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ABSTRACT

Two modified 2’-deoxynucleoside 5’-triphosphates
have been used for the in vitro selection of a
modified deoxyribozyme (DNAzyme) capable of the
sequence-specific cleavage of a 12 nt RNA target in
the absence of divalent metal ions. The modified
nucleotides, a C5-imidazolyl-modified dUTP and
3-(aminopropynyl)-7-deaza-dATP were used in place
of TTP and dATP during the selection and incorpor-
ate two extra protein-like functionalities, namely,
imidazolyl (histidine analogue) and primary amino
(lysine analogue) into the DNAzyme. The functional
groups are analogous to the catalytic Lys and His
residues employed during the metal-independent
cleavage of RNA by the protein enzyme RNaseA.
The DNAzyme requires no divalent metal ions or
other cofactors for catalysis, remains active at
physiological pH and ionic strength and can recog-
nize and cleave a 12 nt RNA substrate with
sequence specificity. This is the first example of a
functionalized, metal-independent DNAzyme that
recognizes and cleaves an all-RNA target in a
sequence-specific manner. The selected DNAzyme
is two orders of magnitude more efficient in its
cleavage of RNA than an unmodified DNAzyme in
the absence of metal ions and represents a rate
enhancement of 10° compared with the uncatalysed
hydrolysis of RNA.

INTRODUCTION

It is now over 20 years since the initial discovery that RNA
enzymes (ribozymes) could catalyse reactions in the absence
of protein. Since this time, seven naturally occurring
ribozymes have been studied in detail, several of these have
been crystallized and most recently the catalytic function of
RNA in the 30S ribosomal subunit has been proposed (1). All
of these ribozymes normally utilize divalent metal ion
cofactors such as magnesium for optimal activity. It has
been shown that efficient catalysis may be achieved by the
hairpin ribozyme when cobalt hexamine replaces magnesium

ions (2—4), whilst high concentrations of monovalent cations
can support catalysis by the hammerhead, hairpin and VS
ribozymes (5,6). In contrast, the HDV ribozyme performs self-
cleavage in the absence of divalent metals but at low pH (7,8).
These results suggest the importance of electrostatic or
structural roles for the metal ions. At least for the hammer-
head, hairpin and VS ribozymes, the importance of electro-
static or structural roles for the metal ions is implied. Despite
these results, the rate constants for these ribozymes at pH 7
and at cellular concentrations of sodium chloride are much
reduced compared with those that are achieved in the presence
of divalent metal ions.

Although catalytic DNAs (DNAzymes) have not been
found in nature, they may be created using the combinatorial
technique of SELEX (9-11). DNAzymes have been selected
that are capable of accelerating a surprising variety of
chemical reactions such as RNA cleavage, DNA cleavage,
DNA ligation, DNA phosphorylation, porphyrin metallation,
DNA capping, DNA depurination and the Diels-Alder reac-
tion (12-15). In SELEX, nucleic acid molecules (either RNA
or DNA) are selected from a library of typically 10'>-10'3
molecules of random sequence based on their ability to
catalyse a given reaction. The technique exploits the wide
range of structures that single-stranded nucleic acids can adopt
and mimics the natural processes of evolution.

Ribozymes that are capable of the sequence-specific
cleavage of RNA have potential uses in vitro as chemical
nucleases and biosensors (16-19) and in vivo as therapeutic
agents for the controlled destruction of mRNA for gene
inactivation and the targeted cleavage of viral, oncogene or
mutant mRNA (20-24). However, in vivo applications of
ribozymes are limited by problems associated with their
chemical instability, susceptibility toward cellular nucleases
and the sub-optimal physiological concentrations of divalent
metal ions, e.g. magnesium required for cleavage. Some
progress has, however, been made by the incorporation of 2’-
modified sugar or modified phosphate diester backbones into
the RNA molecules to render them nuclease resistant (25).
However, whilst these changes often produce the desired
increased stability in vivo, they often severely decrease the
catalytic efficiency of the ribozyme, thus reducing their
efficacy. In contrast, DNAzymes designed to catalyse the
sequence-specific cleavage of RNA for therapeutic applica-
tions in vivo offer advantages over analogous RNA-based
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Figure 1. Selection strategy for the modified DNAzyme using modified nucleotides 1 and 2 (inset). DNA N50-template library 5-d(GTGCCAAGCTTACCG-
N5o-GTCGCCATCTCTTCC)-3" was copied using primer 5’-biotin-d(GGAAAAA)-r(GUAACUAGAGAU)-d(GGAAGAGATGGCGAC)-3” and superscript 11
reverse transcriptase in the presence of dGTP, dCTP, modified dUTP (1) and modified dATP (2). The double-stranded products were added to streptavidin
beads, followed by denaturation and washing to remove the non-biotinylated template. The pool of catalyst molecules was eluted following self-cleavage of
captured biotinylated single-stranded catalyst-substrate molecules in the absence of divalent metal ions. Subsequent amplification by PCR using primers 5’-
biotin-d(GGAAGAGATGGCGAC)-3’ and 5-d(GTGCCAAGCTTACCG)-3", followed streptavidin capture of the biotinylated strand, regenerated template
molecules for the next cycle of selection. Incubation times (elution times) for the self-cleavage reaction were decreased from 1 h in cycles 1-6 to 1 min in

cycle 13. See Materials and Methods for full experimental details.

