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Replication of nearly all RNA viruses depends on a virus-encoded RNA-dependent RNA polymerase (RdRp).
Our earlier work found that purified recombinant hepatitis C virus (HCV) RdRp (NS5B) was able to initiate
RNA synthesis de novo by using purine (A and G) but not pyrimidine (C and U) nucleotides (G. Luo et al.,
J. Virol. 74:851-863, 2000). For most human RNA viruses, the initiation nucleotides of both positive- and
negative-strand RNAs were found to be either an adenylate (A) or guanylate (G). To determine the nucleotide
used for initiation and control of HCV RNA replication, a genetic mutagenesis analysis of the nucleotides at
the very 5’ and 3’ ends of HCV RNAs was performed by using a cell-based HCV replicon replication system.
Either a G or an A at the 5’ end of HCV genomic RNA was able to efficiently induce cell colony formation,
whereas a nucleotide C at the 5’ end dramatically reduced the efficiency of cell colony formation. Likewise, the
3’-end nucleotide U-to-C mutation did not significantly affect the efficiency of cell colony formation. In contrast,
a U-to-G mutation at the 3’ end caused a remarkable decrease in cell colony formation, and a U-to-A mutation
resulted in a complete abolition of cell colony formation. Sequence analysis of the HCV replicon RNAs
recovered from G418-resistant Huh7 cells revealed several interesting findings. First, the 5'-end nucleotide G
of the replicon RNA was changed to an A upon multiple rounds of replication. Second, the nucleotide A at the
5’ end was stably maintained among all replicon RNAs isolated from Huh7 cells transfected with an RNA with
a 5'-end A. Third, initiation of HCV RNA replication with a CTP resulted in a >10-fold reduction in the levels
of HCV RNAs, suggesting that initiation of RNA replication with CTP was very inefficient. Fourth, the 3'-end
nucleotide U-to-C and -G mutations were all reverted back to a wild-type nucleotide U. In addition, extra U and
UU residues were identified at the 3’ ends of revertants recovered from Huh7 cells transfected with an RNA
with a nucleotide G at the 3’ end. We also determined the 5’-end nucleotide of positive-strand RNA of some
clinical HCYV isolates. Either G or A was identified at the 5’ end of HCV RNA genome depending on the specific
HCYV isolate. Collectively, these findings demonstrate that replication of positive-strand HCV RNA was
preferentially initiated with purine nucleotides (ATP and GTP), whereas the negative-strand HCV RNA

replication is invariably initiated with an ATP.

Hepatitis C virus (HCV) is an enveloped RNA virus of the
genus Hepacivirus of the Flaviviridae family (16, 46). It causes
chronic infections of approximately 4 million people in the
United States and 170 million people worldwide (10, 55). The
majority (~85%) of individuals with HCV infection develop
chronic hepatitis, which leads to cirrhosis (10 to 20%) and
hepatocellular carcinoma (1 to 5%). HCV infection results in
10,000 to 12,000 deaths each year in the United States alone, a
figure expected to triple within the next 10 to 20 years if no
effective intervention is developed (10). Currently, there is no
specific antiviral therapy for treating HCV infection.

HCYV has a single positive-strand RNA genome that contains
a single open reading frame encoding a large viral polyprotein
of 3,010 to 3,040 amino acids (12, 45). Upon translation, the
viral polyprotein is proteolytically processed into structural and
nonstructural viral proteins. The structural proteins C (core),
El and E2 (envelope), and p7 are processed from the N-
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terminal third of the polyprotein by cellular signal peptidases
(19, 29, 45). The nonstructural proteins (NS2, NS3, NS4A,
NS4B, NS5A, and NS5B) result from cleavages at the NS2-NS3
junction by the NS2-3 metalloprotease and at the downstream
sites of the NS3 protein by the NS3 serine protease (2, 13, 17,
20). Recently, a number of studies have demonstrated that
subgenomic HCV replicon RNAs encoding the nonstructural
proteins NS3 to NS5B were able to replicate in a human
hepatoma cell line, Huh7 (5, 18, 21, 31, 37). Findings from
these studies suggest that the nonstructural viral proteins NS3,
NS4A, NS4B, NS5A, and NS5B are sufficient for HCV RNA
replication in the cell.

Replication of nearly all RNA viruses depends on a virus-
encoded RNA-dependent RNA polymerase (RdRp) in asso-
ciation with other viral and/or cellular proteins (3, 9, 23, 27).
Sequence comparison studies revealed that the HCV NS5B
protein contains functional motifs characteristic for all known
RNA polymerases (26, 38, 41). The RdRp activity of NS5B was
experimentally demonstrated by using purified recombinant
NS5B in an in vitro assay for RNA synthesis (4). Further
biochemical characterization of recombinant NS5B has re-
vealed that HCV RdRp catalyzed in vitro RNA polymerization
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on both HCV-specific and nonviral RNA templates by either
using an oligonucleotide primer (primer-dependent RNA syn-
thesis) or by extending the 3’ end of the RNA template itself
(self-priming or copy-back) (15, 22, 30, 33, 34, 57). Primer-
dependent RNA synthesis was reported as a mechanism of
RNA replication for members of the Picornaviridae family, in
which the viral protein VPg was used to initiate RNA tran-
scription and replication (43). Copy-back initiation of RNA
synthesis was mainly observed for in vitro RNA synthesis cat-
alyzed by purified viral RdRps (4, 30, 35, 60). However, we and
others have found that purified HCV NS5B expressed in either
insect cells or Escherichia coli was able to initiate RNA syn-
thesis de novo (24, 36, 39, 40, 62). De novo initiation of RNA
synthesis by HCV RdRp was observed when a full-length HCV
RNA genome (39), RNAs derived from the HCV 3’-untrans-
lated region (3'UTR) (40, 62), or even nonviral RNA and
RNA homopolymers were used as templates (24, 36). De novo
RNA synthesis has been also demonstrated for many other
viral RNA polymerases (1, 42, 49, 50). Although replication of
picornavirus requires primer-dependent RNA synthesis, de
novo initiation of RNA synthesis is the mechanism commonly
used for RNA replication by most positive-, negative-, and
double-strand RNA viruses (1, 11, 23, 36, 52). In the case of
HCV, de novo initiation is the most likely mechanism for HCV
RNA replication in vivo since the copy-back or self-priming
RNA synthesis is unable to produce authentic viral RNA with
precise 5" and 3’ ends.

Our earlier work found that purified recombinant HCV
RdRp was able to initiate RNA synthesis de novo with purine
(A and G) but not pyrimidine (C and U) nucleotides when
homopolymer RNAs were used as templates (36). In addition,
the HCV RdRp exhibited a higher K, for nucleotide sub-
strates ATP and GTP than for CTP and UTP during in vitro
RNA synthesis (36). These findings suggest that HCV RdRp
possesses a propensity to selectively utilize purine nucleotides
for initiation of RNA replication. Consistent with these find-
ings, the first nucleotide at the 5’ end of positive- and negative-
strand HCV RNAs was reported to be a G and an A, respec-
tively, suggesting that GTP and ATP might be utilized for the
initiation of de novo RNA synthesis in vivo (7, 23, 56). How-
ever, the role of the initiation nucleotides in HCV RNA rep-
lication in vivo has not been experimentally determined.

