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A B S T R A C T   

Development of potent and broad-spectrum antivirals against SARS-CoV-2 remains one of top priorities, espe
cially in the case of that current vaccines cannot effectively prevent viral transmission. We previously generated a 
group of fusion-inhibitory lipopeptides, with one formulation being evaluated under clinical trials. In this study, 
we dedicated to characterize the extended N-terminal motif (residues 1161–1168) of the so-called spike (S) 
heptad repeat 2 (HR2) region. Alanine scanning analysis of this motif verified its critical roles in S protein- 
mediated cell-cell fusion. Using a panel of HR2 peptides with the N-terminal extensions, we identified a pep
tide termed P40, which contained four extended N-terminal residues (VDLG) and exhibited improved binding 
and antiviral activities, whereas the peptides with further extensions had no such effects. Then, we developed a 
new lipopeptide P40-LP by modifying P40 with cholesterol, which exhibited dramatically increased activities in 
inhibiting SARS-CoV-2 variants including divergent Omicron sublineages. Moreover, P40-LP displayed a syn
ergistic effect with IPB24 lipopeptide that was designed containing the C-terminally extended residues, and it 
could effectively inhibit other human coronaviruses, including SARS-CoV, MERS-CoV, HCoV-229E, and HCoV- 
NL63. Taken together, our results have provided valuable insights for understanding the structure-function 
relationship of SARS-CoV-2 fusion protein and offered novel antiviral strategies to fight against the COVID-19 
pandemic.   

1. Introduction 

The global pandemic of COVID-19 has lasted over three years and 
caused more than six million death cases (https://covid19.who.int/). 
The pathogen SARS-CoV-2 continues to spread with evolutionary mu
tations, resulting in many viral variants that challenge the efficacies of 
vaccines and neutralizing antibody therapies (Cao et al., 2022; Markov 
et al., 2022; Qu et al., 2022; Shrestha et al., 2022; Uraki et al., 2022; 
Wang et al., 2021). After Alpha (B.1.1.7), Beta (B.1.351), Gamma (P1), 
and Delta (B.1.617.2), Omicron (B.1.1.529) emerged as the fifth variant 
of concern (VOC), exhibiting the largest mutations, higher trans
missibility and more prone to immune evasion (Fan et al., 2022; Guo 
et al., 2022). Currently, Omicron has already evolved into distinct 
sublineages, with BA.2- and BA.5-based variants predominant 

worldwide, calling for urgent development of effective broad-spectrum 
antiviral approaches. 

Viral fusion protein-derived peptides are potent entry inhibitors by 
blocking assembly of a six-helical bundle (6-HB) structure between two 
heptad repeat regions (HR1 and HR2) of the protein, as exemplified by 
anti-HIV drug enfuvirtide (T-20), a 36-mer native HR2 peptide of en
velope (Env) glycoprotein gp41 (Lalezari et al., 2003; Wild et al., 1994). 
This strategy has been widely applied to develop novel inhibitors against 
HIV and many other enveloped viruses, including emerging human 
coronaviruses (CoVs) (Tang et al., 2020). In the past decade, we have 
devoted to develop HIV fusion inhibitors, with Sifuvirtide and Lip
ovirtide under clinical trials (Chong et al., 2019; He et al., 2008a, 2008b; 
Xue et al., 2022). After SARS-CoV-2 outbreak, we immediately initiated 
projects to develop antivirals, generating a group of fusion-inhibitory 
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peptides and lipopeptides with very potent and broad-spectrum activ
ities (Yu et al., 2021a, 2021b; Zhu et al., 2020, 2021, 2022a, 2022b). As 
illustrated in Fig. 1, IPB01 and IPB02 based inhibitors were designed 
with the HR2 core sequence of S2 fusion protein, whereas IPB24 con
tained a membrane proximal external region (MPER). In an advanced 
stage, a lipopeptide-based formulation is currently under clinical trials 
in China, which evaluate both its therapeutic and preventive efficacies 
administrated through nebulization (ChiCTR2300068170). 

Recent studies have demonstrated that HR1 and HR2 derived pep
tides of SARS-CoV-2 fusion protein (S2 subunit) adopts a typical post
fusion 6-HB structure, in which the HR1 α-helices forms an interior core 
with grooves that are antiparallelly packed by the HR2 α-helices (Sun 
et al., 2020; Xia et al., 2020a; Yang et al., 2022b). Notably, the N-ter
minal motif of HR2 forms a well-defined conformation, in which several 
residues (V1164, L1166, G1167 and D1168) make extensive hydro
phobic or hydrogen-bond interactions with the C-terminal site of HR1 
groove, implying its roles in viral infectivity and HR2-based antivirals. 
Very recently, Yang and colleagues reported that an N-terminally 
extended HR2 peptide, namely P42 in Fig. 1C, exhibited a nanomolar 
(nM) inhibitory activity and was ~100-fold more potent than the pre
viously characterized HR2 core peptide P36 (Yang et al., 2022a), which 
obviously differed from our results. In order to clarify the contradiction 
and systemically exploit the mechanisms of SARS-CoV-2 fusion and its 
inhibition, we focused on characterizing the function of HR2 N-terminal 
motif in cell fusion and viral entry. The results demonstrated the 
importance of the N-terminal residues on S protein-driven cell fusion 

and designing of fusion-inhibitory peptides. A novel lipopeptide, termed 
P40-LP, was accordingly designed with potent and broad-spectrum ac
tivity against SARS-CoV-2 and other human coronaviruses (SARS-CoV, 
MERS-CoV, HCoV-229E, and HCoV-NL63). Remarkably, P40-LP had 
different levels of synergistic effects with the C-terminally extended 
inhibitor IPB24, thus providing a new strategy to fight against the 
COVID-19 pandemic. 

