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ABSTRACT

Nonprimate hepacivirus (NPHV), the closest homolog of hepatitis C virus (HCV) described to date, has recently been discovered
in horses. Even though the two viruses share a similar genomic organization, conservation of the encoded hepaciviral proteins
remains undetermined. The HCV p7 protein is localized within endoplasmic reticulum (ER) membranes and is important for
the production of infectious particles. In this study, we analyzed the structural and functional features of NPHV p7 in addition
to its role during virus assembly. Three-dimensional homology models for NPHV p7 using various nuclear magnetic resonance
spectroscopy (NMR) structures were generated, highlighting the conserved residues important for ion channel function. By ap-
plying a liposome permeability assay, we observed that NPHV p7 exhibited liposome permeability features similar to those of
HCV p7, indicative of similar ion channel activity. Next, we characterized the viral protein using a p7-based trans-complementa-
tion approach. A similar subcellular localization pattern at the ER membrane was observed, although production of infectious
particles was likely hindered by genetic incompatibilities with HCV proteins. To further characterize these cross-species con-
straints, chimeric viruses were constructed by substituting different regions of HCV p7 with NPHV p7. The N terminus and
transmembrane domains were nonexchangeable and therefore constitute a cross-species barrier in hepaciviral assembly. In con-
trast, the basic loop and the C terminus of NPHV p7 were readily exchangeable, allowing production of infectious trans-comple-
mented viral particles. In conclusion, comparison of NPHV and HCV p7 revealed structural and functional homology of these
proteins, including liposome permeability, and broadly acting determinants that modulate hepaciviral virion assembly and con-
tribute to the host-species barrier were identified.

IMPORTANCE

The recent discovery of new relatives of hepatitis C virus (HCV) enables for the first time the study of cross-species determinants
shaping hepaciviral pathogenesis. Nonprimate hepacivirus (NPHV) was described to infect horses and represents so far the clos-
est homolog of HCV. Both viruses encode the same viral proteins; however, NPHV protein functions remain poorly understood.
In this study, we aimed to dissect NPHV p7 on a structural and functional level. By using various NMR structures of HCV p7 as
templates, three-dimensional homology models for NPHV p7 were generated, highlighting conserved residues that are impor-
tant for ion channel function. A p7-based trans-complementation approach and the construction of NPHV/HCV p7 chimeric
viruses showed that the N terminus and transmembrane domains were nonexchangeable. In contrast, the basic loop and the C
terminus of NPHYV p7 were readily exchangeable, allowing production of infectious viral particles. These results identify species-
specific constraints as well as exchangeable determinants in hepaciviral assembly.

For more than 2 decades, hepatitis C virus (HCV) and GB
virus B (GBV-B) were the sole members of the genus Hepaci-
virus within the Flaviviridae family. Recently, multiple new hepa-
civiruses have been identified in dogs (1), horses (2), bats (3, 4),
rodents (3, 5), nonhuman primates (6), rats (7), and cattle (8, 9).
Among them, nonprimate hepacivirus (NPHV), initially de-
scribed to infect dogs and subsequently horses, is the closest ho-
molog of HCV and thus represents a unique model to study dif-
ferences in hepacivirus pathogenesis of HCV and HCV-related
viruses (10, 11).

HCV is globally distributed, and approximately 146 million
people of the world’s population are persistently infected (12).
Individuals infected with HCV are at high risk of developing liver
cirrhosis and hepatocellular carcinoma (13). The development of
direct-acting antivirals (DAAs) has significantly improved antivi-
ral treatment options (14). However, a prophylactic vaccine is still
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lacking. The genome of HCV consists of a single-stranded RNA
with positive polarity and encodes 10 viral proteins in an open
reading frame (ORF) (15). The small membrane protein p7 is
encoded between the structural proteins core, E1, and E2 and the
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nonstructural proteins. p7 is classified into the group of viro-
porins since it fulfills major characteristics of this family, for in-
stance, its small size (63 amino acids) and its ability to form oli-
gomeric, hydrophobic ion channels in the endoplasmic reticulum
(ER) membrane (16). p7 is composed of two transmembrane pas-
sages connected by a short polar loop. The N-terminal helix and C
terminus face the lumen of the ER (17); however, another topol-
ogy whereby the C terminus is exposed toward the cytosol has also
been reported (18). p7 monomers assemble to form hexameric or
heptameric structures (19-22). By applying single-particle elec-
tron microscopy, a three-dimensional model of a p7 hexamer
was resolved (20). Additionally, the monomeric and oligomeric
structure of p7 of different genotypes was elucidated by nuclear
magnetic resonance spectroscopy (NMR) studies in different
lipid-mimicking environments (trifluoroethanol [TFE], 1,2-di-
hexanoyl-sn-glycero-3-phosphocholine [DHPC], dodecylphos-
phocholine [DPC], or methanol) (23-26), which likely explains
the structural discrepancies observed between these models. In
vitro analysis revealed that p7 is essential for HCV assembly and
release, whereas it is dispensable for viral replication (27, 28). For
further details on structural and functional properties of HCV p?7,
see also recent reviews (16, 29, 30).

After the identification of NPHYV, several studies have been
conducted to investigate the differences and similarities between
NPHYV and HCV. A high seroprevalence of anti-NPHYV antibodies
(30 to 40%) among horses was reported, with 2 to 7% of the horses
also carrying viral RNA (10). Similar to HCV, NPHV is also a
hepatotropic virus, as was evidenced by accumulation of viral plus
and minus strand RNA in liver sections (31). The genomic orga-
nization of HCV and NPHYV is highly conserved, with one ORF
encoding the viral proteins (10, 11). As seen for HCV, the ORF of
NPHYV is flanked by two untranslated regions (UTRs) at the 5" and
3" ends, with the 5'UTR displaying a larger stem-loop I (2). Re-
garding the function of NPHV viral proteins, individual expres-
sion of the NPHV core protein showed that core localizes on lipid
droplets as reported for HCV core (32). In addition, the NS3/4A
protein of NPHV has been shown to have a function similar to that
of the HCV equivalent by cleaving human mitochondrial antiviral
signaling protein (MAVS) and Toll-interleukin 1 (IL-1) receptor
domain-containing adaptor inducing interferon beta (TRIF) (33).
However, a detailed understanding of viral protein function, es-
pecially in the context of cross-species determinants shaping
hepaciviral pathogenesis, is lacking.

In this study, we discovered that although NPHV p7 shared
comparable structural features with its human homolog and ex-
erted an ion channel activity, the protein could not fully replace
HCV p7 during virus assembly. Replacement of the basic loop and
the C terminus within NPHV p7, however, led to production of
infectious HCV particles, thus defining virus species-specific and
interchangeable subdomains within p7.