In the present study, we performed a molecular genetic
analysis of the presumed initiation nucleotides of HCV RNAs
at the very 5’ and 3’ ends to determine their roles in the control
of HCV RNA replication. The initiation of the positive-strand
HCV RNA replication was investigated by varying the 5'-end
nucleotide with G, A, and C, respectively. The replicon RNAs
with a 5'-end nucleotide G or A were able to efficiently induce
cell colony formation, whereas a nucleotide C at the 5" end
dramatically reduced the efficiency of cell colony formation.
However, sequence analysis revealed that the 5’-end nucleo-
tide G of the HCV replicons recovered from cell lines was
changed to a nucleotide A, whereas the 5’-end nucleotide A
was stably maintained in all replicon RNAs recovered from
different cell lines. These findings demonstrate that an ATP
was preferentially and stably utilized by HCV replicase to
initiate positive-strand HCV RNA replication in the cell. In
addition, two replicon RNAs recovered from the 5'UTR-C
RNA-transfected Huh7 cells were found to contain a C at the
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very 5’ end, which resulted in >10-fold-lower levels of HCV
RNA replication. To determine the initiation of the negative-
strand HCV RNA replication, we mutated the 3’-end nucleo-
tide of the HCV replicon RNA from a U to a C, G, or A,
respectively. A U-to-C mutation at the 3’ end did not signifi-
cantly affect the efficiency of cell colony formation. However, a
U-to-G mutation remarkably decreased the frequency of cell
colony formation, and a U-to-A mutation resulted in a com-
plete abolition of cell colony formation. The 5’-end nucleotide
of HCV genomic RNA derived from various genotypes of
clinical HCV isolates was also determined by RACE (rapid
amplification of cDNA ends) reverse transcription-PCR (RT-
PCR). Both nucleotides G and A were identified at the 5" end
of HCV genome varying from isolate to isolate. Collectively,
these findings demonstrate that replication of HCV RNA is
preferentially initiated with purine nucleotides in vivo.

MATERIALS AND METHODS

Cell culture. A human hepatoma cell line, Huh7, was maintained in Dulbecco
modified essential medium (DMEM; Invitrogen) supplemented with nonessen-
tial amino acids and 10% fetal bovine serum (FBS; Mediatech). Huh7 cells
harboring an HCV replicon were selected and maintained by addition of G418
sulfate (0.5 mg/ml) to DMEM containing 10% FBS.

DNA construction. As described in our earlier study (37), a subgenomic HCV
replicon cDNA, pBR322/15,,/NS3-3'/S,,,,I was constructed by PCR and cloning
with synthetic oligonucleotides based on the published sequences (31). The
original HCV replicon RNA contains a G at the 5’ end and a U at the 3’ end
(37). Mutations of the nucleotides at the very 5" and 3’ ends were introduced by
PCR with synthetic oligonucleotide primers (Table 1). To mutate the 5'-end
nucleotide from G to A, the 5’"UTR ¢cDNA was amplified by PCR with pBR322/
1577/NS3-3'/S,701 as a template and oligonucleotides 5'"UTR-A and Asc3 as
primers (Table 1). The PCR DNA fragment was digested with Clal and AscI and
inserted to the vector pBR322/15,,/NS3-3'/S 7ol similarly digested by Clal and
Ascl. The resulted DNA construct was designated pBR322/I5,,/NS3-3'/S, 01/
5'UTR-A. The 5’ end nucleotide G to C and U mutations were introduced in the
same way as the 5" end G-to-A mutation except that oligonucleotides 5'"UTR-C
and 5'UTR-U (Table 1) were used as primers. The resulted DNA constructs
were designated pBR322/15,7,/NS3-3'/S,,701/5"UTR-C and pBR322/1,,,/NS3-3'/
S11701/5"UTR-U, respectively.

Mutations of the very 3’-end nucleotide were also introduced by PCR with
synthetic oligonucleotides as primers (Table 1). To create a U-to-C mutation at
the very 3’ end, an Afel restriction enzyme site was introduced, and cleavage of
this enzyme will result in an RNA molecule with a precise 3'-end C upon T7
RNA polymerase transcription (Fig. 1). The unique internal Afel site at nucle-
otide 4197 of the replicon was destroyed by a silent T-to-C mutation at nucleo-
tide 4200 with oligonucleotides Afel/M and EcoRI (Table 1) as primers in PCR.
The PCR DNA was digested with EcoRI and then inserted into the vector
pBR322/13,,/NS3-3'/S, 0l that was cut by Afel and EcoRI. The resulting con-
struct was designated pBR322/15,,/NS3-3'/S,,,0I/AAfel. To introduce a unique
Afel site into the 3’ end of the replicon pBR322/15,,/NS3-3'/S;,,,l/AAfel, the
DNA fragment between Mfel and Pvul sites was amplified by PCR with the
oligonucleotides Mfel/5 and Afel/Pacl (Table 1) as primers and pBR322/15,,/
NS3-3'/S11791 as a template. The PCR DNA fragment was cut by Mfel and Pacl
and ligated to pBR322/15,,/NS3-3'/S,70l/AAfel similarly digested by Mfel and
Pvul (compatible cohesive end with Pacl), resulting in a construct designated
pBR322/13,,/NS3-3'/S,,701/3' UTR-C. The 3’-end U-to-G mutation was also in-
troduced by PCR with oligonucleotides Mfel/5 and Fsel/Pacl as primers (Table
1). The PCR DNA was digested with Mfel and Pacl and inserted into the vec-
tor pBR322/15,,/NS3-3'/S 79l between the Mfel and Pvul sites, resulting in
pBR322/13,,/NS3-3'/S,,701/3’ UTR-G that produces a replicon RNA with the
3’-end U-to-G mutation. To mutate the 3’-end nucleotide from a U to an A, an
Nsil restriction enzyme site was created at the 3’ end, producing a construct
designated pBR322/15,,/NS3-3'/S;,701/3'UTR-A. Two internal Nsil sites at po-
sitions 3670 and 7110 were destroyed by PCR-directed mutagenesis with the
oligonucleotides Nsil/3670/5 and Nsil/3670/3 or the oligonucleotides Nsil/7110/5
and Nsil/7110/3 (Table 1). A construct with the 5"UTR-A and 3'UTR-C double
mutations was made by replacement of the DNA fragment between the Clal and
Ascl sites of pBR322/I3,,/NS3-3'/S,,70I/3'UTR-C with the one derived from
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TABLE 1. Oligonucleotides used for PCR-directed mutagenesis and RT-PCR amplification”

Oligonucleotide

Sequence (5’ to 3")

5'UTR-A
S'UTR-C.
5'UTR-U ...

