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We examined fluorescence-signaling aptamers as real-time
reporters for quantifying enzyme activities and identifying
enzyme inhibitors. The conversion of adenosine 5’-monophos-
phate (AMP) into adenosine by alkaline phosphatase (ALP) was
used as a model reaction, and a previously described struc-
ture-switching signaling DNA aptamer[1] was employed as a
model reporter. The signaling aptamer, which has a higher af-
finity for adenosine than for AMP,[1,2] is able to generate a two-
leg signaling profile. The first leg of the signal is produced
upon addition of AMP and indicates the formation of a reac-
tant±aptamer complex. The second leg is produced upon addi-
tion of ALP and reports the enzymatic conversion of the reac-
tant into the product.
Aptamers are single-stranded nucleic acids with ligand-bind-

ing capabilities that can be isolated from random-sequence
nucleic acid pools.[3±7] Several reports have been published
that describe the use of fluorescence-based signaling aptam-
ers[1,8±14] or signaling ribozymes and deoxyribozymes[15±23] to
detect small molecules and proteins in solution. We recently
described a strategy for preparing signaling DNA aptamers
that function by a mechanism involving coupled structure
switching and fluorescence dequenching.[1] Signaling aptamers
usually display signals of great magnitude (more than tenfold
fluorescence increase upon target binding) and are capable of
real-time reporting at low temperatures (15±37 8C). These prop-
erties led us to speculate that structure-switching signaling ap-
tamers might be used as sensitive probes to report enzyme-
mediated reactions in real time.
Take a simple chemical reaction A!B as an example. For a

signaling aptamer to be useful for reporting this chemical
transformation in real time it must exhibit a different level of
fluorescence in the presence of A than with B. If the signaling
aptamer has a higher level of fluorescence in the presence of
B, the A-to-B transformation can be monitored conveniently by
following the increase in the fluorescence intensity of the sig-
naling aptamer. If an enzyme mediates the chemical reaction,
the presence of the fluorescent aptamer reporter should
permit real-time monitoring of the activity of the enzyme, as
well as screening for small-molecule inhibitors.
We found previously that the structure-switching ATP report-

er shown in Figure 1A is able to generate signals with different
fluorescence intensities depending on whether adenosine or
one of its 5’-phosphorylated analogues is used as the target.
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Upon addition of 750 mm adenosine, AMP, adenosine 5’-di-
phosphate (ADP), and adenosine 5’-triphosphate (ATP), the in-
tensity of the fluorescence emission from the signaling aptam-
er increased 8.1, 5.3, 8.3, and 6.9-fold, respectively, compared
to the background reading (Figure 1B, each target was added
after the signaling aptamer mixture had been incubated for
10 min, as indicated by the first dashed line). These results are
consistent with the affinity profiles observed by Kennedy and
co-workers in affinity chromatography experiments with the
same aptamer as the stationary phase.[24] These observations
led us to speculate that the signaling aptamer is a suitable re-
porter for nucleotide-dephosphorylating enzymes such as alka-
line phosphatase, which is known to remove the 5’-phosphate
groups from ATP, ADP, and AMP to convert each of these spe-
cies into adenosine (Figure 1C).
ALP was added to each target/aptamer mixture 10 minutes

after addition of the target (Figure 1B, second dashed line).
ALP addition did not cause any intensity change in the adeno-
sine solution (green crosses) or the solution lacking all the ade-
nosine analogues (black empty circles). This result was expect-
ed since no chemical reaction occurred in these solutions. ALP
promoted a rapid fluorescence intensity increase in the AMP
solution (filled dark blue circles). This increase indicates the
generation of adenosine, for which the aptamer has a higher
affinity than for AMP. The ALP-promoted intensity change in
the ADP solution (filled red triangles) was most intriguing: the
intensity initially decreased, then slowly returned to the origi-
nal level. Since ADP contains two phosphate groups (a and b

phosphates), two dephosphorylation reactions should occur
(see Figure 1C) upon addition of ALP. The initial intensity drop
is consistent with the removal of the b-phosphate group (gen-

