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Abstract: Single-stranded DNA molecules with ligand-binding ability and catalytic function,
referred to as DNA aptamers and DNA enzymes, respectively, are special DNA sequences
isolated from random-sequence DNA libraries by “in vitro selection”. These two new classes
of artificial DNA molecules have the potential of being used as molecular tools in a variety
of innovative applications ranging from biosensing to gene regulation. Our laboratory is in-
terested in engineering fluorescence-signaling DNA aptamers and DNA enzymes that can be
widely exploited for detection-directed applications. In this article, we will first discuss our
recent efforts on the rational design of a new class of signaling aptamers denoted “structure-
switching signaling aptamers”, which report target binding by switching structures from
DNA/DNA duplex to DNA/target complex. We will then describe the in vitro selection of
fluorescence-signaling DNA enzymes that exhibit a synchronized catalysis-signaling capa-
bility by cleaving a chimeric RNA/DNA substrate at the lone RNA linkage surrounded by a
closely spaced fluorophore-quencher pair. Potential utilities of these signaling DNA mole-
cules will also be discussed.

INTRODUCTION

Nucleic acids have been traditionally exploited as affinity probes for the detection of DNA and RNA
targets based on their abilities to form DNA/DNA or DNA/RNA duplexes. Several landmark discover-
ies over the past two decades—including the revelation of natural RNA enzymes (ribozymes) and the
demonstration that DNA or RNA molecules with novel catalytic or binding capabilities can be created
in vitro [1–6]—have significantly broadened the utility of nucleic acids as molecular recognition ele-
ments. DNA and RNA can now be engineered not only to detect nucleic acid targets, but also to recog-
nize a broad scope of non-nucleic acid ligands including proteins and metabolites [7,8].

Aptamers are single-stranded DNA or RNA molecules isolated from large pools of random-se-
quence oligonucleotides to bind a wide range of chemical or biological entities with high affinity and
specificity [5–8]. Similar to antibodies, aptamers can be used as molecular recognition elements in an-
alytical detection systems. DNA aptamers offer several advantages over their protein-made analogs.
The isolation of aptamers is done in vitro, and the target for aptamer creation can be any molecule, in-
cluding toxins. Once a DNA aptamer is identified, it can be reproduced by automated DNA synthesis
at very low cost and with a high batch-consistence. Moreover, DNA aptamers are easy to modify to in-
troduce various reactive groups, affinity tags, or reporting moieties that may be needed for a particular
application. Finally, DNA aptamers have a long shelf-life and usually stay active following a denatura-
tion–renaturation process.
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DNA enzymes, also known as deoxyribozymes or DNAzymes, refer to single-stranded DNA mol-
ecules with catalytic capabilities. Similar to DNA aptamers, DNA enzymes are generated de novo by in
vitro selection from an extraordinarily large population of single-stranded DNA molecules. Since the
report of the first DNAzyme nearly 10 years ago [4], hundreds of DNA sequences have been isolated
in many research laboratories around the world to facilitate more than a dozen chemical transformations
of biological relevance [9–12]. For example, DNA enzymes have been isolated to cleave DNA [13] and
RNA [4,14], ligate RNA [15], and phosphorylate DNA [16]. In recent years, considerable efforts have
been undertaken to develop DNA enzymes as reporter molecules for biosensing applications or as
agents to regulate gene expression at RNA level [12].

One important step in developing a biosensing system that exploits DNA aptamers and DNA en-
zymes is to establish effective methods capable of transducing a binding and/or catalytic event into an
easily recordable signal. Strategies have been devised for transducing aptamer–target interactions into
electrochemical, mechanical, piezoelectric, or fluorescent signals [17–20]. Within these methods, fluo-
rescence signaling is very desirable because of the convenience of detection, the diversity of measure-
ment methods, and the availability of a large selection of fluorophores and quenchers for nucleic acid
modification [21]. Therefore, exploring various strategies for the design of effective fluorescence-sig-
naling aptamers is a research subject actively pursued by several research groups [22–29]. Similarly,
fluorescence-based sensor molecules made of DNA enzymes have also been reported in a number of
studies [30–35]. In this article, we will discuss some recent results from our group in the pursuit of new
ways to create signaling DNA aptamers or signaling DNA enzymes [29,34,35] by rational design or by
in vitro selection and evolution.

