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Catalytic nucleic acids (DNAzymes or ribozymes) are selected by the systematic evolution of
ligands by exponential enrichment process (SELEX). The catalytic functions of DNAzymes or
ribozymes allow their use as amplifying labels for the development of optical or electronic
sensors. The use of catalytic nucleic acids for amplified biosensing was accomplished by designing

aptamer—DNAzyme conjugates that combine recognition units and amplifying readout units as in

integrated biosensing materials. Alternatively, “DNA machines™ that activate enzyme cascades
and yield DNAzymes were tailored, and the systems led to the ultrasensitive detection of DNA.
DNAzymes are also used as active components for constructing nanostructures such as
aggregated nanoparticles and for the activation of logic gate operations that perform computing.

Introduction

The development of nucleic acids exhibiting selective and
specific binding properties towards molecular or protein sub-
strates (aptamers) or the isolation of catalytic nucleic acids
(DNAzymes or ribozymes) by the systematic evolution of
ligands by exponential enrichment (SELEX) process added
important functional nucleic acids for chemical biology,
medicine, analytical chemistry and materials science.'> Also,
the modification of aptamers or of DNAzymes with chemical
functionalities, other than nucleic acids, or alternatively, the
conjugation of aptamers and DNAzymes by chemical or
biocatalyzed processes yield new functional biomolecular
structures that may be employed in various scientific disci-
plines. Specifically, the modified aptamer and DNAzyme
systems can be deposited on surfaces, such as electronic
transducers® or nanoparticles,4 and these could then act as
stable recognition and catalytic units for the amplified detec-
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tion of various analytes. DNAzymes reveal several advantages
as compared to enzymes that are commonly used as catalytic
labels for amplified biosensing. In contrast to enzymes that are
thermally unstable, DNAzymes are impressively stable under
ambient and even elevated temperatures. Furthermore, the use
of enzymes as catalytic labels requires their chemical conjuga-
tion to secondary sensing biomolecules, such as antibodies,
avidin or lectins. The association of DNAzyme labels to the
sensing sites might be, however, easily accomplished by virtue
of the base pairing of nucleobases, and tethering a nucleic acid
sequence to the DNAzyme can direct the label to the analyte by
hybridization and duplex formation. Finally, in contrast to
enzyme labels that require tedious preparation and purification
steps, large quantities of DNAzymes may be prepared by the
polymerase chain reaction (PCR). Several recent review articles
addressed different applications of DNAzymes for sensing and
nanotechnology applications.*> The present review article
addresses recent developments in the application of
DNAzymes as catalysts that transduce and amplify sensing
events. We further address the use of DNAzymes as compo-
nents that read-out the activities of “DNAzyme-machines” or
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Fig. 1 (a) Analysis of a DNA by a hairpin that generates the horseradish peroxidase-mimicking DNAzyme. (b) Detection of telomerase activity
by a hairpin structure that yields the horseradish peroxidase-mimicking DNAzyme. (Reprinted with permission from ref. 10. Copyright 2004,
American Chemical Society). (¢) and (d) The chemiluminescence analysis of DNA or telomerase activity on surfaces by the use of nucleic acid-
functionalized DNAzyme units as labels. (Reprinted with permission from ref. 13. Copyright 2004, American Chemical Society).

as units that perform logic gate operations. Lastly, we will also
discuss the utility of DNAzymes in nanobiotechnology.

Amplified sensing with DNAzymes: DNA and
telomerase detection

An interesting DNAzyme that is frequently used for biosen-
sing is a biocatalytic nucleic acid with peroxidase mimicking
catalytic activity.®’ In this molecule, the complexation of
hemin with a guanine-rich single-stranded nucleic acid yields
a G-quadruplex structure that catalyzes the oxidation of 2,2’-
azino-bis(3-ethylbenzothiozoline)-6-sulfonic acid (ABTS?7)
by H,O, to form the respective colored radical product,
ABTS* .8 It was also demonstrated that the hemin/G-quad-
ruplex structure catalyzes the oxidation of luminol by H-O,
and the generation of chemiluminescence.” This DNAzyme
was used for the colorimetric or chemiluminescent detection of
nucleic acids, or to follow the activity of telomerase, a versatile
marker for cancer cells.!® Fig. 1 outlines several configurations
that were employed for the analysis of nucleic acids. By one
approach'® (Fig. 1(a)), a hairpin structure (1) was designed to
include in its single-stranded loop the recognition sequence for
analyzing the target DNA (2), and in its hybridized stem a
nucleic acid sequence consisting of a single-stranded part, A,
tethered to a second sequence, B, that is hybridized in the stem
configuration. While the domains A and B provide the

