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INL1 1Y L455S G IR T XGv302 532 K455 4k (receptor binding domain, RBD) Z[H] A CHEBR A AR, 2k #E
R, Hih HIRE I8, L4SSHIY421 HRERMTERIL, L455S 84 NI THURES & . XGv074 R EfE B b
FEIX 3 (heavy chain complementarity-determining region 3, HCDR3) #ZZMirm, #2548, it IN.1ilid RBD
X DG g 28 AR b3 | v AN B, HHLAR P 2 B S IR R LIRS, & ST A . DU R G 32 1 mT Rk i O 28 AR
WERPE, ARWEGEN T IS AP B TR T E RS T, RIA TR R S R AR T M S T R R RN T v e i
fEH .

X$EiE SARS-CoV-2, BA.2.86, IN.1, HAIpuik, WifkdEs, HRMLEH, HERpLEH
hESES Q937 DOI: 10.3724/j.pibb.2025.0336 CSTR: 32369.14.pibb.20250336

Bt 7 PRI RS AR AR #E 2 (severe
acute respiratory syndromes-coronary virus 2, SARS-
CoV-2) [FFEEEAL, B4 SR A ria o A1 2
% (Spike, S) HFIRASSIINS H il RGEHIREIE
M 2024 4FJE 2 2025 4F47), INL1 BERRAEAG L i 254
SR RERE ) IR e bR R , IR 2R S
AT R, JF gt AL T A 20 40 (World Health
Organization, WHO) %128 “5 2L 8 & 0748 F AR
(variant of interest, VOI) "', S FIZIIHEN] 7N
S1AIS2 PIANESE, 735l 61 S i J2 40l 52 1R K
IS 1 FARRE ARG . ST — 2]
53 4N EER I, AL AR N 25 A 3 (N-terminal
domain, NTD) . 5Z /K45 & 3 (receptor binding

domain, RBD). W.25#43§ 1 (subdomain 1, SDI1)
AV 2544382 (subdomain 2, SD2), H:H'RBD A~
IEEA 5 NS Bk R 2 (human
angiotensin-converting enzyme 2, hACE2) “Z{K[¥
gha 2, R R S R R 2B P AT R
EEXE, 5 XBB.1SML, INIBSEH LA 36
LR B RAE RS, P 13 AMLE AL T RBD
o TN S A TR BA.2.86 /1L, 7ERBD
AR T —ANRAEL455S, S EE I R RR

« 7 HE S HF KR (2023BEG02073) il E 58 A BF & iR
(2018YFA0900801) %l H .

o JE IR R A

Tel: 010-64889939, E-mail: zhugianhui@ibp.ac.cn

R FL . 2025-07-15, #8532 1Y) 2025-08-18




214 EMUEEEYIEER

Prog. Biochem. Biophys. 2026; 53 (D

R FIBUR 2G0T SR — 2B AL B R,
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P A5 10 B A A [ AL A VAR B AE 37°C
WEE S h, HATEEYISN . Y)Y 4 Protein A 2
RSB, e P 2585 Fe v B SR VT HIY 58
BPUAR, WS A Fab R BUN SR B . %, Fab
h B EENT E R 2 PBS T
1.3 4¥ERETHEAR (BLI)

¥ M AW K ZE T W R (bio-layer
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Wik, 2484725 (2D classification) k)5, &%
2R B 982 100 4~ (S-XGv302) . 252 504 4~ (S-
XGv074) F183 8404~ (S-XGv303) & ot i ki H
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postprocessing) FRIHAFIE LR, F3HERIPAL 4%
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V1. LA ST JRyER o3 BRI IE
1.6 R EBEEEHEESHK

H 4t {# FJ UCSF Chimera 1.16 " % X 4%
SARS-CoV-2 S # 1 — R {& (PDB: 6VYB) K&
AlphaFold3 " Fiill ) XGv302 Fab 444 LA R4 % 12
TPl A E R R B B S 7E Coot
0.9.8 "' ML T RAIME B 5 % BRI T ah B IEp -
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2.2 RBD#HI{AIIBA.2.86 SpikeH % FHE E 4544

kB 3 F RBD HUAA X IN. 128 Sk 1) B0 158 0k
AL, R FH YA UR A B A A R A B
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Fig.1 Binding affinity analysis of RBD-targeting antibodies to SARS—CoV-2 RBD variants
Binding affinity of XGv074, XGv302 and XGv303 antibodies to RBD of SARS-CoV-2 variants measured by BLI. Bar charts of dissociation
constants (K,) of XGv074 (a), XGv302 (b), and XGv303 (c) binding to six SARS-CoV-2 RBD variants: wild-type (WT, blue), BA.2 (magenta), BA.5

