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APPLICATION OF MICROCHIP ELECTROPHORESIS IN THE ANALYSIS

OF RNA APTAMER-PROTEIN INTERACTIONS

Fumiko Nishikawa � Institute for Biological Resources and Functions, National
Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Ibaraki, Japan

Hidetoshi Arakawa � School of Pharmaceutical Sciences, Showa University,
Shinagawa, Tokyo, Japan

Satoshi Nishikawa � Age Dimension Research Center, AIST, Tsukuba,
Ibaraki, Japan

� DNA and RNA can be separated by microchip electrophoresis (ME) and detected using an
intercalating fluorescent dye. The advantages of this method are short sensing times (<3 min),
avoidance of a radioisotope labeling detection system, relatively low costs, and reduced labor intensity.
In the present study, RNA aptamer-protein or -peptide interactions were analyzed using ME and the
regression of free aptamers corresponding to unbound RNA was detected as the target protein or
peptide increased in a dose-dependent manner. Our results demonstrate the applicability of this
method to simple, rapid ligand screening in the interactions between oligonucleotides and their
targets.

Keywords In vitro selection; Microchip electrophoresis; RNA aptamer; SYBR gold

INTRODUCTION

Aptamers are nucleic acid ligands that recognize a wide range of target
molecules with high affinity and specificity. They are generated by in vitro
selection of a randomized oligonucleotide pool in a technique known as sys-
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370 F. Nishikawa et al.

tematic evolution of ligands by exponential enrichment (SELEX).[1−3] The
development of in vitro selection and amplification technology has allowed
the identification of specific aptamers that bind target molecules with high
affinity and even discriminate between closely related targets. Their binding
affinities are comparable to, or higher than, those of antibodies and antigens.
In comparison to antibodies, aptamers have the advantages of (a) simple
preparation by chemical or enzymatic synthesis, (b) the potential to intro-
duce nuclease resistance by modification of 2′ OH, (c) thermal stability,
(d) discrimination of structural differences, (e) ease of surface attach-
ment for analysis, (f ) ease of binding property modification through minor
changes in sequence, (g) minimization of experimental animal usage, and
(h) preparation for targets that are toxic or not inherently immunogenic.
Aptamers are suitable as analytical, diagnostic, and therapeutic tools in
applications requiring molecular recognition and are consequently gain-
ing increased attention for their potential uses (reviewed in Tombelli
et al.[4]).

Several techniques have been used in the studies of binding between
aptamers and proteins: nitrocellulose filtration, affinity separation such as
covalent binding to a titer plate or streptavidin (SA)-coated beads, surface
plasmon resonance (SPR) technology, and mobility shift assays. With the
exception of SPR, all of these methods necessitate radioisotope or fluorescent
labeling of a probe (oligonucleotide or protein) for detection purposes.
Electrophoresis does not require labeled probes and can be used for efficient
separation of free aptamers and aptamer-target complexes by the changes
in electrophoretic properties that arise from structural transitions or size
changes.

The miniaturization of analytical and biochemical instruments has devel-
oped rapidly in the last decade. Since the first demonstrations in the 1990s
by Manz et al.[5] and Harrison et al.,[6] many improvements have been made
to the technique of microchip electrophoresis (ME). In addition to peptide,
protein, and chiral compound analysis, ME can be used to size DNA and
RNA and analyze DNA sequences. The principle of ME in electrophoretical
separation is similar to that of capillary electrophoresis (CE), which has re-
cently been demonstrated by Boser et al. as an alternative SELEX selection
procedure (CE-SELEX).[7−10] ME offers the following features: (a) mini-
mized sample volume, (b) quick measurement with simple procedures, and
(c) digital management of analytical results. It can be used in
the biotechnological and medical fields to realize cost reduction
and speed up complicated analysis by microchips[11−13](reviewed in
Zhang et al.[14]).

