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refinement) 45 & M M 5 4 F  (masked
postprocessing) RIFHEIEE LR . S HERPEAL %
WG EFREMEN . 2R HER LU B 52 2 A R
B 0.143 (FSC=0.143) i, IiEid ResMap
V1. LA TR ER ST HER KA
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FRALHG . a IeBbE FRERERES/IME OSURIME: Ji<

1 000 kJ'mol "nm~"); b. 73 Ffif: 50 ps NVT 5
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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).

BA.2.86 RBD [ Y421, L455. F456. Y4897F1Y453
R SHAHC Y Y33, V100, V101 H1 Y102 )k
KA A B KA LA 2% . [, RBD 1) K460,
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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.
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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; hACE?2 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.



XXXX; XX BKEE, %: FEIMTRESEERFE2 INIESHEN & Pinmdr ez ki &mR 7+

3 Wit

A5 E L 25 Aris A AR . AR
FRREE2E L, RG] T SARS-CoV-2 IN.1 485
PRXT ) 3 rh A i i s AL . BF R 45 SR SR,
IN.1 7R 5 #K 38 F RBD XSGRV 5 28748, il )2
L4558 2847, SR T %4 R 280 rh Ak ny itk
X — R IR PR R A TR I e iR R SR A T
LA

RURHEBEGEME~, Z Ry T
RBD R . 5 ACE2 454 X & B 8 & 1R 3=
o XFEEGRIRR T ENIX BA.2.86 Z 1T £ 4K
BRI IS AIRE T . SRR, AEINLL B
L4558 &7 PR IR T XGv302 5 RBD 2 [R] [ 5%
FEEUKAHEAER, SR E 2K EXINT WSS
A FIDigE . 456 B RS Rk — AR 11X
— L. Y421 F1L4SS J2 XGv302 454 5L 1 il i -1

o —ANSCHERE R DTk A, NI [R5 S g2
T PRSP o 3 A TR AT B B o5 2 A e s g
uikTing “WiEsl” TREERAL T o FALHI R

B A5 T &, XGv074 R4 5 XGv302 Fll
XGv303 7E CDR J7 41 IR AL R L v B AR,
(HHAR B T RFINLT 985 454 e Jy R R 1t . 45
FaHT iR, XGv074 BA HEK HE & LR
HCDR3 51, X A] gedfis 1 H X RBD #4422 fh i
EPE. T BA.2.86 SHH — A5 XGv074 Fab
AR PR N 4.04 A, Toikib—48 0 R ik
1172 RBD 5 XGv074 Fab 14 =5 70 W FL i 4548, FL i
Ay RN R IR T BRAIIE S RS A % B kB A
THATHE— 2D B PRI . BV QL FRATTHED
Rl R AT BB T HAE AR T 5 AR
BB RE ) 25 B IR BAE N2
P Bk % R #F  (Human Immunodeficiency Virus,
HIV) Jig b Rnguiamt s rh g iz Wgg . A PGT
135 AR HIV ) 1S P A 2 — KR 18 1Y
HCDR3 251 S 45 A (NJSHCDR3 [1°F
PR 1345838, B U RIPLRSS & 1 4%,
PLEE % HIV A I8 3R 18 OB SEAb 5e e, DA
S ER 1 BRI B AiaR”, R
FRRTEIRCR " X 48 HCDR3 K A ZE eI )
PR A T T I A

Zi LTk, BA.2.86 M HTRIN.1 % RBD 45 5
AU T PR FRA 2SS, TR @ B A HT

PR B IR 2 18] () SRR K RN SR 4, ST 2 3
AZSRBD HUiR A %k . IRATIBEST IR T 1
IR B S B R, R E SR
RETR AT . PUAKA G238 N 1 DA K 2848 Tif 52 g 1 25 A
Fo AR TEGURTE & R T 2 s | A e e
HCDR3 X3k, sCR IR AR AR BIB LI T
RASGE ST WAh, S EE5HEY) S SRR T
Tk, WA Rk 2AE | BN PP A
JE PR 4 Tl

4 £t

SARS-CoV-2 JN. 1 7 5 ¥ il if RBD [X ¢ f
L4558 &SR INHTIA L, B i OB K (2%, F:3U™
BE Hi K XGv302 F1 XGv303 #ki% , {H XGv074 [
HCDR3 # G AT IR B AR o i RS . R5E T
TEHUA BT ARTSRMS , R 75 [ B B R <7 2R 07
BEFE IS IF R R BT IA CDR 250 22, LU X 75
FRELIE AT R feie b iR PR K

£ % Xk

[1] = Jian F, Wang J, Yisimayi A, et al. Evolving antibody response to
SARS-CoV-2 antigenic shift from XBB to JN. 1. Nature, 2025, 637
(8047):921-929

[2] LanJ, Ge J, Yu J, et al. Structure of the SARS-CoV-2 spike
receptor-binding domain bound to the ACE2 receptor. Nature,
2020,581(7807): 215-220