enzymes due to their increased chemical stability. However,
like RNA-based enzymes, most DNAzymes are divalent
metal-ion dependent and require magnesium (26,27), calcium
(28,29) or zinc (30) ions in order to produce catalytic activity.
Furthermore, the concentrations of such divalent metal ions
often exceed those present physiologically. Significantly, two
metal-independent DNAzymes that were obtained following
SELEX experiments in the absence of divalent metals
displayed rate constants in the presence of monovalent
cation concentrations of 0.25-1 M and at pH 7 of at best
around 10-3 min~! (28,31). Consequently, the development of
DNAzymes that function effectively in the absence of divalent
metal ions has begun to attract much interest.

In a divalent metal ion-independent DNAzyme the
nucleobases may support catalysis using electrostatic or
general acid-base mechanisms but the pK,s of the functional
groups are not well suited for such tasks. The poor catalytic
rate enhancements achieved by nucleic acid-based enzymes
relative to those attained by protein enzymes are probably in
part due to the rather limited functional group repertoire of
nucleic acids. In contrast, amino acids within proteins offer a
wide variety of functional groups that are exploited for
catalysis. Consequently, there has been growing interest in
enhancing the catalytic activities of nucleic acid enzymes by
equipping them with functionality that can support catalysis.
Initial approaches to achieve this aim involved adding amino
acid cofactors such as L-histidine (32) or by using oligo-
nucleotide cofactors to regulate catalysis (33,34). However, a
far more attractive approach is the direct modification of
nucleic acids with suitable functional groups that are capable
of catalysing the reaction of interest. The incorporation of
extra functional groups into ribozymes may be conveniently
achieved by employing suitably modified analogues of
nucleoside 5’-triphosphates (35-44) in place of their natural

counterparts during SELEX. The potential for this approach in
developing catalytic nucleic acids with enhanced or novel
activities was first demonstrated by Eaton and co-workers for
an RNA-based Diels-Alderase enzyme. The Diels-Alderase
was generated using SELEX in which a UTP bearing a
pyridine moiety appended to C5 was used in place of natural
UTP during the selection process (43).

The use of modified dNTPs for selecting more efficient
DNAzymes was first exploited by Santoro et al. (45) who
designed a zinc-dependent DNA-based ribonuclease func-
tionalized with imidazolyl (histidine-like) groups. Thus, using
the C5-imidazole functionalized dUTP analogue 1 (Fig. 1) in
place of TTP during SELEX allowed the isolation of a
DNAzyme that cleaves an RNA target with sequence speci-
ficity in the presence of zinc ions. The authors identified three
essential imidazole moieties within the DNAzyme that they
proposed could bind a zinc atom which in turn could activate a
co-ordinated water molecule in order to achieve RNA
cleavage, a mechanism that is comparable with that used by
carboxypeptidase A.

In developing DNAzymes as sequence-specific ribo-
nucleases the incorporation of modified nucleotides bearing
side chains designed to mimic those of the amino acids His
and Lys allows the delivery of catalysis through general
acid-base mechanisms and electrostatic complementarity by
analogy with RNaseA. The potential of this approach has been
demonstrated by Perrin and co-workers (46,47) using a
DNAzyme functionalized with both amino and imidazolyl
groups to mimic the catalytic groups used by the correspond-
ing protein. The modified DNAzyme was obtained using C5-
aminoallyl-dUTP and a C8-imidazolyl-modified dATP (38) in
place of TTP and dATP, respectively, during SELEX. The
DNAzyme achieves the metal-independent catalytic cleavage
of a single ribonucleotide unit within a DNA target molecule



and may be acting as a mimic of RNaseA. We have also been
actively pursuing this goal and have employed the imidazole-
functionalized dUTP analogue 1 (39) together with the amino-
modified dATP analogue 2 (36) during SELEX experiments.
In these experiments, we used the 12 nt RNA target sequence
employed previously by Santoro and Joyce (26) in their
selection of a magnesium-dependent DNA-based ribo-
nuclease. We describe here the first example of an amino-
and imidazolyl-functionalized, divalent metal-independent
DNAzyme that recognizes and achieves the sequence-specific
cleavage of an all-RNA target and remains active in relatively
low ionic strength buffer.

