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Elongated Thrombin Binding Aptamer: A G-Quadruplex Cation-Sensitive
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Abstract: Aptamer-based biosensors
offer promising perspectives for high
performance, specific detection of pro-
teins. The thrombin binding aptamer
(TBA) is a G-quadruplex-forming
DNA sequence, which is frequently
elongated at one end to increase its an-
alytical performances in a biosensor
configuration. Herein, we investigate
how the elongation of TBA at its
5" end affects its structure and stability.
Circular dichroism spectroscopy shows
that TBA folds in an antiparallel
G-quadruplex conformation with all
studied cations (Ba**, Ca**, K,

Claudine Buess-Herman*!®!

Mg?*, Na‘*, NH,*, Sr** and the
[Ru(NH;)s]**”* redox marker) where-
as other structures are adopted by the
elongated aptamers in the presence of
some of these cations. The stability of
each structure is evaluated on the basis
of UV spectroscopy melting curves.
Thermal difference spectra confirm the
quadruplex character of all conforma-
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tions. The elongated sequences can
adopt a parallel or an antiparallel
structure, depending on the nature of
the cation; this can potentially confer
an ion-sensitive switch behavior. This
switch property is demonstrated with
the frequently employed redox com-
plex [Ru(NH,)¢]**, which induces the
parallel conformation at very low con-
centrations (10 equiv per strand). The
addition of large amounts of K* re-
verts the conformation to the antiparal-
lel form, and opens interesting perspec-
tives for electrochemical biosensing or
redox-active responsive devices.

Introduction

Since the elaboration of the SELEX method (systematic
evolution of ligands by exponential enrichment) to isolate
first RNA™ and subsequently DNAP! sequences with a high
affinity for a target, the so-selected sequences, called aptam-
ers, have been intensively used. As aptamers are nucleic
acid sequences selected in vitro, they can be designed
against a wider variety of targets than antibodies. Together
with the possibility to select aptamers stable in extreme con-
ditions, this selection method provides a large field of appli-
cations for aptamers and makes them promising probes for
sensing.”!

Thrombin was the first protein against which a DNA
aptamer was selected® and characterized.”*! Because throm-
bin is a commercially available protein and DNA is easier
to handle than RNA, a variety of techniques like fluores-
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cence,” SPR,I QCM, AFM,®! electrogenerated chemilu-
minescencel” or electrochemistry”™<!% have been employed
to demonstrate the possible detection of this protein target
by using its DNA aptamer probe.

In order to achieve efficient transduction, many methods
require the immobilization of the probe on a surface. For
such methods, it has been shown!® that conferring some
flexibility to the probe by moving it slightly away from the
surface increases the accessibility for the target and enhan-
ces the analytical performance. Therefore, many studies use
a probe that is both chemically modified, to achieve its an-
choring to the surface (usually by a thiol group or a
biotin)"! and lengthened by the addition of a few nucleo-
tides that are not involved in the recognition event.l*®%7
¢,8,10a—]

The thrombin binding aptamer (TBA) has the antiparallel
quadruplex forming sequence
GGTTGGTGTGGTTGG.*"1 Quadruplex structures play
essential roles in molecular biology. In particular, telomeres
are responsible for regulation of cellular senescence, and
their elongation by telomerase is related to cancer.'” It has
been shown that the structure of telomeres is very sensitive
to nucleotide addition at the 5’ end.™™ TBA is a quadruplex-
forming sequence and is susceptible to adopt a different
folding, when it is modified, and particularly when it is elon-
gated. Modifications made within the 15-mer core sequence
of TBA identified as the recognition pattern against throm-
bin have already been studied thoroughly.'"! On the contra-
ry, the influence of the addition of a few nucleotides at one
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end of the sequence of the aptamer structure, has been so
far scarcely investigated: one study was devoted to the influ-
ence of different numbers of thymines added to the probe
on thrombin detection,® but no structural information was
provided, and another study was limited to potassium medi-
um." In this work, we investigate how the structure of
TBA can be affected by the incorporation of two different
sets of six nucleotides at the 5 end, chosen on the basis of
studies reported earlier;**®! Table 1 gives the studied se-
quences.

Table 1. Studied oligonucleotides.

