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ABSTRACT: In a previous study [Beaudry, A. A., & Joyce, G. F. (1992) Science 257, 635-641], an in vitro
evolution procedure was used to obtain variants of the Tetrahymena ribozyme with 100-fold improved
ability to cleave a target single-stranded DNA under physiologic conditions. Here we report continuation
of the in vitro evolution process to achieve 10°-fold overall improvement in DNA-cleavage activity. In
addition, we demonstrate that, by appropriate manipulation of the selection constraints, one can optimize
specific catalytic properties of the evolved ribozymes. We first reduced the concentration of the DNA
substrate 50-fold to favor ribozymes with improved substrate binding affinity. We then reduced the reaction
time 12-fold to favor ribozymes with improved catalyticrate. Inboth cases, the evolving population responded
as expected, first improving substrate binding 25-fold, and then improving catalytic rate about 50-fold. The
population of ribozymes has undergone 27 successive generations of in vitro evolution, resulting in, on
average, 17 mutations relative to the wild type that are responsible for the improved DN A-cleavage activity.

In vitro selection and in vitro evolution techniques allow
new catalysts to be isolated without a priori knowledge of
their composition or structure. Such methods have been used
to obtain RNA enzymes with novel catalytic properties.
Ribozymes that undergo autolytic cleavage with lead cation
have been derived from a randomized pool of tRNAFhe
molecules (Pan & Uhlenbeck, 1992). Group I ribozyme
variants have been isolated that can cleave DNA (Beaudry
& Joyce, 1992) or that have altered metal dependence
(Lehman & Joyce, 1993a). Starting with a pool of random
RNA sequences, molecules have been obtained that catalyze
a polymerase-like reaction (Bartel & Szostak, 1993). In the
present study, we describe how alteration of the selection
constraints during an in vitro evolution procedure can lead to
refinement of specific catalytic properties of an evolved
enzyme.

We began this study with derivatives of the self-splicing
group I intron of Tetrahymena thermophila, a ribozyme that
isable to catalyze sequence-specific cleavage of single-stranded
RNA via a phosphoester transfer mechanism (Zaug & Cech,
1986; Zaug et al., 1986). The ribozyme contains a template
region, referred to as the internal guide sequence (IGS), which
lies at the 5’ end of the molecule and forms Watson—Crick
base pairs with the target RNA substrate. The 3’-OH of
guanosine, including a guanosine residue that lies at the 3’
end of the ribozyme, is directed to attack a particular
phosphoester bond within the ribozyme-bound substrate. A
phosphoester transfer reaction ensues, resulting in cleavage
of the substrate at a position immediately downstream from
the region of base pairing, and concomitant ligation of the 3’
portion of the substrate to the 3’ oxygen of the attacking
guanosine. The wild-type Tetrahymena ribozyme can cleave
a single-stranded DNA substrate with low efficiency under
conditions of high magnesium concentration (50 mM MgCl,)
and/or high temperature (50 °C) (Herschlag & Cech, 1990a;
Robertson & Joyce, 1990). Under more physiologic conditions
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(e.g., 37 °C, 10 mM MgCl, pH 7.5), however, the DNA-
cleavage reaction is almost undetectable.

Beaudry and Joyce (1992) have described an in vitro
evolution procedure that was used to obtain variants of the
Tetrahymena ribozyme that can cleave DNA under physi-
ologic conditions with improved efficiency compared to the
wild type (Figure 1). At the beginning of this procedure, a
population of ribozyme variants was generated by partially
randomizing the phylogenetically conserved portions of the
molecule that are known to be essential for catalytic activity.
Superior DNA-cleaving ribozymes were distinguished from
less active molecules on the basis of the likelihood of attachment
of the 3/ portion of the substrate to the 3’ end of the ribozyme.
A DNA primer was hybridized across the ligation junction
of successful reaction products and used to initiate a selective
isothermal amplification reaction (Figure 1, bottom). The
selectively amplified molecules then served as templates for
cDNA synthesis, the resulting cDNA was amplified by the
polymerase chain reaction (PCR) (Saiki et al., 1985, 1988),
and the PCR products were transcribed to generate a new
poolof RNAs. Theentire process, beginning with the cleavage
reaction, and followed by selective isothermal amplification,
cDNA synthesis, PCR amplification, and invitro transcription,
constitutes one generation of the in vitro evolution procedure.

