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The P4-P6 Domain Directs Higher Order Folding of tAetrahymenaibozyme
Core

Elizabeth A. Doherty and Jennifer A. Doudna*
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Receied September 26, 1996; Reed Manuscript Receéd December 10, 1996

ABSTRACT. The active site of group | self-splicing introns occurs at the interface of two proposed structural
domains. In theTetrahymenantron, half of the catalytic core resides within the independently-folding
P4—P6 domain while the other half belongs to a putative domain that includes helices P3, P7, P8, and P9
(P3—P9). To determine whether the PB9 region of the intron can also fold independently, we used
Fe(I)-EDTA and dimethyl sulfate to probe the solvent accessibility of separate fragments of the
Tetrahymenantron. These RNAs self-assemble into an active comjtettans, enabling analysis of

their structural features both alone and within the complex. Our results show that while t9P3
region of the intron retains its secondary structure, most of the tertiary interactions within this region do
not form stably in the absence of the P86 domain. This indicates that the PB6 domain induces
folding in the P3-P9 region, organizing the catalytic cleft between them. Thus thePB4omain provides

a scaffold for the folding of th&etrahymenantron core.

Like proteins, large catalytically-active RNA molecules 1992; Pyle et al., 1992; Jaeger et al., 1993; Wang et al.,
may be commonly composed of multiple independent 1993). Approximately half of the catalytic core belongs to
substructures (Michel & Westhof, 1990). For example, the independently folded P46 domain (Murphy & Cech,
circular permutation analysis (Pan & Zhong, 1994) and 1993). In addition to helices P4, P5, and P6 of the core, the
chemical probing (Pan, 1995; Loria & Pan, 1996) showed P4—P6 domain contains the less-well conserved helices P6a
that the RNA component of eubacterial ribonuclease P is and P6b, and helices P5a, P5b, and P5c (P5abc) found only
composed of two separately folded domains. Similarly, the in the IC1 and IC2 subclasses of group | introns (Figure 1).
active site of group | self splicing introns resides at the The crystal structure of the P46 domain (Cate et al., 1996)
junction of two proposed domains. Comparative sequencereveals that the P5abc region, itself a stable subdomain
analysis led to a model in which the universally conserved (Celander & Cech, 1991; Murphy & Cech, 1993), packs
helical elements P4, P5, and P6 in one domain and P3, P7g|ongside the core helices. The P86 domain folds at
P8, and P9 in the other form the catalytic core (Michel & |ower magnesium ion concentrations (Celander & Cech,
Westhof, 1990). In a subset of introns including the well- 1991) and is more thermally stable than other parts of the
studied example fronTetrahymena thermophilahis con-  jntron (Banerjee et al., 1993). Furthermore, kinetic folding
served catalytic core is buttressed by less-well conservedeyperiments that measured RNase H sensitivity of the intron
base-paired elements. Deletion of these peripheral regions, the presence of deoxyoligonucleotide probes (Zarrinkar
leads to intron destabilization and loss of catalytic efficiency ¢ Williamson, 1994) showed that P46 folds before other
(Beaudry & Joyce, 1990; van der Horst et al., 1991, gjoments of the catalytic core. These experiments, however,

Lagggrbauer et al., .1994)' A.key to l_Jnderstan_d!ng intron did not address the independent stability of regions outside
evolution and catalytic mechanism lies in determining which - 54 pg domain

components of the core and its periphery are stable sub- ) . o

structures, and how these regions interact to produce an active Components of the splice site binding pocket and an

molecule. essential triple-helical scaffold of the core are contained
Analysis of the Tetrahymenaintron RNA using the ~ Within P4—P6. During catalysis the' $plice site, located

solvent-based probe Fe(Il)-EDTA revealed a magnesium- Within the P1 helix, is positioned for attack by thiengdroxyl

dependent, compact tertiary structure with a relatively solvent Of & guanosine co-substrate. The guanosine binding site and

inaccessible interior (Latham & Cech, 1989). Mutagenesis, fesidues essential for positioning the P1 duplex are located

cross-linking, and chemical modification demonstrated that Within a separate structural region called-H®. Many of

this structure involves multiple long-range interactions the most highly conserved nucleotides in the intron, including

(Michel et al., 1990; Downs & Cech, 1990; Wang & Cech, the nearly invariant P7 helix, are found in PB9 (Figure

1). In the Tetrahymenaintron, the P3-P9 region also
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Ficure 1: Secondary structure of the three-comporiegtrahymenaroup | ribozyme (Cech et al., 1994). The numbering system is that
used for the intactetrahymenantron. Solid lines show connectivities within each of the three RNAs while dashed lines show connectivities
within the intact intron that were broken to produce the three-part system. Arrows superimposed on linésagiv@ polarity. The 5

exon sequence is shown in lower case letters and'tbglise site is marked with an arrow. Base-paired segments are designated “P”, loops
“L”, and sections that join two paired regions “J". Boxed and bold nucleotides are changes from the wild-type sequence that were required
to facilitate T7 transcription. (Doudna and Cech referred te-P3-P9 as P3-P9.)

domain within the intron or whether the PP6 domain

influences its assembly at equilibrium.

that theTetrahymenantron can be split into three separately
transcribed RNAs which assemble primarily via tertiary
interactions into an active complex (Doudna & Cech, 1995).
This three-part ribozyme consists of the-FH26 RNA and
two other RNAs called P2P3 and P3-P7—P9 (Figure 1).

