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Abstract

The COVID-19 pandemic, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is spreading
globally and continues to rage, posing a serious threat to human health and life quality. Antibody therapy and vac-
cines both have shown great efficacy in the prevention and treatment of COVID-19, whose development progress
and adaptation range have attracted wide attention. However, with the emergence of variant strains of SARS-CoV-2,
the neutralization activity of therapeutic or vaccine-induced antibodies may be reduced, requiring long-term virus
monitoring and drug upgrade in response to its evolution. In this paper, conformational changes including continu-
ous epitopes (CPs), discontinuous epitopes (DPs) and recognition interfaces of the three representative SARS-CoV-2
spike protein (SP) mutants (i.e., the Delta (B.1.617.2), Mu (B.1.621) and Omicron (B.1.1.529) strains), were analyzed to
evaluate the effectiveness of current mainstream antibodies. The results showed that the conformation of SP wild
type (WT) and mutants both remained stable, while the local antigenic epitopes underwent significant changes. Suf-
ficient flexibility of SP CPs is critical for effective antibody recognition. The DPs of Delta, Mu and Omicron variants have
showed stronger binding to human angiotensin converting enzyme-2 (hACE2) than WT; the possible drug resistance
mechanisms of antibodies against three different epitopes (i.e, NTD_DP, RBD1_DP and RBD2_DP) were also proposed,
respectively; the RBD2 of Delta, NTD of Mu, NTD and RBD2 of Omicron are deserve more attention in the subsequent
design of next-generation vaccines. The simulation results not only revealed structural characteristics of SP antigenic
epitopes, but also provided guidance for antibody modification, vaccine design and effectiveness evaluation.
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Introduction

Since the emergence of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), [1] the COVID-19
pandemic has swept the world posing a serious threat to
public health and economic development [2]. Moreover,
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[5]. Supplementary Table 1 lists these strains of concern:
up to August 2021, the Delta variant was the dominant
strain with a higher transmission rate; [6, 7] the Mu
variant has the highest levels of resistance to serum-
mediated neutralization [8], which also need special con-
cern; According to the emergency meeting of the World
Health Organization (WHO) held on 26 November 2021,
the Omicron variant has more mutations than the Delta
and is even considered the most dangerous coronavirus
strain. The epidemic has been going on for more than
two years with no end in sight [9]. Routing prevention
and control strategies, including quarantine, face mask,
sterilization and clinical therapies (such as respiratory
and circulatory supporting therapy, nutrition support
and analgesics-sedatives), need to be maintained.

The vaccines for SARS-CoV-2 are widely administered
around the world, [10] with more than 7.5 billion injec-
tions till November 16, 2021. Currently, there are 184 /
104 candidate vaccines in preclinical clinical develop-
ment [11]. COVID-19 vaccines mainly include nucleic
acid, viral vector and subunit-based types according
to preparation process,and they respectively target the
full-length SARS-CoV-2 spike protein (SP) or its recep-
tor binding domain (RBD). Disturbingly, the vaccines
appear to become less effective against SARS-CoV-2
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variant strain. From February to October 2021, three
types of vaccines from America have showed significantly
declined effectiveness against infection with the Delta
variant rising to dominance, [12] although protection
against hospitalization and death still remained high [13].
Other novel therapies such as convalescent plasma, neu-
tralizing monoclonal antibodies, specific immunoglobu-
lin and small molecule drugs have been gradually used
and are still under improvement. The use of convalescent
plasma owns mortality benefit for patients with COVID-
19 according to clinical studies [14]. Some neutraliz-
ing monoclonal antibodies (mAbs) have been proved to
reduce hospitalizations and mortality with potential util-
ity in prevention of COVID-19 [15]. In addition, the anti-
SARS-CoV-2 intravenous immunoglobulin is still under
development [16] (see Fig. 1).

As a new therapeutic method, antibody therapy has
attracted much attention, although its effectiveness
against variant strains remains to be further confirmed
[17]. Antibodies to SARS-CoV-2 currently approved by
the US food and drug administration (FDA) for therapeu-
tic emergency include [18]: (a) AstraZeneca’s Evusheld, a
combination of Tixagevimab and Cilgavimab, targeting
non-overlapping epitopes of the RBD, (b) Roche’s mAbs
Actemra, also known as Tocilizumab, targeting IL-6R, (c)
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GlaxoSmithKline’s Sotrovimab binding to a conserved
epitope within the RBD, (d) the combination of Bam-
lanivimab and Etesevimab developed by TopAlliance
Biosciences targeting distinct but overlapping epitopes of
the RBD, (e) Regeneron’s REGEN-CoV targeting the RBD.
Given its critical role in the SARS-CoV-2 infection, SP
has become a vulnerable target for therapeutic antibody
development. In addition to antibody therapy, FDA also
recently granted Pfizer Emergency Use Authorization
(EUA) for the first oral anti-SARS-CoV-2 drug Paxlovid—
a 3C-likeprotease inhibitor—for the treatment of patients
with mild to moderate COVID-19.

As one of the essential proteins for the propagation and
transmission of SARS-CoV-2 infection, SP mediates viral
fusion into cell membranes by interacting with human
angiotensin-converting enzyme 2 (hACE2) [19]. SP is
composed of two functional subunits, S1 and S2: the for-
mer includes N-terminal domain (NTD) and RBD; the
latter mainly includes fusion peptide (FP), heptad repeat
1 (HR1), heptad repeat 2 (HR2) and central helix (CH)
[20]. After binding with hACE2, SP was preactivated by
furin convertase and subsequently cleaved into S1 and S2
parts [21]. The cleavage site located within the S2 sub-
domain was then exposed and underwent a dramatic
conformational change through excision by transmem-
brane protease serine 2 (TMPRSS2), facilitating mem-
brane fusion [22]. The structure of continuous epitopes
(CPs) and discontinuous epitopes (DPs) is crucial for the
successful design of therapeutic antibodies; the confor-
mational changes of antigen epitopes not only affect the
recognition of ligands, but also determine the effective-
ness of induced antibodies [23]. By binding to SP CPs
and DPs, some neutralizing antibodies block molecular
recognition with hACE2 receptor and partially prevent
their incorporation into host cells, thereby weakening the
transmission of SARS-CoV-2 [24]. Obviously, compara-
tive studies on epitope characteristic changes between
SARS-CoV-2 WT and variants have important guiding
significance for the development of next-generation anti-
bodies and vaccines.

The important factors that determine viral infectiv-
ity and virulence include SP’s stability, binding affinity
to hACE2 and TMPRSS?2, as well as SP’s transmembrane
capacity, which should be taken into consideration in
the following design of highly effective therapeutic anti-
bodies. Currently, the efficacy of neutralizing antibodies
against SARS-CoV-2 variant is decreasing, while the rea-
sons remain unclear. In SP mutants, how does the struc-
tural change of antigen epitope influence the binding to
therapeutic antibodies and thus induce resistance? In
the face of numerous variant strains, how to select effec-
tive vaccines and how to design next-generation thera-
peutic antibodies? According to theoretical prediction,

Page 30f 18

what other new mutants may appear in the future? Aim-
ing at the above important scientific issues, this paper
mainly consists of two parts: (1) Conformational changes
of CPs / DPs in SP WT and three mutants were com-
pared, the difference in recognition with substrates such
as antibodies, hACE2 and TMPRSS2 were analyzed; (2)
the effectiveness of existing therapeutic antibodies was
assessed to aid the design of next-generation vaccines.

Results

Characteristics and prevalence of SARS-CoV-2 variant
strains

During the current COVID-19 pandemic, SARS-CoV-2
strain has diversified considerably. With the continuous
spread of the virus, there have been many strong domi-
nant mutations (such as Delta, Mu, Omicron variants,
etc.), which greatly changed infectivity and pathogenic-
ity of virus strain, and attracted the attention of govern-
ments around the world.

The Delta variant (B.1.617.2), first detected in India in
May 2021, has been designated as a variant of concern
(VOC) by WHO [25]. This high-profile variant remains
dominant in many regions with more infectivity over
other variants [26]. And the Delta variant appeared
slightly more prone to immune evasion with reduced
sensitivity to neutralizing antibodies from recovered
individuals or vaccine induction [27].

The Mu variant (B.1.621), first isolated on January 11,
2021 in Colombia, [28] has been classified as a new vari-
ant of interest (VOI) by WHO. So far the B.1.621 lineage
is predominantly found in Colombia, the United States,
Spain, the Netherlands and Denmark [29]. In addition to
other VOC characteristics (e.g., E484K, N501Y, P681H),
this lineage SP also showed some new mutations (e.g.,
R346K, Y144T, Y145S, and 146 N insertion) [30]. The Mu
variant is highly resistant to sera from COVID-19 conva-
lescents and BNT162b2-vaccinated individuals, present-
ing a greater risk of virus spread [31].

A new highly mutated coronavirus variant was first
reported to WHO from South Africa designated as the
Omicron (B.1.1.529) VOC. As of 29 November 2021,
Omicron has been detected in 116 countries. Based on
the genome sequences of SARS-CoV-2 isolates recently
submitted to CoVariants and GISAID, the Omicron vari-
ant has become the predominant strain in South Africa
within a month of its emergence, overtaking Delta [32].
Those contracted with the Delta variant have a 40% risk
of re-infection with Omicron, according to the studies
by Discovery Health, South Africa’s largest insurer [33].
There are up to 43 amino acids mutations in Omicron
(see Supplementary Table 1), [34] not only containing
common mutations (E484K, N501Y, P681H) reported
to reduce neutralization efficacy of antibodies, but also



Guo et al. Molecular Biomedicine (2022) 3:12

carrying some changes previously not present in other
VOCs [35]. It is speculated that excessive mutations
may change the behavior of SARS-CoV-2 with regards
to immune escape, transmissibility, and susceptibility to
some treatments [36].

Structural stability

The potential energies of WT, Delta and Mu vari-
ants maintain stable around at -1.61 x 10° kcal-mol~*
with standard deviation of 1.12x10% 0.81x 10%
0.82 x 10* kcal-mol™?, respectively; while the Omi-
cron variant is more stable with mean potential energy
of -1.68x10° kcal-mol™! and standard deviation of
1.11 x 10* kcal-mol™!. As shown from Supplementary
Fig. 1, the WT, Mu and Omicron variants tend to be sta-
ble after 30 ns with root mean square deviation (RMSD)
of 4.61, 4.84 and 5.15 A, respectively, whereas Delta
doesn’t reach equilibrium until 65 ns with that of 6.75 A.
It indicates that the three variants are less conformational
stable than W, especially Delta. In addition, the time-
dependent RMSD trend of RBD subdomain is similar to
that of full-length SP trimer; The average RMSD values of
NTD for WT/ Delta/ Mu/ Omicron was 4.22/ 4.26/ 3.88/
3.72 A, which are much higher than that of either S2 or
RBD alone. It can be speculated that there is a large inter-
domain movement between S2 and RBD, which increases
conformational displacement of the whole SP.

To analyze the influence of different temperatures on
structural stability of SP, comparative MD simulations
at three different temperatures (i.e., 300, 310 and 320 K)
were conducted. Supplementary Fig. 2 shows trajectory
convergence parameters—RMSD, radius of gyration (Rg),
root mean square fluctuation (RMSF) and flexibility cor-
relation—for the four SP trimers. The average RMSD val-
ues at 300/ 310/ 320 K for WT were 4.61/ 5.47/ 5.05 A,
with those for Delta, Mu and Omicron of 6.75/ 5.34/ 5.24,
4.84/ 4.59/ 5.09, and 5.15/ 4.8/ 4.26 A, respectively. Rg
can be used to describe the overall shape and compact-
ness of the system. The average Rg for the four SP trimers
at three temperatures are generally stable, and fluctu-
ate in a narrow range from 49.38 to 51.66 A. Given that
atom number of the simulated systems exceeds 26,000,
it can be seen that temperature has little effect on con-
formational stability of SARS-CoV-2 SP, which is consist-
ent with the previous experimental data [37]. This partly
explains why rising temperatures have not significantly
attenuated the spread of COVID-19.

RMSEF can provide flexibility difference of the simula-
tion system at residual level; the highly correlated RMSF
distribution in similar systems can prove the reliability of
MD trajectories. As shown in Supplementary Fig. 2, the
S2 subdomain has low flexibility except C590-V610 and
F800-D830, which is related to multiple helices in this
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region [38]. The NTD (S13-F318) and RBD (R319-N540)
subdomains both are more flexible, especially in the ran-
dom coil of N440 to C480 from hACE2 receptor binding
motif (RBM, N437-P507). According to Yu's work, [39]
the high flexibility of NTD contributes to the recognition
of NTD-targeted antibodies, while the greater rigidity
of V320-V395 in RBD is conducive to antibodies bind-
ing such as CR3022. At different temperatures (e.g., 300,
310, 320 K), the distribution of high flexibility regions
of the four SP systems (i.e., WT, Delta, Mu, Omicron)
was almost the same, indicating again the little effect of
temperature on the overall conformation of the protein.
There was a significant correlation of RMSF between
Delta/Mu/Omicron variant and WT, with determination
coefficient (R?) of 0.653/ 0.720/ 0.700, respectively, which
fully proved reliability of MD trajectories.

