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Replicability and Recurrence in the Experimental Evolution of

a Group | Ribozyme

Martin M. Hanczyc* and Robert L. Doritt

*Department of Genetics and TDepartment of Ecology and Evolutionary Biology, Yale University

In order to explore the variety of possible responses available to a ribozyme population evolving a novel phenotype,
five Tetrahymena thermophila group | intron ribozyme pools were evolved in paralel for cleavage of a DNA
oligonucleotide. These ribozyme populations were propagated under identical conditions and characterized when
they reached apparent phenotypic plateaus; the populations that reached the highest plateau showed a near 100-fold
improvement in DNA cleavage activity. A detailed characterization of the evolved response in these populations
reveals at least two distinct phenotypic trajectories emerging as a result of the imposed selection. Not only do these
distinct solutions exhibit differential DNA cleavage activity, but they also exhibit a very different correlation with
a related, but unselected, phenotype: RNA cleavage activity. In turn, each of these trajectories is underwritten by
differing genotypic profiles. This study underscores the complex network of possible trajectories through sequence
space available to an evolving population and uncovers the diversity of solutions that result when the process of
experimental evolution is repeated multiple times in a ssimple, engineered system.

I ntroduction

The daunting task facing evolutionary theory is to
simultaneously account for the two salient features of
the natural world: adaptation and diversity. In the years
since the publication of The Origin of Species (Darwin
1859) hiologists have relied on detailed, comparative ex-
amination of organisms to explain the multiplicity of
forms inhabiting the planet and the apparent close fit
between these forms and their environments. As pow-
erful as these retrospective approaches have been, they
are necessarily limited to the examination of realized
forms (the **actual,” in Jacob’s [1982] description of the
domain of biology as ‘‘the possible and the actua’).

The frustration with retrospective approaches, cou-
pled with the advent of molecular tools in evolutionary
biology, has led to an increasing number of experimental
studies of microevolution using both vira (e.g., Bull et
al. 1993, 1997; Cunningham et a. 1997) and bacterial
systems (e.g., Lenski and Travisano 1994; Nakatsu et al.
1998; de Visser et a. 1999).

This study takes an explicitly experimenta ap-
proach to understanding molecular adaptation and di-
versification. It belongs to the expanding body of work
that uses simplified molecular systems to address evo-
lutionary questions (Ellinger, Ehricht, and McCaskill
1998; Hanczyc and Dorit 1998). Using a deliberately
simplified experimental system consisting of catalytic
RNA molecules (ribozymes) evolving in controlled in
vitro environments, we probed the trajectories that lead
to novel catalytic function. Our previous work dealt with
the emergence of complexity and divergent function in
a similar experimental system (Hanczyc and Dorit
1998). Here, we focus on the recurrence of particular
outcomes when replicate molecular populations, identi-
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ca at the outset, are selected in paralel for the same
catalytic function.

In our system, evolving catalytic RNA molecules
acquire the ability to cleave a novel substrate (DNA) in
response to the experimental conditions we impose.
Those ribozymes best able to efficiently cleave this
DNA substrate are preferentially replicated. By repeat-
edly supplying variation to the system and reiterating
the selection cycle, we improve the mean DNA cleavage
activity of the population. As selectable variance is ex-
hausted, the rate of improvement of the population for
the selected phenotype slows and eventually asymptotes:
the population reaches an activity plateau and shows no
further improvement in the selected activity. In princi-
ple, only those ribozymes best able to cleave the DNA
substrate will be represented in the population. The in-
dividual ribozyme variants present at the end of the ex-
periment embody an adaptive solution to the imposed
catalytic challenge.

The evolving entity in this study is the L-21 ribo-
zyme, derived from the self-excising group | intron lo-
cated in the 23S rRNA gene of Tetrahymena thermo-
phila. This ribozyme readily cleaves an RNA oligonu-
cleotide that is partially complementary to the 5" end of
the ribozyme (Zaug and Cech 1986; k.4/K, = 1.6 X
107/M/min; see Materials and Methods). This same ri-
bozyme can aso cleave a DNA oligonucleotide coun-
terpart, but it does so one million times less efficiently
(Herschlag and Cech 1990; k/K, = 3.6 X 10YM/min).
This low but latent ability of the L-21 ribozyme to
cleave DNA, coupled with the results of previous studies
that demonstrated the selectability of the DNA-cleaving
phenotype (Beaudry and Joyce 1992; Tsang and Joyce
1994), made this ribozyme the ideal choice for this
study.

This study explores the replicability and variety of
adaptive responses that evolve under well-defined and
concerted directional selection. We established replicate,
independent populations drawn from the same initial
variable ribozyme pool and selected these populations
in paralel for improved DNA cleavage. Single solutions
were thus likely to be fixed in each of the populations,
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but these endpoints—and the trajectories that give rise
to them—could then be compared among populations.
In effect, each of the five evolving populations under-
takes an excursion aong the functional landscape. The
extent to which these independent populations converge
on a single outcome, or arrive instead at different func-
tional solutions, sheds light on the structure and topog-
raphy of the underlying functional landscape.