2. Materials and methods 

2.1. Plasmids and cells 

Plasmids encoding the wild-type (WT) and mutant S proteins of 
SARS-CoV-2 were a kind gift from Linqi Zhang at the Tsinghua Uni
versity (Beijing, China). Plasmids encoding the S proteins with a single, 
double or triple mutations and 293T/ACE2 cells were constructed in our 
laboratory and used in the previous studies (Yu et al., 2021a; Zhu et al., 
2022a). HEK293T, Huh-7 cells, and Caco-2 cells were purchased from 
the American type culture collection (ATCC) (Rockville, MD, USA). Cells 
were cultured in complete growth medium consisting of Dulbecco’s 
minimal essential medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS), 100 U/ml of penicillin/streptomycin, 2 mM 
L-glutamine, and 1 mM sodium pyruvate under 5% CO2 and 37 ◦C. 

Fig. 1. Schematic diagram of SARS-CoV-2 S pro
tein and fusion inhibitors. (A) Functional domains 
of the S protein and HR1/HR2 sequences. SP, signal 
peptide; NTD, N-terminal domain; RBD, receptor- 
binding domain; FP, fusion peptide; HR1, heptad 
repeat 1 region; HR2, heptad repeat 2 region; MPER, 
membrane-proximal external region; TM, trans
membrane domain; CP, cytoplasmic peptide. The S1/ 
S2 and S2′ cleavage sites and MPER are marked with 
arrow. The HR1 and HR2 sequences are listed, in 
which the potential residues that mediate the HR1- 
HR2 interactions in 6-HB are colored in red, and the 
N-terminally extended residues and C-terminal MPER 
residues of the HR2 core sequence are colored in 
green and purple, respectively. (B) Analysis of the 
interactions between the N-terminally extended HR2 
residues and HR1 target, in which the residues 
mediating the specific hydrophobic and hydrogen- 
bond interactions are marked. (C) HR2-derived 
fusion inhibitor peptides and lipopeptides. The N- 
terminally extended residues are marked in green and 
the C-terminally extended residues are colored in 
purple. Chol, cholesterol; PEG8 or PEG4, 8-unit or 4- 
unit polyethylene glycol.   
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2.2. Peptides and lipopeptides 

A panel of HR2 peptides (P35~P43) and HR1 peptide N57 (Fig. 1C) 
were synthesized on rink amide 4-methylbenzhydrylamine (MBHA) 
resin using a standard solid-phase 9-flurorenylmethoxycarbonyl 
(FMOC) protocol as described previously (Yu et al., 2021a). Lip
opeptides (P40-LP, IPB02V2, IPB24) were prepared by amidation of a 
C-terminal lysine side chain with cholesteryl succinate monoester (Yu 
et al., 2021a), in which 8-unit polyethylene glycol (PEG8) was intro
duced as a flexible linker. All the peptides were acetylated at the 
N-terminus prior to resin cleavage, followed by purification with 
reverse-phase high-performance liquid chromatography (RP-HPLC) to 
homogeneity of greater than 95%. The molecular weight (MW) of pep
tides was characterized by mass spectrometry (MS) for correction. 

2.3. Alanine scanning analysis 

The functionalities of the HR2 residues 1161–1168 were analyzed by 
site-directed mutagenesis as described previously (Yu et al., 2021a). The 
forward and reverse primers with 16–28 nucleotides were designed with 
specific mutations and occupied the same starting and ending positions 
on the opposite strands of a codon-optimized S gene template cloned in a 
pcDNA3.1 vector. PCR amplification was conducted in a 25-μl reaction 
volume using 100 ng of denatured plasmid template, 50 pM upper and 
lower primers, and 5 U of high-fidelity polymerase PrimeStar (TaKaRa, 
Dalian, China), including one cycle of denaturation at 98 ◦C for 5 min, 
25 cycles of 98 ◦C for 10 s, 68 ◦C for 9 min, and a final extension at 72 ◦C 
for 10 min. The amplicons were then treated with restriction enzyme 
DpnI for 3 h at 37 ◦C, and DpnI-resistant molecules were recovered by 
transforming Trans 2-Blue Chemically Competent Cells to antibiotic 
resistance (TransGen Biotech, Beijing, China). The desired mutations 
were confirmed by DNA sequencing. 

2.4. Western blotting assay 

The expression profiles of the S proteins with HR2 mutations in 
transfected cells or PsV particles were examined by western blotting as 
described previously (Zhu et al., 2022b). In brief, 5 × 105/ml 293T cells 
were seeded in a 6-well plate and transfected by an S-expressing 
plasmid. After 48 h, transfected cells were collected and lysed for 30 min 
on ice, then centrifuged with 12,000×g at 4 ◦C for 1h to remove insol
uble materials. The lysates were diluted and adjusted to a same protein 
concentration by BCA Protein Assay Kit (Thermo Scientific, Rockford, 
IL, USA). Proteins in lysates were separated by SDS-PAGE and trans
ferred to a nitrocellulose membrane. After blocking with 5% nonfat dry 
milk solution in Tris-buffered saline (TBS, pH 7.4) at room temperature 
for 1 h, the membrane was washed and then incubated with a rabbit 
anti-S1 or S2 polyclonal antibody (SinoBiological, Beijing, China) 
overnight at 4 ◦C. After washes, the membrane was incubated with 
IRDye 680LT or IRDye 800CW goat-anti-rabbit IgG at room temperature 
for 2 h. β-actin was detected as an internal control with a mouse anti-
β-actin monoclonal antibody (Sigma, St. Louis, MO, USA) and IRDye 
680LT donkey-anti-mouse IgG. The membrane was then scanned using 
the Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, 
USA). 

In order to analyze the incorporation of S protein, the cell culture 
supernatants containing PsV particles were concentrated by 30KD ul
trafiltration centrifuge tube and then precipitated with 3% PEG-6000 
overnight at 4 ◦C. After centrifuging at 14,000×g at 4 ◦C for 1h, the 
viral particles were lysed overnight at 4 ◦C and centrifuged at 20, 000×g 
at 4 ◦C for 1h to remove insoluble materials. The same amounts of viral 
lysates were normalized by P24 antigen and then subjected to SDS-PAGE 
and immunoblotting as described above. P24 was detected with a rabbit 
anti-P24 polyclonal antibody (SinoBiological, Beijing, China) and IRDye 
680LT donkey-anti-rabbit IgG. 

