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The lack of structural information on hepatitis C virus (HCV) surface proteins has so far hampered the
development of effective vaccines. Recently, two crystallographic structures have described the core

portion (E2c) of E2 surface glycoprotein, the primary mediator of HCV entry. Despite the importance of
these studies, the E2 overall structure is still unknown and, most importantly, several biochemical and
functional studies are in disagreement with E2c structures. Here, the main literature will be discussed
and an alternative disulfide bridge pattern will be proposed, based on unpublished human monoclonal
antibody reactivity. A modeling strategy aiming at recapitulating the available structural and functional

studies of E2 will also be proposed.

Introduction

Hepatitis C virus (HCV) chronically infects approximately 180
million people worldwide and is a major cause of liver cirrhosis
and hepatocellular carcinoma [1]. Until recently, the standard
therapy has been limited to the use of nonspecific molecules
[e.g. polyethylene glycol (PEG)-interferon (IFN)a and ribavirin],
featuring variable efficacy depending on HCV genotype and being
burdened by remarkable side-effects. The development of novel
molecules specifically inhibiting HCV replicative stages has been
driven by the structural characterization of internal viral proteins
(e.g. protease and RNA polymerase) [2-4]. Conversely, only little
direct structural information has been available for HCV surface
glycoproteins (E1 and E2) responsible for viral attachment and
entry. The lack of knowledge about E1 and E2 impairs the devel-
opment of molecules inhibiting the early stages of infection and,
most importantly, of immunogens capable of eliciting a protective
immune response against HCV.

Corresponding author: Mancini, N. (mancini.nicasio@hsr.it)

E1 and E2 are highly glycosylated transmembrane proteins that
assemble in heterodimers, the functional unit necessary for viral
attachment and entry. E2 mediates the viral attachment to host
cells interacting with several host proteins such as CD81 (the main
cellular receptor), the scavenger receptor class B type I (SR-BI) and
members of the claudin/occludin family [5-7]. By contrast, the
fusion step remains unclear, with E1 and E2 presenting a putative
fusion peptide and probably co-participating in the conformation-
al rearrangement necessary for viral entry [8,9]. Whereas the E1
structure remains largely unknown, that of the central portion [i.e.
E2 core (E2c)] of E2 ectodomain (E2e) has been recently solved
through X-ray crystallography [10,11]. These studies report for the
first time the structure of E2 domains involved in the interaction
with CD81, but significant structural information is still missing.
Moreover, some structural features of E2c are in disagreement with
previously crystallized short peptides and with biological data.

In this paper, we will discuss direct and indirect studies of
E2 structure, highlighting the discrepancies between structural
and functional data and proposing a novel E2 cysteine disulfide
assignment based on unpublished immunological data that
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reconcile all previous evidence. We will then focus on possible
computational and experimental methods that can be used to
generate an E2e model comprising direct and indirect structural
data that can be validated through biological features.

HCV: a heterogeneous and elusive pathogen

HCV is classified into the Flaviviridae family, which includes four
genera of enveloped viruses sharing structural, genetic and repli-
cative features. However, the hepacivirus genus, including HCV, is
phylogenetically distant from the other main genera: flavivirus,
pestivirus and pegivirus [12]. HCV is highly variable and is further
classified into eight distinct genotypes, each comprising several
subtypes [13]. This variability has greatly hampered the elucida-
tion of HCV structure and replicative cycle; such studies are made
even more difficult by the fact that HCV does not replicate in vitro
and can be studied in only a few non-human primates (e.g.
chimpanzees, gorillas). As a consequence, the vast majority of
available data has been generated through surrogate systems such
as virus-like particles (HCV-LP), viral pseudo-particles (HCVpp)
and a laboratory-adapted strain (HCVcc).

Cryo-electron microscopy (cryoEM) experiments on the overall
shape of HCV have led to different results. Two studies performed
on HCVcc, HCV-LP and HCVpp demonstrated a smooth, regular
surface that was analogous to viruses belonging to the Togaviridae
family or to the flavivirus genus. However, HCVpp, HCVcc and
HCV-LP showed variable particle diameter depending on the
construct and the cell line used for production [14,15]. Recently,
Catanese et al. analyzed the external morphology of HCV particles
produced from primary human hepatocytes and showed that they
do not adopt a prototypical icosahedral symmetry, different from
what was observed with surrogate particles. Moreover, the external
structure is highly heterogeneous, with a discontinuous envelope,
high concentration of apolipoprotein (apo)E and low concentra-
tions of apoB and apoA-I [16]. A thorough analysis of the HCV
lipidome demonstrated a composition unique for enveloped vi-
ruses, with low cholesterol concentration and a marked enrich-
ment of cholesteryl esters that destabilizes a regular lipid bilayer
structure [17]. The heterogeneous structure of HCV envelope leads
to an unusual assembly of surface proteins, with E1E2 heterodi-
mers apparently not assembling in an ordered layer and with their
transmembrane (TM) domains featuring a differential orientation
depending on the local envelope structure [16]. The above results
demonstrate the peculiarity of HCV surface structures, with their
extreme heterogeneity posing a first major problem in their fine
characterization.

