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ABSTRACT

Many viruses have overlapping genes and/or regions in which a nucleic acid signal is embedded in a coding se-
quence. To search for dual-use regions in the hepatitis C virus (HCV), we developed a facile computer-based se-
quence analysis method to map dual-use regions in coding sequences. Eight diverse full-length HCV RNA and
polyprotein sequences were aligned and analyzed. A cluster of unusually conserved synonymous codons was found
in the core-encoding region, indicating a potential overlapping open reading frame (ORF). Four peptides (A1, A2, A3,
and A4) representing this alternate reading frame protein (ARFP), two others from the HCV core protein, and one from
bovine serum albumin (BSA) were conjugated to BSA and used in western blots to test sera for specific antibodies
from 100 chronic HCV patients, 44 healthy controls, and 60 patients with non-HCV liver disease. At a 1:20,000 dilution,
specific IgGs to three of the four ARFP peptides were detected in chronic HCV sera. Reactivity to either the A1 or A3
peptides (both ARFP derived) was significantly associated with chronic HCV infection, when compared to non-HCV
liver disease serum samples (10/100 versus 1/60; p , 0.025). Antibodies to A4 were not detected in any serum sample.
Our western blot assays confirmed the presence of specific antibodies to a new HCV antigen encoded, at least in part,
in an alternate reading frame (ARF) overlapping the core-encoding region. Because this novel HCV protein stimulates
specific immune responses, it has potential value in diagnostic tests and as a component of vaccines. This protein
is predicted to be highly basic and may play a role in HCV replication, pathogenesis, and carcinogenesis.
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INTRODUCTION

Hepatitis C virus (HCV), a plus sense RNA virus iden-
tified in 1989 (Choo et al+, 1989), is estimated to chron-
ically infect roughly 4,000,000 people in the United
States (National Institutes of Health, 1997), often with
serious consequences (for a review, see Branch et al+,
2000)+ Because HCV poses a public health threat, it is
important to identify all HCV RNA structural elements
and expressed polypeptides to define all potential di-
agnostic markers, vaccine components, and targets for
pharmaceutical agents+ At the moment, HCV RNA is
known to contain a single large open reading frame
(ORF), about 9,000 nt in length, encoding a single poly-
protein that is the source of 10 viral proteins: the core,
E1, E2, P7, NS2, NS3, NS4a, NS4b, NS5a, and NS5b

(Rice, 1996)+ This ORF is flanked by about 350 nt at its
59 end and about 220 at its 39 end+ Although the full
range of the functions provided by the flanking se-
quences is not yet clear, terminal structures are likely
to play a role in replication, and the 59 flanking se-
quence forms part of an internal ribosome entry site
(IRES) that promotes the initiation of HCV polyprotein
synthesis (Brown et al+, 1992; Tsukiyama-Kohara et al+,
1992; Reynolds et al+, 1995; Lu & Wimmer, 1996)+

As exemplified by the hepatitis B virus, viral ge-
nomes often contain overlapping genes+ Thus, HCV
RNA may contain regions where the main ORF is over-
lapped by another gene or by an RNA structural ele-
ment+ To seek these multifunctional regions, we carried
out comparative sequence analysis on diverse HCV
sequences retrieved from GenBank (Benson et al+,
1996), locating synonymous codons in the standard
HCV ORF in which the third position nucleotides are
much more conserved than chance alone would pre-
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dict+ This unusual third-base conservation is likely to
occur in regions that have novel functions in addition
to their known coding function (see Materials and
Methods)+

Previous studies identified some of the regions of
HCV RNA that have unusual nucleotide conservation
(Ina et al+, 1994; Smith & Simmonds, 1997) and, in
particular, they revealed that the RNA sequence of
the core-encoding region is more conserved than
would be necessary to maintain the observed level
of conservation of the core protein+ Ina and col-
leagues (Ina et al+, 1994) suggested that an overlap-
ping gene might constrain the sequence and proposed
that translation of a second ORF might be initiated at
the GUG codon at bases 241 to 239 and continue
into the coding region+ However, the reading frame
that contains this GUG has an in-frame stop codon
(bases 12 to 14) that terminates it at the start of the
main ORF+ This stop codon is present in all reported
full-length core sequences; its presence reduces the
likelihood that the GUG functions as the start codon
for a protein that extends into the core-encoding re-
gion+ Smith and Simmonds (1997) concluded that the
reduced frequency of synonymous substitutions “can-
not be accounted for by additional coding restraints”
(p+ 240)+ Recent studies indicate that the initial seg-
ment of the core-encoding region of the main HCV
ORF contains features necessary for the efficient func-
tioning of the IRES (Honda et al+, 1996; Reynolds
et al+, 1996) providing a partial explanation for the
unusual sequence conservation+ However, the results
of these studies do not account for the full extent of
the sequence conservation+ The current studies were
performed to seek evidence of a novel antigen en-
coded in an alternate reading frame+ This alternate
reading frame protein (ARFP) is predicted to be highly
basic and may play a role in HCV replication, patho-
genesis, and carcinogenesis+

