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Patch-Clamp Study of Hepatitis C p7 Channels
Reveals Genotype-Specific Sensitivity to Inhibitors
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ABSTRACT Hepatitis C is a major worldwide disease and health hazard, affecting ~3% of the world population. The p7 protein
of hepatitis C virus (HCV) is an intracellular ion channel and pH regulator that is involved in the viral replication cycle. It is targeted
by various classical ion channel blockers. Here, we generated p7 constructs corresponding to HCV genotypes 1a, 2a, 3a, and 4a
for recombinant expression in HEK293 cells, and studied p7 channels using patch-clamp recording techniques. The pHs, values
for recombinant p7 channels were between 6.0 and 6.5, as expected for proton-activated channels, and current-voltage depen-
dence did not show any differences between genotypes. Inhibition of p7-mediated currents by amantadine, however, exhibited
significant, genotype-specific variation. The 1C5, values of p7-1a and p7-4a were 0.7 = 0.1 nM and 3.2 + 1.2 nM, whereas p7-
2a and p7-3a had 50- to 1000-fold lower sensitivity, with ICsq values of 2402 + 334 nM and 344 + 64 nM, respectively. The ICsq
values for rimantadine were low across all genotypes, ranging from 0.7 = 0.1 nM, 1.6 = 0.6 nM, and 3.0 = 0.8 nM for p7-1a, p7-
3a, and p7-4a, respectively, to 24 + 4 nM for p7-2a. Results from patch-clamp recordings agreed well with cellular assays of p7
activity, namely, measurements of intracellular pH and hemadsorption assays, which confirmed the much reduced amantadine
sensitivity of genotypes 2a and 3a. Thus, our results establish patch-clamp studies of recombinant viroporins as a valid analytical

tool that can provide quantitative information about viroporin channel properties, complementing established techniques.

INTRODUCTION

Hepeatitis C is a major cause of acute and chronic liver dis-
ease, affecting ~3% of the world population (1). The preva-
lence rate in Egypt is the highest worldwide, with ~18% of
the population infected and 100,000-200,000 new cases
reported every year (1-3).

To date, six major genotypes of hepatitis C virus (HCV)
have been considered, although different classification sys-
tems were used in early studies (1,4). Genotypes 1-3 are
distributed worldwide, genotype 4 prevails in North Africa
and the Middle East, genotype 5 is almost exclusive to South
Africa, and genotype 6, with several subgenotypes, is found in
Asia (1). Generally, genotypes 2 and 3 respond best to therapy.
Genotype 4, which has a prevalence of >95% in Egypt (5), has
an intermediate prognosis, and genotype 1 has the poorest
response to classic interferon-based therapy (4). The most
widely used treatment is a double therapy of pegylated
interferon and ribavirin, which causes notable side effects
and provides a sustained response in only 16% of patients. Tri-
ple therapy (pegylated interferon, ribivarin, and the channel
blocker amantadine) has been shown to provide an up to
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24% sustained response, but still results in a rate of ~50%
nonresponders (6,7), highlighting the need for novel effec-
tive antiviral therapies. Numerous new approaches to treat
hepatitis C have been developed, with the most notable
developments being the introduction of specific anti-HCV an-
tibodies (8,9) and the discovery of novel direct antiviral agents
(DAAGS), such as sofosbuvir, as a better tolerated replacement
for or complement to interferon-ribavirin therapy (10-16).
Indeed, these novel therapies show great promise, albeit at a
high cost of treatment, and their efficacy against all major
genotypes of hepatitis C has yet to be established.

HCV is an enveloped, single-stranded RNA™ virus of
the Flaviviridae family, genus Hepacivirus (17,18). The
genome of 9.6 kb is flanked by 5’ and 3’ untranslated re-
gions. The open reading frame (ORF) translates to a single
polyprotein of 3010-3033 amino acid residues (strain spe-
cific), which is cut by several proteases into 10 individual
proteins (18).

The p7 protein of HCV is a 63 residue transmembrane pro-
tein located in the endoplasmic reticulum (ER). The N- and
C-termini of p7 protrude into the ER lumen, and the short
loop connecting the transmembrane helices is on the cytosolic
side (19). p7 was shown to form channels in artificial bilayer
lipid membranes, likely conducting H", K*, Na™, and Ca*"
(20,21). Heptameric (22) as well as hexameric (23) p7
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complexes have been reported. NMR solution structures (24)
and molecular modeling studies (25) suggest an arrangement
of largely parallel helix bundles for p7 subunits (26,27),
although such structures are predicted to vary between geno-
types, as shown in a modeling study that compared genotypes
la, 1b, and 5a (27). A recent NMR structure suggests a
different arrangement of short helical segments of p7, predict-
ing the formation of a binding pocket for rimantadine outside
of the channel pore, where it acts as an allosteric inhibitor (23).
An NMR-based determination of solvent accessibility
confirmed this architecture of the p7 protein and the allosteric
mechanism of rimantadine inhibition (28). The activity of p7
as an intracellular pH shunt is believed to be involved in
critical steps of the viral replication cycle, controlling acidifi-
cation of endosomes and virion-loaded particles, and promot-
ing vesicle trafficking and assembly and release of virions
(29). Thus, p7 is a promising target for antiviral therapies.
Indeed, p7 inhibitors have been identified as antiviral agents,
including the channel blockers amantadine and rimantadine,
as well as iminosugars and hexamethylene amiloride
(HMA) (20,21,30,31), although mechanistic data regarding
the function of p7 are still sparse.

