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I. Introduction
The finding that RNA can perform enzyme-like

functions in cells overturned the view that biological
catalysis is the exclusive realm of protein enzymes.
The list of naturally occurring RNA catalysts, begun
with the discovery of self-splicing1 and RNA-cleaving2
“ribozymes”, has continued to expand through the
identification of additional self-splicing3 and also self-
cleaving4-7 ribozymes. In addition, it is likely that
the catalytic components of the spliceosome and the
ribosome are made of RNA.8,9 Most of these ri-
bozymes perform indispensable catalytic tasks in
modern metabolism, yet natural ribozymes catalyze

only a narrow set of chemical transformations that
occur primarily at phosphorus centers. For example,
self-cleaving ribozymes10 and both group I and group
II self-splicing ribozymes11 can catalyze phosphoester
transfer reactions with RNA. Alternatively, the RNA
component of RNase P catalyzes RNA phosphoester
cleavage by promoting the nucleophilic attack on
phosphorus by water as opposed to an alcohol. These
observations make critical the following question:
Can RNA be made to catalyze reactions that are
fundamentally different than those that are catalyzed
by natural ribozymes?
Evidence that the catalytic function of polynucle-

otides is greater than that seen with natural ri-
bozymes comes from a variety of sources. For ex-
ample, the discovery of “fortuitous” RNA catalysis,
such as the divalent metal-dependent cleavage of
tRNAs,12,13 and the Mn2+-dependent cleavage of short
RNA hairpins14,15 lends support to the notion that,
with help from cofactors, RNA can catalyze a broad
range of chemical reactions.16-18 The group I, group
II, and RNase P ribozymes, which originally were
found to use RNA substrates, can be made to function
with DNA substrates.19-22 In fact, the group II
ribozyme has been shown to function as a catalytic
component of a transposable element and catalyzes
a reverse-splicing reaction to facilitate integration
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into double-stranded DNA.23,24 Moreover, a trun-
cated group I ribozyme can be made to accelerate
carbon ester hydrolysis25 and a group II ribozyme has
been found to promote phosphoester bond formation
with concomitant cleavage of a mixed phosphoanhy-
dride.22 These and related studies have begun to
reveal the true structural and catalytic versatility of
RNA.
The notion that RNA has extensive catalytic ca-

pabilities is also be consistent with the “RNAWorld”
theory,26 which holds that ribozymes catalyzed a
more varied metabolic chemistry prior to the inven-
tion of protein enzymes.27 In many ways, this theory
has been the motivating force behind much of the
effort to engineer ribozymes that perhaps represent
the reinvention of past biological catalysts.28 In order
for the RNA world to give rise to the protein/DNA
world of today, ribozymes alone would have had to
catalyze a considerable number of chemical trans-
formations, including reactions that are fundamen-
tally different than phosphoester transfer and phos-
phoester hydrolysis reactions.
The actual catalytic potential of nucleic acids is

being revealed through the engineering of novel
ribozymes in vitro.29-40 In particular, the use of
combinatorial methods is playing a central role in
uncovering ribozyme functions that are likely un-
tapped by modern cellular metabolism. Indeed, “in
vitro selection” and “in vitro evolution” have been
used to generate some of the first ribozymes that
catalyze reactions other than those that occur at
phosphorus centers. Likewise, these methods have
been used to isolate the first examples of DNA
enzymes, or “deoxyribozymes”. These novel catalytic
polynucleotides and the methods used to create them
are the subject of this review.

II. Ribozyme Engineering

A. Rational Design

Rational methods can be used to reformulate
existing ribozymes or to create ribozymes with en-
tirely different catalytic and kinetic features.34,39 One
of the simplest rational design procedures consists
of splitting a contiguous polynucleotide chain to
create a fragmented ribozyme. The fragments can
then be reassembled to form an active multicompo-
nent ribozyme. With similar ease, simple secondary
structure elements can be created by following the
rules of Watson-Crick base complementation. These
strategies are used routinely to create ribozymes that
display multiple turnover kinetics or that have
altered substrate specificity. Significant progress is
now being made in understanding the more complex
interactions that guide the tertiary folding of catalytic
RNAs.39,41 However, as with the rational design of
proteins,42 control over the precise positioning of RNA
functional groups in three dimensions remains be-
yond the reach of current rational design techniques.
Consequently, the de novo design of ribozymes that
perform new catalytic functions will remain a difficult
task until these properties are understood in greater
detail.

B. Selection and Evolution in Vitro
An alternative (or complement) to rational design

is the use of iterative selection methods that isolate
catalytic molecules from mutagenized or random-
sequence pools of RNA or DNA. This approach relies
on the probability that a given pool of random-
sequence molecules will include individuals that can
perform the function of interest. For example, the
conserved catalytic core (13 nucleotides) of ham-
merhead self-cleaving ribozymes10 is expected to
occur with a frequency of one in every 67 million
random-sequence RNAs. Therefore, in a pool of 1015
molecules, approximately 15 million will carry the
hammerhead catalytic core, and some are expected
to efficiently catalyze RNA cleavage. Engineering
new catalysts, then, has been reduced to the synthe-
sis of mutagenized-ribozyme pools or random-se-
quence pools of nucleic acids.
There is little doubt that a variety of catalytic

molecules will be present in a diverse pool of nucleic
acids. The more challenging problem then is to
identify or isolate those exceedingly rare molecules
that have the desired catalytic properties. This
problem can be solved if molecules that perform the
desired reaction can be separated from the remainder
of the pool and subsequently amplified using any of
a number of methods for the replication of RNA and
DNA. This process of selective amplification or “in
vitro selection” can be used in an iterative fashion to
isolate rare molecules from large pools of random-
sequence RNA or DNA. If a significant number of
mutations are introduced during selective amplifica-
tion, then the process is typically termed “in vitro
evolution” to reflect the similarities between this
process and Darwinian evolution.

1. Early in Vitro Evolution Experiments

The directed evolution of nucleic acids dates from
the 1960s when Spiegelman and co-workers observed
that genomic RNA of bacteriophage Qâ undergoes
significant changes upon repeated in vitro replication
with Qâ replicase.43 These changes occur during
serial transfer amplification, in which a portion of
products of the previous RNA amplification reaction
are used to initiate the next reaction. After repeated
amplification by serial transfer, the dominant tem-
plates are truncated RNAs that have deleted nearly
90% of their original nucleotides, thereby eliminating
unnecessary sequences and accelerating the rate of
replication. Similarly, new template RNAs were
created that efficiently amplify under suboptimal
conditions or in the presence of ethidium bromide.44
Presumably, these new RNA templates originate as
a result of replication errors made by Qâ replicase
during polymerization. From these beginnings, the
combinatorial approach for designing new functional
nucleic acids has grown into a diverse field of study
that uses a variety of methods to direct the evolution
of nucleic acids with new or improved functions.

2. Selection and Amplification

A series of critical decisions becomes imminent
during the planning and preparation of the pool of
nucleic acids to be initially screened. Significant
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questions include the following: Is it best to begin
with a pool composed of mutagenized versions of a
known ribozyme, or begin with random-sequence
molecules? If a random-sequence pool is chosen, how
many nucleotides should be made random? How
many different sequence variants should be screened
and should mutations be introduced during the
selection process? In vitro selection experiments
conducted to date have encompassed a variety of
goals and selection strategies. In certain experi-
ments, the goal has been to isolate RNAs with novel
catalytic function while others have focused the
selective effect on a single aspect of the catalytic
process (e.g. a single step in the kinetic process). The
answers to these questions then will differ depending
on the desired outcome of the selection. For example,
if the goal is to examine the sequence requirements
for catalytic activity of an existing ribozyme, then
partial or total randomization of the catalytic core
within the context of a largely unaltered ribozyme is
prudent. However, if a ribozyme with entirely new
catalytic function is sought, then perhaps a large pool
of random-sequence molecules should be screened. A
more detailed description of these issues has been
published elsewhere.34

