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Although biological and biochemical data have been accumulated on most hepatitis C virus proteins, the
structure and function of the 63-amino-acid p7 polypeptide of this virus have never been investigated. In this work,
sequence analyses predicted that p7 contains two transmembrane passages connected by a short hydrophilic
segment. The C-terminal transmembrane domain of p7 was predicted to function as a signal sequence, which was
confirmed experimentally by analyzing the translocation of a reporter glycoprotein fused at its C terminus. The p7
polypeptide was tagged either with the ectodomain of CD4 or with a Myc epitope to study its membrane integration,
its subcellular localization, and its topology. Alkaline extraction studies confirmed that p7 is an integral membrane
polypeptide. The CD4-p7 chimera was detected by immunofluorescence on the surface of nonpermeabilized cells,
indicating that it is exported to the plasma membrane. However, pulse-chase analyses showed that only approxi-
mately 20% of endoglycosidase H-resistant CD4-p7 was detected after long chase times, suggesting that a large
proportion of p7 stays in an early compartment of the secretory pathway. Finally, by inserting a Myc epitope in
several positions of p7 and analyzing the accessibility of this epitope on the plasma membrane of HepG2 cells, we
showed that p7 has a double membrane-spanning topology, with both its N and C termini oriented toward the
extracellular environment. Altogether, these data indicate that p7 is a polytopic membrane protein that could have
a functional role in several compartments of the secretory pathway.

Hepatitis C virus (HCV) is a major cause of chronic hepatitis,
liver cirrhosis, and hepatocellular carcinoma throughout the
world (22). HCV is a positive-stranded RNA virus that belongs to
the Hepacivirus genus. Together with the genera Flavivirus and
Pestivirus, HCV belongs to the Flaviviridae family (43, 52). The
HCV genome encodes a single polyprotein precursor of approx-
imately 3,000 amino acid residues. This polyprotein precursor is
co- and posttranslationally processed by cellular and viral pro-
teases to yield the mature structural and nonstructural proteins C,
E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B (see
reference 41 for a recent review) (Fig. 1A).

Recently, it has been reported that an additional HCV pro-
tein can be produced by a ribosomal frameshift in the N-
terminal region of the polyprotein (55). The structural pro-
teins, i.e., capsid, E1, and E2, are released from the
polyprotein by the endoplasmic reticulum (ER) signal pepti-
dase(s) of the host cell. Further processing occurs at the C
terminus of the capsid; however, the protease involved in this
cleavage has not been identified (34). The nonstructural pro-
teins (NS3, NS4A, NS4B, NS5A, and NS5B) are released from
the polyprotein after cleavage by HCV proteases NS2-3 and
NS3/4A. The cleavage between p7 and NS2 is supposed to be
mediated by a cellular signal peptidase (30, 35). Although most
cleavages in the polyprotein precursor proceed to completion
during or immediately after translation, cleavages are delayed

at the E2/p7 and p7/NS2 sites, leading to the production of an
E2-p7-NS2 precursor (12). In addition, processing between E2
and p7 is incomplete and results in the production of fully
processed E2 and uncleaved E2-p7 (30, 35).

The p7 polypeptide of HCV is a small hydrophobic protein
(30) which has not been well characterized yet. Indeed, the
structure of this 63-amino-acid-long polypeptide has not been
determined, and its putative function(s) remains unknown. In
the Pestivirus genus, a polypeptide called p7 is similar to HCV
p7. It is a small 70-amino-acid-long polypeptide consisting
mostly of hydrophobic residues which is also located between
E2 and NS2 on the pestivirus polyprotein (14, 21). As observed
for HCV, cleavage between E2 and p7 is also incomplete and
results in the production of E2-p7, E2, and p7.

Functional data on pestivirus p7 have been obtained by
introducing mutations into an infectious cDNA clone of bovine
viral diarrhea virus (BVDV). A large in-frame deletion in p7
has shown that RNA replication is not affected, but no infec-
tious virus is produced (21). In addition, p7 provided in trans is
capable of functional complementation. Taken together, these
data suggest that the pestivirus p7 is essential for the produc-
tion of progeny virus.

To gain more information on the HCV p7 polypeptide, we
coupled extensive amino acid sequence analyses and structure
prediction to experimental investigations. We determined the to-
pology of p7 and its subcellular localization and showed that a
fraction of p7 is exported to the cell surface. We demonstrated
that p7 is a polytopic membrane protein that crosses the plasma
membrane twice and has its N and C termini oriented toward the
extracellular environment. Finally, we demonstrated that the C-
terminal transmembrane domain of p7 is a signal sequence.
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MATERIALS AND METHODS

Sequence analyses and structure predictions. All analyses were made using
the Institut de Biologie et Chimie des Protéines HCV database website facility
(HCVDB; http://hepatitis.ibcp.fr), which contains all reported HCV sequences
from the EMBL database. The p7 sequence of the HCV H strain consensus
cDNA (26) (accession number AF009606) was used to retrieve all reported
isolates by using the FASTA homology search program (40). Incomplete se-
quences were removed from the list of matching sequences. A final set of 289
sequences of all genotypes were analyzed to construct Fig. 1.

Multiple sequence alignments and the consensus sequence determination
were carried out with the Clustal W program (51). Selection of p7 sequences of
clade 1 (genotypes 1a, 1b, and 1c) was done using the HCVSRS tool (HCV
Sequence Retrieval System) of HCVDB. Visualization of sequence alignments
and plotting of the most frequently represented amino acid residues at each
position were done using the MPSA program (2). At each amino acid sequence
position, the residue types and their respective frequencies were computed using
a program developed at IBCP (C. Combet, unpublished data).

