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Introduction

Evaluating mAbs binding abilities to Omicron
subvariant RBDs: implications for selecting
effective mAb therapiesf

Song Luo,
Lili Duan = *

Danyang Xiong, Bolin Tang, Bangyu Liu, Xiaoyu Zhao and

The ongoing evolution of the Omicron lineage of SARS-CoV-2 has led to the emergence of subvariants
that pose challenges to antibody neutralization. Understanding the binding dynamics between the
receptor-binding domains (RBD) of these subvariants spike and monoclonal antibodies (mAbs) is pivotal
for elucidating the mechanisms of immune escape and for advancing the development of therapeutic
antibodies. This study focused on the RBD regions of Omicron subvariants BA.2, BA.5, BF.7, and XBB.1.5,
employing molecular dynamics simulations to unravel their binding mechanisms with a panel of six
mAbs, and subsequently analyzing the origins of immune escape from energetic and structural
perspectives. Our results indicated that the antibody LY-COV1404 maintained binding affinities across all
studied systems, suggesting the resilience of certain antibodies against variant-induced immune escape,
as seen with the mAb 1D1-Fab. The newly identified mAb 002-S21F2 showed a similar efficacy profile to
LY-COV1404, though with a slightly reduced binding to BF.7. In parallel, mAb REGN-10933 emerged as
a potential therapeutic candidate against BF.7 and XBB.1.5, reflecting the importance of identifying
variant-specific antibody interactions, akin to the binding optimization observed in BA.4/5 and XBB.1.5.
And key residues that facilitate RBD-mAb binding were identified (T345, L441, K444, V445, and T500),
alongside residues that hinder protein—protein interactions (D420, L455, K440, and S446). Particularly
noteworthy was the inhibited binding of V445 and R509 with mAbs in the presence of mAb 002-S21F2,
suggesting a mechanism for immune escape, especially through the reduction of V445 hydrophobicity.
These findings enhance our comprehension of the binding interactions between mAbs and RBDs,
contributing to the understanding of immune escape mechanisms. They also lay the groundwork for the
design and optimization of antiviral drugs and have significant implications for the development of
treatments against current and future coronaviruses.

advantages and continued lineage evolution, subvariants
emerged that were not only more transmissible but also more

Over time, SARS-CoV-2 has acquired genetic mutations, leading
to several variants and subvariants that have been confirmed.
Certain variants have garnered significant attention due to
their rapid transmission, enhanced immune evasion, and
severity of infection, and are considered to pose a public health
threat. In November 2021, Botswana reported the first case of
the Omicron variant (B.1.1.529), known for its enhanced
immune evasion.’™ It quickly spread to several other coun-
tries worldwide. Subsequently, due to Omicron’s replication
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capable of evading antibodies, gradually replacing previous
dominant sublineages.*”’

Starting with BA.2, several subvariants appeared rapidly in
succession, often several at a time.® BA.2.12.1 emerged in the
United States in early February 2022 and has significantly
spread, now accounting for over 55% of all new SARS-CoV-2
infections in the country. BA.4 and BA.5 appeared in South
Africa in January 2022 and quickly dominated, with a total
frequency exceeding 88%.'° These include the BA.4 and BA.5
subvariants (with the same spike protein, referred to as BA.4/5),
which have risen to dominance and shown further immune
evasion. The SARS-CoV-2 Omicron subvariants BA.2 and BA.4/5
have significantly surged, becoming dominant in the United
States and South Africa, respectively, with BA.4/5 currently
being the most widespread and influential variant."*
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The continued evolution of Omicron and the subsequent
emergence of subvariants, which are not only more transmis-
sible but also more adept at antibody evasion, have raised
concerns. These subvariants, carrying additional mutations in
the spike protein, may further evade neutralizing antibodies,
potentially undermining the efficacy of COVID-19 vaccines
and therapeutic monoclonal antibodies. Many subvariants have
emerged, evading vaccine and infection-induced immunity,
showing strong immune evasion in humans. Notably, the
BA.4/5 and BA.2.75 subvariants have driven the further diversi-
fied spread of SARS-CoV-2, leading to several additional sub-
variants, including BA.4.6, BF.7 (BA.5.2.17), BQ.1, and BQ.1.1
(derived from BA.4/5), as well as BA.2.75.2 (derived from
BA.2.75). Moreover, the frequencies of these new subvariants
are currently increasing and may become the next major
dominant Omicron sublineages.

In October 2022, the Omicron subvariant BF.7 became the
most infectious strain within the Omicron family in China,
distinct from other subvariants.'** BF.7 exhibited stronger
immune evasion, a shorter incubation period, and a faster
transmission rate. The surge in COVID-19 cases associated with
BF.7 in China and other countries has triggered a global alert.
Molecular modeling studies have revealed potential mechan-
isms for antibody immune evasion mediated by mutations
K444T, F486S, and D1199N on the receptor-binding domain
(RBD)."® However, studies indicate that the Omicron subvariant
BF.7 carries additional specific mutations, namely R346T in the
SARS-CoV-2 RBD spike protein, originating from the BA.4/5
subvariants. Consequently, the BF.7 variant exhibits a 4.4-fold
higher resistance to neutralization compared to the original
D614G variant."® The Arg346 mutation R346T in the BF.7 variant
spike, particularly in the RBD, is associated with increased
immune evasion capabilities, neutralizing antibodies produced
by vaccines or previous infections. This variant shows significant
resistance to most currently available monoclonal antibodies
and polyclonal plasma from individuals vaccinated and recently
recovered from Omicron COVID-19 infections (VaxCCP)."'>'¢

Recently, the XBB subvariant has acquired two additional
mutations in the spike protein, including G252V (XBB.1) and
G252V + S486P (XBB.1.5)."”"® The impact of these mutations on
XBB.1.5 is not yet fully understood. Given the rapid increase in
the circulation of XBB.1.5 and XBB.1.16 in the United States
and other parts of the world, understanding their impact on
current public health measures is crucial.

New variants of the virus continue to pose a significant
concern, and it was crucial to conduct research on the implica-
tions of new mutations for effective treatment.'®*° Wang et al.
found that antibody bebtelovimab (LY-COV1404, a fully human
immunoglobulin G1 (IgG1) monoclonal SARS-CoV-2 antibody
targeting the RBD with authorization for clinical treatment)
showed good efficacy against the BA.2.12.1 and BA.4/5 sub-
variants in vitro.>® REGN-10987 (imdevimab) and REGN-10933
(casirivimab) as combined antibodies showed limited efficacy
against BA.2.12.1 and BA.4/5. Kumar et al. identified an RBD-
specific mAb 002-S21F2 with rare gene usage,”>** which effi-
ciently neutralized live virus isolates of SARS-CoV-2 variants.
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Nikhil Maroli and colleagues examined the binding of RBDs of
the SARS-CoV-2, categorized as single (N501Y), double (E484Q
and L452R), and triple mutations (N501Y, E484Q, and L452R),
with ACE2. They found that double and triple mutations exhibited
stronger binding, potentially contributing to higher transmissi-
bility of the new variants. Additionally, their investigation into the
binding of the B38 monoclonal antibody revealed limited con-
formational changes in the RBD and the ACE2 receptor, attri-
butable to their effective binding interactions.**** Despite our
understanding of the binding capabilities of several mAbs, little
is known about their efficacy against variants such as BF.7 and
XBB.1.5. To gain a deeper understanding of the capabilities and
limitations of these mAbs, it is critical to explore their properties.
This knowledge would facilitate the development of more effective
treatments for diseases.