Oligo/EcoRI ..
Afel/M

..CCATCGATAATACGACTCACTATAACCAGCCCCCGATTGGGGGCG
..CCATCGATAATACGACTCACTATACCCAGCCCCCGATTGGGGGCG
..CCATCGATAATACGACTCACTATATCCAGCCCCCGATTGGGGGCG
. ATGGCGCGCCCTTTGGTTTTTCTTTGAGGTTTAGGATTC
..GCGGAATTCGGGGGCCGGAACCT

GCCGCTTCTGCTTTCGTAGGC
CCTTAATTAAGCGCTTGATCTGCAGAGAGGCCAG
..CTGGAAGACACTGAGACACC

Fsel/Pacl.... ..CCTTAATTAAGGCCGGCCTTGATCTGCAGAGAGGC
Nsil/3670/5 ceeeee ATGTATGTCGGCTGACCTGGAG

NSI/3070/3 oo ..GCCGACATACATGCCATGATGTATTITG

Nsil/7110/5 ceeeee ATGTATCTGGCAAAAGGGTGTACTATC

INSH/TIT0/3 o GCCAGATACATCGTGCGCGACTGACAC

Nsil/Asel GCGCGCATTAATGCATCTTGATCTGCAGAGAGGC

Oligo-BsrGI...
P7485

..CCACATTGGTGTACATTTG
..ACATCGGGCCAGAAGTGTCCGCGCTAGG

.CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG

200 1.t GACTGTTGTGGCCTGCAGGGCCGAATT
192 e TTGAATTCGGCCCTGCAGGCCACAACAGTC

“ Nucleotide mutations are underlined. Oligonucleotides were synthesized by Integrated DNA Technology.

pBR322/15,7/NS3-3'/S,170I/5"UTR-A. This construct was designated pBR322/
157,7/NS3-3'/S1170I/5"UTR-A/3’'UTR-C. All mutations introduced to the HCV
replicon cDNA were confirmed by DNA sequence analysis (Elim Biopharma-
ceuticals, Hayward, Calif.).

Preparation of RNA transcripts. Subgenomic HCV replicon RNAs were tran-
scribed in vitro by a T7 RNA polymerase from the above-described DNA con-
structs linearized by restriction enzyme digestion by using large-scale RNA
production kits (Promega) (Fig. 1). Restriction enzymes used for linearization of
the DNA constructs are indicated on the right side of Fig. 1B. Digestion of DNAs
with restriction enzymes Scal and Afel resulted in blunt ends, whereas cleavage
by Fsel and Nsil produced an overhang at the 3’ end of the DNA constructs.
Therefore, DNAs digested by Fsel and Nsil were further treated with Klenow
fragment of DNA polymerase I to remove the 3’-end overhangs prior to T7 RNA
polymerase transcription. The in vitro-transcribed RNA molecules were named
after the mutation as shown on the left side of Fig. 1B. For instance, the replicon
RNAs containing a 5'-end nucleotide G, A, or C are designated 5'UTR-G,
5'UTR-A, and 5'UTR-C, respectively. Likewise, the replicon RNAs with a
3’-end nucleotide C, G, or A are designated 3'UTR-C, 3'UTR-G, and 3'UTR-A,
respectively (Fig. 1B). After extensive treatment with RNase-free DNase I, the in
vitro-transcribed RNAs were purified by phenol-chloroform extraction, ethanol
precipitation, and centrifugation through Sephadex G-50 columns (Roche). The
RNA concentration was determined by using a spectrophotometer.

RNA transfection and selection of G418-resistant Huh7 cells. The subgenomic
HCYV replicon RNAs were transfected into Huh7 cells by electroporation with a
GenePulser system (Bio-Rad). Briefly, 2 g of the in vitro-transcribed and
purified replicon RNAs were electroporated into 8 X 10° Huh7 cells in 0.4 ml
(2 x 107 cells/ml) of ice-cold phosphate-buffered saline buffer. The replicon-
transfected Huh7 cells were seeded in 100-mm dishes at different cell densities
and incubated with DMEM containing 10% FBS. At 24 h posttransfection, the
cell culture medium was replaced with DMEM containing 10% FBS and 0.5 mg
of G418 sulfate/ml. The medium was changed every 3 to 4 days. After an
~4-week selection with G418 sulfate, individual cell colonies were transferred
into new dishes for amplification and further characterization. Cell colonies in
other dishes were fixed and stained with a solution containing 0.01% crystal
violet and 19% methanol.

RNA extraction and quantitation of HCV RNA by RPA. Total RNA was
extracted from HCV replicon-harboring cell lines and serum samples derived
from either HCV patients or a chimpanzee with TRIzol reagent (Invitrogen) and
collected by isopropanol precipitation. The levels of positive- and negative-
strand HCV RNAs were determined by RNase protection assay (RPA) with
[a-*?P]JUTP-labeled HCV-specific RNA probes. For measurement of positive-
strand RNA, a negative-strand [(—)] 3'UTR RNA probe was transcribed from
HindIII-digested pUC19/T7(—)3’'UTR by a T7 RNA polymerase and labeled
with «®?P[UTP]. For detection of negative-strand RNA, a positive-strand [(+)]

5'"UTR RNA probe was synthesized by in vitro T7 RNA transcription from
pUC19/T7(+)5'UTR linearized with EcoRI. The level of B-actin RNA was
used as a control to normalize the amount of total RNA in each sample. The
RNA probe for B-actin RNA was transcribed by a T7 RNA polymerase from
the DNA pTRI-B-actin-125-Human (Ambion) and labeled with [a-*>P]JUTP.
A total of 15 pg of total cellular RNA was used in an RPA for hybridization
with 5 X 10* cpm of [a-3?P]UTP-labeled B-actin probe and 10° cpm of either
(—)3'UTR or (+)5'UTR RNA probe. RPA was carried out by using an RPA
IIT kit (Ambion). After digestion with RNase A/T;, RNA products were
analyzed by electrophoresis in a 6% polyacrylamide-7.7 M urea gel. The
levels of RNAs were then determined by quantitation with a PhosphorImager
(Molecular Dynamics).

