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FIG. 2. Binding of soluble EIII to BHK21 and C6/36 cells. BHK21 cells (A) or C6/36 cells (B) were mock treated (black line) or treated with
various amounts of biotinylated EIII protein as indicated on the figure and analyzed by FACS as described previously (14).

even at 1,200 pg/ml, did not inhibit DEN-2 plaque formation.
Therefore, we used EIII at the concentration of 300 pg/ml in
all subsequent blocking experiments. To test whether EIII also
block infections of DEN-1, DEN-3, and DEN-4 on BHK21
cells, we incubated BHK21 cells with EIII at 30 and 300 wg/ml

prior to virus infection and assayed for plaque reduction (Fig.
3A, right panel). The results indicated that EIIl reduced
plaque formation by DEN-1, DEN-3, and DEN-4 on BHK21
cells as completely as for DEN-2. In contrast, EIII slightly
inhibited JEV plaque formation by 25%, and there was no
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FIG. 3. Soluble EIII inhibits DV infection to BHK21 and C6/36 cells by blocking virion binding to cells. (A) EIII blocked DEN-2 infection on
BHK21 cells. (Left panel) BHK21 cells were mock treated or treated with various concentrations of BSA or EIII, as shown at the bottom of the
figure, and infected with DEN-2 (16681) at an MOI of 5 PFU per cell. At 24 h p.i., the cell cultures were harvested and the virus titers were
determined by plaque assays on BHK21 cells. (Right panel) BHK21 cells were treated with EIIT (30 or 300 pg/ml) and infected with different
viruses, at an MOI of 5 PFU per cell, as shown at the bottom of the figure. At 24 h p.i., cell cultures were harvested and the respective virus titers
were determined by plaque assays on BHK21 cells. % Viral replication = (the number of plaques produced with EIIl/the number of plaques
produced without EIII treatment) X 100. (B) EIII blocked DV binding to BHK21 cells. BHK21 cells were treated with EIII (300 pg/ml) for 2 h
and then infected with DEN-1, -2, -3, or -4, JEV, or VV at an MOI of 5 PFU per cell. Cells were immediately harvested after virus infection and
used for immunoblot analyses with either MAb 4G2 against E protein (for DEN1 to DEN4) or a rabbit serum against whole virions (for JEV and
VV). The blots were scanned and quantitated with Image Gauge, version 3.45, installed on a FUJIFILM LAS-1000 plus pictrography 3000 (Fuji
Inc.). For JEV and VV blots, the most abundant three bands were averaged for quantitation. (C) EIII blocked DV infection on C6/36 cells. C6/36
cells were treated with EIII (30 or 300 pg/ml) as described for panel A. At 24 h p.i., cell cultures were harvested and the respective virus titers
in supernatant were determined on BHK21 cells. (D) EIII blocked DV binding to C6/36 cells. C6/36 cells were treated with EIII (300 wg/ml) for
2 h and then infected at an MOI of 5 PFU per cell with DEN-1, -2, -3, or -4, JEV, or VV. Cells were immediately harvested after virus infection,
and the amount of virus bound to cells was determined by immunoblot analyses as described for panel B. (E) EIII blocked infection of four
low-passage DV isolates on BHK21 and C6/36 cells. BHK21 and C6/36 cells were treated with EIII (30 or 300 pg/ml) and infected with low-passage
DVs. At 24 h p.i., cell cultures were harvested and the respective virus titers in supernatant were determined on BHK21 cells. (F) Binding of four
low-passage DV isolates on BHK21 and C6/36 cells was blocked by EIIl. BHK21 and C6/36 cells were treated with BSA or EIII (300 pg/ml) for
2 h and infected with each of the four low-passage DV isolates and harvested for immunoblot analyses as described for panel B. The low-passage
DV isolates used for panels E and F are identical.
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inhibition to VV plaque formation on BHK21 cells. These
results showed that soluble EIII specifically inhibits DV infec-
tion of BHK?21 cells in a serotype-independent manner.

