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The morphogenesis of many enveloped viruses, in which viral nucleocapsid complex interacts with envelope
(E) protein, is known to take place at various sites along the secretory pathway. How viral E protein retains
in a particular intracellular organelle for assembly remains incompletely understood. In this study, we
investigated determinants in the E protein of dengue virus (DENV) for its retention and assembly in the
endoplasmic reticulum (ER). A chimeric experiment between CD4 and DENV precursor membrane/E con-
structs suggested that the transmembrane domain (TMD) of E protein contains an ER retention signal.
Substitutions of three nonhydrophobic residues at the N terminus of the first helix (T1) and at either the N or
C terminus of the second helix of the TMD with three hydrophobic residues, as well as an increase in the length
of T1, led to the release of chimeric CD4 and E protein from the ER, suggesting that short length and certain
nonhydrophobic residues of the TMD are critical for ER retention. The analysis of enveloped viruses assembled
at the plasma membrane and of those assembled in the Golgi complex and ER revealed a trend of decreasing
length and increasing nonhydrophobic residues of the TMD of E proteins. Taken together, these findings
support a TMD-dependent sorting for viral E proteins along the secretory pathway. Moreover, similar muta-
tions introduced into the TMD of DENV E protein resulted in the increased production of virus-like particles
(VLPs), suggesting that modifications of TMD facilitate VLP production and have implications for utilizing
flaviviral VLPs as serodiagnostic antigens and vaccine candidates.

The assembly of many enveloped viruses is known to take
place at various locations along the secretory pathway. Mem-
bers of the families Orthomyxoviridae, Paramyxoviridae, Rhab-
doviridae, Retroviridae, and Togaviridae, such as influenza virus,
parainfluenza virus, vesicular stomatitis virus, human immuno-
deficiency virus, and Sindbis virus, assemble at the plasma
membrane (25, 30, 63). Members of the families Bunyaviridae
and Coronaviridae assemble in the Golgi complex and endo-
plasmic reticulum-Golgi intermediate compartment (ERGIC),
respectively, whereas members of the family Flaviviridae as-
semble in the membranous structure derived from the ER (2,
30, 36, 40). An important step in the morphogenesis of enve-
loped viruses involves the encounter and interaction between
the viral nucleocapsid complex, which contains viral capsid (C)
protein and nucleic acid derived from genome replication, and
viral envelope (E) protein, as well as matrix protein in some
cases at a particular organelle. As the default pathway for
cellular membrane proteins goes from the ER to the plasma
membrane, how the viral E protein, a membrane protein, re-
tains in a particular intracellular organelle is critical for virus
assembly.

Dengue viruses (DENV) belong to the genus Flavivirus of
the family Flaviviridae. There are four serotypes of DENV

(DENV1 to DENV4), which are the leading cause of arboviral
diseases in tropical and subtropical areas, including a debili-
tating but self-limited disease, dengue fever, and the severe
and potentially life-threatening diseases dengue hemorrhagic
fever and dengue shock syndrome (21–24). DENV contains a
positive-sense, single-stranded RNA genome. The single open
reading frame encodes a polyprotein precursor, which is
cleaved by cellular and viral protease into three structural
proteins, C, precursor membrane (PrM), and E, at the N ter-
minus, and seven nonstructural proteins, NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5, at the C terminus (38). Like most
other flaviviruses, the replication cycle of DENV involves the
binding of E protein to its cellular receptor and entry through
receptor-mediated endocytosis, followed by uncoating, trans-
lation, and genome replication, which occurs in the membra-
nous structures derived from the ER (38, 47). Assembly also
occurs in these membranous structures, where immature viri-
ons are thought to bud into the lumen of the ER and transport
through the secretory pathway (31, 38, 40, 68, 71, 73). Prior to
release from the cells, PrM protein is cleaved to Pr and M
proteins by furin or furin-like protease to generate mature
virions, although the cleavage has been reported to be ineffi-
cient for DENV (32, 38, 50, 59, 65, 69).

The E protein of DENV is the major determinant of tropism
and virulence and is the major target of neutralizing and en-
hancing antibodies (5, 21, 24, 38, 47). The N-terminal 395
amino acid residues of E protein contain three well-character-
ized domains as determined by crystallographic studies (45, 46,
61). The C-terminal 100 amino acid residues of E protein
contain the stem and the anchor (transmembrane domain, or
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TMD), which crosses the two leaflets of the lipid bilayer and
consists of two �-helices (T1 and T2) and a stretch of six mostly
nonhydrophobic residues between them (see Table 1 and Fig.
5A) (1, 74). A common feature of flavivirus replication is the
production of subviral particles, which are smaller and sedi-
ment slower than the mature virions (38). The coexpression of
PrM and E proteins is sufficient to produce recombinant virus-
like particles (VLPs). VLPs are similar to infectious virions in
structural, biochemical, and antigenic properties and have
been used to study the function of PrM/E proteins and the
assembly of virus particles (17, 34, 62). VLPs also have been
shown to be useful noninfectious serodiagnostic antigens and
potential vaccine candidates for different flaviviruses, such as
DENV, Japanese encephalitis virus, and West Nile virus (8, 9,
13, 29, 35, 41, 58).

Chimeric experiments introducing different domains of fla-
viviral E protein into cellular proteins normally expressed on
the surface, such as CD4 or CD8, have shown that the TMDs
of both E1 and E2 proteins of hepatitis C virus (HCV) contain
an ER retention (but not retrieval) signal (10, 11, 14, 19).
Similarly, the TMDs of PrM and E proteins of yellow fever
virus (YFV), another flavivirus, recently were reported to ac-
count for ER retention (54). We reported previously that the
stem-TMD of DENV2 E protein contains a signal for retention
in the ER (27).

In this study, we investigated the critical residues and ele-
ments in the TMD of DENV E protein responsible for the
retention and assembly in the ER. Based on chimeric experi-
ments and mutations introduced into the TMD, our results
suggest that the length and certain nonhydrophobic residues of
TMD are critical. Moreover, a trend of decreasing length and
increasing nonhydrophobic residues of TMD of E proteins was
found by comparing enveloped viruses assembled at the
plasma membrane to those in the Golgi complex and ER.
These findings support a TMD-dependent mechanism of sort-
ing for viral E proteins. Furthermore, our observations that
some TMD mutants increased the production of VLPs suggest
modifications of TMD as a strategy to facilitate VLP produc-
tion and have implications for employing flaviviral VLPs as
serodiagnostic antigens and candidate vaccines.

