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Hepatitis C virus (HCV), a member of the family Flaviviridae, is a leading cause of chronic liver disease and cancer. Recent ad-
vances in HCV therapeutics have resulted in improved cure rates, but an HCV vaccine is not available and is urgently needed to
control the global pandemic. Vaccine development has been hampered by the lack of high-resolution structural information for
the two HCV envelope glycoproteins, E1 and E2. Recently, Kong and coworkers (Science 342:1090-1094, 2013, d0i:10.1126
/science.1243876) and Khan and coworkers (Nature 509[7500]:381-384, 2014, d0i:10.1038/nature13117) independently deter-
mined the structure of the HCV E2 ectodomain core with some unexpected and informative results. The HCV E2 ectodomain
core features a globular architecture with antiparallel 3-sheets forming a central 3 sandwich. The residues comprising the
epitopes of several neutralizing and nonneutralizing human monoclonal antibodies were also determined, which is an essential
step toward obtaining a fine map of the human humoral response to HCV. Also clarified were the regions of E2 that directly bind
CD81, an important HCV cellular receptor. While it has been widely assumed that HCV E2 is a class II viral fusion protein
(VFP), the newly determined structure suggests that the HCV E2 ectodomain shares structural and functional similarities only
with domain III of class II VFPs. The new structural determinations suggest that the HCV glycoproteins use a different mecha-

nism than that used by class II fusion proteins for cell fusion.

H epatitis C virus (HCV), a member of the Hepacivirus genus of
the family Flaviviridae, is a leading cause of chronic hepatitis,
cirrhosis, liver failure, and hepatocellular carcinoma (1). The
worldwide incidence of people who are chronically infected with
HCV numbers over 150 million, presenting a significant public
health and economic burden (2). At least three million people in
the United States have a chronic HCV infection, placing them at
risk for developing serious liver disease or cancer (3). HCV is the
underlying cause of about 25% of liver cancers worldwide and is
the leading indicator for liver transplants in the United States (4).
At least for the moment, HCV has surpassed HIV as a cause of
death in the United States (5). While ongoing treatment advances,
including telaprevir-, boceprevir-, and sofosbuvir-based thera-
pies, have greatly improved the cure rates of hepatitis C in devel-
oped countries (6) and further improvements in hepatitis C treat-
ments are imminent (7), access to HCV therapies depends on the
availability of an effective health care infrastructure that is not
available to many populations at high risk for HCV infection.
An HCV vaccine is urgently needed to control the worldwide
pandemic (8). There are many challenges to HCV vaccine devel-
opment, foremost of which is the extreme variability of the virus
(9). HCV has been recently regrouped into seven major genotypes
and 67 subtypes (10). In patients, HCV exists as a complex mix-
ture of genetically distinct, but closely related, variants or quasi-
species (11). This variability facilitates chronic HCV infection by
enabling evasion of the host immune response (12, 13). Infection
with one HCV genotype does not preclude a second infection with
another genotype, which is a strong indication that simple vaccine
approaches will not succeed. Vaccine development was hampered
for many years by the lack of efficient cell culture systems for
replicating HCV, a deficiency that has now largely been overcome
with the advent of HCV pseudoparticle (HCVpp), HCV cell cul-
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ture (HCVcc), and other replication systems (14-23). While
chimpanzees can support HCV infection (24, 25), development of
more accessible animal models for hepatitis C has also been a
significant bottleneck for vaccine development. The recent devel-
opment of humanized mouse models that do not have intact im-
mune systems and support HCV replication is a promising ad-
vance (26-28).

Viral surface glycoproteins are the major targets of vaccination
strategies for viruses such as HCV that have a lipid-containing
viral envelope. The surface glycoproteins mediate host cell recep-
tor binding and membrane fusion, allowing entry of the viral ge-
nome into host cells (29, 30). Production of antibodies that block
one or more of these processes is essential for a protective humoral
immune response. The two HCV envelope glycoproteins, E1
(amino acids [aa] 192 to 383 of the strain H77 polyprotein) and E2
(aa 384 to 746), have C-terminal transmembrane (TM) anchor
domains and form a noncovalent heterodimer complex anchored
in the virion lipid envelope. It is well established that HCV E2
mediates binding to at least some of the HCV cell receptors (30—
32). However, the roles of E1 and E2 in mediating virus mem-
brane-cell membrane fusion remain unclear due in part to the lack
of high-resolution X-ray crystallographic structures of E1 and E2.
Recently, Kong and coworkers (33) and Khan and coworkers (34)
made a major advance in the field by independently solving the
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structures of constructs consisting of the core residues of the E2
ectodomain. Here, we discuss how the newly determined HCV E2
ectodomain structure allows for reinterpretation of some prior
studies and how this key breakthrough will guide future studies.

