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Abstract The continuous emergence of SARS-CoV-2 variants as well as other potential future corona-

virus has challenged the effectiveness of current COVID-19 vaccines. Therefore, there remains a need for

alternative antivirals that target processes less susceptible to mutations, such as the formation of six-helix

bundle (6-HB) during the viral fusion step of host cell entry. In this study, a novel high-throughput

screening (HTS) assay employing a yeast-two-hybrid (Y2H) system was established to identify inhibitors

of HR1/HR2 interaction. The compound IMB-9C, which achieved single-digit micromolar inhibition of

SARS-CoV-2 and its Omicron variants with low cytotoxicity, was selected. IMB-9C effectively blocks the

HR1/HR2 interaction in vitro and inhibits SARS-CoV-2-S-mediated cell—cell fusion. It binds to both

HR1 and HR2 through non-covalent interaction and influences the secondary structure of HR1/HR2 com-

plex. In addition, virtual docking and site-mutagenesis results suggest that amino acid residues A930,
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I931, K933, T941, and L945 are critical for IMB-9C binding to HR1. Collectively, in this study, we have

developed a novel screening method for HR1/HR2 interaction inhibitors and identified IMB-9C as a po-

tential antiviral small molecule against COVID-19 and its variants.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Three zoonotic coronaviruses (CoVs) are known to have caused

outbreaks of fatal pneumonia in humans and posed serious threats

to public health so far1. Severe acute respiratory syndrome (SARS)

caused by SARS-CoV broke out in 2002 and spread to five con-

tinents2,3. Middle East respiratory syndrome (MERS) caused by

MERS-CoV appeared in 2012 with a high fatality rate4,5. The

coronavirus disease 2019 (COVID-19) caused by the severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) led to a global

pandemic. Although the COVID-19 pandemic has been under

control, expansion of new infectious diseases caused by different

CoVs are of concern. Therefore, the discovery of additional

effective antiviral drugs remains important6.

The life cycle of viruses can be divided into several stages:

attachment, entry, replication, maturation and release. Inhibiting the

early stages of virus replication, such as attachment, viral envelope

glycoprotein or fusion, has been an important strategy in the

development of antivirals drugs7-9. By preventing the virus from

entering host cells, these antivirals effectively block the initial stages

of infection, reducing viral load and spread. This early intervention

can limit the severity of the disease and improve patient outcomes.

Additionally, targeting these early steps can provide broad-spectrum

antiviral activity, as many viruses share similar entry mechanisms.

Spike (S) protein plays a key role in the attachment and entry

of CoVs to host cells. The S protein is a class I fusion trans-

membrane structural glycoprotein which consists of S1 and S2

subunits. The S1 subunit consists of N-terminal domain (NTD)

and receptor binding domain (RBD) and plays a crucial role in the

process of binding to the cellular receptor. The S2 subunit,

comprised of fusion peptide (FP), heptad repeat 1 (HR1), heptad

repeat 2 (HR2), transmembrane domain (TM), and cytoplasmic

domain fusion (CP), is responsible for mediating viral fusion and

entry10. Initially, the RBD of S1 binds to the SARS-CoV-2 re-

ceptor angiotensin-converting enzyme 2 (ACE2) and is activated

by cellular proteases to permit insertion of FP subunit into the host

membrane11. Subsequently, the HR1 and HR2 regions form a six-

helix bundle (6-HB), which pulls the viral and cellular membranes

together and mediates fusion, resulting in the release of the viral

genome into the cytoplasm to produce new viral particles3.

Disruption of the interaction between HR1 and HR2 can lead to

incomplete fusion, thereby inhibiting virus proliferation12.

Therefore, the blockade of HR1/HR2 interaction should be an

effective anti-SARS-CoV-2 strategy. Currently, some HR

sequence-based lipopeptides such as HR2 sequence-based EK1

lipopeptides and IPB01 lipopeptides13-15, HR1 sequence-based

inhibitors HR1LS and HR12116,17, HRC-derived lipopeptide18,

and some drugs such as Itraconazole and Estradiol benzoate19, are

reported to have inhibitory effects on SARS-CoV-2 infection by

blocking HR1/HR2 interaction. Besides, short amino-acid

sequences are highly conserved in the HR region among the CoVs

but are dissimilar to any of the sequences in the human body20. So,

HR1/HR2 interaction inhibitors may have broad spectrum anti-

CoVs activity while being relatively safe.

Nowadays, FP-based assay, in silico design and pseudoviral sys-

tem are the main methods employed for SARS-CoV-2 fusion inhibitor

discovery20-23. For FP-based assay, the large deviation of fluorescence

signals caused by trace screening volume and the fluorescence of

compounds themselves can reduce the stability of screening which

leads to false positives or false negatives. Special fluorescent sub-

strates may also result in higher screening costs. Meanwhile, in vitro

screening often lead to inactive agents during in vivo tests. For virtual

screening based on in silico design, the discovery of effective in-

hibitors depends on the precise selection of screening pockets.

However, the current HR1 and HR2 interaction inhibitors lack a

precise screening pocket for virtual docking24, significantly limiting

their use in virtual screening. Additionally, false positives are com-

mon due to their low cellular penetration for compounds from in silico

screening. As a cellular evaluation model, the pseudoviral system can

more accurately assess whether the lead compounds screened from

in vitro activity exhibit antiviral activity. However, it requires

specialized laboratory facilities, and the high cost of luminescence

detection significantly restricts its use in high-throughput screening

(HTS) applications. Therefore, the establishment of a low-cost, low-

false positive rate, direct, and easy-to-use screening method for HR1/

HR2 interaction inhibitors is still necessary.

In this study, we developed an HTS model for HR1/HR2 inter-

action inhibitors using Yeast Two Hybrid (H2Y) system. Among

15,000 compounds, a small molecule inhibitor named IMB-9C was

identified which showed anti-SARS-CoV-2 activity. Furthermore, the

binding mode of IMB-9C with HR peptides and key amino acid sites

has been identified. Based on these findings, IMB-9C can be regarded

as a new structural backbone for further antiviral development.

2. Materials and methods

2.1. Cell culture

Huh-7 (human hepatocellular carcinoma), Vero (African Green

Monkey Kidney), BHK-21 (Baby Hamster Syrian Kidney), HEK-

293T (Human Embryonic Kidney 293T) and HEK-293T/ACE2

(HEK-293T overexpressing ACE2) cells were kept in DMEM

(Hyclone, Mountain View, CA, USA) supplemented with 10%

heat-inactivated fetal bovine serum (FBS, Gibco, Grand Island,

NY, USA) at 37 ◦C in a humidified 5% CO2 incubator. Vero E6/

TMPRSS2 (Vero E6 overexpressing TMPRSS2) cells were

maintained in DMEM culture medium supplemented with 10%

heat-inactivated FBS and 2% Geneticin. Calu-3 (Human lung

adenocarcinoma (thoracic water)) cells were cultured in MEM
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(Hyclone, Mountain View, CA, USA) supplemented with 10%

heat-inactivated FBS and NEAA.

2.2. Viruses

The SARS-CoV-2 HKU-001 (a strain-wild type strain, WT)

(GenBank accession number: MT230904) was isolated from the

nasopharyngeal aspirate specimen of a patient who was

laboratory-confirmed to have COVID-19 in Hong Kong. All the

other variants, including Beta, Delta, Ba.1, Ba.2, Ba.4 and Ba.5

were previously isolated in Hong Kong. All experiments involving

live SARS-CoV-2 followed the approved standard operating pro-

cedures of the biosafety level 3 facility at the University of Hong

Kong and Sanford Burnham Prebys Medical Discovery Institute,

as previously described25.

