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bstract

Chemotherapy for patients chronically infected with hepatitis C virus (HCV) is ineffective in over 50% of cases, generating a high demand for
ew drug targets. The p7 protein of HCV displays membrane channel activity in vitro and is essential for replication in vivo though its precise
ole in the virus life cycle is unknown. p7 channel activity can be specifically inhibited by several classes of compounds, making this protein an
ttractive candidate for drug development, though techniques used to date in characterising this protein are unsuited to compound library screening.
ere we describe an assay for the channel forming ability of p7 based on the release of a fluorescent indicator from liposomes. We show that

ecombinant p7 from genotype 1b HCV causes a dose-dependent release of dye when mixed with liposomes and that this property is enhanced at

cidic pH. We demonstrate that this activity is due to the formation of a size-selective pore rather than non-specific disruption of liposomes and
hat activity can be blocked by amantadine and several other compounds, validating it as a measure of p7 channel function. This system provides
he first convenient in vitro assay for exploiting p7 as a therapeutic target.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Hepatitis C virus (HCV) currently infects ∼170 million peo-
le world-wide, causing widespread morbidity and mortality. It
as replaced alcohol abuse as the leading indicator for liver trans-
lantation and causes 10,000 deaths per year in the USA alone.
he majority of carriers are unaware of their positive status due

o mainly asymptomatic acute disease followed by persistence
n over 80% of infections, resulting in severe disease manifes-
ations such as cirrhosis or hepatocellular carcinoma decades
fter exposure. No vaccine exists and intervention is limited to
he use of antivirals in the form of interferon � combined with
ibavirin. Despite improvements such as the use of pegylated
nterferon for sustained dosing, this therapy is effective in only
50% of cases, making the development of new anti-HCV ther-
pies paramount. In particular, infections with HCV genotype
are associated with a high level of resistance to therapy and

∗ Corresponding author. Tel.: +44 113 343 8217; fax: +44 113 343 5638.
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rmeability

ore aggressive forms of disease (Pawlotsky, 2000; Simmonds,
004). Interestingly, recent clinical trials where amantadine has
een included alongside current protocols have given encourag-
ng, though controversial, results in the re-treatment of patients
ailing conventional therapy: most often those infected with
enotype 1 HCV (Deltenre et al., 2004; Mangia et al., 2004).

HCV is the prototype member of the Hepacivirus genus of the
laviviridae (Choo et al., 1992; Simmonds et al., 2005). It is an
nveloped virus with a positive sense RNA genome of ∼9.6 kb
hat encodes a single polyprotein of ∼3000 amino acids that is
ranslated from an internal ribosome entry site (IRES) at the 5′
nd of the genome. The polyprotein is subsequently cleaved by
ost signalases and viral proteases to yield 10 mature virus gene
roducts (Lohmann et al., 1996), comprising the virus structural
roteins involved in particle formation and non-structural pro-
eins which are concerned with replication of the viral genome
Egger et al., 2002; Moradpour et al., 2003).
It is unknown whether or not HCV p7 is a virion compo-
ent. It is a small hydrophobic protein of 63 amino acids and
ontains two trans-membrane alpha helices separated by a con-
erved basic loop (Lin et al., 1994; Mizushima et al., 1994;

mailto:bmbsdcg@bmb.leeds.ac.uk
dx.doi.org/10.1016/j.antiviral.2007.05.001
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arrere-Kremer et al., 2002). We previously showed that puri-
ed recombinant p7 displayed amantadine-sensitive membrane
hannel activity in artificial bilayers (Griffin et al., 2003). Other
nvestigators have since confirmed these findings using synthetic
7 peptides and identified alternative inhibitors, namely long
lkyl chain imino-sugar derivatives (Pavlovic et al., 2003) and
examethylene amiloride (HMA) (Premkumar et al., 2004). It
s not known where in the HCV life cycle p7 functions, though
mportantly it is necessary for HCV replication in chimpanzees
Sakai et al., 2003) and the homologous protein of the related
ovine viral diarrhoea virus (BVDV) is required for the produc-
ion of infectious virus in cell culture (Harada et al., 2000).

p7 belongs to a group of viral proteins known as viroporins
hich includes the M2 ion channel of influenza A virus (IAV)

