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We describe a mutational analysis of the 3’ nontranslated RNA (3'NTR) signals required for replication of
subgenomic hepatitis C virus (HCV) RNAs. A series of deletion mutants was constructed within the back-
ground of an HCV-N replicon that induces the expression of secreted alkaline phosphatase in order to examine
the requirements for each of the three domains comprising the 3’NTR, namely, the highly conserved 3’
terminal 98-nucleotide (nt) segment (3'X), an upstream poly(U)-poly(UC) [poly(U/UC)] tract, and the variable
region (VR) located at the 5’ end of the 3'NTR. Each of these domains was found to contribute to efficient
replication of the viral RNA in transiently transfected hepatoma cells. Replication was not detected when any
of the three putative stem-loop structures within the 3’X region were deleted. Similarly, complete deletion of
the poly(U/UC) tract abolished replication. Replacement of a minimum of 50 to 62 nt of poly(U/UC) sequence
was required for detectable RNA replication when the native sequence was restored in a stepwise fashion from
its 3’ end. Lengthier poly(U/UC) sequences, and possibly pure homopolymeric poly(U) tracts, were associated
with more efficient RNA amplification. Finally, while multiple deletion mutations were tolerated within VR,
each led to a partial loss of replication capacity. The impaired replication capacity of the deletion mutants
could not be explained by reduced translational activity or by decreased stability of the RNA, suggesting that
each of these mutations may impair recognition of the RNA by the viral replicase during an early step in
negative-strand RNA synthesis. The results indicate that the 3'-most 150 nt of the HCV-N genome [the 3'X
region and the 3’ 52 nt of the poly(U/UC) tract] contain RNA signals that are essential for replication, while

the remainder of the 3'NTR plays a facilitating role in replication but is not absolutely required.

Hepatitis C virus (HCV) is prevalent throughout the world.
Most acute infections with this hepatotropic human virus lead
to persistent infection and various forms of associated liver
injury, including chronic hepatitis, cirrhosis, and even hepato-
cellular carcinoma (1, 38). Although recombinant alpha inter-
feron, either alone or in combination with ribavirin, is widely
used to treat HCV infection, the efficacy of these drugs in
eliminating the infection is less than 50% overall (27, 31). The
development of more effective drugs for the treatment of
chronic hepatitis C is urgently awaited but has been hampered
by the lack of cell culture systems that are fully permissive for
viral replication and by the absence of small-animal models of
the disease. Recently, however, the development of sub-
genomic HCV replicons that are capable of replication in hu-
man hepatoma (Huh7) cells has facilitated drug discovery ef-
forts while providing new approaches to characterizing the
molecular processes involved in replication of the viral RNA
(28).

HCV is the sole member of the Hepacivirus genus within the
family Flaviviridae. The genome of this virus is a single-
stranded RNA molecule with positive-sense polarity and a
length of ~9.6 kb (3, 8, 30). The genome includes a 5’ non-
translated RNA (5'NTR) segment of ~342 nucleotides (nt)
and a 3'NTR that is somewhat shorter, about 225 nt in length.
Between these terminal nontranslated RNA sequences, there
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is a single large open reading frame that encodes at least 10
proteins, including (in a 5'-to-3’ direction) several structural
proteins (core, E1, E2, and p7) and at least six nonstructural
proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B). The
polypeptides spanning NS3 to NS5B in the polyprotein are
required for replication of the viral RNA, and most likely all
contribute to a membrane-bound, macromolecular replicase
complex (3, 8). The NS5B protein is an RNA-dependent RNA
polymerase (RdRp) and forms the catalytic core of this com-
plex. The structure of this RARp has been well characterized,
and its enzymatic activities have been studied in detail by using
recombinant proteins (10, 29, 33). NS5B is capable of primer-
independent initiation of RNA synthesis on an RNA template.
The details of this process are not known, however, and the
mechanisms by which the RdRp (replicase complex) recog-
nizes the terminal sequences of the viral RNA for proper and
specific initiation of RNA transcription are controversial (15,
22, 34, 41).

Although different genotypes of HCV vary considerably in
their nucleotide sequences, the sequences of the 5’ and 3’
NTRs are relatively well conserved (6, 24, 42, 45). This con-
servation is likely due to the need to maintain RNA structures
that are required either for the initiation of translation of the
viral polyprotein or for recognition of the positive- and nega-
tive-strand forms of the viral RNA by the replicase during the
process of RNA replication. In support of the latter possibility,
several recent studies suggest that both the 3'- and 5'-terminal
RNA segments contain specific RNA sequences that are re-
quired for viral RNA replication, either in chimpanzees inoc-
ulated with synthetic genome-length RNA (25, 48) or in cell
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FIG. 1. Schematic of the organization of the dicistronic Ntat2ANeo(SI) replicon RNA (49), within which deletion mutations were created in
the 3’NTR. The two open reading frames are represented by boxes, while the bold arrows indicate the translational initiation sites controlled by
the HCV (left) and EMCV (right) IRES elements (see text). An expanded view of the 3'NTR sequence below the map of the replicon shows the
secondary structure of the 3’'NTR and the immediately upstream sequence, as suggested by Blight and Rice (5), with modifications suggested by
MFOLD (version 3.1). The 3'NTR is comprised of three distinct domains, namely, VR, the poly(U/UC) tract, and the 3'X tail, which contains three

putative stem-loop structures, SL1, SL2, and SL3.

cultures supporting the replication of subgenomic viral RNAs
(11, 12, 23).

The 5'NTR of HCV folds into a complex structure contain-
ing four distinct domains (14). Domains II to IV comprise an
internal ribosome entry site (IRES) that is responsible for
cap-independent initiation of the translation of the viral
polyprotein (36, 47), while domains I, II, and III contain over-
lapping replication signals that are required for optimal repli-
cation of the viral RNA in cultured cells (12, 23). The essential
5" RNA replication signals in HCV thus appear to extend over
a considerably longer segment of the 5'-terminal sequences
than has been shown to be the case in pestiviruses and flavi-
viruses, other members of the family Flaviviridae (13, 21, 52).
The 3'NTR also contains significant predicted RNA structure
with three structurally distinct domains: a very highly con-
served, 98-nt 3’ terminal segment (3'X) that putatively forms
three stem-loop structures (designated SL1, SL2, and SL3, in
the 3’-to-5" direction), a lengthy poly(U)-poly(UC) [poly(U/
UCQ)] tract, and an upstream variable region (VR) within which
substantial sequence diversity is evident between different ge-
notypes of HCV (Fig. 1) (17, 24, 45). The poly(U/UC) tract
and downstream 3’'X segment are both required for infectivity
of synthetic, genome-length RNA inoculated into chimpanzees
(25, 48). In addition, in a recently published paper, Friebe and
Bartenschlager (11) have shown that the VR segment also
contributes to efficient RNA replication by using subgenomic
replicons derived from the Conl strain of HCV.

