A\C\S

ARTICLES

Published on Web 04/02/2002

DNA Conformational Switches as Sensitive Electronic
Sensors of Analytes

Richard P. Fahlman and Dipankar Sen*

Contribution from the Department of Molecular Biology and Biochemistry,
Simon Fraser Uniersity, Burnaby, British Columbia V5A 1S6, Canada

Received November 29, 2001

Abstract: The electrical conductivity of DNA is dependent on its conformational state. We demonstrate
here that such a dependence may be harnessed for the electronic sensing of external analytes, for instance,
adenosine. Such a DNA sensor incorporates an analyte “receptor”, whose altered conformation in the
presence of bound analyte switches the conformation, and hence, the conductive path between two DNA
double-helical stems. Two distinct designs for such sensors are described here, that permit significant
electrical conduction through a “detector” double-helical stem only in the presence of the bound analyte.
In the first design, current flows through the analyte receptor itself, whereas in the second, current flows
in a path adjacent to the receptor. The former design may be especially suitable for certain categories of
analytes, including heterocycle-containing compounds such as adenosine, whereas the latter design should
be generally applicable to the detection of any molecular analyte, large or small. Since analyte detection
in these DNA sensors is electronic, the potential exists for their application in rapid and automated chip-
based detection of small molecules as well as of proteins and other macromolecules.

Introduction in in vitro selection (SELEX) methods have resulted in DNA
(as well as RNA) “aptamer” sequences, which are capable of
specifically binding a variety of molecular species, including
many that normally do not interact with DNA or RNA.Such
aptamer oligonucleotides frequently exhibit induced-fit folding

Despite a lack of complete understanding of the mechanistic
details of electron transfer through DNA, long-range electron
transfer in double-stranded DNA is generally believed to be
he result of a multi hopping r i i n long- . .
the result of a multistep hopping reactiort. Studies on long behavior (reviewed by Hermann and P#glwhereby the
range electron transfer through DNA, however, have generated aptamer itself, largely unstructured in solution, undergoes
a consensus that a continuous base-stacking throughout a DNA ap gely 9
duplex is essential. Efficiency of charge transfer is reduced in significant compaction and structural stabilization upon binding
duplexes containing mismatcRe% and bulge$. Proteins that its cognate ligand.

bind and disrupt continuous base-stacking in duplex DNA also our §trategy for sensor d¢5|gn utilized a trial analyte,
S ) . adenosine, which binds poorly, if at all, to double-stranded DNA
reduce the efficiency of electron transfer past the site of helix

disruption’~8 Despite the importance of a continuous base stack, but for which a high-affinity Kq ~ M) DNA aptamer sequence

not all perturbations to the helix prevent charge transfer, as it has been derivet?. NMR studies have confirmed that this

has been observed in helices containing abasi® sitekthrough ?ptzgia:ﬁic\)/r; ?(;In ddi:]ng f?;%i?of;uﬁf Ef gr%er;?g]oeﬁ dser:do:l\:f’ da
short, single-stranded overharisdowever, even these latter yp b g, forming a tgntly hydrogen-t .
) . ) stacked helical structufé Figure 1 illustrates two distinct, albeit
structures are believed to base-stack, which permits charge . .
related, conceptions of DNA sensors for the analyte adenosine:
transfer through them. . k S . . .
. . . in the first Uppel), analyte binding directly closes an impaired
In nature, DNA is known to bind a variety of small molecule ) . .
. . . __double-helical path and facilitates electron transfer through this
as well as macromolecular ligands. However, recent innovations . . ; N
path. Such a device might be termed an “integrated-ligand

1.sensor. A more versatile conception (Figuréoiver) is that of

* To whom correspondence should be addressed. Telephone: 604-29

4386. Fax: 604-291-5583. E-mail: sen@sfu.ca. a “coupled-ligand sensor”, in which analyte binding to a receptor
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(3) Kelly, S. O.; Holmlin, R. E.; Stemp, E. D. A.; Barton, J. &.Am. Chem. to a lessening of the distortion and an enhanced electron flow
Soc.1997 119, 9861-9870. through the path. In the “integrated” sensor, the adenosine/ATP

(4) Giese, B.; Wessely, $Angew. Chem., Int. E200Q 39, 3490-3491. N :
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’ ’ ’ v Coupling and purification protocols were as described for amine reactive
OFF ON dyes by Molecular Prob&swith some modifications.
lntegrated-Ligand 'Sensor' Prior to coupling, the DNA was treated to remove nitrogenous