P9 structural region (Figure 1). The three-part ribozyme

provides a direct way to determine the level of independent
To address this question, we took advantage of the facttertiary structure outside the P#6 domain and how these

The PEP3 and P3-P7—-P9 segments contain all intron

helices outside of the P4?6 domain, with each contributing
one strand of the P3 pseudoknot. Association of the P1
P3 and P3-P7—P9 RNAs reconstitutes P3 and thus the-P3

three modules interact to form the catalytic core.

Chemical cleavage and modification with Fe(ll)-EDTA
and dimethyl sulfate (DMS), respectively, were used to
determine the level of tertiary structure in the-HA3 and
P3+P7-P9 RNAs alone, in complex with each other and

1 Abbreviations:
dideoxynucleotide

dNTP, deoxynucleotide triphosphate; ddNTP,
triphosphate; DTT, dithiothreitol; EDTA; ethylene-

diaminetetraacetic acid; PCR, polymerase chain reaction.
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within the three-part ribozyme. Fe(Il)-EDTA cleaves solvent 7.5, 100 mM MgC}, 6.25 mM spermidine, and/g of yeast
accessible phosphoribose backbone groups in both singleRNAP™ In order to form complexes between the-A3,
stranded and double stranded RNA, allowing detection of P4—P6, and P3P7—P9 RNAs in solution, +3 uM ad-
tertiary folding that protects specific areas of the backbone ditional unlabeled RNA was added to some reactions.
from solution (Latham & Cech, 1989). Our results indicate Generally, 1uM of each additional RNA component was
that a complex of PAP3 and P3-P7—P9 has its expected sufficient to bind more than 90% of the labeled RNA as
secondary structure but an incomplete tertiary structure. determined by monitoring the degree of resulting Fe(ll)-
Strikingly, most of the tertiary interactions that occur within EDTA protections or 5 splicing activity at increasing
the universally conserved structures of theP® region concentrations of the unlabeled RNA. The purpose of the
are induced in the presence of the-/®6 domain. These tRNAP' was to standardize the level of cleavage between
results suggest that P46 provides a scaffold to arrange reactions with and without additional RNAs. Cleavage was
the core secondary structure into its proper three-dimensionalinitiated by adding luL each of freshly prepared 50 mM

architecture. DTT and Fe(ll)-EDTA solution [10 mM (Nk).Fe(SQ), and
20 mM NaEDTA, pH 8.0]. Buffer conditions during the
MATERIALS AND METHODS reaction were 30 mM Tris-HCI, pH 7.5, 80 mM MgCh

mM spermidine, 5 mM DTT, 2 mM N&DTA, and 1 mM
(NH4).Fe(SQ),. After 80 min of incubation at 4C0C,
reactions were quenched with 10 mM thiourea. An equal
volume of gel loading buffer was added, and denaturing
polyacrylamide gels were run immediately. Control reactions

Materials. T7 RNA polymerase was prepared as described
(Doudna & Cech, 1995).

Plasmid Template ConstructiorppP3P9, used to prepare
the P3+P7—P9 RNA, has been described elsewhere (Doudna

& Cech, 1995). Plasmid pP1P3 was constructed from yere treated exactly as above except that nogbfé(SQ),
PTZA12IVS (Woodson & Cech, 1991) by PCR amplification |\ 1< added.

of the DNA sequence corresponding to positierésto 103. Quantitation of Fe(Il)-EDTA Protectionindividual bands
PCR primers incorporated the two G’s at positierisand  are guantitated using a phosphorimager (Fuji) following
—8,aT7 RNA polymerase site Bsd site following position  ,raction of background intensity and cleavage in the
103, andEccR| andBanHl sites for ligation into pUC19.  ganing material and correction for differences in lane
pP3P9.0 was constructed from pP3P9 by an analogousy,ging. The extent of protection at each backbone position
procedure and contains the intron sequence from 262 10 414, .5 caiculated as the intensity of the corresponding band
with a Bsd site after G414. This plasmid was originally ,hqer unfolding conditions divided by the intensity under
constructed to test the effect of adding nucleotides410 ¢,4ing conditions. Results from at least three independent