Regardless of whether this antigen is required for
HCV replication, it could have clinical significance as
an immunogen+ “Cryptic” epitopes encoded in alter-
native reading frames and expressed as a result of a
ribosomal scanning process stimulate cytotoxic T lym-
phocyte responses in the influenza virus system (Bul-
lock & Eisenlohr, 1996)+ The general importance of
“out of frame” proteins in the induction of immune
responses has recently received attention as a result
of studies carried out by Malarkannan et al+ (1999)+
These investigators propose that cryptic peptides trans-
lated from noncoding mRNA sequences enhance im-
mune surveillance by enormously increasing the variety
of peptides presented on MHC class I molecules+

A preliminary report of the sequence analysis and
development of the western blot assay described here
was presented at the 1999 annual meeting of the
American Association for the Study of Liver Diseases
(Walewski et al+, 1999)+

RESULTS

Detection of a conserved open reading
frame overlapping the core region of HCV

Many viruses, including f X174 (Sanger et al+, 1977),
HBV (Valenzuela et al+, 1980), and HEV (Tam et al+,
1991) have overlapping genes and/or regions in which
a nucleic acid signal is embedded in a coding se-
quence+ The HCV genome almost certainly contains
multifunctional regions and may have overlapping read-
ing frames; however to date, no proteins encoded in
overlapping genes have been described from this vi-
rus+ We combined conventional sequence analysis
methods and a new program called Framesplitter to
search for multifunctional regions in the main ORF of
HCV (see Materials and Methods)+ In an initial analy-
sis, eight highly divergent HCV sequences were stud-
ied+ Synonymous codons with exceptionally conserved
third-position nucleotides were identified throughout the
main ORF+ Figure 1A shows the tabulated results of the
analysis carried out on a small portion of the core-
encoding region+ In the first codon in this region (amino
acid 33 of the main ORF), all eight sequences contain
the same glycine codon, GGA (see Fig+ 1B)+ This is
noteworthy because the genetic code contains four gly-
cine codons (GGA, GGC, GGG, and GGU)+ The prob-
ability that all eight sequences would contain the same
glycine codon is one in 16,384 (i+e+, 47)+ Three such
unusually conserved codons occur in the segment of
the HCV core-encoding region shown in Figure 1B+
These codons form part of a larger cluster (#1; see
Fig+ 2)+ Clusters of such conserved codons very rarely
occur by chance in a sequence with only a single ORF+
Any region in which such a cluster occurs is likely to
contain more genetic information than a single coding
sequence+

Five clusters of codons with unusual conservation of
third-position nucleotides were detected in the main
ORF of HCV (Fig+ 2): a prominent cluster occurs in the
core-encoding region (amino acids 11–175); a small
cluster is located near the E2 (amino acids 672–728);
and three clusters are distributed across NS5b (amino
acids 2565–3034)+ Earlier studies detected an unusual
degree of conservation in the regions containing sev-
eral of these clusters (Ina et al+, 1994; Smith & Sim-
monds, 1997); however, the site near the terminus of
E2 has not been noted previously+ Based on our re-
sults, we reexamined the issue of possible reading
frames overlapping the main ORF+Alternate open read-
ing frames, defined here as 50 or more consecutive
codons without an in-frame stop codon, were sought in
and around the five clusters of excessive codon con-
servation noted in the main ORF+

A potential overlapping and open alternate reading
frame (ARF) was found in the first cluster, in the 11
reading frame relative to the main ORF (see Fig+ 2,
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lower insert; “X” identifies stop codons)+ The 11 read-
ing frame is open for at least 124 codons in the vast
majority (89%) of the 214 full-length core sequences
available for analysis+ This ARF is open for at least 142
codons in 93% of 90 genotype 1 sequences, and for at
least 124 codons in 89% of 37 genotype 2 sequences,
84% of 25 genotype 3 and genotype 10 sequences,
80% of 15 genotype 4 sequences, 100% of 11 geno-
type 5 sequences, and 81% of 36 sequences of the
genotypes 6, 7, 8, 9, and 11+ In contrast, the 12 reading
frame has numerous stop codons in this region of the
genome+ Figure 3 depicts the standard reading frame
(the main ORF), the 11 reading frame, and the 12
reading frame of three HCV sequences that are known
to be infectious+ These infectious sequences have a
potential coding region in the 11 frame that is from 124
to 160 codons in length (Kolykhalov et al+, 1997; Yanagi
et al+, 1997; Beard et al+, 1999)+ A coding region in the

11 reading frame could contribute to the excessive
third-position conservation in the main ORF+