AQ contaminants from the DNA synthesis procedures. The dried DNA
o samples were first suspended in 1@0of ddH,O, and were extracted

. three times with 10Q:L of chloroform. The DNA remaining in the
— aqueous phase was then precipitated by the addition gL.36f 1 M

e—- ﬁ NaCl and 34Q:L of 100% EtOH. Following mixing, the sample was
+/4]denosine éé] chilled on dry ice for~10 min, and then centrifuged in a microfuge
for 20 min to pellet the DNA. The pellet was washed once with 150
- uL of 70% aqueous ethanol (v/v). Following air-drying the pellet was
dissolved in 10Q:L of ddH,O, the DNA concentration of the solution
----- was determined in a standard fashion using UV absorbance measure-
ments.

The AQ-NHS ester (4.8 mg) was dissolved in 238 of dimeth-

ylformamide. For each coupling reactionulZ of this stock suspension
was added to 7L of a 100 mM sodium borate solution (pH 8.5). To
the resulting mixture was added-&85 uL (5—10 nmol) of the purified
amino-labeled DNA. The tubes containing the coupling mixtures were
covered in aluminum foil and shaken overnight at room temperature.
The DNA was then ethanol-precipitated by addition ofi270f 1 M
NaCl and 28Q:L of 100% ethanol (the solution was chilled in dry ice
and the precipitated DNA collected and washed as described above).
The large pellet obtained (containing a significant amount of the
uncoupled anthraquinone) was now suspended ipl50f 100 mM
ageous triethylamine acetate (pH 6.9) to which was addeduLO6f
chloroform. The uncoupled anthraquinone partititioned into the chlo-
roform phase, and the aqueous phase was now extracted two more times
with 100 4L of chloroform, prior to partial drying under vacuum to
remove any residual chloroform. The DNA obtained was then purified

Figure 1. Design of the “integrated-ligand” and “coupled-ligand” sensors. by reverse phase chromatography on an HPLC using a C18 Bondapack
In the absence of ligand/analyte (adenosine) both sensors adopt open.oimn (Waters)

unstructured conformations, which only allow charge transfer (indicated .
by arrows) from the AQ stems. Adenosine binding induces the folding and ~ The HPLC protocol was as follows: the solvent flow was continuous
compaction of the adenosine aptamer, facilitating charge transfer from the at 1 mL/minute, and the column was heated to°65 The initial
Detector stems. conditions were: 100% Solvent A (20:1 of 100 mM triethylamine
acetate, pH 6.9:acetonitrile) changing to 30% Solvent B (100%
helical path between them and, specifically, between individual acetonitrile), over 30 min and with a linear gradient. After this period,
bases in the Detector stem and the oxidant anthraquinone (AQ),the solvent was rapidly changed to 100% Solvent B, for 15 min, before
tethered covalently to the end of the AQ stem. Here, the reconditioning the column to the starting conditions.
expectation was that the folding and internal stacking of the  The concentrations of the various products of the coupling reactions
aptamer loop upon adenosine binding would facilitate electron could be determined spectroscopically. Absorbance values for the
flow between the AQ and the Detector stems. In the “coupled- conjugate were made at 260 nm, using extinction coefficients for the
ligand” sensor, however, the aptamer domain, adjacent to butindividual bases obtained for single stranded DNA(260 nm, M

. . cm™1) adenine (A)= 15 000, guanine (G} 12 300, cytosine (C¥

separate from the electronic path, would act as a switch. Its . : ;
. . 7400, th Ty 6700, and anth A® 29 000. T |
ordered state, in the presence of adenosine, would change th ymine (T)= and anthraquinone (AQj ypse

. i ?/ields of AQ—DNA conjugates ranged from 50 to 85%, depending on
§tacklng of the AQ and the Detector stems, thereby Chamg'ngthe sequence of the DNA oligonucleotide being coupled, and the
in the current flow through the Detector stem. synthetic batch.