Conformational fluctuation

Figure 2 shows free energy landscapes (FEL) and con-
formational clusters of the WT, Delta, Mu and Omicron
systems at 300 K. Along with two dimensional reaction
coordinates (PC1 and PC2), FEL are used to describe
fluctuation range of representative conformations of the
system. The darker the color in the FEL diagram, the
more conformations there are, and the lower free energy
of the system. According to Fig. 2a, there are five inde-
pendent low free energy regions in WT, while six in the
Delta, Mu and Omicron variants, initially indicating that
SARS-CoV-2 SP mutants have greater overall conforma-
tional flexibility. Notably, the basin scope of Delta is the
largest of all systems showing greater conformational
flexibility, which is consistent with the previous RMSD
results (see Supplementary Fig. 2).

In order to further analyze the change of the structure
with low free energy over simulation time, the confor-
mational cluster analysis was conducted with the RMSD
threshold of 3.0 A. According to Fig. 2b, there are five
clusters for WT and six for the other three variants, all
of which represent a relatively independent conforma-
tional structure, which is completely consistent with
the low free energy region obtained by FEL analysis. As
shown from Fig. 2c, the time-evolution number of clus-
ters increased gradually in the early stage (0-70 ns), and
then declined or kept stable in the late stage (70-100 ns).
It indicates that the basic ergodic conformations were
fully sampled, providing a solid foundation for subse-
quent epitope analysis.

Continuous B-Cell epitopes

Figure 3 shows the distribution of predicted continu-
ous epitopes (CPs). Based on the statistics of RCSB PDB
structures, all the CPs are located on the surfaces of SP
trimer (see Fig. 3a). The high occurrence frequency of
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residues present in SP-antibody PDB complexes suggests
that these regions may be potential CPs, shown in Fig. 3¢
colored in red. Bepipred-2.0 is a widely used sequence-
based epitope prediction tool by training epitopes from
antibody-antigen complex structures with random

forest algorithm [49]. By Bepipred-2.0 prediction and
structural biology statistics, the final continuous B-cell
epitopes (i.e., CP1-CP7) were obtained, in the range
of Y144-W152, T250-S256, Y369-T385, P412-K417,
L441-G447, Y473-S477, G496-N501, respectively. Among
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the seven SP CPs, CPs 3-4 were localized at RBD1 and
CPs 5-7 at RBD2. It should be added that RBD is mainly
composed of RBD1 (Y369-D420) and RBD2 (N440-Y505)
subdomains [40]: the former provides a conserved
implicit epitope for antibodies, that do not overlap with
the contact residue to hACE2; the latter not only binds
directly with hACE2 to initiate viral entry into cells, but
also binds to antibodies at the same site.

In order to compare CPs conformational changes in
SP WT and mutants, the representative conformations
of each system were superimposed. As shown in Sup-
plementary Fig. 3, CPs 1-2 located at NTD showed large
conformational changes, which was consistent with the
RMSF analysis above. Indeed, the RMSF values of CPs
1-2 in the Delta, Mu and Omicron variants were lower
than that in WT, and the greater rigidity was not condu-
cive to recognition with NTD-targeted antibodies, partly
explaining its drug resistance. In addition, the RBD2 CPs
in the SP mutants exhibit higher flexibility than WT,
which aids the recognition by hACE2 receptor and thus
shows higher infectivity and virulence. The flexibility of
RBD1 CPs 3-4 was smaller than that of NTD CPs 1-2 and
RBD2 CPs 5-7, indicating little difference in binding with
RBD1-targeted antibodies, which has some implications
for antibody selection and modification.

Discontinuous B-Cell epitopes

In combination with the EPCES server (scores over 85)
and SP-antibody complex statistics, a total of 36 discon-
tinuous epitopes (DPs) residues were identified. These
residues were mainly distributed within NTD_DP,
RBD1_DP and RBD2_DP regions, with the range of
Y144-P251, S375-D420 and G446-Y505, respectively. It
is noteworthy that RBD1_DP and RBD2_DP contain 29
residues, accounting for over 80% of the total number of
DPs residues. RBD2 contains 22 DPs residues with high
immunogenicity, and has become the most important
target for SARS-CoV-2 antibody development.

As one of the most important non-bond interactions,
H-bond maintains the stability of antigenic epitopes.
Supplementary Fig. 4 lists the H-bonds in the WT, Delta,
Mu and Omicron systems. The H-bond is defined by geo-
metric criterion: [41] the distance between the donor (D)
and acceptor atoms (A) is less than 3.5 A, and the angle
D-H-A is more than 135°. Compared with WT, there was
no significant difference in the total number of H-bonds
for the other three variants, while their H-bonds with
occupancy over 70% are slightly smaller. It indicates
that the overall structure becomes relatively loose after
mutation, especially for the Mu variant. The Mu vari-
ant possesses the most intramolecular DPs H-bonds,
nearly twice as the other three systems (i.e.,, WT, Delta
and Omicron), with its epitopes being particularly rigid.
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Antibodies can form strong H-bond interactions with
R457, Q498 and A475, which is critical for maintaining
good efficacy [42]. For the Mu variant, too rigid DPs are
not conductive to specific recognition of antibodies, and
thus more likely to induce antibody escape. Since Y144S
is introduced into NTD of Mu, it is speculated that the
unique S144-H146 H-bond may be responsible for the
rigidity of S144 epitope and the decrease of NTD_DP
surface area mentioned later. For the most-concerned
Omicron variant, its DPs are relatively unstable in com-
parison to Delta and Mu. According to Chen’s prediction,
Omicron showed significant mAbs-resistance despite its
greater CPs flexibility, indicating a new immune escape
mechanism [43].

Figure 4 shows the solvent accessible surface area
(SASA) of the WT, Delta, Mu and Omicron systems. As
shown from Fig. 4a, the four systems gradually reached a
stable state over simulation time; the SASA value of Mu
was highest, suggesting that the overall conformation is
looser which is consistent with previous H-bond analy-
sis. the SASA distribution trend at the level of residues
was roughly the same for the four systems. Comparing
the domain-specific SASA of DPs can be used to assess
the binding strength of SP to antibodies or hACE2 recep-
tor. As shown in Fig. 4b, the SASA of NTD_DP in the
Mu variant was significantly reduced due to Y144S and
Y145N mutations. There is no significant difference in
RBD1_DP SASA among the four systems; the RBD2_DP
SASA of the three variants was slightly higher than WT,
which may result in stronger binding ability to hACE2
receptor and increased infectivity of SARS-CoV-2. In
conclusion, the SASA of SP variants slightly decreased
with different magnitude in NTD, RBD1 and RBD2 sub-
domains, providing enlightenment for subsequent anti-
body selection and modification.

Supplementary Fig. 5 shows volume and surface area
(SA) of DPs in the WT, Delta, Mu and Omicron systems,
which can be used to describe spacial conformation and
binding potency with antibody. For the NTD_DPs, the
average SAs of the Delta, Mu and Omicron variants are
smaller than WT, not conducive to NTD-targeted anti-
body binding. In the Delta variant, the volume of NTD_
DPs was significantly reduced due to the deletion of
F157/ R158 in the adjacent loop. The absence of epitope
Y144 within the NTD_DPs of Omicron causes SA to
shrink and unexpectedly increases in volume. Obviously,
this curved surface is not conductive to antibody bind-
ing. The average RBD1_DPs volumes of the WT, Delta,
Mu and Omicron systems are very close, which is basi-
cally consistent with the previous SASA analysis. It will
be mentioned later that SARS-CoV-2 variant strains may
have special drug resistance mechanism against RBD1-
antibody. The increased RBD2_DP SA contributed to the
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association with hACE2 in all variants, especially for Mu
and Omicron that had smaller volume and larger SA (i.e.,
flatter epitopes).

The charge distribution on antigen surface is critical for
antibody recognition and transmembrane transport. Sup-
plementary Fig. 6 shows the surface electrostatic poten-
tial (ESP) and total pKa values of each DPs in the WT,
Delta, Mu and Omicron systems. The surface of the four
systems are alkaline as a whole; all DPs of the variants had
higher alkalinity than WT, which was characterized by
the sum of pKa value from the dissociated amino acids.
The surface electrostatic potential significantly affects
the preference of "up” and "down" conformation in RBDs;
the alkalinity will contribute to the tendency of “up” con-
formations to interact with hACE2. Zhou and cowork-
ers [44] revealed that the region N824-1L858 can mediate
the position of RBD through pH-dependent structural
rearrangement: when pH is lower than 5.5, RBD mainly
exhibits the "down" conformation. According to Liu and
coworkers, [45] a little increase in alkalinity favors the
interactions between RBD and hACE2. As shown from
Supplementary Fig. 6, the surface ESP of RBD2_DP in
Mu and Omicron fluctuated greatly, which was related to
the mutations of E484K and Q498R, respectively. In Frat-
ev’s research, [46] the K417N mutation could abolish the

interactions of SP with STE90-C11 antibody. Obviously,
it is necessary to fully consider the surface ESP factor of
different SARS-CoV-2 variants in the design of RBD2-
targeted antibody.

The up and down conformations of RBD

The up and down conformations of RBD corresponds to
the active and inactive states of SP, in which the RBD-up
state can bind to hACE2 receptor on cell surface guiding
the fusion of SARS-CoV-2 into host cells [47]. The ques-
tion of great interest is whether mutations affect con-
formational transition between RBD-up and RBD-down
states. In addition, the previous RMSF analyses (see
Supplementary Fig. 1) have suggested there might be a
potential inter-domain movement between RBD and S2
domains. Here, three parameters (i.e., Dist_I, Angle A
and Dihedral) were constructed to describe SP func-
tional conformation and RBD-S2 inter-domain motion
(see Fig. 5). Compared with WT, the parameters Dist_I
and Dihedral in the three variants gradually decrease,
while the Angle A tends to increase abnormally repre-
senting obvious inter-domain movement among RBD,
NTD and S2. By superimposing snapshots at 10, 50 and
90 ns, RBD obviously moves towards S2 with an upward
tendency during the simulation. It means that the three
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Fig.5 The up and down conformations of RBD. a Three parameters are used to describe the relative position of RBD and S2 in SP: the distance
(Dist_1) between Q493-L1034 Ca atoms, the angle (Angle_A) among Q493-K986-L1034 Ca atoms, the dihedral angle (Dihedral) among
Q493-F543-V576-K986 Ca atoms; b structural superimposition from the snapshots at 10, 50 and 90 ns in the four systems; ¢ the changes of the three

variants, especially Delta, have a higher probability of
staying in the RBD-up state, which agrees well with the
previous research results that the D614G mutant tend
to be RBD-up conformation [48]. On account of muta-
tion, RBD was significantly closer to S2 and central axis,
and its inner side became steeper, making RBD-targeted
mAbs harder to approach. Interestingly, the inner side of
RBD is exactly the region that RBD1_DP refers to in our
work. Given that the overall movement of RBD1-DD, this
explains why the previous analysis (including H-bonds,
SASA, volume and SA) did not show significant differ-
ences in the four systems. The inaccessibility to RBD
inside is one of key factors for the resistance of RBD1-
targeted antibodies, and the Delta variant may be more
likely to escape antibodies with greater steric hindrance.

Evolutionary conservation

The evolutionary conservation of DPs was analyzed based
on their primary sequence, which can be used to evaluate
the current dominant mutation characteristics and pre-
dict the subsequent possibility mutation selection. Sup-
plementary Table 3 lists the conservation of DPs residues
for SARS-CoV-2 SP. Here, the sites with a conservative
score less than 3 were identified as weak conservative
residues, with high mutational probability. These weak
spots are all mainly distributed in the loop of NTD_DPs
and RBD2_DPs. Especially, the proportion of weak con-
servative residues in NTD (residue S13-F318), RBD2
(residue N437-P507) and RBD1 (residue R319-W436)
was respectively 58.0%, 60.9% and 21.2%, which indicates

higher mutation possibility in the first two regions under
natural selection pressure. In NTD, as a high probabil-
ity mutation residue, Y144 was deleted in the Alpha and
Omicron variants, as well as the substitution by S144 in
the Mu variant. With the continuous spread of mutated
viruses, in addition to Y144, the other 5 weak conserva-
tive residues (i.e., H146, K147, Y248, 1249 and T250) still
have great mutational probability. As for RBD2_DPs, the
substitutions of G446S (Omicron), S477N (Omicron),
E484K (Alpha, Gamma and Mu), E484A (Omicron),
Q498R (Omicron) and N501Y (Alpha, Beta, Gamma, Mu
and Omicron) have demonstrated that the weak conserv-
ative residues are more susceptible to mutation. The high
variation of residues indicates the potential of resistance
to NTD- and RBD2-targeted antibodies, and it is neces-
sary to prepare specific vaccines against different SARS-
CoV-2 variants.

