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targeted for vaccine design
Andrew I. Flyak1, Stormy Ruiz1, Michelle Colbert2, Tiffany Luong1, James E. Crowe Jr.3,4,5,
Justin R. Bailey2,*, and Pamela J. Bjorkman1,*

Author Manuscript

1Division

of Biology and Biological Engineering, California Institute of Technology, Pasadena, CA,
91125, USA.

2Department

of Medicine, Johns Hopkins University School of Medicine, Baltimore, MD, 21205,

USA.
3Department

of Pathology, Microbiology and Immunology, Vanderbilt University Medical Center,
Nashville, TN, 37232, USA.

4Department
5Vanderbilt

of Pediatrics, Vanderbilt University Medical Center, Nashville, TN, 37232, USA.

Vaccine Center, Vanderbilt University Medical Center, Nashville, TN, 37232, USA.

SUMMARY
Author Manuscript

Hepatitis C virus (HCV) vaccine efforts are hampered by extensive genetic diversity of HCV
envelope glycoproteins E1 and E2. Structures of broadly neutralizing antibodies (bNAbs) (e.g.,
HEPC3, HEPC74) isolated from individuals who spontaneously cleared HCV infection facilitate
immunogen design to elicit antibodies against multiple HCV variants. However, challenges in
expressing HCV glycoproteins previously limited bNAb-HCV structures to complexes with
truncated E2 cores. Here we describe crystal structures of full-length E2 ectodomain complexes
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with HEPC3 and HEPC74, revealing lock-and-key antibody-antigen interactions, E2 regions
(including a target of immunogen design) that were truncated or disordered in E2 cores, and an
antibody CDRH3 disulfide motif that exhibits common interactions with a conserved epitope
despite different bNAb-E2 binding orientations. The structures display unusual features relevant to
common genetic signatures of HCV bNAbs and demonstrate extraordinary plasticity in antibodyantigen interactions. In addition, E2 variants that bind HEPC3/HEPC74-like germline precursors
may represent candidate vaccine immunogens.

Graphical Abstract

Author Manuscript
Author Manuscript

eTOC blurb
Flyak et al. present the structures of full-length E2 ectodomains of HCV bound to two broadly
neutralizing antibodies isolated from individuals who spontaneously cleared infection. The
structures illustrate shared genetic signatures and a common mode of antigen recognition using
CDRH3s. These results demonstrate antibody plasticity and inform lineage-targeted immunogen
design.
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INTRODUCTION
Worldwide, more than 70 million people are infected with hepatitis C virus (HCV) and half
a million die every year, mostly from cirrhosis or hepatocellular carcinoma, the most
common type of liver cancer. HCV is a blood-borne pathogen that is transmitted mainly
through injection drug use. The recent increase in the incidence of HCV infection in the
United States is linked to increasing rates of opioid addiction, especially among young
Americans (Zibbell et al., 2018). Despite the recent approval of direct-acting antivirals
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(DAAs), identification of HCV-infected individuals remains challenging (Denniston et al.,
2012). Furthermore, the high cost of treatment and the possibility of reinfection after
successful treatment suggest that HCV eradication is likely to be achieved only with a
prophylactic vaccine (Rosen, 2017).
The development of an effective HCV vaccine has been challenging primarily due to the
enormous genetic diversity of HCV, which has been estimated to be higher than that of
HIV-1 (Yusim et al., 2010). However, in contrast to HIV-infected individuals who do not
clear their infections, approximately 25% of individuals who become infected with HCV are
able to clear the infection spontaneously (Micallef et al., 2006). We and others have shown
that spontaneous clearance of HCV infection is associated with the early appearance of
bNAbs that bind to HCV envelope proteins (E1 and E2) and neutralize multiple HCV
variants (Bailey et al., 2017; Osburn et al., 2014; Pestka et al., 2007).
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The HCV genome encodes a single polyprotein of about 3,010 amino acids, which is
processed by viral and cellular proteases into ten gene products (Figure S1A). The Nterminal region of the HCV polyprotein encodes two structural proteins: E1 (residues 192–
383) and E2 (residues 384–746). E1 and E2 are heavily glycosylated type I transmembrane
proteins that associate to form a noncovalent heterodimer – E1E2 (Freedman et al., 2016).
The role of E1 in the viral cycle remains poorly understood, and only a few E1-specific
human bNAbs are described in the literature (Meunier et al., 2008). HCV E2 is the primary
target of potent bNAbs and mediates viral entry into the host cell by interacting with
multiple receptors on the cell surface including tetraspanin CD81, scavenger receptor-B1,
claudin, and occludin (Zeisel et al., 2011). Structural studies of E1 and E2 have been
hindered by difficulties in the expression of soluble ectodomains (Khan et al., 2015).
However, crystal structures of a truncated E2 core construct (E2core) lacking flexible
regions such as hypervariable domain 1 (HVR1), antigenic site 412 (AS412; residues 412–
423), and variable region 2 (VR2; residues 460–485), revealed a central ß-sandwich flanked
by front (residues 424–459) and back (residues 597–645) layers (Khan et al., 2014; Kong et
al., 2013) (Figure S1B). Most bNAbs to HCV map to the conserved but flexible CD81binding site (CD81bs), which comprises the AS412 region, the front layer, and the CD81
binding loop (residues 519–535). The CD81bs-specific bNAbs HCV1, AP33, HC33.1, and
3/11 recognize the AS412 region, while the AR3A, AR3B, AR3C, AR3D, HC84–1, and
HC84–27 bNAbs recognize the highly-conserved E2 front layer (Deng et al., 2013; Gopal et
al., 2017; Kong et al., 2013; Kong et al., 2012a; Kong et al., 2012b; Krey et al., 2013; Li et