2.5. Circular dichroism spectroscopy 

The α-helicity and thermostability of a peptide or lipopeptide as well 
as their complexes with HR1-derived target mimic peptide N57 were 
detected by circular dichroism (CD) spectroscopy as described previ
ously (Zhu et al., 2020). Briefly, peptides were diluted with a final 
concentration of 10 μM in phosphate-buffered saline (PBS, pH 7.2) and 
incubated at 37 ◦C for 30min. CD spectrum was obtained on Jasco 
spectropolarimeter model J-815 using a 1-nm bandwidth with a 1 nm 
step resolution from 195 to 270 nm at 20 ◦C. The spectra were corrected 
by subtracting a solvent blank, and the α-helical content was calculated 
from the CD signal by dividing the mean residue ellipticity [θ] at 222 nm 
by with a value of − 33,000 deg cm2 dmol− 1 that corresponds to a 100% 
helix. The ellipticity change was monitored during thermal denaturation 
at 222 nm from 20 to 98 ◦C at a rate of 2 ◦C/min, and melting tem
perature (Tm) was defined as the midpoint of thermal unfolding 
transition. 

2.6. Native-polyacrylamide gel electrophoresis 

HR2 peptides and their interactions with HR1-derived peptide N57 
were visualized by native polyacrylamide gel electrophoresis (N-PAGE) 
as described previously (Zhu et al., 2020). Briefly, an HR2 peptide at 40 
μM was mixed with N57 at 80 μM and incubated at 37 ◦C for 30 min. The 
mixture was added with Tris-glycine native loading buffer at a ratio of 
1:1 and loaded onto a 15 x 1.5-mm 20% Tris-glycine gel at 25 μl per well. 
Gel electrophoresis was conducted under a 120-V constant voltage at 
4 ◦C for 4 h. Then, the gel was stained by Instant Blue Coomassie Protein 
Stain (Abcam, Cambridge, UK) and imaged with a Bio-Rad imaging 
system (Bio-Rad, Hercules, CA, USA). The intensity of peptide band was 
analyzed by image J. The binding rate of an HR2 peptide with N57 was 
obtained by 100% minus the percentage of remaining unbound peptide. 

2.7. Cell-cell fusion assay 

S protein-mediated cell-cell fusion activity was first determined by a 
green fluorescent protein (GFP)-based cell-cell fusion assay. Briefly, 
293T cells (effector cells) were cotransfected with an S-expressing 
plasmid and a GFP-expressing plasmid, then incubated for 48 h at 37 ◦C, 
whereas 293T cells transfected with GFP plasmid only were used as 
control. 5 × 104 of 293T/ACE2 and Huh-7 cells (target cells) were placed 
in 96-well plates and cultured overnight at 37 ◦C. On the next day, 1 ×
104 effector cells were added to target cells for co-incubation for 5 h at 
37 ◦C. Under an inverted fluorescence microscope, three fields were 
randomly selected in each well to count the number of fused and unfused 
cells and take pictures to calculate the fusion rate. 

The S-mediated cell-cell fusion was also measured by a dual-split- 
protein (DSP)-based cell-cell fusion assay (Zhu et al., 2022b). 1.5 ×
104 293T cells were seeded in a 96-well plate as effector cells, 1.5 ×
105/ml of 293T/ACE2, Huh-7 or Vero E6 cells were cultured in a 10-cm 
culture dish as target cells. After culturing at 37 ◦C overnight, effector 
cells were cotransfected with the S-expressing plasmid and a DSP1-7 
plasmid, target cells were transfected with a DSP8-11 plasmid, and then 
incubated for 24 h at 37 ◦C. To determine the inhibitory activity of 
peptides or lipopeptides, a serially 3-fold diluted inhibitor was added to 
the effector cells and incubated for 1 h, whereas the target cells were 
resuspended (3 × 105/ml) in prewarmed culture medium containing 20 
ng/ml EnduRen live cell substrate (Promega, Madison, WI, USA) and 
incubated for 30 min. Then, a total of 3 × 104 target cells were trans
ferred to the effector cells, and the cell mixtures were spun down to 
facilitate cell-cell contact. Luciferase activity was measured using 
luciferase assay reagents and a luminescence counter (Promega). 

2.8. Single-cycle infection assay 

Infectivity of various SARS-CoV-2 pseudoviruses (PsV) in 293T/ 
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ACE2 or Huh-7 as target cells was determined by a single-cycle infection 
assay as described previously (Zhu et al., 2022b). To package a PsV, 5 ×
106 293T cells grown in 15 ml of growth medium in a T-75 culture flask 
were cotransfected with the S-expressing plasmids and a lentiviral 
backbone plasmid (pNL4-3. luc.RE) that encodes an Env-defective, 
luciferase reporter-expressing HIV-1 genome. After culturing 48 h, cell 
supernatants with released PsV particles were collected, filtrated and 
stored at − 80 ◦C. The 50% tissue culture infectious dose (TCID50) of PsV 
was determined in target cells. To compare the infectivity, PsV particles 
were normalized to a fixed amount of p24 antigen and their relative 
infection was calculated. To measure the inhibitory activity of peptides 
or lipopeptides, a serially 3-fold diluted inhibitor was mixed with an 
equal volume of PsV at 500 TCID50 and incubated at 37 ◦C for 30 min; 
then, the inhibitor-virus mixture was added to 293T/ACE2 or Huh-7 
cells (1 × 104 cells/well). After incubation at 37 ◦C for 48 h, the target 
cells were collected and lysed in reporter lysis buffer (Promega), and the 
luciferase activity was measured as described above. 

