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Hepatitis C virus (HCV) is a positive-strand RNA virus replicating its genome via a negative-strand [(—)]
intermediate. Little is known about replication signals residing in the 3’ end of HCV (—) RNA. Recent studies
identified seven stem-loop structures (SL-I', -1Iz’, -Ily’, -IIla’, -I1Ib’, -IIIcdef’, and -IV’) in this region. In the
present study, we mapped the minimal region required for RNA replication to SL-I' and -IIz’, functionally
confirmed the SL-11z’ structure, and identified SL-IIIa’ to -IV' as auxiliary replication elements. In addition,
we show that the 5’ nontranslated region of the genome most likely does not contain cis-acting RNA structures

required for RNA packaging into infectious virions.

Hepatitis C virus (HCV) is a positive-strand [(+)] RNA
virus belonging to the family Flaviviridae. The viral genome has
a length of about 9,600 nucleotides (nt) and codes for a
polyprotein of ~3,000 amino acids that is cleaved into at least
10 viral proteins (1). The open reading frame is flanked by two
nontranslated regions (NTRs). The 5’ NTR is 341 nt in length
and has at least two different functions: first, an internal ribo-
some entry site (IRES) directing cap-independent translation
of the viral RNA (26); second, a promoter for initiation of (+)
RNA synthesis (7, 14).

HCV RNA replication is believed to occur in two steps:
initial synthesis of a negative-strand [(—)] RNA intermediate
and subsequent synthesis of (+) RNA using the (—) RNA
intermediate as a template. It has been shown that at least the
3" NTR of (+) RNA is required for initiation of (—) RNA (5,
29, 31), and it is assumed that the 3’ end of (=) RNA is
involved in (+) RNA synthesis.

Several studies have addressed the role of the 5" NTR for
RNA replication. Using exclusively genotype 1 isolates, map-
ping studies revealed that the first ~120 nt of (+) RNA are
sufficient for RNA replication, but high-level replication re-
quires additional downstream RNA sequences located within
the 5" NTR (7, 14, 18, 19, 30). Moreover, intensive mutational
analyses and biochemical assays established complex stem-
loop (SL) structures in this region.

Much less is known about the structure of the 3’ end of (—)
RNA. Recently, three groups independently reported struc-
ture models of this region (3, 20, 23). Distinct SL elements that
are clearly different from those of the 5’ end of (+) RNA have
been proposed (Fig. 1). All three studies consistently predicted
five SL structures in the 3’-terminal 220 nt of (—) RNA,
whereas structure predictions for the upstream sequence differ
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between the reports. In the study by Smith and coworkers,
fewer nucleotides undergo base pairing with nucleotides com-
plementary to sequences of the core coding region. Since core
sequences are not involved in RNA replication (14; P. Friebe
and R. Bartenschlager, unpublished data), we used this RNA
structure prediction as a guide for our genetic analysis (Fig.
1B). Furthermore, we used the Mfold nucleic acid folding
prediction algorithm (33) for design of the mutants to mini-
mize the risk that the introduced mutations altered RNA struc-
tures in an undesired manner.

Introduction of mutations into the 3’-terminal sequences of
(—) RNA will most likely interfere with IRES activity residing
in the complementary sequences of the 5" NTR. For this rea-
son, and to determine whether earlier results obtained with
genotype 1 isolates hold true for the widely used genotype 2a
isolate JFH1 that supports production of infectious virus (27),
we generated a reporter virus genome in which IRES activity
of the HCV 5’ NTR is not required (Fig. 1A). Instead, the start
codon at nt position 341 was removed and the 5" NTR was
fused via a 61-nt-long random spacer to the IRES of the po-
liovirus (P-I) directing translation of the firefly luciferase re-
porter gene. Translation of the HCV open reading frame is
directed by an engineered encephalomyocarditis virus IRES
(E-I), and, therefore, the HCV 5’ NTR of (+) RNA only acts
as a “promoter” for RNA synthesis. The nucleotide sequence
of this bicistronic reporter virus genome, designated pFK341-
Sp-PI-luc-El-core-3'JFH1, which was used for insertion of all
mutations in this study, is provided in the supplemental mate-
rial. An analogous subgenomic JFH1 replicon that replicates
with kinetics comparable to those of the genomic replicon used
here has been described earlier (2).

