
Application and analysis of structure-switching aptamers for
small molecule quantification

Shengnan Xie and S. Patrick Walton*
Applied Biomolecular Engineering Laboratory of the Cellular and Biomolecular Laboratory,
Department of Chemical Engineering and Material Science, Michigan State University, East
Lansing, MI, 48824, USA

Abstract
Modern tools for the analysis of cellular function aim for the quantitative measurement of all members
of a given class of biological molecules. Of the analyte classes, nucleic acid measurements are
typically the most tractable, both on an individual analyte basis and in parallel. Thus, tools are being
sought to enable measurement of other cellular molecules using nucleic acid biosensors. Of the
variety of potential nucleic acid biosensor strategies, structure-switching aptamers (SSAs) present a
unique opportunity to couple sensing and readout of the target molecule. However, little has been
characterized about the parameters that determine the fidelity of the signal from SSA biosensors. In
this study, a small molecule biosensor based on a SSA was engineered to detect the model small
molecule, theophylline, in solution. Quantitative theophylline detection over nearly three orders-of-
magnitude was achieved by scintillation counting and quantitative PCR. Further analysis showed
that the biosensor fidelity is primarily controlled by the relative stability of the two conformations
of the SSA.
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Introduction
Evolution in the analysis of biological function occurs in concert with the development and
application of new analytical techniques. Quantification techniques for DNA or RNA
molecules were established early, based on Watson-Crick base pairing of nucleic acids, with,
for instance, quantitative polymerase chain reaction (qPCR) now common practice for nucleic
acid analyses[1–5]. Sensing techniques for non-nucleic acid molecules such as proteins and
small molecules, especially parallel techniques, are markedly less mature. The importance of
small molecule analyses is illustrated by current efforts in metabolomics, as understanding the
profile of small molecules generated by metabolism provides a comprehensive picture of the
effects of upstream transcriptional and translational changes. Moreover, a great number of
drugs are small molecules, so specific and accurate measurement of their levels is essential to
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therapeutic monitoring of disease treatment. Currently, small molecule measurements are
primarily performed using spectroscopic analyses combined with chromatography[6,7].
Analysis of data from these methods can be limited due to the difficulty in resolving
constituents with chemical or structural similarity. Thus, more flexible methods for small
molecule analyses are being sought.

In recent years, aptamers have shown promise in small molecule and protein biosensing
applications[8–14]. Aptamers are nucleic acid affinity molecules with exceptional specificity
for a target for which they were specifically selected[15,16]. In comparison to antibodies,
aptamers offer a number of advantages for sensing applications. First, the sequences for a large
number of aptamers have been reported[17,18], and these sequences can be easily synthesized
chemically or enzymatically with high reproducibility and purity. Moreover, because aptamers
are generated by in vitro selection, in theory, aptamers targeting any analyte could be generated.
Second, the specificity and affinity of aptamers is tunable through manipulation of the selection
conditions, such as by incorporating negative selection against similar analytes that would
confound accurate detection[19]. The degree of specificity that can be achieved is especially
advantageous for multiplex sensing applications. Third, aptamers can be generated with
chemically-modified nucleotides to enhance their properties for various applications, such as
stability to nucleases for measurements in biological fluids [20,21]. Finally, aptamers can be
readily engineered for specific signaling function using designed selection or through post
hoc manipulations[22,23].

A unique class of aptamer-based sensors has been termed structure-switching aptamers (SSAs),
wherein the binding of the target molecule results in a conformational change of the SSA.
Given their simultaneous sensing and readout, SSAs are of particular interest for biosensing
applications[24–31]. A common mode for the structure switching behavior is based upon helix-
rearrangement coupled with strand displacement[29,32,33]. The ability to design SSA
sequences a priori to utilize this rearrangement is essentially unique to nucleic acids. This
enables flexible and facile design of SSA biosensors with coupled readouts, such as to mimic
molecular beacons[34–36] or to engineer cellular responses[37,38].

