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Abstract

The hepatitis C virus (HCV) encodes the p7 protein that oligomerizes to form an ion channel. The 63 amino acid long
p7 monomer is an integral membrane protein predominantly found in the endoplasmic reticulum (ER). Although it is currently
unknown whether p7 is incorporated into secreted virions, its presence is crucial for the release of infectious virus. The
molecular and biophysical mechanism employed by the p7 ion channel is largely unknown, but iz vivo it is likely to be
embedded in membranes undergoing changes in lipid composition. In this study we analyze the influence of the lipid
environment on p7 ion channel structure and function using electrophysiology and synchrotron radiation circular dichroism
(SRCD) spectroscopy. We incorporated chemically synthesized p7 polypeptides into artificial planar membranes of various
lipid compositions. A lipid bilayer composition comprising phosphatidylcholine (PC) and phosphatidylethanolamine (PE)
(4:1 PC:PE) led to burst-like patterns in the channel recordings with channel openings lasting up to 0.5 s. The reverse ratio of
PC:PE (1:4) gave rise to individual channels continuously opening for up to 8 s. SRCD spectroscopy of p7 embedded into
liposomes of corresponding lipid compositions suggests there is a structural effect of the lipid composition on the p7 protein.

Keywords: Planar lipid bilayers, ion channel, membrane proteins

Abbreviations: HCV, hepatitis C virus; SRCD, synchrotron radiation circular dichroism; DOPC, 1,2-dioleoyl-sn-
glycero-3-phosphocholine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; POPS, 1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho-L-serine;  LPPG,  1-palmitoyl-2-hydroxy-sn-glycero-3-[phospho-RAC-(1-glycerol)];
LPPC, 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine; DPC, dodecylphosphocholine; ER, endoplasmic reticu-
lum; BLM, black lipid membrane; EM, electron microscopy; GST, glutathione-S-transferase; GT, genotype;
RP-HPLC, reverse phase high performance liquid chromatography; MLV, multilamellar vesicle; SUV, small
unilamellar vesicle; TFE, trifluoroethanol; TM, transmembrane; SD, standard deviation.

Introduction

HCVis amajor cause of chronic liver disease worldwide
(Di Bisceglie 1997) and constitutes a global public
health problem. There is no vaccine available and the
current standard of care treatment, a combination of
pegylated interferon alpha and ribavirin, is effective in
onlyabouthalfofpatients treated and causes severe side-
effects (reviewed in Feld and Hoofnagle 2005). There is

an urgent need for improved antiviral therapeutics
aimed at established, as well as novel, drug targets.
One such target is the HCV p7 protein, which is crucial
for the secretion of infectious particles (Sakai etal. 2003,
Steinmann et al. 2007). However, to date little is known
about the exact role of the HCV p7 ion channel within
the infectious viral life cycle. The topology, location
within the cell, and some functional characteristics of
p7 have been reported (Carrere-Kremer et al. 2002,
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Griffin et al. 2004, Griffin et al. 2005, Hagshenas et al.
2007).

The HCV p7 monomer is a small hydrophobic
protein of 63 amino acids (Lin et al. 1994). Sequence
analysis of different HCV isolates indicate the exis-
tence of two hydrophobic transmembrane (TM) heli-
ces connected by a short cytoplasmic loop; a double
membrane-spanning topology in the ER with the N-
and C-termini facing the ER lumen has been sug-
gested (Carrere-Kremer et al. 2002). The possibility
of an inactive L-shaped transport form of p7 with the
C-terminus being exposed on the cytoplasmic side has
also been proposed (Griffin et al. 2005).

