Fluorescent Probes

In Vitro Selection of Structure-Switching
Signaling Aptamers**

Razvan Nutiu and Yingfu Li*

Signaling aptamers are aptamer probes that couple target
binding to fluorescent-signal generation. These molecular
sensors have potential applications in biosensing, proteomics,
and drug discovery.! Here we describe a new in vitro
selection approach for generating unmodified DNA aptamers
that can be immediately transformed into effective signaling
probes without the need for further optimization.

Standard aptamers can be easily generated by the
technique of in vitro selection.”) However, for biosensing
applications, postselection modifications must be carried out
in order to convert the aptamer concerned into a signaling
probe. Although several conversion strategies have been
reported,” the modification processes often require lengthy
optimization steps to ensure that the affinity and specificity of
the original aptamer is not lost upon labeling and that the
modified signaling aptamer is able to significantly modulate
the fluorescent signal upon target binding.

An alternative method is to create signaling aptamers
directly by in vitro selection. Jhaveri et al. have reported the
only signaling-aptamer selection method by which signaling
aptamers labeled with a single fluorophore can be created.
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However, their results showed that even if the selected
aptamers were capable of target binding, a significant number
of them failed to induce a concomitant fluorescence change
upon target binding, presumably due to the insubstantial
alteration of fluorescence properties of the attached fluoro-
phore. More recently, the same group published a selection
method for the optimization of signaling properties of
molecular beacons containing a fluorophore—-quencher
pair.P! It is conceivable, as the authors have already suggested
in their report, that this method could be adapted to the
selection of signaling-aptamer probes that detect nonnucleic
acid targets. Encouraged by their work, we conducted an in
vitro selection study for deriving signaling aptamers that
function by the structure-switching mechanism previously
described by us for the rational design of signaling aptamers.”!

The structure-switching idea takes advantage of the
universal ability of any aptamer to adopt two different
structures: a duplex structure with an antisense DNA and a
complex structure with the cognate target. We have shown
that an aptamer can switch structures from duplex to complex
upon target addition and, if the aptamer is labeled with a
fluorophore and the antisense DNA is labeled with a
quencher (denoted QDNA), the structure-switching process
can be synchronized to fluorescence signaling.”) However,
fine-tuning of the QDNA represents a major challenge in the
design of structure-switching signaling aptamers, as many
QDNA sequences must be tested before a suitable signaling-
aptamer system can be established. Therefore, we sought to
overcome this problem by utilizing the power of in vitro
selection. The strategy described in this report permits the
creation of standard aptamers that are encoded with a duplex-
to-complex switching capability and can be converted into
signaling probes immediately upon their isolation.

The selection strategy is shown in Figure 1. A special
DNA library (Figure 1a) was used that contained a central 15-
nucleotide fixed-sequence domain (red) flanked by two
random-sequence domains (green) of 10 and 20 nucleotides,
each further flanked by primer-binding sequences (black).
The central fixed-sequence domain was designed to be
complementary to an antisense oligonucleotide biotinylated
at its 5'-end (denoted BDNA). This arrangement permitted
immobilization of the DNA library onto avidin-coated beads
through DNA hybridization (step 1 of Figure 1b; see the
Supporting Information for more details regarding the library
design). We also added two short oligonucleotides, P1 and P2,
to prevent the involvement of the primer-binding sequences
in the tertiary folding of eventual aptamers. To demonstrate
our concept, we used four standard NTPs (nucleoside
triphosphates; blue star) as the potential aptamer targets.
The immobilized DNA assembly was then exposed to a
solution of a mixture of NTPs, each at 0.1 mm (step 2).
Aptamers able to form the DNA/target complex should
switch from the bead-bound state to the solution. These
molecules were then collected and amplified by PCR (step 3).
The reverse primer contained a ribonucleotide (R) at its 3'-
end to create a chimeric antisense strand prone to NaOH-
mediated cleavage, which permitted the isolation of the sense
strand by gel electrophoresis (step 4). The recovered sense
DNA was reannealed to BDNA, P1, and P2 and used for the
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Figure 1. In vitro selection of structure-switching aptamers. a) DNA library
design. b) In vitro selection scheme.
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next round of selection (step 5). It is noteworthy that BDNA
and P1 were intended as the eventual sequences for carrying a
quencher and a fluorophore, respectively, so that upon
completion of in vitro selection, the selected aptamers could
be immediately converted into signaling molecules.

The switching activity, defined as the ratio of the fraction
of DNA eluted by the targets over that by selection buffer
only, was measured for each selection round (Figure 2a). By
the 14th round, the DNA population exhibited significant
switching activity. Upon testing, generation 14 (G14) was
found to be responsive only to ATP. Next, G14 was subjected
to four parallel selections, one for each NTP (at 0.1 mm).
After two more rounds, the ATP-binding population (ATP-
G16) showed an eightfold ATP-dependent switching activity.
Similarly, a sixfold GTP-dependent switching activity was
observed for GTP-G17. In contrast, both the CTP and UTP
populations failed to register any significant activity after
several more rounds of selection. Subsequently, ATP-G16 and
GTP-G18 were cloned and sequenced.