al., 2015; Meola et al., 2015; Potter et al., 2012). Two other bNAbs, AR4A and AR5A, bind
to E1E2 conformational epitopes, sharing critical residues at the C-terminus of E2 and
requiring complexed E1 and E2 for binding (Giang et al., 2012). Structural information
regarding bNAb recognition of HCV E2 is limited to the structure of AR3C, a phage
display-isolated antibody (Law et al., 2008), bound to an E2 core construct, raising the
question of how diverse bNAbs capture this dynamic region in the context of the an intact E2
ectodomain (Kong et al., 2016).
Here we present structures of two E2 front layer-specific bNAbs, HEPC3 and HEPC74,
which we isolated from individuals who spontaneously cleared HCV (Bailey et al., 2017).
These bNAbs use the same germline heavy chain gene segments and exhibit a limited
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number of somatic mutations. We describe a shared disulfide-stabilized β-turn motif at the
tip of heavy chain complementarity determining region 3 (CDRH3) that is partially encoded
by a common germline D gene and resembles a motif in AR3C (Kong et al., 2013). Crystal
structures of unliganded HEPC3, HEPC74, and AR3C Fabs showed that their CDRH3 loops
adopt different orientations within their Fab combining sites despite presentation of the
common disulfide motif, and crystal structures of HEPC3 and HEPC74 in complex with
HCV E2 revealed a new binding orientation for a bNAb recognizing the E2 front layer.
Comparisons with the AR3C-E2core structure (Kong et al., 2013) show that HEPC3 and
HEPC74 uses a different engagement mode to allow the common disulfide-stabilized β-turn
motif in CDRH3 to recognize the same epitope, highlighting the importance of this motif in
recognition of the conserved E2 epitope and demonstrating the plasticity of antibody
combining sites to use their CDRH3 loops in a common mode of HCV antigen recognition.
In addition, we used new expression and purification techniques to produce bNAb
complexes with full-length E2 ectodomains (E2ecto) for structural studies, revealing the
conformations of previously-disordered or truncated regions of E2 including the AS412
region and VR2 loop. We show that the AS412 region, a target for epitopebased vaccine
design (Kong et al., 2015), adopts at least two distinct conformations even when bound to a
single bNAb. Taken together, the identification of common genetic signatures used by potent
bNAbs isolated from different individuals will facilitate lineage-targeted immunogen design
to raise bNAbs against the conserved epitope in the HCV E2 front layer.
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E2 front layer-specific bNAbs share a common disulfide-linked CDRH3 motif
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We recently described a panel of bNAbs isolated from individuals who spontaneously
cleared HCV infection. Three of the most potent bNAbs (HEPC3, HEPC43, and HEPC74)
were mapped by alanine-scanning mutagenesis to recognize a conserved epitope in the front
layer of E2 (Bailey et al., 2017). By analyzing the sequences of front layer-specific bNAbs,
including the previously-described human AR3C bNAb (Law et al., 2008), we found that
HEPC3, HEPC74 and AR3C shared common sequence signatures (Figure 1A). First,
HEPC3, HEPC74, and AR3C are encoded by the same heavy chain variable gene segment,
VH1–69 (Figure 1A,B), which is frequently used by human bNAbs that target conserved
regions on E2 (Bailey et al., 2017; Kong et al., 2013; Krey et al., 2013). Second, despite
being isolated from different individuals, these bNAbs share a sequence signature in the
third complementarity determining region of the heavy chain (CDRH3) in which a
positively-charged amino acid (arginine in HEPC3 and AR3C; lysine in HEPC74) is
followed by a tyrosine, and two flanking cysteines separated by four residues, three of which
are glycines (R/K-Y-C-G-G-G-X-C motif) (Figure 1A). The cysteines in the HEPC3 and
HEPC74 CDRH3 regions are germline-encoded in the human D gene segment 15 (IGHD2–
15) (Figure 1B–1C and Figure S2B). In the case of AR3C, one or both cysteine residues are
encoded by members of the IGHD2 gene family, either IGHD2–21 or IGHD2–15 (Figure
1B; S2C), and the CDRH3 cysteines form a disulfide bridge that stabilized a β-hairpin-like
structure in a crystal structure of ARC3C bound to an E2core protein (Figure 2A) (Kong et
al., 2013).
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To determine whether CDRH3s of HEPC3 and HEPC74 contain a disulfide-stabilized
βhairpin motif, we solved crystal structures of unliganded antigen-binding fragments (Fabs)
of these bNAbs (Table S1). The 2.1 Å HEPC3 and 1.4 Å HEPC74 structures revealed that
the CDRH3s of both bNAbs form ß-hairpins stabilized by a disulfide bridge (Figure 1D).
However, the CDRH3s in these bNAbs were oriented differently than the AR3C disulfidebonded CDRH3: the HEPC3 and HEPC74 CDRH3s were relatively straight β-hairpins
pointing towards the Fab light chain, whereas the AR3C CDRH3 in the AR3C-E2core
complex structure bent away from the light chain and towards the CDRH2 (Kong et al.,
2013). To address whether the difference in the AR3C CDRH3 conformation reflected
changes induced upon antigen binding, we solved a 2.9 Å structure of unliganded AR3C Fab
to compare with the unliganded HEPC3 and HEPC74 Fab structures (Figure 1D).
Superimposition of unbound and bound forms of AR3C Fab revealed no major changes
between the relative positions of the CDRH loops (root mean square deviation, rmsd, for
superposition of 124 Cα atoms in bound and unbound AR3C variable heavy (VH) domains
= 0.8 Å); thus the AR3C CDRH3 loop adopted the same bent conformation in both the
unliganded Fab and the Fab bound to the E2core (Kong et al., 2013) (Figure S3B).
HEPC3 and HEPC74 recognize HCV E2 using a disulfide-linked CDRH3 motif

