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Abstract

Aptamers are oligonucleotide ligands with specific binding affinity to target molecules. Generally, RNA aptamers are se-
lected from an RNA pool with random sequences, using the technique termed SELEX, in which the target-binding RNA mol-
ecules are repeatedly isolated and exponentially amplified. Despite several advantages, SELEX often produces uncertain
results during the iterative amplifications of the rare target-binding RNA molecules. Here, we develop a non-repeated,
primer-less and target immobilization-free isolation method for generating RNA aptamers, which is robust to experimental
noise. Uniquely, this method focuses on finding and removal of non-aptamer sequences from the RNA pool by RNase diges-
tion leaving target-bound aptamer molecules, and thus is independent of aptamer types. The undigested RNA sequences
remaining are so few in number that they must be mixed with a large excess of a known sequence for further manipula-
tions and this sequence is then removed by restriction digestion followed by high-throughput sequencing analysis to iden-
tify aptamers. Using this method, we generated multiple RNA aptamers targeting a-thrombin and TGFb1 proteins, indepen-
dently. This method potentially generates thousands of sequences as aptamer candidates, which may enable us to predict
a common average sequence or structural property of these aptamers that is different from input RNA.

Introduction

Aptamers are single-stranded oligonucleotides that have a
broad spectrum of binding functions with specificity to various
targets such as small chemical compounds, purified proteins
and cells [1–3]. Target-binding aptamers are generally selected
using a method termed SELEX (Systematic Evolution of Ligands
by EXponential Enrichment) [4, 5].

Generation of RNA aptamers by SELEX starts from prepara-
tion of an initial RNA library bearing sequence diversity of about
1013 to 1016. Each RNA sequence typically consists of a random

sequence of about 40 bases and PCR primers flanking the ran-
dom sequence. The initial RNA library is then co-fractionated
with single target molecules of interest. Such a fractionation is
generally promoted by a specific technique, for instance, by
immobilizing the target molecules to carriers and wash out of
RNA species not bound to the target molecules on the carriers.
The obtained RNA species are converted into DNA by reverse
transcription (RT), and are duplexed, and amplified exponen-
tially by PCR. Using the PCR products as a template, an RNA
pool is synthesized by transcription. The second round of selec-
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tion and amplification is carried out in the same manner using
the RNA pool that is produced in the first round. This procedure
is repeated about 10 times, and the obtained nucleic acid
sequences (usually DNA) are detected by a sequencing tech-
nique [6] to identify candidate sequences for specific aptamers.
Binding of the candidate aptamers to the target of interest is
then measured by a widely accepted technique such as surface
plasmon resonance (SPR).

The essence of SELEX is stepwise selection with exponential
increases in the ratio of the extremely few aptamers to the total
nucleic acid sequence pool. Hence, even if one can discover
aptamers from the large excess of non-aptamer nucleic acids by
single-round selection, one will be faced with a challenge of
detecting the rare low level of aptamers. This is a fundamental
problem in aptamer generation but has not previously been
well recognized. Indeed, although several studies have obtained
DNA aptamers by single-round selections [7–12], to the best of
our knowledge, the problem regarding the small yield has not
yet been analytically resolved. On the other hand, if one persists
in the repeated selections of aptamers coupled with PCR ampli-
fications, one will continue to be faced with uncertainties re-
lated to the exponential enrichment of inevitable artifacts.
Causes of such artifacts include the residual non-aptamer nu-
cleic acids due to insufficient fractionation, influence of primer
sequences on the selection process, a target molecule of inac-
tive form due to the immobilization to a carrier, and sequence
preferences of polymerases that perform PCR amplification, RT,
and transcription.

To resolve this dilemma, we developed a method to thor-
oughly fractionate aptamers by a single selection while main-
taining working amounts of nucleic acids (Fig. 1). Herein, we
define any RNA not coding for aptamers against a target mole-
cule of interest as unknown junk RNA and any artificial, identifi-
able non-aptamer coding DNA as known carrier DNA. The key to
the success of this method is removal of unknown junk RNA oc-
cupying the initial sequence pool and preventing detection of

aptamers, and complementary addition of known carrier
DNA that can protect aptamer-coding DNA as a decoy until it
can be detected. Combining this approach with high-through-
put DNA sequencing (HT-seq) and information analysis, the
known carrier DNA can be easily recognized by its sequence in-
formation and can be removed from the sequence pool, to en-
able aptamer identification. We also show that the aptamer-
candidates found by this method have a common sequence or
structural property, which is statistically different from that of
the initial library.

Materials and methods

Overview of our method developed for production of RNA
aptamers is shown in Fig. 1. This method is divided into two
main processes: preparing a HT-seq library and the subsequent
sequence analysis. More specifically, this method consists of
the sections (A) to (I) (Fig. 2). Below, we present all steps consist-
ing of the sections (A) to (I) that we used to obtain RNA
aptamers targeting a-thrombin and transforming growth factor
b1 (TGFb1).

(A) Synthesis of multi-copy RNA library by in vitro transcrip-
tion. We used a DNA template lacking a complete DNA duplex
for T7 RNA polymerase in order to minimize the process needed
for generating an initial RNA library. The DNA template is
single-stranded and only the promoter region is double-
stranded (Table 1A). Such a DNA template is known to yield
RNA transcripts as much as the double-stranded DNA template
[13].

1. Partially double-stranded template DNA was prepared by
mixing 10 ml of 100 mM random DNA (the starting diversity
of the DNA pool is �6 � 1014) and 10 ml of 100 mM T7 pro-
moter DNA in the buffer containing 5 mM HEPES–NaOH
(pH 8.0) and 2 mM MgCl2. Note that the random DNA has
the complementary T7 promoter sequence at its 30
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Figure 1. Scheme of the single-round RNA-aptamer isolation method. Aptamers with target-binding structures (in RNA form) are schematically represented as red

lines in the RNA pool and the DNA pool, respectively. In this method, junk RNA (gray lines) represents non-aptamer RNA molecules (not binding to target proteins and

degraded by RNase I). Carrier DNA (light green lines) represents added DNA molecules that we recognize by restriction sites and remove. The sequence information of

the junk RNA removed by RNase I is unknown because it is designed to be random and thus consists of a massive number of sequence combinations. The sequence in-

formation of the added carrier DNA is known because it is designed to have 3 � Eco53KI restriction sites. A large excess of carrier nucleic acids over aptamers allows ex-

perimental handling of aptamers as nucleic acids. Replacing the unknown junk sequence information by the known carrier sequence information is the core concept

of this method. Aptamer-sequence information is obtained by subtracting information about carrier DNA and any artifact DNA (e.g. adapter sequences) from the total

sequence information obtained by HT-seq.
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terminus. The mixture was heated for 3 min at 95�C to de-
nature and then the temperature was gradually decreased
to 25�C.