MATERIALS AND METHODS
Chemicals and reagents

All chemicals were molecular biology grade quality. All water
solutions were made with MilliQ quality water purified by
PurLite System and filtered through 0.22 pum filters. Natural
2’-deoxynucleoside  5’-triphosphates were from MBI
Fermentas, whilst the two modified nucleotide triphosphates
1 and 2 (Fig. 1) were synthesized and purified as described
previously (35,36).

Enzymes

SuperScript II Reverse Transcriptase was from Life
Technologies. Tag DNA polymerase from Promega and BIO
X ACT polymerase from Bioline were used for PCR. DNA
ligase was from Qiagen as a part of pDrive cloning kit. EcoRI
restriction endonuclease was from Promega.

DNA and oligonucleotides

Vector pDrive designed for cloning PCR products was from
Qiagen. Oligodeoxyribonucleotides were synthesized on a
0.2 wmol scale with an ABI 392 DNA Synthesizer using
conventional phosphoramidite reagents and standard synthesis
and deprotection protocols. The syntheses of oligoribonucle-
otides and mixed DNA/RNA oligonucleotides were per-
formed on a 1 umol scale using 2’-O-tert-butyldimethylsilyl-
3’-0-(2-cyanoethyl diisopropylphosphoramidite) monomers
and solid supports with phenoxyacetyl protection for adeno-
sine and guanosine and acetyl protection for cytidine (Glen
Research), together with the same protecting groups for DNA
monomers (Glen Research). Labelled oligonucleotides were
prepared using 5’-biotin amidite (Glen Research) and 6-FAM
fluorescein amidites (Transgenomic) in the final cycle of
synthesis.

Oligodeoxyribonucleotides were purified by reversed-phase
HPLC on a Jones C18 column (250 X 4.6 mm) using CH;CN
in triethylammonium acetate. Oligoribonucleotides were
deprotected and purified by denaturing preparative 20%
PAGE as described (3).

Structures of all oligonucleotides were confirmed by
MALDI-TOF mass spectra and displayed molecular weights
within 4 Da of the expected masses.

In vitro selection

A DNA N50-template library 5’-d(GTGCCAAGCTTACCG-
N5o-GTCGCCATCTCTTCC)-3’ (20 pmol) was copied using
10 pmol of primer 1 [5’-biotin-d(GGAAAAA)-r(GUAACUA-
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GAGAU)-d(GGAAGAGATGGCGAC)-3'] in a 50 pl mixture
containing 500 U Superscript II Reverse Transcriptase (Life
Technologies), 0.3 mM dGTP, 0.3 mM dCTP, 1.2 mM
modified dUTP (1) (35,39), 1.2 mM modified dATP (2) (36),
50 mM Tris—HCI pH 8.3, 75 mM KCl, 3 mM MgCl,, 20 mM
DTT incubated at 45°C for 2 h. One picomole of 5'-
fluorescein-labelled primer 1 (5-FAM label; Glen Research)
was included to monitor the reaction using the denaturing
HPLC (DHPLC) WAVE™ System equipped with a DNA-
sep™ column (Transgenomics) using a 5 pl aliquot of the
reaction mixture in the conditions described below. The
reaction mixture was purified by a Qiaquick Gel Extraction
Kit (Qiagen), NaCl added to a final concentration of 0.2 M and
the extension products immobilized on 100 pl of streptavidin
agarose beads (Sigma) previously washed with 5 X 100 ul of
wash buffer (0.2 M NaCl, 10 mM EDTA, 50 mM Tris—HCI,
pH 7.5). The beads were incubated for 15 min at room
temperature and then washed with 5 X 100 pl of wash buffer.
The non-biotinylated DNA strand was removed by washing
with 5 X 100 ul of ice-cold 0.1 N NaOH, 0.2 M NaCl and the
beads then washed with 5 X 100 pl of 37°C wash buffer and
self-cleaved catalysts eluted after incubation at 37°C for a
given time with 3 X 100 pul of wash buffer. Elution times were:
cycles 1-6, 1 h (i.e. 3 X 20 min) for the first six cycles; cycle 7,
45 min; cycle 8, 30 min; cycle 9, 15 min; cycle 10, 9 min;
cycle 11, 6 min; cycle 12, 3 min; cycle 13 (final cycle), 1 min.
Eluates were combined, concentrated four times on Microcon
YMIO filters (Millipore) and made up to 30 pl with water. Five
microlitres of this sample was diluted 10° times and 20 X 1 pl
samples were amplified by PCR [30 cycles; 92°C (10 s), 50°C
(30 s), 72°C (30 s)] using the primers (0.5 uM) 5’-biotin-
d(GGAAGAGATGGCGACQ)-3" and 5-d(GTGCCAAGCTT-
ACCG)-3’, normal dNTPs (100 uM) and 5 U Tag polymerase
(Promega) in 100 pul containing 1X Promega Taq buffer. PCR
amplification was monitored by denaturing 14% PAGE with
ethidium bromide staining or by using a DHPLC WAVE™
System (data not shown). The 20 PCR mixtures were
combined and purified on a Qiaquick PCR Purification Kit
(Qiagen), and immobilized on 0.5 ml streptavidin magnetic
beads (Dynabeads M-280; Dynal) according to the manufac-
turer’s protocol and eluted with 3 X 100 ul of 0.1 N NaOH,
0.2 M NaCl to obtain the non-biotinylated strand. Eluates were
neutralized with 30 pl of 7.5 M NH4OAc and desalted on
Microcon YMI1O filters. The isolated single-stranded DNA
was used as a template in the next cycle of selection. After the
13th cycle of selection, enriched DNA molecules were
amplified by PCR using non-biotinylated primers and cloned
into pDrive Vector (Qiagen). Plasmids from selected colonies
were purified by a QIAprep Spin Mini Prep Kit (Qiagen) and
insertions were sequenced (DBS Genomics). Resulting
sequences were analysed using RNA and DNA M-fold
secondary structure prediction software (48).