Here, we present a novel, to our knowledge, combination
of methods for studying the ion channel function of the
p7 protein directly. Genotype-specific p7 constructs were
generated (Table 1; Fig. S1 in the Supporting Material),
cloned into a eukaryotic expression vector, and recombi-
nantly expressed in HEK293 cells. Whole-cell, patch-clamp
recording techniques were used to study ion channel acti-
vation and inhibition. The results were validated against
cellular assays of p7 activity. We show that p7 is a pH-gated
proton channel that regulates intracellular pH. Inhibition by
amantadine and rimantadine is strongly genotype depen-
dent. The technique allows for specific and detailed dissec-
tion of p7 function, which should aid in the development of
novel HCV therapies.

TABLE 1 p7 Consensus Sequences for HCV Genotypes 1-4

MATERIALS AND METHODS
Generation of p7 expression constructs

We prepared genotype-specific p7 constructs (Table 1) using an overlap
extension PCR protocol and finally cloned the p7 sequence into the eukary-
otic expression vector pRKS. All constructs contained a membrane-direct-
ing signal peptide taken from the inhibitory glycine receptor, generated
with and without the c-myc tag for Western blot analysis, and sequenced
to verify successful generation (LGCgenomics, Berlin, Germany). See the
Supporting Materials and Methods for details.

Cell culture and transfection

HEK293 cells (kindly provided by Prof. Cord-Michael Becker, Depart-
ment of Biochemistry, University of Erlangen, Erlangen, Germany) were
cultured in 10 cm tissue culture petri dishes in minimum essential medium
(Sigma-Aldrich, Deisenhofen, Germany) supplemented with 10% fetal
bovine serum (Invitrogen, Karlsruhe, Germany) and penicillin/strepto-
mycin (Sigma-Aldrich) at 5% CO, and 37°C in a water-saturated atmo-
sphere (32). For experiments, cells were plated on poly-L-lysine-treated
glass coverslips in 6 cm dishes and transfected 1 day after passage using
1.5 ug of p7 cDNA, 1.5 ug of green fluorescent protein cDNA, and 3 uL.
of GenCarrier (Epoch Life Science, Sugar Land, TX). Measurements
were performed 2-5 days after transfection.

Membrane preparation and Western blot analysis

HEK293 cells were harvested 3 days after transfection and a crude mem-
brane fraction was prepared and subjected to SDS-PAGE and Western
blotting (see the Supporting Materials and Methods for details). An alka-
line phosphatase-conjugated anti-c-myc antibody (Santa Cruz, Heidelberg,
Germany) was used and the blot was visualized using 0.03% nitro blue
tetrazolium and 0.02% 5-bromo-4-chloro-3-indolyl-phosphate in substrate
buffer (100 mM Tris-HCI, pH 9.5; 100 mM NaCl; 5 mM MgCl,).

Live-cell imaging of vesicular pH

For live-cell imaging of vesicular pH (33), HEK293 cells were grown
overnight on poly-L-lysine-coated coverslips and transfected as described
above. At 24 h posttransfection, the cells were washed in HEPES buffer

Genotype

p7 Protein Sequence

All

ALENLVVLNAASAAGTHGILWFLVFFCAAWYVKGRLVPGATYSLLGLWPLLLLLLALPQRAYA

1

la
1b
Ic

a

ALENLVLLNAASLAGTHGLVSFLVFFCFAWYLKGRWVPGAAYAVYGMWPLLLLLLALPQRAYA
ALENLVILNAASLAGTHGLVSFLVFFCFAWYLKGRWVPGAVYAFYGMWPLLLLLLALPQRAYA
ALENLVVLNAASLAGAHGILSFLVFFCAAWYIKGRLVPGAAYALYGVWPLLLLLLALPPRAYA
ALENLIVLNAASLVGTHGIVPFFIFFCAAWYLKGKWAPGLAYSVYGMWPLLLLLLALPQRAYA

2

2 ad
2b
2c

ALEKLVILHAASAASANGPLWFFIFFVAAWYIKGRVVPLATYSLLGLWSFLLLVLALPQQAYA
ALEKLVVLHAASAASCNGFLYFVIFFVAAWYIKGRVVPLATYSLTGLWSFGLLLLALPQQAYA
ALEKLIILHSASAASANGPLWFFIFFTAAWYLKGRVVPVATYSVLGLWSFLLLVLALPQQAYA
ALEKLVILHAASAASSNGLLYFILFFVAAWCIKGRAVPMVTYTLLGCWSFVLLLMALPHQAYA

3
3aLI
3b

ALENLVTLNAVAAAGTHGIGWYLVAFCAAWYVRGKLVPLVTYSLTGLWSLALLVLLLPQRAYA
ALENLVTLNAVAAAGTHGIGWYLVAFCAAWYVRGKLVPLVTYSLTGLWSLALLVLLLPQRAYA
AMENLVMLNALSAAGQQGYVWYLVAFCAAWHIRGKLVPLITYGLTGLWPLALLDLLLPQRAYA

4
4a”

ALSNLININAASAAGTHGFWYAIFFICIAWHVKGRLPAAATYAACGMWPLLLLLLMLPERAYA
ALSNLININAASAAGAQGFWYAILFICIVWHVKGRFPAAAAYAACGLWPCFLLLLMLPYRAYA

p7 protein sequences after Carrére-Kremer et al. (19). Consensus sequences are shown in bold.