Various methods were combined for the prediction of transmembrane se-

                                                              

                                                                    

                                                                  

                                                               

                                                                  

                                                                   

                                                                   

                                                                   

                                                                   

                                                                  

                                                                 

                                                                  

                                                                   

                                                                   

                                                                   

                                                                  

                                                              

                                                                    
                                                                                       
                                                                                                
                                                                                                        
                                                                                                              
                                                                                                                        
                                                                                                                           
                                                                                                                            

                                                                                                                           
                                                              

                                                                                                      

FIG. 1. Sequence analyses of p7. (A) Position of p7 in the HCV polyprotein. p7 numbering is according to genotype 1a HCV H strain consensus
cDNA (26) (accession number AF009606). Solid diamonds indicate cleavages of the HCV polyprotein precursor by an ER signal peptidase(s), and
arrows indicate cleavages by the NS2–3 and NS3/4A proteases. The open diamond indicates further processing of the capsid protein by a cellular
protease. (B) Alignment of p7 sequences representative of the principal HCV subtypes of clades 1 to 6. p7 numbering has been normalized from
1 to 63. The EMBL accession number of each sequence is indicated in parentheses. The consensus amino acid sequence for the 13 selected
sequences is indicated on the top of the panel. Amino acids identical to those in the consensus sequence are represented by a dash. (C) Repertoire
of amino acids per position in 289 HCV isolates of various genotypes. Amino acids are listed in decreasing order of observed frequency, from top
to bottom. Amino acids within the box correspond to residues observed in more than 10% of the 289 sequences. Amino acids observed at a given
position in fewer than two distinct sequences (�0.3%) were not taken into consideration. (D) Histogram showing the hydropathic character of
residues at each p7 position. The height of each box in each bar indicates the number of sequences observed with a given residue at a given position.
The boxes are presented in order of decreasing hydrophobicity, from bottom to top, according to the hydrophobicity scale of Black and Mould (F,
I, W, Y, L, V, M, P, C, A, G, T, S, K, Q, N, H, E, D, R). Each box is colored according to the hydrophobic character of the residue: dark grey
for hydrophobic (F, I, W, Y, L, V, M, P, C, and A), light grey for neutral (G, T, and S), and white for hydrophilic (K, Q, N, H, E, D, and R).
(E) Consensus hydropathic pattern deduced from the data in panel D. o, hydrophobic residue; n, neutral residue; i, hydrophilic residue; v, variable
residue; �, fully conserved positively charged residues. The black boxes indicate predicted minimal transmembrane segments deduced by various
prediction methods (see Materials and Methods section). The grey boxes indicate that the corresponding amino acid positions were predicted to
be membranous but not for all the HCV isolates.
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quences: PHDhtm (45) (http://www.embl-heidelberg.de/predictprotein/),
TMHMM (50) (http://www.cbs.dtu.dk/services/TMHMM-1.0/), DAS (8) (http://
www.sbc.su.se/�miklos/DAS/), and TopPred2 (4) (http://bioweb.pasteur.fr/se-
qanal/interfaces/toppred.html).

Plasmid constructs. HCV sequences were amplified from clones derived from
the H strain (16). Briefly, DNA sequences of proteins of interest were introduced
into plasmid pTM1 (38) by PCR with appropriate oligonucleotides and tem-
plates. Plasmids expressing chimeric proteins were constructed in two steps by
introducing successively the sequences of domains from two different proteins. A
unique restriction site was introduced at the junction between the sequences of
the protein domains.

Plasmid pTM1/CD4 has been described previously (6). Plasmid pTM1/CD4-p7
contains the signal sequence of CD4 followed by the sequence of its ectodomain
(encoding amino acids 1 to 371) in fusion with p7 (encoding amino acids 747 to
809; positions on the HCV polyprotein). Between these two sequences, there is
a junction sequence encoding two additional amino acids (Gly and Ser). Plasmid
pTM1/p7NT contains p7 with its signal sequence and a Myc epitope
(EQKLISEEDL) surrounded by three glycine residues inserted at the N termi-
nus of p7, downstream of the signal peptide cleavage site. Plasmid pTM1/p7KR
contains p7 with its signal sequence and a Myc epitope surrounded by three
glycine residues inserted between lysine 779 and arginine 781 of p7. Plasmid
pTM1/p7CT contains p7 with its signal sequence, a junction containing three
glycine residues, and a Myc epitope inserted at the C terminus of p7. The last
residue (alanine) at the carboxy terminus of p7 of pTM1/p7CT was replaced with
an arginine to avoid signal sequence cleavage.

Plasmid pTM1/CE1E2p7CT contains the N terminus of the HCV polyprotein
ending at p7 with a Myc epitope tag at the C terminus of p7 introduced as
described for pTM1/p7CT. Plasmid pTM1/NS2-3–4A-4B-5A-5B contains the
sequence of the C terminal two-thirds of the HCV polyprotein. Plasmid
pTM1/E1 contains the entire sequence of E1 without its signal sequence. Plasmid
pTM1/Sp1E1 contains the entire sequence of E1 with its signal sequence. Plas-
mid pTM1/SpNS2E1 contains the sequence of the second transmembrane do-
main of p7 (encoding amino acids 781 to 809) in fusion with the entire sequence
of E1. Plasmids containing sequences amplified by PCR were verified by se-
quencing.

Cell culture. The HepG2, CV-1, and 143B (thymidine kinase-deficient) cell
lines were obtained from the American Type Culture Collection, Rockville, Md.
Cell monolayers were grown in Dulbecco’s modified Eagle’s medium (Gibco-
BRL) supplemented with 10% fetal bovine serum (Gibco-BRL).

Generation and growth of viruses. Vaccinia virus recombinants were gener-
ated by homologous recombination as previously described (25) and plaque
purified twice on thymidine kinase-deficient 143B cells under bromodeoxyuri-
dine (50 �g/ml; Sigma) selection. Stocks of vTF7-3 (a vaccinia virus recombinant
expressing the T7 DNA-dependent RNA polymerase) (17), the wild-type vac-
cinia virus strain (Copenhagen) and its thermosensitive derivative ts7 (10), and
vaccinia virus recombinants expressing HCV proteins or chimeric proteins were
grown and titrated on CV-1 cell monolayers. The genes of HCV proteins ex-
pressed in this work are under the control of a T7 promoter, and expression of
the proteins of interest is achieved by coinfection with vTF7-3.

