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The flavivirus dengue virus (DV) infects cells through a low-pH-triggered membrane fusion reaction medi-
ated by the viral envelope protein E. E is an elongated transmembrane protein with three domains and is
organized as a homodimer on the mature virus particle. During fusion, the E protein homodimer dissociates,
inserts the hydrophobic fusion loop into target membranes, and refolds into a trimeric hairpin in which
domain III (DIII) packs against the central trimer. It is clear that E refolding drives membrane fusion, but the
steps in hairpin formation and their pH requirements are unclear. Here, we have used truncated forms of the
DV E protein to reconstitute trimerization in vitro. Protein constructs containing domains I and II (DI/II) were
monomeric and interacted with membranes to form core trimers. DI/II-membrane interaction and trimeriza-
tion occurred efficiently at both neutral and low pH. The DI/II core trimer was relatively unstable and could
be stabilized by binding exogenous DIII or by the formation of mixed trimers containing DI/II plus E protein
with all three domains. The mixed trimer had unoccupied DIII interaction sites that could specifically bind
exogenous DIII at either low or neutral pH. Truncated DV E proteins thus reconstitute hairpin formation and
define properties of key domain interactions during DV fusion.

Dengue virus (DV) is a flavivirus that is spread by mosqui-
toes and causes millions of cases of disease each year world-
wide (2, 9, 17). DV infection can result in dengue hemorrhagic
fever, a more lethal disease that leads to ~500,000 hospital-
izations and ~12,500 deaths per year (10, 39). DV is currently
endemic in more than 100 countries, including the United
States (17), and the World Health Organization estimates that
about 40% of the world’s population lives in areas where den-
gue fever is endemic (39). As yet, there is no licensed DV
vaccine or antiviral therapy. Studies of the molecular mecha-
nisms of the virus life cycle are important to the development
of new antiviral strategies.

Flaviviruses such as DV are small, highly organized envel-
oped viruses with plus-sense single-stranded RNA genomes
(reviewed in references 21 and 25). The flavivirus particle
contains 3 structural proteins: a capsid protein, which associ-
ates with the genomic RNA to form the viral core, and two
membrane proteins, the M protein and the membrane fusion
protein E. Like many enveloped viruses, flaviviruses infect cells
via endocytic uptake and a membrane fusion reaction triggered
by the low pH within endosomes (38). Low-pH-triggered mem-
brane fusion is mediated by conformational changes in the
viral E protein, which converts from a prefusion E homodimer
to a target membrane-inserted homotrimer. The structure of
the DV E ectodomain in the prefusion form shows an elon-
gated finger-like molecule with three domains (DI, DII, and
DIIT) composed primarily of B-sheets (22, 24, 42) (Fig. 1A; see
also Fig. 7). The central DI is connected to DII. The distal tip
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of DII contains the hydrophobic fusion loop, the region of E
that inserts into the target membrane during fusion. On the
other side, DI connects via a short linker to DIII, an immuno-
globulin-like domain. In the full-length viral E protein, DIII is
followed by the stem, which contains 2 helical regions (H1 and
H2) connected by a conserved sequence (CS). The stem con-
nects to the C-terminal transmembrane (TM) anchor. The
E-protein homodimer is arranged in a head-to-tail fashion,
with the fusion loop on DII of each E protein hidden in a
pocket formed by DI and DIII of its dimeric E partner.
Upon exposure to low pH, the homodimer dissociates and
the E proteins insert their fusion loops into the target mem-
brane and form very stable homotrimers (reviewed in refer-
ence 12). The structure of the DV E ectodomain trimer reveals
that trimerization is mediated by dramatic domain movements
(23, 26). The central region of the trimer is composed of DI
and DII. DIII rotates by about 70°, folds back toward the target
membrane, and packs against the grooves formed by DI and
DII in the central trimer. During this refolding, part of the
DI-DIII linker region inserts into a B-sheet of DI. These linker-DI
rearrangements produce significant intersubunit contacts at
the membrane-distal region of the trimer. The DV E protein
stem region is not present in the trimer structure, but its length
is sufficient to extend along the central trimer and connect with
the TM domain. The final postfusion trimer thus has a hairpin-
like conformation with the fusion loops and TM domains at the
same end of the molecule. The pre- and postfusion struc-
tures of the alphavirus E1 protein (8, 18, 29) are very similar
to those of the flavivirus E proteins, suggesting common
features of membrane fusion between the two virus groups.
Biogenesis of flavivirus particles occurs by budding into the
endoplasmic reticulum (ER) and transit through the secretory
pathway. The M protein is synthesized in the ER as a precursor
protein termed prM, which forms a heterodimer with the E
protein in the ER and on the nascent immature virus particle
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FIG. 1. Production and characterization of truncated DV2 E proteins. (A) Constructs used to express truncated forms of the DV2 E protein.
At the top is a linear diagram of the full-length DV2 E protein, with DI indicated in red, DII in yellow, the fusion loop in green, the DI-DIII linker
in cyan, DIII in dark blue, and the stem and TM regions in gray. L indicates the linker, and H1, CS, and H2 indicate the stem regions helix1,
conserved sequence, and helix2, respectively. The residue numbers of the domain boundaries are listed below the diagram. The four S2 expression
constructs primarily used in this work are shown in the middle rows. The E’-ST protein is truncated at residue 395 (DV2-NGC E-protein
numbering), DI/IL is truncated at residue 291, DI/II-L is truncated at residue 301, and the sequences are joined to the Strep or His tag (underlined)
used for protein purification. The four DIII constructs are shown in the bottom rows, where LDIII comprises E residues 289 to 395, DIIIH1
residues 296 to 415, LDIIIHI residues 289 to 415, and LDIIIH1CS residues 289 to 430. (B) Purified truncated E proteins were electrophoresed
on SDS gels (left, 4 to 20% acrylamide; right, 10% acrylamide) under nonreducing conditions unless indicated and stained with Coomassie blue.
The calculated mass of each protein (without modifications) is shown in kDa below each lane. DTT, dithiothreitol. (C) Sedimentation analysis of
E proteins. Samples of purified E proteins were separated on sucrose sedimentation gradients in TAN buffer, pH 8.0, without detergent. Fractions
were analyzed by SDS-PAGE, Western blotting, and Licor quantitation, all as described in Materials and Methods. Fraction 1 is the top of the
gradient. (D) Inhibition of DV2 fusion by DIII proteins. Serial dilutions of DV2 were bound to BHK cells on ice and treated at pH 5.7 in the
presence of the indicated DIII proteins at a final concentration of 50 wM or in buffer alone (control). Cells infected by virus fusion with the plasma
membrane were quantitated by immunofluorescence. The data shown are the averages and standard deviations of three independent experiments.

