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The 5’ nontranslated region (NTR) and the X tail in the 3" NTR are the least variable parts of the hepatitis
C virus (HCV) genome and play an important role in the initiation of RNA synthesis. By using subgenomic
replicons of the HCV isolates Conl (genotype 1) and JFH1 (genotype 2), we characterized the genotype
specificities of the replication signals contained in the NTRs. The replacement of the JFH1 5" NTR and X tail
with the corresponding Conl sequence resulted in a significant decrease in replication efficiency. Exchange of
the X tail specifically reduced negative-strand synthesis, whereas substitution of the 5 NTR impaired the
generation of progeny positive strands. In search for the proteins involved in the recognition of genotype-
specific initiation signals, we analyzed recombinant nonstructural protein 5B (NS5B) RNA polymerases of both
isolates and found some genotype-specific template preference for the 3’ end of positive-strand RNA in vitro.
To further address genotype specificity, we constructed a series of intergenotypic replicon chimeras. When
combining NS3 to NS5A of Conl with NS5B of JFH1, we observed more-efficient replication with the genotype
2a X tail, indicating that NS5B recognizes genotype-specific signals in this region. In contrast, a combination
of the NS3 helicase with NS5A and NS5B was required to confer genotype specificity to the 5’ NTR. These
results present the first genetic evidence for an interaction between helicase, NS5A, and NS5B required for the
initiation of RNA synthesis and provide a system for the specific analysis of HCV positive- and negative-strand

syntheses.

The hepatitis C virus (HCV) is an enveloped positive-strand
RNA virus belonging to the genus Hepacivirus in the family
Flaviviridae. The genome of HCV encompasses a single
~9,600-nucleotide-long RNA molecule carrying primarily one
large open reading frame, flanked by nontranslated regions
(NTRs), and being translated into one polyprotein. The
polyprotein precursor is cleaved by cellular and viral proteases
into at least 10 different products (for a review, see reference
4). The structural proteins core, E1, and E2 are located in the
amino terminus of the polyprotein, followed by p7 and the
nonstructural proteins (NS) NS2, NS3, NS4A, NS4B, NS5A,
and NS5B. NS2 and the amino-terminal domain of NS3 com-
prise the NS2-3 protease responsible for cleavage between NS2
and NS3. NS3 is a multifunctional protein, consisting of an
amino-terminal serine-protease domain required for the pro-
cessing of the NS3-to-NS5B region and a carboxy-terminal
helicase/nucleoside triphosphatase domain. NS4A is a cofactor
that activates the NS3 protease by forming a heterodimer. The
hydrophobic protein NS4B induces the formation of a cyto-
plasmic vesicular structure, designated membranous web,
which appears to contain the replication complex of HCV (16).
NSS5A is a phosphoprotein comprising basally phosphorylated
(p56) and hyperphosphorylated (p58) forms (22). An impor-
tant role for NS5A in viral replication is suggested by the
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finding that most of the cell culture-adaptive mutations de-
scribed so far are located within a central region of NS5A (6,
36) and that the loss of hyperphosphorylation by the inhibition
of casein kinase I activates RNA replication (43, 48). Further-
more, NS5A binds to RNA (21) and the recently obtained
crystal structure of domain I suggests that this region forms a
dimer that could exert this function (62). NS5B is the RNA-
dependent RNA polymerase (RdRp) of HCV, the key enzyme
of viral RNA replication.

The NTRs are among the most conserved parts of the viral
genome due to their multiple functions in viral translation and
replication. The 5" NTR is a highly structured region of 340 to
341 nucleotides in length and contains an internal ribosome
entry site (IRES) (64) that directs cap-independent translation
of the open reading frame. In addition, it has been shown that
the first 125 nucleotides are essential for RNA replication but
that the entire 5" NTR is required for maximal replication
efficiency (15, 27). It is generally believed that the function of
the 5" NTR in RNA replication, namely, the initiation of pos-
itive-strand synthesis, is exerted by the complementary se-
quence, corresponding to the 3’ end of the negative strand,
which adopts a secondary structure that is different from the
mirror image of the 5" NTR (54, 59). The 3" NTR of the
positive-strand RNA has a tripartite structure: (i) a variable
region that is in part dispensable for replication in vivo (71)
and in vitro but seems to be important for efficient RNA
replication (13, 72); (ii) a poly(U/UC) tract of variable length,
which is essential in vivo and in vitro and which requires a
minimal length of 26 to 50 nucleotides (13, 72); and (iii) the
very 3" end of the HCV genome, designated X tail. It com-
prises an almost invariant 98-nucleotide sequence (28, 60) con-
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taining three highly conserved stem-loop structures (8), which
are all critical for RNA replication in vitro and in vivo (13, 71,
72). Further important cis-acting RNA elements are located in
the coding region of NS5B (74), one of which undergoes a
kissing-loop interaction with stem-loop II (SLII) in the X re-
gion that is essential for RNA replication (14).

Although the secondary structures of the termini of positive-
and negative-strand RNAs have been defined (8, 20, 54, 59)
and the regions involved in RNA replication have been ana-
lyzed in great detail using subgenomic replicons (13, 15, 72,
73), little is known about the critical protein RNA interactions
governing the initiation and regulation of RNA synthesis. This
is due mainly to the lack of appropriate model systems, which
is notoriously difficult for many positive-strand RNA viruses,
since most of the factors involved in this process function only
in cis and many of the proteins are active only as part of a
polyprotein. In the case of alphaviruses, it was possible to study
RNA replication by separate expression of RNAs containing
the cis-acting noncoding elements and the nonstructural pro-
teins to dissect the requirements for the initiation of negative-
and positive-strand syntheses (33). For flaviviruses, some of the
nonstructural proteins could be supplied in frans (26, 34, 35),
but for HCV, frans-complementation was limited to particular
NS5A mutants (1). Some limited insight into basic mechanisms
of RNA synthesis was obtained by in vitro analysis of purified
enzymes. For instance, it has been shown that NS5B can ini-
tiate RNA synthesis de novo (41, 44, 76), which is also thought
to occur in vivo, but although de novo initiation does not work
on all templates with equal efficiencies (51), there is no restric-
tion to HCV sequences (55). In the case of the NS3 helicase,
specific binding to the 3" NTR of positive and negative strands
was shown (3), but although a direct involvement of this en-
zyme in RNA replication is obvious, the precise role has yet to
be defined. Therefore, it is still not clear which of the non-
structural proteins are actively involved in HCV RNA syn-
thesis.

Chimeras between related viruses have been a valuable tool
for the analysis of many aspects of the viral life cycle, and the
genetic diversity among HCV isolates already provides a start-
ing point to create chimeric virus genomes. HCV sequences
are grouped into six genotypes, differing up to 30 percent in
nucleotide sequence, and several subtypes (58). Most of the
HCV isolates that have been tested in cell culture belong to
genotype 1, replicate very poorly, and have to gain adaptive
mutations for efficient RNA amplification, as exemplified by
the genotype 1b isolate Conl (6, 36, 37, 39). HCV isolates of
other genotypes have not yet been established to replicate in
vitro, with the exception of a genotype 2a isolate, designated
JFHI1, which amplifies to high levels without the need for cell
culture adaptation (24). The availability of HCV isolates of
different genotypes efficiently replicating in cell culture allows
us now for the first time to establish a system to analyze the
determinants involved in RNA replication based on interge-
notypic chimeras.

By using subgenomic replicons of HCV Conl and JFH1, we
developed a system to dissect the initiation of negative- and
positive-strand RNA syntheses and identified genotype-spe-
cific replication signals in the conserved parts of the NTRs.
Moreover, we identified a specific NS5B interaction site in the
3’ X region and show that the NS3 helicase, NS5A, and NS5B
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are part of the initiation complex involved in progeny positive-
strand synthesis.

MATERIALS AND METHODS

Cell cultures. Cell monolayers of the human hepatoma cell line Huh7 (42)
were grown in Dulbecco modified Eagle medium (DMEM; Invitrogen,
Karlsruhe, Germany) supplemented with 2 mM L-glutamine, nonessential amino
acids, 100 U per ml of penicillin, 100 pg per ml streptomycin, and 10% fetal calf
serum. Huh7-Lunet cells refer to a Huh7 cell clone that was generated with a
selectable replicon and cured from HCV by treatment with a specific inhibitor.
Huh7-Lunet cells are more permissive for HCV replication than naive Huh7 cells
(14).

Plasmid constructs. All sequence numbering refers to the position of the
corresponding amino acid or nucleotide of a complete HCV genome cloned by
our group (HCV Conl; GenBank accession number AJ238799) or of the isolate
JFHI, cloned by T. Wakita (GenBank accession no. AB047639) (24, 25, 66).
Note that all JFH1-based in vitro transcripts contain one additional guanosine at
the 5" end to allow for efficient transcription by T7 RNA polymerase, which is not
included in accession no. AB047639 and is disregarded in nucleotide numbering.
All constructs were made using standard PCR and cloning procedures (52).