Although existing vaccines are effective and the
number of people vaccinated has increased, they are
not enough to end the pandemic [49]. The E484K and
N501Y mutants have resulted in reduced neutraliza-
tion for mAbs, the sera from vaccinator or convalescent
patients [50, 51]. In response to reduced protection from
existing vaccines, intensive research is underway on the
next-generation products against SARS-CoV-2 variants.
For instance, there are Modernas COVID-19 vaccine
(mRNA-1273.351) specially targeted at the Beta vari-
ant (B.1.351) [52] and Gritstone’s novel vaccine, which
is in phase I clinical trial against additional mutated viral
antigens [53]. It is worth mentioning that RBD1_DPs’



Guo et al. Molecular Biomedicine (2022) 3:12

conservation is different from NTD_DPs and RBD2_DPs,
and only D405 and K417 epitopes are defined as weak
conservative spots. K417 has been replaced by Asn in the
Beta and Omicron variants, and by Thr in the Omicron
variant, leaving D405 with a high mutation possibility in
future viral variants. As an important reference target for
vaccine development, RBD1_DPs remain higher evolu-
tionary conservation, and RBD1-targeted mAbs may be a
universal therapeutic way for different viral variants.

In order to predict possible new mutation sites in sub-
sequent SARS-CoV-2 variants, we calculated total num-
ber of DPs residues substituted, H-Bond, SASA, volume,
and polarity in six major mutations (see Table 1). Since
the highly conservative mutations are the key reason for
increased viral infectivity, only the mutated DPs with
conservation score greater than 4 were included in fur-
ther discussion. Through analysis of 15 selected muta-
tions (ie., E156G, R190S, S371L, S373P, S375F, Y505H,
N679K, N764K, D796Y, N856K, D950N, Q954H, N969K,
L981F, S982A), it is helpful to explain molecular mecha-
nism of enhanced virulence and attenuated neutraliza-
tion of therapeutic antibodies in mutants.

As for the NTD conservative mutations (i.e., E156G
and R190S), H-bonds are weakened, SASA and volume
become smaller, and polarity decreases, all of which lead
to weaker spatial proximity of NTD-targeted antibod-
ies. By altering the local conformation of NTD loops,
E156G reduced the neutralization efficacy thus promot-
ing viral infectivity, and R190S impaired the binding
ability to antibodies [54 , 55]. E156G is spatially close to
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the deleted Y144/ Y145 (Alpha) and F157/ R158 (Delta),
so it can be inferred that H146, M153 and E154 have a
high possibility of deletion or replacement based on con-
formation proximity and low conservation. Inspired by
R190S, H207 on the adjacent -sheet and E96/ N99 on
the adjacent loop may be deleted or replaced in subse-
quent new viral mutants.

Only the Omicron variant has the unusual mutations
including S371L, S373P and S375F in the RBD1 domain,
which is a cryptic site hard to expose [56]. The introduc-
tion of larger side-chain mutations to RBD1 will increase
steric hindrance, thus adversely affecting antibody
recruitment. It is consistent with the previous experi-
mental data: the S371L/ S373P/ S375F mutations could
reduce affinity to a subset of neutralizing antibodies such
as CR3022 and S304 [57]. Referring to Supplementary
Table 1 and 3, it can be predicted that E340, K356, S366,
N388, S399, R403, G404 and D405, which are less con-
servative, may be replaced by larger residues with less
polarity in the subsequent new viral mutants.

In the Omicron variant, Y505H in RBD2 facilitates the
formation of alkaline environment and promotes the
association with hACE2. Previous studies have shown
that Y505H leads to the loss of interactions between
RBD and antibodies [58]. Considering the tendency of
increasing volume and polarity for introduced residues
in RBD2 (see Table 1), there may be potential substitu-
tions at sites L441, S443, N450, L455, S459, E471, G476,
G482, G485, T500, G502, V503 and G504. In combi-
nation with evolutionary conservation and statistical

Table 1 The fluctuation of physicochemical parameters caused by six dominant mutations®

Subdomain NTD RBD1 RBD2 s1” S2

NM CM NM CM NM CM NM CM NM CM
H-Bond * 416 02 21 2/ 4/6 01 23 10 14 35
sAsA* 812 02 12 30 1000r9%1f o1 32 10 50 71
Volume © 515 02 21 21 6/4 /0 32 01 50 53
Polarity ' 911 02 12 112 8/2 10 32 10 41 53

2 Six dominant mutations include five VOC variants (Alpha, Beta, Gamma, Delta and Omicron) and one VOI variant (Mu); the symbol "/" is preceded by the total
number of DP residues with an increase in physicochemical parameters, followed by that with a decrease in parameters; when the number of residues with
rising physicochemical parameters is dominant, it is shown in red, otherwise in blue; NM and CM are abbreviations for non-conserved and conserved mutations,

respectively

b 51 refers to the portion of full-length SP other than NTD and RBD

¢ changes of H-bond frequency

d changes of SASA

¢ change of DP’s volume

f change of residue polarity

9 10/0 is determined from E484A mutation, with 9/1 from E484K mutation
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changes of physicochemical parameters, it can also be
inferred that the possible mutations in S1 (F541-S686,
namely the junction between RBD and S2) include T547,
N556, P561, 1569, T604, L629, P631, T632, T638, S640
and A684. Due to conformational rearrangement of S2
(V687-G1273) from pre-fusion to post-fusion states, the
prediction of substitution sites in this region for subse-
quent new SARS-CoV-2 variants is relatively uncertain.
Kumar et al. predicted N764K in the Omicron variant
may impair protein function using I-Mutant 3.0 tool [59].
The results of artificial intelligence (AI) show that Q954H
may affect SP fusion state with potential enhanced infec-
tivity and transmission of the Omicron variant [60].

Effect of SP mutation on virus infectivity

SARS-CoV-2 completes its replication and transmission,
relying on the binding of SP to host cells [61]. To provide
more information on antibody modification and vaccine
design, several key steps in cellular entry process were
discussed, including host cells identification via hACE2
binding, cleavage at S1/S2 site by TMPRSS2 and cell—cell
fusion by the key subdomain HR1 [22].

As the first step of viral infections, the high affin-
ity between SP and hACE2 is conductive to its higher
transmission rate [62]. Based on the trajectories of four
comparative 100 ns MD simulations for SP_hACE2 com-
plex models, the binding free energy of WT_hACE2 is
-11.24 kcal-mol™" agreeing well with the experimental
data [3]. It proves the reliability of prediction method,
and the same parameters were also applied to bind-
ing free energy calculations between SP and TMPRSS2.
As shown from Table 2, the electrostatic energy
(ELE+PBELE) is more negative than hydrophobic
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energy (VDW+PBSUR), suggesting that electrostatic
energy may be the main driving force to the recognition
of hACE2 by SP. The calculated binding free energies of
Delta/ Mu/ Omicron SP trimers with hACE2 are -17.31/
-59.12/ -55.22 kcal-mol ™!, which are obviously stronger
than that of WT_hACE2, supporting higher transmission
rate [63, 64].

After the recognition by hACE2, SARS-CoV-2 SP
undergoes significant structural arrangement and cleav-
age by transmembrane protease serine 2 (TMPRSS2),
leading to membrane fusion and entry into host cells
[22]. As shown in Table 2, the binding free energy of
WT SP with TMPRSS2 is -13.52 kcal-mol™', which
is consistent with the previous molecular simulation
results by Hussains group [65]. Both Mu and Delta
SP bind to TMPRSS2 stronger than WT with bind-
ing free energy of -26.86 and -17.57 kcal-mol ™}, respec-
tively. However, molecular recognition of Omicron to
TMPRSS2 is slightly weak with binding free energy of
only -5.78 kcal-mol ™}, indicating low catalytic efficiency
of TMPRSS2. In fact, poor ability of membrane fusion
into host cells in the Omicron variant has been demon-
strated by previous research [66]. In addition, TMPRSS2
is mainly distributed in the lungs rather than the upper
respiratory tract, [67] which partly explains why Omi-
cron patients have less infectious in the lungs and fewer
symptoms.

Based on energy decomposition data of the WT, Delta,
Mu, Omicron systems, HC analyses were performed to
obtain key residues favoring the association of SP with
hACE2/ TMPRSS2. As shown from Supplementary
Fig. 7, Most of key residues belong to RBD2_DPs with
the exception of L455 and G496, further supporting that

Table 2 The calculated binding free energies of the eight SP complexes (kcal-mol™")

Systems ELE® vDW® PBELE PBSUR® PBCAL® TAS AGypesa’
WT_hACE2 -708.99+ 5095 -94.94+6.98 396241564  -12704181 7486244923 567741920  -11.24
Delta_hACE2 22086349811 82954694 43241281 11244061 22129549679 725641590  -17.31
Mu_hACE2 23626646503  -137724746 377341131 16774103  240040+6156  -57.64+878  -59.12
Omicron_hACE2 -3481.08+10028  -88.56+2.75 -7.07£8,70 -11384£033 341101410124 -51.794+17.75  -55.22
WT_TMPRSS2 -324.64 48221 702941195 73341428 11574221 3319747476 61014431 -1352
Delta_TMPRSS2 -15031464.66 -87.7548.12 206442444  -13634£097  17095+47.12 63174501  -1757
Mu_TMPRSS2 -225.74464.96 1494241799 834242538  -19064202  26137+63.17 58194577  -2686
Omicron_TMPRSS2  -64.12+62.47 76954554 170741028  -11834123 811945397 6593+084 578

2 Electrostatic energy in vacuum

b van der Waals energy in vacuum

¢ the polar part of solvation free energy

4 the non-polar part of solvation free energy
¢ reaction field energy

f conformational entropy difference multiplied by absolute temperature

9 the binding free energy calculated with MM/PBSA method
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its conformational change is closely related to hACE2
binding ability. Although Mu has the strongest binding
affinity with hACE2, residues Y449, G496, Q498 don't
contribute to its binding; the main influencing factors
include Q498, T500, Y501, Y505, especially the mutation
N501Y. For the Omicron variant, K417N may reduce the
binding affinity of hACE2, [68] but G496S, Q498R and
N501Y greatly restore its recognition efficiency during
evolution [69].

As for TMPRSS2 interactions, the key residues in W'T
were P809/ S810/P812/ L821/ D843/ K921, and these in
Delta, Mu and Omicron were P809/ S810/ P812/ L821/
D843/ K921, P809/ S810/ P812/ 1L.821, D808/ P809/ S810/
K811/ P812/ 1821/ D843/ R847, respectively. It will be
helpful for the design of SARS-CoV-2 inhibitors based on
TMPRSS2 recognition mechanism. The heptad repeats
1 (HR1) of SP plays a decisive role in transmembrane
processes of SARS-CoV-2, and the higher the helicity of
HR1, the stronger the fusion ability. As shown from Sup-
plementary Fig. 8, the helicity of the WT, Delta, Mu and
Omicron systems has little difference, maintaining at
around 75%. In comparison, the helicity of Mu is slightly
higher. It is speculated that antiviral peptides [70] target-
ing HR1 may have better therapeutic effects for Mu than
for the other three systems. But according to Xie’s experi-
ment, [71] Mu was less capable of fusing cells than Delta.
Thus, the actual membrane fusion activity is complex and
may be influenced not only by helicity but also by other
participants in the fusion pathway. Zhu et al. [97] also
found HR1 mutations might play a crucial role in enhanc-
ing fusion capacity. The Omicron variant is known to
own many mutations in HR1, while the actual membrane
fusion experimental data have not been published.

Recommendations for therapeutic antibodies selection
and modification

Based on the above analysis, the structural differences
between SP WT and the Delta, Mu and Omicron variants
were comprehensively compared (see Table 3), providing
guidance for the selection and design of subsequent anti-
bodies and vaccines.

In order to treat COVID-19 more effectively, it is also
necessary to summarize the escape of the SARS-CoV-2
dominant variant strains from existing therapeutic anti-
bodies. Molecular simulation data showed that the Mu
variant may possess the most resistance to NTD- and
RBD2-targeted antibodies, while the Delta and Omicron
variants respectively to RBD1- and RBD2-targeted anti-
bodies. In the subsequent recommendation and modifi-
cation of therapeutic antibodies, three suggestions were
proposed: (1) NTD-targeted antibodies with small vol-
ume and small SASA are recommended, while RBD2-
targeted antibodies having small volume and large SASA
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Table 3 Comprehensive comparison of SP WT with three

variants

Items WT Delta Mu Omicron
Structural stability 0 0 0 +
Conformational changes of epitopes 0 + +++ ++
Up/Down conformation 0 +4+  + +
Binding affinity to hACE2 0 + +++ ++
Binding affinity to TMPRSS2 0 + +++

Helicity 0 +

2 In the comprehensive comparison, SP WT was taken as the control, and all the
reference values were set to zero. The six signs (i.e., + + +,+ +,+,0,-, -, —)
respectively represent significant-/moderate-/ low-improvement, similar, as well
as low-/moderate-/significant-decrease

may be of more clinical value; (2) RBD1-targeted anti-
bodies aren’t recommended for the Delta variant because
of its strong steric hindrance; (3) therapeutic antibodies
with positive ESP is recommended, in response to the
tendency of alkaline mutations in SP.

