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a b s t r a c t

The hepatitis C virus (HCV) p7 viroporin protein is essential for viral assembly and release, suggesting its
unrealised potential as a target for HCV interventions. Several classes of small molecules that can inhibit
p7 through allosteric mechanisms have shown low efficacy. Here, we used a high throughput virtual
screen to design a panel of eight novel cyclic penta-peptides (CPs) that target the p7 channel with high
binding affinity. Further examination of the effects of these CPs in viral production assays indicated that
CP7 exhibits the highest potency against HCV among them. Moreover, the IC50 efficacy of CP7 in tests of
strain Jc1-S282T suggested that this cyclopeptide could also effectively inhibit a drug-resistant HCV
strain. A combination of nuclear magnetic resonance (NMR) spectroscopy and molecular dynamics
(MD) simulations revealed that CP7 blocking activity relies on direct binding to the p7 channel lumen
at the N-terminal bottleneck region. These findings thus present a promising anti-HCV cyclic penta-
peptide targeting p7 viroporin, while also describing an alternative strategy for designing a new class
of p7 channel blockers for strains resistant to direct-acting antiviral agents (DAA).
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hepatitis C virus (HCV) is a positive sense single-stranded RNA
virus that causes chronic and severe liver diseases in humans [1]
and chimpanzees [2]. Approximately 58 million people worldwide
currently live with HCV-related diseases, with an annual mortality
rate of �290,000 people [3] according to recent studies by the
World Health Organization. The introduction of highly effective
and well-tolerated direct-acting antiviral agents (DAAs), such as
sofosbuvir [4], elbasvir [5] and grazoprevir [6] has revolutionized
therapeutic strategies for HCV in recent years. However, like all
RNA viruses, HCV can develop resistance to these current drugs
through rapid mutation, thus posing a serious threat to public
health. For example, the resistance associated substitution (RAS)
S282T mutation in the viral NS5B RNA polymerase decreases
HCV susceptibility to sofosbuvir, the most essential composition
of the DAAs [7]. Therefore, screening for novel targets and develop-
ing new drugs is an ongoing and essential process.

Viroporins, which are crucial for viral pathogenicity, have
emerged as validated drug targets since the successful example
of M2 proton channel as an anti-viral target against influenza A
virus [8]. The HCV p7 viroporin is required for viral assembly and
release of the viral particles [9]. In-frame deletions or point muta-
tions of p7 reduced or ablated production of infectious viruses
[10,11]. Given its central role in infection, together with a wide
array of compounds, including amantadine [12], rimantadine
[13], BIT225 [14], and hexamethylene amiloride (HMA) [15],
shown to inhibit its activity, p7 is a top potential target for anti-
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HCV drug development. However, these inhibitors generally show
low efficacy [12,16]. In addition, previous electron microscopy
(EM) [17] and nuclear magnetic resonance (NMR) [18] results
revealed that p7 has a hexameric funnel-like channel architecture
that requires binding by six molecules of amantadine [18] or HMA
[19] to the hydrophobic pockets on the lipid-facing side of the
channel for successful allosteric inhibition of p7 ion transport.
Thus, additional energy is likely required to deliver these inhibitor
molecules to the binding pockets through the lipid bilayers.

To overcome these drawbacks, we previously proposed using
cyclic tetra-peptides to block the p7 channel lumen [20]. However,
the cyclic tetra-peptides with a limited panel of candidates exhib-
ited only slightly lower (or even higher) binding free energies than
those of small molecule inhibitors. Additionally, cyclic tetra-
peptides are difficult to be synthesized due to the high intramolec-
ular tensile forces, and no experimental evidence has yet demon-
strated that cyclic peptides can indeed block the inner p7
channel as predicted. Here, we designed and tested a series of cyc-
lic penta-peptides using high-throughput virtual screening (HTVS).
Eight novel cyclic penta-peptides (CP) targeting the p7 channel
were predicted to bind the p7 channel with high affinity. Further
in vitro viral production assays showed that CP7 has the highest
potency against HCV among them. Nuclear magnetic resonance
(NMR) spectroscopy in conjunction with molecular dynamics
(MD) simulations revealed that CP7 binds the interior channel of
the p7, resembling the effects of a bottle cork. Furthermore, CP7
has been demonstrated its inhibition effect on the DAA-drug resis-
tant mutant S282T, providing valuable insights into anti-HCV ther-
apeutic development.
2. Materials and methods