To determine whether a novel, immunogenic, alter-
nate reading frame protein is expressed during HCV
infection, patient sera were tested for specific antibod-
ies+ In these studies, the Protean package of Laser-
gene (DNASTAR, Madison, Wisconsin) was used to
identify immunodominant domains in ARFP, the HCV
core protein, and BSA+ Peptides were selected that
contained a roughly one-to-one-to-one ratio of aro-
matic, polar, and hydrophobic amino acids+ Four pep-
tides derived from a consensus amino acid sequence
of ARFP (A1, A2, A3, and A4), two peptides from the
core protein (C1 and C2; see Fig+ 4), and one from
BSA (BSA2) were individually conjugated to BSA and
tested in both western blot and enzyme-linked immu-
noabsorbant assays (ELISA)+ However, because an
unacceptably high background precluded the use of

FIGURE 1. Details of the sequence analysis: three codons with unusual conservation of the third-position nucleotide in a
small portion of the core-encoding region of HCV+ Eight full-length sequences of HCV RNA were translated into amino acids,
aligned and analyzed by Framesplitter linked to an Excel spreadsheet+ Codons meeting the following criteria were identified:
They specify one of the eight amino acids represented by at least four codons in the genetic code; they are members of a
group of synonymous codons that contained four members; they specify the same amino acid; and they have the same
nucleotide in the third position in all eight sequences+ The random chance that a codon meeting the first three criteria will
also satisfy the fourth is one in 16,384 (one in 47)+ A shows the printout of the spreadsheet for a small portion of the genome
(codons 33–43)+ In the top row, the single letter amino acid code is used, with the following modifications, RC denotes
arginine codons of the CG group, LC denotes leucine codons of the CU group, and SU denotes serine codons of the UC
group+ B shows the same portion of the genome+ Amino acids are presented in lowercase letters, codons in uppercase
letters, and excessively conserved third-position bases and the encoded amino acids are highlighted in boldface type+
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ELISA, all final studies were carried out using west-
ern blot analysis+

Sera from chronic HCV patients reacts
with ARFP-derived peptides

Figure 5 depicts the results of a western blot assay of
serum from an HCV-infected patient+ After transfer, the
membrane-bound conjugates were stained with the re-
versible dye Ponceau-S Red, and scanned (Fig+ 5A)+
The resulting image provided a record of the protein
bands transferred to the filter+ As shown in Figure 5B,
this patient’s serum contained antibodies that recog-
nize all three versions of the A1 peptide–BSA conju-
gates present on the filter (A1d, A1e, and A1f; lanes 1,
4, and 9)+ There was no reaction to the two negative
control lanes BSA1 (full-length BSA, Fig+ 5B, lane 5)
and BSA2 (an immunogenic peptide of BSA conju-
gated to BSA, Fig+ 5B, lane 10)+

A dilution series of this patient’s serum was tested at
final dilutions ranging from 1/800 to 1/100,000+ Each

dilution was incubated with a separate membrane+ The
magnitude of the positive signal was directly depen-
dent on the concentration of serum in the solution, con-
firming the linearity of the assay+ Based on these results,
we chose a 1/20,000 dilution for the screening of the
serum samples+

Competition assays confirm the
specificity of the western blots

In these assays, sera were preincubated with free pep-
tides+ Reactivity to conjugate A1 was reduced by prior
incubation of the primary antibody solution with either
50 mg or 100 mg of free A1 peptide (Fig+ 6, compare A
to B and C)+ In contrast, preincubation with free A2
peptide (which resembles the A1 peptide in size and
charge) did not decrease reactivity to the A1 conjugate
(Fig+ 6D)+ Similarly, for sera that were reactive to the A2
conjugate, binding was inhibited by preincubation with
free A2 peptide, and not altered by preincubation
with the A1 peptide+ Analogous results were obtained

FIGURE 2. Clusters of conserved synonymous codons in the main ORF of HCV+ The main ORFs of eight diverse HCV
sequences were aligned, and analyzed as illustrated in Figure 1+ Codons with conserved third-position nucleotides were
identified and mapped onto the genome of HCV+ Frequency was expressed per 10 consecutive codons+ Five clusters
(numbered 1–5) of highly conserved codons were found+A prominent cluster occurs in the core-encoding region+ The insert
at the top of the figure indicates the relative locations of the known HCV proteins of the main ORF+ The insert below cluster
1 depicts the 11 reading frame of HCV RNA from base 283 to base 1485 of AF011751, a sequence known to support HCV
infection (Yanagi et al+, 1997)+ The solid bar represents an alternate ORF (the ARF), which contains no stop codons for 160
consecutive amino acids+ “X” represents the stop codons UAA, UAG, and UGA+
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with the A3 positive sera; preincubation with 25 or 50 mg
of free A3 peptide blocked the signal, but the A1 pep-
tide did not+ All of the ARFP positive results were con-
firmed by competition assays+