We have carried out an analysis of the role of these various
3'NTR domains in replication of subgenomic RNAs derived
from a second genotype 1b strain of HCV, HCV-N (2, 16). We
show here the importance of conserved sequences within each
of these different segments of the 3’NTR for replication of this
RNA in cultured Huh7 cells.

MATERIALS AND METHODS

Cells. En5-3 cells are a clonal cell line derived from Huh7 cells by stable
transformation with the plasmid pLTR-SEAP, which expresses secreted alkaline
phosphatase (SEAP) under control of the long terminal repeat (LTR) promoter
of the human immunodeficiency virus (HIV) (49). These cells were cultured in
Dulbecco’s modified Eagle’s medium (Gibco BRL) supplemented with 10% fetal
calf serum, 2 ng (each) of blasticidin per milliliter (Invitrogen), penicillin, and
streptomycin. Cell lines were passaged once or twice per week.

Plasmids. The plasmid pNtat2ANeo(SI) contains a T7 transcriptional unit
encoding a replication-competent, dicistronic subgenomic HCV RNA that ex-
presses the HIV Tat protein from its upstream cistron (Fig. 1) (49). It was used
to generate a series of mutants with deletions within the 3'NTR as follows. First,
we excised the large Clal fragment from pHCV-N (12) that spans most of the
polyprotein coding region in this full-length clone. The resulting subclone,
pHCV-NACla, retains the entire 3’'NTR. The 3'NTR mutant ASL123 was con-
structed by PCR mutagenesis of this subclone by using primer pairs in which the
forward primer contained the Clal site that is located within the NS5B coding
sequence; the reverse primer contained the Xbal site at the 3’ end of the HCV
sequence. This PCR fragment was digested with Clal and Xbal and inserted into
pHCV-NAClIa. The resulting DNA was sequenced throughout the entire 3'NTR
region to verify the deletion and then digested with Clal and Xbal. The resulting
fragment was ligated to pNtat2ANeo(SI) following digestion with Clal and Xbal,
and the sequence of the 3'NTR again was verified. A similar PCR mutagenesis
strategy was used for construction of the A3'VR-23A, A3'VR-23B, A3'VR-14,
and ASL1 mutants. QuikChange (Stratagene) site-directed mutagenesis was used
for construction of the other 3'NTR mutants, including ASL2, ASL3, A[U/UC],
[U/UC]-14, [U/UC]-30, [U/UC]-50, [U/UC]-62, and 3m5B, by using the subclone
pHCV-NACla as the template. The resulting QuikChange products were verified
by sequencing of the entire 3'NTR region, and the 3’'NTR fragments were
ligated directly into pNtat2ANeo(SI) at the Clal and Xbal site.

The plasmid pU-BciVI is a modified version of pNtat2ANeo(SI) that contains
a BciV1 restriction endonuclease recognition sequence downstream of the HCV
sequence, permitting the runoff transcription of synthetic RNAs with 3’ termini
that are identical to the authentic HCV 3’ terminus. It was constructed by using
QuikChange (Stratagene) mutagenesis by first introducing the BciVI site down-
stream of the HCV sequence in pHCV-NACIa. Two BciVI sites, located in the
Neo and NS4B coding regions of pNtat2ANeo(SI), were similarly removed by
site-directed mutagenesis without changing the amino acid sequence of the
encoded proteins. This involved a G-to-C substitution at nt 5657 of the HCV-N
sequence. The final pU-BciVI construct was subsequently assembled by a three-
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way ligation of fragments containing each of these changes. The DNA sequences
of the manipulated regions were verified in the final construct before its use in
transcription reactions for replication assays.

AGDD mutants contain a 10-amino-acid deletion within the NS5B protein
that removes the GDD RNA polymerase motif. This mutation, and single nu-
cleotide substitutions described within the text, were constructed by QuikChange
mutagenesis, as reported previously (16).

RNA transcription and transfection. RNA was synthesized with T7 MEGAS-
cript reagents (Ambion) after the plasmids were linearized with Xbal, except in
the case of pU-BciVI, where BciVi was used to linearize the plasmid. Following
treatment with RNase-free DNase to remove template DNA and precipitation of
the RNA with lithium chloride, the RNA was transfected into En5-3 cells by
electroporation. Briefly, 5 p.g of RNA was mixed with 2 X 10° cells suspended in
500 pl of phosphate-buffered saline in a cuvette with a gap width of 0.2 cm
(Bio-Rad). Electroporation was performed with two pulses of current delivered
by the Gene Pulser II electroporation device (Bio-Rad), set at 1.5 kV, 25 uF, and
maximum resistance. Cells were transferred to two wells of a six-well plate; the
medium was changed at 24-h intervals, with the cells being washed twice with
phosphate-buffered saline prior to the addition of fresh medium. Collected
media samples were stored at 4°C until assayed for SEAP activity. Where noted,
transfected cells were cultured in the presence of 250 pg of Geneticin/ml in an
effort to force selection of G418-resistant cell colonies containing replicating
HCV RNAs (16).

Alkaline phosphatase assay. SEAP activity was measured in 20-pl aliquots of
supernatant fluids from transfected cell cultures by using the Phospha-Light
chemiluminescent reporter assay (Tropix) with the manufacturer’s suggested
protocol reduced 1/3 in scale. The luminescent signal was read by using a
TD-20/20 luminometer (Turner Designs, Inc.). Since the culture medium was
replaced every 24 h in the transient-transfection assays, the SEAP activity mea-
sured in these fluids reflected the daily production of SEAP by the cells.

Nucleotide sequence of replicating HCV RNAs. HCV RNA was extracted from
cells, converted to cDNA, and amplified by PCR as described previously (12).
First-strand cDNA synthesis was carried out with Superscript II reverse tran-
scriptase (Gibco-BRL), and PFU-Turbo DNA polymerase (Stratagene) was used
for PCR amplification of the DNA. The amplified DNAs were subjected to direct
sequencing by using an ABI 9600 automatic DNA sequencer. To obtain the
sequence of the 3’-terminal region, first-strand cDNA synthesis was carried out
with a primer (TTCTCCATCCTTCTAGCTCT) targeting nt 8901 to 8918 in the
negative-strand RNA. The ¢cDNA was purified by using the QIAquick PCR
purification kit (Qiagen) to remove the nucleotides, and it was tailed with dCTP
by using recombinant terminal deoxynucleotidyl transferase (Gibco-BRL). The
poly(C)-tailed cDNA was amplified by PCR by using a primer targeting nt 8991
to 9023 in the HCV sequence and a second primer called Abridged-Xba (GCT
CTAGAGCGGGIIGGGIIGGGIIG).

Real-time RT-PCR analysis of HCV RNA. Quantitative RT-PCR assays were
carried out by using TagMan chemistry on a PRISM 7700 instrument (ABI). For
detection and quantitation of HCV RNA, we used primers complementary to the
5'NTR region of HCV (44), with in vitro transcribed HCV RNA being included
in the assays as a standard. Results were normalized to the estimated total RNA
content of the sample, as determined by the abundance of cellular GAPDH
mRNA detected in a similar real-time RT-PCR assay with reagents provided
with Tagman GAPDH control reagents (human) (Applied Biosystems).

