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Self-assembly of a Group | intron active site from
its component tertiary structural domains‘

JENNIFER A. DOUDNA' and THOMAS R. CECH

Department of Chemistry and Biochemistry, Howard Hughes Medical Institute,
University of Colorado, Boulder, Colorado 80309-0215, USA

ABSTRACT

The catalytic core of Group I self-splicing introns has been proposed to consist of two structural domains, P4-P6
and P3-P9. Each contains helical segments and conserved unpaired nucleotides, and the isolated P4-P6 domain
has been shown to have substantial native tertiary structure. The proposed tertiary structure domains of the
Tetrahymena intron were synthesized separately and shown to self-assemble into a catalytically active com-
plex. Surprisingly, the concentration dependence of these reactions revealed that the domains interact with
nanomolar apparent dissociation constants, even though there is no known base pairing between P4-P6 and
P3-P9. This suggests that the domains interact through multiple tertiary contacts, the nature of which can now
be explored in this system. For example, a circularly permuted version of the P4-P6 domain, which folds simi-
larly to the native P4-P6 molecule, formed a stable but inactive complex. Interestingly, activity was demonstrated
with the permuted molecule when nucleotides proposed to form a triple-strand interaction with P4 and P6 were
restored as part of the P1-P3 substrate or as part of the P3-P9 RNA. Thus, beyond stabilization of the P4-P6
domain, the triple-strand region may facilitate correct orientation of the RNA domains or participate more di-
rectly in catalysis.

Keywords: catalytic intron; ribozyme; RNA structure

INTRODUCTION Crosslinking, chemical modification and cleavage stud-

Several lines of evidence indicate that Group I self- ~ 1es, and mutational analysis have revealed several
splicing introns have a defined tertiary conformation ~ 10ngrange structural interactions that are necessary for
required for catalysis. These introns bind two sub-  fibozyme function (Michel et al., 1990; Downs & Cech,
strates during the course of catalysis, a guanosine nu- 1990, 1994; Wang & Cech, 1992; Jaeger et al., 1993;
cleotide (or nucleoside) and an RNA duplex containing Wang et al., 19.93)' ] ) _

the exon-intron junctions (Cech, 1990). Highly specific In parallel with the biochemical experiments, com-
contacts are made to each substrate by conserved nu- ~ Parative sequence analysis has been used to derive a
cleotides within the intron catalytic core (Michel et al., ~ Model for the catalytic core of Group [ introns (Michel
1989a; Yarus et al., 1991; Pyle et al., 1992; Strobel & & Westhof, 1990; Michel et al., 1992).‘In this model, the
Cech, 1994). For example, tight binding of the 5’ exon ~ ¢OT€ consists .of two structural domains: P4-P6 is com-
is facilitated by tertiary interactions to specific 2 hy- ~ Prised of helical segments P4, P5, and P6, and P3-P9
droxyl groups on the backbone of the P1 helix. The 1S comprised of P3, P7, P8, and P9. The P4-P6 region
Group I introns have a defined surface and an inter- ~ CONtains apprommately.half of the conser.ved cataly_tlc
nal region that becomes protected from cleavage re-  COT€ including n‘ucleotldes .propos.ecll to interact with
agents upon addition of magnesium ions (Latham & the substrate helix (P1) during splicing (Wang et al.,

Cech, 1989; Celander & Cech, 1991; Heuer et al., 1991).  1993). The other domain of the core, P3-P9, contains
the guanosine binding site of the intron (Michel et al.,

Reprint requests to: Thomas R. Cech, Department of Chemistry 1989a). The. binding site for the P1 .substrate helix is
and Biochemistry, Howard Hughes Medical Institute, University of ~ thought to lie between the two domains, based on mo-
Colorado, Boulder, Colorade 80309-0215, USA; e-mail: cech@colo- lecular modeling (Michel & Westhof, 1990) and photo-
rado.edu. crosslinking, affinity cleavage, and mutational analysis

! Present address: Department of Molecular Biophysics and Bio-
chemistry, Yale University, New Haven, Connecticut 06522, USA. (Pyle et al., 1992; Wang & Cech, 1992; Wang et al.,
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1993). A recent structural diagram that portrays these
domains is shown in Figure 1 (Cech et al., 1994),

