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Structure of the dengue virus envelope
protein after membrane fusion
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Dengue virus enters a host cell when the viral envelope glycoprotein, E, binds to a receptor and responds by conformational
rearrangement to the reduced pH of an endosome. The conformational change induces fusion of viral and host-cell membranes. A
three-dimensional structure of the soluble E ectodomain (sE) in its trimeric, postfusion state reveals striking differences from the
dimeric, prefusion form. The elongated trimer bears three ‘fusion loops’ at one end, to insert into the host-cell membrane. Their
structure allows us to model directly how these fusion loops interact with a lipid bilayer. The protein folds back on itself, directing
its carboxy terminus towards the fusion loops. We propose a fusion mechanism driven by essentially irreversible conformational
changes in E and facilitated by fusion-loop insertion into the outer bilayer leaflet. Specific features of the folded-back structure

suggest strategies for inhibiting flavivirus entry.

Membrane fusion is the central molecular event during the entry of
enveloped viruses into cells. The critical agents of this process are
viral surface proteins, primed to facilitate bilayer fusion and
triggered to do so by the conditions of viral interaction with the
target cell. The best-studied example is the influenza virus haemag-
glutinin (HA), synthesized as a single-chain precursor and then
cleaved into two chains, known as HA; and HA,, during transport
of the trimeric glycoprotein to the cell surface. The binding of HA,
to a cell-surface receptor leads to endocytic uptake; acidification of
the endosome triggers dramatic conformational rearrangement of
HA,. The latter is a two-stage process. Exposure of the amino-
terminal ‘fusion peptide’ of HA, first allows it to insert into the
endosomal membrane; subsequent folding-over of the entire HA,
polypeptide chain brings together its N and C termini and thus
forces the target-cell membrane (held by the fusion peptide) and the
viral membrane (held by the C-terminal transmembrane anchor of
HA) against each other.

HA is the prototype of a large class of viral fusion proteins—for
example, those of other myxo- and paramyxoviruses such as measles
virus, retroviruses such as HIV, and filoviruses such as Ebola virus
(reviewed in ref. 1). All of these ‘class I viral fusion proteins are two-
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chain products of a cleaved, single-chain precursor, and all bear a
hydrophobic fusion peptide at or near the N terminus created by the
cleavage’. Moreover, in all class I fusion proteins, a three-chain, a-
helical, coiled-coil assembles during the conformational change,
drives the fusion peptide towards the target-cell membrane®~, and
creates the central structural element of the fusion machinery®’.
An architecturally and evolutionarily distinct class of fusion
proteins is found on flaviviruses, such as yellow fever, West Nile,
and dengue viruses, and on alphaviruses, such as Semliki Forest and
Sindbis viruses. These proteins associate with a second, ‘protector’
protein, the cleavage of which primes the fusion protein to respond
to acidic pH. The fusion protein is called E in flaviviruses and E1 in
alphaviruses. Structures have been determined for the ectodomains
of three class II proteins in their prefusion states®*'°. Those of two
flaviviruses, tick-borne encephalitis (TBE) and dengue viruses, are
dimeric, both in solution'' and on the viral membrane surface'>"
(Fig. 1). They have three domains, with folds based largely on
B-sheets. One of these (domain II), an elongated, finger-like
structure, bears a loop at its tip with a hydrophobic sequence
conserved among all flaviviruses. Experiments with TBE virus
show that this ‘cd loop’ (residues 98-109 in dengue type 2) is
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Figure 1 Structure of the dimer of dengue E soluble fragment (SE) in the mature virus
particle. a, The three domains of dengue SE. Domain lis red, domain Il is yellow, domain lll
is blue. A 53-residue ‘stem’ segment links the stably folded sE fragment with the
C-terminal transmembrane anchor. b, The sE dimer®. This is the conformation of E in the
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mature virus particle and in solution above the fusion pH. ¢, Packing of E on the surface of
the virus. Electron cryomicroscopy image reconstructions show that 90 E dimers pack in
an icosahedral lattice'.
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responsible for attachment of soluble E ectodomains to target
membranes and that the hydrophobic residues are essential for its
activity'. These and other data, including results from studies of
alphaviruses''®, which have a very similar cd-loop structure,
support the view that the cd loop of class II fusion proteins has a
function analogous to that of the N-terminal fusion peptide in class
I fusion proteins: insertion into the host-cell membrane and
provision of an attachment point for drawing host-cell and viral
membranes together'. We refer to the cd loop as the ‘fusion loop),
reserving ‘fusion peptide’ for the N-terminal segment of class I
fusion proteins.

