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Determining how large RNA molecules stabilize their tertiary structures is critical for understanding how they
perform their biological functions. Here we use in vitro selection to identify active variants of the Tetrahymena
ribozyme with increased stability. The mutant pool converged to a single family that shared nine mutations; an
RNA representing the consensus sequence was structurally more stable by 10.5 °C and catalytically active at
elevated temperatures. Remarkably, of the nine altered sites, most are already known to be involved in tertiary
interactions, and the stabilizing mutations primarily improve the packing interactions in the molecular interior.

The wild type ribozyme and the selected mutants provide pairs of mesophilic and thermophilic homologs for

studying the origin of their thermal stability.

How macromolecules from thermophilic organisms achieve
thermostability has been a fascinating question for structural
biologists and for the biotechnology industry'. In protein
enzymes, this problem has been investigated extensively
by structural comparison of thermophilic and mesophilic
homologs and by directed evolution approaches*’. Thermo-
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philic proteins enhance their structural stability through many
small structural modifications, using the same set of canonical
forces — such as hydrogen bonds, salt bridges and hydrophobic
interactions — that are found in all proteins. The stabilizing
strategy that each individual protein adopts seems to be largely
idiosyncratic.

c

G-OH

Tet-sub
5'-GGCCCUCUAAJ (AT TAAATAAATA) -biotin-3'

IGS ¥

Ribozyme

5'-GGCCCUuCU

TAAATAAATA) -biotin-3'

Ribozyme

Fig. 1 In vitro selection for stability and activity. a, A cooperative unfold-
ing transition of the L-21 G414 version of the Tetrahymena ribozyme dis-
played by TGGE in 1x THE and 0.5 mM MgCl,. A linear temperature
gradient was established along the horizontal direction with the tem-
peratures at the ends marked. ‘N’ stands for native; ‘D’, denatured (ter-
tiary structure unfolded and secondary structure intact); and 'U/M’,
unfolded or misfolded. The RNA band in a high-temperature region
(boxed) is distorted to variable degrees for unknown reasons. b, An
in vitro selection procedure for thermostable ribozymes. The mutagenic
PCR was done at the beginning and again at every third round of selec-
tion. ¢, Scheme of the cleavage reaction. The oligonucleotide substrate
Tet-sub consists of both ribonucleotides and deoxyribonucleotides (d).
An active ribozyme binds to Tet-sub via the internal guide sequence (IGS)
and cleaves it using its 3' terminal G residue, which becomes covalently
linked to the 3' portion of Tet-sub. The primer-binding site for the sub-
sequent reverse transcription reaction is italicized in the ribozyme-
substrate conjugate.
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Fig. 2 Selection progression. Portions of TGGE
gels of rounds 1-14 (R1-R14) are shown with the
MgCl, concentration and the approximate tem-
peratures across the temperature gradient
labeled. These gel pictures are the autoradio-
grams saved during the selection procedure,
except for R1-R4, which are the results using puri-
fied RNAs. The right-side boxes on the TGGE gels
of R5-R14 represent the regions excised for RNA
extraction and subsequent selection procedures.
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single-nucleotide bulge deletion that signifi-
cantly stabilizes the P4-P6 domain of the
Tetrahymena ribozyme'*'>. Because the 160-
nucleotide (nt) P4-P6 domain has a rela-
tively simple fold — juxtaposition of two
quasi-continuous helices'® — it remains
interesting to see how a larger RNA structure
can be stabilized.
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Similar to protein, RNA can act as an enzyme*. However, RNA
has a hydrophilic rather than a hydrophobic core, and its struc-
ture is formed largely by hydrogen bonding, base stacking and
divalent cation-mediated interactions>¢. Thus, the way in which
folded RNAs attain thermostability may be different than that of
proteins. Increased G+C content and posttranscriptional modi-
fications have been shown to stabilize thermophilic tRNAs™®.
Sequence comparison of the RNase P RNAs from thermophilic
bacteria and their mesophilic relatives has revealed several fea-
tures that may contribute to thermostability'®. For example, the
helices in the thermophilic RNAs seem to be stabilized through
increased G-C base pairs, minimization of disruptions within
helices and/or additional base pairs. Shortened connections
between helices were also observed in these thermophilic RNAs.
In contrast, a thermodynamic study suggested a mechanism of
using a less structured folding intermediate and increased coop-
erativity rather than increased G+C content to achieve stability
for a thermophilic RNase P RNA!!. What has been lacking in the
field is systematic comparison of homologous large RNA struc-
tures with different stability or directed evolution experiments,
approaches similar to those used in the studies of protein
enzymes.