2. In vitro transcription was performed by Y639F mutant of
T7 RNA polymerase. We used 20 hydroxyl (OH) purine and 20

fluoro (F)-pyrimidine nucleotides as the substrate in order to
obtain RNA aptamers that are stable to chemical hydrolysis.
The mutant enzyme is known to readily incorporate the 20 F-
nucleotides into the nascent RNA chain [14]. We purified the
enzyme as described in Ref. [15]. Note that in this method, a
combination of the wild-type T7 RNA polymerase and 20-OH
nucleotides is also available for producing an initial library.
The reagents and template DNA were mixed as follows:

Figure 2. Processes for generating, fishing and identifying RNA aptamers.

20 ml Template DNA (GeneDesign, see Table 1A)
20 ml 10�Transcription buffer [400 mM HEPES–NaOH

(pH 8.0), 200 mM NaCl, 200 mM MgCl2, and 30 mM
spermidine]

20 ml NTP mix [25 mM each of ATP(20 OH), GTP(20 OH), CTP(20 F)
and UTP(20 F)]

20 ml 100 mM DTT
1 mL 100 mM MnCl2
1 mL 40 U/ml RNase Inhibitor (Takara Bio)
1 mL 100 U/ml Yeast Inorganic Pyrophosphatase (NEB)
10 mL 0.4 mg/ml T7 RNA polymerase, Y639F mutant
107 mL Water
200 ml Total
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3. The sample was incubated overnight (for �15 h) at 37�C.
4. A total of 5 ml of 1 U/ml DNase I (Promega) was added to the

transcription product and the mixture was incubated for
1.5 h at 37�C.

5. A 200 ml Phenol: Chloroform: Isoamyl alcohol ¼ 25: 24: 1
(PCI) was added to the mixture, which was vortexed and
then was centrifuged for 10 min at 20 000 � g at room
temperature.

6. The supernatant was placed into Amicon Ultra-0.5 ml
Centrifugal Filter 3K (Millipore) and 200 ml water was added,
then was centrifuged for 10 min at 14 000 � g at room tem-
perature. The flow through was discarded.

7. A total of 400 ml water was added to the sample remaining
on the filter, and was again centrifuged for 15 min at 14 000
� g at room temperature. The flow through was discarded.

8. The sample (concentrated to 50 ml or a lower volume) was
fractionated by polyacrylamide gel electrophoresis (PAGE).
In particular, the sample was mixed with an equal volume
of 2 � PAGE loading buffer [10 M urea, 50 mM EDTA (pH8.0)]
containing bromophenol blue and xylene cyanol, and then
was loaded into 15% TBE-urea polyacrylamide gel. PAGE
was run at 20–40 mA. The gel was stained with 5 ml of SYBR
gold (Thermo Fisher Scientific) in 50 ml TBE for 5 min with
shaking at room temperature.

9. The band corresponding to 40-nt RNA was visualized by UV
irradiation and was excised from the entire gel. The RNA
sample was extracted from the gel piece according to the
method described in Ref. [16]. We have verified the highly
efficient gel extraction of this method (�90% of RNA was re-
covered when the condition was optimized) [17].

10. The 40-nt RNA was ethanol-precipitated and was resus-
pended with 50 ml of 1 � SELEX buffer [20 mM Tris–HCl (pH
7.6), 145 mM NaCl, 5.4 mM KCl, 0.8 mM MgCl2, 1.8 mM
CaCl2].

11. The RNA sample was quantified using absorption. Typical
yield of the RNA was (100 ng/ml �7.3 mM �4.4 � 1012 mole-
cules/ml) � 50 ml ¼ 2.2 � 1014 molecules.

(B) Selection of target binding RNA molecules. The selection
strategy is based on the fact that RNA molecules bound to pro-
teins should be more protected from RNase I digestion than un-
bound RNA molecules. The details of how the digestion enables
selecting aptamers are described in ‘Results and Discussions’
section. We employed the same experimental procedure below
for obtaining both thrombin and TGFb1-targeting aptamers, ex-
cept the step 11. Note that in this particular experiment we
used a mixture of 20OH and 20F-modifed RNA molecules. While
20OH RNA molecule is the more favored substrate for the

cleavage, both 20 OH and 20F-modified RNA molecules are fully
cleavable by RNase I (Supplementary Fig. S1).

1. Fifty microliters of the initial RNA sequence pool (�1�1014

RNA molecules), produced in section A, was prepared in 1
� SELEX buffer.

2. A total of 1.7 mg of human a-thrombin (Enzyme Research
Laboratories) or 1 mg CHO cell-derived human TGFb1
(PeproTech) was added to the RNA sample. The mixture
was incubated for 30 min at 37�C, with occasional shaking.

3. The sample was placed into Vivaspin 500 spin column
(30K, Sartorius) and 500 ml of 1 � SELEX buffer was added to
the column, then was centrifuge for 10 min at 14 000 � g at
room temperature. The flow-through was discarded.

4. The step 3 of section B was repeated twice, without chang-
ing the spin column (three times in total).

5. The supernatant was collected into a low-nonspecific bind-
ing microcentrifuge tube.

6. Five microliters of 50 U/ml RNase If (NEB) was added to the
sample and was incubated for 40 min at 37�C [10 U/ml
RNase I (Epicentre) can be also used for this assay].

7. The sample was placed into a fresh Vivaspin 500 spin col-
umn and 500 ml of 1 � SELEX buffer was added and centri-
fuged for 15 min at 14 000 � g at room temperature. The
flow-through was discarded.

8. A total of 500 ml of wash buffer (1 � SELEX containing 250
mM NaCl and 0.05% Tween20) was added to the column
and centrifuged for 15 min at 14 000 � g at room tempera-
ture. The flow-through was discarded. Note that we used
this wash buffer for obtaining both thrombin and TGFb1
targeting aptamers because of non-necessity of change, but
in general, the component of wash buffer must be consid-
ered per target protein of interest.

9. A total of 500 ml of 1 � SELEX buffer was added to the col-
umn and centrifuged for 15 min at 14 000 � g at room tem-
perature. The flow-through was discarded.

10. The sample remaining in the column (total volume of
�50 ml) was placed into a fresh low-nonspecific binding
microcentrifuge tube.

11. *This step of the second RNase I treatment is specifically
added to obtain aptamers targeting thrombin, since the
protein is known to nonspecifically bind to RNA. Four
microliters of 50 U/ml RNase If (NEB) [or 10 units/ml RNase I
(epicentre)] was added to the sample and was incubated for
20 min at 37�C.

12. Five microliters of aliquot (�1/10 volume of the sample)
was taken from the sample, which was subjected to PAGE

Table 1. Oligo DNA sequences used for HT-seq library generation

(A) Template DNA structure for in vitro transcription by T7 RNA polymerase
T7 promoter: 5’OH-TAATACGACTCACTATAG-3’OH

Random DNA: 3’OH-ATTATGCTGAGTGATATCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-5’OH

* N has A, T, G or C with probability of � 25% each.
(B) Linker DNA with 5’ adenylation and 3’ amination
5’rApp-CTGTAGGCACCATCAAT–3’NH2

(C) RT primer with 5 ’phosphorylation and two internal carbon spacers
5’PO3-ATCACCGACTGCCCATAGAGAGG/Spacer18/CACTCA/Spacer18/ATTGATGGTGCCTACAG-3’OH

* Spacer18 ¼ Hexaethylene Glycol
(D) Carrier DNA

Anti-linker DNA / 40 bases including Eco53KI restriction sites / Adapter for Ion PGM HT-seq
5’OH-ATTGATGGTGCCTACAG/TTTTTTTTCAGAGCTCGGGGCGAGCTCGTTTTTAGAGCTC/ATCACCGACTGCCCATAGAGAGG-3’OH
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and SYBR gold staining of the gel as described in the step
8 of section A.