St 11

Materials and Methods Prepargtion _of DNA Assemblies.DNA a_ssemblies_ were formed
by annealing mixtures of constituent DNA oligonucleotideg{1each)

DNA Preparation. Unmodified DNA sequences were purchased in 100 mM Tris-Cl, pH 7.9, and 0.2 mM EDTA. DNA solutions were
from Sigma-Genosys and purified by PAGE before use. Sequences toheated to 90C for 2 min, and then cooled at a rate of@/minute to

be%?P-end-labeled were pretreated with 10% piperidine°@dor 30 a final temperature of 20C. The solutions were then diluted 2-fold
min followed by lyophilization) prior to 5%%P-kinasing and PAGE  with either 5 mM MgC} or 5 mM MgCk and 200 mM NaCl (the final
purification. Such a pretreatment cleaved DNA molecules damaged solutions being defined as the “Mg” and “MdNa” buffers, respec-

during synthesis, leading in turn to lower background cleavages from tjvely). These solutions also containesl 2oncentrations of adenosine

photoirradiation experiments, as previously descritsed. or uridine in some samples. After mixing, the samples were incubated
~ DNA sequences to be derivatized with anthraquinone were synthe- for approximately 30 min at room temperature before photo-irradiation.
sized with a commercially availablée-86-amino functionality, and were Photoirradiation . Preincubated samples were placed under a UVP

purchased from the University of Calgary Core DNA Services. Black-Ray UVL-56 lamp (366 nm peak intensity, at 18 W) for 90 min
Generation of anthraquinone-modified DNA sequences was accom- 4t 5 distance of 4 cm from the bulb. Temperature was maintained by
plished by reacting thdl-hydroxysuccinimide ester of anthraquinone- having the samples tubes placed in a water bath set to the desired
2-carboxylic acié® with the 8-C6-amino functionality on the DNA.  emperature. Following photoirradiation, the samples were lyophilized
and then treated with hot piperidine as described above. The treated

(15) Odom, D. T.; Dill, E. A.; Barton, J. KChem. Biol.200Q 7, 475-481.
(16) Telser, J.; Cruickshank, K. A.; Morrison, L. E.; Netzel, T. L.; ChanJK.
Am. Chem. Sod989 111, 7226-7232. (17) URL: http://www.probes.com/media/pis/mp00143.pdf.
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Figure 2. Charge transfer in the “integrated-ligand” sensor. Sequences of
the adenosine-sensing ‘“integrated-ligand” sensor (showing two bound
adenosines) and of the control duplex. The extent of the ATP/adenosine B
aptamer domain is indicated (shown as boxed), with the two bound Control  Integrated
adenosines shown as outlined “A”s. “D” and “P” indicate guanine doublets

distally and proximally located, respectively, relative to the covalently 5 Duplex Sensor g
conjugated anthraquinone (AQ) moiety. 25 5 B
53 25

; =3 o~ Sk

DNA samples were then loaded on-112% sequencing gels and S Omw Ce=lo 5

analyzed using a BioRad Phosophorimager.

i
|

Results

The Integrated-Ligand Sensor.Experimentally, the most
sensitive way to monitor changes in electrical conductivity at
the level of individual nucleotides is to electrophoretically
monitor DNA strand cleavage resulting from base-labile oxida- ' - ' .
tive damage suffered by individual guanifédhis method of - .
monitoring charge transport, often termed “water trapping”, has
been successfully used to monitor the long-range effeci$Q
A)19.20 of 3 variety of oxidant groups covalently attached at
defined sites on the DNA (reviewed by Grins#ff Figure 2
shows the DNA sequences and schematic of a potential Figure 3. Phosphorimager traces of strand-cleavage data from the

“integrated” adenosine sensor, and of a “control” Wats@nick “integrated-ligand” sensor (lanes-84), and, from its duplex control (lanes
_ e i ; ; 1-7). “P" and “D” indicate the positions of the proximal and distal guanine
duplex construct (théZP labeled strand is identical in the two doublets shown in Figure 2. In all cases the DNA constructed were used at

constructs). The's*?P-labeled strands in the constructs contain 5 concentration of 0.5M. (A) Lanes 4 and 11 show the control duplex
guanine doublets (GG) on either side of the ATP aptamer and integrated sensor constructs photoirradiated in the—“Nt’ buffer

domain (or its WatsorCrick base-paired counterpart). The (50 mM Tris-Cl, pH 7.9, 2.5 mM MgGl 100 mM NaCl, and 0.1 mM
EDTA) with no added adenosine. Lanes 5 and 12 included 2.5 mM

