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The immature flavivirus particle contains two envelope proteins, prM and E, that are associated as a
heterodimer. Virion morphogenesis of the flaviviruses occurs in association with endoplasmic reticulum (ER)
membranes, suggesting that there should be accumulation of the virion components in this compartment. This
also implies that ER localization signals must be present in the flavivirus envelope proteins. In this work, we
looked for potential subcellular localization signals in the yellow fever virus envelope proteins. Confocal
immunofluorescence analysis of the subcellular localization of the E protein in yellow fever virus-infected cells
indicated that this protein accumulates in the ER. Similar results were obtained with cells expressing only prM
and E. Chimeric proteins containing the ectodomain of CD4 or CD8 fused to the transmembrane domains of
prM or E were constructed, and their subcellular localization was studied by confocal immunofluorescence and
by analyzing the maturation of their associated glycans. Although a small fraction was detected in the ER-
to-Golgi intermediate and Golgi compartments, these chimeric proteins were located mainly in the ER. The C
termini of prM and E form two antiparallel transmembrane �-helices. Interestingly, the first transmembrane
passage contains enough information for ER localization. Taken altogether, these data indicate that, besides
their role as membrane anchors, the transmembrane domains of yellow fever virus envelope proteins are ER
retention signals. In addition, our data show that the mechanisms of ER retention of the flavivirus and
hepacivirus envelope proteins are different.

At the end of their life cycle, enveloped viruses leave their
host cell after having acquired an envelope derived from a
cellular membrane. Virus budding can occur at the plasma
membrane or at intracellular organelles such as the endoplas-
mic reticulum (ER), the ER-to-Golgi intermediate compart-
ment (ERGIC), or the Golgi complex. In most cases, when
budding occurs at an intracellular compartment, particles re-
leased into the lumen of the organelle follow the secretory
pathway to leave the host cell. Whatever the site of budding, all
the components of the viral particle have to be transported to
the site of virion formation.

Flaviviruses belong to the Flavivirus genus within the Flavi-
viridae family, which also comprises the Hepacivirus and Pesti-
virus genera (56). They include arthropod-borne human patho-
gens such as yellow fever virus (YFV), Japanese encephalitis
virus, dengue viruses, West Nile virus, and tick-born encepha-
litis virus (TBE). Flaviviruses are small enveloped plus-strand
RNA viruses. The flavivirus particle is made of an envelope,
containing 180 copies of E and M proteins, that surrounds a
nucleocapsid composed of genomic RNA and multiple copies
of the C protein (29). The M protein is synthesized as a pre-
cursor called prM that associates with E to form heterodimers
(1, 66). These heterodimers are organized in 60 trimeric spikes
on the immature viral particle (69). Heterodimeric interactions
between prM and E are important for proper folding of E (1,
28, 37). Interestingly, expression of E and prM of several fla-

viviruses in the absence of other viral proteins results in the
secretion of virus-like particles called recombinant subviral
particles, which have structural and functional features of the
envelope of the virion (reviewed in reference 24).

Virion morphogenesis of the flaviviruses occurs in associa-
tion with intracellular membranes. Electron microscopic stud-
ies of flavivirus-infected cells have consistently demonstrated
the presence of virions within the lumen of the ER (reviewed
in reference 32). However, budding intermediates at the ER
membrane have not been clearly observed, suggesting that the
process of assembly is rapid. Assembly of subviral particles
following the expression of prM and E in the absence of other
viral components suggests that lateral interactions between
these envelope proteins are a major driving force leading to
particle assembly (20). However, there is growing evidence that
in the context of the expression of all the flavivirus compo-
nents, some nonstructural proteins are also required for virus
assembly (30, 34, 35), suggesting that flavivirus assembly is a
tightly regulated process. Ultrastructural studies and the use of
drugs that inhibit protein and/or membrane traffic throughout
the cell have shown that flavivirus particles are transported
through the normal secretory pathway (40). Similar observa-
tions have been made for subviral particles (38). Shortly before
release from the cell, immature virions are converted to the
mature form by cleavage of prM by a cellular furin protease
(61). Cleavage leads to the dissociation of prME heterodimers
and a major reorganization of the virion surface (29, 55, 62,
69). Besides its role in assisted folding of E (1, 28, 37) and
potentially in virus budding, the prM interaction with E prob-
ably functions to prevent the E protein from prematurely un-
dergoing conformational changes that trigger fusion in endo-
somal vesicles (24).
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Since assembly of the flavivirus particle occurs in the ER, the
virion components should accumulate in this compartment.
This suggests that ER localization signals must be present in
the flavivirus envelope proteins. It has been demonstrated with
hepatitis C virus (HCV), another member of the Flaviviridae
family, that the transmembrane (TM) domains of the envelope
proteins are ER retention signals (reviewed in reference 46).
In this work we looked for potential ER localization signals in
the TM domains of the flavivirus envelope proteins. By making
chimeric proteins containing the ectodomain of CD4 or CD8
fused to the C-terminal hydrophobic sequences of YFV enve-
lope proteins, we showed that the TM domains of prM and E
are able to retain these ectodomains in the ER.

MATERIALS AND METHODS

Cell culture. HeLa, HepG2, SW13, CV-1, and 143B (thymidine kinase-defi-
cient) cell lines were obtained from the American Type Culture Collection,
Manassas, Va. Cell monolayers were grown in Dulbecco’s modified Eagle’s
medium (Invitrogen) supplemented with 10% fetal bovine serum and 50 �g of
gentamicin per ml.