“Sequences used in this study.
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(10 mM HEPES, 133.5 mM NaCl, 2.0 mM CaCl,, 4.0 mM KCl, 1.2 mM
MgS0O,, 1.2 mM NaH,PO,4, 11 mM glucose, pH 7.4) and loaded with 2
uM LysoSensor Green DND-189 (Life Technologies, Frankfurt, Germany)
in HEPES buffer for 30 min at 37°C. The cells were washed twice with
HEPES and immediately imaged at wavelengths of A = 443 nm (excitation)
and A = 500 nm (emission) on an AxioCam Erc5s imaging system (Carl
Zeiss, Jena, Germany). Fluorescence intensity was determined using the
Carl Zeiss Zen 2012 lite-blue edition software package. For each cell, the
area of interest, which included the cytosolic space of the cell and the cor-
responding background, was delineated. Noise values were determined
from a region on the same image that was nearby but did not contain any
cells. Fluorescence intensities from 20 individual determinations were aver-
aged for analysis.

Hemadsorption assay

The method used to prepare cells for hemadsorption assays was adapted
from a published protocol (34). Briefly, HEK293-FT cells were grown in
poly-L-lysine-treated six-well plates as described above. Cells were trans-
fected using 3 uL GenCarrier-2, 1.5 uL p7 DNA, and 1.5 uL. M2-dependent
hemagglutinin (HA-cDNA, kindly donated by Prof. Wendy S. Barclay,
Imperial College, London). At 48 h posttransfection, the cells were washed
twice with PBS, treated with 1 mL/well of 5.5 mU/mL Vibrio cholerae neur-
aminidase (Roche, Mannheim, Germany) in serum-free minimum essential
medium for 1 h at 37°C, and then washed three times with PBS. Then, 1 mL
of a 0.5% (w/v) suspension of human red blood cells was added to each well
and the cells were incubated for 2 h. After incubation, the cells were washed
three times with PBS and lysed using 1 mL Triton X-100 lysis buffer (1%
Triton X-100, 150 mM NaCl, 50 mM Tris, pH 8.0) for 5 min. The lysate was
centrifuged at 13,000 rpm for 5 min and absorbance was recorded at A =
540 nm using a V-530 UV/Vis spectrophotometer (Jasco, Easton, MD).
Triplicate determinations from two independent experiments per construct
were averaged. The means and standard deviation (SD) were calculated
using GraphPad InStat software (version 3.1 for Microsoft Windows).
One-way analysis of variance (ANOVA) was used to determine the differ-
ences between various groups. Tukey’s pair comparison test was used to
determine significant differences (p < 0.05) between means.

Electrophysiological recordings and data
analysis

HEK293 cells were plated in 6 cm tissue culture dishes and transfected
24 days before electrophysiological recordings were obtained. For experi-
ments, cells were kept in a bath solution containing 135 mM NaCl,
5.5 mM KCl, 2 mM CaCl,, 1.0 mM MgCl,, and 10 mM HEPES (pH 7.4
with NaOH). Current responses were measured at room temperature (21—
23°C) at a holding potential of —60 mV. Whole-cell recordings were per-
formed using a HEKA EPCI10 amplifier (HEKA Electronics, Lambrecht,
Germany) controlled by Pulse software (HEKA Electronics). Recording
pipettes were pulled from borosilicate glass (World Precision Instruments,
Berlin, Germany) using a Sutter P-97 horizontal puller (Sutter, Novato,
CA). Solutions were applied using an Octaflow system (NPI Electronics,
Tamm, Germany) in which the cells were bathed in a laminar flow of buffer,
giving a time resolution for solution exchange and reequilibration of
~100 ms. The external buffer consisted of 90 mM N-methyl-D-glucamine
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(NMDG), 3 mM CaCl,, 90 mM HEPES, and 90 mM 2-(N-morpholino)etha-
nesulfonic acid (MES). The pH of the external buffer was adjusted to 8.5, 7.5,
6.5,6.0,5.5,5.0, and 4.5 using NaOH or HCI. The internal buffer was 90 mM
NMDG, 10 mM EGTA, 180 mM HEPES, pH 7.5 (NaOH). Buffers were
adapted from a similar buffer system developed for the study of recombinant
influenza virus M2 proton channels (35). To avoid changes in buffer compo-
sition, the mixture of 90 mM HEPES and 90 mM MES was used for the
entire pH range. After the pH was set, the buffers were salt adjusted to ensure
the same osmolarity at all pH values. Between experiments, HEK293 cells
were held in the standard bath solution. For measurement of whole-cell p7
currents, cells were perfused continuously with recording buffer during
I-min recording intervals. Inhibitors were diluted from stock solutions
(10 mM) into pH 5.5 buffer. Inhibition measurements were started with base-
line recordings of extracellular buffer pH 7.5 (4-5 s), followed by pH 5.5 (to
induce channel opening). Then inhibitors (at pH 5.5) were applied, followed
by final control applications. Sometimes, control solution (pH 5.5 without in-
hibitor) was perfused between inhibitor applications. Typical current ampli-
tudes were between 100 and 400 pA. Dose-response curves were constructed
from four to five cells per each genotype (Table 2), and inhibitor and ICs,
values were determined using a nonlinear fit to the equation Ips = Iinax /
[1 + ([I[/ICs0)], where L, is the observed current at any given concentration
of inhibitor, I, is the maximum current amplitude observed in the absence
of inhibitor, and [I] is the concentration of inhibitor.

