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Pestiviruses, including bovine viral diarrhea virus, are important ani-
mal pathogens and are closely related to hepatitis C virus, which
remains a major global health threat. They have an outer lipid enve-
lope bearing two glycoproteins, E1 and E2, required for cell entry.
They deliver their genome into the host cell cytoplasm by fusion of
their envelope with a cellular membrane. The crystal structure of bo-
vine viral diarrhea virus E2 reveals a unique protein architecture con-
sisting of two Ig-like domains followed by an elongated β-stranded
domainwith a new fold. E2 forms end-to-endhomodimerswith a con-
served C-terminal motif rich in aromatic residues at the contact. A
disulfide bond across the interface explains the acid resistance of
pestiviruses and their requirement for a redox activation step to ini-
tiate fusion. From the structure of E2, we propose alternative possible
membrane fusion mechanisms. We expect the pestivirus fusion appa-
ratus to be conserved in hepatitis C virus.

domain swap | family Flaviviridae | genus hepacivirus | pH sensing |
fusion motif

Viruses in the pestivirus genus are economically important an-
imal pathogens, including bovine viral diarrhea virus (BVDV),

border disease virus, and classical swine fever virus (CSFV) (1).
BVDV causes both acute and chronic infections, primarily in cattle
but also in sheep, pigs, goats, and other even-toed ungulates.
Among the various flavivirus family members, pestiviruses are the
most closely related to hepatitis C virus (HCV) of the hepacivirus
genus, a serious and persistent global health threat (2).
Pestiviruses have been used as surrogates for HCV because of

the many structural and functional properties shared by these
viruses. Pesti- and hepaciviruses have a similar genomic organi-
zation and they both form mostly spherical particles 40–60 nm in
diameter with relatively smooth surfaces. Due to variations in
particle size and shape, electron microscopy studies have provided
few additional structural insights and it is not yet clear whether the
virions have regular icosahedral symmetry (3–5). Inhibition of cell
entry by endocytic inhibitors suggests that pesti- and hepaciviruses
enter the cell by clathrin-mediated endocytosis (6, 7). However,
pestiviruses and hepaciviruses recognize host cells by binding to
cell surface receptors—CD46 and CD81, respectively—that are
not significantly internalized (8, 9), and one or more coreceptors
are required for postattachment internalization (10, 11). To deliver
their single-stranded positive-sense RNA genome into the cyto-
plasm, pestiviruses and HCV must fuse their lipid envelope with
a cellular membrane. The reduced pH of endocytic compartments
is required but not sufficient to initiate membrane fusion of these
viruses (6, 7, 10, 12, 13). Moreover, viruses from both families are
acid resistant before endocytosis, and require a poorly understood
activation step to become fusogenic at endosomal pH (6, 7, 12). In
pestiviruses, scission of disulfide bonds in the envelope glyco-
proteins is thought to activate the virion for fusion, as the combi-
nation of reducing agent and low pH allows fusion with the plasma
membrane (“fusion from without”), albeit at low efficiency (6). A
potential precedent is human papillomavirus, which requires
a cellular protein disulfide isomerase in addition to low endosomal
pH for disassembly of the disulfide-linked capsid and delivery of
viral DNA into the cytoplasm (14).

Two envelope glycoproteins, E1 and E2, are required for cell
entry and membrane fusion of pesti- and hepaciviruses. E2
determines cellular tropism, binds the cell-surface receptor
(CD46 or CD81), and contains the major neutralizing antibody
epitopes (9, 15–18). BVDV E2 forms disulfide-linked homo-
dimers and heterodimers with E1 (19–21). Formation of BVDV
E1–E2 heterodimers is essential for virus entry and depends on
charged residues in the transmembrane segments of the two
glycoproteins (22). Similarly, in HCV the transmembrane seg-
ment of E2 is required for correct folding and assembly of E1–E2
heterodimers (23).
In the absence of experimental structural data for E1 or E2, it has

not been possible to determine the molecular basis of membrane
fusion in pesti- and hepaciviruses. We have determined the crystal
structure of the BVDV E2 ectodomain. Based on the structure, we
propose three alternative membrane fusion mechanisms.

