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Hepatitis C virus (HCV) glycoproteins E1 and E2 assemble to form a noncovalent heterodimer which, in the
cell, accumulates in the endoplasmic reticulum (ER). Contrary to what is observed for proteins with a KDEL
or a KKXX ER-targeting signal, the ER localization of the HCV glycoprotein complex is due to a static
retention in this compartment rather than to its retrieval from the cis-Golgi region. A static retention in the
ER is also observed when E2 is expressed in the absence of E1 or for a chimeric protein containing the
ectodomain of CD4 in fusion with the transmembrane domain (TMD) of E2. Although they do not exclude the
presence of an intracellular localization signal in E1, these data do suggest that the TMD of E2 is an ER
retention signal for HCV glycoprotein complex. In this study chimeric proteins containing the ectodomain of
CD4 or CD8 fused to the C-terminal hydrophobic sequence of E1 were shown to be localized in the ER,
indicating that the TMD of E1 is also a signal for ER localization. In addition, these chimeric proteins were
not processed by Golgi enzymes, indicating that the TMD of E1 is responsible for true retention in the ER,
without recycling through the Golgi apparatus. Together, these data suggest that at least two signals (TMDs
of E1 and E2) are involved in ER retention of the HCV glycoprotein complex.

Hepatitis C virus (HCV) is a positive-strand RNA virus
which belongs to the Flaviviridae family (18). Its genome con-
tains a long open reading frame of 9,030 to 9,099 nucleotides
that is translated into a single polyprotein of 3,010 to 3,033
amino acids (33). Cleavages of this polyprotein are co- and
posttranslational and generate at least 10 polypeptides, includ-
ing 2 glycoproteins, E1 and E2 (50). These glycoproteins are
believed to be type I transmembrane proteins with an N-ter-
minal glycosylated ectodomain and a C-terminal hydrophobic
anchor. For E2, C-terminal deletions that remove its hydro-
phobic region result in secretion of the ectodomain (35, 53).
This is in accordance with other data proposing that the hy-
drophobic anchor domain begins at amino acid 718 (position
on the polyprotein) (36). For E1, it has been suggested that a
second membrane anchor (between amino acids 262 and 290)
might exist in addition to its C-terminal hydrophobic domain
(34). However, truncated forms ending at amino acid 311 or
334 and containing this internal sequence can also be secreted
(23, 35). E1, like E2, is therefore probably anchored by its
C-terminal hydrophobic sequence, but the N-terminal limit of
this transmembrane domain (TMD) has not been established.

HCV glycoproteins E1 and E2 interact together to form a
noncovalent heterodimer (11, 48). The efficiency of HCV gly-
coprotein assembly is low, and a large portion of them form
heterogeneous disulfide-linked aggregates (13, 14). The non-
covalent heterodimeric complex is believed to be the prebud-
ding form of HCV glycoprotein oligomer and accumulates in
the endoplasmic reticulum (ER) (11). Recently, the mecha-
nism responsible for HCV glycoprotein complex localization in
the ER has been analyzed (15). The absence of modifications

of HCV glycoprotein glycans by Golgi enzymes indicates that
the ER localization of these proteins is not due to their re-
trieval from the cis-Golgi region. Static retention of HCV
glycoprotein complexes in the ER suggests that this compart-
ment plays an important role in the acquisition of the envelope
of HCV particles.

HCV glycoprotein E2 expressed in the absence of E1 can
fold properly (35), and this has allowed us to analyze the
intracellular localization of its properly folded form (9, 55). E2
expressed alone is retained in the ER, as shown by the lack of
complex glycans, its intracellular distribution, and the absence
of its expression on the cell surface. In addition, replacement
of the TMD of E2 with the anchor sequence of CD4 has been
shown to be sufficient for its export on the cell surface, and a
chimeric protein containing the ectodomain of CD4 fused to
the TMD of E2 is retained in the ER (9). This indicates that
the TMD of E2 contains the information for its ER localiza-
tion. This ER localization signal has also been shown to be
responsible for true retention of E2 in the ER, without recy-
cling through the Golgi apparatus (15).