Beaudry and Joyce (1992) carried out 10 successive
generations, starting with a pool of 10!* variants of the
Tetrahymenaribozyme (Figure 2). After the 9th generation
(G9), individual ribozymes were isolated from the population
and shown to catalyze the cleavage of a DNA substrate 100-
fold more efficiently compared to the wild-type enzyme. This
modest improvement in catalytic efficiency resulted from both
anincreased catalytic rate (kc,:) and a decreased value for the
Michaelis constant (Ky). The outcome, however, was
somewhat dissatisfying because the ribozymes were still
inefficient catalysts in an absolute sense, with ks, /K on the
order of 103 M-! min-1,

For each generation, the evolving population was provided
with 10 uM DNA substrate and allowed 1 h to carry out the
DNA-cleavage reaction. By G9, Ky had improved from 6
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FIGURE 1: Invitro evolution procedure. Steps: (1) Cleavage of the
DNA substrate via phosphoester transfer results in ligation of the 3’
portion of the substrate to the 3’ end of the ribozyme. (2) Selective
isothermal amplification of DNA-cleaving ribozymes: first,selective
primer 1a hybridizes to the extended 3’ terminus of active molecules
and initiates cDNA synthesis in the presence of reverse transcriptase
(RT); next, primer 2, which contains a T7 promoter sequence,
hybridizes to the cDNA and initiates second-strand DNA synthesis;
finally, T7 RNA polymerase (T7 pol) produces multiple copies of the
selected RN A, each of which can enter a new round of amplification.
(3) Selective cDNA synthesis employing primer la and reverse
transcriptase. (4) PCR amplification employing nonselective primers
1b and 2 restores the original terminus of the ribozyme-encoding
gene and introduces occasional mutations. (5) In vitro transcription
to produce the progeny population of ribozymes.

uM for the wild type to about 2 uM for the evolved individuals
(Beaudry & Joyce, 1992). Accordingly, we felt that the
population was no longer under stringent selection pressure
todrive furtherimprovement of Ky. Individual cleavagerates,
on the other hand, were on the order of 0.007 min~! by G9,
still slow enough to be constrained by the 1-h incubation period.
However, if the reaction rate continued to improve, then the
selection constraints would eventually become insufficient to
favor further improvement of the catalytic rate. Werealized
that additional generations of invitro evolution, under different
selection constraints, would be necessary to obtain substantially
greater DNA-cleavage activity.

In this study, we apply in vitro evolution techniques with
a higher level of sophistication and control. Because the
outcome of an in vitro evolution experiment depends on the
nature of the selection constraints, specific catalytic properties
of a ribozyme, such as substrate binding affinity, catalytic
rate, substrate specificity, and turnover, might be improved
by appropriate manipulation of the reaction conditions. With
this in mind, we set out to optimize two catalytic properties
of the DN A-cleaving ribozymes, namely, substrate binding
affinity and catalytic rate. We reasoned that ribozymes with
the greatest affinity for the substrate would enjoy a selective
advantage when the substrate is presented at low concentra-
tions. Under saturating conditions, ribozymes with the fastest
first-order rate of reaction would be favored when the reaction
time is very short.
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Weresurrected the previously-characterized G9 population
of DNA-cleaving ribozymes and carried out 18 additional
generations of in vitro evolution under somewhat different
reaction conditions. From generations 10 through 18, we
reduced the substrate concentration 50-fold, from 10 to 0.2
uM. From generations 19 through 27, we maintained the
lower substrate concentration and reduced the reaction time
12-fold, from 1 hto Smin. On the basis of binding and kinetic
studies, the population of ribozymes responded to each
alteration of the selection constraints as predicted, becoming
enriched with tighter substrate binders during generations
10-18, and then with faster catalysts during generations 19—
27.

MATERIALS AND METHODS

Materials. Unlabeled nucleoside triphosphates (NTPs) and
deoxynucleoside triphosphates ({NTPs) were purchased from
Pharmacia, and dideoxynucleoside triphosphates (ddNTPs)
were from U.S. Biochemical. [a-2P]GTP, [y-32PJATP, and
[BHJUTP were from ICN Radiochemicals. Synthetic oli-
godeoxynucleotides were obtained from Operon Technologies
and purified by polyacrylamide gel electrophoresis and
subsequent chromatography on Sephadex G-25. Restriction
enzymes and T4 polynucleotide kinase were from New England
Biolabs, calf intestine phosphatase was from Boehringer, AMV
reverse transcriptase was from Life Sciences, MoMLV reverse
transcriptase and Sequenase 2.0 (modified T7 DNA poly-
merase) were from U.S. Biochemical, and Tag DNA poly-
merase was from Cetus. T7 RNA polymerase was prepared
as previously described (Davanloo et al., 1984) and purified
according to a procedure originally developed for SP6 RNA
polymerase (Butler & Chamberlain, 1982).

Preparation of Wild-Type Ribozyme. The L-21 form of
the Tetrahymena ribozyme was prepared by in vitro tran-
scription of HindIII-digested pT7L-21 plasmid DNA (Zaug
et al., 1988). The transcription reaction mixture contained
0.1 ug/uL of cut plasmid, 15 mM MgCl,, 2 mM spermidine,
50 mM Tris (pH 7.5), 5 mM DTT, 2 mM each NTP, 0.005
unit/uL inorganic pyrophosphatase, and 25 units/uL. T7 RNA
polymerase, incubated at 37 °C for 2 h. The 23-nucleotide
3’ exon sequence was removed by RN A-catalyzed site-specific
hydrolysis (Inoue et al., 1986): RNA was incubated in the
presence of 50 mM CHES (pH 9.0) and 10 mM MgCl; at
42 °C for 1 h. The resulting RNA was isolated by
electrophoresis in a 5% polyacrylamide/8 M urea gel,
visualized by UV shadowing, eluted from the gel overnight
at room temperature in a buffer containing 200 mM NaCl,
10 mM Tris (pH 7.5), and 0.5 mM EDTA, and purified by
affinity chromatography on DuPont Nensorb. The concen-
tration of ribozyme was determined spectrophotometrically,
based on ey = 3.2 X 108 M-l cm~! (Zaug et al., 1988).

