
JOURNAL OF VIROLOGY,
0022-538X/01/$04.0010 DOI: 10.1128/JVI.75.12.5703–5710.2001

June 2001, p. 5703–5710 Vol. 75, No. 12

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Conservation of the Conformation and Positive Charges of Hepatitis C
Virus E2 Envelope Glycoprotein Hypervariable Region 1

Points to a Role in Cell Attachment
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Chronic hepatitis C virus (HCV) infection is a major cause of liver disease. The HCV polyprotein contains
a hypervariable region (HVR1) located at the N terminus of the second envelope glycoprotein E2. The strong
variability of this 27-amino-acid region is due to its apparent tolerance of amino acid substitutions together
with strong selection pressures exerted by anti-HCV immune responses. No specific function has so far been
attributed to HVR1. However, its presence at the surface of the viral particle suggests that it might be involved
in viral entry. This would imply that HVR1 is not randomly variable. We sequenced 460 HVR1 clones isolated
at various times from six HCV-infected patients receiving alpha interferon therapy (which exerts strong
pressure towards quasispecies genetic evolution) and analyzed their amino acid sequences together with those
of 1,382 nonredundant HVR1 sequences collected from the EMBL database. We found that (i) despite strong
amino acid sequence variability related to strong pressures towards change, the chemicophysical properties
and conformation of HVR1 were highly conserved, and (ii) HVR1 is a globally basic stretch, with the basic
residues located at specific sequence positions. This conservation of positively charged residues indicates that
HVR1 is involved in interactions with negatively charged molecules such as lipids, proteins, or glycosamino-
glycans (GAGs). As with many other viruses, possible interaction with GAGs probably plays a role in host cell
recognition and attachment.

Hepatitis C virus (HCV) is a small enveloped RNA virus
that belongs to the Flaviviridae family. It causes chronic liver
disease, including chronic active hepatitis in up to 80% of
infected individuals, as well as cirrhosis and hepatocellular
carcinoma (3). The presently approved treatment is based on
the combination of alpha interferon (IFN-a) and ribavirin, and
sustained clearance of HCV replication is achieved in about
40% of patients (31, 39). HCV exists within its hosts as a pool
of genetically distinct but closely related variants, referred to as
quasispecies (29, 48). This confers a significant survival advan-
tage, as the simultaneous presence of multiple variant genomes
allows rapid selection of mutants better suited to new envi-
ronmental conditions. The fittest infectious particles are con-
tinuously selected as a result of selective pressures exerted by
their interactions with host cell proteins and host immune
responses.

Sequence analysis of a large number of HCV isolates has
revealed hypervariable genomic sequences. Hypervariable re-
gion 1 (HVR1) is a 27-amino-acid sequence located at the N
terminus of the second envelope glycoprotein E2. This region
is highly tolerant for amino acid substitutions. Being a target
for anti-HCV neutralizing antibodies and, possibly, cytotoxic
responses, it is also subjected to strong positive selection pres-

sure (18, 24, 48). For these reasons, HVR1 has been widely
used as a model to study HCV genome quasispecies distribu-
tion. It was recently shown that, in treated patients who did not
clear HCV RNA, IFN-a therapy generates shifts in virus pop-
ulations (35, 36). IFN-a therapy thus provides a good model to
study constraints on HVR1 quasispecies sequences in drasti-
cally changing environmental conditions.

The biological role of HVR1 is unknown. It was recently
proposed that HVR1 could serve as a decoy for the immune
system during acute infection (40). Antibodies directed against
HVR1 have been shown to be neutralizing in vitro, protecting
chimpanzees against HCV infection after in vitro neutraliza-
tion of the corresponding strain (18, 19). In addition, anti-
HVR1 antibodies apparently inhibit viral adsorption to the
surface of cultured cells of various types (44, 50, 51). It was
recently reported that an HCV clone lacking HVR1 was in-
fectious but attenuated in a chimpanzee (21). Thus, although
HVR1 may not be essential for infection in chimpanzees, it
probably plays a role in HCV strain infectivity. In addition,
HVR1 is always present in strains infecting humans, suggesting
that any virus containing the intact HVR1 has a significant
survival advantage over emerging mutants lacking a part of or
the full-length HVR1. Together, these findings suggest a role
of HVR1 in viral entry. This would imply that HVR1 is not
randomly variable and that its chemicophysical properties must
be at least partly conserved. Previous studies have identified
both invariant and variable positions within the HVR1 se-
quence (30, 42, 43). McAllister et al. (30), comparing HVR1
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sequences in quasispecies variants isolated from individuals
infected from a common source, found evidence that amino
acid substitutions in HVR1 are not only due to random accu-
mulation of mutations but are also driven by positive selection
pressures and constrained by negative selection pressures. In
addition, strong selection pressure to maintain the size of
HVR1 has been reported (8).