Sequence ¢at 260 nm Name
[M~tem™]
5-GGTTGGTGTGGTTGG-3' 143300 TBA
S“TTTTTTGGTTGGTGTGGTTGG-3" 191300 TTTTTT-TBA
5-GTAGGTGGTTGGTGTGGTTGG-3" 205000 GTAGGT-TBA

The folding and stability of G-quadruplexes are particu-
larly sensitive to cations.*™!! This property has led some
groups to propose the use of quadruplexes as a metal detec-
tion platform,'¥ “DNA logic gates”,'” and molecular
switches for charge transport,™! intramolecular energy
transfer™ or binding affinity.”” Besides such materials-
driven applications, establishing the structure and stability
of aptamers in the presence of different cations is essential
from the biosensing perspective, since any change in the
structure of the aptamer could influence its sensing capacity.
Some cations like [Ru(NH;)¢]**™ are used in detection meth-
ods for their electrochemical properties. Steel et al.?! devel-
oped a method to determine the DNA probe surface cover-
age by a simple electrochemical measurement relying on the
electrostatic interactions between the negatively charged
phosphate groups of DNA and the positively charged redox
marker [Ru(NH;)]’" present in the electrolyte. Steel’s
method—nowadays widespread—is based on the assumption
of perfect charge compensation between the phosphate
groups and the marker. Nevertheless, any specific folding of
the DNA could reduce the accessibility of the redox marker
to the probe. Furthermore, the presence of the redox
marker in solution can influence the folding of DNA as vari-
ous cations can stabilize different DNA structures,[”*?? and
complex cations like [Co(NH,;)s** and [Ru(NH,)s** are
known to induce conformational changes, such as the B—Z
duplex transition.® Particular attention is thus devoted in
this work to the [Ru(NH;)]**”** redox marker and how its
interaction with DNA aptamers influences their folding. For
this purpose, structural investigations of two different
lengthened sequences are performed by CD and UV absorp-
tion spectroscopy in the presence of various cations includ-
ing the hexa-ammineruthenium complexes. The stability of
the observed structures is checked by thermal denaturation
and in some cases the occurrence of quadruplex arrange-
ment is confirmed by thermal difference absorption spectra
(TDS). The TBA sequence is used as a reference system
throughout the present work.
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Results and Discussion

CD spectroscopy: The TBA sequence has been already ex-
tensively studied and its CD spectrum in the presence of K*
is well-established. Therefore, we started by comparing the
CD spectra obtained in K*-containing solutions for TBA
with those recorded for the elongated TBA sequences. As
shown in Figure 1, the CD spectra of the three sequences
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Figure 1. CD spectra in Tris buffer (pH 7.4) in the presence of: a) 25 mm
KCl, b) 10 equiv [Ru(NH;)s]** per DNA strand; TBA (—), GTAGGT-
TBA (-----), and TTTTTT-TBA (---++). (A color version of this Figure
can be found in the Supporting Information.)

present similar characteristics in the presence of potassium
ions: two maxima located at 246-247 nm and 293 nm and
one minimum at 267, 266 and 264 nm for TBA, GTAGGT-
TBA and TTTTTT-TBA, respectively. These peaks are char-
acteristic of an antiparallel quadruplex structure® and con-
firm earlier data obtained for TBAM-*"¢! and GTAGGT-
TBA.1*

In contrast to this similar behavior observed for the three
sequences in the presence of potassium ions, CD spectra ob-
tained in the presence of hexa-ammineruthenium(III) com-
plex (Figure 1b) present various morphologies depending
on the sequence. The large difference in the shape of CD
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spectra motivated us to study these sequences in the pres-
ence of non-complex cations, namely Na*, K*, Rb*, NH,™,
Mg**, Ca**, Sr’* and Ba**, to obtain a better insight for the
analysis.