ﬁ'l“ on the structure ?f the threeépgrt ribozyme. Itwas used oyneriments were averaged. The average extent of protection
ere to prepare DNA for & @xtended P3P7—P9 construct. 510 jated for non-protected bands was-112 with a

pP1P3P9 was constructed from pP1P3 and pP3P9 by thregn,yimum standard deviation of 0.3. Backbone positions

PCRs (Ho et al., 1989)_f_o||owed by ligation into _p_UClQ. were considered to be protected if their corresponding extents
The sequence from position 262 to 409 was amplified with ¢ protection were at least 1.5.

an overhanging'Jrimer containing the sequence from 410 DMS Assays and Primer ExtensioRMS modification

to 414 and from 16 to 30. The sequence from 16 t0 103 ¢ herformed essentially as described (Inoue & Cech, 1985:

was amplified similarly with a 5 overhanging primer 05764 et al., 1986). 50 nM RNA was pre-incubated at 40
containing the sequence from 414 to 395. These partially °C for 15 min in 200uL of 30 mM Tris-HCI, pH 7.5, 80

complementary PCR products were used as templates for g, MgCl,, and 5 mM spermidine. To form complexes

t.hird. PCR.tO yield a fully extended DNA sequence fgr between RNAs, 2 uM concentrations of other components
ligation. Dideoxy sequencing was performed on all plasmids of the three-piece ribozyme were added to some reactions.

to confirm the correctness of the insert sequences. In order to compare the amount of modification between
PCR Template Constructionlhe 8-ext P3+P7-P9 PCR  reactions with and without additional RNAs, the total
template was prepared from pP2P9 (which contains the wild- concentration of RNA in each reaction was maintained at
type intron sequence from 28 to 414). DNA templates for approximately 150 nglL by addition of yeast tRNAe 4
3 and 3 extended P£P3 RNAs and for a P4P6 RNA ul of a 1:4 DMS:ethanol solution was added to each reaction
with a shortened '5end were amplified from pP1P3 and jfter pre-incubation. Following 30 min of incubation at 40
pP4P6 using appropriate primers. °C, reactions were quenched with @B of 1 M B-mercap-
RNA Preparation. Plasmids and PCR templates were toethanol/1.5 M sodium acetate and then ethanol precipitated.
digested withScd (pP3P9 and 5ext P3+P7—P9 DNA), Reactions were resuspended in 300 mM sodium acetate,
Hindlll (to create the 3extended P3P7—P9 RNA), or with phenot-chloroform extracted, and re-ethanol precipitated.
Bsd (all others). Transcription with T7 RNA polymerase For primer extension, 1 pmol of DMS-modified RNA was
and gel purification were performed as described (Latham annealed to 2 pmol of a complementary DNA primer by
etal.,, 1990). P4P6 and P4P6&A24 RNAs were obtained  slow-cooling from 90°C in 50 mM Tris-HCI, pH 8.3, 60
from Kaihong Zhou (Cate et al., 1996). Following treatment mM NacCl, and 10 mM DTT. 7QM of each dNTP, 3 mM
with calf alkaline phosphatase, RNAs were labeled at their MgCl,, and 25 units of AMV reverse transcriptase (Boeh-
5 or 3 ends with3?P (Latham et al., 1990; England et al., ringer Mannheim) were added and extension reactions were

1980). incubated at 42C for 45 min. Sequencing lanes included
Fe(ll)-EDTA AssaysFe(ll)-EDTA assays were performed 14 uM of ddNTP. Reverse transcription was stopped by
essentially as described (Latham & Cech, 1989)—256nM addition of an equal volume of gel loading buffer. Samples

of 5" or 3 end-labeled RNA was incubated at 20 for 15 were heated to 9CC for 5 min before loading onto
min in an 8uL volume containing 37.5 mM Tris-HCI, pH  denaturing polyacrylamide gels.
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of protection at each backbone position (see Materials and
Methods).

As shown previously by Murphy and Cech, the-H26
RNA is unfolded in the absence of MgCand a fairly
uniform cleavage pattern is observed, while addition of 10
mM MgCI, leads to folding of the RNA as revealed by
protection from cleavage in several areas of the backbone
(Figure 2; Murphy & Cech, 1993). In contrast to PR6,
Fe(ll)-EDTA cleavage of the P1P3 and P3-P7—P9 RNAs
-200 remains uniform, even at concentrations of magnesium ion

