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Hepatitis C virus (HCV) chronically infects 170 million individuals, causing severe liver disease. Although
antiviral chemotherapy exists, the current regimen is ineffective in 50% of cases due to high levels of innate
virus resistance. New, virus-specific therapies are forthcoming although their development has been slow and
they are few in number, driving the search for new drug targets. The HCV p7 protein forms an ion channel in
vitro and is critical for the secretion of infectious virus. p7 displays sensitivity to several classes of compounds,
making it an attractive drug target. We recently demonstrated that p7 compound sensitivity varies according
to viral genotype, yet little is known of the residues within p7 responsible for channel activity or drug
interactions. Here, we have employed a liposome-based assay for p7 channel function to investigate the genetic
basis for compound sensitivity. We demonstrate using chimeric p7 proteins that neither the two trans-
membrane helices nor the p7 basic loop individually determines compound sensitivity. Using point mutation
analysis, we identify amino acids important for channel function and demonstrate that null mutants exert a
dominant negative effect over wild-type protein. We show that, of the three hydrophilic regions within the
amino-terminal frans-membrane helix, only the conserved histidine at position 17 is important for genotype 1b
p7 channel activity. Mutations predicted to play a structural role affect both channel function and oligomer-
ization kinetics. Lastly, we identify a region at the p7 carboxy terminus which may act as a specific sensitivity

determinant for the drug amantadine.

Hepatitis C virus (HCV) chronically infects 170 million in-
dividuals and is a major cause of severe liver disease such as
cirrhosis and hepatocellular carcinoma. Acute HCV infection
is asymptomatic which, combined with the lack of an available
vaccine, means that the majority of carriers are unaware of
their positive status. Thus, clinical intervention takes place
upon the presentation of symptoms when liver damage is al-
ready extensive and when the virus is well established. Current
therapy comprises a combination of pegylated alpha interferon
(IFN-a) with ribavirin (Rib), which is effective in only 50% of
cases and is both expensive and poorly tolerated by patients.
This relatively low success rate is due to the highly prevalent,
IFN-resistant genotype 1 viruses; other genotypes generally
respond well to treatment (27). As IFN-Rib acts primarily via
stimulation of the immune system, improving current therapy
relies on the development of new, virus-specific drugs. A small
number of polymerase and protease inhibitors are at late
stages of development, but progress has been hampered by the
inability until recently to culture HCV in vitro (21, 40, 45). The
highly variable nature of HCV, however, means that new drugs
will most likely have to be used in combination, making expan-
sion of available drug targets and the development of new
inhibitors a major research focus.

HCV is the prototype member of the Hepacivirus genus
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within the Flaviviridae (3). It is enveloped, and its genome is a
9.6-kb positive-sense RNA. This is translated in a cap-inde-
pendent fashion from an internal ribosome entry site present
within the 5" untranslated region, yielding a 3,000-amino-acid
polyprotein, which is cleaved by both cellular and viral proteases
to generate 10 mature virus gene products: the structural proteins
core and envelope El and E2, the p7 ion channel, and the non-
structural proteins NS2, NS3, NS4A, NS4B, NS5A, and NS5B
which replicate the viral genome and regulate host cell metabo-
lism (reviewed in reference 23).

The p7 ion channel of HCV is sensitive to several classes of
inhibitor compounds in vitro (13, 26, 31) and is necessary for
HCV to replicate in chimpanzees (32). Recently, p7 was shown
to be critical for the secretion of infectious HCV particles in
culture (19, 34), and we along with others have shown that
drugs which block its activity significantly reduce virus produc-
tion (12, 35). p7, therefore, represents an important new target
for drug development, and clinical trials combining IFN and
Rib with a p7 inhibitor, amantadine, have demonstrated im-
proved response rates in genotype l-infected individuals (6).
Recently, we have shown that the sensitivity of HCV to p7
inhibitors varies according to genotype, implying that p7 se-
quence determines the binding of inhibitor compounds (12).
Little is known about how primary sequence governs p7 chan-
nel activity or drug interactions although several mutations
have been shown to affect particle secretion in culture (19, 34),
including the conserved basic charges on the cytosolic loop,
which are known to be required for p7 activity in surrogate cell
systems (14).

p7 channels are heptameric assemblages (4) with a predicted
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structure whereby the lumen is formed by the amphipathic
amino-terminal frans-membrane helices (13, 25). Carboxy-ter-
minal helices are thought to interact with adjacent p7 pro-
tomers, serving to stabilize the channel structure. In addition,
the basic loop may form a constriction at one end of the
channel, possibly serving to mediate channel gating (13). Ac-
cordingly, residues within the loop or the amino-terminal helix
would be the most likely to mediate channel opening and/or
drug binding.