STRUCTURE OF HCV E2

Expression of the HCV envelope proteins for structural analyses
has proven challenging. Both E1 and E2 are heavily glycosylated
and have multiple disulfide cross-links. E1 and E2 associate as a
heterodimer and require an extended period of time for comple-
tion of the folding process in the endoplasmic reticulum, further
complicating expression and purification (35). When expressed in
eukaryotic cells, a significant proportion of E1 or E2 forms mis-
folded aggregates with incorrect disulfide cross-links (36, 37).
Kong and coworkers (33) used brute force to overcome this chal-
lenge. Focusing on E2, they created and expressed 41 different
recombinant E2 proteins, deleting various glycosylation sites,
loops, or other predicted structures in E2. This effort yielded seven
“well-behaved” E2 constructs. Khan and coworkers (34) took a
similar approach, but rather than mutagenizing glycosylation
sites, they enzymatically removed most of the glycosyl residues
from the purified protein. Drawing from the resourceful crystal-
lographer’s bag of tricks, both groups “stabilized” their constructs
for crystal formation with antigen binding fragments (Fabs) of
E2-specific human monoclonal antibodies (huMAbs). Fabs, par-
ticularly those that bind to conformational (nonlinear) epitopes,
are unlikely to bind misfolded proteins without proper disulfide
bonds. Kong and coworkers solved the structure of the E2 ectodo-
main core (E2c-Kong) in the presence of a Fab from a huMAb
designated antigenic region 3C (AR3C). Khan et al. (34) produced
crystals of their deglycosylated E2 core (E2c-Khan) in complex
with Fab 2A12.

Flexible regions and glycans may deter useful crystal forma-
tion. E2c-Kong consists of the “core” of the E2 ectodomain of
HCV strain H77 (genotype 1a), spanning aa 412 to 645, with a
deletion of the 28 amino acids at the N terminus known as hyper-
variable region 1 (HVR1). E2c-Kong also carries a substitution
with a short linker (glycine-serine-serine-glycine) for HVR2 (aa
460 to 485), a potentially flexible region, and decommissioned
glycosylation sites at N448 and N576 and produced crystals dif-
fracting to 2.65 A (Fig. 1A). Khan and coworkers produced crys-
tals diffracting to a 2.4-A resolution from a shorter fragment of
HCV E2 of a different strain and genotype (HCV strain J6, geno-
type 2a), which had a deletion of approximately 80 amino acids
from the N terminus (aa 456 to 656) (Fig. 1B). Both groups made
the same 98-aa truncation of E2¢ at the C terminus, thus removing
the aromatic juxtamembrane domain (called the stem domain in
flaviviruses) and the transmembrane anchor domain. Protein
crystallization is very difficult in the presence of such hydropho-
bic, membrane-associated sequences. They have been removed in
essentially all viral membrane envelope protein structural deter-
minations, starting with the influenza virus hemagglutinin ect-
odomain (38), the first viral fusion protein (VFP) structure that
was solved.