Vaccine effectiveness evaluation and design

According to a serological experiment, SP RBD is the core
target of ~90% plasma or serum neutralizing antibod-
ies from almost 650 infected individuals by SARS-CoV-2
[72]. The mutation-induced conformational changes in
RBD may influence the immunogenicity of SPs, result-
ing in partial vaccine failure [73]. Based on our initial
analyses, Mu and Omicron with bigger RBD conforma-
tional differences from WT may escape from neutraliz-
ing antibodies elicited by infection or vaccination. These
newly emerging variants (e.g., Delta, Mu and Omicron)
have shown different degrees of neutralization resist-
ance to antibodies elicited by three vaccines currently
under Emergency Use Authorization (EUA). Specifically,
mRNA-1273 (Moderna), BNT162b2 (Pfizer-BioNTech)
and Ad26.CoV2.S (Johnson) respectively increased neu-
tralizing titers by 2.2-3.4, 2.1-8.7, 22.8-38 fold against
Delta, Mu and Omicron over WT, [8, 74—77] showing
stronger immune escape. Similarly, other SARS-CoV-2
vaccines also showed reduced neutralization to vari-
ant strains, i.e., AZD1222 (Oxford/ Astra Zeneca), [78]
Covishield (Serum Institute of India) [79], BBIBP-CorV
(Sinopharm) [80] and CoronaVac (Sinovac) [81]. In fact,
vaccine effectiveness depends on multiple factors, and its
durability remains to be continuously monitored. Three
mutations in SP (i.e., E484K, N501Y and D614G) affect
the binding of serum neutralizing antibodies, all of which
exist in Mu, [51] while only D614G is present in Delta.
Similarly, the mutations K417N, S375F, G446S, S477N
and E484A also explain why Omicron has strong resist-
ance to vaccine-induced antibodies.
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With comparative analyses of conformational changes
in DPs, RBD2-targeted subunit vaccine can effectively
cope with the Delta, Mu and Omicron variants—the
three most prevalent SARS-CoV-2 variants strains. Since
the structures of Delta’s RBD2, Mu’s NTD, Omicron’s
NTD and RBD2 undergo significant change, vaccine-
induced antibodies have developed resistance to the cor-
responding regions. The structural characteristics (see
Table 3) of SP mutants should be taken into considera-
tion in the design of personalized vaccine: (1) for Delta,
significantly decreased volume and moderately decreased
SA in NTD_DDP, as well as abnormally increased volume
and moderately increased SA in RBD2_DP; (2) for Mu,
moderately decreased volume and significantly decreased
SA in NTD_DP, as well as significantly decreased vol-
ume and moderately increased SA in RBD2_DP; (3) for
Omicron, abnormally increased volume and moder-
ately decreased SA in NTD_DDP, as well as significantly
decreased volume and increased SA in RBD2_DP. Given
the large structural flexibility changes and key identifica-
tion roles, attention should also be paid to the following
residues in new-generation vaccine design, including
N448/ Y495 in Delta, Y144S/ H146/ A475/ E484K/ N487/
Q498/ T500/ N501Y in Mu, R403/ D405/ K417N/ S375F/
G446S/ S477N/ E484A/ N501Y/ Y505H in Omicron.

In addition to vaccines and therapeutic antibodies,
more diverse and effective strategies are being sought to
deal with SARS-CoV-2 infection. For example, novel anti-
viral drugs have been continuously in development, such
as oral drug Paxlovid (PF-07321332), [82] molnupiravir
[83], and remdesivir [84], ect.

Discussion
As SARS-CoV-2 continues to mutate and spread under
natural selection pressure, the global COVID-19 pan-
demic shows no sign of ending. Like the law of jungle,
the dominant virus variants are usually more infectious
or better adapted to human immune system. The Delta
variant was first detected in India in October 2020, and
then quickly swept the globe to become the dominant
COVID-19 variant strains. The Mu variant was then
identified in Colombia in January 2021, which shows
unexpectedly enhanced immune resistance to neutrali-
zation antibodies. Recently, the Omicron variant with
more SP mutations has emerged as the most worrisome
subtype, exhibiting stronger immune escape though the
characteristics associated with disease progression are
somewhat diminished. Based on evolution path of the
virus, SARS-CoV-2 has gained a tacit agreement between
infectivity and immunity escape for better adaptation to
host environment.

In this work, comparative 100 ns MD simulations
were respectively performed for twelve SARS-CoV-2
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SP trimers (i.e., WT, Delta, Mu, Omicron, and their
complexes respectively with hACE2 and TMPRSS2) to
explore conformational differences of CPs and DPs. The
computational results show that the Delta, Mu and Omi-
cron variants have exhibited greater global and local con-
formational changes than WT, and possessed obvious
inter-domain motion between RBD and S2 domains. By
calculating RMSEF, SASA, SA and volume parameters, it
was found that the values in NTD region of SP mutants
were all reduced, which was not conducive to binding
with NTD-targeted antibody and resulted in immune
escape. Nevertheless, the corresponding value of RBD2
increases, which helps to form a complex with hACE2
and facilitate virus transmission. In the Omicron variant
with 37 mutations, RBD2_DPs is more involved in intra-
molecular H-bonds, while NTD_DPs has small but deep
pocket, showing a new antibody resistance mechanism.
Combined with viral infectivity and antibody escape, this
work will provide some theoretical guidance for selection
and optimization of subsequent therapeutic antibodies
as well as vaccine design. Given the severity of the pan-
demic, there is a need to continue not only developing
personalized vaccines against specific mutations, but also
maintaining routine preventive measures such as social
distancing, wearing masks and washing hands.

Materials and methods

System preparation

The initial SP structure was taken from the RCSB protein
data bank (PDB), with all missing residues completed by
the SWISS-MODEL server [85]. Considering that the
active conformation of SP is RBD-up state, the PDB ID
adopted by wild type (WT) and Delta variants are 7KJ2
[86] and 7V7S [87], respectively. Both crystal structures
are analyzed by cryo-electron microscopy which have
been a more powerful tool for high-resolution struc-
ture analysis of biological macromolecules than X-ray
technology [88]. Taking the two as templates, Pymol
mutagenesis tools and HadDock 2.4 sever [89 , 90] both
were used to build the following twelve systems: (1) four
full-length SP trimers including WT, Delta, Mu and Omi-
cron variants; (2) four SP trimer complexes with hACE2
receptor; (3) four SP trimer docked complex models with
TMPRSS2 (PDB ID: 7MEQ) [91, 92] For convenience of
analysis, the eight SP complex systems are denoted by
WT_hACE2/ TMPRSS2, Delta_hACE2/TMPRSS2, Mu_
hACE2/ TMPRSS2 and Omicron_hACE2/ TMPRSS2,
respectively.

Molecular dynamics simulation

Molecular dynamics (MD) simulation is one of the most
important techniques to study the thermodynamic and
kinetic characteristics of biological macromolecules
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at atomic level. In this work, comparative MD simula-
tions were performed for the twelve SP trimer systems
(i.e., WT, Delta, Mu, Omicron and their complexes with
hACE2 and TMPRSS2) using ft14SB force field and
Amber 19 package [93 , 94]. The solutes were placed in
octahedral box with a boundary of 15.0 A, where solvent
effect was characterized by TIP3P water model [95]. In
addition to the temperature setting at 300 K for conven-
tional MD simulations, both 310 and 320 K options have
been added to assess whether temperature affects SP
conformation.

Before MD simulation, two steps of energy optimiza-
tion was carried out: (1) under the condition of solute-
constraint with force constant of 500 kcal-mol~!-A~2, the
steepest descent optimization was performed for 5000
steps, followed by another 5000 steps of conjugate gra-
dient minimization; (2) the solute-unrestrained minimi-
zation was also composed of the same steps above; the
convergence criterion is that the energy gradient is less
than 0.01 kcal-mol~'-A~2, Finally, a two-stage 100 ns MD
simulation was carried out after energy minimization.
The first stage was the 5 ns solute-constrained dynamics
with force constant of 10 kcal-mol ™ A~ the second was
95 ns unconstrained productive simulations, in which
the SHAKE algorithm [96] was adopted to prevent the
destruction of chemical bonds involving non-hydrogen
atoms. During the whole MD simulation, the radius of
non-bonded interaction was 10 A; the integral time step
was set to 2 fs; the conformational snapshots were sam-
pled every 1 ps, thus total 100,000 conformations were
collected for further statistical analysis; the motion pro-
cess of the system was monitored with VMD 1.9.3 pack-
age [97].

Prediction of antigen epitopes

Total 60 SP complexes (See Supplementary Table 2) with
various antibodies were collected in RCSB PDB. Their
interface residues were obtained using LigPlot+v2.2.4
software, [98] all of which might be potential antigen
epitopes. According to residue’s spatial characteristics
of antigen epitopes, they can be divided into CPs and
DPs. the former is composed of continuous linear amino
acids, while the latter consists of spatially close resi-
dues that form a specific conformation. To predict two
types of B-Cell epitopes, seven SP trimer sequences (i.e.,
WT, Alpha, Beta, Gamma, Delta, Mu, Omicron) were
extracted from outbreak.info, and their spatial confor-
mations were built based on 7KJ2 PDB template. These
seven variants belong to the mainstream lineage, cover-
ing at least 75% of current SP sequence and more than
90% of infected population.
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The CPs of SARS-CoV-2 SP were predicted by
BepiPred-2.0 server [99] in IEDB with a threshold of 0.55
(corresponding specificity over than 0.817 and sensitivity
less than 0.292). The DPs were predicted via the EPCES
server tool [100] based on the chain B structure of SP
(PDB ID: 7K]J2). It is evaluated using Consensus Scoring
(EPCES) made up of six different scoring functions—
residue epitope propensity, conservation score, sidechain
energy score, contact number, surface planarity score and
secondary structure composition.

Free energy landscape

According to value minimum and barrier in free energy
landscapes (FEL), the representative conformation and its
transition can be obtained. The free-energy surface with
the minimum value characterizes the maximum possible
motion range of the system. By comparing demarcation
point and free energy barrier, the conformational transi-
tion process can be monitored. As a common dimension
reduction algorithm in data mining, principal compo-
nent analysis (PCA) is widely used to describe the most
important global functional motion for biomacromolecu-
lar systems [101]. In FEL analysis, the reduced dimen-
sions can be constructed by PCA; The first (PC1) and
second principal component (PC2) both serve as reac-
tion coordinates for the mapping of free energy surface
diagram. The calculation of conformational free energy is
defined as follows:

AG(X) = —kgT In P(X) (1)

where the reaction coordinate X denotes PC1 and PC2;
P (X) is the probability of conformational distribution,
representing the contribution of a particular conforma-
tion to the overall PCs; kz and T express Boltzmann con-
stant and absolute temperature in Kelvin, respectively.

Conformational cluster Analysis

Based on the 100,000 snapshots obtained from MD
simulation of the four systems (i.e., WT, Delta, Mu and
Omicron variant), conformational cluster was performed
using MMTSB packages [102]. The basic idea of clus-
ter analysis is to calculate root mean square deviation
(RMSD) values of Ca atoms between various conforma-
tions and to establish N x N RMSD matrix, where N is
the number of snapshots. Assuming a RMSD threshold,
if the RMSDs between two arbitrary conformations are
smaller than this value, they are grouped into one certain
cluster and removed out of cluster pool. Then, the above
procedure is repeated for the remaining structures in
cluster pool until all the conformations are grouped into
a particular cluster. Conventionally, the snapshots with
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lowest energy in clusters are considered to be representa-
tive conformations. In this work, RMSD threshold was
set as 3.0 A, which is also the conformation amplitude
range that MD refining can achieve.
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Mechanics/Poisson Boltzmann (MM/PBSA) method.
Total 20 snapshots were collected from each MD tra-
jectory every 5 ns intervals from 1 to 100 ns. The for-
mula is as:

AGping = AH — TAS = (AEypw + AEpre + AGpgere + AGppsur) — TAS (2)

Antibody recognition interface

The main driving forces of antibody-antigen recogni-
tion include hydrophobic effect and electrostatic inter-
actions, which can be partially evaluated by the changes
in solvent accessible surface area (SASA), volume, elec-
trostatic potential and pKa values. The SASA of macro-
molecules can be computed from MD trajectories with
gmx sasa module using the algorithms of Eisenhaber
et al. [103] In the four SP trimmers (i.e., WT, Delta, Mu
and Omicron variant), the changes in both total and
average surface area (SA) of each residue throughout
MD trajectory over time were calculated. The pocket
volumes was calculated with Discovery Studio v19.1
(Accelrys, San Diego, California, USA). The SASA and
pocket volume both can be used to evaluate the recog-
nition interface and binding strength of DPs to antibod-
ies. The surface electrostatic potential was calculated
and displaced with Adaptive Poisson Boltzmann Solver
[104] (APBS) program embedded in Pymol 2.3.1 soft-
ware. Based on the convergent 3D structures of the four
SP trimmers, the pKa values of ionizable groups were
predicted with PROPKA 3 package, [105] which was
helpful to describe the electrical environment at the
corresponding position.

