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ABSTRACT

A general approach is described for controlling the
RNA-cleaving activity of nucleic acid enzymes
(ribozymes and DNAzymes) via the use of oligo-
nucleotide effectors (regulators). In contrast to the
previously developed approaches of allosteric and
facilitator-mediated regulation of such enzymes, this
approach, called ‘expansive’ regulation, requires that
the regulator bind simultaneously to both enzyme and
substrate to form a branched three-way complex. Such
three-way enzyme–substrate–regulator complexes are
catalytically competent relative to the structurally
unstable enzyme–substrate complexes. Using the 8-17
and bipartite DNAzymes and the hammerhead
ribozyme as model systems, 20- to 30-fold rate
enhancements were achieved in the presence of
regulators of engineered variants of the above three
enzymes, even under unoptimized conditions.
Broadly, using this approach ribozyme and
DNAzyme variants that are amenable to regulation by
oligonucleotide effectors can be designed even in
the absence of any knowledge of the folded structure
of the relevant ribozyme or DNAzyme. Expansive
regulation therefore represents a new and potentially
useful technology for both the regulation of nucleic
acid enzymes and the detection of specific RNA tran-
scripts.

INTRODUCTION

The discovery of catalytic RNA (1,2) and the subsequent
development of in vitro selection and evolution (reviewed in 3–6)
have revolutionized conceptions about biological catalysis and
enzyme function. All naturally occurring ribozymes (with the
notable exception of the ribosome; 7) and many of the in vitro
selected nucleic acid enzymes catalyze chemical reactions on
the phosphodiester backbone of nucleic acids. Examples of
such reactions include the cleavage (8–18) and/or ligation (19–
24) of RNA and DNA. With a few exceptions [such as tertiary
structure-mediated substrate recognition by the Neurospora
VS ribozyme (25) and the triplex interaction required by a

Cu2+-dependent DNAzyme (26)], the target site specificity of
these nucleic acid enzymes is achieved exclusively through
Watson–Crick base pairing between sequences flanking the
target phosphodiester bond and those flanking the catalytic
core of the enzyme. Therefore, the catalytic cycle of these
enzymatic reactions (see Fig. 1A, upper) can be simply
described as a series of three sequential steps: (i) binding of
enzyme to substrate(s) (defined by a forward rate constant k1
and back constant k–1); (ii) chemical modification of the
substrate(s) (defined by k2); (iii) release of the product(s)
(defined by k3). Since both the enzyme and substrate(s) are
nucleic acids, the rates of substrate binding and product release
follow the general rules of nucleic acid hybridization. Factors
such as the number of base pairs formed between enzyme and
substrate(s) and the GC content can greatly influence the
overall rate of catalysis. For optimal enzyme activity, the inter-
action between the enzyme substrate recognition arms and the
substrate(s) should be stable enough to facilitate chemistry, yet
loose enough to allow rapid dissociation of the product(s) (27,28).

One feature of the above mentioned nucleic acid enzymes is
that they are relatively simple catalytic systems. Catalysis
occurs when the enzyme and substrate associate through
complementary base pair hybridization and therefore is not
amenable to regulation in the manner of protein enzymes
found in living systems (29). Recently, however, ribozymes
with more sophisticated kinetic characteristics have been
created using molecular engineering strategies such as modular
rational design and in vitro selection (reviewed in 30,31). Both
of these approaches exploit a considerable understanding of
the secondary and/or tertiary folding of the relevant ribozyme
such that an aptamer element for effector binding (or, alterna-
tively, a random sequence element from which an effector-
binding site may evolve) and the ribozyme entities are joined
in such a way that conformational stabilization of the aptamer
upon ligand binding also leads to stabilization and catalytic
activation of the ribozyme. To date, a number of allosteric
ribozymes have been created and/or selected to be responsive
to a variety of effector molecules, including ATP (32), flavin
mononucleotide (FMN) (33–37), theophylline (35–37), the
antibiotics doxycycline (38) and pefloxacin (39), the second
messengers cAMP and cGMP (40), oligonucleotides (23,41–43)
and proteins (44,45).