Gonzalez and Carrasco, 2003). M2 is also amantadine sensitive
nd the drug and its derivatives are used clinically (Hay et al.,
985; Ciampor et al., 1992; Duff and Ashley, 1992; Wang et al.,
993). We demonstrated that p7 from genotype 1 HCV could
unction in a cellular assay measuring M2-dependent transport
f the IAV haemagglutinin (Sakaguchi et al., 1996) to the cell
urface and that amantadine also inhibited p7 in this context
Griffin et al., 2004). Amantadine also blocks the p7 protein
Ghibaudo et al., 2004; Takikawa et al., 2006) of HCV’s clos-
st relative, GB virus B (GBV-B) in vitro, though it has little
ffect on virus secretion or infectivity in culture (Premkumar et
l., 2006). The ambiguity surrounding p7 inhibitors combined
ith controversial clinical trial data on inclusion of amantadine

longside interferon � and ribavirin highlights the need for a
obust in vitro assay for the identification of candidate inhibitors
f p7 from different virus genotypes. Here, we describe an assay
or p7 function based on its ability to effect release of the flu-
rophore carboxyfluorescein (CF) from liposomes. The system
rovides a convenient initial screen for identifying candidate p7
nhibitors for subsequent testing in cell culture assays that is
eadily adaptable to higher throughput formats in the future.

. Materials and methods

.1. GST-FLAG-p7 protein expression and purification

Plasmid pGEX6FLAGp7 encoding a glutathione-S-
ransferase (GST)-FLAG-p7 fusion protein was expressed in
. coli BL21 (DE3), cleaved using recombinant rhinovirus 14
C protein and FLAG-p7 then purified by HPLC as described
reviously (Clarke et al., 2006). Protein concentration was
etermined by absorbance at 280 nm and lyophilised protein
tored at −80 ◦C prior to being dissolved in methanol or in
DS-PAGE sample buffer for liposome assays or gel analysis,
espectively.

.2. Preparation of unilamellar lipid vesicles

Lipids were purchased in chloroform from Avanti Polar

ipids Inc. (Birmingham, AL). One milligram per milliliter of
-�-phosphatidic acid (egg monosodium salt) (PA) and l-�-
hosphatidylcholine acid (egg) (PC) with a final concentration
f 0.5% (w/w) l-�-phosphatidylethanolamine with lissamine
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hodamine B labelled head groups, was dried under a stream of
rgon to form a film on the bottom of a glass tube, then placed
nder vacuum for 2 h. An appropriate volume of buffer to give
liposome concentration of 1 mg/ml containing carboxyfluo-

escein (CF) (Sigma-Aldrich) at a self-quenching concentration
50 mM CF in HEPES buffered saline (HBS): 10 mM HEPES-
aOH pH 7.4, 107 mM NaCl) was used to re-hydrate the lipids
ith vigorous shaking at room temperature (RT) overnight.
lternatively, buffer containing 0.5 mM FITC-conjugated dex-

rans (FD) of molecular weights of 4 kDa (FD-4), 10 kDa
FD-10), and 70 kDa (FD-70) (Sigma) was used for experi-
ents estimating p7 pore size. Unilamellar liposomes were

roduced by extrusion through a 0.4 �m Nucleopore Track-
tch membrane filter (Whatman), using an Avanti mini-extruder
ith Hamilton glass syringes. Liposomes were purified by cen-

rifugation at 100,000 × g for 20 min in a Sorvall S55S ultra
entrifuge rotor incorporating three wash steps and finally resus-
ended in HBS. Liposomes were freshly prepared for each
xperiment.

.3. Liposome permeability assays

Release of vesicular contents into the medium was assessed
sing the quenching properties of CF. Permeability induced by
LAG-p7 was assessed by incubating protein (typically 5 �g
etermined by A280 nm, dissolved in methanol) with 50 �M con-
entration of liposomes (determined by rhodamine absorbance at
70 nm). The total reaction volume was made up to 100 �l with
BS, giving a p7 concentration of ∼50 nM. Fluorescence mea-

urements were performed in a FLUOstar OPTIMA microplate
eader (BMG technologies) with excitation and emission set
t 485 and 520 nm, respectively. As expected due to the large
eparation of absorption/emission spectra, no bleed-through
f rhodamine fluorescence from the liposomes was detectable
sing these parameters (data not shown). Real-time measure-
ent of CF release was performed using 10 nM of the bee venom

eptide, mellitin (Sigma) as a positive control. Fluorescence
alues were read every 30 s for 1 h at 37 ◦C, except in HMA inhi-
ition assays where data was collected for 30 min (see below).
ll samples were repeated in triplicate and averaged. Initial rates
ere calculated from the slope of the linear part of the curve for

he first 6 min of each experiment and expressed as change in
rbitrary fluorescence units per second (�FU s−1).

