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Abstract

A novel aptameric enzyme subunit (AES) which can detect target DNAs has been developed. AES is an enzyme-inhibiting aptamer
bearing a target-molecule binding site which can allosterically control enzymatic activity. The thrombin-inhibiting aptamer bearing a
G-quartet structure was chosen as the enzyme-inhibiting aptamer. The stem-and-loop structure, which contains a strand complementary
to the target DNA, was inserted into the G-quartet structure of the thrombin-inhibiting aptamer to disrupt the G-quartet structure through
the hybridization of the target DNA with the complementary strand in the AES. The disruption of the G-quartet structure led to a
decrease of the inhibitory activity of the whole aptameric complex. Using this designed aptamer, we were able to detect target DNAs
by measuring the thrombin activity in a homogeneous solution without bound/free separation, and the lower detection limit was 20 nM.

© 2006 Elsevier Inc. All rights reserved.
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The detection of specific DNA sequences is very useful
for the clinical diagnosis of various diseases, the detection
of toxic microorganisms in food or in the environment,
and fundamental research in molecular biology. Most
DNA sensing systems are based on the detection of the
hybridization of the target DNA with the immobilized
probe DNA (DNA chip); however, it takes time to detect
the target DNA using this method, since the separation
of the hybridized DNA molecules from the non-hybridized
ones is usually required. Especially for the diagnosis of
pathogenic bacteria or viruses, a rapid DNA sensing sys-
tem is necessary.

To detect target DNAs quickly and easily, a homoge-
neous detection system which does not require the bound/
free separation is ideal. A homogeneous detection system
which uses a molecular recognition element that generates
a detection signal when binding to the target molecule is
required. Recently, such functional molecular recognition
elements have been reported for DNA sensing; for example,
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molecular beacons [1], double-stranded probes [2], excimer
fluorescence [3.4], fluorescent polymers [5], DNAzymes
[6,7], DNA-fused nanoparticles [8], and inhibitor-DNA-
enzyme modules [9,10] have been developed. These novel
sensor systems mainly rely on fluorescence resonance ener-
gy transfer (FRET) to generate a detection signal. FRET is
useful for biosensors. However, enzyme detection of the
hybridization between the probe DNA and the target
DNA can improve sensitivity, since the enzyme can amplify
the signal. At present, there are DNA sensor systems which
use enzymes bound to the probe DNA and their inhibitors
that can detect the target DNA by measuring the enzymatic
activity in a homogeneous solution [9,10]. However, the
chemical modification of the enzyme using the DNA probe
is sometimes difficult; if we can develop a DNA probe which
induces a change in the enzymatic activity, which can then
be used as a detection signal upon hybridization with the
target DNA, it would make the DNA sensing system sim-
pler and easier to integrate into a wide range of applica-
tions. With the aim of constructing such a DNA probe,
we focused on aptamers.

Aptamers are nucleic acid ligands obtained through the
systematic evolution of ligands by exponential enrichment
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(SELEX). Many aptamers which recognize various mole-
cules have been reported [11-14] and some of them show
strong binding at Ky values in the nanomolar range, espe-
cially to protein. Some aptamers with high enzyme-binding
activity also show high inhibitory activity and can therefore
be used as pharmaceuticals [15]. DNA aptamers are easily
and inexpensively synthesized; therefore, it is easy to add a
probe DNA to a DNA aptamer. Additionally, DNA apta-
mers have a distinctive advantage, in that they are single-
stranded DNAs, and therefore the way their structure
changes is easy to design. Signal-generating molecules
[16-23], which acquire their properties as a result of such
changes, work like molecular beacons. Molecular beacons
generate signals, usually fluorescence emission, as a result
of the structural changes caused by the hybridization with
the target DNA.

We developed an aptameric enzyme subunit (AES),
which is a DNA aptamer composed of an enzyme-inhibit-
ing aptamer and a target-molecule-binding aptamer [24].
We designed an AES whose structure is such that the
enzyme-inhibiting aptamer site changes when the target
molecule binds to the target-molecule-binding aptamer site.
The structural change of the enzyme-inhibiting aptamer
site induces a change in the inhibitory activity of the
AES, which enables us to detect a target molecule by mea-
suring the enzymatic activity of the whole aptameric com-
plex in a homogeneous solution without bound/free
separation.