Author Manuscript

The different conformations of the CDHR3s in three VH1–69–encoded bNAbs (straight in
HEPC3 and HEPC74; bent in AR3C) resulted in different presentations of the R(K)-Y-C-GGG-X-C motif, raising the question of how the new bNAbs interact with the conserved
epitope in the front layer of HCV E2. To address this question, we determined the structures
of HEPC3 bound to an E2 core from the 1a53 strain of HCV (E2core1a53) (Figure 2A, Table
S2) and HEPC74 bound to an E2 ectodomain from the 1b09 strain of HCV (E2ecto1b09)
(Figure 2E, Table S2) to compare with the structure of AR3C bound to an E2 core from the
1a154 (H77) strain (E2core1a154) (Kong et al., 2013). To facilitate the formation of stable
antigen-antibody complexes, we co-expressed the E2core1a53 with two E2-binding Fabs: one
from HEPC3 and one from the central β-sandwich-specific HEPC46 antibody (Bailey et al.,
2017).
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The 3.1 Å HEPC3-E2core1a53-HEPC46 and 2.0 Å HEPC74-E2ecto1b09 structures confirmed
alanine scanning mutagenesis results that identified the HEPC3, HEPC74, and HEPC46
epitopes (Bailey et al., 2017). We found that HEPC3, HEPC74, and AR3C have similar
binding footprints, sharing multiple contact residues in the front layer and a single contact
residue (Trp529) in the CD81 receptor-binding loop (Table S3, S4). Similar to the AR3CE2core interface (Kong et al., 2013), the HEPC3 and HEPC74 contacts with E2core almost
exclusively involve VH domain residues, burying 1,016 Å2 (HEPC3, 94% of the total Fab
buried surface area; BSA) or 1,131 Å2 (HEPC74, 88% of BSA) with the CDRH3 accounting
for 43% (HEPC3, 469 Å2) or 40% (HEPC74, 515 Å2) of total BSA on the Fab (Table S3,4).
In contrast to the bent CDRH3 conformation in both unliganded and E2-bound AR3C
(Figure S3B), the HEPC3 and HEPC74 CDRH3s formed a straight β-hairpin in their free
(Figure 1D) and liganded (Figure 2A,E) states, and in common with AR3C, the HEPC3 and
HEPC74 VH domains did not exhibit major rearrangements upon binding to E2 (rmsd for
superposition of 124 or 127 Cα atoms in bound and unbound HEPC3 or HEPC74 VH
domains = 0.8 Å or 0.5 Å, respectively) (Figure S3A).
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As a result of their different CDRH3 loop conformations, HEPC3/HEPC74 and AR3C bind
E2 with different orientations (Figure 3A): when the Fab-E2 structures were aligned on the
E2 antigens, the HEPC3 Fab and the HEPC74 Fab were rotated by ~89˚ and ~77 ˚ relative to
the AR3C Fab (Figure 3A). This difference in Fab orientation positioned the tips of the
HEPC3, HEPC74, and AR3C CDRH3 loops to interact with the same conserved residues in
the front layer of E2 (Figure 3B), despite the straight versus bent conformations of their
CDRH3s. In all Fabs, the first cysteine residue of the CDRH3 (HEPC3 and HEPC74 –
Cys100; AR3C – Cys100A) makes hydrogen bonds with E2 residue Cys429 (Table S3).
Although the tips of the HEPC3, HEPC74 and AR3C CDRH3s make the same footprint on
the E2 core surface, the difference in Fab approach angles results in different footprints on
E2 for the VH1–69–encoded CDRH1 and CDRH2 loops of the bNAbs: HEPC3 and
HEPC74’s CDRH1 and CDRH2 contact the N-terminus of the E2 α1-helix and the portion
of the E2 front layer between the α-helix and variable region 2 (residues 446–448), whereas
the AR3C CDRH1 and CDRH2 contact hydrophobic residues on the C-terminus of the α1helix (Kong et al., 2013) (Figure 3C; Table S3).
The CDRH3 disulfide bond is required for optimal binding and neutralization of
HEPC3family bNAbs
To access the functional importance of the CDRH3 disulfide bridge in E2 front layerspecific bNAbs, we replaced the two cysteines in the CDRH3s of HEPC3, HEPC74, and
AR3C with either two alanines (2Cys→2Ala mutants) or two serines (2Cys→2Ser mutants)
(Figure 4C). The alanine and serine mutants displayed reduced binding to the HCV 1a53 E2
ectodomain (E2ecto1a53) by ELISA, with the serine mutants showing the weakest binding
(Figure 4A). The mutants also displayed reduced neutralization potencies against the 1a53
HCV strain in an in vitro HCV pseudoparticle (HCVpp) neutralization assay (Figure 4A).
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To determine the role of the CDRH3 disulfide bond in the evolution of the HEPC3/AR3C
family of HCV bNAbs, we evaluated the effects on binding and neutralization potencies of
alanine or serine mutations in reverted unmutated ancestor (rua) variants of HEPC3,
HEPC74, and AR3C (HEPC3rua, HEPC74rua, and AR3Crua). The RUA variants showed no
detectable binding to E2ecto1a53 by ELISA, with the exception of the HEPC74rua
2Cys→2Ala mutant, which bound weakly to the 1a53 E2 ectodomain (Figure 4B). Alanine
and serine mutants of HEPC3rua, HEPC74rua, and AR3Crua also failed to neutralize the
strain 1a53 HCVpp. These data demonstrate the critical role of the CDRH3 disulfide motif
for initial germline recognition of HCV by naïve B cells.
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Structures of HEPC3 complexes with E2 ectodomains reveal conformations of disordered
or truncated regions of E2core
Structural studies of HCV E2 have been complicated by E2 ectodomain proteins forming
misfolded disulfide-linked aggregates when overexpressed in eukaryotic cells (Khan et al.,
2015). To determine structures of the E2 ectodomain, we developed a method to form stable
complexes between an intact E2 ectodomain and one or more Fabs by co-expressing Fab(s)
with an E2 ectodomain. This methodology allowed production of stable complexes from
which we solved crystal structures of E2 ectodomains from the 1b09 (genotype 1b) and 1a53
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(genotype 1a) HCV strains, which were complexed with HEPC3 Fab (HEPC3-E2ecto1b09)
or with HEPC3 and HEPC46 Fabs (HEPC3-E2ecto1a53-HEPC46) (Figure 2C,D, Table S2).
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The core regions of the 2.9 Å HEPC3-E2ecto1b09 and 2.8 Å HEPC3-E2ecto1a53-HEPC46
structures were similar to each other (rmsd = 0.8 Å for superposition of 189 Cα atoms) and
to the E2core structures (rmsd = 0.7 Å and 0.9 Å for superposition of 168 Cα atoms between
E2ecto1a53 /E2core1a53 and E2ecto1b09 /E2core1a53, respectively) (Figure S4). However, the
intact ectodomain structures illuminated critical residues of HCV E2 that were truncated or
disordered in previous E2core structures, including the AS412 and VR2 regions (Figure 5A).
While AS412 adopted two distinct conformations in E2ecto structures, the VR2 region
consisted of a flexible loop that wraps around variable region 3 (VR3) (Figure 5A,E). In
addition, the E2 ectodomain structures, although derived from different HCV strains,
displayed a common disulfide bonding pattern, which was different from the disulfide
pattern in E2 core structures (Figure 5B). For example, the E2 ectodomain structure revealed
two disulfide bonds (Cys459–Cys486 and Cys581– Cys585) that were not found in previous
E2core structures (Figure 5D,E). Cys459 and Cys486, which were disordered in the HEPC3E2core1a53 (Figure 2A) and AR3C-E2core1a154 structures (Kong et al., 2013), form a
disulfide bond that links the N- and C-termini of the VR2 loop (Figure 5B,D).
