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ABSTRACT We have determined the nucleotide sequence
at the extreme 5' and 3' termini of the hepatitis C virus (HCV)
genome. Our analyses ofthese sequences show (t) the nucleotide
sequence in the 5' untranslated region is highly conserved
among HCV isolates of widely varying geographical orign, (i)
within this region, there are blocks of nucleotide sequence
homology with pestiviruses but not with other viruses, (ii) the
relative position of short open reading frames present in the
same region of the HCV genome is similar to that of the
pestiviral genome, (iv) RNAs truncated at the 5' and 3' ends are
found, but the origin and functions of these RNAs are un-
known, and (v) poly(A) tails appear to be present on 3'
subgenomic RNAs. These data differentiate HCV from the
flaviviruses and indicate a closer evolutionary relationship of
HCV with the pestiviruses. However, HCV also appears to be
substantially different from other known pestiviruses. These
data are consistent with the assignment of HCV to a separate
viral genus.

Hepatitis C virus (HCV) is a positive-strand RNA virus of
-10 kilobases (kb) (1). Recently, this virus was cloned and its
nucleotide sequence was determined from overlapping A
clones with the exception of the extreme 5' and 3' terminal
regions (1, 2). The viral genome encodes a large polyprotein
precursor of 3011 amino acids that has little overall sequence
homology with other known viruses (2). However, the ge-
netic organization of HCV resembles that of the flavi- and
pestiviruses with structural proteins located in the N-terminal
region and a variety of nonstructural proteins in the C-ter-
minal region ofthe polyprotein (2). The amino acid sequences
of some of the latter proteins show small but significant
sequence similarities with the corresponding proteins en-
coded by pesti-, flavi-, poty-, and carmoviruses (2-5). A
comparison ofthe hydrophobicity profiles ofthe polyproteins
along with the relative location of the various proteins in
HCV and related viruses shows that HCV is more closely
related to flavi- and pestiviruses (2, 3, 5).

Typically, the noncoding region at the 5' and 3' termini of
a viral genome contains regulatory elements important for
viral gene expression and replication. We have determined
and analyzed nucleotide sequences at both terminal regions
of the HCV genome.t This reveals that a strongly conserved
5' untranslated region of HCV is very similar to that of
pestiviruses in terms of its size, blocks of homologous
nucleotide sequence, and the organization of small open
reading frames (ORFs). The HCV genome, however, dis-
plays singular characteristics at each terminus. We detect a
hairpin structure at the 5' end of the genome as well as 5' and
3' subgenomic RNAs, the latter of which are polyadenyl-

ylated. These are consistent with a polyadenylylated 3'
terminus of the viral genome and perhaps of functional
subgenomic RNAs. Our data provide insights into the orga-
nization of the HCV genome, which may have important
ramifications regarding the replication strategy and evolution
of the virus.

MATERIALS AND METHODS
RNA was extracted from a high-titer plasma of an experi-
mentally infected chimpanzee (6) and plasma (or serum) from
HCV-positive or negative blood donors by a low-temperature
guanidinium thiocyanate method (7). Poly(A)+ RNA was
isolated from the liver ofthe same infected chimpanzee by the
guanidinium thiocyanate/urea method (8). cDNA was syn-
thesized from RNA according to Han and Rutter (9) and
amplified by polymerase chain reaction (PCR) according to
Saiki et al. (10). Briefly, RNA isolated from about 500 Al of
plasma or S Ag of poly(A)+ liver RNA was converted into
single-stranded cDNA by reverse transcriptase (BRL) using
150 pmol of the appropriate cDNA primer. For 5' end
characterization by primer extension (7), first-strand cDNA
was precipitated by spermine (11) and tailed with dA (9).
Tailed or untailed cDNA was converted into double-stranded
cDNA using a second-strand cDNA primer (9). This double-
stranded cDNA was amplified using the indicated HCV-
specific PCR primers for 35 cycles (940C, 1.5 min; 60'C, 2
min; 720C, 3 min). PCR without cDNA template was rou-
tinely performed to check for possible contamination during
PCR. The PCR product was analyzed by Southern blot
hybridization using a 32P-labeled oligonucleotide probe. The
sequences and locations in the HCV genome of various
cDNA and PCR primers are shown in Figs. 2 and 5. Most
primers were designed to contain a Not I site for subsequent
cloning of the PCR products into pUC18S, which contains a
polylinker derived from Agt22 (9). DNA sequence was ob-
tained by the supercoil sequencing (12) or the direct PCR
sequencing method (13).

