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Abstract

Naturally occurring chemoreceptors almost invariably employ structure-switching mechanisms, an 

observation that has inspired the use of biomolecular switches in a wide range of artificial 

technologies in the areas of diagnostics, imaging, and synthetic biology. In one mechanism for 

generating such behavior, clamp-based switching, binding occurs via the clamplike embrace of 

two recognition elements onto a single target molecule. In addition to coupling recognition with a 

large conformational change, this mechanism offers a second advantage: it improves both affinity 

and specificity simultaneously. To explore the physics of such switches we have dissected here the 

thermodynamics of a clamp-switch that recognizes a target DNA sequence through both Watson-

Crick base pairing and triplex-forming Hoogsteen interactions. When compared to the equivalent 

linear DNA probe (which relies solely on Watson-Crick interactions), the extra Hoogsteen 

interactions in the DNA clamp-switch increase the probe's affinity for its target by ∼ 0.29 ± 0.02 

kcal/mol/base. The Hoogsteen interactions of the clamp-switch likewise provide, however, an 

additional specificity check that increases the discrimination efficiency towards a single-base 

mismatch by 1.2 ± 0.2 kcal/mol. This, in turn, leads to a 10-fold improvement in the width of the 

“specificity window” of this probe relative to that of the equivalent linear probe. Given these 

attributes, clamp-switches should be of utility not only for sensing applications but also, in the 

specific field of DNA nanotechnology, for applications calling for a better control over the 

building of nanostructures and nanomachines.
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The use of binding-induced conformational changes to transduce binding events into useful 

outputs is ubiquitous throughout the cell. Protein- and RNA-based biomolecular switches, 

for example, undergo binding-induced changes in conformation or oligomerization and use 

this information to transduce chemical information into specific biochemical outputs. 

Motivated by the impressive performance of these naturally occurring biomolecular 

switches significant effort has gone into the design of similar molecular switches for use in 

artificial biotechnologies, including molecular diagnostics, synthetic biology, and 

imaging.1-11

Two general strategies are typically employed for engineering binding-induced molecular 

switches (Figure 1). The first strategy consists in re-engineering a recognition element so 

that it adopts a distorted conformation incapable of binding the target (the non-binding “off” 

state; Figure 1, top). This is typically achieved by stabilizing an alternative, non-binding 

state via the addition of non-native interactions. In the presence of a target ligand this non-

binding “off” state, which is in equilibrium with the binding-competent “on” state, shifts 

toward the latter state via a population-shift mechanism.2, 12-16 The observed affinity of such 

switch is thus decreased as the stability of the non-native interactions increases. The second 

strategy used for designing binding-induced molecular switches consists in engineering a 

clamp-like mechanism, which employs two recognition elements that embrace a single copy 

of the target (Figure 1, bottom)5,8,17-18, thus leading to enhanced affinity (due to the larger 

recognition interface).17-21 Moreover, because clamp-switches recognize a single region of 

their target using multiple recognition elements, this improvement in affinity generally 

comes with an improvement in the gap between the affinity of the proper target and that of 

mismatched targets, thus potentially enhancing specificity.

While biomolecular switches of the first type,22 have been thoroughly characterized, 

providing a rational path towards their design and optimization,22-26 the clamp-like 

mechanism, despite its promising properties, has seen much less investigation efforts. Thus 

motivated we explore here the thermodynamic basis for the design and optimization of 

clamp-like biomolecular switches. We do so using a model DNA-based nanodevice that 

recognizes a target oligonucleotide via both Watson-Crick base pairing and triplex-forming 

Hoogsteen interactions (Figure 2).