Although some large ribozyme structures are more thermo-
stable than others!®-13, they differ so much in sequence and in
their peripheral secondary structure elements that the differ-
ences responsible for stability are not easily determined. Thus,
in vitro selection represents a more feasible approach to explain
the basis of structural stability of large RNA molecules. Using a
procedure based on native gels, Juneau et al. have identified a
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ing. Specifically, the relatively solvent-
inaccessible core (rather than peripheral ele-
ments) is not optimized for stability in the
natural RNA, and stability can be signifi-
cantly improved while retaining enzymatic
activity.

Temperature gradient gel electrophoresis (TGGE)

In TGGE, a linear temperature gradient is applied perpendicular
to the electric field. Folded RNA molecules become less compact
when their tertiary structure is disrupted, with concomitant
decrease in electrophoretic mobility. Thus, TGGE allows an
entire RNA melting curve to be displayed on a single gel.
Previous work established that TGGE could be used to monitor
the tertiary-to-secondary structure transition of the 160-
nucleotide P4-P6 domain of the Tetrahymena ribozyme?. We
first searched for a condition in which an enzymatically active
form of the Tetrahymena ribozyme (L-21 G414, 393 nucleotides)
would unfold on TGGE. The native-gel mobility of the ribozyme
relative to a 200-base pair (bp) DNA marker remained nearly
constant at magnesium concentrations above 1 mM (data not
shown), indicative of a folded structure. Eventually, a coopera-
tive unfolding transition of the ribozyme was identified by
TGGE at 0.5 mM MgCl,, giving a melting temperature (T,,) of
45 °C (Fig. 1a).

In vitro selection to improve ribozyme thermostability

The strategy for in vitro selection (Fig. 1b) used random PCR?!
mutagenesis of the ribozyme pool at an average level of two
mutations per gene, at the beginning and again at every third
round of selection. The most stable subpopulation of the initial
pool showed a T,, of 45 °C on TGGE, similar to that of the wild
type ribozyme (Fig. 2, R1). A gel piece corresponding to extrap-
olation of the native RNA band was excised (Fig. 2, R5-R14) and
the RNA was extracted. The RNA molecules were then selected
for activity by requiring them to perform a cleavage-ligation

nature structural biology ¢ volume 9 number 11 « november 2002



@ © 2002 Nature Publishing Group http://www.nature.com/naturestructuralbiology

articles

P2

SIaI=-<aiyin

@il

reaction on an added substrate nucleic acid (Fig. lc); active
molecules ligated a primer-binding site to their 3’ end, which
enabled their amplification by PCR?2. During eight rounds of
such selection, the apparent T,, of the ribozyme pool gradually
increased to [52 °C.

The unfolding transition of the eighth-round ribozyme pool
approached a high-temperature region of the gel where the
ribozyme band was distorted to variable degrees for unknown
reasons (Figs 1a, 2), making further rounds of selection difficult.
Our strategy to overcome this problem takes advantage of the
correlation between RNA stability and magnesium ion concen-
tration??. Indeed, when the magnesium concentration in
TGGE was lowered from 0.5 mM to 0.2 mM, the apparent
unfolding transition of the eighth-round pool was shifted from
52 °C to 35 °C. Then six rounds of selection with 0.2 mM MgCl,
were performed, during which the apparent T, of the pool at
first increased to 40 °C and then failed to improve for the last
three rounds (Fig. 2).