RESULTS
Based on the sequence of the major part of the HCV genome
determined from overlapping A clones (2), we devised a
directed strategy for obtaining clones representing the re-
maining portion of the genome. Given the low titer of HCV
and the absence of a cell culture system for the propagation

Abbreviations: HCV, hepatitis C virus; BVDV, bovine viral diarrhea
virus; ORF, open reading frame; nt, nucleotide(s); PCR, polymerase
chain reaction.
*To whom reprint requests should be addressed.
tThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M58406 and M58407).
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FIG. 1. (A) Analysis of the 5' end of HCV RNA by primer
extension. RNAs from serum of an uninfected (lane C) or infected
donor (lanes 1-3) were converted into cDNA using primer 51 and
tailed with dA. Untailed cDNA (lane 1) and tailed cDNA (lanes C,
2, and 3) were converted into double-stranded cDNA using primer
88, amplified by PCR using primer 52/11, and subjected to Southern
blot analysis using probes 89 (lanes C, 1, and 2) and 90a (lane 3). (B)
Analysis of the 3' end by oligo(dT) priming. RNAs from uninfected
(lane 4) or infected donor (lanes 1-3) were converted into cDNA
using primer 88 (lanes 1 and 4), primer 79 (lane 2), and primer 11 (lane
3). Each cDNA was amplified by PCR using primers 32/11, 32/79,
and 32/11, respectively, and analyzed with probe 34. Size markers
are indicated in nucleotides.

of HCV, we utilized PCR for the characterization of the
terminal regions of the HCV genome.
The 5' Terminus of HCV RNA. To analyze the extreme 5'

end, we employed the combined methods ofprimer extension
and PCR. Primer 51 (see Fig. 2), derived from a 5' terminal
clone, A 18g (2), was used to prime cDNA synthesis on HCV
RNA extracted from the plasma of an infected chimpanzee
and a HCV-positive donor. After synthesis of the first strand,
the cDNAs were dA-tailed by terminal deoxynucleotidyl-
transferase and converted to double-stranded cDNA using
oligo(dT) primer-adapter 88, which contains 15 residues of
dT, an SP6 phage promoter, and a Not I cloning site (dAAT-

TCGCGGCCGCCATACGATTTAGGTGACACTATA-
GAAT15) (9). The resultant cDNAs were amplified by PCR
using primers 52 (see Fig. 2) and 11 (dAATTCGCGGCCGC-
CATACGA). Since primer 11 contains only the Not I site and
a portion of the SP6 sequence, it can be used effectively under
stringent conditions as a PCR primer for amplifying any
88-primed cDNA at the oligo(dT) priming site. Southern blot
analysis of the PCR product with two probes, 89 and 90a (Fig.
1), indicated that two species of product were made by primer
extension; the major product was small and hybridized to
probe 89 (Fig. LA, lane 2), and the minor product was larger
and hybridized to probe 90a (Fig. lA, lane 3). The PCR
products were cloned into the Not I site of pUC18S. Upon
screening, most clones hybridized to probe 89, but only a few
also hybridized to 90a. The sequence analysis showed that all
of the 30 clones positive to probe 89 precisely terminated at
the same G residue (nucleotide 145) in the previously deter-
mined sequence (Fig. 2, arrow). In these clones, the length of
the oligo(dT) tail before the G residue varied, suggesting that
they were derived from independent cDNAs. On the other
hand, probe 90a-positive clones contained inserts of variable
length [250-270 (nt)], again preceded by a varying length of
oligo(dT). The clone with the longest insert, J33, had an
identical sequence to A18g except for an additional 22 nt at the
5' end (Fig. 2). This extended sequence is (G+C)-rich and
could form a hairpin structure with a calculated AG value of
-14.4 kcal (1 kcal = 4.18 kJ) (Fig. 2) (14). To confirm this
result, we repeated the experiment described above except
that primer 95 instead of primer 51 was used for the cDNA
synthesis and PCR. Primer 95 binds to sequence upstream
from nucleotide 145 (Fig. 2), thus avoiding amplification of
the more abundant tailed cDNAs produced with primer 51.
From this experiment, we obtained several clones, the se-
quences of which were identical to that of J33.
Our preliminary data suggest that the two species are