Combinatorial libraries of RNA or DNA molecules
can be produced in a number of different ways. Pools
made of short molecules (<100 nucleotides) can be
chemically synthesized. Pools consisting of longer
molecules (>100 nucleotides) can more efficiently be
prepared by introducing mutations into a preexisting
template45 or can be created by splicing several
shorter molecules via enzymatic ligation46 or by the
“overlap extension” method.47 The pool can be con-
structed to include only random-sequence domains,
or each member of the pool can be “preengineered”
to carry specific structural elements that, for ex-
ample, create substrate binding sites or even crude
active sites. A successful strategy employing preengi-
neering makes use of RNA domains that are known
to bind specific ligands. This “biased pool” approach
combines mutagenized RNA aptamer48 domains with
random-sequence domains to increase the probability
of finding molecules that utilize a particular ligand
as substrate.
The optimal length for a random-sequence domain

remains an unsettled question. There is expected to
be a combinatorial advantage when using random-
ized domains of increasing length. This advantage
can be represented by considering the formula (x -
y) + 1, where x is the number of nucleotides in the
random region (Nx) and y is the number of nucleotides
in the domain of interest. For example, a 30-
nucleotide random-sequence domain can only repre-
sent one distinct 30-nucleotide sequence per mol-
ecule, but 71 contiguous 30-nucleotide domains of
unique sequence can be represented by a single
molecule that carries a 100-nucleotide random region.
Although the probability for inhibition of the desired
function of a 30-mer by another sequence domain
within N100 is also greater, the overall effect is
expected to be beneficial.
In order to screen catalytic nucleic acids, one must

have a way of identifying those molecules that
facilitate the desired chemical transformation from

those that are inactive. Perhaps the most straight-
forward manner in which to achieve this goal is to
identify or isolate nucleic acids that undergo self-
modification. However, to isolate catalytic molecules
that use non-nucleic acid substrates, or that ef-
ficiently function as true enzymes and display mul-
tiple turn-over kinetics, it may be more appropriate
to employ a selection method that has no requirement
for self-modification. Currently, many of the catalytic
polynucleotides that have been created by in vitro
selection carry out reactions with nucleic acid sub-
strates as an artifact of this reasoning.
All selection methods that have been successfully

implemented to date can be grouped into the follow-
ing three categories. (i) Distinction by self-modifica-
tion. A variety of selection protocols exploit self-
modification to recover active variants by physical
separation or by molecular recognition. Among the
most commonly used methods include separation of
oligonucleotides by size (differential gel mobility).
This method allows one to isolate molecules that
promote phosphoester cleavage or ligation reactions.
In addition, the interaction between avidin and biotin
is used routinely for in vitro selection. The equilib-
rium constant for avidin and its ligand is ∼1015 M-1,
making this an efficient method for solid-phase
immobilization of nucleic acid pools or for isolating
exceedingly rare sequences that acquire a biotin
“tag”. (ii) Binding to transition-state analogues.
With analogy to the isolation of “catalytic antibodies”,
this approach uses transition-state analogues to
obtain RNA and DNA aptamers that indirectly yield
new catalytic polynucleotides. (iii) Catalytic elution.
This approach seeks to immobilize nucleic acids on
a solid support by covalent means or via the affinity
of a catalyst for its substrate and then elute the active
molecules by adjusting the solvent conditions to the
permissive reaction conditions (Figure 1). A number
of alternative selection methods can also be envis-
aged, but have yet to be widely employed for the
selection of catalytic polynucleotides. For example,
various tagging and imaging methods like those
described by Lam and co-workers49 could be used to
isolate catalysts that are immobilized on beads.
Alternatively, an in vivo selection might be developed
that links the function of a catalytic polynucleotide
to the fate of that organism.50 This selection might
be used to isolate ribozymes that are highly active
in vivo.

Figure 1. Isolation of RNA and DNA enzymes by “cata-
lytic elution”. (I) An immobilized compound acts as a ligand
for RNA or DNA aptamers that are subsequently screened
(II) for those that catalyze the cleavage of the ligand under
permissive incubation conditions.
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Usually, the number of molecules recovered during
each selection cycle is vanishingly small. Almost
without exception, experimenters make use of sensi-
tive amplification methods51 such as the polymerase
chain reaction (PCR)52 or self-sustained sequence
replication (3SR)53 (Figure 2) to amplify the recovered
molecules. These methods take advantage of oligo-
nucleotides that can recognize template molecules
with exquisite sensitivity and specificity. A bound
oligomer can then act as a primer for the enzymatic
synthesis of a complementary copy of the selected
molecule. Repetitive copying yields a new pool of
molecules that are derived from the selected mol-
ecules of the previous pool, and new sequence vari-
ants can be created by employing mutagenic versions
of PCR.54,55

3. Selfish Nucleic Acids

Most researchers typically seek a specific outcome
for an in vitro selection experiment and design the
selective-amplification protocol to give the desired
products. However, experimenters frequently find
that they have underestimated the potential for
nucleic acids to adapt to a given set of selection
constraints or that alternative solutions to a particu-
lar selection challenge are equally adept. Joyce51 has
described a series of selfish RNAs or “minimonsters”
that were encountered in the in vitro evolution of
group I ribozymes. These results are usually trouble-
some, but in some cases can reveal much about the
functional potential of nucleic acids. For example,
Breaker and Joyce56,57 describe the origin and repli-
cation mechanism of “RNA Z”, a selfish molecule that
efficiently amplifies in 3SR reactions. This molecule
arose from an in vitro evolution experiment that was
designed to isolate ribozymes that catalyzed the
ligation of an oligonucleotide to their 5′-terminus
(Figure 3). Instead, the molecules that were isolated
do not perform the desired reaction and can amplify
in a 3SR-like reaction with only one (Figure 4) or
even no (Figure 5) primer oligonucleotides. Some-
times these selfish molecules can be exploited for
alternative uses. For example, randomized molecules
that replicate like RNA Z were subsequently used to

carry out the continuous evolution of RNA poly-
merase control elements.58

III. Natural Ribozymes

A. Group I Ribozyme

1. DNA Cleavage

RNA splicing is a fundamental part of RNA pro-
cessing in many organisms. The pre-rRNA of Tet-
rahymena thermophila was found to undergo “self-
splicing” in vitro without the need for protein
catalysts.59 This and other “group I” self-splicing
ribozymes promote two RNA phosphoester transfer
reactions (Figure 6) that result in the removal on an
intervening sequence and the splicing of adjacent
RNA domains. The initial transesterification reac-
tion that is promoted by this ribozyme uses the 3′-
hydroxyl of guanosine or one of its 5′-phosphorylated
derivatives as the nucleophile for an SN2 attack on
the phosphate of the target internucleotide linkage.
The second transesterification uses the newly formed

Figure 2. Amplification of RNA and DNA can occur
simultaneously with 3SR under isothermal conditions.
Template RNAs (thin line) are copied by reverse tran-
scriptase (RT) and the resulting cDNA (thick line) is made
double stranded by the same enzyme, using a primer that
carries a specific RNA polymerase (RNAP) transcription
control element (-). The double-stranded transcription
control element (- and +) is used by RNAP to regenerate
single-stranded RNA copies.

Figure 3. Strategy for the continuous evolution of cata-
lytic RNAs. Pool RNAs (thin line) are incubated in the
presence of RT, RNAP, and a substrate oligonucleotide that
encodes an RNAP promoter (-). Those RNAs that catalyze
the formation of a 3′,5′-phosphodiester link to the substrate
acquire the promoter and, when copied by RT, become
functional templates for RNAP. The subsequent transcrip-
tion events are selective for DNA templates (thick line) that
are derived from active ribozymes and produce new ri-
bozymes that are immediately available for further selec-
tive-amplification. PPi represents inorganic pyrophosphate.

Figure 4. Amplification mechanism of RNA Z. Unlike
typical transcription products, RNA Z encodes an RNAP
promoter (+) that is copied by RT to produce a single-
stranded cDNA. This cDNA refolds to form an incomplete
hairpin that is further extended by RT, thereby producing
a double-stranded promoter element (+ and -) that can
be recognized by RNAP. Transcription proceeds around the
hairpin loop, yielding copies of the original RNA Z template.
Unlike PCR or 3SR, this amplification process requires only
one oligonucleotide primer.
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3′-hydroxyl of the 5′-exon as the nucleophile in the
subsequent attack at the second splice-site junction.
Each reaction results in inversion at the chiral
phosphate center.60,61

Joyce62 developed an in vitro evolution procedure
(Figure 7) that exploits the phosphoester transfer
activity of a shortened version of the Tetrahymena
group I intron to create a series of ribozyme variants
that efficiently cleave DNA. Briefly, the 5′-terminal
nucleotides function as an internal guide sequence,
binding and aligning a substrate molecule for site-
specific cleavage by the ribozyme. In this case, the
nucleophile for the transesterification reaction is
supplied by the 3′-terminal guanidyl moiety (G414)
of the truncated ribozyme. Upon substrate scission,
the 5′-cleavage fragment is released, while the 3′-
fragment remains covalently attached to the ri-
bozyme via a 3′,5′-phosphodiester linkage, thereby
distinguishing active from inactive ribozyme vari-
ants. This “tag” sequence can then be used to
specifically amplify (3SR) those ribozymes that have
completed the cleavage reaction.
The Tetrahymena group I ribozyme can be made

to cleave DNA, via a phosphoester transfer reaction,
under reaction conditions that include elevated Mg2+

concentrations or at elevated reaction tempera-
tures.19,20 Selection for ribozymes with improved
DNA-cleavage activity was first tested19 using a pool
of six deletion variants and was subsequently used63

to screen a pool of >1013 ribozyme sequence variants.
In the latter study, Beaudry and Joyce63 muta-
genized45 140 nucleotides of the catalytic core of the
ribozyme (Figure 8) to yield an RNA pool that
includes all possible sequence variants with five or
fewer mutations. RNAs that acquire a DNA tag
sequence at their 3′-terminus are selectively ampli-
fied by 3SR, and the resulting cDNAs are amplified
by PCR to generate templates for in vitro transcrip-
tion. These amplification processes also generate
significant numbers of mutations, some that create
advantageous changes that impact ribozyme struc-
ture and function. After nine rounds of in vitro
evolution, the resulting population was ∼100-fold
more active than the wild-type ribozyme.
Beaudry and Joyce chose only to partially random-

ize the core of the ribozyme to a degeneracy (d) equal
to 0.05. For each molecule, there is a probability of
0.95 for the base identity of an individual nucleotide
within the mutagenized region to remain wild-type,
while there is a 0.05 probability for the wild-type base
to change to one of the three remaining bases. This
level of mutagenesis allows all possible combinations
of ribozyme variants that carry from 0 to 5 mutations
to be screened with a pool of 1013 molecules.34,63 Since
the group I ribozyme already displays weak DNA-
cleaving activity, this partial randomization strategy
has a greater chance of yielding efficient DNA-
cleaving ribozymes, as opposed to screening a pool
comprised of random-sequence molecules. This par-
tial randomization strategy is commonly used when
improving the catalytic function of existing ri-
bozymes.
Tsang and Joyce64 have further improved the DNA-

cleaving activity of group I-derived ribozymes by
conducting an additional 18 rounds of selection,
isolating ribozymes that achieve a 105-fold improve-
ment in DNA-cleavage activity over wild type. In
this same study, in vitro evolution was used to target
individual kinetic parameters of the ribozyme for

