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Summary

An RNA ligase ribozyme was converted to a corre-
sponding deoxyribozyme through in vitro evolution.
The ribozyme was prepared as a DNA molecule of the
same sequence, and had no detectable activity. A pop-
ulation of randomized variants of this DNA was con-
structed and evolved to perform RNA ligation at a rate
similar to that of the starting ribozyme. When the deoxy-
ribozyme was prepared as an RNA molecule of the
same sequence, it had no detectable activity. Thus,
the evolutionary transition from an RNA to a DNA en-
zyme represents a switch, rather than a broadening,
of the chemical basis for catalytic function. This trans-
fer of both information and function is relevant to the
transition between two different genetic systems based
on nucleic acid-like molecules, as postulated to have
occurred during the early history of life on Earth.

Introduction

The discovery, more than 20 years ago, of RNA mole-
cules with catalytic activity [1, 2] broadened the notion
of an enzyme to include informational macromolecules
composed of either amino acids or nucleotides. The first
several reported examples of RNA enzymes (ribozymes)
all are naturally occurring RNA molecules that catalyze
the cleavage or formation of an RNA phosphoester.
More recently, the large subunit ribosomal RNA was rec-
ognized to be a ribozyme that catalyzes the peptidyl
transfer step of protein synthesis [3]. Beginning in the
early 1990s, it became possible to develop artificial ribo-
zymes through a process of in vitro evolution [4, 5]. This
has led to numerous ribozymes that catalyze a broad
range of chemical reactions (for reviews, see [6, 7]). Sim-
ilar techniques have been used to obtain DNA enzymes
(deoxyribozymes) with various functions (for reviews,
see [8, 9]), although there is no known example of a de-
oxyribozyme in nature.

Structural and mechanistic studies of ribozymes often
make use of the site-specific replacement of ribonucle-
otides by deoxyribonucleotides to assess the impor-
tance of particular 2'-hydroxyl groups within the RNA.
Of course, there are other important differences be-
tween RNA and DNA, such as the tendency of RNA to
adopt a C3'-endo sugar pucker compared to the pre-
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ferred C2'-endo pucker of DNA. RNA lacks a methyl
group at the C5-position of uridine, while this group is
present at the corresponding position of thymidine in
DNA. When in the double-stranded form, RNA tends to
adopt an A-form helix, while DNA adopts a B-form helix.
The structure of single-stranded regions within RNA and
DNA differs in idiosyncratic ways even when the se-
quences are the same. In light of these differences, it
is not surprising that there is no known example of aribo-
zyme that retains catalytic activity when prepared as the
corresponding DNA molecule. There is a case of an 18
nucleotide DNA that forms a G-quartet structure and
binds hemin, resulting in a 250-fold enhancement of he-
min-dependent peroxidase activity [10]. When this DNA
is prepared as the corresponding RNA, it binds hemin
with 30-fold reduced affinity, but retains a similar cata-
lytic rate enhancement in the hemin-dependent reac-
tion [11].

It has been possible to make multiple deoxynucleo-
tide substitutions within a ribozyme and retain at least
alow level of activity. The best-studied case is the ham-
merhead ribozyme, which is a simple motif that cata-
lyzes the site-specific cleavage of RNA. It contains a cat-
alytic core of 13 highly conserved residues, supported
by three flanking stems of variable sequence [12].
When all but 7 of the conserved residues are replaced
by the corresponding deoxynucleotides the catalytic
rate is reduced by about 20-fold, and when all but the
4 most critical residues are replaced by DNA, the cata-
lytic rate is reduced by 300-fold [13, 14]. However, an
all-DNA version of the hammerhead ribozyme has no de-
tectable activity [15, 16]. Similarly, the hairpin ribozyme,
which also catalyzes the site-specific cleavage of RNA,
was shown to require four critical RNA residues in order
to retain catalytic activity [17].

In vitro evolution may provide a means to convert a ri-
bozyme to a corresponding deoxyribozyme. The poten-
tial for such a conversion has been demonstrated with
the Tetrahymena ribozyme, which was evolved to cleave
DNA as well as RNA [4, 18], and subsequently evolved to
cleave DNA in preference to RNA [19]. This change of
behavior required mutating less than 5% of the ribo-
zyme’s residues. Similarly, the RNase P ribozyme was
evolved to cleave DNA as well as RNA, which also re-
quired mutating less than 5% of the ribozyme’s residues
[20]. It is expected to be more difficult to convert an en-
zyme, rather than its substrate, from RNA to DNA.

In the present study, the R3C RNA ligase ribozyme
[21] was converted to a corresponding deoxyribozyme
through in vitro evolution. This ribozyme has an unusual
pedigree. Its ancestor was obtained by in vitro evolution,
starting from a population of random-sequence RNAs
that contained only adenosine, guanosine, and uridine,
but lacked cytosine. This led to the development of the
R3 (random 3-letter) ribozyme, which catalyzes the liga-
tion of two oligonucleotides, one terminating in a 2/,3'-
hydroxyl, and the other terminating in a 5'-triphosphate,
forming a 3',5'-phosphodiester linkage and releasing in-
organic pyrophosphate. The R3 ribozyme subsequently
was evolved to a cytosine-containing ribozyme, the R3C
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Figure 1. Sequence and Secondary Structure of the R3C RNA
Ligase Ribozyme

The five paired regions (P1-P5) are indicated (see [21]). Nucleotides
of variable sequence within the two substrates and complementary
template portions of the ribozyme are indicated by horizontal lines.
Curved arrow indicates attack of a 3'-hydroxyl on a 5'-triphosphate,
resulting in RNA ligation.

ligase, which performs the same reaction, but with a
20-fold faster catalytic rate [21]. The R3 ligase also
was evolved to a ribozyme that contains only diamino-
purine and uracil residues and exhibits a 20-fold slower
catalytic rate compared to the R3 ligase [22].