Plasmid constructions. Plasmids expressing chimeric proteins were con-
structed by using standard methods (58). They were constructed in two steps by
successively introducing the sequences of domains from two different proteins. A
unique restriction site was introduced between the sequences of the protein
domains. YFV sequences were amplified from plasmid pAP5, which contains the
sequence encoding the structural proteins of the YFV 17D-204-Pasteur strain
(16), kindly provided by A. Cahour (Hôpital de la Pitié-Salpétrière, Paris,
France). DNA sequences of the TM domains of YFV envelope protein were first
introduced into plasmid pTM1 (42) by PCR with an oligonucleotide introducing
a BamHI site at the 5� end and a stop codon followed by a XhoI site at the 3� end.
The sequence of the ectodomain of CD4 or CD8 was then introduced into these
intermediate constructs after digestion of pTM1/CD4-E2 (13) or pTM1/CD8-E2
(12) with NcoI and BamHI. Plasmids pTM1/CD4(1–371)-prM(241–285), pTM1/
CD4(1–371)-prM(249–285), pTM1/CD8(1–159)-prM(241–285), pTM1/CD8
(1–159)-prM(249–285), pTM1/CD4(1–371)-E(731–778), pTM1/CD4(1–371)-
E(739–778), pTM1/CD8(1–159)-E(731–778), and pTM1/CD8(1–159)-E(739–
778) contain the signal sequence of CD4 or CD8 followed by the sequence of
their ectodomain fused with the C-terminal sequences of prM or E. Between
these sequences, there is a junction sequence encoding two additional amino
acids (Gly and Ser). CD4-TM chimeric proteins containing the Arg-to-Ala mu-
tation (Arg270 in prM or Arg754 in E) or Ala insertion immediately downstream
of positions 260 (mutant A261’ of prM), 274 (mutant A275’ of prM), 748 (mutant
A749’ of E), or 762 (mutant A763’ of E) were obtained by introducing, after PCR
amplification, the sequence of mutated TM domains (48) between the BamHI
and XhoI restriction sites. CD4-TM chimeric proteins with the second TM
domain of prM or E deleted (�CD4-ETM1 and �CD4-prMTM1) were obtained
after introduction of a stop codon immediately downstream of Arg270 in prM
and Arg754 in E. The �CD4-ETM1 chimeric protein with of the second TM
domain of E deleted and containing three additional hydrophobic amino acid
(Ala-Leu-Ala) in the middle of the TM domain were obtained by introducing the
sequence of these residues immediately downstream of amino acid 747. To
construct all of the CD4-TM chimeric proteins with of the second TM domain
deleted, synthetic oligonucleotides corresponding to coding and antisense se-
quences were annealed and cloned between the BamHI and XhoI restriction
sites. The nucleotide sequences of all synthetic and PCR-derived DNA frag-
ments were confirmed by sequencing. Plasmids pTM1/prME (48), pTM1/CD8
(12), and pTM1/CD4 (13) and plasmids pTM1/CD4-E1NK and pTM1/CD4-E1
(containing the signal sequence and the ectodomain of CD4 fused with the TM
domain of HCV envelope protein E1 in which the charged residues have been
mutated or not) (15) have been described previously.

Vaccinia viruses. Vaccinia virus recombinants were generated by homologous
recombination essentially as described previously (48). The genes of YFV pro-
teins expressed in this work are under the control of a T7 promoter, and expres-
sion of the proteins of interest was achieved by coinfection with vTF7-3 (a vac-
cinia virus recombinant expressing the T7 DNA-dependent RNA polymerase)
(22). Vaccinia virus recombinants expressing CD4 (vCD4) (13), CD8 (vCD8)
(12), and prME (vprME) (48) have been described previously.

YFV. YFV strain 17D was obtained from Philippe Despres (Institut Pasteur,
Paris France). Viral stocks were grown on SW-13 cells and subjected to titer

determination on the same cells by the 50% tissue culture infective dose method.
For immunofluorescence experiments, HeLa cells were infected at a multiplicity
of infection of about 5.

Antibodies. Mouse monoclonal antibodies (MAbs) 2D12 (anti-E, ATCC CRL-
1689), OKT4 (anti-CD4, ATCC CRL-8002), and OKT8 (anti-CD8, ATCC CRL-
8014) were produced in vitro by using a MiniPerm apparatus (Heraeus) as
recommended by the manufacturer. Mouse anti-ERGIC-53 MAb and rabbit
anti-mannosidase II polyclonal antibody were kindly provided by H.-P. Hauri
(University of Basel, Basel, Switzerland) and by K. Moremen (University of
Georgia), respectively. Rat anti-CD4 MAb MCA484 was purchased from Sero-
tec (Oxford, United Kingdom). Mouse anti-GM130 MAb was purchased from
BD Biosciences. Rabbit antibodies to protein disulfide isomerase (PDI) and
calnexin were from Stressgen and Dako, respectively. Alexa-488- and Alexa-546-
conjugated goat anti-rabbit and anti-mouse immunoglobulin G (IgG) were pur-
chased from Molecular Probes. FITC-conjugated goat anti-mouse IgG and Cy3-
conjugated goat anti-rat IgG were purchased from Jackson Immunoresearch
(West Grove, Pa.).