Results and Discussion

As our test bed we have employed a simple, DNA-based clamp-switch composed of two 

recognition elements separated by an unstructured, 10-base loop (for other, similar examples 

see.refs27-31). The first recognition element, a 15-base polypyrimidine sequence (Figure 2, 

in orange), binds the target, a polypurine sequence, via Watson-Crick base pairing. The 

second recognition element, a polypyrimidine sequence (Figure 2, in green), then binds the 

so-formed duplex via sequence-specific Hoogsteen base pairing.32-33 The formation of this 
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triplex conformation occurs through a structure-switching mechanism that leads to the 

switch's closure.27-31,34-36 In support of this proposed mechanism we note that, in the 

absence of complementary base pairing between the two recognition elements, we observe 

switch's closure only in the presence of the target (Figure S1). The switch's affinity towards 

a specific target is also strongly decreased at high pH or in the absence of Mg+2, conditions 

known to disrupt Hoogsteen interactions27-28 (Figure S2).

The affinity of the clamp-switch for its target (KD_clamp) depends on Watson-Crick (KD_WC) 

and Hoogsteen base pair interactions (this latter determining the switching equilibrium 

constant, KS), via the following equation:

Eq. 1

To dissect the thermodynamics of this clamp-switch we have compared its affinity and 

specificity to those of a simple, linear DNA sequence that recognizes its target solely via 

Watson-Crick base pairing and that does not undergo any (energetically significant) 

conformational change (non-switching probe, Figure S3). For ease of comparison both 

probes share a common recognition element (orange strand in Figure 2). Because the linear 

probe does not undergo a structural switch and only form Watson-Crick base pairing, it can 

be used to determine KD_WC (see Figure 2). Together with the affinity of the clamp-switch 

probe (KD_clamp), this value provides a route to evaluating the contribution of the switching 

mechanism (KS) of the clamp-switch using Eq. 1.

Clamp-switch probes bind to their targets with greater affinity than do the equivalent linear 

DNA probes (Figure 3, S4).27-31,34-36 Indeed, the improvement in affinity is so great that we 

cannot directly measure the difference in binding energies for any single target. That is, 

because the affinity of the probes we tested can only be quantitatively measured over a 

specific concentration window, which is comprised between the concentration of the switch/

probe (i.e., 2 nM) and the highest concentration of target that can be reasonably added to the 

working solution (here 0.1 mM), there is no single target for which both probes produce 

measurable dissociation constants. For example, while the clamp-switch exhibits 

micromolar affinity with a target as short as 8 bases (KD_clamp (8-base) = 1.4 μM; Figure 3, 

right), the linear non-switching probe does not exhibit any detectable binding with this same 

target at even the highest concentrations we have tested (100 μM). We have thus instead 

used extrapolations from data we collected to estimate the difference in the free energy with 

which each probe would bind a specific, 10-base target. We have taken two approaches to 

this end. The first is based on the observation that the affinity of the clamp-switch for a 10-

base target matches the affinity with which the linear non-switching probe binds a longer, 

12-base target (KD = 20 nM; Figure 3). A nearest-neighbor model37-39 predicts that these 

two extra G-C Watson-Crick base pairs should provide an additional 3.3 kcal/mol in binding 

energy, suggesting that this represents the extra stabilization provided by the Hoogsteen base 

pairing between the clamp-switch and the 10-base target. As a second means of estimating 

the Hoogsteen base-pairing contribution we predict the free energy with which the linear 

probe binds a 10-base target by extrapolation of the experimental data obtained with the 
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same probe for longer targets (Figure 3, bottom). The difference between this extrapolated 

value (7.7 kcal/mol) and the experimental value for the clamp-switch binding to this same 

10-base target (10.9 kcal/mol) is, at 3.2 kcal/mol, in good agreement with the value achieved 

with the first approach.

Given that, at pH 7, the free energy of forming a CGC Hoogsteen base pairs is nearly equal 

to that of forming TAT Hoogsteen interaction40-41, the 3.3 kcal/mol additional energy 

provided by the extra 10 Hoogsteen base pairs in the clamp-switch suggests that each 

Hoogsteen base pair provides ∼0.33 kcal/mol/base in stabilization, which is in close 

agreement with previous reports.40,42 The 3.3 kcal/mol in additional binding energy 

provided by the 10 extra Hoogsteen base-pairs also corresponds to a clamp-switch 

equilibrium constant, KS, of 190. This, as expected (Eq. 1) improves the affinity of the 

clamp-switch by ∼200-fold relative to that of the linear probe.

