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ABSTRACT: Here we present the results of a structural analysis of the 3’-terminal region of the replicative
strand of hepatitis C virus (HCV), IRES(—), by the Pb?>*-induced cleavage approach and partial digestion
with T1 ribonuclease. Oligoribonucleotides that represent selected domains of the earlier proposed in the
literature secondary structure models of this region were also synthesized, their structures were analyzed
in solution, and the results were compared to those obtained with the full-length molecule. Such “structural
fingerprinting” gave better insight into the structure of the IRES(—) region. We showed that in the case
of the IRES(—) fragment, which consists of 374 nucleotides, its three domains, D3 (nucleotides 1—104),
DM (nucleotides 105—222), and D5 (nucleotides 223—374), independently fold on one another. However,
when the IRES(—) molecule is extended by 25 nucleotides of the upstream viral sequence, domains D3
and DM fold autonomously, but a part of domain D5 interacts with that additional RNA stretch. Analysis
in silico suggests that similar interactions involving the IRES(—) region and upstream sequences are also
possible in other fragments of viral RNA, several hundreds of nucleotides in length. The results of
experimental probing are supported by secondary structure predictions in silico and phylogenetic analysis.
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Hepatitis C virus (HCV)! is a small, enveloped human
virus that belongs to the Flaviviridae family. The viral
genome consists of a single plus strand RNA molecule,
approximately 9600 nucleotides in length, which includes a
single large open reading frame and two untranslated regions
at the 5" and 3’ ends (5’UTR and 3’UTR) (/—3). Both
untranslated regions are highly conserved, and they play
important roles at the key steps of the viral life cycle:
translation and replication. At the 5’"UTR, there starts a cap-
independent, /RES-directed translation that produces one
large polyprotein, over 3000 amino acids long, which is
processed into at least ten distinct proteins. Replication of
the viral RNA consists of two steps. First, a complementary
negative strand RNA copy (named replicative strand) is
synthesized, starting from the 3" terminus of the plus strand.
It is used as a template in the next replication reaction, during
which numerous genomic RNA strands are generated (/—3).

Replication of the viral RNA is carried out by the RNA-
dependent RNA—polymerase complex with its major com-
ponent being the NS5B protein. Within 3’-terminal regions
of both genomic and replicative RNA strands, binding sites
for NS5B (2) and for some other proteins, viral helicase NS3
(4), cellular protein HuR, and hnRNPC (5), have been
mapped. These proteins usually recognize and bind to specific
RNA secondary structures rather than to particular sequences.
Therefore, a better knowledge of spatial folding of these
regions of viral RNA is important for the understanding of
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HCV molecular biology. This will also be helpful in
designing more effective antiviral agents, such as ribozymes,
siRNAs, and antisense oligonucleotides, that might be used
to target viral RNAs in these regions.

At the 3" end of the genomic HCV strand, there is a highly
conserved region X. It has been suggested that this region
folds into a secondary structure consisting of three hairpin
motifs (6, 7). Further studies have led to a four-hairpin model
with a possibility of formation of a pseudoknot motif (8).
For the 3’-terminal region of the HCV replicative strand, the
IRES(—) region, two secondary structure models have been
proposed (9, 10). In both models, a stretch consisting of ca.
220 nucleotides from the 3’ terminus and the one between
nucleotides in positions 320—365 are folded in the same way.
However, secondary structure arrangements proposed for the
sequence 223—317, which is complementary to domain
Ilcdef of IRES(+) in the genomic HCV strand, are signifi-
cantly different in both propositions. Moreover, it has been
suggested that these nucleotides might be involved in
interactions with either nucleotides located close to the 3’
terminus (/0) or with the region upstream of the IRES(—)
element (9).

The aim of our studies was to better characterize folding
of the /RES(—) region, especially in its central domain,
controversial in the previously proposed models, and to
investigate the ability of that domain to interact with distant
regions either upstream or downstream in the replicative
RNA strand. Results of a structural analysis of large RNA
molecules by biochemical mapping methods are usually
complex, and in many cases it is not possible to interpret
them unambiguously. Therefore, we synthesized oligoribo-
nucleotides that represented selected structural domains of
the earlier proposed secondary structure models of the
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Table 1: Oligodeoxyribonucleotides Used in This Study for
Construction of DNA Templates

dsDNA
template primers used in PCR reactions
IRES DNASS8 (gccageceee gattggggee gacactccac catagatcac
tecectgtga ggaactac); DNASS (ggtttttett
tgaggtttag gattcgtgct catggtgeac
ggtctacgag acctc)
IRES(—) DNA22a (gccageecce gattggggge ga); DNA43a (taatacgact

cactataggt ttttctttga ggtttaggat tcg)
IRES(—)ext DNAG2 (taatacgact cactatagtg ggcggeggtt ggtgttacgt
ttggttttte tttgaggttt ag); DNA16 (gecagecece gattgg)
D3 step I: DNA26 (ggacactcat actaacgcca tggeta); DNA22a
step II: DNA43b (taatacgact cactatagga cactcatact
aacgccatgg cta); DNA22a
DM step I: DNA2S5 (ctccaggcat tgagegggtt tatcc); DNA24
(gtgeagecte caggaccece ccte)
step II: DNA42 (taatacgact cactatagtc caggcattga
gegggtttat cc); DNA24
D5 DNAZ22b (agatttggge gtgceccege ga); DNA43a
D5ext DNA22b; DNA62

IRES(—) region. Their structures were analyzed in solution,
and the results were compared to those obtained with the
full-length molecule. On the basis of such “structural
fingerprinting” more precise conclusions concerning folding
of the IRES(—) sequence could be formulated. Experimental
structure probing data were supported by secondary structure
predictions in silico and phylogenetic analysis.