Assays for the effect of pH on CF release or experiments with
D could not be performed in real time due to the quenching
ffect of pH on CF fluorescence and the lower concentration of
uorophores used respectively. Instead, samples were incubated
t 37 ◦C for 1 h, then centrifuged at 160,000 × g for 20 min in an
100-AT3 rotor (Sorvall) to pellet the liposomes and the result-

ng supernatant transferred to a 96-well micro titre plate and
ormalised to 0.5% (w/v) Triton X-100 prior to fluorimetry. For
D experiments, background fluorescence (0%) corresponded to
pontaneous leakage from vesicle only controls and 100% leak-

ge was taken as the fluorescence value obtained after addition
f 0.5% (v/v) Triton X-100 to liposomes prior to centrifugation.
he degree of permeabilisation was calculated from the equa-

ion: %leakage = ((Ff − F0)/(F100 − F0)) × 100 where Ff is the
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uorescence determined after the addition of protein, F0 is the
nitial fluorescence of liposomes alone and F100 is the fluores-
ence value after the addition of Triton X-100. All samples were
epeated in triplicate and averaged.

For experiments assessing the effect of pH on CF release,
iposomes containing CF were resuspended in citrate/phosphate
uffers (citric acid and sodium phosphate dibasic (12H2O)
ixed appropriately to give pH 6.8, 6.2, 5.4 and 4.8). Follow-

ng separation of liposomes and supernatant by centrifugation,
H was re-adjusted to 7.4 by the addition of buffering amounts
f 1 M Tris–HCl pH 8.0 as judged by the restoration of 100%
uorescence in Triton X-100 lysed controls of the same volume
Fig. 4A).

.4. Ficoll density separation of liposome-incorporated
LAG-p7

FLAG-p7 (5 �g) was mixed with liposomes as described
bove and incubated for 1 h at 37 ◦C. The reaction was then
ixed with an equal volume of 40% (w/v) Ficoll (Sigma) in
BS, giving a final concentration of 20% (w/v) Ficoll. This
as placed in the bottom of a 2.2 ml ultra centrifuge tube and
.7 ml of a 10% (w/v) Ficoll solution was layered over the
op followed by 0.3 ml of HBS. The gradient was then cen-
rifuged at 100,000 × g for 30 min in a S55S rotor (Sorvall).
ight × 275 �l fractions were collected and 20 �l analysed by
DS-PAGE followed by immunoblot. A 50 �l sample was also

ested for rhodamine fluorescence, measured at λex 520 nm and
em 570 nm, to detect liposomes.

.5. Inhibition of FLAG-p7 induced membrane
ermeability

Inhibition assays were carried out as described above except
or the addition of each antiviral compound to 1 �M as indicated
rior to incubation at 37 ◦C. Compounds used were amanta-
ine hydrochloride (Sigma), rimantadine (kindly provided by
elen Bright, GSK), hexamethylene amiloride (HMA, Sigma)

nd three compounds provided by GSK, termed: GSK-1, GSK-
and GSK-3. The structures of these compounds are protected

y GSK patent and cannot be disclosed due to conflicting com-
ercial interest. Amantadine-HCl was stored at 4 ◦C as a 10 mM

tock solution in water. Other compounds were stored as 40 mM
tock solutions in DMSO at −20 ◦C. Assays performed using
MA were performed using revised standard conditions involv-

ng a 30 min time course, and were detected using an updated
LUOStar Optima machine thus yielding slightly different arbi-

rary fluorescence values. Initial rates were, however, directly
omparable with previous assays.

.6. Antibodies and immunoblot analysis

Antibody 1055 is an affinity-purified rabbit polyclonal anti-

ody raised against the C-terminus of p7 and has been described
reviously (Griffin et al., 2005). 1055 was used at 1/1000 dilu-
ion in immunoblot analysis. FLAG-tagged protein was detected
sing a mouse monoclonal antibody, M2 (Sigma-Aldrich) at
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1/20,000 dilution. Immunoblot analysis was carried out as
escribed previously (Clarke et al., 2006).

. Results

.1. Purified FLAG-p7 protein associates with liposomes

Before testing the effects of FLAG-p7 on liposome perme-
bility, it was necessary to demonstrate specific association of
urified FLAG-p7 with liposomes. FLAG-p7 was purified by
PLC following cleavage of GST-FLAG-p7 using recombinant

hinovirus (type 14) 3C protease as previously described (Clarke
t al., 2006). Fig. 1A shows 10 �g purified protein stained with
oomassie Brilliant Blue (Fig. 1A, left panel) and immunoblot-

ed using the p7-specific antibody 1055, which reveals the
resence of higher molecular weight oligomeric forms of the
rotein (Fig. 1A, right panel), as a result of the anionic SDS
resent within sample buffer. These are not present in solu-
ion, with their formation being detergent/lipid dependent and

ediated by the p7 moiety (Clarke et al., 2006). Our previ-
us investigations have also ruled out the formation of micellar
ggregates by both FLAG-p7 and GST-fusion protein precursors
n aqueous solution: oligomeric forms of these proteins were
etectable only when chemically cross-linked in the presence of
DS or lipids (Griffin et al., 2003; Clarke et al., 2006).