Indirect immunofluorescence microscopy. Cells grown on 12-mm glass cover-
slips were fixed with 3% paraformaldehyde and then permeabilized with 0.1%
Triton X-100 in phosphate-buffered saline (PBS). Both primary- and secondary-
antibody incubations were carried out for 30 min at room temperature with PBS
containing 10% goat serum. The coverslips were mounted on slides by using
Immunofluor mounting medium (ICN). Confocal microscopy was performed
with an SP2 confocal laser-scanning microscope (Leica) using a 100�/1.4 nu-
merical aperture oil immersion lens. Double-label immunofluorescence signals
were sequentially collected using single-fluorescence excitation and acquisition
settings to avoid crossover. Images were processed using Adobe Photoshop
software.

Cell surface labeling. For cell surface labeling, cells were incubated for 1 h on
ice with the primary antibodies. Anti-CD4 MAb OKT4 was used to detect the
proteins expressed at the cell surface, together with a rabbit polyclonal anti-
calnexin antiserum, as a control for the lack of permeabilization of cell mem-
branes. The cells were then washed three times with cold PBS and fixed with 3%
paraformaldehyde. Alexa-488- and Alexa-546-labeled goat anti-mouse and rab-
bit secondary-antibody incubation were carried out for 30 min at room temper-
ature with PBS containing 10% goat serum.

Intracellular transport assay. HeLa cells were first infected for 1 h with
vTF7-3 in serum-free medium and then transfected with 2.5 �g of pTM1-derived
plasmid complexed with 5 �l of DOTAP reagent (Roche). After 1 h of contact,
the medium was replaced with fresh medium containing 5 mM hydroxyurea to
avoid cytopathic effects, and the cells were allowed to express the fusion proteins
for another 1 h. The medium was then complemented with 50 �g of cyclohexi-
mide (CHX) per ml to block any further protein synthesis, and the cells were
cultured for up to 4 or 6 h. They were fixed in 3% paraformaldehyde in PBS and
processed for double-label immunofluorescence.

Metabolic labeling and immunoprecipitation. Cells expressing the proteins of
interest were metabolically labeled with 35S-protein-labeling mix (100 �Ci/ml;
DuPont NEN) as previously described (18). The cells were then lysed with 0.5%
Triton X-100 in TBS (50 mM Tris-HCl [pH 7.5], 150 mM NaCl). Immunopre-
cipitations were carried out as described previously (19). 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 �Ci of [2-3H]mannose
(Amersham) per ml in culture medium containing 0.5 mM glucose and 10%
dialyzed fetal bovine serum. After 4 h of chase, the cells were lysed in TBS–0.5%
Triton X-100 and the lysates were used for immunoprecipitation.

Analysis of oligosaccharide material. Immunoprecipitated [2-3H]mannose-
labeled proteins were digested overnight at room temperature with 0.2 mg of
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 0.5 U of peptide:N-glycosidase (PNGase) F
(New England Biolabs). For sequential enzymatic treatment with �-galactosidase
and �-hexosaminidase, oligosaccharides released after PNGase F digestion were
dissolved in 20 �l of 100 mM sodium acetate buffer (pH 3.5). Digestion was
carried out overnight at 37°C with 0.1 U of �-galactosidase followed by an
additional overnight incubation with 0.1 U of �-hexosaminidase. Size analysis of
the glycan moieties was achieved by HPLC on an amino-derivatized column
ASAHIPAK NH2P-50 (250 by 4.6 mm) (Asahi, Kawasaki-ku, Japan) with a
solvent system of acetonitrile-water from 70:30 to 50:50 (vol/vol) at a flow rate of
1 ml/min for 80 min. Oligomannosides were identified as previously described
(27) by their retention time. Separation of labeled oligosaccharides was moni-
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tored by continuous-flow detection of radioactivity with a Flo-one � detector
(Packard).

RESULTS

YFV envelope protein E is localized in the ER. Immuno-
fluorescence studies of prM and the E proteins of TBE and
Kunjin virus have shown that these proteins are localized
mainly in the ER (38, 40). In our work, we used YFV to iden-
tify the subcellular localization signal(s) in flavivirus envelope
proteins, and we first wanted to determine whether YFV en-
velope proteins have a similar subcellular localization to those
of TBE and Kunjin virus.

The subcellular distribution of YFV envelope protein E was
examined by confocal immunofluorescence microscopy (Fig.
1). In YFV-infected HeLa cells, E was observed in a network
of cytoplasmic membranes (Fig. 1A). This distribution over-
lapped extensively with the ER marker protein disulfide
isomerase (PDI) (Fig. 1A to C). In contrast, there was no
apparent overlap with the Golgi marker mannosyl-oligosaccha-
ride-1,3–1,6-�-mannosidase in the juxtanuclear region (Fig. 1D
to F). Similar results were obtained at later times after infec-
tion (data not shown). Additional dots of E labeling that did
not colocalize with the ER and Golgi markers were detected.
They probably correspond to incoming or outgoing E-labeled

virions, as shown for Kunjin virus (40). Furthermore, when E
was expressed, together with prM, by using a vaccinia virus
expression system rather than YFV infection, it also colocal-
ized with the ER marker PDI (Fig. 1G to I). Because prM and
E assemble rapidly as a heterodimer during their folding (37),
the subcellular localization of prME is supposed to be similar
to that of E (38).

From these data, we conclude that, similarly to what has
been shown for other flaviviruses (38, 40), YFV envelope pro-
tein E is localized in the ER. In addition, this localization is not
dependent on a productive viral infection but, rather, is an
intrinsic property of the envelope proteins, suggesting the pres-
ence of ER localization signal(s) in their structure.

Analysis of the cell surface expression of CD4 and CD4-TM
fusion proteins. YFV envelope proteins contain a large N-
terminal ectodomain and a C-terminal TM region (Fig. 2).
Since the TM domains of HCV envelope proteins contain an
ER retention signal (reviewed in reference 46) and because
flaviviruses and HCV belong to the same viral family, we hy-
pothesized that ER localization signals might also be present in
the TM domains of the flaviviruses.

