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T
he use of binding-induced conforma-

12 tional changes to transduce binding
13 events into useful outputs is ubiqui-
14 tous throughout the cell. Protein- and RNA-
15 based biomolecular switches, for example,
16 undergo binding-induced changes in con-
17 formation or oligomerization and use this
18 information to transduce chemical infor-
19 mation into specific biochemical outputs.
20 Motivated by the impressive performance
21 of these naturally occurring biomolecular
22 switches, significant effort has gone into
23 the design of similar switches for use in
24 artificial biotechnologies, including molec-
25 ular diagnostics, synthetic biology, and
26 imaging.1�11

27Two general strategies are typically em-
28ployed for engineering binding-induced
29molecular switches (Figure 1 F1). The first strat-
30egy consists in re-engineering a recognition
31element so that it adopts a distorted con-
32formation incapable of binding the target
33(the nonbinding “off” state; Figure 1, top).
34This is typically achieved by stabilizing an
35alternative, nonbinding state via the addi-
36tion of non-native interactions. In the pre-
37sence of a target ligand this nonbinding “off”
38state, which is in equilibrium with the
39binding-competent “on” state, shifts toward
40the latter state via a population-shift

41mechanism.2,12�16 The observed affinity of
42such a switch is thus decreased as the
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ABSTRACT Naturally occurring chemoreceptors almost invariably em-

ploy 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 an additional specificity check that increases the discrimination efficiency toward 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.

KEYWORDS: clamp mechanism . triplex . DNA nanomachines . biomolecular switch . molecular beacons . specificity .
ligand-induced fit

A
RTIC

LE
ACS Nano | 3b2 | ver.9 | 19/11/013 | 21:24 | Msc: nn-2013-04305e | TEID: mbh00 | BATID: 00000 | Pages: 6.93

IDILI ET AL. VOL. XXX ’ NO. XX ’ 000–000 ’ XXXX

www.acsnano.org

A

CXXXX American Chemical Society



43 stability of the non-native interactions increases. The
44 second strategy used for designing binding-induced
45 molecular switches consists in engineering a clamplike

46 mechanism that employs two recognition elements
47 that embrace a single copy of the target (Figure 1,
48 bottom),5,8,17,18 thus leading to enhanced affinity (due
49 to the larger recognition interface).17�21 Moreover,
50 because clamp-switches recognize a single region of
51 their target using multiple recognition elements, this
52 improvement in affinity generally comes with an im-
53 provement in the gap between the affinity of the
54 proper target and that of mismatched targets, thus
55 potentially enhancing specificity.
56 While biomolecular switches of the first type,22 have
57 been thoroughly characterized, providing a rational
58 path toward their design and optimization,22�26 the
59 clamplike mechanism, despite its promising proper-
60 ties, has seen much less investigation efforts. Thus
61 motivated, we explore here the thermodynamic basis
62 for the design and optimization of clamplike biomole-
63 cular switches. We do so using a model DNA-based
64 nanodevice that recognizes a target oligonucleotide
65 via both Watson�Crick base pairing and triplex-
66 forming Hoogsteen interactions (Figure 2F2 ).

67 RESULTS AND DISCUSSION
68 As our test bed we have employed a simple, DNA-
69 based clamp-switch composed of two recognition
70 elements separated by an unstructured, 10-base loop

71(for other, similar examples see refs 27�31 and refer-
72ences therein). The first recognition element, a 15-base
73polypyrimidine sequence (Figure 2, in orange), binds
74the target, a polypurine sequence, via Watson�Crick
75base pairing. The second recognition element, a poly-
76pyrimidine sequence (Figure 2, in green), then binds
77the so-formed duplex via sequence-specific Hoogsteen
78base pairing.32,33 The formation of this triplex conforma-
79tion occurs through a structure-switching mechanism
80that leads to the switch's closure.27�31,34�36 In support
81of this proposed mechanism, we note that, in the
82absence of complementary base pairing between the
83two recognition elements, we observe the switch's
84closure only in the presence of the target (Figure S1,
85Supporting Information). The switch's affinity toward
86a specific target is also strongly decreased at high pH
87or in the absence of Mg2þ, conditions known to disrupt
88Hoogsteen interactions27,28 (Figure S2, Supporting
89Information).
90The affinity of the clamp-switch for its target (KD_clamp)
91depends onWatson�Crick (KD_WC) andHoogsteen base
92pair interactions (this latter determining the switching

Figure 1. Two general strategies used to design binding-
inducedmolecular switches. (Top) Recognition element can
be re-engineered into a switch by introducing non-native
interactions (red dotted lines) that stabilize a distorted,
nonbinding “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((1þKS)/ KS), where KD is
the affinity of the binding-competent state for the target.
(Bottom) Alternatively, clamplike 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 þ KS). We recently described the thermody-
namic 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.