Purified FLAG-p7 protein was incubated with 50 �M lipo-
omes at 37 ◦C for 1 h prior to flotation on a discontinuous Ficoll
ensity gradient to separate liposomes from aqueous reaction
ixtures. Gradient fractions were analysed by immunoblotting

o detect FLAG-p7 and the distribution of liposomes followed by
hodamine fluorescence (Fig. 1B). Estimates from immunoblots
ndicated that approximately 25% of the FLAG-p7 added to the
eaction had associated with the liposome fraction, as judged by
o-migration with the peak of rhodamine fluorescence (Fig. 1B,
stimated by comparing protein in fraction 7 with that in frac-
ions 1 and 2). Control flotations containing no liposomes
ndicated that FLAG-p7 did not migrate non-specifically to the
0% Ficoll/aqueous interface (Fig. 1B, middle panel).

.2. FLAG-p7 causes a dose-dependent release of CF from
iposomes

Increasing concentrations of purified FLAG-p7 were incu-
ated with 50 �M liposomes containing 50 mM CF and release
as monitored over a period of 60 min by fluorimetry. The bee
enom peptide mellitin was included as a positive control for
F release as it has been well characterised in such assays. In

he absence of FLAG-p7 or in solvent controls, baseline levels
f CF fluorescence were observed due to the quenching prop-
rties of CF at the concentrations present within the liposomes
Fig. 2A, blue and black traces), although a small increase in flu-
rescence occurred gradually over time; most likely a result of
iposome fusion events. Addition of increasing concentrations

f FLAG-p7 promoted a rapid, dose-dependent release of CF
nto the aqueous milieu leading to a loss of self-quenching and
esultant fluorescent signal (Fig. 2A). The larger increase in both
he initial rate (Fig. 2A, right hand panel) and the overall levels
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Fig. 1. Association of purified FLAG-p7 with liposomes. Ficoll density gradient
separation was used to demonstrate association of purified FLAG-p7 with lipo-
somes. (A) Ten microgram of purified FLAG-p7 was analysed by SDS-PAGE
and Coomassie staining (left panel) or immunoblot with p7-specific antibody,
1055 (right panel). In addition to monomeric FLAG-p7 (black arrow), higher
molecular weight forms were evident (lighter arrows) representing oligomers
of p7 formed in the presence of SDS micelles. (B) Five microgram of puri-
fied FLAG-p7 was mixed with PA:PC liposomes, adjusted to 20% Ficoll and
layered at the bottom of a discontinuous density gradient then subjected to ultra-
centrifugation. Eight equal fractions (lanes 1, bottom-8, top) were taken from
the gradient and 20 �l aliquots analysed by immunoblot (top panel) using an
anti-FLAG monoclonal antibody alongside 10% of the input (I). Again, as well
as monomeric FLAG-p7 (black arrow) higher molecular weight forms were
detected with increased protein concentration (lighter arrow). In addition, a
sample was removed from fractions for fluorimetric detection of rhodamine-
labelled liposomes to confirm migration to the 10% Ficoll/aqueous interface
(bottom panel, red trace). Control reactions where no liposomes were added
resulted in FLAG-p7 remaining at the bottom of the gradient (middle panel and
bottom panel, black trace). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of the article.)
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f CF release from the addition of 25 and 10 nM protein com-
ared with the difference between 50 and 25 nM suggests that
LAG-p7 was required above a certain threshold concentration
or efficient dye release to occur (Fig. 2A).

To ensure that dye release was being mediated by FLAG-p7
nd not trace contaminants remaining following HPLC or a non-
pecific effect of adding protein to the liposomes, the un-cleaved
arental GST-FLAG-p7 fusion protein purified by the same pro-
ess was added to liposomes at the same concentration (Fig. 2B).
his caused no specific CF release compared to solvent or lipo-
ome controls (Fig. 2B, purple trace) and this is consistent with
ur previous observation that this GST-fusion protein forms
hannels very inefficiently in black lipid membrane (BLM)
ystems (Griffin et al., 2003). This important control further
emonstrates the absence of soluble micellar aggregates, which
re a concern when amphipathic protein sequences are added to
iposome suspensions and could potentially disrupt membranes
esulting in dye release in a non-specific fashion.