We next investigated whether the inhibitory effect of EIII
was at the virion binding step. BHK21 cells was preincubated
with EIII and infected with DEN-2 at an MOI of 5 PFU per
cell. Cells were harvested immediately after virus infection for
immunoblot analyses to determine the amount of bound viri-
ons on cells. As shown in Fig. 3B, preincubation of cells with
soluble EIII significantly reduced the amounts of virion E
protein bound to cells, indicating that EIII blocked virion ad-
sorption to cells. EIII not only blocked binding of DEN-2
virion but also blocked binding of DEN-1, DEN-3, and DEN-4
virions, indicating that EIII blocked adsorption of DV of all
four serotypes to BHK21 cells.

EIII was also tested for its ability to block DEN-2 infection
of C6/36 cells (Fig. 3C). Consistent with the results with
BHK21 cells, EIlI, at 300 pg/ml, effectively blocked DEN-2
virus infection down to 4.5% of control infection. However,
EIII exhibited less inhibition to DV of other serotypes than to
DEN-2. EIII did not significantly inhibit virus infection by
control JEV or VV on C6/36 cells. Thus, EIIl blocks DV
infection of C6/36 cells in a serotype-specific manner.

To determine whether EIII blocks virus binding to C6/36
cells, blocking experiments similar to those described above
were performed and the results are shown in Fig. 3D. The
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amounts of cell-associated DEN-2 virions were significantly
reduced if C6/36 cells were pretreated with EIII prior to virus
infection. Interestingly, EIII blocked binding of DEN-1, -3,
and -4 to C6/36 cells to different extents, consistent with the
plaque reduction results shown in Fig. 3C. We concluded that
EIII reduced dengue virion binding to C6/36 cells in a sero-
type-specific manner.

We obtained several clinical DVs isolated from local hospi-
tals, and these viruses were grown up with minimal passages
(<3) to minimize mutations generated from long-term pas-
sages. We tested whether DV replication (Fig. 3E) or virion
binding of these DV isolates on BHK21 and C6/36 cells (Fig.
3F) is affected by EIII. Consistent with results obtained from
the four prototype viruses, infection and adsorption of these
low-passage viruses were also reduced by EIIl on BHK21 and
C6/36 cells. In addition, the inhibitory effect of EIIl on BHK21
cells was broad, whereas on C6/36 cells remained serotype
specific.

In summary, the results in Fig. 3 indicate that EIII interferes
with dengue virion adsorption to both BHK21 and C6/36 cells.
In addition, the blocking effect of EIIl on BHK21 cells is
serotype independent, whereas on C6/36 cells, it appeared
serotype specific, indicating the mode of EIII binding to these
two cell lines may not be identical.

EIII binds to HSs on BHK21 cells. Previous studies indicate
that cell surface HS is involved in attachment of DV to Vero
and CHO cells. Furthermore, EIII sequences contain part of
the putative HS-binding sequencers, i.e., residues 284 to 310
and 386 to 411 (11). The role of putative HS-binding sites on
EIII in binding to BHK21 and C6/36 cells was examined with
a binding competition assay. Biotinylated EIII was incubated
with BHK21 cells in the presence or absence of soluble GAGs,
and the level of EIII binding to cells was analyzed by FACS
(Fig. 4). Binding of EIII to BHK21 cells caused a significant
increase in fluorescence intensity (Fig. 4A, top panel), but HP
(1 pg/ml) reduced fluorescence significantly (Fig. 4A, left
panel). Higher HP concentrations (10 or 100 pg/ml) decreased
and completely blocked EIII binding to BHK21 cells. How-
ever, CS and DS did not inhibit binding of EIII to BHK?21 cells
(Fig. 4A, middle and right panels), indicating that EIII binds
specifically to cell surface HS on BHK21 cells.