2.1. High throughput virtual screening of cyclic penta-peptides
targeting p7

For screening the potential cyclic penta-peptides inside the p7
protein channel, the combinatorial library of cyclic penta-
peptides was generated using Discovery Studio 4.0 [21]. The
twelve natural amino acids with relatively long sidechains were
selected for building up the cyclic penta-peptides under the rule
of permutation and combination. 248,832 cyclic penta-peptides
were acquired and pre-optimised before virtual screening by Auto-
dock Vina 1.2.2 [22]. The structure of the hexameric HCV p7-5a
channel for docking was obtained from the Protein Data Bank
(PDB ID: 2M6X) [18], which is also processed for computational
screening. After the first round of semi-flexible docking method,
5146 potential hits were selected out with the cutoff of binding
free energy < �6 kcal/mol. These 5146 conformations were input
into p7-5a channel for a second-round screening using flexible-
docking screening, the top 8 hits with good binding free energies
and conformations were selected for further corresponding assays
and calculations.
2.2. Modelling of cyclic penta-peptides and p7 channels

Since the infectious HCV genotype 5a (GT5a) is unavailable as a
cell culture model, we used the Jc1 strain (genotype 2a, GT2a) in
anti-HCV production assays to evaluate the inhibition effect of
cyclopeptides. Therefore, besides the p7-5a model, a p7-2a (Jc1)
model was originated from mutating the given residues on p7-
5a. The modelling of cyclopeptides (CP1-CP8) were built up under
Discovery Studio 4.0 [21] that the geometries were pre-optimised
by molecular mechanics using the add-in force field.
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2.3. Molecular docking of cyclic penta-peptides inside p7-5a and p7-2a
channels

For deciphering the details of peptide binding sites inside the
channel, the molecular docking of cyclic penta-peptides was con-
ducted on HCV p7-5a and p7-2a. All peptides and targets were
pre-optimised and the formats were converted from PDB to PDBQT
files using ADFR suite [23]. For cyclic penta-peptides docking
inside p7-5a and p7-2a, the grid box size was set to 22.2146 Å�2
7.9757 Å�23.3957 Å in order to cover the binding region (acquired
from nuclear Overhauser effects (NOEs)) inside the p7-5a or p7-2a
channel using local search and the centre of grid box is set to 13.
2805 Å�4.3689 Å�13.2349 Å with spacing of 0.375 Å. The amount
of computational effort (exhaustiveness) was set as 64 for consid-
erably consistent performance. Molecular docking was performed
using the Autodock Vina 1.2.2 [22] with Vina scoring force field.
The best-fitted pose for each model was used for further analysis.
2.4. Molecular dynamics simulations of CP7 cyclo(YYYFH) with p7-5a
and p7-2a

The MD simulations were performed using the Desmond pack-
age [24] and the force field OPLS2005 [25] in a bilayer with proper
number of counter ions to balance the net charge of the system
with 150 mM NaCl. The localisation of the membrane was defined
using the Orientations of Proteins in Membranes (OPM) database
[26]. p7-5a or p7-2a and CP7 were inserted into POPC (1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) bilayer contain-
ing the explicit water models (TIP3P) [27]. Nose-Hoover tempera-
ture coupling [28] and Martina-Tobias- Klein method [29] with
isotropic scaling were utilised to control the simulation tempera-
ture (300 K) and atmospheric pressure (1 atm). The particle-
mesh Ewald (PME) method [30] was used to calculate long-range
electrostatic interactions with grid spacing of 0.8 Å. Van der Waals
(VDW) and short-range electrostatic interactions were smoothly
truncated at 9.0 Å. The system was equilibrated using the default
membrane relax protocol before MD simulations provided in Des-
mond [24], which consists of a series of restrained minimisations
to relax the system. The initial p7-5a or p7-2a channel coordinates
for the MD simulation calculations were taken from Protein Data
Bank (PDB: 2M6X) [31]. The backbone of p7-5a or p7-2a are
restrained with 10 force constants. After minimisation and relax-
ation, the system was subject to 1 ls of normal pressure and tem-
perature (NPT) production simulation for better showing the
interaction of CP7 inside p7-5a or p7-2a channels at the timescale
of microsecond.
2.5. Protein expression and purification