RESULTS AND DISCUSSION

Rational design of structure-switching signaling DNA aptamers

Standard DNA aptamers do not possess intrinsic fluorescence-signaling capabilities when they are iso-
lated from random-sequence libraries and can only be made fluorescent through postselection modifi-
cations by rational design. A desirable rational design strategy should be one that can be easily applied
to any given aptamer regardless of its size and structural properties. This is important because aptamers
are known to have variable sizes and vastly different secondary and tertiary structures. Some aptamers
do not have an easily determinable secondary structure, and the tertiary structures of most aptamers are
not readily available. Equally important is the effectiveness of the design method in generating signal-
ing aptamers with a large signaling magnitude, a fast response time or a real-time signaling capability.
Signaling aptamers exhibiting large fluorescence enhancements upon target binding increase the sensi-
tivity and accuracy of signaling aptamer-based assays. The real-time reporting capability should allow
rapid sample measurements and permit the integration of signaling aptamers into demanding applica-
tions such as high-throughput screening.

We have conceived a rational design strategy based on the universal capability of DNA aptamers
to adopt two different forms of structures: a duplex structure with a complementary DNA sequence and
a complex structure with the target for which the aptamer is created. In the particular design illustrated
in Fig. 1A, three DNA oligonucleotides are used: FDNA, QDNA, and MAP. MAP stands for a modi-
fied aptamer sequence containing a target-binding element (in black) and non-target-binding motif (in
gray). MAP is designed to possess the capability to form two short duplexes with FDNA (labeled with
a fluorophore) and QDNA (labeled with a fluorescence quencher), respectively. In this arrangement, the
fluorophore and the quencher are located in close proximity and a low level of fluorescence ensues. The
introduction of the target promotes the aptamer to adopt a more stable complex structure. In this new
structural configuration, only FDNA is able to bind the MAP-target complex. The departure of QDNA
from the original duplex assembly results in the separation of the quencher from the fluorophore and,
therefore, an increase of fluorescence intensity. A rapid transition from the duplex state to the complex
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state promoted by target addition would offer a general reporting system capable of monitoring the
binding process in real time.

A previously isolated ATP aptamer [36] that is known to bind two ATP molecules in its structure
fold [37] has been used as a model aptamer for the proof of the above concept (Fig. 1B).

The length of QDNA is an important factor for consideration. It should have an adequate size so
that it anneals to MAP with moderate strength to offer both low background fluorescence in the absence
of the target and a possibility for fast structure switching when the target is present. Consequently, we
tested a series of QDNAs with different number of nucleotides (data not shown) and chose an 11-nt se-
quence that showed both a low melting point (desirable for target-induced structure switch) and a low
level of background fluorescence (indicative of a stable QDNA/MAP duplex).

The behavior of the above anti-ATP signaling aptamer system (denoted ATP Reporter A) in the
presence and absence of ATP was studied under different temperature settings. The evidence of struc-
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Fig. 1 Design of structure-switching signaling aptamers. (A) Working principle. A tripartite, fluorescence-
quenching, two-stem duplex assembly can be constructed using a fluorophore (F)-containing FDNA, a quencher
(Q)-containing QDNA, and an unmodified DNA molecule (MAP) that contains an FDNA-binding sequence (in
gray) and a target-binding motif (in black). When the target (gray star) is introduced, the duplex structure is
transformed into the target-aptamer complex with a concomitant release of QDNA and an enhancement of
fluorescence intensity. (B) An ATP-binding aptamer as a model system. The original 27-nt aptamer (underlined) is
appended with a sequence at the 5′-end for the formation of the 15-bp duplex with FDNA. An 11-nt QDNA
containing a DABCYL at the 3′-end is used as a quencher. (C) Evidence for structure switching from a
temperature-changing experiment. Data points in diamonds are for samples containing no ATP and those in circles
for ATP-containing solutions. Temperature settings are indicated on the top of the graph. The fluorescence intensity
was measured every minute when the temperature of each solution was changed as follows: a 10-min incubation
at 15 °C, followed by a temperature increase to 37 °C within 1 min and further incubation at this temperature for
50 min. Finally, each sample was cooled to 22 °C in 1 min and incubated at 22 °C for 30 more minutes.