RESULTS
p7 protein generation and expression

Genotype-specific constructs corresponding to the p7
sequence of genotypes la—4a were generated by overlap
extension PCR (Table 1). Each p7 construct contained a
membrane-directing signal peptide (taken from glycine re-
ceptor constructs in the same expression vector). A c-myc
tag (EQKLISEEDL) was introduced for Western blot detec-
tion (Fig. S1), and p7 constructs without myc-tag were used
for functional assays. All constructs were sequenced to
verify successful generation. Plasma membrane expression
was verified by Western blotting of membrane preparations
from HEK?293 cells transfected with cDNA constructs of
each of the four genotypes. Detection with an anti-myc anti-
body revealed a specific band at ~12 kD, indicating that p7
protein was present in the membrane fraction of transfected
HEK?293 cells (Fig. 1). Whole-cell patch-clamp experiments
confirmed successful plasma membrane expression of re-
combinant p7.

Live-cell imaging of the vesicular pH

It has been suggested that p7 functions as a proton channel to
modulate pH in artificial lipid membranes and liposomes. To
verify the effect of p7 activity on the acidity of intracellular

TABLE 2 Summary of Activation and Inhibition of p7-Mediated Whole-Cell Currents

I-V-Dependent Zero 1Cs¢ (nM) 1C5¢ (nM)
pHso nH Crossing/Slope (pA)/(pA/mV) Rimantadine No. of Cells Amantadine No. of Cells
p7-la 62 + 04 0.77 = 0.04 —5.0 = 3/1.5 = 0.1 0.7 = 0.1 5 0.7 = 0.1 5
p7-2a 6.0 = 0.9 1.3 £02 —3.6 = 4/1.5 = 0.1 24 + 4 5 2402 + 334 5
p7-3a 6.3 =09 1.0 £ 02 —12 =714 = 0.1 1.6 = 0.6 5 344 + 64 4
p7-4a 6.5 = 1.2 1.0 £ 02 —83 = 8/1.6 = 0.2 30 £ 0.8 4 32 £ 1.2 4
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vesicles such as lysosomes, we expressed p7 constructs of the
four different HCV genotypes (1a, 2a, 3a, and 4a) in HEK293
cells and determined the intracellular pH using the pH-sensi-
tive fluorescent probe LysoSensor Green DND-189. Expres-
sion of p7 in HEK293 cells significantly reduced the mean
cellular fluorescence intensity for all genotypes compared
with untransfected controls (p < 0.001), with mean fluores-
cence intensity values of 18 = 2,31 = 12,23 = 2,29 +
3,and 59 = 4 for genotypes la, 2a, 3a, 4a, and untransfected
control, respectively (Fig. 2).

Mock transfection with glycine receptor «l (GRal)
cDNA had no effect on intracellular pH (mean fluorescence
intensity 61 = 4; Fig. 2). The effect of the channel blockers
amantadine and rimantadine on p7 activity was examined by
adding the inhibitors to transfected cells at a concentration
of 100 uM 10 min before cell imaging. The fluorescence in-
tensities of rimantadine-treated cells, untransfected, or
mock-transfected controls were in the same range (p >
0.05). The mean fluorescence values for 1a, 2a, 3a, and 4a
constructs after rimantadine treatment were 68 = 6, 60 *
4,63 = 5,and 70 = 1, respectively (p < 0.001), indicating
restoration of vesicular acidity to control values. In con-
trast, the effect of amantadine on p7 activity in transfected
HEK293 cells varied considerably between genotypes.
Genotypes 2a and 3a were insensitive to 100 uM amanta-
dine, with mean fluorescence intensities remaining low, at
values of 29 = 3 and 29 =+ 4, respectively. For genotypes
la and 4a, p7 activity was blocked by 100 uM amantadine,
with mean fluorescence intensities of 58 = 3 and 70 + 7
respectively, i.e., restoration to control levels (Fig. 2 B).

Hemadsorption assay

As a functional assay of recombinant p7 proteins, we inves-
tigated the ability of p7 channels to mediate transport of
multibasic HA protein (HSHA) to the cell surface. This
transport is sensitive to vesicular pH, requiring alkalization
of exocytic vesicles. HSHA at the cell surface binds to sialic
acid present on erythrocytes, and this can be assayed spec-
trophotometrically through the hemoglobin absorption at
A = 540 nm. Originally developed for the M2 channel of
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FIGURE 1 Western blot analysis of p7 proteins ex-
pressed in HEK293 cells. (A) Membrane preparations
of p7 constructs corresponding to genotypes la—4a
were subjected to SDS-PAGE and Western blotting
using an anti-c-myc primary antibody. Left panel,
48 p7 constructs; right panel, membrane preparation
from untransfected HEK293 cells (UT) and cells
transfected with GRa1 subunits. No myc signal was
detected using the same anti-c-myc antibody. p7 pro-
teins including the myc tag and signal peptide have a
theoretical size of ~11.5 kD. Markers are 6 kD and
20 kD. (B) Test for transfection of GRal subunits.
A membrane preparation of HEK293 cells transfected
with GRal cDNA was probed with a commercial
GRa antibody, showing the expected band at 48 kD.

