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ABSTRACT: 

We demonstrate here the rational design of purely entropic 

domains as a versatile approach to achieve control of the 

input/output response of synthetic molecular receptors. To do so 

and to highlight the versatility and generality of this approach 

we have rationally re-engineered two model DNA-based 

receptors: a clamp-like DNA-based switch that recognizes a 

specific DNA sequence and an ATP-binding aptamer. We show 

that, by varying the length of the linker domain that connects the 

two recognition portions of these receptors, it is possible to 

finely control their affinity for their specific ligand. Through 

mathematical modelling and thermodynamic characterization 

we also demonstrate for both systems that entropy changes 

associated with changes in linker length are responsible for 

affinity modulation and that the linker we have designed 

behaves as a disordered random coil polymer. The approach 

also allows us to regulate the ligand concentration range at 

which the receptors respond and show optimal specificity. Given 

these attributes, the use of purely entropic domains appears as a 

versatile and general approach to finely control the activity of 

synthetic receptors in a highly predictable and controlled 

fashion.   

 

INTRODUCTION 

Man-made synthetic molecular recognition systems and 

devices that can bind and recognize a ligand in a specific and 

selective way have become key tools in several fields including 

diagnostic, drug-delivery and therapeutic1-6. A fine and 

predictable regulation of the activity of such synthetic molecular 

receptors would allow to better control these tools and thus 

represents a highly relevant, yet challenging, objective7-11. 

Usually, modulation of the activity of a synthetic molecular 

receptor or nanodevice can be achieved by careful 

thermodynamic optimization of the recognition events involved 
12-14, for example by directly modifying the recognition domains 

that take part in the ligand binding. However, this approach 

mostly affects the enthalpic contribution of binding and is not 

without limitation: first, this does not allow to finely control the 

affinity of a synthetic receptor with precision especially when 

less predictable interactions are in play; second, tuning the 

enthalpic contribution of the recognition event might affect also 

the affinity towards non-specific molecular targets thus 

ultimately affecting the specificity of the interaction. Finally, 

enthalpy-based approaches are prone to environmental effects 

such as changes of pH or of ionic strength. Finding new ways to 

overcome these limitations and to rationally control and 

modulate in a predictable fashion the activity of synthetic 

receptors thus represents an important goal with significant 

implications in several fields of research.  

 Nature has faced the same challenging goal: how to 

modulate the activity of biomolecular receptors, like proteins 

and enzymes, in a highly controllable way? Obviously many 

strategies, like heterotropic allostery, are well known, but 

recently, the discovery that many proteins contain intrinsically 

disordered domains without an apparent specific function15-19 

has provided an additional possible answer to this question 

challenging the original dogma that disorder plays against 

functional activity and that proteins require well-folded domains 

to function properly. Many proteins, in fact, employ 

conformational entropic contribution of thermodynamically 

different domains that are not directly involved in the 

recognition event to better control their activity (Figure 1)20-23. 

Such dynamic and purely entropic allostery represents a 

hallmark of many key proteins especially those involved in 

signalling pathways and transcription regulation, thus 

suggesting that this property allows a fine regulation of proteins 

response and activity in a very versatile and precise way24. 

Recreating this purely entropic control mechanism in man-made 

synthetic devices would allow an unprecedented fine regulation 

of their response and input/output behaviour.  

 

 
 

Figure 1. The affinity of a biomolecular receptor towards a specific 

ligand is strictly related to the presence of intrinsically disordered 

regions. With a higher entropic cost associated to the intrinsically 

disordered linker that connects two binding domains, for example, a 

poorer affinity of a protein for the same ligand will be observed (see 

binding curves). This mechanism is employed by Nature to 

dynamically control proteins function through the modulation of the 

entropy associated to intrinsically disordered domains distal from 

the binding site
20-23

.   

 

 

In response to the above considerations we report here a 

convenient and versatile approach to control the activity and 

response behaviour of synthetic molecular recognition systems 

by rationally designing intrinsically disordered domains. We 

demonstrate that, similarly to intrinsically disordered proteins, 

such approach allows to finely modulate the affinity of synthetic 

receptors through a purely entropic contribution in a highly 

versatile way without requiring any detailed thermodynamic 

design. To do so we have taken advantage of the high 

programmability of DNA interactions that allows the rational 

design of nanoscale synthetic DNA-based devices and structures 

with programmable features25-28.  

 

RESULTS 

As a first system we have employed a synthetic DNA-based 

conformation switching receptor, named clamp-switch, that 

contains a pair of 10-nucleotide (nt) recognition domains (blue 

and orange, Figure 2a) joined by a poly(T) DNA linker (grey, 

Figure 2a)29-30. The first recognition domain (orange, Figure 2a) 

binds a specific DNA sequence through classic Watson-Crick 

interactions forming a duplex which is subsequently recognized 

by the second recognition domain (blue, Figure 2a) through 

intramolecular Hoogsteen interactions to form a DNA triplex 
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structure. The clamp-switch receptor is labelled at the two ends 

with a fluorophore/quencher pair to allow easy real-time 

detection of the ligand/receptor interaction. Formation of the 

triplex structure brings the fluorophore and quencher in close 

proximity thus leading to a suppression of the observed 

fluorescence signal. Because loop closure of short single-

stranded poly(T) linkers is purely entropic and involves no 

additional enthalpic terms due to intramolecular base-stacking31 

we can finely control the overall affinity of our receptor by 

rationally modulating the length, and thus intrinsic disorder, of 

the linker domain. To demonstrate this, we have designed a 

library of DNA clamp-switch receptors sharing the same 

recognition domains and with a poly(T) linker of different 

lengths.  

