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Cell Surface Expression of E1/E2 Heterodimers Comprising
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Julie Dumonceaux,'{# Emmanuel G. Cormier,'*f Francis Kajumo,'? Gerald P. Donovan,?
Jayanta Roy-Chowdhury," Ira J. Fox,? Jason P. Gardner,” and Tatjana Dragic'*

Albert Einstein College of Medicine, Bronx, New York 10461"; Progenics Pharmaceuticals, Inc., Tarrytown,
New York 10591% and Department of Surgery, Nebraska Medical Center, Omaha, Nebraska 98198°

Received 22 July 2003/Accepted 12 September 2003

Hepatitis C virus (HCV) is a positive-strand RNA virus that replicates exclusively in the cytoplasm of
infected cells. The viral envelope glycoproteins, E1 and E2, appear to be retained in the endoplasmic reticulum,
where viral budding is thought to occur. Surprisingly, we found that the expression system used to generate
HCV envelope glycoproteins influences their subcellular localization and processing. These findings have
important implications for optimizing novel HCV fusion and entry assays as well as for budding and virus

particle formation.

It is estimated that 170 million people worldwide are in-
fected with the hepatitis C virus (HCV) and are at risk of
developing chronic hepatitis or cirrhosis, the latter often lead-
ing to hepatocellular carcinoma (1, 11, 29, 30). Basic under-
standing of HCV replication and pathogenesis remains poor,
primarily due to a lack of experimental models and key re-
agents. The HCV genome is a 9.4-kb single-stranded positive
RNA that replicates exclusively in the cytoplasm of infected
cells (47). The genomic RNA encodes a ~3,000-amino-acid
polyprotein that is processed to generate at least 10 proteins,
termed C, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and
NS5B (47). The C protein constitutes the nucleocapsid; E1 and
E2 are transmembrane envelope glycoproteins; p7 is a mem-
brane-spanning protein of unknown function; and the various
nonstructural (NS) proteins have replication functions (2, 37).

Translocation of the HCV structural proteins, C-E1-E2-p7,
into the endoplasmic reticulum (ER) is accompanied by cleav-
age of internal signal sequences by ER-resident signal pepti-
dases. Proper folding of the envelope glycoproteins, E1 and
E2, is dependent on their cotranslation and processing within
the context of the HCV polyprotein (7, 13, 14, 16, 34, 36, 40).
The transmembrane (TM) domains of E1 and E2 are also the
signal sequences (SS) of E2 and p7, respectively, and topolog-
ical reorientation of cleaved E1 and E2 C termini toward the
cytosol converts these regions into single membrane-spanning
domains (5, 9). The TM domains of E1 and E2 mediate their
noncovalent heterodimerization (13, 15, 38, 39, 45, 51). The
apparent absence of E1/E2 heterodimers on the cell surface as
well as the lack of N-glycan modifications by Golgi enzymes
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suggest that the HCV envelope glycoproteins are retained in
the ER (16, 32, 36, 40, 51). The TM domains of E1 and E2
mediate ER retention as well as E1/E2 heterodimerization (6,
8, 10, 19, 20), which has made it difficult to generate cell
surface-expressed E1/E2 heterodimers for use in cell fusion
and viral pseudotype assays.

The initial goal of our studies was to create recombinant cell
surface-expressed HCV envelope glycoproteins that would be
incorporated onto pseudovirions and mediate entry into HCV
target cells. We chose a strategy wherein the ectodomains of
HCV E1 and E2 were fused to the TM domains of E1 and E2
from a related alphavirus, the Semliki Forest virus (SFV). The
SFV envelope glycoproteins form cell surface-associated het-
erodimers that efficiently pseudotype heterologous viral nu-
cleocapsids in order to mediate their entry into host cells.
Chimeric HCV-SFV envelope glycoproteins were similar to
unmodified HCV envelope glycoproteins in size and posttrans-
lational processing and were expressed on the cell surface.
During these experiments, however, we detected unmodified,
wild-type HCV E1 and E2 on the cell surface, and this unex-
pected observation was investigated further.

