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Description

Technical Field

[0001] This application relates to biosensors compris-
ing DNA or other oligonucleotides for electronically de-
tecting the presence of analytes. The sensors rely on
changes in DNA conformation induced by binding of a
target analyte to a receptor site of the sensor where the
receptor bite is an aptamer which is capable of binding
to analytes which do not ordinarily bind to DNA. The con-
formational changes modulate changes in charge trans-
fer through the DNA, which is detectable either directly
or indirectly.

Background

[0002] 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 the result of a multi-step-hopping
reactio1-2. The consensus view is that a continuous base-
stacking throughout the DNA duplex is essential for effi-
cient charge transfer. It has been shown that efficiency
of charge transfer is reduced in duplexes containing
mismatches3-5 and bulges6. Proteins that bind and dis-
rupt continuous base-stacking in duplex DNA also reduce
the efficiency of electron transfer past the site of helix
disruption7-8. Despite the importance of a continuous
base stack, not all perturbations to the helix prevent
charge transfer, as it has been observed in helices con-
taining abasic sites9 and through short, single stranded
overhangs10. However, even these latter structures are
believed to base-stack to some extent, which permits
charge transfer through them.
[0003] Detection of charge transfer in DNA has been
detected both directly and indirectly. Dehydrated DNA
duplexes11 or DNA fibers12a,b positioned between metal
electrodes have had their conductivity measured directly.
Indirect measurement of DNA conductivity has been
made in aqueous solution, after inducement of charge
transfer with a photoexcitable moiety (such as
anthraquinone13, or rhodium(III) complexes with aromat-
ic ligands14). The photoexcitable moiety is attached to
one end of a duplex such that it lies in intimate contact
with the π-stack of the DNA base pairs. The photo-excited
states of anthraquinone and rhodium(III) complexes are
powerful oxidising agents, and are able to collect elec-
trons from guanines (via generation of a mobile radical
cation, or electon hole) within the DNA duplex, from re-
ported distances of up to > 200 Å away from the
ligand15a,b). According to the putative "multi-step hop-
ping" mechanism referred to above, the radical cation
moves from guanine to guanine (guanine is the base with
the lowest ionization potential). A guanine upon which
the mobile radical cation is transiently localized is some-
what susceptible to reaction with water and dissolved
oxygen, leading to the formation of oxidation products

such as diaminooxazalone and 2-aminoimidazalone16.
As described herein, the position of the latter products
along a DNA strand can readily be detected by sequenc-
ing gel-electrophoresis, since these products are base-
labile and cause site-specific strand breakage on being
treated with hot piperidine.
[0004] Despite disagreements on the precise mode of
charge transfer within DNA duplexes, investigators are
in agreement that the electrical conductivity of DNA is
dependent on its conformational state-- specifically, on
the integrity of its π-stacking. While much of the research
on DNA conduction has focused on "static" or relatively
immobile DNA structures, the purpose of the present in-
vention is to exploit changes in the conductivity of DNA,
dependent on changes in its conformational state, to pro-
vide information about the DNA’s environment-- such as
the presence or absence of a specific analyte. In other
words, if conformational change in the DNA results from
the binding of a particular analyte, then this should cor-
relate with a change in the DNA’s conductivity, providing
the basis for an analyte sensing device constructed from
DNA or other oligonucleotides.
[0005] In nature, DNA is known to bind a variety of
small molecules as well as macromolecular ligands.
However, recent innovations in in vitro selection (SELEX)
methods have resulted in DNA (as well as RNA) "aptam-
er" sequences, which are capable of specifically binding
a variety of molecular species, including many that nor-
mally do not interact with DNA or RNA17. Such aptamer
oligonucleotides frequently exhibit induced-fit folding be-
haviour (reviewed by Hermann & Patel18), whereby the
aptamer itself, largely unstructured in solution, under-
goes significant compaction and structural stabilization
upon binding its cognate ligand.
[0006] Barton and colleagues19 have reported the
electronic detection of a DNA-binding protein, HhaI meth-
yltransferase, by virtue of the protein’s interference in the
charge conduction path of a duplex DNA. HhaI methylase
works by binding to a target G*CGC site on a double-
helix, and extruding the target cytosine base (marked
with an asterisk, above) out of the helix in order to meth-
ylate it. This extrusion naturally disrupts the conduction
path through the helix and, thus, the level of conduction
through the helix. While this approach demonstrates pro-
tein-modulation of charge-transfer through DNA, it re-
quires the selection of a protein capable of extruding a
base out from the DNA helix and is therefore not of gen-
eral application. For example, unlike the present inven-
tion, the method could not be readily extended as a
means for the detection of any protein, large or small,
DNA-binding or not.
[0007] It is also known in the prior art to detect confor-
mational change in duplex DNA by binding of divalent
metal ions. Lee and colleagues20 have reported a meth-
odology for the electronic detection of a DNA-binding pro-
tein. Following the binding of the protein to its binding
site upon a DNA duplex, the DNA is converted to a metal-
bound form ("M-DNA"), with a significantly higher con-
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ductivity than that of standard B-DNA. The presence of
the bound protein, however, interferes with M-DNA for-
mation by its binding site, and therefore affects the overall
conductivity of the duplex. While this approach is prom-
ising, the efficacy of this method for use in the detection
of proteins that do not naturally bind to DNA, or which
bind to non-duplex elements of DNA or RNA, has not yet
been reported.
[0008] The need has therefore arisen for improved bi-
osensors of general application for analyte detection.
Since the detection means is electronic, the potential ex-
ists for use of such sensors for rapid and automated chip-
based detection of small molecules as well as of proteins,
macromolecules and other analytes. The sensors are al-
so potentially useful as nanoelectronic switches and junc-
tion devices simulating solid state electronic logic gates.

Summary of Invention

[0009] In accordance with the invention, an analyte
sensor comprising a first oligonucleotide stem, a second
oligonuleotide stem, an aptamer site capable of binding
an analyte that does not normally bind to DNA and a
charge flow inducer coupled to one of the first and second
stems is provided. The aptamer site is operatively con-
nected to the first and second stems a charge flow in-
duces is coupled to one of said first and second stems
for triggering charge flow in at least one of said first and
second stems. The sensor is alterable between a first
conformational state substantially impeding charge
transfer between the first and second stems and a second
conformational state permitting charge transfer between
the first and second stems. The sensor switches between
the first conformational state and the second conforma-
tional state when the analyte binds to the aptamer site.
[0010] The charge may be conducted between the first
and second stems through the aptamer site in the second
conformational state. Alternatively, the aptamer site may
be removed from the conduction path between the first
and second stems such that the aptamer does not func-
tion as a conductor in either of the first and second con-
formational states.
[0011] In one embodiment of the invention the sensor
switches from the first conformational state to the second
conformational state (i.e. resulting in increased charge
transfer) when the analyte binds to the aptamer site. In
another embodiment, the sensor switches from the sec-
ond conformational state to the first conformational state
(i.e. resulting in decreased charge transfer) when the an-
alyte binds to the aptamer site. In either case, the change
in charge transfer is measurable to detect the presence
of the analyte. The aptamer site is configured to bind to
an analyte which does not ordinarily bind to DNA.
[0012] The aptamer site may comprise a nucleic acid
aptamer selected for binding affinity to a target analyte.
The first and second oligonucleotide stems may each
comprise helical DNA. In the first conformational state
the base stacking of the helical DNA may be discontin-

uous or spatially distorted or misaligned in a switch region
located at or near the aptamer site in the first conforma-
tional state. When the analyte binds to the aptamer, a
conformational change to the second conformation state
occurs, resulting in removal or lessening of the base
stacking distortion or misalignment. This in turn results
in increased charge transfer between the first and second
stems in this embodiment.
[0013] In one embodiment of the invention a detector
may be electrically coupled to the first stem and may
directly measure the change in charge transfer through
the sensor resulting from analyte binding. The detector
may, for example, comprise a conductor or semi-conduc-
tor chip.
[0014] A charge flow inducer is coupled to one of the
first and second stems for triggering charge flow in at
least one of the first and second stems. The charge flow
inducer may comprise, for example, a photoexcitable
moiety, such as anthraquinone or rhodium (III), coupled
to the second stem. In these examples, the photo-excited
states of such compounds are oxidizing agents which
cause a net flow of electrons toward the photoexcitable
moiety. If the sensor is in the second conformational state
this process results in the formation of oxidizing products
which may be detected, for example, by gel-electro-
phoresis. For example, the gel-electrophoresis may iden-
tify damage to specific guanine residues concomitant
with electron donation (and hence indicative of charge
transfer between the first and second stems).
[0015] In one embodiment of the invention the sensor
may comprise a third oligonucleotide stem which in-
cludes the aptamer site. The first, second and third stems
may be connected together at a three-way junction. The
binding of the analyte to the aptamer site on the third
stem modulates charge transfer between the first and
second stems. At least one of the stems may include
unpaired nucleotides in the first conformational state (e.g.
non-Watson-Crick base pairs located near the three- way
junction). Further, the sensor could optionally include a
fourth oligonucleotide stem connected to the first, second
and third stems at a four-way junction. The stems could
each comprise helical DNA. Sensors constructed from
other multi-stem nucleotide sensors (e.g. five, six or more
nucleotide stems) may be configured in the same man-
ner. In each case a conformational change to at least
some of the stems occurs upon binding of the target an-
alyte, which is detectable by directly or indirectly identi-
fying a change in charge conduction.
[0016] In a further alternative embodiment of the in-
vention pairs of sensors may be configured to simulate
digital electronics logic gates. Each sensor is notionally
operable in one of two operating states, namely "con-
ducting" (i.e. "on") and "non- conducting" (i.e. "off"). For
example, the sensor may comprise two separate aptam-
er sites and may only switch between the first and second
conformational states when both of the aptamers bind to
their respective target analytes.
[0017] A method for detecting the presence of an an-
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alyte is also disclosed. The method includes the steps of
(a) providing a sensor comprising first and second oligo-
nucleotide stems, an aptamer site operatively connected
to the first and second stems and capable of binding the
analyte and a charge flow inducer as described above;
(b) inducing a charge flow in one of the first and second
stems of the detector; and (c) detecting any change in
charge transfer between the first and second stems upon
binding of the analyte to the receptor.
[0018] The step of detecting changes in electrical
charge transfer may include electrically coupling a con-
ductor or semi-conductor detector to the first stem and
measuring the change in charge transfer resulting from
analyte binding. Alternatively, the charge flow inducer
coupled to the sensor could be triggered to produce an
oxidizing agent. According to this protocol, the sensor is
then tested for oxidation products. For example, the sen-
sor could be heated in the presence of piperidine. The
formation of oxidation products, and the specific site of
DNA cleavage, may then be detected by gel electro-
phoresis. The direct or indirect detection of changes in
electrical charge transfer may also be accomplished by
other means known in the art, such as flourescence
quenching.

Brief Description of drawings

[0019] In drawings which describe embodiments of the
invention

Figure 1 (a) is a schematic view of the Applicant’s
sensor design in the "coupled aptamer" or "coupled
ligand" embodiment. The sensor is altered from a
first conformational state (left) to a second confor-
mational state (right) upon binding of an analyte (e.g.
ligand) to permit charge transfer in the direction in-
dicated by arrows.

Figure 1(b) is a schematic view of the Applicant’s
sensor design in the "integrated aptamer" or "inte-
grated ligand" embodiment. As in Figure 1 (a), the
sensor is altered from a first conformational state
(left) to a second conformational state (right) upon
binding of an analyte (e.g. a ligand).

Figure 2(a) is a schematic view illustrating electrical
conduction through a conventional DNA double helix
having an anthraquinone moiety covalently tethered
thereto.

Figure 2(b) illustrates a sensor incorporating two un-
paired nucleotides located at a 3-way junction in ac-
cordance with one embodiment of the invention.

Figure 2(c) is a schematic view of a DNA construct
having a standard 3-way junction.

