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Table 3. PCR-amplified DNA fragments used for yeast gene disruptions and plasmid constructions.

Primer
Amplified DNA fragments Relevant genetic descriptions Template DNAs pairs
5'STE2-URA3 80-bp STE2-5 flanking region and URA3 pRS406 1
5'88T2- URAS3 80-bp SST2-5' flanking region and URA3 pRS406 2
5'FARI- URA3 80-bp FARI-5 flanking region and URA3 pR8406 3
hrSTE2-3 STE2 40-bp STE2-5' flanking region and 1-kbp STE2-3' flanking BY4741 genomic DNA 4
region
hrSS8T2-3'SST2 40-bp SST2-5' flanking region and 1-kbp S§ST2-3 flanking BY4741 genomic DNA 5
region
hrFARI-3'FARI 40-bp FARI-5' flanking region and 1-kbp FARI-3 flanking BY4741 genomic DNA 6
region
5'STE2-URA3-hrSTE2-3STE2  5'STE2- URA3 and hrSTE2-3'STE2 5'STE2-URA3 and 7
hrSTE2-3'STE2
5'SST2-URA3-hrSST2-3'SST2 5'SST2-URA3 and hrSST2-3'SST2 5'SST2-URA3 and rSST2-385T2 8
5'FARI-URA3-mFARI-3FARI  5FARI-URA3 and hrFARI-3'FARI S'FARI-URA3 and 9

hrFARI-3 FARI

SSTRS5-HA The SSTR5-HA fragment in pBlue-SSTRS-HA Human brain cDNA (Invitrogen, 10
Carlsbad, CA, USA)

2u origin The Adafll 241 origin fragment in pRS40142 pm pWI3 11

ECFP The BamHI-Bglil ECFP fragment in pGK421-ECFP pECFP-CI 12

SSTRS The Nhel-Bglll SSTRS fragment in pSSTRS-CF2 pBlue-SSTRS5-HA 13

Prepro-a-factor Template DNA of overlap PCR for the prepro-SSTRS pWI3a 14
amplification

hr-SSTRS Template DNA of overlap PCR for the prepro-SSTRS pBlue-SSTR5-HA 5
amplification

Prepro-SSTRS The Nhel-BamHI prepro-SSTRS fragment in prepro-w-fuctor and hr-SSTRS 16
pSSTR5-CF2alpha

Pre-SSTRS The Nhel-Bgll pre-SSTRS fragment in pSSTR5-CF2al pBlue-SSTR5-HA 17

Ste2N-SSTRS The Nhel-Bglll Ste2N-SSTRS5 fragment in pSSTRS-CF2st  pBlue-SSTRS-HA i8

SSTR5-HA The Nhel-Bg/ll SSTR5-HA fragment in pGK-SSTR5-HA  pBlue-SSTRS5-HA 19

Prepro-SSTRS-HA ‘The Nhel-Bglll prepro-SSTRS5-HA fragment in pBlue-SSTR5-HA 20
pGKalpha-SSTR5-HA

Pre-SSTR5-HA The Nhel-Bglll pre-SSTR5-HA fragment in pBlue-SSTRS-HA 21
pGKal-SSTR5-HA

STE2N-SSTR5-HA The Nhel-Bglll STE2N-SSTRS5-HA fragment in pBlue-SSTRS-HA 22
pGKst-SSTRS-HA

EGFP The BamHI-Sacll EGFP fragment in pMHG-FIG1 pEGFP-CI 23

PGK3 The Sacll-Sacl PGK3' fragment in pMHG-FIG1 pTA2-PGK 24

SFIG] The Xhol-BamH]I 450-bp FIGI-5 flanking region in BY4741 genomic DNA 25
pMHG-FIG1

SGPAI -GPAl The Xhol-Bglll 1-kp GPAI-5 flanking region—~GPA! in BY4741 genomic DNA 26
pSL-GPA1

5YGPAI-Gi3tp The Xhol-Bglll 1-kb GPAI-5 flanking region—Gi3tp in BY4741 genomic DNA 27

pSL-Gi3tp

suggesting that introduction of SS improves ligand
sensitivity (Fig. 2B and Table 5).

Estimation of expression levels and observation

of localization of CFP fluorescent-tagged SSTR5

receptors with or without introduction of SS in yeast
To estimate expression levels and observe the subcel-
lular localizations of the SSTRS receptors with or
without addition of SS in yeast, the CFP fluorescent
tag protein was introduced at the carboxyl-terminus of
the natural SSTRS5 and the engineered SS-introduced
SSTRS receptors (SSTRS-CFP and three types of
SS-SSTR5-CFPs) were expressed in the yeasts.
Figure 3 shows the average intensities of CFP fluores-
cence of 10,000 cells normalized with the control strain
harbouring mock vector. Compared with the
SSTRS5-CFP-expressing cells without addition of SS,
the yeast cells expressing the all three types of
SS-SSTRS-CFPs displayed higher fluorescence intensi-
ties in the following order: SSTRS-
CFP < prepro-SSTR5-CFP < pre-SSTRS5-CFP <Ste2N
-SSTR5-CFP. The result suggests that introduction of
SS accelerates SSTRS receptor expression levels in

41

yeast cells and also corresponds to findings of previous
reports (12, 15).

