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Directed Evolution of an 
RNA Enzyme 

Amber A. Beaudry and Gerald F. Joyce 
An in vitro evolution procedure was used to obtain RNA enzymes with a particular catalytic 
function. A population of loi3 variants of the Tetrahymena ribozyme, a group I ribozyme 
that catalyzes sequence-specific cleavage of RNAvia a phosphoester transfer mechanism, 
was generated. This enzyme has a limited ability to cleave DNA under conditions of high 
temperature or high MgCI, concentration, or both. A selection constraint was imposed on 
the population of ribozyme variants such that only those individuals that carried out DNA 
cleavage under physiologic conditions were amplified to produce "progeny" ribozymes. 
Mutations were introduced during amplification to maintain heterogeneity in the population. 
This process was repeated for ten successive generations, resulting in enhanced (100 
times) DNA cleavage activity. 

Biological systems have a remarkable ca- 
pacity to generate a diverse array of macro- 
molecular catalysts. These catalysts, com- 
posed of either protein or RNA, appear to 
be the result of Darwinian evolution oper- 
ating at the organismal level. The sequence 
and corresponding function of a macromo- 
lecular catalvst is a reflection of alternatives 
that have been adopted over evolutionary 
history and that confer selective advantage 
to the organism. 

The need for catalysts that operate out- 
side of their native context or catalyze 
reactions that are not represented in nature 
has resulted in the development of "enzyme 
engineering" technology. The usual route 
taken in enzyme engineering has been site- 
directed mutagenesis-alteration of the 
gene that encodes the catalyst-usually 
guided by structural and phylogenetic infor- 
mation (1). Site-directed mutagenesis has 
been improved by in vitro selective ampli- 
fication techniques for generating large 
numbers of mutants with subsequent selec- 
tion of some desirable property. Individual 
macromolecules are selected. and those se- 
lected are then amplified to generate a 
progeny distribution of favorable mutants. 
The process is repeated until only those 
individuals with the most desirable proper- 
ties remain. This technique has been ap- 
plied to RNA molecules in solution ( 2 4 ) ,  
KNA's bound to a ligand that is attached to 
a solid support (5), peptides attached di- 
rectly to a solid support ( 6 ) ,  and peptide 
epitopes expressed within a viral coat pro- 
tein (7). > ,  

The process of Darwinian evolution, by 
which enzymes arise in nature, does not 
operate by generating a diverse population of 
variants and harvesting the most advanta- 
geous individuals. In biological systems, di- 
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versity is maintained by ongoing mutations, 
and the population is shaped by selection. 
Novel mutations augment existing varia- 
tion. so that the evolutionarv search is bi- 
ased; in an appropriate fashio;, by selection 
events that have alreadv occurred (8). The ~, 

more advantageous mutants, which are rel- 
atively abundant in the population, give rise 
to larger numbers of novel variants com- 
pared to the less advantageous. 

We now describe our system of in vitro 
evolution as a method for enzyme engineer- 
ing. We began with the Tetrahymena ri- 
bozyme, an RNA enzyme that catalyzes 
sequence-specific phosphoester transfer re- 
actions that result in cleavage or ligation of 
RNA substrates (9-1 1). This enzyme can 
be used to cleave a single-stranded DNA 
substrate, albeit only under conditions of 
high temperature (50°C) or high MgC12 
concentration (50 mM), or both (4). A 
kinetic study (12) showed that, even at 
50°C, this reaction is inefficient compared 
to the "native" reaction with an RNA 
substrate. Under physiologic conditions 
(37OC, 10 mM MgC12), the DNA cleavage 
reaction is almost undetectable. In our 
studv. we used directed evolution, main- , . 
taining a population of 1013 ribozymes over 
ten successive generations, to obtain ri- 
bozymes that cleave DNA with improved 
efficiency under physiologic conditions. We 
have complete access to genotypic and phe- 
notypic parameters for the entire popula- 
tion over the course of its evolutionary 
history. 

In vitro evolution. Darwinian evolution 
requires the repeated operation of three pro- 
cesses: (i) Introduction of genetic variation; 
(ii) selection of individuals on the basis of 
\ ,  

some fitness criterion; (iii) amplification of 
the selected individuals. Each of these Dro- 
cesses can be realized in vitro (3). A gene 
can be mutagenized by chemical modifica- 
tion (1 3), incorporation of randomized mu- 

tagenic oligodeoxynucleotides (1 4, 15), or 
inaccurate copying by a polymerase (1 6, 17). 
The gene product can be selected, for exam- 
ple, by its ability to bind a ligand or to carry 
out a chemical reaction (2-5). The gene 
that corresponds to the selected gene prod- 
uct can be amplified by a reciprocal primer 
method, such as the polymerase chain reac- 
tion (PCR) (1 8). A major obstacle to real- 
izing Darwinian evolution in vitro is the 
need to integrate mutation and amplifica- 
tion, both of which are genotype related, 
with selection, which is phenotype related. 
In the case of RNA enzymes, for which 
genotype and phenotype are embodied in 
the same molecule, the task is simplified. 