In Vitro Evolution Procedure. Inuvitro evolution was car-
ried out as described previously (Beaudry & Joyce, 1992) and
as depicted in Figure 1. We began with the population of
DNA-cleaving ribozymes obtained after 9 generations of in
vitro evolution in a previous study (Beaudry & Joyce, 1992).
Ribozymes (0.1 uM) and DNA substrate (0.2 uM) were
incubated at 37 °C for | hin a 100 uL volume containing 10
mM MgCl, and 30 mM EPPS (pH 7.5). After ethanol
precipitation, a portion of the reaction products (10-50%)
was added to a 20-uL isothermal amplification reaction
mixture (Guatelli et al., 1990), containing 10 mM MgCl,, 80
mM KOAc, 50 mM Tris (pH 7.5), S mM DTT, 2 mM each
NTP, 0.2 mM each dNTP, 4 uCi [«-32P]GTP, 12.5 units/uL
MOoMLYV reverse transcriptase, 50 units/uL T7 RNA poly-
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FIGURE 2: Secondary structure of the Tetrahymena ribozyme (Cech et al., in press). Paired structural elements are designated by Pi. Joining
regions between paired elements i and j, referred to as Ji/j, are not labeled. Nucleotide positions that were partially randomized in the initial
population are indicated by shaded regions. The internal guide sequence (IGS) is shown in boldface, and the DNA substrate is shown in
lowercase letters. Nucleotide positions discussed in the text are labeled.

merase, and 20 pmol each of S-TTTATTTATTTATTTC-3’ 72 °C for 1 min, and 1 cycle of 72 °C for 10 min. Primer
(primer 1a) and 5-CTGCAGAATTCTAATACGACTCAC- 1b is complementary to the 3’ end of the ribozyme, allowing
TATAGGAGGGAAAAGTTATCAGGC-3' (primer 2), regeneration of its original, active form. PCR DNA (~250-

which was incubated at 37 °C for 2 h. Primer 1 hybridizes 500 ng, 5-10% of the total) then served as template in an in
to the 3’ portion of the substrate that becomes attached to the vitrotranscription reaction, carried out ina 25-50 uL volume.
3’ end of the ribozyme. _Prlmcr 2 hybridizes to the 3’ end of The transcribed RNA was isolated by polyacrylamide gel
theresulting cDNA and introduces the T7 promoter sequence. electrophoresis, visualized by UV shadowing, cut and eluted

Twenty-five percent of the isothermal amplification products
were used to generate cDNA in a 20-pL reaction mixture
containing 10 mM MgCl, 50 mM Tris (pH 7.5), 5SmM DTT,

from gel, purified on DuPont Nensorb, and quantified
spectrophotometrically, as described above. Theentire process

2 mM cach NTP, 0.2 mM cach dNTP, 0.2 units/uL AMV was repeated 18 times, the first 9 as described above and the
— transcriptzase, and 20 pmol of pri‘mcr I incubated at second 9 with the incubation time for the cleavage reaction

37°C for 1 h. Approximately 5-10% of the resultingcDNA ~ reduced from 1 h to 5 min. Occasionally, the cDNA was
was amplified by the PCR in a 100-uL reaction mixture purified to improve the quality of the PCR amplification. To

containing 1.5 mM MgCl,, 50 mM KCI, 10 mM Tris (pH do so, cDNA was synthesized as above except in the presence

8.3), 0.1% gelatin, 0.2 mM each dNTP, 20 pmol 5- of 25-50 uCi of [a-32P]dATP. Labeled cDNA was isolated
CGAGTACTCCAAAACTAATC-3’ (primer 1b), 20 pmol by electrophoresis in a 5% polyacrylamide/8 M urea gel,
of primer 2, and 2.5 units of Tag DNA polymerase, carried visualized by autoradiography, cut and eluted from gel, and

out for 30 cycles of 92 °C for 1 min, 45 °C for | min, and purified on DuPont Nensorb.
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Shotgun Cloning, Sequencing, and Preparation of Indi-
vidual Ribozymes. The G18 subclones were obtained as
previously described (Beaudry & Joyce, 1992). The G27
subclones were obtained using the Invitrogen TA Cloning
Kit. The PCR DNA at G27 was ligated into a linearized
plasmid, and the resulting DNA was used to transform
competent INVaF’ cells, which were grown on ampicillin/
X-gal plates. Individual colonies containing the insert were
identified by their white color, chosen at random, and grown
overnight in liquid media. Plasmid DNA was prepared by
the boiling, lysis method (Holmes & Quigley, 1981) and
screened for the presence of insert by restriction digestion.
Cloned individuals were sequenced by the dideoxy chain-
termination method, as previously described (Sanger et al.,
1977, Beaudry & Joyce, 1992). Complete sequences of
individual subclones are available upon request. Individual
ribozymes were prepared as follows: the gene encoding the
ribozyme was amplified by the PCR using primers 1b and 2;
the resulting DNA was used as a template for in vitro
transcription; the RN A products were isolated by polyacryl-
amide gel electrophoresis and were purified and quantified as
described above.

