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We have developed a new cocaine-binding aptamer variant that has a significantly higher melt tem-
perature when bound to a ligand than the currently used sequence. Retained in this new construct is the
ligand-induced structure-switching binding mechanism that is important in biosensing applications of
the cocaine-binding aptamer. Isothermal titration calorimetry methods show that the binding affinity of
this new sequence is slightly tighter than the existing cocaine-binding aptamer. The improved thermal
performance, a Ty, increase of 4 °C for the cocaine-bound aptamer and 9 °C for the quinine-bound
aptamer, was achieved by optimizing the DNA sequence in stem 2 of the aptamer to have the highest
stability based on the nearest neighbor thermodynamic parameters and confirmed by UV and fluores-
cence spectroscopy. The sequences in stem 1 and stem 3 were unchanged in order to retain the structure
switching and ligand binding functions. The more favorable thermal stability characteristics of the OR3
aptamer should make it a useful construct for sensing applications employing the cocaine-binding

aptamer system.

© 2017 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights

reserved.

1. Introduction

The cocaine-binding aptamer has become a model system for
the development of aptamer-based biosensors. The secondary
structure of the aptamer is composed of three stems arranged into a
three-way junction with both tandem AG base pairs and a dinu-
cleotide bulge located at or adjacent to the three-way junction
(Fig.1) [1]. When stem 1 is six base pairs long, the aptamer folds in
the free state and retains the same secondary structure when
ligand-bound [1]. However, if stem 1 is shortened to be three base
pairs in length, as shown in Fig. 1, the aptamer undergoes a ligand-
induced structure switching binding mechanism. In the ligand-free
state, the short stem 1 aptamer is loosely or poorly structured. Upon
ligand binding, the aptamer folds or dynamically tightens into the
secondary structure shown in Fig. 1 [1-5]. It is this structure-
switching binding mechanism that has been exploited in many of
the applications of the cocaine-binding aptamer in biosensor
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development, and consequently, the short stem 1 version of the
cocaine-binding aptamer is a widely utilized version of the cocaine-
binding aptamer [2,6—22].

The structure switching nature of the short stem 1 construct of
the cocaine-binding aptamer must arise from the interplay be-
tween the destabilising reduction in the length of stem 1 and the
stabilizing nature of ligand binding. This is demonstrated by the
observation that tighter binding ligands for the cocaine-binding
aptamer such as quinine [4,23,24], result in aptamer-ligand pair-
ings with a higher melt temperature than the cocaine-bound
aptamer [25]. Additionally, the steroid-binding aptamer, a three-
way junction aptamer based on the cocaine-binding aptamer
sequence, binds deoxycholic acid very weakly. This interaction is
not tight enough to fold the version of the aptamer that contains a
three-base-pair-long stem 1. Instead, deoxycholic acid binds and
folds a version of this aptamer with a stem 1 four base pairs long
[26].

Despite the widespread adoption of the short stem 1 version of
the cocaine-binding aptamer (Fig. 1; MN19) in biotechnology, this
sequence is not optimal, as it is only marginally stable at room
temperature. This is demonstrated by our published temperature-
dependent NMR studies [1], temperature-dependent ITC-based
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Fig. 1. Sequence and secondary structures of aptamers used in this study. For ease of comparison the numbering system is the same as used for the 36-nucleotide version of the

aptamer and starts at 4 for these constructs.

binding studies [1,4], and DSC analysis [25]. The goal of this study is
to develop a more thermally stable version of the cocaine-binding
aptamer that preserves the functionally important ligand-induced
structure-switching binding mechanism. To achieve this, we
retained the three base pair-long stem 1 and the sequence of stem
3, as these stems are important for the structure-switching and
ligand binding functions. We modify the sequence of stem 2 to
obtain a cocaine-binding aptamer variant with as high a melt
temperature as possible. We demonstrate that the resulting
sequence, OR3 (Fig. 1), has these characteristics.

2. Materials and methods
2.1. Materials

DNA was obtained from Integrated DNA Technologies (IDT). DNA

aptamer samples were dissolved in distilled deionized H,O
(ddH,0) and then exchanged three times using a 3-kDa molecular
weight cut-off concentrator with sterilized 1 M NaCl followed by
three exchanges into ddH,0. Aptamer samples were heated in a
boiling water bath for 3 min and cooled in an ice bath prior to use to
allow the DNA aptamer to anneal. Final aptamer and ligand con-
centrations were determined by UV—Vis spectroscopy using the
extinction coefficients provided by suppliers.