GRa1

influenza virus, the assay was later adapted to characterize
p7 activity (34). HEK293-FT cells were cotransfected
with p7 and HA cDNA as described above. Coexpression of
p7 and HSHA resulted in hemadsorption levels comparable
to those observed for M2-independent HA (H7HA) as a pos-
itive control (34), with mean hemadsorption values (absor-
bance units) 0.352 + 0.009, 0.343 = 0.025, 0.291 =+
0.043, 0.390 = 0.005, and 0.462 = 0.029 for genotypes
1a, 2a, 3a, 4a, and H7HA, respectively. In control cells ex-
pressing HSHA alone, or in mock-transfected cells (HSHA
plus GRa1) or untransfected cells, the hemadsorption values
were >10-fold lower (p < 0.005), with mean hemadsorption
values of 0.015 = 0.002, 0.056 = 0.006, and 0.025 =+
0.010, respectively (Fig. 3). For inhibition studies, aman-
tadine (100 uM) and rimantadine (100 uM) were added
10 min before cell lysis and assay. Rimantadine inhibited
p7 activity, reducing hemadsorption values for all four geno-
types to control levels, with mean hemadsorption values of
0.08 = 0.02, 0.040 = 0.003, 0.030 = 0.004, and 0.13 =
0.05 for genotypes la, 2a, 3a, and 4a, respectively
(Fig. 3). Consistent with results from cellular pH imaging
assays, inhibition by amantadine was genotype dependent.
Hemadsorption values were unaffected by amantadine in
the case of genotypes 2a and 3a (mean hemadsorption
values of 0.32 = 0.01 and 0.31 = 0.03), whereas for geno-
types la and 4a, p7 activity was abolished by amantadine, as
evident from significantly reduced hemadsorption values of
0.08 £ 0.03 and 0.090 = 0.008. It is noted that errors in the
assay were small, so sometimes values that clearly were in
the same range and of similar physiological relevance
were calculated to be significantly different.

Characterization of p7 channels by
electrophysiological methods

HEK?293 cells were transfected with p7 constructs corre-
sponding to the four different genotypes and measurements
were performed 2—4 days after transfection. Since the p7
channel is considered a proton channel, salts were excluded
from the recording buffer, with the exception of 3 mM
CaCl,, which was needed to stabilize the seal. Cells were
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voltage clamped at —60 mV, where p7 activation caused
an inward current. Care was taken to isolate p7-specific
responses. Changes in extracellular pH also induced cur-
rents, even in untransfected cells. Currents mediated by p7
activity, however, were sensitive to rimantadine inhibition
(Fig. 4 A). Only currents that could be blocked by rimanta-
dine were used for analysis.

pH dependence

The pH dependence of proton-mediated currents from cells
transfected with p7 constructs was determined for each
individual genotype. We chose a minimum of 15 data points
from at least two cells to assess the pH dependence of each
genotype. Maximal current responses were observed at
pH 5.5 or pH 4.5 (Fig. 4). The pHs, values were 6.2 =+

.
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FIGURE 2 Recombinant p7 constructs modulate
intracellular pH. HEK293 cells, transfected with p7
of the HCV genotypes la, 2a, 3a, and 4a, were
loaded with the pH-sensitive fluorescent probe
LysoSensor Green DND-189 (2 uM in HEPES
buffer) for 30 min and imaged with excitation at
A = 443 nm and emission at A = 500 nm. Amanta-
dine and rimantadine (100 uM) in HEPES buffer
were added 10 min before imaging. (A) Images
show transmission overlaid with the fluorescence
channel (transmission) and the fluorescence chan-
nel alone. Genotypes and treatments are indicated.
Mock transfection used glycine receptor constructs
in the same vector. Scale bar, 10 um. (B) Mean of
LysoSensor fluorescence intensity for each treat-
ment. Data are the average of 20 determinations
from a total of three independent cell preparations.
Black columns, p7-1a; light gray, p7-2a; dark gray,
p7-3a; white, p7-4a. Controls: medium gray, not
transfected; dashes, mock transfected. Significance
(one-way ANOVA) is indicated; *p < 0.05, **p <
0.01). To see this figure in color, go online.
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Current-voltage dependence

The maximum currents of different p7 proteins were re-
corded at voltages between —60 mV and +60 mV. Currents
from open p7 channels (at pH 5.5) and rimantadine-blocked
channels at the same pH were compared to determine
the maximum amplitude (I,.x) of p7-mediated currents.
All recorded responses were normalized to the response at
—60 mV, which was set to —100%. Current-voltage (I-V)
data were linear in the range of —60 mV to +20 mV. At
higher voltages, p7 currents showed inward rectification
(Fig. 4 C). Regression of the linear portion of the I-V curves
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FIGURE 3 Hemadsorption assay of p7 activity.
Hemoglobin binding to HEK293-FT cells was
determined 48 h after transfection with HCV
p7-la, 2a, 3a, 4a, and M2-dependent HSHA in
the presence and absence of amantadine and riman-
tadine (100 uM). Controls include untransfected
cells, cells transfected with glycine receptor and
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gave zero crossings (0 mV) of —5% =+ 3%, —4% =+ 4%,
—1% * 7%, and —8% = 8% for genotypes la, 2a, 3a, and
4a, respectively. The slope conductances of genotypes la,
2a, 3a, and 4a were 1.5 = 0.1 pS, 1.5 = 0.1 pS, 1.4 = 0.1
pS, and 1.6 + 0.2 pS, respectively (Table 2; Fig. 4 C). As
with the pH dependence, the I-V relationships and zero
potential currents were quite similar between genotypes.