Constructs were generated for expression of full-length un-
modified HCV E1 (EI), E2 (E2), and E1/E2 (EI-E2). DNA
encoding HCV envelope glycoproteins was derived by PCR
amplification of p90/HCV FL-long pU carrying the full-length
genome of an infectious HCV isolate H77 (26). The first nu-
cleotide of the C start codon is defined as position +1 in the
HCYV coding sequence. E1 therefore comprises nucleotides 511
to 1149, E2 comprises nucleotides 1111 to 2238, and EI-E2
includes nucleotides 511 to 2238 of HCV. Start and stop trans-
lation codons were introduced at the beginning and end of
every construct, which were cloned into the pcDNA3.1+ ex-
pression vector (Invitrogen) and verified by DNA sequencing.
Transient expression of HCV envelope glycoproteins was
achieved by lipofection of the different expression plasmids
into HeLa cells. Alternatively, HeLa cells were infected with a
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vaccinia virus vector expressing the T7 polymerase (VIF7.3
[17]) followed by lipofection with HCV E1/E2-expression plas-
mids (resulting in cytoplasmic transcription from the T7 pro-
moter in pcDNA3.1+).

Intracellular but not cell surface-associated E1 and E2 were
detected by immunofluorescence after vaccinia virus-driven
expression of E7-E2 (Fig. 1a to d). In contrast, E1 and E2 were
detected both intracellularly and on the cell surface following
plasmid-based expression of the E1-E2 construct (Fig. 1 fto h).
Intracellular staining of envelope glycoproteins was compara-
ble in the two expression systems (Fig. 1a, b, e and f), indicat-
ing that similar levels of E1 and E2 were being generated but
transport to the cell surface was not occurring in the vaccinia
virus-based expression system. Differences in expression levels
were not observed between envelope glycoproteins expressed
as single proteins (£1 and E2) or as part of an E1-E2 polypro-
tein (E7-E2) (data not shown). Similar expression patterns
were obtained after transient expression of E1 and E2 by
vaccinia- and plasmid-based systems in a hepatoma cell line,
HepG?2 (data not shown).

Vaccinia vector- and plasmid vector-based expression of un-
modified HCV envelope glycoproteins invariably generated a
major E2 protein species of 62-kDa apparent molecular size
(Fig. 2a and b). Vaccinia expression of unmodified £/ and
EI-E2 constructs generated four E1 protein species with ap-
parent molecular sizes of 18, 21, 24, and 27 kDa (Fig. 2c).
Treatment of cell lysates by endoglycosidase H (endo H) gen-
erated a single small-molecular-size band corresponding to the
deglycosylated E1 protein core (Fig. 2c). The 27-kDa species
therefore corresponds to the fully glycosylated E1 protein,
whereas the lower-molecular-size species correspond to in-
complete glycosylation products. In contrast, plasmid-based
expression of E1-E2 generated E1 proteins of 27 and 20 kDa
apparent molecular sizes (Fig. 2d). The 20-kDa E1 species was
not the result of hypoglycosylation, because two E1 protein
species were still present after endo H treatment of cell lysates
(Fig. 2d) (see below).

Vaccinia virus-based expression of heterologous genes re-
sults in transcription in the cytoplasm. In contrast, transient
and stable expression by DNA vectors results in nuclear tran-
scription followed by mRNA maturation and transport to the
cytoplasm. We hypothesized that mRNA modifications may
account for the different E1 species expressed by plasmid vec-
tors. We therefore performed reverse transcription-PCR on
RNA extracts of HeLa cells stably expressing EI. Sequence
analyses of the PCR products detected a deletion between
nucleotides 675 and 887 (inclusive) which preserves the E7
reading frame and would encode a protein with a 71-amino-
acid deletion (Fig. 3a and data not shown). This deletion was
not present in PCR products derived by amplification of
genomic DNA containing the integrated E/ construct (data
not shown).

