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and kinetics in antibody
resistance of the 501Y.V2 SARS-CoV-2 variant†

Son Tung Ngo, *ab Trung Hai Nguyen,ab Duc-Hung Pham,c

Nguyen Thanh Tung de and Pham Cam Nam *f

Understanding the thermodynamics and kinetics of the binding process of an antibody to the SARS-CoV-2

receptor-binding domain (RBD) of the spike protein is very important for the development of COVID-19

vaccines. In particular, it is essential to understand how the binding mechanism may change under the

effects of RBD mutations. In this context, we have demonstrated that the South African variant (B1.351 or

501Y.V2) can resist the neutralizing antibody (NAb). Three substitutions in the RBD including K417N,

E484K, and N501Y alter the free energy landscape, binding pose, binding free energy, binding kinetics,

hydrogen bonding, nonbonded contacts, and unbinding pathway of RBD + NAb complexes. The low

binding affinity of NAb to 501Y.V2 RBD confirms the antibody resistance of the South African variant.

Moreover, the fragment of NAb + RBD can be used as an affordable model to investigate changes in the

binding process between the mutated RBD and antibodies.
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Introduction

The novel b-coronavirus, SARS-CoV-2, whose sequence is
similar to SARS-CoV-1 and MERS-CoV, which induced the
human respiratory epidemic at the beginning of this century, is
the cause of the human respiratory disease (COVID-19)
pandemic worldwide.1,2 This virus has infected more than 160
million people and is associated with more than 3 million
deaths.3 SARS-CoV-2 is a single-positive-strand RNA virus,
whose genome encodes for four main components: spike,
envelope, membrane, and nucleocapsid.4,5 The spike protein (S
protein) of SARS-CoV-2 which is used by the virus to bind to
human angiotensin-converting-enzyme 2 (ACE2), has been
researched thoroughly. ACE2 is present in different tissues in
the body, including the lung, heart and liver,6 and is employed
by SARS-CoV-2 as a receptor to bind and infect human cells. The
S trimer comprises three copies of S1 and S2 subunits. The S1
subunit contains 4 domains: S1A, S1B, S1C, and S1D, in which
the S1B domain is also called the receptor-binding domain (RBD),
which mediates the attachment of the spike protein to the target
cell via binding to the ACE2 receptor.7 Once the RBD is in the ‘up’
conformation, it can recognize and bind to ACE2, which leads to
conformational changes of the S2 subunit and enables SARS-CoV-2
to fuse with the cell membrane and to enter host cells.1,7

RBD is the main target of neutralizing antibodies (NAbs)
which can be isolated from plasma of COVID-19 patients,
immunoglobulin libraries, or immunized laboratory animal
models.1 These NAbs can be roughly divided into four main
classes, of which class 1s0 and class 2s0 RBD epitopes overlap
with the ACE2-binding site, suggesting a neutralization mech-
anism that involves direct competition with ACE2. Class 1
© 2021 The Author(s). Published by the Royal Society of Chemistry
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antibodies, which are encoded by the immunoglobulin V-gene
(VH3-53) segment with complementarity-determining regions
1 and 2 (CDRH1 and CDRH2) and a short CDRH3, are mostly
elicited by SARS-CoV-2 infection. On the other hand, when class
2 antibodies also target site I10,15 which is also target epitopes of
class 1 antibodies, they bind to RBD in both ‘up’ and down’
conformations of S protein.1,8 Additionally, class 3 antibodies
bind outside ACE2 and recognize both up and down RBD, while
class 4 antibodies comprise previously described antibodies
that cannot block ACE2 and target only to RBD in ‘up’ confor-
mation.1 Besides RBD, the N-terminal domain (NTD) of protein
S is also a popular target for NAbs and many potent monoclonal
antibodies directed against this region show great potential in
clinical trials for COVID-19 treatment.8 The majority of these anti-
bodies target a single immunodominant site on NTD, including the
N1-loop (NTD N-terminus), N3-loop (supersite b-hairpin), and N5
loop (supersite loop). Subsets of these antibodies and NAbs in class
1 and class 3 form multi-donor classes, with a different set of VH
germline restricted mode of spike recognition.8