Antibodies. Monoclonal antibodies (MAbs) A4 (anti-E1 [12]), OKT4 (anti-
CD4; ATCC CRL-8002 [42]), and MYC 9E10 (anti-Myc; ATCC CRL-1729 [15])
were produced in vitro by using a MiniPerm apparatus (Heraeus) as recom-
mended by the manufacturer.

Sodium carbonate extraction of membranes. At 5 h postinfection, infected
cells were washed twice with 0.25 M sucrose–5 mM HEPES buffer (pH 6.8),
resuspended in the same buffer, and disrupted using a Dounce homogenizer (30
strokes). The homogenates were centrifuged for 10 min at 2,000 rpm to remove
intact cells and nuclei. Supernatants were spun for 15 min at 65,000 rpm in a
Beckman TL-100 centrifuge. Membrane pellets were resuspended in 0.5 ml of
0.1 M sodium carbonate, pH 11.3, using a Dounce homogenizer (10 strokes) and
incubated for 30 min on ice. The extracted proteins were separated from mem-
branes by an additional centrifugation for 15 min at 65,000 rpm. Membranes
were again resuspended in 0.5 ml of 0.1 M sodium carbonate, pH 11.3. After
neutralization to pH 7 by the addition of 1 N HCl, samples were mixed with 2�
Laemmli sample buffer and separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and membrane-bound and soluble proteins
were revealed by Western blotting.

Western blotting. After separation by SDS-PAGE under reducing conditions,
proteins were transferred to nitrocellulose membranes (Hybond C; Amersham)
by using a Trans-Blot apparatus (Bio-Rad) and detected with the specific anti-
Myc MAb (dilution 1:200) followed by rabbit anti-mouse immunoglobulin con-
jugated to peroxidase (dilution 1:2,500; Rockland). Proteins were revealed by

enhanced chemiluminescence detection (ECL system) as recommended by the
manufacturer (Amersham).

Indirect immunofluorescence. Subconfluent HepG2 cells grown on coverslips
were infected with the appropriate vaccinia virus recombinants at a multiplicity
of infection of 3 PFU/cell. At 6 h postinfection, cells were fixed for 10 min with
paraformaldehyde (4% in phosphate-buffered saline [PBS]) and then permeabil-
ized or not for 30 min with PBS containing 0.1% Triton X-100. Cells were stained
with anti-CD4 MAb OKT4 (dilution 1:250) or anti-Myc MAb (dilution 1:100)
followed by rhodamine-conjugated donkey anti-mouse (Jackson) immunoglob-
ulin (dilution 1:1,000).

Metabolic labeling, immunoprecipitation, and endo H digestion. HepG2 cells
grown to confluence were infected with the appropriate vaccinia virus recombi-
nants and metabolically labeled with 35S-Protein Labeling Mix (3.7 � 106 Bq/ml)
as previously described (12). Cells were lysed with 0.5% Triton X-100 (Sigma) in
50 mM Tris-HCl (pH 7.4)–150 mM NaCl–5 mM EDTA. Immunoprecipitations
were carried out as previously described (13). Immunoprecipitated proteins were
eluted from protein A-Sepharose (Pharmacia) in 30 �l of dissociation buffer
(0.5% SDS and 1% 2-mercaptoethanol) by boiling for 10 min. The protein
samples were then divided into two equal portions for digestions with endo-�-
N-acetylglucosaminidase H (endo H; New England Biolabs) or no digestion
(control). Digestions were carried out for 1 h at 37°C in the buffer provided by
the manufacturer. Digested samples were mixed with an equal volume of 2�
Laemmli sample buffer and analyzed by SDS-PAGE. For quantitative experi-
ments, the gels were analyzed with a PhosphorImager (Molecular Dynamics).

RESULTS

Sequence analyses of p7. Sequence comparisons and struc-
ture predictions were performed to assess the degree of con-
servation of p7 sequence among different HCV isolates, to
locate putative membrane sequences, and to identify putative
structural and/or functional motifs. Alignment of p7 sequences
representative of the major HCV subtypes of clades 1 to 6
showed a limited conservation of amino acids at most sequence
positions (Fig. 1B). The p7 amino acid repertoire deduced
from the analysis of 289 HCV isolates of various genotypes
revealed that most positions are variable (Fig. 1C). However,
most of the positions showing apparent variability are occupied
by residues with similar hydropathic character, as illustrated in
Fig. 1D, where residues were classified into three classes ac-
cording to their hydrophobic character. A letter-coded motif
summarizing the corresponding p7 hydropathic pattern is
shown in Fig. 1E.

Typically, most p7 positions bear exclusively hydrophobic
(o), neutral (n), or hydrophilic (i) residues, while a few posi-
tions bear two classes of residues, and only two positions bear
the three classes of residues (named v for variable position). In
addition, some positions bear specific residues (Gly 18, Gly 34,
Tyr 42, Trp 48, Ala 61, and Ala 63) or very similar residues, in
particular basic residues (Arg or Lys) at position 33 and 35,
indicating that these residues are essential for the structure
and/or function of p7. Overall, despite the apparent amino acid
variability, the conservation of the hydropathic character at
most positions and the full conservation of specific residues at
several positions reveal a strong conservation of p7 structure
and organization independent of the HCV genotype.

The p7 polypeptide is composed of two long hydrophobic
stretches (segments 19 to 32 and 36 to 58) connected by a short
basic segment (amino acids 33 to 35). Whatever the genotype
and the method used (PHDhtm, TMHMM, DAS, and
TopPred2; see Materials and Methods), these two hydropho-
bic segments were predicted to be transmembrane elements.
With only 14 residues, the first hydrophobic segment (19 to 32,
named TM1) is too short to form a transmembrane �-helix by
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itself. However, it is reasonable to assume that such a helix
extends up to position 13 or even 10, as indicated by several
transmembrane prediction methods and despite the presence
of the highly conserved hydrophilic position 17 and several
neutral or hydrophobic positions often bearing Ser residues
(12, 15, 18, and 21).

