Thr486–Tyr41, Thr486–
Tyr41, and Gly488–Lys353. Results suggest that the mutation
has changed the binding paradigm and that a key residue
important for recognition, i.e., Lys353, formed multiple inter-
actions with the RBD domain. Interestingly, some interactions
were highly conserved between the wild-type and E484K-mutant
complexes, particularly the interactions of Lys353 from ACE2
30136 | RSC Adv., 2021, 11, 30132–30147
with the spike RBD. Previously reported MD-extracted coordi-
nates indicate that this interaction is sustained.45,46 The binding
patterns of the wild-type and E484K complexes are shown in
Fig. 2A and B.

Considerable differences in the electrostatic energy between
the wild-type and mutant complexes were observed. The elec-
trostatic energy for the wild type was �223.0 � 20.0, whereas
that for the B.1.618 variant (E484K) mutant was �295.9 � 12.7.
This nding of greater electrostatic energy is supported by prior
studies in which the binding of SARS-CoV-2 and SARS-CoV
RBDs with ACE2 was evaluated; these studies revealed that
more hydrogen bonds and electrostatic interactions existed in
SARS-CoV-2.22,47 Thus, the results collectively indicate that the
stronger binding of the mutant complexes is mainly due to
electrostatic contributions. Moreover, these ndings suggest
that the key dissimilarities in interaction conformation are
important for higher infectivity.
3.4 NTD–mAb docking

The binding pattern of the wild-type-NTD and truncated
(B.1.618) NTD with mAb antibody was also evaluated here to
assess the deletion-specic impact on the recognition and
binding of mAb. Considerable differences in total binding
energy, vdW, and electrostatic energies were observed. For the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The interaction pattern of the wild-type and B.1.618 variant (E484K) mutant docking complexes. (A) A stick representation of the wild-
type-RBD and ACE2. Marine blue represents ACE2 while yellow represents the wild-type spike-RBD. (B) The binding interface of B.1.618 and
ACE2 shown as sticks. The cyan colour represents ACE2 while the orange colour represents mutated RBD.
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wild type, the total binding energy was �89.6 � 6.3; for the
truncated (B.1.618) NTD (Y145–H146 deletions) the total
binding energy was �80.8 � 2.9. In addition, the vdW for these
complexes were �47.3 � 4.9 and �39.0 � 5.9, respectively,
whereas the electrostatic energies were �223.0 � 20.0 and
�295.9 � 12.7, respectively. The HDOCK docking scores were
�339.26 kcal mol�1 for the wild-type and �283.11 kcal mol�1

for the truncated (B.1.618) NTD. Binding patterns revealed that
the wild-type and truncated (B.1.618) NTDs possessed seven and
ve hydrogen bonds, respectively. In each complex, multiple
salt bridges were also detected. The residues Tyr145 and His146
were previously reported to play an important role in the
binding of neutralizing antibodies (mAb).24 Although the
binding pattern showed that the mutant had more bonds than
the wild type, this demonstrates that binding with the residues
Tyr145 and His146 was more robust, which was also shown by
the docking scores. Additionally, these two residues may alter
Fig. 3 The interaction patterns of the wild-type and B.1.618 variant (Y145
the wild-type-NTD and mAb. (B) The binding interface of Y145–H146 de

© 2021 The Author(s). Published by the Royal Society of Chemistry
the function of the spike protein upon binding with mAb. These
results show that the new variant is an antibody-escaping
variant and does not have substantially altered binding
affinity. The binding patterns of the wild-type-NTD and trun-
cated (B.1.618) NTD complexes are shown in Fig. 3A and B.

3.5 Dissociation constant calculations

Tomore deeply assess the binding variations, we also calculated
the KD (i.e., dissociation constant) of the wild-type-RBD–ACE2,
E484K-mutant, wild-type-NTD, and truncated-(B.1.618)-NTD
complexes. KD is frequently used to estimate and rank the
strengths of biomolecular interfaces,48 and KD kinetics are
commonly used to estimate the affinity of antigen–antibody,
protein-small molecule, and large biological protein complexes.
Stronger binding of the two interacting partners can be inferred
from the lowest KD.49 This approach is most frequently
employed to determine the binding strengths of different
–H146 deleted) NTD docking complexes. (A) A stick representation of
leted and mAb (as sticks).
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Table 1 The HADDOCK predicted docking scores for all mutant complexes and additional parameters, including cluster size, vdW energy,
electrostatic energy, and Z-score. The table also tabulates the KD value (dissociation constant) for each complex predicted using PRODIGY
(PROtein binDIng enerGY prediction)