Figure 2. Use of a model DNA-based nanoswitch to under-
stand 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 out-
put, the switch is modified with a fluorophore/quencher
pair that is brought into proximity upon formation of the
triplex structure (signal-off). The affinity and specificity of
such clamp-switches have been compared with those of a
simple, linear DNA sequence that recognizes its target
solely viaWatson�Crick base pairing (nonswitching probe,
Figure S3, Supporting Information) and that share the same
common recognition element (orange strand). The linear
nonswitching 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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93 equilibrium constant, KS), via the following equation:

KDclamp ¼ KDWC

1þ Ks
(1)

9495 To dissect the thermodynamics of this clamp-switch,
96 we have compared its affinity and specificity to those
97 of a simple, linear DNA sequence that recognizes its
98 target solely via Watson�Crick base pairing and that
99 does not undergo any (energetically significant) con-
100 formational change (nonswitching probe, Figure S3,
101 Supporting Information). For ease of comparison both
102 probes share a common recognition element (orange
103 strand in Figure 2). Because the linear probe does not
104 undergo a structural switch and only forms Watson�
105 Crick base pairing, it can be used to determine KD_WC

106 (see Figure 2). Together with the affinity of the clamp-
107 switch probe (KD_clamp), this value provides a route to
108 evaluating the contribution of the switching mechan-
109 ism (KS) of the clamp-switch using eq 1.
110 Clamp-switch probes bind to their targets with
111 greater affinity than do the equivalent linear
112 DNA probes (Figure 3F3 and Figure S4, Supporting
113 Information).27�31,34�36 Indeed, the improvement in
114 affinity is so great that we cannot directly measure the
115 difference in binding energies for any single target.

116That is, because the affinity of the probeswe tested can
117only be quantitatively measured over a specific con-
118centration window, which is found between the con-
119centration of the switch/probe (i.e., 2 nM) and the
120highest concentration of target that can be reasonably
121added to the working solution (here 0.1 mM), there is
122no single target for which both probes produce mea-
123surable dissociation constants. For example, while the
124clamp-switch exhibits micromolar affinity with a target
125as short as eight bases (KD_clamp (8-base) = 1.4 μM;
126Figure 3, right), the linear nonswitching probe does not
127exhibit any detectable binding with this same target
128at even the highest concentrations we have tested
129(100 μM). We have thus instead used extrapolations
130from data we collected to estimate the difference in
131the free energy with which each probe would bind a
132specific, 10-base target. We have taken two approaches
133to this end. The first is based on the observation that
134the affinity of the clamp-switch for a 10-base target
135matches the affinity with which the linear nonswitch-
136ing probe binds a longer, 12-base target (KD = 20 nM;
137Figure 3). A nearest neighbor model37�39 predicts that
138these two extra G�C Watson�Crick base pairs should
139provide an additional 3.3 kcal/mol in binding energy,
140suggesting that this represents the extra stabilization
141provided by the Hoogsteen base pairing between the
142clamp-switch and the 10-base target. As a second
143means of estimating the Hoogsteen base-pairing con-
144tribution we predict the free energy with which the
145linear probe binds a 10-base target by extrapolation of
146the experimental data obtained with the same probe
147for longer targets (Figure 3, bottom). The difference
148between this extrapolated value (7.7 kcal/mol) and
149the experimental value for the clamp-switch binding
150to this same 10-base target (10.9 kcal/mol) is, at
1513.2 kcal/mol, in good agreement with the value achieved
152with the first approach.
153Given that, at pH 7, the free energy of forming a CGC
154Hoogsteen base pairs is nearly equal to that of forming
155a TAT Hoogsteen interaction,40,41 the 3.3 kcal/mol
156additional energy provided by the extra 10 Hoogsteen
157base pairs in the clamp-switch suggests that each
158Hoogsteen base pair provides ∼0.33 kcal/mol/base in
159stabilization, which is in close agreement with previous
160reports.40,42 The 3.3 kcal/mol in additional binding
161energy provided by the 10 extra Hoogsteen base-pairs
162also corresponds to a clamp-switch equilibrium con-
163stant, KS, of 190. This, as expected (eq 1) improves the
164affinity of the clamp-switch by ∼200-fold relative to
165that of the linear probe.
166The enhanced affinity of the clamp-switches is not
167found in other mechanisms of coupling binding to a
168large-scale conformational change. Specifically, the
169affinity of clamp-switches is greater than that of the
170equivalent (i.e., same recognition site) switch, which
171uses the other commonly employed switching me-
172chanism: an engineered distorted state (Figure 1, top).