Materials and Methods
Mutagenesis of L-21 Ribozyme

We amplified 20 fmol of the pT7L-21 plasmid con-
taining the L-21 ribozyme sequence (courtesy of T.
Cech) via mutagenic PCR (Cadwell and Joyce 1992)
with an upstream primer (TAS2.1) containing a T7 pro-
moter and the first 20 nt of the ribozyme (positions 22—
41: 5'-CTGCAGAATTCTAATACGACTCACTATA-
GGAGGGAAAAGTTATCAGG-3') and a downstream
primer (T13) complementary to the 3’ end of the ribo-
zyme (positions 378-414: 5'-CGAGTACTCCAAAAC-
TAATCAATATACTTTCGCATAC-3'). PCR was per-
formed for 30 cycles under the following conditions:
90°C for 1 min, 60°C for 30 s, and 72°C for 1 min.
Initial mutagenesis was carried out in five consecutive
rounds of amplification. Resultant molecules were pu-
rified by standard phenol/chloroform extraction and sub-
sequent ethanol precipitation after each round of ampli-
fication. Approximately 1/1,000 of the resulting PCR
product was used as template for the next round of am-
plification. Amplification products were gel-purified be-
tween the third and fourth rounds of amplification as
follows: 200 ng of third-round mutant PCR product was
transcribed overnight in the presence of 25 U of T7
RNA polymerase at 37°C in a reaction containing 30
mM Tris (pH 8.0), 25 mM MgCl,, 20 mM spermidine,
25 mM DTT, 0.1% Triton X-100, and 2 mM each NTP;
the mutant transcripts were resolved on a 5% acrylam-
ide/8 M urea gel, and the full-length transcripts were cut
out of the gel. The ribozymes were eluted from the gel
fragments overnight by immersing the crushed gel slice
in a buffer containing 200 mM NaCl,, 10 mM Tris (pH
7.5), and 0.5 mM EDTA and subsequently recovered by
ethanol precipitation. Then, 340 fmol of the purified
transcripts were reverse- transcribed with 5 U of AMV
reverse transcriptase at 42°C for 45 min in a reaction
containing 25 mM Tris (pH 7.5), 5 mM MgCl,, and 25
mM DTT and subjected to two additional rounds of mu-
tagenic PCR. After the last round of mutagenesis, the
mutant pool was amplified by PCR with TAS2.1 and
T13 primers under nonmutagenic conditions as de-
scribed in Hanczyc and Dorit (1998). Three additional
rounds of mutagenic PCR, using the above procedure,
were carried out after the fourth generation of evolution
in vitro.

Construction of Independently Evolving Ribozyme
Lines

The variant pool of ribozymes created by mutagen-
ic PCR was transcribed by T7 RNA polymerase, and the
transcripts were gel-purified as described above. From
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this pool of mutant transcripts, five samples, each con-
taining approximately 103 RNA molecules, were used
to initiate the five independent evolving lines (lines A,
B, C, D, and E).

Evolution In Vitro

The evolution in vitro protocol is outlined below
and is based on a procedure originally devised by Joyce
and coworkers (Beaudry and Joyce 1992; Lehman and
Joyce 1993) and subsequently modified as described in
Hanczyc and Dorit (1998) with the following changes:
Ribozymes were transcribed in vitro by T7 RNA poly-
merase from PCR templates, gel-purified, and quantitat-
ed by spectrophotometry, and approximately 10%2 ribo-
zyme molecules were added to the cleavage reactions.
Two biotin molecules (**B’’) are covaently linked to the
3’ end of the DNA substrate (STC) (5'-
GGCCCTCTAAATAAATAAATAAATAAACAAA-
CAAA-BB-3'). Upon cleavage, the 3" moiety of the
DNA oligonucleotide substrate (5'-AAATAAATAAA-
TAAATAAACAAACAAA-BB- 3) covdently attaches
to the ribozyme. Catalytically active ribozymes thus end
up as tagged, hiotinylated RNA-DNA chimeras which
can be captured on streptavidin-coated magnetic beads.
A second stage of selection used a reverse-transcription
primer, complementary to the tag-ribozyme junction,
further ensuring that only active ribozyme variants re-
mained in the evolving population.