To confirm the localizations of SSTRS receptors in
yeast, SSTRS5-CFP-expressing cells were subsequently
observed by fluorescence microscopy (Fig. 4). Among
the four SSTRS-CFP receptors, the Ste2N-
SSTRS5-CFP receptor was localized to the plasma
membranes. In the case of yeast cells expressing
SSTRS5-CFP without addition of SS, CFP fluorescence
appeared to be mainly accumulated in vacuoles and
was partially observed on the plasma membranes and
inside the «cells. On the other hand, the
prepro-SSTR5-CFP receptor was predominantly loca-
lized to the endoplasmic reticulum and Golgi appar-
atus accompanied with strong CFP fluorescence in
yeast cells. The pre-SSTRS-CFP receptor displayed
an intermediate localization pattern between prepro-
SSTRS-CFP and Ste2N-SSTRS5-CFP.

Discussion

In this study, to guide the easy-to-use yeast-based
system to comfortably screen primary drug candidates
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Plasmid

Relevant genotype

Reference or source

pRS406

pBluescript II KS(+)
pBhie-SSTRS-HA
pWI3

pRS401

pTA2-PGK

pRS401+2 pm
pGK421

pECFP-C1

pGK421-ECFP
pSSTRS5-CF2
pWi3u
pSSTRS-CF2alpha
pSSTRS5-CF2al
pSSTRS5-CF2st
pGK-SSTRS5-HA
pGKalpha-SSTRS-HA
pGKal-SSTRS-HA
pGKstSSTRS-HA
pEGFP-Cl1

pRS403 + 2pm
pMHG-FIG1
pGK415
pSL-GPAI
pSL-Gi3tp

Containing URA3 marker

Cloning vector

SSTRS-HA in pBluescript 11 KS(+)
Containing 2u origin

Containing METI5 marker

Containing multi cloning sites (MCS) between the yeast PGKI promoter
(PGKS') and PGKI terminator (PGK3')

2p origin in pRS401

The Xhol-Nhel PGK5-MCS-PGK3' digested from pTA2-PGK in
pRS401+2 pm

Containing ECFP

ECFP in pGK421

SSTRS in pGK421-ECFP
Containing prepro-a-factor
Prepro-SSTRS-ECFP in pGK421
Pre-SSTR5-ECFP in pGK421
STE2N-SSTR5-ECFP in pGK421
SSTR5-HA in pGK421
Prepro-SSTR3-HA in pGK421
Pre-SSTR5-HA in pGK421
STE2N-SSTRS5-HA in pGK421
Containing EGFP

Containing HIS3 marker and 2 p origin

5'FIGI-EGFP-PGK3' in pRS403 + 2um

Containing PGK5'-MCS-PGK3Y, LEU2 marker and CENJARS origin
S'GPAI-GPAI-PGK3 in pGKA415

5'GPAI-Gi3tp-PGK3' in pGK41S

American Type Culture Collection,
Manassas, VA, USA

Stratagene, La Jolla, CA, USA

This study

(26)

American Type Culture Collection,
Manassas, VA, USA

27

This study
This study

Clontech, BD Biosciences, Palo
Alto, CA, USA

This study

This study

(26)

This study

This study

This study

This study

This study

This study

This study

Clontech, BD Biosciences, Palo
Alto, CA, USA

(28)

This study

(28)

This study

This study
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Fig. 1 Dose—response curves for SST-specific SSTRS signalling activities of recombinant yeast cells expressing different types of intracellular
peripheral G-protein a-subunits. As Ga-subunits for the functional SST-specific SSTRS signalling, yeast endogenous Gpal and yeast—human
chimeric Gi3tp were compared using the GFP reporter gene. The signalling activities of recombinant strains MI-170-1 (Gpal, open symbol) and
MI-170-2 (Gi3tp, closed symbol) were evalnated as described in ‘MATERIALS AND METHODS’ section. (A) Pharmacological efficacies of yeast
transformants were represented by green-RFU normalized with the green fluorescent intensities of the SST-untreated yeast cells as the reference
values, respectively. (B) Pharmacological potencies of yeast transformants were represented by relative green-RFU normalized with the values of
maximal effects of SST-specific dose—responses as the reference values, respectively. Data points represent the mean of triplicate independent
experiments and error bars represent the standard deviation. ECsg values were determined using KaleidaGraph4.0 fits to a dosersplgst model.

for human GPCRs, we aimed to control human
SSTRS signalling activity in yeast via addition of SS.
We used yeast-based fluorescent assay systems for
evaluation of SSTRS signalling by the GFP reporter
gene. SST-specific stimulation of human SSTRS recep-
tor can be converted into yeast pheromone signalling
via the yeast endogenous Go-subunit protein (Gpal),

42

and the resulting green fluorescent signals from the
activated cells are quantitatively and immediately
measurable by direct analysis of non-destructive cells
using a flow cytometer.