Although the above-described competition assays with sol-
uble GAGs have been widely used in cell binding analyses, they
are, nevertheless, indirect measurements of cell surface inter-
action. Direct binding of EIII to cell surface HS was confirmed
by measuring binding of EIII to cell lines expressing different
GAGs. Mouse L cells express HS and CS on their surfaces,
whereas a mutant cell line derived from L cells, gro2C, ex-
presses only CS (24). Sog9 cells, which were selected from
gro2C, lack expression of HS and CS (2). These mutant cells
were used previously to study interaction between cell surface
GAGs and envelope proteins of herpes simplex virus type 1
and VV (20, 34, 38, 42, 80). Biotinylated EIII bound to BHK21
and L cells, causing a detectable fluorescence shift, as expected
(Fig. 4B, upper panels). In contrary, EIII did not bind to gro2C
or sog9 cells (Fig. 4B). These results are consistent with the
fact that soluble HP interferes with EIII binding to BHK21
cells and provide direct evidence that EIII interacts with cell
surface HS.
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FIG. 4. The role of cell surface HS in EIII binding to BHK21 cells and C6/36 cells. (A) EIII binding to BHK21 cells was competed by HP.
BHK21 cells were incubated with PBS (Bg), biotinylated EIII alone (+ EIII), or biotinylated EIII with addition of 1, 10, or 100 wg of each of the
soluble GAGs (HP, CS, and DS)/ml. Cells were analyzed by FACS as described previously (42). (B) HS is required for EIII binding. BHK21, L,
gro2C, and sog9 cells were incubated with PBS (gray area) or biotinylated EIII (black line) and analyzed by FACS as described previously (42).
(C) EIII binding to C6/36 cells is HS independent. C6/36 cells were incubated with PBS (Bg), biotinylated EIII alone (+ EIII), or biotinylated EIII
with addition of 1, 10, or 100 pg of each of the soluble GAGs (HP, CS, and DS)/ml and analyzed by FACS. The arrows indicate the positions of
the peak of cell fluorescence intensity obtained with EIII binding alone (+ EIII).

EIII binding to mosquito C6/36 cells is GAG independent.
GAG competition assays were also performed with EIIIl and
C6/36 cells to determine whether GAGs interfere with EIII
binding to these cells (Fig. 4C). Soluble HP did not block EIII
binding to C6/36 cells at the 1-, 10-, or 100-g/ml level (Fig. 4C,
left panel). Furthermore, CS and DS had no effect on binding
of EIII to mosquito cells (Fig. 4C, middle and right panels).
Thus, EIII binds to C6/36 cells in a GAG-independent manner.
This difference of EIIl in GAG dependence may reflect the
fact that EIII utilizes distinct structural elements or motifs
when binding to BHK21 and C6/36 cells.

EIII binds to mosquito cells through a lateral loop region
containing aa 380 to 389. Computer modeling of the TBEV E
protein has been used to identify solvent-accessible regions in
the lateral loops of EIII (68). One of these regions at aa 360 to
366, corresponding to DV2-2 sequences in DEN-2, is hyper-
variable and could be subdivided into distinct groups based on
vector usage (Fig. SA). Another loop region corresponds to aa
380 to 389 of DV2-1 sequences, which includes an insertion of
four amino acids forming an extended loop structure (57). This
extended loop region is conserved in DV and other mosquito-
borne viruses but is absent in tick-borne viruses (68). Addi-
tional computation analysis of DV E protein for identification
of functional loops also predicted DV2-1 to be a potential

ligand binding site on EIII (T. Cheng and C. Lim, unpublished
data). To test the role of these two regions of EIII in host cell
interaction, two peptides, DV2-1 and DV2-2, were synthesized.
The third peptide, DV2-3, was synthesized with residues from
aa 360 to 389, which includes both DV2-1 and DV2-2 se-
quences, and used in the competition studies (Fig. 5A, lower
panel).

BHK21 or C6/36 cells were pretreated with DV2-1, DV2-2,
or DV2-3 at 100 wg/ml and subsequently incubated with bio-
tinylated EIII protein. The amount of EIII binding to cells was
measured by FACS. None of these peptides inhibited EIII
binding to BHK21 cells (Fig. 5B). However, DV2-1, but not
DV2-2, interfered with binding of EIII to C6/36 cells (Fig. 5C).
DV2-3, a longer peptide comprising both DV2-1 and DV2-2
sequences, inhibited EIII binding to approximately the same
extent as DV2-1 alone. These data suggest that the lateral loop
region of aa 380 to 389 may play a role in EIII binding to C6/36
but not to BHK21 cells.