RT-PCR and sequence analysis. The nucleotides of the 5’, 3’, or the 5" and 3’
ends of the subgenomic HCV replicon RNAs either extracted from G418-resis-
tant Huh7 cells or in vitro transcribed by a T7 RNA polymerase were determined
by RT-PCR and sequence analysis. The 5'UTR RNAs of both positive- and
negative-strand RNAs of HCV replicons were reverse transcribed and amplified
by RNA ligase-mediated RACE (RLM-RACE; Ambion) (54). A 45-base RNA
adapter (5'-GCUGAUGGCGAUGAAUGAACACUGCGUUUGCUGGCUU
UGAUGAAA-3"; Dharmacon) was ligated to the 5" ends of the replicon RNAs
by using T4 RNA ligase (NEB). To determine the 5’-end nucleotide, the posi-
tive-strand HCV RNA was reverse transcribed by using SuperScript II RNase
H™ reverse transcriptase (Invitrogen) with oligo-BsrGI (Table 1) as a primer,
which is complementary to nucleotides 2020 to 2038 of the replicon. The cDNA
of the positive-strand 5'"UTR was subsequently amplified by PCR with oligonu-
cleotides Asc3 and 5'RACE outer/inner primers (Table 1). The PCR-amplified
5"UTR c¢DNAs were used for direct DNA sequencing (Elim Biopharmaceuti-
cals) and/or cloned into a pCR2.1 vector by using a TA cloning kit (Invitrogen).
To determine the 3'-end nucleotide, the negative-strand HCV RNA was reverse
transcribed by using the primer P7485 (Table 1), which was derived from nucle-
otides 7485 to 7512 of the replicon. The conserved 98 nucleotides of the negative-
strand 5'UTR ¢cDNA was amplified by PCR with oligonucleotide P7896 (nucle-
otides 7896 to 7915) and 5'RACE outer/inner primers (Table 1). PCR DNA was
cloned into a pCR2.1 vector. The 3’-end nucleotides of the in vitro T7 transcripts
were determined by RT-PCR by using a procedure described previously (25).
Briefly, the synthetic oligonucleotide 206 (Table 1) was modified by the addition
of a cordycepin (Sigma) at the 3’ end and phosphorylation at the 5’ end.
Modified oligonucleotide 206 was then ligated to the 3’ end of the in vitro T7
transcripts (25). The cDNA of the 3'UTR was amplified by RT-PCR with
oligonucleotides 192 and P7741 as primers (Table 1) (25). The nucleotides at
both the 5 and 3’ ends were determined by DNA sequence analysis (Elim
Biopharmaceuticals).
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FIG. 1. (A) Diagram of the in vitro transcription and replication
cycle of HCV replicon RNA. The HCV replicon RNAs were tran-
scribed by a T7 RNA polymerase from DNA vectors digested with
restriction enzymes as indicated on the right side of panel B. The in
vitro-transcribed RNA was transfected into Huh7 cells. Upon replica-
tion, the positive-strand HCV RNA is converted to the complementary
negative strand, which in turn serves as a template for synthesis of
more positive-strand RNA. The 5'- and 3’-end nucleotides of both
positive- and negative-strand RNAs are highlighted in boldface letters.
(B) Schematic presentation of the in vitro-transcribed HCV replicon
RNAs. The nucleotides at the 5" and 3’ ends of the replicon RNAs are
highlighted in boldface letters. The T7 promoter is indicated by an
open box. The restriction enzyme used to linearize each cDNA clone
of the replicon RNA is shown on the right side. The replicon was
named after the 5'- or 3’-end nucleotide, as shown on the left side. The
original HCV replicon RNA contains a G at the 5’ end and a U at the
3" end (37).

RESULTS

Approaches. The findings from our previous studies suggest
that purified recombinant HCV RdRp preferentially utilize
purine (ATP and GTP) but not pyrimidine (CTP and UTP)
nucleotides for the initiation of de novo RNA synthesis in vitro
(36). The question arose which nucleotide is preferentially
utilized for the initiation of HCV RNA replication in vivo and,
furthermore, how HCV RNA replication is controlled by the
initiation nucleotides. To address these questions, we used an
HCYV replicon replication system to examine the effects of
mutations of the initiation nucleotides on replication of the
positive- and negative-strand HCV RNAs (5, 31). The 5'-end
nucleotide of the subgenomic HCV replicon I5,,-NS3-3'/S, 5,1
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was mutated from a G to an A, C, or U, and the 3’ end
nucleotide U was changed to a C, G, or A, respectively (Fig. 1).
Upon replication, the 3’-end nucleotide will be copied to be-
come the complementary 5'-end nucleotide of the negative-
strand HCV RNA. Therefore, mutations of the 3'-end nucle-
otide will reveal their effects on the initiation of negative-
strand RNA replication (Fig. 1A). The effects of mutations of
the 5'- and 3'-end nucleotides on HCV RNA replication were
initially examined for the ability of the replicon RNAs to in-
duce cell colony formation. Cell colony formation directly cor-
relates with replication of the subgenomic HCV replicon RNA
in Huh?7 cells (5, 31). The levels of both positive- and negative-
strand RNAs of HCV replicons in Huh7 cells resistant to G418
sulfate were then determined by RPA (36, 37). The nucleotides
at the 5’ and 3’ ends of the replicon RNAs isolated from
G418-resistant Huh7 cells were determined by RT-PCR and
sequence analysis (54).

Confirmation of the 5’-end nucleotide identity of the in
vitro-transcribed replicon RNAs by sequence analysis. The
HCV replicon 5’'UTR-A, 5'UTR-C and 5'UTR-U RNAs were
synthesized to much lower levels by a T7 RNA polymerase
compared to the replicon 5'"UTR-G (data not shown). T7 RNA
polymerase is known to preferentially initiate in vitro RNA
transcription with a guanylate (G). The question arose as to
whether the in vitro T7 transcripts had correct nucleotides at
their 5’ ends when initiated with nucleotide A, C, or U. The
5’-end nucleotide of the in vitro T7 transcripts was then de-
termined by RLM-RACE and sequence analysis. The results
clearly show that the 5'-end nucleotides G, A, and C of the
HCYV replicons were correctly transcribed by a T7 RNA poly-
merase (see Fig. 8, 5’UTR-A and 5'UTR-C). To further con-
firm the homogeneity of the 5'-end nucleotide of the replicon
5'UTR-A and 5'UTR-C, cDNAs of the T7 transcripts were
amplified by RT-PCR and cloned into pCR2.1 vector. Se-
quence analysis of eight individual clones for each cDNA de-
rived from either 5"UTR-A or 5'UTR-C verified that both
5'UTR-A and 5'UTR-C are homogeneous as to the 5'-end
expected nucleotides (data not shown). However, the 5’-end
nucleotide U of the 5’UTR-U RNA was not transcribed. In-
stead, the T7 RNA polymerase skipped the first nucleotide U
and initiated RNA transcription from the second nucleotide C
(data not shown). As a result, the replicon 5'UTR-U RNA has
the first nucleotide U deletion and a C at the 5’ end. Upon
transfection into Huh7 cells, the 5’'UTR-U mutant RNA was
unable to induce cell colony formation (data not shown). The
expected 3’-end nucleotides of the replicons 3'UTR-G and
3'UTR-A were also confirmed by using a procedure described
previously (25) (see Materials and Methods; data not shown).