MATERIALS AND METHODS

Sequence and phylogenetic analysis. Nucleotide sequences of NPHV p7
isolates (GenBank accession numbers KP325401, JQ434002, JQ434003,
JQ434004, JQ434005, JQ434006, JQ434007, JQ434008, JX948116; the p7
sequences generated in this study are available as indicated below) were
translated and aligned using MEGAG6 (34), and a consensus sequence was
generated. For phylogenetic analysis, one representative p7 sequence
of each HCV genotype was utilized (GenBank accession numbers
NC_004102, YP_001469630, NC_009824, NC_009825, NC_009826,
NC_009827, EF108306). The HCV p7 consensus sequence was deduced
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from the ClustalW multiple alignment (35) of p7 sequences from repre-
sentative HCV strains of confirmed genotypes (as described in reference
23). A maximum likelihood phylogenetic tree was generated using
MEGAS6 (34).

Structural analysis. Three-dimensional homology models of NPHV
p7 monomer were constructed by the Swiss-Model automated protein
structure homology modeling server (http://www.expasy.org/spdbv/
[36]) by using the NMR structures of HCV p7 as templates (23-26). Two
models of the NPHV p7 three-dimensional hexamer were generated. The
positions of models 1 and 2 relative to the membrane bilayer were de-
duced from molecular dynamics (MD) simulations of HCV p7 in the
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer as
reported by Chandler et al. (19) and Kalita et al. (37), respectively. Figures
were generated from structure coordinates by using VMD (http://www.ks
.uiuc.edu/Research/vmd/ [38]) and rendered with POV-Ray (http://www
.povray.org/).

Peptide synthesis of HCV and NPHV p7. The p7 peptides of the
JFH-1 or H14 strain were synthesized with a CEM microwave peptide
synthesizer. To that end, all required amino acids were dissolved in N,-
N,-dimethylformamide (DMF; Rathburn Chemicals Ltd.). As the activa-
tor, hydroxybenzotriazole (HoBt) hydrate was used, and as the activator
base, N,N'-diisopropylcarbodiimide (DIC; Sigma) was used. Deprotec-
tion was conducted in 20% piperidine (Sigma) in DMF (vol/vol). Dichlo-
romethane (Sigma) was used for washing. A 16.4-liter volume of DMF,
150 ml of activator, 200 ml of activator base, 2.8 liters of deprotection
product, 0.17 g of resin, and 0.2 M each respective amino acid were placed
in a CEM microwave peptide synthesizer, and a program was created to
start synthesis from the C terminus. The first amino acid added was argi-
nine (Arg), since alanine (Ala) is attached to the resin. Reactions for all the
amino acids were performed as double coupling except for proline. Cycles
for Arg, Cys, and His are performed at lower temperature and for a longer
time period than cycles for other amino acids to avoid racemization. To
avoid any side chain reaction, only Fmoc-Lys (Boc)-OH for lysine (Lys)
was used with double coupling. The instrument will automatically stop
and collect the resin with synthesized peptide, which is required to cleave
the peptide from resin. Peptides were purified by high-performance liquid
chromatography (HPLC) on a C, semipreparative column with a linear
acetonitrile gradient. The purity was verified by SDS-PAGE. The sequence
of the p7 peptide was confirmed by matrix-assisted laser desorption ion-
ization—time of flight (MALDI-TOF) mass spectrometric analysis.

Liposome permeability assay. Liposome preparation and permeabil-
ity assays were conducted as described earlier (39). Briefly, lipids (Avanti
Polar Lipids) in chloroform were added in a final mixture containing 0.5
mg L-a-phosphatidic acid, 0.5 mg r-a-phosphatidyl choline, and 0.5%
(wt/wt) L-a-phosphatidyl ethanolamine with lissamine rhodamine B-la-
beled head groups. Chloroform was evaporated from the lipids using a
stream of nitrogen before the lipids were placed in a vacuum for 4 h at
room temperature (RT). Lipids were rehydrated to 2 mg/ml in a self-
quenching concentration of carboxyfluorescein (CF) buffer [50 mM 5(6)-
carboxyfluorescein (Sigma), 10 mM HEPES (pH 7.4), 107 mM NaCl] and
vigorously shaken overnight at RT. Unilamellar liposomes were produced
using an extruder (Avanti Polar Lipids) and a 0.4-pm filter (Whatman).
Liposomes were purified via centrifugation at 49,000 rpm for 15 min at
25°C, including 4 washing steps, before the pellet was resuspended in 0.5
ml liposome assay buffer (10 mM HEPES, pH 7.4, 107 mM NacCl). For p7
activity assays, the peptides were reconstituted in 100% dimethyl sulfox-
ide (DMSO), and the concentration was determined by nanodrop. Lipo-
somes supplemented with 1% (vol/vol) DMSO were used as a baseline for
fluorescence. Assays were carried out in black-walled, flat-bottomed
black-base 96-well plates at 37°C. Each well contained 50 uM liposomes
(calculated from the rhodamine fluorescence) and 1 pl of peptide in
DMSO in a total volume of 100 wl with liposome assay buffer. Triton
TX-100 (0.5%, vol/vol), which lyses liposomes, was used for gain adjust-
ment, setting a level of 90% fluorescence. The 96-well plate was kept on ice
for 2 to 5 min after gain adjustment and while the peptide with or without
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drug was added. CF release measured by increased fluorescence was taken
as an indicator of peptide-induced membrane permeability (activity). A
set of 30 readings (excitation wavelength [\], 485 nm; emission \, 520
nm) was made over the course of 24 min using a FLUOstar Galaxy plate-
reader (BMG Labtech). Reactions for each condition were carried out in
duplicate wells with three independent experimental repeats. Endpoint
measurements were used for the analysis with the average of the duplicate
wells taken. For N-nonyl-deoxynojirimycin (NN-DNJ) inhibition assays,
liposomes contained 2% (vol/vol) DMSO with or without 40 WM NN-
DN, these being the respective background levels for drug-free and drug-
treated wells. Concentrations of 9 wM NPHV p7 peptide and 44 pM
JFH-1 p7 peptide were used. Peptides with or without inhibitor were
incubated for 20 min at RT prior to addition to the gain-adjusted plate on
ice. Statistical analysis was conducted by a Welch’s corrected unpaired ¢
test. P values of <0.05 were considered statistically significant and are
marked with an asterisk in the figures.

Cell culture. Huh-7.5 cells were cultured in Dulbecco’s modified Ea-
gle’s medium (Life Technologies) supplemented with 10% fetal bovine
serum (FCS), 2 mM L-glutamine, nonessential amino acids (Invitrogen),
100 pg/ml streptomycin (Invitrogen), and 100 IU/ml penicillin (Invitro-
gen) (DMEM complete) at 37°C and 5% CO,. The packaging cell line
Huh-7.5[C][E1E2][NS2]J6 expressing the Jcl derived proteins C, E1E2
and NS2 was generated by lentiviral gene transfer as described earlier (40).
Vectors used for the gene transfer carried a blasticidin-S deaminase resis-
tance gene, and therefore, 5 ug/ml of blasticidin (Invivogen) was added
for selection.

