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Abstract. The ability to maximize the use of avail-
able nucleic acid sequence space would have been
crucial during the presumed RNA world and confers
selective advantage in many contemporary organ-
isms. One way to access sequence space at a higher
density would be to make use of both strands of a
duplex nucleic acid for the production of functional
molecules. As a demonstration of this possibility, two
pairs of nucleic acid enzymes were engineered to be
perfect complements, each with the capacity to adopt
a distinct structure and catalyze a particular chemical
transformation. Both members of each pair of en-
zymes exhibited nearly the same level of activity as
the canonical form of the corresponding catalytic
motif. The ability to generate functional nucleic acids
encoded by both strands of a duplex has implications
for the evolution of catalytic nucleic acids and the
prospects for realizing maximum functionality from a
given genetic sequence.
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Introduction

A critical determinant of the evolutionary fitness of an
individual is its rate of replication relative to that of its
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competitors. For simple evolving entities this may be
influenced to a large degree by the size of the genome.
Contraction of genome size is thought to have occurred
for various microorganisms in comparison to their
ancestors, through mechanisms such as expulsion of
noncoding DNA and the use of overlapping genes
(Doolittle 1978; Normark et al. 1983; Mira et al. 2001;
Comeron 2001). Both prokaryotes and eukaryotes
have been found to take advantage of the noncoding
strand of a gene to direct the production of antisense
RNAs that have regulatory function (Wagner and Si-
mons 1994; Sleutels et al. 2002). There also is accu-
mulating evidence that the use of overlapping genes has
been a part of the evolution of the genomes of various
higher eukaryotes (Vanhee-Brossollet and Vaquero
1998). RNA processing events such as RNA editing
and alternative splicing are another way that organisms
can achieve a greater diversity of gene products without
expanding their genomes.

The need to make maximal use of sequence space
would have been especially important during the
early stages of the hypothesized RNA world. At that
time life is believed to have been based on RNA
molecules that served as both information carriers
and catalysts that directed RNA replication and a
primitive metabolism (Gesteland et al. 1999). Both
positive and negative strands of RNA would have
been required for replication based on Watson—Crick
pairing. Thus the opportunity would have existed for
both strands to catalyze chemical transformations
and thus to contribute to the selective advantage of
the replicating entity. This poses a difficult infor-
matics challenge, especially if nucleotides that are
critical for catalytic function lie at opposing positions
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of the two complementary strands. In addition, there
is the risk that the two complementary strands pres-
ent in the same locale would simply anneal to one
another, precluding their ability to adopt a secondary
and tertiary structure necessary for catalytic activity.
In cellular organisms this situation can be avoided if
the two strands are expressed at different times or are
made to traffic to different subcellular locations. Al-
ternatively, each complementary strand of RNA
might fold into a stable intramolecular structure that
cannot readily be invaded by the opposing strand.
The present study demonstrates two examples of
pairs of nucleic acid enzymes that are perfectly
complementary yet can function independently. Both
examples involve one strand of catalytic RNA and a
complementary strand of catalytic DNA. In princi-
ple, a similar result might be achieved with pairs of
RNA enzymes that are perfectly complementary.
However, there are no strong candidates among the
known RNA enzymes that appear amenable to being
made fully complementary without impairing the
catalytic activity of one member of the pair. A second
motivation for developing complementary RNA and
DNA catalysts is that they can template each other’s
synthesis in the context of isothermal amplification
(Guatelli et al. 1990; Compton 1991; Hill 1996),
perhaps allowing them to be coevolved in the context
of a continuous in vitro evolution experiment (Wright
and Joyce 1997; Ordoukhanian and Joyce 1999).
The pairs of complementary RNA and DNA en-
zymes were chosen so that their catalytic centers would
occur at opposing positions of the two strands. It
would be trivial to place the catalytic centers opposite
nucleotide positions whose sequence is not highly
constrained. Two different ribozymes were chosen, the
naturally occurring hairpin ribozyme (Fedor 2000)
and the “X-motif” ribozyme which was obtained by in
vitro evolution (Tang and Breaker 2000). A single
DNAzyme, the in vitro evolved “8—17"" motif (Santoro
and Joyce 1997), was used as the complement for both
of these ribozymes. All three of these nucleic acid en-
zymes catalyze the sequence-specific cleavage of an
RNA substrate that forms an extensive region of
Watson—Crick pairing with the enzyme.