Results
Overall Fold of BVDV E2. We determined two crystal structures of
E2 from the American prototype cytopathic BVDV1 strain
(NADL), one of the entire ectodomain, and the other of an
ectodomain fragment lacking the 90 N-terminal amino acids. Both
E2 constructs lacked the C-terminal transmembrane anchor and
were crystallized at pH 5.5 under nonreducing conditions. The two
structures were refined at 4.1 Å and 3.3 Å resolution, respectively
(Table 1). The E2 ectodomain has a total span of 140 Å and forms
disulfide-linked dimers. It has a unique three-domain architecture
(Fig. 1 A–C). Domain I (polyprotein residues 693–782) is an Ig-
like domain. Due to the lower resolution of the full-length
ectodomain structure, many side chains were omitted from the
atomic coordinates for domain I. The only histidine residue that
is conserved across pestiviruses, His762, is exposed on the sur-
face of domain I at the membrane-distal end of the molecule
(Fig. 2A). Histidine side chains have pKa values in the range of
6–6.4 and therefore typically become protonated during endo-
somal acidification. The increase in positive charge resulting
from histidine protonation is an important part of the pH sensing
mechanism of many viruses (24–29).
Domain II (residues 783–860) is also a seven-stranded Ig-like

domain, with similar overall shape and size as domain I. A
12-residue sequence between the last two β strands in domain II
forms a highly exposed β hairpin that protrudes into the solvent
(Fig. 1C). A peptide containing the analogous sequence from
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CSFV E2, which is not identical to the one in BVDV, was shown
to interact with a host cell receptor (15), presumably CD46.
(Overall, the amino acid sequences of BVDV and CSFV E2 are
65% identical.) The most similar structure to domain II is the
first Ig domain of receptor for advanced glycation end products
(RAGE), Protein Data Bank entry 3O3U, with a Z score of 6.1
in Dali (30). It is tempting to speculate that E2, like RAGE,
binds carbohydrates, but the extensive positively charged car-
bohydrate binding surface in RAGE Ig-1 is not conserved in E2.
Domain III consists of a series of three small β-sheet modules

(IIIa–c), which together form an elongated domain. The overall
fold and topology of domain III bears no significant similarity to
previously determined protein structures (Fig. S1). There are no
internal or terminal fusion motifs in E2 with an obvious re-
semblance to those of other viral fusion proteins. A hydrophobic
surface at the dimer interface in domain IIIc containing a large
cluster of conserved aromatic side chains could, however, serve
as an anchor in either the cellular or viral membrane (see below).
The structures of domains II and III are essentially identical in
the full-length and truncated E2 ectodomain structures.
E2 contains extensive posttranslational modifications. Four

glycans are distributed over the molecule, one in domain II and
three in domain III (Fig. 1 B andC). All 17 cysteine residues in the
ectodomain are involved in disulfide bonds. Domains I, II, and III
contain one, two, and four internal disulfides, respectively; one
disulfide bridges domains I and II; and the 17th cysteine forms an
intermolecular bond with the dimer partner molecule (Fig. 2). The
cysteines are in different positions in pestivirus and HCV E1 and
E2 proteins. The disulfide-bonding pattern is similar in HCV E2,
however, with a total of nine disulfide bonds linking cysteines that are
mostly close to each other in the amino acid sequence (31), consis-
tent with a linear domain architecture as in BVDV E2. In contrast,
class II viral membrane fusion proteins have a nonlinear topology

that allows cross-links between cysteines far from each other in
the amino acid sequence, especially in the N-terminal domain.
Although E2 does not form cross-linked homodimers in HCV,
E1 and E2 form disulfide-linked complexes in HCV virions (32).

Disulfide-Linked Dimer Interface of E2. The ectodomain of BVDV
E2 forms disulfide-linked dimers in solution, as determined by hy-
drodynamic andmultiangle scattering analysis, and by nonreducing
SDS/PAGE (Fig. S2). Domain I is not required for dimerization
and dimers are stable at low pH and in the presence of reducing
agent. The E2 dimers dissociated in SDS/PAGE, however, even
when the samples were not boiled (Fig. S2). The two E2 crystal
forms each contain one end-to-end dimer per asymmetric unit (Fig.
2A). The dimer interface is made up predominantly of a large
cluster of aromatic residues in module IIIc (Phe989, Tyr991,
Tyr1006, Phe1007, Tyr1016, Tyr1018, and Phe1020). The side
chains are tightly clustered in a planar array at the membrane-
proximal extremity of E2 (Fig. 2B). The aromatic side chains in-
teract mostly via π stacking and hydrophobic interactions and via
a single hydrogen bond between the hydroxyl groups of Tyr1006
and Tyr1018 (Fig. 2 C and D). The intersubunit disulfide bond
extends across the twofold axis, between Cys987 in each mono-
mer. Dimer formation buries a total surface area of ∼1,200 Å2.
The two subunits in the dimer are related by the dyad, except for
domain I, whose orientation relative to domain II differs by 58° in
the two subunits, despite the disulfide bond between Cys751 and
Cys798, which links the two domains (Fig. S3). Thus, the domain
I–II interface appears to be flexible and to allow large hinge
motions of the type observed during the fusogenic conformational
change in class II fusion proteins (33). E2 dimers elute from a size-
exclusion column slightly earlier at pH 7.5 than at pH 5.5, in-
dicating that the dimers have a larger hydrodynamic radius at pH
7.5 (Fig. S2). This is consistent with the E2 domains maintaining an