Inhibition by rimantadine and amantadine

We found robust inhibition of p7-mediated currents for the
channel blockers amantadine and rimantadine (Fig. 5).
The ICs, values derived from these curves were approxi-
mately 0.7 = 0.1 nM (la), 1.6 = 0.6 nM (3a), and 3.0 *+
0.8 nM (4a) for rimantadine (Fig. 5 A; Table 2). Channels
of the p7 genotype 2a showed lower sensitivity, with an
ICs value for rimantadine of 24 = 4 nM. Inhibition by
amantadine was less potent, with ICso values of 0.7 =+
0.1 nM (la) and 3.2 = 1.2 nM (4a). For genotypes 2 and
3, the inhibitory activity of amantadine was dramatically
lower, with ICso values of 2402 + 334 nM and 344 =+
64 nM for 2a and p7-3a channels, respectively (Fig. 5 C).

DISCUSSION

Hepatitis C is one of the most widespread virus diseases.
The situation in Egypt is particularly serious since the
HCYV infection rate (~18% of the population) is the highest
worldwide, making hepatitis C one of the leading causes of
morbidity (2). In Egypt, genotype 4 is predominant, being
found in more than 90% of patients (5). To date, a number
of full-length clones of HCV have been made available
for studies (36-39). Infectious HCV particles have been ob-
tained from the prototype strains HCV-1 (genotype 1a) (40),
JFH-1, and H-77 (genotype 2a) (41). Recently, a replicon for
genotype 3a was reported (42), and cell culture methods for
the production of high-titer HCV particles of genotypes 1-6
were developed (43). The p7 protein, forming an intracel-
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lular ion channel, has been identified as a crucial member
of the HCV replication machinery (21,29,44,45) and thus
is a viable therapeutic target. Here, we prepared genotype-
specific constructs for the expression of isolated p7 in a
recombinant system to analyze the function and inhibition
of p7 channels.

p7 protein generation and expression

We generated cDNA constructs of the p7 protein of the HCV
genotypes la, 2a, 3a, and 4a to study the channel activity
of p7 in isolation but in a well-defined in vivo system.
Sequences were selected according to alignments published
by Carrere-Kremer et al. (19) (Table 1). In contrast to pub-
lished HCYV strains, in our p7 protein sequences there is one
amino acid exchange for genotype la (p7-1a-H77: V41A)
and two exchanges for genotype 3a (p7-3a-452: A13V and
Y31H). In the case of genotype 2a, the p7 sequences of
two HCV strains (J6 and JFH-1) were previously published
(22). The chimeric strain JC-1 has the same sequence for the
p7 protein as J6 and p7-2a used here. The p7 sequence of
JFH-1 (also classified as genotype 2a) differs from our 2a,
J6, and JC-1 in 12 amino acids. The well-established
HEK?293 system was chosen for cellular assays and electro-
physiological measurements of p7 ion channels (46,47). We
generated genotype-specific p7 constructs carrying an
N-terminal signal peptide that was taken from the inhibitory
glycine receptor, a plasma membrane ion channel. This
signal peptide is expected to transport the protein to the
ER, from which it will be distributed to both the outer mem-
brane and intracellular membranes. Indeed, expression in
HEK?293 cells yielded an active protein that was found
in membrane fractions of the cell. We could identify p7
channel activity by whole-cell, patch-clamp measurements,
which are directed toward proteins in the outer plasma
membrane, and hemadsorption assays and measurements
of intracellular vesicular activity indicated that p7 activity
was also present at intracellular membranes.
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FIGURE 4 Characterization of recombinant p7 channels by patch-clamp electrophysiology. HEK293 cells were transfected with genotype-specific p7 con-
structs 48—72 h before experiments. (A) Control traces at pH 5.5 from untransfected HEK293 cells (bottom) and HEK203 cells transfected with p7-1a cDNA
constructs (top). Only currents that were blocked by rimantadine were used for analysis. (B) Traces were measured at a constant voltage of —60 mV. Cells were
superfused with solutions of varying pH for ~5 s; switches are indicated by arrows. Note the increased inward currents (downward deflection) at more acidic pH.
(C) pHs curves for p7 proteins of genotypes 1a, 2a, 3a, and 4a. Data points from at least two cells per genotype were used. p7-1a: solid line, solid squares; p7-2a:
dashed line, solid circles; p7-3a: dotted line, open triangles; p7-4a: dash-dotted line, open diamonds. pHs, values were between 6.0 and 6.5 for all genotypes; see
Table 2 for constants. (D) I-V dependence of recombinant p7 channels. p7-1a: solid line, solid squares; p7-2a: solid circles; p7-3a: dotted line, open triangles;
p7-4a: dash-dotted line, open diamonds. All p7 channels showed ohmic behavior at negative voltage and inward rectification at voltages of >20 mV.

