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The internal ribosome entry site (IRES) is important for translation of hepatitis C
virus (HCV) mRNA and has a unique RNA structure containing conserved domains I
to IV. To investigate the function of domain II, we selected RNA aptamers that bind to
domain II of HCV IRES by applying a simple and convenient selection method using a
hybridized tag for fixing domain II RNA on magnetic beads instead of synthesizing
long RNA. In addition, we employed surface plasmon resonance (SPR) technology to
measure the binding affinity of each generation and to obtain detailed kinetic con-
stants. The selected aptamers have a consensus sequence, 5�-UAUGGCU-3�, which is
complementary to the apical loop of domain II. The loop–loop interaction between the
consensus sequence and domain II was confirmed by mutagenesis and nuclease map-
ping analyses. Binding affinities were dependent on the local structure containing
the conserved sequence. The aptamers could inhibit IRES-dependent translation.

Key words: aptamer, HCV, in vitro selection, IRES, loop–loop interaction, RNA struc-
ture.

RNA–RNA interactions play important roles in many
biological and biotechnological events, such as mRNA–
tRNA, ribozyme–substrate RNA, and siRNA-mRNA
interactions (1). In the replication system of HIV, it is
important that the dimerization initiation site (DIS)
dimerizes by a loop–loop interaction (kissing interaction)
(2). For ColE1 and related plasmids, loop–loop interac-
tions are involved in the regulation of the plasmid copy
number (3, 4). Barley yellow dwarf virus mRNA can
cross-talk between its 5� untranslated region (5� UTR)
and its 3� UTR by direct RNA-RNA interactions (5). Com-
munication of 5� UTR and 3� UTR facilitates cap-inde-
pendent translation (6, 7).

Hepatitis C virus (HCV) is a positive-stranded RNA
virus that is the main causative infectious agent of post-
transfusion hepatitis. The 9.5-kb RNA genome encodes a
precursor polypeptide (8), and translation starts within
the 5� untranslated region (5� UTR) at an internal ribos-
ome entry site (IRES). The IRES is highly conserved
among HCV strains and mediates translation initiation
of the HCV genome in a 5� cap-independent manner (9).
It is known that HCV IRES is bound by the host-cell
small ribosomal subunit (40S) and by eukaryotic initia-
tion factor 3 (eIF3), and these interactions allow the start
of translation. The IRES RNA has four conserved stem-
loop structures (I to IV in Fig. 1A), which have been iden-
tified on the basis of thermodynamics, physiology, muta-
tional analysis and nuclease mapping (reviewed in 10).
Recently, the tertiary structure of IRES was determined
by cryo-electron microscopy (11). Domain IIId and IIIe

structures were solved by NMR, and direct interactions
between these domains and mammalian 40S ribosomal
subunit were demonstrated (12). Furthermore, domain
IIIabc was shown to be a four-way junction structure by
X-ray crystallography (13), and IIIb was shown to be an
internal loop by NMR (14). Both regions are critical for
binding to eIF3. Some substitutions in domain III
entirely abolish IRES activity (12, 15). Translation starts
from the initiator AUG in domain IV. Substitutions that
increased the stability of the stem-loop structure in
domain IV decreased translation activity (16). The struc-
ture of this domain is thus important for correct binding
of the ribosome at the AUG codon.

While the structure-function relationships of domains
III and IV of HCV IRES have been well studied, struc-
tural and functional information on domain II is limited.
Domain II is essential for HCV IRES dependent transla-
tion. The single-stranded region between domain II and
domains III-IV is thought to function as a hinge and pro-
vide flexibility in both domains. It has been shown that
domain II does not directly interact with 40S and eIF3,
and that interaction between domain II and the coding
region or another site induces a conformational arrange-
ment of coding RNA near the E site (11). Indeed, IRES
activity is decreased in some mutants (17, 18). A recent
NMR study strongly suggests that domain II forms an
independent structure and does not interact with other
IRES parts (19).