Table 1. Crystallographic data collection and refinement statistics

Dataset U ΔN90-E2-ECD Native ΔN90-E2-ECD E2-ECD

Data collection
Space group C2 C2 C2

Cell dimensions
a, b, c (Å) 136.7, 54.5, 95.9 137.4, 56.2, 94.9 154.6, 67.8, 138.9
α, β, γ (°) 90, 92.2, 90 90, 94.9, 90 90, 121.9, 90
Wavelength, Å 1.2142 1.0711 1.1
Resolution, Å* 50–3.27 (3.36–3.27) 50–3.2 (3.4–3.2) 50–4.09 (4.34–4.09)
Unique reflections 21,043 23,295 18,572
Rmerge ,%* 7.2 (50.4) 7.2 (98.1) 15.1 (100)
I/σIa 12.1 (1.9) 7.8 (1.2) 4.8 (1.3)
Completeness, %* 98.4 (89.1) 97.4 (98.2) 98.1 (98.1)
Redundancy* 3.3 (1.7) 2.12 (2.2) 2.1 (2.1)
Overall figure of merit 0.45

Refinement
Resolution, Å* 50–3.27 (3.36–3.27) 50–4.09 (4.34–4.09)
No. reflections 10,539 9,486
Rwork/Rfree, %* 24.6 (32.5)/28.9 (36.7) 28.9 (44)/34.9 (62)
Average B factor, Å2 48.9 141.72

Rms deviations
Bond lengths, Å 0.010 0.013
Bond angles, ° 1.89 1.90

Ramachandran analysis
Preferred regions, % 86.4 83.4
Allowed regions, % 12.3 10.8
Disallowed regions, % 1.3 5.8
Synchrotron beamline BNL X25 APS NECAT 24ID-C BNL X25

Rsym = ΣhklΣi jIhkl,i – < I>hklj/ΣhklΣijIhkl,ij, where Ihkl is the intensity of a reflection and <I>hkl is the average of all
observations of the reflection. Rfree, Rwork with 10% of Fobs sequestered before refinement. Residual B-factors
after TLS refinement. See PDB entry for TLS refinement parameters. rms, root mean square.
*Highest resolution shell is shown in parentheses.
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elongated configuration at pH 7.5 and adopting a more compact
configuration, or range of configurations, possibly due to increased
flexibility of the domain I–II interface as the pH is lowered.
A loop inmodule IIIc (residues 979–984) is disordered in the E2

structure. Because this loop is close to the corresponding loop in
the dimer partner molecule, the connectivity of the protein is
ambiguous. It is possible that the polypeptide chain of each sub-
unit crosses the dyad into the dimer partner (Fig. 3). This “domain
swap” would approximately double the buried surface area within

the dimer interface, which would then include three β-sheet hy-
drogen bonds (between residues 976–978 and 989–991). A domain
swap would greatly increase the energetic cost of dissociating E2
dimers into monomers, consistent with the stability of the dimers
in solution. Electron density features near the twofold axis in one
subunit of the full-length E2 ectodomain structure are also con-
sistent with a domain-swapped configuration. We note that mod-
ule IIIc is the most conserved region of E2 in pestiviruses and that
its sequence has a significant level of similarity to the C-terminal
region of HCV E2 proteins (Fig. 3C). Threading of the HCV E2
sequence into the BVDV E2 structure with Phyre2 reveals a good
match between the predicted secondary structure of HCV E2 and
the known secondary structure of BVDV E2 (Fig. S4).