The observation that the T,, plateaued in the selection sug-
gests that the ribozyme pool had converged to a common set of
mutations and additional mutations failed to further improve
the thermostability of the ribozymes. Cloning and sequencing
of the survivor ribozymes at the end of the 8" and 14t rounds
supported this hypothesis. The eight ribozyme variants
sequenced from the 14™ round pool contained 9-11 mutations
per gene. All of the ribozymes contained a common set of eight
mutations, indicating that the pool had indeed converged
(Fig. 3a). In addition, one mutation from the group that
included U377A, U377G and U376C, which all stabilize the
secondary structure of the P9.2 helix, was present in seven vari-
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Fig. 3 Location of the consensus mutations. a, Mapped on the secondary
structure diagram of the Tetrahymena L-21 G414 ribozyme. Large bold
letter pairs with arrows and numbers indicate the mutations in the con-
sensus sequences. The consensus mutations that occurred at the end of
the eighth round are red and the additional mutations that the
ribozyme pool converged to during the last six rounds of selection at
lower magnesium concentration are blue. The gray shaded regions are
protected from Fe(ll)-EDTA cleavage in the presence of magnesium ion
as reported by Heuer et al.%6. The paired secondary structures of the
ribozyme are labeled P1-P9.2. Only the residues important to the results
of this work are shown. b, The selected mutations mapped onto the 5 A
resolution crystal structure of the ribozyme core'. The P4-P6 and P3-P9
domains of the ribozyme are drawn in red and green, respectively. The
six mutated residues included in the structure are represented by blue
spheres at the C1' atom positions. Peripheral helices P2, P2.1, P9.1 and
P9.2 are not present in the structure but were present in the selected
ribozyme.

ants. In contrast, the 12 variants from the 8® round pool
showed a larger degree of variation, with 5-10 mutations per
gene, 5 of which were common to all mutants, including one
from the group represented by U377A. The consensus muta-
tions in the 8% round pool (referred to as R8C) were a subset of
those in the 14" round pool (referred to as R14C) (Fig. 3a),
indicating that R14C was the evolutionary descendant of R8C.
Both R8C and R14C were represented by at least one variant
sequenced. They were shown in the subsequent characteriza-
tion to be active for cleavage, and their mutations were suffi-
cient to provide the observed thermostability. The stabilizing
mutations identified in the selection are dispersed in the
sequence and secondary structure of the ribozyme (Fig. 3a),
but are more clustered in the tertiary structure (Fig. 3b).

Structural stability of the selected mutants

The increased thermostability of the 8% and 14% round consen-
sus mutants was confirmed by TGGE (Fig. 4; Table 1).
Nevertheless, examining their stability with an independent
experimental technique not used in the selection procedure was
important. UV melting had been used to monitor the unfolding
of the L-21 Scal form of the Tetrahymena ribozyme, which lacks
five residues at the 3’ end of the intron; two major transitions were
identified?*. Chemical mapping at different temperatures indi-
cated that the first transition primarily involved melting of
tertiary interactions and the second involved melting of sec-
ondary structures. We found that with 0.4 mM magnesium, ther-
mal unfolding of the wild type Tetrahymena L-21 G414 ribozyme
gave rise to two transitions with maxima at 58.5 °C and 67.3 °C
(Fig. 5). The five mutations in R8C shifted these transitions to
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63.2°Cand 69.5 °C. These temperatures were increased to 65.2 °C
and 69.3 °C with R14C. Similar results were observed at 2.0 mM
magnesium concentration, with the increases in unfolding transi-
tions smaller than those at 0.4 mM MgCl, (data not shown).
Assuming that the low-temperature transition primarily moni-
tors the disruption of tertiary interactions for the L-21 G414
ribozyme, these results support the conclusion that the selected
mutants possess more stable tertiary structure. In addition, the
high-temperature transition, which is generally regarded as a
result of the disruption of secondary structure, was also increased
by [2 °C for both mutants. One of the mutations common to R8C
and R14C, U377A, closed a U-U mismatch in the P9.2 helix and,
thus, could be a primary cause of the elevation of the second-
transition temperature. Alternatively, some tertiary structural
elements could also contribute to the high-temperature transition
and therefore the increase in overall structural stability shifted this
transition.