The C-terminal transmembrane sequence 36 to 58, which we
called TM2, was predicted to form a transmembrane �-helix
beginning at position 36 or 39. It is essentially composed of
hydrophobic or neutral residues, and its length (20 to 23 amino
acids) is typical of transmembrane �-helices. At the carboxy-
terminal side, TM2 is flanked by a variable position (position
59), while the following four positions are highly conserved.
This conservation is likely due to the signal peptide function of
this region (see below).

Assuming such an organization, the short basic segment 33
to 35 connecting TM1 to TM2 is likely located at the surface of
the membrane and ensures the positioning of both transmem-
brane domains within the membrane. Analyses of the amino-
terminal part of p7 (segment 1 to 12) revealed highly conserved
hydrophilic and hydrophobic positions. This region was not
predicted to be membranous, but the presence of short
stretches of hydrophobic residues separated by hydrophilic
ones suggests the presence of a stable secondary structure. One
possibility is the formation of a short helix parallel with the
lipid bilayer, where hydrophobic residues would intercalate the
leaflet side of the membrane.

p7 is an integral membrane protein. Previous attempts to
generate p7-specific antisera have failed (30), suggesting that,
because of its highly hydrophobic nature, p7 is poorly immu-
nogenic. Similarly, our attempts to produce a specific anti-
serum were unsuccessful. Thus, p7 was tagged with a Myc
epitope or the ectodomain of CD4 to allow its identification.
As discussed above, p7 contains two hydrophobic sequences
which might correspond to putative transmembrane domains,
suggesting that it is a polytopic membrane protein. This pos-
sibility was examined by treating membranes with 0.1 M so-
dium carbonate, pH 11.3, as described by Howell and Palade
(23) and Fujiki et al. (18). This procedure results in the ex-
traction of lumenal and peripheral proteins, while integral
membrane proteins remain bound to the membranes.

HepG2 cells were infected with vaccinia virus recombinants
expressing p7 tagged at its N (p7NT) or C terminus (p7CT)
with the Myc epitope and treated with sodium carbonate. After
separation of membrane-bound (M) and soluble (S) proteins
by SDS-PAGE, p7NT and p7CT were revealed by Western
blotting with the anti-Myc antibody. As shown in Fig. 2, p7NT
and p7CT were clearly detected in the membrane-associated
fraction, in agreement with the prediction based on sequence
analyses. Similar results were obtained by salt extraction (data
not shown). The slight difference in mobility observed between
p7NT and p7CT is likely due to an abnormal mobility in SDS-
PAGE linked to the mutations introduced, as observed when
the transmembrane domain of E1 was mutated (7, 16).

A fraction of p7 is transported to the plasma membrane.
Most HCV proteins have been shown to associate with ER
membranes (24, 37, 39). We therefore suspected that p7 would
also be localized in the ER compartment. To determine the
subcellular localization of p7, we expressed the fusion protein
CD4-p7 in HepG2 cells and revealed its presence with the

anti-CD4 antibody OKT4. Cells fixed with paraformaldehyde
and permeabilized with Triton X-100 showed a staining pat-
tern highly suggestive of localization of CD4-p7 in the ER (Fig.
3A), which was similar to what we have observed previously
with HCV envelope glycoproteins expressed in HepG2 cells by
using the same expression system (5, 6, 9, 12). Interestingly, in
the absence of detergent treatment, a specific fluorescent sig-
nal was also detected, indicating that CD4-p7 is transported to
the cell surface. Similar results were obtained when p7 tagged
at its C terminus with a Myc epitope was expressed in the
context of a CE1E2p7 polyprotein (Fig. 3B), indicating that the
expression of HCV structural proteins does not modify the cell
surface expression of p7.

In addition, we wondered whether the expression of all the
HCV proteins would modify the subcellular localization of p7.
For this purpose, HepG2 cells were coinfected with vaccinia
viruses expressing CE1E2p7Myc and NS2-3–4A-4B-5A-5B at a
multiplicity of infection of 5. In this context, p7 tagged at its C
terminus with a Myc epitope was still detected at the cell
surface (data not shown), indicating that the presence of all the
HCV proteins does not alter the cell surface expression of p7.

To follow the kinetics of transport of CD4-p7 out of the ER
and determine the percentage of protein that leaves this com-
partment, the expression of CD4-p7 was analyzed in pulse-
chase experiments followed by immunoprecipitation and deg-
lycosylation by endo H. The CD4 protein contains two
N-linked glycans, and only one of them becomes endo H re-
sistant (49). Resistance to digestion with endo H indicates that
the glycoprotein has been modified by enzymes present in the
medial and/or trans-Golgi apparatus (44). Wild-type CD4 ex-
pressed in the same conditions was used as a control for trans-
port through the secretory pathway.

p7NT p7CT

S M S M
18

8

p7MycSP

p7CT

p7NT

p7SP Myc

FIG. 2. p7 is an integral membrane protein. HepG2 cells were
coinfected with vTF7-3 and the appropriate vaccinia virus recombinant
at a multiplicity of infection of 5 PFU/cell. At 5 h postinfection,
membrane fractions were prepared as described in Materials and
Methods and treated with 0.1 M sodium carbonate, pH 11.3. After
separation of membrane-bound (M) and soluble (S) proteins, the
presence of p7NT or p7CT in these fractions was revealed by Western
blotting with the anti-Myc MAb. Sizes (in kilodaltons) of protein
molecular mass markers are indicated on the left.
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During the pulse, CD4 was sensitive to endo H treatment,
and its resistant form was detected after 1 h of chase or more
(Fig. 4). In contrast, most of the CD4-p7 proteins remained
sensitive to endo H treatment even after 4 h of chase. How-
ever, a faint band corresponding to endo H-resistant CD4-p7
was detected after 2 and 4 h of chase, suggesting that a fraction
of CD4-p7, estimated to be �20%, is exported through the

secretory pathway. Previous experiments expressing E1 and/or
E2 under similar conditions by using the vaccinia virus/T7
expression system did not result in transportation of these
proteins to the plasma membrane (5, 6, 9), indicating that cell
surface detection of CD4-p7 (or P7CT) is not due to the high
expression rate obtained in the chosen expression system. Al-
together, these data indicate that a fraction of p7 is transported
to the cell surface.