Northern analysis of HCV RNA. G418-resistant, replicon-bearing cells were
seeded into 10-cm-diameter culture dishes at a density of 5 X 10° cells/dish, with
the RNA subsequently being harvested at day 4. Total cellular RNAs were
extracted with TRizol reagent (Gibco-BRL) and quantified by spectrophotom-
etry at 260 nm. A total of 30 pg of the total RNA extracted from each well was
loaded onto a denaturing agarose-formaldehyde gel, subjected to electrophore-
sis, and transferred to positively charged Hybond-N+ nylon membranes (Am-
ersham-Pharmacia Biotech) by using reagents provided with the NorthernMax
kit (Ambion). RNAs were immobilized on the membranes by UV-cross-linking.
The membrane was hybridized with a 3>P-labeled antisense riboprobe comple-
mentary to the 3’ end of NS5B sequence (HCV nt 8990 to 9275), and the
hybridized probe was detected by exposure to X-ray film.

RESULTS

HCV RNA replication in transiently transfected cells. We
characterized replication signals within the 3’'NTR of HCV by
using a modified subgenomic, dicistronic HCV replicon that
expresses the heterologous HIV Tat protein (49). The auton-
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omous replication of this replicon can be monitored in stably
transformed or transiently transfected Huh7 cells expressing
secreted alkaline phosphatase (SEAP) under control of the
HIV LTR promoter (En5-3 cells) by measuring the SEAP
activity secreted into the media bathing the cells. The details of
this reporter replicon system have been described elsewhere
(49). In brief, pNtat2ANeo is a plasmid with a T7 transcrip-
tional unit containing a dicistronic, subgenomic HCV replicon
in which the upstream cistron is under control of the HCV
IRES and encodes a minipolyprotein consisting of Tat fused to
the 2A proteinase of foot-and-mouth disease virus and neo-
mycin phosphotransferase (Neo) sequences (Fig. 1). The 2A
proteinase directs the self-cleavage of this minipolyprotein,
resulting in the production of tat2A and Neo (49). The down-
stream cistron encodes the sequences from NS3 to NS5B of the
HCV-N strain of HCV, under the translational control of the
encephalomyocarditis virus (EMCV) IRES, and is followed by
the full-length 3'NTR of HCV. The HCV-N nonstructural
proteins support efficient replication of the dicistronic, sub-
genomic RNA due to the presence of a natural 4-amino-acid
insertion within the NS5A protein (16).

The transfection of synthetic RNA transcripts produced
from pNtat2ANeo into En5-3 cells leads to expression of the
tat2A fusion protein and results in an immediate and substan-
tial induction of SEAP secretion that is evident as early as 12 h
after transfection (Fig. 2A). SEAP production continues for
approximately 3 days and then begins to decline, reaching a
nadir around 8 to 9 days before once again beginning to in-
crease. Control RNAs that are similar in sequence to
Ntat2ANeo but that contain a deletion within the HCV NS5B
sequence including the GDD polymerase motif (AGDD mu-
tant) result in a similar, early stimulation of SEAP secretion.
However, the SEAP expression following the transfection of
these replication-incompetent RNAs does not follow a bipha-
sic pattern, and there is no late increase in SEAP activity (Fig.
2A). Thus, the early expression of SEAP (during the first 48 to
72 h after transfection) reflects translation of the input RNAs,
while the late increase in SEAP activity (at day 7 and beyond)
is due to autonomous amplification of the RNA. This has been
confirmed by direct assay of the viral RNA (49). Although
these RNAs encode the Neo selectable marker, no G418 was
included in the culture media in transient-transfection exper-
iments such as that shown in Fig. 2A.

The replication of Ntat2ANeo RNA can be enhanced by the
introduction of either of two mutations, an S-to-I substitution
in NS5A or an R-to-G substitution in NS5B, that have been
shown previously to enhance the replication of HCV RNAs in
transfected Huh7 cells (4, 16, 26). These RNAs induce a sim-
ilar, early level of SEAP expression following transfection into
EnS5-3 cells, but there is no subsequent decline in SEAP activity
due to the robust replication of the RNA provided by these
adaptive mutations (Fig. 2A). Because Ntat2ANeo(SI) tran-
scripts have reproducibly superior replication capacity in En5-3
cells than either Ntat2ANeo(RG) or unmodified Ntat2ANeo
transcripts, Ntat2ANeo(SI) was the basis for the subsequent
studies reported here. SEAP expression associated with the
replication of this RNA can be clearly discriminated from that
due to the translation of nonreplicating RNA containing the
AGDD mutation within 4 to 5 days of transfection (Fig. 2A).

With each of the RNAs evaluated in the transient-transfec-
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FIG. 2. Transient transfection of Ntat2ANeo replicons into En5-3 cells. (A) SEAP activity in culture supernatants collected at 12- to 24-h
intervals following electroporation of the cells with Ntat2ANeo (O), Ntat2ANeo(RG) (A), Ntat2ANeo(SI) (@), and Ntat2ANeo(AGDD) (#). See
the text for descriptions of the R-to-G mutation in NS5B and the S-to-I mutation in NS5A. Also shown is the level of SEAP expression from normal
EnS-3 cells (O). (B) SEAP activity secreted into supernatant fluids (solid columns) and intracellular RNA abundance (stippled columns) 13 days
after transfection with Ntat2ANeo and the indicated related mutated RNAs. RNA abundance was determined by quantitative TagMan RT-PCR
analysis (see Materials and Methods for details). Other studies have shown a close correlation between SEAP secretion and intracellular replicon

abundance (49).

tion assay shown in Fig. 2A, intracellular RNA abundance
correlated closely with the level of ongoing SEAP secretion 13
days following transfection (Fig. 2B). A close statistical corre-
lation between SEAP expression and replicon RNA abun-
dance has been demonstrated formally in other experiments
reported elsewhere (49).

Reconstitution of the authentic HCV 3’-terminal nucleotide
sequence in replicating RNAs. The RNAs transfected into
En5-3 cells in the experiments shown in Fig. 2 were derived by
runoff transcription from plasmid DNAs that had been di-
gested with Xbal. These RNAs all contain an additional four nt
downstream of the 3'-terminal residues of the HCV sequence,
similar to replication-competent subgenomic HCV-N RNAs
that have been described previously (16) (Fig. 3). To ascertain
the fate of these additional 3’ nucleotides following transfec-
tion and replication of these RNAs, we determined the nucle-
otide sequence of the extreme 3’ end of the replicon RNAs
present in stable G418-resistant cell clones selected following
RNA transfection. This was accomplished as described in Ma-
terials and Methods. In multiple cell clones, these sequencing
results indicated that the RNAs had regained the authentic 3’
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FIG. 3. 3’ terminal sequence of the transfected Ntat2ANeo(SI)
RNA obtained by runoff transcription of Xbal-digested plasmid DNAs
(top) and the replicon RNA (bottom) present in stable, G418-resistant
EnS-3 cells obtained following transfection.

terminus of the HCV genomic RNA by removal of these ex-
ogenous bases (Fig. 3). This indicates that the HCV replicase
possesses a precise mechanism for selecting the terminal RNA
sequence that is capable of distinguishing and excluding from
amplification exogenous bases that are not part of the native
genome.