13. We verified that the band corresponding to 40-nt RNA is in-
visible (i.e. is the 40-nt RNA amount below �10 pg, a detec-
tion limit of oligo RNA stained by SYBR gold). As a control,
we loaded the initial RNA library into the next lane of the
sample.

14. Fifty Microliters of 1 � SELEX buffer was added to the sam-
ple (�95 ml in total), and then pre-heated 100 ml PCI (70�C)
was added to the sample, vortexed, and was centrifuged for
10 min at 20 000 � g at room temperature. The supernatant
was collected for the next step.

15. According to Ref. [16], the RNA sample was ethanol precipi-
tated with a co-precipitating agent. The obtained RNA pel-
let was resuspended with 5.2 ml water.

(C) Ligation of linker DNA onto the selected RNA species. The
linker DNA sequence is complementary to the RT primer, and
has a 5’ adenylation (promotes ligation) and a 30 amination
(blocks self-ligation) (Table 1B).

1. The RNA sample was heated for 2 min at 80�C to denature,
and then was immediately placed on ice.

2. Ligation reagents and the sample were mixed on ice as
follows:

3. The temperature of the ligation mixture was immediately
shifted to 37�C and incubated for 3 h.

(D) RT with a primer for circularization. In the 50-end, the RT
primer has the adapter sequence with phosphorylation that is
needed for HT-seq by Ion PGM system (Thermo Fisher
Scientific) (Table 1C). The adapter sequence can be changed
depending on HT-seq platform used. By replacing the adapter
sequence with a T7 promoter, repeated selections (i.e. SELEX
version of this method) are also possible. RT reaction was car-
ried out with PrimeScript RTase (Takara Bio). We have verified
that the RT enzyme has high fidelity and is robust against RNA
secondary structure [18]. We have obtained similar results using
PrimeScript II RTase (Takara Bio).

1. The ligation product (10 ml) was heated for 2 min at 80�C to
denature, and then was immediately placed on ice.

2. RT reagents and the ligation product were mixed on ice as
follows:

3. The temperature of the RT sample was immediately shifted
to 42�C and incubated for 45 min, and then for 15 min at
50�C.

4. A total of 0.5 ml of 60 U/ml RNaseH (Takara Bio) was added to
the RT sample, which was incubated for 30 min at 37�C.

(E) DNA circularization. In this reaction, we used an ATP-
dependent ligase CircLigase ssDNA Ligase (Epicentre), which
catalyzes the intramolecular ligation reaction (circularization)
of a single-stranded DNA having a 50 phosphate group and a 30

hydroxyl group, respectively. We designed the sections C, D,
and E, using the protocol of NET-seq library production devel-
oped by Churchman and Weissman [16] as a reference.

1. Circularization reagent was added to 8.6 ml aliquot of the RT
product as follows (the remaining 11.4 ml aliquot was stored
at –80�C):

2. The sample was incubated for 60 min at 60�C, and then for
10 min at 80�C. The sample was stored at � –20�C until pro-
ceeding with PCR amplification.

(F) PCR amplification with carrier DNA. PCR performed here
must be done with high fidelity. We used a PCR enzyme
PrimeSTAR Max DNA polymerase (Takara Bio), since we have
verified the high-fidelity PCR by this enzyme (an average error
rate is in the order of 10�5 per base or less) [18]. In this PCR, we
added a large excess of single-stranded linear carrier DNA (10 or
100 pg) over the circularized template DNA that is derived from
the RNA obtained in section B. The carrier DNA contains three
Eco53KI restriction sites 50 GAGCTC 30 and has flanking sequen-
ces to which PCR primers bind (Table 1D). We designed the
length of the PCR product of carrier DNA to be 80 bp (Table 1D),
which is the same as that of the circularized template DNA.

1. PCR reagents were added to a 6 ml aliquot of the circularized
product as follows (the remaining 6 mL aliquot was stored at
–80�C):

2. 1st PCR was performed as follows:

5.2 ml Denatured RNA sample
2 ml 50% PEG8000
1 ml 10 x buffer
0.5 ml 0.5 mg/ml 50 adenylated DNA linker (NEB, Table 1B)
0.3 mL 40 U/ml RNase Inhibitor (Takara Bio)
1 mL T4 DNA ligase 2, truncated (NEB)or T4 RNA Ligase 2,

Deletion Mutant (Epicentre)
10 ml Total

10 ml Denatured ligation product
4.4 ml 5 � PS (or PSII) RTase buffer
4.4 ml 2.5 mM dNTP mixture
1 ml 20 mM RT primer (Table 1C)
0.3 mL 40 U/ml RNase Inhibitor (Takara Bio)
1.9 mL PrimeScript (or PrimeScript II) RTase (Takara Bio)
22 ml Total

8.6 ml RT product
1.2 ml 10� buffer
0.6 ml 1 mM ATP
0.6 ml 50 mM MnCl2
1 mL CircLigase ssDNA Ligase (Epicentre)
12 ml Total

6 ml Circularized product
1 ml 10 pg or 100 pg carrier DNA (Table 1D)
1.6 ml 10 mM 1st PCR primers (Table 2)
11.4 ml Water
20 mL 2 � PrimeSTAR Max Premix (Takara Bio)
40 ml Total

1 cycle 15 s 98�C
12 cycles (100 pg carrier DNA) or 18 cycles

(10 pg carrier DNA)
10 s 98�C
5 s 55�C
5 s 72�C

1 cycle Hold 4�C
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3. A 4 ml of 10 � DNA loading dye was added to each PCR sam-
ple. The sample was loaded into 8% TBE native polyacryl-
amide gel. PAGE and the following SYBR gold staining of the
gel were performed as described in the step 8 of section A.
The band corresponding to 80-bp PCR product was visual-
ized by UV irradiation and was excised from the entire gel.
The DNA sample was extracted from the gel piece, according
to the protocol (16).

(G) Digestion of carrier DNA sequences followed by (H) PCR
amplification for HT-seq. We digested the carrier DNA by Eco53
KI in order to enrich aptamer sequences in the library. We chose
Eco53KI because the enzyme works optimally in the low salt
PCR buffer and produces blunt-ended DNA which causes less
PCR artifacts compared to sticky-ended DNA. We repeated the
PCR amplifications three times in total (including the 1st PCR
performed in section F); alternatively, this iterative process can
be removed and complemented by increasing the number of se-
quencing reads obtained by HT-seq (i.e. by expanding the
search space in the sequence library of use). During the 2nd
PCR, the adapter and barcode sequences necessary for HT-seq
were attached into the library, so the length of the 2nd PCR
product becomes 120 bp.