The CD spectra of the TBA sequence measured in the
presence of Na®, K*, Rb*, NH,*, Mg>* or Ca*" present
two positive bands at around 245 and 290 nm interconnected
with a negative band at about 270 nm (Figure 2a). The
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Figure 2. CD spectra of TBA measured in Tris buffer (pH 7.4) in the
presence of: a) Ca’>*, K, Mg**, Na*, NH,* and Rb*, and b) Ba*" and
Sr** (the CD spectrum measured with K is plotted for easier compari-
son). The concentrations of monovalent and divalent ions were 25 and
5 mwm, respectively. (A color version of this Figure can be found in the
Supporting Information.)

shape of the CD spectra shows that the same type of struc-
ture is formed with all these ions. The different magnitudes
of the bands can reflect various extents of structure arrange-
ment. These observations evidence the formation of an anti-
parallel quadruplex structure and are consistent with a pre-
vious cation-dependence study performed on this sequen-
ce.™ In the presence of Sr** or Ba** the CD spectra show
a significant shift in the second positive peak to higher
wavelengths (Figure 2b), in agreement with the aforemen-

tioned study.*” An NMR spectroscopy study?! performed
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in Sr** solutions has shown that the structure formed in this
case is still an antiparallel quadruplex, but with an interte-
trad distance of 3.8 A, which is 0.7 A longer than that
formed with potassium ions.

Regardless of the cation present in solution, TBA always
folds into an antiparallel quadruplex. Although the two
lengthened DNA strands contain the same quadruplex-
forming sequence as TBA, they do not behave identically in
the presence of all cations. The characteristic antiparallel
fingerprint pictured for TBA in Figure 2a is obtained only
with KT and Rb* for GTAGGT-TBA (Figure 3a) and with
K*, Rb* and NH,* for TTTTTT-TBA (Figure 3b). The
shift of the second positive peak is observed for Ba’* and
Sr’* with both sequences, as in the case of TBA.
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Figure 3. CD spectra of: a) GTAGGT-TBA, and b) TTTTTT-TBA in Tris

buffer (pH 7.4) in the presence of different ions inducing antiparallel

quadruplex structure: concentrations of monovalent and divalent ions

were 25 and 5 mm, respectively. (A color version of this Figure can be
found in the Supporting Information.)

Although similar topologies were observed for TBA and
the two lengthened sequences in the presence of certain cat-
ions, other ions led to markedly different behaviors. Fig-
ure 4a presents the CD spectra in Na™-, Mg?*- or Ca**-con-
taining solutions for the GTAGGT-TBA sequence. They ex-

Chem. Eur. J. 2012, 18, 4392 —4400


www.chemeurj.org

Elongated Thrombin Binding Aptamer

200 T T T T T

150 4

100

50+ T -

100+ a
200 4—+ " : } "

150+ e B

1004 ¢ ; 1

504 H

-100 + b |

t t t
240 260 280 300 320

A/nm

Figure 4. CD spectra of: a) GTAGGT-TBA, and b) TTTTTT-TBA in Tris
buffer (pH 7.4) in the presence of different ions inducing parallel or
mixed quadruplex structures (except with K*, plotted for comparison);
concentrations of monovalent and divalent ions were 25 and 5 mM, re-
spectively. (A color version of this Figure can be found in the Supporting
Information.)

hibit a negative band at around 240 nm and a positive band,
the position of which varies between 265 and 275 nm (Fig-
ure 4a).

These characteristics are reminiscent of a parallel quadru-
plex structure,”®! though the observed positive peak is small-
er than the usual shape for this type of structure. The spec-
trum of GTAGGT-TBA in NH,* is rather ill-defined, and
presents only a broad positive contribution between 250 and
300 nm, so that no clear type of quadruplex structure can be
proposed on the sole basis of CD spectroscopy.

When TTTTTT-TBA is in a solution containing Na®,
Ca’* or Mg** (Figure 4b), the pronounced decrease of the
intensity of the peak at around 290 nm indicates that the an-
tiparallel quadruplex is destabilized. The presence of a
slightly negative band at around 240 nm and the disappear-
ance of the negative band at about 260 nm seem more indi-
cative of a parallel quadruplex. Therefore, we suggest that
the spectra reflect a mixture of parallel and antiparallel ar-
rangements.
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UV absorption (thermal stability): To confirm whether or
not the sequences adopt quadruplex topologies with these
cations, we performed additional analyses by UV absorption
spectroscopy. Mergny et al.”®! noted that the quadruplex for-
mation can be followed by hyperchromism (increase of ab-
sorbance) in the long wavelength part of UV absorption
spectra. Because the largest hyperchromism is observed at
295 nm, this wavelength is used to study the thermal denatu-
ration of quadruplex structures. Figure 5 shows the tempera-
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Figure 5. Temperature dependence of the normalized absorbance at
295 nm (see main text for details) of: a) TBA, b) GTAGGT-TBA, and
¢) TTTTTT-TBA in Tris buffer in the presence of different cations; con-
centration of monovalent and divalent ions were 25 and 5 mm, respective-
ly. (A color version of this Figure can be found in the Supporting Infor-
mation.)

ture dependences of the absorbance at 295 nm for TBA,
GTAGGT-TBA and TTTTTT-TBA, in the presence of all
studied cations.