We have recently reported a distinct strategy for constructing
the first DNA enzyme (the 10-23 DNAzyme) whose catalytic
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activity can be specifically controlled by the binding of effector
oligonucleotides (46). Unlike the generation of allosteric
ribozymes, our strategy, termed ‘expansive regulation’,
requires no prior knowledge of the secondary or tertiary
folding of the enzyme. Whereas most allosteric ribozymes are
regulated at the chemical step (defined by k2), expansive regula-
tion modulates catalysis mainly at the substrate-binding step
(defined by k1 and k–1) (46). In this present set of studies we
wished to investigate the generality of expansive regulation of
ribozymes and DNAzymes utilizing oligonucleotide effectors.
Expansive regulation is attempted herein with two further
RNA-cleaving DNAzymes [8-17 (14) and bipartite (18)] as
well as with the hammerhead ribozyme (whose folded struc-
ture is known). To our knowledge, the design strategy
described herein is the only general method to be successfully
applied to both RNA and DNA enzymes, including those
whose folding is understood and those whose folding is not yet
understood. Our approach therefore promises a considerable
versatility of effector-mediated control of a variety of catalytic
nucleic acids (including the larger ribozymes), provided that
recognition between such enzymes and their substrates is based
substantially on Watson–Crick base pairing.

MATERIALS AND METHODS

DNA and RNA oligomers: synthesis and purification

Synthetic DNA oligomers were purchased from Sigma-
Genosys (Woodlands, TX) or were synthesized on an Applied
Biosystems 392 DNA/RNA synthesizer using standard phos-
phoramidite methodology. Synthetic RNA substrates were
purchased from Dharmacon Research (Boulder, CO). All
oligonucleotides were purified by denaturing (8 M urea)
PAGE. Purified RNA substrates were radiolabeled with T4
polynucleotide kinase (Gibco BRL) and [γ-32P]ATP (NEN)
using standard kinasing protocols and then re-purified by 20%
PAGE. Purified DNA/RNA was isolated from the gel by
crush-soaking in 10 mM Tris–HCl (pH 7.5 at 25°C), 300 mM
NaOAc and 1 mM EDTA and were precipitated from solution
by the addition of 2.5 vol of 100% ethanol.

Hammerhead ribozyme variants were generated by in vitro
transcription of the appropriate DNA templates made double
stranded by extension using Taq polymerase (45). Transcrip-
tion reactions (200 µl) containing ∼500 pmol template DNA,
40 mM Tris–HCl (pH 8.0 at 25°C), 20 mM MgCl2, 5 mM DTT,
1 mM spermidine, 20 mg/ml PEG-8000, 3 mM each NTP and
0.2 mg/ml T7 RNA polymerase were incubated at 37°C for 3 h.
The resulting transcription reactions were phenol:cholorform
extracted and the RNA products were ethanol precipitated,
followed by purification by denaturing 10% PAGE and
recovery as described above.

Single turnover assays and kinetic analyses

Kinetic analyses of all engineered DNAzyme and ribozyme
constructs were carried out under single turnover conditions, as
previously described (46), with enzyme (500 nM) in excess
over trace concentrations (∼2 nM) of γ-32P-labeled substrate
RNA, at 23°C. The above concentration of enzyme is sufficient
to saturate the substrate present, since doubling or tripling the
concentration of substrate had no discernable effect on the cleavage
rates. The final concentration of regulator oligonucleotides, if used,

was 10 µM. The combined enzyme/regulator and substrate/
regulator solutions in water were heated, separately, for 1 min
at 90°C to disrupt folded structures that may have formed
during storage. Following cooling to 23°C, the enzyme/regulator
and substrate/regulator solutions were made up to 50 mM
Tris–HCl (pH 7.5 at 25°C), 20 mM MgCl2, 100 mM NaCl and
0.01% SDS, for reactions involving the DNAzymes, or to 50 mM
Tris–HCl (pH 7.5 at 25°C) and 20 mM MgCl2, for reactions
involving hammerhead ribozymes. The enzyme/regulator and
substrate/regulator solutions were further incubated for 10 min
at the assay temperature to prevent anomalous initial rates that
might result from a slow adoption of Mg2+-dependent folded
structures. Cleavage reactions were initiated by combining the
enzyme/regulator and substrate/regulator solutions. Aliquots
were removed at appropriate time intervals and quenched with
stop buffer (10 mM Tris–HCl pH 8.0 at 25°C, 40 mM EDTA,
95% formamide, 0.01% bromophenol blue, 0.005% xylene
cyanol). These aliquoted samples were analyzed by 20%
denaturing PAGE and quantified using a Molecular Dynamics
PhosphorImager.