Although HVR1 is reported to be structurally flexible and
antigenically variable, little attention has been paid to its con-
formation. In this study we combined two complementary ap-
proaches to assess HVR1 variability and conservation, includ-
ing a longitudinal study of HVR1 quasispecies evolution in six
patients receiving IFN-a therapy, i.e., subjected to strong pres-
sures towards change, and an analysis of the largest possible
number of nonredundant HVR1 sequences of natural HCV
variants collected from the EMBL database. The data present-
ed here indicate that HVR1 conformation is well conserved
and that HVR1 is a basic stretch likely involved in intermolec-
ular interactions with negatively charged molecules such as
lipids, proteins, or glycosaminoglycans (GAGs). HVR1 could
thus be involved in viral attachment and possibly cell tropism.

HVR1 sequence collection and genetic characterization. In
the longitudinal study of HVR1 quasispecies evolution, six
patients infected with HCV genotype 1 who did not clear HCV
RNA after 6 months of treatment with 3 MU of IFN-a-2a
three times per week (patients A to F) were randomly selected
for extensive HVR1 quasispecies analysis (see reference 35 for
further information). Patient E was re-treated with the same
IFN-a regimen 3 months after the end of the first course (i.e.,
from month 9 to month 15) and was monitored until month 21,
i.e., 6 months after IFN-a withdrawal (Fig. 1A); he did not
clear HCV RNA after the second course of IFN-a. Blood
samples were taken at various times before, during, and after
IFN-a treatment, and a total of 460 HVR1 clones (20 clones
per time point per patient) were generated from the six pa-
tients. Partial genetic analyses of these sequences have been
reported elsewhere (35). Briefly, in all but one case (patient D)

FIG. 1. Analysis of HVR1 quasispecies sequences from patient E
(genotype 1b) based on sequences of 20 clones per time point at five
time points, i.e., 100 distinct clones. (A) Alignment of HVR1 quasi-
species sequences at month zero (M0, before IFN-a treatment), M7

(1 month after the end of the first IFN-a course), M9 (beginning of the
second IFN-a course), M15 (end of the second IFN-a course), and
M21 (6 months after the end of the second IFN-a course). The fre-
quency of each sequence in the quasispecies is given as a percentage in
the left-hand column. Cons, the derived consensus amino acid se-
quence. Amino acids identical to those in the consensus sequence are
represented by a hyphen. (B) Repertoire of patient E’s HVR1 amino
acids per position from the analysis of the 36 nonredundant sequences
observed at the five time points. Amino acids are listed in decreasing
order of observed frequency, from top to bottom. (C) Histogram
showing the hydropathic character of the residues at each position in
HVR1. The height of the box in each bar indicates the number of
sequences with a given residue at a given position. The boxes are
presented in order of decreasing hydrophobicity, from bottom to top,
according to the hydrophobicity scale of Black and Mould (4). Each
box is colored according to the hydrophobic character of the residue:
dark gray for hydrophobic (F, I, W, Y, L, V, M, P, C, A), light gray for
neutral (G, T, S), and white for hydrophilic (K, Q, N, H, E, D, R). (D)
Consensus hydropathic pattern of HVR1 quasispecies deduced from
the latter. o, hydrophobic residue; n, neutral residue; i, hydrophilic
residue; v, variable residue. (E) Antigenicity profiles of HVR1 se-
quences calculated according to the method of Parker et al. (34) with
a window of 7 amino acids. Therefore, the antigenicity of the first three
HVR1 positions could not be estimated.
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HVR1 genetic evolution during and after IFN-a therapy was
characterized by successive shifts of the virus populations, as
illustrated in Fig. 1A, which shows the HVR1 quasispecies
sequences isolated from patient E at indicated times during
follow-up. HVR1 quasispecies changes were evolutionary in all
instances, and HVR1 genetic evolution appeared to be related
to positive pressures towards change rather than to random ac-
cumulation of mutations during HCV replication (35). These
results were in keeping with the view that HVR1 is highly tol-
erant of amino acid substitutions and is a target for anti-HCV
immune responses.