MATERIALS AND METHODS

Plasmid constructs. The constructs pCB-D2 and pCB-CD4 were as described
previously, except that a unique restriction site (PstI) was introduced at amino
acid residue 371 of CD4 (27, 28). To construct pCB-CD4D2A, a PCR fragment
of the coding region of the anchor of DENV2 E protein was amplified by using
the primer pair D2E452PstI-A and D2NotI-2402 with pCB-D2 as the template,
digested with PstI and NotI, and cloned into the respective sites of pCB-CD4. To
construct pCB-CD4D2SA, a PCR fragment containing the chimeric coding re-
gion, including a partial CD4 and the stem of DENV2 E protein, was amplified
by two rounds of PCR with overlapping primers. The first-round PCR was done
by using the primer pair CD4-Bsu36I 361A and CD4-D2stem-B1 with pCB-CD4
as the template and with primer pair CD4-D2stem-A2 and D2E451 PstI-B with
pCB-D2 as the template. The second-round PCR used primer pair CD4-
Bsu36I361A and d2E451PstI-B. After digestion with Bsu36I and PstI, the PCR
product was cloned into the respective sites of pCB-CD4D2A.

To construct pCB-CD4D4SA and pCB-CD4D4A, PCR fragments were am-
plified by using primer pairs (D4E395PstI-A plus d4E495BNotI for pCB-
CD4D4SA, D4E452PstI-A plus d4E495BNotI for pCB-CD4D4A) and pCB-D4
as the template, digested with PstI and NotI, and cloned into the respective sites
of pCB-CD4.

To construct pCB-D2CD4, a PCR fragment of the chimeric coding region
including partial DENV2 E protein plus the TMD and cytoplasmic (CY) do-

mains of CD4 (residues 375 to 435) was amplified by two rounds of PCR. The
first-round PCR was done by using the primer pair D2E200PstIA1 and D2Stem-
CD4TM-B1 with pCB-D2 as the template and the primer pair D2Stem-
CD4TM-A2 and NotICD4-435B with pCB-CD4 as the template. The second-
round PCR used the primer pair D2E200PstIA1 and NotICD4-435B, digestion
with PstI and NotI, and cloning into the respective sites of pCB-D2.

To construct pCB-D2T1-3LA, pCB-D2T1-3LB, pCB-D2T2-3IA, pCB-D2T1-
ins, and pCB-D2T1T2-4I, PCR fragments containing corresponding mutations
were amplified by two rounds of PCR. The first-round PCR was done by using
primer pairs (for pCB-D2T1-3LA, D2E200PstIA1 and D2E452-454-456L-B1
plus D2E452-454-456L-A2 and D2NotI-2402; pCB-D2T1-3LB, D2E200PstIA1
and D2E460-464-467L-B1 plus D2E460-464-467L-A2 and D2NotI-2402; pCB-
D2T2-3IA, D2E200PstIA1 and D2E474-476-478-B1 plus D2E474-476-478-A2
and D2NotI-2402; pCB-D2T1-ins, D2E200PstIA1 and D2ETM1ins-B1 plus
D2ETM1insA2 and D2NotI-2402; pCB-D2T1T2-4I, D2E200PstIA1 and
D2E469-470-472-473I-B1 plus D2E469-470-472-473I-A2 and D2NotI-2402) and
pCB-D2 as the template. The second-round PCR used primer pair D2E200PstIA1
and D2NotI-2402, digestion with PstI and NotI, and cloning into the respective sites
of pCB-D2.

To construct pCB-D2T1-6L, a PCR fragment containing corresponding mu-
tations was amplified by two rounds of PCR. The first-round PCR was done by
using primer pairs (D2E200PstIA1 and D2E460-464-467L-B1 plus D2E460-464-
467L-A2 and D2NotI-2402) and pCB-D2T1-3LA as the template, followed by
the second-round PCR using the primer pair D2E200PstIA1 and D2NotI-2402,
digestion with PstI and NotI, and cloning into the respective sites of pCB-D2. To
construct pCB-D2T2-3IB, a PCR fragment containing corresponding mutations
was amplified by single-step PCR mutagenesis with primers D2E483-486-488-B1
and D2E200PstIA1 with pCB-D2 as the template, digested with PstI and NotI,
and cloned into the respective sites of pCB-D2.

To construct pCB-CD4D2A mutants (pCB-CD4D2T1-3LB, pCB-CD4D2T2-
3IA, pCB-CD4D2T2-3IB, and pCB-CD4D2T1-ins), PCR fragments were ampli-
fied by using the primer pair D2E452PstI-A and D2NotI-2402 with pCB-D2
mutants (pCB-D2T1-3LB, pCB-D2T2-3IA, pCB-D2T2-3IB, and pCB-D2T1-ins)
as the template, digested with PstI and NotI, and cloned into pCB-CD4. To
construct pCB-CD4D2T1-6L and pCB-CD4D2T1-3LA, the fragment of the cod-
ing region of the TMD of DENV2 E protein was amplified by using the primer
pair D2E452-454-456LPstI-A and D2NotI-2402 with pCB-D2T1-6L and pCB-
D2T1-3LA as the template, digested with PstI and NotI, and cloned into the
respective sites of pCB-CD4. All constructs were confirmed by sequencing the
entire inserts. The sequences of all of the primers used in this study will be
provided upon request.

Cell lysates and VLPs. 293T cells were prepared in a 10 cm-culture dish at 5 �
105 cells per dish 1 day earlier and transfected with 10 �g of plasmid DNA by the
calcium phosphate method. At 48 h posttransfection, culture supernatants were
collected (see below) and cells were washed with 1� phosphate-buffered saline
(PBS) and treated with 1% NP-40 lysis buffer (100 mM Tris [pH 7.5], 150 mM
NaCl, 20 mM EDTA, 1% NP-40, 0.5% Na deoxycholate) containing protease
inhibitors (Roche Diagnostics, Indianapolis, IN), followed by centrifugation at
20,000 � g at 4°C for 30 min to obtain cell lysates (27). Culture supernatants were
clarified by centrifugation at 1,250 � g for 20 min, filtered through a 0.22-�m-
pore-sized membrane (Sartorius, Goettingen, Germany), layered over a 20%
sucrose buffer, and ultracentrifuged at 65,000 � g at 4°C for 5 h. The pellets were
resuspended in 30 �l TNE buffer (50 mM Tris [pH 8.0], 100 mM NaCl, 10 mM
EDTA) and subjected to Western blot analysis (27).

Antibodies. Human DENV sera that can recognize E and PrM proteins were
obtained from confirmed DENV2 cases as described previously (70). Anti-CD4
monoclonal antibodies (MAbs) RPA-T4 [IgG1(�)] and OKT4, as well as a
mouse isotype [IgG1(�)] control, were purchased from eBioscience (San Diego,
CA). Q4120 was from Sigma (St. Louis, MO) and SK3 was from Bio-Rad
(Hercules, CA). Anti-CD4 (H-370) and anti-GM130 (a Golgi marker) rabbit
polyclonal antibodies (PAbs) were purchased from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA), anti-mannosidase II (Man II) mouse MAb 53FC3 was
from Covance (Berkely, CA), and anti-PDI rabbit PAb SPA-890 was from Stress-
gen Bioreagents (Ann Arbor, MI). Anti-E mouse MAb FL0232 was purchased
from Chance Biotechnology (Taipei, Taiwan), and 4G2 was from the American
Type Culture Collection (Rockville, MD).