2.3. Y2H assay

The Y2H system (Clontech, USA) includes AH109 strain, pGBKT

(activation domain, AD), pGADT7 (DNA binding domain, BD),

and control plasmids of pAD-T, pBD-53, and pBD-lam. The con-

struction of Y2H system was based on a previously reported

method26. In brief, the synthesized DNA fragments that encode

full-length HR1 (aa918-983) and HR2 (aa1162-1203) (GenScript,

Nanjing, China) were inserted into pGBKT and pGADT7 to

generate plasmids pAD-HR1 and pBD-HR2. These two plasmids

were then co-transferred into AH109 yeast strain by LiAc to get

AH109 (pAD-HR1+pBD-HR2). Similarly, AH109 (pBD-

HR2+pAD) and AH109 (pAD-HR1+pBD) were obtained to

exclude self-activation. Strains AH109 (pAD-T + pBD-53) and

AH109 (pAD-T + pBD-lam) were used as positive or negative

control. All these strains were incubated on synthetic double

dropout (SD) plates lacking leucine and tryptophan (SD/-Leu/-Trp)

(Clontech, Mountain View, CA, USA) and incubated at 30 ◦C for

2—3 days. The positive transformants were further streaked onto

SD/-Leu/-Trp/-Ade/-His plates and incubated at 30 ◦C for 3—4 days

to examine the growth. Expression of HR1 and HR2 in positive

clones was verified by Western blot using anti-myc and anti-HA

monoclonal antibodies (Clontech, Mountain View, CA, USA).

2.4. ß-Galactosidase (ß-gal) activity assay

HR1/HR2 interaction of positive clones was further detected by ß-

gal activity assay as described previously27. In brief, after incu-

bation in SD/-Leu/-Trp medium at 30 ◦C for 48 h, yeast cells were

quickly frozen in liquid nitrogen and thawed at 30 ◦C over and

over again until completely lysed. Then yeast solution was

transferred onto filter paper and Z buffer/X-gal solution (0.1 mol/L

Na2HPO4, 35 mmol/L NaH2PO4, 10 mmol/L KCl, and 1 mmol/L

MgSO4, pH 7.0, 0.4 mg/mL X-gal and 0.27% ß-mercaptoethanol)

was added to the paper, after which the color change was

observed.

As ß-gal can hydrolyze the colorless substrate o-nitrophenyl ß-

D-galactosidide (ONPG) to generate o-nitrophenol (ONP) which is

bright yellow, ß-gal activity quantitative detection kit (GENMED

SCIENTIFICS INC. USA, Boston, MA, USA) was adopted to

determine the relative level of ß-gal activity in yeast cell extracts

by measuring the absorbance at a wavelength of 420 nm. Enzyme

activity could be calculated according to Eq. (1):

U�
OD420sample − OD420blank

OD600 × t×V
(1)

where t is the incubation time (min) and V is the volume of cell

cultures used for the assay (mL). The experiments were repeated

three times.

2.5. HTS assay

The chemical compound library used for HTS assay in this

research is a combination of synthetic compounds from Life

Chemicals Inc. (Burlington, Canada). Compounds were stocked at

10 mg/mL in dimethyl sulfoxide (DMSO, Amresco, Framingham,

MA, USA). The compounds in this library have undergone

extensive selection, including prioritization of drug-likeness,

novelty and rare chemotypes, virtual coupling of building block

with in-stock reagents, saturation degree Fsp3 scoring (filtering by

optimal physicochemical parameters: MW < 450, cLogP <4.0,

Lipinsky, Veber and in-house MedChem filters: reactivity,

PAINS), expert estimation and pre-selection, as well as diversity.

The screening assays were performed as described28. Briefly, for

primary screening, freshly cultivated AH109 (pAD-HR1+pBD-

HR2) cells (OD600 � 0.8) were diluted 100-fold in SD/-Leu/-

Trp/-Ade/-His in 96-well plates (Corning, Corning, NY, USA).

Then 199 μL of diluted culture and 1 μL of tested compounds (the

final concentration was 50 μg/mL) or DMSO were added into each

well. The growth inhibition of the yeast cells was assessed after

48 h incubation at 30 ◦C and the compounds that could completely

inhibit the growth of AH109 (pAD-HR1+pBD-HR2) cells were

selected as primary positive compounds. The minimum inhibitory

concentration (MIC) of positive compounds against AH109 (pAD-

HR1+pBD-HR2) were further detected, and AH109 (pAD-

T + pBD-53) was used as negative control. The final concentra-

tion of the compounds ranges from 1.56 to 100 μg/mL with two-

fold dilution. MIC endpoints were defined as the lowest concen-

tration of drugs that completely inhibit the growth of yeast.

Compounds with MIC against AH109 (pAD-HR1+pBD-HR2)

lower than that of AH109 (pAD-T + pBD-53) by two times were

selected for further research.

2.6. Pseudotyping of VSV and pseudotype-based inhibition

assay

VSV pseudotyped with S protein from different variants of SARS-

CoV-2 (wildtype, Alpha, Beta, Delta, Gamma, Mu, Ba.2) were

generated as previously reported with some modifications29. In

brief, BHK-21 cells (Kerafast, Boston, MA, USA) overexpressing

S protein were inoculated with VSV-G pseudotyped ΔG-luciferase

VSV (Kerafast, Boston, MA, USA). After a 2 h inoculation at

37 ◦C, the inoculum was removed and cells were incubated with

DMEM supplemented with 5% FBS and VSV-G antibody (I1,

mouse hybridoma supernatant from CRL-2700; ATCC; 1:100).

Pseudotyped particles were collected at 24 h after inoculation,

then centrifuged at 1320 g to remove cell debris and stored at

− 80 ◦C until use.

To determine the effect of the compound on viral entry,

different concentrations of IMB-9C (from 0.8 to 100 μmol/L)

diluted in DMSO were mixed with pseudovirus. HEK-293T/ACE2

cells were treated with IMB-9C and pseudovirus mixture for 24 h.

The activity of firefly luciferase was measured using bright-Glo

luciferase assay (E2620, Promega, Madison, WI, USA) for

quantitative determination.
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2.7. Viral load reduction assay

A viral load reduction assay was performed on Vero E6/TMPRSS2

cells, as described previously with modifications30. A cytopathic

assay was performed to detect antiviral effect for 72—96 h

(MOI � 0.001). The concentration of a compound showing no

cytopathic effect (CPE) was recorded as effective concentration (EC).

Supernatant samples from the infected cells were collected at

24 h.p.i. for qRT—PCR analysis of virus replication (MOI � 0.1).

Briefly, 50 μL of viral supernatant was lysed with 70 μL of RLT

buffer and then extracted for total RNA with the QIAamp viral

RNA mini kit (Qiagen, Dusseldorf, German). Real-time one-step

qRT-PCR was used for quantitation of SARS-CoV-2 viral load

using the one-step Probe RT-PCR kit (Takara Bio (Beijing) Inc.,

Beijing, China) with a LightCycler 480 Real-Time PCR System

(Roche, Basel, Switzerland) as previously described25. Each

20 μL reaction mixture contained 10 μL of 2 × one-step Probe

RT-PCR Master Mix, 7 μL of RNase-free water, 1.6 μL each of

10 μmol/L forward and reverse primer, 0.4 μL of 10 μmol/L probe

and 1 μL of extracted RNA as the template. Reactions were

incubated at 45 ◦C for 10 min for reverse transcription, 95 ◦C for

5 min for denaturation, followed by 45 cycles of 95 ◦C for 5 s and

55 ◦C for 30 s. Signal detection was carried out and measurements

were made in each cycle after the annealing step. The cycling

profile ended with a cooling step at 40 ◦C for 30 s. The primers

and probe sequences were against the RNA-dependent RNA po-

lymerase/helicase (RdRP/Hel) gene region of SARS-Cov-2, as we

previously described25.