Second transmembrane domain of p7 is a signal sequence.
Like other viruses of the same family, HCV encodes a single
polyprotein which is cleaved by cellular and viral proteases to
generate its polypeptide products. In the HCV polyprotein, p7
is located downstream of the envelope glycoprotein E2 and
upstream of the NS2 protein. The cleavages to generate these
polypeptide products are supposed to be catalyzed by a host
signal peptidase localized in the ER (reviewed in reference 41).
We have recently confirmed that the C terminus of the enve-
lope glycoprotein E2 contains a signal sequence (7; L. A. Coc-
querel, O. de Beeck, M. Lambot, J. Roussel, D. Delgrange, A.
Pillez, C. Wychowski, F. Penin, and J. Dubuisson, submitted
for publication), supporting the idea that cleavage between E2
and p7 is catalyzed by a host signal peptidase. In addition,
sequence analyses of the C-terminal half of p7 indicate that
this domain exhibits the typical structural features of a signal
peptide, suggesting that it might itself be a signal sequence for
the NS2 protein (Fig. 5A).

We thus tried to determine whether this sequence, called
SpNS2, behaves as a signal sequence by analyzing the glyco-
sylation of a reporter protein (HCV glycoprotein E1) fused to
it as an indication that translocation has occurred. As shown in
Fig. 5B and C, E1 expressed with SpNS2 migrated as two bands
of 30 to 32 kDa when analyzed by SDS-PAGE. This pattern is
similar to the migration profile observed for E1 expressed with
its own signal sequence (Sp1), and it corresponds to different
glycoforms of E1, as described previously (11). Indeed, these
two bands disappeared after deglycosylation by endo H treat-
ment, and a single fast-migrating band was detected by SDS-
PAGE. In the absence of signal sequence, E1 migrated as an
unglycosylated 20-kDa band of a slightly faster mobility than
the endo H-treated proteins. This difference in mobility is
likely due to the fact that endo H leaves the most proximal
N-acetylglucosamine bound to the polypeptide backbone.

E1 expressed with the SpNS2 signal peptide had the same
electrophoretic mobility as E1 expressed with its own signal
sequence (Sp1), indicating that cleavage between SpNS2 and
E1 has occurred. Interestingly, unlike the E2-p7-NS2 precursor
observed in the context of the HCV polyprotein, no higher-
molecular-weight precursor was observed when E1 was ex-
pressed with the SpNS2 signal peptide, suggesting that
SpNS2/E1 cleavage is more efficient than the cleavage at the
p7/NS2 site (30, 36).

Altogether, these data demonstrate that SpNS2 is a signal
sequence, leading to the translocation of a reporter protein
(E1) into the ER lumen.

Topology of p7. To gain more information on the structure
of p7, we determined its topology in cellular membranes. We
took advantage of the expression of a fraction of p7 at the cell
surface to determine the access of its N and C termini on
unpermeabilized cells. Sequence analyses of p7 have predicted
two putative transmembrane domains (Fig 1). In addition, the

FIG. 3. CD4-p7 protein is exported to the cell surface. HepG2 cells
were coinfected with vTF7-3 and a vaccinia virus recombinant express-
ing the ectodomain of CD4 in fusion with p7 (A) or a truncated form
of HCV polyprotein (CE1E2p7CT) (B) at a multiplicity of infection of
3 PFU/cell. Cells were fixed with paraformaldehyde at 6 h postinfec-
tion, permeabilized or not with Triton X-100, immunostained with the
anti-CD4 MAb OKT4 (A) or anti-Myc antibody (B), and analyzed by
immunofluorescence.

FIG. 4. Analysis of the endo H sensitivity of CD4-p7. HepG2 cells
were coinfected with vTF7-3 and a vaccinia virus recombinant express-
ing CD4 or CD4-p7 at a multiplicity of infection of 5 PFU/cell. At 4.5 h
postinfection, infected cells were pulse-labeled for 10 min and chased
for the indicated times (in hours). Cell lysates were immunoprecipi-
tated with the anti-CD4 MAb and treated or not with endo H. Proteins
were separated by SDS-PAGE (10% polyacrylamide). Endo H-resis-
tant proteins are indicated by asterisks. The size (in kilodaltons) of a
protein molecular mass marker is indicated on the left.
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presence of a signal sequence immediately upstream of p7 (7)
and the presence of a signal sequence in the second putative
transmembrane domain, as shown in this work, suggest that the
N and C termini are oriented towards the ER lumen and they
should therefore also be accessible from the extracellular en-
vironment.

To confirm this prediction, we analyzed by immunofluores-
cence the accessibility of the Myc epitope fused at the N or C
terminus of p7 (p7NT and p7CT, respectively) in unpermeabi-
lized cells. An additional p7 polypeptide with a Myc epitope
inserted between the two putative transmembrane domains
(p7KR) was also used in this topological study. It is worth
noting that these p7 polypeptides tagged with the Myc epitope
contained at their N terminus the signal sequence present in
the transmembrane domain of E2, which we suppose might
influence the topology adopted by p7 in the context of the
polyprotein.

HepG2 cells were infected by vaccinia virus recombinants
expressing p7NT, p7KR, or p7CT proteins. After permeabili-
zation with Triton X-100, a specific fluorescent signal was ob-
served for each protein, indicating that they were expressed
(Fig. 6A). However, as expected from our predictions, only
p7NT- and p7CT-expressing cells were detected by the anti-
Myc antibody in the absence of detergent treatment, indicating
that the N and C termini of p7 are accessible from the extra-
cellular environment. The absence of specific fluorescence with
the anti-Myc antibody in unpermeabilized cells expressing
p7KR suggests that the epitope is located in the cytosol. How-
ever, even if permeabilization with Triton X-100 confirmed the
expression of this protein, we could not exclude that this par-
ticular chimeric protein was retained in an intracellular com-
partment, and if that were the case, the epitope would there-
fore not be accessible due the absence of expression of the
protein at the cell surface.