(19, 40, 41). Exposure to low pH in the trans-Golgi network
mediates rearrangement of the viral envelope proteins and
allows furin processing of prM to produce pr peptide and the
mature M protein (32). The pr peptide remains associated with
E throughout the low-pH environment of the secretory
pathway, thereby protecting the virus from premature fusion
until it is released from the cell (19, 40, 41). In the mature
virus particle, the prefusion E homodimers are oriented
tangentially to the virus membrane and form a herringbone-
like pattern on the virus surface, essentially covering the
virus membrane (16, 25).

Thus, extensive structural information is available for both
the DV E protein homodimer and the low-pH-induced E ho-
motrimer. In contrast, the intermediates and mechanisms in-
volved in the dramatic conformational transition from prefu-
sion to postfusion E are relatively undefined. Recent studies of
the flavivirus West Nile virus (WNV) suggest that an early
fusion intermediate involves an extension of the stem region

prior to dimer dissociation (15). Studies of the flavivirus tick-
borne encephalitis (TBE) virus at pH 10 suggest that initial
membrane insertion occurs via an E monomer (36). DV fusion
and infection are inhibited by the addition of exogenous DIII
during the E conformational change (20), implying that the
central trimer region is formed before complete foldback of
DIII. The presence of stem peptides can inhibit infection by
DV and WNV, indicating the importance of stem interactions
during hairpin formation (13). The dissociation of the TBE
virus E dimer at low pH is dependent on a key histidine residue
on DIII (H323; TBE virus numbering), which also promotes
formation of the stable E trimer (5). However, studies of WNV
indicate that viral E triggering is not controlled by protonation
of a critical histidine residue (27). A better understanding of
E-protein conformational changes during trimerization is im-
portant to define such intermediate steps and to evaluate their
usefulness as targets for fusion inhibitors.

Toward this end, in this study we expressed truncated forms
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of the DV E protein and used them to reconstitute steps in the
trimerization reaction. This in vitro system allowed us to char-
acterize the features of E protein involved in the formation of
a stable central trimer and in DIII foldback. Our results sug-
gest that monomeric DI/IT proteins insert their fusion loops
into target membranes and form a core trimer at either neutral
or low pH. This core trimer is relatively unstable and can be
stabilized by the binding of DIII, thus reconstituting hairpin
formation.

MATERIALS AND METHODS

Virus and protein constructs. Virus experiments and protein constructs were
based on DV2 New Guinea C (DV2-NGC) virus (kindly provided by John
Roehrig, Center for Disease Control, Fort Collins, CO) and its infectious clone
JES18 (28) (kindly provided by Barry Falgout and Jane Byrne, U.S. Food and
Drug Administration). To generate the Drosophila expression constructs, the
sequence of DV2 prM from nucleotide (nt) 439 in the DV2-NGC infectious
clone JESIS8 to the indicated residue of the E protein was PCR amplified and
cloned into the expression vector pMT/Bip/V5-His A containing the Drosophila
metallothionein promoter (Invitrogen, Carlsbad, CA) (31, 37). This plasmid was
modified to replace the V5-HisA tag with 1 or 2 Strep tags as indicated in the
legend to Fig. 1A. DIII constructs were generated by PCR and subcloned into
pET-14b (Novagen) as previously reported for DIITH1 (20). All sequences en-
coding viral proteins were confirmed by DNA sequencing.

Protein expression and purification. Expression of the DV2 prM protein and
truncated E proteins in Drosophila S2 cells was performed as previously de-
scribed (14, 31, 37). In brief, the constructs were cotransfected into Drosophila S2
cells with either the pCo-BLAST selection vector (Invitrogen) or a puromycin
selection vector (a kind gift of Félix Rey), and stable cell populations were
selected. Protein expression was induced by treatment of shaking cultures of S2
cells in serum-free medium with 500 to 750 wM copper sulfate for 7 to 9 days.
His-tagged E proteins were purified by affinity chromatography on chelating
Sepharose, followed by gel filtration on Superdex-200, as previously described
(31). The purification of Strep-tagged proteins followed the protocol from IBA
BioTAGnology (Goettingen, Germany). Briefly, the culture medium was col-
lected, concentrated 10 to 20-fold in some cases using a Vivaflow-200 cassette,
adjusted to a final concentration of 100 mM Tris, pH 8.0, and 15 pg avidin/ml,
and loaded onto a 1-ml Strep-Tactin column from IBA BioTAGnology. The
column was washed with buffer W (150 mM Tris, pH 8.0, 150 mM NaCl, 1 mM
EDTA) or TAN buffer (20 mM triethanolamine, pH 8.0, 130 mM NacCl), and the
protein was eluted with 2.5 mM desthiobiotin in the same buffer.

All of the DIII proteins were expressed in Escherichia coli, refolded, and
purified by gel filtration as previously described (20). Expression of DIII protein
containing the complete stem (HICSH2) was toxic to bacteria, and thus, this
construct could not be produced.

Fusion infection assay. The low-pH-triggered fusion of DV with the plasma
membrane of BHK target cells was assayed as previously described in detail (20).
In brief, serial dilutions of DV were prebound on ice at pH 7.9 to BHK cells
cultured on 12-mm coverslips in 24-well plates. Unbound virus was removed by
washing, and the cells were treated for 1 min at 37°C in 200 wl pH medium
(RPMI without bicarbonate plus 0.2% bovine serum albumin [BSA], 10 mM
HEPES, and 30 mM sodium succinate, pH 5.7), with DIII proteins added as
indicated. The cells were then incubated at 37°C for 2 days in the presence of
20 mM NH,CI to prevent secondary infection, and the infected cells were
quantitated by immunofluorescence using mouse hyperimmune ascitic fluid
against DV2.