The utility of SSA-based sensing techniques, as with all analytical methods, is defined largely
by the signal-to-noise ratio of the technique. Both rational design strategies and high throughput
screening techniques have been investigated to generate SSAs with high signal-to-noise ratio
[38,39]. However, little has been characterized about the parameters impacting the signal
fidelity of a SSA. Thus, there is a clear need to identify these parameters and use them as
theoretical guidance in generating SSA biosensors with optimal function. In this work, a
modular-designed SSA that acts by strand displacement was applied to quantify the
concentration of a model small molecule, theophylline. This SSA was designed for future
parallel analyses through the inclusion of a molecular barcode (MB)[40] and was therefore
termed a molecular barcode switch (MBS). These MBs have been shown to provide
quantitative accuracy in parallel nucleic acid analyses[41,42]. An oligonucleotide
complementary to the MB domain of the MBS (molecular barcode complement, MBC) was
used to probe the conformational change upon target binding and to utilize the change for the
concentration readout. It was observed that the affinity between the MBS and the
complementary strand relative to the internal stability of the MBS structure was a principal
factor limiting the achievable signal-to-noise ratio. Using the designed construct, theophylline
concentrations as low as 0.5 μM can be reproducibly detected in solution. The observed lower
detection limit for theophylline exceeded that of caffeine by over three orders of magnitude,
confirming analytical specificity. As previous studies have coupled PCR amplification with
aptamer-based protein measurement[39,43–45], here we also report the applicability of PCR
for small molecule quantification.
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Experimental Section
Synthesis of the MBS

A double-stranded DNA was prepared by Klenow extension from a synthesized single-stranded
DNA template and the reverse primer. MBSs were in vitro transcribed from the double-stranded
DNA and purified. Assays with varying length of MBC showed no significant binding to the
MBS when the MBC was shorter than 14-nt. Longer MBC sequences tended to cause higher
background binding. Therefore, an MBC of 20-nt in length was chosen to generate the
maximum signal-to-noise ratio (S/N). For subsequent separation using streptavidin-coated
magnetic beads (see below), the MBC was biotinylated at the 3′end. For reverse transcription-
qPCR (RT-qPCR), the reverse primer from Klenow extension was used, along with the forward
primer. Sequences and additional reaction details are described in the supplementary
information.

Binding reactions and theophylline sensing experiments
Binding reactions were performed in a buffer of 50 mM Tris-HCl (pH 8.0), 100 mM NaCl,
and 5 mM MgCl2. Varying concentrations of theophylline (Sigma Aldrich, St. Louis, MO)
were added to thermally annealed MBSs and incubated at room temperature for 30 min. MBCs
were then added and incubated at room temperature. The total binding reaction volume was
30 μl. The MBC incubation time was 10 min for theophylline sensing applications and 20 hrs
for deriving equilibrium dissociation constants (KD).

Separation of MBS-MBC complexes was achieved by either electrophoretic mobility shift
assay (EMSA) or streptavidin-coated magnetic beads. For EMSA, the MBCs were 5′-labeled
with 33P-γ-ATP using T4 polynucleotide kinase (Ambion, Austin, TX) followed by
purification by Quick Spin Columns (Roche, Indianapolis, IN). Electrophoresis and gel
imaging were performed as described in the supplementary information. Band intensities were
quantified, and the fraction bound was calculated as the band intensity of the MBS-MBC
complex divided by the total intensity of the bands for the complex and the free MBCs.

For magnetic bead separations, binding reactions were performed with 5′-33P labeled MBSs
when using scintillation counting as the read out and with unlabeled strands when using RT-
qPCR. Binding reactions were added to streptavidin-coated magnetic beads (Dynal; Oslo,
Norway), and a magnet was applied to retain the beads while the supernatant was removed.
The beads were then washed. Retained MBSs were eluted from the magnetic beads, and the
supernatant was collected for scintillation counting or RT-qPCR (See Supplementary
Information for additional details). The theophylline detection limit for scintillation counting
(Figure 5) was calculated as the background signal plus three times the experimental standard
deviation of the measured values at background. By linear interpolation of data near the lower
detection limit, a minimum detectable theophylline concentration of 0.5 μM was obtained
(Figure 5).