For the TBA sequence (Figure 5a), one can observe a co-
operative decrease of the absorbance at 295 nm with all
ions. The relative thermal stability in the presence of the dif-
ferent cations can be estimated by their melting tempera-
ture, T,,. These T, values were determined by the median
method, as recommended by Mergny and Lacroix®”! and are
reported in Table 2.

The stability of the TBA structure decreases according to
the cation sequence Sr** ~Ba?* >K*>Rb*~NH," >Na™,
in agreement with the literature.*™ The T, values for Ca®*
and Mg?* could not be determined because their thermal
denaturation seems to have already begun at the lowest
temperature, 2°C. With GTAGGT-TBA and TTTTTT-TBA
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Table 2. Melting temperature of the structures formed in the presence of
various cations.

Cation TBA GTAGGT-TBA TTTTTT-TBA
[°C] [°C] [°C]
Sr’* 60 60 57
Ba** 57 55 52
K* 45 35 33
Rb* 29 18 15
NH,* 28 20 14
Na* 1618 15l _Ib]
Ca+ _[b] _[b] _[b]
Mg“’ _[b] _[b] _[b]

[a] Values could be overestimated due to the possible start of the denatu-
ration process before 2°C. [b] Value could not be determined.

(Figure 5b and c, respectively) the decrease in the absorb-
ance measured at 295 nm is observed for all ions. In the case
of GTAGGT-TBA, all cations led to smaller T, than for
TBA, except Sr**, which presents the same T, value
(Table 2). For TTTTTT-TBA, T,, values (Table 2) are sys-
tematically smaller than for TBA and generally lower in
comparison with GTAGGT-TBA. This point is particularly
important for applications that use lengthened TBA as it
could influence the available working range of the aptamer.
It should be mentioned that for the three sequences and all
the cations studied, the denaturation was reversible and no
hysteresis was observed between denaturation (increasing
temperature) and renaturation (decreasing temperature)
curves (see the Supporting Information). This indicates that
the structures undergoing denaturation are probably intra-
molecular, in contrast to multiple stranded structures, which
display hysteresis.[*?*]

Thermal difference spectra: The presence of a hypochromic
shift at 295 nm is a strong, though non-specific indication of
the formation of quadruplexes. The UV absorption data can
be further analyzed in terms of thermal difference spectra,
the shapes of which are specific for the adopted conforma-
tion.””! The TDS of the three sequences are presented in
Figure 6. The spectra obtained for TBA (Figure 6a), the an-
tiparallel quadruplex structure of which is established, can
be used as reference for the interpretation of the TDS data
obtained for the elongated sequences. With most cations,
the curves show two maxima at around 242 and 273 nm and
two minima at about 262 and 295 nm, in agreement with the
literature on TBA.?*3 The spectra obtained with the
lengthened sequences are similar to those of TBA (Fig-
ure 6b and c), and display the same characteristics for all
cations. A comparison with the curves reported in the litera-
ture® reveals that the shape of the curves is compatible
only with a quadruplex structure. A more detailed descrip-
tion, interpretation and comparison of the TDS is provided
in the Supporting Information.

The results from thermal difference spectra definitely con-
firm the quadruplex character of all observed structures. It
is now possible to analyses the CD spectra of GTAGGT-
TBA (Figure 4a) in the presence of NH,* and of TTTTTT-
TBA in Na't, Ca’* and Mg** (Figure 4b) solutions, and
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Figure 6. TDS spectra of: a) TBA, b) GTAGTT-TBA, and ¢) TTTTTT-
TBA in Tris buffer (pH 7.4) in the presence of different cations; concen-
tration of monovalent and divalent cations were 25 and 5 mm, respective-
ly. (A color version of this Figure can be found in the Supporting Infor-
mation.)

they can presumably be assigned to mixtures of parallel and
antiparallel quadruplexes. On the same grounds the CD
spectra of GTAGGT-TBA in the presence of Na*, Ca’t and
Mg?* can be attributed to parallel quadruplex structures
with low stability.

