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RNA aptamers are RNA molecules that bind to a target molecule with high affinity and specificity using
uniquely-folded tertiary structures. RNA aptamers are selected from an RNA pool typically comprising
up to 10** different sequences generated by iterative steps of selection and amplification known as

. Systematic Evolution of Ligands by EXponential enrichment (SELEX). Over several rounds of SELEX,

. the diversity of the RNA pool decreases and the aptamers are enriched. Hence, monitoring of the

. enrichment of these RNA pools is critical for the successful selection of aptamers, and several methods

. for monitoring them have been developed. In this study, we measured one-dimensional imino proton
NMR spectra of RNA pools during SELEX. The spectrum of the initial RNA pool indicates that the RNAs

. adopt tertiary structures. The structural diversity of the RNA pools was shown to depend highly on

. the design of the primer-binding sequence. Furthermore, we demonstrate that enrichment of RNA
aptamers can be monitored using NMR. The RNA pools can be recovered from the NMR tube after
measurement of NMR spectra. We also can monitor target binding in the NMR tubes. Thus, we propose
using NMR to monitor the enrichment of structured aptamers during the SELEX process.

© Aptamers are nucleic acid molecules that are selected from large random sequence libraries (10'*-10'> unique/dif-
ferent sequences) based on their high affinity for target molecules by a process known as Systematic Evolution of
Ligands by EXponential enrichment (SELEX)'~®. Similar to antibodies, aptamers recognize a broad range of tar-
get molecules (e.g., nucleotides, cofactors, amino acids, peptides, polysaccharides, proteins, whole cells, viruses,
and single-celled organisms) with high affinity and specificity and hence are expected to serve as therapeutic
agents'*'2. Although antibodies are the most commonly used molecular tool for recognizing target molecules,
the use of aptamers has some advantages over antibodies, including greater thermal stability, lower immuno-
genicity, and greater ease of production'® !4,
SELEX for obtaining RNA aptamers comprises selection steps (target binding, separation of target-bound
RNAs from unbound RNAs) and amplification steps (reverse transcription, PCR amplification and transcription,
- and purification of selected RNAs). To obtain high affinity aptamers from random sequence libraries, the SELEX
. process should be repeated several times. Given that the selection conditions are critical to obtaining high-affinity
: aptamers and are dependent on the characteristics of target molecules, a great deal of time is spent on trial and
error to optimize the conditions. Thus, monitoring the progression of SELEX is important for allowing early
intervention and adjustment of the selection conditions.
: Various approaches for monitoring the SELEX process have been reported'®-3*. The most straightforward
: monitoring method involves the assessment of sequence enrichment in RNA pools, a technique made possible by
* the advent of high throughput sequencing (HTS) technology'>-*". However, HTS is expensive, and sample prepa-
. ration for HTS is time-consuming. Another effective way of monitoring is to assess the average affinity of the
RNA pools to the target molecule!®2*-*, Several such assessment methods are available, including surface plas-
mon resonance (SPR), the electrophoretic mobility shift assay (EMSA), and the filter-binding assay. Furthermore,
fluorescence-activated cell sorting (FACS) has recently been applied for monitoring the evolution of nucleic acid
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Figure 1. Schematic outline of NMR monitoring of the SELEX process. During each round of SELEX, imino
proton signals of RNA pools and RNA binding to target proteins are monitored by NMR and then subjected to
selection. Only 1 or 2 hours are required for measurement of the NMR spectra. The addition of target molecules
can be skipped.

pools****. However, SPR requires immobilization of the target molecules or RNA pools onto a sensor chip. To
conduct EMSA, the filter-binding assay and FACS, the RNA pools or target molecules must be labeled with tags
such as fluorophores or radioisotopes. Such immobilization and labeling are time consuming and sometimes
change the structure and binding properties of the RNA or target molecules. Therefore, an efficient, simple, and
rapid approach for monitoring RNA pool enrichment during SELEX is needed.

Nuclear magnetic resonance (NMR) spectroscopy is an excellent tool for analyzing the structures of RNA
molecules*~*!. Imino proton signals of the guanosine and uridine residues observed between 10 and 15 ppm
contain valuable information about base-pairing in the RNA molecule, as these signals are observable when the
imino protons are involved in hydrogen bonding or protected from exchange with the bulk solvent water*>-#4,
Thus, Watson-Crick base pairs (G-C and A-U), non-Watson-Crick base pairs (e.g., G-U or G-A), and G-quartets
are detectable by imino proton spectrum analysis of RNA. Given that RNA aptamers are known to adopt charac-
teristic conformations and recognize target molecules, imino proton spectra of RNA pools also can provide useful
information about the enrichment and structures of aptamers. Furthermore, one-dimensional (1D) imino proton
spectra of RNA pools can be measured in just 1 hour, without immobilization or labeling. As shown in Fig. 1,
imino proton spectra of RNA pools can be measured after transcription and purification without any additional
preparation for NMR measurement; RNA pools then can be recovered from the NMR tubes and directly used
for selection.