 

Poly(T) linkers are well described as random-coil 

polymers  

To verify the binding mode of the clamp-switch receptor 

and quantify the contribution of the disordered poly(T) linker to 

the overall observed affinity towards a ssDNA ligand we 

performed titration experiments at increasing concentrations of a 

complementary 10-nt DNA sequence for all the clamp-switch 

receptor variants (Figure 2b). The data reveal that the observed 

affinity of the ligand decreases upon increasing the length of the 

poly(T) linker. More specifically, by analysing the data using a 

Langmuir isotherm (Figure SI1) we observe that varying the 

length of the linker domain from 10 to 38 nucleotides allows to 

tune the dissociation constant between the receptor and the 

target (Kd
Langmuir) from 7 ± 1 nM to 137 ± 22 nM, respectively.  

 

 

Figure 2. (a) The purely entropic regulation mechanism employed 

by proteins (Fig. 1) can be re-engineered into a synthetic triplex-

forming clamp-like DNA-based receptor. By modulating the length 

of the linker domain that connects the two binding domains the 

observed affinity of the DNA-based clamp-switch for its target can 

be precisely tuned. (b) Binding curves obtained with a set of DNA 

clamp-switches sharing the same recognition elements (domains 

orange and blue) and varying lengths of the linker domain. Solid 

lines represent fits obtained by non-linear least square optimization 

with the equilibrium model outlined in Fig. 3. The titration 

experiments were performed in 50 mM TrisHCl, 10 mM MgCl2 at 

pH 7.4, 37 °C at a concentration of clamp-switch of 3 nM and 

adding increasing concentrations of the 10-nt target strand.  For a 

matter of clarity in these binding curves and in those in the 

following figures, error bars have been depicted for only one point 

on each curve and represent the average and standard deviations of 

measurements performed on at least three independent 

measurements.  

 

To understand this data quantitatively, we developed a 

thermodynamic binding model that describes the formation of 

the intramolecularly stabilised complex as a two-step process in 

which the ssDNA ligand binds the first domain with dissociation 

constant Kd
target (M) followed by intramolecular binding of the 

second domain characterized by the dimensionless 

intramolecular dissociation constant, Kd
intra (Figure 3a). The 

overall dissociation constant between the clamp-switch receptor 

and the ligand is then given by: 

 

                  �� � ��
��������	
���      Eq. 1 

 

To isolate the effect of the linker length on the overall 

stability of the complex, we employ the effective molarity, EM: 

 

  EM � 
������

������			

   Eq. 2 

 

with Kd
inter, the intermolecular dissociation constant of the 

appropriate reference reaction (Figure 3a) in which the linker is 

absent. To experimentally obtain Kd
target (dissociation constant 

of the first recognition event, i.e. duplex formation) we designed 

a control DNA receptor containing the first recognition domain 

and a second domain with a random sequence not able to form a 

triplex structure (Figure SI2). The dissociation constant of the 

first recognition event is, as expected, independent on the length 

of the linker domain (Kd
target_10= 1.1 ± 0.1 µM for 10-nt linker 

and Kd
target_38 = 1.3 ± 0.1 µM for 38-nt linker) (Figure SI2). 

Similarly, we measured the dissociation constant between a pre-

formed hairpin duplex with the same sequence of the clamp 

receptor and a separate 10-nt triplex-forming strand (Figure SI3) 

to experimentally obtain Kd
inter (11.5 ± 0.2 µM). To extract an 

EM value for each clamp-switch receptor, we performed a 

global non-linear least-square optimization of the titration data 

using the thermodynamic binding model (Supporting 

Information and Table SI1). During the optimization, values of 

Kd
inter and Kd

target were fixed to their experimentally determined 

values. The thermodynamic equilibrium model is able to 

describe the titration data very well for all linker lengths (Figure 

2b, solid lines). The match between model and experiment 

indicates that the affinity modulation is regulated solely through 

the EM parameter. To further verify the model, we calculated 

for each receptor the overall dissociation constant (Kd) from the 

estimated values of Kd
target, Kd

inter and EM and compared it to 

the dissociation constant values (Kd
Langmuir) obtained by fitting 

the experimentally determined data of the titration curves with a 

Langmuir isotherm (Figure SI1). The values correlate very well 

indicating the consistency of the binding model (Figure 3b). As 

expected for a disordered linker of sufficient length, the EM 

values monotonically decrease as a function of the linker length 

(Figure 3c).   

The effective molarity, EM, is closely related to the 

effective concentration Ceff, a theoretical parameter that allows 

the equilibrium for intramolecular reactions to be estimated by 

assuming that the linker between the two associating end groups 

can be approximated as a random coil polymer32-33. Because the 

effective concentration of a random coil polymer has a purely 

entropic origin, correlations between EM and Ceff values would 

thus indicate that the linker has an entropic contribution to the 

overall binding process of the DNA receptor. The effective 

concentration, Ceff, of a random-coil polymer in which two end-

groups are a distance d apart is given by: 

 

   C����d� � �
����√��!

" #$%&
#/$

∙ e*
!+,

,�-√.�,     Eq. 3 

 

In which the number of segments N in the linker is equal to 

the number of nucleotides in the linker, C is the length of each 

nucleotide along the direction of the chain, the parameter p takes 

into account excluded volume effects experienced by the linker 

when the two chains ends are associated with each other and d is 

the end-to-end distance34-35. We have performed non-linear least 

square regression of the EM data using Eq. 3 for Ceff 

(Supplementary Information, Table SI2). During this procedure, 

Page 2 of 18

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

3
the C parameter (nucleotide length) is fixed at 0.63 nm36 while 

the parameters p and d were allowed to vary over a realistic 

range. As can be observed from Figure 3c, the experimental 

variation of EM upon increasing the length of the poly(T) linker 

can be described by Eq. 3, indicating that the linker behaves as a 

random coil polymer and thus has a purely entropic contribution 

to the stabilisation of the complex. The slight deviation between 

the experimentally determined EM and Ceff values is probably to 

be ascribed to non-specific base pair interactions between the 

loop and the stem. Previous works on hairpin loops have in fact 

shown that short poly(dT) loops in DNA hairpins are slightly 

more stable compared to what is expected from a purely 

entropic contribution37. The value of the end-to-end distance, d 

(0.1 ± 1.37 nm) could not be estimated accurately, however it is 

well within the expected range (Supporting Information). In 

contrast, the value of p (0.016 ± 0.009) could be estimated more 

reliably. The value is significantly lower compared to the 

theoretical value of 2, proposed by Lees and co-workers34. 