Figure 5. Amplification mechanism of “primerless” RNA
Z. Like RNA Z, primerless RNA Z encodes an RNAP
promoter. The RNA self-primes cDNA synthesis by RT,
thereby eliminating the need for separate primer oligo-
nucleotides. The RNase H-like activity of RT partially
degrades the resulting RNA-DNA chimera and ultimately
yields a mixed RNA-DNA template that is transcribed by
RNAP. The RNA primer domain is regenerated during each
amplification cycle by RNAP, which can transcribe through
the junction between RNA-DNA to produce copies of the
original template RNA.

Figure 6. The first and second steps of RNA splicing by
group I ribozymes.

Figure 7. In vitro selection of DNA-cleaving ribozymes
via self-modification. Shaded area represents the catalytic
core of the group I ribozyme.
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improvement. The dissociation constant (Kd) for the
DNA substrate with wild-type ribozyme is ∼30 µM.
This constant fell to∼10 µM for individuals that were
isolated after 10 rounds of selection using 10 µM
substrate. An additional nine rounds of selection
using 0.2 µM resulted in a rapid change in the
measured Kd for the population as a whole, with
individual ribozymes at round 18 displaying Kd
values of <0.2 µM.
The DNA-cleaving ribozymes show a broadening

of substrate specificity and can also cleave RNA with
faster rates. In a continuation of this study, Tsang
and Joyce65 performed an additional 36 rounds of
selection in the presence of an RNA “product”, which
acts as an inhibitor of ribozymes that cannot distin-
guish between RNA substrate and DNA substrate.
After a total of 63 rounds of in vitro evolution under
increasingly stringent conditions, variant ribozymes
carry ∼28 mutations relative to wild-type and can

cleave DNA with an overall rate enhancement esti-
mated to be in excess of 1012-fold over the uncatalyzed
rate of DNA hydrolysis.66 Moreover, variant ri-
bozymes now can discriminate against the corre-
sponding RNA substrate, likely due to a greater
affinity for DNA versus RNA substrates.

2. Altered Metal Ion Dependence
An identical in vitro selection method was used by

Lehman and Joyce67,68 to isolate group I ribozyme
variants that cleave RNA in the presence of Ca2+, an
activity that the natural ribozyme displays only in
the presence of either Mg2+ or Mn2+. Analysis of
individual molecules that comprise the populations
throughout 12 rounds of selection reveals a signifi-
cant correlation between catalytic activity and the
number of mutations that were acquired relative to
wild-type.68 In fact, the number and locations of
mutations that are found in individuals of the later

Figure 8. A sequence map of the in vitro evolution of the Tetrahymena group I ribozyme from 0, 2, 4, and 8 rounds (A-D,
respectively) of selection. Mutations (represented by box height) overlay the secondary structure of the ribozyme to identify
the location and frequency of particular base changes relative to other mutations. Box heights and positions in A represent
the 5% degeneracy that was introduced into the initial RNA pool. (Reprinted from ref 63. Copyright 1992 American
Association for the Advancement of Science).
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selection rounds demonstrates the advantage gained
by the introduction of mutations during the selection
process.
Lehman and Joyce68 also vividly demonstrate the

versatility in handling and analyzing the products
of selection experiments. Populations of ribozymes
at each stage of the selective-amplification process
can be put into storage and accessed at any time, to
begin new branches of in vitro selection or to rigor-
ously analyze the resulting catalysts. For example,
sequence analysis of individual molecules that were
isolated at different stages of the Ca2+ selection made
possible a detailed analysis of the dynamics of in vitro
evolution. Lehman and Joyce found that advanta-
geous mutations in their molecules fell into three
categories, logarithmic, linear, and transient, accord-
ing to their rise and fall during the selection process.
These experiments showcase the usefulness of com-
binatorial methods to rapidly explore the principles
of evolution at the molecular level.

3. RNA Ligation

Szostak and co-workers have also examined the
structural and catalytic features of the group I
ribozyme, in this case by exploiting the ribozyme’s
cleavage/ligation activity that is analogous to the
reversal of the first step of splicing (Figure 9). For
example, Green et al.69 randomized nine nucleotides
of the Tetrahymena group I ribozyme core and then
used three rounds of selection to isolate active ri-
bozymes from the pool of 49 different sequence
variants. Active ribozymes ligate an RNA substrate
to their 5′-terminus with concomitant release of
guanosine, and thereby acquire a tag sequence. The
tag makes possible the selective amplification by PCR
of active ribozymes and the subsequent synthesis of
new ribozymes via in vitro transcription with T7 RNA
polymerase. In this particular study, the wild-type
sequence was most commonly encountered upon
examination of the selected pool, while individual
one- and two-base sequence variants were nearly as
active. In similar studies, Green and Szostak have
examined the “hinge region” of the sunY group I
ribozyme,70 and have further optimized a deletion
mutant of this same ribozyme.71

Williams et al.72 have used a different selection
strategy that uses a bimolecular group I ribozyme
arrangement in which the original unimolecular
arrangement is uncoupled in the loop of stem P6. In

addition, the RNA strand that comprises the 5′-region
of the ribozyme also includes a complete 5′-splice site.
Ribozyme activity then results in the covalent cou-
pling of the two domains and facilitates selective
reverse transcription and subsequent PCR amplifica-
tion (RT-PCR) of functional ribozymes. The original
pool (∼1012 variants) was constructed by replacing
the 69-nucleotide P5abc domain (Figure 9) with
either 20 or 40 random-sequence nucleotides. After
six rounds of selection, the activity of the RNA pools
nearly matched that of wild-type and individual
RNAs from the two pools could be assigned to three
different sequence families that differed widely from
each other and from the wild-type domain. This
selection experiment demonstrates that essential
structural subdomains of large ribozymes can be
entirely replaced by novel RNA structures.

B. RNase P
In vitro selection for catalytic function is not

restricted to selection of the enzyme alone, but can
also be applied to the substrates of certain ribozymes.
RNase P is a ribonucleoprotein that catalyzes the
hydrolysis of precursor tRNAs as well as other RNAs.
The RNA component of the complex has been shown
to function in the absence of the protein component2
and acts as a Mg2+-dependent ribozyme. Ribozymes
that process RNA or DNA substrates typically bind
to their corresponding substrates by Watson-Crick
base-pair interactions. Therefore, changing the sub-
strate specificity can be achieved by simply redesign-
ing the substrate binding region of the ribozyme so
as to maintain base complementarity with the new
substrate (see section C, below). RNase P, however,
mostly relies on tertiary contacts to bind substrate
RNAs and the guidelines for such interactions are
less well defined. Despite these complications, RNase
P can be made to cleave any RNA, if the target RNA
is complexed with an “external guide sequence”
(EGS) that mimics the structure of a natural pre-
tRNA substrate.73 However, cleavage rates for un-
natural substrate complexes can be considerably
slower than for natural RNA substrates.
Yuan and Altman74 have employed in vitro selec-

tion to aid in the design of EGS RNAs that, in
conjunction with a target oligoribonucleotide, serve
as an improved substrate for RNase P. Selection was
achieved by isolating efficiently cleaved substrates
from a pool of randomized tRNA-like molecules using
polyacrylamide gel electrophoresis. Liu and Altman75
also employed this strategy of “differential gel mobil-
ity” to isolate novel RNase P substrates from random-
sequence pools. The RNA substrates derived in this
selection show little resemblance to tRNA structures,
a finding that is consistent with the fact that RNase
P can cleave biological substrates other than tRNAs.
Interestingly, selection carried out in the presence
of the protein component of RNase P gave a greater
variety of substrates compared to the selection con-
ducted with the RNA component only, indicating that
the protein component might act to expand the
substrate specificity of the ribozyme.
Further evidence for a broad substrate specificity

for the ribozyme of RNase P was reported by Pan.76
Here, a somewhat different selection method to seek

Figure 9. Schematic representation of the group I ri-
bozyme from Tetrahymena that has been altered to perform
a reversal of the first step of splicing. The 5′-terminal
guanosine of the ribozyme is liberated in a transesterifi-
cation reaction that joins the ribozyme and substrate via
a 3′,5′-phosphodiester linkage. N4 and N5 represent random-
sequence domains of four and five nucleotides respectively.
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novel substrates for RNase P (see Figure 18 for a
similar selection scheme). A pool of circular RNAs,
each carrying a total of 70 random-sequence nucle-
otides, was incubated with the RNA component of
Bacillus subtilis RNase P. Cleaved RNAs were
isolated by gel electrophoresis, and new RNA sub-
strates were subsequently prepared for the next
round of selection. Two classes of substrate RNAs
were identified, both of which have little or no
similarity to natural pre-tRNA substrates.