and spermidine that support optimal catalytic activity of the
three-part ribozyme (80 mM Mgghnd 5 mM spermidine,
respectively; Figures 3A and 3B). However, digestion of
P1-P3 and P3-P7-P9 RNAs with V1 and T1 RNases
(which cleave in double- and single-stranded regions re-
-170 spectively) shows that these RNAs form all expected
secondary structure under these conditions, though the P7
stem may be unstable as its backbone is cleaved by both
enzymes (data not shown).
In order to determine the degree of independent higher
order structure within the P3P9 region, we performed Fe-
(IN-EDTA cleavage and RNase digestion on a complex of
-150 the PEP3 and P3-P7—P9 RNAs (Figure 1), formed by
incubating each radiolabeled RNA with an unlabeled excess
of the other. Addition of a saturating concentration of
unlabeled P3P7-P9 RNA (1 uM; see Materials and
Methods) to radiolabeled PAP3 RNA leads to an average
of 2-fold protection from Fe(ll)-EDTA cleavage at positions
71—-72 and 86-81 in the loop of the P2.1 stem (L2.1),57
60 at the junction of P2 and P2.1 (J2/2.1), and-32 in P2
(Figure 3A). When excess unlabeled-F23 RNA is added
to radiolabeled PBP7—P9 RNA, protection is observed at
positions 278-282, 298-299, and 301 near the junction of
the P3 and P8 stems and at 3451 and 360 in P9.1 and
P9.1a (Figure 3B). V1 and T1 RNase digestion shows that
the P3 stem and all other expected secondary structure is
formed in the PEP3/P3+P7—P9 complex, although the P7
helix may remain unstable since it is cleaved by both
enzymes (not shown). The Fe(ll)-EDTA protections ob-
served in the PP3/P3+P7—P9 complex cluster in two
Ficure 2: Fe(ll)-EDTA cleavage of the P4P6 RNA monitored areas: in or near the loops of P9.1a and P2.1-(72, 80—
by gel electrophoresis. Backbone positions are marked alongsideg1, 343-351, and 360), which are proposed to interact within

the figure and are mapped relative to an RNase T1 ladder (which ; ; ;
cleaves 3to G residues) and a hydrolysis ladder (OH). Fe(ll)- the intactTetrahymenantron (Banerjee et al,, 1993), and at

EDTA bands are shifted up one nucleotide relative to the T1 ladder the junction of helices P2, P2.1, P3, _and P8+32, 57~

due to the different'3ends generated by these cleavage reactions. 60, 278-282, 298-299, and 301), which may be brought
The error in mapping backbone positions is plus or minus one close together by formation of the P3 pseudoknot. These
nucleotide. Lanes without Fe are controls to show background protections are a subset of those observed in theFBland
cleavage in the starting material. 10 mM Mg@® included where P3+P7—P9 segments of the intact intron (Latham & Cech,
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indicated. 1989), demonstrating that the PB9 region maintains some
independent, native higher order structure.
RESULTS To examine the influence of the P#£6 domain on the
Fe(I)-EDTA Analysis of the P4P6, P1-P3, and P3P7— structure of the P3P9 region, we determined the Fe(ll)-

P9 RNAs To determine the level of higher order structure EDTA cleavage pattern of the PP3 and P3-P7—P9 RNAs
present in each component of the three-piece ribozyme, thewithin the complete three-part ribozyme. We assembled the
individual RNAs (Figure 1) were radiolabeled at theirs three-part ribozyme by adding saturating concentrations (1
3 ends and reacted with Fe(ll)-EDTA under denaturing (no uM; see Materials and Methods) of unlabeledf% and
Mg?") and native (1680 mM MgChL and 0-5 mM P3+P7-P9 RNAs to radiolabeled PIP3 RNA. This
spermidine) conditions. The pattern of Fe(ll)-EDTA cleav- resulted in new protection in the PP3 RNA at positions
age at phosphoribose backbone positions at least 10 nucle22—27 in P1 and at 41 and 4618 at the base of the P2
otides from the 5and 3 ends of the RNAs was analyzed by loop (Figure 3A). Positions 41 and 4@8 in P2 are also
gel electrophoresis of the reaction products (Figures 2 andprotected from cleavage when a large excess of i} (3

3). Individual band intensities from at least three indepen- uM) is added to P+ P3 alone, implying a direct interaction
dent experiments were quantitated to determine the extentbetween P2 and P4P6 (not shown). When excessy M)
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5 mM spermidine, *M P1—-P3, and 1uM P4—P6 are added where indicated.

unlabeled P4P6 and P3+P3 RNAs are added to radiola-

300 and 302315 in J8/7 and P7 and at 32831 in P9
(Figure 3B). No protection is observed in the-H37—P9

RNA in the presence of excess B1) P4—P6 but in the
absence of P2P3 (not shown). All areas of the backbone
protected in the PAP3/P3+P7—P9 complex are protected
at slightly higher levels within the three-piece ribozyme

Fe(I)-EDTA Analysis of the'sand 3 Ends of P1+-P3
beled P3-P7—P9, new protection is observed at positions and P3tP7—P9. An important set of tertiary interactions

within the P3-P9 region is proposed to occur between the
P9.1-P9.2 helices and one face of the P7 and P3 stems

(Laggerbauer et al., 1994). Specifically, it was observed that
deletion of the P9.2P9.2 extension within the intact
Tetrahymendntron leads to a loss of Fe(ll)-EDTA protection
between positions 263 and 272 (Laggerbauer et al., 1994).