This model for the organization of these ribozymes
is analogous to the structures of some proteins in
which multiple structured regions, or domains, inter-
act to create a catalytic center (i.e., Jacobson et al.,
1994). In support of this idea, the P4-P6 region of the
Tetrahymena intron was synthesized and shown by
chemical mapping to fold into a stable tertiary structure
on its own (Murphy & Cech, 1993). The chemical cleav-
age pattern was very similar to the pattern observed in
this RNA within the context of the intron, leading to
the proposal that P4-P6 is an independently folding
domain. Further work identified certain regions of the
P4-P6 RNA in which mutations disrupt the stability
and conformation of the molecule, as assessed by
chemical protection patterns (Murphy & Cech, 1994).
Direct visualization of native and mutant P4-P6 RNA
molecules was performed by electron microscopy, re-
vealing a globular structure of the native RNA (Wang
et al., 1994). The 160-nucleotide P4-P6 RNA is cur-
rently the subject of high-resolution X-ray crystallo-
graphic analysis (Doudna et al., 1993).

Although the structure of the P4-P6 domain has
been studied extensively, there has been no means of
testing its functional competence. Certain protein en-
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zymes, such as -galactosidase, are composed of mul-
tiple structural domains that can be separated and
reconstituted in trans. RNA catalysts have in some
cases also been divided into pieces that can associate
by tertiary interactions to reassemble a functional unit
(Jarrell etal., 1988; van der Horst et al., 1991; Dib-Hajj
etal., 1993). Thus, the proposed domains of the Tetra-
hymena self-splicing-intron were synthesized individ-
ually and assayed for function in a reconstitution
reaction. We show here that these RNAs self-assemble
into catalytically active complexes, and that they inter-
act with nanomolar apparent dissociation constants.
This system provides a useful method for assaying in-
tron folding independently from intron activity, and
we demonstrate how this will facilitate identification of
tertiary contacts that contribute to catalysis.

RESULTS

To test whether the P4-P6 RNA could interact in trans
with the P3-P9 region of the intron to reform the cata-
lytic center, a new plasmid was constructed encoding
the P3-P9 region separately (Fig. 1). Another template
encoding P1-P3, which contains the 5’ splice site and
20 nucleotides of 5’ exon sequence, was prepared using

FIGURE 1. Schematic secondary struc-
ture of the Group I self-splicing intron
from Tetrahymena thermophila. The pro-
posed domains of the catalytic core are la-
beled P4-P6 and P3-P9, shown flanking
the P1-P3 region, which contains the 5’
splice site and a 20-nucleotide exon se-
quence (hatched line). Two dashed lines
show connectivities between domains in
the intact intron that have been severed
to produce the separate domains. Solid
lines show connectivity within a sepa-
rated domain molecule. Arrowheads su-
perimposed on lines give 5'-to-3' polarity.
The 5’ cleavage site is indicated by an ar-
row showing guanosine attack. Sca I or
Nhe I restriction enzyme cleavage of the
template truncates the RNA as shown.

P3

P8

P3-P9 region
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PCR. Because the P3 stem is formed by base-pairing be-
tween two distant parts of the sequence, it was neces-
sary to separate it such that the 5’ strand of P3 is part
of the P1-P3 RN A, whereas the 3’ strand is part of the
P3-P9 RNA. Two versions of the P3-P9 RNA were pre-
pared, P3-P9(Sca ), ending two nucleotides prior to
the 3’ end of the intron, and P3-P9(Nke I), ending
within the P9.1 stem (see Fig. 1).