The reproducibility of CF release for multiple batches of
urified FLAG-p7 mixed with fresh liposome preparations was
hen assessed to ensure the suitability of the assay for potential
igh-throughput formats. Fig. 2C shows initial rates from six
epresentative experiments, each displaying similar kinetics for
LAG-p7-mediated release of CF in the range of 29–37 RFU/s
ith no statistically significant differences.

.3. Purified FLAG-p7 forms channels with defined radius
hen inserted into liposomes

To ensure that release of CF was due to the formation of a
iscrete channel structure rather than a potential non-specific
isruption of membranes by the amphipathic trans-membrane
lpha helices of p7, liposomes containing fluorescently labelled
extrans (FD) of increasing molecular weight were incubated
ith protein and liposome-depleted supernatants assessed by
uorimetry (Fig. 3). Mellitin was also included as this has previ-
usly been shown to form channels with defined size constraints
Ladokhin et al., 1997; Park et al., 2006). FD with molecular
eight of 4 kDa (FD-4) (Stokes’ radius of ∼14 Å) was released

fficiently from liposomes upon addition of mellitin or FLAG-p7
Fig. 3). Release of FD-10 (Stokes’ radius of ∼23 Å), however,
as significantly reduced for both proteins (Fig. 3), indicating

nefficient transport of molecules of this size, and was further
educed for FD-70 (Stokes’ radius of ∼60 Å) (Fig. 3). The
elease of FD-70 by both mellitin and FLAG-p7 in these assays
ikely reflects either non-specific escape of FD or release via
iposome fusion events over the 60 min incubation period. This
ssumption is supported by the fact that there is no statistically
ignificant difference in release of FD-70 (Fig. 3) or indeed a
arger dextran FD-250 (data not shown) by the two proteins (mel-
itin and FLAG-p7). These data are consistent with the notion
hat FLAG-p7, like mellitin, forms channels in the membrane of
efined size and stoichiometry as we have observed previously

Griffin et al., 2003; Clarke et al., 2006). Furthermore, these data
re consistent with our estimates of p7 channel size being up to
nm diameter, with a lumen of 2 nm diameter or less (Griffin et
l., 2003).
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Fig. 2. Dose-dependent release of CF from liposomes by addition of FLAG-p7. FLAG-p7/liposome mixes were monitored in real time for CF release by fluorimetry
at λex 485 nm/λem 520 nm. (A) Dose-dependent release of CF caused by increasing amounts of FLAG-p7 shown in real time (left hand panel) and by initial rate
calculated from the linear part of the curve (right hand panel). (B) Comparison of FLAG-p7-mediated CF release with that caused by addition of parental GST-FLAG-
p or FL
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7 fusion protein to the same concentration. (C) Assessment of reproducibility f
atches of purified FLAG-p7 protein, each mixed with freshly prepared liposom
here same volume of methanol was added as a solvent control; �FU s−1: chan

he mean.

.4. FLAG-p7 has an increased effect on liposome
ermeability at acidic pH
Given that p7 can substitute for M2 in a cell-based assay in
n amantadine-sensitive fashion (Griffin et al., 2004), the effect
f pH on the ability of FLAG-p7 to permeabilise liposomes was

t
t
t
r

AG-p7-mediated CF release. Initial rates for CF release were calculated for six
triplicate. L: CF release from liposomes alone; S: CF release from liposomes
arbitrary fluorescence units/second. Error bars represent standard deviation of

nvestigated. Lowered pH, however, reduces CF fluorescence
Fig. 4A) preventing real-time assessment of FLAG-p7 activity,

herefore liposomes were pelleted and experiments normalised
o the value obtained by Triton X-100 lysis following restora-
ion of neutral pH. The effect of pH on CF fluorescence and its
ecovery by the addition of quenching amounts of neutral buffer
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Fig. 3. FLAG-p7 displays size constraints for transport of fluorescent dextrans
(FD). The ability of FLAG-p7 and mellitin to effect release of increasing molecu-
lar weight fluorescent dextrans from liposomes was assessed using fluorimetry at
λex 485 nm/λem 520 nm on liposome-free supernatants (normalised for each dex-
tran to Triton X-100 lysed liposomes as 100% reading) after incubation at 37 ◦C
for 1 h. Top panel: 50 nM FLAG-p7 with 4 kDa dextran (FD-4), 10 kDa dextran
(FD-10), 70 kDa dextran (FD-70); bottom panel shows results for 10 nM mel-
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Fig. 4. Enhanced FLAG-p7-mediated membrane permeability at reduced pH. To
assess the effect of pH on FLAG-p7-induced CF release, protein and liposomes
were incubated in buffers of reduced pH at 37 ◦C for 1 h. Liposome-free super-
natants were then re-adjusted to pH 7.4 by the addition of quenching amounts
of 1 M Tris–HCl pH 8.0 to restore CF fluorescence. (A) Restoration of CF flu-
orescence in solution following treatment at acidic pH as indicated by addition
of neutral buffer. (B) FLAG-p7 (50 nM) mediated CF release from liposomes at
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itin. Negative controls for liposomes alone (taken as 0%) and where methanol
as added as a solvent control are also shown for each FD. Error bars represent

tandard deviation of the mean.