The core domains of the two structures are highly similar, with
a root mean square deviation of 0.8 A for similar carbon a atoms
(34). The E2c architecture features a central sandwich of antipar-
allel B-sheets, which is analogous to folds found in members of the
immunoglobulin protein superfamily (Fig. 1, blue residues) as
well as domains of other virus envelope proteins (39-43). The
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central immunoglobulin (Ig)-like B sandwich scaffold is stabilized
by two disulfide cross-links (Fig. 1A and B, dashed lines; Fig. 1 C
and D, yellow residues). Front and back layers flank the central
B-sheet sandwich in both E2¢c-Kong and E2¢c-Khan. High-resolu-
tion structures could not be determined for some parts of E2c,
namely, aa 412 to 420 (hypervariable region 1 [HVR1]), aa 454 to
491 (HVR2), and aa 586 to 596 (HVR3) in E2c-Kong and aa 456 to
491 (HVR2), aa 523 to 538 (implicated as part of the CD81 bind-
ingloop [see below]), and aa 572 to 595 (HVR3) in E2¢c-Khan (Fig.
1A and B). These disordered, poorly diffracting regions are lo-
cated in or near HVRs and are presumed to be flexible loops. The
cysteine bonds in E2c-Kong and E2¢-Khan are the same except for
the four cysteines near HVR3. In E2c-Kong, two dicysteine link-
ages are apparent, but only a single different dicysteine linkage is
resolved in the E2¢c-Khan structure. We speculate that the alterna-
tive cysteine bonding could account for why HRV3 is not resolved
in E2¢c-Khan but is resolved in E2c-Kong. Not surprisingly, some
of the glycans are also disordered in E2c-Kong and are thus either
not visible or not completely resolved in the X-ray structure.
However, ordered glycans visible in the E2c-Kong crystal struc-
ture and other glycosylation sites in both constructs are clustered
on surfaces that are likely to be exposed on the virion (Fig. 1C,
purple residues).

Despite the lack of some of the loops and glycans, it is apparent
that the structures solved by Kong et al. (33) and Khan et al. (34)
represent the essential scaffold of the E2 ectodomain. Kong and
coworkers (33) performed cryoelectron microscopy using a
construct of E2 with a deletion of only the TM domain
(E2ATM) in complex with Fab AR3C. A 16-A resolution den-
sity map was obtained. The sequences that are deleted in E2c-
Kong but retained in E2ATM as well as the disordered se-
quences fit comfortably into this density map, leading to the
conclusion that the overall structure of the E2 ectodomain is
globular. Likewise, Khan et al. (34) used solution-based small-
angle X-ray scattering (SAXS) to correlate the dimensions of
their E2 ectodomain core structure with the dimensions of fully
glycosylated E2. The ab initio SAXS envelopes of E2c-Khan and
fully glycosylated E2 were similar, with approximately the same
radius. The missing glycosylations of the E2c-Khan crystal
structure, roughly one-third of the mass, fully accounted for
the difference in the SAXS envelopes.

NEUTRALIZATION AND ANTIBODY BINDING

Humoral immunity is likely to be important in vaccine-induced
protection from HCV infection (44). Monoclonal antibodies
(MADs) have proven to be invaluable tools in dissecting the role of
immune responses to viral pathogens. In particular, human MAbs
(huMAbs) can directly indicate which viral epitopes are recog-
nized by the human humoral immune system (45). Kong et al.
(33) directly mapped the binding site of huMAb AR3C on E2c in
their crystallization studies. One of the mechanisms that HCV
employs to evade the immune response is the presence of mul-
tiple glycans on its envelope proteins (46—48). E2 is heavily
glycosylated, and the newly determined E2 ectodomain struc-
ture provides a clear demonstration of how glycans shield large
portions of the molecule from antibodies. Although not all of
the glycans are resolved in E2¢c-Kong, modeling of the multiple
sugars onto the structure shows that there is only a small area
for the binding of a set of neutralizing huMADbs, on a region of
E2 that overlaps the CD81 binding site (33). The binding site of
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FIG 1 Structure of the ectodomain core of HCV envelope protein 2. (A) Ribbon diagram of the construct used to determine the structure of the HCV E2
ectodomain core by Kong et al. (33). B-Sheets are represented by arrows, and helices are represented by cylinders. Glycosylation sites are numbered from the N
terminus. Dicysteine bonds are indicated by finely dashed lines. Due to constraints of representing a three-dimensional structure in two dimensions, the length
of loops may not correspond to the length in the loops in the HCV E2 ectodomain core structure. Numbering of sheets, helices, and glycosylation sites is from
Kong et al. (33). Blue structures represent the central 3 sandwich, a structural motif present in class II viral fusion proteins. The red loop is the putative CD81
binding domain. Gray structures represent amino acids not present in the construct. Gold structures were present in the construct, but disordered. Glycosylation
sites 4 and 9 were mutated. Hypervariable region 2 (HVR?2) is deleted from the construct but had an inserted linker (GSSG), which was disordered. Amino acids
delineating structural and other features are numbered from the start of the polyprotein. (B) Ribbon diagram of the construct used to determine the structure of
the HCV E2 ectodomain core by Khan et al. (34). Symbols and the color scheme are as in panel A, except that glycosylation was mostly removed enzymatically.
(C) X-ray crystallographic structure of the HCV E2 ectodomain core by Kong et al. (33). Symbols and the color scheme are as in panel A, except that cysteines
are represented as yellow sticks. The dashed circle indicates the fusion loop postulated by Krey et al. (36). (D) X-ray crystallographic structure of the HCV E2
ectodomain core by Khan et al. (34). Symbols and the color scheme are as in panel C.

