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ABSTRACT: We have used a combined approach of NMR spectroscopy and isothermal titration calorimetry
(ITC) to determine the ligand-binding mechanism employed by a cocaine-binding aptamer. We found that the
length of the stem containing the 3’ and 5’ termini determines the nature of the binding mechanism. When this
stem is six base pairs long, the secondary structure of the aptamer is fully folded in the free form and only
putative tertiary interactions form with ligand binding. If this stem is shortened by three base pairs, the free
form of the aptamer contains little secondary structure, and ligand binding triggers secondary structure
formation and folding. This binding mechanism is supported by both NMR spectral changes and the ITC
measured heat capacity of binding (AC,°). For the aptamer with the long stem the AC,° value s —557 £29 cal

mol ™' K" and for the aptamer with the short stem the AC,° value is =922 £ 51 cal mol_ K ', Chemical shift
perturbatlon data and the observation of intermolecular NOEs indicate that the three-way junction is the site
of ligand binding.

The development of aptamers as biosensors is a rapidly
developing area of biochemistry due to the ease of selecting
aptamers and the ability of aptamers to bind virtually any ligand
with high specificity (1, 2). Nucleic acid aptamers are typically
selected to bind their targets through an in vitro evolutionary selec-
tion process termed systematic evolution of ligands by exponential
enrichment (SELEX) (3, 4). This strategy can be employed to
select for both RNA and DNA aptamers, although DNA
aptamers may be preferable in applications used outside of the
laboratory environment due to a greater resistance to degradation.

Despite their importance, the function of aptamers is often
thought of as a black box, with few aptamers having their binding
mechanism studied in detail. For many aptamers studied, and
particularly for RNA aptamers, an adaptive binding mechanism
has been proposed (5—8). In this mechanism, the free state of the
aptamer or region of an aptamer exists in an unfolded or partially
unfolded state, with the active state, or ligand-binding conforma-
tion, being just one of the many structures present in solution. In
the presence of the correct ligand, the functional conformations
in the unbound state bind the ligand, shifting the equilibrium
to include more active states, which then go on to bind more
ligand. This adaptive binding mechanism has been observed in
the purine riboswitch (9). However, the generality of an adaptive
binding mechanism in nucleic acid—small molecule interactions
is unknown. For example, the lysine riboswitch regulatory
element appears to present a prefolded structure, showing little
conformation change with ligand binding (10).

Insights into the binding mechanism a biomolecule employs
can come from a wide array of biophysical methods. NMR and
X-ray crystallography studies give detailed structures of the free

"This work was supported by funding from the Natural Sciences and
Engineering Research Council of Canada (NSERC) to P.E.J.

*Corresponding author. E-mail: pjohnson@yorku.ca. Phone: 416-
736-2100 x3319. Fax: 416-736-5936.

pubs.acs.org/Biochemistry Published on Web 08/24/2010

and bound states, but to date few structures exist detailing both
the free and bound states of aptamers or other functional nucleic
acids. Studies looking at the thermodynamics of ligand binding
using calorimetric methods also yield important insights into
ligand-binding mechanisms (71, 12). These techniques have been
used widely with protein—ligand systems (/3—15) and are in-
creasingly being employed in studying nucleic acid—small mole-
cule interactions (9, 16— 18). Knowing the values of the thermo-
dynamic binding parameters (AH, AS) derived from ITC studies
as well as the change in heat capacity of binding (ACI,)1 provides
information on structural changes that occur with ligand binding.

One aptamer that has been the focus of a lot of development
for use as a biosensor is the cocaine-binding DNA aptamer. The
MNS-4.1 aptamer initially reported by Stojanovic et al. is highly
selective for cocaine, with little affinity for common cocaine
metabolites (/9). The cocaine-binding aptamer is predicted to
fold into three helical stems built around a three-way junction
(Figure 1). Stem 2 contains only Watson—Crick base pairs, while
stems 1 and 3 contain two putative noncanonical base pairs. In
the unbound state, the cocaine-binding aptamer has been pro-
posed to have one or more of the stems unfolded and only in the
bound state do all three stems form (20).

Several biosensors for cocaine have been developed on the basis
of the DNA sequence of this aptamer (2/—36). The sensing
technologies employing the cocaine-binding aptamer are varied
and range from optical to electrochemical as well as spectroscopic.
A number of the cocaine biosensors developed have exploited
the binding-induced folding of the aptamer as a signaling trigger.
This unfolded to folded transition is achieved by either shortening
strand 1 by three base pairs or by dividing the aptamer into two
separate strands. Only when in the presence of cocaine does this

! Abbreviations: bp, base pair; AC,, change in heat capacity; Kj,
dissociation constant; NMR, nuclear magnetic resonance; NOE, nuclear
Overhauser effect; ITC, isothermal titration calorimetry.
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FiGure 1: (a) Sequence of the MNI1 cocaine-binding aptamer drawn
with the originally proposed secondary structure. Dashes between
nucleotides indicate Watson—Crick base pairs; dots indicate non-
Watson—Crick base pairs. (b) Chemical structure of cocaine.

shortened aptamer fold, or the two strands come together, bind
cocaine, and form the three-dimensional complex resulting in a
signal (19, 27, 29, 33, 34). As an example of the versatility of the
cocaine-binding aptamer, sequence variants have been adapted
for use as a set, or array, of aptamers for hydrophobic molecules
such as steroids (37, 38). This resulted from the observation that a
similarly structured three-way junction motif as predicted for the
cocaine-binding aptamer had earlier been identified in a steroid-
binding aptamer (39).