2.2. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were per-
formed using a MicroCal VP-ITC instrument. Samples were
degassed at 4 °C for 5 min prior to use with the MicroCal Thermo
Vac unit. All experiments were corrected for the heat of dilution of
the titrant. Cocaine binding experiments were performed at low-c
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conditions [27] using 20 uM aptamer solutions with a cocaine
concentration of 3.6 mM at 20 °C in 140 mM NaCl, 20 mM TRIS
buffer (pH 7.4), 5 mM KCl. Quinine binding experiments were
performed for OR3 and MN19 in the presence of 140 mM NaCl (high
salt) and with 0 mM NaCl (low salt) in 20 mM TRIS buffer (pH 7.4)
with 40—80 uM aptamer solutions with a quinine concentration of
0.624—1.248 mM at 15 and 20 °C. All titrations were performed
with the aptamer in the cell and ligand in the injector. Standard
binding experiments consisted of 35 successive 8 LL injections
spaced every 300 s, where the first injection was 2 pL. Data ob-
tained at high salt conditions were analysed using the accompa-
nying Origin 7.0 software fitting to a one-site binding model. Data
obtained at low salt conditions were fit to a two-independent sites
binding model [28,29]. The fitting of the two-site binding data was
performed using the Matlab 14 software package.

2.3. UV melts

UV thermal melt experiments were performed using a Cary 100
spectrometer and 10-mm fused quartz cuvettes. The temperature
was monitored throughout each experiment at 1 °C/min using a
Cary Peltier controller. The DNA melting curves were observed in a
temperature range of 5 °C—65 °C for cocaine-aptamer experiments,
and 5 °C—80 °C for quinine-aptamer assays, as cocaine is more
thermolabile than quinine [25,30]. Each experiment was performed
in 20 mM sodium phosphate buffer (pH 7.4), 140 mM NacCl. For each
ligand-aptamer complex, a concentration of aptamer was chosen to
yield ~0.5 absorbance arbitrary units (a. u.) at 260 nm using the
known extinction coefficients of the aptamer. Then, the ligand to
aptamer molar ratio was kept constant at 95% ligand-bound based
on the known Ky values [1,4]. The observed UV light absorbance at
260 nm from 4 to 6 replicates were averaged. Then the difference
between the average bound and average free ligand absorbance
was obtained. This difference was then normalized as (Alpax- Alj)/
(Almax- Almin) where Alqax is the maximum value of the difference
between the bound and free ligand absorbance, Al is the mini-
mum value of the difference between the bound and free ligand
absorbance and Alj is the value of the difference between the bound
and free ligand absorbance at a particular temperature. Then the
normalized absorbance was plotted against the temperature. To
quantify the thermal shift, the first derivative of each thermal curve
was plotted as a function of temperature.

2.4. Fluorescence spectroscopy

Fluorescence thermal shift assays were performed employing a
90°-light path Cary Eclipse spectrofluorometer and 10-mm fused
quartz cuvettes. The temperature was monitored throughout each
experiment at 1 °C/min using a Cary Peltier controller. The thermal
shifts were observed in a temperature range of 5 °C—65 °C for
cocaine-aptamer experiments and 5 °C—80 °C for quinine-aptamer
assays. Each experiment was performed in 20 mM sodium phos-
phate buffer (pH 7.4), 140 mM NaCl. Ligand-aptamer complexes
were optimized for the excitation and emission maxima of the
corresponding ligand, photomultiplier tube (PMT) voltage, signal-
to-noise ratio (SNR) and spectral bandwidth (SBW) parameters.
For each ligand-aptamer complex, a ligand to aptamer molar ratio
was chosen to ensure the aptamer was 95% ligand-bound based on
the known Kq values [1,4]. The observed fluorescence emission
intensities from 4 to 6 replicates were corrected for the inner-filter
effect to compensate for the loss of the light intensity by the
aptamer [31,32]. The obtained fluorescence intensities were aver-
aged. Then the difference between the average bound and average
free ligand fluorescence intensity was obtained. This difference was
then normalized as (Alj- Algeart)/(Aleng- Alstart) where Algeare is the

