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ABSTRACT: In vitro selection has been used extensively over the past 10 years to create functionally diverse
DNA enzymes. The majority of in vitro selection experiments to date have focused on the outcome rather
than the process itself, a process that remains to be fully elucidated. In vitro selection techniques rely on
the probability that some DNA molecules in a random-sequence library will fold into an appropriate
tertiary structure and catalyze a desired reaction. Thus, sufficient sequence diversity in the DNA pool
(and hence more catalytic DNA sequences) is a prerequisite for the successful isolation of efficient
deoxyribozymes. The catalytic sequence diversity established by in vitro selection is governed largely by
the choice of selection pressures, one of which is the length of the reaction time. The objective of this
study was to evaluate the sequence diversity change of a pool of RNA-cleaving deoxyribozymes as a
function of the reaction time. Seventeen rounds of in vitro selection were performed, and the reaction
time was progressively decreased from 5 h to 5 s. Arepresentative population from each time class was
subsequently cloned and sequenced. A decline in sequence diversity was observed with decreasing reaction
time, and the relationship appears to be logarithmic. In contrast, a control selection performed with a
constant reaction time during each round led to a linear and comparatively very slow decrease in sequence
diversity. This study provides the first methodical examination of the change in catalytic sequence diversity
that occurs through the course of a deoxyribozyme selection experiment. Moreover, it represents a first
step toward fully understanding the intricate pathway that lies between the beginning and end of an in
vitro selection experiment.

DNA is most commonly recognized for its preeminent role
in the storage of genetic information. The inherent stability
and duplex structure of this polymer make it perfectly suited
to serve in this capacity. There is, however, an alternative
function of DNA that is less commonly acknowledged.
Masked only by its complementary strand, the latent catalytic
prowess of DNA is slowly emerging as a rival to the more
traditional protein and RNA biocatalysts (1-6).

Thus far, enzyme engineers have created a wealth of
deoxyribozymes that catalyze a variety of chemical trans-
formations, boasting rate enhancements between 4 and 10
orders of magnitude over the corresponding uncatalyzed
reactions (4). Indeed, many of the reactions of contemporary
biochemistry have become accessible to deoxyribozymes,
including RNA cleavage (7-19), RNA ligation (20-23),
DNA cleavage (24, 25), DNA ligation (26-29), DNA
phosphorylation (30, 31), DNA adenylylation (32), porphyrin
metalation (33-36), and N-glycosylation (37).

Obviously much time and effort have been invested in the
pursuit of new DNA enzymes, yet comparatively little time
has been devoted to understanding the route by which they
were created. The current process of in vitro selection is
rather rudimentary, as it is based largely on intuition and a

paucity of empirical data. To realize the full catalytic
potential of deoxyribozymes, the process by which they are
created must first be thoroughly elucidated. Only then can
we begin to appreciate the intrinsic limitations of DNA to
serve as an alternative molecular format for catalysis and
be certain that any limitation is due to the small chemical
repertoire of DNA and not simply the in vitro selection
process.

In vitro selection techniques rely on the sheer probability
that one or more DNA molecules in a vast random-sequence
pool will possess some catalytic propensity for a given
chemical transformation. Therefore, the extent of sequence
diversity in the DNA pool may have a profound effect on
the final outcome of the experiment. Without sufficient
sequence diversity, the probability of finding a proficient
DNA enzyme can be unfavorably low. The catalytic sequence
diversity established by in vitro selection can be manipulated
by a judicious choice of selection pressures, including the
type of metal ion cofactors used and the length of the reaction
time. In a previous research endeavor, our group employed
a parallel in vitro selection format to assess the effect of
four common divalent metal ions, Ca2+, Cu2+, Mg2+, and
Mn2+, on the sequence diversity of self-phosphorylating
DNA enzymes (31). Our results suggested that Cu2+- and
Mn2+-utilizing sequences occur far more frequently in
sequence space than their Mg2+ and Ca2+ counterparts.

In the current study, we wanted to assess the influence of
yet another selection pressure, reaction time, on the outcome
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of an in vitro selection experiment. More specifically, we
investigated the change of sequence diversity of RNA-
cleaving deoxyribozymes as a function of the cleavage
reaction time. To this end, multiple rounds of in vitro
selection were performed on a pool of random-sequence
DNAs coupled to a long RNA substrate, and the reaction
time was progressively decreased. Representative populations
from each time class were then cloned and sequenced to
reveal what relationship, if any, could be ascertained from
the data.

EXPERIMENTAL PROCEDURES

Materials and Common Procedures.Standard oligonucle-
otides were prepared by automated DNA synthesis using
cyanoethylphosphoramidite chemistry (Keck Biotechnology
Resource Laboratory, Yale University; Central Facility,
McMaster University). Random-sequence DNA libraries
were synthesized using an equimolar mixture of the four
standard phosphoramidites (produced by hand-mixing method).
DNA oligonucleotides were purified by 10% preparative
denaturing (8 M urea) polyacrylamide gel electrophoresis
(PAGE), and their concentrations were determined by
spectroscopic methods.

Nucleoside 5′-triphosphates, [γ-32P]ATP and [R-32P]dGTP,
were purchased from Amersham Pharmacia.Taq DNA
polymerase, T4 DNA ligase, and T4 polynucleotide kinase
(PNK) were purchased from MBI Fermentas. All chemical
reagents were purchased from Sigma.

The 50-nt R1 was produced by RNA transcription using
T7 RNA polymerase and a double-stranded DNA template
having the following sense sequence: 5′-GAATT CTAAT
ACGAC TCACT ATAGG AGAGA GATGG GTGCG TTACG
TAAAC TTACA TCTAC GAATC AGGTT CGA-3′ (itali-
cized letters indicate the promoter sequence for T7 RNA
polymerase). The double-stranded DNA template was gener-
ated using the above template and the following two
primers: 5′-GAATT CTAAT ACGAC TCACT ATA-3′ and
5′-TCGAA CCTGA TTCGT AGA-3′. The transcription
reaction was conducted under the following conditions: 0.25
µM DNA template, 10 mM each of GTP and ATP, 5.3 mM
CTP, 8 mM UTP, 80 mM GMP, 1× transcription buffer
(supplied by the manufacturer as the 10× stock), and 0.1
unit/µL T7 RNA polymerase. The concentration of each NTP
is proportional to the relative composition within R1 (A)
30%: G ) 30%: C ) 16%: U ) 24%). Excess GMP is
included to produce a monophosphate at the 5′-end of R1,
which is required for subsequent ligation of R1 to A1. The
above solution was incubated at 37°C for 30 min. The
transcribed R1 was gel purified.

R1 was then ligated to A1 as follows: 2500 pmol of 50-
nt R1, 7500 pmol of template T1, and 15000 pmol of DNA
oligonucleotide A1 were combined and heated at 90°C for
30 s. After cooling, 25µL of 10× ligase buffer (supplied
by the manufacturer) and 25µL of T4 DNA ligase (5 Weiss
units/µL) were added to initiate the ligation reaction. The
reaction mixture (300µL in total) was incubated for 4 h at
room temperature. Ligated A1-R1 was recovered by ethanol
precipitation and purified by 10% denaturing PAGE.

In Vitro Selection Procedure.Each round of in vitro
selection consists of steps I-VIII illustrated in Figure 2
(sequences of DNA or RNA molecules are given in Figure
1).