In this study we use NMR spectroscopy and isothermal
titration calorimetry (ITC) to gain insight into the binding
mechanism employed by the cocaine-binding aptamer. We find
that two binding mechanisms are followed depending on the
length of one of the stems. From changes in the NMR spectrum
of the free and bound aptamer, from ITC derived measurement
of the change in heat capacity of binding (AC,), and from thermal
stability measurements we determined the following: (i) when the
stem that contains the 3’ and 5 ends is short (three base pairs
long), the aptamer undergoes a transition from an unstructured
state with little secondary structure to a well-structured bound
state; (i) when the stem containing the 3’ and 5 ends is six base
pairs long, the aptamer is structured in the free state and retains
the same secondary structure in the bound form. This limited
structural change is in contrast to a previously proposed mechan-
ism that suggested a significant amount of secondary structure
forming with cocaine binding (20).

MATERIALS AND METHODS

Materials. Aptamer samples were obtained from the Uni-
versity of Calgary DNA Service. DNA samples for NMR
analysis were purified by denaturing (8 M urea) 20% polyacry-
lamide gel electrophoresis. The DNA was separated from the gel
by electroelution, and the DNA samples were pooled, exchanged
three times in a 3 kDa molecular mass cutoff concentrator with
sterilized 1 M NaCl, and subsequently washed at least three times
with distilled deionized H,O. DNA samples for [TC and UV—vis
experiments were exchanged with 20 mM Tris (pH 7.4), 140 mM
NaCl, and 5 mM KClI three times before use. Cocaine hydro-
chloride was obtained from Sigma-Aldrich.
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NMR Spectroscopy. All 1D-'H NMR experiments on
aptamer samples were acquired using a 600 MHz Bruker Avance
spectrometer. 2D NOESY (z,,, = 200 ms) spectra in H,0/*H,O
(90%/10%) were recorded at 5 °C. A 2D NOESY (z,;, = 200 ms)
and a TOCSY spectrum (40) (7, = 72 ms) were acquired on the
MN4 aptamer in H,O at 20 °C using a Varian 800 MHz NMR
spectrometer. Aptamer concentration for NMR studies ranged
from 0.5 to 2.3 mM. Data were analyzed using CcpNmr
Analysis (41).

Isothermal Titration Calorimetry. Isothermal titration
calorimetry (ITC) was performed using a MicroCal VP-ITC
instrument, and the data were analyzed using the accompanying
Origin software fit to a one-site binding model. Samples were
degassed before use with the MicroCal Thermo Vac unit. All
experiments were corrected for the heat of dilution of the titrant.
Unless otherwise specified, cocaine and aptamer solutions were
prepared in a buffer of 20 mM Tris (pH 7.4), 140 mM NaCl, and
5 mM KCI. Binding experiments were typically performed
with aptamer solutions of 20 M using cocaine concentrations of
280 uM at 20 °C. All aptamer samples were heated in a boiling
water bath for 3 min and cooled on ice prior to use in a binding
experiment to allow the aptamer to anneal. Binding experiments
consisted of (1) 30 successive 8 uL injections of cocaine every
300 s to a final molar ratio of 2.5:1 or (2) 36 injections of 6 uL of
cocaine spaced every 300 s with a first injection of 1 4L to a final
molar ratio of 2:1.

A low ¢ ITC method was developed for use with the weaker
binding constructs or conditions (42, 43). For low ¢ ITC experi-
ments the running conditions were kept the same; however, these
experiments consisted of 35 successive injections of a 45 mM
cocaine solution. The first 10 injections were 5 uL, and the
remaining additions were 8 uL injected every 300 s to a 50-fold
molar excess of cocaine. The raw low ¢ data were also corrected
for heat of dilution of the titrant. The constructs fit under these
low ¢ conditions are MN6 and MN19.