The conserved 3'X sequences are required for RNA replica-
tion in cultured cells. Yanagi et al. (48) demonstrated that the
ability of synthetic HCV RNA to initiate infection in a naive
chimpanzee was destroyed by the deletion of sequences com-
prising either all three putative stem-loops within the 3'X
segment of the 3'NTR (SL1, SL2, and SL3), SL1 alone, or a
combination of SL2 and SL3. Freibe and Bartenschlager (11)
also reported that these sequences were essential for amplifi-
cation of replicons derived from the Conl strain of HCV. To
determine whether such deletions would cause a similar defect
in the replication of HCV-N-derived subgenomic replicons in
En5-3 cells, we assessed the replication capacity of
Ntat2ANeo(SI) mutants in which each of the stem-loops was
individually deleted (Fig. 4A, ASL1, ASL2, and ASL3) or in
which all three stem-loops were deleted (Fig. 4A, ASL123).
Since we have previously shown that RNA replication capacity
correlated strongly with SEAP expression (Fig. 2B) (49), we
monitored SEAP activity as a marker of the efficiency of rep-
lication of these RNAs in En5-3 cells. As shown in Fig. 4B,
each of the mutant RNAs induced immediate and high levels
of SEAP activity following transfection, indicating that the
3'NTR deletions had no profound effect on translation di-
rected by the HCV IRES. However, none of the RNAs with
deletions within the 3'X region elicited a subsequent pattern of
SEAP expression that was consistent with amplification of the
viral RNA. We conclude that the sequences contributing to
each of these three putative stem-loops play a vital role in
RNA replication.

Permissive and nonpermissive point mutations within SL2
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FIG. 4. Transient transfection of En5-3 cells with Ntat2ANeo(SI) and related mutants containing deletions within the 3'X segment located at
the 3" end of the 3'NTR. (A) Schematic showing locations of deletion mutations within the 3'X segment. (B) SEAP activity present in supernatant
culture fluids collected at 24-h intervals following transfection of En5-3 cells with Ntat2ANeo(SI) (@) or ASL123 (m), in which the entire 3'X
segment was deleted, or with ASL1 (A), ASL2 (X), or ASL3 (*), in which individual stem-loops were removed. Results following transfection of

the replication-incompetent AGDD mutant () are also shown.

and SL3. Computerized predictions of the structures present
within the 3'X domain were obtained with use of the MFOLD
program. Multiple possible folds of this RNA segment consis-
tently include the 3’-most stem-loop structure, SL1, but indi-
cate that there are several alternative folds possible for the
sequences contributing to SL2 and SL3. As noted previously
(5), these alternative folds are predicted to have free energies
approximately equivalent to that shown in Fig. 1. Although the
results of nuclease and chemical mapping of RNA secondary
structure were consistent with the existence of SL2 and SL3
(5), a high degree of sequence conservation within this seg-
ment of the viral RNA has precluded any determination of the
favored fold based on the presence of covariant nucleotide
substitutions. In an effort to determine more precisely the
structure in this region and whether any degree of sequence
variation would be tolerated, we constructed a series of mu-
tants with single point substitutions at different positions within
the SL2 and SL3 sequences (Fig. 5A). Most of these point
mutations had a lethal effect on replication. While four mu-
tants were capable of replication in the transient-transfection
assay, each produced a substantially reduced level of SEAP
activity compared with Ntat2ANeo(SI) RNA (Fig. 5C). Nota-
bly, three of these four mutations (60A, 61A, and 90G) were
within the predicted single-stranded loop segments of SL.2 and
SL3, while the remaining permissive mutation (97C) prevented
formation of a Watson-Crick base pair adjacent to an unpaired
U residue within the stem of SL3 (Fig. 5A).

To ascertain whether lethal point mutations within the pre-
dicted duplex stems blocked replication by virtue of a destabi-
lizing effect on duplex formation, we constructed several addi-
tional mutants with paired, compensatory mutations that were
predicted to restore to the stems of SL2 (mutants 51C-75G and
55G-71C) and SL3 (mutants 80G-97C and 83C-93G) base
pairing that had been eliminated by the single mutations. In-
terestingly, none of these dual mutants were viable in the
replication assay. We also examined paired, compensatory mu-
tations (63A-74U and 65A-72U) that restored the predicted

base pairing within an alternative RNA fold with approxi-
mately equal free energy (Fig. 5B). These compensatory mu-
tations also failed to rescue replication capacity, however, in-
dicating that the lethal effect of the single base substitutions,
63A and 65A, was not due to disruption of the predicted base
pairing.

The results of these experiments thus provide no proof for
the existence of SL2 or SL3, but they do indicate that there are
stringent requirements for the sequence in this region and that
even single point mutations are tolerated poorly within this
segment of the viral RNA. These results are consistent with a
BLASTN search of the GenBank database for this sequence
that identified 80 HCV sequences. Only four differed from the
query NtatNeo2A(SI) sequence (data not shown). In each
case, the difference was due to a single base substitution, none
occurring at sites we examined by mutagenesis.

As might be expected from the results of the transient-
transfection assays (Fig. 5C), it was possible to select G418-
resistant colonies from cells transfected with the 60U, 61U,
90G, and 97C mutants. Although we did not rigorously quan-
tify the efficiency of colony formation, the number of surviving
cell colonies was greatest for 60U (~10* colonies/10° cells),
followed by 97C, 61U, and 90G (~10 colonies/10° cells). When
the 3'NTR sequences of the RNAs replicating in these G418-
resistant colonies were examined, the point mutations were
found to be present and not accompanied by other mutations.
Despite a lack of evidence for replication in the transient-
transfection assay, it was also possible to select G418-resistant
cell colonies from cells transfected with 51C (one colony/10°
cells) and 80G (three colonies/10° cells) (Fig. 5C). Analysis of
the sequence of the replicon RNA in these G418-resistant cells
showed that the introduced mutations had reverted to the
parental sequence. This indicates that the 51C and 80G muta-
tions are pseudolethal and allow only sufficient replication for
reversion of the mutated base. The other mutants shown in
Fig. 5 did not give rise to G418-resistant colonies, suggesting
that these mutations were completely lethal to replication.
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FIG. 5. Point mutations introduced into the sequences of SL2 and SL3 and their effects on replication of the subgenomic RNA. (A) MFOLD
(version 3.1) prediction of the structures of SL2 and SL3, representing a modification of the structure proposed by Blight and Rice (5). The
locations and natures of the point mutations introduced into Ntat2ANeo(SI) are indicated; those with evidence of replication in the transient-
transfection assay are encircled with a solid line, while pseudolethal mutations that produced small numbers of G418-resistant mutants but failed
to induce SEAP secretion in the transient-transfection assay are encircled with a dotted line. The mutations are labeled according to the base
position from the 3’ end of the genome. The predicted free energy of the 3'X structure containing the stem-loops shown was —44.6 kcal. (B) An
alternative fold of the SL1 and SL2 sequences, showing the locations of point mutations indicated in panel A. The predicted free energy of 3'X
containing this structure was —46.4 kcal. (C) Tabular summary of transient replication assays carried out with the indicated mutants. Mutant RNAs
with dual, potentially compensatory mutations are indicated in boldface type; those that are compensatory in the structure shown in panel A are
in boldface type, while those that are compensatory in the structure shown in panel B are in italicized boldface type. ++, +, and ++++, SEAP

activities of <25%, <10%, and 100% of that achieved following transfection of the parent Ntat2ANeo(SI) RNA, respectively; —,

SEAP activity

indistinguishable from that of the AGDD mutant RNA; (+), pseudolethal mutation that failed to replicate in the transient assay but remained
capable of transducing the selection of G418-resistant cell colonies with reversion of the sequence to the wild-type 51G and 80C sequences.