Figure 3(a) is a schematic view of a RNA/DNA het-

eroduplex.

Figure 3(b) is a schematic view of a mixed or com-
posite sensor comprising separate RNA and DNA
strands.

Figure 3(c) and 3(d) are schematic views of sensors
having 4-way junctions.

Figure 4(a) is a schematic view of a protein-detecting
sensor illustrating detection by physical interference.

Figure 4(b) is a schematic view of a protein-detecting
sensor illustrating detection by adaptive binding.

Figure 5 is a schematic view of sensor configured to
detect nucleic acids.

Figure 6 is a schematic view of a sensor designed
to simulate an "AND" logic gate.

Figure 7 is a schematic view of a sensor designed
to simulate a "NAND" logic gate.

Figure 8 shows a sensor which may be switched
from an "ON" to an "OFF" logic state upon binding
of a target analyte.

Figure 9 shows a sensor which may be switched
from an "OFF" to an "ON" logic state upon binding
of a target analyte.

Figure 10 is a schematic view of a process for in vitro
selection of sensors specific for a particular target
analyte.

Figure 11 is a schematic view showing the design of
"integrated-ligand" and "coupled-ligand" sensors for
detecting the analyte adenosine. In the absence of
analyte, both sensors adopt open, unstructured con-
formations, which only allow charge transfer (indi-
cated by arrows) in the oligonucleotide stem conju-
gated to the anthraquinone (AQ) moiety. Adenosine
binding induces the folding and compaction of the
adenosine aptamer, facilitating charge transfer from
the detector to the AQ sterns.

Figure 12 compares the nucleotide sequence of a
control duplex with the aptamer domain of the sensor
of Figure 11 (showing two bound adenosines). The
extent of the aptamer domain is indicated (shown as
boxed), with the two bound adenosines shown as
outlined ’A’s. "D" and "P" indicate guanine doublets
distally and proximally located, respectively, relative
to the covalently conjugated anthraquinone (AQ)
moiety.

Figure 13(a) comprise phosphorimager traces of
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strand-cleavage data from the "integrated-ligand"
sensor (lanes 8-14), and, from its duplex control
(lanes 1-7). "P" and "D" indicate the positions of the
proximal and distal guanine doublets shown in Fig-
ure 12. Lanes 4 and 11 show the control duplex and
integrated sensor constructs photo-irradiated in the
’Mg-Na’ buffer (50 mM Tris-Cl, pH 7.9, 2.5 mM
MgCl2, 100 mM NaCl and 0.1 mM EDTA) with no
added adenosine. Lanes 5 and 12 included 2.5 mM
adenosine, and lanes 6 and 13 included 2.5 mM uri-
dine. Lanes 3 and 10 show background piperidine
cleavage (using the same conditions as with the oth-
er samples) for non-photo-irradiated ("dark") con-
trols for the duplex construct and for the AQ-labeled
sensor construct, respectively. Lanes 1 and 8 show
constructs that were neither irradiated nor piperid-
ine-treated, while lanes 2 and 9 show constructs that
were photo-irradiated but not piperidine treated.
Lanes 7 and 14 show controls where 32P-end la-
beled constructs tacking AQ were photo-irradiated
in the presence of unlabeled constructs possessing
the AQ-functionality. Maxam-Gilbert sequencing re-
actions were used to generate the "G" and "C+T"
ladders. All photo-irradiation was with a 366 nm low-
pressure lamp for 90 minutes (45 minutes for double-
stranded controls) at 18°C, from a distance of 4 cm.
Samples where then piperidine treated and run on
a 12 % sequencing gel (11 % for double stranded
control).

Figure 13(b) are phosphorimager traces as in Figure
13(a) but carried out in Mg buffer (50 mM Tris-Cl, pH
7.9, 2.5 mM MgCl2, and 0.1 mM EDTA) with photo-
irradiation of 120 minutes at 18°C.

Figure 14 is a graph showing adenosine-depend-
ence of cleavage at the distal guanines of the "inte-
grated-ligand" sensor construct. Samples of the sen-
sor construct (0.5 PM) were photo-irradiated for 90
minutes at 18°C in Mg buffer containing or not con-
taining Na, in the presence of various adenosine con-
centrations. Following irradiation, samples were pip-
eridine treated and loaded on sequencing gels.
Strand cleavage, quantitated in a phosphorimager,
were corrected against ’dark,’ non-irradiated, con-
trols and normalized for the maximal observed cleav-
age.

Figure 15(a) shows the structure and sequence of
the "coupled-ligand" sensor. The ATP aptamer do-
main is indicated as boxed, while the two bound ad-
enosines are indicated by outlined A’s. Guanine dou-
blets in the 5’-32P-end labeled strand used to mon-
itor charge transfer to the Sensor and Detector stems
are indicated as "x", "y", and "z". The AoG mismatch
at the junction was used since it gave superior results
relative to Watson-Crick base pairs at that position.
The arrow, on an adenine at the junction, indicates

an adenine that showed an unusually high cleavage
(see 15(b), lane 4, below).

Figure 15(b) are Phosphorimager traces of strand-
cleavage data from the "coupled-ligand" sensor con-
struct, irradiated at 18°C for 180 minutes in the ’Mg-
Na’ buffer. Lanes 3-5 show cleavage results in the
presence of 2.5 mM uridine (lane 3); 2.5 mM adeno-
sine (lane 4); and, buffer alone (lane 5). Lanes 1 and
2 show the Maxam-Gilbert "G" and "C+T" ladders,
respectively. Lane 6 shows the background piperid-
ine cleavage of the non-irradiated construct.

Description

1.0 Description of Alternative Embodiments

[0020] As used in this patent specification, the follow-
ing terms shall have the following respective meanings:

"analyte" means a molecular entity capable of bind-
ing to a receptor. Analyte may include chemical com-
pounds, such as hormones or drugs, antigens, met-
abolic cofactors, nucleotides, nucleic acid segments,
ligands, peptides, proteins, carbohydrates, fats or
any other organic or inorganic materials capable of
binding to a receptor.

"aptamer" means a single or multi-stranded non-nat-
urally occurring nucleotide sequence that functions
as a receptor. Aptamers may be identified by in vitro
selection methods such as SELEX.

"oligonucleotide stem" means singly or multi-strand-
ed RNA, DNA or nucleic-acid like molecules capable
of base pairing and permitting charge conduction un-
der suitable conditions. The term includes stems
composed of non-naturally occurring nucleic acid
analogues, modified nucleic acids, non-standard nu-
cleic acids and composite DNA/RNA constructs.

"receptor" means a site on a sensor capable of bind-
ing an analyte. The term receptor includes aptamers
capable of binding analytes which do not ordinarily
bind to DNA.

[0021] This application relates to sensors 10 for elec-
trically sensing the presence (and optionally the concen-
tration) of analytes 12. As described below, sensors 10
may be configured to bind to a wide range of target an-
alytes 12, such as antigens associated with particular
disease states.
[0022] As shown generally in Figure 1(a), sensor 10
includes a first oligonucleotide stem 14 and a second
oligonucleotide stem 16 which are connected together
at a junction 18. Stems 14, 16 may consist of double
helical DNA, for example. In other embodiments oligo-
nucleotide stems 14, 16 may comprise other nucleic acid
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constructs, including constructs containing synthetic or
modified nucleic acid residues capable of base pairing.
[0023] Sensor 10 also includes a receptor 20 which
forms part of junction 18 or is located proximate thereto.
Receptor 20 may consist of any organic or inorganic site
capable of binding to an analyte. By way of example,
receptor 20 may consist of a nucleic acid aptamer se-
quence selected to bind to a target analyte.
[0024] In the illustrated embodiment first stem 14 func-
tions as an electron donor and second stem 16 functions
as an electron sink (although the reverse configuration
would function similarly so long as a net charge transfer
in either direction is established). As described in detail
below, sensor 10 is alterable between a first conforma-
tional state shown on the left side in Figure 1(a) where
the structure of junction 18 substantially impedes charge
transfer between the first and second stems 14, 16, and
a second conformational state shown on the right side in
Figure 1(b) permitting charge transfer through junction
18 between first and second stems 14, 16. Sensor 10
switches between the first and second conformational
states when analyte 12 binds to receptor 20. In other
words, the binding of analyte 12 and receptor 20 triggers
a conformational change in sensor 14 resulting in a de-
tectable change in charge transfer between first and sec-
ond stems 14, 16. The conformational change may con-
sist of adaptive folding, compaction, structural stabiliza-
tion or some other steric modification of junction 18 in
response to analyte binding which causes a change in
the charge transfer characteristics of sensor 10.
[0025] As shown in the embodiment of Figure 1(a),
aptamer 20 is physically coupled to junction 18 but does
not form a portion thereof. In this embodiment receptor
20 is located proximate to first and second stems 14, 16
but it does not form part of the conductive path in the
second conformational state. This is sometimes referred
to herein as the "coupled aptamer" or "coupled-ligand"
embodiment. As shown in the alternative embodiment of
Figure 1(b), aptamer 20 may form an integrated portion
of junction 18 and hence part of the conductive path be-
tween first and second stems 14, 16 in the second con-
formational state (i.e. when analyte 12 binds to aptamer
20). This is sometimes referred to herein as the "integrat-
ed aptamer" or "integrated ligand" embodiment.
[0026] As shown in Figure 1(a) sensor 10 may also
optionally include a third oligonucleotide stem 22. Stem
22 may comprise aptamer 20 and may be joined to first
and second stems 14, 16 at junction 18. In this embodi-
ment junction 18 therefore consists of a three-way junc-
tion. Sensor 10 may also comprise four-way or other mul-
tiple stem junctions as described further below.
[0027] Sensor 10 further includes a charge flow induc-
er 24 for controllably inducing charge transfer between
first and second stems 14, 16 in the second conforma-
tional state. In one embodiment of the invention, the
charge flow inducer 24 may comprise a chemical trigger
coupled to second stem 16. For example, inducer 24 may
consist of a photoexcitable, chemiexcitable or electro-