In vitro studies show that p7 monomers assemble to
form cation-selective ion channels. A recent report dem-
onstrated proton conductance of HCV p7 (Wozniak
et al. 2010). Electron microscopy (EM) experiments
on bacterially expressed GST- or GST-his-tagged p7
monomers suggest that they assemble as hexameric ion
channels with an inner pore diameter of 2.3 nm
(Griffin et al. 2003). GST-FLAG-p7 has been shown
to assemble with heptameric stoichiometry (Clarke et al.
2006). Molecular modeling of p7 has previously sug-
gested a plausible arrangement for a hexameric bundle
(Patargias et al. 2006) with a predicted inner pore diam-
eter of approximately 1.5 nm, though higher oligomer-
ization states were not explicitly considered. Solid state
NMR experiments have concluded that the C-terminal
helix adopts a tilt of 10° with respect to the membrane
normal and the N-terminal helical section adopts a tilt of
25° (Cook and Opella 2010). Conductances of up to
100 pS have been reported previously for cation-selective
p7 ion channels incorporated into planar lipid bilayers
(Pavlovic et al. 2003). Recently we have demonstrated
that the N-terminal helix is likely to form the transmem-
brane pore (Chew et al. 2009) and more specifically,
that the position which corresponds to His17 (in the
JFH-1 strain) lines the interior of the pore and is acces-
sible to aqueous solution. We have since used that
information in conjunction with coarse grain-molecular
dynamics (CG-MD) simulations and electron micros-
copy to put forward the most complete model of a
hexameric assembly of p7 to date (LLuik et al. 2009).

Although most of the recent EM reports have
suggested that the oligomeric arrangement (for either
hexameric or heptameric states) is one comprised of
helical hairpins, an L-shaped form of p7 has also been
proposed (Griffin et al. 2005), but it remains unclear
what role if any this form might have. In this work we
show that different bilayer compositions give rise to
very different ion channel behaviour in an artificial
bilayer system. SRCD spectroscopy gives a lipid-
dependent signal. The results lead us to speculate
on two possibilities which are not mutually exclusive:
(1) That the lipid composition changes the orientation
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of the two helices with respect to the bilayer, and (ii)
that the lipid composition could alter the preferred
oligomeric state. The latter has recently been dem-
onstrated for the Staphylococcus aureus mechanosen-
sitive channel, MscL, where tetramers are formed in
LDAO (the same detergent used in the crystal struc-
ture), but pentamers are formed in Triton X-100 and
CgEs5 detergents (Dorwart et al. 2010).

Experimental
Peptide synthesis

HCYV p7 of genotype (GT) 1a, strain H77 was synthe-
sized using standard Boc/benzyl peptide synthesis with
m situ neutralization methodology (Schnolzer et al.
1992). Crude peptide was purified by semi-preparative
reverse phase-HPLC (RP-HPLC) and its identity was
confirmed by electrospray mass spectrometry. The
purity of all peptides used in this study was >95% as
determined by analytical RP-HPL.C.

Lipids

1,2-Dioleoyl-sn-glycero-3 phosphocholine (DOPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanola-
mine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-L-serine (POPS), 1-palmitoyl-2-hydroxy-
sn-glycero-3-[phospho-RAC-(1-glycerol)] (LPPG),
1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine
(LPPC) and dodecylphosphocholine (DPC) were
purchased from Avanti Polar Lipids, Alabaster, AL,
US. Lyophilized lipids were dissolved in chloroform,
dried under N, gas and resuspended in n-decane at
25.0 mg/ml.

