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The hepatitis C virus (HCV) genome encodes two envelope glycoproteins (E1 and E2). These glycoproteins
interact to form a noncovalent heterodimeric complex which is retained in the endoplasmic reticulum (ER). To
identify whether E1 and/or E2 contains an ER-targeting signal potentially involved in ER retention of the
E1-E2 complex, these proteins were expressed alone and their intracellular localization was studied. Due to
misfolding of E1 in the absence of E2, no conclusion on the localization of its native form could be drawn from
the expression of E1 alone. E2 expressed in the absence of E1 was shown to be retained in the ER similarly to
E1-E2 complex. Chimeric proteins in which E2 domains were exchanged with corresponding domains of a
protein normally transported to the plasma membrane (CD4) were constructed to identify the sequence
responsible for its ER retention. The transmembrane domain (TMD) of E2 (C-terminal 29 amino acids) was
shown to be sufficient for retention of the ectodomain of CD4 in the ER compartment. Replacement of the E2
TMD by the anchor signal of CD4 or a glycosyl phosphatidylinositol (GPI) moiety led to its expression on the
cell surface. In addition, replacement of the E2 TMD by the anchor signal of CD4 or a GPI moiety abolished
the formation of E1-E2 complexes. Together, these results suggest that, besides having a role as a membrane

anchor, the TMD of E2 is involved in both complex formation and intracellular localization.

Hepeatitis C virus (HCV) is an enveloped virus which belongs
to the Flaviviridae family (15). Its genome encodes two mem-
brane-associated envelope glycoproteins (E1 and E2). E1 and
E2 glycoproteins interact to form a complex which has been
proposed as a functional subunit of HCV virions (11, 17, 26,
41). Characterization of HCV glycoprotein complex formation
expressed by using the vaccinia/T7 or Sindbis virus system
indicates that a majority of HCV glycoproteins are misfolded
(9, 11). Recently, we have produced a monoclonal antibody
(MADb) which recognizes properly folded E2 and precipitates
native HCV glycoprotein complexes but not misfolded aggre-
gates (9). Properly folded E1 and E2 interact to form a het-
erodimer stabilized by noncovalent interactions, and the kinet-
ics of association between E1 and E2 indicate that the
formation of stable E1-E2 complexes is slow (half-time of
association [t,,,] =~ 2 h). The folding of E1 and E2 has been
studied and indicates that formation of intramolecular disul-
fide bonds is slow for E1 (¢,,, > 1 h) whereas it is rapid for E2
(12). By using human and mouse MADs, it has been shown that
folding of a subdomain(s) of E2 correlates with acquisition of
intramolecular disulfide bonds but that complete folding of E2
is slow (¢,, ~ 2 h) (9, 19). In addition, E1 expressed in the
absence of E2 does not fold properly, suggesting that E2 plays
a chaperone-like role in the folding of E1 (32).

The HCV glycoproteins are heavily modified by N-linked
glycosylation and contain hydrophobic domains in their car-
boxy-terminal regions acting presumably as membrane an-
chors, giving the proteins a type I membrane topology (43).
The E2 glycoprotein extends to residue 746 (position on the
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polyprotein), and deletions of at least 31 C-terminal amino
acids lead to its secretion (47). This is in accordance with other
data proposing that the hydrophobic anchor domain begins at
amino acid 718 (33). However, only a shorter secreted form of
E2 glycoprotein ending at amino acid 661 appears to be prop-
erly folded (32). For El, a larger deletion (71 amino acids)
seems to be necessary for its secretion, but this secreted pro-
tein is not properly folded (32).

Due to the lack of an efficient cell culture replication system,
HCV particle assembly and release have not been examined
directly. However, the lack of complex glycans, the endoplas-
mic reticulum (ER) localization of expressed HCV glycopro-
teins (11, 41), and the absence of these proteins on the cell
surface (11, 49) suggest that initial virion morphogenesis may
occur by budding into intracellular vesicles. More recently, we
have confirmed that the mature E1-E2 heterodimer does not
leave the ER, suggesting that E1 and/or E2 contains a signal
for retention of the heterodimer in this compartment (9).