Experiments for determining optimal sensing conditions were performed in binding reactions
with varying concentration pairs of MBC (0.1, 1.0, 10, 50, and 100 nM) and MBS (0.1, 1.0,
10, and 50 nM) in the presence (2 mM) or absence of theophylline. Magnetic beads were used
to separate the bound MBSs, followed by scintillation counting as described. MBS fractional
binding in the presence of 2 mM and 0 mM theophylline were defined as signal and noise,
respectively. Signal-to-noise ratios (S/N) and their differences (S-N) were calculated from the
measured data for each concentration pair. Contour plots (Figures 4, 7, S4, and S6) were
generated by Sigmaplot. The aggregate score (Figures S4b and S6b) was obtained by scaling
the ratios and differences as a fraction of the range from the minimum to the maximum and
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then summing the two scaled values. The resulting sums were then scaled from 0 to 1 to obtain
the displayed results.

Binding affinity and theoretical signal-to-noise ratio calculation
For experiments to determine dissociation constants, the KD values were calculated from curve
fits using Origin software based on:

where f is the fraction bound of MBC as calculated from the quantified gel images. This fit
requires that the concentration of free MBS is nearly constant at its initial value throughout the
experiment. MBC concentrations were minimized to maximize the validity of this assumption
[46]. Data from at least three experimental runs were fit simultaneously to generate a single
parameter fit to all the data.

Theoretical fractional MBS binding at each MBS and MBC concentration pair was calculated
as follows:

where f is the MBS fraction bound and KD is the dissociation constant of MBS-MBC binding.
This arises from the equilibrium reaction equation wherein one free MBS and one free MBC
combine to form one complex. S/N and S−N were then calculated by solving (2) using the
appropriate KD, [MBS]0, and [MBC]0 values for each condition.

Reverse transcription and quantitative PCR
Following binding and elution from the magnetic beads as described above, MBSs were
reverse-transcribed using the reverse primer and superscript III (Invitrogen, Carlsbad,
California) per the manufacturer’s instructions. The cDNA was amplified by qPCR using iQ
SYBR Green Supermix (Bio-Rad, Hercules, CA) in a MyiQ Real Time PCR detection system
(Bio-Rad, Hercules, CA). The purity of the resulting qPCR products was confirmed by gel
electrophoresis. Threshold cycle (Ct) values for the qPCR standard curve (Figure S5) were
generated with ten-fold dilutions of initial MBS template. Initial template concentrations
ranged from 485 aM to 485 pM, in 50 μl qPCR reactions.

Results and Discussion
Application of theophylline-responsive MBS

The goal of any analytical strategy is precise, accurate, and quantitative measurement of the
analyte(s) of interest. SSAs have been proposed as a basis for solution-phase and solid-substrate
mediated single and parallel analyses[24,25,34,47]. Here, a theophylline-sensitive SSA was
constructed where the quantity of aptamer that undergoes a conformational change provided
the readout of the theophylline concentration (Figure 1). The SSA consists of two domains,
the aptamer domain and the readout domain. This modular design approach is well-established
[37,38] and provides a basis for convenient multiplex detection of SSAs by careful design of
the readout domain.
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In the described detection strategy, the readout is based on the enhanced binding affinity of
MBCs to MBSs bound to their target relative to MBSs without bound target (Figure 1). This
is due to the structural rearrangement of the aptamer domain upon target binding. Upon
rearrangement, intermolecular hybridization in the MB domain can compete more easily with
native intramolecular hybridization. Streptavidin-coated magnetic beads loaded with MBC
sequences are used to isolate MBSs with bound analyte for subsequent quantification by qPCR,
microarray, or other convenient nucleic acid analytical strategy. The technique thus provides
an indirect but still quantitative measurement of the theophylline concentration. Using gel-shift
experiments (Figures 2 and S1), it was verified that the binding of MBC by MBS is dependent
on theophylline concentration. Maximal binding of the MBC occurred at 200 μM − 2 mM
concentration of theophylline (Figure S1), thus subsequent experiments where saturating MBS-
theophylline interactions were desired were performed at 2 mM theophylline. Binding with 2
mM caffeine showed fractional MBC binding equal to that with 2 μM theophylline (Figure 2,
lane 10), which is consistent with the difference in the affinity of the aptamer for these two
species[19]. Thus, the specificity of the aptamer for theophylline over caffeine was maintained
in the MBS design, further support for use of the modular MBS construction strategy. It is
worthwhile to note that even in the absence of theophylline, the fractional MBC hybridization
with the MBS was 0.25 (Figure 2, lane 3). This suggests that caution must be taken in the
development of SSA-based analyses to ensure minimal background.

