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ABSTRACT The ongoing pandemic of COVID-19, caused by SARS-CoV-2, has substan-
tially increased the risk to global public health. Multiple vaccines and neutralizing anti-
bodies (nAbs) have been authorized for preventing and treating SARS-CoV-2 infection.
However, the emergence and spread of the viral variants may limit the effectiveness of
these vaccines and antibodies. Fusion inhibitors targeting the HR1 domain of the viral S
protein have been shown to broadly inhibit SARS-CoV-2 and its variants. In theory, pep-
tide inhibitors targeting the HR2 domain of the S protein should also be able to inhibit
viral infection. However, previously reported HR1-derived peptide inhibitors targeting the
HR2 domain exhibit poor inhibitory activities. Here, we engineered a novel HR1 trimer
(HR1MFd) by conjugating the trimerization motif foldon to the C terminus of the HR1-
derived peptide. HR1MFd showed significantly improved inhibitory activity against SARS-
CoV-2, SARS-CoV-2 variants of concern (VOCs), SARS-CoV, and MERS-CoV. Mechanistically,
HR1MFd possesses markedly increased a-helicity, thermostability, higher HR2 domain
binding affinity, and better inhibition of S protein-mediated cell-cell fusion compared to
the HR1 peptide. Therefore, HR1MFd lays the foundation to develop HR1-based fusion
inhibitors against SARS-CoV-2.

IMPORTANCE Peptides derived from the SARS-CoV-2 HR1 region are generally poor
inhibitors. Here, we constructed a trimeric peptide HR1MFd by fusing the trimeriza-
tion motif foldon to the C terminus of the HR1 peptide. HR1MFd was highly effective
in blocking transductions by SARS-CoV-2, SARS-CoV-2 variants, SARS-CoV, and MERS-
CoV pseudoviruses. In comparison with HR1M, HR1MFd adopted a much higher heli-
cal conformation, better thermostability, increased affinity to the viral HR2 domain,
and better inhibition of S protein-mediated cell-cell fusion. Overall, HR1MFd provides
the information to develop effective HR1-derived peptides as fusion inhibitors
against SARS-CoV-2 and its variants.
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Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection continues to be a major threat to global public

health. Despite several COVID-19 vaccines and neutralizing antibodies having been
approved for emergency use to prevent and treat SARS-CoV-2 infection, the emergence
and spread of immune-escaping SARS-CoV-2 variants limit the effectiveness of these vac-
cines and neutralizing antibodies (1–3). Therefore, there remains an urgent need to de-
velop highly effective and broad-spectrum antivirals that can combat SARS-CoV-2.

Similar to other coronaviruses (CoVs), SARS-CoV-2 infection requires the fusion of
the viral membrane with the cell membrane, which is mediated by the viral spike (S)
glycoprotein. The S protein is a trimeric class I fusion protein, composed of S1 and S2
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subunits (4, 5). The S1 subunit contains a receptor-binding domain (RBD) and an N-ter-
minal domain (NTD), whereas the S2 subunit contains an N-terminal fusion peptide
(FP), heptad repeat 1 (HR1), heptad repeat 2 (HR2), transmembrane domain (TM) and a
cytoplasm domain (CP) (Fig. 1C) (6). During the fusion process, the S1 subunit binds to
the cellular receptor angiotensin-converting enzyme 2 (ACE2) through RBD (7–9), then
the HR1 and HR2 domains in the S2 subunit interact with each other to form a six-helix
bundle (6-HB) (Fig. 1B), driving the fusion of target cell and viral membranes (10).
Therefore, both S1 and S2 subunits can be targets for the development of SARS-CoV-2
entry inhibitors.

In previous studies, peptides derived from both the coronaviral HR1 and HR2
domains have been tested to block CoV infection, and HR2-derived peptides showed
better inhibitory activity. Both Severe Acute Respiratory Syndrome Coronavirus (SARS-
CoV) and the Middle East Respiratory Syndrome Coronavirus (MERS-CoV) HR2-derived
peptides (CP1 and HR2P) exhibited potent inhibitory activity with half-maximal inhibi-
tory concentration (IC50) in the micromolar range (11, 12). HCoV-OC43 HR2-derived
peptide EK1 has been confirmed to be a pan-CoV fusion inhibitor against a wide vari-
ety of human CoVs (13). In comparison, CoVs HR1-derived peptides SARS-HR1P, MERS-
HR1P, and 2019-nCoV-HR1P exhibited no inhibitory activity at any tested concentration
(10–12), possibly because CoVs HR1-derived peptides may tend to aggregate, similar
to HIV-1 N-terminal heptad repeat (NHR)-derived peptide inhibitors (14, 15). Therefore,
the challenges remain in developing HR1-derived fusion inhibitors against different
CoV strains.