Anti-ARFP antibodies are associated
with HCV infection

Table 1 presents the results of Western blots carried
out on one hundred serum samples from 99 chronic
HCV patients (Panel A), 44 samples from 44 healthy
volunteers (Panel B), 30 samples from patients with
HBV infection (Panel C), and 30 samples from patients
with noninfectious liver diseases (Panel D)+ In total,
204 serum samples were tested+ All of the negative
control lanes (i+e+, lanes containing BSA [lane 5] or the
BSA-BSA conjugate [lane 10]) showed either very faint
reactivity or were completely blank+ They were used to
establish the negative standard for each blot+ As indi-
cated in Table 2A, eight of the serum samples from
HCV patients tested positive for reactivity to A1; six to
A2; two to A3, and none to A4+ x2 analysis demon-
strated that reactivity to the A1 peptide was signifi-
cantly associated with HCV infection when compared

to all of the samples from individuals who were not
infected with HCV (8 of 100 versus 1 of 104; p , 0+025)+
Sera of 6% of the HCV patients reacted with the A2
peptide, compared to none of the 44 healthy controls,
and 2 of 60 liver disease patients not infected with
HCV+ Reactivity to the A3 peptide was seen exclusively
in chronic HCV serum samples; however, the number
of positive samples was limited to two, and this asso-
ciation did not reach statistical significance+ The A4
peptide did not react with any serum sample tested+

As shown in Table 2B, x2 analysis indicated that there
is a significant correlation between chronic HCV infec-
tion and reactivity to at least one of the peptides from
the ARFP: 13 of 100 sera from HCV patients compared
to 3 of 104 sera from individuals without HCV infection
(p , 0+01)+ Finally, as seen in Table 2C, reactivity to A1
and/or A3 was significantly associated with HCV infec-
tion (n 5 10/100) when compared to individuals with
other liver diseases (n 5 1/60; p , 0+025), and to the
total population of individuals who were not infected
with HCV (n 5 1/104; p , 0+01)+

When tested with peptides representing the HCV core
protein, 34 serum samples of chronic HCV patients
reacted with C1, and 23 reacted with C2+ One of the

FIGURE 3. Open reading frames in the HCV core-encoding region+ The ORFs in each of the three reading frames of the
plus strand in the core-encoding region of three HCV infectious clones are depicted as filled rectangles+ A presents open
ORFs in the main reading frame; B indicates that the 11 frame (relative to the main ORF) also has a conserved ORF, which
ranges in size from 160 amino acids to 125 amino acids in these infectious clones; C demonstrates that the 12 reading
frame has numerous stop codons indicating that stop codons are not forbidden in this segment of the genome+ Stop codons
are designated X+ Nucleotide positions from the main ORF are given by Arabic numbers+
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HBV serum samples reacted with the C1 conjugate+
None of the samples from patients with noninfectious
liver diseases and none of the healthy controls tested
positive to either of the core peptide conjugates+ The
association between HCV infection and positivity to C1
and/or C2 was significant (p , 0+01)+ The results of
Western blots with ARFP peptide conjugates are sum-
marized and analyzed in Tables 2A–2C+

DISCUSSION

HCV sequence analysis

Conventional methods of nucleic acid sequence analy-
sis, combined with a new software program, Frame-
splitter, identified a potential overlapping gene in the
core-encoding region of HCV+ The presence of this over-

FIGURE 4. Map of the various antigenic peptides derived from HCV proteins that were used in the western blot assays+ The
relative locations of the two HCV core protein derived peptides (A) and the four ARFP derived peptides (B) are drawn on
the shaded bars representing HCV gene products expressed from the standard open reading frame (A), and from the 11
reading frame (B)+ The individual peptides are represented by open rectangles+ Noncoding portions of the genome are
represented by a thin black line+