EXPERIMENTAL PROCEDURES

Materials. The materials used in this study were from the
following sources: (y-?P)ATP (4600 Ci/mmol) was from
ICN, and all of the chemicals were from Sigma or Serva.
Enzymes, Taq polymerase, ribonuclease T1, polynucleotide
kinase, T7 RNA polymerase, ribonuclease inhibitor, and T4
RNA ligase, were purchased from MBI Fermentas.

DNA Templates and RNA Synthesis. All oligodeoxyribo-
nucleotides used in the construction of DNA templates (Table
1) were deprotected after synthesis and purified on 12%
polyacrylamide gels. DNA bands were excised, eluted with
0.3 M sodium acetate, pH 5.2, and 1 mM EDTA, and
precipitated with 3 volumes of ethanol, and DNA was
recovered by centrifugation and dissolved in TE buffer.

In order to obtain the dsDNA IRES template (encoding
nucleotides 1—374 under the T7 promoter), the shorter
fragment dsDNAS5'UTR (1—341 nt) was used. It was
synthesized by RT-PCR using viral RNA isolated from a
patient infected with hepatitis C virus, type 1b. To this end,
an approach similar to that earlier described by Chan and
co-workers was applied (/7). First, single-stranded DNA
complementary to the 5" portion of the HCV genome was
synthesized using MMLYV reverse transcriptase and primer
DNA29 (gtgctcatgg tgcacggtct acgagacct). During the next
step cDNA was amplified by PCR involving primers DNA22
(ggtgcacggt ctacgagacc tc) and DNA21 (gccageceee gat-
tggggec g). As a result the dsSDNAS5’UTR (1—341 nt) was
generated.

The dsDNAS5’UTR fragment was reamplified by PCR with
primers DNAS58 and DNASS (Table 1), and the reaction
mixture contained 3 nM dsDNA, 0.25 uM both primers, 10
mM Tris-HCI, pH 8.3, 1.5 mM MgCl,, 50 mM KCl, 200
uM each dNTP, and 1.25 units of Taq polymerase. The
reaction was performed on a Biometra UNOII thermocycler

Dutkiewicz et al.

for 20 cycles of 30 s at 94 °C, 30 s at 65 °C, and 2 min at
72 °C. The reaction products were purified by phenol/
chloroform (1:1) extraction and precipitated with ethanol.
The obtained dsDNA IRES template was dissolved in TE
buffer. Subsequently, the dsDNA IRES and appropriate
primers were used in a series of PCR reactions to obtain the
templates used for RNA in vitro transcription (Table 1). The
PCR reactions were performed as described above. Synthesis
of dsDNA templates for D3 and DM RNAs was carried out
in two steps. In the first step, dsDNAs encoding the desired
RNA sequence was obtained, to which the T7 promoter was
attached in the next step. All of the dsSDNA templates were
dissolved in TE buffer and used in transcription reactions.

The transcription reactions contained 0.4 uM dsDNA
template, 40 mM Tris-HCI, pH 8.0, 10 mM MgCl,, 2 mM
spermidine, 5 mM DTT, 1 mM each NTP, 2.5 mM
guanosine, 750 units/mL ribonuclease inhibitor, and 2000
units/mL. T7 RNA polymerase (8, /2). Following 4 h
incubation at 37 °C the RNA transcripts were purified on
denaturing 8% polyacrylamide gels and labeled with 2P at
their 5 or 3’ ends with polynucleotide kinase or RNA ligase
according to standard procedures.

Metal Ion-Induced Cleavage. Prior to the cleavage reaction
with Pb?>" ions the 3?P-end-labeled RNAs were renatured in
the buffer, 40 mM NaCl, 10 mM Tris-HCI, pH 7.2, and 10
mM MgCl,, by heating at 65 °C for 5 min and slow cooling
to 37 °C (I3, 14). The samples were then supplemented with
tRNA carrier (Boehringer) to a final RNA concentration of
8 uM. Subsequently, lead acetate solution was added, and
the reactions proceeded at 37 °C for 10 min. The reactions
were terminated by mixing their aliquots with 8§ M urea/
dyes/20 mM EDTA solution, and samples were loaded on
12% polyacrylamide, 0.75% bisacrylamide, and 7 M urea
gels. Electrophoresis was performed at 2000 V for 2—3 h,
followed by autoradiography at —70 °C with an intensifying
screen or phosphorimaging with a Typhoon 8600 analyzer
(Molecular Dynamics).

Nuclease Mapping. The 3?P-end-labeled RNA transcripts
were renatured and supplemented with tRNA carrier as
described above. Limited digestions with ribonuclease T1
were carried out in the buffer: 10 mM Tris-HCI, pH 7.2, 40
mM NaCl, and 10 mM MgCl,. Reactions were performed
at 37 °C for different time intervals with 50 units/mL
concentration of ribonuclease T1. The reactions were ter-
minated by adding 8 M urea/dyes/20 mM EDTA solution
and freezing samples on dry ice. The reaction products were
analyzed by polyacrylamide gel electrophoresis and visual-
ized by autoradiography or phosphorimaging.