Docking parameter Wild-type-NTD B.1.618-NTD Wild-type-RBD–ACE2 B.1.618-RBD–ACE2

HADDOCK score �89.6 � 6.3 �80.8 � 2.9 �122.6 � 0.7 �123.6 � 3.1
Cluster size 61 22 64 67
RMSD from the overall lowest-energy structure 13.6 � 0.5 10.5 � 0.5 1.7 � 1.0 1.2 � 0.8
van der Waals energy �47.3 � 4.9 �39.0 � 5.9 �59.6 � 2.3 �55.5 � 2.4
Electrostatic energy �223.0 � 20.0 �295.9 � 12.7 �181.4 � 15.5 �196.8 � 16.6
Desolvation energy �8.7 � 3.1 �4.0 � 3.1 �27.1 � 3.4 �29.8 � 2.0
Restraint violation energy 110.2 � 15.5 213.8 � 57.6 4.7 � 3.8 31.0 � 16.7
Buried surface area 1573.9 � 125.4 1328.7 � 39.4 1965.3 � 120.6 1911.4 � 26.2
Z-score �1.2 �1.4 �1.9 �1.3
HDOCK scores �339.26 �283.11 �302.12 �311.03
KD (dissociation constant) 3.1 � 10�8 9.2 � 10�8 5.2 � 10�10 4.7 � 10�10
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biomacromolecules.50 Here, the PRODIGY algorithm was
employed to reveal the binding differences between wild-type
and mutant complexes, i.e., wild-type-RBD–ACE2, B.1.618-
RBD–ACE2, wild-type-NTD, and B.1.618-NTD. The results
showed that the binding affinities of the wild-type-RBD–ACE2
and B.1.618-RBD–ACE2 were tighter than that of B.1.618-RBD–
ACE2. The binding affinities of the wild-type-RBD–ACE2 and
B.1.618-RBD–ACE2 were 5.2 � 10�10 and 4.7 � 10�10, respec-
tively. Previously, lower KD values for B.1.1.7, B.1.351, and P.1
were reported, which eventually increase infectivity. These
reports are in agreement with the signicantly lower equilib-
rium KD values obtained in in vitro binding assays of SARS-CoV-
2 compared with the KD values for SARS-CoV.51,52 KD was also
determined for wild-type-NTD and B.1.618-NTD to evaluate the
binding of mAb to the wild type and B.1.618. The KD values for
wild-type-NTD (3.1� 10�8) indicated stronger binding than was
observed for B.1.618-NTD (with a KD of 9.2 � 10�8). These
results are consistent with recent ndings showing the reduced
binding of an antibody with the NTD.53 All the parameters,
including HADDOCK docking scores, cluster size, vdW energy,
electrostatic energy, and KD, of all the complexes are given in
Table 1.
Fig. 4 The RMSD(s) and Rg(s) of all the complexes in different colours. (a
are shown in black while the RMSDs of B.1.618-RBD–ACE2 and B.1.618-N
type-RBD–ACE2 and wild-type-NTD are shown in black while the Rg(s
respectively.

30138 | RSC Adv., 2021, 11, 30132–30147
3.6 Structural stability of RBD–ACE2 and NTD–mAb
complexes

Structural deviation in the dynamic conditions was analyzed
to evaluate variations in the stability of each complex as
RMSD. Results of comparative stability analysis revealed that
the wild-type-RBD–ACE2 complex was dynamically more
stable and presented intermolecular constraint deviation
relative to the B.1.618-RBD–ACE2 variant. Except for smaller
deviations at 50–60, 230–260, and 380–400 ns, the RMSD
trajectory of the wild type remained highly stable and reached
an equilibrium state aer 5 ns. The average RMSD value of
the wild type was �2.0 Å, although the aforementioned sharp
deviation reached 4.0 Å (Fig. 4a). In contrast, the B.1.618-
RBD–ACE2 variant showed dynamically unstable behavior
over the simulation period. The RMSD of B.1.618-RBD–ACE2
gradually increased at the start of the simulation and remained
attened until 35 ns; aerwards, signicant structural perturba-
tion was experienced over the remaining time. Specically,
signicant deviation occurred between 36 and 350 ns. During this
simulation period, the RMSD of the B.1.618-RBD–ACE2 complex
was in continuous oscillation and faced substantial perturbations
(Fig. 4a). This can be interpreted as a poorly docked intermolecular
) and (b) The RMSDs of the wild-type-RBD–ACE2 and wild-type-NTD
TD are shown in red and blue, respectively. (c) and (d) The Rg(s) of wild-
) of B.1.618-RBD–ACE2 and B.1.618-NTD are shown in red and blue,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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conguration with persistent formation and deformation of
chemical interactions, which result from the effort to acquire the
correct binding mode of the different molecules. During the simu-
lation period (36–350 ns), the RMSD remained high at approximately
6.0 Å. The RMSD subsequently decreased and remained stable until
500 ns, which can be interpreted as the stability in the intermolecular
docked pose nally having been achieved. The average RMSD over
the last 150 ns was 4.0 Å. In summary, these results show that the
wild-type complex is more behaviorally stable, although the B.1.618-
RBD–ACE2 complex also reached stability at 350 ns. The behavior of
the wild-type-RBD–ACE2 complex is consistent with the previous
nding, including a similar RMSD trend. Furthermore, our conclu-
sions are in agreement with the results of previous studies. First,
global RBD stability leads to higher ACE2 binding affinity, as previ-
ously reported.44 Moreover, earlier studies have shown a close link
between RBD stability and affinity, with mutations that maximize
structural stability and inexibility causing increases in binding
affinity.54,55

