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Abstract

Using a cell-free expression system we produced the p7 viroporin embedded into a lipid bilayer in 

a single-step manner. The protein quality was assessed using different methods. We examined the 

channel forming activity of p7 and verified its inhibition by 5-(N,N-Hexamethylene) amiloride 

(HMA). Fourier transformed infrared spectroscopy (FTIR) experiments further showed that when 

p7 was inserted into synthetic liposomes, the protein displayed a native-like conformation similar 

to p7 obtained from other sources. Photoactivatable amino acid analogs used for p7 protein 

synthesis enabled oligomerization state analysis in liposomes by cross-linking. Therefore, these 

findings emphasize the quality of the cell-free produced p7 proteoliposomes which can benefit the 

field of the hepatitis C virus (HCV) protein production and characterization and also provide tools 

for the development of new inhibitors to reinforce our therapeutic arsenal against HCV.
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Introduction

The hepatitis C virus (HCV) is a small enveloped, positive-sense single-stranded RNA virus 

of the family Flaviviridae. It is considered to be a major public health problem as 150 

million people are infected currently resulting in more than 300,000 deaths annually (World 

Health Organization, 2013). The virus causes those chronically infected to develop liver 

diseases that may progress into fibrosis, cirrhosis or hepatocellular carcinoma. While there 

are vaccines to prevent hepatitis A and B; no vaccine for hepatitis C is yet available to 

prevent the spread of infection [1,2]. The current treatments’ effectiveness against HCV is 
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genotype dependent, including therapy with pegylated interferon or recently launched 

interferon-free treatments using nucleoside/nucleotide NS5B polymerase inhibitors and 

proteases inhibitors. The HCV replication is highly error prone due to the lack of correcting 

mechanisms of the HCV RNA-dependent RNA polymerase [3]. As a result, this high 

mutation rate is consistent with the high degree of HCV diversity found across the 

population of infected individuals. Within genotypes and subtypes, mutations of the NS3, 

NS5A and NS5B proteins induce resistance to newly developed direct antiviral agents 

(DAAs) [4,5]. With the apparition of resistance associated variants, the high cost of the new 

DAAs and their scarce global availability, the discovery of complementary treatments to 

fight against HCV is still needed.

The viroporin p7 is located between the structural proteins: core, E1, E2 and the 

nonstructural protein NS2, resulting in the production of a precursor E2-p7-NS2. Activation 

of host signal peptidases induces cleavages in the precursor releasing p7 from the viral 

polyprotein [6]. The HCV p7 protein is involved in the viral life cycle including virus 

assembly and infectivity which makes it a promising drug target [7]. It is a 63-amino acid 

integral membrane protein and has different potential topologies and conformations as 

indicated by diverse studies including NMR [8–12]. Other studies also revealed an N-

terminal α-helix and two transmembrane segments connected by a short hydrophilic 

cytosolic segment of 7 amino acids [13–15] (Fig. 1A). A recent review on p7 displays the 

different reported topologies of the protein [16]. The p7 protomer is able to oligomerize to 

an hexameric [15,17] and heptameric state [12] forming an ion channel. This viroporin is 

cation selective and a list of small molecule drugs such as amantadine, rimantadine, BIT225, 

hexamethylene amiloride (HMA) and long-alkyl-chain iminosugars, including N-nonyl 

deoxynojirimycin (NN-DNJ), have been identified as potential negative regulators of the p7 

channel [17–20]. In cellulo, amantadine, NN-DNJ, and rimantadine have been shown to 

inhibit the release of infectious HCV and virus entry in a genotype-depent manner [21] 

while NN-DNJ, BIT225 and rimantadine have been reported to inhibit cell-free virus 

transmission [22].