Determination of the Isobaric Heat Capacity of Binding.
The isobaric heat capacity (AC,) of cocaine binding for MN4 and
MNG6 was determined by measuring the thermodynamics of
binding over a temperature range of 5—50 °C with an aptamer
solution of 20 uM and a cocaine solution of 3.6 mM in a buffer of
20 mM Tris (pH 7.4), 140 mM NaCl, and 5 mM KCI. The ITC
experiments conducted to measure the thermodynamic para-
meters consisted of 35 successive injections of cocaine spaced
every 300 s. The first injection was 1 uL followed by 20 injections
of 3 uL and 14 injections of 15 uL to ensure complete binding site
saturation. These low ¢ conditions were selected so that all
temperatures could be studied using the same experimental
parameters. Since all experiments were allowed to reach complete
binding site saturation, the observed saturation was used as the
dilution reference (44). The AC,° was determined by fitting the
ITC measured enthalpy and free energy to the equations:

T
AG:AG°+T/ AH dt (1)
.
T
AH = AH° + / AC,dT 2)
AC, = AC,°+Ag, (T~ T°) (3)

Here AG and AH are the free energy and enthalpy at the given
temperature, AG° and AH® are the free energy and enthalpy at
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FIGURE 2: ITC analysis of cocaine binding by the MN4 aptamer at different temperatures. Shown are the titrations of cocaine into an MN4
aptamer solution at (a) 10, (b) 25, and (c) 50 °C. On top is the raw titration data showing the heat resulting from each injection of cocaine into an
aptamer solution. On the bottom are the integrated heats after correcting for the heat of dilution. Binding experiments were performed in 20 mM

Tris (pH 7.4), 140 mM NacCl, and 5 mM KCI.

standard conditions, (7' — 7°) is the change in temperature, 7 =
1/T, and Ag), is a term that represents the linear change in the
heat capacity (9). Under circumstances where Ag,, is small, the
enthalpy versus temperature curve can be fit linearly to eq 4.
Linear regression analysis of the data fit yields the values of AC,°
and AH° as well as the associated errors.

AH = AH®+ AC,(T — T°) (@)

Surface Area Calculations. In order to determine the polar
and nonpolar surface area of cocaine, a PDB file of the molecule
was generated using PRODRG (45). The amount of polar and
apolar area was then determined using the VEGA WE online
server (46). The expected AC, based on the change in polar (AA4,,)
and apolar (A4,;,) surface area was calculated using the method
of Spolar and Record, where AC,, = (0.32+0.04)A4,,, — (0.14 £
0.04)A4,, (cal mol™' K™") (47).

UV—Vis Spectroscopy. Temperature-dependent UV ab-
sorption experiments were recorded on a Cary BIO 100 spectro-
meter equipped with a 6 x 6 thermoelectrically controlled cell
holder. Absorption of the DNA was monitored at 260 nm with
the aptamer in the same buffer used for the ITC and NMR
experiments. The concentration of the aptamer was 4 uM. For
the melts of the bound aptamer, the ITC-determined dissociation
constant was used to calculate the amount of ligand needed to
result in 95% of the aptamer being bound. The temperature was
raised at 0.5 °C min~"; samples were allowed to equilibrate for
5 min prior to the start of the experiment. Data were plotted as the
fractional increase in absorbance relative to the initial absorbance
at 20 °C.

RESULTS

Affinity of Cocaine Binding by Aptamer Variants. Iso-
thermal titration calorimetry was used to quantify the ligand-
binding affinity and thermodynamics of the cocaine-binding

Table 1: Dissociation Constant and Thermodynamic Parameters of Cocaine
Binding for the Aptamers Presented in This Study”

aptamer Ky (uM) AH (kcal mol ™) —TAS (kcal mol ™)
MNI 9.15 4 0.09 =28.1+0.7 21.1 +£0.7
MN4 7+1 —-145+04 7.6+£0.5
MN6 453 +£0.5 —22341.6 16.5+1.6
MNI19 26.7+0.7 -239+09 17.7+£0.9

“Data acquired at 20 °C in 20 mM Tris (pH 7.4), 140 mM NaCl, and
5 mM KCI. The values reported are averages of two to four individual
experiments. The error range reported is one standard deviation.

aptamer and a set of sequence variants (Figure 2, Table 1).
Two sets of aptamers were analyzed, those with a long stem 1
(6 bp, MNI1 and MN4, Figure 3) and aptamers with a shortened
stem 1 (3 bp, MN6 and MN19, Figure 3). Both sets of aptamers
bind cocaine. The aptamers with a full-length stem 1 have tighter
binding. In both pairs of aptamers, the change of a GT base pair
to a GC base pair in stem 3 results in significantly tighter binding.
For all aptamers binding is enthalpically driven and entropically
unfavorable under all of the conditions studied (Table 1, Figure 1
of the Supporting Information).