Cloning of PCR products

PCR products were cloned by a pDrive Cloning Kit following
the protocol recommended by Qiagen. Approximately 90
different clones were picked up and grown overnight in 3 ml
of LB with 50 mg/ml Amp at 37°C. Plasmids were isolated by
a QIAprep Spin Mini Prep Kit (Qiagen) and 100 bp insertions
were checked by denaturing 14% PAGE after EcoRI digestion
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procedure (Supplementary fig. 3). Finally, 50 plasmids were
found to have insertions of interest.

Preparation of single-stranded DNA

Plasmid DNA from an individual clone was amplified by PCR
using primers 5-d(GGAAGAGATGGCGAC)-3’ and 5'-
biotin-d(GTGCCAAGCTTACCG)-3" and single-stranded
biotinylated DNA was obtained using conditions described
(49) with some modifications as follows: captured double-
stranded DNA was washed five times with 0.07 M ammonium
phosphate, pH 7.5. The first strand was removed by 2 X 2 min
treatment with 25% aqueous ammonia at room temperature.
The second strand was recovered by 2 X 10 min treatment
with 25% ammonia solution at 65°C, dialysed using a
Microcon YM30 filter and used for cleavage studies.
Cautionary note: we have found that the release of the
biotinylated strand during this ammonolysis as published (49)
appears to be batch specific. In particular, we have found that
this procedure only works reproducibly with Dynabeads
M-280 produced by Dynal Biotech sourced from Norway.

Analysis of self-cleavage reactions

The single-stranded DNA (20 pmol) was used as a template in
the primer template extension reaction with Superscript 11
Reverse Transcriptase, modified dNTPs 1 and 2, dCTP and
dGTP and 5’-fluorescein-labelled RNA/DNA mixed primer 1
as described above. The resulting DNA was immobilized on
Dynabeads M-280 and single-stranded DNA was eluted with
10 ul of ice-cold 0.1 N NaOH, 0.1 M NaCl. The eluate was
neutralized immediately by adding an equimolar quantity of
ice-cold HCl to give final concentrations of Tris—HCI buffer at
50 mM, 10 mM EDTA and 200 mM NaCl in a final pH of 7.5
and a final volume of 13 pl. Where magnesium or zinc was
added, MgCl, or ZnCl, was added immediately after
neutralization to give the appropriate divalent metal ion
concentration in a final volume of 13 pl. The mixtures were
then incubated at 37°C for various times. The reactions were
diluted with water to 100 pl and the whole sample analysed
using DHPLC on the WAVE™ System as described below.

An RNA ladder was generated by limited alkaline
hydrolysis of 5’-fluorescein-labelled DNA/RNA mixed primer
1 [conditions: 20 pl solution of 5’-fluorescein-labelled primer
1 (100 nM) heated at 99°C for 10 min in 50 mM NaHCOs].
Two microlitres of 1 M Tris—HCI, pH 7.5 was added to stop
the reaction. One microlitre of this reaction was diluted to
100 pl with water and analysed using DHPLC on the
WAVE™ System as described below.

Denaturing HPLC analysis

DHPLC used the Nucleic Acid Fragment Analysis WAVE™
System equipped with a DNAsep column (Transgenomics).
For analysis of template extension during SELEX, the
following gradient was used.