Step I: The 104-nt library L1 was ligated to the 64-nt
A1-R1 substrate to yield 168-nt A1-R1-L1 constructs. The
reaction mixture containing 250 pmol of A1-R1, 250 of pmol
of L1, and 300 pmol of template T2 was heated at 90°C for
30 s and then cooled to room temperature. The 10× ligase
buffer (12.5µL) (supplied by the manufacturer) and 25µL
of T4 DNA ligase (5 Weiss units/µL) were added to the
mixture (250µL final volume). The resultant reaction mixture
was incubated for 4 h atroom temperature. It is noteworthy
that the 10× ligase buffer was actually used as a 20× stock
to minimize the activation of DNA catalysts by Mg2+ in the
buffer, since we found that T4 DNA ligase was as effective
in the reduced metal ion concentration.

Step II: A1-R1-L1 chimeras were recovered by ethanol
precipitation and purified by 10% denaturing PAGE.

Step III: A 2× selection buffer was added to an equal
volume of H2O in which the DNA pellet from step 2 was
dissolved. The resultant reaction mixture (with DNA con-
centration at∼0.1 µM) was allowed to stand at room
temperature for the following designated times: 5 h for G0-
G7, 30 min for G8, 5 min for G9-G11, 30 s for G12-G14,
and 5 s for G15 and G16. In the control selection experiment,
the reaction mixture was incubated for 5 h atroom temper-
ature for G0-G15. After the desired amount of time has
elapsed, a 2× volume of 45 mM EDTA (pH 8.0) was added
to the reaction mixture to stop the reaction. Selection buffer
A (composed of 50 mM HEPES, pH 7.0 at 23°C, 400 mM
NaCl, 100 mM KCl, 7.5 mM MnCl2, 50µM CuCl2, and 7.5
mM MgCl2) was used for the first eight rounds, and selection
buffer B (which was identical to selection buffer A with the
exception that CuCl2 was eliminated) was used for the
remaining selection rounds.

Step IV: The above reaction mixture was subjected to 10%
denaturing PAGE. The cleavage products of interest were
excised from the gel and recovered by ethanol precipitation.
The cleavage fragments with lengths between 104 and 154
nt were recovered during G0-G7 selection rounds. For the
remaining selection rounds, the cleavage product of∼143
nt was excised instead.

Steps V and VI: Two successive rounds of PCR were used
to amplify the recovered cleavage fragments. P1 and P2 were
used as the primer set for the first PCR reaction and P2 and
P3 for the second reaction (Figure 1). One-hundredth of the
double-stranded DNA product from the first reaction was
used as the template in the second reaction. Both reactions
were performed on a SmartCycler (Cepheid) and monitored
in real time using SYBR Green (Molecular Probes) as the
reporter. The second PCR mixture contained 20µCi of
[R-32P]dGTP to introduce radiolabels into the amplified DNA
products for visualization purposes. The second PCR also
used a ribo-terminated primer (P3) so that the 104-nt putative
catalytic DNA molecules could be regenerated by alkaline
digestion. PCR1 and PCR2 typically consisted of∼30 and
∼12 cycles, respectively (30 s at 94°C, 45 s at 50°C, and
40 s at 72°C).

In generation 8, a 15-nt extension was engineered onto
the existing 3′ primer-binding site, and a new P2 primer (5′-
CCA TCA GGA TCA GCT) was employed accordingly
during subsequent rounds of PCR. The 15-nt extension was
created during PCR2 using P3 and an elongated 30-nt primer
composed of the old and new P2 primer sequences (5′-CCA
TCA GGA TCA GCT ACT GCT GAT TCG ATG). The
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same procedure was used for the control selection experiment
using a different P2 primer (5′-TCA TCA GCT CCA GGA)
for subsequent rounds of PCR and a different 30-nt primer
for the first PCR2 reaction (5′-TCA TCA GCT CCA GGA
ACT GCT GAT TCG ATG).

Step VII: The amplified DNA from the second reaction
above was recovered by ethanol precipitation. Ninety mi-
croliters of 0.25 M NaOH was added to the DNA pellet,
and the resultant solution was heated at 90°C for 10 min,
followed by addition of 10µL of 3 M NaOAc (pH 5.5 at 23
°C). This alkaline treatment serves to cleave the embedded
RNA linkage.

Step VIII: The 104-nt cleavage fragments, with length
corresponding to that of the original library, were purified
by 10% denaturing PAGE. The recovered DNA molecules
were incubated with 10 units of PNK at 37°C for 1 h for
DNA phosphorylation in a 100µL reaction mixture contain-
ing 50 mM Tris-HCl, pH 7.8 at 23°C, 40 mM NaCl, 10
mM MgCl2, 1 mg/mL BSA, and 0.5 mM ATP. The
5′-phosphorylated DNA (denoted G1) was used for the
second round of selection. Steps I-VIII were repeated 17
times using the same procedure described for the first round
of selection except that the ligation reaction in step I was
conducted at1/10th scale (i.e., 25µL final volume; however,
all reaction components were maintained at the same
concentrations as in round 1).

Cloning and Sequencing of Selected DNA Populations.
DNA sequences from a relevant selection round were
amplified by PCR and cloned into a vector by the TA cloning
method. Plasmids containing individual catalysts were
prepared using the Qiagen mini-prep kit. DNA sequencing
was performed on a CEQ 2000XL capillary DNA sequencer
(Beckman-Coulter) following the manufacturer’s recom-
mended procedures.

CleaVage Site Determination.Individual A1-R1-L1 con-
structs made from DNA-I, DNA-II, and DNA-III populations
obtained in G7 (i.e., L1) DNA-I, DNA-II, and DNA-III,
respectively) were labeled with [γ-32P]ATP using PNK and
purified by PAGE. Each purified construct was allowed to
self-cleave in the presence of the selection buffer for 10 h
before each reaction was quenched by 30 mM EDTA. The
stopped reaction solution was combined with a urea-
containing denaturing gel loading buffer for PAGE analysis.
A partial RNA ladder was generated from A1-R1-DNA-II
by RNase T1 as follows (38): 32P-Labeled A1-R1-DNA-II
was dissolved in 7 M urea, 25 mM sodium citrate (pH 5.0
at 23°C), and 1 mM EDTA (pH 8.0 at 23°C). RNase T1
was added to the above solution to a final concentration of
10 units/µL. The mixture was incubated at 55°C for 15 min
and then combined with the gel loading buffer for PAGE
analysis. A full RNA ladder that accounts for all ribonucle-
otides was also generated from A1-R1-DNA-II using the
following procedure (38): 32P-Labeled A1-R1-DNA-II was
dissolved in 0.5 M Na2CO3 (pH 9.0 at 23°C), and the
mixture was then incubated at 90°C for 5 min before being
combined with the gel loading buffer for PAGE analysis.

Kinetic Analyses.A typical reaction involved the following
steps: (1) heat denaturation of the A1-R1-DNA pool
construct in water for 30 s at 90°C, (2) incubation for RNA
cleavage at room temperature in the selection buffer B for a
designated time, (3) addition of EDTA to 30 mM to stop
the reaction, (4) separation of cleavage products by denatur-

ing 10% PAGE, and (5) quantitation using a PhosphorImager
and ImageQuant software. For deriving the catalytic rate
constants, aliquots of an RNA-cleavage reaction solution
were collected at different reaction time points that were
under ∼30% completion, and the rate constant for the
reaction was determined by plotting the natural logarithm
of the fraction of DNA that remained unreacted vs the
reaction time. The negative slope of the line produced by a
least squares fit to the data was taken as the rate constant.