Based on sequence alignment, three sequence classes
were found in the ATP population and one class in the GTP
population (Figure 2b). Four individual ATP-binding
(ATP1.1, ATP2.1, ATP2.5, and ATP3.1) and three GTP-
binding (GTP1.1, GTP1.2, and GTP1.5) molecules were
chemically synthesized and assessed for signaling abilities. At
this point, the BDNA was modified with a 4,4-dimethylami-
noazobenzene-4-"-carboxylic acid (DABCYL) moiety (Q) at
the 3’-end and renamed QDNA, and P1 was labeled with
fluorescein (F) at the 5'-end and renamed FDNA (Figure 3 a).
Each DNA assembly (made of the synthetic aptamer, FDNA,
QDNA, and P2) successfully signaled the presence of the
cognate target, with an increase in fluorescence intensity upon
target addition (Figure 3b). For each aptamer, the fluores-
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Figure 2. In vitro selection results. a) Progression of in vitro selection.
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b) The isolated aptamers. The primer binding sites are not shown; “x
represents deletions. Black letters in the central constant region repre-
sent mutations relative to the original sequence. The green letters rep-
resent the random domain, the red letters represent the central anti-
sense-binding domain, and the blue letters represent initially present
fixed nucleotides. ATP=adenosine 5'-triphosphate, GTP = guanosine
5'-triphosphate, CTP = cytidine 5'-triphosphate, UTP = uridine 5'-tri-
phosphate.

cence intensity increased markedly when the cognate NTP
target was introduced while it remained unchanged upon the
addition of the noncognate target. (For clarity, the non-
cognate target data are only shown for ATP1.1 and GTP1.2.)
We found that ATP1.1 and GTP1.2 have the best signaling
performance within each relevant group.

To further confirm the structure-switching nature of each
aptamer, we conducted an equilibrium-shifting experiment,
as shown in Figure 4 for ATP1.1 as an example. Two aptamer-
containing solutions A and B (data series in gray and black,
respectively) were used. For both solution A and solution B,
we first incubated FDNA, P2, and ATP1.1 for 10 min in the
absence of QDNA and ATP. Because of the lack of QDNA,
the fluorescence intensity of each solution was at its
maximum. Then, 1 mm ATP was added to solution B while
no ATP was added to solution A. The fact that both solutions
maintained the same level of fluorescence intensity indicates
that the binding of ATP to the aptamer did not alter its
fluorescence intensity. Upon the addition of QDNA after
20 minutes, the fluorescence intensity of both solutions
decreased. However, the target-containing solution (solu-
tion B) experienced a much smaller reduction in fluorescence
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Figure 3. Converting selected aptamers into fluorescent reporters.

a) DNA modification and signaling scheme. b) and c) Signaling pro-
files of four ATP-binding and three GTP-binding aptamers, respectively.
I relative fluorescence intensity.
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Figure 4. Proof of structure switching by an equilibrium-shifting experi-
ment.

intensity than the target-lacking solution (solution A). The
data are consistent with the formation of the aptamer—ATP
complex in solution B and the significant reduction in the
number of QDNA-aptamer duplexes in solution B as com-
pared to solution A. After 140 minutes, 1 mm ATP was added
to each solution. For solution B, only a small increase of
fluorescence intensity was observed, a fact suggesting that the
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aptamer’s target-binding site was largely saturated prior to
the addition of the extra ATP. In stark contrast, a significant
increase in fluorescence intensity was observed in solution A,
which is indicative of a structure transition from the aptamer—
QDNA duplex to the aptamer—ATP complex. Finally, when
further 1 mm ATP was added to solution A (therefore both
solutions contained the same concentrations of ATP and
DNA species), solution A reached the same level of fluores-
cence seen with solution B. The same level of fluorescence
reached by both solutions in the end with different orders of
ATP and QDNA additions indicates that the switch between
the duplex structure and the complex structure is an
equilibrium process.

To explore the possibility of multicolor detection of
different analytes in the same solution, we kept ATP1.1
unchanged and altered the sequence of the 5'-primer-binding
domain of GTP1.2 (the new construct is now named
GTP1.2Cy3), to bind a different FDNA labeled with indodi-
carbocyanine 3 (Cy3; FDNA was renamed Cy3DNA; see the
sequences in the Supporting Information). Next, we exposed
the mixture of FDNA, Cy3DNA, ATP1.1, GTP1.2Cy3,
QDNA, and P2 to 1 mM ATP and 1 mm GTP in different
orders (Figure 5a—c). First, we incubated the mixture without
any target to get a background reading. Then we added the
ATP (Figure 5a) or the GTP (Figure 5c) or both (Figure 5b)
and recorded the fluorescence for 30 minutes. Finally, we
added the second target (GTP in Figure 5a and ATP in
Figure 5c) and recorded the signal for a further 30 minutes. In
all three cases, both aptamers correctly indicated the cognate
target independently of the presence of the second, uncognate
target.