For analysis of primer extension reaction (see Supplementary
fig. 4). Buffer A (0.1% acetonitrile, 0.025 mM tetrabutyl-
ammonium bromide, 0.01 mM EDTA) and buffer B (70%
acetonitrile, 0.025 mM tetrabutylammonium bromide,
0.01 mM EDTA) at 50°C at a flow rate of 0.9 ml/min. The
gradient used was: buffer B; 30% (at 0 min), 50% (1 min),
90% (13 min), 100% (at 13.1 min), 100% (at 13.6 min), 30%

(at 13.7 min), with fluorescent detection with excitation at
494 nm and emission detected at 525 nm. Retention times:
primer, 4.5 min; product (fully extended primer), 8.2 min.

For initial screening of clones (Fig. 3). The same gradient and
conditions were used as for the primer extension reaction

above. Retention times: DNAzyme/substrate, 11.2 min;
products 1 and 2, 5.1 and 4.5 min, respectively.
For analysis of self-cleavage reactions, 5 -fluorescein-

labelled-modified and -unmodified clone 32 sequences
(Figs 4, 6 and Supplementary fig. 6). Buffer A (0.1%
acetonitrile, 0.025 mM tetrabutylammonium bromide,
0.01 mM EDTA) and buffer B (70% acetonitrile, 0.025 mM
tetrabutylammonium bromide, 0.01 mM EDTA) at 50°C at a
flow rate of 1 ml/min. The gradient used was: buffer B, 30%
(at 0 min), 40% (1 min), 80% (23 min), 100% (at 23.1 min),
100% (at 23.6 min), 30% (at 23.7 min).

Kinetic studies

DHPLC data of the cleavage reactions were fitted to first-order
reactions with Kaleidagraph software (Synergy Software,
Reading, PA, USA) using equation 1:

P, = Po (1 — &) 1

where P, is the percentage product at time #, P is the
percentage product at the end point of the reaction and & is the
first-order rate constant.

RESULTS AND DISCUSSION
In vitro selection of the DNAzyme

The objective of this work was to select a DNAzyme that
cleaves a specific internucleotide bond in RNA and does not
require the participation of divalent metal ions in either
catalysis or formation of tertiary structure. For this purpose,
we used a random 50 nt library and a 12 nt all-RNA target
sequence that was utilized previously by Santoro and Joyce
(26) to select a metal-dependant DNAzyme. The 12 nt RNA
sequence corresponds to the start codon region of several
HIV-1 mRNAs. Thus, our selection was designed to identify
catalysts capable of RNA recognition and cleavage with
sequence specificity and in the absence of divalent metal ions.

Previously, we described the syntheses of a set of
imidazolyl- and amino-functionalized dUTP and 7-deaza-
dATP derivatives and evaluated these as substrates for DNA
polymerases (35,36). Based on this work, we chose to employ
the most efficient substrates to achieve the incorporation of
imidazolyl and amino functional groups, respectively, into
DNAzymes during SELEX. Thus, a C5-urocanic acid modi-
fied allylamino dUTP analogue 1, a compound described
earlier by Sakthivel and Barbas (39) and the 7-aminopropynyl
modified 7-deaza-dATP analogue 2 (36) (Fig. 1) were chosen.
Both of these analogues involve modifications within the
major groove of the resulting DNA and do not affect the
abilities of the modified bases to participate in Watson—Crick
hydrogen bonding. Thus, nucleic acids containing these
analogues are able to adopt tertiary structures that can support
catalysis.



Using a 12 nt target RNA sequence and a randomized N50
library, the selection strategy corresponds to that employed
previously by Santoro and Joyce (26) and is summarized in
Figure 1 (Supplementary fig. 1 shows the full nucleic acid
sequences). Two extra functional groups (imidazolyl and
primary amino) were incorporated into the initial random 50 nt
DNA library during DNA extension using template-directed
synthesis. For this we employed SuperScript II Reverse
Transcriptase (acting as DNA-dependant DNA polymerase),
modified triphosphates 1 and 2 in place of TTP and dATP and
a biotinylated DNA/RNA mixed primer containing the
embedded target RNA sequence. The biotinylated products
were then captured on streptavidin beads and the non-
biotinylated template DNA strands removed following
denaturation and washing. Upon incubation in pH 7.5 Tris
buffer containing 0.2 M NaCl and EDTA, active catalysts
within the pool were released from the beads following self-
cleavage within the RNA target sequence and were then
amplified by PCR using natural nucleotides prior to the next
round of selection. The duration of the self-cleavage step of
the immobilized single-stranded RNA/DNA pool performed
in the absence of divalent metal ions (and in the presence of
EDTA) was decreased from 1 h in cycles 1-6 to 1 min in the
last round of selection (cycle 13).