Preparation of Substrate and Product Oligonucleotides.
The DNA substrate 5-GGCCCTCTAAATAAATA-3’ and
DNA product 5-GGCCCTCT-3’ were (5'-32P)-labeled in a
20 pl reaction mixture containing 20 pmol of oligonucleotide,
10 pmol of (4.5 uCi/pmol) [y-32P]ATP, 5 mM MgCl,, 25
mM CHES (pH 9.0), 3 mM DTT, and 1.25 units/uL T4
polynucleotide kinase, incubated at 37 °C for 1 h. Labeled
oligonucleotide was isolated by electrophoresis in a 20%
polyacrylamide/8 M urea gel, visualized by autoradiography,
eluted from the gel, and purified on DuPont Nensorb.

The RNA substrate 5-GGCCCUCUAAAUAAAUA-3
was prepared by invitro transcription using a partially single-
stranded synthetic DNA template (Milligan et al., 1987), as
described previously (Beaudry & Joyce, 1990). The RNA
transcript was dephosphorylated with calf intestine phos-
phatase, extracted with phenol and chloroform, and then (5’
32P)-labeled and purified as described above.

Kinetics Analysis. All cleavage reactions were carried out
at 37 °C in 10 mM MgCl,, 30 mM EPPS (pH 7.5), and 40
ug/uL BSA, using (5’-32P)-labeled substrate. BSA was added
to prevent oligonucleotides from adhering to the walls of the
500-uL Eppendorf tubes and did not affect the course of the
reaction. Ribozyme and substrate were preincubated sepa-
rately for 15 min at 37 °C and then mixed to initiate the
reaction. If instead the preincubation was carried out at 50
°C for 20 min (Herschag & Cech, 1990b), there was no
significant difference in the observed catalytic efficiency of
the ribozyme. Typically, 5 aliquots of 3-10 uL each were
removed from the reaction mixture at specified times and
quenched by addition to 1-2 volumes of an ice-cold mixture
containing 8 M urea, 50~100mM EDTA, 0.05% xylene cyanol,
0.05% bromophenol blue, 10% SDS, 9 mM Tris-borate (pH
8.3),and 20% sucrose. Substrate and product were separated
by electrophoresis in a 20% polyacrylamide/8 M urea gel,
visualized by autoradiography, excised from the gel, and
quantified by Cerenkov counting.

Ky and kca; values were determined in experiments with
substrate (S) in excess over ribozyme (E). Initial rates of
reaction (vg), over a range of substrate concentrations, were
estimated from the initial linear phase, generally the first 5%
or less of the reaction. Typically, 8 data points were fit by
a least-squares method to a theoretical line given by the
equation: v = “Km(vo/[S]) + Viax.
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Single-turnover experiments were performed with ribozyme
in excess of substrate (Herschlag & Cech, 1990b). Initial
rates (kons) Were obtained using no more than the first 5% of
the reaction. Given that kca/Km = kobs/[E], €ach kops value,
obtained at different ribozyme concentrations, provided an
estimate of kca/Km. Eight or more measurements of Kobs
were obtained at 4 or more different concentrations of
ribozyme; the data were fit by a least-squares method to the
equation: Kkobs = (kcat/Km)[E].

Determination of Binding Constants. The equilibrium
dissociation constant, Kp, of the complex between ribozyme
and DNA product (P) was determined by gel-shift analysis
in a native polyacrylamide gel (Pyle et al., 1990). Ribozyme
at twice the final concentration was preincubated at 37 °C
for 15 min in 10 mM MgCl; and 30 mM EPPS (pH 7.5)
before mixing with an equal volume of 0.05-1 nM (5’-32P)-
labeled DNA product in 10 mM MgCl,, 30 mM EPPS (pH
7.5), 0.05% xylene cyanol, 3% glycerol, and 80 ug/uL BSA.
In all cases, the concentration of ribozyme was at least 20-
fold greater than that of DNA product. The mixture was
allowed to equilibrate at 37 °C min for 15-60 min before
loading on a 10% polyacrylamide gel containing 10 mM MgCl,
and 30 mM EPPS (pH 7.5). Longer equilibration times did
not alter the binding profile. The electrophoresis buffer also
contained 10 mM MgCl; and 30 mM EPPS (pH 7.5). The
gel was run at 6 mA in a 37 °C room until the sample had
entered the gel (~10 min), and then moved into a 4 °C cold
room where the current was increased to 30 mA. This was
done to prevent the temperature of the gel from rising above
37°C. Theribozyme-product complex and free product were
visualized by autoradiography, cut from the gel, and quantified
by Cerenkov counting.