Because of the NMR feasibility of p7-5a, we next used p7-5a to
characterize the interactions between p7 channel and CP7. The 2H,
15N labelled p7-5a protein was prepared as previously described
[18]. In short, His9-trpLE-p7 was transformed into E. Coli BL21
(DE3) cells in the pMM-LR6 vector and grown in M9 minimal
media prepared with D2O. Inclusion bodies were extracted and sol-
ubilised later in 6 M guanidine HCl, 50 mM Tris (pH 8.0), 200 mM
NaCl, 1 % Triton X-100 (Buffer A). The His9-trpLE-p7 fusion protein
was purified by immobilised Ni2+ affinity chromatography in Buf-
fer A at room temperature and eluted from the Ni2+column in
the same buffer with 400 mM imidazole. The eluate was cleaved
at the site of a methionine residue by cyanogen bromide (CNBr)
in 80 % formic acid solution. The sole p7 and fusion protein were
then separated by reverse-phase chromatography using a prepara-
tive C18 column (Agilent Technologies). The NMR sample for NOE
experiment was prepared and refolded by dialysis against the NMR
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buffer (25 mM MES, pH 6.5), containing 0.82 mM 2H, 15N labelled
p7-5a and 8 mM CP7 with natural redundancy.
2.6. Circular dichroism spectroscopy

The p7 NMR samples were further characterized by circular
dichroism (CD) spectroscopy using a J-715 circular dichroism spec-
tropolarimeter. Wavelength scans were conducted from 180 to
260 nm. Experimental conditions were 20 lM of p7 in 0.1 % dode-
cylphosphorylcholine (DPC), 50 mM K-PO4, and pH 6.5 at 298 K.
2.7. Cell and medium

The cells were cultured as described previously [32]. Briefly, the
hepatoma cell line (Huh 7.5.1) were maintained in complete med-
ium consisting of Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10 % fetal bovine serum, 10 mM HEPES,
2 mM L-glutamine, 100 U of penicillin/ml, and 100 mg of strepto-
mycin/ml (Invitrogen).
2.8. Plasmids, antibodies and viruses

pUC-Jc1 was constructed as previously [33]. A point mutation
S282T in NS5B that is resistant to DAA-drug sofosbuvir was engi-
neered into NS5B of HCV Jc1 strain (GT2a) by Mut Express� MultiS
Fast Mutagenesis Kit (Vazyme) and verified by sequencing. Mouse
monoclonal antibodies against HCV E2 (1C9) and NS3 were raised
in our lab. The viruses were stored in Thermo Scientific Revco ULT
and performed in BSL-2 facility at Institut Pasteur of Shanghai fol-
lowing the regulations.
2.9. In vitro transcription and transfection of HCV RNA

The Jc1 and Jc1-S282T plasmids were linearised by Xba I diges-
tion. The linearised plasmids DNA were transcribed by
MEGAscriptTM T7 Transcription Kit (Invitrogen) after purification.
RNAs were delivered to cells by electroporation as described previ-
ously [34]. Briefly, Huh 7.5.1 cells were washed twice and resus-
pended in serum-free Opti-MEM (Invitrogen) at 1 � 107 cells per
ml. 10 lg RNA mixed with 400 lL cells in a 4-mm cuvette, then
pulsed by Bio-Rad Gene Pulser at 0.27 kV, 100 X and 950 lF. The
pulsed cells were plated in a 10 cm dish (Corning).
2.10. Cellular viability and cytotoxicity assays

Cell viability and cytotoxicity were detected using Luminescent
Cell Viability Assay reagent (Promega GS7570). Briefly, Huh 7.5.1
cells were seeded at a density of 40,000 cells per well in 48-well
microplates and allowed to attach and grow overnight. The next
day, the cell-culture media with serially diluted compounds in
0.5 % dimethyl sulfoxide (DMSO) or mock were added to the cells.
After 12 h of incubation, cells were collected and lysed for the cell
cytotoxicity assay.
2.11. Indirect immunofluorescence