The two basic replicons Luc Con and Luc JFH used in this study refer to
plasmid constructs pFK-Iy,PI-Luc/NS3-3'/Conl/ET/8g and pFK-Is,,PI-Luc/
NS3-3'/JFH1 (68), respectively. Both plasmids contain the T7 promoter se-
quence fused to the 5" NTR, followed by the poliovirus IRES (PI), the firefly
luciferase (Luc) gene, the encephalomyocarditis virus IRES, the NS3-to-NS5B
coding sequence, the 3' NTRs of the respective isolates, the hepatitis delta virus
genomic ribozyme, and the T7 terminator sequence, followed by an Spel restric-
tion site in the case of Conl and Spel and Mlul restriction sites in the case of
JFH1. pFK-154,PI-Luc/NS3-3'/Conl/ET/8g is identical to pFK-I5,4,PI-Luc/NS3-
3'/Conl/ET (36), harboring cell culture-adaptive mutations in NS3 (E1202G and
T1280I) and NS4B (K1846T), with the exception of the 3’ X sequence, which was
reverted to the genotype 1 consensus sequence and fused to the hepatitis delta
virus genomic ribozyme (cloned from peu3aHDV [50]) and the T7 terminator
sequence (obtained from pX8dT [53]) to generate the appropriate 3’ ends of
replicon in vitro transcripts. AGDD constructs were described previously and
have an in-frame deletion of 10 amino acids (MLVCGDDLVYV) encompassing
the GDD motif of NS5B (36, 68). Replicons with chimeric 5' NTRs were
constructed by using unique Sbfl and Pmel restriction sites, present in all con-
structs, 5" of the T7 promoter and 3" adjacent to the 5" NTR, respectively. 5’ J6
and 5" H77 were amplified from plasmids pJ6CF and pCV-H77 (accession no.
AF177036 and NC_004102, respectively; both generous gifts of J. Bukh, NIH,
Bethesda, MD) and flanked with Sbfl and Pmel sites by PCR. Chimeric X
regions were created using a conserved Nhel restriction site within SLII of the X
tail and Spel sites following the T7 terminator sequence. Constructs 1-156Con
and 157-341Con were cloned using the same Sbfl and Pmel restriction sites and
an internal Agel restriction site which is conserved between JFHI and Conl.
Individual parts of the JFH1 5’ NTR were mutated to correspond to the Conl
sequence by standard PCR mutagenesis techniques with constructs 1-4Con,
1-4/1'Con, 1Iz'Con, and Ily'Con, referring to the stem-loop structures in the 3’
end of the negative strand (see Fig. 4B) (59).

The monocistronic replicon Luc/ubi JFH refers to plasmid pFK
1389Luc_ubi_NS-3'/JFH and contains the 5" NTR, the first 16 codons of the core
open reading frame, in frame fused with the genes encoding firefly luciferase,
human ubiquitin, and the NS3-to-NS5B coding region, followed by the 3’ NTR,
the genomic ribozyme of hepatitis delta virus, and the T7 terminator sequence.
All HCV parts in this plasmid were derived from HCV isolate JFHI. Point
mutations (C72U, UA74/75AU, and U81C) in the 3’ X region of this construct
were introduced by standard PCR techniques and numbered according to their
positions in the X region, starting with 1 at position 9549 of the reference H77
strain (accession no. AF009606) (58).

The plasmid encoding NS5B of Conl lacking the 21 C-terminal amino acids
(AC21) and C-terminally fused to the Hisg tag in a pET21b vector was a generous
gift of Zhi Hong (Valeant Pharmaceuticals) (55). The NSSBAC21 coding region
of JFH1 was first subcloned into pQE60 (QIAGEN, Hilden, Germany) by en-
gineering Ncol and BgllI restriction sites into forward and reverse primers,
respectively. To obtain pET21 NS5BAC21 JFH, the N-terminal coding sequence
of the gene was again amplified by PCR to add an Xbal restriction site by using
primer S_pET21Xba (CCCTCTAGAAATAATTTTGTTTAACTTTAAGAAG
GAGATATACATATGGCTTCCATGTCATACTCCTGGACC) and an appro-
priate reverse primer, cut with Xbal and BsrGI, and fused to a BsrGI-Blpl
fragment from pQE60 NS5BAC21 JFH by using Xbal and BlplI restriction sites
in pET21b.
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Plasmid pFK 154,PiLucNS3-3'JFH/5B,3'Con was used to generate replicon
JFH/5BCon. Its construction was based on pFK-I54,PI-Luc/NS3-3'/JFH1 by the
replacement of the NS5B coding region and the 3" NTR with the corresponding
Conl sequence. The NS5A/NS5B junction was set after amino acid 2442 of the
JFHI1 isolate and generated by PCR.

pFK I5,,PiLucNS3-3'Con/NS5B,5",3" JFH was generated by replacing the
NS5B coding region following amino acid 2419, the 5" NTR, and the 3" NTR with
the corresponding sequence of isolate JFH1 in pFK-I5,,PI-Luc/NS3-3'/Con1/ET/
8g. This plasmid was used to transcribe replicon Con/5B,5',X JFH and was the
starting point for other plasmids encoding intergenotypic replicase chimeras. In
the case of NS3 helicase chimeras, the region encoding amino acids 1209 to 1647
of Conl was exchanged for that encoding amino acids 1213 to 1651 of JFH1 by
PCR and by using a conserved Niil restriction site. The junction between NS4B
and NS5A was set at position 1124/1125 of the Conl polyprotein.

The sequences of all PCR-derived DNA fragments were verified by DNA
sequencing using an ABI 310 sequencer (Applied Biosystems) and BigDye ver-
sion 1.1 (Applied Biosystems) according to the manufacturer’s protocol.

A detailed description of particular cloning strategies and primer sequences is
available upon request.

In vitro transcription. In vitro transcripts of HCV replicons or PCR products
were generated using a protocol described previously (36). All replicon con-
structs used in this study contained the genomic ribozyme of hepatitis delta virus,
followed by the T7 terminator fused to the HCV 3’ NTR, and were transcribed
without linearization. Prior to transcription, DNA was extracted with phenol and
chloroform, precipitated with ethanol, and dissolved in RNase-free water. In
vitro transcription reaction mixtures contained 80 mM HEPES, pH 7.5, 12 mM
MgCl,, 2 mM spermidine, 40 mM dithiothreitol (DTT), 3.125 mM of each
nucleoside triphosphate, 1 U/nl RNasin (Promega, Mannheim, Germany), 0.05
pg/pl plasmid DNA, and 0.6 U/ul T7 RNA polymerase (Promega). After the
reaction mixture was incubated for 2 h at 37°C, an additional 0.3 U/pl T7 RNA
polymerase was added and the reaction mixture was incubated for another 2 h.
Transcription was terminated by the addition of 1 U RNase-free DNase (Pro-
mega) per pg plasmid DNA and a 30-min incubation at 37°C. After extraction
with acidic phenol and chloroform, RNA was precipitated with isopropanol and
dissolved in RNase-free water. The concentration was determined by measure-
ment of the optical density at 260 nm, and RNA integrity was checked by agarose
gel electrophoresis.

Electroporation of HCV replicons. For electroporation, single-cell suspensions
of Huh7 or Huh7-Lunet cells were prepared by trypsinizing monolayers, detach-
ing the cells from the culture dish by rinsing them with complete DMEM,
washing them once with phosphate-buffered saline, counting the cells, and re-
suspending them at 107 per ml in cytomix (65) containing 2 mM ATP and 5 mM
glutathione. In vitro-transcribed RNA (2 to 10 pg) was mixed with 400 .l of the
cell suspension by pipetting and, after electroporation, immediately transferred
to 12 ml complete DMEM. Cells were seeded in aliquots and harvested for a
luciferase assay or RNA preparation at the time points specified for each exper-
iment. The electroporation conditions were 975 wF and 275 V, using a Gene
Pulser II system (Bio-Rad, Munich, Germany) and a cuvette with a gap width of
0.4 cm (Bio-Rad). For Northern hybridization analysis 7 pg (see Fig. 3B) or 10
ng (see Fig. 3A) of in vitro-transcribed replicon RNA was used for each elec-
troporation; cells of several electroporations were combined and then seeded in
aliquots. For time points up to 24 h, cells corresponding to an entire electropo-
ration were seeded on a 10-cm dish, and for later time points, half the amount
of cells was plated.

Luciferase assay. For the luciferase activity assay, cells were washed twice with
phosphate-buffered saline and scraped off the plate into 350 wl ice-cold lysis
buffer (1% Triton X-100, 25 mM glycylglycine, 15 mM MgSO,, 4 mM EGTA, 1
mM DTT). One hundred microliters of cleared lysate was mixed with 360 wl
assay buffer (25 mM glycylglycine, 15 mM MgSO,, 4 mM EGTA, 1 mM DTT, 2
mM ATP, 15 mM K,PO,, pH 7.8) and, after the addition of 200 wl of a 200 pM
luciferin solution, measured in a luminometer (Lumat LB9507; Berthold,
Freiburg, Germany) for 20 s. All luciferase assays were done in duplicate mea-
surements. Luciferase activity was expressed as the increase in relative light units
(RLU) (n-fold) relative to the luciferase activity measured 4 h after transfection
unless stated otherwise.