Identification of Cleavage Sites. In order to assign the
cleavage sites, products of metal ion-induced cleavage or
nuclease digestion were run along with the products of
alkaline RNA hydrolysis and limited T1 nuclease digestion
of the same RNA under denaturing conditions. An alkaline
hydrolysis ladder was generated by incubation of 5’- or 3’-
end-*?P-labeled RNA with 5 volumes of formamide at 100
°C for 10 min. Partial T1 nuclease digestion was performed
in 50 mM sodium citrate, pH 5.3, and 7 M urea with 0.2
unit of the enzyme at 55 °C for 10 min.

Secondary Structure Predictions in Silico. The mfold 3.2
computer program was used to predict RNA secondary
structures (15, 16). The detailed description of the program
and an algorithm used in thermodynamic calculations are
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FIGURE 1: Fragments of the 3’-terminal region of the HCV RNA
replicative strand. The IRES(—) RNA represents an oligomer that
is complementary to the /RES region of the HCV RNA genome,
and IRES(—)ext is its derivative with an additional 25 nucleotides
of the upstream viral sequence. Their subfragments, D3, DM, D5,
and D5ext, correspond to selected structural motifs of the earlier
proposed secondary structure models of the /RES(—) region.

placed on the server http://www.fronted.bioinfo.rpi.edu/
applications/mfold/rna/. One of the applications offered by
the program is calculating ss-count values, which compute
the probability of given nucleotides to appear in single-
stranded RNA regions. To calculate the ss-count values, all
of the secondary structures of the analyzed RNA sequence
predicted in silico within 10% of free energy of the most
stable variants are considered. The number of the predicted
structures could vary depending on the folding parameters;
default values proposed by the program were used.

Phylogenetic Analysis. In order to compare particular
isolates of hepatitis C virus, type 1b, the Los Alamos HCV
sequence database was used (/7). It is available online on
the Internet site http//hcv.lanl.gov/content/hcv-db. Sequences
from the database shorter than the entire viral genome (but
longer than 100 nucleotides) were also taken into account
in this analysis. A total of 434 sequences were compared in
the case of fragment D5, and 175 sequences were analyzed
in the case of fragment D5ext.

RESULTS

Synthesis of RNA Fragments and Their Preparation for
Structural Probing. Several RNA molecules, derivatives of
the IRES(—) region of the HCV replicative strand, were
synthesized by in vitro transcription using the T7 RNA
polymerase system (Figure 1). In addition to the full-length
IRES(—) (nucleotides 1—374; numbered consecutively from
the 3’ end (position 1) to the 5" end) and its extended
derivative IRES(—)ext (nucleotides 1—399), their subfrag-
ments, D3, DM, D5, and D5ext, were also obtained. The
subfragments corresponded to selected structural domains
of the secondary structure models that have been proposed
earlier for the IRES(—) region (9, 10).

Prior to structural probing, the 3’P-end-labeled RNA
oligomers were subjected to a standard denaturation—renatu-
ration procedure in the buffer 40 mM NaCl, 10 mM Tris-
HCI, pH 7.2, and 10 mM MgCl, (I3, 14). Although the
concentration of Mg?" ions was higher than 1—5 mM, which
is thought to occur in vivo (I18), such conditions are believed
to better stabilize the spatial RNA folds and have been often
used in RNA structural and functional studies. Electrophore-
sis of the renatured RNA molecules, IRES(—), IRES(—)ext,
D5, and D5ext, in nondenaturing polyacrylamide gels showed
major compact bands in each case suggesting structural
homogeneity of the RNA samples (data not shown). The
renatured RNAs were subjected to structural probing by the
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Pb?*-induced cleavage method and limited digestion with
ribonuclease T1.

Pb** Probing. In order to reveal the similarities and
differences in the folding of IRES(—) and IRES(—)ext RNAs
and their subfragments, the Pb?>*-induced cleavage method
was used. This method has been shown to be very informa-
tive indetecting notonly substantial differences in Watson—Crick
base pairing but even subtle differences in the flexibility of
RNA polynucleotide chains resulting from changes in
stacking or tertiary interactions (/3, 14, 19, 20). In particular,
this approach has been used in structural studies of several
RNAs, in which their subfragments were also employed, for
example, 5S rRNAs (27), genomic and antigenomic HDV
ribozymes (ref 22 and unpublished results of our laboratory),
the 3’-terminal region of the genomic HCV RNA, and the
5’-terminal region of its replicative strand (8).

At first, we analyzed the IRES(—) RNA (nucleotides
1—374) and its subfragments, D3, DM, and D5, which were
105, 120, and 152 nucleotides in length, respectively (Figure
2). The length of the IRES(—) molecule was similar to the
length of the secondary structure model of IRES(—) published
earlier, consisting of 365 nucleotides, in which possible long-
distance interactions between hairpin I” and domain Illcdef
were proposed (/0). In order to find out whether such
interactions take place, we compared patterns of cleavages
induced by Pb?* ions in the full-length IRES(—) as well as
in its subfragments. Representative autoradiograms from
Pb?*-induced cleavage experiments are shown in Figures S1,
S2, and S3 (Supporting Information), and the cleavage sites
and their relative intensities are displayed in Figure 2.
Subsequently, the IRES(—)ext RNA and its fragment D5ext
were also analyzed by the Pb?* cleavage approach (Figure
3 and Figure S4 in Supporting Information). These RNA
molecules were extended by 25 nucleotides upstream of the
replicative strand, which might potentially base pair with
nucleotides of domain Illcdef, similarly as in the model
proposed by Schuster et al. (9).