To circumvent this problem, the accessibility of the Myc
epitope was determined by immunofluorescence in digitonin-
permeabilized cells. Indeed, low concentrations of digitonin
selectively permeabilize the plasma membrane because of its
higher concentration of cholesterol compared with intracellu-
lar membranes (27), making the cytosol accessible to antibod-
ies. A specific fluorescent signal was detected in cells express-
ing p7KR and treated with digitonin (Fig. 6B), confirming that
the Myc epitope is accessible from the cytosol in the p7KR
polypeptide. Although one cannot totally exclude that the in-
sertion of an epitope alters the topology of a protein, the data
obtained on the topology of p7 by tagging with a Myc epitope
are in agreement with the presence of signal sequences imme-
diately upstream of p7 (7) and in the second transmembrane
domain (this work).

Altogether, these data indicate that p7 is a polytopic mem-
brane protein which crosses the plasma membrane twice and
has its N and C termini oriented towards the extracellular
environment. In addition, these data fit very well with the
prediction of two transmembrane helices connected by a short
basic segment (33 to 35 or 38) accessible at the cytosolic side of
the membrane. This consistency between the experimental and
prediction data encouraged us to get further information on
the structural properties of p7 by sequence analyses. As shown
in Fig. 1C, the p7 amino acid repertoire deduced from the
analyses of 289 HCV isolates of various genotypes has revealed

FIG. 5. Identification of a signal sequence in the C-terminal half of
p7. (A) Sequence analysis of the C-terminal transmembrane domain of
the p7 used in this work (HCV H strain), indicating that this domain has
the characteristic structural features of a signal peptide (54). A typical
signal peptide is composed of an N-terminal region (n-domain) encom-
passing between one and three positively charged residues (K33 and R35
here), a hydrophobic core region (h-domain) forming an �-helix (segment
41 to 57), and a more polar, flexible region (c-domain) containing the
signal peptidase cleavage site (segment 58 to 63). Residues at positions �1
and �3 relative to the cleavage site are small neutral residues (A63 and
A61) and form the recognition site for signal peptidase (53). Furthermore,
an �-helix-destabilizing residue is frequently located at position �6 (P58)
and/or in the middle of the h-domain (P49). The black box indicates the
predicted minimal transmembrane segment (see Fig. 1E). (B) Schematic
representation of the proteins used to identify the signal sequence func-
tion of the C-terminal half of p7. Sp1E1 corresponds to E1 with its signal
sequence, and SpNS2E1 corresponds to the C-terminal half of p7 (resi-
dues 781 to 809 on the polyprotein) followed by the ectodomain and
transmembrane domain of E1. (C) The C-terminal transmembrane half
of p7 is a signal sequence. HepG2 cells were coinfected with vTF7-3 and
the appropriate vaccinia virus recombinant at a multiplicity of infection of
5 PFU/cell. At 4.5 h postinfection, cells were labeled for 1 h with 35S-
Protein Labeling Mix. Cell lysates were immunoprecipitated with MAb
A4 (anti-E1) and treated or not with endo H. Samples were analyzed by
SDS-PAGE (12% polyacrylamide) and autoradiography. Sizes (in kilo-
daltons) of protein molecular mass markers are indicated.
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that most positions are variable. However, this observation is
partly due to an intergenotype variability.

Indeed, by limiting our sequence analyses to HCV isolates of
clade 1 (genotypes 1a, 1b, and 1c), for which a large number of
p7 sequences have been reported (248 sequences), the vari-
ability and the repertoire of residues observed at each p7
positions were more limited (Fig. 7A and B). Specific residues
were conserved in 50% of positions, and the hydropathic con-
sensus showed that several classes of residues are only ob-
served in 17% of positions. In addition, the latter positions
mainly concern small residues that have similar conformational
properties (A, S, and T, positions 1, 10, 43, and 46; A, T, and
V, positions 16 and 21; S and P, position 21).

Assuming that TM1 and TM2 form transmembrane �-heli-
ces, the corresponding ideal �-helix projections were con-
structed (Fig. 7C). This representation clearly highlights that
both TM1 and TM2 have a side where amino acids are strictly
conserved, whereas more variable amino acids were observed
in the remaining positions, which strongly supports the �-helix
prediction for both TM1 and TM2. The strictly conserved helix
side of TM1 is rich in phenylalanine residues, while that of
TM2 is rich in leucine residues. Interestingly, both the Phe-
and Leu-rich sides include strictly conserved glycine residues
(G15 and G17 in TM1 and G39 and G 46 in TM2). The
presence of such residues, which are often observed in trans-
membrane domains involved in oligomerization, together with

+ Triton

p7NT

p7KR

p7CT

p7KR

+

Digitonin

- Triton
A

B

FIG. 6. Determination of the topology of p7 by epitope tagging. HepG2 cells were coinfected with vTF7-3 and the appropriate vaccinia virus
recombinant at a multiplicity of infection of 3 PFU/cell and analyzed by indirect immunofluorescence. Cells were fixed with paraformaldehyde at
6 h postinfection, permeabilized or not with Triton X-100 (A) or digitonin (B), and immunostained with the anti-Myc MAb. A schematic
representation of the topology of the different p7 polypeptides tagged with a Myc epitope is presented on the left.
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the strict conservation of Phe and Leu suggests that the cor-
responding helix faces are involved in specific helix-helix inter-
actions (see Discussion).

Sequence analyses of p7 of other members of the Flaviviri-
dae. In the Pestivirus genus, a small 70-amino-acid-long polypep-
tide, called p7 and consisting mostly of hydrophobic residues, has
also been described (14, 21). No polypeptide with similar charac-
teristics has been reported for the Flavivirus genus. To determine
to what extent p7 from the Hepacivirus and Pestivirus genera have
similar structural features, structure predictions were performed
on pestivirus p7 sequences reported for the four major pestivirus
members (Fig. 8).

