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New loop-loop tertiary interactions in self-splicing introns of 
subgroup IC and ID: a complete 3D model of the Tetrahymena 
thermophila ri bozyme 
Vakrie Lehnert #I, Luc Jaeger #l, Franqois Michel* and Eric Westhofl 

Background: Group I introns self-splice via two consecutive trans-esterification 
reactions in the presence of guanosine cofactor and magnesium ions. Compara- 
tive sequence analysis has established that a catalytic core of about 120 
nucleotides is conserved in all known group I introns. This core is generally not 
sufficient for activity, however, and most self-splicing group I introns require non- 
conserved peripheral elements to stabilize the complete three-dimensional (3D) 
structure. The physico-chemical properties of group I introns make them excellent 
systems for unraveling the structural basis of the RNA-RNA interactions 
responsible for promoting the self-assembly of complex RNAs. 

Results: We present phylogenetic and experimental evidence for the existence of 
three additional tertiary base pairings between hairpin loops within peripheral 
components of subgroup ICl and ID introns. Each of these new long range inter- 
actions, called P13, Pi 4 and P16, involves a terminal loop located in domain 2. 
Although domains 2 of IC and ID introns share very strong sequence similarity, 
their terminal loops interact with domains 5 and 9 (subgroup ICI) and domain 6 
(subgroup ID). Based on these tertiary contacts, comparative sequence analysis, 
and published experimental results such as Fe(ll)-EDTA protection patterns, we 
propose 3D models for two entire group I introns, the subgroup ICI intron in the 
large ribosomal precursor RNA of Tetrahymena thermophila and the SdCob.1 
subgroup ID intron found in the cytochrome b gene of Saccharomyces douglasi 

Conclusions: Three-dimensional models of group I introns belonging to four 
different subgroups are now available. They all emphasize the modular and 
hierarchical organization of the architecture of group I introns and the widespread 
use of base-pairings between terminal hairpin loops for stabilizing the folded and 
active structures of large and complex RNA molecules. 
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Introduction 
Group I introns are catalytic RNA molecules that require 
magnesium ions for folding and catalysis [1,2]. They carry 
out self-splicing, generally in the absence of proteins, via 
two trans-esterification reactions, excising themselves from 
a precursor RNA and ligating together the flanking exon 
sequences. Catalysis is performed by a highly structured 
‘core’ that is universally conserved among group I introns 
and consists of six to seven base-paired stems (P3-P9) with 
connecting segments (for reviews, see [1,3,4]). During the 
first step of splicing, a G-binding site located in stem P7 is 
responsible for the specific recognition of the free guano- 
sine cofactor that attacks the 5’ intron-exon junction [S]. In 
the second step of splicing, a conformational change brings 
the 3’ terminal guanosine of the intron into the G-binding 
site by allowing the 3’ exon to be positioned next to the 3’ 
OH attacking, group of the 5’ exon, so that the exons 
become ligated [S--7]. As illustrated by the three-dimen- 
sional (3D) model of the core proposed by Michel & 
Westhof [6] (see Fig. l), the structure of the core is 

maintained by numerous tertiary interactions, some of 
which are indeed supported by experimental data (for 
review see [4]). The core itself, however, is generally not 
sufficient to maintain the active structure. The optimal 
activity of most, if not all, natural group I introns depends 
on a variety of non-core RNA components (e.g. [B-12]; see 
Fig. 1). These non-core components or peripheral domains 
are not conserved among all group I introns but are substan- 
tially conserved within intron subgroups [4,6]. For example, 
all introns of subgroup IA share one or two additional hair- 
pins between core elements P3 and P7 but lack an 
extended P5 domain that is present in most subgroup IC 
and IB introns. 

How do these different peripheral components contribute 
to the self-assembly of these large RNAs while maintaining 
a similar structure? In recent years, it has been shown that 
peripheral domains form specific tertiary interactions that 
help to fold and stabilize the ribozyme in a unique cat- 
alytically active structure (e.g. [lo-151). In two instances, 
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Figure 1 
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The architecture of the catalytic core of group I introns [6]. those implying a contact between a GNRA apical loop and the 
(a) Schematic secondary structure of the core of group I introns shallow groove of a helix are noted by the name of the loop, L, and 
displaying the positions of insertion of the peripheral domains. The that of the helix, P. Notice that a loop-loop contact can be replaced 
nomenclature is according to Cech et al. [72]. The G-C base pair by a GNRAlhelix interaction (see L9/P5 and P17). The contacts 
constituting the G-binding site in helix P7 is indicated. The last G within squares are those reported here. References for the other 
residue of the intron is within a square; the arrow head next to it 
represents the attack by the terminal 03’ atom of the 5’ exon on the 
junction between the last residue of the intron and the first one of the 
3’ exon, occurring during the second trans-esterification of the self- 
splicing reactions. The positions of insertion of the peripheral compo- 
nents within single-stranded regions (2,3,5-g) are indicated in 
circles. The various long-range contacts occurring between those 
peripheral components in the different subgroups of group I introns 
[6], IA (sub divided into IA1 and IA2), IB, IC (and ICl), and ID are 
shown. (b) The nomenclature for all long-range contacts between the 
peripheral components established to date is given. Those starting 
with a P represent Watson-Crick base pairing between loops and 

contacts are: PI 1 [I 01, P12 [l 1,131, Pi 7 [33], L9/P5 [12], .L5b/P6a 
[15], L2/P8 [31 I. (c) Three-dimensional architecture of the catalytic 
core of group I introns [6]. The stage shown is prior to the second 
trans-esterification step (the ligation step). The site of catalysis is 
shown by an yellow asterisk within a red circle. Domain P4-P6 
(green) and domain P3-P8 (purple) create a cleft into which is 
positioned the helical susbtrate formed by the stacked helices Pl 
and Pl 0. Helix Pl is formed by the 5’.exon (black) base paired to the 
internal guide sequence (red) and in helix PlO the 3’-exon is base 
paired to the rest of the guide sequence. The nucleotide segment 
forming Pg.0 is in yellow. 

peripheral tertiary interactions were incorporated into the 
previous model of the core, leading to detailed and com- 
prehensive 3D models for introns of subgroups IA1 and 
IA2 [lO,ll]. 

One of the ribozymes studied in most detail is certainly the 
self-splicing subgroup IC1 intron found in the large riboso- 
ma1 precursor RNA of Etrahymena tliermophla [1,4,16]. 
Although the details of the catalytic reaction and the 
docking of the substrate to the ribozyme core are well 
understood, the global architecture of the ribozyme with all 
its peripheral components remained unclear. The domain 
P4-PS-P6 has been shown to fold independently from the 
rest of the ribozyme [14,15,17,18], but little was known 
about peripheral components that may stabilize the core 
domain P3-P7-P8. 