In the current study, we examined the use of ME to detect RNA aptamer-
target interactions without any modification of the aptamer. The system
showed an RNA concentration limit for detection, with a comparable sensi-
tivity to the Kd value.
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Microchip Electrophoresis of Aptamer Interactions 371

MATERIALS AND METHODS

Preparation of RNA

dsDNA was generated by PCR amplification of plasmids using previously
described primers[15−19] and EX taq (TAKARA). It was used as a template for
in vitro transcription by T7 RNA polymerase (T7 Ampliscribe Kit, Epicentre
Technologies) as previously described.

Proteins and Peptides

HCV NS3 and HCV NS3 protease domain proteins were expressed and
purified as previously described.[15,16] Human activated protein C was kindly
provided by Dr. T. Nakagaki (Chemo-Sero-Therapeutic Research Institute,
Kumamoto, Japan). GST was expressed using the GST expression vec-
tor pGEX-6P-1 and purified according to the manufacturer’s instructions
(Amersham Biosciences). Protein concentrations were measured using a
Bio-Rad protein assay (BioRad, Hercules, CA). RE peptides that spanned
the arginine-rich region of the Tat protein of human immunodeficiency
virus type-1 (HIV-1) were synthesized chemically and purified by HPLC: RE
(amino acids 49-86, RKKRRQRRRPPQGSQTHQVSLSKQPTSQSRGDPTG-
PKE, 38 mer). Compositions were confirmed by reverse-phase HPLC (Pep-
tide Institute, Inc.) after hydrolysis.

Electrophoresis

To analyze RNA-protein interactions, free RNAs were analyzed with an
ME instrument (model SV1100; Hitachi Electronics Engineering Co. Ltd.,
Tokyo, Japan). The wells were connected with a 0.1-mm-wide, 0.03-mm-deep
cross-channel with a 10-mm-long injection channel and a 45-mm-long sep-
aration channel in each lane (Figure 1). The channel was filled with 0.6%
hydroxypropyl methylcellulose (HPMC)(Sigma) in 1 × TBE buffer contain-
ing 0.5 µg/ml ethidium bromide (Sigma), a 1:10,000 dilution of SYBR Green
I (TAKARA) or 1:10,000 dilution of SYBR Gold (Molecular Probes, Inc.), and
the reaction solution containing the internal standard was loaded into the
sample well of the microchip. Fluorescein sodium salt (Tokyo Kasei Kogyo
Co. Ltd., Tokyo, Japan) was used as an internal standard at a final concen-
tration of 1 µM.

The program was run at 300 V for 60 s (injection time), at 750 V for
100 s (separation time), and at a return voltage of 130 V. Detection was
accomplished using a blue light-emitting diode (LED; excitation wavelength
470 nm; emission wavelength 580 nm). The observed peak intensity of RNA
was normalized by dividing by the peak intensity of internal standards. Prior
to sample analysis, the chip was pre-run by injection of binding buffer alone.
Any remaining sample solution was removed from the sample well and the
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372 F. Nishikawa et al.

FIGURE 1 Schematic drawing of the microchip electrophoresis (ME) apparatus. The arrow shows the
direction of electrophoresis. White circles represent the wells connected with the channels. In the in-
jection mode, the program was run at 300 V for 60 s. In the separation mode, the program was run for
100 sec with a return voltage (A) of 130 V and a separation voltage (B) of 750 V. The samples in the
cross-junction then migrated into the separation channel. The detector uses an LED light source.

well rinsed with deionized water before reusing the lane for loading of the
next sample solution. Experiments were performed at least twice.

Binding Reaction

We followed the protocol previously described for each RNA
aptamer.[15−19] Before mixing, RNAs were denatured in their individual
binding buffer at 90◦C for 2 min and allowed to cool at room tempera-
ture for 10 min, following which the internal standard was added. The re-
action mixtures (10 µl) were incubated at room temperature for 30 min
and analyzed by ME. The binding buffers used are as follows: aptamer #5,
G925-s50 [25 mM Mops-NaOH (pH 7.0), 3 mM MgCl2]; aptamer G9-II [50
mM Tris-HCl (pH 7.9), 5 mM MgCl2, 5 mM CaCl2]; aptamer APC-99 [10 mM
sodium citrate (pH 7.6), 150 mM KCl]; aptamer Tat T34 [10 mM Tris-HCl
(pH 7.8), 70 mM NaCl].