Expression of the p7 membrane protein in classical overexpression systems is difficult due 

to its high content in hydrophobic amino acids and its small size. Several studies have been 

performed in order to obtain sufficient amounts of p7 for functional and structural studies, 

including peptide synthesis [9,18,19,23], expression in Escherichia coli (E. coli) either in 

inclusion bodies [12,24] or under a soluble form (i.e. when p7 is fused to the maltose 

binding protein (MBP) and an histidine tag [25]). However, these methods for protein 

production require tremendous work and display some limiting features on numerous 

aspects. To recover a sufficient quantity of active p7 protein embedded into a lipid bilayer, 

these production strategies involve several critical steps including; resolubilization, refolding 

and protein insertion into liposome in the presence of detergents. An attractive alternative for 

producing such difficult to express proteins is the use of cell-free expression systems 

[26,27]. Membrane proteins have been expressed using both eukaryotic and prokaryotic cell-

free systems [28–30]. One of the interesting features of the cell-free expression systems 

resides in their capacities to be easily adapted to the production of the protein of interest 

because they are completely open systems, in which each reaction parameter can be 

modified. Production of membrane proteins in cell-free expression systems can be achieved 
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either in a precipitated form (P-CF) without any additives or in the presence of lipids (L-CF) 

or detergents (D-CF) [31–35]. The detergents will shield the hydrophobic domains of the 

protein and help its folding and solubilization. The use of detergents can be detrimental and 

some of them can alter the protein structure and thus impact their activities [36,37]. They 

can also be incompatible with cell-free expression systems, as some can inhibit the 

transcription/translation machinery [38]. Addition of lipids directly in the expression 

reaction mix represents a more suitable alternative for producing active membrane proteins 

in a native-like conformation. Several studies have demonstrated that membrane proteins 

expressed in cell-free systems with natural or synthetic liposomes can be directly inserted 

into the lipid bilayer in order to form recombinant proteoliposomes [39–42]. This insertion 

renders the production of proteoliposomes simpler by avoiding the purification and the 

resolubilization of the membrane proteins using detergents before relipidation. Different 

lipid compositions of the vesicles mimicking the natural lipid environment of the membrane 

protein can be optimized for best yield and protein activity. In addition to direct addition of 

liposomes, small parts of lipid bilayers wrapped in a lipoprotein can form lipid disks which 

are able to accept membrane proteins during synthesis [29,43].

In this study, we used an E. coli cell-free expression system containing synthetic liposomes 

to express HCV p7 protein and obtain p7 proteoliposomes in a one step process. The 

liposomes enabled the correct folding of the viroporin into a native-like conformation as 

shown by Fourier transformed infrared spectroscopy (FTIR). The most commonly used 

method to analyze ion channel activity is the measurement of currents caused by the ion 

flow. In this context, we have demonstrated the functionality of the recombinant p7 protein 

by patch-clamp recordings. We show that the channel activity is inhibited by HMA as 

predicted. We also investigated the oligomerization states of the p7 protein embedded into a 

lipid bilayer by using photoactivatable amino acid analogs and a chemical agent for cross-

linking studies. Our results emphasize that the use of cell-free protein synthesis in presence 

of liposomes is a reliable and efficient system for membrane protein expression. The 

obtained proteoliposomes represent a great tool for the study of the HCV p7 viroporin and 

the development of new treatments.

Materials and Methods

Cell-free synthesis

p7 protein sequence from HCV strain H77 genotype 1a was synthesized by DNA2.0. The 

gene was then cloned directly into a pIVEX2.4d (Roche Applied Science) using NdeI/XhoI 

restriction sites.