present in approximately equal concentration in a given RNA
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FIG. 2. Sequence at the 5' untranslated region of the prototype HCV genome (HCV1) and its comparison to that of HCV isolates from
Australia (A), Italy (I), Japan (J), Korea (K), Argentina (R), South Africa (S), Taiwan (T), and United States (U). Sequence is marked as dashed
lines and nucleotide substitutions are given as letters. The 5' hairpin structure formed by the terminal 22 nucleotides (nt) is shown. The 5' end
of the major primer extension product is indicated with an arrowhead. Three upstream ORFs and the polyprotein ORF are boxed. An internal
poly(A) tract is underlined. Primers are overlined showing their polarities.
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FIG. 3. (A) Sequence alignment of the 5' untranslated region in HCV, BVDV, and hog cholera virus (HCHV). The nucleotide numbers are
given from a consensus alignment. Dashes represent spaces between adjacent nucleotides introduced for maximum alignment. Uppercase and
lowercase letters indicate matched nucleotides in two of the three viral sequences and no match, respectively. Four highly conserved regions
are boxed. Two sequence matches between HCV and yellow fever virus are marked under HCV with a dotted line. An arrowhead in homology
block II indicates the 5' end ofthe major primer extension product from the HCV RNA. (B) Relative position of small ORFs in the 5' untranslated
region of the three viruses. The AUG codon in each ORF is marked as a closed square with the nucleotide sequence around it. Two possible
cap sites in HCV RNA are indicated by arrows.

sample (data not shown). The difference in abundance of the
two primer-extension products seen in Fig. 1 may be due to
the 5' hairpin structure present in the longer RNA. This
feature probably affects the efficiency of dA-tailing by ter-
minal deoxynucleotidyltransferase.
Sequence Conservations in the 5' Untranslated Region of

HCV. We determined the nucleotide sequence of the 5'
untranslated region of 11 HCV isolates collected from indi-
viduals from five continents (Fig. 2). All human isolates
showed a high degree of sequence conservation with the
prototype virus, HCV1. This 341-nt region was completely
sequenced for one isolate and was identical to HCV1. Among
10 partially sequenced isolates, 6 were identical to HCV1 and
the remaining 4 differed by between 1 and 5 nt. These
mismatches were clustered at five positions (Fig. 2).
The nucleotide sequence of the 5' untranslated region of

HCV was compared with other viruses, including those that
had previously been shown to be related to HCV (2-5, 15). A
computer-assisted homology search in the data bank using
the program ALIGN (16) did not reveal significant similarities
between HCV and other viruses; however, it detected several
tracts of perfect match, up to 14 nt, between HCV and two
pestiviruses, bovine viral diarrhea virus (BVDV) (17) and hog
cholera virus (18). In this search, the overall sequence
homology in the 5' untranslated region was 71% between
BVDV and hog cholera virus, 49% between HCV and hog
cholera virus, and 47% between HCV and BVDV. A similar
comparison among the three sequences using the program
MALIGN (19) with a window of 8 nt revealed three regions of
pronounced homology, shown as regions I, III, and IV in Fig.
3A. When the same three sequences were aligned to allow for
maximum homology, a total of four blocks of 8, 22, 30, and
37 nt showed sequence identity >70%. Furthermore, numer-
ous small tracts of identical 2-5 nt are scattered throughout
the entire region. In addition to the nucleotide sequence
homology, the 5' untranslated regions of these three viruses
are similar in length. They also contain small ORFs upstream

from the polyprotein ORF (Fig. 3B). The BVDV and hog
cholera virus ORFs as well as HCV ORF 2 and 3 encode
peptides rich in helix-breaking amino acids (30-50% Gly and
Pro).