The cleavage reaction (1 wM ribozyme, 10 pM
DNA oligonuclectide substrate, 10 mM MgCl,, and 30
mM EPPS [pH 7.5]) proceeded at 37°C for 180 min in
generations 1-2. This cleavage time was reduced to 10
min in generations 3-6, and to 5 min in generations 7—
15, effectively increasing the intensity of functional se-
lection for improved cleavage. Following cleavage, the
reaction products were incubated (80°C for 30 s) with
streptavidin-coated Dynabeads (M-280, Dynal) in order
to bind and retain the successful ribozymes. The beads
and bound ribozymes were then washed twice with heat-
ed (80°C) SDS buffer (10 mM Tris [pH 7.5], 0.15 M
LiCl, 1 mM EDTA, 0.3% SDS) and twice with heated
(80°C) reverse-transcriptase buffer (25 mM Tris [pH
7.5], 5 mM MgCl,, 25 mM DTT) in order to remove
the unbound ribozymes and prepare the bound ribo-
zymes for reverse transcription. The retained ribozymes
were amplified from the beads with the primer (TAGL)
5-TTTGTTTGTTTATTTATTTA-TTTATTTC-3' and
AMV reverse transcriptase. The resultant cDNAS were
amplified by PCR. No isothermal amplification was
required.

Construction and Propagation of the Control Line

L-21 ribozymes were transcribed from PCR prod-
uct and gel-purified as described above. The control line,
begun with approximately 103 molecules of L-21 ri-
bozyme transcripts, was propagated through the steps of
evolution in vitro as outlined above, with two excep-
tions: no mutagenic PCR was performed on the control
line, and the selection step was modified such that suc-
cessful DNA cleavage was not a precondition for prop-
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agation. Specifically, 103 molecules of the control line
were added to a DNA cleavage reaction, and cleavage
was alowed to proceed. Following the cleavage reac-
tion, ribozymes were added directly to the reverse-tran-
scription step and subsequently amplified in a reaction
containing both T13 and TAG1 primers. The molecules
of the control line are therefore replicated independently
of their ability to cleave the DNA substrate.

Cloning of Individual Ribozymes

PCR products to be further characterized were
cloned into linear T-tailed pBlueScript vector by T4
DNA ligase under standard conditions. The ligated plas-
mids were transformed into competent cells and grown
on ampicillin plates containing X-gal, as described in
Hanczyc and Dorit (1998). Overnight cultures were pre-
pared from a random sampling of single white transfor-
mant colonies. Ligated plasmids containing a PCR insert
were isolated from overnight cultures using Qiagen
miniprep protocols.

Sequencing of Individual Ribozymes

Ribozyme variants were sequenced from plasmid
templates by dye-terminator cycle sequencing according
to Perkin Elmer protocols, and the genotypes were de-
termined (with a minimum twofold coverage) using a
373A ABI DNA sequencer and software.

DNA Cleavage Assays

The overall DNA cleavage activities of the evolv-
ing and control populations were assayed at each gen-
eration. In addition, the activity of selected clones was
further characterized as follows: 0.5 uM ribozyme was
preincubated at 50°C in 50 mM MgCl, and 150 mM
EPPS (pH 7.5) in a 20-pl reaction. 0.1 uM 5 32P-la-
beled STC substrate was added to the reaction and in-
cubated at 37°C for 60 min. The products of the reaction
were resolved on a 16% acrylamide, 8 M urea gel, vi-
sualized using a phosphorimager (Fujix BAS 2000), and
quantitated using MacBAS, version 2.0.

RNA Cleavage Assays

The RNA-cleaving activity of the evolved ribo-
zyme popul ations was determined using a5’ 32P-labeled
substrate (RSTC) (5'-GGCCCUCUAAAUAAAU-
AAAUAAAUAAACAA-ACAAA-BB-3). Then, 4 nM
ribozyme was preincubated at 50°C in 50 mM MgCl,
and 150 mM EPPS (pH 7.5) in a 20-pl reaction. An
equivalent of 1 nM labeled RNA substrate was added
to the reaction and incubated at 37°C for 1 min. The
reaction was stopped with 2 volumes of 7 M urea and
20 mM EDTA with 0.1% xylene cyanol and 0.1% brom-
ophenol blue, and the reaction products were resolved
in a 16% acrylamide/8 M urea gel and quantitated as
described above.

Determination of k., and K, Values

Assays with the 5" end-labeled RNA substrate were
carried out under single-turnover conditions with a sub-

strate concentration at least 10-fold below K. These
assays also involved using four different ribozyme con-
centrations, which spanned the K,,, and always exceeded
the concentration of substrate. Ribozymes were prein-
cubated at 50°C in 50 mM MgCIl, and 150 mM EPPS
(pH 7.5), and the labeled RNA substrate was subse-
quently added to the reaction. Aliquots (typically 2 pl
each) were taken at three time points during the linear
portion of the reaction and quenched with 2 volumes of
7 M urea and 20 mM EDTA with 0.1% xylene cyanol
and 0.1% bromophenol blue. Reaction products were
resolved and quantitated as described above. The K.,/
K, values were determined from ks values according
to the equation Ky, = (Kea/Kim)[EJ.

Assays with the 5 end-labeled DNA substrate were
performed under multiple-turnover conditions using five
different excess substrate concentrations. The ribozymes
were preincubated at 50°C in 50 mM MgCl, and 150
mM EPPS (pH 7.5), and the labeled DNA substrate was
subsequently added to the reaction. Aliquots were ex-
tracted at four time points during the linear portion of
the reaction and were resolved and quantitated as de-
scribed above. Rate constants (K,,, and k) were deter-
mined using Lineweaver-Burk plots.