In this study, we show that E2 glycoprotein expressed alone
is retained in the ER similarly to the E1-E2 heterodimer and
that a signal for ER retention of E2 resides in its transmem-
brane domain (TMD) (C-terminal 29 amino acids). The evi-
dence for this retention signal was derived from expression of
chimeric proteins in which E2 domains were exchanged with
corresponding domains of a protein normally transported to
the plasma membrane (CD4).

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,
Md. Cell monolayers were grown in Dulbecco’s modified essential medium
(Gibco BRL) supplemented with 5% fetal bovine serum.

Plasmid constructs. Plasmids expressing chimeric proteins were constructed
by a standard method (45). Briefly, DNA sequences of protein domains were
introduced into plasmid pTM1 (35) by PCR with appropriate oligonucleotides
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and templates. 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 derived from the two proteins for cloning facility. HCV sequences
were amplified from H strain (13) clones. Plasmids pTM1/E2(371-661)-DAF and
pTM1/E2(371-717)-DAF express E2 sequences with a glycosyl phosphatidylino-
sitol (GPI) anchor. These two plasmids contain the signal sequence of E2 and the
sequence of the ectodomain of E2 or part of it in fusion with the last 37 amino
acids of decay-accelerating factor (DAF). Between these two sequences, there is
a junction sequence encoding two additional amino acids (Thr and Arg). Plas-
mids pTM1/E2(371-661)-CD4(374-435) and pTM1/E2(371-717)-CD4(374-435)
contain the signal sequence of E2 and the sequence of the ectodomain of E2 or
part of it 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
(Thr and Arg). Plasmids pTM1/CD4(1-371)-E2(662-746) and pTM1/CD4(1-
371)-E2(718-746) contain the signal sequence of CD4 followed by the sequence
of its ectodomain in fusion with the C-terminal 85 or 29 amino acids of E2.
Between these two sequences, there is a junction sequence encoding two addi-
tional amino acids (Gly and Ser). Plasmid pTM1/CD4 contains the sequence of
the entire CD4 glycoprotein (amino acids 1 to 435) and its signal sequence.
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 previously (24) and
plaque purified twice on thymidine kinase-deficient 143B cells under bromode-
oxyuridine (50 pg/ml) selection. Stocks of VI'F7-3 (a vaccinia virus recombinant
expressing the T7 DNA-dependent RNA polymerase) (16), the wild-type vac-
cinia virus strain, Copenhagen, and its thermosensitive derivative 57 (10), and
vaccinia virus recombinants expressing HCV proteins or chimeric proteins were
grown and titrated on CV-1 cell monolayers.

Vaccinia virus recombinants VHCV170-809, vHCV371-809, vHCV371-661,
and vHCV1-383 have been described previously (14, 32).

Antibodies. MAbs H53 (anti-E2 [40]) and OKT4 (anti-CD4 [42]) were used in
this work. Concentrated MAbs were produced in vitro by using a MiniPerm
apparatus (Heraeus) as recommended by the manufacturer.

Metabolic labeling and immunoprecipitation. Cells were infected with the
appropriate vaccinia virus recombinants and metabolically labeled with Tran3>S-
label (ICN) as previously described (11). Labeled infected cells were then lysed
with 0.5% Triton X-100 in 20 mM Tris-Cl (pH 7.5)-150 mM NaCl-2 mM EDTA.
Immunoprecipitations were carried out as described previously (12).

Endoglycosidase digestions. Immunoprecipitated proteins were eluted from
protein A-Sepharose in 30 ul 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-f-N-acetyl-
glucosaminidase 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 2X Laem-
mli sample buffer and analyzed by SDS-polyacrylamide gel electrophoresis
(PAGE).

PI-PLC treatment. Phosphatidylinositol-specific phospholipase C (PI-PLC)
digestions were performed on HeLa cells infected by the appropriate vaccinia
virus recombinants and labeled with [3*S]methionine. At 24 h postinfection,
infected cells were washed twice with phosphate-buffered saline (PBS) at 4°C and
resuspended by pipetting. Cells were then incubated with 0.5 U of PI-PLC
(Boehringer-Mannheim) per ml in PBS for 1 h at 37°C. Cells and supernatant
were harvested and analyzed by immunoprecipitation to detect glycoprotein
expression.

