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Abstract

Hepatitis C virus (HCV), a Hepacivirus, is a major cause of viral hepatitis, liver cirrhosis and
hepatocellular carcinoma. HCV envelope glycoproteins E1 and E2 mediate fusion and entry into
host cells and are the primary targets of the humoral immune response. The crystal structure of the
E2 core bound to broadly neutralizing antibody AR3C at 2.65 A reveals a compact architecture
composed of a central Ig-fold $-sandwich flanked by two additional protein layers. The CD81
receptor-binding site was identified by EM and by site-directed mutagenesis and overlaps with the
AR3C epitope. The x-ray and EM E2 structures differ markedly from predictions of an extended,
three-domain, class Il fusion protein fold and therefore provide invaluable information for HCV
drug and vaccine design.

Hepatitis C virus (HCV) was discovered in 1989 as the causative agent of non-A, non-B
hepatitis (1). It is estimated that 2—-3% of the world population is infected with HCV (2) and,
in the United States, it has overtaken human immunodeficiency virus 1 (HIV-1) as a cause
of death (3). A prophylactic vaccine could help control the HCV pandemic but its
development has been technically challenging due to high sequence variability of the viral
genome (4) as well as limitations in animal models (5, 6). The envelope glycoprotein E2 is
the main target for neutralizing antibody (NAb) responses, but is also the most variable
antigen in HCV (7). E2 forms a heterodimer with the other HCV envelope glycoprotein, E1,
to mediate cell entry and fusion. Several broadly neutralizing antibodies (bNAbs) have been
isolated against E2, raising hopes for the rational design of a broadly effective vaccine (8-
10).

Structural characterization of HCV envelope glycoproteins would inform vaccine and drug
design but has been challenging because of the difficulty in obtaining homogenous protein
preparations. In HCV envelope glycoproteins, N-linked glycans constitute nearly 50% of the
E1E2 protein ectodomain molecular weight (11 and 4 N-linked glycosylation sites in E2 and
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E1, respectively), and a high proportion of the expressed glycoproteins form aberrantly
disulfide cross-linked aggregates (11-13). Based on computational models E2 was predicted
to be a class Il fusion protein characterized by a highly extended conformation (~110-130
A) of three predominantly B-sheet domains (12, 14).

To gain insight into the HCV E2 structure, which corresponds to residues 384—746 of the
viral polyprotein (n.b. E1 is residues 192-383), we designed and expressed 41 different
soluble E2 constructs and screened 7 of the well-behaved constructs (15) with various E2-
specific Fabs in crystallization trials. Crystals diffracting to 2.65 A (table S1, fig. S2) were
grown from an E2 core [(E2c, spanning residues 412—645, see supplementary online
material (15)] in mammalian cells (HEK 293F) with the HCV prototypic strain H77
sequence in complex with bNAb AR3C Fab (4, 8). The engineered E2c had truncations at
the N- and C- termini, substitution of the potentially flexible variable region 2 (residues
460-485) with a Gly-Ser-Ser-Gly linker, and removal of N448 and N576 glycosylation sites
of E2 (fig. S3) (15). E2c maintains a native E2 fold as verified by binding to a panel of
monoclonal antibodies (mAbs) specific to conformational epitopes in E2 and to the CD81
receptor, and by functional inhibition of HCV infection presumably through receptor
competition (fig. S1). Two equivalent E2 complexes (A and B) compose the crystal
asymmetric unit, making extensive crystal contacts with each other between two sides of E2
and the heavy-chain constant domain of AR3C (fig. S2) (16).

Overall, the E2c structure is globular but contains many regions with no regular secondary
structure despite the presence of 8 disulfide bonds. In fact, nearly 62% of all E2c residues
are either in loops or disordered (Fig. 1 and fig. S3). The disordered regions are at the E2c
N-terminus (residues 412-420), a short segment (spanning positions 454-491) surrounding
the severely truncated E2 VR2, and a loop (586-596). Flexibility is also observed for 6 N-
linked glycans in E2c: N417 and N423 are completely disordered, N532, N540 and N623
have only one ordered GIcNAc, and N556 has two ordered GIcCNAcs. Glycan N430 in the
crystal interface can be modeled as MangGIcNAC,. Despite flexibility in parts of the
structure, E2c has an overall well-defined architecture consisting of a central p-sandwich
flanked by front and back layers consisting of loops, short helices and [3-sheets.