In addition, we calculated the RMSDs of wild-type-NTD and
B.1.618-NTD–mAb-bound complexes during the 500 ns simu-
lation time. The RMSD trends for the wild-type and B.1.618
NTDs were comparable. Apparently, the RMSDs for both
complexes increased initially up to 1.2 Å; the RMSD of the
wild-type-NTD complex then increased to 0.8 Å and reached an
equilibrium point at 50 ns, whereas the RMSD of the B.1.618-
NTD complex increased to 1.6 Å during the rst 100 ns.
Thereaer, at 100–250 ns, inverse RMSD trends were observed;
the RMSD of the wild type increased, whereas that of the
B.1.618-NTD complex gradually decreased. During the last 250
ns, the RMSDs of the wild-type-NTD and B.1.618-NTDs were
comparable. Intriguingly, the RMSD of the B.1.618-NTD
complex remained higher than that of the wild type but was
found to be more stable. However, the RMSD of the wild-type-
NTD complex faced structural perturbation at different time
intervals. Comparatively, the B.1.618-NTD–mAb-bound
complex was more stable than the wild-type-NTD–mAb-
bound complex. The RMSDs of both complexes are shown in
Fig. 4b.
3.7 Structural compactness of RBD–ACE2 and NTD–mAb
complexes

Structural compactness during the simulation may help to
understand the packing of the protein complexes and reveal the
binding and unbinding events that occur during the simula-
tion. We evaluated the compactness of each complex as a func-
tion of time to understand the key differences in the binding
between the wild-type and mutant complexes. As shown in Fig.
4c the structures of the wild-type-RBD–ACE2 and B.1.618-RBD–
ACE2 remained comparable; however, minor deviation was
observed at different time intervals. The B.1.618-RBD–ACE2 had
a more compact topology during the rst 100 ns than did the
wild type. Aerwards, the Rg values increased until 210 ns; for
the B.1.618-RBD–ACE2, the compactness then increased for
a short period (210–230 ns). Thereaer, the Rg values of the
wild-type-RBD–ACE2 and B.1.618-RBD–ACE2 remained similar
in the 231–350 ns period. For a short period, i.e., 350–450 ns, the
© 2021 The Author(s). Published by the Royal Society of Chemistry
differences in the Rg values between the wild-type-NTD and
B.1.618-NTD were obvious; however, at 500 ns the Rg pattern
again aligned between the two. These data show that the two
structures passed through several binding and unbinding
events, particularly the wild type, whereas the compactness of
the mutant (E484K) was observed to be conserved more during
the MD simulation. The average Rg value for both complexes
was 31.5 �A during the 500 ns simulation time.

Unlike the RBD complexes, the NTD complexes showed
noteworthy variations in structural compactness. During the
rst 0–100 ns, the structure of the B.1.618-NTD remained more
compact than that of the wild-type-NTD. During the rst 100 ns,
the average Rg values for the wild-type-NTD and B.1.618-NTD were
36.0 �A and 32.0 �A, respectively. Aerwards, B.1.618-NTD lost its
structural compactness and reached 38.0�A, and it remained at this
higher level until 350 ns. The Rg then decreased and remained
uniform during the last 150 ns. For the wild type, the average Rg
value remained at 34.0�A during the last 400 ns. An inverse trend
was observed during the last 400 ns for the wild-type-NTD and
B.1.618-NTD. In conclusion, these data show that, aer 100 ns,
mAb binding is destabilized by the deletions and then unbinding
events are strongly favored. The Rg graphs of the wild-type-NTD
and B.1.618-NTD are shown in Fig. 4d.
3.8 Residual exibility of RBD–ACE2 and NTD–mAb
complexes