Channel recordings

Artificial bilayer membranes comprising different
lipid compositions (Supplementary Table 1, available
online) were prepared. The following protocol is rep-
resentative of the method used to produce bilayers of
various lipid compositions. 5 mg of a 4:1 (w/w) mixture
of DOPC and POPE were dissolved in 1 ml chloroform,
dried under a stream of N, gas and re-suspended in
n-decane at 25 mg/ml. For channel recordings, a Delrin
cup chamber system was used with an aperture diameter
of 150 um. Experiments were performed at 24 + 1°C.
The chambers separated by the aperture were filled with
1 ml buffer (300 mM KCl, 5 mM K*-HEPES, pH 7.0).
Formation of the bilayer and induction of channel
activity was achieved using a pre-treatment protocol
adapted from Mehnert et al. (2007) and includes lipid
pre-treatment of the 150 wm aperture prior to contact
with the buffer solution. To smooth the aperture’s
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irregularities, a drop of a 5 mg/ml lipid preparation was
applied and dried under N, gas. Approximately 0.6 pl of
the peptide stock solution in trifluoroethanol (TFE)
(80 ng/ml) was brushed across the aperture together
with approximately 0.4 pul of the lipid suspension and
incubated at room temperature for 5 min. The buffer
level was subsequently raised and lowered until a bilayer
was formed. P7 was incorporated into the bilayer in the
presence of a constant voltage (usually —60 mV). In
most cases, reconstitution and channel activity occurred
within 2 min after the negative voltage was applied
(n > 230). In control experiments where pure TFE or
ethanol alone were added, no ion channel activity was
observed (z = 35, waiting time = 40 min). Channel
recordings were performed at constant voltage ranging
from —80 mV to +80 mV. When planar lipid bilayers
were exposed to p7 (purified from independent batches
of synthesis), currents were observed in more than
250 experiments performed on 38 independent exper-
imental days.

The reversal potential of currents seen with HCV
p7 ion channels was determined by changing the
potential across the bilayer in 10 mV steps for at least
30 s at each potential and plotting a mean current-
voltage graph. Cation transference numbers were
calculated as described by Myers and Haydon (Myers
and Haydon 1972).

Data analysis

Currents were recorded using a MultiClamp 700A
system from Axon Instruments (Union City, US) and
the data were filtered with a Bessel-8-pole low-pass-
filter at 100 Hz. Shut events shorter than 15 ms were
considered part of a burst and excluded from single
ion channel analysis. Data were analyzed using
Clampfit. Details of individual experiments are given
in the corresponding figure legends.

For the calculation of the current-voltage curves of
the different p7 conductance states, current histo-
grams comprising between 3,000 and 7,600 single
channel opening events were generated for each of the
traces. The histograms showed three predominant
conductance states, the values of which were used
for analysis in I/V plots.

Events amplitude histograms were generated by
pClamp (Clampfit) software from records of at least
1,500 single opening events. Histograms were fitted
with three Gaussian distributions as described else-
where (Ismailov et al. 1995, Yang et al. 1997).

Proteoliposome preparation

Lipids were suspended in a chloroform/methanol
(3:1) mixture and placed into glass tubes. The solvent

was evaporated under a stream of nitrogen gas until a
thin lipid film was formed. Residual chloroform was
removed in a vacuum centrifuge under reduced
pressure. Lipid films (15 mg total lipid) were sus-
pended in 1 ml deionized H,O and subsequently
hydrated by vortexing for 2 h. The resulting multi-
lamellar vesicles (MLVs) were extruded 21 times
through a polycarbonate filter of 80 nm pore diameter
using a Mini-Extruder device (Avanti Polar Lipids),
which resulted in the creation of small unilamellar
vesicles (SUVs). These were then purified by size
exclusion chromatography using Sephadex-G50
(medium) resin (Amersham Bioscience, Piscataway,
NJ, USA). An appropriate amount of p7 peptide
dissolved in TFE (3 mg/ml) was added to the lipid
suspension to reach a lipid/peptide ratio of 100:1.

SRCD measurements

SRCD spectra were collected on beamline UV1 of the
ISA synchrotron facility located at the University of
Aarhus, Denmark. After each beam fill the instrument
was calibrated using camphor-10-sulphonic acid
(Sigma Aldrich) at 20°C (Miles and Wallace 2006).