ture-switching was obtained using the simple temperature-changing experiment shown in Fig. 1C. We
incubated both 1 mM ATP-containing (data series shown in circles) and ATP-lacking (diamonds) sig-
naling aptamer solutions for a total of 90 min at different temperature settings—the first 10 min at
15 °C, the next 50 min at 37 °C, and the final 30 min at 22 °C. Rapid structure-switching was not ob-
served at 15 °C (indicated by steady fluorescence observed for both solutions) because the preformed
FDNA/QDNA/MAP duplex assembly was too stable at this temperature and ATP was not able to dis-
place QDNA. Structure transition occurred at 37 °C (indicated by the progressive fluorescence inten-
sity increase in the ATP-containing sample) because the duplex assembly was weakened at this tem-
perature, allowing ATP to gradually replace QDNA molecules in the assembly. When the temperature
was dropped to 22 °C, while free QDNA molecules reassembled back onto MAP in the ATP-lacking
solution, the formation of the ATP-aptamer complex in the ATP-containing solution prevented the
QDNA from re-annealing to MAP.

The ATP reporter described above exhibited fairly slow target-induced fluorescence intensity in-
crease at low temperature range (at 15 °C or room temperature, data not shown). This slow response
can be attributed to the relative high stability of the MAP/QDNA duplex. Since weakening the duplex
by simply shortening the size of QDNA would significantly increase the level of background fluores-
cence, the exploration of alternative arrangements became a necessity. One successful strategy we de-
vised was to insert a “nonsense” sequence of five nucleotides between the aptamer domain and the
FDNA binding domain in MAP (Fig. 2A, the portion of the sequence written in italicized letters). A
12-nt QDNA was then designed to bind these five nucleotides, as well as the seven adjacent nucleotides
on the aptamer element. We hypothesized that it should be easier for ATP to compete with fewer nucleo-
tides that block the target-binding site in the aptamer (7 nt in the new design vs. 11 nt in the old design)
while overall stability of QDNA/MAP duplex would be maintained. After the formation of ATP-ap-
tamer complex, the remaining duplex between QDNA and five nucleotides in MAP would not be strong
enough to hold QDNA onto MAP. Indeed, when the newly designed reporter (denoted ATP Reporter E)
was exposed to the target, the structure-switching process took place in less then 2 min in a tempera-
ture-independent manner (Fig. 2B) and a more than 10-fold fluorescence enhancement was observed.
ATP reporter E was sensitive to the change of target concentration and exhibited a linear response when
ATP concentration was varied between 0.01 and 1 mM (Fig. 2C). ATP reporter E can also discriminate,
to a certain extent, compounds with a high degree of structural similarity including adenosine, AMP,
ADP, ATP, and dATP. As expected, it did not respond to the addition of other nonanalogous nucleotides
such as GTP, CTP, and UTP (Fig. 2D) as it had been previously shown that the original DNA aptamer
has no affinity for these nucleotides [36].

To confirm that the above-described design strategy is generally applicable, we successfully de-
signed one more structure-switching signaling aptamer (Fig. 3A) using another previously isolated
DNA aptamer, which interacts with a protein target, thrombin, and has a completely different tertiary
structure, size, and affinity for its target [38,39]. The thrombin reporter displayed characteristics simi-
lar to ATP reporter E: it generated a fast signal response to the addition of thrombin at 25 °C and above
(Fig. 3B), it showed a linear response when the thrombin concentration was changed between
0.05–1 µM (Fig. 3C) and it discriminated between different forms of thrombins (α, β, and γ thrombins)
and other related or unrelated proteins such as human factors IXa, Xa, and BSA (Fig. 3D). The throm-
bin reporter was less effective than the ATP reporter E with regard to the speed of real-time response to
the target addition at room temperature. This can be justified by the size difference between the two ap-
tamers. The anti-thrombin aptamer (15 nt) is significantly shorter than the anti-ATP aptamer (27 nt);
therefore, a 12-nt QDNA blocks 40 % nucleotides in the anti-thrombin aptamer but ony occupies 26 %
nucleotides in the anti-ATP aptamer. Nevertheless, this reporter was still sufficiently responsive in real-
time signaling as judged by the rapid fluorescence increase at 30 °C when 1 µM α-thrombin was used
as the target.
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Fig. 2 An ATP reporter with real-time sensing capability at low temperature. (A) The DNA sequences used
for the construction of ATP Reporter E. The modified aptamer contained the FDNA-binding domain (in gray), the
original aptamer sequence (underlined), and an inserted 5-nt domain (italicized) as part of the QDNA-binding
domain. (B) Real-time sensing results. ATP reporter E was incubated in the absence of ATP for 10 min at an
indicated temperature (15, 20, 25, or 37 °C), followed by the addition of ATP to 1 mM and a further incubation at
the same temperature for 30 more minutes. (C) The fluorescence intensity of ATP Reporter E in response to the
change of ATP concentration. ATP concentrations were tested at 0, 10, 25, 50, 75, 100, 250, 400, 500, 600, 750,
800, and 1000 µM. Each data point represents the average value of three independent experiments. (D) Signaling
specificity of ATP Reporter E. The fluorescence intensity of the signaling aptamer was measured in the presence
of each of indicated compounds (all at 1 mM). The data are normalized as FTarget/FNo target, where FTarget is the
fluorescence intensity of each sample and FNo target is the reading for the reporter in the absence of any target.
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Fig. 3 A structure-switching reporter for thrombin. (A) Sequences of DNA molecules used. A previously
isolated DNA aptamer for thrombin binding was configured into the tripartite signaling system using the similar
design strategy employed for ATP reporter E (see Fig. 2A; the original thrombin-binding aptamer sequence is
underlined). (B) Real-time sensing capability of the thrombin reporter. The reporter was examined in a similar way
to that shown in Fig. 2B except that thrombin (1 µM) was used as the target. (C) Fluorescence response of the
reporter to thrombin concentration, which was used at 0, 10, 50, 100, 250, 400, 500, 750, and 1000 nM. The
fluorescence intensity of the thrombin reporter was recorded in real time at 30 °C with different concentrations of
thrombin (in triplicate) using the same experimental setting as in Fig. 2B. The fluorescence intensity at the 20th