In a previous study, we obtained high-affinity RNA aptamers against the AML1 Runt domain (RD) after 8
rounds of SELEX*. To evaluate NMR monitoring for the enrichment of RNA aptamers during the SELEX pro-
cess, we measured 1D imino proton spectra of the RNA pools obtained in our previous study. Furthermore, we
measured the NMR spectra of initial RNA pools that were obtained using the other primer-binding sequence sets
to compare with that of the previous study. Here we propose the use of NMR to monitor changes in the RNA pool
composition and the enrichment of structured aptamers during SELEX.

Results

Comparison of 1D imino proton spectra of RNA pools during SELEX.  To evaluate NMR monitoring
during SELEX, we measured 1D imino proton spectra of the initial RNA pool (OR) and RNA pools from the 1*
to 8" round (1R-8R) of SELEX against RD (Fig. 2a). Numerous signals were observed in the spectrum of the OR
RNA pool, indicating that this pool included a large number of structured RNAs. Although no large change in the
NMR spectra was observed over 8 rounds of SELEX, some signals did change; such a change was clearly seen at
10-12 ppm (Supplementary Fig. S1a). Signals al and a2 at 10-12 ppm disappeared after the first round of SELEX,
and new signals a3, a4, and a5 appeared at 10-12 ppm after 5R of SELEX. Furthermore, intensities of the signals
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Figure 2. 1D imino proton spectra of RNA pools in the absence and presence of RD. 1D imino proton spectra
of 0-8R RNA pools of SELEX in the absence (a) and presence (b) of RD.

a3, a4, and a5 were decreased and those of new signals a6 and a7 were increased over rounds 5R to 8R. These
signals at 10-12 ppm indicate the presence of RNAs forming non-Watson-Crick base pairs in the RNA pools.

As a control experiment, we performed Neutral SELEX, which skips the selection steps, and measured the
imino proton spectra of the RNA pools (Supplementary Fig. S2). Comparison of these imino proton spectra
shows little change through 8 rounds of Neutral SELEX, indicating that changes in the imino proton spectra were
caused by the SELEX selection steps.

Next, we added RD to the RNA pools and concentrated the samples using ultrafiltration membranes. However,
the NMR sample for the OR RNA pool with RD could not be prepared due to aggregation of free RD. Thus,
we measured the 1D imino proton spectra of RNA pools 1-8R in the presence of RD (Fig. 2b) and compared
the spectra between without and with RD (Supplementary Fig. S3). Comparison of the spectra for RNA pools
1-3R shows that the imino proton signals did not change upon addition of RD. However, in the case of the 4R
RNA pool, new signals bl and b2 were observed at 10.5-12 ppm upon addition of RD (Supplementary Fig. S1b).
Furthermore, in the spectra of the 5-8R RNA pools, these signals changed dramatically upon addition of RD.
These results suggest that minor aptamer enrichment begins at 4R, with marked enrichment at 5-8R.

SPR analysis of RD binding of RNA pools. We examined the affinity of the RNA pools using SPR. The
0-3R RNA pools showed no affinity for RD, while the 4R pools showed slight affinity and the 5-8R pools showed
significant affinity (Fig. 3). This result is consistent with the NMR data showing that imino proton signals at
10-12 ppm in the presence of RD appeared at 4R and changed markedly at 5-8R (Fig. 2b).

HTS analysis of RNA pools during SELEX. HTS analysis was performed on the 0-8R RNA pools.
Sequencing reads were sorted into sets by barcode sequence and processed based on the primer-binding
sequences, resulting in the final sequencing reads for each round (0R; 36,504 clones; 1R, 11,543 clones; 2R, 33,699
clones; 3R, 16,711 clones; 4R, 25,869 clones; 5R, 40,904 clones; 6R, 18,489 clones; 7R, 49,037 clones; and 8R, 6,820
clones) (Fig. 4). Sequences were aligned and ranked by fraction of the total (% of RNA sequence reads).

HTS data were compared with the sequences of the 36 clones in the 8R RNA pool that were determined
using the capillary sequencing method*. The fractions of each aptamer were determined as follows: S1, 27.8%;
S$2,22.2%; S3, 16.7%. The predicted secondary structure and dissociation constant of the aptamers are shown in
Supplementary Fig. S4. The HTS data for this pool revealed similar aptamer fractions (S1, 26.7%; S2, 18.2%; S3,
7.2%). In the HTS data of early rounds, aptamers S1, S2, and S3 were not detected in the 0-2R RNA pools, and
only one sequence of S2 was read out from the 3R RNA pool, indicating that the total number of sequences in
pools 0-3R was greater than that of the total sequencing reads. S2 was slightly enriched (4.7%) at 4R. At 5R, S2
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Figure 3. SPR analysis of the affinity of RNA pools from SELEX. SPR sensorgrams of interactions between RD
and 0-8R RNA pools during SELEX. Sensorgrams of 0-8R pools are shown in black, gray, yellow, light green,
green, cyan, blue, magenta, and red, respectively. Final concentration of RD was 10 nM.
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Figure 4. The fraction of S1, S2, and S3 in the sequencing reads from 0-8R RNA pools from SELEX. Total
counts are the numbers of total reads obtained by HTS. S1, S2, 3, and others are shown in red, blue, orange, and
gray bars, respectively.

was markedly enriched (57.2%), whereas the frequencies of S1 and S3 were extremely low (less than 1%). Through
6R and 7R, the fraction of S2 decreased, whereas that of S1 and S3 increased. Finally, the fraction of S1 increased
over that of S2 at 8R. This HTS result is consistent with the NMR data showing that imino proton signals at
10-12 ppm in the absence of RD appeared at 5R and gradually changed from 6R through 8R.