In the present study, we have used two new tertiary base 
pairings found in subgroup ICl introns to update the 
3D model of the Telrahymena ribozyme established by 

Michel and Westhof [6,19]. These two tertiary base pair- 
ings, called P13 and P14, involve terminal loops in 
domain 2 that interact with domains 9 and 5, respec- 
tively. Experimental evidence for the existence of these 
new tertiary interactions was obtained by site-directed 
mutagenesis. This model includes all peripheral exten- 
sions and helps to rationalize the patterns of protection 
from Fe(II)-EDTA cleavage [14,20-Z]. We further 
propose a 3D model for subgroup ID introns which incor- 
porates a new loop-loop interaction, called P16. Sub- 
groups ID and ICl share strong sequence similarity 
within the base of helices P2, P2.1, P3, P8 and their junc- 
tion elements, suggesting that the local structure of this 
region is identical in both subgroups. Comparison of 
these two new models with the 3D structure of two other 
introns belonging to different subgroups indicates that 
peripheral elements are used in a modular way to stabi- 
lize the core of group I introns, and makes it plain that 
loop-loop base pairings are widely used ‘anchors’ in 
self-assembling RNA molecules. 
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Figure 2 

(a) Group ICl: TtLSU group I intron (b) Group ID: SdCob.1 group I intron 

Two-dimensional models of introns representative of the ICl and ID 
subgroups, drawn according to the representation of Cech et a/. [72]. 
The ICl sequence (a) is that of the intron in the large ribosomal RNA 
precursor of Tefrahymena thermophila, abbreviated as TtLSU. The ID 
sequence (b) is that of the intron in the cytochrome b mitochondrial 
gene of Saccharomyces douglasi;, abbreviated as SdCob.1 [32]. The 
structures are those expected to prevail just prior to exon ligation, 
Numbering of residues is specific to each intron. Exons (in lower case) 

are bound to the internal guide sequence (in red) at the 5’ end of the 
ribozyme. The P4-P6 domain is in green and the P3-PS domain is in 
violet. Peripheral domain 2 is orange and domain 9 is boxed in yellow. 
Nucleotides involved in a tertiary base pairing are indicated by curved 
arrows: Pn’ and Pn” correspond to the 5’ and 3’ strands of a tertiary 
base pairing, respectively. Heavy arrows indicate long-range interac- 
tions. Dashed lines indicate tertiary interactions within the catalytic 
core of group I introns. 

Results 
long range tertiary interactions of the peripheral 
domain 2 of ICl 
Several lines of experimental evidence identify peripheral 
domain 2 of the ICl intron in the large ribosomal RNA 
precursor of Tefrukymena thermopkla (TtLSU) (Fig. 2a) 
as an important, although not essential, domain for self- 
splicing activity. Removal of domain 2 does not abolish 
catalysis, but does result in defective molecules that typi- 
cally require high salt and/or spermidine concentrations 
to function [8,23]. Moreover, nucleotide substitution or 
deletion in loop L2 and in connecting segments Jl/Z, 
JZ/Z. 1 or JZ. l/3 affects the efficiency and selectivity of sub- 
strate cleavage [24-271. These data strongly suggest that 

domain 2 of the TtLSU intron is likely to be involved in 
multiple tertiary contacts and, perhaps, long range tertiary 
interactions similar to those found in subgroup IA1 and 
IA2 introns [10,11,13]. 

A tertiary interaction between domains 2 and 9 
Been and Cech [28] originally proposed, based on exami- 
nation of the sequence of the Etrahymena ribozyme, that 
loops LZ. 1 and L9. la might engage in base pairing. Subse- 
quently, Banerjee et all [29] investigated this further by 
using a number of group I sequences belonging to diverse 
subgroups for phylogenetic analysis. Most of the 27 pair- 
ings these authors suggested were inconsistent with the 
known secondary and tertiary structure of group I introns 
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Fiaure 3 - -a--- - 

(a) P2.1 P13 P2.1' P9.1 P9.la P13' P9.h' P9.1 
TtLSU AGm-UAAACCA----AUAGAUUGCAUC--GGWUMAAGGCAA' __~ ICUAGCGG--AUGMDAUGCAAC----As-GGAGCCGCUGG 
PpLsu,3 AGUGGC-AUGCACA----AUAGCWGCAUC--Gm-UGUUGCGA[ ICCUGGAG--AAGAGGUGAUGCAAC----As-AGAGCUCCGGA 
AsSSU AGUCGU-CGUUGCA---CCmUGCA&&-CAACGCACGGCGA[ ~- IUUCGUCGGGAAGAAA~AGCfLAGGCCGG-AGCCAGACGAA ~ - 
GpSSU AGUCCUGGLIGCGGC----ULJGCAUCGCGCC-GCCGCACCUGGGCAA[ ____- IUGUCGAG--AUGAGGGGGUGCG~----~-AGAGCU~GG~A 
AaLSU AGmG-GCUAUAGC-----UUACWGUGCLJUGCUAUAGIG~AA[ lCAACUACcUACC~CGCACAAc~-----E-AGUAGUUG 
CaLSU AGBAUCUGGCCA---ACGUAUCUGUGGG--UGGCCAG-CCGA[ ICGGUGCAG-MUAUCCACAGA-----XGAAGCUGCGCCG 
BbLSU AGBA-UAUGACA-----UACACUGCAGG--UGUCAUA-CGGCAA[ ICCGGA-UG-CGAA-CUGCAGJ-----EAGAUCAAUCCGG 
DiSSU AGDA-CIJJCUCA-----CAGAGGWGAG--AGAGAAG-CcAA[ IUCUGAAA--GUAA~CUCA?+CC&-----~CCAG-AUUCAGA 
ClASSU AGmAUGCAGCCG---AUUGAUGAUCGGG--UGGCUGC-CCAA[ I-UUG-Ac~A~ccuGAucE-----~GAAGCUAGCGAG 
ClbSSU,l AGDAUGCAGCCUGUUUAUGAUGAUCGGG--UGGCUGC-CCAA[ ICUCGcuCG-ACUA~CCUGAUCE-----~GAAGCGAG~GAG 
csassu AGBAUGCAGCCC--AGUUGUGGAYCGGG--UGGCUGC-CGGCAA[ ICCUCGUGG-AAUAUCCCGAUCG-----EGAAGCCUCGAGG 
KfSSU AG-A-GCAXCA---ACUACUGGUCGGG--CGGWGC-CCAA[ ICCACAAGC-AAUAmCCCGACCG-----UCAAAGGCLJUGUGG 
RdSSU AG-A-GGUCACG--CAAUCAGUUUUGGG--UGUGAUC-CGGCGA[ ____- IUUCUGUGC-UGGAmCCCAAAAG-----EAAAGGUGCAGGA 
ReLSU AG-C-MCGCAA---UUUUAAUUACAGGAUGUGCGW-uGA[ ]UGUUA~A~-U~ACA.~GCC~G~AA~-----~GAAGAUAUA+.CA 

W P2 P14 P2' P5a P5b P5b' P5C P14' P5C' P5a' 
TtLSU AGUUAUCAGGC-----AUGCACCUGGUAGCU[ I~GUCUCAGGGGAAACUU-GAGAUGG---CCU----UGCAAAAGUAUlJ ~~ 
PPLSU AGUCA-CAGGU-----AGGCSGGUGGCUI ~__ ~ACUAACC~A~CGGCGA~A~GGGGUGGGGG---~---UGCAC~AUAU~ ~ ~ - 
GpSSU AGUCGGGUGU[25l~AdGAGAAACCCGGCU[ I~AACCUGCAUGGGA~~U~GUGCGGGGG---~A---C~C~-GGGG--A~ 
AaLSU AGGCAUCGA-------CUCCCAWGAUGCCU[ I~~CAWGGCGGU~CA~~~~~UGUAGA~~UGGGG~--G~ ~- 
GgLSU3 UGGCCGCGCAG-----UUGCAAGCGCGGUCA[ lACCAUCCUCGCGGGGUAACGCCCCCGAGGUC-GCGG-AAUGCUACCGC--UGGU --__ 