Materials and Methods

All DNA and synthetic RNA oligonucleotides were synthesized and
purified as described previously (Santoro and Joyce 1997). Ribo-
zymes were prepared by in vitro transcription of synthetic DNA
templates and purified by denaturing polyacrylamide gel electro-
phoresis. Double-stranded templates were generated by annealing
two oligodeoxynucleotides, one containing a T7 RNA polymerase
promoter sequence and the other corresponding to the DNAzyme
that is complementary to the encoded ribozyme, followed by exten-
sion using reverse transcriptase. The resulting double-stranded
products were purified by agarose gel electrophoresis and subsequent
ethanol precipitation. Templates encoding the hairpin ribozyme were

prepared by annealing 5-GAGCTAATACGACTCACTA-
TAGGGCGCAAGGTGAG-3' (T7 promoter sequence underlined)
and 5" TACCAGGTAATATATRTCCGAGCCGGACGGTT
TCTCTGGTTGGCTTCTCACCTTGCGCCC-3" (R = A or G).
Templates encoding the X-motif ribozyme were prepared by an-
nealing 5-GGACTAATACGACTCACTATAGGAGGTAGC-3’
and 5-GTCCTGATACAGCTTAAGGCTCTCCRTCCGAGCC
GGACGRGCTACCTCC-3".

RNA- and DNA-catalyzed reactions were carried out in the
presence of 20 mM MgCl,, 150 mM NaCl, 50 mM N-[2-hy-
droxyethyl]-piperazine-N'-[3-propane-sulfonic acid] (EPPS, pH
7.5), and 0.01% SDS at 37°C. The nucleic acid enzyme and sub-
strate were incubated separately in reaction buffer at 37°C for 5
min, then mixed to initiate the reaction. When two nucleic acid
enzymes were present, each was preincubated separately in the
absence of substrate, then all of the reaction components were
mixed simultaneously to initiate the reaction. The reactions were
quenched by the addition of an equal volume of a solution con-
taining 8 M urea, 20% sucrose, 90 mM Tris—borate (pH 8.3), 25
mM Na,EDTA, 0.05% xylene cyanol, 0.05% bromophenol blue,
and 0.1% SDS. The reaction products were separated by electro-
phoresis in a denaturing 10% polyacrylamide gel and were quan-
titated using a Phosphorlmager (Molecular Dynamics).

Values for k,,s were obtained for a range of concentrations of
enzyme that spanned K,,, always with the concentration of enzyme
in at least 10-fold excess over that of substrate and with the con-
centration of substrate at least 10-fold below, the K,,,. Each value
for k,ns was based on at least five data points that were fit to the
equation y = x(1—¢*"), where y is the fraction reacted at time 1, x
is the fraction reacted at 1 = oo, and k is the observed rate constant.
Values for k¢, and K,,, were calculated from a standard Michaelis—
Menten saturation plot that contained at least eight data points.
ICsy values for inhibition of an enzyme by its complement were
determined by incubating the enzyme, substrate, and inhibitor
separately in reaction buffer at 37°C for 5 min, then mixing to
initiate the reaction. Values for k., were determined for various
concentrations of inhibitor and normalized to ks in the absence of
inhibitor to obtain kgps(relative). 1Csy values were determined
based on the equation kops(relative) = 1/ {1 + ([I] / ICso)’}, where
[1] is the concentration of inhibitor and s is the slope factor.