As an initial test of the ability of these three RNAs
to assemble into an active complex, assays were per-
formed with ~1 nM of radioactively labeled P1-F3
RNA in the presence of 100 nM each of the P4-P6 and
P3-P9 RNAs and 5 mM guanosine triphosphate. Be-
cause P1-P3 contains the 5 exon-intron junction in the
P1 stem, a functional intron active site should catalyze
guanosine attack at the labile phosphodiester bond, re-
sulting in strand scission (Fig. 1). As shown in Figure 2,
efficient cleavage of the P1-P3 substrate was observed
at the expected position in the P1 stem when incubated
with P4-P6 and P3-P9(Sca I). No reaction was observed
in the presence of P4-P6 and the P3-P9(Nhe I) RNA
(data not shown). Reaction did not occur in the absence
of P4-P6 or P3-P9, or in the absence of guanosine. Al-
though not requiring elevated magnesium and poly-
amine concentrations, reactivity was optimal with
inclusion of 80 mM magnesium chloride and 5 mM
spermidine in the reaction.

We next tested the strength of association of the
RNA domains in the reaction. Because the P'3 stem is
a conserved element of the catalytic core, it was impor-
tant to work under conditions where this stem was

123 4 567 8 91 11
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FIGURE 2. Time course for cleavage of the P1-P3 substrate RNA in
a complex with the P4-P6 and P3-P9 RNAs. Approximately 1 nM of
532P_labeled P1-P3 RNA was incubated with 100 nM each of I’4-
P6 RNA and P3-P9(Sca ) RNA and 5 mM GTP in reaction buffer at
40 °C (see Materials and methods). Reaction products were analyzed
on a 10% polyacrylamide gel containing 7 M urea, an autoradiogram
of which is shown. Lanes 1-8, reaction products after incubation for
0,1,2,5,10, 20, 60, 120 min; lane 9, no P4-P6 RNA in reaction; lane
10, no P3-P9(Sca I) RNA in reaction; lane 11, no GTP in reaction.
Lanes 9-11, reactions incubated for 120 min.

J.A. Doudna and T.R. Cech

fully formed in a complex between P1-P3 and P3-P9.
To identify appropriate concentrations of each RNA to
produce a complex, radioactively labeled P1-P3 RNA
(~1 nM) was incubated with increasing concentrations
of unlabeled P3-P9 RNA for 10 min at 50 °C in reaction
buffer. Electrophoresis in native polyacrylamide gels
containing 10 mM MgCl, was used to separate un-
bound P1-P3 from P1-P3/P3-P9 complex (J.A. Doudna
& T.R. Cech, unpubl. data). This analysis showed that
complex formation was half complete between 25 and
50 nM of P3-P9 RNA (data not shown). Interestingly,
the P3-P9(Nhe I) RNA was not observed to form a com-
plex with P1-P3 even at micromolar concentrations.
Likewise, no complex was observed between micromo-
lar P3-P9(Sca I) RNA and a ¥P-labeled oligonucleotide
of sequence 5-GACCGUCA-3' that could potentially
base pair with the P3 sequence on P3-P9. These obser-
vations suggested that base pairing alone was insuffi-
cient for driving the formation of P3 at these RNA
concentrations, so tertiary interactions presumably
contributed to the association of P1-P3 and P3-P9. Our
native gel analysis provided the basis for a set of kinetic
experiments to measure the apparent dissociation con-
stants of the component RNAs in the active complex.

To measure the concentration dependence for P4-F6
RNA binding to the P1-P3/P3-P9 complex, time courses
for P1-P3 cleavage were performed with 1 nM P1-P3,
100 nM P3-P9(Sca I) RNA and 0, 20, 70, 200, or 500 nM
P4-P6 RNA. Initial rates of reaction at each P4-P6 con-
centration were determined and plotted versus P4-P6
concentration (Fig. 3A). From this analysis, the K, for
P4-P6 was estimated to be 30 nM. The same K,, value
was obtained when the concentration of P3-P9 RNA in
the reaction was 50 nM or 500 nM, indicating that our
data represent a true K,, determination rather than a
titration, where P3-P9 would be stoichiometrically
bound by P4-P6. The K, for P3-P9 within the active
complex was measured in a similar way using 1 nM
P1-P3RNA, 100 nM P4-P6 RNA, and 0, 1, 2, 4, 10, 30,
70, and 200 nM P3-P9 RNA. The K,, for P3-P9 bind-
ing was estimated to be ~4 nM, as shown in Figure 3B.
This was a surprisingly low K,,, given that the native
gel analysis had indicated a requirement for a higher
concentration of P3-P9 to saturate binding of P1-P3
(K; = 25-50 nM). Perhaps the presence of P4-P6
provides tertiary contacts that enhance the association
of P1-P3 with P3-P9, or K,, # K, for this interaction.