Due to many reasons, including high transmissibility, the
longevity of the pandemic, and encountering with immuno-
compromised hosts, SARS-CoV-2 undergoes different rounds of
mutations, which has altered the structures of the virus,
modulated its infectivity, and changed the antigenicity of the
surface proteins.9 The variants, including United Kingdom
(B1.1.7) and South African (B1.351 or 501Y.V2) variants have
associated with increased transmissibility and possibly
increased mortality.8 Especially, the SARS-CoV-2 lineage in
South Africa, included nine mutations in the spike protein,
seems to decrease the efficacy of NAb as well as Covid-19 vaccine
efficacy of some vaccines currently being used.10,11 The muta-
tions in B1.351 can be divided into two groups, one concen-
trates in NTD, including four substitutions and a deletion
(L18F, D80A, D215G, D242–244, and R246I), and the other
Fig. 1 Starting structures of RBD + antibody systems. (A) 501Y.V2 RBD+N
(D) 501Y.V2 RBD + NAb/fNAb in biased MD simulations; (E) free energy
conformation similar to the 501Y.V2 one. The fNAb was mobilized from b
then the free energy profile was calculated via US simulations.

© 2021 The Author(s). Published by the Royal Society of Chemistry
involves three substitutions in RBD (K417N, E484K, and
N501Y).12 These changes induce S protein biological and
structural alterations. Especially, mutation E484K is very crit-
ical, which can reduce the effect of NAb.13

Evaluating antibody resistance of the 501Y.V2 SARS-CoV-2
variant is greatly attractive to scientists.8,10,11,14 Understanding
the physical insights into the process probably enhances the
vaccine developments, but the knowledge is still limited.
Therefore, in this context, atomistic simulations were carried
out to reveal the insights at the atomic level of the binding
process of NAb to 501Y.V2 SARS-CoV-2 RBD. For the rst step,
structural changes of the 501Y.V2 and wildtype (WT) SARS-CoV-
2 RBD + NAb complexes were characterized via unbiased MD
simulations. Thermodynamics and kinetics of the binding
process were then revealed via biased MD simulations. More-
over, fragment of NAb (fNAb) is oen used to study the binding
of S protein/RBD to antibody.15,16 In this work we also investi-
gated binding of fNAb (cf. Fig. 1E and S1 of the ESI le†) to RBD
to evaluate the possibility of using fNAb in studying the inu-
ence of RBD mutations on the binding affinity instead of using
NAb which is a larger molecule and costs more computing
resources. Furthermore, it should be noted that glycosylation of
RBD was neglected to clarify the interaction nature between
RBD + antibodies, although glycans play an important role in
the modulation of the spike conformational dynamics.17–19

Details of simulations were described in Fig. 1 and the ESI le.†
Computational methods
Structure of SARS-CoV-2 antibodies and RBD

The three-dimensional structure of SARS-CoV-2 RBD and their
antibodies NAb was found from the Protein Data Bank (PDB)
with the identities of 7BWJ.20 The fNAb was extracted from NAb
as showed in Fig. 1E. The resolution of 7BWJ and 2.85 Å.
Ab in MD simulations; (B) 501Y.V2 RBD+ fNAb in MD simulations; (C) +
scheme. The WT RBD + antibody complexes were formed an initial
ound to unbound states via the fast pulling of ligand (FPL) calculations,

RSC Adv., 2021, 11, 33438–33446 | 33439
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Moreover, as mentioned above, it should be noted that the new
variant of the SARS-CoV-2 in South Africa, B1.351 or 501Y.V2,
forms eight changes in the spike protein. There are four
substitutions and a deletion in the N-terminal domain (NTD)
including L18F, D80A, D215G, D242–244, and R246I. Conse-
quently, three substitutions were found in RBD involving
K417N, E484K, and N501Y. The RBD structure with three
substitutions was thus prepared via changing three residues of
7BWJ using the PyMOL mutagen tools.21 Besides, 50Y.V2 RBD
with glycan was obtained from PDB ID 7LYQ,22 in which glycan
linked with the residue Asn343.