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The E2 ectodomains in the new structures also included all potential N-linked glycosylation
sites (PNGSs), offering the offering the opportunity to visualize potential interactions
between E2 glycans and HCV bNAbs (Figure 5C). Glycan interactions with bNAbs are of
interest since viral glycans are assembled by host-cell machinery and are therefore usually
nonimmunogenic, thus neutralizing antibodies either avoid or evolve to accommodate
carbohydrates on viral glycoproteins (Crispin et al., 2018). Both the HEPC3-E2ecto1a53HEPC46 and HEPC3-E2ecto1b09 crystal structures show ordered glycan density at the
Asn448 PNGS that contacts the HEPC3 CDRH1 (Figure 5F). Three HEPC3 CDRH1
residues that directly contact the Asn448 glycan are conserved between HEPC3, HEPC74,
and AR3C (Figure 1A) and are encoded within the VH1–69 gene segment (Figure 7A),
suggesting that some VH1–69-encoded front layer-specific bNAbs are predisposed to
recognize this Asn448 glycan. However, the different orientation of AR3C prevents its
CDRH1 from interacting with the Asn448 glycan (Figure 3B). We also observed ordered
density for the Asn430 glycan, which interacts with the HEPC3 VL domain (Figure 5G).
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The conserved AS412 region of E2 is a target of HCV vaccine efforts because it recognized
by several bNAbs (Kong et al., 2015), but its conformation in the context of E2 had not been
determined. Previous studies determined X-ray structures of synthetic peptides
encompassing the AS412 antigenic site in complex with HCV bNAbs, revealing different
conformations for AS412; for example, the AS412 peptide adopted a β-hairpin
conformation when bound to the HCV1 and AP33 bNAbs (Kong et al., 2012a; Kong et al.,
2012b; Potter et al., 2012) (Figure 6B) and an extended conformation when bound to the
HC33.1 and 3/11 bNAbs (Li et al., 2015; Meola et al., 2015). The AS412 region also was
investigated by electron microscopy using the AS412-specific bNAb HCV1, and the region
was reported to be highly flexible in context of an E2 ectodomain lacking HVR1 (Kong et
al., 2016), consistent with being disordered in the AR3C-E2core1a154 crystal structure (Kong
et al., 2013). Here we visualized the AS412 region conformation in both the HEPC3-
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E2ecto1b09 and HEPC3-E2ecto1a53-HEPC46 structures (Figure 5A,6A). AS412 adopted a
partially-open β-hairpin conformation in the HEPC3E2ecto1b09 structure (Figure 5A), but
adopted a different, more extended, conformation in the HEPC3-E2ecto1a53-HEPC46
structure even though both complexes included HEPC3 (Figure 6A). When the residues in
the AS412 regions determined in the context of E2 bound to HEPC3 Fab were aligned to the
AS412 synthetic peptides from bNAb Fab-peptide structures, we found that AS412 adopts a
multitude of conformations (Figure 6C). These results support the idea that AS412 is a flaplike structure that can adopt a variety of conformations, raising the question of whether the
preferred conformation could be found in context of a targeted vaccine design.
Recognition of the E2 central β-sandwich by HEPC46
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The E2core1a53 and E2ecto1a53 proteins were crystallized as ternarssy complexes with
HEPC3 and the ß-sandwich-specific HEPC46 Fab. The binding of HEPC46 to E2ecto1a53
did not change the structure of the E2 ectodomain (rmsd = 0.8 Å for superposition of 189
Cα atoms of E2ecto1b09 and E2ecto1a53) (Figure S4C). HEPC46 displayed a similar binding
footprint in both E2 structures, sharing 14 contact residues in the central E2 β-sandwich, 2
residues in VR3, and 2 residues in the back layer (Figure S5 and Table S5). In the βsandwich, 10 of 14 HEPC46 contact residues formed a linear epitope in the loop connecting
two β-strands (residues 540–549) (Table S5). HEPC46 contacts the E2core predominantly
with VH domain residues, burying 727 Å2 (80% of the total Fab BSA) in the HEPC46E2core1a53 structure and 674 Å2 (83% of the total Fab BSA) in the HEPC46-E2ecto1a53
structure (Table S5). The HEPC46 epitope lies in the proximal part of the ß-sandwich
suggesting that HEPC46 is unlikely to prevent E2 from binding to the CD81 receptor,
consistent with the poor neutralizing activity of this mAb (Bailey et al., 2017).
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Germline precursors of front layer-specific HCV bNAbs
The HEPC3, HEPC74, and AR3C bNAbs exhibit different extents of somatic mutation from
their common germline VH1–69 gene segment. HEPC3 and HEPC74 share 95% (HEPC3)
and 92% (HEPC74) nucleotide identity with VH1–69 (Figure 1C). In contrast, AR3C has a
higher rate of somatic mutations, sharing 86% nucleotide identity with VH1–69. Since all
three bNAbs are encoded by VH1–69, their inferred germline sequences are the same within
the V gene segment that encodes the CDRH1 and CDRH2 loops, with the exception of one
substitution in framework region 3 of AR3C that results from being encoded by a different
VH1–69 allele (VH1–69 *06 instead of VH1–69*01 for HEPC3 and HEPC74) (Figure 7A).
Further sequence differences between the HEPC3rua, HEPC74rua, and AR3Crua sequences
derive from two regions in CDRH3 flanking the shared R(K)-Y-C-G-G-G-X-C motif (Figure
7A).
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To determine their breadths of recognition of different E2 proteins, we evaluated the binding
of HEPC3, HEPC74, and AR3C IgGs to a panel of E2ecto proteins representing E2
envelopes from 19 genotype 1 strains. All front layer-specific bNAbs recognized 18 of 19
E2ecto envelopes; no detectable binding was found only for E2ecto from the 1a116 strain
(Figure 7B). We also expressed HEPC3, HEPC74, and AR3C germline variants (HEPC3rua,
HEPC74rua, and AR3Crua) and evaluated their binding to the panel of E2ecto variants.
While HEPC3rua and AR3Crua recognized only 3 or 9 of the 19 variants, respectively,
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HEPC74rua displayed broad- binding, recognizing 17 of 19 E2ecto variants (Figure 7B and
Figure S6).
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To evaluate the neutralization breadth of E2 front layer-specific bNAbs, we evaluated bNAbs
in a neutralization assay using a panel of 19 genotype 1 HCVpp that represents 94% of the
amino acid polymorphisms present at >5% frequency in a reference panel of 643 genotype 1
HCV isolates from GenBank. We defined the threshold for positive neutralization as a
halfmaximal inhibitory concentration (IC50) value of <10 µg/mL (Figure 7C). Mature
HEPC3 and HEPC74 neutralized 18 of 19 (95%) HCV strains (Figure 7C; S7). The 1a116
strain, which was resistant to neutralization by HEPC3 and HEPC74, was weakly
neutralized by AR3C. The germline precursors of HEPC3 and AR3C (HEPC3rua and
AR3Crua) neutralized 2 of 19 (11%) or 7 of 19 (37%) strains, respectively (Figure 7C; S7).
However, HEPC74rua displayed broad neutralizing activity, neutralizing 12 of 19 (63%)
strains. Two HCV strains, 1a53 and 1a157, were bound and neutralized by all germline
precursors (Figure 7C), suggesting that 1a53 and 1a157 ectodomains could be used to
stimulate the development of lineage-specific potent bNAbs.

