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The hepatitis C virus glycoprotein E2 receptor-binding domain is encompassed by amino acids 384 to 661
(E24¢,) and contains two hypervariable sequences, HVR1 and HVR2. E2 sequence comparisons revealed a third
variable region, located between residues 570 and 580, that varies widely between genotypes, designated here
as igVR, the intergenotypic variable region. A secreted E2., glycoprotein with simultaneous deletions of the
three variable sequences retained its ability to bind CD81 and conformation-dependent monoclonal antibodies
(MAbs) and displayed enhanced binding to a neutralizing MAb directed to E2 immunogenic domain B. Our
data provide insights into the E2 structure by suggesting that the three variable regions reside outside a

conserved E2 core.

Hepatitis C virus (HCV) is a member of the Flaviviridae
family and is classified into six major genotypes and numerous
subtypes that differ in nucleotide sequence by up to 35% and
25%, respectively (37). The virus encodes two envelope glyco-
proteins, E1 (polyprotein residues 191 to 383 [H77c numbering
is used throughout this study]) and E2 (residues 384 to 746)
that function in viral entry as noncovalently associated het-
erodimers (1) (Fig. 1A). Glycoprotein E2 attaches the virus to
host cell receptors that include the tetraspanin CDS81 (33),
claudin-1 (14), and the high-density lipoprotein receptor scav-
enger receptor, class B type I (SR-B1) (35), while E1 contains
an internal fusion peptide-like sequence and membrane-prox-
imal heptad repeat, both containing residues essential for viral
entry function (9, 16).

The receptor-binding domain (RBD) of E2 is encompassed
by polyprotein residues 384 to 661 (E2,) (Fig. 1A). Recom-
binant forms of E2.., RBD are efficiently secreted from trans-
fected cells and are able to interact with CD81, SR-B1, and
other cell surface molecules (4, 33, 35). The E2 RBD contains
two hypervariable regions, HVR1 (residues 384 to 410) and
HVR?2 (residues 474 to 482) (21, 42). Hypervariable region 1,
located at the N terminus of E2, is the most variable region in
the HCV genome, is highly immunogenic, and rapidly accu-
mulates neutralization escape mutations (15). Despite the high
level of amino acid variability in HVRI, there is an overall
conservation of basic residues that are important for viral entry
(3, 32). HVRI1 also appears to play a role in the enhancement
of viral entry via high-density lipoproteins present in human
serum, which upregulate the SR-B1-mediated endocytosis of
virions (2, 7, 26, 29, 40).

Hypervariable region 2 is located within the region flanked
by Cys-459 to Cys-486 (21). Although originally described as a
7-residue sequence, comparison of E2 sequences from differ-
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ent HCV genotypes suggests it may extend from residue 461 to
481 (Fig. 1B and data not shown). The degree of sequence
identity across the Cys-459 to Cys-486 region ranges from 39%
(genotypes la and b) to 93% (genotype 5a), and the region is
28 to 30 residues in length (data not shown). In comparison to
the HVRI1 sequence, the sequence of HVR?2 is relatively stable
within HCV-infected people (30), although an accumulation of
mutations at this location has been shown to correlate with
responsiveness to alpha interferon treatment (19). An
N-linked glycosylation site is conserved in genotypes la, 4a, 6a,
3a, and 2a, while the G***WG motif is conserved in all isolates,
suggesting that structural features of HVR2 are necessary for
E1E2 function (Fig. 1B and data not shown). A third hyper-
variable region (residues 431 to 466) has recently been re-
ported based on the analysis of 391 sequences from 17 subjects.
Although this region contained a high rate of nonsynonymous
versus synonymous base changes, the corresponding amino
acid substitutions were conservative, and overall hydropathy
was conserved (38).

The alignment of E2 sequences representing the six major
genotypes of HCV reveals a previously undescribed variable
region between polyprotein residues 570 and 580 that is rela-
tively conserved within a genotype but varies across genotypes
due to amino acid insertions and deletions (Fig. 1B). We have
designated amino acids 570 to 580 the intergenotypic variable
region (igVR). Examination of the corresponding region from
all six genotypes of HCV (Fig. 1B) and divergent isolates therein
(Fig. 1C) shows that the igVR length ranges from 10 amino acids
(genotype 4a) to 15 amino acids (genotypes 3a and 6a). All iso-
lates contain a single conserved N-linked glycosylation site at
position 576. Similar to HVR2, igVR is also flanked by conserved
cysteine residues (Cys-569 and Cys-581), suggesting that these
sequences form disulfide-constrained loops.