The ER retention signal present in E2 could be sufficient to
retain E1-E2 complexes in the ER. However, the presence of
an ER-targeting signal in E1 as well cannot be excluded. The
aim of this study was to look for a potential ER localization
signal in E1. By making chimeric proteins containing the
ectodomain of CD4 or CD8 fused to the C-terminal hydro-
phobic sequence of E1, we showed that the TMD of E1 is able
to retain these ectodomains in the ER. In addition, these
chimeric proteins were not processed by Golgi enzymes. This
indicates that the TMD of E1 is responsible for true retention
in the ER, without recycling through the Golgi apparatus.

MATERIALS AND METHODS

Cell culture. The HepG2, HeLa, CV-1, and 143B (thymidine kinase-deficient)
cell lines were obtained from the American Type Culture Collection, Rockville,

* Corresponding author. Mailing address: Equipe Hépatite C,
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Md. Cell monolayers were grown in Dulbecco modified essential medium
(Gibco-BRL) supplemented with 10% fetal bovine serum.

Plasmid constructs. Plasmids expressing chimeric proteins were constructed
by using the standard methodology (52). Briefly, DNA sequences of protein
domains were introduced into pTM1 plasmid (38) by PCR. 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 between the sequences of the protein domains. HCV sequences were
amplified from H-strain clones (17). Plasmids pTM1/CD4(1–371)-E1(347–383),
pTM1/CD4(1–371)-E1(353–383), pTM1/CD8(1–159)-E1(347–383) and pTM1/
CD8(1–159)-E1(353–383) contain the signal sequence of CD4 or CD8 followed
by the sequence of their ectodomain in fusion with the C-terminal 37 or 31 amino
acids of E1. Between these sequences, there is a junction sequence encoding two
additional amino acids (Gly and Ser). Plasmid pTM1/CD8 contains the sequence
of the entire CD8 glycoprotein (amino acids 1 to 214). Plasmids pTM1/E1(171–
346)-CD4(374–435) and pTM1/E1(171–352)-CD4(374–435) contain the signal
sequence and the ectodomain of E1 in fusion with the C-terminal 62 amino acids
of CD4. Between these two sequences, there is a junction sequence encoding two
additional amino acids (Leu and Gln). Plasmids containing sequences amplified
by PCR were verified by sequencing.

Generation and growth of viruses. Vaccinia virus recombinants were gener-
ated by homologous recombination essentially as described earlier (25) and
plaque purified twice on 143B cells under bromodeoxyuridine selection (50
mg/ml). Stocks of vaccinia virus recombinants were grown and titrated on CV-1
monolayers. Vaccinia virus recombinants vTF7-3 (a vaccinia virus recombinant
expressing the T7 DNA-dependent RNA polymerase) (19), vE1E2p7 (a vaccinia
virus recombinant expressing HCV glycoproteins E1 and E2 and the p7 polypep-
tide) (17), vCE1 (a vaccinia virus recombinant expressing HCV proteins C and
E1) (35), and vCD4 (a vaccinia virus recombinant expressing full-length CD4)
(9) were used in this work.

Antibodies. Monoclonal antibodies (MAbs) A4 (anti-E1 [13]), H53 (anti-E2
[9]), OKT8 (anti-CD8), and OKT4 (anti-CD4) (49) were produced in vitro by
using a MiniPerm apparatus (Heraeus) as recommended by the manufacturer.
Rabbit antibodies to PDI (SPA-890) and Rab1 were obtained from StressGen
(Victoria, British Columbia, Canada) and Zymed (San Francisco, Calif.), respec-
tively. Rabbit polyclonal antibody to mannosidase II (37) was kindly provided by
K. Moremen (University of Georgia). The anti-CD4 MAb 13B8.2 was purchased
from Immunotech. Rhodamine and cyanogen 2 (Cy2)-conjugated donkey anti-
rabbit and anti-mouse immunoglobulin G (IgG) were purchased from Jackson
Immunoresearch (West Grove, Pa.).

Metabolic labeling and immunoprecipitation. Cells expressing HCV proteins
were metabolically labeled with 35S-Protein Labeling Mix (100 mCi/ml; DuPont
NEN) as previously described (13). Cells were lysed with 0.5% Triton X-100 in
Tris-buffered saline (TBS; 50 mM Tris-Cl [pH 7.5], 150 mM NaCl). Immuno-
precipitations were carried out as described previously (14). For in vivo labeling
of glycan moieties, HepG2 cells were infected with the appropriate vaccinia virus
recombinants and pulse-labeled for 30 min with 100 mCi of [2-3H]mannose
(Amersham) per ml in a minimal essential medium containing 0.5 mM glucose
and 10% dialyzed fetal bovine serum. After 4 h of chase, cells were lysed in
TBS–0.5% Triton X-100, and the lysates were used for immunoprecipitation.