eration of AMP from ADP, coupled with fluorescence intensity
decrease). The eventual intensity recovery is the result of AMP
accumulation and subsequent removal of the a-phosphate
group (generation of adenosine from AMP, coupled with fluo-
rescence enhancement). Addition of ALP to the ATP solution
(light blue diamonds) induced a slow fluorescence increase.
This result can be explained by the signaling behaviors associ-
ated with three dephosphorylation reactions: the removal of
the g-phosphate group from ATP (generation of ADP, accom-
panied by fluorescence increase), the removal of the b-phos-
phate group (generation of AMP, accompanied by fluorescence
decrease), and the removal of the a-phosphate group (genera-
tion of adenosine, accompanied by fluorescence increase). It
appears that the fluorescence gain resulting from the first and
the third reactions always surpasses the fluorescence loss asso-
ciated with the second reaction over the entire incubation
period. These observations indicate that the ATP reporter can
be utilized as a probe to report reactions catalyzed by ALP in
real time.
We chose to examine the AMP±aptamer system further to

determine whether the ATP reporter can also be used to quan-
tify ALP activity. We first established the AMP concentration
that produced the largest signal in response to the AMP-to-ad-
enosine transition (see Figure 1A in the Supporting Informa-
tion) by determining the fluorescence intensity differential (DF,
defined as Fadenosine�FAMP) as a function of the target concentra-
tion. A bell-shaped curve was recorded with a DF peak at
target concentrations of around 500±1000 mm (Figure 1B, Sup-
porting Information).
Next, we studied the signaling responses of the aptamer

during the second leg of the signaling profile in the presence

Figure 1. An anti-ATP signaling aptamer and its ability to distinguish adenosine, AMP, ADP, and ATP. A) DNA sequences used for construction of the structure-switch-
ing signaling aptamer and the mechanism of signal generation. Two adenosine molecules are shown in the aptamer±target complex in accordance with the struc-
ture of the DNA aptamer as determined by NMR spectroscopy (see ref. [14]). B) The two-leg signals observed with the reporter system. The first leg is observed upon
addition of each target (final concentration, 0.75 mm), and the second upon addition of calf intestine ALP (1 unit enzyme in 500 mL solution). Details are given in
the Experimental Section. C) Dephosphorylation of ATP by ALP. FDNA, fluorophore-DNA; QDNA, quencher-DNA; MAP, aptamer.
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of 0.75 mm AMP and various amounts of calf intestine ALP. We
tested seven different amounts of ALP ranging from 10 to
10�5 units in progressive 10-fold dilution steps. ALP was added
to a 500-mL solution of the aptamer±AMP complex in the 25th
minute of the experiment (see Figure 2A and the Experimental
Section for details). We used the results of these tests to deter-
mine the signaling rate as a function of the effective ALP con-
centration (Figure 2B; the x and y axes are both on a logarith-
mic scale). The signaling rate corresponds to the speed of fluo-
rescence intensity increase in the initial linear signaling phase
following ALP addition and was used as a way to measure the

enzyme activity. A linear relationship between signaling rate
and ALP concentration was observed over an enzyme concen-
tration range covering six orders of magnitude (2î10�8±2î
10�3 unitmL�1) with a fixed substrate concentration (the AMP
concentration was set at 0.75 mm). These data indicate that
the signaling aptamer can be utilized as a sensitive probe for
the quantification of effective ALP concentrations.
We also investigated the potential utility of structure-switch-

ing signaling aptamers as reporting probes for screening small
molecules for enzyme inhibitors. The use of aptamers to estab-
lish novel small-molecule screening assays has been demon-
strated in two previous studies. Janjic et al. used protein-bind-
ing aptamers covalently labeled with a fluorophore.[25] More
recently, Famulok and co-workers designed a fluorescence-
signaling allosteric ribozyme system (an aptamer±ribozyme
conjugate) to screen for inhibitors of protein enzymes.[21] We
conducted a proof-of-principle, small-molecule screening ex-
periment with our signaling aptamer system. Levamisole and
its racemic mixture tetramisole (the chemical structures are
shown in Figure 2 of the Supporting Information) are two
known inhibitors of porcine ALP (as well as some other
mammal ALPs but not calf intestine ALP) that have inhibition
constants, Ki, in the low micromolar range.[26±28] We reasoned
that addition of an appropriate amount of levamisole or tetra-
misole to an anti-ATP signaling aptamer solution containing
AMP should attenuate the activity of any porcine ALP added
to the mixture. This reduced activity should lead to a slower
rate of fluorescence intensity increase in the signaling aptamer
solution than was observed in the absence of the inhibitor.
Indeed, when levamisole or tetramisole (0.1 mm) was added to
a signaling aptamer mixture containing AMP (0.75 mm), the
signaling rate showed that the rate of the AMP-to-adenosine
conversion promoted by porcine kidney ALP was considerably
reduced relative to that of the uninhibited reaction (Figure 3A).
Nine other noninhibiting chemical compounds were chosen at
random as controls and were tested at the same concentration
as the known inhibitors. As expected, no significant rate reduc-
tion was observed with these compounds. We performed an
inhibition assay on the same eleven compounds in a 96-well
plate to demonstrate the feasibility of exploiting structure-
switching signaling aptamers for high-throughput screening of
small molecules for enzyme inhibitors (Figure 3B). A mixture
containing the anti-ATP signaling aptamer, AMP (0.75 mm), and
one of the eleven test compounds (0.1 mm) was produced for
each well. Two fluorescence readings were taken from each
well : the first was recorded when the porcine ALP was added
(Finit) and the second was recorded 60 minutes later (Ffinal). A
control well containing the signaling aptamer and AMP but
lacking a test compound was also examined. The inhibitory
effect of each compound is represented by the residual activity
of the enzyme (percentage activity ; Figure 3B) and was calcu-
lated as (Ffinal/Finit)compound/(Ffinal/Finit)control. The results shown in
Figure 3B clearly indicate that structure-switching signaling ap-
tamers are suitable for high-throughput screening.
To further verify the reliability of the signaling aptamer