Preparation of total RNA and quantification of HCV RNA by Northern hy-
bridization. The preparation of total RNA and the quantification of HCV RNA
by Northern hybridization have been described previously (36). In brief, total
RNA from cells was prepared by a single-step isolation method (9), denatured by
treatment with 5.9% glyoxal in 50% dimethyl sulfoxide and 10 mM sodium
phosphate buffer, pH 7.0, and analyzed after denaturing agarose gel electro-
phoresis by Northern hybridization. Prior to hybridization, the membrane was
stained with methylene blue and cut ~1 cm below the 28S rRNA band. The
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upper strip containing the HCV replicon RNA was hybridized with a 3°P-labeled
negative-sense riboprobe complementary to the NS4B-to-NS5A region (nucleo-
tides 5979 to 6699) for the detection of viral positive-strand RNA or with a
positive-sense riboprobe encompassing the same region for the detection of
HCV negative-strand RNA. The lower strip that was hybridized with a B-actin-
specific antisense riboprobe was used to correct for total RNA amounts loaded
in each lane of the gel. Specific bands were quantified by phosphorimaging with
a Molecular Imager FX scanner (Bio-Rad, Munich, Germany), and the number
of HCV molecules was determined by comparison with a serial dilution of in
vitro transcripts corresponding to a known number of positive or negative strands
of subgenomic replicons mixed with 2 pg of total RNA from naive Huh7 cells
loaded in parallel onto the gel. In vitro transcripts were checked by agarose gel
electrophoresis to ensure that almost all RNAs were full length and quantified by
measurement of the optical density at 260 nm.

Expression and purification of JFH1 and Conl RdRp. The NSSBAC21 coding
regions of HCV JFH1 and Conl, C-terminally fused to a hexahistidine tag, were
expressed in Escherichia coli BL21(DE3) cells. Bacterial cells were grown to an
optical density at 600 nm of 0.8, induced by the addition of 1 mM isopropyl-p-
D-thiogalactopyranoside, incubated for 4 h at room temperature with shaking,
and sedimented for 10 min at 6,000 X g. The pellet of a 100-ml culture was lysed
in 4 ml lysis buffer I (LBI; 100 mM Tris-HCI, pH 8, 100 mM NaCl, 1 mM MgCl,,
2% Triton X-100, 2 mg/ml lysozyme [Roche Biochemicals, Mannheim, Ger-
many|) and 1 U/ml Benzonase (Merck, Darmstadt, Germany) for 30 min on ice
and centrifuged for 10 min at 20,000 X g at 4°C. The supernatant (S1) was
removed, the pellet was resuspended in 5 ml of LBII (20 mM Tris-HCI [pH 7.5],
500 mM NaCl, 2% Triton X-100, 10 mM imidazole, 30% glycerol, 10 mM
2-mercaptoethanol), and the suspension was sonicated in 1-ml aliquots five times
for 20 s at an output control setting of 6 at 4°C using a Branson 450 sonifier and
a cup horn with a cooling device. After a 10-min centrifugation at 20,000 X g, the
supernatant (S2) was mixed with 500 pl of a 1:1 Ni-nitrilotriacetic acid (NTA)
agarose slurry (QIAGEN, Hilden, Germany), incubated for 30 min at 4°C with
mild shaking, and centrifuged for 5 min at 500 X g. The supernatant (S3) was
discarded, the Ni-NTA agarose was washed four times with 4 ml of LBII con-
taining 50 mM imidazole, and bound protein was eluted with 1.5 ml of LBII
containing 250 mM imidazole. Purified NS5B was quantified by a modification of
the method of Lowry and stored in small aliquots at —70°C.

RdRp assay. RdRp assays were performed essentially as described previously
(40). In brief, 200 ng purified NS5B from JFH1 or 1 pg NS5B from Conl,
corresponding to a final concentration of 150 nM or 750 nM, respectively, was
incubated for 1 h at 22°C with 0.5 pg of template RNA in a total volume of 25
wl containing 20 mM Tris-HCI (pH 7.5), 5 mM MgCl,, 1 mM DTT, 25 mM KCl,
1 mM EDTA, 20 U of RNasin (Promega), 10 w.Ci of [a-**P]CTP (3,000 Ci/mmol;
GE Healthcare), 10 pM cold CTP, 1 mM ATP and UTP, and 5 mM GTP. After
the addition of 10 pl 3 M Na-acetate and 20 g glycogen, samples were extracted
with phenol-chloroform and nucleic acids were precipitated with 0.7 volumes of
isopropanol. RNAs were analyzed by denaturing glyoxal-agarose gel electro-
phoresis. To generate in vitro-transcribed RNAs corresponding to the 3’ portion
of the HCV positive- or negative-strand genome, the corresponding region of
appropriate plasmids was amplified by PCR. Primers S/T7/9191 (TTGTAATA
CGACTCACTATAGGGACCAAGCTCAAACTCACTCCA) and A9605Con
(ACATGATCTGCAGAGAGGCC) or primers S/T7/9191 and A9678JFH (AC
ATGATCTGCAGAGAGACC) were used on plasmid Luc JFH or Luc JFH 5’
X Con, respectively, to generate template DNA for the transcription of 3’ (+)X
JFH or 3’ (+)X Con. Oligonucleotide S_5" Con (GCCAGCCCCCGATTGGG
GGC) or S_5'" JFH (ACCTGCCCCTAATAGGGGCG) or S_5" G_JFH (GAC
CTGCCCCTAATAGGGGCG) with A_T7_341 (TTGTAATACGACTCACTA
TAGGGTGCACGGTCTACGAGACC) was applied to amplify the template 3’
(—)Con, 3’ (—)JFH, or 3’ (—)C JFH, respectively, from plasmid Luc JFH 5’ X
Con or Luc JFH. All PCR products were treated with Klenow enzyme to
generate blunt ends following the instructions of the manufacturer (New En-
gland Biolabs) and purified by phenol-chloroform extraction. In vitro transcrip-
tion and purification of transcripts were performed as described above. In vitro-
transcribed RNAs were denatured for 3 min at 95°C and cooled on ice prior to
their use in RdRp assays.

RESULTS

Replication kinetics of genotype 1b and 2a replicons. To
gain more insight into the differences between cell culture-
adapted Conl and the wild-type JFH1 isolate, we compared
the replication kinetics of subgenomic luciferase reporter rep-
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FIG. 1. Structure and replication kinetics of genotype 1b and 2a
replicons. (A) Structures of the replicons Luc Con (genotype 1b) and
Luc JFH (genotype 2a) used for transient replication assays. luc, firefly
luciferase; EI, encephalomyocarditis virus IRES; VR, variable region
and poly(U/UC) tract of the HCV 3’ NTR; X, X tail. Coding se-
quences are indicated by rectangles, and noncoding regions are indi-
cated by oval forms. Conl sequences are indicated in white with black
letters, and JFH1-derived sequences are indicated by black, filled
forms with white lettering. This code was kept throughout the whole
study. Adaptive mutations E1202G, T1280I, and K1846T in Conl are
indicated by black dots. (B) Transient replication of Luc Con and Luc
JFH. Huh7-Lunet cells were transfected with 5 pg of in vitro tran-
scripts  corresponding to Luc Con, Luc JFH, ConAGDD, or
JFHAGDD. Luciferase activity was determined in cell lysates prepared
at 2,4, 8, 12, 18, 24, 48, and 72 h posttransfection. Data were normal-
ized for transfection efficiency among identical replicons as deter-
mined by measurement of the luciferase activity 2 h after transfection.
Electroporations and luciferase assays were performed in duplicate.
Note the logarithmic scale of the ordinate and the abscissa.

licons derived from these two isolates (Fig. 1A) by using lucif-
erase activity as a correlate for RNA replication (31, 36). In
vitro transcripts corresponding to each replicon were trans-
fected into Huh7-Lunet cells, a cured replicon cell clone highly
permissive for HCV RNA replication (30, 68), and compared to
replication-deficient Conl- and JFHI1-based RNAs lacking the
GDD motif of NS5B polymerase (ConAGDD and JFHAGDD).
As shown in Fig. 1B, within the first 8 h after transfection,
luciferase activity was due mainly to the translation of the input
RNA, since no significant differences were observed with that
of the negative control ConAGDD, which seemed to be some-
what more stable than JFHAGDD. For Conl, luciferase activ-
ity slightly and constantly increased over time up to 30-fold of
the input values at 72 h after transfection. In contrast, reporter
gene activity increased rapidly for the JFH1-derived replicon,
reaching 1,000-fold of the input levels by 24 h after transfection
and staying at the same high level at later time points, indicat-
ing that host cell determinants might limit further amplifica-
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tion. Similar results were obtained with monocistronic rep-
licons, in which the luciferase gene was fused to NS3 via
ubiquitin, resembling the translational properties of authen-
tic genomes, and with bicistronic replicons expressing lucif-
erase under the translational control of the HCV IRES
(data not shown).