To assess whether the TM domains of YFV envelope pro-
teins contain ER localization signals, TM domains of E and
prM were fused to the ectodomains of human CD4. As shown

FIG. 1. Confocal immunofluorescence analysis of the localization of YFV envelope protein E. HeLa cells were infected with YFV (A to F) or
coinfected with VTF7-3 and a recombinant vaccinia virus expressing YFV envelope proteins prM and E (G to I). At 24 h (YFV) or 8 h (vaccinia
virus recombinants) after infection, the cells were fixed, permeabilized, and processed for double-label immunofluorescence detection of E (A, D,
and G) and PDI isomerase (PDI) (B and H), or mannosidase II (Man II) (E), as ER and Golgi markers, respectively. The merged images are
shown in panels C, F, and I.
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in Fig. 2, two constructs were made for each TM domain, on
the basis of two different predictions concerning the N-termi-
nal boundary of the double-spanning TM domain of E (Fig.
2B) (15, 62). The C termini of the domains fused to the ectodo-
main of CD4 were defined as the signal peptidase cleavage
sites in the precursor polyprotein. The four CD4 fusion pro-
teins were expressed in HepG2 cells with vaccinia viruses, and
their expression was compared with that of CD4. At 8 h after
infection, cell surface expression was determined by surface
labeling using an anti-CD4 MAb. Cell surface expression levels

of TM fusion proteins were very close to background and much
lower than those of CD4, despite similar levels of expression,
as seen by indirect immunofluorescence after permeabilization
of cell membranes with Triton X-100 (Fig. 3). For the four TM
fusion proteins, the pattern observed after permeabilization
was reminiscent of localization of the protein in the ER. For
CD4, in addition to the cell surface expression, an ER-like
localization was obvious for a fraction of the protein. Since TM
sequences are supposed to fold autonomously as �-helix struc-
tures in the lipid environment of the ER membrane (54) and

FIG. 2. YFV envelope proteins and TM fusion proteins used in this study. (A) Schematic representation of the YFV polyprotein. Signal peptide
and double-spanning TM domains are indicated by solid and striped boxes, respectively. The arrows indicate signal peptidase cleavage sites.
Numbers indicate the positions of N-terminal residues of prM, E, and NS1. (B) Sequences of the TM domains of prM and E from the YFV 17D
strain. The putative double-spanning TM domains (as predicted in reference 15) are underlined. The dotted line indicates the putative N terminus
of the first TM sequence of E as predicted previously (2, 62). The two stretches of hydrophobic residues of each TM domain are indicated in grey
boxes. (C) Schematic representation of prME, CD4, CD8, and the TM fusion proteins. Signal peptides and TM domains are indicated by solid and
striped boxes, respectively. The names of the fusion proteins are indexed according to the first residue of the TM domain fused to the ectodomain
of CD4 or CD8.
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the antibody used to detect the fusion proteins is conformation
specific, it is unlikely that the lack a cell surface expression of
the fusion proteins would be due to misfolding. In addition,
similar fusions between the ectodomain of CD4 and TM do-
mains of HCV envelope proteins mutated at the charged res-
idues were exported to the cell surface (15), confirming that
fusing the ectodomain of CD4 to a TM domain does not alter
the folding CD4. Two constructs were made for each protein,
one containing a slightly shorter putative TM region than the
other. Nevertheless, no difference was observed between the
two sequences, indicating that the intracellular retention sig-
nals are contained in the shortest sequences.

Taken together, these data indicate that the fusion proteins
were expressed normally but not transported to the cell surface
as efficiently as CD4, suggesting that the TM domains of prM
and E are intracellular retention signals.

The TM domains of YFV envelope proteins are able to target
a reporter protein to the ER. To further study the putative ER
localization function of the TM domains of YFV envelope
proteins, the intracellular traffic of CD4 and CD4-based chi-
meric proteins was compared by using an intracellular trans-
port assay based on indirect immunofluorescence. HeLa cells
were infected for 1 h with a vaccinia virus expressing the T7
RNA polymerase, transfected with pTM1-derived expression
plasmids for another 1 h, and allowed to express proteins for
an additional 1 h. Further protein synthesis was then blocked
by CHX for up to 4 h, and the intracellular localization of the
expressed protein was analyzed by immunofluorescence with
the conformation-specific MAb OKT4.

Before CHX addition, CD4 immunoreactive material was
localized in the nuclear envelope and in the ER, as shown by
the colocalization with PDI (Fig. 4A). After 1 h of CHX incu-
bation, the protein was still detected in the ER and other
peripheral structures, but a larger part of the immunofluores-
cent material was concentrated in a perinuclear area in most
CD4-expressing cells (Fig. 4B). Perinuclear localization was
also evident after 2 h of CHX treatment (Fig. 4C). However, in
most of the cells, the protein was no longer present in the ER
at that time. Some cells were also slightly labeled at the plasma
membrane (data not shown). After 4 h of CHX treatment, the
labeling was mainly at the plasma membrane, with a minor part
of the protein remaining in the perinuclear compartment (Fig.
4D). This perinuclear staining colocalized with GM130, a
Golgi marker (data not shown). These data indicate that CD4
was initially synthesized in the ER and transported through the
Golgi complex to the plasma membrane, as expected for a cell
surface membrane protein.