RdRp_SARSr-F2: CGCATACAGTCTTRCAGGCT.

RdRp_SARSr-R1: GTGTGATGTTGAWATGACATGGTC.

RdRp_SARSr-P2: FAM-TTAAGATGTGGTGCTTGCATACG

TAGAC-lABkFQ.

2.8. Cell cytotoxicity assay

The cytotoxicity of compounds was examined on Huh-7, Vero and

HEK-293T. After the cells (5000/well) were seeded in 96-well

plates and grown to log-phase, compounds at various concentra-

tions in DMEM medium without FBS were added in triplicate. 48

h later, 10 μL of the Cell Counting Kit-8 (CCK-8, Biosharp, Hefei,

China) solution was added to each well, and the mixtures were

incubated for another 4 h. The absorbance of each well was

measured at 450 nm using a Microplate reader (PerkinElmer,

Waltham, MA, USA). The IC50 values were calculated according

to the concentration—response curve.

2.9. Native polyacrylamide gel electrophoresis (N-PAGE)

N-PAGE was used to detect the effect of IMB-9C on the inter-

action of HR1/HR231. HR1P and HR2P (GL Biochem (Shanghai)

Ltd., Shanghai, China) were mixed with final concentration of

40 μmol/L and then serially diluted IMB-9C was added with final

concentration from 1.56 to 25 μmol/L. The sample treated with

DMSO was used as control. After incubating at 37 ◦C for 1 h, all

the samples were treated with non-denaturing buffer (Shanghai

Wanshenghaotian Biotechnology inc., Shanghai, China). Then the

samples were loaded on a Tris-glycine gel (18%) for 3 h and

stained with Coomassie blue (Beyotime, Shanghai, China). The

polypeptides were imaged using a ChemiDoc MP Imaging System

(Bio-Rad, Hercules, CA, USA).

2.10. Cell—cell fusion assay

The establishment and detection of SARS-CoV-2 S-mediated

cell—cell fusion assay was modified from a previously described

protocol32. In short, HEK-293T cells transfected with a recom-

binant plasmid pAAV-IRES-EGFP-SARS-CoV-2-S (Genscript,

Nanjing, China) encoding both EGFP and SARS-CoV-2 S

glycoprotein (HEK-293T/EGFP/SARS-CoV-2-S) were used as

effector cells with Vero E6/TMPRSS2 (adopting both plasma

membrane fusion and endosomal fusion), HEK-293T/ACE2

(adopting endosomal fusion) and Calu-3 (adopting plasma mem-

brane fusion) cells as the target cells, respectively. HEK-293T

cells transfected with the original plasmid of pAAV-IRES-EGFP

(Youbio, Chongqing, China) expressing only EGFP were set as

negative control cells. Vero E6/TMPRSS2 were pre-treated with

Camostat (50 μmol/L) or E64d (50 μmol/L) at 37 ◦C for 2 h33.

Then Vero E6/TMPRSS2, HEK-293T/ACE2 and Calu-3 cells

were co-cultured with effector cells at a rate of 1:1 in the absence

or presence of IMB-9C at the final concentrations as indicated

(12.5, 25, and 50 μmol/L), respectively. After co-cultivation at

37 ◦C for 12 h, syncytium formation between HEK-293T/EGFP/

SARS-CoV-2-S and target cells were observed under high con-

tent analysis systems (PerkinElmer, Waltham, MA, USA).

2.11. Surface plasmon resonance (SPR) assay

The binding possibility between IMB-9C and HR1P or HR2P was

determined by SPR spectroscopy (Reichert 2SPR, Buffalo, NY,

USA) with the running buffer (1 × PBS Tween™− 20 plus 5%

DMSO). After activated and quenched with ethanolamine buffer

(1 mol/L, pH 8.0), the surface of CM5 gold biosensor (Reichert

Inc., Depew, NY, USA) was immobilized by either HR1P or

HR2P. IMB-9C at given concentrations ranging from 1.56 to

25 μmol/L was flowed over the peptide-coated sensor with a

contact time of 90 s. The dissociation kinetic was recorded within

330 s. The real RIU was continuously monitored, and the rela-

tionship between RIU and an arbitrary resonance unit (RU) was

defined as 1 μRIU � 0.733 RU. Both association (Kon) and

dissociation (Koff) constant values were determined by

TraceDrawer 1.7.1 (Ridgeview Instruments, Uppsala, Sweden).

The dissociation constant (KD) was calculated by Eq. (2):

KD�
Koff

Kon

(2)

2.12. Intact protein analysis

To clarify the binding mode of HR1/HR2 with IMB-9C, protein

molecular weight was confirmed by High Performance Liquid

Chromatography-Quadrupole-Time-of-Flight Mass Spectrometry

(HPLC—Q-TOF—MS) (Agilent, Palo Alto, CA, USA). Purified

SARS-CoV-2 HR1 or HR2 (5 μmol/L) was incubated in the presence

or absence of IMB-9C (500 μmol/L) in TBS (10 mmol/L Tris and

50 mmol/L NaCl, pH 8.0) at RT for 30 min, respectively. The

molecule weight of the free SARS-CoV-2 HR1 or HR2 and IMB-9C

treated with SARS-CoV-2 HR1 or HR2 were determined. Mass

spectrum was deconvoluted using MassHunter software (Agilent,

Palo Alto, CA, USA), and maximum entropy was performed for

deconvolute algorithm. Mass spectrum data were saved and processed

using FlexControl 3.4 (FLEXCONTROL, Noerre Nebel, Denmark).
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2.13. Circular dichroism (CD) spectroscopy assay

HR1P and HR2P were mixed with final concentration 10 μmol/L

in PBS (50 mmol/L sodium phosphate, 150 mmol/L NaCl, pH 7.2)

and then treated with IMB-9C (10 μmol/L) or 8.89 ‰ DMSO for

30 min at RT. CD spectral scanning in the far ultraviolet region

(190—260 nm) was performed with CD spectrometer (Applied

Photophysics, Leatherhead, UK). Each sample was scanned three

times with a time constant of 1 s and a bandwidth of 1 nm. CDNN

software (CEVA Inc., DE, USA) was employed to fit and

deconvolute CD data to determine the relative number of α-helix,

ß-turn, ß-sheet, and randoms.

2.14. Molecular docking

To identify the possible binding mode of IMB-9C with HR1, the

crystal structure of post fusion core of SARS-CoV-2 S2 subunit

(PDB ID: 6LXT; https://www.rcsb.org/structure/6lxt) was ob-

tained from Protein Data Bank (PDB). In our docking research,

the pocket of HR1 was the whole protein of HR1. At the begin-

ning of the docking study, water molecules were separated from

the PDB files and polar hydrogens were added simultaneously to

the same PDB file. On the other hand, PDB structures of ligand

molecules were created using ACD chemsketch software (https://

www.acdlabs.com/resources/freeware/chemsketch/), which were

subsequently changed into pdbqt format with the help of

AutoDock Vina software.

A docking program Autodock vina34 was applied to calculate

the interaction between nine flexible structures of IMB-9C with

the rigid binding sites. After docking, the conformation of the

compound was analyzed, and the (H bond and hydrophobic) in-

teractions and three-dimensional models were generated with

UCSF Chimera35, LIGPLOT36, or PyMol (Schrodinger LLC, New

York, NY, USA).