An important missing link in our picture of membrane fusion is a
direct view of a fusion peptide or loop as it inserts into a target
membrane. The crystal structure we describe here—of the soluble
ectodomain of dengue virus type 2 E protein (sE) in its trimeric,
postfusion conformation—provides such a link. The fusion loops of
the three subunits come together to form a membrane-insertable,
‘aromatic anchor’ at the tip of the trimer. The fusion loop retains its
prefusion conformation. Neighbouring hydrophilic groups restrict
insertion to the proximal part of the outer lipid-bilayer leaflet. The
entire ectodomain of the protein folds back on itself, directing the
C-terminal, viral membrane anchor towards the fusion loop.
Comparison with the prefusion structure of the same protein'®
allows us to propose a mechanism for fusion driven by an essentially
irreversible conformational change in the protein and assisted by
membrane distortions imposed by fusion-loop insertion. Specific
features of the folded-back structure suggest strategies for inhibiting
flavivirus entry. The postfusion structure of an alphavirus fusion
protein'” described in the accompanying paper shows an analogous
conformation and leads to similar conclusions.

Membrane insertion and trimer formation

Like its TBE homologue, the dimer formed by dengue sE (residues
1-395 of E) dissociates reversibly'™''. At acidic pH, dissociation is
essentially complete at protein concentrations of 1mgml™'; at
neutral pH, the dissociation constant is one to two orders of
magnitude smaller. The fusion loop at the tip of domain II would
be exposed in the monomer®'’, but exposure does not cause non-
specific aggregation of the protein''. Liposome coflotation exper-
iments show that the fusion loop of monomeric TBE sE allows
association with lipid membranes and that this membrane associ-
ation catalyses irreversible formation of sE trimers at low pH'.
Dengue E exhibits an identical behaviour: on acidification, sE
dimers dissociate, bind liposomes and trimerize (see Methods).
Membrane-associated sE is readily detected by electron microscopy
of negatively stained preparations (Fig. 2a); chemical cross-linking
confirms that the protein has trimerized (Fig. 2b). The trimers are
tapered rods, about 70-80 A long and 30-50 A in diameter, with the
long axis perpendicular to the membrane and their wide end distal
to it. They tend to cluster on the liposome surface, often forming a
continuous layer. These heavily decorated areas appear to have a
greater than average membrane curvature, resulting in smaller
vesicles (Fig. 2a). This observation suggests that E trimers can
induce curvature, a property that may help promote fusion (see
below). The dengue sE trimers can be solubilized with the detergent
n-octyl-8-D-glucoside (B-OG); they remain trimeric at all pH
values between 5 and 9, as determined by gel filtration chroma-
tography (data not shown).

Domain rearrangements in the trimer

Crystals of the detergent-solubilized dengue sE trimers diffract to
high resolution (2.0 A); the structure was determined by molecular
replacement (see Methods). The three domains of sE retain most of
their folded structures, but undergo major rearrangements in their
relative orientations, through flexion of the interdomain linkers
(Fig. 3). Domain II rotates approximately 30° with respect to
domain I, about a hinge near residue 191 and the kl hairpin
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(residues 270-279), where mutations that affect the pH threshold
of fusion are concentrated'’. As a result of the rotation, the base of
the kl hairpin is pulled apart, and the I strand forms a new set of
hydrogen bonds with the Dy strand of domain I, shifted by two
residues from the hydrogen-bonding pattern in the dimer'.
Although detergent is present, the kl hairpin does not adopt the
open conformation seen in the dimer with bound 3-OG'. The
small hydrophobic core beneath this hairpin acts as a ‘greased hinge’
for the rotation between domains I and II.

Domain IIT undergoes the most significant displacement in the
dimer-to-trimer transition. It rotates by about 70° and its centre of
mass shifts by 36 A towards domain II. This folding-over brings the
C terminus of domain III (residue 395) 39 A closer to the fusion
loop.

Changes in the secondary structure

The 10-residue linker between domains I and III accommodates
their large relative displacement during trimer formation. The
linker, which has a poorly ordered, extended structure in the
prefusion dimer'® (Fig. 3a), inserts in as a short §-strand between
strands A, and C, in domain I (Fig. 3b). As part of this rearrange-
ment, the C-terminal region of A, peels away from C, and switches
to the other -sheet, thereby creating the surface for an annular
trimer contact with the two other A, strands in the trimer.