The R3C ligase ribozyme contains about 55 nucleo-
tides, including two template regions of variable length
that bind the two RNA substrates (Figure 1). The 2/,3'-
hydroxyl-bearing substrate is bound by a single region
of Watson-Crick pairing (P1 helix), while the 5'-triphos-
phate-bearing substrate is bound by two regions of
Watson-Crick pairing (P2 and P3 helices) that are inter-
rupted by a central stem-loop (P4 and P5 helices). The
5'-triphosphorylated substrate can be linked to the ribo-
zyme via a hairpin loop, resulting in a bimolecular re-
action that proceeds with a k., of 0.3 min~! and K, of
0.4 pM. Alternatively, this substrate can be provided
separately in a trimolecular reaction that proceeds with
a keat Of 0.2 min~" and K,,, of 0.1 uM [21].

When the R3C ribozyme was converted to a DNA mol-
ecule of the same sequence (replacing U with T), it had
no detectable activity. This DNA molecule was used as
a starting point to generate a population of random var-
iants, which were selected for the ability to catalyze the
RNA ligation reaction. Ten rounds of in vitro evolution
were carried out, resulting in a deoxyribozyme with RNA
ligase activity. When the deoxyribozyme was prepared
as the corresponding RNA molecule, it had no detect-
able activity. Thus, the evolutionary transition from
an RNA to a DNA enzyme represents a switch, rather
than a broadening, of the chemical basis for catalytic
function.

Results

In Vitro Evolution

A starting population of ~5 x 10'2 different molecules
was constructed based on a DNA version of the R3C li-
gase sequence, with random mutations introduced at
a frequency of 12% per nucleotide position at 51 posi-

5

S1 S2
PPPY 5 a
CTCACuaanU gacc—guaaugagu
L I I R A A A B | LI R B | L I I L A O B B | .9
GAGTGATATA“AGTTGG TAT ACTsc‘AT\
G Gy,
. Tao |
3 A ¢
A-T
Gy C
T G
T |
Ty A
G-T
A-T
Cc-G
A-T
A-T
G- Cy
Ay G
Az T2s
S$1 S2

, PPPY. 5 .
5-cucacuauaOU gacc—guaaugaguag -3
LI I R A A R B | LI B B | LN I A R O A B A |
3'-GAGTGATATT GTTGG TATTACT,CATC -5

48 A

G C,
| 12C

Figure 2. Composition of the Starting DNA and Evolved 10-18
Deoxyribozyme

(A) The starting pool was based on a DNA version of the R3C ribo-
zyme that was joined to the S2 substrate and allowed to react with
a separate S1 substrate. DNA residues are in uppercase; RNA res-
idues are in lowercase. Dashed line indicates the site of joining be-
tween S2 and the first deoxynucleotide that was randomized.
Boxed regions at the 5’ end of S1 and the 3’ end of the DNA corre-
spond to primer binding sites used during selective amplification.
(B) The 10-18 deoxyribozyme contains 57 residues, including a 5'-
terminal C that was added to allow pairing with the 3'-terminal G of
S2. Mutated positions relative to the starting sequence are num-
bered. The C— A change at position 4 and T— C change at position
5 were reverted to restore complementarity with S2.

tions that encompass the catalytic domain (Figure 2A).
This population included all possible variants containing
up to seven mutations relative to the wild-type se-
quence, as well as a sampling of the higher-error mu-
tants. The population of DNA molecules was joined via
a hairpin loop to a 5'-triphosphate-bearing RNA sub-
strate (S2), which had the sequence 5'-pppGAGACC
GUAAUGAGUAG-3'. The joined molecules were chal-
lenged to react with a separate 2',3'-hydroxyl-bearing
substrate (S1), which had the sequence 5-d(GAACT
GACGAACTGATGCTCAC)-r(UAUA)-3'. Molecules that
performed the ligation reaction were selected based
on their reduced mobility in a denaturing polyacrylamide
gel. The gel-purified products were further selected by
PCR amplification, employing one primer that was com-
plementary to the 3’ end of the DNA, and a second
primer that matched the sequence at the 5’ end of S1.
The PCR products then were used to generate a progeny
population of DNA molecules, which were enriched for
the desired activity.

The DNA-catalyzed reaction was carried out in the
presence of 256 mM MgCl, at pH 8.5 and 23°C, employing
5 M S1 and 0.1 uM S2-DNA conjugate. The time allotted
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Figure 3. Activity of the Population of Molecules in the Starting
Pool and after Each Round of In Vitro Evolution

The population was assayed in the bimolecular reaction format,
employing 0.1 uM labeled S2-DNA and 5 uM S1 that contained ei-
ther one or four 3'-terminal ribonucleotides (gray and black bars,
respectively). The fraction of S2-DNA that was converted to ligated
products was determined after 30 min.

for the reaction was reduced progressively over the
course of ten rounds of in vitro evolution, beginning
with 14 hr in the first round and ending with 15 s in the
final two rounds. Random mutations were introduced
at a frequency of 0.7% per nucleotide position following
the fifth, sixth, and seventh rounds by a PCR mutagene-
sis procedure [23]. The population as a whole was as-
sayed after each round, demonstrating a progressive in-
crease in ligation activity (Figure 3). Following the tenth
round, individuals were cloned from the population
and sequenced.

Examination of 22 cloned sequences revealed that
about half fell into a major sequence cluster, although no
two sequences were identical (Table 1). The mean num-
ber of mutations per clone was 14.7. Individuals from the
major sequence cluster were found to exhibit the high-
est level of catalytic activity. One of these, designated
“10-18” (round 10, clone 18), was chosen for further
study (Figure 2B). It contains 12 mutations relative to the
wild-type sequence, including 7 mutations that are pres-
ent in the consensus sequence of all cloned individuals.
Two of the nonconsensus mutations within the 10-18
deoxyribozyme occur in a portion of the template region
that binds the 3’ end of the S2 substrate (P3 helix). These
mutations were reverted to the wild-type, restoring per-
fect complementarity in this region without affecting
catalytic activity. All of the other mutations had a more
significant effect on activity, as will be discussed below.