Analysis of the entire HCV sequence by a splice site predic-
tion neural network (http:/www.fruitfly.org/seq_tools/splice
.html) revealed the presence of a putative splice donor site in
position 675 of E1, whereas putative splice acceptor sites were
found in position 887 of E7 and 2183 of E2 (Fig. 3a). Based on
these findings, we assumed that putative intron splicing be-
tween positions 675 and 887 resulted in expression of a par-
tially deleted E1 protein, corresponding to the 20-kDa species

NOTES 13419

anti-E1 anti-E2

tor

Jejnjjaoeaul

vaccinia vec

Je|nj|aoesnxa

Jejnjeoenul

DNA vector

dejnjjedeyxo

FIG. 1. Cell surface expression of E1 and E2. Unmodified HCV
envelope glycoproteins were transiently expressed in HeLa cells.
Briefly, cells were seeded overnight on glass coverslips and were in-
fected with 5 PFU of recombinant vaccinia virus vIF7.3 per cell for 1 h
at 37°C, followed by lipofection (Invitrogen) with the E7-E2 construct.
Protein expression was analyzed 24 h postinfection (a to d). Alterna-
tively, cells were only lipofected with the E7-E2 construct and protein
expression was analyzed 24 h postlipofection (e to h). Cells were either
fixed in 3% formaldehyde for 20 min at room temperature or fixed and
permeabilized with methanol for 20 min at —20°C, followed by wash-
ing with 2% gelatin in phosphate-buffered saline. Cells were incubated
with anti-E1 MAb A4 (1:100) (a, c, e, and g) or anti-E2 MAb H53
(1:100) (b, d, f, and h), followed by washing and incubation with a
phycoerythrin (PE)-labeled goat anti-mouse immunoglobulin G sec-
ondary antibody (1:100) (Pierce). Coverslips were mounted on slides
with Mowiol and were observed under a fluorescence microscope.

observed after transient expression of EI and EI-E2 con-
structs. The splice acceptor at position 2183 does not appear to
be functional.

We therefore generated new EI expression constructs
wherein the splice acceptor site in E/ was removed by conser-
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FIG. 2. Characterization of E1 and E2 proteins. Unmodified HCV
envelope glycoproteins (E1, E2, and EI-E2) were expressed in HeLa
cells with a vaccinia virus-based (a and c) or a plasmid-based system (b
and d). For immunoblotting analyses, cells were lysed in a solution of
1% NP-40, 150 mM NaCl, 50 mM Tris-HCI (pH 7.5), 1 mM EDTA
buffer containing a protease inhibitor cocktail (Roche). A fraction of
the cell lysates was treated with 0.25 U of endoglycosidase H (Boehr-
inger)/ml overnight at 37°C. Proteins were separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis with 10% or 12% acryl-
amide (Bio-Rad) followed by transfer to Trans-Blot nitrocellulose
membranes (Bio-Rad). Membranes were probed either with anti-E2
MAD A11 (1:1,000) (a and b) or anti-E1 MAb A4 (1:1000) (c and d)
followed by horseradish peroxidase-labeled goat anti-mouse immuno-
globulin G (1:10,000) (Amersham) and incubation with a chemifluo-
rescent substrate (Vistra ECF; Amersham). Arrowheads indicate the
positions of E1 and E2 proteins on the blots. M, molecular size marker.

vative replacement of AgqGG with CgqoGT (EI¥), or the se-
quence encoding the putative intron between positions 675 and
887 was deleted (EI*). Transient, plasmid-based expression of
EI as well as E1* generated a single 20-kDa protein species
(Fig. 3b). A single 27-kDa protein species was generated by
EI*, wherein the splice acceptor site was mutated (Fig. 3b).
The 20-kDa protein species generated by unmodified E7 is
therefore the result of E1 mRNA splicing, whereas the 27-kDa
protein species corresponds to full-length E1. Secondary struc-
ture may partially obstruct splice sites in E7/-E2 mRNA, lead-
ing to expression of full-length E1 (27 kDa) as well as those
with partially deleted E1 (20 kDa).

The putative splice acceptor site in position 887 was elimi-
nated by conservative mutagenesis in all constructs to ensure
that splicing would not occur. We also modified the splice
acceptor site in position 2183 by a conservative A,,g3->T, ;g3
substitution in case it became functional in the absence of the
upstream splice acceptor. Constructs expressing modified E1,
E2, or EI-E2 (indicated by asterisks) were stably transfected
into HeLa cells. Stable clones were also generated with con-
structs expressing E1/E2 in conjunction with p7 (including nu-
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cleotides 511 to 2427), an HCV structural protein of unknown
function. Reverse transcription-PCR analyses of RNA extracts
showed that the length of transcripts matched the full length of
the coding sequences, indicating that putative intron splicing
was no longer occurring (data not shown). E2* and El*-E2*
expression generated a major 62-kDa protein corresponding to
E2 (Fig. 4a). Immunoblotting demonstrated that E1 was now
expressed as a single 27-kDa species by EI1* and EI*-E2*
constructs (Fig. 4b).