Immunofluorescence. Subconfluent HepG2 or CV-1 cells grown on coverslips
were infected by the appropriate vaccinia virus recombinants at a multiplicity of
infection of 1 PFU/cell. At 12 h postinfection, cells were fixed for 10 min with
isopropanol or paraformaldehyde (4% in PBS). Cells fixed with paraformalde-
hyde were permeabilized or not for 30 min at room temperature with Tris-
buffered saline containing 0.1% Triton X-100. Cells were stained with anti-E2
MAD H53 (dilution, 1/600) or anti-CD4 MAb OKT4 (dilution, 1/100) followed by
rabbit anti-mouse (rhodamine conjugated; DAKO) or donkey anti-mouse (flu-
orescein isothiocyanate [FITC]-conjugated; Jackson) immunoglobulin (dilution,
1/100).

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 5 PFU/cell. At 8 h
postinfection, cells were washed twice with PBS at 4°C and resuspended by
pipetting. Cells infected by recombinants expressing the ectodomain of E2 were
stained with anti-E2 MAb H53 (dilution, 1/600) followed by FITC-conjugated
rabbit anti-mouse immunoglobulin (dilution, 1/100; DAKO). Cells infected by
recombinants expressing the ectodomain of CD4 were stained with FITC-con-
jugated anti-CD4 MADb 13B8.2 (dilution, 1/100; Immunotech). Stained cells were
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, 10* cells were analyzed.
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FIG. 1. Localization by indirect immunofluorescence of E2, expressed in the
presence or absence of E1. CV-1 cells were coinfected with vIF7-3 and either
vHCV170-809 (E1-E2) or vHCV371-809 (E2) at a multiplicity of infection of 1
PFU/cell. Cells were fixed with isopropanol at 12 h postinfection and immuno-
stained with anti-E2 MAb H53.

RESULTS

Intracellular localization of E2 expressed in the absence of
El. In order to identify the signal(s) involved in ER retention
of the native HCV glycoprotein complex, E1 and E2 were
expressed alone. Immunofluorescence studies and analysis of
its endo H sensitivity indicate that E1 expressed in the absence
of E2 does not leave the ER (data not shown). However, we
have shown recently that coexpression with E2 is required for
the proper folding of E1 (32). Therefore, when E1 is expressed
alone, we cannot differentiate an ER localization due to a
specific signal from a retention caused by misfolding of the
protein (20). Due to this problem and since E2 folds properly
in the absence of E1 (32), only the intracellular localization of
E2 was studied in this work.

A conformation-sensitive E2-reactive MAb which recog-
nizes the properly folded form of E2 (H53 [40]) was used in
this work in order to reduce the background due to the pres-
ence of misfolded proteins. In pulse-chase experiments, this
MAD precipitates E2 with kinetics similar to what has been
observed previously with another MAb (MAb H2 [9]). How-
ever, since its relative affinity is higher, MAb H53 instead of H2
was used in this study.

Immunofluorescence studies indicated that the intracellular
localization of E2 in the presence of E1 is similar to that in the
absence of E1 and that the proteins showed an ER-like distri-
bution of fluorescence (Fig. 1). As another indicator of intra-
cellular trafficking of E2, we also examined the acquisition of
endo H resistance. Endo H removes the chitobiose core of
high-mannose and some hybrid forms of N-linked sugars but
not the complex forms (44). Resistance to digestion with endo
H is indicative that glycoproteins have moved from the ER to
at least the medial Golgi apparatus and trans-Golgi apparatus,
where complex sugars are added. The sensitivity of E2 to
digestion with endo H was studied in pulse-chase experiments
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FIG. 2. Sensitivity of E2 to endo H treatment. HepG2 cells were coinfected with vIF7-3 and vaccinia virus recombinants expressing either E1-E2 (vHCV170-809),
E2 (VHCV371-809), or a truncated form of E2 (VHCV371-661) at a multiplicity of infection of 5 PFU/cell. Infected cells were pulse-labeled for 10 min and chased for
the indicated times (in hours). Cell lysates were immunoprecipitated with MAb H53 and then treated or not with endo H. Samples were separated by SDS-PAGE (10%
polyacrylamide). Deglycosylated proteins are indicated by asterisks. The sizes (in kilodaltons) of protein molecular mass markers are indicated on the right. The

predicted sequence of E2 contains 11 N-linked potential glycosylation sites.