The transition to the trimer state is irreversible. The refoldings
just described may impart irreversibility by contributing a high
barrier to initiation of trimerization (sE monomers do not trimerize
at low pH without liposomes) and an even higher barrier to
dissociation of trimers once they have formed.

Trimer contacts

Dengue E trimers assemble through both polar and nonpolar
contacts in four areas: at the membrane-distal end of the trimer,
at the base of domain II, at the tip of domain II, and at the packing
interface between domains Iand III (Fig. 4). The total surface buried
per monomer during trimer assembly is 3,900 A>—twice the
1,950 A per monomer buried in the dimer. An additional
1,035 A% are buried within each monomer during the domain
rearrangements observed in our structure. These numbers help to
explain why trimers are much more stable than dimers in solution.
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Figure 2 Trimer formation and membrane insertion of dengue E protein. a, Electron
micrograph showing E trimers inserted into liposomes. The liposomes are heavily
decorated with E trimers. A large portion of the trimer can be seen protruding from the
membrane. The samples were stained with uranyl formate (see Methods). b, E trimers can
be covalently cross-linked with ethylene glycol bis-succinimidyl-succinate (EGS) after
insertion into liposomes. Lane 1, E solubilized from liposomes at pH 5.5 and not cross-
linked. Lane 2, E solubilized from liposomes at pH 5.5 and cross-linked with EGS. Lane 3,
E cross-linked with EGS at pH 7 in the absence of lipid.
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They also help to account for the irreversibility of the fusion-
activating conformational change. Additional trimer contacts are
likely to be contributed by the stems, as described below.

An extended cavity, which runs along the three-fold axis, sepa-
rates the trimer contact areas at the top and at the base of domain IL
A narrow opening connects this cavity with the exterior solvent, but
it may be occluded by the stem in the full-length protein (Fig. 4b).
An anion, modelled as a chloride ion, lies on the three-fold axis near
the tip of domain II. It is liganded by three amide nitrogens (from
Lys 110 of each subunit) and three water molecules. Between this
anion and the domain II tip, a small hydrophobic core underpins
the nonpolar, bowl-shaped apex formed by the three clustered
fusion loops (Fig. 4e).

The fusion loop

The fusion loops in the sE trimer have the same conformation as in
the dimer'®. Because the trimers are obtained by detergent extrac-
tion from liposomes, we conclude that this conformation is also
present when the loop inserts into a membrane. Furthermore,
because dimers can dissociate reversibly, the fusion loop is stable
when fully exposed. It thus appears that the fusion loop retains
essentially the same conformation, whether buried against another
subunit, inserted into a lipid membrane, or exposed to aqueous
solvent.

Figure 3 Domain rearrangements in the dengue sE monomer during the transition to
trimer. @, An sE monomer in its prefusion conformation. This is the structure adopted in
mature virus particles and in solution at pH > 7, when sE is a dimer. b, Schematic
representation of the secondary structure of domain | and links to domains Il and lll in the
prefusion conformation. €, An sE monomer in its postfusion conformation, as seen in st
trimers. The three domains have rotated and shifted with respect to each other, bringing
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In the trimer, the three hydrophobic residues in the fusion loop
conserved among all flaviviruses—Trp 101, Leu 107 and Phe 108—
are fully exposed on the molecular surface, near the three-fold axis.
They form a bowl-like concavity at the trimer tip, with a hydro-
phobic rim (Fig. 4e). There are no lipid or detergent molecules
visible in the electron density near the fusion loop in either of our
crystal forms (see Methods). Indeed, in the P321 crystal form, there
can be no detergent micelle covering the fusion loop, as this region is
involved in close crystal contacts with residues in domain III of a
symmetry-related molecule. We conclude that detergent is required
to dissolve away the liposome on which the trimer formed, and
hence to solubilize the protein, but that once the protein has been
extracted from the membrane, the three-fold-clustered fusion loops
do not retain a tightly associated detergent micelle.