Sequence comparisons and amino acid repertoires show ho-
mologies and similar structural organizations among the four
pestivirus members, as summarized by the consensus hydro-
pathic pattern. In contrast, predictions of transmembrane seg-
ments yielded different results depending on the pestivirus
analyzed and the method used. To summarize, transmembrane
segments were predicted in BVDV1 and BVDV2 by all the
prediction methods used, while such segments were poorly
predicted for the classical swine fever virus and not predicted
for the border disease virus. However, three hydrophobic clus-
ters common to the four pestiviruses can be defined (grey
boxes in Fig. 8).

Using transmembrane prediction data and sequence exam-
ination, it is reasonable to assume that hydrophobic clusters 41
to 54 and 59 to 64 belong to a single transmembrane passage
from 41 to 64 (called TM2). In contrast, the N-terminal hy-

drophobic cluster 22 to 33 is too short to form a transmem-
brane passage if folded into an �-helix. Indeed, a minimum of
17 residues are necessary to form a transmembrane helix, and
the N-terminal segment flanking this hydrophobic cluster is too
hydrophilic to assume that it can participate in the formation
of a transmembrane helix. The prediction of the structure of
this region remains enigmatic even though p7 is likely a poly-
topic membrane protein with two transmembrane passages, as
observed for HCV p7. Compared to p7 of HCV, the trans-
membrane connecting segment supposed to be accessible on
the cytosolic membrane side contains a larger number of
charged residues. Another major difference is the presence of
numerous polar and charged residues within and between the
putative transmembrane passages in the pestivirus genus, some
of them being strictly conserved.

DISCUSSION

The HCV genome encodes a single polyprotein which is co-
and posttranslationally processed by cellular and viral pro-
teases to produce at least 10 distinct polypeptides. Biological
and biochemical data have been accumulated on all HCV
proteins but p7, which has not attracted the interest of inves-
tigators yet. To gain more information on this polypeptide, its
topology and subcellular localization were studied in this work.
Prediction analyses and experimental data indicate that p7 is a
polytopic membrane protein which crosses the plasma mem-
brane twice and has its N and C termini oriented towards the
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FIG. 7. Structural prediction for transmembrane domains of p7. (A) Repertoire of amino acids per position in 248 HCV isolates of clade 1
(genotypes 1a, 1b, and 1c). Amino acids are listed in decreasing order of observed frequency, from top to bottom. Amino acids within the box
correspond to residues observed in more than 10% of the 248 sequences. Residues observed in fewer than three sequences (�0.8%) are not
presented. (B) Consensus hydropathic pattern deduced from the data in panel A. o, hydrophobic residue; n, neutral residue; i, hydrophilic residue;
v, variable residue; � and �, positions where fully conserved positively or negatively charged residues, respectively, were observed. The black boxes
indicate the predicted transmembrane segments deduced by various prediction methods (see Materials and Methods section). (C) Ideal �-helix
projection of the putative p7 transmembrane segments TM1 (left) and TM2 (right). The variability of residues at each position is included,
according to the data in panel A. The larger characters indicate the most frequently observed residues. Outlined, italic, and bold letters correspond
to neutral, hydrophilic, and hydrophobic residues, respectively (for details, see legend to Fig. 1D).
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extracellular environment. In addition, the C-terminal trans-
membrane domain of p7 has a signal sequence function. Fi-
nally, the export of a fraction of p7 at the plasma membrane
suggests that this polypeptide might have a functional role in
several compartments of the secretory pathway.

Studies on the subcellular localization of HCV proteins in-
dicate that most of them associate with ER membranes (24, 37,
39). In the case of the envelope glycoproteins, it has been
shown that they are strictly retained in the ER (reviewed in
reference 39). The ER localization of HCV structural and
nonstructural proteins is in agreement with the observation
that both replication and assembly of the Flaviviridae seem to
take place in association with modified membranes of the early
secretory pathway (32, 43). As shown by immunofluorescence
studies and the endo H sensitivity of CD4-p7, a large fraction
of p7 is retained in an early compartment of the secretory
pathway, which is likely the ER, suggesting that an ER reten-
tion signal is present in p7. The transmembrane domains of
HCV envelope glycoproteins are signals for ER retention (for
a review, see reference 39), and a similar localization signal
might be contained in p7. However, the difference between the
transmembrane domains of HCV envelope proteins and p7 is
that the ER retention signal contained in p7 is leaky. Further
experiments will be needed to identify the amino acid residues
involved in the subcellular localization of p7.

If, as indicated for the pestivirus p7 (21), HCV p7 plays a
role in production of progeny virus, localization of this
polypeptide is expected in an early compartment of the secre-
tory pathway, where viral assembly is supposed to occur. Why

then is a fraction of p7 transported to the cell surface? Due to
the low number of polypeptides encoded by the genomes of
small positive-stranded RNA viruses like HCV and the huge
task of redirecting a large number of cellular functions to its
own profit, one can expect that the polypeptides encoded by
such viruses have multiple functions. Targeting a protein to
several subcellular localizations might therefore be important
for this polypeptide to be involved in different tasks.

The C-terminal half of p7 (SpNS2) is a signal sequence. It
has been suggested previously that cleavage between p7 and
NS2 is catalyzed by a host signal peptidase (30, 36). This was
suggested by the following lines of evidence: (i) the presence of
a hydrophobic region immediately upstream of the p7/NS2
junction that resembles a signal sequence, (ii) the requirement
for membranes in cleavage at this site, and (iii) the disruption
of processing at this site by mutations known to inhibit signa-
lase-dependent cleavages. However, the delayed cleavage at
the p7/NS2 site raised some doubts on the identity of the
enzyme involved in this cleavage.