chemically excitable moiety which functions as a power-
ful oxidizing agent in its excited state. By way of example,
suitable photoexcitable charge flow inducers 24 may in-
clude anthraquinone (AQ) or rhodium (III) complexes with
aromatic ligands (anthraquinone is shown as a charge
flow inducer in the illustrated embodiment). As will be
appreciated by a person skilled in the art, inducer 24
could alternatively comprise a powerful reducing agent
configured to cause net charge flow (i.e. in the direction
opposite to that shown by the arrow in Figures 1 (a) and
1 (b)) when triggered.
[0028] Charge transfer within sensor 10 may be de-
tected either directly or indirectly in different embodi-
ments of the invention. As shown in Figure 1 (a), sensor
10 may include a detector 26 coupled to first stem 14 for
directly detecting charge transfer between first and sec-
ond stems 14, 16 in the second conformational state.
Detector 26 may comprise, for example, a semi-conduc-
tor chip or some other conductive surface for direct cur-
rent measurements. In a comparative example, charge
flow inducer 24 may be omitted if stems 14, 16 are each
directly connected to electrodes or other conductors (not
shown) for directly inducing and measuring charge trans-
fer between stems 14, 16.
[0029] The use of DNA-based sensors 10 for direct
electrical or electrochemical measurements has many
potential advantages in the field of gene chip technology.
The technology for attaching DNA molecules to gold sur-
faces has already been worked out and optimized 31. Di-
rect measurement of differences in charge transfer could
be employed to achieve rapid and automated chip-based
detection of small molecules as well as of proteins, mac-
romolecules and other analytes 12.
[0030] In another embodiment of the invention, charge
transfer in the second conformational state may be de-
tected indirectly. For example, inducer 24 may be select-
ed to function, when triggered, as a powerful oxidizing
agent causing the formation of oxidation products. As
described in detail below, the position of oxidation prod-
ucts along a DNA strand may be detected by sequencing
gel-electrophoresis to indirectly detect charge transfer.
As mentioned above, one mechanism for explaining the
electrical conductivity of double-helical DNA is by means
of a "multi-step hopping reaction" whereby guanine res-
idues donate electrons when subjected to oxidization.
When triggered, inducer 24 acts as an electron sink ca-
pable of collecting electrons from guanines via genera-
tion of a mobile radical cation, or electron hole, within the
DNA duplex. This effect has been reported distances ex-
ceeding 200 Å away from the ligand15a,b). According to
the hopping reaction mechanism, the radical cation
moves from guanine to guanine (guanine is the base with
the lowest ionization potential). A guanine upon which
the mobile radical cation is transiently localized is some-
what susceptible to reaction with water and dissolved
oxygen, leading to the formation of oxidation products
such as diaminooxazalone and 2-aminoimidazalone16.
The position of the latter products along a DNA strand
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can readily be detected by sequencing gel-electrophore-
sis, since these products are base-labile and cause site-
specific DNA strand cleavage when treated with hot pip-
eridine. It has been noted, in particular, that stretches of
guanines, e.g. GG or GGG on a given strand, are espe-
cially susceptible to oxidation, with the 5’-most guanine
of these stretches usually the most oxidizable.
[0031] It is therefore believed that conduction through
a regularly ordered DNA helix (Figure 2(a)) depends up-
on (a) the continuity of the π-stacking interactions of the
base pairs, and (b) on successive G-C base pairs in the
duplex being separated by no more than approximately
2 A-T base pairs. Other considerations apply in the case
of more complex structures, such as the sensors 10 of
the present invention. As shown in Figure 2(b), two un-
paired nucleotides (i.e. non-Watson-Crick base pairs)
may be located at or near junction 18. Guanine electron-
donation may be dependent upon the specific conforma-
tion of the three-way junction 18. In a standard three-way
junction 18 (Figure 2(c)) steric interference between the
three oligonucleotide stems 14, 16, 22 will normally pre-
clude ordered coaxial stacking of any two of the three
stems. Therefore the passage of electrons from the
guanines (shown as dark stubs in the drawings) of first
stem 14 to moiety 26 connected to second stem 16 is
less efficient relative to donation by the equivalent gua-
nine in a conventionally ordered double helix. However,
the presence of two unpaired nucleotides at or near junc-
tion 18 (Figure 2(a)) does allow a 3-way junction to co-
axially stack two of its three stems 14, 16, 22. Variables
affecting the efficiency of base pair stacking in the region
of junction 18 include the identity of the base pairs at the
junction itself as well as reaction conditions, such as the
ionic conditions of the solution.
[0032] As indicated above, anthraquinone is conven-
ient for use a charge flow inducer 24 since it is a chem-
ically robust entity that is not easily damaged by changes
in temperature or pH. However, other such reagents are
known (including other organic moieties, as well as var-
ious ruthenium and rhodium organometallic complexes
containing aromatic ligands capable of intercalating into
DNA), that are also suitable as photooxidants14. The ru-
thenium and rhodium complexes, moreover, used to-
gether, can be used in a fluorescence-quenching detec-
tion method for monitoring charge conduction through
DNA.
[0033] As will be apparent to a person skilled in the art,
different means for directly and indirectly measuring
changes in DNA confirmation and conductivity are de-
scribed in the literature and may be used in conjunction
with the present invention. Fluorescence methods have
traditionally dominated instrumentation for DNA analysis:
The disadvantages of fluorescent labeling are cost, lin-
earity, sensitivity and the inherent need for analyte labe-
ling. The detection of electrical properties of DNA through
charge transfer reactions is also known in the art. For
example, Barton and co-workers have used electroca-
talysis to detect single-base mismatches in double-

stranded DNA immobilized on a gold electrode surface
by means of a thiol tether. Charge transport through the
DNA duplex was detected as it shuttles from a redox-
active DNA intercalator (methylene blue) to a redox spe-
cies (ferricyanide).21 Direct measurement of current fluc-
tuations on a gold or other metal surface offers an attrac-
tive alternative to traditional fluorescence quenching.
[0034] The present invention could be adapted for use
with other data readout systems for identifying changes
in electrical conductivity caused by analyte binding and
for amplifying target signals to enhance sensitivity. For
example, possible detection strategies include surface-
enhanced resonance Raman scattering, surface plas-
mon resonance methods, acoustic wave sensors, and
mass spectral analysis.
[0035] As illustrated in Figure 3(a)-(d), sensor 10 may
comprise a composite of different forms of nucleic acids
in some embodiments of the invention (e.g. DNA, RNA
and other modified or synthetic nucleotides). In the cell,
DNA is found essentially in a double-helical form (except
in specialized elements, such as telomeres), whereas
cellular RNAs are found in a wide variety of complexly
folded shapes. Consequently, too, there is a larger vari-
ety of modes of protein-RNA interaction found in nature,
relative to modes of DNA-protein interaction. In addition,
in vitro selection experiments have been carried out for
a substantially larger number of RNA aptamers than DNA
aptamers (although individual RNA and DNA aptamers
are often of comparable quality, complexity, and ligand-
binding affinity)14. The large number of naturally occur-
ring binding sites and aptamers made of RNA may be
exploited in the design of sensors 10. For example, sen-
sors 10 may be formed wholly from RNA, in which case
charge conduction occurs through double-helical RNA.
In modular sensors 10 a wholly DNA conduction path
(i.e. oligonucleotides 14, 16) is coupled to a wholly RNA
receptor 20. In mixed sensors 10 the conducting path
itself (i.e. oligonucleotides 14, 16) may comprise a RNA-
DNA heteroduplex (Figures 3(a) and 3(b)).
[0036] As will be appreciated by a person skilled in the
art, indirect detection of charge transfer in oligonucleotide
stems 14, 16 comprising RNA double helices may require
different protocols than double-stranded DNA. As de-
scribed above, oxidation damage at specific guanines in
DNA is generally observed by heating DNA with piperi-
dine, a process that leads to strand cleavage at the dam-
aged guanines. With RNA, however, this procedure can-
not be used, since RNA will be hydrolyzed non-specifi-
cally by hot piperidine solutions. As an alternative, RNA
double helices (in which one strand has been covalently
derivatized at its 5’ end to a charge flow inducer 24, such
as an anthraquinone moiety), may be treated with boro-
hydride followed by hot aniline. This protocol is used to
generate a dimethylsulfate G-ladder22 for RNA, and it is
expected that it will work similarly to detect oxidation
products of guanines derived from RNA double helices.
Of course, other direct or indirect charge transfer detec-
tion means could be employed as discussed above in
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the context of DNA double helices.
[0037] Sensors 10 constructed from RNA stems 14,
16, 22 and receptors 20 may be useful for the detection
of specific types of RNA-binding analytes 12, such as
HIV Rev proteins. The small HIV-coded proteins, Tat and
Rev, are among the best characterized of all RNA-bind-
ing proteins23. Their function is to bind to specific binding
sites in the HIV genomic RNA (at the TAR and RRE RNA
loops), and the binding of both proteins is crucial for the
HIV life-cycle23. In structural terms, the binding of Tat to
TAR and Rev to RRE, have the property of causing adap-
tive folding of these RNA loops to compact and stacked
structures. High resolution NMR structures of both the
TAR24 and RRE25 RNAs (with and without bound protein)
have indicated induced-fit folding of these RNA loops.
The binding of Rev to RRE, in particular results in the
closing of a large, and largely unstructured, bulge into a
tightly hydrogen-bonded and stacked structure25. This
RRE loop will, therefore, lend itself to incorporation into
an RNA sensor 10, for use as a receptor 20 of the HIV
Rev protein analyte 12.
[0038] The inventors have obtained a clone for HIV
Rev, and purification of this protein is fairly simple. The
RNA for constructing the sensors 10 may be obtained
using the in vitro T7 RNA polymerase system for under-
ivatized RNAs, and from chemical synthesis (where the
RNA needs to be derivatized with anthraquinone).
[0039] Figures 3(a) and 3(b) illustrate modular RNA
sensors incorporating RNA-DNA chimaeric stems 14, 16.
Mixed sensors 10 comprising a simple RNA/DNA heter-
oduplex are shown. A study on such heteroduplexes has
recently been carried out by Barton26, and it has been
found that they do indeed conduct charge similarly to
DNA26. The advantage of using RNA-DNA heteroduplex-
es (relative to duplex RNA) is that the guanines used for
monitoring conduction can all be placed on the DNA
strand and, hence, standard hot piperidine treatment can
be carried out to detect oxidative damage to these
guanines.
[0040] Depending upon the application, receptors 20
comprising RNA aptamers may be more effective in bind-
ing a target analyte 12 than DNA aptamers. However,
the sensitivity of detection may be dependent upon other
factors as well, such as the "conformational information
transmission" properties of the linking element (i.e. the
structure or "communication module" connecting recep-
tor 20 to the 3-way junction 18 and to the conducting
stems 14, 16).
[0041] As indicated above, sensors 20 may comprise
a fourth or other supplementary oligonucleotide stem 28
which is joined to stems 14, 16 and 22 at a 4-way junction
18 (Figures 3(c) and 3(d)). The properties and conforma-
tional transitions of 4-way helical junctions 18 (immobile
Holliday Junctions) have been studied extensively, using
a wide variety of techniques (reviewed in ref. 26a), and
their conformational properties are, on the whole, better
understood than those of 3-way junctions 18. Unlike 3-
way junctions, in which, depending on the context, two