2.9. SARS-CoV-2 trVLP production and infection 

To evaluate the inhibitory activity of peptides or lipopeptides against 
SARS-CoV-2 infection, the SARS-CoV-2 transcription- and replication- 

component virus-like-particles (trVLPs) system, which recapitulate the 
complete viral life cycle by genetic transcomplementation was applied 
as described previously (Ju et al., 2021). Briefly, the nucleocapsid (N) 
gene of trVLP was replaced by a GFP reporter gene, which then 
trans-complement to the packaging cell line Caco-2 for ectopic expres
sion of N. The complete viral life cycle of trVLP can be recapitulated and 
confined to Caco-2-N cells, with GFP signal serving as surrogate readout 
for viral infection. The cDNA of D614G mutant or Omicron trVLP was 
ligated in vitro as the template to synthesize the genomic RNA by in vitro 
transcription using mMESSAGE mMACHINE T7 Transcription Kit 
(ThermoFisher Scientific) and then electroporated into Caco-2-N cells 
for trVLPs rescue. After the TCID50 of trVLPs infectivity was titrated, a 
serially diluted inhibitor was mixed with trVLPs and incubated at 37 ◦C 
for 1 h. After that, the mixture was then inoculated into Caco-2-N cells 
(MOI = 0.1). Viral infection was measured by flow cytometry 
(LSRFortessa SORP) at 36 h post infection. 

2.10. Synergy analysis of inhibitors 

The synergistic effect of P40-LP and IPB24 was determined on Huh-7 
cells by the pseudovirus-based single-cycle infection assay as described 
previously (Ding et al., 2017). Two inhibitors were tested individually or 

Fig. 2. Fusogenic activities of the S mutants with HR2 mutations. The fusogenicity of various S mutants was determined on 293T/ACE2 cells (A) or Huh-7 cells 
(B) by a GFP-based cell-cell fusion assay. (C) The fusogenicity of the S mutants on 293T/ACE2, Huh-7, or Vero E6 cells was determined by a DSP-based cell fusion 
assay. In comparison, the fusogenicity of the S protein with a single D614G mutation (D614G reference) was treated as 100% and the relative fusion rate of a mutant 
was accordingly calculated, and statistical comparisons were conducted by one-way ANOVA with Dunnett’s multiple comparisons test. 
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in combination at a fixed of 1:1 M ratio based on their IC50 values in the 
inhibition of PsV infection. The cooperative inhibition between them 
was analyzed using the method of Chou and Talalay (Chou, 2006; Chou 
and Talalay, 1984). The analysis was performed in a stepwise fashion by 
calculating IC50s based on the dose-response curves of single inhibitors 
that were tested separately and two inhibitors tested in combination. 
The combination index (CI) was calculated with the median-effect 
equation with the CalcuSyn program to assess the synergistic effect of 
combinations. CI values were interpreted as follows: A CI of less than 1 
indicates synergism (<0.1, very strong synergism; 0.1 to 0.3, strong 
synergism; 0.3 to 0.7, synergism; 0.7 to 0.85, moderate synergism; and 
0.85 to 0.90, slight synergism), a CI of 1 or close to 1 indicates additive 
effects, and a CI of greater than 1 indicates antagonism. 

2.11. Cytotoxicity of inhibitors 

The cytotoxicity of P40-LP was measured using Cell-Counting Kit-8 
(CCK-8) (Abbkine, Wuhan, China). In brief, cells were seeded on a 96- 
well tissue culture plate (1 × 104 cells per well), and 50 μl volumes of 
P40-LP at different concentrations were added to the cells. After incu
bation at 37 ◦C for 48 h, 20 μl of CCK-8 solution was added into each well 
and incubated 2 h at 37 ◦C. Absorbance at 450 nm was then measured 
using a Multiskan MK3 microplate reader (Thermo Fisher Scientific, 
Waltham, MA, USA), and percentage of cell viability was calculated. 

2.12. Statistical analysis 

The data were analyzed using GraphPad Prism 7 software (GraphPad 
Software Inc., San Diego, CA, USA). Comparisons of S protein-mediated 
cell-cell fusion activities and pseudovirus infections were conducted by 
one-way ANOVA with Dunnett’s multiple comparisons test (ns, not 
significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001), 

in which p < 0.05 is considered as a significant difference. 

3. Results 

3.1. The N-terminally extended motif of HR2 is critical for S protein- 
driven cell fusion 

We previously identified that the C-terminal MPER motif of SARS- 
CoV-2 HR2 plays critical roles in S protein-driven cell fusion and 
accordingly generated fusion-inhibitory peptides with potent and broad- 
spectrum activity (Yu et al., 2021a). In this study, we first applied 
alanine-scanning mutagenesis to characterize the functionality of the 
HR2 N-terminal motif, the amino acids 1161SPDVDLGD1168. To this end, 
a plasmid expressing the S protein of D614G reference was used as a 
template, constructing eight plasmids expressing the S protein with 
S1161A, P1162A, D1163A, V1164A, D1165A, L1166A, G1167A, or 
D1168A mutation, respectively. The fusogenic activity of each S mutant 
was examined by both GFP-based cell fusion assay and DSP-based cell 
fusion assay. As shown in Fig. 2, all the S mutants exhibited significantly 
decreased fusogenicity in 293T/ACE2, Huh-7 or Vero E6 cells relative to 
the D614G reference. Then, we characterized the infectivity of pseu
doviruses (PsV) bearing the S mutants by a single-cycle infection assay. 
In 293T/ACE2 cells, three mutants (V1164A, L1166A, and G1167A) 
exhibited severely decreased infectivity, whereas P1162A mutant had 
increased infectivity. In contrast, the infectivity of the S1161A and 
P1162A mutants in Huh-7 cells increased, whereas others had no sig
nificant changes (Fig. 3A). Additionally, we analyzed the protein 
expression and processing of S mutants in transfected cells or their 
incorporation in PsV particles by western blotting, using anti-S1 and 
anti-S2 antibodies. As shown, the S proteins had similar expression 
profiles in transfected 293T cells (Fig. 3B) and in virions (Fig. 3C), 
suggesting that the differences of S proteins-driven cell fusion and PsV 

Fig. 3. Infectivity of the S mutants with HR2 
mutations. (A) Infectivity of SARS-CoV-2 pseudovi
ruses (PsV) carrying the S mutants in 293T/ACE2 or 
Huh-7 cells was determined by a single-cycle infec
tion assay. The luciferase activity (RLU) of D614G 
reference was treated as 100% and the relative 
infection of an S mutant was accordingly calculated 
and statistical comparison was conducted one-way 
ANOVA with Dunnett’s multiple comparisons test. 
The expression profiles of mutant S proteins in 
transfected 293T cells (B) or PsV particles (C) were 
examined by western blotting assays, in which a 
rabbit anti-S1 (left panel) or anti-S2 (right panel) was 
used for detection.   
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infection were not caused by the overexpression system. 