RESULTS AND DISCUSSION

The development of ME has enabled products to be rapidly sized by
electrophoresis.[13,14] This technology can detect small amounts of DNA
or RNA within three minutes using a simple instrument without the need
for slab gels or staining steps. Accordingly, the method is cost-effective and
requires minimal manual labor. Therefore, we used ME to analyze RNA
aptamer-target interactions based on the principle illustrated in Figure 1.
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Microchip Electrophoresis of Aptamer Interactions 373

The ME instrument is composed of an electrophoretic separator and a
fluorescence detector. The experimental procedure is as follows: (a) HPMC
gels are filled in the electrophoresis channel before use, (b) the reaction so-
lution is loaded onto the sample well, (c) the injection mode and separation
mode are applied, and (d) size-fractionated reaction products are detected.
The injection voltage causes the RNA aptamer to move to the intersection in
the injection channel and then migrate to the separation channel under the
separation voltage. Fluorescent dye is intercalated by RNAs as they migrate
through the gel, while an external blue LED excites emission and an inte-
grated photodiode beneath the channel captures the fluorescent signal. The
output from the detector indicates the electropherogram with the migration
time and intensity of the sample RNA. The aptamers used in this study are
listed in Figure 2.

Affinity Assay of Anti-NS3 Aptamer for HCV NS3 and GST

We determined whether the interaction between the anti HCV NS3
helicase RNA aptamer, #5 (Figure 2A)[15] and the HCV NS3 protein
(Kd = 20 ± 7 nM) was detectable by ME, after having confirmed that the
internal standard fluorescein did not interfere in the interaction (data not
shown). The series of electropherograms observed from the reaction of 1 µM
aptamer #5 with 0–5 µM NS3 are shown in Figure 3A and reveal a dose-
dependent decrease in aptamer #5 peak intensity as the amount of NS3
increased. This indicates the regression of unbound aptamer #5 to NS3 as
the complex increased in the reaction mixture. No peak corresponding to
the RNA-protein complex was observed during the 30-min separation time
(data not shown).

When aptamer #5 and GST were mixed under the same conditions, no
difference in aptamer peak intensity compared to the internal standard was
observed (Figure 3A right), suggesting an absence of interaction up to 10 µM
GST. The relative peak intensities of aptamer #5 in association with NS3 and
GST are compared in Figure 3B and clearly indicate that ME is suitable for
analyzing aptamer-protein interactions.

Amplification of RNA Peak Intensity

In the experiment described above, the quantity of aptamer RNA re-
quired for detection on an EtBr gel is at least 1 µM. Enhanced fluorescence
sensitivity is essential for the detection of reduced RNA quantities; we there-
fore compared alternative intercalating fluorescent dyes such as SYBR Green
I, II, and SYBR Gold. These sensitive reagents stain DNA and RNA with a lower
level of background fluorescence than EtBr,[20] while SYBR Gold has been
shown to provide the highest level of sensitivity for dsDNA, ssDNA, and RNA
detection in many gel types, exhibiting more than a 1000-fold enhancement
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374 F. Nishikawa et al.

FIGURE 2 Secondary structures of RNA aptamers analyzed by ME. (A) Anti-HCV NS3 helicase RNA
aptamer #5. (B) Anti-HCV NS3 protease RNA aptamer G9-II. (C) Anti-HCV NS3 RNA aptamer G925-s50.
(D) Anti-human activated protein C RNA aptamer APC-99. (E) Anti-Tat RNA aptamer Tat T34.
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in fluorescence by binding to nucleic acids.[21] SYBR Green I has been used
in an earlier study involving a nanoliter device that mixed and amplified DNA
samples and separated the products in a channel for on-line detection.[12]

In order to determine the optimal dilution ratios for SYBR Green I, II, and
SYBR Gold in ME, we initially tested the manufacturer’s recommended di-
lution of 1:10,000 (data not shown). Varying quantities of aptamer #5 were
electrophoresed by ME and SYBR Gold staining was shown to be 20-fold more
sensitive than EtBr, being able to detect as little as 50 nM RNA, compared to
detection limits of 1 µM with EtBr (Figure 3A) and 200 nM with SYBR Green
I or II (data not shown). This finding was confirmed by running alternative
RNAs on ME.