sequences for the assembly of the hemin/quadruplex DNA-
zyme structure, the formation of the catalytic DNA is thermo-
dynamically prohibited due to the stability of the stem duplex.
The hybridization of the analyte (2) with the loop region
opened, however, the stem duplex, resulting in the formation
of the hemin/G-quadruplex structure that catalyzed the oxida-
tion of ABTS®™ to the colored oxidized ABTS®~ product
(4 =414nm, e = 3.6 x 10* M~ em™"). A similar approach
was used to follow telomerase activity'® (Fig. 1(b)). Telomers
are G-rich nucleic acids consisting of constant repeat units that
are positioned at the ends of the chromosomes. They protect
the chromosomes, and participate in signaling cell prolifera-
tion, and the termination of cell life cycl&ll Telomerase, is a
ribonucleoprotein that appears in certain cells and it catalyzes
the synthesis of the telomers. This transforms the cells into
immortal units, and hence, is considered as a versatile marker
for cancer cells.'? A hairpin structure (3) included in its single-
stranded loop the complementary sequence to the telomer
units. The “stem” included in one strand the domains A and
B that self-assemble to the G-quadruplex horseradish perox-
idase-mimicking DNAzyme, where to the other end of the
stem was tethered the nucleic acid sequence C, that is recog-
nized by telomerase. The duplex structure of the stem prohi-
bits the self-assembly of the DNAzyme due to its stability. In
the presence of telomerase and the nucleotide mixture dNTPs,
the tether C was elongated to yield the telomers. The latter
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generated sequence hybridized with the loop region. This led,
in the presence of hemin, to the self-assembly of units A and B
to the DNAzyme that led to the biocatalyzed oxidation of
ABTS*~ by H,0, and to the colorimetric detection of the
activity of telomerase.

The biocatalyzed generation of chemiluminescence by the
hemin/G-quadruplex DNAzyme was further used to develop
surface-confined assays for the detection of DNA or telomer-
ase activity.'> The DNAzyme was tethered to a nucleic acid
sequence (6) that is complementary to a single-stranded do-
main of the analyte nucleic acid (5), hybridized to the primer
DNA (4) on the surface. The nucleic acid tethered to the
DNAzyme (6) acted as a label for the chemiluminescent
detection of the hybrid between the DNA analyte (5) and
the capturing nucleic acid (4) that were confined to a gold-
coated glass support (Fig. 1(c)). The DNA could be analyzed
with a detection limit that corresponded to 1 x 107° M.
Similarly, a label that consisted of the DNAzyme and a nucleic
acid tether complementary to the telomer units was used for
the detection telomerase activity (Fig. 1(d)). The primer (7)
associated with the gold surface was elongated by the interac-
tion with telomerase, which was extracted from HelLa cancer
cells, in the presence of the dNTPs mixture. The hybridization
of the DNAzyme label units (8) with the chains generated by
telomerase enabled the chemiluminescent detection of telo-
merase activity extracted from only 1000 HeLa cells. The
sensitivities of the latter DNA and telomerase activity sensors
were improved by the use of gold nanoparticles as carriers for
the DNAzyme labels.'* The hybridization of the DNAzyme-
functionalized gold nanoparticles with the analyte DNA or the
telomerase-generated telomer chains resulted in multi-labels of
the DNAzyme units for a single DNA recognition event, or
single telomerization process, thus, establishing doubly-ampli-
fied colorimetric or chemiluminescence surface-confined
Sensors.

DNAzymes exhibiting nucleic acid cleavage activities in the
presence of added cofactors have been elicited and used for the
specific scission of DNA sequences. For example, nucleic acid
sequences that specifically bind Pb>", Mg>* or Cu®" ions,
UO,*,"> 18 or histidine'® were found to yield supramolecular
coiled structures that cleave specific DNA sequences. Using
these properties, pre-designed nucleic acid sequences were
tethered to the DNAzyme structures to yield functional units
for the amplified detection of the cofactors, or alternatively,
for target DNA/RNA units. The optical amplified detection of
a target DNA (9) by the nucleic acid-cleaving DNAzyme is
depicted in Fig. 2.%° The probing DNAzyme (10) consisted of
three regions: a recognition domain (red), a DNAzyme folding
region (blue) and a sequence-specific cleavage site (green). The
cleavage site was functionalized at its two ends with a pair of
donor—acceptor FRET dyes. Hybridization of the target DNA
(9) with the probe nucleic acid (10) stabilized the duplex
structure, and the folded DNAzyme domain, that in the
presence of Mg® ", cleaved the specific base site. This separated
the fluorescent-dye reporting nucleic acid, and resulted in the
separation of the original (9)/(10) structure due to the elimina-
tion of allosteric duplex stabilization. The release of the target
recycled the cleavage ability of the probe nucleic acid, and the
released fluorophore-functionalized nucleic acid sequence
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Fig. 2 Analysis of a target DNA by the use of Mg®"-dependent
DNAzyme that undergoes self-cleavage and yields a fluorescent
product. (Reprinted in part with permission from ref. 20. Copyright
2003, American Chemical Society).

acted as reporter for the analyzed DNA (9). This method
was successfully applied to analyze the c-fos 666-687 sequence.