3.2. An HR2 peptide with N-terminal extension exhibits obviously 
enhanced binding activity 

To identify potential SARS-CoV-2 fusion inhibitors that possess 
different pharmaceutical profiles, we synthesized a panel of seven HR2 
peptides containing different numbers of N-terminal residues. As illus
trated in Fig. 1C, two previously-characterized peptides, P35 and P36, 
contain the HR2 core sequences only, whereas the new peptides P39, 
P40, P41, P42, and P43 have an N-terminal extension with three, four, 
five, six or seven residues. First, we applied CD spectroscopy to char
acterize the secondary structures of HR2 peptides in the absence or 
presence of an HR1-derived target mimic peptide N57. As shown in 
Fig. 4A, HR2 peptides alone exhibited no or minor α-helicity, indicating 
that they were largely in a random structure. When mixed with an equal 
molar concentration of N57 peptide, the peptide complexes displayed 
α-helical contents at ~29–32%. While N57 alone had a helical content of 
29% with Tm of 63 ◦C, the complexes of P35, P41, P42, and P43 peptides 
showed Tm of 74 ◦C, the complexes of P36, P39, and P40 showed Tm of 
66 ◦C, 72 ◦C, and 80 ◦C, respectively, indicating that P40 peptide had the 
highest binding stability with N57 peptide. 

We also used an N-PAGE method to visualize HR2 peptides and their 

interactions with N57 peptide. As shown in Fig. 4B, N57 peptide stuck in 
the well of the gel did not efficiently migrate down because it had a 
nearly zero net charge, whereas the negatively charged HR2 peptides 
showed specific bands. When an HR2 peptide and N57 were mixed, new 
bands corresponding to the binding complexes appeared at the upper 
positions of the gel, which verified their direct interactions. In com
parison, P40 and N57 displayed the highest binding efficiency (89%) 
among other peptides. 

3.3. P40 peptide is the most potent inhibitor of SARS-CoV-2 and emerging 
variants 

We were intrigued to characterize the antiviral activity of various 
HR2 peptides. For this purpose, both DSP-based cell fusion assay and 
pseudovirus (PsV)-based single-cycle infection assay were conducted. As 
shown in Fig. 4C, all the peptides effectively inhibited an ancestral (WT) 
S protein-driven cell fusions and PsV infections in 293T/ACE2 or Huh-7 
cells, with P40 peptide being the most potent inhibitor. Specifically, P40 
inhibited the cell fusion with an IC50 of 1.46 nM, whereas other peptides 
had IC50 values ranging from 3.11 to 8.44 nM; P40 inhibited PsV in
fections with an IC50 of 3.57 μM in 293T/ACE2 cells and of 3.71 μM in 
Huh-7 cells, whereas others with IC50 values in the range of 6.28–21.19 
μM. 

Fig. 4. Structural and functional characterization 
of HR2 peptides with N-terminal extension. (A) 
The α-helicity and thermostability of HR2 peptides 
alone or in complexes HR1-derived target mimic 
peptide N57 were determined by Circular dichroism 
(CD) spectroscopy. (B) Visualization of HR2 peptides 
or their complexes with N57 by N-PAGE analysis. The 
intensities of peptide bands were analyzed by image J 
and the binding efficiencies of HR2 with N57 were 
calculated. (C) The inhibitory activities of HR2 pep
tides against a wild-type (WT) S protein-mediated 
cell-cell fusion and PsV infection were determined 
by the DSP-based cell fusion assay and single-cycle 
infection assay, respectively. For CD spectroscopy 
and N-PAGE, the experiments were performed two 
times and obtained consistent results, the represen
tative data are shown. In the inhibition assays, the 
samples were tested in triplicate and repeated three 
times, and data are expressed as means ± standard 
deviations (SD).   
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Next, we sought to compare the potencies of three representative 
peptides (P36, P40, and P42) in inhibiting diverse SARS-CoV-2 variants, 
including the virus bearing a single D614G mutation (D614G reference) 
and five VOCs (Alpha, Beta, Gamma, Delta, and Omicron BA.4/5). As 
shown in Table 1 and Fig. S1, P36, P40, and P42 peptides inhibited S 
protein-driven cell fusions in 293T/ACE2 cells with mean IC50 values of 
8.92, 1.79, and 4.77 nM, respectively, and inhibited PsV infections in 
Huh-7 cells with mean IC50 values of 6.75, 2.32, and 5.83 μM. 

The inhibitory activities of the three peptides were further evaluated 
in Caco-2 cells, which mediate viral infection mainly through cell sur
face fusion pathway (Hoffmann et al., 2020b; Koch et al., 2021). As 
shown in Fig. 5A (upper panel), P36, P40, and P42 inhibited D614G PsV 
with IC50 of 0.27, 0.13, and 0.23 μM, respectively and inhibited BA.4/5 
PsV with IC50 of 0.15, 0.07, and 0.12 μM, respectively. We also per
formed an inhibition assay with transcription and replication competent 
SARS-CoV-2 VLP system (SARS-CoV-2 GFP/ΔN trVLP), which could 
recapitulate the entire viral life cycle in the Caco-2 cells stably 
expressing viral nucleocapsid (Caco-2-N) (Ju et al., 2021). In Caco-2-N 
target cells, P36, P40, and P42 inhibited D614G trVLP with IC50 of 
0.3, 0.08, and 0.25 μM, respectively and inhibited Omicron BA.1 trVLP 
with IC50 of 0.03, 0.01, and 0.01 μM, respectively (Fig. 5A, lower panel). 
In comparisons, the peptide inhibitors exerted more efficiently in 
Caco-2 cells than in 293T/ACE and Huh-7 cells, and P40 displayed the 
most potent antiviral activity regardless of the cell types. 