Boonkrai et al. have successfully generated human mono-
clonal antibodies using hybridoma technology. The antibodies
1D1 and 3D2, intended for use in cocktail therapies, have
been found to target non-competitive epitopes on the RBD,
demonstrating neutralizing activity against the wild-type Alpha,
Beta, Gamma, Delta variants.>® Current studies indicate that
the asparagine residue (N) 32 of the 1D1 Fab forms a hydrogen
bond with A475 of the SARS-CoV-2 RBD.?” Therefore, substitut-
ing alanine with valine at this position could disrupt the
interaction and reduce the binding of mAb 1D1 to the BA.5
spike. It was also discovered that despite the disruption of the
hydrogen bond between A475 and N32 by the A475V mutation,
1D1 retains its neutralizing ability against the BA.2 spike. This
particular mechanism has greatly piqued our research interest.

In addition, ABBV-47D11 is a full-length human immuno-
globulin G1 (IgG1) monoclonal antibody with an unmodified Fc
region, targeting a conserved epitope within the SARS-CoV-2
S1B domain, which is distal to the ACE2 binding site on
the surface spike protein of SARS-CoV-2. The S protein of
SARS-CoV-2 consists of two main structural domains: S1, which
includes the N-terminal domain and the receptor-binding
domain S1B.>® ABBV-47D11 targets a conserved epitope in the
SARS-CoV-2 S1B domain, leading to the neutralization of SARS-
CoV-2 in vitro and in vivo. ABBV-47D11 has been shown to
effectively inhibit SARS-CoV-2 infection in VeroE6 cells with a
50% inhibitory concentration (IC50) of 0.57 pg ml *.>873°
Whether ABBV-47D11 can neutralize Omicron subvariants
remains to be demonstrated through extensive research.

In this study, the binding affinity of the six aforementioned
monoclonal antibodies to Omicron subvariants BA.2, BA.4/5,
BF.7, and XBB.1.5 was predicted. Molecular dynamics simula-
tions were employed to discern whether mutations contribute
to immune escape and to explore the potential mechanisms
involved.

Methods

(1) Molecular dynamics simulations

The structures of the complexes used in this work to predict
and analyze the specificity of the RBDs of spike proteins and six
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mAbs, and the WT structures were obtained from the protein
data bank (PDB) database, with PBD coding for 8D8Q, 8D8R,
6XDG, 7UPL, 8BSE, and 7AKD, respectively. The focus of our
study is on predicting the binding affinity of six mAbs to SARS-
CoV-2 Omicron subvariants BA.2, BA.4/5, BF.7, and XBB.1.5
through molecular dynamics simulations. By predicting the
binding free energy, we aim to assess the strength of the
interaction and thereby evaluate the potential for immune
escape due to mutations in the RBD of spike. Therefore,
preprocessing of the system, including making initial PDB file
adjustments to retain only the RBD region and the antibody
structures (RBD residues range from 334-527), is required
before performing the dynamics simulations. The LEaP module
of AMBER18*" software was used to construct residue libraries
and force field parameters. All the standard residues were
mutated using the LEaP module of AMBER18 to obtain their
initial structures for dynamics simulation according to the
mutation information of Table 1.

Before carrying out the dynamics simulations, the para-
meters of the protein and mAbs were prepared using the
AMBER18 protein ff14SB force field. The missing hydrogen
atoms in the initial structure were added through the LEaP
module in the AMBER 18 package. A truncated octahedron
periodic water box of TIP3P water was added to create a solvent
environment, and a reasonable buffer distance of 10 A was set.
Additionally, counter ions were added to make the whole
system appear electrically neutral. Subsequently, the steepest
descent method was used to minimize the energy of the entire
system followed by the conjugate gradient minimization
to make the system reach convergence. Then, each system
was heated from 0 to 300 K for 1 ns with a weak restraint of
(10 keal mol™* A™%) and the bonds involving hydrogen atoms
were constrained by the SHAKE algorithm,** and the Langevin
dynamics®® with a collision frequency of 1 ps~* used to main-
tain the temperature.

In this study, we opted for a 10 x 100 ns simulation strategy
in the NPT ensemble. The initial conformation for each simula-
tion was taken from the last frame of the previous simulation,
with random velocities reassigned. This approach allowed us to
monitor for any significant conformational changes within the
system at any given time. The total simulation time amounted
to 1 ps. As observed in the last two simulations, the system’s
root mean square deviation (RMSD) had stabilized, leading
to the use of the final 200 ns of trajectory for energy and
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conformational analysis. Trajectories were recorded every
10 ps, resulting in a total of 20 000 frames.

(2) MM/GBSA method

In this work, the MM/GBSA method was employed to calculate
the binding free energy of the systems. During the calculation,
the binding free energy was divided into two parts, enthalpy
change (AH) and entropic contribution (—TAS), and thereby the
following equation was obtained:

AG = AH - TAS 1)

Enthalpy change included two parts, the solvation free energy
(AGso1) and the ensemble-average protein-ligand interaction
energy ((Epi)). At the same time, (Ep") could also be divided
into two parts, electrostatic interaction (AE.;) and vdW inter-
action (AEyqw)-

Besides, the solvation free energy (AGso) can be separated
into the polar solvation free energy (AGg,) and the non-polar
solvation free energy (AG,p). Therefore, eqn (1) can finally be
described using the following formula:

AGpind = AEcie + AEyqw + Apr/gb + AEnp — TAS

(2)

AGyy, is calculated using the Generalized Born (GB) equation
and the AG,;, is calculated using the empirical formula,

AGyp = 7-SASA + f§ (3)

where SASA is the solvent-accessible surface area, which is
obtained using the MSMS program.

(3) Interaction entropy (IE) method

The entropy change is calculated using the IE method in this
work. In this method, the entropy change is defined by the
following equation:

~TAS = KTIn(e"") (4)

int

. 1 . .
where f is equal to XT and AEp;" is the fluctuation of the
protein-ligand interaction energy relative to the average inter-

int

action energy ((Ep1')) so that the following equation is obtained.