as first determined (Fig. 4A). Satisfied that CF fluorescence
ould be successfully restored, permeability assays using 50 nM
LAG-p7 were performed in buffers of increasingly acidic pH
Fig. 4B). Normalisation of pH revealed a specific increase in
ermeability upon addition of FLAG-p7 at pH 6.8 and 6.2 rel-
tive to the standard assay conditions (Fig. 4B). Unfortunately,
H < 6.0 appeared to disrupt liposome integrity causing a non-
pecific release of CF into the supernatant making it impossible
o assess FLAG-p7 permeability under these conditions. Due to
he inability to follow the reaction in real time at acidic pH, how-
ver, it was decided to continue to use the assay under standard
onditions at pH 7.4. In addition, although dilute CF solutions
btained following release from liposomes into supernatants
emain soluble despite fluorescence quenching at lowered pH,
0 mM CF used in generating liposome stocks cannot be pre-
ared at pH < 7.4, thus making lower pH buffers unsuitable for
he standard assay conditions.

.5. Screening of p7 inhibitors in liposome permeability
ssays
Since we first demonstrated the inhibitory action of aman-
adine, other classes of inhibitors have been shown to abrogate
7 ion channel activity in BLM systems (Griffin et al., 2003;

l
c
r

cidic pH following restoration of CF fluorescence with Triton X-100 lysed lipo-
omes as positive and methanol solvent plus liposome only negative controls.
rror bars represent standard deviation of the mean.

avlovic et al., 2003; Premkumar et al., 2004). To assess whether
7 was similarly inhibited in the liposome system and validate it
s a rapid screening system for p7 inhibitors, we first assessed the
bility of amantadine (Fig. 5), and other candidate compounds
Fig. 6) to block FLAG-p7-mediated release of CF from lipo-
omes at a concentration of 1 �M, as this concentration is known
o effectively block single channels in BLM systems (Griffin
t al., 2003). Controls in which inhibitors were incubated with
iposomes in the absence of FLAG-p7 showed no adverse effects
n liposome stability and their addition to the mellitin-positive
ontrol had no effect on CF release, indicating that the com-
ounds did not prevent permeability by non-specifically coating
iposomes (data not shown). Surprisingly, amantadine at 1 �M
id not completely block CF release, yet titrating increasing
mounts reduced both the initial rates and overall quantity of
F released over the assay period. From these titration exper-

ments, we determined that, for a FLAG-p7 concentration of
0 nM, the IC50 for amantadine was ∼2 �M.
Next, we compared the effects of amantadine with its methy-
ated derivative, rimantadine, HMA and also three experimental
ompounds: GSK-1, GSK-2 and GSK-3 (Fig. 6). Both the
eal-time traces and graphs of initial rates showed that at a
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Fig. 5. Inhibition of FLAG-p7-mediated CF release by amantadine. To validate the liposome assay as a means of screening p7 inhibitors, amantadine was titrated into
reactions containing 50 nM FLAG and CF release monitored in real time by fluorimetry at λex 485 nm/λem 520 nm. Initial rates of CF release were calculated from
t 0 for
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n key at bottom. �FU s−1: change in arbitrary fluorescence units/second. Erro

oncentration of 1 �M, rimantadine, HMA, GSK-1 and GSK-2
pecifically inhibited FLAG-p7-mediated CF release from lipo-
omes (Fig. 6A–D, red trace), whereas GSK-3 had no effect
Fig. 6E, red trace). Differences in efficacy were most evident by
omparison of initial rates for each compound (Fig. 6F), which
onfirm amantadine as being less effective at this concentra-
ion than the other active compounds; rimantadine, HMA and
SK-2 being most effective. This assay was therefore capable
f discerning the relative efficacies of specific inhibitors from
on-functional compounds in a system that allows assessment
f multiple candidates in parallel.

