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Abstract: We have been interested in merging synthetic nucleotide chemistry with combi-
natorial selection of DNAzymes to deliver a more complete (and complex) chemical com-
plement to the catalytic repertoire of nucleic acids. Thus we ask, what do modified dNTPs
really bring to nucleic acids in terms of an increased repertoire? In asking this question, we
have looked first at conditions, and more recently for reaction classes where nucleic acids
are found to be catalytically inefficient, deficient, or at least to date, seemingly incapable of
certain functions. A case of this is M2+-independent ribophosphodiester hydrolysis at phys-
iological pH and low ionic strength where nucleic acids exhibit especially low rate constants
for self-cleavage and seem to be incapable of turnover.

INTRODUCTION

RNA cleavage has received considerable attention over the past 30 years. The construction of “bio-
mimetic” catalysts has fundamental implications in terms of our ability to master RNA recognition and
cleavage through understanding chemical reactivity. This has then led to applications in terms of diag-
nostics and possible antiviral therapies. Early chemical approaches to designing synthetic ribonucleases
involved metal ion ligands and/or peptides containing lysines, histidines and arginines to mimic the ac-
tive site of DNase and RNaseA [1–3]. In these early studies, RNA hydrolysis was observed, albeit at
low rates. Sequence-specific cleavage was observed only on activated phosphate diesters and defined
di/trinucleotide substrates, whereas nonspecific cleavage has been observed on radiolabeled tRNA
treated with a large excess of catalyst. Sequence-specific cleavage was achieved by coupling such small
catalysts to synthetic oligonucleotides that would first recognize complementary RNA [4,5].
Oligonucleotides appended with metal-chelators cleave RNA relatively efficiently and occasionally
with observable catalytic turnover [6–8]. A recent report describes 70 % cleavage of c-raf-1 RNA in 4 h
by a europium-appended oligonucleotide, but only under single-turnover conditions [9]. However, the
utility of such metallochelates as antivirals might be questioned since intracellular concentrations of di-
valent metals such as iron, copper, and zinc are negligible. In the absence of a divalent metal cation
(hereafter abbreviated M2+), one must properly orient imidazoles and/or cations (e.g., amines/guani-
dines) to cleave RNA via an RNaseA-like mechanism. Over the years, many reports have underscored
the importance of imidazole/amine-appended oligonucleotides to medicine and biology [10–18]. When
such synthetic conjugates hydrolyze RNA, they usually do so very slowly (hours–days). Moreover, to
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date, specific cleavage has been only stoichiometric, usually proceeding either in an intramolecular
fashion or in some instances intermolecularly under single-turnover conditions (single-turnover being
defined as reaction assayed in large excess of catalyst). The goal of developing a synthetic RNaseA
mimic that hydrolyzes an RNA linkage sequence specifically, with multiple turnover, has remained elu-
sive for the past three decades.

In contrast to rational synthetic design, combinatorial nucleic acid selection techniques, which
allow for parallel sampling of ~1 × 1015 potential catalysts, provide a promising means for discovering
new RNA-hydrolyzing RNAzymes and DNAzymes [19] to be used as antivirals and biosensors [20].
Such catalysts owe their catalytic activity to irregular secondary structures and their specificity for rec-
ognizing target sequences to standard base pairing [21–24]. Almost without exception, RNA-cleaving
ribozymes and DNAzymes depend on M2+ [25–27]. Two combinatorially selected, M2+-independent
“DNAzymes” (40–50-nt motifs) that self-cleave in 0.25–1 M monovalent cations at pH 7, displayed rate
constants on the order of 10–3 to 10–4 min–1 [28,29]. Moreover, in both cases, neither intermolecular
catalysis nor multiple turnover was observed in the absence of M2+. Together, these important studies
identified the intrinsic catalytic competence of DNA. Similar results were found with the 86-nt HDV
ribozyme: in the absence of Mg2+, kcat fell ~104-fold and turnover ceased [30,31]. In contrast to the
HDV ribozyme, the hairpin and hammerhead ribozymes cleave intermolecularly at pH 7 in the absence
of M2+, but only in the presence of 1–4 M monovalent cations [32–34] or in the presence of various
polyamines [35,36]. The only two reports of combinatorially selected M2+-independent self-cleaving
activities are: (1) a His-dependent, 30-nt DNAzyme that hydrolyzes a single ribophosphodiester link-
age within an all-DNA substrate at 1 M monovalent cations [37], and (2) an all-RNA species that self-
cleaves at pH 4.5, the pH at which cytosine is hemiprotonated and thus can competently mediate gen-
eral acid/base catalysis [38].

This brief review of combinatorially selected catalysts demonstrates the promise that this method-
ology affords in imitating natural ribozymes, as well as in identifying other unnatural activities [39,40].
Nevertheless, combinatorial selection might seem unsuitable for discovering an RNaseA mimic as de-
fined by a scaffold presenting a cationic functionality imitating Lys-41 and a dedicated imidazole pair
imitating His-12 and His-119. The reason for this is that unmodified nucleic acids are devoid of func-
tionalities that define the active site of RNaseA [41]. Many reports have discussed the inherent lack of
chemical functionality in nucleic acids and have underscored the potential of using synthetic chemistry
to append dNTPs with imidazoles, cationic amines, or other functionalities for use in a combinatorial
selection [42–51]. Far fewer reports have demonstrated a successful combinatorial selection of a mod-
ified RNA or DNA enzyme [52–55]. Nevertheless, these studies suggest that it will be possible to dis-
cover mimics of RNaseA as well as other enzymatic activities. The use of synthetically modified
nucleotides in combinatorial selection also suggests some utility for recognizing small molecules with
higher affinity in the development of biosensors [56]. As chemists, we have been approaching
DNAzymes from both synthetic and combinatorial approaches. Operating on this interface, we feel
obliged to show how chemistry can be applied to biological systems to deliver enhanced activities that
are, by comparison, new, interesting, and not readily observable in the absence of such synthetic en-
deavors. 