The Pb’*-activated DNAzyme was often used for the
amplified detection of Pb>" jons (Fig. 3). Lead ions are
common pollutants in paints, ceramics, and water resources.
Low concentrations of Pb> " act as severe poisons that damage
the neural response system and organs such as the liver, and
thus, its rapid and sensitive detection is significant. One
approach,?! included the use of the Pb>"-dependent RNA-
cleaving DNAzyme 17E (11) as a biocatalyst that stimulated
the de-aggregation of Au nanoparticles through a cleavage
process thus providing a colorimetric sensor for Pb>* (Fig.
3(a)). The nucleic acid (12) included the RNA cleavage site and
the base sequences that hybridize with the Pb>"-dependent
DNAzyme 17E (11). To the 3’ and 5’ ends of the cleavable
nucleic acid were tethered nucleic acid sequences complemen-
tary to the nucleic acid (13) functionalizing Au nanoparticles.
The Au nanoparticles were then aggregated by the bridging
cleavable nucleic acid (12), while the DNAzyme was hybri-
dized with the single-stranded domain of (12). Bridging of the
Au nanoparticles by the nucleic acid (12) resulted in the
formation of an Au nanoparticles aggregate, reflected by the
blue color (A = 700 nm) of the system as a result of an
interparticle coupled plasmon. Addition of Pb*>" activated the
DNA-cleaving DNAzyme, and the scission of (12) at the RNA
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Fig. 3 (a) Analysis of Pb>" by the de-aggregation of an Au nanoparticles aggregate by means of the Pb>"-dependent DNAzyme. (b) (I)

Absorbance spectra of: (1) The Au nanoparticle aggregate and (2) the
The spectra were recorded in the absence, curve 1, or in the presence,

Au separated nanoparticles generated by the Pb? " -dependent DNAzyme.
curve 2, of Pb>* ions (5 pM). (II) Calibration curve corresponding to the

absorbance ratio of separated Au nanoparticles/aggregated Au nanoparticles at different concentrations of Pb*>* (Reprinted with permission from

ref. 21. Copyright 2003, American Chemical Society).

nucleobase. This resulted in the separation of the cleaved units
from the Au nanoparticles, a process that led to the de-
aggregation of the particles that exhibited the red color (4 =
522 nm) characteristic to the individual Au nanoparticles (Fig.
3(b)). The extent of de-aggregation of the gold nanoparticles
and thus the color changes of the system, were controlled by
the concentration of Pb>". The system enabled the detection
of Pb*>" with a sensitivity that corresponded to 5 x 1077 M.
The Pb*>"-dependent DNAzyme was also immobilized on
surfaces, and optical®® or electrochemical®® assays for detect-
ing Pb>" by the DNAzyme were developed. This will enable in
the future the development of DNAzyme-based electrical
sensing devices and the fabrication of DNAzyme-based optical
sensing chips. The thiolated 17E Pb**-dependent DNAzyme
functionalized with the dabcyl dye (14) was assembled on Au
surfaces,?? and the surface was blocked with mercaptohexanol
to prevent non-specific interactions with the gold support. The
resulting modified surface was hybridized with the RNA
nucleobase-containing substrate that was modified at its end
with fluorescein (15) (Fig. 4(a)). In the hybrid configuration
the fluorescence of fluorescein was quenched. The cleavage of
the substrate in the presence of Pb>™ released a short fluores-
cence tethered nucleic acid, and the fluorescence of the solu-
tion provided a quantitative signal for the DNAzyme activity
and the concentration of Pb>*. This method revealed a linear

calibration curve for the analysis of Pb>" in the region of
10 uM > [Pb>"] > 1 nM.

A related electrochemical system for the detection of Pb®™
was demonstrated® (Fig. 4(b)). The 5'-thiolated Pb**-depen-
dent DNAzyme modified at its 3’-end with the redox-active
unit methylene blue (MB), (16), was immobilized on Au
electrodes, and the RNA nucleic acid nucleobase-containing
substrate (17) was hybridized with the DNAzyme. The “stiff”
duplex structure of the DNAzyme-—substrate prohibited elec-
trical contact between the redox label and the electrode. In the
presence of Pb>", the cleavage of the substrate occurred, and
the duplex was separated. The flexibility of the MB-modified
single-stranded DNA facilitated the electrochemical commu-
nication between the redox label and the electrode, and the
resulting voltammetric response provided a signal for the
quantitative analysis of Pb>". This method enabled the ana-
lysis of Pb?" with a detection limit that corresponded to 3 x
1077 M (62 ppb) with an impressive selectivity. The Pb**-
dependent DNAzyme was also applied to analyze Pb>" -ions
using a microfluidic chip module.** The DNAzyme strand,
attached to the chip, was modified at its 3’-end with a Dabcyl
quencher, and blocked by the substrate functionalized at its 3’
and 5’ ends with Dabcyl and the FAM-fluorophore, respec-
tively. Within this structure, the fluorescence of FAM was
quenched, but the addition of Pb?™ cleaved the substrate, and
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Fig. 4 (a) Optical detection of Pb>" by the cleavage of a fluorophore-functionalized substrate by the Pb> " -dependent DNAzyme that releases a

fluorophore-functionalized nucleic acid product. (b) Electrochemical detection of Pb>™ by the cleavage of a duplex DNA structure by the Pb