2.15. Site-directed mutagenesis

HR1mutant genes with substitutions of Glycine codon at A930,

I931, K933, I934, Q935, S937, L938, S939, S940, T941, T942,

L945 sites were synthesized by GenScript (Nanjing, China).

AH109 (pAD-HR1mutant + pBD-HR2) was constructed according

to that of the AH109 (pAD-HR1+pBD-HR2).

2.16. ADMET analysis

The free web tool SwissADME (www.swissadme.ch/) was utilized

to predict the pharmacokinetic (PK), drug-likeness, and medicinal

chemistry friendliness of IMB-9C37. The 2D structure of IMB-9C

was drawn via ChemDraw Ultra version 10 and subsequently

converted into the SMILES format. Then druglikeness prediction

was conducted through SwissADME to generate the data38 for in-

depth analysis39.

2.17. In vitro metabolic stability within human liver microsomes

(HLMs)

A LC—MS/MS analytical method was used to analyze the meta-

bolism of IMB-9C in HLMs in vitro. Briefly, 155 μL of sample

solution (including 1 μL of 200 μmol/L IMB-9C or Verapamil

plus 154 μL of 0.1 mol/L PBS) and 5 μL of HLMs (IPHASE,

China) were incubated at 37 ◦C for 5 min. Then NADPH gener-

ating solution, which was freshly prepared by mixing solution A

(NADP+; Glc-6-PO4; MgCl2), solution B (G6PDH), and PBS (pH

7.4, 0.1 mol/L) at the ratio of 5:1:14, were added to initiate the

reaction at 37 ◦C. The group without NADPH was served as the

negative control to exclude the metabolism of the compound itself

in the reaction system, and the group without compound was used

as the blank control. At given time points (0, 15, 30, 45, 60, and

120 min for IMB-9C, and 0, 10, 15 and 30 min for positive control

verapamil), aliquots were withdrawn on ice and the reaction was

quenched by 200 μL of pre-cooled acetonitrile. The content of the

sample at 0 point was set to 100%. The samples were then sub-

jected to vortex mixing for 3 min, followed by centrifugation at

15,180×g for 3 min. The resulting supernatant was further

determined for its concentration. All the data analyses were per-

formed using GraphPad Prism (GraphPad Software, San Diego,

CA) and the data were mean ± standard deviation (SD).

2.18. Plasma stability analysis

10 μL of IMB-9C (200 μmol/L) or Propantheline Bromide (the

positive control, 200 μmol/L) were introduced into 390 μL of

plasma solutions (IPHASE Plasma, Single Donor, Male,

Customize, Heparin Sodium). Then 50 μL of the mixture was

immediately removed and 300 μL of pre-cooled acetonitrile was

added. The remaining mixture was incubated at 37 ◦C and every

50 μL were taken out at different time points (15, 30, 45, 60, and

120 min for IMB-9C, 15, 30, and 10, 20, 30 and 40 min for

propantheline bromide). After that 300 μL of pre-cooled aceto-

nitrile was added to terminate the reaction (for propantheline

bromide: 30 μL of mixture was taken out and 1000 μL of pre-

cooled acetonitrile was added for termination). At last, the mixture

left was vortexed for 30 s, placed on ice, shaken at 3803×g for

3 min and centrifuged at 17,605×g for 3 min successively. The

obtained supernatant was subjected to LC—MS/MS analysis. The

content of the sample at 0 point was set to 100%.

2.19. Statistical analysis

GraphPad Prism 9.0 was used for statistical analyses and figure

plotting. The statistical significance of differences was determined

by Student’s t-test for comparison between one-way analysis of

variance. All quantitative data were from three independent ex-

periments. P < 0.05 was considered to indicate a statistically

significant difference.

3. Results

3.1. HTS targeting SARS-CoV-2 HR1/HR2 interaction

3.1.1. Confirmation of SARS-CoV-2 HR1/HR2 interaction by

Y2H system

HR1 and HR2 are known to interact with each other, which is

crucial for the translocation of SARS-CoV-2 into host cells6

(Fig. 1). To identify inhibitors targeting HR1/HR2 interaction, a

Y2H system was constructed to confirm this interaction. In this

system, the HR1 and HR2 encoding genes from SARS-CoV-2

were fused in frame to the activating domain of Gal4 transcrip-

tion factor and Gal4 DNA binding domain. The interaction be-

tween HR1 and HR2 can restore the function of Gal4 promoter

leading to the activation of three reporter genes ADE2, HIS3, and

LacZ, which can be confirmed by the growth of Y2H system on

plates SD/-Ade/-His and LacZ-dependent color change.
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Compounds blocking the interaction between HR1 and HR2 can

inhibit the growth of this Y2H system and reduce the production

of ß-gal (Fig. 2A).

As shown in Fig. 2B and C, positive control AH109 (pAD-

T + pBD-53) also grew well on a SD/-Ade/-His dropout plate and

could display strong ß-gal activity because of the interaction be-

tween the expressed proteins p53 and SV40-T. In contrast, AH109

(pAD-T + pBD-lam) (human lamin C), the negative control,

could not grow on the dropout plate. AH109 (pAD-HR1+pBD-

HR2) grew well on a SD/-Ade/-His dropout plate and could

display strong ß-gal activity which validated the existence of

interaction between HR1 and HR2. But we did not obtain AH109

(pAD-HR2+pBD-HR1), which indicated that this fusion expres-

sion pattern might affect the interaction between HR1 and HR2.

Yeast cells harboring either pAD-HR1 or pBD-HR2 alone did not

show growth and were negative for ß-gal activity, eliminating the

possibility of self-activation. The expression of HR1 and HR2 in

yeast cells was also validated by Western blot (Fig. 2D). There-

fore, the SARS-CoV-2 HR1/HR2 interaction was confirmed by

Y2H system which can be further used for inhibitor screening.

3.1.2. HTS for compounds that block HR1/HR2 interaction

Known HR1/HR2 interaction inhibitor Itraconazole19 was utilized

to validate whether the Y2H model could be applied to HTS. As

shown in Fig. 3A, the MIC of Itraconazole towards AH109 (pAD-

HR1+pBD-HR2) was 3.125 μg/mL with the MIC towards AH109

(pAD-T + pBD-53) being 12.5 μg/mL, indicating specific

blockage towards HR1/HR2 and proving the feasibility of this

Y2H system in subsequent HTS.

In the initial screening, the growth inhibitory activity of

compounds at 50 μg/mL against AH109 (pAD-HR1+pBD-HR2)

in SD/-Leu/-Trp/-Ade/-His medium was detected, and 50

compounds completely inhibited the growth of AH109 (pAD-

HR1+pBD-HR2) were selected from 15,000 compounds. In order

to further exclude the inhibitory activity of compounds against

AH109 itself or Gal4 expression system, the MIC of initially 50

compounds on AH109 (pAD-HR1+pBD-HR2) was detected, with

AH109 (pAD-T + pBD-53) as the negative control. 32 com-

pounds with MIC for AH109 (pAD-HR1+pBD-HR2) lower than

those for AH109 (pAD-T + pBD-53) by more than 2 times were

selected as positive for the second screening. To further confirm

their selective blockage on HR1/HR2 interaction, AH109 (pAD-

HR1+pBD-HR2) were subjected to a quantitative ß-gal assay in

the presence of different concentrations of the hit compounds.