Cellular pH imaging and hemadsorption assay

To validate our patch-clamp results, we performed two
different cell-based assays of p7 function in living HEK293
cells: one to measure acidification of the cellular organelles
and endosomes, and one to test the transportation of HSHA
to the cell surface after p7 protein expression in exocytic
vesicles. Both assays were performed on each of the four
genotypes in the absence and presence of the inhibitors aman-
tadine and rimantadine. Activity of p7 protein in HEK293
cells was completely inhibited by rimantadine in all four geno-
types. Amantadine, on the other hand, showed significant
differences between genotypes. Genotypes la and 4a were
sensitive to amantadine, whereas genotypes 2a and 3a were
not. Data from both cellular assays agreed well with results
from electrophysiological measurements. Overall, the cellular
assays confirmed that the artificial p7 channels were expressed
in the recombinant system, forming functional intracellular
regulators of vesicular pH. Our findings reveal a genotype-
specific pharmacology of the p7 ion channel.

Characterization of p7 proteins by
electrophysiological methods

We used a membrane-directing signal peptide and expressed
SP-p7 chimeric constructs in HEK293 cells. This system
is widely and successfully used for the characterization of
neuronal ion channels. The signal peptide was taken from
the inhibitory glycine receptor, a plasma membrane ion
channel, and is primarily expected to transport the protein
to the ER, from which it will be distributed to the outer
and intracellular membranes. Patch-clamp recording condi-
tions for recombinant p7 channels had to be optimized, and
considerable effort was spent searching for the ideal buffer
system for patch-clamp recordings. A buffer system that
was previously used for electrophysiological measurements
of M2 channels of the influenza virus (35) was adapted, and
it provided stable and reproducible currents for recombinant
p7 channels.

To date, several studies on viral ion channels in black lipid
membranes have been published in which synthesized or
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FIGURE 5 Inhibition of recombinant p7 channels by amantadine and rimantadine. Genotype-specific constructs were expressed in HEK293 cells 2—4 days
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dashed line, open circles. Data points from at least four cells were used to construct the inhibition curves. (B) Whole-cell current traces show inhibition by
rimantadine and amantadine for all four genotypes. Inhibitors were applied at pH 5.5; upward deflection indicates reduced p7-mediated current. (C) ICs,
values of rimantadine (light gray) and amantadine (dark gray). Note the reduced amantadine sensitivity of genotypes 2a and 3a. See Table 2 for constants.

recombinant protein was allowed to self-assemble in artifi-
cial phospholipid membranes (20,30,31). Only a few electro-
physiological studies have been performed in recombinant
systems such as oocytes and mammalian cell lines. Some
pioneering work was done on the M2 channel of the influenza
A virus, which showed amantadine and rimantadine inhibi-
tion of the channel expressed in oocytes (48—50) or host cells
(51). Studies of the p7 ion channel in liposomes (52) and arti-
ficial bilayer membranes (26) showed that p7 mediates
pH-sensitive channel activity. Several studies described
p7 activity as an intracellular pH shunt that is required for
viral assembly and release (20,21,26,29,31,34,44,53,54).
Recently, data from an NMR structure determination were
correlated with the function of p7 channels as determined
from I-V relationships in p7-transfected oocytes (23). Likely,
regulation of intracellular pH (33) is one relevant func-
tion of p7 in the replication cycle of HCV. Taken together,
these results indicate that p7 is a pH-sensitive proton and
cation channel whose inhibition interferes with virus as-
sembly and release (20,26,29,44,54,55). Genotype-spe-
cific variation in p7 activity and virus infectivity has been
shown (27,44,55), and our data confirm the genotype-specific

2426 Biophysical Journal 110, 2419-2429, June 7, 2016

activity and drug sensitivity of recombinant p7 channel
function.

pH and I-V dependence

We found pHs, values between 6.0 and 6.5, and similar I-V
relationships for all tested genotypes (Fig. 4; Table 2).
To our knowledge, no pHs, values have been previously
determined for the p7 protein. Similar properties for p7
channels of genotypes 1-4 would be expected, as they repre-
sent p7 from active virus subtypes. The pH dependence we
found for p7 is similar to that found for the M2 channel of
the influenza A virus by patch-clamp electrophysiology
(35,51) and is consistent with a proton-gated channel.

Inhibition by rimantadine and amantadine

Various studies have examined the effect of amantadine and
rimantadine on HCV p7 channels, usually focusing on geno-
types la, 1b, and 2a. Robust inhibition by rimantadine was
observed throughout (23,33,55). In the case of amantadine,
the results published in the literature are controversial.



Some reports described amantadine as a p7 inhibitor with
potency similar to that of rimantadine (21,34,52), whereas
other studies found no inhibition at all (54) or even augmen-
tation (26) of p7 function by amantadine. Similar ambiguity
exists in clinical situations, where amantadine has often
been reported to have no effect in triple therapy (7,56,57).
Furthermore, it was shown that HCV constructs correspond-
ing to genotypes la, 1b, and 3 were amantadine sensitive,
whereas results from clones of genotype 2a were ambig-
uous, showing inhibition of JC1, but not JFH-1, by amanta-
dine (55).

