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DNAzymes can function as specific RNA endonucleases by
binding to predetermined sequences in an RNA and cleaving the
phosphodiester backbone.1 Highly efficient, sequence-specific
cleavage of RNA is a prerequisite for the use of DNAzymes both
as therapeutic antisense oligonucleotides and as general tools for
manipulation of RNA. The most commonly used DNAzymes are
derivatives of the 31-nucleotide “10-23” oligomer, which was
originally isolated by in vitro selection.1b This DNAzyme attains
its high specificity through hybridization of its two binding arms
to complementary sequences immediately adjacent to the point of
cleavage in the RNA substrate (Figure 1). Incorporation of
phosphorothioate DNA or 2′-O-Me-RNA monomers into the
binding arms provides resistance to exonucleolytic degradation
without compromising RNA cleavage.2 Between the binding arms
in the middle of the DNAzyme is a 15-nucleotide sequence that
constitutes the catalytic core.1b

We have previously reported the conformationally locked nucleic
acid analogues LNA3a,4(locked nucleic acid) and the stereoisomeric
R-L-LNA 3a,5 (R-L-configured LNA) (Figure 1). Both of these
analogues possess a number of attractive features including
substantially increased helical thermostability, excellent mismatch
discrimination when hybridized with RNA (or DNA), and resistance
toward exonucleolytic degradation.4,5 In this report, we show that
LNAzymes,3b that are designed to target a site inEscherichia coli
23S ribosomal RNA (rRNA), have markedly increased cleaving
activity compared to that of a reference DNAzyme (Figure 1).

Oligonucleotides with two T nucleotides in each of the bindings
arms replaced byR-L-LNA- or LNA thymine monomers (see Figure
1) were synthesized using published procedures.4-6 We anticipated
that this design would ensure increased substrate affinity while not
preventing release of cleaved substrate. The cleaving efficiency was
assessed by incubating each of the three enzymes with a32P-labeled
RNA transcript of 58 nucleotides (58n RNA),7 which corresponds
to a short stretch of theE. coli 23S rRNA sequence. After cleavage,
products were separated by gel electrophoresis (Figure 2) and
quantified by phosphor imager scanning. Single-turnover conditions
with DNAzyme/LNAzyme:RNA ratios of 1:1, 10:1, and 50:1
showed that the LNAzymes2 and3 cleave much more avidly than
the unmodified DNAzyme1. The DNAzyme only cleaved mod-
erately well when present in a 50-fold molar excess, whereas

stoichiometric amounts of the two LNAzymes were sufficient to
cleave>50% of the RNA substrate.

A more detailed analysis, performed over a range of reaction
times (Figure 3), confirmed that the LNAzymes2 and 3 were
significantly more efficient than the DNAzyme1 at cleaving the
RNA. As the LNA nucleotides are incorporated in the binding arms,
the improvement is probably due to a higher hybridization affinity
of the LNAzymes for the RNA substrate. This explanation is
supported by bandshift analysis of the hybridization complexes run
on nondenaturing polyacrylamide gels and by similar experiments
performed with a less-structured 17n RNA substrate having a
sequence identical to the hybridizing region of the 58n substrate
(see Supporting Information for results and details). It has been
reported that cleavage activity of a DNAzyme was reduced by
approximately 50-fold after its binding arms had been substituted
with RNA sequences.8 However, under single-turnover conditions
there does not seem to be a significant difference between the effects
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Figure 1. Sequences of DNAzyme and LNAzymes3b and hybridization to
the RNA target. Also shown are the structures ofR-L-LNA ( RLTL) and
LNA (TL) thymine nucleotide monomers (Thy) thymin-1-yl). The arrow
points at the cleavage site.

Figure 2. Denaturing gel electrophoresis after cleavage (60-min incubation)
of the 58n RNA under single-turnover conditions.7 “1:1”, “1:10”, and “1:50”
denote substrate to DNAzyme/LNAzyme ratios used. See Supporting
Information for explanation of double-substrate band.
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of binding arms containing eitherR-L-LNA or LNA nucleotides.
This is despite the fact that the LNA binding arms would take on
a more RNA-like, A-form helix conformation.9,10

Under multiple-turnover conditions both LNAzymes display
efficient multiple turnover (Figure 4). These preliminary results
suggest theR-L-LNAzyme to be somewhat more efficient than the
LNAzyme which could be linked to the rate of product release.
The unmodified DNAzyme exhibited no measurable turnover (<2%
cleavage, not shown) under these conditions. Similar experiments
were performed with the less-structured 17n substrate, confirming
not only the results depicted in Figure 4 but also the importance of
the secondary structure of the RNA substrate as the DNAzyme
induced 5% cleavage (400-min incubation; DNAzyme-to-substrate
ratio ) 1:20) in this case (see Supporting Information for results
and details).

We additionally evaluated how the LNAzymes cleave their target
under single-turnover conditions in a mixture of 5S, 16S, and 23S
rRNAs (120n, 1542n, and 2904n) extracted fromE. coli cells.
Primer extension with reverse transcriptase generates gel bands
corresponding to 23S rRNA cleaved at the target nucleotide 1093,
as well as to the uncut rRNA (Figure 5).11 Cleavage is equivalent
to that seen for the 58n substrate with both the LNAzymes
displaying considerably improved performance compared to the
DNAzyme.

In conclusion, we have shown that incorporation ofR-L-LNA
and LNA nucleotides into the binding arms of a DNAzyme
markedly improves the efficiency of RNA cleavage. Furthermore,
both the LNAzymes exhibit efficient turnover. These LNAzymes
are able to cleave efficiently the phosphodiester backbone at the
target nucleotide not only in a small RNA substrate but also in a

naturally occurring ribosomal RNA at a highly structured target
region. The results reported here show that compared to a
DNAzyme, LNAzymes gain significantly improved access to an
RNA target, as well as distinctly increase the rate of RNA cleavage.
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Figure 3. Time-dependent cleavage of the 58n RNA.7 (9) R-L-LNAzyme;
(]) LNAzyme; (2) DNAzyme. The DNAzyme:substrate ratio was 50:1,
while LNAzyme:substrate ratios were 5:1.

Figure 4. Curves showing multiple-turnover cleavage of the 58n RNA.7

(9) R-L-LNAzyme; (]) LNAzyme. The substrate:LNAzyme ratio was 20:1.

Figure 5. Denaturing gel electrophoresis of primer extension analyses of
23S rRNA after cleavage (45-min incubation) by the DNAzyme and
LNAzymes.7,11“50”, “10”, and “1” denote substrate to DNAzyme/LNAzyme
ratios of 1:50, 1:10, and 1:1, respectively.
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