The substitution of carboxyl-terminal 5 aa residues
of the endogenous Gpal for the yeast Gpal-human
Gui3 chimeric Ga-subunit protein, Gi3tp, was effective
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Fig. 2 Dose—response curves for SST-specific signalling activities of SSTRS with or without additional SS in yeast cells, To examine the effects of

SS for the SST-specific SSTRS signalling, prepro-SSTRS, pre-SSTRS and Ste2N-SSTRS were prepared. The signalling activities of recombinant
strains MI-170-3 (prepro), MI-170-4 (pre} and MI-170-5 (Ste2N) were evaluated using the GFP reporter gene as described in ‘“MATERIALS AND
METHODS’ section. (A) Pharmacological efficaciés of yeast transformants were represented by green-RFU normalized with the green fluorescent
intensities of the SST-untreated yeast cells as the reference values, respectively. (B) Pharmacological potencies of yeast transformants were
represented by relative green-RFU normalized with the values of maximal effects of SST-specific dose responses as the reference values,
respectively. M1-170-2 data shown in Fig. 1 are displayed for comparison. Data points represent the mean of triplicate independent

experiments and error bars represent the standard deviation.

Table 5. Characterization of SSTRS receptors with and without SS 101
expressed in MI-170 yeast cells.
Receptor Expression level® . Maximal effect®  ECs value® g-
SSTRS 2.58 + 0.54 20.1 +0.74 3.17x 1077
Prepro-SSTRS  4.81 & 0.99 10.2 & 0.62 2.92x 1077
Pre-SSTRS 6.12 & 0.49 11.9 £0.76 137x 1077 5 g
Ste2N-SSTRS  8.43 £ 1.37 127+ 1.1 1.01x 1077 l&.
1
*Expression levels cited the values in Fig. 3. 5
PMaximal effects cited the values in Fig. 2A. 5‘ 44
“ECsp values cited the values in Fig. 2B.
I
L
to functionally couple the SSTRS to the yeast phero- 29
mone signalling pathway as shown in a previous report
(19). Obviously, the maximum effect responding to the
highest concentration of SST was enhanced in the
& SSTR5  prepro pre  Ste2N

Gi3tp-expressing yeast cells and the dose—response
curves exposed the suitable pharmacological potency
and efficacy of Gi3tp for the SSTRS (Fig. 1).
Therefore, the SSTRS Go-subunit was successfully
optimized by substitution of chimeric Gi3tp for en-

Fig. 3 Estimation of expression levels of CFP-fluorescent tagged
SSTRS receptors with or without additional SS sequences. Four
CFP-fluorescent tagged SSTRS5 constructs—SSTRS-CFP,
prepro-SSTRS-CFP, pre-SSTR5-CFP and Ste2N-SSTR5-CFP—
were prepared to generate recombinant strains MI-170-6 (SSTRS5),

10 dogenous Gpal in the yeast-based fluorescent signal- MI-170-7 (prepro), MI-170-8 (pre) and MI-170-9 (Ste2N), respect-
ling assay system. Although productivity and ively. Cellular cyan-RFU was calculated as described in ‘MATERIALS
transportation of the heterogous GPCRs could be AND METHODS section. Data represent the mean of triplicate

N . . independent experiments and error bars represent the standard

enhanced via introduction of the yeast SS in yeast deviation.
cells (12, 15, 16), the signalling functions of

15 SS-attached GPCRs have been rarely described.
When constructing a superior ligand screening with antagonists; on the other hand, systems with high
method using a yeast-based fluorescent signalling maximal effect are useful for the high-throughput
assay system, either higher sensitivity or a higher max- ligand screening system by FACS. By controlling the
imal effect should be achieved in the system, although signalling property, we could construct a suitable

20 it is difficult to simultaneously achieve both. Indeed, yeast-based assay system depending on the aims of 30
the signalling properties desired in yeast-based signal- the assays. Therefore, to control signalling ability of
ling assay systems differ depending on the aims for human SSTRS in a yeast-based signalling assay
varied assay applications. For example, systems with system, we constructed four types of SSTRS receptor
high sensitivity are useful for the agonist detection variants and investigated their SST-specific signalling

25 assay at low concentrations or the competitive assay activities in yeast cells. 35

43
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Fig. 4 Observation of localization patterns of CFP-fluorescent tagged SSTRS receptors with or without additional SS. The yeast strain MI-170 was
used as the host strain to introduce CFP-fluorescent tagged SSTRS receptors without or with additional SS. Four CFP-fluorescent tagged SSTRS
constructs—SSTRS-CFP, prepro-SSTRS5-CFP, pre-SSTR5-CFP and Ste2N-SSTRS-CFP—were prepared to generate recombinant strains
MI-170-6 (SSTRS5), MI-170-7 (prepro), MI-170-8 (pre) and MI-170-9 (Ste2N), respectively. The cellular cyan fluorescence was observed with the
fluorescence microscope as described in *MATERIALS AND METHODS section. White bars represent 10 pm.

Insertions of any three SS to the amino-terminus of
SSTRS drastically decreased the efficacies of the engin-
eered receptors expressing cells compared to that of the
pative SSTRS5 form (Fig. 2A and Table 5). The
pharmacological potencies of SST for the engineered
SS-SSTRS5. receptors were higher than that of the
native form SSTRS receptor; Ste2N-SSTRS in particu-
lar displayed the highest potency for SST-dependent
signalling activity (Fig. 2B and Table 5). Therefore,
the Ste2N-SSTRS receptor is useful for constructing
high-sensitivity yeast-based assay .systems such as
agonist detection assays at low concentrations and
competitive assays with antagonists.