Here, we present a novel AES that can detect its target
DNA using a DNA aptamer that inhibits the coagulation
activity of thrombin [25]. The detection mechanism is
schematized in Fig. 1. This thrombin-inhibiting aptamer
folds into a G-quartet structure, which is very important
for the inhibition of thrombin activity. We inserted the
stem-and-loop structure bearing a sequence complementa-
ry to the target DNA at the loop region into the G-quartet
structure so that it would be destabilized by the hybridiza-
tion of the target DNA with its complementary sequence in
the aptamer. We constructed some AESs and investigated
the changes in thrombin activity which resulted from the
hybridization of these AESs with their target DNAs.
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Materials and methods

Materials. Human thrombin was purchased from Wako Chemi-
cals (Osaka, Japan) and human fibrinogen was purchased from
Wako Chemicals and Sigma (Missouri, USA). Dimethyl sulfate and
2-mercaptoethanol were purchased from TOKYO KASEI KOGYO
(Tokyo, Japan), ethidium bromide was purchased form Sigma, and
tRNA from baker’s yeast was purchased from Roche Diagnostics
(Basel, Switzerland). All oligonucleotides were obtained from Invit-
rogen (California, USA). The other reagents were of analytical
grade.

Design of AESs. The DNA sequences used in this study are shown in
Table 1. We used a 31-mer thrombin-inhibiting aptamer as the enzyme-
inhibiting aptamer. The stem-and-loop structure bearing the probe DNA
sequence was inserted into the 3’-end T-T loop of the G-quartet structure
of the 31-mer thrombin-inhibiting aptamer.

For AES 1 and 2, we used the DNA sequence of the molecular
beacons as the stem-and-loop structure, which has 5-bp-stem and 15-
mer-loop oligonucleotides [1]. For the series of SARS AESs, the loop
sequences were designed to contain a sequence complementary to a
portion of the genome sequence of the severe acute respiratory syn-
drome (SARS) coronavirus (nucleotide positions 15581-15595 for AES
SARS 1 and 15572-15596 for AES SARS 2, 3, and 4). These genome
sequences were amplified using a pair of primers whose sequences have
been published by the World Health Organization (WHO), and the
stem sites were redesigned using the mfold program [26]. We also
inserted two additional T bases between the thrombin-inhibiting apt-
amer and the stem-and-loop structure in all AESs except AES 1, since
the diameter of the DNA double helix is different from the distance
between two Gs of the G-quartet structure (approximately 17 and 20 A,
respectively). The putative secondary structure of the AES SARS 1 is
shown in Fig. 2.

For the native PAGE experiment with AES SARS 1, AES SARS 1 was
modified with fluorescein isothiocyanate (FITC) at its 5’-end. For the
measurement of the CD spectra of AES SARS 1, a stem-and-loop struc-
ture to be inserted into the 31-mer thrombin-inhibiting aptamer on AES
SARS 1 was synthesized. For the DMS footprinting of AES SARS 1, AES
SARS 1, and the 31-mer thrombin-inhibiting aptamer were modified with
FITC at their 5'-end.

Measurement of the inhibitory effect of the AESs on thrombin. Fifty
microliters of folding buffer (50 mM Tris-HCl, 5mM KCI, pH 8.0)
containing 4 uM AES and 4 uM target DNA or control DNA (final
concentration: 1uM) was heat-denatured at 95 °C for 3 min and cooled
to 25°C over a period of 30 min. Following the heat treatment, the
AES solution was mixed with 50 pl of the measurement buffer (50 mM
Tris-HCl, 5SmM KCI, and 100mM NaCl, pH 8.0) containing
thrombin (final concentration: 54 nM), and the mixture was incubated
for 5min at 37 °C. After 5min, 100 pl of the AES solution containing
thrombin was added to 100 pl of the measurement buffer containing
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31-mer thrombin-
inhibiting aptamer

Target DNA

Fig. 1. Schematic of the DNA sensing system, in which a thrombin-inhibiting aptamer is fused with a stem-and-loop structure. The thrombin-inhibiting
aptamer into which a stem-and-loop structure is inserted forms a G-quartet structure, since the stem site is formed by the annealing of both of its sides.
When the target DNA hybridizes with the loop site of the stem-and-loop structure, the stem site is dehybridized, which leads to the disruption of the
G-quartet structure of the thrombin-inhibiting aptamer site, thus reducing its thrombin-inhibiting activity.