A binding curve was generated by plotting the percentage
of product bound to ribozyme (% bound) over a range of
ribozyme concentrations. Kp was determined by fitting the
data to a theoretical binding curve using a least-squares
method. Because ribozyme was in vast excess over product,
the theoretical binding curve could be represented by the equa-
tion: % bound = [E]/([E] + Kp), where Kp = [E] when half
of the total product is bound to the ribozyme.

RESULTS

Evolutionin Vitro. Beginning with the 9th generation (G9)
population of ribozymes obtained in a previous study (Beaudry
& Joyce, 1992), we carried out 18 additional generations of
in vitro evolution. Variation in the population was main-
tained by PCR amplification, which introduces mutations at
a rate of ~0.1% per nucleotide position per generation.
Because mutation is ongoing, evolution based on Darwinian
principles can occur. Progeny ribozymes have the opportunity
to acquire new mutations that confer favorable attributes not
possessed by the parent molecules. This phenomenon is
reflected by the steadily increasing frequency of accepted
mutations over the 27 generations.

Sequence data were obtained from 50 randomly-chosen
subclones, isolated from the evolving population at G9, G18,
and G27 (Figure 3). The mean number of mutations per
subclone rose from 5.9 at G9, to 12.7 at G18, and to 16.5 at
G27. Most of the mutations occurred within the phyloge-
netically conserved portions of the ribozyme that were
randomized in the initial population (Figure 2). However,
26% of the total mutations at G18, and 38% at G27, occurred
in peripheral regions as a result of ongoing mutagenesis. Most
of the commonly-occurring mutations (>30% frequency) that
occur in the G18 subclones (Figure 3B) were not observed at



5970 Biochemistry, Vol. 33, No. 19, 1994

Tsang and Joyce

313-314
190-191 205 15116 "
T.ws il |
1
|
| | |
312 | - | 94
04 805 | | 215 v
i : ! -
| | |
oo o't} | |
L.
w0 | § N

L)

FIGURE 3: Sites at which mutations occurred over the course of evolution, superimposed on the secondary structure of the Tetrahymena
ribozyme. Box height corresponds to the frequency of mutations (%) at each nucleotide position, on the basis of 50 subclones sequenced at
G9,G18,and G27. Nonmutable primer binding sites are shaded; substrate is shown in black. Commonly-occurring mutations (>30 % frequency)

are labeled. (A) G9 (Beaudry & Joyce, 1992); (B) G18; (C) G27.

G9 (Figure 3A), suggesting that these mutations arose in
response to the increased selection pressure designed toenhance
substrate binding affinity. Between G18 and G27, nearly all
of the most commonly-occurring mutations continued to
increase in frequency (Figure 3C). However, two significant
mutations, the NGAA insertion between positions 51 and 52
and the C — U change at position 170, first appeared during
thisinterval, suggesting that these mutations arose in response
to the increased selection pressure designed to enhance the
catalytic rate.

Concerted and Mutually- Exclusive Mutations. As dem-
onstrated ina previous study (Lehman & Joyce, 1993b), RNA
populations display tendencies similar to naturally evolving
systems, including the occurrence of mutations that are
concerted (and presumably synergistic) or mutally exclusive.
For example, the changes at nucleotide positions 188, 190,
and 191 in the P5a region (Figure 2) co-occur in 90% of
subclones, while mutations in the J4/5 and J5/4 internal loop
atpositions 115, 116,and 205 co-occur in 68% of the subclones
at G18. Interestingly, the J4/5 and J5/4 mutations co-occur
only if the set of P5a mutations is also present (x2 = 110, p
<0.001),suggesting an interaction between these two regions.

The313: G—Yand 314: A— G mutations nearly always
occur together. These mutations co-occurin 16 of 50 subclones
at G9, 11 of 50 subclones at G18, and 44 of 50 subclones at
G27. OnlytwoG27 subclones contain the mutation at position
313 but lack the mutation at position 314. At G9 and G18,
the 313 mutation always occurs as a G — U change. AtG27,
however, the 313 mutation occurs primarily asa G — C change,
with the G — U change occurring only once. The GA sequence
normally present at positions 313 and 314 is thought to form
a short duplex structure (P9.0) that brings the 3’-terminal
guanosine residue of the ribozyme into the catalytic core
(Michel et al., 1989, 1990). The 3’-OH of this guanosine
serves as the nucleophile in the RNA-catalyzed phosphoester
transfer reaction. Although the 313-314 mutation would
prevent the P9.0 duplex from forming, the 313-314: GA —
UG change confers selective advantage with respect to the
DNA-cleavage reaction, as demonstrated by site-directed
mutagenesis studies (Beaudry & Joyce, 1992). The appear-
ance of the 313-314: GA — CG change, between G18 and
(G27, suggests that this altered form of the 313-314 mutation

may contribute to the improved catalytic rate of the DNA-
cleavage reaction.

The 312: G— A mutation occurs only if the 313-314: GA
— YG mutations are not present. The 312: G — A change
is present in 4 of 25 subclones at G3, 8 of 25 subclones at G6,
and 5 of 50 subclones at G9 (Beaudry & Joyce, 1992). There
isa dramaticrisein the frequency of the 312: G — A mutation
between G9 and G138, followed by an equally dramatic drop
between G18 and G27 (Figure 3). As the frequency of the
312: G — A mutation declines, the 313-314: GA — YG
mutations become more abundant.