Among the 32 hits, the inhibition rates of IMB-2B, 5C, 9C, and

11B were higher than 50% at the concentration of their 1/2 MIC,

respectively, and were all in concentration dependent manners

(Fig. 3B and Supporting Information Fig. S1). MIC values of the

four compounds against Y2H were shown in Table 1.

3.1.3. Inhibition against pseudotyped SARS-CoV-2 infection

The selected four hits from HTS were applied for wildtype

(WT) pseudovirus assay to evaluate their anti-entry potential at

45 μmol/L and IMB-9C emerged as the most promising candidate

as the only one exhibited anti-viral activity above 50%, with an

inhibition rate of 75.88%. Further test for the inhibitory activity of

IMB-9C on pseudovirus showed that it exhibited a dose-dependent

inhibitory effect on viral entry with EC50 of 32.15 μmol/L

(Fig. 3C). Then various pseudoviruses were utilized to evaluate its

efficacy. Notably, IMB-9C demonstrated enhanced potency

against Omicron variants compared with WT and previous variants

with EC50 values summarized in Table 2. So, in the end, IMB-9C

was chosen for in-depth research. The whole screening process is

shown in Fig. 3D.

Figure 1 Graphic diagram for HR1/HR2 mediated translocation of SARS-CoV-2 into host cells. SARS-CoV-2 uses surface spike protein (S

protein) to enter host cells. The S protein is composed of two subunits: S1 and S2. S1 is responsible for receptor recognition. After binding with

host cell receptor, S1 is cleaved by host cell proteases to expose highly hydrophobic membrane-binding domains of the S2 subunit, namely heptad

repeat domain 1 (HR1) and heptad repeat domain 2 (HR2). Then HR1 and HR2 form a thermodynamically favorable six-helix bundle (6-HB)

post-fusion structure to fuse the viral and cellular membranes together.
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3.2. Antiviral activity and cytotoxicity of IMB-9C

The antiviral activity of IMB-9C was further tested on live virus

with CPE assay and q-PCR. The results revealed IMB-9C was

efficient in inhibiting virus-induced CPE for WT, Beta, Delta,

Ba.1, Ba.2, Ba.4 and Ba.5, with IC50 values at μmol/L level

ranged from 0.4 to 3.1 μmol/L and SI values all above 70 as

Table 3. Meanwhile, q-PCR was performed to verify the CPE

assay results. The EC50 of IMB-9C against WT strain was

1.952 μmol/L. More importantly, IMB-9C exhibited low toxicity

on mammalian cells such as HEK-293T, Huh-7 and Vero cells.

3.3. IMB-9C could block the interaction between HR1/HR2 by

binding with both HR1 and HR2

3.3.1. IMB-9C blocked interaction between HR1 and HR2 of

SARS-CoV-2

N-PAGE is a polyacrylamide gel electrophoresis method for

proteins that remain active without addition of denatured agents,

which has been successfully applied to test the formation of 6-HB

structures of type I fusion proteins40,41. In this study, N-PAGE was

adopted to detect the disruption of 6-HB formation between

SARS-CoV-2 HR1 and HR2 by IMB-9C. As shown in Fig. 4A, the

individual HR1P containment negative charges that drove the

peptide upward and off the gel under the negatively charged

electrophoresis condition, with no bands shown in the gel (lane 2),

while the free HR2P with net negative charge migrated down-

wards and showed a band in the lower part of the gel (lane 3). The

HR1P/HR2P mixture showed a band on the upper part of the gel at

about 26 kDa (lane 4) which represented 6-HB formation between

HR1P and HR2P. But for HR1P/HR2P mixture treated with IMB-

9C, the density of the band (lane 5—9) decreased. These data

suggested that IMB-9C was able to block 6-HB formation be-

tween HR1 and HR2.

3.3.2. IMB-9C inhibited SARS-CoV-2-S-mediated cell—cell

fusion

SARS-CoV-2 utilizes two distinct pathways for cell entry: trans-

membrane serine protease 2 (TMPRSS2)-mediated pathway, also

called plasma membrane fusion, and the cathepsin L (CTSL)-

mediated pathway, also known as endosomal fusion42. In the

former pathway, after recognition of S with ACE2, S is cleaved by

TMPRSS2 at the cell surface leading to exposure of HRs to the

environment, which in turn enables membrane fusion to occur. In

Figure 2 Validation of SARS-CoV-2 HR1/HR2 interaction in Y2H system. (A) Principle of Y2H system and screening strategy for HR1/HR2

interaction inhibitors. The interaction between HR1 connected to the transcriptional activation domain (AD) and HR2 connected to the DNA

binding domain (BD) allowed BD and AD to be sufficiently close in space, restoring the function of the transcription factor Gal4, subsequently led

to the expression of the reporter genes ADE2, HIS3, and LacZ which can be disrupted by the inhibitor of HR1/HR2 interaction. (B) The growth of

AH109 cells with various combinations of BD and AD fusion on an SD/-Leu/-Trp/-Ade/-His dropout plate (left panel) and their LacZ-dependent

color change (right lane). Filter paper bearing lysed colonies from selective plates was overlaid with X-gal buffer. Noticeable color change could

be observed following an overnight incubation for AH109 (pAD-T + pBD-53) and AH109 (pAD-HR1+pBD-HR2). (C) Quantification of ß-gal

activity in Y2H system. Lysis buffer, enhancement buffer, active buffer, and lysis buffer were successively added to the fresh yeast precipitation to

make sure that the yeast cells were fully broken. Add diluent solution and reaction solution separately to the yeast supernatant and start timing

until a bright yellow color appears. Add termination solution and record the reaction time. Absorbance at wavelengths of 420 and 600 nm was

measured immediately. The data were shown as mean ± SD from triplicate assays. ***P < 0.001 (D) The expression of HR1 and HR2 in newly

built Y2H system detected using anti-HA and anti-Myc antibodies.
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the CTSL-mediated pathway, SARS-CoV-2 initially undergoes

internalization through endocytosis. Subsequently, the viral S is

cleaved by CTSL within the endosomes, enabling the virus to

release its genome into the host cells43.

The cell—cell fusion system consists of two cell types, with

target cells expressing host receptor and effector cells expressing

viral fusion related factors. It is usually employed to evaluate the

inhibitory activity of inhibitors on the process of entry into the

host by virus. The role of the 6-HB structure formed by HR/HR2

during the fusion process between SARS-CoV-2 and cellular hosts

can also be evaluated by this system17,19,33.

In this study, we evaluated the inhibitory activity of IMB-9C

against the two pathways in the presence of inhibitors that block

one pathway (Camostat for TMPRSS2-mediated plasma mem-

brane fusion 3 and E64d for endosomal fusion44). As entry of

SARS-CoV-2 into Vero E6 cells is CTSL-dependent45. The stable

expression of TMPRSS2 in Vero E6 cells endows Vero E6/

TMPRSS2 cells with two pathways for SARS-CoV-2 entry. As

shown in Fig. 4B—a large number of large cells (syncytium) were

found in co-cultures of Vero E6/TMPRSS2 and HEK-293T/EGFP/

SARS-CoV-2-S cells, representing cell fusion. Addition of

Camostat or E64d had no significant effects on cell—cell fusion,

but the number of fused cells decreased in a dose-dependent

Figure 3 High throughput screening of inhibitors that disrupts HR1/HR2 interaction. (A) Growth inhibition of Y2H system by HR1/HR2

interaction inhibitors. AH109 cells with indicated plasmids were treated with hit compounds and Itraconazole (from 1.56 to 100 μg/mL) in