Antibody Epitope Mapping. The antibody reactivity of CSFV E2 has
been studied in more detail than that of BVDV E2. Epitope
mapping based on competitive antibody binding assays and neu-
tralization-escape mutations has identified four distinct antigenic
domains (A–D) (34). Domains A and D map to domain II in the
BVDV E2 crystal structure; domains B and C correspond to
domain I (Fig. 4). Domain III does not contain any antibody
epitopes, suggesting that it is not exposed on the viral surface.
Most of the neutralization-escape mutations and glycans are
clustered on one face of E2 (Fig. 4B), suggesting that this face is
solvent exposed. The opposite face (Fig. 4A) is likely to define
the interface with E1.

Discussion
Although HCV E1 and E2 have both been predicted to resemble
the class II fusion proteins found in alphaviruses and flaviviruses
(35), several strands of evidence suggest that the HCV glyco-
proteins are instead more similar to their pestivirus homologs.
Viruses from the two genera have similarmorphologies in electron
micrographs and contain only two envelope glycoproteins, E1 and
E2 (3–5). Moreover, formation of E1–E2 heterodimers through
interactions involving the transmembrane segments of the two
proteins is required for cell entry of both pesti- and hepaciviruses
(22, 23). In HCV, as in pestiviruses, E1 is half the size of E2, which
is the immunodominant protein and binds a cellular receptor that
is not efficiently internalized (8, 9). HCV and pestiviruses both
appear to require one or more coreceptors for postattachment

Fig. 1. Topology and overall protein fold of BVDV E2. (A) The three-do-
main topology of E2. Domain I is in red, domain II is in yellow, and domain III
is in shades of blue: light blue for module IIIa, medium blue for module IIIb,
and dark blue for module IIIc. Residue numbers follow BVDV polyprotein
numbering. The transmembrane domain (gray) is missing in the structure.
(B and C ) E2 has a unique architecture consisting of two Ig-like domains
(I and II) followed by an elongated β-stranded domain with a new fold (III).
The only histidine conserved in pestivirus E2 is His762 (magenta). A host cell
binding sequence forms a protruding β hairpin and is a candidate for CD46
binding. Glycans (cyan) are linked to N809, N878, N922, and N990. Disulfide
bonds are in green. See also Fig. S1.

Fig. 2. BVDV E2 forms covalently linked dimers. (A) The structure of the BVDV E2 dimer, colored as in Fig. 1. The two subunits in the end-to-end dimer are
related by a dyad axis, except for domain I, whose orientation relative to domain II differs by 42° in the two subunits. The viral lipid envelope is represented by
a gray rectangle (not to scale). (B) The dimer interface consists predominantly of a large cluster of aromatic residues in module IIIc. The aromatic side chains are
tightly clustered in a planar array at the membrane-proximal end of E2. (C and D) Disulfide bond links each monomer across the dyad axis via Cys987. The
aromatic side chains interact mostly via π stacking and hydrophobic interactions. Hydrogen bonds across the dimer interface are shown as black dashed lines.
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internalization and membrane fusion (10, 11). HCV and pes-
tiviruses are also both unusually resistant to acid outside the cell
yet depend on low pH and an additional activation step for fusion
(6, 7, 12). Like BVDV, hepaciviruses have a conserved histidine
residue in the N-terminal region of E2 that may contribute to pH
sensing, and the two genera share some sequence similarity in the
functionally important C-terminal region of E2. Together, these
observations suggest that the structure of BVDV E2 should pro-
vide a useful model for HCV E2.
Specific features within the E2 structure provide insight into

the fusion mechanism. Histidine protonation during endosomal
acidification is a common mechanism for pH sensing in viral
fusion proteins. The position of the only conserved histidine
residue (His762) on the surface of domain I at the membrane-
distal end of the molecule indicates that His762 protonation
does not destabilize the structure of E2. Thus, if His762 con-
tributes to pH sensing it may be by destabilizing an E1–E2 in-
terface that is present only in the prefusion conformation.
Protonation of His762 may also promote membrane fusion by
stabilizing the postfusion conformation of E2. Consistent with
a possible role for His762 in pH sensing, a conserved histidine
near the N terminus of HCV E2 (His445) was recently shown to
be important for pH sensing (36).
Viral fusion proteins respond to the reduced pH of endocytic