Western blot analysis. Cell lysates or pellets from culture supernatants were
subjected to 12% polyacrylaminde gel electrophoresis (PAGE), followed by
transfer to a nitrocellulose membrane (Hybond-C; Amersham Biosciences, Hong
Kong) as described previously (27). Membranes were blocked with 4% milk in
wash buffer and incubated with primary (human sera or MAb) and secondary
antibodies (horseradish peroxidase-conjugated anti-human or anti-mouse IgG)
(Pierce, Rockford, IL) each at 37°C for 1 h. After a final wash, the signals were

VOL. 84, 2010 ER RETENTION OF DENGUE VIRUS E PROTEIN 4783



detected by enhanced chemiluminescence reagents (Perkin Elmer Life sciences,
Boston, MA). The intensities of E, PrM, or CD4 bands were analyzed further by
ImageQuant (GE Healthcare, United Kingdom), and the ratios of the intensities
of different bands were determined (27).

Endoglycosidase digestion. Aliquots from cell lysates or pellets were treated
with 500 U of endo-�-N-acetylglucosaminidase H (endo H) or peptide N-glyco-
sidase F (PNGase F) at 37°C for 1 h according to the manufacturer’s instructions
(New England Biolabs, Beverly, MA) and subjected to Western blot analysis.

Radioimmunoprecipitation. 293T cells prepared in six-well plates were trans-
fected with plasmid DNA by the calcium phosphate method. At 20 h posttrans-
fection, cells were washed, incubated with methionine-free Dulbecco’s modified
essential medium (DMEM) followed by 50 �Ci [35S]methionine (Amersham
Biosciences, Hong Kong) at 37°C for 6 h, and collected to obtain cell lysates as
described previously (27). Following being precleared with beads, cell lysates
were incubated with anti-CD4 MAb (RPA-T4, SK3, OKT4, and Q4120) (for
CD4 chimeric constructs) or anti-E MAb FL0232 (for pCB-D2 constructs) at 4°C
overnight and then with protein A Sepharose beads (Amersham Biosciences,
Hong Kong) at 4°C for 6 h. After being washed with 1% NP-40 buffer, the beads
were mixed with 2� sample buffer and heated, and the solubilized fraction was
subjected to 12% PAGE as described previously (27).

Indirect immunofluorescence assay. Plasmid DNA was transfected to 293T
cells prepared in a six-well plate by the calcium phosphate method or to BHK-
21 cells by Lipofectamine 2000 (Invitrogen, Carsblad, CA). At 48 h posttrans-
fection, cells were resuspended in 1� PBS, spotted onto a slide, air dried, and
fixed with 4% paraformaldehyde at room temperature for 30 min (27). Cells were
permeabilized with or without 0.5% Triton X-100 at room temperature for 30
min and incubated with primary and secondary antibody, each at 37°C for 1 h.
After a final wash and being dried and mounted, the slides were observed by a
fluorescence microscope. For the visualization of the Golgi complex, pDsRed-
monomer-Golgi (Clontech, Mountain View, CA), designated DsRed-Golgi,
which expressed the red fluorescent protein targeting the trans-Golgi complex,
was cotransfected with each of the plasmids to BHK-21 cells by Lipofectamine
2000 (Invitrogen, Carsblad, CA).

Flow cytometry. 293T cells prepared in a six-well plate were transfected with
plasmid DNA by the calcium phosphate method. At 48 h posttransfection, cells
were washed with 1� PBS, resuspended in 1� PBS, and treated with 2%
paraformaldehyde at 4°C for 1 h, permeabilized with or without 0.5% Triton
X-100 at room temperature for 30 min, and incubated with primary antibody
(anti-CD4 MAb RPA-T4 or isotype control) and secondary antibody (fluorescein
isothiocyanate [FITC]-conjugated anti-mouse IgG) each at 4°C for 1 h. Follow-
ing the final wash, cells were resuspended in buffer containing 1% paraformal-
dehyde and subjected to FASCalibur (BD Bioscience, San Jose, CA) and
CellQuest analyses (27).

Sucrose gradient sedimentation analysis. Plasmid DNA was transfected to
293T cells prepared in a 10-cm culture dish by the calcium phosphate method. At
48 h posttransfection, cells were washed with 1� PBS, resuspended in 1� PBS,
treated with 1% Triton X-100 on ice for 30 min, and then loaded into a 5 to 20%
(wt/wt) sucrose gradient made with gradient buffer (50 mM Tris-HCl [pH 8.0],
150 mM NaCl, 2 mM EDTA, 0.5% Triton X-100, 1 mM phenylmethylsulfonyl
fluoride) (37). The gradient was ultracentrifuged at 247,606 � g at 15°C for 22 h,
and each of the 13 fractions was collected and subjected to Western blot analysis.

Subcellular fractionation. 293T cells transfected with plasmid DNA were
washed three times with 1� PBS 48 h later, resuspended in modified buffer B
(10% sucrose, 20 mM Tris, 150 mM NaCl, 10 mM Mg acetate, 1 mM EGTA [pH
7.6]), and frozen-thawed eight times as described previously (27). After clearing
the nuclei and debris by centrifugation at 1,000 � g for 5 min, the membrane
fraction was pelleted by centrifugation at 20,000 � g for 30 min at 4°C and
subjected to Western blot analysis. The resulting supernatants were layered over
a 20% sucrose buffer and ultracentrifuged at 246,000 � g at 4°C for 1 h to obtain
the pellets of the soluble fraction, which were resuspended in 30 �l TNE buffer
and subjected to Western blot analysis.

RESULTS

TMD of E protein contains an ER retention signal. To
examine whether TMD alone is sufficient to account for the
ER retention of DENV E protein, we generated chimeric CD4
constructs containing both the stem and TMD of DENV2 E
protein (CD4D2SA) or TMD alone (CD4D2A) and examined
their surface expression compared to that of wild-type CD4
(Fig. 1A). After transfection to 293T cells, cells were examined

by immunofluorescence assay and flow cytometry analysis in
the presence or absence of Triton X-100. As shown in Fig. 1B,
CD4 was readily detected by an anti-CD4 MAb, RPA-T4, in
the pCB-CD4-transfected cells in the presence or absence of
Triton X-100, suggesting that CD4 did express on the surface
of cells. In contrast, CD4D2SA and CD4D2A can be detected
only in the presence of Triton X-100, suggesting that they did
not express well on the surface of cells. Similarly, in the ab-
sence of Triton X-100, the percentage of positive cells stained
with anti-CD4 MAb compared to that of the isotype control
was higher in cells transfected with pCB-CD4 (27.13%) than in
those transfected with pCB-CD4D2SA (13.67%) or pCB-
CD4D2A (5.02%), suggesting that more CD4 was expressed
on the surface than CD4D2SA or CD4D2A (Fig. 1C). To
adjust different levels of expression, we calculated the relative
surface expression of CD4, which was the ratio of the percent-
age of CD4-positive cells in the absence of Triton X-100 to that
in the presence of Triton X-100; it was 0.57, suggesting that
approximately 57% of CD4 was expressed on the surface of
pCB-CD4-transfected cells. In contrast, the relative surface
expression of CD4D2SA and CD4D2A were 0.22 and 0.13,
respectively, suggesting that approximately 22 and 13% of chi-
meric CD4 was expressed on the surface of the pCB-
CD4D2SA- and pCB-CD4D2A-transfected cells, respectively.
To further examine the intracellular distribution of CD4,
CD4D2SA, and CD4D2A, cell lysates were subjected to endo
H or PNGase F digestion, followed by Western blot analysis.