Lipc and protein-lip interaction. Liposomes were prepared by 10
freeze-thaw cycles, followed by extrusion through 2 stacked 200-nm or 400-nm
polycarbonate filters (31). The liposomes were prepared in TAN buffer using a
1:1:1:3 molar ratio of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), sphingomyelin
(bovine brain) (Avanti Polar Lipids, Alabaster, AL), and cholesterol (Steraloids,
Inc., Wilton, NH), plus trace amounts of [*H]cholesterol (Amersham, Arlington
Heights, IL). The liposomes were stored at 4°C under N, and used within 2
weeks of preparation.

To test protein-membrane interactions, liposomes (~1 mM) were mixed with
various truncated DV2 E proteins, typically using concentrations of 50 to 100 pg
protein/ml in the presence or absence of DIII proteins. Samples were adjusted to
pH 5.75 by the addition of precalibrated amounts of 0.3 M MES (morpholino-
ethanesulfonic acid), incubated at 25°C for 30 min, and adjusted to pH 8.0 where
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indicated by the addition of a precalibrated volume of 0.3 M triethanolamine.
Samples were then further incubated as described for individual experiments.

Liposome flotation assay. Protein-liposome reaction mixtures prepared as
described above were adjusted to a final concentration of 20% sucrose, loaded on
top of a cushion of 300 wl 40% sucrose in a TLS55 ultracentrifuge tube, and then
overlaid with 1.2 ml 15% (wt/wt) sucrose and 200 wl 5% (wt/wt) sucrose in TAN
buffer, pH 8.0, or MES buffer, pH 5.5 to 5.75. Gradients were centrifuged for 3 h
at 54,000 rpm at 4°C in a TLS55 rotor. The gradients were fractioned by hand
into the top 700 pl, middle 400 pl, and bottom 1 ml. The [*H]cholesterol
liposome marker was quantitated by scintillation counting; 200-u.l aliquots of the
fractions were precipitated with 10% trichloroacetic acid and analyzed by SDS-
PAGE and Western blotting.

Sucrose gradient sedimentation assays. Protein-liposome reaction mixtures
prepared as described above were solubilized with 1.5% octyl-B-p-glucopyrano-
side (OG) (Sigma) for 15 to 60 min at 25°C. Samples were then layered onto
discontinuous sucrose gradients consisting of 200 wl 40% (wt/wt) sucrose, 400 .l
20% (wt/wt) sucrose, 400 wl 10% (wt/wt) sucrose, and 200 pl 5% (wt/wt) sucrose
in buffers containing 1% OG at pH 8.0 (20 mM triethanolamine, 130 mM NaCl)
or pH 5.5 (40 mM MES, 100 mM NaCl) as indicated. The gradients were
centrifuged at 4°C for 5 h at 54,000 rpm in a TLS55 rotor. Fourteen 104-pl
fractions were collected into tubes containing 10 wg BSA and a final concentra-
tion of 1% Triton X-100 to improve protein recovery and analyzed by SDS-
PAGE and Western blotting.

Sucrose sedimentation gradients without detergents were used to analyze the
oligomeric state of the purified E proteins. Five-microgram samples of the
indicated proteins were diluted in TAN buffer to a final volume of 50 pl and
layered onto discontinuous gradients as described above but prepared in TAN
buffer at pH 8 without OG. The gradients were processed and analyzed as
described above.

SDS-PAGE analysis. SDS-PAGE analysis was routinely performed on 10 to
11% acrylamide gels using a Bis-Tris buffer system (Invitrogen) or on gradient
acrylamide gels where indicated. Proteins were detected by Western blotting
using monoclonal antibody 4G2 to the flavivirus E protein fusion loop on DII (4)
(a kind gift of Fernando Arenzana-Seisdedos, Institut Pasteur) and a rabbit
polyclonal antibody raised against purified DV DIII (31), followed by Alexa-680-
conjugated secondary antibodies (Invitrogen). Quantitation of Western blots was
performed using an Odyssey Infrared Imaging system and Odyssey InCell West-
ern software (Li-Cor Biosciences).

Electron microscopy. Truncated E proteins were mixed with liposomes at a
final concentration of 150 pg protein/ml and 0.5 mM lipid. The mixtures were
treated at pH 8.0 or pH 5.75 for 30 min at 25°C. A 20-ul drop of sample was then
placed on a glow-discharged carbon-coated copper grid and stained with a
solution of 3% ammonium molybdate at pH 7.4. Samples were examined on a
JEOL 1200EX or a JEOL 100CXII electron microscope operated at 80 kV.
Images were recorded at a magnification of X50,000 and assembled with Adobe
Photoshop 7.0.

RESULTS

Production and characterization of truncated DV2 E pro-
teins. Truncated DV2 E proteins were used to analyze the
requirements for formation of a stable trimer. We took advan-
tage of a previously described Drosophila S2 cell system to
inducibly express the chaperone protein prM, along with var-
ious forms of the E protein (Fig. 1A) (14, 37). E'-ST contained
domains I, II, and IIT without the stem and TM regions and
was thus comparable to the proteins used to determine the pre-
and postfusion structures of DV E (22-24, 26, 42). DI/II-ST
and DI/II-V5-His contained domains I and II with either the
Strep or His tag at the C terminus, respectively. DI/II-L-ST
contained domains I and II plus the linker region that connects
DI to DIII. All of the truncated E proteins were efficiently
secreted into the S2 culture medium and were purified by
affinity chromatography based on the His or Strep tag (see
Materials and Methods for details). Using our previously de-
scribed bacterial expression system (20), we also produced
domain III containing various combinations of the DI-DIII
linker and the stem region (Fig. 1A). All of the truncated E
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FIG. 2. Membrane interactions of truncated DV2 E proteins. The
indicated E proteins were mixed with liposomes at a final concentra-
tion of 50 to 100 wg/ml and 1 mM lipid and treated at the indicated pH
for 30 min at 25°C. The samples were then adjusted to neutral pH and
analyzed by sucrose flotation gradients. The proteins present in the top
(T), middle (M), and bottom (B) fractions were analyzed by SDS-
PAGE and Western blotting. Shown is a representative example of 2 to
4 experiments.

proteins were of high purity and migrated as predicted in
SDS-PAGE (Fig. 1B).