In vitro selection, namely, SELEX (systematic evolu-
tion of ligands by exponential enrichment), is a useful
strategy for isolating nucleic acid sequences that have a
high affinity for a target molecule from a randomized oli-
gonucleotide pool (20, 21). As well as producing ligands
for protein, organic, dyes and amino acid targets, RNA
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molecules that bind to HIV TAR (22), DIS (23), and 16S
ribosomal RNA (24) have been isolated. Recently, Aldaz-
Carroll et al. selected aptamers against domain IV of HCV
IRES. An internal loop of the aptamer interacted with an
apical loop of domain IV (25). We attempted to obtain
RNA aptamers that bind to domain II of HCV IRES to
investigate function of domain II, to generate a potential
tool for HCV IRES detection, and to develop an inhibitor
of translation of HCV mRNA. To screen such aptamers
against RNA targets, a convenient selection method was
developed using a hybridized tag instead of a synthesized
long target RNA molecule. In addition, to screen good
aptamers efficiently, we used surface plasmon resonance
(SPR) technology. The selected aptamers are expected to
provide information on, for example, RNA–RNA interac-
tion between IRES and other cellular RNA. The aptam-
ers inhibiting IRES activity may lead to anti-HCV drugs.

MATERIALS AND METHODS

Oligonucleotides, RNA Pools, and a Target RNA—Tem-
plate DNAs for RNA pools, primers for PCR, and 3�-bioti-
nylated deoxyoligonucleotides were obtained from Espec
Oligo Service. Phosphoramidites for RNA chemical syn-
thesis were purchased from Glen Research. The tem-
plates and PCR primers were as follows (T7 promoter
region is underlined and N denotes A, G, C, or T): tem-
plate DNA for N30V pool, 5�-AGTAATACGACTCACTAT-
AGGGAGAATTCCGACCAGAAG-(N30)-CCTTTCCTCT-
CTCCTTCCTCTTCT-3�; template DNA for N30H pool,
5�-TGTAATACGACTCACTATAGGTAGATACGATGGA-
(N30)-CATGACGCGCAGCCA-3�; 5�-end primer for prep-
aration of dsDNA of N30V pool, 5�-AGTAATACGACTCA-
CTATA-3�; 5�-end primer for selection cycles of N30V
pool, 5�-AGTAATACGACTCACTATAGGGAGAATTCCG-
ACCAGAAG-3�; 3�-end primer of N30V pool, 5�-AGAAGA-
GGAAGGAGAGAGGAAAGG-3�; 5�-end primer of N30H
pool, 5�-TGTAATACGACTCACTATAGGTAGATACGATG-

GA-3�; 3�-primer of N30H pool, 5�-TGGCTGCGCGTCATG-
3�. 5�-primer for HCV IRES domain II, 5�-TGTAATACG-
ACTCACTATAGGGGGCGACACTCCACCATAGATCAC
TCC-3�; 3�-primer for domain II, 5�-CCTGGAGGCTGCA-
CGACACTCATACTAA-3�; biotinylated DNA probe, 5�-
GGAGTGATCTATGGTGGAGTGTCGCCCCC-3�. The 3�-
biotinylated apical region of domain II, 5�-AGCGUCUAG-
CCAUGGCGUU-Bio-3�, was chemically synthesized using
a DNA/RNA synthesizer (model 394; Applied Biosys-
tems). Products were purified as described in the user
bulletin ABI (no. 53; 1989).

Two kinds of random-sequenced RNA pools were pre-
pared as follows. Template DNA (N30V: 800 �g, 28 nmol)
was converted to double-stranded DNA (dsDNA) by PCR
with an equal amount of 3�-end primer (1 �M). The PCR
(1 ml � 28 tubes) was carried out for 6 cycles, and dsDNA
was recovered by ethanol precipitation. The dsDNA (4
�M) was re-amplified by PCR with 8 �M 5�-end and 3�-
end primers. PCR (1 ml � 10 tubes) was carried out for 8
cycles. The re-amplified DNA (~3 mg) was recovered by
ethanol precipitation. Using 1.4 mg of the dsDNA, a ran-
dom RNA pool was generated by in vitro transcription
(100 �l �11 tubes) with T7 RNA polymerase (T7 Amplis-
cribe kit, Epicentre Technology) and purified using a Bio-
spin 30 (BioRad). The final amount of the random RNA
pools of N30V was approximately 129 mg. An N30H ran-
dom RNA pool was prepared similarly. Initial template
DNA (900 �g, 24 nmol) was converted to dsDNA. Using
0.25 mg from 1.2 mg of PCR product, the dsDNA was re-
amplified. Using 0.65 mg of obtained 1.7 mg re-amplified
dsDNA, random RNA was transcribed in vitro and puri-
fied by polyacrylamide gel electrophoresis (PAGE) con-
taining 7 M urea. The final amount of RNA was approxi-
mately 2.2 mg.