compartments (or to other environmental cues) with a confor-
mational change that exposes a hydrophobic fusion motif allow-
ing it to insert into the endosomal membrane. The proteins then
fold back on themselves, forcing the cell membrane (held by the
fusion loop) and the viral membrane (held by a transmembrane
anchor) against each other, resulting in fusion of the viral and
endosomal membranes. In the absence of an obvious fusionmotif,
a key question regarding the pestivirus fusion mechanism is how
the viral fusion apparatus anchors itself in the host cell mem-
brane. In HCV, a hydrophobic sequence in E1 (residues 276–286)

has been proposed to function as a fusion motif (37). If this is the
case and E1 is the fusion protein, E2 is likely to function as
a coeffector of fusion providing structural integrity to the fusion
complex (Fig. 5). Protonation of His762 in BVDV E2 could still
control exposure of the fusion motif in E1, for example by
destabilizing an interaction with the fusion motif region.
Alternative cellular membrane-anchoring mechanisms are also

possible. The cluster of aromatic residues at the dimer interface
in domain IIIc, could function as a highly effective membrane
anchor. This would require disruption of the E2 dimer interface
and proteolytic cleavage of E2 at the C-terminal end of its
ectodomain, by a cathepsin for example, while maintaining in-
direct association of E2 to the viral membrane via E1 (Fig. 5B).
BVDV E2 dimers dissociate in Laemmli buffer without heating
(Fig. S2). Low pH and reducing agent support only low levels of
fusion activity (6). There is, however, no direct evidence that E2
requires proteolytic activation.
As a third possible membrane anchoring mechanism we pro-

pose that domain I may contain an as yet unidentified fusion
motif, which may only become exposed under specific conditions,
for example in the presence of a lipid bilayer (Fig. 5D). This
topology would place the fusion motif on the opposite end of E2
from the viral transmembrane domain, as would be expected in
a fusion protein.
Even if domain IIIc does not function as the fusion motif, the

array of aromatic side chains in domain IIIc could insert into viral
membrane, without the requirement for proteolytic cleavage.
Membrane insertion of the motif would position E2 in an orien-
tation approximately perpendicular to the viral and host cell
membranes, with the fusion motif positioned toward the target
membrane (Fig. 5 C andD). If the E2 dimers do not dissociate, the
hydrophobic contacts between side chains in the aromatic array
may serve as a hinge (Fig. S5). A role for domain IIIc as a mem-
brane anchor or hinge would be consistent with the high degree of
conservation of its sequence across pestiviruses. Any significant

Fig. 3. Potential domain swap at the conserved dimer interface. A loop in
module IIIc (residues 979–984) is disordered in the structure of E2 (dashed
lines). Because the ends connecting to the loop are close to the dyad, residues
on the C-terminal end of the loop (985–1023) may cross the dyad into the
dimer partner. (A) The nonswapped structure, as deposited. (B) The domain-
swapped structure, which doubles the buried surface area within the dimer
interface. (C) Module IIIc is the most conserved region of E2 in pestiviruses.
The sequence of module IIIc has similarity to the C-terminal region of HCV E2
proteins. Residue numbers (Left) follow polyprotein numbering. The sec-
ondary structure elements of BVDV E2 (blue arrows) and predicted secondary
structure elements of HCV2b E2 (green arrows, cylinders) are shown.

Fig. 4. Mapping of antigenic regions. (A) Location of the four antigenic
domains (A–D) of CSFV E2 in the structure of BVDV E2 viewed in the same
orientation as in Fig. 1C in space-filling representation. Antigenic domains B
(green) and C (blue) are in domain I. Domains A (pink and salmon) and D
(salmon) map to domain II. Most of the neutralization-escape mutations
(magenta) and glycans (cyan) are exposed on the opposite face of E2 (B),
suggesting that this face is exposed on the viral surface. Residues forming
the E2 dimer interface are in yellow.
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molecular motions involving domain IIIc would require the
breakage or isomerization of the disulfide bond at Cys987, which
would explain the requirement for reducing agent in addition to
low pH for fusion-from-without by pestiviruses. Reports of BVDV
E1–E2 disulfide cross-links (19–21) suggest that an unpaired cys-
teine in E1 catalyzes E2 dimer dissociation by exchange with the
disulfide at Cys987. Retroviruses provide a precedent for such
a mechanism. A disulfide bond between the two subunits of the
cleaved retroviral Env protein inhibits fusion until receptor
binding exposes an unpaired cysteine thiol, which isomerizes the
disulfide bond, allowing the regulatory subunit to dissociate (38).
After we completed this study, another article reporting the