03 P2.1 PZ.la P2.lb P16 PZ.lb' P2.la' P2.1' P6 P16' P6' 
SdCob,l AGUCUAUA-AUAAUAUAUAUAUAAUAAAUAACUGUUAUU----~G~UAUUAUAU~------UAUAGGC~[ I~AAAUAACG~ 
PwCoxl,Z AGUCCUGAUUCAUAUA---AUCUAAUAAUAACUCUUAGA----~~UUAGAU~----~UCAG[48lGGCUA[ ICGGUUAUCUAAGUAAUCG 
AmCob, AGUUCACCGUAAAU-------A=-GUAAUJUGUAU&---- -~ X+AMAAC[411 UUACGGUGL33 1 UGcUA[ ICGGAGGUAUACAA- 
Am&b,2 AGUUCAAUUAUCU--------w-GCMSJJUAM----AG ~~CG[20]AGAUAAUUUUGAGCGA[ - I--UAUAC--a 
AmNadS,l AGUAGAUAAUAC[41]UIIAAUCCUUA-GU~U~GGGAAUG----~~UAAGGAUUA-----UGUAUUAUUUGCGA[ ICGGUCACAUUUUUGAUCG ~- 
Pa&b,2 AGUUCCAU--GAGUAACAAUCUUWU-GUAAUJUWAUA----& ~GAUUAAA---~[41l~AA[ ICGGUUAUAUAAAUGAUCG 
NcCob,l AGUCCCAU--GAGUAUAAAUCWWU-GCAAU~UUUAUA----c uGAUUAAA---GUGG[40lGGCGA[ ICGGUUAUAUAAAUAAUCG 
&Cob,1 AGUCUAACUC-CGUA-----CGUAGU-GUAAUGAUAAUA----CLIAAAACUACGCCAUUA-GAGUUI44lAGGCAA[ ICGGUUAGAUCAUUGAUCG - __ 
P&0x1,8 AGUUAGUAWAAGUAAU-UAWGCW-GCAACUCUUAAG[lU~~GAAFIAGUUAAUA------UUAAUACUAGccA[ IUGGUUAUWAAGUGACCA 
SdCoxl,4 AGUUUUUAUAUAUU-----AUAAUUAUAUA~AUA~U~~~~-~AUA~A~AU~-[~~~AG~UAUAU~GGCGA~ ]CGGUUAAUUAAGUGAUCG 
P&0x1,12 -CUAGUUAUUAUUAUUA------GUG-GCAACUUCCCAG----~~~G~GUAU[17lAAUAAUAACCGG-A[ ICGGUGACUCGGAUCAUCG 
PaND5,l -UGUAUAAGAAUA[]AAUAGGAAUUGAGCAAG_AUUAUAA-----~C~C~UUCUAUA--------CUUAUAC~[ IBGUUAUAAA- 

Extracts from the alignments of sequences of subgroup IC1 and ID unpublished, accession # X73991 ; KfSSU 1791; RdSSU [80]; ReLSU 
introns. (a) Phylogenetic evidence for the Pi 3 interaction (subgroup [81]; GgLSU3, J. Fogler, personal communication; SdCob.1 [32]; 
ICl). (b) Phylogenetic evidence for the P14 interaction (subgroup AmCob. [82]; AmCob. [82]; AmNad5.1 [82]; F’wCoxl.2 [83]; 
ICl). (c) Phylogenetic evidence for the P16 interaction (subgroup ID). SdCoxl ,l [84]. Underlined nucleotides participate in the secondary 
Names of introns are abbreviated as in Michel & Westhof [6]. Refer- structure of group I introns. Names of secondary structure components 
ences (other than these in Michel and Westhof [6]): AsSSU [731; are indicated on top of alignments (Pn designates the 5’ branch of a 
GpSSU [74]; AaLSU [75]; CaLSU [76]; BbLSU [77]; DiSSU [781; pairing and Pn’, its 3’ branch). Tertiary pairings are in bold, red. Square 
CIASSU, V.A. Huss, unpublished, accession # X73997; CIBSSU,l, brackets (or the letter I, or numbers) stand for those segments of 
V.A. Huss, unpublished, accession # X73998; CsaSSU, V.A. Huss, sequence not included in the alignments. 

that had already been established by phylogenetic and 
experimental analyses [6,10,11], however. Nevertheless, a 
careful analysis of 36 intron sequences from subgroup ICl 
reveals that in 14 of these sequences, extended base 
pairing could exist between loops L2.1 and L9.la, while 
preserving the consensus secondary structure of subgroup 
ICl. This tertiary pairing, henceforth called P13, is sup- 
ported by numerous instances in which compensatory 
base changes occur to maintain base pairing (see the 
sequence alignments in Fig. 3a). Pairing P13 could involve 
7-12 base pairs. Although the lengths of stems P2.1 and 

P9.1 tend to be well conserved among those subgroup ICl 
introns that include a P13 pairing, formation of P13 
requires, in some instances, the disruption of the apex of 
stems P2.1 and P9.la. Our current model for the sec- 
ondary structure of subgroup ICl, which is based on 
comparative sequence analysis, is shown in Figure 2a. 

Further evidence for the existence of P13 was obtained 
experimentally by site-directed mutagenesis and in vitro 
self-splicing assays (see Materials and methods). To test 
whether the P13 pairing is indeed important for activity 
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we chose the TtLSU intron as an experimental system 
(Fig. Za). We mutated loops L2.1 and L9.la separately to 
destabilize P13 (mutants Tta and Tta’ respectively), and we 
expected to restore the postulated P13 pairing by combin- 
ing these two mutations (mutant Ttaa’) (Fig. 4a). All 
TtLSU transcripts were found to be fully active at 10 mM 
magnesium (data not shown). At 2 mM magnesium and 
30 “C, 90 % of Tta and Tta’ transcripts were trapped in an 
inactive state, however, whereas more than 70 % of wild 
type and Ttaa’ transcripts were spliced (Fig. 4b). These 
data therefore confirm the existence of the P13 pairing. We 
did not investigate the function of P13 further. It was shown 
by chemical probing and Fe(II)-EDTA cleavage, however, 
that deletion of the P9.1 and P9.2 secondary elements has a 
destabilizing effect on the TtLSU tertiary structure [Z&29]. 
Furthermore, the 3’ terminal P9.1-P9.2 extension appears 
to guide the formation of the catalytic core [30]. Thus, these 
data support the idea that the P13 pairing may stabilize an 
active core conformation, in a manner similar to the stabi- 
lization of the introns of subgroups IA1 and IAZ, by the Pll 
and P12 pairings respectively [10,11,13]. 