We also evaluated the residual exibility of each residue in all
the complexes with the aim of understanding the strength
conferred by each residue to the intermolecular binding, the
molecular recognition, and the possible impact on the global
function of the biological macromolecules. To better explain
the differences in exibility at the residue level, we calculated
RMSF as a complex, apo (RBD and ACE2), and for the three
important loops, g1 (474–485), g2 (488–490), and g3 (494–505),
previously reported as crucial for binding.16,22,38 The RMSF of
the RBD–ACE2 complex is given in Fig. 5A; it can be seen that
the exibility of some regions, particularly 350–400 and 450–
526, was greatly increased (Fig. 5B). In addition, in ACE2, the
region 19–200 displayed higher uctuation (Fig. 5C). This
shows that the mutation induces exibility that results in
better conformational optimization during the simulation
time period and consequently alters the binding of RBD to the
host ACE2. To provide further insights into the three afore-
mentioned loops, per-residue RMSF was calculated (Fig. 5D–
F). Results showed that the exibility of these three loops was
increased by the mutation as an allosteric effect, which
improved the chances of bonding with nearby residues to
connect and form a stable connection. Overall, these ndings
indicate that the spike protein undergoes structural adjust-
ments to bind efficiently to the ACE2 receptor and, in turn,
increases entry to the host cells.

Moreover, we also estimated the RMSF for wild-type-NTD
and B.1.618-NTD complexes to show the residual exibility
differences in complex and apo states. From Fig. 6A, it can be
concluded that region 19–300 exhibits comparable uctuation
except in regions 19–75 and 250–300 in the B.1.618-NTD
RSC Adv., 2021, 11, 30132–30147 | 30139
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Fig. 5 Root mean square fluctuations to estimate the residual flexibility. (A) The RMSF for the wild-type and mutant complexes. (B) The RMSF for
the wild-type and mutant RBD. (C) The RMSF for ACE2. (D–F) The RMSF values of the three important loops in the RBD required for binding.
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higher uctuation, recorded in Fig. 6B. Signicant differences
in structural exibility were seen in mAb (0–230) in Fig. 6C.
Overall, the exibility dynamics reveal that the deletions have
caused the mAb to bind to the NTD weakly, and thus this
variant potentially acts like a neutralizing-antibody-evading
variant.
Fig. 6 Root mean square fluctuations to estimate the residual flexibility. (
the wild-type and mutant NTD. (C) The RMSF for the mAb.

30140 | RSC Adv., 2021, 11, 30132–30147
3.9 Hydrogen bond analysis

Protein–protein association is mainly guided by a variety of
factors among which hydrogen bonds and hydrophobic
interactions are key players. Interactions at protein interfaces
are always conducted by water molecules which compete with
A) The RMSF for the wild-type and mutant complexes. (B) The RMSF for

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Hydrogen bond occupancy of the wild-type-RBD–ACE2 and
B.1.618-RBD–ACE2 complexes during the 500 ns simulation time

ACE2 Wild-type-RBD–ACE2 Frames Percentage

Asp355@OD2 Thr500@HG1 22 630 90.52
Tyr83@HH Asn487@OD1 19 446 77.78
Lys353@O Gly502@H 16 059 64.24
Glu38@OE1 Tyr447@HH 10 334 41.34
Arg357@HH22 Thr500@OG1 5537 22.15
Lys353@HZ3 Tyr493@O 1807 7.23

ACE2 B.1.618-RBD–ACE2 Frames Percentage

Lys353@O Gly504@H 13 309 53.24
Ala386@O Tyr505@HH 12 365 49.46
Gly352@O Asn169@HD22 9548 38.19
Tyr83@HH Asn487@OD1 8408 33.63
Asp355@OD1 Thr500@HG1 7490 29.96
Gln325@HE22 Thr500@O 3948 15.79
Lys353@HZ1 Gln498@OE1 914 3.85
Lys353@HZ3 Gln498@OE1 900 3.66
Lys353@HZ1 Gln498@OE1 963 3.85
Gly352@O Gly502@H 3828 15.31
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the hydrogen bonds between residues.56 The processes behind
protein–protein coupling, as well as the implications in which
hydrogen bonds play a role, in this association are unknown.57

