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Fig. 1 Structural modeling of key domains in three classes of viral membrane fusion proteins across distinct conformational

states during fusion
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Fig.2 Representative pre—fusion and post—fusion structural conformations of three classes of viral membrane fusion proteins
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il 5 AR RS O e, JEFPURERAIR
B, RN (AU T B2 & (tert-butyl
hydroquinone, TBHQ) ) #[ HA [fl& IEL, F2
E R A S IR R A Y 20 X 5
2R ARSI NMROG T 248 7R, X BE il )15 5 )=
WS, fEEBeESg, IR R R

AT LG R SRR, SEHA A
i, IR SR . BRI, N Fasm
HIFRCER TR WEDUR R TR A, HESh T AL
T ZE 255 AL R BT

Table 1 Virus membrane fusion proteins with pre—fusion conformation stabilised via disulphide bond engineering

F1 BITmEBIEXATMSHSRELNFRERMEER

Ve i AR AT R =B PDBYIE  SH MR
I RSV F A149C. Y458CHINI83C foldon - [67]

I HEV F 1452C+G460C - - [64]

I PIV5 F T481C+T482C - - [72]

I HIV GP A501C+TR605C - - [68]

I Influenza A HA HAL: 212C+216C - - [70]

il DENV E A259CE{A257C - - [72]
11 DENV2 E L107C+A313C - - [73]
11 ZIKV E A264C - - [74]
i} ZIKV E L107C. A264C. A319C. WI01A - - [75]

Table 2 Virus membrane fusion proteins with pre—fusion conformation stabilised via proline mutations

X2 BEEMERRETIATHAMEKRBELNFESEMSER

e Wi AR RASNL =X Lk PDB%i 5 S SR
I hMPV F A185P foldon SWB0 [50]
I Influenza A HA V55P. S71P - - [48]
I MERS-CoV S V1060P. L1061P foldon 5W9I [56]
I SARS-CoV-2 S K968P. V969P. A942P. F817P. A892P. A899P  foldon 6XKL [52]
I SARS-CoV-2 S A892P. A942P. V987P foldon 7A4N. 7TADI [72]
11 HSV-1 gB H516P - 6Z9M [80]
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Table 3 Stabilisation of pre—fusion conformation in viral membrane fusion proteins via different strategy combinations
*3 BEAERBASIUHRSHERELNFSEMREER
e S TP EE R RARL B =RA T PDB%i 5 SR
1 Ebola GP T577P. K588F - 6VKM [71]
1 HIV GP T577P. K588F. T605C. T605C - - [64]
1 HIV GP No651F. K655I. I535N - 6CK9 [81]
1 LASV GP R207C. G360C. E329P - S5VK2 [65]
I Niv F S191P. L172F. L104C. I114C GCN4 - [s0]
I RSV F S215P. N671 foldon 5C6B. 5C69 [83]
I SARS-CoV S A892P. A942P. V987P. D614N. R682S. foldon 7A4N. 7ADI1 [82]

R685G L110C. T127C. Al140C. A147C

76 T

% RIRGE R I

Fig.3 Schematic diagram of stabilizing modifications
E3 BENSHEHNRER
SARS-CoV-2 58 8 (R B AL R IR, I R T R RS 8 LR AR S 40T . — SRS ARS-Co V-2 58 2 11 il M 7 ni Fa 42 il
MIE (PDBID: 6VSB). SIZSHHBILLEM 3 FREJEX BIR. BAFURMS2E5H B 2275 OB R oK o R I I SRR 2 AL B 12 o8
Z— (WERR . o, Zmitd. =R, SRS . Wb rmaE L aaekiE (HER) . Semk (2o . 2 amiE ek
(FHF) . Wty (ZRIREGME) DGR Rk (i) B0,

5 BESRE

W RIUAF, BEEEAEAFERIAEOR, FRlE
B HL-FFUO B 2205 2 GEAE ST AR A= W i 25 sl i
PRIEIE)™, HEDN TR Y B8 i AR R i D R
GBI A YRR A T2, E O BE v
KBRS SR, FEN TR R EARERA
BORFEAR B B DI BT A U AT P S BE Y
BRMH, H—, FEN TR RER IR L

DL AN #a 5 (labile form) F1 3V §4 5 (metastable
form) JEAFEAE, RECABIUREREM. =, H
T Z KRS MR SOE A EEE R A RS, 3
PR TR Rk i A 1 I sl 22 RS EL A i Skl f 2
R