The dramatic boost of the JFH1 signal within 12 to 24 h after
transfection, which was preceded by an 8-h lag phase similar to
that observed with Conl, argued that the efficiency of RNA
synthesis was the main clue to the different replication kinetics
of the two isolates. Therefore, we focused on a possible role for
the NTRs containing the signals in the initiation and regulation
of negative- and positive-strand syntheses.

The 5" NTR and 3’ X tail contain genotype-specific signals.
The NTRs are among the most conserved parts of the HCV
genome. The 5" NTR differs in 25 positions between Conl and
JFHI. The last 98 nucleotides of the 3’ NTR are almost in-
variant (28, 60). However, while almost all HCV genotypes
share the same X consensus sequence, the consensus sequence
of genotype 2 differs in four positions of the 3'-terminal SLI
(see Fig. 4A); in addition, some isolate-specific differences
have been reported (28, 73). To evaluate whether genotype-
specific signals are important for efficient JFH1 replication, we
exchanged the original 5’ NTR and the X tail of the 3" NTR
either individually or simultaneously in the Luc JFH replicon
(Fig. 1A) to obtain replicons with heterologous NTRs and
analyzed them for replication capability. Since the luciferase
expression of these replicons was directed by the PI, any pos-
sible influence of translation by the HCV IRES should have
been avoided (15, 36). Figure 2A shows that heterologous
NTRs had a strong impact on JFH1 replication efficiency. The
exchange of the 5" NTR or X tail in replicon 5" Con/X JFH or
5" JFH/X Con, respectively, resulted in a 1.5-log reduction of
luciferase counts 24 h after transfection compared to what was
observed with a replicon with wild-type NTRs (5" X JFH).
However, chimeric replicons 5" Con/X JFH and 5’ JFH/X Con
met wild-type luciferase values at later time points because the
wild-type replicon reached a plateau of luciferase activity at
48 h after transfection. The luciferase expression of replicon
Luc JFH 5" X Con was more severely impaired and never
reached input levels, indicating that the individual negative
effects of the heterologous 5" NTR and X tail were additive.

To exclude isolate-specific effects, we analyzed the impact of
5" NTRs from another genotype 2a (J6 [70]), and a genotype
la isolate (H77 [69]) on JFHI1 replication (Fig. 2B). The 5’
NTR of J6 had no significant effect on JFH1 replication, as
expected from the small degree of divergence between the
JFH1 and J6 sequences, whereas the 5" NTR of H77 reduced
JFHI1 replication efficiency similarly to the Conl sequence,
consistent with the idea that the 5" NTR contains genotype-
but not isolate-specific signals. To further confirm the geno-
type specificity of the NTRs, we used the Luc Con replicon
(Fig. 1A) and replaced the 5" NTR and X tail with the respec-
tive JFH1 counterparts (Fig. 2C). Again, homologous NTRs
were the most efficient (5’ X Con), the exchange of the 5" NTR
or X tail resulted in a mild reduction of replication efficiency
for 5’ Con/X JFH and 5" JFH/X Con, and the effects were
additive when both heterologous NTR sequences were com-
bined (5’ X JFH1). The reduction in replication efficiency
relative to that of the wild-type sequence was less severe than



5274 BINDER ET AL.

A

WD) Luc JFH
10° 3
102 § /./
= 10! ] - 5'X JFH
= ] -1 5'Cow/X JFH
= 10°4 —&— S'JFH/X Con
= ] / -O— 5'X Con
10 —— AGDD

\ -~
102

0 20 40 60 80
h post transfection

10*
10°§
_ ] - 5 JFH

10? o 5
=] 5'J6
~ I A U7
T 10!y -0~ 5 Con
2

10"1'

10! T T T

0 20 40 60 80
h post transfection

C GO e o3 TIap[ A T8 ® Luc Con

10,
= —- X JFH
é 109 -} 5'CowX JFH
% E —k— 5'JFH/X Con
oz —O~ 5'X Con

10! . . r

0 20 40 60 80

h post transfection

FIG. 2. Impact of heterologous NTR sequences on replication ef-
ficiency of Conl and JFH1 replicons. (A) Effect of the heterologous 5’
NTR and 3’ X tail on replication efficiency of a Luc JFH replicon. Luc
JFH replicon RNAs with homologous NTRs (5" X JFH), 5" NTR, or
3" X-tail sequences derived from Conl (5’ Con/X JFH, 5’ JFH/X Con,
or 5" X Con, respectively) or a replication-deficient control replicon
(AGDD) were transfected into Huh7 cells; transfected cells were
seeded and harvested at 4, 24, 48, and 72 h after transfection, and cell
lysates were analyzed for luciferase activity. Luciferase activity is given
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for JFH1, most likely due to the generally much lower repli-
cation efficiency and slower kinetics of Conl.

Taken together, these results indicate that the 5" NTR and
the X tail contain genotype-specific signals, which are impor-
tant for efficient HCV RNA replication.

Impact of chimeric 3’ X-tail and 5" NTR sequences on neg-
ative- and positive-strand syntheses. The NTRs of positive-
strand RNA viruses contain signals important for the initiation
of RNA synthesis. The 3" X region of the HCV genome has
been shown to be essential for RNA replication (13, 29, 71, 72)
and should contain signals for the initiation of negative-strand
synthesis. Progeny positive-strand synthesis is thought to be
regulated by the 3’ end of the viral negative strand. Therefore,
the reduction of replication efficiency by heterologous NTRs
should be due to a specific impairment of the initiation of
negative-strand synthesis in the case of the 3’ X tail and of
positive-strand synthesis in the case of the 5" NTR. To prove
this hypothesis, we transfected Luc JFH replicons with authen-
tic or Conl-derived 5’ NTRs and/or 3’ X tails into Huh7 cells
and analyzed positive- and negative-strand synthesis at differ-
ent time points after transfection (Fig. 3A). The amounts of
positive-strand RNA obtained for constructs with authentic
and chimeric NTRs resembled closely the results of luciferase
expression shown in Fig. 2A. Replication efficiency was highest
for a replicon harboring authentic NTRs (5’ X JFH) (Fig. 3A,
upper panel, lanes 2 to 5); replicons containing either a Con1-
derived 5’ NTR (5" Con/X JFH) (lanes 6 to 9) or a 3’ X tail (5’
JFH/X Con) (lanes 10 to 13) were similarly impaired in posi-
tive-strand RNA levels at 24 to 72 h after transfection com-
pared to input levels (0 h), whereas RNA replication was
barely detectable for the chimeric replicon containing the 5’
NTR and 3’ X tail from Conl (5" X Con) (lanes 14 to 17),
demonstrating that the RNA replication capability of this con-
struct was severely disturbed. Likewise, the ratios of positive-
to negative-strand HCV RNA at 24, 48, and 72 h after trans-
fection were also altered with the different chimeras (Fig. 3A,
upper and middle panels). In the case of the wild-type replicon
(5" X JFH), the average positive- to negative-strand RNA ratio
(=standard deviation) was about 8.7 (*£2.5). The exchange of
the 3" X region resulted in an increased positive- to negative-
strand RNA ratio of 16.1 (£3.8), due mainly to a decreased

as the change in RLU (n-fold) relative to the value obtained 4 h after
transfection. VR, variable region and poly(U/UC) tract of the HCV 3’
NTR; X, X tail. (B) Genotype specificity of replication signals in the 5’
NTR. Luc JFH replicons with 5" NTRs derived from isolates JFH1 and
J6 (both genotype 2a), H77 (genotype 1a), and Conl (genotype 1b)
were transfected into Huh7 cells; luciferase activity was determined as
described above. JFH1 and J6 5" NTRs differed at positions 4, 78, and
302 and Conl and H77 at positions 11, 12, 13, 34, 35, 204, and 243. (C)
Heterologous NTR sequences affect the replication efficiency of Luc
Con replicons. Luc Con replicon RNAs with homologous NTRs (5’
X Con), 5" NTR, or 3" X-tail sequences derived from JFH1 (5’ JFH/X
Con, 5" Con/X JFH, or 5" X JFH, respectively) were transfected into
Huh7 cells and analyzed for replication efficiency as described above.
Schematic drawings of replicons are shown at the top of panels A and
C. JFH1- or Conl-derived sequences are given in black or white,
respectively; portions given in gray are variable within one panel. For
a detailed description of the luciferase replicons, refer to the legend to
Fig. 1A.
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FIG. 3. Impact of 3’ X-tail and 5" NTR chimeras on negative- and positive-strand syntheses of replicon Luc JFH. Analysis of transient
replication of Luc JFH replicons with different NTR sequences by Northern hybridization. (A) Huh7 cells were transfected by electroporation with
Luc JFH replicons harboring homologous NTR (5’ X JFH), 5" NTR, or 3’ X-tail sequences derived from Conl (5’ Con/X JFH, 5’ JFH/X Con,
or 5" XCon, respectively) or with a replication-deficient control replicon (AGDD) and analyzed for positive- and negative-strand RNA syntheses
at 0 to 72 h after transfection. B-Actin RNA levels were used to normalize for loading in each lane. (B) Huh7-Lunet cells were transfected with
the same replicons as those used for panel A and analyzed 0 to 12 h after electroporation. Replicon Luc JFH 5’ X Con was excluded from this
analysis due to inefficient replication. Cells were harvested at the time points postelectroporation indicated above lanes 2 to 21. Ten micrograms
of total RNA was analyzed by Northern hybridization with a 3?P-labeled negative- or positive-sense riboprobe to detect HCV positive-strand RNA
[(+)RNA] or negative-strand RNA [(—)RNA], respectively, or with a negative-sense riboprobe specific for B-actin as given on the right. Four
micrograms of total RNA from naive Huh7 cells was used as a negative control (Huh7). Luc JFH in vitro transcripts (107 or 10%) of positive-sense
[(+)RNA] or negative-sense [(—)RNA] orientation were loaded to quantify HCV RNA, as shown above the two outer left or right lanes,

respectively.