Change in Heat Capacity for Cocaine Binding. The AC,°
for cocaine binding by MN4 was determined by measuring the
enthalpy of binding at different temperatures over a temperature
range of 10—50 °C (Figure 4). A complete table of AH and
calculated AC, values for all ITC experiments for MN4 is provided
in Table S1 of the Supporting Information. From a fit of the MN4
data to an equation that accounts for a temperature-dependent
heat capacity change, we determined AC,° to be —558.8 cal mol ™!
K™'. Additionally, the value of A, was determined to be 0.251 cal
mol ' K2, and AH® was determined to be —19.4 kcal mol ™!, As
the Ag,, value is small, it is possible to use a linear approximation
to determine the value of AC,,° to be —557 & 29 cal mol 'K~ and
AH° to be —19 £ 1 kcal mol .
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FIGURE 3: Secondary structure of the MN1, MN4, MN6, and MN19
aptamers drawn using the secondary structure presented here that
contains the tandem GA mismatch. Also shown are the Ky values for
each aptamer for cocaine determined at 20 °C in the buffer conditions
20 mM Tris (pH 7.4), 140 mM NacCl, and 5 mM KCI.

,_Q ) MN4
S 10
£
= -15 4
9]
< -20
T
g -254
30 T T T T T
280 290 300 310 320 330
0
i 5 MN6
- °
S -10 4 ®
S <,
= 15 1 B0
3 £
< -20 EE
T ‘ T
g 25 A <50
-30 Temperature (K)

T
280 290 300 310 320 330]

Temperature (K)

FIGURE 4: Temperature dependence of the enthalpy of cocaine bind-
ing for the MN4 and MNG6 aptamers derived by ITC. The data values
are shown as filled circles while the fit of the data to an equation that
accounts for a temperature-dependent heat capacity change is the
solid line. For MNG6 only the low-temperature region where effects of
aptamer unfolding do not contribute to the enthalpy was used in the
fit (inset). Binding experiments were performed in 20 mM Tris (pH
7.4), 140 mM NaCl, and 5 mM KCI.

For MNG6, the measured enthalpy data from 5 to 25 °C results
from two effects: (1) binding of ligand and (2) folding of the
aptamer. At low temperatures (5—15 °C) folding of the aptamer
is complete, and these effects result in a near linear fit of the
enthalpy to the heat capacity equations to result in a AC,° of
—918.6 calmol ' K™, a value of Ag, of 1.6 cal mol™! K_z, and
AH® was determined to be —33.4 kcal mol™!. As for MN4, the
value of Ag, for MNG is very small. When the data were fit to
the linear approximation, the value of AC,° is determined to be
—922 £ 51 calmol™' K™ and AH° to be —30 £ 2 keal mol . At
temperatures above 15 °C, binding of ligand does not result in
100% folding of the aptamer. As temperature rises, an increasing
percentage of the aptamer remains unfolded in the presence of
ligand. This means less of the enthalpy of folding is added to the
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enthalpy of binding, resulting in a trend to larger (less negative)
enthalpy values at temperatures over 15 °C. Consequently, the
data acquired at 20 and 25 °C were not used in the data fitting to
determine AC,°. A table of AH and calculated AC, values for
all ITC experiments for MNG6 is provided in Table S2 of the
Supporting Information.

NMR Assignments and Secondary Structure. NMR
spectroscopy was used to analyze the stability and binding ability
of the cocaine-binding aptamer as well as provide structural
information about the cocaine-binding aptamers used in this
study. As a first step to a detailed structural study, the imino
resonances of the aptamers were assigned using two-dimensional
NMR methods. The 1D-"H NMR spectrum of MN1 was initially
promising as it showed roughly the expected number of reso-
nances for a molecule with 14 base pairs (Figure 5). This indicated
that all three stems are fully formed in MNI1 even in the absence
of ligand. However, spectra of 2D NMR experiments on MN1
were uniformly very poor, with few cross-peaks visible. Upon the
addition of cocaine, many resonances in MN1 change chemical
shift and the peaks become sharper, but roughly the same number
of resonances are observed. The 2D NMR experiments of
cocaine-bound MN1 were still poor, and only partial assignments
of the cocaine-bound conformation were obtained (Figure 5). In
contrast to MN1, the MN4 aptamer provided good quality NMR
spectra. In the cocaine-free conformation the imino region of the
"H NMR spectrum of MN4, like MN1, contained the expected
number of peaks for the number of base pairs, but the peaks
in MN4 were much sharper than for free MNI (Figure 5). With
cocaine binding a number of peaks changed chemical shift, and
the sharpness of the peaks from MN4 increased further (Figure 5).

Assignments of the imino resonances in the unbound and
cocaine-bound MN4 aptamer were readily obtained from 2D
NOESY spectra of the aptamer in water (Figure 6a). Complete
assignments of the imino resonances of cocaine-bound MN4
were obtained with the exception of G1. The resonance from G1
is likely not present due to stem breathing motions as G1 is in the
first base pair and is found at the base of stem 1. The three stems
of MN4 each show a series of NOEs connecting adjacent base
pairs (Figure 6a), but no interstem NOEs are observed, suggest-
ing that there are no base stacking interactions or close contact
between base pairs across the junction. Additionally, in the
cocaine-free spectrum of MN4 (Figure 5 and Figure 2 of the
Supporting Information) the imino resonance of T19 is not
observed but is seen in the bound spectrum as the most downfield
resonance.