2+

dependent DNAzyme and the formation of a redox-tethered single-stranded nucleic acid that electrically communicates with the electrode.
(Adapted with permission from ref. 23. Copyright 2007, American Chemical Society).

triggered on the fluorescence of the fluorophore. Other metal-
dependent DNAzymes are available, and for example, a Cu® "
-specific DNAzyme was similarly used to analyze Cu®* ions.?’

Aptamer—-DNAzyme conjugates for biosensing

Nucleic acids sequences that recognize different classes of
analytes were isolated by the SELEX process, and these are
known as aptamers. For example, aptamer recognizing low-
molecular-weight substances such as cocaine,?® bioactive co-
factors such as NAD™',?’ the flavin cofactor?® or adenosine
triphosphate (ATP)*® were prepared. Also, aptamers against
various proteins such as the HIV reverse transcriptase®® or
toxins such as staphylococcal enterotoxin B! were produced.
The availability of the different aptamers suggests that their
binding to DNAzyme units might lead to bifunctional nucleic
acid conjugates that include in the same molecular structure a
recognition site and a catalytic reporting unit that provides the
readout signal.

An aptamer—-DNAzyme hybrid system that included the
Pb> " -dependent catalytic nucleic acid was applied to analyze
adenosine monophosphate’ by applying the DNAzyme-
mediated de-aggregation of Au NPs as optical readout signal
(Fig. 5(a)). The Pb*>" -dependent DNAzyme sequence (18) was
partially complementary to the nucleic acid (19) that included
the anti-adenosine aptamer region. Hybridization of the
DNAzyme with the aptamer-containing nucleic acid (19)

blocked the formation of the DNAzyme catalytic configura-
tion. The 5’ and 3’ ends of the DNAzyme and the aptamer,
respectively, were complementary to the substrate (20) that
included the RNA nucleobase that is cleavable by the DNA-
zyme and its two ends that were complementary to the (21)-
and (22)-functionalized Au nanoparticles, respectively. Under
these collective complementarities of the components, the Au
nanoparticles underwent aggregation that yielded a blue color
originating from the coupled interparticle plasmon. In the
presence of adenosine monophosphate, and Pb>"-ions as
cofactor, the de-aggregation of the Au nanoparticles was
controlled by the concentration of adenosine, and as its
concentration increased, the extent of aggregation diminished,
a process that was followed by the increase in the red
absorbance features of individual Au nanoparticles. In this
latter system, adenosine stimulated the separation of the
blocked DNAzyme/aptamer (18)/(19) structure while forming
the aptamer—substrate complex. This activated the Pb*>"-
dependent scission-DNAzyme that cleaved (20) at the RNA
nucleobase. As a result, all collective hybridization features
were lost, and the thermal melting of the individual hybrid
units led to the de-aggregation of the nanoparticles. The color
changes in the system originating upon de-aggregation of the
gold nanoparticles enabled the analysis of adenosine monopho-
sphate with a sensitivity that corresponded to 1.2 x 107¢ M.
A related conjugate of the anti-adenosine aptamer-HRP-
mimicking DNAzyme (23) was used for the colorimetric or

This journal is © The Royal Society of Chemistry 2008
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nucleic acid into a catalytic inactive structure. The formation of the aptamer—adenosine complex releases the horseradish peroxidase-mimicking
DNAzyme that permits the optical readout of the formation of the aptamer—adenosine complex. (Reprinted with permission from ref. 33.
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chemiluminescent detection of adenosine (Fig. 5(b)).** The
active DNAzyme structure was blocked by the hybridization
of the 3’ and 5’ ends of the aptamer and DNAzyme units with
the nucleic acid (24) that is partially complementary to the
DNAzyme sequence, and partially complementary to the
aptamer regions. Dehybridization of the aptamer in the pre-
sence of added adenosine through the formation of the
aptamer—adenosine complex induced the separation of the

DNAzyme sequence that self-assembled, in the presence of
hemin, to the active horseradish peroxidase-mimicking DNA-
zyme. This provided the colorimetric or chemiluminescence
readout signals for the formation of the aptamer—analyte
complex by the H,O,-mediated oxidation of ABTS>", or by
the biocatalyzed generation of light in the presence of H,O,/
luminol, respectively. This method paves the way to construct
a catalytic DNAzyme—aptamer sensing conjugate for any low-
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molecular-weight or macromolecular analyte for which an
aptamer exists.