AER: = B — (60 )

Table 1 Detailed mutation information of the RBD region of spike protein of Omicron variants. (From: https://covid19dashboard.regeneron.com/

content/1/?tab=Lineage_Details)

Lineage WHO label First seen Location first seen Mutations

BA.2 Omicron  2020/3/28 France

G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, S477N, T478K, E484A,

Q493R, Q498R, N501Y, Y505H

BA.4/BA.5 Omicron  2020/6/30 Mauritius

G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, L452R, S477N, T478K,

E484A, F486V, Q498R, N501Y, Y505H

BF.7 Omicron  2022/1/2 France

G339D, R346T, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, L452R, S477N,

T478K, E484A, F486V, Q498R, N501Y, Y505H

2020/4/4 United States
(North Carolina)

XBB.1.5 Omicron

11416 | Phys. Chem. Chem. Phys., 2024, 26, 11414-11428

G339H, R346T, L3681, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, V445P,
G446S, N460K, S477N, T478K, E484A, F486P, F490S, Q498R, N501Y, Y505H

This journal is © the Owner Societies 2024
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<Eiprit> and <€ﬁ AEB(> can be calculated using the formulas:
() - IJT £
T

Z ER(1 (6)

and

< eﬁAEgl“> _ %ziv: PAER @)

(4) ASGB combined with the interaction entropy method*
(ASIE)

Alanine scanning is used to evaluate the contribution of
individual residues to binding. Amino acids within 10 A of
the binding interface are mutated separately to structurally
simple alanine, and the difference in the energy of the system
before and after the mutation is considered as the energy
contribution of specific residues. It calculates the difference
in binding free energy of the system before and after mutation
by mutating a specific residue (x) to alanine (a) one by one:
AAGy;, i = AGRg — AGing (8)
According to eqn (1), the binding free energy is divided into
an enthalpy term (AH) and an entropy term (—TAS), so eqn (8)
can be further expressed as

AAGES = (AH* — TAS™) — (AH® — TAS?)
= AAH*™ — TAAS* ¢ 9)

For the ASIE method, the enthalpy part is calculated using
MM/GBSA and the entropy contribution is calculated using the
IE method, respectively.

SARS-CoV-2
! 2 +
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Results and discussion

In this study, we investigated the binding effects of these six
mAbs aforementioned mAbs on Omicron subvariants, includ-
ing wild type (WT), BA.2, BA.4/5, BF.7, and XBB.1.5, and
assessed whether these mAbs showed any signs of immune
escape, and the structures of SARS-CoV-2 and the spike protein
are shown in Fig. 1A. Table 1 shows the detailed information of
the RBD’s mutation sites of the above mutants. And Fig. 2
shows the binding conformations of six antibodies and
mutants, with the mutation sites highlighted in orange. Based
on the initial conformation observations, it is noted that
both 10933 and 10987 exhibit limited contact with the RBD.
mAb 47D11 has a smaller number of residues, totaling only 226
residues across two chains. This is significantly few compared
to the residue counts of five other mAbs, which range from 429
to 439. This will also be a factor that affects the binding energy
of 47D11 to RBD.

Energy calculations of antibody systems

LY-COV1404. Table 2 presents the detailed binding free
energy values along with the enthalpic contribution calcu-
lated using molecular mechanics/Generalized Born surface
area (MM/GBSA)**™*° and the entropic contribution obtained
through the interaction entropy (IE) method.*'~** These values
were predicted during the final 200 ns of a 1 pus molecular
dynamics**** simulation scale. From Table 2, LY-COV1404
maintained a strong binding ability to several Omicron vari-
ants, albeit with a slight decrease in the binding free energy
compared to the WT. Notably, the binding ability between LY-
COV1404 and BF.7/XBB.1.5 was significantly weakened, with
binding energies of only —7.11 and —6.46 kcal mol ", respec-
tively. However, no immune escape phenomenon was observed,
indicating that LY-COV1404 could be used for the treatment of

30 mmwr
B BA2
I BA.4/5
20 { I BE.7
0 XBB.1.5

;rﬁﬁﬂln

—30 -

°

T T T T T T
LY-COV1404 REGN-10933 REGN-10987  002-S21F2 1D1 47D11
mAbs

Fig. 1 (A) Structural depiction of SARS-CoV-2 and the interaction between the receptor-binding domain (RBD) and an antibody, created with
BioRender.com. (B) Binding free energies of mAbs with the RBD from various Omicron subvariants including WT, BA.2, BA.4/5, BF.7 and XBB.1.5. All

values are in kcal mol™™.
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Fig. 2 The structural conformation of each mAbs and RBD. (A) LY-COV1404, (B) REGN-10933, (C) REGN-10987, (D) 002-S21F2, (E) 1D1, (F) 47D11, the
antibody is displayed in a new cartoon style, and the RBD is displayed in a surface. The mutation site studied in this work in the RBD region is displayed in

orange.

Table 2 Binding free energy components of mAbs against Omicron, enthalpic contribution obtained by MM/GBSA and entropic contribution calculated
through interaction entropy method, all values are in kcal mol™

mADbs Omicron AEele AEvdW AGSO]V,PO] AGsolv,np AH —TAS AGbind
LY-COV1404 WT —191.68 & 6.27 —83.32 £ 0.62 199.45 + 4.42 —12.37 £ 0.04 —87.92 £ 0.66 61.85 —26.07 & 0.66
BA.2 —256.78 + 14.49 —84.53 £ 1.34 253.09 £15.01 —13.17 £0.21 —101.39 +1.62 88.31 —13.08 £ 1.62
BA.4/5 —263.55 + 21.18 —89.53 £ 2.4 271.63 £18.56 —13.10 £ 0.32 —94.54 £2.79 77.56 —16.98 &+ 2.79
BF.7 —255.61 = 0.93 —78.95 £ 0.50 258.00 £ 1.95 —12.04 £ 0.11 —88.61 £2.17 81.50 —7.11 £ 2.17
XBB.1.5 —208.28 + 2.03 —79.43 £ 2.04 219.02 £ 3.24 —12.20 £ £0.14 —80.89 £2.34 74.43 —6.46 £ 2.34
REGN-10933 WT —111.33 £ 0.71 —63.03 £ 0.91 135.86 + 0.42 —11.08 £ 0.18 —49.57 £2.26  39.59 —9.98 £ 2.26
BA.2 —176.51 + 13.47 —80.74 £ 0.65 196.61 + 12.32 —13.03 + 0.27 —73.66 £2.07 79.42 5.76 £ 2.07
BA.4/5 —222.12 4+ 1.63 —78.01 £ 0.06 239.35 £ 0.76 —12.91 £ 0.28 —73.68 £0.75 74.21 0.51 4= 0.75
BF.7 —227.86 £+ 1.63 —85.50 £ 0.95 249.55 £+ 1.31 —13.59 £ 0.12 —77.39 £2.82 66.26 —11.13 +2.82
XBB.1.5 —158.59 £ 7.79 —87.95 £ 4.85 177.89 + 7.53 —13.86 £ 0.50 —82.45 +£4.48 70.80 —11.65 + 4.48
REGN-10987 WT —82.53 £ 8.65 —94.14 £ 0.92 122.87 + 8.11 —14.12 £ 0.03 —67.90 £ 0.54 53.34 —14.56 & 0.54
BA.2 —11.96 + 5.54 —78.74 £ 0.29 35.43 + 2.27 —13.08 £+ 1.01 —68.20 £1.94 79.98 11.78 &+ 1.94
BA.4/5 98.19 + 7.18 —65.03 £ 6.15 —65.72 £ 2.72 —10.27 £ 1.01 —42.84 £ 0.45 68.06 25.22 + 0.45
BF.7 137.46 £ 7.23 —86.56 £ 0.44 —110.06 £ 5.10 —13.38 £ 0.01 —72.54 £ 0.75 66.19 —6.35 £ 0.75
XBB.1.5 171.53 £ 6.79 —88.95 £ 1.84 —129.26 £ 6.70 —12.19 £ 0.37 —58.87 £1.19 60.02 1.16 + 1.19
002—S21F2 WT —258.24 + 14.11 —80.84 £ 2.36 279.46 £ 13.44 —12.69 £ 0.29 —72.30 £5.97 65.59 —6.72 £ 5.97
BA.2 —359.74 & 4.53 —77.08 £ 0.71 375.35 £ 3.04 —12.30 £ 0.03 —73.76 £1.50 65.22 —8.55 £ 1.50
BA.4/5 —310.83 &£ 5.76 —79.90 £ 0.19 336.81 £ 5.80 —13.05 £ 0.01 —66.97 £ 1.28 60.45 —6.52 £ 1.28
BF.7 —276.81 + 1.08 —66.77 £ 1.35 295.81 £ 0.21 —11.10 £ 0.19 —59.36 £ 3.24 63.25 3.89 +3.24
XBB.1.5 —232.43 + 6.16 —70.12 £ 0.89 247.91 £ 4.21 —10.99 £ 0.12 —65.59 £2.99 56.33 —9.27 £ 2.99
1D1 WT —214.34 £ 0.92 —86.55 £+ 0.88 228.70 £ 2.76 —14.49 £ 0.01 —86.68 £ 0.94 59.13 —27.55 + 4.04
BA.2 —212.77 4+ 14.07 —88.79 £ 0.01 223.49 £ 13.66 —14.65 £ 0.22 —92.71 £ 0.63 68.32 —24.39 & 2.44
BA.4/5 —185.59 + 0.69 —83.75 £ 0.01 197.34 +1.23 —13.58 £ 0.05 —85.57 £0.59 62.50 —23.07 £+ 1.41
BF.7 —198.53 &+ 10.05 —84.22 £ 0.47 210.43 £11.07 —13.74 £ 0.19 —86.06 £ 0.35 58.12 —27.94 + 1.34
XBB.1.5 —149.69 & 7.35 —85.18 £ 0.11 159.65 + 7.16 —13.65 £ 0.08 —88.87 £0.01 59.96 —28.91 & 1.02
47D11 WT —72.04 £+ 3.31 —85.17 £ 0.73 110.39 + 6.55 —12.81 £ 0.09 —57.62 £ 0.40 51.09 —6.52 £ 3.95
BA.2 —89.39 £ 18.12 —85.36 & 0.03 123.83 & 11.62 —13.64 = 0.54 —64.57 £5.92 57.37 —7.19 £ 3.98
BA.4/5 —94.82 £ 2.26 —95.59 £ 1.29 125.93 + 1.48 —13.91 £ 0.04 —78.40 £2.03 56.32 —22.08 £ 6.63
BF.7 —84.02 £ 19.12 —84.86 + 7.88 112.99 + 11.77 —12.75 £ 1.01 —68.64 £ 1.53 53.64 —15.00 & 2.96
XBB.1.5 —39.83 £ 0.09 —104.95 + 1.50 85.62 £ 0.05 —15.44 £ 0.13 —74.59 £1.77 48.13 —26.46 + 1.84