DISCUSSION
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In this study, we structurally characterized two HCV E2 front layer-specific bNAbs (HEPC3
and HEPC74) previously isolated from individuals who spontaneously cleared HCV
infection (Bailey et al., 2017) and a bNAb (AR3C) isolated from a person with chronic HCV
infection (Law et al., 2008). These potent bNAbs predominantly use their VH domains to
recognize the conserved epitope in the front layer of E2 (Figure 2; Table S3–S4). We
identified a common antibody lineage consisting of VH1–69 antibodies sharing a common
disulfide-linked motif in the CDRH3 loop that is partially encoded by a set of IGHD2
germline alleles (Figure 1A,B). The VH1–69 gene segment, represented at a high frequency
in the human antibody repertoire, makes up a large portion of the HCV, HIV-1, and
influenza-specific bNAbs described in the literature (Bailey et al., 2017; Pappas et al., 2014;
Williams et al., 2015). In the case of HCV VH1–69derived bNAbs, the IGHD2-encoded
CDRH3 disulfide motif plays a critical role in the initial recognition of the E2 front layer by
the germline precursors of HEPC3, HEPC74, and AR3C, as alanine or serine mutants of the
cysteines showed nearly complete loss of binding and neutralization (Figure 4B). The
CDRH3s of HEPC3 and AR3C are both long (19 and 20 residues, respectively), by
comparison with an average length of 16 residues for the CDRH3s in human antibodies
(Figure 1B) (Shi et al., 2014). The lengths of CDRH3 in HEPC3, HEPC74, and AR3C are
probably restricted by the close proximity of the CD81 binding loop, which would likely
clash with the tip of a longer CDRH3 loop, and by the formation of hydrogen bonds between
the first cysteine in CDRH3 and Cys429 in the front layer of E2 (Figure 4C). Because mouse
antibody CDRH3s are shorter than their human counterparts (Shi et al., 2014), and
sequences including two cysteine residues are rare (Zemlin et al., 2003) in part due to the
absence of D genes encoding cysteines in mice (Corbett et al., 1997), mouse models of HCV
infection may not fully recapitulate human humoral neutralizing responses to HCV; in
particular, E2 immunogens may fail to elicit HEPC3/HEPC74-like bNAbs in mice.
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Antibody-antigen recognition can be described by induced-fit (Rosen et al., 2005) or lockand-key models (Manivel et al., 2000). Structures of unliganded HEPC3, HEPC74, and
AR3C Fabs showed that their CDRH3 loops adopt different orientations within their Fab
combining sites despite presentation of a common disulfide motif (Figure 1D). Thus it might
be expected that their CDRH3 loops would converge on a common conformation when
bound to antigen through induced fit rearrangements, especially since the three bNAbs share
a common VH1–69 germline heavy chain origin and their germline CDRH1 and CDRH2
regions were therefore nearly or completely identical to each other (Figure 7A). Instead, we
found that recognition of E2 antigens by these bNAbs was accomplished by pre-formed
binding sites; i.e., a lock-and-key binding model (Figure 3, S3), which preserved a common
interaction with antigen for their CDRH3 loops but resulted in different footprints for the
CDRH1 and CDRH2 loops of the bNAbs with straight CDRH3s (HEPC3 and HEPC74)
from the AR3C bNAb with a bent CDRH3 (Figure 3). Additional evidence that CDRH3
loop dictates the bNAb approach angle comes from subtle differences in the presentation of
the straight disulfide motif in the unliganded HEPC3 and HEPC74 Fab structures (Figure
1D), which translate into slightly different E2binding orientations that each preserve the
conserved interactions between the CDRH3 disulfide motif and the E2 front layer (Figure
3A). We hypothesize that the different conformations of the CDHR3s bearing a common
disulfide motif in the three VH1–69–encoded bNAbs dictate the preferential mode of
engagement of bNAb germline precursors, overriding CDRH1 and CDRH2 interactions, and
subsequent somatic mutations in those regions evolve to stabilize their distinct interactions
and increase the bNAb affinity and breadth.
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Multiple flexible loops and a relatively high degree of glycosylation make HCV E2
glycoproteins challenging targets to investigate with classical structural biological
approaches (Castelli et al., 2014), thus previous E2 structures were limited to
underglycosylated and truncated E2 cores (Khan et al., 2014; Kong et al., 2013). We adapted
an approach used for RSV structural studies to co-transfect Fab and antigen genes
(McLellan et al., 2013) in order to assemble stable E2-Fab complexes. This approach
allowed us to determine structures of bNAb Fabs interacting with intact E2 ectodomains,
revealing new information including the complete disulfide network of the E2 ectodomain
(Figure 5B), glycan interactions with bNAbs (Figure 5B), and illuminating the previouslydisordered AS412 and VR2 regions (Figure 5A,6A).
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The AS412 region and the front layer of E2 are considered promising targets for rational
immunogen design (Kong et al., 2015). These conserved regions of E2 have been reported to
possess high structural flexibility (Kong et al., 2016), and attempts to stabilize these epitopes
by rational design (Pierce et al., 2017) or transfer them onto heterologous protein scaffolds
(He et al., 2015) have been made. AS412 was deleted or disordered in previous crystal
structures of E2core (Khan et al., 2014; Kong et al., 2013) and adopted different
conformations as a peptide complexed with different bNAbs (Figure 6B). Interestingly, in
two E2 ectodomain structures, AS412 adopted two distinct conformations even when E2
was bound to a single bNAb, HEPC3 (Figure 6A). In contrast with the AS412 region,
structures of HC84–1 and HC84–27 Fabs complexed with short peptides derived from the
front layer E2 α1-helix showed that the peptides adopted the same conformation as the
counterpart residues in the structure of the E2 core protein in complex with AR3C (Kong et
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al., 2013; Krey et al., 2013). Taken together with the common conformation of the E2 front
layer residues when presented in different formats, the finding that HEPC3 and AR3C,
isolated from different individuals, utilize the common disulfide motif in the CDRH3 loop to
recognize the epitope in the front layer of E2 adjacent to Cys429 – Cys503 disulfide bond
(Figure 4C) suggests that this conserved region is relatively stable and accessible for
antibody recognition. Therefore, the front layer of E2 remains a promising candidate for a
targeted immunogen design.
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Both HIV-1 and HCV are characterized by high mutation rates resulting in high antigenic
variability (Yusim et al., 2010). Potent bNAbs against HIV-1 usually appear only after
several years of infection and accumulation of a large number of somatic mutations
(Mascola and Haynes, 2013; West et al., 2014), and their germline precursors rarely bind
detectably to HIV-1 envelope glycoproteins (Xiao et al., 2009). In contrast, we found that
HCV-specific bNAbs appeared early during the viral infection in two individuals who
spontaneously cleared HCV infection (Bailey et al., 2017). In an accompanying article
(Kinchen et al., 2018), we demonstrate that HEPC3 and HEPC74 played a direct role in
spontaneous clearance of HCV infection in the human donors from whom they were
isolated. This contrasts with HIV-1 infections, where viruses in individuals who produce
bNAbs become resistant to those antibodies, and no documented cases of clearance of HIV-1
infection have yet been found (Klein et al., 2013; McCoy and Burton, 2017). Ongoing viral
replication in the face of bNAbs, along with the latent HIV-1 reservoir of integrated
proviruses, both represent barriers to HIV-1 cure. In contrast, there is no latent integrated
form of HCV, and we found that most autologous viruses were sensitive to bNAbs HEPC3
and HEPC74. Acquisition of resistance to these bNAbs was accompanied by loss of viral
replicative fitness, which was temporally associated with clearance of HCV infection.
Neutralizing antibodies that clear a viral infection offer the rare opportunity to investigate
the structural basis of recognition by effective broadly neutralizing antibodies. Thus our
studies of HEPC3 and HEPC74 will facilitate immunogen design to elicit antibodies
effective against multiple HCV variants and inform vaccine efforts against HIV-1 and other
rapidly-mutating viruses.
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The HCV bNAbs characterized here were not extensively somatically mutated (Figure 1C),
suggesting that such antibodies could be stimulated with traditional vaccination strategies. In
support of this idea, we found that germline precursors of potent bNAbs bind to several E2
ectodomains (Figure 7B). Furthermore, the broad binding and neutralization potencies of the
HEPC74 germline precursor (Figure 7B,C) suggest that some VH1–69-encoded bNAbs with
the CDRH3 disulfide motif are naturally predisposed to recognize and neutralize diverse
HCV strains. In addition, the identification of several E2 proteins that are recognized by the