Comparison of imino proton spectra between RNA pools and the isolated aptamers. We
focused on the aptamers S1 and S2, which were sufficiently abundant to observe them in the pool, although other
aptamers that showed higher affinity to RD than these two aptamers were obtained in a previous study*. Given
that HTS data revealed that the fraction of S1 and S2 was high at 5-8R, we prepared isolated S1 and S2 aptamers
and compared the imino proton spectra of 5-8R RNA pools with those of S1 and S2 (Fig. 5). The spectra of the
isolated S1 and S2 changed with signals broadening upon RD binding (Supplementary Fig. S5). In the absence of
RD (Fig. 5a), the signals at approximately 10.3, 11.1, and 12.1 ppm observed in the spectrum of S1 were similar to
those observed for the 8R RNA pool. These signals could not be clearly identified at 5-7R because of the low con-
tent of S1. On the other hand, the signals at approximately 10.5, 10.9, 11.2, and 12.0 ppm observed for S2 were also
observed in the spectra of 5-7R. In the presence of RD (Fig. 5b), the signals at approximately 11.7 and 12.1 ppm
observed in the spectrum of S1 were also observed for the 8R RNA pool. The signals at approximately 10.8 and
12.0 ppm observed for S2 were also observed in the spectra of 5-7R. Furthermore, the signals at approximately
10.5 and 12.0 ppm observed for both S1 and S2 were also observed in the spectra of 5-7R. Thus, the NMR spectra
of the RNA pools reflect the fraction of RNA aptamers in the RNA pools.

Effect of primer-binding sequence on NMR spectra of RNA pools.  To determine whether the NMR
spectrum of the OR RNA pool was derived from the primer-binding sequence, we predicted the secondary struc-
ture of the OR RNA pool using vs_subopt*®#’. Although a short stem containing a bulged A residue was predicted,
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Figure 5. Comparison of 1D imino proton spectra between RNA pools from SELEX, S1, and S2. Comparison
of 1D imino proton spectra of 5-8R RNA pools with those of S1 (red) and S2 (blue) in the absence (a) and
presence (b) of RD. Red and blue lines indicate discriminative imino proton signals of S1 and S2, respectively;
gray lines indicate those common to both S1 and S2.

a stable stem structure cannot form at the primer-binding sequences (Supplementary Fig. S6a). Next, we prepared
RNA containing only primer-binding sequences, with no 40-nucleotide random sequences (Supplementary
Fig. S6b), and measured the 1D imino proton spectrum (Supplementary Fig. S6d). The imino proton spectra
were quite similar between the OR RNA pool and the primer-binding sequence RNA, although some signals of the
primer-binding sequence RNA were weaker than those of the 0OR RNA pool. Differences between the two spectra
might arise from structural differences of the primer-binding region between the OR RNA and the primer-binding
sequence RNA, which is constructed by directly conjugating primer-binding sequences. However, the similarity
of the two spectra indicated that the NMR spectrum of the OR RNA pool was derived from the primer-binding
sequence. We prepared a pool of poly (A-U) RNAs containing a 40-nucleotide random sequence flanked by an
A- or U-rich sequence for primer binding (Supplementary Fig. S6¢) and measured the imino proton spectrum of
the RNA pool (Supplementary Fig. S6d). A large signal that is typical of A-U base pairs was observed at 13.5 ppm.
Other signals were barely visible. Furthermore, to confirm the primer-binding sequence dependence of the spec-
tra of OR RNA pools, we measured the imino proton spectra of the other OR pools (RNA pools_2, 3, and 4), which
contain different primer-binding sequences (Supplementary Fig. S7). These spectra were significantly different
among them. Therefore, comparison of these spectra shows that the spectrum of the random RNA pool is signif-
icantly affected by the primer-binding sequences.

Discussion

Imino proton signals of Watson-Crick base pairs and non-Watson-Crick base pairs typically are observed at
12-15ppm and 10-12 ppm, respectively. Thus, the NMR results indicate that aptamers S1 and S2 form both
Watson-Crick base pairs and non-Watson-Crick base pairs. According to the computational prediction of sec-
ondary structure, the aptamers contain stem and loop structures (Supplementary Fig. S4), suggesting that the
loop regions of S1 and S2 should adopt characteristic conformations containing non-Watson-Crick base pairs.
These characteristic conformations might be important for the specific binding of the aptamers to RD.