HCV E2: a heterogeneous and elusive protein
E2 is a highly glycosylated protein encompassing 362 residues
(numbering starting from residue 384 of the genotype 1a H77 isolate
polyprotein); itis formed by a 334-residue-long ectodomain and a C-
terminal TM domain. The ectodomain (E2e) can be further divided
into a receptor-binding domain and a short C-terminal membrane-
proximal stem region. E2 is the most variable HCV protein, with
high sequence variability focused in two hypervariable regions
(HVR1, residues 384-410; and HVR2, residues 460-485) and an
inter-genotypic variable region (IgVR, residues 569-581) [18].

All attempts to determine the structure of complete E2e have
failed previously and, before the solution of E2c domain, the only

available structures were of fragments spanning residues 412-423
and 430-446, solved through X-ray crystallography, and fragment
684-719, derived using NMR [19-25]. The difficulty in solving the
E2e structure is at least partially related to its glycosylation state; E2
has 11 N-glycosylation and five O-glycosylation sites with variable
degrees of micro-heterogeneity, crucial in maintaining its proper
conformation and aggregation state [26,27]. Circular dichroism
and infrared spectroscopy experiments estimated that the E2e
comprises ~35% B-sheets and ~5% a-helices, with a high degree
of disorder [28]. Moreover, E2 tertiary folding is maintained by 18
completely conserved cysteines involved in disulfide bridges; as
described later, cysteine coupling can vary based on the expression
system and, most importantly, on the E2 form (e.g. soluble,
truncated). Finally, E2 must be expressed together with E1 to
achieve its correct conformation [29].

The variability of E2 disulfide bridges and its glycosylation state
highlight the need to express it in eukaryotic cells using a protein
as close as possible to the wild type (WT). Furthermore, the high
degree of E2 structural flexibility clearly impairs homogeneous
crystal packing and effects the reconstruction of E2e density maps
obtained through small-angle X-ray scattering (SAXS) and single-
particle electron cryomicroscopy (cryoEM), leading to low-resolu-
tion maps [10,11].

E2c: a structural comparison

Notwithstanding all of these obstacles, two E2c structures have
been recently derived from synthetic constructs comprising the
central part of E2e [residues 412-645 of E2 from H77 isolate
(genotype 1la) in Kong et al. (PDB ID: 4MWF) and residues 456—
656 of E2 from J6 isolate (genotype 2a) in Khan et al. (PDB ID:
4NX3)] [10,11]. The construct used by Kong and colleagues also
replaces HVR2 with a short GSSG linker and removes two N-
glycosylation sites (N448 and N576). Furthermore, 4MWF con-
struct has standardized N-glycosylations obtained growing E2c-
expressing cells in presence of kifunensine, whereas 4NX3 N-
glycosylations were enzymatically removed before crystallization
and present a N542E mutation. These proteins are thus truncated,
expressed in soluble form, folded in the absence of E1 and present
different glycosylation patterns, necessities for their crystallization
but also potentially introducing artifacts.

Portions of both structures are highly disordered, with approx-
imately one-third of the protein remaining unsolved. In both
E2c structures, two ordered tertiary arrangements can be defined:
a central Ig-like domain formed by a four-stranded lower B-sheet
and a two-stranded upper B-sheet; and a C-terminal four-strand-
ed B-sheet. Short a-helices are dispersed in loops surrounding
these domains. Structural superimposition indicates an a-carbon
root-mean-square deviation below 1 A, suggesting overall simi-
larity. However, the structures differ significantly in the Ig-like
domain upper layer, which in 4MWF is formed by two antipar-
allel B-strands, whereas in 4NX3 it is unstructured (Fig. 1). The
E2c structures also diverge in the outer loops, as evidenced by
discrepancies in disulfide bridges. Another notable structural
discrepancy is evident for a region spanning residues 412-423,
a neutralizing epitope and part of the CD81 binding site
(CD81bs); in all available co-crystals with different monoclonal
antibodies (mAbs) this peptide has a well-defined B-hairpin
arrangement, whereas it is unstructured in 4MWF and not
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FIGURE 1

Comparison between 4NX3 and 4MWF E2 crystallographic structures. Shared structures (Ig-like domain and the C-terminal B-sheet) are colored in gray (4NX3) and
cyan (4MWF). Orange segments indicate discrepancies between structures. Cysteines are represented in ball-and-stick configuration.