FIGURE 5. Ponceau-S red stain and
western blot of various peptide–BSA con-
jugates incubated with serum of a patient
with chronic HCV infection+ Peptide–BSA
conjugates were fractionated by electro-
phoresis, transferred to a PVDF filter, and
reversibly stained with Ponceau-S Red to
determine the distribution of membrane-
bound proteins (A)+ After destaining, the
blot was incubated with serum diluted
1/20,000, and later developed by reac-
tion with a goat-antihuman secondary
antibody conjugated to alkaline phospha-
tase (B)+ Lane 1:A1d, lane 2:A2d, lane 3:
A2e, lane 4: A1e, lane 5: BSA1 (BSA),
lane 6: A4, lane 7: A3, lane 8: A2f, lane 9:
A1f, lane 10: BSA2 (BSA-BSA), lane 11:
Kaleidoscope molecular weight markers,
lane 12: C2, and lane 13: C1+ Lanes 1
(A1d), 4 (A1e), and 9 (A1f) represent
separately prepared BSA conjugates of
ARFP-1;A2d,A2e, and A2f represent sep-
arately prepared conjugates of ARFP-2+
A3 and A4 are BSA conjugates of ARFP-3
and ARFP-4, respectively+ C1 and C2 are
two different HCV core protein peptides
conjugated to BSA+ BSA1 represents full-
length BSA and BSA2 represents an
antigenic peptide of BSA conjugated to
BSA+ Lane 11: molecular weight markers
(from top to bottom) kDa 5 216, 132, 78,
46, and 33+
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lapping gene was initially suggested by an unusual de-
gree of sequence conservation in this portion of the
main ORF; certain unusual features of this gene seg-
ment were noted in previous studies of HCV sequences
(Ina et al+, 1994; Smith & Simmonds, 1997)+ To seek
evidence that an overlapping gene accounted for the
sequence conservation, we analyzed 214 full-length
core sequences for regions lacking stop codons and
found that the vast majority of these sequences (89%)
contain a conserved second open reading frame that is
a minimum of 124 codons in length+ It is noteworthy
that almost 90% of the HCV sequences in Genbank
contain this ARF because stop codons are frequently
detected even in the main HCV ORF+ The stop codons
within the main HCV ORF (Martell et al+, 1992; Higashi
et al+, 1993) presumably reflect the quasi-species na-
ture of HCV and the presence of defective HCV RNAs
in the circulation+

Western blot assays

Western blot studies revealed that approximately 13%
of HCV patient sera reacted with peptides representing
the novel overlapping gene, suggesting that an antigen
encoded by this gene is expressed during chronic in-
fection and stimulates antibody responses in some pa-
tients+ Statistical analysis indicated that there is an
association between chronic HCV infection and reac-
tivity to at least one of the peptides from the ARFP: 13
of 100 sera from HCV patients compared to 3 of 104
sera from individuals without HCV infection (p , 0+01)+
Reactivity to two of the ARFP peptide conjugates, A1
and A3, was significantly associated with HCV infection
(10 of 100 versus 1 of 104; p , 0+01)+

Our ARFP peptides A1 and A2 each contained only
13 amino acids of the novel protein+ A3 and A4 con-
tained 19 and 17 amino acids, respectively, but these
were not expected to be as antigenic as the other
two based on the primary amino acid sequence+ Be-
cause the percentage of the HCV patients testing pos-
itive to the two core-derived peptides agrees with
previous studies of core peptides of this size range

(for which serum reactivity to each peptide ranged
from 10 to 90% positivity, with an average of 34%;
Kuo et al+, 1989; Kotwal et al+, 1992; Sallburg et al+,
1992), the relatively low percentage of anti-ARFP anti-
body positive patients may reflect the use of short
peptides+ Also, the ARFP sequence is not as highly
conserved as that of the HCV core protein across
different genotypes+ Antibodies to an ARFP from one
genotype may not recognize the corresponding re-
gion in the ARFP of another genotype+ To establish
the actual percentage of HCV patients with antibod-
ies to ARFP, further studies using recombinant pro-
teins that match the sequence of the infecting strain
and an overlapping series of peptides will be needed+
The potential clinical usefulness of an ARFP screen-
ing assay remains to be explored+ Serum assays for
antibodies against conventional HCV proteins have
provided valuable information about the virus, and con-
tinue to evolve (Seelig et al+, 1994; Feucht et al+,
1995; Caramelo et al+, 1996; Huber et al+, 1996)+

Serum from one HBV patient reacted to the A1 pep-
tide, and serum from another HBV patient reacted to
the A2 peptide+ A third HBV serum sample reacted
with the C1 peptide+ While these HBV patients tested
negative for conventional markers of HCV infection,
their risk factors for exposure to hepatitis viruses are
not known and many of the risk factors for HBV are
also risk factors for HCV+ If the two HBV patients
who were positive to A1 and A2 (one apiece) were
exposed to HCV in the past, the lack of reactivity to
conventional HCV antigens might be explained by the
loss of anti-HCV antibodies, which can occur in HCV
infected subjects who clear the infection (Takaki et al+,
2000)+ Among the thirty noninfectious liver disease
patients, none reacted with the A1 or A3 peptides,
and one reacted with the A2 conjugate+ Because this
patient has no known markers for any viral hepatitis,
reactivity to the A2 peptide in this patient may reflect
nonspecific cross-reactivity+ The four ARFP peptides
used in this study were compared by tBLASTn (ver-
sion 2+1+1) to the nearly complete human genome
(NCBI)+ No significant sequence similarity was found+