A tertiary contact between domains 2 and 5 
About one third of known group I introns have, at the 
tip of stem P2, a GNRA tetraloop (where N is any 
nucleotide and R is a purine) that is at a defined distance 
from the conserved U-G pair in stem Pl. The L2 tetraloop 
was shown to interact with specific pyrimidine-purine 
base pairs in helix P8 [6,31]. As suggested by comparative 
sequence analysis, stem-loop P2 from the Tetraymena 
ribozyme is not homologous to GNRA-capped stem-loops 
and is unlikely to be stacked coaxially with Pl 1’271. Even 
so, experimentally deduced constraints on the length of P2 
and on the identity of nucleotides at both ends of the P2 
element required for efficient substrate cleavage suggest 
that P2 may also have a function in positioning the sub- 
strate in the Tetrahymena ribozyme [27]. Moreover, the fact 
that nucleotides 44 and 45 of loop L’Z are very sensitive 
to base substitutions [27], strongly suggests that L2 is 
directly involved in a long range interaction. Interestingly, 
we have found phylogenetic evidence for an interaction 
between loops LZ and L5c in five ICl introns that have 
an extended domain P5abc, including the Tetrahymena 
intron (note the compensatory base changes between the 
TtLSU, GpSSU and AaLSU introns in Fig. 3b). This puta- 
tive tertiary interaction, called P14, might be 3-5 base 
pairs long. 

To test whether the LZ-L5c pairing does occur, several 
mutant transcripts in which the putative P14 duplex is dis- 
rupted (Ttb and Ttb’) or restored (Ttbb’) (Fig. 4c), were 
generated and tested for self-splicing activity (see Materi- 
als and methods). Disruption of P14 had no significant 
effect on the TtLSU self-splicing reaction at magnesium 
concentrations 2 10 mM (data not shown). At lower mag- 
nesium concentrations, however, combinations Ttb and 

Ttb’ had much lower self-splicing activity than the wild 
type and matched double mutant. At 2 mM MgCl,, 1mM 
GTP and 35 “C, compensatory Ttbb’ transcripts have 
-50 % of the wild type activity whereas Ttb and Ttb’ 
transcripts are almost inactive (Fig. 4d). These data 
provide strong evidence for an interaction, the P14 base 
pairing, between the L2 and L5c loops. Further experi- 
ments are clearly needed to better understand the function 
of P14, but our experimental data are consistent with the 
idea that P14 is directly involved in stabilizing the active 
ribozyme conformation. The formation of P14 explains the 
fact that loop L5c was protected from dimethyl sulfate 
(DMS) modification in the TtLSU intron, but not when 
the P4-P6 domain is probed alone [ 141. 

Interestingly, mutations that disrupt P14 seem to result in 
the same phenotype as those that disrupt P13. It remains to 
be determined whether P13 and P14 are mainly involved in 
stabilizing the entire catalytic core or whether they instead 
assist in the proper docking of domain 2 into the catalytic 
core, which leads in turn to the binding of Pl. 

Long range interaction between domain 2 of subgroup ID 
introns and domain 6 
The secondary structure of a typical member of subgroup 
ID is shown in Figure 2b. Although subgroup ID is very 
different from the other subgroups based on patterns of 
nucleotide conservation within the catalytic core [6], it 
nevertheless shares a remarkable conservation of the first 
base pairs of P’Z, P2.1, P3, P8 and their connecting ele- 
ments with subgroup ICl (compare Fig. 2a and Zb, and 
see below). These similarities probably reflect the simi- 
larities in the structure of the P3-P8 helices at the base of 
P2 and P2.1. Twelve introns, including SdCob.1 in the 
cytochrome b gene of Succkaromyces dozlglasii [32], have a 
P2.1 stem typically formed by three helices (P2.1, PZ.la 
and PZ.lb) separated by two A-rich internal loops (LZ.1 
and LZ.la) (see Fig. 3~). Interestingly, the terminal loop 
of stem PZ.lb is involved in a phylogenetically conserved 
tertiary base pairing of 4-6 basepairs, which we term P16 
(Figs Zb and 3~). The P2.1 stem-loop of subgroup ID 
introns interacts with loop L6, at the end of a 6-base pair 
stem, however, unlike its homolog in subgroup ICl 
introns, P13, which contacts domain 9. 

Despite the fact that intron SdCob.1 does not self-splice 
very efficiently at magnesium concentrations below 
15 mM [33], we have attempted to probe the P16 pairing 
of this intron and chose to use optimal splicing conditions 
for this purpose. Mutant transcripts with a disrupted (Sda 
and Sda’) or restored (Sdaa’) P16 putative tertiary pairing 
Fig. 4e), were generated by site-directed mutagenesis 
and tested in self-splicing assays (see Materials and 
methods). At 45 “C and 50 mM magnesium, the Sda and 
Sda’ transcripts are completely inactive, whereas the Sdaa’ 
transcripts partially recover the activity of the wild-type 
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Evidence for the existence of P13, P14 and Pi 6. (a) Wild type (w.t.) 
and mutant P13 combinations of the TtLSU intron. Mutations in L2. 
1 and LQ.l a are shown in red (b) In vitro self-splicing activity of the 
wild type and P13 mutant transcripts of the Tt.LSU ribozyme 
generated from linearized plasmid DNA (see Materials and methods; 
2 m M  MgCI, and 1 m M  GTP, 30 “C). RNAs that had been uniformly 
labelled with [~x-~~PIUTP were separated by electrophoresis in a 5 %  
polyacrylamide/ 8M-urea gel. An autoradiogram is shown. Reaction 
products were identified using size markers (not shown). (c) Wild 
type and mutant P14 combinations of the TtLSU intron. (d) ln vitro 

self-splicing activity of wild type and P14 mutant transcripts of the 
TtLSU intron generated from a PCR-created matrix (see Materials 
and methods; 2 m M  MgCI, and 1 m M  GTP at 35 “C). RNAs were 
uniformly labelled with [(Y-~~P]ATP. The ligated exons at the bottom of 
the gel are not shown. (e) Wild type and mutant P16 combinations 
of the SdCob.1 intron. (f) ln vitro self-splicing activity of the wild type 
and P16 mutant transcripts of the SdCob.1 ribozyme (50 m M  MgCI,, 
1 m M  GTP, 45 “C). RNAs were uniformly labelled with [IX-~~PIUTP. 
The 5’ exon at the bottom of the gel is not shown. 

(Fig. 4f). In fact, we were unable to activate the RNA existence of the P16 pairing, we cannot distinguish 
transcripts with a defective P16 pairing, even under condi- between a loss of activity resulting from the destabiliza- 
tions that enhance RNA stability (100 mM MgCl,, 2 mM tion of the tertiary structure and a loss of activity resulting 
spermidine). Although these results clearly prove the from the removal of a sequence directly involved in 
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catalysis. The former is more likely than the latter, how- 
ever, given the peripheral location of this non-universal 
tertiary interaction. 