The fact that the borders of SL-I" and SL-11Z’ fit the minimal
sequence required for RNA replication prompted us to inves-
tigate whether SL-I" and SL-1Iz" (nt 1 to 104) constitute the
minimal sequence at the 3’ end of (—) RNA required for RNA
replication. A mutant in which nt 1 to 106 (corresponding to
SL-I" and SL-11z") were directly fused to P-I was generated,
and replication competence was tested in transient assays as
described elsewhere (6). As shown in Fig. 2B, replication of
this mutant was severely impaired as compared to that of the
wild type (wt), but was still about 10-fold above the background
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FIG. 1. (A) Schematic presentation of the JFH1-derived reporter virus genome used throughout this study in the (+) and (—) orientations.
Secondary structures of 5’ end of (+) RNA and 3’ end of (—) RNA are indicated. The poliovirus IRES (P-I) is positioned upstream of the firefly
luciferase (Luc) reporter gene, and it is separated from the HCV 5’ NTR by a 61-nt-long spacer element (not indicated). Translation of the HCV
coding region is mediated by the EMCV IRES (E-I). (B) Predicted RNA secondary structure of the 3’ end of JFH1 (—) RNA according to
reference 23. The nomenclature of SL structures is given. Nucleotides are counted from the 3’ to 5" direction; small bars indicate 25-nt intervals.
Nucleotides downstream of position 341 are absent in the construct (see the supplemental material) and given only to highlight SL-IV'. Box arrows
indicate complementary sequences of seed sequences for miRNA-122 binding in the 5" NTR of (+) RNA. Minimal sequence required for RNA
replication is framed; sequences that significantly contribute to RNA replication are framed with a dashed box.
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FIG. 2. Mutations affecting SL-I" and SL-II" in the 3’ end of (—) RNA and their impact on HCV RNA replication. (A) Detailed presentation
of the mutants targeting the three 3'-terminal elements of (—) RNA. The wt structures are boxed with black lines; corresponding mutants are
displayed next to each wt structure. Nucleotide substitutions are indicated in red, and their positions are highlighted with red lines; changes in the
predicted RNA structure are indicated by dislocated sequences. The name of the mutant is given above each depicted RNA structure.
Complementary sequences corresponding to seed sequences of miRNA-122 binding sites in the 5" NTR of (+) RNA are boxed. Replication
competence is summarized below each mutant. (B) Transient replication assays of mutants specified below each bar. In vitro transcripts were
transfected into Huh7-Lunet cells (15) that were harvested 4, 24, 48, and 72 h posttransfection. RNA replication was scored by luciferase assay
after normalization to the 4-h value reflecting transfection efficiency (15). Shown is the normalized 48-h luciferase value as a percentage of the
normalized wt activity. We have shown earlier that the 48-h value reflects RNA replication competence best (6). GND, inactive replicon with a
single amino acid substitution destroying the active site of the NS5B RNA polymerase. Mean values from three independent experiments are

shown.

as determined with the NS5B active site polymerase mutant
GND. Thus, SL-I" and SL-11z" are sufficient for RNA replica-
tion, but the profound reduction of mutant nt 106 argues that
additional sequences are required (Fig. 2B).

By using a genotype 1b replicon system, Luo and coworkers
recently reported that preservation of the stem of SL-I', but
not the loop sequence, is required for RNA replication (18).
To investigate the role of SL-I' in RNA replication in more
detail, we first determined whether results obtained with ge-

notype 1 replicons are valid for genotype 2 as well. Two JFH1-
derived mutants were constructed in which either the stem
sequence, but not the structure, or the loop sequence was
altered (Fig. 2A [SL-I'-AU or SL-I'-loop, respectively]). Mu-
tant SL-I'-loop replicated to the wt level, as described for
genotype 1b by Luo and colleagues (18). However, mutant
SL-I'-AU was completely blocked in RNA replication, in con-
trast to what is described for genotype 1b (18), arguing that
either the requirements for RNA replication differ between
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FIG. 3. Mutations in SL-III" and SL-IV" and their impact on HCV RNA replication. (A) Detailed overview of constructed mutations.
Nucleotide substitutions are highlighted with red letters, and their positions are emphasized with red lines; deletions are highlighted with blue
letters and blue lines. Mutations predicted to disrupt proposed RNA elements are indicated by dislocation of the altered sequence. The wt
structures are boxed with black lines; mutations affecting the same RNA element are given next to the corresponding wt structure. Names of
mutants are given at the top of each panel, and replication competence is summarized below each mutant. (B) Replication competence of mutants
that are specified below each bar. Mean values of three independent experiments are shown. For further details, see the legend to Fig. 2.

the genotypes or differences in experimental conditions used in
the study by Luo and by us account for the discrepant results.