HCV IRES domain II RNA (nt number 15–118; Fig. 1)
was generated by in vitro transcription with T7 RNA
polymerase and a PCR fragment from an IRES-encoding
vector, p5�IL-U3�X (from Prof. Shimotohno). Purification
was carried out as described above.

In Vitro Selection of Aptamers—Biotinylated DNA
probe (0.5 �M) was hybridized to domain II of IRES RNA
(2 �M) and then mixed with streptavidin magnetic beads
(0.1 mg of Streptavidin MagneSphere Paramagnetic Par-
ticles, Promega, or 0.4 mg of MAGNOTEX-SA, Takara) in
100 �l of buffer E (20 mM HEPES-KOH, pH 7.9 contain-
ing 200 mM KCl and 5 mM MgCl2), and washed with
buffer E. Approximately 100 pmol of biotinylated DNA
can be bound per bead. Ten nmol of RNA pool was heat-
denatured at 94�C for 2 min, cooled to room temperature
and pretreated with biotinylated DNA probe immobilized
to streptavidin beads for 5 min to remove non-specific
binders. Free RNAs were recovered and mixed with
probe-IRES immobilized to streptavidin beads. The reac-
tion mixture (500 �l) was incubated for 5 min in buffer E
at room temperature. To minimize contamination by non-
specific binders, streptavidin beads from different suppli-
ers were alternately used. The IRES RNA-aptamer com-
plexes were magnetically separated and washed with
buffer E. The IRES-bound RNAs were eluted at 94�C,
recovered by ethanol precipitation, and reversed-tran-
scribed using avian myeloblastosis virus (AMV) reverse
transcriptase (MBI) at 42�C for 1 h. IRES RNA was also
eluted by this procedure, but the IRES RNA could not be

Fig. 1. HCV IRES RNA. (A) Schematic structure of the HCV IRES
RNA. Structural domains are shown by I to IV. Nucleotide numbers
are indicated. (B) Nucleotide sequence of domain II RNA used in
this study. Italic letters indicate the sequence that is complemen-
tary to biotinylated DNA probe. (C) Nucleotide sequence of the 3�
biotinylated apical region of domain II.
J. Biochem.
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reverse-transcribed with the specific primers for pools.
The dsDNA product was amplified by PCR (Nippon-
Gene), transcribed in vitro by T7 RNA polymerase (T7
Ampliscribe kit, Epicentre Technology) and purified on
8% PAGE containing 7 M urea. Obtained RNAs (3–4
nmol) were used for the next cycle of the selection. To
increase the stringency of selection conditions, the
amount of RNA was decreased from 10 nmol in the first
generation to 2 nmol in the fourth generation, and the
number of washings was increased from one to three.

The PCR product after the fourth selection cycle was
introduced into pGEM-T Easy (Promega) and cloned in
Escherichia coli JM109 strain. Plasmid DNA was iso-
lated from individual clones and sequenced (Big Dye Ter-
minator Sequencing kit, Applied Biosystems) on a
377DNA sequencer. The secondary structure models of
selected aptamers were drawn with the MulFold program
based on the Zuker algorithm (26).

Binding and Kinetic Analyses of Aptamers Using Sur-
face Plasmon Resonance (SPR) Technology—SPR experi-
ments were performed with a BIACORE 2000 apparatus.
Biotinylated DNA probe (5 �M) was bound to the surface
of a streptavidin-coated sensor chip SA (Biacore) at flow
rate of 5 �l/min for 10 min in the buffer E. All procedures
were carried out at 20�C. After detection of the binding of
probe (usually 1,400 response units; RU), excess
unbound probe was washed off with 50 mM NaOH at a
flow rate of 10 �l/min for 3 min. Domain II RNA (1 �M;
104 nts in Fig. 1) was immobilized by hybridization with
the DNA probe at a flow rate of 2 �l/min for 15 min.
Bound domain II was washed twice with 5 �l of 20 mM
HEPES-KOH (pH 7.9). RNA samples (125 nM) in buffer
E were loaded at a flow rate of 10 �l/min for 2 min for the
association phase, and then the dissociation phase was
monitored for 3 min. The flow cell containing immobi-
lized probe only was used as a reference.