Three-dimensional modelling of the group ICl intron 
A limited number of strong structural constraints involving 
peripheral domains may be enough to define the global 
architecture of an RNA molecule in a 3D model. The 
identification of base pairings P13 and P14 here, and of 
two other long-range interactions by Cech and his collabo- 
rators [15,34], has allowed us to extend our modelling of 
the TtLSU intron [6] to the entire 414-nucleotide mol- 
ecule. In particular, pairings P13 and P14 proved essential 
for both positioning domain 2 with respect to the catalytic 
core, and simultaneously constraining the orientation of 
helices P9.1 and P5c. Only three terminal loops (L6b, L8 
and L9.2) that are not known to be directly involved in a 
tertiary interaction remain. Even so, the orientation of 
helices P6b, P8 and P9.2 is strongly constrained by other 
secondary structure components. 

We chose the revised version of our model for the catalytic 
core of TtLSU [ 191 as a starting point for a new model. The 
core of group I introns is organized in two domains: P4- 
P5-P6 (here abbreviated as P4-P6) and P3-P7-P8 (P3-P8) 
(Fig. 1). The Pl-PlO helical substrate is positioned in a 
cleft formed by these two domains. In this respect, the 
revised version of the model does not differ significantly 
from the original one [6]. The current model takes into 
account the data of Pyle et all [35], however, who showed 
that the base that interacts with the ribose at position -3 of 
the 5’ exon is A302, rather than G303, as initially proposed 
[6]. As a consequence, residue A301, previously proposed to 
interact with G26, is now proposed to contact the ribose of 
residue G25, consistent with the data of Strobe1 & Cech 
[36,37]. Data on the accessibility of riboses to cleavage by 
Fe(II)-EDTA proved invaluable for modelling the periph- 
eral domains of the TtLSU molecule, and especially for 
orienting the helices towards each other [14,17,20-221. 

We began by modelling the P5abc extension of the P4-P6 
domain, followed by domain 9. Once these two pieces had 
been grafted to the catalytic core, it became possible to 
orient helices P2 and P2.1, which interact with components 
P5c and P9.1, respectively, and to model their junctions 
with helices P3 and Pl. 

Modeling of the P4-P6 domain 
Crystals are now available for the P4-P6 domain of the 
Tetrahyme?za intron [38] (nucleotides 104-261 in Fig. Za), a 
stable domain that folds independently [14,18]. Although 
atomic coordinates for the P4-P6 domain were expected, 
we modelled this domain based on available experimental 
data (largely from Cech’s laboratory) to build a complete 3D 
structure of the intron. Our model of the tertiary structure 
of the P4-P5-P6 domain does not differ significantly from 

the one proposed by Murphy & Cech [15] but includes 
all the junctions between helices and the P5c hairpin. 
The P4-P6 domain has a 180” bend between helices P5 
and P5a [14] (see Fig. 2a and Fig. 5b). This bend allows 
the formation of a tertiary contact between the A-rich 
bulge within the P5a helix and the third base pair of helix 
P4 [34] and another tertiary contact between the L5b 
tetraloop and the internal loop between P6a and P6b 
[14,15]. Since Flor et al. [34] have shown that mutation 
of GZ.12 in P4 affects the accessibility of Al83 in the A 
rich-bulge to DMS modifications, Al83 has been placed in 
the shallow groove of the third base pair of P4 
(C109-G212). The other bases within the A-rich bulge are 
highly conserved in group I introns, so sequence compar- 
isons do not provide much structural information. In our 
model, the presence of adenines can however, be justified 
by stacking interactions and/or the formation of multiple 
hydrogen bonds with the phosphate backbone or among 
themselves. Since L5b must reach the last base pair of P6a 
(C’223-GZSO), helix P5b was positioned in continuity with 
helix P5a, consistent with Fe(II)-EDTA protection pat- 
terns (Fig. 6). Recently, GAAA tetraloops were shown to 
bind an 11-nucleotide RNA motif CCUAAG...UAUGG 
[31], unlike GURA tetraloops, which had previously been 
shown to interact with CU:AG or CC:GG helices [ll]. 
When the last nucleotide of the tetraloop (A153) is mod- 
elled in interaction with the shallow groove of the last base 
pair of P6a (C223-GZSO), as proposed by Murphy and Cech 
[15], the two preceding residues, A151 and A152, can 
potentially interact with residues AZ48 and U249 respec- 
tively, within the internal loop between P6a and P6b. The 
position of helix P5c would have been impossible to predict 
without prior knowledge that L5c interacts with loop L2. 
This constraint imposes the helical axis of P5c to be almost 
perpendicular to helices P4 and P6 (Fig. 5b). Consequently, 
the 5’ strand of P5c is shielded from the solvent by P4 (Fig. 
6). Helix P6b, which is not protected from OH radicals (Fig. 
6), is positioned in continuity with P6a in the model (Fig. 
5). Our previous modelling of the internal loop between P6 
and P6a [6] had to be slightly modified to consider a covari- 
ation between the first base pair of P6a (GZZO-U253 in 
Tetrahymena) and the second base of the J6a/6 junction 
(C255 in Tetrahymena) [39]. When position 255 is A, there is 
usually a C-G basepair between positions 220 and 253, 
whereas when there is a C at position 255 the basepair at 
220-253 is usually G-U. This observation, can best be ratio- 
nalized by proposing that nucleotide 255 interacts with the 
Hoogsteen positions of the conserved A219, this non- 
canonical base pair being stacked on the top of helix P6a. 
When the non-canonical base pair at 219-255 is A-C, a 
G-U as the first base pair of P6a provides better stacking 
than C-G. The opposite is true when the non-canonical 
base pair is A-A. 

Some parts of the P4-P6 domain should become less 
accessible to the solvent in the context of the entire 
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Figure 5 

Three-dimensional architectures of subgroup ICl (TtLSU) and ID of the intron (red). Domain 2 is orange and domain 9 is yellow. (a), (b) 
(SdCob.1) introns. The stage shown is just prior to the ligation step and (c) Three-dimensional model of the TtLSU intron (subgroup ICl) 
(see also Fig. 1). The colors and labeling are consistent with Figures 1 (a) classical orientation. (b) 90“ rotation to the left of view (a). (c). View 
and 2. Domains P4-P6 (green) and P3-P8 (violet) create a cleft in from the top of (a). (d) and (e) Three-dimensional model of the 
which is positioned the helical substrate Pl /Pl 0 formed by the two SdCob.1 intron (subgroup ID). (d) Classical orientation. (e) 90’ 
exons (black) base paired to the internal guide sequence at the 5’ end rotation to the right of view (a). 

ribozyme. It is interesting to note that differences in the 
calculated accessibility of the C4’ atoms (data not shown) 
correlate well with experimentally observed differences in 
Fe(II)-EDTA protection patterns [14,21]. 