To better characterize HVR1 tolerance of amino acid sub-
stitutions, together with its chemicophysical properties and the
constraints on its sequence, we studied the HVR1 amino acid
repertoires in the six patients’ quasispecies at each time point.
The hydropathic and chemicophysical features of the residues
were characterized, and the antigenicity profiles of the variants
were compared. To determine whether our findings on geno-
type 1 HVR1 quasispecies would also apply to other HVR1
sequences of the most frequent HCV genotypes, we extended
the analysis to the 1,382 HVR1 sequences recovered from the
EMBL database, including unambiguously genotyped HVR1
sequences.

For this, all HCV sequences in the EMBL database were
downloaded to our HCV database website (HCVDB; http:
//hepatitis.ibcp.fr). The first 30 amino acid residues of envelope
glycoprotein E2 taken from published HCV polyproteins rep-
resentative of the most frequent HCV genotypes (9, 41) were
used to select HVR1 sequences by means of the FASTA pro-
gram (37). HVR1 sequences were aligned with CLUSTAL W
(46) by using HCVDB Network Protein Sequence Analysis
website facilities (http://pbil.ibcp.fr/NPSA) (5, 14). A final set
of 1,382 nonredundant HVR1 sequences was analyzed. To
select unambiguously genotyped HVR1 sequences, HVR1 se-
quences reported together with the flanking E1 sequence were
sought with FASTA by using the sequence of a stretch span-
ning the C terminus of E1 and the N terminus of E2 (nucleo-
tide positions 915 to 1,632 in the HCV-H prototype strain).
The HCV clade and subtype were determined for each HVR1
sequence on the basis of the flanking E1 sequence using rep-
resentative clade and subtype sequences (9), including clades
1 to 6 and subtypes 1a, 1b, 1c, 2a, 2b, 2c, 3a, 3b, 4a, 5a, 6a, 10a
(classified into clade 3), and 11a (classified into clade 6).
Among the unambiguously genotyped HVR1 sequences, by far
the most numerous were subtypes 1a and 1b (85 and 119
HVR1 sequences, respectively).

HVR1 amino acid repertoire. The amino acids observed at
various time points at each of the 27 HVR1 positions in patient
E’s quasispecies are presented in Fig. 1B. Like in the other five
patients (data not shown), residues were conserved at certain
HVR1 positions, whereas most positions were variable. This
was also the case when the repertoires of 119 unambiguously
genotyped HCV genotype 1b sequences (Fig. 2A) and 85 HCV
genotype 1a sequences (data not shown) were analyzed. Figure
3A presents the HVR1 amino acid repertoire for the 1,382
HVR1 sequences of 13 different genotypes from the EMBL
database. Again, certain positions in HVR1 appeared to be far
more variable than others.

Conservation of the hydropathic characters of HVR1 resi-
dues. Comparisons of HVR1 sequences using the Kyte and

Doolittle method (26) showed very similar hydrophobicity pro-
files among quasispecies variants and HCV isolates of var-
ious genotypes (data not shown). The small size of the HVR1
stretch allowed a more precise analysis of the hydropathic
character of the residues at each HVR1 position. HVR1 hy-
dropathic patterns are shown in Fig. 1C for patient E’s quasi-
species and in Fig. 2B for the 119 unambiguously genotyped
HCV genotype 1b sequences. A letter-coded motif summariz-
ing the corresponding HVR1 hydropathic patterns is shown in
Fig. 1D and 2C, respectively. Typically, in patient E’s quasi-
species 12 positions bore exclusively one type of residue: hy-
drophobic, neutral, or hydrophilic; 13 positions were occupied
by two classes of residues only; and all three classes of residues
were observed at only two positions (positions 1 and 8), which
were considered truly variable (Fig. 1D). Thus, despite HVR1