Determination of Ky,

The kinetic parameter kg, was estimated for both
DNA and RNA substrates from a sampling of individual
ribozyme clones in single-turnover reactions. The con-
ditions were modeled after those used above for the de-
termination of k.; and K,,. Time points were taken dur-
ing the linear portion of the reaction, and k,, vaues
were estimated as the absolute value of the slope of the
natural log (In) of substrate remaining over time.

Results
Phenotypic Response of Evolved Populations

The responses of all populations to the imposed
selection for DNA substrate catalysis are shown in fig-
ure 1. All evolving populations show marked increases
in their ability to cleave the DNA oligonucleotide, with
the most active lines (B, C, D, and E) showing a 100-
fold improvement in DNA cleavage relative to the wild-
type ribozyme.

After an initial response to the selection (genera-
tions 1-4; see fig. 1), the pools were subjected to three
more rounds of mutagenic PCR (estimated error rate of
5.4% per position). As these variant pools began re-
sponding to selection, the amount of time allotted to the
cleavage reaction was reduced from 180 min to 10 min
and, finally, to 5 min. This marked increase in the in-
tensity of selection reduced the noise in the experiment
and insured that only the highest-activity variants were
selected. The experiment was terminated after genera-
tion 15, when three of the five pools had reached phe-
notypic plateaus (no phenotypic improvement for at
|east three consecutive generations).

The dynamics of the selective response differ from
one population of molecules to the next (fig. 1). Line D
exhibits the fastest response, followed closely by line B,

020z Joquieosq G| uo 3senb Aq 069590 1/0S0L/L/. |/oIPIHE/q/WLOd"dNO-oIWBPEDE//:SARY WO} PEPEOIUMOQ



700

g — LineA
+ — LineB
6007 L Linec
A — LineD
50071 4 LineE

Control
400 -

300

Substrate Cleaved
amol product/min/pmol ribozyme

T T 1
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Generation

P
180 min

Selection

Time: 10 min 5 min

Fic. 1.—Phenotypic response of replicate populations over 15
generations of evolution in vitro. The graph depicts DNA substrate
cleaved (expressed as amol cleaved product/min/pmol ribozyme) at
every generation. The point located between generations 4 and 5 marks
the performance of the lines following additional mutagenesis. The
selection intensity, corresponding to the time allowed for cleavage to
occur under selection, is shown aong the bottom of the figure. All
assays were carried out as described in Materials and Methods.

with both lines reaching a cleavage plateau at approxi-
mately 600 amol of DNA substrate cleaved/min/pmol
ribozyme. After generation 11, lines C and E eventually
evolve to reach the same level of catalytic activity as
lines B and D. The response of lines C and E subsequent
to generation 15 has not been determined; they may well
continue to improve in subsequent generations. Line A

DNA Substrate

Replicate Experimental Evolution of Ribozyme Lines 1053

shows no response after generation 13, reaching a pla-
teau at 300 amol of DNA substrate cleaved/min/pmol
ribozyme. As expected, in the absence of selection the
WT control shows no improvement in DNA cleavage
activity.

Our replicate runs of experimental evolution thus
reveal heterogeneity both in the line-specific responses
and in the resultant phenotypic plateaus. We obtained a
variety of outcomes: similar trajectories (lines B and D),
differing trajectories (line B vs. line C, for example),
convergent endpoints (lines B and D), and differing end-
points (line A vs. lines B, C, D, and E).

Correlations with RNA Catalysis

The evolved ribozymes were further characterized
by examining the extent to which improvements in the
evolved activity (cleavage of DNA) correlated with
cleavage of an RNA substrate (the **ancestral’ activity).
Previous studies had shown a positive correlation be-
tween these two activities in evolved variants of the L-
21 ribozyme (Tsang and Joyce 1996), suggesting that
increases in DNA activity stemmed largely from overall
improvements in nucleic acid cleavage chemistry. A
similar pattern emerges in our evolved lines B, C, D,
and E: a 100-fold improvement in DNA catalysis is ac-
companied by a twofold increase in RNA catalysis (fig.
2). In contrast, line A shows an approximately twofold
decrease in RNA catalysis relative to the starting L-21
(wild-type) ribozyme, indicating that line A ribozymes
have lost some RNA cleavage ability while evolving
enhanced DNA cleavage activity. The association be-
tween DNA and RNA catalysis was explored in detail
by assaying eight clones (sampled independently of their

