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Hepatitis C virus (HCV) translation begins within the internal ribosome entry site (IRES). We have previ-
ously isolated two RNA aptamers, 2-02 and 3-07, which specifically bind to domain Il and domain III-IV of
the HCV IRES, respectively, and inhibit IRES-dependent translation. To improve the function of these

aptamers, we constructed two conjugated molecules of 2-02 and 3-07. These bound to the target RNA
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more efficiently than the two parental aptamers. Furthermore, they inhibited IRES-dependent translation
about 10 times as efficiently as the 3-07 aptamer. This result indicates that combining aptamers for dif-
ferent target recognition sites potentiates the inhibition activity by enhancing the domain-binding

© 2009 Elsevier Inc. All rights reserved.

Introduction

Hepatitis C virus (HCV) is a member of the Flaviviridae family
and is the major etiological agent of post-transfusion non-A, non-
B hepatitis [1]. HCV infection leads to chronic hepatitis, liver
cirrhosis and hepatocellular carcinoma [2]. The current drug ther-
apy against HCV is based on interferon treatment and effective
anti-viral drugs have not yet been developed for this disease, and
thus the development of more specific therapies is strongly
needed. HCV is an enveloped RNA virus containing a single-
stranded, positive-sense RNA genome approximately 9.6 kb in
length [3]. The HCV genome is composed of a 5-untranslated
region (5’-UTR) of 341 nucleotides, a single open reading frame
encoding a polyprotein of about 3000 amino acids, and a 3'-UTR
of variable length. Translation initiation occurs via the cap-inde-
pendent mechanism and requires a highly conserved structure that
is located in the 5'-UTR, which is known as the internal ribosome
entry site (IRES) [4,5]. The HCV IRES consists of four secondary
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structural domains (I-IV; Fig. 1A) and directs the binding of
ribosomes in close proximity to the start codon of the viral open
reading frame. The structure-function relationship of ribosomal
binding in HCV translation initiation has been particularly well
studied from the viewpoint of its potential as a therapeutic target
[6,7].

In vitro selection is a useful strategy for isolating nucleic-acid
ligands that have a high affinity for a target molecule from a random-
ized pool of oligonucleotides [8,9]. Such ligands, called aptamers,
have been generated against many target molecules, including
proteins, organic dyes, and nucleic-acids [10]. To isolate effective
inhibitors of HCV IRES-initiated translation, the Toulmé group and
our group have both previously performed in vitro selection against
domain I and domain III-IV of the HCV IRES [11-14]. Our aptamers,
2-02 and 3-07, have a similarly strong affinity to the apical loops of
domain Il and domain III-IV, respectively. The 3-07 aptamer showed
strong inhibition of IRES-dependent translation in vitro, but the ef-
fects of 2-02 were moderate. In the present study, we report that tan-
dem conjugation of the two parental aptamers 2-02 and 3-07 led to
both enhanced binding and enhanced translation inhibition.

Materials and methods

Preparation of aptamers and IRES target RNA. Template DNA and
primers for PCR were purchased from Espec Oligo Service. The gen-
eral method for preparing aptamers and IRES RNA has been de-
scribed previously [13,14]. To construct the two conjugated
aptamers (0207 and 0702), DNA fragments encoding two tandem
aptamers (2-02 and 3-07) were generated by PCR (Nippon Gene)
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Fig. 1. (A) Schematic structure of HCV IRES RNA. Structural domains are shown as I-IV. (B) Sequences and secondary structures of aptamers 2-02 and 3-07 that are targeted
against domains II and III-IV, respectively. Secondary structures are predicted by Mulfold program [17] and confirmed by nuclease mapping analysis [13,14]. Binding
sequences are shown in bold letters. (C) Sequences and secondary structures of the conjugated aptamers 0207 and 0702. Bold letters indicate the binding sequences in the
original aptamers. Four mutants, 02c07, 0207g, 0702c and 07g02 were generated in this study. Mutated sequences are indicated in lowercase letters and boxed.

and cloned into the pGEM-T easy vector (Promega). The sequences
were confirmed on a 377 DNA sequencer (Applied Biosystems). For
transcription of the HCV IRES domains II-IV, an IRES encoding vec-
tor, pS'IL-U3'X, was used as a PCR template. All RNA fragments
were transcribed with T7 RNA polymerase (AmpliScribe T7 tran-

scription kit, Epicentre Technology) from PCR products containing
a T7 promoter sequence at the 5’ end and were then purified on an
8% PAGE gel containing 7 M urea.