To prove the predicted structure of SL-1Iz" in a functional
manner and to dissect the individual regions of this element for
RNA replication, a panel of mutants was constructed (Fig.
2A). In mutant SL-11z'-25-38, SL-11z'-77-100, or SL-11z'-38-45,
the lower or upper stem was disrupted, whereas in mutants
SL-11z'-25-38 + 77-100 and SL-IIz'-38-45 + 70-77, the stem
was restored, but in an inverted orientation. The role of the

loop and bulge sequences was probed with mutants SL-IIz’-
56-59, SL-11z'-78-82, and SL-I1z'-91-97 (Fig. 2A). Disruption
of either the lower or middle part of SL-IIz" inhibited RNA
replication, whereas restoration of the stem also restored RNA
replication, albeit to about 10-fold-lower levels than those of
the wt (Fig. 2B). These data thus corroborate structure pre-
diction of SL-1Iz'.

Reduced replication of double-stem mutants (SL-11z'-25-38 +
77-100 and SL-11z'-38-45 + 70-77) compared to the wt could
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FIG. 4. Mutations in the 5" NTR of (+) RNA and their impact on production of infectious HCV particles. (A) Secondary structure of the 5’
NTR of JFH1 (+) wt RNA is framed (9). Nucleotide positions are indicated by small bars in 25-nt intervals; the start codon is circled. Nucleotides
in blue indicate deletions, and their positions are further highlighted by blue lines; nucleotide substitutions are highlighted in red and with red lines.
Possible rearrangements of RNA secondary structures induced by mutations are not considered. (B) Results of transient RNA replication assays
are shown in the upper graph. Experimental conditions were the same as those described in the legend to Fig. 2, with the exception that Huh7.5
cells were used. Infectivity assays of the various mutants are shown in the lower panel. Forty-eight hours posttransfection, culture supernatants were
harvested and used to infect naive Huh7.5 cells. These were harvested 72 h after inoculation, and luciferase activities in cell lysates were
determined. Values are normalized to the wt, which was set to 100%. Names of the constructs are displayed between both panels. Mutant nt 296
contains only the first 296 nt of the 5" NTR and served as a reference; mutant Del E1/E2 is derived from the bicistronic wt genome, but lacks the
envelope glycoproteins (27). This RNA replicates to wt levels, but does not release infectious particles and therefore was used to define background
of the infectivity assay. Mean values of three independent experiments are shown.

be due to less favorable stem formation or to an impact of the
primary sequence: e.g., the loss of microRNA (miRNA)-122
binding sites (Fig. 2A) (10, 11). Nevertheless, the replication
competence of the two mutants clearly demonstrates that

miRNA-122 binding-sites are not essential for genotype 2
RNA replication, which is in contrast to what was found with
genotype 1 replicons (10, 11). Replication of mutants SL-I1z’'-
56-59, SL-11z'-78-82, and SL-11z'-91-97 was very similar to that
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of the wt, arguing that the primary sequence of the loop and
bulges in SL-1Iz’" play a minor role or no role in RNA repli-
cation (Fig. 2B).

Having functionally confirmed the requirements of SL-I'
and SL-IIz" in the 3" end of (—) RNA for RNA replication, we
next probed the structure of SL-IIy’ in the same way. For this
purpose, mutants SL-IIy’-108-121 and SL-IIy’-138-150, in
which the stem was disrupted, and mutant SL-IIy’-108-121 +
138-150, in which the stem was restored, were constructed.
Mutant SL-Ily’-127-130 had an altered loop sequence (Fig.
2A). The two mutations disrupting the stem reduced RNA
replication about 100-fold (Fig. 2B). No significant restoration
of RNA replication was found with double mutant SL-IIy’-108-
121 + 138-150. We therefore conclude that either this muta-
tion did not restore the stem structure or the primary RNA
sequence rather than the stem structure is required for RNA
replication. In support of the structure of SL-IIy’, replication
of mutant SL-IIy’-127-130 was not affected (Fig. 2B), arguing
that the primary sequence of the loop is less important for
RNA replication. These findings suggest that SL-IIy’ plays a
crucial role for RNA replication.