RNA Substrate

A B C D E W Sw

A B C D E WT Suw

35nt + biotin —ja=-

Bt —-| W G ﬁ &% W

® e e b e o o

s

1 2 3 4 5

6 7 8 9

10 11 12 13 14

FiG. 2—Activity of evolved lines on DNA and RNA substrates. Populations of ribozymes after 15 generations of evolution in vitro were
incubated with a radioactively labeled, biotinylated DNA or RNA substrate as described in Materials and Methods. The products of the reactions
were resolved on a denaturing gel and evaluated by phosphorimaging. The upper band represents the 35-nt uncleaved, biotinylated substrate,
and the lower band represents the 8-nt product of the cleavage reaction. Lanes 1-7 show the products of cleavage reactions using a DNA
substrate incubated with the evolved lines A, B, C, D, and E (lanes 1-5) or the L-21 (WT) ribozyme (lane 6). A substrate-only DNA control
(Sub) is shown in lane 7. Lanes 8-14 show the products of cleavage reactions using an RNA substrate incubated with the evolved lines A, B,
C, D, and E (lanes 8-12) or the L-21 (WT) ribozyme (lane 13). A substrate-only RNA control (Sub) is shown in lane 14.
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Fic. 3.—Correlation plots of the DNA and RNA cleavage activities of individual ribozymes. In panels A-E, each point represents the
activity of an individual ribozyme. The X-axis represents the log-transformed DNA-cleaving activity (K..e); the Y-axis is the log-transformed
RNA-cleaving activity (k.. The activity of the wild-type (L-21) ribozyme is shown, for comparison only, as a closed triangle. Each line
represents a regression across all of the evolved ribozymes sampled within a population, with the fit shown as the r value (the WT values were
not included in the regression or correlation analyses). Panel F summarizes the Pearson product-moment correlation coefficient between DNA
and RNA cleavage activity for each of the lines based on the activity of their representative ribozymes.

cleavage phenotype) from each of the five evolved pop-
ulations. The DNA- and RNA-cleaving abilities of each
of these clones are shown in figure 3A-E. As expected
from population assays (fig. 2), clone activity on DNA
and RNA substrates is correlated in several of the
clones. Clones from lines B, D, and E show a high de-
gree of correlation between DNA and RNA catalysis
(Pearson product-moment analysis correlations of 0.90,
0.89, and 0.88 respectively; fig 3F). Line C clones still
show aweak positive correlation (0.43). In contrast, line

A clones show a weak negative correlation between
DNA and RNA catalysis (—0.31).

Genotypic Characterization of the Evolved Populations

The initial variability present in the ribozyme pool
following five consecutive rounds of mutagenic PCR
was quantified by sequencing a sample of 25 molecules
(data not shown). The resulting error rate of the starting
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FiG. 4—The frequencies and positions of prevalent mutations found in each line following 10 (stippled bars, lines A—C) and 15 generations
of evolution in vitro (black bars, lines A—E). The sites of prevalent mutations (sites at which more than 50% of the ribozymes sampled from
any one line differ from the L-21 ribozyme) are shown aong the bottom axis. The Y-axis shows the frequency of a prevalent mutation for each
of the lines. Those positions located in the catalytic core of the ribozyme are shown in italicized boldface type. A compilation of the prevalent
mutations for the sequenced genotypes is available (http://www.eeb.yale.edu/faculty/dorit).

pool was estimated as 9.1% per position, with an aver-
age of 30.7 mutations per molecule.

After 15 generations of evolution in vitro, we char-
acterized the five evolved lines by sampling 25 individ-
ual clones from each line, with no a priori knowledge
of their genotypic or phenotypic characteristics. The re-
sulting genotypes were compared with the ancestral L-
21 sequence; we define a genotypic difference as a
“prevalent mutation” if more than 50% of the sampled
sequences from any one line differ from the L-21 se-
quence at that position. We identify 25 such prevalent
mutations in our evolving lines. The identities of these
prevalent mutations and their frequencies across al lines

at generation 15 are summarized in figure 4. In addition,
we sampled individual clones from lines A, B, and C at
generation 10, when the lines appear most divergent in
their response to selection (fig. 4A-C).

By generation 15, lines B, C, D, and E share nine
of the prevalent mutations and clearly constitute a ge-
notypic cluster. Lines B and D are genotypically virtu-
aly indistinguishable and share 13 of the prevalent mu-
tations. Their genotypic similarity correlates with the
observation that both lines B and D responded similarly
to in vitro selection and demonstrate comparable phe-
notypic activities (see fig. 1). Line E shares all 13 of the
prevalent mutations observed in lines B and D but is
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distinguished by an additional adenine-to-guanine mu-
tation at position 90 (f > 0.9). While Line C shares nine
prevalent mutations with lines B, D, and E, it is set apart
by a common change at position 348, as well as by
infrequent mutations at position 292. Line C appears to
be the most variable population after 15 generations of
evolution: only 3 of the 10 prevalent mutations are rep-
resented in 100% of the clones from this line (fig. 4).
In contrast, 9 of 13 prevalent mutations were fixed in
line B by generation 15.

Line A shares only two prevalent mutations (po-
sitions 87 and 94) with the remaining lines; the other
10 prevalent mutations are unique to line A. The distinct
character of line A is evident by generation 10 (fig. 4B),
when the phenotypic divergence between lines is at its
maximum (fig. 1). The eventual genotypic profile of all
lines is foreshadowed well before the activity plateaus
are reached.