The enhanced affinity of the clamp-switches is not found in other mechanisms of coupling 

binding to a large-scale conformational change. Specifically, the affinity of clamp-switches 

is greater than that of the equivalent (i.e., same recognition site) switch, which uses the other 

commonly employed switching mechanism: an engineered distorted state (Figure 1, top). To 

show this we have compared the clamp-switch with the equivalent molecular beacon, a 

commonly employed optical or electrochemical approach for the detection of specific DNA 

sequences.1,43-45 A molecular beacon is a fluorophore-and-quencher-modified DNA strand 

that forms a low-emissive stem-loop conformation due to hybridization of its 

complementary ends. This structure opens –thus producing enhanced fluorescence- when a 

target hybridizes to the loop, breaking the stem and segregating the fluorophore/quencher 

pair (Figure S3). In contrast to the nanomolar affinity that the clamp-switch shows for 

targets as short as 10 bases, the molecular beacon does not reach this affinity until targets of 

at least 15 bases are used (Figure S5). This occurs because molecular beacons employ an 

engineered distorted state (here a stem-loop structure), the stabilization energy of which 

competes with target binding (Figure S3). This effect is more readily apparent if we compare 

the affinity of the linear probe and the equivalent molecular beacon since we are able to 

compare directly the affinities of these probes for a single target of the same length (i.e. 13 

bases). While the linear non-switching probe shows nanomolar affinity (KD = 4 nM) for a 

13-base target, the affinity of the molecular beacon for this same target is some 40-fold 

poorer (KD= 162 nM) (Figure 3 and Figure S5).

In addition to improve binding affinity, the clamp-switch mechanism should, at least in 

principle, also enhance specificity.17-21 To explore this we have compared the affinities of 

our clamp-switch against a perfectly matched and a single-base mismatched target (see 

Figure 2 for mismatch location). In order to describe specificity quantitatively we use the 

discrimination factor, Q, which is the ratio of the output signal produced by the perfectly 

matched target (χPM) to that of the mismatched target (χMM) (Figure 4)46 and the specificity 

window, defined here as the range of target concentration at which we observe a value of Q 

equal or above 5 (thus representing a 20% interfering signal). The specificity window of the 

simple linear non-switching probe spans about an order of magnitude in target concentration 

(Figure 4, bottom). The specificity window of the clamp-switch, in contrast, is 10 times 

wider (Figure 4, top). Due to the experimental limitations described above, however, the 
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specificity of the clamp-switch probe was determined using a shorter target (10-base) than 

that employed to test the specificity of the linear non-switching probe (13-base) which 

could, in theory, also lead to higher specificity. To rule this out we performed simulations 

using the nearest–neighbor model,37-39 which confirm that the small difference in target 

length does not account for the large difference in specificity we observe (Figure S6).

The different specificity windows of the two probes provide an additional insight on how the 

clamp-switch mechanism leads to enhanced specificity. Specifically, the 138-fold difference 

in affinity between the perfectly matched and the single-based mismatched target for the 

clamp-switch suggests that the mismatch is 3.10 kcal/mol less stable than the perfectly 

matched target (Figure 4). For the linear probe, in contrast, the 14-fold difference in affinity 

between the perfectly matched and the mismatched target gives a mismatch destabilization 

of only 1.66 kcal/mol. The extra Hoogsteen interactions in the clamp mechanism thus 

improve the specificity of the clamp-switch by ca. 1.44 kcal/mol.