Molecular dynamics simulations

The atomistic simulation was performed using the GROMACS
version 5.1.5 with general-purpose computing on graphics
processing units.23 The protein, antibody, and neutralized ions
were parameterized via the Amber99SB-iLDN force eld24 since
it is a suitable force eld for free energy calculation.25 The TIP3P
water model was chosen to simulate the water molecule.26 The
system's congurations were shown and reported in detail in
Fig. 1A and B and Table S1 of the ESI.†

TheMD simulation parameters were taken from the previous
works.27,28 However, in particular, the integration time step was
taken to be 3 femtoseconds. A non-bonded pair interaction were
cutoff at a radius of 0.9 nm, in which the electrostatic interac-
tion was calculated using the fast Particle-Mesh Ewald electro-
statics approach29 as well as the van der Waals (vdW) interaction
was computed using the cut-off scheme. The solvated complex
was initially optimized using the energy minimization via the
steepest descent method. The minimized system was then
relaxed in NVT and NPT ensembles with a length of 100 ps each
simulation. During NVT and NPT simulations, the integral was
attempted every 1 femtosecond. The equilibrium snapshots
obtained via NPT simulations were used as starting conforma-
tions of MD simulations. The conventional MD simulations
were performed with interval 100 ns and repeated 4 times
independently. These independent trajectories thus have the
same initial conformation but different generated velocities.

Biased molecular dynamics simulations

Steered-MD (SMD) simulation. Representative structures of
RBD + antibody systems, which were obtained via MD simu-
lations, were employed as initial structures of FPL simula-
tions. The complexes were reinserted into the rectangular PBC
box for saving the computing resources. The conguration
information was described in Fig. 1C, D and Table S1.† The
FPL simulations were carried out to generate unbinding
conformations of the systems, which were used as starting
shapes of US simulations. From the beginning, the antibodies
were forced to dissociate from the binding mode with the WT/
501Y.V2 RBD using SMD simulations. In particular, eight SMD
trajectories were carried out to probe the most optimal-
unbinding pathway. The trajectory, in which the rupture
force, FMax, and pulling work, W, formed the smallest devia-
tion in comparison with the median values, was used for
generating US windows. In FPL, the antibody was pulled along
33440 | RSC Adv., 2021, 11, 33438–33446
Z-axis via an external force using cantilever k ¼ 1000 kJ mol�1

nm�2 and constant velocity v ¼ 0.001 nm ps�1. During the
simulation, the RBD was soly xed via Ca restraint. The
pulling force, antibody displacement, and systemic coordi-
nates were recorded every 33 integrated steps.

Umbrella sampling simulation. The systemic snapshots,
which were extracted from the FPL trajectory since the antibody
displaced every ca. 1.0 Å along the unbinding pathway x, were
used as starting shapes of US simulations. Ca. 25 US windows
each complex were simulated with a length of 10 ns of MD
simulation to calculate the potential of mean force (PMF) curve.
It should be noted that a short NPT simulation was executed to
reduce initial uctuations.30,31 The PMF values were calculated
via the weighted histogram analysis method (WHAM).32 The
free energy barriers, DG++

on and DG++
off, and binding free energy,

DGb, of the binding process between RBD and NAb were esti-
mated as described as Fig. 1E.
Analyzed tools

The free energy landscape (FEL) of the complex was constructed
using the principal component analysis (PCA) method,33 in
which coordinates PC1, rst eigenvector, and PC2, second
eigenvector, were calculated using GROMACS tools “gmx
anaeig”. In particular, the PCs of backbone protein were
calculated over the entire conformational ensemble. A non-
bonded (NB) contact was counted when the pair between two
heavy atoms is smaller than 4.5 Å. A hydrogen bond (HB)
contact was counted when the angle : between donor (D) –
hydrogen (H) – acceptor (A) is larger than 135� and the distance
between D and A is smaller than 3.5 Å. The PMF value was
estimated via the Weighted Histogram Analysis Method
(WHAM) with the execution of auto-correlated time. The
computed error was calculated using the bootstrapping
method.34 The solvent accessible surface area (SASA) was
computed using GROMACS tool “gmx sasa”.
Results and discussion

It should be noted that investigating structures of protein–
protein complexes and understanding how they bind together
are fundamental issues.35 Moreover, structures of several
complexes remain difficult to solve experimentally.36,37

Furthermore, in order to characterize the protein–protein
binding mechanisms, powerful experimental approaches are
required,38,39 but the obtained data are normally limited or
indirect. Obtaining direct data at an atomic level about binding
pathways and physical insights into the binding mechanisms
are still open issues.35 Atomistic MD simulations emerge as
potential approaches for investigating both dynamics and
structural change of protein–protein complexes.17,40,41 Using MD
simulations, we can easily monitor the associate and dissociate
processes of a monomer to the others.28,42 However, in fact, the
association of two proteins may take place at a much longer
time scale than unbiased simulations can usually reach. Nor-
mally, the enhanced sampling methods, which may combine
several short simulation trajectories, are used to modeling the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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unbinding process of two proteins.30,43 The association of
protein–protein is thus predicted.43 Therefore, in this work,
atomistic simulations will be performed to reveal the insights at
the atomic level of the binding process of an antibody to various
SARS-CoV-2 variants RBD. Structural changes of the SARS-CoV-2
RBD + antibody complexes were characterized viaMD simulations.
Besides, because the glycan linked with the residue Asn343,22