Using a combination of two polymerase 
enzymes, we can amplify virtually any RNA 
(1 9). RNA is copied to a complementary 
DNA (cDNA) with reverse transcriptase 
(RT), and the resulting cDNA is tran- 
scribed to RNA with T7 RNA polymerase 
(T7 Pol) (Fig. IA). Amplification occurs 
during transcription as a consequence of the 
ability of T7 RNA polymerase to generate 
200 to 1200 copies of RNA transcript per 
copy of cDNA template (20). The amplifi- 
cation reaction is done in a single test tube 
at a constant temperature of 37"C, resulting 
in an increase of lo3 to lo6 times the 
original input of RNA after 1 hour (2 1 ) . 

The amplification was performed selec- 
tively in that individual RNA's in the pop- 
ulation were required to catalyze a particular 
chemical reaction in order to become eligi- 
ble for amplification (3, 4). The selection 
was based on the ability of group I ribozymes 
to catalyze a sequence-specific phosphoester 
transfer reaction involving an oligonucleo- 
tide (or oligodeoxynucleotide) substrate 
(Fig. 1B). The product of the reaction was a 
molecule that contained the 3' portion of 
the substrate attached to the 3' end of the 
ribozyme (EP). Selection occurred when an 
oligodeoxynucleotide primer was hybridized 
across the ligation junction and used to 
initiate cDNA synthesis. The primer did not 
bind to unreacted starting materials (< lo-' 
compared to reaction products) and thus led 
to selective amplification of the catalytically 
active RNA's. 

Mutations were introduced in two ways. 
First, at the outset, we used a set of muta- 
genic oligodeoxynucleotides that contained 
random substitutions at a fixed frequency of 
occurrence. These partially randomized oli- 
gonucleotides were produced on an auto- 
mated DNA synthesizer with nucleoside 
3'-phosphoramidite solutions that had been 
doped with a small percentage of each of 
the three incorrect monomers (15). Sec- 
ond, after each round of selective amplifi- 
cation, we introduced random mutations by 
performing the PCR under mutagenic con- 
ditions (1 7, 22). The RNA's obtained by 
selective amplification were subjected to 
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reverse transcription, the resulting cDNA's 
were PCR amplified, and the PCR products 
were transcribed to produce a progeny dis- 
tribution of mutant RNA's. 

Integration of the PCR with the selec- 
tive RNA amplification procedure was use- 
ful in three other ways. First, it increased 
the overall amplification by about lo3 
times. Second, it simplifies the process of 
subcloning individuals from the evolving 
population. Normally, only a small portion 
of the DNA in the RNA amplification 
mixture is fully double-stranded, but with 
the PCR the amount of double-stranded 
DNA is greatly increased. Third, it returns 
the RNA to a form that can participate in 

the RNA-catalyzed phosphoester transfer 
reaction. After phosphoester transfer, the 
ribozyme has the 3' portion of the substrate 
attached to its 3' end, and after selective 
RNA amplification, the substrate sequence 
remains attached (Fig. I). However, by 
subsequent use of the PCR, followed by in 
vitro transcription, the original 3' end of 
the ribozyme is restored. 

We refer to the entire series of events, 
beginning with a heterogeneous population 
of RNA's, proceeding with RNA catalysis 
in the target reaction, selective amplifica- 
tion of catalytically active RNA's, reverse 
transcription of the selective amplification 
products, mutagenic PCR, and in vitro 

Fig. 1. Selective amplification of catalytic RNA. A 
(A) Procedure for amplification of RNA. Reac- 
tion conditions: to 10' nM RNA, 1 pM 

(.( -A 

primers, 2 mM each nucleoside triphosphate 
(NTP's), 0.2 mM each deoxynucleoside triphos- ~7 POI 

,"") 
RT 

phate (dNTP's), 10 mM MgCI,, 50 mM tris-HCI 
(pH 7 3 ,  5 mM dithiothreitol (DTT), AMV re- 
verse transcriptase at 0.5 UIFI, T7 RNA poly- , I~~~~~~~~~~~~~~~ 

prom 
merase at 5 UIFI; 37"C, 1 hour. (B) Procedure ~ S D N A  c DNA 

for selective amplification based on phospho- 
ester transfer activity of a group I ribozyme. The w Primer 2 
3' portion of the substrate, d(A,(TA,),), was 
transferred to the 3'-terminal guanosine of the B 
ribozyme. Reaction conditions for RNA-cata- 
lyzed DNA cleavage: 1 pM Tetrahymena ri- 
bozyme (L-21 form), 10 pM d(GGCCCTCT- 3~3-3 
A,(TA,),, 10 mM MgCI,, 30 mM N-[2-hydroxy- E E.S E P 

methyl]-piperazine-N-[3-propanesulfonic acid] 
(EPPS) (pH 7.5); 37"C, 1 hour. Selective ampli- 
fication as in (A), with d((T,A),T,C) as primer 1 
and d(ATCGATAATACGACTCACTATAGGAG- 3 p r E 1  3 RT 
GGAAAAGTTATCAGGC) as primer 2. Subse- - -  
quent selective cDNA synthesis with 0.2 pmol 