Cell surface-associated E1 protein could not be detected in
any of the stable HelLa clones by flow cytometry using two
different anti-E1 monoclonal antibodies (MADbs), A4 (15) and
081-5 (Austral Biologicals) (data not shown). We reason that
their epitopes may not be accessible in the full-length protein.
Cell surface-associated E1 was readily detected, however, by
cell surface biotinylation followed by streptavidin capture and
immunoblotting of E7*-E2* and EI*-E2*-p7-expressing cells
with an anti-E1 MAD (Fig. 5a). When E1 was expressed alone
it was not detectable on the cell surface, suggesting that coex-
pression of E2 is required for efficient transport of E1 to the
plasma membrane (Fig. 5a).

Cell surface-associated E2 was detected in stable HeLa
clones by flow cytometry after labeling with four different an-
ti-E2 MAbs of E2*-, E1*-E2*-, and EI*-E2*-p7-expressing
cells (Fig. 5b and data not shown). MAb H2, which has been
reported to recognize E1/E2 heterodimers, did not recognize
cell surface E2, but this antibody is also not reactive with HCV
particles in patient sera (13). EI*-E2* and EI*-E2*-p7 also
were stably expressed in hepatic NKNT3 cells, which display
morphological characteristics of liver parenchyma cells, ex-
press key genes of liver metabolism, and are not tumorigenic in
SCID mice (24, 25). E2 was readily detected on the surface of
NKNT3 cells, suggesting that plasma membrane localization is
an inherent property of HCV envelope glycoproteins rather
than of the cell line that they are expressed in (Fig. 5c). Co-
expression of E1/E2 with p7 does not appear to influence the
processing and cell surface localization of the envelope glyco-
proteins.

Finally, cell surface-associated E1 and E2 were analyzed for
their ability to form noncovalent heterodimers. HelLa cells
stably expressing different combination of E7, E2, and p7 were
preincubated with an anti-E2 MAD, and protein-antibody com-
plexes were recovered by immunoprecipitation of cell lysates
with G protein-coupled agarose beads. In this manner, only
cell surface-associated envelope glycoproteins were analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and immunoblotting with an anti-E1 MAb. E1 readily coim-
munoprecipitated with E2 only in cells expressing E1*-E2%,
and only if the cells were preincubated with an anti-E2 MAb
(Fig. 6a). Similarly, E2 was detected in cells expressing E2%,
EI*E2* or EI*-E2*-p7 only if the cells were preincubated
with an anti-E2 MADb (Fig. 6b). Therefore, E1 and E2 proteins
associated with the plasma membrane also form noncovalent
heterodimers.

HCV envelope glycoproteins E1 and E2 have been de-
scribed to form membrane-anchored, noncovalent het-
erodimers that are retained in the ER, where HCV budding is
believed to occur (37). The signals for heterodimerization and
ER retention colocalize to residues in the TM domains of E1
and E2, hence it seems the two functions cannot be dissociated
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FIG. 3. Excision of a putative intron in E1 mRNA generates a protein with a deletion. (a) The HCV genome was analyzed with a splice site
prediction neural network (http://www.fruitfly.org/seq_tools/splice.html). Sequences in the E/-E2-p7 coding region having >80% probability of
being functional splice donor (SD) and acceptor (SA) sites are indicated. Splicing occurs between nucleotide positions 675 and 887, generating an
E1l protein with a deletion spanning amino acids 230 to 292. (b) Unmodified E1 (E7), E1 with a mutated splice acceptor site (E1*), or E1
comprising a deletion of the putative intron (E1%cy) was transiently expressed in HeLa cells by lipofection and analyzed by immunoblotting with
anti-E1 MAb A4. The black arrowhead indicates the position of full-length E1 and the white arrowhead indicates the position of the protein species

with partially deleted E1. M, molecular size marker.