FIG. 2. Analysis of 119 unambiguously genotyped HCV genotype
1b HVR1 sequences from the EMBL database. Residues observed at
a given position in only one sequence were not taken into consider-
ation. (A) Repertoire of genotype 1b HVR1 residues per position.
Residues are listed in decreasing order of observed frequency, from
top to bottom. Residues within the box correspond to those observed
in more than 10% of the sequences. (B) Histogram showing the hy-
dropathic character of residues at each position (see the legend to Fig.
1C). (C) Consensus hydropathic pattern of genotype 1b sequences (see
the legend to Fig. 1D). (D) Antigenicity profiles of the 10 most dis-
tantly related sequences of genotype 1b sequences (see the legend to
Fig. 1E). Selection of these 10 among 119 sequences was based on the
HVR1 phylogenetic tree of genotype 1b.
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variability, the hydropathic characters of the residues were
conserved at most positions in patient E’s quasispecies vari-
ants. Findings for the five other patients were similar, and only
minor differences were observed when compared to findings
for patient E. These differences were related to the isolate
rather than to the HCV genotype. Indeed, the hydropathic
patterns of unambiguously genotyped 1a and 1b HVR1 se-
quences from EMBL differed from each other at only five
positions (positions 5, 7, 9, 18, and 25; Fig. 2D and data not
shown).

Regardless of the HCV genotype, common features were
again found when this analysis was extended to the 1,382
EMBL HVR1 sequences (Fig. 3B and C). The consensus hy-
dropathic pattern shown in Fig. 3C highlights the positions in
HVR1 that are conserved or variable for the hydropathic char-
acter. In summary, a glycine residue is always found at position
23; three positions (positions 16, 19, and 20) are exclusively
hydrophobic; two positions (positions 26 and 27) are exclu-
sively hydrophilic; two positions (positions 2 and 6) are always
neutral; six positions (positions 4, 5, 10, 13, 17, and 24) are
either hydrophobic or neutral; and the remaining 13 positions
can harbor any of the three classes of amino acids and consti-
tute the truly hypervariable positions (positions 1, 3, 7, 8, 9, 11,
12, 14, 15, 18, 21, 22, and 25). Overall, as many as 12 HVR1
positions exclusively harbor hydrophobic or neutral residues
(positions 2, 4, 5, 6, 10, 13, 16, 17, 19, 20, 23, and 24). Inter-
estingly, the HVR1 consensus hydrophobic pattern presents
some analogy with HLA binding motifs that contain both
highly conserved anchor residues and variable ones. It is likely
that conserved hydrophobic and neutral residues ensure HVR1
anchoring to the E2 glycoprotein. Typically, the fully conserved
hydrophobic residues at positions 16, 19, and 20 probably in-
teract with the hydrophobic core of E2. Overall, hydrophobic
and neutral residue conservation at specific HVR1 positions
indicates that HVR1 conformation is conserved and suggests
that these residues play an important role in maintaining
HVR1 conformation within the E2 glycoprotein.

Conservation of the predicted HVR1 antigenicity profile. To
further assess HVR1 conformation conservation, we compared
the antigenicity profiles of HVR1 sequences. These profiles
were calculated according to the guidelines of Parker et al. (34)
using the ANTHEPROT package 5 program (http://antheprot
-pbil.ibcp.fr) (16). Parker’s method uses a combination of the
best three parameters for hydrophilicity, accessibility, and flex-
ibility to predict antigenic protein surface sites. No prediction
was made for the first three HVR1 positions because this
method uses a calculation window of seven residues. In patient
E (Fig. 1E), although the position with the highest antigenic
score differed from one quasispecies variant to the next, the
antigenicity profiles defined two antigenic segments, between
residues 1 and 13 and between residues 19 and 25. In contrast,
segments 14 to 18 and 24 to 27 were never predicted to be
antigenic. Similar profiles were obtained for the five other
patients (data not shown).

