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ABSTRACT

A bifunctional cocaine and deoxycholic acid-binding aptamer was constructed from the individual ligand 
binding aptamers and the binding affinity and thermodynamics were measured using isothermal titration 
calorimetry. We show that the bifunctional aptamer binds its ligands with positive cooperativity, having a Hill 
coefficient of 1.2 -1.5, whether the ligands are added individually or as an equimolar mixture. When the helix 
between the binding sites is decreased from eight to six base pairs the Hill coefficient increased indicating a 
greater degree of cooperativity. Reducing the distance between the binding sites to four base pairs resulted 
in the bifunctional aptamer displaying negative cooperativity as the two sites are now too close to function 
efficiently. A mechanism where molecular motion, or dynamics, at one ligand-binding site are affected by the 
presence of the ligand at the other is proposed to account for the observed cooperative binding.
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INTRODUCTION

Aptamers are typically selected to bind to one specific tar-
get molecule (Schoukroun-Barnes et al, 2016; Röthlisberger 
and Hollenstein, 2018; Alkhamis et al, 2019). Aptamers that 
can bind two separate molecules, bifunctional aptamers, 
can be generated by fusing together two different aptam-
ers that each binds a single target. Bifunctional aptamers 
can bind two copies of the same molecule, such as seen 
for the cooperative binding split aptamer developed by 
Xiao and co-workers for cocaine (Yu et al, 2017; Yu et al, 
2018; Luo et al, 2019). Alternately, and more common, 
bifunctional aptamer can bind two different molecules as 
has been shown in a number of examples in recent years. 
Bifunctional aptamers are useful when using one aptamer 
to target a particular binding location, for example a cell 
or protein, and use the second aptamer to signal binding 
or deliver a “payload”, such as a therapeutic agent, to that 
target (Elbaz et al, 2008; McNamara et al, 2008; Macdonald 

et al, 2017; Liu et al, 2018; Sun et al, 2018; Vandghanooni 
et al, 2018; Sun et al, 2020). Bifunctional aptamers, where 
two separate molecules are bound by the aptamer are 
distinct from bivalent aptamers, or multivalent aptamers, 
where multiple aptamers bind the same target, usually as a 
way to increase affinity for a ligand for an aptamer (Ahmad 
et al, 2012; Manochehry et al, 2019). While the number of 
different aptamers that can be fused together is only lim-
ited by the length of DNA that can be made, longer chains 
of aptamers can be assembled by non-covalent interactions 
(Lu et al, 2017; Azéma et al, 2018; Wang et al, 2018; Neves 
et al, 2019).

The cocaine-binding aptamer is currently one of the most 
well-studied DNA aptamers (Stojanovic et al, 2000). This 
aptamer has a three-way junction structure with a tan-
dem AG mismatch and a dinucleotide bulge adjacent to 
the junction (Figure 1) (Neves et al, 2010a). One of the 
most commonly studied versions of the cocaine-bind-
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ing aptamer employed in our laboratory is a construct 
referred to as MN4 (Figure 1). One interesting feature of 
the cocaine-binding aptamer is that changing one of the 
adenine nucleotides in the AG mismatch to a cytosine (A21 
in MN4) results in a large reduction in affinity for cocaine 
and the introduction of the ability to bind the steroid 
deoxycholic acid (DCA) in place of cocaine (Stojanovic et 
al, 2003; Green et al, 2006; Pei et al, 2009; Reinstein et al, 
2011). Prior studies in our laboratory have quantified the 
affinity and binding thermodynamics, by isothermal titra-
tion calorimetry (ITC) methods, of a version of the DCA-
binding aptamer we referred to as the WC aptamer (Figure 
1) (Reinstein et al, 2011).