Aiming to develop HR1-based fusion inhibitors, we fused the trimerization motif of
T4 bacteriophage fibritin-foldon (Fd) to the C terminus of SARS-CoV-2 HR1-derived
peptide to generate HR1 trimers (16, 17). Our results showed that these HR1-foldon
peptides (HR1SFd, HR1MFd, and HR1LFd) indeed formed stable trimers. Among them,
HR1MFd showed dramatically increased antiviral activity compared with the corre-
sponding HR1 peptide. Mechanistically, the inhibitory activity of the Fd-conjugated
HR1-derived peptide is strongly correlated with its stable helical conformation, high
binding affinity with HR2 peptides, as well as its potent inhibition of S protein-mediated

FIG 1 Design of the HR1 trimers based on the sequence of the SARS-CoV-2 S protein S2 subunit. (A) Amino acid alignment of
the HR1 and HR2 domains in SARS-CoV and SARS-CoV-2. (B) The structural basis of the interactions between HR1 and HR2 of
SARS-CoV-2 (PDB: 6LXT). (C) Schematic representation of the SARS-CoV-2 S2 protein and sequences of the peptides. FP, fusion
peptide region; HR1, heptad repeat 1 domain; HR2, heptad repeat 2 domain; TM, transmembrane region; CP, cytoplasm region.
Foldon-conjugated HR1S, HR1M and HR1L proteins are shown in the diagram.
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cell-cell fusion. Moreover, HR1MFd showed broad inhibitory activity against various
SARS-CoV-2 pseudoviral mutants, two SARS-CoV-2 VOCs, SARS-CoV, and MERS-CoV.
Further studies have shown that combining HR1MFd with T-ACE2 or mNb6 exhibited a
synergistic inhibitory effect against SARS-CoV-2 pseudovirus transduction.

RESULTS
Design and biophysical characterization of HR1SFd, HR1MFd, and HR1LFd

trimers. SARS-CoV-2 has nine amino acid substitutions in the HR1 domain compared
to SARS-CoV, whereas they share a fully identical HR2 domain (Fig. 1A). To develop
HR1-derived viral inhibitors, we generated three different HR1 peptide trimers by fus-
ing the foldon motif to the C terminus of HR1-derived short (HR1S), medium (HR1M),
and long peptides (HR1L) (Fig. 1C). These peptides were expressed in E. coli and puri-
fied by nickel affinity chromatography and size exclusion chromatography (SEC). The
SEC results indicated that HR1SFd, HR1MFd, and HR1LFd peptides have a molecular
weight ranging from 20 to 30 kDa, suggesting the trimeric form (Fig. 2A to C). These
peptides were further analyzed by analytical ultracentrifugation (AUC). The sedimenta-
tion coefficients of HR1SFd, HR1MFd, and HR1LFd were 1.71, 2.88, and 3.03 s and corre-
sponded to molecular weights of 22.9 kDa, 24.7 kDa, and 29.0 kDa, which was close to
the theoretical molecular weights of HR1SFd trimer (21.8 kDa), HR1MFd trimer
(23.9 kDa), and HR1LFd trimer (28.1 kDa), respectively (Fig. 2D to F and Table 1). The
friction coefficient (ƒ/ƒ0) in AUC provided the shape information of the analyzed pro-
tein. The friction coefficient of a hydrated protein is 1.2 to 1.4, whereas that of a moder-
ately elongated protein is 1.6 to 1.9 (18). The ƒ/ƒ0 values of HR1SFd, HR1MFd, and
HR1LFd trimers were extracted from the experimental data by using the SEDFIT pro-
gram. As shown in Table 1, these recombinant peptides have a ƒ/ƒ0 value of 1.6 to 1.9,
indicating the shapes of HR1SFd, HR1MFd and HR1LFd are moderately elongated.