Plasmids. The plasmids pFK-PI-Spp7/J6-EI-NS3-5B/JFH-1, pFK-PI-
Sp-HA-HA-L-p7/J6EI-NS3-5B/JFH-1, and pFK-PI-G-Luc-EI-NS3-5B/
JFH-1 have been described earlier (41, 42) and are based on the bicistronic
helper replicon pFK-PI-EI-NS3-5B/JFH-1. This helper replicon contains
a poliovirus-derived internal ribosomal entry site (IRES) (PI) down-
stream of the JFH-1-derived 5'-nontranslated region (5'NTR) (nucleo-
tides 1 to 341 of JFH-1) and is separated by a spacer region of 72 nucleo-
tides. The second cistron is under the control of an encephalomyocarditis
virus IRES (EI) that expresses JFH-1-derived NS3 to NS5B proteins. The
p7 sequence of the NPHYV isolate H14 and different HCV/NPHV p7 chi-
meras were chemically synthesized (Integrated DNA Technologies
[IDT]). The cloned fragments included a signal peptide (sp) derived from
the last 51 bp of the E2 protein (HCV isolate J6) downstream of the p7
sequence or additionally a HAHA tag linked to the p7 sequence with a
linker and upstream of the sp. The respective genes were cloned into the
first cistron of pFK-PI-EI-NS3-5B/JFH-1 by restriction digest and liga-
tion. In addition to bicistronic helper replicons used for trans-comple-
mentation assays, experiments with the HCV full-length virus were also
performed. Therefore, the plasmids pFK-Jc1 (43), pFK-Jc1-Ap7half (27),
and pFK-Jc1-HA-HA-L-p7/]6 (42) were utilized. The p7 sequence of the
NPHYV isolate H14 and the p7 sequences of HCV/NPHYV chimeras (p7]6-
loop-H14, p7J6-C-ter-H14, and p7J6-loop-C-ter-H14) were cloned into
pFK-Jc1 and pFK-Jc1-HA-HA-L-p7/J6 by PCR-based insertion. All con-
structs were confirmed by sequencing prior to use. Further details regard-
ing the cloning strategies and exact nucleotide sequences are available
upon request.

In vitro transcription and electroporation. In vitro transcripts were
created according to a protocol described previously (40). DNA was pu-
rified by the Qiaquick PCR purification kit (Qiagen), and RNA was puri-
fied by the NucleoSpin RNA Extraction kit (Macherey-Nagel) according
to the manufacturer’s instructions. Concentration was determined by
nanodrop. In vitro-transcribed RNA was stored at —80°C until electropo-
ration.

Electroporations were conducted as described earlier (40). Briefly,
Huh-7.5 or Huh-7.5[C][E1E2][NS2]]J6 cells were trypsinized and taken
up in DMEM complete, and the cell number was determined. A final
concentration of 1.5 X 107 cells/ml in 400 wl of Cytomix (120 mM KCl,
0.15 mM CaCl,, 10 mM K,HPO, or KH,PO, [pH 7.6], 25 mM HEPES, 2
mM EGTA, 5 mM MgCl,, with pH adjusted to 7.6 with KOH) supple-
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mented with 2 mM ATP and 5 mM glutathione per electroporation and 5
to 10 g of in vitro transcripts were used per electroporation. Transfected
cells were directly taken up in 12 to 16 ml DMEM complete and seeded
into 6-well plates or 10-cm dishes depending on the application.

Immunofluorescence. After transfection, cells were seeded into a 24-
well plate onto coverslips. Cells were fixed 48 h posttransfection by addi-
tion of 3% paraformaldehyde. Staining of intracellular HAHA-tagged p7
and a costaining of E2 or NS3 were performed as described elsewhere (42).
In brief, fixed cells were permeabilized with 0.5% Triton X-100 for 10 min
at RT. Blocking was conducted for 1 h at RT in blocking buffer (5% goat
serum [Sigma] in phosphate-buffered saline [PBS]). The primary anti-
bodies were incubated overnight at room temperature in blocking buffer.
The primary mouse anti-hemagglutinin (anti-HA) antibody (Covance)
was diluted 1:1,000, the primary rabbit anti-NS3 4949 (44) antibody was
diluted 1:400, and the primary human anti-E2 antibody CBH-23 (45) was
diluted 1:250 in blocking buffer. The anti-NS3 and anti-E2 antibodies
were kind gifts from R. Bartenschlager (University of Heidelberg) and S.
Foung (Stanford University), respectively. Species-specific secondary an-
tibodies (Alexa Fluor 488-conjugated anti-mouse IgG, Alexa Fluor 546-
conjugated anti-rabbit IgG, and Alexa Fluor 546-conjugated anti-human
IgG) were diluted 1:1,000 in blocking buffer and incubated for 1 h at RT in
the dark. Cell nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI Invitrogen). Last, coverslips were mounted on glass slides using
Fluoromount-G (Southern Biotech). Pictures were taken using a lens with
a magnification of X100 by an inverted confocal laser-scanning micro-
scope (Olympus Fluoview 1000). A sequential acquisition mode with an
average of 3 frames for each picture (Kalman n = 3) was applied for the 3
channels used.

Western blot analysis. Western blot analysis of cell lysates was per-
formed as previously described (42). Briefly, cells were lysed 48 h post-
transfection by addition of 1% Triton-X100 supplemented with protease
inhibitor (Roche). Nuclei were separated by centrifugation, and reducing
sample buffer was added to the supernatant. Samples were incubated at
37°C for 15 min prior to separation by SDS-PAGE. After transfer of the
separated proteins on a membrane, the membrane was incubated for 1 h
in blocking solution (5% milk in 0.05% Tween—PBS). The primary anti-
body was incubated overnight at 4°C in blocking solution. The following
dilutions were used for the antibodies: mouse anti-HA (Sigma), 1:1,000;
mouse anti-NS5A 9E10 (46), 1:1.000; mouse anti-NS2 6H6 (47), 1:1,000;
mouse anti-E2 AP33, 1:1,000; mouse anti-B-actin (Sigma), 1:1,000. The
anti-NS5A 9E10 and anti-NS2 6H6 antibodies were a generous gift from
C. M. Rice (Rockefeller University). The anti-E2 AP33 antibody was pro-
vided by Genentech and Arvind Partel (University of Glasgow) (48). The
secondary horseradish peroxidase (HRP)-conjugated coupled antibody
(anti-mouse; Sigma) was incubated for 1 h at room temperature. It was
diluted 1:20,000 except after incubation with the anti-HA antibody (1:
2,000). After washing in 0.05% Tween—PBS, chemiluminescence was ob-
tained with the ECL Plus Western blotting detection system (GE Health-
care) and measured using a ChemoCam Imager.

Virus titration. To determine viral titers in collected supernatants, a
limiting dilution assay was conducted on Huh-7.5 cells. The 50% tissue
culture infectious dose (TCID5,) was determined 72 h postinfection as
reported earlier (40).