Poly(U/UC) tract requirements for RNA replication. We
next examined the polypyrimidine tract that exists between the
nonconserved VR region and the highly conserved 3'X tail of
the 3'NTR (Fig. 1). Yanagi et al. (48) found that the deletion
of this sequence destroyed the infectivity of synthetic RNA
derived from the genotype la, Hutchinson strain of HCV in
chimpanzees. Freibe and Bartenschlager (11) also found this
sequence to be essential for replication of genotype 1b repli-
cons. When the poly(U/UC) tract present in the Conl se-
quence was replaced with variable lengths of pure, homopoly-
meric poly(U) sequence, they found that a minimal poly(U)
tract of 26 nt was required for amplification of replicons. We
found that the complete deletion of the poly(U/UC) tract from
Ntat2ANeo(SI) (Fig. 6A, A[U/C] mutant) similarly abrogated
the ability of Ntat2ANeo(SI) to replicate in En5-3 cells, as
indicated by a lack of sustained SEAP expression following
transfection of the RNA (Fig. 6B). Again, the deletion did not
result in defective IRES-directed translation, as the amount of
SEAP expressed immediately after transfection was similar to
that observed with the replication-competent, parental
Ntat2ANeo(SI) RNA. These results confirm that the 3’ un-
translated region poly(U/UC) tract is indeed critically impor-
tant for HCV RNA replication.

To gain an understanding of the minimal length of polypyri-
midine sequence required for replication of the viral RNA, we
constructed a series of additional mutants in which the poly(U/
UCQ) tract deleted in A[U/C] was replaced in a stepwise fashion

from its 3’ end (Fig. 6A). The parental RNA, Ntat2ANeo(SI)
has an 85-nt-long poly(U/UC) tract with the sequence (U),,G
G(U)30(C)2(U)5(C)2(U),C(U)12(C)sUC(U);. Replacing  this
sequence with the segment representing its 3’-most 14 nt,
(U)6(C);UC(U);, or the 3'-most 30 nucleotides, (C),(U);
(0),(U),C(U),,(C);UC(U); (Fig. 6A, mutants [U/C]-14 and
[U/C]-30, respectively) did not restore replication competence
(Fig. 6B). Thus, the 3" 30 nt of the 85-nt polypyrimidine tract
in Ntat2ANeo(SI) are insufficient to support RNA replication.
In contrast, the restitution of a 20-nt pure poly(U) tract im-
mediately upstream of the mixed polypyrimidine tract in
[U/C]-30 (Fig. 6B, mutant [U/C]-50) did restore replication
competence to the RNA, although the level of SEAP expres-
sion (and thus the imputed abundance of viral RNA) was less
than 10% of that observed with the parental RNA. Increasing
the pure poly(U) tract to 32 nt, and the total length of the
poly(U/UC) tract to 62 nt (Fig. 6A, [U/C]-62 mutant), resulted
in a level of SEAP expression that was close to that of the
parental RNA (Fig. 6B). These results suggest that the mini-
mal length of the polypyrimidine tract required for efficient
replication of this RNA is on the order of 50 to 62 nt, although
slightly greater replication competence is seen with the 85-nt
poly(U/UC) tract in the parental RNA. While the results
shown in Fig. 6 can also be interpreted as indicating that a pure
poly(U) segment is important for RNA replication, additional
mutants will need to be studied in order to distinguish this



VoL. 77, 2003

3'NTR SIGNALS FOR HEPATITIS C VIRUS RNA REPLICATION 3563

B

ORF 1000
—o—  Ntat2ANeo(Sl) :h {U)4466 (U) 3,CCUUUCCUUCUUUULY
{U)sgCCUUUGCUUCUUUULL
VR Gutuuucceucuuu 22NN
SL3 sL2sL1
- AJU/CY EE TN
3‘1 00 1
e [U/C]-14 }uuuuuucccucuuu o S
5
1]
-~ [u/c)-30 }CCUUUW < ]
Gouuuuccecucuuu ZETMIIRNN & 10
w
=0—  [U/C]-50 }(U)zoCCUUUCCUUCUUUUUU (7]
// o m
Uouuuuccecucuuu 27N
1
- [u/C}-62 }(U),,ccuuuccuucuuuuuu
PUUUGCUUCUULULL
uluuuucceucuuu 2GS
-  AGDD {U)4,GG (U) 4,CCUUUCCUUCUUUULY 0.1
(U} 55 COULUCCUUCUULUUY
uuuuuuceeucuwy EEERTTIRNS 1 3 5 7 8 10 12 14

Day

FIG. 6. Transient transfection of EnS5-3 cells with Ntat2ANeo(SI) and related mutants containing deletions within the poly(U/UC) tract.
(A) Schematic showing locations of deletion mutations within the poly(U/UC) tract. (B) SEAP activity present in supernatant culture fluids
collected at 24-h intervals following transfection of En5-3 cells with Ntat2ANeo(SI) (@) or A[U/UC] (m), in which the entire poly(U/UC) segment
was deleted, or with [U/UC]-14 (A), [U/UC]-30 (O), [U/UC]-50 (O), or [U/UC]-62 (*), in which various lengths of the poly(U/UC) segment were
restored from the 3’ end of the deletion. Results following transfection of the replication-incompetent AGDD mutant (4 ) are also shown.

possibility from a simple requirement for overall length of the
poly(U/UC) tract (see Discussion).

Role of the VR segment in RNA replication. The VR seg-
ment within the 3'NTR of the genotype 1b Ntat2ANeo(SI)
RNA is 40 nt in length. Its sequence differs at 11 positions from
the VR segment of the infectious molecular clone of the ge-
notype la HCV-H virus in which deletion of the 5’ 24 nt of the
VR segment did not abrogate the infectivity of synthetic HCV
RNA in the chimpanzee model (48). To assess the effect of a
comparable deletion on the replication of Ntat2ANeo(SI)
RNA in Huh7 cells, we removed the 5’ 23 nt of the VR
segment (Fig. 7A, mutant AVR-23A). Although this deletion
destroyed two potential stem-loop structures within the VR
(Fig. 7B), this deletion mutant was capable of replication in
transfected En5-3 cells (Fig. 8A). However, its replication was
very impaired compared with that of the parental replicon, as
it induced SEAP expression at levels that were less than 5% of
that induced by the parental RNA. Nonetheless, we were able
to select G418-resistant cell colonies following transfection of
En5-3 cells with this RNA. Northern analysis demonstrated
that the abundance of replicon RNA in these cells was similar
to that in colonies selected following transfection with RNA
containing the intact 3'NTR, Ntat2ANeo(RG), although we
have noted substantial variation in the RNA abundance in such
cells, as shown in Fig. 8B.