value of the difference between the fluorescence intensity of the
ligand/aptamer mixture and free ligand fluorescence intensity at
the start of the melt (lowest temperature), Alepq is the value of the
difference between the fluorescence intensity of the ligand/
aptamer mixture and free ligand fluorescence intensity at the end
of the melt (highest temperature), and Al is the value of the dif-
ference between the fluorescence intensity of the ligand/aptamer
mixture and free ligand fluorescence intensity at a particular
temperature. The normalized fluorescence was then plotted against
temperature. To quantify the thermal shift, the first derivative of
each thermal curve was plotted as a function of temperature
[33—36]. In the assays of the quinine-aptamer complexes, quinine
was excited at 234 nm, and the emission maxima were recorded at
383 nm. For the assays of the cocaine-aptamer complexes, cocaine
was excited at 232 nm, and the maximum fluorescence intensity
was detected at 320 nm.

2.5. NMR analysis

1D 'H NMR experiments on aptamer samples were performed
using a 600 MHz Bruker Avance spectrometer in H,0/2H,0 (90%/
10%) at 5 °C. These sample conditions were chosen to result in
spectra showing the sharpest signals and are identical to our pre-
vious studies [1,4,37]. Water suppression was achieved through the
use of the WATERGATE sequence [38]. Aptamer concentration for
NMR studies ranged from 0.3 to 0.5 mM.

3. Results
3.1. Aptamer thermal stability analysis

The thermal stability of the different stem 2 variants both free
and bound to quinine was analysed by UV melting experiments. All
the constructs displayed no evidence of being folded in the free
state as their Aygg versus temperature plots displayed a straight line
with no sign of a typical sigmoidal denaturation curve (Fig. 2). In
the presence of quinine, all the constructs exhibited a sigmoidal
melt curve as shown for MN19equinine and OR3equinine in Fig. 2.
From a first derivative analysis, the Ty, values for the aptamer-
quinine complexes were obtained and are listed in Table 1. These
data show that the MN19-quinine complex has the lowest Ty, value
(35.5 + 0.3 °C) and ORS3 has the highest Ty, value (44.2 + 0.1 °C).

As a comparison for the UV melt analysis, the stability of MN19
and OR3 were also analysed using a fluorescence thermal shift
assay based on the differential scanning fluorimetry technique [33].
This method is very sensitive, and the effects of both quinine and
cocaine binding on the stability of MN19 and OR3 were analysed.
When the aptamer binds its ligand, quinine and cocaine fluores-
cence intensity is quenched [39]. In this assay, the increase in the
intrinsic fluorescence intensity of a ligand is measured as the ligand
is released when the aptamer is thermally unfolded. First derivative
analysis of the MN19ecocaine thermal shift provides a Ty, value of
26.6 + 0.8 °C while the OR3ecocaine complex has a Ty, value of
31.0 +£ 0.7 °C (Fig. 3). For the MN19equinine thermal shift, a Ty, value
of 35.2 + 0.3 °C was obtained, and for the OR3equinine complex a
Tm value of 44.6 + 0.7 °C was measured.

3.2. Ligand binding analysis using ITC methods

The affinity for cocaine of the different stem 2 variants was
gauged by ITC methods using a low-c binding method [27]. The
affinity values of the different aptamer constructs are shown in
Table 2. These data demonstrate that changing the sequence of
stem 2 does not reduce the affinity of these aptamers for cocaine
when compared with the affinity of MN19 for cocaine, and may be
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Fig. 2. Analysis of thermal stability using UV-monitored melting curves. Shown is the normalized UV absorbance at 260 nm for the (a) MN19 both free (open pink squares) and
quinine-bound (filled blue squares) and (b) OR3 free (open red circles) and quinine-bound (filled blue circles). On top are the UV, absorbance plots in a temperature range of
5 °C—80 °C. On the bottom, the first derivative of the melts are shown. Dashed lines designate the Ty, point of aptamer-quinine complexes. Each data point denotes an average of
4—6 experiments with the error bars corresponding to one standard deviation. Data acquired in 20 mM sodium phosphate buffer (pH 7.4), 140 mM NaCl.

Table 1
Thermal denaturation temperature for aptamer-quinine complexes determined by
UV melts.?