Conjugating the foldon motif to the C terminus of SARS-CoV-2 HR1-derived
peptide enhanced the inhibitory activity. We next evaluated the antiviral activities
of HR1SFd, HR1MFd, and HR1LFd by using the SARS-CoV-2 pseudovirus transduction
model in Huh-7 cells. As shown in Fig. 3A, SARS-CoV-2 HR1-derived peptide HR1M
alone exhibited no significant inhibitory activity at concentrations up to 50 mM, while
HR1SFd, HR1MFd, and HR1LFd had dramatically improved inhibitory activity against
SARS-CoV-2 pseudovirus transduction with IC50 of 4.6, 1.6, and 2.5 mM, respectively.

FIG 2 SEC and AUC analysis of HR1SFd, HR1MFd and HR1LFd. Analytical SEC profiles of HR1SFd (A), HR1MFd (B), and HR1LFd (C)
with Superdex 75 Increase 10/300 GL. The absorbance curve at 280 nm is shown. AUC analysis of HR1SFd (D), HR1MFd (E) and
HR1LFd (F).
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The previously studied HR2-derived peptide (HR2) was used as a positive-control in the
same experiment and showed an IC50 of 14.8 mM against SARS-CoV-2 pseudovirus
transduction. HR1SFd, HR1MFd, and HR1LFd were also highly effective in inhibiting
SRAS-CoV-2 pseudovirus transduction of human intestinal Caco-2 cells with IC50 of 4.8,
1.2, and 1.6 mM, respectively (Fig. 3B). These results indicate that the addition of foldon
to the C terminus of HR1 can indeed enhance its inhibitory activity.

To exclude the cytotoxic effect on the inhibitory activity, Huh-7 and Caco-2 cells
were treated with a concentration gradient of HR1MFd for 48 h before evaluation of
their viability with Cell Counting Kit-8 (CCK-8). As shown in Fig. S1, HR1MFd showed no
significant cytotoxicity to Huh-7 and Caco-2 cells at concentrations up to 100 mM,
more than 62-fold higher than its IC50 for SARS-CoV-2 inhibition, suggesting that the in-
hibitory activity of peptides cannot be attributed to its cytotoxicity.

Conjugating foldon to the C terminus of HR1M increased its a-helicity and ther-
mostability. To explore the mechanism underlying the improved inhibitory activity of
HR1MFd, we performed circular dichroism (CD) spectroscopy to evaluate the secondary
conformation of HR1MFd. As shown in Fig. 4A, HR1M and Fd alone exhibited little
a-helicity. In contrast, HR1MFd displayed typical double negative peaks at 208 and
222 nm as a-helical structures in the CD spectrum. These results indicated that the fol-
don motif in the HR1MFd facilitated the HR1M peptide folding into a-helical conforma-
tion, mimicking the conformation of natural HR1 trimer in the fusion intermediate state
during SARS-CoV-2 infection. The thermostability of HR1M and HR1MFd was also meas-
ured. The Tm value of HR1M could not be defined due to the lack of the secondary
structures, while the HR1MFd had a Tm value of 51.9°C (Fig. 4B).

Interactions between HR1MFd and SARS-CoV-2 HR2-derived peptide. Previous
studies showed that SARS-CoV-2 HR2-derived peptides could interact with HR1-derived
peptides to prevent the entry of SARS-CoV-2 into target cells (10, 19). To explore if
HR1MFd utilizes a similar mechanism against SARS-CoV-2 infection, we first character-
ized the secondary structure of the complex of HR1MFd with HR2 peptide by CD.
HR1MFd and HR2 were incubated at an equal concentration at 37°C for 30 min, and
the CD spectrum of the mixture was measured. The result showed that although both

TABLE 1 Summary of AUC results of HR1SFd, HR1MFd, and HR1LFd

Protein
Sedimentation Observed Calculated

ƒ/ƒ0coefficient (s) mol wt (kDa) mol wt (kDa)
HR1SFd 1.71 22.90 21.80 1.80
HR1MFd 2.88 24.70 23.85 1.63
HR1LFd 3.03 29.00 28.12 1.76

FIG 3 Inhibitory activity of foldon-conjugated HR1-derived peptides against SARS-CoV-2 pseudovirus
transduction. The inhibitory activity of HR1M, HR1SFd, HR1MFd, HR1LFd, or HR2 against SARS-CoV-2
pseudovirus in Huh-7 (A) and Caco-2 cells (B). Each sample was tested in triplicate and the data are
presented as mean 6 SEM.
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HR1M and HR1MFd interacted with HR2 peptides to form complexes with the charac-
teristic a-helical structure, HR1MFd exhibited a higher a-helical structure with HR2
than HR1M did, while HR2 exhibited a low a-helical structure by itself (,20%) (Fig. 4C).
We also measured the thermostability of the complex formed between HR2 and HR1M
or HR1MFd. As shown in Fig. 4D, the Tm value of the HR2 and HR1MFd complex (51°C)
was higher than that of the HR2 and HR1M complex (41°C).