The 215: G — A mutation, present at high frequency in
all of the studied populations, putatively allows a Watson—
Crick base pair to form with the U at position 258 (Figure
2). This change is present in nearly all of the subclones at
G18 and G27. Of the 12 individuals that lack this mutation,
11 carry a U — C change at position 258, which would allow
a Watson—Crick pair to form with the wild-type G at position
215. Thus, in 99 of 100 subclones from G18 and G27, a
Watson—Crick base pair is expected to form between positions
215 and 258.

Improvement of DNA Binding Affinity. Beginning with
G10, welowered the concentration of DNA substrate employed
during the RNA-catalyzed reaction from 10 to 0.2 uM to
impose increased selection pressure favoring individuals with
enhanced substrate binding affinity. In order to assess the
impact of this change, Kp values for the complex between
ribozyme and DNA product (GGCCTCT) were determined
for the population of ribozymes at every third generation over
the 27 generations (Figure 4B; see Materials and Methods).
Weemployed the DNA product rather than substrate to avoid
a cleavage reaction during the gel-shift analysis. The binding
affinity for the product is assumed to be similar to that of the
substrate, on the basis of previous studies showing that the
wild-type ribozyme binds the RNA substrate with roughly
the same affinity as it binds the product (Pyle et al., 1990;
Herschlag & Cech, 1990b).

Binding data for each studied population were fit to a
theoretical binding curve, an example of which is shown in
Figure 4A for the G27 population. As expected, the greatest
improvement in binding affinity occurred between G9 and
G18 (Figure 4B), subsequent to tightening of the selection
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FIGURE 4: Improvement in substrate binding affinity over 27
successive generations of in vitro evolution. (A) A typical binding
curve showing data obtained for the G27 population of ribozymes.
@ and Bindicate data from two different gel-shift experiments. Data
were fit by a least-squares method to a theoretical binding curve
(indicated by solid line), given by the equation: y = [E]/([E] + Kp),
where y is the fraction of product (P) bound to ribozyme (E). In this
case, Kp = 51 (£2) nM. (B) Kp for the population of ribozymes at
every third generation. Standard errors averaged 11%.

constraints. After G18,the population became saturated with
ribozymes having a Kp of less than 0.2 uM, accounting for
the slow but continued improvement between G18 and G27.

Kinetic Analysis. Beginning with generation 19, we reduced
the reaction time from 1 h to 5 min to favor selection of
ribozymes with increased ko values. To study the effect of
this change, we chose two individuals isolated from the
population at G9, G18, and G27 for formal kinetic analysis
(Table 1). These ribozymes are representative of the popula-
tion from which they were isolated because they contain most
of the prominent mutations that occur in their respective
populations. In addition, the total number of mutations in
each of the studied individuals coincides with the mean number
of mutations per subclone in the corresponding population.
We emphasize that the ke and Ky values of the studied
individuals are not equivalent to the average kc,c and Ky values
for the entire population. It is likely that the catalytic
efficiencies of the studied ribozymes are somewhat higher
than the average because these ribozymes possess a greater
fraction of the dominant mutations than a typical individual
in the population. Nevertheless, the relative differences in
kcarand Ky values between representative pairs of individuals
should be comparable. As expected, the improvement in kc,¢
is greatest between the G18 and G27 ribozymes (Table 1),
while the improvement in Ky is greatest between the G9 and
G18 ribozymes.

RNA-Cleavage Activity of G27 Ribozymes. In order to
assess the effect of the evolution procedure on RNA-cleavage
activity, we compared the efficiency of RNA cleavage by
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Table 1: Catalytic Parameters of DNA-Cleaving Ribozymes

km/KM
ribozyme mutations Kear? (min!) Kv? (uM) (M1 min™)
wild types 0 24(£02)X10% 60£17 40X 10!
G9 #23¢ 7 5.1(£0.2) X 102 1.8%0.3 2.8 X 107
G9 #29° 6 7.1(£0.3) X103 1.9x0.3 3.8 X 10?
G18 #13¢ 1% 1.7 (£0.1) X 102 0.24x£0.04 7.1 X104
G18 #66° 13¢ 1.1 (£0.1) X 102 0.32£0.08 3.5x 104
G27 #484 174 7.0 (£0.6) X 10! 0.31£0.05 2.3x106
G27 #61° 15 3.3(£0.7) X 10! 0.11£0.06 2.9 %108