One feature immediately apparent in the imino region of the
spectrum of the MN4 cocaine-binding aptamer is the presence
of one weak and two strong upfield signals around 10.5 ppm
(Figures 5b and 6a). The weak peak is assigned to G24 in the
triloop of stem 3. The two strong resonances show an NOE
between them in the 2D NOESY (Figure 6a). The upfield nature
of these imino resonances indicates they do not arise from
standard Watson—Crick base pairs but are in a chemical shift
range typical for sheared GA base pairs (4§—52). From the
original secondary structure prediction (Figure 1) we can expect
that one imino peak is from a GA base pair, and the most likely
conclusion is that there are two adjacent GA base pairs in MN4
as shown in Figure 3. Consistent with our proposed secondary
structure for the cocaine-binding aptamer, the 1D-'H NMR
spectrum of the imino region of a construct (WC) where all of the
non-Watson—Crick base pairs in the original secondary structure
were changed to be Watson—Crick base pairs still shows the
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spectrum focusing on the imino resonances as a function of increasing
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MNI only partial assignments of the bound spectrum were obtain-
able. Spectra were acquired in 90% H>0/10% *H,O at 5 °C. The
molar ratios of cocaine:aptamer are indicated.

presence of a GA base pair in addition to the signal from G24
(Figure 3 of the Supporting Information). Additional NMR-
based support for the presence of a sheared GA base pair is the
observation of an NOE between the imino proton of G29 and the
HS proton of A21.
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FIGURE 6: Imino proton assignments and change in imino chemical
shift with cocaine binding. (a) Imino—imino region of the 2D
NOESY (z,, = 200 ms) of cocaine-bound NM4 in H,O/’H,O
(90%/10%) recorded at 5 °C. Assignments are labeled in the spec-
trum and color coded according to their location in the structure.
(b) Histogram showing the chemical shift perturbations of MN4 rep-
resented in terms of Ad'H versus location in MN4. (c) Chemical shift
perturbations mapped onto the secondary structure of the cocaine
aptamer. The residues that move most are shown in shades of gray,
with the residues that move the most shown in black and those that do
not shift shown in white. T19, which is only observable in the cocaine-
bound conformation, is also shown in black. Nucleotides that are
circled show intermolecular NOEs to the aromatic ring on cocaine.

Insight into the location of the cocaine-binding site in the MN4
aptamer was gained by looking at the chemical shift perturbation
upon ligand binding and the observation of intermolecular NOEs
between the aptamer and the ligand. Panels b and ¢ of Figure 6
summarize the chemical shift differences of the imino protons of
MN4 between the free and cocaine-bound forms. The largest
chemical shift perturbations were, in descending order, observed
for G31, T32, G30, T28, and T18. All of these nucleotides are
located at, or close to, the three-way junction (Figure 6¢). Though
the NMR resonances of the complex between MN4 and cocaine
have not been fully assigned, the resonances of the aromatic ring
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FIGURE 7: Cocaine binding by the MN6 aptamer monitored by
1D-"H NMR spectra. Shown is the region of the NMR spectrum
focusing on the imino resonances as a function of increasing cocaine
concentration. In the absence of ligand the spectrum shows only a few
very broad peaks indicative of little or no secondary structure being
present. Upon binding ligand peaks from the folded cocaine-bound
aptamer appear. Spectra were acquired in 90% H,0/10% *H,O at
5 °C. The molar ratios of cocaine:aptamer are indicated.

in cocaine (Figure 1b) are assigned. We have detected NOEs
between the aromatic ring of cocaine and C20 HS, C20 Ho, T19
HI', TI9H2, TI9 H2", T19 methyl, G30 H1’, G31 HI’, and G31
HS (Figure 6¢). Again, as all of these nucleotides are at the three-
way junction, this implies that ligand binding occurs at the
junction.

For the two aptamers with the short stem 1, MN6 and MN19,
the NMR spectrum of the free aptamer showed only a few very
weak and very broad peaks in the imino region (Figure 7 and
Figure 4 of the Supporting Information). The spectra of the free
MNG6 and MN19 aptamers are indicative of very little to no
secondary structure being present. With the addition of cocaine,
the 1D-'H NMR spectra of MN6 and MN19 dramatically
change as numerous sharp peaks appear as the aptamer folds
into a well-defined structure. The number of peaks in the bound
spectrum of each aptamer is consistent with the number of base
pairs expected in the secondary structure of the aptamers as
shown in Figure 3.