proximal (*P") guqnlne doublet allows convgnlent“nlonltorlng adenosine, and lanes 6 and 13 included 2.5 mM uridine. Lanes 3 and 10
of charge transfer in the AQ stem, while the distal (“D”) doublet show background piperidine cleavage (using the same conditions as with
permits the same for the Detector stem. Guanine doublets havehe other samples) for nonphotoirradiated (“dark”) controls for the duplex

been used in preference to isolated single guanines for Charge_construct and for the AQ-labeled sensor construct, respectively. Lanes 1
and 8 show constructs that were neither irradiated nor piperidine-treated,

trans_fer measurements becauge of .the former’s h'Qher reac_t'v'tywhile lanes 2 and 9 show constructs that were photoirradiated but not
(particularly that of the Bguanine) in water-trapping experi-  piperidine-treated. Lanes 7 and 14 show controls wHPeend labeled

ments?2 The particular base composition of the duplex im- constructs lacking AQ were photoirradiated in the presence of unlabeled
; ; s constructs possessing the AQ-functionality. Max&Bilbert sequencing
mediately adjacent to the AQ tether was chosen because thlsLr:eactions were used to generate the “G” and-TC ladders. All photoir-

sequence has been shown to promote efﬂCie.m charge transfefagiation was with a 366 nm low-pressure lamp for 90 min (45 min for
from the tethered and photoexcited anthraquiridne. double-stranded controls) at 18, from a distance of 4 cm. Samples were

Upon photoirradiation at 366 nm wavelength in Mya then piperidine treated and run on a 12% sequencing gel (11% for double-
stranded control). (B) aExperiments identical to those described in A, but

buffer (50 mM Tris-Cl, pH 7.9, 2.5 mM MgG! 100 mM NaCl, carried out in the “Mg” buffer (50 mM Tris-Cl, pH 7.9, 2.5 mM Mg&£l
and 0.1 mM EDTA), the anthraquinone-modified DNA con- and 0.1 mM EDTA), with photoirradiation for 120 min at 2€.

structs shown in Figure 2 showed distinctive oxidative cleavage

TEN T

IRER

/

'
T
w)
—

B
11

patterns. Both the control duplex and the integrated-ligand sensor

18) Hall, D. B.; Holmlin, R. E.; Barton, J. KNature 1996 382, 731—735. . L .
Elgg Nf}n’ez, M_’E_?,TaIE’D_ B.;'Ba?{o?:j. whzrﬁreBigLfggg 6, 85-97. exhibited significant levels of strand cleavage at the proximal
(20) ’l\-ligtrrdgzsé?dn,géiTngrngg.ggagrg%ilgi_%rgs%: Kan, Y.; Schuster, Brd8. (“P") guanine doublet in the presence of 2.5 mM adenosine
(21) Grinstaff, M. W.Angew. Chem. Int. EQL999 38, 3629-3635. (Figure 3A, lanes 5 and 12), 2.5 mM uridine (lanes 6 and 13),

(22) Saito, I.; Nakamura, T.; Nakatani, K.; Yoshioka, Y.; Yamaguchi, K; ; i “ ”
Sugiyama, H. Am. Chem. Sod098 120, 12686. 12687. or no _adde_d nucleoside (lanes 4 and 11), relatlvg tq the “dark
(23) Sanii, L.; Schuster, G. Bl. Am. Chem. So@00Q 122, 11545-11546. (or unirradiated-lanes 3 and 10) controls. Dramatic differences
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between the constructs, however, were observed in cleavage at 1.0 A——'—o’———’_A o
the distal (“D”) guanine doublet. In both the presence and |  _ —— __———"777
absence of added nucleosides the control duplex exhibited

identical levels of cleavage at the “D” guanines (lanest}
However, the “integrated-ligand” sensor only exhibited signifi-
cant cleavage at the “D” guanines in the presence of adenosine
(lane 12), but not in the presence of uridine (lane 13), no added
nucleoside (lane 11), or in a “dark” (i.e., unirradiateéene 10)
control. To test whether the cleavages observed arose uniquely
from oxidation by the attached anthraquinone functionality, and 0.2
also to test whether such putatively AQ-dependent cleavages
occurred strictly irintra-molecular fashion, photoirradiation was 0.0 . . 0.0005 0.0015 00025
carried out on samples containing mixtures*%#f-end-labeled 0.0000 00001 00002  0.0003

constructs lacking anthraquinone and unlabeled constructs Adenosine (M)

conjugated to anthraquinone. Lanes 7 and 14 show that noFigure 4. Adenosine-dependence of cleavage at the distal guanines of the
significant cleavage in the labeled strands was observed, eitherintegrated-ligand” sensor construct. Samples of the sensor construct (0.5