Intracellular immuno-staining of HCV-infected cells was per-
formed as described previously [34]. Briefly, the virus-infected
cells were fixed, and stained with a human monoclonal anti-HCV
E2 antibody (AR3A). Bound primary antibody was detected by
Alexa Fluor 555-conjugated anti-human secondary antibodies
(Thermo Fisher Scientific). Nuclei were stained with Hoechst dye.
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2.12. Anti-HCV production assay of cyclic penta-peptides CP1–CP8

HCV Jc1 and Jc1-S282T fully infected Huh 7.5.1 cells were
seeded in 24-well plate at a density of 80, 000 cells per well over-
night. The supernatant was removed and the cells were washed
with PBS for 3 times, then incubated with serially diluted com-
pounds in 0.5 % DMSO for 6 h. The supernatant was collected,
and the virus production was determined by focus-reduction
assay. Dose-response curves and the half maximal inhibitory con-
centrations (IC50) of each compound were generated by non-linear
fitting. IC50 was calculated as the concentration of inhibitor
required for a 50 % reduction in the HCV production, as described
previously [32].

2.13. Assignment of NOEs between CP7 cyclo(YYYFH) and p7-5a

Intermolecular NOEs between protein backbone amide and
side-chain protons of ligand were assigned using a sample consist-
ing of 0.82 mM 2H, 15N-p7-5a, 8 mM CP7 cyclo(YYYFH) with natu-
ral redundancy of 1H and deuterated d38-DPC (Avanti Polar Lipids).
The sample was used to record a 15N-edited NOESY-TROSY
(transverse relaxation optimized spectroscopy) (sNOE = 200 ms)
on a 900 MHz Bruker spectrometer. This experiment allowed
exclusive detection of NOEs between the exchangeable amide pro-
tons of p7-5a and the peptide protons (CP7). The strong NOE sig-
nals detected at �7.0 p.p.m between the p7-5a backbone amide
and the side-chain protons of CP7 were assigned.

2.14. Chemistry

The cyclopeptides were synthesized by ChinaPeptides Company,
Limited. For CP1: cyclo(DERyR) (Remark: y is D-Tyr) Step 1: Wash
the reaction vessel with DCM. Bottom blow with nitrogen, then
drain completely. Step 2: Weigh some 2-chlorotrityl chloride resin
in the reaction vessel, swell the resin with dimethylformamide
(DMF) (15 mL/g) for 30 min. Step 3: Weigh thrice mole Fmoc-L-
Arg(Pbf)–OH in a test tube, dissolve Fmoc-amino acid in DMF/chlor-
omethane (CM) (1: 1) (15 mL/g), transfer the solution into the reac-
tion vessel above, add 10� N,N-diisopropylethylamine (DIEA),
mixture for 30 min at room temperature with nitrogen. Step 4:
Add 5 mL methanol into the reaction vessel and bottom blow for
10 min. Drain and wash with DMF (3�), dichloromethane (DCM)
(3�), DMF (3�). Step 5: Drain then add 20 % piperidine (15 mL/g)
to remove the Fmoc group. Bottom blow mixture for 10 min and
5 min. Wash with DMF (3�), DCM (3�), DMF (3�). Step 6: Take a
little of resin, add in 2 drops of 25 % ninhydrin-alcohol solution
and 1 drop of 20 % phenolic -alcohol solution, and then 1 drop of
pyridine, to heat in 105 �C for 5 min, the colour changing into deep
blue is positive reaction. Step 7: Place in 3� protected amino acid,
3�hexafluorophosphate benzotriazole tetramethyl uronium
(HBTU)hydroxybenzotriazole (HOBT) (1 g), DIEA (2 mL), add in
DMF to dissolve and then DCM (15 mL/g). React for 1 h. Step 8:
Wash with DCM (15 mL/g) and DMF (15 mL/g) alternately for 3
times. Step 9: Take a little of resin, add in 2 drops of 25 %
ninhydrin-alcohol solution and 1 drop of 20 % phenolic -alcohol
solution, and then 1 drop of pyridine, to heat in 105 �C for 5 min,
the color changing into deep blue is a positive reaction, heat in
105 �C for 5 min, no color changing is a negative reaction. Step
10: Repeat Step 5–9 to couple the other amino acids. Step 11: The
method to wash resin after the last amino acid coupling and depro-
tection is below. Wash by the following reagents in turn: 2� DMF
(10 mL/g), 2� methanol (10 mL/g), 2� DMF (10 mL/g), 2� DCM
(10 mL/g). And then draw drying for 10 min. Step 12: Release the
peptide from resin using 2,2,2-trifluoroethanol 30 % and DCM
70 % for 2 h. Step 13: Cleave the peptide using trifluoroacetic acid
(TFA) 94.5 %, H2O 2.5 %,1,2-ethane dithiol (EDT) 2.5 %, triisopropyl
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silane (TIS) 1 % for 2 h. Step 14: Blow the cleavage solution drying
with nitrogen gas as far as possible, and wash it 6 times with abso-
lute aether, dry it in the air. Acquire the crude peptide in the end.
For the syntheses of CP2-CP8, the procedures are the same except
for the substrates.