Here, we have investigated determinants of both p7 drug
sensitivity and channel activity using a liposome-based fluores-
cent dye release assay for p7 function (36). Surprisingly, we
find that p7 drug sensitivity is not, in fact, determined by either
helix nor by the basic loop alone, implying that overall channel
structure strongly influences drug binding. Several mutations
specifically blocked fluorescent dye release from liposomes
without adversely affecting oligomerization or membrane in-
sertion, validating the system as a convenient means of inves-
tigating p7 function. Lastly, we identify a region that influences
resistance of genotype 1b p7 to amantadine. Developing our
understanding of how p7 sequence is linked to drug sensitivity
could have important implications for the design of future
HCV therapies.

MATERIALS AND METHODS

DNA constructs. pGEX6P-1 (Pharmacia)-based bacterial expression con-
structs for FLAG-tagged J4 and JFH-1 p7 fused to glutathione-S-transferase
have been described previously (4, 12). Chimeric J4/JFH-1 constructs and J4 p7
containing point mutations were generated by overlap/fusion PCR using appro-
priately designed primers (sequences available on request) and ligation of am-
plimers into pGEX6P-1 digested with EcoRI/NotI. All constructs were con-
firmed by double-stranded DNA sequencing.

Protein expression and purification. Glutathione S-transferase-FLAG-p7 pro-
teins were expressed in Escherichia coli, purified from inclusion bodies, cleaved,
and FLAG-p7 purified by reverse-phase high-performance liquid chromatogra-
phy (HPLC) as previously described (4, 36). Protein molecular weights were
confirmed by mass spectrometry.

Detection of recombinant p7. Western blot analysis of purified p7 was carried
out as described previously (4, 36) using a commercial anti-FLAG mouse mono-
clonal antibody (M2; Sigma) or rabbit polyclonal serum raised to the carboxy
terminus of J4 p7 (PPRAYA; no. 1055) (11), the JFH-1 p7 amino terminus
(ALEKLVVLHAAS; no. 2715) (12), or JFH-1 p7 carboxy terminus (PRQAYA;
no. 2717). Rabbit sera were peptide affinity purified, and both antibodies 2715
and 2717 were further concentrated ~50-fold by ammonium sulfate precipita-
tion. Secondary antibodies conjugated to horseradish peroxidase were purchased
from Sigma.

Native gel analysis of recombinant p7. Ten micrograms of lyophilized p7 from
HPLC fractions was reconstituted in either 50 WM liposomes (see “Liposome dye
release assay and drug inhibition studies” below) or 300 mM detergent (1,2-
diheptanoyl-sn-glycero-3-phosphocholine [DHPC], dodecylphosphocholine
[DPC], 1-myristoyl-2-hydroxy-sn-glycero-3-[phospho-RAC-(1-glycerol) | [LMPG], or
1-palmitoyl-2-hydroxy-sn-glycero-3-[phospho-RAC-(1-glycerol)] [LPPG]) and
then adjusted to 150 mM Tris-Cl (pH 7.0), 30% glycerol, and 0.05% bromophe-
nol blue prior to native polyacrylamide gel electrophoresis (PAGE) analysis on
a 4 to 20% Tris-glycine gel (Invitrogen). Samples were not heated prior to
analysis. Protein was visualized by staining with Coomassie brilliant blue.

CD of recombinant p7 in methanol. Circular dichroism (CD) spectra were
collected at 1-nm intervals using a Jasco J175 spectropolarimeter (Jasco Inter-
national Co., Ltd.) equipped with a Peltier thermostat, with a 1-mm path length
quartz cuvette over the wavelength range of 190 to 260 nm. The protein samples
were between 0.25 and 0.3 mg/ml in methanol. Values for methanol alone were
subtracted for averaging and baseline correction.

Liposome flotation on discontinuous Ficoll gradients. Liposome flotations
were carried out as previously described (36). Briefly, duplicate 90-ul batches of
a protein-liposome mixture containing 5 pg of protein and 50 uM rhodamine-
labeled liposomes were incubated at room temperature for 30 min. Ten micro-
liters of assay buffer (36) or 1 M Na,CO; (pH 11.4) was then added prior to a
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further 5-min incubation at room temperature. The mixture was then added to
an equal volume of 40% Ficoll-assay buffer (wt/vol) and layered at the bottom of
a 2.2-ml ultracentrifuge tube. This was then overlaid with 1.6 ml of 10% Ficoll-
assay buffer (wt/vol) and then with 0.3 ml of assay buffer and spun at 100,000 X
g for 1 h at room temperature. Gradients were fractionated, liposomes were
detected by rhodamine fluorescence, and 20 pl from each fraction was subjected
to Western blot analysis as described previously (36).