Quantification of ObserVed Sequence Identity.Sequences
were aligned on the basis of the location of their fixed primer-
binding sites and the aid of the Bioedit Sequence Alignment
Editor computer program. Once aligned, individual sequences
were grouped into common sequence classes based on an
arbitrarily set, 10% allowable base mutation threshold. In
other words, sequences that differed from one another by
no more than eight mutations (10% of the 80-nt random-
sequence domain) 8 bases) were grouped into a single
sequence class. Multiple sequence classes were formed in
each generation. A sequence identity matrix was generated
for each sequence class in each generation, using Bioedit.
The sequence identity matrix is simply anN × N matrix
(whereN ) number of sequences in a given class) that shows
the sequence identity (expressed as a number between 1 and
0, where 1 represents identical sequences and 0 represents
no identical bases in their current alignment) for each
pairwise permutation of all sequences being considered (in
this case for all sequences within a class). The average
sequence identity for each of theN sequences in a given
sequence class, relative to all otherN - 1 sequences in the
same class, was calculated, and the minimum of these values
was determined. This process was performed for each of the
sequence classes in a given generation. The minimum
average sequence identity observed for each of the sequence
classes in a generation was then averaged to yield the
“observed sequence identity within classes” values shown
for each generation in Figure 10C. A sequence identity matrix
was also generated for all of the sequences in a given
generation. From this matrix, the maximum and minimum
observed sequence identity between any two sequences from
different sequence classes was identified and recorded as the
“sequence identity between two closest classes” and “se-
quence identity between two farthest classes”, respectively,
in Figure 10C.

RESULTS

To investigate the relationship between the catalytic
sequence diversity and reaction time, we devised a simple
experimental protocol that consisted of three basic steps:
several rounds of in vitro selection to establish a catalytic
DNA population from a random-sequence pool, followed by
multiple rounds of in vitro selection with incrementally
decreasing reaction times to establish different time classes
of deoxyribozymes, followed by the cloning and sequence
analysis of a representative population from each time class.
Although there are a number of ways in which our objective
could have been approached, we adopted the following
design parameters to facilitate this endeavor.

RNA CleaVage as Model Reaction.RNA cleavage was
chosen as the model reaction for two reasons. First, RNA
cleavage is a relatively facile reaction, which is a desirable
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quality for a model system. A model reaction with a higher
degree of difficulty might obscure fundamental relationships,
simply because the random-sequence pool may have few
catalytic sequences to begin with. Second, RNA-cleaving
DNA enzymes are highly coveted for many innovative
applications. A DNAzyme known as 10-23 (10, 39) has been
studied for use in the targeted destruction of disease-causing
mRNAs in vivo (40-42). RNA-cleaving DNA enzymes are
also highly amenable to biosensor technology (40, 43-49).
Many recent studies have explored the potential of DNA
enzymes to serve as fluorescence-signaling probes that report
molecular recognition for targets including nucleic acids
(44-47, 50), small molecules such as ATP (18), and metal
ions such as lead (43) and manganese (17).

Library and Substrate Designs and Choice of DiValent
Metal Cofactors.When evaluating the relationship between
any two variables, there is always a risk that one or more
confounding variables may exist. In this study we did not
want to constrain the sequence diversity with anything but
the reaction time. Therefore, we tried to account for any
potential variables and limit their influence accordingly.

First, it was essential to use a DNA pool with the capacity
to yield highly diverse catalytic DNA sequences. Second, it
was desirable to adopt a substrate that could facilitate the
selection of catalytic DNAs. On the basis of these two
considerations, we decided to use 50 fixed-sequence ribo-
nucleotides and 80 random-sequence deoxyribonucleotides
as the substrate and putative catalytic domain, respectively.
By comparison, the longest RNA motif used to date had been
12 nt in conjunction with a 50-nt random-sequence domain
(10). The longest random-sequence domain (for RNA
cleavage) to date had been 74 nt in conjunction with a single
ribonucleotide cleavage domain (9). Whereas short substrate
and random-sequence domains may restrict the sequence
diversity, the relatively long substrate and random-sequence
domains employed in this study should have the opposite
effect. The 50-nt RNA substrate provides all 16 dinucleotide
junctions (2-3 times each) as possible cleavage sites, as well
as numerous sequence options that could serve as potential
binding sites for prospective DNAzymes. The 80-nt random-
sequence domain provides a large combinatorial advantage
for accessing diverse structures and more catalytically active
molecules. Of course, we do acknowledge that the benefits
of such a large random-sequence domain may be limited by
the small fraction of total available sequence space (∼1014

of 1048 possible sequences) that can actually be sampled in
any one experiment. Nevertheless, there is a sound theoretical
motivation for employing long random-sequence domains
(51).

The detailed design of our chimeric RNA/DNA library is
illustrated in Figure 1. Each molecule in the library contains
three key domains: a 14-nt DNA fragment (denoted A1)
precedes the 50-nt RNA substrate (denoted R1), which in
turn precedes another 104-nt DNA fragment (denoted L1).
L1 contains 80 random-sequence nucleotides that serve as
the putative catalytic domain, flanked by 9-nt and 15-nt fixed-
sequence domains at the 5′ end and 3′ end, respectively.
These two short DNA sequences serve as primer-binding
sites for PCR amplification. In a preliminary assessment, we
found that DNA primers as short as nine nucleotides could
be used byTaq polymerase for efficient DNA synthesis as
long as the annealing temperature was kept below 50°C

(data not shown). Therefore, we used a relatively short
primer-binding site in favor of an extended random-sequence
domain, which kept the overall length manageable (it is
generally known that the yield of chemical DNA synthesis
is significantly reduced for long DNA molecules). In
addition, most cleavage products will contain some ribo-
nucleotides at the 5′ end, which can also serve as part of the
primer-binding site since primer P1 shares some common
nucleotides with the 3′ end of the RNA substrate sequence.
This design feature should increase the PCR efficiency.
Therefore, PCR bias is not likely to have played a significant
role in the amplification of the predominantly observed
sequences. The G7 DNA pool exhibited extensive sequence
diversity (see below), which provides some experimental
evidence to suggest that PCR bias was not a factor. The RNA
motif, R1, is an artificial sequence that was carefully designed
to eliminate the occurrence of strong secondary structures
that might hinder access to certain dinucleotide sites.
Inclusion of the short DNA motif, A1, was intended for easy
separation of the cleavage fragments in our gel-based
selection strategy (see below). In addition, A1 could serve
as a binding arm for any potential deoxyribozymes that chose
the first few RNA dinucleotide junctions as cleavage sites.

In keeping with our desire not to impose limitations on
the sequence diversity by anything except the reaction time,
we selected Mg2+, Cu2+, and Mn2+ as metal cofactors.
Previously, we demonstrated that sequence diversity was
most abundant in deoxyribozyme populations derived from
the transition metal ions Cu2+ and Mn2+. In contrast, very
few catalytic sequences were derived when the main group
metal ions, Mg2+ and Ca2+, were included in the selection
buffer (31). These results were obtained in the context of a
DNA phosphorylation reaction. However, it is conceivable
that the observed trend may still be applicable to other types
of chemical transformations as well. For instance, many other
deoxyribozymes that catalyze RNA cleavage (15, 17, 19, 39)
or the synthesis of branched RNA (23) have been shown to
be highly specific for Mn2+ or highly active in the presence
of this metal cofactor. Mg2+ was included in the selection
buffer, since deoxyribozymes must be able to function in a
Mg2+-rich environment to be biologically relevant, and so
the inclusion of Mg2+ may facilitate the isolation of new
RNA-cleaving DNAzymes suitable for in vivo applications.