level of negative strands (5’ JFH/X Con) (Fig. 3A, middle
panel, lanes 10 to 13). In contrast, the chimera with the het-
erologous 5' NTR (5’ Con/X JFH), which contains the signals
for progeny positive-strand synthesis, had a significantly re-
duced positive- to negative-strand RNA ratio (4.7 = 1.2), in-
dicating that indeed positive-strand RNA synthesis was pri-
marily impaired. These results, which are representative of two
independent experiments, were corroborated by short-term ki-
netic analyses (Fig. 3B). The kinetics of negative-strand syn-
thesis were identical for 5" X JFH and 5’ Con/X JFH, with the
first detectable signal at 4 h posttransfection and steadily in-
creasing up to 12 h after transfection (Fig. 3B, middle panel,
compare lanes 2 to 6 and 7 to 11), demonstrating that a het-
erologous 5" NTR had no effect on negative-strand synthesis.
In contrast, the heterologous 3’ X tail decreased the negative-
strand synthesis of the 5" JFH/X Con replicon to undetectable
levels within the time span of this experiment (Fig. 3B, middle
panel, lanes 12 to 16).

In summary, although the overall replication efficiencies of
the replicons 5" Con/X JFH and 5’ JFH/X Con were reduced
to similar levels, the underlying mechanisms were very differ-
ent. The heterologous 3’ X tail specifically affected negative-
strand synthesis, whereas alteration of the 5" NTR decreased
the positive- to negative-strand RNA ratio, suggesting that
progeny positive-strand synthesis was impaired. Therefore,
subgenomic replicons with chimeric NTRs provide an excellent
model to study the factors involved in the initiation of nega-
tive- and positive-strand synthesis independently.

Mapping of genotype-specific signals in the 5" NTR and 3’ X
tail. To gain more insight into the nature of the genotype-
specific signals in the NTRs, we mapped the responsible nu-

cleotide sequences. In the case of the X region of the 3’ NTR,
we chose the monocistronic replicon Luc/ubi JFH1 (Fig. 4C),
resembling an authentic HCV genome more closely than the
bicistronic Luc JFH replicons. The overall replication effi-
ciency of this replicon was very similar to that of the Luc JFH
used in the previous experiments (data not shown), and the
exchange of the X region with the heterologous Conl sequence
resulted in a 1-log decrease in luciferase counts at 24 to 72 h
after transfection (Fig. 4C), consistent with our previous re-
sults. All four differences in the X regions of JFH1 and Conl
were located in SLI (Fig. 4A) and mutated individually in the
monocistronic replicon. As shown in Fig. 4C, the flipping of
UA to AU at position 74/75 had no effect on replication effi-
ciency; the C72U mutant was only slightly impaired, but the
mutation of U at position 81 to C affected the replication of
the corresponding replicon almost as much as conversion of
the entire X region to the Conl counterpart, indicating that
this position was most critical in conferring genotype specificity
to the X region.

Mapping studies of the 5" NTR were done by using Luc JFH
replicons (JFH1) (Fig. 4D). The replacement of the first half of
the 5" NTR with the Conl counterpart (1-156Con) resulted in
significantly reduced replication efficiency, whereas a replicon
containing the second half of the Conl 5" NTR (157-341Con)
was barely affected. The fact that replicon 1-156Con was al-
most as impaired as the replicon chimera with the entire Conl
5" NTR (5’ Con) indicated that the important genotype-spe-
cific signals were located primarily in the 5’ half of the NTR.
Since the complementary sequence of this region was required
for progeny positive-strand synthesis, we clustered 12 of the 13
differences between Conl and JFH1 on the basis of previously
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FIG. 4. Mapping of genotype-specific signals in the 3’ X tail and 5’
NTR. (A) Secondary structure of SLI of the X tail (8). The consensus
sequences of genotypes 1 and 3 to 6 are given, and deviations found in
the consensus sequence of genotype 2 are indicated by arrows.
(B) Schematic representation of the secondary structures determined
for the 3'-terminal 156 nucleotides of HCV negative-strand RNA (59),
complementary to the 5" NTR of the positive strand. Note that num-
bering starts at the 3’ end. Differences between the Conl and JFH1
sequences are indicated by filled circles. The open circle indicates an
isolate-specific deviation of the JFH1 sequence at position 78 which
was excluded from the analysis. (C) Impact of single-nucleotide re-
placements in the 3" X-tail sequence on HCV replication efficiency.
Luc/ubiquitin JFH1 replicon RNAs with a homologous 3’ X tail (X
JFH), with individual nucleotide exchanges in the 3’ X tail (C72U,
UA74/75AU, and U81C, as indicated in panel A), or with the entire 3’
X-tail sequence derived from Conl (X Con) were transfected into
Huh7 cells, and 4, 24, 48, and 72 h after transfection, cell lysates were
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published secondary structure predictions for the 3’ end of the
negative strand (54, 59) (Fig. 4B): a 1-nucleotide insertion and
six alterations at the 3’ end, encompassing a nonpaired region
and the first stem-loop (1-4/1'Con), three substitutions in the
second stem-loop (IIz'Con), and two in the third stem-loop
(Ily’Con). The alterations in the nonpaired region at the very
3’ end of the negative strand were also analyzed separately
(1-4Con), whereas one additional difference at position 78 of
the JFH1 sequence was not analyzed because it was restricted
to JFH1 and not found in other genotype 2a isolates. Surpris-
ingly, the replication of none of these constructs was signifi-
cantly impaired in comparison to that of the JFH1 wild-type
replicon (Fig. 4D).

Taken together, genotype-specific signals are contained pri-
marily at positions 81 and 72 of the X region in the 3’ NTR as
well as in the first half of the 5’ NTR.

Analysis of recombinant NS5B polymerase for genotype-
specific template recognition in vitro. Helicase, NS5A, and
NS5B have an intrinsic ability to bind to RNA (19, 21, 38) and
could in principle recognize genotype-specific replication sig-
nals in the NTRs. However, the most obvious candidate was
the NS5B polymerase, which is capable of de novo initiation of
RNA synthesis on templates derived from the 3’ termini of the
viral genome (41, 44, 51, 76). To address whether NS5B was
responsible for genotype specificity, we expressed C-terminally
truncated NS5B of JFH1 and Conl in E. coli and purified both
enzymes to near homogeneity (Fig. 5A). We then performed in
vitro polymerization assays by using templates corresponding
to the 3’ ends of viral positive- and negative-strand RNA to
determine genotype specificity (Fig. 5B). To compensate for
the lower specific activity of Conl RdRp (V. Lohmann, un-
published data), we used five times the amount of 5B/Con
compared to that of SB/JFH in these assays.

In the case of the positive-strand RNA, we used a JFH1
template that included SL3.1-3.3 in the NS5B coding sequence
(Fig. 5B) (74), because it has been shown that an SL3.2 kissing-
loop interaction with SLIT in the X region is essential for HCV
replication (14) and might contribute to the initiation of HCV
RNA synthesis by NS5B in vitro. We used either the authentic
3" end of JFH1 [3’ (+)X JFH] or the same sequence with the
X region of Conl [3' (+)X Con]. The patterns of reaction
products were complex but very similar for both templates and
polymerases (Fig. 5C, lanes 2 to 5). A fraction of the newly
synthesized RNAs was larger than the template (Fig. 5C, lane
1) and was most likely generated by elongation of the 3’ end of

analyzed for luciferase activity. Luciferase activity is given as the
change in RLU (n-fold) relative to the value obtained 4 h after trans-
fection. The structure of the replicon Luc/ubi JFH used in this exper-
iment is given at the top. luc, firefly luciferase; ubi, ubiquitin; VR,
variable region and poly(U/UC) tract of the HCV 3’ NTR; X, X tail
(for a detailed explanation, refer to the legend to Fig. 1A). (D) Anal-
ysis of genotype-specific signals in the 5" NTR. Luc JFH replicons with
authentic 5" NTRs (JFH1), 5’ NTRs derived from Conl (5’ Con), or
chimeric JFH 5" NTRs containing parts of Conl clustered according to
the secondary structure prediction of the 3’ end of the negative strand
(B) were electroporated into Huh7 cells. Transfected cells were ana-
lyzed for luciferase activity at 4 h and 24 h after transfection. The ratio
of luciferase activity at 24 h to that at 4 h after transfection is shown.
For further explanation, refer to the text.