: uM) were photoirradiated for 90 min at T& in either the “Mg” or “Mg—
for the double-stranded control or the integrated sensor constructyy- buffer, in the presence of various adenosine concentrations. Following

The fact that in the integrated-ligand sensor high levels of irradiation, samples were piperidine-treated and loaded on sequencing gels.

strand cleavage were observed only at the proximal (“P”) “Stranc':’I clegvagc_a, quantitated in aphosphgrimager, were cprrected against
. . g dark,” nonirradiated, controls and normalized for the maximal observed

guanine doublet in the presence of uridine (lane 13), as well as¢jeayage.
in the absence of added nucleosides (lane 11, Figure 3A),
indicated that charge transport in these cases was localizedglectrophoresis experiments showed that the constructs remained
almost exclusively within the AQ stem (as depicted in the model intact in all buffers and experimental conditions used in this
for this sensor in Figure 1). By contrast, when 2.5 mM adenosine study—data not shown).
was present (lane 12) the same experimental procedure resulted y/5riations in solution conditions also affected the efficiency
in 5.0% cleavage at the distal (“D") guanine doublet (up from ¢ girand cleavage at the distal (D) guanine doublet as a function
0.26% shown in lanes 11 and 13) when photoirradiated for 90 ot agenosine concentration. Figure 4 shows how in different
min. This reflects a~20-fold enhancement in strand-cleavage go|ytions different binding affinities were observed for the
in the presence of the adenosine ligand. This observation ;qenosine ligand. In the “Mg” buffer, half-maximal strand
indicates that the adenosine-induced folded structure of thecleavage was observed at 48! adenosine, while in the “Mg
aptamer was indeed capable of facilitating charge transfer \5» buffer, it was observed at 138\ adenosine.
between the Detec'For and AQ s:e[ns. Interestingly, in the The Coupled-Ligand SensorWe also examined the proper-
presence of aglenosme, even the "P qOUblet .showed a smallie of a different sensor design, the “coupled-ligand” sensor
gnhangement n clggvagez-fold), consistent with an overall (which also utilized the ATP aptamer, and is shown schemati-
tightening and stabilization of the sensor construct. cally in Figure 1,lower). This second design does not depend

When experiments similar to the above were carried out in on the conductive property of the folded aptamer domain. The
the absence of NaCl (i.e., in the “Mg” buffer: 50 mM Tris-Cl,  predicted lack of base stacking between the Sensor stem and
pH 7.9, 2.5 mM MgCJ, and 0.1 mM EDTA), somewhat  eijther the AQ or the Detector stem in the folded state is expected
different results were observed (Figure 3B). The double-strandedtq prevent electron transfer between these regions. A “coupled-
control showed comparable cleavage patterns as seen in thgigand” sensor of this design, for detecting adenosine, was
“Mg—Na" buffer, that is, strand cleavage was observed at the assembled from the DNA oligomers shown in Figure 5A. In
proximal (P) and distal (D) guanine doublets both in the absence this construct, the aptamer bulge was separated from the three-
(lane 4) or presence (data not shown) of 2 mM adenosine way junction by a single AT base pair. To detect charge
(relative to the “dark” contretlane 3). By contrast, the  transfer in the various arms, the DNA strand shared by both
integrated sensor construct exhibited significant strand cleavagethe Sensor and Detector stems wa$2B-labeled. Figure 5B
at the distal (D) guanine doublet in the presence of 2 mM added shows the results obtained when samples were irradiated in the
adenosine (lane 12jas also seen in the “MgNa" buffer “Mg—Na” buffer for 180 min. In the absence of added adenosine
(Figure 3A). This increase in strand cleavage, from 0.98 to 7.3%, (jane 5), or in the presence of 2.5 mM uridine, no detetctable
describes a-7-fold enhancement in the presence of adenosine. cleavage above the background level (lane 6) was observed at