Amplified sensing by enzyme-stimulated synthesis of
DNAzymes

Nucleic acids include in their nucleobase sequences substantial
encoded information that is reflected in the stability of the
duplex formation with complementary oligonucleotide se-
quences, in the self-organization of the nucleic acids into
complex two- or three-dimensional structures,*** in the
specific binding of intercalators or metal ions, and in the
self-assembly into binding (aptamers) or catalytic (DNAzyme)
structures. Furthermore, the nucleobase order controls bio-
catalytic processes on the DNA, and the cleavage or nicking of
duplex DNAs at sequence-specific domains represent topolo-
gical reactivities of oligonucleotide structures. All of these
properties were recently used to develop “DNA-based ma-
chines” that perform mechanical functions such as “walking”,
““scission’ or “‘rotation” as a result of an external triggering
signal.** 3% The concept of “DNA machines” may be further
adapted to develop highly sensitive DNA detection schemes
that could provide isothermal analytical methods for the
substitution of the PCR (Polymerase chain reaction) process.
The autonomous enzyme-stimulated mechanical synthesis of
DNAzyme units that is triggered by a recognition event of the
analyte substrate on a nucleic acid “track” represents a two-
phase amplification process for the sensing reaction. In the
first step, the recognition of the analyte triggers the biocata-
lytic formation of numerous DNAzyme units on the nucleic
acid “track”. In the second amplification step, the synthesized
DNAzyme units exhibit biocatalytic reporter properties, and
numerous readout signals are generated. Thus, a single recog-
nition event is translated through the two amplification steps
into numerous transduction signals.

The hybridization of an analyte DNA with a sequence-
designed circular DNA was used to activate the rolling circle
amplification (RCA) process that resulted in the synthesis of
DNAzyme units of peroxidase activity,® and the method was
applied to analyze the M13 phage DNA.*® A circular DNA,
(25), that included a nucleic acid sequence for capturing the
analyte, domain A, and three nucleic acid domains B, C, and
D complementary to the horseradish peroxidase-mimicking
DNAzyme, was constructed (Fig. 6(a)). A nucleic acid hairpin
structure (26) that included in its single-stranded loop domain
a recognition sequence was used to capture the M13 phage
DNA analyte (27). Upon hybridization of the analyte with the
loop domain, the hairpin opened. The released single-stranded
stem residue was designed to hybridize with the recognition
sequence of the circular DNA. In the presence of polymerase
and the dNTPs mixture, the replication and the rolling circle
amplification were initiated. In each revolution three DNA-
zyme units that bind hemin were generated. AFM measure-
ments indicated that DNAzyme chains as long as 10 pm were
formed. Fig. 6(b) and (c) show the color changes and the
resulting light intensities observed upon analyzing different
concentrations of M13 phage DNA. The detection limit for
analyzing the target DNA corresponded to 1 x 107! M.%
This sensing approach is generic and might be applied to

analyze any target DNA while applying the same circular
DNA, (25) and a hairpin with a variable single-stranded loop,
yet with an identical stem structure to (26).

A different DNA machine for the amplified analysis of
DNA is depicted in Fig. 6(d), and it involves the autonomous
synthesis of the peroxidase-mimicking DNAzyme.*' This is
exemplified with the analysis of the M13 phage DNA (27). A
nucleic acid ““track” (28), was constructed, and it included
three active domains: the region I acted as the recognition site,
whereas region III was complementary to the horseradish
peroxidase-mimicking DNAzyme sequence. The region II
was encoded with the sequence that controls upon recognition
the replication of the “track” and the formation of the nicking
sites for the evolution of the DNAzyme units. The hairpin
structure (29) was used to capture in its single-stranded loop
the analyte M13 phage DNA (27). The hybridization of the
analyte with the hairpin opened the stem region, and the
generated 3’-end of the stem complemented the recognition
domain I of the “track” (28). The hybridization of the (27)/
(29) hybrid to the recognition sequence activated in the
presence of polymerase and the dNTPs mixture the replication
of the “track™. The latter biocatalytic reaction resulted in the
formation of the nucleobase sequence for nicking by the N.
BbvC 1A enzyme that cleaved the replicated strand. This,
however, initiated the autonomous synthesis of the DNAzyme
by the polymerase-induced replication of the track and con-
comitant displacement of the cleaved strand (30) that self-
assembled, in the presence of hemin, to the horseradish
peroxidase-mimicking DNAzyme. Fig. 6(e) and (f) depict the
colorimetric changes and light intensities generated by the
evolved DNAzymes upon analyzing different concentrations
of the M13 phage DNA. The analyte was detected with
sensitivity that corresponded to 1 x 107!'* M (with a signal-
to-noise ratio of ca. 3).

