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ABSTRACT

The DNA aptamer for adenosine (also for AMP and
ATP) is a highly conserved sequence that has re-
curred in a few selections. It it a widely used model
aptamer for biosensor development, and its nuclear
magnetic resonance structure shows that each ap-
tamer binds two AMP molecules. In this work, each
binding site was individually removed by rational se-
quence design, while the remaining site still retained
a similar binding affinity and specificity as confirmed
by isothermal titration calorimetry. The thermody-
namic parameters of binding are presented, and its
biochemical implications are discussed. The num-
ber of binding sites can also be increased, and up to
four sites are introduced in a single DNA sequence.
Finally, the different sequences are made into fluo-
rescent biosensors based on the structure-switching
signaling aptamer design. The one-site aptamer has
3.8-fold higher sensitivity at lower adenosine con-
centration with a limit of detection of 9.1 �M adeno-
sine, but weaker fluorescence signal at higher adeno-
sine concentrations, consistent with a moderate co-
operativity in the original aptamer. This work has of-
fered insights into a classic aptamer for the relation-
ship between the number of binding sites and sensi-
tivity, and a shorter aptamer for improved biosensor
design.

INTRODUCTION

Aptamers are single-stranded nucleic acids that can specif-
ically bind to target molecules (1,2). Aptamers were iso-
lated in test tubes and also found in mRNA known as ri-
boswitches in many bacterial cells regulating gene expres-
sion (1–3). While aptamers can bind essentially any type of
molecule or surface, those binding small molecules are par-
ticularly interesting, since antibodies are usually less effec-
tive in binding or detecting small molecules (4). With ex-
cellent ligand binding properties and programmability, ap-

tamers have been extensively used in biosensor development
(5–12).

The 27-nt DNA aptamer for adenosine is one of the most
studied since its initial report in 1995 by Huizenga and
Szostak (13). It has a similar affinity to a few adenosine
derivatives including adenosine monophosphate (AMP),
cyclic adenosine monophosphate (cAMP) and adenosine
triphosphate (ATP), but it cannot bind other nucleosides
such as guanosine (14). This aptamer has been used as
a model system for extensive biophysical studies and for
biosensor development (15–26). Nuclear magnetic reso-
nance (NMR) shows two identical binding pockets in this
aptamer, each binding one AMP molecule (27,28). Vari-
ous spectroscopy studies were performed to understand its
binding dynamics and cooperativity (29–31). This aptamer
was later re-discovered using a completely different selec-
tion method by the Li lab (32), and thus it is a highly recur-
rent sequence.

It is quite intriguing that this aptamer binds two tar-
get molecules, while most other small molecule binding ap-
tamers only bind one (33). For example, an RNA aptamer
was selected to bind just one AMP (34), even though NMR
showed that the DNA and RNA aptamers have the same
mode of binding despite very different overall architectures
(27). Herein, we are interested in understanding whether
these two adenosine binding pockets are inter-dependent
or not. In other words, we wished to test whether we can
delete one of the binding pockets while still retaining bind-
ing. Tuning the number of binding sites has important an-
alytical implications to affect biosensor sensitivity (35,36).
To study this, we resorted to isothermal titration calorime-
try (ITC) to measure binding thermodynamics and fluores-
cence spectroscopy to follow biosensor performance.

MATERIALS AND METHODS

Chemicals

All the DNA samples were purchased from Integrated
DNA Technologies (IDT, Coralville, IA, USA). The names
and sequences of the DNAs are in the Supplementary
Figure S1. Sodium chloride, magnesium chloride, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
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adenosine and other nucleosides were from Mandel Scien-
tific (Guelph, ON, Canada). Milli-Q water was used to pre-
pare all the buffers and solutions.