germline precursors of three VH1–69-encoded bNAbs, HEPC3, HEPC74, and AR3C (Figure
7B), suggest that such immunogens could be used to stimulate the development of lineagespecific potent antibody response against HCV.
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STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be
fulfilled by Pamela J. Bjorkman (bjorkman@caltech.edu). The Bjorkman laboratory cannot
lawfully distribute clones in the pTT5 vector. Those wishing to obtain these clones must first
obtain a license from the National Research Council of Canada (see Key Resource Table).
METHODS DETAILS
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IgG and Fab expression and purification.—Genes encoding the VH and VL domains
of the HEPC3, HEPC74, HEPC46 (Bailey et al., 2017) and AR3C (Kong et al., 2013)
bNAbs were synthesized as gBlocks gene fragments (IDT) and cloned into the pTT5-based
vectors (NRC Biotechnology Research Institute). Reverted unmutated ancestor (rua) variants
of HEPC3, HEPC74, and AR3C were inferred with IMGT/V-QUEST using complete
sequences of heavy and light chain variable domains. IgGs and His- or Strep-tagged Fabs
were produced in HEK293–6E cells by co-transfecting with appropriate heavy and light
chain plasmids. HiTrap Protein A HP or HisTrap FF columns (GE Healthcare) were used to
isolate IgGs or His-tagged Fabs from filtered culture supernatants followed by purification
by size exclusion chromatography (SEC). Site-directed mutagenesis to replace two cysteines
in the CDRH3s of HEPC3, HEPC74, and AR3C and their respective RUAs with either two
alanines (2Cys→2Ala mutants) or two serines (2Cys→2Ser mutants) was performed using
QuikChange Lightning SiteDirected Mutagenesis kit (Agilent).
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Expression and purification of E2 constructs.—Genes encoding full-length 6x-His
tagged HCV E2 ectodomains (E2ecto) (residues 384 – 643) for HCV strains 1a53 and 1b09
were cloned into the mammalian expression vector pHCMV3 that includes an N-terminal Igkappa secretion signal and expressed by transient transfection in HEK293–6E cells. For
ELISA experiments, Histagged E2ecto proteins were purified from clarified supernatants
using a HisTrap HP column (GE Healthcare) followed by SEC to separate monomeric
E2ecto proteins from oligomeric species.
For structural studies, expression vectors encoding E2 ectodomains from strains 1a53 and
1b09 were constructed by removing the His-tag. E2core construct for 1a53 strain was
engineered by removing HVR1 and E2 stem regions (residues 384–411 and 646–717),
replacing VR2 (residues 460–485) with a Gly-Ser-Ser-Gly linker, and by making N448D
and N576D mutations to remove the Asn448 and Asn576 potential N-linked glycosylation
sites.
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Expression and purification of E2-Fab complexes.—Complexes for structural
studies were expressed by co-transfecting expression vectors encoding His- or Strep-tagged
Fab(s) and untagged E2 and purifying Fab-E2 complexes from supernatants using His or
Strep tag chromatography followed by SEC. HEK293–6E cells were grown in the presence
of 5 µM kifunensine (Sigma) for expression of the HEPC3-E2core-HEPC46, HEPC3E2ecto, and HEPC74-E2ecto complexes. Cells were grown in the absence of kifunensine to
produce the HEPC3-E2ecto-HEPC46 complex.
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Crystallization.—Commercially available screens (Hampton Research and Molecular
Dimensions) were used to screen the initial crystallization conditions using vapor diffusion
in sitting drops. HEPC3-Fab crystals were grown using 0.2 µL of protein (in TBS) and 0.2
µL of mother liquor (2.0 M ammonium sulfate, 0.3 M sodium chloride, and 0.1 M sodium
cacodylate pH 6.3) and cryoprotected with Al’s oil (Hampton Research). HEPC74-Fab
crystals were grown using 0.2 µL of protein (in TBS) and 0.2 µL of mother liquor (0.2 M
ammonium acetate, 0.1M BIS-Tris pH5.5, and 25% PEG 3,350) and cryoprotected with
Fomblin® Y oil. AR3C-Fab crystals were grown using 0.2 µL of protein (in TBS) and 0.2
µL of mother liquor (0.2 M zinc acetate dihydrate pH 6.6, 11 % Sucrose, and 20% PEG
3,350) and cryoprotected in mother liquor supplemented with 15% (w/v) glycerol. HEPC46Fab crystals were grown using 0.2 µL of protein (in TBS) and 0.2 µL of mother liquor (0.1
M Tris pH 8.0, 30% PEG 2,000) and cryoprotected with Fomblin® Y oil. HEPC3-E2coreHEPC46 crystals were grown using 0.2 µl of protein (in TBS) and 0.2 µl of mother liquor
(0.02 M Nickel(II) chloride hexahydrate, 0.02 M magnesium chloride hexahydrate, 0.02 M
cadmium chloride hydrate, 0.1 M sodium acetate trihydrate pH 4.5, 24% PEG 2,000) and
cryoprotected in mother liquor supplemented with 20% (w/v) glycerol. HEPC3-E2ecto
crystals were grown using 0.2 µL of protein (in TBS) and 0.2 µL of mother liquor (0.2M
sodium bromide, 20% PEG 3,350) and cryoprotected using Al’s oil. HEPC3-E2ectoHEPC46 crystals were grown using 0.L µl of protein (in TBS) and 0.2 µL of mother liquor
(0.2 M ammonium sulfate, 20% PEG 3,350) and cryoprotected in mother liquor
supplemented with 20% (w/v) glycerol. All crystals were flash cooled in liquid nitrogen.
HEPC74-E2ecto crystals were grown using 0.2 µL of protein (in TBS) and 0.2 µL of mother
liquor (1% tryptone, 0.001 M sodium azide, 0.05 M HEPES sodium pH 7.0, 20% PEG
3,350) and cryoprotected using Al’s oil.
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Data collection and structure determinations.—X-ray diffraction data from
cryopreserved crystals were collected at the Stanford Synchrotron Radiation Lightsource on
beamline 12–2 using a PILATUS 6M detector (HEPC3-Fab, HEPC74-Fab, AR3C-Fab,
HEPC46-Fab, and HEPC74-E2ecto), at the Advanced Photon Source on beamline 23-ID-D
using a PILATUS3 6M detector (HEPC3-E2ecto and HEPC3-E2ecto-HEPC46), and at the
Advanced Light Source on beamline 5.0.1 using a PILATUS3 6M detector (HEPC3-E2coreHEPC46). Images were processed and scaled using XDS (Kabsch, 2010), iMosflm (Battye
et al., 2011), and Aimless as implemented in CCP4 software suite (Evans and Murshudov,
2013). Fab structures were solved by molecular replacement in Phaser (McCoy et al., 2007)
using a model of AR3C (PDB 4MWF) or Fab 1281 (PDB 3P30). Fab-E2 complex structures
were solved using molecular replacement using the separate molecules of HCV E2core
(PDB 4MWF) and HEPC3, or HEPC3 and HEPC46, structures as search models. The
models were refined and validated using Phenix.refine (Adams et al., 2010). Iterative manual
model building and corrections were performed using Coot (Emsley and Cowtan, 2004).
Glycans were initially interpreted and modeled using Fo – Fc maps calculated with model
phases contoured at 2σ, followed by 2Fo – Fc simulated annealing composite omit maps
generated in Phenix in which modeled glycans were omitted to remove model bias (Adams
et al., 2010). The quality of the final models was examined using MolProbity (Chen et al.,
2010).
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Models were superpositioned and figures rendered using the PyMOL molecular
visualization system (Version 1.7, Schrödinger, LLC). The VH/VL domain orientation of
HEPC3 on E2core relative to the AR3C was calculated using HIV Antibody Database
software (West et al., 2013). Buried surface areas (BSAs) were determined using the
PDBePISA web-based interactive tool (Krissinel and Henrick, 2007). Potential hydrogen
bonds were assigned using criteria of a distance of <4.0 Å and an A-D-H angle of >90°, and
the maximum distance allowed for a van der Waals interaction was 4.0 Å. Rmsd calculations
were done in PyMOL following pairwise Cα alignments without excluding outliers.
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ELISA binding analyses.—Soluble forms of full-length E2 ectodomains were coated
overnight onto 96-well plates (Corning) at 1 µg/mL. Plates were blocked with 1% goat
serum and 1% powdered milk in TBST buffer (TBS with 0.05% Tween-20) for 1 hr. Purified
IgGs were assayed in duplicate at 4-fold serial dilutions, starting at 10 µg/mL IgGs bound to
E2ecto proteins were detected using goat anti-human IgG horseradish peroxidase-conjugated
secondary antibody (Southern Biotech, 1:4,000 dilution) and 1-Step Ultra TMB-ELISA
substrate (Thermo Fisher Scientific) and reading the optical density read at 450 nm after
stopping the reaction with 1M HCl. A non-linear regression analysis was performed on the
resulting curves using Prism version 5 (GraphPad) to calculate EC50 values.
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HCVpp production and neutralization assays.—HCVpp were produced by
lipofectaminemediated transfection of HCV E1E2 and pNL4–3.Luc.R-E- plasmids into
HEK293T cells as previously described (Hsu et al., 2003; Logvinoff et al., 2004). The panel
of 19 heterologous genotype 1 HCVpp has been described previously (Bailey et al., 2015;
Osburn et al., 2014). Neutralization assays were performed as described previously (Dowd et
al., 2009). MAbs were serially diluted five-fold, starting at a concentration at 100 µg/ml and
incubated with HCVpp for one hour prior to addition to Hep3B hepatoma cells. Luciferase
activity was measured after three days and compared to that of HCVpp in media alone.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
•