Electrophoretic mobility shift assay. The aptamers (0702, 0207, 3-
07, and 2-02) were labeled at the 5’ end with [y-3?P] ATP using T4
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polynucleotide kinase (Takara), and purified on an 8% PAGE gel
containing 7 M urea. The labeled aptamers (4 nM) were then incu-
bated with differing concentrations of HCV IRES domain II-IV RNA
(for 2-02 and 3-07: 3.7, 11.1, 33, 100, 300, 900, and 2700 nM; for
0207 and 0702: 0.41, 1.23, 3.70, 11.1, 33.3, 100, and 300 nM) in
binding buffer (20 mM HEPES-KOH (pH 7.9), 200 mM KCl and
5 mM MgCl,) for 15 min at room temperature. The reaction sam-
ples were separated on an 8% native polyacrylamide gel (Tris and
boric acid) containing 2.5 mM MgCl, at 4°C. The radioactivity
was visualized and quantitated with a BAS2500 (Fujifilm). We cal-
culated the binding ratios from the intensities of the upper and
lower bands, and determined the dissociation constant (K;) using
the equation: Binding (%)= 100 x Bpax x X/(Ky + X), where X and
Bmax indicate the concentration of IRES domain II-IV RNA and the
maximum binding ratio, respectively.

RNA-RNA interaction analysis by microchip electrophoresis. To
analyze RNA-RNA interactions, we used a microchip electrophoresis
(ME) instrument (model SV1210; Hitachi Electronics Engineering).
The standard procedure for electrophoresis using ME has been pre-
viously described [15,16]. After mixing domains II-IV (final concen-
tration 200 nM) with various concentrations of the conjugated RNA
aptamer (0207) and the mutant aptamer (02c07) in binding buffer
(20 mM HEPES-KOH (pH 7.9), 120 mM KCl, and 2.5 mM MgCl,),
the reaction mixtures were allowed to sit for 5 min and were then
analyzed on ME. The binding efficiency of each RNA fragment to do-
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mains II-IV was compared using the following ratio: the peak inten-
sity of the (domain II-IV: RNA complex)/ peak intensity of domains
II-1V, across the range of concentrations for each RNA. Each experi-
ment was independently performed at least three times.

Inhibition assay for IRES-dependent translation in the presence of
aptamers. Inhibition of firefly luciferase mRNA in vitro translation
(encoding IRES-Core-firefly luciferase-3'-UTR) was measured using
rabbit reticulocyte lysate (RRL; Flexi Rabbit Reticulocyte Lysate Kit,
Promega) based on the methods used in previous reports [13,14].
In the presence of varying amounts of aptamer, 0.5 g of luciferase
mRNA was mixed with RRL. An in vitro translation reaction (25 pl)
was then carried out in the presence of potassium chloride
(120 mM) and magnesium acetate (2.5 mM) for 90 min at 30 °C.
Luciferase activity was measured using the PicaGene kit (Toyo-
ink). Each experiment was independently performed at least three
times.

Results and discussion
Conjugation of the aptamers 2-02 and 3-07
We had previously succeeded in synthesizing aptamers that

specifically bound to domain Il and domains III-IV of the HCV IRES,
respectively (Fig. 1B) [13,14]. Aptamer 3-07, which was targeted to
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Fig. 2. Electrophoretic mobility shift assay for the interaction of IRES domains II-IV and the aptamers. (A) Gel shift assay of 2P labeled aptamers (4 nM) against nonlabeled-
IRES domains II-IV (2-02 and 3-07; 3.7-2700 nM, 0207 and 0702; 0.41-300 nM). (B) The percentage of aptamers bound against the concentration of IRES domains II-IV was
calculated from the results of the gel shift assay and plotted. (C) The binding max (Bmax; %) and dissociation constant (Ky; nM) of aptamers against IRES domains II-IV were

calculated.
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domains III-1V, interacted with the apical loop of domain Illd (5’-U
GGGU-3' in Fig. 1A) with a strong binding affinity (K =9.6 nM).
The binding site of aptamer 3-07 is in the internal loop (5-ACC
CA-3' in Fig. 1B). IRES-dependent translation using RRL in vitro
was efficiently inhibited by aptamer 3-07 [14]. In contrast, aptamer
2-02, whose binding site is in the apical loop (5-UAUGGCU-3' in
Fig. 1B), interacted with the apical loop of domain II (5-AGCCA
UG-3' in Fig. 1A) with high affinity (K; = 11 nM), but showed only
moderate inhibition of IRES-dependent translation [13].