(A) Full-Length IRES(—) RNA. All very strong cleavages
induced in IRES(—) RNA in the presence of Pb>* ions are
mapped to single-stranded regions in the model shown in
Figure 2, which is similar to the one proposed by Smith et
al. (10). These are mainly cleavages in the bulge and internal
loop regions of hairpin /I7’, in the junction region between
hairpins /17" and I1y’, and between Illa” and I1Ib’, in the apical
and internal loops of IIIb’, several cleavages occur in the
Hlcdef region, in the junction between IIIf and IV’, in
the internal and apical loops of hairpin 7V’, and, finally, in
the 5'-terminal single-stranded stretch. Regions of IRES(—)
resistant to Pb>" degradation comprise mostly helical stems.
The lack of cleavages in the stable tetraloop of /Iy” and only
weak cleavages in the apical loops of I, II7/, and Illa’ are
consistent with the earlier observations concerning specificity
of Pb*™-induced degradation (13, 14) and the proposed
secondary structure arrangement of these regions. Within the
largest internal loop and bulge regions of hairpin /17" several
cleavages of moderate intensity were observed, with weak
cleavages in the adjacent double-stranded stems. In general,
hairpins I, IIy’, and Illa’ are cleaved very weakly, presum-
ably because of their stable secondary structures. Cleavages
within the [IIb" and IV’ regions support their secondary
structures of imperfect hairpin type. The pattern of Pb**-
induced cleavage of IRES(—) is essentially consistent with
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FIGURE 2: Structural analysis of the IRES(—) RNA and its subfragments, D3, DM, and D35, by the Pb?>*-induced cleavage method. Cleavages
are displayed on the secondary structure models of the analyzed RNA molecules, and their relative intensities are correlated with the size

of black triangles: small, weak; medium, strong; large, very strong cleavages.

the secondary structure model of this region proposed by
Smith et al. (/0) with the exception of domain Illcdef .
Several cleavages are mapped to the double-stranded region
of domain Ilcdef’, and only weak cleavages occur within
internal loops of that domain. This prompted us to propose
a new secondary structure arrangement of that domain, which

is more compatible with our results of Pb>" probing and
computer predictions (Figure 2 and further discussion in the

text).

(B) Isolated Domains D3, DM, and D5. The Pb?>"-induced
cleavage pattern of D3 RNA is consistent with the secondary
structure model of this fragment shown in Figure 2 taking
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FIGURE 3: Probing of the structure of RNA oligomers IRES(—)ext and D5ext. (A) Autoradiograms show the products of Pb?*-induced
reactions analyzed on 12% polyacrylamide gels. Lanes: Ci, reaction control; L, formamide ladder; T}, limited hydrolysis by RNase T1 in
denaturing conditions. Selected guanine residues are labeled on the right. The reaction was performed with 5”-end-*2P-labeled RNA, and
the short and long run of the gel is shown in the figure. (B) Cleavages induced in the D5ext region by Pb?' ions are displayed on the
secondary structure model of the IRES(—)ext RNA. Domains D3 and DM are shown schematically. Relative intensities of Pb?* cleavages
are marked with black triangles as follows: small, weak; medium, strong; large, very strong cleavages.

into account our knowledge of Pb** cleavage specificity (13, 14).
The strongest cleavages appear in internal loop and bulge
regions. Weak cleavages appear in some double-stranded
regions, for example, in the region between U32 and C35.
However, these cleavages can be explained by relatively low
stability of the secondary structure of that region consisting
of AU and GU base pairs. The double-stranded stem of
hairpin I’ is entirely resistant to cleavage, as expected. Most
importantly, the cleavage pattern of D3 is very similar to

the one characteristic of the corresponding region of the
IRES(—) molecule.

The Pb?*-induced cleavage pattern of DM RNA supports
very nicely the presence of hairpins 1y, Illa’, and IIIb’. Their
base-paired regions are generally not cleaved. Cleavages
appear mainly in single-stranded junctions and apical loops
with the exception of the purine-rich, stable tetraloop IIy’.
Similarly, as in the case of D3, the cleavage pattern of DM
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closely resembles the pattern observed for the corresponding
region of the IRES(—) RNA.

Within D5 RNA numerous cleavages are observed mainly
in the internal and apical loop regions, nearby the bulge
nucleotides, between hairpins IIlcd’ and IIIf where a small
hairpin ZIle’ might form, and within the unstructured regions
at both the 3" and 5" ends of the molecule. The secondary
structure of D5, which is shown in Figure 2, differs from
both the earlier propositions (9, 10) for arrangement of this
region within the IRES(—) sequence. The structure was
generated by the mfold3.2 program (/5, /6) and was among
those that exceeded the free energy of the most stable variant
by less than 10%. Most of the observed Pb?t cleavages are
consistent with this arrangement of D5 RNA. The lack of
cleavages at two GG dinucleotides, in positions 238—239
and 254—255, was expected since such stretches are usually
not cleaved by Pb*>" ions (/3, 14). Short double-stranded
segments, those of hairpin /Il¢’ and adjacent to the apical
loop of IIcd’, are susceptible to cleavage, most likely because
of their thermodynamic instability. Despite general cor-
respondence of the experimental data and the secondary
structure arrangement of D5, some inconsistencies still exist,
mainly in the region of hairpin Illcd’.