system, we used the system to determine the IC50 value of le-
vamisole for ALP. We plotted the initial rates of the ALP-cata-

Figure 2. Monitoring the activity of ALP in real time by using a signaling ap-
tamer that reports the occurrence of an AMP-to-adenosine transition. A) Two-
leg signaling profiles. The second signal is produced as a result of the addition
of calf intestine ALP. ALP was added in various amounts over a range of seven
orders of magnitude (the amount of ALP added to each 500 mL solution is
given in the insert). B) Signaling rate versus concentration of ALP. Details are
given in the Experimental Section.
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lyzed reaction in the presence of different amounts of levami-
sole (see the Experimental Section for details) against the con-
centration of levamisole and obtained a sigmoidal curve from
which an IC50 value of 5.55�1.62î10�6m was calculated (Fig-
ure 3C). We then used the equation IC50=Ki/[1+ ([S]/Km)] to
calculate a Ki value of 8.38�2.44î10�6m for levamisole ([S] is

the concentration of the substrate, 0.75î10�3m ; Km is the Mi-
chaelis constant of mammal kidney ALP for AMP, which has
been reported as 1.47î10�3m).[26] This Ki value is in good
agreement with that previously reported for mammal kidney
ALP with AMP as a substrate (9.86î10�6m).[26]

In conclusion, we have demonstrated that structure-switch-
ing signaling aptamers can be used as real-time reporters of
enzyme-mediated chemical reactions. To our knowledge, this is
the first study to exploit signaling aptamers as fluorescent re-
agents for reporting a chemical reaction in real time. We also
demonstrated that signaling aptamers can be used as sensitive
probes for the quantification of enzyme activities as a result of
their large dynamic detection range and very low detection
limit. Furthermore, we have shown that structure-switching
signaling aptamers are compatible with high-throughput
screening technology for the identification and characteriza-
tion of enzymatic inhibitors.
The signaling aptamer system described herein needs fur-

ther improvement to achieve better performance and more
tests are required to determine its general applicability. For ex-
ample, although our signaling aptamer system offers a unique,
two-leg signaling profile that can be exploited as a built-in
checking mechanism to reduce the chance of reporting false
positives, the magnitude of the signal in the second signaling
leg is relatively small (around 50% increase in intensity com-
pared to the first leg; see Figure 2A and Figure 3A). One possi-
ble way to improve the magnitude of the signal is to develop
fluorescent aptamers that exhibit a much higher affinity for the
product of a given reaction than for the reactant. Such aptam-
ers can be created by using an in vitro selection technique
through which aptamers are selected for the product as well
as against the reactant. At the same time, in vitro selection can
produce aptamers that have optimum performance at the pH
value and metal ion concentration required by the enzyme to
enhance the overall performance of the system. Although the
anti-ATP signaling aptamer described herein probably distin-
guishes adenosine from AMP by the difference in charge be-
tween the two species, aptamers with the ability to distinguish
structurally similar compounds with no charge difference have
also been reported.[29,30] The described assays can, in principle,
be applied to any reaction for which a signaling aptamer
system that can distinguish the product from the reactant can
be established. Our signaling aptamer system involves an as-
sembly of three DNA molecules, FDNA, QDNA, and MAP (see
Figure 1A). This type of system offers certain advantages, such
as flexibility with regard to fluorophore tagging and system
construction,[1] but an optimization step may be required to
determine the most suitable ratio of components.
We used ALP as a model enzyme mainly because it is com-

mercially available and the anti-ATP signaling aptamer can dis-
criminate clearly between adenosine and AMP. Convenient
fluorescence-based methods for the detection of ALP activity
already exist (see ref. [31±33] for examples) so there is no sig-
nificant need for an aptamer-based assay for this enzyme. Our
efforts will now be directed at exploiting the anti-ATP signaling
aptamer to perform screening assays to search for inhibitors of
several important enzymes, such as adenosine deaminases