Sequencing of the replicon RNAs present in G418-resistant
cell lines selected following transfection with the AVR-23A
mutant demonstrated retention of the 23-nt deletion (data not
shown). Yanagi et al. (48) found that the replication of the
genotype la VR deletion mutant was accompanied by a change
in the termination codon from UGA to UAA as early as 2
weeks following the inoculation of the chimpanzee with RNA.
However, we found no changes in the sequence of the mutated
3'NTR or within the immediately adjacent upstream sequence

in AVR-23A RNAs recovered from stable G418-resistant cell
clones. These data suggest that the VR sequences are not
essential for replication but that they do play an accessory role
in promoting the efficiency of replication. Thus, the VR seg-
ment is distinct from the 3'X segment, in which deletion can-
not be made without complete loss of replication capacity (Fig.
4).

We created several additional mutations within the VR in an
effort to better characterize the requirements for sequence in
this region and possibly to define the reasons for the significant
loss of replication capacity in the AVR-23A mutant. In the
mutant AVR-14, we restored the 9 nt at the 5’ end of the
deletion in the AVR-23A mutant (Fig. 7A), thereby reconsti-
tuting the small stem-loop structure that is predicted to contain
the polyprotein termination codon within its loop (Fig. 7B).
Although the base-paired nucleotides are different in the ge-
notype la HCV-H virus, the related sequence in this virus also
has the capacity to form a very similar stem-loop structure in
this region, albeit one with a smaller loop segment (48). As
shown in Fig. 8A, AVR-14 was clearly more active in inducing
SEAP secretion (RNA replication) than the AVR-23A mutant,
although it remained less active than the parental sequence.
This could reflect either the restoration of the stem-loop or the
presence of a lengthier (31- versus 17-nt) VR segment in AVR-
14. To address this question, we constructed an additional
mutant in which the deletion in AVR-14 was extended down-
stream to include a total of 23 nt (Fig. 7A, mutant AVR-23B).
This mutant retained the stem-loop structure that contains the
termination codon (Fig. 7B), but it was intermediate in its
replication capacity, which was somewhat greater than that of
AVR-23A but significantly less than that of AVR-14, as indi-
cated by the level of SEAP expression (Fig. 8A). These results
are consistent with, but not proof of, a potential role for this
stem-loop in RNA replication. We further tested this possibil-
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FIG. 7. Deletion mutations within the VR segment of the 3'NTR. (A) Alignment of the sequences of the VR segment in Ntat2ANeo(SI) and

related VR deletion mutants. (B) Impact of deletions in the VR segme

nt on predicted secondary structure in this segment of the 3'NTR.

Nucleotide substitutions in the NS5B-coding sequence upstream of the VR segment in the 3m5B mutant are indicated by underlining. The symbols

shown under each mutant are as described in the legend to Fig. 8A. The stru
coding-region segment shown.

ity by introducing three silent nucleotide substitutions within
the 3’-terminal NS5B coding region that effectively disrupt the
stem-loop, shortening the stem and altering the predicted loop
sequence (Fig. 7B, mutant 3m5B). Since all three substitutions
in this mutant are upstream of the 3'NTR, the VR sequence
was unchanged from that of the parental Ntat2ANeo(SI)
RNA. As shown in Fig. 8, these nucleotide substitutions caused
only a slight decrease in the efficiency of RNA replication
compared to that of the parent RNA. Thus, while a minor role
for this stem-loop in promoting the efficiency of replication
cannot be excluded, the structure does not appear to be an
important determinant of RNA replication.

Role of 3'NTR sequences in promoting IRES-directed trans-
lation and RNA stability. Since Ito et al. (19) suggested that
sequences within the HCV 3'NTR may positively influence the
translation-initiating activity of an upstream IRES, it was im-
portant to consider whether any of the deletions in the 3'NTR
could have impaired the translational activity of the HCV
IRES. As pointed out above, none of the 3'NTR deletions that
significantly reduced replication resulted in consistent de-
creases in the levels of SEAP expressed within the first 24 to
48 h after transfection of En5-3 cells (Fig. 4B, 6B, and 8A). The
SEAP that is produced during this period of time reflects
translation of the input RNA and not replication, since there is
no difference between the amount of SEAP produced by
Ntat2ANeo and a related NS5B AGDD mutant at these early
time points (Fig. 2A). Because SEAP is produced as a result of
the HIV Tat protein’s action on the LTR promoter in the

ctures are those predicted by MFOLD for the VR and upstream NS5B

transfected En5-3 cells, and since the translation of the Tat
polypeptide is under control of the HCV IRES in these RNAs,
the absence of significant differences in SEAP activity 24 to
48 h after transfection indicates that these 3'NTR deletions do
not result in a reduction of the activity of the upstream HCV
IRES.

An additional possibility is that the decreased replication
capacity observed with some 3'NTR deletion mutants is due to
a reduction in the stability of the RNA within the cell. This
might be expected if the highly structured 3" end of the genome
served to protect the RNA from nuclease attack. Were this the
case, deletions in the 3’NTR should cause an accelerated rate
of decline in the quantity of SEAP produced over successive
24-h periods following transfection of a replication-incompe-
tent RNA (see the AGDD mutant, Fig. 2A). To examine this
possibility more closely, we created AGGD mutations within
the NS5B sequences of several 3’NTR mutants with impaired
replication phenotypes. These dual mutants were thus com-
pletely replication incompetent. We then carefully assessed the
rate of decay in the 24-h SEAP expression rate, following
transfection of these RNAs into En5-3 cells (Fig. 9). These
results were compared with the kinetics of SEAP expression
following transfection of cells with a similar NS5B AGDD
mutant RNA derived from pU-BciVi, a modified version of
pNtat2ANeo(SI) in which a unique 3’ BciVi recognition site
placed downstream of the HCV sequence allows the produc-
tion of synthetic RNAs with authentic 3’ termini. As shown in
Fig. 9, AGDD mutants constructed from A[U/C]-50 or A[U/
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FIG. 8. (A) Transient transfection of En5-3 cells with Ntat2ANeo(SI) and related mutants containing deletions within the VR segment or
multiple point mutations in the upstream NS5B-coding region (see Fig. 7). SEAP activity was measured in supernatant culture fluids collected at
24-h intervals following transfection of En5-3 cells with Ntat2ANeo(SI) (@) or with AVR-23A (O), AVR-23B (A), or AVR-14 (m), which contain
deletions in the VR segment, or with 3m5B (*), in which multiple point mutations destabilize a predicted stem-loop involving the polyprotein
termination codon. Results following transfection of the replication-incompetent AGDD mutant (4 ) are also shown. (B) Northern analysis of
HVC RNA present in G418-resistant cells lines selected following transfection with replicon RNAs. Lane 1, normal En5-3 cells; lanes 2 and 3, cell
lines selected following transfection with the parental Ntat2ANeo(RG) RNA; lanes 4 and 5, two independent cell lines selected following
transfection with the AVR-23A mutant (see Fig. 7). The lower panel shows hybridization with a probe specific for B-actin as a loading control.