which is far from the binding surface of RBD, the effect of the
glycan on the binding of RBD and antibody can be thus neglec-
ted.44 Moreover, the obtained superposition of RBD with and
without glycan conrmed the argument that the neglection of
glycan probably adopts small effects on the interacted picture
between RBD and antibody (Fig. S2 and S3 of the ESI le†).
Thermodynamics and kinetics of the binding process were then
revealed via a combination of SMD and US simulations.

Unbiased MD simulations were carried out to understand
the structural change at the atomistic level of 501Y.V2 RBD +
antibodies since the binding affinity of the antibodies to
501Y.V2 RBD was altered according to the recent report.8,10,11,14

The stabilized conformations of the RBD + antibody complexes
were investigated over the equilibrium trajectories (cf. Fig. S4 of
the ESI le†). Moreover, the obtained superposition of calcu-
lated metrics in the different intervals conrmed the conver-
gence of unbiased MD simulations (Fig. S5–S8 of the ESI le†).
Furthermore, the structural changes of the complexes were re-
ported in Fig. S9 and S10 of the ESI le.† In particular, the
backbone root-mean-square deviation (RMSD) and SASA of the
complexes were enlarged when the 501Y.V2 variant were
induced. However, the HB and NB contacts between RBD and
Fig. 2 Free energy landscape of RBD + antibody complexes was constr
RBD + fNAb over 4 independent MD trajectories; (B) mentions the FEL of
the FEL of the 501Y.V2 RBD + fNAb over 4 independent MD trajectories;
MD trajectories.

© 2021 The Author(s). Published by the Royal Society of Chemistry
NAb/fNAb were signicantly reduced due to mutations. The
obtained results imply that the protein–protein binding affinity
between 501Y.V2 RBD to NAb/fNAb was decreased in compar-
ison with WT one.

In order to estimate the representative conformations of the
complexes, the two-dimensional FEL was generated using “gmx
sham” tool.33,45 Two coordinates constructing FEL were rst and
second eigenvectors, which were computed using the PCA
method.33 The obtained results were described in Fig. 2 (FEL for
individual trajectories were presented in Fig. S11–S14 of the
ESI†). Clearly, the 501Y.V2 variant increases the number of the
FEL local minima implying that the 501Y.V2 complex is more
exible than the WT one. It also suggests that the binding free
energy DGb between 501Y.V2 RBD and NAbs is probably
reduced. The obtained results are in good consistent with NB
and HB contacts analyses above.

The WT RBD + fNAb only formed one minimum noted as w1
in Fig. 2A, which is located at (CV1; CV2) coordinates of (0.40;
0.40). The representative structures of the complex corre-
sponding to w1 was calculated using the clusteringmethod with
a backbone RMSD cutoff of 0.2 nm. In particular, the antibody
adopted HBs to 4 residues of theWT RBD including G447, Y449,
N450, and E484 (cf. Fig. 3). These results suggest that amutation
E484K will signicantly alter the binding affinity/mechanism of
the RBD + fNAb. Two minima were observed in FEL of 501Y.V2
RBD + fNAb, which are located at (CV1; CV2) coordinates of
(1.60; �1.40) and (�3.60; �1.00) denoted as m1 and m2,
respectively. The corresponding population of m1 and m2 is 75
and 25%, respectively. Analyzing the representative structure
ucted using PCA method. In particular, (A) presents the FEL of the WT
the WT RBD + NAb over 4 independent MD trajectories; (C) describes

and (D) denotes the FEL of the 501Y.V2 RBD + NAb over 4 independent

RSC Adv., 2021, 11, 33438–33446 | 33441
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m1, the antibody was found to be able to form HBs to the
residues K444, G447, Y449, and N450 of the 501Y.V2 RBD. The
corresponding residues of m2, which formed HBs to RBD 2–4,
are G447, Y449, N450, and K484 (cf. Fig. 3). The observed
structural changes imply that the binding affinity and kinetics
between RBD and fNAb probably change. A similar story of RBD
+ NAb, which is mentioned in detail below, was obtained and
conrmed the results.