Figure 3. Signaling aptamers as probes for screening small molecules for
enzyme inhibitors. A) Real-time monitoring of porcine ALP activity in the pres-
ence of various small molecules (including the known ALP inhibitors levamisole
and tetramisole) by using the signaling aptamer. B) Inhibition assays performed
in a 96-well plate. C) Determination of the IC50 value of levamisole for mammal
kidney ALP. Details are given in the Experimental Section.
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(which transform adenosine into inosine, for which the aptam-
er has no affinity at all),[2] adenyl cyclases (transform ATP into
cAMP, for which the ATP aptamer has very low affinity),[2] or
phosphodiesterases (transform cAMP into AMP). New signaling
aptamers will also be engineered for targets not related to ad-
enosine and for various metabolic enzymes. It is conceivable
that several structure-switching signaling aptamers with differ-
ent fluorophores or quenchers could be generated through a
combination of in vitro selection and signaling aptamer engi-
neering. These aptamers could be used to establish various
forms of multiplexed assays for real-time monitoring either of
multistep enzymatic reactions or of different enzymatic activi-
ties for several reactions occurring in the same solution.

Experimental Section

DNA oligonucleotides and chemical reagents : Both standard and
modified DNA oligonucleotides were prepared by automated DNA
synthesis with cyanoethyl-phosphoramidite chemistry (Keck Bio-
technology Resource Laboratory, Yale University; Central Facility,
McMaster University). 5’-Fluorescein and 3’-4-(4-dimethylamino-
phenylazo)benzoic acid (3’-DABCYL) moieties (in FDNA and QDNA,
respectively) were introduced by using 5’-fluorescein-phosphorami-
dite and 3’-DABCYL-derivatized controlled pore glass (CPG; Glen
Research). The products were purified by reversed-phase HPLC.
HPLC separation was performed on a Beckman-Coulter HPLC
System Gold with a 168 Diode Array detector. The HPLC column
was an Agilent Zorbax ODS C18 column (4.5 mmî250 mm, 5 mm
bead diameter). A two-solvent system was used for the purification
of all DNA species: Solvent A, 0.1m triethylammonium acetate
(pH 6.5); Solvent B, 100% acetonitrile. The best separation results
were achieved with a nonlinear elution gradient (10% B for
10 min, 10±40% B over 65 min) at a flow rate of 0.5 mLmin�1. The
compound corresponding to the main HPLC peak absorbed very
strongly at both 260 nm and 491 nm. The DNA that came off the
column within 2=3 of the peak-width from the centre of the main
peak was collected and dried under a vacuum. Unmodified DNA
oligonucleotides were purified by 10% preparative denaturing (8m
urea) polyacrylamide gel electrophoresis, followed by elution and
precipitation in ethanol. Purified oligonucleotides were dissolved in
water and their concentrations were determined spectroscopically.

Calf intestine ALP was purchased from MBI-Fermentas and porcine
kidney ALP from Sigma. Both were used without further purifica-
tion. ATP, ADP, AMP, and adenosine were purchased from Sigma
and their solution concentrations were determined by standard
spectroscopic methods. All other chemical reagents were obtained
from Sigma.

General procedures for fluorescence measurements : The follow-
ing concentrations of oligonucleotides were used for fluorescence
measurements (all DNA sequences are given in Figure 1A): 40 nm
for FDNA, 80 nm for the aptamer (MAP), and 120 nm for the
quencher (QDNA). The ratio FDNA:MAP:QDNA was set to 1:2:3 to
ensure a low background signal. Under these conditions, the vast
majority of the FDNA molecules form a duplex structure with MAP
and the resulting FDNA±MAP duplexes are able to engage a QDNA
molecule for fluorescence quenching. The assay buffer contained
NaCl (300 mm), MgCl2 (5 mm), and tris(hydroxymethyl)aminometha-
ne¥HCl (20 mm, pH 8.3). Fluorescence intensities were recorded on
a Cary Eclipse fluorescence spectrophotometer (Varian) with excita-
tion at 490 nm and emission at 520 nm. The sample volume was
500 mL in all cases, except for the assay carried out on a 96-well mi-

croplate (150 mL). The measurement of the fluorescence intensities
of specific samples is detailed below.