Following �CD4-prM241 expression, CD4 immunoreactivity
was also initially detected in the ER (Fig. 4E). In contrast to
CD4, �CD4-prM241 was detected in the ER throughout the
experiment, up to 4 h of CHX block (Fig. 4F to H). A faint
labeling of a perinuclear compartment was also detected after
2 and 4 h, in most of the cells examined (Fig. 4G and H). No
staining was observed at the plasma membrane. Similar reten-
tion in the ER was observed with �CD4-prM249, �CD4-E731,
and �CD4-E739 (data not shown). These data show that the
intracellular trafficking of TM fusion proteins was dramatically
altered, compared to CD4.

Together, these data suggest that the TM domains of YFV
envelope proteins contain ER localization signals and support

FIG. 3. Cell surface expression of CD4 and TM fusion proteins.
HepG2 cells were infected with vTF7-3 and the appropriate vaccinia
virus recombinant. At 8 h after infection, cell surface labeling (�TX-
100, left panels) was carried out on ice with anti-CD4 MAb, before the
fixation with 3% paraformaldehyde and the incubation with Alexa-488-
labeled secondary antibody. Another set of cells was fixed and pro-
cessed for immunofluorescence labeling after permeabilization with
TX-100 (�TX-100, right panels). All images were acquired and pro-
cessed with the same settings. Bar, 20 �m.
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the notion that the retention of YFV envelope proteins in the
ER is mediated by their TM domains.

Intracellular distribution of CD4-TM fusion proteins. To
determine the intracellular distribution of CD4-TM fusion
proteins, HeLa cells were infected with a T7 RNA polymerase-
expressing vaccinia virus and transfected with plasmid pTM1,
which encodes �CD4-prM241 (Fig. 5) or �CD4-E731 (Fig. 6),
as was done for the analysis of the intracellular transport. After
4 h of CHX block, the cells were fixed, permeabilized, and
double stained for CD4 and for cellular markers. Anti-GM130
was used as a marker for the Golgi complex, anti-ERGIC-53
was used as a marker for the intermediate compartment, and
anti-calnexin was used as an ER marker. Both the mouse MAb
OKT4 and the rat MAb MCA484 anti-human CD4 were found
to stain the nuclear envelope and a network of cytoplasmic
membranes for both �CD4-prM241 (Fig. 5B, E, and H) and
�CD4-E731 (Fig. 6B, E, and H) but not CD4 (data not shown).
The distribution of the major part of �CD4-prM241 overlapped
with calnexin (Fig. 5I). In addition, �CD4-prM241 showed
some overlap with ERGIC-53 (Fig. 5F) and with GM130 (Fig.
5C). On the other hand, the distribution of �CD4-E731 almost
completely overlapped with that of calnexin (Fig. 6I) and, to a
minor extent, with that of ERGIC-53 (Fig. 6F), but not with
that of GM130 (Fig. 6C), in most of the cells. These data
indicate that the majority of both fusion proteins were local-
ized in the ER. For �CD4-E731, a small part of the protein was
also localized in the intermediate compartment, whereas the
distribution of �CD4-prM241 was more spread out along the
secretory pathway, with larger amounts of the protein in the
intermediate compartment and the Golgi complex.

Analyses of the glycans associated with the fusion proteins.
As an additional approach to studying the subcellular localiza-

tion of the CD4-TM fusion proteins, we analyzed the modifi-
cations of their associated glycans. The CD4 protein contains
two N-linked glycans, and only one of them becomes endo H
resistant (60). The glycans associated with the CD4-TM fusion
proteins were removed from the fusion proteins by PNGase F
treatment and analyzed by affinity chromatography and high-
performance liquid chromatography (HPLC). For this ap-
proach, the CD4-TM fusion proteins were labeled with [2-3H]
mannose and immunoprecipitated with MAb OKT4 before
PNGase F treatment and characterization of labeled glycans.
Affinity chromatography analyses of these glycans showed that
they bound strongly to concanavalin A and eluted in a buffer
containing 100 mM �-D-mannoside (data not shown). In addi-
tion, HPLC analyses of these glycans demonstrated the pres-
ence of three species. Man9GlcN�c2, Man8GlcN�c2, and
Man7GlcNAc2, respectively (Fig. 7 and data not shown). Since
the oligosaccharide precursor which is transferred onto nas-
cent proteins is the Glc3Man9GlcNAc2, this reveals the se-
quential 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 trimming of mannose residues
occurring after prolonged residence in the ER (23). Indeed,
the occurence of this latter structure can be explained by the
combined action of ER �1,2-mannosidases such as ER man-
nosidases I and II or Man9 mannosidase (7, 8, 65). As shown in
Fig. 7, the retention time of the oligosaccharides associated
with full-length CD4 revealed the presence of processed spe-
cies different from those associated with CD4-TM chimeric
proteins. To precisely identify the species associated with full-
length CD4, an additional digestion with exoglycosidases (ga-
lactosidase and hexosaminidase) had to be performed. The
HPLC profile obtained after such a digestion revealed the

FIG. 4. Confocal immunofluorescence analysis of the intracellular traffic of CD4 and �CD4-prM241. HeLa cells grown on glass coverslips were
infected with vTF7-3 for 1 h and then transfected with 2.5 �g of pTM1/CD4 or pTM1/�CD4-prM241. The cells were allowed to express proteins
for an additional 1 h and then incubated in the presence of CHX to block any further protein synthesis for 0 to 4 h, as indicated on the left. The
cells were fixed and processed for double-label immunofluorescence for CD4 (red) and the ER marker PDI (green). Representative confocal
images of individual cells are shown. Arrowheads indicate a perinuclear compartment positive for �CD4-prM241 and negative for the ER marker.
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presence of Man3 (derived from complex-type glycans), Man5

(derived from hybrid-type glycans), and Man7 (derived from
high mannose-type glycans) species (Fig. 7). Galactosidase and
hexosaminidase digestions did not change the HPLC profiles
of CD4-TM chimeric proteins (data not shown). The nature of
the glycans observed in this work is consistent with the bulk of
CD4-TM fusion proteins being localized in the ER compart-
ment.