. Discussion

We describe here the first assay for screening inhibitors of
7 ion channel function which bypasses the need for slow and
abour-intensive BLM systems which are limited in both repro-
ucibility and the number of compounds that can be tested in
arallel. Key to the success of the system is the ability to express
nd purify p7 from bacteria using a GST-fusion methodology,
hich can be readily scaled up to produce large quantities of

uthentic p7 protein and avoids the problems associated with
ynthesis of this highly hydrophobic peptide sequence (Griffin
t al., 2003; Clarke et al., 2006). Furthermore, the simplicity
f the assay renders it amenable to medium/high-throughput
creening systems.
The liposome assay would appear upon first inspection to
ave limited relevance to the physiological function of p7. Our
revious studies and the data presented here, however, suggest
hat p7 forms channel structures in liposomes equivalent to those

b
f
i
a

amantadine for this concentration of FLAG-p7 as ∼2 �M. Traces summarised
represent standard deviation of the mean.

een in cells. We have previously demonstrated that both GST-
LAG-p7 fusion protein and cleaved FLAG-p7 are capable of
ligomerising in liposomes to produce structures with a hep-
americ stoichiometry and that the channels formed are cation
elective in BLM (Clarke et al., 2006). In this study, we again
emonstrated specific association of FLAG-p7 with liposomes
nd showed that the resultant channel structures were limited
or the Stokes’ radius of fluorescent substrate to which they
ere permeable. Not all of the FLAG-p7 was able to insert

tself into the membrane, which is unsurprising in the absence
f the cellular machinery usually required for this process to
ccur. Interestingly, we have shown that p7 is still membrane-
ssociated in cells when expressed without its upstream signal
eptide (Griffin et al., 2005) and related proteins have also been
hown to insert into membranes spontaneously (Agirre et al.,
002). It is unlikely that the liposome concentration is limiting
or protein insertion in these experiments as both the mellitin
nd Triton X-100 positive controls released far more CF into
he supernatant than FLAG-p7. Furthermore, the relationship
etween FLAG-p7 concentration and release of CF implied a
hreshold below which channel structures might not efficiently
orm, consistent with a two-step kinetic involving first mem-
rane insertion and subsequent assembly of channel structures
or efficient CF release. The size limit of FD able to be effi-
iently released by FLAG-p7 (between 14 and 23 Å) indicates
he formation of defined channel structures and is compara-

le to estimates of the sizes of lumen in heptameric structures
ormed by both GST-FLAG-p7 and FLAG-p7 we have observed
n TEM and biochemical studies (Griffin et al., 2003; Clarke et
l., 2006). It is, therefore, unlikely that CF release is merely a
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Fig. 6. Effects of candidate p7 inhibitors on FLAG-p7-mediated CF release. The ability of 50 nM FLAG-p7 to cause release of CF in the presence of 1 �M candidate
inhibitory compounds (red trace) was assessed in real time by fluorimetry at λex 485 nm/λem 520 nm. Traces summarised in key at bottom left. (A) Rimantadine. (B)
HMA (NB: see Section 2). (C) GSK-1. (D) GSK-2. (E) GSK-3. (F) Plot of initial rates for FLAG-p7-mediated CF release in presence/absence of potential inhibitory
compounds. �FU s−1: change in arbitrary fluorescence units/second. Error bars represent standard deviation of the mean.
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unction of non-specific disruption of membranes by the amphi-
athic alpha helices present within p7 and in fact reflects a true
hannel-forming activity.

A concern when adding amphipathic proteins to aqueous
iposome suspensions is the potential for them to form micellar
ggregates that could non-specifically disrupt membranes. Unin-
orporated FLAG-p7, therefore, has the potential to act in this
ashion, yet evidence from this, and previous studies, indicates
hat this is not the case. Micellar aggregates are, by definition,
ligomeric, yet the detection of oligomeric forms of p7 in solu-
ion required the presence of either lipid or anionic detergents
Griffin et al., 2003; Clarke et al., 2006). Furthermore, mel-
itin is also highly amphipathic and is added to such systems
n excess, yet is well documented to effect specific dye release
nd the GST-FLAG-p7 precursor protein caused no detectable
elease of CF above background. Lastly, CF release mediated
y such structures acting in a detergent-like fashion would not
e expected to show specific sensitivity to certain channel-
locking compounds. The unincorporated protein present within
hese assays, therefore, is inconsequential and does not require
emoval; indeed, such a step would greatly reduce the suitability
f the system for potential high-throughput screening.