The E2 B-sandwich (residues 492-566) contains four strands designated as the inner sheet
(g, f, ¢, ¢') and two strands exposed to solvent designated as the outer sheet (e, b) (Fig. 1 and
fig. S4). The overall strand connectivity places it within the C2-set of Immunoglobulin (1g)-
folds, which are characterized by the presence of the ¢' strand in the inner sheet, as in CD4
domain 2, instead of the d strand in the outer sheet as, for example, in the C1-set (17, 18)
(fig. S4). The loop connecting strands ' to e contains 17 amino acids and exhibits a bilobed
structure that extends from a narrow stalk formed by the N- and C- termini. The C-terminal
lobe contains receptor-binding residues (Tyr527, Trp529, Gly530 and Asp535) and is
adjacent to the front layer that also contains key receptor-binding residues (Fig. 1) (19) (see
supplementary text (15) for detailed structural description of the front and back layers).

The Ig-fold B-sandwich is the only structural element in E2c that is shared with presumed
structural homologues that include class 11 viral fusion proteins, which have a three-domain
architecture (domains I-111) (figs. S4). Ig-folds are found in domain I11 of fusion envelope
proteins from flaviviruses (e.g. Tick-Borne Encephalitis Virus (TBEV) and West Nile Virus)
(20, 21), domain I11 of E1 fusion proteins and all domains of E2 proteins from rubivirus
(Rubella) (22) and alphaviruses (e.g. Chikungunya and Sindbis viruses) (23, 24), and E2
domain B from pestivirus (bovine viral diarrhea virus) (25, 26). However, the compact HCV
E2c protein, which maximally spans ~50 A, does not adopt the extended three-domain class
|1 fusion protein fold (Fig. 1C), which measures 100-120 A (27).
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To confirm that full-length E2 is also compact, and to visualize regions that are absent in the
E2c crystal structure, the complete E2 ectodomain (E2ATM, residues 384—717) bound to
Fab AR3C was analyzed by negative-stain EM. Asymmetry of the complex due to the
protruding Fab allowed for unambiguous fitting of the E2c-Fab AR3C crystal structure into
the 16 A resolution EM 3D reconstruction, leaving ~30% of the EM volume unassigned
(Fig. 1D), which is consistent with the expected 21% difference in mass between fully
glycosylated E2c-Fab AR3C and E2ATM-Fab AR3C (28). The EM reconstruction accounts
for most of the E2ATM protein and likely some of its N-linked glycans (Fig. 1D). Overall,
the EM reconstruction shows that the E2ATM construct also displays a compact globular
shape, confirming that the complete E2 ectodomain also does not adopt the highly extended,
three-domain class Il fusion fold (Fig. 1C).

The EM reconstruction enables us to approximately define regions of E2 that are absent in
the E2c structure (Fig. 1D). The disordered and truncated N-terminal region (residues 384—
421), which includes hypervariable region 1 (HVR1), likely fits into a bulb of density next
to the B-sandwich, consistent with epitope mapping of Fab AR1A (8), which identified
Thr416, as well as VVal538 and Asn540 on the top sheet of the f-sandwich, as key interacting
residues. The region (residues 454-491), which is largely truncated in the E2c construct,
contains VR2 (460-485) and the N476 glycan and is readily accommodated in the EM
density on the opposite face of the $-sandwich. The largest portion of EM density not
accounted for by the crystal structure is situated behind the back layer and VR3, where
extensive crystal contacts are made between two E2 subunits in the asymmetric unit of the
crystal structure. The 73-residue C-terminal stalk region that is also absent in the E2c
construct would fit at this location, forming a final layer to the overall protein architecture.