Initially, during analysis of the PCRs using denaturing
PAGE, the product of interest (comparable length to the initial
random sequence) was accompanied by other slower migrat-
ing species. This problem was solved by dilution of the DNA
template prior to PCR (Supplementary fig. 2), which produced
pure PCR product with the correct length. In later cycles we
used a proof-reading thermostable polymerase, which pro-
duced cleaner PCR products and was capable of a more
accurate replication of the active catalysts than that achieved
using Tag DNA polymerase. After the 13th cycle the enriched
DNA pool was amplified by PCR using unmodified primers,
the PCR products cloned into pDrive vector and 50 individual
clones containing inserts of the correct length (Supplementary
fig. 3) were sequenced.

Denaturing HPLC analysis of the fluorescein-labelled
products

High-resolution, ion-pair, reversed-phase denaturing HPLC
(DHPLC) in conjunction with fluorescent detection
(Transgenomic WAVE™ machine) was used for both simul-
taneous separation and quantification of the products. This
technique offers comparable resolution to PAGE of radio-
labelled oligomers, whilst avoiding its disadvantages, such
as the need for regular re-labelling of the DNA using
radioactive ATP and the time-consuming processes of gel
preparation, electrophoresis, gel drying and quantification
using phosphoimaging. In previous studies we have found
good correlation between kinetic data obtained using fluores-
cently labelled substrates and that obtained using radioactively
labelled substrates in a variety of enzyme assays (50-52). The
same technique was also used for analysis of the RNA
cleavage reaction (Figs 3-6) and monitoring the DNA
extension steps during selection rounds (see Supplementary
fig. 4). In the latter case a trace amount of 5’-fluorescein-
labelled primer was included in order to monitor the extension
reaction.
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Analysis of the enriched DNA pool of sequences

Fifty sequences from different clones were analysed using
alignment and folding, or secondary structure prediction (48),
and revealed two main families (family 1 and family 2), each
of four sequences with more than 95% primary structure
homology (see Supplementary fig. 5). Family 1 contained
~55% of the modified dU analogue. In family 2, the content of
the dU analogue was slightly less (40%), but in contrast to the
members of family 1, these sequences appeared to have more
promising secondary structures in terms of Watson—Crick base
pairing between the DNAzyme and RNA target sequence after
virtual folding. In all, five sequences, one from family 1, two
from family 2, together with two more based on their folded
secondary structures, were chosen for further study. In
addition, the total enriched pool of DNA after the last 13th
round of selection was used as a control in cleavage analysis.

A 5-fluorescently labelled mixed RNA/DNA primer con-
taining the embedded 12 nt target RNA sequence (identical in
sequence to the biotinylated primer in Fig. 1) was used to
prepare samples of the five selected clones for studying their
intramolecular cleavage. Thus, PCR amplification of the
cloned sequences using a biotinylated ‘template’ strand,
produced double-stranded PCR products that were captured
on streptavidin beads. Following removal of the non-
biotinylated strand, the biotinylated strand was eluted from
the beads following heating in ammonia (49). The isolated
biotinylated strands then served as templates for preparing the
fluorescently tagged DNAzyme—substrate sequences (Fig. 2)
using superscript IT according to the scheme shown in Figure 1.
In addition, a fluorescently tagged library of all the sequences
from the enriched DNA pool after the last round of selection
was prepared analogously. When the same primer (i.e. lacking
the 3’-catalytic sequence) was incubated under conditions
employed during the cleavage assay, there was no evidence of
any reaction after 3 days of incubation (data not shown).

For all five sequences, the 12 nt RNA target sequence was
cleaved specifically at one of two positions; after the second
and sixth ribonucleotides (Figs 3 and 4), the major products
being formed following reaction at the former site. In each
case the scissile phosphate diester linkage was between rU and
rA residues. The selectivity of the cleavage reaction is
different to that reported by Joyce and co-workers for the
zinc-dependent DNAzyme (45) and presumably reflects
differences in the tertiary folding and mechanism of cleavage
between the respective DNAzyme—substrate complexes.
The specificity also differs from that observed with the
magnesium-dependent, unmodified DNAzyme described
earlier by the same group (26). The preference for selected
cleavage at U-A sites determined for the DNAzyme described
here is consistent with findings of others and based on such
sites being more favourable toward cleavage due to decreased
base stacking and/or altered hydrogen bonding networks
around the scissile linkage (53,54).