We next wanted to use this approach to test the func-
tional competence of a circularly permuted version of
the P4-P6 domain RNA in which the 5" end of P4 is di-
rectly joined to the 3’ end of P6 by a phosphodiester
bond; the 5" and 3’ termini of the molecule are in the
former loop L6 (Fig. 4A). This “P4-P6 fusion” molecule
was originally constructed to test the idea that the P4
and P6 helical elements are coaxially stacked in the na-
tive domain structure. Fe(ll)-EDTA cleavage, native gel
electrophoresis, and electron microscopic visualization
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FIGURE 3. A: Initial rates of P1-P3 cleavage plotted as a function of P4-P6 RNA concentration in the reaction. Points on
the curve represent rates measured with saturating (100 nM) P3-P9(Sca I) RNA in the reactions. Nearly identical curves
were obtained for rates measured with either 50 nM or 500 nM P3-P9(5ca [) RNA in the reactions (data not shown). Error
bars show standard deviation for data obtained from three independent experiments. The line represents a nonlinear least-
squares fit to the data and gives a K,, = 31 = 3 nM. B: Initial rates of P1-P3 cleavage plotted as a function of P3-P9(Sca 1)
RNA concentration in the reaction. Rates were measured with saturating (100 nM) [P4-P6] in the reactions. Error bars show
standard deviation for data obtained from three mdependent experiments. The line represents a nonlinear least-squares

fit to the data and gives a K,, =4 + 0.5 nM.

showed that, within the resolution limits of these tech-
niques, the structure of the P4-P6 fusion molecule was
indistinguishable from that of native P4-P6 domain
RNA (Murphy et al., 1994). The P4-P6 fusion RNA was
prepared and incubated with the other components of
the intron complex as described above. However, no
cleavage of the P1-P3 substrate could be detected, even
at concentrations of the P4-P6 fusion RNA of 20 micro-
molar and long incubation times (>4 h) (data not
shown).

The lack of reactivity could reflect an inability of the
P4-P6 fusion molecule to bind to the complex, or it
could result from inactivity of the complex. Binding of
the P4-P6 fusion RNA was tested by measuring its in-
hibition of the reaction of 1 nM labeled P1-P3 RNA in
the presence of 50 nM P3-P9 RNA and 30 nM P4-P6
RNA. Reactions were initiated with the addition of
GTP as before, incubated for 15 min, and analyzed on
a denaturing polyacrylamide gel (Fig. 4B). The P4-P6
fusion RNA specifically inhibited cleavage of the P1-P3
substrate RNA. No inhibition of the cleavage reaction
was observed in the presence of 5 uM transfer RNA
(tRNA), and only slight inhibition occurred with 125 uM
tRNA in the reaction. The amount of inhibition at a
range of concentrations of P4-P6 fusion RNA was plot-
ted to determine a K; of ~0.5 uM (Fig. 4C). Thus,
binding is approximately 16-fold weaker than that ob-
served for the native P4-P6 RNA, assuming that K,, =
K, for the native P4-P6 RNA. Nevertheless, the affin-
ity of the P4-P6 fusion molecule is within the range of
the concentrations used to test for activity.

Because the P4-P6 fusion RNA is capable of binding
to the domain complex but cannot react, we reasoned
that the missing nucleotides in [3/4 and J6/7 might be
required for function. These nucleotides are somewhat
conserved in Group I introns and have been proposed
to interact with the P4 and P6 stems, forming triple-
stranded regions (Michel et al., 1990; Michel & Westhof,
1990; Chastain & Tinoco, 1992, 1993; Green & Szostak,
1994) (Fig. 5). Thus, it seemed possible that restoring
this interaction might restore function with the P4-P6
fusion molecule. To test this idea, variants of the P1-P3
and P3-P9 RNAs were prepared, which included the
J3/4 nucleotides on the 3’ end of P1-3 (J3/4A) and the
J6/7 nucleotides on the 5* end of P3-P9. Two versions
of the new P3-PY RNA were designed, one beginning
with two additional non-natural Gs at the 5 end
(J6/7GG) and the other with the J6/7 nucleotides
changed from 5-UCA to 5-GCA (J6/7GC). These
changes were necessary to facilitate transcription by T7
RNA polymerase, which requires at least one G at the
5 end of the transcript. A new P4-FP6 fusion RNA (fu-
sion2) was designed with base pair 2 in P4 changed
to allow a triple-helical interaction with J6/7GC accord-
ing to the rules described by Michel et al. (1990) (Fig. 5).