Figure 3. Affinity of the clamp-switch (top, right) is greater
than that of the linear nonswitching 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 nonswitching 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 nonswitching (top, left) probe in
100 mM Tris buffer, 10 mM MgCl2, pH 7.0 at 37 �C.

A
RTIC

LE

IDILI ET AL. VOL. XXX ’ NO. XX ’ 000–000 ’ XXXX

www.acsnano.org

C



173 To show this we have compared the clamp-switch
174 with the equivalent molecular beacon, a commonly
175 employed optical or electrochemical approach for the
176 detection of specific DNA sequences.1,43�45 A molec-
177 ular beacon is a fluorophore-and-quencher-modified
178 DNA strand that forms a low-emissive stem-loop con-
179 formation due to hybridization of its complementary
180 ends. This structure opens, thus producing enhanced
181 fluorescence, when a target hybridizes to the loop,
182 breaking the stem and segregating the fluorophore/
183 quencher pair (Figure S3, Supporting Information). In
184 contrast to the nanomolar affinity that the clamp-
185 switch shows for targets as short as 10 bases, the
186 molecular beacon does not reach this affinity until
187 targets of at least 15 bases are used (Figure S5,
188 Supporting Information). This occurs because molecu-
189 lar beacons employ an engineered distorted state
190 (here a stem-loop structure), the stabilization energy
191 of which competes with target binding (Figure S3,
192 Supporting Information). This effect is more readily
193 apparent if we compare the affinity of the linear probe
194 and the equivalentmolecular beacon sincewe are able
195 to compare directly the affinities of these probes for a
196 single target of the same length (i.e., 13 bases). While
197 the linear nonswitching probe shows nanomolar affi-
198 nity (KD = 4 nM) for a 13-base target, the affinity of the
199 molecular beacon for this same target is some 40-fold
200 poorer (KD = 162 nM) (Figure 3 and Figure S5, Support-
201 ing Information).
202 In addition to improve binding affinity, the clamp-
203 switch mechanism should, at least in principle, also
204 enhance specificity.17�21 To explore this we have
205 compared the affinities of our clamp-switch against a
206 perfectly matched and a single-base mismatched tar-
207 get (see Figure 2 for mismatch location). In order to
208 describe specificity quantitatively we use the discrimi-
209 nation factor, Q, which is the ratio of the output signal
210 produced by the perfectly matched target (χPM) to that
211 of the mismatched target (χMM) (Figure 4F4 )46 and the
212 specificity window, defined here as the range of target
213 concentration at which we observe a value of Q equal
214 or above 5 (thus representing a 20% interfering signal).
215 The specificity window of the simple linear nonswitch-
216 ing probe spans about an order of magnitude in target
217 concentration (Figure 4, bottom). The specificity win-
218 dow of the clamp-switch, in contrast, is 10 times wider
219 (Figure 4, top). Due to the experimental limitations
220 described above, however, the specificity of the clamp-
221 switch probe was determined using a shorter target
222 (10-base) than that employed to test the specificity
223 of the linear nonswitching probe (13-base) which
224 could, in theory, also lead to higher specificity. To rule
225 this out, we performed simulations using the nearest
226 neighbor model,37�39 which confirm that the small
227 difference in target length does not account for the
228 large difference in specificity we observe (Figure S6,
229 Supporting Information).