The increase in FLAG-p7-mediated release of CF at a lower
H suggests that p7 channels may be gated by acidic pH and
acilitate the transport of protons in a similar fashion to M2
Wang et al., 1995; Chizhmakov et al., 1996; Pinto et al., 1997;
kada et al., 2001). Although no measurement of proton trans-
ort was undertaken in these studies, the increased amount of
F liberated is suggestive of increased opening of p7 channel

tructures. Given that p7 exhibits an eight-fold preference for
ations over anions in bilayer systems (Pavlovic et al., 2003;
remkumar et al., 2004; Clarke et al., 2006), the increase in
nionic CF release could actually represent a far greater degree
f channel opening in response to relatively minor changes in
H. Transport of protons by p7 would be consistent with our
bservation that the protein could substitute for M2 in a cellular
ssay measuring the transport of pH-sensitive haemagglutinin to
he cell surface (Griffin et al., 2004) and could have implications
or the role of p7 in the HCV life cycle. It is widely accepted
hat p7 is most likely involved in HCV assembly, and given the
ensitivity of both JFH-1 (Lindenbach et al., 2005; Wakita et al.,
005; Zhong et al., 2005) derived cell culture virus and retro-
irus particles pseudotyped with HCV glycoproteins to low pH
Bartosch et al., 2003; Hsu et al., 2003; Tscherne et al., 2006),
qualisation of pH gradients during virus assembly by p7 would
e a conceivable role for this protein in replication.

The liposome permeability assay is the third experimental
ystem we have used to demonstrate the ability of amantadine
o inhibit the function of p7 from genotype 1b HCV (Griffin
t al., 2003, 2004; Clarke et al., 2006), yet the efficacy of this
rug in clinical trials is a subject of much controversy. Studies
omparing the results of multiple trials have suggested that any
ossible effect amantadine may have is confined to the treat-

ent of genotype 1 infected individuals that have previously

ailed dual therapy (Deltenre et al., 2004; Mangia et al., 2004).
ertainly, amantadine alone or in dual combination with inter-

eron � has no effect on clinical outcome (Gaeta et al., 2001;

l
i
p
t

search 76 (2007) 48–58

uzi et al., 2005). Although nothing is known about the abil-
ty of amantadine to reach the liver or enter hepatocytes at the
oses used in these trials, it seems that its efficacy is confined
o a small number of cases and may indeed be limited geneti-
ally to 1b subtype viruses (Mihm et al., 2006). Evidence from
recent study implies that amantadine resistance arises rapidly
uring the course of therapy, as is the case for IAV (Maynard
t al., 2006) and this may mask antiviral activity early in treat-
ent. Amantadine also inhibits the p7 protein of GBV-B, HCV’s

losest relative, in vitro, yet appears to have little effect on virus
pread in culture (Premkumar et al., 2006). During the prepa-
ation of this manuscript, however, a report detailing apparent
mantadine sensitivity in culture of both genotype 2a JFH-1
nd an infectious chimera containing the p7 protein from the
enotype 1b Australia isolate was published (Haqshenas et al.,
006). Conversely, however, the authors also demonstrated that
he Australia p7 protein itself was insensitive to amantadine in
LM experiments. These data do not tally with our own observa-

ions for JFH-1 infectivity, and we have also observed that JFH-1
7 is insensitive to amantadine in vitro though it remains sensi-
ive to related compounds. The sensitivity of p7 from multiple
CV genotypes, both in our liposome system and in culture, will
e reported elsewhere (Griffin et al., manuscript in preparation).

Interestingly, in the liposome system, the effects of amanta-
ine on CF release were modest compared with, for example,
imantadine which reduced dye release to that of solvent con-
rols at 1 �M. This shows an advantage of the system over BLM
here this concentration of amantadine completely blocks the

ctivity of single p7 channels (Griffin et al., 2003; Clarke et al.,
006). By assessing the effects of compounds on populations of
7 channels, the liposome assay appears to allow more broad-
anging comparisons of relative efficacy. The demonstration that
MA also blocked FLAG-p7-mediated CF release in this sys-

em to a similar level as rimantadine validates this assay as a
eans to test the effects of compounds proposed to block p7.
elative estimates of the potency of a compound can be derived

rom this assay by comparing both the initial rates of CF release
Figs. 2, 5 and 6) and the overall level of CF release; estimates of
ompound IC50 can also be derived from titration experiments.

. Conclusions

A limiting factor for many HCV drug development studies
as been the inability to test against multiple viral genotypes.
ariation in p7 sequence, in particular in those residues lin-

ng the hydrophilic face of the N terminal alpha helix which is
hought to comprise the inner surface of the lumen (Carrere-
remer et al., 2002; Patargias et al., 2006), could explain both

he ineffectiveness of amantadine in clinical trials as well as the
nsensitivity of JFH-1 HCV to the drug in culture. We have begun
o assess p7 proteins from other HCV genotypes in the liposome
ystem and early results do indeed indicate genotype-specific
ifferences in susceptibility of p7 to inhibitory compounds. The

iposome permeability assay will permit the testing of novel p7
nhibitors against multiple HCV genotypes and provides the first
otential means to develop p7 library screens on a medium/high-
hroughput scale.
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