5" CACTGGTAGGTTGGTGTGGTGCGAGAAGTTAAGACCTATGCTCGCTGGGGCCAGTG 3’
5" CACTGGTAGGTTGGTGTGGTTIGCGAGAAGTTAAGACCTATGCTCGCTTGGGGCCAGTG 3’

5" CACTGGTAGGTTGGTGTGGTTGGGGCCAGTG 3’

The sequences of the oligonucleotides used in this study
31-mer thrombin-inhibiting aptamer
AES 1

Table 1
AES 2
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Fig. 2. Presumed structure of AES SARS 1.

5" CACTGGTAGGTTGGTGTGGTTICGGACGCACGAATTCATGATCAACATCCCTACGTCCGTTGGGGCCAGTG 3’
5" CACTGGTAGGTTGGTGTGGTTGCGGACGCACGAATTCATGATCAACATCCCTACGTCCGCTTGGGGCCAGTG 3’
5" CACTGGTAGGTTGGTGTGGTTCGCGGACGCACGAATTCATGATCAACATCCCTACGTCCGCGTTGGGGCCAGTG 3’

5" CACTGGTAGGTTGGTGTGGTTGGACGACGAATTCATGATCACGTCCTTGGGGCCAGTG 3’

The stem-and-loop sequence inserted into the 31-mer thrombin-inhibiting aptamer is underlined. The 15-mer target DNA, the 15-mer SARS, and the 25-mer SARS are complementary strands of the
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8 o) 2_ fibrinogen (final concentration: 1 mg/ml). The clotting time was mea-
©) 5 8 sured using an automated fibrometer (Amelung KC-4 A Micro
% [L_{ iy Coagulation Analyzer) at 37 °C. In the experiment on the influence of
8 [:: § the target DNA concentrations on AES SARS 1, we used 50 nM AES
< < g SARS 1, 5.4nM thrombin, and 1 mg/ml fibrinogen, which was pur-
i O E E f chased from Sigma.
[ 5 5 - Native PAGE of the oligonucleotides. FITC-labeled 15-mer SARS
B é SE = . DNA (8.3uM) and AES SARS 1 (8.3 uM) were mixed with the
<< BEEd s S folding buffer, and the mixture was heat-treated as described above.
<= B K O >
E 6] :tt é E f‘d Following the heat treatment, 6 ul of the mixture was electrophoresed
@) 8 GRS @) & on 11% polyacrylamide gel in 1x TBE buffer (89 mM Tris, 89 mM
S ﬁ : é z 9—1 H;BO;, and 2 mM EDTA) at room temperature. Fluorescence imaging
% 8 8 % 8 ; of FITC was carried out on a Typhoon 8600 (Amersham Biosciences,
HFEO<O 6] = New Jersey, USA), and the oligonucleotides were also stained with
JESE9 S|E ethidium bromide. '
PPNV AV n N CD spectrum measurement of AES SARS 1. The CD spectra of the
a"é thrombin-inhibiting aptamer, AES SARS 1, AES SARS 1 hybridized
5) with the 15-mer SARS DNA, the stem-and-loop structure, and the
© stem-and-loop structure hybridized with the 15-mer SARS DNA were
Eé measured. All oligonucleotides, at a final concentration of 25 uM, were
2 heat-treated in the folding buffer as described above, and then 100 ul
= of the AES solution was added to 300 pl of the measurement buffer.
N The CD spectra were measured with a J-720 spectropolarimeter (Jasco,
i‘t‘ Tokyo, Japan) at 200-320 nm using a 0.1-cm path-length cuvette at
0 25°C.
A DMS footprinting. FITC-labeled AES SARS 1 (10 uM) was heat-
E treated as described above in the presence or absence of 10 pM 15-mer
= SARS DNA or 15-mer control DNA. Dimethyl sulfate (DMS) was
I~ added to give a final concentration of 0.1% (v/v) in a total volume of
— - 100 pl, and the solutions were incubated at room temperature for
< L g < ‘@ 10 min. The methylation reaction was halted by adding 5 pl of the stop
é E Z < Z :E solution (1.5M sodium acetate, pH 7.0, 1 M 2-mercaptoethanol, and
[a) = A ‘g @) ) 100 pg/ml tRNA). The reactants were precipitated using ethanol, dis-
T E—~L gansy 8 solved in 100 pl of 10% piperidine, and incubated at 90 °C for 30 min.
SENnELSnunn i g L . -
E S~ g o X ;@ 2 After the piperidine cleavage, the sample solution was lyophilized and
5 5 é 5 g % ﬁ % 5 2 separated on 7-M urea—20% polyacrylamide gel, and FITC fluorescence
g g 4 = g RE] g & imaging was carried out on a Typhoon 8600 (Amersham Biosciences,
Lol a<<d<§ ° New Jersey, USA).
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Results and discussion the distortion and destabilization of the G-quartet struc-