Since immunofluorescence studies showed some colocaliza-
tion of �CD4-prM241 with the ERGIC and Golgi compartment
(Fig. 5C and F) and �CD4-E731 showed some penetration into
the ERGIC compartment (Fig. 6F), we wanted to further in-
vestigate the penetration into these compartments by using a
more sensitive approach. For this purpose, the ectodomain of
CD8 was fused to the TM domains of YFV envelope proteins.
CD8 is a class I TM protein that is transported to the cell
surface and has been extensively used as a reporter protein to
study localization signals (12, 33, 41, 43). Maturation of its
O-linked glycans has been well characterized (50, 51), and it
has been established that sugar modifications mark transport
in different compartments of the secretory pathway. CD8 is
synthesized as a 27-kDa species (u), which is converted to a
transient and initially glycosylated 29-kDa (i) form before the
full maturation to a completely glycosylated 32-34-kDa doublet
(m). The intermediate form is generated in an early Golgi
compartment, and the mature form is generated in the trans-

Golgi region. When expressed in HepG2 cells with the vaccinia
virus-T7 expression system, the intermediate 29-kDa form was
barely detectable (Fig. 8). This is probably due to a faster
processing of the glycans in HepG2 cells. When the TM and
cytosolic domains of CD8 were replaced by the TM domain of
prM or E, most of the chimeric proteins remained of the same
size in pulse-chase experiments (Fig. 8 and data not shown),
suggesting that these proteins are retained in the ER. This is
consistent with the observations made on the subcellular lo-
calization of the CD4-TM fusion proteins. Interestingly, the
mature form was detected earlier and was more intense for
�CD8-prM249 than �CD8-E731 (Fig. 8), indicating some pen-
etration in the ERGIC and Golgi compartment, especially for
�CD8-prM249. These data are consistent with the immunoflu-
orescence studies (Fig. 5 and 6) and suggest some leakiness in
the ER retention signals.

The first TM sequence is sufficient for ER retention. Re-
placement of the charged residues between the two hydropho-
bic stretches by alanine residues alters the ER retention func-
tion of the TM domains of HCV envelope proteins (15)
(compare Fig. 9A and B). We therefore suspected that the Arg
residue similarly located between the two stretches of hydro-
phobic residues of the C termini of prM and E might also be
involved in a similar function in YFV. To test this hypothesis,
the Arg residues at positions 270 (for prM) and 754 (for E)
were replaced by an Ala in �CD4-prM249 and �CD4-E731 and

FIG. 5. Confocal immunofluorescence analysis of the intracellular distribution of a chimeric protein with the CD4 ectodomain fused to the TM
domain of prM. �CD4-prM241 was expressed in HeLa cells by the vTF7-3 infection/pTM1 transfection method as in Fig. 4 and incubated for 4 h
in medium containing 50 �g of CHX per �l. The cells were fixed and processed for double-label immunofluorescence for CD4 (red) and the
following cellular markers (green): GM130, a Golgi matrix protein (top row); ERGIC53, a marker for the ER-to-Golgi intermediate compartment
(middle); or calnexin, a chaperone of the ER (bottom). Representative confocal images of individual cells are shown, with the merge images in
the right column.
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the effects of these mutations (�CD4-ER �CD4-prMR) on the
subcellular localization of these chimeric proteins in our intra-
cellular transport assay were analyzed. Surprisingly, these mu-
tations did not modify the subcellular localization of the
CD4-TM chimeric proteins. Indeed, after 6 h of CHX block,
these mutant proteins showed an ER-like pattern of fluores-
cence similar to that observed for CD4-TM chimeric proteins
and no staining was detected at the plasma membrane (Fig. 9C
and E and data not shown). As expected, full-length CD4 and
�CD4-E1NK were present at the plasma membrane when an-
alyzed under the same conditions (Fig. 9B and D). Taken
together, these data indicate that the ER retention mechanism
of the flavivirus envelope proteins is different from that of
HCV envelope glycoproteins.

Recently, alanine scanning insertion mutagenesis has been
used to examine the role of the TM domains of prM and E in
YFV subviral particle formation. Insertions introduced in the
hydrophobic stretches of the TM regions of prM or E had a
dramatic effect on the release of YFV subviral particles with-
out affecting prM-E heterodimerization (48). However, the
subcellular localization of these mutant proteins was not ana-
lyzed in our previous work, and we cannot exclude the possi-
bility that alteration of secretion was due to modification of
their subcellular localization. If this is the case, such mutants
would be helpful in our understanding of the mechanism of ER
retention of prM and E TM domains. To test this hypothesis,
some of the alanine insertion mutants were introduced in the
context of CD4-TM chimeric proteins and their subcellular
localization was analyzed by immunofluorescence. However,
the mutants tested (�CD4-prMA261, �CD4-prMA275, �CD4-

EA749, and �CD4-EA763) had the same fluorescenca pattern as
the wild-type CD4-TM chimeric proteins (Fig. 9F and data not
shown), indicating that alanine insertion does not alter subviral
particle secretion by modifying the subcellular localization of
YFV envelope proteins.