Thermostable activity of the selected ribozymes

Is the structure stabilized by the selected mutations really the
catalytically active one? Are the selected mutants active at
higher temperature than the wild type? To answer these ques-
tions, the single-turnover rate of RNA substrate cleavage reac-
tion was measured at various temperatures for the wild type,
R8C and R14C ribozymes (Fig. 6). The wild type ribozyme had a
maximum active temperature of 55 °C, whereas the two selected
mutants were clearly competent for cleavage at 65 °C (Table 2).
Interestingly, the reaction rates of the two mutants seemed to be
slower than that of the wild type at 50 or 55 °C. The final extent
of reaction of the Tetrahymena ribozyme is a function of both
the percentage of active ribozymes (ribozymes can be inactive
either because they are unfolded or because they are trapped in
misfolded conformations) and the equilibrium between cleavage
and ligation. We observed that at any given temperature, the
final extent of reaction of the stabilized mutants significantly
exceeded that of the wild type ribozyme (Table 2).

Interior location of the stabilizing mutations

Overall, the selected mutations do not strengthen the secondary
structure of the ribozyme. Only one out of the nine mutations,
U377A, stabilizes a helix (P9.2). Two other mutations, U277C
and U322G, actually disrupt base pairing in P3 and P9, respec-
tively. Other mutations are located in unpaired regions of the
secondary structure (Fig. 3a), many at sites of known tertiary
interactions. This is in contrast to an earlier model, derived from
a comparison of thermophilic and mesophilic RNase P RNA
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Fig. 4 TGGE comparing R14C with the wild type ribozyme (WT). The
electrophoresis was performed in 1x THE buffer and 0.5 mM MgCl,.
The WT RNA was loaded 15 min later than R14C. The assignment of the
bands were confirmed by TGGEs with a single RNA sample. The arrow
indicates the denatured R14C RNA, which did not converge with
the unfolded/misfolded species at high temperature, in contrast to the
behavior of the wild type ribozyme.

sequences'?, that increased use of G-C base pairs and less non-
Watson-Crick pairs or mismatches in the secondary structures
contribute to thermostability. Therefore, the major improve-
ment in structural stability of the Tetrahymena ribozyme seems
to originate from introduction or modification of tertiary inter-
actions.

Nucleotides involved in tertiary interactions tend to be con-
served among diverse group I introns, or at least constrained in
the types of nucleotide substitutions that occur. Searching the
Comparative RNA Web Site?, in combination with examining
available secondary structural diagrams, revealed that the sel-
ected mutations generally follow the phylogenetic trend. For
example, A94G and U322G switch nucleotides to the residues
that are naturally most abundant in the ICI and IC2 subgroups
(the Tetrahymena intron belongs to the IC1 subgroup). Most
group I introns do not have a bulged residue in P4 such as that
found at position 210 in the Tetrahymena intron. However, when
there is a bulged residue 210, it occurs as only A or G, with G
more abundant; this correlates with the A210G change we
observe. This is the same bulged nucleotide that underwent a
conformational rearrangement in the previously selected more
stable mutant of the isolated P4-P6 domain'®. At position 269,
where we observed A269G, A and G residues exist with equal
frequency in natural group I introns. A304G mutates from the
most abundant residue to the second most abundant one. The
P9.1 and P9.2 helices, in which U340A and U377A reside, are not
conserved in the group I intron family.

Fe(II)-EDTA protection provides a model-independent
method to probe the three-dimensional structures of large RNAs
and to distinguish between positions in the interior and exterior
of the molecules. When the sites of mutation are superimposed
on the Fe(II)-EDTA protection map of the Tetrahymena L-21
Scal ribozyme?S, four mutated residues are found to be located in
the buried region and three others are immediately next to the
protected region (Fig. 3a). Therefore, it is largely the relatively
solvent-inaccessible core, rather than the peripheral elements,
that is not optimized for stability in the natural RNA. The large
number of buried sites in the stabilizing mutations is striking
compared with the finding in proteins that numerous stabilizing
substitutions are found in solvent-exposed areas, as determined
by structural comparison of mesophilic and hyperthermophilic
proteins and in directed-evolution experiments’.

Table 1 Melting temperature of ribozymes
as determined by TGGE!

Ribozyme 0.5 mM Mg+ 0.2 mM Mg?

T (°0) AT, (%) T (°0) AT, ()
WT 45.0 N.A. <202 N.A.
R8C 52.5 7.5 33.0 >13
R14C 55.5 10.5 38.0 >18

'"TGGE was carried out in 1x THE buffer and MgCl, at indicated concen-
trations.