FIGURE 1: DNA sequences and their relationships. Each molecule
in the library (∼1014 DNA molecules) contains three key do-
mains: a 14-nt DNA fragment (A1) precedes a 50-nt RNA substrate
(R1), which in turn precedes another 104-nt DNA fragment (L1).
L1 contains 80 random-sequence nucleotides (N80) that serve as
the putative catalytic domain, flanked by 9-nt and 15-nt fixed-
sequence domains that serve as primer-binding sites for PCR
amplification. A1, R1, and L1 are ligated by T4 DNA ligase in the
presence of templates T1 and T2. Sequences denoted by P1, P2,
and P3 serve as primers during PCR.
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In Vitro Selection Strategy.In vitro selection was con-
ducted using the scheme shown in Figure 2. Each selection
cycle consists of eight steps. In step I, the A1-R1-L1
chimeras were assembled by T4 DNA ligase in a reaction
involving the use of A1-R1, 5′-phosphorylated L1, and a
synthetic DNA template T2 (A1 was ligated to R1 prior to
ligation with L1). The resultant DNA-RNA-DNA molecules
were purified by 10% denaturing PAGE (step II), followed
by incubation with divalent metal ion cofactors to promote
catalytic activity (step III). The reaction mixture, in parallel
with a sample containing two nucleic acid ladders (a 104-nt
ssDNA and a full-length 50-nt RNA/104-nt DNA chimera),
was subjected to 10% denaturing PAGE (step IV). The gel
segment within the two ladders was excised and eluted so
that all DNA molecules that cleaved a ribonucleotide linkage
anywhere in the RNA motif could be recovered. The isolated
DNAs were amplified by two consecutive PCR reactions
(steps V and VI). The first PCR reaction used P1 and P2 as
the primers. In addition to the 9-nt forward priming site, P2
contained 23 extra nucleotides at the 5′ end to introduce a
new forward priming site for the second PCR reaction, which
used primers P1 and P3. Since P3 was a ribo-terminated
primer, the DNA product from the second PCR reaction
could be digested under alkaline conditions to regenerate the
single-stranded deoxyribozyme sequences (step VII). The
DNA mixture was subjected to 10% denaturing PAGE and
DNA phosphorylation (step VIII), and the resulting phos-
phorylated 104-nt DNA was used to initiate the next round
of selection.

Establishment of Catalytic DNA Populations.Using the
method described by Li and Breaker (52), the uncatalyzed
rate of RNA cleavage under our selection criteria was
estimated to be∼3 × 10-7 min-1. Given the huge number
of molecules in the initial library (∼1014), we felt that it
would be a reasonable expectation that many sequences
would be capable of producing a rate enhancement of 104-

fold. This rate enhancement would correspond to a catalytic
population exhibiting akobsof ∼3 × 10-3 min-1. Therefore,
as a tentative approximation, we chose 5 h as theinitial
reaction time in step III (1÷ 3 × 10-3 min-1 ≈ 333 min or
5.5 h). Presumably, this reaction time would be stringent
enough to select for catalytically active molecules but still
allow for the establishment of a diverse pool of catalytic
DNA sequences.

In the first round (denoted generation 0 or G0), a pool of
∼1014 individual single-stranded RNA/DNA chimeras was
used. The RNA-cleavage reaction was performed in selection
buffer A, containing 7.5 mM Mg2+, 7.5 mM Mn2+, and 50
µM Cu2+ in addition to 50 mM HEPES, pH 7.0 at 23°C,
400 mM NaCl, and 100 mM KCl. Since a high concentration
of Cu2+ is known to be a denaturant to nucleic acid structures
(53, 54) and to exhibit strong inhibitory effects on the
enzymatic activities of several deoxyribozymes (26, 31, 32,
55), a relatively low concentration was used to minimize
these effects.

Eight rounds of in vitro selection were initially conducted,
and the progression of catalytic activity is illustrated in Figure
3. No cleavage product was observed in generations 0-4.
However, three different cleavage bands were identified in
G5, and the cleavage yields increased in G6. The data suggest
that we established a catalytic DNA population that cleaved
the attached RNA substrate at three different linkages or
regions. Each DNA band in G6 (labeled as I, II, and III in
Figure 3) was carefully excised, and the eluted DNA was
amplified separately. The resulting three DNA populations,
denoted DNA-I, DNA-II, and DNA-III (Figure 3), were
treated separately for RNA cleavage in the eighth round of
selection (G7). Each DNA population produced a primary
cleavage band that corresponded well with the band that had
been selected in G6, suggesting that DNA-I, DNA-II, and
DNA-III cleaved the RNA substrate at either a defined
linkage or one of the closely located linkages.

Metal Specificities of Selected Populations.As indicated
in Figure 3, all three DNA populations from G7 required
divalent metal cofactors for their cleavage activities. The next

FIGURE 2: In vitro selection scheme. Each round of in vitro selection
consists of steps I-VIII: (I) The A1-R1-L1 chimeras are con-
structed by DNA/RNA ligation. (II) The ligated 168-nt A1-R1-L1
is isolated by 10% denaturing PAGE. (III) The catalytic DNA
molecules are activated by incubation with divalent metal ions for
a designated period of time, followed by quenching with EDTA.
(IV) The 104-nt to 154-nt cleavage fragments are isolated by PAGE.
(V) The recovered DNAs are amplified by PCR using primers P1
and P2. (VI) The 127-bp PCR product from step V is reamplified
using primers P1 and P3 to incorporate a ribonucleotide linkage
within the DNA. (VII) The double-stranded DNA products are
treated with NaOH to cleave the RNA linkage. (VIII) The 104-nt
single-stranded DNA is purified by PAGE, phosphorylated at the
5′ end, and used to initiate the next round of in vitro selection.

FIGURE 3: Establishment of catalytic DNA populations. The first
lane represents a control indicating positions in a 10% denaturing
PAGE gel corresponding to A1-R1-L1, R1-L1, and L1 (R1-L1 and
L1 define the size boundaries of potential cleavage fragments). The
remaining lanes illustrate the cleavage activity for generations 0-7.
Three different cleavage bands were identified in G5, and the
cleavage yields increased in G6. Each DNA band in G6 (labeled I,
II, and III) was excised and treated separately for RNA cleavage
in G7. All three DNA populations are dependent on divalent metal
cofactors for catalytic activity.-M ) without metal cofactors;+M
) with metal cofactors. The RNA-cleavage reaction was performed
in a selection buffer containing 50 mM HEPES, pH 7.0 at 23°C,
400 mM NaCl, 100 mM KCl, 7.5 mM MnCl2, 50 µM CuCl2, and
7.5 mM MgCl2.
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logical step was to assess each DNA population for individual
metal dependences (Figure 4). DNA-I was most active in
the presence of Cu2+ but only slightly active when Mg2+ or
Mn2+ was used as the sole metal cofactor. DNA-II was able
to use all three divalent metal ions, though it was most active
with Mn2+ and the least active with Mg2+. DNA-III was also
active with all three metal ions, but again Mn2+ was preferred
over the other two metal ions. DNA-II and DNA-III exhibited
the most robust activity in the presence of Mn2+ (15 mM
MnCl2), cleaving∼60% and∼50% of the attached RNA
substrate in 5 h, respectively. DNA-I displayed the least
activity, having cleaved just under 15% of the DNA/RNA
chimera in the allotted 5 h, in a buffer containing 15 mM
MgCl2 and 50µM CuCl2.