Reactions with the new RNAs were performed as be-
fore, with 1 nM labeled P1-P3 or J3/4A RNA, 50 nM of
the P3-P9 RNA, and either 50 nM P4-P6 RNA or 1 uM
of P4-P6 fusion RNA. These concentrations of P4-P6
RNAs were used to compensate for the weaker bind-
ing of the P4-P6 fusion molecule. Cleavage products
were separated on denaturing polyacrylamide gels,



40

P5a

covalent

(R AN

T.A. Doudna and T.R. Cech

FIGURE 4. A: Secondary structure of the P4-P6 fusion molecule, with 5 and 3’ termini
circularly permuted to the loop Lé (see text) (Murphy et al., 1994). Hatched regions indi-
cate locations of changes in connectivity of the phosphate backbone. B: Autoradiogram
of 10% denaturing polyacrylamide gel showing P1-P3 cleavage reaction in the presence
of increasing concentrations of the P4-P6 fusion RNA. All reactions included ~1 nM 5'-
*?P-labeled P1-P3 RNA, 50 nM P3-P9(Sca ¥, 30 nM P4-P6, and 5 mM GTP in standard re-
action buffer (see text) unless otherwise indicated. Preincubation of all RN As in the zbsence
of GTP was for 10 min at 50 °C; following a shift to 40 °C, GTP was added to initiate the
reactions. Aliquots were removed after 15 min for analysis. Lanes 1-5, reaction contained
0, 0.05 uM, 0.2 uM, 1 uM, and 5 uM P4-P6 fusion RNA, respectively; lane 6, 5 uM P4-P6

—= Péa fusion RNA, no P4-P6 RNA; lane 7, no P4-P6 fusion or P4-P6 RNA; lane 8, 5 uM tRNA-
— Phe; lane 9, 125 uM tRNA-Phe. C: Relative rates of P1-P3 cleavage plotted as a function
— — of P4-P6 fusion RNA concentration. Data were fit with an equation describing competi-
= — tive inhibition (kps = Viy,au[P4-P6]/(K,,, {1 + [P4-P6 fusion]/K;} + [P4-P6]), from which the
P6b |— K; was estimated to be ~0.5 uM. )
i =
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T R W . e e e s e =]
€
K
0.020 +
0.0010 +
5' exon ry
roduct - " i W 0.000 T T T T T
Froes G . 0 1 2 3 4 5 6

shown in Figure 6. With P4-P6 fusion RNA, no reac-
tion was observed unless the J3/4 nucleotides were
added back (J3/4A substrate; compare reactions b and
d). The J6/7 nucleotides had a similar effect, but only
in the case where J6/7 was changed such that no addi-
tional Gs were added to the 5" end of P3-P9 (data not
shown). When both J3/4 and J6/7 were present, cleav-
age occurred as well (reactions j and k, Fig. 6). Unnat-
ural Gs on the 5" end of the P3-P9 molecule (i.e.,
J6/7GG) inhibited the reaction (compare reactions d
and e in Fig. 6). The sequences of the 5" ends of J6/7GG
and J6/7GC RNAs were confirmed by primer extension
dideoxy sequencing to ensure that the differential ef-
fect on the reaction was not due to incorrect nucleo-
tides in the J6/7 region (data not shown). Specific
hydrolysis of the P1-P3 substrate RNA downstream
from the normal 5’ splice site occurred during preincu-
bation with some of the RN As but did not affect inter-

[P4-P6 fusion], uM

pretation of the results. Thus, the P4-P6 fusion domain
does participate in a functional complex in the presence
of J3/4 and/or J6/7, even though these joining regions
are not covalently attached to P4 and P6.