In the earlier studies by Joyce and co-workers (26,45), early
rounds of selection were characterized by multiple cleavage
sites within the RNA substrate, whilst in later rounds a
DNAzyme cleaving at a single one of these sites was evolved.
We anticipate that for the DNAzyme described here, after
several further rounds of SELEX, a single cleavage site would
also be selected.
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plasmid DNA from individual clone

1. PCR, primers: 5'- d(GGAAGAGATGGCGAC)-3' + natural dNTPs

5'-Bt-d(GTGCCAAGCTTACCG)-3'

2. streptavidin beads

3,4 NH,OH

5'-Bt-d(GTGCCAAGCTTACCG-N 5-GT CGCCA TCT CT TCC)" 3'

3'-d(CAGCGGT AGAGAAGG)-r (U2

1©)-d(AAAAAGG)-FI- 5'

1. Reverse Transriptase dCTP, dGTP, 1 and 2

2. streptavidin beads

3. NaOH

4. Neutralise, add NaCl, EDTA

5'-FI-d(GGAAAAA)- r(C |

Bt=biotin
Fl=fluorescein

\1)-d(GGAAGAGATGGCGAC)-N' 5-CGGTAAGCTTGGCAC)-3'

incubation at 37°C

cleavage

5'-FI-d(GGAAAAA)-( 777777)- 3'

Figure 2. Self-cleavage scheme. Plasmid DNA from individual clones or the enriched DNA pool after the last selection round were amplified by PCR and
immobilized on streptavidin beads. The two individual DNA strands were recovered by treatment with concentrated ammonia under different conditions as
described (49) (see also Materials and Methods). The biotinylated strand was used for a primer extension reaction with modified triphosphates 1 and 2 and a
5’-fluorescein (Fl)-labelled primer 1. The resulting double-stranded product was immobilized on streptavidin magnetic beads and single-stranded molecules
were eluted by treatment with ice-cold sodium hydroxide. Eluates were neutralized immediately and incubated at 37°C. The RNA sequence following

cleavage that was initially unknown is indicated as ??27?7?’.

Of the sequences that we investigated, clone 32, a member
of family 2, was more active than any of the other catalysts
tested (Fig. 3 and Supplementary fig. 5) including the total
DNA pool after cycle 13 and was therefore studied further.

Characterization of the DNAzyme

In order to investigate the influence of the base modifications
on catalysis, we prepared 5’-fluorescein-labelled clone 32
sequences containing no modifications, the modified dU only
(using analogue 1) and the modified dA only (using analogue
2) and compared the efficiency of their self-cleavage reactions
with that of the doubly modified sequences. Analysis of the
reactions using DHPLC revealed that both of the base
modifications were required for optimal cleavage (Fig. 4),
but the influence of the imidazolyl-modified dU analogues was
more crucial. After 1 h, only a small amount of reaction was
observed in the case of the natural, unmodified sequence (7%)
that was comparable with the amount of reaction achieved by
the dA-modified sequence (10% cleavage). For the dU-
modified sequence, more than 30% cleavage had been
achieved in a comparable time, whilst the amount of product
formation was further increased upon incorporation of both of
the dU- and dA-modified nucleotides into the sequence. These
results clearly demonstrate that both imidazolyl and primary
amino functionalities are necessary for achieving the optimum
rate of RNA cleavage by the DNAzyme.

The determined first-order rate constants for cleavage at the
two sites within the RNA sequence using the doubly modified

DNAzyme were quite similar, with values of 0.06 = 0.01 and
0.07 = 0.01 min~! at the major and minor sites, respectively
(Fig. 5). In previous work, Geyer and Sen selected unmodified
DNAzymes cabable of RNA hydrolysis and then reselected
DNAzymes with increased activity from the initial pool of
catalysts (31). In 0.2 M NaCl and in the absence of divalent
metal ions, DNAzymes with k., values of 0.0015 min~! were
reported. The cleavage by DNAzymes at an adenosine within
a DNA target, in the absence of metal ions, reported by the
Famulok group, proceeds with a similar efficiency (28). Thus,
the DNAzyme selected herein is ~50-fold more efficient than
DNAzyme-catalysed cleavage of RNA in the absence of metal
ions (31) and represents a rate enhancement of ~10° compared
with the uncatalysed reaction (55).

We also investigated the effect of ionic strength on the
cleavage reaction. Thus, decreasing the NaCl concentration
from 200 to 100 mM had little effect on the reaction rates.
However, cleavage was substantially inhibited at concentra-
tions below 50 mM (Fig. 6), presumably conditions under
which correct folding of the DNAzyme and substrate does not
take place. Nevertheless, the reaction is supported under
physiological salt concentration with the DNAzyme display-
ing comparable activity in the presence of 1 mM magnesium
and 10 puM zinc (Supplementary fig. 6). No significant loss of
activity was observed up to 5 mM concentrations of Mg2*.