To enhance the inhibitory effect of these aptamers on IRES-
dependent translation, we constructed conjugated molecules that
were composed of both aptamers 2-02 and 3-07. The 3’ end of apt-
amer 2-02 was linked to the 5’ end of aptamer 3-07 to form apt-

[ domain
A -V : 0207
[ domain lI-IV
1:0
0:1
[ 0207
2
Q r domain II-IV
Qof omain I complex 1:0.25
=gt
8 JL
8t
QL
[0]
Br
Sr
e
o
2 1:05
1:1
0207
150 170 190 210 230 250
migration time [sec]
B 20
18 |
> 16
=141
C
‘© 12
Eol
< 81!
x
36 %
Q.
41 0
g * 5
o 2t
Q
ol 0 ‘ ‘ ‘
0.1 0.2 0.3 0.4 [uM]

(X05) (X1) (X15) (X2)
0207 or 02c07

amer 0207 and the 5 end of aptamer 2-02 was linked to the 3’
end of aptamer 3-07 to form aptamer 0702 (Fig. 1C). The Mulfold
program [17] predicted that the two original secondary structures
of the aptamers would be retained after conjugation (Fig. 1C).
Accordingly, we expected that both consensus sequences would
be able to interact with their respective target sites in the IRES,
namely the apical loops of domain II and domain IIId.

Gel shift assay for conjugated aptamers
To examine whether the binding affinities of the conjugated

aptamers against IRES domains II-IV were increased, we performed
a gel mobility shift assay (Fig. 2A). Both aptamers bound to IRES
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Fig. 3. Analysis of the complex of domains II-IV and 0207 or 02c07 using multi-channel ME. (A) Electropherogram of RNA-RNA complex formation in the presence of domains
[I-IV (200 nM) and different concentrations of 0207 (0-200 nM) or 02c07 (0-400 nM). (B) Comparison of binding efficiency of 0207 and 02c07 to domains II-IV. The ratios of
the RNA-RNA complexes (domains II-IV: 0207 or 02c07) / free domains II-IV are plotted against the range of concentrations of 0207 and 02c07, which are indicated by closed
circles and open circles, respectively. Values represent results from at least three independent experiments.
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domains II-IV in a dose-dependent manner and their binding
curves showed a higher affinity than that of 2-02 or 3-07
(Fig. 2B). Based on the calculated K; values, both conjugated apta-
mers bound to IRES domains II-IV with a roughly 10-fold higher
affinity than the parental aptamers (Fig. 2C). Judging from the Ky
values, the configurations of the alignments of 0207 and 0702
did not have a significant influence on their binding. Taken to-
gether, we found that the conjugation of the two aptamers led to
a significant increase in their binding activity.

Analysis of aptamer-IRES interaction using microchip electrophoresis

The gel shift analyses showed that the binding activities of the
conjugated aptamers were much higher than those of the parental
aptamers (Fig. 2). To determine the precise binding of 0207 to do-
mains II-IV, we generated a mutant form of this aptamer, 02c07,
which had a mutation in the binding site of aptamer 2-02
(Fig. 1C) and analyzed the aptamer-target interaction by microchip
electrophoresis (ME). We recently applied ME for detecting the
interaction between the aptamer and its target without radioiso-
tope labeling of the aptamer [15,16]. To compare the binding abil-
ities of 0207 and 02c07 to the target, reaction mixtures containing
domain II-IV RNA (200 nM) and multiple concentrations of 0207 or
02c07 (0-400 nM) were analyzed using multi-channel ME (Fig. 3).
As shown in the electropherogram (Fig. 3A), the fluorescence
intensity of domains II-IV decreased in the presence of increased
concentrations of aptamer 0207 or 02c07, and a new peak corre-
sponding to the domain II-IV/0207 or domain II-IV/02c07 complex
appeared and increased the fluorescence intensity with increasing
concentrations of 0207 or 02c07. In the presence of an equivalent
molar ratio of domains II-IV and 0207 or 02c07 (domains II-
IV:0207 or 02c07 = 1:1), a similar pattern of complex production
was observed (Fig. 3A). However, the remaining amount of domain
II-IV RNA was obviously different in the two experiments; a small
amount of domain II-IV RNA was detected after incubation with
0207, but a significant domain II-IV peak remained after incubation
with 02c07. This remaining peak was still observed even when a
twofold higher concentration of 02c07 (400 nM) was added to
the reaction mixture.