DISCUSSION

The catalytic core of Group I self-splicing introns has
been proposed to consist of two structural domains.
One of these, P4-6, was previously shown to fold into
a stable tertiary structure both within the intron and
when synthesized as a separate molecule (Murphy &
Cech, 1993; Laggerbauer et al., 1994). We now find that
the catalytic core can be reconstituted in trans by self-
assembly of the two component domains along with a
substrate RNA. The maximal rate of cleavage of the 5’
exon-intron junction in this complex is approximately
0.04 min~", which is 25-fold slower than that observed
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FIGURE 5. Proposed triple-stranded region in P4 and P6 of the Group l'intron catalytic core. The original complex is dia-
grammed on the left; an inactive complex was formed with P4-P6 fusion RNA lacking the J3/4 and J6/7 nucleotides (see
text). Recovery of activity of this complex was achieved by supplying the missing nucleotides as part of the other RNA

components P1-P3 and P3-P9, as shown.

for the intact intron. This is remarkably good consid-
ering that three large RNAs must fold properly and
bind in the correct orientations in the complex.

The reassembly of functional RNA macromolecules
via base-pairing of complementary fragments is well
known (Chambers, 1971; Uhlenbeck, 1987; Goldschmidt-
Clermont et al., 1991). Group I introns have also been
shown to assemble through base-pairing of comple-
mentary fragments (Szostak, 1986; Doudna et al.,
1991). In the present work, however, there are noknown
base-pairing interactions between domains P4-P6 and
P3-P9, and P4-P6 has so few single-stranded nucleo-
tides that extensive base-pairing with P3-P9 is pre-
cluded. Comparative sequence analysis has not even
revealed many candidates for the tertiary contacts that
must exist to hold these RNA domains together (Michel
& Westhof, 1990). Reassembly of active ribozymes from
separate molecules through presumed tertiary inter-
actions has been shown previously for a Group II in-
tron (Jarrell et al., 1988; Dib-Hajj et al., 1993; Pyle &
Green, 1994). Furthermore, the P5abc subdomain of
the Tetrahymena intron can activate a truncated intron
from which the subdomain had been deleted (van der
Horst et al., 1991).

The strength of association of the Tetrahymena intron
domains as judged from their K, values (K, =30 nM
for P4-P6, K, = 4 nM for P3-P9; 80 mM MgCl,, 5 mM
spermidine, 40 °C) can be compared to other examples
of RNA-RNA association that are thought to be medi-

ated by tertiary interactions rather than base pairing.
The RNA subunit of Bacillus subtilis RNase P binds its
pre-tRNA“P substrate with K; = 100 nM and binds
the tRNA product with K; = 3 nM (100 mM MgCl;,
800 mM NH,Cl, 37 °C; Beebe & Fierke, 1994). The iso-
lated domain 5 of a Group II intron binds to an RNA
comprised of the 5 exon and domains 1-3 with K, =
300-800 nM (100 mM MgCl,, 500 mM KCl, 45 °C: Pyle
& Green, 1994). A Tetruhymena ribozyme with P1 de-
leted binds an exogenous P1 substrate helix very
weakly, K, > 0.1 mM (20 mM MgCl,, 10 mM NH,(CI,
58 °C; Doudna & Szostak, 1989). Thus, assuming K, =
K, the association of the tertiary structural domains
of the three-component ribozyme described here ap-
pears to be strong compared to previous examples of
RNA tertiary structural interactions.

Like proteins, large structured RNA molecules may
commonly be composed of smaller domains that can
fold independently. For example, biochemical experi-
ments and phylogenetic comparison indicate that both
the Group Il intron and ribonuclease P ribozymes con-
tain multiple substructures that interact to form the ac-
tive site (Michel et al., 1989b; Bachl & Schmelzer, 1990;
Harris et al., 1994; Pan, 1994). In the case of ribosomal
RNA, pieces of the RNA corresponding to secondary
structure domains can bind ribosomal proteins (Kean
& Draper, 1985; Weitzmann et al., 1993), and a degree
of higher order structure or ligand-binding activity is
maintained in some of these naked RNAs (Noller,
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FIGURE 6. Recovery of catalytic activity
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in RNA complexes containing the P4-P6 fusion RNA and nucleotides from join-