PR R FE R L S B R — TPk i . B
FER TP bR E AR BRSNS . B
IREEHTRE S SRt A G =, =295
BRI RGBT —Le SR [mRE, 5 s i A
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A—E W E A 1Ak, RN B TSR E
TG AR BT TR . 2024 4F, —Ffii
AR s R S5, N T 126
AEEAN TAEA, BERA T RZERRE
PN 2025 4F, TS IE— AT B 2L AT
KRGEN, JHER AR A EHE T 45
BUI, At Y S 0 R 25 Bl . A,
AlphaFold3 % A\ T8/ 6E (artificial intelligence, Al)
9K 2 4 235 4 T T 5 AT B il gl & ) 2 (fusion
intermediates) . Al Z5 f B30 7] BB 48 75 0 B8 AR 1
TN B ASHLE], BT hUR B FRE T,
A2 ST 255 S 06 ok LA BE S 0 22

2024 AEFF X I 28 fl5 & 119 Hh R i ek
B, EaS A Y (membrane remodeling), T
F¥ R 2 IR, 3l TR 2% A8 558K 4 SARS-
CoV-2 AR IR . 2025 4F Y — TS 4R IE T LI
BERLA AUNG IR ARL, FE HSNTRE W /R 15
PREE ) 0 X R AT DA AL i w1t
(U iRl A = RARE R g i), e mT LAY e 2]
PURER TR 2RSS IEREHL
FIG IR AL BN, SN RSV FeE R s 5
S5 (e B TR R RS HE BT 2

Aok, B[R] 43 BF cryo-EM L R BT W T
HL Dol i 2024 4 i — T SE MY R Z B R AT
AL B RS Rl A TR B B, dE R TRl A AR
(fusion peptide) i ASESEHT (% F AT B IH L A2, 48
7N TR T8 SO BAE R s IR 80 ) 2 e & i
ER. Kok, G 2RSS HAR, #
TR T Rl S 2 Y B

B, BRI R A AR R TR G R S DR A
BEAR R AL BT RE OGRS, A HEEM R
P, REETEIERLGE RS A R A E 1L
J%, MMUA B TR LRI RAL, b n] s
BRI BE 259 0T & SR AR AP SRR
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Graphical abstract

Abstract Viral membrane fusion proteins facilitate the fusion of viral and host cell membranes by undergoing a
transition from a prefusion conformation to a post-fusion conformation, thereby enabling the transfer of viral

nucleic acids into the cell interior. This transition process is characterized by peptide exposure, membrane
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insertion, and structural refolding. The prefusion configuration represents an optimal target for vaccine
formulation and antiviral pharmacotherapy. However, the metastable nature of the prefusion conformation makes
it prone to spontaneous conversion into the stable post-fusion conformation, thereby complicating structural
analysis and vaccine design. Investigating the mechanisms of conformational change in these proteins and
developing methods to stabilize their prefusion state remain challenging research topics. This review summarizes
the structural and functional differences among three classes of membrane fusion proteins: class I proteins, which
are predominantly composed of a-helices, form trimers, and rely on receptor binding or low pH to trigger fusion
peptide release; class II proteins, which are mainly P -sheet-rich, rearrange from dimers to trimers and activate
fusion loops via low pH; and class III proteins, which combine o -helices and B-structures, with mechanisms
involving internal fusion loop insertion and membrane remodeling. It is evident that a comprehensive
understanding of the mechanisms underlying viral membrane fusion is crucial for developing effective
stabilization strategies for the prefusion conformation of these proteins. This paper presents several such methods
that have been successfully employed in this endeavor, including: disulfide bond formation to stabilize domain-
domain interactions; hydrophobic cavity filling to enhance core stability; proline substitution to restrict structural
transitions in hinge regions; and multimer domains stabilizing the trimeric conformation. The stabilization
strategies summarized and discussed herein have been validated in studies of multiple viral membrane fusion
proteins and further applied in the design of vaccine antigens. Moreover, this paper highlights the potential
applications of novel techniques, such as time-resolved cryo-EM, in capturing conformational intermediates and
resolving dynamic transition processes. Such stabilization efforts, informed by structural insights, have yielded
promising outcomes—Tfor instance, prefusion-stabilized RSV F antigens that elicit potent neutralizing antibodies
in clinical trials. Looking ahead, integrating computational modeling, such as AlphaFold predictions, with
experimental data will further refine these approaches. Ultimately, these innovations promise to enable structure-
guided therapeutics to combat emerging viral threats. This review provides a theoretical foundation for developing
stable viral membrane fusion proteins, offering crucial insights for understanding viral membrane fusion

mechanisms and advancing next-generation vaccines and antiviral drugs.
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