To assess the complex of aptamer-apical region of
domain II, the 3�-biotinylated apical region of domain II
was directly bound to the SA chip at flow rate of 10 �l/
min in buffer E. For kinetic analysis, about 150 RU of api-
cal region was captured. Aptamer RNAs (12.5–400 nM)
were loaded at a flow rate of 10 �l/min for 2 min for the
association phase, and then the dissociation phase was
monitored for 3 min. In the case of kinetic analysis using
full-length domain II, about 700 RU of domain II was
captured. The untreated flow cell was used as reference.
The collected response data were analyzed with the
BIAevaluation program version 3.2. Kinetic parameters
were determined by a simple model, A + B = AB. The
equations used to describe the reaction model are: dR/dt
= konC(Rmax – R) – koffR, dR/dt = –koff R, dR/dt = –koffR,
where R is the signal response, Rmax is the maximum
response level, C is the molar concentration of the
injected sample RNA, and kon and koff are the association
rate constant and the dissociation rate constant, respec-
tively.

RNase Mapping of Aptamers and IRES Domain II
Complexes—The sample RNAs were labeled at 5� ends
with [�-32P]ATP by T4 polynucleotide kinase (Takara)
and isolated from 8% PAGE containing 7 M urea. Labeled
RNAs were denatured at 90�C for 2 min and refolded at
room temperature for 15 min. Fifty kcpm of aptamers
were partially digested with RNase T1 (0.05 U, Wako) or

RNase A (0.0005 �g, Sigma) in buffer E containing 5 �g of
carrier E. coli tRNA (Sigma). The reaction was carried
out in the presence or absence of IRES domain II (1 �g)
and stopped by addition of an equal volume of cold urea
dye loading buffer (7 M urea, 0.083% xylencyanol FF,
0.083% bromphenol blue) and by cooling on ice. For the
alkaline ladder for markers, aptamers were hydrolyzed
with 5 �g carrier tRNA and 6 �l alkaline solution (500
mM NaHCO3 pH 9.25) for 4 min at 90�C, then an equal
volume urea dye loading buffer was added. Digested
products were subsequently analyzed on 8% PAGE con-
taining 7 M urea.

Inhibition of In Vitro Translation with the Aptamer—
Inhibition of in vitro translation of luciferase (Luc) mRNA,
which coded IRES-Core-Luc-3� UTR, was performed using
rabbit reticulocyte (Flexi Rabbit Reticulocyte Lysates kit,
Promega) according to the manufacturer’s protocol. Four
micrograms of aptamer and 0.5 �g of Luc mRNA, which
is transcribed from p5�IL-U3�X, were mixed and incu-
bated for 5 min on ice. Sixteen microliters of reticulocyte
lysates was added to the mixtures, and the translation
reaction was carried out in the presence of potassium
chloride (120 mM) and magnesium acetate (2.5 mM) for
60 min at 30�C. Luciferase activity was measured using
the PicaGene kit (Toyo-inki).

RESULTS

Strategy for In Vitro Selection of Aptamers against
IRES Domain II Using a Short Tag for Fixing on Beads—
We have been interested in locating an accessible binding
site of domain II of HCV IRES (Fig. 1A) by RNA aptam-
ers. We developed a simple selection method using a
biotinylated DNA probe to fix long target RNA on beads,
because such a long sequence usually presents difficulty
in chemical synthesis and biotinylation. To solve this
problem, domain II (100 nts) was hybridized to bioti-
nylated DNA probe (29 nts), which is complementary to
the 5� extension of domain II, and fixed to streptavidin
magnetic beads (Fig. 2A). Ten nmols of RNA pool (G0)
was used in the initial selection step. To avoid contamina-
tion by non-specific binders, we alternately used strepta-
vidin beads from different suppliers. In addition, RNAs
were passed through beads without domain II before
every selection cycle, and then mixed with domain II
immobilized to streptavidin beads. After washing thor-
oughly, bound RNAs were eluted and amplified by RT-
PCR. For the next cycle of selection, the complementary
DNA was transcribed in vitro and purified from denatur-
ing PAGE. The recovered RNAs were designated G1. The
selection cycle was repeated four times. To select the
strongest binders, the stringency of selection was raised
by increasing the number of washes from one in the first
and second generations to three in the third and fourth.
In addition the amount of RNA in the pools was
decreased from 10 to 2 nmol from the first to fourth.