ing regions J3/4 and J6/7. Autoradiograms of 10% gels are shown; upper and lower arrows at left indicate the positions

of full-length P1-P3 RNA substrate and the 20-nucleotide cleaved 5
indicates mobility of a hydrolysis product that arises In some cases
Sets of four timepoints taken after 0, 5, 10, and 30 min of reaction at 40 °C are shown; 1 nM

exon sequence, respectively. Hatched arrow at right
during preincubation of the RNAs prior fo reaction.
57-32P-labeled P1-P3 RNA

and 100 nM P4-P6 (or variant) and P3-P9(Sca 1) {or variant) RN As were used unless otherwise stated. Wt, original RNA
constructs shown in Figure 1; fusion, circularly permuted P4-P6 with 5" and 3’ ends in L6 (see Fig. 4A); J3/4A, P1-P3 se-

quence plus nucleotides AAU added
permuted P4-P6 with base pair 2 in P4 changed from C-G

at 3" end; J6/7GG, P3-P9 sequence plus GGUCA added at 5’ end; fusion2, circularly
to G-C; J6/7GC, P3-P9 sequence plus GCA added at 5’ end;

asterisks, reactions in which 1 uM rather than 0.1 uM of the indicated RNA was used.

1991; Purohit & Stern, 1994). The 160-nucleotide P4-F6
region of the Tetrahymena Group I intron is known to
form an independent tertiary structure both within the
intron and as a separate molecule. The data presented
here do not directly address the question of whether
the other proposed domain of the core, P3-P9, is also
an independently folded domain. This RNA may re-
quire interaction with P4-P6 to form its active structure,
as has been suggested in studies of the folding of the
intact intron (Celander & Cech, 1991; Laggerbauer etal.,
1994, Zarrinkar & Williamson, 1994).

The P3-P9 RNA probably requires interaction with
the P1-P3 RNA to fold because the P3 helix is formed

by base-pairing between these molecules. Interest-
ingly, the 3’ helices P9.1 and P9.2 are required for cat-
alytic activity of the domain complex. These stems are
not highly conserved phylogenetically and can be de-
leted from the intron with only small effects on activ-
ity if the reaction conditions are sufficiently stabilizing
(Szostak, 1986; Barfod & Cech, 1988). This observation
is consistent with data from chemical protection stud-
ies of a truncated intron that showed that deletion of
P9.1 and 9.2 destabilizes the P3-P7 region of the cat-
alytic core (Laggerbauer et al., 1994). In the separated
domains, however, P9.1 and P9.2 appear to greatly sta-
bilize the interaction between the P1-P3 and P3-P9
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RNAs, consistent with the proposed base-pairing of
the hairpin loops of P9.1 and P2.1 (Been et al., 1987;
Banerjee et al., 1993).

We tested the activity of a particularly interesting
P4-P6 mutant in which the 5’ and 3’ ends were circu-
larly permuted to the loop Lé. This “P4-Pé fusion”
molecule was originally designed to test the idea that
the P4 and P6 helices are coaxially stacked in the na-
tive P4-P6 RNA; it was found to fold like the native
P4-P6 domain (Murphy et al., 1994). The P4-P6 fusion
RNA was active in our reconstitution assay, although
not with the original P1-P3 and P3-P9 constructs, Nu.
cleotides in the joining regions J3/4 and J6/7, missing
from the P4-P6 fusion molecule, had to be included on
the P1-P3 and P3-P9 RNAs to restore activity. One ex-
planation for this result is that these nucleotides, which
are proposed to engage in triple-strand interactions
with stems P4 and P6, are additionally involved in ter-
tiary interactions between the domains of the intron.
These interactions might be necessary to achieve the
proper orientation of the two domains of the core, or
they might have an even more direct role in catalysis.

The separation of the catalytic core of the Tetra-
hymena intron into tertiary domains provides a useful
approach for determining structural versus catalytic re-
quirements for intron function. Domain RNAs contain-
ing mutations in regions directly involved in catalysis
would be expected to form stable, but inactive, com-
plexes. Domain RNAs containing structural defects
would be expected to interact much more weakly in a
complex.