FIGURE 2

Drug Discovery Today

Structural comparison of an E2 segment spanning residues 412-423 in 4MWF and co-crystallized with neutralizing murine mAb AP33 (PDB ID: 4GA)). (a) The
4MWF structure in cyan, solved portion of residues 412-423 in red. (b) A zoomed in representation of these residues in red, the remaining is transparent. (c) E2

residues 412-423 in 4GAJ structure.

included in 4NX3 (Fig. 2) [21,22,24,25]. Importantly, this linear
epitope keeps the same B-hairpin structure when bound to
antibodies with completely different paratope structure and
contacting different epitopic residues (e.g. mAbs AP33 and

HCV1), making less probable a mAb-induced conformational
change [25]. Taken together, these pieces of evidence highlight
the variations in E2 folding and cysteine coupling in the E2c
crystal structures.
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Biochemical characterization: the importance of
disulfide bridges

E2 has 18 cysteines completely conserved across all genotypes,
with a multifaceted role; they are involved in maintaining the
correct protein topology and are crucial players in the conforma-
tional rearrangement upon viral attachment that leads to the
fusion stage [30,31]. The 4NX3 construct includes 14 cysteines
but only ten are present in the crystallographic structure, eight of
which are involved in disulfide bridges; 4MWF includes 16
cysteines and all those that have been resolved are involved in
seven disulfide bridges. Only three disulfide bridges (C494-C564,
C508-C552 and C607-C644) are shared between E2c structures,
and are probably crucial in maintaining the fundamental Ig-like
domain and the C-terminal B-sheet conformation. Moreover,
these three disulfide bridges are necessary for the capability of
soluble E2, HCVpp and HCVcc to bind the CD81 large extracellular
loop (LEL) [18,31,32]. Of the four additional cysteines present in
the 4NX3 structure, two are involved in a disulfide bridge (C569—-
C597) and two are unbound (C503 and C620). The C569-C597
bridge is not present in 4MWF, where C569 bonds with C581 and
C597 bonds with C585. In 4NX3, C503 and C620 are lacking their
partners, which are not included in the 4NX3 construct. Con-
versely, in 4MWF C503 is coupled to C429 and C620 is coupled to
C452.

The experimental setup-dependent variability of the E2 disul-
fide bridge pattern has been highlighted in several biochemical
and functional studies. Krey et al. analyzed cysteine connectivity
through mass spectrometry of E2e expressed as a soluble, secreted
protein, and suggested that all cysteines are involved in disulfide
bridges [28]. Other functional studies using HCVpp and HCVcc
analyzed the impact of cysteine to alanine (C — A) mutations on
the interaction with CD81, viral infectivity and E1E2 incorpo-
ration in virions [18,31,32]. These experiments could not confirm
Krey and colleagues’ data on disulfide bridges, suggesting that
information generated with soluble E2 might not reflect the native
form. Fraser et al. added another missing piece investigating the
role of E2 cysteines in viral attachment and entry. Through alkyl-
ation experiments they demonstrated that E2 on the virion surface
has at least one free cysteine that is crucial in post-attachment E2
rearrangement necessary for viral entry [30].

Taken together, these studies suggest that cysteine connectivity
in native E2 differs from E2 that is truncated, expressed in soluble
form or folded in absence of E1, leading to a non-native tertiary
arrangement [33]. Furthermore, discrepancies in the two E2c
crystallographic structures suggest that even small differences in
the truncated forms can lead to a different disulfide bridge pattern.

Experimental data: from immunology to structure and
back

The biochemical and functional characterization of E2 suggests
that the E2c structures reflect, at least in some areas, non-native
folding and cannot be used to assign unambiguously the native
cysteine coupling of E2. We reasoned that additional information
might be obtained by assessing E2 single-residue mutants for the
binding to mAbs to identify residues crucial in keeping E2 in its
correct conformation. To this end, we have previously cloned from
an HCV-infected patient a panel of human mAbs recognizing
highly divergent viral genotypes, suggesting the conserved nature

of their epitopes [34-37]. Moreover, all of the mAbs recognize
conformational epitopes and exhibit different neutralizing activi-
ty, suggesting that their binding could provide information on the
structural features of native E2.