P7 samples were prepared by incorporation of the
peptide into SUVs as described above. The peptide/
detergent samples were prepared by dissolving p7 in
LPPC, LPPG or DPC at a peptide concentration
of 1 mg/ml and detergent concentrations of 1%. All
samples were prepared freshly and stored on ice in the
dark until use. The final protein concentrations were
determined by absorbance measurement (NanoDrop
UV/VIS spectrophotometer) using the theoretical
extinction coefficient of p7 (22460 M™'cm™, calculated
using the ProtParam tool at http://www.expasy.org).
A total of 25 ul of sample were loaded into a
0.0024 cm path length demountable cylindrical quartz
Suprasil cell (Hellma Ltd, UK), and allowed to equil-
ibrate in the SRCD instrument at 20°C for 1 min, under
continuous nitrogen purge. Spectra were collected in
1 nm steps from 280-170 nm with a dwell time of 1 s and
a spectral bandwidth of 1 nm.

For each of the SRCD spectra, three scans of both
the sample and the baseline (containing the lipid or
detergent alone) were averaged and subtracted. Base-
line subtracted spectra were zeroed between 260 and
270 nm and smoothed with a third order Savitsky-
Golay algorithm (Savitsky and Golay 1964) using the
CDTool processing software (Lees et al. 2004). Spec-
tra are expressed in delta epsilon units, calculated
using a mean residue weight of 111.4.

Protein secondary structure analyses were under-
taken using the DichroWeb analysis web server
(Whitmore and Wallace 2008) with reference dataset
7 (Sreerama and Woody 2000) and the Selcon3



(Sreerama and Woody 1993, Sreerama et al. 1999),
ContinLLLL (van Stokkum et al. 1990) and CDSSTR
(Sreerama and Woody 2000) algorithms. The
NRMSD parameter reported is from the ContinL.LLL
analyses and is a measure of the goodness-of-fit of the
calculated secondary structure to the experimental
data, with values of >0.2 being indicative of a poor
fit, and suggesting that the protein or peptide contains
a type of secondary structure not well-represented in
the reference dataset.

Results
Ton channel activiry of p7 in different lipid environments

We tested the effect of a variety of different lipid
compositions on bilayer formation and p7 ion channel
activity in a black lipid membrane (BLM) set-up.
These lipids comprised DOPC (PC), POPS, POPE
(PE), and POPC. P7 channel activity was observed in
bilayers of various lipid compositions; however, single
channel openings were only observed in DOPC,
DOPC:POPS:POPE (4:1:1) and most reproducibly
in DOPC:POPE (1:4), and DOPC:POPE (4:1)
bilayers (Supplementary Table 1, available online).

When incorporated into a lipid bilayer composed of a
4:1 ratio of PC and PE, p7 forms ion channels which
give rise to burst-like firing patterns, with opening
states typically lasting several hundred milliseconds
(maximum opening times of up to 0.5 s were observed)
(Figure 1A, left panel). Typical recordings (Figure 1B)
show two main opening states and one sub-conductance
state, which appear across all voltages tested and data
analysed. The mean conductance values were 28.7 +
1.4 pS and 21.4 £ 1.3 pS for the two main states,
respectively, and 13.0 + 1.4 pS for the sub-conductance
state. A representative current amplitude histogram
based on the analysis of approximately 2300 indivi-
dual channel opening events revealed that the sub-
conductance state (at 10.0 = 6.1 pS) is observed
more frequently than the closed state and the two
main conductance states. A representative histogram
recorded at +20 mV is shown in Figure 2A, left panel.

In contrast, when the reverse lipid ratio of PC:PE
(1:4) was used to construct a PE-rich bilayer, the
typical burst-like pattern of the PC-rich bilayer was
replaced by less frequent channel openings which
lasted as long as 8 s (Figure 1A, right panel). Analysis
of approximately 1500 opening events led to a current
amplitude histogram similar to that observed for
channels in the PC-rich bilayer. In PE-rich bilayers
the channel opens to two main opening states at
24.1 £ 0.6 pS and 17.8 = 1.6 pS, respectively. The
sub-conductance state was detected at 10.4 + 0.8 pS
(Figure 2A, right panel).
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Open time histograms are shown in Figure 2C. The
mean opening times of p7 incorporated into bilayers
containing 4:1 PC:PE and PC:PE (1:4) was 0.095 +
0.018 s (standard deviation [SD]) and 1.0 = 0.32 s
(SD), respectively.