FACS analysis of the CFP fusion proteins indicated
that addition of SS increased SSTRS expression levels
in yeast cells (Fig. 3). However, not all of the
CFP-tagged SSTR5 molecules were localized to the
plasma membrane because the CFP-tagged SSTRS
molecules were transported by different protein sorting
pathways depending on the SS properties (Fig. 4).
These results suggest that the SS of the typical
secretory protein is not suitable for functional expres-
sion of seven transmembrane SSTRS receptors at the
yeast plasma membrane. The potency was decreased
in the case of prepro-SSTRS, which may be caused
by the lower amount of the receptors on yeast cell
surface.

44

The large amounts of SSTRS receptors at the yeast
plasma membrane accelerate the ligand binding even
low concentration of SST, as a result, the potency of
Ste2N-SSTRS was improved. Although ligand binding
ability seemed to effect on the efficacy, Sander et al.
(16) reported the introduction of Ste2-derived SS to
human D,; dopamine receptor did not affect the
ligand binding ability when the receptor was expressed
on the yeast cell surface. Therefore, we assumed the
binding ability of SS-attached SSTRS is almost same
as that of SSTRS5. One of the possible explanations for
decreased efficacy is that introduction of SS at
amino-terminus may inhibit the receptor dimerization
(20, 21). Dimerization of GPCRs should be required
for desensitization and internalization, which are
necessary events to refresh ligand-bound receptors
and regenerate ligand-free receptors at the plasma
membrane for responding to the redundant extracellu-
lar ligands (22, 23).

In conclusion, we demonstrated SST-specific signal-
ling functions of SSTRS via introduction of SSs in
yeast. Using a yeast—human Gi3tp chimera, we opti-
mized the yeast-based fluorescent assay system.
Introduction of Ste2N to the amino-terminus of
human SSTRS significantly improved pharmaceutical
potency in the yeast-based fluorescent assay system.
This finding will be an informative support to
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construct optimal yeast-based flow cytometric signal-
ling assay systems using other human GPCRs and will
be helpful for execution of primary drug screening.
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ABSTRACT

Atomic force microscopy (AFM) can detect the
adhesion or affinity force between a sample
surface and cantilever, dynamically. This feature is
useful as a method for the selection of aptamers
that bind to their targets with very high affinity.
Therefore, we propose the Systematic Evolution of
Ligands by an EXponential enrichment (SELEX)
method using AFM to obtain aptamers that have a
strong affinity for target molecules. In this study,
thrombin was chosen as the target molecule, and
an ‘AFM-SELEX’ cycle was performed. As a resuit,
selected cycles were completed with only three
rounds, and many of the obtained aptamers had a
higher affinity to thrombin than the conventional
thrombin aptamer. Moreover, one type of obtained
aptamer had a high affinity to thrombin as well as
the anti-thrombin antibody. AFM-SELEX is, there-
fore, considered to be an available method for the
selection of DNA aptamers that have a high affinity
for their target molecules.

INTRODUCTION

Aptamers are rare functional nucleic acid motifs derived
from libraries of nucleic acids by iterative rounds of selec-
tion and amplification using a process called Systematic
Evolution of Ligands by FEXponential enrichment
(SELEX) (1-5). In the aptamer selection process, the
oligonucleotide library is incubated with a target of
interest and a buffer of choice at a given temperature.
The bound oligonucleotides are then separated from the
unbound oligonucleotides, either by filtration on nitro-
cellulose filters or by affinity processes such as covalent
binding to a titer plate or streptavidin (SA)-coated
beads. Aptamers have been selected for a wide variety of
targets—for example, low-molecular compounds such
as ethanolamine ATP (5-13) and proteins (14-17).
Importantly, the isolated aptamers often show high

specificity and affinity to their cognate targets. These
properties expand the possible applications of aptamers,
including their use in diagnosis (13,18-20), therapy and
imaging processes (21,22).

Previously reported methods for aptamer selection have
included affinity chromatography separation step (14-17).
The successful selection of high-affinity aptamers from a
library of nucleic acids depends mainly on the efficiency
with which the unbound species can be separated from the
bound sequences. In many cases, however, DNA aptamers
selected by conventional SELEX strategy for adenosine
triphosphate (Kp: 1x 107° order), hematoporphyrin
(Kp: 1x107* to 1 x107%) and thrombin (Kp: 1x 1077
order), have a low affinity (7-17). Since the dissociation
constant of antibody, often used for biosensin% device,
had been reported to be 1x 1078 to 1x10°'°M, the
affinities of these reported DNA aptamers were weaker
than that of antibody to antigen (23-27). When DNA
aptamers are used with biosensing devices, a low affinity
to the target molecule will result in unreliable results for
detection sensitivity.

Atomic force microscopy (AFM) is a method that scans
the imperceptible sample surface using a probe called
a cantilever, detecting the weak force between sample
surface and probe, and makes pictures of the sample
surface. AFM can also dynamically detect the adhesion
or affinity force between the sample surface and the can-
tilever (21,22,28,29). This notable feature is useful for
measurement of the affinity force of biomolecule interac-
tions using the biomolecule immobilized cantilever and the
sample. This system is considered to be a selection method
for aptamers. Therefore, we propose the SELEX method
using AFM to obtain aptamers having a strong affinity to
target molecules.