Whether hydrogen bonds govern protein–protein docking, in
particular, is a long-standing concern with a poorly under-
stood mechanism.58,59 Thus, to understand the bonding
pattern between the wild-type-RBD–ACE2, B.1.618-RBD–ACE2,
wild-type-NTD, and B.1.618-NTD complexes, post-simulation
Fig. 7 H-bonding analysis of the 500 ns trajectory of wild-type-RBD–A
and (C–E) the key interactions observed to be sustained during the simu

© 2021 The Author(s). Published by the Royal Society of Chemistry
hydrogen bonding analysis was conducted to determine the
binding specicity for ACE2 and mAb given biochemical
events steered by hydrogen bonding. Essential equilibrated
stable interactions with consistent contacts between different
molecules over longer simulation periods that execute essen-
tial biological functions were monitored over 500 ns simula-
tions for each complex. Interestingly, during interactions with
ACE2, several hydrogen bonds were well preserved in both the
wild-type-RBD–ACE2 and the B.1.618-RBD–ACE2 complexes.
As shown in Table 2, in the wild type, the bond between Thr500
and Asp355 was well preserved in 90.52% (22 630 frames) of
25 000 structures; in the B.1.618-RBD–ACE2 complex, this
interaction was sustained in only 29.96% of structural frames.
An essential interaction, Tyr83–Asn487, which has previously
been reported as a key interaction that differentiates SAR-CoV
and SAR-CoV-2 binding in terms of binding energy,60 is
reportedly responsible for the enhanced interaction between
SARS-CoV-2 RBD and the host ACE2 receptor. In the wild-type
complex, this bond was sustained in 77.78% (19 446) of
structural frames; in the B.1.618-RBD–ACE2 complex, it was
detected in only 33.63% (8408) of structural frames. Lys353 is
a key residue that may assist in the recognition and xation of
robust interactions between RBD and ACE2, and it is required
for the entry of SARS-CoV-2 to the host cell.60 Indeed, this
residue forms a cluster of interactions with Tyr495, Gly496,
Gln498, and Gly502 to facilitate this entry.22,47 Interestingly,
the interaction paradigm of Lys353 was well preserved while
being altered in the wild type. In B.1.618-RBD–ACE2, the
interaction of Lys353 with different residues was sustained in
53.24%, 3.85%, 3.65%, and 3.85% of structures, respectively.
CE2. (A) The interacting hotspots, (B) the hydrogen bond percentages,
lation.
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However, the interaction of Lys353 in the wild-type complex
accounted for only 64% of the total frames. Moreover, only six
key interactions in the wild-type B-RBD–ACE2 were involved
and sustained during the simulation at different fractions,
whereas ten key interactions had these qualities in B.1.618-
RBD–ACE2. The role of interfacial water molecules between
the RBD and ACE2 is also vital for the stronger affinity. A
recent comparative study on SARS-CoV and SARS-CoV-2 re-
ported that during the 100 ns the number of water molecules
at the interface site was greater in SARS-CoV than in SARS-CoV-
2.61 They reported that Gln493 is abridged with Glu35 by
a hydrogen bond mediated by water molecules entering the
interface during the simulation. Moreover, Arg403 stabilizes
the interface via water-mediated interaction with Asn33,
His34, Glu37, and Asp38 of ACE2 and thus contributes toward
the higher affinities.62 Conclusively we speculated that the
water molecules are also important for the higher infectivity
because it mediates the interaction. All the interactions along
with the frames and percentages of the total simulation are
given in Table 2; the interactions obtained from the average
equilibrated structures (wild-type-RBD–ACE2 and B.1.618-
RBD–ACE2) are shown in Fig. 7 and 8.

The binding differences during the MD simulation and the
half-life of each bond between mAb and the wild-type and
B.1.618 NTDs were also estimated. Measurement of such
interactions improves understanding of the key residues that
Fig. 8 H-bonding analysis of the 500 ns trajectory of B.1.618-RBD–ACE2
E) The key interactions observed to be sustained during the simulation.

30142 | RSC Adv., 2021, 11, 30132–30147
could be targeted for future therapeutics. As shown in Table 3
and Fig. 9, the interaction pattern of the wild type was mostly
conserved as the docking conformation. The availability of
three CDRs on the surface of mAb and the two important loops,
N3 (141–156) and N5 (246–260), mediated the interaction. The
residues of the CDR1 region interacted primarily with the N3
loop residues Glu31–Lys150, Thr30–His146, and Gly26–Lys150;
these interactions were sustained for 68.60%, 61.63%, and
51.32% of the simulations. The only interaction between CDR3
and the N5 loop (Gly56–Leu249) was sustained for only 24% of
the simulations. Among the other residues (CDR3), Gly26,
Thr30, and Glu31 interacted with His146 and Lys150 of loop 3.
The only interaction formed by CDR3 between Pro102 and
Tyr145 was sustained in 88.52% of the trajectories. Similar
ndings (i.e., similar interacting residues) were reported in
a previous study.24