EP EP.pn'mwl cDNPl 
of the selective amplification product under 
conditions as in (A), but omitting primer 2 and T7 RNA polymerase. Subsequent PCR amplification 
with 0.01 pmol of the selective cDNA synthesis product in a reaction mixture (100 p1 volume) 
containing 0.2 pM d(CGAGTACTCCWCTAATC), 0.2 pM primer 2 (as above), 0.2 mM dNTP's, 
50 mM KCI, 1.5 mM MgCI,, 10 mM tris-HCI (pH 8.3), 0.01 percent gelatin, and 2.5 U of Taq DNA 
polymerase (Cetus), 30 cycles of 92°C for 1 minute, 45°C for 1 minute, 72°C for 1 minute. PCR 
products were purified by extraction with chloroform and isoamyl alcohol and by precipitation with 
ethanol, and used to transcribe RNA as described in the legend to Fig. 2. 

Fig. 2. Secondary structure of the 
Tetrahyrnena ri bozyme (L-21 form) 
showing those regions that were 
randomly mutagenized (boxed 
segments). Transcription condi- 
tions: 2 pmol of DNA template 
(containing mutagenic oligodeox- 
ynucleotides), 2 mM NTP's, 15 mM 
MgCI,, 2 mM spermidine, 5 mM 
DTT, 50 mM tris-HCI (pH 7.5), 
1500 U of T7 RNA polymerase; 60 
IJ.I volume; 37"C, 2 hours. RNA 
was purified by electrophoresis in 
a 5 percent polyacrylamide-8 M 
urea gel and subsequent column 
chromatography on Sephadex 
G-50. 

transcription to produce a progeny distribu- 
tion of RNA's, as one "generation." Typi- 
cally, a generation is completed in one to 
two working days, excluding time for ana- 
lytic work. We refer to the initial popula- 
tion of mutant RNA's as "generation 0" 
and to subsequent progeny populations as 
"generation 1," "generation 2," and so 
forth. In principle, there is no limit to the 
number of successive generations that can 
be obtained (23). 

Improved catalytic function. The Tetrahy- 
mena ribozyme is a self-splicing group I intron 
derived from the large ribosomal RNA 
(rRNA) precursor of Tetrahymena thennophifa. 
Its biological function is to catalyze its own 
excision from precursor rRNA to produce 
mature rRNA. This function has been ex- 
pressed in vitro (9) and has been generalized 
to include various phosphoester transfer reac- 
tions involving RNA substrates (1 0, 24). For 
example, the ribozyme has been used as a 
sequence-specific endoribonuclease (1 1, 25), 
a reaction that proceeds with high catalytic 
efficiency (k,,,iK, = 108 M-' min-') (26). 
As mentioned previously, the ribozyme can 
also act as a sequence-specific endodeoxyribo- 
nuclease (4, although the efficiency of DNA 
cleavage is low (kc,,& = 200 M-' min-', 
determined at 50"C, 10 rnM MgCl,) (12). 
The efficiency of RNA-catalyzed DNA cleav- 
age under physiologic conditions is even lower 
(kc,,& = 36 M-' min-', determined at 
37"C, 10 rnM MgCl,; see below). 

Our goal was to improve the catalytic 
efficiency of RNA-catalyzed DNA cleavage 
under physiologic conditions and thereby 
obtain ribozymes that could cleave DNA in 
vivo. It is not obvious how one should 
change the Tetrahymena ribozyme to con- 
vert it from an RNA-cleaving to a DNA- 
cleaving enzyme. Thus, we turned to di- 
rected evolution as a means to acquire the 
desired phenotype. 

The ribozyme consists of 413 nucleotides 
and assumes a well-defined secondary and 
tertiary structure that is responsible for its 
catalytic activity (27-29). Phylogenetic anal- 
ysis (30), supported by site-directed mutagen- 
esis and deletion studies (31 ), points out a 
distinction between a conserved catalytic core 
(comprising about one-third of the molecule) 
and surrounding stem-loop elements that offer 
structural support but are not essential for 
catalytic activity. To generate the initial pop- 
ulation of ribozyme variants, we introduced 
random mutations throughout the catalytic 
core of the molecule. Four synthetic oligode- 
oxynucleotides were prepared, each of which 
randomly mutagenizes 35 nucleotide positions 
at an error rate of 5 percent per position (Fig. 
2). The degenerate oligodeoxynucleotides 
were incorporated into a DNA template that 
encodes the ribozyme, and the template was 
transcribed directly to produce the mutant 
RNA's (32). We began with 20 pmol (1013 
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molecules) of material. Thus, the generation 
0 population was expected to contain the 
wild-type ribozyme, all possible I-, 2-, 3-, and 
krror  mutants, and a sampling of the higher- 
error mutants (Table 1). 