ture if the stem-and-loop structure were to be directly con-
Change in the inhibitory activity of the AESs after nected to the G-quartet structure. Therefore, we
hybridization with the target DNA constructed two kinds of thrombin-inhibiting aptamers:

one was a thrombin-inhibiting aptamer which has the
We used a 31-mer thrombin-inhibiting aptamer as the stem-and-loop structure inserted at the 3’-end T-T loop
enzyme-inhibiting aptamer; this aptamer was screened  directly (AES 1), and the other was a thrombin-inhibiting
using an evolution-mimicking algorithm and a library that ~ aptamer, to which a stem-and-loop structure with two
contains a 15-mer prototype thrombin-inhibiting aptamer  additional T bases, one at the 3’-end and one at the 5'-
with 8-mer oligonucleotides added to both the 5'- and the end, was attached at the 3’-end of the T-T loop of the G-
3’-ends [25]. Therefore, the 31-mer thrombin-inhibiting quartet structure (AES 2).
aptamer contains the consensus sequence of the 15-mer The thrombin-inhibiting activities of these AESs were
thrombin-inhibiting aptamer that has already been deter-  determined by measuring the coagulation activity of
mined to fold into a G-quartet structure [27-30], which is ~ thrombin in their presence. The clotting time was approx-
important for the inhibition of thrombin activity. Thus, imately 10s in the presence of only thrombin (Fig. 3A,
the 31-mer thrombin-inhibiting aptamer used in this study bar 1); the addition of the 31-mer thrombin-inhibiting apt-
was expected to form a G-quartet structure. amer resulted in the extension of the clotting time to
There are three loops in the 15-mer thrombin-inhibiting  approximately 150 s, since it inhibited thrombin activity
aptamer connected to the G-quartet structure: a T-G-T  (bar 2). The clotting time was approximately 19 s in the
loop, a 3’-end T-T loop, and a 5’-end T-T loop. The  presence of AES 1 (data not shown); however, it was
T-G-T loop contacts thrombin directly [31], therefore, the  approximately 45s in the presence of AES 2, which has
stem-and-loop structure was inserted into the 31-mer two additional T bases insertion (bar 3). This result indi-
thrombin-inhibiting aptamer at the 3’-end T-T loop or  cates that the two additional T bases insertion prevented
5’-end T-T loop. We designed the stem-and-loop structure  the G-quartet structure from becoming distorted. Although
inserted into the 31-mer thrombin-inhibiting aptamer in  the inhibitory activity of AES 2 did not change in the pres-
such a way that the conformational change in stem-and- ence of the 15-mer control DNA, which does not hybridize
loop structure would lead to a conformational change in with it (bar 4), the clotting time for the AES 2 changed
the thrombin-inhibiting aptamer, which would in turn  from 45 to 26 s as a result of the addition of its 15-mer tar-
cause a decrease in the inhibitory effect of the whole com-  get DNA (bar 5). This suggests that the hybridization of
plex on thrombin. the target DNA with the loop site of AES 2 led to the
First, a stem-and-loop structure reported to be a molec- destabilization of the thrombin-inhibiting aptamer site,
ular beacon [1] was used, since this DNA sequence has the causing a decrease in the inhibitory effect of the whole com-
ability to form a stem-and-loop structure composed of a  plex on thrombin.
5-bp stem and a 15-mer loop. This structure is known to Next, we investigated whether this system is applicable
be destroyed during hybridization of its target DNA with  to target DNAs with other sequences and other lengths.
the loop part. The diameter of a DNA double helix  First, we designed AES SARS 1, which has a 5-bp-stem
(approximately 20 A) is longer than the distance between  and a 15-mer-loop inserted into 3'-side T-T loop site, and
two Gs of the G-quartet structure (approximately 17 A). the loop sequence was designed to contain a sequence com-
Therefore, we expected that the difference would cause  plementary to a portion of the SARS coronavirus genome
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Fig. 3. Inhibition of clotting by the addition of DNA. These experiments were performed using 1 pM AES, 1 uM target DNA, 1 uM control DNA, 54 nM
thrombin, and 1 mg/ml fibrinogen at 37 °C. (A) The inhibitory activity of AES 2 and AES SARS 1. Bar 1, thrombin only; bar 2, 31-mer thrombin-
inhibiting aptamer; bar 3, AES 2; bar 4, AES 2 with a 15-mer control DNA; bar 5, AES 2 with a 15-mer target DNA; bar 6, AES SARS 1; bar 7, AES
SARS 1 with a 15-mer control DNA; bar 8, AES SARS | with a 15-mer SARS DNA. (B) The inhibitory activity of AES SARS 2, 3, and 4. Bar 1,
thrombin only; bar 2, AES SARS 2; bar 3, AES SARS 2 with a 25-mer SARS DNA; bar 4, AES SARS 3; bar 5, AES SARS 3 with a 25-mer SARS DNA;
bar 6, AES SARS 4; bar 7, AES SARS 4 with a 25-mer SARS DNA. The black bars indicate the absence of the target DNA and the white bars indicate the
presence of the target DNA. The clotting times are given as averages of three experiments and error bars are provided.
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(nucleotide positions 15581-15595) [32,33], as well as two
additional T bases insertion. The stem sequence was chosen
so that its melting temperature (7,,) was slightly higher
than of the hybrid between the loop and the target DNA
(stem: 52.0 °C; loop, 55.9 °C) using the mfold program
[26]. We analyzed a character of the AES SARS 1. AES
SARS 1 as well as AES 2 inhibited the activity of thrombin,
and the clotting time decreased from 53 to 27 s when the
15-mer SARS DNA was added (Fig. 3A, bars 6-8). These
results suggest that it is possible to detect other target DNA
sequences using this DNA sensing system.