(37). This has made it difficult to generate cell surface-associ-
ated variants of E1/E2 heterodimers, which would be invalu-
able for the development of cell fusion assays and virus
pseudotypes. Attempts to create such variants have thus far
focused on fusing E1 and E2 ectodomains to the TM domains
of vesicular stomatitis virus (VSV) G or influenza hemagglu-
tinin envelope glycoproteins, which have no known dimeriza-
tion function (20, 27, 55). Additionally, in all of these studies,
chimeric E1 and E2 proteins were translated from separate
mRNAs, which may have further minimized their potential to
form native heterodimers. Even though E2-HA chimeras un-
derwent pH-dependent conformational changes and were in-
corporated into influenza virus particles, they did not induce
fusion with target cells (20). HCV-VSV chimeric envelope
glycoproteins also did not appear to reproducibly model HCV
fusion and entry (4, 27, 28, 33, 35, 55).

The initial goal of our study was to create chimeric HCV
envelope glycoproteins that would be expressed on the cell
surface as E1/E2 heterodimers. We therefore chose a strategy
wherein the ectodomains of HCV E1 and E2 would be fused to
the TM domains of E1 and E2 from a related alphavirus, SFV.
Chimeric HCV-SFV envelope glycoproteins were expressed on
the cell surface and resembled unmodified HCV envelope gly-
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FIG. 4. Stable expression of E1 and E2 lacking putative splice ac-
ceptor sites. In order to generate cell lines stably expressing the HCV
envelope glycoproteins, HeLa cells were lipofected with different con-
structs and were placed in medium containing 1 mg of G418 (Sigma)/
ml. G418-resistant cells were pooled and labeled with anti-E2 MADb
HS53. The 10% most strongly labeled cells were sorted by using the
fluorescence-activated cell sorterVantage SE (Becton Dickinson) and
were subcloned by limiting dilution in order to generate clonal popu-
lations. For El-expressing stable cell lines, cells were subcloned di-
rectly after G418 selection and individual clones were tested for E1
expression by immunoblotting. Proteins from whole-cell lysates were
analyzed by immunoblotting with anti-E2 MAb All (a) or anti-E1
MAD A4 (b). Arrowheads indicate the positions of full-length E1 and
E2 proteins. M, molecular size markers.
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FIG. 5. Cell surface expression of E1 and E2 lacking putative splice
acceptor sites. Cell surface proteins of HeLa cells stably expressing
EI*,E1*-E2*, and E1*-E2*-p7 were tagged with EZ-Link Sulfo-NHS-
LC-Biotin (Pierce) before lysis, as described previously (31). (a) Bio-
tinylated proteins were recovered by incubation of lysates with strepta-
vidin-coupled agarose beads for 1 h at 4°C (Molecular Probes)
followed by three washes with the lysis buffer. Recovered proteins were
immunoblotted with anti-E1 MAb A4. The arrowhead indicates the
position of E1 proteins. M, molecular size marker. (b) Cell surface-
associated E2 proteins generated by stable expression of E7/*-E2* and
EI1*-E2*-p7 were detected by flow cytometry analyses after labeling of
cells with five different anti-E2 MAbs, H2, H52, H53, H60, and 091b-5
or a control mouse immunoglobulin G (IgG). (c) Cell surface-associ-
ated E2 proteins generated by stable expression of E7*-E2* and E1*-
E2*-p7 in NKNT3 cells were detected by anti-E2 MAb H53.

coproteins in size and processing. The most surprising finding,
and one that changed the focus of our studies, was the expres-
sion of unmodified HCV E1 and E2 on the cell surface. E2 was
detected on the cell surface by flow cytometry with four dif-
ferent anti-E2 MADs. Cell surface associated E2 expression
was also detected in a hepatic cell line and was not influenced
by the presence of p7. By biotin-tagging cell surface proteins
we demonstrated that full-length E1 was also associated with
the plasma membrane. Most importantly, we were able to
specifically coimmunoprecipitate E1 protein with an anti-E2
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MADb, thus demonstrating that cell surface-associated E1 and
E2 form noncovalent heterodimers.