Effects of the 5’-end nucleotide mutations on cell colony
formation. To determine the effects of different nucleotides at
the 5" end of the subgenomic replicon on cell colony formation
as a result of RNA replication, the in vitro-transcribed replicon
RNAs were transfected into Huh7 cells by electroporation.
Replication of the HCV replicon RNA in Huh7 cells will result
in expression of a selectable marker, neomycin phosphotrans-
ferase (Neo), which renders Huh7 cells resistant to G418 sul-
fate (5, 31). After an ~4-week selection with G418 sulfate,
Huh7 cell colonies resulted from HCV replicon replication
were stained with a crystal violet solution. The ability of HCV
RNAs to replicate in Huh7 cells was measured by the efficiency



VoL. 78, 2004

S’UTR-G

P

S’UTR-A

INITIATION OF HCV RNA REPLICATION 3637

S’UTR-C

-
’,

/

4k, e «

FIG. 2. Effects of the 5'-end nucleotide mutations on cell colony formation. Then, 2 pg each of the in vitro-transcribed RNAs was transfected
into 8 X 10° Huh?7 cells by electroporation. The RNA-transfected Huh7 cells were incubated with DMEM containing 10% FBS. After 24 h of
incubation at 37°C and 5% CO,, cell culture medium was replaced by DMEM containing 10% FBS and 0.5 mg of G418 sulfate/ml. The medium
was changed twice a week. After an ~4-week selection with G418, cell clones were fixed, stained by a solution containing 0.01% crystal violet and

19% methanol, and photographed.

of cell colony formation. The results are shown in Fig. 2. The
replicon 5’'UTR-A RNA was replicated in Huh7 cells, al-
though it resulted in ~10-fold-lower efficiency in cell colony
formation than that of the replicon 5'UTR-G (Fig. 2). Like-
wise, the efficiency of cell colony formation induced by the
replicon 5"UTR-C was remarkably reduced compared to the
replicon 5"UTR-G (Fig. 2). The lower efficiency of cell colony
formation induced by the replicons 5'UTR-A and 5'UTR-C
was confirmed by three independent experiments. However, it
was difficult to precisely determine the efficiency of cell colony
formation between the replicons 5'UTR-G, 5'UTR-A, and
5'UTR-C since the numbers of cell colonies varied between
experiments. Overall, there was a preference of the 5'-end
nucleotide of the HCV replicon RNA in the order of G, A, and
C for cell colony formation (Fig. 2 and data not shown).
Effects of the 5'-end nucleotide mutations on the levels of
positive- and negative-strand replicon RNAs in the cell. The
questions arose whether cell colony formation was the result of
HCV RNA replication and whether different nucleotides at
the 5’ end affect the levels of HCV RNA replication. We
performed an RPA to determine the levels of both positive-
and negative-strand RNAs present in Huh7 cells resistant to
G418 sulfate. The positive-strand RNA was detected by using
a radiolabeled (—)3'UTR RNA probe, whereas the negative-
strand RNA was measured by using a radiolabeled (+)5'UTR
RNA probe (37). As shown in Fig. 3, the levels of positive-
strand replicon RNAs present in Huh7 cell clones induced by
the 5'"UTR-A RNA were comparable to those of the 5’"UTR-G
replicon (Fig. 3A). However, it appears that the levels of neg-
ative-strand RNA 1in cell colonies resulted from the 5'UTR-A
are ~2-fold higher than those in cells transfected with the
5'UTR-G (Fig. 3A). Conversely, two of three cell colonies that
resulted from the replication of the replicon 5'"UTR-C had 10-
and 14-fold-lower levels of both positive- and negative-strand
RNAs (Fig. 3B, numbers 1 and 2) compared to those present
in the third cell colony (Fig. 3B, number 3). Sequence analysis
revealed that the two low-replicating RNAs contain a C at the
5" end. In contrast, the third cell colony had similar levels of
positive- and negative-strand RNAs to those of the replicon

5'UTR-A (Fig. 3B, number 3). The 5'-end nucleotide of the
replicon RNA extracted from the third cell clone was actually
changed from a C to an A, as shown by sequence analysis (see
Fig. 7B). These results demonstrate that the initiation of pos-
itive-strand RNA replication with ATP is much more efficient
than RNA replication initiated with a CTP in cell culture.

Effects of mutations of the 3’-end nucleotide on cell colony
formation. Sequence analysis and comparison studies revealed
that the 3’-end nucleotide of the HCV RNA genome is an
invariant U among different HCV isolates. Upon replication,
the 3'-end nucleotide U is converted to a complementary A at
the 5’ end of negative-strand RNA, which is the presumed
nucleotide for initiation of negative-strand RNA replication
(Fig. 1A). To determine the nucleotide preferentially utilized
for initiation of negative-strand RNA replication, we per-
formed a genetic analysis of the 3’-end nucleotide of HCV
RNA. Mutation of the 3’-end nucleotide from U to C did not
significantly affect the efficiency of cell colony formation,
whereas a U-to-G mutation at the 3’ end dramatically de-
creased the efficiency of cell colony formation (Fig. 4). Fur-
thermore, when the 3’-end nucleotide was changed from a U
to an A, it resulted in a complete abolition of cell colony
formation (Fig. 4). These results suggest that HCV RNAs
prefer a pyrimidine but not purine nucleotide at the 3’ end for
efficient replication in cell culture.

Effects of mutations of the 3'-end nucleotide on the levels of
positive- and negative-strand replicon RNAs in the cell. To
further determine whether cell colony formation induced by
the 3’-end mutant replicons was a consequence of RNA rep-
lication and whether mutations of the 3’-end nucleotide af-
fected HCV RNA replication, the levels of both positive- and
negative-strand RNAs of HCV replicons extracted from Huh7
cells were determined by RPA (Fig. 5). Both positive- and
negative-strand RNAs of the HCV replicon were detected,
confirming that G418-resistant cell clones were indeed the
result of HCV RNA replication. However, the levels of both
positive- and negative-strand RNAs varied by up to sixfold
between different cell lines. This observation suggests that cell
colony formation induced by HCV replicon replication might
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FIG. 3. RPA determination of the positive-strand and negative-strand RNAs of HCV replicons isolated from different Huh7 cell lines.
(A) Detection of both positive- and negative-strand RNAs of HCV replicons isolated from Huh7 cell colonies resulted from replication of the
5'UTR-A RNA. Total cellular RNA was extracted with TRIzol reagent from Huh7 cells. A total of 15 pg of total RNA was used in an RPA for
hybridization with 5 X 10* cpm of [a-**P]JUTP-labeled B-actin RNA probe (Ambion) and either 10° cpm of [a-**P]JUTP-labeled (—)3'UTR (for
the detection of positive-strand RNA) or (+)5"UTR RNA probe (for the detection of negative-strand RNA). After RNase A/T,; digestion, RNA
products were analyzed in a 6% polyacrylamide-7.7 M urea gel. The RNA levels were determined by quantitation with a PhosphorImager
(Molecular Dynamics). The sizes of the RNA markers are indicated on the left, and arrows on the right highlight the RNA products. Numbers
on the top indicate different cell colonies that resulted from replication of the 5’UTR-A RNA. Huh7, RNA extracted from regular Huh7 cells as
a negative control; 5'"UTR-G, RNA extracted from a Huh7 cell line resulted from transfection with the 5'"UTR-G RNA (wild type). (B) Detection
of both positive-strand and negative-strand RNAs of HCV replicons recovered from Huh7 cells transfected with the 5'UTR-C RNA. Total RNA
was extracted from Huh7 cell colonies that resulted from transfection with the 5"UTR-C RNA. Otherwise, detection was the same as described
for panel A. Positive- and negative-strand RNAs are indicated at the bottom.

not be an ideal way to quantitate HCV RNA replication, since
it is complicated by the virally adapted mutations and cellular
coevolution. It appeared that there was no significant pattern

3°UTR-U 3°UTR-C in difference of the levels of HCV RNAs among cell clones
LT P e induced by the replicons 3'UTR-U (wild type), 3'UTR-C, and
AR ;.‘q, S oty Wy 3'UTR-G (Fig. 5).