The WT/501Y.V2 RBD + NAb systems were also investigated.
FEL of the complexes was signicantly altered when the muta-
tions were induced. The WT RBD + NAb formed two minima,
which were shown in Fig. 2B. These minima located at (CV1;
CV2) coordinates of (0.63; 0.75) and (0.63; 3.38) denoting as W1
and W2, respectively. The corresponding population of W1 and
W2 is 63 and 37%, respectively. Besides that, the 501Y.V2 RBD +
NAb FEL (Fig. 2D) adopted threeminima, which located at (CV1;
CV2) coordinates of (7.50; 4.13), (5.63; �4.50), and (�18.8; 1.50)
labelling as M1, M2, and M3, respectively. The corresponding
population of M1, M2, and M3 is 45, 38, and 17%, respectively.
Analyzing the complex W1, the HBs were observed between
antibody and residues G447, Y449, N450, and E484 of the RBD
that is in good consistency to the w1 case. However, HBs were
only found between the NAb and residue E484 of theWT RBD in
the complex W2 (Fig. 4). The obtained results indicate that
Fig. 3 The representative structures of WT and 501Y.V2 RBD + fNAb in d
and m2, which were mentioned in Fig. 2. The structures were obtained u
The interaction diagram between RBD and fNAb was estimated using Py

33442 | RSC Adv., 2021, 11, 33438–33446
residue E484 plays an important role in the binding process of
the antibody to the RBD that is in good consistent with the
recent work.13 Replacing the E484 with another residue prob-
ably modies the binding mechanism of the antibodies to RBD
rather than substitutions at the different positions. Moreover, it
should be noted that in the 501Y.V2 variant induced, a lysine
residue substitutes the glutamate residue at the sequence 484.
The replacement probably terminates the HBs and weakening
the attracted force between the NAb and the RBD. The argument
was conrmed via evaluations of the representative structures
of 501Y.V2 RBD + NAb complexes. In conformation M1, the HBs
between NAb and the residues G447, Y449, and N450 of RBD
were found. The residues G447, Y449, N450, and T470 of
501Y.V2 RBD procedure HBs to NAb in conformation M2.
Furthermore, the NAb only found two HBs to the residue E471
and N481 of the 501Y.V2 RBD. The free energy approach should
be carried out to clarify the change of binding affinity upon the
structural changes of the 501Y.V2 RBD + NAb complexes.

As discussion above, the RBD + fNAb structure is more
exible when the 501Y.V2 variant was induced. The binding
affinity/mechanism of the complex are thus altered. In this
work, a combination of SMD/US simulations were carried out to
probe the change in RBD + NAbs association. The SMDwas used
to generate US windows (cf. the ESI le†). The free energy prole
ifferent perspective. The structures corresponds to the minima w1, m1,
sing the clustering method with a backbone RMSD cut-off of 0.2 nm.
MOL tool.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The representative structures of WT and 501Y.V2 RBD + NAb corresponding to the minima W1, W2, M1, M2, and M3, which were
mentioned in Fig. 2. The structures were obtained using the clusteringmethodwith a backbone RMSD cut-off of 0.2 nm. The interaction diagram
between RBD and NAb were obtained using PyMOL tool.
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was then calculated using the WHAM.32 The binding free energy
DGb between RBD and NAbs is able to calculate via PMF curve as
mentioned in Fig. 1E.30,31 Moreover, the free energy barriers
DG++

on and DG++
off, which were associated with the binding kinetic

rate constant kon and the unbinding kinetic rate constant koff
can be also estimated, respectively.

The calculated results for free energy barriers (cf. Table 1)
indicated that the NAbs will bind to 501Y.V2 RBD more difficult
than WT one because of the larger DG++

on. NAbs are much easier
to bind to than to unbind from RBD, because the DG++

off is larger
© 2021 The Author(s). Published by the Royal Society of Chemistry
than the DG++
on. However, in the M3 case, the DG++

off ¼ 0.14 �
0.18 kcal mol�1 is signicantly smaller than the DG++

on ¼ 2.83 �
0.65 kcal mol�1 indicating that it takes more time for NAb to
bind to 501Y.V2 RBD for them unbind. Moreover, the observa-
tions were also supported by the binding free energy, DGb,
calculations, in which the thermodynamic metric correspond-
ing to the association between NAbs and RBD is signicantly
decreased when the 501Y.V2 variant was induced (Table 1). The
NAb is thus resisted to bind to 501Y.V2 RBD. Therefore, it may
be argued that the 501Y.V2 variant could reduce the vaccine
RSC Adv., 2021, 11, 33438–33446 | 33443
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Table 1 The calculated results using SMD and US simulationsa