We also constructed a thrombin-inhibiting aptamer
which has a stem-and-loop structure with two additional
T bases inserted at its 5’-end T-T loop. This AES had the
same characteristics as AES 2; that is, the inhibitory effect
on thrombin decreased when its target DNA was added
(data not shown). This indicates that the stem-and-loop
structure can be inserted into either the 5’-end or the
3’-end of the T-T loop of the 31-mer thrombin-inhibiting
aptamer.

Finally, we designed AES SARS 2, 3, and 4, all of which
have a 25-mer loop sequence, containing a sequence com-
plementary to a portion of SARS coronavirus genome
(nucleotide positions 15572-15596), inserted into the
31-mer thrombin-inhibiting aptamer. Each of these AESs
has two additional T bases insertion, and a 6-, 7- or 8-bp
stem was used, respectively. AES SARS 2 had little inhib-
itory effect, and the inhibitory activity of AES SARS 4 did
not decrease even when its target DNA was added. AES
SARS 3 had a much higher inhibitory effect, and the clot-
ting time decreased from 46 to 17 s when its target DNA
was added (Fig. 3B). For these AESs, the local T}, of the
stem-and-loop structure were predicted by the mfold pro-
gram as follows: 67.9 °C at the loop site, and 55.6, 62.9,
and 69.8 °C at the 6-, 7-, and 8-bp stem sites, respectively.
Namely, when the T}, of the stem site was lower than that
of the loop site, the AES did not fold into a G-quartet
structure, and when the 7, of stem site was higher than
that of the loop site, the AES structure seemed not to be
disrupted by the hybridization with the target DNA. These
results are similar to those obtained for molecular beacons,
which suggests that the dehybridization of the stem site
induced by the hybridization between the target DNA
and the loop site is related to the disruption of the G-quar-
tet structure.