Evolutionary conservation

The sequence conservation of protein key residues is the
basis for the evolution of viruses including SARS-CoV-2.
In general, if a highly conserved region mutates, the virus
may develop into a harmonious co-existence with the
host. Conversely, it may simply be associated with the
probability of natural mutation. In this work, the ConSurf
server [106] was used to predict conservation degree of
each amino acidic position; the full-length sequence of
SARS-CoV-2 SP (PDB ID: 7KJ2) was used as template for
the alignment. Based on the alignment of 150 sequences
with a similarity between 90 and 35%, the conservation
score was obtained on a scale from 1 (not conserved) to 9
(highly conserved).

Binding free energy calculation and Energy decomposition
The average binding free energies of four SP trim-
ers (i.e.,, WT, Delta, Mu and Omicron variant) with
hACE2 and TMPRSS2 were computed by Molecular

where AE,y indicates intramolecular VDW energy
under vacuum, while AEy ; refers to the electrostatic
fraction. AGpgp e and AGpggur represent the hydro-
philic and hydrophobic part of solvation binding free
energy, respectively. AH corresponds to total enthalpy
change, and TAS is the product of absolute temperature
and conformational entropy change.

Energy decomposition analysis was performed with
Molecular Mechanics/Generalized Born Surface Area
(MM/GBSA) method [107]. The basic idea is that: (1)
energy contribution of each residue can be divided into
internal energy in vacuum, polar solvation energy calcu-
lated by Generalized Born (GB) model [108], non-polar
solvation energy calculated by the LCPO algorithm [109];
(2) all sorts of energies can be decomposed to atoms in
backbone and side-chain of each residue. In addition,
internal energy in vacuum can also be divided into two
parts, polar electrostatic and non-polar van der Waals
interactions. According to LCPO algorithm, there is a
positive correlation between non-polar solvation energy
and SASA. Obviously, through energy decomposition,
the key residues in the four SP trimer (i.e., WT, Delta, Mu
and Omicron variant) recognizing hACE2 and TMPRSS2
can be obtained.

Hierarchical clustering analysis

The identification of hot interaction spots of SP with
hACE2 receptor and TMPRSS2 will aid the detection of
antigen epitopes. In this work, key residues were identi-
fied by Hierarchical clustering (HC) analysis based on
energy contributions per amino acid; R statistical analy-
sis package is adopted in HC calculation, and Manhattan
distance is used to describe the similarity levels among
vectors. Manhattan distance is defined as: [110]

Distance(a, b) = Z(ﬂi —by) 3)

where i indicates the dimensional index of individual
binding energies a and b at residual level. To implement
cluster discrimination, the Ward’s minimum variance
method was adopted here. Finally, the calculation result
files were processed using the online tree generator iTOL
to formulate the hierarchical tree graph shown in color-
coded modes [111].



Guo et al. Molecular Biomedicine (2022) 3:12

Abbreviations
Al: Artificial intelligence; CH: Central helix; CPs: Continuous epitopes; DPs: Dis-
continuous epitopes; ESP: Surface electrostatic potential; EUA: Emergency use

Authorization; FDA: Food and drug administration; FEL: Free energy landscape;

FP: Fusion peptide; hACE2: Human angiotensin converting enzyme-2; HR1:
Heptad repeat 1; HR2: Heptad repeat 2; mAbs: Monoclonal antibodies; NTD:
N-terminal domain; RBD: Receptor binding domain; RMSD: Radius of gyration
root mean square deviation; RMSF: Root mean square fluctuation; SA: Surface
area; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; SASA:
Solvent accessible surface area; SP: Spike protein; TMPRSS2: Transmembrane
protease serine 2; VOC: Variant of concern; VOI: Variant of interest; WHO: World
Health Organization; WT: Wild type.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/543556-022-00074-3.

Additional file 1: Supplementary Fig. 1 RMSD values of Ca atoms over
time for a four full-length SP trimers and their b S2, ¢ NTD, d RBD subdo-
mains. Supplementary Fig. 2 The a RMSD, b radius of gyration, ¢ RMSF
and d flexibility correlation for the WT, Delta, Mu and Omicron systems at
different temperatures. Supplementary Fig. 3 Superimposition of CPs
representative conformations in the WT, Delta, Mu and Omicron systems.
Supplementary Fig. 4 Hydrogen bonds in the WT, Delta, Mu and Omi-
cron systems. The second (i.e,, Tot. H) and third (i.e, Frac.>70%) columns
respectively mean the total number of hydrogen bonds, as well as that
with frequency over 70%. In the four systems, @ the hydrogen bonds
formed by DPs with the unique hydrogen bonds are shown in bold and
marked with a pink frame. Supplementary Fig. 5 The volume and surface
area of a NTD-DP, b RBD1-DP and ¢ RBD2-DP in the WT, Delta, Mu and
Omicron systems over time. Supplementary Fig. 6 Surface electrostatic
potential and total pKa values of each DPs in the four systems. The color
shifted from red to blue represents the charges from acidity to alkalinity.
Supplementary Fig. 7 Based on energy decomposition data of the WT,
Delta, Mu, Omicron systems, HC analyses of key residues favoring the
association of SP with hACE2/TMPRSS2. The most important cluster is
colored in red, which can be considered to be the hot interaction spots.
Supplementary Fig. 8 The helicity of HR1 for the WT, Delta, Mu and Omi-
cron systems. Supplementary Table 1 Representative variant strains of
SRAS-CoV-2. Supplementary Table 2 Total 60 SP complexes with various
antibodies collected from RCSB PDB. Supplementary Table 3 Conserva-
tion of DPs residues of SARS-CoV-2 SP.

Acknowledgements

Thanks to all authors for their contributions to the manuscript. We would like
to thank the developers for all packages (i.e, Amber 19 package, VMD 1.9.3
package, MMTSB package and R statistical analysis package) and software (i.e.,
LigPlot+ v2.2.4 software, Pymol 2.3.1 software and Origin software) we used
in our work.

Code availability
Not applicable.

Authors’ contributions

Du Guo, Huaichuan Duan, Jianping Hu and Hubing Shi conceived and
designed the experiments. Du Guo, Huaichuan Duan and Yan Cheng con-
ducted the experiments. Du Guo, Huaichuan Duan, Yan Cheng and Yueteng
Wang performed the data analysis. Yueteng Wang and Hubing Shi ontributed
analysis tools. Du Guo, Huaichuan Duan, Jianping Hu and Hubing Shi wrote
the paper. Jianping Hu and Hubing Shi supervised the research. All authors
discussed the results and commented on the manuscript. All author(s) read
and approved the final manuscript.

Funding

This work was supported by The Project of Sichuan Traditional Chinese Medi-
cine Administration (2018KF006); Sichuan Science and Technology Program
(2019YFHO054).

Page 150f 18

Availability of data and materials
The data is available with the corresponding author and will be provided
upon the legitimate request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interest

No conflict of interest exists in the submission of this manuscript. | would like
to declare on behalf of my co-authors that the work described was original
research that has not been published previously, and is not under considera-
tion for publication elsewhere, in whole or in part. All the authors listed have
approved the manuscript that is enclosed.

All the authors declare no conflict of interest, financial or otherwise.

Received: 2 March 2022 Accepted: 25 March 2022
Published online: 24 April 2022

References

1. Wang C, Horby PW, Hayden FG, Gao GF. A novel coronavirus outbreak
of global health concern. Lancet. 2021;395(10223):470-3. https://doi.
0rg/10.1016/50140-6736(20)30185-9.

2. LiY,Undurraga EA, Zubizarreta J R. Efficacy of localized lockdowns in
the SARS-CoV-2 pandemic. medRxiv. 2020;1:1-20. doi: https://doi.org/
10.1101/2020.08.25.20182071

3. Martellucci CA, Flacco ME, Cappadona R, Bravi F, Mantovani L, Manzoli
L. SARS-CoV-2 pandemic: an overview. Adv in Biol Regul. 2020;77:
100736. https://doi.org/10.1016/j,jbior.2020.100736.

4. Johns Hopkins University. COVID-19 Data Repository by the Center for
Systems Science and Engineering (CSSE). 2021. https://arcg.is/OfHmMTX).
Accessed 07 Apr 2021.

5. Ozono S, Zhang Y, Ode H, Sano K, Tan TS, Imai K, et al. SARS-CoV-2
D614G spike mutation increases entry efficiency with enhanced ACE2-
binding affinity. Nat Commun. 2021;12(1):848-56. https://doi.org/10.
1038/541467-021-21118-21.

6. Swapnil M, Mindermann S, Sharma M, Whittaker C, Mellan TA, Wilton T,
et al. Changing composition of SARS-CoV-2 lineages and rise of Delta
variant in England. eClin Med. 2021;39:2589-97. https://doi.org/10.
1016/j.eclinm.2021.101064.

7. Public Health England. SARS-CoV-2 variants of concern and variants
under investigation in England. Technical briefing 16. 2021. https://
assets.publishing.service.gov.uk/government/uploads/system/uploads/
attachment_data/file/994839/Variants_of_Concern_VOC_Technical_
Briefing_16.pdf. Accessed 24 June 2021.

8. Uriu K, Kimura |, Shirakawa K, Takaori-kondo A, Nakada T, Kaneda A, et al.
Ineffective neutralization of the SARS-CoV-2 Mu variant by convales-
cent and vaccine sera. New Engl J Med. 2021;385(25):2397-9. https://
doi.org/10.1056/ENJMc2114706.

9. James N, Menzies M, Radchenko P. COVID-19 second wave mortality in
Europe and the United States. Chaos. 2021;31(3): 031105. https://doi.
0rg/10.1063/5.0041569.

10. YeT, Zhong Z, Garcia-Sastre A, Schotsaert M, Geest BG. Current status
of COVID-19 (Pre) Clinical Vaccine Development. Angew Chem Int Ed.
2020;59(43):18885-97. https://doi.org/10.1002/anie.202008319.

11. World Health Organization (WHO). COVID-19 Vaccine Tracker and Land-
scape. 2021. https://www.who.int/publications/m/item/draft-lands
cape-of-covid-19-candidate-vaccine, Accessed 10 Nov 2021.

12 Cohn BA, Cirillo PM, Murphy CC, Krigbaum NY, Wallace AW. SARS-CoV-2
vaccine protection and deaths among US veterans during 2021. Sci-
ence. 2021,375(6578):331-6. https://doi.org/10.1126/science.abm0620.

13. Wesley H, Tenforde MW, Rhoads JP, Gaglani M, Ginde AA, Douin DJ, et al.
Comparative effectiveness of Moderna, Pfizer-BioNTech, and Janssen


https://doi.org/10.1186/s43556-022-00074-3
https://doi.org/10.1186/s43556-022-00074-3
https://doi.org/10.1016/S0140-6736(20)30185-9
https://doi.org/10.1016/S0140-6736(20)30185-9
https://doi.org/10.1101/2020.08.25.20182071
https://doi.org/10.1101/2020.08.25.20182071
https://doi.org/10.1016/j.jbior.2020.100736
https://arcg.is/0fHmTX
https://doi.org/10.1038/s41467-021-21118-21
https://doi.org/10.1038/s41467-021-21118-21
https://doi.org/10.1016/j.eclinm.2021.101064
https://doi.org/10.1016/j.eclinm.2021.101064
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/994839/Variants_of_Concern_VOC_Technical_Briefing_16.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/994839/Variants_of_Concern_VOC_Technical_Briefing_16.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/994839/Variants_of_Concern_VOC_Technical_Briefing_16.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/994839/Variants_of_Concern_VOC_Technical_Briefing_16.pdf
https://doi.org/10.1056/ENJMc2114706
https://doi.org/10.1056/ENJMc2114706
https://doi.org/10.1063/5.0041569
https://doi.org/10.1063/5.0041569
https://doi.org/10.1002/anie.202008319
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccine
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccine
https://doi.org/10.1126/science.abm0620

Guo et al. Molecular Biomedicine

20

21.

22.

23.

24.

25.

26.

27

28.

29.

30.

31

32

(2022) 3:12

(Johnson & Johnson) vaccines in preventing COVID-19 hospitalizations
among adults without immunocompromising conditions. Morbid Mor-
tal W. 2021;70(38):1337-43. https://doi.org/10.15585/mmwr.mm703
8el.

Chen L, Xiong J, Bao L, Yuan S. Convalescent plasma as a potential

therapy for COVID-19. Lancet Infect Dis. 2020;20(4):398-400. https://doi.

0rg/10.1016/51473-3099(20)30141-9.