ITC

ITC was performed using a VP-ITC microcalorimeter in-
strument (MicroCal). All the ITC tests used the following
protocols unless otherwise specified. Prior to each measure-
ment, each solution was degassed to remove air bubbles. An
aptamer sample (10 �M) in buffer A (50 mM HEPES, pH
7.6, NaCl 100 mM and 5 mM MgCl2) was loaded in a 1.45
ml ITC cell at 25◦C. Adenosine or other nucleosides (280 �l,
0.5 mM) in the same buffer was titrated into the cell through
a syringe (10 �l each time, except for the first injection of
2 �l). The enthalpy (ΔH) and binding constant (Ka) were
obtained through fitting the titration curves to a one-site
binding model using the Origin software. The dissociation
constant (Kd) values were calculated from 1/Ka and ΔG =
−RT ln(Ka), where R is the gas constant. ΔS was calculated
from ΔG = ΔH − TΔS. The Wiseman coefficient (c-value)
was calculated from c = n·[aptamer]/Kd, where n is the num-
ber of binding site (37,38). To ensure data accuracy, all the
ITC results with c-value below 1 were re-titrated with higher
aptamer concentration (20 �M) or at lower temperatures to
obtain higher c-values.

Binding cooperativity

The binding cooperativity was evaluated by extracting the
Hill coefficient (h). The sum of enthalpy changes (ΔH) of
different aptamers produced by the total concentration of
titrated adenosine was fitted using Equation (1):

�H = Bmax [Ade]h

Kd
h + [Ade]h

(1)

in which Bmax is the maximum binding enthalpy changes,
[Ade] is the concentration of titrated adenosine, and h is the
Hill coefficient representative of positive cooperativity (h >
1), or non-cooperative (h = 1) between different adenosine
binding sites.

Biosensor detection

A total of 40 nM F-DNA, 60 nM aptamers containing
DNA and 80 nM Q-DNA were mixed in the buffer A. This
1: 1.5: 2 ratio was chosen to ensure a low background signal.
These DNAs were dissolved in buffer A and heated to 85◦C,
then cooling down slowly to 25◦C at a rate of ∼1◦C/min
to form the sensor complex. Different concentrations of
adenosine or other nucleosides were added and the fluo-
rescence intensity was recorded on a Varian Eclipse fluo-
rescence spectrometer (Agilent Technologies, Santa Clara,
CA, USA) with excitation at 490 nm and emission at 520 nm
at 25◦C. Multiple samples of the free sensor without adeno-
sine were measured to calculate the standard deviation of
the background variation (�). Then the initial slope of the
calibration curve was calculated for determining the detec-
tion limit (3�/slope).

RESULTS AND DISCUSSION

Aptamer binding is retained after removing one site

The secondary structure of the originally selected adenosine
aptamer is shown in Figure 1A. This wild-type aptamer is
named Apt2a, where the ‘2’ describes its binding two adeno-
sine molecules. To facilitate discussion, each nucleotide in
the aptamer is numbered. The two binding sites that are
quite symmetrically arranged (the red colored ‘A’ denotes
for the target adenosine). We call the site near G22 site 1
and the one near G9 site 2. According to its NMR struc-
ture, each adenosine interacts with two nearby nucleotides
via hydrogen bonding and it also stacks on a guanine by a
reversed Hoogsteen mismatch (27). The two sites have iden-
tical binding interactions and they are separated by non-
canonical base pairs.

To measure binding, we used ITC, since it is a label-free
technique providing rich thermodynamic information for
aptamer binding (39,40). Adenosine was first titrated into
the wild-type aptamer and the heat of each injection was fol-
lowed over time (Figure 2A, black trace in top panel). The
reaction was exothermic and we integrated the heat profile
(Figure 2A, black dots in lower panel) to directly obtain the
reaction enthalpy (�H), binding stoichiometry (n) and dis-
sociation constant (Kd), which allowed further calculation
of �G and �S. All the thermodynamic parameters are pre-
sented in Table 1 (the first row). The Kd of the wild-type ap-
tamer is 16.4 �M. While this is higher than that in the orig-
inal paper (6 �M adenosine) reported using the centrifuga-
tion filter method (13), it agrees well with that from isocratic
elution (13 �M ATP) (41) and is tighter than that from mi-
croscale thermophoresis (28.9 �M adenosine diphosphate,
ADP) (42). Indeed, each aptamer binds 2.1 ± 0.2 adenosine
molecules, consistent with the structural biology literature
(27).