How deeply, then, do fusion loops penetrate into the membrane?
Tryptophans tend to appear in membrane proteins at the interface
between the hydrocarbon and head-group layers of the lipid", but if
the indole amine participates in a hydrogen bond, as is the case for
Trp 101, the side chain may be completely buried in the hydro-
carbon layer. We therefore propose that the E trimers penetrate
about 6 A into the hydrocarbon layer of the target membrane. They
cannot penetrate further, because of exposed carbonyls and charged
residues on the outside rim of the fusion-loop bowl (Fig. 4e). Thus,
the fusion loop is held in the membrane mainly by an ‘aromatic
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the C terminus 39 A closer to the fusion loop (orange). The fusion loop retains essentially
the same conformation before and after fusion. d, Secondary structure of domain I and its
links to domains Il and lll in the trimeric, postfusion conformation. The domain |-l linker
inserts between strands Aq and Cq. The C-terminal region of Aq flips out, switches to the
other 3-sheet, and creates an annular trimer contact with the two other A strands in the
trimer.
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anchor’ formed by Trp 101 and Phe 108. The bowl is lined by the
hydrophobic side chains of Leu 107 and Phe 108, so that it cannot
accommodate lipid headgroups. We expect that fatty-acid chains
from the inner leaflet of the membrane may extend across to contact
the base of the fusion-loop bowl, or that fatty-acid chains from the
outer leaflet may bend over to fill it. In either case, insertion will
produce a distortion in the bilayer, which could be important for the
fusion process (see below).

A postfusion conformation

The folding back of domain III and the rearrangement of 3-strands
at the trimer interface projects the C terminus of sE towards the
fusion loop, and positions it at the entrance of a channel, which
extends towards the fusion loops along the intersubunit contact

y]

Figure 4 The dengue SE trimer. a, Ribbon diagram coloured as in Fig. 1b. Hydrophobic
residues in the fusion loop (orange) are exposed. The expected position of the
hydrocarbon layer of the fused membrane is shown in green. Representative lipids are
shown to scale. A chloride ion (black sphere) binds near the fusion loop. b, Surface
representation of the trimer. The dashed grey arrow indicates the most likely location for
the stem (see text). An extended cavity is visible near the tip of the trimer; access to this
cavity will probably be occluded by the stem. The glycan on Asn 67 and representative
lipids are shown in space-filling representation. ¢, The membrane-distal end of the trimer,
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between domains II (Fig. 4a, b). The 53-residue ‘stem’” connecting
the end of the sE fragment with the viral transmembrane anchor
could easily span the length of this channel, even if the stem were
entirely «-helical. By binding in the channel, the stem would
contribute additional trimer contacts with domain II of another
subunit (Fig. 4b). The stem does indeed promote trimer assembly
even in the absence of liposomes®. In the virion, the stem forms two
o-helical segments, which lie near the outer surface of the lipid
bilayer and contact the subunit from which they emanate®'. The
proposed stem conformation places the viral transmembrane
domain in the immediate vicinity of the fusion loop, just as in the
postfusion conformations of class I viral fusion proteins. We there-
fore believe that the trimer we have crystallized represents a
postfusion state of the protein.

where most trimer contacts are formed. The view is along the three-fold axis. d, Close-up
of ¢ showing trimer contacts. The AqB, loop forms an annular trimer contact. The domain
Il linker (purple) adopts an extended conformation and forms additional trimer contacts.
e, Close-up of the aromatic anchor formed by Trp 101 and Phe 108, in the fusion loop
(orange). The three clustered fusion loops form a nonpolar, bowl-shaped apex, which is
underpinned by a small hydrophobic core. Underneath, a chloride ion (black sphere) forms
a trimer contact.
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Mechanism of membrane fusion

The structure described here, combined with previous knowledge,
allows us to propose the following mechanism for how confor-
mational changes in the flavivirus E protein promote membrane
fusion.

(1) E associates with a cell-surface receptor, probably through
domain III**?* (Fig. 5a); there is evidence for glycan-mediated
interactions as well*>'. Receptor binding leads to endosomal
uptake.

(2) Reduced pH in the endosome causes E dimers on the virion
surface to dissociate®, exposing their fusion loops and allowing
domains I and II to flex relative to one another (Fig. 5b). Evidence
for a pH-dependent hinge at the domain I-domain II interface
includes the location of mutations that alter the pH threshold of
fusion', as well as the difference in orientation between the pre- and
postfusion structures. Release of constraints imposed by dimer
contacts may also allow the stem to extend away from the mem-
brane. Some combination of these two sources of flexibility permits
domain II to turn outward, away from the virion surface, and to
insert its fusion loop into the target-cell membrane.