One of the complicating factors in identifying properly
folded and functional E1 and E2 has been the host of expres-
sion systems used to study these proteins, and a careful survey
of the literature reveals significant diversity in the number and
size of protein species corresponding to E1 and E2. In this
study, unmodified and chimeric envelope glycoproteins were
generated by using two different expression systems. The use of
vaccinia virus-based expression is justifiable on the premise
that it circumvents the nucleus, just as HCV replication does.
In this expression system, E1 and E2 remain intracellular.
Vaccinia replication, however, modifies internal cellular mem-
branes as well as the translation machinery (41, 44, 46, 48-50),
and the apparent trapping of HCV envelope glycoproteins
inside the cell may be an artifact. Indeed, vaccinia virus-based
expression has been shown to cause ER retention of other viral
envelope glycoproteins (50, 54). The observation that vaccinia
virus-based expression generates hypoglycosylated E1 proteins
led us to explore plasmid delivery of HCV envelope glycopro-
teins. Plasmid-based expression of proteins typically does not
adversely affect cellular protein synthesis but does involve nu-
clear transcription, which is not a natural part of HCV repli-
cation. Indeed, we clearly show that plasmid-based expression
of HCV envelope glycoproteins results in putative intron ex-
cision in E1 mRNA that translates into a protein with a dele-
tion. Other modifications such as mRNA editing were not
observed (unpublished results). Our finding highlights an in-
herent complication in expressing RNA virus proteins by
DNA-based expression systems.

Recently it was reported that HCV envelope glycoproteins
are able to pseudotype retroviral particles and mediate their
entry into target cells (3, 22). Both studies used plasmid vectors
to express unmodified E1/E2, meaning that pseudoviral enve-
lopes contained both full-length proteins and those with El
deleted. We have confirmed that unmodified HCV envelope
glycoproteins are able to mediate entry of retroviral
pseudotypes into several hepatic and nonhepatic cell lines as
well as primary hepatocytes (unpublished results). We are
presently determining how the presence of partially deleted E1
species in pseudoviral envelopes affects entry into different
target cells. These studies will allow us to further optimize
pesudovirion entry mediated by HCV envelope glycoproteins,
which will facilitate structure/function studies of HCV enve-
lope glycoproteins as well as the identification of HCV recep-
tors and target cells.

It remains to be determined whether cell surface-associated
E1/E2 heterodimers have any physiological relevance in the
viral replication cycle. Our observation that HCV envelope
glycoproteins are expressed on the surface of cells that closely
resemble primary hepatocytes implies that there is no specific
retention mechanism for HCV envelope glycoproteins in liver
cells. The postulated HCV replication cycle is based on anal-
ogies to the closely related flavi- and pestiviruses and it is
generally assumed that flaviviruses bud into the ER and ma-
ture by passage into cytoplasmic vesicles (42). Thus far the
cellular localization of HCV envelope glycoproteins and par-
ticles has mostly been studied in cells transfected or infected in
vitro. Virus-like particles mostly occurred in cytoplasmic vesi-
cles, suggesting vesicle-based morphogenesis of HCV (12, 18,
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FIG. 6. Heterodimerization of E1 and E2 on the cell surface. Intact HeLa cells stably expressing modified HCV envelope glycoproteins were
incubated with the anti-E2 MAb H53 (1:100), lysed, and incubated with protein G-coupled agarose beads overnight at 4°C (Oncogene Research
Products) followed by three washes with the lysis buffer. As a control, lysates from cells that had not been treated with H53 were used. The presence
of E1 was detected by immunoblotting with anti-E1 MAb A4 (a), whereas the presence of E2 was detected by immunoblotting with anti-E2 MAb
All (b). Arrowheads indicate the positions of full-length E1* and E2* proteins. M, molecular size markers; IP, immunoprecipitation; IgG,

immunoglobulin G.

21, 23, 43, 52, 53). No study, however, has clearly documented
the HCV budding and maturation process, perhaps because it
does not occur in these experimental systems or perhaps be-
cause it is an extremely rare event that is difficult to detect by
standard methods. We are presently addressing these ques-
tions by expressing E1/E2 envelope glycoproteins in human
primary hepatocytes.
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