Previously, Whitesides and co-workers found a value of 0.12 for 

an intramolecular protein-ligand system35. We speculate that the 

low value of p in our synthetic DNA receptor is caused by the 

extended base-pairing between the two domains in the triplex 

state which results in exclusion of the poly(T) linker from this 

volume, which would lower p significantly.   

 

 

Figure 3. (a) The clamp-switch observed dissociation constant (Kd) 

can be described as the product of the binding dissociation constant 

of duplex formation (Kd
target

) and the intramolecular binding 

dissociation constant for triplex formation (Kd
intra

). Kd
intra

 can be 

defined as the ratio of the dissociation constant of the appropriate 

intermolecular reference reaction (Kd
inter

) and the effective molarity 

(EM), which only depends on the length and flexibility of the linker. 

(b) Calculated values of Kd, obtained from the Kd
inter

 , Kd
target

, and 

the estimated EM values, correlate well to the values obtained by 

analyzing the titration data using a Langmuir isotherm (Kd
Langmuir

). 

(c) Variation of the effective concentration (Ceff) and effective 

molarity (EM) with linker length. The points are the estimated 

values of EM obtained by analysis of the titration curves in Fig. 2b 

while the solid curve is a fit to the data using the definition of Ceff 

for a random-coil linker. The Kd
Langmuir

 values represent mean±s.d. 

of three separate measurements. The EM markers represent the 

estimated values±estimated s.d. (see SI). The Kd values represent 

the calculated values±calculated s.d. based on error propogation of 

the EM estimations. 

 

Thermodynamic characterization 

To better understand the role of the linker length on the 

binding activity of the clamp-switch receptor, we have 

experimentally determined the entropic contribution for the 

different linker domains through thermal melting curves and 

van’t Hoff analysis38. To do so, we have designed a control 

unimolecular variant of the DNA clamp-switch receptor where 

the first recognition element and the 10-nt target are connected 

by a 5-nt domain thus leading to the formation of the duplex 

DNA in a concentration-independent fashion (Figure 4a, SI4-5). 

Such unimolecular clamp-switch receptor is labelled with a 

fluorophore/quencher pair in order to monitor triplex/duplex 

transition (Figure 4a). Formation of the triplex structure will 

bring the fluorophore and quencher in close proximity thus 

leading to a suppression of the fluorescence signal. This set of 

unimolecular clamp-switch receptors will allow to characterize 

only the folding/unfolding of the second recognition domain and 

will thus give a measure of the total free energy of the second 

recognition event. Because the enthalpic contribution of such 

event is likely not affected by the length of the linker domains, 

as this is not involved in the recognition event, the observed 

difference in free energy values between clamp-switch receptors 

with different linker lengths can be solely ascribed to the 

different entropic contribution associated to the linker domain 

(∆Slinker). The entropy values of each clamp-switch variant 

calculated through van’t Hoff analysis of the melting thermal 

curves (Figure 4b, SI4-8)38 contain the entropic contribution of 

the second binding domain and that associated to the linker loop 

portion. By subtracting these values from the entropy obtained 

for the variant with the shortest linker length (and thus the 

lowest ∆Slinker), we can obtain an estimation of the entropic 

contribution of the linker for the other variants. These values are 

in good agreement with entropy values previously obtained by 

others using different DNA and RNA systems of comparable 

length39. As expected for a random-coil polymer, ∆Slinker scales 

with the natural logarithm of the number of monomers 

(nucleotides) in the linker (Figure 4c)40 thus further supporting 

the model proposed. Moreover, the observed dissociation 

constant of clamp-switch receptors (Kd
Langmuir) is, as expected, 

strongly dependent on the total entropy of each variant (Figure 

4d).  
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Figure 4. (a) Using an unimolecular control switch we have 

performed melting curve experiments and (b) obtained van’t Hoff 

plots to measure the entropy associated to the linker domain (i.e. 

triplex formation). (c) The entropy scales linearly with the ln(linker 

length) (R
2
 = 0.946) and d) with the dissociation constant values 

obtained from fitting the experimental values to a Langmuir 

isotherm (Kd
Langmuir

). Melting curve experiments were performed at 

a concentration of control switch of 50 nM at a rate of 0.4 °C·min
-1

. 

The experimental values represent mean±s.d. of three separate 

measurements.   

 

Purely entropic modulation of specificity and dynamic 

range of DNA-based receptors 

Because the entropic cost associated with the linker domain 

affects the overall affinity of the receptor for its ligand without 

changing the recognition domains, this represents a means to 

modulate the target concentration window at which the receptor 

has optimal specificity. To demonstrate this we have selected 

two receptors with linkers of different lengths and performed 

titration experiments at increasing concentrations of a perfect 

match target and a target containing a single nucleotide 

mismatch (Figure 5a-b). The specificity window of our 

receptors can be graphically depicted by showing the difference 

between the signal obtained with a perfect match and that 

obtained with the same concentration of a mismatch target. We 

found that for the DNA receptor with the shorter linker such 

specificity window (here defined as the concentration range 

where the difference between the relative signal obtained with 

the perfect match and that obtained with the mismatch target is 

higher than 0.25) is centred at 100 nM and spans a 240±22-fold 

of target concentration (Figure 5c, blue). For the DNA receptor 

with the longer linker, the specificity window spans a similar 

width (i.e. 234±18-fold) but is centred at 480 nM of target 

concentration (Figure 5c, red). Through pure entropic 

contribution and without changing the recognition domains it is 

thus possible to shift the specificity window without altering its 

width.   