It is of importance that the Pb?>*-induced cleavage patterns
found for oligomers DM, D3, and D5 are similar to those
characteristic for the corresponding regions of IRES(—). It
suggests that these sequences are folded into closely related
secondary structures. It also means that these sequences fold
independently within the IRES(—) molecule. As far as the
possibility of interaction of domain D5 with hairpin I, which
has been proposed earlier (/0), is concerned, the comparison
of Pb?*-induced cleavage patterns of IRES(—) and D5 shows
that such interactions do not occur. However, there were
some difficulties in the interpretation of the autoradiograms
of both the oligomers because of band compression effects
observed for the 5" side of hairpin I’. Thus we decided to
use RNase T1 digestion in order to confirm the conclusions
derived from Pb>"-induced cleavage data (later in the text).

(C) Extended Domains: IRES(—)ext and D5ext. In order
to find out whether folding of domain D5 within the IRES(—)
region is influenced by upstream sequences of viral RNA
and, in particular, whether these sequences interact with
nucleotides of region Illcdef’, we synthesized IRES(—)ext
and D5Sext RNAs. These fragments were derivatives of
IRES(—) and D5 molecules extended on their 5" ends by a
stretch of 25 nucleotides. The stretch was predicted in silico
to be able to influence folding of the IRES(—) region
(described further in the text). The IRES(—)ext and D5ext
fragments were subjected to a structural analysis with the
Pb?*-induced cleavage approach, and the results are shown
in Figure 3 and Figure S4 (Supporting Information).

In the IRES(—)ext, the Pb>* pattern obtained for the 3’
terminal region comprising nucleotides 1—222 turns out to
be very similar to that characteristic of the same region of
IRES(—). Thus the additional stretch of 25 nucleotides does
not seem to disturb folding of domains D3 and DM.
Moreover, in both the IRES(—)ext and D5ext molecules, the
patterns obtained for the region 281—361 closely resemble
each other and those patterns of the two types of RNAs
within the corresponding regions of IRES(—) and DS5. This
suggests that these regions fold similarly and form imperfect
hairpins /IIf and IV’. Differences in the cleavage patterns
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of the four studied RNAs within their domains D5 are
illustrated in Figure 4 and Figure S5 (Supporting Informa-
tion). They concern the stretches 223—280 and those located
upstream of A362. It turns out that these differences are
already revealed when the patterns of D5 and the corre-
sponding region of D5ext are compared. Thus the additional
stretch of 25 nucleotides extending domain D5 must be
involved in its folding. This stretch itself is not evenly
cleaved by Pb?>" ions, which may suggest an involvement
of some nucleotides in base pairing. Similar observations
can be made while comparing the cleavage patterns of D5
and IRES(—)ext (Figure 4). The 5’-terminal nucleotides of
IRES(—)ext seem to participate in folding of domain D5 in
this RNA molecule (Figure 3B).

Digestion of IRES(—) and D5 with Ribonuclease TI. In
order to verify the possibility of base pairing between
nucleotides of hairpin I’ and domain Ilcdef (10), we
compared the susceptibility of IRES(—) and D5 to digestion
with ribonuclease T1. The enzymatic probing data are shown
in Figure S6 (Supporting Information). The enzyme cleaves
the Illcdef’ domain of D5 very similarly to that seen in the
corresponding region of IRES(—), at G247, G250, G254,
and G255. Two of these nucleotides, G250 and G254, have
been earlier proposed to base pair with nucleotides of hairpin
I’ (10). In both D5 and IRES(—) RNAs the enzyme does
not recognize the residues G232, G236—240, and G242.
However, G232 is unpaired in the earlier suggested model
of interactions, and this residue should have been susceptible
to digestion. Thus our results do not support the proposed
scheme of interactions between hairpin I’ and domain Illcdef’.
Moreover, they also show that folding of the Illcdef region
is not influenced by hairpin I’ since the digestion patterns
are essentially identical in both IRES and D5 RNAs, although
only in the former molecule hairpin I’ is present. The results
of T1 probing are consistent with the new secondary structure
model of domain D5 (see the next chapter and Figure 2).
Strong T1 cleavages are observed in the apical loops of
hairpins: Illcd’, Ille’, IIf’, and IV’ at guanosine residues in
positions 254, 289, 308, and 341 (Figure S6 in Supporting
Information).

Predicted in Silico Secondary Structure of Domain D5 and
a Possibility of Its Interaction with Upstream Regions of
Viral RNA. We analyzed in silico the secondary structure
folding of three fragments of IRES(—): the one corresponding
to domain Illcdef (nucleotides 223—320), the entire domain
D5 deprived of two nucleotides at its 5" end (nucleotides
223—372), and the same domain but extended in the 5’
direction by an additional 25 nucleotides of the viral RNA
sequence (nucleotides 223—399). The mfold 3.2 version of
Zuker’s program was used (/5, 16), and all secondary
structures deviating by less than 10% from the free energy
of the most stable structure were considered. The results of
computer predictions are illustrated in Figure S7 (Supporting
Information) as ss-count values, which show the calculated
propensity of given nucleotides to be single-stranded. It turns
out that stable hairpin /7If and imperfect hairpin IV are well
predicted by the program. There is also a double-stranded
element formed by some nucleotides of domain /llcde’ and
nucleotides located upstream of hairpin IV’. This element
appears only in the longest analyzed RNA fragment, and it
has been earlier proposed in Schuster’s model of the IRES(—)
region in a similar but not identical form. Hairpin IV’ exists



Folding of the 3" Terminus of HCV Replicative Strand

lllcde’