The OR RNA pool spectrum showed multiple imino proton signals, although secondary structure prediction
showed that the primer-binding sequences do not adopt stable structure by themselves (Supplementary Fig. S6).
The imino proton spectra were quite similar between the 0OR RNA pool and primer-binding sequence RNA, indi-
cating that the NMR spectrum of the 0OR RNA pool was derived from the primer-binding sequence. In contrast,
no signals were observed from 40-nucleotide random sequences, as the primer-binding sequences were designed
to adopt stem structures in the poly (A-U) RNA pool, suggesting that the structural diversity in the poly (A-U)
RNA pool would hardly be affected by the primer-binding sequences. However, the use of a poly (A-U) RNA pool
is not practicable to SELEX because of the low efficiency of the amplification step. Furthermore, the spectra of
the RNA pools_2, 3, and 4 containing the other primer-binding sequence sets were significantly different among
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them (Supplementary Fig. S7). These results indicate that the design of the primer-binding sequence affects struc-
tural diversity in the initial RNA pool, which would be important for success in SELEX experiments. Further
investigation of the influence of primer-binding sequence on the structural diversity of the RNA pool using NMR
would enhance the optimization of SELEX efficiency. In previous studies, randomized oligonucleotide libraries
with no primer-binding sequences were used for SELEX (“Tailored-SELEX”)*%. Tailored-SELEX can remove
the bias of the primer-binding sequence, although it is time-consuming because the primer-binding sequences
are ligated to the pool after the selection step.

The spectrum of the initial RNA pool (OR) without RD reveals imino proton signals at 10-12 ppm, which
disappeared in the spectrum of the 1R RNA pool (Fig. 2a). This change in the NMR spectrum indicates that the
population of RNA molecules that form non-Watson-Crick base pairs decreased, although the reason for the
dwindling of such RNA molecules is unknown. New imino proton signals appeared in the 10-12 ppm region in
the spectrum of the 5R RNA pool; these signals changed over the course of 6R through 8R (Fig. 2a). Similarly, the
imino proton signals in the 10.5-12 ppm region appeared at 4R in the RNA pool with RD; these signals changed
over the course of 5R through 8R (Fig. 2b). In parallel, the binding affinity and the RNA pool composition also
changed dramatically at 5R (Figs 3 and 4). Furthermore, comparison of the signals at 10-12 ppm in the spectra of
the 5-8R RNA pools with those of S1 and S2, which were highly enriched in 5-8R, reveals that the NMR spectra
of RNA pools reflects the degree of RNA aptamer enrichment. As noted above, the NMR data are consistent
with the SPR and HTS data. Therefore, these data suggest that NMR is suitable for monitoring the enrichment of
aptamers in RNA pools during the SELEX process.

The fraction of S2 gradually decreased from 5R to 8R, whereas that of S1 incrementally increased and exceeded
that of S2 at 8R, even though S2 showed higher binding affinity than S1 (Supplementary Fig. S4). Although this
RNA composition change could not be explained by the NMR and HTS data, one possible explanation is bias in
the efficiency of transcription or reverse-transcription PCR in SELEX?. The sequence of S1 might be more suita-
ble than S2 for amplification in the SELEX process.

SPR is more useful for our goals than NMR, because we perform SELEX to obtain high-affinity aptamers.
However, even with the use of NMR, binding of RNA pools to target molecules could be monitored by simply
adding target molecules to the NMR tube (Fig. 2b, Supplementary Fig. S1b and S3). In this study, we could not
add concentrated RD directly but instead added it using ultrafiltration membranes. Changes in the imino proton
spectra of free RNA pools, in the absence of target molecules, provides information about the enrichment of the
structured RNA aptamers (Fig. 2a and Supplementary Fig. S1a). Thus, the addition of target molecules can be
avoided if they are valuable. HTS is more informative than NMR with respect to sequence enrichment moni-
toring, as HTS provides detailed sequence information. However, NMR provides structural information about
the RNA pool. Many aptamers adopt a G-quadruplex conformation®’. NMR monitoring would be suitable for
detecting G-quadruplexes because unique imino proton signals can be observed at 10-12 ppm®?->. Finally, the
most important point we would like to emphasize is that NMR monitoring is simple and fast. While SPR and HTS
require 2-3 days for sample preparation and 1 day for measurement, a 1D imino proton spectrum can be meas-
ured within 1 or 2hours without extra sample preparation. After the RNA pools are transcribed and purified, they
can be injected into NMR tubes. After NMR measurement, RNA pools can be recovered from the NMR tubes
and directly used for selection. A recently-proposed method known as INTT** involves the transcription of RNAs
in an NMR tube, followed by NMR measurement without RNA purification. Combining INTT with SELEX
might enhance the rapid screening of aptamers. As described here, NMR is useful for monitoring the enrichment
of aptamers in RNA pools during SELEX. Although the NMR spectra would be different for different SELEX
experiments, the new imino proton signals of RNA aptamers will appear whenever the aptamers are enriched.
Furthermore, the change in the imino proton spectra upon target protein binding would be more clearly differen-
tiated between the aptamer-enriched and -non-enriched pools. Thus, we would confirm aptamers enrichment by
monitoring the change in the NMR spectra for a new SELEX experiment. Furthermore, NMR monitoring could
be useful for DNA aptamers, enabling imino proton signals to be observed for structured DNAs. We believe that
NMR monitoring accelerates the discovery and identification of high-quality aptamers.