In the crystal structure, E2c is bound to antibody AR3C, which belongs to a group of bNAbs
that recognize antigenic region 3 (AR3) of E2 and cross-neutralizes HCV genotypes by
blocking CD8L1 receptor binding (8). The crystal structure defines the common surface that
these bNADbs recognize, revealing a prime target for vaccine design. Within the binding
interface, Fab AR3C buries 828 AZ of E2 protein surface and 161 A2 of E2 glycans (Fig. 2).
Overall, residues that are 80-100% conserved across HCV genotypes make up 86% of the
buried surface area in the AR3C epitope (Fig. 2C), including critical residues previously
identified by alanine scanning mutagenesis (8). The epitope is relatively flat, encompassing
most of the front layer, a serpentine stretch of residues 421-446, and a portion of the CD81
receptor-binding loop. The protein-protein interface is composed mainly of the heavy-chain
variable domain (86%), which corroborates data indicating AR3C binding activity is not
compromised when its light chain is swapped (fig. S1 and Fig. 2). The bNAb interaction is
dominated by the CDR H3 loop, which buries a strand of highly conserved residues near the
E2 N-terminus in the front layer and Trp529 in the CD8L1 receptor binding loop, together
accounting for 44% of the total buried surface (Fig. 2). Antibody binding to the N-terminal
strand is mediated by main-chain interactions (fig. S5), thus tolerating sequence variation in
E2. The CDR H3 loop adopts a f-hairpin fold and is stabilized by a disulfide (29), which is
encoded in 17% of human IGHD2 germline alleles (30) (fig. S5), suggesting similar
antibodies could be raised by vaccination. The CDR H1 and H2 loops of AR3C are encoded
by the germline IGHV1-69 gene, which has been utilized in bNAbs against several viruses
including influenza (31) and HIV-1 (32). CDR H2 loops encoded by this Vi gene have a
hydrophobic tip, which tends to interact with hydrophobic clusters on the antigen and has
been proposed as a primordial pattern recognition receptor (33). CDR H2 also interacts with
hydrophobic residues on the N-terminal side of the front layer and, together with the CDR
H1 loop, contacts hydrophobic residues on the al C-terminus (see (15) for discussion of al
recognition and antibody AR3C germline genes).

Science. Author manuscript; available in PMC 2014 November 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kong et al.

Page 4

CD8L receptor-binding residues identified in prior mutagenesis studies (fig. S3) (19, 34)
mainly mapped to the AR3C epitope; however some were also found in the 3-sandwich. To
determine the location of the binding site, we performed site-directed mutagenesis and
negative-stain EM. First, mutagenesis-driven modeling based only on the published putative
receptor interacting residues indicated three possible binding sites: one side of the -
sandwich, an isolated portion of the CD81 receptor-binding loop, and the front layer (Fig.
3A and table S2). Thus, mutations were introduced to the full-length E1E2 heterodimer (Fig.
3B). Mutations that totally abrogated CD81 binding were addition of glycosylation sites at
position 442 or 428 or an L427Y mutation in the front layer. A P525R, but not P525A,
mutation in the N-terminal lobe of the CD81 receptor-binding loop greatly reduced binding,
suggesting it may either bind CD81 or be involved in the correct folding of the C-terminal
lobe for binding CD81 via Tyr527, Trp529, Gly530 and/or Asp535 (19). Together with
previous mutagenesis data (19), these results suggest that CD81 interacts with the front layer
and the CD8L1 receptor-binding loop (Fig. 3, A and B, and fig. S6).