Unlike the wild-type and B.1.618 NTDs, only six intermolec-
ular hydrogen bonds were sustained for a longer time. Among the
interactions given in Table 3 and Fig. 10, the bond between Thr30
and Asn146 was sustained in 76.96% of the total simulation
trajectories. Herein, the key interactions with Tyr145 and His146
are lost during the simulation. Most of the interacting residues
were conserved between the wild-type-NTD and B.1.618-NTD;
however, interaction with Tyr246 was observed to be present
only in the B.1.618-NTD complex. This shows that the loss of key
residues impacts the interaction pattern, alters the hydrogen
. (A) The interacting hotspots. (B) The hydrogen bond percentages. (C–

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Hydrogen bond occupancy of the wild-type-NTD and
B.1.618-NTD complexes during the 500 ns simulation time

mAb Wild-type-NTD Frames Percentage

Pro102@HZ1 Tyr145@O 22 130 88.52
Glu31@OE2 Lys150@HZ2 17 150 68.60
Thr30@OD1 His146@OD1 15 409 61.63
Gly26@O Lys150@HZ3 12 830 51.32
Ala103@O Asn148@HD22 9314 37.25
Thr105@O Asn148@HD21 7846 31.38
Gly56@N Leu249@O 6221 24.88
Gly104@N Asn148@OD1 4235 16.94

mAb B.1.618-NTD Frames Percentage

Thr30@OG1 Asn146@OD1 19 241 76.96
Glu54OE1 Lys148@NZ 15 312 61.24
Leu108@O Trp150@NE1 10 008 40.03
Glu31@OE1 Arg244@NH2 4213 16.85
Gly104@O Tyr246@N 3324 13.29
Glu31@OE2 Tyr246@OH 1508 6.03

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 2
:4

2:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
bonding network and eventually the interaction of mAb to the
NTD, which decreases the binding affinity and thus potentially
escapes neutralizing antibodies.

We also evaluated the total number of hydrogen bonds, both
intermolecular and intramolecular, for the 500 ns simulation
Fig. 9 H-bonding analysis of the 500 ns trajectory of the wild-type-NTD
(D) and (E) The key interactions observed to be sustained during the sim

© 2021 The Author(s). Published by the Royal Society of Chemistry
trajectories. The results shown in Fig. 11A represent the total
number of hydrogen bonds in the wild-type-RBD–ACE2 and
B.1.618-RBD–ACE2 complexes. The average numbers of
hydrogen bonds in the wild-type-RBD–ACE2 and B.1.618-RBD–
ACE2 were 388 and 391, respectively. Contrastingly, the total
numbers of hydrogen bonds in the wild-type-NTD and B.1.618-
NTD were 252 and 246 on average (Fig. 11B). Thus, the muta-
tions in these variants seem to have altered their hydrogen
bonding networks and they may use a different strategy for
infection. All H-bond results are presented in Fig. 11.

3.10 MM-GBSA binding energies

Estimating the binding affinity of a protein-small molecule or
two macromolecules can help determine the strength of the
biomolecular association. Recent computational estimations of
binding free energy via the MM-GBSA approach are arguably the
most frequently used methods by which to reevaluate docking
conformations through predictions of structural-dynamic
stability, the strength of interacting key hotspots, and total
binding affinities. The abovementioned approach is computa-
tionally cheaper than any alternative approach, i.e., alchemical
free energy estimation methods. The MM-GBSA method is
regarded as more precise and accurate than the conformist
scoring functions. Considering the higher applicability of this
method, we estimated the effects of the reported substitution in
the RBD (E484K) and the two deletions (Tyr145 and His146) in
the NTD on binding to ACE2 and mAb. The different energy
. (A) The interacting hotspots. (B) The hydrogen bond percentages. (C),
ulation.
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Fig. 10 H-bonding analysis of the 500 ns trajectory of the B.1.618-NTD. (A) The interacting hotspots. (B) The hydrogen bond percentages. (C–E)
The key interactions observed to be sustained during the simulation.

Fig. 11 Hydrogen bonding analysis of all the complexes. (A) The H-bonds for the wild-type-RBD–ACE2 and B.1.618-RBD–ACE2 complexes and
(B) the H-bonds for the wild-type-NTD and B.1.618-NTD complexes.