FIGURE 6. Competition assays of western blots+ Competition assays were performed to confirm the specificity of the
observed reactivity to the ARFP peptides+ Four aliquots of patient sera (diluted 1/10,000) reactive to the A1 peptide–BSA
conjugate were preincubated as described below, and then incubated overnight with individual membranes+ The sample
analyzed in A did not contain any free peptide; the sample in B was preincubated with 50 mg of free A1 peptide; the sample
in C was preincubated with the 100 mg of the free A1 peptide; and the sample in D was preincubated with 50 mg of free A2
peptide+ Lane 1:A2, lane 2:A1, lane 3: BSA2 (BSA–BSA), lane 4: Kaleidoscope molecular weight markers+ BSA2 represents
an antigenic peptide of BSA conjugated to BSA+ Lane 4: highlighted molecular weight markers (from top to bottom) kDa 5
216, 132, 78, 46, and 33+
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TABLE 1 + Western blot results of serum samples tested at a 1/20,000 dilution+a

*

aFor details of the Western blot, see Materials and Methods+ Heavy shading indicates
reactivity to one of the ARF-P peptides+ Light shading indicates reactivity to one of the core
peptides+ The degree of reactivity is reflected in the number of stars (1–3) in the respective
cell+
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ARFP properties and synthesis

Our studies allow tentative conclusions to be reached
about the predicted size of the ARFP+ Counting the A of
the AUG of the main reading frame as 1, the ARFP
peptide A1 corresponds to bases 14–52 and the A3
peptide corresponds to bases 113–169+ To encompass
the A1 and A3 peptides, the expressed ARFP must
span at least 55 contiguous amino acids+ Once trans-
lation in the ARFP reading frame began, it would be
likely to continue until the first in-frame stop codon,
which would yield a protein at least 124 amino acids in
length from most HCV sequences+ If translation were
initiated at the codon containing bases 5–7, the ARFP
of the infectious HCV cDNA clones of genotype 1a
(AF009606) would contain 160 amino acids, and that
of genotype 2a would contain 124 amino acids+ The
160 amino acid long protein would lack all known nu-
clear localization signals and have an isoelectric point

of 11+70 (for comparison, the pI of the core protein of
this HCV sequence is 11+56)+Detection and direct analy-
sis of ARFP will be needed to determine its actual size
and properties+

At the moment, we have no information about the
molecular events that might lead to the initiation of ARFP
synthesis; however, several possibilities can be con-
sidered+ For example, the AUG of the main ORF, or an
up-stream AUG, could be the start site of translation,
with the reading frame slipping forward to bypass the
stop codon at bases 2–4 (in the 11 reading frame)+
Frame shifts are known to occur during gene expres-
sion of many viruses (Brierley, 1995)+ Alternatively,
translation of ARFP might involve a non-AUG initiator
codon; in fact, the HCV IRES has the power to direct
translation from codons other than AUG (Reynolds et al+,
1995)+ Moreover, a recent report indicates that a novel
translation initiation mechanism can lead to the syn-
thesis of out-of-frame peptides (even some without up-
streamAUG initiation codons),which are then expressed
by MHC class I molecules and stimulate immune
responses (Malarkannan et al+, 1999)+ This report de-
scribes a series of non-AUG codons that allow trans-
lation of out-of-frame peptides at levels that elicit robust
T cell responses+ One of these unusual start codons is
AUC+ This unusual start codon is the third in-frame
codon in .90% of the 11 alternate reading frames of
the reported HCV sequences+ If this were the start
codon for the ARFP, then the expected product would
range from 122 to 158 amino acids in the majority of
sequences+

Finally, RNA stuttering could modify the sequence of
HCV RNA during RNA replication, generating a new
RNA that has ARFP as its translation product+ Stutter-
ing gives rise to the RNA sequences required for the
expression of proteins in most members of the Paramyx-
oviridae family (Liston & Briedis, 1995)+ If stuttering
occurs during HCV replication, it could lead to the ex-
pression of chimeric proteins with amino terminal por-
tions of the HCV core protein linked to carboxy-terminal
portions of ARFP+ HCV sequences that could give rise
to such chimeric proteins have been detected in PCR
products from hepatocellular carcinoma (Ruster et al+,
1996) and the ascitic fluid of a patient with hepatocel-
lular carcinoma (Yeh et al+, 1997)+

Our studies do not indicate whether ARFP plays a
role in the HCV life cycle, or is synthesized “fortuitous-
ly+” However, the ORF is present in all reported HCV
genotypes, and all the infectious clones described to
date+ If ARFP has an impact on cellular or viral function,
its highly basic nature and lack of a known nuclear
localization signal suggests an interaction with cyto-
plasmic RNA, perhaps HCV RNA itself+ A possible role
of ARFP in cellular transformation must be considered
in light of studies showing chimeric proteins containing
portions of ARFP might be expressed in HCC tissue
and ascitic fluid (Ruster et al+, 1996; Yeh et al+, 1997)+