Methods
Neutral SELEX. Asa control experiment, SELEX was performed as described previously* except that the
selection step was omitted, a procedure referred to as “Neutral SELEX”'5.

Sample preparation. RNA pools and aptamers (S1 and S2) were prepared as
described previously*s. The poly (A-U) RNA pool was prepared using a DNA template
(5'-CGGAAAAAAAAAAAAAAAAAAAAG-4ON-ATTTTTTTTTTTTTTTTTTTTCCCTATA
GTGAGTCGTATTA-3’; the T7 promoter sequence is underlined, and 40N represents 40 nucleotides (nt) of
random sequence and primers (Fwdl; 5-TAATACGACTCACTATAGGGAAAAAAAAAAAAAAAAAAAAT
-3’ and Revl; 5'-CGGAAAAAAAAAAAAAAAAAAAAG-3') (Hokkaido System Science
Co., Ltd, Sapporo, Japan). The RNA pools 2, 3, and 4 were prepared using a DNA template
(5"-CAAGGAGCGACCAGAGG-N40-TGGCATCCTTCAGCCCTATAGTGAGTCGTATTA-3/,
5'-GGGTGTTAGCTGTTAGTATC-N40-GGTACGATCAGCTAGCCCTATAGTGAGTCGTATTA-3/,
and 5'-AGATGGCACGACTCGG-N40-TGGCATCCTTCAGCCCTATAGTGAGTCGTATTA-3/,
respectively) and primers (Fwd2, 3, and 4; 5'-TAATACGACTCACTATAGGGCTGAAGGATGCCA
-3/, 5'-TAATACGACTCACTATAGGGCTAGCTGATCGTACC-3’ and
5'"-TAATACGACTCACTATAGGGCTGAAGGATGCCA-3', and Rev2, 3, and 4:
5'-CAAGGAGCGACCAGAGG-3/,5-GGGTGTTAGCTGTTAGTATC-3/, and 5'-AGATGGCACGACTCGG-3/,
respectively). All RNA samples, including the RNA pools, were purified by phenol/chloroform extraction, ethanol
precipitation, and gel filtration using Micro Bio-Spin columns P-30 (Bio-Rad, Hercules, CA, USA). AMLI-RD
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was prepared as described previously*. All RNA samples were annealed by heating at 95 °C for 5 min followed by
snap-cooling on ice and dissolving in NMR buffer (20 mM sodium phosphate, pH 6.5) containing 300 mM potas-
sium chloride, 2 mM magnesium chloride, and 5% D,O. The final concentration of all RNA samples was 0.1 mM.
Following NMR measurements, RNA samples recovered from the NMR tubes (Shigemi, Tokyo, Japan) were
mixed with purified RD. Subsequently, the mixtures were dissolved in NMR buffer containing 1 mM deuterated
DTT and then concentrated to 0.05 mM using filtration membranes with a molecular weight cut-off of 3000-5000
(e.g., Vivaspin 2 from Sartorius AG, Gottingen, Germany).

NMR spectroscopy. NMR spectra were measured using Bruker AVANCE 600 spectrometers (Bruker
Biospin, Billerica, MA, USA). 1D imino proton spectra were recorded using the jump-and-return scheme for
water suppression at probe temperatures of 298 K>, A total of 1024 scans were made (approximately 45 min).
NMR data were processed using the software Topspin 3.5 (Bruker Biospin).

Surface plasmon resonance (SPR) experiment. SPR experiments were performed as described previ-
ously using a BIAcore X instrument (GE Healthcare, Sunnyvale, CA, USA)*»%6. RD was dissolved in SPR buffer
(20 mM sodium phosphate [pH 6.5], 2mM magnesium acetate, 0.1% Tween 20, and 1 mM DTT, containing
300 mM potassium acetate) at a concentration of 10 nM.

High-throughput sequencing (HTS). HTS was performed using an Ion PGM sequencer
(Life Technologies, Carlsbad, CA, USA). The cDNAs from each round of SELEX were ampli-
fied by PCR with Ex Taq polymerase (TaKaRa, Shiga, Japan) using specific fusion prim-
ers (T7fwd, 5'-CCATCTCATCCCTGCGTGTCTCCGACTCAGC-Barcode-Barcode
Adaptor-TAATACGACTCACTATAG-3’; and Rev5, 5'-CCTCTCTATGGGCAGTCGGTGAT-
CTCTCATGTCGGCCGTTA-3’) as recommended by Life Technologies, followed by Exonuclease I treatment
(New England BioLabs, Medford, MA, USA). The PCR products were purified by phenol/chloroform extrac-
tion and then precipitated with ethanol. The 1.3 amol of each products (1.2 L of 1.1 pM products) was mixed
and then amplified by clonal emulsion PCR using an Ion PGM Template OT2 200 kit (Life Technologies) fol-
lowed by generation and enrichment of template-positive Ion Sphere particles, using an Ion OneTouch 2 and Ion
OneTouch ES System (Life Technologies) according to the manufacturer’s instructions. HT'S was performed using
an Jon PGM Sequencing 200 Kit v2 and an Ion 314 Chip. The resulting HTS data were uploaded to the ITon PGM
Torrent Server to process base calling and evaluate the sequence quality. The acceptance criterion was a quality
score >Q20 (99% sequence accuracy). Sequence clustering was conducted using the Aptamer Clustering 2.0
software (Life Technologies) as follows. In brief, the nucleotide sequences carrying the intact primer sequences
were extracted and clustered by identity of the randomized 40-nucleotide region. Both extremely short and long
sequences, such as the primer dimers and unexpectedly-generated longer PCR products, were excluded from
the clustering. The cut-off values for minimum and maximum nucleotide lengths of the randomized sequence
region for inclusion in clustering were 30 nt and 50 nt, respectively. The isolated sequences were processed using
Microsoft Excel.