We used SYBR Green I and SYBR Gold as staining agents in our study
of the interaction between the anti HCV NS3 protease aptamer, G9-II
(Figure 2B)[16] and the HCV NS3 protease domain (�NS3) during ME. For
detection by SYBR Green I, 500 nM G9-II aptamer was used with 0–2000 nM
�NS3, while 50 nM G9-II was used with 0–350 nM �NS3 for detection by
SYBR Gold. As shown in Figure 4A, the SYBR Green I fluorescence intensity
of unbound aptamer G9-II decreased linearly with increasing concentrations
of �NS3. Although the peaks of free aptamer G9-II overlapped with those of
the internal standard in detection by SYBR Gold (Figure 4B), they decreased
in a dose-dependent manner as levels of �NS3 rose to 100 nM, and reached
a plateau at more than 150 nM of �NS3. To overcome the inaccuracy in
such a case, the use of tag-attached aptamer may solve this problem for the
separation of aptamer from the internal standard. The sensitivity of SYBR
Gold for detection of the RNA aptamer was shown to be superior to SYBR
Green I. Although some variability was detected in the signal intensity be-
tween repeat scans, no significant decrease of signal was observed after 5–8
successive runs.

Anti-HCV NS3 Aptamer and Its Selectivity for HCV NS3 in ME

We next analyzed the dual-function aptamer, G925-s50 (Figure 2C)[17]

which demonstrates high affinity (Kd = 12 ± 4 nM) and selectivity for NS3.
We used 50 nM G925-s50 in all analyses (Figure 5A and 5B). An interaction
between G925-s50 and NS3 was detected by a decrease of unbound RNA
at NS3 levels ranging from 0 to 400 nM (Figure 5A). When G925-s50 was
incubated with NS3 in the presence of an equal concentration of aptamer
#5 (with a weaker affinity for NS3 (Kd = 20 ± 7 nM)), we were clearly able
to detect the selectivity of G925-s50, shown by a dose-dependent decrease
compared with aptamer #5 in the 0–400 nM range of NS3 (Figure 5B). This
result indicates that ME is a useful tool for distinguishing between aptamers
that have different affinities.
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Microchip Electrophoresis of Aptamer Interactions 377

FIGURE 4 Amplification of RNA peak intensity on detection by SYBR Green I or SYBR Gold. (A) ME
electropherograms from a 0.6% HPMC-SYBR Green I gel obtained for interactions of 500 nM aptamer
G9-II with 0-2000 nM HCV NS3 protease domain (�NS3). The normalized intensity of G9-II was plotted
against a range of �NS3 concentrations. (B) ME electropherograms from a 0.6% HPMC-SYBR Gold gel
obtained for interactions of 50 nM aptamer G9-II with 0–300 nM �NS3. The fluorescence intensity of
the overlapping peak was plotted against a range of �NS3 concentrations.

Relationship between the Regression of Unbound RNA

and Its Kd Value

To determine the detection limits of the RNA-protein interaction with
the regression of free RNA peak intensity, we used the anti-human activated
protein C RNA aptamer, APC-99 (Figure 2D)[18] as it has a lower affinity for
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378 F. Nishikawa et al.

FIGURE 5 Detection of interaction between aptamer G925-s50 and HCV NS3. (A) ME electrophero-
grams from a 0.6% HPMC-SYBR Gold gel obtained for interactions of 50 nM aptamer G925-s50 with
0–400 nM HCV NS3. The normalized intensity of G925-s50 was plotted against a range of NS3 concentra-
tions. (B) ME electropherograms from a 0.6% HPMC-SYBR Gold gel obtained for interactions of 50 nM
aptamer G925-s50 and 50 nM aptamer #5 with 0–400 nM HCV NS3. The relative intensity of G925-s50
for #5 was plotted against a range of HCV NS3 concentrations. Internal standards were not included in
these conditions.