minute for each sample is normalized as (F – F0)/F0, where F is the fluorescence intensity of each sample; F0 is
for the sample containing no thrombin. Each data point represents the average value of three independent
experiments. (D) Signaling specificity of the thrombin reporter. Real-time assay was conducted in the absence of
any protein ligand (data not shown) and in the presence of BSA, factor Xa, factor IXa, and human thrombin α, β,
and γ, respectively. Each protein was used at 0.75 µM.



It is worth commenting on the affinity alteration by QDNA to the original aptamers. The use of
QDNA reduced the affinity of the ATP aptamer by 60-fold (Kd was changed from ~10 µM in the orig-
inal aptamer to ~600 µM in the modified aptamer) while only lessened the affinity of the thrombin ap-
tamer by 2-fold (from ~200 to ~400 nM). This observation seems to suggest that the structure-switch-
ing-based modification strategy may cause more affinity reduction to low-affinity aptamers than to
high-affinity ones. Although certain degree of affinity reduction to an aptamer may not significantly di-
minish the utility of the aptamer reporter, it is certainly preferred that the affinity reduction be kept at
minimum. Since all QDNAs tested so far are DNA molecules that are completely complementary to the
modified aptamers, it is conceivable that one potential way to minimize the affinity decrease is to use
QDNAs with sequences that form less perfect duplexes with the aptamer. This and other strategies will
be investigated in the future.

In vitro selection of efficient signaling DNA enzymes

Another major interest in our laboratory is to develop a fluorescence-signaling biosensor system based
on the catalytic capability of DNA. Although sensor molecules made of DNA enzymes have been re-
ported by several groups [30–33] prior to our studies, they were constructed using existing DNA en-
zymes that were not created specifically for signaling applications and are less optimal in their signal-
ing properties. Therefore, our goal was to make special DNA enzymes that can couple fluorescence
signaling with efficient catalysis.