Cell-free reaction was carried out at 30°C for 16h with gentle agitation at 400 rpm by using 

an E. coli extract and energy mix provided by Synthelis SAS. Energy mix composition was 

prepared according to Sitaraman et al. [44] without cAMP, betaine, trehalose and with 210 

mM sodium oxalate and 33 mM NAD. DNA was added at 15 µg/ml. Mg2+ and K+ ion 

concentrations were screened for best yield: a range from 8 mM to 30 mM Mg2+ was 

assayed using magnesium acetate in correlation with a range of 250 mM to 370 mM of K+ 

using potassium acetate.
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Liposomes were prepared using a 10 mg/ml lipid mixture of (1,2-dioleoyl-sn-glycero-3-

phosphocholine:1,2-dioleoyl-sn-glycero-3-phosphoethanolamine:1,2-dimyristoyl-sn-

glycero-3-phosphate:cholesterol; 40:20:20:20 volume ratio) in chloroform. This composition 

has been previously shown to enable efficient cell-free protein synthesis [45]. All lipids were 

purchased from Avanti Polar lipids. Chloroform was evaporated using a univapo 150H. The 

thin lipid film was rehydrated with diethyl pyrocarbonate treated water to obtain a 30 mg/ml 

lipid slurry. This solution was sonicated using a tip sonicator (Branson Digital Sonifier 250) 

at 20% for 5 times 30 seconds before being filtered once with a 0.22 µm PES filter.

To purify proteoliposomes, cell-free reactions were loaded on top of 3-step discontinuous 

sucrose gradient (60%, 30% and 5%) prepared in 50mM Hepes pH 7.5 buffer. After 

centrifugation at 280,000 x g for 1hr at 4°C, fractions were collected at each interface and 

analyzed by Western blotting using a poly histidine antibody conjugated with a horseradish 

peroxidase (Sigma-Aldrich) diluted at 1:10 000 in TBS-Tween buffer, 5% nonfat milk.

To assess protein integration in the lipid membrane of liposomes, proteoliposomes were 

subjected to alkaline extraction. Samples were diluted 1:10 in 0.1 M sodium carbonate (pH 

11.5) and incubated on ice for 30 minutes before centrifugation on discontinuous sucrose 

gradient and analyzed as stated above.

Protein concentration was estimated by Coomassie brilliant blue staining of an SDS-PAGE 

gel.

Cross-linking

Photoactivatable L-leucine and L-methionine were purchased from Thermofisher. These 

analogs were substituted at 2 mM final concentration to replace natural amino acids. After 

proteoliposome purification, the samples aliquoted in microtubes were subjected to ultra 

violet (UV) light at 302 nm for one minute. The reaction was quenched by incubation with 

1.5 M Tris-HCl, pH 7.5, at room temperature for 15 min. Analysis of the samples was 

performed by SDS-PAGE.

Dithiobis(succinimidyl propionate) (DSP) was purchased from Sigma-Aldrich. 

Proteoliposomes were incubated for 30 minutes at room temperature with 5 mM of DSP. 

The reaction was quenched by incubation with 1.5 M Tris-HCl, pH 7.5, at room temperature 

for 15 min. SDS-PAGE analysis of cross-linked samples was performed under non-reducing 

conditions.

p7 secondary structure by FTIR spectroscopy

A Vertex 70 spectrophotometer (Bruker Optics GmbH, Ettlingen, Germany) equipped with a 

nitrogen-cooled mercury–cadmium–telluride detector was used for the acquisition of FTIR 

spectra. Single-channel spectra (sum of 256 spectra) were recorded between 4000 and 400 

cm−1 with a 2 cm−1 resolution by means of the OPUS Software v6.5 (Bruker). The 

acquisition was made in transmission mode using two CaF2windows (60 µL for each 

sample, D2O being used as solvent). The spectrum of p7 protein was obtained by subtracting 

the spectrum of negative control proteoliposomes (liposomes purified from a cell-free 

reaction without the p7 DNA plasmid) to the one of p7 proteoliposomes.
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The OPUS Software v6.5 (Bruker GmbH) was used for the treatment and deconvolution of 

the spectra as previously described [46,47]. Residual water and CO2 contributions were 

removed, and baseline correction was done manually, the same reference points were used 

for each group of spectra. The amide I band was fitted by using the frequency, width, and 

intensity as parameters. The most consistent results were obtained when all component 

peaks were assumed to be Gaussian. The correspondence of each component band with a 

given secondary structure was established by comparing the frequency of its maximum to 

the value given in the literature [48]. The relative contribution of each component (in %) was 

calculated as the ratio of the area of each peak over the area of the total amide I band [47].