TABLE 2A + Analysis of positivity to individual ARFP peptides+

A1 A2 A3 A4

HCV (100) 8/100 6/100 2/100 0/100
Non-HCV liver diseases (60) 1/60 2/60 0/60 0/60
Healthy controls (44) 0/44 0/44 0/44 0/44
Total non-TCV (104) 1/104 2/104 0/104 0/104
Comparison: HCV (100) vs+

all non-HCV (104)
p , 0+025a N+S+b N+S+ N+S+

aA significant association was found between HCV infection and
positivity for the A1 conjugate+

bN+S+ denotes the absence of a significant association with HCV
infection+

TABLE 2B + Analysis of positivity for at least one ARFP peptide
conjugate+

Comparisons between groups p value

HCV (13/100) vs+ noninfectious liver disease (1/30) N+S+
NCV (13/100) vs+ HBV (2/20) N+S+
HCV (13/100) vs+ healthy (0/44) ,0+025a

HCV (13/100) vs+ total non-HCV (3/104) ,0+01a

aA significant association was found between HCV infection and
positivity for at least one ARFP peptide when compared to healthy
controls, or all 104 non-HCV samples+

TABLE 2C + Analysis of positivity for A1 and/or A3+

Comparisons between groups p value

HCV (10/100) vs+ healthy (0/44) ,0+05a

HCV (10/100) vs+ non-HCV L+D+ (1/60) ,0+025a

HCV (10/100) vs+ total non-HCV (1/104) ,0+01a

aA significant association was found between HCV infection and
positivity for A1 and/or A3 when compared to 60 non-HCV liver dis-
ease patients (including 30 HBV patients), 44 healthy controls, and
all (104) non-HCV samples+
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Other cryptic elements in HCV RNA

In addition to ARFP, our sequence analysis also sug-
gests the presence of RNA structural elements, at least
some of which may modulate expression of HCV pro-
teins+ Within the core-encoding region we find se-
quence conservation that extends beyond the ARFP,
indicating the potential presence of RNA regulatory ele-
ments+ Interactions between RNA sequences in the 59
nontranslated region and those in the core-encoding
region have recently been reported by Honda and col-
leagues, and are associated with alterations in the ef-
ficiency of protein translation (Honda et al+, 1999)+ One
RNA element detected in our analysis that had not been
described previously is located near the carboxyl ter-
minus of E2 (see Fig+ 2, cluster 2)+ We also found
evidence of RNA elements in the NS5b-encoding re-
gions (see Fig+ 2, clusters 3, 4, and 5), in keeping with
observations by Smith and Simmonds (1997)+ These
elements, alone or in combination with RNA elements
elsewhere in the genome, could function in HCV rep-
lication, virion assembly or translation modulation+What-
ever their function, once the structures of these elements
are known, they will become potential targets for
RNA-binding pharmaceutical agents, similar to the
aminoglycoside antibiotics, which interact with intricate
three-dimensional RNA structures in (bacterial) ribo-
somal RNA (Moazed & Noller, 1987)+

MATERIALS AND METHODS

Comparative sequence analysis

To locate synonymous codons in the standard HCV ORF
whose third positions are much more highly conserved than
chance would predict, eight full-length HCV sequences rep-
resenting diverse genotypes and subgenotypes [AF011751
(genotype 1a), HCV4APOLY (4a), HPCEGS (3a), HPCJ8G
(2b), HPCCGS (1c), HPCPOLP (2a), HPCJK046E2 (11),
HPCJK049E1 (10)] were retrieved from GenBank (Benson
et al+, 1996) and aligned+A chain of third-position nucleotides
was generated with a custom program called Framesplitter
(written in Visual Basic by Dr+ Michael Bradbury of the Mount
Sinai School of Medicine; available upon request) and ana-
lyzed by an automated system on an Excel spreadsheet+ This
system identified codons that met the following criteria: They
specified the same amino acid; they specified one of the
eight amino acids represented by four or more codons in the
genetic code; they were members of a group of synonymous
codons that can have any of the four possible nucleotides at
the third position; and they were identical in all eight HCV
sequences+ The probability of a codon that meets the first
three criteria also meeting the fourth criterion is one in 16,384
(i+e+, 47)+ Thus, the type of sequence conservation we iden-
tified occurs rarely by chance in a sequence containing only
a single ORF+ The positions of highly conserved codons were
mapped onto the HCV ORF to locate “clusters+” A cluster was
defined as a region in which at least three highly conserved
codons occurred within a 100-codon segment+

Comparative sequence analysis was also used in the sec-
ond step of our search for overlapping genes+ The regions in
and around the clusters of conserved codons were examined
for the presence of 50 or more consecutive codons without
an in-frame stop codon in the five other reading frames+