Modeling of domain 9 
The second stage in the modelling involved grafting 
helices P9, P9.1 and P9.2 onto the core of the TtLSU 
intron. Helix P9 of the TtLSU intron can be regarded as a 
composite helix (Fig. 2). Subgroup ICl introns that have 
the P13 interaction appear to include an additional base 
pairing P9a, which joins nucleotides -9 and -10 (counting 
upstream from the 3’ splice junction) to the first two 
nucleotides downstream of the 5’ strand of P9.0 (see Fig. 7 

and Supplementary material available). In 7 of the 14 ICl 
introns that have a potential P13 pairing, helix P9 is 
capped by a GNRA tetraloop, which is known to covary 
with the second and third base pairs of P.5 [31]. Thus, P9b 
(i.e. P9 minus P9a) is part of a composite helix of seven 
base pairs that may be regarded as homologous to the P9 
hairpin of the szlnY intron of bacteriophage T4 [ 11,121 
(Fig. 7). Accordingly, we have given the same orientation 
to the composite P9 stem of the TtLSU intron as that of 
helix P9 in our 3D models of the szcnY intron and the 
related intron in the large ribosomal precursor of yeast 
mitochondria (abbreviated as ScLSU [6,11-131). In the 
Tetrahymena model, the L9 tetraloop (UAAU) lies close to 
the distal base pairs of P5 and could potentially interact 
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Figure 6 

Theoretical and experimental accessibilities of 
the 7’etrahymena ribozyme to Fe(ll)-EDTA. The 
theoretical accessibility (line -) of the C4’ 
atoms is calculated for the model with the 
program ACCESS [85] using a 2.8 a radius 
sphere. Open circles (0) and filled circles (*) 
indicate nucleotide positions accessible to, 
and protected from, cleavage by Fe(ll)-EDTA, 
respectively [21,22]. Pn and Pn’ indicate the 
5’ and 3’ strands of a pairing, respectively. 

40 60 80 100 

260 280 300 320 340 360 380 400 420 

Residue number 

with P5 or the internal loop above P5 (Fig. 5). We lack axes (see Fig. 5~). Unlike P9, stems P9.1 and P9.2 of the 
experimental and phylogenetic data to propose a specific TtLSU intron are not homologous to those of the sunY 
tertiary interaction since this loop is specific to the Tetra- intron. To form P13 between LZ.1 and L9.la, P9.1 must 
hymena intron. The protection towards Fe(H)-EDTA be oriented towards P7, in the opposite direction of P9.1 
cleavage observed in the 3’ strand of P9b (Fig. 6) is also in the szlnY intron. Thus, P9.1 in the TtLSU intron corre- 
observed in the 3’ strand of helix P9 from the szlnY intron sponds to P9.2 in the ~ZHZY intron [ll] (Fig. 7, and see 
[Zl], however, corroborating our view of a similar struc- below). Stem P9.1 consists of two base-paired segments 
tural arrangement of P9 in both introns. The present separated by an internal loop that is rich in adenines (see 
model allows for the stacking of P9b on top of P9a, which the alignments in Fig. 3). Interestingly, this loop lies in 
leads in turn to the positioning of P9.1 in continuity with the proximity of P7, perhaps allowing direct interaction of 
P9.2, despite a slight lateral gap between their helical the 5’ strand with the sugar-phosphate backbone of P7 
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Figure 7 

Two-dimensional diagrams of domains 9 from 
subgroup ICl and IA2 introns. Large empty 
arrows indicate long range tertiary interac- 
tions. Heavier lines.indicate those structures 
from ICl and IA2 introns that may be 
regarded as homologous. V 

L2.1 

‘9.0 

3’ 5’ 3’ ! 
(Fig. 5). This modelling of domain 9 of TtLSU is fully 
consistent with the strong protection from Fe(II)-EDTA 
cleavage observed in P9 and P9.1 (Fig. 6) [21,22]. The 3’ 
strand of stem P9 could thus be protected from OH radi- 
cals by the shallow groove of P5, while stem P9.la would 
be protected from cleavage by the 5’ strand of P7 and the 
end of the 3’ strand of P7. Full Fe(II)-EDTA cleavage of 
P9.2 can be explained by the fact that P9.2 is pointing 
outwards from the core (Fig. 5). 

Modelling of domain 2 
The distance between loops L5c and L9.la is such that 
domain 2 must span almost 90 A to form the long range 
interactions P13 (between L2.1 and L9.la) and P14 
(between L2 and LSc). These interactions can be made by 
orienting stems P2 and P2.1 perpendicular to Pl, towards 
L5c and L9.1, respectively (Fig. Sa), creating an angle of 
almost 130” between the helical axes of P’Z and P2.1 (Fig. 
5~). Comparative sequence analysis assigns a length of 
seven base pairs to the P13 pairing (see Fig. 3). To gener- 
ate a P13 helix of that length, we had to disrupt the two 
apical base pairs of P2.1 and P9.la (Fig. 2). In our model, 
P13 is stacked on P2.1 and lies in the proximity of core 
element P7 (Fig. 5). The LZ-L5c interaction was modelled 
with four base pairs (Fig. 5b). It is possible, however, that 
this interaction includes fewer Watson- Crick base pairs, 
since some of the other introns with a putative P14 pairing 
have only three base pairs (see Fig. 3). We cannot rule out 
the possibility that some nucleotide positions within loop 
L2 are important only for the structure of the loop itself. 
The effects of mutations within this loop nevertheless 
suggest that the last four bases of L2 (nucleotides 43-46) 
could be part of the P14 interaction [27] although the 
mutations at positions 44 and 45 are much more detrimen- 
tal for substrate cleavage than those at position 43 and 46. 
To insert stems PZ and P2.1 between core elements Pl and 
P3 we considered the structural constraints suggested by 
phylogenetic analysis of ICl introns (Fig. 8), site-directed 
mutagenesis and cross-linking data [26,40]. The sequence 

at the base of domain 2 and surrounding elements is highly 
conserved among ICl introns (Fig. 8). On the other hand, 
the length of the junction connecting Pl and P2 (Jl/Z) 
covaries with the length of stem Pl; Jl/Z segments of 0 and 
3 nucleotide correlate with Pl helices of 5 and 6 basepairs, 
respectively. This suggests that the 3-nucleotide Jl/Z of 
TtLSU bulges out instead of being stacked under P2 or 
Pl. PZ was therefore oriented so that its first nucleotide 
(A31) might be connected to residue GZ6 from the fifth 
base pair of Pl. As a result, the Jl/Z junction of the T&a- 
hymena ribozyme is very compact and could potentially 
interact with Pl, J7/3, P3 or P2.1 to lock the position of Pl 
(Fig. 8b), as suggested by experimental data [24,25]. A UV 
cross-link was identified between nucleotides A57 and A95 
of the Errahymena ribozyme [40], two residues phylogenet- 
ically conserved among subgroup ICl and ID introns (Fig. 
Sa). This cross-link, which occurs in the active form of the 
ribozyme [40], imparts a characteristic structure to the con- 
served base of stems P2 and P2.1. Thus, in our model, A57 
and A95 are stacked and could restrain the local structure 
of junctions J2/2.1 and J2/3 by making several contacts with 
G279 (at the P3-P8 junction) and the first two conserved 
base pairs of P2.1 (see Fig. 8). In particular, the presence of 
a conserved G-U pair inPZ.1 leads to the formation of a 
pocket in the shallow groove of that helix that could bind 
the ribose of A95. Although the interactions we propose 
within this local region of the Tetrahymena ribozyme are 
consistent with the site-directed mutagenesis data of 
Downs and Cech 1261, it must be kept in mind that this 
is not a crystallographic structure at atomic resolution. 
Multiple contacts mediated through water molecules or 
magnesium ions are likely to contribute to the stability of 
domain 2. Despite this, our modelling of domain 2 is con- 
sistent with Fe(II)-EDTA protection data (Fig. 6), with 
the 5’ strand of P2 and the 5’ strand of P’2.1 protecting the 
5’ strand of P8 (Fig. 5). Another reason that our model is 
plausible is that those helices inserted within stems P2 or 
P2.1 in some ICl introns would always point towards the 
solvent (Fig. 3). 
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This model of the TtLSU intron enables the strong pro- 
tections from Fe(II)-EDTA cleavage of core elements 
P3, P7 and P8 and their connections [21,2’2] to be rational- 
ized (see Fig. 6). According to the 3D model shown in 
Figure 5, the M&zy~?zena ribozyme has a globular shape, 
with the majority of its peripheral components being 
involved in long range contacts. Only P6b, P8 and P9.2 
point outside from the core towards the solvent. 