References
1. Ellington, A. D. & Szostak, J. In vitro selection of RNA molecules that bind specific ligands. Nature 346, 818-822 (1990).
2. Robertson, D. L. & Joyce, G. F. Selection in vitro of an RNA enzyme that specifically cleaves single-stranded-DNA. Nature 344,
467-468 (1990).
3. Tuerk, C. & Gold, L. Systematic evolution of ligands by exponential enrichment-RNA ligands to bacteriophage-T4 DNA-
polymerase. Science 249, 505-510 (1990).
4. Stoltenburg, R., Reinemann, C. & Strehlitz, B. SELEX-A (r)evolutionary method to generate high-affinity nucleic acid ligands.
Biomol Eng. 24, 381-403 (2007).
5. Szeitner, Z., Andras, J., Gyurcsanyi, R. E. & Mészéros, T. Is less more? Lessons from aptamer selection strategies. ] Pharm Biomed
Anal. 101, 58-65 (2014).
6. Ozer, A., Pagano, J. M. & Lis, J. T. New Technologies Provide Quantum Changes in the Scale, Speed, and Success of SELEX Methods
and Aptamer Characterization. Mol Ther Nucleic Acids. 3, €183 (2014).
7. Ohuchi, S. P, Ikawa, Y. & Nakamura, Y. Selection of a novel class of RNA-RNA interaction motifs based on the ligase ribozyme with
defined modular architecture. Nucleic Acids Res. 36, 3600-3607 (2008).
8. Suzuki, H., Umekage, S., Tanaka, T. & Kikuchi, Y. Artificial RNA aptamer production by the marine bacterium Rhodovulum
sulfidophilum: improvement of the aptamer yield using a mutated transcriptional promoter. ] Biosci Bioeng. 112, 458-461 (2011).
9. Punnarak, P. et al. RNA aptamers inhibit the growth of the fish pathogen viral hemorrhagic septicemia virus (VHSV). Mar
Biotechnol (NY). 14, 752-61 (2012).
10. Kato, K. et al. Structural basis for specific inhibition of Autotaxin by a DNA aptamer. Nat Struct Mol Biol. 23, 395-401 (2016).
11. Jin, L., Nonaka, Y., Miyakawa, S., Fujiwara, M. & Nakamura, Y. Dual Therapeutic Action of a Neutralizing Anti-FGF2 Aptamer in
Bone Disease and Bone Cancer Pain. Mol Ther. doi:10.1038/mt.2016.158 (2016).
12. Mondragén, E. & Maher, L. J. 3rd Anti-Transcription Factor RNA Aptamers as Potential Therapeutics. Nucleic Acid Ther. 26,29-43
(2016).
13. Que-Gewirth, N. S. & Sullenger, B. A. Gene therapy progress and prospects: RNA aptamaer. Gene Therapy 14, 283-291 (2007).
14. Keefe, A. D., Pai, S. & Ellington, A. D. Aptamers as therapeutics. Drug discovery 9, 537-548 (2010).
15. Zimmermann, B., Gesell, T., Chen, D., Lorenz, C. & Schroeder, R. Monitoring genomic sequences during SELEX using high-
throughput sequencing: neutral SELEX. PLoS One 5, €9169 (2010).
16. Spiga, F M., Maietta, P. & Guiducci, C. More DNA-Aptamers for Small Drugs: A Capture-SELEX Coupled with Surface Plasmon
Resonance and High-Throughput Sequencing. ACS Comb Sci. 17, 326-333 (2015).
17. Gu, G., Wang, T., Yang, Y., Xu, X. & Wang, J. An improved SELEX-Seq strategy for characterizing DNA-binding specificity of
transcription factor: NF-kB as an example. PLoS One 8, €76109 (2013).
18. Dupont, D. M, Larsen, N, Jensen, J. K., Andreasen, P. A. & Kjems, J. Characterisation of aptamer-target interactions by branched
selection and high-throughput sequencing of SELEX pools. Nucleic Acids Res. 43, 139 (2015).
19. Takahashi, M. et al. High throughput sequencing analysis of RNA libraries reveals the influences of initial library and PCR methods
on SELEX efficiency. Sci Rep 6, 33697, d0i:10.1038/srep33697 (2016).