Cleavage rates were found to be first order through the first
three half-lives of the reaction. Rate constants for reactions
were determined from the negative slopes of the natural log of
fractions of uncleaved substrate plotted against time (and
normalized to the final extent of cleavage by the unmodified
enzyme; 32). Each rate constant was obtained as an average of
at least two independent experiments.

RESULTS

The expansive regulation strategy

The general concept of expansive regulation is illustrated in
Figure 1A. The design strategy can be divided into two
components. First, to ensure that the catalytic activity of the
enzyme is severely hindered in the absence of the oligonucleotide
effector, the enzyme is constructed to have a sub-optimal
number of potential base pairs with the substrate. This effectively
hampers catalysis by lowering the stability of the enzyme–
substrate complex (Fig. 1A, top pathway). The second aspect
of the design is restoration of efficient enzyme–substrate
association by providing additional base pairing between
enzyme and substrate via the introduction of a third, ‘regulator’
oligonucleotide. This regulator oligonucleotide is in part
complementary to the enzyme and in part complementary to
the substrate; it is therefore able to base pair to both simultan-
eously via the formation of a three-way junction (Fig. 1A,
bottom pathway).

This design strategy was previously applied successfully
(46) to the in vitro selected 10-23 DNAzyme (14). The optimized
design of such a 10-23 variant is illustrated in Figure 1B. This
variant was designed to form 6 and 3 bp (stems A and B, the
two substrate-binding arms flanking the catalytic core) with
the substrate in the absence of regulator. In the presence of
regulator, additional 6 bp interactions were provided between
the enzyme and the substrate (stem C) and 7 bp to mediate the
interaction between the enzyme and the regulator (stem D). In
addition to these, the design incorporated two unpaired adenosines
(adenosine bulge) in the enzyme strand, located at the three-way
junction, to provide further stabilization of the enzyme–
substrate–regulator complex by permitting two of the three
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stems to stack. With this optimized design, the variant of the
10-23 enzyme shown in Figure 1B had kobs values ∼50-fold and
∼250-fold higher in the presence of DNA and RNA regulators,
respectively (relative to kobs values measured in the absence of
any regulator), under single turnover conditions. Multiple turn-
over analysis of this 10-23 variant revealed that presence of the
regulator improved both the kcat and Km of the catalytic system
(46).

Design and characterization of expansively controlled 8-17
DNAzyme variants

Considering the simplicity of the expansive regulation design
used for the 10-23 DNAzyme, we speculated that various other
RNA-cleaving DNAzymes as well as ribozymes could be
engineered to be comparably or even more responsive to
oligonucleotide effectors. We initiated our investigation of
possible generality on the 8-17 DNAzyme, another small and
sequence-specific RNA-cleaving DNA enzyme (14). Interestingly,
the catalytic core of 8-17 has also evolved from another, inde-
pendent, in vitro selection that used a different starting library
and also different selection conditions (16). The 8-17 catalytic
core is simple and slightly smaller than the 10-23 catalytic core
(13 versus 15 nt, respectively). Figure 2A shows that the
conserved core of 8-17 consists of a 3 bp internal stem–loop
followed by an unpaired region of 4 nt. In addition, the 8-17

DNAzyme requires a rG·dT wobble base pair immediately
downstream of the scissile phosphodiester bond for full catalytic
activity (14).