Biochemistry, Vol. 47, No. 46, 2008 12203

un | 1l L1 ||
IRES(-) -+ UCUAAACCCGCACGGGGGCGCUCUGACGAUCGGCU(‘AUCACAACCCAGCGCUUUCCGGAACA

K1 | 1 n Il
DS UCUAAACCCGCACGGGGGCGCUCUGACGAUCGGCUCAUCACAACCCAGCGCUUUCCGGAACAC UGACGGACUA - - -

IRES(-)ext.- UCUAAACCCGCACGGGGGCGCUCUGACGAU G

DSext UCUAAACCCGCACGGGGGCGCUCUGAC

mnr

289 293

CAAC CAGCGCUUUCCGGAACA

UCACAACCCAGCGCUUUCCGGAACA

I 1

IRESC) . h mnlun n

nin I 1m 1
CCCACGAACGCUCACGGGGCCUCCCAGAG('AUCUGGCACGUGGUACUCGUGCU UAGGsAUUUGGAGUUUCUUUUUGG

361

11
D5 - - - UCCCACGAACGCUCACGGGGCCUCCCAGAGCAUCUGGCACGUGGUACUCGUGCUUAGGAUUUGGAGUUUCUUUUUGG
304 325 334 341 349 355 361 374

308 314-317

1 Ih 1 i o 1l il
IRES(-)GX! UCCCACaoGAACGCUCACGGGGCCUCCCAGAGCAUCUGGCACGUGGUACUCGU3G4C9U UAGgAUUUGGAGUUUCUUUUUGGUUUGCAU UgBIJsGGUUGGCGGCGGggUG
341 55 374 7

4 308 314-317

390

Ih il
DSext -- UCCCACGMC%QJCACGGGGCCUCCCAGAGCAUCUGGCACGUGGUACUCGUGCU UAGgggU UGgéfUU UCUUU UUGGUU UGCAU UglngGU UG%SEGCGGggG

314-317

FIGURE 4: Similarities and differences in the Pb>"-induced cleavage patterns, which were obtained with IRES(—), IRES(—)ext, D5, and
D35ext, in the regions corresponding to their domains D5/D5ext (nucleotides 223—374/399). Cleavages induced by Pb?* ions in the regions
between nucleotides 223 and 374/399 are displayed on linear sequences of the examined RNAs. Relative intensities of cleavages are correlated

with heights of black bars.

in both Schuster’s and Smith’s models, and hairpin I/7If is
present in Schuster’s model. Although the results of ss-count
analysis give only a rough illustration of the tendency of
particular RNA regions to form base-pairing interactions,
they are very helpful in interpretation of experimental data.

In order to identify possible secondary interactions between
the Illcdef region of IRES(—) and other regions located in
the 5 direction of viral RNA, we performed computer
simulations using the mfold 3.2 program (/5, 16). In this
analysis the consensus sequence of HCV RNA genotype 1b
was used. We examined the predicted secondary structures
of several RNA fragments: 200, 300, 400, 500, 600, 700,
and 800 nucleotides in length. These fragments corresponded
to the following regions of viral RNA: 223—423, 223—523,
223—623, 223723, 223—823, 223—923, and 223—1023.
The analysis revealed that in each fragment there occur
interactions, predicted with high probability, between a part
of domain Illcdef (nucleotides 263—282) and the region
spanning nucleotides at positions 369—389. These interac-
tions were found in RNA secondary structures with free
energies differing by less than 5% from the free energy of
the most stable variant (data not shown).

Phylogenetic Analysis. In the analysis of variability of the
IRES(—) region, over 400 (434) viral sequences deposited
in the Los Alamos HCV sequence database (/7) were
considered. In the region corresponding to domain IIlcdef’
single mutations were found in 82 sequences, including
insertions, deletions, and substitutions. The results are
displayed on the secondary structure model of that domain,
which is most consistent with the results of our structural

analysis, in the upper panel of Figure 5. In most cases,
cytosine is replaced with uridine. A hot spot of this type of
transition mutation is observed at nt 243 (32 x, in 7% of
the sequences), and uridine at this position changes a C-G
pair to a U-G wobble pair in this stem region. This is an
example of a mutation in the Illcd’ region that basically
preserves the secondary structure, which also holds for
mutations C271g and at C273g. In the considered region
several other mutations occur in single-stranded RNA
stretches (for example, A248g in 17 sequences). Such
changes do not confirm (but also do not rule out) the newly
proposed model of the secondary structure of domain Illcdef .

In order to evaluate the possibility of base pairing between
domain Illcde’ and sequences located in the 5" direction of
the replicative strand, we compared 175 different viral RNAs
between nucleotides 223 and 399 (Figure 5, bottom panel).
The most frequent mutations found in the Illcde’ region
include the following substitutions, C243u (in 8 sequences,
i.e., in 5%) and A248g (in 7 sequences, 4%), both located
at unpaired positions in hairpin //I¢’. Other mutations occur
sporadically, one to three times (0.6—1.7%). In the 5'-
proximal part between positions 363 and 399, mutations are
found with frequencies of 1 to 11 times per nucleotide
position (0.6—6%). Here, changes are most frequently
observed at positions 370 (5 x) and 392 (11 x), but they
disrupt Watson—Crick base pairing.