Considering the effect of fixed primer sequences for
isolating aptamers, we used two kinds of RNA pool with
different sequences for primer-binding sites containing a
30 nts random sequence region (Fig. 2B). We were inter-
ested to determine whether aptamers converged from dif-
ferent initial pools had the same sequences or not. N30V
Vol. 133, No. 3, 2003
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pool has a long stem between 5�- and 3�-primers and also
3�-overhang sequences, whereas the N30H pool has a
short stem at the ends and only one nucleotide overhang.

Survey of Binding Efficiency Using Surface Plasmon
Resonance (SPR) Technology—Increasing of binding affi-
nity at each generation was monitored using the surface
plasmon resonance (SPR) technology. This system has
been used mainly for protein/protein and protein/small
compound interactions and only recently for interactions
between nucleic acids (27–29). The main feature of this
method is that it allows quantitative analysis of binding
in real time during selection cycles, in which it is superior
to other methods such as gel shift or filter binding assays.
Initially, biotinylated DNA probe was immobilized on to a
streptavidin sensor (SA) chip, and domain II was fixed to
the SA chip through the DNA probe. RNA pools were
loaded, binding was monitored, and sensorgrams show-
ing response units (RU) were obtained (Fig. 3). G0 and
G1 were not detected from either the N30V or N30H
starting pool, but RNA pools from the second generation
(G2) showed small responses and those of the third and
fourth generations (G3, G4) had larger responses. These
sensorgrams showed that RNA evolution occurred as
expected in the two pools with different primer sequences
in each selection cycle. The dramatic increase of bind-
ing from G0 to G4 seems to be due to convergence of
sequence.

Sequences and Secondary Structures of G4 RNA
Aptamers—To survey what sequences were concentrated
during selection, RNA from the fourth generation was

cloned, and 34 RNA clones were sequenced (Fig. 4).
Almost all RNA clones obtained from the two pools pos-
sessed a consensus sequences of seven nucleotides, 5�-
UAUGGCU-3�. Fifteen out of 17 clones from the N30V
pool and 9 of 17 from the N30H pool contained the con-
sensus sequence. This sequence mainly represents a loop
structure in each RNA molecule (Fig. 5), as shown by
Mulfold secondary structure prediction. In addition this
sequence is complementary to the apical loop of domain
II. No other specific structural similarity was found in
these RNA molecules. This result indicates that aptam-
ers could interact with the apical loop of domain II of
IRES, as in the RNA-RNA kissing interaction (30). No
effect of difference of primer sequences was observed in
aptamer sequences.

Binding Analysis of G4 Aptamers Against the Apical
Loop of IRES Domain II—To assess the binding affinity
of these G4 aptamers, a 3� biotinylated 19 nts stem-loop
(nt No. 74–92 in Fig. 1C) that corresponds to the apical
region of domain II was chemically synthesized and

Fig. 2. (A) Scheme of the in vitro selection of RNAs that bind
to HCV IRES domain II. (B) Two kinds of initial RNA pool,
N30V and N30H, for in vitro selection. Secondary structures are
predicted by Mulfold program (23). N30 denotes random sequence
region.

Fig. 3. Sensorgrams of RNA generations–domain II interac-
tion by BIACORE. (A) N30V pool. (B) N30H pool. The genera-
tions of RNA pools are indicated by G0 to G4. Each RNA pool was
applied to BIACORE at a concentration of 125 nM.

Table 1. Rate constants and the dissociation constants of
RNA aptamers against the apical stem-loop region of domain
II of HCV IRES.