Experimental procedures for Figure 1B : An FDNA±QDNA±MAP
signaling mixture (495 mL) in assay buffer was incubated in the ab-
sence of any target for 10 min at 22 8C. Adenosine (green crosses),
AMP (filled dark blue circles), ADP (filled red triangles), or ATP
(filled light blue diamonds) was added to a final concentration of
0.75 mm (achieved by using a 100î stock solution); water was
added to the control sample (open black circles). The resulting ap-
tamer/target mixtures were incubated at the same temperature for
10 min. Calf intestine ALP (0.5 units) was introduced (final concen-
tration, 0.001 unitmL�1) and the resultant solution was incubated
again for 50 min. A fluorescence reading was recorded every
minute. The raw fluorescence data are shown in the figure.

Experimental procedures for Figure 2 : The procedures described
for Figure 1B were used to obtain the data shown in Figure 2, with
three alterations: 1) only AMP (0.75 mm) was used as the target;
2) calf intestine ALP was added in seven different amounts (10�5±
101 units; final concentrations, 2î10�8±2î10�2 unitmL�1) ; 3) the in-
cubation time after the addition of calf intestine ALP was extended
to 1200 min. Each experiment was performed in quadruplicate;
only one set of data is shown.

We estimated the signaling rate for each solution referred to in
Figure 2A by using data taken from within the linear signaling
phase of the experiment. Each data series was normalized by using
the equation x= (F�F0)/(Fadenosine�F0), where Fadenosine is the fluores-
cence intensity observed with 0.75 mm adenosine, F0 is the fluores-
cence reading taken for an AMP-containing solution immediately
before calf intestine ALP was added, and F is the fluorescence
reading of the same solution at a given time after the ALP addi-
tion. Since the AMP-to-adenosine transition is a first-order reaction,
x is equivalent to the fraction of AMP that is dephosphorylated by
ALP and (1�x) is the fraction of remaining AMP. A plot of Ln(1�x)
versus the reaction time should be linear and the negative slope of
the line represents the signaling rate. An average signaling rate
was calculated for each ALP concentration by using the results of
four repeat experiments. Error bars are indicated on the plot.

Experimental procedures for Figure 3A : The ATP reporter and
AMP (0.75 mm, 500 mL) were incubated for 10 min at room temper-
ature before a test compound (final concentration, 0.1 mm ; the
structures of all tested compounds are given in Figure 2 of the
Supporting Information) was added. The resulting mixture was in-
cubated for another 10 min, followed by addition of porcine ALP
(5 units; final concentration, 0.01 unitsmL�1) and further incubation
for 75 min. The fluorescence intensity (FALP) was monitored continu-
ously. For each compound, the fluorescence intensity (FNoALP) of a
control sample without porcine ALP was also recorded in the same
way. Figure 3A shows a plot of FALP/FNoALP versus reaction time for
all eleven compounds tested.

Experimental procedures for Figure 3B : The experiment whose
results are reported in Figure 3A was performed in duplicate in a
96-well plate (150 mL solution in each well). The concentrations of
all components remained the same as those described above. The
initial fluorescence intensity (Finit) was recorded when porcine
kidney ALP was added. The fluorescence intensity (Ffinal) was again
recorded 60 min after the addition of ALP. An Ffinal/Finit value was
calculated for each tested compound. The inhibition effect (% ALP
activity) was calculated as (Ffinal/Finit)compound/(Ffinal/Finit)control. The con-
trol reaction mixture contained no test compound. Each value
plotted is the average of two measurements taken from duplicate
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experiments and the error bars represent the difference between
the calculated average values and the measured values.

Experimental procedures for Figure 3C : The same experimental
set-up was used as described above for Figure 3A. The experi-
ments were performed in duplicate with porcine kidney ALP (final
concentration, 5 units per 500 mL), AMP (750 mm) as the substrate,
and various concentrations of levamisole: 0.1, 1, 5, 10, 50, 100, and
1000 mm. The initial signaling rate was calculated as the slope of
the linear portion of a plot of the fluorescent signal after the addi-
tion of ALP against ALP concentration. The data were plotted with
the GraFit program, which was also used to generate the reported
IC50 value.
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