Properties of the 10-18 Deoxyribozyme

The kinetic properties of the 10-18 deoxyribozyme first
were examined in the bimolecular reaction format, anal-
ogous to that employed during in vitro evolution. A
shortened form of the S1 substrate was used that lacked
the nucleotides at the 5’ end that had provided a primer
site for PCR amplification. The shortened substrate had
the sequence 5'-d(CTCAC)-r(UAUA)-3’, which is per-
fectly complementary to the corresponding template re-
gion of the deoxyribozyme. With trace amounts of
[5'-32P]-labeled S1 and various concentrations of the
S2-DNA conjugate, the reaction was found to occur
with a kgat of 0.030 min~" and K, of 2.5 uM, measured

Table 1. Aligned Sequences of 22 Clones of the Evolved RNA Ligase
Deoxyribozyme
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Mutations relative to the starting sequence (wt) are indicated for the
consensus sequence (con) and for individual clones (numbered).
Deleted nucleotides are indicated by a dash; unchanged nucleotides
are indicated by a period. Scale at the top corresponds to nucleotide
positions 2-57 of the deoxyribozyme (Figure 2B). Note that the C res-
idue at position 1 is not present in the cloned DNA, but was added to
allow pairing with the 3'-terminal G of the S2 substrate.

in the presence of 25 mM MgCl, at pH 8.5 and 23°C (Fig-
ure 4A). This is about 10-fold slower than the corre-
sponding rate of reaction of the R3C ligase ribozyme.
When a different version of S1 was used that contained
all-DNA residues except for a single 3'-terminal ribonu-
cleotide, the reaction rate was about 4-fold slower,
with a kege of 0.0073 min~" and a K,,, of 2.1 uM.

The regiospecificity of the reaction was determined
with a [5'-32P]-labeled S1 substrate that contained either
one or four 3'-terminal ribonucleotides. Following the re-
action, the 5'-labeled products were purified by denatur-
ing polyacrylamide gel electrophoresis, then digested
with NaOH, RNase U2, or RNase ¢M. NaOH cleaves
both 2/,5'- and 3',5'-phosphodiesters, while the ribonu-
cleases cleave only 3',5-phosphodiesters (RNase U2
cleaves after A and G residues; RNase ¢M cleaves after
A and U residues). The phosphodiester at the ligation
junction was cleaved by NaOH, but not by either RNase,
indicating that this is a 2,5’ linkage. In contrast, the
phosphodiester formed by the R3C ribozyme is a 3',5'
linkage that is readily cleaved by the two ribonucleases.

The 10-18 deoxyribozyme was next tested in the tri-
molecular reaction format, employing an all-RNA ver-
sion of S1, having the sequence 5-CUCACUAUA-3, a
detached version of $2, having the sequence 5'-pppGA
GACCGUAAUGAGUAG-3’, and a 57-mer deoxyribo-
zyme containing template regions that were comple-
mentary to the two substrates (Figure 2B). The reaction
was carried out under two different kinetic regimes
to assess the saturation behavior of each substrate.
The first regime used a trace amount of [5'-*2P]-labeled
S1 and varying, but equal, concentrations of S2 and
deoxyribozyme, demonstrating a ke of 0.052 min™'
and K,,,(S1) of 0.45 uM (Figure 4B). Under the same con-
ditions the R3C ribozyme exhibited a kgz¢ of 0.14 min~"
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Figure 4. Catalytic Activity of the 10-18 Deoxyribozyme

(A) Bimolecular reaction, employing 5 nM S1 and 0.05-20 uM S2-
DNA.

(B) Trimolecular reaction, employing either 5 nM S1 and 0.05-10 uM
S2 (solid circles), or 5 nM S2 and 0.05-10 uM S1 (open circles). The
concentration of deoxyribozyme was always equal to that of the
more concentrated substrate. Values for ko,s were obtained for
each concentration of reactants and fit to a Michaelis-Menten sat-
uration plot based on the equation: kops = Kcat[S]/(km + [S])-

and K,(S1) of 0.11 uM. The second kinetic regime used
trace amounts of [o->P]ATP-labeled S2 and varying, but
equal, concentrations of S1 and deoxyribozyme, dem-
onstrating a ket of 0.015 min~" and K,(S2) of 0.48 uM
(Figure 4B). Neither the RNA version of the 10-18 deoxy-
ribozyme nor the DNA version of the R3C ribozyme had
any detectable activity.

It was possible to change the sequence of both sub-
strates, together with the complementary template re-
gion of the deoxyribozyme, without disrupting catalytic
activity. For example, an alternative version of S1, hav-
ing the sequence 5'-GAAUACGUU-3', was ligated by the
corresponding deoxyribozyme with a k.o of 0.035 min ™"
and K,(S1) of 0.75 uM. Not surprisingly, the deoxyribo-
zyme was unable to ligate an all-DNA version of S1. The
deoxyribozyme reacts with the terminal 2'-hydroxyl
of S1, which is not present in DNA. A very low level of
activity was seen with an all-RNA version of S1 and an
all-DNA version of S2. The observed rate in that case
was ~2 X 10~ min~", which is only about 10-fold faster
than the uncatalyzed, template-dependent rate of reac-
tion (see below).

Site-Directed Mutagenesis
Site-directed mutagenesis studies were carried out to
assess the role of individual mutations acquired by the

10-18 deoxyribozyme and to investigate possible alter-
ation of its secondary structure relative to that of the
R3C ribozyme. The deoxyribozyme, together with 18 of
22 clones that were sequenced (Table 1), contains an
A—T change at nucleotide position 48. This position
lies immediately downstream from the ligation junction,
opposite the 5'-terminal guanosine triphosphate of S2
(Figure 2B). When the mutation was reverted to A, the
catalytic rate decreased from 0.052 to 0.028 min~', and
when it was changed to C, the rate was 0.012 min~".
Thus, there does not appear to be a strict geometrical
constraint at this position, even though it lies adjacent
to the site of reaction. The ability to tolerate a C residue
at position 48, which could form a C-G pair with the
5'-terminal nucleotide of S2, suggests that it may be
possible to extend the P1 helix across the ligation
junction. However, it was not possible to replace the
entire bulge loop between the P1 and P2 stems with
Watson-Crick pairs, either by substituting 5'-TC-3' for
5-GAT-3' at positions 46-48 of the enzyme, or by
substituting 5'-ATC-3' for 5'-GA-3' at the 5’ end of S2.