Quadruplexes in the presence of [Ru(NH;),]>*** complexes
(CD spectra): Our systematic study of the three DNA se-
quences in the presence of various cations has shown that
different structures can be observed depending both on the
nature of the cation and on the sequence of nucleotides

Chem. Eur. J. 2012, 18, 4392 —4400
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chosen to elongate the TBA sequence. Therefore, the differ-
ences observed in Figure 1b between the CD spectra of the
three sequences in the presence of [Ru(NH;)]>" cannot be
directly connected with the complex nature of this ion but
to the elongated TBA sequence.

In order to assess the influence of this hexa-ammineruthe-
nium redox marker, we have also examined the characteris-
tics of the structures adopted in the presence of its reduced
form, [Ru(NH;)s]**. Figure 7 presents the CD spectra re-
corded at various temperatures for TBA, GTAGGT-TBA
and TTTTTT-TBA in the presence of [Ru(NH;)¢]*". Focus-
ing first on the spectra recorded at 5°C (solid lines), it can
be seen that the curves are very similar to those obtained in
the presence of [Ru(NH;)s** (Figure 1b), under otherwise
identical conditions.

FULL PAPER

Thermal denaturation: The CD spectra obtained in the pres-
ence of [Ru(NH;)s]** at increasing temperatures are pre-
sented for TBA, GTAGGT-TBA and TTTTTT-TBA (Fig-
ure 7 a—c, respectively; broken lines). For the TBA sequence,
an important decrease of the positive band at around
290 nm is observed between 5 and 15°C. Further increase in
temperature does not lead to any marked change. The ther-
mal denaturation of GTAGGT-TBA induces a cooperative
two-state decrease of the positive band at around 264 nm
and of the negative band at about 242 nm, up to 65°C. Two
isoelliptic points are observed at 225 and 248 nm. For
TTTTTT-TBA, a decrease of the positive band centered at
around 260 nm is observed whereas no change is noted for
the negative contribution at about 242 nm. The decrease of
the positive contribution centered at 280 nm is smaller than

that at 260 nm. The higher sta-

As/M'em™

40 L 4

bility of this contribution would
agree with its attribution to the
terminal  thymines®  and
strengthens the hypothesis of a
predominant parallel arrange-
ment. With the three sequences,
the CD spectra recorded during
thermal denaturation in [Ru-
(NH,)]*™ are very similar to
those observed in [Ru(NH;)]**;
thus, both complexes induce
structures of similar stability. A
higher stability is obtained for
] the sequences adopting the par-
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Figure 7. Thermal denaturation of the structures formed in the presence of [Ru(NH;)s]**. CD spectra of:
a) TBA, b) GTAGTT-TBA, and c¢) TTTTTT-TBA in Tris buffer (pH7.4) in the presence of 10 equiv

[Ru(NH,)e]** measured every 10°C starting from 5°C (solid line).

In the case of TBA one can observe two positive bands at
around 253 and 290 nm interconnected by a depression at
about 270 nm (Figure 7a). The spectrum is rather similar to
the spectrum recorded in Ca’* solutions (Figure 2a), though
with smaller values of Ae. The corresponding structure is an
antiparallel quadruplex with a lower stability than the one
observed with the divalent calcium ions. In contrast to TBA,
the CD spectrum of GTAGGT-TBA exhibits a negative
band at 242 nm and an intense positive one at around
264 nm (Figure 7b). According to the similar shapes ob-
served in the presence of hexa-ammineruthenium and Ca’*
or Na* solutions (Figure 4a), a parallel quadruplex is sug-
gested for the folded structure. The spectrum of TTTTTT-
TBA has a negative band at around 242 nm and a broad
positive band between 260 and 285 nm (Figure 7¢). It is re-
ported in the literature that the CD spectrum of successive
thymines presents a positive contribution at around 280 nm
and a negative one at about 260 nm.”"! The TTTTTT-TBA
spectrum could thus correspond to a majority of parallel
quadruplex folding.