The evolution experiment spanned ten 
successive generations; each generation be- 
gan with 20 pmol of RNA. The amount of 
RNA was quantified after selective amplifi- 
cation and after transcription (Fig. 3A). 
DNA cleavage activity for the population 
as a whole was monitored by a gel electro- 
phoresis assay involving cleavage of (5'- 
32P) -labeled d(GGCCCTCT-A, (TA,),) to 
yield d(GGCCCET) (Fig. 3B). It is ex- 
pected that any given mutation would more 
likely be detrimental than beneficial, al- 
though there may be a substantial number 
of neutral mutations. Indeed, DNA cleav- 
age activity for the generation 0 population 
is less efficient than for the wild type. The 
generation 1 population, having been se- 
lected for DNA cleavage activity under 
physiologic conditions, shows improved 
catalytic activity compared to generation 0 
and is slightly improved over the wild type. 
Through successive generations there is 
continued improvement of phenotype. By 

generation 7, the population as a whole 
cleaves DNA more efficiently at 37°C and 
10 mM MgC12 than does the wild type at 
the high-temperature, high-MgC12 condi- 
tion. Through generation 10 the rate of 
improvement has yet to level off. 

RNA's from each generation were puri- 
fied by polyacrylamide gel electrophoresis 
and Sephadex chromatography. To provide 
a more formal assay of DNA cleavage ac- 
tivity, we prepared d(GGCCCTCT- 
A3(TA3)315'-32P1A) substrate (33) and 
measured formation of both the ribozyme- 
d(A3 (TA,),A) covalent intermediate and 
.the RNA-catalyzed site-specific hydrolysis 
product d(A,(TA,),A) (Fig. 3C) (34). 
The hydrolysis product forms either by di- 
rect cleavage of the DNA substrate or by 
cleavage of the ribozymed(A, (TA3),A) 
covalent intermediate. Together, these re- 
actions account for less than 5 percent of 
the cleaved substrate. 

After ten generations, DNA cleavage 
activity for the population as a whole is 30 
times higher than that of the wild type. 
Because selection is based on primer hybrid- 
ization to the EP covalent intermediate 
(Fig. lB), there is selection pressure against 

Flg. 3. Course of evolution over A = 
ten successive generations. (A) - lm 
Changes in RNA population size - 2 10 

over time: *, after transcription YI 

c 

(see legend to Fig. 2), quantitated 0 1  - 
OI 

by PHIuracil content; 0, at the 
- 
2 0.1 

start of each generation, based D. 
0 1 2 3 4 5 6 1 1 0 1 0  

on 20-pmol portions; W, after re- 
Generation 

action with substrate, estimated 
by the assay shown in (C); 0, - *I * Lao 01 GZ ca w as ae ol as cn are, 
after selective amplification (see lor I- hm tor 

legend to Fig. I), quantitated 
by acid precipitation at 4°C 
of [a-32P]GTP-labeled progeny 
RNA. (B) Cleavage of (5'-32P)- 
labeled d(GGCCCTCT-&(TAJJ 
substrate (S) in the absence of 
enzyme (-), in the presence of 
the wild-type Tetrahymena ri- 
bozyrne (L-21 form), and in the P.1 

P 
presence of the population of - 
RNA's obtained at each genera- 
tion (Gn, n = 0,lO). Reaction con- 
ditions: 0.5 pM ribozyme, 0.1 pM 
substrate (2.6 pCi/pmol), 30 mM 
EPPS (pH 7.5); either 10 mM 
MgCI,, 37°C 1 hour (low) or 50 - ' i ~ ' ~ ~  
mM MgCI,, 2 mM spermidine, E 4  

5O0C, 1 hour (high). Reaction L 

products were separated by elec- w~ 

trophoresis in a 20 percent poly- o o 

acrylamide-8 M urea gel, an au- W-la* W-w o 1 2 3  4  5 LI 1 I o 10 

toradiogram of which is shown. P, Genaratlon 

[5'-32P]d(GGCCCTCT); P,,, [5'- 
32P]d(GGCCCTCTA). (C) Cleav- 
age of [3'-32P]dA-labeled d(GGCCCTCT-&(TAJ,[5'-=P]A) under reaction conditions as in (B). S, 
EP, and P were separated by electrophoresis in a 20 percent polyacrylamide-8 M urea gel. 
Individual bands were cut from the gel and quantitated by Cerenkov counting. Data points are the 
average of five replicate experiments performed on three different days with two different 
preparations of substrate. Error bars correspond to 21 SD. 