VoL. 81, 2007

A SB/JFH 5B/Con
T SIS2S3 E T S1s283 E
83 -
62 -
NS5B
475
325

- YA .

soc i 3o@s sxim SO
30 3¢ @5‘ 3°(+) X Con S‘MK)T
3‘-)Con 3* 5‘
C 5B/JFH 5B/Con SB/JFH  5B/Con
= 5§ &© § - -
~ECES B EgeEge
Ex e S5EFgES .
OO R O BB o oo R of ony
2 fm tn otn o E 2B fnoininonomon E
-+
‘4
1 2 3 4 5 6 7 8 9 10 11 12 13 14

FIG. 5. Purification of JFH1 NS5BAC21 and analysis of genotype-
specific template recognition in vitro. (A) Expression of NS5B from
isolates JFH1 (lanes 1 to 5) and Conl (lanes 6 to 10) in E. coli and
purification by differential solubilization and affinity chromatography.
Both proteins lack 21 C-terminal amino acids and are fused to a His,
tag. T, total bacterial lysate after induction; S1, supernatant 1 after
treatment of bacterial cells with LBI and centrifugation (note that
NS5B was not soluble under these conditions); S2, supernatant 2
obtained from solubilization of the pellet remaining from S1; S3, su-
pernatant 3 after incubation of S2 with Ni-NTA agarose; E, eluted
protein. Numbers on the left refer to the sizes (in kDa) of reference
proteins run on the same gel. For a detailed explanation, refer to
Materials and Methods. (B) Schematic representation of different tem-
plate RNAs used for in vitro RdRp assays. Portions corresponding to
Conl sequences are given in white with black letters, and JFHI-
derived sequences are indicated by black, filled forms with white let-
tering. The positions of cis-acting RNA elements in the coding se-
quence of NS5B are indicated by schematic stem-loop drawings.
Sequences corresponding to the 3’ terminus of the negative strand are
given upside down and in 3’-to-5" orientation. VR, variable region and
poly(U/UC) tract of the HCV 3’ NTR; X, X tail. (C) Analysis of
genotype-specific template recognition in vitro by NS5B of isolates
JFH1 and Conl. Different in vitro-transcribed RNAs as indicated
above each lane and as shown schematically in panel B were incubated
with 200 ng purified NSSBAC21 from isolate JFH1 (SB/JFH) or 1 pg
Conl (5B/Con) in the presence of [a-**P]CTP. Reaction products were
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the template, resembling so-called “copy-back” synthesis (5).
Another fraction was heterogeneous in size but smaller than
the template and therefore probably generated by de novo
initiation. Although the mode and site of initiation in vitro did
not resemble the mechanism expected in vivo, there was a
moderate but clear increase in the amount of all types of
reaction products, when the X region of the template was
homologous to the polymerase (Fig. 5C, compare lanes 2 to 3
and 4 to 5). Using several preparations of template RNA, this
difference was 1.6- to 2.3-fold for JFH1 RdRp and 1.1- to
1.8-fold for Conl RdRp. Since these templates differed at only
four nucleotides in SLI of the X tail (Fig. 4A), these data
indicated that NS5B interacted specifically with this region.

For analysis of the 3’ end of the negative strand [3' (—)], we
used the sequences complementary to the entire 5" NTR in
three different variants (Fig. 5B): the authentic Conl sequence
[3" (—)Con], the authentic published JFH1 sequence [3' (—)
JFH] terminating with uridine, and the JFH1 sequence with an
additional cytidine at the 3’ end [3’ (—)C JFH], resembling the
5" end of the in vitro-transcribed replicon RNAs used in this
and several other studies (24, 66). Both RdRps produced only
one dominant reaction product corresponding in size to the
template (Fig. 5C, compare lanes 8 to 13 with lane 7), indicat-
ing that de novo initiation was the preferred reaction when
these templates were used. Although the templates were used
with very different efficiencies, both RdRps exhibited the same
preferences. The authentic JFH1 negative-strand 3’ end [3’
(—)JFH] yielded the smallest amount of reaction products
(Fig. 5C, lanes 9 and 12); 3’ (—)Con was 1.2- to 1.4-fold and
1.7- to 1.9-fold more efficient for JFH1 and Conl RdRp (lanes
10 and 13), respectively, whereas 3’ (—)C JFH resulted in more
than 10-fold increased levels of RNA synthesis for both RdRps
compared to the same template lacking the terminal cytidine
(compare lanes 8 and 11 to lanes 9 and 12, respectively). These
results indicated that guanosine was the preferred nucleotide for
de novo initiation in vitro and that this parameter was more
important for efficient RNA synthesis than the genotype of the
template. Although the Conl template also allowed de novo
initiation starting with guanosine, it was used with much lower
efficiencies by both RdRps than 3’ (—)C JFH, implying that
NS5B had no clear genotype-specific template preference for
the 3’ end of the negative strand in vitro.

In summary, recombinant NS5B proteins from both Conl
and JFH1 showed some genotype-specific preference for tem-
plates with a homologous X region. In contrast, templates

separated by denaturing agarose-glyoxal gel electrophoresis; the gel
was dried and subjected to autoradiography. mock, elution buffer in-
stead of purified polymerase was added to the reaction; M 3’ (+), in
vitro-transcribed, radiolabeled RNA corresponding to nucleotides
9259 to 9678 of the HCV JFHI positive strand, identical in size to
template 3’ (+) X JFH; M 3’ (—) JFH, in vitro-transcribed, radiola-
beled RNA corresponding to the 3’-terminal 340 nucleotides of the
negative strand of HCV JFH1, identical in size to template 3’ (—) JFH.
Note that 3" (—)C JFH and 3’ (—) Con encompass 341 nucleotides in
length. The sizes of the template RNAs are indicated by arrows on the
left [3" (+)] and right [3' (—)]. For a detailed explanation of the
different template RNAs, refer to the text.
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FIG. 6. Structure and replication competence of intergenotypic
replicase chimeras. (A) Schematic structures of replicons harboring a
chimeric replicase. White areas with black lettering represent Conl-
derived sequences, and black areas with white lettering refer to JFH1.
Adaptive mutations E1202G, T12801I, and K1846T in the Conl se-
quence are indicated by black dots. luc, firefly luciferase; EI, encepha-
lomyocarditis virus IRES; VR, variable region and poly(U/UC) tract of
the HCV 3’ NTR; X, X tail. For further details, refer to the legend to
Fig. 1A. (B) Replication competence of intergenotypic replicase chi-
meras. Luciferase replicon RNAs derived from either JFH1 (Luc JFH)
or Conl (Luc Con) or replicon RNAs harboring chimeric NS3-to-
NS5B coding regions or a replication-deficient control replicon
(AGDD) were transfected into Huh7-Lunet cells by electroporation;
transfected cells were seeded and harvested at 4, 24, 48, and 72 h after
transfection, and cell lysates were analyzed for luciferase activity. Lu-
ciferase activity is given as the change in RLU (n-fold) relative to the
value obtained 4 h after transfection. Electroporations and luciferase
assays were performed in duplicate; data represent the averages and
standard deviations of at least four single values. Note the logarithmic
scale of the ordinate.

comprising the 3’ end of the negative strand were utilized by

both RdRps without evident genotype specificity.
Construction of intergenotypic replicon chimeras. To fur-

ther substantiate the findings obtained with purified RdRp and
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to identify further HCV nonstructural proteins conferring ge-
notype specificity to the NTRs, we constructed intergenotypic
replicase chimeras in which we exchanged RNA binding pro-
teins. Since we expected from the in vitro assays that the
polymerase would be an important determinant to confer ge-
notype specificity to the NTRs, we chose the 5" NTR and 3’
NTR according to the genotype of the NS5B sequence in the
chimeric replicons (Fig. 6A). We started with replicon Luc
JFH (Fig. 1A) and replaced the NS5B coding region, the 3’
NTR, and the 5" NTR with the corresponding Con1 sequences
(JFH/5B Con) (Fig. 6A), but unfortunately, the replication of
this RNA was too low and indistinguishable from that of the
negative control (Fig. 6B and Table 1). Likewise, when we
exchanged only the NS5B coding region and the variable parts
of the 3" NTR, the construct was still replication deficient in
the transient replication assay and the more sensitive colony
formation assay using a selectable replicon harboring neomy-
cin phosphotransferase instead of luciferase (data not shown).
Therefore, we used the Luc Con replicon as a starting point
(Fig. 1A) and replaced NS5B, the 5' NTR, and the 3’ NTR
with the equivalent JFH1 counterparts (Con/5B JFH) (Fig.
6A). This chimeric replicon was clearly replication competent,
with a slightly reduced efficiency compared to that of its pa-
rental Luc Con (Fig. 6B, open diamonds compared to open
squares) and an efficiency similar to that of Luc Con/5" X JFH
(Table 1). We then used Con/5B JFH and replaced the Conl
coding sequences of other HCV nonstructural proteins with

TABLE 1. Replication efficiencies of intergenotypic replicase
chimeras compared to those of parental replicons