By combining variants with different linker domains we can 

rationally tune the dynamic response of DNA-based 

nanodevices. To do this we have employed four triplex-

forming DNA clamp-switches with different linker lengths (8, 

16, 24 and 32 nucleotides) targeting an 11-nt perfect match 

target. As it is expected for receptors with a single binding site, 

the dynamic range of each of these receptors spans ca. 2 orders 

of magnitude (81-fold) of target concentration characteristic of a 

Langmuir-type isotherm41 (Figure 5d). By mixing two receptors 

with different linker lengths it is possible to extend the observed 

dynamic range over almost 3 orders of magnitude of target 

concentration (Figure SI9). Similarly, by mixing 4 different 

receptors with 4 different linker lengths allows rational 

extension of the observed dynamic range over 3000 fold (Figure 

5e).  

Using the same library of receptors with different 

dissociation constants for the same target we can also narrow 

the dynamic range. To do this we have employed in the same 

solution two clamp-switch receptors with different linker 

lengths (8-nt and 36-nt) and thus different dissociation constants 

for the target (Kd
Langmuir_8 = 3.4 ± 0.1 nM; Kd

Langmuir_36 = 0.8 ± 

0.1 M). For this specific experiment the receptor with the 

lowest dissociation constant does not contain the 

fluorophore/quencher pair and thus the binding of the target to 

this receptor will not result in any measureable signal. Under 

these experimental conditions the signalling incompetent 

receptor will sequester the ligand until it saturates. Only when 

the ligand concentration surpasses the concentration of the 

signalling incompetent receptor, the signalling competent 

receptor is activated. As a result the observed dynamic range of 

the receptor mixture spans a much narrower range of target 

concentration (3-fold) (Figure 5f). 

 

 

Figure 5. Tuning the specificity window and dynamic range of 

synthetic DNA-based clamp-switches through intrinsic disorder. (a) 

Binding curves of a 14-nt linker clamp-switch (Figure 2) with 10-nt 

perfect match (red) and mismatch (orange) targets. (b) Binding 

curves of a 38-nt linker clamp-switch with the same 10-nt perfect 

match (red) and mismatch (orange) targets. (c) Specificity windows 

for the two clamp-switches obtained by subtracting the values 

obtained in the presence of the perfect match from those obtained 

with the mismatch target. (d) Mixing in the same solution different 

clamp-switch variants with different linker lengths
42

 allows to 

broaden (e) and narrow (f) the dynamic range of the clamp-switch 

receptor towards a perfect match target. Extended dynamic range 

experiments (d-e) shown here were performed in 50 mM Tris HCl 

at pH 6.5, 37 °C. For binding curves with a single clamp-switch a 

concentration of 3 nM was used. To broaden the dynamic range 

(panel e) we have employed a mixture of four clamp-switch variants 

at the following concentrations ([8-nt]= 0.85 nM; [16-nt]= 0.85 nM; 

[24-nt]= 0.85 nM; [32-nt]= 0.45 nM. To narrow the dynamic we 

used a signaling incompetent version of the 8-nt linker clamp-

switch (at a 10 nM concentration) together with a 36-nt linker 

clamp-switch (at a 1 µM concentration). All solid lines in a, b and d 
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5
are Langmuir-type fits while those in e and f are Hill-type fits (see 

SI). Solid lines in c are only meant to guide the eye. The 

experimental values represent mean±s.d. of three separate 

measurements.    

 

Rational design of DNA-based aptamers controlled by 

disorder 

Disorder can be also used to control the affinity and 

response behaviour of DNA-based aptamers. To demonstrate 

this we have selected a DNA aptamer able to bind ATP43-44. We 

have split this aptamer into two fragments that are connected by 

a poly-T domain of varying length (Figure 6a). The ATP-

binding split-aptamer is labelled at the two ends with a 

fluorophore/quencher pair to allow easy real-time detection of 

the ATP binding. Formation of the aptamer/ATP complex 

brings the fluorophore and quencher in close proximity thus 

leading to a suppression of the observed fluorescence signal. We 

show here that the length of such poly-T linker domain, and thus 

its associated disorder, allows to finely control the affinity 

towards ATP. To demonstrate this we performed titration 

experiments at increasing concentrations of ATP for all the 

ATP-binding split-aptamer variants (Figure 6b). The data reveal 

that the observed affinity for ATP decreases upon increasing the 

length of the poly(T) linker. More specifically, by analysing the 

data using a Langmuir isotherm (Figure SI10) we observe that 

varying the length of the linker domain from 4 to 70 nucleotides 

allows to tune the dissociation constant between the aptamer and 

ATP (Kd
Langmuir) from 0.050 ± 0.009 mM to 1.0 ± 0.2 mM, 

respectively.  

The response of this aptamer receptor can also be modelled 

in a similar way as the clamp-switch system using the same 

thermodynamic binding model that describes the formation of 

the ATP-aptamer stabilised complex as a two-step process in 

which the ATP binds the first split domain with dissociation 

constant Kd
target (M) followed by intramolecular binding of the 

second split domain characterized by the dimensionless 

intramolecular dissociation constant, Kd
intra (Figure 6a). Also in 

this case the overall observed dissociation constant is given by 

Eq. 1 and to isolate the effect of the linker length we again 

employ the effective molarity, EM, given by Eq. 2. In this case, 

Kd
target (M) is the dissociation constant between the first split 

aptamer domain and ATP and Kd
inter is the intermolecular 

dissociation constant between the second split aptamer domain 

and the complex formed between ATP and the first split domain 

in a reference reaction where the linker domain is not present. 