First, we designed a special DNA/RNA chimeric substrate (denoted A1 in Fig. 4) containing a
single ribonucleotide as the cleavage site (Ar, Fig. 4B) as well as a fluorophore (F) and a quencher (Q)
covalently linked to the deoxyribonucleotides that sandwich the RNA site. This substrate has a very low
level of background fluorescence, but it can generate a large fluorescence signal upon the cleavage of
the RNA linkage. Next, we sought DNA enzymes that could efficiently cleave this specially arranged
RNA junction by in vitro selection. We employed the in vitro selection scheme shown in Fig. 4A to iso-
late signaling DNA enzymes based on their ability to perform catalysis in a cis-acting manner, mean-
ing that the substrate is covalently attached to the DNAzyme. The selection scheme contains eight steps.
In step I, a pool of single-stranded 86-nt DNA containing 43 random-sequence nucleotides was first lig-
ated to the substrate DNA A1 (23-nt) containing the three key moieties described above (all DNA se-
quences are given in Fig. 4B). The ligated 109-nt DNA was purified by PAGE in step II, followed by
step III where the modified DNA molecules were incubated in the reaction mixture (containing 400 mM
NaCl, 100 mM KCl, 7.5 mM MgCl2, 5 mM MnCl2, 1 mM CoCl2, 0.25 mM NiCl2, and 1.25 mM CdCl2
in 50 mM HEPES, pH 6.8 at 23 °C). Any autocatalytic DNA capable of cleaving the lone RNA linkage
was expected to produce a 94-nt DNA fragment that could be isolated by PAGE in step IV. The recov-
ered DNA was amplified by two successive polymerase chain reactions (PCRs). The first PCR was car-
ried out with the use of primers P1 and P2 (step V). The second PCR (step VI) used P1 and P3. Since
P3 was a ribo-terminated primer, the double-stranded DNA product generated in the second PCR step
contained a single ribonucleotide linkage. The DNA product from the second PCR was treated with
NaOH (step VII) under conditions that could fully cleave the ribonucleotide linkage (0.25 M NaOH,
90 °C, 10 min). The digested DNA mixture was subjected to PAGE purification. The sense strand was
recovered and phosphorylated (step VIII). The resulted 5′-phosphorylated DNA was used to initiate the
next round of selection.
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Beginning with a population of 1014 different DNA molecules we successfully isolated, after
22 rounds of selection, a DNA enzyme that is capable of coupling RNA cleavage with fluorescence sig-
naling. This catalytic DNA was named DEC22-18, and its sequence is given in Fig. 5A. Following in
vitro selection, we assessed DEC22-18 for divalent metal ion dependence and found that the catalytic
function of this DNA enzyme needs the support of some of the divalent metal ions (namely Co2+, Ni2+,
or Mn2+) that were included in the original selection mixture. Further investigation revealed that Co2+

was the preferred divalent metal ion. The elimination of monovalent metal ions Na+ and K+ slightly en-
hanced the enzymatic activity of DEC22-18. Based on these observations, we conducted a series of ex-
periments to derive the most optimal salt and pH conditions for DEC22-18. This effort led to the find-
ing that this DNA enzyme was most effective in 10 mM of Co2+, 5 mM Mg2+, and 50 mM HEPES at
pH 6.8.

The original DEC22-18 contained 109 nt (including the substrate A1 domain). Deletion experi-
ments using synthetic DNAs led to a shortened version of DNA enzyme (83 nt) named DEC22-18A
(Fig. 5B). Under aforementioned optimal reaction conditions, the cleavage reaction of DEC22-18A pro-
ceeded too fast to allow an accurate measurement of rate constant by manual quenching method. Based
on the observation that nearly 50 % of DEC22-18A self-cleaved in 3 s, we estimated that the cis-acting
DEC22-18A possesses a kobs of more than 10 min–1. We also determined the rate constant of the un-
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Fig. 4 In vitro selection of signaling DNA enzymes. (A) Selection scheme. Each selection cycle consists of steps
I–VIII as described in main text. (B) Sequences of the DNA pool (L1), substrate A1, and template T1, and the
primers for PCR. N43 is the random domain.
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Fig. 5 DEC22-18—an efficient RNA-cleaving DNA enzyme with fluorescence-signaling capability. (A) Sequence
of DEC22-18. Ar: adenosine ribonucleotide; F: fluorescein-dT; Q: DABCYL-dT. (B) Putative secondary structure
of DEC22-18A (a shortened version of DEC22-18) predicted by mfold program. The sequence of a trans-acting
enzyme, DET22-18 is shown in solid letters and that of the substrate (denoted S1) is shown in hollow letters. (C)
Kinetic analysis of DET22-18. Substrate S1 was labeled at the 5′-end with [γ-32P]ATP and PNK. 5 nM of
DET22-18 was incubated with substrate concentrations at 100, 200, 300, 500, 1000, 1500, and 2000 nM in a
reaction buffer containing 10 mM CoCl2 and 5 mM MgCl2 in 50 mM HEPES (pH 6.8, 23 °C). The velocity at
different substrate concentrations were fit to the Michaelis–Menten equation using the GraFit software.
Experiments were conducted in triplicate, and the average velocity at each substrate concentration is shown in
graph. (D) Real-time signaling profile of DET22-18/S1 system. S1 was incubated at room temperature in the
absence of DET22-18 for 10 min, followed by the addition of DET22-18 and a further incubation at the same
temperature for an additional 90 min. The fluorescence intensity was recorded every minute for the first 60 min
and every 10 min thereafter. The DNA concentrations were as follows: S1 at 0.5 µM, DET22-18 at 5 µM. The
reaction mixture also contained 50 mM HEPES, pH 6.8 (determined at 23 °C), 14 mM MgCl2, and 1 mM CoCl2.
F0 is the initial fluorescence, and F is the intensity at a given time point.



catalyzed cleavage reaction under the same reaction conditions, which was 6 × 10–7 min–1. Therefore,
we can conclude that DEC22-18A affords a rate enhancement in the neighborhood of 17 million-fold
under the optimized conditions.