After confirming binding of the wild-type, the first ques-
tion we wanted to answer was whether we could remove one
of the binding sites while still retaining the binding affinity
and specificity of the other. To test this, we introduced a
G5T mutant to the wild-type and also inserted a C base to
pair with G22. As a result, two more base pairs were added
and this mutant was called Apt1a (Figure 1B). We reason
these additional base pairs should eliminate binding site 1.

For the Apt1a mutant (Figure 2B), the amount of heat
released was smaller and the entropy loss was also smaller,
resulting in a similar Kd (12.0 �M, Table 1). The number of
binding sites on each aptamer indeed reduced to 1.1 ± 0.1,
consistent with our design of removing one binding site. For
both the wild-type and Apt1a, binding was specific, since
titrating cytosine or guanosine gave no heat response (Fig-
ure 2A and B, red and blue traces). Therefore, we success-
fully eliminated binding site 1, while retained binding of the
remaining site 2. This is important since for the first time we
experimentally demonstrated that a one-site aptamer can be
engineered for this very important and classic aptamer.

Thermodynamic equivalency of the two sites

While the two sites are symmetrical and should have the
same binding property, we still tested it experimentally to
understand their thermodynamic equivalency. Using the
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Figure 1. The secondary structures of (A) the wild-type adenosine aptamers (Apt2a), and the mutants (B–G). The wild-type aptamer has two binding sites
(1 and 2). (B) Site 1 is removed; (C) site 2 removed; (D) three base pairs deleted from the wild-type; (E) three base pairs deleted from Apt1a. Extended
aptamers with (F) 3 and (G) 4 adenosine binding sites. The red color ‘A’ represents the bound adenosine. The nucleotides in pink color are the mutated to
remove adenosine binding sites. The number in the name of each sequence indicates the number of adenosine binding sites.

Table 1. Binding thermodynamic values of the wild-type aptamer and the mutants

Aptamer name n Ka (× 104 M−1) Kd (�M) �G (kcal mol−1) �H (kcal mol−1) �S (cal K−1mol−1)

Apt2a (WT) 2.1 ± 0.2 6.1 ± 0.5 16.4 ± 1.4 − 6.5 ± 0.1 − 14.1 ± 0.5 − 25.7 ± 1.6
Apt1a 1.1 ± 0.1 8.3 ± 0.2 12.0 ± 0.3 − 6.7 ± 0.04 − 10.2 ± 0.8 − 12.0 ± 2.6
Apt1b 0.8 ± 0.2 7.1 ± 0.4 14.1 ± 0.8 − 6.5 ± 0.03 − 6.3 ± 0.4 0.7 ± 1.2
Apt2b -a − 0.5 ± 0.03 -
Apt1c 1.0 ± 0.2 8.3 ± 0.4 12.0 ± 0.6 − 6.7 ± 0.1 − 12.5 ± 0.2 − 18.6 ± 0.6
Apt3 3.1 ± 0.2 9.1 ± 0.5 11.0 ± 0.6 − 6.7 ± 0.03 − 8.6 ± 0.4 − 6.4 ± 1.2
Apt4 3.8 ± 0.4 10.2 ± 0.5 9.8 ± 0.5 − 6.8 ± 0.2 − 8.4 ± 0.4 − 5.5 ± 1.2

Notes: Data obtained using a one-site binding model.
aVery weak binding (Ka < 1000 M−1) not detectable by ITC. The errors listed here were from the standard deviation of at least two independent measure-
ments. The fitting error for each ITC trace is in general below 8%.

same method, we sealed site 2 while still retained site 1 by
designing Apt1b (Figure 1C). From ITC (Figure 2C), an
even smaller heat release and entropy loss was measured.
But interestingly, a similar Kd (14.1 �M, Table 1) was still
retained. The Apt1b also has the expected one-site binding
stoichiometry of 0.8 ± 0.2. This study confirms that the two
binding sites have identical binding affinity, which is not sur-
prising from their structure biology perspective.