AR2A, a nonneutralizing Fab, was mapped to the back “face” of
E2c using negative-stain electron microscopy. Khan et al. (34)
directly mapped the binding site of another nonneutralizing
antibody, 2A12, to the back face of E2c. Determination of the
E2c structure will allow for quick mapping of antibodies for
which data for binding to peptides or site-directed mutagenesis
is available. The E2 ectodomain structure thus enables an es-
sential first step toward obtaining a fine map of the human
humoral response to HCV. Further studies are required, since
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neutralizing antibodies to HCV El are also produced, as are
epitopes that span El and E2 in the virion heterodimer (49).
The latter group of antibodies, which recognize quaternary
epitopes, are potentially important for broad protection from
HCV (50, 51). For example, huMAb AR4A recognizes a discon-
tinuous epitope outside the CD81 binding site on the E1-E2
complex (45). AR4A is exceptional in that it neutralizes HCV
from diverse genotypes and protects against heterologous HCV
challenge in a small animal model (45, 52).
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BINDING OF E2 TO CELLULAR RECEPTORS

E2c-Kong retains more of the N terminus of E2 than E2c-Khan,
including the CD81 binding domain. The study by Kong et al. (33)
provides the first visualization of how HCV binds one of its major
cellular receptors. CD81 is a member of the tetraspanin superfam-
ily and is necessary for infection of primary human hepatocytes or
hepatoma cell lines by HCV (53-56). CD81 has short intracellular
N and C termini, four transmembrane domains, a small extracel-
lular loop (SEL), and a large extracellular loop (LEL). CD81-spe-
cific MAbs or recombinant CD81 protein blocks infection by
HCVpp bearing HCV E1 and E2 (57). CD81-negative cells sup-
port HCVpp infection when transduced to express CD81 (58).
HCV infection is also inhibited when CD81 expression is silenced
by the use of small interfering RNAs (59). Several putative CD81
binding regions of HCV E2 have been identified through mu-
tagenesis studies (60—64). The first proposed region spans the sec-
ond hypervariable domain (HVR2), extending from aa 474 to 492.
The second potential CD81 binding region of E2 spans aa 522 to
551, and the third region is from aa 612 to 619. The E2c-Kong
crystal structure provides clarity regarding which of these regions
directly bind CD81. Most of the region comprising aa 474 to 492 is
deleted in E2c-Kong, and the part that is not deleted is adjacent to,
but not part of, the CD81 binding region. The observation that aa
474 to 492 can be partly deleted from E2c¢ and still bind CD81
confirms a prior study from S.L.U.’s laboratory indicating that
this region was not directly involved in CD81 binding (65). Like-
wise, aa 612 to 619 are on a different face from the CD81 binding
domain. The aa 612 to 619 form a central a-helix, which may be
critical for the overall E2 architecture (Fig. 1, a2). Kong et al. (33)
visualized the complex of CD81 dimer binding to E2¢ by negative-
stain electron microscopy. With the newly available E2c-Kong
structure, contact points between E2c and CD81 can be narrowed
to the region of E2¢ encompassing aa 522 to 551. Consistent with
these observations, E2c-Khan has a deletion of the CD81 binding
region, and this construct did not bind CD81 (34). CD81 is not
thought to be responsible for initial virion host cell binding. Fur-
ther studies of CD81 binding to E2 are needed, as it remains pos-
sible that CD81 binds to other distinct and separate E2 regions,
including sites induced by prior binding to other receptors. Be-
sides CD81, scavenger receptor class B member I is also known to
interact directly with HCV E2 (66, 67). Tight junction proteins
claudin-1 (68, 69) and occludin (70) are required for HCV entry,
but it is not established that they bind directly to HCV. Evidence
has also been presented for several additional cell surface recep-
tors, coreceptors, or entry factors (65, 68, 69, 71-77). The E2 ect-
odomain structure can guide studies to identify binding sites for
HCV’s other receptors and coreceptors or elucidate other ways
that cell surface factors can mediate HCV attachment. It is also
important to consider the possibility that HCV E2 structural re-
arrangements may occur during the entry process following inter-
actions with other receptors.