As shown in Fig. 1D, two CD4 bands, which decreased in
size by about 2 and 7 kDa, respectively, were found with the
former as the predominant band. This is in agreement with
previous reports that the band decreased in size by 2 kDa,
which presumably represented the CD4 that normally had one
of the two N-linked glycosylation sites converted to complex
oligosaccharide and transported beyond the trans-Golgi com-
plex (endo H resistant), was present in greater amounts than
the band decreased by 7 kDa, which represented the CD4
remaining in the ER and sensitive to endo H digestion (10–12,
64). In contrast, the majority of CD4D2SA and CD4D2A
bands were sensitive to endo H digestion, suggesting that
CD4D2SA and CD4D2A were retained mainly in a compart-
ment prior to the trans-Golgi complex (Fig. 1D). Taken to-
gether, these findings suggest that the TMD of DENV2 E
protein is sufficient to retain CD4 in an intracellular compart-
ment prior to the trans-Golgi complex, probably the ER.

To further investigate whether the TMD of another DENV
serotype is sufficient to retain CD4 in the ER as well, we
generated chimeric CD4 constructs containing both the stem
and TMD of DENV4 E protein (CD4D4SA) or TMD alone
(CD4D4A) (Fig. 1A), and we examined their surface expres-
sion and intracellular distribution. As shown in Fig. 1B,
CD4D4SA and CD4D4A can be detected only in the presence
of Triton X-100, suggesting that they did not express well on
the cell surface. Consistently with this, the relative surface
expression of CD4D4SA and CD4D4A, 0.25 and 0.10, respec-
tively, was lower that of CD4 (Fig. 1C). After digestion with
endo H, the majority of CD4D4SA and CD4D4A bands were
sensitive to endo H digestion, suggesting that CD4D4SA and
CD4D4A retained mainly in a compartment prior to the trans-
Golgi complex (Fig. 1D). To exclude the possibility that the
retention of the chimeric CD4 proteins (CD4D2SA, CD4D2A,
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FIG. 1. CD4 and chimeric CD4 constructs, surface expression, glycosylation pattern, and recognition by different MAbs. (A) Schematic diagram
of the CD4 construct (pCB-CD4) and chimeric CD4 constructs containing the stem-TMD of DENV2 (CD4D2SA) or DENV4 (CD4D4SA) or
TMD of DENV2 (CD4D2A) or DENV4 (CD4D4A). Open and gray bars indicate DENV2 sequences, and hatched and black bars indicate
DENV4 sequences. The amino acid positions of the four domains of CD4 are shown above, and those of the stem, TMD, or CY domain are shown
below. (B) 293T cells transfected with each of these constructs were subjected to indirect immunofluorescence assay using mouse anti-CD4 MAb
RPA-T4 as described in Materials and Methods. (C) 293T cells transfected as described for panel A were permeabilized with or without Triton
X-100 and subjected to flow cytometry analysis using MAb RPA-T4. Solid lines indicate MAb without Triton X-100, and solid lines with a shaded
area indicate MAb with Triton X-100. Dotted lines indicate isotype controls, which overlap with those of mock-transfected cells (not shown). The
relative surface expression of CD4 or chimeric CD4 was the ratio of the percentage of RPA-T4-positive cells in the absence of Triton X-100 to
that in the presence of Triton X-100. (D) Lysates derived from 293T cells transfected as described for panel A were treated with endo H (H) or
PNGase F (F) and subjected to Western blot analysis using RPA-T4. The arrowhead indicates deglycosylated CD4 (CD4dg), and asterisks indicate
endo H-resistant bands. One representative experiment of three is shown. (E) 293T cells transfected as described for panel A were labeled with
[35S]methionine at 20 h posttransfection and subjected to immunoprecipitation with anti-CD4 MAbs (RPA-T4, SK3, Q4120, and OKT4) and 12%
PAGE as described in Materials and Methods. Molecular mass markers are shown in kDa.
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CD4D4SA, and CD4D4A) is due to the misfolding of protein,
cells transfected with each of these chimeric constructs were
labeled metabolically and subjected to immunoprecipitation
assay by using different anti-CD4 MAbs, including those tar-
geting domain 1 of CD4 (SK3, Q4120, and RPA-T4) and
domain 3 of CD4 (OKT4), some of which recognize confor-
mational epitopes (OKT4, SK3, and Q4120) (4, 19). As shown
in Fig. 1E, different chimeric CD4 proteins can be recognized
by all four anti-CD4 MAbs tested, suggesting that introducing
the stem-TMD or TMD into the C terminus of CD4 did not
result in global conformational changes or the misfolding of
the chimeric CD4 proteins. Taken together, these findings
suggest that the TMD of DENV E protein alone is sufficient to
retain CD4 in the ER.

Within the flavivirus-infected cells, E protein was found pri-
marily in the ER (31, 38, 40, 68). To investigate the role of the
TMD in retaining DENV2 E protein in the ER, a chimeric

construct (pCB-D2CD4), in which the TMD of DENV2 E
protein was replaced by the TMD and CY domain of CD4, was
generated and examined (Fig. 2A). Flow cytometry analysis
revealed that the majority of D2CD4 expressed on the cell
surface with a relative surface expression of 0.85; that of the
authentic DENV2 E protein is 0.13 (Fig. 2B). Consistently with
this, the endo H digestion of lysates derived from pCB-
D2CD4-transfected cells revealed almost exclusively an endo
H-resistant band, whereas an endo H-sensitive band was noted
in pCB-D2-transfected cells (Fig. 2C). These findings suggest
that the TMD of DENV2 E protein plays an important role in
retaining E protein in the ER.

Nonhydrophobic residues at the N terminus of T1, N or C
terminus of T2, and the length of T1 contribute to the ER
retention phenotype. It was reported previously that an in-
crease in the hydrophobicity or the length of the TMD of
ER-resident proteins led to their release from the ER to the

