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Figure 1 The process of virus invasion into host cells
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Figure 2 Schematic diagram of N-peptide and C-peptide blocking 6-HB formation
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Figure 3  Site mutations strategy for designing coiled-coil N-peptide N36,,,,, .
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Figure 4 Schematic diagram of coiled-coil structures
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Tool peptides:
1Z: IKKEIEAIKKEQEAIKKKIEAIEK
IQ: RMKQIEDKIEEIESKQKKIENEIARIKK

Foldon protein: GYIPEAPRDGQAY VRKDGEWVLLSTFL

Key sequences:

N17: LLQLTVWGIKQLQARIL

N23: [EAQQHLLQLTVWGIKQLQARIL

N28: [IEAQQHLLQLTVWGIKQLQARILAVERY

N36: SGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL

Chimerized N-peptides:

IZN17: IKKEIEAIKKEQEAIKKKIEAIEK--LLQLTVWGIKQLQARIL

IQN17: RMKQIEDKIEEIESKQKKIENEIARIKK--LLQLTVWGIKQLQARIL

IQN23: RMKQIEDKIEEIESKQKKIENEIARIKK-s-LIEAQQHLLQLTVWGIKQLQARIL

IQN36: RMKQIEDKIEEIESKQKKIENEIARIKK-*-LISGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL
N28Fd: [EAQQHLLQLTVWGIKQLQARILAVERY-s- GYIPEAPRDGQAY VRKDGEWVLLSTFL

N36Fd: SGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL=- GYIPEAPRDGQAY VRKDGEWVLLSTFL

Figure 5 Design of N-peptide sequences based on coiled-coil tool peptide chimeras

( cords represent tool peptides and key sequences chimerized by covalent bond )
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Figure 6 Disulfide bond-bundling strategy for designing coiled-coil N-peptide
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Figure 7 Schematic diagram of isopeptide bond formation among coiled-coils( A) ;

Isopeptide bond-bundling strategy for designing IZ-based coiled-coil N-peptide(B)
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(K 8), 5-Helix FEAPRAAMF N ol IEH YT S 412,
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C28: WMEWDREINNYTSLIHSLIEESQNQQEK

C38: HTTWMEWDREINNYTSLIHSLIEESQNQQEKNEQELLE

Recombinant peptides:

S-Helix: N40-GGSGG-C38-GSSGG-N40-GGSGG-C38-GSSGG-N40

Figure 8 Recombinant biology-based strategy for designing coiled-coil N-peptide
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Figure 9 Small molecule skeleton-based strategy for designing coiled-coil N-peptide

7 ZiES5RE

ZAER , B YU B SRR 5T RARSS
BRI TE AR A 32 2000 S S R 5 i AR ) 22 IR
R A 500 B BIE ST A T SRS A
C IRl 400 1) 750 28 4 v i ik 2 A QAR 2 1 22
SERSERITE OO B N ORS00 LR Y
PERS AR T8 0, e B O S5 (R B e 2 16
VB — M HL I T B g 53, N RRAE B B 22 Jik
RRE ARG A I KT i TR, HE
RIR N KT AER IR N KA LA e 47 i i 1 2
PR, Bt ] A LI S VRS R R RE R AL IR
NS | HL5 TR BRI A R NI &
&, BSOS AT

SE Lk

[1] YAOYJ,MENG G X,HAN Y Y,et al. Advances in

inhibition of enveloped virus infection by bacillus
and its metabolites [ J]. J Microbiol ( f# = ¥ 2 2%
73),2024,44(2) ; 97 - 108.

BADANI H,GARRY R F, WIMLEY W C. Peptide
entry inhibitors of enveloped viruses: the importance
of interfacial hydrophobicity [ J]. Biochim Biophys
Acta,2014,1839(9) : 2180 —2197.

SHANG J,WAN Y ,LUO C,et al. Cell entry mecha-
nisms of SARS-CoV-2 [ J]. Proc Natl Acad Sci
USA,2020,117(21) ; 11727 - 11734.

LI Y,WEI Y,LI H,et al. Effect of viral infection on
host cell metabolism; a review[ J]. Chinese J Bio-
technol ,,2023,39(9) . 3566 —3578.

XIAO T,CAI Y,CHEN B. HIV-1 entry and mem-
brane fusion inhibitors [ J |. Viruses, 2021,13 (5):
735.