Three-dimensional model of SdCob.1, a group ID intron 
We have already assumed that the sequence conservation 
shared by subgroups ID and ICl in domain 2 reflects a 
common local structure of the base of domain 2, which is 
essential for the positioning of stems PZ and P2.1 relative 
to the group I core structure (Fig. 8). The constraints that 
result for domain 2 have allowed us to model those periph- 
eral regions that surround the PI6 tertiary base pairing in 
the SdCob.1 subgroup ID intron. Thus, the local structure 
of the base of domain P2 and its orientation towards P3 and 
P8 were assumed to be exactly the same as in the TtLSU 
intron (Fig. 8). Still, introns of subgroup ID can be distin- 
guished by the following features. First, the Jl/Z junction 
of SdCob.1 is shorter than that of the TtLSU intron: the 
first base pair of PZ and the U-G base.pair of Pl are usually 
separated by seven nucleotides in ID introns instead of 
nine nucleotides in most ICl introns (see Supplementary 
material and Fig. 2). Second, in most ID introns, helix P3 
can be extended by one base pair with respect to TtLSU 
intron (Fig. 2). And third, there is one nucleotide missing 
between residue G222 (G303 in TtLSU) and the 3’ strand 
of P7 in the J8/7 segment of ID introns. We have taken into 
account these constraints by slightly reorienting helices P3 
and P8 with respect to the other conserved core elements. 
Residue G222 in the J8/7 segment of SdCob.1 was kept at 
the same position as residue G303 in the TtLSU model 
because this base is almost universally conserved among 
group I introns (see appendix in [6] and Fig. 2). We then 
slightly rotated the entire section formed by P2, P2.1, P3 
and P8 to bring the base of Pl closer to that of PZ. Finally, 
the various elements of P2.1 (L2.1, PZla, LZ.la and PZ.lb) 
were assembled to generate the P16 pairing between 
LZ.lb and L6. We were able to form a P16 interaction of 
six base pairs, nucleotides 87-92 of LZ.lb being paired 
with nucleotides 167-172 of L9.1, without disrupting the 
secondary structure. 

The model (Fig. 5d,e), although not yet optimal, does 
show both the similarities (Fig. 8) and the differences (Jl/Z, 
J8/7, J7/3) within the consensus sequences of introns 
of subgroups ID and ICl and it also suggests additional 
potential tertiary contacts. Thus, in most subgroup ID 
introns with a potential P16 pairing, stem P8 comprises six 
base pairs and ends with a UGNAAU terminal loop. In our 
model, the two adenines of this loop could interact with 
the 5’ strand of the conserved internal loop between P2. la 
and PZlb (Fig. 3~). Junction segments in P2.1 have been 
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The peripheral domain 2 of subgroup ICl and ID introns. (a) Consen- 
sus sequence of IC1 and ID domains 2 and surrounding elements. 
(b) Detailed stereoview of the base of helices P2, P2.1, P3 and P8 
and their junctions. The sequence and numbering is that of TtLSU. 
The postulated contact between U300 and the second base pair of 
P3 was first proposed by Michel & Westhof [6] for subgroups ICl 
and IC2. Position 299 is always a pyrimidine (Y) except in TtLSU and 
PpLSU. The RMS deviation between the 3D models of TtLSU and 
SdCob.1 is no greater than 1.5 A in this region. 

modelled to be consistent with the shortest existing junc- 
tions in those ID introns with a P16 interaction. One 
phylogenetic argument suggesting that P2.1 should have 
the same orientation in the SdCob.1 and TtLSU introns is 
that five introns (PaCob.2, NcCob.1, CsCob.1, AmCob.3, 
PwOxl,Z) have two helices inserted in the 3’ strand of 
P’2.1, which is the strand that lies on the outside of the core 
(Fig. 3~). It is also interesting to note that the SdCob.1 
intron includes an additional tertiary base pairing, called 
P17, between L5 and the 5 strand of the L9.0 internal loop 
[33] (Fig. 2). This long range interaction, which is impor- 
tant for the folding of the intron into an active conforma- 
tion [33], is in the same place as the proved L9/P5 tertiary 
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interaction, which involves the GNRA terminal loop that 
exists at the tip of stem P9 in more than half of group I 
introns [9]. The fact that we were able to compensate for 
the removal of the L9/P5 interaction from the td intron of 
bacteriophage T4 by engineering a pseudoknot between 
L5 and a sequence downstream of P7 [12] suggests that the 
two interactions may be regarded as equivalent. 

Discussion 
The identification of long-range interactions within a large 
RNA molecule contributes to the understanding of its 3D 
architecture (reviews [4,41&43]). Here, we provide evidence 
for the existence of three additional long range interactions 
involving the peripheral domains of ICl and ID introns. We 
have used these additional structural constraints to construct 
complete 3D models of two members of these subgroups, 
based on the pre-existing model of the catalytic core [6,19]. 
The addition of peripheral components did not require any 
extensive revision of the core structure, thus supporting the 
earlier model. Considering the large size of group I intron 
RNA molecules and the lack of detailed structural informa- 
tion on them, our models should obviously not be regarded 
as having atomic resolution. But as the relative positions of 
helices are dictated by long-range interactions, we expect 
their overall arrangement to be fairly accurate. The 3D 
architecture we propose here for the ICl intron of Z&a- 
dymena thermophla, one of the most studied ribozymes, is 
generally in very good agreement with the available experi- 
mental data (see Results and the discussion below). More- 
over, this model provides some insights into the function of 
domain 2 in the stabilization of the P3-P8 core domain and 
the positioning of the Pl substrate. 