In contrast to the clamp-switch mechanism, the distorted recognition element strategy does 

not enhance specificity over that of the non-switching linear probe. The stem-loop distorted 

switch (i.e., the molecular beacon –see Figure S3), for example, exhibits a specificity 

window similar to the one of the linear non-switching probe (Figure S7). This is likely 

attributable to the fact that the non-native interactions introduced in this class of switches do 

not alter the binding interface between the switch and the target (Figure 1, top).25

To further explore the improved performance of clamp-switches we have also employed 

urea denaturation experiments, which provide a route towards determining their switching 

and binding thermodynamics22, 47-49 (Figure 5, and see SI for detailed information about 

this method). An advantage that such experiments have over the more traditional 

measurement of binding curves is that they provide a means of determining the free energy 

of association between two biomolecules in presence of saturating amount of one of them. 

The approach thus allows us to compare the free energy of association of the clamp-switch 

and linear probes when each is bound to the same target. Using this approach we find that 

the difference in free energy with which the clamp-switch binds mismatched and perfectly 

matched targets is, at 2.1 ± 0.2 kcal/mol, significantly higher than the 0.9 ± 0.1 kcal/mol 

difference observed for the linear non-switching probe (Figure 5). Of note, this extra 1.2 ± 

0.2 kcal/mol in discrimination energy provided by the Hoogsteen interactions in the clamp-

switch agrees well with the value determined above using binding curves (i.e., 1.44 kcal/

mol). The 4.1 ± 0.2 kcal/mol (0.29 ± 0.02 kcal/mol/base) additional interaction energy 

provided by the 14 Hoogsteen interactions in the clamp-switch is likewise close to the ∼0.33 

kcal/mol/base value estimated from the extrapolation procedure using the 10-base target 

(Figure 3).

Conclusion

In this work we have explored the thermodynamics by which clamp-based molecular 

switches improve both the affinity and specificity of recognition.18-22, 27-31,34-36 Using a 

simple DNA model clamp-switch, the triplex-forming probe, we showed that clamp-

switches recognize their specific target through two sequential binding events which sum up 
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to provide a higher binding free energy and greater discrimination efficiency than those 

observed for either the equivalent, non-switching linear probe or a switch based on the 

engineering of a distorted state. These advantages likely explains why evolution employs 

clamp-like strategies so frequently when it builds its signaling mechanisms.8,50-52

The simplicity of the clamp-switch strategy may also inspire us towards engineering 

switches with improved affinity and specificity. For example, binding-activated molecular 

probes could be engineered to detect DNA sequences with much higher specificity than 

those based on simple Watson-Crick base pairing. Of note, triplex forming sequences are 

common enough that it is straightforward to select unique sites in human or pathogen 

genomes.52-53 In addition, the clamp-switch strategy dissected here could also be used to 

engineer highly specific structure-switching biosensors using more complex recognition 

elements that can include aptamers54 and proteins.17-21 Finally, with their ability to detect 

very short targets with high affinity and specificity, DNA clamp-switches should find many 

applications for building new DNA nanostructures, DNA nanomachines and DNA 

origami,55-61 where the ability to specifically and tightly bind short DNA sequences will 

lead to improved structural control.

Materials and Methods

HPLC purified oligonucleotides labeled with a FAM (5-carboxyfluorescein) at the 5′ end 

and a BHQ-1 (black hole quencher 1) at the 3′ end were purchased from Sigma-Genosys. 

We used a triplex-clamp switch, a linear probe and a molecular stem-loop beacon all of 

them bearing the same 15-base recognition element. The sequences of the probes were as 

follows.

Triplex clamp-switch: 5′-A-TTTTCTTTTCCCCCC-AGTTATTATT-

CCCCCCTTTTCTTTT-G-3′

Linear non-switching probe: 5′-A-CCCCCCTTTTCTTTT-G-3′

Molecular beacon: 5′-A-CTCGC-CCCCCCTTTTCTTTT-GCGAG-G-3′

For all the sequences above the bases in bold represent the recognition element (red portion 

in Figure S3). In the molecular beacon sequence above the underlined bases represent the 

stem portion (black and green portion in Figure S3, top). In the clamp-switch the underlined 

bases represent the random loop sequence (black portion in Figure S3, middle) and the italic 

bases represent the triplex forming oligonucleotide sequence (green portion in Figure S3, 

middle). The sequences, sensing principles and the expected conformational change of the 

three probes used in this work are depicted in Figure S3.

