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Recent studies have identified several epitopes in the N-terminal portion of the nucleocapsid protein which
are predominantly recognized by sera of patients infected with hepatitis C virus (HCV). The characterization
of the sequences recognized by these antibodies and the evaluation of their reactivities have been performed
mainly with synthetic peptides. However, synthetic peptides are notoriously unreliable as antigens when the
immune response is directed against conformational epitopes. In order to improve the detection of antibody
responses in HCV-infected patients, we have evaluated the reactivities of three immunodominant regions of the
HCV core protein (residues 1 to 20, 21 to 40, and 32 to 46) displayed in a conformation-specific manner on the
surface of the Flock House virus (FHV) capsid protein. The results obtained with these proteins in the analysis
of 94 serum samples positive by anti-HCV enzyme-linked immunosorbent assay were then compared with those
obtained with the corresponding synthetic peptides. The sequence most reactive both with the peptide and with
the FHV protein was the region from residues 1 to 20, confirming the low conformational requirements for the
display of these residues. On the other hand, the already reported conformational nature of residues 32 to 46
is in keeping with its observed high reactivity when displayed by the FHV recombinant protein and with the low
reactivity displayed by its corresponding synthetic peptide. Finally, the high reactivity observed for the
chimeric protein displaying the region from residues 21 to 40, as opposed to the results obtained with the
synthetic peptide, also suggests that this sequence contains one or more conformational epitopes whose
structures cannot be mimicked correctly with synthetic peptides.

Hepatitis C virus (HCV) has been identified as the major
causative agent of parenterally transmitted non-A, non-B hep-
atitis (6). The HCV genome encodes a polyprotein (7, 13, 29)
which is cleaved to yield several structural and nonstructural
proteins (11) to which HCV-infected patients develop a het-
erogeneous immune response. The initial worldwide screening
of blood for antibodies against HCV was carried out with a
polyprotein (C100-3) from the NS3-NS4 region (15), but the
specificity and sensitivity of this region were not considered to
be sufficient (16, 24). Therefore, more sensitive assays that use
antigens derived from different parts of the HCV genome have
been developed (4, 8, 12, 14, 22). Recent studies have identi-
fied several epitopes in the N-terminal portion of the nucleo-
capsid protein which are predominantly recognized by HCV-
infected patients (3, 9, 10, 21, 25, 28). Antibodies against this
region are regarded to be a reliable marker of virus replication
since their presence was found to be closely associated with the
presence of specific mRNA (23, 28, 30, 33). The characteriza-
tion of the sequences recognized by these antibodies and their
reactivity has been performed mainly with the use of synthetic
peptides (5, 9). However, recent studies have provided evi-
dence that there are severe limitations in the use of synthetic
peptides bound to the solid phase for the detection of antibod-
ies against conformational epitopes (18, 19, 26). We have re-
cently developed a new epitope-presenting system to improve
the detection of antibodies against conformational epitopes.
This antigen-presenting system, based on the capsid protein of
the Flock House virus (FHV), has been successfully used in the

presentation of several conformational epitopes of human im-
munodeficiency virus type 1 (2, 27, 31). Therefore, we have
inserted in the FHV capsid protein three portions of the N-
terminal region of the core protein of HCV and studied the
reactivities of these chimeric proteins by screening 94 positive
serum sample detected by a commercial anti-HCV enzyme-
linked immunosorbent assay (ELISA) kit. The results were
then compared with those obtained with the corresponding
synthetic peptides.

MATERIALS AND METHODS

Recombinant FHV proteins carrying the HCV epitopes. Three HCV se-
quences (amino acid residues 1 to 20, 21 to 40, and 32 to 46) of the core protein
were inserted in five different positions on the surface of the FHV capsid protein
(2). The recombinant proteins (FHV-C1, FHV-C2, and FHV-C3) were produced
in Escherichia coli BL21(DE3) cells by using a pET expression system (Novagen,
Madison, Wis.) and were purified as described by Blum et al. (1). Figure 1 shows
that residues 1 to 20 of the HCV core protein were most reactive when they were
inserted in the I2 position, residues 21 to 40 were most active when they were
inserted in the I3 position, and residues 32 to 46 were most active when they were
inserted in the L2 position of the FHV capsid protein. These three proteins were
named FHV-C1, FHV-C2, and FHV-C3, respectively, and were used in all
subsequent assays. The first two synthetic peptides used in this study (Pep-C1 and
Pep-C2) were synthesized by automated continuous flow solid-phase peptide
synthesis by using 9-fluorenylmethoxycarbonyl chemistry in a Milligen 9050 Pep-
tide synthesizer (Millipore Corp., Bedford, Mass.) and were purified by reverse-
phase high-pressure liquid chromatography: MSTNPKPQRKTKRNTNRRPQ
(Pep-C1; residues 1 to 20), DVKFPGGGQIVGGVYLLPRR (Pep-C2; residues
21 to 40). Pep-C3 (residues 27 to 59; GGQIVGGVYLLPRRGPRLGVRAT
RKTSERSQPR), which contained the highly immunogenic epitope from resi-
dues 32 to 46, was kindly provided by M. U. Mondelli, IRCCS Policlinico San
Matteo, Pavia, Italy. The 44-mer peptide from residues 2 to 44 of the HCV
nucleocapsid protein (STNPKPQRKTKRNTNRRPQDVKFPGGGQIVGG
VYLLPRRGPRLG) was kindly provided by P. Ferroni, University of Udine,
Udine, Italy.
ELISA procedures. Proteins and synthetic peptides (0.2 mg/well) in 200 mM