(Fig. 2). Similar to what was observed for E2 coexpressed with
E1 (Fig. 2A), no endo H-resistant form was detected for E2
expressed in the absence of El even after 4 h of chase (Fig.
2B). This suggests that E2 expressed in the absence of E1 does
not reach the medial Golgi apparatus and trans-Golgi appara-
tus. To confirm that E2 glycans can be modified by enzymes
present in the medial Golgi apparatus or trans-Golgi appara-
tus, the sensitivity to digestion with endo H was analyzed for a
truncated form of E2 which is secreted (32) (Fig. 2 C and D).

Together, these results, similar to what has been previously
observed for native E1-E2 complexes (9), strongly suggest that
HCV glycoprotein E2 expressed in the absence of El is re-
tained in the ER at steady state and does not cycle farther than
the cis-Golgi apparatus. This also suggests that an ER reten-
tion signal is present in E2.

The TMD of E2 is sufficient to retain, in the ER, the ectodo-
main of a protein which is normally expressed on the cell sur-
face. The ER localization of E2 (see above) as well as the
secretion of a properly folded truncated form of E2 (32) sug-
gests that an ER retention signal is present in the C-terminal
85 amino acids of E2. In order to test this hypothesis, a chi-
meric protein containing the ectodomain of CD4 (a protein
normally exported to the cell surface) and the C-terminal 85
amino acids of E2 was constructed (CD4-E2,, [Fig. 3]). In
addition, since secretion of E2 proteins with shorter deletions
has also been observed by others (47), a second chimeric pro-
tein containing the C-terminal 29 amino acids of E2 in fusion
with the ectodomain of CD4 was constructed (CD4-E2,,; [Fig.
3]). Expression of these chimeric proteins was analyzed in
pulse-chase experiments followed by immunoprecipitation
with an anti-CD4 MAb (OKT4) and compared with the ex-
pression of CD4. As shown in Fig. 4, neither CD4 nor the
chimeric proteins showed any modification in their electro-
phoretic mobility over time. However, the intensity of the

chimeric proteins started to decrease after 2 and 4 h for CD4-
E2s, and CD4-E2,,, respectively, whereas it remained con-
stant for CD4, suggesting that the chimeric proteins have a
shorter half-life than CD4. This is probably due to degradation.
To evaluate whether or not they leave the ER, the sensitivity of
these chimeric proteins to digestion by endo H was analyzed in
pulse-chase experiments (Fig. 5). The CD4 protein contains
two N-linked glycans, and only one of them becomes endo H
resistant (48). 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 proteins remained endo H
sensitive even after 8 h of chase (Fig. 5). This suggests that
CD4-E2, and CD4-E2,,¢ do not reach the trans-Golgi appa-
ratus.

Cell surface expression of these proteins was analyzed by im-
munofluorescence and flow cytometry. Cells expressing CD4,
CD4-E2,, or CD4-E2,,5 and fixed with paraformaldehyde
were all positive as determined by immunofluorescence after
permeabilization with Triton X-100, whereas only CD4-ex-
pressing cells were detected in the absence of detergent (Fig.
6). The absence of detectable CD4-E2,, and CD4-E2,,5 on
the surface of cells infected by vaccinia virus recombinants
expressing these proteins was confirmed by flow cytometry
(Fig. 7).

Together, these data indicate that the TMD of E2 plays a
major role in its retention in the ER.