Perfect match and mismatch targets were also purchased from Sigma-Genosys. The 

sequences of the probes were as follows.

Perfect match targets:

15-base: 5′-AAAAGAAAAGGGGGG-3′

14-base: 5′- AAAAGAAAAGGGGG-3′
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13-base: 5′- AAAAGAAAAGGGG-3′

12-base: 5′- AAAAGAAAAGGG-3′

11-base: 5′- AAAAGAAAAGG-3′

10-base: 5′- AAAAGAAAAG-3′

9-base: 5′- AAAAGAAAA-3′

8-base: 5′- AAAAGAAA-3′

7-base: 5′- AAAAGAA-3′

Mismatch targets have the same sequence of the perfect match targets except for a mutated 

base in position 4 where the A base was substituted with a C base. For example for the 14-

base mismatch target the sequence was as follows:

14-base: 5′- AAACGAAAAGGGGG -3′

Where the underlined base represents the mismatch position.

All experiments were conducted in 100 mM Tris buffer, 10 mM MgCl2, pH 7.0 at 37°C 

unless otherwise stated. All fluorescence measurements were obtained using a Cary Eclipse 

Fluorimeter with excitation at 480 (± 5) nm and acquisition between 514 and 520 nm. 

Ultrapure urea was obtained from Sigma-Aldrich. Urea unfolding curves were obtained 

using 10 nM of the relevant probe (clamp-switch or linear probe) by sequentially increasing 

the urea concentration of a 0 M urea sample with 8 M urea containing the same 

concentration of probe. The fluorescence of the open state was set relative to 1.

Binding curves were obtained using 2 nM of the relevant probe (clamp-switch, linear or 

stem-loop probe) and were fitted to a single-site binding mechanism ([X] = 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):

Eq. 2

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Two general strategies used to design binding-induced molecular switches. Top: A 

recognition element can be re-engineered into a switch by introducing non-native 

interactions (red dotted lines) that stabilize a distorted, non-binding “off” state. Upon target 

binding, the equilibrium between this distorted state and the binding-competent “on” state, 

KS, is switched to the latter state via a population-shift mechanism.22 The observed affinity 

(KD_obs) of such switch is thus arbitrarily decreased as KS is reduced (i.e., as the stability of 

the non-native interactions increases) via the following relationship: KD_obs = KD((1+KS)/

KS), where KD is the affinity of the binding-competent state for the target. Bottom: 

Alternatively, clamp-like switches can be built by fusing together two recognition elements 

that embrace a single copy of the target in a complementary manner.5,8 In this mechanism 

the affinity of the switch for its target increases proportionally with KS (i.e., with the 

stability of the additional interactions) via the following relationship: KD_obs = KD/(1+KS). 

We recently described the thermodynamic basis for the design and optimization of 

biomolecular switches of the first type,22 providing a rational path to control and tune the 

sensitivity of many DNA-based probes.23-26 Here we similarly explore the thermodynamic 

basis for building biomolecular switches of the second type.
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Figure 2. 
Here we used a model DNA-based nanoswitch to understand the thermodynamic basis of the 

enhanced affinity and specificity of clamp-switches. This DNA-switch is composed of two 

recognition domains separated by an unstructured 10-base loop. The first recognition 

domain (orange sequence) recognizes the target via Watson-Crick base pairing. Upon target 

binding, the double-stranded DNA is then recognized by the second recognition domain (a 