In all five lines, prevalent mutations occur at po-
sitions 87 and 94 (see fig. 4). The change at position 87,
a deletion of a single adenine in stem P2.1, results in
the elimination of a bulged nucleotide. The change at
position 94 involves an A - U change in a putatively
single-stranded linker region between stems P2.1 and
P3. Of the 125 evolved clones sampled in this study, all
exhibit the A - U change at position 94, and all but 2
(123/125) have lost the bulged nucleotide at position 87.
Both changes have been observed in previous studies
(Beaudry and Joyce 1992; Tsang and Joyce 1994, 1996)
in which they appear to be associated with bound sub-
strate orientation.

The sequence differences accumulated by the end
of the experiment in lines A and B (relative to L-21)
are also shown as relative-frequency histograms super-
imposed on the secondary structure of this ribozyme
(fig. 5). The differences occur in both the conserved
catalytic core of the ribozyme and the periphery; both
position and frequency of changes differ significantly
between lines A and B.

The Control Line

The control line was maintained for two reasons.
First, characterization of the control line allows the es-
timation of the inherent mutation rate of the system due
to replication errors. Second, characterization of the con-
trol line allows us to distinguish mutations that simply
confer a replicative advantage in this experimental sys-
tem from those emerging in response to the catalytic
challenge (Wright and Joyce 1997; Hanczyc and Dorit
1998).

Twenty-four clones from the wild-type control line
were analyzed after 15 generations to test for the distri-
bution of mutations along the molecule. The molecule
was divided into five equivalent (67-nt) intervals, which
insured that no interval exhibited fewer than five mu-
tations in our sample. A test of the observed distribution
failed to reject the null hypothesis of equal numbers of
mutations (including indels) across al intervals (G =
0.769, df = 4, P > 0.9). We noted a significant excess
of transitions (54) over transversions (11) and a signif-

icant number of insertions (13) and deletions (2), as ex-
pected from amplification and reverse- transcription er-
rors. We calculated an inherent mutation rate of 0.066%
per position per generation (average = 3.3 mutations per
clone; range = 0-9) and did not detect any pattern of
molecular changes evolving solely in response to the
experimental design of the system.

Kinetic Analyses

Kinetic analyses quantitate the changes in the ki-
netic parameters that are responsible for the enhanced
phenotype seen in figure 1. Kinetic dissection can also
reveal further disparities among the evolved lines, since
similar improvements in catalytic activity (measured as
kope) Can obscure different underlying causes (e.g., in-
creased k., or decreased K,,).

Representative molecules from each of the five
populations were chosen to insure that the set of char-
acteristic changes for each population was examined.
Clone A15.G, for instance, contains al 12 prevalent mu-
tations characteristic of line A. Given the similarity be-
tween lines B and D, an additional clone from line D
(D15.1), exhibiting a variant 3’ end, was also included
in this study. The results of the kinetic analysis for all
five clones and the wild-type ribozyme are shown in
table 1. Both K,,, and k., values changed in response to
the selection for DNA catalysis when compared with the
L-21 (WT) ribozyme. K,,, values for most of the clones
show about a 10-fold decrease (clone A15.G shows only
a fourfold decrease in K,;,). All clones show 20- to 40-
fold increases in k. over L-21 (WT). Upon comparing
kea/Km values, clone C15.H shows the highest efficien-
cy, a 330-fold increase over L-21 (WT).

These levels of catalytic improvement are compa-
rable to those in previous studies (e.g., see Tsang and
Joyce 1994), despite some significant differences in the
design and selective conditions used. Both the k; and
the K,,, components are modified by selection.

Discussion

Parallel populations of ribozymes evolved for im-
provement in DNA cleavage activity exhibit different
phenotypic trajectories and reach different endpoints.
These differing endpoints in phenotypic activity (fig. 1)
are underwritten by correspondingly different genotypes
(fig. 4). The L-21 ribozyme variants explore a minimum
of two solution classes in response to the challenge of
DNA catalysis—one embodied by line A, the other by
lines B, C, D, and E.

We delineate these two solution classes based on
the following criteria: (1) the different levels of DNA
cleavage activity at which the lines reach a plateau; (2)
the differences exhibited by the lines in their RNA
cleavage capacities (arelated but distinct and unsel ected
phenotype); and (3) the overlapping mutational spec-
trum of lines B, C, D, and E, in contrast to the distinct
mutational profile of line A. Ultimately, the independent
character of the two solutions requires an exploration of
the genotype space separating them and a demonstration
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FiG. 5.—Histograms of sequence changes observed in the evolving populations at generation 15. Twenty-five clones were randomly sampled
and sequenced from lines A and B at generation 15. Sequence changes (relative to the WT L-21 sequence) which occurred during the course
of evolution are shown as vertical bars, superimposed on the secondary structure of the L-21 ribozyme. The height of the bar, ranging from 0%
to 100% of sampled ribozymes, denotes the frequency of changes at that position. The number immediately above the bar indicates the positions
of the most frequent changes. Panel A shows the frequency and distribution of changes that occurred in line A after 15 generations; Panel B
shows comparable information for line B.
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Table 1
Kinetic Analysis of DNA Catalytic Activity for
Representative Ribozymes