No. System FMax W DG++
on DG++

off DGb

1 WT RBD + fNAb (w1) 1388.0 � 18.6 139.9 � 3.3 0.24 � 0.20 18.31 � 0.82 �18.07 � 0.84
2 501Y.V2 RBD + fNAb (m1) 859.3 � 40.7 72.8 � 3.4 0.81 � 0.26 12.00 � 0.82 �11.19 � 0.77
3 501Y.V2 RBD + fNAb (m2) 1007.4 � 31.2 86.8 � 3.1 0.73 � 0.11 11.62 � 0.54 �10.89 � 0.55
4 WT RBD + NAb (W1) 1133.6 � 39.0 178.8 � 8.5 0.36 � 0.75 39.82 � 1.31 �39.46 � 1.08
5 WT RBD + NAb (W2) 1137.6 � 25.8 181.5 � 6.5 0.76 � 0.29 43.36 � 0.73 �42.60 � 0.67
6 501Y.V2 RBD + NAb (M1) 745.5 � 25.4 96.1 � 3.6 0.62 � 0.15 21.64 � 0.66 �20.93 � 0.68
7 501Y.V2 RBD + NAb (M2) 748.0 � 33.1 81.6 � 6.5 0.42 � 0.24 16.16 � 0.88 �15.74 � 0.91
8 501Y.V2 RBD + NAb (M3) 470.2 � 25.7 50.5 � 4.5 0.14 � 0.18 2.83 � 0.65 �2.70 � 0.68

a The calculated results over SMD and US simulations. The details of free energy prole and histograms over US simulations were reported in
Fig. S15–S18 of the ESI le.
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efficiency. The observation is in good agreement with the
experimental data that the neutralizing antibody is weaker bind
to 501Y.V2 spike protein than to WT one.8,10,11,14 However,
Fig. 5 The collective-variable FEL revealed the unbinding pathways of fN
The representative structures of complexes were also estimated using t

33444 | RSC Adv., 2021, 11, 33438–33446
besides, the free energy value over the population of minima
and the predicted kinetic coefficients were reported in Table S2
of the ESI le.† The predicted values should only use for
Ab from the binding mode with WT/501Y.V2 RBD over US simulations.
he clustering method with a backbone RMSD cutoff of 0.2 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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qualitative comparisons between the RBD + antibody
complexes, because the absolute value of the metrics is quite
different from experimental values.46

The collective-variable FEL,47 was constructed by number of
contacts between two proteins within 0.45 nm and the displacement
of the antibody, revealed the unbinding pathway of NAbs. The ob-
tained FEL was shown in Fig. 5 and S19 of the ESI le.† The repre-
sentative structures of the complexes within a backbone RMSD of
0.2 nm were then estimated using clustering method.33 The
unbinding pathways were signicantly altered under effects of the
501Y.V2 variant. A larger number of transition states of the WT RBD
+ fNAb complex implies that it is hard to unbind the antibody from
WT system than 501Y.V2 variant. Moreover, the representative
structures B, b, and b0 correspond to the bindingmodel of the RBD +
fNAb complexes. The structures D7, d6, and d40 respond to the
minima where the fNAb completely detached from RBD. The other
conformations correspond to dissociated structures along
unbinding pathways. The similar picturewas also observedwhen the
RBD + NAb complexes were investigated (Fig. S19 of the ESI le†).

Conclusions

In this work, the NAb resistance of 501Y.V2 variant was investi-
gated using atomistic simulations. In particular, the binding
pose of NAb/fNAb to WT/501Y.V2 RBD was revealed using
atomistic simulations. Reducing number of HB and NB contacts
between RBD and antibodies were observed when the 501Y.V2
variant was induced. Increasing FEL minima of 501Y.V2 RBD +
NAb/fNAb in comparison with theWT RBD systems infer that the
complex 501Y.V2 RBD + NAb/fNAb is more unstable than the WT
one. Moreover, thermodynamics and kinetics of the binding
process between RBD and NAb were also determined using SMD/
US simulations. Interestingly, the binding free energy DGb of WT
RBD + NAb/fNAb is signicantly smaller than that of 501Y.V2
RBD + NAb/fNAb. It is consistent with the results of the binding
kinetic rate constant kon and the unbinding kinetic rate constant
koff. Poorly binding affinity of NAb/fNAb to 501Y.V2 RBD conrms
the antibody resistance of the South African variant.8,10,11,14