To assess further if structural rearrangement of the MBS upon theophylline binding was
responsible for the change in MBS-MBC binding affinity, gel shift assays were conducted in
the absence and presence of 2 mM theophylline. Initially, a wide range of MBS concentrations
were chosen to estimate roughly the KD of MBS-MBC complex formation. Subsequent
experiments focused on the range surrounding the concentration resulting in 50% binding for
a more accurate evaluation of the KD. As expected, with increasing MBS concentration, MBC
fractional binding increases (Figures 3 and S2), yielding KD values for MBS-MBC
hybridization in the absence and presence of theophylline of 9.9 nM and 1.0 nM, respectively.
This change in affinity reflects the change in the relative stability of the two MBS
conformations due to theophylline binding. The basal level of binding between the MBS and
MBC that occurred in the absence of theophylline was therefore predefined by their KD and
the concentration of the two strands. It should also be noted that even at saturating theophylline
concentration, the MB domain was not necessarily completely exposed to hybridize with its
complement. This is reflected in a much lower affinity between the strands than might be
expected for hybridization of sequences of this length[46]. Nonetheless, the significantly
enhanced binding of the MBC indicates increased accessibility of the MB sequence on the
MBS, indicative of the expected structural rearrangement.

It was now desired to test the possibility of accurate solution phase analyte detection using the
MBS rearrangement. The analytical method as described (Figure 1) requires that the quantity
of retained MBSs following separation by magnetic beads be quantitatively reliable over a
broad dynamic range. Given that MBSs are both the detectors and the readout in this scheme,
two methods can be used for quantification that are convenient with nucleic acids, scintillation
counting and qPCR. Using radiolabeled MBSs, the quantitative reliability of the magnetic bead
separation over the concentration range of interest was first confirmed (Figure S3). Across a
four order-of-magnitude span, the separation and detection of labeled MBSs was quantitatively
accurate as compared to the initial input of labeled MBS. Thus, a standard curve built from the
signal obtained from the separated and washed MBSs does provide accurate and sensitive
quantification of the initial quantity of MBSs.

Using scintillation counting, the conditions for optimal sensing of theophylline with this MBS-
MBC design were determined. The signal was defined as the fractional binding of MBS to
MBC in the presence of saturating concentration of theophylline (2 mM) and noise as the
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fractional binding in the absence of theophylline. By varying the concentrations of MBS and
MBC, changes in S/N (Figure 4) were determined experimentally. The highest measured S/N
was found to be 2.9 at MBS and MBC concentrations of 10 nM. Synthetic riboswitches that
acts as theophylline sensors in vivo[38] or in in vitro translation[48] systems showed higher S/
N values than we obtained in our in vitro system. One explanation could be that, in these
systems, enzymatic events, such as translation, provide the readout for sensor function. The S/
N can therefore be improved, for instance, by the accumulation of proteins that occurs following
each signaling event. The relatively-lower frequency of events in the absence of signal also
limits the noise from these readouts, further increasing the S/N. Nonetheless, our system
provides i) the sensitivity and precision required for accurate measurement of theophylline at
concentrations spanning the medically-relevant regime and ii) a basis for exploring the
important parameters of SSA-based biosensor design.