The selection scheme of this SELEX strategy is shown
in Figure 1. DNA aptamers with a very strong affinity to
target molecules were obtained by repeating this cycle.
In this study, thrombin was chosen as the target
molecule of the DNA aptamer, and the selection cycles
were repeated for three rounds. As a result, the obtained
DNA aptamers had a high affinity to thrombin than that
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Figure 1. The scheme of a new SELEX strategy for functional oligonucleotide screening by AFM.

of conventional thrombin aptamer. One type of DNA
aptamer exhibited high affinity as well as that of an
antibody.

MATERIALS AND METHODS
Materials

Thrombin from human plasma and streptavidin from
Streptomyces avidinii were purchased from Sigma (MO,
USA). Anti-human thrombin antibody from sheep was
purchased from Funakoshi (Tokyo, Japan). DNA
polymerase was purchased from Roche Diagnostics
(Basel, Switzerland). A microspin column was purchased
from GE Healthcare (MO, USA). 3,3'-Dithiobis
[sulfosuccinimidylpropionate] (DTSSP) was purchased
from Pierce (MO, USA). The other chemicals used were
analytical grade and were purchased from Nacalai Tesque
(Kyoto, Japan).

Preparation of the cantilever as modified by single-strand
DNA (ssDNA) library

In the primary round, for double-strand DNA library
(dsDNA) production, a synthetic DNA oligonucleotide
library (104-mer) with 60 random nucleotide sequences,
5-TAGGGAATTCGTCGACGGATCC-N60-CTGCAG
GTCGACGCATGCGCCG-3', was amplified over 25
cycles of PCR (95°C, 15s; 72°C, 30s) using the following
pair of primers: 5¥-TAATACGACTCACTATAGGGAA
TTCGTCGACGGAT-3 (P1) and 5-CGGCGCATGCG
TCGACCTG-3 (P2). The ssDNA library was then
obtained from the dsDNA by an additional 90 cycles of
asymmetric PCR using 5’ biothinated P1 primer. The PCR
product, ssDNA, was purified by microspin column.

To clear away the organic compounds that adhered on
the cantilever, the cantilever was treated with UV for 2h.
The probe was then exposed to 100 ul of 2mg/ml DTSSP
solution in 20mM acetate (pH 4.8) at room temperature
for 30min. After the reaction, the probe was dipped in

20ml of ultra pure water to remove unreacted DTSSP.
The succinimide immobilized probe was then doused
at room temperature for 1h with 100pl of Img/ml
streptavidin solution in PBS, followed by washing with
20ml of folding buffer. After immobilization of
streptavidin on the cantilever, 100 ul of 5 uM biothinated
ssDNA was dropped on the cantilever and incubated
at room temperature for 30min. Finally, the ssDNA
immobilized probe was put in 20 ml of folding buffer con-
taining 0.01% Tween 20 to remove unbound biothinated
ssDNA.

Preparation of gold chip modified by thrombin

A gold chip was covered by 200l of 4mg/ml DTSSP
solution in 20mM acetate at room temperature for
30min. The chip was then washed with 10ml of ultra
pure water. After washing, the succinimide immobilized
gold chip was covered with 200 pul of 6 pg/ml thrombin
solution in PBS at room temperature for 1h. Finally,
the gold chip was washed with 10 ml of folding buffer.

SELEX strategy based on AFM

Force curve mapping was performed in the liquid cell of a
SPA400-Nanonavi AFM unit (SII Nanotechnology Inc.,
Chiba, Japan) with the cantilever and gold chip described
above. The force curve measurements were performed in
folding buffer [SO mM Tris—-HCI (pH 7.6), 300 mM NaCl,
30mM KCl and 5SmM MgCly]. Force curves were
recorded at a velocity of 17 um/s. Topographic images
were captured at 64 x 64 pixels resolution with a scan
size of lumx lum. The adhesion forces analysis
between ssDNA immobilized on tip of cantilever and
thrombin were measured at 4096 data points (64 x 64
point), and a histogram of these adhesion force was
charted. According to the AFM-SELEX, scanning was
carried out five times (4096 x 5 times) in round | and 2,
and 4 times (4096 x 4 times) in round 3, respectively.
After the scanning and force curve mapping, the
ssDNA-bound gold chip was washed with 10ml folding
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buffer containing 0.01% Tween 20. Then, to elute ssDNA
on the gold chip, the chip was dunked in 2ml of 20mM
TE buffer containing 1% DMSO and incubated at 98°C
for 10 min and on ice for 10 min. The eluted ssDNAs were
precipitated by ethanol, dissolved in 100 pl of 20mM TE
buffer, and used for the next selection as a PCR template.

Cloning and sequencing

The dsDNAs obtained after the fourth rounds of selection
were subcloned into pT7 blue vector, and then trans-
formed into Escherichia coli (Nova blue). The plasmid
DNA was isolated by the alkaline-extraction method.
Twenty-two colonies were randomly selected after the
fourth round, and these DNA sequences were determined
by a dye-terminator method using CEQ 8000 (Beckman).