QADIR M I, MALIK S A. HIV fusion inhibitors
[J]. Rev Med Virol,2010,20( 1) :23 - 33.



160 o 2 e e 2 R 5536 &
[7] SUS,LIU X,KANG Q Z,et al. Research progress [20] SHI W G,JIA Q Y,LIU K L. The current progress
on the role of host cell membrane skeleton proteins in the development of HIV-1 fusion inhibitors[ J].
in the infection and replication of virus[ J]. Chin J Acta Pharm Sin( 25272241 ) ,2010,45(2) ; 184 —
Virol R aE2#3% ) ,2021,37(5) : 1227 -1233. 193.
[8] WANG J,LI P,LI R, et al. Structural basis of HIV-1 [21] CHONG H,WU X, SU Y, et al. Development of
gp4l N-trimer for designing bifunctional peptide- potent and long-acting HIV-1 fusion inhibitors[ J ].
based fusion inhibitors [ J ]. Curr Med Chem, 2025, AIDS,2016,30(8) ;1187 — 1196.
32(25): 5321 —5337. [22] LI X. Research on chimeric N-peptide HIV-1 fusion
[9] DUZGUNES N, FERNANDEZ-FUENTES N, inhibitors based on site-specific cross-linking via
KONOPKA K. Inhibition of viral membrane fusion isopeptide bond[ D ]. Beijing: Acad Mil Med Sci(
by peptides and approaches to peptide design[J]. N Bl 4 g e 2= Bl 2B ) ,2017.
Pathogens,2021,10(12) :1599. [23] ZHENG X. Preliminary exploration of N-peptide
[10] MENG G P,LIANG G D,ZHANG P Y ,et al. Mem- MERS-CoV fusion inhibitors stabilized by isopeptide
brane fusion mechanism based anti-class [ enve- bonds[ D]. Beijing: Acad Mil Med Sci ( H' & A R f#
loped virus peptides: research advances [ J]. Int J AR E R BE) ,2017.
Pharm Res ( [H PR 2422 058 2 75 ) , 2017 ,44 (11) [24] SUZUKI K,HIROAKI H,KOHDA D, et al. An iso-
995 -1005. leucine zipper peptide forms a native-like triple stran-
[11] WANG H, WANG C. Peptide-based dual HIV and ded coiled coil in solution[ J]. Protein Eng, 1998 ,11
coronavirus entry inhibitors[ J]. Adv Exp Med Biol, (11):1051 -1055.
2022,1366:87 —100. [25] LI X,LAI W Q,JIANG X F,et al. Design, synthesis
[12] EGGINK D,BERKHOUT B,SANDERS R W. Inhi- and activity screening of isopeptide bond-tethered N
bition of HIV-1 by fusion inhibitors[ J]. Curr Pharm peptides as HIV-1 fusion inhibitors[ J]. Chem J Chin
Des,2010,16(33) : 3716 —3728. Univ (5 %5 F A2 0% %4 ) ,2016,37(5) : 881 -
[13] LIU Y J,ZHAO G S,XU Y W. Progress of study on 885.
fusion inhibitors[ J]. Prog Pharm Sci( Z5% it &), [26] NAHY,GA L,LIU Y,et al. Research progress of no-
2004 ,4. 168 - 172. vel peptide-based viral fusion inhibitors [ J]. J Shen-
[14] HUANG Y,ZHAO Y, GA L, et al. The research yang Pharm Univ ( 3£ BH 25 B} K 2= 224 ) , 2023, 40
process of novel short peptide-based HIV-1 fusion (12): 1691 - 1702.
inhibitors[ J]. Chin J Med Chem ( 1 [E 254 1b2: 24 [27] BEWLEY C A,LOUIS J M,GHIRLANDO R et al.
) ,2024,34(5) ;409 -420. Design of a novel peptide inhibitor of HIV fusion
[15] SU S,XU W,JIANG S. Virus entry inhibitors; past, that disrupts the internal trimeric coiled-coil of gp41
present, and future [ J ]. Adv Exp Med Biol, 2022, [J].J Biol Chem,2002,277(16) : 14238 —14245.
13661 - 13. [28] YANG W, LI Z L. Research progress on HIV-1
[16] CHONG H, YAO X,ZHANG C, et al. Biophysical fusion inhibitors targeting gp41[J]. J Med Forum
property and broad anti-HIV activity of albuvirtide ,a (BEZjittsZeid) ,2007,10; 125 —128.
3-maleimimidopropionic  acid-modified  peptide [29] BANACH B B,PLETNEV S,OLIA A S,et al. Anti-
fusion inhibitor [ J ]. PLoS One, 2012, 7 (3): body-directed evolution reveals a mechanism for
€32599. enhanced neutralization at the HIV-1 fusion peptide
[17] MARTIN-CARBONERO L. Discontinuation of the site[ J]. Nat Commun,2023,14(1) ; 7593.
clinical development of fusion inhibitor T-1249[ J]. [30] MADAN B,ZHANG B, XU K, et al. Mutational fit-
AIDS Rev,2004,6(1) : 61. ness landscapes reveal genetic and structural
[18] CHAN D C, FASS D, BERGER J M, et al. Core improvement pathways for a vaccine-elicited HIV-1
structure of gp41 from the HIV envelope glycopro- broadly neutralizing antibody[ J]. Proc Natl Acad Sci
tein[ J]. Cell, 1997,89(2) : 263 —273. USA,2021,118(10) ; €2011653118.
[19] GUO Y,WANG T Y,FAN X W. Development sta- [31] BANACH B B, TRIPATHI P,DASILVA P L,et al.