In this manuscript we build on our work with the individual 
MN4 and WC aptamers to investigate how they work when 
fused together as a bifunctional aptamer (WC-MN4; Figure 
1). In designing a bifunctional aptamer, we chose to con-
nect stem 2 of WC to stem 1 of MN4 as we thought that 
the combined aptamer would likely retain its function as 
these stem regions are not involved in ligand binding at the 
NaCl concentration used. It is likely that other combina-
tions of fusing different stems of the WC and MN4 aptam-
ers together would also result in working bifunctional 
aptamers. In this study we investigate whether the two 
sites will still bind their ligands as a bifunctional aptamer. 
Would the aptamer bind its ligands individually, or in a 
cooperative manner? Some hint of how they would func-
tion was provided by the report of the cooperative binding 
split aptamer for cocaine by Xiao and co-workers (Yu et al, 
2017). Here, two cocaine-binding aptamers were joined in 
a manner similar to our WC-MN4 aptamer by linking a stem 
1 to a stem 2. The authors found the bifunctional aptamer 
bound two molecules of cocaine in a cooperative fashion 
and when engineered to function as a sensor for cocaine, 
to have a lower concentration limit of detection (CLOD) than 
seen for an individual aptamer. In this study, we also find 
cooperativity between the two binding sites and compare 
the binding parameters of the free WC and MN4 aptam-
ers with the similar sites as part of the WC-MN4 aptamer. 
We also decreased the distance between the binding sites 
our initial bifunctional aptamer from eight to six base pairs 
and  observed the degree of cooperativity increase. When 
the distance was further decreased to four base pairs we 
observed negative cooperativity as the two sites are likely 
too close and interfere with each other.

MATERIALS AND METHODS

Sample preparation

All aptamer samples were obtained from Integrated DNA 
Technologies (IDT, Coralville, IA). DNA samples were dis-
solved in distilled deionized H2O (ddH2O), exchanged three 
times using a 3kDa molecular weight cut-off concentra-
tor with 1M NaCl and washed three times with distilled 
deionized H2O. All DNA samples were exchanged with the 
binding buffer (20mM Tris (pH7.4), 140mM NaCl, 5mM 
KCl) three times before use. Aptamer concentrations were 
determined by UV absorbance spectroscopy using extinc-
tion coefficients supplied by the manufacturer. Sodium 
deoxycholate (DCA) was obtained from Sigma-Aldrich and 

Figure 1: Secondary structure of the individual MN4 
and WC aptamers as well as the bifunctional WC-MN4 
aptamer. Circled are the high-affinity ligand-binding sites. 
Watson-Crick base pairs are indicated by dotted lines 
and non-Watson-Crick base pairs are indicated by dots 
between the nucleotides.

cocaine hydrochloride from Toronto Research Chemicals. 
Stock solutions of ligands were prepared by dissolving the 
appropriate weight of each ligand in the binding buffer. 

Isothermal Titration Calorimetry (ITC) experiments

ITC experiments were performed using a MicroCal VP-ITC 
instrument as described previously (Slavkovic and Johnson, 
2018). Samples were degassed prior to use with a Micro-
Cal ThermoVac unit. The cocaine-binding aptamer samples 
were heated in a boiling water bath for 3min, followed by 
cooling in an ice-water bath for 5min to allow the aptamer 
to anneal. All titrations were performed at 15oC with the 
aptamer in the sample cell and ligand in the injection 
syringe. DCA binding experiments were conducted with an 
aptamer concentration of 0.16mM and ligand concentra-
tion of 2.5mM for DCA. Cocaine binding experiments were 
performed with an aptamer concentration of 0.12mM and 
ligand concentration of 1.87mM. Experiments involving 
equimolar mixture of DCA and cocaine were performed 
with an aptamer concentration of 0.16mM and concentra-
tion of 2.5mM for both ligands. All binding experiments 
consisted of an initial delay of 60s, a first injection of 2μl 
and a 480s delay. The subsequent 34 injections were 8μl, 
spaced every 480s. We note that this spacing is longer than 
we typically use for ITC runs at lower aptamer concentra-
tions. The first point was removed from all data sets due 
to the different injection volume and delay parameters. All 
experiments were corrected for the heat of dilution of the 
titrant.