Liposome dye release assay and drug inhibition studies. Liposome dye release
assays were performed as described previously (36). Assays are based on the real-
time release of carboxyfluorescein from self-quenching concentrations within
liposomes, resulting in dilution and subsequent fluorescence gain. Briefly, stan-
dard 100-pl assay mixtures contained 5 pg of purified protein dissolved in MeOH
(giving ~5 wM final concentration) mixed with 50 uM carboxyfluorescein (CF)-
liposomes (dioleoyl phosphatidic acid-phosphatidyl choline from Avanti polar
lipids at 1:1 as described previously [36]). Inhibitors were added to reaction
mixtures prior to temperature elevation. Baselines were determined using lipo-
some-only and solvent controls (5% MeOH for addition of protein and/or 0.2%
dimethyl sulfoxide for inhibitors). Release of CF was measured using a FLU-
Ostar Optima plate reader (BMG Labtech) set to 37°C. Excitation and emission
wavelengths were set at 485 nm and 520 nm, respectively. Fluorescence values
were read every 30 s over a 30-min period in triplicate, with each experiment
repeated at least twice on separate protein batches. Initial rates were calculated
from the first 5 min of the reaction and expressed as change in relative fluores-
cent units per min (ARFU/min) as a percentage of the untreated control. The
bee venom peptide mellitin (Sigma-Aldrich) at 10 nM and 1% Triton X-100 were
used as positive controls for CF release. Amantadine-HCIl was purchased from
Sigma, and rimantadine-HCIl was a kind gift from Helen Bright (formerly of
GlaxoSmithKline, Stevenage, United Kingdom).

Molecular modeling of p7 ion channel complex. Models of the J4 p7 hep-
tameric channel were constructed using Maestro (Schrodinger Inc.). Monomers
were built amino acid by amino acid with energy minimization (magnetomotive
force in a simulated water dielectric), docked into a heptameric structure, and
then subjected to further energy minimization. Images of resultant structures
were obtained by either Maestro or Pymol, version 0.9 (Delano Scientific).

RESULTS

Contribution of the p7 frans-membrane helices and loop
regions to drug sensitivity. Recently, we found that p7 from
different HCV isolates displayed discrete sensitivity patterns to
inhibitors in vitro, which directly correlated with drug effects
on particle secretion in culture (12). Models of the p7 channel
structure heavily implicate the amino-terminal trans-mem-
brane helix or the basic loop as sites for potential drug inter-
actions as it is thought that their hydrophilic surfaces form the
channel lumen (4, 13, 25). We reasoned, therefore, that chi-
meric proteins where these domains were exchanged would
confer drug sensitivity relating to the genotype from which the
amino-terminal helix/loop was derived.

To test this hypothesis, we constructed chimeric proteins
using the J4 (genotype 1b) (43) and JFH-1 (genotype 2a) (20,
40) sequences as these display differential sensitivity to ada-
mantane compounds: rimantadine blocks the activity of both
proteins, whereas amantadine is only effective against J4 p7
(12). Importantly, both proteins are equally active in our dye
release assay, and the chemistry of the two adamantane com-
pounds is extremely similar. As both the helices and the cyto-
solic loops of J4 and JFH-1 differed in primary amino acid
sequences, we generated a panel of four chimeric proteins (C1
to C4) (Fig. 1A). These combined the amino-terminal helix of
one isolate with the carboxy-terminal helix of the other, in the
context of either the J4 or JFH-1 cytosolic loop. Each protein
was expressed to similar levels in bacteria, and purified chi-
meric p7 was confirmed by Western blotting using genotype-
specific antibodies to the p7 amino or carboxy termini (Fig.
1A) (see Materials and Methods).
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The compound sensitivity of each chimera was then tested in
a liposome-based fluorescent dye release assay, a convenient
alternative to labor-intensive suspended bilayer systems (36)
(Fig. 1C). Amantadine and rimantadine were used at 1 and 5
M, based on the ability of amantadine to effect an ~80 and
~100% inhibition of the J4 protein at these concentrations
(Fig. 1B). Chimeric proteins had reproducibly similar activities
overall to parental proteins, as tested for at least three separate
preparations of each (data not shown), but to accurately com-
pare the inhibitory effects of increasing inhibitor concentration
on each protein, activity is expressed as the percent initial rate
of dye release compared to untreated samples in replicate
experiments (Fig. 1C). Baseline levels of dye release were
determined from solvent-only controls. As shown previously,
J4 and JFH-1 p7 proteins displayed differential sensitivity to
amantadine, with the JFH-1 protein remaining insensitive to
the drug up to a 5 uM concentration (Fig. 1C, top panels) (12).
Unexpectedly, chimeric proteins did not acquire the charac-
teristics of one or other of the parental proteins and instead
displayed intermediate sensitivity to both compounds (Fig. 1C,
middle and bottom panels). While each chimera was more
resistant to amantadine at 1 wM than J4 p7, the chimeras were
also less sensitive to rimantadine than either parental protein.
Improved inhibition was seen by increasing the drug concen-
tration to 5 pM for all but the C4 chimera, which retained up
to 50% activity in the presence of both compounds at this
concentration. In addition, the C1 chimera showed increased
resistance to both compounds present at 1 wM yet was strongly
inhibited at higher drug concentrations. In each case, a degree
of inhibition was seen for both compounds, as is the case for
the J4 protein, yet no clear pattern emerged as to which ele-
ments were responsible for resistance to one or the other drug.
Taken together, these data suggest that residues responsible
for p7-drug interactions may act in a context-dependent fash-
ion, dictated by the overall structure of the channel.