Chem. Eur. J. 2012, 18, 4392 —4400
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allel folding, especially in the
case of GTAGGT-TBA.

T T T
250 275 300

A/nm

Structural competition: While
TBA folds exclusively in an an-
tiparallel quadruplex, the two
lengthened sequences can fold
either in a parallel or an antiparallel quadruplex conforma-
tion depending on the nature of the cation. Therefore, by
choosing proper experimental conditions, it should be possi-
ble to observe a conformational transition between the par-
allel and the antiparallel quadruplex structure of the elon-
gated aptamers. Such conformational change can be induced
by ionic competition. Figure 8a shows the effect of ionic
competition between [Ru(NH;)¢]*" and K* in the case of
the GTAGGT-TBA sequence, for which the concentration
of K* was increased gradually.

The starting curve was recorded in the presence of
10 equiv [Ru(NH;)¢]** per strand and in the absence of K*
ion. Upon increasing the concentration of K*, the switch
from parallel to antiparallel quadruplex is clearly evidenced
by the rise of the positive band at around 295 nm, the trans-
formation of the positive contribution at about 260 nm into
a negative one, and the concomitant inversion of the contri-
bution at approximately 240 nm. The presence of two isoel-
liptic points located at 252 and 282 nm confirms a two-state
switch between the two. A similar competition effect for the
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Figure 8. Competition effect between 10 equiv [Ru(NH;)¢** (thick line)
and increasing K* concentrations [mwm] in the case of: a) GTAGGT-
TBA, and b) TTTTTT-TBA. (A color version of this Figure can be found
in the Supporting Information.)

TTTTTT-TBA sequence is presented in Figure 8b, which
also presents a two-state transition to an antiparallel quad-
ruplex during the competition between the redox marker
and the potassium ions. The comparison between the two se-
quences clearly shows that the relative stability of the paral-
lel quadruplex is higher in the case of GTAGGT-TBA.
Indeed, in the presence of 0.5 mm K*, the GTAGGT-TBA
spectrum still exhibits the parallel quadruplex characteristics
whereas the TTTTTT-TBA spectrum has already shifted to
antiparallel characteristics.

From the above results, such competition effect could be
expected with cations other than [Ru(NH;)]**. For in-
stance, mixtures of K+ and Mg”*" cations are frequently en-
countered in biosensing. We have, thus, performed a similar
competition experiment between these two cations, the re-
sults of which are presented in Figure S4 in the Supporting
Information. In this case as well, a transition between the
parallel and the antiparallel folding was obtained for both
sequences and the conversion of TTTTTT-TBA to a majori-
ty of antiparallel quadruplex required smaller K* concentra-
tions than with the GTAGGT-TBA case.
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Conclusion

In this work, we have studied the influence of the incorpora-
tion of two sets of additional nucleotides at the 5’ end of the
thrombin binding aptamer on the structure it adopts in the
presence of various monovalent or bivalent cations, and of a
cationic redox marker. Similar to TBA, the two lengthened
sequences fold into an antiparallel quadruplex in K*-con-
taining solutions. The capability of these two elongated se-
quences to adopt this conformation, which is necessary to
the interaction between thrombin and its aptamer, is main-
tained upon lengthening; their use as probes is thus conceiv-
able.

Our results reveal that the actual folding of the elongated
sequences varies with the nature of the cation present in so-
lution, in stark contrast to non-elongated TBA, which
always adopts the antiparallel conformation. For some cat-
ions, distinct types of structure are observed for GTAGGT-
TBA and TTTTTT-TBA. This shows that the folding into a
parallel or an antiparallel quadruplex of the elongated TBA
sequences depends not only on the cation, but also on the
exact sequence of additional nucleotides. Table 3 provides a
summary of the type of intramolecular quadruplex observed
for each sequence in the presence of the various studied cat-
ions.

Table 3. Dominant type of quadruplex observed for the three oligonucle-
otides in the presence of all studied cations.