Data fitting

One-site ITC data were fit using the Origin 7.0 software 
package provided by the manufacturer. The data for two-
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The concentration of free ligand [X] for any combination of 
[Xt] and [Mt] and binding affinities corresponds to the posi-
tive real root of equation (7), which can be determined by 
using the bisection method. The values of f1 and f2 can be 
determined by substituting [X] into equations (4) and (5). 
The heat function for the independent two-site model is 
then given by equation (8):

Q M n f H n ft= +1 1 1 2[ ] ( 2 2V Hc ∆ ∆

where ∆H1 and ∆H2 are the binding enthalpies for each site.

Two cooperative binding sites model

This model describes an aptamer with two cooperatively 
dependent sites. First a ligand binds to either site of the 
aptamer with the dissociation constant Kd1 and second 
ligand binds the second, unoccupied, site of the singly 
bound aptamer with dissociation constant Kd2. Both dis-
sociation constants can be calculated by equations (9) and 
(10), while the fraction bound of each occupied site on the 
aptamer is given by the expressions (11) and (12):
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third-degree polynomial is obtained (14)
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The positive real root of equation (14) gives the concentra-
tion of free ligand, [X] which is substituted into equations 
(11) and (12) provide values for f1 and f2. The heat function 
for this model can then be expressed as:

Q M f H ft= + +1 1 2 2([ ] ( )1 )V H Hc ∆ ∆ ∆

For both the independent and cooperative binding site 
models the data were fit by varying the binding parame-
ters (including KD1, KD2, ∆H1, ∆H2) to minimize the sum of 

site binding was fit to both independent and cooperative 
models developed by Freiburger and colleagues (Freiburger 
et al, 2009) using the Matlab 2019 software package and 
employed by us in previous studies (Neves et al, 2017; 
Slavkovic et al, 2018; Slavkovic et al, 2020) as described 
below.

ITC data were fit to either one site, two independent sites 
or two cooperative sites model using a heat function, Q, 
defined by following expression:
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Where Q(i) is heat of the ith injection, Q0 is an offset param-
eter, Vi represents volume of the ith injections and Vc is the 
working volume of the sample cell. Since the concentra-
tions of each species are not known, binding equations are 
expressed in terms of total concentrations. The total con-
centration of ligand, [Xt], and aptamer concentration, [Mt], 
is given in equations (2) and (3):
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where X0 is the initial concentration of ligand in the syringe, 
M0 is the initial aptamer concentration in the cell. 

Two independent binding sites model: This binding model 
defines an n1 site with a dissociation constant KD1 and an 
n2 site with a dissociation constant of KD2. The fractions 
of each site that are populated by ligand (f1 and f2) can be 
expressed as:
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where [X] is the concentration of the free ligand. The total 
concentration of ligand can be calculated using equation 
(6):
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where [Mt] is the total concentration of the aptamer. Sub-
stituting equations (4) and (5) into equation (6) a third 
order polynomial is obtained for the form:
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For cocaine binding by the WC-MN4 aptamer, the data are 
also best fit by the cooperative binding model. The affin-
ity for cocaine at the primary site (Kd1) is (8±2)μM which 
is within the error range of our previously reported value 
for cocaine binding the individual MN4 aptamer of (7±1)
μM as measured by ITC methods (Neves et al, 2010a) and 
(3.92±0.07)μM as measured by fluorescence quench-
ing methods (Shoara et al, 2017). While having enthalpy 
as the driving force for binding is the same between the 
individual MN4 aptamer and the primary binding site in 

residual squared differences (RSS), equation (16), between 
experimental data points and those calculated using equa-
tion (1).

RSS i=  ∑ ( Q(i) Q(i) )∆ ∆calc exp−

The binding cooperativity was determined by calculating 
Hill coefficients (nH) using a method developed by Cattoni 
and colleagues (Cattoni et al, 2016) and Freire and col-
leagues (Freire et al, 2009).