the subsequent site-specific hydrolysis reac- 
tion. As a consequence, the efficiency of 
the hydrolysis reaction relative to the initial 
phosphoester transfer event drops from 4.9 
percent for the wild type to 1.5 percent for 
the generation 10 population. There is 
selection pressure favoring accurate cleav- 
age of the DNA at the target phosphodies- 
ter; inaccurate cleavage would result in 
partial mismatch of the primer used to 
initiate selective amplification. The accura- 
cy of cleavage at first declines from 90 
percent for the wild type to 45 percent for 
the generation 8 population and then rises 
to 60 percent for the generation 10 popu- 
lation. There are some individuals in the 
population that sacrifice accuracy for im- 
proved cleavage activity in order to enjoy 
an overall selective advantage (see below). 
Of course, the most favorable solution is an 
individual that has both high accuracy and 
high cleavage activity. 

Evolutionary history. Although evolu- 
tion in natural populations is an accom- 
plished fact, evolution in vitro is a work in 
progress that allows the experimenter to 
access any time in evolutionary history. We 
obtained subclones from the evolving pop- 
ulation at every generation (35). Genera- 
tions 3, 6, and 9 were chosen for detailed 
analysis. DNA was prepared from 25 sub 
clones at generations 3 and 6 and from 50 
subclones at generation 9. The nucleotide 
sequence of the entire ribozyme gene was 
determined for each of these subclones (36) 
and shows how genotype changes over the 
course of evolutionary history (Fig. 4). 

From generation 0 to generation 3, varia- 
tion is discarded throughout much of the 
catalytic core of the ribozyme. The mean 
number of mutations per subclone decreased 
from 7.0 at generation 0 to 2.7 at generation 
3. By generation 3, a small number of muta- 

Table 1. Composition of the initial population 
(generation 0). The probability P of having k 
errors in a doped oligonucleotide of length v 
and degeneracy d is given by: P(k,v,d) = 
[v!/(v-k)!k)] dk ( 1  -d)&. We randomly mutagen- 
ized a total of 140 positions (v = 140) at a 
degeneracy of 5 percent per position (d = 
0.05). The number of distinct k-error sequences 
of length vis given by: Nk = [v!/(~-k)!k!]3~. The 
expected number of copies per sequence is 
based on a population size of 20 pmol (1.2 x 
1013 molecules). 

Errors Probability sequences (%I 
Copies1 

sequence 
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tions outside of the original zone of random 
mutation have occurred because of ongoing 
mutation events (Fig. 4B). The consensus 
sequence is still that of the wild type, al- 
though only one of 25 subclones has the 
entire wild-type sequence. 

From generation 3 to generation 6 the 
dramatic accumulation of mutations at five 
positions within the ribozyme coincides 
with a threefold improvement in the phe- 
notype of the population as a whole. From 
generation 6 to generation 9, these posi- 
tions are further accentuated and aggregate 
phenotype improves another threefold. The 
mean number of mutations per subclone 

rises to 4.6 at generation 6 and to 5.9 at 
generation 9 as a larger proportion of sub- 
clones adopt the common mutations and as 
mutations accumulate outside of the origi- 
nal zone of random mutation. 

The most frequent mutation is an A+Y 
(Y = U or C) change at position 94 
(94:A+Y). This mutation is present, as 
A+U, in only 1 of 25 subclones at gener- 
ation 3. At generation 6 there are 15 of 25 
occurrences, 12 as A+U and 3 as A+C; at 
generation 9 there are 35 of 50 occurrences, 
22 as A+U and 13 as A+C. Position 94 is 
unpaired in the secondary structure of the 
wild-type ribozyme (27). Considering the 

effect of site-directed mutations made at 
neighboring positions (37), the 94:A+Y 
change may alter the orientation of ri- 
bozyme-bound substrate relative to the cat- 
alytic core of the molecule. 

Another frequent mutation, occurring 
in 4 of 25 subclones at generation 3, 6 of 25 
subclones at eeneration 6. and 22 of 50 " 

subclones at generation 9, is a G+A 
change at position 215. This mutation con- 
verts a G-U wobble pair to an A-U Wat- 
son-Crick pair within the catalytic core of 
the ribozyme. Among 87 group I intron 
sequences that have been analyzed, 39 have 
a G-U and 28 have a G.C, but only 4 have 