(green), XBB1.5 (yellow), BA.2.86 (orange), and JN.1 (red).
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B, 3K 3 FhT A o] o 5 A 0 46 e - A2 AR AH
HAEHKAERAER (K4a) ", SR, dE— 0t
FEREL, TN BERRERAT A L4558 AR Sk B IR
T XGv302 () HC 5 RBD 2 [i1] (9 5 g i 7K #H B AE
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(a) BA.2.86 S + XGv302 BA.2.86 S + XGv074 BA.2.86 S + XGv303
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BA286S  FEI Gatan —
T XGv30>  Tian K3 300 60 5187 5187 982274 712822 1.0 -1.2--20 Cl 347 9117 830 053 0007 093 225 1624 054 0.06

BA.2.86 S + FEI Gatan 19— —
XGv302 (Local) Titan K3 300 60 5187 5187 712822 712822 1.0 -12--2.0 Cl 3.78 94.66 4.37 097 0.003 090 257 1390 023 0.04

BA.2.86 S FEI  Gatan
£XGv074  Titan K3 300 60 1589 1589 252504 219101 1.0 -1.2--2.0 CI 4.04
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Fig.2 Cryo—EM data of BA.2.86 S—trimer in complex with neutralizing antibodies
(a) Cryo-EM single-particle analysis of BA.2.86 S-trimer in complex with neutralizing antibodies. Flowcharts of reconstructed densities of BA.2.86
S-trimer in complex with XGv302 (left), XGv074 (middle) and XGv303 (right) are shown. Resmaps of Cryo-EM density of BA.2.86 S-trimer and
RBD in complex with XGv302 are shown, and Fab XGv074 and XGv303 are highlighted in their final low resolution density maps. FSC curves of
reconstructed densities of BA.2.86 S-trimer in complex with XGv302 (Overall and Interface), XGv074 (Overall) and XGv303 (Overall) are shown.
The scatter plot shows the distribution of Euler angles of the particles included in the final reconstruction. Each point represents a specific projection
direction. The color intensity of the points indicate the relative abundance of particles at that orientation. (b) Cryo-EM data collection and atomic

models refinement statistics.
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Fig. 3 Structural characterization of RBD—targeting antibodies interactions with BA.2.86 Spike and RBD

(a)Surface representation of XGv302 Fab in complex with BA.2.86-S-trimer. The trimeric spike protein of BA.2.86 is colored in white, cyan, and
pink (representing each protomer chain). XGv302 HC is colored in light purple and XGv302 LC is colored in wheat. (b) Cartoon representation of
BA.2.86 RBD in complex with XGv302. The same color scheme as (a) was used. (c) Detailed view of the binding interface between BA.2.86 RBD
and XGv302 Fab. The grey surface represents the hydrophobic pocket and yellow dashed lines represent hydrogen bonds. (d) Left: superimposition of
RBD in complex with XGv074, XGv302 and XGv303. Right: superimposition of RBD in complex with six CDRs between XGv074 and XGv302
(top), and six CDRs between XGv303 and XGv302 (bottom). XGv302 HC and LC are colored in light purple and wheat, respectively. XGv074 HC
and LC are colored in brown and spring, respectively. XGv303 HC and LC are colored in blue and gray, respectively. (e) Sequence alignment of
CDRs for XGv074, XGv302 and XGv303 antibodies and the corresponding sequence identity matrix of CDRs.