(3) Outward projection of domain II will destroy tight packing
interactions on the virion outer surface, allowing lateral rearrange-
ment of E monomers. Thus, the absence of trimer clustering in the
virion" is not, in principle, a barrier to trimer formation. Target
membranes probably catalyse trimerization'®, leading to a prefusion
intermediate, in which the trimer bridges host-cell and viral
membranes, with its fusion loops bound to the former and its
transmembrane tail anchored in the latter (Fig. 5¢). This species is
analogous to the ‘prehairpin’ intermediate postulated for class I
viral fusion mechanisms™.

(4) Formation of trimer contacts spreads from the fusion loops at
the trimer tip to domain I at the base. Domain IIT shifts and rotates,
folding the C terminus of sE back towards the fusion loop (Fig. 5d).
The length of the interdomain linker permits independent rotation
of individual domains III, allowing for the spontaneous symmetry-
breaking required at this point. Cooperativity and irreversibility
occur only when the exchange of 3-strands shown in Fig. 3d locks in

Lo

Figure 5 Proposed mechanism for fusion mediated by class Il viral fusion proteins. Full-
length E is represented as in Fig. 1c, with the stem and viral transmembrane anchor in
cyan. a, E binds to a receptor on the cell surface and the virion is internalized to an
endosome. b, Reduced pH in the endosome causes domain Il to hinge outward from the
virion surface, exposing the fusion loop, and allowing E monomers to rearrange laterally in
the plane of the viral membrane. ¢, The fusion loop inserts into the hydrocarbon layer of
the host-cell membrane, promoting trimer formation. d, Formation of trimer contacts
spreads from the fusion loop at the tip of the trimer, to the base of the trimer. Domain Il
shifts and rotates to create trimer contacts, causing the C-terminal portion of E to fold
back towards the fusion loop. Energy release by this refolding bends the apposed

membranes. e, Creation of additional trimer contacts between the stem-anchor and
domain Il leads first to hemifusion and then (f) to formation of a lipidic fusion pore.
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the final trimer interaction of domain I and the final folded-back
position of domain III. Free energy released by this refolding can
drive the two membranes to bend towards each other’”, forming
apposing ‘nipples™* (Fig. 5d). Positive bilayer curvature induced by
fusion-loop insertion might stabilize the lateral surfaces of such
protrusions. A ring of trimers may be needed properly to deform the
membrane. We cannot yet specify the number of trimers in such a
ring nor how their conformational changes are coupled. It is
possible that coupling is provided simply by the resistance of the
membranes to deformation: only when several trimers act in
concert can folding back reach the barrier of 3-strand exchange.

(5) Formation of a ‘hemifusion stalk’, with proximal leaflets fused
and distal leaflets unfused (Fig. 5e), is thought to be an essential
intermediate in the membrane fusion reaction®*°. Hemifusion
could occur at any point during the conformational changes
represented in Fig. 5d and e, depending on the length of the
hemifusion stalk. We suggest that hemifusion would happen follow-
ing the B-strand exchange step that locks domains III into their
trimer positions. It must precede final zippering up of the stems, as
full pore formation must occur before the transmembrane segments
can reach their probable final positions around the periphery of the
fusion loops. Hemifusion stalks can ‘flicker’ open into narrow
fusion pores®. Migration of the transmembrane segments along a
transient pore will prevent its closing. Thus, if the transmembrane
segments or adjacent stem regions ‘snap’ into place around the tips
of domains II, formation of the symmetrical final structure (Fig. 5f)
could drive the transition from stalk to pore.

(6) In the final state, the trimer has reached the conformation
seen in our crystal structure, with the stems (not present in our
current crystals) docked along the surface of domains II and with
the fusion loops and transmembrane anchors now next to each
other in the fused membrane (Fig. 5f).

Comparison with class | fusion

Class I and class II viral fusion proteins clearly have some common
mechanistic features (Fig. 5). The most striking of these is a folding
back of the protein during the fusion transitions, so that its two
membrane attachment points come together in the postfusion
structure. Class I proteins fold back by zippering up an ‘outer
layer’ (at least partly a-helical) around a central, trimeric coiled-
coil'. Our structure of trimeric dengue sE shows that class II
proteins do so by nucleating trimer formation around an elongated,
finger-like fusion domain, by rearranging two other domains, and
(probably) by zippering an extended C-terminal stem along the
trimer surface.