IMPLICATIONS FOR HCV-INDUCED FUSION AND ENTRY:
DOES A LOOP IN E1 INITIATE MEMBRANE FUSION?

Knowledge of the structure of the E2 ectodomain may also help to
resolve a long-standing controversy regarding which of the two
HCV envelope proteins initiates fusion. Following binding to its
receptors and coreceptors, HCV, like other enveloped viruses, must
fuse its membrane with the host cell membrane to permit internal-
ization of its genome (78). HCV enters cells through an endocytic
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pathway, and this step is followed by fusion with the vesicular mem-
brane (14, 79). There are three known classes of viral fusion proteins
(VEPs) (80-83). Class IT VFP includes the envelope glycoproteins (E)
of the flaviviruses (39, 84), envelope protein 1 (E1) of the alphaviruses
(85), and C-terminal glycoprotein (Gc) of the bunyaviruses (86, 87).
The ectodomains of class I VFP are comprised of three domains that
are predominantly (3-sheets, the structurally central amino terminal
domain I, the fusion/dimerization domain I, and the carboxyl-ter-
minal domain ITI. Domain II contains the fusion loop, which makes
the first direct contact with lipids of the cellular membrane (88). Do-
main III of the members of the flavivirus genus of the Flaviviridae,
which contains the Ig-like fold, binds the cellular receptors. In
contrast, receptor binding by alphaviruses or bunyaviruses is the
function of the VFP companion envelope glycoprotein, E2 or Gn,
respectively.

Krey and coworkers (36) modeled HCV E2 as a class II VFP, as
previously advanced by Yagnik and coworkers (89). Their structural
model was guided by their experimentally determined disulfide
cross-link pattern for E2. They concluded that HCV E2 functions as
both the receptor binding protein and fusion protein, analogous to E
of the flaviviruses. While this model has proven useful for numerous
studies (47, 90-92), the newly determined E2 ectodomain structure
shows the model to be incorrect. The disulfide bonding pattern de-
termined by Krey and coworkers (36) differs from the disulfide bonds
in the recently determined E2c crystal structures. Furthermore, HCV
E2 does not assume the overall extended configuration of a class II
VEP. Rather, the overall structure of the E2 ectodomain is globular,
with similarities only to the Ig-like fold of domain IIT of class IT VEPs.
Krey et al. (36) identified E2 aa 502 to 520 as the putative E2 fusion
loop. This sequence is part of the Ig-like sandwich, which is con-
strained in E2c by disulfide bonding and may be further buried by
HVR1 residues not present in either E2c-Kong or E2¢c-Khan (Fig. 1C
and D, dashed circles). Based on this information, it can be concluded
that the location of aa 502 to 520 in E2c is inconsistent with a role as
the fusion loop, the initial contact of the virion with the cellular mem-
brane.