Replacement of the TMD of E2 by the anchor and cytoplas-
mic domains of CD4 leads to E2 expression on the cell surface.
To evaluate the absence of an additional retention signal in the
ectodomain of E2, other chimeric proteins containing the
ectodomain of E2 ending at amino acid 661 (E24,,-CD4) or
717 (E2,,,-CD4) in fusion with the C-terminal 62 amino acids
of CD4 were constructed (Fig. 3). These chimeric proteins
were analyzed as described above with a conformation-sensi-
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FIG. 3. Schematic representation of the parental proteins E2 and CD4 and chimeric proteins used in this study drawn to scale. E244,-CD4, ectodomain of E2,
lacking its C-terminal 56 amino acids, fused to the TMD and cytoplasmic domain of CD4; E2,,,-CD4, ectodomain of E2 fused to the TMD and cytoplasmic domain
of CD4; CD4-E2,, ectodomain of CD4 fused to the C-terminal 85 amino acids of E2; CD4-E2,, ectodomain of CD4 fused to the TMD of E2 (C-terminal 29 amino
acids); E244,-GPI, ectodomain of E2, lacking its C-terminal 56 amino acids, fused to the C-terminal 37 amino acids of DAF; E2,,,-GPI, ectodomain of E2 fused to
the C-terminal 37 amino acids of DAF. The ectodomain of E2 is from amino acid 384 to 717 (position on the polyprotein) and the TMD of E2 from amino acid 718
to 746. The ectodomain of CD4 is from amino acid 1 to 373, its TMD is from amino acid 374 to 395, and its cytosolic domain is from amino acid 396 to 435. Details
on constructions are reported in Materials and Methods. (B) C-terminal portions of E244,-GPI and E2,,,-GPI. The amino acid sequences identify the junction between
the E2 ectodomain or its truncated form and the 37-amino-acid GPI anchor addition sequence from DAF. Between these two sequences, there is a sequence of two
additional amino acids resulting from cloning. The asterisk below the Ser in the DAF sequence indicates the predicted point of attachment for the GPI anchor (34).

tive MAb (HS53) which recognizes an epitope present in the
ectodomain of E2. In pulse-chase experiments, two bands were
detected after immunoprecipitation of the chimeric proteins
(Fig. 8). The glycoprotein E2 and the fast-migrating forms
E2.,,-CD4 and E2,,,-CD4 showed similar molecular masses.
The intensity of this band increased during the first 2 and 4 h
of chase for E2,-CD4 and E2,,,-CD4, respectively, and then
decreased. The slow-migrating band, not detected for E2, ap-
peared after 1 and 2 h for E2,,-CD4 and E2,,,-CD4, respec-
tively, and peaked after 4 h of chase before starting to decrease
in intensity. The slow migration of this band is probably due to
modification of the glycans present in the chimeric proteins.
Indeed, it was endo H resistant (Fig. 9), suggesting that E2,-
CD4 and E2,,,-CD4 reach at least the medial Golgi apparatus
or trans-Golgi apparatus. It has to be noted that the slow-

CD4

CD4-E2,,,

migrating band had a lower intensity for E2,,,-CD4 (see Dis-
cussion).

Cell surface expression of these chimeric proteins was
analyzed by immunofluorescence and flow cytometry. Cells ex-
pressing E2, E2.,,-CD4, or E2,,,-CD4 and fixed with parafor-
maldehyde were all positive as determined by immunofluores-
cence after permeabilization with Triton X-100, whereas only
E246,-CD4- or E2,,,-CD4-expressing cells were detected in
the absence of detergent (Fig. 6). Cell surface expression of these
chimeric proteins was confirmed by flow cytometry (Fig. 7).

Together, these results indicate that replacement of the
TMD of E2 by the anchor and cytoplasmic domains of CD4
leads to E2 expression on the cell surface.

Replacement of the E2 TMD by a GPI moiety leads to
expression of E2 on the cell surface. Many cellular proteins are

CD4-E2,,
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FIG. 4. Expression of CD4, CD4-E2,, and CD4-E2, ¢ analyzed in pulse-chase experiments. HepG2 cells were coinfected with vIF7-3 and the appropriate vaccinia
virus recombinant at a multiplicity of infection of 5 PFU/cell. Infected cells were pulse-labeled for 10 min and chased for the indicated times (in hours). Cell lysates
were immunoprecipitated with MAb OKT#4 (anti-CD4). Samples were separated by SDS-PAGE (10% polyacrylamide). The sizes (in kilodaltons) of protein molecular

mass markers are indicated on the right.
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FIG. 5. Sensitivities of CD4-E244, and CD4-E2,,3 to endo H treatment.
HepG?2 cells were coinfected with vI'F7-3 and the appropriate vaccinia virus
recombinant at a multiplicity of infection of 5 PFU/cell. 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. The sizes (in kilodaltons) of protein
molecular mass markers are indicated on the right.

embedded in membranes via a GPI anchor (8). To evaluate the
influence of a GPI anchor on the cellular localization of the
ectodomain of E2, chimeric proteins with a signal for a GPI
anchor were constructed. Replacement of the normal TMD
and cytoplasmic domain of several other type I integral mem-
brane glycoproteins with the C-terminal 37 amino acids of
DAF confers GPI anchor addition (7, 23, 25, 27). E244,-GPI
and E2,,,-GPI were constructed by appending the 37-amino-
acid signal of DAF to the ectodomain of E2 (E2,,,-GPI) or a
shorter form thereof (E244,-GPI) (Fig. 3).