We constructed three types of AESs (AES 2, AES SARS
1, and AES SARS 3) for different target DNAs using a
thrombin-inhibiting aptamer. We speculated that these
AESs would inhibit the enzymatic activity of thrombin,
and their inhibitory effects would decrease when their tar-
get DNAs were added. The G-quartet structure of the
thrombin-inhibiting aptamer plays an important role in
the inhibitory action of the aptameric complex on throm-
bin. In other words, these AESs would be destroyed when
they hybridized with their target DNAs because they fold
into G-quartet structures. To confirm our hypothesis, we
investigated whether AES SARS 1 hybridizes with its

Lane 12 3 4 1 2 3 4
AES SARS 1 + - + o+ + - + o+
Target DNA -+ -+ -+ -+
Control DNA - - + - - - + -

4

Fig. 4. Native PAGE of DNA complexes. The oligonucleotides (50 pmol)
were electrophoresed on 11% polyacrylamide gel in 1x TBE buffer at room
temperature. DNA was detected by ethidium bromide (left) and fluores-
cence (right); both figures show same gel. Lane 1, AES SARS 1; lane 2,
FITC-labeled 15-mer SARS DNA; lane 3, AES SARS 1 with FITC-

labeled 15-mer control DNA; lane 4, AES SARS 1 with FITC-labeled
15-mer SARS DNA.

target DNA and whether its G-quartet structure is
destroyed when its target DNA is added.

Hybridization of AES SARS 1 with its target DNA

The hybridization of AES SARS 1 with its target DNA
was confirmed by native PAGE on 11% polyacrylamide gel
using FITC-labeled target DNA. The oligonucleotides
were detected by both ethidium bromide staining and
FITC fluorescence. As shown in Fig. 4, in the presence of
AES SARS 1, while the band of the 15-mer control DNA
did not shift (lane 3), the band of the 15-mer SARS
DNA shifted to the AES SARS 1 band (lane 4). This result
indicates that most AES SARS 1 hybridized with the 15-
mer SARS DNA in this experimental condition.

Structural change of AES SARS 1 upon hybridization with
its target DNA

We expected the 31-mer thrombin-inhibiting aptamer
used in this study to form a G-quartet structure, which
would be important for the inhibitory activity of the apt-
amer complex. Therefore, we speculated that the AESs will
have a G-quartet structure and that it would be destroyed
upon hybridization with the target DNAs, judging from
the fact that the inhibitory activity of the AESs decreased
upon hybridization with their respective target DNAs. In
order to investigate whether this structural change occurs
or not, we measured the CD spectra of AES SARS 1 in
the presence or absence of its target DNA and analyzed
them using DMS footprinting assay.

CD spectra

CD spectra of the 31-mer thrombin-inhibiting aptamer,
AES SARS 1 and the stem-and-loop structure which was
inserted into the 31-mer thrombin-inhibiting aptamer of
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Fig. 5. CD spectra of AES SARS 1. Oligonucleotides at a concentration of 25 uM were used. The 31-mer thrombin-inhibiting aptamer (blue), AES SARS
1 (red), the CD spectrum of the stem-and-loop SARS 1 subtracted from that of AES SARS 1 (pink), the CD spectrum of the stem-and-loop SARS 1
hybridized with a 15-mer SARS DNA subtracted from that of AES SARS 1 hybridized with the 15-mer SARS DNA (yellow). The CD spectra were

measured using a 0.1-cm path-length cuvette at 25 °C.

AES SARS 1 were measured. The CD spectrum of the 31-
mer thrombin-inhibiting aptamer had three positive peaks,
one near 295 nm, one near 250 nm, and one near 210 nm,
and two negative peaks, one near 265 nm and another near
235 nm (Fig. 5). This CD spectrum is almost identical to
that of the 15-mer thrombin-inhibiting aptamer [34,35]
which folds into an anti-parallel G-quartet structure, as
previously determined by NMR and X-ray structural anal-
ysis. This suggests that the 31-mer thrombin-inhibiting apt-
amer folds into an anti-parallel G-quartet structure.