230The different specificity windows of the two probes
231provide an additional insight on how the clamp-switch
232mechanism leads to enhanced specificity. Specifically,
233the 138-fold difference in affinity between the per-
234fectly matched and the single-based mismatched tar-
235get for the clamp-switch suggests that the mismatch
236is 3.10 kcal/mol less stable than the perfectly matched
237target (Figure 4). For the linear probe, in contrast, the
23814-fold difference in affinity between the perfectly
239matched and the mismatched target gives a mis-
240match destabilization of only 1.66 kcal/mol. The extra
241Hoogsteen interactions in the clamp mechanism
242thus improve the specificity of the clamp-switch by
243ca. 1.44 kcal/mol.
244In contrast to the clamp-switch mechanism, the
245distorted recognition element strategy does not en-
246hance specificity over that of the nonswitching linear
247probe. The stem-loop distorted switch (i.e., the molec-
248ular beacon; see Figure S3, Supporting Information), for
249example, exhibits a specificity window similar to the
250one of the linear nonswitching probe (Figure S7,
251Supporting Information). This is likely attributable to
252the fact that the non-native interactions introduced in

Figure 4. Additional Hoogsteen base pairs in our clamp-
switch (top) increase the probe's specificity by 10-fold over
that of the equivalent simple linear nonswitching probe
(bottom). To demonstrate this we challenged both probes
against a perfectly matched target and a single-base mis-
matched target. Shown (right-hand column) is the discrimi-
nation 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 concentra-
tion at which we observe a value ofQ equal or above 5 (thus
representing a 20% interfering signal). This window is more
than 1 order of magnitude broader for the clamp-switch.
These binding curves were obtained by adding increasing
concentration of perfectlymatched and 1-basemismatched
DNA targets to a 2 nM concentration of clamp-switch (top)
or linear nonswitching (bottom) probe in 100 mM Tris
buffer, 10 mM MgCl2, pH 7.0 at 37 �C.
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253 this class of switches do not alter the binding interface
254 between the switch and the target (Figure 1, top).25

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

257denaturation experiments, which provide a route to-
258ward determining their switching and binding ther-
259modynamics22,47�49 (Figure 5 F5, and see the Supporting
260Information for detailed information about this
261method). An advantage that such experiments have
262over the more traditional measurement of binding
263curves is that they provide a means of determining
264the free energy of association between two biomole-
265cules in presence of saturating amount of one of them.
266The approach thus allows us to compare the free
267energy of association of the clamp-switch and linear
268probes when each is bound to the same target. Using
269this approach, we find that the difference in free
270energy with which the clamp-switch binds mis-
271matched and perfectly matched targets is, at 2.1 (
2720.2 kcal/mol, significantly higher than the 0.9 ( 0.1
273kcal/mol difference observed for the linear nonswitch-
274ing probe (Figure 5). Of note, this extra 1.2 ( 0.2 kcal/
275mol in discrimination energy provided by the Hoogs-
276teen interactions in the clamp-switch agrees well with
277the value determined above using binding curves
278(i.e., 1.44 kcal/mol). The 4.1 ( 0.2 kcal/mol (0.29 (
2790.02 kcal/mol/base) additional interaction energy pro-
280vided by the 14 Hoogsteen interactions in the clamp-
281switch is likewise close to the ∼0.33 kcal/mol/base
282value estimated from the extrapolation procedure
283using the 10-base target (Figure 3).

284CONCLUSION

285In this work, we have explored the thermody-
286namics by which clamp-based molecular switches im-
287prove both the affinity and specificity of recogni-
288tion.18�22,27�31,34�36 Using a simple DNA model
289clamp-switch, the triplex-forming probe, we showed
290that clamp-switches recognize their specific target
291through two sequential binding events which sum
292up to provide a higher binding free energy and greater
293discrimination efficiency than those observed for
294either the equivalent, nonswitching linear probe or a
295switch based on the engineering of a distorted state.
296These advantages likely explains why evolution em-
297ploys clamplike strategies so frequently when it builds
298its signaling mechanisms.8,50�52

299The simplicity of the clamp-switch strategy may also
300inspire us toward engineering switches with improved
301affinity and specificity. For example, binding-activated
302molecular probes could be engineered to detect DNA
303sequences with much higher specificity than those
304based on simple Watson�Crick base pairing. Of note,
305triplex forming sequences are common enough that it
306is straightforward to select unique sites in human or
307pathogen genomes.52,53 In addition, the clamp-switch
308strategy dissected here could also be used to engi-
309neer highly specific structure-switching biosensors
310using more complex recognition elements that can
311include aptamers54 and proteins.17�21 Finally, with
312their ability to detect very short targets with high