Previously, Flint and coworkers (93) identified a conserved
region in HCV El, at aa 264 to 290, as a potential HCV fusion
loop. We (S.D. and R.F.G.) also advanced the possibility that HCV
E1 might resemble domain II of class I VFP, on the basis of com-
putational modeling and homology assessments (94). The se-
quence from aa 264 to 290 has a high propensity to interact with
lipid membranes, as determined by the Wimley-White interfacial
hydrophobicity scale (WWIHS) (95) codeveloped previously by
one of us (W.C.W.). All viral fusion peptides or fusion loops iden-
tified to date have positive WWIHS scores. Several investigators
have confirmed the importance of E1 aa 264 to 290 in viral infec-
tivity by mutagenesis studies (96—99). Furthermore, peptides cor-
responding to this putative HCV E1 fusion loop were among the
most active peptides derived from a library of overlapping pep-
tides representing E1 and E2 at inducing fusion and disruption of
large unilamellar vesicles (also known as liposomes), a property
that also supports a role for this sequence as the fusion loop of
HCV (78, 100, 101). Synthetic peptides corresponding to the fu-
sion peptides of several enveloped viruses also have been shown to
block infectivity (reference 102 and citations therein). Cheng and
coworkers (103) reported that peptides (aa 267 to 284 and aa 274
to 291) from the putative E1 fusion peptide were among the most
active of those from a large peptide library representing the entire
HCV polyprotein in interfering with HCVcc infectivity. Other
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features of E1 are also consistent with its role as the HCV VFP. E1
contains a number of conserved histidine residues. As is the case
for other enveloped viruses (104), protonation of the conserved
E1 His residues of HCV has been proposed as a possible mecha-
nism underlying low-pH-dependent refolding of the E1-E2 het-
erodimer during membrane fusion (105). Proof that E1 represents
the HCV fusion protein awaits the determination of its ectodo-
main structure and the demonstration that its putative fusion loop
is the initial point of interaction with cellular membranes. How-
ever, itis possible that neither HCV E1 nor E2 contains a canonical
fusion loop and that cell fusion is initiated by a process that does
not resemble that of other class II VFPs.

OTHER REGIONS OF HCV E2 AND INTERACTIONS WITH E1

Previous studies provide insight into the structures of domains
that are deleted in the E2c-Kong and E2¢c-Khan constructs. Zhang
et al. (106) determined the structure of the membrane protein
domains of mature dengue virus (DENV) particles to a resolution
of 9.5 A by cryoelectron microscopy. The stem region of flavivirus
E (defined as the domain between the ectodomain and the TM
anchor) is comprised of two a-helical domains, the first of which
is a “leucine zipper” or “heptad repeat,” a leucine or other hydro-
phobic amino acid in the first and fourth (a and d) positions of a
7-aa periodicity (106—108). Both a-helices in the stem of flavivirus
E have positive WWIHS scores and are partly embedded in the
lipid bilayer of the virion (106). The stem region of E2 (aa 675 to
703) also appears to be comprised of two a-helices, the most
prominent of which is a leucine zipper that is an important deter-
minant of E1-E2 heterodimerization and viral entry (92, 109). The
HCV E1 stem also appears to have an a-helical leucine zipper and
a second shorter helix, as shown by the nuclear magnetic reso-
nance structural analysis of a synthetic peptide corresponding to
this sequence (96). A synthetic peptide with the sequence of the
HCV E1 stem strongly partitions into phospholipid membranes,
interacts with negatively charged phospholipids, and locates to a
shallow position in the membrane (110). Drummer and cowork-
ers (96) demonstrated that mutagenesis of amino acids on the
hydrophobic face of the HCV El stem had no effect on het-
erodimerization between E1 and E2 but did result in site-specific
defects in viral entry.

The transmembrane anchor region of the class II E protein of
dengue virus is much longer than the 19 to 25 residues of a canon-
ical transmembrane helix (111) and likely forms a helical hairpin
in the viral envelope, as shown in Fig. 2A. The associated M pro-
tein likely also spans the membrane twice. HCV E2, like the den-
gue virus and tick-borne encephalitis virus (TBEV) E proteins,
contains a long (42-aa) segment of mostly hydrophobic aa (aa 701
to 743) that potentially could span the membrane twice. However,
the presence of several aromatic (interfacial) amino acids and the
charged amino acids in the E2 C terminus in some HCV strains
suggest a more shallow membrane interaction for the aa 701 to
714 segment, which is followed by a single transmembrane helix
(aa 718 to 742). Similarly, HCV E1 contains a single, C-terminal
membrane-spanning helix. Like the first transmembrane domain
of TBEV E (TM1), the hydrophobic transmembrane anchors of
both HCV E1 (aa 353 to 381) and E2 contain unusual membrane-
embedded charged residues (K370 in E1, D728 and R730 in E2)
that are critical for assembly of the fusion protein complex (112).
These residues (Fig. 2B, blue asterisks) likely mediate lateral inter-
actions between the helices (113). In addition, scanning mutagen-
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FIG 2 Comparison of the architecture of the dengue virus E/M fusion protein
complex with the proposed architecture of the HCV E1/E2 complex. (A) The
domain architecture of DENV E is indicated in green (domain I), yellow (do-
main II), and blue (domain III). The stem and anchor helices of E are violet and
blue, respectively. The M protein is depicted in orange. Panel A is reprinted
from Nature Structural Biology (106) with permission of the publisher. (B)
Model in which the E2 ectodomain structure is combined with a schematic
diagram of the ectodomain, stem, and transmembrane domain proteins, based
on the presentation by Zhang et al. (106). Also depicted is a speculative model
in which HCV EI contains a fusion loop. Proposed analogous regions of E1
and E2 are colored according to their similarity to corresponding regions of
DENV E. This model indicates that it is unlikely that either E1 or E2 folds back
on itself to yield the canonical class II postfusion complex. (C) Alternative
model for the HCV envelope glycoproteins in which neither E1 nor E2 con-
tains a classical fusion loop.
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esis studies have shown that sequence-specific heteromeric inter-
actions along the lengths of the E1 and E2 transmembrane helices
are critical for assembly of the fusion protein complex of HCV and
for infectivity (112, 114).