Affinity assay of obtained aptamers by AFM

For dsDNA production, obtained DNA was amplified
over 15 cycles of PCR (95°C, 15s; 72°C, 30s) using Pl
and P2 primer. The ssDNA was then obtained from the
dsDNA by an additional 90 cycles of asymmetric PCR
using 5 biothinated Pl primer.. The PCR product,
ssDNA, was purified by microspin column.

The preparation of the cantilever immobilizing ssDNA
and the gold chip immobilizing thrombin was followed by
selection methods. The affinity force of the conventional
thrombin aptamer and antibody to thrombin was
analyzed as a positive control under the same conditions.

Fluorescence polarization measurement

The dissociation constant of TBA-1 was calculated by flu-
orescence polarization. Each of various concentrations of
thrombin and FITC labeled TBA-1 (final concentration:
100nM) was mixed in the folding buffer for 2 h, and flu-
orescence polarization measurement was carried out
(EnVision, Perkin elmer, Wellesley, MA). As a negative
control of thrombin, 100nM streptavidin was used, and
fluorescence polarization measurement was carried out
under same condition. Each data was represented three
independent experimental data, and each error bar was
mean of standard deviation.

RESULTS
Selection of DNA aptamer using AFM

At first, the biotinated random ssDNA was immobilized
on the cantilever through avidin, and the target molecules
were immobilized on the gold chip. The prepared cantile-
ver and gold chip were simultaneously applied to AFM as
a DNA-modified probe and thrombin immobilized chip,
respectively. When the cantilever approached the gold
chip, the DNA aptamer that binds the target molecules
would bind the target immobilized on the gold chip. If the
affinity force with target is very strong, the avidin-biotin
interaction is fractured, and DNA aptamer remains on the
gold chip. The remaining DNA was recovered by heat
elution amplified by PCR.

The selection cycle by AFM-SELEX was repeated for
three rounds. The histogram of the affinity force between
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ssDNA and thrombin was developed from 4096 force
curves from each round (Figure 2A-D). As a result, the
affinity force between ssDNA and thrombin was gradually
increased with repeated selection rounds. The initial
ssDNA and round 1 elution pool had low affinity force
to thrombin (Figure 2A and B). However, in the round 2
elution pool the force was higher, over 100 pN, and in the
round 3 elution pool the histogram of affinity force had a
peak at 320-329pN. Using the histogram data, the
average affinity force of each round was calculated
(Figure 2E). The average force of the initial pool was
~57.15pN (Figure 2A and E). However, after only three
repeated rounds of the AFM-SELEX method, the ssDNA
pool had 411.52pN of strong affinity to thrombin
(Figure 2D and E).

In Figure 3, the topography of the affinity force between
the round 3 elution pool and thrombin is shown. The
highest point of affinity force was concentrated late in
the scanning (Figure 3A). Moreover, the force had no
relationship with the roughness of the sample, since the
higher force was not operating at the height of the surface
roughness.

Cloning and sequencing

The dsDNAs obtained after the third round of selection
were subcloned into pT7 blue vector. Twenty-two colonies
were randomly selected, and these DNA sequences were
determined (Table 1). Many of the obtained DNAs had
G-rich sequences. The sequence called TBA-1 had the
largest share of obtained 'aptamers. Moreover, the
sequences of TBA-1 and -2 had many ‘GGGGT’ motifs,

Binding assay using AFM

The immobilization method described above was followed
by the SELEX protocol. The prepared cantilever and gold
chip were applied to AFM to analyze the affinity force
between ssDNA and thrombin. The resulting force histo-
gram of TBA-1 had one peak at 210-219 pN (Figure 4A).
The histogram of TBA-2 had two peaks at 40-49 and 110-
119 (Figure 4B). The average affinity force between
thrombin and the obtained aptamers was calculated. The
obtained aptamers had a higher affinity for thrombin than
N60 ssDNA and the conventional thrombin aptamer
(Figure 4C and Table 2). TBA-1 had the highest affinity
of the obtained DNA aptamers. The affinity force of the
conventional DNA aptamer that has the ‘GGTTGGTGT
GGTTGG’ sequence was also measured by AFM, and the
resulting force average was 65.09pN. The average affinity
force was 205.52pN, and the value was about three times
higher than that of the conventional thrombin aptamer.
The affinity force between anti-thrombin antibody and
thrombin was then analyzed by AFM. The resulting
average affinity force was 91.59pN (Figure 4D and
Table 2).

Fluorescence polarization measurement

The fluorescence polarization measurement between
TBA-1 and thrombin was carried out, and the recognition
affinity obtained by AFM analysis was re-confirmed.
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Figure 2. Histogram of adhesion force between ssDNA and protein for 4096 data points. (A) adhesion force between 0 pool ssDNA and thrombin,
(B) adhesion force between round 1 elution pool and thrombin, (C) adhesion force between round 2 elution pool and thrombin, (D) adhesion force
between round 3 elution pool and thrombin and (E) the average of affinity force between each round elution pool and thrombin.