The major difference observed for the sensor construct in the all positions. In the presence of 2.5 mM adenosine (lane 4),
“Mg” buffer (Figure 3B), relative to the “Mg-Na” buffer however, significantly enhanced strand cleavage5-fold
(Figure 3A), was that in the “Mg” buffer enhanced cleavage enhancement in replicate experiments) was seen at ‘the 5
occurred at the proximal (P) guanine doublet in the presenceguanine of each of the two-guanine doublets present in the
of adenosine (lane 12 versus lanes 11 and 13, Figure 3B). ThisDetector stem (indicated asandy). Lack of detectable cleavage
enhanced cleavage may reflect a proportionately greater stabi-at these guanines in the absence of adenosine prevented the
lization of the duplex elements flanking the aptamer by the determination of an absolute ratio for cleavage enhancement;
aptamer-bound adenosines in this relatively low-salt buffer. We however, the lower limit indicated above {5-fold) could be
believe that this enhanced proximal G cleavage wesa calculated. A comparable enhancement, however, was not
consequence of the reassociation of the strands of the sensoobserved for the doublek)(located in the Sensor stem-2-
construct dissociated in the “Mg” buffer (nondenaturing gel fold increase) as predicted by our structural model of this DNA

0.8

A No NaCl
< 100 mM NaCl

Relative Cleavage
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Investigations with the integrated-ligand sensor, above, have
demonstrated that both the sensitivity of and signal enhancement
from analyte-sensing depend significantly on solution conditions.
It is still unclear whether such differences reflect purely
structural transformations of the aptamer in the different ionic-
strength solutions or whether they also reflect changes in the
process of charge transfer through DNA.

Comparison of the behavior of the integrated sensor in the
two ionic-strength conditions tested indicates a tradeoff between
signal enhancement and sensitivity. In the relatively low-salt
“Mg” buffer a half-maximal enhancement of3.5-fold en-
hanced cleavage at the distal (“D”) guanine doublet was
observed with 1&M adenosine, whereas in the higher salt-Mg
Na buffer a half-maximal enhancement efl0-fold was
observed with 13@M adenosine. In other words, the addition
of 100 mM NacCl generated a highly amplified signal, but at
the cost of a lower sensitivity of adenosine detection. Such an
unusual trend may result from the aptamer forming a subtly
altered structure under higher ionic-strength conditions, one that
_ requires higher adenosine concentrations to drive the equilibrium
A18- . to the adenosine-bound form. The guanine-rich aptamer domain
o could potentially form foldback &G base pairs or guanine
guartets in the presence of Na®2t25 In fact, guanine quartets
were originally postulated to be a part of the folded aptamer
structure when the aptamer was originally identifléd.

In addition, care must be taken in interpreting the results of
the adenosine-dependence data from Figure 4, since the curves
Z[ A may not directly reflect the binding affinities of the aptamer

for its ligand. As described above, each molecule of this
Figure 5. Charge transfer in the “coupled-ligand” sensor. (A) The structure Particular aptamer binds two molecules of the adenosine ligand,

and sequence of the “coupled-ligand” sensor. The ATP aptamer domain isand it is unclear whether the binding of only one molecule of
indicated as boxed, while the two bound adenosines are indicated by outlinedjinand allows charge transfer to occur to some extent

“A’s. Guanine doublets in the'§?P-end labeled strand used to monitor 9 . 9 . . . o

charge transfer to the Sensor and Detector stems are indicatay 4y’ Comparing the efficiencies of conduction through particular
and ‘Z". The A-G mismatch at the junction was used since it gave superior DNA sequences has often been accomplished by comparing the

results relative to WatserCrick base pairs at that position. The arrow, on ratios of cleavage at “proximal” and “distal” guanines (D/P or

an adenine at the junction, indicates an adenine that showed an unusually, \781026 27T . . S
high cleavage (see lane 4, below). (B) Phosphorimager traces of strand-P/D ratios)i#122527This comparison is an indicator of the