FIG. 2. PrM/E expression constructs, surface expression, and glycosylation pattern. (A) DENV2 PrM/E expression construct (pCB-D2) and
chimeric construct containing the TMD and CY domain of CD4 in the TMD (D2CD4). ss, signal sequence. (B) 293T cells transfected with each
of these constructs were permeabilized with or without Triton X-100 and subjected to flow cytometry analysis using anti-E MAb FL0232. Solid lines
indicate anti-E MAb without Triton X-100, and solid lines with a shaded area indicate anti-E MAb with Triton X-100. Dotted lines indicate isotype
controls, which overlap with those of mock-transfected cells (not shown). The relative surface expression of E protein was the ratio of the
percentage of FL0232-positive cells in the absence of Triton X-100 to that in the presence of Triton X-100. (C) Lysates derived from 293T cells
transfected with the constructs described for panel A were treated with endo H (H) or PNGase F (F) and subjected to Western blot analysis by
using serum from a confirmed DENV2 case (70). Arrowheads indicate E or deglycosylated E protein (Edg). Molecular mass markers are shown
in kDa. One representative experiment of three is shown.
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Golgi complex or plasma membrane (26, 60, 72). A closer
examination of the sequences of the TMD of DENV2 E pro-
tein revealed six and seven nonhydrophobic residues at the T1
and T2 helices, respectively (Table 1). To investigate whether
the six nonhydrophobic residues at T1 contribute to ER reten-
tion, site-directed mutagenesis was carried out to replace each
of these six residues (serine at position 452, threonine at po-
sition 454, lysine at position 456, glycine at position 460, threo-
nine at position 464, and glycine at position 467) with hydro-
phobic residues (leucines) in the backbone of pCB-CD4D2A
to generate pCB-CD4D2T1-6L (Fig. 3A). After transfection to
293T cells, flow cytometry revealed that the relative surface
expression of CD4D2T1-6L increased 2-fold (mean, 0.36)
compared to that of CD4D2A (mean, 0.18) (Fig. 3B). To
further examine whether the nonhydrophobic residues at the N
or C terminus of T1 are sufficient to contribute to the ER

retention phenotype, two mutants (pCB-CD4D2T1-3LA and
pCB-CD4D2T1-3LB) containing mutatins of three nonhydro-
phobic residues to leucines at the N and C terminus, respec-
tively, were generated (Fig. 3A). Flow cytometry analysis re-
vealed that the relative surface expression of CD4D2T1-3LA
increased (mean, 0.41) similarly to that of CD4D2T1-6L,
whereas the relative surface expression of CD4D2T1-3LB only
slightly increased (mean, 0.22) (Fig. 3B). This was supported
by the enzyme digestion experiment, in which a nearly 2-fold or
more increase in the amounts of the endo H-resistant band
relative to that of the endo H-sensitive band was found in
CD4D2T1-6L and CD4D2T1-3LA but not in CD4D2T1-3LB
compared to results for CD4D2A (Fig. 3C and D). These
findings suggest that the three nonhydrophobic residues at the
N terminus of T1 contribute to the ER retention phenotype.
To investigate whether the nonhydrophobic residues at the N

TABLE 1. Comparison of the sequences of the TMD of E proteins of different flavivirusesa

a The TMD of flaviviruses consists of two �-helices (T1 and T2), of which the boundaries are defined based on a recent
cryo-EM study (74) and a stretch of six mostly nonhydrophobic residues between them. TMD sequences of multiple
strains (numbers in parentheses) of each of these flaviviruses were obtained from GenBank and analyzed. Single-letter
designations of amino acids are shown, with the numbers above indicating amino acid positions and the numbers beneath
each amino acid indicating the numbers of strains containing that residue. The nonhydrophobic residues are in boldface.

b DENV1, DENV2, DENV3, and DENV4, dengue virus type 1, 2, 3, and 4, respectively; JEV, Japanese encephalitis
virus; YFV, yellow fever virus; WNV, West Nile virus; TBEV, tick-borne encephalitis virus.
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terminus or C terminus of T2 also contribute to ER retention,
another two mutants (pCB-CD4D2T2-3IA and pCB-CD4D2T2-
3IB), which contained mutations of three nonhydrophobic res-
idues to isoleucines at the N and C terminus of T2, respec-

tively, were generated (Fig. 3A). Flow cytometry analysis
revealed no significant increase in the relative surface expres-
sion of CD4D2T2-3IA (mean, 0.16) and CD4D2T2-3IB
(mean, 0.24) (Fig. 3B); however, a nearly 2-fold or more in-

FIG. 3. CD4 and chimeric constructs containing TMD and mutant TMD of DENV2, surface expression, and glycosylation pattern. (A) Sche-
matic diagram of the CD4 construct (pCB-CD4) and chimeric CD4 constructs containing TMD and mutant TMD of DENV2. (B) 293T cells
transfected with each of these constructs were subjected to flow cytometry analysis as described for Fig. 1C. Relative surface expression (means
and standard errors) from three experiments is shown. (C) Lysates derived from 293T cells transfected with the constructs described above were
treated with endo H (H) or PNGase F (F) and subjected to Western blot analysis by using MAb RPA-T4. Data were presented as described in
the legend to Fig. 1D. (D) The ratio of the intensity of the endo H-resistant band to that of the endo H-sensitive band was determined for each
construct. Data are means and standard errors of three experiments.
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crease in the amounts of the endo H-resistant band relative to
that of the endo H-sensitive band was found for CD4D2T2-
3IA and CD4D2T2-3IB compared to results for CD4D2A (Fig.
3C and D).

To examine the possibility that mutants CD4D2T2-3IA and
CD4D2T2-3IB exit from the ER and transport to the trans-Golgi
complex or beyond, as shown by the endo H-resistant band, but
do not express on the cell surface, as revealed by flow cytometry,
a double-label immunofluorescence assay was carried out to in-
vestigate the intracellular localization of these mutant proteins.
As shown in Fig. 4A, CD4 was stained by MAb RPA-T4 both on
the cell surface and in the cytoplasm, which had a staining pattern
merging partially with that of PDI (an ER marker protein), sug-
gesting that after being synthesized in the ER, CD4 transported
beyond the Golgi complex and expressed on the cell surface (Fig.
4A). In contrast, CD4D2A and CD4D2T1-3LB were stained
mainly intracellularly, with a staining pattern merging almost
completely with that of PDI, suggesting that CD4D2A and
CD4D2T1-3LB were retained mainly in the ER (Fig. 4A). Inter-
estingly, CD4D2T1-6L, CD4D2T1-3LA, CD4D2T2-3IA, and
CD4D2T2-3IB showed a different staining pattern, which merged
primarily with that of PDI with a distinct perinuclear signal. Since
the signal of anti-Golgi marker (Man II and GM130) antibodies
tested was weak, DsRed-Golgi, which expressed the red fluores-
cent protein and was targeted to the trans-Golgi complex, was
cotransfected with each of these CD4 mutant constructs and
examined by fluorescent microscopy. Consistently with the
findings for double-label staining shown in Fig. 4A, CD4D2T1-
6L, CD4D2T1-3LA, CD4D2T2-3IA, and CD4D2T2-3IB were
present mainly in the cytoplasm and had a distinct signal merging
with that of DsRed-Golgi in the perinuclear region, whereas
CD4D2A and CD4D2T1-3LB were present in the cytoplasm
without merging with DsRed-Golgi (Fig. 4B). Of note, CD4 was
present both on the surface and in the cytoplasm, which had very
faint and scattered signal merging with that of DsRed-Golgi.
Taken together, these findings suggest that a significant propor-
tion of CD4D2T1-6L, CD4D2T1-3LA, CD4D2T2-3IA, and
CD4D2T2-3IB has exited from the ER and transported to the
Golgi complex or to the cell surface, whereas CD4D2A and
CD4D2T1-3LB retained almost exclusively in the ER. The non-
hydrophobic residues at the N terminus of T1 or the N or C
terminus of T2 are likely to be critical for the ER retention
phenotype.