In our experiments, all genotypes were robustly inhibited
by rimantadine, with ICs values in the nanomolar range and
the lowest potency observed for genotype 2a. The sensitiv-
ities of genotypes 1a and 4a for amantadine were in the same
range as those for rimantadine (2.4 nM and 12 nM, respec-
tively). The ICsq values for genotypes 2a and 3a, on the
other hand, were 50- to 1000-fold higher. Thus, 2a and 3a
p7 channels were essentially insensitive to amantadine in
patch-clamp experiments. In agreement with published
data (55), we observed the least inhibitory effect of amanta-
dine with genotype 2a. Surprisingly, the p7-2a sequence
used here (amantadine insensitive) is identical to that of
strains J6 and JC-1, which were reported to be amantadine
sensitive (55). Nevertheless, the results indicate that p7
channels of genotype 2a have variable responses and show
the least sensitivity to amantadine. In our hands, p7-3a chan-
nels also were less sensitive to amantadine (Fig. 5 C), with
IC5 values being ~10-fold higher than that of 2a but still 50-
to 100-fold lower than those observed for genotypes 1 and 4
(Table 2). The results from patch-clamp recordings were
consistent with those obtained from cellular assays of p7
activity, with both approaches showing independently that
genotypes 2 and 3 are less sensitive to amantadine than ge-
notypes 1 and 4.

Notably, the ICsq values from patch-clamp recordings
were in the nanomolar range, whereas in cell-based assays
the inhibitors were applied in micromolar concentrations.
This numerical difference is likely due to the fact that in
patch-clamp recordings, the p7 channel is directly exposed
to the drug, which does not need to enter the cell and diffuse
to its target. Thus, the numerical values of inhibition con-
stants from different assays cannot be directly equated,
but the trends between genotypes and inhibitors that we
found were robust and consistent between different assay
methods and with published data.

CONCLUSIONS

Here, we have presented a novel, to our knowledge, combi-
nation of techniques for studying the function of HCV p7
channels by directly recording their intrinsic transmem-
brane currents. Constructs of hepatitis C p7 protein corre-
sponding to genotypes 1-4 were generated, expressed in
HEK?293 cells, and studied using patch-clamp techniques.

Activation/Inhibition of HCV p7 Channels

All genotypes had p7 channels of similar permeation prop-
erties and pH dependence. The p7 channels of genotypes
1-4 were sensitive to rimantadine, and the amantadine
sensitivity of genotypes 2 and 3 was 30- to 200-fold lower
than that of genotypes 1 and 4.

The patch-clamp data were confirmed by established
cellular assays of p7 function. All tests consistently showed
a decreased sensitivity of genotypes 2 and 3 to amantadine,
whereas rimantadine robustly inhibited p7 channels of all
genotypes studied. Our results are in agreement with pub-
lished findings that show a greater variety of amantadine
sensitivity among p7 channels from different genotypes.
Patch-clamp studies of recombinant viroporins complement
the existing array of functional assays and may be a valuable
tool for studying p7 channel function and its sequence and
genotype dependency, as well as for developing novel ther-
apeutic approaches.
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Supporting Materials and Methods and one figure are available at http://
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Figure S1
signal peptide myc p7 protein
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Figure 1 Generation of p7 protein constructs.

(A) p7 constructs including a myc tag (EQKLISEEDL) for Western Blot detection. (B) p7
products, lacking the myc tag, used in electrophysiological measurements. All constructs
included a membrane-directing signal peptide. Dark gray — vector; light gray — signal peptide;
black — glycine receptor; white — p7; dashes — ~20 base pairs non overlapping new sequence;

arrows — sense and anti sense primers.



Materials and Methods - supplemental information
Generation of genotype-specific p7 cDNA contructs - PCR conditions

Standard PCR reactions were set up as follows: 0.5 ng of template DNA; 50 uM of each
dATP, dCTP, dGTP, and dTTP; 0.25 uM of each primer, and 0.5 unit of high-fidelity Taq
polymerase were completed to the end volume with supplied buffer (Roche Molecular
Biochemicals, Mannheim, Germany). PCR conditions were 2 min at 95 °C for denaturation,
followed by 26 cycles of 1 min at 95 °C, 0.5 min at 55 °C, and 1.0 min at 72 °C. The last

cycle ended with a 2 min 72 °C amplification.

Membrane Preparation and Western Blot Analysis

HEK?293 cells were harvested 3 days after transfection, taken up in PBS (1.5 mM KH;PQOy;
6.5 mM Na,HPO,; 3.0 mM KCI; 137 mM NacCl), centrifuged (2000 x g, 10 min), and the
pellet resuspended in 2 ml Buffer H (20 mM K-phosphate pH 7.4; 5 mM EDTA; 5 mM
EGTA; protease inhibitors (c@mplete, Roche, Mannheim, Germany)). Cells were
homogenized and centrifuged for 20 min at 17000 rpm twice and the final cell pellet
(membrane fraction) taken up in 0.5 ml of Buffer B (Buffer H + 200 mM KCI). Protein
concentration was determined by Bradford assay. For Western blot analysis, 15 ug of
membrane fraction protein, or cell lysate were run on a 15 % SDS polyacrylamide gel (45
min, 120 V). Proteins were transferred onto nitrocellulose membrane using a semi-dry blotter
(Bio-Rad, Munich, Germany). Blot membranes were blocked using bovine serum albumine.
An alkaline phosphatase — conjugated anti c-myc antibody (SantaCruz, Heidelberg, Germany)
was used to label myc-p7 protein and the blot visualized using 0.03 % nitro blue tetrazolium
and 0.02 % 5-bromo-4-chloro-3-indolyl-phosphate in substrate buffer (100 mM Tris-HCI,

pH 9.5; 100 mM NaCl; 5 mM MgCl,).
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