1. The ethanol precipitated 1st PCR product was resuspended
with 8 ml of water, to which 1ml of 10 � cut smart buffer
(NEB) and 1 ml of 10 U/ml Eco53KI (NEB) were added in this
order.

2. The sample was incubated for 60 min at 37�C.
3. Second PCR mixture was added to 5 ml aliquot of the

Eco53KI-digested product (the remaining 5 ml aliquot was
stored at ��20�C, which can be used for optimizing the cy-
cle number of the 2nd PCR if necessary).

4. Second PCR was performed at 9 cycles (cycle program is the
same as 1st PCR).

5. A 2 ml of 10 x DNA loading dye was added to each PCR sam-
ple. The sample was loaded into 8% TBE native polyacryl-
amide gel. PAGE and the following SYBR gold staining of
the gel were performed as described in the step 8 of section
A. The band corresponding to 120-bp PCR product was visu-
alized by UV irradiation and was excised from the entire

gel. The DNA was extracted from the gel piece, according to
the protocol [16].

6. Eco53KI digestion was performed as described in the step 1
of this section.

7. Third PCR mixture was added to 7.5 ml aliquot of Eco53KI
digested product (the remaining 2.5 ml aliquot was stored at
��20�C, which can be used for optimizing the cycle num-
ber of the third PCR if necessary):

8. Three PCR tubes were prepared and 20 ml each of 3rd PCR
product was added to the three PCR tubes. Third PCR was
performed at 6 cycles for one tube, and at 9 cycles for the
other two tubes (cycle program is the same as 1st PCR).

9. A 0.5 ml of Eco53KI was added to one of the two tubes that
have the 9-cycle PCR products. The sample was incubated
for 30 min at 37�C.

10. PAGE and the following DNA extraction were performed as
described in the step 4 of this section. One of the three 3rd
PCR products with the highest homogeneity and with an
optimal amount was chosen and used for HT-seq analysis.
In this study, the 9-cycle PCR product with Eco53KI diges-
tion (with the step 9) was chosen for the HT-seq analysis of
thrombin aptamers, and the 9-cycle PCR product (without
the step 9) was chosen for that of TGFb1 aptamers.

11. DNA concentration was quantified using absorption.
Typical concentration of the extracted DNA per sample in
200 ml water was 1–10 nM. The sample was used for qPCR
measurement and HT-seq, without concentration by
Ethanol precipitation. The remaining sample was stored at
�80�C until use.

(I) HT-seq analysis and removal of carrier sequence informa-
tion. Sequencing reads were obtained by Ion PGM system using
the Ion 318 chip (Thermo Fisher Scientific) and preprocessed us-
ing FASTX-Toolkit programs (http://hannonlab.cshl.edu/fastx_
toolkit/). Next, the number of unique sequences in the total
reads was counted, normalized, ranked, sorted and clustered
into sequence families based on Levenshtein edit distance, us-
ing FASTAptamer programs [19]. Carrier DNA sequences were
removed from the clustered sequences to reveal RNA aptamers.
Not only Eco53KI-restriction sites, any artifacts that were gener-
ated during the library production can be removed in this step.
Those artifact sequences were categorized into four groups with
different origins: (i) Derivatives of the original Eco53KI-
restriction sites GAGCTC, which were introduced during PCR
(e.g. GAGTCT, GAGCCC and GAGCCT). (ii) Artifacts derived from
in vitro transcription, such as highly homopolymeric A/T and T7
promoter sequence (Table 1A). (iii) Linker DNA sequence
(Table 1B). (iv) Adapter sequences (Table 1C and D). Typically in
our experiments, (iii) and (iv) were detected as the major artifact
DNA. Since we digested the carrier DNA comprised of Eco53KI-
restriction sites intensively, we detected more such additional
artifact DNA than the carrier DNA in the sequencing reads.

Measurement of aptamer-target-protein interactions by SPR.
Biacore 2000 (GE helthcare) was used as the SPR instrument. a-
thrombin or TGFb1 protein was immobilized on a CM5 sensor

5 ml Eco53KI digested product
0.8 ml 10 mM 2nd PCR primers (Table 2)
4.2 ml Water
10 ml 2�PrimeSTAR Max Premix (Takara Bio)
20 ml Total

Table 2. PCR primers used in this study

Purpose Name Sequence

1st PCR Anti-linker F 5’-ATTGATGGTGCCTACAG-3’

P1-full R 5’-CCTCTCTATGGGCAGTCGGTGAT-3’

2nd PCR Anti-linker þ
adapter þ

Adapter for Ion PGM HT-seq / Barcode /
Anti-linker(variable)

barcode F 5’-CCATCTCATCCCTGCGTGTCTCCGACTCAG/

CTAAGGTAAC/ATTGATGGTGCCTACAG-3’

P1-full R 5’-CCTCTCTATGGGCAGTCGGTGAT-3’

3rd PCR A30 F 5’-CCATCTCATCCCTGCGT-3’

P1 R 5’-CCTCTCTATGGGCAGTC-3’

7.5 ml 2nd Eco53KI digested product
2.4 ml 10 mM 3rd PCR primers (Table 2)
20.1 ml Water
30 ml 2 � PrimeSTAR Max Premix (Takara Bio)
60 ml Total
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chip by amine coupling, according to the manufacturer instruc-
tions. Briefly, CM5 dextran matrix was activated by 70 ml of the
crosslinking agent, using running buffer [10 mM Hepes-KOH(pH
7.5) and 100 mM KCl] at flow rate of 10 ml/min. A 1.4 mg each of
a-thrombin or TGFb1 protein in 70 ml of 10 mM sodium acetate
(pH4.0 for a-thrombin and pH 5.0 for TGFb1) was injected into a
flow cell (Fc2) of CM5 sensor chip, and then was inactivated by
70 ml of 50% ethanol ammine with the running buffer, and was
further washed by 70 ml of regeneration buffer [10 mM HEPES–
KOH (pH 7.5), 1 M KCl, and 20 mM EDTA]. Similarly, 1 mg BSA was
immobilized on a reference flow cell (Fc1). RNA samples, syn-
thesized by in vitro transcription, were injected into both Fc2
and Fc1. We used a reference mode (Fc2�Fc1) for measuring the
difference of SPR response. Kinetic analysis was performed with
five RNA samples of different concentrations, the above-
mentioned running/regeneration buffers, flow rate of 30 ml/min,
dissociation time of 2.5 min, and injection time of 2 min. In or-
der to obtain kinetic parameters, data were globally fitted by
curves according to a reaction model of 1: 1 binding, by using
BIAevaluation software.

Results and discussions
How to pull aptamers out of junk sequence pool

We first prepared a random-sequence library comprised of
multi-copy RNA species (estimated as �10 copies or more) by
in vitro transcription (Fig. 2A). Single-copy RNA species are un-
likely to be detected even if successfully co-fractionated with
target proteins. We introduced 20 F modification in any pyrimi-
dine nucleotides of such RNA species in order to increase the
chemical stability of aptamers obtained (see ‘Materials and
Methods’ section).