structure of BVDV1 E2 (strain Pe515) was published indepen-
dently (39). The sequence of the Pe515 strain is 85% identical to
the American prototype cytopathic BVDV1 NADL strain used in
our study. The structure of BVDV1 Pe515 E2 determined at neu-
tral pH is similar to the structures described here, except that do-
main IIIc is in the domain-swapped configuration. The root-mean
square deviation of main chain atoms in domain I, the least con-
served domain in the Pe515 and NADL structures (79% sequence
identity), is 0.95 Å. In a second structure of Pe515 E2 determined
at low pH, domain I was completely disordered (39), in contrast
to our structure. David I. Stuart and colleagues reached the con-
clusion, consistent with our own, that E1 contains the fusion motif
and E2 acts as a structural scaffold for E1. Additional parallels
are identified is this study between the pestiviruses and HCV.
Their many common structural and functional properties suggest
that the structure of BVDV E2 will be useful as a model for HCV
E2, and that the membrane fusion mechanisms discussed here are
likely to be conserved in HCV.

Materials and Methods
Protein Expression and Purification. Genes encoding residues 693–1030 (E2-
ECD) or residues 783–1030 (ΔN90-E2-ECD) of E2 frombovine viral diarrhea virus
1 strain NADL (GenBank accession code 9626650), preceded by an N-terminal
eight-histidine purification tag followed by the linker sequence Ser-Ser-Gly

and a tobacco etch virus (TEV) protease cleavage site (ENLYFQGP), were
subcloned into the pAcGP67 vector (BD Biosciences) in frame with the
baculovirus gp67 signal sequence. Spodoptera frugiperda (Sf9) insect cells
(Invitrogen) were cotransfected with one of the E2 expression constructs
and DiamondBac baculovirus genomic DNA (Sigma-Aldrich) to produce a
recombinant baculovirus expressing E2-ECD or ΔN90-E2-ECD. Virus stocks
were amplified with three sequential infections of Sf9 cells. For E2 expres-
sion, Trichoplusia ni (Tni) insect cells (Expression Systems) grown at 27 °C
were infected at a density of 2 × 106 cells/mL with 1.0% (vol/vol) of third-
passage (P3) baculovirus stock. After culture in suspension for 96–105 h at
20 °C the culture media was collected and its pH was adjusted with 10 mM
triethanolamine (TEA) pH 7.5.

E2 was purified by nickel affinity chromatography with a HisTrap HP
column (GE Healthcare) and then treated with TEV protease and Peptide
N-glycosidase (PNGase) F (New England Biolabs) at 25 °C for 12 h to remove
the histidine tag and glycans. Glycan removal was incomplete and PNGase
treatment was not necessary to obtain crystals; however, the treatment
improved the diffraction properties of the crystals. Uncleaved E2 and N-
terminal TEV cleavage fragments were removed with a second round of
nickel affinity chromatography. Untagged E2 was purified to homogeneity
by size-exclusion chromatography on a Superdex 200 10/300 GL column (GE
Healthcare). The size-exclusion buffer was 10 mM TEA, pH 7.5, 0.3 mM DTT,
0.5 mM glutathione disulfide, 50 mM NaCl, and 2 mM β-mercaptoethanol.
Protein samples were concentrated to 4.5–6 g/L, frozen in liquid nitrogen,
and stored at −80 °C in 10 mM TEA, pH 7.5, 50 mM NaCl, and 2 mM β-
mercaptoethanol.

Hydrodynamic and Multiangle Scattering Analysis. Analytical size-exclusion
chromatography and multiangle light scattering (MALS) experiments were
performed in 50 mM Bis-Tris pH 5.0 or TEA pH 7.5 and 50 mM NaCl with or
without 10mMDTT or Tris(2-carboxyethyl)phosphine (TCEP). A total of 0.1mL
of E2-ECD or E2-ECD (1-3 g/L), pretreated with 10 mM DTT at pH 5 or 7.5, was
loaded onto a Superdex 200 10/300 column coupled to a DAWN EOS spec-
trometer andOPTILABDSP interferometric refractometer (Wyatt Technology)
at aflow rate of 0.5mL/min. E2-ECDwas detected as it eluted from the column
with a UV detector at 280 nm, a light scattering detector at 690 nm, and
a refractive index detector. The molar mass of E2-ECD was determined from
the Debye plot of light scattering intensity versus scattering angle. Data
processing was performed with ASTRA software (Wyatt Technology).