Results

The two pairs of complementary nucleic acid en-
zymes developed for this study are shown in Fig. 1.
Each pair is shown in its double-stranded form,
demonstrating perfect complementarity. In addition,
the members of each pair are shown in their single-
stranded form, adopting their own predicted sec-
ondary structure and binding to their respective RNA
substrate. Several variations on these designs also
were produced and evaluated, as described below.
Inspection of the secondary structures of the en-
zyme pairs revealed some flexibility of design based
on the opportunity for G:U wobble pairing within
stem regions of the ribozymes. This made it possible
to avoid undesired secondary structure within the
complementary DNAzymes. Referring to the num-
bering scheme in Fig. 1a, the ideal base-pairing for-
mat for the hairpin ribozyme would place a G:C pair
at positions 33:45. However, this would result in an
undesirable C:G pair at positions 28:16 of the com-
plementary 8—17 DNAzyme. Constructs were tested
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Fig. 1.  Sequence and secondary structure of two pairs of com-
plementary nucleic acid enzymes. a The 60-nucleotide heteroduplex
formed between the 8-17 DNAzyme (fop strand) and the hairpin
ribozyme (bottom strand). b The 49-nucleotide heteroduplex

that had various combinations of nucleotides at these
positions. While these variants showed similar levels
of activity in the context of the hairpin ribozyme, the
only corresponding DNAzyme that had appreciable
activity corresponded to a ribozyme that had a G:U
wobble at positions 33:45 (Fig. 1a).

Similarly, the X-motif ribozyme normally would
contain a G:C pair at positions 12:24 and an A:U pair
at positions 10:26 (Fig. 1b). However, this would re-
sult in an undesirable C:G pair at positions 38:26 and
A:T pair at positions 40:24, respectively, of the com-
plementary 8—-17 DNAzyme. Again, constructs were
tested that had various combinations of nucleotides at
these positions, all of which were tolerated by the ri-
bozyme, but only those that prevented base pairing
were tolerated by the complementary DNAzyme.
Wobble pairing again was exploited to achieve the
desired result of functional RNA and DNA enzymes
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formed between a different version of the 8-17 DNAzyme (top
strand) and the X-motif ribozyme (bottom strand). The catalytic
core of each enzyme is shown in bold face. Each enzyme can cleave
an RNA substrate at the site indicated by the arrow.

that were perfectly complementary (Fig. 1b). The 8-17
DNAzyme contains a 3-bp stem within its catalytic
core, with the unpaired sequence 5-ACGR-3’
(R = A or G) lying immediately downstream from
that stem. Based on the above results, it appears that a
G residue located two nucleotides upstream from the
catalytic core causes the central stem to be extended
by 2 bp, thereby inactivating the DNAzyme.

The hairpin and X-motif ribozymes were prepared
by in vitro transcription of template DNAs (made
double-stranded) that also served as the corresponding
DNAzymes. The calculated Ky for binding of the
hairpin and X-motif ribozymes to their template is
107" M and 107"* M, respectively (Sugimoto et al.
1995). Thus, RNA-DNA heteroduplex formation was
predicted to be vastly favored over the individual un-
bound molecules. Figure 2 demonstrates the activity of
the two enzyme pairs, functioning both independently
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Fig. 2. Complementary nucleic acid enzymes functioning inde-

pendently and simultaneously. a Activity of the 8-17 DNAzyme
(E1) and complementary hairpin ribozyme (E2), cleaving their re-
spective [5'—>?P]-labeled substrates (SI and S2) to generate corre-
sponding labeled products (P1 and P2). b Activity of a different
version of the 8—-17 DNAzyme (E3) and complementary X-motif
ribozyme (E4), cleaving their respective substrates (S3 and S4) to
generate products (P3 and P4). Reactions employed 1000 nM El
and/or E2, 100 nM S1 and/or S2, 200 nM E3 and/or E4, and 20 nM
S3 and/or S4, which were allowed to react for 1 h. Reaction
products were separated by electrophoresis in a denaturing 10%
polyacrylamide gel, an autoradiogram of which is shown.

and simultaneously in a common reaction mixture
under conditions of enzyme excess. The activity of the
nucleic acid enzymes is not significantly different when
they are made to function either alone or together in
these circumstances. The conditions for the experiment
shown in Fig. 2 provided an opportunity for abundant
free complement to invade and anneal to the active
nucleic acid enzyme. Because substrate was limiting,
however, even if a majority of the enzyme molecules
annealed to their complement the portion that re-
mained single-stranded still could give rise to the ob-
served level of activity. The issue of enzyme inhibition
by its complement is addressed in more detail below.