30144 | RSC Adv., 2021, 11, 30132–30147 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Free energy calculation (MM-GBSA) results obtained from the MD simulation trajectories of the wild type-RBD–ACE2 and B.1.618-
RBD–ACE2 complexes. All the energies given here are calculated in kcal mol�1

Complex

MM-GBSA (wild-type-RBD–ACE2)

0–100 ns 101–200 ns 201–300 ns 301–400 ns 401–500 ns Averages

vdW �104.28 �86.62 �90.78 �92.65 �87.51 �92.368
Electrostatic �542.96 �593.63 �593.14 �687.7 �698.97 �623.28
GB 599.63 624.7 639.33 729.74 733.15 665.31
SA �12.88 �11.7 �11.87 �12.21 �11.78 �12.088
Total binding energy �60.5 �67.26 �56.45 �62.82 �65.12 �62.43

Complex

MM-GBSA (B.1.618-RBD–ACE2)

0–100 ns 101–200 ns 201–300 ns 301–400 ns 401–500 ns Averages

vdW �71.19 �51.07 �84.06 �88.54 �84.78 �75.92
Electrostatic �829.34 �839.54 �971.6 �908.54 �878.09 �885.42
GB 855.89 820.86 997.19 945.28 900.34 903.91
SA �8.91 �6.43 �10.99 �11.69 �10.55 �9.714
Total binding energy �53.55 �76.18 �69.45 �63.48 �73.08 �67.14
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components estimated by the MM-GBSA method for wild and
variant complexes are provided in Tables 4 and 5, respectively.
In total, 25 000 structural frames were used while the binding
free energy was calculated at different time intervals, i.e., 0–100,
101–200, 201–300, 301–400, and 401–500 ns. Finally, the aver-
ages of each energy term were calculated and are presented in
the aforementioned tables. Comparative binding analysis of the
wild-type-RBD–ACE2 and B.1.618-RBD–ACE2 revealed that the
mutation E484K increases the binding affinity toward the ACE2
receptor. For the complexes of wild-type-RBD–ACE2 and
B.1.618-RBD–ACE2, the vdW energies were �92.36 and
�75.92 kcal mol�1, respectively, whereas the electrostatic
energies were �623.28 and �885.42 kcal mol�1, respectively.
These ndings are consistent with those from previously re-
ported studies, which also claimed that electrostatic
Table 5 Free energy calculation (MM-GBSA) results obtained from MD
energies given here are calculated in kcal mol�1

Complex

MM-GBSA (wild-type-NTD)

0–100 ns 101–200 ns 20

vdW �69.37 �48.77 �
Electrostatic �697.24 �627.88 �
GB 733.02 651.83
SA �9.66 �6.52
Total binding energy �43.25 �31.34 �

Complex

MM-GBSA (B.1.618-NTD)

0–100 ns 101–200 ns 20

vdW �58.12 �64.10 �
Electrostatic �754.45 �536.94 �
GB 772.45 583.94
SA �7.92 �7.74
Total binding energy �48.04 �24.84 �

© 2021 The Author(s). Published by the Royal Society of Chemistry
interactions are the key drivers of stronger binding and
increased infectivity.16,38 Furthermore, the total binding energy
was also associated with the docking scores, which revealed the
average binding energies as �62.43 kcal mol�1 for the wild type
and �67.14 kcal mol�1 for the B.1.618-RBD–ACE2 complex.
Overall, these results show that the binding affinity toward the
host cellular receptor is increased, although not signicantly,
and that infectivity rate is changed.

We also explored the binding differences between thewild-type-
NTD and B.1.618-NTD using MM-GBSA. The aforementioned time
intervals were used to compute the binding energy at different
times and then the averages were estimated for each complex. As
shown in Table 5, the data suggest that the binding affinity of the
B.1.618-NTD was substantially decreased. For the wild-type-NTD,
the average vdW and electrostatic energies were �64.33 and
simulation trajectories of the wild-type and mutant complexes. All the

1–300 ns 301–400 ns 401–500 ns Averages

72.76 �50.93 �79.84 �64.33
756.52 �993.07 �768.24 �768.59
759.45 995.92 795.21 787.08
�8.98 �8.34 �7.99 �8.29
78.81 �56.42 �60.86 �54.13

1–300 ns 301–400 ns 401–500 ns Averages

58.93 �56.03 �44.47 �56.33
843.79 �995.79 �952.23 �816.64
845.03 1002.30 980.77 836.89
�9.00 �8.82 �5.27 �7.75
66.69 �58.33 �21.20 �43.82

RSC Adv., 2021, 11, 30132–30147 | 30145

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04694b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 2
:4

2:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
�768.59 kcal mol�1, respectively; for the B.1.618-NTD, these
respective values were �56.33 and �816.44 kcal mol�1. Interest-
ingly, differences in the total binding energy were higher than the
RBD domain interaction energy. The average total binding energy
for the wild-type-NTD was �54.13 kcal mol�1, whereas for the
B.1.618-NTD it was �43.82 kcal mol�1. Consequently, the binding
of mAb to the new variant was reduced; this explains how the
B.1.618-NTD variant is an antibody-escaping variant.