At 20 mM Mg2+ the unmodified 8-17 DNAzyme, with 6 and
9 bp on the substrate-binding arms, yielded kobs of 0.0107 ±
0.0003 min–1 and addition of the regulator oligonucleotides
had no effect on the catalytic rate. We then constructed a series
of regulator-dependent 8-17 variants (Fig. 2A) based on the
optimized 10-23 construct (Fig. 1B), in all of which 6 bp (in
addition to the rG·dT wobble base pair) for stem A and 3 bp for
stem B flanked the catalytic 8-17 motif. The number of base
pairs between the regulator and the substrate (stem C) and
between the regulator and the enzyme (stem D) were also
maintained at 6 and 7 bp, respectively (Fig. 2A).

Figure 1. The concept of expansive regulation. (A) The kinetic framework for
expansively regulated nucleic acid enzymes. In the absence of the regulator
oligonucleotide (top pathway), formation of the enzyme–substrate complex is
unfavorable (k–1 >> k1) and, therefore, catalysis does not proceed efficiently.
However, in the presence of the regulator (bottom pathway), formation of an
enzyme–substrate–regulator complex becomes favorable (k1 >> k–1) and
allows catalysis to proceed efficiently. (B) Optimal design of an expansively
regulated 10-23 DNAzyme (46). While one substrate-binding arm of the 10-23
DNAzyme remains unchanged (forms 6 bp with the substrate, stem A), the
other substrate-binding arm is modified such that it is only able to form 3 bp
with the substrate (stem B). The regulator oligonucleotide (either DNA or
RNA) is complementary to both the substrate (forming 6 bp, stem C) and the
DNAzyme (forming 7 bp, stem D). At the three-way junction a bulge composed of
two adenosine bases was introduced in the DNAzyme strand to enhance stability
of the junction. The arrow identifies the site of RNA cleavage.

Figure 2. Design of and kinetic modulation by expansively regulated 8-17
DNAzyme variants. (A) Sequence and secondary structure of the 8-17 variants
(black) complexed with RNA substrate (red) and regulator oligonucleotide
(blue). The four stem elements present in the structure are indicated and the
site of RNA cleavage is marked by an arrow. The observed rate constants (kobs)
were measured for 8-17EnzA (B) and 8-17EnzB (C) under single turnover
conditions [500 nM enzyme, ∼2 nM substrate, 10 µM regulator (if used), 50 mM
Tris–HCl (pH 7.5 at 25°C), 20 mM MgCl2, 100 mM NaCl and 0.01% SDS].
Lane A, no regulator; lane B, with 8-17RegA; lane C, with 8-17RegB; lane D,
with control oligonucleotide (BpRegA). Catalytic modulation (kobs

+/kobs
–) for

each construct is indicated.
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Our experiments with the 10-23 DNAzyme had demon-
strated that the presence of a two-adenosine bulge at the three-
way junction site could greatly enhance regulator-dependent
catalytic activity by contributing to a more stable assembly of
the enzyme–substrate–regulator complex (presumably utilizing a
coaxial stacking interaction between two of the three stems;
46). However, depending on the location of the adenosine
bulge (i.e. whether it was located on the enzyme strand or the
regulator strand), alternative conformers were possible. Such
conformers in DNA three-way junctions are stereochemically
non-equivalent and may have significant differences in
stability (47,48). In our constructs it was also possible that
given conformers could sterically interfere with the enzyme
core and inhibit catalysis (46). Because no tertiary structural
information on the 8-17 motif is available and the spatial orienta-
tion of helices in given three-way junctions could not be
simply predicted, two constructs of the 8-17 enzyme strand
were created, one containing a two-adenosine bulge (8-17EnzA)
and the other lacking such a bulge (8-17EnzB). Likewise, two
regulator sequences were constructed (8-17RegA, with an
adenosine bulge, and 8-17RegB, without an adenosine bulge)
(Fig. 2A). The catalytic properties of the two 8-17 DNAzyme
variants were then investigated in the absence and presence of the
two different regulator oligonucleotides. Figure 2B and C presents
the results of the investigation for 8-17EnzA and 8-17EnzB,
respectively.