Ryan BJ, McCreary EK, Wadas RJ, Kip KE, Marroquin OC, MinnierT, et al.
Impact of bamlanivimab monoclonal antibody treatment on hospitali-
zation and mortality among non-hospitalized adults with SARS-CoV-2
infection. Open Forum Infect Di. 2021;8(7):1-8. https://doi.org/10.1093/
ofid/ofab254.

Yanyun D, Shi R, Zhang Y, Duan X, Li L, Zhang J, et al. A broadly
neutralizing humanized ACE2-targeting antibody against SARS-CoV-2
variants. Nat Commun. 2021;12(5000):1-1110. https://doi.org/10.1038/
$41467-021-25331-x.

Kreuzberger N, Hirsch C, Chai KL, Tomlinson E, Khosravi Z, Popp M,

et al. SARS-CoV-2-neutralising monoclonal antibodies for treatment

of COVID-19. Cochrane DB Syst Rev. 2021;5:1-274. https://doi.org/10.
1002/14651858.CD013825.

Food and Drug Administration (FDA). Emergency Use Authorization.
2021. https://www.fda.gov/emergency-preparedness-and-response/
mcm-legal-regulatory-and-policy-framework/emergency-use-autho
rization#abouteuas, Accessed December 25, 2021.

ChenY, GuoY, PanY, Zhao ZJ. Structure analysis of the receptor binding
of 2019-nCoV. Biochem Bioph Res Co. 2020;525(1):135-40. https://doi.
0rg/10.1016/j.bbrc.2020.02.071.

CaiY, Zhang J, Xiao T, Peng H, Sterling SM, Walsh JRRM, et al. Dis-

tinct conformational states of SARS-CoV-2 spike protein. Science.
2020;369(6511):eabd4251. https://doi.org/10.1126/science.abd4251.
Shang J,Wan'Y, Luo C, Li F. Cell entry mechanisms of SARS-CoV-2. P Natl
A SciIndia A. 2020;117(21):202003138. https://doi.org/10.1073/pnas.
2003138117.

Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N, Herrler T, Erichsen
S, et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is
blocked by a clinically proven protease inhibitor. Cell. 2020;181(2):271-
80. https://doi.org/10.1016/j.cell.2020.02.052.

Zheng M, Song L. Novel antibody epitopes dominate the antigenicity
of spike glycoprotein in SARS-CoV-2 compared to SARS-CoV. Cell Mol
Immunol. 2020;17:536-8. https://doi.org/10.1038/541423-020-0385-z.
Ejemel M, Li Q Hou S, Schiller ZA, Tree JA, Wallace A, et al. A cross-reac-
tive human IgA monoclonal antibody blocks SARS-CoV-2 spike-ACE2
interaction. Nat Commun. 2020;11(1):4189-97. https://doi.org/10.1038/
$41467-020-18058-8.

World Health Organization (WHO). Tracking SARS-CoV-2 variants.

2021. https//www.who.int/en/activities/tracking-SARS-CoV-2-variants.
Accessed 1 July 2021.

Alizon S, Haim-Boukobza S, Foulongne V, Verdurme L, Sofonea M T.
Rapid spread of the SARS-CoV-2 Delta variant in some French regions.
Euro Surveill. 2021;26(28). doi: https://doi.org/10.2807/1560-7917 ES.
2021.26.28.2100573.

Mlcochova P, Kemp SA, Dhar MS, Papa G, Meng B, Ferreia I. SARS-CoV-2
B. 1.617.2 Delta variant replication and immune evasion. Nature.
2021;599(7883):114-9. https://doi.org/10.1038/541586-021-03944-y.
Uriu K, Kimura I, Shirakawa K, Akifumi TK, Kei S. Neutralization of the
SARS-CoV-2 Mu variant by convalescent and vaccine Serum. New Engl
J Med. 2021;385(25). doi: https://doi.org/10.1056/NEJMc2114706.
GISAID. hCoV-19 data sharing via GISAID. 2021. https://www.gisaid.org/.
Accessed 24 May 2021.

Laiton DK, Franco-Murioz C, Alvarez-Diaz DA, Hector AR, Jose AU, Diego
AP. Characterization of the emerging B.1.621 variant of interest of SARS-
CoV-2. Infect, Genet and Evol. 2021;95:105038. https://doi.org/10.1101/
2021.05.08.21256619.

Snell LB, Cliff PR, Charalampous T, Adela AM, Ebie S, Sehmi JK; et al.
Rapid genome sequencing in hospitals to identify potential vaccine-
escape SARS-CoV-2 variants. Lancet Infect Dis. 2021;21(10):1351-2.
https://doi.org/10.1016/51473-3099(21)00482-5.

Dhar R, Alukdar J, Nayek A, Ajmeriya S, Kumar A, Karmakar S, et al.
Unveiling the omicron B.1.1. 529: the variant of concern that is rattling
the globe. Asian J Med Sci. 2022;13(1):166-8. https://doi.org/10.3126/
ajms.v13i1.41117.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48

49.

50.

Page 16 of 18

COVID. COVID Quickly, Episode 21: Vaccines against Omicron and
Pandemic Progress. https://www.scientificamerican.com/podcast/episo
de/covid-quickly-episode-21-vaccines-against-omicron-and-pande
mic-progress/. Accessed 17 Dec 2021.

UK Health Security Agency. SARS-CoV-2 variants of concern and vari-
ants under investigation in England Technical briefing 29. 2021. https://
assets.publishing.service.gov.uk/government/uploads/system/uploads/
attachment_data/file/1036324/Technical_Briefing_29_published_26_
November_2021.pdf, Accessed 26 Nov 2021.

World Health Organization (WHQ). Classification of Omicron (B.1.1.529):
SARS-CoV-2 Variant of Concern. https://www.who.int/news/item/
26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-
concern, Accessed 26 Nov 2021.

GOV. UK. Oral Statement on B.1.1.529 variant. 2021. https://www.gov.
uk/government/speeches/oral-statement-on-b11529-variant. Accessed
26 Nov 2021.

Chin AWH, Chu JTS, Perera MRA, Kpyh A, Hly A, Mcwc A, et al. Stability
of SARS-CoV-2 in different environmental conditions. Lancet Microbe.
2020;1(1): e10. https://doi.org/10.1016/52666-5247(20)30003-3.

CaiY, Zhang J, Xiao T, Peng H, Chen B. Distinct conformational states of
SARS-CoV-2 spike protein. Science. 2020;369(6511):1586-92. https://doi.
org/10.1101/2020.05.16.099317.

YuW, Wu X, Ren J, JiaY, Zhang XC, Wang YM, et al. Mechanistic Insights
to the Binding of Antibody CR3022 Against RBD from SARS-CoV and
HCoV-19/SARS-CoV-2: A Computational Study. Comb Chem High T Scr.
2020;23(7). doi: https://doi.org/10.2174/1386207323666201026160500.
Yuan M, Wu NC, Zhu X, Lee CC, Ray TY, Hubin L, et al. A highly con-
served cryptic epitope in the receptor binding domains of SARS-CoV-2
and SARS-CoV. Science. 2020;368(6491):630-3. https://doi.org/10.1126/
science.abb7269.

Hu JP, He HQ, Tang DY, Sun GF, Zhang YQ, Fan J, et al. Study on the
interactions between diketo-acid inhibitors and prototype foamy

virus integrase-DNA complex via molecular docking and compara-

tive molecular dynamics simulation methods. J Biomol Struct Dyn.
2013;31(7):734-47. https://doi.org/10.1080/07391102.2012.709458.

Lee H. All-Atom Simulations and Free-Energy Calculations of Antibodies
Bound to the Spike Protein of SARS-CoV-2: The Binding Strength and
Multivalent Hydrogen-Bond Interactions. Adv Theor Simul. 2021;4. doi:
https://doi.org/10.1002/adts.202100012.

Pulliam JRC, van Schalkwyk C, Govender N, Gottberg A, Cohen C,
Groome M, et al. Increased risk of SARS-CoV-2 reinfection associated
with emergence of the Omicron variant in South Africa. medRxiv. 2021.
doi: https://doi.org/10.1101/2021.11.11.21266068.

Zhou T, Tsybovsky Y, Gorman J, Micah R, Gabriele C, Chuang GY, et al.
Cryo-EM Structures of SARS-CoV-2 spike without and with ACE2 reveal
a pH-dependent switch to mediate endosomal positioning of receptor-
binding domains. Cell Host Microbe. 2020;28(6):867-79. https://doi.org/
10.1016/j.chom.2020.11.004.

Liu D, Ju C, Han C, Shi R, Chen XH, Duan D, et al. Nanozyme chemilu-
minescence paper test for rapid and sensitive detection of SARS-CoV-2
antigen. Biosens Bioelectron. 2021;173: 112817. https://doi.org/10.
1016/}.bi0s.2020.112817.

Fratev F.N501Y and K417N Mutations in the Spike Protein of SARS-CoV-2
Alter the Interactions with Both hACE2 and Human-Derived Antibody:
A Free Energy of Perturbation Retrospective Study. J Chem Inf Model.
2021;61(12):6079-84. https://doi.org/10.1021/acs,jcim.1c01242.

Walls AC, Park YJ, Tortorici MA, Wall A, Guire AT, Veesier D. Structure,
function, and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell.
2020;181(2):281-92. https://doi.org/10.1016/j.cell.2020.02.058.
Mansbach RA, Chakraborty S, Nguyen K, Montefiori DC, Korber B,
Gnanakaran S. The SARS-CoV-2 Spike variant D614G favors an open
conformational state. Sci Adv. 2021;7(16):eabf3671. https://doi.org/10.
1126/sciadv.abf3671.

Scientific American Arabic. How Scientists Can Update COVID Vaccines
against Omicron? 2021. https://www.scientificamerican.com/article/
how-scientists-can-update-covid-vaccines-against-omicron/. Accessed
09 Dec 2021.

Xie X, LiuY, Liu J, Zhang XW, Zou J, Camila R, et al. Neutralization

of SARS-CoV-2 spike 69/70 deletion, E484K and N501Y variants by
BNT162b2 vaccine-elicited serum. Nat Med. 2021,27(4):620-1. https://
doi.org/10.1038/541591-021-01270-4.


https://doi.org/10.15585/mmwr.mm7038e1
https://doi.org/10.15585/mmwr.mm7038e1
https://doi.org/10.1016/S1473-3099(20)30141-9
https://doi.org/10.1016/S1473-3099(20)30141-9
https://doi.org/10.1093/ofid/ofab254
https://doi.org/10.1093/ofid/ofab254
https://doi.org/10.1038/s41467-021-25331-x
https://doi.org/10.1038/s41467-021-25331-x
https://doi.org/10.1002/14651858.CD013825
https://doi.org/10.1002/14651858.CD013825
https://www.fda.gov/emergency-preparedness-and-response/mcm-legal-regulatory-and-policy-framework/emergency-use-authorization#abouteuas
https://www.fda.gov/emergency-preparedness-and-response/mcm-legal-regulatory-and-policy-framework/emergency-use-authorization#abouteuas
https://www.fda.gov/emergency-preparedness-and-response/mcm-legal-regulatory-and-policy-framework/emergency-use-authorization#abouteuas
https://doi.org/10.1016/j.bbrc.2020.02.071
https://doi.org/10.1016/j.bbrc.2020.02.071
https://doi.org/10.1126/science.abd4251
https://doi.org/10.1073/pnas.2003138117
https://doi.org/10.1073/pnas.2003138117
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1038/s41423-020-0385-z
https://doi.org/10.1038/s41467-020-18058-8
https://doi.org/10.1038/s41467-020-18058-8
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants
https://doi.org/10.2807/1560-7917.ES.2021.26.28.2100573
https://doi.org/10.2807/1560-7917.ES.2021.26.28.2100573
https://doi.org/10.1038/s41586-021-03944-y
https://doi.org/10.1056/NEJMc2114706
https://www.gisaid.org/
https://doi.org/10.1101/2021.05.08.21256619
https://doi.org/10.1101/2021.05.08.21256619
https://doi.org/10.1016/S1473-3099(21)00482-5
https://doi.org/10.3126/ajms.v13i1.41117
https://doi.org/10.3126/ajms.v13i1.41117
https://www.scientificamerican.com/podcast/episode/covid-quickly-episode-21-vaccines-against-omicron-and-pandemic-progress/
https://www.scientificamerican.com/podcast/episode/covid-quickly-episode-21-vaccines-against-omicron-and-pandemic-progress/
https://www.scientificamerican.com/podcast/episode/covid-quickly-episode-21-vaccines-against-omicron-and-pandemic-progress/
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1036324/Technical_Briefing_29_published_26_November_2021.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1036324/Technical_Briefing_29_published_26_November_2021.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1036324/Technical_Briefing_29_published_26_November_2021.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1036324/Technical_Briefing_29_published_26_November_2021.pdf
https://www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern
https://www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern
https://www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern
https://www.gov.uk/government/speeches/oral-statement-on-b11529-variant
https://www.gov.uk/government/speeches/oral-statement-on-b11529-variant
https://doi.org/10.1016/S2666-5247(20)30003-3
https://doi.org/10.1101/2020.05.16.099317
https://doi.org/10.1101/2020.05.16.099317
https://doi.org/10.2174/1386207323666201026160500
https://doi.org/10.1126/science.abb7269
https://doi.org/10.1126/science.abb7269
https://doi.org/10.1080/07391102.2012.709458
https://doi.org/10.1002/adts.202100012
https://doi.org/10.1101/2021.11.11.21266068
https://doi.org/10.1016/j.chom.2020.11.004
https://doi.org/10.1016/j.chom.2020.11.004
https://doi.org/10.1016/j.bios.2020.112817
https://doi.org/10.1016/j.bios.2020.112817
https://doi.org/10.1021/acs.jcim.1c01242
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1126/sciadv.abf3671
https://doi.org/10.1126/sciadv.abf3671
https://www.scientificamerican.com/article/how-scientists-can-update-covid-vaccines-against-omicron/
https://www.scientificamerican.com/article/how-scientists-can-update-covid-vaccines-against-omicron/
https://doi.org/10.1038/s41591-021-01270-4
https://doi.org/10.1038/s41591-021-01270-4

Guo et al. Molecular Biomedicine

51

52.