RESULTS

The NPHV p7 amino acid sequence is highly conserved and
shows structural features comparable to those of HCV p7. To
examine the degree of p7 amino acid sequence conservation
among different NPHV p7 isolates, 15 distinct NPHV p7 se-
quences were aligned and a consensus sequence was generated
(Fig. 1A). The identification of the respective NPHV p7 sequences
was based on cleavage site predictions as reported earlier (11).
Overall, the NPHV p7 sequences were highly conserved at the
amino acid level, with only 11 positions (over the 63 residues)
showing some variations (Fig. 1A). Alignment of globally sampled
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FIG 1 Sequence and phylogenetic analysis of NPHV p7. (A) Amino acid conservation in NPHV p7. (Top) Sequence logo (61) of the 63-amino-acid NPHV p7
ion channel generated from an alignment of 15 globally sampled strains (GenBank accession numbers: KP325401, JQ434002, JQ434003, JQ434004, JQ434005,
JQ434006, JQ434007, JQ434008, ]X948116; see Materials and Methods for the p7 sequences generated in this study). Nucleotide sequences were translated and
aligned using MEGAG (34). Individual amino acids are color coded according to physiochemical properties, and individual residue frequencies in the population
are proportional to the x axis. The global NPHV p7 consensus sequence is positioned directly below, with asterisks (*) indicating complete conservation at the
amino acid level in all sampled strains. (B) Phylogenetic comparison of NPHV and HCV p7. NPHV and HCV p7 nucleotide sequences (189 bp) were aligned, and
a maximum likelihood phylogenetic tree was generated using MEGAG6 (34). NPHV p7 sequences represent all available reported sequences downloaded from
GenBank, in addition to sequences generated in this study (the nine GenBank accession numbers listed above for panel A, and sequences for H10 and H14 to H18
determined in this study). The HCV p7 sequences each represent a single isolate from genotypes (GT) 1 to 7 (GenBank accession numbers NC_004102,
YP_001469630, NC_009824, NC_009825, NC_009826, NC_009827, EF108306). Branch lengths are proportional to the scale bar and equivalent to genetic

distances measured in numbers of nucleotide substitutions per site.

NPHYV and HCV p7 nucleotide sequences and subsequent phylo-
genetic analysis revealed a high level of divergence between HCV
and NPHV, with each virus forming a discrete, well-supported
clade (Fig. 1B). Of note, sampled NPHV p7 isolates showed a
remarkably lower nucleotide variation than HCV p7 isolates de-
rived from genotypes (GT) 1 to 7, which is indicated by the differ-
ent branch lengths (Fig. 1B). Database searching for proteins re-
lated to NPHV p7 using either BLAST (49) or Fasta (50) revealed
that p7 from HCV genotype 4f displays the highest similarity to
the NPHV consensus sequence, with 33% identical amino acids
and 28% and 13% strongly and weakly similar amino acids. More-
over, similar percentages were observed when comparing the
NPHYV p7 consensus sequence with p7 consensus sequences from
representative HCV strains of confirmed genotypes (51, 52) (19%
identical, 24% strongly similar, 16% weakly similar, and 30% dif-
ferent residues [Fig. 2A]). With respect to the nonconserved resi-
dues, one can distinguish those exhibiting obvious physicochem-
ical differences (colored dark blue in Fig. 2A) from those for which
the hydrophobic or hydrophilic character is conserved (colored
light blue). Moreover, most of the latter NPHV p7 residues could
be observed as minor variants in the p7 amino acid repertoire of
HCV reference genotypes (reported in Fig. 2A in reference 27;
residue positions 11, 22, 37, 44, 45, and 51). In total, only 20% of
residue positions distributed along the sequence appeared to be
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clearly specific for NPHV and HCV p7, including positions 1, 5, 7,
9, 13, 14, 16, 29, 33, 39, 43, 46, and 47. Altogether, these data
indicate that the overall structure of NPHV p7 should be compa-
rable to that of HCV p7. This was also supported by secondary
structure analyses and predictions of transmembrane segments,
which exhibited similar patterns for NPHV and HCV p7 (data not
shown).

Several NMR structures have been reported for HCV p7 (19,
23-26), allowing us to construct three-dimensional homology
structure models for NPHV p7 by using the Swiss-Model auto-
mated protein structure homology modeling server (http://www
.expasy.org/spdbv/ [36]) and the consensus NPHV p7 sequence as
input. The four resulting homology structure models for the mo-
nomeric form of NPHV p7 are depicted in Fig. 2B. The three first
models exhibited a “hairpin-like” topology consisting of two
transmembrane segments that are connected by a hydrophilic,
positively charged cytosolic loop containing residues 33 and 35.
According to the corresponding hexameric forms of these models
(19, 24, 25) and to the typical oligomeric structure of viroporins
(53), NPHYV p7 subunits would reside side by side as illustrated by
model 1 in Fig. 2C. In contrast, the NPHV p7 homology model
based on the NMR structure of hexameric p7 reported by Ouyang
et al. (26) would exhibit an unusual architecture wherein part of
each p7 subunit crosses over to interact with other p7 subunits
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FIG 2 Homology structure models of NPHV p7. (A) Comparison of the NPHV p7 consensus sequence (see Fig. 1) to the HCV p7 consensus sequence. The
degree of amino acid physicochemical conservation at each position is inferred with the similarity index according to Clustal W conventions (asterisk, invariant,
red; colon, highly similar, dark pink; dot, similar, pink). Nonconserved but slightly different residues are colored light blue, while very different residues are
colored dark blue. Underlined residues correspond to positions exhibiting conserved aromatic residues. Positions 33 and 35 in the central cytosolic loop are
boxed. Note that the C-terminal half of p7 exhibits structural features that are characteristic of signal peptides (62), consisting of an N-terminal region (n domain)
encompassing 1 to 3 positively charged residues (Arg), a hydrophobic core region (h domain) forming an alpha-helix, and a more polar, flexible region (c
domain) containing a signal peptidase cleavage site; residues at positions —1 and —3 relative to the cleavage site are small neutral residues (Ala) and form the
recognition site for signal peptidases (63), whereas alpha-helix-destabilizing residues (Pro, Gly) are present at position —6 and/or in the middle of the h domain.
(B) Ribbon representations of the three-dimensional homology models of NPHV p7 monomer. Four previously published NMR-based structures were used as
the templates for modeling (23-26). Left, p7 monomer structure determined by NMR in 50% TFE and molecular dynamic (MD) simulations (23) (PDB 2K8]J);
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that are not its neighbors (Fig. 2C, model 2). Nevertheless, these
models allowed the positioning of conserved, very similar, similar,
different, and very different residues (colored from red to blue,
respectively) along the secondary structure elements for each
model (Fig. 2B) as well as at the surface of hexamer models and
within their ion channel pores (Fig. 2C).