of the three (or none of the three) stems 14, 16, 22 may
stack with each other (and, with different degrees of co-
linearity), 4-way junctions 18 typically adopt a standard
stacked geometry under physiological salt conditions,
with the four stems 14, 16, 22, 28 stacking up in pairs to
give an X-shaped structure (shown in two dimensions as
an ’H’ shape in Figures 3(c) and 3(d), right). The choice
of which 14, 16, 22, 28 stacks with which other is signif-
icantly determined by the identity of the base-pairs at the
junction itself. Under low-salt conditions, however, 4-way
junctions adopt an opened up, cross-shaped conforma-
tion (Figures 3(c) and 3(d), left) with minimal stacking
between the four stems 14, 16, 22, 28.
[0042] In accordance with one embodiment of the in-
vention, sensor 10 may be configured so that one of the
four stems (e.g. stem 22 in Figures 3(c) and 3(d)) is a
relatively unstructured receptor 20. According to this de-
sign, junction 18, in the absence of added analyte 12,
will adopt a looser structure than the tight X-structure of
authentic 4-way junctions (i.e. resembling the looser
structure shown in Figures 3(c) and 3(d), left). The bind-
ing of analyte 12 to receptor 20, however, should fold
that bulge into a helix-like stem; and, the presence, now,
of this additional stem, should favour the formation of the
classic X-shape. In such a design, one of the three pre-
existing stems of the junction would be designated the
first or detector stem 14its identity empirically determined
as that stem, most responsive-- in terms of enhanced
charge conduction through its guanines-- to binding of
analyte 12.
[0043] Depending upon their configuration, 4-way
junction-based sensors 10 may provide sharply differen-
tiated yes/no responses to the presence of analyte (given
their propensity of 4-way junctions 18 to exist in one of
two states-stacked or unstacked). It is also possible that
better signal-to-noise ratios may be achieved with 4-way
junction sensors 10 than with their 3-way junction coun-
terparts. As will be appreciated by a person skilled in the
art, five-way or higher number junctions 18 may be sim-
ilarly employed in embodiments of the invention where
more complex switching functionalities are desirable.
[0044] As shown in Figures 4(a) and 4(b), sensors 10
may be specifically configured to detect protein analytes
12. In one mode, binding of the protein analyte 12 to
receptor 20 physically inteferes with the electronic path
between sterns 14, 16 (and hence is detectable as re-
duction in charge transfer). In a second mode, the protein
analyte binds to receptor 20. which may comprise a com-
plexly structured DNA or RNA binding site, and cause an
adaptive tightening and stabilization of that binding site
(which, in turn, can be transmitted to stabilize or improve
the charge conduction path).
[0045] Figure 4(a) illustrates the binding of a relatively
large protein analyte 12 to an aptamer element (for a
non-DNA-binding protein) located at receptor 20 on stem
22. In this embodiment receptor 20 is located proximate
to 3-way junction 18. Binding of the protein analyte 12 to
receptor 20 could, by a process of physical interference
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by the protein (if the protein were bulky enough and po-
sitioned correctly with respect to the 3-way junction 18),
alter the stacking geometry and, hence, the conduction
path between stems 14, 16. As will be appreciated to a
person skilled in the art, the specific location and orien-
tation of receptor 20 on stem 22 (such as its distance
from junction 18 and its position along the helical path of
the stem) could be selected to ensure a steric clash of
the bound protein with the first and second stems 14, 16.
[0046] The sensor design shown in Figure 4(a) is con-
figured to detect the binding of the cognate protein ana-
lyte 12 by a net decrease of charge flow through stems
14, 16. Alternatively sensor 10 could be configured to
yield an increase in current upon analyte binding. This
may necessitate starting out with a different design of 3-
way junction 18, perhaps such that the second stem 16
is initially stacked with the third stem 22 (containing
aptamer 20) rather than the first stem 14.
[0047] Another potential way to detect the binding of
certain protein analytes 12 (ideally, smaller proteins)
might be on the basis of the adaptive folding of their RNA
and DNA binding site(s) on receptor 20 (Figure 4(b) ). In
exhibiting such binding behaviour, these proteins would
functionally resemble the small molecule analytes 12
(discussed above).
[0048] Figure 5 illustrates an example comparative
sensor for use in binding and detection of nucleic acid
analytes 12 (i.e. DNA or RNA oligomers). In this embod-
iment incomplete 3-way junctions 18 will be constructed,
which will incorporate two complete stems 14, 16, coax-
ially stacked, as well as one of the two strands of a po-
tential third stem 22. This dangling single-strand stem 22
would, essentially function as a receptor 20 for its com-
plementary nucleotide sequence. In principle, the binding
of an oligonucleotide of the correct length and with the
correct complementarity to the dangling single-strand
stem 22 (under defined conditions of hybridization) would
complete a strained 3-way junction 18 (Figure 5). In the
illustrated embodiment, this results in the introduction of
an enhanced steric strain in junction 18. The poor stack-
ing of helical stems 14, 16 in such a strained junction 18
(i.e. in the second conformational state) would lead to
poorer conduction in first stem 14 relative to its more
orderly stacked precursor (in the first conformational
state). The single-stranded element comprising receptor
20, 15-18 nucleotides long, could in principle have any
sequence or length, although the illustrated embodiment
is on the order of 15 - 18 nucleotides long. Receptor 20
could even represent collection of sequences to make
up a library sufficient to specify every 15-18-nucleotide
stretch of sequence present within a 109 base pair ge-
nome.
[0049] The present invention also has potential appli-
cation as a DNA conductor used in gene chips. Such
chips typically consist of arrays of single-stranded oli-
gomers which are poor conductors. When, however, a
complementary strand hybridizes to a given oligomer on
the chip, that newly-formed double helix can be detected

by virtue of its superior conductivity. This is an interesting
conception; however the conductivity of individual double
helices formed in this way will vary widely (depending on
the guanine-content of the duplex, and the location of
those guanines relative to one another). In other words,
the electrical signal measured will vary, depending on
what duplex has been produced, and this may give rise
to ambiguity as to whether a positive (i.e. hybridization)
signal is being observed or not.
[0050] One advantage of Applicant’s invention as de-
scribed above is that the two stacked stems 14, 16 mak-
ing up the charge flow path could remain constant for the
entire library and hence a clear signal will be generated
for every single case of hybridization of a target analyte
12 to a receptor 20, for example located on a third stem
22. Thus, a hybridization event to a receptor 20 of any
sequence should produce a standard conductivity en-
hancement (or decrease, as the case may be) in the con-
duction path as the sensor switches between the first and
second conformational states.
[0051] As will be apparent to a person skilled in the art,
various enhancements and modifications to the
DNA/RNA conductor backbone and switching configura-
tions of sensors 10 are possible without departing from
the invention. For example, as indicated above, the struc-
ture of the nucleotide stems 14, 16, 22 and aptamer se-
quences at receptor site 20 may be varied to include non-
naturally occurring molecules, including nucleic acid an-
alogues and nucleic acid-like molecules capable of base
pairing. The synthesis and properties of modified oligo-
nucleotides has been described in the literature (e.g.
Modified oligonucleotides synthesis, properties and ap-
plications, lyer et al., Current Opinion in Molecular Ther-
apeutics (1999) 1(3):344-358; Backbone Modification of
Nucleic Acids: Synthesis, Structure and Therapeutic Ap-
plications, Micklefield, Current Medicinal Chemistry,
2001, 8, 1157-1159. Synthetic oligonucleotides could be
configured, for example, to increase stability to enzymatic
degradation, enhance affinity for binding to target ana-
lytes 12 or to optimize electrical conductivity.
[0052] Sensors 10 of the present invention are also
potentially useful as nanoelectronic switches and junc-
tion devices simulating solid state electronic logic gates.
As shown in Figure 6 - 9, each DNA sensor 10 is operable
in one of two distinct states (e.g. "on" or "off" or "conduct-
ing" or "non-conducting"). Figure 6 shows an "AND" logic
gate. As in several of the other embodiments described,
a charge flow inducer 24, such as the oxidant anthraqui-
none "AQ", is tethered covalently to the end of a second
stem 16. A pair of receptors 20(a) and 20(b) are disposed
between the first and second stems 14, 16. In order to
achieve electron flow in this embodiment between stems
14, 16, both of analytes 12(a) and 12(b) must bind to their
respective receptors 20(a) and 20(b). That is, binding of
only one analyte 12(a), 12(b) is not sufficient to trigger
electron flow between stems 14, 16.
[0053] Figure 7 shows a "NAND" logic gate. In the
"NAND" gate embodiment receptors 20(a) and 20(b) are
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configured to ordinarily not interrupt electron flow be-
tween the first and second stems 14, 16. However, when
both of analytes 12(a) and 12(b) bind to their respective
receptors, stems 14, 16 undergo a conformational
change resulting in cessation or a reduction in electron
flow (e.g. sensor 10 switches from the first to the second
conformational state). As will be appreciated by a person
skilled in the art, other logic gate configurations employ-
ing coupled receptor sensors 20 could be chosen, such
as "OR", "NOT", depending upon the functionality re-
quired.
[0054] Figures 8 - 9 and illustrate a similar concept
employing a single coupled receptor sensor 10 disposed
at junction 18 between first, second and third stems 14,
16 and 22. In Figure 8 the gate is ordinarily "ON" but may
be switched "OFF" upon the binding of analyte 12 which
alters the conformation of at least some of stems 14, 16,
22 at three-way junction 18. The opposite configuration
is shown in Figure 9. That is, the logic gate is ordinarily
"OFF" but may be switched "ON" upon the binding of
analyte 12. These examples highlight the versatility and
scalability of the coupled receptor sensor/switch concept
described herein (i.e. where analyte binding event(s) are
transformed into electrical signal(s)).
[0055] Figure 10 illustrates an in vitro selection proto-
col approach for rationally designing sensors 10 for dif-
ferent categories of small molecules and macromole-
cules or other analytes 12. The protocol may be poten-
tially employed to select receptors 20 for any molecule
(regardless of whether there exists any natural RNA/DNA
binding site for such a molecule or, indeed, an aptamer).
[0056] Figure 10 shows the design of a random se-
quence-containing library of 1014-15 individual sequenc-
es, and a scheme for the selection of receptors 20, to be
carried out in the solution phase (as opposed to being
immobilized on a column). A random sequence duplex
DNA library (Figure 10, top), containing an N40 random
sequence region as well as a single 8-oxoguanine (8G)
residue (a highly oxidizable base analogue27, superior
to guanine, but too expensive to use routinely) in one of
the two strands, will be treated in a standard fashion to
obtain the 8G-containing strand as a single strand (the
protocol for doing this involves immobilizing the duplex
onto an avidin column using a single biotin attached to
the non-8G-containing strand, and then eluting off the
other strand with a 0.2N sodium hydroxide solution). The
single-stranded library so obtained will be hybridized to
a fixed-sequence, partially complementary, AQ strand
(i.e. the second stem 16), containing a covalently at-
tached anthraquinone residue on its 5’ end. The hybrid-
ization of the library strand with the second stem 16
should give rise to a partial heteroduplex (Fig. 10, right),
in which the N40 element is looped out. It is anticipated,
based on prior experience in the field10, that aptamer- or
receptor binding-elements for particular analytes will
emerge out of this N40 element during the cycles of se-
lection.
[0057] The following, then, are the detailed features of

this starting DNA complex (Fig. 10, right) for our selec-
tions: the AQ strand, 45. nucleotides long, and of prede-
termined sequence, will have at its 5’ end a covalently
tethered anthraquinone (AQ) moiety. The other strand
(the "random strand"), 80 nucleotides long, will have, as
its 5’ and 3’ extremities, a 15-nucleotide and a 25-nucle-
otide fixed sequence stretches, fully complementary to
the AQ strand. In the remaning 40 nucleotides of this
random strand (N40) each nucleotide position will have
an equal probability of being an A, G, C, or T (the gen-
eration of such random-sequence stretches within syn-
thetic DNA molecules is routinely achieved by automated
synthesis). The "random" strand will also be 32P-labelled
at its 5’ end, and will feature the single 8-oxoguanine
residue, located 10 nucleotides away from the 5’ end.
[0058] Figure 10 shows how the binding of a chosen
analyte (i.e, ligand) to one or more individual sequences
within the N40 element (that might constitute a binding
site, or aptamer, for it)-- may lead to an adaptive folding
of this binding sequence, in turn leading to an aligning
and stacking of the first and second stems 14, 16, en-
hancing the current flow through them (with enhanced
oxidative damage to the 8-oxoguanine residue). In other
words, the tight binding of analyte to one or more indi-
vidual members of the ’random’ DNA constructs, might,
at least in a proportion of cases, lead to enchanced oxi-
dative damage to the 8-oxoguanine residue within those
constructs. Heating with piperidine will then break these
oxidized strands, shortening them by 10 nucleotides rel-
ative to unoxidized strands. These shortened strands can
easily be separated and purified by gel electrophoresis,
recovered, and re-converted, using PCR, to full-length
random strands to be used for the next round of selection.
[0059] In carrying out such a selection we will have to
take certain key precautions: (a) the unirradiated "ran-
dom strand" library will need to be pre-heated (prior to
the first round of selection) with piperidine, to eliminate
DNA strands that have collected lesions during automat-
ed DNA synthesis. Such a pre-treatment with piperidine,
in the absence of prior oxidation, should not harm the 8-
oxoguanine residue, which is relatively insensitive to pip-
eridine. However, if this pre-treatment leads to a high
’background’ cleavage at the 8-oxoguanine, we can
switch to GG or GGG sequences to replace the 8-oxo-
guanine in our library design. (b) Stringent negative se-
lections (i.e. in the absence of added analyte) will be car-
ried out, to element random sequences that contribute
to enhanced current flow along the first and second stems
even in the absence of added analyte.
[0060] A feature of the design shown in Fig. 10 is the
presence of four ostensibly unpaired nucleotides (GCTA)
at the centre of the second stem 16. These will permit a
degree of flexibility in the choice of junction base pairs
by emerging 3-way junction sensors during selection.
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2.0 Examples

2.1 Example Synopsis

[0061] Figures 11-15 illustrate an illustrative embodi-
ment of the invention for detecting the presence of the
analyte adenosine, which binds poorly, if at all, to double-
stranded DNA but for which a high-affinity (Kd

- PM) DNA
aptamer sequence has been derived28. NMR studies
have confirmed that this aptamer, upon binding two mol-
ecules of adenosine, shows a typical adaptive folding,
forming a tightly hydrogen-bonded and stacked helical
structure29. Accordingly, in this example, analyte 12 is
adenosine and receptor 20 is the adenosine aptamer se-
quence. Antraquinone is used as a charge flow inducer
24, namely a photoexcitable moiety covalently coupled
to second stem 16 for controllably inducing charge trans-
fer.