'*‘ $ . " P i * “ "'_ 4 i ,.".' o ‘\ Effects of double mutations from a G to an A at the 5’ end
F{ 4 ~e: S .: 2 Jt ?o i g B e, 4;‘ and a U to a C at the 3’ end on HCV RNA replication. Findings
R ) :. " 4'-.- : ...3 e y s from the experiments described above demonstrate that HCV
SRR R '5,_-'\ ! - Ay e . replicon RNAs could tolerate nucleotide variation at both the
!v}: o, "‘“.'.é' 3! - b A ;; aee. "._:] 5" and 3’ ends with respect to the induction of cell colony
L ,‘. -:. .' :l’ “-. ‘9:5, v 5 ‘l‘., A . ,“" formation. To determine whether the replicon RNA was able

% 4.:. st .. 6 :".' L) 2. .‘" . oY to tolerate combined mutations at both the 5’ and the 3’ ends,

‘qt, n'x“\ 2E AT Tl U we made a construct to produce a replicon RNA with an A at
I Va3 the 5’ end and a C at the 3’ end. The replicon RNA with
P i double mutations induced cell colony formation with an effi-
AT ciency similar to that of the 5"'UTR-A RNA (data not shown).
o The levels of both positive- and negative-strand RNAs of the
g ¢ mutant replicon were also comparable to those of the wild-type
- J replicon, although the RNA levels vary between different cell

. lines (Fig. 6).
. Determination of the 5’-end nucleotides of both positive-
2 ; : and negative-strand HCV RNA by RT-PCR and sequence
® . analysis. To determine the stability of the mutations intro-
& el duced into the 5" and 3’ ends, the replicon RNAs isolated from
. G418-resistant Huh7 cell lines were subject to RT-PCR and

3°UTR-A 3'UTR-G

sequence analysis. Individual Huh7 cell clones resulted from

FIG. 4. Effects of the 3’-end nucleotide mutations on cell colony
formation. The in vitro-transcribed replicon RNAs contain nucleotide
mutations from a U (3'UTR-U) to a C (3'UTR-C), to a G (3'UTR-G),
and to an A (3'UTR-A) at the 3’ end, respectively. Otherwise, trans-
fection and selection were done in the same way as described as for
Fig. 2. The 3'UTR-U is a wild-type replicon RNA.

replication of wild-type and mutant HCV replicon RNAs were
passaged approximately 7 to 10 times. Total RNAs were then
extracted from replicon-harboring Huh7 cells. The 5'UTR
cDNAs of both the positive- and negative-strand RNAs were
amplified by RLM-RACE, and the 5’-end nucleotide identity
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FIG. 5. Determination of the positive- and negative-strand RNAs of the subgenomic HCV replicons isolated from Huh7 cells transfected with
the 3'UTR-C and 3'UTR-G RNAs. (A) Quantitation of replicon RNAs derived from the 3'UTR-C RNA-transfected Huh7 cells. RPA was
essentially the same as described for Fig. 3 except that total RNAs were extracted from different Huh7 cell lines as a result of replication of the
3'UTR-C RNA and selection with G418 sulfate. W.t. is the 5’UTR-G RNA (Fig. 1). (B) Quantitation of replicon RNAs isolated from different
Huh?7 cell lines that resulted from replication of the 3'UTR-G RNA by RPA. The positive- and negative-strand RNAs are indicated at the bottom.

Numbers indicate replicon RNAs derived from different cell lines.

was determined by sequence analysis. The results are summa-
rized in Fig. 7.

The 5’-end nucleotide sequence of a total of 10 replicon
RNAs isolated from the 5'UTR-G RNA-transfected Huh7
cells was determined. Strikingly, all 10 replicon RNAs con-
tained nucleotide A rather than G at the 5’ end (Fig. 7). This
finding suggests that replication of HCV RNA in cell culture
was preferentially initiated with ATP as a result of G418 se-
lection. Consistent with this finding, the 5'-end nucleotide A of
the replicon 5'UTR-A was stably maintained even after nu-
merous rounds of RNA replication. All five replicon RNAs
isolated from Huh7 cells transfected with the 5’UTR-A RNA
contain a nucleotide A at the 5’ end, indicating that ATP is
favorable and stable for initiation of HCV RNA replication in
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FIG. 6. Determination of the positive- and negative-strand RNAs
of HCV replicon RNAs isolated from Huh?7 cells transfected with the
5'UTR-A/3'UTR-C RNA. Total RNAs were extracted from six dif-
ferent Huh7 cell lines resulted from replication of the transfected
5'UTR-A/3'UTR-C RNA. RPA was done in the same way as de-
scribed in the Fig. 3 legend. 5'-3'/w.t., RNA extracted from an Huh7
cell line resulting from replication of the transfected wild-type replicon
RNA (5'UTR-G RNA, see Fig. 1B). Replicon RNAs derived from
different cell lines are indicated by numbers on the top. The positive-
and negative-strand RNAs are indicated at the bottom.
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FIG. 7. Determination of nucleotides at the 5" and 3’ ends of HCV
replicon RNAs recovered from G418-resistant Huh7 cells. (A) Sche-
matic of the RNA ligase-mediated rapid amplification of cDNA ends
(RLM-RACE) (Ambion). An adapter RNA (open bar) was ligated to
the 5" end of either the positive-strand (for determination of the 5'-end
nucleotide) or the negative-strand (for determination of the 3'-end
nucleotide) HCV replicon RNA isolated from different cell lines. The
cDNAs of both positive and negative strands of HCV RNA were
reverse transcribed by using HCV-specific primers and amplified by
PCR with 5'RACE outer/inner primers (gray arrow) and HCV-specific
primers (open arrow). The 5’-end nucleotides of both positive and
negative strands of HCV RNA were determined by DNA sequence
analysis. (B) 5'- and 3’-end nucleotides of HCV RNA determined by
RLM-RACE. Letters indicate nucleotides at the 5’ and 3’ ends as
shown on the top. The number indicates the number of cell clones
from which HCV replicon RNAs were analyzed. Numbers in paren-
theses indicate the frequency of the nucleotides determined. The HCV
replicon RNAs given on the left column were the ones transcribed in
vitro by a T7 RNA polymerase.
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FIG. 8. Determination of the 5’-end nucleotide of T7 RNA tran-
scripts and HCV genomic RNAs derived from clinical HCV isolates.
The 5'UTR-A and 5'UTR-C RNAs were in vitro transcribed by a T7
RNA polymerase. HCV RNAs were extracted with TRIzol reagent
from serum samples of patients infected with different genotypes of
HCV. The 5'-end nucleotide of T7 transcripts and HCV genomic
RNAs were determined by RLM-RACE as described in Fig. 7A leg-
end. Nucleotide sequences of each chromogram are complementary to
HCYV genomic RNA (in black and red) and adapter RNA sequence (in
blue), as highlighted underneath each chromogram. Nucleotides in red
are the 5’-end nucleotides of HCV RNAs. The highlighted sequence