Endo H digestions. Immunoprecipitated proteins were eluted from protein
A-Sepharose in 30 ml of dissociation buffer (0.5% sodium dodecyl sulfate [SDS]
and 1% 2-mercaptoethanol) by boiling for 10 min. The protein samples were
then divided into two equal portions for digestion with endo-b-N-acetylglu-
cosaminidase H (endo H; New England Biolabs) or an undigested 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 23 Lae-
mmli sample buffer and analyzed by SDS-polyacrylamide gel electrophoresis
(PAGE).

Analysis of oligosaccharide material. Immunoprecipitated [2-3H]mannose-
labeled proteins were digested overnight at room temperature with 0.2 mg of
N-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-treated trypsin in 0.1 M
ammonium bicarbonate (pH 7.9). Trypsin-treated proteins were boiled for 10
min to inactivate the trypsin, and the peptides were dried and dissolved in 20 mM
sodium phosphate (pH 7.5) containing 50 mM EDTA and 0.2 mg of NaN3 per
ml in 50% glycerol. The peptides were incubated overnight at 37°C in the
presence of PNGase F (0.5 U; New England Biolabs). For some samples, endo
H (10 mU) digestion was performed in 50 mM sodium citrate buffer (pH 5.5).
Size analysis of the glycan moieties was achieved by high-pressure liquid chro-
matography (HPLC) on an amino-derivatized column ASAHIPAK NH2P-50
(250 by 4.6 mm) (Asahi, Kawasaki-ku, Japan) with a solvent system of acetoni-
trile-water of from 70:30 to 50:50 (vol/vol) at a flow rate of 1 ml/min over 80 min.
Oligomannosides were identified as previously described (26) by their retention
time. Separation of labeled oligosaccharides was monitored by continuous-flow
detection of radioactivity with a Flo-One b detector (Packard). The abbrevia-
tions used for the sugars are as follows: GalNAc, N-acetylgalactosamine; Glc,
glucose; GlcNAc, N-acetylglucosamine; and Man, mannose.

Affinity chromatography of labeled N glycans. The lectin column (concanava-
lin A-Sepharose; 5 by 0.5 cm) was equilibrated at room temperature in 5 mM
sodium acetate buffer (pH 5.2) containing 0.1 M NaCl, 1 mM MnCl2, 1 mM
CaCl2, and 1 mM MgCl2. Glycan fractions (resulting from PNGase F digestion)
were applied to the column which was then eluted with the equilibration buffer

(buffer a). Weakly retained glycans were eluted with 10 mM methyl-a-D-glucoside
in the equilibration buffer (buffer b) and strongly retained glycans were eluted
with 100 mM a-D-mannoside (buffer c).

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 8 h postinfection, cells were fixed for 10 min with
paraformaldehyde (4% in phosphate-buffered saline [PBS]). Cells were perme-
abilized or not for 30 min at room temperature with TBS containing 0.1% Triton
X-100. Immunofluorescence was carried out as described earlier (11).

Flow-cytometric analysis. For detection of cell surface expression of chimeric
proteins, HeLa cells grown in six-well plates were infected with the appropriate
vaccinia virus recombinants at a multiplicity of infection of 10 PFU/cell. At 8 h
postinfection, cells were washed twice with PBS at 4°C and resuspended by
pipetting. Cells were stained with fluorescein isothiocyanate (FITC)-conjugated
anti-CD4 MAb 13B8.2 and fixed in PBS–1% paraformaldehyde for 30 min,
resuspended in 1 ml of PBS, and subjected to flow-cytometric analysis with an
Epics-Profile II (Coulter). For each sample, 104 cells were analyzed.