2.2 Materials and Methods

2.2.1 DNA Preparation.

[0062] Unmodified DNA sequences were purchased
from Sigma-Genosys and purified by PAGE before use.
Sequences to be 32P-end-labeled were pre-treated with
10% piperidine (90°C for 30 minutes followed by lyophi-
lization) prior to 5’ -32P-kinasing and PAGE purification.
Such a pre-treatment cleaved DNA molecules damaged
during synthesis, leading in turn to lower background
cleavages from photo-irradiation experiments, as previ-
ously described30.
[0063] DNA sequences to be derivatized with an-
thraquinone were synthesized with a commercially avail-
able 5’-C6- amino functionality, and were purchased from
the University of Calgary Core DNA Services. Generation
of anthraquinone-modified DNA sequences was accom-
plished by reacting the N-hydroxysuccinimide ester of
anthraquinone-2-carboxylic acid31 with the 5’-C6-amino
functionality on the DNA. Coupling and purification pro-
tocols were as described for amine reactive dyes by Mo-
lecular Probes32 with some modifications.
[0064] Prior to coupling, the DNA was treated to re-
move nitrogenous contaminants from the DNA synthesis
procedures. The dried DNA samples were first suspend-
ed in 100 Pl ddH2O, and were extracted three times with
100 Pl of chloroform. The DNA remaining in the aqueous
phase was then precipitated by the addition of 30 Pl 1M
NaCl and 340 Pl 100% EtOH. Following mixing, the sam-
ple was chilled on dry ice for -10 minutes, and then cen-
trifuged in a microfuge for 20 minutes to pellet the DNA.
The pellet was washed once with 150 Pl of 70% aqueous
ethanol (v/v). Following air-drying the pellet was dis-
solved in 100 Pl ddH2O, the DNA concentration of the
solution was determined in a standard fashion using UV
absorbance measurements.
[0065] The AQ-NHS ester (4.8 mg) was dissolved in
238 Pl dimethylformamide. For each coupling reaction,

7 Pl of this stock suspension was added to 75 Pl of a 100
mM sodium borate solution (pH 8.5). To the resulting
mixture was added 8-15 Pl (5-10 nmoles) of the purified
amino-labeled DNA. The tubes containing the coupling
mixtures were covered in aluminum foil and shaken over-
night at room temperature. The DNA was then ethanol
precipitated by addition of 27 Pl of 1M NaCl and 280 Pl
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, sus-
pended in 50 Pl of 100 mM aqeous triethylamine acetate
(pH 6.9), to which was added 100 Pl chloroform. The
uncoupled anthraquinone partititioned into the chloro-
form phase, and the aqueous phase was now extracted
two more times with 100 Pl chloroform, prior to partial
drying under vacuum to remove any residual chloroform.
The DNA obtained was then purified by reverse phase
chromatography on an HPLC using a C18 Bondapack
column (Waters).
[0066] The HPLC protocol was as follows. The solvent
flow was continuous at 1 ml/minute, and the column was
heated to 65°C. The initial conditions were: 100 % Sol-
vent A (20:1 of 100 mM triethylamine acetate, pH 6.9 :
acetonitrile) changing to 30% Solvent B (100% ace-
tonitrile), over 30 minutes and with a linear gradient. After
this period, the solvent was rapidly changed to 100%
Solvent B, for 15 minutes, before reconditioning the col-
umn to the starting conditions.
[0067] The concentrations of the various products of
the coupling reactions could be determined spectroscop-
ically. Absorbance values for the conjugate were made
at 260 nm, using extinction coefficients for the individual
bases obtained for single stranded DNA. ε (260 nm,
M-1cm-1): adenine (A) = 15,000; guanine (G) = 12,300;
cytosine (C) = 7,400; thymine (T) = 6.700; and, anthraqui-
none (AQ) = 29,000. Typical yields of AQ-DNA conju-
gates ranged from 50-85% depending on the sequence
of the DNA oligonucleotide being coupled, and the syn-
thetic batch.

2.2.2 Preparation of DNA Assemblies.

[0068] DNA assemblies were formed by annealing
mixtures of constituent DNA oligonucleotides (1 PM
each) in 100 mM Tris-Cl, pH 7.9, and 0.2 mM EDTA. DNA
solutions were heated to 90 °C for 2 minutes, and then
cooled at a rate of 2°C/minute to a final temperature of
20 °C. The solutions were then diluted two-fold with either
5 mM MgCl2, or with 5 mM MgCl2 and 200 mM NaCl (the
final solutions being defined as the ’Mg’ and ’Mg-Na’ buff-
ers, respectively). These solutions also contained 2x con-
centrations of adenosine or uridine in some samples. Af-
ter mixing, the samples were incubated for approximately
30 minutes at room temperature before photo-irradiation.
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2.2.3 Photo-irradiation.

[0069] Pre-incubated samples were placed under a
UVP Black-Ray UVL-56 lamp (366 nm peak intensity, at
18 W) for 90 minutes at a distance of 4 cm from the bulb.
Temperature was maintained by having the samples
tubes placed in a water bath set to the desired temper-
ature. Following photo-irradiation, the samples were
lyophilized, and then treated with hot piperidine as de-
scribed above. The treated DNA samples were then load-
ed on 11-12 % sequencing gels and analyzed using a
BioRad Phosophorimager.

2.3 Results

2.3.1 The Integrated-Ligand Sensor.

[0070] Experimentally, the most sensitive way to mon-
itor changes in electrical conductivity at the level of indi-
vidual nucleotides is to electrophoretically monitor DNA
strand cleavage resulting from base-labile oxidative
damage suffered by individual guanines33. This method
of monitoring charge transport, often termed "water trap-
ping", has been successfully used to monitor the long-
range effects (> 150 Å)34-35a of a variety of oxidant groups
covalently attached at defined sites on the DNA (re-
viewed by Grinstaff35b). Figure 12 shows the DNA se-
quences and schematic of a potential "integrated" ade-
nosine sensor, and of a "control" Watson-Crick duplex
construct (the 32P-labeled strand is identical in the two
constructs). The 5’ 32P-labeled strands in the constructs
contain guanine doublets (GG) on either side of the ATP
aptamer domain (or its Watson-Crick base-paired coun-
terpart). The proximal ("P") guanine doublet allows con-
venient monitoring of charge transfer in the second (i.e.
AQ stem) 16, while the distal ("D") doublet permits the
same for the first (i.e. detector) stem 14. Guanine dou-
blets have been used in preference to isolated single
guanines for charge transfer measurements because of
the former’s higher reactivity (particularly that of the 5’
guanine) in water trapping experiments36. The particular
base composition of the duplex immediately adjacent to
the AQ-tether was chosen because this sequence has
been shown to promote efficient charge transfer from the
tethered and photo-excited anthraquinone37.
[0071] Upon photo-irradiation at 366 nm wavelength
in Mg-Na buffer (50 mM Tris-Cl, pH 7.9, 2.5 mM MgCl2,
100 mM NaCl and 0.1 mM EDTA), the anthraquinone-
modified DNA constructs shown in Figure 12 showed dis-
tinctive oxidative cleavage patterns. Both the control du-
plex and the integrated-ligand sensor 10 exhibited sig-
nificant levels of strand cleavage at the proximal ("P")
guanine doublet in the presence of 2.5 mM adenosine
(Figure 13(a), lanes 5 and 12), 2.5 mM uridine (lanes 6
and 13) or no added nucleoside (lanes 4 and 11), relative
to the ’dark’ (or, unirradiated - lanes 3 and 10) control.
Dramatic differences between the constructs, however,
were observed in cleavage at the distal ("D") guanine

doublet. In both the presence and absence of added nu-
cleosides the control duplex exhibited identical levels of
cleavage at the "D" guanines (lanes 4-6). However, the
integrated-ligand sensor only exhibited significant cleav-
age 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. unirradi-
ated - lane 10) control. To test whether the cleavages
observed arose uniquely from oxidation by the attached
anthraquinone functionality, and also to test whether
such putatively AQ-dependent cleavages occurred strict-
ly in intra-molecular fashion, photo-irradiation was car-
ried out on samples containing mixtures of 32P-end-la-
beled constructs lacking anthraquinone and unlabeled
constructs conjugated to anthraquinone. Lanes 7 and 14
show that no significant cleavage in the labeled strands
was observed, either for the double-stranded control or
the integrated-ligand sensor construct.
[0072] The fact that in the integrated-ligand sensor
high levels of strand cleavage were observed only at the
proximal ("P") guanine doublet in the presence of uridine
(lane 13), as well as in the absence of added nucleosides
(lane 11, Figure 13(a)), indicated that charge transport
in these cases was localized almost exclusively within
the AQ stem 16 (as depicted in the model for this sensor
10 in Figure 11). By contrast, when 2.5 mM adenosine
was present (lane 12) the same experimental procedure
resulted in 5.0% cleavage at the distal ("D") guanine dou-
blet (up from 0.26% shown in lanes 11 and 13) when
photo-irradiated for 90 minutes. This, reflects a -20 fold
enhancement in strand-cleavage enhancement in the
presence of the adenosine ligand analyte 12. This ob-
servation indicates that the adenosine-induced folded
structure of the aptamer receptor 20 was indeed capable
of facilitating charge transfer between the first (detector)
and second (AQ) stems 14, 16. Interestingly, in the pres-
ence of adenosine, even the "P" doublet showed a small
enhancement in cleavage (< 2 fold), consistent with an
overall tightening and stabilization of the sensor con-
struct.
[0073] When experiments similar to the above were
carried out in the absence of NaCl (i.e. in the ’Mg’ buffer:
50 mM Tris-Cl, pH 7.9, 2.5 mM MgCl2, and 0.1 mM ED-
TA), somewhat different results were observed (Figure
13B). The double-stranded control showed comparable
cleavage patterns as seen in the ’Mg-Na’ buffer, i.e.
strand cleavage was observed at the proximal (P) and
distal (D) guanine doublets both in the absence (lane 4)
or presence (data not shown) of 2 mM adenosine (relative
to the ’dark’ control-- lane 3). By contrast, the integrated
sensor construct exhibited significant strand cleavage at
the distal (D) guanine doublet in the presence of 2 mM
added adenosine (lane 12)-- as also seen in the ’Mg-Na’
buffer (Figure 13(a). This increase in strand cleavage,
from 0.98 % to 7.3%, describes a -7 fold enhancement
in the presence of adenosine.
[0074] The major difference observed for the sensor
construct in the ’Mg’ buffer (Figure 13(b)), relative to the
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’Mg-Na’ buffer (Figure 13A), was that in the ’Mg’ buffer
enhanced cleavage occurred at the proximal (P) guanine
doublet in the presence of adenosine (lane 12 versus
lanes 11 and 13, Figure 13(b)). This enhanced cleavage
may reflect a proportionately greater stabilization of the
duplex elements flanking the aptamer receptor 20 by the
aptamer-bound adenosines in this relatively low-salt buff-
er. The inventors believe that this enhanced proximal G
cleavage was not a consequence of the re-association
of the strands of the sensor construct dissociated in the
’Mg’ buffer non-denaturing gel electrophoresis experi-
ments showed that the constructs remained intact in all
buffers and experimental conditions used in this study--
data not shown).
[0075] Variations in solution conditions also affected
the efficiency of strand cleavage at the distal (D) guanine
doublet as a function of adenosine concentration. Figure
14 shows how in different solutions different binding af-
finities were observed for the adenosine ligand. In the
’Mg’ buffer, half maximal strand cleavage was observed
at 18 PM adenosine, while in the ’Mg-Na’ buffer, it was
observed at 135 PM adenosine:

2.3.2 The Coupled-Ligand Sensor.

[0076] The properties of a different sensor design, the
"coupled-ligand" sensor (which also utilized the ATP
aptamer, and is shown schematically in Figure 11, lower)
were also examined. This second design does not de-
pend on the conductive property of the folded aptamer
domain. The predicted lack of base stacking between the
third stem (i.e. sensor) 22 stem and either of the first and
second stems 14, 16 in the folded state was expected to
prevent electron transfer between these regions. A cou-
pled-ligand sensor 10 of this design, for detecting ade-
nosine, was assembled from the DNA oligomers shown
in Figure 15(a). In this construct, the aptamer bulge was
separated from the three-way junction 18 by a single A-
T base pair. To detect charge transfer in the various
stems, the DNA strand shared by both the first and third
stems 14, 22 was 5’- 31P-labelled. Figure 15(b) shows
the results obtained when samples were irradiated in the
’Mg-Na’ buffer for 180 minutes. In the absence of added
adenosine (lane 5), or in the presence of 2.5 mM uridine,
no detetctable cleavage above the background level
(lane 6) was observed at all positions. In the presence
of 2.5 mM adenosine (lane 4), however, significantly en-
hanced strand cleavage (> 15 fold enhancement in rep-
licate experiments) was seen at the 5’ guanine of each
of the two-guanine doublets present in the first stem 14
(indicated as x and y). Lack of detectable cleavage at
these guanines in the absence of adenosine prevented
the determination of an absolute ratio for cleavage en-
hancement; however, the lower limit indicated above (>
15 fold) could be calculated. A comparable enhance-
ment, however, was not observed for the doublet (z) lo-
cated in the third stem 22 (2-4 fold increase) as predicted
by a structural model of this DNA construct. Irradiation

experiments on a control construct for the above three-
way junction 18, that lacked the aptamer bulge but incor-
porated a Watson-Crick duplex (as with the ’integrated
sensor’- see above) in place of the aptamer ’arm’, yielded
no modulation of strand cleavage in the presence of add-
ed adenosine (data not shown).
[0077] The effect of different buffer conditions on
strand cleavage in this construct was not examined, as
non-denaturing electrophoresis experiments indicated
that this sensor construct was not sufficiently stable struc-
turally in the low-salt ’Mg’ buffer (data not shown).

3.0 Discussion

[0078] Experiments with the above two sensor de-
signs, utilizing the ATP aptamer as a receptor 20, clearly
demonstrate the utility of DNA conformational changes
(resulting from the adaptive binding of analyte 12 to the
DNA aptamer) in modulating charge-transfer through
DNA.
[0079] Investigations with the integrated-ligand sensor
10, above, have demonstrated that both the sensitivity
of and signal enhancement from analyte-sensing depend
significantly on solution conditions. It remains unclear
whether such differences reflect purely structural trans-
formations of the aptamer in the different ionic strength
solutions or whether they also reflect changes in the proc-
ess of charge-transfer through DNA.
[0080] Comparison of the behavior of the integrated
sensor 10 in the two ionic strength conditions tested in-
dicates a trade-off between signal enhancement and
sensitivity. In the relatively low-salt ’Mg’ buffer a half max-
imal enhancement of -3.5 fold enhanced cleavage at the
distal ("D") guanine doublet was observed with 18 PM
adenosine, whereas in the higher salt ’Mg-Na’ buffer a
half maximal enhancement of -10 fold was observed with
130 PM adenosine. In other words, the addition of 100
mM NaCl 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 con-
ditions, one that requires higher adenosine concentra-
tions to drive the equilibrium to the adenosine-bound
form. The guanine rich aptamer domain could potentially
form foldback G-G base pairs or guanine quartets in the
presence of NaCl38-39. In fact, guanine quartets were
originally postulated to be a part of the folded aptamer
structure when the aptamer was originally identified28.
[0081] In addition, care must be taken in interpreting
the results of the adenosine dependence data from Fig-
ure 14, since the curves may not directly reflect the bind-
ing affinities of the aptamer for its ligand. As described
above, each molecule of this particular aptamer binds
two molecules of the adenosine ligand, and it is unclear
whether the binding of only one molecule of ligand allows
charge transfer to occur to some extent or not.
[0082] Comparing the efficiencies of conduction
through particular DNA sequences has often been ac-
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complished by comparing the ratios of cleavage at "prox-
imal" and "distal" guanines (D/P or P/D ra-
tios)7,8,34,26,40,41. This comparison is an indicator of the
efficiency with which charge transfer proceeds through
a specified sequence of interest that is flanked by isolated
guanines, doublets, triplets, or reactive bases such as 8-
oxoguanine9 or 7-deazaguanine41. A comparison of con-
duction through the integrated sensor and through its
double-stranded control gave D/P ratios, respectively, of
0.48 � 0.07 versus 0.23 � 0.04 in the ’Mg-Na’ buffer;
and, 0.4 � 0.08 versus 0.24 � 0.05 in the ’Mg’ buffer.
Comparing these ratios at face value suggests that the
aptamer domain is a somewhat superior conductor com-
pared to the double-stranded DNA control. However, di-
rect comparisons of the sensor 10 and the duplex control
may not be entirely appropriate. When irradiation exper-
iments were carried out such that comparable levels of
strand cleavage were achieved at the distal ("D") guanine
doublets in both the control and sensor constructs, a two-
fold higher cleavage was observed at the proximal ("P")
guanine doublet of the double stranded control. The re-
duced efficiency of cleavage at the proximal guanines in
the sensor construct must reflect a hindrance to charge
migration into sequences influenced by the presence of
the aptamer, given that the double stranded proximal
stems are identical in both the sensor and double strand-
ed constructs. Once a mobile charge reaches the prox-
imal ("P") guanine doublet, it then appears that the ’inte-
grated-ligand’ sensor better facilitates the transfer of that
charge to the distal ("D") guanine doublet in comparison
to the double stranded control. A possible reason for the
lower D/P ratios seen in the duplex control may result
from the GG doublets situated between the "P" and "D"
doublets on the AQ-modified strand (Figure 12). These
intervening doublets may be acting as ’traps’ , thus re-
ducing the efficiency of charge transfer to the distal ("D")
guanine doublet of the duplex control. Overall, it is still
remarkable that the folded, non-B-DNA aptamer pos-
sesses a comparable if not more favorable conductive
property than the B-DNA duplex control.
[0083] Besides the capacity of the ATP aptamer to
modulate charge transfer between the acceptor and de-
tector stems, interesting observations were made re-
garding the aptamer domain, specifically. Cleavage at
the guanines located within the aptamer domain was ob-
served to be low in both of the buffers used (Figure 13
(a) & 3(b), lanes 11-13). Low cleavage in the absence of
bound adenosine was lowered further upon the binding
of adenosine. This observation may reflect the non-B hel-
ical structure of the folded aptamer domain. The high
level of oxidation of the 5’-most guanine in guanine dou-
blets is strictly true only for double-stranded B-DNA42.
Single-stranded sequences10, and guanine
quadruplexes43, for instance, do not show this pattern.
This property of the aptamer guanines may explain the
lower D/P ratio of the sensor, relative to that of the duplex
control.
[0084] The demonstrated capacity of the DNA aptamer

for adenosine/ATP to act as a conduit for charge transfer
in the folded state is a property not likely shared by all
aptamer motifs. In addition to inherent conductivity dif-
ferences between different aptamers, some aptamers,
which are not formed from internal (bulge) loops, may
not easily be incorporated into duplex DNA. To design a
more general sensor, capable of utilizing diverse recep-
tors and aptamers, and responding to a variety of ligands/
analytes, an immobile three-way helical junction was
used as a starting point for a second design. This ’cou-
pled-ligand’ sensor (Figure 15(a)) also exhibited modu-
lation of charge transfer from the Acceptor to Detector
stems in response to adenosines binding to the aptamer
element. This construct, however, required longer irradi-
ation times (relative to that required for the integrated
sensor) to obtain significant levels of cleavage at the gua-
nine doublets (x and y in Fig. 15(a)) in the Detector stem.
It remains to be investigated whether the lower charge
transfer efficiency in the ’coupled-ligand’ construct arose
from the particular sequences chosen for the stems, or
from the presence of the 3-way junction. Future work will
also focus on determining the three-dimensional struc-
ture of this 3-way junction, in order to understand why
significantly more strand cleavage was observed in the
Detector stem compared to the Sensor stem.
[0085] A deeper characterization of the ’coupled-lig-
and’ sensor design, and of related architectures, is de-
sirable given their broad potential for development as
modular sensors. In the ’coupled-ligand’ sensor there is
only a requirement for a conformational change in the
analyte-binding (aptamer or receptor) domain upon the
binding of the analyte, and not for an inherent ability of
the binding domain to permit charge transfer through its
own structure. The side-oii placement of the analyte re-
ceptor should also be applicable in the design of hybrid
sensors that are not composed entirely of DNA. Such
hybrid systems may possess binding domains consisting
of RNA, proteins or other organic "host" entities (such as
crown ethers, cryptands, and others) that undergo a con-
formational change upon binding the appropriate "guest"
molecule or ion.
[0086] The guanine damage- and electrophoresis-
based detection methodology used in this Example were
necessary for single-nucleotide resolution investigations
of the charge conduction pathways in the sensors. Here,
we have used them to demonstrate that ligand- induced
conformational changes can indeed be used to modulate
charge transfer through DNA. However, to develop this
technology for the rapid detection of ligand molecules
other detection methodologies will need be employed.
The most likely scenario would have the DNA sensor
constructs functionalized onto metal or other surfaces
such that direct measurements of current flow can be
made. Reports of successful coupling of modified DNA
to electrodes and the direct monitoring (by chemical re-
action in solution or photo-excitation) of hybridization via
charge transfer through the resulting duplex5,44-45, sug-
gests that aptamers can also be used in this way towards
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the development of novel DNA-based sensor.
[0087] For the applicability of this technology as prac-
tical detection method, the sensitivity of detection must
be sufficient. As described, the sensitivity of this system
is limited by the affinity of the incorporated aptamer se-
quence for its target ligand (given that the magnitude of
the signal is proportional to the fraction of sensor con-
structs bound with ligand). The ATP aptamer described
in this Example possesses a dissociation constant in the
PM range for the adenosine ligand. Such a binding affinity
would be insufficient for a practical sensor intended to
monitor, for instance, hormone levels in blood (for which,
sensor-anatyte affinities in the low nM to high pM range
would be required). Binding affinities of the nM - pM
range, however, are possible and have been obtained
with nucleic acid aptamers; for example, an RNA aptamer
selected for binding to the aminoglycoside antibiotic to-
bramycin, possessed a binding constant of 770 pM46.
[0088] More broadly, the receptor component of such
DNA sensors need not in itself be composed of DNA or
RNA as discussed above. Organic or inorganic hosts,
which undergo significant Conformational change upon
binding their cognate guest could, in principle, be incor-
porated in place of DNA or RNA aptamers into the design
of such sensors.
[0089] Harnessing the potential of conformational
switches in nucleic acids is a relatively new endeavor. It
has been used, to date, in the development of a mechan-
ical switch47, aliosteric enzymes48 and, now, electronic
devices. The ability to monitor the presence and concen-
tration of analytes electrically promises the development
of rapid, DNA-based, solid-state" detection devices for
virtually any compound.
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Claims

1. An analyte sensor comprising:

(a) a first oligonucleotide stem;
(b) a second oligonucleotide stem;
(c) a aptamer site capable of binding said ana-
lyte, wherein said aptamer site is operatively
connected to said first oligonucleotide stem and
said second oligonucleotide stem; and
(d) a charge flow inducer coupled to one of said
first and second stems for triggering charge flow
in at least one of said first and second stems,

wherein said sensor is alterable between a first con-
formational state substantially impeding charge
transfer between said first and second stems and a
second conformational state permitting charge
transfer between said first and second stems, where-
in said sensor switches between said first conforma-
tional state and said second conformational state
when said analyte binds to said aptamer site, and

wherein the aptamer site is capable of binding to
analytes which do not ordinarily bind to DNA.