In the hairpin I7If’ region only two single mutations are
found: A312u or A312c in the apical loop. Finally, several
mutations found in hairpin IV’ are consistent with the
secondary structure of this region: C350u (occurring in 30%
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FIGURE 5: Phylogenetic analysis of the sequences of the IRES(—) region of the HCV RNA replicative strand corresponding to the Illcdef
region of domain D5 (nucleotides 223—320) and to domain D5ext (nucleotides 223—399). Different numbers of sequences were analyzed,
434 and 175, respectively. Thin arrowheads indicate substitutions, filled arrowheads indicate insertions, and triangles indicate deletions.
The numbers, which accompany the nucleotide symbols, indicate in how many isolates the particular mutation was found. The nucleotide
exchanges/ insertions/deletions differ in the upper and lower panel as a consequence of two different sets of sequences taken for analysis

(see also the Experimental Procedures section).

of the sequences), A362g (in 5% of the sequences), in the
apical loop at G341 (36 x adenosine, i.e., in 21% of the
sequences, 3 x uridine), in the internal loop at A356
(guanosine or uridine, 2 or 3 times, respectively), one
compensative mutation G333a, and U352a (2 x) and G354c
(1 x) both disrupting base pairing.

DISCUSSION

Three Structural Domains, D3, DM, and D5, Fold
Independently within the IRES(—) Region. For the 3’-terminal
region of the replicative strand of HCV RNA, the /RES(—)

region, two secondary structure models have been proposed
by Schuster et al. (9) and Smith et al. (/0) (see the
introduction). In order to solve some uncertainties concerning
their propositions, we analyzed folding of three RNA
oligomers, D3, DM, and D5, which represented selected
structural domains of the earlier proposed secondary structure
models of that region (Figure 1). Their structures were probed
by Pb**-induced cleavage approach, which has been shown
to be able to reveal even subtle differences in conformation
of an RNA chain (/4). The results of structural mapping
obtained for the D3, DM, and D5 fragments were compared



Folding of the 3" Terminus of HCV Replicative Strand

to those obtained with the IRES(—) RNA (Figure 2). It turned
out that the patterns of cleavages induced in the RNA isolated
domains were very similar to those obtained for the corre-
sponding regions of the full-length molecule. Therefore, it
seems that all three domains fold independently in the
structural context of the IRES(—) region. This conclusion
contradicts an earlier suggestion of Smith et al. (/0) that
domain D5 and hairpin I” may interact with each other.

In order to support the above conclusion, the digestion
patterns of D5 and IRES(—) RNAs generated by ribonuclease
T1 were compared (Figure S6 in Supporting Information).
The comparison of T1 cleavage patterns did not support the
proposed interactions between domain D5 and hairpin I’. The
positions and intensities of cleavages at the corresponding
positions of D5 and IRES(—) were identical. One could
expect some differences if the suggested interactions exist
since they would only be possible in a full-length molecule.

The Illcd” Region of Domain D5 Interacts with the
Neighboring Upstream Sequence of Viral RNA. In Schuster’s
model of IRES(—) secondary structure (9) nucleotides of
domain Illcd’ interact with the neighboring nucleotides
located upstream in the replicative RNA strand. We showed
that such interactions could also be predicted with high
probability by the mfold computer program. Subsequently,
the Pb*>"-induced cleavage method was used for structural
mapping of two RNAs, IRES(—)ext and D5ext, which were
derivatives of IRES(—) and D5 oligomers but were extended
by 25 nucleotides in the 5" direction of viral RNA sequence.
Direct comparison of Pb?"-induced cleavage patterns of
IRES(—)ext and D5ext with those characteristic to IRES(—)
and D5 oligomers shows that region /llcd’ interacts with the
25 nucleotide long stretch located at the 5" terminus of
extended RNA fragments (Figures 3 and 4). On the other
hand, very similar Pb>'-induced cleavage patterns were
observed for the 3’-terminal 222 nucleotides, which cor-
respond to domains D3 and DM. Thus clearly only domain
Ilcd” of domain D5 is involved in interactions with
sequences located upstream of the /RES(—) element in the
replicative strand of HCV RNA.

The secondary structure of the /RES(—) region has also
been mapped by Pb>"-induced cleavage method by Schuster
et al. (9). It has to be noted that IRES(—)ext used in our
studies comprised 3’-terminal 399 nucleotides whereas their
fragment had 416 nucleotides to which four and five extra
nucleotides were attached at the 5" and 3’ ends. In spite of
these differences, the results of our studies were very similar
to the earlier published data. The only region for which
clearly distinct Pb**-induced cleavage patterns were observed
was hairpin I'. Schuster and co-workers (9) observed several
strong cleavages in the apical loop of the hairpin and on the
5’ side of the double-stranded stem while in our studies this
region was hardly susceptible to digestion. This might be
the result of slightly different reaction buffers or conditions
of electrophoretic separation. Although unlikely, it cannot
be excluded that additional sequences present at the 3" and
5" ends in the construct of Schuster et al. (9) might have
influenced folding of hairpin 7', resulting in a different
cleavage pattern.

The Secondary Structure of Domain D5. The secondary
structure of 3’-terminal 222 nucleotides of the IRES(—)
region, which correspond to domains D3 and DM, is well
characterized (refs (9) and (/0) and this study). This region
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does not interact with the neighboring upstream sequences
of the viral RNA. Therefore, folding of domain D5 seems
to be responsible for the controversies concerning the
structure of IRES(—). Predicted in silico secondary structure
models of three fragments of viral RNA, which began with
U223 but had increased in length toward the 5 direction,
showed that in all the fragments stable hairpin I7If is formed
(Figure S7 in Supporting Information). In two longer
fragments hairpin 7V’ also exists. In two earlier proposed
secondary structures of the IRES(—) region hairpin IV’ is
formed in both models, Schuster’s and Smith’s, while in the
former one hairpin IIIf" is also present.