Target Site Identification.A cleavage reaction mixture
from G7 (produced in selection buffer A) was subjected to
PAGE, and a long running time was used to promote optimal
fragment separation. The gel fragments containing DNA-I,
DNA-II, and DNA-III were carefully excised to avoid
overlapping contamination. After PCR amplification in the
absence of an internal32P label and ligation with the A1-R1
substrate sequence, each self-cleaving DNA/RNA construct
was labeled with [γ-32P]ATP using PNK and purified by
PAGE. Experiments were then conducted to determine the
RNA-cleavage site for each DNA population (Figure 5; lane
1 shows a partial RNA ladder generated by RNase T1 that
identifies all Gs in the substrate domain; lane 2 is a full RNA
ladder generated by alkaline digestion that accounts for all
ribonucleotides; lanes 3-5 are reaction products of self-
cleaving DNA-II, DNA-III, and DNA-I, respectively). The
results indicate that each DNA population cleaved a specific
site within the 50-nt RNA domain (shown in Figure 5C):
DNA-I cleaved C42-A43 (see the expanded gel section shown
in Figure 5B), DNA-II cleaved the G11-G12 junction, and
DNA-III cleaved A5-G6 (Figure 5A). The precise reasons
for these preferred cleavage sites have yet to be determined.

However, we speculate that the preference was likely
influenced by the intrinsic secondary or tertiary structure
properties of the RNA motif, which may have made the three
sites more prone to cleavage.

Selecting Catalytic DNA Populations Using ProgressiVely
Reduced Reaction Times.A preliminary sequence analysis
indicated that each of the three DNA subpopulations
contained a diverse pool of catalytic sequences (data not
shown). We decided to subject DNA-II to additional rounds
of in vitro selection under progressively reduced reaction
times. The DNA-II population was specifically selected
because it exhibited the highest cleavage activity in G7. At
this stage, we felt it was no longer advantageous to include
Cu2+ in the selection buffer, given its potential denaturant
and inhibitory effect on deoxyribozymes. The DNA-II
population had already been established and was most active
in the presence of Mn2+. Therefore, from generation 8
onward, we used a selection buffer that consisted of 7.5 mM
MnCl2, 7.5 mM MgCl2, 100 mM KCl, 400 mM NaCl, and
50 mM HEPES.

In generation 8, a 15-nt extension (5′-AGCTGATCCT-
GATGG) was engineered onto the existing, conserved 3′
primer-binding site, and a new P2 primer was employed in
all subsequent rounds of PCR. This alteration would be used
to assess the level of spontaneous mutagenesis occurring
during PCR by measuring the number of acquired mutations
in the “old” 15-nt P2 primer-binding site (designated as MP2

FIGURE 4: Metal specificities of selected populations. DNA-I, -II,
and -III from G7 were assessed for their respective RNA-cleavage
abilities in the presence of different divalent metal cofactors. The
first lane represents a control indicating positions in a 10%
denaturing PAGE gel corresponding to DNA/RNA sequences A1-
R1-L1, R1-L1, and L1. DNA-I was most active in the presence of
Cu2+ but only slightly active when Mg2+ or Mn2+ was used as the
sole metal cofactor. DNA-II was able to use all three divalent metal
ions, though it was most active with Mn2+ and the least active with
Mg2+. DNA-III was also active with all three metal ions, but again
Mn2+ was preferred over the other two metal ions. Each reaction
mixture contained 50 mM HEPES, pH 7.0 at 23°C, 400 mM NaCl,
and 100 mM KCl, in addition to 50µM CuCl2 and 15 mM MgCl2
for Cu, 15 mM MnCl2 for Mn, or 15 mM MgCl2 for Mg.

FIGURE 5: Target site identification. (A) Each A1-R1-L1 DNA-I,
-II, and -III construct was 5′ end-labeled with [γ-32P]ATP using
PNK, purified by PAGE, and then used in experiments to determine
the RNA-cleavage site for each DNA population. Lane 1 is a partial
RNA ladder generated by RNase T1 that identifies all Gs in the
substrate domain. Lane 2 is a full RNA ladder generated by alkaline
digestion that accounts for all ribonucleotides. Lanes 3-5 are the
reaction products of self-cleaving DNA-II, -III, and -I, respectively.
(B) An expanded view of the gel section from (A) corresponding
to the cleavage site for DNA-I. (C) Sequence of the 50-nt RNA
substrate domain with specific cleavage site positions indicated by
arrows. DNA-I cleaved C42-A43, DNA-II cleaved the G11-G12
junction, and DNA-III cleaved A5-G6.
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for convenience). Ultimately, this information would provide
some quantitative criteria for the assignment of individual
sequences into common sequence classes (see below).

Nine more rounds of in vitro selection were performed,
while the reaction time was progressively reduced from 5 h
(G0-G7), to 30 min (G8), to 5 min (G9-G11), to 30 s
(G12-G14), and finally to 5 s (G15, G16). The in vitro
selection progress is depicted in Figure 6. The reaction times
were chosen somewhat arbitrarily, based largely on how the
population responded to the given time challenge. The
reaction time was reduced when the population achieved a
robust cleavage activity (∼30% cleavage) or exhibited a
leveled activity over two to three selection rounds. The
selection was discontinued at G16, since it would not be
practical to reduce the reaction time below 5 s using manual
quenching methods.

Generations 7 (DNA-II population only), 8, 10, 13, and
15 were selected for analysis of their sequence diversity.
These particular generations were chosen because they
collectively represent all five different reaction times em-
ployed in the study, and each displayed fairly robust activity.
A kinetic assay was conducted for each DNA population to
confirm their catalytic ability (Figure 7). All populations
exhibited significant rate enhancements ranging between
∼105- and∼106-fold over the corresponding rate of uncata-
lyzed RNA cleavage. Generation 15 exhibited akobsof ∼0.62
min-1. By comparison, the current repertoire of DNA
enzymes exhibit rate constants that fall between 0.01 and
10 min-1, though most do not exceed 1 min-1 (4).

Sequence Analysis.G7 (DNA-II population), G8, G10,
G13, and G15 were cloned, and approximately 50 clones
from each population were sequenced to reveal the diversity
within (all sequences are given in Supporting Information,
Figure 1, by generation). As a first approximation to facilitate
the bulk sorting of sequences into tentative classes, we chose
an arbitrary minimum requirement of 90% sequence identity
between sequences (i.e., the bases in at least 72 locations
within the 80-nt random-sequence domain are identical) and
employed the Bioedit Sequence Alignment Editor computer

software to aid in the alignment and grouping of sequences
(Supporting Information, Figure 2, lists all sequences by
class).

Figure 8 summarizes the data in both graphical and
tabulated form. In total, 245 clones were sequenced and 110
classes were revealed. As a measure of the sequence diversity
within each population, the “sequence diversity ratio” was
established. The diversity ratio is defined as the ratio of
observed sequence classes over the total number of se-
quenced clones (Figure 8A). A plot of the sequence diversity
ratio versus the reaction time (Figure 8B) shows good
adherence (R2 ) 0.96) to alogarithmicregression trend line.
In general, the sequence diversity is observed to decrease
with decreasing reaction time. For practical reasons, only
∼50 clones were sequenced per population; however, we
anticipate that the relationship would be consolidated by even
more sequence data. Figure 8C shows the frequency and
distribution of individual clones within each generation.
While most classes (39 out of 43) in G7 existed as a single
copy (represented by “39× 1” in Figure 8C, where “39”
stands for 39 classes and “×1” stands for a single copy),
most classes in G15 had 4-15 copies each. Figure 9 traces
the evolution of all of the sequence classes from G7 to G15.
All but one of the sequences in G15 are represented in a
preceding generation. Interestingly, the two dominating
sequence classes in G15, SC1 and SC2 (15 and 14 copies,
respectively), did not dominate in G13 and are not even
observed in preceding generations. On a similar note, the
two dominating sequence classes in G10, SC6 and SC17 (8
copies each), appear to play very minor roles in the terminal
population.