For a similar split ATP-binding aptamer a Kd
inter in the high µM 

range was reported45 and thus for our analysis we fixed this 

value to 100 µM. Conversely, because Kd
target is too high and 

cannot be experimentally derived, and considering that the 

binding mechanism suggests this should be higher than Kd
inter 

(see SI) we fixed this value to 5 mM. To extract an EM value 

for each ATP-binding aptamer variant, we performed nonlinear 

least-squares optimization with the Levenberg-Marquardt 

algorithm of the titration data (see Supporting Information and 

Figures SI11-13 for a detailed description of the fitting 

procedure). The thermodynamic equilibrium model is once 

again able to describe the titration data very well (Figure 6b, 

solid lines). The match between model and experiment indicates 

that also for this system the affinity regulation is achieved solely 

through the EM parameter. Because in this system, the precise 

value of Kd
target and Kd

inter cannot be determined experimentally, 

we repeated the non-linear least square analysis of the titration 

data using a broad range of Kd
target and Kd

inter values (Figures 

SI11). The analysis reveals that the binding model is able to 

accurately fit the titration data for values of Kd
target > 1 mM 

independent of Kd
inter indicating that our hypothesized value 

for Kd
target is in the right order of magnitude. Comparison of the 

dissociation constant values calculated from our model (Kd) 

using the hypothesized values of Kd
target, Kd

inter and EM with the 

dissociation constant values (Kd
Langmuir) obtained by fitting the 

experimentally determined data of the titration curves with a 

Langmuir isotherm (Figure SI10) demonstrate the consistency 

of the binding model (Figure 6c). Also, in this case the EM 

values monotonically decrease as a function of the linker length 

(Figure 6d). The optimized EM values were then fitted with the 

random coil model (Eq. 3). During the fitting the C parameter 

(nucleotide length) is fixed at 0.63 nm, and the volume 

exclusion parameter p and the end-to-end distance parameter d 

are optimized while being constrained to real numbers. There is 

a good fit found between the calculated Ceff  and EM values 

(Figure 6d, Table SI3-4) indicating that the linker behaves as a 

random coil. However, because the precise value of Kd
target and 

Kd
inter cannot be determined experimentally, we investigated 

how changes in these two parameters would affect this 

conclusion (Figures SI12). Our analysis reveals that the EM and 

calculated Ceff values based on Eq. 3 correlate very well for a 

broad range of Kd
target and Kd

inter values.      

The optimized d value is 1.20 ± 0.07 nm, which is well 

within the expectations considering that the linker ends are 

attached to a portion of the aptamer that is reported as a WC 

stem46, with an expected C1-C1 distance of 1.05 nm. The value 

of p is found to be 0.19 ± 0.02, which would suggest a high 

amount of excluded volume for the linker end (a value of p=2 

should indicate a full sphere of access, whereas p=1 only a 

hemisphere). Because we could not measure accurate values of  

Kd
inter and Kd

target any inaccuracies in these parameters will be 

compensated through the p parameter during the optimization 

procedure (Figure SI13), which further underlines that the value 

of p requires a loose interpretation. These results thus suggest 

that also for the re-engineered split ATP-binding aptamer the 

affinity modulation is indeed a purely entropic process. 

 

Figure 6. We have re-engineered an ATP-binding aptamer by 

splitting it into two portions connected by a poly(T) linker domain. 

By varying the length of the linker domain the observed dissociation 

constant of the split ATP-binding aptamer can be modulated. (b) 

Binding curves obtained with a set of split ATP-binding aptamers 

with varying lengths of the linker domain. Solid lines represent fits 

obtained by non-linear least square optimization with the 

equilibrium model outlined in panel a. (c) Calculated values of Kd, 

obtained from the Kd
inter

, Kd
target

, and the estimated EM values 

correlate well to the values obtained by fitting the experimental data 

to a Langmuir isotherm (Kd
Langmuir

) (Figure SI10). (d) Variation of 

the effective concentration (Ceff) and effective molarity (EM) with 

linker length. The points are estimated values of EM obtained by 

analysis of the titration curves in b) while the solid curve is a fit to 

the data using the definition of Ceff for a random-coil linker (see 

text). The titration experiments were performed in 100 mM Tris 

HCl, 10 mM MgCl2, pH 6.5 at 37 °C at a concentration of ATP-
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6
binding aptamer of 50 nM and adding increasing concentrations of 

ATP. The Kd
Langmuir

 values represent mean±s.d. of three separate 

measurements. The EM markers represent the estimated 

values±estimated s.d. (see SI). The Kd values represent the 

calculated values±calculated s.d. based on error propogation of the 

EM estimations. 

 

To elucidate the role of the linker length on the binding 

activity of the ATP-binding split-aptamer, we have 

experimentally determined the entropic contribution for the 

different linker domains. To do so we have first estimated the 

free energy of the different ATP-binding aptamer variants by 

performing urea denaturation experiments in the absence and 

presence of saturating concentration of ATP (Figure 7a, SI14)47. 

This method has been recently proven efficient to determine 

thermodynamic free energy of aptamer/target interactions47. The 

free energy values obtained are in good agreement with the 

binding free energies obtained from the binding curves (Figure 

SI15). By increasing the linker length we can modulate the 

binding free energy of the ATP-binding aptamer from -6.2 ± 0.2 

kcal/mol (4-nt linker) to -4.3 ± 0.2 kcal/mol (70-nt linker). By 

assuming that the linker does not take part in the ATP binding 

event we can estimate the entropic contribution due to the poly-

T linker domain (∆Slinker) for each ATP-binding split-aptamer. 

To do so we have used the split-aptamer variant with the 

shortest linker (i.e. 4 nucleotides) as our reference and we have 

subtracted its binding free energies from the binding energies 

estimated for the other aptamers variants (see SI). The estimated 

∆Slinker values of the aptamer variants are once again linearly 

correlated with the natural logarithm of the number of 

monomers (nucleotides) in the linker as expected for a random-

coil polymer (Figure 7b)40. The observed dissociation constant 

values of the different receptors, Kd
Langmuir, show also in this 

case a linear relation with the entropy associated with each 

linker (Figure 7c). Also in this case, the possibility to have a set 

of ATP-binding aptamers with finely modulated dissociation 

constants can be employed to tune the dynamic range of the 

aptamer in a very versatile way and to broaden the range of ATP 

concentration at which the aptamer can give valuable 

information (Figure SI16). 

 

 

Figure 7. The entropy associated to the linker domain of the ATP-

binding aptamer shown in Figure 6a, measured by urea denaturation 

experiments (a) scales linearly with ln(linker length) (R
2
 = 0.964) 

(b) and correlates with the observed dissociation constant values 

(Kd
Langmuir

) (R
2
 = 0.994) (c). Urea denaturation experiments were 

performed in 100 mM Tris HCl, 10 mM MgCl2, pH 6.5 at 37 °C at a 

concentration of ATP-binding aptamer of 50 nM. The experimental 

values represent mean±s.d. of three separate measurements.    