HCV E2-targeting bNAbs HEPC3/HEPC74 were isolated from individuals
who cleared infection

•

Structures of HEPC3/HEPC74 in complex with E2 ectodomain reveal new
binding orientation

•

Germline-encoded CDRH3 motif plays a critical role in initial E2 recognition

•

Several natural E2 variants bind to HEPC3/HEPC74-like germline precursors
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Figure 1. The shared CDRH3 motif in E2 front layer-specific bNAbs adopts different
orientations.

Author Manuscript

(A) Sequence alignment of the recombined antibody heavy chain (top) and light chain
(bottom) variable gene sequences of HEPC3, HEPC74, and AR3C. CDR loops were defined
based on IMGT nomenclature and colored blue (CDRH1), orange (CDRH2), and red
(CDRH3). Dots indicate identical amino acids; dashes indicate gaps. (B) VH, D, and JH gene
usage for HEPC3, HEPC74, and AR3C. (C) Sequence alignment of CDRH3s from mature
HEPC3 and HEPC3 germline precursor genes determined by IMGT/V-QUEST. Dots
indicated identical amino acids and dashes indicate regions encoded by other gene segments
or Nnucleotide additions. Two cysteines encoded by the D gene segment are highlighted in
bold. (D) Side (top) and top (bottom) views of Fab structures of HEPC3, HEPC74, and
AR3C. The crystal structures were superimposed on their VH and VL domains. Protein
backbones are shown as ribbons and CDR loops are blue (CDRH1), orange (CDRH2), and
red (CDRH3). Disulfide bonds are shown as yellow sticks. See also Figure S2, Table S1.
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Figure 2. HEPC3 and HEPC74 recognize E2ecto similarly.
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The crystal structure of HEPC3E2core1a53-HEPC46 (A), HEPC3-E2ecto1a53-HEPC46 (B),
HEPC3-E2ecto1b09 (D), and HEPC74E2ecto1b09 (E) complexes are displayed as cartoon
representations. E2 – grey, HEPC3-HC – purple, HEPC3-LC – pink, HEPC74-HC – dark
green, HEPC74-LC – light green, HEPC46-HC – dark blue, HEPC46-LC – light blue.
Disulfide bonds are shown as yellow sticks and E2 glycans are shown as sticks with light
blue, red, and dark blue colors for carbon, oxygen, and nitrogen atoms, respectively. Dashed
lines indicated disordered regions. (C) E2 regions included in E2core and E2ecto structures.
E2 regions are colored by structural components: HVR1 (orange), AS412 (dark green), front
layer (yellow), VR2 (red), β-sandwich (violet), CD81bl (blue), VR3 (light grey), post-VR3
(dark grey), back layer (green), and stem (black). Dashed line indicates the G-S-S-G linker,
deleted glycosylation sites in E2 core construct are highlighted in red. See also Figure S1,
S5, Table S2–S5.

Cell Host Microbe. Author manuscript; available in PMC 2019 November 14.

Flyak et al.