Eighteen of the 22 clones, including the 10-18 deoxyri-
bozyme, contain a T— C mutation at nucleotide position
40. This position is located on the 3’ side of the central
stem-loop, close to the three-way junction (Figure 2).
Reverting this mutation to T reduced the catalytic rate by
about 30-fold t0 0.0018 min~". The 10-18 deoxyribozyme
also contains a G— C change at position 12, located on
the opposite side of the central stem-loop, also close
to the three-way junction. This mutation is present in
11 of the 22 clones, and 4 other clones have a G—T
change at this position. Reverting this mutation to G
reduced the catalytic rate of the 10-18 deoxyribozyme
to 0.0003 min~". When both of these mutations were re-
verted simultaneously, there was no detectable activity.

The hairpin loop at the end of the P5 stem of the R3C
ribozyme (Figure 1) has no effect on catalytic activity.
The sequence of this loop can be altered, and the loop
can even be deleted, without affecting the catalytic
rate of the ribozyme [21]. Thus, one might expect that
the mutations at the corresponding positions of the
10-18 deoxyribozyme are neutral with regard to pheno-
type. This is not the case. Reverting the deoxyribozyme
sequence at positions 23-27 from 5-AGAGCG-3’ to
5-CGTAAG-3 eliminated catalytic activity. Similarly, re-
placing the former loop sequence by the especially sta-
ble DNA tri-loop 5'-GAA-3' [24] resulted in no detectable
activity. This suggests that either the deoxyribozyme re-
quires a particular loop sequence, or it has an altered
secondary structure compared to that of the R3C ribo-
zyme. When two adjacent base pairs within the former
P5 stem (G20-C31 and T21-A30) were exchanged, there
was a complete loss of activity, further indicating that
the secondary structure had changed.

Secondary structural prediction of the 10-18 deoxy-
ribozyme with “mfold” [25] suggested an alternative
folded structure for the central stem-loop region. This
structure involves a shorter stem, a shifted position for
the hairpin loop, and a larger internal bulge loop on the
5’ side adjacent to the three-way junction (compare
Figures 2A and 2B). In order to test this structure, the
predicted loop sequence 5'-GAACA-3’' was replaced
by 5-GTTTA-3, which reduced the catalytic rate to
0.0001 min~". The predicted base pairs A25-T35 and
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G26-C34 were mutated to C25-G35 and A26-T34,
which resulted in a catalytic rate of 0.0015 min~" and
0.010 min~", respectively. When both of these base
pairs were mutated simultaneously, the catalytic rate
was 0.0030 min~", which is only 17-fold slower than
the rate of the 10-18 deoxyribozyme. Further support
for this short stem comes from comparative sequence
analysis of the cloned individuals. Thirteen of 22 clones,
including all those in the major sequence cluster, had the
putative A25-T35 pair, while 5 other clones had a G25-
C35 pair (Table 1). Similarly, 2 clones (including 10-18)
had the putative G26-C34 pair, while 16 others had an
A26-T34 pair.

The alternative secondary structure has a predicted
internal bulge loop at positions 12-19, whereas in the
R3C ribozyme, all but two of these positions are involved
in Watson-Crick pairing (Figure 2). When the 5'-CTC-3'
sequence at positions 13-15 of the deoxyribozyme
was replaced by 5-TTT-3, the catalytic rate was re-
duced by about 10-fold to 0.0050 min~". When the entire
bulge loop sequence was changed to 5-TTTTTTTT-3/,
the catalytic rate was 0.0002 min~'. Among the 22
clones, there are 17 different sequences in the bulge
loop region, and 3 or 4 different nucleotides occur at
each of nucleotide positions 12-18.

The suggested alternative secondary structure of the
central stem-loop region of the 10-18 deoxyribozyme
should be regarded as conjectural. There is no se-
quence covariation to support the putative C27-G33
pair, although 17 clones contain an A— C change at po-
sition 27. Similarly, there is no covariation to support the
G20-C40 pair, although 18 clones contain a T—C
change at position 40. When the putative T21-A39 pair
was mutated to A21-T39 there was no catalytic activity,
and when T22-A38 was mutated to A22-T38 activity was
only barely detectable. This is a small catalytic motif,
which makes it difficult to discern nucleotides that only
play arole in supporting the secondary structure, except
for the well-defined regions involved in binding the two
substrates.

Uncatalyzed Template-Directed Ligation
RNA molecules bearing a 5'-triphosphate normally are
prepared by in vitro transcription. However, this ap-
proach is limited to sequences with a 5'-terminal purine
residue, preferably beginning with pppGpG [26]. In order
to prepare 5'-triphosphorylated RNAs of arbitrary se-
quence, as well as 5'-triphosphorylated DNAs, a syn-
thetic approach is required. Based on literature prece-
dent [27-29], chemical triphosphorylation of RNA or DNA
was carried out on the solid support following automated
synthesis, but prior to deprotection. The 5'-terminal
hydroxyl was detritylated, reacted with salicyl phos-
phorochloridite to form the phosphite, then reacted
with tributylammonium pyrophosphate to form the cyclic
trimetaphosphite, which was oxidized to give the linear
5'-triphosphate. Following standard deprotection, the
product was purified by denaturing polyacrylamide gel
electrophoresis. Provided that the reagents were kept
exquisitely dry, 5'-triphosphorylated RNA or DNA up to
the 20-mer in length could be obtained in 80%-90%
yield.