Although individual profiles could differ markedly, the same
two antigenic regions were predicted when we analyzed the 10
most distantly related HCV genotype 1b sequences (Fig. 2D),
the 10 most distantly related HCV genotype 1a sequences
(data not shown), and sequences representative of the princi-
pal HCV genotypes (Fig. 3D). In all instances the two anti-
genic regions were comprised between positions 1 and 13 and
positions 19 and 24, whereas regions 14 to 18 and 25 to 27 were
never predicted to be antigenic. These results strongly support
HVR1 conformation conservation among HCV quasispecies
variants and isolates of the most frequent HCV genotypes.

Prediction of HVR1 secondary structure. The secondary
structures of HVR1 sequences were predicted by using a large
set of methods available at the NPSA website (http://npsa-pbil
.ibcp.fr) (14). A secondary structure was consistently predicted
for a segment comprised between positions 16 and 20, but the

FIG. 3. Analysis of 1,382 HVR1 sequences from the EMBL data-
base. Amino acids observed at a given position in fewer than five
distinct sequences (,0.3%) were not taken into consideration. (A)
Repertoire of HVR1 residues per position in the 1,382 unrelated
EMBL HVR1 sequences. Amino acids are listed in decreasing order of
observed frequency, from top to bottom. Residues within the box
correspond to those observed in more than 10% of the sequences. (B)
Histogram showing the hydropathic character of residues at each po-
sition in HVR1. The height of the box in each bar indicates the
frequency of sequences with a given residue at a given position. (C)
Consensus hydropathic pattern from the 1,382 HVR1 sequences. (D)
Comparison of the antigenicity profiles of HVR1 sequences represen-
tative of the principal HCV subtypes of clades 1 to 6 (the EMBL
accession number of each sequence is indicated in parentheses): 1a
(M67463), 1b (D90208), 1c (D14853), 2a (D00944), 2b (D10988), 2c
(D50409), 3a (D28917), 3b (D49374), 4a (Y11604), 5a (Y13184), 6a
(Y12083), 10a (D63821; classified in clade 3), and 11a (D63822; clas-
sified in clade 6).
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predicted conformation state (a-helix or b-strand) varied ac-
cording to the HVR1 sequence and the method used (data not
shown). The prediction scores for the two conformational
states were close, suggesting that, as reported for glucagon, for
instance (13), this HVR1 segment may be able to adopt either
conformation. A turn was predicted in the region comprised
between positions 21 and 24 in almost all the HVR1 sequences.
Indeed, most of the residues observed at these positions were
those frequently involved in b-turns, namely Pro, Gly, Asp,
Asn, and Ser (12). This turn might explain Gly conservation at
position 23. In contrast, the 1 to 15 segment appears to be rich
in small and neutral residues and to be rather flexible. This
flexibility, together with the variability of the predicted confor-
mation state in segment 16 to 20 (a-helix or b-strand), suggests
that conformational changes might occur in HVR1, possibly as
a consequence of intermolecular interactions.

HVR1 amino acid composition. The frequency of each of the
20 amino acids was calculated in the 1,382 HVR1 sequences
and compared with their average frequency in protein se-
quences from the complete SWISS-PROT database (http:
//www.expasy.ch). Overall, with only 35% of hydrophobic res-
idues versus 47% in the SWISS-PROT database, HVR1
tended to be hydrophilic. However, neutral residues were more
frequent in HVR1 than in SWISS-PROT (42 and 20%, respec-
tively), whereas hydrophilic residues were less frequent (23 and
33%, respectively).

Examination of amino acid repertoires (Fig. 1B, 2A, and 3A
and data not shown) revealed that residues known to constrain
polypeptide conformation were uncommon in HVR1 se-
quences. Indeed, Cys (which can form disulfide bridges) and
Trp were almost never present, while Pro was only observed at
positions 22 and 24, both of which are predicted to be involved
in a turn (see above). Large hydrophobic residues were rare,
except at specific positions (positions 16, 19, and 20). In con-
trast, small, flexible residues Ala, Gly, Thr, and Ser were found
at most positions. As these residues are able to adopt any
conformation, their presence might be required to compensate
for structural constraints imposed by the large and poorly flex-
ible residues present at certain positions.