Overall, the presence of regulators (irrespective of the loca-
tion of the adenosine bulge) enhanced catalysis (Fig. 2B and C,
lanes B and C) while control DNA oligonucleotides (that did
not base pair to either the enzyme or the substrate) used in
place of regulators did not influence catalysis (Fig. 2B and C,
lane D). The location of the adenosine bulge did appear to have a
major influence on the degree of catalytic activation (kobs

+/kobs
–,

defined as the observed rate constant in the presence of a regu-
lator divided by the rate constant in the absence of any regulator).
In marked contrast to the 10-23 variant, where the preferred
location for the adenosine bulge was on the enzyme strand
(46), the most profitable location for the adenosine bulge on
the 8-17 variant was on the regulator strand (Fig. 2C, lane B,
showing 31-fold activation).

Design and characterization of expansively regulated
variants of the bipartite DNAzyme

We also investigated oligonucleotide-mediated control of yet
another general RNA-cleaving DNAzyme, the ‘bipartite’
DNAzyme (18). The tertiary folding of this DNAzyme, like
those of 10-23 and 8-17, remains to be elucidated. The catalytic
core of the bipartite DNAzyme is slightly larger than that of the
10-23 motif (22 versus 15 nt, respectively) and has a purine-rich 5′
segment of the catalytic core and a pyrimidine-rich 3′ segment
(Fig. 3A). At 20 mM Mg2+ and 23°C the unmodified bipartite
DNAzyme, with 8 and 9 nt substrate-binding arms, yielded a
kobs value of 0.754 ± 0.025 min–1. The addition of regulator
oligonucleotides did not affect the catalytic rate of this ‘wild-
type’ construct. The modified versions of the bipartite
DNAzyme are shown in Figure 3A. In the absence of regulator
such modified enzymes bind substrate by forming 8 + 3 bp
(the number of base pairs in stem A was increased in these
constructs to compensate for the lower GC content of this
substrate-binding arm relative to that of the optimized 10-23
variant) (Fig. 1B). Stems C and D, which mediated the

substrate–regulator and enzyme–regulator interactions,
respectively, were maintained at 6 and 7 bp.

Comparable to the design of distinct variants for the 8-17
DNAzyme, two variant constructs of the bipartite DNAzyme
were created (BpEnzA, with a two-adenosine bulge, and
BpEnzB, lacking such an adenosine bulge) (Fig. 3A). Their
catalytic properties were likewise investigated in both the
absence and presence of two regulator sequences (BpRegA,
containing an adenosine bulge, and BpRegB, lacking such a
bulge). Figure 3B and C presents the results for BpEnzA and
BpEnzB, respectively. Similar to the case of the 8-17
DNAzyme, but different from that of the 10-23 DNAzyme, the
most optimal location for the adenosine bulge for the bipartite
DNAzyme appeared to be on the regulator strand. Such a bulge
yielded a 20-fold catalytic activation (Fig. 3C, lane B).

Figure 3. Design of and kinetic modulation by expansively regulated bipartite
DNAzyme variants. (A) Sequence and secondary structure of the bipartite variants
(black) complexed with RNA substrate (red) and regulator oligonucleotide
(blue). The four stem elements present in the structure are indicated and the
site of RNA cleavage is marked by an arrow. The observed rate constants (kobs)
were measured for BpEnzA (B) and BpEnzB (C) under single turnover conditions
(see Fig. 2). Lane A, no regulator; lane B, with BpRegA; lane C, with BpRegB;
lane D, with control oligonucleotide (8-17RegA). Catalytic modulation (kobs

+/kobs
–)

for each construct is indicated.
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However, unlike either the 10-23 (46) or the 8-17 variants,
where the addition of any regulator (irrespective of the location
of the adenosine bulge) gave rise to a minimum of a 4-fold
catalytic activation, the bipartite variants having no adenosine
bulge (Fig. 3C, lane C) or only having an adenosine bulge
located on the enzyme strand (Fig. 3B, lane C) showed
minimal catalytic activation (2.3- and 1.3-fold, respectively).
The precise steric causes for the above observation remain to
be elucidated, although a few possibilities will be discussed
below.