Given the similarities of the stem and TM domains of HCV E2
and DENV E, it is reasonable to graft the E2 ectodomain structure
onto the schematic diagram of the DENV ectodomain, stem, and
transmembrane domain proteins presented by Zhang et al. (106)
(Fig. 2A). The mechanism of virion-cell membrane fusion medi-
ated by class II VFPs encoded by members of the Flavivirus genus
of the Flaviviridae follows a pathway that involves large-scale do-
main rearrangement of E and a transition from dimers to trimers
(42, 115). The new structural determinations suggest that the
HCYV glycoproteins do not behave like class II fusion proteins and
most likely use a different mechanism. By virtue of the lack of a
fusion loop in the E2c structure, it is possible that HCV E1 repre-
sents the VFP and contains the fusion loop (Fig. 2B). In contrast to
low-pH activation of a hinge region yielding a canonical class II
postfusion complex, low pH may simply disrupt the E1-E2 inter-
action in this model, freeing the fusion loop of E1 for insertion
into a target membrane. Following insertion of the E1 fusion loop,
surfaces of E1 and E2 with high interfacial hydrophobicity may
mediate fusion of the virion and host membranes without rear-
ranging into a hairpin configuration. Certainly, this model is
highly speculative and requires extensive testing. Alternative fu-
sion models for HCV should also be considered and tested, in-
cluding those in which neither E1 nor E2 contains a classical fu-
sion loop (Fig. 2C).

The arrangement of the E1-E2 heterodimers on the surface of
the HCV virion is unknown, and it is unclear if E1 and E2 form a
dimer of heteromers as in other flaviviruses, another pattern, or
no specific arrangementat all. A cryoelectron microscopy study of
HCV virus-like particles (VLPs) found a herringbone pattern on
the VLP surface reminiscent of the arrangement of E dimers on
flavivirus virions (116). No obvious patterns were observed in a
recent cryoelectron microscopy study of authentic HCV virions
(117), suggesting that this arrangement may apply only to VLPs. If
the HCV glycoproteins are as dense and patterned as they are on
other flaviviruses, several domains, such as the putative fusion
loop in E1, would likely not be available for binding membrane
components until some glycoprotein conformational change al-
lowed for such access. An additional complication is that HCV
virions in patient serum and produced in the HCV cell culture
(HCVcc) system exist as complexes with low-density lipoprotein,
triglycerides, and -lipoproteins that appear to be essential for
viral entry and fusion (118).

CONCLUSIONS

The determination of the structure of the E2 ectodomain core by
Kong and coworkers (33) and Khan and coworkers (34) is a sig-
nificant advance in HCV research. This structure will guide future
work toward an urgently needed HCV vaccine. For example,
knowledge of the deletions that result in a stable and crystallizable
E2 ectodomain can inform the engineering of constructs that
could be used in vaccines to elicit specific, targeted immunological
responses (119), such as vaccine constructs that induce optimally
binding antibodies. Furthermore, the stable E2 construct could be
helpful in solving the structure of the HCV E1-E2 heterodimer, as
was done successfully with the E1-E2 heterodimer of alphaviruses
(41, 42). Finally, as we have described here, the crystal structure of
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E2 domain core can inform vaccine design principles even in the
absence of a high-resolution E1 structure.
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