Exploring the 3' Terminus of HCV. HCV RNA binds to
oligo(dT)-cellulose (1). The viral RNA contains an internal
tract of 10 A residues at nucleotide 23 from the polyprotein
start codon (Fig. 2). To test whether a poly(A) sequence
exists at the 3' end of viral RNA as well, we synthesized
cDNA using primer 88 and amplified by PCR using primers
11 and 32. The primer 32 (Fig. 4) was designed from A6K (2),
an extreme 3' end clone derived from a randomly primed
Agtll library (1). This PCR product was positive to probe 34
(Fig. 1B, lane 1), indicating that primer 88 successfully
primed cDNA synthesis. Since the cDNA primer 88 contains
other sequences in addition to the oligo(dT) homopolymer
tail, we investigated which of these components was used as
the HCV-specific cDNA primer. cDNA was synthesized
using three related primers- 88, 79 (dAATTCGCGGC-
CGCT15), and 11. Primers 79 and 11 are deletion derivatives
of primer 88; primer 79 lacks the SP6 sequence, whereas
primer 11 lacks the oligo(dT) homopolymer tail. The cDNAs
synthesized from primers 88, 79, and 11 were amplified by
PCR using primer sets 32/11, 32/79, and 32/11, respectively.
Whereas products from primers 88 and 79 were positive to
probe 34, the product from primer 11 was negative (Fig. 1B,
lanes 1-3). This result indicates that cDNA containing HCV-
specific sequences was formed from the oligo(dT) portion of
primers 88 and 79 and is consistent with a poly(A) or an A-rich
sequence at the 3' end of HCV RNA.
The cDNA formed from primer 88 and amplified by PCR

with primers 11 and 32 was cloned into pUC18S and positive
clones were identified with probe 34. The nucleotide sequence
of the inserts from these clones, an example of which is clone
J16, was identical to that ofthe original A6K clone down to the
C residue at nucleotide 9208 but was then followed by a
poly(A) tail of variable length (Fig. 4). Since the sequence in

--
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FIG. 4. Nucleotide and deduced amino acid sequences near the 3' ends ofHCV RNA. Positions of the 3' end of a A clone (A6k) and the three
major 3' end clones (J16, J125, and J131) are indicated by arrowheads. The presence of poly(A)+ tails in J16 and J125 are marked as (AAA ...)
over each poly(A) site. Primers are underlined.

J16 was smaller than anticipated, we presumed that HCV
RNA containing sequences downstream from the 3' end ofJ16
is found in molecules present at lower concentration.

Next, to avoid detecting the RNA species generating clone
J16, we synthesized cDNA using primer 88 as before but used
primers 75 and 11 to generate the PCR product. The PCR
product was again cloned as before and the positive clones
were selected using probe 93. Sequence analysis of these
positive clones identified two additional species of RNA as
exemplified by clones J125 and J131. Clone J125 had an
additional 7 nt relative to the 3' end of A6K followed by a
poly(A) tail of variable length (Fig. 4). Clone J131 carried a
new sequence extending 67 nt 3' from the poly(A) site of
clone J125, followed by a poly(A) tail (Fig. 4). This new
sequence contained two in-frame stop codons for the poly-
protein ORF, 27 and 15 nt preceding the poly(A) tail (Fig. 4).
We estimated the relative concentration of the three spe-

cies of poly(A)+ RNA represented by clones J16, J125, and
J131. Our initial attempt to measure the concentration ofeach
species directly from the cDNA synthesized with primer 88
and then amplified with primers 32 and 11 was unsuccessful.
Therefore, we selectively amplified cDNA formed by primer
88 using three sets of primers-32/11, 85/11, and 90/11.
Since PCR products accumulate to saturation in the late
phase of amplification, we measured the amount ofeach PCR
product at different cycles in the amplification process by
Southern analysis (Fig. 5). The ratio of the poly(A)+ RNA
species represented by clones J16, J125, and J131 was
approximately 500:25:1 as determined by laser densitometric
scanning, corrected for small differences in the measured
priming efficiencies of the three sets of primers.