What’s interesting is the enthalpy-entropy compensation.
For a DNA hybridization reaction, one expects heat release
and entropy loss. Although aptamer binding is not a clas-
sic DNA hybridization reaction, it usually involves base
pair formation or similar interactions. It appears adeno-
sine’s binding to Apt1b has fewer base pair formation com-
pared to its binding to Apt1a. This could be explained by
the fact that Apt1a has only six base pairs, while the rest of
the sequences do not form a stable structure in the absence
of adenosine. After binding adenosine, a large structural
change to a more rigid one is observed. For Apt1b, however,
two stable base paired regions exist and a smaller structural
change is needed for binding. For the wild-type aptamer,
the number of base pairs formed is the largest in these three
sequences, and it indeed has the highest heat release. We
illustrated this structural change upon adenosine binding
in Supplementary Figure S2. Taken together, while these

two sites are equivalent in Kd, they differ in entropy and
enthalpy of the binding reaction. Similar to Apt1a, Apt1b
is also specific for adenosine since cytosine and guanosine
yielded no heat (Figure 2C, red and blue traces).

Relationship of the two binding sites

In the above experiments, we removed each binding pocket
by introducing new base pairs and replacing non-canonical
base pairs with Watson–Crick base pairs. This way, the
structural stabilization role of the removed binding site was
still retained. Next, we tried to remove binding sites by cut-
ting base pairs, thus disrupting the stable structures. For ex-
ample, we deleted the first three base pairs from the wild-
type Apt2a aptamer. The resulting Apt2b mutant (Figure
1D) completely lost binding (Figure 2D), which was at-
tributable to that the entire DNA molecule was unfolded
with only two Watson-Crick pairs. These two base pairs
cannot stabilize binding site 1, and site 2 cannot form as
a result. This experiment shows that disrupting the first site
led to a full loss of binding for the second site, even though
the second site was formally intact.

Taken together, for the wild-type aptamer, either site can
bind adenosine first and binding either one can stabilize the
other site. There is unlikely to be a preference in the order
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Figure 2. ITC traces and integrated heat of (A) the wild-type aptamer Atp2a, and (B) the Apt1a and (C) Apt1b mutants binding adenosine, cytidine and
guanosine. ITC titrations of the shortened aptamers (D) Apt2b and (E) Apt1c binding adenosine.

of binding based on their identical Kd. Since ITC measures
only binding thermodynamics, a kinetic preference cannot
be excluded. In Apt1a and Apt1b, the stabilization role of
the removed site was replaced by DNA base pairing and this
is perfectly fine for the remaining site to bind normally.

ITC data quality

The quality of ITC data is often described by the Wiseman
coefficient c = n·[aptamer]/Kd, where n is the number of
binding site. In the original paper in 1989 (38), it was con-
cluded that c needs to be >1 for reliable ITC experiments. In
our above titrations, the c-value ranged from 0.6 to 0.8 for
the engineered one-site aptamers. However, the Wiseman
paper was amended in 2003 by Turnbull and Daranas artic-
ulating that the c-value can be smaller than one as long as
a high analyte concentration (adenosine in our case) is used
to ensure complete binding is achieved (37). In our case, for

the one-site binding, we used an adenosine-to-aptamer ra-
tio of 10:1 and all titrations went completion and thus our
data are of sufficient quality.

Based on its definition, one way to increase the c-value is
to increase the aptamer concentration. When we increased
the aptamer concentration from 10 to 20 �M, the c-value
for the wild-type aptamer increased from 1.2 to 2.1 (not
doubled) due to the increased Kd value (the number of bind-
ing sites remained 2, Supplementary Figure S3 and Table
S1). This increase Kd might be attributed to inter-aptamer
interaction at higher aptamer concentrations. Therefore, 10
�M aptamer appears to be an optimal concentration for
this experiment.