The organization of RNA into domains of tertiary
structure is emerging as a common theme in large
structured molecules such as self-splicing introns
(Groups I and 1), ribonuclease P, and ribosomal RN As.
This organization may be reflected in the features of
some ribonucleoproteins as well, such as the individual
snRNP particles that interact within the spliceosome
during messsenger RNA splicing. Both the spliceo-
some and the ribosome are assembled from component
ribonucleoprotein particles that interact transiently to
perform a reaction. The finding that a Group I intron
active site can be assembled from smaller structured
units of RNA adds credence to the possibility that there
may have been a primitive spliceosome and a primitive
ribosome without any proteins,

MATERIALS AND METHODS

Materials

Tag polymerase was purchased from Boehringer Mannheim.
T7 RNA polymerase was prepared by J.A.D. according to a
procedure developed by Dr. Steve Schultz (pers. comm.).

Plasmid template construction

Plasmid pP3P9, which encodes the P3-P9 RNA, was con-
structed from pTZL-21 (Grosshans & Cech, 1991) using the
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phagemid mutagenesis technique of Kunkel et al. (1987). Nu-
cleotides 1-261 of the Tetrahymena 1-21 Sca 1 ribozyme se-
quence were deleted. The first base pair in P7 was changed
from C-G to G-C so that the transcript would begin with a
G, as required by T7 RNA polymerase. This base pair change
does not adversely affect ribozyme activity (Couture et al.,
1990). Plasmids pP4P6 and pP4P6fusion were provided by
Felicia Murphy (Murphy & Cech, 1993; Murphy et al., 1994),
Sequences were confirmed by dideoxy sequencing.

PCR template construction

Templates for substrate RNAs P1-P3 and J3/4A were pre-
pared by PCR amplification of the specified region of plas-
mid pTZA12IVS (Woodson & Cech, 1991). Each contained the
T7 RNA polymerase promoter followed by 20 nucleotides of
the natural 5" exon sequence. A Bsa I restriction site was po-
sitioned at the 3’ end of the template such that digestion of
the PCR fragment produced templates ending at nucleotide
103 for P1-P3 and nucleotide 106 for J3/4A. The template for
P4-P6 fusion2 RNA was produced by PCR amplification of
PP4P6 to produce an identical molecule with base pair 2 in
P4 changed from G-C to C-G. Templates for J6/7GG and
J6/7GCRNAs were produced by PCR amplification of pP3P9
to produce identical molecules with 5-GGUCA added
(J6/7GG) or 5'-GCA added (J6/7GC).

RNA preparation

Plasmids were digested with Sca I or Ne I (pP3P9) or Ear |
(pP4P6 and pP4Péfusion). PCR templates were digested with
Bsa . Transcription and gel purification were performed es-
sentially as described (Latham et al., 1990). Radioactive label-
ing of RNAs at their 5 ends with 2P was performed as
described (Latham et al., 1990).

Cleavage reactions

RNAs were preincubated in a buffer containing 30 mM Tris-
HCI, pH 7.5, 5 mM MgCl;, and 5 mM spermidine for 10 min
at 50 °C. Typical concentrations for each RNA were 1 nM
P1-P3, 100 nM P4-P6, and 100 nM P3-P9. Following this in-
cubation, samples were transferred to 40 °C for 5 min, and
then the concentrations of MgCl, and guanosine were ad-
justed with prewarmed solutions to 80 mM and 5 mM, re-
spectively, to initiate the reaction. Aliquots were removed at
each time point and quenched on ice with the addition of an
equal volume of a buffer containing 10 mM Tris-HCl, pH 7.5,
1 mM EDTA, 10 mM boric acid, 90% formamide, and 0.4%
each of xylene cyanole and bromophenol blue. Reaction
products were separated on 10% polyacrylamide gels contain-
ing 7 M urea. Gels were dried and quantitated using a Phos-
phorlmager (Molecular Dynamics Corp.). Kinetic data were
plotted using SigmaPlot (Jandel Scientific).
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