RESULTS

Design of chimeric proteins to study the presence of a po-
tential intracellular retention signal in E1. In order to identify
the presence of a potential intracellular localization signal in
E1, chimeras between proteins normally exported to the cell
surface (CD4 or CD8) and E1 were constructed (Fig. 1B) and
expressed in HepG2 cells with the vaccinia virus/T7 expression
system. However, before designing the constructs, we needed a
more precise localization of the limits of the domains in E1.
Based on experimental data (23, 35), E1 is believed to be
anchored by its C-terminal hydrophobic sequence, but the N-
terminal limit of this TMD has not been established. The
putative N-terminal border of E1 TMD was therefore deduced
from the prediction of transmembrane segments by using the
TMAP program (45) based on a multiple sequence alignment
carried out with the CLUSTAL W1.6 program (56). Based on
these analyses, the N-terminal residue of the TMD of E1 was
identified as a tryptophane at position 353 (position on the
polyprotein) (Fig. 1A). This limit was therefore taken into
account to design the chimeric proteins between E1 and CD4
or CD8 (Fig. 1B). For some constructs (CD4-E1347 and CD8-
E1347), 6 amino acids of the C terminus of the E1 ectodomain
were added to serve as a spacer between the ectodomain of
CD4 or CD8 and the predicted TMD of E1.

The TMD of HCV glycoprotein E1 functions as an intracel-
lular localization signal. Recently, we have shown that E1
expressed alone is retained in the ER (9). Replacement of the
TMD of E1 by the anchor and cytoplasmic domains of CD4
(E1352-CD4 and E1346-CD4) led to ER localization of this
protein (data not shown), suggesting that a determinant for ER
localization maps in the ectodomain of E1. However, E1 ex-
pressed in the absence of E2 does not fold properly (35), and
misfolded proteins are usually retained in the ER indepen-
dently of the presence of a specific retention signal (20). We
therefore analyzed the folding of E1352-CD4 and E1346-CD4 to
see whether these chimeras would be misfolded like E1 ex-
pressed alone. Since we have no conformation-sensitive MAb
directed against E1, we monitored disulfide bond formation by
SDS-PAGE under nonreducing conditions as previously de-
scribed (14). This method takes advantage of an increase in
mobility as a protein acquires a compact conformation stabi-
lized by the formation of intramolecular disulfide bonds. An
oxidized form of E1, which appeared slowly, was clearly de-
tected when E2 was coexpressed with E1 (Fig. 2) as previously
observed (14). However, SDS-PAGE analysis of E1346-CD4
(data not shown) and E1352-CD4 (Fig. 2) under nonreducing
conditions did not show any shift of their electrophoretic mo-
bilities, indicating that these proteins are not properly folded.
Therefore, when E1346-CD4 and E1352-CD4 are expressed
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alone, we cannot differentiate an ER localization due to a
specific signal from a retention caused by misfolding.

Due to the difficulties in analyzing chimeric proteins con-
taining the ectodomain of E1, we focused our work on the
potential role of the TMD of E1 in ER retention. Since trans-
membrane sequences are supposed to fold autonomously as
a-helix structures in the lipid environment of the ER mem-
brane (47), chimeric proteins containing the ectodomain of

CD4 in fusion with the TMD of E1 (CD4-E1347 and CD4-
E1353) were produced, and their subcellular localization was
studied. Cell surface expression of these proteins was analyzed
by immunofluorescence and flow cytometry. Cells infected by a
vaccinia virus recombinant expressing full-length CD4 (vCD4)
were used as a control of cell surface expression. Cells express-
ing CD4, CD4-E1347, or CD4-E1353 and fixed with paraformal-
dehyde were all positive after permeabilization with Triton

FIG. 1. Schematic representation of the proteins used in this study. (A) Hydropathy plot (28) of HCV glycoprotein E1. The putative ectodomain and TMD of E1
are from amino acids 192 to 352 and amino acids 353 to 383 (position on the polyprotein), respectively. The amino acid sequence of the C-terminal region of E1 is
shown, indicated by the single-letter amino acid code. The TMD of E1 is underlined. (B) Schematic representation of the parental (E1, CD4, and CD8) and chimeric
proteins. CD4-E1353 and CD8-E1353, ectodomains of CD4 and CD8 fused to the TMD of E1; CD4-E1347 and CD8-E1347, same as CD4-E1353 and CD8-E1353 with an
additional 6-amino-acid spacer from the ectodomain of E1 at the N terminus of the TMD of E1; E1352-CD4, ectodomain of E1 fused to the TMD and cytoplasmic
domain of CD4; E1346-CD4, same as E1352-CD4 with a 6-amino-acid deletion at the C terminus of the ectodomain of E1. The ectodomain of CD4 is from amino acid
1 to 373, its TMD is from 374 to 395, and its cytosolic domain is from 396 to 435. The ectodomain of CD8 is from amino acid 1 to 160, its TMD is from 161 to 187,
and its cytosolic domain is from 188 to 214. Details on the constructions are described in Materials and Methods.
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X-100, as determined by immunofluorescence, whereas only
CD4-expressing cells were detected in the absence of detergent
(Fig. 3). The absence of detectable CD4-E1347 and CD4-E1353
on the surface of cells infected by vaccinia virus recombinants
expressing these proteins was confirmed by flow cytometry