Here, we report the testing of this panel of mAbs for their
binding to each E2 C — A variant generated by shotgun mutagen-
esis, following previously described protocols [38,39]. A confor-
mation-sensitive murine antibody (H60 — a generous gift from Dr.
Jean Dubuisson) and an anti-V35 tag linear antibody used as ex-
pression control were also tested [40,41]. The construct used to
generate all tested E2 variants was based on E1E2 WT sequence
spanning residues 192-746 of H77 isolate polyprotein (UniProt ID:
F5BWY6), with the V5 tag located C-terminally to E2 to minimize
its impact on E1E2 folding. Each E2 variant was co-expressed with
E1 on human HEK-293 cells, and the effect of each mutation on a
mAb reactivity was directly evaluated by cytofluorimetry on fixed
and permeabilized cells. Considering mean cellular fluorescence,
antibody reactivity against each mutant E2 was calculated relative
to the WT by subtracting the signal from mock-transfected con-
trols and normalizing it to the signal from WT-transfected con-
trols. A C — A mutation was considered as abrogating the binding
when the reactivity was below 30% compared with WT (Fig. 3) [40-
42].

The expression of full-length E1 and E2 on human cells allowed
us to study E2 in conditions that promote the formation of its
native structure. Interestingly, the differential reactivity pattern of
mAb recognition of the C — A mutants suggests an alternative
disulfide bridge pattern necessary for E2 in its native tertiary
conformation (Fig. 3). Specifically, our data suggest that seven
disulfide bridges are formed by C494-C564, C508-C552, C607-
C644, C429-C503, C569-C581, C486-C585 and C459-C620,
whereas C452 and C597 are in a free state.

The proposed pattern of cysteine disulfide pairs includes three
disulfide bridges present in both E2c¢ structures (C494-C564,
C508-C552 and C607-C644). Mutation to alanine of any one of
these six cysteines abrogates the binding of neutralizing and non-
neutralizing mAbs and CD81 LEL, highlighting the crucial part
played by these bridges in maintaining not only the CD81bs but
also the overall E2 conformation [31]. The other four disulfides
suggested by our mAb reactivity patterns could help resolve the
discrepancy between the two published E2c structures. Our data
also highlight the presence of two free cysteines (C452 and C597),
as previously predicted by Fraser et al. [30].

Our mADb reactivity pattern is in agreement with 4MWF for two
cysteine pairs, C429-C503 and C569-C581, in addition to the
three consistent between the structures. The C429-C503 pair plays
a fundamental role in keeping together CD81bs residues located in
the Ig-like domain and those lying in the 412-423 and 434-446
regions [43-45]. The disruption of C429-C503 abrogated the
binding of all tested neutralizing mAbs, whereas the binding of
e8 and H60, two non-neutralizing antibodies, were not affected.
Disruption of the C569-C581 disulfide abrogated the binding of
H60 only; these cysteines are immediately flanking the IgVR
domain and induce the formation of an exposed loop.

Mutation of C452 (not included in the 4NX3 construct, and
coupled to C620 in 4MWF) and C597 (coupled to C569 in 4NX3
and to C585 in 4MWF) demonstrated unique mAb reactivity
patterns that do not match the mAbD reactivity data for any other
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FIGURE 3

Proposed disulfide bond pairs for E2. (a) Monoclonal antibody (mAb) and CD81 large extracellular loop (LEL) reactivity patterns against C — A mutants of full-
length E2 (H77 strain) co-expressed with E1 in human HEK293 cells [31]. Single C — A mutants showing a binding below 30% compared with the wild type (WT)
are marked with colored blocks. Cysteine pairs are grouped to highlight (1) disulfide bridges confirmed by 4NX3, 4MWF and mAb binding, (2) disulfide bridges
confirmed by 4MWF and mAb binding, (3) disulfide bridges proposed according to mAb reactivity patterns and (4) free cysteines. Disulfide bridges belonging to
groups (1) and (2) are marked with different symbols in (a) and (b). (b) 4NX3 (in gray) and 4MWF (in cyan) superimposed structures. Cysteines are colored as in (a);
E2c cysteines that are inconsistent with mAb reactivity are reported in light pink, marked with red arrows and labeled. In 4MWF C652 and C677 are outside the
crystallized constructs, whereas C459 and C486 are not solved; in 4NX3, C429, C452, C652 and C677 are not included in the construct, whereas C459, C486, C581

and C585 are not solved. Consequently, all of them are not shown in (b).

cysteine mutations; consequently, we hypothesize that C452 and
C597 remain unbound in native E2. The C585A mutant affected
only H60 binding and, considering mAb reactivity, we propose a
novel C486-C585 coupling; this long-range bond in native E2
could participate in maintaining the structure of the unsolved E2c
region spanning residues 453-491.