3.4. Generation and characterization of a highly potent fusion-inhibitory 
lipopeptide 

Previous studies demonstrated that lipid conjugation can dramati
cally increase the antiviral activity and stability of HR2-derived fusion 
inhibitory peptides (References). To develop a more efficient inhibitor 
for clinical use, we designed a novel lipopeptide termed P40-LP by 
conjugating a cholesterol molecule to the C-terminus of P40 peptide via 
a flexible PEG8 linker (Fig. 1C). As shown in Fig. S2, P40-LP displayed an 
α-helicity of 31% with Tm of 59 ◦C, and it could interact with N57 
peptide to form a more stable complex with the Tm of 87 ◦C. In the in
hibition of cell fusion by the S proteins derived from D614G reference 
and five Omicron sublineages (Table 1 and Fig. S3), P40-LP had a mean 
IC50 of 0.38 nM, which was comparable to the activities of IPB02V2 (0.4 
nM) and IPB24 (0.29 nM). In the inhibition of the corresponding PsV 
panel, P40-LP, IPB02V2, and IPB24 had IC50 of 1.99, 5.2, and 1.88 nM. 
Moreover, P40-LP also inhibited a group of pseudotyped viruses car
rying a single or combined HR1 mutations occurred in Omicron strain 
very efficiently (Fig. S4). 

The inhibitory activities of the lipopeptides were similarly deter
mined with Caco-2 cells. As shown in Fig. 5B, P40-LP, IPB02V2, and 
IPB24 inhibited D614G PsV with IC50 of 0.48, 0.34, and 0.36 nM, 
respectively and inhibited BA.4/5 PsV with IC50 of 0.27, 0.36, and 0.34 
nM, respectively. In the inhibition of SARS-CoV-2 trVLP in Caco-2-N 
cells, P40-LP, IPB02V2, and IPB24 inhibited D614G trVLP with IC50 of 
4.53, 3.99, and 5.01 nM, respectively, and inhibited Omicron BA.1 
trVLP with IC50 of 0.31, 0.46, and 0.39 nM, respectively. In comparison, 
P40-LP exhibited dramatically increased inhibitory activities over the 
unmodified P40 peptide and the three lipopeptides had similar antiviral 
activities, confirming the importance of lipopeptide-based strategy for 
developing membrane fusion inhibitors. 

3.5. P40-LP and IPB24 have synergistic effects against SARS-CoV-2 
variants 

As illustrated in Fig. 1C, while P40-LP was generated with an N- 
terminal extension, IPB24 was originally designed containing a C-ter
minal extension. Considering that two lipopeptides target overlapping 
but different HR1 sites, we were curious whether they possess syner
gistic effects against SARS-CoV-2 infection. Thus, we determined the 
inhibitory activities of P40-LP and IPB24 individually or in combination 
against D614G reference and three Omicron variants by a single-cycle 
infection assay in Huh-7 cells. As shown in Fig. 6，the combination of 
two lipopeptides resulted in synergistic effects in inhibiting D614G (CI 
= 0.83, moderate synergism), BA.1 (CI = 0.89, slight synergism), 
BA.2.12.1 (CI = 0.83, moderate synergism), and BA.4/5 (CI = 0.64, 
synergism). Although no strong synergistic effect (CI < 0.3) was 
observed between the two inhibitors, the results provide additional 
implications for the therapeutic strategy of SARS-CoV-2 infection, 
especially against the currently circulating Omicron variants. 

3.6. P40-LP is also a potent inhibitor of other human coronaviruses 

We previously demonstrated that IPB02V2 and IPB24 possessed 
potent, broad-spectrum inhibitory activities against other human coro
naviruses, including SARS-CoV, MERS-CoV, HCoV-229E, and HCoV- 
NL63 (Yu et al., 2021a; Zhu et al., 2021). In order to characterize the 
breadth and potency of P40-LP, the pseudotypes of SARS-CoV, MER
S-CoV, HCoV-229E, and HCoV-NL63 were prepared and single-cycle 
infection assay was similarly conducted in Huh-7 cells. As shown in 
Fig. 7, P40-LP, IPB02V2 and IPB24 inhibited SARS-CoV with IC50 of 
10.23, 48.16, and 9.21 nM, respectively; inhibited MERS-CoV with IC50 
of 41.68, 56.17, and 35.82 nM, respectively; inhibited HCoV-229E with 
IC50 of 389.14, 676.26, and 603.77 nM, respectively; and inhibited 
HCoV-NL63 with IC50 of 36.05, 100.32, and 574.72 nM, respectively. 
Therefore, P40-LP was more potent than IPB02V2 against the infection 

Table 1 
Inhibitory activities of HR2-derived fusion inhibitors against divergent SARS- 
CoV-2 variants.  

I. HR2 peptides 

SARS- 
CoV-2 

Inhibition on cell fusion (IC50, 
nM) 

Inhibition on PsV infection (IC50, 
μM) 

P36 P40 P42 P36 P40 P42 

D614G 15.66 
± 1.42 

2.51 ±
0.09 

6.42 ±
0.77 

7.88 ±
0.32 

1.86 ±
0.31 

7.18 ±
0.94 

Alpha 10.05 
± 0.28 

1.44 ±
0.18 

4.59 ±
0.26 

6.59 ±
0.35 

2.30 ±
0.27 

6.78 ±
0.21 

Beta 8.23 ±
1.06 

1.735 ±
0.11 

4.07 ±
0.24 

7.05 ±
0.59 

2.83 ±
0.16 

6.29 ±
0.51 

Gamma 9.05 ±
0.78 

2.24 ±
0.18 

6.69 ±
2.26 

6.79 ±
0.78 

3.94 ±
0.56 

5.57 ±
0.40 

Delta 9.27 ±
0.05 

2.41 ±
0.37 

6.32 ±
0.31 

10.84 
± 0.46 

2.59 ±
0.48 

7.33 ±
0.45 

BA.4/5 1.26 ±
0.42 

0.40 ±
0.05 

0.54 ±
0.02 

1.34 ±
0.19 

0.41 ±
0.10 

1.82 ±
0.20 

Mean IC50 8.92 1.79 4.77 6.75 2.32 5.83 

II. Lipopeptides 
SARS- 

CoV-2 
Inhibition on cell fusion (IC50, 
nM) 