(Fig. 4). For this approach, HeLa cells were used instead of
HepG2 cells because of their better dissociation capacity. In-
tracellular retention of CD4-E1353 and CD4-E1347 does not
seem to be due to misfolding of these chimeric proteins be-
cause single mutations of some amino acid residues in the
TMD of E1 lead to their cell surface expression (10). Since
CD4-E1353 and CD4-E1347 showed similar intracellular reten-
tion profiles (Fig. 3 and 4 and data not shown), only results
obtained with CD4-E1353 are presented in the following para-
graphs.

Together, these data indicate that the TMD of E1 functions
as an intracellular localization signal.

The TMD of E1 is a signal for ER localization. Since CD4-
E1353 was retained in an intracellular compartment, we sus-
pected that the TMD of E1 plays a role in ER localization. In
a first approach to analyze the intracellular localization of
CD4-E1353, its sensitivity to digestion by endo H was analyzed
in pulse-chase experiments (Fig. 5). Endo H removes the chi-
tobiose core of high-mannose and some hybrid forms of N-
linked sugars but not the complex forms (51). Resistance to
digestion with endo H is indicative that glycoproteins have
moved from the ER to at least the medial- or trans-Golgi
region, where complex sugars are added. The CD4 protein
contains two N-linked glycans, and only one of them becomes

FIG. 2. Analysis of intramolecular disulfide bond formation in E1352-CD4.
HepG2 cells were coinfected with vTF7-3 and a vaccinia virus recombinant
expressing E1352-CD4 at a multiplicity of infection of 5 PFU/cell. Cells coin-
fected with vTF7-3 and a vaccinia virus recombinant expressing E1, E2, and p7
were used as a control. At 4.5 h postinfection, infected cells were pulse-labeled
for 10 min and chased for the indicated times (in minutes). Cell lysates were
immunoprecipitated with MAb A4. Immunoprecipitates were analyzed under
nonreducing condition by SDS-PAGE (10% acrylamide). red, reduced; ox, oxi-
dized.

FIG. 3. Absence of cell surface expression of CD4-E1353 and CD4-E1347. HepG2 cells were coinfected with vTF7-3 and the appropriate vaccinia virus recombinant
at a multiplicity of infection of 3 PFU/cell. At 8 h postinfection, cells were treated for indirect immunofluorescence light microscopy. Cells were fixed with
paraformaldehyde, permeabilized or not with Triton X-100, and immunostained with anti-CD4 MAb OKT4 (secondary donkey anti-mouse IgG-Cy2).
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endo H resistant (54). During the pulse, CD4 was sensitive to
endo H treatment, and its resistant form was detected after 1 h
of chase or more, whereas the chimeric protein remained endo
H sensitive even after 4 h of chase (Fig. 5). This suggests that
CD4-E1353 does not reach the trans-Golgi region.

To identify the organelle(s) containing CD4-E1353, we em-
ployed double-label immunofluorescence microscopy with an-
tibodies to known ER, intermediate-compartment, and Golgi
antigens. The pattern observed after labeling with MAb OKT4
was similar to that revealed by an antibody against PDI (an
ER-resident protein) and different from those shown by anti-
bodies directed against mannosidase II (a marker of the Golgi
apparatus) or Rab1 (a marker of the ER-to-Golgi intermediate

compartment) (Fig. 6). These data indicate that CD4-E1353 is
localized in the ER at steady state.