Page 22

Author Manuscript
Author Manuscript
Author Manuscript

Figure 3. HEPC3 and HEPC74 recognize HCV E2 using a disulfide-linked CDRH3 motif.
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(A) Surface representations of the HEPC3-E2core1a53-HEPC46, HEPC74-E2ecto1b09, and
AR3CE2core1a154 (PDB 4MWF) (Kong et al., 2013) structures. The HEPC46 Fab is not
shown for clarity. E2 glycans are shown as sticks with light blue, red, blue colors for carbon,
oxygen, and nitrogen atoms, respectively. E2cores – grey, HEPC3-HC – purple, HEPC3-LC
– pink, HEPC74HC – dark green, HEPC74-LC – light green, AR3C-HC – cyan, AR3C-LC
– light cyan. (B) Comparison of the heavy chain CDR (CDRH) loop positions in E2 core
complex structures with HEPC3, HEPC74, and AR3C. E2core structures are shown as
cartoon representation (top) and as surface representation (bottom). CDRH loops are blue
(CDRH1), orange (CDRH2), and red (CDRH3) tubes. Disulfide bonds and the α1-helix are
shown as yellow sticks and dashed ovals, respectively, in the top images. E2 surfaces in the
bottom images are colored by structural components: AS412 (dark green), front layer
(yellow), VR2 (red), β-sandwich (violet), CD81bl (blue), VR3 (light grey), post-VR3 (dark
grey), back layer (light green). See also Figure S3.
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Figure 4. The intra-CDRH3 disulfide bond in E2 front layer-specific bNAbs is required for
maximal binding and neutralization.
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(A) Binding to E2ecto1a53 (top) and neutralizing activity against 1a53 strain HCVpp
(bottom) of wild-type bNAbs (black) and corresponding CDRH3 2Cys→2Ala (green) or
CDRH3 2Cys→2Ser (orange) double mutants. Means ± s.d. of duplicates are shown. One
experiment representative of two independent experiments is shown. (B) Binding to
E2ecto1a53 (top) and neutralizing activity against 1a53 strain HCVpp (bottom) of inferred
germline precursors HEPC3rua, HEPC74rua, and AR3Crua (black) and corresponding
CDRH3 2Cys→2Ala (green) and CDRH3 2Cys→2Ser (orange) double mutants. One
experiment representative of two independent experiments is shown. Means ± s.d. of
duplicates are shown. (C) Superposition of HEPC3-E2ecto1b09 (light green), HEPC3E2core1a53 (pink), and AR3CE2core1a154 (light cyan) structures. Structures were
superimposed on the E2cores and are shown as cartoon representations with CDRH3 loops
in green (HEPC74), purple (HEPC3), and cyan (AR3C). Disulfide bonds are shown as
yellow sticks.
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Figure 5. Soluble E2 ectodomain structures reveal conformations of disordered or truncated
regions of E2core.
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(A) Structures of HEPC3-E2core1a53-HEPC46, HEPC3-E2ecto1b09, and HEPC3E2core1a53-HEPC46 complexes displayed as cartoon representations (HVR1 (orange),
AS412 (dark green), front layer (yellow), VR2 (red), ß-sandwich (violet), CD81bl (blue),
VR3 (light grey), post-VR3 (dark grey), and back layer (green)) with regions of E2 that were
truncated or disordered in E2core structures indicated. Disulfide bonds are yellow sticks;
E2core glycans are sticks with light blue, red, blue colors for carbon, oxygen, and nitrogen
atoms, respectively. Dashed lines indicate disordered regions. (B) Observed disulfide bonds
in E2core and E2ecto structures. Disulfide bonds visible only in E2ecto structures are
highlighted in bold. (C) Ordered glycans in E2core and E2ecto structures. Glycans that
contact HEPC3 are highlighted in bold. (D) Close proximity of Cys581-Cys585 and
Cys569-Cys597 disulfide bonds (E2ecto1b09 structure). In the E2core1a154 structure (Kong et
al., 2013), the disulfide pattern is: Cys561–Cys581 and Cys585–Cys597. (E) Structure of the
VR2 loop (E2ecto1b09 structure) (red). The Cys459-Cys486 disulfide bond that is disordered
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in the E2 core structures is shown. In the E2core2a structure (Khan et al., 2014), Cys486
disulfide bonds with Cys620, likely due to deletion of the portion of E2 that includes
Cys452, the Cys620 partner. (F) CDRH1 interactions with Asn448 glycan with interacting
residues shown as sticks. Potential H-bonds are shown as black dashed lines, and residues at
the interface are indicated. (G) HEPC3 light chain interactions with Asn430 glycan with
interacting residues shown as sticks. Potential H-bonds are shown as black dashed lines, and
residues at the interface are indicated. See also Figure S4.
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Figure 6. The AS412 region can adopt multiple conformations.
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(A) Structures of the N-terminal portion of E2ecto including the AS412 region for the
HEPC3-E2ecto1b09 and HEPC3E2ecto1a53-HEPC46 complexes. (B) Structures of AS412
peptides in complex with the indicated bNAbs. Only backbone atoms are shown. N- and Ctermini are labeled. (C) Superposition of AS412 structures from (A) and (B). Structures
were aligned on the C-termini.
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Figure 7. Germline precursors of E2 front layer-specific bNAbs neutralize diverse HCV strains.

(A) Sequence alignment of antibody heavy chain variable domains of the inferred germline
precursors HEPC3rua, HEPC74rua, and AR3Crua. CDRs were defined based on IMGT
nomenclature and colored blue (CDRH1), orange (CDRH2), and red (CDRH3). Dots
indicate identical amino acids and dashes indicate gaps. (B) Heat map showing the binding
of HEPC3, HEPC74, AR3C and their germline precursors to a panel of HCV genotype 1
E2ecto proteins. The EC50 value for each E2ecto-mAb combination is shown, with dark red,
orange, yellow, or white shading indicating high, intermediate, low, or no detectable binding,
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respectively. EC50 values greater than 10,000 ng/mL are indicated by the > symbol. One
experiment representative of two independent experiments is shown. (C) Heat map showing
the neutralization capacity of HEPC3, HEPC74, AR3C and their germline precursors
measured using a panel of genotype 1 HCVpp. IC50 values for each virus-mAb combination
are shown, with IC50 values greater than 10,000 ng/mL indicated by the > symbol. See also
Figure S6, S7.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Author Manuscript

PEGRx HT

Hampton Research

Cat#HR12–086

PEG/Ion HT

Hampton Research

Cat#HR2–139

JCSG-plus™ HT-96

Molecular Dimensions

Cat#MD1–40

Fomblin® Y oil

Sigma

Cat#317942

1-Step™ Ultra TMB-ELISA
Substrate Solution

Thermo Fisher Scientific

Cat#34028

Kifunensine

Sigma

Cat#K1140

Goat Anti-Human IgG-HRP

SouthernBiotech

Cat#2040–05

HEPC3

(Bailey et al., 2017)

N/A

HEPC74

(Bailey et al., 2017)

N/A

HEPC46

(Bailey et al., 2017)

N/A

AR3C

(Kong et al., 2013)

N/A

HEK293–6E

National Research
Council of Canada

Cat#11565

Hep3B2.1–7

ATCC

Cat# HB-8064

National Research
Council of Canada

N/A

Pymol

Schrödinger, 2011

RRID:SCR_000305

Phenix

(Adams et al., 2010)

https://www.phenix-online.org

Coot

(Emsley and Cowtan,
2004)

http://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/

PDBePISA

(Krissinel and Henrick,
2007)

http://www.ebi.ac.uk/pdbe/pisa/

HIV Antibody Database (used to
calculate Fab rotation angles)

(West et al., 2013)

https://itunes.apple.com/us/app/hiv-antibody-database/id1232472905?mt=8

HEPC3 coordinates

PDB

6MED

HEPC74 coordinates

PDB

6MEE

AR3C coordinates

PDB

6MEF

HEPC46 coordinates

PDB

6MEG

HEPC74-E2ecto coordinates

PDB

6MEH

HEPC3-E2ecto coordinates

PDB

6MEI

HEPC3-E2ecto-HEPC46 coordinates

PDB

6MEJ

HEPC3-E2core-HEPC46 coordinates

PDB

6MEK

GE Healthcare

Cat#17517501

Experimental Models: Cell Lines

Recombinant DNA
pTT5 mammalian expression vector
(used to express all IgGs and Fabs)
Software and Algorithms
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Other
Superdex 200 Increase 10/300 GL
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SOURCE
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Chemicals, Peptides, and Recombinant Proteins
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HisTrap FF column

GE Healthcare

Cat#17531901

HiTrap Protein A HP column

GE Healthcare

Cat#17040301

StrepTrap HP column

GE Healthcare

Cat#28907547

HCV 1a53 strain E1E2 sequence

GenBank

FJ828970.1

HCV 1b09 strain E1E2 sequence

GenBank

KJ187984.1
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