Furthermore, the RBD + fNAb system can be used as an afford-
able model to investigate the change of the binding process
between mutations RBD and antibodies. The required
computing resources are thus reduced signicantly.
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K. G. Millard, Y. Weisblum, F. Schmidt, T. Hatziioannou,
P. D. Bieniasz, M. Caskey, D. F. Robbiani,
M. C. Nussenzweig and P. J. Bjorkman, Cell, 2020, 182,
828–842.

2 E. de Wit, N. van Doremalen, D. Falzarano and V. J. Munster,
Nat. Rev. Microbiol., 2016, 14, 523–534.

3 Worldometrics, COVID-19 Coronavirus Pandemic, https://
www.worldometers.info/coronavirus/.

4 S. T. Ngo, N. Quynh Anh Pham, L. Thi Le, D.-H. Pham and
V. V. Vu, J. Chem. Inf. Model., 2020, 60, 5771–5780.

5 D. Schoeman and B. C. Fielding, Virol. J., 2019, 16, 69.
6 M. Hoffmann, H. Kleine-Weber, S. Schroeder, N. Kruger,
T. Herrler, S. Erichsen, T. S. Schiergens, G. Herrler,
N. H. Wu, A. Nitsche, M. A. Muller, C. Drosten and
S. Pohlmann, Cell, 2020, 181, 271–280.e8.

7 J. Lan, J. Ge, J. Yu, S. Shan, H. Zhou, S. Fan, Q. Zhang, X. Shi,
Q. Wang, L. Zhang and X. Wang, Nature, 2020, 581, 215–220.

8 C. K. Wibmer, F. Ayres, T. Hermanus, M. Madzivhandila,
P. Kgagudi, B. Oosthuysen, B. E. Lambson, T. de Oliveira,
M. Vermeulen, K. van der Berg, T. Rossouw, M. Boswell,
V. Ueckermann, S. Meiring, A. von Gottberg, C. Cohen,
L. Morris, J. N. Bhiman and P. L. Moore, Nat. Med., 2021,
27, 622–625.

9 WHO, Coronavirus disease 2019 (COVID-19) Situation Report –
52, 2020, https://www.who.int/docs/default-source/
coronaviruse/20200312-sitrep-52-covid-19.pdf?
sfvrsn¼e2bfc9c0_2.

10 P. Wang, M. S. Nair, L. Liu, S. Iketani, Y. Luo, Y. Guo,
M. Wang, J. Yu, B. Zhang, P. D. Kwong, B. S. Graham,
J. R. Mascola, J. Y. Chang, M. T. Yin, M. Sobieszczyk,
C. A. Kyratsous, L. Shapiro, Z. Sheng, Y. Huang and
D. D. Ho, Nature, 2021, 593, 130–135.

11 M. Hoffmann, P. Arora, R. Groß, A. Seidel, B. F. Hörnich,
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K. Bagola, C. Hörner, G. van Zandbergen, J. Landry,
N. T. D. de Azevedo, S. Mosalaganti, A. Schwarz, R. Covino,
M. D. Mühlebach, G. Hummer, J. Krijnse Locker and
M. Beck, Science, 2020, 370, 203.

20 B. Ju, Q. Zhang, J. Ge, R. Wang, J. Sun, X. Ge, J. Yu, S. Shan,
B. Zhou, S. Song, X. Tang, J. Yu, J. Lan, J. Yuan, H. Wang,
J. Zhao, S. Zhang, Y. Wang, X. Shi, L. Liu, J. Zhao,
X. Wang, Z. Zhang and L. Zhang, Nature, 2020, 584, 115–119.

21 L. Schrödinger, The PyMOL Molecular Graphics System,
Version 1.3r1, 2010.

22 S. M.-C. Gobeil, K. Janowska, S. McDowell, K. Mansouri,
R. Parks, V. Stalls, M. F. Kopp, K. Manne, D. Li, K. Wiehe,
K. O. Saunders, R. J. Edwards, B. Korber, B. F. Haynes,
R. Henderson and P. Acharya, Science, 2021, eabi6226.

23 M. J. Abraham, T. Murtola, R. Schulz, S. Páll, J. C. Smith,
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