(Figures 3A and 3B). In summary, the cleavage pattern of The Fe(ll)-EDTA cleavage pattern at all other positions in

the deletion mutant is identical to that of the wild-type intron
ribozyme closely resembles that of these segments within(Laggerbauer et al., 1994), suggesting that the PB4.2

extension alone controls the solvent accessibility of posi-
indicating that the P4P6 domain induces the assembly of tions 263-272. However, we were unable to analyze the

the PEP3 and P3-P7-P9 RNAs within the three-part

the intact Tetrahymenaintron (Latham & Cech, 1989),

a correctly organized catalytic core.

Fe(I1)-EDTA cleavage pattern of these positions since they
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Ficure 4: Fe(ll)-EDTA analysis of the 'sext P3+P7—P9 RNA. (A) Secondary structure of the RNA and its interaction with the P4
PéA24 RNA. The L6b loop is boxed and mutated nucleotides are shown in bold. U239 and U238 were mutated to G to facilitate T7
transcription. (B) Fe(ll)-EDTA analysis of the-Bxt P3+P7—P9 RNA. Lanes without P& show background cleavage in the starting
material. 80 mM MgC] and 5 mM spermidine, kM P1-P3, and 2uM P4—P6A24 are included where indicated.

are located close to thé Bnd of the P3-P7-P9 RNA. To 127

address this problem we designed a variant of théP3- 1_' o
P9 RNA called 5ext P3+P7—P9 (Figure 4A) in which the o oy ®

5 end is lengthened by 24 nucleotides and relocated from § 4] -

P7 to the L6b loop in the P4P6 domain. The single- 3 o

stranded 5extension does not affect association with the & o] ao®

P1-P3 RNA since the backbone positions of theekt s }---- -,'

P3+P7—P9 RNA are protected to the same degree with the § o044 gt

same dependence on concentration of-P3 as those of ~ * o

the P3-P7—-P9 RNA. To re-form a three-piece ribozyme, 0.2 3 :

we complexed 5ext P3+P7—P9 with P1-P3 and a short- s

ened version of P4P6 called P4P6A24 which has its 3 0 o 20 10 e 80 100
end at L6b (Figure 4A). This complex was active ih 5 [MgCL,] (mM)

splicing (not shown) and was not expected to be grossly o . . \omalized Fe(ll-EDTA protection in the PP3/

perturbed in structure since disruption of L6b does not affect p3, p7_pg complex versus concentration of Mg@Dpen squares

activity of the Tetrahymenaibozyme (Price et al., 1985).  positions 346-348 in the P3-P7—-P9 RNA; filled circles, positions
While its secondary structure is intact as assayed by RNased7—60 in the P:-P3 RNA. Four independent experiments such as

; ; , - ; that shown were run for each set of positions. The average extent
V1 and T1 digestion, the &xt P3-P7-P9 RNA is not of protection at 80 mM MgGlobserved for positions 346348 is

protected from Fe(ll)-EDTA cleavage at 80 mM Mg@hd 2.0+ 0.3 and for positions 5760 is 2.7+ 0.5. Hill plots of the

5 mM spermidine (Figure 4B). In the presence of a data (not shown) were fit as described (Celander & Cech, 1991)
saturating concentration of unlabeled-HA3 RNA, 2-fold and for positions 346348 give an averageintercept of 12+ 1

protection from cleavage in'®xt P3+P7—P9 is observed MM MgCl; (for 50% protection) and an average slope of 2.7
at positions 269272 between P3 and P7 (Figure 4B). When (1)'5' For positions 5760, the average Hill plat-intercept is 13+

. mM MgCl, and the average slope is 2£70.5.
an unlabeled excess of both-PR3 and P4 P6A24 is added,
protection at positions 269272 increases dramatically from at 262-268 in P7 and 273275 in P3 (Figure 4B). These
2-fold to about 8-fold while additional protection is observed results suggest that the PB6 domain is required to form
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or significantly stabilize tertiary contacts involving the P3 P1-P3 and P3P7-P9 RNAs. However, no additional
and P7 stems. While we cannot rule out the possibility that backbone protection was detected using these RNAs (not
the single-stranded extension interfered with these interac-shown).

tions until paired within the P4P6 domain, this seems Figure 8 summarizes the Fe(ll)-EDTA cleavage data of
unlikely since the extension did not interfere with formation Figures 3 and 4, highlighting all of the phosphoribose
of the complex between'&xt P3+P7—P9 and P1P3. backbone positions protected from Fe(ll)-EDTA cleavage