For both lipid membrane compositions the current-
voltage relationships of all p7 conductance states
observed exhibited ideal ohmic behaviour throughout
the voltage range tested, from —80 mV to +80 mV
(Figure 2B), confirming that the ion channel and related
states are not voltage-gated and that there is no differ-
ence in channel behaviour at positive or negative vol-
tages. We observed cation selectivity of p7, as reported
previously (Premkumar et al. 2004). Ion selectivity was
determined as described (Melton et al. 2002) and was
not affected by the change from PC-rich to PE-rich lipid
bilayers. Currents recorded in experiments (z = 6 each)
when the cis-chamber contained 500 mM NaCl and the
trans-chamber 50 mM NaCl resulted in mean reversal
potentials of 32.3 = 1.2 mV (PC:PE 4:1) and 34.1 +
1.9 mV (PC:PE 1:4), respectively.

The value of the transference numbers for cations
was found to be 0.774 £+ 0.010 (PC:PE 4:1) and
0.790 + 0.016 (PC:PE 1:4), respectively, whereas
the anion transference numbers were calculated at
0.226 +£0.010 (PC:PE 4:1) and 0.210 +0.016 (PC:PE
1:4), respectively.

SRCD analysis of HCV p7

SRCD spectroscopy provides a higher signal/noise ratio
than conventional lab-based circular dichroism (CD)
instruments and hence is able to detect small differences
in the secondary structure of a peptide when conditions
are changed; the higher light flux of the synchrotron
enables the examination of samples with high lipid/
protein ratios, which is not possible in a conventional
CD instrument; these high lipid/protein ratios limit
absorption flattening artifacts associated with mem-
brane samples (Wallace and Mao 1984).

SRCD spectroscopy experiments on the influence
of detergent chain length and head group were under-
taken in order to determine the peptide secondary
structure in these various chemical environments.
Figure 3A shows SRCD spectra of p7 dissolved in either
DPC, LPPC or LPPG. All three detergents produced
identical SRCD spectra of p7. The calculated secondary
structure derived from these data was 74% o-helical, 4%
B strand, 11% turn and 11% unordered conformation
(Supplementary Table 2, available online). The good-
ness-of-fit parameter (NRMSD) was ~ 0.10, indicating
a reasonable agreement between the calculated struc-
ture and the experimental data.

In order to study the structurally-related functional
differences of p7 observed in the electrophysiology
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Figure 1. Ion channel recordings of p7 in PC-rich and PE-rich lipid environment. (A) Examples of channel recordings from p7 reconstituted into
planar lipid bilayers of PC: PE (4:1) (left) and PC:PE (1:4) (right). Representative traces of p7 at different voltages reveal single channel openings of
p7 (300mMKCI, 5mMK*-HEPES, pH=7.0). The closed and open states are indicated by the blacklines. The main and sub-conductance states are
indicated by the black arrows. (B) Representative trace of a PC:PE (1:4) experiment showing two main and one sub-conductance state.

experiment, the peptide was incorporated into SUVs
with either a PC-rich or PE-rich lipid composition
(Figure 3B). We used SUVs with high lipid-to-
peptide ratios to better mimic the electrophysiological
conditions.