Replication efficiency

Replicon Genotype

(fold RLU)"
Luc JFH 5' X JFH (2.3 = 0.05) x 10?
Luc Con 5" X Con (2.9 =0.1) X 10!
5" X JFH (6.7 = 0.8) x 10°
JFH/5B Con 5" X JFH (7.8 =5.8) x 107
5" X Con (25+02)x 1073
Con/5B JFH 5' X JFH (5.8 £ 0.9) x 10°
5" Con/X JFH (8.5 = 0.1) x 10°
5" JFH/X Con (1.1 £ 0.04) x 107!
5" X Con (2.6 £0.08) x 107!
Con/5AB JFH 5" X JFH (1.3 +0.2) x 10°
5" Con/X JFH (4.1 % 0.6) x 10°
5" JFH/X Con (75 +0.9) x 1072
5" X Con (24 +04)x 107!
Con/Hel,5B JFH 5' X JFH (6.6 £0.3) x 107!
5" Con/X JFH (7.6 =0.8) X 10!
5" JFH/X Con (1L.1+0.1) x 107!
5" X Con (9.5=0.6) x 1072
Con/Hel,5SAB JFH 5" X JFH (4.5 +0.2) x 10
5" Con/X JFH (9.7 = 1.3) x 10°
5" JFH/X Con (6.1 = 0.8) x 10°
5" X Con (1.3 +0.2) x 10°
AGDD 5" X Con (35+01)x1073

¢ Data represent mean values * standard deviations of the ratio of the number
of RLU at 48 h to that at 4 h after transfection from a representative experiment
whose results are shown in Fig. 6 and 7.
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known RNA binding capability with those of JFH1 (NS3 heli-
case and NS5A), either independently or in combination (Con/
5AB JFH, Con/Hel,5B JFH, and Con/Hel,5AB JFH) (Fig.
6A). Replicons Con/SAB JFH and Con/Hel,5B JFH were still
replication competent but with a clearly reduced efficiency
compared to that of the chimera containing only NS5B of
JFHI1 (Fig. 6B, filled diamonds and open circles compared to
open diamonds). In contrast, the combination of helicase,
NS5A, and NS5B of JFH1 in the Conl backbone was even
more efficient than the Luc Con replicon, at least at time points
later than 24 h after transfection (Fig. 6B, filled circles versus
open squares), indicating that a helicase-NS5A interaction
might be critical for efficient RNA replication. However, the
fact that this replicon was far less efficient than Luc JFH (Fig.
6B, filled squares, and Table 1) pointed to the direction that
additional interactions within the nonstructural proteins were
still disturbed in this chimera.

Since Conl-based replicons containing polymerase, helicase,
and/or NS5A from JFHI all replicated, albeit with various
efficiencies, these intergenotypic replicase chimeras were the
appropriate tool to study determinants conferring genotype
specificity to the NTRs.

Role of NS5B, helicase, and NS5A in the initiation of RNA
synthesis. The next step in identifying the determinants for the
recognition of replication signals in the NTRs consisted of
analyzing the intergenotypic replicase chimeras in the context
of NTRs from different genotypes. We tested all Conl-based
intergenotypic replicase chimeras (Fig. 6A) in every possible
combination of the 5" NTR and X tail derived from JFH1 and
Conl, respectively, to analyze the genotype preferences of the
mixed-replicase complexes. In the case of Con/5B JFH, har-
boring only NS5B of JFH1, both replicons containing the 3" X
tail of JFH1 behaved similarly and were more efficient than
those harboring the X tail of Conl (Fig. 7A), irrespective of
the origin of the 5’ NTR. The preference of NS5B for its own
X region, but not for the 5" NTR (or rather the 3" end of the
negative strand), resembled and confirmed the results ob-
tained with purified polymerase in vitro (Fig. 5C), again indi-
cating that NS5B was the critical determinant for the recogni-
tion of genotype specificity in SLI of the X region. However,
the fact that the 5" NTR of Conl yielded a slight, reproducible
increase in replication efficiency in both settings (Fig. 7A, com-
pare open and filled symbols) suggested that additional factors
besides NS5B were important in conferring genotype specific-
ity to the 5’ NTR. The addition of JFH1 NS5A (Fig. 7B) or the
JFH1 NS3 helicase (Fig. 7C) led in principle to outcomes
similar to those for isolated NS5B of JFHI in the context of
NS3-5A of Conl: a strong preference for the 3" X tail of
JFH1 and either a weak bias for the Conl 5" NTR for
NS5AB (Fig. 7B) or no preference at all for this region in
the case of Con/Hel,5B JFH (Fig. 7C). Only when we com-
bined all three factors, helicase, NS5A, and NS5B, in one
replicon did genotype-dependent recognition of the NTRs
resemble the picture of the entire JFH1 replicase (compare
Fig. 7D and 2A). In this case, both NTRs derived from JFH1
were most efficient in RNA synthesis (5 X JFH), the ex-
change of either the 5" NTR or the 3’ X tail resulted in a
significant decrease in replication efficiency (5’ Con/X JFH
or 5" JFH/X Con, respectively), and the replacement of the
5" NTR and 3’ X tail at once led to an additive reduction in
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the luciferase expression achieved with the respective rep-
licon (5’ X Con). Therefore, helicase, NS5A, and NS5B
together are necessary and sufficient to recognize genotype-
specific signals in the 5" NTR. A second conclusion that
could be drawn from these experiments relied on the fact
that a heterologous X region selectively impaired negative-
strand synthesis, whereas a heterologous 5’ NTR affected
the generation of progeny positive strands (Fig. 3). Based on
this observation, it seems plausible that those nonstructural
proteins conferring genotype specificity to the X region or
the 5" NTR are directly involved in the initiation of nega-
tive- or positive-strand RNA synthesis, respectively. There-
fore, interactions between the NS3 helicase, NS5A, and
NS5B seem to be important for the initiation of positive-
strand synthesis. Since the differences in the X region were
limited to one particular area in the tip of SLI, probably
leaving space for the binding of only one protein, it was not
clear from our results whether helicase and NS5A were also
involved in the initiation of negative-strand synthesis.

In summary, we were able to show that NS5B RdRp was the
critical component for the recognition of genotype-specific sig-
nals in the X region of the 3’ NTR, whereas the NS3 helicase,
NS5A, and NS5B together were required to confer genotype
specificity to the 5" NTR, indicating that the interaction be-
tween these three proteins plays a critical role in the initiation
of HCV positive-strand synthesis.

DISCUSSION

The present study provides evidence that the conserved re-
gions in the NTRs of the HCV genome contain genotype-
specific signals regulating the initiation of RNA synthesis. This
observation combined with the development of efficient in-
tergenotypic replicon chimeras allowed us for the first time to
analyze which proteins are involved in the initiation of HCV
negative- and positive-strand syntheses. Our results indicate
that helicase, NS5A, and NS5B participate in the initiation of
progeny positive-strand RNA synthesis and provide a starting
point to characterize the interaction between these proteins in
more detail.

Analysis of HCV replication in cell culture has long been
focused on genotype 1 isolates due to the lack of isolates from
other genotypes efficiently replicating in cell culture. A com-
mon feature of genotype 1 genomes is the need for adaptive
mutations enhancing RNA replication to detectable levels (6,
7, 31, 36, 37, 39). In striking contrast, the genotype 2a isolate
JFH1 supports HCV replication in cell culture to even higher
levels than adapted genotype 1 isolates without requiring prior
adaptation (24, 61). The Conl replicon which was used in the
present study contained three cell culture-adaptive mutations
(E1202G, T12801, and K1846T), which stimulated replication
in cell culture cooperatively (36). The mechanism underlying
cell culture adaptation is still unknown for NS3 mutations
(E1202G and T1280I), while the mutation in NS4B (K1846T)
reduces the level of NSSA hyperphosphorylation (2, 12), which
might be responsible for the adaptive phenotype (12). The
effects of adaptive mutations on RNA replication in the con-
text of intergenotypic chimeras between Conl and JFH1 were
hardly predictable, especially since the design of some chime-
ras required the swapping of the helicase (including mutation
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FIG. 7. NTR preferences of intergenotypic replicase chimeras. Genotype Conl-based luciferase replicons harboring the sequences of different
nonstructural proteins from isolate JFH1 were fused to the 5’ NTR and 3’ X tail from JFH1 (5’ X JFH), Conl (5’ XCon), or mixed NTRs (5’
Con/X JFH and 5" JFH/X Con) and tested for replication efficiency as described in the legend to Fig. 6B. Schematic drawings of replicons are
shown at the top of panels A to D. JFH1- or Conl-derived sequences are given in black or white, respectively; portions given in gray are variable
within one panel. luc, firefly luciferase; EI, encephalomyocarditis virus IRES; VR, variable region and poly(U/UC) tract of the HCV 3’ NTR; X,
X tail. For a detailed description of the luciferase replicons, refer to the legend to Fig. 1A.

T12801) and NS5A. Therefore, the overall replication efficien-
cies of particular intergenotypic chimeras as shown in Fig. 6
might be influenced by the presence or absence of the Conl-
adaptive mutations. However, given the multiple interactions
between all HCV NS proteins, the efficiency of chimeric rep-
lication complexes will be determined by a variety of parame-
ters and thus must be interpreted with caution.