Next, using this random-sequence library, RNA species that
cannot form stable complexes with target proteins are elimi-
nated by RNase I digestion coupled with ultrafiltration (Fig. 2B).
RNase I cleaves any single-stranded regions of normal RNA and
20 F-modified RNA without base specificity, but does not cleave
any double-stranded region [20]. Thus, any loop regions of RNA
will also be susceptible to the cleavage, while structural studies
reveal that loop regions play key roles for interacting with pro-
teins [21–23]. Although the loss of true aptamers by the cleavage
of the functional loops is inevitable in this method, this issue
will not be problematic because of the multi-copy presence of
RNA species and the fact that any RNA loops that are strongly
bound to proteins can be subject to resistance to any RNase
cleavage [17, 24, 25]. Furthermore, the concentration of target-
bound RNA is considerably smaller, relative to the free RNA con-
centration, thus, even when cleavage occurs, the reaction for
the target-bound RNA will be significantly delayed compared to
that of free RNA, according to the definition of chemical kinetics
(rate¼rate constant� concentration). Hence, in principle, by
stopping the reaction after a certain incubation time, cleavage
of the target-bound RNA can be negligible relative to the free
RNA cleavage. Although we did not precisely specify the opti-
mal incubation time in the step for isolating aptamers by the
RNase I cleavage, it turned out that the time point used in this
study (40 min) is practically feasible for finding multiple
aptamers.

Both free RNA and partially-cleaved RNA were also substan-
tially removed from the RNA pool by using a low-binding ultra-
filtration spin column with a pore size retaining an RNA–
protein complex but not the free RNA. Importantly, any remain-
ing partially-cleaved RNA has a phosphate group at the 30-end,

and is not ligated onto the linker DNA in the next step, thus can
be removed from the subsequent steps for the library
generation.

During the fractionation step, the target protein is fully in-
tact and is not immobilized. In addition, RT and PCR primer
sequences, usually embedded into the ends of RNA library in
conventional SELEX methods, are omitted from our RNA library,
reducing noise that interferes with the identification of true
aptamers. Such primer sequences were added after the fraction-
ation step, using efficient intermolecular and intramolecular li-
gation reactions (Fig. 2C–E) [16].

A successful fractionation of target-binding RNA from the
initial RNA pool means a marked decrease in the amount of
RNA to atto-gram orders or so [7]. Because the fractionated RNA
pool would include RNA that poorly bound to the target protein
as well as residual junk RNA, the actual amount of the true
aptamers will be much smaller than the estimation, making it
impossible to handle and detect with typical biochemical
approaches like HT-seq. Hence, after converting the fraction-
ated RNA into DNA by RT, we added carrier DNA (10 pg or
100 pg), consisting of triplicated Eco53KI restriction sites, to the
aptamer-derived DNA (Fig. 2F). We then amplified not only the
aptamer-derived DNA but also carrier DNA by PCR, and only
the carrier DNA was then digestible by Eco53KI (Fig. 2G). The
digested product was further amplified by PCR with primers
containing HT-seq adapters, completing HT-seq library (Fig. 2H).
Using HT-seq, we identified sequence information for aptamers,
by eliminating the carrier DNA sequences that remained in the
library (Fig. 2I). Note that instead of using carrier DNA, carrier
‘RNA’ having a genetically identical sequence to the carrier DNA
is also possible to be used for the above-mentioned purpose,
with caution in the reduction of ligation efficiency of the rare
fractionated RNA. The carrier RNA can be subtracted after con-
version to DNA by the same Eco53KI digestion.

This selection method based on RNase I protection can
efficiently generate a quantitative difference between
RNase-susceptible (i.e. non-aptamer) and RNase-insusceptible
(i.e. target-bound aptamer) molecules, which is readily recog-
nizable by HT-seq analysis, as described below. Indeed, we
showed that the aptamers isolated by this method have much
smaller rate constant for RNase I cleavage than a non-aptamer
RNA and the initial RNA pool in the presence of their target pro-
teins (Supplementary Fig. S1).

Generation of aptamers targeting thrombin

Based on the single-round RNA-aptamer isolation method, we
screened RNA aptamers targeting human a-thrombin, a serine
protease involved in blood coagulation. We chose this protein
for the initial test of this method, since multiple 20F-modified
RNA and DNA aptamers for the protein have been already gen-
erated by SELEX [26–29]. In particular, we obtained �58 thou-
sand sequencing reads, from which we extracted unique
sequences with the copy number information (Table 3). We car-
ried out clustering analysis, removed known carrier sequences
(see ‘Introduction’ section for the definition) as well as artifact
sequences that were introduced during the HT-seq library gen-
eration [see the section (I) of ‘Materials and Methods’ section),
and finally identified 54 sequences as the candidates for throm-
bin aptamers (Table 3). Note that the number of the analyzed
sequencing reads here is quite small relative to typical HT-seq
analysis dealing with more than one million reads. However,
our method allowed identifying �0.1% of the total reads as the
aptamer candidates.
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Among those 54 candidates, we chose 12 candidates with
the highest frequencies of occurrence and with the length clos-
est to 40 bases (Supplementary Table S1), in order to investigate
their binding to a-thrombin by SPR measurements. The a-
thrombin has two cationic patches (anion binding sites) termed
exosites, to which heparin and nucleic acids nonspecifically
bind [30]. DNA aptamer (G-quadruplex) [31] targeting exosite I,
and RNA aptamer (stem–loop with an internal bulge) targeting
exosite II have also been isolated [26]. Thus, we injected 1 mg/ml
(�50–100 mM) heparin into the thrombin-immobilized SPR sen-
sor chip prior to injecting each RNA aptamer candidate (Fig. 3A).
In this experimental condition, binding of heparin to thrombin
should be saturated, since an equilibrium dissociation constant
(KD) of heparin for thrombin binding has been reported as 6 mM
(32). This experimental setup enabled us to screen aptamers
that (i) specifically bind to any thrombin sites with higher affin-
ity than heparin, and/or (ii) fully novel aptamers targeting the
thrombin sites other than the cationic patches.

We synthesized the 12 RNA species by in vitro transcription,
which were partly purified by ultrafiltration. We injected each
of the 12 RNA species into the thrombin-immobilized SPR sen-
sor chip at a concentration of �100 nM. For monitoring the spe-
cific interaction of the RNA with thrombin, the SPR response
resulting from the non-specific binding of RNA to BSA was sub-
tracted from that of the RNA binding to thrombin. Although
those RNA transcripts contained byproducts, we successfully
identified the two RNA species as the aptamers with obvious ca-
pabilities for binding to thrombin in the presence of saturated
heparin (Fig. 3A, Tbn#3 and Tbn#6). Next, we isolated homoge-
neous RNA transcripts for Tbn#3 and Tbn#6, respectively, by
PAGE purification, and evaluated kinetics for the interactions
with thrombin (Fig. 3B). Finally, we revealed that the two
aptamers bind to thrombin with KD of �1 nM (Fig. 3B and C).