The predicted secondary structure of the clone 32 catalytic
core derived from simulation folding (48) is presented in
Figure 7 (two possible structures are shown in Supplementary
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fig. 7). It should be pointed out that this structure is necessarily
based on the folding of unmodified sequences. Whilst
Watson—Crick base pairing for the modified nucleotides in
this study can occur as normal, folding programs such as
M-fold do not take into account possible interactions that
might involve imidazolyl or amino groups within the 3D
structure. A 6-8 nt triplet AAG near the 5" end was forced to
interact with a 3’-TTC-5’ triplet at the 3’ end to form double
helix prior to the folding calculation. As with other
DNAzymes, recognition appears to be via Watson—Crick
base pairing between the catalytic sequence and its substrate.
Residues within the DNAzyme which involve imidazolyl-
modified dU as well as primary amino-modified 7-deaza-dA
are contained within looped regions opposite both sites of the
reaction. In addition, both sites have an upstream rU-dG
‘wobble’ pair. This site has been described by others (45) as
being crucial for catalytic activity and might be involved in
facilitating the separation of the DNAzyme and substrate
strands in the vicinity of the cleavage sites. Whilst it is
possible that the imidazolyl and amino groups are exploited in
an analogous fashion to those in RNaseA, it cannot be ruled
out that these appended functional groups facilitate the folding
of the DNAzyme rather than acting directly as catalytic
groups. Confirmation of the role of the imidazolyl and amino
groups within the DNAzyme will require a more detailed
investigation of the roles of individual modifications and
reaction conditions on the cleavage reaction.

In work described by the Perrin group (46,47) the selection
of a metal-independent DNAzyme was from an initial library

containing a 20 nt random sequence expected to achieve self-
cleavage 3’ to a single cytidine within a 29mer DNA target
sequence derived from the HIV-LTR promoter. The selected
DNAzyme recognizes the target sequence through Watson—
Crick base pairing and presents a looped region containing
both imidazolyl and amino groups opposite the site of
cleavage within the substrate. A rate constant of 0.045 min~!
for the self-cleaving reaction was observed (46), whilst in a
later report the corresponding reaction was achieved using a
separate DNAzyme and substrate component (47). In contrast,
we used a random 50 nt library and a 12 nt all-RNA target
sequence together with a different set of imidazolyl- and
amino-functionalized dNTPs. The recognition and cleavage of
the target sequences by both the Perrin DNAzyme and that
described here involves Watson—Crick base pairing between
the DNAzyme and the target with catalytic looped regions
within the DNAzyme placed opposite the respective cleavage
sites.

The 10-23 metal-dependent DNAzyme reported by Joyce
and coworkers is capable of cleaving its RNA target sequence
with rates up to 10 min~! by judicious choice of metal ion
cofactor, its concentration or pH (56,57). In addition, a recent
report for the cleavage of a chimeric RNA/DNA target by a
different metal-dependent DNAzyme reported rates of 7 min!
(17). These rates represent the most efficient DNAzymes that
have thus far been identified. Under physiological conditions
the 10-23 DNAzyme achieves RNA cleavage with a rate of
~0.1 min~! (26,56). The current study demonstrates that
sequence-specific cleavage of an RNA target may be achieved
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in the absence of metal ions with a comparable rate using
imidazolyl and amino functional groups to achieve catalysis.
The goal of isolating more efficient metal-independent
DNAzymes than these using the technique of SELEX is
unlikely to be achieved by current protocols due to the time
required for the washing step, prior to any self-cleaving
selection reaction: The very efficient DNAzymes are likely to
be lost during the washing step, limiting maximal rates for
RNA cleavage to this order of magnitude [see Perrin et al. (46)
for useful discussion]. It is anticipated that improvements to
SELEX protocols will allow the development of catalysts that
offer rate enhancements approaching that obtained by
RNaseA.

CONCLUSIONS

We have selected and described a novel, modified DNAzyme
that may act as a mimic of RNaseA by virtue of two protein-
like functionalities, namely imidazolyl (histidine analogue)
and primary amine (lysine analogue). The DNAzyme has
optimal activity under physiological conditions, requires no
divalent metal ions or other cofactors for catalysis and
achieves the sequence-specific cleavage of a 12 nt RNA
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pond to modified nucleotides 1 (U*) and 2 (A*). Arrows indicate the sites
of RNA cleavage. A 6-8 nt triplet AAG near the 5" end was forced to inter-
act with a 3"-TTC-5 triplet at the 3" end to form a double helix prior to the
folding calculation.

substrate. Whilst the rate enhancement achieved by this
DNAzyme does not match that displayed by RNaseA, it is
comparable with that of other functionalized and metal-
dependent DNAzymes that cleave RNA under physiological
conditions and represents a substantial rate enhancement over
the uncatalysed reaction (55). This work demonstrates the
potential of SELEX for the designing of catalytically active
nucleic acids enriched by extra functional groups that are
employed by proteins during catalysis. Since these nucleic
acids also display substrate selectivity, improvements in the
practical aspects of the SELEX protocol should allow more
efficient catalysts to be selected. To this end, we are currently
engaged in developing efficient frans-acting DNAzymes that
exploit these catalytic functional groups.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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