As the HVR1 sequences contained a large number of Thr,
Ser, and Asn residues, we checked the presence of putative
N-glycosylation sites, characterized by the N-{P}-[S,T]-{P}
PROSITE pattern (http://www.expasy.ch/prosite/), in the 1,382
EMBL HVR1 sequences. This analysis yielded only 13 hits,
i.e., 0.9% of HVR1 variants, indicating a negative selection of
variants with N-glycosylation sites in HVR1. Glycosylation is
known to reduce protein accessibility by steric hindrance.
Thus, negative selection of variants with N-glycosylation sites
suggests that HVR1 should remain accessible at the surface of
the E2 envelope glycoprotein to be functional.

HVR1 is a basic stretch. Among the hydrophilic residues,
acidic ones (Asp and Glu) were much less frequent in HVR1
sequences than in SWISS-PROT proteins (1.7 and 11.6%, re-
spectively), whereas the difference in the frequency of basic
residues was weak (11.2 and 13.3% for HVR1 and SWISS-
PROT, respectively). This paucity of acidic residues has al-
ready been noted by McAllister et al. (30). As a result, the
basic/acidic ratio was much higher in HVR1 than in common
proteins (6.50 instead of 1.15). Detailed analysis of the 1,382
EMBL HVR1 sequences revealed that nearly all of them con-

tained at least one basic residue (Table 1); about 87% of them
contained two to four, including 41.2% that contained three,
and 7% contained five or more. In contrast, only 41% of the
examined HVR1 sequences contained acidic residues; the
presence of two was rare (6.5%) and that of three was excep-
tional (0.4%) (Table 1). Among the 1,382 HVR1 sequences,
only 31 (2.2%) were globally neutral (i.e., contained the same
number of acidic and basic residues), and only three sequences
(0.2%) were globally acidic. The remaining 1,348 HVR1 se-
quences (97.5%) were globally basic. Thus, HVR1 is intrinsi-
cally a basic stretch.

Basic residues are located at specific positions. Figure 4A
shows that acidic residues, when present, were mainly found at
position 1. The remaining acidic residues were principally ob-
served at positions 8, 12, and 27. Basic residues were most
frequently observed at positions 1, 3, 11, 14, 15, 25, and 27 (Fig.
4B). Interestingly, positions 3, 11, 14, 15, and 25 were almost
never occupied by acidic residues, whereas they correspond to
variable positions of HVR1 (see above). Moreover, 51, 77, 31,
13, 38, and 46% of HVR1 sequences had a basic residue at
positions 3, 11, 14, 15, 25, and 27, respectively. These positions
are involved in the consensus basic patterns observed among
the 1,382 EMBL HVR1 sequences (Fig. 4C). Although 311
different basic patterns were encountered in the 1,382 se-
quences, a small set of only 14 basic patterns accounted for
46% of sequences (Fig. 4C), and the five most frequent pat-
terns accounted for 28%. In addition, most of the remaining
basic patterns were close to the 14 most frequent and could
thus be considered as variants of these patterns. Taken to-
gether, these results clearly indicate that both basic residues
and basic patterns are conserved within the HVR1 sequence,
arguing for positive selection of positively charged residues in
HVR1 and their involvement in a biological function.

Role of HVR1 on the basis of conserved structural features.
Two complementary approaches–a prospective study of HVR1
quasispecies evolution under strong pressure towards change
and a retrospective analysis of the largest available number of
nonredundant HVR1 sequences–were used to assess the pos-
sible biological role of HVR1 on the basis of conserved struc-
tural features. Comparison of 460 quasispecies sequences and
1,382 unrelated HVR1 sequences from the EMBL database
showed that amino acid changes in this region are strongly
constrained by a well-ordered structure that tolerates amino

TABLE 1. Number of acidic and basic residues among the
27 HVR1 amino acids in each of the 1,382 HVR1

sequences from the EMBL database

Basic residuesa Acidic residuesb

No. of basic
residues

Percentage of
HVR1 sequences

No. of acidic
residues

Percentage of
HVR1 sequences

0 0.2 0 59.1
1 5.2 1 34.0
2 24.4 2 6.5
3 41.2 3 0.4
4 21.7 4 0
5 6.2 5 0
6 1.0 6 0
7 0.07 7 0

a Arginine, lysine, and histidine.
b Aspartic acid and glutamic acid.
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acid substitutions as long as the chemicophysical properties of
the residues are conserved at specific positions. In addition,
although the frequency of basic residues in HVR1 was not
statistically different from that of the rest of HCV E2 (30),
HVR1 appears to be an intrinsic basic stretch with positively
charged residues located at specific positions determining spe-
cific basic motifs despite the apparent hypervariability of res-
idues. The principal structural characteristics of HVR1 are
summarized in Fig. 5.