Triplex Forming Oligonucleotide, TFO, shown in green) through Hoogsteen base pairs, 

leading to the formation of a triplex DNA structure. To generate a measurable output, the 

switch is modified with a fluorophore/quencher pair that are brought into proximity upon 

formation of the triplex structure (signal-off). The affinity and specificity of such clamp-

switch have been compared with those of a simple, linear DNA sequence that recognizes its 

target solely via Watson-Crick base pairing (non-switching probe, Figure S3) and that share 

the same common recognition element (orange strand). Such linear non-switching probe was 

also labeled with a fluorophore and a quencher at the two ends to observe a measurable 

output upon target binding.
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Figure 3. 
The affinity of the clamp-switch (top, right) is greater than that of the linear non-switching 

probe (top, left), enough so that a target must be ∼20% longer to bind the later as tightly. 

Bottom: Shown are the experimentally derived affinities (and the equivalent free energies) 

of a clamp-switch and a linear non-switching probe using the same Watson-Crick 

recognition element versus target length (and the nearest-neighbor model predicted binding 

energy). 37-39 The binding curves were obtained by adding increasing concentration of 

perfectly matched targets of different length to a 2 nM concentration of clamp-switch (top, 

right) or linear non-switching (top, left) probe in 100 mM Tris buffer, 10 mM MgCl2, pH 

7.0 at 37°C.
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Figure 4. 
The additional Hoogsteen base pairs in our clamp-switch (top) increase the probe's 

specificity by 10-fold over that of the equivalent simple linear non-switching probe 

(bottom). To demonstrate this we challenged both probes against a perfectly matched target 

and a single-base mismatched target. Shown (right-hand column) is the discrimination 

factor, Q, the ratio between perfect match and mismatch outputs, as a function of target 

concentration. We have also highlighted the specificity window (gray rectangles), defined 

here as the range of target concentration at which we observe a value of Q equal or above 5 

(thus representing a 20% interfering signal). This window is more than an order of 

magnitude broader for the clamp-switch. These binding curves were obtained by adding 

increasing concentration of perfectly matched and 1-base mismatched DNA targets to a 2 

nM concentration of clamp-switch (top) or linear non-switching (bottom) probe in 100 mM 

Tris buffer, 10 mM MgCl2, pH 7.0 at 37°C.
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Figure 5. 
Urea denaturation curves (see SI for more details) provide a means by which to compare 

both the specificity and affinity of the clamp-switch probe with those of the equivalent, non-

switching linear probe using a single 14-base perfect match/mismatch target pair (both at a 

saturating concentration of 10 μM). Note that the unfolding/dissociation of the clamp-switch 

occurs at much lower urea concentrations thus suggesting a sequential unfolding of the 

triplex probe through: 1) denaturation of the triplex Hoogsteen interactions followed by 2) 

denaturation of the remaining duplex. We determined ΔGWC, the free energy of association 

of the linear probe for both the perfect match (11.2 ± 0.1 kcal/mol) and the mismatch (10.3 ± 

0.1 kcal/mol) (see SI, eq. 7). Using a two-state approximation (see SI, eq.13), we found that 

the clamp-switch free energy of opening (Hoogsteen interactions), ΔGS, is 4.1 ± 0.2 

kcal/mol and 2.0 ± 0.1 kcal/mol for the perfect match and mismatch target respectively. We 

note that the 4.1 ± 0.2 kcal/mol is in excellent agreement with the results obtained using 

binding curve analysis (0.29 ± 0.02 kcal/mol/base ∼ 4.1 kcal/mol/14-bases; Figure 3). The 

difference in free energies for perfect match and mismatch targets obtained with the linear 

probe (11.2 (±0.1) - 10.3 (±0.1) = 0.9 ± 0.1 kcal/mol) and the clamp-switch (4.1 (±0.2) - 2.0 

(±0.1) = 2.1 ± 0.2 kcal/mol) are also in good agreement with the results obtained above from 
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extrapolations of the binding curve (Figure 4), and confirm the enhanced specificity of the 

clamp-switch relative to the linear, non-switching probe.
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