SCIENTIFICREPORTS|7:283 | DOI:10.1038/s41598-017-00273-x 7


http://dx.doi.org/10.1038/mt.2016.158
http://dx.doi.org/10.1038/srep33697

www.nature.com/scientificreports/

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
34.

35.
36.

37.
. Lee, ]. H. et al. A therapeutic aptamer inhibits angiogenesis by specifically targeting the heparin binding domain of VEGF165. Proc

39.
40.

41.
42.

43.
44,
45.
46.
47.
48.
49.
50.

51.

52

54.

55.

56.

Ditzler, M. A. et al. High-throughput sequence analysis reveals structural diversity and improved potency among RNA inhibitors of
HIV reverse transcriptase. Nucleic Acids Res. 41, 1873-1884 (2013).

Vanbrabant, J., Leirs, K., Vanschoenbeek, K., Lammertyn, J. & Michiels, L. reMelting curve analysis as a tool for enrichment
monitoring in the SELEX process. Analyst. 139, 589-595 (2014).

Miiller, J., El-Maarri, O., Oldenburg, J., Pétzsch, B. & Mayer, G. Monitoring the progression of the in vitro selection of nucleic acid
aptamers by denaturing high-performance liquid chromatography. Anal Bioanal Chem. 390, 1033-1037 (2008).

Misono, T. S. & Kumar, P. K. Selection of RNA aptamers against human influenza virus hemagglutinin using surface plasmon
resonance. Anal Biochem. 342, 312-317 (2005).

Horii, K., Omi, K., Yoshida, Y., Imai, Y., Sakai, N., Oka, A., Masuda, H., Furuichi, M., Tanimoto, T. & Waga, I. Development of a
sphingosylphosphorylcholine detection system using RNA aptamers. Molecules. 15, 5742-5755 (2010).

Yoshida, W. et al. Selection of DNA aptamers against insulin and construction of an aptameric enzyme subunit for insulin sensing.
Biosens Bioelectron. 24, 1116-1120 (2009).

Wang, C., Yang, G., Luo, Z. & Ding, H. In vitro selection of high-affinity DNA aptamers for streptavidin. Acta Biochim Biophys Sin.
41, 335-340 (2009).

Cao, X. et al. Combining use of a panel of ssDNA aptamers in the detection of Staphylococcus aureus. Nucleic Acids Res. 37,
4621-4628 (2009).

Dausse, E. et al. HAPIscreen, a method for high-throughput aptamer identification. ] Nanobiotechnology. 9, doi:10.1186/1477-3155-
9-25 (2011).

Mencin, N. et al. Optimization of SELEX: comparison of different methods for monitoring the progress of in vitro selection of
aptamers. ] Pharm Biomed Anal. 91, 151-159 (2014).

Yufa, R. et al. Emulsion PCR significantly improves nonequilibrium capillary electrophoresis of equilibrium mixtures-based aptamer
selection: allowing for efficient and rapid selection of aptamer to unmodified ABH2 protein. Anal Chem. 87, 1411-1419 (2015).
Ohuchi, S. P, Shibuya, M. & Nakamura, Y. The RNA aptamer inhibiting human vesicular endothelial growth factor receptor 1
without affecting cytokine binding. Biochemistry. 53, 2274-2279 (2013).

Wang, J. et al. Particle Display: A Quantitative Screening Method for Generating High- Affinity Aptamers. Angew. Chem. 126,
4896-4901 (2014).

Qu, H. et al. Rapid and Label-Free Strategy to Isolate Aptamers for Metal Ions. ACS Nano. 10, 7558-7565 (2016).

Okui, S. & Kawai, G. In NMR tube transcription for rapid screening of RNA conformation. Nucleosides Nucleotides Nucleic Acids.
34,103-113 (2015).

Helmling, C. et al. Rapid NMR screening of RNA secondary structure and binding. ] Biomol NMR. 63, 67-76 (2015).

Nomura, Y. et al. Solution structure of a DNA mimicking motif of an RNA aptamer against transcription factor AML1 Runt domain.
J. Biochem. 154, 513-519 (2013).

Varani, G., Aboul-ela, F. H.-T. & Allain, F. NMR investigation of RNA structure. Prog Nucl Magn Reson Spectrosc. 29, 51-127 (1996).

Natl Acad Sci USA 102, 18902-18907 (2005).

Lee, J. H., Jucker, F. & Pardi, A. Imino proton exchange rates imply an induced-fit binding mechanism for the VEGF165-targeting
aptamer, Macugen. FEBS Lett. 582, 1835-1839 (2008).

Zhang, Q., Kang, M., Peterson, R. D. & Feigon, . Comparison of solution and crystal structures of preQ1 riboswitch reveals calcium-
induced changes in conformation and dynamics. ] Am Chem Soc. 133, 5190-5193 (2011).