The three-dimensional structure of E2 is currently not avail-
able; however, it is fundamental to understanding HCV attach-
ment and entry and thus, the rational design of antiviral agents
that block these critical first stages of infection. Although E2,
is a lead candidate for structural studies, as it contains the
functional RBD, the presence of mobile solvent-exposed vari-
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FIG. 1. (A) Schematic representation of the N-terminal portion of the HCV polyprotein showing E1 in dark gray and E2 in cyan. The locations
of putative N-linked glycosylation sites in H77c are shown (Y"). Variable regions present within E2 are shown in red and proximal conserved
cysteine residues in yellow. The locations of three discontinuous CD81 binding regions are shown in blue, and the hatched regions represent
transmembrane domains of E1 and E2. The E2 RBD, residues 384 to 661, is indicated by a line. The numbering is according to the prototype la
strain H77c. (B) Intergenotypic alignment of the HCV E2 variable regions HVR1, HVR2, and igVR. Representative isolates from each genotype
of HCV were aligned using ClustalX. Symbols show conserved (*), semiconserved (:), and weakly conserved (.) residues. The percentage of identity
is shown above each alignment, and conserved glycosylation sites are indicated (¢"). (C) Intragenotypic alignment of the igVR region. Sequences
were aligned using MULTALIGN (4a), and the consensus sequence is shown. The length of the igVR and the percentage of identity are shown
above each alignment. Symbols show N, D, Q, or E at conserved positions (#) and F/Y conserved positions (%). Uppercase letters indicate >90%
identity, and lowercase letters 50% to 90% identity. A space shows a <50%-conserved residue or an insertion/deletion.

able loops and a high degree of glycosylation are likely to
confound crystallization attempts. Essential to obtaining crys-
tals suitable for three-dimensional structural determination of
the human immunodeficiency virus type 1 (HIV-1) receptor-
binding glycoprotein, gp120, was the replacement of three of
the five variable loops with short linker motifs to reduce the
glycoprotein’s flexibility for crystallization while maintaining
correct disulfide bonding (25). In spite of these deletions, the
gp120 core attained its global fold and revealed the neutral-
ization epitopes and RBDs.

We therefore examined whether the conserved E2 core do-
main retained its ability to form complex structures, such as
conformational monoclonal antibody (MADb) epitopes and the
CDS81 receptor-binding site, following deletion of the three
variable regions. As a starting point to a crystallization strat-
egy, HVR1 (polyprotein residues 387 to 409), HVR2 (residues
460 to 485), and igVR (residues 570 to 580) were replaced—
individually and in combination—with a short, flexible Gly-
Ser-Ser-Gly linker that theoretically provides up to 14.4 A of
flexible spacer length to facilitate correct folding and disulfide
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FIG. 2. Recognition of E244,myc constructs with conformation-dependent MAbs and human serum. (A) Metabolically labeled E244,myc was
immunoprecipitated from the tissue culture fluid of transfected cells with the conformation-dependent E2-specific MAb H53 and analyzed by
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pairing. Deletions were performed in the context of the
pcE2q.;myc expression vector that directs the expression of
soluble E24,, of the H77c isolate (8). The E24,, protein is
translocated into the lumen of the endoplasmic reticulum via
an N-terminal tissue plasminogen activator leader sequence,
and a C-terminal myc epitope tag (13) facilitates detection and
purification (E24,,myc). The first three amino acids of E2
(E***TH) were included in all constructs to ensure efficient
signal peptide cleavage and glycoprotein secretion.

The levels of expression and secretion of the E24,,myc de-
letion constructs were analyzed by radioimmunoprecipitation
and nonreducing sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) as previously described (10).
Briefly, HEK 293T cells were labeled at 24 h posttransfection
with Tran-**S-label (ICN, Costa Mesa, CA). The labeled
E24,,myc was then immunoprecipitated from the tissue culture
fluid, using the conformation-dependent MAb HS53, obtained
from Jean Dubuisson (6), revealing that all single and multiple
variable region E2.,;myc deletion constructs were expressed
and secreted at similar levels (Fig. 2A).