C. Hammerhead Self-Cleaving Ribozyme

The hammerhead ribozyme motif77 is one of four
structural classes of natural “self-cleaving” RNA
structures10 (Figure 10) that can accelerate the
divalent metal-dependent cleavage of RNA phospho-
esters via a cyclizing transesterification mechanism.
Different structural classes are defined by charac-
teristic secondary structure folds and by regions of
conserved nucleotides. Each motif can fold into a
defined tertiary structure that properly orients the
phosphate of the labile internucleotide linkage for “in-
line” nucleophilic attack by the adjacent 2′-hydroxyl
(Figure 11).
Site-directed mutational analysis and sequence

data from natural examples of hammerhead ri-
bozymes have been used to derive a consensus
sequence and secondary structure (Figure 12). The
sequences of the RNA strands that comprise helices
I-III can be altered as desired, but must retain
complementary base pairing to maintain maximal
catalytic activity. In addition, each helix can either
exist in “open” (e.g. helix I and III) or “closed” (e.g.
helix II) states, allowing a total of eight different

arrangements that involve one-, two-, or three-
stranded hammerhead complexes.34 Perhaps the
most advantageous arrangement for hammerheads
is the bimolecular structure that contains only loop
2 (Figure 12).78 This results in a complex where most
of the conserved residues reside in a ∼30-nucleotide
“enzyme” domain and allows the greatest versatility
in targeting different “substrate” domains.
Under optimal conditions, various hammerhead

ribozymes can attain catalytic rates of >1 min-1, but
the actual catalytic rate is slower under ionic and
temperature conditions that approximate physiologi-
cal values.79 The therapeutic and antiviral potential
of the hammerhead and of the other self-cleaving
ribozymes has fostered considerable interest in tailor-
making ribozyme variants that operate with rapid
catalytic turnover. As a result, several attempts80-82

have been made to assess the catalytic fitness of
natural hammerhead ribozymes and to optimize their
catalytic function. Although most selections involve
the catalytic centers of ribozymes, Lieber and Strauss
have reported a method to generate ribozymes that
have pairing arms that are selected to efficiently
target mRNAs.83

A significant problem encountered when studying
the hammerhead and other self-cleaving ribozymes
comes from the fact that these ribozymes are active
as catalysts during preparation by in vitro transcrip-
tion. However, preparation of a mutagenized pool of
self-cleaving ribozyme transcripts cannot easily be
prepared without losing many of the best catalysts
to self-cleavage during transcription. Most in vitro
selection experiments with the hammerhead and
other self-cleaving ribozymes have addressed this
issue in two ways. Most frequently, investigators
have chosen to allow self-cleavage to occur during
transcription and then isolate the active ribozymes
for iteration of the selection cycle. A second option
is to prepare separate ribozyme and substrate do-
mains and then combine them at a later stage of the
selection cycle.
Nakamaye and Eckstein80 reported the in vitro

selection of hammerhead ribozymes, from a starting
pool of 64 sequence variants that were originally
randomized at positions 7, 10.1, and 11.1 (Figure 12).
The authors employed a gel-mobility selection that
identified processed ribozyme transcripts that had
cleaved during transcription, or soon thereafter. This
selection yielded hammerhead ribozymes that carried
the strictly conserved core sequences, suggesting that
the natural ribozyme sequences at these positions are
optimal. Two additional pools of RNA that involved
complete sequence randomization at either 10 (nucle-

Figure 10. The four natural self-cleaving ribozyme motifs.

Figure 11. RNA cleavage by the self-cleaving ribozymes.

Figure 12. Secondary structure and conserved core of the
hammerhead ribozyme.129 X represents A, U, or C. The
sequences and lengths of helices I, II, and III can vary.
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otides 3-9 and 12-14, Figure 12) or 12 (as previously
plus nucleotides 15.1 and 16.1) were also screened.
Unfortunately, selections from these larger pools
yielded shortened RNA transcripts that did not self-
cleave, but simply had a gel mobility that matched
the mobility of cleaved hammerhead ribozymes.
Long and Uhlenbeck81 have isolated active ham-

merhead structural variants, in which stem II has
been replaced with a simple loop structure. In vitro
selection for these truncated ribozymes began with
a pool of hammerhead-like RNAs that carried six
random-sequence nucleotides in place of stem-loop
II, producing a total of 4096 different RNAs. Again,
a differential gel mobility was employed to isolate
RNAs that cleaved during transcription. A variety
of active hammerhead variants were obtained with
kcat values that approach ∼0.1 min-1, about 10-fold
slower than the analogous hammerhead with an
intact stem II.
Ishizaka et al.82 reported the in vitro selection of

hammerhead-like self-cleaving RNAs from a starting
pool of RNAs that carried 14 random-sequence nucle-
otides. For this selection, a bimolecular arrangement
consisting of separate “catalyst” and “substrate”
domains was constructed (Figure 13). The random-
sequence region of the catalytic domain was flanked
by regions of defined sequence that served to bind
the substrate domain and functioned as primer
binding sites for RT-PCR amplification. Most indi-
vidual catalysts in the pool are expected to base pair
both upstream and downstream from the intended
cleavage site and position 14 random-sequence nucle-
otides between the two substrate-pairing domains,
thereby creating helices that are analogous to stems
I and III of the hammerhead ribozyme. The nucle-
otide immediately 5′ to the intended cleavage site
internucleotide linkage, analogous to nucleotide 17
in the hammerhead, is left unpaired. Each substrate
molecule is immobilized on an agarose matrix via a
streptavidin-biotin interaction. Individual catalysts
are then selected for the ability to bind the substrate
molecule in the absence of a divalent metal ion
cofactor and for the ability to cleave the substrate to

free themselves from the matrix by cleaving the
substrate upon addition of Mg2+ (Figure 1).
The prevailing sequences that were obtained after

seven rounds of selection conformed to the consensus
hammerhead core (Figure 12). Interestingly, each
sequence acquired a single additional nucleotide in
the core region, thereby producing a hammerhead
motif in which stem-loop II is replaced by five
nucleotides instead of the intended four nucleotides.
Although truncated hammerheads that have four
nucleotides in place of stem II are known to be
active,84,85 presumably certain five-nucleotide loop
sequences are more active and most likely a fortu-
itous nucleotide insertion occurred during the selec-
tion process to produce such sequence variants.

D. Hairpin Self-Cleaving Ribozyme
The hairpin ribozyme is another distinct structural

class for Mg2+-dependent self-cleaving RNAs. The
secondary structure (Figure 14)86,87 consists of four
helical domains (helices 1-4) that are linked by
internal bulges. Berzal-Herranz et al.87 have pio-
neered in vitro selection of the hairpin ribozyme using
gel-mobility shift coupled with cleavage and ligation
selection steps to create an “artificial phylogeny” of
ribozymes and to improve the catalytic rate. The
selection scheme (Figure 15) again relies on the
difference in gel mobility between hairpin ribozyme
variants that have cleaved and those that remain
uncleaved during preparation by transcription. In
addition, the selection scheme exploits the fact that

Figure 13. Selection of hammerhead-like self-cleaving
ribozymes from a biased RNA pool.

Figure 14. The secondary structure of the hairpin ri-
bozyme derived from the satellite of tobacco ring spot virus.
For in vitro selection, the hairpin is engineered with an
oligocytidine linker to create a unimolecular construct.

Figure 15. Selection scheme for the isolation of hairpin
ribozyme variants that are active for both the forward and
reverse transesterification reactions.
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the hairpin efficiently catalyzes the reverse reaction
and is therefore able to append a new RNA sequence
to its newly cleaved 3′-terminus. Specifically, a pool
of hairpin ribozyme variants, each flanked by primer
binding sites (P1 and P2, Figure 15) are produced
by in vitro transcription, during which the active
variants may self cleave. Cleaved ribozymes are
separated from uncleaved ribozymes by PAGE and
then incubated with an excess of an oligoribonucle-
otide that is analogous to the 3′-cleavage product, and
that carries a new primer binding sequence. Hairpin
RNA variants that promote both the cleavage and
ligation reactions to retain P1 and to swap P2 for P3
can be selectively amplified by RT-PCR and analyzed
by cloning and sequencing. The uncleaved RNAs can
also be amplified by RT-PCR, using primers that
correspond to P1 and P2, and subsequently examined
to confirm the identity of mutations that prevent
ribozyme-promoted RNA cleavage.
This selection scheme has been used to probe a

number of structural and functional features of the
hairpin ribozyme.87-91 For example, the four nucle-
otides (+3 to -1, Figure X) AVGUC that flank the
cleavage site were randomized to create a pool of 256
sequence variants of the “J2/1” substrate domain.87,88
Active variants were then recovered by repeated
rounds of selection, revealing a consensus sequence
of NVGHY (H ) U, C, or A; Y ) C or U) and
demonstrating that the G at position +1 is absolutely
required for catalysis by the hairpin ribozyme. Simi-
lar selections were used to examine the remaining
junction regions of the ribozyme,90 to further define
a consensus sequence for cleavable substrates,89 and
to optimize the hairpin ribozyme for cleavage of a
new RNA target sequence.91 The primary and sec-
ondary consensus structures, based largely on the in
vitro selection data, have been constructed without
the need to rely on traditional methods of phyloge-
netic analysis (Figure 16). In addition, several selec-
tions have produced ribozymes with a U to C change
at position 39 that result in a 4-fold increase in the
catalytic rate.