 

DISCUSSION 

Disordered domains are fundamental units of protein 

function and regulation48. It has been demonstrated that the 

control of entropic cost associated with disordered domains is 

employed by proteins to finely modulate their function, binding 

affinity and activity49,50. The ubiquitous nature of such 

mechanism and the efficiency with which it is employed by 

proteins and biomolecular receptors suggests that the same 

principle could be recreated in-vitro to finely control the 

activity and response behaviour of re-engineered proteins or 

synthetic receptors. Recently, for example, light and ligand 

sensitive domains have been used to modulate the structural 

disorder and thus activity of different proteins51 or of protein-

based sensors52
. Motivated by the above arguments we have 

demonstrated here an unprecedented approach to finely 

modulate the activity of different synthetic DNA-based 

nanodevices by controlling the entropy of domains that are not 

directly involved in the recognition event.  

The high versatility of this approach allows to adapt it to 

different DNA-based nanodevices. We have demonstrated this 

by employing the same principle to control the affinity of a 

clamp-like DNA-based receptor that recognizes a specific DNA 

sequence and an ATP-binding aptamer. We have shown that, by 

varying the length of the linker domain that connects the two 

recognition domains of these receptors, it is possible to finely 

control their affinity for their specific target. Through modelling 

and thermodynamic characterization we have demonstrated that 

entropy changes associated with changes in linker length are 

responsible for affinity modulation and that the linker we have 

designed behaves as a disordered random coil polymer. We 

have also demonstrated that the possibility of designing a library 

of intrinsically disordered nanodevices with controlled affinity 

provides a means of extending and narrowing the dynamic range 

at which they respond to the target. 

Several methods have been employed to date to achieve 

control on the activity and tune the dynamic range of synthetic 

receptors and switches41, 53-56 including the use of strategies 

inspired by allostery57,58. However, the majority of these 

methods are either based on the modulation of the enthalpic 

contribution of the binding event, for example by mutating the 

recognition domain itself, or on the rational design of a 

conformational state alternative to the binding-state. Both these 

approaches, however, are not easy to predict and are often based 

on a trial and error process. As a result, the fine modulation of a 

synthetic receptor in a straightforward and predictable fashion 

has proven a difficult and challenging task. The possibility to 

rationally design intrinsically disordered domains to control the 

activity and fine tune the dynamic range of synthetic receptors 

and switches thus appears extremely advantageous. First, as we 

demonstrated here, the entropic behaviour of a sequence of 

consecutive thymines could be quite easily predicted thus 

making the control of the disorder associated to a poly-T linker 

a straightforward task. Second, the level of accuracy that can be 

achieved by modulating only the entropic contribution of a 

linker domain cannot be achieved with other enthalpy-based 

approaches to modulate target affinity. For example, a 1-

nucleotide modification in the sequence of a DNA-based 

receptor that affects a W-C base-pair interaction in the binding 

domain or in a non-binding conformation will cause a change in 

the binding free energy for a target that is comprised between 

0.6 and 2.3 kcal/mol59, 60. Conversely, we have shown here that 

our purely entropic approach allows to modulate the binding 

free energy of a DNA-based receptor in a more controllable and 

precise way. For example, using the clamp-switch receptor and 

a linker length shorter than 22 nucleotides (a range for which the 

binding free energy vs linker length dependence is linear), the 

addition of a single thymine to the linker changes the binding 

free energy towards the 10-nt target of an average value of 0.14 

± 0.02 kcal/mol.  

The use of entropy or disorder to control DNA-based 

reactions or assembly has seen only limited applications. 

Examples in this direction include the demonstration of DNA-

based reactions controlled by the entropy gain of the released 

molecules rather than enthalpy gain of base pair formation61 or 
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7
the control of the hybridization kinetics through the use of 

disordered spacers in the recognition domain62. In a similar 

approach, Sleiman and co-workers have also shown that the 

intrinsic disorder of single stranded DNA sequences can be used 

to change the conformation bending of DNA nanostructures63. 

Despite these inspiring examples, however, entropy-based 

strategies have received limited attention and their use to 

achieve control and predictable optimization of the input/output 

response of bio-sensing DNA-based devices in a versatile, 

precise and tunable fashion has not been yet demonstrated.  

While we use here DNA as material to build our 

nanodevices we also note that the same approach could in 

principle be easily applied to other synthetic biosensors 

including those based on peptides and other biopolymers64-66. 

And, exactly as it occurs with several naturally-occurring 

biomolecular receptors, it would in principle be straightforward 

to dynamically modulate the entropic contribution of 

intrinsically disordered domains with external triggers (i.e. pH, 

temperature, ionic strength, etc) to allow a further level of 

control of the nanodevice activity. Finally, we believe that the 

recreation of such mechanism in simple and versatile synthetic 

systems could also represent an ideal way to disclose and better 

understand the function and the mechanism with which 

intrinsically disorder regions control the activity of proteins. 

 

METHODS 

Chemicals  

All reagent-grade chemicals, including Tris HCl, MgCl2 

NaCl, Phosphate buffered saline, Urea and ATP (Adenosine 5’-

triphosfate) (all from Sigma-Aldrich, St. Louis, Missouri), were 

used as received. 

Oligonucleotides and DNA-based receptors 

HPLC purified oligonucleotides were purchased from IBA, 

(Gottingen, Germany) or Biosearch Technologies (Risskov, 

Denmark). The DNA probes were modified with Alexa Fluor 

488 (A-488), Alexa Fluor 647 (A-647) or Alexa Fluor 680 (A-

680) at 5’ end, and Black Hole Quencher 1 (BHQ-1) or Black 

Hole Quencher 2 (BHQ-2) at 3’ end or internally to the 

sequence. All oligonucleotides were dissolved in TE buffer (100 

mM Tris buffer, 10 mM MgCl2, pH 7.8) at a concentration of 

100 µM and frozen at -20 °C. The final concentration of the 

oligonucleotides was confirmed using Tecan Infinite M200pro 

(Männedorf, Switzerland) through NanoQuant Plate™ 

measuring the relative absorbance at 260 nm. The sequences 

and the relative modifications are reported below. 