Experimental structural analysis of synthetic HVR1 peptides
by circular dichroism and nuclear magnetic resonance showed
no stable folding of HVR1 alone (R. Montserret and F. Penin,
unpublished data). Therefore, the stabilization of HVR1 con-
formation depends on its interactions with the rest of the E2
glycoprotein. Conservation of the HVR1 conformation is sup-
ported by conservation of the hydropathic characters of amino
acids at specific positions and the full conservation of predict-
ed antigenicity profiles. We were able to define a consensus
HVR1 hydropathic pattern distinguishing truly variable HVR1
positions from positions exhibiting conserved hydropathic
characters despite amino acid variability. In folded proteins,

hydrophobic residues are generally oriented within the hydro-
phobic core of the protein and participate in maintaining pro-
tein-folding stability (15). In contrast, hydrophilic residues are
generally located at the protein surface and can be involved in
molecular interactions. Our results suggest that HVR1 posi-
tions that bear hydrophobic and neutral residues likely play a
role both in HVR1 anchorage to the E2 glycoprotein core and
in maintaining the HVR1 conformation. In contrast, variable
positions and purely hydrophilic positions are probably acces-
sible at the E2 glycoprotein surface and are involved in mo-
lecular interactions (Fig. 5). This type of organization is similar
to that of immunoglobulins and T-cell receptor variable do-
mains. Indeed, these latter can have very different sequences
but a highly conserved conformation, as shown by 3D struc-
tural analysis (11, 22). Furthermore, crystal structure analyses
of immunoglobulins have shown that poorly variable regions
are framework regions, whereas variable regions form the an-
tigen binding sites (33). Thus, the amino acid residues located
at HVR1 truly variable positions are very likely involved both
in HVR1 antigenicity and in molecular interactions.

The two viral glycoproteins E1 and E2 are considered to be
the major components of the viral envelope and form het-
erodimers (17). These heterodimers are probably involved in
the interaction between HCV and molecules acting as recep-
tors at the target cell surface. The molecules involved in HCV
entry and the mechanisms of cell infection are unknown. It was
recently shown that a truncated form of E2 can bind in vitro to
the tetraspanin/CD81 molecule, a ubiquitous human cell sur-
face molecule (20, 38). The CD81 molecule could therefore be
involved in viral attachment, but productive infection has not
yet been obtained through this interaction. It has also been
shown that HCV associates with beta-lipoprotein (47) and has
been proposed that the low-density lipoprotein (LDL) recep-
tor could mediate internalization of HCV particles covered
with LDL and very-low-density lipoprotein leading to an in-
fectious cycle (2). Again, productive infection has not yet been
obtained after internalization through this pathway. Finally, it

FIG. 4. Frequency of acidic and basic residues and conserved basic
patterns in the 1,382 HVR1 sequences from EMBL. The frequency of
the residues at each position was calculated by dividing the number of
observed acidic or basic residues by the total number of examined
sequences (n 5 1,382). (A) Frequency of acidic residues. (B) Fre-
quency of basic residues. (C) Fourteen most common basic patterns
among the 1,382 HVR1 sequences from EMBL. Basic residues (Arg,
Lys, and His) are represented by a B, while nonbasic residues are
represented by a hyphen. The observed frequency of each pattern is
given in the left-hand column.

FIG. 5. Summary of HVR1 structural analysis and predicted amino
acid functions. The HVR1 consensus hydropathic pattern was estab-
lished from the 1,382 HVR1 sequences from EMBL. o, n, i, and v,
mean hydrophobic, neutral, hydrophilic, and variable positions, respec-
tively; G is a fully conserved Gly residue. The black boxes indicate the
main anchoring regions, and the gray box indicates a putative turn. The
plus signs indicate positions often occupied by basic residues.
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was recently suggested that HCV could interact with GAGs at
the cell surface (45, 49). GAGs are unbranched polysaccha-
rides ubiquitously present at the cell surface, acquiring a net
negative charge through N and O sulfatation (25). Numerous
viruses have been shown to interact with GAGs (e.g., heparan
sulfate) in an early step of virus-receptor interaction. This is
the case of flaviviruses such as dengue virus (10) and pestivi-
ruses such as classical swine fever virus (23), both of which are
members of the Flaviviridae family. An early interaction be-
tween HCV and cell surface GAGs could therefore permit or
facilitate viral attachment to target cells.