tus and research progress of HIV-1 peptide fusion
inhibitors[ J]. J Baotou Med Coll ( £33k & 2% [ %
#2),2017,33(12) ; 124 - 129.

Highly protective antimalarial antibodies via preci-
sion library generation and yeast display screening
[J].J Exp Med,2022,219(8) : €20220323.



52 G SOMRA  HE 7T 25 IR T8 2 SREm (1 07 28 HIV-1 22 IRl 45400 11 700 g AT 9 e 161

[32] WANG B,DEKOSKY B J,TIMM M R, et al. Func- P,et al. Formation of highly stable chimeric trimers
tional interrogation and mining of natively paired by fusion of an adenovirus fiber shaft fragment with
human V(H) : V(L) antibody repertoires [ J]. Nat the foldon domain of bacteriophage t4 fibritin[ J].J
Biotechnol ,2018,36(2) ;152 - 155. Biol Chem,2004,279(10) . 8991 —8998.

[33] NIU X,YAN Q,YAO Z, et al. Longitudinal analysis [45] YANG X,LEE J,MAHONY E M, et al. Highly sta-
of the antibody repertoire of a Zika virus-infected ble trimers formed by human immunodeficiency
patient revealed dynamic changes in antibody virus type 1 envelope glycoproteins fused with the
response[ J |. Emerg Microbes Infect,2020,9 (1) trimeric motif of T4 bacteriophage fibritin [ J]. J
111 - 123. Virol ,2002,76(9) : 4634 —4642.

[34] WEI X,ZENG X G,ZHOU M H. Progress on the [46] CHEN X,LU L,QI Z,et al. Novel recombinant engi-
study of coiled coils in protein structures[J]. Chin J neered gp4l N-terminal heptad repeat trimers and
Biochem Mol Biol ( # [E & ¥tk % 5 43 F & W) % their potential as anti-HIV-1 therapeutics or microbi-
) ,2004,5. 565 -571. cides[ J]. J Biol Chem,2010,285 (33): 25506 —

[35] WATSON J D,CRICK F H. A structure for deoxyri- 25515.
bose nucleic acid [ J |. Nature, 2003, 421 (6921 ) : [47] LAI W, WANG C, YAN J, et al. Suitable fusion of
397 —398. N-terminal heptad repeats to achieve covalently sta-

[36] PAULING L,COREY R B, BRANSON H R. The bilized potent N-peptide inhibitors of HIV-1 infection
structure of proteins, two hydrogen-bonded helical [J]. Bioorg Med Chem,2020,28(4) :115214.
configurations of the polypeptide chain[ J]. Proc Natl [48] LOUIS J M, NESHEIWAT I, CHANG L, et al.
Acad Sci USA,1951,37(4) . 205 -211. Covalent trimers of the internal N-terminal trimeric

[37] RAMACHANDRAN G N, RAMAKRISHNAN C, coiled-coil of gp41 and antibodies directed against
SASISEKHARAN V. Stereochemistry of polypeptide them are potent inhibitors of HIV envelope-mediated
chain configurations [ J]. J Mol Biol, 1963,7 (1) : cell fusion [ J]. J Biol Chem, 2003, 278 (22):
95 -99. 20278 -20285.