Despite having been assigned as candidates, the remaining
10 RNA species were not identified as aptamers by the SPR
measurements. This false recognition may be due to (i) residual
junk RNA exempt from RNase I cleavage, (ii) unknown artifacts
introduced during HT-library production by this method, or
(iii) thrombin-binding affinity of the RNA species comparable to
that of heparin. Note that as represented by Tbn#8, the candi-
dates for thrombin aptamer mostly had the SPR responses
slightly higher than that of the initial RNA library (Fig. 3A), sug-
gesting that the third case is the most likely cause. The initial
RNA library that was tested for the SPR measurement was pre-
pared as described in the section (A) of ‘Materials and Methods’
section. Sequences of the Tbn#3 and Tbn#6 RNA aptamers, and

those of all candidates obtained in this study are shown in
Fig. 3D and in Supplementary Table S1, respectively.

Generation of aptamers targeting TGFb1

We have also used the single-round RNA-aptamer isolation
method to search for RNA aptamers targeting human TGFb1. In
this experiment, we employed two different amounts of carrier
DNA (10 pg and 100 pg) for generating the HT-seq library, and
compared those two results: We obtained �6–7 thousand
aptamer candidates (1.1%) out of �500–600 thousand sequenc-
ing reads using either carrier DNA amount (Tables 4 and 5). We
also showed that (i) carrier DNA amounts lower than �10 pg
did not sufficiently amplify the aptamer-derived DNA by PCR
and (ii) carrier DNA amounts higher than �100 pg increased the
ratio of carrier DNA among the total sequencing reads so as to
reduce the number of final aptamer candidates found.
Therefore, we concluded that carrier DNA of 10–100 pg is opti-
mal for obtaining the maximal number of aptamer candidates.
These results also indicate that there is no linearity between
the amount of carrier DNA and the final number of aptamer
candidates.

In order to test TGFb1-binding capability of the aptamer can-
didates obtained, we chose six with the highest frequencies of
occurrence and with the length closest to 40 bases, from among
each of two candidate libraries (Supplementary Tables S2
and S3). Similarly to the SPR measurement for thrombin
aptamers described above, we used partly purified RNA tran-
scripts for the initial test. TGFb1 and BSA were immobilized on
different flow cells, and upon injecting each RNA transcript, the
difference of SPR response between TGFb1 and BSA was moni-
tored. We detected a larger response to TGFb1 than BSA in all
RNA transcripts analyzed, and the three with the highest affin-
ity to TGFb1 were arbitrarily assigned as aptamers (Fig. 3D). We
purified the RNA transcripts for the three aptamers by PAGE,
and used them for kinetic analysis. The result showed that all
three aptamers have KD of about 10 nM for TGFb1 binding
(Fig. 3C and Supplementary Fig. S2); however, interestingly the
association rate (defined by kON value) and dissociation rate (de-
fined by kOFF value) were up to two orders of magnitude differ-
ent one to the other (Fig. 3C, shown as kon�koff�KD map [33]).
This difference may stem from different folding transitions of
secondary structures for the aptamers (Fig. 3E) [34]. Importantly,
three TGFb1 aptamers with different kinetic properties were
obtained, yet we tested only 12 candidates by SPR, suggesting
that this method acquired aptamers with diverse affinity prop-
erties in a single selection.

Comparison of the products: SELEX and the single-
round isolation method

SELEX experiments sometimes allow us to reproducibly find the
aptamers with a conserved motif(s), as reported for SELEX using
human immunoglobulin G as a target protein [22]. This fact
prompted us to compare all the candidate sequences obtained
in this study, with sequences of already-known RNA aptamers
targeting thrombin [26, 27, 29] and TGFb1 [35–37], respectively.
In the candidates for thrombin aptamers, we found three differ-
ent sequences that were 18-to-20-bases (55–61%) identical to
the corresponding sequences of the already-known aptamers
(Supplementary Fig. S3). These similar sequence pairs also
appeared to be responsible for the similar configurations of
the secondary structures in the pairs (Supplementary Fig. S3).

Table 3. Search for a-thrombin aptamers by HT-seq analysis

No. of
sequences

% Contents

57 878 100 Total sequencing reads (quality filter passed
and barcode identified).

21 001 36 Unique sequences of the total sequencing
reads

3001 5.2 Clustered sequences (edit distance � 6, copy
number � 2).

54 0.093 Aptamer candidates (clustered sequences 6¼
carrier/artifact sequences, copy number � 3,
sequence lengths ¼ 33–46 bases).

10 pg carrier DNA was used for the library generation
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We did not find any conserved motif within the candidate
sequences for thrombin-aptamer obtained in this study.

In the candidates for TGFb1 aptamers, we found two differ-
ent conserved sequence motifs: one is a pyrimidine-rich se-
quence motif and the other is a G-rich sequence motif
(Supplementary Fig. S4). The latter appeared to be too short to
form a G-quadruplex. These two motifs existed in both candi-
date libraries that were made with 10 pg and 100 pg of carrier
DNA. Interestingly, we also found another pyrimidine-rich

motif and a longer G-rich motif (the latter can form a G-quadru-
plex) in the sequences of already-known TGFb1 aptamers
(Supplementary Fig. S4). Since the detailed sequences and
lengths in the respective motifs were quite different between
our candidates and the already-known aptamers, it was uncer-
tain whether the structural origins of the two motifs observed
in our candidates and the already-known aptamers are related.

As far as assuming that the initial sequence pool is nearly
random, the possibility of extracting similar aptamer

A

C

E

B

D

Figure 3. Characterizations of RNA aptamers targeting a-thrombin and TGFb1, respectively. (A) Identification of aptamers targeting thrombin. SPR responses of RNA-throm-

bin binding by subtracting those of RNA-BSA binding are shown. Heparin, RNA aptamer candidates, and buffer were injected at the time points indicated by arrows, respec-

tively. Tbn#3 and Tbn#6 are the aptamers identified. Tbn#8 represents an example of the candidates whose binding to thrombin was not detected, and IL represents an

initial library used in this experiment. (B) Kinetic analysis of Tbn#3 and Tbn#6. The response differences between the thrombin and BSA upon aptamer injections at five dif-

ferent concentrations were globally fitted to obtain KD values of 1.4 nM for Tbn#3 and 1.7 nM for Tbn#6, respectively (see details for main text). (C) A kon�koff�KD map [33]

depicting association (y axis, Kon) and dissociation (x axis, koff) rate constants and affinities (dashed lines, KD) of the a-thrombin (Tbn) and TGFb1 (TGF) aptamers obtained in

this study. (D) RNA sequences for a-thrombin and TGFb1 aptamers, respectively. (E) RNA secondary structures predicted by using Vienna RNA Websuite [55], and visualized

by Forna [56] with a color code: stems (Green), interior Loops (Yellow), hairpin loops (Blue), and 5’ and 3’ unpaired region (Orange).
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sequences out of different sequence pools is generally very
low, even though the same target protein is used. In each ex-
periment, we are limited to �1 � 1014 unique sequences out of
a possible �1 � 1024 (i.e. the total number of the sequence
combinations theoretically obtained from random 40-mer
RNA). However, the result of the comparison between throm-
bin/TGFb1 aptamers made by standard SELEX and those made
by our method suggests that regardless of the method, finding
aptamers with similar structural motifs or backbones out of
different sequence pools might not be unlikely when the target
protein is the same. This is because it is likely to be able to
find � 20-bases identical sequence pairs among � 1� 1014

unique sequences, it is also likely that high sequence similar-
ity is not even necessary for constructing the same structural
motif.