NPHYV p7 exerts an ion channel activity in aliposome perme-
ability assay. As the NPHV p7 structural analyses revealed fea-
tures similar to those of HCV p7, we next used the liposome per-
meability assay previously reported for HCV p7 (39) to evaluate its
ion channel features. To produce the respective p7 peptides of
NPHYV (isolate H14) and HCV (isolate JFH-1), a chemical synthe-
sis was performed (see Materials and Methods). The p7 peptides
were reconstituted in DMSO and validated using mass spectrom-
etry and SDS-PAGE, before increasing doses of the peptides were
incubated with liposomes previously loaded with carboxyfluores-
cein (CF) at self-quenching concentrations. In this assay, the in-
crease in membrane permeability was measured by the dye release
and dequenching. An increase of fluorescence was observed when
the NPHV p7 peptide was added to the liposomes, which reached
a plateau with a peptide concentration of 10 to 20 uM (Fig. 3A).
The HCV JFH-1-derived peptide demonstrated an ion channel
activity in a dose-dependent manner with about 2- to 3-fold-
higher fluorescent units (FU) than NPHV p7 (Fig. 3B). As the
iminosugar derivative N-nonyl-deoxynojirimycin (NN-DNJ) was
reported to block the HCV p7 ion channel activity (54), we ana-
lyzed the inhibitory effect of NN-DNJ against NPHV p7. As de-
picted in Fig. 3C, NPHV p7-dependent permeabilization of lipo-
somes could be blocked with 40 wM NN-DNJ in a fashion similar
to that observed with HCV p7 (Fig. 3C). Taken together, these
data indicate that similar to HCV p7, NPHV p7 is likely able to
exert an ion channel function that can be blocked by iminosugar
derivatives.

Cross-species substitutions of the basic loop and the C ter-
minus in p7 lead to production of trans-complemented parti-
cles. To study the capability of NPHV p7 to rescue the production
of infectious particles, we made use of a p7-based HCV trans-
complementation system (41). This system permits the evaluation
of p7 function in virus-producing cells independently of second-
ary effects on polyprotein processing. The p7 sequence originating
from the NPHYV isolate H14 was cloned into the first cistron of a
bicistronic JFH-1 helper replicon (Fig. 4A). The p7 sequence was
located downstream of a signal peptide (sp) sequence encom-
passed within the last 51 amino acids of the HCV E2 protein de-
rived from the J6 isolate. Additionally and to facilitate p7 detec-
tion, another construct containing a sp, a HAHA tag, and a short
linker sequence (GGGGSG) connected to NPHV p7 H14 was cre-
ated. The analogous constructs containing HCV p7 of the isolate
J6 or the Gaussia luciferase gene (G-Luc), both previously de-
scribed (41, 42), were utilized as positive and negative controls,

respectively. The second cistron encoded the nonstructural pro-
teins NS3-NS5B from the HCV isolate JFH-1. In vitro transcripts
of these constructs were individually transfected into a packaging
cell line encoding the remaining viral proteins, core (C), E1E2,
and NS2 from the HCV isolates J6 and JFH-1 (Fig. 4A). To con-
firm the expression of HAHA-tagged p7, we performed Western
blot analysis showing that both HAHA-tagged p7 J6 and HAHA-
tagged p7 H14 were expressed (Fig. 4B). However, in the lysate of
HAHA-tagged p7 H14, additional proteins with a higher molecu-
lar weight were detected (Fig. 4B), indicating SDS-resistant oligo-
meric forms of the HAHA-tagged p7. Next, we analyzed the sub-
cellular localization of HAHA-tagged p7 in fixed cells by indirect
fluorescence microscopy using antibodies recognizing the HA tag,
HCV NS3, or E2 proteins in order to permit the assessment of
colocalization between these polypeptides (Fig. 4C). The two
HAHA-tagged p7 proteins, J6 and H14, showed a similar localiza-
tion in the cytoplasm at ER membranes by colocalizing with E2
and NS3. The rescue of HCV particle production by NPHV p7 was
assessed after transfection of the packaging cell line with the dif-
ferent p7 variants and infectivity released into the cell culture su-
pernatant of transfected cells. The J6-derived p7 construct could
be rescued with peak titers of 5 X 10* TCIDs,/ml, while the double
HA-tagged genome produced smaller amounts of viral progeny as
previously reported (42). In contrast, NPHV p7 (with or without
epitope tag) could not replace the HCV p7 function in this trans-
complementation setting, suggesting genetic incompatibilities be-
tween NPHV p7 and HCV proteins.

To explore if NPHV p7 and HCV p7 contain virus-specific but
potentially also interchangeable (thus functionally conserved)
subdomains, we replaced parts of HCV p7 with sequences of
NPHYV p7. To this end, we constructed 11 distinct chimeras by
dividing p7 into the N-terminal transmembrane helix 1 (TM1),
basic loop, transmembrane helix 2 (TM2), and C-terminal sub-
domain (Fig. 5A). All chimeric constructs were N-terminally
tagged with a double HA tag connected by a short linker and
preceded by a signal peptide sequence. These sequences were
cloned into the first cistron of a bicistronic JFH-1 helper replicon,
and in vitro transcripts were transfected into Huh-7.5[C]
[E1E2][NS2]J6 packaging cells analogous to those shown in Fig.
4A. Expression of HAHA-tagged p7 variants was assessed by im-
munofluorescence analysis, which showed the expression of chi-
meras 1,2, 3, 5,and 11 and low or undetectable expression for the
remaining constructs (Fig. 5B), indicating an early degradation or
a general incompatibility between HCV p7 and NPHV p7 parts.
Next, we investigated the capability of these p7 chimeras to trans-
complement the production of infectious particles. The p7 chime-
ras 3 (replacement of the loop, subsequently termed p7J6-loop-
H14), 5 (replacement of the C terminus, subsequently termed
p7J6-C-ter-H14), and 11 (replacement of the loop and C termi-
nus, subsequently termed p7J6-loop-C-ter-H14) were able to pro-