96-well plates in SD/-Leu/-Trp/-Ade/-His dropout medium for 48 h and the growth of cells was shown. (B) The inhibition of ß-gal activity of

IMB-9C against AH109 (pAD-HR1+pBD-HR2) cells and IMB-9C’s structure. The data showed the ratio of ß-gal activity of cells treated with

compounds over that of untreated cells. The results were mean ± SD from triplicate assays. (C) The inhibitory activity of IMB-9C against

pseudoviruses. The data showed the ratio of fluorescence of cells treated with IMB-9C over that of untreated cells. The results were from triplicate

assays. (D) Summary of inhibitor screening. In the primary screen, 15,000 compounds were screened for HR1/HR2 interaction inhibitors and 50

compounds were selected which completely inhibited the growth of AH109 (pAD-HR1+pBD-HR2) at 50 μg/mL. Among them, 32 compounds

showed stronger inhibitory activity for AH109 (pAD-HR1+pBD-HR2) than for AH109 (pAD-T + pBD-53) with MICs more than 2 times. From

them, 4 compounds were selected with ß-gal activity inhibitory rate higher than 50% at 1/2 MIC concentration. Finally, IMB-9C was selected as

the most promising candidate that showed anti-pseudoviral activity above 50% at 45 μmol/L.

Table 1 Inhibitory activity of hit compounds against Y2H

system.

Strains MIC(μg/mL)

IMB-9C IMB-11B IMB-2B IMB-5C

AH109

(pAD-HR1+

pBD-HR2)

3.125 6.25 25 12.5

AH109 (pAD-T+

pBD-53)

12.5 12.5 50 50

Table 2 The IC50 (μmol/L) of IMB-9C against

pseudoviruses.

Parameter WT Alpha Beta Mu Gamma Delta Ba.2

IC50 32.15 34.98 23.86 17.29 17.13 23.14 16.42
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manner within the samples treated with IMB-9C, indicating that

IMB-9C could effectively inhibit SARS-CoV-2-S-mediated

cell—cell fusion in both pathways.

Next, a single pathway cell fusion experiment was conducted to

confirm the inhibition profile of IMB-9C. Since HEK-293T/ACE2

cells, endogenously expressing hACE2 and CTSL, preferentially

utilize CTSL-dependent mechanism of SARS-CoV-2 entry3, and

Calu-3 cells, expressing high amounts of hACE2 and limited

amounts of CTSL46, employ a TMPRSS2-independent mechanism

of SARS-CoV-2 entry. Both of them were employed as target cells

to examine the sensitivity of cell—cell fusion to IMB-9C inhibition

with HEK-293T cells expressing SARS-CoV-2 S as effector cells.

Similar phenomenon was observed as cells treated with IMB-9C

exhibited severe reduction in the number of generated multinucle-

ated EGFP positive syncytia. These results further demonstrate that

IMB-9C could inhibit both fusion pathways (Supporting Informa-

tion Fig. S2). Overall, it seemed that IMB-9C relatively affected

plasma membrane fusion over endosomal membrane fusion.

3.3.3. IMB-9C could bind to both HR1and HR2 in vitro

The binding profiles of compound IMB-9C with HR1 and HR2

were further determined by SPR. HR1 or HR2 was immobilized

on a CM5 sensor chip, and then exposed to IMB-9C respectively

at various concentrations. The SPR analysis showed that IMB-9C

could bind to both HR1 and HR2, with KD values as 5.67 × 10− 7

and 3.68 × 10− 5 mol/L, respectively (Fig. 4C, Table 4). IMB-9C

showed stronger binding with HR1 than HR2 with about 100-fold

difference, indicating it may mainly bind to HR1.

3.4. The binding mode of IMB-9C with HR1 and HR2

3.4.1. HPLC—Q-TOF—MS based study of SARS-CoV-2 HR1 or

HR2 association with IMB-9C

Covalent conjugation can make the binding between two com-

ponents tighter, and when using HPLC—Q-TOF—MS for molec-

ular weight detection, it will be manifested as the sum of the

molecular weights of the two components. To detect whether there

is a covalent bond between IMB-9C and HRs, we incubated IMB-

9C with HR1 or HR2 to observe the changes in molecular weight

before and after incubation using HPLC—Q-TOF—MS. As shown

as Fig. 4D, for HR1 and HR2 alone, the MS peak with a mass

value of 4386.22 and 4007.27 Da were detected respectively. For

HR1 or HR2 co-incubated with IMB-9C, there were no significant

differences in the MS peak compared to the individual peptide

samples, which were 4386.22 and 4007.34 Da, respectively,

indicating non-covalent binding between IMB-9C and HR1 or

HR2.

3.4.2. CD analysis of IMB-9C binding on the secondary

structure of SARS-CoV-2 spike protein

The effect of IMB-9C on the structure of HR1+HR2 was further

investigated by CD spectroscopy, which is a common tool to

elucidate the secondary structure of polypeptides. HR1P and

HR2P were co-incubated at RT for 30 min, then CD wave scan-

ning was measured from 190 to 260 nm at 4 ◦C. As shown in

Fig. 4E and Table 5, the structure of HR1P + HR2P had a

typical double negative peak at 208 and 222 nm. The percentage

content of α-helix, ß-fold and ß-turn structure was 0.3%, 10.70%

and 28.2% respectively. For HR1P + HR2P treated with IMB-9C,

ß-turn decreased by 11.70%, whereas the α-helix and ß-fold

contents increased by 19.80% and 28.07%, respectively, which

indicated that IMB-9C influenced the secondary structure of the

SARS-CoV-2 HR1P + HR2P.

3.4.3. The key binding sites of IMB-9C with HR1

Compared with HR2, HR1 showed stronger binding affinity with

IMB-9C, so HR1 was selected for further study for its binding

sites with IMB-9C. Computer-simulated docking utilizing a grid

box that encompasses the full crystal structure of HR1 (PDB: 6lxt)

indicated that IMB-9C might fit into the pocket between HR1 and

HR2 alpha-helix structure (Fig. 5A). To clearly analyze the

interaction between HR1 and IMB-9C by LigPlot+ in one

conformation (Fig. 5A), direct hydrogen band with residue K933

and hydrophobic interactions with residues A930, I931, K933,

I934, Q935, S937, L938, S939, S940, T941, T942, and L945 were

indicated in two conformations. Other conformations were pre-

sented in Supporting Information Fig. S3.

We introduced structurally similar but non-reactive Glycine

residue to replace these twelve amino acids respectively and

constructed HR1mutant/HR2 Y2H system to detect the interaction

between HR1mutant/HR2. We did not obtain Y2H systems with

I934, Q935, S937, L938, S939, S940, and T942 site mutations,

suggesting that these amino acids play important roles in HR1/

HR2 interaction. Only the replacement of A930, I931, K933,

T941, and L945 in parent Y2H could grow on the dropout plate.

Compared with AH109 (pAD-HR1+pBD-HR2), the MICs of the

IMB-9C against AH109 (pAD-HR1mutant + pBD-HR2) up-

regulated 4—8 times, referencing a progressive loss of inhibitory

activity of IMB-9C toward HR1/HR2 interaction (Table 6). To

further verify the above evaluation, we additionally performed

SPR to detect the affinity between IMB-9C and HR1mutant. As

presented in Fig. 5B and Table 7, the binding affinity of IMB-9C

with A930, I931, K933, T941, and L945 mutated HR1P decreased

by 2—3 orders of magnitude. All the results confirmed their crit-

ical roles in the binding of IMB-9C with HR1.