A secondary structure for DEC22-18A (Fig. 5B) was predicted using mfold computer folding
program [40]. Based on this secondary structure, we engineered a true enzyme that is able to perform
cleavage in an intermolecular fashion (Fig. 5B). The trans-acting DNA enzyme was named DET22-18.
We further found that the cleavage reaction by DET22-18 followed Michaelis-Menten kinetics. The cat-
alytic rate constant, kcat, and the Michaelis constant, KM, were determined under multiple-turnover con-
ditions (Fig. 5C) in which an excess substrate (from 0 to 2000 nM) was used against a fixed concen-
tration of enzyme (5 nM). A kcat of 7.2 ± 0.7 min–1 and a KM of 0.94 ± 0.19 µM were calculated, leading
to the conclusion that DET22-18 is the second fastest DNA enzyme reported to date, with a speed
closely matching the kcat value reported for the “10-23” DNA enzyme derived by Santoro and Joyce
[14].

As we anticipated, both cis- and trans-versions of the DNA enzyme can generate fluorescence as
a result of chemical action. Figure 5D shows a fluorescence assay under the enzyme: substrate ratio of
10:1. The system had a steady fluorescence (first 10 min of the reaction) when S1 (substrate) was in-
cubated with 1 mM Co2+ without DET22-18. When the DNA enzyme was added, the fluorescence in-
tensity of the reaction mixture increased sharply. The fluorescence enhancement increased at such a
rapid rate that within 1 min, 7.4-fold enhancement was observed. Similar signaling profile was also ob-
tained when enzyme-to-substrate ratio was set at 1:10, consistent with the multiple-turnover capability
of DET22-18.

Finally, we wanted to prove our conceptual biosensor system using DEC22-18, along with the use
of an existing DNA aptamer. By adjoining the DNAzyme with an aptamer, we aimed to rationally en-
gineer our DNA enzyme into a catalytic system that could be allosterically regulated by a small mole-
cule. Using the rational design strategy developed for the engineering of many allosteric ribozymes
[41–50], we attempted to adjoin DEC22-18A with the previously derived anti-ATP DNA aptamer [36]
that was also used for the structure-switching signaling aptamer project described above. The funda-
mental principle behind allosteric nucleic acid enzyme engineering was to link a catalytic domain (a
DNA enzyme or ribozyme) to a binding element (a DNA or RNA aptamer) through a so-called “com-
munication module” [41] that can translate the target binding to enzyme action. In our particular design,
the anti-ATP DNA aptamer was linked to the catalytic domain of DEC22-18 through a very weak stem
(labeled as stem-1; Fig. 6A). A high level of catalysis by such an arranged catalytic domain would occur
only if stem-1 is able to form. However, the formation of stem-1 is dependent on ATP-promoted tight
structure folding of the aptamer domain. Without ATP, the aptamer domain could not fold tightly to
strengthen the weakened stem-1; consequently, catalysis could only proceed slowly (see Fig. 6B for a
graphic explanation in which ATP is the intended target and GTP is used as a control for which the anti-
ATP aptamer has no affinity). We found that the allosteric DNA enzyme design shown in Fig. 6A was
indeed able to perform real-time detection of ATP (Fig. 6C; triangles: ATP as target; squares: GTP as a
control; each target was added to the allosteric DNA enzyme reaction solution following a 10-min in-
cubation in the absence of any target). This enzymatic reporter displayed a nearly 20-fold rate en-
hancement in the presence of ATP over GTP. The success in constructing this prototype allosteric
deoxyribozyme serves as a positive step in our continuing pursuit of a robust sensor system exploiting
the catalytic capability of DNA.
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Fig. 6 An ATP-dependent allosteric DNA enzyme. (A) DEC22-18A is conjugated with a known anti-ATP DNA
aptamer through a weakened stem-1 as a communication module. (B) A schematic representation of the action by
the designed allosteric DNA enzyme. The aptamer domain (shown as thick gray line) that can bind specifically to
ATP is covalently linked to the DNA enzyme domain and the substrate. Binding of two ATP molecules to the
aptamer domain induces a conformational change that leads to the stabilization of stem 1 and the activation of
catalysis. (C) Activation by ATP vs. GTP. The DNA molecule was incubated at 37 °C in the absence of ATP and
GTP for 10 min, followed by the addition of 1 mM ATP (triangle) or GTP (square) and incubated for an additional
110 min at the same temperature. The fluorescence intensity was recorded every minute for the first 30 min and
then every 5 min thereafter. The reaction mixture contained 40 nM DNA along with 0.25 mM CoCl2, 14 mM
MgCl2, 400 mM NaCl, 100 mM KCl, 50 mM HEPES (pH 6.8 measured at 23 °C). The fluorescence intensity was
normalized as F′ = (F – F0)/(Fmax – F0) where F is the fluorescence reading of a solution at any given time point,
F0 is the reading of each sample made at the starting point, and Fmax is the reading made at 120 min for the
ATP-containing sample.