The CD spectrum of AES SARS 1 had peaks different
from that of the 31-mer thrombin-inhibiting aptamer; how-
ever, the CD spectrum produced by subtracting the spec-
trum of the stem-and-loop DNA sequence from that of
AES SARS 1 had peaks similar to the CD spectrum of
the 31-mer thrombin-inhibiting aptamer. When comparing
the CD spectrum produced by subtracting the spectrum of
the stem-and-loop DNA sequence from that of AES SARS
1 with that of the 31-mer thrombin-inhibiting aptamer, we
can see that the peaks near 265 and 250 nm shifted to 273
and 253 nm, respectively, and that the positive peak at
295 nm was weak. The anti-parallel G-quartet structure
had a positive peak near 295 and 250 nm, and a negative
peak at 265 nm, and these peaks disappeared due to the
destabilization of the G-quartet structure [36]. This sug-
gests that AES SARS 1 folds into a G-quartet structure,
but that the G-quartet structure of AES SARS 1 is unstable
compared with the structure of the 31-mer thrombin-inhib-
iting aptamer. This hypothesis is supported by the results
for AES SARS 1, which showed lower thrombin-inhibiting
activity than the 31-mer thrombin-inhibiting aptamer, since
the stability of the G-quartet structure of the 31-mer
thrombin-inhibiting aptamer relates to the thrombin-inhib-
iting activity.

The CD spectrum produced by subtracting the spectrum
of the stem-and-loop structure hybridized with its target
DNA from that of AES SARS 1 hybridized with its target
DNA was very different from the CD spectrum produced
by subtracting the spectrum of the stem-and-loop DNA
sequence from that of AES SARS 1. It does not have the
positive peaks near 295 and 250 nm and the negative peak

near 265 nm characteristic of the G-quartet structure. This
suggests that the G-quartet structure of AES SARS 1 is
destroyed during hybridization with the target DNA.

DMS footprinting

We also investigated whether the G-quartet structure of
AES SARS 1 is destroyed during hybridization with the
target DNA, using a DMS footprinting assay. Although
the N; of guanine is methylated by dimethyl sulfate
(DMS), an oligonucleotide folded into a G-quartet struc-
ture is protected from N, methylation since the N; of
one guanine forms a hydrogen bond with the N, of another
guanine to form the G-quartet structure. The DMS foot-

Lane 1 2 3 4 5 6
Target DNA - = = = o+ -
ControlDNA - - - - - +
K* + - + - + +

o
G
AA

TTcAT

Fig. 6. DMS footprinting assays of AES SARS 1. Lane 1, 31-mer
thrombin-inhibiting aptamer with K+; lane 2, 31-mer thrombin-inhibiting
aptamer without K+; lane 3, AES SARS 1 with K+; lane 4, AES SARS 1
without K+; lane 5, AES SARS 1 hybridized with its target DNA in the
presence of K+; lane 6, AES SARS 1 containing the 15-mer control DNA
in the presence of K+. The methylated guanines in the G-quartet structure
are shown in the secondary structure attached to AES SARS 1. The
experimental conditions are described in the Materials and methods.
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printing assay was performed on FITC-labeled AES SARS
1, FITC-labeled AES SARS 1 hybridized with its target
DNA, and FITC-labeled 31-mer thrombin-inhibiting apt-
amer containing potassium ions or not. In the 31-mer
thrombin-inhibiting aptamer, the potassium ions are neces-
sary for G-quartet structure folding. Therefore, as shown
Fig. 6, the guanine residues composing the G-quartet struc-
ture (G9, G10, G13, G14, G18, G19, G22, and G23) were
exposed to N; methylation in the absence of potassium
ions (lanes 1 and 2). In AES SARS 1, although G49 and
G50 (residues corresponding to G22 and G23 in the 31-
mer thrombin-inhibiting aptamer, respectively) were not
detected, G9, G10, G13, G14, G18, and G19 (residues cor-
responding to G9, G10, G13, G14, G18, and G19 in the
31-mer thrombin-inhibiting aptamer, respectively) were
protected from N; methylation (lanes 3 and 5). The N5
methylation of the guanine residues of AES SARS 1 did
not change the residues in the presence of the 15-mer con-
trol DNA; however, they were not protected from Ny
methylation in the presence of the target DNA (lane 6).
These results indicate that AES SARS 1 has a G-quartet
structure and that it is destroyed during hybridization with
the target DNA.