[38] RAMACHANDRAN G N, VENKATACHALAM C [49] BIANCHI E, FINOTTO M, INGALLINELLA P, et
M, KRIMM S. Stereochemical criteria for polypep- al. Covalent stabilization of coiled coils of the HIV
tide and protein chain conformations. 3. Helical and gp4l N region yields extremely potent and broad
hydrogen-bonded polypeptide chains [ J]. Biophys, inhibitors of viral infection[ J]. Proc Natl Acad Sci
1966,6(6) . 849 —872. USA,2005,102(36) : 12903 - 12908.

[39] ECKERT D M,KIM P S. Design of potent inhibitors [50] KOBAYAKAWA T, EBIHARA K, HONDA Y, et
of HIV-1 entry from the gp41 N-peptide region[J ]. al. Dimeric C34 derivatives linked through disulfide
Proc Natl Acad Sci USA,2001,98(20) . 11187 - bridges as new HIV-1 fusion inhibitors[ J ]. ChemBio-
11192. Chem,2019,20(16) : 2101 -2108.

[40] CLINTON T R, WEINSTOCK M T,JACOBSEN M [51] ZAKERI B, FIERER J O, CELIK E, et al. Peptide
T,et al. Design and characterization of ebolavirus GP tag forming a rapid covalent bond to a protein,
prehairpin intermediate mimics as drug targets[J ]. through engineering a bacterial adhesin [ J]. Proc
Protein Sci,2015,24(4) . 446 —463. Natl Acad Sci USA,2012,109(12) : 690 —697.

[41] ECKERT D M,MALASHKEVICH V N,KIM P S. [52] FIERER J O,VEGGIANI G,HOWARTH M. SpyLi-
Crystal structure of GCN4-plQI, a trimeric coiled gase peptide-peptide ligation polymerizes affibodies
coil with buried polar residues [ J]. Protein Sci, to enhance magnetic cancer cell capture [ J]. Proc
1998,284(4) . 859 —865. Natl Acad Sci USA,2014,111(13) . 1176 —1181.

[42] SIEBERT X,HUMMER G. Hydrophobicity maps of [53] BRUNE K D,LENEGHAN D B,BRIAN I J, et al.
the N-peptide coiled coil of HIV-1 gp4l [ J]. Bio- Plug-and-display: decoration of virus-like particles
chemistry ,2002,41(9) ; 2956 —2961. via isopeptide bonds for modular immunization[ J ].

[43] COOLEY L A,LEWIN S R. HIV-1 cell entry and Sci Rep,2016,6(1) :19234.
advances in viral entry inhibitor therapy[J]. J Clin [54] KANG H J,BAKER E N. Intramolecular isopeptide
Virol,2003,26(2) : 121 - 132. bonds give thermodynamic and proteolytic stability

[44] PAPANIKOLOPOULOU K, FORGE V, GOELTZ to the major pilin protein of streptococcus pyogenes



162

o 2 e e 2 R

536 %

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[J].J Biol Chem,2009,284(31) . 20729 -20737.
HAGAN R M, BJORNSSON R,MCMAHON S A et
al. NMR spectroscopic and theoretical analysis of a
spontaneously formed Lys-Asp isopeptide bond[J].
Angew Chem Int Ed Engl,2010,49 (45). 8421 -
8425.

IZORE T, CONTRERAS-MARTEL C, MORTAIJI
L, et al. Structural basis of host cell recognition by
the pilus adhesin from streptococcus pneumoniae
[J]. Structure,2010,18(1) : 106 —115.
ELMORTAII L, TERRASSE R, DESSEN A, et al.
Stability and assembly of pilus subunits of strepto-
coccus pneumoniae [ J ]. J Biol Chem, 2010, 285
(16) : 12405 - 12415.

BALIN B J,LOEWY A G,APPELT D M. Analysis
of transglutaminase-catalyzed isopeptide bonds in
paired helical filaments and neurofibrillary tangles
from Alzheimer’s disease [ J ]. Methods Enzymol,
1999,309; 172 - 186.

ZHENG X,LIANG G D,WANG C,et al. Construc-
tion of isopeptide bridge-tethered NHR-trimeric
coiled-coil in MERS-CoV membrane fusion protein
[J]. Chem J Chin Univ (# % 22 &b 2222 4)
2016,37(9) . 1643 —1648.