In order to show that a GPI molecule had indeed been
added and was responsible for anchoring the ectodomain of E2
in the cell membrane, the sensitivities of these chimeric pro-
teins to PI-PLC digestion were evaluated (Fig. 10). In the
absence of PI-PLC treatment E2,-GPI and E2,,,-GPI were
not detected in the supernatant, whereas after PI-PLC treat-
ment released proteins could be precipitated by our E2-reac-
tive MAb but not in the control expressing E244,-CD4. In-
tracellular expression of the recombinant proteins has been
confirmed by immunoprecipitation with the cell lysate as anti-
gen (Fig. 10). These data indicate that E24,,-GPI and E2,,-
GPI are anchored to the membrane via a GPI moiety and that
their ectodomains can be released by digestion with PI-PLC.
These two proteins were studied in pulse-chase experiments to
test their sensitivities to digestion by endo H and examined by
immunofluorescence to analyze their expression on the cell
surface. Results were very similar to what was observed for
E244,-CD4 and E2,,,-CD4 (data not shown), indicating that
the addition of a GPI moiety to the ectodomain of E2 leads to
the expression of E2 on the cell surface.

ER RETENTION SIGNAL IN HCV GLYCOPROTEIN E2 2187

Replacement of the TMD of E2 abolishes the formation of
E1-E2 complexes. Results obtained in this work strongly sug-
gest that an ER retention signal is present in the TMD of E2.
However, we cannot exclude the presence of another signal in
E1 which could participate in ER retention of the native E1-E2
complex. The presence of a potential retention signal has not
been studied in this work, since coexpression with E2 is re-
quired for the proper folding of E1 (32). As an alternative way
to study whether a potential retention signal in E1 could also
be involved in retaining the native E1-E2 complex in the ER,
E1 was coexpressed with the chimeric forms of E2 produced in
this work. However, E1 did not interact with any of these
chimeric proteins as shown by immunoprecipitation (Fig. 11),
suggesting that the TMD of E2 is involved in HCV glycopro-
tein interactions, as previously proposed (32, 47).

DISCUSSION

Enveloped viruses acquire their envelopes by budding
through one of several host cellular membranes. A large num-
ber of enveloped viruses bud through the plasma membrane.
Several viruses, however, bud at internal membranes, such as
those of the ER (e.g., rotaviruses), the ER-Golgi apparatus
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FIG. 6. Cell surface expression of chimeric proteins analyzed by indirect
immunofluorescence. HepG2 cells were coinfected with vI'F7-3 and the appro-
priate vaccinia virus recombinant at a multiplicity of infection of 1 PFU/cell.
Cells were fixed with paraformaldehyde at 12 h postinfection, permeabilized or
not with Triton X-100, and immunostained with anti-E2 (E2, E2,-CD4, and
E2,,,-CD4) or anti-CD4 (CD4, CD4-E2¢,, and CD4-E2,5) antibodies.
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FIG. 7. Cell surface expression of chimeric proteins analyzed by flow cytometry. HeLa cells were coinfected with vIF7-3 and the appropriate vaccinia virus
recombinant at a multiplicity of infection of 5 PFU/cell. At 8 h postinfection, cells were immunostained with anti-E2 (E2, E244,-CD4, and E2,,,-CD4) MAb H53
followed by FITC-conjugated rabbit anti-mouse immunoglobulin or with FITC-conjugated anti-CD4 MAb 13B8.2 (CD4, CD4-E2,,, and CD4-E2,5). 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 (MAb H53
plus FITC conjugate or MAb 13B8.2) to the right from the open control histogram (FITC conjugate alone for E2, E24,,-CD4, and E2,,,-CD4; MADb 13B8.2 on

uninfected cells for CD4, CD4-E2¢,, and CD4-E2).