Inhibition on PsV infection (IC50, 
nM) 

P40-LP IPB02V2 IPB24 P40-LP IPB02V2 IPB24 

D614G 0.26 ±
0.02 

0.21 ±
0.01 

0.20 ±
0.03 

3.59 ±
1.21 

14.07 ±
0.08 

3.21 ±
0.49 

BA.1 0.30 ±
0.01 

0.32 ±
0.02 

0.20 ±
0.01 

1.02 ±
0.06 

2.45 ±
0.08 

1.50 ±
0.34 

BA.2 0.43 ±
0.02 

0.45 ±
0.06 

0.29 ±
0.01 

2.00 ±
0.68 

3.51 ±
0.30 

1.85 ±
0.60 

BA.2.12.1 0.42 ±
0.02 

0.53 ±
0.04 

0.39 ±
0.00 

1.48 ±
0.41 

3.78 ±
0.07 

1.64 ±
0.32 

BA.3 0.43 ±
0.01 

0.42 ±
0.02 

0.33 ±
0.02 

2.01 ±
0.63 

3.94 ±
0.42 

1.71 ±
0.23 

BA.4/5 0.43 ±
0.03 

0.49 ±
0.01 

0.35 ±
0.01 

1.84 ±
0.43 

3.47 ±
0.52 

1.39 ±
0.49 

Mean IC50 0.38 0.4 0.29 1.99 5.2 1.88 

Samples were tested in triplicate; the experiments were repeated three times, 
and data are expressed as means ± SD. 
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of the four human CoVs, implying the critical roles of the N-terminally 
extended HR2 sequences in the antiviral activity. Additionally, P40-LP 
showed more potent inhibition than IPB24 on HCoV-229E and 
HCoV-NL63 infections. 

3.7. Cytotoxicity and stability of P40-LP 

In order to validate the antiviral potency of P40-LP, we measured its 
cytotoxicity in the target cells that were used in the above inhibition 

assays. As shown in Fig. S5A, P40-LP at a concentration of 1 μM or 5 μM 
exhibited no appreciable cytotoxicity in 293T/ACE2, Huh-7, and Caco-2 
cells, but it resulted in greatly reduced cell viability when its concen
tration was raised to 10 μM. This result suggested that P40-LP has 
relatively low cytotoxicity and high therapeutic selection index (CC50/ 
IC50). 

Furthermore, the in vitro stability of P40-LP was characterized, in 
which the lipopeptide was treated with different experimental condi
tions and its antiviral activity was then determined by D614G PsV-based 

Fig. 5. Inhibitory activities of HR2-based fusion inhibitors in Caco-2 cells. The inhibitory activities of representative fusion-inhibitory peptides (A) and lip
opeptides (B) against the infections of D614G or BA.4/5 PsV (upper panel) and live D614G or BA.1 trVLP (lower panel) were respectively measured. The experiments 
were repeated three times, and data are expressed as means ± SD. 
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single-cycle infection assay. For its thermostability, P40-LP solution was 
stored at 4 ◦C, room temperature (RT) or 37 ◦C for two weeks; the results 
demonstrated that its inhibitory activity was almost unchanged 
(Fig. S5B). To assess its sensitivity to proteolytic enzymes, P40-LP (2 
mg/ml) was treated with proteinase K, trypsin or chymotrypsin at 37 ◦C 
over 4 h; the results suggested that the lipopeptide could largely tolerate 
the digestion of chymotrypsin, but not proteinase K and trypsin 
(Fig. S5C). When P40-LP was incubated with 20% human serum at 
37 ◦C, its inhibitory activity was largely maintained either (Fig. S5D). 

4. Discussion 

In this study, we comprehensively characterized the functionality of 
the N-terminally extended motif of HR2 in SARS-CoV-2. First, the N- 
terminally extended motif was identified to be critical for S protein- 
mediated cell fusion. A group of new HR2 peptides containing 
different numbers of N-terminally extended residues were synthesized 
and characterized for their antiviral activities. As shown, P40 peptide 
was found to be the most robust inhibitor in terms of both binding and 
inhibitory activities. Subsequently, a lipopeptide termed P40-LP was 
designed by conjugating P40 with cholesterol, which exhibited 
dramatically increased activities in inhibiting divergent SARS-CoV-2 
variants. Moreover, P40-LP had a certain degree of synergistic effect 
with the C-terminally extended lipopeptide IPB24, and it also effectively 
inhibited other human coronaviruses, including SARS-CoV, MERS-CoV, 
HCoV-229E, and HCoV-NL63. In conclusion, our studies have not only 
established the roles of the N-terminally extended HR2 motif in SARS- 
CoV-2 fusion and its inhibition, but also provided novel antivirals that 
can be further developed for clinical use. 