2. The sensor as defined in claim 1, wherein said
charge is transferred between said first and second
stems through said aptamer, site in said second con-
formational state.

3. The sensor as defined in claim 1, wherein said
aptamer site is removed from a conduction path be-
tween said first and second stems in said second
conformational state.

4. The sensor as defined in claim 1, wherein said sen-
sor switches from said first conformational state to
said second conformational state when said analyte
binds to said aptamer site.

5. The sensor as defined in claim 1, wherein said sen-
sor switches from said second conformational state
to said first conformational state when said analyte
binds to said aptamer site.

6. The sensor as defined in claim 5, wherein said
aptamer site comprises a nucleic acid aptamer se-
lected for binding affinity to a target analyte.

7. The sensor as defined in claim 1, wherein said first
and second stems each comprise an ordered se-
quence of nucleotide base pairs, and wherein said
sensor comprises a switch region at the junction be-
tween said first and second stems, wherein spacial
stacking of said first and second stems in said switch
region substantially impedes charge transfer be-
tween said first and second stems in said first con-
formational state.

8. The sensor as defined in claim 7, wherein said switch
region comprises unpaired nucleotides in said first
conformational state.

9. The sensor as defined in claim 8, wherein said un-
paired nucleotides are non-Watson-Crick nucle-
otides.

10. The sensor as defined in claim 8, wherein the spacial
stacking of said first and second stems within said
switch region is altered when said sensor switches
between said first and second conformational states.

11. The sensor as defined in claim 10, wherein said
switch region is located proximate to said aptamer
site.

12. The sensor as defined in claim 10, wherein switch
region comprises said aptamer site.

13. The sensor as defined in claim 7, wherein said first
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and second stems each comprise a multi-stranded
DNA helix.

14. The sensor as defined in claim 13, wherein said helix
is disrupted in said switch domain in the vicinity of
said aptamer site in said first conformational state.

15. The sensor as defined in claim 1, further comprising
a third oligonucleotide stem comprising said aptamer
site.

16. The sensor as defined in claim 15, wherein said first,
second and third stems are connected together at a
three-way junction.

17. The sensor as defined in claim 16, wherein at least
one of said first, second and third stems comprises
a non-Watson-Crick base pairing in the vicinity of
said three-way junction.

18. The sensor as defined in claim 15, further comprising
a fourth oligonucleotide stem, wherein said first, sec-
ond, third and fourth stems are connected together
at a four-way junction.

19. The sensor as defined in claim 1, wherein said
charge flow inducer comprises an excitable moiety
alterable between an unexcited and an excited state.

20. The sensor as defined in claim 19, wherein said moi-
ety is an oxidizing agent in said excited state.

21. The sensor as defined in claim 19, wherein said moi-
ety is a reducing agent in said excited state.

22. The sensor as defined in claim 19, wherein said moi-
ety is selected from the group consisting of an-
thraquinone and rhodium (III).

23. The sensor as defined in claim 1, further comprising
a detector electrically coupled to said first stem for
directly measuring said charge transfer.

24. The sensor as defined in claim 23, wherein said de-
tector comprises a conductor.

25. The sensor as defined in claim 24, wherein said de-
tector comprises a semi- conductor chip.

26. The sensor as defined in claim 1, wherein said
aptamer site binds adenosine analytes.

27. A nanoelectronic chip comprising a plurality of sen-
sors as defined in claim 1.

28. A sensor for detecting first and second analytes com-
prising:

(a) a first oligonucleotide stem;
(b) a second oligonuleotide stem;
(c) a first aptamer site capable of binding said
first analyte;
(d) a second aptamer site capable of binding
said second analyte; and
(e) a charge flow inducer coupled to one of said
first and second stems for triggering charge flow
in at least one of said first and second stems,

wherein said first and second aptamer sites are op-
eratively connected to said first and second oligonu-
cleotide stems, wherein said sensor is alterable be-
tween a first conformational state substantially im-
peding charge transfer between said first and second
stems and a second conformational state permitting
charge transfer between said first and second stems,
wherein said sensor switches between said first con-
formational state and said second conformational
state when said first analyte binds to said first aptam-
er site and said second analytes concurrently binds
to said second aptamer site, and wherein the first
and second aptamer, site are capable of binding to
analytes which do not ordinarily bind to DNA.

29. A method for detecting the presence of an analyte
comprising:

(a) providing a sensor as defined in claim I hav-
ing an aptamer capable of binding to said ana-
lyte;
(b) inducing a charge flow in one of said first and
second stems of said sensor; and
(c) detecting any change in charge transfer be-
tween said first and second stems upon binding
of said analyte to said aptamer.

30. The method as defined in claim 29, wherein the step
of detecting any change in charge transfer comprises
electrically coupling a detector to the other of said
first and second stems of said sensor.

31. The method as defined in claim 29, wherein the step
of inducing a net charge comprises:

(a) coupling a moiety to said second stem alter-
able between an unexcited and an excited state;
and
(b) exciting said moiety to form an oxidizing
agent.

32. The method as defined in claim 31, wherein the step
of detecting any change in charge transfer comprises
testing for the formation of oxidation products of said
sensor.

33. The method as defined in claim 32, wherein said
testing comprises:
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(a) heating said sensor in the presence of pipe-
ridine; and
(b) separating any reaction products of step (a)
by gel electrophoresis.

Patentansprüche

1. Ein Analytsensor, umfassend:

(a) einen ersten Oligonukleotid-Stamm,
(b) einen zweiten Oligonukleotid-Stamzn,
(c) eine Aptamer-Stelle, die zum Binden des
Analyten geeignet ist, wobei die Aptamer-Stelle
funktionsfähig mit dem ersten Oligonukleotid-
Stamm und dem zweiten Oligonukleotid-Stamm
verbunden ist, und
(d) einen Ladungsfluss-Erzeuger, der zum Aus-
lösen eines Ladungsflusses in mindestens ei-
nem von dem ersten und dem zweiten Stamm
mit einem von dem ersten und dem zweiten
Stamm verbunden ist,

wobei der Sensor zwischen einem ersten Konforma-
tionszustand, der die Ladungsübertragung zwi-
schen dem ersten und dem zweiten Stamm im We-
sentlichen hemmt, und einem zweiten Konformati-
onszustand, der die Ladungsübertragung zwischen
dem ersten und dem zweiten Stamm zulässt, änder-
bar ist, wobei der Sensor zwischen dem ersten Kon-
formationszustand und dem zweiten Konformations-
zustand wechselt, wenn der Analyt an die Aptamer-
Stelle bindet, und wobei die Aptamer-Stelle zum Bin-
den an Analyten geeignet ist, die gewöhnlich nicht
an DNA binden.

2. Der Sensor gemäß Anspruch 1, wobei die Ladung
in dem zweiten Konformationszustand zwischen
dem ersten und dem zweiten Stamm durch die Ap-
tamer-Stelle übertragen wird.

3. Der Sensor gemäß Anspruch 1, wobei die Aptamer-
Stelle in dem zweiten Konformationszustand von ei-
nem Leitungspfad zwischen dem ersten und dem
zweiten Stamm entfernt ist.

4. Der Sensor gemäß Anspruch 1, wobei der Sensor
von dem ersten Konformationszustand in den zwei-
ten Konformationszustand wechselt, wenn der Ana-
lyt an die Aptamer-Stelle bindet.

5. Der Sensor gemäß Anspruch 1, wobei der Sensor
von dem zweiten Konformationszustand in den er-
sten Konformationszustand wechselt, wenn der
Analyt an die Aptamer-Stelle bindet.

6. Der Sensor gemäß Anspruch 5, wobei die Aptamer-
Stelle ein Nukleinsäure-Aptamer aufweist, das auf

Bindungsaffinität für ein Zielanalyt selektiert ist.

7. Der Sensor gemäß Anspruch 1, wobei der erste und
der zweite Stamm jeweils eine geordnete Sequenz
von Nukleotidbasenpaaren umfassen, und wobei
der Sensor einen Schaltbereich an der Verbindungs-
stelle zwischen dem ersten und dem zweiten Stamm
aufweist, wobei das räumliche Stapeln des ersten
und des zweiten Stamms in dem Schaltbereich die
Ladungsübertragung zwischen dem ersten und dem
zweiten Stamm in dem ersten Konformationszu-
stand im Wesentlichen hemmt.

8. Der Sensor gemäß Anspruch 7, wobei der Schalt-
bereich in dem ersten Konformationszustand unge-
paarte Nukleotide aufweist.

9. Der Sensor gemäß Anspruch 8, wobei die ungepaar-
ten Nukleotide Nicht-Watson-Crick-Nukleotide sind.

10. Der Sensor gemäß Anspruch 8, wobei das räumliche
Stapeln des ersten und des zweiten Stamms inner-
halb des Schaltbereichs geändert wird, wenn der
Sensor zwischen dem ersten und dem zweiten Kon-
formationszustand wechselt.

11. Der Sensor gemäß Anspruch 10, wobei sich der
Schaltbereich nahe der Aptamer-Stelle befindet.

12. Der Sensor gemäß Anspruch 10, wobei der Schalt-
bereich die Aptamer-Stelle umfasst.

13. Der Sensor gemäß Anspruch 7, wobei der erste und
der zweite Stamm jeweils eine mehrsträngige DNA-
Helix umfassen.

14. Der Sensor gemäß Anspruch 13, wobei die Helix in
dem Schaltbereich benachbart zu der Aptamer-Stel-
le in dem ersten Konformationszustand unterbro-
chen ist.

15. Der Sensor gemäß Anspruch 1, ferner einen die Ap-
tamer-Stelle umfassenden dritten Oligonukleotid-
Stamm umfassend.

16. Der Sensor gemäß Anspruch 15, wobei der erste,
der zweite und der dritte Stamm an einer dreiarmigen
Verbindungsstelle miteinander verbunden sind.

17. Der Sensor gemäß Anspruch 16, wobei mindestens
einer von dem ersten, dem zweiten und dem dritten
Stamm eine Nicht-Watson-Crick-Basenpaarung be-
nachbart zu der dreiarmigen Verbindungsstelle auf-
weist.

18. Der Sensor gemäß Anspruch 15, ferner einen vierten
Oligonukleotid-Stamm umfassend, wobei der erste,
der zweite, der dritte und der vierte Stamm an einer
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vierarmigen Verbindungsstelle miteinander verbun-
den sind.

19. Der Sensor gemäß Anspruch 1, wobei der Ladungs-
fluss-Erzeuger einen anregbaren Rest aufweist, der
zwischen einem nicht-angeregten und einem ange-
regten Zustand änderbar ist.

20. Der Sensor gemäß Anspruch 19, wobei der Anteil in
dem angeregten Zustand ein Oxidationsmittel ist.

21. Der Sensor gemäß Anspruch 19, wobei der Anteil in
dem angeregten Zustand ein Reduktionsmittel ist.

22. Der Sensor gemäß Anspruch 19, wobei der Anteil
aus der Gruppe ausgewählt ist, die aus Anthrachinon
und Rhodium(III) besteht.

23. Der Sensor gemäß Anspruch 1, ferner einen Detek-
tor umfassend, der mit dem ersten Stamm elektrisch
gekoppelt ist, um die Ladungsübertragung direkt zu
messen.