carbonate buffer (pH 9.6) were bound to a 96-well microplate (MaxiSorp; Nunc)
by incubating them in the microplate overnight at 48C. The peptides and proteins
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that were absorbed were washed three times with TTBS (Tris [50 mM; pH 7.5],
NaCl [500 mM], 0.1% Tween 20) (17) and were incubated with the patients’ sera
at room temperature for 1 h. In all assays the sera were used at a 1:100 dilution.
After three washes with TTBS, horseradish peroxidase-conjugated goat anti-
human immunoglobulin G (Dako) at a dilution of 1:2,000 was applied to the
wells for 1 h at room temperature. After three further washes with TTBS the
color was developed with ortho-phenylendiamine dihydrochloride (Sigma-Fast;
Sigma Chemical Co., St. Louis, Mo.). The reaction was stopped after 5 min by
adding 3 M sulfuric acid, and the optical density (OD) was measured at 492 nm
(OD492). All datum points are the means of triplicate determinations. Variations
between the individual datum points were generally within 15%. Five HCV-
positive serum samples highly reactive with all three epitopes were selected for
testing the immunoreactivity at different dilutions (see Fig. 2).
Patient sera. The 94 serum samples used in this study were collected from

patients with clinical and histological diagnoses of liver disease and who were all
found to be anti-HCV positive with a commercial kit (second-generation ELISA;
Ortho Diagnostic Systems, Raritan, N.J.) and confirmed with a RIBA II assay kit
(Chiron Corporation, Emeryville, Calif.), which was used according to the man-
ufacturer’s instructions. In the RIBA II assay, the following four recombinant
proteins, fused to superoxide dismutase (SOD), are adsorbed on nitrocellulose
strips: C100-3, which extends from the 39 end of the NS3 region to almost the
entire NS4 region; 5-1-1, which is a 42-amino-acid fragment within the NS4
region; c33c, which is derived from NS3 region; and c22-3, which is the putative
nucleocapsid protein. SOD is also present on the strips as a control.
Sera from 20 HCV-negative individuals served as controls for calculating

ELISA cutoff values. The mean absorbance values for the HCV-negative samples
were as follows: FHV wild-type protein, 0.11; Pep-C1, 0.15; Pep-C2, 0.07; and
Pep-C3, 0.07. The cutoff values for the peptides (Pep-C1, 0.43; Pep-C2, 0.13; and
Pep-C3, 0.13) and the proteins (FHV wild-type, 0.26) were calculated by con-
sidering the mean values for each reagent plus 3 times the standard deviation
observed for each sample. The screening of serum samples from all 94 patients
was performed at a dilution of 1:100, because this was found to be the dilution
with the highest signal-to-background ratio.

RESULTS

Three well-known immunoreactive HCV core regions local-
ized at residues 1 to 20 (C1), 21 to 40 (C2), and 32 to 46 (C3)
were inserted into the five different available positions of the
FHV capsid protein. In a preliminary study we used 10 patient
serum samples positive by anti-HCV ELISA to select the best
insertion positions for reactivity for each region. Residues 1 to
20 were found to be the most reactive when they were inserted
in the I2 position, residues 21 to 40 were the most reactive
when they were inserted in the I3 position, and residues 32 to
46 were the most reactive when they were inserted in the L2
position (Fig. 1).
Figure 2 shows the ELISA reactivities displayed by these

three proteins with five highly reactive representative patient
serum samples compared to the ones observed for equal

FIG. 1. Stereoribbon diagram of the FHV capsid protein showing the outer
loops where the different HCV core regions, C1 (residues 1 to 20), C2 (residues
21 to 40), and C3 (residues 32 to 46), were inserted. The table shows the
reactivity in an ELISA (OD492) of all the FHV recombinant proteins with a panel
of highly reactive HCV-positive sera (dilution, 1:100). The underlined values
indicate the most reactive insertion position for each epitope.