Giant Unilamellar Vesicles (GUVs)

The GUVs were prepared by electroformation method in a chamber connected with the 

Vesicle Prep Pro setup (Nanion Technologies GmbH, Munich, Germany). The lipid stock, 

formed from 10 mM of 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) (Avanti 

Polar lipids) with 10% cholesterol, was dissolved in chloroform and then deposited on the 

conductive side of an electrode from the GUVs chamber. The electrodes were formed by 

transparent indium tin oxide slides (ITO-Slides). After total evaporation of solvent, an O-

ring was placed around the dried lipid film. The lipids were assembled in a perfectly 

dehydrated lamellate phase. A non-ionic intracellular solution, 1 M Sorbitol was added to 

the lipid film without agitation. Then, the second ITO-Slide was placed on the top of the 

ring. The process of electroformation was controlled by the Vesicle Prep Pro setup and all 

parameters (amplitude, frequency, main time, rise time and fall time) of electroformation 

were programmed by Vesicle Control software. The parameters were an alternative tension 

of 3 V peak to peak with a progressive increase for the start time and a progressive decrease 

for the stop time to avoid an abrupt change, a frequency of 5 Hz was applied to the ITO-

Slides over a period of 2 hours at 36°C.

Planar lipid bilayer formation and reconstitution of p7

In order to form a planar lipid bilayer, 5 µl of the GUVs solution was pipetted onto the patch 

clamp chip. The microstructured chip had an aperture of approximately 1 micron in 

diameter. The GUVs were positioned onto the aperture in the chip by application of a slight 

negative pressure, typically (−) 10 to (−) 40 mbars. When the GUVs touched the glass 

surface of the chip, they burst and formed planar bilayers with a seal resistance of tens to 

hundreds of giga-ohms.

Electrophysiological recordings

All lipid bilayer recordings were done using the Port-a-Patch planar-patch-clamp system 

(Nanion Technologies, Munich, Germany). Proteins were reconstituted into planar bilayers 

using p7 proteoliposome fusion. Signals were acquired with an EPC 10 amplifier and the 

data acquisition software PatchMaster (both from HEKA, Lambrecht, Germany) at a 

sampling rate of 50 kHz. The recorded data were digitally filtered at 3 kHz. In bilayer 

experiments, the following symmetrical solution was employed: 200 mM KCl, 10 mM 

HEPES/KOH pH 7.2. All patch-clamp experiments were performed at room temperature. 

For inhibition assays, HMA was used at 10 µM, 100 µM and 1 mM.
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Results and discussion

The study of membrane proteins is of high interest as they represent almost 30% of the 

genes from a genome and play essential biological roles. However, reaching the high 

expression level required for structural and functional studies remains a challenging task.

Different approaches have been taken to overcome problems related to membrane protein 

expression. Previous reports have used high molecular weight expression tags such as 

maltose MBP, GST or TrpΔLE to express p7 in inclusion bodies [8,24,25,49]. However, this 

method requires additional steps such as resolubilization of inclusion bodies, cleavage of the 

expression tag and refolding steps. Many problems can be encountered during the cleavage 

step alone such as low yield, precipitation of the target protein, high cost of proteases and 

failure to recover active or structurally intact protein [50]. It has also been reported that 

adding a tag could negatively affect the target protein by altering its biological activity [51], 

adding undesired flexibility in structural studies [52] and also changing protein 

conformation [53]. Several groups have used p7 from chemical peptide synthesis [9], but 

folding problems can also occur after synthesis.

Today, cell-free expression systems provide a real alternative for membrane protein 

expression, enabling the study of their structure and function [54–56]. Cell-free expression 

systems are open systems, which allow the fine-tuning of each condition to improve the 

quality and quantity of proteins expression. In the production of membrane proteins, 

membrane mimicking additives help expression, folding and stability.