Class II viral fusion proteins form trimers from monomers
(dissociated homodimers in the case of flaviviruses; dissociated
heterodimers in the case of alphaviruses®), while class I proteins are
trimeric in their prefusion state’. But comparison of the pre- and
postfusion states of influenza haemagglutinin—the only previous
case where both structures are known for the same protein—shows
that most of the trimer contacts in the latter state are not present in
the former®. That is, just as in the trimerization of dengue E, the
important trimer interactions in the final state form during the
transition. These contacts are close to the three-fold axis, and they
must be present before zippering up of an outer layer can occur.
Indeed, the postulated prefusion intermediate is, both for class I
fusion proteins and now for class II, a structure in which these
central trimer contacts have formed but the zippering-up of the
outer layer has not yet begun (Fig. 5).

Is our structure for the membrane-inserted state of the flavivirus
fusion loops relevant also for class I fusion-peptide insertion? An
NMR structure of an isolated, 20-residue influenza virus A fusion
peptide associated with a detergent micelle suggests a slightly kinked
a-helix, with its N and C termini embedded in the outer leaflet and
the kink (at about residue 10) on the surface®. Unlike the flavivirus
and alphavirus fusion loops, however, the class-I fusion peptides
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have no particular sequence conservation. Indeed, the Ebola virus
fusion peptide begins at the 23rd residue of GP2, rather than at the
N terminus®, and a cysteine preceding the fusion peptide probably
makes a disulphide bond with a cysteine C terminal to it. Thus,
whatever its conformation, this peptide must enter and leave the
membrane from the external face. The available data for class I
fusion peptides are thus consistent with one important feature of
our structure and of the SFV E1 postfusion structure'”: insertion
only into the outer bilayer leaflet.

Insertion only into the outer leaflet is also consistent with the
requirement of a complete C-terminal transmembrane anchor on
influenza HA or Simian virus 5 for full fusion to take place***
Indeed, as illustrated by Fig. 5f, one of the two membrane attach-
ment structures must span the bilayer to stabilize a fusion pore. This
appears to be the C-terminal anchor for both class I and class II
fusion.

Strategies for inhibiting flavivirus fusion

The discovery of a hydrophobic ligand-binding pocket beneath the
kl loop in the prefusion structure of dengue sE has suggested one
possible strategy for inhibiting flavivirus entry: by interfering with
the fusion transition'®. The rationale for that proposal is enhanced
by our new structure, which shows that significant rearrangements
do occur around the kl loop during the conformational change. The
trimer structure also suggests a second strategy for interfering with
fusion, related to an approach successful in developing an HIV
antiviral compound®. Peptides corresponding to the C-terminal
region of the gp4l ectodomain inhibit HIV-1 entry, probably by
binding to the trimeric, N-terminal ‘inner core’ of the protein and
interfering with the folding back against it of the C-terminal ‘outer
layer’**. An analogous strategy may be successful with class II viral
fusion proteins, such as those of dengue and perhaps of hepatitis
C. The way in which the stem is likely to fold back suggests that
peptides derived from stem sequences could block completion of
the conformational change, by interacting with surfaces on the
clustered domains II. This would interfere with the final stage of the
conformational change, whereas targeting the pocket beneath the kl
loop would interfere with the first stage. Inhibitors developed from
these two strategies could thus act in synergy. O

Methods

Expression and purification of dengue s

Soluble E protein (sE) from dengue virus type 2 S1 strain** was supplied by Hawaii
Biotech. The protein was expressed in Drosophila melanogaster Schneider 2 cells (obtained
from ATCC) using a pMtt vector (GlaxoSmithKline) containing the dengue 2 prM and E
genes (nucleotides 539-2121), as previously described*. The resulting prM—E preprotein
is processed during secretion to yield sE, which was purified from the cell culture medium
by immunoaffinity chromatography®’.