Aptamer kon (�104 M–1 s–1) koff (�10–3 s–1) KD (nM)
1–03 2.5  � 0.7 0.64 � 0.03 28 � 1
1–04 0.55 � 0.05 2.9  � 0.1 530 � 60
1–06 0.02 � 0.0009 5.9  � 0.8 33,000 � 10,000
1–09 2.6  � 0.6 1.6  � 0.09 66 � 2
1–11 1.9  � 0.4 1.6  � 0.2 88 � 2
1–12 0.43 � 0.1 1.7  � 0.1 440 � 100
1–17 4.5  � 0.4 1.5  � 0.2 28 � 1
2–02 2.6  � 0.7 0.73 � 0.1 30 � 0.6
2–03 1.4  � 0.8 1.1  � 0.1 47 � 2
2–12 2.3  � 0.1 2.2  � 0.1 93 � 0.03
J. Biochem.
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directly fixed to the streptavidin sensor (SA) chip.
Aptamers were loaded at various concentrations from
12.5 to 400 nM. The sensorgrams obtained were analyzed
and kinetic constants were calculated with the BIAeval-
uation program version 3.2 (Table 1). The lowest KD val-
ues (~30 nM) were found for aptamers 1–03, 1–17, and 2–
02. These aptamers contains not only a loop structure
consisting of the conserved sequence but also two purine
bases at both ends of the consensus sequence (Fig. 5).
These A-G or A-A pairs seem to be important for stable
interaction between aptamers and domain II. In particu-
lar, the A-G pair in aptamers 1–17 and 2–02 is observed
in other TAR and TAR-aptamer interactions and has
been pointed out to be important for stabilization of loop-
loop interactions (22, 29, 31). Aptamers 1–11 and 2–12, in
which the conserved sequence is predicted to be located
at the stem region, show slightly higher KD values (~90
nM). The conserved sequence of these aptamers may
form a loop structure, as in aptamers 1–17 and 2–02.
There seems to be an approximate correlation between
binding affinity and models of secondary structure of the
conserved sequences, although the predicted model is not
always precise.

The KD values for aptamers 1–04, 1–06, and 1–12 were
all 10 to 103 times higher than that of the lowest class.
Interestingly, the secondary structures of these aptamers
show that even the conserved sequence is located in a
loop region, but additional Watson-Crick base pairs are
possible at both ends of the conserved sequence and more
rigid stem structures are suspected in these aptamers
(Fig. 5). These rigid stem structures may be unsuitable
for stable loop-loop interactions. Aptamers 1–09 and 2–

03 show intermediate KD values (40–70 nM), and their
structures around the conserved sequence also show an
intermediate form, including the possibility of one or
more base pairs at ends. The aptamers against HIV TAR
and SL1 of HCV 3� UTR showed the KD values of 30 and
70 nM, respectively. Corresponding antisense oligomers
(6 and 9 nts) showed lower affinity, with binding con-
stants of 5 and 2 �M, respectively (22, 25). Similarly, our
aptamers 1–04 and 2–03, which have a more flexible loop
than 1–17 and 2–02, had weak affinity. This indicates
that structural elements contribute to the affinity of
aptamer for the apical region of domain II, in addition to
the interaction between the conserved sequences and the
apical region of domain II.

We next focused on aptamers 1–17 and 2–02 and ana-
lyzed their binding to the natural target sequence,
domain II, because these aptamers showed the highest
affinity against the short apical loop of domain II but
have different secondary structures, namely, 3-way junc-
tions and stem-loop structures, according to secondary
structure prediction. The two aptamers were applied to
the sensor chip coated in immobilized domain II via the
biotinylated DNA probe in the same way as in the selec-
tion cycles. The binding constant (KD) of both aptamers
was 11 nM, but the kinetic parameters kon and koff were

Fig. 4. Nucleotide sequences of G4 RNA aptamers from N30V
RNA pool (A) and N30H pool (B) selected against HCV IRES
domain II. Solid boxed sequence is the conserved sequence. Dotted
boxed sequences are semi-conserved sequences.

Fig. 5. RNA secondary structures of G4 RNA aptamers pre-
dicted by Mulfold program. The conserved sequence is shown by
bold letters.
Vol. 133, No. 3, 2003
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different (Table 2). The association (kon) and the dissocia-
tion (koff) constants of 1–17 were larger than those of 2–
02. The differences of values against the apical region
may derive from the differences in the 3-dimensional
structures of whole the domain II and the apical region.

We next prepared mutants of 1–17 and 2–02 in which
the conserved sequence, 5�-UAUGGCU-3�, was converted
to the reverse complementary sequence, 5�-AUACCGA-3�,
or the reverse sequence, 5�-UCGGUAU-3�. None of these
mutants showed a binding response (data not shown).
Accordingly, the conserved UAUGGCU is critical for the
interaction between aptamer and domain II. Further-
more, no response was observed when the mutants were
applied to the chip with the immobilized biotinylated api-
cal region.