The TMD of E1 is a determinant for ER retention and not
retrieval. Keeping a protein in a subcellular compartment can
be achieved either by a strict retention in this compartment or
by retrieval. In the case of HCV glycoproteins, the E1-E2
heterodimer is genuinely retained in the ER without recycling
through the Golgi apparatus, and the TMD of E2 has been
shown to be responsible for static retention of E2 in the ER
(15). Here, we wanted to know whether ER retention by the
TMD of E1 would involve a similar mechanism.

As a first approach to answer this question, chimeric pro-
teins between the ectodomain of CD8 and the TMD of E1
were constructed (CD8-E1353 and CD8-E1347; Fig. 1). The
human CD8 protein is a uniquely O-glycosylated type I mem-
brane protein (29, 43). Since the initial step of O-glycosylation
occurs in an early Golgi compartment (44), chimeric proteins
containing the ectodomain of CD8 (CD8-E1353 and CD8-
E1347) should be useful tools for analyzing the mechanism of
retention mediated by the TMD of E1. If it involves recycling
through the Golgi apparatus, addition of O-linked GalNAc
should occur in the CD8 portion of the chimeric proteins.
Molecules containing O-glycans should therefore accumulate
after several cycles through the cis-Golgi region and back to
the ER, and this should be visualized by a shift of the electro-
phoretic mobility in SDS-PAGE (32, 44). CD8 is synthesized as
a 27-kDa species (CD8u), which is converted to a transient and
initially glycosylated 29-kDa form, before the full maturation
to a completely glycosylated 32- to 34-kDa doublet (CD8m).
The intermediate form is generated in an early Golgi compart-
ment, and the mature form in the trans-Golgi/trans-Golgi net-
work region. When expressed in HepG2 cells with the vaccinia
virus/T7 expression system, the intermediate 29-kDa form was
barely detectable (Fig. 7). This is probably due to a faster
processing of the glycans in HepG2 cells. Another character-

FIG. 4. Expression of chimeric proteins analyzed by flow cytometry. HeLa
cells were coinfected with vTF7-3 and the appropriate vaccinia virus recombinant
at a multiplicity of infection of 10 PFU/cell. At 8 h postinfection, cells were
immunostained with FITC-conjugated anti-CD4 MAb 13B8.2. Stained cells were
fixed in PBS–1% paraformaldehyde before flow-cytometric analysis. The level of
cell surface expression is indicated by the shift of the solid histogram to the right
from the open control histogram (T7-FITC, MAb 13B3.2 on cells infected with
vTF7-3 alone).

FIG. 5. Sensitivity of CD4-E1353 to endo H treatment. 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, infected cells were
pulse-labeled for 10 min and chased for the indicated times (in hours). Cell
lysates were immunoprecipitated with MAb OKT4 and then treated or not with
endo H. Samples were separated by SDS-PAGE (10% polyacrylamide). Degly-
cosylated proteins are indicated by asterisks. Sizes (in kilodaltons) of protein
molecular-mass markers are indicated on the left.
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istic of CD8 expression in HepG2 cells is the longer half-life of
the 27-kDa precursor (Fig. 7) compared to previously reported
data (44). When the transmembrane and cytosolic domains of
CD8 were replaced by the TMD of E1 (CD8-E1353 and CD8-
E1347), no shift in the electrophoretic mobility of the molecules
was observed in pulse-chase experiments (Fig. 7 and data not

shown). The absence of accumulation of an immature O-gly-
cosylated form suggests that neither CD8-E1353 nor CD8-
E1347 cycle through the cis-Golgi region. In addition, these
data confirm that the TMD of E1 is a signal for ER localiza-
tion.

As an additional approach to study the mechanism involved
in ER localization, we analyzed the modifications that CD4-
E1353 glycans have potentially acquired in the compartment
into which they have transited. As shown above, CD4-E1353 is
endo H sensitive when analyzed in pulse-chase experiments
with chase times of up to 4 h (Fig. 5). The lack of complex-type
glycosylation excludes transit through the trans- but not the cis-
or medial-Golgi region. In the cis-Golgi region, these proteins
would be exposed to Golgi a-mannosidase I, which would
process their sugar chains to Man5GlcNAc2 (27). Molecules
containing Man5GlcNAc2 should accumulate after several cy-
cles through the cis-Golgi region and back to the ER. To better
characterize their potential processing, CD4-E1353 glycans
were removed by PNGase F treatment and analyzed by affinity
chromatography and HPLC. For this approach, CD4-E1353
was labeled with [2-3H]mannose and immunoprecipitated with
MAb OKT4 before PNGase F treatment and characterization
of labeled glycans. Affinity chromatography analysis of these