A method that adapted concepts of the real-time polymer-
ase chain reaction (RT-PCR) that uses the horseradish perox-
idase-mimicking DNAzyme as a generator of an optical
readout signal, was developed.*? The real-time PCR method
is the most efficient procedure for the quantified, in situ,
analysis of DNA, and it includes the fluorescent transduction
of the progress of the replication process.** The conjugation of
a DNAzyme probes as catalytic transducing units of PCR
processes might not only provide a method to substitute the
expensive RT-PCR fluorescent labels, but add an additional
amplification step to the PCR reaction, thus enhancing the
sensitivity and shortening the analysis time-intervals. Fig. 7
exemplifies the DNAzyme-stimulated PCR analysis of the
M13 phage DNA target.** A primer, (31), was designed,
consisting of a capture nucleic acid that was conjugated to a
sequence complementary to the horseradish peroxidase-
mimicking DNAzyme. This acted as a blocker unit for the
tethered DNAzyme sequence, where the blocker and the
DNAzyme were separated by an oligoethylene glycol bridge.
Under these conditions, the DNAzyme sequence was inacces-
sible, and its folding into the biocatalytically active structure
was prohibited. In the presence of polymerase and dNTPs,
replication was induced, and the thermally separated product
(32), was hybridized with the primer (33) that included a
similarly blocked DNAzyme sequence. By the reverse
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polymerization, the hairpin structure (32) was opened through DNAzymes for nanobiotechnology and logic

the displacement of the DNAzyme sequence and the forma-
tion of the biocatalytically active DNAzyme in the presence of
hemin. By repeated replication/thermal dissociation cycles, the
DNAzyme units were generated by the two-end primers, and
this enabled the colorimetric or chemiluminescent readout of
the recognition of the target. The system enabled the detection
of the M 13 phage DNA with a sensitivity that corresponded to
3 x 107" M within 30 replication cycles (ca. 2 copies in 10 pl).

operations

The controlled aggregation of nanoparticles is extensively used
to construct nanostructures and nanodevices. Nanoparticles
(NP) that are functionalized with nucleic acids can be cross-
linked via complementary DNA strands and yield aggregates
that provide key nanostructures for nanobiotechnology.** An
interesting application of DNAzymes for nanotechnology
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Chemistry).

included error-correction and removal of aggregated gold
nanoparticles.*> The system has been suggested as a model
system for the error/removal process in protein synthesis on
the mRNA template, in which proofreading units (e.g.,
GTPase elongation factor-Tu) remove errors in the tRNA
moiety. Two kinds of gold NPs (A and B), exhibiting an
identical diameter of 13 nm, were functionalized with the
thiolated nucleic acids (34) and (35), respectively (Fig. 8(a)).
The RNA nucleobase containing nucleic acid (36) was used to
crosslink the Au NPs (A and B) and to yield the error-free
aggregate. A third kind of substantially smaller Au NPs B’ was
functionalized with the thiolated nucleic acid (37), and this was

used for the intentional introduction of errors into the NP
aggregate. The nucleic acid (37) included the complementary
base sequence to bridge the aggregate, yet, in contrast to (34)
and (35), it included only 15-base complementarity, whereas
the correct bridging nucleic acid included 22-base complemen-
tarity. The bridging nucleic acid (36) acted as substrate for the
Pb>"-dependent cleaving DNAzyme. While the “correct”
bridged NP assembly could not accommodate an active
DNAzyme structure due to the tight hybridization of type-A
and B Au NPs, an active DNAzyme configuration was formed
on the “error”-bridged NPs. The Pb?>" -induced cleavage of
the substrate removed, then, the “wrong” smaller Au NPs of
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type B’ from the aggregate. The error removal was confirmed
by absorbance spectroscopy (Fig. 8(b)) and TEM images
(Fig. 8(c) and (d)).

Structured nucleic acids have been recently used for logic
gate and computational operations. Logic gates provide the
functional units of computers. For binary computing logic
gates are activated by two electrical inputs that regulate the
electrical output, and the combination of several gates permits
computations. Recent research efforts use molecules*® or
biomolecules*’ as functional components that are triggered
by external stimuli such as light, pH, electrical or chemical
inputs to perform logic operations. Different applications of
molecular or biomolecular computing systems were suggested,
and, for example, enzyme-based logic gate systems were
reported as potential computers to follow metabolic path-
ways.?” Similarly, DNA-based computers attracted recent
research efforts, and the clinical impact of these systems was
discussed.*® Biocatalytic transformations of DNA templates,
or binding of low-molecular-weight substrates to aptamers
were used as computational elements*>>* or as systems that
perform logic gate operations.>!>2