Design and expression of p7 point mutants in vitro. As data
from chimeric proteins suggested that the contribution of in-
dividual residues within p7 may be context dependent, we
designed a series of alanine substitutions targeting conserved
residues in the J4 background thought to play a role in channel
function and so, possibly, therefore drug interactions (Fig. 2A,
top panel). The mutations fell into two categories: those
changing charged/hydrophilic residues thought to line the
channel lumen and those targeting residues predicted to affect
channel stability. Within the first group, the most obvious tar-
gets were the basic charges on the cytosolic loop (K33A/
R35A), which are required for channel activity in cells (14) as
well as particle assembly (19, 34). We also changed three con-
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served hydrophilic residues within the amino-terminal helix,
including a highly conserved histidine residue at position 17
(H17A, S21A, and C27A). Helical wheel models predict that
these form one face of the amphipathic helix, thus lining the
lumen of an oligomeric p7 channel (1, 4, 25). The second group
of mutations comprised residues thought to stabilize the oligo-
meric channel structure: three phenylalanine residues in the
amino-terminal helix (F22A/F25A/F26A) and a conserved gly-
cine in the carboxy-terminal helix (G39A) thought to interact
with adjacent protomers, a conserved proline predicted to
form a “kink” in the carboxy-terminal helix (P49A), and, lastly,
a leucine-rich region implicated in oligomerization (L50A to
L55A [L(50-55)A]). All proteins were successfully expressed
and purified from E. coli, verified using a J4-specific anti-p7
antibody (no. 1055) (see Materials and Methods) as well as the
anti-FLAG monoclonal antibody (Fig. 2A). Western analysis
revealed the sodium dodecyl sulfate (SDS)-induced formation
of higher-molecular-weight forms of each protein as we have
observed previously (Fig. 2A) (4).

The basic loop and a conserved histidine within the amino-
terminal helix are required for p7 channel activity. We previ-
ously demonstrated that p7 is capable of functionally replacing
the influenza A virus M2 protein in a surrogate cell system (14)
and observed increased activity at lower pH for the J4 p7 protein
in vitro (36). These observations strongly imply that p7 may act as
a proton channel. In accordance with our findings in the M2
surrogate assay, mutation of the highly conserved basic charges on
the cytosolic loop of J4 p7 resulted in a protein unable to mediate
dye release from liposomes (Fig. 2B). Although a role for these
residues in channel opening is likely, additional effects of this
mutation are described in greater detail below.

The gating of M2 involves a conserved histidine at position
37, the protonation of which is critical for channel opening (30,
41). The p7 amino-terminal helix contains three hydrophilic
residues (or clusters of residues in some isolates such as geno-
type 2a JFH-1), which are predicted to line the lumen and so
are implicated in channel gating (Fig. 1 and 2). We mutated
these residues to alanine in the J4 p7 sequence and tested the
effect on channel opening in the liposome assay. Interestingly,
of these, only the histidine mutation at position 17 caused a
decrease in p7 channel activity (Fig. 2B). Neither of the other
two hydrophilic residues (S21A or C27A mutations) had any
effect on channel activity, nor did they alter susceptibility to
amantadine (Table 1). This combined with our previous ob-
servations indicates that the pH-dependent mechanism gov-
erning the opening of p7 channels is similar to that of M2.

Mutations predicted to affect p7 stability affect both channel
function and drug susceptibility. The hydrophobic interactions

FIG. 1. Drug sensitivity of chimeric J4/JFH-1 p7 proteins. Chimeric p7 proteins comprising J4 and JFH-1 amino and carboxy termini were
expressed and purified from E. coli and assessed for their sensitivity to amantadine or rimantadine compared to the parental proteins. (A) Purified
proteins were subjected to SDS-PAGE and Western analysis (left panel) using genotype-specific antibodies to J4 (no. 1055) or JFH-1 (no. 2717)
carboxy termini or the JFH-1 amino terminus (no. 2715). Proteins were also probed with anti-FLAG monoclonal antibody and stained with
Coomassie brilliant blue (CB). A schematic shows chimeric amino acid sequences for all four chimeras and parental proteins (right panel). White
boxes, J4 sequence; black boxes, JFH-1 sequence. (B) A 50% inhibitory concentration curve for amantadine inhibition of J4 p7 in liposome CF
release assays. (C) Liposome CF release assays for parental and chimeric proteins in the presence of increasing concentrations of amantadine or
rimantadine. Activity is expressed as percent initial rate of untreated wild-type p7, measured by the ARFU/min for the first 5 min. The dotted line
shows baseline dye release in solvent or liposome-only controls. Assays were performed for at least three separate batches of each protein with

each condition in quadruplicate.
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TABLE 1. Summary of p7 mutant phenotypes