Both an RNA and DNA version of both the S1 and S2
substrates were prepared (see Experimental Proce-

dures). In the absence of a template there was no de-
tectable ligation of these substrates. The reaction then
was carried out in the presence of a saturating concen-
tration (15 pM) of either an RNA or a DNA template. The
RNA-directed ligation of two RNA substrates occurred
atarateof 1.4 = 0.1 X 10~" min~', measured in the pres-
ence of 25 mM MgCl, at pH 8.5 and 23°C. This is consis-
tent with previous measurements of this reaction under
somewhat different conditions [30]. Not surprisingly, the
reaction occurred at a similar rate in the presence of
a DNA template, with a kops 0f 1.2 = 0.3 X 10~" min~".
Thus, the R3C ligase ribozyme exhibits a rate enhance-
ment of 1 x 10°-fold compared to the uncatalyzed reac-
tion on an RNA template, and the 10-18 deoxyribozyme
exhibits a rate enhancement of 4 x 10%-fold compared
to the uncatalyzed reaction on a DNA template.

A more intriguing question concerns the uncatalyzed
rate of template-directed DNA ligation, which has not
been measured previously. This reaction is thought to
be more difficult than RNA ligation because of the re-
duced nucleophilicity of the DNA 3'-hydroxyl compared
to the RNA 2/,3'-hydroxyl [31]. Surprisingly, the rate of
DNA-DNA ligation on a DNA template was found to be
3.6 = 1.1 x 1078 min~", which is only 4-fold slower
than the rate of RNA-RNA ligation on an RNA template.
The reduced rate is attributable to the DNA version of
the S1 substrate, because ligation of S1-RNA and
S2-DNA on a DNA template proceeds with a kqps Of
2.1 = 0.3 x 1077 min~", which is slightly faster than
the rate of RNA-RNA ligation.

An initial attempt was made to further evolve the RNA
ligase deoxyribozyme so that it could function as a DNA
ligase. The diverse population that existed following
round seven of the initial in vitro evolution procedure
was used as the starting point for further evolution.
Nine more rounds of evolution were carried out, select-
ing for DNA ligase activity. Random mutations were in-
troduced by mutagenic PCR after each of the first three
rounds. Individuals were cloned from the final selected
population, sequenced, and tested for catalytic activity.
A typical individual exhibited a catalytic rate of 2 x
10~% min~", which corresponds to a 600-fold rate en-
hancement compared to the uncatalyzed template-
directed reaction. This meager rate enhancement was
not deemed sufficient to merit further investigation
until a more robust DNA ligase deoxyribozyme can be
obtained.

Discussion

Transfer of Macromolecular Information

and Function

All known organisms operate according to the “central
dogma of molecular biology,” whereby the transfer of
sequential genetic information can proceed from nucleic
acid to nucleic acid, and from nucleic acid to protein, but
not from protein to protein, or from protein to nucleic
acid [32, 33]. The transfer of information from either
DNA or RNA to either DNA or RNA is the most straight-
forward, relying on the one-to-one correspondence of
Watson-Crick pairing. There are instances in biology of
all four of these nucleic acid information transfer path-
ways. The transfer of information from RNA to protein
is more complex, but retains the crucial feature of
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“sequentialization” [32] based on the three-to-one cor-
respondence of the genetic code. In contrast, the trans-
fer of function from nucleic acid to nucleic acid, or from
nucleic acid to protein, does not occur in contemporary
biology, and is difficult to envision because function
cannot be conveyed in a sequential manner. Instead,
in the case of protein synthesis, function is encoded in
nucleic acid sequences that are translated to corre-
sponding protein sequences, and function is expressed
at the level of the proteins.

During the early history of life on Earth, in an era com-
monly referred to as the “RNA world,” both genetic
information and catalytic function are thought to have
resided in RNA [34, 35]. With the advent of protein
synthesis, catalytic function became largely the prov-
ince of proteins. It is not clear the extent to which
RNA-based function was transferred to proteins, per-
haps through ribonucleoprotein intermediates [36-38],
but it is highly unlikely that sequential information in
RNA that encoded an RNA-based function was trans-
lated to a corresponding protein sequence that encoded
the same function.

A different situation may have existed with regard to
the transfer of function between two different nucleic
acid-like molecules. It has been suggested that the
RNA world was preceded by a simpler “pre-RNA world,”
based on a nucleic acid-like molecule that would have
occurred more readily on the abiotic Earth [39-41].
Among the candidate macromolecules for the pre-RNA
world are peptide nucleic acid (PNA) [42], threose nu-
cleic acid (TNA) [43], and glycol nucleic acid (GNA)
[44], all of which form base-paired structures with them-
selves and with RNA. Cross-pairing would allow genetic
information to be transferred from such a pre-RNA mol-
ecule to RNA. In addition, as the present study suggests,
the catalytic function of a PNA, TNA, or GNA enzyme
might be transferred to the corresponding RNA enzyme
following the acquisition of a few critical mutations.

The transfer of function between different nucleic
acid-like molecules is possible because, despite their
chemical differences, these molecules all form second-
ary structural elements as a consequence of the speci-
ficity of base pairing. Often the precise sequence of
a stem-loop element does not affect function, so long
as the proper secondary structure is maintained. Simi-
larly, alteration of the sugar-phosphate backbone may
be tolerated at positions that support secondary struc-
ture but are not involved in unusual local structure,
tertiary interactions, or catalysis. Most ribozymes, in-
cluding the R3C ligase, contain a preponderance of res-
idues that are amenable to substitution. For the rela-
tively small number of residues that must be precisely
specified, simple evolutionary pathways may exist to al-
low adaptation to differences in base identity and back-
bone composition.

Comparative Biochemistry of an RNA

and DNA Enzyme

The R3C ribozyme and 10-18 deoxyribozyme provide
a unique example of members of two different classes
of macromolecules that have the same function and
are related by evolutionary descent. Their function is
not exactly the same because the ribozyme has a k¢4t
of 0.14 min~" and K,(S1) of 0.11 M, while the deoxyri-

bozyme has a kcat of 0.052 min~" and K,(S1) of 0.45 uM
(measured in the trimolecular reaction format). In addi-
tion, the ribozyme forms a 3',5'-phosphodiester, while
the deoxyribozyme forms a 2',5'-phosphodiester be-
tween the two RNA substrates. The ~10-fold difference
in catalytic efficiency (kcat/Kim) might be overcome by
a few additional rounds of evolution, but the difference
in the regiospecificity of ligation is more substantive.