To conclude, we have demonstrated that in vitro selection
can be carried out to generate structure-switching aptamers
that can be immediately transformed into probes able to
report target binding by fluorescence signaling. Moreover, we
have demonstrated that two different signaling aptamers can
work simultaneously in the same solution, thereby offering
the possibility of multiplex detection. It is also worth
commenting that although our aim in this study was to
create signaling aptamers, the same selection method is
equally attractive for standard aptamer selections, especially
in cases where small molecules serve as aptamer targets (for
which filter-based selection cannot be used) because our new
method eliminates the need for target immobilization for
creation of an affinity column.

All our selected aptamers share a common structural
feature due to the design of the initial library: the nucleotides
critical for target binding are arranged into two sequence
motifs spanning the central fixed-sequence domain (Fig-
ure 2b). This arrangement closely resembles the “self-assem-
bly” aptamers previously reported.*><

Interestingly, all our ATP-binding aptamers contain two
stretches of nucleotides (underlined green nucleotides in
Figure 2b) that constitute the ATP-binding site of a previ-
ously isolated ATP-binding DNA aptamer.® This observa-
tion indicates that we have rediscovered the same ATP-
binding aptamer. This is not completely surprising as other
studies have revealed that in vitro selection often offers a
repeated solution to a given problem.””) The isolation of the
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Figure 5. Two-color detection of ATP and GTP in a single solution. ATP1.1 is labeled with fluorescein, GTP1.2 is labeled with Cy3, and QDNA
contains a DABCYL moiety as a quencher for both fluorophores. a) Addition of ATP followed by addition of GTP. b) Simultaneous addition of ATP

and GTP. c) Addition of GTP followed by addition of ATP.

same aptamer motif in different laboratories from different
library designs (a continuous stretch of random-sequence
nucleotides in the previous study; two stretches of random-
sequence nucleotides flanking a constant-sequence region in
the current study) and two different selection strategies (the
target ATP was immobilized on a column to retain the
aptamer sequences from a DNA library in the previous study;
the DNA library was immobilized on a column through DNA
hybridization and ATP was used to elute the aptamer
sequences in the current study) may suggest that these
underlined nucleotides form a small but highly optimized
binding site for ATP. The small size of the aptamer means its
high abundance in the initial library and the optimal binding
site should make it fit for survival during the selection process.
The recurrence of the aptamer could also be a result of our
choice to use a small-size library that could not lead to isolation
of larger and more complex aptamers. We also notice that each
selected structure-switching aptamer family shows a very high
degree of conservation in most nucleotides located outside of
the target-binding motifs, a result suggesting that these
nucleotides may help the structure-switching process.

All of our aptamers were able to generate an easily
detectable fluorescence signal; however, these directly con-
verted signaling aptamers could achieve only limited fluores-
cence enhancement (4.5-fold with the best ATP-binding
aptamer ATP1.1 and twofold with the best GTP-recognizing
aptamer GTP1.2). Although our best signaling aptamers
exhibited a signaling magnitude comparable to some of the
known aptamer sensors obtained by rational design strategies
(1.5-fold in ref.[3a], threefold in ref. [3d] and ref. [3h],
fivefold in ref. [3j]), the best rationally designed signaling
aptamers can produce a fluorescence enhancement as high as
14-fold.B* [0 Tt is conceivable that the signaling perform-
ance of our signaling aptamers can be improved by carrying
out optimization experiments (such as using an extended
FDNA or QDNA that can place F and Q in close proximity).
It is also important to point out that all the selected aptamers
involuntarily acquired one or two mutations or deletions in
the BDNA-binding domain during the in vitro selection
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process (Figure 2b), which obviously leads to the formation of
a weaker aptamer—-BDNA duplex for easier structure switch-
ing. However, it also gives a higher fluorescence background
for the signaling system. Based on this observation, we believe
that better signaling aptamers could be derived in future in
vitro selection efforts by conducting the duplex-formation
step (steps 1 and 5 in Figure 1b) at an elevated temperature
(22°C was used in the current study) to eliminate the
sequences with weakened duplex structures.

Our selection failed to generate DNA aptamers that bind
CTP or UTP. Although precise reasons for this failure could
not be determined at this point, we speculate that this might
have been caused by our choice of a DNA library containing
only 30 random nucleotides. It is quite possible that potential
CTP- and UTP-binding aptamers require considerably more
nucleotides and our starting library simply did not meet this
requirement. Another possibility is that these two nucleotides
may inherently be poor aptamer targets. It remains to be
determined whether CTP- and UTP-binding aptamers can be
derived by using more complex libraries.
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