Amantadine

Protein Activity” sensitivity Phenotype
Wild type +++ Yes Wild type
K33A/R35A - NA? Deficient membrane
insertion
H17A +/— Yes Strongly impaired activity
S21A ++ Yes Mild reduction in activity
C27A +++ Yes Wild type
F22A/F25A/  +++++ Yes Hyperactive channel
F26A
G39A +/— Yes Strongly impaired activity
P49A +/— Yes Concentration-dependent

activity

L(50-55)A +++ Reduced  Reduced inhibitor binding

@ttt 100%; ++, 80%; +, 60%; +/—, 40%; —20%.
> NA, not available.

postulated to stabilize p7 oligomers were targeted by mutating
key residues (Fig. 2A). One potential mechanism for p7 oligo-
merization is thought to proceed via the extended side chains
of phenylalanine residues projecting into pockets in the hydro-
phobic surface of frans-membrane helices resulting from the
small side chains of glycine residues (1). We therefore mutated
three conserved phenylalanine residues in the p7 amino-terminal
helix, as well as a conserved glycine in the carboxy-terminal
helix, to alanine. Mutating the phenylalanine residues individ-
ually had no effect on channel activity in the liposome assay
(data not shown); however, the triple mutation had the sur-
prising effect of increasing p7-dependent dye release (Fig. 2B).
This was reproducible for multiple protein preparations, yet no
obvious increase in the amount of protein incorporated into
liposomes was evident (data not shown), suggesting that the
specific activity of the channel itself had been altered. In con-
trast, the G39A mutation significantly reduced p7 channel ac-
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tivity. Interestingly, neither of these mutations affected the
ability of p7 to form higher-molecular-weight structures in the
presence of SDS (Fig. 2A).

An additional level of stability may be conferred to p7 chan-
nel structures by a predicted kink in the carboxy-terminal helix
caused by a highly conserved proline residue at position 49.
This kink is thought to allow the carboxy terminus of the helix
to bend around adjacent monomers and form close-knit hy-
drophobic interactions (13, 25). The precise type of interaction
this brings about is unknown although many HCV isolates
possess a leucine-rich region toward the end of the carboxy-
terminal helix which may act as a hydrophobic “zipper,” as
increasingly documented for oligomeric channel proteins (8,
44). We therefore mutated both motifs and assessed their
effects on channel activity. Surprisingly, whereas the P49A
markedly reduced channel activity, the L(50-55)A mutation
retained wild-type activity yet showed an increased resistance
to 1 uM amantadine (Fig. 2B).

Impaired mutant channel activity is not due to defects in
protein folding or oligomerization. It was necessary to demon-
strate that the effects of the alanine substitutions with impaired
activity were due to the formation of inactive channels rather
than an inability of the protein to fold or self-associate. Al-
though SDS-PAGE “laddering” correlates well with the for-
mation of heptameric complexes induced by SDS in solution
(4), the denaturing aspects of SDS-PAGE (SDS itself along
with heating of the sample) disrupt channel complexes to a
degree, thereby reducing the amount of resolvable heptameric
species (Fig. 2A). We therefore tested a number of less-dena-
turing detergents for their ability to induce the formation of p7
oligomers by native PAGE (Fig. 3A, left-hand panel). We
found that the phospholipid-like DHPC and DPC were capa-
ble of inducing the formation of heptameric J4 FLAG-p7 com-
plexes, whereas neither LMPG nor LPPG did so. Equivalent
assemblages were observed when protein was mixed with lipo-
somes, as described for the dye release assay (Fig. 3A, middle
panel), making it likely that these species represented a rele-
vant oligomeric form of the channel. Reconstitution of null
mutants in DHPC also resulted in heptameric complexes (Fig.
3A, right-hand panel) although the K33A/R35A mutant pro-
tein gave a less-well-defined smear, raising the possibility of
some heterogeneity or a less efficient self-association.

In addition to their ability to oligomerize, the secondary
structure of mutant proteins was also assessed by CD (Fig. 3B).
Results are shown for protein dissolved in methanol; this was
deemed valid as protein solubilized in this way is functional in
liposome dye release assays and so presumably is correctly
folded or is, at the very least, in a conformation capable of
assuming a native structure upon lipid/detergent incorpora-
tion. Indeed, wild-type J4 p7 protein reconstituted in lipo-
somes or DHPC gave identical profiles (data not shown). All
mutated proteins gave the same alpha-helical profile as seen
for wild-type p7, indicating that no gross defects in secondary
structure had arisen.