3.5. Druggability assessment of IMB-9C

3.5.1. Pharmacokinetic (PK) estimation for IMB-9C

Factors such as absorption, distribution, metabolism, elimination/

excretion, and toxicity (ADMET) are considered as highly reliable

screening filters for estimating PK properties of the candidate

drugs (CDs)47-49.

Table 3 The IC50 (μmol/L) and CC50 (μmol/L) of IMB-9C against SARS-CoV-2 and its variants.

Parameter WT Beta Delta Ba.1 Ba.2 Ba.4 Ba.5

IC50 3.1—1.6 1.6—0.8 1.6—0.8 0.8—0.4 0.8—0.4 0.4 0.8—0.4

CC50 >112.5 >112.5 >112.5 >112.5 >112.5 >112.5 >112.5

SI* >70.3 >140.6 >140.6 >281.3 >281.3 >281.3 >281.3

SI* � CC50/IC50.
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SwissADME result presented in Table 8 revealed that IMB-9C

adhered to Lipinski, Veber, Muegge, Egan, and Ghose rules with

optimal PK values across generally acknowledged parameters,

including molecular weight (444.44, which is between 150 and

500 g/mol), the sum of hydrogen-bond donors (1, meets the

requirement of being <5), the sum of hydrogen-bond acceptors (6,

satisfies the condition of being <10), the rotatable bonds (7, ful-

fills the criterion of being ≤10), Consensus Log PO/W (2.40,

within the range of 2.25—4.75), and TPSA (127.63 Å2, within the

range of 20—130 Å2). Meanwhile it cannot be ignored that water

solubility (log S (Ali)50 as − 5.38) was not ideal enough. The

thorough assessment also indicated a remarkable gastrointestinal

(GI) absorption capacity for IMB-9C. IMB-9C was also confirmed

Table 4 The kinetics data of SPR analysis.

Sample Kon (1/Ms) Koff (1/S) KD (mol/L)

HR1 1.95 � 105 1.10 � 10− 1 5.67 � 10− 7

HR2 4.09 � 101 1.51 � 10− 3 3.68 � 10− 5

Figure 4 IMB-9C could block the interaction between HR1/HR2 by binding with both HR1 and HR2. (A) IMB-9C blocked the interaction of

HR1/HR2 in vitro. The complex of HR1 and HR2 was treated with IMB-9C or DMSO (1%) and detected by N-PAGE under the negatively

charged electrophoresis condition, while the free HR1P or HR2P was used as indicator. (B) IMB-9C inhibited SARS-CoV-2-S-mediated cell—cell

fusion. Vero E6/TMPRSS2 (target cells) pretreated with either Camostat (50 μmol/L) or E64d (50 μmol/L) were co-cultured with HEK-293T/

EGFP/SARS-CoV-2-S (effector cells) in the absence or presence of IMB-9C (12.5, 25, and 50 μmol/L). After co-cultivation at 37 ◦C for

12 h, syncytium formation was observed under high content analysis system. The white arrow indicated HEK-293T/EGFP/SARS-CoV-2-S and the

red represented the fused cells. Scale bar is 200 μm. (C) SPR analysis for the binding of IMB-9C with HR1 and HR2. Serially concentrated

solutions of IMB-9C (from 1.56 to 50 μmol/L) were injected into the chamber with a CM5 chip coated with HR1 or HR2. The change of response

units was shown. (D) Compound IMB-9C interacted non-covalently with SARS-CoV-2 HR1P and HR2P. The molecular weights of SARS-CoV-2

HR1P or HR2P and IMB-9C in complex with SARS-CoV-2 HR1P or HR2P were determined using HPLC—Q-TOF—MS. The mass shift (Δm) of

the protein is labeled. (E) Conformational influence of IMB-9C on HR1+HR2 complex. The secondary structure of HR1+HR2 with or without

IMB-9C in PBS was examined by CD spectroscopy. Double minima at 208 and 222 nm were revealed.
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to be a non-substrate for p-glycoprotein and unable to cross the

blood—brain barrier. But investigation into drug metabolism un-

veiled its inhibitory potential against CYP2C19, CYP2C9, and

CYP3A4 enzymes. Moreover, the bioavailability score of IMB-9C

(0.55) was consistent and optimal.

3.5.2. In vitro metabolic stability test in HLMs

90% of drugs are metabolized by cytochrome P450s (CYP450s) in

HLMs, so, the HLMs system provides a reliable basis to predict

liver metabolism of drugs in vivo51. In this study, the stability of

IMB-9C was further researched using HLMs system. In the

-NADPH-free group, the content of IMB-9C (120 min) and the

positive control verapamil (30 min) exhibited no changes, with

relative residual rate as 99.27% and 101.62% respectively, indi-

cating that there was no deviation of enzyme metabolism result

caused by the chemical instability of compounds. In the group

with-NADPH, the verapamil was almost completely degraded

within 30 min, while IMB-9C showed a lower intrinsic clearance

rate (25.2 ± 0.6 μL/min/mg) and a longer half-life period with

T1/2 � 55 ± 5.9 min (Supporting Information Fig. S4A).

3.5.3. Plasma stability study of IMB-9C

Plasma stability is crucial in determining the druggability of a lead

compound52. As shown in Fig. S4B, the content of positive control

propantheline bromide showed a time-dependent decrease in plasma,

Table 5 CD analysis/impact of IMB-9C on the secondary

structure of HR1+HR2.

Sample Secondary structure content (%)

α-elix ß-fold ß-turn Random

HR1+HR2 0.3 10.70 28.20 61.20

HR1+HR2+IMB-9C 20.10 38.77 16.50 24.70

Figure 5 The binding mode of IMB-9C with HR1. (A) Details of interaction of IMB-9C in complex with SARS-CoV-2’s HR1. HR1 and HR2

are shown as yellow and orange ribbon models, respectively. IMB-9C located at the interface where HR1 and HR2 interacted. Hydrophobic

contacts are represented by an arc with spokes radiating towards the IMB-9C atoms that they contact. The contacted atoms in IMB-9C are shown

with spokes radiating back. (B) SPR analysis of the physical interaction between IMB-9C with HR1 mutations at A930, I931, K933, T941, L945.

After immobilizing the HR1smutant on the sensor chip, IMB-9C was injected at indicated concentrations. Binding of IMB-9C to HR1smutant

resulted in a concentration-dependent increase of the SPR signals expressed as resonance units (RU). The binding constant KD was calculated

from the changes in the SPR signal.

Table 6 MICs (μg/mL) of IMB-9C against HR1mutant/HR2

Y2H system.

Parameter A930 I931 K933 T941 L945 Wild

MIC 50 25 25 12.5 12.5 3.125

Discovery of a novel SARS-CoV-2 fusion inhibitor 4839



and 20% left within 40 min. While the content of IMB-9C in plasma

did not reduce within 120 min, indicating its stability in plasma.

4. Discussion

COVID-19 caused by SARS-CoV-2 has led to a global pandemic.

Despite the expeditious development of various vaccines and

therapeutics, SARS-CoV-2 is likely to remain a significant public

health concern in the foreseeable future for several reasons. First,

variant viruses with escape mutations continue to emerge, which

compromise the efficacy of vaccines53. Second, a portion of the

population opt out of vaccination based on their religious beliefs,

concerns of long-term side effects, or other reasons54. Third, the

durability of COVID-19 vaccines is currently unknown54. As such,

it is unpredictable when or whether herd immunity can be ach-

ieved. Besides, recent reports have suggested that some bat SARS-

related coronaviruses (SARSr-CoVs) may cause novel CoVs dis-

eases in the near future55,56. Therefore, antivirals are important

complements of vaccines to54 and the development of highly

effective pan-CoV inhibitor-based prophylactics and therapeutics

to combat both current and future outbreaks of infectious diseases

caused by emerging and re-emerging CoVs.

