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ABSTRACT: The rupture force of a split (bipartite) aptamer
that forms binding pockets for adenosine monophosphate
(AMP) was measured by atomic force spectroscopy. Changes
in the rupture force were observed in the presence of AMP,
while this effect was absent when mutant aptamers or inosine
were used. Thus, changes in the rupture force were a direct
consequence of specific binding of AMP to the split aptamer.
The split aptamer concept allowed the detection of nonlabeled
AMP and enabled us to determine the dissociation constant on
a single-molecule level.

The binding of small molecules to nucleic acids is of out-
standing importance in fundamental research as well as in

applications in life sciences. Of particular interest are aptamers,
that is, short single-stranded nucleic acids, which are typically
evolved by an in vitro evolution protocol to bind target moieties
with high affinity and specificity.1-3 In comparison with anti-
bodies, aptamers show higher chemical stability.4 Their binding
properties are easier tomanipulate, and they can be raised to bind
to a large variety of targets, including small organic molecules,
proteins, and cells.1,5 In general, detection of binding to proteins
and cells is facilitated by the fact that these can typically be labeled
with fluorescent dyes without changing their properties. In
contrast, efficient detection of small molecules suffers from
significant changes of chemical properties as a consequence of
target labeling and from the relative paucity of binding sites on
small organic molecules.6,7 Congruously, a large number of
aptamers have been raised against proteins,8,9 but comparatively
few well-characterized aptamers that efficiently bind to small
molecules are known. These hold great promise, for example, in
biosensing10,11 and medical diagnostic applications,12 as has been
shown in several recent examples.13-17

Atomic force spectroscopy (AFS) is a valuable tool for study-
ing interactions on a single-molecule level,18-22 including apta-
mer-target interactions. Papamichael et al.23 have used an
aptamer-coated probe and an IgE-coated mica surface to identify
specific binding areas. More quantitatively, AFS allows the
determination of the rupture force of aptamer binding to proteins
and cells.24-27 The analysis of AFS data have revealed rupture
forces in the realm of several tens to hundreds of piconewtons.
To date, the target molecules as well as the aptamer probes have
been immobilized on the AFS tip and sample surface, respectively.
However, similar to analyte-labeling approaches, this concept

suffers from the need to chemically manipulate or label the target
analyte at those sites that interact with the surface. Here we have
solved this problem by using a split, i.e., a bipartite aptamer. One
component is immobilized on the AFS tip and the other on the
sample surface. During the AFS experiment, the bipartite apta-
mers can transiently form defined binding pockets for the free
analyte. If one is flexible in the choice of the aptamer, the
approach of splitting the aptamer sequences into a bipartite
structure should be widely applicable for the detection of various
small molecules, such as cocaine.11,28 Consequently the method
enables us to determine binding constants and the selectivity of
molecular interactions on a single-molecule level. As an example
of the bipartite concept, we outline the route to probe the
binding of adenosine monophosphate (AMP, 316 Da) as
small target molecules to aptamers by AFS. We used the well-
known aptamer sequence 30-ACTGGA-AGGAGG-AGATGC-
GCATCT-AGGAGG-TCCAGT-50, which includes two binding
pockets (underlined sequences).29 For AFS, the sequence was split
into two parts. The first sequence of 18 bases (oligo a, 30-ACTGGA-
AGGAGG-AGATGC-A20-SH-50) was immobilized on the tip and
the remaining sequence (oligo b, 50-SH-A20-TGACCT-GGAGGA-
TCTACG-30) on the substrate by thiol linkers.

The spacer A20 between the tip and the aptamer sequence
increased the tip-sample distance at which rupture between
oligo a and oligo b was expected (Figure 1). Moving the tip
toward the surface resulted in partial hybridization between oligo
a and oligo b (Figure 1a,b). When AMP target molecules were
added to the buffer solution, two AMP molecules inserted
into the binding pockets and eight additional hydrogen bonds
were formed29-31 (Figure 1c, red lines). The rupture force could
be measured during the tip-sample separation cycle (Figure 1d).
We found that the rupture force (F) between oligo a and oligo b
increased in the presence of AMP (Figure 1e) in comparison with
the one measured in absence of AMP (Figure 1f).