We subsequently compared the binding affinity of HR2 with HR1M and HR1MFd by
using biolayer interferometry (BLI). As shown in Fig. 5 and Table 2, HR1MFd could bind
to HR2 peptide in a dose-dependent manner (KD = 1.7 mM), while HR1M could not.

Taken together, these results suggested that HR1MFd showed enhanced binding af-
finity to SARS-CoV-2 HR2 compared with HR1M, which probably was the reason for the
improved SARS-CoV-2 inhibitory activity.

HR1MFd could effectively inhibit SARS-CoV-2 S protein-mediated cell-cell
fusion.We used an established S protein-mediated cell-cell fusion assay to explore the
possible mechanism where HR1MFd inhibits SARS-CoV-2 infection by blocking SARS-

FIG 4 Secondary structure and thermostability of HR1MFd determined by CD spectroscopy. The a-helicity
and thermostability of HR1MFd alone (A and B) or in complexes with SARS-CoV-2 HR2 peptide (C and D)
were detected with a final concentration of each peptide at 20 mM. The experiments were performed
twice, and representative data are shown. NA, not available.

FIG 5 Binding affinity measurement using BLI. (A) The binding affinity of HR1MFd to HR2 was determined by
BLI. (B) The binding affinity of HR1M to HR2 was determined by BLI. The fitting curve was analyzed by ForteBio
Data Analysis 12.0 software.
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CoV-2 S protein-mediated fusion (20). In the assay, 293T cells coexpressing SARS-
CoV-2 D614G S protein and EGFP (293T/EGFP/S) were used as the effector cells, and
ACE2 expressing Caco-2 or Huh-7 cells were used as the target cells. As expected, af-
ter coculture of the effector and target cells, effector cells are effectively fused with
Caco-2 or Huh-7 cells. As shown in Fig. 6A, the fused cells exhibited larger sizes than
normal cells and contained multiple nuclei. However, 293T cells expressing EGFP
only (293T/EGFP) could not fuse with either Caco-2 or Huh-7 cells (Fig. S2).
Considering that HR1 and HR2 play an important role in mediating the fusion
between viral and target cell membranes, we speculated that HR1MFd may prevent
the fusion between SARS-CoV-2 and target cells. We thus assessed the inhibitory ac-
tivity of HR1MFd on SARS-CoV-2 D614G S protein-mediated cell-cell fusion. As shown
in Fig. 6B and D, HR1MFd could effectively inhibit SARS-CoV-2 D614G S protein-medi-
ated cell-cell fusion between 293T/EGFP/S and Huh-7 cells in a dose-dependent man-
ner with an IC50 of 1.1 mM, while neither HR1M nor Fd (IC50 .20 mM) can inhibit such
cell-cell fusion. HR1MFd could also block D614G S protein-mediated cell-cell fusion
between 293T/EGFP/S and Caco-2 cells with an IC50 of 0.74 mM (Fig. 6C). The previ-
ously studied HR2 peptide was used as a positive control and showed slightly less ef-
ficiency in inhibiting 293T/EGFP/S cells fusion with Huh-7 (IC50 = 1.76 mM) and Caco-2
cells (IC50 = 1.14 mM).

TABLE 2 Binding affinity of HR1MFd or HR1M to SARS-CoV-2 HR2 peptide, as determined by
BLIa

Protein KD (M) Kon (1/Ms) Koff (1/s)
HR1M – – –
HR1MFd 1.71E206 8.13E102 1.39E203
aThe data were presented as mean values. -, not detected.