To further delineate the receptor binding site, we performed negative-stain EM on a ternary
complex of deglycosylated E2ATM, the large external loop (LEL) of CD81, and Fab AR2A
(Fig. 3C and fig. S7). Docking of the E2c crystal structure into the 19 A resolution EM
reconstruction was aided by determination of the Fab AR2A interaction in the 20 A EM
reconstruction of E2ATM bound to Fabs AR2A and AR3C (Fig. 3C, left). The EM density
for CD81 was too extensive for a monomer, but consistent with a CD81 dimer, similar to
that in CD8L1 crystal structures (35, 36). One of the CD81 monomers interacts with the E2c
front layer, consistent with the mutagenesis data (Fig. 3C and fig. S8). Only one orientation
of the CD81 dimer has a reasonable fit to the EM density (37), and results in helices C and
D being adjacent to E2 a1 and CD81 receptor-binding loop. These helices contain critical
E2 interacting residues (34). Therefore, CD81 binds to the same surface as AR3C and some
other bNADbs (8), suggesting it is a site of vulnerability that could be exploited in
immunogen design. This exposed surface is relatively hydrophobic, has relatively low
sequence variability, and is free of N-linked glycans (Fig. 4 and fig. S9). This site may also
include residues 412-420, which are disordered in the crystal structure, but are bound by
bNAbs HCV1 and AP33 (38, 39). However, similar to HIV-1 gp120 and influenza HA,
HCV E2 contains multiple highly variable regions (HVR1, VR2, VR3) (40) and N-linked
glycans to escape from immune recognition (Fig. 4 and fig. S9). For example, an extensive
glycan shield masks an exposed face on the E2 surface from NAbs via 7 of the 11 N-linked
glycans on E2 (Fig. 4 and fig. S9. Also, on the opposite side of the $-sandwich, a relatively
hydrophobic surface is likely occluded by the N-terminal HVR1 (fig. S9); deletion of HVR1
is not lethal to the virus and greatly increases the sensitivity of the virus to antibody
neutralization (41). Finally, between the glycosylated and HVR1-occluded faces of E2, a
separate oblong surface, formed by the outer sheet of the $-sandwich and portions of VR3
(Fig. 4 and fig. S9) with relatively high sequence variability, is recognized by several
weakly or non-NADbs (8). These non-NAbs can bind soluble recombinant E1E2 at high
affinity (8), suggesting their epitopes must be occluded on the virus.

Until recently, HCV was the sole identified member of the Hepacivirus genus in the
Flaviviridae family. Non-primate hepaciviruses have now been identified in dogs, horses
and rodents, providing insights into the evolution of this viral genus (42). Despite sharing a
common Ig-fold, the compact globular HCV E2 structure clearly distinguishes HCV from
the related virus genera Pestivirus and Flavivirus that have extended, multi-domain
envelope protein structures, undermining the proposals of E2 as a class Il fusion protein (12,
14). To determine whether the Hepacivirus envelope protein uses a novel fusion mechanism
will require structural characterization of E1 and the E1IE2 complex in the context of the
virus. However, the E2 structure and the characterization of broadly neutralizing epitopes
and the CD8L1 binding site now provide new opportunities for HCV vaccine and drug design.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Structures of HCV E2 and comparison with the class || fusion fold

(A) The crystal structure of HCV E2c is displayed as a cartoon representation and colored
by structural components: the front layer is formed by the N-terminal region residues 421—
453 (cyan); the outer (purple) and inner (red) sheet form the Ig f-sandwich; the CD81
receptor binding loop is a bilobed structure (blue); a flexible region (white) encompasses
variable region 2 (VR2); and the back layer (597-645) is formed by two short helices, loops
and a 4-stranded B-sheet (light green). Labeling of §-sandwich strands follows Ig-fold
conventions. Disulfide bonds are shown as yellow sticks and numbered from the N-
terminus. N-linked glycans are indicated by green circles and are also numbered from the N-
terminus. Asterisks indicate N-linked glycans deleted in the construct. Disordered regions in
the structure are shown by dotted lines. An inset shows the structure of a loop in the E2c
structure from complex B that is disordered in complex A. (B) Topology diagram of E2¢
following the same coloring scheme as in the cartoon representation. (C) Scaled comparison
of HCV E2c (top) and TBEV E protein, the canonical class Il fusion protein (PDBID:
1SVB). DI-III indicates domains I-111. (D) The 16 A EM density map of HCV E2ATM
bound to Fab AR3C (transparent gray surface) is shown from two perspectives with the
crystal structure of HCV E2c bound to Fab AR3C fitted into the EM density. The crystal
structure is displayed as a ribbon, with the E2c colored as in Figure 1. Dotted lines indicate
the main portions of E2ATM that are absent in the E2c crystal structure. The numbers of
amino acids (aa) in the missing regions are shown. Blue dotted lines regions in E2ATM are
not in the E2c¢ construct and black dotted lines indicate regions that are in the E2¢ construct
but are disordered in the crystal structure. Two protrusions in the EM density are in the
vicinity of N-linked glycan sites and high mannose glycans (green ball-and-sticks) are
modeled at those positions. Measurements of dimensions are rounded to the nearest ten.
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Fig. 2. HCV E2 interaction with Fab AR3C