The R3C ribozyme is unusual among RNA and DNA
enzymes with RNA ligase activity because it forms
a 3,5'-phoshodiester, even though it has imperfect Wat-
son-Crick pairing surrounding the ligation junction. The
uncatalyzed template-dependent ligation of RNA favors
formation of a 3',5'-phosphodiester [45], but unless ef-
forts are made during in vitro evolution either to enforce
Watson-Crick pairing at the ligation junction [46] or to
provide selection pressure favoring 3,5 linkages [47,
48], there is a strong tendency to obtain ligases that
have imperfect pairing at the ligation junction and form
a 2',5'-phosphodiester. The parent of the R3C ligase,
the cytosine-free R3 ligase, was the only one of seven
isolated clones that forms a 3,5 -phosphodiester [21].
The regiospecificity of the R3 ligase was carried forward
to the R3C ligase, despite the continued lack of Watson-
Crick pairing at the ligation junction. The 10-18 deoxyri-
bozyme, which was derived from a DNA version of the
R3C ligase that had no catalytic activity, reverted to
the usual tendency to form a 2,5’ linkage once catalytic
activity was re-established. It seems plausible that a
3',5'-regiospecific deoxyribozyme could be obtained
starting from DNA variants of the R3C ribozyme, pro-
vided that Watson-Crick pairing is enforced in the region
between the P1 and P2 stems throughout the evolution
procedure.

The above differences notwithstanding, there is a high
degree of sequence and functional similarity between
the R3C ribozyme and 10-18 deoxyribozyme. The deox-
yribozyme contains 12 mutations out of a total of 57 res-
idues (Figure 2B), but two of these (positions 4 and 5)
have no effect and one (position 48) has only a modest
effect on catalytic activity. Two other mutations (posi-
tions 12 and 40), which are located at the proximal end
of the central stem-loop, can each be reverted to the se-
quence of the R3C ribozyme without eliminating activity.
Thus, the seven mutations located more distally in the
central stem-loop (positions 23, 25-27, 34, 36, and 37)
appear to be responsible for the conversion of an RNA
sequence to a DNA sequence, each providing RNA
ligase activity. These seven mutations alter the second-
ary structure of the central stem-loop, but not that of the
regions involved in Watson-Crick pairing with the two
substrates.

The two endpoints of the evolutionary transition
are mutually exclusive: when either the ribozyme is pre-
pared as a corresponding DNA or the deoxyribozyme
is prepared as a corresponding RNA there is no detect-
able activity. It would be interesting to construct a popu-
lation of randomized variants of the RNA version of the
10-18 deoxyribozyme and employ in vitro evolution to
restore activity in an RNA context. With repeated inter-
conversion between RNA- and DNA-based catalytic
function it may be possible to evolve a sequence that re-
tains activity when prepared as either an RNA or a DNA
molecule.



Conversion of a Ribozyme to a Deoxyribozyme
335

The Expanding Repertoire

of Deoxyribozyme Ligases

The first reported example of a deoxyribozyme ligase is
a Zn?*/Cu?*-dependent enzyme that catalyzes the liga-
tion of two DNA substrates, one bearing a 5'-hydroxyl
and the other a reactive 3'-phosphorimidazolide [49].
Another reported deoxyribozyme catalyzes the ligation
of two DNAs, one with a 5-terminal adenosine-5',5'-
pyrophosphate and the other with a 3'-hydroxyl [50].
Most efforts concerning deoxyribozyme ligases, how-
ever, have focused on the template-directed ligation of
RNA molecules, either bearing a 5'-hydroxyl and 2/,3'-
cyclic phosphate [51-53], or bearing a 2/,3'-hydroxyl
and 5'-triphosphate [46-48, 54, 55]. As discussed above,
unless special precautions are taken to favor the forma-
tion of a 3',5'-phosphodiester, in vitro evolution almost
invariably leads to catalysts that form a nonnative 2',5'
linkage [56]. In some instances the nucleophile is an in-
ternal 2'-hydroxyl rather than the terminal 2'-hydroxyl,
resulting in formation of a branched RNA, analogous to
the lariat intermediate of RNA splicing [54]. The ability
to form either 2',5'-linked linear or branched RNAs has
practical applications for preparing these materials for
laboratory studies [51, 55].

Deoxyribozyme ligases that form a 3',5'-phospho-
diester may be useful in preparing long synthetic or
semisynthetic RNAs, especially those that contain mod-
ified nucleotides that cannot be incorporated during
in vitro transcription by an RNA polymerase. In most
cases, one would employ either T4 RNA ligase in the ab-
sence of atemplate [57] or T4 DNA ligase in the presence
of a complementary DNA template [58]. A potential ad-
vantage of deoxyribozyme ligases is that they can oper-
ate on RNA substrates bearing either a 2/,3'-cyclic phos-
phate or 5'-triphosphate terminus, as would result from
ribonuclease cleavage or in vitro transcription, respec-
tively. Another potential advantage is that the chemistry
of ligation, especially for ligases that utilize a 5'-triphos-
phorylated substrate, can be applied to polymerization
reactions. There are several examples of ribozymes
that catalyze the template-directed ligation of an oligo-
nucleotide 3'-hydroxyl and oligonucleotide 5'-triphos-
phate, and that can also extend an oligonucleotide
primer through the addition of mononucleoside 5'-tri-
phosphates [59-61]. In one case, an RNA ligase ribo-
zyme was evolved to function as an accurate and gen-
eral RNA polymerase [62]. A similar result might be
achieved with an RNA ligase deoxyribozyme.