Thermal Stability Analysis of the Cocaine-Binding Ap-
tamers. The thermal stability of the MN1 and MN4 aptamers,
both free and cocaine-bound, were assayed by UV—vis thermal
melts. The midpoint temperature of unfolding of ligand-free
MN1 is41.1 °C rising to 45.2 °C when cocaine-bound (Figure 8).
The MN4 aptamer is significantly more stable than MN1, having
a midpoint temperature of unfolding of 57.0 °C for the ligand-
free form and 61.0 °C for the ligand-bound aptamers. It is
noteworthy that for both aptamers the difference in melt
temperature for the free and bound form is very similar. The
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F1GURE 8: UV—vis melt profile of free and cocaine-bound MNI1 and
MN4 aptamers. The UV—vis melt profile was measured at 260 nm
with the aptamers in 20 mM Tris (pH 7.4), 140 mM NaCl, and 5 mM
KCI. For the cocaine-bound melts, sufficient cocaine was added to
result in 95% of the aptamer being bound.

bound MNI aptamer is 4.1 °C more stable than the free form,
while the MN4 aptamer is 4.0 °C more stable.

The thermal stability of all four aptamers was also analyzed by
following the intensity of peaks in the 1D-"H NMR spectrum of
the imino region of each aptamer with increasing temperature
(Figure 9 and Figures 5 and 6 of the Supporting Information).
For the free MN4 aptamer the last temperature at which an imino
signal is visible is 35 °C, while for the bound aptamer this
temperature increases to 40 °C. For the free MN1 aptamer the
last temperature with an imino signal observable is 30 °C. For the
cocaine-bound MNI1 aptamer this increases to 35 °C (Figure 5 of
the Supporting Information). For MN6 the last temperature at
which the well-dispersed imino signals, indicative of a folded
structure, are visible is at 15 °C (Figure 9). Similarly, for MN19
the temperature at which the well-dispersed imino signals dis-
appear is at 15 °C (Figure 6 of the Supporting Information).

DISCUSSION

One goal of our research on the cocaine-binding aptamer is to
define the structure of the complex using NMR methods. Initial
NMR studies on MN1 yielded only very poor quality spectra. In
order to improve the NMR spectrum of the cocaine-binding
aptamer, we substituted some of the predicted noncanonical base
pairs in MN1 with Watson—Crick base pairs to obtain the
aptamer MN4 (Figure 3). Replacing three noncanonical base
pairs in MN1 with Watson—Crick base pairs resulted in an
aptamer with an increased affinity for cocaine (9.15 £+ 0.09 uM
for MN1 and 7 £ 1 uM for MN4) and which also displayed high-
quality NMR spectra (Figures 5 and 6). Making changes to the
three noncanonical base pairs indicates that the nucleotide
identities at these positions (Figure 3) are not critical for ligand
binding. Additionally, both the MN1 and MN4 aptamers have
an enthalpically driven binding mechanism compensated by an
unfavorable entropy of binding; this likely reflects a similar
binding mechanism takes place for both aptamers. We also made
similar changes in the aptamers with the short stem 1, changing the
GT noncanonical base pair in stem 3 in MN6 to be a Watson—
Crick GC in MN19. This single change significantly increased the
affinity of the aptamer for cocaine from 45.3 £ 0.5 uM to 26.5 £+
0.5 uM and demonstrates the importance of having a Watson—
Crick base pair at this position to achieve maximal affinity,
affinity higher than the originally selected aptamer.

Secondary Structure of the Cocaine-Binding Aptamer.
On the basis of the NMR assignments of MN4 we propose a
secondary structure for the cocaine-binding aptamer that con-
tains adjacent GA base pairs (Figure 3). Additional evidence for
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FIGURE 9: Thermal stability of the free and cocaine-bound MN4 and the bound MN6 aptamer measured by 1D-"H NMR spectra. Shown is the
region of the NMR spectrum focusing on the imino resonances as a function of increasing temperature from 5 to 45 °C. The assignments are

indicated. Spectra were acquired in 90% H,0/10% *H,0.

this arrangement comes from a construct where all of the non-
canonical base pairs present in the originally proposed second-
ary structure (Figure 1) have their sequence changed so as to
form Watson—Crick base pairs (Figure 3 of the Supporting
Information). In the imino spectrum of this aptamer two upfield
peaks are observed, one due to the G24 in the triloop of stem 3
and a single GA imino peak. The incorporation of a tandem GA
into the cocaine-binding aptamer secondary structure is readily
accomplished by having the nucleotides T19 and C20 in a bulge.
This dinucleotide bulge is consistent with T19 only being observ-
able in the presence of cocaine. Presumably, T19 directly contacts
cocaine in the complex in such a way as to result in the imino
proton of T19 being protected from exchange and becoming
visible or the T19 imino proton becomes involved in a new inter-
action, such as a base triple, within the aptamer.

The tandem GA sequence we propose here is a stable and
common motif in DNA structures (53—55). The tandem GA
mismatch has been shown to be the most stable tandem DNA
mismatch in the context of havinga 5'-C and a 3'-G and, in fact, is
more stable in this sequence context than the corresponding
Watson—Crick AT base pairs (56). Tandem GA base pairs have
been identified in eukaryotic centromeric DNA sequences and
have been extensively structurally studied (48, 52, 57, 58). In a
crystal structure of a tandem GA pair the mismatch caused the
B-form helix to kink toward the major groove side, and extensive
interstrand base stacking was observed at the GA mismatch (57).
In the cocaine-binding aptamer the tandem GA mismatch likely
imparts a conformation in the DNA structure required for ligand
binding.