Fig. 4. Sites at which mutations occurred over the course of evolution, composition of the initial population (Table 1); (B) generation 3, 
superimposed on the secondary structure of the Tetrahymena ri- 25-subclone resolution; (C) generation 6, 25-subclone resolution; (D) 
bozyme. Box height corresponds to frequency of mutation (percent) at generation 9, 50-subclone resolution. Labeled positions in (D) are sites 
each nucleotide position. Nonmutable primer binding sites are shaded; of frequent mutation, which were prepared individually by site-directed 
substrate is shown in black. (A) Generation 0, based on expected mutagenesis. 
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an A-U at this location (29). 
The most remarkable mutations are a 

G+U change at position 3 13 and an A+G 
change at position 314 that always occur 
together. These mutations are absent at 
generation 3, but are present in 5 of 25 
subclones at generation 6 and 16 of 50 
subclones at generation 9. The GA se- 
quence normally present at positions 313- 
314 is thought to form a short duplex 
structure (the 5' half of the P9.0 pairing) 
that draws the 3'-terminal guanosine resi- 
due of the ribozyme into the catalytic core 
(38). We utilize the 3'-terminal guanosine 
as the nucleophile in the target phospho- 
ester transfer reaction. The 313-314 muta- 
tions are expected to destroy the P9.0 
pairing, yet confer selective advantage with 
respect to DNA cleavage (see below). 

There is a frequent G + A change at 
position 3 12 that occurs only if the 3 13-3 14 
mutations are not present. The 312:G + A 
change is present in 4 of 25 subclones at 
generation 3 and 8 of 25 subclones at 
generation 6, but only 5 of 50 subclones at 
generation 9. In terms of population fre- 
quency, the 312:G + A mutation declines 
as the 313-314:GA + UG mutations be- 
come more abundant. 

Activity of evolved individuals. DNA 
from 14 subclones at generation 9 was tran- 
scribed to produce individual RNA's, which 
were purified by polyacrylamide gel electro- 
phoresis and Sephadex chromatography. 
The catalytic behavior of these RNA's was 
studied with (5'-32P)- and (3'-32P)-labeled 
DNA substrates and (5'-3ZP)- and [cY-~'P]- 
ATP-labeled RNA substrates having the 
sequence GGCCCTUCZC-A, (:A,),. The 
kinetic parameter most relevant to our selec- 

tion criterion is the proportion of ribozyme 
molecules that become joined to the 3' 
portion of the DNA substrate after 1 hour at 
37°C and 10 mM MgC1,. These data and 
comparable data concerning reactions with a 
DNA substrate at 50°C and 50 mM MgC1, 
and with an RNA substrate at 37°C and 10 
mM MgC1, are presented in Fig. 5. 

There is considerable heterogeneity among 
the 14 individual RNA's with respect to DNA 
cleavage activity in the target reaction. All 
are more active than the wild type, with the 
best (clones 29 and 23) being about 60 times 
more active. The five most active individuals 
are more active under physiologic conditions 
than at the high-temperature and high-MgC1, 
condition. All 14 individuals show improved 
activity with the RNA substrate, even though 
the population has never been challenged 
with RNA. Improved RNA cleavage activity 
is largely due to enhanced activity in the 
site-specific hydrolysis reaction (r = +0.93), 
which allows enhanced turnover. 

As mentioned previously, there is selec- 
tion pressure against site-specific hydrolysis 
of the EP covalent intermediate in the 
reaction with a DNA substrate. In fact, all 
but one of the 14 individuals show de- 
creased hydrolytic cleavage of the attached 
DNA compared to the wild type. All but 
one of the individuals show increased hy- 
drolytic cleavage with the RNA substrate. 
Furthermore, there is a strong negative 
correlation (r = - 0.93) between hydrolytic 
cleavage of DNA and RNA. The popula- 
tion is clearly divided into two groups: 
those with low DNA and high RNA hy- 
drolysis activity and those with high DNA 
and low RNA hydrolysis activity (Fig. 5). 
All nine members of the former group carry 

the 3 13-3 14:GA+UG mutations, while all 
five members of the latter group lack these 
changes. 

We chose clones 29 and 23 for more 
detailed kinetic analysis, in comparison with 
the wild-type ribozyme. Initial rates were de- 
termined for the reaction with (5'-32P)-la- 
beled d(GGCCCTCT-A, (TA,),) substrate 
at 37°C and 10 mM MgCl,, with 1 pM 
ribozyme and excess substrate. An Eadie- 
Hofstee plot of w, as a function of wd[S] was 
used to obtain V,,, and K, (Fig. 6). From 
this data, kc,, and k,,,/Kn, were calculated. For 
the wild-type ribozyme, K, = 6.6 pM and 
kcat = 0.0002 min-' (kcat& = 36 M-I 
min-I). This compares to K, = 30 pM and 
kcat = 0.006 min-', previously reported for 
the wild-type ribozyme in a related reaction at 
50°C and 10 mM MgC1, (12). For clone 29, 
K, = 2.0 pM and kc,, = 0.007 min-I 
(kCatKm = 3600 M-' min-I); for clone 23, 
Kn, = 1.9 pM and kcat = 0.005 min-' 
(kCatKm = 2700 M-' min-') (data obtained 
at 37°C and 10 mM MgCl,). Thus, the 
catalytic efficiency of the two evolved RNA's 
was increased and was about 100 times greater 