A similar set of RNAs was constructed to determine the in P1-P3/P3+P7—P9 complexes in the presence and
protection pattern at the’ &nd of the P:P3 RNA. This absence of the P4P6 RNA.
end was lengthened by 21 nucleotides, relocating it to  Stability of Tertiary Structure in the PAP3/P3+P7—P9
position 124 in J5/5a (Figure 1) while théénd of the P4 Complex. The Fe(Il)-EDTA data suggest that under condi-
P6 RNA was shortened accordingly. In this case, however, tions optimal for activity of the three-component ribozyme
the extension strongly interfered with formation of theP1 (80 mM MgCkL and 5 mM spermidine; Doudna & Cech,
P3/P3+P7—P9 complex as no protection of the modified 1995), the P+P3/P3+P7—P9 complex maintains some
P1-P3 RNA was observed in the presence of as much asindependent tertiary structure. We determined the depen-
10 uM unlabeled P3-P7—P9 (not shown). To determine dence of folding of the P1P3/P3+P7—P9 complex on
the pattern of cleavage near thieeid of P1-P3 and the 3 magnesium ion concentration by analyzing protection from
end of P3-P7—-P9, long exon sequences were extended from Fe(ll)-EDTA cleavage at variable Mggtoncentration. In
these ends. The' Splicing activity and the association of contrast to the higher cation concentrations required for
the three-part complex were not grossly affected by these maximum splicing activity, protection of positions in J2/2.1
modifications, and the pattern of Fe(Il)-EDTA protection of and L9.1a in the P1P3/P3+P7—P9 complex is half-
each of these RNAs was similar to that of the unmodified complete at about 13 mM Mgg&and complete at about 30



3166 Biochemistry, Vol. 36, No. 11, 1997 Doherty and Doudna

A B

P4'P6 + - - - P4'P6 + - - -
P3+P7-P9 + + = = PI-P3 + + - -

oMms + + + - G A poms + + + - G A

J172 [30- & =1
B ey [300- hﬁﬁ m.
40 - i
'3_-‘;_,-; =
50 - L - Gt e
60 - Ty ;
J9.1/9.1a E‘O -
e S Wt—
70~ s e s AN i ol
— ' TRPR w—
~ v a-._-a_.l.'...i,_: 2 . L

Ficure 7: DMS modification of the P£P3 and P3-P7—P9 RNAs. (A) DMS modification of the P4P3 RNA detected by primer extension.

All lanes contain 50 nM P2P3 RNA. 1uM P3+P7—P9 and 1uM P4—P6 are included where indicated. All DMS reactions were performed

at 80 mM MgC} and 5 mM spermidine. Band positions were mapped by comparison to dideoxy sequencing ladders. Due to primer annealing,
modification was detectable only from position 80 to position 1. The strong reverse transcription stop at position 1 is' dysidimép

activity during the DMS reaction. (B) DMS maodification of the PB7—P9 RNA. Reaction conditions are similar to those in Figure 6A.

1uM P1-P3 and 1uM P4—P6 are added where indicated. Modification was detectable from nucleotides 380 to 265.

mM MgCl, (Figure 5). Furthermore, the PP3/P3+P7— complex assemblei trans We tested the stability of
P9 complex folds cooperatively, with a Hill coefficient of tertiary contacts in a unimolecular context by constructing
about 2.7, suggesting that binding of at least two magnesiuman RNA called P+P3—-P9 (Figure 6A) which covalently
ions accompanies the process. These results demonstratpins the P+P3 and P3-P7—P9 RNAs at the natural
that high magnesium ion concentrations and addition of cyclization site of theTetrahymenantron. This RNA is
polycations cannot substitute for RN/ARNA interactions capable of reverse cyclization in the presence of P& and
provided by the P4P6 domain in completing the folding has a similar RNase digestion pattern and a similar Fe(ll)-
of the P1-P3/P3+P7—P9 complex. EDTA protection pattern as the PP3/P3-P7—P9 complex,
The MgCL requirement for 50% folding of the P13/ but with a lower extent of Fe(Il)-EDTA protection in several
P3+P7—P9 complex (Figure 5) is about 10-fold higher than areas (not shown). Positions in the P9.1a loop of the P1
that of the P4P6 domain and the intactetrahymena  P3—P9 RNA acquire protection cooperatively (Hill coef-
ribozyme, which both require approximately 1 mM MgCI ficient of about 2.3) and at low concentrations of magnesium
for 50% folding (Celander & Cech, 1991; Murphy & Cech, ion (50% protection at 1 mM Mgg| Figure 6B), indicating
1993). Nevertheless, this may reflect the fact that the that tertiary interactions involving this loop are as stable as
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those in the P4P6 domain.