Preparation of dengue sE trimers

Dengue sE trimers were obtained as follows, based on a method developed for TBE virus
sE'S. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (Avanti Polar Lipids) and 1-cholesterol (Sigma) were
dissolved in chloroform, mixed in a 1:1:1 molar ratio, and dried under high vacuum for
over 4 h. The lipid film was resuspended in 10 mM triethanolamine (TEA) of pH 8.3,
0.14 M NaCl and subjected to five cycles of freeze-thawing, followed by 21 cycles of
extrusion through two 0.2 pm polycarbonate filter membranes (Whatman). Purified sE
was added in a 1:680 protein:lipid molar ratio and incubated at 37 °C for 5 min. The pH
was lowered to endosomal levels by adding 75 mM MES of pH 5.4, and the protein was
incubated at 37 °C for 30 min. Liposomes were solubilized with a 20-fold molar excess of
n-octyl-B-D-glucoside (3-OG) and 4 mM n-undecyl-B-D-maltoside (UDM) (Anatrace).
Excess lipid was removed by cation exchange chromatography with MonoS (Pharmacia)
in 25 mM citric acid of pH 5.26, 70 mM NaCl, 4 mM UDM. After washing with 0.4 M
NaCl, the protein was eluted with 1-1.5M NaCl. E trimers were further purified by gel
filtration on a Superdex 200 column (Pharmacia) in 8 mM TEA of pH 7, 80 mM NaCl,
3 mM UDM. The sE trimers were concentrated to about 15 mg ml ™" for crystallization and
dialysed against the gel filtration buffer using a 50-kDa molecular-mass cutoff membrane
(Spectrapor).

Crystallization and data collection
Crystals were grown at 20 °C by hanging-drop vapour diffusion by mixing equal volumes
of protein solution and the following reservoir solution: 20-30% polyethylene glycol 400
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(PEG400), 0.1 M MOPS pH 7-8 or Tris pH 8-9, 80 mM NaCl. Two crystal forms were
obtained: plates of space group P321 with cell dimensions a = b = 76.2 A,c=1314,and
rhomboids of space group P3,21 with cell dimensions a = b = 153 A, c=143A. The
asymmetric unit of the P321 crystals contains one molecule of sE; that of the P3,21
crystals, one trimer (three molecules) of sE. Cryoprotection was achieved by raising the
concentration of PEG400 to 30%. Crystals were frozen in liquid nitrogen, and all data were
collected at 100K on BioCARS beamline 14-BM-C at the Advanced Photon Source
(Argonne National Laboratory). The data were processed with HKL*®. Data collection
statistics are presented in Supplementary Table 1.

Chemical cross-linking

sE was covalently cross-linked with ethylene glycol bis-(succinimidyl succinate) (EGS).
10 pM-1 mM EGS was added from a fresh 0.1 M stock solution in dimethyl sulphoxide to
about 5pg E at 10 pgml~". Acidic solutions were neutralized with TEA of pH 8.5. After
30 min at room temperature, EGS was quenched with 20 mM Tris for 15 min. Protein was
precipitated with trichloroacetic acid and resuspended in SDS—polyacrylamide gel
electrophoresis (PAGE) sample buffer for gel electrophoresis.

Electron microscopy

Dengue sE trimers inserted into liposomes were prepared as described above and adsorbed
to glow-discharged, carbon-coated copper grids. Samples were washed with two drops of
deionized water, stained with two drops of 0.7% uranyl formate for 20 s, washed with
water, and blotted gently. Micrographs were recorded on a Philips Tecnai 12 electron
microscope at 100 kV and 64,000-fold magnification.

Structure determination

The crystal structure of dengue E in the postfusion conformation was determined by
molecular replacement using individual domains from the prefusion dengue E structure'
(Protein Data Bank code 10KE) as search models, and the P321 data set (see
Supplementary Table 1). Domain Il was placed first, followed by domain I, with AmoRe®.
Domain III was placed last, with CNS™. The atomic coordinates of the three domains were
refined as rigid bodies. The model was rebuilt with O*' based on 2F, — F. and F,~F,
Fourier maps. Residues 1-17, 34—40, 49-54, 128-137, 165-192, 290-299 and 341-346
were built de novo. Coordinates were then refined against data up to 2.0 A resolution by
simulated annealing using torsion-angle dynamics with CNS®, and rebuilt with O, in
iterative cycles. Later cycles included restrained refinement of B-factors for individual
atoms and energy minimization against maximum likelihood targets with CNS. The final
model contains residues 1-144 and 159-394, an n-acetyl glucosamine glycan on residue
67, 205 water molecules and one chloride ion. Residues 145-158 and the glycan on residue
153 are disordered.. Refinement statistics are presented in Supplementary Table 1.
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