Analysis of Loop–Loop Interaction by Nuclease Map-
ping—To analyze the correlation of secondary structure
with the interaction between aptamers and domain II,
RNase probing analysis was applied to aptamers 1–17
and 2–02. RNase T1 (for G) and RNase A (for U and C)
digested mainly single-stranded regions, and the pat-
terns were analyzed by denaturing PAGE (Fig. 6, A and
B). Clevages occurred mainly in loop regions in both 1–17
and 2–02 aptamers in the absence of domain II, and this
result indicates that the predicted secondary structures
are correct. Interestingly, cleavage was not detected at
the A-G pair at the end of the conserved sequence. This
observation supports A-G base-pairing. Next, we ana-
lyzed the cleavage pattern in the presence of domain II
and found almost the same pattern as that in the absence
of domain II, except in the conserved region. The extent
of cleavage clearly decreased in this region in both
aptamers. This result confirms that the apical loop of
domain II and the conserved sequence of aptamers have
loop-loop interactions.

Effect of Aptamers on In Vitro Translation Using HCV
IRES—Domain II of IRES is important for the transla-
tion process of HCV mRNA. It does not interact with
other domains of IRES, and the apical loop of domain II
seems to make contact with the E-site of the 40S subunit,
which is the binding site of deacylated tRNA (11). The
function of these aptamers was analyzed by an in vitro
translation assay of IRES-luciferase mRNA. The mRNA
contained the 3� untranslated region (3� UTR) of the HCV
genome after the luciferase gene. The 3�X region in 3�
UTR, conserved among HCV isolates, was suggested to
contribute to translation activity, but its detailed func-
tion is unknown. IRES-dependent translation was exam-
ined in rabbit reticulocyte lysate (RRL) using 0.5 �g of
mRNA in the presence of 120 mM potassium chloride and
2.5 mM magnesium acetate, and in the presence or
absence of 4 �g of aptamer. In the presence of aptamer 1–
17 or 2–02, luciferase activity reduced to 20–40% of the
control, but mutant aptamers with changed conserved

loop sequence did not have an inhibitory effect (Fig. 7).
This result indicates that the consensus sequence hybrid-
ized to the apical loop of domain II of IRES and affected
the translation process.

DISCUSSION

The in vitro selection method is useful to find a target
site of antisense nucleic acids or ribozymes, and actually
several short RNA motifs have been used as target mole-
cules (22–25). However, this strategy is difficult to apply
to long RNA sequences due to synthesis problems. We
developed a simple convenient selection system on a solid
support via a DNA probe. Our system does not require
chemical synthesis of biotinylated long RNA or specific
biotinylation of target RNA after transcription in vitro.
The biotinylated DNA probe is easy to synthesize and
inexpensive compared to RNA synthesis, and using the
biotinylated DNA probe is applicable for any target RNA
molecules.

Selection and analysis of aptamers by gel-shift assay is
laborious and time-consuming. We used a surface plas-
mon resonance (SPR) method for binding analysis
between aptamer and domain II of IRES. This chip-based

Table 2. Rate constants and the dissociation constants of
RNA aptamers 1–17 and 2–02 against full-length domain II of
HCV IRES.

Aptamer kon (�104 M–1 s–1) koff (�10–3 s–1) KD (nM)
1–17 7.2 � 1 0.85 � 0.01 11 � 0.9
2–02 2.7 � 0.7 0.29 � 0.03 11 � 0.2

Fig. 6. RNase mapping analysis of aptamers–IRES domain II
interactions. 5�-End labeled aptamers 1–17 (A) and 2–02 (B) were
digested with RNase T1 or RNase A in the absence (–) or presence
(+) of IRES domain II in selection buffer, as indicated at the top of
lanes. OH– shows the alkaline ladder of the aptamer. Secondary
structures of aptamers 1–17 and 2–02 were predicted by Mulfold
software. Bold letters indicate the consensus region. Open and filled
arrowheads indicate sites cleaved by RNase T1 and RNase A,
respectively. Small arrowheads indicate minor cleavage. Asterisks
show the positions that were not cleaved by RNases in the presence
of IRES-domain II.
J. Biochem.
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technology is very efficient to monitor molecular interac-
tions in real time with very small amounts of reactants.
It allowed us to detect increased binding affinity of RNA
pools during selection cycles to analyze binding kinetics
of individual aptamers. Kinetic analyses clarified the
structure-function relationship of aptamers (Fig. 5 and
Table 1) and allowed evaluation of association (kon) and
dissociation (koff) constants, which cannot be obtained by
usual gel-shift analysis. Aptamers 1–17 and 2–02 had
different kon and koff values, even though they had the
same KD value. The difference in affinity among RNA
aptamers is mainly dependent on kon values rather than
koff values. For example, aptamer 2–02 has a 130-fold
larger kon value and 10-fold smaller koff value than 1–06.
This system should also allow to fractionation of mole-
cules with higher kon or lower koff values from starting
pooled RNAs having the same KD value. In the case of
antisense nucleic acids, a molecule with faster associa-
tion and slower dissociation is plausible, and our strategy
provides a promising means to develop such stable
hybrid molecules.