Cation TBA GTAGGT-TBA TTTTTT-TBA

Ba’* antiparallel antiparallel antiparallel

Ca’* antiparallel parallel parallel 4 antiparallel
K+ antiparallel antiparallel antiparallel

Mg** antiparallel parallel parallel + antiparallel
Na* antiparallel parallel parallel +antiparallel
NH,* antiparallel parallel+antiparallel parallel + antiparallel
Rb* antiparallel antiparallel antiparallel

SrPt antiparallel antiparallel antiparallel
[Ru(NH;)]** antiparallel parallel parallel
[Ru(NH;),J’* antiparallel parallel parallel

The present results have a significant relevance for the de-
velopment of biosensors based on TBA. For instance, any
contact between a biosensor that uses the lengthened se-
quences as probes and a solution containing Na*, Ca’*,
Mg?* or NH,* can induce the parallel quadruplex folding of
all or part of the immobilized probes. This could give rise to
the detection of false positives due to the conformational
change. Control experiments involving these cations will be
necessary to evaluate the performances of such biosensors.
It would also be opportune to compare the biosensing re-
sults obtained for the lengthened sequences with those of
TBA, the apparently cation-insensitive conformation of
which decreases the risk of observing false positives. Addi-
tionally, the thermal stability of the folded structures, which
depends both on the nature of the cations and on the se-
quence, impacts the choice of the probe sequence that
should be adapted with respect to the working temperature
range desired for the sensor.
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Such careful characterizations are obviously required in
the case of electrochemical aptamer-based biosensors. The
influence of the frequently used redox marker [Ru(NH;)s**
on the folding of quadruplexes has been studied here for the
first time. The ability of this complex ion to promote a par-
allel quadruplex conformation at very low concentrations is
very interesting. In particular, the competition effect shows
that the elongated sequences behave as ion-sensitive confor-
mational switches; this opens many perspectives, such as
“logic gates” or redox-active responsive devices.

Experimental Section

Three oligonucleotides were studied; their sequence and molar absorp-
tion coefficients at 25°C are given in Table 1. All three oligonucleotides
were synthesized and purified by HPLC by Eurogentec (Belgium) and
used without further purification. The lyophilized samples were dissolved
to a concentration of 1 mm (per strand) in Tris buffer (10 mm, pH 7.4).
Stock solutions were stored at —20°C and used within one month of
their dissolution. All studied samples were prepared by dilution of the
stock solution in Tris buffer (10 mm, pH 7.4) to a final concentration that
gave an optimal absorbance at 260 nm between 0.7 and 0.8. The exact
concentration of each sample was determined by using a Unicam 5626
UV/Vis spectrometer. This concentration was then used to convert all
spectra into ¢ (UV absorption) or Ae (CD spectra) according to the
Beer-Lambert equation.

The concentration for all monovalent cations was 25 mmM, and 5 mm for
all divalent cations. Lower hexa-ammineruthenium cation concentrations
were used to record the CD spectra because both the oxidized and the
reduced form of the complex absorb in the wavelength range of interest
(absorption spectra can be found in the Supporting Information). We de-
cided to work with 10 equiv [Ru(NH,)¢]**”** per DNA strand as no more
changes were observed in the spectra by further increasing the ruthenium
complex concentration.

CD spectra were measured with a Jobin—Yvon Mark VI dichrograph in
1 cm path length quartz Hellma cells at 5°C except for the temperature
denaturation experiments. The temperature-induced melting curves were
measured with a UV/Vis spectrometer Varian Cary 4000 (Australia). The
temperature was increased/decreased by 1°C intervals and the samples
were equilibrated for 2 min before each measurement.

In UV melting curves, the absorbance was normalized versus its lowest
value, €/€jenawrea- This normalization enabled a comparison based on a
common reference point, which is the unfolded state observed at high
temperature regardless of the cation present in solution. This normaliza-
tion procedure avoids the use of the implicit hypothesis that all strands
are folded at the lowest measured temperature, and also facilitates the
comparison of the amplitudes of the hypochromic shifts. Thermal differ-
ence spectra (TDS) were obtained by subtraction of the absorption spec-
trum of the folded DNA strands from the spectrum of the unfolded
DNA strands, A&rps= Eunfolded— Erolded> accOrding to the convention used by
Mergny and co-workers.” The temperatures corresponding to folded
and unfolded states were chosen as close as possible to each other.
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