To investigate whether DV2-1 blocks EIII binding to C6/36
cells in a serotype-specific manner, we synthesized three addi-
tional peptides, DV1-1, DV3-1, and DV4-1, which contain
residues corresponding to aa 380 to 389 in the DEN-1, DEN-3,
and DEN-4 serotypes, respectively (Fig. 5A, lower panel).
These peptides were tested for their ability to block DEN-2
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FIG. 5. Synthetic peptides containing an external loop region blocked EIII binding to C6/36 but not BHK21 cells. (A) Alignment of amino acid
sequences of EIII region among flaviviruses. Residues 360 to 366 and 380 to 389 of DV and the corresponding regions of other flaviviruses are
boxed. The amino acid sequences of DV2-1 and DV2-2 are double underlined. Synthetic peptides are shown in the lower panel. DV2-1, DV2-2,
and DV2-3 are derived from EIII of DEN-2, and DV1-1, DV3-1, and DV4-1 are derived from EIII of DEN-1, DEN-3, and DEN-4. (B and C)
BHK21 cells (B) and C6/36 cells (C) were incubated with PBS (Bg) and biotinylated EIII in the absence (+ EIII) or presence (DV2-1, DV2-2,
and DV2-3) of synthetic peptides and analyzed by FACS. (D) C6/36 cells were incubated with PBS (Bg), biotinylated EIII alone (EIII), or
biotinylated EIII with addition of each synthetic peptide (EIIl + DV2-1, EIIl + DV2-3, EIIl + DV1-1, EIIl + DV3-1, and EIIl + DV4-1) and
analyzed by FACS. The arrows indicate the positions of the peak of cell fluorescence intensity obtained with EIII binding alone (+ EIII).

EIII binding to C6/36 cells as described above. The results
showed that while the control DV2-1 and DV2-3 peptides
significantly blocked biotinylated EIII binding to C6/36 cells,
DV3-1 and DV4-1 showed moderate inhibitory activity and
DVI1-1 showed minor competition activity in FACS analysis
(Fig. 5D). The results thus revealed that peptides synthesized
from the loop region blocked EIII binding to C6/36 cells in a
serotype-specific manner.

DISCUSSION

This study analyzes structural elements of EIIl of DV type 2
E protein that are required for binding to mammalian and
mosquito cells. The results show that EIII plays an important
role in DV infection of mammalian BHK21 and mosquito
C6/36 cells. Soluble EIII binds to and blocks infection of DV
on BHK21 and C6/36 cells. These results are consistent with
previous reports that mutations within domain III of flavivirus
exhibited reduced virulence (8, 29, 40, 48, 50, 51, 64, 73, 79).
This study also demonstrated that EIII interacts differently
with mammalian BHK21 and mosquito C6/36 cells.

The crystal structure of DV E protein has recently been
solved and showed a high degree of conservation with that of

TBEYV E protein (57, 68). The EIII regions of TBEV and DV
are shown in Fig. 6. There are six conserved lysine residues in
DV that lie in the putative HS-binding sites of EIIl. Four
lysines at K295, K305, K310, and K394 of DV E protein cor-
respond to K300, K311, K315, and K395 in TBEV and are
conserved in all four serotypes of DV. Additionally, K307 is
conserved in DEN-1, -2, and -4, and K393/R393 is conserved in
all four serotypes. These lysine residues could directly contrib-
ute to highly positive charges important for EIII binding to HS
moiety on cells. Since there is little serotype-specific variation
for these lysine residues, it is expected that EIII of all serotypes
binds to cell surface HS. Attachment to HS is not just an
adaptation process as a consequence of continuous laboratory
passages in vitro, because EIII also blocked infections of virus
isolates of low passage numbers (<3) to BHK21 cells. Al-
though our data showed that DEN-2 EIII mainly binds to HS
on BHK21 cells, it remains possible that EIIl may bind to other
coreceptors on the cell surface through postbinding conforma-
tional change. It is also likely that other regions of viral E
protein, i.e., domains I and II, will participate in coreceptor
recognition and fusion steps during DV entry into mammalian
cells.