BF.7 and XBB.1.5, albeit with a potentially reduced therapeutic
effect compared to its use against BA.2 and BA.4/5.
REGN-10933 and REGN-10987. The predicted results for
REGN-10933 and REGN-10987 were consistent with the work
of Wang et al.”>' Both antibodies failed to maintain a strong
binding ability to BA.2 and BA.4/5, particularly the REGN-
10933-BA.2 (REGN-10933-BA.4/5) system, as shown in Fig. 1B,

1418 | Phys. Chem. Chem. Phys., 2024, 26, 11414-11428

which presents a histogram of the binding free energies for
various systems, primarily to compare the predicted binding
energies across these systems. The specific values of the bind-
ing energies are provided in Table 2. In addition, molecular
dynamics (MD) simulations revealed a significant change in the
electrostatic energy compared to WT, from —111.33 to —176.51
and —222.12 kcal mol™', for REGN-10933-BA.2 and REGN-
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10933-BA.4/5 system, respectively, with a large fluctuation in
the interaction energy. The result of binding free energy sug-
gested that there may be a lack of intrinsic driving force for the
two mAbs binding to BA.2/BA.4/5. Moreover, dynamic sampling
statistics on the angle between RBD, heavy chain and light
chain (/ ) indicated significant deviation of the RBD from the
binding interface, with the angle changing from 37.24° to
118.22° (79.30°) compared to the WT. This angle reflects the
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degree of deviation in various mutant antibodies. By analyzing
the offset distance, we can infer the binding trend of the
antibody with the RBD caused by mutations, thereby deter-
mining whether the binding conformation is tighter or looser,
which helps to assess whether the antibody has a tendency for
immune escape (Fig. 3).

Based on the results of binding free energy calculations,
it appears that both REGN-10933 and BF.7/XBB.1.5, with an
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energy of —11.13 and —11.65 kcal mol ™', respectively, have a
stronger enthalpy contribution and smaller entropy loss when
compared to BA.2 and BA.4/5. This indicates that REGN-10 933
may be a potential treatment option for BF.7/XBB.1.5. The
stronger binding affinity of REGN-10933 and BF.7/XBB.1.5
can be attributed to the shorter mass distance between the
RBD and the heavy chain, which is significantly lower than that
of BA.2 and BA.4/5. (Fig. 3H) The greater binding affinity
observed with REGN-10933 and BF.7/XBB.1.5 is likely due to
the closer proximity between the RBD and the heavy chain. This
allows for more frequent interactions and thus, a more stable
binding.

REGN-10987 did not exhibit immune escape to BF.7, but the
predicted binding free energy suggests that it may not be
suitable for treating XBB.1.5. Compared to REGN-10933, it had
weaker binding ability to BF.7 (—6.35 vs. —11.13 kcal mol ™).
A newly discovered mAb, 002-S21F2, targets RBD and effectively
inhibits BA.2 and BA.4/5, similar to LY-COV1404. In all 002-
S21F2-RBD systems analyzed, the mass distances between
heavy chain and RBD exhibit minimal variation (Fig. 3]), indi-
cating the stability of the 002-S21F2-Omicron system combi-
nation. Additionally, this result suggests that differences
between the systems have little effect on this stability. Few
mAbs can target multiple Omicron subvariants due to the
immune escape phenomenon, but 002-S21F2 and LY-COV1404
has potential and requires further clinical trials.

002-S21F2. Moreover, 002-S21F2 exhibits strong binding
affinity to the RBD of XBB.1.5, second only to REGN-10933
among the four studied mAbs systems. Extended MD simula-
tions revealed that the average angle between RBD, heavy, and
light chains of mAbs, (Fig. 3D) which was found to be 81.07° for
002-S21F2 and BF.7, indicates that this antibody faces chal-
lenges in maintaining a stable binding conformation. This
instability ultimately leads to deflection and compromises its
ability to effectively bind to the targets.