Our results indicate that one major difference between JFH1
and Conl lies in the efficiency of the initiation of RNA syn-
thesis and that the RdRp of JFH1 might have properties that
are critical for this performance. This theory is based on sev-
eral observations. (i) The time required for a complete RNA
replication cycle of a subgenomic replicon seems to be § to 12 h
for JFH1 and Conl, as indicated by the first increase of lucif-

erase activity over background (Fig. 1B). However, within the
next 12 h, JFH1 reaches up to 1,000-fold of input luciferase
levels, whereas Conl gains less than 10-fold. Therefore, JFH1
either generates a higher number of active replication com-
plexes within the initial 8 to 12 h that will, however, not yet
initiate RNA synthesis or produces more progeny RNA per
replication complex. (ii) The replacement of the 5’ NTR and X
region of JFH1 with their Conl counterparts dramatically re-
duces JFH1 replication efficiency by more than 2 orders of
magnitude (Fig. 2A), whereas the equivalent manipulation had
less severe effects on Conl, resulting in replicons with almost
comparable replication efficiencies (Fig. 2C). We have shown
that these changes directly impair the initiation of RNA syn-
thesis; therefore, it seems likely that a higher initiation rate of
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RNA synthesis is a critical component of the extraordinary
replication efficiency of JFHI. (iii) Purified RdRp of JFH1 has
a 5- to 10-fold-higher specific activity than Conl RdRp, al-
though elongation rates were comparable for both enzymes
(V. Lohmann, unpublished observations), arguing that JFH1
NS5B is more efficient at the initiation of RNA synthesis. (iv)
An intergenotypic replicase chimera based on NS3 to NS5A of
JFH1 and NS5B of Conl was not viable (Fig. 6). This is well in
line with previous observations demonstrating that even the
intragenotypic exchange of NS5B resulted in a reduced repli-
cation efficiency (63), whereas in another study, NS5B of a
genotype 2b isolate in the background of genotype 1b NS3 to
NSS5A was barely replication competent and required compen-
satory mutations for efficient replication (17). In contrast, our
intergenotypic replicon chimeras harboring NS3 to NS5A from
Conl and NS5B of JFHI1 replicated with high efficiencies (Fig.
6), again indicating that NS5B of JFH1 might have special
properties that account to some extent for the unique proper-
ties of this HCV isolate. Further biochemical and structural
analysis of NS5B will be required to better understand the
contribution of the RdRp to the efficient replication of JFHI.

Genetic studies of HCV RNA-protein interactions have
been complicated by the fact that all RNA and protein func-
tions in HCV RNA replication in cell culture have to be pro-
vided in cis, with the exception of certain NS5A functions (1).
Therefore, it has not been possible to dissect the interaction of
individual proteins and RNA elements in a cell-based replica-
tion assay like it has been for, e.g., alphaviruses (33). The
identification of genotype-specific signals in the NTR in com-
bination with intergenotypic replicase chimeras as described in
this study allows us for the first time to study the determinants
for the initiation and regulation of negative- and positive-
strand HCV RNA syntheses in a genetic system. Chimeras
between closely related enteroviruses have already been suc-
cessfully used to define determinants in the polymerase impor-
tant for strand-specific RNA synthesis (10). Similar strategies
might also be applicable to other pairs of closely related pos-
itive-strand RNA viruses, such as West Nile virus/Kunjin virus,
different dengue virus subtypes, and bovine viral diarrhea vi-
rus/classical swine fever virus.

Little is known about the actual mechanism of the initiation
of HCV negative-strand RNA synthesis. Our results indicate
that one step in this process involves an interaction between
NS5B and the apical part of the stem of SLI in the X region
(Fig. 4A). This is in line with a previous study showing that the
sequence and structure of this part of SLI is very critical for
HCV RNA replication (73). The slight preference of purified
NS5B for an RNA template of the same genotype (Fig. 5C)
suggests that the genotype specificity in the case of SLI is
mediated by a protein-RNA interaction. However, we cannot
formally exclude that an RNA structure within NS5B or in the
variable region of the 3" NTR directs genotype specificity to
SLI, analogous to the kissing-loop interaction that was found
between SL3.2 in the NS5B coding sequence and SLII in the X
region (14). This possibility also holds true for other, yet un-
known, cis-acting RNA elements in the NS protein-coding
region that could be involved in long-term RNA-RNA inter-
actions with the 3’ end of the negative strand and thereby
mediate genotype specificity. One obvious limitation of our
system is the dependence on genotype diversity in a particular

INTERGENOTYPIC HCV REPLICASE CHIMERAS 5281

region. Therefore, only SLI is accessible to our analysis within
the X region, because the consensus sequences of SLII and
SLIII are invariant among all genotypes. Previous in vitro
studies have shown specific binding of NS5B to stem-loop
structures in its own coding region (32) and to SLII in the X
tail (45). This might indicate either that NS5B binds sequen-
tially to different regions of the 3’ NTR or that multiple copies
of NS5B simultaneously interact with this region to form a
higher-ordered complex. The latter hypothesis is in line with in
vitro studies demonstrating that NS5B oligomerizes and dis-
plays cooperativity (18, 67). It is also possible that other viral
proteins such as NS3 and NS5A are involved in the initiation of
negative-strand RNA synthesis but were not identified in our
analysis due to their binding to the invariant or the more
variable parts of the 3’ NTR. For example, it has been shown
that the NS3 helicase, NS5A, and NS5B all efficiently bind to
poly(U) (19, 21, 38), suggesting a functional role for the
poly(U/UC) tract in the initiation of RNA synthesis. In addi-
tion, specific binding to the 3" NTR was shown for the NS3
helicase (3) but not for NS5A (21). Potential interactions of
helicase and NS5A with the variable region of the 3’ NTR
could be identified with intergenotypic replicase chimeras but
were not in the scope of the present study.

In this study, we have shown that replicons harboring a 5’
NTR of a heterologous HCV genotype are directly impaired in
progeny positive-strand synthesis (Fig. 3), thereby providing
the first experimental system to study this process in cell cul-
ture. Using this approach, we were able to define those viral
proteins that are involved in the recognition of the signals
regulating positive-strand RNA synthesis, namely, the NS3 he-
licase, NS5A, and NS5B. These signals mapped primarily to
the first half of the 5’ NTR (Fig. 4D), corresponding to the
three 3’-terminal stem-loops of the HCV negative strand,
which were recently defined in two independent studies (54,
59). Surprisingly, we were not able to further map genotype-
specific signals in this region (Fig. 4B), probably because the
effects of the individual mutations were below the detection
limit of our assays. Alternatively, the binding of helicase,
NSS5A, and NS5B or several copies of one of these proteins to
different sites might be stabilized by protein-protein interac-
tions; in this case, the presence of one specific binding region
might be strong enough for the docking of the whole protein
complex. In line with this hypothesis, it has been shown that
purified helicase binds to the 3’-terminal stem-loop of the
negative-strand RNA (3), whereas NS5B seems to bind further
upstream (23), and in addition, several potential binding sites
could exist in this region for NS5A (21). Additional mapping
analyses implying different intergenotypic replicase chimeras
might help to identify distinct binding regions for the individ-
ual nonstructural proteins in the 3" NTR of the HCV negative
strand and to define the protein-protein interaction sites be-
tween helicase and NSSA.

Our data imply that helicase, NSSA, and NS5B are part of an
initiation complex for RNA synthesis. Previous studies already
suggested interactions of NS3 and NS5B (46, 75) and N5A and
NS5B (56, 57) and several other interactions among the non-
structural proteins (11). These hints, together with results ob-
tained with purified replication complexes showing equal
stoichiometries of the NS proteins in these structures (47),
indicate that the nonstructural proteins altogether act as a
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complex supporting different functions in the viral life cycle:
regulation of translation and replication, induction of mem-
brane alterations, positive- and negative-strand RNA synthe-
ses, and probably retrieval of RNA for packaging into viral
particles. It is getting clearer that NSSA plays a central role in
the regulation of several of these processes. NS5A is a hotspot
for cell culture-adaptive mutations, resulting in an altered
phosphorylation pattern (2, 6) and increased RNA replication
efficiency. In turn, these adaptive mutations seem to interfere
with HCV virion formation (66), suggesting that the phosphor-
ylation state of NSSA might regulate RNA replication and
packaging, probably via host cell proteins such as human
VAP-A (12) and the cellular kinase CKI (43, 48, 49). The
finding that NS5A indeed binds to RNA (21) and the crystal
structure of domain I of NS5A (62), showing that an NS5A
dimer creates a deep basic groove that could bind single- and
eventually also double-stranded RNA, already suggested a di-
rect involvement of NS5A in RNA synthesis, which is further
confirmed by our results. The actual role of NS5A and the
precise composition of the initiation complex for HCV RNA
synthesis have yet to be defined.

In conclusion, intergenotypic replicase chimeras will be a
useful tool for the mapping of protein-RNA and protein-pro-
tein interactions among viral nonstructural proteins, in partic-
ular the newly identified interplay between helicase, NS5A,
and NS5B, and will provide deeper insight into the mecha-
nisms governing the initiation and regulation of HCV RNA
synthesis.
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