Figure 5. Urea denaturation curves (see the Supporting
Information 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, nonswitching
linear probeusing a single 14-baseperfectmatch/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 triplexHoogsteen interactions followed
by (2) denaturation of the remaining duplex. We deter-
mined 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 the Supporting
Information, eq 7). Using a two-state approximation (see
the Supporting Information, eq 13), we found that the
clamp-switch free energy of opening (Hoogsteen inter-
actions), 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 agree-
ment with the results obtained using binding curve ana-
lysis (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
extrapolations of the binding curve (Figure 4) and confirm
the enhanced specificity of the clamp-switch relative to the
linear, nonswitching probe.
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313 affinity and specificity, DNA clamp-switches should
314 find many applications for building new DNA nano-
315 structures, DNA nanomachines and DNA origami,55�61

316where the ability to specifically and tightly bind short
317DNA sequences will lead to improved structural
318control. 319

320 MATERIALS AND METHODS
321 HPLC-purified oligonucleotides labeled with a FAM
322 (5-carboxyfluorescein) at the 50 end and a BHQ-1 (black hole
323 quencher 1) at the 30 end were purchased from Sigma-Genosys.
324 We used a triplex-clamp switch, a linear probe and a molecular
325 stem-loop beacon all of them bearing the same 15-base recogni-
326 tion element. The sequences of the probes were as follows.
327 Triplex clamp-switch: 50-A-TTTTCTTTTCCCCCC-AGTTATTATT-
328 CCCCCCTTTTCTTTT-G-30

329 Linear nonswitching probe: 50-A-CCCCCCTTTTCTTTT-G-30

330 Molecular beacon: 50-A-CTCGC-CCCCCCTTTTCTTTT-GCGAG-
331 G-30

332 For all the sequences above the bases in bold represent the
333 recognition element (red portion in Figure S3, Supporting
334 Information). In the molecular beacon sequence above the
335 underlined bases represent the stem portion (black and green
336 portion in Figure S3, top, Supporting Information). In the clamp-
337 switch the underlined bases represent the random loop se-
338 quence (black portion in Figure 2) and the italic bases represent
339 the triplex forming oligonucleotide sequence (green portion in
340 Figure 2). The sequences, sensing principles and the expected
341 conformational change of the three probes used in this work are
342 depicted in Figure S3 (Supporting Information).
343 Perfect match and mismatch targets were also purchased
344 from Sigma-Genosys. The sequences of the probes were as
345 follows.
346 Perfect match targets:
347 15-base: 50-AAAAGAAAAGGGGGG-30

348 14-base: 50- AAAAGAAAAGGGGG-30

349 13-base: 50- AAAAGAAAAGGGG-30

350 12-base: 50- AAAAGAAAAGGG-30

351 11-base: 50- AAAAGAAAAGG-30

352 10-base: 50- AAAAGAAAAG-30

353 9-base: 50- AAAAGAAAA-30

354 8-base: 50- AAAAGAAA-30

355 7-base: 50- AAAAGAA-30

356 Mismatch targets have the same sequence of the perfect
357 match targets except for a mutated base in position 4 where
358 the A base was substituted with a C base. For example, for the
359 14-base mismatch target the sequence was as follows
360 14-base: 50- AAACGAAAAGGGGG-30

361 where the underlined base represents themismatch position.
362 All experiments were conducted in 100 mM Tris buffer,
363 10 mM MgCl2, pH 7.0 at 37 �C unless otherwise stated. All
364 fluorescence measurements were obtained using a Cary Eclipse
365 Fluorimeter with excitation at 480 ((5) nm and acquisition
366 between 514 and 520 nm. Ultrapure urea was obtained from
367 Sigma-Aldrich. Urea unfolding curves were obtained using
368 10 nM of the relevant probe (clamp-switch or linear probe) by
369 sequentially increasing the urea concentration of a 0 M urea
370 sample with 8 M urea containing the same concentration of
371 probe. The fluorescence of the open state was set relative to 1.
372 Binding curves were obtained using 2 nM of the relevant
373 probe (clamp-switch, linear or stem-loop probe) and were fitted
374 to a single-site binding mechanism ([X] = target concentration;
375 FB = fluorescence in the presence of saturating concentration of
376 target; F[T] = fluorescence in the presence of different concen-
377 tration of target; F0 = background fluorescence):

F[T] ¼ F0 þ [X](FB � F0)
[X]þ KD

(2)
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