DISCUSSION
We have determined the nucleotide sequence of the 5' and 3'
termini ofthe HCV genome using PCR techniques. This work
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FIG. 5. Determination of the relative concentration of multiple,
poly(A)+ HCV RNAs by differential PCR amplification. RNA from
serum of an infected chimpanzee was converted into cDNA using,
primer 88. The cDNA was PCR amplified using primers 32/11 (lanes
1-3), 85/11 (lanes 4-6), and 90/11 (lanes 7-9). The PCR product was
Southern blot analyzed using probes 34 (lanes 1-3), 75 (lanes 4-6),
and 91 (lanes 7-9) at amplification cycles 20 (lanes 1, 4, and 7), 25
(lanes 2, 5, and 8), and 35 (lanes 3, 6, and 9). The blots were exposed
to x-ray film for 12 hr (lanes 1-3) and% hr (lanes 4-9). Size markers
are indicated in nucleotides.

confirms the earlier results of Choo et al. (2) and others (20,
21) and extends the HCV sequence at both termini, including
a hairpin structure at the 5' end and in-frame stop codons at
the 3' end. The combined HCV sequence now totals 9401 nt
prior to the poly(A) tail, comprising 341 nt of 5' untranslated
region, a 9033-nt coding region, and only 27 nt in the 3'
untranslated region.
Our experimental data show that the 5' untranslated region

of the HCV genome is highly conserved among viral isolates
from around the world. This suggests that there is a strong
evolutionary constraint operating on this nucleotide se-
quence, indicating a likely role for this sequence in viral
replication. At a practical level, this "signature" sequence
could serve as a HCV-specific DNA probe for the detection
of all strains of the virus. We have developed a set of
universal primers as well as a sensitive and highly reliable
PCR protocol based on this conserved sequence (J.H.H.,
unpublished data).
The 5' untranslated region of the HCV genome is remark-

ably similar to that of pestiviruses (Fig. 3). This homology is
not found in any other known RNA viruses, including flavi-
viruses. The same region of the flaviviruses is smaller,
exhibits little sequence homology with HCV, and does not
contain small ORFs except for tick-borne encephalitis virus
(23). Our analysis provides convincing evidence for a clear
evolutionary relationship between HCV and pestiviruses.
This confirms earlier observations showing that the helicase
region ofHCV is more similar to that of the pestiviruses than
the flaviviruses (4, 5). Previously, Takeuchi et al. (21) also
recognized partial nucleotide sequence identity between
HCV and BVDV (block IV in Fig. 3A).
The 5' terminal 22 residues of HCV RNA can form a

hairpin structure that may be stable under physiological
conditions (Fig. 2). The stability of this structure appears to
be as great as that of a similar structure found at the 5' termini
of alphaviruses (24). This structure has been postulated to be
a recognition signal for replicase or capsid protein in alpha-
viruses (24). We have not yet determined whether HCV RNA
is capped at the 5' terminus as reported for alphaviruses and
flaviviruses (24, 25). If HCV has such a cap structure, the 5'
terminal G residue could be a cap site, although a U residue
could also be assigned due to the tailing scheme we employed
in our experiment.
The function of the small ORFs is currently not under-

stood, but they could be negative translational control ele-
ments since HCV RNA is not efficiently translated in vitro
unless they are removed (Q.-L.C., unpublished data). This
result is consistent with Kozak's scanning hypothesis for
upstream AUGs in mRNAs with a long 5' untranslated region
(26, 27). Inspection of the sequence reveals that the first and
second ORFs and the polyprotein ORF have an identical
initiation sequence of AXXALLGA, whereas the third ORF
has UXXA.UGC (Fig. 3B), which has often been found to be
nonfunctional in translational initiation (26).
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In addition to the presumptive genomic RNA, we have
detected another prominent RNA species in RNA samples
from different blood donors. Interestingly, the 5' terminus of
this RNA resides between the second and third ORF (Fig. 2);
thus, it could be free of translational control applied by the
first and/or second ORF. The origin and biological role ofthis
truncated RNA is unknown at present. It could represent a
viral mRNA or a cleavage product generated by a specific
nuclease acting on genomic RNA.
By a PCR method, we have detected a poly(A) tail at the