The concentration of thrombin was changed from 107~
1077M, and then polarization value was plotted against
the concentration of thrombin (Figure 5). As a result, the
fluorescence polarization value was increased with concen-
tration dependency. On the other hand, polarization value
of FITC-labeled TBA-1 against with 100 nM streptavidin
was not increased significantly (Table 3).
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DISCUSSION
SELEX strategy using AFM

The selection of a DNA aptamer with AFM was per-
formed using 60 random nucleotide sequences. After the
first SELEX round, dsDNA was not amplified enough by
15 PCR cycles, since the amount of elution DNA was very
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Figure 3. Affinity image between round 3 elution pool and thrombin showing the affinity images (A) as well as the topography images (B).

Table 1. Sequence of obtained single-strand DNA

Sequence name Sequence of random region Count
TBAI CCTAGTGTGCGTCGATGGGGTGGGGTGGGGCTGAGTTGGGGGGTGGGATCAATCAATCTGGTIT 8
TBA2 CCTAGTGTGCGTCGATGGGGTGGGGTGGGGCTGAGTTGGGGGGTGGGATCAATCCATCTGGTCT 2
The other | CCCACGGAGTCACCATTGATCACAACCCCAGCT 1
The other 2 CCCACGGAGCCACCACCTTGATCACAACCCTCAGCT 1
The other 3 CCCACGGAGTCACCCTTGATCACAACCTCAGCT 2
The other 4 CCCACGGAGTCACCCTTGACCACAATCTCAGCT 1
The other 5 CCCACGGAGCCACCCTTGATCACAGCCTCAGCT 1
The other 6 CCCACGGAGTCACCCTTGATCACGAACCTCAGCT 1

small (data not shown). However, after the third SELEX
round, the amount of dsDNA amplified by PCR was
determined by PAGE to be large. Based on these results,
selection by the AFM-SELEX strategy appeared to be
very strong, and the ssDNA that binded strongly to
thrombin was selected.

The selection cycle was repeated for three rounds.
Figure 2 shows the histogram of adhesion force between
ssDNA and thrombin. The initial ssDNA pool had a low
adhesion force to thrombin, since the ssDNA had a low
affinity for thrombin (Figure 2A). However, when the
AFM-SELEX method was repeated for three rounds,
the ssDNA had a strong affinity for thrombin
(Figure 2D). Moreover, the third round elution pool did
not have a large adhesion force to streptavidin, ~67.14 pN
(data not shown). This result shows that the third round
elution pool bound specifically to thrombin. The affinity
force between ssDNA and thrombin then gradually
became stronger with repeated selection rounds
(Figure 2E). Therefore, it is considered that ssDNA had
an affinity for thrombin and was enriched by the repeating
of the AFM-SELEX cycles.

In many articles on DNA aptamer, the selection cycle
is repeated for more than eight rounds (8-12). However,
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in the selection method with AFM, the DNA aptamer
with a high affinity for the target molecules was
obtained by repeating only three rounds. Therefore, the
AFM-SELEX strategy is a very useful method to rapidly
obtain a DNA aptamer. In this new SELEX strategy using
AFM, the oligonucleotide that could be bound to
thrombin was only remained on gold chip. Therefore,
compared with conventional SELEX strategy, it is consid-
ered that the non-specific bound of DNA was assumed to
be reduced on gold chip surface, and the DNA aptamer
that have high affinity to thrombin could be rapidly
obtained.

The topography between round 3-elution pool and
thrombin was analyzed (Figure 3B). In commonly, at the
point of large roughness, the large force was occurred
because of impact between cantilever and surface
roughness. However, the high affinity forces, caused by
molecular interaction between selected DNA aptamers
and thrombin, were observed in every place, and this phe-
nomenon was not related to the result of topology analysis
(Figure 3A). Together these results, it was concluded that
the specific affinity originated by molecular interaction was
not related on surface roughness, and the specific adhesion
force by affinity between round-3-elution pool and
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Figure 4. Histogram of the affinity force between aptamer and thrombin for 4096 data points. (A) TBA-1, (B) TBA-2, (C) conventional thrombin

aptamer and (D) anti-thrombin antibody.

Table 2. The average of affinity force between obtained aptamer and
thrombin

Average of Peak position
affinity force (pN) (pN)
(mean + SE)
N60 57.15 £ 0.96 10-19
TBA-1 205.52 £ 0.70 210-219
TBA-2 74.48 £ 0.90 40-49, 110-119
Conventional thrombin aptamer  65.09 = 0.98 10-19
Anti-thrombin antibody 91.59 + 1.09 50-59

thrombin could be measured. Furthermore, the SELEX
cycle number was suitable with three round since the
affinity of TBA-1 to thrombin is significantly larger than
that of anti-thrombin antibody at three rounds.
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Sequence analysis

The third-round elution DNA that suggested the strongest
binding to thrombin was subcloned to pT7 blue vector,
and the sequence was determined. Many of the resultant
obtained DNA sequences had a G-rich sequence (Table 1).
Previously, thrombin aptamer possessing a G-rich
sequence had been reported (14). According to this
previous reported result, thus, it was assumed that the
oligonucleotide sequence called TBA-1 could be func-
tioned as a DNA aptamer against with thrombin.