To further examine the effects of these deletions on the
conformation of E2, a panel of conformation-dependent hu-
man MADs, obtained from Steven Foung (18), were used to
immunoprecipitate biosynthetically labeled WTmyc and
A123myc (lacking all three variable regions) E2,,,myc glyco-
proteins, and analysis by nonreducing SDS-PAGE was per-
formed. This panel of conformation-dependent MAbs are spe-
cific to epitopes representing three distinct immunogenic
domains of E2—A, B, and C (22, 23). The WTmyc protein was
efficiently immunoprecipitated by MAbs to domains A (CBH-
4B, -4D, and -4G) and C (CBH-7) but reacted weakly with one
domain B MAb, CBH-5. Three other domain B MAbs
(CBH-2, -8C, and -11) did not recognize WTmyc, consistent
with the observations of Keck et al. with the genotype 1a E2,
(23). The A123myc protein exhibited an antigenic profile sim-
ilar to that of the WTmyc protein (Fig. 2B). Of particular
interest was the finding that simultaneous deletion of the three
variable sequences led to better recognition by the immuno-
genic domain B-neutralizing MAb CBH-5 (24), suggesting that
this neutralization epitope of E2 may be occluded by the sur-
face-exposed variable regions. A panel of sera obtained from
HCV-infected individuals was used to compare the global an-
tigenic profiles of biosynthetically labeled WTmyc and
A123myc by immunoprecipitation. The sera were screened for
the presence of neutralizing antibodies towards H77c E1E2
pseudotyped retoviral particles (Fig. 2C) as described previ-
ously (17), with 50% neutralization titers ranging from 0 to
1,600 observed. The reactivity pattern of WTmyc was almost
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identical to that of A123myc, indicating that the antigenic
structure of the two proteins is similar (Fig. 2C).

E2-CD81 interactions are critical for HCV infection and
have also been implicated in immunopathogenic responses to
and immune evasion by HCV in vitro (5, 27, 39, 41). The
discontinuous CD81 binding sequences G**WLAGLFY (8),
W*° (31), and Y>*’SWGANDTD (31) form a composite re-
ceptor-binding site and are located in conserved regions that
alternate with HVR1, HVR2, and igVR (Fig. 1A). We first
examined whether the variable region deletions affected the
CDS81 receptor-binding function by using a chimera composed
of the CDS81 large extracellular loop (LEL), residues 113 to
201, encoding the E2 binding site and linked to the maltose-
binding protein (MBP-LEL!'3-?%!) (12). E2,,,myc proteins
from the transfected 293T cell culture supernatants were con-
centrated approximately 10-fold at 3 days posttransfection.
The input E2.,;myc proteins were normalized following SDS-
PAGE under nonreducing conditions, transfer to nitrocellu-
lose, and immunoblotting with 9E10 or H52. The monomeric
E24,,myc band intensity was quantitated by using a Licor Od-
yssey system. Equivalent amounts of serially diluted monomeric
wild-type and variable region-deleted E2.,,myc proteins were
applied to solid-phase dimeric MBP-LEL''*°!, and binding was
detected using MAb H53 and horseradish peroxidase-conjugated
rabbit anti-mouse immunoglobulin (12). The E2.,,myc proteins
containing single (data not shown) or multiple deletions of the
three variable regions, including A123myc, showed wild-type lev-
els of binding to MBP-LEL'*=°! (Fig. 3A and B). WTmyc,
A13myc, and A123myc did not interact with MBP-LEL'372%!
containing the F186S mutation in the E2 binding site (12) (Fig.
3B). Furthermore, E2,,,;myc containing the L441M mutation in
the CD81 binding site had a 2-log reduction in the level of binding
to wild-type MBP-LEL'"*°! (Fig. 3A) (8). MAb JS-81 (BD
Biosciences), but not anti-CD4 MAb OKT4, blocked the binding
of WTmyc, A123myc, and A13myc to CD81 in a dose-dependent
manner, confirming the specificity of the assay (Fig. 3C).