E. HDV Self-Cleaving Ribozyme
The sequence and structural requirements of ri-

bozymes can be rapidly examined through the use of

in vitro selection. For example, Kawakami et al.92
have investigated the structural and catalytic fea-
tures of the self-cleaving ribozyme from the genomic
strand of the hepatitis δ virus (HDV) (Figure 17) by
creating an artificial phylogeny consisting of inactive
ribozyme variants. A unique pool of ribozyme vari-
ants was constructed that contained all 24 single base
changes in the loop that connects helix III (nucle-
otides 708-715). RNAs that did not cleave during
transcription, or that did not cleave after additional
incubation with 50 mMMgCl2, were amplified by RT-
PCR after treatment by DNase to remove the tran-
scription-template DNA. After three rounds of se-
lection, the RNA population was only 6% as active
as the original ribozyme. Sequence analysis of this
population revealed that any mutation at C709
significantly reduced catalytic activity, while most
base changes at other loop positions had little effect
on catalysis.
Nishikawa et al.93 used bimolecular HDV ribozyme

and isolated variants in which 44 nucleotides of the
core catalytic core were mutagenized. Enzyme and
substrate domains were created by separately syn-
thesizing fragments of the ribozyme that was con-
ceptually split in the JI/II region. A starting pool of
HDV ribozyme variants was prepared in which the
truncated core of the HDV ribozyme (nucleotides
705-718 and 726-771, with nucleotides 737-757
deleted) was mutagenized (d ) 0.15). Later, mu-
tagenic PCR was used to introduce new mutations
during rounds 11-14. The dominant sequence,
isolated after 14 rounds of selection, retained the base
identities at those sites recognized previously to be
important by site-directed mutational analysis.

IV. Artificial Ribozymes

In addition to investigating the structural and
functional features of existing ribozymes, in vitro
selection can be used to create ribozymes with
entirely new structures and catalytic activities. Sev-
eral fundamental approaches and techniques have

Figure 16. The consensus hairpin ribozyme. Watson-
Crick pairing is indicated by dashes, a dot (b) represents
any nucleotide; Y is U or C; R is A or G; B is U, C or G; H
is U, C or A; V is A, C or G. A change at position 39 (arrow)
from U to C increases kcat by 4-fold.

Figure 17. Secondary structure model of the HDV ri-
bozyme as first proposed by Perrotta and Been.130 The
nomenclature follows that used by Tanner et al.131
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now been established and are represented by the
following examples.

A. Self-Cleaving Ribozymes

The four naturally occurring motifs that have been
identified to date (Figure 10) likely represent only a
small fraction of the number of different self-cleaving
RNA motifs that are possible. If we define self-
cleaving RNAs simply as RNA structures that cor-
rectly position reactive metal-bound hydroxyls to
accelerate the rate of divalent metal-catalyzed RNA
cleavage, then the vast number of RNAs that would
qualify as ribozymes could only be limited by setting
some minimum for catalytic rate enhancement. Ac-
cording to this definition, a number of RNAs that
fortuitously associate with divalent metal ions could
be classified as “self-cleaving”. Such examples range
from highly structured tRNAs94 to the simple bi-
molecular complex formed between the oligomers
GAAA and UUU.15 Indeed, structured RNAs that
are known to specifically bind Mg2+ can undergo site-
specific cleavage under somewhat alkaline condi-
tions.12,95

Pan and Uhlenbeck96 used in vitro selection to
create new Pb2+-dependent self-cleaving RNAs from
pools that were based on the sequence of yeast
tRNAPhe, an RNA that previously had been found to
undergo site-specific cleavage with Pb2+.94 To achieve
this, the authors developed a conceptually powerful
selection scheme that allows the isolation of self-
cleaving ribozymes that cleave at any individual site
within the RNAmolecule (Figure 18). Similarly, this

selection scheme has been used to identify tRNA
variants that carry significant deletions, yet maintain
similar tRNA-like tertiary structures.97
To search for novel self-cleaving ribozymes, pools

of tRNAPhe variants were generated with either nine
or 10 randomized nucleotides that are involved in
tertiary structure formation.95 After six rounds, the
parallel selections gave an impressive variety of Pb2+-
dependent self-cleaving ribozymes, many that cleave
at unique sites. This data demonstrates that a
number of small and structurally simple RNAs can
accelerate the rate of divalent metal-dependent RNA
cleavage by >1000-fold over the rate of RNA phos-
phoester cleavage in the presence of the metal
alone.98 As discussed earlier, self-cleaving ribozymes
operate by transesterification (Figure 11) to yield a
product that carries a 2′,3′-cyclic phosphate. An
individual self-cleaving RNA (LZ2, Figure 19) that
was isolated during this selection was found to
promote a two-step hydrolytic mechanism (Figure
20)98,99 to generate products identical to those pro-
duced by certain protein-based enzymes such as
pancreatic ribonuclease.
Williams et al.100 have isolated a diverse set of

Mg2+-dependent self-cleaving ribozymes from an
RNA pool that contained a 100-nucleotide random-
sequence domain. The pool was subjected to seven
rounds of in vitro selection, also using a gel-mobility
selection scheme. Each class of ribozymes consist of
an internal loop that is flanked by two short helical
regions (Figure 21), reminiscent of the self-cleaving
structures that were obtained by selection with a
Pb2+ cofactor.
Catalytic rates for these structures are quite mod-

est, with ribozyme “C45” displaying a kobs of ∼0.003
min-1. This equates to an overall rate enhancement
of ∼103-104-fold compared to the rate of RNA cleav-
age in the presence of Mg2+ alone.101 In comparison,

Figure 18. Selection scheme for the isolation of novel self-
cleaving ribozymes. To initiate the selection, a pool of RNAs
is generated by circularizing linear in vitro-transcribed
molecules by treatment with RNA ligase. Individuals
molecules in the pool carry region(s) of random-sequence
nucleotides and two domains of defined sequence to facili-
tate RT-PCR amplification. Circularized molecules are then
incubated under the desired cleavage conditions and the
cleaved linear molecules are isolate by their difference in
gel mobility using PAGE (I). Isolated molecules are then
recircularized by treatment with polynucleotide kinase and
RNA ligase to generate templates for amplification (II). RT-
PCR with primers P1 and P2 is then employed (III) to
introduce an RNA polymerase promoter (boxed “+” and
“-”) and to create a double-stranded DNA template that
is suitable for subsequent transcription using RNA poly-
merase (IV).

Figure 19. Secondary structure model for LZ2, a Pb2+-
dependent self-cleaving ribozyme. Arrow identifies the site
of cleavage.

Figure 20. Two-step cleavage mechanism of LZ2. LZ2
cleaves RNA phosphoester presumably by positioning a
metal-bound hydroxide ion in proximity to the 2′-hydroxyl
of the target internucleotide linkage. The resulting 2′,3′-
cyclic phosphate intermediate is subsequently hydrolyzed,
primarily yielding the 3′-phosphate isomer. The water
nucleophile for this second step is most likely activated by
Pb2+. The second step is also stereospecific, as the uncata-
lyzed hydrolysis of the cyclic intermediate would give an
approximately equal mixture of the 2′- and 3′-isomers.
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this kobs, is 100-1000-fold slower than that achieved
by examples of the hammerhead ribozyme under
similar reaction conditions. Clearly, catalytic motifs
such as the hammerhead ribozyme would have
enjoyed a considerable selective advantage and would
be expected to dominate the final selection pool.
More complex ribozymes, however, typically require
a greater number of nucleotides to be of defined base
identity. The authors of this study speculate that
their simple motifs occur 10000-fold more frequently
than do the more complex self-cleaving ribozymes
that have been found in nature.

B. Other Reactions with Phosphoester and
Phosphoanhydride Bonds

1. Phosphoanhydride Formation
Chapman and Szostak102 have isolated structurally

complex ribozymes from a pool of ∼1015 different
RNAs that catalyze the formation of phosphoanhy-
dride bonds (Figure 22). The substrate RNA carries
an activated phosphate (phosphorimidazole) at its 5′-
terminus. Similar nucleotide and oligonucleotide
analogues have been made to polymerize on template
oligonucleotides in a sequence-specific fashion, by
forming new 3′,5′-phosphodiester bonds. In addition,
the substrate includes a 3′-terminal biotin to allow
the isolation of RNA catalysts via biotin affinity
chromatography. The pool RNAs each contained 90
random-sequence nucleotides and were designed to
favor the recovery of RNAs that catalyze a self-
ligation reaction. The pool RNAs also carried a 3′-
terminal hairpin domain that is positioned adjacent
to a region that has base complementarity with the
substrate hexanucleotide. This initial pool, with its
engineered substrate-binding site reacts with its
corresponding substrate with a rate of ∼7 × 10-6

min-1, while ligation to a mismatched substrate was
not detected.
The ensemble of RNAs isolated after eight rounds

of selection catalyze a joining reaction with a rate of
0.8 min-1. The investigators originally expected to
isolate ribozymes that catalyze the formation of a
3′,5′-phosphodiester bond with the activated RNA
substrate. However, closer examination of an indi-
vidual catalyst (Figure 22) revealed that ligation
occurs at the 5′-terminus of the ribozyme, thereby

creating 5′,5′ P1,P4-tetraphosphate linkage. The
catalysts have taken advantage of the fact that a
γ-phosphate oxygen from the ribozyme’s 5′-triphos-
phate terminus acts as a superior nucleophile com-
pared to the secondary hydroxyls of ribose. Sequen-
tial removal of phosphates from the triphosphate
terminus of the precursor ribozyme result in the
formation of 5′,5′-triphosphate or 5′,5′-pyrophosphate
linkages upon catalysis. Interestingly, the 5′-cap of
eukaryotic mRNAs is a prominent example of similar
linkages that occur in cells.