1D1-Fab. In the present study, 1D1-Fab emerged as a unique
antibody among the six analyzed for its consistent binding free
energy across four SARS-CoV-2 variants and the WT, without
demonstrating immune escape in the context of the Omicron
variant. The calculated binding free energies, while numerically
distinct across the variants, showed relatively small disparities,
as exemplified by the comparison of the WT with a binding
free energy of —27.55 kcal mol™" to XBB.1.5, which displayed
the minimal observed difference at —28.91 kcal mol ™ ". It was
notable that the XBB.1.5 variant, while displaying the most
stable binding free energy with the antibody, differs from WT
by a mere 1.36 kcal mol '. Additionally, the binding free
energies of the BA.2 and BA.4/5 variants, at —24.39 kcal mol ™"
and —23.07 kcal mol ™" respectively, while elevated compared to
WT, remain within a similar magnitude. These data suggested
that despite surface characteristic alterations due to mutation,
antibody recognition and binding to these variants remain
highly effective, implying a lack of significant immune escape
between 1D1-Fab and the variants. Data indicate that the
WT exhibits the most negative electrostatic interactions
(—214.34 keal mol ), indicative of strong Coulombic interactions,

1420 | Phys. Chem. Chem. Phys., 2024, 26, 11414-11428
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with its vdW interactions (—86.545 kcal mol ') also demonstrating
strong non-covalent interactions. Nevertheless, the total binding
free energy for WT (—27.55 keal mol ") is not the most negative,
possibly reflecting the influence of other complex interactions
beyond electrostatic and vdW forces on the system’s stability.
Compared to other variants, XBB.1.5 shows the lowest binding
free energy (—28.91 kcal mol "), suggesting that thermodynami-
cally it may form the most stable antibody-variant complex. This
finding does not correlate exactly with its electrostatic interaction
value (—149.69 kcal mol '), which is not the most negative among
all variants. This result implies that the binding free energy is
not solely determined by electrostatic and vdW contributions but
is the result of a composite of forces. Other variants, such as BA.2
and BA.4/5, with binding free energies of —24.39 keal mol " and
—23.07 keal mol ™, respectively, are higher than WT and XBB.1.5,
indicating a lower binding affinity with the antibody. BA.4/5, in
particular, with the highest binding free energy, exhibits the
weakest binding affinity, potentially linked to its less favorable
electrostatic interactions (—185.59 kcal mol ') and vdW forces
(—83.75 kecal mol %),

The subtle differences in binding free energies may reflect
minor changes in the microenvironment of the binding site of
the variants, including rearrangements of amino acid side
chains, fine-tuning of polar and non-polar areas, and possible
reorganization of hydrogen-bond networks. However, these
changes have not resulted in a significant thermodynamic
disadvantage in binding to the antibody. Therefore, despite
changes in the molecular details of interaction, the antibody
has maintained a sufficient level of resilience in its overall
binding capability to these variants.

From the perspective of binding free energies, there appears
to be no significant immune escape of the variants with 1D1-
Fab. However, a comprehensive assessment of the antibody’s
neutralizing ability against the mutated proteins and the bind-
ing mechanism requires an integrated consideration of multi-
ple analytical approaches.

47D11. Our detailed binding free energy analysis across
various SARS-CoV-2 variants with 47D11 has revealed distinct
interaction profiles. The WT exhibits moderate electrostatic inter-
actions (—72.04 kcal mol ') and vdW forces (—85.165 kecal mol ),
culminating in a relatively higher overall binding free energy
(—6.525 kecal mol™'). This indicates that the mutations alter the
charge distribution around the binding site, enhancing the elec-
trostatic interactions between 47D11 and the BA.2, BA.4/5, BFE.7
variants, thereby facilitating its binding with the mutants.

For the BA.2 variant, an enhancement in electrostatic inter-
actions (—89.39 kcal mol %) over the WT is observed, yet this
change does not significantly lower the binding free energy
(—7.20 keal mol ™), indicating that the increase in electrostatic
attraction is not sufficient to notably improve antibody binding
affinity.

Remarkably, the BA.4/5 variant displays the strongest elec-
trostatic (—94.82 kcal mol™') and vdW (—95.59 kcal mol )
interactions, with a substantially reduced binding free energy
(—22.08 kcal mol ™). This means that the mutations not only
significantly enhance the electrostatic attraction at the binding
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site but also lead to a more compact spatial configuration. Such
a tighter binding between the antibody and the RBD demon-
strates increased binding affinity and stability, fully illustrating
the positive impact of the mutations on the binding efficacy.
In contrast, the BF.7 variant, with its binding free energy
(—15.00 keal mol "), shows moderate antibody binding affinity,
implying that this variant may have undergone adjustments in
the charge distribution and hydrophobic contact points to
maintain sufficient antibody interaction. The entropy change
analysis suggests that binding processes involve differences
in dynamics. The higher entropy change in BA.2 indicates
a possibility of increased conformational freedom during
binding, or a greater number of water molecules being dis-
placed from the binding interface.

The data on XBB.1.5 are particularly enlightening. Despite
its electrostatic interactions (—39.83 kcal mol ') being consid-
erably weaker than other variants, a significantly negative vdW
interaction (—104.95 kcal mol ') leads to a low binding free
energy of —26.46 kcal mol *. This exceptional value suggests
that for XBB.1.5, vdW forces play a decisive role in antibody
binding, possibly due to unique hydrophobic regions or tight
molecular contacts.

Through evaluated the binding abilities of the six mAbs to
various Omicron subvariant RBDs (BA.2, BA.4/5, BF.7, XBB.1.5),
it’s observed that LY-COV1404 displayed a significant degree of
binding affinity to all subvariants, while REGN-10933 had the
potential to treat BF.7 and XBB.1.5, and REGN-10987 showed
weakened binding ability to BF.7. Among the mAbs, 002-S21F2
showed similar performance to LY-COV1404, but stronger
binding ability to BF.7 was not observed. The 1D1-Fab antibody
demonstrates a remarkable consistency in binding affinity
across a range of SARS-CoV-2 variants, indicating no significant
immune escape and suggesting a robust neutralizing potential
against these variants. And in-depth analysis reveals that while
the WT variant shows moderate interaction strength, variants
such as BA.4/5 and XBB.1.5 exhibit optimized binding
site environments leading to significantly stronger antibody
interactions, with vdW forces playing a crucial role for XBB.1.5.
More detailed interaction details and factors that induce
immune escape should be further discussed.

Overall, these findings provide a nuanced view of the
thermodynamic parameters governing the interactions between
the variants and the antibody, offering valuable insights into
predicting antibody neutralization potential and understanding
potential immune escape mechanisms of the variants. However,
calculations of binding free energy alone are insufficient to fully
evaluate these interactions; combining structural analysis with
dynamic simulations will provide a more comprehensive and
accurate understanding.

Residue decomposition analysis: dissecting the systems

Some of the spike proteins of coronaviruses exhibit homology,
such as MERS-CoV, SARS-CoV, and SARS-CoV-2. The RBDs of
these three viruses share similarities in structure and sequence,
particularly SARS-CoV and SARS-CoV-2, which have a higher
degree of similarity. Identifying the key residues involved in the
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binding of spike protein/mAbs and analyzing the amino acids
that exhibit significant changes in binding affinity upon spike
protein mutation are crucial for understanding the binding
mechanisms between mAbs and Omicron subvariants. In this
work, alanine scanning combined with the interaction entropy
method (ASIE)***®*” can be employed to determine the ener-
getic contributions of specific residues within a protein. This
approach effectively mitigates potential systematic errors stem-
ming from trajectory mutations, thereby offering an advantage
in evaluating the relative contributions of binding free energy
among residues. As we all known, Omicron variants has similar
RBD structures and only few residues was different, thus the
role of the residues can be investigated using the ASIE
approach. Therefore, in this study, the binding free energies
of residues were evaluated (Fig. 4 and Tables S1-S6, ESIf),
within a 10 A range from binding interface. For the values
calculating through ASIE, positive values indicate a favorable
contribution towards antibody-protein binding, while negative
values suggest a detrimental effect.