The aptamers targeted to domain II of HCV IRES RNA
have the conserved sequence 5�-UAUGGCU-3�, which is
complementary to the apical loop of domain II. This con-
served sequence is essential for binding of the aptamer,
as shown by the results of SPR technology (Table 1) and
mutagenesis. The conserved sequence interacts with the
apical region of domain II, as shown by RNase mapping
(Fig. 6). These results indicate that the apical region of
domain II is the most accessible site to exogenous nucleic
acids. For RNA loop–loop interactions, all of the nucle-
otides in each loop are stacked on the 3�-side of the cen-

tral helix and are involved in pairing interactions (32, 33)
(Fig. 8). Interestingly, the 5�-terminal U of the conserved
sequence seems to be base-paired with G87 of the stem of
domain II, but the base next to the 3�-terminal U is not
conserved, even though its counterpart U80 is in the loop
region. This is shown by the drastic decrease of cleavage
efficiency at the 5�-U of the conserved sequence in the
presence of domain II (Fig. 6). U80 is suggested to be
important for IRES-dependent translation from the
result of mutagenesis (18), and this base may be oriented
toward the inside of the loop and participate in some
interactions.

The aptamers inhibited IRES-dependent translation
moderately (Fig. 7). The role of domain II in translation
seems to be important, but not as critical as those of
other domains such as IIId and IIIe. Accordingly, the
inhibitory effect of aptamers might be small. However,
aptamers can inhibit translation more strongly by the
addition of nucleotide modifications. Indeed, a single 2-
thiouridine substitution in the TAR hairpin stabilized
TAR–TAR interactions (34). It appeared that the func-
tion of domain II of HCV IRES is coordination of struc-
tural arrangement with domain III-IV of IRES or the cod-
ing region. The apical-loop of domain II may function via
RNA-RNA or RNA–protein interactions. It was recently
shown that domains I and II are necessary for replication
(35). However, the function of domain II is not yet known.
The fact that almost all obtained aptamers are comple-
mentary to the apical loop and not other sites of domain
II indicates that this apical loop is actually exposed and
has some contacts during IRES-dependent translation
and also replication. These aptamers are useful for stud-
ying these functions of domain II as well as being lead
compounds of drugs, sensors or diagnostics of HCV.

We thank Prof. K. Shimotohno (Kyoto University) for provid-
ing us the plasmid p5�IL-U3�X. We thank F. Nishikawa for
synthesizing biotynylated RNA and helpful discussions. K.K.
and K.F. were supported by NEDO fellowships. J.H. was sup-
ported by a JSPS fellowship.

Fig. 7. Inhibition assay of HCV-IRES dependent in vitro
translation by RNA aptamers. Translation activity was meas-
ured in terms of luciferase activity, in the absence (No aptamer) or
presence of aptamers (1–17, 2–02, and mutant aptamers). In
mutants 1–17AUACCGA and 2–02AUACCGA, the conserved se-
quence 5�-UAUGGCU-3� was converted to the reverse complemen-
tary sequence, 5�-AUACCGA-3�. In mutants 1–17UCGGUAU and
2–02UCGGUAU, the conserved sequence was converted to the re-
verse sequence.

Fig. 8. Model of loop–loop interaction between the aptamer
and the apical region of domain II. Watson-Crick type base
pairs and wobble base pairs are shown by solid lines and filled cir-
cles, respectively. The conserved sequence of aptamer is shown by
bold letters.
Vol. 133, No. 3, 2003
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