A Stem 1 Length-Dependent Binding Mechanism. The
binding mechanism employed by the cocaine-binding aptamer

depends on the length of stem 1. When stem 1 is short, containing
three base pairs, the aptamer employs an adaptive bind-
ing mechanism and transitions from an unfolded to a folded
structure with ligand binding. Alternately, when stem 1 is long,
containing six base pairs, the secondary structure of the aptamer
is preformed, and ligand binding induces very little change in
secondary structure (Figure 10). Here we present both NMR and
ITC data to support of this stem length dependent binding
mechanism.

The NMR spectra of the cocaine-binding aptamers clearly
indicate a binding mechanism that is highly dependent on the
length of stem 1. For MNI and MN4 the free aptamer contains
the correct number of imino peaks for its secondary structure
(Figure 3) to be fully formed in the free form. Upon addition of
ligand, the peaks in the NMR spectrum of both MN1 and MN4
sharpen and become more intense. However, only one new peak
appears in the bound form of the aptamer that is not observed in
the free form, that of T19. In contrast, for both MN6 and MN19
the 'H NMR spectrum of the free aptamer (Figure 7 and Figure 4
of the Supporting Information) indicates these aptamers contain
only a small amount of secondary structure, two or three base
pairs being present at most. Upon addition of ligand, the NMR
spectrum dramatically changes with numerous narrow peaks
from the bound form of the aptamer appearing. These changes
indicate the aptamer folds with binding, and we note that
the number of peaks observed for the bound MN6 and MN19
is consistent with their secondary structure shown in Figures 3
and 10.

Additional evidence in support of the stem 1 length-dependent
binding mechanism being followed by the cocaine-binding apta-
mer comes from measurements of the change in heat capacity
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FIGURE 10: Proposed structural changes with ligand binding for the
cocaine-binding aptamers with different lengths of stem 1. For
aptamers with a long stem 1, such as for MN4, only tertiary structural
changes are proposed to occur upon ligand binding. When stem 1
contains three base pairs, such as for MN6, the aptamer is unfolded
when unbound and the secondary structure forms and the aptamer
folds when the ligand is bound.

with ligand binding. For MN4, cocaine binding measurements at
temperatures between 5 and 50 °C were used to determine the
value of AC,°. From a fit of the temperature dependence of the
binding enthalpy the value of AC,° was determined to be —557 &
29 cal mol ™' K™'. Additionally, from fits of the data to eq 2,
a value of AH° was determined to be —19 = 1 kcal mol™". This
value agrees within the error with the experimental value of —19.9
4 0.5 kcal mol ™" (Table 1 of the Supporting Information). In
contrast, binding data for MN6 acquired between 5 and 25 °C
resulted in the determination of —922 4 51 calmol ™' K~ for the
AC,?° for this interaction. Measuring the AC,° value is useful as
this parameter is related to the change in polar and apolar surface
area between the free ligand and macromolecule and the binary
complex (47). For MNG6, the greatly more negative value of AC,°
indicates a significantly larger amount of nonpolar surface area is
buried than is seen with MN4 binding. This observation is
consistent with a binding mechanism that involves folding of
the macromolecule concurrent with ligand binding. If no struc-
tural change in the aptamer occurs with binding, the AC,° value
will reflect the extent of burial from solvent of the ligand. If
cocaine is completely buried, the maximum negative value of
—132.1 £ 21.0 cal mol™' K" for AC,° will occur. We attribute
the difference in AC,° between our experimental values for MN4
and MNG6 and that from complete burial of cocaine to arise from
structural changes in the aptamer upon binding. For MN4, as we
see from the NMR data that little to no secondary struc-
ture change occurs with binding. Therefore, the structural change
suggested by the AC,° value likely reflects tertiary struc-
ture compaction. Such changes would be consistent with the
improved NMR spectral quality of the bound versus the free
aptamers. For MNG6 the AC,° of secondary structure formation is
coupled to binding and gives rise to the much larger measured
value.

Similar differences between the measured AC,° and the
expected AC,° based on change in polar and nonpolar surface
area have been previously observed in both small molecule—
RNA and small molecule—DNA interactions (9, 17, 18, 59). Our
experimental values of AC,° of =557 £ 29 cal mol ' K~ for
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MN4 and of —922 4 51 cal mol™' K™™' for MNG lie in the high
range reported for these other nucleic acid—small molecule
systems. The previously most negative AC,° value was —0.81
keal mol~" K™ for the purine riboswitch aptamer domain (9),
while the least negative was —116 cal mol™' K™ for the L-
argininamide-binding DNA aptamer (/7). While the value of
AC,° arises from numerous factors, it is likely that the larger
negative magnitude of AC,° tracks the amount of structural
change with ligand binding for these systems.