3a-P2
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the cell culture system. In addition, one replicon RNA recov-
ered from the 5'UTR-C RNA-transfected Huh7 cells was
found to have the 5'-end nucleotide changed to an A. Inter-
estingly, the nucleotide C was retained at the 5’ end of two
other replicon RNAs isolated from Huh7 cells transfected with
the same 5'UTR-C RNA. How the 5’-end nucleotide C was
stably maintained in HCV RNA replication was not clear.
Also, HCV RNA extracted from a series of serum samples
derived from a chimpanzee inoculated with a homogeneous
infectious HCV RNA (53) was found to contain a nucleotide C
at the 5" end (Z. Cai et al., unpublished results). Whether the
initiation nucleotide of HCV RNA controls the level of HCV
RNA replication in vivo remains to be determined.

Reversion of the 3'-end nucleotide mutations was analyzed
by determination of the 5’-end nucleotide of the negative-
strand HCV RNA. The (—)5'UTR cDNA was amplified by
RLM-RACE. Sequence analysis revealed that the 3’-end nu-
cleotide mutations were all reverted back to a wild-type nucle-
otide U from the mutated nucleotides C and G (Fig. 7). In
addition, two revertants recovered from the 3'UTR-G RNA-
transfected Huh7 cells have one and two extra U residues at
the 3’ end, respectively. A previous study found that some
clinical isolates of HCV genotype 1b also contained extra U
residues at the 3" end (56). We do not know, however, how the
extra U residues were added to the 3’ end of the HCV RNA
during RNA replication. One possible explanation is that ATP
is a component of the HCV replication complex, and a nucle-
otide G at the 3’ end might affect the affinity of the binding of
the HCV replication complex to the RNA template during
negative-strand RNA replication. As a result, extra ATP was
mistakenly added during the initiation of negative-strand RNA
replication.

Determination of the 5’-end nucleotides of HCV genomic
RNAs derived from various clinical isolates. To confirm the
biological relevance of our findings derived from cell culture
replication of subgenomic HCV replicon RNAs, we sought to
determine the 5'-end nucleotides of HCV RNA genomes of
different clinical isolates. HCV RNAs of genotypes 1, 2, 3, and
4 were used in the present study for the determination of the
initiation nucleotide of positive-strand HCV RNA by RLM-
RACE (see Materials and Methods). The results are shown in
Fig. 8. Both nucleotides A and G were found at the 5’ ends of
HCV RNAs of different clinical isolates, confirming that both
ATP and GTP are used by the HCV replicase in vivo to initiate
positive-strand RNA replication. However, there is no corre-
lation between the initiation nucleotide (ATP or GTP) and
different HCV genotypes. The initiation nucleotide of the
genomic HCV RNA varies between different HCV isolates
even within the same genotype (Fig. 8). Interestingly, polymor-
phic nucleotides A and G were found at the 5’ end of HCV
RNA derived from the same patient (Fig. 8, 3a-P2). Further
analyses of HCV RNA derived from this patient by cDNA

underneath each chromogram is in the order from 3’ to 5" ends. HCV
genotypes are indicated by 1a, 2b, 3a, and 4. P1 and P2 stand for HCV
RNAs derived from patient 1 and patient 2, who were infected with the
same genotype. A mutation from C to U at position 3 from the 5’ end
was identified in one clinical isolate (1a-P1) and is highlighted by a
purple letter U.
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cloning and DNA sequence analysis revealed that the mixture
of HCV RNA consists of 60% of RNA with a 5'-end nucleo-
tide G and 40% of RNA with a 5'-end nucleotide A. It will be
interesting to determine how the initiation of HCV RNA rep-
lication is controlled in vivo by selective utilization of ATP and
GTP.

DISCUSSION

Various lines of evidence derived from in vitro biochemical
studies suggest that ATP and GTP are favorable nucleotides
used by recombinant HCV RdRp for the initiation of de novo
RNA synthesis (36, 61, 62). Our earlier study revealed that
purified recombinant HCV RdRp exhibited a preference for
purine nucleotides in de novo RNA synthesis (36). Others
reported that HCV RdRp preferred GTP as the initiation
nucleotide in the in vitro RNA synthesis (62). Consistent with
these findings, GTP was found to stimulate the in vitro RdRp
activity by up to 100-fold (32). The role of GTP in stimulation
of the RdRp activity was further supported by identification of
a GTP-specific binding site on the surface of the enzyme ~30
A away from the active site. The GTP binding pocket lies at the
interface between fingers and thumb domains of NS5B. It was
speculated that binding of a GTP to the specific GTP binding
pocket might trigger a conformational rearrangement of the
enzyme to allow alternative interactions between the two do-
mains, which therein renders efficient initiation of RNA syn-
thesis (6).

However, findings derived from our genetic analysis of HCV
RNA replication here demonstrate that replication of both
positive- and negative-strand RNAs of a subgenomic HCV
RNA replicon was selectively initiated with ATP rather than
GTP in cell culture. The 5’-end nucleotide GTP was present in
HCV replicon RNA transcribed by a T7 RNA polymerase in
vitro. Upon transfection into Huh7 cells and multiple rounds
of RNA replication, however, the 5-end GTP of the HCV
replicon RNA was changed to an ATP, as revealed by se-
quence analysis (Fig. 7). This finding indicates that ATP was
preferentially utilized by HCV replicase for initiation of the
positive-strand HCV RNA replication in cell culture. This con-
clusion was further supported by the finding that a nucleotide
A at the 5’ end was stably maintained in the replicon RNAs
recovered from Huh7 cells after many passages. The nucleo-
tide A was invariantly found at the 5" ends of all five replicon
RNAs isolated from Huh7 cells transfected with RNAs con-
taining an ATP at the 5’ end (Fig. 7). CTP was also found at
the 5" end of the 5UTR-C RNA upon multiple rounds of
replication, suggesting that CTP was used for the initiation of
HCV RNA replication in cell culture. However, the 5’-end
nucleotide C caused a dramatic reduction in cell colony for-
mation (Fig. 2). Also, the levels of both positive- and negative-
strand RNAs of the replicon RNAs with a nucleotide C at the
5" end were >10-fold lower than those of replicon RNAs
initiated with an ATP (Fig. 3B). The nucleotide C at the 5’ end
could also revert back to a nucleotide A (Fig. 3 and 7). Re-
version of the 5'-end nucleotides G and C to an A suggests
that ATP is favorable and more stable for initiation of HCV
RNA replication in cell culture (Fig. 7). These findings are
superimposed by those derived from the mutagenesis anal-
ysis of the 3’-end nucleotide of the HCV replicon RNA. Mu-
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tations of the 3'-end nucleotide of HCV RNA were expected
to affect the initiation of the negative-strand RNA replication.
Our results clearly show that pyrimidine nucleotides (U and C)
at the 3’ end were favorable for efficient cell colony formation
(Fig. 4). The analysis of nucleotide reversion further revealed
that the 3’-end nucleotide U-to-C and -G mutations were all
reverted back to a wild-type nucleotide U at the 3" end. Con-
sidering that the 3’-end nucleotide U became the initiation
nucleotide A of the negative-strand RNA, reversion of the
3’-end nucleotide mutations clearly indicates that replication
of the negative-strand HCV RNA was preferentially initiated
with ATP. These findings are consistent with those derived
from a transient HCV replicon replication system (59). The
3’-end nucleotide mutations of the replicon RNA was found to
revert back to the wild-type nucleotide U as early as 1 day
posttransfection (59). Taken together, these findings demon-
strate that ATP was selectively utilized by HCV replicase as
the initiation nucleotide for efficient and stable replication of
both positive- and negative-strand RNAs of HCV in cell cul-
ture.