Calibration graph for the AES SARS 1 target DNA

We made a calibration graph using 5.4 nM thrombin,
1 mg/ml fibrinogen, and 50 nM AES SARS 1. Under these
conditions, the clotting time was approximately 100 s in the
presence of thrombin only (data not shown). The addition
of 50 nM AES SARS 1 led to the extension of the clotting
time to approximately 150 s. A decrease in the clotting time
from 150 to 110 s was observed with the increase in the
concentration of the target DNA to 50 nM, and when
target DNA at concentrations higher than 50 nM was add-
ed, the clotting time became saturated (Fig. 7). The throm-
bin-inhibiting activity was not influenced by the addition of
the control DNA. This calibration graph suggests that the
target DNA of AES SARS 1 was selectively detected by
measuring the thrombin enzymatic activity in a homoge-
neous solution and that the lower limit of the target
DNA detection was 20 nM.
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Fig. 7. Calibration graph of the 15-mer SARS DNA using AES SARS 1.
These experiments were performed using 50 nM AES SARS 1, 5.4 nM
thrombin, and 1 mg/ml fibrinogen. The clotting times are given as
averages of three experiments and error bars are provided.

When we used 1 pM AES SARS 1, the dynamic range
was from 0.2 to 1 pM (data not shown). The clotting time
was saturated when AES SARS 1 and its target DNA
reached the same concentration. This result indicates that
AESs bind to their target DNAs at a ratio of one to one
and that the dynamic range can be changed by changing
the concentration of the AESs.

Although we carried out an investigation of the amount
of thrombin/AES complex after the addition of the target
DNA, smear bands were observed and there should be
many types of AES/target DNA complexes (data not
shown). It was difficult to estimate the amount of throm-
bin/AES complex, so we are not sure whether they are
separated or not. The only thing we can say is that the
G-quartet structure was rendered unstable by the target-
DNA hybridization, and that the thrombin inhibition by
AES showed a dependence on the target DNA
concentration.

We used a 31-mer thrombin-inhibiting aptamer as the
enzyme-inhibiting aptamer and used an automated fibrom-
eter to measure the thrombin activity. Many hospitals have
this machine, since it is used for the quantitative determina-
tion of blood fibrinogen. Therefore, this DNA sensing sys-
tem can be immediately used for the diagnosis of viruses
and pathogens.

As a DNA sensing system, the AES constructed from a
thrombin-inhibiting aptamer was not as sensitive as the
inhibitor-DNA-enzyme module. We believe that if an
AES can be constructed from a suitable enzyme-inhibiting
aptamer, the sensitivity can be improved. There are two
requirements which a suitable enzyme-inhibiting aptamer
must fulfill: it must have a high affinity to its target enzyme,
and it must have enzyme-inhibiting activity that can ampli-
fy the sensing signal.

In this DNA sensing system, the ratio of AES molecules
whose structure is changed due to the hybridization with
the target DNA is very important for the detection of the
target DNA, since this system is based on the measurement
of the ratio of structurally changed AES molecules. There-
fore, the optimization of the AES concentration can alter
the dynamic range of this DNA sensor. Namely, to achieve
a lower detection limit, it is necessary to use a lower con-
centration of AES. In the measurement of the detection
limit using AES SARS 1, we used 50 nM AES SARS 1,
since the 31-mer thrombin-inhibiting aptamer binds to
thrombin with a Ky of 34nM [25]. However, if an
enzyme-inhibiting aptamer which has a higher affinity for
its target enzyme is used, it can show inhibitory activity
at lower AES concentrations, which would lead to the
improvement of the AES sensitivity.

In conclusion, when using a thrombin-inhibiting apt-
amer which contains a sequence complementary to the
target DNA, the structure of the designed aptamer is
destroyed during hybridization with the target DNA,
and it is possible to detect the target DNA by measuring
the thrombin activity in a homogeneous solution without
B/F separation. In this study, we constructed a new AES
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whose function changes upon hybridization with the tar-
get DNA. This DNA detection system is very simple
compared to other reported DNA sensing systems,
because it is simply an unmodified oligonucleotide; the
only preparatory procedure is the insertion of a stem-
and-loop structure into the aptamer, and so the system
can be applied to any aptamer. We had already devel-
oped different types of AESs by connecting a thrombin-
inhibiting aptamer to target-molecule-binding aptamers,
one of which was used for adenosine detection [24]. With
those AES systems, target molecules can be detected by
measuring the thrombin activity. Therefore, we believe
that it is possible to detect many target DNAs, RNAs,
low-mass molecules, and proteins in a common assay
using AESs.
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