Ribozyme K (BM) ke (1072min) ko /K,, (104M/min)
L-21 (WT).... 450 = 0.80 0.16 = 0.02  0.0037 = 0.0003
A15G........ 112 = 0.53 3.0 £ 0.66 0.31 = 0.12
B15E........ 0.59 = 0.17 58 = 14 0.99 *+ 0.08
CI5H........ 0.58 = 0.11 6.7 = 0.83 1.2 = 011
D151......... 0.46 = 0.16 3.0 = 0.98 0.73 = 0.32
E15.C........ 0.38 = 0.19 42 + 0.7 1.2 = 0.29

of the incompatible nature of the mutations that define
the two solutions (e.g., see Gavrilets and Gravner 1997).

The Genotypic Basis of Phenotypic Divergence

The solution class that displays the greatest im-
provement in the selected phenotype evolved more than
once (lines B, C, D, and E). These lines have converged
phenotypically and genotypically. In contrast, line A
also shows enhanced DNA cleavage activity but em-
bodies a different catalytic solution. The phenotypic di-
vergence of line A is accompanied by a comparable di-
vergence at the genotypic level, already evident by gen-
eration 10. Despite the heterogeneity in the phenotypic
responses at that point, the eventual distribution of prev-
aent mutations that distinguishes line A from lines B,
C, D, and E takes shape early in the experiment.

The presence of distinct solution classes revealsthe
interplay of stochastic and deterministic forces. Partic-
ular mutations responsible for the high activity of lines
B, C, D, and E may not have arisen in line A. Eight
prevalent mutations present in lines B, C, D, and E are
not observed in line A; these mutations could account
for the difference in the catalytic activities of the dif-
ferent lines.

Stochastic effects may aso be manifested in the
differential accumulation of mildly deleterious muta-
tions in the various lines. The activity of line A may be
compromised by line-specific deleterious mutations that
diminish catalytic activity. In the absence of recombi-
nation, hitchhiking of mildly deleterious mutations will
continue until mutation-selection equilibrium is reached.
Candidates for this mildly deleterious designation—
prevalent mutations unique to line A (positions 73, 81,
and 354; see fig. 4)—show no obvious correlation with
reduced DNA cleavage activity in the representative
clones. Despite the large effective population sizes
(>10°) in these experiments, mutations of small dele-
terious effect (s = 1/N,) are nevertheless unlikely to be
eliminated from the population.

Deterministic explanations for the existence of di-
vergent solutions postulate epistatic interactions among
the observed point mutations. Because catalytic activity
depends on both the sequence and the three-dimensional
structure of the ribozyme, such epistatic interactions can
be reasonably postulated. The enhanced DNA cleavage
activity of lines B, C, D, and E may depend on a com-
bination of mutations that has not arisen in line A. Po-
sitions 135, 270, and 312 may represent such an inter-
action. These individua mutations manifest in line A

variants (see fig. 4), yet they do not co-occur in asingle
ribozyme molecule from line A. The absence of recom-
bination again retards the formation of such favorable
epistatic combinations, since multiple mutations must
arise on the same molecule before a fitness advantage
obtains. Finally, the fate of new mutations may depend
primarily on the genetic background in which the mu-
tations occur. This context-dependent fate, arising from
the type of epistatic interactions described above, sets
the stage for the emergence of divergent genotypic and
phenotypic classes. As line A and lines B, C, D, and E
begin to define distinct genotypic contexts early in the
experiment, the fate of any subsequent new point mu-
tation, even if it appears in al lines, is unlikely to be
the same. Every new fixation defines a novel context for
subsequent mutational events. By generation 10, line A
has acquired a suite of line-specific mutations that differ
from those seen in lines B, C, D, and E. The two ge-
notypic solutions seen in this experiment are separated
by a large Hamming distance, suggesting that line A is
not simply an intermediate stage in the evolution of a
single convergent solution embodied by lines B, C, D,
and E.

Correlated Response: Uncoupling DNA and RNA
Catalysis

The line-specific correlation between DNA and
RNA cleavage activities reveals further heterogeneity in
the phenotypic responses of the replicate lines. In our
experiments, there is no selection for retaining activity
on an RNA substrate or any countersel ection for reduced
activity on an RNA target. Despite this, lines B, D, and
E show a tight positive correlation between the two
cleavage activities, aresult expected from previous stud-
ies (Tsang and Joyce 1994, 1996). Line C shows aweak-
er, but still positive, correlation. In contrast, DNA cleav-
age appears uncoupled from RNA cleavage in line A,
as reflected by the weak negative correlation shown in
figure 3F. This lack of correlation between DNA- and
RNA-cleavage activities in line A stands in contrast to
previous studies where the correlation between DNA
and RNA cataysis could only be weakened by direct
counterselection (Tsang and Joyce 1996). Line A has
evolved a distinct solution with greater specificity for
the DNA substrate: DNA and RNA cleavage are no lon-
ger correlated in this line.