2.15. Purification of cyclic penta-peptides

Dissolve the crude peptide with purified water. Purification
condition is shown as follows, load 3 mL of sample at flow rate
of 1 mL/min using 0.1 % TFA + 100 % H2O solution (buffer A) and
0.1 % TFA + 100 % acetonitrile (ACN) solution (buffer B) and equili-
brate the preparative C18 column (Venusi MRC-ODS,
30 � 250 mm) at ratio of 90 % buffer A and 10 % buffer B for
5 min. The separation is performed under the gradient of 10 %
buffer B to 80 % buffer B through 25 min. The purified solution is
dried by lyophilisation to give the white-powder-form product.
All peptides are greater than 95 % pure analyzed by HPLC.
3. Results

3.1. Design of cyclic penta-peptides

Analysis of the NMR structure of p7-5a (PDB: 2M6X) [18]
reveals that the p7 pore radius is relatively large (3.9 Å at the nar-
rowest conical region). Therefore, cyclic penta-, hexa- and hepta-
peptides, which have the suitable size to fit into the p7 channel
lumen, were initially docked into p7-5a and examined their
respective binding modes. However, cyclic hexa- and hepta- pep-
Fig. 1. Design of penta-cyclopeptides targeting p7. (A) Different combinations of 12 amin
method to generate a penta-cyclopeptide library. (B) High-throughput virtual screening (
positive candidates (CP1-CP8) were selected for synthesis and in vitro assays based on b
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tides showed a high degree of flexibility and formed intramolecu-
lar hydrogen bonds, which resulted in random motion behavior
and unpredictable peptide conformations in computational calcu-
lations. By contrast, cyclic penta-peptides showed higher stability
and remained in a fixed position in simulations. We therefore gen-
erated a combinatorial cyclic penta-peptide library using different
combinations to maximize the potential for interactions between
cyclopeptides and the p7 channel (Fig. 1A). Twelve long-
sidechain amino acids, including Asn, Gln, Asp, Glu, Lys, His, Arg,
Ile, Leu, Met, Phe, and Tyr, were respectively incorporated at posi-
tion A1–A5 and hence the theoretical diversity of the peptide
library is 125 or 248,832.
3.2. High-throughput virtual screening

The full library of cyclic penta-peptides was first generated by
Discovery Studio 4.0 [21]. Docking simulations for the full library
of penta-cyclopeptides were conducted with the p7-5a channel
(PDB: 2M6X) [18] using via Autodock Vina 1.2.2 [22]. After first-
round high-throughput virtual semi-flexible screening and
second-round flexibility refinement (Fig. 1B), eight novel cyclic
penta-peptides (CP1-CP8) were obtained with high binding affinity
and capacity for stable channel blocking (Fig. 1C). More detailed
information about molecular docking-based virtual screening is
provided in Methods Section. The binding free energies of CP1-
CP8 with p7-5a ranged from �6.481 to �8.160 kcal/mol (Table 1),
substantially lower than that of small molecules and cyclic tetra-
peptides [20].
o acid sidechains were introduced into the A1 � A5 positions using a combinatorial
HTVS) of penta-cyclopeptides entry and binding within the p7-5a channel. (C) Eight
inding affinity and p7 conformations after HTVS docking and screening.



Table 1
Binding free energies of cyclic penta-peptides in the p7 channel.