The catalytic properties of the two pairs of com-
plementary nucleic acid enzymes were measured un-
der single-turnover, enzyme excess conditions (Fig.
3). The hairpin ribozyme exhibited a k., of 0.078
min~! and a K,,, of 21 nM. These values are similar to
what has been reported previously (Fedor 2000), al-
though the k.., was diminished by about fivefold,
perhaps due to the G:U wobble pair that was intro-
duced at positions 33:45, which might have a desta-
bilizing effect on the adjoining stem region. The
complementary 8§—17 DNAzyme was found to have a
kea of 0.015 min~' and a K,, of 40 nM, which is
similar to what has been reported previously (Santoro
and Joyce 1997). For the enzyme pair involving the
X-motif ribozyme and complementary 8-17 DNA-
zyme, the ribozyme exhibited a ke, of 0.14 min~! and
a K, of 17 nM. The value for k., is similar to what
has been reported (Tang and Breaker 2000), while a
value for K, has not been reported previously. The
complementary 8-17 DNAzyme exhibited a k., of
0.015 min~' and a K, of 0.68 nM. The K,, values for
the four nucleic acid enzymes were obtained under
single-turnover conditions and, thus, must be re-
garded as apparent K,, values. The two forms of the
8-17 DNAzyme exhibited an identical k,, but sig-
nificantly different K,,, which likely reflects differ-
ences in the stability of the two substrate-binding
domains that flank the catalytic center of the enzyme
(Santoro and Joyce 1998).

The degree to which the members of an enzyme
pair inhibited (or failed to inhibit) each other when
only one substrate was present was investigated in
more detail for the hairpin ribozyme and comple-
mentary 8—17 DNAzyme. Each nucleic acid enzyme,
present at a concentration equal to its K,,,, was tested
in the presence of varying concentrations of its
complement. A value for k., was obtained in each
case and compared to the value obtained in the ab-
sence of the complement. In this way an ICsq value
was determined for each member of the enzyme pair
(Fig. 4). This value should not be regarded as a true
inhibition constant for interaction of the enzyme with
its complement because the enzyme, substrate, and
inhibitor were not allowed to reach equilibrium prior
to the start of the reaction. The ICs for inhibition of
the hairpin ribozyme by the 8-17 DNAzyme was 23
nM, while that for inhibition of the 8-17 DNAzyme
by the hairpin ribozyme was 16 nM. A similar anal-
ysis was not carried out for the X-motif ribozyme and
complementary 8—17 DNAzyme because of the large
disparity in the K, values for these two enzymes.

Discussion

In this study two pairs of catalytic nucleic acids were
designed that had perfectly complementary sequences,
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Catalytic behavior of two pairs of complementary nucleic acid enzymes. a Hairpin ribozyme. b 8-17 DNAzyme complementary to

the hairpin ribozyme. ¢ X-motif ribozyme. d 8-17 DNAzyme complementary to the X-motif ribozyme. Values for k., and K,, were
determined under single-turnover conditions employing [5’->*P]-labeled substrate.

each consisting of a ribozyme and a complementary
form of the 8-17 DNAzyme. The two members of
each pair retained nearly full activity compared to the
optimized form of the corresponding parental nucleic
acid enzyme. Conditions were found under which the
enzyme pairs retained a high level of activity in the
presence of one another. This involved simultaneous
mixing of the enzymes and substrates so that each
enzyme had the opportunity to bind its substrate
before becoming bound by its complement.