The SRCD spectra of p7 incorporated into PC-
and PE-rich SUVs differed significantly. In PE-rich

SUVs, a predominantly o-helical conformation (76%
o-helix, 2% P strand, 11% turn and 11% unordered
conformation) (Supplementary Table 2, available
online) was observed, similar to that seen in deter-
gents. However, for p7 in PC-rich SUVs the spectrum
could not be accurately quantified INRMSD >> 0.20)
as apparently none of the proteins in the reference
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Figure 2. Analysis of p7 ion channel recordings in PC-rich and PE-rich lipid environment. (A) Representative current amplitude histograms of
p7 reconstituted into bilayers containing PC: PE (4:1) (left panel) and PC:PE (1:4) (right panel). The traces were recorded at +30 mV. When
reconstituted into bilayers of PC:PE (4:1) the channel opens to two main open states at 28.7 + 1.4 pS standard deviation (SD) and 21.4+ 1.3 pS (SD)
and one sub-conductance states at 13.2 + 1.4 pS (SD), respectively. When incorporated into bilayers of PC:PE (1:4) the channel opens to two main
open states at 24.1 0.6 pS (SD) and 17.8 + 1.5 pS (SD), respectively. The sub-conductance state was detected at 10.4 £ 0.8 pS (SD). Each trace is
derived from more than 1,500 single channel opening events. (B) I/V curve of the sub-conductance state and the two main-conductance states. The
channel opens to three distinct conductance states in a voltage-independent manner. The mean standard error for each pointis smaller than the size of
the symbols. (C) Opening time histograms of p7 incorporated into PC-rich and PE-rich lipid bilayers. The mean opening times of p7 incorporated
into bilayers containing 4:1 PC:PE and PC:PE (1:4) was 0.095 + 0.018 s (SD) and 1.0 = 0.32 s (SD), respectively.
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Figure 3. SRCD spectrum of p7 in different lipid environments.
(A) SRCD spectra of p7 incorporated in DPC (dotted line), LPPC
(thin solid line) and LPPG (thick solid line) detergents. (B) SRCD
spectra of p7 in PC-rich (solid line) and PE-rich (dotted line) SUVs.

database have similar structural characteristics to
this peptide. However, the spectrum closely resem-
bled that of another viroporin, the influenza B virus
NB protein (Fischer et al. 2000).

Discussion

HCV p7 is a viroporin, a small, hydrophobic viral
membrane protein that modifies the permeability of
the cell membrane to ions and other small molecules
(Gonzalez and Carrasco 2003). Other viroporins
include influenza A virus M2, which facilitates virus
entry and exit, and HIV-1 Vpu and 6k of the alpha-
viruses, which both facilitate virus assembly and
release (Neil et al. 2008). The crystal structure of the
transmembrane-spanning region of M2 is the first high-
resolution structure of a viroporin (Stouffer et al. 2008).
In support of the classification of p7 as a viro-
porin, we and others have shown that p7 forms ion
channels (Griffin et al. 2003, Pavlovic et al. 2003,
Premkumar et al. 2004), and the critical role of p7 in

the assembly and release of infectious virions has
been described (Steinmann et al. 2007). The currents
reported here are similar in size and selectivity to that
reported previously (Premkumar et al. 2004) for p7 in a
mixture of similar lipids POPC, POPS, POPE (2:3:5).
That study also demonstrated that calcium ions appear
to affect the selectivity of the channel. This effect could
be mediated directly by interaction with the p7 protein
itself or indirectly via the calcium ions interacting with
the lipids.

Here, the effect of the lipid environment on the HCV
p7 ion channel structure was investigated in order to
further ourunderstanding of the effect lipids may have on
p7 function. Lipid bilayer compositions vary greatly, not
just in different cell types but also in the membranes of
various subcellular organelles such as the ER, Golgi and
plasma membrane (Kolomiytseva et al. 2003). The
subcellular lipidome is also heavily influenced by and
changes in response to, for example, cell activation
(Andreyev et al. 2010). Within the ER membrane, the
primary location of p7, the lipid composition differs
between the inner and outer leaflets, and within a given
leaflet it is both heterogeneous and highly dynamic
(Bollen and Higgins 1980). The lipid composition of
these leaflets can affect the structure and function of
membrane proteins through specific and non-specific
interactions and the effects of membrane composition on
ion channel have been reported previously (Keller et al.
1993, Chang et al. 1995a, 1995b, Turnheim et al. 1999,
Valiyaveetil et al. 2002, Gallucci et al. 2003, Tillman and
Cascio 2003, Schmidt et al. 2006, Weber et al. 2006).