Sucrose gradient sedimentation analysis indicated that puri-
fied E’-ST was dimeric at neutral pH (Fig. 1C), consistent with
previous studies of the DV2 E protein containing all three
domains (22, 42). In contrast, gradient sedimentation assays of
the DI/IT constructs suggested that these truncated proteins
were monomeric at neutral pH. In keeping with this interpre-
tation, the sedimentation profiles of the DV2 DI/II proteins
were comparable to that of the previously described mono-
meric DI/II protein from the alphavirus Semliki Forest virus
(SFV) (Fig. 1C) (31). The gel filtration profiles of the DI/II
constructs versus the E’ construct also indicated that these
proteins are monomers or dimers, respectively (data not
shown). Thus, in the absence of DIII, the usual stable DV2
E dimer interaction was not maintained. Nonetheless, the
truncated E DI/II protein containing the hydrophobic fusion
loop remained soluble in aqueous solution.

Our previous experiments showed that exogenous DV2
DIITH1 protein can inhibit DV fusion and infection by binding
to a trimeric intermediate of the viral E protein during the
low-pH-induced conformational change (20). We tested the
current four DIII proteins for inhibitory activity (Fig. 1D). A
reduction in virus fusion with the plasma membrane was ob-
served for DIIIHI, as expected, and also for the LDIITH1 and
LDIIIHICS proteins, with somewhat lower efficiencies. No
inhibition was observed for LDIII, which does not contain the
stem region, suggesting that stabilization of DIII binding by
stem interactions may be important. We also tested the trun-
cated DI/II proteins. None of these proteins inhibited DV
fusion (data not shown).

Membrane interactions of DV2 DI/II proteins. We then
tested the truncated E proteins for the ability to interact with
target membranes at neutral and low pH. Purified E’-ST and
the various DI/II constructs were mixed with liposomes and
incubated at pH 8.0 or 5.75, and the liposomes and membrane-
bound proteins were separated from unbound proteins by su-
crose flotation gradients (Fig. 2). Proteins in the top (lipo-
some-containing), middle, and bottom regions of the gradient
were detected by SDS-PAGE and Western blotting. As ex-
pected based on previous results (23, 37), E’ protein containing
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all three domains bound membranes and floated efficiently
when treated at low pH, and little binding was observed at
neutral pH. The average flotation was ~50% of the total E’
protein after treatment at pH 5.75 and ~2% after treatment at
pH 8.0. In contrast, the DI/II-ST protein showed significant
membrane interaction when incubated with liposomes at either
pH 5.75 or pH 8.0 (average flotation of ~43 to 50%, respec-
tively). This pH-independent membrane association presum-
ably reflects the constitutive exposure of the fusion loop in
monomeric DI/II versus its low-pH-dependent exposure in the
E’ dimer. We confirmed that membrane association of DI/
II-ST occurs through the fusion loop by showing that it was
specifically blocked by inclusion of exogenous pr peptide,
which associates with the tip of DII and “caps” the fusion loop
(A. Zheng and M. Kielian, unpublished data). The efficiency of
the membrane interaction of DI/II-ST, which contains a min-
imal C-terminal tag composed of 10 residues, was thus similar
to that observed for various E’ constructs containing all three
domains (Fig. 2 and reference 37). However, the substitution
of a longer tag on the DI/II protein (DI/II-V5-His) or the
addition of either the DI-III linker region (DI/II-L-ST) or a
second Strep tag (DI/II-STST) led to loss of DI/II membrane
coflotation at either pH (Fig. 2 and data not shown). Thus,
stable membrane binding could be affected by sequences distal
to the fusion loop at the DII tip.

We used electron microscopy (EM) to analyze negatively
stained samples of truncated E proteins after incubation with
liposomes at neutral or low pH (Fig. 3). Samples were stained
under neutral-pH conditions to prevent any effects of low pH
during the staining process. As previously observed (23), the E’
protein associated with membranes in a low-pH-dependent
reaction (Fig. 3B). Typical homotrimers were observed, with
top views showing a donut-shaped morphology with 3-fold
symmetry and side views showing conical trimers projecting
from the membrane surface. Little membrane-associated E’
was observed at neutral pH (Fig. 3A). In keeping with the
liposome flotation results, DI/II-ST associated with membranes at
either neutral or low pH, with top views revealing donut-shaped
structures with 3-fold symmetry and side views showing conical
structures that projected from the membrane (Fig. 3C and D).
These DI/II-ST trimers also associated laterally in small patches
of hexagonal lattice (Fig. 3C and D). Such lattice formation was
previously observed for the alphavirus E1 and DI/II proteins (6,
31). While the DV DI/II-L-ST and DI/II-V5-His proteins did not
show significant membrane coflotation, electron microscopy re-
vealed that both proteins associated with membranes and formed
trimers (Fig. 3E and F and data not shown). These results suggest
that the membrane association of the DV DI/II-L-ST and DI/II-
V5-His proteins is less stable than that of E' or DI/II-ST and is
reversible during gradient flotation.

DIII binding to the DI/II core trimer. We next asked if the
trimers formed by DV DI/II proteins could serve as targets for
interaction with purified DIII proteins, thus recapitulating the
interaction that occurs during formation of the final E protein
hairpin. E’ protein or DI/II-ST was mixed with liposomes at
low pH to form membrane-inserted trimers, which were then
incubated at low pH with DIII protein containing the linker
and stem region (LDIIIHICS). The membrane-bound pro-
teins were then separated on flotation gradients and detected
with domain-specific antibodies. Negligible (~1% of the total)
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FIG. 3. Electron microscopy analysis of membrane interactions of truncated DV2 E proteins. Truncated E proteins were mixed with liposomes,
incubated at pH 8.0 (A, C, and E) or 5.75 (B, D, and F) for 30 min at 25°C, stained with 3% ammonium molybdate at pH 7.4, and analyzed by
electron microscopy. Representative images are shown for DV E’-ST (A and B), DI/II-ST (C and D), and DI/II-L-ST (E and F). Except for the
insets, all images are shown at the same magnification, with the bar (F) representing 50 nm. The insets show a zoom view with a magnification 3.5

times that of the other panels.