MN19
355+03

MN20 OR1 OR2 OR3
402 +0.2

Aptamer

Tm (°C)

440+02 437+03 442+0.1

¢ Data acquired in 20 mM sodium phosphate (pH 7.4), 140 mM NaCl. The values
reported are averages of 4—6 individual experiments. The error range reported is
one standard deviation.

considered marginally tighter.

The OR3 aptamer was then chosen for further ITC binding
analysis by measuring its affinity to quinine at both high and low
NaCl conditions with representative thermograms from these ti-
trations shown in Fig. 4. At 140 mM NaCl concentration, OR3 bound
quinine at a single-site with a K4 value of (0.73 + 0.04) uM, a AH of
(—22.5 + 0.1) kcal mol~! and a -TAS value of (14.3 + 0.4) kcal mol ™.
At the same experimental conditions, MN19 binds quinine at a
single-site with a Kq value of (0.94 + 0.04) uM, a AH of (—30.6 + 0.2)
kcal mol~! and a -TAS value of (22.5 + 0.4) kcal mol~L. With no
added NaCl from the non-sigmoidal shape of the titrations curves
(Fig. 4c and d), it is clear that both OR3 and MN19 bind quinine
according to a two-independent site mechanism similar to what we
observed previously [29]. At 20 °C, the temperature at which the
high salt data was run, it is not possible to fit the 0 M NaCl data to
the two-site model likely because binding at the second site is too
weak resulting in too low a c-value to enable us to fit the data.

When the data with no added NaCl was acquired at 15 °C (Fig. 4c
and d) we were able to fit to a two independent site binding model
[29]. The fit for MN19 binding quinine resulted in a Kg; of
(0.25 + 0.18) uM, a Kgp of (29 + 6) uM, a AH; of (—28.0 + 0.3) kcal
mol !, a AH, of (—67 + 14) kcal mol ', a -TAS; value of (19 + 13) kcal
mol~! and a —TAS, value of (61 + 18) kcal mol~'. The fit for OR3
binding quinine resulted in a Kq1 of (0.23 + 0.13) puM and a Kgz of
(75 + 49) pM, a AH; of (—21.1 + 0.2) kcal mol—!, a AH; of (—19 + 12)
kcal mol~!, a -TAS; value of (12 + 7) kcal mol~! and a —TAS; value of
(14 + 12) kcal mol .

3.3. Structural analysis using NMR spectroscopy

NMR spectroscopy was used to analyse the structure and ligand
binding ability of both the MN19 and OR3 aptamer constructs. In
the ligand-free state, the OR3 aptamer shows imino peaks from 4 to
6 imino resonances indicative of a loosely or poorly structured
ligand-free state (Fig. 5a). As cocaine is titrated into OR3, new imino
signals appear in the NMR spectrum until the molecule is fully
bound by cocaine. In the 1:1 OR3ecocaine, the expected number of
signals is detected for the secondary structure shown in Fig. 1. For
MNT19, the NMR spectrum of the free aptamer shows 4—6 imino
signals also indicative of a loosely or poorly structured ligand-free
state (Fig. 5b). With the addition of cocaine, new imino signals
appear, and in the 1:1 complex the expected number of signals are
observed. Assignments shown in Fig. 5 for the 1:1 complex of OR3
were obtained from a comparison with those of MN19 [1].
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Fig. 3. Analysis of thermal stability using differential scanning fluorimetry thermal shift analysis. Displayed are the average intrinsic fluorescence responses for OR3-and MN19-
ligand complexes. (a) On top is the MN19ecocaine complex (red) and OR3ecocaine (green) thermal shift assays. Cocaine is excited at 232 nm, and emission maxima detected at
320 nm in a temperature range of 5 °C—65 °C. (b) On top is the MN19equinine complex (red) and OR3equinine (green) thermal shift assays. Quinine is excited at 234 nm, and
emission maxima detected at 383 nm in a temperature range of 5 °C—80 °C. On the bottom of each panel is the first derivative of the MN19eligand and OR3eligand thermal shifts.
Dashed lines indicate the Ty, point of each aptamer-ligand complex. Each data point denotes an average of 4—6 experiments with the error bars corresponding to one standard

deviation. Data acquired in 20 mM sodium phosphate buffer (pH 7.4), 140 mM NaCl.