4. Conclusions

In conclusion, using macromolecular docking and biomolec-
ular approaches, we discovered that the new SARS-CoV-2
variant B.1.618 is an antibody-escaping variant. Via deep-
bonding network analysis, we revealed that the hydrogen
bonding network between the wild type and mutant (both RBD
and NTD) is reprogrammed and that structural-dynamics
features exhibit signicant variations. We also found that
the exibility of three important loops and the increment in
electrostatic energy in the RBD are the primary determinants
of the observed variations between the wild-type-RBD–ACE2
and B.1.618-RBD–ACE2. In an analysis of the NTD, the binding
of mAb was found to be reduced drastically by two deletions,
and the hydrogen bonding network was also altered. As indi-
cated by our data, the B.1.618 variant slightly alters the
binding affinity to the host while potentially emerging as an
antibody-escaping variant.

Data availability

All the data is available on RCSB and UniProt, and any simu-
lation data will be provided on demand.

Funding

Dong-Qing Wei is supported by grants from the Key Research
Area Grant 2016YFA0501703 of the Ministry of Science and
Technology of China, the National Science Foundation of China
(Grant No. 32070662, 61832019, 32030063), the Science and
Technology Commission of Shanghai Municipality (Grant No.:
19430750600), the Natural Science Foundation of Henan Prov-
ince (162300410060), as well as SJTU JiRLMDS Joint Research
Fund and Joint Research Funds for Medical and Engineering
and Scientic Research at Shanghai Jiao Tong University
(YG2017ZD14). The computations were partially performed at
the Pengcheng Lab and the Center for High-Performance
Computing, Shanghai Jiao Tong University.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The computations were partially performed at the Center for
High-Performance Computing, Shanghai Jiao Tong University.
We acknowledge their help.
30146 | RSC Adv., 2021, 11, 30132–30147
References

1 F. Wu, S. Zhao, B. Yu, Y.-M. Chen, W. Wang, Z.-G. Song,
Y. Hu, Z.-W. Tao, J.-H. Tian and Y.-Y. Pei, Nature, 2020,
579, 265–269.

2 N. Zhu, D. Zhang, W. Wang, X. Li, B. Yang, J. Song, X. Zhao,
B. Huang, W. Shi and R. Lu, N. Engl. J. Med., 2020, 727–733.

3 W.-j. Guan, Z.-y. Ni, Y. Hu, W.-h. Liang, C.-q. Ou, J.-x. He,
L. Liu, H. Shan, C.-l. Lei and D. S. Hui, medRxiv, 2020, 1–30.

4 C. Huang, Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, L. Zhang,
G. Fan, J. Xu and X. Gu, Lancet, 2020, 395, 497–506.

5 S. R. Weiss and J. L. Leibowitz, in Advances in virus research,
Elsevier, 2011, vol. 81, pp. 85–164.

6 Z. Zhu, X. Lian, X. Su, W. Wu, G. A. Marraro and Y. Zeng,
Respir. Res., 2020, 21, 1–14.

7 Z. Song, Y. Xu, L. Bao, L. Zhang, P. Yu, Y. Qu, H. Zhu,
W. Zhao, Y. Han and C. Qin, Viruses, 2019, 11, 59.

8 T. Kirby, Lancet Respir. Med., 2021, 9, e20–e21.
9 S. M. Haque, O. Ashwaq, A. Sarief and A. K. Azad John
Mohamed, Future Virol., 2020, 15, 625–648.

10 W. Li, M. J. Moore, N. Vasilieva, J. Sui, S. K. Wong,
M. A. Berne, M. Somasundaran, J. L. Sullivan,
K. Luzuriaga, T. C. Greenough, H. Choe and M. Farzan,
Nature, 2003, 426, 450–454.

11 S. F. Ahmed, A. A. Quadeer and M. R. McKay, Viruses, 2020,
12, 254.

12 F. Li, J. Virol., 2015, 89, 1954–1964.
13 A. Kawana, Jpn. J. Clin. Med., 2016, 74, 1967–1972.
14 S. Günther, P. Y. A. Reinke, Y. Fernández-Garćıa, J. Lieske,
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