PN
e

Energy/(kcal-mol™") Probability

Fig. 4 Structural basis for RBD-targeting antibody evasion by the JN.1 variant

(a) XGv302 neutralizing mechanism. The BA.2.86 RBD and XGv302 Fab are shown as surface. BA.2.86 RBD is colored in pink; hACE2 is colored
in hot pink; XGv302 HC and LC is colored in light purple and wheat. Steric clash is marked as red stars. (b) Structural analysis of JN.1 RBD
elucidating the mechanism of XGv302 evasion. All structures are shown as ribbon with the key residues shown with sticks. The same color scheme as
(a) was used. (c) Weblogo plot of conservation and bar chart of average binding free energy estimated by gmx-MMPBSA of all epitopes of XGv302.
Top panel: sequence logo plot depicting conservation of XGv302 epitope residues across 26 SARS-CoV-2 lineages (B.1; B.1.1.7; B.1.351; P. 1;
B.1.617.2; B.1.617.1; B.1.427; B.1.525; B.1.526; C.37; BA.1; BA.2; BA.5; BA.2.12.1; BA.2.75; BQ.1; BQ.1.1; XBB; XBB.1.5; XBB.1.16; CH.1.1;
XBB.1.9; XBB.1.9.1; XBB.2.3; XBB.1.5.44; BA.2.86). Bottom panel: quantitative binding free energy contributions (kcal/mol) of individual WT
RBD residues.
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Abstract Objective With the continuous evolution of severe acute respiratory syndromes-coronary virus 2
(SARS-CoV-2) Omicron subvariants, particularly the emergence of BA.2.86 and its descendant JN.1, the efficacy
of current neutralizing antibodies has faced substantial challenges. The JN.1 variant, noted for its pronounced
immune evasion capacity, has rapidly become the globally dominant strain. Elucidating its escape mechanisms is
therefore essential to guide the development of next-generation broad-spectrum vaccines and neutralizing
antibody therapeutics. This study aimed to investigate the immune evasion mechanisms of JN.1 against broadly
neutralizing antibodies, focusing on the effects of key receptor-binding domain (RBD) mutations on antibody

binding and neutralization, thereby providing theoretical support for countering ongoing viral evolution.
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Methods We employed a multidisciplinary approach to systematically assess the binding and neutralizing
activities of three broad-spectrum neutralizing antibodies (XGv074, XGv302, and XGv303) against BA.2.86 and
IN.1. Binding affinities (K, values) of antibodies to variant RBDs were determined using bio-layer interferometry
(BLI). Cryo-electron microscopy (cryo-EM) was used to resolve the structure of the BA.2.86 Spike trimer in
complex with antibody antigen-binding fragments (Fabs), achieving a resolution of 3.47 A for the BA.2.86
S-trimer bound to XGv302. Molecular dynamics simulations and binding free-energy decomposition were
conducted to quantify the contributions of key mutations at the antibody-RBD interface. Additionally, sequence
alignment and structural modeling were performed to evaluate the role of conformational flexibility in the
antibody heavy-chain complementarity-determining region 3 (HCDR3) in mediating tolerance to mutations.
Results Experimental data showed that XGv074, XGv302, and XGv303 retained neutralizing activity against
BA.2.86 but exhibited markedly reduced binding to JN.1, with only XGv074 maintaining weak neutralization (/Cj,
=2.3 mg/L). Cryo-EM structures revealed that all three antibodies targeted the RBD tip, overlapping with the
ACE2-binding region. The JN.1-specific L455S mutation disrupted the hydrophobic interaction network between
XGv302 and the RBD (involving key residues such as Y421 and L455), resulting in complete loss of
neutralization. Binding free-energy decomposition further identified L455 and Y421 as energetic hotspots (AG<
-3 kcal/mol), with the L455S mutation directly impairing antibody binding. XGv074, owing to greater
conformational flexibility in its HCDR3 region, partially tolerated the mutation and retained weak binding.
Molecular dynamics simulations showed that the L455S mutation not only eliminated the energetic contribution
of this residue but also caused a concurrent decrease in binding free energy of neighboring residues, thereby
reducing overall interface stability. Conclusion The JN.1 variant escapes broad-spectrum neutralizing antibodies
primarily through the L455S mutation in the RBD, which disrupts energetic hotspots and remodels the antibody-
binding interface. Antibody conformational flexibility enhances adaptability to such mutations, providing new
insights for broad-spectrum antibody design. These findings highlight the critical roles of epitope energy
distribution and antibody flexibility in maintaining neutralization breadth, offering essential guidance for the
rational design of next-generation vaccines and antibody therapeutics: specifically targeting conserved energetic
hotspots while enhancing CDR flexibility to counter immune evasion driven by viral evolution.
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