Effect of temperature

To gain further insights, we also tried lowering temperature
to 20, 15 and 10◦C. At 10◦C, the binding affinity increased
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Figure 3. ITC trace and integrated heat of 10 �M of wild-type aptamer (Apt2a) binding to adenosine at different temperatures: (A) 20◦C, (B) 15◦C and (C)
10◦C. Related thermodynamic parameters are shown in Supplementary Table S1. (D) The enthalpy changes (ΔH) of 10 �M of Apt2a and Apt1a binding
adenosine (0.5 mM) as a function of temperature. ΔCp (unit: kcal mol−1 K−1) was obtained from the linearly fitted slope (ΔH/ΔT).

significantly (Kd = 4.6 ± 0.4 �M, Figure 3A–C and Supple-
mentary Table S1), leading to a much better c-value of 4.1 ±
0.8. It is interesting to note that the final spikes run upward
indicating heat absorption after saturated aptamer binding.
This is attributable to the dilution of adenosine that released
some of the base stacking.

With the data at different temperatures, we calculated the
heat capacity change (ΔCp) of the wild-type aptamer Apt2a
and the one-site aptamer Apt1a (Figure 3D). The ΔCp of
these two aptamers were both negative indicating induced
fitting, which is typical of aptamer binding (33). The one-
site Apt1a has a smaller ΔCp (−0.34 kcal mol−1 K−1) than
that of the two-site Apt2a (−0.72 kcal mol−1 K−1). This re-
sult is also consistent with the entropy changes from ITC
(Table 1 and Supplementary Figure S2). This can be easily
rationalized by the smaller conformational change of Apt1a
described in Supplementary Figure S2. A few other litera-
ture reported aptamer also showed a similar trend (43,44).
For example, a long-stem cocaine aptamer has a smaller
structural change (ΔCp= −0.5 kcal mol−1 K−1), while a
shorter one has a larger change (ΔCp= −0.9 kcal mol−1

K−1) (45).

Analytical implications

This aptamer has been extensively used as a model for
biosensor development (15–24). The specific recognition of
adenosine, for example, was used to screen inhibitors for
adenosine deaminase (46). Measuring ATP inside cells (47–
49), or in serum and was also reported (21,50). We believe
our discovery here has interesting analytical applications.
By eliminating one binding site, it is possible to use even
shorter aptamers. For example, while the wild-type aptamer
cannot be truncated, we can truncate three base pairs from
the Apt1a mutant to make Apt1c (Figure 1E), which still re-
tained its binding as determined by ITC (Figure 2E, Table
1). It has a similar Kd value and binds just one adenosine.
Compared to the 27-nt wild-type, this mutant has only 21
nt.

This adenosine aptamer has been a subject of intense mu-
tation and splitting studies to design new and better biosen-

sors. For example, some early work involved splitting the
aptamer near the T14 position. The two aptamer halves can
assemble into the full binding complex in the presence of
adenosine (51–53). The length of the stem was systemati-
cally varied using an aptamer beacon design (18). All these
modifications still have kept both binding sites. In another
paper, only half of the split aptamer was reported to have
some affinity toward ATP (54). However, our ITC measure-
ment of other half aptamers showed quite weak binding,
although it can be rescued by molecular imprinting (55).
Our work here is the first attempt to test the feasibility of
just having one-site binding for this aptamer. Due to the
very short requirement of DNA sequence, we believe this
is an excellent system for understanding aptamer binding
and biosensor design (56). Reducing the number of binding
sites can also make more sensitive biosensors (vide infra).