FIG 6 Inhibitory activity of HR1MFd against SARS-CoV-2 D614G S protein-mediated cell-cell fusion. (A) Representative images of D614G S protein-mediated
cell-cell fusion between 293T/EGFP/S effector cells and Caco-2 or Huh-7 target cells. Scale bars, 100 mm. (B) Images of D614G S protein-mediated cell-cell
fusion in the presence of HR1M, HR1MFd, Fd, or HR2 at indicated concentrations after coculture of 293T/EGFP/S effector cells and Huh-7 target cells. Scale
bars, 100 mm. The inhibitory activity of HR1M, HR1MFd, Fd, or HR2 against D614G S protein-mediated cell-cell fusion between 293T/EGFP/S effector cells
and Caco-2 cells (C) or Huh-7 cells (D). Samples were tested twice, and the experiment was performed twice. Data from a representative experiment are
presented as mean 6 SEM.
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HR1MFd exhibited broad and potent inhibitory activity against different SARS-
CoV-2 variants, SARS-CoV, and MERS-CoV. To test whether HR1MFd can broadly in-
hibit different coronavirus strains, we evaluated the antiviral activities of HR1M, Fd, and
HR1MFd against pseudotyped SARS-CoV-2 variants with single or multiple key muta-
tions in the S protein. As shown in Table 3, HR1M and Fd were unable to inhibit any of
the pseudotyped SARS-CoV-2 variants at concentrations up to 50 mM, while HR1MFd
could efficiently suppress the transduction of 11 pseudotyped SARS-CoV-2 variants
with an average IC50 of 2.05 mM, about 24-fold more potent than HR1M. These results
suggested that HR1MFd could effectively inhibit SARS-CoV-2 variants with mutations
in the S protein.

We then assessed the inhibitory activity of HR1MFd against pseudotyped SARS-
CoV-2 VOCs, including Alpha (B.1.1.7) and Omicron (B.1.1.529). As shown in Fig. 7A and
B, we found that HR1MFd was effective in inhibiting pseudotyped Alpha and Omicron
variants with IC50 of 2.35 and 1.06 mM, respectively, showing higher potency than that
of HR1M (IC50 .50 mM). Meanwhile, HR1MFd could also effectively block the transduc-
tion of the pseudotyped SARS-CoV and MERS-CoV with IC50 of 2.13 and 2.86 mM, which
was also more effective than HR1M (IC50 .50 mM) (Fig. 7C and D). The previously stud-
ied HR2 peptide used as a positive control could also inhibit SARS-CoV-2 Alpha,
Omicron, SARS-CoV, and MERS-CoV transductions with IC50 ranging from 5.27 to
10.9 mM. These results suggest that HR1MFd is effective against SARS-CoV-2 variants,
SARS-CoV and MERS-CoV.

Combining HR1MFd with T-ACE2 or mNb6 resulted in potent synergistic anti-
SARS-CoV-2 activity. Subsequently, we evaluated the combination of SARS-CoV-2
HR2-targeting inhibitor HR1MFd and RBD-targeting protein T-ACE2 for potential syn-
ergism against SARS-CoV-2 pseudovirus transduction (21). The inhibition of SARS-
CoV-2 by T-ACE2, HR1MFd, or T-ACE2/HR1MFd mixture was determined by using a
pseudovirus system, the combination index (CI) and dose-reductions were analyzed
by using CalcuSyn software kindly provided by T.C. Chou (22, 23). As shown in Fig.
S3A and Table S1, a combination of HR1MFd and T-ACE2 showed a synergistic effect
against SARS-CoV-2 pseudovirus transduction with a CI of 0.11, with dose reductions
of 5-fold for HR1MFd and 2-fold for T-ACE2, respectively. We next tested the combi-
nation of HR1MFd with mNb6 nanobody that was reported to bind to the closed con-
formation of S protein (24). We found that the combination of HR1MFd with mNb6
exhibited stronger synergy (CI = 0.05), with the dose reductions being 10- and 18-
fold of HR1MFd and mNb6, respectively (Fig. S3B and Table S1). To better illustrate
these results, we further presented the concentration of 50% inhibition (IC50) from
the data in Fig. S3A and B in an isobologram format. As shown in Fig. S3C and D, the

TABLE 3 Inhibitory activity of HR1M, Fd, and HR1MFd against SARS-CoV-2 variants
pseudovirus transductiona

SARS-CoV-2 variants

IC50 ± SD (mM)