The repertoire of deoxyribozyme ligases might be fur-
ther expanded by evolving variants of the 10-18 enzyme
that catalyze the ligation of two DNA substrates, com-
pleting the transition from an all-RNA to an all-DNA reac-
tion system. An initial attempt to develop this activity re-
sulted in molecules with a catalytic rate enhancement of
only 600-fold compared to the uncatalyzed template-
directed reaction. The uncatalyzed rate of DNA ligation
was found to be only 4-fold slower than the comparable
reaction with RNA. This does not imply that it is only
slightly more difficult to catalyze DNA ligation compared
to RNA ligation, because a catalytic strategy that ex-
ploits the terminal 2'-hydroxyl to assist in deprotonation
of the adjacent 3'-hydroxyl or to provide binding interac-
tions close to the reaction site would not be available for
DNA. However, with the ability to prepare synthetic

5'-triphosphorylated DNA and the advantageous start-
ing point provided by the 10-18 deoxyribozyme, the evo-
lutionary search for a DNA ligase deoxyribozyme may be
worth exploring.

Significance

The transfer of sequence information between two
different classes of nucleic acid-like molecules, for ex-
ample, between RNA and DNA, is straightforward be-
cause it relies on the one-to-one correspondence of
Watson-Crick pairing. The transfer of function is
more difficult because function is an overall property
of a macromolecule and cannot be conveyed in a se-
quential manner. The present study demonstrates
the evolutionary conversion of a ribozyme to a deoxri-
bozyme of the same function through the acquisition
of a few critical mutations. Evolutionary pathways
such as this may exist between other classes of nu-
cleic acid-like molecules, for example, between the
postulated predecessor of RNA and RNA during the
early history of life on Earth.

Experimental Procedures

Materials

Histidine-tagged T7 RNA polymerase was purified from Escherichia
coli strain BL21 containing plasmid pBH161 (kindly provided by
William McAllister, SUNY Downstate Medical Center). Thermus
aquaticus DNA polymerase was cloned from total genomic DNA
and purified as described previously [63]. RNase M and RNase
U2 were purchased from Industrial Research Ltd. through the RNA
Society. SuperScript Il reverse transcriptase was from Invitrogen,
and T4 polynucleotide kinase and T4 DNA ligase were from New
England Biolabs. Nucleoside 5'-triphosphates (NTPs) and deoxynu-
cleoside 5'-triphosphates (ANTPs) were from Amersham Pharmacia
Biotech. [¢-*2P]ATP (3 uCi/pmol), [«-*2P]dATP (3 pCi/pmol), and
[y-22P]JATP (7 uCi/pmol) were from ICN. Synthetic oligonucleotides
were prepared with an Expedite nucleic acid synthesis system
(Applied Biosystems), with phosphoramidites from either Glen
Research or Applied Biosystems. All oligonucleotides were depro-
tected by the recommended protocol, purified by denaturing poly-
acrylamide gel electrophoresis, and desalted on a C18 SEP-Pak
Cartridge (Waters).

Solid-Phase Synthesis of 5'-Triphosphorylated

Oligonucleotides

Oligonucleotides were synthesized on the 1.0 umol scale employing
standard methods. The 5'-terminal dimethoxytrityl group was re-
moved, but the other protecting groups were left intact, and the ol-
igonucleotide was retained on the controlled-pore glass (CPG) solid
support. The entire synthesis column was dried under vacuum
(<200 mTorr) for 1 hr and then mounted between two plastic syringes
with a three-way stopcock at the top and a plunger at the bottom.
The stopcock permitted access to either an argon source or an injec-
tion port. The apparatus was flushed with argon, then the CPG-
supported material was washed with two 300 pl volumes of 1:3
(v/v) pyridine:dioxane. While maintaining a positive flow of argon,
the material was suspended in 200 pl 1:3 (v/v) pyridine:dioxane, to
which was added 100 pl 0.3 M salicyl phosphorochloridite in dioxane
[28, 29]. After 15 min at 23°C, the reagent was removed. A total of
250 pl of a solution of 2.0 M tributylammonium pyrophosphate in
1:2 (v/v) tributylamine:dimethylformamide (DMF), which had been
kept dry by storage over 4 A molecular sieves under argon, was
added, and the reaction was allowed to proceed at 23°C for
20 min while agitating frequently with the bottom syringe. The re-
agent was removed and the CPG-supported material was washed
with 500 ul DMF, followed by 500 pl acetonitrile. The a-phosphite
was oxidized to the phosphate by reacting with 250 ul 3:2:20:75
(v/v) iodine:water:pyridine:tetrahydrofuran at 23°C for 30 min, and
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then the material was washed with 500 pl acetonitrile. The oligonu-
cleotide was cleaved from the support and deprotected according
to standard procedures for either DNA or RNA, and then evaporated
to dryness. The product was purified by denaturing polyacrylamide
gel electrophoresis, desalted on a C18 SEP-Pak Cartridge, and ver-
ified by MALDI-TOF mass spectrometry.

In Vitro Transcription

5'-Triphosphorylated RNAs were prepared by in vitro transcription,
employing 400 nM DNA template, 2 mM each of the 4 NTPs,
15 mM MgCl,, 2 mM spermidine, 5 mM dithiothreitol (DTT), 50 mM
Tris-HCI (pH 7.5), and 25 U/pl T7 RNA polymerase, which were incu-
bated at 37°C for 2 hr. The transcription products were purified by
denaturing polyacrylamide gel electrophoresis and desalted on a
C18 SEP-Pak Cartridge.

In Vitro Evolution

The starting population was prepared by extending 1 uM RNA
primer, having the sequence 5-pppGAGACCGUAAUGAGUA-3/, in
the presence of 2 uM DNA template, having the sequence 5'-TAGTT
CATGTATCAGTCTCTCACTATATTCAACCCATTCAAACTGTTCTTA
CGAACAATCGAGCATAATGAGTACTACTCATTACGGTCTCAAAAAA
AAA-3 (italicized letters indicate positions where each of the other
3 nucleotides were present at a frequency of 4%; the primer binding
site is underlined). The RNA primer was annealed to the DNA template
and extended in a reaction mixture containing 0.2 mM each of the
4 dNTPs, 3 mM MgCl,, 75 mM KCI, 10 mM DTT, 50 mM Tris-HCI
(pH 8.3), and 10 U/ul of SuperScript Il reverse transcriptase, which
was incubated at 55°C for 60 min. The full-length extension products
were purified by denaturing polyacrylamide gel electrophoresis and
desalted on a C18 SEP-Pak Cartridge.