FIG. 2. Mean binding curves for five highly reactive HCV-positive serum samples at the dilutions indicated with three FHV recombinant proteins (F) and their
corresponding peptides (■): C1 (region from residues 1 to 20), C2 (region from residues 21 to 40), and C3 (region from residues 32 to 46).
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amounts of their corresponding synthetic peptides. The results
indicate that at increasing dilutions the reactivities of the re-
combinant proteins were greater than the ones observed for
the synthetic peptides. Only Pep-C1 was capable, at low dilu-
tions, to give immunoreactivities comparable to those of the
FHV-C1 protein, whereas increased differences in immunore-
activity were observed between Pep-C3 and Pep-C2 and their
corresponding chimeric proteins (FHV-C3 and FHV-C2, re-
spectively).
Sera from 94 anti-HCV ELISA-positive patients were then

examined for their reactivities against each of the three recom-
binant proteins (FHV-C1, FHV-C2, and FHV-C3) in parallel
with those against the three corresponding synthetic peptides
(Pep-C1, Pep-C2, and Pep-C3). The frequency distribution of
the ELISA OD values for each of the chimeric proteins and
their corresponding peptides are reported in Table 1. The most
reactive and most recognized proteins were FHV-C3 (96%)
and FHV-C1 (92%), with mean absorbances of 1.13 6 0.43
and 1.18 6 0.56, respectively. The chimeric protein FHV-C2
was also recognized by most serum samples (92%), although
with slightly lower mean absorbance values (1.04 6 0.47) (Ta-
ble 1). A markedly different pattern was observed with the
three peptides, and only Pep-C1, which was reactive in 84% of
the cases, displayed high reactivities. Pep-C2 was the peptide
least able to detect antibodies against the region from residues
21 to 40, with 72% of the serum sample scoring positive. This
result is even more impressive by considering that 46 of the 68
positive serum samples (68%) had reactivities just above the
cutoff value. Finally, Pep-C3 yielded a result similar to that for
Pep-C2, recognizing 82% of the serum samples, with a low
mean absorbance of 0.42 6 0.3.
Table 2 groups the reactivities of the 94 serum samples

against the three recombinant proteins and compares the re-
sults with those observed for the three peptides. Overall, it can

be noted that the use of peptides failed to give a positive result
for 10 serum samples (12%), while the three proteins failed to
give a positive result for only 2 serum samples (2%). Interest-
ingly, one of these two nonreactive serum samples (OD492s: for
Pep-C1, 0.07; for Pep-C2, 0.07; and for Pep-C3, 0.04) was
found to be reactive (OD492, 0.68) in an ELISA with a 44-mer
peptide comprising residues 2 to 44 of the core protein. More-
over, it must be noted that while 82 (87%) serum samples were
reactive with all three proteins, only 62 (67%) serum samples
were found to be reactive with all three peptides.

DISCUSSION

The FHV antigen-presenting system has already demon-
strated its ability to display human immunodeficiency virus
type 1 conformational epitopes (2, 27, 31). Therefore, we used
the FHV system to display on the external surface of FHV
three immunodominant sequences of the N-terminal portion
of the HCV core protein. The aim of this work was to improve
the detection of antibodies against these regions by providing
the conformational requirements necessary to mimic the orig-
inal antigenic conformations. The analysis of 94 serum samples
positive by anti-HCV ELISA indicated that all three recombi-
nant proteins were more reactive than their corresponding
synthetic peptides. This fact is even more striking by taking
into account that in all assays, the synthetic peptides were
present in 20-fold molar excess. The similar reactivities ob-
served for both the FHV-C1 protein and Pep-C1 (Table 1)
confirm the immunodominance of this region in HCV-infected
individuals (3, 20, 32) and the linear nature of this epitope (9).
Nonetheless, the dilution curve shows that the antibodies in
the positive sera bind with a slightly higher immunoreactivity
to the recombinant protein than to the synthetic peptide (Fig.
2). A possible explanation for this could be that the binding of
the peptide can sometimes occlude key antigenic amino acids
at the peptide-plastic interphase, thus lowering its reactivity
(19).
The degree of reactivity of patient sera against the region

from residues 21 to 40 is still controversial in comparison with
previous observations (3), obtained by assays performed with a
synthetic peptide, indicating that only 58% of the infected sera
contained antibodies against this sequence. However, recent
studies have shown that the region from residues 21 to 40 is
also known to contain at least two B-cell epitopes. Sallberg et
al. (25) identified an antibody binding site at residues 29 to 34,
and Siemoneit et al. (28) isolated a monoclonal antibody spe-
cific for the sequence from residues 34 to 39 which was subse-
quently found to be recognized by 80% of the serum samples
which tested RIBA positive for c22-3 and c33c. The high re-