RESULTS AND DISCUSSION

The binding affinity and thermodynamics of cocaine, DCA 
and an equimolar mixture of cocaine and DCA to the 
WC-MN4 aptamer were determined using ITC methods 
(Table 1). In our initial studies on this project, we attempted 
to fit the data of the individual cocaine and DCA titrations 
to WC-MN4 to a 1:1 binding model but the data never fit 
this model well as demonstrated by high error values in the 
fit parameters. We also tried to fit the data for the cocaine/
DCA mixture to the two independent sites binding model, 
but again the fits were not satisfactory. By fitting the data 
for each of the titration experiments to a two-site coopera-
tive model we obtained satisfactory fits for all the data sets 
(Table 1; Figure 2). 

For both the individual cocaine and individual DCA titra-
tions we were not able to obtain satisfactory fits to a 1:1 
binding model as it turns out that the WC-MN4 aptamer 
can bind two copies of each ligand. One ligand binds at an 
expected site, such as cocaine binding at the MN4 part of 
WC-MN4 and a second molecule of cocaine binding at the 
WC section of WC-MN4, albeit with much lower affinity 
when compared with the affinity at the MN4 part. Though 
the affinity at this second site is low, (204±6)μM for the 
isolated WC aptamer {Reinstein, 2011 #2668], at the con-
centration of aptamer used (120-160μM), binding at this 
second site can be measured. Similarly, in the WC-MN4 
aptamer, there is a primary binding site for DCA in the WC 
portion of the bifunctional aptamer (site 1) and a weaker 
secondary binding site, but with an appreciable binding 
affinity for DCA, in the MN4 portion of the bifunctional 
aptamer (site 2). 

For both ligands titrated into the WC-MN4 aptamer indi-
vidually, the data is best fit using the two-site coopera-
tive model. This is shown by this model having the lowest 
residual sum of squared differences (RSS) between the 
experimental and calculated data points (Table 1). This 
is also indicated by the errors in the fit to the independ-
ent model being much larger than the errors in the fit for 
the cooperative model (Table 1). For DCA binding by the 
WC-MN4 aptamer, the affinity at its primary site is (15±5)
μM. This is close to the previously reported value of DCA 
being bound by the individual WC aptamer with an affin-
ity of (16±3)μM {Reinstein, 2011 #2668}. Both the enthalpy 
(∆H1) and entropy (-T∆S1) of DCA binding at the primary site 
are very close to what was previously reported for the iso-
lated WC aptamer, just outside the one standard deviation 
error range.

(16)

Figure 2: ITC data showing the interaction of the bifunc-
tional WC-MN4 aptamer to (a) cocaine (b) deoxycholic 
acid and (c) an equimolar mixture of cocaine and DCA. For 
each panel, the ITC thermogram is on the left and fits to 
the 2-site independent and cooperative models are on the 
right. All binding experiments were performed at 15oC in 
a buffer of 20mM Tris (pH 7.4), 140mM NaCl, 5mM KCl.
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ing cooperativity. We did this by decreasing the length of 
the helix between then from 8 base pairs in WC-MN4 to 6 
base pairs in WC-MN4-b. We titrated a 1:1 molar ratio mix-
ture of cocaine to DCA into WC-MN4-b (Figure 4A) and the 
data again best fit to the 2-site cooperative binding model 
(Table 2) with a Hill coefficient of 1.8. This indicates that the 
cooperativity increased as the distance between the bind-
ing sites decreased. We observed a similar effect in the ATP-
binding DNA aptamer where we measured a decrease in 
the Hill coefficient as the two ATP binding sites are moved 
further away from each other by increasing the number of 
base pairs between the two binding sites.(Slavkovic et al, 
2020) 

We further decreased the distance between the ligand bid-
ing sites in the bifunctional aptamer to 4 base pairs in the 
WC-MN4-c construct (Figure 3). We titrated this aptamer 
with a  1:1 molar ratio mixture of cocaine to DCA (Figure 
4B) and the data best fit the cooperative binding model, 
but this time with a Hill coefficient of -0.3 (Table 2). The 
negative sign indicates that negative cooperativity is being 
observed. This negative cooperativity is also shown by the 
affinity of the cocaine and DCA ligands both being weaker 
in WC-MN4-c than in either WC-MN4-b or WC-MN4. Pre-
sumably, the two binding sites are now too close to each 
other to efficiently bind the ligands and there is some steric 
interreference occurring between them.