In vitro selection of signaling DNA enzymes with various pH optima

Encouraged by our success in the creation of an efficient DNA enzyme with a synchronized catalysis
and fluorescence-signaling capability and by the potential utility of such enzymatic molecules in
biosensing applications, we conducted another in vitro selection study aimed to create more DNA en-
zymes with similar signaling capabilities but with broad pH dependences. The first goal of the study
was to create fluorescence-signaling deoxyribozymes with different pH profiles to allow for biosensing
applications to be conducted effectively under different solution conditions. The second goal was to de-
termine whether DNA has the ability to perform catalysis under very demanding reaction conditions
such as an extremely high acidity (pH 3 and 4).

Substrate A1 used in the previous study (with a ribonucleotide as the cleavage site, which is sand-
wiched by a pair of fluorophore and quencher) was adopted for this new effort once again. Therefore,
the new DNA enzymes to be derived would perform the same RNA cleavage reaction and should pos-
sess similar fluorescence-signaling capabilities. A new population of 1014 different DNA molecules of
100 nucleotides in length (70 of which were random nucleotides, vs. 43 in the previous study) was syn-
thesized. Using a similar selection strategy as before, we carried out seven repetitive rounds of selec-
tion and amplification at pH 4.0 to establish a catalytic DNA pool. Starting with this derived pool, di-
verse DNA enzymes were evolved through five parallel paths of in vitro evolution under pH 3.0, 4.0,
5.0, 6.0, and 7.0, respectively. After many more rounds of mutagenesis, selection and amplification for
each path, five new catalytic populations were derived that exhibited efficient catalysis under each given
pH condition. The sequences of the most dominant catalyst from each path (named pH3DZ1, pH4DZ1,
pH5DZ1, pH6DZ1, and pH7DZ1) are shown in Fig. 7A. The details of the in vitro selection and in vitro
evolution experiment have been published elsewhere [35].

The pH dependence of the catalytic activity was determined for these five deoxyribozymes
(Fig. 7B). We found that the DNA enzymes selected at pH 3–6 showed the maximum catalytic rate con-
stants at or near the pH at which they were selected. Each DNA enzyme exhibited a relatively narrow
pH range within 3 pH units. The only catalytic DNA that did not show a pH maximum is pH7DZ1,
whose catalytic rate constant rose with an increased pH from 5.5 to 8.0. These findings indicate that the
pH dependence of the final DNA enzymes was largely controlled by the pH setting used during the se-
lection step. Most of the DNA enzymes (namely, pH4DZ1, pH5DZ1, pH6DZ1, and pH7DZ1) showed
fairly large catalytic rate constants (kobs in the range of 0.2 to 1.3 min–1). However, pH3DZ1 was 10
times less efficient, with a kobs of 0.023 min–1. These DNA enzymes have also been assessed for the
fluorescence-generating capability upon catalysis and were found to possess expected signaling behav-
iors with variable signaling magnitude (data not shown), suggesting that they could be exploited as cat-
alytic reporters.
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CONCLUDING REMARKS

We have shown that the dual-structure forming capability possessed by all DNA aptamers can be ex-
ploited as a simple and general strategy for the engineering of fluorescence-signaling reporters that can
detect the presence of aptamer targets by a coupled structure-switching/fluorescence-dequenching
mechanism. The designed signaling aptamers display attractive signaling properties, including fluores-
cence intensity increase upon target binding, large signaling magnitude, and high target-reporting speci-
ficity. Our rational design strategy is very flexible and has the potential of being applied to any aptamer
regardless of its size as well as secondary and tertiary structure properties.