The C termini of prM and E form two antiparallel trans-
membrane �-helices (68, 69), and we wondered whether the
full-length TM regions of prM and E were necessary for sub-
cellular retention in an early compartment of the secretory
pathway. We therefore designed chimeric CD4-TM proteins
with the C-terminal �-helix deleted (�CD4-ETM1 and �CD4-
prMTM1). Such a deletion did not alter the subcellular local-
ization of the chimeric proteins (Fig. 9G and data not shown),
indicating that the first TM passage of YFV envelope proteins
contains enough information for ER retention.

It has been shown that increasing the length of TM domains
can disrupt ER retention of some proteins (52, 63, 67). To test
this hypothesis for YFV envelope proteins, we inserted three
hydrophobic residues (Ala-Leu-Ala) in the middle of the TM
passage of a chimeric CD4-E protein in which the C-terminal
�-helix was deleted (�CD4-ETM1-ALA). Such an insertion cor-
responds to an additional turn in the TM �-helix. Interestingly,
this insertion led to partial export of the chimeric protein at the
plasma membrane (Fig. 9H). Indeed, the immunofluorescent
material was clearly detected at the plasma membrane and
some staining was also detected in the perinuclear area. The
perinuclear fluorescence colocalized with calnexin but did not
colocalize with the Golgi marker GM130 (data not shown),
indicating that this corresponds to a fraction of proteins still
retained in the ER. These data indicate that the length of the

FIG. 6. Immunofluorescence analysis of the intracellular distribution of a chimeric protein with the CD4 ectodomain fused to the TM domain
of E. �CD4-E731 expression and double-label immunofluorescence were carried out as indicated in the legend of Fig. 5.

12598 OP DE BEECK ET AL. J. VIROL.



first TM passage of E plays a role in the ER retention of YFV
E protein.

DISCUSSION

Enveloped viruses acquire their envelope by budding
through one of several host cellular membranes. Therefore,
viral envelope proteins need to accumulate in the appropriate
compartment before budding can take place (53). A strategy
developed by most of these viruses is to endow the spike
proteins with signals for compartment-specific localization (3,
4, 25, 36, 39, 64). Assembly of the flavivirus particle in the ER
has therefore suggested that ER localization signals must be
present in the flavivirus envelope proteins (38). Secretion of
the TBE virus E protein with its C-terminal anchor domain
deleted (1) suggests that there is no ER retention signal in the
ectodomain of this protein. Although we cannot exclude the
presence of a potential ER retention signal in the ectodomain
of prM, as suggested for E1 of HCV (43), we have focused our
work on the role of the TM domains of YFV envelope proteins
in ER localization. In this study, we showed that proteins
containing the ectodomain of CD4 or CD8 fused with the TM
domain of prM or E of YFV were retained in the ER, indi-

cating that the TM domains of flavivirus envelope proteins are
ER retention signal.

Export of many secretory proteins from the ER relies on
signal-mediated sorting into ER-derived vesicles (5). Proteins
are transported from the ER to the Golgi complex by carrier
vesicles that are formed from the membrane of the ER and
that selectively fuse with the ERGIC or the cis-Golgi mem-
branes. These vesicles are coated with a set of proteins known
as coatomer protein II (COPII) (6). At least two types of
sorting motifs have been identified on proteins leaving the ER
compartment. They consist of a diacidic (45, 59) or a dihydro-
phobic (17, 21, 26) motif found in the cytosolic domain of some
cargo proteins. Both the diacidic and dihydrophobic motifs
bind to subunits of the COPII coat, providing a direct mech-
anism for cargo selection. This interaction therefore acts as a
crucial element for export from the ER compartment. The C
termini of prM and E contain two hydrophobic stretches sep-
arated by a short hydrophilic segment (15). Cryoelectron mi-
croscopy at high resolution and image reconstruction tech-
niques have allowed workers to determine the disposition of
the TM domains of flavivirus envelope proteins in their mem-
brane environment (68, 69). Interestingly, the two hydrophobic
stretches of prM and E were shown to form two antiparallel

FIG. 7. HPLC analysis of the oligosaccharides bound to �CD4-prM249 and �CD4-E731. Wild-type CD4 was used as a control. HepG2 cells were
coinfected with vTF7-3 and the appropriate vaccinia virus recombinants. 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.
Labeled glycans were removed by PNGase F treatment and analyzed by HPLC as described in Materials and Methods. M3, M5, M7, M8, and M9
indicate oligosaccharide species possessing two GlcNAc residues at their reducing end and three, five, seven, eight, or nine mannose residues,
respectively.
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transmembrane �-helices, potentially making coiled-coil struc-
tures, leaving the C terminus of each protein in the lumen of
the ER. In addition, the linking residues between the TM
�-helices was shown to remain associated with the inner phos-
pholipid polar head groups in the mature particle (68), strongly
suggesting that the envelope proteins of the flaviviruses have
no cytosolic domain. It is therefore unlikely that these proteins
can be selectively incorporated into COPII vesicles. This could
explain some ER retention of YFV envelope proteins or the
fusion proteins containing their TM domains. However, in the
absence of this type of signal, we would expect to detect some
slow release of YFV envelope proteins out of the ER as ob-
served for mutants of vesicular stomatitis virus G with their
cytoplasmic tail deleted (45). In the absence of positive trans-
port signals, localization of a protein in the ER can potentially
result from ER retrieval signals. However YFV envelope pro-
teins also lack any of the classical ER retrieval signals, KDEL,
KKXX, or RRXX (57).