To compare the binding efficiency of domain II-IV to 0207 and
02c07, the ratios of the complex/domain II-IV were calculated

and plotted across the range of concentration of 0207 and 02¢07.
As shown in Fig. 3B, 0207 displayed a stronger affinity for domain
[I-IV compared to the mutant 02c07. Considering that 02c07 con-
tains only the one binding site (loop region; 5'-ACCCA-3’) encoded
in the 3-07 aptamer, the cooperative binding of 0207 to the target
at two binding sites seems to be responsible for that aptamer’s
higher affinity.

Inhibition of IRES translation by the conjugated aptamer in vitro

To evaluate the inhibitory effects of the conjugated aptamers
and their mutants on IRES-dependent translation activity, we
performed an in vitro IRES-Core-firefly luciferase-3’-UTR mRNA
translation assay [13,14]. In the presence of the conjugated 0207
or 0702 (wild type) aptamers, luciferase activity was greatly de-
creased compared to the two parental aptamers, 2-02 and 3-07
(Fig. 4). Surprisingly, although aptamer 2-02 had no inhibitory ef-
fect, conjugation gave it a strong inhibitory ability. The ICsq values
of both conjugated aptamers were about 10-fold lower than that of
3-07. These observations were clearly consistent with the K, values
obtained in the gel shift assay (Fig. 2). Even though the configura-
tion of the two aptamers (2-02 and 3-07) is different in 0207 and
0702 as shown in Fig. 1C, the two binding sites are capable of
maintaining their inhibitory activity in either configuration.

To examine the role of the 3-07 (5-ACCCA-3’) binding site in
IRES-dependent translation activity in the conjugated aptamers,
we constructed two mutants, 0207g and 07g02 (Fig. 1C). These
contained three substituted Gs in the internal loop replacing three
Cs found in the original binding sequence, 5'-ACCCA-3'. We found
that both mutants showed a significant decrease in inhibitory
activity, to the same level as aptamer 2-02 (Fig. 4). In addition to
02c07 (Fig. 1C and Fig. 3), mutant 0702c (Fig. 1C) was generated
to determine the effects of the loss of the aptamer 2-02 (5'-
UAUGGCU-3") binding sequence on translation activity. These
two mutants showed lower inhibitory ability than that of the con-
jugated 0207 or 0702 aptamers, but their activity was still higher
than that of the parental aptamers 2-02 or 3-07. These results indi-
cated that the inhibition activity of the conjugated aptamers is
mainly due to effects on the internal loop in aptamer 3-07 through
its interaction with the apical loop of domain Illd. The second bind-
ing sequence in aptamer 2-02 facilitated binding to the target in
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Fig. 4. Inhibition of IRES-dependent translation by aptamers in vitro. Inhibition of firefly luciferase mRNA in vitro translation by aptamers (3-07: 0.2-6.6 uM; 2-02: 0.8-
6.6 LM; 0702wt: 3.3 x 1073-6.6 pM; 0702c: 2.5 x 1072-6.6 uM; 07g02: 0.4-6.6 uM; 0207wt: 3.2 x 1073-6.6 uM; 02c07: 2.5 x 1072-6.6 uM; 0207g: 0.4-6.6 uM; 3-07 (2-
02mix): 3-07 [0.4-3.3 uM] in the presence of 2-02 [3.3 uM]) was performed using rabbit reticulocyte lysate as described in Materials and methods. Relative luciferase activity
in the absence of aptamer was set at 100%. Values represent results from at least three independent experiments.
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the conjugated aptamers. We do not know why mutant 02c07 and
0702c showed stronger inhibition than aptamer 3-07, even though
all these aptamers worked through the same binding site. We spec-
ulated that this may have been due to either structural effects
resulting from molecular mass enlargement or from the presence
of an unidentified binding site generated by the conjugation.

Finally, we measured IRES translation activity in a mixture
containing a fixed concentration of 2-02 (3.28 uM) and 3-07
(0.41-3.28 uM). As shown in Fig. 4, the inhibitory effects on
IRES-dependent translation were similar to those of aptamer
3-07. Taken together, the high inhibitory activity of the two conju-
gated aptamers was dependent on the conjugation of the two
parental aptamers, and both of the binding sites from aptamers
2-02 and 3-07 can interact with the HCV IRES simultaneously in
the conjoined aptamers.

In this study, we have shown that the conjugation of two paren-
tal aptamers targeting two different binding sites in the HCV IRES
domain improved their ability to inhibit IRES-dependent transla-
tion dramatically. Recently, Boucard et al. showed that designing
bimodal structured RNA ligands enhanced the affinity of those li-
gands for RNA targets compared to individual molecules [18]. Thus,
this strategy of designing anti-viral RNA inhibitors by fusing two
aptamers is likely to have applications for multiple viral targets
in addition to IRES.
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