Although the sequence of Omicron variants is similar, the
residues scanned by ASIE include the specific mutant sites.
So, for the sake of simplicity, the sequences in Fig. 4 are based
on the wild-type (WT), and the mutant residues are explained in
the legend.

For LY-COV1404, residues 444, 445, and 500 of RBDs exhib-
ited stronger energy contributions when interacting with WT,
BA.2, BA.4/5, BF.7, and XBB.1.5. Except for K444, which had a
binding free energy contribution of 1.20 kcal mol™' in the
XBB.1.5/LY-COV1404 interaction, the other two residues had
binding energy contributions greater than 2 kcal mol ™" in any
of the systems (K444/V445 in WT, BA.2, and BA.4/5, P445 in
XBB.1.5, T500 in all RBDs). As the positively charged residue,
K444 exhibited significant electrostatic interactions in all
systems (7.53 to 10.18 kcal mol "). Additionally, the hydro-
phobicity of V445 ensured stable binding between RBDs
and LY-COV1404, accompanied by pronounced binding free
energy contributions (3.50 to 4.42 kcal mol™!). As a neutral
amino acid, the van der Waals (vdW) interactions of T500
with LY-COV1404 were the primary energy contribution, sur-
passing the contribution from electrostatic interactions. For
example, in the BA.2 system, the vdW energy contributed
from T500 was stronger than the electrostatic energy by
3.08 kcal mol™" (3.39 vs. 0.31 kcal mol ). Furthermore,
when binding to LY-COV1404, T500 showed minimal entropy
changes in all Omicron variants investigated in this study,
suggesting that significant conformational changes were unli-
kely to occur. In addition to the notable contributions of
residues 444, 445, and 500 to the binding of LY-COV1404,
energy analysis of the residues revealed that K440 had almost
no energy contribution in the BA.4/5 system but exhibited
strong hindrance to binding in other systems. From an energy
and conformational perspective, it can be inferred that K440
deviated from the binding pocket structure in BA.4/5, leading
to a decrease in all energy terms. And similar deviation
was observed for R498 in BF.7, which was also the important
residue should be focus on.
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Fig. 4 Contribution of residues to binding free energy calculated through the ASIE method, (A) LY-COV1404, (B) REGN-10933, (C) REGN-10987,
(D) 002-S21F2, (E) 1D1, (F) 47D11. Residue names are referenced to the WT, where the residues are mutated: N405, N417, K440, N477, K478, R498,
Y501, H505 in BA.2, BA.5, BF.7, and XBB.1.5, T346 in XBB.1.5 and BF.7, P445 in XBB.1.5, R494 in BA.2, V486 in BA.5 and BF.7, P486 in XBB.1.5, R452 in BA.5

and BF.7.

For REGN-10933, no residues were found with an energy
contribution greater than 2 kcal mol™" in any system, and the
reduced energy contribution of multiple residues contributed
to the immune escape observed in BA.2 and BA.4/5. Conse-
quently, it was challenging to identify hotspot residues (bind-
ing free energy contribution >2 kecal mol™") that consistently
contribute to binding across all systems. By examining the
energy changes of residues, some insights can be gained into
the reasons underlying the immune escape phenomenon. D420
in BA.2, exhibited a pronounced hindering effect on RBD and
antibody binding, with a binding free energy contribution of
—2.95 keal mol ?, and this negative effect was not observed in
other systems. Analysis of the energy components of D420
revealed a significant entropic contribution (—3.35 kcal mol ™)
upon alanine mutation, indicating that the unstable conforma-
tion of this residue during binding to REGN-10933 may lead to
immune escape. Similarly, L455 in BF.7/XBB.1.5 showed strong
binding free energy contributions, with values of 1.29 kcal mol *
and 3.23 kecal mol ™", respectively, while exhibiting weaker energy
contributions in BA.2 and BA.4/5 (0.96 and 0.20 kecal mol ',
respectively). This disparity contributes to the immune escape

1422 | Phys. Chem. Chem. Phys., 2024, 26, 11414-11428

phenomenon observed in BA.2 and BA.4/5. Another residue with
the similar role is Q474, which hindered RBDs and REGN-10933
binding in BA.2 and BA.4/5 (—~1.10 and —0.35 kcal mol },
respectively).

Meanwhile, no hotspot residues were found during the
binding of REGN-10987/RBDs in each system. And immune
escape was also observed with REGN-10987, as its binding free
energies were consistently weak in BA.2, BA.4/5, and XBB.1.5,
which was explained in the energy analysis (binding affinity
predicted through MM/GBSA). While analyzing the residues
involved in binding with REGN-10987, S446, a unique residue,
was exclusively identified in the REGN-10987/XBB.1.5 system
through ASIE. When using the ASIE method, residues unscanned
were considered no contribution to the binding of the RBD to the
mAbs. When scanning the RBDs binding to REGN-10987, S446
was not detected in WT, BA.2, BA.5, or BF.7, but residues S443 and
K444 (near the S446) were observed. This suggested that the
center of mass of S446 was beyond the scanning range, and its
side chain should undergo deviation to be recognized, contribut-
ing significantly to the binding with XBB.1.5 (2.14 kcal mol ™).
In future studies on the antibody-XBB.1.5 binding characteristics,
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particular attention may be given to this residue. Furthermore,
K440 was found to exhibit a stronger inhibitory effect in BA.2 and
BA.4/5, with energies contributions of —1.22 kcal mol ' and
—3.08 kcal mol ', respectively. Additionally, the hydrophobic
effect of V445 was suppressed in BF.7, causing the significant
decrease in binding free energy compared to the WT with REGN-
10987. Results also revealed that the weakened vdW interactions
made R498 an inhibitory residue.

During the scanning of RBDs with 002-S21F2, the fewest
number of residues was found among all mAbs-RBD com-
plexes. Immune escape was only observed in the BF.7 system,
which can be attributed to the overall weaker energy contribu-
tions of the residues in this system and the minimal number of
“warm spot” residues (1 < AAG < 2 kecal mol™'). Residues
T345 and L441 were identified as stable residues promoted
mAbs-RBDs binding in all systems, with fluctuating binding
free energy contributions ranging from 1.43 to 3.03 kcal mol ™"
and 1.60 to 2.03 kcal mol *, respectively. When designing novel
mAbs, it is crucial to ensure the energy contribution of these
residues to the binding. Additionally, residue 346, originally an
arginine (R346, in WT, BA.2, and BA.4/5), exhibited stronger
binding free energy contributions in all systems (3.71 to
6.54 kcal mol'). However, after mutating to threonine (T346,
in BF.7, and XBB.1.5), a significant decrease of that was
observed, with values of 1.24 kcal mol™* and 0.04 kcal mol™*
in BF.7 and XBB.1.5, respectively. When dealing with RBDs
from similar coronaviruses in the future, the contributions
of R346 can be considered for selecting suitable mAbs. In the
002-S21F2/BF.7 system, where immune escape occurred, it was
found that the hydrophobic effect of residue V445 at the
binding interface was suppressed, and the relatively weak of
contribution of R509 to binding free energy induced the
immune escape.