4. Discussion

At the start of this study, we wished to develop a thermal stable
version of the cocaine-binding aptamer based on the rational
design of its nucleotide sequence. The goals were: (1) to retain the
ligand-induced structure-switching binding mechanism by
retaining the three-base-pair stem 1 sequence; (2) to retain the
ligand-binding affinity of the original MN19 sequence by not
changing the nucleotides likely to be involved in interacting with
the ligand (in stems 1 and 3, and at the three-way junction) as
identified in our previous sequence variation and NMR-based
chemical shift perturbation studies [1,4,37]; (3) to optimize the
nucleotide sequence in stem 2 to increase the thermal stability of
the bound aptamer. The results shown here demonstrate that we
have achieved these goals.

As demonstrated by the imino NMR spectra of the OR3 aptamer,
this molecule retains the ligand-induced structure switching
mechanism of the original short stem 1 construct MN19 (Fig. 5).
OR3 was chosen for structural analysis as it has the highest melt
temperature of the aptamer-quinine complexes studied (Table 1).
In the free state, the OR3 aptamer is loosely or poorly structured as
demonstrated by its imino spectrum showing only 4—6 or the ex-
pected 11 signals. This behaviour is similar to other short stem 1
aptamers we have studied [1,4,26]. OR3 becomes structured as

cocaine is titrated in and bound by the aptamer. The exact struc-
tural nature of the ligand-free short stem 1 aptamer state is not
known. Small angle X-ray scattering (SAXS), a method that mea-
sures hydrodynamic parameters of molecules, shows that there is
little change in the radius of gyration (Rg) or the maximum inter-
atomic vector in the molecule (Rpax) between free and ligand-
bound MN19 [4]. As seen in the NMR spectra (Fig. 5), the fact that
there are some imino signals present in the free state shows that
some base pairs do form in stems 2 and 3 in the absence of ligand.
The absence of some observable imino signals is possibly due to a
high level of dynamics in the free state that is reduced with ligand
binding. This reduction in dynamics is reflected in the reduction of
the imino hydrogen exchange rates of both long and short stem 1
cocaine-binding aptamers upon ligand binding [5]. Whatever the
nature of the structure of the free short stem 1 construct is, as
demonstrated by the NMR spectra (Fig. 5), this nature is shared by
both MN19 and OR3.

ITC methods were used to measure the ligand binding ability of
the series of short stem 1 constructs studied here (Table 2). Previ-
ously, we demonstrated that the MN20 construct bound cocaine
tighter than MN19 [37]. In the OR1, OR2 and OR3 constructs, the
sequence changes used to optimize the thermal stability do not
adversely affect cocaine binding, but result in a marginally tighter
binding aptamer than MN19 (Table 2). Due to it having the highest
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Fig. 4. Sample of ITC data showing the interaction of MN19 and OR3 with quinine. Data acquired in the presence of 140 mM NaCl results in single site binding with a K4 value of
(0.73 + 0.04) uM for (a) OR3 and a Kq value of (0.94 + 0.04) uM for (b) MN19. Data acquired in the absence of added NaCl results in two-site binding for both (c) OR3 and (d) MN19.
On top is the raw titration data showing the heat resulting from each injection of quinine into aptamer solution. On the bottom is the integrated heat plot after correcting for the
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cocaine-OR3

Table 2
Binding affinity for the interaction between the different aptamer constructs and
cocaine determined by ITC.*

G4/G9/G10/G27
(b) cocaine-MN19

G30/G24
T28 629
T18/T32

14 13 12 11 10 9
'H (ppm)

Fig. 5. Cocaine binding monitored by 1D 'H-NMR. Displayed is the region of the NMR
spectrum focusing on the imino resonances as a function of increasing cocaine con-
centration for (a) OR3 and (b) MN19. Note that for both of these aptamers, only a few
peaks are observed in the free spectrum. Upon binding, sharp resonances resulting
from the cocaine-bound aptamers appear. All spectra were acquired in 90% H,0/10%
2H,0 at 5 °C at the indicated molar ratio of cocaine to the corresponding aptamer.

thermal stability, OR3 was chosen for further ligand binding ana-
lyses using quinine as the ligand. Quinine binds the cocaine-
binding aptamer ~50 fold tighter than cocaine [4,23,25,40], and
this higher affinity makes it an ideal ligand for ITC analysis. The fits
to the data in Fig. 4 shows that in high salt conditions OR3 binds
quinine slightly tighter than MN19, mirroring the relative affinity
seen for cocaine binding by these two aptamers (Table 2).