Investigation of expansively regulated variants of the
hammerhead ribozyme

We extended our investigation of the utility of oligonucleotide-
mediated expansive regulation to an RNA enzyme, the
hammerhead ribozyme. Currently there exists no regulatory
strategy that can be applied in generic fashion to both in vitro
selected DNAzymes and ribozymes. The hammerhead ribozyme
is a logical choice for this investigation owing to certain
structural similarities to the above mentioned DNAzymes

(i.e. having two substrate-binding arms flanking a conserved
catalytic core) as well as its well-characterized kinetics (27). In
addition, the three-dimensional structure of the hammerhead
ribozyme has been elucidated by X-ray crystallography
(reviewed in 49) and this structural information provided us
with a starting point for the creation of expansively controlled
variants of this ribozyme.

Our decision to shorten stem III of the hammerhead
ribozyme to create potentially regulatable variants is based on
published reports that as few as 3 bp in the other substrate-
binding stem (stem I) was sufficient for full catalytic activity
(50). In other words, it would not necessarily prove fruitful to
shorten stem I in an attempt to destabilize the enzyme–
substrate interaction. The first generation of modified
constructs based on the hammerhead ribozyme are shown in
Figure 4A and B. Stem I (seven Watson–Crick and one wobble
base pairs) in our constructs were identical to those in the well-
characterized HH15 hammerhead ribozyme (27). We examined
two initial classes of constructs, the first with two potential
base pairs forming in stem III, in the absence of regulator,

Figure 4. Initial design of expansively regulated hammerhead ribozyme variants. Two classes of hammerhead variants (black) are shown. Class I variants
(A) contain 2 nt in stem III for base pairing to the substrate RNA (red) while Class II variants (B) contain 3 nt. Stem I for both classes form 8 bp with the substrate.
The regulator oligonucleotides are shown in blue. The three stem elements present in the structure are indicated and the site of RNA cleavage is marked by an arrow.
The observed rate constants (kobs) were measured for Class I variants (C) and Class II variants (D) under single turnover conditions [500 nM enzyme, ∼2 nM substrate,
10 µM regulator (if used), 50 mM Tris–HCl (pH 7.5 at 25°C) and 20 mM MgCl2]. Open bars indicate the kobs measured in the absence of regulator. Solid bars for
lanes A and D, regulator containing the bulge; lanes B and E, regulator lacking the bulge; lanes C and F, control oligonucleotide (BpRegA).
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between the enzyme and the substrate (Class I, Fig. 4A), while
in the second class three such potential base pairs would be
formed (Class II, Fig. 4B). Within these two classes two
further variants of the hammerhead ribozyme were created,
one with a two-adenosine bulge (I-HamEnzA in Fig. 4A and
II-HamEnzA in Fig. 4B) and the other lacking such a bulge
(I-HamEnzB in Fig. 4A and II-HamEnzB in Fig. 4B). The
catalytic properties of the above four constructs were investigated
in the absence as well as presence of two regulator sequences
(I-HamRegA and II-HamRegA, both with a two-adenosine
bulge, and I-HamRegB and II-HamRegB, both lacking such a
bulge).

Unexpectedly, addition of either regulator oligomer to the
Class I variants significantly inhibited their catalysis (Fig. 4C,
lanes A, B, D and E), while control oligonucleotides used in
place of the regulators did not impact on catalysis (Fig. 4C,
lanes C and F). The most detrimental construct (shown in lane
E) contained no adenosine bulge at its junction site; it slowed
the catalytic rate by ∼115-fold in the presence of regulator. The
most likely explanation for this inhibition may be structural: a
steric clash between the catalytic core and the newly formed
stem between the enzyme and the regulator oligonucleotide.

Interestingly, the regulator-induced inhibition effect observed
with the Class I hammerhead variants was not observed with the
Class II hammerhead variants. It is conceivable that the one
extra base pair in stem III relieved a steric clash (a 1 bp movement
along an A-type helix would rotate the projection of a stem by
30–36°). Nevertheless, even with the Class II constructs, only
a small catalytic activation (<2-fold) was observed with two of
the constructs (Fig. 4D, lanes A and D).