To assess the degree of sequence diversity present in each
population, it was necessary to establish some criterion for
the assignment of sequenced clones into common sequence
classes. Although in vitro selection, rather than evolution
(56), was intentionally employed throughout the course of

FIGURE 6: In vitro selection progress of DNA-II. Nine additional
rounds of in vitro selection were performed on DNA-II after G7,
while the reaction time was progressively reduced from 5 h (G0-
G7), to 30 min (G8), to 5 min (G9-G11), to 30 s (G12-G14),
and finally to 5 s (G15, G16). The reaction time was reduced when
the population achieved a robust cleavage activity (∼30% cleavage)
or exhibited a leveled activity over two to three selection rounds.
The selection was discontinued at G16, since it would not be
practical to reduce the reaction time below 5 s using manual
quenching methods.

FIGURE 7: Kinetic characterization of selected generations from
DNA-II. Time courses and correspondingkobs values for DNA
populations from selected generations representing each of the five
selection times (G7) 5 h, G8) 30 min, G10) 5 min, G13) 30
s, and G15) 5 s). The time points used for each time course are
indicated above the relevant lanes. All populations exhibited
significant rate enhancements ranging between∼105- and∼106-
fold over the corresponding rate of uncatalyzed RNA cleavage
(∼10-7 min-1). The rate constant was taken as the negative slope
of the line produced by a least squares fit to a plot of ln(fraction of
DNA uncleaved) versus reaction time.
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this study, sequence classification would not be entirely
straightforward sinceTaqpolymerase does have a measurable
error rate that would lead to some level of spontaneous
mutagenesis during the PCR amplification steps.

Next, we wanted to determine if the above classification
criterion was vigorous enough to provide an accurate measure
of the sequence diversity. To this end, mutational statistics
were compiled to compare the theoretically expected, versus
experimentally observed, degree of sequence identity be-
tween sequences within a class. Rather than use the published
Taq polymerase error rate that is not specific to our PCR
conditions, we used a more informative experimental ap-
proach to establish expected values for the sequence identity.
Figure 10A summarizes the mutational data derived from
the former P2 primer-binding site (MP2). As mentioned
previously, starting from generation 8 this 15-nt sequence
was no longer used as a primer-binding site and was therefore
susceptible to PCR-induced mutations. Moreover, the mu-
tational data gained from this region could be used to predict
the maximum expected number of mutations in the random-
sequence domain (Figure 10B).

The total number of mutations per generation (point
mutations, deletions, and/or insertions) were counted and
used in conjunction with the total number of sequences per
generation to determine the overall mutational rate per
nucleotide per generation, denoted as “y”, wherey ) (total

number of mutations)/(15× total number of sequences).
Parameter “x” represents the number of rounds of selection
that MP2 underwent, simply calculated as the overall
generation number minus 7. The expected number of
mutations in the 80-nt random-sequence domain (calculated
as y × 80) and the observed number of mutations in the
SC5 sequence class are also illustrated for comparative
purposes. SC5 is a unique sequence class in that it contained
representatives from each generation, which allowed us to
catalog the average number of acquired mutations in each
generation relative to G7. In every case, theobserVednumber
of mutations is lower than theexpectednumber of mutations.
Figure 10B is a plot of the parametersy versusx. The graph
shows exceptional adherence (R2 ) 0.999) to a logarithmic
regression trend line and was used to predict the mutational
rate per nucleotide for generations 8, 10, 13, and 15 through
extrapolation of the data. Figure 10C compares the predicted
and observed percent sequence identity within a sequence
class and also provides some additional statistics for perspec-
tive. The observed within-class sequence identity values
represent the minimum average value of all possible per-
mutations (see Experimental Procedures). The predicted
number of mutations (second row of Figure 10C) for G7 to
G15 was calculated using the equation derived from Figure
10B, and the predicted sequence identity between sequences
within a class (third row) was then determined from this
value. In each generation, theobserVedwithin-class sequence
identity (fourth row) is higher than the predicted value. The
sequence identities between the two closest (fifth row) and
two farthest sequence classes (sixth row) are provided as
further validation of our proposed sequence classifications.
The maximum observed identitybetweensequence classes
does not exceed 53%, whereas the minimum observed
sequence identitywithin sequence classes is∼93%. Con-
sidering that our original combinatorial DNA library covered

FIGURE 8: Summary statistics relating sequence diversity to reaction
time. (A) DNA populations from G7 (5 h), G8 (30 min), G10 (5
min), G13 (30 s), and G15 (5 s) were cloned and sequenced. As a
measure of the sequence diversity within each population, the
sequence diversity ratio was established. This diversity ratio is an
arbitrary parameter defined as the ratio of unique sequence classes
over the total number of sequenced clones. (B) The sequence
diversity ratio vs reaction time. The sequence diversity ratio from
(A) is illustrated graphically, along with the equation of the line of
best fit. The correlation coefficient,R, indicates good adherence to
a logarithmic regression trend line. (C) The sequence distribution
and frequency for each generation are indicated as (number of
different sequence classes)× (number of sequenced clones in each
class).

FIGURE 9: A catalytic DNA landscape. A catalytic DNA landscape
was constructed to trace the rise and fall of individual sequence
classes through time and sequence space. Generations 7, 8, 10, 13,
and 15 are plotted against all of the catalytic DNA classes. The
number of sequence copies in each DNA sequence class is
illustrated in the third dimension. For simplicity, the total number
of single-copy/single-generation sequence classes (those classes
composed of only one sequence and occurring only in one
generation) in each generation is depicted as a single bar at the far
right of the graph.
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only a miniscule fraction of the entire sequence space
available to 80 random nucleotides (which is 1.5× 1048,
though only∼1014 molecules were actually used), it seems
highly probable that the individual sequences within a
sequence class were derived from a single parental sequence
in the original library. The preceding analysis suggests that
our sequence classifications are adequate.

DISCUSSION

Even a decade after its inception, the underlying processes
that govern the outcome of in vitro selection still remain

somewhat of a mystery. Presumably, with a better under-
standing of the selection process we can devise better
experimental designs and protocols that will ultimately yield
better enzymes. The objective of this study was to help to
increase our understanding of the pathway by which all DNA
enzymes are created, by elucidating one aspect of in vitro
selection. Specifically, we wanted to examine the relationship
between the sequence diversity and the reaction time as a
selection pressure. Sequence diversity is a primary consid-
eration in deoxyribozyme selection studies because their
success is predicated entirely on probability. In order for an
in vitro selection experiment to succeed, at least one DNA
molecule in a combinatorial library must possess some
penchant for catalysis. Therefore, adequate sequence diversity
is a prerequisite for success. Deoxyribozyme engineers
control the reaction time and use it as one means to
manipulate the sequence diversity in favor of more efficient
DNA enzymes.

After 17 rounds of in vitro selection with DNA-II, we
obtained a population of single-stranded DNA molecules that
catalyze efficient (kobs ∼ 0.62 min-1) cleavage of a G-G
ribonucleotide junction within a 50-nt RNA substrate. The
reaction time was reduced four times through the course of
our experiment (from 5 h in G0-G7, to 30 min in G8, to 5
min in G9-G11, to 30 s in G12-G14, to 5 s in G15 and
G16), and one representative population from each time class
was cloned and sequenced. The relationship between se-
quence diversity and reaction time is illustrated in Figure
8B. In general, a decline in sequence diversity is observed
with decreasing reaction time, and the relationship appears
to be logarithmic. At least for the selection of RNA-cleaving
deoxyribozymes, it seems that an initial reaction time greater
than 5 h might be unnecessary. At 5 h the sequence diversity
ratio is >0.90, and any sequence diversity gained from an
even longer reaction time might not justify the additional
time investment. Although it has not been experimentally
confirmed, we suspect that the general logarithmic relation-
ship is applicable to other chemical transformations as well.
However, for more complex reactions exhibiting lower
background rates, we expect the trend line to fall below that
observed for the RNA-cleavage reaction in Figure 8B and
perhaps shifted to the left. Presumably, fewer catalytic DNA
sequences will exist in a given random-sequence pool,
leading to a reduction in the observed sequence diversity.
In this case, an initial reaction time greater than 5 h may be
required.