Dominant negative effects of basic loop and H17A mutants
support preassembly of channel complexes prior to membrane
insertion in vitro. Given that all mutated p7 proteins were
correctly folded and could oligomerize in DHPC, we next as-
sessed whether their ability to associate with membranes was
intact. Protein-liposome mixes were subjected to flotation on a
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discontinuous Ficoll gradient in the presence or absence of a
high-pH wash to strip nonintegrated protein. Fractions were
tested for liposome content by rhodamine fluorescence, which
indicated that liposomes had migrated to the 10% Ficoll-aque-
ous interface (Fig. 4A, fraction 11). The presence of high pH
did not affect liposome flotation (Fig. 4A, histogram in right-hand
panel). Fractions were subjected to Western blotting to assess the
amount of liposome-associated protein. As seen previously, a
significant proportion of the wild-type J4 p7 associated with lipo-
somes (36). Furthermore, this association was resistant to high
pH, indicating that the protein had fully inserted into the lipo-
some membrane. This was also true for p7 mutants with the
exception of the K33A/R35A mutant protein, which dissociated
from the liposomes following high-pH treatment. This mutation
represents the most severe change to the overall charge/hydro-
phobicity of p7, making this observation perhaps unsurprising. It
does, however, make it impossible to assign a role for this con-
served motif in channel opening using this system.

We next asked whether inactive mutant proteins could exert
a dominant negative effect over wild-type p7 function via the
formation of nonfunctional mosaic channels. As this pheno-
type should manifest if even one protomer of a heptameric
channel structure contained the mutation, we performed lipo-
some assays titrating mutant proteins into a wild-type reaction
mixture at increments of one-seventh of the total protein con-
tent and compared activity to the equivalent amount of wild-
type protein alone. We tested both the K33A/R35A and H17A
mutants to assess whether any effect could occur in the absence
of membrane insertion. Surprisingly, both mutant proteins
were able to reduce wild-type dye release activity to nearly
baseline levels even when present at only one-seventh of the
total protein concentration (Fig. 4B). As the K33A/R35A mu-
tant exerted the same effect as the H17A protein, this strongly
supports the idea that, at least in this system, p7 oligomers
form at the membrane surface prior to the insertion of intact
channel complexes (Fig. 4A).

Titration of p7-null mutants reveals a key role for conserved
proline 49 in channel oligomerization. It was important to dem-
onstrate that the null phenotypes of mutants were not due to
concentration-dependent effects. We therefore performed titra-
tion experiments with protein inputs from 20 to 200% (1 to 10 p.g
of protein) of that in a standard reaction mixture (5 pg) and
measured activity relative to the wild type. Importantly, liposomes
were still present in excess where 10 pg of protein was used since
dye release for wild-type p7 did not exceed 40% of either mellitin-
or Triton X-100-positive controls (data not shown).

For the K33A/R35A mutant, no activity was observed even
at 200% input, implying that this protein is totally incapable of
membrane insertion. For the G39A mutation, again no in-
crease in activity was observed over the lowest input, indicating
that this mutant protein formed truly nonfunctional channels
(Fig. SA). For the H17A mutant, however, a modest increase
in CF release was observed with increasing concentration (Fig.
5A) although this difference was not statistically significant
compared to standard reaction conditions.

Unlike the other mutations, the P4A9A mutation displayed a
concentration-dependent switch in activity, shifting from 40%
activity under standard conditions to almost threefold wild-
type activity at 150% and 200% input (Fig. SA). To investigate the
cause of this switch, we subjected protein from P49A and G39A
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FIG. 3. Oligomerization and folding of p7 null mutant proteins. (A) Mild detergents were tested for their ability to induce oligomerization of
wild-type J4 FLAG-p7 during native PAGE. Both DHPC and DPC (300 mM) induced heptamer formation, whereas LMPG and LPPG did not
(left panel). Wild-type protein was mixed with 50 wM liposomes (LIP) and analyzed by native PAGE (middle). Null-mutant p7 proteins were
reconstituted in 300 mM DHPC, and oligomeric forms were resolved by native PAGE (right). (B) Wild-type and null-mutant proteins dissolved
in methanol were assessed for alpha-helical content using CD. WT, wild type; M, molecular mass markers (kDa).

titration experiments to SDS-PAGE and Western analysis to vi-
sualize oligomeric forms under partially denaturing conditions
(Fig. 5B). In agreement with the sudden switch in activity for the
P49A mutant, a marked increase in the amount of higher-molec-
ular-weight species was observed upon increasing protein input
from 5 to 7.5 ng (Fig. 5B, right panel). This was not observed for
either the wild-type or G39A mutant proteins (Fig. 5B, left and
central panels), implying that Pro 49 may serve to regulate effi-
cient oligomerization of p7 channel complexes.

A carboxy-terminal polyleucine motif contributes to aman-
tadine sensitivity of genotype 1b p7. As described above, the

L(50-55)A mutation appeared to display increased resis-
tance to treatment with 1 wM amantadine. To determine
whether this effect was specific, we tested this protein in
drug titration assays against increasing concentrations of
both amantadine and rimantadine (Fig. 6). While this mu-
tation conferred resistance to 1 pM amantadine, increasing
the drug concentration effectively blocked its activity,
whereas the protein was equally sensitive to both low and
high concentrations of rimantadine (Fig. 6). This pattern of
drug sensitivity is reminiscent of the JFH-1 protein (Fig. 1
and 6), albeit to a much lesser degree as higher amantadine
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concentrations effectively block activity. This may be evi-
dence that p7 possesses distinct sensitivity determinants for
these two related compounds or that rimantadine binds with
much higher affinity than amantadine.