One factor that had not been previously investigated in a
systematic way in characterizations of expansive regulation
was the effect of the number of base pairs formed by the ‘unaltered’
substrate-binding arm (stem A in the DNAzyme constructs and
stem I in the hammerhead constructs). Presumably, in order to
achieve a high degree of effector-induced catalytic activation,
the number of base pairs formed by this unaltered arm should
be kept to a minimum (such that the association between the
enzyme and the substrate is severely compromised). It is
conceivable that the hammerhead variants described above
were sub-optimal in their design, in that they incorporated a
robust 8 bp in stem I formed by the enzyme and substrate. Such
a stable stem I may not have necessitated additional base
pairing supplied by the regulator oligonucleotide in order to
carry out efficient catalysis. Therefore, in an attempt to
improve the catalytic activation observed in the Class II
hammerhead variants, we generated two additional enzyme
constructs (II-HamEnzC, containing the two-adenosine bulge,
and II-HamEnzD, lacking such a bulge), each with the ability
to form only 4 bp in stem I (three Watson–Crick plus one G·U
wobble base pairs) (Fig. 5A). Figure 5B and C presents data on
the catalytic properties of II-HamEnzC and II-HamEnzD,
respectively. As predicted, destabilization of the stem I element
significantly lowered the rate of ‘background’ catalysis of the
hammerhead variants, i.e. in the absence of regulator oligo-
nucleotides. For example, the background catalytic rate (in the
absence of any regulator) of II-HamEnzD was ∼20-fold lower than
that of II-HamEnzB. As a consequence, the additional base
pairing supplied by the regulator sequence played a propor-
tionately much more significant role in the enhancement of
catalysis in the constructs shown in Figure 5C. In lane B, for

instance, a catalytic activation of 22-fold was achieved with
II-HamEnzD.

DISCUSSION

In this report we describe an alternative strategy to that of
classic allosteric regulation for the design of effector-
controlled nucleic acid enzymes. Here we have reported single
turnover data on the expansive control of different RNA and
DNA enzymes. Earlier, multiple turnover analysis of an expan-
sively regulated 10-23 DNAzyme revealed that presence of the
regulator improved both the kcat and Km of the catalytic system
(46). Future work will determine the multiple turnover parameters
for the additional enzymes described in this paper.

It is important to note that the engineered nucleic acid
enzymes described in this study have not been subjected to any

Figure 5. Class II hammerhead variants, with a reduced stem I element.
(A) Sequence and secondary structure of the hammerhead variants (black)
complexed with the RNA substrate (red) and the regulator oligonucleotide
(blue). The number of base pairs formed with substrate in the stem I element is
here reduced from 8 to 4. The observed rate constants (kobs) were measured for
II-HamEnzC (B) and II-HamEnzD (C) under single turnover conditions
(see Fig. 4). Lane A, no regulator; lane B, with II-HamRegA; lane C, with
II-HamRegB; lane D, with control oligonucleotide (BpRegA). Catalytic
modulation (kobs

+/kobs
–) for each construct is indicated.
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efforts at optimization, to achieve the highest possible regula-
tion response. Our goal here was to demonstrate, through
preliminary profiling, the generality and the adaptability of the
oligonucleotide-dependent expansive regulation design strategy.
In our earlier work on the design of an expansively controlled
10-23 DNAzyme, several design parameters emerged as being
important (46), including: the number of base pairs mediating
formation of the three-way junction (stems B–D in the
DNAzyme constructs); the presence and location of a two-
adenosine bulge; the concentration dependence of the regulator
sequence. In this report, in which we have extended the utility
of expansive regulation to a ribozyme and two other DNA
enzymes, the critical importance of the adenosine bulge and its
location are emphasized. However, since no empirical
formalism has been established to date to precisely predict the
stacking interactions in three-way junctions, systematic trials
were required to identify the preferred location(s) of the adenosine
bulge. The necessity, moreover, of starting out with unstable
base pairing interactions in the ‘unmodified’ substrate-binding
arm (stem I in the case of the hammerhead variants) was high-
lighted in this study. This is logical since expansive regulation
relies on the inability of enzymes modified in this way to bind
substrate satisfactorily. The function of the regulator oligo-
nucleotide is, then, to enhance binding between enzyme and
substrate via the formation of a three-way enzyme–regulator–
substrate complex. The above general observation suggests
that the relatively low regulation responses observed with a
number of the bipartite variants may be improved by simply
decreasing the number of base pairs in stem A (Fig. 3A).