Our mAD reactivity patterns cannot confirm the C452-C620
disulfide proposed by 4MWF; the C620A mutant has a reactivity
profile that uniquely matches with C459A, strongly suggesting an
alternative C459-C620 coupling. Finally, two C-terminal
cysteines (C652 and C677) that are not included in the E2c
constructs when mutated to alanine do not have any effect on
mAb or CD81 LEL binding; however, they both cause decreased
E1E2 heterodimerization, suggesting their involvement in a di-
sulfide bridge [31].

In conclusion, assessing the binding properties of all C — A E2
mutants expressed in a near-native environment to a large panel of
mAbs with diverse conformational epitopes allowed us to study
the local and general impact of each cysteine on E2 native confor-
mation. The obtained results confirm five disulfide bridges already
identified in E2c¢ (three in each of 4NX3 and 4MWF, and two only
in 4MWEF) as necessary to maintain the overall E2 structure but also
suggesting novel couplings, not present in the E2c truncated
structures, that are required for E2 native folding.

Concluding remarks: in silico merging of structural and
immunological data

HCV E2 represents a clear example of how use of a ‘gold-standard’
technique, such as X-ray crystallography, to obtain the atomic
structure of a protein could require additional biochemical evi-
dence to provide a comprehensive picture of the native structure.
Moreover, biases introduced by crystallographic conditions (e.g.
protein modifications or the crystallization protocol) can affect the
native structure [46,47].

HCV glycoproteins are challenging targets for structural studies,
because they are flexible, highly glycosylated transmembrane
proteins that require multi-subunit assembly and oligomerization
to acquire their native folding. To date, these characteristics have
hampered all attempts to obtain their full-length structure
through X-ray crystallography or lower-resolution techniques
such as cryoEM and SAXS. Considering this, the recently solved
E2c structures represent a groundbreaking improvement in com-
prehending its interaction with CD81 and the structure of neu-
tralizing epitopes. However, the discrepancies with biological data
and the lack of structural information for approximately half of
E2e indicate the need to refine and extend these structures.

mAbs recognizing conformational epitopes represent a potent
tool to validate a structure and obtain indirect structural informa-
tion. In fact, considering the buried area at the paratope—epitope
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interface, residues recognized as fundamental for mAb-antigen
binding must lie in close proximity; the characterization of con-
formational epitopes can therefore lead to the identification of
sequentially distant domains that are close in the tertiary structure
[48].

Many techniques exploiting experimental and/or computation-
al methods are available to locate a mAb epitope, but the low yield
of E2 expression and method-dependent variability make many of
them unfeasible [49-51]. Here, we have applied the alanine-scan-
ning method because it allows the rapid identification of epitopic
residues on proteins expressed in near-native conditions, a funda-
mental requirement to reduce possible biases resulting from non-
native E2 conformations. Alanine scanning consists of individu-
ally substituting each residue in the target protein with alanine
and subsequently assessing the ability of each variant to bind
mAbs compared with the WT protein. Although this technique
does not provide direct structural data and indirect and allosteric
effects must also be considered, it presents several advantages.
Alanine scanning can be performed on the full-length protein
expressed in native conditions, reducing the risk of introducing
structural biases. Also, its usage is not restricted to epitope evalua-
tion; as described here, it can be used to assess the role of key
residues such as cysteines in correct protein folding. Moreover,
single alanine point mutations can be introduced in the context of
whole viral particles; several publications report the role of E2
cysteine or histidine single mutations in HCVcc and HCVpp to
study their impact in viral attachment, entry and assembly
[31,32,52]. Considering all of these aspects, alanine scanning
can provide useful and reliable information to be used for protein
modeling and structure validation.

In addition to experimental methods, several in silico
approaches have been developed to predict ab initio protein fold-
ing based only on linear sequence, which could be applied to E2 in
future studies. Given the high sequence variability of E2 and the
availability of a vast number of sequences, it is an ideal target for
algorithms analyzing large multiple sequence alignments that
infer residue pair proximity based on their co-evolution. Recently,
several algorithms have been developed, most of them implement-
ing a direct coupling analysis method that allows direct and
indirect contributions to be disentangled, resulting in a more
precise identification of residue couples in close proximity, for
examples see [53-56]. Evolutionary coupling analysis has proven
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