Serum samples

Serum samples were obtained from either patients or volun-
teers under a protocol approved by the Institutional Review
Board of the Mount Sinai Medical Center+ Additional samples
were purchased from BioClinical Partners (Franklin, Massa-
chusetts), or were kindly provided by Dr+ Jake Liang (National
Institutes of Health), or Dr+Anna Lok (University of Michigan)+
All sera from HCV patients were positive by commercial anti-
body tests+ All other sera were negative for HCV antibodies
by commercial assay+

Antigenic peptide selection
and conjugation to BSA

To select peptides predicted to be highly antigenic, consen-
sus sequences of the proposed ARFP, the HCV core protein,
and BSA were analyzed for immunogenic domains by the
Protean program of LASERGENE (DNASTAR,Madison,Wis-
consin)+ From the resulting list of candidates, peptides that
had approximately equal proportions of polar, charged, and
hydrophobic amino acids were chosen+ The following pep-
tides; core-1 (C1), PTDPRRRSRNLGKVIDTC; core-2 (C2),
GCATRKTSERSQPRGRRAP;ARFP-1 (A1), LNLKEKPNVTP
TAC; ARFP-2 (A2), AAHRTSSSRAVVRC; ARFP-3 (A3)
RAGAPGWVCARLGRLPSGRC; ARFP-4 (A4) RLPSGRN
LVEGDNLSPRC; (see Fig+ 4) and bovine serum albumin
(BSA2) ASLRETYGDMADCC were synthesized and conju-
gated to activated BSA by Biosynthesis (Lewisville, Texas) or
Quality Control Biochemicals (Hopkinton,Massachusetts)+ To
ensure that results could be reproduced, A1 and A2 were
synthesized and conjugated to BSA by both companies+

Western blots

For SDS-PAGE, 5 mg total protein of each peptide–BSA con-
jugate (except C2, 50 ng) were loaded onto an 8% Tris-
glycine polyacrylamide gel+ Three independently produced
A1 conjugates and two A2 conjugates were loaded per gel+
Proteins were transferred to polyvinylidene fluoride (PVDF)
membranes (Immobilon, 0+45 mm pore size; Millipore,
Bedford, Massachusetts) in 10 mM CAPS buffer (3-
[cyclohexylamino]-1-propane-sulfonic acid; Sigma, St+ Louis,
Missouri), pH 11+0, 10% methanol at 20 V, for 4+5 h, at 4 8C
with constant stirring+ After transfer, blots were temporarily
stained with Ponceau-S Red (0+5% in 1% glacial acetic acid),
and scanned to provide a record of each transfer+ Blots were
destained and blocked for 1 h at 30 8C, in 200 mL of 3%
blotting-grade nonfat dried milk (BioRad, Hercules, Califor-
nia) in 13 TTBS (Tris-buffered saline with Tween-20 [0+05%])+
Prior to first use, sera were diluted (1/20) in 13 BSA/Tween-20
(0+05%) and incubated for 1 h at 30 8C+ For western blots,
sera were further diluted to a final concentration of 1/20,000,
in 2% BSA/13 TTBS+ Membranes were incubated overnight
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at 4 8C with constant rotation+ After washing, the blots were
then incubated with 5 mg of secondary antibody [the F(ab9)2
fragment of goat gamma-specific anti-human IgG (KPLabs)
conjugated to alkaline phosphatase], for 1 h at 30 8C, with
constant shaking+ After the final wash, membranes were in-
cubated in alkaline phosphatase substrate (AP Substrate,
Bio-Rad,Hercules,California) for 30 min at room temperature+

The filters were read by three people, including a blinded
evaluator who confirmed all determinations+ Positives were
scored according to the following criteria: (1) The recorded
image of the Ponceau-S red stained filter was examined to
determine the relative amount, shape, and position of the
major protein bands+ (2) The amount of background staining
caused by the alkaline phosphatase reaction was assessed
by examining the two BSA negative control lanes (one con-
taining full-length BSA, the other containing BSA2), and the
Kaleidoscope molecular weight markers on each blot+ (3) A
band was scored as positive if it was at least twice as intense
as the corresponding bands in the negative control lanes,
and occurred in a region of the blot known to contain a pro-
tein band+ (4) Potential positives were confirmed by compe-
tition assays+

Competition assays

Competition assays were performed to confirm the specificity
of each serum sample reacting positively with any ARFP con-
jugate+ Prior to incubation with the membranes, 1/10,000 se-
rum dilutions in 2% BSA were preincubated with 25, 50, or
100 mg free peptide (two concentrations chosen on the basis
of the strength of the original signal), for 30 min at 30 8C, with
agitation+ Blots were then processed as usual+

Statistical analysis

Between group comparisons of positivity to each conjugate
were done by x2 analysis (2 3 2 contingency table, 1 degree
of freedom)+ Values of p less than 0+05 were considered to be
significant+
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