In the absence of any known signal, localization of flavivirus
envelope proteins probably results from the properties of their
TM domains and their interaction with the membranes. It has
been observed that the presence of one or several hydrophilic
residues in the middle of hydrophobic TM domains can play a
role in ER retention (9, 10, 14, 15, 31, 67). In the case of HCV
envelope proteins, replacement of the charged residues be-
tween the two hydrophobic stretches by alanine residues alters
the ER retention function of their TM domains (15). However,

a similar replacement of the Arg residue located between the
two hydrophobic stretches in the C termini of YFV envelope
proteins did not lead to an alteration in subcellular localiza-
tion. As discussed above, the C termini of prM and E do not
form classical TM domains. They form intramembrane antipa-
rallel �-helices with the Arg residue probably located in the
phospholipid polar head groups of the membrane leaflet in
contact with the cytosol (68). This charged residue is therefore
not in the middle of the TM passages, which is different from
the TM domains of HCV envelope proteins (14). Interestingly,
we have also shown that the first hydrophobic stretch in the C
termini of prM and E is sufficient for ER retention, indicating
that there is enough information in the first TM passage for

FIG. 8. Expression of CD8, �CD8-prM249, and �CD8-E731 ana-
lyzed in pulse-chase experiments. HepG2 cells were coinfected with
vTF7-3 and the appropriate vaccinia virus recombinant at a multiplic-
ity 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 OKT8 (anti-CD8).
Samples were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (12% polyacrylamide). u, unglycosylated precursor; m,
mature form.

FIG. 9. Immunofluorescence analysis of the intracellular distribu-
tion of �CD4-E731 mutants. �CD4-E1 (A), �CD4-E1NK (B), �CD4-
E731 (C), CD4 (D), �CD4-ER (E), �CD4-EA749 (F), �CD4-ETM1 (G),
and �CD4-ETM1-ALA (H) were expressed in HeLa cells by the vTF7-3
infection–pTM1 transfection method as in Fig. 4 and incubated for 6 h
in medium containing 50 �g of CHX per ml. The cells were fixed and
processed for immunofluorescence by using an anti-CD4 antibody.
�CD4-E1 and �CD4-E1NK are chimeric proteins made of the ectodo-
main of CD4 in fusion with the TM domain of HCV envelope protein
E1 containing (�CD4-E1NK) or not containing (�CD4-E1) a mutation
of the Asn and Lys residues in the middle of these TM domains.
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ER retention. Taken together, our results are not in favor of
ER retention mediated by hydrophilic residues located in the
middle of a transmembrane passage of flavivirus envelope pro-
teins.

It has also been postulated that a characteristic of proteins
localized to the membrane of the Golgi apparatus or plasma
membrane is the length of their hydrophobic TM domains,
with shorter ones being characteristic of the Golgi and longer
ones being characteristic of the plasma membrane (11). As a
result of a higher content of cholesterol, the plasma membrane
is usually thicker than the membranes of the Golgi, and so the
longer TM domains would be selected for the transport out of
the Golgi to the plasma membrane whereas the shorter TM
domains would be retained in the Golgi (44). Interestingly,
increasing the length of the TM domains disrupts the ER
retention of some proteins (52, 63, 67), suggesting that a sim-
ilar TM-based sorting might exist in the ER. The intramem-
brane antiparallel �-helices formed by the TM domains of prM
and E are supposed to be short (68, 69). Our data indicate that
the first TM passage of E contains enough information for ER
localization. In addition, increasing the length of this TM pas-
sage, in the context of a chimeric CD4-E protein with the
C-terminal �-helix deleted, led to partial export of this protein
at the plasma membrane. This observation therefore supports
the hypothesis that the length of the TM passages plays a role
in ER retention of YFV envelope proteins. Together, these
data suggest a lipid-based retention for YFV envelope proteins
as proposed for some Golgi proteins (44).

The TM domains of HCV envelope glycoproteins have a
similar ER retention function to the TM domains of prM and
E (reviewed in reference 46), indicating some conservation in
the functions of these TM domains in the Flaviviridae family.
Sequence analyses have shown that the C termini of the enve-
lope proteins of all the members of the Flaviviridae family have
a similar organization (15): they are all composed of two hy-
drophobic stretches separated by a small connecting segment
containing one or more charged residues. However, the TM do-
mains of the envelope proteins of the hepaciviruses and the
flaviviruses do not have the same structure (47). In the case of
HCV, the TM domains form a hairpin structure before cleav-
age of HCV polyprotein by a host signal peptidase, and a re-
orientation of the second hydrophobic stretch occurs after cleav-
age to produce a single membrane-spanning domain (14). As
discussed above, the TM domains of flavivirus envelope pro-
teins form antiparallel �-helices (68, 69). These structural dif-
ferences are associated with differences in other functions. The
TM domains of HCV envelope glycoproteins have indeed been
shown to play a major role in heterodimerization (49), whereas
prME association does not involve the TM domains (48).

Recently, we have investigated the role of the TM domains
of prM and E in the envelope formation of the YFV by ala-
nine-scanning insertion mutagenesis (48). Most of the alanine
insertions tested had a dramatic effect on the release of YFV
subviral and viral particles, indicating that the TM domains
play a role in flavivirus assembly. The alanine insertions prob-
ably led to an alteration of the potential coiled-coil structure of
these domains. Here, we show that the TM domains of YFV
envelope proteins are also involved in their subcellular local-
ization, indicating that these domains play a major role in the
formation of the flavivirus envelope.
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