HR1M Fd HR1MFd
E406W .50 .50 3.166 0.75
D614G .50 .50 3.036 0.52
N501Y .50 .50 1.126 0.22
N439K .50 .50 2.036 0.30
K417N .50 .50 2.026 0.25
A701V .50 .50 3.156 1.46
E484K .50 .50 1.486 0.43
K417N/N501Y .50 .50 1.666 0.62
E484K/N501Y .50 .50 1.376 0.31
N439K/N501Y .50 .50 2.416 0.84
K417N/E484K/N501Y .50 .50 1.136 0.25
Average .50 .50 2.05
aEach sample was tested in triplicate and the data were presented as mean6 SEM. When the average was
calculated, the value of IC50 .50mMwas tested as 50mM.
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experimental data points corresponding to the IC50 needed for the combination of
both HR1MFd/T-ACE2 and HR1MFd/mNb6 fell on the lower left of the additivity line,
indicating that both HR1MFd/T-ACE2 and HR1MFd/mNb6 combination exhibited syn-
ergistic inhibitory effect. These results suggested that HR1MFd and neutralizing pro-
teins or antibodies could be used in combination for the synergistic inhibition of
SARS-CoV-2 infection.

DISCUSSION

Although the application of SARS-CoV-2 vaccines has shown significant efficacy in the
reduction of hospitalization and deaths, several SARS-CoV-2 variants, especially the
Omicron variant, can evade vaccine-induced immunity and neutralizing antibodies exten-
sively (25, 26). Therefore, it is an urgent need to develop potent and broad-spectrum anti-
viral inhibitors against SARS-CoV-2 and its variants. One promising strategy is to target the
conserved HR1 or HR2 domains of the viral S protein. Indeed, unmodified, or cholesterol-
modified HR2-derived peptides targeting the viral HR1 region have previously been shown
to be effective inhibitors (27, 28). Theoretically, HR1-derived inhibitors (targeting HR2
region) should also have broad and potent anti-coronavirus activity. However, previously
studied CoVs HR1-derived peptides are poor inhibitors against CoVs infection.

To design potent HR1-derived inhibitors, we developed a novel strategy by fusing
the T4 bacteriophage trimerization domain foldon to the C terminus of SARS-CoV-2
HR1-derived peptides to allow HR1 peptides to form trimers (Fig. 1C). As expected,
the engineered HR1SFd, HR1MFd, and HR1LFd peptides exhibited trimeric conforma-
tion and had significantly better anti-SARS-CoV-2 activity than HR1 itself. Due to the
conserved SARS-CoV-2 HR2 domain, we also found that HR1MFd could effectively
block the transduction of several other pseudotyped SARS-CoV-2 variants, including

FIG 7 Inhibitory activity of HR1MFd against SARS-CoV-2 VOCs, SARS-CoV, and MERS-CoV pseudovirus
transduction. The inhibitory activity of HR1M, Fd, HR1MFd, or HR2 against SARS-CoV-2 Alpha (A) and
Omicron (B) pseudovirus transduction in Caco-2 cells. (C) The effect of HR1M, Fd, HR1MFd, or HR2 on
the transduction of SARS-CoV pseudovirus in Caco-2 cells. (D) The effect of HR1M, Fd, HR1MFd, or HR2
on the transduction of MERS-CoV pseudovirus in Caco-2 cells. Each sample was tested in triplicate and
the data are presented as mean 6 SEM.
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the currently dominant Omicron variant (Fig. 7A and B). Meanwhile, HR1MFd is also
effective in inhibiting the transduction of SARS-CoV and MERS-CoV pseudoviruses.

In summary, the addition of foldon to the C terminus of HR1M, designated HR1MFd,
dramatically stabilized the a-helical conformation of HR1M, contributing to the potent
and broad inhibitory activity against CoVs, including the currently dominant SARS-
CoV-2 variants, SARS-CoV and MERS-CoV. In addition, a combination of HR1MFd with
T-ACE2 or mNb6 exhibited a synergistic inhibitory effect, which could potentially help
reduce the dose of antibodies as well as avoid the escape of novel viral mutants.

MATERIALS ANDMETHODS
Peptides. Peptides (Fig. 1A) were synthesized on the H-Rink-Amid-ChemMatrix resin using a stand-

ard solid-phase 9-flurorenylmethoxycarbonyl (FMOC). All peptides were acetylated at the N terminus
before resin cleavage and characterized with mass spectrometry. The purities of peptides were more
than 90%, as determined by reversed-phase high-pressure liquid chromatography (HPLC). The peptides
were dissolved in dimethyl sulfoxide (DMSO) or PBS.