P7 resides predominantly in the ER of infected
hepatocytes (Carrere-Kremer et al. 2002, Hagshenas
et al. 2007). The major lipid components of the hepa-
tocyte ER are PC and PE; other ER lipids include
phosphatidylserine (PS), phosphatidylinositol (PI),
sphingomyelin, and cholesterol (Davison and Wills
1974). We explored the effect of the lipid environment
on p7 using biophysical techniques. Our studies
focused on PC- and PE-rich bilayers; these lipids
constitute approximately 51% and 23%, respectively,
of the ER membrane (Bollen and Higgins 1980).
Others have reported such lipid composition mediated
effects on an ion channel’s activity and structure, e.g.,
the lipid composition has an effect on the activity of
Ca®* ATPase of the sarcoplasmic reticulum (Navarro
et al. 1984) and Tillman and Cascio proposed that the
responsiveness of K+ ion channels and the ligand-
gated nicotinic receptors to changes in the lipid envi-
ronment are regulated via cellular control of membrane
composition (Tillman and Cascio 2003). The influence
of lipid on potassium channel (Valiyaveetil et al. 2002,
Schmidt et al. 2006) and nicotinic acetylcholine recep-
tors (Hamouda et al. 2006) has been well studied (see
recent reviews in lLee 2004, 2009, Barrantes et al.



2010). Several other groups reported the effects
of phospholipid headgroups on the activity of ion
channels, both synthetic and natural (Chang et al.
1995a, 1995b, Turnheim et al. 1999, Gallucci et al.
2003, Tillman and Cascio 2003, Duclohier 2006,
Weber et al. 2006).

The functionality of p7 is clearly dependent on the
composition of the lipid environment. In the artificial
black lipid membrane system, p7 displays short,
burst-like openings in a PC-rich bilayer, in contrast
to the distinct, long lasting opening events observed in
PE-rich bilayers. The average opening time of a single
channel opening event was approximately 10 times
longer in PE-rich bilayers than in PC-rich bilayers
(Figure 1A, Figure 2C). A similar observation was
made for alamethicin with DOPC or DOPE rich
bilayers (Keller et al. 1993). Those authors reported
that significantly shorter channel bursts occur in
DOPC than in DOPE bilayers.

However, the lipid composition did not affect the
channel’s typical current amplitude histogram, with
two main and one sub-conductance states and similar
IV curves observed in each case. A similar observation
was reported by (Keller et al. 1993) in their study of
the lipid dependence of alamethicin. This pattern
suggests that the functional differences observed are
due to the lipid dependence of the p7 ion channel
rather than overall different channel functionality.
The planar lipid bilayers used for the electrophysiol-
ogy experiments contained decane as the lipid dissol-
vent. The properties of decane-containing bilayers
differ from those containing other dissolvents, such
as squalene or hexadecane which have a much smal-
ler mole fraction of solvent in the bilayer (White
1978), and the possibility has been raised that lipid
effects in membranes formed using higher molecular
weight solvents may differ significantly from those in
membranes formed with decane. We tested a range
of different lipid dissolvents including hexadecane
(Supplementary Table 3, available online), and found
that in the context of the improved peptide incorpo-
ration protocol decane achieved the best results
with regards to the establishment of consistent single
channel openings.

One should also keep in mind that in these experi-
ments, a 100 Hz was applied when recording the
channel traces. Thus, if there is a small population
of short-lived transitions, they would not have been
detected by our experimental set-up and are not
reflected in the open-time histograms shown.