Inhibition studies involving the hairpin ribozyme
and complementary 8—17 DNAzyme demonstrated
half-maximal inhibition of each enzyme by its com-
plement when the two were present at roughly equi-
molar concentrations (Fig. 4). When the inhibitor
was present in substantial excess, the enzyme likely
was almost completely bound by the inhibitor, pre-
venting it from binding the substrate. When the
concentration of inhibitor was lower than that of the
enzyme, but still in excess of the substrate, the en-
zyme-substrate complex was able to form and was
not disrupted by the excess of inhibitor. This suggests
that each enzyme—substrate complex adopts a stable
structure that is resistant to becoming inactivated by
strand invasion by the complementary strand.

The ability of RNA to form G:U wobble pairs
allows many different primary sequences to adopt a
particular secondary structure, while allowing the
corresponding complementary strand to adopt a

nonidentical structure. In this way each strand can
adopt a distinct structure, one involving G:U wobble
pairs and the other involving C:A mismatches. This
property is advantageous in allowing a broad explo-
ration of shape space, thereby facilitating the evolu-
tion of molecules with diverse function. The
dissimilar structures formed by the perfectly com-
plementary sequences described in this study are
required for their respective functions and illustrate
the flexibility afforded by G:U pairing. If the same
structure were to be formed by two complementary
nucleic acids, then the diversity of function that could
be realized would be severely limited.

Wobble pairing similarly was exploited in design-
ing an RNA molecule that could adopt either of two
functionally active structures (Schultes and Bartel
2000). One structure conferred RNA ligase activity,
while the other conferred RNA cleavage activity at a
different nucleotide position. From that common se-
quence it was possible to design a family of sequences
that led in a stepwise manner to sequences that were
optimized exclusively for one function or the other.
Like the complementary nucleic acid enzymes, this
provides a good example of how to achieve a diver-
sity of function from a uniformity of sequence, while
illustrating the robustness of a functional nucleic acid
structure.

There is no known example in nature of catalytic
nucleic acids that lie at opposing positions of two
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Fig. 4. Inhibition of each member of a pair of nucleic acid en-
zymes by its complement. a Hairpin ribozyme inhibited by the 8—17
DNAzyme, employing 21 nM ribozyme, 2.1 nM substrate, and
0-60 nM DNAzyme. b 8-17 DNAzyme inhibited by the hairpin
ribozyme, employing 40 nM DNAzyme, 4 nM substrate, and
0-39 nM ribozyme.

complementary strands. The satellite RNA of to-
bacco ringspot virus contains self-cleaving ribozymes
within each of the two complementary strands: a
hammerhead ribozyme that cleaves following nucle-
otide position 359 of the (+)-strand (Prody et al.
1986; Forster and Symons 1987), and a hairpin ri-
bozyme that cleaves following nucleotide position 49
of the (—)-strand (Buzayan et al. 1986; Hampel et al.
1990). However, none of the nucleotides within the
catalytic centers of these two ribozymes occur at
opposing positions of the two strands. A recent
analysis of the complete mouse ‘transcriptome,”
based on 60770 full-length cDNAs, revealed 2431
pairs of sense—antisense transcripts that overlapped in
the protein-coding region of the sense strand (Oka-
zaki et al. 2002). Many of the antisense strands are
likely to play a regulatory role by binding to their
complement, but it is not clear if any of the antisense
molecules encode function in their own right.
Several examples have been reported of protein-
encoding genes that reside on both strands of a region
of genomic DNA (Henikoff et al. 1986; Misener and
Walker 2000; Adelman et al. 1987). To prevent the
transcripts of those genes from annealing, which
would block their translation, the two RNAs might

be kept apart by regulating the timing of their ex-
pression. However, there are examples of house-
keeping genes that are arranged in such an opposing
fashion, suggesting that simultaneous production of
complementary RNAs may not be a problem (He-
nikoff et al. 1986; Misener and Walker 2000). For-
mation of stable secondary structures within the
complementary transcripts might account for this.
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