LDIIIHICS protein floated when incubated with liposomes
alone or when incubated with liposomes containing preformed
E’ trimers (Fig. 4A, right). The latter result is in keeping with
the complete foldback of endogenous DIII on E’, thus “filling”
the DIII binding sites. When preformed DI/II-ST trimers were
incubated with LDIITH1CS, however, ~14% of the added DIII
floated to the top of the low-pH gradient. Stable binding of
LDIIHICS required continued maintenance at low pH and

was readily reversible by return of the sample to neutral pH
(1% flotation on a pH 8 gradient).

The experiments shown in Fig. 2 and 3 indicated that, al-
though various DI/II proteins could associate with membranes
as visualized by EM, the membrane interactions of some of
these proteins were relatively unstable and were not detected
by liposome flotation assays. We therefore tested if DI/II pro-
tein-membrane interaction could be stabilized by the addition



VoL. 84, 2010

A

gradient: pH 8 pH 5.5

DIII-ST DI/I-ST  E’-ST no protein

TMBTMBTMB TMB M
E.ST -—— - 55
DI/II-ST o s e e - 43
- 34
- 26
LDIIIH1CS: — 11
17

B DI/III-L.-ST+  DUII-ST+

DI/II-L-ST  LDIIIH1CS  LDIIIH1CS

TMB T M B T M B
Din | | e —
LDIIH1CS | .- .

FIG. 4. Interaction of exogenous DIII protein with DI/II proteins.
(A) Binding of DIII protein by DI/II trimers. Liposomes were mixed
with DI/II-ST, E’-ST, or buffer without added protein, and the samples
were treated at pH 5.75 for 30 min at 25°C. LDIIIHICS was then
added (9 pM final concentration), and the incubation at pH 5.75
continued for an additional 30 min at 25°C. The samples were then
analyzed on sucrose flotation gradients as for Fig. 2, with the samples
either adjusted to neutral pH and separated on a pH 8.0 gradient or
maintained at low pH and separated on a pH 5.5 gradient, as indicated.
The positions of the DV E proteins are indicated on the left, and the
masses of the marker proteins are indicated on the right. (B) Stabili-
zation of DI/II-membrane interaction by binding of DIII protein. Li-
posomes were mixed with DI/II-ST or DI/II-L-ST protein, and the
samples were incubated at pH 5.75 for 30 min at 25°C. LDIIIH1CS was
then added (9 uM final concentration) as indicated, and incubation at
pH 5.75 continued for an additional 30 min at 25°C. The samples were
then analyzed on sucrose flotation gradients at pH 5.5 as for Fig. 2.
Shown is a representative example of 4 experiments.

of DIII proteins (Fig. 4B). DI/II-ST or DI/II-L-ST was treated
at low pH in the presence of liposomes, and then LDIITH1CS
was added at low pH. Efficient coflotation of DI/II-ST plus
LDIITH1CS was observed, as shown in Fig. 4A. In the absence
of added LDIIIHICS, little flotation of DI/II-L-ST was ob-
served (average, 7%), but significantly more protein was asso-
ciated with liposomes when LDIIIH1CS was added (average,
33%). Thus, DIII proteins could interact specifically with the
core trimer formed by various DI/II proteins, and this interac-
tion stabilized the membrane association of the complex. How-
ever, even when the membrane-associated DI/II-ST core tri-
mer was bound with LDIITH1CS, the complex was not stable to
solubilization in nonionic detergents such as Triton X-100 or
OG (data not shown). This is in contrast to the E" homotrimer,
which was stable to detergent solubilization and showed essen-
tially irreversible packing of DIII to the core trimer (data not
shown and reference 23).

Formation of a stable mixed trimer of E’ plus DI/II proteins.
Reasoning that the presence of subunits containing DIIT could
confer stability on the DI/II core trimer, we tested the ability of
DI/II proteins to form mixed trimers with E’. DI/II-V5-His
proteins were mixed with E’-ST and incubated at low pH in the
presence of liposomes. The samples were then adjusted to neu-
tral pH and tested for membrane association by sucrose flotation
gradients. While the DI/II-V5-His protein alone did not stably
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FIG. 5. Formation of stable mixed trimers of E’ and DI/II proteins.
(A) E’ protein promotes stable membrane interaction of DI/II pro-
teins. The indicated DI/II proteins (50 wg/ml) were mixed with E’
protein (100 pg/ml), and liposomes were added to a final concentra-
tion of 1 mM lipid. The samples were treated at pH 5.75 for 30 min at
25°C, adjusted to neutral pH, separated on sucrose flotation gradients
at pH 8.0, and analyzed as for Fig. 2. (B) Sucrose sedimentation
analysis of truncated E proteins. E'-ST, DI/II-V5-His (150 pg/ml), or
a combination of both proteins (100 pg/ml and 50 pg/ml, respectively)
was mixed with liposomes and incubated at low pH as for panel A. The
samples were adjusted to neutral pH, solubilized with 1.5% OG, and
analyzed by sucrose gradient sedimentation, followed by SDS-PAGE
and Western blotting. AU, arbitrary units. (C) Isolation of membrane-
bound mixed trimers. E’-ST and DI/II-V5-His (200 and 50 wg/ml,
respectively) were mixed with liposomes, incubated at low pH, and
separated on sucrose flotation gradients as for panel A. The top 140 pl
from the gradient was solubilized with 1.5% OG and analyzed by
sucrose gradient sedimentation as for panel B.

bind membranes (Fig. 2), the addition of E’ protein to the reac-
tion resulted in efficient coflotation of both proteins, with ~69%
of the DI/II-V5-His in the top, membrane-containing fraction
even when the flotation was performed at neutral pH (Fig. 5A).
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The increased membrane association of DI/II-V5-His was de-
pendent on the ratio of E’ protein to DI/II protein (2:1 in Fig.
5A). Lower molar ratios, such as 1 E' protein to 1 DI/II-V5-His
protein, strongly reduced the liposome flotation of both pro-
teins in the reaction, suggesting that a critical number of E’
subunits per trimer is required to produce stable membrane
association. The presence of E’ also promoted the stable mem-
brane association of the DI/II-ST protein, with ~60% of the
protein in the top fraction (Fig. SA) compared to 40 to 50% in
the absence of E’ (Fig. 2).