When incorporated into the membranes of PE-rich
SUVs, the secondary structure of p7 is predominantly
a-helical (Figure 3B, dashed line) as measured by
SRCD spectroscopy. When incorporated into PC-rich
SUVs, p7 adopts a distinctly different, unusual
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spectrum, suggesting a significantly different conforma-
tional state. The SRCD spectrum shows an intriguing
similarity to that of the influenza B virus ion channel NB
(Fischer et al. 2000). NB monomers also contain only a
single transmembrane segment (Bak et al. 2001). Our
data suggest that predominance of PE promotes a chan-
nel formation consisting of a standard o-helical hairpin
conformation whereas an abundance of PC triggers a
helical channel conformation which may be more similar
to viral ion channels whose N- and C-termini are located
on opposite sides of the membrane.

Both a double membrane-spanning hairpin topology
with the N- and C-termini facing the ER lumen
(Carrere-Kremer et al. 2002) as well as an L-shaped
form of p7 have been reported previously (Griffin et al.
2005). The L-shaped form, with the C-terminus facing
the cytoplasm, was proposed to be an inactive transport
form of p7 that may regulate localization and oligomer-
ization of the ion channel. The similarity ofthe p7 SRCD
spectrum in PC rich bilayers to the spectra of NB
could indicate the presence of a single transmembrane
segment. One could then speculate that in a living
cell environment a dynamic equilibrium between the
L-shaped and hairpin structures might exist depending
on the predominant lipids encountered. PC is the pre-
dominant lipid of ER membranes. In a PC rich envi-
ronment we observe short, burst-like openings in BLM
experiments. We recently proposed a model for the
p7 ion channel based on single particle electron micros-
copy (Luik et al. 2009) whereby hairpin monomers
formed a pore. However, this does not by any means
exclude the possibility of a pore formed by L-shaped
monomers or acombination of both forms. Whatis clear
at this stage is that the precise conformation of the pore is
likely to be dynamic and lipid-dependent. Intercalating
PC and PE headgroups might modulate p7 monomer
topology and potentially the channel oligomerization
state by their varying capacity for hydrogen bond for-
mation, as has been proposed for dermaseptins, whose
activity is also influenced by the bilayer lipid composi-
tion (Duclohier 2006). A recent study on the mechan-
osensitive channel (MscL) from S. aureus demonstrated
aclear dependence of the oligomerization state upon the
nature of the detergent used (Dorwart et al. 2010).
Thus, there is a clear precedent for the influence of
the lipid environment on the behaviour of the channel
structure.

If, in PC-rich bilayers, p7 monomers were to adopt
an L-shaped topology, the resulting channels would
be lined by either 6 or possibly 7 TM helices.
A channel formed by hairpin monomers in a PE-
rich bilayer would feature 12 or 14 TM helices,
respectively, with the inner TM helices being sup-
ported by the peripheral helices. Unlike the case of
HIV Vpu, where the N-terminal transmembrane
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segment alone can form functional ion channels (and
in which case the C-terminal amphipathic helix lies
parallel to the membrane surface resulting in an
overall L-shaped topology), the p7 N-terminal trans-
membrane segment alone is not capable of forming
ion channels (Pavlovic et al. 2003), and the presence
of the C-terminal region is important for channel
activity. P7 may have different functions depend-
ing on whether it occurs in the form of uncleaved
E2p7NS2 and E2p7, or free p7. The cellular mem-
brane environment might induce topological changes
in p7 monomers which may influence the channel
oligomerization pattern and/or regulate assembled ion
channel behaviour in other ways.

Conclusion

The effects of lipid composition on the function and
structure of the HCV p7 ion channel have been
demonstrated. There are distinct differences seen in
both channel properties and secondary structure of
the peptide in lipid bilayers that are rich in PC and
PE headgroups. We suggest that HCV exploits con-
formational changes of p7 monomers as well as of
assembled channels to regulate the channel function
at various stages during the viral replication cycle.
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