middle left, NMR-based structure of p7 monomer determined in 125 mM DHPC (25) (PDB 2MTS); middle right, Flag-p7 monomer structure determined in
100% methanol (MeOH) (24) (PDB 3ZDO0; the Flag tag and C-terminal extension are not shown); right, one subunit of hexamer p7 NMR structure model
determined in 200 mM DPC (26) (PDB 2M6X). N and C termini are indicated by “N” and “C,” respectively. Alpha-helical segments are indicated, and residues
are color coded as described for panel A. Residues 33 and 35 side chain atoms are represented as van der Waals spheres and illustrate the location of the central
cytosolicloop of p7. (C) Three-dimensional homology models 1 and 2 of NPHV p7 hexamer using the HCV p7 NMR/MD model in POPC of Chandler et al. (19)
(model 1) and the HCV p7 NMR model in DPC of Ouyang et al. (26) (model 2) as the templates. Two opposing subunits are shown on the left. Hexameric forms
of NPHV p7 models are in surface representations from different viewpoints: middle left, side view of the hexamer surface; middle right, sectional view showing
the pore interior with its axis symbolized by the dashed line; right, ER lumen view showing the pore. Residues are color coded as described for panels A and B.
The thick green lines shown in the left-hand panels represent the polar membrane bilayer interfaces and hydrophobic core (between the middle two lines).
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FIG 3 Evaluation of the NPHV p7 ion channel activity in a liposome perme-
ability assay. The HCV and NPHV p7 peptides were chemically synthesized
and used for subsequent liposome permeability assays. P7 peptides originating
from the NPHV isolate H14 (A) and HCV isolate JFH-1 (B) were reconstituted
in DMSO. Different concentrations of peptide were added to 50 M carboxy-
fluorescein-loaded liposomes, and the fluorescence units (FU) were deter-
mined as an indicator of peptide-induced membrane permeability (activity).
Liposomes supplemented with 1% (vol/vol) DMSO were used as solvent con-
trol. Three independent experiments in duplicate wells were conducted, and
mean values = standard deviations (SD) are depicted. (C) Inhibition assays
with NN-DNJ were conducted. Therefore, liposomes contained 2% (vol/vol)
DMSO with or without 40 wM NN-DNJ, these being the respective back-
ground levels for drug-free and drug-treated wells. Concentrations of 9 WM
NPHYV p7 peptide and 44 pM JFH-1 p7 peptide were used. Peptides with or
without inhibitor were incubated for 20 min at RT prior to addition to the
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duce infectious particles (Fig. 5C). Viral titers about 1 or 2 orders
of magnitude lower than those of p7J6 were observed, with p7J6-
C-ter-H14 showing the highest titers. Replacement of the loop
decreased the viral titers about 50-fold more drastically and de-
layed the virus kinetics. To further examine the functionality of
these chimeras, the bicistronic replicons encoding p7J6, p7H14,
p7J6-loop-H14, p7J6-C-ter-H14, and p7J6-loop-C-ter-H14 N-
terminally linked to a signal peptide were cotransfected into Huh-
7.5 cells with Jc1Ap7, .1 an HCV full-length mutant described to
completely abrogate viral particle production (27) (Fig. 5D). As
shown in Fig. 5E, p7J6, p7J6-loop-H14, p7]J6-C-ter-H14, and
p7J6-loop-C-ter-H14 were able to rescue infectious particle pro-
duction (Fig. 5E). In conclusion, cross-species determinants in the
basicloop and the C terminus of hepaciviral p7 could be identified
by using a p7-based trans-complementation system.

Cross-species determinants of NPHV p7 are important in
late steps of the viral life cycle. After the identification of cross-
species determinants in hepaciviral virion production by creating
HCV/NPHYV p7 chimeras, we next validated their functionality in
the context of full-length HCV cell culture-derived particles
(HCVcc). Hence, we cloned p7J6-loop-H14, p7]6-C-ter-H14,
p7J6-loop-C-ter-H14, and p7H14 into Jcl and Jc1 HAHA-L-p7
(Fig. 6A). As a positive control, we included the HCV constructs
Jel and Jc1 HAHA-L-p7J6. These genomes were transfected into
Huh-7.5 cells, and expression of epitope-tagged p7 was visualized
48 h later by Western blotting. For the positive control, Jcl
HAHA-L-p7J6 HAHA-tagged p7 could be detected as well as the
precursor proteins p7-NS2 and E2-p7-NS2 (Fig. 6B). In the case of
HAHA-L-p7H14, cleavage defects were noted with signals at a
molecular mass of approximately 24 kDa and 50 kDa, suggesting
processing defects due to the insertion of H14 p7 into Jc1 (Fig. 4B).
These proteins were also detected for p7J6-loop-H14 and p7J6-
loop-C-ter-H14, but here also free p7 was visible. The p7J6-C-ter-
H14 chimera showed an HA detection pattern like the parental
construct (Fig. 6B), indicating processing defects possibly at the
E2/p7 junction or different oligomerization forms. In addition,
Western blot analysis to visualize NS2 and E2 in the same cell
lysates was conducted and showed that only the precursor
p7NS2 and no free NS2 can be detected for Jc1 HAHA-L-
p7H14 (Fig. 6C).

Next, the release of infectious viral particles for the Jcl con-
structs (Fig. 6D) and Jc1 HAHA-L-p7 (data not shown) constructs
was determined by TCIDs,, at different time points posttransfec-
tion. Al HCV/NPHYV epitope-tagged p7 chimeras led to the pro-
duction of infectious particles while displaying delayed time ki-
netics and low titers compared to Jc1 HAHA-L-p7J6 (data not
shown). Moreover, as reported previously (42), these titers were
around 1 order of magnitude lower than those of the untagged
constructs shown in Fig. 6D. Jc1 p7J6-loop-C-ter-H14 showed the
lowest production of infectious particles, whereas Jc1 p7H14 was
not able to produce infectious particles, which is in concordance
with the results in the trans-complementation system. As HCV p7

gain-adjusted plate on ice. Three independent experiments in duplicate wells
were conducted. Depicted are the mean values + SD normalized to the respec-
tive solvent control. The percentage of inhibition was calculated by normaliz-
ing to the DMSO control without inhibitor. Statistical analysis was conducted
by Welch’s corrected unpaired ¢ test. P values of <0.05 (*) were considered
statistically significant.
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FIG 4 Analysis of NPHV p7 in a trans-complementation setup. (A) Experimental setup. The p7 sequences of the HCV isolate J6 and of the NPHV isolate H14
(see Materials and Methods) were cloned either untagged or linked to a HAHA tag into the first cistron of a bicistronic helper replicon as previously reported (42).
The signal peptide-coding sequence (sp) corresponding to the last 51 bp from the E2 J6 sequence was cloned downstream of p7. The insertion of a Gaussia
luciferase (G-Luc) served as a negative control. The second cistron encodes the nonstructural proteins NS3-NS5B originating from the HCV isolate JEH-1. These
bicistronic helper replicons were individually transfected into a packaging cell line expressing the remaining viral proteins core (C), E1E2, and NS2 from the HCV
isolate J6. (B) The expression of HAHA-tagged p7 in cell lysates was confirmed 48 h posttransfection by Western blotting. Additionally, the viral protein NS5A
and a cellular protein B-actin were stained. (C) Costaining of NS3 and HAHA-tagged p7 (upper panel) and of E2 and HAHA-tagged p7 (lower panel) was
performed 48 h posttransfection on fixed cells. Depicted are single stainings with DAPI, anti-HA, anti-NS3, and anti-E2 in gray as well as colored merge pictures.
Here, cell nuclei are shown in blue, anti-HA staining is shown in green, and anti-NS3 and anti-E2 are shown in red. Pictures were taken using a lens with a
magnification of X100. (D) Viral titers in supernatants 24 h, 48 h, and 72 h posttransfection were determined by TCID,,. The mean of three independent
experiments is depicted as log,, TCID5,/ml + standard deviation (SD).