Binding free energies (kcal/mol) p7-5a[a] p7-2a[b]

CP1 �6.653 �6.863
CP2 �6.902 �7.029
CP3 �7.577 �8.098
CP4 �6.799 �7.022
CP5 �7.005 �7.019
CP6 �6.588 �6.615
CP7 �8.160 �8.147
CP8 �6.481 �6.545

[a] Target p7-5a is used in the NMR. [b] Target p7-2a is used in the virus production
assay.

Fig. 2. Newly-designed CP7 inhibits HCV production with high efficacy. (A) The experime
by HCV-Jc1 at an MOI of 0.5 for 2 days were treated with 100 lM anti-viral cyclopepti
quantified by focus-reduction assay. (B) Inhibition of HCV production was determined
values of Rim (Rimantadine) and CP7 were determined, respectively. (E) After incubatio
Cell Viability Assay reagent (Promega GS7570). (** denotes that p < 0.05, CP7 compared
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3.3. Anti-viral evaluation

These eight novel cyclic penta-peptides (CP1-CP8) were then
tested for their in vitro inhibitory effects on HCV production
(Fig. 2A). As we mentioned in Materials and Methods, the available
infectious Jc1 strain (GT2a) was used in the anti-HCV production
assays. Briefly, virus-infected Huh 7.5.1 cells were treated with
cyclopeptides for 6 h, then subsequent production of infectious
viral particles was quantified by HCV titration [34]. While
100 lM of all eight of the candidate cyclic penta-peptides could
significantly inhibit HCV viral production compared to that in the
mock treatment, CP7 cyclo(YYYFH) treatment resulted in signifi-
cantly lower HCV titres, indicating a better viral inhibition, than
ntal scheme to test the inhibitory effects on viral production. Huh 7.5.1 cells infected
des. Supernatants were collected after 6 h of incubation, and virus production was
for treatments of each candidate cyclic penta-peptide (CP1–CP8). (C) and (D) IC50

n with CP7 and Rim, cell viability and cytotoxicity were detected using Luminescent
to Rim or Mock).
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other cyclopeptides (Fig. 2B). Time-course evaluation of CP7 inhibi-
tion after 2 h, 4 h and 12 h post-infection further demonstrated its
inhibitory effects on HCV production (Fig. S1A). Additionally, RT-
qPCR-based quantification of intracellular RNA levels of subge-
nomic replicons showed no difference between CP7 (Fig. S1B),
rimantadine (Rim), and mock treatments (Fig. S1C), indicating that
CP7 could impair virus assembly and release but does not affect
viral RNA replication.

The 50 % maximal inhibition concentration (IC50) value of CP7
against Jc1 was 12.24 lM, considerably lower than that of Rim
(Fig. 2C). Furthermore, the low HCV titres observed under exposure
to CP7 aligned well with the calculations that showed CP7 had the
lowest binding free energy to the p7-2a channel (modelled using
PDB: 2M6X as a template, Fig. S2) (Table 1). By contrast, CP6 and
CP8 showed the weakest binding and inhibitory effects on HCV.
To test whether CP7 was effective against drug resistant strains,
we generated a novel HCV strain, Jc1-S282T, harboring the known
sofosbuvir resistance-inducing mutation S282T in the NS5B RNA
polymerase (Fig. S3). The results of virus inhibition assays revealed
an IC50 value of 4.61 lM for CP7 against Jc1-S282T (Fig. 2D), indi-
cating that CP7 has high potency in inhibiting this drug resistant
strain. Additionally, cell viability assays showed a half-maximum
cytotoxicity concentration (CC50) of greater than 200 lM, indicat-
Fig. 3. Determination of CP7 binding site in the p7-5a channel using NMR. (A) Chemical s
TROSY (200 ms, mixing time) spectrum acquired using 0.82 mM 2H-,15N-labelled p7-5a a
(B) CP7 docked in the p7-5a channel using NOE constraints. Left: the binding sites, incl
(hydrophobic) in the view of CP7 (purple) inside p7-5a. The letters in the parentheses
interpretation of the references to color in this figure legend, the reader is referred to th
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ing that CP7 has lower cell toxicity than that of Rim (Fig. 2E). Taken
together, these strong inhibitory effects and low cytotoxicity of
CP7 suggest its high potential for anti-HCV drug development.
3.4. Binding site of CP7 at the interior of p7 channel