Eichhorn, C. D., Kang, M. & Feigon, J. Structure and function of preQ1 riboswitches. Biochim Biophys Acta 1839, 939-950 (2014).
Kearns, D. R,, Patel, D. J. & Shulman, R. G. High resolution nuclear magnetic resonance studies of hydrogen bonded protons of
tRNA in water. Nature. 229, 338-339 (1971).

Schimmel, P. R. & Redfield, A. G. Transfer RNA in Solution: Selected Topics. Annu Rev Biophys Bioeng. 9, 181-221 (1980).

Reid, B. R. NMR studies on RNA structure and dynamics. Annu Rev Biochem. 50, 969-996 (1981).

Amano, R. et al. Kinetic and Thermodynamic Analyses of Interaction between a High- Affinity RNA Aptamer and its Target Protein.
Biochemistry 55, 6221-6229 (2016).

Dawson, W., Fujiwara, K., Futamura, Y., Yamamoto, K. & Kawai, G. A method for finding optimal RNA secondary structures using
a new entropy model (vsfold). Nucleosides Nucleotides Nucl. Acids 25, 171-189 (2006).

Dawson, W., Takai, T, Ito, I., Shimizu, K. & Kawai, G. A new entropy model for RNA: part I1I, Is the folding free energy landscape
of RNA funnel shaped? Journal of Nucleic Acids Investigation 5, 2652 (2014).

Vater, A., Jarosch, F, Buchner, K. & Klussmann, S. Short bioactive Spiegelmers to migraine-associated calcitonin gene-related
peptide rapidly identified by a novel approach: Tailored-SELEX. Nucleic Acids Res. 31, €130 (2003).

Jarosch, E, Buchner, K. & Klussmann, S. In vitro selection using a dual RNA library that allows primerless selection. Nucleic Acids
Res. 34, 86 (2006).

Tsuji, S. et al. Effective isolation of RNA aptamer through suppression of PCR bias. Biochem Biophys Res Commun. 386, 223-226
(2009).

Gelinas, A. D., Davies, D. R. & Janjic, N. Embracing proteins: structural themes in aptamer-protein complexes. Curr Opin Struct Biol.
36,122-132(2016).

. Mashima, T. et al. Anti-prion activity of an RNA aptamer and its structural basis. Nucleic Acids Res. 41, 1355-1362 (2013).
. Yamaoki, Y., Nagata, T., Mashima, T. & Katahira, M. K(4)-Responsive off-to-on switching of hammerhead ribozyme through dual

G-quadruplex formation requiring no heating and cooling treatment. Biochem Biophys Res Commun. 468, 27-31 (2015).

Fujii, T, Podbevsek, P, Plavec, J. & Sugimoto, N. Effects of metal ions and cosolutes on G-quadruplex topology. ] Inorg Biochem. 166,
190-198 (2017).

Sklenar, V. & Bax, A. Spin-echo water suppression for thegeneration of pure-phase two-dimensional NMR spectra. ] Magn Reson 74,
469-479 (1987).

Fukunaga, J. et al. The Runt domain of AML1 (RUNX1) binds a sequence-conserved RNA motif that mimics a DNA element. RNA
19,927-936 (2013).

Acknowledgements

This study was supported by research grants from the Strategic Research Foundation Grant-aided Project
for Private Universities (Number S1101001) from The Ministry of Education, Culture, Sports, Science and
Technology (MEXT) of Japan.

Author Contributions

T.S. designed and supervised the experiments. R.A., K.A., and S.M. performed the experiments and collected
and analyzed the data. R.A. and T.S. wrote the manuscript. Y.N., T.K., and G.K. contributed to data analysis. All
authors reviewed the manuscript.

SCIENTIFICREPORTS|7:283 | DOI:10.1038/s41598-017-00273-x 8


http://dx.doi.org/10.1186/1477-3155-9-25
http://dx.doi.org/10.1186/1477-3155-9-25

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-00273-x

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS|7:283 | DOI:10.1038/s41598-017-00273-x 9


http://dx.doi.org/10.1038/s41598-017-00273-x
http://creativecommons.org/licenses/by/4.0/

	NMR monitoring of the SELEX process to confirm enrichment of structured RNA

	Results

	Comparison of 1D imino proton spectra of RNA pools during SELEX. 
	SPR analysis of RD binding of RNA pools. 
	HTS analysis of RNA pools during SELEX. 
	Comparison of imino proton spectra between RNA pools and the isolated aptamers. 
	Effect of primer-binding sequence on NMR spectra of RNA pools. 

	Discussion

	Methods

	Neutral SELEX. 
	Sample preparation. 
	NMR spectroscopy. 
	Surface plasmon resonance (SPR) experiment. 
	High-throughput sequencing (HTS). 

	Acknowledgements

	Figure 1 Schematic outline of NMR monitoring of the SELEX process.
	Figure 2 1D imino proton spectra of RNA pools in the absence and presence of RD.
	Figure 3 SPR analysis of the affinity of RNA pools from SELEX.
	Figure 4 The fraction of S1, S2, and S3 in the sequencing reads from 0–8R RNA pools from SELEX.
	Figure 5 Comparison of 1D imino proton spectra between RNA pools from SELEX, S1, and S2.