DMS Modification of the P£P3 and P3-P7—P9 RNAs.
To complement the Fe(ll)-EDTA studies, DMS was used
as a second probe of higher order structure of the B3
and P3-P7—P9 RNAs. DMS is a small molecule which
methylates non-WatsetCrick paired adenines and cytosines
at the N1 and N3 positions, respectively. DMS modification
depends on the solvent accessibility of these groups and is
detectable by primer extension (Inoue & Cech, 1985; Moazed
et al., 1986). Only A and C residues in the loop regions of P9 P92
the P1-P3 RNA are modified appreciably at 80 mM MgCl % 370 : 380
and 5 mM spermidine, confirming that the secondary 2otk - Gea A cuaauy Yoy AUGCOa
structure of this RNA is intact (Figure 7A). There is no uvegug UUGAUUAG,UAUAUG A
change in the DMS modification pattern of PR3 upon 390
addition of a saturating concentration of-PB7—P9 (Figure
7A). However, in the presence of an excess of both P& U A
and P3-P7—-P9, A30, one of several adenines proposed to
be critical for correct docking of the P1 stem into the catalytic
core (Young et al., 1991), becomes heavily modified (Figure
7A). There is strong DMS modification of several bases in
the single-stranded regions of theH37—P9 RNA, includ-
ing the P3 strand (Figure 7B). Some of these bases become
protected from methylation upon addition of excess-P3
(Figure 7B). Protection of C278 suggests that the P3 stem
is formed in the P P3/P3+P7—P9 complex, while dramatic
reduction in methylation of four bases in L9.1a supports the
involvement of this loop in tertiary interactions. Upon
addition of both P4P6 and P+P3, bases in L9 and in J8/7
become protected from DMS modification just as the
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corresponding backbone positions are protected from Fe- % u%'e'"'
(I-EDTA cleavage (Figure 7B). Finally, formation of the Qs ,00.6-1%*
complete three-piece ribozyme leads to a large increase in l>\% gg P3
the modification of A269 and a decrease in modification of Y l>: AU
A270 (Figure 7B), further suggesting that the-A”6 domain I

mediates a structural change in the-f®¥ region of the core.
The DMS results are summarized schematically in Figure
8.

DISCUSSION

We have examined the degree to which the-P8 region J30%A
of the Tetrahymena thermophilagroup | intron folds
independently. P3P9 is one of two large structural
elements which interact to form the active site for self
splicing. The other is the independently folded-Rb
domain, for which a crystal structure has recently been
determined (Cate et al.,, 1996). The-H% region was
formed in solution as a complex of the PR3 and P3-P7—

P9 RNAs. Our results show that each of these RNAs alone
retains its expected secondary structure but has no detectable

: : » : Ficure 8: Summary of Fe(ll)-EDTA cleavage and DMS modifica-
tertiary folding. A P-P3/P3-P7—P9 complex contains tion of complexes of P£P3 and P3-P7—P9 RNAs in the absence

some 'Q”Q'Vange tefmary interactions, but its complete f(_)lding and presence of P4P6. Shaded positions are protected from Fe-
is achieved only in the presence of the-HR6 domain (IN-EDTA cleavage by at least 1.5-fold in PP3/P3+P7—P9
(Figures 3-8). We conclude that P4P6 is the only complexes. Hatched positions are protected from Fe(Il)-EDTA

independently folded domain in tfietrahymenaibozyme, ~ cleavage at least 1.5-fold in PP3/P3rP7-P9 complexes only
as dipscussedybelow y y in the presence of excessPR6. The Fe(ll)-EDTA cleavage pattern
) of positions 89-103 could not be determined. Filled arrowheads
The P4-P6 domain was shown to be an independently show protection from DMS modification in the PP3/P3+P7—
folded region of tertiary structure primarily by Fe(l)-EDTA P9 complex. Open arrowheads show DMS protection induced by

analysis (Murphy & Cech, 1993). There is excellent addition of P4-P6 to the P1P3/P3+P7—P9 complex. Asterisks

correlation between the backbone solvent accessibility issh%"\c/rgé'\lﬂsseén iﬂd{ﬂgagg}nsgnntcheegi Efé?s’LP?_Pg complex which

determined by examination of the crystal structure and by
Fe(Il)-EDTA (Cate et al., 1996). The P#6 domain is to pack tightly against the P4, P6, and P6a stems, stabilizing
characterized by a sharp bend that allows the P5abc helicegheir coaxially stacked orientation. This packing produces
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P3-P9 region alone P3-P9 region + P4-P6 domain

Ficure 9: Model of the organization of the P39 region in the absence (panel A) and presence (panel B) of thEe@®domain. Dashed

arrows show weak or non-existent tertiary contacts while solid arrows show strong tertiary contacts. This figure is not meant to represent
the overall structure of the P3P9 region since the orientation of the helical elements in most cases is unknown. However, the P2 and P2.1
stems are proposed to stack coaxially based on cross-linking data (Downs & Cech, 1990). In the phylogenetic model of the catalytic core
(Michel & Westhof, 1990), the P3 and P8 stems are coaxially stacked while the P3 and P7 stems are bent relative to one another.