C]-62 demonstrated a pattern of SEAP expression similar to
that of U-BciVi-AGDD, even though their cognate replication-
competent RNAs were very different in their abilities to un-
dergo RNA replication (A[U/C]-50 was markedly impaired in
replication, as shown in Fig. 6). Similarly, AGDD mutants
constructed from AVR-14 and 3m5B (Fig. 6) also showed
parallel SEAP expression kinetics following transfection into
En5-3 cells, despite substantial differences in the replication
competence of the parent mutants and a significant defect in
the ability of AVR-14 to replicate. These results provide strong
evidence that the defect in the ability of the original mutants to
replicate is due to the removal of a structure or sequence
within the 3'NTR that is essential for RNA replication and not
to decreased stability of the RNA following transfection.

DISCUSSION

The experiments reported here confirm the importance of
each of the three major domains of the HCV 3’'NTR to viral
RNA replication. Our results are consistent with those pub-
lished recently by Friebe and Bartenschlager (11), who used
subgenomic replicons derived from the Conl strain of HCV to
characterize the 3'NTR sequences required for replication of
subgenomic viral RNAs in Huh7 cells. We analyzed the effects
of deletions within the 3'NTR by using an independent
HCV-N replicon with a sequence that is distinct from that of
the Conl strain (16, 49). Our results, like those of Friebe and
Bartenschlager (11), are also generally consistent with earlier
observations concerning the requirements for these sequences
for successful rescue of infectious virus following inoculation of
synthetic, genome-length HCV RNAs into the livers of HCV-
naive chimpanzees (25, 48). Thus, although 3'NTR sequences
have been shown to be less than completely essential for the
replication of some other positive-strand RNA viruses (46),

these reports provide a compelling body of evidence for an
essential role for the 3'NTR sequences in HCV RNA replica-
tion, both in vivo in chimpanzee liver as well as in vitro in
cultured cells. They indicate that earlier reports describing the
replication of nearly full-length HCV RNAs lacking the
3'NTR in cultured hepatoma cells should be discounted (7,
50).

Ito et al. (18, 19) suggested that the 3'NTR sequences of
HCV enhance translation directed by the HCV IRES. How-
ever, neither the failure of the 3'X deletion mutants (Fig. 4B)
to replicate nor the impaired replication phenotypes of the
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FIG. 9. SEAP activity present in supernatant culture fluids col-
lected at 24-h intervals following transfection of EnS5-3 cells with
AGDD mutants created within the background of U-BciVI (m) [iden-
tical to Ntat2ANeo(SI) but with the authentic 3’ terminus of HCV],
[U/UC]-62 (O), [U/UC]-50 (<) (see Fig. 6), AVR-14 (O), or 3m5B (A)
(see Fig. 7).
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FIG. 10. Schematic comparing the location of RNA replication
signals located within the 5'NTR (12, 23) and 3'NTR (11; this study)
segments of the HCV genome. The large open box represents the
single large open reading frame that is present in the genomic RNA of
HCV, with expanded views of the nontranslated regions at both ends
of the RNA. The location of the IRES is depicted by the double-
headed arrow. Adjacent to each end of the genome schematic, unidi-
rectional arrows indicate the direction of transcription from the ter-
mini of the RNA, marked with a scale in hundreds of nucleotides. The
terminal RNA segments that have been shown to be absolutely re-
quired for initiation of transcription from each end of the replicon
RNA are indicated by the black boxes, while the contiguous down-
stream (5’ end) and upstream (3’ end) accessory sequences that pro-
mote replication efficiency but that are not absolutely required for
replication of the RNA are indicated by the shaded boxes. Within the
3’ end, the essential sequences include the entire 3'X segment and 3’
half of the poly(U/UC) track (see Fig. 1), while the accessory se-
quences extend upstream to the polyprotein termination codon. The
figure emphasizes both the overlapping nature of the replication and
translation signals within the 5'NTR and the apparent symmetry of the
RNA replication signals located within each end of the genome.

poly(U/UC) or VR deletion mutants (Fig. 6B and 8A) can be
related to inefficient translation of the upstream cistron in
these replicons. Since the transient-transfection experiments
were carried out in the absence of G418 selection, the protein
products of the first cistron played no role in the replication of
these RNAs (Fig. 1). Furthermore, the initial levels of SEAP
that were produced by cells within the first 48 to 72 h of
transfection with the mutated RNAs were similar to those
induced by either the parental Ntat2ANeo(SI) replicon or the
AGDD control RNA (Fig. 4B, 6B, and 8A). Thus, the 3'NTR
deletions in these mutants appear to have had no biologically
significant effect on the function of the upstream HCV IRES in
these cells. Perhaps this is not too surprising, since other stud-
ies have failed to confirm that the 3'NTR positively regulates
translation. For example, Murakami et al. (32) reported that
the 3'NTR sequences down regulate the activity of the IRES,
while Fang and Moyer (9) found that the 3'NTR sequences
had no effect on the translation of a genome-length RNA
under optimized conditions in vitro. These latter results are
consistent with our findings reported here, as well as those
described recently by Friebe and Bartenschlager (11). To-
gether, they confirm the importance of carrying out such anal-
yses with complete, genome-length RNAs, rather than trun-
cated or internally deleted reporter transcripts.

Like Fang and Moyer (9) and Friebe and Bartenschlager
(11), we also found no evidence that deletions within the
3'NTR accelerated the degradation of synthetic HCV RNA
transcripts (Fig. 9). Thus, the negative impact of deletions
within this segment of the viral RNA is likely to result from the
loss of an essential RNA signal that participates in the repli-
cation process. It seems likely that such a signal might be
involved in the recognition of the 3’ end of the viral genome by
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the RNA replicase complex. How this occurs remains
shrouded in mystery, however, as relatively little is known
about the specifics of the initiation of transcription of the
negative-strand RNA during HCV RNA replication. Oh et al.
(33, 34) have shown that the 3'NTR is required for specific
recognition of genome-length RNA by a purified NS5B RNA-
dependent RNA polymerase in vitro. Furthermore, the de
novo synthesis of genome-length, negative-strand RNA in this
in vitro system was associated with the binding of NS5B to
sequences within the 3'X region, the poly(U/UC) tract, and the
NS5B-coding sequence (33, 34).