DISCUSSION

This study represents the first mutagenic analysis of the
HCV p7 ion channel in vitro. It sought to identify determi-
nants of both ion channel function and drug sensitivity

based on previous homology searches and structural predic-
tions.

Our recent finding that the sensitivity of HCV to p7 inhib-
itors is genotype dependent (12) prompted us to construct
chimeras between the amantadine/rimantadine-sensitive J4
and the amantadine-resistant/rimantadine-sensitive JFH-1 p7
sequence. Contrary to expectation, drug sensitivity was not
dictated by the amino-terminal #rans-membrane domain, which
is predicted to line the pore of the p7 channel complex (4, 13,
25). Chimeric proteins displayed intermediate drug sensitivi-
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ties relative to the parental sequence (Fig. 1C), indicating that
residues conferring drug sensitivity must do so within the con-
text of the overall channel structure. It is notable that consid-
erable variation in pore-lining hydrophilic clusters within the

120
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FIG. 6. Decreased sensitivity of a polyleucine mutation L(50-55)A to
low concentrations of amantadine but not rimantadine. Polyleucine mu-
tant protein was subjected to 1 or 5 uM rimantadine (rim) or amantadine
(ama), and channel activity was assessed in liposome dye release assays.
The lower panel shows a comparison of amino acids in the carboxy
terminus for J4, the L(50-55)A mutant, and JFH-1 1 proteins.

amino-terminal helix exists between genotypes and often coin-
cides with similar variation in the carboxy-terminal helix. This
is well illustrated in Fig. 1, with JFH-1 p7 having additional
hydrophilic residues in both helices compared with J4.

We next analyzed a series of alanine substitutions in the
background of the genotype 1b J4 p7 protein. None of the
mutations altered the secondary structure of p7 or its ability to
oligomerize under native conditions (Fig. 3A and B). Consis-
tent with our previous observations (4), FLAG-p7 (~9 kDa)
channel complexes appeared heptameric in nature (~63 kDa)
by native PAGE in the presence of both liposomes and mem-
brane-mimetic detergent molecules (Fig. 3A). Unlike our pre-
vious SDS-PAGE methodology, no intermediate species were
apparent when heptamers were formed, suggesting that this
complex is energetically stable and likely represents the native
channel structure in vivo.

Mutation of the dibasic K33-R35 motif to alanine abrogated
channel activity in liposomes. Similar mutations block HCV
particle production in culture (19, 34) and replication in chim-
panzees (32), as well as p7 activity in surrogate cellular assays
(14). Analogous mutations also block production of infectious
bovine viral diarrhea virus in culture (15) as well as replication
of GB virus B in tamarins (38). Interestingly, our analysis
indicates that this mutant protein is unable to insert into mem-
branes although it can associate with them (Fig. 4A), which is
consistent with this region’s being part of a putative membrane
insertion motif in vitro (28). Furthermore, this mutant protein
was able to exert a dominant negative effect on wild-type chan-
nel activity (Fig. 4B), indicating that p7 channels may assemble
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FIG. 7. Molecular modeling of the J4 p7 ion channel complex. J4 p7 protomers were modeled with free energy minimization using the Maestro
program and then manually docked into a symmetrical heptameric complex. The top panel shows top-down views and a side projection (two
protomers removed) of channel complexes with the potential pH sensor, His 17, and possible gate, Tyr 31, highlighted. In addition, the positions
of Pro 49 and Leu 50 to Leu 55(Poly-L) are indicated on the side projection to illustrate the interactions with adjacent protomers. Last, bottom
views of the complex are shown, illustrating the apposed basic residues of the cytosolic loop, which may promote the hairpin conformation of each

protomer.

on the membrane surface prior to insertion. In cells, however,
membrane insertion would depend on the signal recognition
particle although conserved basic charges are known to be
critical components of HCV frans-membrane proteins and are
required for correct localization and folding(5). Consistent
with this, we have found that the equivalent mutation in cell
culture causes pronounced disruption of E2-p7-NS2 processing
(S. Griffin, unpublished data).

Unlike the basic loop mutation, the H17A mutant was able
to insert into membranes yet remained defective for channel
function. His 17 is located within the amino-terminal trans-
membrane domain and was recently shown to line the channel
lumen by Cu?"-mediated inhibition of channel activity (2).
Similar inhibition is observed for His 37 of the influenza virus
M2 channel (10), which we have shown to share functional
similarity with p7 (14). This is strongly suggestive that p7 chan-
nel opening also depends on protonation of His 17, yet in the
aforementioned study a genotype la H77 H17A mutant pro-
tein remained functional. This counter-intuitive finding may
indicate that hydrophilic residues within the frans-membrane
domains of all p7 sequences are often present as pore-lining
clusters. It is therefore likely that the functionality of individual
amino acids may be influenced by adjacent residues. In the J4
sequence His 17 exists in isolation, whereas for H77, His 17 is
part of a cluster together with Thr 16. Logically, mutating this
residue alone is more likely to affect J4 p7 channel function
than H77. Accordingly, for JFH-1 p7 which contains the cluster
Asp 15-Cys 16-His 17, an H17A mutation alone does not block
particle production in culture (S. Griffin, unpublished). His 17,
however, is highly conserved among p7 sequences, and our
observation that mutating other hydrophilic residues within the
J4 amino-terminal helix had no consequence for channel ac-

tivity (Fig. 2B) emphasizes its likely importance for channel
opening.