intermediate compartment (coronaviruses), or the Golgi com-
plex (Bunyaviridae) (18, 38). In these cases, virus particles are
released from the infected cells either after cell lysis (e.g.,
rotaviruses) or after transport of virus-containing vesicles to
the cell surface (e.g., coronaviruses and bunyaviruses), in which
case virus particles are released after fusion of these vesicles
with the plasma membrane. For viruses which bud intracellu-

- I
k2 E2,,,- CD4

larly, there needs to be an accumulation of the viral membrane
glycoproteins, which form the spikes, in the appropriate com-
partment (38). A strategy that most of these viruses have de-
veloped is to endow the spike proteins with signals for com-
partment-specific targeting and retention, similar to normal
compartment-specific cellular proteins (2-4, 21, 29, 30, 50).
Based on this observation, ER retention of HCV glycoprotein
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FIG. 8. Expression of E2, E244,-CD4, and E2,,,-CD4 analyzed in pulse-chase experiments. HepG2 cells were coinfected with vI'F7-3 and the appropriate vaccinia
virus recombinant at a multiplicity of infection of 5 PFU/cell. Infected cells were pulse-labeled for 10 min and chased for the indicated times (in hours). Cell lysates
were immunoprecipitated with MAb H53 (anti-E2). Samples were separated by SDS-PAGE (10% polyacrylamide). The sizes (in kilodaltons) of protein molecular mass

markers are indicated on the right.
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FIG. 9. Sensitivities of E2¢,-CD4 and E2,,,-CD4 to endo H treatment.
HepG2 cells were coinfected with vIF7-3 and the appropriate vaccinia virus
recombinant at a multiplicity of infection of 5 PFU/cell. Infected cells were
pulse-labeled for 10 min and chased for the indicated times (in hours). Cell
lysates were immunoprecipitated with MAb H53 and then treated or not with
endo H. Samples were separated by SDS-PAGE (10% polyacrylamide). Degly-
cosylated proteins are indicated by an asterisk, and endo H-resistant forms are
indicated by an “R.” The sizes (in kilodaltons) of protein molecular mass mark-
ers are indicated on the right.

complexes suggests that budding of HCV particles could occur
in the ER. This hypothesis is reinforced by the observation that
flaviviruses acquire their envelopes by budding at internal
membranes (probably modified ER) (reviewed in reference
38). The identification of retention signals is therefore impor-
tant for understanding the mechanisms of virus budding and
protein compartmentalization. In this study, we showed that
E2 glycoprotein expressed in the absence of El is retained in
the ER and we have identified a signal for ER retention of E2
in its TMD (C-terminal 29 amino acids).

HCYV glycoprotein E2 contains an ER retention signal. The
lack of complex glycans, the intracellular distribution of E2
analyzed by immunofluorescence, and the absence of its ex-
pression on the cell surface indicate that E2 is present in the
ER at steady state and does not cycle farther than the cis-Golgi
apparatus. This is similar to what has been observed for the
native E1-E2 complex (9). Because of the inefficient folding of
HCYV glycoproteins (9, 12), retention of E2 in the ER could
be due to misfolding. As a general rule, newly synthesized
proteins that have acquired a properly folded structure are
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FIG. 10. Sensitivities of E24,,-GPI and E2,,,-GPI to PI-PLC treatment.
HelLa cells coinfected with vIF7-3 and the appropriate vaccinia virus recombi-
nant were labeled from 4 to 20 h postinfection. Cells were then washed and
incubated in PBS in the presence (+) or absence (—) of PI-PLC for 1 h at 37°C.
Supernatants and cell pellets were harvested separately and prepared for immu-
noprecipitation with MAb H53. Samples were separated by SDS-PAGE (10%
polyacrylamide). The sizes (in kilodaltons) of protein molecular mass markers
are indicated on the right.
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FIG. 11. Effect of E2 TMD replacement on the formation of E1-E2 com-
plexes. HepG2 cells were coinfected with vIF7-3, vHCV1-383 (expressing E1),
and the appropriate vaccinia virus recombinant at a multiplicity of infection of 5
PFU/cell. Infected cells were labeled from 4 to 20 h postinfection. Cell lysates
were immunoprecipitated with MAb H53. Samples were separated by SDS-
PAGE (10% polyacrylamide). The sizes (in kilodaltons) of protein molecular
mass markers are indicated on the right.

transported from the ER to their final destinations, whereas
incompletely folded or misfolded proteins are retained and
eventually degraded (20). This conformation-based sorting
phenomenon has been called “quality control” (22). However,
a conformation-sensitive MAb which recognizes the native
form of E2 was used in this work. In addition, recent studies
indicate that E2 expressed in the absence of E1 folds properly
(32). This suggests that retention of E2 in the ER is not due to
the pressure of the quality control but rather to a targeting
signal present in E2.