In order to gain insight into the function of the viroporin p7, we first tested the expression of 

the recombinant full-length p7 protein from HCV strain H77 genotype 1a using an E. coli 
cell-free expression system. Synthetic liposomes were directly added to the cell-free 

reaction. The quality of cell-free expression depends on a variety of factors such as ion 

concentration, type and liposome concentrations [39,42,57]. Mg2+ and K+ ion 

concentrations were optimized for best yield. Mg2+ concentration was found to be at 16 

mM, while K+ was found to be at 310 mM. The expression efficiency was detected by 

Western blotting using an anti-histidine antibody (Fig. 1B) and quantified by Coomassie 

brilliant blue staining (Fig. 1C). The batch expression yield of the partially purified 

proteoliposomes ranged from 0.5 to 0.8 mg/ml of reaction. In comparison, this yield was up 

to four hundred times larger than the yield reported in an earlier study for a FLAG tagged 

p7, which was evaluated at 2.5 mg/L [12] and p7 obtained from inclusion bodies, which was 

estimated at 2 mg/L [24]. Although the cost of cell-free expression is still higher than 

conventional E. coli protein expression, independently of the progress made throughout the 

last decade, cell-free expression of p7 is less labor intensive, which in turn lowers the final 

cost of total protein expression. To our knowledge, this is the first time that a full-length p7 

protein from HCV was expressed using a cell-free system in a recombinant proteoliposome 

form in a one-step manner. The theoretical protein molecular weight was expected to be 9.9 

kDa. However, the protein migrated above the 10 kDa molecular weight marker at 11 kDa, 

this in part due to the presence of residual lipids. Migration of membrane proteins in SDS-

PAGE gel is often anomalous compared to soluble proteins [58].
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p7 protein relipidation appears to be a hard task with product loss and giving different 

outcomes depending on the method used to carry out this process. Indeed, Gan et al. 
reported inconsistent p7 structure and function results depending on the reconstitution 

protocol chosen [25]. Moreover, a recent molecular simulation study on the M2 protein from 

the influenza B virus, a viroporin analogue to p7, showed that the zwitterionic detergent 

dihexanoylphosphatidylcholine (DHPC) molecules form “nonphysiological” interactions 

with the M2 protein termini [59]; underlining the tedious and careful selection of detergents 

and to a certain extent the need to avoid them when possible.

In this study, we used two methods to demonstrate the direct integration of the neo-

synthesized p7 into synthetic liposomes when expressed in an E. coli cell-free system. First, 

the cell-free reactions expressing p7 with or without liposomes were loaded onto the top of a 

discontinuous sucrose gradient, were centrifuged, and the interfaces were analyzed by 

Western blotting from top to bottom (Fig. 2A). We observed that the entire p7 protein 

expressed with liposomes was retained at the interface between 5% and 30% sucrose. In the 

absence of liposomes, p7 was found in the pellet in the form of aggregates. These results 

suggest that the p7 protein was interacting with liposomes, while p7 expressed without 

additives was precipitated and therefore found in the pellet. To assess whether the p7 protein 

was only associated with the lipid bilayer of liposomes or if it was integrated within the 

bilayer, we performed an alkaline extraction. This method has been widely used to assess if 

an integral membrane protein has achieved stable insertion into a lipid bilayer [55,60]. 

Liposomes are disrupted into sheets and protein-protein interactions are disturbed while 

protein-lipid interactions are maintained. After alkaline extraction, the sample was 

centrifuged on a discontinuous sucrose gradient as previously described. The p7 protein was 

found at the same interface as prior to treatment and no protein was found in the pellet (Fig. 

2B). These experiments confirmed the proper insertion of the p7 protein into the bilayer of 

liposomes during the cell-free expression.