cleavage data from the “coupled-ligand” sensor construct, irradiated at 18 efficiency with which charge transfer proceeds through a
°C for 180 min in the "Mg-Na” buffer. Lanes 3-5 show cleavage results specified sequence of interest that is flanked by isolated
e e e 2 T cenoeie {2 9 guarines, doublets,tipets, o reacive bases such as &-0xoguz-
and “C+T" ladders, respectively. Lane 6 shows the background piperidine NiN€’ or 7-deazaguanir®.A comparison of conduction through
cleavage of the nonirradiated construct. the integrated sensor and through its double-stranded control
gave D/P ratios, respectively, of 0.48 0.07 versus 0.23-
construct. Irradiation experiments on a control construct for the 0.04 in the “Mg-Na” buffer and 0.4+ 0.08 versus 0.24-
above three-way junction that lacked the aptamer bulge but0.05 in the “Mg” buffer. Comparing these ratios at face value
incorporated a WatsenCrick duplex (as with the “integrated  suggests that the aptamer domain is a somewhat superior
sensor—see above) in place of the aptamer “arm” yielded no conductor compared to the double-stranded DNA control.
modulation of strand cleavage in the presence of added However, direct comparisons of the sensor and the duplex
adenosine (data not shown). control may not be entirely appropriate. When irradiation
The effect of different buffer conditions on strand cleavage experiments were carried out such that comparable levels of
in this construct was not examined, as nondenaturing electro-strand cleavage were achieved at the distal (“D”) guanine
phoresis experiments indicated that this sensor construct wasdoublets in both the control and sensor constructs, a 2-fold
not sufficiently stable structurally in the low-salt “Mg” buffer  higher cleavage was observed at the proximal (“P”) guanine
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(data not shown). doublet of the double stranded control. The reduced efficiency
) ) of cleavage at the proximal guanines in the sensor construct
Discussion must reflect a hindrance to charge migration into sequences

Experiments with the above two sensor designs, utilizing the

“ ing” (24) Wellinger, R.; Sen, DEur. J. Cancerl997, 33, 735-749.
ATP aptamer as a sensing receptor, clearly dgmonstrate the(25) Simonason. TBiol. Chem 2001, 382, 621-628.
utility of DNA conformational changes (resulting from the (26) Giese, B.; Amaudrut, J.; Kohler, A. K.; Spormann, M.; Wessely&ure
; T ; ; : 2001, 412, 318-320.
adaptive binding of ligand to the DNA aptamer) in modulating (27) Nakatani, K.; Dohno, C.; Saito, J. Am. Chem. SoQ00Q 122 5893-

charge transfer through DNA. 5894,
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influenced by the presence of the aptamer, given that the double-change in the analyte-binding (aptamer or receptor) domain upon
stranded proximal stems are identical in both the sensor andthe binding of the analyte, ambt for an inherent ability of the
double-stranded constructs. Once a mobile charge reaches théinding domain to permit charge transfer through its own
proximal (“P”) guanine doublet, it then appears that the structure. The side-on placement of the analyte receptor should
“integrated-ligand” sensor better facilitates the transfer of that also be applicable in the design of hybrid sensors that are not
charge to the distal (“D”) guanine doublet in comparison to the composed entirely of DNA. Such hybrid systems may possess
double-stranded control. A possible reason for the lower D/P binding domains consisting of RNA, proteins or other organic
ratios seen in the duplex control may result from the GG “host” entities (such as crown ethers, cryptands, and others)
doublets situated between the “P” and “D” doublets on the AQ- that undergo a conformational change upon binding the ap-
modified strand (Figure 2). These intervening doublets may be propriate “guest” molecule or ion.

acting as “traps”, thus reducing the efficiency of charge transfer  The guanine damage- and electrophoresis-based detection
to the distal ("D") guanine doublet of the duplex control. methodology used in this contribution were necessary for single-

Overall, it is still remarkable that the foldesiorrB-DNA nucleotide resolution investigations of the charge-conduction
aptamer possesses a comparable if not more favorable conducpathways in the sensors. Here, we have used them to demon-
tive property than the B-DNA duplex control. strate that ligand-induced conformational changes can indeed

In addition to the capacity of the ATP aptamer to modulate be used to modulate charge transfer through DNA. However,
charge transfer between the acceptor and detector stemsto develop this technology for the rapid detection of ligand
interesting observations were made regarding the aptamermolecules other detection methodologies will need to be
domain, specifically. Cleavage at the guanines locatihin employed. The most likely scenario would have the DNA sensor
the aptamer domain was observed to be low in both of the constructs functionalized onto metal or other surfaces such that
buffers used (Figure 3, A and B, lanes-113). Low cleavage direct measurements of current flow can be made. Reports of
in the absence of bound adenosine was reduced further uporsuccessful coupling of modified DNA to electrodes and the
the binding of adenosine. This observation may reflect the non-B direct monitoring (by chemical reaction in solution or photo-
helical structure of the folded aptamer domain. The high level excitation) of hybridization via charge transfer through the
of oxidation of the 5most guanine in guanine doublets is strictly ~resulting duplexX;3%-3! suggests that aptamers can also be used
true only for double-stranded B-DNZ#. Single-stranded se- in this way toward the development of novel DNA-based
guences? and guanine quadruplex&or instance, do not show  sensors.
this pattern. This property of the aptamer guanines may explain  For the applicability of this technology as a practical detection
the lower D/P ratio of the sensor, relative to that of the duplex method, the sensitivity of detection must be sufficient. As
control. described, the sensitivity of this system is limited by the affinity