We found that basic residues are frequent in HVR1 se-
quences, whereas acidic residues are rare, indicating that pos-
itively charged HVR1 variants are positively selected. More-
over, not only the global HVR1 conformation but also the
number of basic residues and their location throughout the
HVR1 sequence are conserved, suggesting that basic residues
play an important role in HVR1 function. It is possible that
HVR1 basic residues could be involved in interactions with
negatively charged groups borne by proteins or phospholipids
present at the cell surface or in LDL. Alternatively, HVR1
basic residues could be involved in molecular interactions with
negatively charged molecules, such as GAGs, present at the
cell surface. This is in agreement with the fact that heparin-
binding domains are located in protein regions rich in posi-
tively charged residues that can exhibit specific consensus
structural motifs (7, 28). Other basic regions of the viral enve-
lope proteins could also be involved in such interactions with
GAGs in association with HVR1 (49). Further work is in
progress to test HVR1-GAG interaction using isolated E1-E2
glycoproteins deleted or not for the HVR1 sequence.

The existence of extrahepatic sites of HCV replication re-
mains controversial (27). It is, however, supported by the ob-
served compartmentalization of HCV quasispecies variants
in the liver, peripheral blood, and various peripheral blood
mononuclear cell subsets in a given patient (1, 6, 27, 32).
Typically, HVR1 sequences are not randomly distributed
among the different cellular compartments, including the liver
and various peripheral blood mononuclear cell subsets (1, 6,
27, 32), and the basic HVR1 motifs differ among different
compartments (1). This suggests that HVR1 might be involved
in selective cell recognition. At the cell surface, the specificity
of the interaction cannot be ascribed to putative receptor mol-
ecules such as CD81 and the LDL receptor, which are ubiqui-
tously distributed. In contrast, GAGs exhibit significant cellu-
lar specificity. Interaction of HVR1 basic residues with GAGs
at the surface of target cells equipped with the appropriate
receptor molecules might therefore play a role in the tropism
of HCV variants in vivo. HVR1 hypervariability might thus not
only result from host immune pressure but might also allow
HCV to adapt to various cell phenotypes in a given host.

In conclusion, the present evolutionary and chemicophysical
study clearly indicates that the conformation of hypervariable
region 1 of HCV envelope glycoprotein E2 is well conserved,
pointing to a biological role in the virus life cycle. Conservation
of positively charged amino acid residues at specific positions
further suggests that HVR1 likely interacts with negatively
charged compounds, such as lipids, proteins, and GAGs, and
might be involved in target cell recognition and virus attach-
ment.
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tite of the French Ministry for Education, Research, and Technology.

REFERENCES

1. Afonso, A. M., J. Jiang, F. Penin, C. Tareau, D. Samuel, M. A. Petit, H.
Bismuth, E. Dussaix, and C. Feray. 1999. Nonrandom distribution of hep-
atitis C virus quasispecies in plasma and peripheral blood mononuclear cell
subsets. J. Virol. 73:9213–9221.

2. Agnello, V., G. Abel, M. Elfahal, G. B. Knight, and Q.-X. Zhang. 1999.
Hepatitis C virus and other flaviviridae viruses enter cells via low density
lipoprotein receptor. Proc. Natl. Acad. Sci. USA 96:12766–12771.

3. Alter, H. J. 1995. To C or not to C: these are the questions. Blood 85:1681–
1695.

4. Black, S. D., and D. R. Mould. 1991. Development of hydrophobicity pa-
rameters to analyze proteins which bear post- or cotranslational modifica-
tions. Anal. Biochem. 193:72–82.

5. Blanchet, C., C. Combet, C. Geourjon, and G. Deléage. 2000. MPSA: inte-
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