Our results of the structural analysis of IRES(—),
IRES(—)ext, and their isolated fragments D5 and D5ext
confirmed the presence of two imperfect hairpins, /7If and
IV, in all of these RNAs. Folding of the 3’ part of domain
D5 (nucleotides 223—280) depends on a possibility of its
interaction with the upstream viral sequence. In the short
IRES(—) construct such interactions cannot be formed. We
propose a new structural arrangement of that region (Figure
2), which differs from that shown in the model of Smith et
al. (10) for the 3’-terminal 365 nucleotides of the viral
replicative strand. Our proposition is more consistent with
the experimental data and computer predictions. In the
IRES(—)ext molecule the 3" part of domain D5 (nucleotides
223—280) interacts with the upstream viral stretch spanning
nucleotides 367 and 399. Our results of experimental probing
of IRES(—)ext support the secondary structure arrangement
proposed by Schuster et al. (9) for 3’-terminal 416 nucleotides
of the RNA replicative strand. It is of importance that in
both the extended RNA molecules (the one described by
Schuster et al. and IRES(—)ext used in our studies) domains
D3 and DM as well as hairpins /Il and IV’ of domain D5
are folded in the same way as in the short /RES(—) region.

Phylogenetic analysis of the sequence between nucleotides
223 and 374 in various RNA isolates of HCV genotype 1b
was also performed. However, not too many mutations were
found in this highly conserved region (Figure 5). One
frequent mutation that preserves base pairing occurs in
domain Illcdef at position 243, thus supporting our new
proposition of the secondary structure arrangement for this
region. In the longer RNA stretch spanning nucleotides
223-399, in which domain Illcdef interacts with sequences
upstream the IRES(—) element, nucleotide 243 occurs in a
non-W—C base pair position. Two mutations are also present
in the hairpin IV’ region: C350u and A362g. Both of these
mutations preserve the proposed secondary structure folding
of that region into an imperfect hairpin motif with an
asymmetric internal loop (Figure 5).

Involvement of the IRES(—) Region in the Replication
Process. Several experiments have been performed which
aimed at the localization of the promoter region in the
replicative RNA strand of HCV and determination of the
minimal length of RNA able to act in transcription. Most
information has been obtained in vitro with the use of
recombinant protein NS5B and fragments of viral RNA of
different length. Initially, it has been shown that the
3’-terminal 122 nucleotides do not allow initiation of
transcription with NS5B in vitro, which suggested that the
promoter sequence is localized between nucleotides 122 and
239 (23). According to the results of our structural studies
this sequence is a part of domains DM and D5. On the other
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hand, Kashiwagi et al. have shown that the region 40—130
acts as a positive transcription control and possibly a place
of polymerase binding (24). However, much higher tran-
scription efficiency occurs with longer templates consisting
of nucleotides 1—341 (23) or 40—341 (24). An experiment
performed in vitro with purified enzyme, replicative RNA
strand, and several antisense DNA oligomers has shown that
the highest inhibition of initiation of RNA synthesis occurred
with an oligomer hybridizing to the region 85—103. Most
likely, the oligomer does not block a polymerase binding
site directly but acts indirectly by causing structural rear-
rangements of hairpins I” and /17" that interfere with initiation
of RNA synthesis (25). Interesting results on binding of
purified polymerase NS5B to different fragments of the
IRES(—) region and their use as RNA templates have been
described by Astier-Gin et al. (26). It turns out that within
the region of the 3’-terminal 219 nucleotides there is no
strong polymerase-binding site whereas deletion of a stretch
between nucleotides 219 and 239 severely disturbs enzyme
binding and RNA synthesis (26). The significant role of the
region 219—239 has been confirmed in the study of Reigadas
et al. (25). Three out of four antisense oligomers, which
showed the highest inhibitory properties, were in part
complementary to this region. The region 219—239 is a
fragment of domain D5 that was extensively studied in this
report. In RNA molecules D5ext and IRES(—)ext the stretch
spanning nucleotides 228 and 236 is involved in interactions
with the 5’-terminal sequence 391—398 forming a double-
stranded stem composed of eight base pairs (Figure 3). This
segment might be of great importance for the binding of such
viral proteins like NS3 and NS5B that are the major
components of the replication complex, and both have affinity
to double-stranded RNA stems. For viral protein NS3, that
acts as helicase, a binding site within the IRES(—) region
has been already proposed (27). It seems that the protein
requires the integrity of the double-stranded stem of the
hairpin I’ to bind (27). The autonomous folding of hairpin
I’, evidenced in our study, corresponds well to the functional
role of this region. Structural properties of the D3 and D5
domains seem to be important for the explanation of their
role in viral replication. Since folding of these domains turned
out to be responsible for earlier controversies concerning the
secondary structure of the 3" terminus of HCV replicative
strand, our results should be helpful in further studies of the
role of these regions in the functioning of the virus as well
as in finding nucleic acid-based therapeutics against HCV
infections.
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SUPPORTING INFORMATION AVAILABLE

Probing of the structure of RNA IRES(—) (Figure S1),
RNA fragments D3 and DM (Figure S2), RNA fragment
D5 (Figure S3), and RNA fragment D5ext (Figure S4) by
Pb?*-induced cleavage method, comparison of the Pb*'-
induced cleavage patterns obtained for IRES(—), IRES(—)ext,
D5, and D5ext in the regions corresponding to their domains
D5/D5ext (Figure S5), comparison of the cleavage patterns
induced by RNase T1 in the corresponding regions of RNA
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IRES(—) and D5 (Figure S6), and secondary structure models
of fragments of the IRES(— ) region predicted in silico (Figure
S7). This material is available free of charge via the Internet
at http://pubs.acs.org.
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