The sequence changes in stem 2 of OR3 coincide with the
location of the NaCl concentration-dependant second (low affinity)
ligand-binding site in the cocaine-binding aptamer [29]. We

1.4:1 Aptamer MN19° MN20°¢ OR1 OR2 OR3
Kg (M) 26.7 0.7 13+7 2445 183 £ 08 21+2
1.2:1 2 Data acquired in 20 mM Tris (pH 7.4), 140 mM NacCl, 5 mM KCl at 20 °C. The
values reported are averages of 3—4 individual experiments. The error range re-
ported is one standard deviation.
1.041 b Data from Ref. [1].
¢ Data from Ref. [37].
0.8:1
therefore tested OR3 binding to quinine under buffer conditions of
no added NaCl and determined that OR3 retains the ability to bind
0.6:1 two molecules of quinine. In particular, the affinity of the high af-
finity site of MN19 and OR3 are identical within the error range but
041 the affinity at the low-affinity site, the NaCl concentration-
dependant site in stem 2 is significantly lower in OR3 than in
MN19. When comparing the sequence of stem 2 in OR3 and MN19
01 we have retained the same number of Watson-Crick base pairs in
both constructs though we have changed their identities. Retaining
04 weak two-site binding in OR3 implies that binding at the second

site depends at least to some extent on the shape of the aptamer
but that the exact identity of the base pairs are needed for high
affinity binding at this site.

The thermal stability of the structure-switching version of the
cocaine-binding aptamer was optimized by changing the sequence
in stem 2 to maximize AG according to the nearest neighbor
thermodynamic parameters [41,42]. Additionally, the GAA triloop
was shown to be the most stable DNA triloop sequence [43]. Simply
changing the AT base pairs in MN19 to be GC base pairs, as in MN20,
produced an increase in T, value of 4.7 °C for the aptamer-quinine
complex. By optimizing the sequence by staggering the GC base
pairs, as in OR1, the Ty, value of the aptamer-quinine complex
increased to 44.0 °C. The final optimization step of replacing the
AAA triloop with the more stable GAA triloop produced an
improved Ty, value for OR3equinine to 44.2 °C. The increase in Ty,
values measured by UV melts was replicated using a differential
scanning fluorimetry thermal shift assay (Fig. 3). The Ty, values
obtained in these assays for both MN19equinine and OR3equinine
matched those found using UV melting experiments to within the
experimental error. We think the OR3 construct will be useful for
researchers using the cocaine-binding aptamer in biosensor
development, as at room temperature (20—25 °C) a greater pro-
portion of the aptamer-ligand complex will be folded using the OR3
sequence. Therefore, this should provide a more intense signal in an
assay that depends on the structure-switching function of the
aptamer.

The OR3 and MN19 aptamer constructs bound to cocaine were
chosen for further stability analysis using the fluorescence-based
thermal shift assay. Consistent with the lower binding affinity of
MN19 and OR3 to cocaine than quinine, the MN19 and OR3 com-
plexes with cocaine have a lower Ty, value than their respective
complexes with quinine. Additionally, as seen in the quinine
complexes, the OR3-cocaine complex is more stable than the
MN19-cocaine complex. Our proposed mechanism for what is
occurring is that the sequence changes made in OR3 have stabilized
either the ligand-free aptamer state, but not enough to produce a
folded unbound aptamer, or has stabilized the ligand-bound folded
state, with respect to MN19. If we assume that each ligand interacts
with MN19 and OR3 with roughly the same AG value, less free
energy from binding needs to go into folding the OR3 aptamer than
the MN19 aptamer leaving more free energy to go into the observed
binding free energy resulting in tighter binding observed for the
OR3 aptamer and a higher melt temperature than we observe for
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MN19.

In conclusion, we have developed a new cocaine-binding
aptamer construct (OR3) that retains the ligand-induced struc-
ture-switching binding mechanism critical to biosensing applica-
tions, has a Kq value slightly tighter than the original MN19
aptamer, and has a significantly higher melt temperature when
bound to both cocaine and quinine than observed for the original
sequence. The more favorable thermal stability characteristics of
the OR3 aptamer should make it a useful construct of the cocaine-
binding aptamer in biosensing applications.
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