The question arose why the replicon 5UTR-A RNA re-
sulted in lower efficiency in cell colony formation compared to
that of the 5’UTR-G RNA (Fig. 2). The exact reason for the
discrepancy between cell colony formation and nucleotide
preference of ATP for initiation of RNA replication in cell
culture is not known. One possible interpretation is that higher
levels of positive-strand RNA replication initiated with ATP
might be lethal to the cell. It has been recently reported that
HCV propagation in B lymphocytes could cause a significant
level of apoptosis (51). Cell colony formation induced by the
HCYV replicon depends on the replication of HCV RNA, as
well as on cell proliferation. Only cells that were able to tol-
erate HCV RNA replication would be selected to form cell
colonies. Therefore, cell colony formation might not be an
ideal assay system for determination of the efficiency of HCV
RNA replication. A transient HCV replicon replication system
is probably a better approach in this regard (58).

Findings derived from sequence analysis of HCV RNAs of
clinical isolates demonstrate that both ATP and GTP were
used by HCV replicase in vivo for initiation of positive-strand
RNA replication (Fig. 8). Also, sequence analysis revealed that
HCV RNA derived from a chimpanzee, which was intrahepati-
cally inoculated with an infectious HCV RNA (53), contained
a nucleotide C at the 5’ end, suggesting that CTP was also
utilized for the initiation of positive-strand RNA replication
(Cai et al., unpublished). The discrepancy in selection of the
initiation nucleotide between HCV RNA replication in cell
culture and in vivo might be due to the difference in sequence
and/or structure of the HCV replicase between different HCV
isolates. Alternatively, the HCV propagation sites (e.g., liver
versus spleen) and/or the nucleotide pool in the cell where
HCV RNA is replicated could also determine the selection of
nucleotides used for initiation of HCV RNA replication. Fur-
ther investigation is needed to determine whether specific
amino acid and/or structure of the HCV replicase discriminate
the incoming nucleotide for efficient initiation of HCV RNA
replication. Furthermore, it will be interesting to see whether
HCV RNA replication is also controlled by different initiation
nucleotides in vivo.

The question also arises how initiation of HCV RNA repli-
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cation in cell culture differs from the one catalyzed by the
purified recombinant RdRp in vitro as to the selection of
nucleotides for initiation of de novo RNA synthesis. In vivo,
replication of most RNA viruses is a highly orchestrated pro-
cess involving multiple proteins through protein-RNA and
protein-protein interactions. The virus-encoded RdRp is a cen-
tral component of the replication complex that consists of
multiple viral and cellular proteins and viral RNA. In the
absence of other viral and cellular proteins, viral RdRp by
itself often lacks template specificity (27). For instance, puri-
fied recombinant HCV RdRp was able to copy HCV-specific
RNA, nonviral RNA, or even DNA templates in vitro (24, 36,
39, 40). However, the replication complex associated with the
intracellular membrane specifically catalyzes replication of
HCV RNA. Therefore, HCV RdRp assembled in the replica-
tion complex in the cell may be different in both structure and
function from purified RdRp in vitro.

The underlying molecular mechanism of the initiation of
HCV RNA replication with different nucleotides remains enig-
matic. The preference of ATP and GTP as initiation nucleo-
tides in vivo is probably due to the fact that the selective
nucleotide is a component of the viral initiation complex as-
sembled prior to RNA replication like the transcription initi-
ation complex of the polymerase II polymerase (14, 48). In
addition, ATP and GTP may provide energy for the formation
of the first phosphodiester bond during initiation of HCV
RNA replication. It was previously reported that the B-A imido
analogue of ATP was unable to initiate but was able to elon-
gate RNA transcription catalyzed by the RdRp of vesicular
stomatitis virus in vitro, suggesting that a hydrolyzable form of
the B-\ phosphodiester bond in ATP might be required for
initiation of vesicular stomatitis virus RNA transcription (52).
A hydrolyzable ATP was also found to be an essential compo-
nent of the transcription initiation complex of the RNA poly-
merase II, a DNA-dependent RNA polymerase (8, 44).
Whether a hydrolyzable ATP is required for synthesis of the
first phosphodiester bond during initiation of HCV RNA rep-
lication remains to be determined.

Mutations of the nucleotides at the 5" and 3’ ends of the
HCV replicon RNA might also influence the function of the
promoters for synthesis of the positive- and negative-strand
RNAs. The nucleotide at the very 3’ end is likely a part of the
promoter sequence required for RNA replication, and therein
mutations of the initiation nucleotides may impair promoter
function. This possibility may explain why a G-to-C mutation at
the 5’ end and U-to-G or -A mutations at the 3’ end resulted
in a dramatic decrease or a complete abolition of cell colony
formation (Fig. 2 and 4). However, it will be difficult to deter-
mine the role of the 3’-end nucleotide in the function of the
promoter since recognition of the promoter and initiation of
RNA synthesis by the viral replication complex are tightly
coupled.

Identification of the initiation nucleotide required for effi-
cient HCV RNA replication provides a novel target for ratio-
nal design and screen of nucleoside and nucleotide analogue
inhibitors. Initiation of RNA synthesis is likely a rate-limiting
step in HCV RNA replication. Therefore, inhibitors targeting
the initiation of HCV RNA replication will be more potent and
efficacious than elongation inhibitors for the inhibition of HCV
replication in vivo. An HBV inhibitor, Entacavir, blocking the

J. VIROL.

initiation of the viral genome replication exhibited much
greater efficacy than the one (lamivudine or 3TC) inhibiting
the elongation step (28, 47). It remains to be determined
whether ATP analogues are more potent than other nucleoside
analogues in inhibition of the initiation of HCV RNA replica-
tion in vitro and in the cell.
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