To determine the exact binding site of CP7 within the p7 chan-
nel, we carried out a protein–ligand nuclear Overhauser effect
spectroscopy (NOESY) experiment. To this end, CP7 was added into
a 15N-labelled and fully deuterated p7-5a sample to unambigu-
ously measure the NOE signals between the protein backbone
amide protons and CP7 sidechain protons. The NMR sample was
examined using CD spectroscopy, showing typical a-helical char-
acteristics (Fig. S4). The 15N-edited NOESY spectrum showed NOE
crosspeaks between the CP7 aromatic protons and the amide pro-
tons of N9 and N16 in the p7 channel (Fig. 3A), which were incor-
porated as the experimental restraints in the molecular docking
simulations of CP7 with the p7-5a or p7-2a channels. The final
docking poses showed that the CP7 binding sites of p7-5a involved
the N9, S12, N16, and W21 residues (Fig. 3B), while the corre-
sponding binding sites in p7-2a involved residues H9, S12, C16,
and Y21.
tructure of CP7 (left) and the representative strips (right) of a 3D 15N-edited NOESY-
nd 8 mM CP7. The amide protons of N9 and N16 showed NOE crosspeaks with CP7.
uding residues N9, S12, N16 and W21, labelled in green (hydrogen bond) or black
are referred to the chain ID of p7-5a. Right: the top view of CP7 inside p7-5a. (For
e web version of this article.)
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3.5. MD simulations of CP7 and p7

The binding stability and dynamics of CP7 inside p7-5a / p7-2a
were further assessed using 1 ls MD simulations. In the presence
of CP7, the root mean square deviation (RMSD) of p7-5a backbone
was around 0.3 Å and �2 Å for sidechains. The root mean square of
fluctuations (RMSF) of p7-5a and CP7 were�2 Å (p7-5a sidechains)
and �0.2 Å (CP7 fitting on p7-5a or itself), respectively (Fig. 4). The
interaction diagram of CP7 with p7-5a revealed that the hotspot
residues involved in dynamic binding events mainly included N9,
S12, N16, H17 and W21 (Fig. S5A), which was in agreement with
the NOE results. Among these residues, N9 had the highest binding
frequency. Furthermore, the interaction values of N9, S12, N16 and
W21 were all greater than 0.5, which indicated that binding inter-
actions with these sites in the p7-5a channel occurred in at least
50 % of the 1 ls simulations (Fig. S5B). The same results were
obtained for p7-2a interactions with CP7, also with very low RMSD
and RMSF (Fig. S6). A timeline plot of binding revealed that H9,
S12, C16 and Y21 had the most frequent number of contacts
(Fig. S7A), as well as the largest binding interaction values
(Fig. S7B) between CP7 and p7-2a in 1 ls timelines. These results
indicated that these interactions in the p7-2a channel remained
stable over the MD trajectory.
4. Discussion

Despite the high effectiveness of current DAAs against HCV,
viral resistance has emerged rapidly leading to the urgent need
for searching novel treatments. The essential activity and inhibi-
tion potential of HCV p7 channel make it an attractive target for
antiviral inhibitor design. In this study, we designed a large library
of cyclic penta-peptide inhibitors and performed the docking-
Fig. 4. Molecular dynamics simulation of CP7 inside p7-5a channel. (A) The docking comp
nitrogen atoms are labelled in blue and oxygen atoms are labelled in red. (C-D) Root-m
simulation time, showing system convergence and stability of simulations through 1 ls
(cyan) are moderately stable in the presence of CP7 (C). Deviations of CP7 are within�0.3
coordinates (blue) (D). (E-F) Root Mean Square Fluctuations (RMSF) plots of the p7-5a
simulations. Fluctuations of backbones and sidechains of p7-5a are �3 Å for every resid
atoms of CP7 compared to its own coordinates (black) and p7-5a protein coordinates (red
referred to the web version of this article.)
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based virtual screening to identify potential drug candidates tar-
geting p7 channel. Instead of using the same amino acid for each
position in cyclic tetra-peptides [20], here we used twelve natural
amino acids with relatively long sidechains that were randomly
input into cyclic penta-peptides. The long sidechains with different
biochemical properties maximized the interactions between p7
and the cyclic penta-peptides. Therefore, the cyclic penta-peptide
has a stronger binding affinity to the p7 channel. In contrast, the
rigid structure of the cyclic tetra-peptide limits the flexibility of
binding to p7 channels. The high intramolecular tension of the cyc-
lic tetra-peptides also destabilizes themselves, resulting in a
weaker binding free energy.