Next, we recorded 1000 force-distance (F-D) curves and
plotted the probability distributions of the rupture forces in a
histogram (Figure 2). In pure buffer solution, a mean rupture
force of 27.3( 5.4 pNwas determined from a fit of themain peak
in the histogram by a Gaussian distribution (Figure 2a). The
error represents one standard deviation (1σ) obtained from the
Gaussian fit. This rupture force is associated with the hydrogen
bonds formed by 12 base pairs in the hybridized system (non-
underlined sequence). The rupture force value is consistent with
measurements of Strunz et al.32 under comparable conditions.
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Furthermore, the mean rupture force increased in proportion to
the logarithm of the loading rate (Figure 4S in the Supporting
Information). When the buffer solution was exchanged with one
containing 100 μMAMP, an increase in the rupture force to 38.8
( 3.9 pN was detected (Figure 2b). In addition, we observed an
increase in the rupture distance from 17.4( 6.2 nm to 20.6( 3.9
nm (Figure 5S). This increase of ∼3 nm is attributed to greater
stretching of the involved oligonucleotides because of the higher
rupture force values.33 After the liquid cell was thoroughly rinsed
with buffer (i.e., after the AMP molecules were washed out), the
mean rupture force and rupture distance returned to the values
corresponding to the initial experiment in buffer within the given
experimental error (Figure 2c). We conclude that the increase in
rupture force was due to binding of AMP molecules to the
transiently formed binding pockets of the bipartite aptamer.

In order to determine the dissociation constant (KD) of the
AMP-binding aptamer, sets of F-D curves were recorded at
concentrations ranging from 0.01 to 100 μM. Subsequently, each
histogram of the rupture forces was analyzed by fitting simulta-
neously two Gaussian distributions to the peaks corresponding
to “only oligo hybridization” and to “AMP binding”, respectively
(all histograms are provided in Figure 6S). With increasing
concentration of AMP, the peak corresponding to “AMP bind-
ing” became more pronounced, i.e., more rupture events at
higher forces were present. Simultaneously, the peak correspond-
ing to “only oligo hybridization” was composed of fewer rupture
events. More quantitatively, we analyzed the number of events
associated with each Gaussian fit within each histogram. At an
AMP concentration of 4 μM, we determined 44 rupture events
corresponding to peak 1, i.e., the peak associated with “only oligo

hybridization” (Figure 3a, black curve). For the “AMP binding”,
we determined 43 rupture events (Figure 3a, red curve). Con-
sequently, we obtained fractions of 49 and 51% of all events
corresponding to “oligo hybridization” and “AMP binding”,
respectively. Both fractions were determined for each histogram
recorded at a different AMP concentration, and these values are
plotted in Figure 3b. For this series of measurements, we found
that the fraction of the “AMP binding” events increased when the
AMP concentration increased, while the one corresponding to
“only oligo hybridization” decreased. Both data sets could be
fitted by an exponential dependence (y = y0 þ Ae-x/t). At a
concentration of 3.7 ( 2.5 μM, we observed the crossover of
both hybridization (50%) and AMP binding (50%) events.
Therefore, this value was attributed to the dissociation constant
of the AMP binding aptamer. This value, which was obtained on a
single-molecule level, is in agreement with a measurement
performed by ultrafiltration (6 ( 3 μM).7

As a control experiment, we mutated the binding pocket in the
aptamer by replacing the G bases at different positions (the bases
shown in bold in Table 1 in the Supporting Information). For those
sequences, no changes in rupture forces were observed (Figure 7S).
In a second type of control experiment, we substituted AMP with
inosine, a chemically similar small molecule known not to bind to the
standard aptamer.29 No changes in rupture forces were observed in
the presence of 100 μM inosine (Figure 8S).

The measurement of the dissociation constant as well the two
reference experiments demonstrate the advantage of binding the
target in a transient binding pocket that is formed by the bipartite
aptamer. Now that the effect of single-nucleotide mutations has

Figure 1. (a-d) Concept of measuring the rupture force of a bipartite
aptamer that binds AMP. The adhesion force between the AFS tip and
the sample surface was minimized by the additional immobilization of
HS(CH2)3SO3Na (details are provided in the Supporting Information).
The individual force-distance curves resulted in a rupture force of (e)
∼39 pN in buffer containing 100 μM AMP and (f) ∼27 pN in pure
buffer. The measured mean rupture distance (L) of 17.4 ( 5.2 nm is in
agreement with the calculated contour length of the designed oligos (21 nm).

Figure 2. Histograms of the rupture force distributions, which were
recorded at a speed of 400 nm/s. Typically, one-fourth of the recorded
1000 F-D curves exhibited a rupture event. (a) In the absence of AMP.
(b) At 100 μM AMP. (c) After the AMP was rinsed away. The
measurements summarized in the histograms (a), (b), and (c) were
recorded with the same tip. Each histogram was fitted by a Gaussian
distribution (black line), which defines the rupture force value and the
associated error (i.e., 1σ).
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been observed, it will be interesting to determine the lowest
possible number of hydrogen bonds that is required for binding
of small target molecules.
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Figure 3. Determination of KD of the AMP-aptamer system. (a) The
histogram that was obtained at a concentration close to the dissociation
constant. The Gaussian fits indicate hybridization of oligos only (black
line), oligos with AMP (red line), and their sum (blue line). (b) Plot of
the fraction of oligo hybridization and oligo-AMP binding as functions
of AMP concentration. The individual histograms for the various
concentrations are provided in the Supporting Information. The error
bars represent 1σ from the Gaussian fits to the histograms.