Binding assay and determination of dissociation constant

The histogram of the affinity force between obtained
aptamers called TBA-1 and -2 and thrombin was
depicted from 4096 points of force curves (Figure 4A
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Figure 5. Binding curve of TBA-1 with thrombin. Each of thrombin
solution (107-10"*M) was mixed with TBA-1 (100aM), and
incubated for 2h at room temperature. After incubation, the polariza-
tion was measured.

Table 3. The fluorescence polarization value between TBA-1 and
thrombin or streptavidin

Polarization value (mP) SE
Thrombin 129 2.60
Avidin 0.23 3.25

and B). The force histogram of TBA-1 had one peak at
210-219 pN (Figure 4A). These resuits suggest that there is
a single binding site of TBA-1 to thrombin. On the other
hand, the histogram of TBA-2 has three peaks at 40-49
and 110-119pN (Figure 4B). The force value of the
second peak is twice as large as that of the first peak.
For these reasons, TBA-2 is considered to have two
binding sites to thrombin.

The average affinity force between aptamer and
thrombin was calculated from 4096 point force curve
data (Table 2). The force average of TBA-1 was
203.52pN, and the affinity of the N60 pool to thrombin
was 57.14pN. These results indicate that obtained
sSDNAs have a high affinity to thrombin.

On the other hand, the conventional thrombin aptamers -

that have the ‘GGTTGGTGTGGTTGG' sequence have
the affinity force of 65.09pN (Figure 4C and Table 2).
Therefore, the affinity of obtained DNA aptamers to
thrombin is stronger than that of the conventional
thrombin aptamer. In previously report, the average of
affinity force between conventional selected thrombin
aptamer and thrombin is 4.45pN. However, in this
study, the affinity force was estimated to be 65.09 pN. It
was considered that this difference was depended on the
immobilization method and the DNA aptamer molecule
number involved in immobilization. In addition, the
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affinity force between anti-thrombin antibody and
thrombin is 91.59pN (Figure 4D and Table 2).
Therefore, the affinity of the TBA-1 aptamer to
thrombin is stronger than that of antibody to thrombin.

For determination of dissociation constant (Kp), the
fluorescence polarization analysis was carried out. As a
result, binding curve was increased with thrombin concen-
tration dependency (Figure 5). However, in the case of
streptavidin, the polarization value of FITC-labeled
TBA-1 was not increased significantly (Table 3).
Therefore, it is considered that the binding affinity of
TBA to thrombin is specifically. By fluorescence polariza-
tion analysis, the Kp value of TBA-1 against thrombin is
estimated to be 200 pM (2 x 107°M). Although Ky, value
of streptavidin—biotin interaction was | x 107 order,
however, as a result, the binding affinity of TBA-1 to
thrombin is 10000-fold lower than that of streptavisdin—
biotin interaction. Generally, free streptavidin exhibited a
high affinity interaction described above. However, in the
case of immobilized stregtavidin, the Kp value to biothin
was decreased to 1 x 1075 to 1 x 107! M order by confor-
mation alternation (30). In AFM SELEX analysis, the
streptavidin was covalently immobilized on the tip of
surface of cantilever. Therefore, it was considered that
Kp value of streptavidin was decreased by immobilization,
and as a result, the DNA aptamers with comparable lower
affinity were selected.

As mentioned above, the Kp value of isolated DNA
aptamer TBA-1 was 1000 times lower than conventional
aptamer having 200nM of dissociation constant to
thrombin (14). Moreover, this result was strongly sup-
ported to AFM analysis of TBA-1 affinity. Moreover, by
AFM analysis, there was significant difference between the
affinity of TBA-1 and the affinity of antibody to thrombin,
and affinity force of TBA-1 was strongly compared with
that of anti-thrombin antibody. Therefore, it was consid-
ered that the dissociation constant of TBA-1 to thrombin
is <1078 — 1071°M, since the dissociation constant of
antibody to antigen is ~107% -107°M (23-27).
However, there was no significant difference of dissocia-
tion constant between TBA-1 and antibody to thrombin.
Therefore, it was considered that TBA-1 was optimized on
AFM analysis.

In many reports, the dissociation constant of aptamers
to their target molecules is 10 — 0.01 uM, and the aptamers
that have low affinity are also selected (7-17). This is
because the affinity force of obtained aptamers to their
target cannot be controlled when using a conventional
SELEX method. This AFM-SELEX strategy permit us
to not only selecting quickly, but also obtaining high
affinity DNA aptamer to the target as well as that of
antibody to antigen. Therefore, this method may have a
practical advantage for obtaining aptamers that have a
strong affinity to targets.

Concluding remarks

In this study, a DNA aptamer that binds to thrombin with
very high affinity and specificity was selected using AFM.
The affinity force between ssDNA and thrombin grew
gradually stronger upon repeating selection rounds.
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In addition, the sequences of obtained aptamers have
many G-rich regions. One type of obtained aptamers,
called TBA-1, has a strong affinity to thrombin
compared with the conventional thrombin aptamer. This
result suggests that DNA aptamers that bind to their
targets with high affinity can be selected by
AFM-SELEX. In addition, it suggests that DNA
aptamers could be selected using fewer rounds, as
compared with a conventional SELEX strategy.
Considered together, these results indicate that this new
SELEX strategy could be a viable candidate for the
screening for various DNA aptamers with high affinities.
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