It is well documented that aptamers can be readily derived from random-sequence DNA or RNA
libraries by in vitro selection for binding a diverse range of targets, including proteins and metabolites.
Therefore, aptamers are regarded as useful molecular tools in the burgeoning fields of proteomics and
metabolomics. The simplicity and potential generality of the structure-switching design strategy, and
the effectiveness of resultant fluorescence-signaling reporters, could significantly facilitate the explo-
ration of DNA aptamers as reporter molecules for proteomic and metabolomic applications. Our next
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Fig. 7 Signaling DNA enzymes with various pH profiles. (A) Sequences of the dominant deoxyribozymes. Each
catalyst also contains GATGT GTCC GTGCF RQGGT TCGAG GAAGA GATGG CGAC (F: fluorescein-dT; R:
ribo-A; Q: DABCYL-dT) at the 5′-end and AGCTG ATCCT GATGG at the 3′-end. Nucleotides shown in small
letters (as well as nucleotides after them) in pH5DZ1, pH6DZ1, and pH7DZ1 are not required for catalysis. The
last 15 nucleotides in the 3′ end of pH3DZ1 are not needed for catalytic activity while the first 6 nucleotides
(AGCTGA) in the same region are required by pH4DZ1. (B) Normalized catalytic rates vs. pH for the 5 dominant
deoxyribozymes. k is the rate constant at a given pH, and kmax is the maximum rate observed in each data series.
kmax (min–1) values are listed above the graph (the number in parenthesis is the pH where the kmax value was
observed for each deoxyribozyme). The pH profiles were determined at the following optimal metal ion conditions
for each catalytic DNA: 500 mM Na+ for pH3DZ1; 400 mM Na+, 10 mM Cd2+ for pH4DZ1; 250 mM Na+,
25 mM Mn2+ for pH5DZ1; 800 mM Na+, 8 mM Mn2+, 2 mM Ni2+ for pH6DZ1; 100 mM K+, 14 mM Mn2+ for
pH7DZ1.



goal is to combine in vitro selection technique and structure-switching-based rational design approach
to engineer new structure-switching aptamers for the detection and quantitation of specific proteins of
interest. Efforts are currently underway in our laboratory to develop structure-switching signaling ap-
tamer-based multiplex assays that can be explored for real-time monitoring of concentration changes of
various proteins in a biological pathway in response to an external stimulus. We are also assessing the
possibility of entrapping metabolite-responsive structure-switching signaling aptamers inside sol-gel to
produce surface-bound aptamer biosensors for metabolite detection. The progress from these studies
will be reported in the future.

We have also shown that efficient, RNA-cleavage-based, fluorescence-signaling DNA enzymes
can be created de novo by in vitro selection under normal or even demanding reaction conditions. The
derived catalytic DNA reporters possess a uniquely synchronized chemical catalysis/real-time signaling
capability because they perform an RNA-cleaving reaction toward a chimeric RNA/DNA substrate at
the lone RNA linkage surrounded by a closely spaced fluorophore-quencher pair. The extremely short
distance between F and Q gives rise to the maximal fluorescence quenching in the uncleaved substrate
and produces a very large fluorescence enhancement upon the breakage of the RNA linkage. The co-
valent attachment of F and Q onto the substrate prohibits undesirable long-range movement of the flu-
orophore and the quencher away from each other so that the potential for false signaling that does not
originate from chemical catalysis can be minimized. Another advantage of such a system is that both
the catalytic and signaling components are present in a single molecule, thus, the potential exists for the
development of “reagentless” sensors based on immobilization of the DNAzyme onto a suitable sur-
face.

Our next goal is to isolate more and better signaling DNA enzymes that carry different fluoro-
phores and quenchers and use these DNA enzymes and various high-affinity and high-specificity DNA
aptamers to construct multiplexed, real-time signaling, allosteric deoxyribozyme reporters. The aptamer
domains of the envisioned allosteric DNA enzymes will act as target detectors, and the catalytic do-
mains will function as signal generators and amplifiers. Such catalytic DNA systems are deemed highly
desirable in the fields of proteomics and metabolomics and should have the capability to report several
proteins or metabolites simultaneously at low concentrations and in real time.
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