CURRENT STATE OF RESEARCH

The long-standing goal to preparing a synthetic RNaseA mimic seems to have been achieved as de-
scribed in recent publications from this laboratory and that of the late Prof. Claude Helene, where this
work was initiated during a postdoctoral fellowship [44,57,58]. The first was an elaboration of combi-
natorial methodologies that would permit the introduction of both imidazoles and cationic amines onto
DNA. This paper demonstrated that Im(NH)-dATP {8-[2-(4-Imidazolyl)ethylamino]-2′-deoxyribo-
adenosine triphosphate} and AA-dUTP [5-(3-Aminoallyl)-2′-deoxyribouridine triphosphate] (Fig. 1)
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are substrates for DNA polymerase and moreover are compatible with all conditions for combinatorial
selection [44]. 

The second paper demonstrated combinatorial selection of a DNA species that accelerates the rate
of intramolecular ribophosphodiester hydrolysis in the absence of M2+. This mimic, phylogenetically
denoted 925-11, presented modifications that delivered a 40–100-fold increase in activity
(kcat = 0.05 min–1) in the absence of a divalent metal cation. M2+-independent activity is maximal at
pH 7.5—consistent with general acid/base catalysis [59]. The sequence and hypothetical 2D-structure
of cloned 925-11 and its autocleavage activity is shown (Fig. 2) where the dA’s present imidazoles and
the dU’s present cationic allylamines. Below is seen a time-dependent self-cleavage reaction that pro-
ceeds at low ionic strength and physiological pH (200 mM NaCl, 50 mM cacodylate pH 7.5, 1 mM
EDTA). Beyond a fundamental interest in catalysis, there is also pharmaceutical interest in this work;
the targeted ribose is contained on a DNA sequence corresponding to proviral HIV mRNA. Cleavage
proceeded by 2′OH attack, depended on both cationic amines and imidazoles derived from the
monomer triphosphates shown in Fig. 1, and exhibited a pH-rate-maximum at 7.5 that was consistent
with general acid/base catalysis [59]. 

The third paper demonstrated solid-phase synthetic scale-up of the catalytic motif and its conver-
sion into a true catalyst as defined by catalytic turnover [60,61]. The catalytic motif, 925-11, which was
derived from the self-cleaving sequence (Fig. 3), is one of the smallest DNA catalysts reported to date.
This species hydrolyzes a single ribophosphodiester linkage embedded in an all-DNA substrate
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d(GCGTGCC)rCd(GTCTGTT). An identical substrate, d(GCGTGCC)rNd(GTCTGTT) that was “de-
generate” for ribose (implying that all four ribonucleosides were equally represented at rN) provided a
quick measure of the specificity for target ribonucleoside recognition (lanes 1–5) [62]. The catalyst
cleaved roughly 25 % of the degenerate substrate as expected for highly specific recognition of ribo-
cytosine (lanes 8–13). Finally, we demonstrated multiple turnover (excess substrate). These published
kinetic data are reprinted in Fig. 4 (multiple turnover in lanes 15–19). 925-11 is a unique template for
structure–activity studies to characterize general acid-base RNA hydrolysis without the complicating
effects of divalent metal ions [63]. Although the kcat of 925-11 remains modest, 925-11 still represents
the first catalyst of its kind. 

Because of its relative simplicity, characterization will serve as the primary focus of future work.
Investigation of its structure–function relationships should lead to a better understanding of how to im-
prove rates and the advantage of appending such synthetic functionality. Because the physiologically
abundant divalent cations Ca2+ and Mg2+ do not inhibit 925-11 [59], we suggest that this 925-11, or a
related species that could be reselected in the presence of these metals might be useful for targeting
mRNA within cells. It is important to note that the first M2+-dependent DNAzymes exhibited kcat val-
ues of only 0.0025 min–1 in 0.25 M NaCl and 1 mM MgCl2 [64]. Changing selection conditions and
increasing the number of generations resulted in 1000-fold more efficient M2+-dependent DNAzymes
[65]. It is also paramount to note the considerable challenge of delivering oligonucleotides within cells. 

How then does this study of a catalytic DNAzyme, 925-11, which may not necessarily itself be-
come a clinically useful antiviral, still apply to medical chemists interested in developing aptamers? The
answer lies in the Pauling–Haldane antibody-enzyme analogy that would hold that DNAzymes are sim-
ply aptamers for transition states [66–69]. Nevertheless, in certain instances aptamers would seem to be
inferior to antibodies and proteins, particularly in terms of recognizing anionic epitopes and transition-
state intermediates [70–72]. If aptamers are the “nucleic acid equivalent” of antibodies [73], they obvi-
ously lack several functionalities found in proteins, most notably cationic amines and imidazoles. To
gauge the utility of introducing these functionalities for improving catalytic properties, a synthetically
modified DNAzyme was deliberately selected under conditions (no M2+, pH 7.5) where unmodified
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DNA is simply not capable of catalytic turnover (as previously demonstrated by two independent in-
vestigators) [74,75]. This new DNAzyme, 925-11, when resynthesized by solid phase, indeed delivers
catalytic properties that cannot be selected without modified dNTPs [76] and has no comparable un-
modified correlate with the exception of perhaps RNaseA itself [77]. Moreover, we have demonstrated
that the functionalities on which the catalytic activity obligately depends, also react with chemically re-
active substrate-mimics. As we have begun to expand the chemical potential of DNAzymes, it is now
incumbent on us to define, at the molecular level, how exactly these functionalities can deliver catalytic
activity and how we may, through chemistry, improve on that activity. 
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