2. RNA Ligation
Bartel and Szostak46 demonstrated for the first

time that structurally complex ribozymes can be
isolated from random-sequence pools of RNA. An
RNA pool that carried a total of 220 random-sequence
nucleotides was screened (Figure 23) for ribozymes
that catalyze the formation of a phosphoester link to
another RNA oligomer in a reaction that is analogous
to that of an RNA polymerase (Figure 24). The 5′-
terminal nucleotides of pool RNAs can form a hairpin
structure that brings the 5′-terminal triphosphate of
the ribozyme in close proximity to the 3′-terminus of
the substrate oligomer. A simple RNA template can
also catalyze the condensation of analogous sub-
strates, but only with a rate of ∼10-8 min-1. No
detectable coupling occurs in the absence of the
template. In effect, a crude active site has been built
into the structure of each molecule in the starting
pool.
After 10 rounds of selection, the pool catalyzed the

ligation reaction with a rate of 0.06 min-1,∼7 million-
fold faster than the rate promoted by a simple RNA
template. Analysis of the pool by digestion with
restriction enzymes demonstrates that the relative
abundance of different classes of ribozymes is dy-
namic and undergoes continuous change as catalysts

Figure 21. Consensus sequences and secondary structures
for three Mg2+-dependent self-cleaving ribozymes: D ) A,
G, or U; R ) A or G; W ) A or U; Y ) U or C.

Figure 22. Ribozyme-catalyzed joining of oligoribonucle-
otides via phosphoanhydride linkages. Sequence and sec-
ondary-structure model of an RNA that catalyzes the
formation of 5′,5′-oligophosphate linkages between oligo-
ribonucleotides. Encircled B represents biotin and Im
represents imidazole. A ribozyme that carries a 5′-terminal
mono-, di-, or triphosphate moiety (n ) 0-2) catalyzes the
formation of a phosphoanhydride bond with a 5′-phosphor-
imidazole-modified RNA substrate (box).
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that dominate in early selection rounds are subse-
quently displaced by new catalysts. Ekland et al.103
have identified three distinct classes of RNA ligase
ribozymes that are present in this pool. “Class I”
ribozymes catalyze the formation of 3′,5′-phosphodi-
ester linkages, while the remaining classes promote
the formation of 2′,5′-phosphodiester linkages. In
addition, each class has unexpectedly created a new
substrate binding site, avoiding the use of the crude
active site that was included in the original pool.
The class I molecules include seven base-pairing

regions (Figure 24, P1-P7).103,104 This level of struc-
tural complexity approaches that seen with the larger
ribozymes that have been isolated from natural
sources. Although the random-sequence RNA pool
contained >1015 different sequences, this only rep-
resented a vanishingly small fraction of the total
number of RNA sequences possible in a pool of
moderate size. The fact that three classes of large
ribozymes were isolated supports the hypothesis that
RNA is capable of forming a diverse array of higher
ordered structures, some that might even match the
catalytic achievements of protein enzymes. For
example, Ekland and Bartel105 have altered the
template and substrate domains of a class I ligase to
create a ribozyme that catalyzes the polymerization
of nucleotide triphosphates in a template-directed

fashion. This ribozyme is a primitive mimic40 of the
more-refined RNA and DNA polymerase enzymes
that are made of protein.
Another important feature of these ribozymes

relates to their catalytic speed. In vitro analysis of
natural ribozymes reveals that most display catalytic
rates (kcat) that fall near 1 min-1, an apparent
catalytic barrier that unsettles the notion that ri-
bozymes might be capable of more impressive enzyme-
like functions. Closer examination of the group 1
ribozyme106 revealed that this catalyst can cleave
RNA with a kcat/Km of 108 M-1 min-1, a value that is
limited not by the chemical step, but by the rate of
RNA duplex formation (substrate binding). Shi-
mayama et al.107 designed a chimeric (mixed RNA/
DNA) hammerhead ribozyme that cleaves RNA with
rates that approach 100 min-1, providing further
evidence that engineered ribozymes might be made
to operate at much greater rates. Indeed, the im-
proved ligase ribozymes described by Ekland et al.103
also operate with an estimated kobs of 100 min-1. To
improve these rates, one may need to employ more
sophisticated selection protocols increase the selective
advantage of faster ribozymes, perhaps by isolating
tagged ribozymes after millisecond incubation times.

3. RNA Phosphorylation
Sassanfar and Szostak108 and Connell and Chris-

tian109 have proposed that RNAs of known function
could be used as building blocks for the creation of
RNAs with entirely new functions. This approach
was tested by Lorsch and Szostak,110 who constructed
a pool (Figure 25) of RNAs that was biased in favor
of an RNA aptamer specific for adenosine 5′-tri-

Figure 23. Isolation of “RNA ligase” ribozymes from a
random-sequence pool.

Figure 24. Secondary-structure model of a class I ligase
ribozyme from a composite sequence based on comparative
sequence analysis of variant catalysts. (box) RNA-catalyzed
ligation of RNA involves the nucleophilic attack by the 3′-
(2′)-ribose oxygen on the a phosphorus of the ribozyme 5′-
triphosphate to form a 3′(2′),5′-phosphodiester linkage at
the expense of a phosphoanhydride bond.
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phosphate (ATP).108 This pool, comprised of >1015
different RNA molecules, was subjected to 13 rounds
of selection for RNAs that acquire a thiophosphate
moiety when incubated with γ-thioATP (ATP-γS).
The selection yielded an ensemble of RNAs that
catalyze self-phosphorylation with an average kobs of
∼0.05 min-1. The kinases can also utilize ATP,
showing kobs ratios of 50-300-fold for ATP-γS versus
ATP. Although these ribozymes achieve an overall
rate enhancement of 109-fold over the uncatalyzed
rate, analogous protein enzymes such as T4 poly-
nucleotide kinase function with catalytic rates that
are significantly faster (kcat ) 25 000 min-1).
Sequence analysis of individual kinase ribozymes

revealed the presence of seven major classes of RNAs,
some that display activity like that of polynucleotide
kinase. However, two classes of kinases transfer the
thiophosphate of ATP-γS to a 2′-hydroxyl located
within the ribozyme primary structure. In most
instances, the selected ribozymes have largely re-
tained the consensus sequence for the ATP-binding
motif, confirming the view that RNA aptamer do-
mains might be an excellent starting point for the
evolution of ribozymes with new catalytic activity.
However, three classes of catalysts appear to use
entirely different structures to bind ATP. This
finding suggests that a biased pool was probably not
needed to successfully isolate kinase-like ribozymes,
but a similar approach may be necessary for other
more difficult selection experiments.

A more detailed kinetic and thermodynamic analy-
sis111 was conducted on an individual kinase ri-
bozyme that was converted into two RNAs that
correspond to separate enzyme and substrate mol-
ecules (Figure 26). The substrate is recognized by
the ribozyme via an internal guide sequence (IGS)
located within the catalytic RNA. This sequence can
be altered to give ribozymes with new substrate
specificity as determined by Watson-Crick base-
pairing rules. The ribozyme displays a kcat of 0.17
min-1 and a Km of 2 µM for the heptamer substrate.
The kcat for this ribozyme is 50-fold slower when ATP
is used in place of ATP-γS, consistent with a rate-
limiting chemical step that proceeds via a dissociative
transition state.

C. Catalytic Aptamers
The application of transition-state theory to the

development of new protein catalysts has been quite
successful, as demonstrated by studies with catalytic
antibodies.112,113 Several researchers have speculated
that nucleic acid catalysts could be developed using
similar theoretical approaches.32,109,114-116 This ap-
proach could employ methods that are identical to
those used to recover RNA aptamers that have high
specificity and affinity for ligand molecules. Hence,
if a suitable transition-state analog (TS† analog) is
used as the ligand, then tight-binding aptamers may
also catalyze the corresponding chemical transforma-
tion. Aptamers that bind a given TS† analog are not
always catalytic,117 and individual aptamers must be
further screened to determine their ability to catalyze
the desired chemical transformation.
Prudent et al.118 provided the first evidence that

this approach is applicable to nucleic acids. They
began by generating a population of RNA aptamers,
some that were specific for the compound shown in
Figure 27, a TS† analog of the interconversion
between two diasteriomeric biphenyl compounds.
Briefly, RNAs were selected for their ability to bind
a column matrix that was derivatized with the TS†
analog by first incubating the matrix with an RNA
pool containing 128 random-sequence nucleotides,
removing unbound RNAs by elution with binding
buffer, and then specifically eluting the bound RNAs
with an excess of the free TS† analog. After seven
rounds of in vitro selection, several individual RNAs
bound the TS† analog, but only one sequence cata-
lyzed the noncovalent isomerization of the bridged
biphenyl substrate. A kcat of 2.8 × 10-5 min-1 and a
KM of 542 µM were observed. Although modest, the

Figure 25. Selection of self-phosphorylating ribozymes
from an RNA pool that is biased in favor of an ATP
aptamer. The pool is composed of a mutagenized aptamer
domain that is flanked by three regions of random se-
quence. Those RNAs that acquire the γ-thiophosphate from
ATP-γS (see inset) are captured on a thiophilic column,
then specifically eluted with 2-mercaptoethanol.