To confirm these results in the context of the full-length
CDS81 receptor, we performed a cell surface binding assay
using CHO-K1 cells transfected with a full-length CD81 ex-
pression vector as previously described (8). Equivalent
amounts of monomeric, secreted E24,,myc were serially di-
luted and incubated with CD81-transfected CHO-K1 cells on
ice for 4 h. Bound E2,,myc was detected by using '**I-labeled
MAD 9E10. The assay’s specificity was confirmed by the lack of
binding by WTmyc, A13myc, and A123myc to CHO-K1 cells
transfected with CD81 containing the mutation F186S in the
E2 binding site (Fig. 3E) (12). Furthermore, E2,,,myc con-
taining the L441M mutation in the CD81 binding site lacked

SDS-PAGE under nonreducing conditions in 10 to 15% polyacrylamide gradient gels, followed by scanning in a phosphorimager. (B) Wild-type
(WTmyc) and A123-deleted E24,,myc (A123 myc) were metabolically labeled and immunoprecipitated with the “CBH” panel of conformation-
dependent human MADs specific to three immunogenic domains (A, B, and C) of E2 (23). Specific CBH MAbs are indicated above the lanes.
Immunoprecipitated proteins were analyzed by SDS-PAGE under nonreducing conditions in 10 to 15% polyacrylamide gradient gels, followed by
scanning in a phosphorimager. (C) Immunoprecipitation of WT'myc and A123myc proteins by a panel of human sera obtained from HCV-infected
individuals. Immunoprecipitated proteins were analyzed by SDS-PAGE under nonreducing conditions in 10 to 15% polyacrylamide gradient gels,
followed by scanning in a phosphorimager. Indicated below each lane are the HCV RNA status, presence of HCV-specific antibody detected by
using a Bio-Rad Monolisa, Abbot Murex, or Chiron RIBA assay, and the 50% neutralizing antibody titer (NAb) for that serum sample. Molecular

mass markers are indicated to the left.
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FIG. 3. Ability of E2,¢,myc with HVR deletions to interact with CD81. (A) Abilities of WTmyc, A12myc, A23myc, and E2661myc proteins containing
the mutation L441M that disrupts interaction with CD81 to interact with wild-type recombinant MBP-LEL'"*2%", E2., myc was serially diluted in
MBP-LEL'*?"'_coated enzyme immunoassay plates. The data are the averages of the results of two to seven independent experiments and are shown
as the mean percentages of the levels of binding relative to the level of binding of WTmyc, with error bars showing the standard deviations. (B) Abilities
of WTmyc, A13myc, and A123myc to interact with wild-type recombinant MBP-LEL*~2%" (solid lines) or recombinant MBP-LEL''*! containing the
F186S mutation that disrupts E2 binding (dashed lines). E2¢4,myc was serially diluted in MBP-LEL'"*?"'-coated enzyme immunoassay plates. The data
are the averages of the results of two to seven independent experiments and are shown as the mean percentages of the levels of binding relative to the
level of binding of WTmyc, with error bars showing the standard deviations. (C) Inhibition of binding of WTmyc, A13myc, and A123myc to wild-type
recombinant MBP-LEL!'!32%! by anti-CD81 MAb JS-81. Various amounts of JS-81 or anti-CD4 MAb OKT4 were added to MBP-LEL!!*2"!_coated
immunoassay plates, followed by a constant amount of E2,;myc protein. Bound E2;,myc was detected with biotinylated 9E10 followed by horseradish
peroxidase-conjugated avidin. Results shown are representative of two independent experiments. (D and E) Dilutions of E2,;myc were applied to ice cold,
human CD81-transfected CHO-K1 cells and incubated on ice for 4 h. After plates were washed, 1 X 10° cpm '*I-9E10 was added and plates were incubated
for 1 h at room temperature, washed, and counted in a Packard Auto GammaCounter. (D) Abilities of WTmyc, A12myc, A23myc, and E2,;myc protein
containing the mutation L441M to interact with full-length CD8]1 transfected into CHO-K1 cells. The data shown are the mean percentages of the levels of
binding relative to the level of binding of the wild type, with error bars showing the standard errors, from two to five independent experiments. (E) Abilities of
WTmyc, A123myc, and A13myc to interact with full-length human CD81 (solid line) or F186S-CD81 (dashed line) transfected into CHO-K1 cells. The data
shown are the mean percentages of the levels of binding relative to the level of binding of the wild type, with error bars showing the standard errors, from two
to five independent experiments. (F) Inhibition of binding of WTmyc, A13myc, and A123myc to full-length human CD8]1 transfected into CHO-K1 cells by
anti-CD81 MAD JS-81. Various amounts of JS-81 or OKT4 were applied to transfected cells, followed by a constant amount of E2.,;myc proteins for 4 h on
ice. Bound E2¢;myc was detected by using iodinated 9E10 as described above. The data shown are the mean percentages of the levels of binding relative to the
level of binding with no antibody present, with error bars showing the standard deviations, from two independent experiments.