Homo-oligomerization of p7 being required to form a functional viroporin, we studied the 

oligomerization state of p7 by in vitro cross-linking assays. This method enabled cross-

linking between specific protein-protein interacting domains in their natural environment, in 

this case the lipid membrane. One of the major benefits of cell-free expression is the 

possibility to add modified amino acids easily. Here, L-leucine and L-methionine usually 

added to the cell-free reaction were substituted by L-photo-leucine and L-photo-methionine. 

This approach avoids the use of cross-linking agents that could alter natural behavior of the 

target. The 3 methionine and 15 leucine residues of our p7 construct allowed cross-linking 

reactions. These analogs were incorporated during protein synthesis and then activated by 

ultraviolet (UV) light to covalently cross-link interacting proteins [61]. The p7 

proteoliposomes were purified and then subjected to UV light from a Biorad Imager before 

analysis by Western blotting. A sample that had not been subjected to UV light was used as 

a control (Fig. 3A, lane 1). Upon UV exposure, diazirine molecules were activated leading 

to the cross-linking of interacting proteins. In accordance with previous studies p7 [15,17], 

p7 oligomers were detected (Fig. 3A, Lane 2) and up to 6 protomers assembled to create an 

hexamer. The cross-linking experiment was repeated using the lipid-soluble cross-linking 

reagent DSP. This compound has been previously used to demonstrate oligomerization of p7 
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from genotype 1b [17]. We observed, as reported [17], the formation of a p7 hexamer when 

using DSP as a cross-linker (Fig. 3B, lane2).

FTIR spectroscopy is an established tool for structural characterization of proteins and 

suitable for studies in lipid bilayers. We used this method to show that liposomes provided 

an environment that enabled the proper folding of the p7 protein. The analysis of the amide I 

band (1700 – 1600 cm-1 region) is widely used to investigate the secondary structure of 

proteins [62–64]. By analyzing this band, centered at ~1653 cm-1, we showed that most of 

the p7 protein is represented by α-helix structures (Fig. 4A). Two other minor contributions 

were identified and based on FTIR data on proteins [65] can be attributed to β-sheets (1631 

and 1695 cm-1) and to β-turns structures (1677 cm-1). The result of the deconvolution of the 

band was a percentage of 66% of α-helix structures and 16% of β-sheets. This data is 

consistent with the 69% predicted structure using Chou and Fasman secondary structure 

prediction server and consistent with previously published data obtained by circular 

dichroism or attenuated total reflectance FTIR [9,23,25]. In addition, our measurements 

showed the contribution β-structures in the spectrum. This observation was also recently 

reported by Gan et al.[25], independently of the protein source (i.e. recombinant and from 

peptide synthesis). While α-helix structures constitute the transmembrane domains of the 

protein, the role of β-structures is still unclear. It has been suggested that β-structures likely 

account for the permeability of large molecules [25]. No studies of the p7 protomer using 

NMR have reported β-structures, however, not all of them where performed on the p7 

oligomer. It is possible that the β-structures are induced upon oligomerisation. Moreover, the 

discrepancy between structures could be explained by the genetic diversity of the amino acid 

sequences and the experimental conditions adopted in each study. The effect of HMA, a 

compound that had been previously reported as a p7 inhibitor [18], on the secondary 

structure was also assessed. Addition of HMA to p7 proteoliposomes did not change the 

recorded spectrum, even at high concentration such as 1 mM (Fig. 4B). The secondary 

structure stability of p7 was also investigated after one week storage at 4°C. The spectrum 

did not differ significantly from the fresh sample, thus indicating p7 protein stability within 

a lipid bilayer.

Furthermore, the correct folding and oligomerisation was also confirmed by testing the 

function of the recombinant p7 viroporin. Proteoliposomes have the ability to fuse with 

membranes allowing patch-clamp recordings. The p7 proteoliposomes were added on top of 

a planar lipid bilayer. Proteoliposome fusion to the underlying bilayer exhibited a typical 

capacitive spike in the current as previously reported [25]. Directly after addition, currents 

were measured in response to a voltage ramp applied to a DPhPC and cholesterol lipid 

bilayer from - 100 mV to +100 mV in 2 seconds (Fig. 5). The channel activity of p7 was 

confirmed by measuring single channel currents in continuous recording at +100 mV (Fig. 