DNAzyme structures were used to construct different logic
gates, and to perform arithmetic operations. For example, the
nucleic acid construct (38) was designed to include the E8-17
deoxyribozyme construct (green) that was constraint into an
inactive catalytic structure due to the formation of two hairpin
structures (Fig. 9(a)).>® The treatment of the structure (38)
with the nucleic acid (39) that acted as one input, i, resulted in
the opening of the “left”” hairpin by hybridization to the input,
but the deoxyribozyme remained inactive. Similarly, treatment
of (38) with the nucleic acid (40) that acted as second input, i,

resulted in the opening of the “right” hairpin structure, but the
resulting deoxyribozyme was not activated. Treatment, how-
ever, of the structure (38) with the two inputs, i; and i,, opened
both of the hairpin structures, and this released the active
deoxyribozyme structure, in the presence of the nucleic acid
(41) that acted as substrate for the ribozyme. The cleavage of
the hybridized substrate resulted in short sequence hybridiza-
tion products that were thermally dissociated from the deox-
yribozyme backbone. To the substrate (41) were tethered a
fluorophore (fluorescein) and a black-hole quencher (BH;).
The fluorophore was quenched in the intact substrate structure
(41), but the cleavage of the substrate by the deoxyribozyme,
and the dissociation of the two cleaved fragments separated
the fluorophore and quencher, and this activated the fluores-
cence of fluorescein, 4., = 480 nm; Aoy, = 530 nm. Thus, the
activation of the fluorescence from the system occurred only if
the template was subjected to the two input signals, ij, i,
resulting in an “AND” logic gate. The construction of the
“XOR” logic gate, where two “true” inputs (1) yield a
“false” output (“0), is depicted in Fig. 9(b). The nucleic acid
(42) was used as template that performs the function of this
logic gate. The template included two inactive deoxyribozyme
units that were blocked to “mute” structures by two hairpin
structures A and B that partially hybridized with the deoxyr-
ibozyme sequences. The two deoxyribozyme units were further
linked to the two hairpin structures C and D that acted as
“regulator” units that control the communication between the
two catalytic nucleic acids. The addition of the nucleic acid
(39) as input i; resulted in the hybridization to hairpin A and
its opening, and the concomitant hybridization to hairpin D
and its opening. While the opening of hairpin A activated the
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catalytically active structure of the “left” deoxyribozyme, the
opening of hairpin D distorted the “right”” deoxyribozyme to a
catalytically inactive structure. Treatment of the resulting
structure with the reporter substrate (43) resulted in its
cleavage by the “left” deoxyribozyme, and the separation of
the short nucleic acid products. The substrate (43) was
modified at its two ends with the fluorophore TAMRA and
the black-hole quencher BH,, resulting in the intramolecular
quenching of the fluorophore. The catalytic scission of the
substrate resulted in, however, the separation of the fluoro-
phore quencher units, thus activating the fluorescence from
TAMRA, Jex = 530 nm; Aoy, = 580 nm, that provided the
readout signal for the logic gate operation. Thus, the treat-
ment of the template (42) with the inputs (1, 0) resulted in the
true output “1”°. Similarly, the treatment of the template (42)
with the nucleic acid (40) acting as input i, resulted in the
hybridization of the input nucleic acid to the hairpin B and its
opening, and the concomitant hybridization of (40) to hairpin
C that resulted its opening. As before, these hybridization
processes activated the catalytic structure of the “right”
deoxyribozyme, while retaining the “left” part of the template
in a catalytically inactive structure. Thus, the treatment of the
ir-activated structure of the reporter substrate (43) enabled the
cleavage of the RNA nucleobase site, and the activation of the
fluorescence from the TAMRA label. That is, the treatment of
the template with the inputs (0, 1) resulted in a true output
“1”. Finally, the treatment of the template (42) with the two
inputs i; and i, resulted in the concomitant hybridization of
the inputs with all four-hairpin regions of the template (42).

While input i; hybridized with hairpins A and D and opened
the two structures, the input i, hybridized with hairpins B and
C and opened these hairpin structures, respectively. The
simultaneous hybridization processes stimulated by i; and i,
distorted the template to a catalytically inactive configuration
of the two deoxyribozyme units. As a result, the substrate (43)
could not be cleaved and no fluorescence was generated. That
is, the treatment of the template with the two inputs i; and i,
(1, 1) resulted in a false output “0”. In terms of logic gate
operations, the template performed the “XOR” gate func-
tions. The combination of the AND and XOR gates allow the
arithmetic half-adder operation. Fig. 9(c) shows the truth table
for the half-adder. While the AND gate provides the carry
digit C, the “XOR” output provides the sum digit. Other
deoxyribozyme-based logic gates that perform Boolean func-
tions and operate by related principles were constructed.>*>
In these systems, nucleic acid sequences act as inputs for the
partial or complete opening of pre-tailored hairpin-rich DNA
templates. The catalytic functions of the ribozyme structures
were regulated by the hybridization of the input-nucleic acids
with the DNA templates, and the logic gate operations of the
systems were readout by the fluorescence function of the
cleaved substrate.