53.

54.

55.

56.

57.

58.

59.

60

61.

62.

63.

64.

65.

66.

67.

68.

(2022) 3:12

Liu Z, VanBlargan LA, Bloyet LM, Rothlaur PW, Chen RE, Stumpf S, et al.
Identification of SARS-CoV-2 spike mutations that attenuate monoclo-
nal and serum antibody neutralization. Cell Host Microbe. 2021;29(3).
doi: https://doi.org/10.1016/j.chom.2021.01.014.

Wu K, Choi A, Koch M, Elbashir S, Ma LZ, Lee D, et al. Variant SARS-CoV-2
MRNA vaccines confer broad neutralization as primary or booster series
in mice. Vaccine. 2021;39(51):7394-400. https://doi.org/10.1101/2021.
04.13.439482.

Globe Newswire. Gritstone Oncology, Inc. 2021. https://www.globe
newswire.com/fr/news-release/2021/01/19/2160371/0/en/Grits
tone-Advances-Second-Generation-COVID-19-Vaccine-CORAL-Progr
am-with-Support-from-NIAID-Program-has-Potential-to-Protect-Again
st-Mutant-Variants-of-SARS-CoV-2.html. Accessed 19 Jan 2021.

Mishra T, Joshi G, Kumar A, Dalavi R, Pandey P, Shukla S, et al. B. 1.617. 3
SARS CoV-2 spike E156G/A157-158 mutations contribute to reduced
neutralization sensitivity and increased infectivity. bioRxiv. 2021. doi:
https://doi.org/10.1101/2021.10.04.463028.

Cerutti G, Guo Y, Wang P, Nair MS, Wang M, Huang Y, et al. Neutralizing
antibody 5-7 defines a distinct site of vulnerability in SARS-CoV-2 spike
N-terminal domain. Cell Rep. 2021;37(5):109928. https://doi.org/10.
1016/j.celrep.2021.109928.

Yuan M, Wu NG, Zhu X, Lee CC, So RT, Huibin L, et al. A highly conserved
cryptic epitope in the receptor binding domains of SARS-CoV-2 and
SARS-CoV. Science. 2020;368(6491):630-3. https://doi.org/10.1126/scien
ce.abb7269.

CaoY,Wang J, Jian F, Xiao T, Song W L, Yisimayi A, et al. Omicron escapes
the majority of existing SARS-CoV-2 neutralizing antibodies. Nature.
2021;1-9.doi:https://doi.org/10.1038/541586-021-04385-3.

Kannan SR, Spratt AN, Sharma K, Chand HS, Byrareddy SN, Singh K.
Omicron SARS-CoV-2 variant: unique features and their impact on pre-
existing antibodies. J Autoimmun. 2022;126:102779. https://doi.org/10.
1016/jjaut.2021.102779.

Kumar S, Thambiraja TS, Karuppanan K, Subramaniam G. Omicron

and Delta variant of SARS-CoV-2: a comparative computational study
of spike protein. J Med Virol. 2021;1:1-9. https://doi.org/10.1002/jmv.
27526.

Sadek A, Zaha D, Ahmed MS. Structural insights of SARS-CoV-2 spike
protein from Delta and Omicron variants. bioRxiv. 2021;1:1-18. https://
doi.org/10.1101/2021.12.08471777.

Luan J, LuY, Jin X, Zhang LL. Spike protein recognition of mammalian
ACE2 predicts the host range and an optimized ACE2 for SARS-CoV-2
infection. Biochem Bioph Res Co. 2020;526(1):165-9. https://doi.org/10.
1016/j.bbrc.2020.03.047.

Zhang H, Penninger JM, LiY, Zhong N, Slutsky AS. Angiotensin-convert-
ing enzyme 2 (ACE2) as a SARS-CoV-2 receptor: molecular mechanisms
and potential therapeutic target. J Intensive Care Med. 2020;46(4):586—
90. https://doi.org/10.1007/500134-020-05985-9.

Neerukonda SN, Vassell R, Lusvarghi S, Wang R, Echegaray F, Bentley

L, et al. SARS-COV-2 Delta variant displays moderate resistance to
neutralizing antibodies and spike protein properties of higher soluble
ACE2 sensitivity, enhanced cleavage and fusogenic activity. Viruses.
2021;13(12):2485. https://doi.org/10.3390/v13122485.

Chen J,Wang R, Gilby NB, Wei GW. Omicron (B.1.1.529): Infectivity,
vaccine breakthrough, and antibody resistance. J Chem Inf Model.
2022;62(2):412-22. https://doi.org/10.1021/acs,jcim.1c01451.

Hussain M, Jabeen N, Amanullah A, Baig AA, Aziz B, Shabbir S, et al.
Molecular docking between human TMPRSS2 and SARS-CoV-2 spike
protein: conformation and intermolecular interactions. Aims Microbiol.
2020;6(3):350-60. https://doi.org/10.3934/microbiol.2020021.

Gupta R. SARS-CoV-2 Omicron spike mediated immune escape and
tropism shift. Res Square. 2022;1:1-19. https://doi.org/10.21203/rs.3.rs-
1191837/v1.

Lukassen S, Chua RL, Trefzer T, Kahn NC, Schneider MA, Muley H, et al.
SARS-CoV-2 receptor ACE 2 and TMPRSS 2 are primarily expressed

in bronchial transient secretory cells. EMBO J. 2020;39(10):e105114.
https://doi.org/10.15252/embj.20105114.

Mannar D, Saville JW, Zhu X, Sricastava SS, Berezuk AM, Zhou S, et al.
Structural analysis of receptor binding domain mutations in SARS-
CoV-2 variants of concern that modulate ACE2 and antibody binding.
Cell Rep. 2021;37(12): 110156. https://doi.org/10.1016/j.celrep.2021.
110156.

69.

70.

71

72.

73.

74.

76.

77.

78.

79.

80

81.

82.

83.

84.

85.

86.

Page 17 of 18

Mannar D, Saville JW, Zhu X, Sricastava SS, Berzuk AM, Tuttle KS, et al.
SARS-CoV-2 Omicron variant: Antibody evasion and cryo-EM structure
of spike protein-ACE2 complex. Science. 2022; eabn7760. doi: https://
doi.org/10.1126/science.abn7760.

ZhuY,Yu D, Yan H, Chong HH, He YX. Design of potent membrane
fusion inhibitors against SARS-CoV-2, an emerging coronavirus with
high fusogenic activity. J Virol. 2020,94(14):e00635-20. https://doi.org/
10.1101/2020.03.26.009233.

Xie X, Han JB, Ma G, Feng XL, Li XH, Zou QC, et al. Emerging SARS-CoV-2
B.1.621/Mu variant is prominently resistant to inactivated vaccine-
elicited antibodies. Zool Res. 2021,42(6):789-91. https://doi.org/10.
24272/j.issn.2095-8137.2021.343.

Piccoli L, Park YJ, Tortorici MA, Czudnochowski N, Walls AC, Beltra-
mello M, et al. Mapping neutralizing and immunodominant sites on
the SARS-CoV-2 spike receptor-binding domain by structure-guided
high-resolution serology. Cell. 2020;183:1024-42. https://doi.org/10.
1016/j.cell.2020.09.037.

Harvey WT, Carabelli AM, Jackson B, Gupta RK, Thomson EC, Harrison
EM, et al. SARS-CoV-2 variants, spike mutations and immune escape.
Nat Rev Microbiol. 2021;19(7):409-24. https://doi.org/10.1038/
s41579-021-00573-0.

Uriu K, Kimura |, Shirakawa K, Kondo AT, Nakada T, Nakagawa S, et al.
Neutralization of the SARS-CoV-2 Mu variant by convalescent and
vaccine serum. New Engl J Med. 2021;385(25):2397-9. https://doi.
org/10.1056/NEJMc2114706.

. TadaT, Zhou H, Dcosta BM, Samanovic MI, Cornelius A, Herati RS,

et al. Neutralization of Mu and C. 1.2 SARS-CoV-2 variants by vaccine-
elicited antibodies in individuals with and without previous history
of infection. bioRxiv. 2021;1:1-34. https://doi.org/10.1101/2021.10.19.
463727.

Wang L, Kainulainen MH, Jiang N, Di H, Bonenfant G, Mils L, et al.
Differential neutralization and inhibition of SARS-CoV-2 variants by
antibodies elicited by COVID-19 mRNA vaccines. bioRxiv. 2021;1:1-
22. https://doi.org/10.1101/2021.11.24.469906.

Muik A, Lui BG, Wallisch AK, Bacher M, Muhl J, Reinholz J, et al.
Neutralization of SARS-CoV-2 Omicron by BNT162b2 mRNA vaccine—
elicited human sera. Science. 2022;eabn7591. doi: https://doi.org/10.
1126/science.abn7591.

Jeewandara C, Kamaladasa A, Pushpakumara PD, Jayathilaka D, Aber-
athna IS, Danasekara DRSR, et al. Immune responses to a single dose
of the AZD1222/Covishield vaccine in health care workers. Nat Com-
mun. 2021;12(1):1-9. https://doi.org/10.1038/541467-021-24579-7.
Bian L, Gao Q, Gao F,Wang Q, He Q, Wu X, et al. Impact of the Delta
variant on vaccine efficacy and response strategies. Expert Rev Vac-
cines. 2021;20(10):1201-9. https://doi.org/10.1080/14760584.2021.
1976153.

Huang B, Dai L, Wang H, Hu ZY, Yang XM, Tan WJ, et al. Neutraliza-

tion of SARS-CoV-2 VOC 501Y. V2 by human antisera elicited by both
inactivated BBIBP-CorV and recombinant dimeric RBD ZF2001 vaccines.
bioRxiv. 2021;1:1-12. https://doi.org/10.1101/2021.02.01.429069.
Vacharathit V, Aiewsakun P, Manopwisedjaroen S, Srisaowakarn C,
Laopanupong T, Ludowyke N, et al. SARS-CoV-2 variants of concern
exhibit reduced sensitivity to live-virus neutralization in sera from Coro-
naVac vaccinees and naturally infected COVID-19 patients. medRxiv.
2021;1:1-15. https://doi.org/10.1101/2021.07.10.21260232.

Mahase E. Covid-19: Pfizer's paxlovid is 89% effective in patients at risk
of serious illness, company reports. BMJ. 2021;375: n2713. https://doi.
0rg/10.1136/bmj.n2713.

Mahase E. Covid-19: Molnupiravir reduces risk of hospital admission

or death by 50% in patients at risk MSD reports. BMJ. 2021;375: n2422.
https://doi.org/10.1136/bmj.n2422.

Ansems K, Grundeis F, Dahms K, Dodd LE, Mehta AK, Zingman BS,

et al. Remdesivir for the treatment of COVID-19. Cochrane DB Syst Rev.
2021;383(19):1813-26. https://doi.org/10.1002/14651858.CD014962.
Andrew W, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny R,

et al. SWISS-MODEL: homology modelling of protein structures and
complexes. Nucleic Acids Res. 2018,W1:W296-303. https://doi.org/10.
1093/nar/gky427.