To further investigate the contribution of length to the ER
retention phenotype, a strategy of inserting a stretch of seven
artificially designed hydrophobic residues into the C terminus
of T1 in the backbone of pCB-CD4D2A to generate pCB-
CD4D2T1-ins was employed as described previously (Fig. 3A)
(26). Flow cytometry analysis revealed its mean relative surface
expression of 0.66 (Fig. 3B), and endo H digestion revealed an
approximately 2-fold increase in the amount of the endo H-
resistant band relative to that of the endo H-sensitive band
compared to that for CD4D2A (Fig. 3C and 3D). Consistently
with this, a staining pattern with a distinct perinuclear signal
that did not merge with that of PDI was found by double-label
immunofluorescence assay, and a signal merging with that of
DsRed-Golgi perinuclearly was noted after cotransfection with
DsRed-Golgi (Fig. 4A and B). These findings suggest that an
increase in the length of T1 by hydrophobic residues results in

the transport of CD4D2T1-ins to the Golgi complex and cell
surface.

Nonhydrophobic residues at the N terminus of T1, N or C
terminus of T2, and the length of T1 are involved in the
retention of E protein in the ER. To investigate the roles of the
nonhydrophobic residues at the N terminus of T1, as well as
the N or C terminus of T2, in retaining E protein in the ER, the
mutations in the chimeric CD4 constructs were introduced into
the DENV2 PrM/E-expressing construct, pCB-D2, and exam-
ined. The digestion of lysates derived from pCB-D2-trans-
fected cells revealed a nearly completely endo H-sensitive pat-
tern, suggesting that the E protein retains almost exclusively in
the ER (Fig. 5A and B). In contrast, significant amounts of
endo H-resistant bands were found in lysates derived from
pCB-D2T1-6L-, pCB-D2T1-3LA-, pCB-D2T2-3IA-, or pCB-
D2T2-3IB-transfected cells (Fig. 5A and B). Of note, lysates
derived from pCB-D2T1-3LB-transfected cells showed an
endo H-sensitive pattern similar to that of pCB-D2. These
findings, generally in agreement with those of the chimeric
CD4 experiment, suggest that substitutions of three nonhydro-
phobic residues at the N terminus of T1, or the N or C termi-
nus of T2, affect the ability of the TMD to retain E protein in
the ER. To further investigate the involvement of T1 length in
retaining E protein in the ER, pCB-D2T1-ins was generated
and examined. An endo H-resistant band was found in lysates
derived from pCB-D2T1-ins-transfected cells (Fig. 5A and B),
suggesting that an increase in the length of T1 by hydrophobic
residues released the E protein from the ER.

Between the T1 and T2 helices there are six amino acid
residues, most of which are nonhydrophobic (Table 1). To
investigate the contribution of these residues to the retention
of E protein in the ER, four nonhydrophobic residues (aspar-
agine at position 469, serine at position 470, serine at position
472, and threonine at position 473) were replaced with iso-
leucines to generate the construct pCB-D2T1T2-4I. The diges-
tion of lysates derived from pCB-D2T1T2-4I-transfected cells
revealed an endo H-sensitive pattern, suggesting that these
four nonhydrophobic residues do not contribute to the reten-
tion of E protein in the ER (Fig. 5A and B).

The effect of TMD mutations on PrM-E interaction and VLP
production. A previous study of the tick-borne encephalitis
virus (TBEV) reported that deletion at the C terminus of E
protein affects the heterodimeric interaction between PrM and
E proteins as well as their assembly to form VLPs (1). We next
examined whether the mutations introduced into the TMD
affect the PrM-E interaction by performing sucrose gradient
sedimentation analysis in cell lysates derived from each of
these transfectants. As a control, the DENV4 PrM/E expres-
sion construct (pCB-D4) and its mutant (pCB-D4d395) con-
taining the truncation of the stem-TMD, which has been shown
to affect PrM-E heterodimerization, also were included in the
analysis (1, 28). As shown in Fig. 6B, the majority of E protein
of pCB-D2 and pCB-D2T1-ins was found in fractions 6 to 9
with a peak in fraction 7, which cosedimented with that of PrM
protein, suggesting that mutant pCB-D2T1-ins does not affect
the PrM/E heterodimerization. In contrast, the peak of the
PrM protein (fraction 5) of mutant pCB-D4d395 did not co-
sediment with that of E protein, which had another peak in
fractions 12 and 13 not seen with wild-type pCB-D4 or pCB-D2
(Fig. 6B and data not shown). Similarly, the E protein of
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FIG. 4. Intracellular localization of CD4 and chimeric CD4 proteins containing the TMD of DENV2 with different mutations by double-label
immunofluorescence assay. (A) BHK-21 cells were transfected with each of the constructs described in Fig. 3A, fixed at 48 h, and stained with
mouse anti-CD4 MAb RPA-T4 (goat FITC-conjugated anti-mouse IgG as the secondary antibody) and rabbit anti-PDI Pab (goat rhodamine-
conjugated anti-rabbit IgG as the secondary antibody) under an SP5 confocal laser-scanning microscope. (B) BHK-21 cells were cotransfected with
DsRed-Golgi (a construct targeting to the trans-Golgi complex) and each of the constructs shown in Fig. 3A, fixed at 48 h, and stained with mouse
anti-CD4 MAb RPA-T4 as above.
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mutant pCB-D2T1-3LA had another peak in fractions 10 and
11, suggesting that the PrM-E heterodimerization was affected.
For mutants pCB-D2T1-6L, pCB-D2T1-3LB, pCB-D2T2-3IA,
and pCB-D2T2-3IB, there was only a slight shift of the peak of
E protein from that of PrM protein, suggesting that these
mutations did not greatly affect the PrM-E heterodimerization
(Fig. 6B). These findings were supported further by radioim-
munoprecipitation with anti-E MAb, in which the intensity of
the PrM protein band relative to that of the E protein band was
reduced in mutants pCB-D4d395 (no PrM band detectable)
and pCB-D2T1-3LA but not in other mutants (Fig. 6A).