A number of oligonucleotide-dependent allosteric ribozymes
have been previously designed and reported (23,41–43). In
some of these the regulation of catalytic activity was achieved
by modulating antisense interactions. These ribozymes in such
cases carried an additional, ‘inhibitory’ domain that normally
inactivated ribozyme function by base pairing directly with the
ribozyme catalytic and/or substrate-binding elements. The
addition of an oligonucleotide complementary to the inhibitory
sequence prevented formation of the inactive ribozyme conform-
ation and stimulated catalytic activity (23,41). In some respects
the regulation of these above mentioned allosteric ribozymes
was similar to our expansively regulated DNAzymes and
ribozyme because regulation occurred at the substrate-binding
step. However, in the allosteric cases the regulator sequence
bound only to the ribozyme, whereas in expansive regulation
the regulator sequence binds both enzyme and substrate. The
use of ‘oligonucleotide facilitators’ is another approach to
modulation of the catalytic activity of nucleic acid enzymes
(51). These facilitators are designed to bind exclusively to the
substrate sequences adjacent to the ribozyme-binding site. The
presence of facilitators enhances catalysis via two distinct
mechanisms: (i) by increasing the accessibility of the enzymes
to the substrates by preventing the formation of a stable
secondary structure near the site of RNA cleavage (52); (ii) by
increasing the stability of the enzyme–substrate complex by
coaxial stacking of the facilitator with the enzyme (53).
Whereas allosteric effectors only bind to the enzyme, facilita-
tors bind only to the substrate; both of these paradigms are
therefore different from expansive regulation via the formation
of a three-way junction, as we have described.

Nucleic acids whose function can be regulated by the
binding of other nucleic acids are already known to exist in

nature, where functional modulation serves important roles in
cellular operations. In many respects the role of the regulator
oligonucleotides described here mirrors the roles of naturally
occurring regulatory RNAs. These regulatory RNAs (or
riboregulators) use antisense interactions to modulate the func-
tions of other RNAs to provide precise temporal and spatial
cellular control, in both prokaryotes and eukaryotes (54,55).
Conceivably, the expansively regulated DNAzymes or
ribozyme described here may be utilized as ‘intelligent’ gene
silencing agents due to their ability to be activated by the presence
of external signals (e.g. specific mRNA transcripts that func-
tion as effector, distinct from those that function as substrate).
Possible applications of this approach include the temporal
activation of ribozymes (sensing specific mRNAs expressed at
particular developmental stages) and spatial activation (sensing
specific mRNAs present in particular cellular locations). In
addition, expansive regulation of ribozymes may be of utility
in therapeutic applications, to ablate cellular mRNAs essential for
cellular viability (by sensing viral/oncogenic mRNA transcripts),
rather than in directly targeting virally coded or oncogenic
mRNAs (46).

Single-stranded nucleic acids possess the potential for
formation of diverse folded structures (4), for diverse catalytic
functions (5,56) and for molecular recognition properties (57).
It is now apparent that all of these features of nucleic acids can
be combined to generate allosteric ribozymes that are regulated
by a variety of effector molecules. The same features can also
be utilized to generate expansively regulated DNAzymes and
ribozymes that are responsive to effector molecules other than
oligonucleotides. For example, we have developed DNAzymes
responsive to adenosines and ribozymes responsive to ATP
and FMN (58). Recently, Breaker and colleagues showed that
allosteric ribozymes can be arrayed and used to detect analytes
as diverse as specific metal ions, nucleotides, cofactors and
drugs, all within a complex mixture (59). Comparable applications
may also be anticipated for expansively regulated DNAzymes,
to detect specific ligands, given that DNAzymes could be
mounted in arrays using technologies similar to those used to
create DNA chips. DNA is significantly less costly to synthesize
and is more resistant to hydrolytic degradation than RNA.
Thus, DNAzymes would provide an excellent alternative to the
use of allosteric ribozymes under more extreme reaction
conditions.
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