6A) holding potential (inset: the all point histogram). The channel conductance value 

observed at + 100 mV was 32.27 ± 1.42 pS in 200 mM KCl, 2mM EDTA, 10 mM HEPES, 

pH 7.4. Control measurements were taken using E2 proteoliposomes, after fusion, and no 

pore formation and channel activity was observed (Supplementary Fig. S1A). The current 

voltage relationships of all p7 conductance states observed exhibited ideal ohmic behaviour 

throughout the voltage range tested, from -100 mV to +100 mV (Fig. 6B), confirming that 

the ion channel and related states are not voltage-gated and that there was no difference in 
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channel behaviour at positive or negative voltages as reported in previous work [18,23,66]. 

In the IV curve presented in figure 6B, a conductance level of 29 ± 0.6 pS was obtained from 

the slope. The single channel IV curve was extracted from the all point histograms at each 

voltage, with recordings of at least 180 s (n=5). HMA was added to the recording chamber 

to block channel activity and further characterize the viroporin. In the presence of 10 µM 

HMA, the amplitude of the recorded currents of the voltage ramps was reduced by 40–50% 

(Fig. 5 red trace). At 1 mM HMA concentration (Fig. 5 yellow trace), we noticed a full 

blockage of the channel. These results indicated that the ion channel activity was inhibited 

by HMA in a concentration dependent manner. HMA was able to inhibit p7 channel activity 

in a concentration dependent fashion in our in vitro assay which is in agreement with 

previously reported results [18]. p7 single channel activity was fully blocked in the presence 

of 500 µM HMA (Fig. 7A). The channel conductance value was decreased to 9.26 ± 1.25 pS 

with the drug and could be restored after washing out the HMA to a value of 32.8 ± 2.1 pS 

(Fig. 7B). Addition of 500 µM HMA did not affect the control recordings (Supplementary 

Fig. S1B). Amantadine did not show inhibition of the channel activity. This compound has 

been described as having a genotype dependent efficiency both in vitro and in vivo 
[21,67,68]. In contrast, when amantadine was used at high concentration a rise in 

conductivity could be detected. This observation had already been noticed by Montserret et 
al. [9]. It had also been reported that due to its high hydrophobicity, amantadine is able to 

interact with the lipid bilayer and disturb its integrity [69]. Further, we noticed that at high 

concentration, amantadine was able to break giga-ohm seals obtained during the patch clamp 

recording suggesting that the compound can alter the lipid membrane causing its rupture. 

Since HMA inhibits p7 ion conductivity, the compound is likely to bind to the protein. Using 

FTIR, we noted that HMA did not alter the secondary structure of p7. A study of p7 from 

the J4 genotype using NMR reported that HMA did bind the protein, which did not seem to 

alter the secondary structure [8]. Therefore, HMA binding might prevent ion conductivity by 

steric hindrance, clogging the channel, or changing the conformation of the pore without 

altering the secondary structure of the complex as modeled by Ouyang et al. for amantadine 

[10]. Another interesting hypothesis is that HMA could destabilise protomer interaction and 

oligomer formation preventing the creation of the pore necessary for ion channel activity. 

HMA could therefore inhibited p7 ion conductivity in a similar manner than the one of NN-

DNJ as reported previously [8].