(A) Overall structure of E2c (red) bound to Fab AR3C is displayed as a cartoon
representation with the heavy and light chains of Fab colored dark and light green,
respectively. N-linked glycans are shown in a ball-and-stick representation with carbon,
oxygen and nitrogen atoms colored yellow, red and blue. (B) Interactions between Fab
AR3C and E2c. The CDR loops of AR3C are displayed as thick tubes over the gray
molecular surface of E2. A relatively unusual disulfide bond in CDR H3 for known human
antibody structures is shown in yellow. The N430 glycan that interacts mainly with the light
chain of AR3C is shown in yellow and red. Below the diagram is a table listing the surface
areas buried on E2 by the different CDR loops. (C) The AR3C epitope on E2 is shown as a
cartoon representation from the same perspective as in (B) and colored according to
sequence conservation. Residues that are not buried by AR3C are colored gray. Below is a
table listing the fractions of the surface on the E2 core protein with respect to sequence
conservation (binned and color coded) that are buried by AR3C.
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Fig. 3. CD81 receptor-binding site

(A) Three potential CD81 binding sites on E2 were indicated from previously published
alanine-scanning results (19): a surface on the -sandwich, the top of the CD81 binding
loop, and the front layer. E2 mutations used to evaluate the possible binding sites are shown
as circles numbered from the N-terminus. A yellow circle indicates substitution by a bulky
amino acid and a green circle indicates the introduction of an N-linked glycosylation site. E2
is depicted as a cartoon within its molecular surface and colored as in Fig. 1A. (B) The
substitutions shown in (A) are described and their effects on CD81 and Fab AR3C binding
are tabulated. Numbers indicate % binding of CD81 or Fab AR3C to variants relative to
wild type E1E2 in an ELISA. Binding is color coded: 0-25% = red, 26-50% = yellow, 51—
75% = green, >75% = white. (C) Negative-stain EM reconstructions of deglycosylated
E2ATM bound to Fabs AR2A and AR3C (left) or bound to Fab AR2A and CD81 dimer
(right). The crystal structure of E2c bound to Fab AR3C and a model of Fab AR2A
displayed as ribbons are fitted within the electron density. E2c is colored as in Fig. 1.
Helices C and D of CD8L1 are highlighted in yellow because they contain residues important
for binding to E2 (34). In the CD81 complex, the density suggests that a CD81 dimer is
present as in CD81 crystal structures (35, 36).
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Fig. 4. HCV E2 antigenic surface

The E2c structure is displayed as a molecular surface colored according to different
antigenic properties described in the text. Missing HVR1 and VR2 regions are represented
as colored ovals and labeled. The mAb binding sites mapped from alanine scanning studies
or from crystal structures bound to peptides, as described in the main text, are indicated. On
the neutralizing face (right), three antigenic regions are shown: residues 412-423 (red
dashed line connecting HVR1 and the rest of E2), the AR3C epitope in the front layer that
overlaps with the CD81 binding site (cyan dotted line), and a1 in the front layer (white
dotted line). The gray surface is relatively hydrophobic and conserve and may be an
occluded zone covered by HVR1 in the full-length E2 protein, as suggested by the EM
reconstruction of E2ATM (Fig. 1C).
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