Compared to our single-selection method, SELEX can pro-
vide more chances for the structural optimization of aptamers
for having higher target-binding affinity, since each of the re-
peated selections is coupled with an increased sequence diver-
sity due to the accumulation of PCR errors. Hence, it is
reasonable that the convergent point or advantage of SELEX
products is different from that of our single-selection products.
In terms of searching for the highest affinity aptamers, SELEX
would be more beneficial, while our method would be more
beneficial to find aptamers with diverse functions (see Fig. 3C as
the example). Our method can also be used as a part of SELEX
(see ‘Materials and Methods’ section).

Advantages of the single-round isolation method

The single-round isolation method (Figs 1 and 2) enabled us to
generate multiple RNA aptamers targeting two different pro-
teins, respectively (i.e. human a-thrombin and human TGFb1),
with different molecular sizes and physical properties (Fig. 3).
The a-thrombin (�60 kDa) has two cationic patches, which can
interact with nucleic acids nonspecifically. TGFb1 homodimer
(�25 kDa) does not have a nucleic-acid binding domain. In the
former case, nonspecific RNA-protein binding may hinder effi-
cient fractionation of aptamers. In the latter case, lack of a
strong ionic interaction as well as small protein size may cause
incomplete protection against RNase I digestion, via forming
unstable complexes with the RNA. Nevertheless, the fact that
we acquired aptamers with high and specific binding affinities
to both proteins, respectively, implies the robustness of this
method against physical chemical properties of target proteins.
We envision future applications of this method for acquiring

aptamers targeting membrane proteins, which have been be-
lieved to be difficult due to the molecular heterogeneity of a
membrane surface and the flexibility of the protein regions pro-
truded from the membrane [38].

To date, several single-round selection methods for obtain-
ing DNA aptamers have been reported, which utilize the techni-
ques/instruments of nonequilibrium capillary electrophoresis
[8], microfluidic selection [9], affinity chromatography [10],
AFM/fluorescence system [11], amylose resin-mediated selec-
tion coupled with HT-seq detection [12] and DNase I digestion
[7, 38, 39]. Notably, our method using known DNA carrier en-
abled overcoming the problem of isolating very small number of
molecules, which has continued to be a problem for those pre-
existing methods. For example, using the DNase I-mediated
single-round selection, Liu et al. [(7)] has selected �500 DNA spe-
cies (�20 atto grams) that bind to Hepatitis B virus core protein
out of 1016 DNA species that initially exist in a library used.
Although they succeeded in obtaining multiple aptamers with
high and specific affinity to the protein, their detection of
aptamers must have been limited by the quality of PCR amplifi-
cation of the selected library.

Our method has several advantages: (i) one can generate
both DNA and RNA aptamers based on this single method. To
the best of our knowledge, single-round selection has not been
achieved for RNA aptamers [38] except a HT-seq study using hu-
man genomic RNA pool as the initial library [40], because RNA is
not the direct template for PCR and thus is not effectively ampli-
fied. (ii) One can increase the sensitivity to detect aptamers by
simply increasing the number of sequencing reads, i.e. by en-
larging the searching space in the selected library. (iii) One does
not need specific instruments enhancing fractionations, spe-
cific assumptions and specific knowledge of bioinformatics.

Statistical evaluation of the structural properties
of aptamers

Using the sequence data obtained in this study, we investigated
a statistical difference between the sequences in the unselected
and selected pools. In particular, we attempted to find the
sequence–structure relationships specifically existing in the
RNA pool for the aptamer candidates. We sampled all 54
sequences from the thrombin aptamer pool (group 1), and 108
sequences from the two kinds of TGFb1 aptamer pools whose li-
braries were made with 10 pg and 100 pg of carrier DNA (group 2
and 3), respectively. These sequences sampled have the highest
frequencies of occurrence. We also randomly sampled 324

Table 4. Search for TGFb1 aptamers by HT-seq analysis

No. of
sequences

% Contents

641 483 100 Total sequencing reads (quality filter
passed and barcode identified).

521 411 81 Unique sequences of the total sequencing
reads.

19 133 3.0 Clustered sequences (edit distance � 6,
copy number � 2).

7215 1.1 Aptamer candidates (clustered sequences
6¼ carrier/artifact sequences, copy num-
ber � 3, sequence lengths ¼ 33–45
bases).

10pg carrier DNA was used for the library generation.

Table 5. Search for TGFb1 aptamers by HT-seq analysis

No. of
sequences

% Contents

543 803 100 Total sequencing reads (quality filter
passed and barcode identified).

446 788 82 Unique sequences of the total sequencing
reads.

15 287 2.8 Clustered sequences (edit distance � 6,
copy number � 2).

6119 1.1 Aptamer candidates (clustered sequences
6¼ carrier/artifact sequences, copy num-
ber � 3, sequence lengths ¼ 33–45
bases).

100pg carrier DNA was used for the library generation.
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sequences from the initial library as a control (group 4). Each of
these four groups is comprised of highly diverse sequences
(Supplementary Tables S4–S7). Using the RNA sequences in all
groups, we computed the minimum free energies (MFEs) of
the secondary structures and the related structural factors
by the RNAfold program (Supplementary Tables S4–S7) [41].
Interestingly, we observed that the average MFEs for the
aptamer groups are significantly higher than that for the initial
library (Fig. 4A, P< 0.001).

Similar to the groups 1, 2, and 3, we also sampled 74 sequences
from the pool of thrombin aptamer candidates and 125 sequences
from the pools of two kinds of TGFb1 aptamer candidates, all of
which were selected by the RNase I protection but were not
assigned as aptamers due to the lower frequencies of occurrence
of sequencing reads (Supplementary Tables S8–S10, all these
sequences have only one copy of sequencing read). Similarly, we
observed significantly higher average MFEs for the selected groups
than for the unselected initial library (Supplementary Fig. S5,
P< 0.01). Therefore, the higher average MFE of the secondary
structure is a common feature of the RNA sequence pools selected
by this method.

Note that there is no significant difference in the average
MFEs between the two TGFb1 aptamer groups 2 and 3 (Fig. 4A,
P¼ 0.7), even though no two share the same sequence. This
implies that the average MFEs will turn out to be the statistically
indistinguishable when the sequence (or structural) properties
of the two groups are the same.