¢ Data obtained previously (Beaudry & Joyce, 1992), modified slightly
asaresult of subsequent statistical analysis. » Measurements were carried
out as described in Materials and Methods with the following: ¢ 0.025
uM ribozyme and 0.125, 0.25, 0.5, and 1.0 uM DNA substrate; ¢ 0.02
uM ribozyme and 0.1, 0.2, 0.4, and 0.8 uM DNA substrate; or ¢ 0.02 uM
ribozyme and 0.05, 0.1, 0.2, and 0.4 uM DNA substrate. /44: G — A,
94:A—U,115A—U,116:G—A, 138: C— A, 188: G— A, 190:
U—A,191:G—U,205:U—~C,215:G— A, 312:G— A, and 317:
U—>G.244:G— A, 94 A~ U, 115: A—U,116:G— A, 138: C
—A,16:U—G,188:G—A,190: U—~A,191: G— U, 205: U —
C,215:G—>A,239: U—A,312:G—~A. #44: G — A, 51/52: insert
AGAA,87:A—del,94: A—U,115:A—~ U, 116:G— A, 166: C —~
A,170: C— U, 188: G— A, 190: U~ A, 191: G—U,205: U —~C,
215:G—A,239: U~ A, 312:G— A, 350: C—~ U, and 364: C — U,
744: G — A, 51/52; insert AGAA, 87: A —del,94: A — U, 115: A —
U,116:G— A, 166: C— A, 170: C— U, 188: G — A, 190: U — A,
191:G—U,205: U—C,215:G—A,313: G—C,and 314 A—G.

both the G27 #48 and G27 #61 ribozymes to that of the
wild type. Single-turnover kinetic experiments revealed that
the G27 ribozymes have slightly enhanced RNA-cleavage
activity: kca:/Kwm values are 2.8 (£0.1) X 107 and 2.1 (£0.3)
X 10" M-! min! for clones G27 #48 and G27 #61,
respectively, compared to 9.7 (£1.9) X 106 M~! min-! for the
wild type. Thus, the 27 generations of in vitro evolution
resulted in a 105-fold improvement of DNA-cleavage activity
and a 2- to 3-fold enhancement of RNA-cleavage activity.
Similarly, gel-shift experiments revealed a significantly greater
improvement in DNA binding affinity compared to RNA
binding affinity. Ribozymes G27 #48 and G27 #61 bind
the DNA product with a Kp of 4 nM and 1 nM, respectively,
compared to 30 uM for the wild type, and bind the RNA
product with a Kp of 0.5 nM and 0.4 nM, respectively,
compared to 1.5 nM for the wild type. Thus, the G27
ribozymes exhibit a 10%-fold improvement in DNA binding
affinity and a 3- to 4-fold improvement in RNA binding
affinity.

DISCUSSION

We have shown that specific catalytic properties of a DNA-
cleaving ribozyme can be optimized by appropriate manipula-
tion of the selection constraints during an ir vitro evolution
procedure. Beginning with a heterogeneous population of
ribozymes, enriched for modest DNA-cleavage activity, 18
additional generations were carried out to obtain DNA-
cleaving ribozymes that have a catalytic rate of 0.7 min~! and
a substrate binding affinity of 10 M. These catalytic
parameters are improved 103-fold and 104-fold, respectively,
compared to the wild type. The greatest improvement in Kp
and Ky (Figure 4B; Table 1) occurred between G9 and G18
in response to alteration of the selection constraints to favor
ribozymes with enhanced affinity for the DNA substrate.
Likewise, on the basis of k. values for representative
individuals (Table 1), the greatest improvement in k,; occurred
between G18 and G27, following alteration of the selection
constraints to favor a faster rate of catalysis.
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The DNA binding affinity of the G27 #48 and G27 #61
ribozymes is comparable to the RNA-binding affinity of the
wild-type ribozyme. Previous studies have suggested that the
wild-type ribozyme binds RNA more strongly than DNA as
aresult of interactions between the 2’-OH groups of the RNA
substrate and specific nucleotides within the catalytic core of
the ribozyme (Pyle & Cech, 1991; Pyleetal., 1992; Herschlag
etal., 1993). Inbinding the DNA substrate with nanomolar
affinity, the evolved ribozymes must compensate for the lack
of substrate 2’-OH groups by forming alternative interactions
that provide an additional 5 kcal mol-! of binding energy (at
37 °C).

The Tetrahymena ribozyme binds its substrate through a
two-step process involving, first, Watson—Crick base pairing
between the internal guide sequence (IGS) and the substrate
and, second, docking of the IGS/substrate duplex (P1 helix)
into the catalytic core of the ribozyme via tertiary interactions
(Herschlag, 1992; Bevilacqua et al,, 1992). Because the
sequence of both the IGS and substrate is unchanged
throughout the in vitro evolution procedure and because the
first step is not rate-limiting under our selection conditions,
it is unlikely that we have evolved compensatory mutations
that operate at the first step of binding. Instead, the 5 kcal
mol-! of additional binding energy is likely to result from
additional tertiary interactions that affect the second step of
binding.