5082 jvi.asm.org Journal of Virology May 2016 Volume 90 Number 10


http://jvi.asm.org

Determinants of Nonprimate Hepacivirus p7

A) N-terminus ™M1 loop TM2 C-terminus

Hl J6 (HCV) ALEKLVILHAASAASCNGFLYFVIFFVAAWYIKGRVVPLATYSLTGLWSFSLLLLALPQQAYA
[CJH14 (NPHV) YT, SDTMRLIALSYIADDSLLYALLFYCVIYFIPSRVPPFCVFMYYWKFSLAFMVLALPHRAWA

1
2 e ——
3 - - ----
5| ¢ |
S ]
g 6 [ : ————————————————
< 7
| 8
9 1 1 1
10 | 1
1" [— —
) ),
El 24h
I 48h
Jo H14 chimera 1 chimera 2 _ 3 [ 72h
£
)
v
a
(@]
= 2
o
o
chimera 3 chimera 4 chimera 5 chimera 6 o

chimera 7 chimera 8 chimera 9 chimera 10

MR HAHA-L- p7 chimera

4
4 ’y
% Sion
K
%
Q

chimera 11 G-Luc
D) E)
3
5 2
A pThar Je1 p7 mutant

log1o TCIDso/ml

d &T-j@@[ NS3 D% ) T YT N

bicistronic JFH-1 replicon

/ o

[ sp J p7ri14 NS
| sp J pr6-ioop-H14
chimeras
[ sp_J pTd6-Cler-H1d HCVINPHV

SP  pTJ6-oop-C-ter-H14 |

+ JC1A p7half

FIG 5 Construction of HCV/NPHV p7 chimeras in a trans-complementation system. (A) Eleven distinct HCV/NPHV p7 chimeras were constructed by dividing
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p7J6-loop-H14, p7]J6-C-ter-H14, and p7J6-loop-C-terH14 in the first cistron as well as a G-Luc. (E) Viral titers in supernatants 48 h posttransfection were
determined by TCIDs, and the means from three independent experiments are depicted as log,, TCID5, + SD.
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FIG 6 Characterization of HCV/NPHV p7 chimeras in recombinant HCV cell culture viruses. (A) The p7 sequences from the HCV isolate J6 and the NPHV
isolate H14 as well as the designated chimeras were cloned into Jcl or Jc1 HAHA-L-p7 as depicted. (B) In vitro transcripts of the Jc1 HAHA-L-p7 constructs as
well as Jcl wild type were transfected into Huh-7.5 cells, and the expression of HAHA-tagged p7 in cell lysates was visualized by Western blotting 48 h
posttransfection. Additionally, the viral protein NS5A and the cellular protein B-actin were stained. (C) Expression of NS2 and E2 in lysates of cells transfected
with in vitro transcripts of the Jc1 HAHA-L-p7 constructs was visualized 48 h posttransfection by Western blotting. (D) Viral titers of the Jc1 p7 constructs were
determined in supernatants 24 h, 48 h, and 72 h after transfection into Huh-7.5 cells. Shown are log,, TCID,,/ml as mean values from three independent
experiments + SD. (E) Intra- and extracellular core amounts were measured 48 h posttransfection of the Jc1 p7 constructs into Huh-7.5 cells. The background
level of extracellular core amounts was set to the upper value of Jc1 p7H14, since this construct does not produce any infectious particles. Two independent
experiments were performed, and the mean values + SD as log,, core femtomoles/liter are shown. (F) The specific infectivity was calculated based on the viral
titers shown in panel C and extracellular core release shown in panel D.
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was reported to be important for the assembly and release step of
the viral life cycle (27, 28, 41), we investigated whether this func-
tion was also conserved in the context of the p7 chimeric genomes.
To this end, we determined extra- and intracellular core amounts
48 h posttransfection (Fig. 6E) and calculated the specific infectiv-
ity for each construct (Fig. 6F). The intracellular core amounts
were comparable for all constructs, whereas the recombinant chi-
meric constructs displayed a reduction in extracellular levels of
core with Jc1 p7H14 at background levels, in line with the results
from the infection assay (Fig. 6E). Therefore, the specific infectiv-
ity of Jc1 p7J6-loop-H14 and Jc1 p7J6-C-ter-H14 was comparable
to that of Jc1, demonstrating an importance of NPHV p7 in viral
assembly and release of infectious particles rather than in virus
entry. In the case of Jc1 p7J6-loop-C-ter-H14, the infectivity levels
and extracellular core amounts were minimal; therefore, no spe-
cific infectivity could be calculated. Taken together, HCV/NPHV
p7 chimeras defining cross-species determinants of virion assem-
bly were functional in the context of HCV cell culture particles
and were crucial for the late steps of the viral life cycle.

Virion production of HCV/NPHYV p7 chimeras can be inhib-
ited by prototypic ion channel blockers. Inhibitors, including
rimantadine and iminosugar derivatives, blocking the ion channel
function or oligomerization of HCV p7 have been described (55),
but their detailed mechanism of action is not well defined. To
facilitate the understanding of p7 inhibitor functions and evaluate
the ion channel activity of the HCV/NPHYV p7 chimeras in the
context of the complete viral life cycle, we next tested the antiviral
activity of the prototypic ion channel inhibitors rimantadine (Fig.
7A) and two iminosugars, N-nonyl-deoxygalactonojirimycin
(NN-DGJ) (Fig. 7B) and N-nonyl-deoxynojirimycin (NN-DNJ)
(Fig. 7C), against Jc1 p7J6-loop-H14 and Jc1 p7]6-C-ter-H14. In-
hibitors were added to cells 4 h posttransfection, and viral titers
were determined 48 h posttransfection. Jc1 p7J6-loop-H14 was
inhibited by rimantadine, NN-DG]J, and NN-DG] to a level simi-
lar to that of the Jc1 wild type (Fig. 7A, B, and C). In contrast, Jcl
p7]6-C-ter-H14 showed a slightly higher resistance profile to
rimantadine and NN-DGJ than did the parental Jc1 construct
(Fig. 7A and B), indicating a lower binding affinity and less inhib-
itory activity of these inhibitors when structural changes occur at
the C terminus of p7. These results indicate that in the context of
HCV/NPHYV p7 chimeric viruses, functional ion channels that can
be inhibited by specific p7 inhibitors are formed.