These results suggest that the higher average MFE repre-
sents the primary structural signature of the averaged aptamer
candidate or otherwise it represents the presence of RNase
I digestion-resistant sequences. To distinguish between these
two possibilities, we digested random RNA sequence pools
(with or without 2’ F modification) using RNase I in the absence

of any proteins as we did for selecting target-binding RNA
sequences. This experiment should provide sequence pools
that are simply resistant to RNase I digestion. Interestingly, the
sequence pools obtained showed significantly lower average
MFEs compared to those of the initial library and any sequence
pools selected in the presence of target proteins (Fig. 4A, P< 1 �
10�9; Supplementary Tables S11–S14). Since a decrease in MFE
of the secondary structure can often be achieved by forming a
long stable stem–loop, this result is also consistent with the fact
that any RNA molecules with stably base-paired structures are
essentially insensitive to RNase I digestion [20]. Therefore, we
support the former possibility and presume that aptamers se-
lected for binding to target proteins tend to have the increased
diversity of a conformational ensemble in thermodynamic equi-
librium due to the higher MFE (i.e. the lack of the single thermo-
dynamically stable state).

Although the above-mentioned hypothesis was made based
on a limited number of samples< 103, a strikingly similar result
has been reported by NMR measurements that used much
larger sequence pools of the protein-targeting aptamer candi-
dates [42]. In particular, NMR imino proton signals of guanosine
and uridine residues contain information about base-pairing in
RNA molecules [43]. Hence, the imino proton signals are propor-
tional to the number of stably base-paired RNA molecules in an
RNA pool tested. Amano et al. [42] measured one-dimensional
imino proton NMR spectra of RNA pools during SELEX. They
compared imino proton signals of the RNA pools selected by 2–4
SELEX rounds with that of the initial RNA pool and found
significant reductions of the signals (at the chemical shift of
10–12 ppm) in the selected pools. In such selected pools, overall
target-binding affinity was increased but the high sequence di-
versity remained. Therefore, the result indicates that these sta-
bly base-paired structures that dominated the initial pool were

A B

Figure 4. Average structural property of the RNA pool selected for the target binding. (A) Aptamers have higher calculated MFEs of the secondary structures compared

to non-aptamers. Box plots of MFEs are shown with the mean values. Data for aptamers are obtained from selected sequence pools that were digested by RNase I in

the presence of thrombin (Tbn, n¼54) or TGFb1 [two different libraries using 10 pg (TGF10, n¼108) and 100 pg carrier DNA (TGF100, n¼108) are shown]. Data for control

groups are obtained from unselected sequence pools that were digested by RNase I in the absence of any proteins (2’ F-modified RNA, n¼9; 20 OH-unmodified RNA,

n¼143) and the initial library (IL, n¼ 324). The sequences of initial library are randomly chosen from the three non-selected libraries (n¼108 for each) that are indepen-

dently sequenced as described in ‘Materials and Methods’ section. Outliers are also plotted as individual points. P-values (*P < 1 � 10�3, **P < 1 � 10�5, ***P <1 � 10�9) of

two-tailed t-test are shown for pairs with statistically significant differences and for pairs with non-significant (n.s.) difference. (B) Model illustrating the structural dif-

ference between an average non-aptamer (top) and an average aptamer (bottom). In an average non-aptamer RNA (gray line), the conformation ensemble is dominated

by a single stable structure that has no capability for the target binding, therefore, the ensemble is not affected by the target protein. In an average aptamer (red line),

the conformation ensemble is not dominated by a single stable structure but can be biased toward a stable mode by binding to the target protein (blue rectangle).

Without the target protein, the shift from the unstable to stable mode of an aptamer is likely hindered by a high activation energy (data not shown). The free energy

difference (DG) in the presence or absence of the target protein is responsible for the stability of the complex.
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significantly reduced once selected for target-binding. The NMR
study also showed that the imino proton signal was increased
by the presence of the target protein in the selected RNA pool
[42], indicating the overall RNA structures in the pool were bi-
ased and stabilized by binding to the target protein.

Taking this information into consideration, we speculate
that the dynamic conformational equilibrium itself as well as
the bias of the conformational equilibrium toward stable states
upon binding to the target protein favors the RNA–aptamer–pro-
tein complex, thereby increasing the binding affinity of the
aptamer (Fig. 4B): in a typical RNA molecule, the conformational
ensemble appears to be dominated by a single low free energy
state, depriving it of the chance to be shifted to the target-
binding states by thermal fluctuations. In the typical selected
aptamer, the conformational ensemble appears not to be signif-
icantly constrained by such a thermodynamically stable sate,
and thus has more chances to be shifted to a state(s) to bind the
target. Upon biding to the target protein, the aptamer conforma-
tions can be biased to be lower overall free energy, stabilizing
the complex.

This statistical view of aptamer–target interactions is not
assigned to either induced fit or conformational selection model
that has been traditionally assumed, but may be described by
the hybrid of the two paradigmatic models as has been argued
before by McCluskey and Penedo [44]. This notion is also consis-
tent with an entropy dominated mechanism regulating DNA-
protein interactions, where the stability of DNA–protein com-
plex is determined by the overall free energy of the complex
rather than by the binding energy of a unique static state [45].
More specifically, the conformational (thermal) fluctuations of
DNA–protein complexes biased by DNA sequence repetitive ele-
ments [46] or by small molecule compounds [47] can signifi-
cantly affect the binding affinity, underlying the regulatory
mechanisms of transcription regulation [45, 48]. The effect of
the conformational fluctuations on the affinity has also been
discussed in RNA–protein interactions [49, 50].

Insight into binding affinity of aptamers

In general, aptamers can be created based on the concept of
‘binding affinity’ of nucleic acids for target molecules. While re-
cent progress of structural studies have revealed individual pic-
tures of aptamer–protein interactions [1, 23, 51], the molecular
fundamentals necessary for designing protein-targeting
aptamers remain poorly understood due to the presence of
uncertainties. Such obligatory uncertainties stem from the facts
that (i) unknown technical artifacts remained in these methods
used to select and identify aptamers, (ii) binding of aptamers to
the target molecules can in principle be stochastic rather than
deterministic, when the molecular copy number of each
aptamer is very small [52], (iii) a secondary structure of an
aptamer has a probability distribution [53], (iv) the sizes of
aptamers and the complexes with the target molecules ranges
approximately from 1 to 10 nm, so fluctuations of the structures
(i.e. conformational heterogeneity) are not negligible but are es-
sential for interactive functions [45]. (iii) and (iv) are related or
essentially the same. The role of conformational heterogeneity
on interaction of an RNA aptamer with Interleukin-17 hetero-
dimer has been suggested [54].

In order to design aptamers, the statistical evaluation of a
large number of aptamers would be a possible approach to ad-
dress such uncertainties. Although more detailed investigation
of effects of the RNase I digestion on the selected sequence pool
would be needed, we believe that this method has a potential to

enable such statistical evaluation. Therefore, our method would
deepen the understanding of nucleic-acid–protein interactions,
opening a window for an analytical design of protein-targeting
aptamers with desirable functions. Such an analytical approach
would also enhance the academic and industrial potentials in-
herent in single-stranded nucleic-acids.

Supplementary data

Supplementary data is available at BIOMAP online.
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