I I I 

0.0 0.5 1 .O 1.5 2.0 

VAS] (lo3 min-I) 

Fig. 6. Eadie-Hofstee plots (42) used to deter- 
mine K, (negative slope) and V,,, (y-intercept) 
for cleavage of (5'-32P)-labeled d(GGCCCTCT- 
A3(TA3),) by (A) wild type; (B) clones 29 and 23 
from generation 9. Reaction conditions: 1 FM 
ribozyme, 10 mM MgCI,, 30 mM EPPS (pH 7.5), 
37°C; for wild type, 10, 20, 40, and 80 pM 
substrate at 0.25, 30, 60, 120, 180, and 240 
minutes; for clone 29, 2.5, 5, 10, and 20 FM 
substrate at 0.25, 5, 10, and 15 minutes; for 
clone 23, 2.5, 5, 10, and 20 FM substrate at 
0.25, 5, 10, 20, and 30 minutes. Ribozyme and 
substrate were first incubated separately in 10 
mM MgCI,, 30 mM EPPS (pH 7.5), 37"C, for 15 
minutes, then mixed to start the reaction. @, 
wild type; W ,  clone 29; A, clone 23, each data 
point is the average of three independent de- 
terminations of initial velocity. The extent of the 
reaction was linear over the chosen time inter- 
val (r,,,,, = 0.94, r,,, = 0 99). 

l o o  

- 6 0  

P 
W 
"- 

& - 4 0  n 

- 20 

0 

SCIENCE * VOL. 257 31 JULY 1992 

DNA substrate at "high" or DNA DNA RNA DNA DNA RNA 
low high low low high low 

RNA substrate at "low." 
RNA substrate was pre- Phosphoester transfer Hydrolysis 
pared by in vitro transcrip- 
tion with a synthetic oligodeoxynucleotide template (41); reaction conditions were as described in 
the legend to Fig. 2, but include [(U-~~PIATP at 0.003 pCiipmol to label the 3' portion of the substrate. 
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Fig. 5. Catalytic activity of l o o  
14 individual ribozymes 
obtained at generation 9. 
Ribozymes were tran- 
scribed as described in 80 - 
the legend to Fig. 2 and 
assayed as described in 
the legend to Fig. 3. @, 
catalytic behavior of indi- !? 60 - 

"- 
viduals, - - -, average cata- 0 

lytic behavior of the 14 in- 
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catalytic behavior of the 40 - 
generation 9 population as 
a whole, P > 0.99); -, 
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rentheses are correlation 
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Table 2. Genotype and phenotype of 14 individuals from generation 9. Genotype is represented as 
a binary matrix (shown in brackets). Phenotype is represented as a column vector 4, with values 
normalized to wild type = 1.0. DNA cleavage and hydrolysis activity were determined with 
(3'-32P)-labeled DNA substrate under physiologic conditions, as described in the legend to Fig. 3C. 
Accuracy was determined with (5'-*P)-labeled DNA substrate under physiologic conditions, 
measuring the fraction of substrate cleavage that occurs at the target phosphodiester bond; 
reaction conditions were as described in the legend to Fig. 38. Avg., the average of the 14 
individuals. G9 genotype is the average of the 50 subclones obtained from the 9th generation; G9 
phenotype is the behavior of the G9 population as a whole. 

Clone Errors DNA Hydrol- Accu- 

("1 t 2 t t  age 
pis racy 

3 3 4 0 3 %  $ .. b, 4 4 
g g # c u  T j  fi a 

29 6 
23 7 
30 8 
43 8 
5 7 

37 4 
28 5 
2 5 

42 6 
8 8 

40 1 
12 6 
27 2 
11 6 
wt 0 

X, : 
X2: 
Xs: 

avg. 5.6 
G9 5.9 

than that of the wild type, because of im- 
provement in both K,,, and k,,. 

Correlating genotype and phenotype. 
The relation between genotype and pheno- 
type in the context of an RNA-based evolv- 
ing system can now be formalized. Geno- 
type can be represented as a matrix A, the 
rows corresponding to individuals in the 
population and the columns corresponding 
to functionally significant positions within 
the nucleotide sequence (Table 2). Pheno- 
type can be represented as a column vector 
b, whose entries are some measure of fitness 
(catalvtic behavior) of the various individ- 
ials. w e  then seik a row vector x that 
provides a best fit to the equation: Ax = b, 
that is, provides a best fit linear estimation 
of the relation between genotype and phe- 
notype. The solution that minimizes the 
least-squares error is: x = (A*A)-' A*b, 
where A* is the transpose of A. In this way, 
we obtain a weighting vector x that pro- 
vides an estimate of phenotype for any 
given genotype (Table 2). 