A recent report suggested that p7 may utilize an HXXX(Y/W)
gating motif (22), reminiscent of the HXXXW motif found in
influenza M2 where protonation of His 37 results in a confor-
mational change in Trp 41, resulting in channel opening (24,
30, 39). Unfortunately, mutation of either His 17 or Tyr 21 in
the context of JFH-1 p7 resulted in little effect on HCV par-
ticle production, and the motif is only partially conserved
among HCV isolates. Given the heterogeneity of the hydro-
philic clusters within p7 sequences, however, it is conceivable
that their associated gating residues also vary in position and
nature. Determination of high-resolution structural informa-
tion will be required to define the interactions that may occur
between a putative p7 proton sensor and corresponding aro-
matic gating residues.

Of the mutations predicted to affect channel stability, both
G39A and P49A caused a specific ion channel defect under
standard conditions (Fig. 2B), yet titration of increasing
amounts of protein revealed a sudden switch of P49A protein
to a hyperactive channel compared with the wild-type protein
(Fig. 5A). This correlated with the increased formation of
oligomeric complexes under partially denaturing conditions
(visualized by SDS-PAGE laddering) (Fig. 5B), suggesting that
Pro 49 may regulate the formation of channel complexes. This
is reminiscent of a growing number of membrane-active pep-
tides, whose activity is governed by proline cis/frans isomeriza-
tion (9, 18, 42). Pro 49 is predicted to form a kink in the
carboxy-terminal frans-membrane domain, the orientation of
which could conceivably regulate the formation of a stable
heptamer. This could provide a means of regulating channel
activity within separate subcellular compartments and may be
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linked to the observation that p7 has been shown to display
both discrete subcellular localization and membrane topology
within cells (11, 16).

We expected that mutation of the polyleucine motif at the
p7 carboxy terminus might disrupt oligomerization as leucine
zippers are thought to stabilize some channel complexes, in-
cluding human immunodeficiency virus type 1 Vpr (8). The
L(50-55)A mutant protein displayed essentially wild-type char-
acteristics yet showed differential sensitivity to amantadine and
rimantadine, reminiscent of the JFH-1 p7 protein (Fig. 6). The
corresponding amino acid sequence in JFH-1 is markedly less
hydrophobic than the J4 sequence (Fig. 6). Interestingly,
whereas inhibition of M2 channels by these drugs has histori-
cally been associated with their binding to residues within the
channel lumen in a “bottle-stopper” fashion (7, 37), a recent
nuclear magnetic resonance study located rimantadine binding
to the outside of the channel stabilizing its closed conformation
(33) although this is highly controversial (17). Logically, vari-
ation in hydrophobicity might be expected to affect drug bind-
ing, and some influenza amantadine escape variants have mu-
tations affecting this region. Given that the polyleucine region
is predicted to lie on the outside of the p7 channel, variation in
this region may partially explain genotype-dependent drug sen-
sitivity. Further mutagenesis studies are ongoing to map pre-
cise determinants of p7 inhibitor susceptibility.

To set the effects of p7 mutations in context, we undertook
molecular modeling of the J4 p7 ion channel complex using the
Maestro program (Fig. 7). The energy-minimized model of a
heptameric complex largely supported observations from dye
release assays. Importantly, His 17 from each monomer was
predicted to line the channel lumen following energy minimi-
zation, consistent with Cu®" binding (2), its functional impor-
tance and potential role as a pH sensor (Fig. 7). In turn, Tyr 31
was predicted to constrict the aperture on the cytosolic side of
the channel, implying that it may play a role as the gating
residue associated with His 17. The basic Lys 33 and Arg 35
loop residues repelled each other, possibly serving to stabilize
the hairpin conformation of each protomer (Fig. 7). As pre-
dicted, the polyleucine motif was found to interact with the
amino-terminal helix of adjacent protomers, facilitated in part
by the flexibility of Pro 49. Interestingly, recent studies of
amantadine binding to M2 cite destabilization of channel com-
plexes as a possible mechanism underlying drug resistance,
thus reducing hydrophobic drug-protein interactions (29). The
L(50-55)A mutant, therefore, may bind the less-hydrophobic
amantadine less avidly than rimantadine, which is rendered
more hydrophobic by its additional methyl group.

This work represents the first step toward defining how pri-
mary sequence determines HCV p7 channel opening and drug
sensitivity. Understanding these processes is vital to the devel-
opment of p7 as a target for much needed future HCV ther-
apies.
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