Plasmids and cells. The S protein-expressing plasmids pcDNA3.1-SARS-CoV-S, pcDNA3.1-SARS-CoV-2-S,
and the luciferase-expressing plasmid pNL4-3.Luc.RE was kindly provided by Shibo Jiang and Lu Lu at
Shanghai Medical College of Fudan University. The SARS-CoV-2 S protein mutants expressing plasmids were
generated by using overlap PCR. SARS-CoV-2 Alpha and Omicron S protein-expressing plasmids were pur-
chased from Genewiz, Suzhou, China. The plasmid pcDNA3.1 encoding the EGFP and SARS-CoV-2 D614G S
protein (pcDNA3.1-EGFP-P2A-SARS-CoV-2 D614G S) or encoding the EGFP protein (pcDNA3.1-EGFP) were
kindly provided by Mingqi Xie at Westlake University. The cell lines, including 293T, Caco-2, and Huh-7 were
also kindly provided by Shibo Jiang and Lu Lu, and cultured in DMEM with 10% fetal bovine serum (FBS).

Expression and purification of the engineered HR1 peptides. HR1SFd, HR1MFd, and HR1LFd pep-
tides were obtained by fusing the T4 bacteriophage fibritin-derived foldon peptide directly to the C ter-
minus of HR1-derived short (HR1S), medium (HR1M) and long (HR1L) peptides, respectively (Fig. 1C). The
genes of HR1SFd, HR1MFd, and HR1LFd were synthesized and cloned into a pET28a vector by Genewiz,
Suzhou, China.

pET28a-HR1SFd, pET28a-HR1MFd, and pET28a-HR1LFd plasmids were transformed into E. coli BL21
(DE3), respectively. The cells were incubated at 37°C in an LB medium until the OD600 reached 0.8. The
peptides were induced with 0.5 mM isopropyl 1-thio-b-D-galactopyranoside for 6 h at 37°C. Then the
cells were harvested, sonicated in PBS with 1% Triton and centrifuged at 1,2000 g for 10 min. The super-
natant was loaded into Ni-NTA beads (Smart-Lifesciences, catalog no. SA004100) and washed with
10 mM imidazole in PBS. Peptides were then eluted with elution buffer (250 mM imidazole in PBS). The
peak fractions were collected and concentrated with a 10 kDa ultrafiltration tube (Millipore, Germany).
The peptides were then analyzed by size exclusion chromatography (Superdex 75 Increase 10/300 GL,
GE Healthcare) in the CH3COONa/CH3COOH buffer (pH 6.0).

Analytical ultracentrifugation (AUC) molecular weight determination. AUC experiments were
performed on the analytical ultracentrifuge (Beckman Coulter, Fullerton, CA) equipped with an eight-cell
An-50 Ti rotor. The peptide samples were centrifuged in 100 mM CH3COONa/CH3COOH (pH 6.0). The
mixture of 20 mM HR1MFd and HR2 was centrifuged in PBS (pH 7.4). The sample (385 mL) and corre-
sponding buffer (400 mL) were loaded pairwise into the double sector quartz cell and run at 38,000 rpm
at 20°C. Data were collected at the wavelength of 280 nm in a continuous scan mode with scanning
spaces of 20 s. Sedimentation coefficient distribution, c(s), and molar mass distribution, c(M), were calcu-
lated by using the program SEDFIT. The partial specific volume, buffer density, and viscosity were calcu-
lated by using SEDNTERP.

Inhibition of the pseudotyped virus transduction. SARS-CoV-2 and its variants were generated, as
described previously (27, 29). Briefly, 293T cells were cotransfected with the plasmid encoding the S pro-
tein of SARS-CoV-2 or its variants, and the luciferase-expressing HIV-1 genome plasmid by using
Vigofect reagent (Vigorous Biotech, Beijing, China). The supernatants were collected at 48 h posttrans-
fection, centrifuged at 3,000 g for 10 min, and stored at 280°C for single-cycle infection. The antiviral
activities of the peptides were determined by using Huh-7 and Caco-2 cells (104/well) transduced by
SARS-CoV-2 pseudovirus. The supernatants were replaced with fresh DMEM with 10% FBS at 12 h postin-
fection and the cells were cultured for an additional 48 h at 37°C. The cells were lysed, and the luciferase
activity was measured by using a luciferase kit (Promega, Madison, WI, USA) on a microplate reader
(Thermo, Variokan LUX). All inhibition curves of best fit were drawn using GraphPad Prism.