DNAzymes were also used to construct molecular motors
that reveal open-close dynamic motion®®>’ or “walking”
capabilities.’®> An autonomous DNA nanomotor that per-
formed a continuous open—close dynamic motion with the aid
of the Mg?*-dependent “10-23" RNA cleaving DNAzyme
was demonstrated®® (Fig. 10(a)). The nucleic acid hybrid (44)/
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Ed., 2005, 44, 4355. Copyright 2005, Wiley-VCH Verlag GmbH&
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(45) was composed of a closed-state duplex that included a
single-stranded flexible capping chain with the Mg? " -depen-
dent sequence-specific DNAzyme. Upon hybridization with
the fuel substrate (46), the system adapted an extended “open”
configuration, while the active cleaving enzyme configuration
was formed. The scission of the substrate resulted in the
spontaneous thermal separation of the cleaved nucleic acid
units because of the low number of base-pairing, and the
regeneration of the closed DNA motor device. Thus, as long as
the “fuel” substrate was available in the system, its autono-
mous cleavage proceeded while moving the motor between
“open” and “‘closed” structures, respectively. The “frame
DNA” of the machine was substituted with a fluorophore-
quencher pair that resulted in the fluorescence quenching of
the dye in the “closed” state and the fluorescence enhancement
in the “open” configuration. The introduction of a non-
cleavable substrate (47) blocked the extended configuration,

and the motor functions of the molecular device were
stopped.>® In order to re-activate the machine, the non-clea-
vable substrate was removed by the complementary nucleic
acid (48) that generated a duplex structure of increased
stability.*

The “walking” of a DNAzyme along a DNA track was
similarly demonstrated with the “10-23” DNAzyme,59 and
this is depicted in Fig. 10(b) with the migration of a DNA
strand from one footstep to the other. Two DNA strands, the
footsteps, (50) and (51), were linked to the nucleic acid track
(52). The DNAzyme was hybridized with footstep I (50), and
the enhanced stability of the resulting double strand favored
this site of duplex formation. Cleavage of the footstep by the
DNAzyme separated the cleaved nucleic acid, and the result-
ing single-strand migrated to footstep II, (51), while being
hybridized. The duplex structure associated with footstep I
underwent the subsequent de-hybridization and re-hybridiza-
tion with footstep II due to the enhanced stability of the
double-strand associated with footstep II. The subsequent
scission of footstep II by the DNAzyme enabled the further
“walking” of the DNAzyme on the “track’, and up to three
migration steps were realized. The application of aptamers and
DNAzymes for logic gate operations, and “motor” (walker)
uses, is at this level of research only of basic interest. One
might, however, envisage new scientific opportunities with
these “‘smart” materials. For example, the combination of
aptamers on pre-designed “walking tracks” could involve the
activation of the “‘walking” process of anti-biomarker apta-
mers, and the concomitant release of tailored nucleic acids.
Such “motoric walkers” may, then, release an anti-sense
agents, and provide a new therapeutic paradigm.

Conclusions and perspectives

Catalytic nucleic acids, DNAzymes, find growing interest in
sensor applications, nanotechnology and logic gate opera-
tions. DNAzymes exhibit enhanced thermal stability as com-
pared to enzymes. This property, together with the possibility
to synthesize large quantities of DNAzymes, point to their
potential for numerous applications. The use of DNAzymes as
catalytic labels for amplified biosensing has already been
established, and novel sensors that include DNAzyme-labeled
hairpins or aptamer—DNAzyme conjugates have recently been
developed. Particularly interesting are the molecular DNA
machines that synthesize DNAzyme units as a result of sensing
events. These systems revealed high sensitivities and represent
isothermal, inexpensive and easy-to-operate assays, which
could substitute the PCR process for many applications. The
uses of such systems for rapid point-of-care diagnostics, or
field tests of environmental pollutants or homeland security
agents, such as pathogens, are envisaged. The use of aptamer-
based DNA machines for amplified biosensing by the analyte-
triggered synthesis of DNAzyme units is particularly interest-
ing and represents major advantages over the PCR method
that is limited for the amplification of nucleic acids only. The
availability of aptamers for low-molecular-weight substrates,
such as cocaine or antibiotics or for proteins such as thrombin
or toxins allows, in principle, the activation of DNA machines
that synthesize DNAzymes that provide a versatile tool to
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analyze numerous substances. Indeed, this activation of a
DNA machine by an aptamer—cocaine complex was recently
reported.®® Besides the use of DNAzymes as catalytic labels
for sensing, their application as functional tools in nanobio-
technology and for logic gate and computing is attractive.
Although the examples for using DNAzymes in these research
areas are still scarce, systems of enhanced complexity that
synthesize nanoscale devices, or perform coupled sensor and
motor functions, or motor and computing functions, are
anticipated to emerge.

The use of DNAzymes as amplifying reporter units in
biosensing is a ripe technology, and commercial assays using
these biocatalysts are anticipated to appear on the market in
the near future. Although the other applications of DNA-
zymes are at the basic research level, the rapid progress in the
field and the multidisciplinary applications of these biocataly-
tic materials hold great promises for additional developments.
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