9588



VoL. 81, 2007

binding activity for wild-type-CD81-transfected CHO-K1 cells
(8) (Fig. 3D). Finally, the binding of WTmyc, Al3myc, and
A123myc to wild-type-CDS81-transfected CHO-K1 cells was in-
hibited in a dose-dependent manner by anti-CD81 MAD JS-81
(BD Biosciences) but not anti-CD4 MAb OKT4 (Fig. 3F).

Although we did not detect variations in binding to recom-
binant dimeric MBP-LEL''*2°! for singly and multiply deleted
E24,,myc constructs, differences in binding to surface-ex-
pressed CD81 were observed, perhaps reflecting subtle differ-
ences in LEL structure when it is expressed in isolation versus
in native tetraspanin (11). The results shown in Fig. 3D and E
indicate that A23myc, A13myc, A123myc, and WTmyc dis-
played similar CD81 binding profiles, whereas the deletion of
HVRI1 plus HVR2 from E2.,,myc (A12myc) caused an ap-
proximately 50% reduction in CD81 binding compared to
binding by A23myc (P = 0.035). By contrast, the CD81 binding
abilities of A13myc (which exhibited a binding curve identical
to that of WT'myc) and A123myc were not significantly differ-
ent (P = 0.62), indicating that the presence of igVR compro-
mises the CD81 binding function when HVR1 and HVR?2 are
absent in Al12myc (Fig. 3E). Although HVR1, HVR2, and
igVR are not required for the core folding properties of E24,,
these data point to a functional interaction between igVR and
one or both of HVR1 and HVR?2 such that the CD81 binding
site is properly formed or becomes fully accessible to the re-
ceptor.

The abilities of WTmyc and A123myc to bind full-length
CD81 and MBP-LEL''32°! at similar levels suggests that the
CDS81 binding site is significantly exposed in the presence of
the three variable sequences in the H77c sequence used here.
However, previous studies have revealed differences in the
CDS81 binding capacity of E24,, and in the infectivities of
E1E2-pseudotyped retroviruses prepared from different geno-
types of HCV (28, 34, 36). For example, Roccasecca et al.
found that the binding of genotype 1b E2,,, to CD81 can be
improved by the deletion of HVRI1 residues 384 to 410, while
the replacement of HVR1 and HVR2 of the genotype 1b strain
with those from genotype la results in increased binding to
CD81 (34). A possible function of HVR1, HVR2, and the
igVR may be to shield the underlying CD81 binding site from
neutralizing antibodies with movement of the variable regions
required for attachment to cellular receptors. Precedence for
this is found with HIV-1 gp120, where the first, second, and
third variable regions occlude the chemokine receptor binding
sites and conserved cryptic neutralization epitopes present on
the underlying core domain (20, 25, 43, 44). Such genotype- or
strain-specific differences in the ability of E2 to directly inter-
act with CD81 may be related to variations in the flexibility,
length, and glycosylation of the E2 variable regions and their
capacity to modulate exposure of the conserved CD81 binding
site. The ~35-amino-acid V3 loop of HIV-1 gp120 protrudes
some 30A from the core (20). The 11- to 16-residue igVR and
the 26-residue region containing HVR2 may also project a
considerable distance from the E2 core, sterically occluding the
underlying CDS81 binding site. It is now important to examine
how the three variable regions modulate CDS81 binding in
various genotypes of HCV.

In this study, we have identified an E2 RBD core structure,
lacking the three variable regions, which retained the confor-
mational characteristics of the wild-type E2.,, RBD. We an-
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ticipate that further refinement of this E2 RBD construct will
lead to the crystallization and structural determination of E2.
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