To further dissect nucleotide sequence requirements of SL-
IITa" and SL-ITIb’, we deleted either the loop or the complete
SL of SL-IITa’ or SL-IIIb’ or deleted both SLs (Fig. 3A [mu-
tants SL-IIIa’-Del 162-165, SL-1ITa’-Del 156-170, SL-IIIb’-Del
192-205, SL-IIIb’-Del 178-220 and SL-IIIa’+b’-Del IIIa’ +b’,
respectively]). As shown in Fig. 3B, the two loop deletion
mutants replicated to the wt level, whereas the three other
mutants were slightly impaired, replicating on the average
about twofold less efficiently than the wt.

The role of SL-IIIcdef’ for RNA replication was probed with
three different mutations specified in the lower panel of Fig.
3A: one deletion mutation affecting the lower stem (SL-IIIcdef’-
Del 229-238), one deletion affecting a bulge (SL-IIIcdef’-Del
265-271), and one nucleotide substitution disrupting the upper
stem (SL-IIIcdef’-306-311). Finally, even though SL-IV' is not
formed in our construct, which lacks core coding sequences, we
probed the sequence of “SL-IV’” by introducing nucleotide
substitutions (SL-IV’-325-330). All mutations had only minor
effect on RNA replication, reducing replication about twofold
compared to the wt. These results suggest that most of SL-IIT'
and SL-IV' have only a minor contribution to RNA replica-
tion.

Packaging of the viral RNA genome into the nucleocapsid
may require distinct RNA structures, which are often located
near the 5’ end of the RNA genome or at some other position
within the viral genome (8, 12, 17, 28). In the case of HCV,
little is known about possible RNA signals required for pack-
aging. The fact that subgenomic replicons composed of only
the NTRs and the NS3-to-NS5B coding region can be encap-
sidated demonstrates that the region coding from the core to
NS2 does not contain an essential packaging signal (24). How-
ever, since core was found to interact with the 5’ NTR of (+)
RNA (4, 13, 16, 21, 22, 25, 32), we analyzed whether an RNA
packaging signal may reside there by using the panel of mu-
tants depicted in Fig. 4A. Design of the mutants was based on
a homology model deduced from the secondary structure of
the 5" NTR of (+) RNA of genotype 1 (9). To analyze the
impact of these mutations on viral RNA packaging, we trans-
fected Huh7.5 cells with these reporter genomes. Filtered su-

J. VIROL.

pernatant harvested 48 h after transfection was used to infect
naive Huh7.5 cells, and 72 h later, cells were lysed and lucif-
erase activity was measured (Fig. 4B). As a negative control,
we used a reporter virus lacking the glycoproteins E1 and E2
(Del E1/E2) (Fig. 4B). This RNA replicates to wt levels but
does not produce infectious virus and therefore determines the
background of our infection assay (27). Figure 4B summarizes
the replication competence of the mutants and their compe-
tence for infectious virus production (upper and lower panels,
respectively). All replication-competent RNAs supported pro-
duction of infectious virus, and in all cases, a direct correlation
between efficiency of RNA replication and virus production
was found. We therefore conclude that the RNA structures in
the 5’ NTR of (+) RNA most likely are not required for RNA
packaging into infectious virus particles or that signals required
for RNA packaging directly overlap with signals essential for
RNA replication.

As summarized in Fig. 1B, we describe a genetic analysis of
the 3" end of JFH1 (—) RNA with respect to its role in RNA
replication and thus complement structure predictions gener-
ated for genotype 1 isolates in a functional manner. In addi-
tion, we provide evidence that the 5" NTR of (+) RNA most
likely does not contain an RNA packaging signal. Based on
these and earlier results, it is likely that RNA packaging signals
either reside in the region encoding the replicase (NS3 to
NS5B) or genome packaging is mediated by specific interaction
between viral (RNA binding) proteins.
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