TABLE 1. Comparison of reactivities observed in 94 anti-HCV-positive serum samples with FHV recombinant proteins and their
corresponding synthetic peptides

OD492
No. (%) of serum samples reactive with:

FHV-C1 Pep-C1 FHV-C2 Pep-C2 FHV-C3 Pep-C3

Less than the cutoffa 7 (8) 15 (16) 7 (8) 26 (18) 4 (4) 17 (18)
Greater than the cutoff (,0.5)a 8 11 10 46 7 50
0.5–1 23 38 31 19 27 26
.1–1.5 26 25 35 3 42 1
.1.5 30 5 11 0 14 0

Total positive 87 (92) 79 (84) 87 (92) 68 (72) 90 (96) 77 (82)
Mean 6 SD OD 1.18 6 0.56 0.85 6 0.43 1.04 6 0.47 0.36 6 0.31 1.13 6 0.43 0.42 6 0.3

a The mean cutoff absorbance values were as follows: FHV wild-type protein, 0.11; Pep-C1, 0.15; Pep-C2, 0.07; and Pep-C3, 0.07.

TABLE 2. Grouped reactivities of the 94 anti-HCV ELISA-positive
serum samples according to the combinations of recognized

recombinant proteins and synthetic peptides

Peptide
reactivity

No. of reactive serum samples with:

FHV-
C1.2.3

FHV-
C1.2

FHV-
C2.3

FHV-
C1.3

FHV-
C1

FHV-
C3 None

Pep-C1.2.3 62
Pep-C2.3 2 2
Pep-C1.3 7 1
Pep-C1 6 1
Pep-C3 3
None 2 1 2 1 1 1 2
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activity observed with the FHV-C2 protein compared to the
very poor reactivity of its corresponding synthetic peptide sug-
gests that this region is indeed highly immunogenic in HCV-
infected patients and that the conformational requirements for
its correct display are poorly met by synthetic peptides. This
conclusion is supported by the observed much higher immu-
noreactivity of patients’ antibodies for the recombinant protein
FHV-C2 as opposed to that for the synthetic peptide (Fig. 2).
Analogous results were obtained for the region from resi-

dues 32 to 46 both in the serum dilution experiment and in the
screening, where the mean absorbance values observed for the
FHV-C3 chimeric protein were much higher than those ob-
served for its corresponding peptide (Table 1 and Fig. 2). This
is in keeping with the already proposed conformational nature
of this particular epitope (3). Moreover, it must be noted that
the peptide used for the detection of antibodies against the C3
region (Pep-C3) was considerably longer (residues 27 to 59)
than the sequence inserted in the FHV protein (residues 32 to
46). The reason for this was due to the already described weak
reactivity of the synthetic peptide from residues 32 to 46 when
it was bound to the solid phase with a monoclonal antibody
specific for this sequence (3).
Finally, the data in Table 2 indicate that there is close agree-

ment between the results obtained with our chimeric proteins
and those obtained with the commercially available ELISA kit,
with only two false-negative serum samples (2%) being found.
The fact that one of the two negative serum samples was
reactive with a synthetic peptide comprising residues 2 to 44
implies the existence of one or more immunoreactive epitopes
in the joining regions not covered by our recombinant proteins,
and further work could be aimed at characterizing these
epitopes. The lack of reactivity even with this 44-mer peptide
of the second serum sample could be due to the presence in
this patient of antibodies against rarely represented immuno-
reactive epitopes beyond the regions studied (5, 9). Interest-
ingly, the commercially available kit contains not only a great
portion of the nucleocapsid protein (residues 1 to 150) but also
several portions of the NS3 and NS4 regions. By comparison,
our chimeric proteins span only the first 46 residues of the
nucleocapsid protein.
The results presented in this report confirm that the entire

N-terminal portion of the HCV core protein is one of the
major targets for the immune response in infected individuals
and highlights the growing usefulness of antigen-presenting
systems for the correct display of important conformational
epitopes.
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