2At 0.2 mM magnesium, the wild type ribozyme did not show any native
band at the temperature examined.
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Fig. 5 UV melting of the wild type ribozyme and the consensus mutants.
The experiments were performed in 50 mM sodium cacodylate, pH 6.5,
and 0.4 mM MqgCl,. The red lines represent the derivative of the
absorbance over temperature at 260 nm wavelength and the black lines
indicate the absorbance at 280 nm.

Stronger packing interactions in the native state may not be
the only mechanism to attain structural stability. A thermo-
dynamic comparison of mesophilic and thermophilic RNase P
ribozymes suggested that a less structured intermediate com-
prises the mechanism to achieve thermostability!!. Indeed, the
unfolded R14C ribozyme at the high temperature region of
TGGE has a slightly different mobility from that of the wild type
RNA (Fig. 4), suggesting that our stabilizing mutations also
affect the unfolded state.

Mutated sites correspond to known tertiary interactions
The Tetrahymena intron is one of the best characterized large
ribozyme molecules. The wealth of biochemical and structural
data'®181927 provides information on molecular properties of the
ribozyme mutants, as well as clues to the mechanism of struc-
tural stabilization by the selected mutations. The 5 A resolution
crystal structure of the Tetrahymena ribozyme core includes six
residues that are mutated in R14C" (Fig. 3b). Four of these
residues, A210, U259, A269 and A304, cluster within relatively
short distance, with A269 and A304 the closest. Interestingly,
A210, U259 and A304 are located at the interface between the
P4-P6 and P3-P9 domains, implying the importance of inter-
domain interactions to the overall structural stability of the
ribozyme. Nucleotide U277 appears to be external (Fig. 3b) but
is thought to be internal in the selected ribozyme, which
includes several peripheral helices not present in the P3—P9 mol-
ecule that was crystallized.

Nucleotide analog interference mapping (NAIM) is a power-
ful technique to investigate the importance of the chemical func-
tional groups of ribozymes in catalysis®®. In a study on the
Tetrahymena ribozyme, modification of the backbone 2'-OH
group at several of our mutated residues, including A94, A210
and A304, strongly interfered with ribozyme function®. As
expected, none of the bases at the mutated sites were shown to be
critical. These observations imply that the bases associated with
ribose sugars that contribute to critical conformations of large
RNA structures are promising candidates to mutate in a search
for stable active ribozyme variants.
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Michel, Westhof and colleagues®®*! proposed models for the
Tetrahymena ribozyme on the basis of comparative sequence
analysis and biochemical data. In their latest model, two muta-
tion sites that are shared by the 8" and 14™ round consensus
mutants, A304 and A269, interact with each other via a trans
Watson-Crick*Hoogsteen pair. When mutated to Gs, they could
form a bifurcated G+G pair, isosteric to the A*A pair in the
model. The G+G pair in this configuration can form two bifur-
cated hydrogen bonds and two water-mediated interactions
between the two bases. This pair of mutations could replace the
original A*A pair and make the interaction stronger. In 65 sec-
ondary structure diagrams of group I introns examined, 16 have
Gs at these two positions, the second most abundant following
the A<A pair (which appeared 30 times). It is noteworthy that in
the highly thermostable self-splicing group I intron in the pre-
tRNA of the Azoarcus bacterium!>'3, both positions are occu-
pied by Gs. Therefore, this pair of mutations could provide a
stabilizing interaction to the ribozyme.
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Fig. 6 Selected mutants retain enzymatic activity at high temperature.
Single-turnover assays were performed with 5' end-labeled substrate
and unlabeled ribozymes at 60 °C (see Methods). The uncleaved sub-
strate as a fraction of the sum of substrate and product bands was fit to
an exponential decay function. The reaction rates and final extents of
reaction derived from the kinetics of reactions at 40-70 °C are summa-
rized in Table 2.
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Table 2 Summary of the substrate cleavage
kinetics at various temperatures’

40 °C 50 °C 55°C 60 °C 65°C 70°C
WT  0.34(45)2 1.99(36) 1.68(23) 03 0 0
R8C 0.35(60) 1.16(69) 0.95(51) 1.18(31) 0.44(15) O
R14C 0.47 (75) 0.76(70) 0.75(52) 0.94(28) 0.24(23) ©

The enzymatic system with the L-21 G414 form of the Tetrahymena self-
splicing intron has been characterized in detail*'. Because of the exis-
tence of 3'-terminal G414 residue, the cleavage reaction is reversible and
approaches an internal equilibrium.