In our investigation of 1D1-Fab’s interaction with various
Omicron subvariants, free energy analysis has led to the con-
clusion that there is no significant enhancement in the anti-
body’s ability to escape immune detection across these
variants. A detailed decomposition of the energetic contribu-
tions of individual residues to protein binding offers insights
into this observation. Despite differences in mutation sites,
most key residues contribute similarly across variants, with
only a few displaying variations. For instance, residues R403
and D420 inhibit binding in all variants with an energy con-
tribution of approximately —1 kcal mol~*. Conversely, residues
Y421, L455, F456, and Y473 facilitate binding, each contribut-
ing over 1 kcal mol™’, a consistency that suggests these
differences are unlikely to cause substantial changes in the
binding affinity.

However, some residues do exhibit variant-specific energy
contributions. Notably, Y489 has a lower contribution in the
BA.2 complex at just 0.39 keal mol *, compared to a minimum
of 1.87 kcal mol ' in other variants, primarily due to a
significant increase in entropy loss, indicating greater instability
of this residue in the 1D1-BA.2 complex. Additionally, the D405N
mutation exhibits a more pronounced inhibitory effect on
binding, where despite favorable changes in electrostatic

This journal is © the Owner Societies 2024

View Article Online

PCCP

energy, there is an accompanying increase in the entropy loss.
The mutation T478K significantly reduces electrostatic energy,
thereby mainly contributing to the inhibition of protein-anti-
body binding.

These findings imply that while there are differences in the
energetic contributions of certain residues among the Omicron
subvariants, they do not fundamentally affect the binding
energy of 1D1-Fab. The action of residues that positively
contribute to binding energy may counterbalance those with
significant variations. Such detailed residue-level analysis
enhances our understanding of the complexities of protein-
antibody interactions.

In previous studies, the 47D11 antibody demonstrated
weaker binding affinity with the WT and BA.2 variants, while
binding most strongly to the XBB.1.5 variant with an energy of
—26.46 kcal mol . This compels a more in-depth analysis from
the perspective of residue decomposition to ascertain the
causes of binding energy variations among systems. Scanning
residues within a 10 A radius of the antibody-spike binding
interface revealed that while residue 339 is absent in the WT, it
contributes positively to binding in other variants, with the
smallest contribution in BA.2 at 0.99 kcal mol ™", and the largest
in XBB.1.5 at 5.85 kcal mol ', directly affecting its binding
affinity. Additionally, residue L335 consistently acts as a hot-
spot in binding across systems, with its lowest energy contribu-
tion in the BF.7 system at 3.67 kcal mol ", mainly attributed to
vdW forces, indicating more atomic contacts and interactions
with the antibody. Another factor leading to weaker binding
energies in WT and BA.2 is the lower energy contributions of
residues S371 and D364, constrained by lower electrostatic
energies and greater entropy losses. Targeted antibody optimi-
zation on these residues may yield monoclonal antibodies with
enhanced inhibitory effects.

In summary, analysis of residue contributions to binding
free energy during the interaction between mAbs and RBDs,
showed that several key residues played a critical role in
binding enhancement (e.g., K444, V445, and T500 in RBD
binding with LY-COV1404; T345 and L441 in RBD binding with
002-S21F2) and some residues inducing immune escape
(e.g., D420 and L455 in RBDs/REGN-10933; K440 and S446 in
RBDs/REGN-10987; V445 and R509 in RBDs/002-S21F2) had
been identified. These findings would contribute to the under-
standing of the binding mechanisms between the six mAbs
and the Omicron variants and provide insights into the factors
that induce immune escape phenomena caused by specific
residues.

Cluster analysis: categorizing residues in each system

For the convenience of comparing and describing the relation-
ships between different residues of systems, hierarchical clus-
tering analysis was performed based on the ASIE results in this
work (Fig. 5). In different systems, residues that exhibit similar
energy contributions can be classified into a single category to
investigate the shared characteristics and differences in the
roles these residues play across various mutants. This approach
allows for a systematic comparison of how specific amino acid
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residues influence the binding affinity and overall stability of
the protein complex in different mutational contexts. Based
on the comparison of binding free energies for the same
residues, the LY-COV1404/RBDs system can be categorized into
two groups. The first group consists of WT, BA.2, and BA.5,
while the second group includes BF.7 and XBB.1.5. The group-
ing results were consistent with those of REGN-10987/RBDs
and 002-S21F2/RBDs, indicating that although different mAbs
were used to inhibit the Omicron variant, the relative energy
distribution of residues in RBDs was similar. The clustering of
residues based on their energy levels is presented on the left
side of each subplot in Fig. 5. Residues within groups a1, b1, c4,
and d1 predominantly exhibited inhibitory effects on binding,
while residues in groups a3, b2, b3, c1, c2, d2, and d3 con-
tributed favorably to binding. The clustering results clearly
differentiated the roles played by residues in different systems.
Notably, for the mAbs/XBB.1.5 systems, residues N450, T500,
and Q506 exhibited favorable contributions to binding when
interacting with LY-COV1404, while they acted as inhibitory
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residues in other RBDs. Similar cases can be observed in groups
b1, c4, and di. Residues K444, V445, N448, Y449, and Y451
showed unfavorable contributions in LY-COV1404/XBB.1.5 but
acted as favorable residues in other RBDs. Through hierarchical
clustering analysis, it provides a more intuitive perspective for a
comprehensive understanding of the performance of amino
acid. These residues that played opposite roles in different
systems affect the neutralization of antibodies and should be
paid more attention. From Fig. 5(E) and (F), we can clearly
discern the significant differences in residue contributions
among different systems, as previously analyzed. When employ-
ing the ASGB method for residue analysis, it was observed that
for the 1D1, most residues contribute similarly to the RBDs,
resulting in minimal energy differences between the variants.
(e1) However, in the case of 47D11 binding to BA.2, there were
fewer residues making favorable contributions, and these con-
tributions were relatively weak. This phenomenon was likely
the primary reason for the notable differences in binding
energies between 47D11 and BF.7, and XBB.1.5.

I K444 15 BA.2

e I W
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B Nz | °° bowr
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Fig. 5 Hierarchical cluster analysis for residues, which binding free energy calculated through ASIE method, (A) LY-COV1404, (B) REGN-10933,
(C) REGN-10987, (D) 002-S21F2, (E) 1FD1, (F) 47D11. Residue names are referenced to the WT, where the residues are mutated as mentioned in Fig. 3.
And this figure was plotted by https://www.bioinformatics.com.cn, an online platform for data analysis and visualization.
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Hydrogen bond network analysis

As a protein-antibody system, the binding interface exhibits
more residue contacts and atomic interactions compared to the
protein-ligand system. Proteins and antibodies were more
likely to form an extensive hydrogen bond network. Investigating
the changes in the hydrogen bond network caused by mutations
could provide insights into the potential variations in complex
stability. Through analyzing the formation and disruption of
hydrogen bonds and the number of stable hydrogen bonds, the
binding affinity between proteins and antibodies can be assessed.
Therefore, in the subsequent work, the hydrogen bond networks
in various systems were analyzed. (Fig. 6)