Some of the applications of the cocaine-binding aptamer
rely on an aptamer with the MNG6 sequence transitioning from
an unfolded to folded structure with ligand binding (5—8). This
folding transition was also observed in a recent EPR and fluore-
scence study of the cocaine-binding aptamer (60). The authors
proposed that stems 2 and 3 were formed prior to cocaine binding
with stem 1 forming with binding. In contrast, we show that only
two to three base pairs might be formed prior to ligand binding.
For the aptamer with the long stem 1 an adaptive binding
mechanism was previously proposed where stem 3 folds with
cocaine binding (20). Here we show that all three stems are folded
in the free state with only changes in the tertiary structure
potentially taking place upon ligand binding.

The NMR and UV thermal melt data show that there is small
(~4 °C) difference in thermal stability between the free and
bound aptamer for both MN1 and MN4. This observation is
consistent with our binding mechanism where there is little
significant secondary structure formation with cocaine binding
in both MN1 and MN4. In contrast to our small increase in T,
the r-argininamide-binding DNA aptamer melt temperature
increases by about 10 °C when ligand bound (/7). In addition
to the interactions to the ligand, the r-argininamide-binding
aptamer becomes significantly more compact, and one or two
base pairs form upon binding. The melt temperature for MN1
and MN4 increases by about half of this amount, and we expect
the stabilization to arise from additional tertiary interactions or
at most one additional base pair forming with ligand binding. For
both MN6 and MN19 the ligand-bound forms are significantly
less stable than MN1 and MN4. This is consistent with a fewer
total number of base pairs being present in these aptamers. The
NMR-monitored thermal melts show the well-dispersed signals
from the folded MN6 and MN19 aptamers disappearing above
15 °C, indicating these aptamers are only marginally stable at
room temperature.

There is a small and consistent difference between the melt
temperature determined by UV and the last temperature at which
an imino signal is observed. The intensity of an imino proton
NMR signal decreases for two possible reasons. First, at tem-
peratures above the melting temperature the base pair is un-
structured, resulting in the disappearance of the imino signals.
Second, as the temperature increases, the imino resonances ex-
change with water faster; this also diminishes the signal intensity.
The disappearance of the imino signals approximately 5 °C lower
than that determined by UV thermal melt likely reflects signal
loss due to an increase in hydrogen exchange before complete
unfolding of the DNA.

Thermodynamics of Ligand Binding. For all of the apta-
mers studied here, cocaine binding is an enthalpically driven
process offset by an unfavorable entropic penalty. Two categories
of DNA—small molecule binding interactions have been classi-
fied according to their thermodynamic signature. Groove binders
display small negative or positive enthalpy with a favorable
binding entropy, while intercalators have unfavorable entropy
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and negative enthalpy values (/2). The thermodynamic para-
meters we observe for MN1, MN4, MN6, and MN19 binding
cocaine would put this interaction in the “intercalator” category.
While we are not proposing that these aptamers follow a classic
intercalation binding mechanism where the ligand sits between
adjacent base pairs, we propose that the cocaine-binding aptamer
follows a binding mechanism where the DNA rearranges to
a more rigid structure. It is this rearrangement which gives rise
to the thermodynamic signature of the intercalation mechan-
ism (/2). We note that this rearrangement is consistent with our
large negative measured AC,° values that suggest tertiary struc-
ture packing from MN1 and MN4.

We have used ITC methods to determine the energetics of
cocaine binding for a series of DNA aptamers. This is the first
study to look at the binding thermodynamics of the cocaine-
binding aptamer, though previous studies have measured the
binding affinities for some variants of the cocaine-binding
aptamer. The affinities we report for MN1 are consistent with
previously published binding data on the cocaine-binding apta-
mer. For the MNI aptamer, we report a K4 of 9.15 &+ 0.09 uM
(Table 1); the MNS-4.1 aptamer was previously reported to have
a Ky value of 0.4—10 uM in identical buffer and salt condi-
tions (2/). MN1 and MNS-4.1 are identical with the exception
that MNI1 is one base pair shorter as it does not have a terminal
GA base pair in stem 1. This extra base pair in MNS-4.1 likely
contributes little to cocaine binding. A cocaine-binding aptamer
with the sequence of MNG6 has been used in a number of previous
studies (21, 27). We report an affinity for the MN6 aptamer
of 49+ 1 uM, which is in line with the previous reports of
37 uM (27) and ~20 uM (21).

In summary, we present NMR and thermodynamic data to
show that the cocaine-binding aptamer follows a stem length
dependent binding mechanism. With a six base pair stem 1 the
secondary structure of the aptamer is formed when free and
ligand binding tightens up or orders the tertiary structure. When
stem | has three base pairs, the aptamer is unfolded in the free
state except for possibly two to three base pairs. Ligand binding
induces secondary structure formation and folding of the bound
aptamer. Our studies should provide guidance for the further
development of anticocaine biosensors.
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