2The reaction rate (ko,, Min~') and final extent of reaction (%) are
shown.

3Ribozyme catalyzed reactions are considered not measurable (marked as
0) when the rate is below 0.01 min-' or the final extent of reaction is <4%.

In contrast, U259A and U277C each substitute the wild type
sequence with a much less abundant residue. Both residues are
involved in base-triple interactions as proposed in the litera-
ture’>33, These two mutations occurred at low frequency in the
eighth round pool and are not included in the R8C consensus.
The low magnesium concentration used in the last six rounds of
selection may have forced the ribozymes to change the residues
that might be otherwise more beneficial to their function at
physiological conditions.

Studies on the folding mechanism of the Tetrahymena
ribozyme have established a hierarchical model involving two
domains. The P4-P6 domain is itself an independent folding
unit*, whereas the P3-P9 domain is stable only in the presence
of a folded P4-P6 at physiological conditions®. In addition, the
folding of the P3—P9 domain is the rate-limiting step in the over-
all folding pathway of the ribozyme3®%. Interestingly, most of
our stabilizing mutations are located in the P3-P9 domain,
implying that stabilizing the less stable domain is more benefi-
cial than the highly stable P4-P6 domain.

Conclusions

We demonstrated using directed evolution in vitro that the
thermostability of a natural large ribozyme molecule can be
improved. A combination of nine mutations increases the unfold-
ing transition temperature of the Tetrahymena L-21 G414
ribozyme by more than 10° in the presence of 0.5 mM Mg?".
These mutations strengthen the structure primarily through ter-
tiary interactions, many of which are located in the relatively
solvent-inaccessible interior of the RNA fold. The selection results
reveal that natural selection did not optimize the stability of this
large ribozyme. The wild type ribozyme and the selected mutants
comprise pairs of mesophilic and thermophilic homologs with
minimal sequence differences, providing an excellent system for
further study of the origin of thermal stability.

Methods

RNA preparation. The Tetrahymena ribozyme (G22-G414) coding
sequence, flanked by a T7 promoter and an Earl site, was cloned
into a pUC19 plasmid between the EcoRl and Xbal sites. The
ribozymes were transcribed at 37 °C by T7 RNA polymerase and
purified using denaturing 4% polyacrylamide gels or a 491 Prep Cell
(a tube gel electrophoresis apparatus, BioRad)3®. The RNA-DNA
chimeric substrate Tet-sub used in the selection and the cleavage
kinetics study was synthesized by Dharmacon.

Temperature gradient gel electrophoresis. The experiments
were performed essentially as described?. The 1x THE gel running
buffer, pH 7.4, contained 34 mM Tris, 66 mM HEPES and 0.1 mM
EDTA. MgCl, was present at the specified concentration in both the
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gel and the running buffer. A total MgCl, concentration of 0.5 mM
corresponds to [0.4 mM free Mg?+ because of the presence of EDTA.
The gel was typically pre-run for 90 min and run for 2 h at 250 V
after the sample was loaded.