Implication for SELEX

Systematic evolution of ligands by exponential enrichment
(SELEX) is a very powerful technique to isolate aptamers.
It is also called in vitro selection by some researchers. This
adenosine aptamer motif has been reported a few times in
different labs (13,32). We carefully examined all the pub-
lished sequences. In both cases, the same conserved se-
quence was obtained, binding two adenosine molecules.
Out of over 100 sequences, none of them matched with the
one-site mutants we tested here, even though the one-site
mutants bind just as well with a similar Kd. From statistic
calculation, the chance of evolving a single-site aptamer is
much higher since they require fewer conserved nucleotides.
In the original selection by Szostak, the target molecule was
immobilized. As such, it is even more difficult to bind two
targets (e.g. the immobilization density has to be extremely
high so that two molecules can come within sub-nm dis-
tance to bind together).

This is the only example of small molecule binding ap-
tamers obtained via in vitro selection that can bind two
target molecules. The RNA aptamer for AMP was also
reported in multiple in vitro selection experiments, which
binds only one target molecule (34). Structural biology
studies have indicated that the RNA and DNA aptamers
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Figure 4. ITC traces and integrated heat of the engineered aptamers with (A) 3 and (B) 4 adenosine binding sites. The thermodynamic constants are listed
in Table 1. (C) The total enthalpy change (ΔH) of different aptamers as a function of added adenosine. (D) The Hill coefficients, h, fitted from (C) using
Equation (1); h > 1 represents positively cooperative and h = 1 represents non-cooperative behavior between binding sites.

use the same mechanism for AMP binding, yet they have
different number of binding sites. Therefore, an interesting
and intriguing question is then why no one-site aptamers
were found so far.

While it is difficult to know for sure the reason for se-
lecting such a two-site aptamer, we have the following spec-
ulations. (i) One possibility is that sequences such as that
shown in Figure 1B with a long and very stable stem might
be less competitive in polymerase chain reaction amplifica-
tion. However, this problem can be easily solved by having
fewer base pairs as shown in Figure 1E or introducing some
mismatches. (ii) This study suggests that the minimal bind-
ing sequence is quite small. Those SELEX experiments used
a much longer random region. Therefore, the library needs
to find an effective way to hide the redundant sequences.
Introducing an additional site might use a few more nu-
cleotides. (iii) For the immobilized target, having two bind-
ing sites will enhance the avidity of binding via polyvalent
effect. However, the other selection by the Li lab was per-
formed using the structure-switching method. We showed
here that one site binding works just fine for this purpose.
Therefore, there might be some more fundamental reason
that we are not yet understood.

More binding sites can be introduced

After demonstrating reducing the number of site from two
to one, and understanding the requirement for binding, we
next tested whether we can increase the binding site. For this
purpose, two additional aptamers were designed (Apt3 and
Apt4, see Figure 1F and G for sequence) and they contained
three and four adenosine binding sites, respectively. Indeed
as shown in ITC (Figure 4A and B), the binding stoichiom-
etry is as designed in both cases. The Kd value still remained
similar to be around 10 �M.

Binding sites cooperativity

Given the relationship between the two sites, an intriguing
observation is that the two sites did not show an obvious co-
operativity of binding. Our ITC trace for the wild-type ap-
tamer was fitted well with two identical binding sites. Most
previous binding studies on this aptamer also showed a sim-
ilar binding curve instead of a sigmoidal curve expected for
cooperative binding.

By fitting the above ITC data directly, we obtained ther-
modynamic parameters of binding (57). Next, we want to
quantitatively compare binding cooperativity of these ap-
tamers. We constructed the binding curves by calculating
the cumulative heat, and used Equation (1) in the ‘Materials
and Methods’ section to fit the data (Figure 4C). The Hill-
coefficients are plotted in Figure 4D. It is interesting to note
that all the three one-site mutants have a Hill-coefficient of
around 1, while the wild-type is around 1.2. Therefore, these
two site have a very moderate cooperativity. The Apt3 and
Apt4 aptamers have a Hill-coefficient of nearly 2, and this
is likely due to the proximity of the two sets of binding sites.