24. Der Sensor gemäß Anspruch 23, wobei der Detektor
einen Leiter aufweist.

25. Der Sensor gemäß Anspruch 24, wobei der Detektor
einen Halbleiterchip aufweist.

26. Der Sensor gemäß Anspruch 1, wobei die Aptamer-
Stelle einen Adenosin-Analyten bindet.

27. Ein nanoelektronischer Chip, aufweisend eine Viel-
zahl von Sensoren gemäß Anspruch 1.

28. Ein Sensor zum Nachweisen eines ersten und eines
zweiten Analysen, umfassend:

(a) einen ersten Oligonukleotid-Stamm,
(b) einen zweiten Oligonukleotid-Stamm,
(c) eine erste Aptamer-Stelle, die zum Binden
des ersten Analyten geeignet ist,
(d) eine zweite Aptamer-Stelle, die zum Binden
des zweiten Analyten geeignet ist, und
(e) einen Ladungsfluss-Erzeuger, der zum Aus-
lösen des Ladungsflusses in mindestens einem
von dem ersten und dem zweiten Stamm mit
einem von dem ersten und dem zweiten Stamm
verbunden ist,

wobei die erste und die zweite Aptamer-Stelle funk-
tionsfähig mit dem ersten und dem zweiten Oligonu-
kleotid-Stamm verbunden sind, wobei der Sensor
zwischen einem die Ladungsübertragung zwischen
dem ersten und dem zweiten Stamm im Wesentli-
chen hemmenden ersten Konformationszustand
und einem die Ladungsübertragung zwischen dem
ersten und dem zweiten Stamm zulassenden zwei-

ten Konformationszustand änderbar ist, wobei der
Sensor zwischen dem ersten Konformationszustand
und dem zweiten Konformationszustand wechselt,
wenn der erste Analyt an die erste Aptamer-Stelle
bindet und der zweite Analyt gleichzeitig an die zwei-
te Aptamer-Stelle bindet, und wobei die erste und
die zweite Aptamer-Stelle zum Binden an Analyten
geeignet sind, die gewöhnlich nicht an DNA binden.

29. Ein Verfahren zum Nachweisen der Anwesenheit ei-
nes Analyten, aufweisend:

(a) Bereitstellen eines Sensors gemäß An-
spruch 1, der ein Aptamer aufweist, das zum
Binden des Analyten geeignet ist,
(b) Erzeugen eines Ladungsflusses in einem
von dem ersten und dem zweiten Stamm des
Sensors, und
(c) Nachweisen jeglicher Veränderung bei der
Ladungsübertragung zwischen dem ersten und
dem zweiten Stamm beim Binden des Analyten
an das Aptamer.

30. Das Verfahren gemäß Anspruch 29, wobei der
Schritt des Nachweisens jeglicher Veränderung bei
der Ladungsübertragung das elektrische Koppeln ei-
nes Detektors mit dem anderen von dem ersten und
dem zweiten Stamm des Sensors umfasst.

31. Das Verfahren gemäß Anspruch 29, wobei der
Schritt des Erzeugens einer Nettoladung umfasst:

(a) Verbinden eines Rests, der zwischen einem
nicht-angeregten und einem angeregten Zu-
stand änderbar ist, mit dem zweiten Stamm, und
(b) Anregen des Rests, um ein Oxidationsmittel
zu bilden.

32. Das Verfahren gemäß Anspruch 31, wobei der
Schritt des Nachweisens jeglicher Veränderung bei
der Ladungsübertragung das Testen des Sensors
auf die Bildung von Oxidationsprodukten umfasst.

33. Das Verfahren gemäß Anspruch 32, wobei das Te-
sten umfasst:

(a) Erhitzen des Sensors in der Anwesenheit
von Piperidin, und
(b) Trennen jeglicher Umsetzungsprodukte aus
Schritt (a) durch Gelelektrophorese.

Revendications

1. Capteur d’analyte comprenant :

(a) une première souche d’oligonucléotides ;
(b) une seconde souche d’oligonucléotides ;

35 36 



EP 1 490 517 B1

20

5

10

15

20

25

30

35

40

45

50

55

(c) un site aptamère capable de fixer ledit ana-
lyte, dans lequel ledit site aptamère est connecté
de manière opérationnelle auxdites première et
seconde souches d’oligonucléotides et
(d) un inducteur de flux de charge couplé à une
desdites première et seconde souches pour dé-
clencher le flux de charge dans au moins une
desdites première et seconde souches d’oligo-
nucléotides,

dans lequel ledit capteur est modifiable entre un pre-
mier état conformationnel empêchant essentielle-
ment un transfert de charge entre lesdites première
et seconde souches et un second état conformation-
nel permettant un transfert de charge entre lesdites
première et seconde souches, dans lequel ledit cap-
teur bascule dudit premier état conformationnel audit
second état conformationnel, lorsque ledit analyte
se fixe audit site aptamère, et dans lequel ledit site
aptamère est capable de fixer des analytes qui ne
se fixent généralement pas à l’ADN.

2. Capteur suivant la revendication 1, dans lequel ladite
charge est transférée entre lesdites première et se-
conde souches par l’intermédiaire dudit site aptamè-
re dans ledit second état conformationnel.

3. Capteur suivant la revendication 1, dans lequel ledit
site aptamère est déplacé hors d’une trajectoire de
conduction entre lesdites première et seconde sou-
ches dans ledit second état conformationnel.

4. Capteur suivant la revendication 1, dans lequel ledit
capteur bascule dudit premier état conformationnel
à un second état conformationnel, lorsque ledit ana-
lyte se fixe audit site aptamère.

5. Capteur suivant la revendication 1, dans lequel ledit
capteur bascule dudit second état conformationnel
audit premier état conformationnel lorsque ledit ana-
lyte se fixe audit site aptamère.

6. Capteur suivant la revendication 5, dans lequel ledit
site aptamère comprend un aptamère d’acide nu-
cléïque choisi pour son affinité de fixation sur un ana-
lyte cible.

7. Capteur suivant la revendication 1, dans lequel les-
dites première et seconde souches comprennent
chacune une séquence ordonnée de paires de base
nucléotidiques, et dans lequel ledit capteur com-
prend une zone de basculement à la jonction entre
lesdites première et seconde souches, dans lequel
l’empilement spatial desdites première et seconde
souches dans ladite zone de basculement empêche
essentiellement le transfert de charge entre lesdites
première et seconde souches dans ledit premier état
conformationnel.

8. Capteur suivant la revendication 7, dans lequel ladite
zone de basculement comprend des nucléotides
non appariés dans ledit premier état conformation-
nel.

9. Capteur, suivant la revendication 8, dans lequel les-
dits nucléotides non appariés sont des nucléotides
qui ne sont pas de type Watson-Crick.

10. Capteur, suivant la revendication 8, dans lequel l’em-
pilement spatial desdites première et seconde sou-
ches à l’intérieur de ladite zone de basculement est
modifié lorsque ledit capteur bascule entre lesdits
premier et second états conformationnels.

11. Capteur, suivant la revendication 10, dans lequel la-
dite zone de basculement se situe à proximité dudit
site aptamère.

12. Capteur, suivant la revendication, dans lequel la zo-
ne de basculement comprend ledit site aptamère.

13. Capteur, suivant la revendication 7, dans lequel les-
dites première et seconde souches comprennent
chacune une hélice d’ADN multibrins.

14. Capteur, suivant la revendication 13, dans lequel la-
dite hélice est rompue dans ladite zone de
basculement , dans le voisinage dudit site aptamère,
dans ledit premier état conformationnel.

15. Capteur, suivant la revendication 1, comprenant, en
plus, une troisième souche d’oligonucléotides com-
prenant ledit site aptamère.

16. Capteur, suivant la revendication 15, dans lequel les-
dites première, seconde et troisième souches sont
connectées les unes aux autres au niveau d’une
jonction à trois voies.

17. Capteur, suivant la revendication 16, dans lequel au
moins une desdites première, seconde et troisième
souches comprend un appariement de base qui n’est
pas de type Watson-Crick dans le voisinage de ladite
jonction à trois voies.

18. Capteur, suivant la revendication 15, comprenant en
outre une quatrième souche oligonucléotide, dans
lequel lesdites première, seconde, troisième et qua-
trième souches sont connectées les unes aux autres
au niveau d’une jonction à quatre voies.

19. Capteur, suivant la revendication 1, dans lequel ledit
inducteur de flux de charge comprend fraction exci-
table modifiable entre un état non excité et un état
excité.

20. Capteur, suivant la revendication 19, dans lequel la-
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dite fraction est un agent oxydant dans ledit état ex-
cité.

21. Capteur, suivant la revendication 19, dans lequel la-
dite fraction est un agent réducteur dans ledit état
excité.

22. Capteur, suivant la revendication 19, dans lequel la-
dite fraction est choisie parmi le groupe constitué
d’anthraquinone et de rhodium (III).

23. Capteur, suivant la revendication 1, comprenant, en
plus, un détecteur couplé électriquement à ladite
première souche pour mesurer directement ledit
transfert de charge.

24. Capteur, suivant la revendication 23, dans lequel le-
dit détecteur comprend un conducteur.

25. Capteur, suivant la revendication 24, dans lequel le-
dit détecteur comprend une puce semi-conductrice.

26. Capteur, suivant la revendication 1, dans lequel ledit
site aptamère fixe de l’analyte d’adénosine.

27. Puce nanoélectrique comprenant une pluralité de
capteurs, tels que définis à la revendication 1.

28. Capteur pour détecter un premier et un second ana-
lyte comprenant :

(a) une première souche oligonucléotide
(b) une seconde souche oligonucléotide
(c) un premier site aptamère capable de fixer
ledit premier analyte
(d) un second site aptamère capable de fixer
ledit second analyte
et
(e) un inducteur de flux de charge couplé à une
desdites première et seconde souches pour dé-
clencher le flux de charge dans au moins une
desdites première et seconde souches,

dans lequel lesdits premier et second sites aptamère
sont connectés opérationnellement auxdites pre-
mière et seconde souches oligonucléotides, dans le-
quel ledit capteur peut être modifié entre un premier
état conformationnel empêchant essentiellement un
transfert de charge entre lesdites première et secon-
de souches et un second état conformationnel per-
mettant le transfert de charge entre lesdites première
et seconde souches, dans lequel ledit capteur bas-
cule entre ledit premier état conformationnel et ledit
second état conformationnel, lorsque ledit premier
analyte se fixe audit premier site aptamère et ledit
second analyte se fixe concurremment audit second
site aptamère et dans lequel lesdits premier et se-
cond sites aptamères sont capables de se fixer à

des analytes qui ne se fixent généralement pas à
l’ADN.

29. Procédé de détection de la présence d’un analyte
comprenant :

(a) la fourniture d’un capteur suivant la revendi-
cation 1 ayant un aptamère capable de se lier
audit analyte,
(b) l’induction d’un flux de charge dans une des-
dites première et seconde souches dudit cap-
teur, et
(c) la détection de tout changement du transfert
de charge entre lesdites première et seconde
souches suite à la liaison dudit analyte sur ledit
aptamère.

30. Procédé suivant la revendication 29, dans lequel
l’étape de détection de tout changement du transfert
de charge comprend le couplage électrique d’un dé-
tecteur à l’autre desdites première et seconde sou-
ches dudit capteur.

31. Procédé suivant la revendication 29, dans lequel
l’étape d’induction d’une charge nette comprend :

(a) le couplage d’une fraction à ladite seconde
souche modifiable entre un état non excité et un
état excité et
(b) l’excitation de ladite fraction pour former un
agent oxydant.

32. Procédé suivant la revendication 31, dans lequel
l’étape de détection d’un changement du transfert
de charge comprend le test de la formation de pro-
duits d’oxydation dudit capteur.

33. Procédé suivant la revendication 32, dans lequel le-
dit test comprend :

(a) le réchauffement dudit capteur en présence
de pipéridine, et
(b) la séparation de tout produit issu de la réac-
tion de l’étape (a) par électrophorèse sur gel.
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