The ER retention signal of E2 maps to its TMD. Replace-
ment of the TMD of E2 with the anchor sequence of CD4 or
a GPI moiety was sufficient for its export to the cell surface. In
addition, a chimeric protein containing the ectodomain of CD4
fused to the TMD of E2 was retained in the ER. This indicates
that the C-terminal 29 amino acids of E2 contain the informa-
tion necessary for ER retention. However, the ratio of chime-
ric E2 proteins leaving the ER was improved when the C-ter-
minal 56 amino acids of the ectodomain of E2 were removed.
This suggests that this sequence can reinforce E2 retention in
the ER. Alternatively, as recent data obtained by workers in
our laboratory suggested (32), the presence of these 56 resi-
dues could reduce the efficiency of E2 folding, which, in turn,
could lead to less efficient export out of the ER.

HCV glycoprotein E2 is retained in the ER by a targeting
signal which does not have the features of a classical ER re-
tention motif. Because the default pathway for the vectorial
flow of proteins is supposed to lead from the ER to the plasma
membrane (39), mechanisms are necessary to retain resident
proteins within intracellular organelles. Several specific signals
for the retention and retrieval of ER proteins have been iden-
tified. Retrieval from the Golgi complex of soluble ER resident
proteins is mediated by recognition of the amino acid sequence
KDEL by a specific receptor (37). For transmembrane pro-
teins, intracytoplasmic sequences play a role in ER retention
and retrieval. A dilysine motif at the C terminus of type I
proteins allows for retrieval from the Golgi complex to the ER
in a coat promoter-dependent manner (reviewed in reference
36); a diarginine N-terminal motif may play an analogous role
for type II proteins (46), and a tyrosine-based motif has also
been shown to function as a cytoplasmic ER retention signal
(31). Here we report that the TMD of a type I protein can also
be implicated in ER retention, as has been shown for some
other proteins (1, 5, 51). Recently, it has been proposed that in
the absence of dominant luminal or cytosolic associations, pro-
teins are distributed based on interactions between their
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TMDs and the surrounding lipid environment (6, 51). Since
cholesterol is known to increase membrane thickness and to
decrease deformability, and because its concentration in lipid
bilayers increases along the secretory pathway, it has been
implicated as being the consequence of lipid-based sorting
along the secretory pathway (6, 51). Our data on ER retention
of E2 suggest that E2 could fit in this model.

The ER retention signal present in E2 could be sufficient to
retain E1-E2 complexes in the ER, but we cannot exclude the
presence of another signal in E1. Since coexpression with E2 is
required for the proper folding of E1 (32), we cannot discrim-
inate an ER localization of E1 determined by a specific signal
from a retention due to misfolding of the protein (20). An
alternative approach to solve this problem is to coexpress El
with E2 in which the retention signal has been deleted. How-
ever, the interaction between E1 and E2 is abolished when E1
is coexpressed with E2 in which the TMD has been deleted (32,
47) or when it is coexpressed with chimeric proteins in which
the TMD of E2 has been replaced by the anchor signal of CD4
or a GPI moiety (this work). Other approaches will therefore
be necessary to analyze the presence of a potential retention
signal in E1.

The TMD of HCV glycoprotein E2 is multifunctional. Be-
sides anchoring E2 in the cell membrane and potentially in the
HCV envelope (33), the TMD of E2 has other functions. Its
C-terminal half is the signal sequence for the p7 polypeptide
(28). It plays an important role in the interaction between
HCV glycoproteins to form native E1-E2 complexes (referenc-
es 32 and 47 and this work). Finally, as we show in this work,
it is also responsible for the retention of E2 in the ER. This
finding reinforces our hypothesis that HCV acquires its enve-
lope by budding through ER membranes.
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