In both this study and the previous study of the coopera-
tive binding split aptamer (Yu et al, 2017) both bifunctional 
aptamers show positive cooperativity in ligand binding as 
demonstrated by the positive Hill coefficient values (Table 
1). The origin of this cooperativity remains to be defined, 

WC-MN4 the values of ∆H and -T∆S values are signifi-
cantly different between these two aptamers (Table 1) 
(Neves et al, 2010a). 

For cocaine binding at the secondary site in the WC-MN4 
aptamer the affinity of (257 ± 160) μM is within the error 
range of the previous measurement of cocaine to the indi-
vidual WC aptamer of (204 ± 6) μM (Neves et al, 2010b). 
We note the relatively large error in our measurement 
reflects the low-c conditions for this weak second site at 
the concentration of aptamer (120 μM) used. 

For the equimolar mixture of cocaine and DCA these data 
are also best fit by the cooperative binding model (Table 
1). The affinity of WC-MN4 for cocaine is increased when 
the ligand mixture is added ((1.7±0.3)μM) compared to 
when cocaine was added alone. With DCA, the measured 
affinity of (17.5±0.5)μM is within the error range of the 
affinity for DCA added on its own to WC-MN4 (Figure 3). 
The increase in affinity at the higher affinity site with the 
positive cooperativity of binding is a bit counterintuitive 
as it may be expected that the high affinity ligand binds 
first and the second site would show an increase in affin-
ity. However, it may be that the on rate for DCA binding is 
faster than for cocaine binding and that the difference in 
affinity is dictated by the off rate. Very little is currently 
known about binding rates for cocaine or DCA to their 
aptamers. 

For the binding of the cocaine/DCA mixture by WC-MN4 
the cooperativity of ligand binding is reflected in the meas-
ured Hill coefficient of 1.5. We wished to see how changing 
the distance between the two biding sites influences bind-

Table 1: Dissociation constants and thermodynamic parameters of ligand binding by the WC-MN4 bifunctional aptamer.

Ligand Model type Kd1
(μM)

∆H1
(kcal mol-1)

-T∆S1
(kcal mol-1)

Kd2
(μM)

∆H2
(kcal mol-1)

-T∆S2
(kcal mol-1)

RSS
value nH

DCA
Independent 6 ± 13 -7.5 ± 1.6 0.5 ± 2.1 30 ± 8 -11 ± 4 5 ± 4 1.66 x 1011  

Cooperative 15 ± 5 -9.3 ± 0.5 2.9 ± 0.5 37 ± 3 -11.9 ± 0.4 5.9 ± 0.4 7.82 x 108 1.26

Cocaine
Independent 12 ± 57 -9 ± 5 2 ± 6 53 ± 25 -14 ± 16 8 ± 16 1.7 x 1011

Cooperative 8 ± 2 -10.7 ± 0.7 3.8 ± 0.7 257 ± 160 -14 ± 6 9 ± 6 7.8 x 108 1.42

1:1 
Cocaine

:DCA

Independent 0.09 ± 0.95  -17.1±2.9 7.8 ± 84.9 3.1 ± 27.5 0.4± 3  -7.7±84.9 3.75 x 1010

Cooperative 1.7 ± 0.3 -16.6 ±0.1 9 ± 1 17.5 ± 0.5 -15.7 ± 0.2 9.4 ± 0.2 8.2 x 108 1.5

Data were acquired at 15oC in 20mM TRIS (pH 7.4), 140mM NaCl, 5mM KCl. The values reported are from an average of 2-4 individual 
experiments, the error reported is the standard deviation.

Table 2: Dissociation constants and thermodynamic parameters of ligand binding by the WC-MN4-b and WC-MN4-c bifunctional 
aptamers.