Clamp-switch receptors and targets. 

For titration experiments the following clamp-switch 

receptors and ligand targets were employed: 

8nt-linker clamp-switch: 5’-(A-488) T CCT TTC TCT C 

CTTTTTTC CTC TCT TTC C T(BHQ-1)-3’ 

10nt-linker clamp-switch: 5’-(A-488) T CCT TTC TCT 

C CTTTTTTTTC CTC TCT TTC C T(BHQ-1)-3’ 

12nt-linker clamp-switch: 5’-(A-488) T CCT TTC TCT 

C CTTT TTT TTT TC CTC TCT TTC C T(BHQ-1)-3’  

16nt-linker clamp-switch: 5’-(A-488) T CCT TTC TCT 

C CTTT TTT TTT TTT TTC CTC TCT TTC C T(BHQ-1)-3’ 

18nt-linker clamp-switch: 5’-(A-488) T CCT TTC TCT 

C CTTT TTT TTT TTT TTT TC CTC TCT TTC C T(BHQ-1)-

3’ 

20nt-linker clamp-switch: 5’-(A-488) T CCT TTC TCT 

C C TTT TTT TTT TTT TTT TTT C CTC TCT TTC C T(BHQ-

1)-3’ 

22nt-linker clamp-switch: 5’-(A-488) T CCT TTC TCT 

C C TTT TTT TTT TTT TTT TTT TTC CTC TCT TTC C 

T(BHQ-1)-3’ 

24nt-linker clamp-switch: 5’-(A-488) T CCT TTC TCT 

C C TTT TTT TTT TTT TTT TTT TTT TC CTC TCT TTC C 

T(BHQ-1)-3’ 

26nt-linker clamp-switch: 5’-(A-488) T CCT TTC TCT 

C C TTT TTT TTT TTT TTT TTT TTT TTT C CTC TCT TTC 

C T(BHQ-1)-3’ 

28nt-linker clamp-switch: 5’-(A-488) T CCT TTC TCT 

C C TTT TTT TTT TTT TTT TTT TTT TTT TTC CTC TCT 

TTC C T(BHQ-1)-3’ 

32nt-linker clamp-switch: 5’-(A-488) T CCT TTC TCT 

C C TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT C CTC 

TCT TTC C T(BHQ-1)-3’ 

36nt-linker clamp-switch: 5’-(A-488) T CCT TTC TCT 

C C TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TC CTC TCT TTC C T(BHQ-1)-3’ 

38nt-linker clamp-switch: 5’-(A-488) T CCT TTC TCT 

C C TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT C CTC TCT TTC C T(BHQ-1)-3’ 

 

For the above sequences the portion in bold represents the 

triplex-forming domain, the portion in italics the duplex forming 

domain and the underlined portion the linker domain.  

10-nt perfect match ligand target: 5’-GGA AAG AGA G-3’ 

10-nt mismatch ligand target: 5’- GGA AAT AGA G-3’ 

11-nt perfect match ligand target: 5’-AGGAAAGAGAG-3’ 

 

For thermodynamic characterization (Figure 4) the 

following unimolecular switches were employed: 

8nt-linker unimolecular switch: 5’-(A-488)T CCT TTC 

TCT C CTT TTT TC CTC TCT TTC C TTTTTT(BHQ-1)A 

GGA AAG AGA G-3’ 

12nt-linker unimolecular switch: 5’-(A-488)T CCT TTC 

TCT C CTT TTT TTT  TTC CTC TCT TTC C TTTTTT(BHQ-

1)A GGA AAG AGA G-3’ 

16nt-linker unimolecular switch:  5’-(A-488)T CCT TTC 

TCT C CTT TTT TTT TTT TTT C CTC TCT TTC C 

TTTTTT(BHQ-1)A GGA AAG AGA G-3’ 

22nt-linker unimolecular switch:  5’-(A-488)T CCT TTC 

TCT C CTT TTT TTT TTT TTT  TTT TTT C CTC TCT TTC 

C TTTTTT(BHQ-1)A GGA AAG AGA G-3’ 

24nt-linker unimolecular switch:  5’-(A-488)T CCT TTC 

TCT C CTT TTT TTT TTT TTT  TTT TTT TTC CTC TCT 

TTC C TTTTTT(BHQ-1)A GGA AAG AGA G-3’ 

28nt-linker unimolecular switch: 5’-(A-488)T CCT TTC 

TCT C CTT TTT TTT TTT TTT TTT TTT TTT TTT C CTC 

TCT TTC C TTTTTT(BHQ-1)A GGA AAG AGA G-3’ 

32nt-linker unimolecular switch:  5’-(A-488)T CCT TTC 

TCT C CTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TC 

CTC TCT TTC C TTTTTT(BHQ-1)A GGA AAG AGA G-3’ 

For the above sequences the portion in bold represents the 

triplex-forming domain, the two portions in italics are 

complementary to each other and form the duplex and are 

separated by a 7-nt loop and the underlined portion represents 

the linker domain.  