The signal-to-noise differences (S-N, Figure S4a) at varying concentrations of MBS and MBC
were also determined. The largest value was achieved at 1 nM MBS and 50 nM MBC. Using
these conditions results in a 2.1-fold increase in signal relative to 10 nM MBS and 10 nM MBC,
but it comes at the cost of a 3.8-fold increase in the noise, resulting in a lower S/N. As S/N
measures the relative discrimination of the two signals and S-N measures the difference in their
absolute levels, both metrics are valuable in choosing the conditions for optimal sensing. We
therefore summed the scaled values of these two parameters to define an aggregate score for
sensing (Figure S4b). The maximal aggregate score was, as with S/N, obtained at MBS and
MBC concentrations of 10 nM. Thus, subsequent experiments to examine the quantitative
capacity and sensitivity for theophylline sensing by the technique were performed at these
MBS and MBC concentrations.

With the analytical process validated, theophylline concentrations were measured using the
described technique. Radiolabeled MBS was incubated in the presence of serial dilutions of
theophylline ranging from 0.2 μM to 2 mM. MBC was then added for 10 min, the incubation
time that provided the best resolution of bound and free MBS (data not shown). Hence, the
interaction of the MBS and MBC is kinetically-limited, rather than equilibrium-limited, as at
equilibrium the 20-nt MBC would outcompete the 15-nt cis regulator strand and raise the
background (lower S/N) relative to the time frame chosen empirically for these experiments.
Accurate quantification of theophylline concentration from 0.5 μM to 200 μM could be
consistently achieved (Figure 5). This detection limit is lower than other current sensing
techniques for theophylline[49–51]. The dynamic range is also greater than other recently-
described aptamer-based theophylline sensing techniques[33,52], and easily spans the range
of clinically-relevant theophylline concentrations (55–111 μM)[53]. Furthermore, in our
experiments, only 3 μl samples were used, less than the minimum volumes required for many
theophylline measurement techniques[54]. As caffeine can convolute the signal for
theophylline sensors, the function of the technique in response to caffeine was verified, and it
was found that the specificity of separation and detection was maintained at lower than 1 mM
analyte concentrations (Figure 5). Only 2 mM caffeine had measurable signal significantly
above background. This concentration is one order-of-magnitude higher than the analytically
important plasma caffeine range (25 to 100 μM)[52]. Therefore, the designed theophylline
sensing technique can selectively discriminate highly structurally-similar molecules at
appropriate and useful concentrations.

The advantages of radioactive readouts are their sensitivity and dynamic range. In many
circumstances, however, use of radioactivity is undesirable. With the designed MBS sensors,
it was important to determine if qPCR could be used as an amplifiable readout of theophylline
concentration. PCR-based readouts are particularly useful for parallel applications, as
demonstrated previously with MBs[41,42]. The fidelity of qPCR from MBS templates was
first confirmed (Figure S5), showing a linear response over six orders of magnitude of template
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concentration. Theophylline concentrations were then measured using qPCR as the readout
(Figure 6). Theophylline was incubated with unlabeled MBS and biotinylated MBC. The
complexes were separated with streptavidin magnetic beads, and eluted MBSs were reverse
transcribed and amplified by qPCR. As expected, the results showed decreasing Ct values with
increasing theophylline concentration. The detection limit determined by student t-test is 1
μM, and the dynamic range is from 1 μM to 20 μM. The maximal signal-to-noise ratio was
~3.2 (2(12.5-10.8)), similar to what was found with the scintillation counting readout (Figure 5),
and no significant response was observed for caffeine over the same concentration span.

Analysis of MBS performance
Having determined the maximal S/N experimentally using two methods, it was of interest to
analyze further the variables limiting the resolution of our SSA-based method. Using the
measured values for the binding affinities in the presence and absence of theophylline, the
theoretical equilibrium behavior of the system was calculated. Assuming that, when
theophylline is present, it is fully-equilibrated with the MBS, the fractional binding of MBS
to the MBC was calculated at specified initial concentrations of MBS and MBC. S/N, S-N,
and the aggregate score were then calculated using a KD of 1 nM (saturating theophylline
condition) and a KD of 9.9 nM (no theophylline condition) (Figures 7 and S6). The ratio (Figure
7) reaches a maximum approaching 10 at low MBS and MBC concentrations. This ratio
depends exactly on the 10-fold change in affinity between the two conditions for our MBS
design; i.e., KD becomes the dominant term in equations (1) and (2). At limiting concentrations
of both MBC and MBS, fractional binding scales exactly as the inverse of KD. However, this
resolution could only be achieved with superb analytical sensitivity, due to the extraordinarily
small quantities of analytes at such concentrations (e.g., only 105 MBS molecules would be
contained in a 3 μL sample at a concentration of 10−4 nM).