The coflotation of DI/IT and E’ with liposomes suggested
that the two proteins were forming a mixed trimer that might
have increased stability. We assayed this by treating E’, DI/II-
V5-His, or a 2:1 mixture of these proteins at low pH in the
presence of liposomes, followed by solubilization in OG and
analysis on sucrose sedimentation gradients. Most of the E’
protein sedimented as a trimer after low-pH treatment with
liposomes, while the DI/II-V5-His protein sedimented as a
monomer (Fig. 5B), in keeping with the detergent lability of
the core trimer. Analysis of the mixed-protein reaction showed
that a fraction of both E’ and DI/II-V5-His migrated in the
trimer position. To determine if this fraction represented the
liposome-bound material, we isolated the membrane-associ-
ated proteins on flotation gradients, solubilized the mem-
branes in OG, and then analyzed them in a sucrose sedimen-
tation gradient (Fig. 5C). The membrane-bound proteins
sedimented as a single peak migrating in the trimer position
and containing both E’ and DI/II-V5-His. Thus, the presence
of E' proteins led to the formation of a mixed trimer (referred
to here as [E’+DI/II]) that stably associated with membranes
and was resistant to treatment with nonionic detergent.

DIII binding to the mixed [E’-plus-DI/II] trimers. We then
asked if the [E’-plus-DI/II] trimer could serve as a target for
binding of exogenous DIII. E" and DI/II-V5-His proteins were
mixed with purified DIII proteins containing the linker region
and/or the H1 or H1CS regions of the stem domain (the con-
structs are shown in Fig. 1A). The protein mixtures were in-
cubated at low pH in the presence of liposomes and then
analyzed on sucrose flotation gradients at neutral pH (Fig.
6A). As previously observed (Fig. 5A), the [E’+DI/II] trimers
floated in the membrane-containing fraction. When DIII pro-
tein was present during formation of the mixed trimer, it was
also recruited to the membrane fraction. The flotation of
DIII protein with the mixed-trimer-containing liposomes
required the presence of both the linker region and the
Hlstem region. The strongest interaction was observed with
LDIITHICS. Samples maintained at pH 5.75 during flotation
showed identical DIII interaction, as in Fig. 5SA (data not
shown). Thus, DIII proteins that bound during formation of
the mixed trimer at low pH remained stably associated upon
return of the complex to neutral pH.

We tested whether DIII could bind to a preformed mixed
trimer. The [E’+DI/II] trimer was generated by low-pH treat-
ment in the presence of liposomes. Samples were then either
maintained at low pH or adjusted to neutral pH, incubated
with LDIITH1CS, and analyzed by sucrose flotation gradients
(Fig. 6B). The LDIIIHICS protein interacted with the pre-
formed mixed trimer, and binding was independent of the pH.
Thus, low pH appears to be involved in initial E-protein rear-
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FIG. 6. Interaction of DIII with [E'+DI/II] mixed trimers.
(A) DIII protein with linker and stem forms a stable complex with the
mixed trimer. E’-ST and DI/II-V5-His (100 pg/ml and 50 pg/ml, re-
spectively) plus the indicated DIII proteins (final protein concentra-
tion, 7 uM) were mixed with liposomes, and the samples were incu-
bated at pH 5.75 for 30 min at 25°C. The samples were then adjusted
to neutral pH, separated on sucrose flotation gradients at pH 8.0, and
analyzed as for Fig. 2. Identical results were obtained if the samples
and gradients were maintained at low pH (data not shown). (B)
LDIIIHICS protein binds the preformed mixed trimer in a pH-indepen-
dent reaction. E’-ST and DI/II-V5-His (100 pg/ml and 50 pg/ml, respec-
tively) were mixed with liposomes, and the samples were incubated at pH
5.75 for 30 min at 25°C. The samples were then adjusted to neutral pH
where indicated, LDIIIH1CS was added (7 pM final concentration), and
the incubation continued for an additional 30 min at 25°C. The samples
were then analyzed on flotation gradients at either low pH or neutral pH
as indicated. (C) LDIIIHICS protein binds specifically to mixed trimers.
E'-ST (150 pg/ml), DI/II-V5-His (50 wg/ml), or a mixture of E’-ST and
DI/II-V5-His (100 pg/ml and 50 pg/ml, respectively) was mixed with
liposomes, and the samples were incubated at pH 5.75 for 30 min at 25°C.
The samples were then adjusted to neutral pH, LDIIIH1CS was added (7
M final concentration), and incubation continued for an additional 30
min at 25°C. The samples were then analyzed on flotation gradients at pH
8.0. In each panel, the positions of the proteins are shown on the left of
the gel.

rangements rather than in DIII interaction with the mixed core
trimer.

We also evaluated the binding site involved in the DIII
interaction. DI/II-V5-His, E’, or a mixture of these proteins
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was incubated at low pH with liposomes to form trimers.
LDIIHICS was then added at neutral pH, and the samples
were analyzed by sucrose flotation gradients (Fig. 6C). As
observed above, LDIITH1CS was recruited to the membrane
fraction containing the mixed [E’'+DI/II] trimer. In contrast,
the DI/II-V5-His proteins did not stably bind liposomes, and
the added LDIITHI1CS also remained in the bottom of the
gradient. Conversely, the E’ protein efficiently floated with the
membrane fraction, but no binding of LDIIIHICS was ob-
served. Thus, our results indicate that LDIIIH1CS recruitment
to membranes required both a trimer target and the presence
of “empty” DIII binding sites.