 

To estimate Kd
target the following control switches were 

employed: 

8nt-linker control switch (Kd
target): 5’- GTT TGT TGT 

TT C TTT TTT(A-488)C CTC TCT TTC C T-(BHQ-1)-3’ 

36nt-linker control switch (Kd
target): 5’- GTT TGT TGT 

TT C TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT 

T (A-488)C CTC TCT TTC C T-(BHQ-1)-3’ 

For the above sequences the portion in bold represents a 

random domain, the portion in italics is the duplex-forming 

domain and the underlined portion represents the linker domain.  
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8
To estimate Kd

inter the following hairpin duplex probe and 

ligand strand were employed: 

Hairpin duplex probe (Kd
inter): 5’-(A-488)TAG GAA 

AGA GAG GTT TTT CCT CTC TTT CCT T-3’ 

Target Kd
inter 10-nt: 5’-(A-647)TC CTT TCT CTC T-3’ 

 

6nt-linker clamp-switch incompetent receptor: 5’-TCC TTT 

CTC TCC TTT TTT CCT CTC TTT CCT-3’ 

 

ATP-binding aptamers: 

For titration experiments the following ATP-binding 

aptamers were employed: 

 

4nt-linker ATP aptamer: 5’-(A-488) ACC TGG GGG 

AGT AT T TTT TGC GGA GGA AGG A(BHQ-1)-3’ 

8nt-linker ATP aptamer: 5’-(A-488) ACC TGG GGG 

AGT AT T TTT TTT T TG CGG AGG AAG GA(BHQ-1)-3’ 

16nt-linker ATP aptamer: 5’-(A-488) ACC TGG GGG 

AGT AT T TTT TTT TTT TTT TTT TGC GGA GGA AGG 

A(BHQ-1)-3’ 

32nt-linker ATP aptamer: 5’-(A-488) ACC TGG GGG 

AGT AT T TTT TTT TTT TTT TTT  TTT TTT TTT TTT TTT 

T TG CGG AGG AAG GA(BHQ-1)-3’ 

40nt-linker ATP aptamer: 5’-(A-488) ACC TGG GGG 

AGT AT T TTT TTT TTT TTT TTT  TTT TTT TTT TTT TTT 

TTT TTT TTT TGC GGA GGA AGG A(BHQ-1)-3’ 

54nt-linker ATP aptamer: 5’-(A-488) ACC TGG GGG 

AGT AT  TTT TTT TTT TTT TTT  TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT TTT  TG CGG AGG AAG 

GA(BHQ-1)-3’ 

70nt-linker ATP aptamer: 5’-(A-488) ACC TGG GGG 

AGT AT T TTT TTT TTT TTT TTT  TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT TGC GGA GGA AGG A(BHQ-1)-3’ 

For the above sequences the portions underlined and in bold 

represent the two split binding domains of the ATP-binding 

aptamer separated by the poly-T linker domain.  

 

Fluorescent experiments 

Titration experiments with clamp-switch receptors were 

conducted in 50 mM Tris HCl buffer, or in 50 mM Tris HCl and 

10 mM MgCl2 buffer at 37ºC in a 800 µL cuvette using 3 nM or 

10 nM of clamp-switch receptor at the indicated pH. 

Equilibrium fluorescence measurements were obtained using a 

Cary Eclipse Fluorimeter with excitation at 490 (± 5) nm and 

acquisition at 517 (± 5) nm (for DNA strands labeled with A-

488 and BHQ-1) or with excitation at 468 (± 5) nm and 

acquisition at 665 (± 5) nm (for DNA strands labeled with the 

FRET pair A-488/A-647). For each concentration the 

fluorescence signal was recorded every 10 minutes until it 

reached equilibrium.  

For the titration experiments the observed fluorescence data, 

F[T], were fitted with the following simplified “Langmuir-type” 

single site binding equation: 

 

 

              F[1] � F3 + [1567�8]�9:*	9;�
[1567�8]	<	
�

=��>?@��			
  Eq. 6 

 

Where [Target] = target concentration; FB = fluorescence in 

the presence of saturating concentration of target; F[T] = 

fluorescence in the presence of different concentration of target; 

F0 = background fluorescence and Kd
Langmuir is the equilibrium 

target concentration at half-maximum signal. This model is not 

necessarily physically relevant, but it does a good (empirical) 

job of fitting effectively bi-linear binding curves such as those 

we obtain for most of our nanoswitches, providing a 

convenient and accurate means of estimating the observed 

dissociation constant. 

Unimolecolar Triplex melting curves were conducted at pH 

6.5 in 10 mM PBS, 200 mM NaCl, and 10 mM MgCl2 buffer 

using 50 nM of the unimolecular control clamp-switch in an 800 

µL cuvette. The gradient was fixed at 0.4 °C/min. 

ATP binding curves were conducted at pH 6.5 in 100 mM 

Tris HCl and 10 mM MgCl2 buffer at 37 °C using 50 nM of the 

clamp-switch in an 800 µL cuvette. 

ATP urea denaturation curves were conducted at pH 6.5 in 

100 mM Tris HCl, 10 mM MgCl2 and 10 M Urea at 37 °C using 

50 nM of the ATP-binding aptamer switch in an 800 µL cuvette. 

 

Thermal melting curves 

Fluorescence versus temperature profiles (thermal melting 

curves) were obtained using a Cary Eclipse Fluorimeter (Agilent 

Technologies) with an excitation wavelength at 490 (± 5) nm 

and an acquisition wavelength at 517 (± 5) nm. Melting curves 

were performed by heating from 15 to 95 °C at a rate of 0.4 

°C·min−1 using a total reaction volume of 800 µl in a quartz 

cuvette. To limit the evaporation of the sample during the 

experiment a thin layer of mineral oil to the top of the solution 

was added. The stock solution of the triplex clamp-switch 

unimolecular receptors were diluted in 10 mM phosphate buffer 

+ 200 mM NaCl + 10 mM MgCl2 at pH 6.5 at a final 

concentration of 50 nM. Before the experiment the solutions 

were heated to 95 °C for 5 min and then allowed to cool to room 

temperature for 1 h.  

All the reported melting curves have been normalized 

through the use of the interpolation model38 that allows to 

estimate the melting temperature (Tm) for each experiment. Two 

baselines (upper and lower) have been chosen as straight lines 

fitting the fluorescence signal before and after the melting 

transition. Such baselines correspond to the unfolded (duplex) 

and folded (triplex) states, respectively. Trough the average of 

the estimated baselines it is possible to calculate a median line. 

Such median line will be drawn within the two baselines 

crossing the experimental curve in the melting transition region. 

The Tm will correspond to the crossing point between the 

experimental curve and the median line, and its uncertainty is 

estimated at ± 0.5 °C 38. 
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