As the concentrations increase, especially above the KD values, the concentrations dominate
in equation (1) and (2), minimizing the impact of the affinity difference and causing the ratio
to approach 1 (Figure 7). At 10 nM MBS and MBC, the theoretical S/N value is 1.9, in good
agreement with the experimentally-derived value of 2.9. The discrepancy likely arises from
the fact that our experimental data were not taken at the equilibrium condition. Because
intermolecular hybridization affinity can scale with association rate[46], short time points
would therefore improve the ratio relative to the equilibrium condition. The correlation of the
experimental and theoretical data across the concentration ranges for low concentrations of
MBC and MBS is not as strong. This is likely due to technical differences between the
calculations and the experiments. The theoretical plots do not account for the lower detection
limits for scintillation counting. In addition, to maximize the true signal eluted from the beads,
the complexes were washed, which immediately shifts the equilibrium to reduce the number
of bound MBSs that are recovered. On a fractional basis, the loss of bound MBSs during the
wash steps will reduce the signal recovered at low MBS and MBC concentrations far more
dramatically than at high concentrations. Hence, both signals approach the detection
background. This is likely the reason the experimental ratios decline at lower than 10 nM
concentrations. While the S/N achieved experimentally was sufficient to provide sensitive and
accurate theophylline detection, the theoretical analysis suggests that improvements to the
resolution of the technique may still be achievable.

Examining the theoretical difference, it peaks at MBC concentrations between the KD values,
at limiting MBS concentrations (Figure S6a). This is expected due to the maximum absolute
distance between the binding curves at these conditions (similar to the separation between the
curves along the vertical line at [MBS] ≈3 nM on Figure 3). The experimental S-N showed a
peak value at MBC and MBS concentrations (50 nM and 1 nM, respectively) higher than those
of the theoretical peak, but the peak experimental S-N value of 0.18 is in line with the theoretical
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value of 0.2 at these concentrations. For the aggregate score, the experimental peak score also
occurred at MBS and MBC concentrations both above those of the theoretical peak (compare
Figures S4b and S6b). However, looking only at 10 nM concentration of MBS, we see the
maximum aggregate score at 10 nM MBC (Figure S6c), to some degree supporting our
experimental results. For the experimental conditions, the theoretical aggregate score was
~60% of the global theoretical maximum, another indication that technical improvements to
our analytical strategy may be possible.

Typically, to design a SSA biosensor, multiple designs are tested to identify which has the
most desirable properties by some metric, such as S/N[24]. Our analyses argue strongly that
the experimental behavior of the MBS can be reliably captured by a relatively simple theoretical
model in which only the affinities of the SSA for its complement in the presence and absence
of target are required. The analysis described above relies on the experimentally derived KD
values to predict the expected S/N. As minimum free energy structures have proven useful in
unimolecular nucleic acid sensor design[55] and interaction free energies between molecules
tend to be at least relatively correct as compared to experimental data[46], we also preliminarily
investigated whether a thermodynamic construct using minimum free energy structure
predictions, based on our previous work[56], would allow us to predict KD values as another
means of evaluating alternative designs for the MBS and MBC that would provide higher S/
N (Figure S7 and Table S1). Improvements in S/N should result from increases in the affinity
of the MBS for the MBC in the presence of analyte relative to the affinity in the absence of
analyte. Of the modifications tested computationally, only extending the 5′-end of the MBS
seemed to suggest a means of dramatically increasing the relative affinity ratio. Our
experimental tests with this lengthened construct suggested an improved S/N but did not
provide sufficient signal using our current protocols to confirm this above statistical noise. We
will continue to explore whether technical optimizations can yield increases in S/N and what
other parameters may be limiting our aptamer-based biosensor sensitivity and specificity.