HS-binding sites do not appear to play a role in the inter-
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FIG. 6. The putative HS-binding site and the external loop region in EIII of DV. The monomer structures of domain IIT of TBEV and DV,
based on the crystal structures of E protein of TBEV and DV, are shown in detail (57, 68). Conserved lysine residues within the putative
HS-binding sites of TBEV and DV are shown in cyan. Two lysine residues within the putative HS-binding sites that are conserved in DV but not
in TBEV, K307 and K393, are shown in dark blue. The orange line represents the external loop region, i.e., DV2-1, from aa 380 to 389, including
the central core sequences shown in red. The green line shows the DV2-2 region from aa 360 to 366.

action between DV and mosquito C6/36 cells. Instead, this
study suggests that a lateral loop region in DEN-2 EIII could
play an important role during DV infection of C6/36 cells. The
length of the external loop region is conserved in DVs, but
certain residues within this loop region vary in a serotype-
specific manner in DV. For example, the central different core
residues within the loops are AGEK, VEPG, IGDK, and
VGNS in DEN-1, -2, -3, and -4, respectively. These four resi-
dues are very different from the corresponding core residues,
i.e., RG(D/E)(K/Q), present in other flaviviruses transmitted
by mosquitoes, such as JEV.

The fact that DEN-2 EIII inhibits infection of DV on C6/36
cells in a serotype-dependent manner could be explained by
several hypotheses. The simplest explanation is that DV of
each serotype binds to different molecules on C6/36 cells. In-
deed, 40- to 45-kDa cell surface proteins were observed to bind
DEN-4 in C6/36 cells, whereas proteins of 67 and 80 kDa in
size were reported to bind DEN-2 (60, 72, 83). Alternatively, it
is possible that EIII has a different affinity for the same mol-
ecule on C6/36 cells, depending on the exact core sequence of
the loop region in DEN-1 to -4. Thus, soluble DEN-2 EIII
would most effectively inhibit infection by DEN-2, if EIII from
other serotypes has a higher affinity for its cell surface target.
This idea is consistent with a previous report suggesting that
DV binds HL60 cells in an HS-independent manner and varies
for different DV serotypes (6). We have not expressed EIII

from other serotypes of DV yet. In the future, comparative
studies of EIII of all four serotypes for binding to mosquito
cells may provide direct measurement to clarify this issue. It
has been suggested that E protein-mediated membrane fusion
requires postbinding conformational changes that promote a
dimer-to-trimer transition (22, 39, 65). Whether domain III, in
addition to blocking virion adsorption, plays any additional
role in homophilic dimer-to-trimer transition is currently un-
known. We cannot exclude any of the above hypotheses at this
point, and more work is needed in the future to help clarify this
important issue.

The synthetic peptides that blocked EIII binding to cells
contain residues located in the extended portion of a lateral
loop of EIII (Fig. 6). The length of this loop is longer in
flaviviruses transmitted by mosquitoes (i.e., DV, JEV) than in
viruses transmitted by other vectors (i.e., TBEV). It is tempting
to speculate that this extended loop binds specifically to a
putative receptor on mosquito cells, and the search for such
molecules is currently under investigation. Finally, DC-SIGN,
a cell surface lectin, was recently shown to mediate DV infec-
tion of human dendritic cells (61, 81). Currently, it is not
known how DC-SIGN interacts with virion E protein during
DV infection. Whether EIII could block DC-SIGN-mediated
DV entry will be investigated in the near future.

The mechanism by which a virus infects its target host cell is
a major determinant of the cellular tropism of the virus and is
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critical for viral pathogenesis. This study suggests that DV has
evolved different structural regions on E protein to infect
mammalian and mosquito cells. This could confer a selective
advantage for DV during evolution. For example, if an iden-
tical structural motif is required to infect mammalian and
mosquito host cells, any mutation in E protein that reduces
virulence or pathogenicity in the mammalian host would also
be likely to affect virus transmission in the mosquito vector. On
the other hand, if separate structures of E protein are used for
infecting different hosts, mutations of E protein to escape
neutralization in human cells could occur without affecting
virus infection of mosquito vectors. Additional studies are
needed to elucidate the molecular mechanism of DV entry into
different host cells.
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