Oh et al. (34) also reported that the transcription of the
negative-strand RNA was initiated within the loop sequence of
the 3'X stem-loop I, approximately 21 nt from the 3’ end of the
RNA (34). More recently, Kim et al. (22) reported that tran-
scription initiated further downstream but still internally,
within the 3’ stem sequence of SL1, in a similar in vitro system.
However, Hong et al. (15) have proposed that a unique B-hair-
pin within the thumb domain of the NS5B polymerase posi-
tions the terminal sequences of the genome so as to initiate de
novo transcription from the 3’ terminal nucleotides. They pro-
posed that the B-hairpin ensures the initiation of de novo RNA
synthesis at the 3’ terminus by preventing movement of the 3’
end of the single-stranded RNA template into the active site of
the enzyme. Such a mechanism is consistent with the require-
ment for conservation of the 3'-terminal sequences during
replication. However, it leaves unresolved the mechanism by
which RNAs with an authentic 3’ end are generated following
transfection of synthetic RNAs with exogenous nucleotides at
the 3’ terminus, as summarized in Fig. 3. Clearly the process of
negative-strand initiation must be more complex than that
which is modeled in these in vitro systems. This is not surpris-
ing, since several nonstructural proteins other than NS5B are
likely to contribute to the functional replicase complex (3, 8).

Like Friebe and Bartenschlager (11), we found that a min-
imal poly(U/UC) tract was necessary for replication of sub-
genomic HCV RNAs in Huh7 cells. These results are also
consistent with the earlier findings of Yanagi et al. (48), who
noted the failure of synthetic RNAs lacking this element of the
3'NTR to replicate in chimpanzees. However, there are signif-
icant differences in the results we obtained in these experi-
ments and those reported recently by Friebe and Barten-
schlager (11). While these investigators replaced the deleted
mixed polypyrimidine tract normally present in the Conl rep-
licon with a pure homopolymeric poly(U) sequence, we re-
placed the deleted poly(U/UC) tract in Ntat2ANeo(SI) in a
stepwise fashion, rebuilding the native sequence from the 3’
end of the deleted segment (Fig. 6A). This led us to determine
that a minimal poly(U/UC) sequence of 50 nt was required for
detectable replication, while a 62-nt poly(U/UC) tract pro-
vided for significantly better replication (Fig. 6B). In contrast,
only 26 nt of pure poly(U) sequence were required for repli-
cation of Conl replicons (11).

It seems unlikely that this difference reflects a difference in
the sensitivity of the assays employed to monitor replication of
the RNAs in these studies. Rather, it is more likely that the
variance is due to the difference in the sequences used to
replace the deleted poly(U/UC) segments. It is interesting to
note that replication was regained in our experiments only
after the inclusion of the pure, 20-nt-long poly(U) tract that is
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present within the native poly(U/UC) tract of Ntat2ANeo(SI)
(Fig. 6). In contrast, only a 12-nt-long poly(U) segment is
present in the nonreplicating [U/C]-30 mutant. Furthermore,
replication was substantially enhanced when this pure poly(U)
segment was increased to 32 nt in [U/C]-62. Thus, the variance
that is evident between our results and those of Friebe and
Bartenschlager (11) could be explained by the possibility that a
pure poly(U) sequence is more effective in this position than a
mixed poly(U/UC) sequence, rather than by different require-
ments for the length of the polypyrimidine tract in HCV-N and
Conl replicons. However, further experiments will be required
to prove this.

Although these results show the importance of the poly(U/
UC) sequence, how this polypyrimidine tract functions in RNA
replication remains a mystery. One possibility is that the se-
quence assists in circularizing the viral genome through the
binding of a cellular protein, such as polypyrimidine tract-
binding protein (PTB), to both the 5" and 3’ ends of the
genome (17). Circularization has been shown to be important
for efficient replication of the RNA of other flaviviruses (20),
but there are no RNA sequences within the termini of the
HCV genome that have the potential to circularize the viral
RNA through base pairing (5). Thus, a protein bridge that
would bring together the two ends of the genome, mediated in
part by protein binding to the 3" poly(U/UC) tract, is an at-
tractive possibility. Alternatively, it is possible that the poly(U/
UC) tract functions directly in recognition of the 3’ end of the
viral RNA by the replicase complex during an early step in the
initiation of negative-strand RNA synthesis (34).

It is interesting to note that the poly(U/UC) tract of HCV is
relatively unique within the family Flaviviridae. The 3'NTR of
GBV-B virus, an unclassified hepatotropic flavivirus that is
very closely related to HCV and that replicates to high titer in
the liver of tamarins, contains a pure poly(U) tract that is 27 nt
in length (43). However, such lengthy polypyrimidine tracts are
lacking within the 3'NTRs of the classical flaviviruses, such as
yellow fever virus (35), or in pestiviruses, such as bovine viral
diarrhea virus (51), representatives of the two genera that,
together with the genus Hepacivirus (HCV), comprise this virus
family. Thus, there is no general requirement for such a 3'NTR
sequence that is shared by all flaviviruses. The positive-strand
RNA genome of hepatitis A virus, a picornavirus that, like
HCYV, replicates within the hepatocytes of humans and chim-
panzees, possesses a poly(U/UC) tract that is ~40 nt in length.
However, in contrast to the poly(U/UC) tract of HCV, the
pyrimidine-rich pY, tract of hepatitis A virus is located within
the viral 5’NTR, just upstream of the IRES, and can be deleted
completely without loss of replication capacity in cultured cells
or in primate liver in vivo (39, 40). Thus, although its function
remains unknown, it appears to be distinct from that of the
poly(U/UC) tract in HCV.

Consistent with the results of others (11, 48), we found that
sequences within the variable region of the 3'NTR, upstream
of the poly(U/UC) tract, are not essential for replication of the
RNA. However, they do contribute to this process, since de-
letions in this region impair the efficiency of amplification of
subgenomic replicons. Our results also suggest that a putative
stem-loop that involves the 5 part of the variable sequence
and that includes the termination codon for the HCV polypro-
tein is not required for RNA replication (Fig. 7 and 8A).
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Taken together, the results of the experiments presented
here suggest that the 3’ terminal RNA signals that contribute
to efficient HCV RNA replication extend upstream approxi-
mately 225 nt from the 3’ terminus of the genome. The 3'-most
150 nt of the genome [3'X region and 3’ 52 nt of the poly(U/
UC) tract] are essential for replication of subgenomic RNAs,
while the remaining upstream region of the 3'NTR plays a
facilitating role in replication but is not absolutely required
(Fig. 10). These results suggest an interesting symmetry in the
5" and 3’ terminal RNA replication signals, as studies by others
indicate that the 5'-most domains I and II of the S'NTR are
essential for replication, while sequences lying further down-
stream within the 5’NTR and comprising domain IIT help to
facilitate replication but are not absolutely required (12, 23)
(Fig. 10). Such a notion is strengthened by the suggestion that
the 3’ ends of the negative- and positive-strand RNAs may
share common structural features (37). However, further stud-
ies will be needed to determine the extent to which this ap-
parent symmetry reflects common mechanisms of template
recognition by the HCV replicase during negative- and posi-
tive-strand RNA synthesis.
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