Conclusion
A theophylline quantification technique was designed using a SSA in combination with
scintillation counting or qPCR. In this manner, the SSA converted the analyte signal into a
nucleic acid signal for subsequent amplification and quantification. Analytical accuracy and
specificity were readily achieved by this technique. Analysis of the controlling parameters of
the system indicated that further performance enhancements may be achievable through careful
SSA design and protocol optimization.
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Figure 1. MBS design and detection strategy
In the native conformation of the MBS, the MB sequence forms a 15 bp intramolecular stem.
Upon theophylline binding with the aptamer domain (light gray), competition by the free 3′-
end of the MBS becomes more favored, increasing the exposure of the MB domain (dark gray)
for hybridization with an MBC. Using biotinylated MBCs and streptavidin-coated magnetic
beads, the MBSs with available MB domains can be selectively removed from the solution and
quantified by standard nucleic acid analytical techniques.
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Figure 2. Impact of theophylline on MBS-MBC hybridization
Theophylline at concentrations of 0–2 mM (lanes 3–9) was incubated with MBSs followed by
hybridization with radiolabeled MBCs. Signal from the upper band indicates an MBS-MBC
complex. Complexes with and without theophylline cannot be distinguished. Lane 1: MBC
alone. Lane 2: 5 nM MBC with 2 mM theophylline. Lane 3–9: 5 nM MBC, 16 nM MBS and
0, 20 nM, 200 nM, 2 μM, 20 μM, 200 μM, and 2 mM theophylline. Lane 10: 5 nM MBC, 16
nM MBS and 2 mM caffeine. Image contrast was adjusted to improve image clarity but band
intensities used for fraction bound calculations were not altered.
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Figure 3. Quantification of MBS-MBC binding affinity
EMSAs were used to measure the KD for the MBS-MBC complex in the absence (circles) and
in the presence (squares) of 2 mM theophylline. Gel images can be found in Figure S2. MBCs
were incubated with increasing concentrations of MBS. The fraction of MBC bound was
calculated. Data from at least three gels for each condition were plotted simultaneously and fit
with a single parameter. In the absence and presence of theophylline, the measured KD values
were 9.9 ± 1.0 nM (R2=0.884) and 1.0 ± 0.1 nM (R2=0.957), respectively.
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Figure 4. Concentrations for optimal S/N
The fractional MBS binding was calculated as counts from the eluted MBSs normalized to the
total counts recovered from the supernatant, washes, and elution. The fractional MBS binding
in the presence of 2 mM (signal) and 0 mM (noise) theophylline was measured from which
signal-to-noise ratio (S/N) was calculated as described in the Experimental Section. Using
MBS and MBC concentrations of 10 nM provided the maximal experimental S/N.

Xie and Walton Page 14

Anal Chim Acta. Author manuscript; available in PMC 2010 April 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Theophylline and caffeine standard curves at optimal MBS and MBC concentration
Using 10 nM MBC and 10 nM MBS, the standard curves for theophylline (circles) and caffeine
(squares) show a dynamic range for theophylline of over two orders-of-magnitude, while
maintaining nearly four order-of-magnitude discrimination against the structurally-similar
caffeine (* denotes signal significantly higher than background, p< 0.05). For simplicity, the
fractional MBS binding at each analyte concentration was calculated as counts of eluted MBSs
relative to counts of total MBS input. Relative values were equivalent to those normalized to
the total counts recovered from the sum of supernatant, wash and elution from beads.
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Figure 6. Quantification of theophylline concentration
After binding and magnetic bead separation, RT-qPCR was performed on eluted MBSs.
Concentration sensitivity for theophylline (circles) was demonstrated across over two orders
of magnitude in concentration spanning the clinically-relevant theophylline concentration
range (* denotes signal significantly higher than background, p < 0.05). No significant response
was seen for caffeine (squares) over the same concentration span.
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Figure 7. Theoretical analysis of S/N
Using the KD values for MBS-MBC complex formation in the presence of saturating levels of
theophylline and in the absence of theophylline, the equilibrium MBS fraction binding at
varying MBS and MBC concentrations was calculated using equation (2). S/N values were
then calculated as in Figure 4.
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