To further investigate whether these TMD mutations affect
the production of VLPs, pellets derived from the ultracentrif-
ugation of culture supernatants as well as cell lysates of each of
these transfectants was examined by Western blot analysis.
Compared to those of wild-type pCB-D2, the amounts of E
protein in pellets relative to those in cell lysates were increased
in mutants pCB-D2T1-6L, pCB-D2T1-3LA, pCB-D2T2-3IA,
pCB-D2T2-3IB, and pCB-D2T1-ins, which showed a tendency
to exit from the ER, but were not increased in mutant pCB-
D2T1-3LB, which was retained strongly in the ER (Fig. 5 and
7). These findings suggested that several TMD mutations with
an increase in the hydrophobicity or length not only resulted in
less ER retention but also more VLP production. To examine
whether intracellular PrM/E proteins of the TMD mutants that
produced increased VLPs retain in the membrane-bound frac-
tion or form VLPs in the soluble fraction of the ER or other
compartments, 293T cells transfected with four such TMD
mutants were subjected to a previously described subcellular
fractionation experiment to obtain the membrane and soluble
fractions (27). As shown in Fig. 8A, the amounts of PrM/E
proteins in the pellets of the soluble fraction relative to those
of the membrane fraction of these mutants were not greater
than those of pCB-D2, suggesting that the VLPs produced by
these TMD mutants, although greater in amount than those of
wild-type pCB-D2 in the supernatants (Fig. 7), did not accu-
mulate in the soluble fraction within the cells. As a control,
calnexin, an integral ER membrane protein, was detected in
the membrane fraction but not in the soluble fraction. The
enzyme digestion of the membrane fraction revealed increased
amounts of endo H-resistant bands relative to that of endo

H-sensitive bands in the TMD mutants but not in pCB-D2
(Fig. 8B), suggesting that significant amounts of mutant E
protein in the membrane fraction have released from the ER
to the trans-Golgi complex or beyond. Similarly, the enzyme
digestion of the soluble fraction showed that the endo H-
resistant bands relative to the endo H-sensitive bands in these
TMD mutants were stronger than those in pCB-D2, which had
a faint endo H-resistant band (Fig. 8C), suggesting that signif-
icant amounts of mutant VLPs were present in the trans-Golgi
complex or beyond compared to those of wild-type pCB-D2.

DISCUSSION

A strategy for enveloped viruses that assemble at different
cellular organelles is to develop signals in the E protein for
localization to a specific organelle where morphogenesis takes
place (2, 36, 54, 63). A recent study demonstrating the assem-
bly and budding of DENV in the membranous structures de-
rived from the ER suggests that an ER localization signal is
present in its E protein (71). As deletional studies of the E
protein of DENV4 and TBEV have shown the secretion of E
protein containing a deletion of the TMD at the C terminus,
the ER retention signal is unlikely to be present in the N-
terminal ectodomain of E protein (1, 43). In agreement with
these and previous studies of HCV and YFV, our chimeric
experiment suggested that the TMD of DENV E protein con-
tains an ER retention signal (10, 11, 14, 19, 54). Since there is
no CY domain in the E protein (74) and no previously re-
ported ER retention or retrieval motif based on sequence
analysis (Table 1), the ER retention of DENV E protein most
likely is due to the intrinsic properties of the TMD. By using
the approach of site-directed mutagenesis, we demonstrated
that the length and some nonhydrophobic residues of the
TMD of DENV E protein are critical for its retention and
assembly in the ER. To our knowledge, this is the first study
reporting the determinants in the TMD of a viral E protein
that are important for its intracellular localization in the ER.
Moreover, our findings that modifications of the TMD led to
the increased production of VLPs provided important infor-
mation for the application of flaviviral VLPs as serodiagnostic
antigens and candidate vaccines.

FIG. 5. Glycosylation pattern of PrM/E expression constructs containing different mutations in the TMD. (A) Lysates derived from 293T cells
transfected with each of these constructs were treated with endo H (H) or PNGase F (F) and subjected to Western blot analysis by using serum
from a confirmed DENV2 case (70). Data are presented as described for Fig. 2C. (B) The ratio of the intensity of the endo H-resistant band to
that of the endo H-sensitive band was determined for each construct. Data are means and standard errors from three experiments.
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For ER-resident proteins, several specific signals for reten-
tion and retrieval in the ER have been identified, such as
KDEL for the retrieval of ER-soluble proteins from the Golgi
complex to ER, the dilysine motif K(X)KXX at the C terminus
of the CY domain, and the arginine-based motif ��/RRXR at
the N or C terminus of the CY domain for the retention and
retrieval of certain ER membrane proteins (44, 56). For other
ER membrane proteins, the properties of the TMD itself,
including the relatively short length and charged residues or
overall hydrophobicity, were found to be the key determinant
for ER retention, such as cytochrome b5, UBC6, and Ufe1p
(26, 60, 72). On the other hand, the TMDs of Golgi membrane
proteins have been reported to play a major role for retention
in the Golgi complex, such as galactosyltransferase and sialyl-
transferase (3, 39, 51, 52), and their length generally was
shorter than that of the plasma membrane proteins. Since the
concentration of membrane cholesterol, which is believed to
increase the thickness and decrease the deformability of mem-
brane, increases as one proceeds outward along the secretory
pathway, it was proposed that cholesterol plays an important
role in the lipid-based sorting of membrane proteins between
the ER and Golgi complex, as well as between the Golgi
complex and plasma membranes (6, 48).

The analysis of the locations of the assembly of different
enveloped viruses and the length and number of nonhydropho-
bic residues in the TMD of E proteins revealed an interesting
trend, namely, longer TMDs and relatively fewer nonhydro-
phobic residues were found in viruses that assemble at the
plasma membrane, whereas shorter TMDs and more nonhy-
drophobic residues were found in those assembled in the ER
(Table 2). Since flaviviruses contain two helices (T1 and T2) in

the TMD and T2 is believed to be the signal sequence of NS1,
reanalysis including the T1 helix only was performed and re-
vealed virtually the same trend. These findings suggest that
viral E proteins utilize a TMD-dependent and lipid-based sort-
ing mechanism similar to that proposed for cellular proteins.

A closer examination of the amino acid sequences of the
TMD of different flaviviruses revealed that there were 13 to 19
nonhydrophobic residues in the entire TMD, including 4 to 7
in T1, 5 to 7 in T2, and 3 to 6 between T1 and T2 (Tables 1 and
2). With the exception of glycine residues at positions 460, 467,
and 483, these nonhydrophobic residues are not absolutely
conserved per se (Table 1). However, the number of nonhy-
drophobic residues in the entire TMD, more than 13, is much
higher than that of the viruses that assemble at the plasma
membrane, suggesting that it is the composition rather than
the precise amino acid sequence that determines its localiza-
tion in the ER. Notably, a similar finding has been reported for
the TMD of a yeast ER membrane protein, Ufe1p (60). The
distribution of the nonhydrophobic residues in the TMD ap-
pears to be scattered but tends to be more concentrated be-
tween T1 and T2 and at the N terminus of T1 than at the C
terminus of T1 (Table 1). Interestingly, mutations to three
nonhydrophobic residues at the N terminus of T1 (pCB-D2T1-
3LA) but not to those at the C terminus of T1 (pCB-D2T1-
3LB) affected the ER retention phenotype (Fig. 3 to 5), sug-
gesting that the nonhydrophobic residues at the N terminus of
T1 are more important for ER retention than those at the C
terminus of T1. Of note, mutations introduced into nonhydro-
phobic residues at T2 (pCB-D2T2-3IA and pCB-D2T2-3IB)
and between T1 and T2 (pCB-D2T1T2-4I) resulted in a
smaller amount of PrM protein relative to that of E protein in

FIG. 6. Interaction between PrM and E proteins. (A) Radioimmunoprecipitation assay. 293T cells transfected with the PrM/E expression
constructs were labeled with [35S]methionine at 20 h posttransfection, immunoprecipitated with anti-E MAb FL0232, and subjected to 12% PAGE
as described in Materials and Methods. Arrowheads indicate E and PrM proteins. (B) Sucrose gradient sedimentation analysis. Cell lysates derived
from 293T cells transfected with PrM/E expression constructs were subjected to 5 to 20% (wt/wt) sucrose gradient ultracentrifugation, and each
of the 13 fractions was collected and subjected to Western blot analysis using serum from a confirmed DENV2 case (70). Molecular mass markers
are shown in kDa. The intensities of the E and PrM bands in each fraction were determined and are presented as the percentage of total intensities
of E and PrM bands, respectively, below each lane. Arrows indicate the shift of the peak of E protein in some mutants.