DISCUSSION

Refolding of the flavivirus E protein into a trimeric hairpin
drives the fusion of the virus and target membranes. Here, we
showed that truncated forms of the DV E protein can recapit-
ulate trimer formation, producing insights into various aspects
of trimerization. Similar to the viral E protein (34), the E’
protein was a relatively stable homodimer (23) that required
low-pH-triggered dimer dissociation to permit subsequent fu-
sion loop exposure, membrane insertion, and trimerization. In
contrast, the DV E DI/II protein was monomeric, and its
fusion loop was available to insert into target membranes with-
out a requirement for low pH. Electron microscopy studies
indicated that a variety of DI/II protein constructs formed
trimers on target membranes at either pH 5.75 or pH 8.0.
Stable membrane association and efficient liposome coflota-
tion were observed for the DI/II-ST protein containing a min-
imal tag on DI. DI/II proteins containing additional sequences
at the C terminus formed trimers, but their membrane associ-
ation was reversible. Truncated DI/II trimers acted as targets
for binding of DIII, and this binding stabilized their membrane
interaction and coflotation. This is in keeping with the ability
of exogenous DIII proteins to block DV fusion and infection,
indicating the existence of a core trimer intermediate during
virus fusion (Fig. 1D) (20). However, even when bound by
DIII, truncated DI/II trimers were less stable than E’ trimers
and dissociated when the liposomes were solubilized by non-
ionic detergents such as OG. Generation of stable trimer tar-
gets for DIII binding required a mixture of the E’ and DI/II
proteins to produce a prefusion intermediate with unoccupied
DIII binding sites. The stoichiometry of E’ and DI/II proteins
producing optimal formation of this intermediate suggests that
the mixed trimer was composed primarily of 2 E’ plus 1 DI/II
proteins.

We used such [E’+DI/II] trimers to evaluate the properties
of DIII binding and to gain insights into hairpin formation.
Stable DIII binding was detected by liposome coflotation ex-
periments and required the presence of both the DI-DIII
linker region and the H1 stem region. LDIIIH1CS binding
levels were similar at neutral and low pH, consistent with this
late step in hairpin formation being pH independent. We note,
however, that since formation of the mixed trimers required
treatment at low pH, stabilization of the trimer conformation
by foldback of the endogenous DIII could mask low-pH re-
quirements for association of DIII with the core trimer. This
may explain why stable binding of LDIIIHI1CS to the DI/II-ST
trimer was observed only at low pH.

DENGUE VIRUS MEMBRANE FUSION PROTEIN 5737

No binding of LDIIIHICS to the E’ trimer was observed,
even though this trimer, which is missing the stem region,
contains 3 unoccupied stem binding sites. Thus, in our in vitro
system, the H1CS stem region acts primarily by stabilizing the
binding of DIII, rather than by binding independently to the
trimer.

Properties of E protein-membrane interaction. The DV E
protein fusion loop is normally shielded from solvent, first by
the heterodimeric interaction of E with the prM protein (19,
41) and later by the homodimeric interaction between E pro-
teins on the mature virus (22). Our data showed that mono-
meric E DI/IT proteins are soluble in aqueous buffers in the
absence of such shielding. This is similar to the solubility of the
alphavirus E1 fusion protein monomer (7, 31). In the alphavi-
rus case, it appears that the flexible fusion loop has a somewhat
different conformation in the soluble E1 protein than in the
virus particle, where it is shielded by the chaperone protein E2
(29). Such a fusion loop conformational alteration may also
occur for the DV E DI/II protein monomer and may help to
account for its solubility. As the monomeric forms of both the
DV and alphavirus fusion proteins efficiently insert into target
membranes, any conformational changes resulting from the
loss of the dimeric protein partner do not inactivate their
fusion loops.

Our results demonstrated stable membrane association of
the DI/II-ST core trimer. In contrast, membrane association of
DI/II proteins with additional sequences at the C terminus was
reversible and could be stabilized by binding of DIII. The
presence of 3 fusion loops should have an additive effect in
anchoring class II fusion protein trimers. We therefore inter-
pret the reversibility of the membrane interaction of these
DI/II proteins as reflecting the reversibility of intersubunit
contacts within their core trimers, resulting in the release of
DI/II monomers from the membrane. DIII binding would shift
the monomer-trimer equilibrium by stabilization of the core
trimer and thus indirectly stabilize membrane association by
maintaining the cumulative action of three fusion loops.

The role of low pH in flavivirus fusion protein conforma-
tional changes. Studies of the TBE virus E protein suggest that
low pH induces the dissociation of the E dimer (34) and the
release of DIII from interaction with DI (36), thus freeing DIII
to move toward the target membrane-inserted fusion loop and
interact with the core trimer to produce the stable hairpin.
Mutagenesis of the TBE virus E protein implicates a conserved
DIII histidine residue, H323, in the control of dimer dissocia-
tion and DIII release (5). H323 also appears to play a role in
promoting E refolding to the final stable trimeric hairpin (5).
Recent studies of WNV suggest that, at least for some flavivi-
ruses, the regulation of pH dependence is more complex, with-
out a critical requirement for any individual histidine residue
(27).

Our results with truncated DV E proteins have not ad-
dressed specific residue requirements for low-pH dependence,
but they support the general steps in regulation of E protein
trimerization identified in the TBE virus system. Thus, in the
absence of homodimerization, DV DI/II proteins insert into
membranes without any requirement for low pH. Trimer cores
are formed on the membrane, but their stabilization requires
interaction with DIII, either from an E’ protein in the trimer or
from exogenous DIII. Low pH is needed to generate mixed
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FIG. 7. Model for the steps in rearrangement of the dengue virus E protein during membrane fusion. DI, DII, and DIII are colored red, yellow,
and blue, respectively. The hydrophobic fusion loop at the tip of DII is shown as a green star. The stem region is shown in gray and the TM domains
in black. The virus membrane is shown in pink and the target membrane in blue. (I) At the top is shown the prefusion E-protein dimer, with the
orientation looking down on the virus membrane. During the initial step of the fusion protein conformational change, the dimer dissociates upon
exposure to low pH (bottom). (II to V) Side views of the trimerization reaction with the target membrane at the top. (II) The E fusion loops insert
into the target membrane, and initial trimerization occurs between the DII tips. (III) Trimerization continues with contacts between DI and the
B-strand exchange reaction. (IV) The DI-DIII linker inserts into the groove formed by strand exchange. DIII folds back against the core trimer,
locking the linker into place. The trimer is now irreversible and stable in detergent. (V) In the final postfusion trimer, the stem has packed against
the core trimer. The exact disposition of the fusion loops versus the stem and TM domains is not known, except that they are at the same end of

the trimer, as shown in the model.