In conclusion, we demonstrated the efficiency of cell-free protein synthesis to express the p7 

viroporin at high yields (up to 0.8 mg/mL). Addition of liposomes in the synthesis reaction 

enabled the production of proteoliposomes in a one-step manner. The obtained p7 

proteoliposomes were validated and fully characterized on a structural level, as well as a 

functional level. We believe that p7 proteoliposomes produced using cell-free synthesis can 

be great tools for the study of the protein and the development of novel therapies against 

HCV. We also believe that this strategy could be extended to other viroporins of interest.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sequence, structure and expression analysis of p7.
(A) The amino acid sequence of the expressed p7 from genotype 1a strain H77 is displayed 

and aligned with the sequence of the genotype 1b strain HCV-J. The corresponding 

schematic representation of helical, turn, and loop regions deduced from the NMR structure 

analysis of p7 genotype 1b strain HCV-J is also displayed [9] as no NMR data is available 

for p7 from genotype 1a strain H77. TM = transmembrane. (B) Western immunoblotting of 

p7 proteoliposomes; (C) Coomassie brilliant blue staining: 5 µl of ovalbumin (different 

concentrations were used as standards) and 1 µl of p7 proteoliposomes after sucrose gradient 

purification were loaded on SDS-PAGE.
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Figure 2. p7 integration into liposomes.
Analysis of the interfaces of a sucrose gradient after ultracentrifugation (280 000 x g for 1hr 

at 4°C) by Western immunoblotting. Interfaces are represented as such: 1 (Sample buffer-5% 

sucrose), 2 (5%-30% sucrose), 3 (30%-60% sucrose) and 4 (bottom of the tube). (A) 

comparison between p7 expressed with liposomes (left) and without additives (right). After 

ultracentrifugation, p7 is found at the 5%-30% sucrose interface with lipids while without 

additive, p7 is pelleted at the bottom of the tube; (B) Ultracentrifugation of purified p7 

proteoliposomes after alkaline extraction. The sample is found at the 5%-30% sucrose 

interface while no protein is found in the pellet.
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Figure 3. Cross-linking assays of p7 in liposome membranes. Immunoblotting analysis of p7 
resolved by SDS-PAGE.
(A) Using photoactivatable amino acid analogs. Samples were exposed to UV light to trigger 

cross-linking reaction. (B) Using DSP. SDS-PAGE was conducted in non-reducing 

conditions for the cross-linking analysis of p7 using DSP. n = protomer, 2n = dimer, 3n = 

trimer, 4n = tetramer, 5n = pentamer and 6n = hexamer
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Figure 4. FTIR spectra of p7 proteoliposomes.
(A) spectrum and fit of cell-free expressed p7 proteoliposomes (Fit: orange: β-sheets, green: 

α-helix, blue: β-turns); (B) spectra of p7 proteoliposomes without HMA (solid line), with 

500 µM HMA (large dashed line) and with 1000 µM HMA (small dashed line). The mean 

spectrum of three spectra is represented.
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Figure 5. Effect of the HMA on p7.
Different concentrations of HMA were applied to the bilayer containing p7. The recordings 

were done using a ramp protocol from -100 mV to +100 mV during 2 s (100 mV/s ramp).
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Figure 6. Functional characterization of p7.
(A) Single-channel recording of p7 reconstituted into a DPhPC and cholesterol bilayer 

examined by the patch clamp technique in 200mM KCl, 2 mM EDTA, 10mM HEPES, pH 

7.4. The corresponding point amplitude histogram shows a conductance of 32.27 ± 1.42 pS; 

(B) p7 current-voltage (I-Vm) relationship. The main conductance, calculated from the slope 

of the linear regression, was determined to be 29.02 ± 0.6 pS. Coefficient values ± one 

standard deviation: a = 0.015147 ± 0.0627; b = 0.029017 ± 0.000642

Soranzo et al. Page 19

Protein Expr Purif. Author manuscript; available in PMC 2016 November 17.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 7. Effect of the HMA on p7 single channel recorging.
(A) p7 in presence of 500 µM HMA, the all point histogram shows a reduced activity and 

the p7 single channel conductance in presence of HMA was 9.26 ± 1.25 pS (n= 5); (B) p7 

after wash out of HMA, the conductance of p7 is recovered after washing with a 

conductance of 32.8 ± 2.1 pS.
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