Circular dichroism (CD) spectroscopy. CD spectroscopy was conducted, as previously described
(29). Briefly, the HR2 peptide was incubated at equal molar concentration with HR1MFd at 37°C for
30 min. Two peptides alone were also used as control. The final concentration of each peptide was
20 mM in phosphate buffer (PB, pH 7.2). The CD spectra were measured on a Chirascan Spectrometer
(model Chirascan V100; Applied Photophysics Ltd., UK), using a 1-nm bandwidth with a 1-nm step reso-
lution from 190 to 280 nm at room temperature. The spectra were corrected by subtraction of a solvent
blank (PB). The a-helical content was calculated from the CD signal by dividing the mean residue elliptic-
ity [u ] at 222 nm by the value expected for 100% helix formation (233,000 deg cm2 dmol21) (30).
Melting temperature was determined by monitoring the change in ellipticity [u ] at 222 nm at increasing
temperature (20 to 100°C), using a temperature controller. The temperature was increased at a rate of
5°C/min; data were acquired at a 1-nm bandwidth at 222 nm at a frequency of 0.25 Hz. The melting
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curve was smoothed, and the midpoint of the thermal unfolding transition (Tm) value was taken as the
maximum of the derivative d[u ]222/dt.

Binding affinity determination using bio-layer interferometry (BLI). HR2 peptide was biotinyl-
ated at a theoretical 1:3 molar ratio with EZ-Link NHS-PEG12-Biotin (Thermo Fisher Scientific) according
to the manufacturer’s instructions. The unreacted biotin was removed by ultrafiltration with an Amicon
column (3 kDa MWCO, Millipore). For kinetic analysis, HR2 was captured on the streptavidin biosensors.
Biotinylated HR2 peptide was diluted to 10 mg/mL in a dilution buffer (PBS with 0.02% Tween 20 and
0.1% BSA). The background signal was measured using a reference sensor with HR2 peptide loading but
no inhibitor binding and was subtracted from the corresponding inhibitor binding sensor. Curve fitting
was performed by using the ForteBio data analysis software. Mean kon, koff, and KD values were deter-
mined by averaging all binding curves that matched the theoretical fit with an R2 value of 0.96.

Inhibition of SARS-CoV-2 D614G S-mediated cell-cell fusion. The establishment and detection of
cell-cell fusion assay by using a method similar to that for determining HIV-1 Env-mediated cell-cell
fusion (29). In brief, 293T cells were transfected with the plasmids pcDNA3.1 encoding the EGFP and
SARS-CoV-2 D614G S protein (293T/EGFP/S protein) or encoding the EGFP protein (293T/EGFP) and used
as the effector cells. Huh-7 cells or Caco-2 cells were used as the target cells. For SARS-CoV-2 D614G S-
mediated cell-cell fusion assays, target cells were cultured at 37°C overnight, then 293T/EGFP/S effector
cells were added in the presence or absence of the tested inhibitors at graded indicated concentrations.
After coculture at 37°C for 5 h, three fields were randomly selected in each well to count the number of
fused and unfused cells under an inverted fluorescence microscope (ZEISS, Germany).

Detection of the inhibitory activity of HR1MFd with the neutralizing antibody or protein. The
synergistic effect of HR1MFd with neutralizing antibody mNb6 or protein T-ACE2 against SARS-CoV-2
pseudovirus was tested as described above. T-ACE2 or mNb6 were mixed with HR1MFd at the indicated
molar concentration ratio, whereas mNb6 alone, T-ACE2 alone, and HR1MFd alone were included as con-
trols. The samples were serially diluted and incubated with virus at 37°C for 30 min, then the mixture
was added to the cells. The data were analyzed for synergistic effect by calculating the combination
index (CI) with the CalcuSyn program (23). CI values of ,1 and .1 indicate synergy and antagonism,
respectively (22). The fold of dose reduction was indicated by the ratio of concentrations of inhibitors
tested in combination over alone.

Cell viability assay. The potential cytotoxicity of peptides on Huh-7 and Caco-2 cells was measured
by using the Cell Counting Kit-8 (CCK-8, Dojindo) according to the manufacturer’s instructions. Briefly,
100 mL of inhibitors at indicated concentrations were added to equal volumes of cells (104 cells/well) in
a 96-well plate. Cell viability was evaluated by using the CCK-8 after incubation at 37°C for 2 days. After
incubation with the CCK-8 reagents at 37°C for another 2 h, the absorbance at 450 nm was measured
with an ELISA reader, and the percentage of cytotoxicity was calculated.
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