trimers containing E’ proteins, as E' requires low pH for both
dimer dissociation and release of DIII from the DI interface.
In contrast, exogenous DIII can bind to preformed [E’+DI/II]
trimers without a low-pH requirement, since DIII binding is
downstream of both dimer dissociation and DIII-DI interface
release. Studies of TBE virus suggest that initial insertion of
the fusion protein into the target membrane is mediated by
E-protein monomers (36). Our results suggest that there may
be a monomer-core trimer equilibrium on the target mem-
brane, which could explain the process of initial E membrane
insertion and its subsequent stabilization. Our results also il-
lustrate some limitations of biochemical assays of tri-
merization, since core trimers may be dissociated by detergent
solubilization and may not produce stable membrane interaction.

Comparison of the flavivirus and alphavirus fusion protein
trimerization reactions. We previously characterized trun-
cated forms of the structurally related E1 fusion protein from
the alphavirus SFV (31). The SFV E1 DI/II construct contains
the DI-DIII linker region and was tested with and without
various affinity tags. These SFV DI/II proteins cofloat with
liposomes and form a DI/II core trimer that is stable in deter-
gent. There is no requirement for mixed trimers or DIII inter-
action for stability, and there is no apparent effect of the tag
sequence. Membrane coflotation and stable trimer formation
require initial low-pH treatment but are then maintained upon
shift to neutral pH. Similar to the DV proteins, the preformed
SFV core trimer specifically binds DIII at either neutral or low
pH. EM analysis of DI/II proteins on liposomes showed that
the SFV core trimers interact to form hexagonal lattices. These
SFV DI/II proteins show membrane-bending activity and gen-
erate elongated membrane tubules from the liposomes. While
the DV DI/II proteins form trimers that interact in small
patches of hexagonal lattice, membrane tubule formation was
not observed with any of our DV constructs. These functional
differences in membrane-bending activity of the SFV and DV
core trimers could be due to the lower stability of the DV core

trimer and/or to differences in the membrane interactions of
the SFV and DV fusion loops.

Membrane fusion of both the alphaviruses and the flavivi-
ruses is very rapid, reaching completion within seconds of
low-pH treatment at 37°C (1, 3). Previous studies from our
laboratory showed that exogenous DIII can specifically inhibit
SFV and DV fusion and infection when present during low-pH
treatment of virus prebound to the plasma membranes of cells
(20). Inhibition is due to a block in final hairpin formation by
the binding of exogenous DIII. Our current liposome coflota-
tion results indicate that LDIITHICS shows the most stable
binding to the DV core trimer (Fig. 6A), although this does not
produce an increase in fusion inhibition (Fig. 1D). Thus, the
outcome of the fusion infection assay is determined by more
than the binding affinity of exogenous DIII with the core tri-
mer. Longer DIII protein constructs may have higher affinity
for the binding site but may also have more difficulties in
gaining access to their target positions on the rearranging virus
glycoprotein shell.

Experiments with both viruses showed that no inhibition of
fusion was observed in the presence of exogenous DI/II pro-
teins (reference 31 and this study). Thus, the foldback of DIII
against the extended trimeric intermediate may be a more
accessible target for inhibition than the initial formation of the
core trimer. Fusion of both alphaviruses and flaviviruses nor-
mally occurs in the intracellular low-pH environment of the
endosome, and the rapidity and intracellular location suggest
that these fusion reactions may be relatively difficult to inhibit.
The development of stable trimeric targets that bind DIII in
vitro opens the possibility of screens for small-molecule inhib-
itors of alphavirus and flavivirus hairpin formation and their po-
tential development as inhibitors of virus fusion and infection.

Model for the steps in flavivirus fusion protein trimeriza-
tion. Our results and many structural and functional studies from
a number of other laboratories (reviewed in references 11, 25, 30,
and 35) suggest a model for the flavivirus fusion reaction (Fig. 7).
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In step I, low pH triggers the dissociation of the E-protein
dimer, releasing DIII from interaction with DI and allowing a
change in the hinge angle between DI and DII. Step I is low pH
dependent and reversible by a return to neutral pH (33). In
step II, E proteins insert their fusion loops into target mem-
branes in a pH-independent reaction and then interact via the
fusion loops/DII to form an unstable trimer. While the initial
E-membrane interaction is reversible, upon trimerization, it is
stabilized by the formation of a hydrophobic patch consisting
of 3 fusion loops. Step III involves the formation of stronger
trimer contacts between DI of the 3 E proteins. This is due to
a B-strand exchange reaction in DI, which generates annular
contacts at the membrane-distal side of DI and a binding site
for the DI-DIII linker region (23). These interactions are sen-
sitive to the presence of exogenous sequences at the end of DI.
In step IV, the DI-DIII linker fits into the groove formed by
the strand exchange reaction. DIII and the stem region fold
back to pack against the core trimer, locking the linker into
position and preventing reversal of DI contacts. Concomi-
tantly, these interactions generate the stable hairpin and drive
membrane fusion. Step V shows the completed fusion reaction
with the stem fully zipped up along the core trimer. Since in
vivo the core trimer intermediate very rapidly transitions to the
final postfusion conformation (20), in vitro reconstitution is an
important tool to dissect this conformational state. Our data, in
particular, highlight the reversibility of the initial membrane
insertion of the fusion loop, the stepwise formation and stabi-
lization of the core trimer, and the role of low pH in initial
triggering versus in promotion of the final hairpin. Further
studies of the formation of the outer layer of the DV trimer
will define the importance of the linker, DIII, and stem region
and determine if their binding to the core trimer occurs in
stepwise fashion to drive specific stages of membrane fusion.
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