DISCUSSION

In this study, we performed a comparison of NPHV and HCV p7
on a structural and functional level. The sequence alignment of
reported and novel p7 isolates revealed a high level of conservation
among all isolates, especially compared to the variation apparent
among HCYV isolates. This is in accordance with the overall high
conservation of the full NPHV genome between different isolates,
among which a diversity of approximately 15% was reported in
contrast to a 30% diversity between HCV isolates (10). Amino
acid sequence similarities indicate that the overall structure of
NPHYV p7 is comparable to that of HCV p7, allowing us to con-
struct NPHV p7 homology models using reported three-dimen-
sional NMR-based HCV p7 structures (19, 23-26) as the tem-
plates for monomeric and hexameric models. A greater degree of
amino acid identity was found in the C-terminal p7 segment of
amino acids at positions 48 to 63 (“segment 48—63”), including
conservation of the upstream cleavage site of the signal peptidase
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FIG 7 Effects of p7 inhibitors on infectivity of HCV/NPHV p7 chimeras. In
vitro transcripts of Jc1, Jc1 p7J6-loop-H14, and Jc1 p7J6-C-ter-H14 were elec-
troporated into Huh-7.5 cells. Four hours posttransfection, the respective drug
in two different concentrations or DMSO was added. The percentage of infec-
tivity was calculated by determining the viral titer by TCID5, and normalizing
to the DMSO control. Three independent experiments were performed. Test
results of the inhibitory effect of rimantadine (50 pM, 100 uM) (A), NN-DGJ
(5 wM, 50 uM) (B), and NN-DNJ (5 uM, 50 uM) (C).
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at the p7-NS2 junction. Despite the amino acid variability in seg-
ment 37—-47 compared to HCV p7, the overall C-terminal half of
p7 NPHYV exhibits the characteristic structural features of a signal
peptide (Fig. 2A) and thus likely acts as a signal for the reinitial-
ization of translocation of the C-terminal part of p7. Interestingly,
most of the different residues in this segment are located at the
surface of the hexamer homology models and thus should not
disturb ion channeling function of p7 but could potentially play a
role in p7 interactions with other viral or cellular partners. Addi-
tionally, a high degree of amino acid similarity was found in seg-
ment 17-32, which is thought to be the main structural element
involved in p7 pore formation and function. An interesting differ-
ence is the presence of only one basic residue at position 35 in the
putative cytosolic loop of NPHYV p7 instead of two fully conserved
basic residues at positions 33 and 35 in p7 of all HCV genotypes
(17). This suggests that the basic residue at position 33 in HCV
might be not essential for p7 functioning. Moreover, the N-termi-
nal segment 1-16 exhibited lower similarity with several different
residues located both at the surface of the hexamer models or
facing the pore lumen. These features suggest that this relatively
poorly homologous segment should not play a critical role in ion
channeling but could be important for specific interactions with
other viral and/or host-specific cellular factors. Moreover, as ob-
served in HCV p7, this N-terminal segment also might play an
essential role in the complex mechanism of E2-p7 processing by
signal peptidase (56, 57). Together, all these structural features
indicate a possible ion channel function of NPHV p7 similar to
HCV p7, which is supported by the results of the liposome perme-
ability assay. For chemically synthesized p7 peptides of NPHV and
HCV, an increase of CF release with a concurrent increase of the
peptide concentration was observed. However, due to the prop-
erty of the NPHV p7 peptide to form aggregates at high concen-
trations, the effect was observed at low peptide concentrations and
at an early peak compared to the HCV p7 peptide. The observed
CF release could be blocked by addition of the iminosugar NN-
DNJ, indicating an ion channel function of NPHV p7. The dibasic
motif K33-R35 of HCV p7 was reported earlier to be important to
maintain the ion channel activity in liposomes (58). Importantly
and in line with the structural analysis of NPHV p7, only the basic
residue at position 35 is conserved in NPHV p7 and not the basic
residue at position 33, leading to the assumption that specifically
residue 35 is essential to preserve p7 function.

We next investigated NPHV p7 determinants specific to
NPHYV or conserved between HCV and NPHV. Moreover, we
analyzed its subcellular localization and its role in the viral life
cycle. By using a p7-based trans-complementation approach,
which is independent of viral polyprotein processing, we were able
to show that NPHV p7 was successfully expressed despite the de-
tection of oligomeric forms of NPHV p7. These oligomeric inter-
mediates have not been observed for HCV p7 so far. Nevertheless,
the successful expression of NPHV p7 allowed us to investigate the
subcellular localization in infected cells. The highest degree of co-
localization of HCV p7 with viral proteins has been described for
E2, whereas also colocalization with NS2, NS3, NS5A, and in parts
core was reported (42). This is in accordance with our localization
analysis showing that epitope-tagged NPHV p7 colocalizes with
NS3 and E2 in a pattern similar to that of epitope-tagged HCV p7
in the cytoplasm of the cell. Despite the expression of NPHV p7
and subcellular localization similar to HCV p7, no infectious par-
ticles were produced in the frans-complementation system, prob-
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ably due to genetic incompatibilities of viral proteins. We were
able to demonstrate previously that even the replacement of ge-
notype 2a J6-p7 by another HCV isolate Conl1 (genotype 1b) fully
abrogated HCV particle production and even that replacement by
p7 of another genotype 2a isolate (JFH-1) did significantly reduce
the release of infectious particles (41). To overcome these cross-
species genetic incompatibilities, HCV/NPHV p7 chimeras were
constructed demonstrating that the basic cytosolic loop and C
terminus of NPHV p7 as well as the combination of the two are
interchangeable between NPHV and HCV, thus restoring HCV
infectious particle production. For HCV, intergenotypic p7 chi-
meras were also analyzed for being infectious in vivo when the
N-terminal and C-terminal tails of p7 from a genotype 1a virus
were maintained but other parts were replaced by genotype 2a
sequences (59). Moreover, we observed that the basic loop could
be replaced without abolishing particle formation, underlying the
importance of the basic residue at position 35 to maintain NPHV
p7 functions. Lastly, we tested the generated chimeras as well as
the full NPHV p7 sequence in an HCV full-length virus (HCVcc),
which revealed that virion production was comparable to that of
the trans-complementation system and that the complete NPHV
p7 sequence could not compensate for HCV p7 function due to
cross-species incompatibilities. In addition, Western blot analysis
showed an absence of mature NPHV p7 with the correct molecu-
lar weight. However, the molecular weights of the detected pro-
teins coincide with the molecular weights of the proteins detected
in the trans-complementation system, where no precursor pro-
teins are produced, indicating an oligomerization of NPHV p7
rather than a cleavage defect. Nevertheless, the novel chimeras
were fully functional and were shown to be important for viral
assembly and release. Thus, virus-specific determinants of hepa-
civiral virion assembly are located in the N terminus and trans-
membrane regions of p7.

Inhibitor experiments with rimantadine and the iminosugar
derivatives NN-DGJ and NN-DNJ were conducted because these
prototypic ion channel inhibitors were reported to target HCV p7
and reduce particle production (60). These experiments showed
that the HCV/NPHV p7 chimera carrying the C terminus of
NPHYV p7 was more resistant especially to rimantadine and NN-
DGJ at high concentrations. The interaction sites of rimantadine
with HCV p7 were analyzed previously (24), showing key inter-
acting residues at positions 46, 48, and 52, which are present in the
chimeric construct. However, the change of the C terminus of p7
could influence the overall p7 folding, which could compress the
rimantadine binding cavity, leading to a less favorable fit for
the molecule and resulting in a more-drug-resistant phenotype.
The iminosugar derivative NN-DNJ demonstrated an inhibition
of all viruses at the highest concentration, which may result not
only from the p7 ion channel inhibition but also from the block-
age of ER a-glucosidases required for folding and maturation of
the HCV glycoproteins (60).

In conclusion, the identification of viruses closely related to
HCV allowed for the first time a cross-species comparison of two
naturally occurring hepaciviral species. We were able to show that
the overall structure of NPHV p7 is highly conserved compared to
HCYV p7 and that NPHV p7 most likely exhibits an ion channel
activity. Molecular analysis revealed a similar subcellular localiza-
tion of NPHV p7 with an ER-like pattern. Moreover, although
NPHYV p7 could not fully replace HCV p7 function, the basic
loop and C terminus could be replaced, leading to the produc-
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tion of infectious particles. The results implicate a role of
NPHYV p7 in viral pathogenesis similar to that seen for its hu-
man homolog and identify broad hepaciviral protein determi-
nants for virus assembly.
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