Fig. 5. Possible pestivirus membrane fusion mech-
anisms. Three alternative mechanisms are proposed
for insertion of a fusion motif into the target host
cell membrane. (A) E2 forms a disulfide-linked dimer
and is associated with E1 on the surface of the in-
fectious virion. The black pentagon represents the
unprotonated side chain of His762. (B) Activation of
E2 by the reduced pH of the endosome, disulfide
isomerase activity and proteolytic cleavage of E2
near the C-terminal transmembrane domain causes
E2 dimers to dissociate. The cluster of aromatic res-
idues in domain IIIc functions as a fusion motif. E2
remains associated to the viral membrane via E1.
Both glycoproteins contribute to the subsequent
fusogenic conformational change. (C) E1 contains
the fusion motif. E2 functions as a coeffector of fu-
sion providing structural integrity to the fusion
complex. Protonation of His762 controls exposure of
the fusion motif in E1 by destabilizing an interaction
between E2 and the fusion motif. (D) Domain I
contains an as yet unidentified fusion motif, which
becomes exposed under specific conditions, for ex-
ample in the presence of a lipid bilayer. This topol-
ogy would place the fusion motif of the opposite
end of E2 from the viral membrane, as would be
expected in a fusion protein. (C and D) If domain IIIc
does not function as the fusion motif, the array of
aromatic side chains in domain IIIc could insert into
cellular membrane, positioning the fusion motif to-
ward the target membrane. See also Fig. S5.

Li et al. PNAS | April 23, 2013 | vol. 110 | no. 17 | 6809

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1300524110/-/DCSupplemental/pnas.201300524SI.pdf?targetid=nameddest=SF5


Crystallization and Structure Determination of E2. Crystals of E2-ECD or ΔN90-
E2-ECDwere grownby hanging drop vapor diffusion at 20 °C. E2 at 4–6 g/Lwas
mixed with a half-volume of reservoir solution: 10% (wt/vol) polyethylene
glycol 3350 (PEG 3350), 0.1 M Bis-Tris pH 5.5, 50 mM cesium chloride, 40 mM
calcium acetate, and 10% (vol/vol) glycerol. Plate-shaped crystals reached
a size of 100 × 50 × 10 μm in 2–3 wk. After 3 mo, the crystals were dehydrated
for 24 h by replacing the well solution with 30% (wt/vol) PEG 3350, 0.1 M Bis-
Tris pH 5.5, 50 mM cesium chloride, 41 mM calcium acetate, and 10% (vol/vol)
glycerol. ΔN90-E2-ECD crystals were derivatized by soaking in the reservoir
solution plus 5.0 mM UO2(CH3COO)2 for 48 h and then were frozen in liquid
nitrogen. Data were collected at 100 K on a PILATUS detector (Dectris)
and processed with XDS (40). Initial experimental electron density maps with
interpretable solvent boundary features were obtained using a merged
U-soaked single-anomalous scattering (SAS) ΔN90-E2-ECD dataset at 3.5 Å
resolution and a back-soaked native ΔN90-E2-ECD dataset at 3.8 Å resolution
followed by density-modification procedures with PHENIX AutoSolve (41).
These maps were interpretable for domain II and domains IIIa–b of both mol-
ecules in the asymmetric unit, but not for domain IIIc. Using the initial density-
modified experimental phases as external phases as described (42), we refined
individual heavy atom structures for each of three U-soaked datasets and cal-
culated improved experimental phases. Before density modification, experi-
mental maps generated using three independently refined U-SAS structures
followed by phase combination showed a much clearer solvent boundary than
the corresponding maps after merging three U-SAS datasets. In parallel, these

datasets were treated as three isomorphous pairs to yield three single-
isomorphous replacement (SIR) phases, phase recombination as described
above also yielded a clear solvent boundary. All SAS and SIR phases were then
combined, producing a greatly improved solvent boundary for domains II and
III (including IIIc). Twofold domain averaging was performed for density
modification as implemented in CCP4 DMMULTI (43). The atomic model was
completed with COOT (44) and refined to an Rfree of 28.9% with PHENIX and
REFMAC (45). The structure of E2-ECD was determined by molecular re-
placement with PHENIX using ΔN90-E2-ECD as the search model. Atomic
coordinates and structure factors have been deposited in the Protein Data
Bank (PDB ID codes 4ILD and 4JNT). See Table 1 for data collection and
refinement statistics. See also SI Materials and Methods.
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