FIG. 7. Production of VLPs by PrM/E expression constructs containing different mutations in the TMD (T1 and T2 helices). Forty-eight hours
after transfection to 293T cells, cell lysates (A) and pellets (B) derived from culture supernatants by 20% sucrose cushion ultracentrifugation were
subjected to Western blot analysis using serum from a confirmed DENV2 case (70). Arrowheads indicate PrM and E proteins recognized by the
DENV2 serum, which did not react with lysates of mock-transfected cells (data not shown). The PrM bands of pellets after long exposure are shown
below. Molecular mass markers are shown in kDa. One representative experiment of more than three is shown.
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the pellets (Fig. 7B and data not shown), suggesting that the
nonhydrophobic residues at T2 or between T1 and T2 also are
involved in maintaining the stability of PrM protein in pellets.

We also examined the effect of the TMD mutations on the
PrM-E heterodimeric interaction and the production of VLPs
and found that most of the mutants did not greatly affect the
interaction between PrM and E proteins, except mutant pCB-
D2T1-3LA, which contained mutations of three nonhydropho-

bic residues at the N terminus of T1 (positions 452, 454, and
456). This is generally in agreement with a recent study of the
TMD of YFV E protein, in which alanines inserted into the C
terminus of T1 (corresponding to DENV E positions 457, 461,
and 465) or T2 (DENV E positions 479, 483, and 487) helix did
not affect the PrM-E interaction (53) and suggests that the N
terminus of T1 helix is involved in PrM-E heterodimerization.
It is worth noting that the extent of reduced PrM-E interaction
by mutant pCB-D2T1-3LA compared to that of pCB-D4d395
(Fig. 6) did not cause impaired VLP production. This is in
contrast to the study of TBEV, in which deletional mutations
at the C terminus of E protein resulted in the severe impair-
ment of PrM-E interaction and VLP production (1). For the
production of VLPs, interestingly we found that the TMD
mutants that showed a tendency to release E protein from the
ER, including pCB-D2T1-6L, pCB-D2T1-3LA, pCB-D2T2-
3IA, pCB-D2T2-3IB, and pCB-D2T1-ins, produced greater
amounts of VLPs than wild-type pCB-D2. Notably, the obser-
vation that two mutants at T2 (pCB-D2T2-3IA and pCB-
D2T2-3IB) affected VLP production was in agreement with a
recent report by Orlinger et al. that T2 of TBEV E protein has
an essential function for virus assembly (55). Probably due to
the rapid process of budding and transport of VLPs outside of
cells as reported for several flaviviral particles (31, 38, 40, 68),
subcellular fractionation experiments with four such TMD mu-
tants did not reveal accumulation and thus increased amounts
of VLPs in the soluble fraction. The enzyme digestion exper-
iments with these TMD mutants revealed significant amounts
of endo H-resistant bands in both membrane and soluble frac-
tions (Fig. 8B and C), a finding consistent with that from the
total cell lysates (Fig. 5B), and suggested that significant
amounts of E protein of these TMD mutants and their VLPs
were present in the trans-Golgi complex or beyond. Whether
the PrM/E proteins of these TMD mutants, once released from
ER, could produce VLPs at the trans-Golgi complex or beyond
remains to be investigated. We have carried out a sucrose
gradient subcellular membrane fractionation assay to separate
the Golgi complex (fractions 1 and 2) and ER compartments
(fractions 8 to 13). Compared with pCB-D2, increased levels of
TMD mutant E proteins were found in the Golgi compart-
ment; however, the amount was too little for further experi-
ments to separate the membrane and soluble fractions and
examine whether these TMD mutants produce VLPs in the
Golgi compartment (data not shown). Future studies using
electron microscopy (EM) might provide morphological infor-
mation regarding the subcellular location of these TMD mu-
tants and how they produce increased VLPs.

The cryo-EM study of DENV virions at high resolution
revealed that the T1 and T2 helices of the TMD form an
antiparallel coiled-coil structure in the membrane, leaving the
C terminus end toward the lumen of the ER (74). Alanine
scanning insertion mutagenesis, in which a single alanine in-
serted into a helix in the TMD displaces the residues on the N
terminus of the insertion by 110° relative to those on the C
terminus, has been utilized to study the helix-helix interaction
in the membrane. Notably, two alanine insertional mutants in
the TMD of YFV (corresponding to DENV E positions 465
and 479) greatly impaired the production of VLPs (53),
whereas our TMD mutants did not, suggesting that the poten-
tial helix-helix packing, which could be disrupted by single

FIG. 8. Subcellular fractionation experiment of TMD mutants with
increased production of VLPs. (A) 293T cells transfected with mock
and PrM/E expression constructs were resuspended in modified buffer
B and frozen-thawed (27). After clearing the nuclei and debris, the
membrane fraction and the pellets derived from the soluble fraction by
20% sucrose cushion ultracentrifugation were subjected to Western
blot analysis by using serum from a confirmed DENV2 case (upper)
(70) and then reprobed with anti-calnexin MAb (lower). Arrowheads
indicate PrM, E, and calnexin. (B) Membrane fraction and (C) pellets
of the soluble fraction of each transfectant were treated with endo H
(H) or PNGase F (F) and subjected to Western blot analysis by using
serum from a confirmed DENV2 case (70). The ratio of the intensity
of the endo H-resistant band to that of the endo H-sensitive band is
shown below the gels. Arrowheads indicate E or deglycosylated E
protein (Edg). Molecular mass markers are shown in kDa. One rep-
resentative experiment of two is shown.
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alanine insertion but not by our mutants involving substitutions
or insertion at the end of T1 helix, is important for the pro-
duction of VLPs. In addition, previous study of DENV2 PrM/
E-expressing constructs has shown that substitutions intro-
duced into three residues (positions 398, 401, and 412) at the
hydrophobic face of the stem helix enhanced the production of
VLPs and suggested that an increase in the hydrophobicity and
flexibility of the stem influences the curving and bending of the
lipid membrane and lead to increased VLP production (57). In
this regard, our study of TMD mutants suggests that an in-
crease in the hydrophobicity at the N terminus of T1 or at
either the N or C terminus of T2 as well as an increase in the
length of T1 also may affect the curving and bending of the
lipid membrane, thus leading to increased VLP production;
nonetheless, the mechanisms remain to be investigated.
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