FIG. 6. Indirect double-label immunofluorescence characterization of the organelle containing CD4-E1353. Subconfluent HepG2 cells grown on coverslips were
infected with vTF7-3 and vCD4-E1353 at a multiplicity of infection of 3 PFU/cell. At 8 h postinfection, cells were fixed with paraformaldehyde, permeabilized with Triton
X-100, and labeled with anti-CD4 MAb OKT4 (secondary donkey anti-mouse IgG-Cy2) and antibodies to PDI, Rab I, or mannosidase II (Man II) (secondary donkey
anti-rabbit IgG-rhodamine red-X).

FIG. 7. Expression of CD8 and CD8-E1353 analyzed in pulse-chase experi-
ments. 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 postin-
fection, infected cells were pulse-labeled for 10 min and chased for the indicated
times (in hours). Cell lysates were immunoprecipitated with MAb OKT8 (anti-
CD8). Samples were separated by SDS-PAGE (10% polyacrylamide). CD8u,
unglycosylated precursor of CD8; CD8m, mature form of CD8.
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glycans showed that 100% of them bound strongly to con-
canavalin A and eluted in a buffer containing 100 mM a-D-
mannoside (buffer c) (Fig. 8A and data not shown), indicating
that CD4-E1353 oligosaccharide moieties are of the oligoman-
noside type only. In addition, HPLC analysis of these glycans
demonstrated the presence of three species: Man9, Man8, and
Man7GlcNAc2, respectively (Fig. 8B and data not shown).
Since the oligosaccharide precursor which is transferred onto
nascent proteins is the Glc3Man9GlcNAc2, this reveals the
sequential actions of ER glucosidases I and II and at least the
action of ER mannosidase yielding Man8 species. The pres-
ence of Man7 is probably due to the trimming of mannose
residues occurring after prolonged residence in the ER (21).
Indeed, both Man9 mannosidase (5) and soluble ER manno-
sidase (6) have been demonstrated to be able to trim the

mannosidic linkage down to Man6GlcNAc2 species. As ex-
pected, the affinity chromatography and HPLC profiles of the
glycans associated with full-length CD4 revealed the presence
of processed species characteristic of the Golgi compartment
(data not shown). The nature of the glycans observed in this
work confirms the data obtained with CD8-E1353 and CD8-
E1347 and indicates that CD4-E1353 is retained in the ER and
cannot reach the Golgi vesicles where additional processing
takes place.

DISCUSSION
Due to their limited genetic capacity, viruses exploit basic

cellular mechanisms throughout their replicative cycle. For
instance, the maturation of viral proteins in infected cells in-
volves mostly host-cell metabolic pathways, including localiza-
tion mechanisms, folding proteins, and enzymes that modify
the primary translation product. For this reason, viral glyco-
proteins have often been used as tools for cell biology studies.
Viral and cellular proteins in the secretory pathway contain
some information in their primary structure for determining
their subcellular localization. Keeping proteins in a particular
compartment can be achieved either by a strict retention in this
compartment or by retrieval. Many luminal and type I trans-
membrane proteins of the ER contain carboxy-terminal se-
quences of the prototypes KDEL and KKXX, respectively (39,
40). These sequences act as retrieval signals, returning proteins
that have left the compartment in which they reside (41). HCV
glycoproteins have been shown to localize in the ER at steady
state (11), but they do not cycle between the ER and the Golgi
apparatus (15). Recently, we have shown that the TMD of E2
is a signal for retention in the ER (9), and in this report we
show that the TMD of E1 can play a similar function.