We can learn more about such interactions by examining
the specific mutations that arose in response to the increased
selection pressure aimed to improve substrate binding. For
example, mutations at positions 115, 116, and 205 in the J4/5
and J5/4 internal loop of the ribozyme (Figure 2) became
prominent in the population between G9 and G18. Both a
tertiary structural model of the wild-type ribozyme (Michel
& Westhof, 1990) and experimental evidence suggest that
residues in the J4/5 region may interact with the IGS. On
the basis of cross-linking data, Wang et al. (1993) concluded
that A114 and A115 lie in close proximity to G22 of the IGS
(the 5'-terminal residue of the L-21 form of the ribozyme)
when P1 is docked into the ribozyme core. The mutations at
positions 115 and 116 may enhance P1 docking by allowing
new contacts to be made with the IGS, compensating for the
lack of 2’-OH groups in the substrate. Such interactions would
strengthen binding of both DNA and RNA substrates and
might account for the slight improvement in RNA-cleavage
activity. This may also explain our observation that the G27
# 61 ribozyme efficiently cleaves a modified RNA substrate
that has an arabinose sugar at the cleavage site (data not
shown).

Co-occurring mutations at positions 188, 190, and 191 in
the P5a region also became prominent in the population
between G9 and G18. The correlation between these muta-
tions and the co-occurring mutations in the J4/5 and J5/4
internal loop (see Results) suggests a possible interaction
between these two regions. It has been proposed that the
adenosine-rich bulge in P5a (Figure 2; positions 183-186)
interacts with P4 (Flor et al., 1989) by bending at the J5/5a
internal loop (Murphy & Cech, 1993), which would place
residues G188, U190, and G191 in close proximity to the
J4/5and J5/4 internal loop. Thus, the mutations in P5a may
facilitate the contact between residues in the J4/5 region and
the IGS.

The evolved ribozymes might compensate for the absent
substrate 2’-OH groups by forming new tertiary interactions
with the bases, phosphates, and/or sugars of the DNA
substrate. It has been shown, for example, that a residue in

Tsang and Joyce

the J8/7 region of the wild-type ribozyme interacts with the
2’-OH group at position ~3(u) of the RNA substrate (Pyle
& Cech, 1991; Pyleetal., 1992). However, frequent mutations
did not occur in the J8/7 region of the evolved ribozymes,
suggesting that new contacts are not made in the vicinity of
position —3(t) of the DNA substrate. In addition, specific
base contacts seem unlikely, on the basis of the observation
that a variety of DNA substrates of different sequence can
be cleaved efficiently by the ribozyme, provided the IGS has
been changed in a complementary manner to maintain
Watson—Crick base pairing (Raillard and Joyce, unpublished
results). It is possible that the improvement in DNA binding
affinity results from an evolved ability to accommodate the
general structural features of an RNA-DNA heteroduplex
within the catalytic core of the ribozyme.

The 103-fold improvement in kg, over the 27 generations
is more difficult to rationalize. k., reflectsall first-order rate
constants along the reaction pathway, including those related
to P1 docking and substrate cleavage. At least part of the
enhancement in kg thus may be attributed to additional
tertiary interactions between P1 and the catalytic core, which
would favorably affect the docking rate. The cleavage step
of the reaction depends on the appropriate positioning of the
3’-terminal guanosine of the ribozyme for attack on the target
phosphoester bond of the substrate. This is accomplished by
the formation of a base triple involving the attacking guanosine
and the G264-C311 base pair within the P7 region of the
ribozyme (Michel et al., 1989). Mutations at positions 312—
314 allliein close proximity to the binding site for the attacking
guanosine and may play some role in facilitating the chemical
step of the reaction. However, new mutations that became
frequent in the population between G18 and G27 in response
to the shorter reaction time occurred in peripheral regions, at
positions 51/52 and 170. Such mutations may increase first-
order reaction rates indirectly through long-range effects or
by facilitating folding of the ribozyme into its active
conformation.

It is important to note that some mutations may confer no-
selective advantage with respect to catalysis, but instead
enhance the ability of the polymerase enzymes (i.e., reverse
transcriptase, T7 RNA polymerase, and Tag polymerase) to
operate efficiently during the amplification procedure. Future
studies, relying on site-directed mutagenesis analysis, will
enable us to assess the contribution made by various mutations,
in either the conserved core or the peripheral regions, to
substrate binding, first-order reaction rates, and ribozyme
folding.

Having demonstrated that substrate binding and first-order
rate constants can be specifically enhanced by in vitro
evolution, we are attempting to optimize other catalytic
properties of the DN A-cleaving ribozymes, including turnover
and substrate specificity. Turnover might be improved by
evolving ribozymes that can carry out a site-specific hydrolysis
reaction, subsequent to DNA cleavage, which removes the
attached 3’ portion of the DNA substrate from the 3’ end of
the ribozyme, returning the molecule to its original form. Until
now, our evolution procedure has selected against site-specific
hydrolysis, as discussed previously (Beaudry & Joyce, 1992).
Specificity of the ribozymes for DNA versus RNA substrates
might be increased by selecting for DNA cleavage in the
presence of RNA that acts as a competitive inhibitor. Our
aim is to develop DNA-cleaving ribozymes that have high
catalytic efficiency, undergo rapid turnover, and operate in
a highly specific manner. Such molecules will contribute to
our understanding of the catalytic potential of RNA. In
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addition, they may have utility as sequence-specific DNA
endonucleases and as therapeutic agents directed against viral
pathogens.
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