a relatively flat molecule approximately two helices thick P6 domain. Many independent lines of evidence show that
in one dimension and one helix thick in the other (Cate et the single-helix thick face of the stacked P5, P4, P6, and
al., 1996). P6a stems of P4P6 interacts with the core elements of the
Less-well conserved segments that may perform a function P3—P9 region (Michel & Westhof, 1990; Pyle et al., 1992;
analogous to that of P5abc also occur within the-P9 Wang & Cech, 1992; Murphy & Cech, 1993; Wang et al.,
region of theTetrahymenaibozyme and in other classes of 1993; Cate et al., 1996; Tanner & Cech, 1996). lItis difficult
group | introns. Long-range interactions in fhietrahymena  to imagine how this rigid helical structure could directly
P3-P9 region have been proposed between the-FRA12 protect both faces of the P39 core helices from solvent
extension and the P37 region (Laggerbauer et al., 1994) simultaneously.
and between the P9.1a and P2.1 loops (Banerjee et al., 1993) A series of studies to determine the folding pathway of
based on phylogenetic covariation, mutagenesis, and chemithe Tetrahymenaribozyme core both kinetically and at
cal probing. Protection from Fe(ll)-EDTA cleavage in L9.1a equilibrium show that the P4P6 domain folds prior to the
and L2.1 in the PEP3/P3+P7—P9 complex suggests that P3 and P7 helices (Celander & Cech, 1991; Banerjee et al.,
in the absence of P4P6 (Figures 8 and 9) interactions 1993; Laggerbauer et al., 1994; Zarrinkar & Williamson,
between these loops are intact. However, lack of strong Fe-1994, 1996b; Banerjee & Turner, 1995; Downs & Cech,
(I1)-EDTA protection along one face of the P3 and P7 stems 1996) and that the P9-4P9.2 extension assists assembly of
in the PEP3/3-ext P3-P7-P9 complex suggests that the active site (Laggerbauer et al., 1994; Zarrinkar &
contacts between the PRP7 and P9.£P9.2 segments are  Williamson, 1996a). Our results begin to elucidate the role
weak or not formed in the absence of-F6 (Figures 8 and  of each of these substructures in the formation of the catalytic
9). Additionally, strong Fe(Il)-EDTA protection was ob- core. The P4P6 domain induces two structural changes
served at several locations near the junction of the P2, P2.1 within the P3-P9 region (Figure 9). First, contacts between
P3, and P8 stems in the PP3/P3-P7—P9 complex alone  the P3-P7 region of the core and the P9.R9.2 extension
(Figure 8). Whether the lack of solvent accessibility at these form or are significantly strengthened. Second, the-P8
positions results from short-range interactions caused byregion interacts with P4P6 to assemble the catalytic center
formation of the P3 pseudoknot or from longer-range contacts and the docking site for the P1 substrate duplex. Each of
to less-well conserved areas within the-f® region is  these structural changes results largely from the formation
unknown. of tertiary interactions as all of the secondary structure within
The simplest explanation for these results is that the P3 the P3-P9 region is capable of forming independently.
P9 region is not an independently folded domain but instead RNase cleavage data suggest that the P7 helix may be weakly
requires assistance to assume its native conformation in thepaired in both the P8P7—P9 RNA and in the PZP3/
ribozyme complex and, by analogy, in the intact intron. Some P3+P7—P9 complex. The P7 helix may be unstable due to
of the changes in Fe(Il)-EDTA cleavage and DMS modifica- the difficulty of maintaining a base-paired stem formed by
tion that we observe upon addition of PB6 to the Pt two strands distant in the sequence or due to fraying caused
P3/P3tP7—P9 complex represent a direct footprint of the by locating the 5end of the P3-P7—P9 RNA at P7 in our
P4—P6 domain on the P3P9 region (e.g., positions 362 constructs. While the P4P6 domain is not required for
315; Figure 8). Other such changes, however (at positionsformation of the P3 stem at equilibrium, stable tertiary
262—-275; Figure 8), are almost certainly due to contacts interactions within the P3P9 region may be necessary to
within the P3-P9 region which are strengthened by theP4  form helix P3. The P3P7—P9 RNA does not associate
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strongly with an oligonucleotide complementary to its P3 REFERENCES

strand (Doudna & Cech, 1995). Likewise, a437—P9

RNA with a deletion of the P9.1 and P9.2 helices is incapable Banerjee, A. R., & Turner, D. H. (1998iochemistry 346504

of forming a complex with the P4P3 RNA (Doudna & 6512. .
Cech, 1995; E. A. Doherty and J. A. Doudna, unpublished). Bagf”fféfégR" Jaeger, J. A., & Turner, D. H. (1988chemistry
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