The residues 1168–1203 of SARS-CoV-2 HR2 are considered as the 
core sequence to form the six-helical bundle structure required for viral 
fusion and infection; thus, the peptide P35 or P36 has been primarily 
used as a template to develop fusion inhibitors, such as IPB01 (Zhu et al., 
2020), P3 (Sun et al., 2020), 2019-nCoV-HR2P (Xia et al., 2020b), and 
SARS-CoV-2-HRC (Outlaw et al., 2020). Consistently, these P35- and 
P36-based unmodified peptides exhibited a very low antiviral activity, 
with the IC50 values at macromolar (μM) levels. To our surprise, Yang 
et al. recently reported an N-terminally extended, unmodified HR2 
peptide, termed longHR2_42 (namely P42 in this work), which could 
inhibit SARS-CoV-2 and its variants with IC50 at single-digit nanomolar 
(nM) levels in cell-based and virus-based assays (Yang et al., 2022a). 
Moreover, their studies showed that longHR2_42 was ~100-fold more 
potent than shortHR2 (namely P36 peptide here), thus claiming it as the 
most potent peptide inhibitor to date (Yang et al., 2022a). Contradic
torily, our studies showed that P42 and P36 peptides had similar 
inhibitory activities; rather, P40 peptide, which was truncated two 
N-terminal residues from P42, exhibited improved potencies in inhib
iting SARS-CoV-2 and several variants of concern (VOCs), as determined 
by different experimental systems. Actually, we previously achieved the 
preliminary results on the characterization of the N-terminally extended 
HR2 motif, which revealed the inability of the peptide P41 to improve 
the antiviral activity, thus we later dedicated to develop more effective 
inhibitors containing the C-terminal extension (Yu et al., 2021a). To 
address the differences, we afterwards synthesized the panel of peptides 
including P39, P40, P42, and P43; among them, only P40 was identified 
with improved binding and inhibitory activities relative to the previ
ously published P36 or P35 peptide (Outlaw et al., 2020; Sun et al., 
2020; Xia et al., 2020b; Zhu et al., 2020). Definitely, our data presented 

Fig. 6. Synergistic effects between P40-LP and IPB24 lipopeptides. (A) The inhibition curves of P40-LP and IPB24 individually or in combination against the 
infections of D614G reference and three Omicron variants were determined by PsV-based single-cycle infection assay. (B) The IC50 values from three independent 
experiments are presented as means ± SD. 
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here have provided crucial information for understanding the 
structure-activity relationship (SAR) of SARS-CoV-2 HR2; the reasons 
that led to the disparity with the longHR2_42 and shortHR2 need to be 
cautiously investigated in the future. 

SARS-CoV-2 infects cells through either directly fusing with plasma 
membrane (cell surface pathway) or undergoing endocytosis traveling 
to endosome for membrane fusion (endosome pathway), which is 
mediated by the trimeric S protein: while S1 subunit is responsible for 
receptor binding, its S2 subunit mediates membrane fusion by forming a 
6-HB conformation that juxtaposes the viral and cell membranes for 
merging (Walls et al., 2020; Wrapp et al., 2020). In the cells with high 
TMPRSS2 expression, SARS-CoV-2 predominantly uses the 
TMPRSS2-mediated plasma membrane entry pathway, but the virus can 
alternatively enter through endosome pathway mediated by endosomal 
proteases such as cathepsin L in the cells with low or no TMPRSS2 
expression (Beumer et al., 2021; Hoffmann et al., 2020a, 2020b; Koch 
et al., 2021). Previous studies have demonstrated that while an un
modified native HR2 peptide can block cell surface pathway, instead of 
endosomal pathway, lipid conjugation also enables activity against vi
ruses that do not fuse until they have been taken up via endocytosis (Lee 
et al., 2011; Ujike et al., 2008). A lipopeptide can bind to both the viral 
and cell membranes, which greatly elevates the local concentration of 
the inhibitor thus enhancing the antiviral activity dramatically (Chong 
et al., 2018b; Zhu et al., 2019, 2023). Also, such the case sharply in
creases the stability of peptide drug that confers a significantly extended 
in vivo half-life (Chong et al., 2017, 2018a, 2019; Xue et al., 2022). In 
this study, we found that in the inhibition of various SARS-CoV-2 PsV 
infections, the cholesterol-modified lipopeptide P40-LP was ~1166-fold 
more potent than P40 in Huh-7 cells (Table 1) and ~271- or ~259-fold 
more potent than P40 in Caco-2 cells (Fig. 5). Consistently, P40-LP was 
~32- or 18-fold more potent than P40 in inhibiting SARS-CoV-2 
GFP/ΔN trVLP in Caco-2-N cells (Fig. 5). It is largely dependent on 
TMPRSS2, Huh-7 cells can mediate both the cell surface and endosomal 
entry pathways, whereas Caco-2 cells are mainly infected through the 
cell surface pathway (Chu et al., 2021; Hoffmann et al., 2020b; Hu et al., 
2022); thus, it is conceivable that both P40 and P40-LP inhibitors were 

more active in Caco-2 cells than in Huh-7 cells, and that P40-LP 
exhibited additional advantages in Huh-7 cells through the binding of 
viral and cell membranes to enter target cells. This concept is also 
justified by the inhibitory results of cell-cell fusion driven by S protein, 
in which P40-LP only exhibited ~5-fold increased potency over P40 
(Table 1). 

Given that SARS-CoV-2 mutates easily resulting in many variants of 
concern, especially Omicron sublineages, the fusion-inhibitory peptides 
or lipopeptides were further verified to possess the broad-spectrum 
antiviral activity with high potency. Furthermore, our studies also 
found that P40-LP and the previously developed lipopeptide IPB24 
possessed comparable inhibitory activities against divergent SARS-CoV- 
2 variants, and importantly, they displayed different levels of synergy, 
thus offering an optional strategy for combination therapy. Moreover, 
the inhibitory activities of P40-LP on SARS-CoV-2, MERS-CoV-2, HCoV- 
229E, and HCoV-NL63 further support the concept developing a pan- 
coronavirus inhibitor, which should be in preparedness to battle 
against the emergence or re-emergence of new viruses from animal 
reservoirs. Last, we would like emphasize that we will continue our ef
forts to investigate P40-based inhibitors in details, including both the in 
vitro and in vivo antiviral activities and potential side-effects. Consid
ering that P40-LP cannot tolerate the in vitro digestions of proteinase K 
and trypsin, it is important to determine its pharmacokinetics in ani
mals; thus, an optimization strategy might be undertaken to improve the 
sequence or structure stability of P40-LP and solidify its druggability for 
clinical development. 
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