In vitro selection experiments. Random mutations were intro-
duced into the ribozyme pools at the beginning and at every third
round of selection thereafter by mutagenic PCR as described?'3?. In
the first four rounds of selection, the PCR products containing the
ribozyme pool were cloned into a pUC19 plasmid. The ribozyme
libraries were transcribed at 37 °C for 3-6 h in 1 ml reactions. The
protein was then extracted twice using StrataClean Resin
(Stratagene). The RNA solution was concentrated using a Centricon-
30 concentrator (Millipore) and buffer-exchanged twice into 1x THE
containing 0.5 mM MgCl,. In rounds 5-14, the PCR products were
digested by Earl and were used directly as the template for 50 pl T7
transcription reactions containing 40 pCi [a-32P]JCTP and 80 U RNasin
ribonuclease inhibitor (Promega). The transcription buffer was
exchanged, and unincorporated NTPs were removed using Micro
Bio-Spin P-30 columns in 10 mM Tris, pH 7.4 (BioRad). The transcrip-
tion was normally so clean that no denaturing-gel purification was
necessary. The RNA was then annealed by heating to 80 °C for
3 min, cooling to room temperature for 5 min and mixing with an
equal volume of a 2x loading buffer containing 2 mM MgCl,,
10% (wi/v) Ficoll 400 (Sigma), 0.08% (w/v) bromophenol blue and
0.08% (w/v) xylene cyanol. The sample was then loaded onto a 6%
TGGE gel with MgCl, concentrations specified in the text. The RNA
bands were visualized by either UV shadow (rounds 1-4) or auto-
radiography (round 5 and later), and a region determined by
extrapolation of the native band to higher temperatures was
excised, gel-extracted in TE buffer (10 mM Tris, pH 7.5, and 1 mM
EDTA) and ethanol-precipitated. The selected RNA was annealed
and subjected to a cleavage reaction containing 50 mM sodium
cacodylate, pH 6.0, 5 mM MgCl, and 2 uM Tet-sub (Fig. 1c). After
incubation at room temperature for 30, 6 or 3 min (for rounds 1-5, 6
and 7-14, respectively), the cleavage reaction was quenched with
EDTA, and the RNA was purified using a PCR cleanup kit (Qiagen)
eluted in water. A substrate-specific primer and SuperScript I
reverse transcriptase (Invitrogen) were used to synthesize cDNA
selectively for active ribozyme molecules covalently linked to the 3’
portion of Tet-sub (Fig. 1c). The RT product was amplified by PCR
using PfuTurbo DNA polymerase (Stratagene). The primers contain-
ing the T7 promoter and restriction sites paired with the first 23 and
last 27 bases of the Tetrahymena L-21 G414 ribozyme gene. The PCR
product was used either in the next round of cloning (rounds 1-4)
or in T7 transcription.

UV melting. The ribozyme in X mM MgCl, was prepared by dilut-
ing the RNA in 200 pl of 10 mM sodium cacodylate, pH 6.5, heating
to 80 °C for 3 min, cooling to room temperature for 5 min and
adding 200 pl of 10 mM sodium cacodylate, pH 6.5, and 2X mM
MgCl,. Then the ribozyme was further diluted to a final concentra-
tion of 36 ug ml-' and a total volume of 1.5 ml in 10 mM sodium
cacodylate, pH 6.5, and X mM MgCl,. The melting curves were mea-
sured with a Cary 100 spectrophotometer at both 260 nm and
280 nm wavelengths, from 25 °C to 90 °C with a heating rate of
0.5° min-'. The derivative data were calculated using Thermal
(Varian) and smoothed using the Savitzky Golay technique®.

Cleavage activity. For the kinetic assays above 50 °C, the cleavage
reaction at each time point was performed individually. Ribozyme
at 0.5 pM concentration (2 pl) was mixed with 12 pl of 10 mM sodi-
um cacodylate, pH 6.5, and annealed by heating to 80 °C for 3 min,
cooling to room temperature for 5 min and adding 2 pl of 10x cleav-
age buffer containing 400 mM sodium cacodylate, pH 6.5, and
50 mM MgCl,. The reactions were incubated at the assay tempera-
ture for 3 min before being initiated by adding 4 pl of 5' end
labeled Tet-sub at (2.5 nM concentration. To reduce background
cleavage resulting from transient exposure to lower temperatures,
the Tet-sub solution was incubated at a temperature 10° higher
than the assay temperature for at least 3 min before use. The reac-
tion was quenched at reaction temperature by adding 20 pl of 2x
splicing stop mix containing 10 M urea, 30 mM EDTA, 0.01% (w/v)
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bromophenol blue and 0.025% (w/v) xylene cyanol. The kinetic
assays at 40 °C and 50 °C were performed in 100 pl reactions with
the same components as described for the higher temperature
assays, and the time points were taken by mixing 7 pl reactions with
7 ul 2x splicing stop mix. A 10 pl portion of each sample was loaded
onto a denaturing 20% polyacrylamide gel, which was then visual-
ized using an image plate and a Typhoon phosphorimager, and
quantitated using ImageQuant (Molecular Dynamics). The substrate
data were fit to a one-phase exponential decay curve using PRISM
(GraphPad).
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