Immunolocalization of chimeric proteins containing the
TMD of E1 and analysis of their glycans showed that this TMD
is a signal for static retention in the ER. Proteins are trans-
ported from the ER to the Golgi complex by carrier vesicles
that are formed from the membrane of the ER and that selec-
tively fuse with the cis-Golgi membrane. These vesicles are
coated with a set of proteins known as coatomer protein II
(COPII) (4). Partitioning of membrane proteins into these
vesicles is now believed to be based on a positive sorting signal
in the cargo molecules which could interact with the mem-
brane-proximal surfaces of the COPII coat proteins (24). A
number of transmembrane proteins that are transported out of
the ER contain the motif Asp-X-Glu (where X is any amino
acid) in their cytosolic C-terminal domain. Mutational studies
of this diacidic motif in the context of the cytoplasmic tail of
the vesicular stomatitis virus glycoprotein G (VSV-G) showed
that mutation of either acidic residue to alanine reduced by
fivefold the rate of transport of VSV-G from the ER (42). A
different motif (paired phenylalanine residues near the C ter-
minus) that also specifies exit from the ER has also been
identified in proteins that recycle within the early part of the
secretory pathway (12, 16). There is no experimental evidence
that HCV glycoproteins contain a cytoplasmic tail or that they
possess a positive sorting signal. This could explain some re-
tention of HCV glycoproteins in the ER. However, in the
absence of this type of signal, we would expect to detect some
slow release of HCV glycoproteins out of the ER, as was
observed for mutants of VSV-G deleted of their cytoplasmic
tail (42). TMDs have been previously identified as ER local-
ization signals of some proteins (1, 58). For these proteins, it
has not been shown whether a mechanism for retrieval or strict
retention is involved. Similarly, the transmembrane domain of
Golgi proteins and part of their flanking regions contain suf-
ficient information for Golgi retention (41). For these proteins,

FIG. 8. Analysis of the oligosaccharides bound to CD4-E1353. HepG2 cells
were coinfected with vTF7-3 and vCD4-E1353. At 4.5 h postinfection, infected
cells were pulse-labeled for 30 min with [2-3H]mannose, chased for an additional
4 h, and lysed with Triton X-100. Cell lysates were used for immunoprecipitation
with MAb OKT4, and labeled glycans were removed by PNGase F treatment as
described in Materials and Methods. Panel A represents concanavalin A-Sepha-
rose chromatography of glycan fractions obtained after PNGase F treatment with
the equilibration buffer alone (a), with 10 mM methyl-a-D-glucoside (b), or with
100 mM methyl-a-D-mannoside (c). Panel B shows HPLC analysis of glycans
bound to immunoprecipitated glycoproteins after PNGase F treatment. M7, M8,
and M9 indicate the oligosaccharide species possessing two GlcNAc residues at
their reducing end and 7, 8, or 9 mannose residues, respectively.
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subcellular localization is not due to retrieval from other com-
partments but to strict retention. Although the mechanism by
which Golgi retention occurs is still unclear, it has been sug-
gested that membrane thickness could play a role (7). Such a
“lipid-based” mechanism could also be responsible for the ER
retention mediated by the TMDs of E1 and E2.

HCV glycoprotein complex has at least two signals for ER
retention. Recently, we have reported that the TMD of E2 is
involved in ER localization (9), and here we show that the
TMD of E1 plays a similar role. Enveloped viruses acquire
their envelope by budding through one of several host cellular
membranes. There needs therefore to be an accumulation of
viral membrane glycoproteins, which form the spikes, in the
appropriate compartment before budding can take place (46).
A strategy that most of these viruses have developed is to
endow the spike proteins with signals for compartment-specific
localization (2, 3, 22, 30, 31, 57). The TMDs of E1 and/or E2
probably play such a role in retaining HCV glycoprotein com-
plex in the ER where budding is supposed to occur (15). Why
has the HCV glycoprotein complex evolved two signals for ER
retention? One reason could be that it is necessary to maintain
both proteins in the ER before they interact together to form
a complex. However, these proteins also interact during their
folding (8). In addition, only folded proteins are supposed to
leave the ER (20). Alternatively, the fact that both TMDs act
as retention signals could be due to the constraints imposed by
the other functions played by these domains. Besides their role
in ER retention, the TMDs of E1 and E2 also are responsible
for the membrane anchor, serve as signal sequences, and are
involved in E1-E2 interactions. Mutations in the TMD of one
of these glycoproteins, which would suppress its ER localiza-
tion function, would not probably allow this domain to retain
the other functions.

In conclusion, the TMDs of E1 and E2 are both involved in
static retention in the ER. As multifunctional domains, these
TMDs seem to play a crucial role for HCV envelope forma-
tion, and further studies will be needed to decipher their dif-
ferent functions.
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