Figure 26. Sequence and secondary structure of a kinase
ribozyme. The γ-phosphate of ATP is transferred to the 5′-
hydroxyl of the heptamer RNA substrate. IGS is the
internal guide sequence.
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88-fold rate enhancement for this enzyme is likely
brought about solely through the use of binding
energy, an additional feature that can be exploited
in the mechanisms by which nucleic acids promote
chemical transformations.
Using a similar approach, Conn et al.119 have

screened a pool of ∼1015 different RNA molecules,
each carrying a 50-nucleotide random-sequence do-
main, for aptamers that bind N-methylmesoporphy-
rin (NMM) (Figure 28). NMM is a TS† analog for
the metalation of mesoporphyrin and is a potent
inhibitor of certain porphyrin chelatases. Individual
aptamers that were recovered after 12 rounds of
selection were found to accelerate the metalation of
mesoporphyrin with Cu2+. One individual displays
a kcat of 0.92 min-1 and a KM of 14 µM, giving an
overall rate enhancement of 460-fold over the un-
catalyzed rate. A 35-nucleotide truncated version
displays a kcat of 2 min-1, a rate that corresponds well
with rates of natural ribozymes. Similarly, Li and
Sen120 have isolated a catalytic DNA that performs
this same reaction (see section V.C). These results
demonstrate the feasibility of the indirect approach
to the selection of new catalytic polynucleotides.

D. RNA Alkylation
Wilson and Szostak121 have also used a biased-pool

approach to isolate self-alkylating RNAs that show
rate enhancements of >1 million-fold over the un-
catalyzed reaction. First, biotin-binding RNAs were
isolated from a random-sequence pool using affinity-
chromatography selection. A 93-nucleotide biotin
aptamer, isolated from the first selection, was then
randomized (d ) 0.3) and flanked on each side by 12
nucleotides of random sequence to create a new RNA
pool. This pool is expected to contain an abundance
of RNAs that still recognize the biotin moiety, but
that may also promote chemical reactions with
functional groups that are attached to a biotin-like
substrate. In this study, a pool of ∼1014 degenerate
aptamer sequences was screened for RNAs that
catalyze self-alkylation with N-biotinyl-N ′-(iodoacet-
yl)ethylenediamine (BIE). The RNA pool was con-
structed such that the 5′-terminal nucleoside of each
RNA was 8-mercaptoguanosine, with the intention
of isolating RNAs that promote an alkylation of the
sulfhydryl group. Selection of catalytic RNAs then
proceeds by recovering those RNAs that have ac-

quired a biotin modification via chromatography with
streptavidin-modified agarose.
After seven rounds of selective amplification, an

individual ribozyme was found to catalyze self-
alkylation with a rate of 0.001 min-1. This RNA was
further optimized by subjecting a degenerate (d )
0.3) ribozyme pool to an additional eight rounds of
selection, yielding ribozyme variants that are 50-fold
more active. Interestingly, the secondary structure
model for an individual ribozyme (Figure 29) does not
appear to include a structure similar to the pseudo-
knot structure found for the biotin aptamer. In
addition, alkylation with BIE was found not occur
at the 5′-terminus, but at N7 of a guanosine nucle-
otide that is located in the interior of the molecule
(Figure 29). These findings again demonstrate that
in vitro selection can yield quite unexpected results
and that constructing biased pools sometimes may
not help or might even hinder the selection process.

E. Reactions with Ester and Amide Bonds

1. Transacylation and Amide Bond Formation
Among the important ester and amide bond reac-

tions in metabolism are tRNA aminoacylation and
ribosome-mediated peptidyl transferase reactions,
which are the key chemical transformations for the
biological synthesis of proteins. In the initial step
in the process of encoded protein synthesis, a par-
ticular aminoacyl-tRNA synthetase activates its re-
spective amino acid substrate by forming a mixed
anhydride with AMP at the expense of ATP. The
amino acid is then transferred to the terminus of the
corresponding tRNA where it resides as a 2′(3′)-
aminoacyl group (Figure 30). Illangasekare et al.122
have demonstrated that this latter reaction can be
catalyzed by RNA. A series of RNAs that display
self-aminoacylation activity were isolated from a pool
of ∼1014 different RNA sequences, each that carried
a region of 50 random-sequence nucleotides. The
RNA pool was incubated at 0 °C in the presence of
activated phenylalanine (phenylalanyl-AMP). RNAs
that were acylated were isolated by trapping the
unstable aminoacyl RNA via reaction with (naph-
thoxyacetyl)-N-hydroxysuccinimide ester, followed by
reverse-phase chromatography to specifically recover
those RNAs that carry the hydrophobic naphthyl
moiety.
An individual (Figure 30) self-aminoacylating RNA

that was recovered after 11 rounds of selection
displays a second-order rate of 250 M-1 min-1, a rate
enhancement of >105 over that observed for random-
sequence RNA. In lieu of selecting the catalysts to
operate with a specific metal ion cofactor, the selec-
tion reactions were conducted in the presence of
several different divalent cations (Mg2+, Ca2+, Mn2+,
Zn2+). The strategy of using this “combinatorial mix”
of cofactors may be quite helpful by facilitating the
isolation of exceedingly rare ribozymes, without
regard for the metal ion dependence of the final
catalysts. In fact, the ribozyme that was isolated in
this selection has requirements for both Mg2+ and
Ca2+, but its activity is not dependent on Mn2+ or
Zn2+.
In addition, RNA can also catalyze amide bond

formation in a reaction that is analogous to that

Figure 27. Interconversion between RS and SS diaster-
eomers of a bridged biphenyl compound and an analog of
the transition-state intermediate.
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found with natural protein synthesis. Lohse and
Szostak123 have described the isolation of ribozymes
that catalyze amino acid transfer reactions, including
acyl transfer to an amino group acceptor (Figure 31).
This latter reaction is analogous to the peptidyl
transferase activity that is carried out by the ribo-
some. A series of ribozymes was isolated from a pool
of 1015 different RNA sequences with each molecule
carrying a region of 90 random-sequence nucleotides.
RNAs that promote acyl transfer from an aminoacyl
RNA substrate to their 5′-terminus were recovered
by biotin affinity chromatography. Analysis of indi-
viduals isolated after 11 rounds of selection revealed
a conserved region of 13 nucleotides that likely serves
a binding site for the reactants. This template is
complementary to the 6-nucleotide DNA substrate
and also to the 5′ terminus of the ribozyme, and
presumably acts to bring the two reactants in close
proximity (Figure 32). Although a simple RNA

template will accelerate the acyl transfer reaction to
a detectable level (kobs ) 1.6 × 10-3 min-1 at pH 7.3),
one individual ribozyme produces a further rate
enhancement of 160-fold and operates with a kcat/KM
of 3.8 × 106 min-1 M-1. Interestingly, if this same

Figure 28. A TS† analogue for the metalation of mesoporphyrin IX is the nonplanar N-methylmesoporphyrin (1).
(Reprinted from ref 113. Copyright 1995 American Association for the Advancement of Science.)

Figure 29. Sequence and secondary structure of the
catalytic core of a self-alkylating ribozyme. Arrowhead
designates the site of alkylation. (Box) RNA-catalyzed
alkylation of N7 of a guanosine nucleotide. R represents
biotin.

Figure 30. Sequence and proposed secondary structure
of a self-aminoacylating ribozyme. (Box) Aminoacylation
of RNA using the mixed anhydride of phenylalanine and
AMP.

Figure 31. Selection for acyltransferase activity using an
RNA substrate that is modified with N-biotinylated me-
thionine via a 2′(3′)-ester. R represent biotin.

Figure 32. Template region of a ribozyme that catalyzes
ester transfer or amide-bond formation. x represents a 5′-
hydroxyl or 5′-amino group.
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ribozyme is modified to carry a 5′-amino in place of
the 5′-hydroxyl terminus, then the corresponding acyl
transfer occurs in which an amide bond is formed.
The kobs values for the hydroxyl and amine nucleo-
philes are 1.8 and 0.58 min-1 at pH 8.4. These
findings demonstrate that RNA is capable of cata-
lyzing amide bond formation with rates that ap-
proach that of the ribosome-catalyzed peptidyl trans-
ferase activity. Moreover, these results are consistent
with other data9 that suggests that ribosomal RNA
might form the catalytic center for peptide bond
formation in cells.