Firstly, the number of hydrogen bonds with an occupancy
percentage above 60% during the dynamic process was calcu-
lated. For the LY-COV1404/RBDs system, most hydrogen
bonds were observed in the BA.2 complex, with an increase of
5 hydrogen bonds compared to the WT. This increase was
reflected in the electrostatic interaction energy, which was
stronger by 65.10 kcal mol ', changing from —191.68 to
—256.78 kecal mol ', The stable hydrogen bond numbers in
other systems were similar, ranging from 5 to 7 bonds. And the
results shows that the hydrogen bond T53@O-:--V445@H-
V445@N and G447@0- - -R59@H-R59@N were broken in
XBB.1.5 and BA.5, respectively, while showed high occupancy
percentage in other systems (Fig. 6B). The REGN-10933/BF.7
complex exhibited the highest number of hydrogen bonds
among all systems, showing the strongest electrostatic energy
(—227.86 kcal mol™') when interacting with REGN-10933.
Additionally, the presence of a larger number of stable hydro-
gen bonds, which could promote the binding conformational
stabilization, was one of the reasons why REGN-10933 did not
show immune escape in the BF.7 complex. Additionally, the
REGN-10933/BA.2 complex had 12 stable hydrogen bonds,
implying a relatively stable binding as well. However, energy
calculations over time revealed a fluctuation in the electrostatic
energy, primarily due to the presence of five hydrogen bonds
with lower occupancy percentages (60% to 70%), leading to a
larger entropic contribution and a weaker binding affinity.

View Article Online
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Among the REGN-10987/RBDs systems, the REGN-10987/
BA.5 complex showed the lowest number of hydrogen bonds,
followed by REGN-10987/BA.2, and then REGN-10987/XBB.1.5,
indicating a stronger correlation with the immune escape
observed in these three systems. For the 002-S21F2/RBDs
system, WT, BA.2, BA.5, and BF.7 had a similar number of
hydrogen bonds (7 to 9). Only 002-S21F2/XBB.1.5 exhibited a
lower number of hydrogen bonds (5), but three of them with
occupancy percentages exceeding 90%, shorter bond distances
(2.79 to 3.10 A), and larger bond angles (160.47 to 164.38°),
contributed to the stability and higher energy of these hydrogen
bonds. Moreover, these factors facilitated the formation of a
stable complex between the 002-S21F2 and XBB.1.5, ensuring a
reduced likelihood of dissociation from the pocket. As a result,
it effectively mitigated the risk of immune escape, thereby
enhancing the overall effectiveness of the treatment.

When compared to other antibodies, 1D1 was found to have
the highest number of stable hydrogen bonds in its interaction
with the spikes. Even with the BA.4/5 variant, 1D1-spike still
had the most hydrogen bonds compared to other mAbs.'”
In the binding with the wild-type (WT) variant, the numbers
of hydrogen bonds exceeding 60% totals 26, and those over
90% reach 13, indicating a high occupancy of hydrogen bonds.
This distribution of stable hydrogen bonds suggested that these
systems possess strong binding free energy and stable binding
conformations. The subtle variations observed imply that
the binding capacity of 1D1 across different systems may not
significantly differ and suggest that the 1D1 interaction with
these variants was comparatively stable and might exhibit
potent neutralizing capabilities.

On the other hand, the binding affinity of antibody 47D11
with WT and BA.2 was inferred to be weaker due to fewer
hydrogen bonds. Both WT and BA.2 have only one hydrogen
bond when binding with this mAb, suggesting lower stability
in these interactions compared to other variants. Notably,
compared to BA.5 and XBB.1.5, the hydrogen bond numbers
increase to 9 and 8, respectively, which may reflect a higher
affinity of 47D11 towards the specific mutation sites of these
variants. The enhancement in affinity could be attributed
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Fig. 6 (A) Number of hydrogen bonds for mAbs/RBDs systems, (B) The occupancy percentages (origin) and bond angles (green) of hydrogen bonds
(T53@0--V445@H-V445@N, and G447@0--R59@H-R59@N) in LY-COV1404/RBDs.
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to changes in specific residues critical to hydrogen bond
formation.

It is crucial to recognize that the number of hydrogen bonds
does not necessarily correlate directly with the strength of
binding affinity, as other non-covalent interactions, such as
hydrophobic effects, ionic bonds, and vdW forces, also play
roles in the stability of the complex. Nonetheless, the quantity
of hydrogen bonds serves as a useful indicator for guiding
subsequent experimental designs and theoretical simulations.
In summary, the data suggested that antibody 1D1 may possess
broader neutralizing activity, whereas antibody 47D11 may
be more effective against specific variants, such as BA.5 and
XBB.1.5.

The insights gained by analyzing hydrogen bonds were
essential for understanding how mutations affect antibody
recognition and were practical for designing therapeutic stra-
tegies that can combat emerging variants with broad-spectrum
or highly specific antibodies.

Conclusions

Since the evolution of the SARS-CoV-2 Omicron variant has led
to the emergence of subvariants that can evade antibody
recognition, this study focused on investigating the binding
mechanisms between six mAbs and the Omicron subvariants of
SARS-CoV-2, aiming to predict the potential for immune escape
and explore the reasons behind it using reliable dynamic
approaches and accurate binding free energy predicted methods,
from an energetic and structural perspective.

The results showed that LY-COV1404 could bind to the RBDs
of all Omicron subvariants studied in this work, and the newly
discovered mAb 002-S21F2 exhibited similar binding character-
istics to LY-COV1404 but with weaker binding to BF.7.
Additionally, the REGN-10933 also showed potential for treat-
ing BF.7 and XBB.1.5. By analyzing the energy contributions of
RBD residues, several amino acids that play a crucial role in
promoting binding, such as T345, L441, K444, V445, and T500,
were identified. Residues with inhibitory effects on binding,
such as D420, L455, K440, and S446, were also determined.

Furthermore, immune escape was observed in the 002-
S21F2/BF.7 system, in which V445 and R509 exhibiting
inhibited binding to the antibody compared to other 002-S21F2-
RBDs systems, particularly because the hydrophobicity of V445 was
inhibited at the binding interface. This study provides important
insights into the binding modes between antibodies and RBDs and
the factors contributing to immune escape.

From the perspective of binding free energy analysis, 1D1-
Fab demonstrates consistent immunological responses across
multiple variants, with no significant evidence of immune
escape. In all variants examined, residues R403 and D420
uniformly exhibited an inhibitory effect on antibody binding,
each contributing approximately —1 kcal mol™* to the energy
profile. Conversely, residues Y421, L455, F456, and Y473 uni-
versally enhanced binding across all variants, with contribu-
tions exceeding 1 kcal mol ' each, indicating that their role is

1426 | Phys. Chem. Chem. Phys., 2024, 26, 11414-11428
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unlikely to induce substantial variations in binding energy.
However, the neutralization efficacy of 47D11 may not be
optimal against the BA.2 variant. Notably, in the XBB.1.5
variant, residue H339 makes a significant energy contribution
of 5.85 kcal mol™!, making it a primary factor in the robust
binding energy of this system, while residue L335 consistently
acts as a critical hotspot residue across all systems, under-
scoring its pivotal role in protein-antibody interactions.

Based on these findings, the design and optimization of
antiviral drugs can be pursued to counteract immune escape of
the novel coronavirus. Moreover, the study of the binding
mechanisms between the RBDs of the spike protein and anti-
bodies serves as a valuable inspiration for the future develop-
ment of treatments for coronaviruses, offering guidance and
strategies for the development of vaccines and antiviral drugs
targeting different variants.
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