Here, we showed that by itself, the C-terminal half of p7 is
able to induce the translocation of a reporter protein (HCV
glycoprotein E1) in the ER lumen, demonstrating that the
C-terminal domain of p7 (TM2) has a signal sequence func-
tion. Together with the observations discussed earlier (30, 36),
these data confirm that the cleavage between p7 and NS2 is
catalyzed by a host signal peptidase. Interestingly, unlike what
has been described for cleavage at the p7/NS2 site (30, 36), the
cleavage between SpNS2 and E1 appeared not to be delayed.
This suggests that the delayed cleavage at the p7/NS2 site in

FIG. 8. Conservation and comparison of amino acid sequences of p7 of the four main types of pestiviruses. The repertoires of residues per
position for BVDV1, BVDV2, classical swine fever virus (CSFV), and border disease virus (BDV) (pestivirus types 1, 4, 2, and 3, respectively [1])
were deduced from the sequences of natural variants available in the EMBL database. Note that pestivirus variants exhibiting p7 sequences with
a higher or lower number of residues were not taken into account in the reported repertoires. The number of sequences analyzed is indicated in
parentheses. Amino acids are listed in decreasing order of observed frequency, from top to bottom. The bottom panel summarizes the consensus
features for the four types of pestivirus. The hydropathic pattern is deduced from the repertoire analyses: o, hydrophobic residue; n, neutral
residue; i, hydrophilic residue; v, variable residue (for details, see legend to Fig. 1D). Positions where fully conserved positively or negatively
charged residues were observed are indicated by � and �, respectively. The boxes indicate possible transmembrane segments deduced from
sequence analysis by various prediction methods (see Materials and Methods section). Dark grey sections show the consensus hydrophobic clusters
of residues assumed to be involved in transmembrane segments. The shaded section indicates that the corresponding amino acid positions were
predicted as membranous by some prediction methods and not for all the isolates.
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the HCV polyprotein might depend on the sequence present
downstream of the cleavage site, e.g., NS2.

The p7 polypeptide is a polytopic membrane protein with its
N and C termini oriented towards the extracellular environ-
ment. The presence of strictly conserved phenylalanine and
leucine residues on one side of TM1 and TM2, respectively,
strongly suggests that the corresponding helix faces are in-
volved in specific helix-helix interactions. Interestingly, both
the phenylalanine- and leucine-rich sides include strictly con-
served glycine residues (G15 and G17 in TM1 and G39 and G
46 in TM2). It should be stressed that the presence of glycine
residues is often observed in transmembrane �-helices in-
volved in oligomerization (46).

By analyzing frequently occurring combinations of residues
in a database of putative transmembrane domains, Engelman’s
group (48) identified a main pattern composed of small resi-
dues (Gly, Ala, and Ser) occupying i and i � 4 positions in
association with large aliphatic residues (Ile, Val, and Leu) at
neighboring positions (i.e., positions i 	 1 and i 	 2). From a
structural point of view, the absence of side chain in the glycine
residue creates a hole, allowing a large aliphatic residue to fit
in and form a knob at the interacting face of the other helix
(33). Such a “knob into hole” interaction is often reinforced by
the presence of interhelix hydrogen bonds due to the presence
of a polar residue (Asn, Ser, or Thr) within the hydrophobic
core of the helix (48).

Although no canonical GxxxG motif was observed for TM1,
the GxxG motif involving G15 and G18 yields the same topol-
ogy, i.e., glycine residues on the same helix face. For TM2, the
three small residues observed on the conserved leucine-rich
face at positions 39 (Gly), 43 (Ala, Ser, or Thr), and 46 (Gly)
form two successive i, i � 4 motifs, often encountered in
interacting transmembrane helices. The presence of such mo-
tifs together with the strict conservation of Phe and Leu
strongly suggests that the corresponding helix faces are in-
volved in specific helix-helix interactions. Whether these inter-
actions are intra- or intermolecular remains to be determined.
Interestingly, preliminary data indicate that p7 can form homo-
oligomers (our unpublished data), suggesting that intermolec-
ular interactions exist in p7.

No function has yet been attributed to the p7 polypeptide.
However, its double membrane-spanning topology with few
residues accessible at one or the other side of the membrane
suggests that it likely exerts its functions on membrane struc-
tures. Although the detailed analysis and comparison of p7
sequences from HCV and pestiviruses revealed substantial dif-
ferences, a similar double membrane-spanning topology is con-
ceivable for pestivirus p7, as proposed earlier (14). Functional
data on pestivirus p7 indicate that this polypeptide is essential
for the production of progeny virus (21). A large in-frame
deletion in p7 introduced into an infectious cDNA clone of
BVDV has shown that RNA replication is not affected but no
infectious virus is produced (21). However, it is not known how
pestivirus p7 helps in the production of infectious progeny
virus.

A 60-amino-acid-long hydrophobic polypeptide (6K) with a
topology potentially similar to that of p7 (28) is also produced
after processing of the structural polyprotein of Alphaviruses,
another genus of positive-stranded RNA viruses. Mutations in
6K result in greatly reduced virus yield, and many mutations

tested result in multicored particles (19, 20, 29, 31), suggesting
that this protein exerts some functions late in the assembly
pathway, possibly during virus budding. In addition, expression
of 6K in Escherichia coli has been shown to increase membrane
permeability and cell lysis (47).

The recognition of virus proteins capable of enhancing
membrane permeability has led to the description of a new
family of virus proteins, called viroporins (3). Structurally, vi-
roporins are generally short proteins containing about 50 to
120 amino acid residues. They are integral membrane proteins
with at least one membrane-spanning domain and tend to form
oligomers. Based on the structural features of HCV p7, it is
tempting to include this protein in the viroporin family, as
suggested for pestivirus p7 (21). However, experimental data
will be needed to demonstrate whether, like the members of
this family, HCV p7 is able to modify membrane permeability.

In conclusion, we have described some interesting biological
and structural features of the p7 polypeptide of HCV, but in
the absence of a tissue culture system that allows efficient
production of HCV particles, it will be difficult to understand
the role of p7 in the HCV life cycle. However, the resolution of
the three-dimensional structure of p7 could provide a frame-
work for a molecular understanding of its function. In addition,
detailed functional studies on pestivirus p7 could also help in
understanding the potential role of p7 in the HCV life cycle.
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