The demonstrated capacity of the DNA aptamer for adeno- of the incorporated aptamer sequence for its target ligand (given
sine/ATP to act as a conduit for charge transfer in the folded that the magnitude of the signal is proportional to the fraction
state is a property not likely shared by all aptamer motifs. In of sensor constructs bound with ligand). The ATP aptamer
addition to inherent conductivity differences between different described in this report possesses a dissociation constant in the
aptamers, some aptamers, which are not formed from internaluM range for the adenosine ligand. Such a binding affinity
(bulge) loops, may not easily be incorporated into duplex DNA. would be insufficient for a practical sensor intended to monitor,
To design a more general sensor, capable of utilizing diverse for instance, hormone levels in blood (for which sensamalyte
receptors and aptamers and responding to a variety of ligands/affinities in the low-nM-to-high-pM range would be required).
analytes, an immobile three-way helical junction was used as aBinding affinities of the nM-pM range, however, are possible
starting point for a second design. This “coupled-ligand” sensor and have been obtained with nucleic acid aptamers; for example,
(Figure 5A) also exhibited modulation of charge transfer from an RNA aptamer selected for binding to the aminoglycoside
the Acceptor to Detector stems in response to adenosines bindingntibiotic tobramycin, possessed a binding constant of 776%pM.
to the aptamer element. This construct, however, required longer More broadly, the receptor component of such DNA sensors
irradiation times (relative to that required for the integrated need not in itself be composed of DNA or RNA. Organic or
sensor) to obtain significant levels of cleavage at the guanineinorganic hosts, which undergo significant conformational
doublets x andy in Figure 5A) in the Detector stem. It remains change upon binding their cognate guest could, in principle, be
to be investigated whether the lower charge-transfer efficiency incorporated in place of DNA or RNA aptamers into the design
in the “coupled-ligand” construct arose from the particular of such sensors.
sequences chosen for the stems or from the presence of the three- _
way junction. Future work will also focus on determining the €onclusions

three-dimensional structure of this three-way junction to un-  Here we have demonstrated that charge transfer can be
derstand why significantly more strand cleavage was observedyqqulated by conformational changes resulting from the adap-
in the Detector stem compared to that in the Sensor stem. e hinding of a DNA aptamer to its ligand. Our demonstration

A deeper characterization of the “coupled-ligand” sensor of two DNA architectures that successfully modulated charge
design, and of related architectures, is desirable given their broadiransfer as the consequence of the binding of an analyte suggests
potential for development as modular sensors. In the “coupled-

ligand” sensor there is only a requirement for a conformational (30) Kelly, S. O.; Jackson, N. M.; Hill, M. G.; Barton, J. Kngew. Chem., Int.
Ed. 1999 38, 941945,
(31) Boon, E. M.; Ceres, D. M.; Drummond, T. G.; Hill, M. G.; Barton, J. K.

(28) Saito, I.; Takayama, M.; Sugiyama, H.; Nakatani, K.; Tsuchida, A.; Nature Biotechnol200Q 18, 1096-1100.
Yamamoto, M.J. Am. Chem. S0d.995 117, 6406-6407. (32) Wang, Y.; Killian, J.; Hamasaki, K.; Rando, R. Biochemistry1996 35,
(29) Szalai, V.; Thorp, H. HJ. Am. Chem. So200Q 122, 4524-4525. 12338-12346.
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that this methodology may be used in the development of a and concentration of analytes electrically promises the develop-

variety of electrically coupled analyte sensors. ment of rapid, DNA-based, “solid-state” detection devices for
Harnessing the potential of conformational switches in nucleic virtually any compound.

acids is a relatively new endeavor. It has been used, to date, in

the development of a mechanical swifhllosteric enzyme$

and, now, electronic devices. The ability to monitor the presence
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