Only a few examples are known for aptamers binding
multiple small molecule targets. Another one is the glycine
riboswitch binding two ligands simultaneously (58). How-
ever, this riboswitch is much more complex in structure,
making it difficult for a systematic biding study via muta-
tion. This riboswitch has a Hill-coefficient of 1.64 and thus
its binding of glycine is more cooperative than the adeno-
sine binding here.

Improved biosensor sensitivity

For an aptamer cooperatively binding multiple molecules,
its sensitivity is lower at low analyte concentration. Even
though the wild-type adenosine aptamer is only weakly
cooperative, the one-site aptamers might still have bet-
ter sensitivity. To test this idea, the structure-switching
aptamer method is used here as shown in Figure 5A
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Figure 5. (A) A scheme of structure-switching signal aptamer. Binding of adenosine releases the quencher-labeled fragment and produces enhanced flu-
orescence. The scheme describes the wild-type aptamer binding two adenosine molecules. For the Apt1a mutant, only one adenosine is bound. (B) The
DNA sequences of the two sensors tested.

Figure 6. Biosensor performance. The sensor fluorescence kinetics with (A) the wild-type Apt2a aptamer and (B) the one site mutant Apt1a as a function
of adenosine concentration (0.01–5 mM). The fluorescence intensity of the two sensors after 30 min as a function of (C) high (0.3–5 mM) and (D) low
(10–100 �M) adenosine concentration. The fluorescence kinetics of (E) the Apt2a aptamer and (F) the Apt1a aptamer contained sensors after adding other
nucleosides: guanosine (G), cytidine (C) and thymidine (T) (5 mM) with the background fluorescence subtracted.

(17,59). The aptamer sequence was extended to hybridize
with a fluorophore-labeled fragment (F-DNA). In addi-
tion, part of the extension and part of the aptamer together
(Apt-DNA) hybridized to a quencher-labeled fragment (Q-
DNA). In the presence of adenosine, the aptamer folds to re-
lease the quencher strand resulting in fluorescence enhance-
ment. We are interested in comparing Apt2a and Apt1a,
since they have very similar binding affinity for adenosine
but a different number of binding sites. The exact sequences
of the sensors are shown in Figure 5B.

When adenosine was titrated into the sensor containing
the wild-type aptamer (Figure 6A), a time-dependent fluo-
rescence was observed and the amount of enhancement was
related to the concentration of adenosine, allowing quanti-
tative analysis. After 30 min, each sample reached a plateau
and we plotted the maximal fluorescence as a function of
adenosine concentration (Figure 6C). From this, we deter-

mined the limit of detection to be 28.9 �M adenosine based
on the 3�/slope calculation, where � is the standard devi-
ation of the background variation measured from multiple
sensor samples without adding adenosine (Figure 6D).

When the Apt1a mutant was used, a similar response
was observed (Figure 6B). It is interesting to note though,
the initial fluorescence increase at low adenosine concentra-
tions (e.g. <0.2 mM) was higher for the mutant, although its
final fluorescence was lower (Figure 6D). The slope of the
curve, which measures the sensitivity of the sensor, is 3.8-
fold higher for the Apt1a mutant than the wild-type Apt2a.
This might be another evidence of cooperative binding re-
quired for the wild-type. In the mutant, the limit of detec-
tion was 9.1 �M adenosine since the initial increase was
higher. In both cases, binding was specific and none of other
nucleosides gave much signal (Figure 6E and F). With this
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simple sensor design, we have demonstrated an important
analytical application of this model aptamer.

CONCLUSION

In summary, we systematically measured the binding of a
classical and important DNA aptamer. This aptamer has
been studied for over 20 years and it has significantly fu-
eled the development of aptamer-based biosensors. In all
the previous studies, the wild-type aptamer with two target
binding sites was used. While in vitro selection has always
resulted in two adjacent binding pockets, this work shows
that single pocket aptamers can also work with a similar
binding affinity and specificity. Since the binding of the one-
site aptamer is non-cooperative, a biosensor made with it
has a better sensitivity at low analyte concentrations. This
study has led to new insights into this important aptamer
and has resulted in better biosensor.
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