Ligand Model type Kd1
(μM)

∆H1
(kcal mol-1)

-T∆S1
(kcal mol-1)

Kd2
(μM)

∆H2
(kcal mol-1)

-T∆S2
(kcal mol-1)

RSS
value nH

WC-MN4-b
1:1 Cocaine

:DCA

Independent 1.04 ± 0.88 -16.8 ± 0.7 8.7 ± 0.9 11 ± 1 -17 ± 2 10 ± 2  3.23 x 1013

Cooperative 2.0 ± 0.2 -16 ± 3 9 ± 3 19 ± 4 -16 ± 3 10 ± 3  6.28 x 1010 1.7

WC-MN4-c
1:1 Cocaine

:DCA

Independent 4.4 ± 15.9 -14.6 ± 0.7 15.5 ± 55.4 119 ± 532 -16.5 ± 6.3 -3.5 ± 15.6 6.5 x 1011

Cooperative 6 ± 9 -414 ± 1 15 ± 25 27.3 ± 0.5 -15 ± 2 17.9 ± 0.2 8.35 x 1010 -0.3

Data were acquired at 15oC in 20mM TRIS (pH 7.4), 140mM NaCl, 5mM KCl. The values reported are from an average of 2 individual 
experiments,  the error reported is the standard deviation.
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positive cooperativity is common in bifunctional aptamers, 
though more study is needed to demonstrate this.

CONCLUSIONS

In this study we show that the bifunctional WC-MN4 
aptamer has generally similar binding affinity and thermo-
dynamics with cocaine and DCA as seen in the individual, 
isolated aptamers. However, ligand binding by the bifunc-
tional aptamer displays positive cooperativity indicating 
that binding at one site is affected by binding at the other. 
This cooperativity increased as the distance between the 
two sites is decreased. However, it is possible for the two 
sites to be too close and thus interfere with each other 
resulting in negative cooperativity. We suggest that this 
cooperativity may be linked to dynamics at the two bind-

Figure 3: Secondary structure of the bifunctional 
WC-MN4-b and WC-MN4-c aptamers. Circled are the 
high-affinity ligand-binding sites. Watson-Crick base pairs 
are indicated by dotted lines and non-Watson-Crick base 
pairs are indicated by dots between the nucleotides.

Figure 4: ITC data showing the interaction of (a) 
the bifunctional WC-MN4-b and (c) the bifunctional 
WC-MN4-c aptamer to an equimolar mixture of cocaine 
and DCA. For each panel, the ITC thermogram is on the 
left and fits to the 2-site independent and cooperative 
models are on the right. All binding experiments were per-
formed at 15oC in a buffer of 20mM Tris (pH 7.4), 140mM 
NaCl, 5mM KCl.

but may result from a structural linking of the two bind-
ing sites through the intervening helix. In the free state, 
the nucleotides at and near the ligand-binding site in MN4 
are more dynamic than in the ligand-bound state as dem-
onstrated by imino proton exchange rates (Churcher et 
al, 2017; Churcher et al, 2020). It is likely that when the 
first ligand binds to the WC-MN4 aptamer the flexibility, or 
dynamics, at that binding site will be reduced. If this reduc-
tion in dynamics gets transmitted to the second site through 
the intervening helix, the binding affinity at the second site 
could increase as less of the free energy of binding would 
be needed to reduce the molecular flexibility or dynam-
ics at this site, and more binding free energy could go into 
the observed binding affinity. This mechanism is consistent 
with our observation that decreasing the distance between 
the two binding sites, such as in WC-MN4 and WC-MN4-b, 
increases the binding cooperativity.

A similar mechanism linking dynamics and cooperativity 
could also be present in the ATP-binding DNA aptamer (Hui-
zenga and Szostak, 1995) that also exhibits positive coop-
erativity in binding its two ligands and a reduction in imino 
exchange rates with ligand binding (Lin and Patel, 1997; 
Zhang et al, 2017; Slavkovic et al, 2020). It is possible that 
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