CHEN X,ZARO J L, SHEN W C. Fusion protein
linkers; property, design and functionality [ J ]. Adv
Drug Deliv Rev,2013,65(10) ; 1357 - 1369.
LOUIS J] M,BEWLEY C A,CLORE G M. Design
and properties of N (CCG)-gp41, a chimeric gp41
molecule with nanomolar HIV fusion inhibitory
activity[ J]. J Biol Chem,2001,276(31): 29485 —
29489.

ROOT M J,KAY M S,KIM P S. Protein design of
an HIV-1 entry inhibitor [ J]. Science, 2001, 291
(5505) . 884 —888.

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

LU M, JI H, SHEN S. Subdomain folding and bio-
logical activity of the core structure from human
immunodeficiency virus type 1 gp4l. implications
for viral membrane fusion[ J].J Virol,1999,73(5) .
4433 —-4438.

CHEN X H, XIE L. Progress in next generation
NNRTIs against drug-resistant HIV virus[ J]. Chin J
Med Chem ( "' ¥ 25 4 {624 2% 35 ) , 2006, 16 (3)
182 —187.

NAKAHARA T, NOMURA W, OHBA K, et al.
Remodeling of dynamic structures of HIV-1 envelope
proteins leads to synthetic antigen molecules indu-
cing neutralizing antibodies [ J ]. Bioconjug Chem,
2010,21(4) . 709 —714.

WU C,RAHEEM I T,NAHAS D D, et al. Stabilized
trimeric peptide immunogens of the complete HIV-1
gp41 N-heptad repeat and their use as HIV-1 vaccine
candidates[ J |. Proc Natl Acad Sci USA,2024,121
(22): €2317230121.

NOMURA W, MIZUGUCHI T, TAMAMURA H.
Multimerized HIV-gp41-derived peptides as fusion
inhibitors and vaccines [ J |. Biopolymers, 2016, 106
(4). 622 -628.

LIU C M,ZENG D D, LI X, et al. Research progress
in polypeptide fusion inhibitors targeting HIV-1
transmembrane protein gp41[J]. Anti-infection Phar-
macy (PTG Zj2%) ,2023,20(7) ;: 677 —681,728.
SHI W G, QIE J K, LIU K L. Current status and
trends of HIV fusion inhibitors [ J]. Chin J New
Drugs( 1 EFzh 24 ) ,2006,17; 1429 - 1435.

XU Y Z,WU W Y. Advancement on the study of
peptides fusion inhibitors anti HIV-1 targeting gp41
[J].Clin Med (IIfi FREE2%),2016,36(3): 117 -
120,127 - 128.



552 A SORESE LT3 M SRR 2H 2 SR B B HIV-1 22 IS Rl&-4m i 7 19 BF 5% o 163

Research progress of novel HIV-1 peptide-based fusion
inhibitors based on coiled-coil assembly strategy

JIN Yihui* , HUANG Yan® ,GAO Xin,HUO Caixia“ ,LIANG Guodong "
(Key Laboratory of Candidate Drug Design and Screening Based on Chemical Biology ,
School of Pharmacy ,Inner Mongolia Medical University ,Hohhot 010110, China)

Abstract: Acquired immune deficiency syndrome ( AIDS ), caused by human immunodeficiency virus
(HIV), remains a persistent threat to human health. Therefore, the development effective anti-HIV
therapeutics is imperative. HIV-1 invasion into host cells relies on a membrane fusion process,in which the
six-helix bundle (6-HB ) serves as a pivotal structure driving this process, representing a key target for
peptide fusion inhibitors to exert antiviral activity. Currently marketed agents, primarily C-peptide inhibitors
derived from the HIV-1 CHR region, such as enfuvirtide and albuvirtide, exhibit limitations including drug
resistance and poor mutant adaptation. In contrast to C-peptides , N-peptides are derived from the HIV-1 NHR
region,and feature a novel helical active conformation and mechanism of action. They are expected to be
developed as novel peptide inhibitors to overcome the drawbacks of the currently approved C-peptides.
Accordingly ,N-peptide fusion inhibitors have attracted considerable attention, and strategies for stabilizing
their helically active conformations have become increasingly mature. This paper reviews the reported
modification strategies for novel N-peptides fusion inhibitors,aiming to provide a valuable reference for the

design of novel antiviral agents.
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