its target (Kd = 120 nM) than the aptamers described earlier. Using SYBR
Gold dye, we detected no difference in normalized peak intensity following
incubation of 20 nM and 100 nM APC-99 with a 0–2000 nM range of human
activated protein C (data not shown).
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Microchip Electrophoresis of Aptamer Interactions 379

FIGURE 6 Detection of interaction between aptamer APC-99 and human activated protein C (A) An-
alyzed results from ME electropherograms of 0.6% HPMC-SYBR Green I gels obtained for interactions
of 500 nM aptamer APC-99 with 0–2000 nM human activated protein C. (B) Analyzed results from ME
electropherograms of 0.6% HPMC-EtBr gels obtained for interactions of 1 µM aptamer APC-99 with
0–5 µM human activated protein C (closed circles) and GST (open circles).

A regression of unbound aptamer was detected when 500 nM APC-
99 was incubated with increasing amounts of human activated protein C
(0-2000 nM, Figure 6A). Further detection by EtBr revealed a similar regres-
sion response for 1 µM APC-99 incubated with human activated protein C,
up to a level of 2 µM. The binding reaction reached a plateau at ≥2 µM
protein (Figure 6B, closed circles). Under the same conditions, discrimina-
tion for GST was detected by the absence of effect in RNA peak intensity
(Figure 6B, open circles). A decrease of free RNA peak intensity can be ob-
served under saturated conditions of more than 4-fold the Kd value of the
RNA or target concentration, indicating that most of the RNA aptamer was
in a target-bound state at high concentrations of target.

Detection of RNA-Peptide Interaction in ME

We examined the binding of 50 nM anti-Tat RNA aptamer Tat T34
(Figure 2E) and varying amounts of the Tat-derived peptide, RE (38 amino
acids, Kd = 120 pM)[19] on an SYBR Gold gel. As the target size was small, the
migration distance between unbound RNA and the RNA-peptide complex
would be expected to be shorter than with an RNA-protein complex, but
we did not detect any peak under our experimental conditions (data not
shown). However, we were able to detect changes in the relative intensity of
Tat T34 in a range of concentrations of the RE peptide and GST (0–250 nM).
The analysis showed a decrease of free RNA with increasing levels of RE pep-
tide and no change in the RNA peak for the GST negative control (Figure 7),
suggesting that ME could even be used to detect aptamer selectivity for small
targets such as peptides.
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380 F. Nishikawa et al.

FIGURE 7 Detection of interaction between aptamer Tat T34 and RE peptide. Analyzed results from
ME electropherograms obtained for interactions of 50 nM aptamer Tat T34 with 0–250 nM RE peptide
(closed circles) and GST (open circles).

CONCLUSION

As reported for CE, nucleic acids bound to a target migrate at a different
mobility to unbound sequences.[22] Using this principle, we have developed
a simple method of ME for detecting the interaction between an RNA ap-
tamer and its target without the need for RNA labeling. This method will
overcome the difficultly involved in designing adequate labeling strategies
due to the uncertainty regarding target binding sites and precise confor-
mational changes. Moreover, the labeling of RNA aptamers is rendered ex-
tremely difficult by the instability of RNA.

In this study, RNAs were successfully stained by the highly sensitive in-
tercalating dyes SYBR Green I and SYBR Gold. SYBR Gold enables the
detection of RNA at low concentrations of ≥0.6 ng/µl (50 nM Tat T34).
It is difficult to precisely determine the Kd value from this method as
RNA-protein complexes are not always detected and may dissociate slightly
during electrophoresis. However, at higher RNA concentrations (≥4-fold
the Kd value), a decrease in the amount of unbound RNA was detectable
in the analysis. Consequently it might be possible to predict the concen-
tration limit under the saturated conditions in which most of the RNA
forms a complex with its target, with the exception of inactive structured
RNA.

The advantages of using an ME instrument include speed and the elimi-
nation of slab gels, staining steps, species-specific probes, and DNA sequenc-
ing. Furthermore, minimal manual labor is required, thus making the frag-
ment detection system more accurate and cost-effective. The current trend
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of requiring vast numbers of aptamers for suitable targets means that the
binding assay using ME demonstrated here will provide a valuable and con-
venient technique for the rapid screening and characterization of aptamers
during in vitro selection.
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