It would be of interest to know the theoretical basis for
this logarithmic dependence, although we cannot ourselves
offer an adequate explanation at this point in time. The
logarithmic relationship between the sequence diversity and
reaction time may conceal some deeper fundamental rela-
tionship between the sequence diversity and catalytic activity
of the deoxyribozyme inhabitants in a given selected pool.
As a selection pressure, the reaction time must reflect the
intrinsic catalytic rate of the population, so this hypothesis
may have some merit. Graphical manipulation of the diversity
ratio versuskobs data (i.e., with and without log axes) yields
some interesting relationships (data not shown), but whether
they are meaningful remains to be answered.

The 5 h G7population boasts 43 sequence classes in
contrast to the 8 discrete sequences observed in the 5 s G15
population (Supporting Information, Figure 1). The 8 se-

FIGURE 10: Mutational analysis and sequence classification sta-
tistics. (A) Summary of the mutational characteristics of the former
P2 primer-binding site (denoted MP2). The total number of
mutations in this 15-nt region per generation was counted and used
in conjunction with the total number of sequences per generation
to determine the overall mutational rate per nucleotide per genera-
tion, denoted asy. Parameterx is equivalent to the number of rounds
of selection that MP2 underwent. Theexpectednumber of mutations
in the 80-nt random-sequence domain and theobserVed average
number of mutations in the SC5 sequence class (relative to G7)
are also given for comparative purposes. (B) A correlational graph
of parametersy versusx. Triangles represent real data points, while
circles represent extrapolated data points. The equation of the line
of best fit can be used to estimate the mutational rate per nucleotide
for generations 8, 10, 13, and 15. (C) Sequence classification
statistics. The predicted number of mutations per 80-nt random-
sequence domain was calculated on the basis of the equation from
(B), and thepredictedsequence identity among sequences within
a sequence class was determined from this value. TheobserVed
sequence identity among sequences within a class based on our
proposed classification (see Experimental Procedures) is also shown.
For comparison, the observed sequence identitybetweenclasses
for the two closest and two farthest sequence classes in each
generation is also detailed.
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quence classes in G15 are somewhat surprising given the
demanding selective pressure used in this generation. How-
ever, closer scrutiny shows that 92% of all sequences are
distributed over 5 sequence classes, and 58% of all sequences
are distributed over just 2 classes. Interestingly, the two most
abundant sequences occur in approximately equal frequency
and share the same 14-nt consensus sequence within the full-
length 80-nt random domain. Thus, these twosequence
classes may represent two very closely relateddeoxyribozyme
classes.

PreValence of 8-17.Prior to this study, an RNA-cleaving
deoxyribozyme known as 8-17 had been identified in four
independent in vitro selection studies (9, 10, 14, 19). Not
surprisingly, a thorough examination of all sequenced clones
from generations 7, 8, 10, 13, and 15 revealed numerous
representatives of this seemingly ubiquitous DNA motif (see
Supporting Information, Figure 1). Figure 11A illustrates
eight deoxyribozyme sequences from G15, one from each
sequence class (they are named DZ1-DZ8, corresponding
to the top sequence of each sequence class given in
Supporting Information, Figure 1). All of the deoxyribozyme
sequences appear to contain a variant of the 8-17 motif close
to the 5′ end. Figure 11B illustrates the putative secondary
structure arrangement of each discrete sequence observed
in G15 as it might potentially interact with the substrate
domain. These motifs are key suspects for the observed
catalytic activity since they correspond very well with the
original secondary structure description proposed by Santoro
and Joyce (10) and contain the following four demonstrated
features (10, 14, 19, 39): (1) a G‚T wobble at the cleavage
site; (2) a 3-bp stem; (3) the conserved A and G in the
bottom-left triloop (italicized), and (4) the conserved C and
G in the single-stranded region opposite the cleavage site
(italicized) except for DZ4, which only has a C inthis region
but has several adenines. Synthetic oligonucleotides corre-
sponding to each putative deoxyribozyme exhibited strong
RNA-cleavage activity toward the RNA substrate R1 in trans
as between 68% and 96% of R1 was cleaved in 2 h under a
single-turnover condition ([DNAzyme]) 5 µM, [R1] ) 0.05
µM; data are shown in Supporting Information, Figure 3).
This analysis suggests that the suspected 8-17 motifs are

indeed responsible for the catalytic activity.
Interestingly, the prevalence of the small 8-17 motifs may

account for the high degree of sequence diversity observed
in our selection study. In other words, another independent
in vitro selection experiment for RNA-cleaving DNA
enzymes may potentially reveal a lower degree of sequence
diversity for a given reaction time, if the occurrence of 8-17
is somehow avoided, whether it is by chance or by design.
Nevertheless, we expect the logarithmic relationship between
the sequence diversity and reaction time to remain intact,
since the presence of 8-17 would represent a systematic
increase in the frequency of observed catalytic sequences in
each time class, which may affect the absolute position of
the trend line in Figure 8B, rather than the nature of the
relationship itself. This hypothesis will be tested using other
in vitro selection studies in the future.

Though discouraging for those in search of new RNA-
cleaving DNAzyme motifs, the recurrence of 8-17 is not
surprising. In vitro selection is, after all, predicated on the
old adage of “survival of the fittest”. 8-17 has many favorable
characteristics that make it highly fit, in an evolutionary
context. Its large catalytic rate coupled with its ability to
function under various metal ion conditions, as well as its
capacity to cleave multiple dinucleotide junctions, allows
8-17 to readily survive and propagate under typical selection
pressures imposed during most in vitro selection experiments.
Furthermore, the catalytic core of 8-17 is quite small and
the base composition highly variable, which means that this
motif is likely to be present at a relatively high frequency in
any given library. Taken together, these traits give 8-17 a
highly competitive edge and a unique ability to “hijack” in
vitro selections. Indeed, this motif likely represents a kind
of evolutionary trap, a strong local optimum in the adaptive
fitness landscape as described by Lehman in his discussion
of the factors that influence the recurrence of nucleic acid
enzymes (57).

Catalytic Fitness Landscape.Figure 9 illustrates the
distribution and frequency of sequenced clones from G7 to
G15. The fitness landscape is essentially flat in G7, due to
the relatively permissive reaction time used in this generation.
However, most of the sequences that flourished during earlier

FIGURE 11: G15 sequence classes and the putative 8-17 motifs. (A) The sequences of 49 clones from G15 grouped into eight discrete
sequence classes, DZ1-DZ8. The number of clones that appeared in each sequence class is shown at the right of each sequence. Variants
of the 8-17 motif are underlined for easy recognition. (B) Putative 8-17 secondary structure arrangements for DZ1-DZ8 (lower sequence)
and their possible binding interactions with the substrate domain (upper sequence). For simplicity, only the 8-17 concerning region is
depicted.
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generations are absent by G15, presumably because they
could not contend with the increasing stringency of the
shorter reaction times imposed during in vitro selection. The
ancestral sequences of most G15 sequences were not
detectable in G7. These G15 sequences may be the progeny
of previously inefficient catalysts that acquired advantageous
mutations during the PCR step of subsequent selection
rounds, or they may have simply escaped previous observa-
tion due to a highly diverse sequence pool and the limited
sample set chosen for sequence analysis. Interestingly, the
sequences that dominate in the middle pool (G10) do not
appear to dominate in the terminal pool, which is consistent
with the findings presented in a previous study involving
the isolation of ligase ribozymes (58). Presumably, these
sequences were outcompeted by other more proficient
catalytic motifs under the increased selection pressure.