3] Li L, Shi K, Gu Y, et al. Spike structures, receptor binding, and
immune escape of recently circulating SARS-CoV-2 Omicron
BA.2.86,IN.1, EG.5, EG.5.1, and HV. 1 sub-variants. Structure,
2024,32(8): 1055-1067.¢6

[4]  YangS,YuY,XuY, et al. Fast evolution of SARS-CoV-2 BA.2.86
to JN.1 under heavy immune pressure. Lancet Infect Dis, 2024, 24
(2):€70-e72

[5]  Zhu Q, Liu P, Liu S, et al. Enhancing RBD exposure and S1
shedding by an extremely conserved SARS-CoV-2 NTD epitope.
Signal Transduct Target Ther, 2024,9:217

[6]  Scheres SHW. RELION: Implementation of a Bayesian approach
to cryo-EM structure determination. J Struct Biol, 2012, 180(3):
519-530

[71  Zhang K. Gctf: real-time CTF determination and correction. J
Struct Biol, 2016,193(1): 1-12

[8]  Punjani A, RubinsteinJ L, Fleet D J, et al. cryoSPARC: algorithms
for rapid unsupervised cryo-EM structure determination. Nat
Methods, 2017, 14(3):290-296

[9]  Pettersen E F, Goddard T D, Huang C C, et al. UCSF Chimera—a
visualization system for exploratory research and analysis. J
Comput Chem, 2004, 25(13): 1605-1612

[10] Abramson J, Adler J, Dunger J, et al. Accurate structure prediction



EMUFESEYYIRHR

Prog. Biochem. Biophys.

XXXX; XX (XXO

(1]

[12]

[13]

[14]

[15]

of biomolecular interactions with AlphaFold 3. Nature, 2024, 630
(8016):493-500

Emsley P, Cowtan K. Coot: model-building tools for molecular
graphics. Acta Crystallogr D Biol Crystallogr, 2004, 60(12): 2126-
2132

Adams P D, Afonine P V, Bunkoczi G, et al. PHENIX: a
comprehensive Python-based system for macromolecular
structure solution. Acta Crystallogr D Biol Crystallogr, 2010, 66
(Pt2):213-221

Van Der Spoel D, Lindahl E, Hess B, et al. GROMACS: fast,
flexible, and free. J Comput Chem, 2005,26(16): 1701-1718
Valdés-Tresanco M S, Valdés-Tresanco M E, Valiente P A, et al.
gmx_MMPBSA: a new tool to perform end-state free energy
calculations with GROMACS. J Chem Theory Comput, 2021, 17
(10):6281-6291

CaoY, YisimayiA, Jian F, eral. BA.2.12.1, BA.4 and BA.5 escape

[16]

[17]

(18]

[19]

antibodies elicited by Omicron infection. Nature, 2022, 608
(7923):593-602

Shi R, Shan C, Duan X, et a/. A human neutralizing antibody
targets the receptor-binding site of SARS-CoV-2. Nature, 2020,
584(7819):120-124

Cao Y, Yisimayi A, Bai Y, et al. Humoral immune response to
circulating SARS-CoV-2 variants elicited by inactivated and RBD-
subunit vaccines. Cell Res, 2021,31(7): 732-741

Jia Z, Wang K, Xie M, ef al. A third dose of inactivated vaccine
augments the potency, breadth, and duration of anamnestic
responses against SARS-CoV-2. Protein Cell, 2024, 15(12):
930-937

Kong L, Lee J H, Doores K J, et al. Supersite of immune
vulnerability on the glycosylated face of HIV-1 envelope
glycoprotein gp120. Nat Struct Mol Biol, 2013, 20(7): 796-803



XXXX; XX BKEE, %: FEIMTRESEERFE2 INIESHEN & Pinmdr ez ki &mR ‘9~

Mechanisms of Immune Evasion by The SARS-CoV-2 JN.1 Variant Against
Broadly Neutralizing Antibodies’

XIE Jia-Wen", LIU Tian-Ci”, GUO Meng-Tian”, FENG Lu-Lu”, SUN Ming-Chen?,
LIU Pan”, ZHU Qian-Hui®"™

(])College of Life Sciences, Beijing Normal University, Beijing 100875, China;
IState Key Laboratory of Biomacromolecules, Institute of Biophysics, Chinese Academy of Sciences, Beijing 100101, China)

Graphical abstract

XBB.1.5
qa¥%p

BA.2.86

Hydrophobic pocket -~ _

(@)]

Abs'CDR/ o
Interface .. § =
INARBD T 5 X485 £

L455 S455

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.
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
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JN. 1. Binding affinities (KD 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
(ICy, = 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 1.455S 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, by targeting conserved

energetic hotspots while enhancing CDR flexibility to counter immune evasion driven by viral evolution.

Key words SARS-CoV-2, BA.2.86, JN. 1, neutralizing antibodies, cryo-electron microscopy, neutralization
mechanism, immune evasion mechanism
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