The population of 5'-triphosphorylated RNA-DNA molecules were
challenged to react with a substrate having the sequence 5'-GAACT
GACGAACTGATGCTCAC-r(UAUA)-3' (primer region is underlined).
The population and substrate were preincubated separately in the
presence of 25 mM MgCl, and 256 mM EPPS (pH 8.5) at 23°C for
5 min, and then mixed to start the reaction. After the desired incuba-
tion time, the reaction was quenched by adding an equal volume of
gel-loading buffer containing 256 mM Nay,EDTA and 18 M urea. The
ligated products were purified by denaturing polyacrylamide gel
electrophoresis, and then used to generate a complementary DNA
strand by extending 1 uM DNA primer (primer 1), having the se-
quence 5-TAGTTCATGTATCAGTCT-3', under the conditions de-
scribed above, except that it was carried out at 42°C. The extension
products were desalted with a NAP-5 Sephadex column (Amersham
Biosciences), evaporated to dryness, and redissolved in 100 ul 1 mM
Tris-HCI (pH 8.0) and 0.1 mM EDTA.

A portion (~50%) of the extension products were PCR amplified
in 100 pul volume with primer 1 and a second primer (primer 2), having
the sequence 5-GAACTGACGAACTGATG-3. A small portion
(~1%) of the PCR products were amplified in a second, large-scale
(3 ml) PCR, employing primer 1 and an internal primer, having the
sequence 5'-CTCACTATAGAGACCGTAATGAGTA-rG-3', which re-
stored the 5' end of the population of selected molecules. The sec-
ond PCR amplification was performed under mutagenic conditions
following rounds five, six, and seven of the in vitro evolution proce-
dure [23]. The PCR products were ethanol precipitated, redissolved
in 50 ul H,0, and incubated in the presence of 0.2 N NaOH at 90°C for
20 min to cleave the single ribonucleotide linkage (following rG)
within one of the two strands [64]. After neutralizing with HCI, the un-
cleaved strand was isolated by denaturing polyacrylamide gel elec-
trophoresis, eluted from the gel, and desalted with a C18 SEP-Pak
Cartridge. The purified DNA then was used as the template for
a primer extension reaction employing the RNA primer, as described
above, in order to begin the next round of evolution.

Analysis of Individual Clones

Following PCR amplification with primers 1 and 2, individuals were
cloned from the population with the TOPO-TA cloning kit (Invitro-
gen). Individual colonies were isolated and inoculated into 3 ml cul-
tures. Plasmid DNA was isolated with the QIAPrep Spin miniprep kit
(Qiagen), and the insert was sequenced by the Nucleic Acids Core
Facility at The Scripps Research Institute. The sequences were
aligned and clustered with Vector NTI Advance 9.0 software (Invitro-

gen). Secondary structure predictions were made with the DNA and
RNA folding algorithms on the mfold web server [25].

Kinetic Analyses

Ligation assays were carried out in the presence of 25 mM MgCl,,
40 pg/ml BSA, and 50 mM EPPS (pH 8.5) at 23°C. The catalyst and
substrate(s) were preincubated separately under these conditions
for 5 min, and then mixed to start the reaction. Aliquots were re-
moved at various times and quenched by adding an equal volume
of gel-loading buffer containing 25 mM Na,EDTA and 18 M urea.
The reactants and products were separated by denaturing poly-
acrylamide gel electrophoresis and quantitated with a Phosphor-
Imager (Molecular Dynamics). The fraction reacted at each time
point was determined, and these data were fit to the equation:
y=a(1 —e™™), where y is the fraction reacted at time t, a is the frac-
tionreacted att = «, and k is the observed rate constant. Values for
keat and K,,, were obtained from a Michaelis-Menten saturation plot
of kops Versus substrate concentration.

The uncatalyzed, template-dependent rate of ligation was mea-
sured under saturating conditions, employing either an RNA or a
DNA version of the template, and either an RNA or a DNA version
of each of the two complementary substrates. The RNA template
was prepared by in vitro transcription, and had the sequence
5-GGUACUCAUUACGGUCUCUAUAGUGAG-3'. The DNA template
was prepared by solid-phase synthesis, and had the sequence
5-TACTCATTACGGTCTCTATAGTGAG-3'. Both the RNA and DNA
versions of S1 were prepared by solid-phase synthesis. The RNA
version of S2 was prepared by in vitro transcription. The DNA version
of 82 was prepared by synthesizing two oligonucleotides, 5'-ppp
GAGACCGT-3 and 5-pAATGAGTA-3', which were ligated in the
presence of a complementary DNA template by T4 DNA ligase,
and then purified by denaturing polyacrylamide gel electrophoresis.
The uncatalyzed reaction was carried out over a 6 day period under
the same conditions as for the enzyme-catalyzed reaction, employ-
ing a trace amount of [5'-32P]-labeled S1, 15 uM S2, and 15 um tem-
plate. The rate of ligation was determined from a linear fit of a plot of
fraction reacted versus time.

Analysis of Regiospecificity

The products of ligation of [5'-32P]-labeled S1 and unlabeled S2 were
purified by denaturing polyacrylamide gel electrophoresis, and then
digested by NaOH, RNase ¢M, or RNase U2. Alkaline digestion em-
ployed 0.2 N NaOH and incubation at 23°C for 20 min. Enzymatic di-
gestion employed 6 M urea, 24 mM sodium citrate (pH 5.0 for RNase
¢M, pH 3.5 for RNase U2), 1 mM Nay,EDTA, and 0.04 U/ul RNase,
which were incubated at 50°C for 60 min. The products were sepa-
rated by denaturing polyacrylamide gel electrophoresis.
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