A Control Experiment.In our proposed experimental
design we have simultaneously changed two independent
variables (i.e., reaction time and the number of selection
rounds) while trying to evaluate the effect of only one on
the sequence diversity. Therefore, to clearly delineate the
individual roles of each variable, we devised a control
experiment to examine the effect of simply increasing the
number of rounds of selection without changing the selection

pressure (i.e., no reduction in reaction time). We started with
the DNA-II population from G7 and conducted eight
additional rounds of selection using a constant reaction time
of 5 h. To help to prevent cross-contamination between the
two selection experiments, a different 15-nt 3′ primer-binding
site (5′-TCCTGGAGCTGATGA) was appended to the G8
control population. Both of the new primer-binding sites
contained the same frequency and similar distribution of the
four standard nucleotides to minimize unequal PCR ampli-
fication efficiency between primers. As an added barrier to
cross-contamination the two selection experiments were
conducted sequentially in time, rather than in parallel.

Figure 12A summarizes the results of the control experi-
ment in the same format as was presented in Figure 8A for
the original selection experiment. A plot of the sequence
diversity ratio versus the number of selection rounds (Figure
12B) shows good adherence (R2 ) 0.95) to a linear regression
trend line having a slightly negative slope of-0.03 diversity
ratio units/selection round, which corresponds to a loss of
∼2 sequence classes per selection round (assuming a
population sampling size of 50 clones). They-intercept (i.e.,
1.16) exceeds the theoretical maximum value for the diversity
ratio, which is defined as 1 since the number of sequence
classes (the numerator) can only be less than or equal to the
number of sequenced clones (the denominator). This obser-
vation is likely an artifact of the limited population sampling
size (i.e.,∼50 clones) used in this study. Interestingly, the
diversity ratio is equal to 1 when the selection round is
approximately 5, which corresponds to the appearance of
the first detectable catalytic populations (see Figure 3). Figure
12C shows the frequency and distribution of individual
clones within each generation. Despite many rounds of
selection, the 5 h G15 control population does not exhibit
any dominant sequence classes as was characteristic of the
5 s G15 population. There are no sequence classes with more
than four clones, and the vast majority of classes have only
one or two members.

The linear dependence observed between the diversity ratio
and selection round in Figure 12B indicates that the
logarithmic relationship observed in Figure 8B is largely due
to the reaction time with little contribution from the number
of selection rounds. Nevertheless, the slightly negative slope
in Figure 12B cannot be ignored. We can suggest two
possible reasons that may account for the modest decrease
in sequence diversity that occurs with increasing rounds of
selection, in the absence of any change in selection pressure.
First, PCR bias may be involved, in which case the additional
rounds of selection become somewhat counterproductive,
since the sequence variants are being propagated on the basis
of their amplification efficiency rather than their catalytic
efficiency. Second, some sequences may become slightly
enriched because of superior catalytic efficiency but will not
have the opportunity to fully exploit that advantage and
dominate the population, simply because there is no adequate
selective pressure acting to eliminate the lower fitness
sequence variants. Interestingly, if we presume this linear
dependence is constant over future generations, extrapolation
of the data suggests it would take approximately 30 rounds
of selection to match the sequence diversity observed in the
5 s G15 population.

PerspectiVe and Significance.The reaction time is a key
parameter of in vitro selection experiments. However, a

FIGURE 12: Summary statistics relating sequence diversity to
selection round with constant selection pressure. (A) A control
experiment was conducted to evaluate the effect of increasing the
number of rounds of selection on the sequence diversity, using a
constant reaction time of 5 h. DNA populations from G7, G8, G10,
G13, and G15 of the control experiment were cloned and sequenced.
The diversity ratio is an arbitrary parameter defined as the ratio of
unique sequence classes over the total number of sequenced clones.
(B) The sequence diversity ratio vs selection round. The sequence
diversity ratio from (A) is illustrated graphically, along with the
equation of the line of best fit. The correlation coefficient,R,
indicates good adherence to a linear regression trend line. (C) The
sequence distribution and frequency for each generation are
indicated as (number of different sequence classes)× (number of
sequenced clones in each class).
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review of the literature generally reveals a lack of consensus
as to what reaction time(s) will yield the best results. This,
of course, is consistent with the fact that no one really knows
the answer. Ultimately, our study may add some measure
of justification to a choice that is currently made rather
arbitrarily.

Although multiple reaction times may be employed in a
selection experiment, the length of theinitial reaction time
is probably the most important choice to make. This is
because the initial library of DNA molecules (forN g26 nt
and library sizee1016) contains only one or a few copies of
each sequence variant, and so the sequence diversity is
especially vulnerable to random DNA losses. For instance,
only a fraction of the starting DNA sample (50-80%) is
recovered following a typical PAGE purification step due
to incomplete elution. Fortunately, as selection progresses,
the catalytic DNA sequences become more resilient to
random and inherent experimental losses, since multiple
copies of each sequence variant will come to exist after PCR
amplification.

Not surprisingly, deoxyribozyme engineers try to establish
the catalytically active DNA population as quickly as
possible. However, one must try to balance the “need for
speed” with prudent judgment and be careful not to introduce
too much selection pressure too fast. While it seems logical
to use a highly stringent reaction time to select for highly
efficient deoxyribozymes, doing so may not necessarily yield
the best results. There could be some DNA molecules that
possesslatent catalytic ability, which would be lost under
conditions that are initially too stringent. These DNA
molecules may simply need to be optimized at a few base
locations to expose their full catalytic capacity. Optimization
could occur passively, during standard PCR from random
mutations, or aggressively, by employing hypermutagenic
PCR to introduce mutations at a high frequency.

The reaction time has varied widely from one in vitro
selection study to another, reflecting different objectives and
different opinions on the relative merits of long versus short
reaction times. We recommend a long initial reaction time
to establish a diverse catalytic DNA population to which
further demanding selection pressure can later be applied.
This is a conservative, but effective approach for the
following reasons. First, a longer reaction time is equated
with greater sequence diversity, which in turn provides more
potential DNA motifs for catalysis. Second, extremely
efficient DNA enzymes can still be obtained by imposing
stringent reaction times during later rounds of selection and
by employing mutagenic PCR to introduce favorable muta-
tions. Third, it minimizes the loss of latent DNA enzymes
during the initial rounds of selection when the population
diversity is especially vulnerable to random experimental
losses. Fourth, it will provide an opportunity to perform
reselection on a diverse pool at a later date, perhaps to select
for some other desirable feature. Finally, as a worst case
scenario, the use of a long initial reaction time might entail
the unnecessary expenditure of time and resources. By
contrast, the worst case scenario of using a reaction time
initially too stringent could be an in vitro selection experi-
ment that completely fails.

This study serves as a preliminary effort toward the
comprehensive elucidation of the factors that influence in
vitro selection. Future experiments will involve different

model reactions, as well as different aspects of study, such
as the length of the random-sequence domain.
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SUPPORTING INFORMATION AVAILABLE

Sequence classes within generations (Figure 1), sequences
of each generation grouped into sequence classes (Figure
2), and PAGE-based assay for assessing activities of the
suspected 8-17 motifs embedded in the sequences of the eight
deoxyribozyme classes in G15 (Figure 3). This material is
available free of charge via the Internet at http://pubs.acs.org.
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