Fusion inhibitors have demonstrated substantial promise for

both prophylaxis and treatment of viral infections and are

commonly used for treating HIV57. Fusion inhibition has also

been found a useful strategy to inhibit SARS-CoV and MERS-

CoV40,58-61. However, the comprehensive HTS of antiviral drugs

targeting the HR1/HR2 complex is lacking. The Y2H system has

been applied to the discovery of various interaction in-

hibitors27,28,62,63. It has many advantages, such as highly sensi-

tivity to weak and transient interactions between proteins,

requirement for little specialized equipment, low screening cost

for HTS, verify PPIs point-by-point and so on. In this study,

through the discovery of the positive compound IMB-9C, we

confirmed for the first time the feasibility of the Y2H system in

screening inhibitors targeting HR1 and HR2 interaction, providing

a HTS method for inhibitors. In addition, the HR region is also a

typical feature of class I enveloped viruses which is also found in

murine hepatitis virus (MHV), SARS-CoV, influenza virus hae-

magglutinin (HA), human immunodeficiency virus (HIV), and

mouse hepatitis virus42,64. Therefore, this Y2H method can not

only be used for the screening of HR1/HR2 interaction inhibitors

for coronaviruses, but it also has good reference significance for

the discovery of antiviral drugs targeting host cell fusion of Type I

enveloped virus. However, the Y2H system inevitably has its

limitations, as the presence of cell walls may make it difficult for

some compounds to enter the cell, resulting in false negatives. In

the following research, further modification for Y2H system is

needed, such as adopting AH109 cells with high permeability.

In silico design is an important strategy for drug design and

screening. For HR1/HR2 interaction inhibitors, several peptide

analogues were designed based on the structure of HR, such as

peptide derived from HR2P13,14,65,66, the coiled-coil structure of

HR1 trimer23,67, and a 5-helix construct based on the S2 6-HB

structure but lacking one HR2 region13,14,23,65-68. However, the

selection of sites for this virtual design is based on the previous

experience from HIV inhibitors, and it is still unknown which sites

can better exert inhibitory activity, which poses great difficulties

for more accurate antiviral drug design and screening. In this

study, we used IMB-9C as a probe to explore possible binding

sites through virtual docking, and verified through amino acid

mutations that A930, I931, K933, T941, and L945 are the key

binding sites for IMB-9C and HR1. Meanwhile, as HR1 with

mutations at I934, Q935, S937, L938, S939, S940, and T942 lost

its interaction with HR2 in the H2Y system, indicating their key

role in HR1—HR2 interaction. The elucidation of these key amino

acid sites based on IMB-9C/HR1P interaction provides good clues

for the design and screening of HR1 targeted drugs in the future.

Current fusion inhibition entities primarily encompass vac-

cines, peptides, antibodies, and small chemical molecules69. S2-

based vaccines might present themselves as promising candi-

dates. But the relatively low immunogenicity of S2-based antigens

remains a significant hurdle to overcome64. Peptide-based fusion

inhibitors hold an important position because of remarkable

strengths such as high selectivity, less likelihood for drug resis-

tance, safe to use, etc.66,70,71 Recently, several S2 subunit-targeted

Table 7 The kinetics data of SPR analysis.

Sample Kon (1/Ms) Koff (1/S) KD (mol/L)

HR1-A930G 7.80 � 103 9.86 � 10− 2 1.27 � 10− 5

HR1-I931G 3.74 � 102 1.01 � 10− 1 2.69 � 10− 4

HR1-K933G 2.62 � 104 3.76 � 10− 1 1.44 � 10− 5

HR1-T941G 8.16 � 103 4.37 � 10− 1 5.36 � 10− 5

HR1-L945G 1.67 � 103 5.38 � 10− 1 3.21 � 10− 4

Table 8 Drug-likeness of IMB-9C calculated by

SwissADME.

Criteria Recommendations IMB-9C

MWa <500 444.44

No. of HB donorsa <5 1

No. of HB acceptorsa <10 6

No. of rotatable bondsa �10 7

Consensus LogPO/W
b 2.25—4.75 2.40

LogS (Ali)c Insoluable < �10

< Poorly < �6

< Moderately

< �4 < Soluable

< �2

Very <0 < Highly

�5.38

GI absorptiond High High

BBB permeantd No

CYP enzymes

inhibitorsd

None CYP2C19,

CYP2C9,

CYP3A4

inhibitor

Bioavailability scoree 0 < Low <0.3

< Moderate

<0.7 < High <1

0.55

Synthetic accessibilityf From 1 (very easy) to

10 (very difficult)

3.64

HB: Hydrogen bonding; Ali: A topological method to predict

Water Solubility adapted from Ali et al.50; GI: Gastrointestinal;

BBB: Blood—brain barrier; CYP: Cytochrome P450 proteins.
aPhysicochemical properties.
bLipophilicity.
cWater solubility.
dPharmacokinetics.
eDruglikeness.
fMedicinal chemistry.
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neutralizing antibodies (nAbs) have been shown to exhibit cross-

neutralizing activity against various coronaviruses 72-75. Howev-

er, as protein therapies, peptides and nAbs have weaknesses,

including lack of oral availability 76, high production cost, rela-

tively stringent storage condition, immunogenicity, short half-life,

unstable under physiological conditions, poor solubility in water,

etc.77 Whereas, small molecules play an important role in drug

development because of their unique advantages, including lower

cost, mature production technology, higher adherence, higher

stability leading to more ease of transportation and storage, as well

as better pharmacokinetic behavior such as higher oral bioavail-

ability and well-characterized in vivo safety, and etc.64,76 There

are already a few small-molecule compounds reported to protect

against SARS-CoV-2 infection by blocking the HR1—HR2 bundle

assembly19,76,78-81, but their inhibitory activity against HR is

primarily confirmed through molecular docking or

protein—protein interaction. In comparison, IMB-9C stands out as

the pioneering small molecule compound that exhibits confirmed

affinity for both HR1 and HR2, with its precise mode of action

thoroughly elucidated using mutant HR1. Although S2 is rela-

tively conserved among different SARS-CoV2 Variants of

Concern (VOCs), this dual binding characteristic retains the

inhibitory potential of IMB-9C to HR mutations and decreases the

likelihood of drug resistance, indicating its potential as an anti-

COVID-19 drug.

Good antiviral activity, low cytotoxicity, certain metabolic

stability in vitro and ADMET prediction all suggested that IMB-

9C may have certain pharmacological properties, but further

research on its antiviral activity in vivo and pharmacokinetic

analysis is needed. The structural modification of IMB-9C is

ongoing to enhance its antiviral activity and water solubility,

thereby further refining its pharmacological attributes.

5. Conclusions

In this study, we have established a HTS method for SARS-CoV-2

HR1/HR2 interaction inhibitors based on Y2H system for the first

time, and identified IMB-9C from 15,000 small molecule com-

pounds. IMB-9C was able to compete with the intramolecular

HR1/HR2 interaction, block fusion, and showed anti-SARS-CoV-

2 activity in vitro, making it a favorable lead for designing of

functionally improved inhibitors. Our results highlight the power

of an in vitro approach to engineer potent and novel inhibitors

targeting HR1/HR2 interaction. The method used in this manu-

script can be applied to identify novel inhibitors related to viral

host interaction beyond just a novel inhibitor, which will be

quickly employed to identify compounds against other viruses.
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