3' end ofHCV RNA. In view of the unusual sensitivity of the
method, PCR results always need to be carefully examined.
It is however unlikely that the detection of 3' poly(A) in HCV
RNA is due to an experimental artifact for the following
reasons. (i) An oligo(dT) sequence in the cDNA primer was
necessary and sufficient for a HCV-specific priming. (ii)
Inspection of the sequences occurring immediately after each
poly(A) site of J16 and J125 revealed no internal A-rich tract
(Fig. 4). (iii) Primer 88 exhibited a specific priming to yield a
HCV cDNA from the internal A tract within the coding region
(Fig. 2) (data not shown). (iv) The length of the poly(A) tail
in each clone is much longer (average, 40) than that of the T
tract (15 residues) in the cDNA primer 88, whereas the cDNA
that was initiated on the internal A tract contained an A tract
of 15 residues.
We have also detected heterogeneity in the 3' end ofHCV

RNA. Three major species of RNA, all apparently polyade-
nylylated, have been detected in different concentrations in
liver and serum. The two prominent RNAs, typified by J16
and J125 RNA, terminate at specific positions prior to the
polyprotein stop codon. Although the biological role and the
mode of polyadenylylation of these subgenomic RNAs are
unknown, they could be derived from defective viruses that
depend upon the intact virus for the functional RNA-
dependent RNA polymerase. The longer RNA (J131) we
detect contains two in-frame stop codons followed by 27 nt
prior to a poly(A) tail. This RNA could represent genomic
RNA or a subgenomic mRNA. However, we cannot confi-
dently state that this represents the 3' terminal sequence of
the viral genome. In particular, the sequences associated with
viral replication have not yet been identified. In Sindbis
virus, poly(A) tails have been found at the 3' end ofgenomic,
defective viral, and mRNA (28), and the polyadenylylation
seems to be a functional component of the replication and
expression system. Whether the HCV genomic RNA is
polyadenylylated and what fraction of total HCV RNA is
polyadenylylated at the 3' end remain to be determined.
HCV and pestiviruses share an additional similarity in

genomic organization. Sequence (29) and expression data (R.
Ralston and R. Spaete, personal communications) suggest
that the flaviviral nonstructural protein 1 (NS1) homologue of
HCV polyprotein is a second envelope protein. Pestiviruses
are thought to have two or more envelope proteins (22, 23).

Despite the described similarities of HCV to pestiviruses,
there are also significant differences between these viruses.
(i) There is little overall amino acid sequence homology in the
polyprotein of the two viruses (2-5). (ii) Neither subgenomic
nor 3' polyadenylylated RNA species have been found in
pestiviruses (17, 18). (iii) The frequency of CG dinucleotide
and codon usage in HCV genome is random, whereas the
same is biased in pestiviruses (data not shown). These
observations suggest that HCV is a unique viral type and
should be classified as an independent genus in an appropri-
ate viral family. The pestiviruses have traditionally been
classified as a genus of Togaviridae but have recently been
proposed for reclassification as a second genus of Flavivir-
idae (17, 30). In this context, HCV may deserve classification
as a third separate genus within the Flaviviridae family as we

have proposed (2, 3, 5). Intriguingly, HCV also resembles
other RNA viruses that belong to alphavirus-and picornavi-
rus-like superfamilies in some aspects. Whether these fea-
tures reflect a direct evolutionary link ofHCV to these RNA
viruses or an independent origin of these motifs by genome
shuffling remains to be elucidated.
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