Evolving DNA Cleavage: Necessary and Contingent
Changes

Two prevalent mutations, at positions 87 and 94,
recurred in every line (fig. 4). In pursuit of the same
objective—enhanced cleavage of a DNA substrate—but
utilizing different experimental methods, previous stud-
ies also report changes at positions 87 and 94 in re-
sponse to in vitro selection (Beaudry and Joyce 1992;
Tsang and Joyce 1994). We note that these changes are
not seen in our unselected control line and are thus not
a bias or artifact of the evolution in vitro system.

All of the evolved clones from generation 15 sam-
pled in this study (125) exhibit the change at position
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94; all but two clones show the deletion at position 87.
The prevalence of these two changes does not per se
mean that they are the basis for improved DNA cleavage
activity. Clone C15.G, for instance, lacks the change at
position 87, yet still shows enhanced DNA cleavage (fig.
3). This deletion is therefore not necessary for improved
DNA cleavage. Only one of the 25 prevalent changes
described in figure 4, the A - U change at position 94,
is truly ubiquitous in our experiment and has previously
been observed in similar selections (see Beaudry and
Joyce 1992; Tsang and Joyce 1994). While the role
played by these mutations has yet to be established, we
suspect that the changes at positions 87 and 94 are nei-
ther necessary nor sufficient to confer enhanced DNA
cleavage activity. They may instead represent easily ac-
cessible steps in the evolution of enhanced DNA cleav-
age, and their fixation may set the stage for the emer-
gence of subsequent functional mutations. The diversity
of evolved molecules emerging in these experiments
suggests that multiple combinations of genotypic chang-
es can confer an enhancement in DNA-cleaving activity.

The multiple evolutionary trajectories seen in this
experiment underscore the many-to-one relationship be-
tween ribozyme genotypes and catalytic phenotypes.
This relationship is reflected in the phylogenetic diver-
sity of many catalytic RNAs (e.g., group | [Michel and
Westhof 1990] or group Il introns [Michel and Ferat
1995]). Such phylogenetic comparisons, however, take
place over large Hamming distances and compare very
divergent entities from varying contexts.

The results presented here suggest that even on a
local scale, where common ancestry is recent and still
visible, we are dealing with a rugged adaptive landscape
where multiple genotypes give rise to a single conver-
gent function. Such ruggedness is a prediction of a num-
ber of theoretical models and arises from assumptions
about the role of stochastic events in small populations
(Wright 1948, 1949), the nature of the mutational spec-
trum (Gillespie 1984), the prevalence of epistatic inter-
actions (Kaufmann 1995), the character of the genotype-
to-phenotype map (Gavrilets 1997), and the nature of
RNA free-energy landscapes (Schuster et al. 1994; Hun-
yen and Fontana 1996; Fontana and Schuster 1998).

This ruggedness has clear implications for the ap-
plied in vitro evolution of novel molecules. Most evo-
lution in vitro is not likely to preserve multiple alter-
native solutions to a catalytic challenge (but see Ekland,
Szostak, and Bartel 1995; Hager and Szostak 1997). In
the present case, the solution represented by line A (with
its lower overall activity) would not have been recov-
ered had it arisen along with the alternate solution in a
single, evolving population. While this would seem to
argue for the power of single in vitro runs to produce
the “optimal’ molecule, it is worth recalling that other
aspects of the evolved line A molecules, such as their
increased specificity for DNA substrates, may subse-
quently prove desirable. Replicate in vitro evolution ex-
periments reduce the probability that alternate and po-
tentially desirable solutions will remain undiscovered.

Replicate Experimental Evolution of Ribozyme Lines 1059

Conclusions

This simplified experimental system provides a de-
tailed look at molecular populations evolving under se-
lection. Populations were found to follow different phe-
notypic trajectories and probed different regions of se-
guence space in which catalytically active solutions
were to be found. Each of these solutions resulted from
aunigue array of mutations which presumably givesrise
to a unique three-dimensional ribozyme architecture.

The multiple solutions exhibited by our evolving
lines shed light on a fundamental question in evolution-
ary biology, namely, the relationship between realized
solutions and the universe of possible solutions. Our ob-
servations suggest that for a single functional phenotype
under selection, multiple pathways and multiple end-
points exist and can be reached even on a loca scae.
Any one of the solutions we have uncovered likely rep-
resents an element of a much larger ensemble of func-
tional answers to the catalytic challenge. There is no
reason to suspect that a similar relationship between the
possible and the actual does not apply for any given
novel molecular phenotype we choose to explore.
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