The primary hit rate from the high-throughput virtual screening
was 2 %, which is relatively high due to the low energy threshold
that was set to �6 kcal/mol for the primary hit selection. After
elimination of unwanted modes of action in the second round, 8
hits remained. Of the eight selected cyclic penta-peptides, CP7
has been identified to be the most potent inhibitor of the p7 chan-
nel using anti-viral assays. CP7 is the least polar cyclic peptide con-
taining four aromatic residues to inhibit HCV production, which is
consistent to our previously quantitative structure-activity rela-
tionship (QSAR) analysis of small molecules, phenyl group con-
tributes the most to inhibition effects [35]. We have further
demonstrated that CP7 can specifically inhibit p7 activity with
IC50 value of single-digit micromolar magnitude in a RAS-strain,
indicating CP7 is promising to be further developed as a comple-
mentary therapy in cases of DAA failure.

We further characterized the CP7 binding site using NMR tech-
nology and verified that CP7 indeed binds to the channel lumen to
restrict downstream viral production in combination with anti-
viral assays. This direct binding to the interior of HCV p7 is distinct
from the known small molecule inhibitors, amantadine and HMA
[18,19], that bind to the hydrophobic pockets on the channel
lex of CP7 (blue) and p7-5a channel (rainbow). (B) Atom numberings of CP7. All the
ean-square deviation (RMSD) plots of p7-5a in the p7-5a and CP7 complex against
. Backbones of p7-5a (light purple) are extremely stable, while sidechains of p7-5a
Å inside p7-5a channel compared to its own coordinates (orange) and p7-5a protein
and CP7 complex against simulation time, showing convergence and stability of

ue within 1 ls in the presence of CP7 (E). Fluctuations of CP7 are �0.2 Å for all the
) (F). (For interpretation of the references to color in this figure legend, the reader is
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periphery and inhibit channel conduction via long-range confor-
mational changes in the p7 bottleneck region. These small mole-
cules act as allosteric inhibitors to stabilize p7 channel in a
closed conformation, while CP7 showed an unprecedented ‘bottle
cork’ inhibition mechanism of p7 channel to inhibit the production
of virus. MD simulations of p7 with this top hit further explained
the key and stable interactions of different peptide side-chains
with critical residues in p7 N-terminal bottleneck region. The key
determinants of CP7 in preventing the channel opening are
hydrophobic interactions and hydrogen bonds. In contrast, the cen-
tral interaction of p7 allosteric inhibitors is hydrophobic interac-
tion. Previous study demonstrated that deleting p7 N-terminal
domain (NTD) or introducing H9W and S12W mutations can dis-
able the release processes of HCV viral particles [36], indicating
the NTD is a key mediator for p7 activity, which is in accordance
with our discovery that blocking NTD of p7 channel for inhibiting
HCV infection.

Cyclic peptide-based drugs with several advantageous bio-
chemical and therapeutic properties have increasingly attracted
attention in the past two decades [37,38]. Previous literature
showed that cyclic peptides usually inhibit receptor or enzyme
activity, andmodulate protein–protein or protein-RNA interactions
[38]. A recent study using molecular modeling showed that a small
cyclic peptide, PnCS1, binds to the pore region of the CaV3.1 chan-
nel and blocks the conduction pathway of the channel [39]. Our
NMR characterization of CP7 and p7 viroporin for the first time
experimentally revealed the structural basis of blocking the chan-
nel lumen by cyclic peptides, which enhances our understanding of
the molecular mechanism for cyclic peptide inhibitions and further
provides mechanistic insights into therapeutic development
strategies of channel blockers.

Collectively, our study of cyclopeptide-based inhibition of the
p7 inner channel provides guiding principles for designing a new
class of anti-HCV drugs.
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