The data obtained from 14 individuals is 
not suflicient to provide a meaningful solution 
to the relation of genotype to phenotype, 

' 

even for those nucleotide positions that are 
known to be most significant based on their 
high frequency of accepted mutation. We use 

the weghting vector x as a guide to help 
decide which mutations are sdkiently impor- 
tant to warrant individual study. 

The following individual mutations were 
prepared by sitedirected mutagenesis: 94:A 
+U, 94:A+C, 215:G+A, 3 13:G+U, 
3 14:A+G, and 3 13-3 14:GA+UG (39). 
Catalytic activity was studied with d(GG- 
CCCTCT:A, (TA3),[5 '-3ZP]A) substrate. 
The individual mutations result in im- 
proved activity compared to the wild type, 
but they do not result in activity exceeding 
that of the generation 9 population as a 
whole (Fig. 7). Activity in the 94:A+U 
mutant is seven times greater and in the 
94:A+C mutant it is two times greater 
than in the wild type. The 313- 
314:GA+UG double mutant is more ac- 
tive than either the 313:G+U or 
314:A+G single mutant, explaining why 
the 313-314 mutations occur together 
among the evolved individuals that we 
have studied. As predicted from the analy- 
sis of 14 individuals at generation 9, the 
313-314:GA+UG mutations result in di- 
minished site-specific hydrolysis of the DNA 
substrate compared to the wild type. These 
mutations confer both enhanced phospho- 
ester transfer activity and diminished site- 
specific hydrolysis activity, and thus are well 

Fig. 7. DNA cleavage activity of individuals 
obtained by sitedirected mutagenesis. Reac- 
tion conditions as described in the legend to 
Fig. 3C. -, no enzyme; G9, generation 9 pop- 
ulation as a whole. Reaction products were 
separated in a 20 percent polyacrylamide-8 M 
urea gel, an autoradiogram of which is shown. 

suited to meet the imposed selection con- 
straint which depends on availability of the 
EP covalent intermediate. 

The evolutionary frontier. As an in 
vitro model of Darwinian evolution, a pop- 
ulation of macromolecular catalysts was di- 
rected toward the expression of novel cata- 
lytic function. In our study, we wanted to 
develop ribozymes that cleave DNA with 
improved efficiency under physiologic con- 
ditions. In a related study, we used these 
evolved RNA's to cleave a target DNA in 
vivo; ribozymes obtained from generation 9 
were expressed in E. cdi and shown to 
prevent infection by M13 single-stranded 
DNA bacteriophage (40). 

We are continuing the present successful 
phylogeny beyond the tenth generation, but 
only after decreasing the concentration of 
DNA substrate in the target reaction. 
Through the first ten generations the sub 
strate concentration was 10 pM, roughly 
matching the K,,, for the wild type. Now that 
the evolved individuals have attained a K,,, 
of about 2 pM, the substrate concentration 
must be reduced to subsaturating levels to 
promote further improvement in substrate 
binding. In addition, we are attempting to 
improve catalytic turnover in the DNA 
cleavage reaction by selecting for both phos- 
phoester transfer activity, which generates 
the EP covalent intermediate, and subse- 
quent RNA-catalyzed site-specific hydrolysis 
activity, which frees the ribozyme to act on 
another substrate molecule. 

The selection scheme that we used could 
be applied to various substrates of the form: 
d(CCCTCn-A, (TA,) ,) , where f2 refers to 
some nucleotide analogue and the ribozyme 
is selected for its ability to cleave the 
phosphodiester bond following the se- 
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quence CCCTCfl. The substrate need not 
be a nucleotide or nucleotide analogue. 
The only requirement is that RNA's that 
react with the substrate become tagged in 
some way so that they can be distinguished 
from nonreactive molecules with respect to 
the amplification process. For example, re
active RNA's could become joined to a 
portion of the substrate that is attached to a 
solid support. Nonreactive RNA's would be 
washed away, leaving the bound RNA's to 
be selectively amplified. 

The step from an RNA-cleaving ri-
bozyme to a DNA-cleaving ribozyme is a 
modest one. It seems reasonable that RNA 
is capable of catalyzing a broader range of 
phosphoester transfer reactions, but it is not 
clear which of these activities are accessible 
from existing ribozymes via directed evolu
tion. In some cases, it may be necessary to 
evolve a succession of ribozymes that lead 
progressively toward the desired catalytic 
behavior. An important milestone will be 
the evolution of a ribozyme that performs 
novel chemistry, that is, catalyzes some 
reaction other than phosphoester cleavage 
or ligation. Considering the functional 
groups that exist within RNA, there are a 
number of plausible avenues to be explored. 
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