XiaoT, Lu J, Zhang J, Johnson RI, McKay LG, Storm N, et al. A trimeric
human angiotensin-converting enzyme 2 as an anti-SARS-CoV-2


https://doi.org/10.1016/j.chom.2021.01.014
https://doi.org/10.1101/2021.04.13.439482
https://doi.org/10.1101/2021.04.13.439482
https://www.globenewswire.com/fr/news-release/2021/01/19/2160371/0/en/Gritstone-Advances-Second-Generation-COVID-19-Vaccine-CORAL-Program-with-Support-from-NIAID-Program-has-Potential-to-Protect-Against-Mutant-Variants-of-SARS-CoV-2.html
https://www.globenewswire.com/fr/news-release/2021/01/19/2160371/0/en/Gritstone-Advances-Second-Generation-COVID-19-Vaccine-CORAL-Program-with-Support-from-NIAID-Program-has-Potential-to-Protect-Against-Mutant-Variants-of-SARS-CoV-2.html
https://www.globenewswire.com/fr/news-release/2021/01/19/2160371/0/en/Gritstone-Advances-Second-Generation-COVID-19-Vaccine-CORAL-Program-with-Support-from-NIAID-Program-has-Potential-to-Protect-Against-Mutant-Variants-of-SARS-CoV-2.html
https://www.globenewswire.com/fr/news-release/2021/01/19/2160371/0/en/Gritstone-Advances-Second-Generation-COVID-19-Vaccine-CORAL-Program-with-Support-from-NIAID-Program-has-Potential-to-Protect-Against-Mutant-Variants-of-SARS-CoV-2.html
https://www.globenewswire.com/fr/news-release/2021/01/19/2160371/0/en/Gritstone-Advances-Second-Generation-COVID-19-Vaccine-CORAL-Program-with-Support-from-NIAID-Program-has-Potential-to-Protect-Against-Mutant-Variants-of-SARS-CoV-2.html
https://doi.org/10.1101/2021.10.04.463028
https://doi.org/10.1016/j.celrep.2021.109928
https://doi.org/10.1016/j.celrep.2021.109928
https://doi.org/10.1126/science.abb7269
https://doi.org/10.1126/science.abb7269
https://doi.org/10.1038/s41586-021-04385-3
https://doi.org/10.1016/j.jaut.2021.102779
https://doi.org/10.1016/j.jaut.2021.102779
https://doi.org/10.1002/jmv.27526
https://doi.org/10.1002/jmv.27526
https://doi.org/10.1101/2021.12.08.471777
https://doi.org/10.1101/2021.12.08.471777
https://doi.org/10.1016/j.bbrc.2020.03.047
https://doi.org/10.1016/j.bbrc.2020.03.047
https://doi.org/10.1007/s00134-020-05985-9
https://doi.org/10.3390/v13122485
https://doi.org/10.1021/acs.jcim.1c01451
https://doi.org/10.3934/microbiol.2020021
https://doi.org/10.21203/rs.3.rs-1191837/v1
https://doi.org/10.21203/rs.3.rs-1191837/v1
https://doi.org/10.15252/embj.20105114
https://doi.org/10.1016/j.celrep.2021.110156
https://doi.org/10.1016/j.celrep.2021.110156
https://doi.org/10.1126/science.abn7760
https://doi.org/10.1126/science.abn7760
https://doi.org/10.1101/2020.03.26.009233
https://doi.org/10.1101/2020.03.26.009233
https://doi.org/10.24272/j.issn.2095-8137.2021.343
https://doi.org/10.24272/j.issn.2095-8137.2021.343
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1056/NEJMc2114706
https://doi.org/10.1056/NEJMc2114706
https://doi.org/10.1101/2021.10.19.463727
https://doi.org/10.1101/2021.10.19.463727
https://doi.org/10.1101/2021.11.24.469906
https://doi.org/10.1126/science.abn7591
https://doi.org/10.1126/science.abn7591
https://doi.org/10.1038/s41467-021-24579-7
https://doi.org/10.1080/14760584.2021.1976153
https://doi.org/10.1080/14760584.2021.1976153
https://doi.org/10.1101/2021.02.01.429069
https://doi.org/10.1101/2021.07.10.21260232
https://doi.org/10.1136/bmj.n2713
https://doi.org/10.1136/bmj.n2713
https://doi.org/10.1136/bmj.n2422
https://doi.org/10.1002/14651858.CD014962
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1093/nar/gky427

Guo et al. Molecular Biomedicine

87

88.

89.

90

91

92.

93.

94,

95.

96.

97

98.

99.

100.

101.

104.

(2022) 3:12

agent in vitro. bioRxiv. 2020;1:1-30. https://doi.org/10.1101/2020.09.18.
301952.

Petra M, Kemp S, Dhar MS, Papa G, Meng B, Mishra S, et al. SARS-CoV-2
B.1.617.2 Delta variant emergence and vaccine breakthrough. Nat
Portfolio. 2021;1:1-29. https://doi.org/10.21203/rs.3.rs-637724/v1.
McCallum M, Czudnochowski N, Rosen LE, Zepeda SK, Bowen JE, Walls
AC, et al. Structural basis of SARS-CoV-2 Omicron immune evasion and
receptor engagement. Science. 2022;eabn8652. doi: https://doi.org/10.
1126/science.abn8652.

Yuan S, Chan HCS, Hu Z. Using PyMOL as a platform for computa-
tional drug design Wiley Interdisciplinary Reviews. Comput Mol Sci.
2017;7(2):1298. https://doi.org/10.1002/wcms.1298.

Zundert GCP, Rodrigues J, Trellet M, Schmitz C, Kastritis PL, Karaca E,

et al. The HADDOCK2.2 webserver: User-friendly integrative modeling
of biomolecular complexes. J Mol Biol. 2015;428:720-5. https://doi.org/
10.1016/jjmb.2015.09.014.

Bryan J, Beldar S, Seitova A, Hutchinson A, Manner D, Li Y, et al.
Structure, activity and inhibition of human TMPRSS2, a protease
implicated in SARS-CoV-2 activation. bioRxiv. 2021;1:1-19 (doi:
0.1101/2021.06.23.449282).

Honorato RV, Koukos PI, Jiménez-Garcia B, Tsaregorodtsev A, Verlato M,
Giachetti A, et al. Structural biology in the clouds: the WeNMR-EOSC
Ecosystem. Front Mol Biosci. 2021;8: 729513. https://doi.org/10.3389/
fmolb.2021.729513.

Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA. Development and
testing of a general amber force field. J Comput Chem. 2004;25:1157-
74. https://doi.org/10.1002/jcc.20035.

Case DA, Yandong H, Walker RC, Simmerling C, Roitberg A, Merz KM,
AMBER, et al. University of California. San Francisco. 2019;2010:1-900.
Jorgensen WL, Chandrasekhar J, Madura JD. Comparison of sim-

ple potential functions for simulating liquid water. J Chem Phys.
1983;79(2):926-35. https://doi.org/10.1063/1.445869.

Miyamoto S, Kollman PA. Settle: an analytical version of the SHAKE

and RATTLE algorithm for rigid water models. J Comput Chem.
1992;13(8):952-62. https://doi.org/10.1002/jcc.540130805.

Humphrey W, Dalke A, Schulten K. VMD-Visual Molecular Dynamics.

J Mol Graph. 1996;14(1):33-8. https://doi.org/10.1016/0263-7855(96)
00018-5.

Laskowski RA, Swindells MB. LigPlot+: multiple ligand-protein interac-
tion diagrams for drug discovery. J Chem Inf Model. 2011,51:2778-86.
https://doi.org/10.1021/ci200227u.

Closter J M, Peters B, Nielsen M, Marcatili P. BepiPred-2.0: improving
sequence-based B-cell epitope prediction using conformational
epitopes. Nucleic Acids Res. 2017;45. doi: https://doi.org/10.1093/nar/
gkx352.

Liang S, Zheng D, Zhang C, Zacharias Me. Prediction of antigenic
epitopes on protein surfaces by consensus scoring. BMC Bioinformatics.
2009;302:1-10. doi: https://doi.org/10.1186/1471-2105-10-302.

Duan H, Liu X, Zhuo W, Meng J, Gu J, Sun X, et al. 3D-QSAR and molecu-
lar recognition of Klebsiella pneumoniae NDM-1 inhibitors. Mol Simulat.
2019;45(9):694-705. https://doi.org/10.1080/08927022.2019.1579327.
Feig M, Karanicolas J, Brooks CL Ill. MMTSB Tool Set: enhanced sampling
and multiscale modeling methods for applications in structural biology.
J Mol Graph Model. 2004;22:377-95. https://doi.org/10.1016/jjmgm.
2003.12.005.

Eisenhaber F, Lijnzaad P, Argos P, Sander C, Scharf M. The double cubic
lattice method: efficient approaches to numerical integration of surface
area and volume and to dot surface contouring of molecular assem-
blies. J Comput Chem. 1995;16(3):273-84. https://doi.org/10.1002/jcc.
540160303.

Robert K, Baker NA, McCammon JA. iAPBS: a programming interface to
the adaptive Poisson-Boltzmann solver. Comput Sci Discov. 2012;5(1):
015005. https://doi.org/10.1088/1749-4699/5/1/015005.

Olsson MH, Sendergaard CR, Rostkowski M, Jensen JH. PROPKA3:
consistent treatment of internal and surface residues in empirical pKa
predictions. J Chem Theory and Comput. 2011;7(2):525-37. https://doi.
org/10.1021/ct100578z.

Ashkenazy H, Abadi S, Martz E, Chay O, Mayrose |, Pupko T, et al.
ConSurf 2016: an improved methodology to estimate and visualize
evolutionary conservation in macromolecules. Nucleic Acids Res.
2016;44(W1):W344-50. https://doi.org/10.1093/nar/gkw408.

107.

108.

109.

Page 18 of 18

Kollman PA, Massova |, Reyes C, Kuhn B, Huo S, Chong L, et al. Calculat-
ing structures and free energies of complex molecules: combin-

ing molecular mechanics and continuum models. Acc Chem Res.
2000;33(12):889-97. https://doi.org/10.1002/chin.200110299.
Simonson T. Macromolecular electrostatics: continuum models and
their growing pains. Curr Opin Struc Biol. 2001;11(2):243-52. https://doi.
0rg/10.1016/50959-440X(00)00197-4.

Weiser J, Shenkin PS, Still WC. Approximate atomic surfaces from
linear combinations of pairwise overlaps (LCPO). J Comput Chem.
1999;20(2):217-30. https://doi.org/10.1002/(SIC)1096-987X(19990130)
20:2%3¢217:AID-JCC4%3e3.0.CO;2-A.

Tippmann S. Programming tools: Adventures with R. Nature.
2015;517(7532):109-10. https://doi.org/10.1038/517109a.

Ciccarelli FD, Doerks T, Von Mering C, Creevey CJ, Snel B, Bork P. Toward
automatic reconstruction of a highly resolved tree of life. Science.
2006;311:1283-7. https://doi.org/10.1126/science.1123061.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1101/2020.09.18.301952
https://doi.org/10.1101/2020.09.18.301952
https://doi.org/10.21203/rs.3.rs-637724/v1
https://doi.org/10.1126/science.abn8652
https://doi.org/10.1126/science.abn8652
https://doi.org/10.1002/wcms.1298
https://doi.org/10.1016/j.jmb.2015.09.014
https://doi.org/10.1016/j.jmb.2015.09.014
https://doi.org/10.3389/fmolb.2021.729513
https://doi.org/10.3389/fmolb.2021.729513
https://doi.org/10.1002/jcc.20035
https://doi.org/10.1063/1.445869
https://doi.org/10.1002/jcc.540130805
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1021/ci200227u
https://doi.org/10.1093/nar/gkx352
https://doi.org/10.1093/nar/gkx352
https://doi.org/10.1186/1471-2105-10-302
https://doi.org/10.1080/08927022.2019.1579327
https://doi.org/10.1016/j.jmgm.2003.12.005
https://doi.org/10.1016/j.jmgm.2003.12.005
https://doi.org/10.1002/jcc.540160303
https://doi.org/10.1002/jcc.540160303
https://doi.org/10.1088/1749-4699/5/1/015005
https://doi.org/10.1021/ct100578z
https://doi.org/10.1021/ct100578z
https://doi.org/10.1093/nar/gkw408
https://doi.org/10.1002/chin.200110299
https://doi.org/10.1016/S0959-440X(00)00197-4
https://doi.org/10.1016/S0959-440X(00)00197-4
https://doi.org/10.1002/(SICI)1096-987X(19990130)20:2%3c217::AID-JCC4%3e3.0.CO;2-A
https://doi.org/10.1002/(SICI)1096-987X(19990130)20:2%3c217::AID-JCC4%3e3.0.CO;2-A
https://doi.org/10.1038/517109a
https://doi.org/10.1126/science.1123061

	Omicron-included mutation-induced changes in epitopes of SARS-CoV-2 spike protein and effectiveness assessments of current antibodies
	Abstract 
	Introduction
	Results
	Characteristics and prevalence of SARS-CoV-2 variant strains
	Structural stability
	Conformational fluctuation
	Continuous B-Cell epitopes
	Discontinuous B-Cell epitopes
	The up and down conformations of RBD
	Evolutionary conservation
	Effect of SP mutation on virus infectivity
	Recommendations for therapeutic antibodies selection and modification
	Vaccine effectiveness evaluation and design

	Discussion
	Materials and methods
	System preparation
	Molecular dynamics simulation
	Prediction of antigen epitopes
	Free energy landscape
	Conformational cluster Analysis
	Antibody recognition interface
	Evolutionary conservation
	Binding free energy calculation and Energy decomposition
	Hierarchical clustering analysis

	Acknowledgements
	References