2. Amide Bond Cleavage
RNA can also catalyze the hydrolysis of amide

bonds. Dai et al.124 have characterized a ribozyme
that accelerates the hydrolytic cleavage of an amide
linkage that resides within an oligodeoxynucleotide
(Figure 33). Ribozymes with amidase activity were
identified by examining several variant group I
ribozymes that were previously selected to cleave a
DNA substrate more efficiently.63 Although the rates
reported for the catalysts are modest (∼10-7

min-1),124,125 this represents at least 100-fold rate
enhancement over the uncatalyzed rate for amide
bond hydrolysis. This same ribozyme was also shown
to catalyze the cleavage of an amide bond that joined
a 3′-deoxy-3′-amino DNA oligomer and the amino
acids methionine or arginine, suggesting that ri-
bozymes may be engineered that cleave peptide
bonds within the context of proteins.

V. Catalytic DNA

A. RNA Cleavage
Biological catalysis is dominated by enzymes that

are made of protein and, to a lesser extent, by
catalysts that are composed entirely of RNA. No
enzymes made of DNA have been found in nature.
However, we can imagine that such catalytic poly-
mers, with functions that are similar to those of
ribozymes, could be made via in vitro selection.
Indeed, the first examples of catalytic DNAs or
“deoxyribozymes” have been isolated from pools of
single-stranded DNAs. Breaker and Joyce126 used
“catalytic elution” to isolate divalent metal-dependent
RNA-cleaving DNA catalysts from a pool of ∼1014
different DNAs (Figure 34). Each molecule in the

pool contained 50 random-sequence nucleotides and
carried a 5′-terminal biotin moiety that allowed each
to be immobilized on a streptavidin-derivatized ma-
trix. In addition, a single RNA phosphodiester bond
was introduced by enzymatic extension of a DNA
analog that included a single 3′-terminal ribonucle-
otide. Double-stranded DNAs were made single
stranded by chemical denaturation, and those that
catalyze the cleavage of the embedded RNA linkage
were specifically eluted upon inclusion of 1 mM Pb2+.
The pKa of water shifts to ∼7.7 when bound to Pb2+,
and hence this hydrated metal makes for an excellent
general base catalyst for the cleavage of RNA.
Individual DNAs that were recovered after five

rounds of selection for Pb2+-dependent RNA phos-
phoesterase activity display kobs values of 1 min-1.
This corresponds to a rate enhancement of ∼105-fold
over the reaction rate promoted by Pb2+ alone. Like
ribozymes, these DNA enzymes consist of regions of

Figure 33. Scheme for ribozyme-catalyzed amide cleavage. The ribozyme binds the amide-containing DNA substrate by
base pairing with the internal guide sequence (IGS). The covalent intermediate between the terminal G residue of the
ribozyme and the carboxyl group of the cleaved amide is hydrolyzed to regenerate the RNA catalyst. (Reprinted from ref
124. Copyright 1995 American Association for the Advancement of Science.)

Figure 34. In vitro selection of RNA-cleaving DNAs. rA
represents the embedded RNA phosphodiester linkage and
the encircled B indicates biotin.

Figure 35. A Pb2+-dependent RNA-cleaving DNA enzyme.
Arrowhead identifies the cleavage site. Encircled nucle-
otides are conserved.

In Vitro Selection of Catalytic Polynucleotides Chemical Reviews, 1997, Vol. 97, No. 2 387



conserved nucleotide sequence and fold into defined
secondary and tertiary structures that facilitate
chemical catalysis. The catalysts bind their corre-
sponding substrate by Watson-Crick base pairing
and position two conserved regions adjacent to the
cleavage site. These self-cleaving catalysts have been
divided into separate enzyme and substrate domains
(Figure 35) and the enzyme, when supplied with
excess substrate, undergoes multiple turn over.
Similarly, selection was used to create three ad-

ditional pools of RNA phosphoester-cleaving DNAs
that require Zn2+, Mn2+, or Mg2+ as a cofactor.101 This
selection was begun with a sequence diversity of
∼1013 (Figure 36). The DNA pool was biased such
that the 40-nucleotide random-sequence domain was
flanked by six and four nucleotides that could base
pair either 3′ or 5′, respectively, relative to the target
RNA linkage. Active catalysts were isolated after
five or six rounds of selection that were dependent
on the particular divalent metal that was used for
selection. A Mg2+-dependent DNA catalyst (kobs )
0.002 min-1) that was isolated after six rounds of
selection was further optimized by preparing a mu-
tagenized pool (d ) 0.15) and conducting an ad-
ditional seven rounds of selection for activity in the
presence of 1 mM Mg2+. An individual sequence
variant isolated from the reselected pool displays a
kobs of 0.02 min-1, a rate enhancement of ∼105-fold
over the uncatalyzed rate. An engineered form of
this catalyst, in which the enzyme domain was
separated from the substrate domain (Figure 36),
operates with multiple turn over and with a kobs of
0.001 min-1 under simulated physiological conditions
(2 mMMgCl2, 150 mMKCl, 50 mMHEPES (pH 7.4),
37 °C). These results suggest that enzymes made of
DNAmay naturally participate in biological catalysis,
or at least could be made to do so.

B. DNA Ligation
The catalytic repertoire of DNA enzymes has been

expanded by Cuenoud and Szostak,127 who isolated
DNAs that promote the ligation DNA. A pool of
∼1014 different DNAs, each carrying a random-
sequence region of 116 nucleotides, was incubated in
the presence of a 5′-biotinylated oligonucleotide that
also carried a 3′-terminal phosphorimidazole moiety.

DNAs that formed a 3′,5′-phosphodiester bond (Fig-
ure 37) were isolated from unreacted DNAs by
affinity chromatography using a streptavidin matrix.
An individual isolated after nine rounds of selection
was reformulated to function with multiple turn over
and displays a kcat of 0.07 min-1 (Figure 37). By
comparison, a simple DNA template provides a rate
enhancement of only∼100-fold (kobs ) 2× 10-5 min-1

vs <2 × 10-7 min-1 for the uncatalyzed rate) by
pairing the two substrates and bringing the reactive
groups in close proximity. Although the catalysts
were selected in the presence of Zn2+, they also
function with Cu2+.

C. Porphyrin Metalation
Deoxyribozymes have also been isolated from ran-

dom-sequence pools using the “catalytic aptamer”
approach. Beginning with a DNA pool of ∼1015
different sequences, Li et al.128 have isolated aptam-
ers to N-methylmesoporphyrin IX (Figure 27). A
truncated version of an individual aptamer was found
to catalyze the metalation of mesoporphyrin IX with

Figure 36. Selection, optimization, and reformulation of a Mg2+-dependent RNA-cleaving DNA. Arrowhead identifies
the cleavage site. Boxed sequences are representative of the new hairpin structures that are found in optimized individuals.
Encircled nucleotides are conserved.

Figure 37. Sequence and secondary-structure model of a
DNA enzyme with DNA ligase activity. Bars identify
additional base-pairing possibilities and Im indicates imi-
dazole. (Box) Formation of a DNA 3′,5′-phosphodiester bond
using an activated DNA phosphoramidate.
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either Cu2+ or Zn2+.120 The catalyst, a 33-nucleotide
DNA composed of nearly 50% G residues, displays a
kcat of 0.23 min-1 and a KM of ∼3 mM, with an overall
rate enhancement of∼1400-fold over the uncatalyzed
rate of metalation. The catalytic function of the DNA
requires K+, indicating that the abundant guanosine
residues in this molecule may be forming a G quartet.

VI. Concluding Remarks
The catalytic repertoire of natural ribozymes, as

currently demonstrated, is limited to RNA and DNA
phosphoester transfer and hydrolysis reactions. But
catalysis by RNA is clearly not restricted to this set
of reactions. A variety of ribozymes with enhanced
or entirely new catalytic functions have been created
by the synthesis of mutagenized and random-se-
quence pools of RNA and have been isolated by
employing repeated rounds of selective amplification.
Indeed, a greater number of reactions are now
catalyzed by ribozymes derived through in vitro
selection than are catalyzed by natural ribozymes.
These findings suggest that it may be practical to

create “designer” RNA therapeutics and biological
reagents. These new catalytic RNAs and DNAs, and
the methods used to create them, open entirely new
directions in nucleic acids research. Continued dis-
coveries of catalytic RNA lend support to the RNA
World theory, whose legitimacy in large part is linked
to RNAs potential for robust and diverse chemical
catalysis. In addition, DNA can fold into defined
tertiary structures, some that can mimic the function
of RNA and protein enzymes in their ability to
facilitate chemical catalysis.
Whether enzymes made of RNA or DNA can ever

rival those that are made of protein remains an
unanswered question. The properties of existing
artificial ribozymes and deoxyribozymes probably
have been shaped more by the limits of the selection
methods used to create them than by the catalytic
prowess of nucleic acids. It is now known that the
chemical rate enhancements of both natural and
artificial ribozymes can be substantial, supporting
the view that nucleic acids can indeed make efficient
catalysts. It will require the implementation of new
and refined selection methods and the advancement
of rational design methods to continue to expand the
catalytic capabilities of RNA and DNA. Most likely,
the true limits of catalysis by RNA and DNA have
yet to be reached.
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