The architecture and folding of the Tetrahymena ribozyme 
As first suggested by Fe(II)-EDTA probing studies [14, 
15,20-Z?] and later corroborated by electron microscopy 
[44], the Tetrahymena ribozyme is extremely compact. 
Almost all of the core elements are protected from cleav- 
age by OH radicals [Zl], a situation that could not be 
accounted for without invoking the contributions of the 
intron peripheral elements. The compact and globular 
shape of the full-length Tetraiymena ribozyme, as revealed 
by electron microscopy [44], is fully consistent with 
our 3D model. The distances measured between sites in 
the modelled molecule range from 85 to 135 A (the dis- 
tances between Jl/Z and PSb, P13 and L8, JS/Sa and L6b, 
Jl/Z and L9.2 are 85, 95, 128 and 135 A, respectively), 
consistent with the average diameter of 116 (+14) A 
obtained by electron microscopy for the TtLSU intron 
[44]. The calculated radius of gyration of our model is 
36.7 A, only 14.3 A larger than the one calculated for the 
X-ray structure of tRNAASP, and thus slightly smaller than 
expected from the difference in size between tRNAASP 
and the Tetrahymena ribozyme (415 nucleotides against 73 
nucleotides). While the proven stabilization of the P4-P6 
core domain by the P5abc extension might account for 

the extensive protection from Fe(II)-EDTA cleavage 
within this region of the molecule, it would have been dif- 
ficult to interpret the pattern of protection observed in 
helices P3 and P7 without knowing that domains 2 and 9 
interact via the P13 loop-loop interaction. In our model, 
most of the residues in P7 and P3 have their C4’ atoms 
screened by peripheral elements P9.1, PZ.l and P13 
(Fig. 5). Only the 3’ strand of P7 is somewhat more acces- 
sible to the solvent than expected from chemical probing 
data (Fig. 6). In fact, the topology of domains 2 and 9 after 
formation of the P13 interaction readily suggests how the 
P3-P8 core domain is stabilized in the Tetrahymena 
ribozyme [30]. Domain 2 of the Tetrahymena intron may be 
regarded as forming the two horizontal arms of an anchor, 
in which the Pl substrate forms the vertical axis. By inter- 
acting simultaneously with domains 5 and 9, the terminal 
loops of domain 2 appear to assist in the docking of 
Pl into the cleft between the P4-P6 and P3-P8 core 
domains. In fact, available experimental data (see Results 
and [26,27]) do suggest that domain 2 is involved in the 
proper docking of Pl on the catalytic core. 

Additional experiments are clearly required to assess the 
function of P13 and P14, but we may already anticipate 
the role of domain 2 in the folding process of the 7&a- 
hymena ribozyme. Using time-resolved oligonucleotide 
probe hybridization, Zarrinkar and Williamson [45,46] 
showed that the rate-limiting step in the folding of the mol- 
ecule is the formation of core elements P3 and P7, while 
folding of the P4-P6 domain comes first. Interestingly, 
peripheral domain 9 was shown to guide the formation of 
domain P3-P8 [30]. We now have experimental evidence 
showing that, as previously suggested [Z&29,30], P13 par- 
ticipates in the stabilization of the catalytic core, presum- 
ably by locking the P3-P8 core domain into place, 
functioning in a similar way, to the P12 tertiary interaction 
in the sgnY intron [ll]. In fact, it is likely that domain 2 of 
the Tetrahymena intron behaves somewhat like domain 2 of 
the yeast mitochondrial group I intron ScCob.5, except that 
the latter requires the presence of the ribonucleoprotein 
CBPZ [47-49]. It is, therefore, plausible that the folding 
process of the TtLSU intron would include, as a final step 
after core assembly, the docking of domain 2 to the catalytic 
core, locking the core in place and allowing binding of Pl. 

While our model accounts for the positioning of Pl for the 
splicing reactions, it does not explain how the cyclization 
reaction occurs. In the Tetra/zymena ribozyme, cyclization 
requires a translocation of the IGS by three base pairs. 
During cyclization, the U residue preceding the cycliza- 
tion site appears to be paired to G25 instead of GZ2 [28]. 
Thus, as suggested by Downs and Cech [26], it is likely 
that a local rearrangement of domain 2 precedes the 
cyclization reaction. This rearrangement probably con- 
sists of disrupting the P14 interaction and/or rearranging 
junctions Jl/Z and JZ/Z.l. 
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In our 3D model of the TtLSU intron, the orientation of 
RNA helices was essentially constrained by long-range 
contacts that were assumed to co-exist with an active core 
in the final folded form of the molecule. Recently, the rela- 
tive orientation of RNA helices in the TtLSU ribozyme 
was determined by electron microscopy using molecules 
with engineered helical extensions [SO]. Interestingly, the 
angle measured experimentally between P8 and P6b is 
similar to the one in our model. The positioning of stem 
PZ.l relative to helices P6b and P8, as inferred from helix 
extension electron microscopy, is incompatible with the 
formation of the P13 tertiary interaction, however. In the 
model proposed by Nakamura et al. [50], stem P2.1 is 
pointing in the opposite direction to the core. Although it is 
possible that the tertiary interactions P13 and P14 are only 
formed transiently by the ribozyme, disruption of P13 or 
P14 has detectable effects only at magnesium concentra- 
tions below 3 mM (see Results). By contrast, versions of 
the Tetrahynzena ribozyme with an extended P2.1 helix were 
analyzed at magnesium concentrations above 10 mM (i.e. 
in conditions under which P13 and P14 are dispensable in 
solution). Thus, it is possible that the electron micrographs 
show molecules in which domain 2 is not properly docked 
on the catalytic core, with magnesium ions compensating 
for the lack of P13 and P14. Note also that protection of 
core elements P3 and P7 from the solvent is difficult to 
account for in the model of Nakamura et al. [50]. 

The modular organization of group I introns 
Given the diversity of peripheral components in group I 
introns, it is remarkable that they should coexist with a 
constant architecture of the group I catalytic core. In this 
respect, it is particularly revealing to compare the architec- 
ture of group I introns from different subgroups. There are 
now full 3D models available for introns belonging to sub- 
groups IAl, IAZ, ICl and ID ([ 10,l l] and this work; Fig. 9) 
and the variety of shapes and sizes that mask a common 
catalytic core is striking. But the underlying pattern is 
more similar than is apparent from a casual inspection of 
these models. Although the peripheral appendices are very 
different in different introns, they all participate in the for- 
mation of similar long-range tertiary interactions and all 
contribute to solving the problem of folding a common 
core essentially by stabilizing elements P3 or P7. 

A closer look at the models shows that there are similar 
structural features within peripheral domains, such as 
similar types of long-range interactions acting as RNA- 
RNA anchors. Two main classes of long-range RNA motifs 
may be distinguished; loop-helix interactions and loop- 
loop interactions (see [lo,1 1,511). Loop-helix interactions 
involve GNRA tetraloops that are able to recognize base 
pairs in the shallow groove of a helix [6,12,52] or, like 
GAAA loops, a conserved internal loop motif [15,31]. This 
type of interaction exists between loop L9 and helix P5 in 
introns from subgroups IAl, IA2 and ICl, but also between 

L2 and P8 of IA1 or IA2 introns, or L5b and P6 of ICl 
introns. Similarly, there is a modular use of loop-loop 
anchors within peripheral domains of group I introns. 
Interactions Pll in subgroup IA1 [lo], P12 in subgroup 
IA2 [11,13], P13 and P14 in subgroup ICl (this work) and 
P16 and P17 in subgroup ID (this work and [33]), all 
belong to the loop-loop anchor class. They were modelled 
as Watson-Crick base pairings, resulting in pseudoknots 
[53], although PlZ and P14 could well be a mixture of base 
pairing and intercalation like the intramolecular association 
between the thymine and dihydrouridine loops of tRNAs 
[54]. Interestingly, most of the loops involved in these ter- 
tiary base pairings contain six to eight nucleotides. These 
loops can potentially adopt conformations very similar to 
that of the tRNA anticodon loop of seven nucleotides, 
which would favor the stacking of nucleotides on the 3’ 
side of the loop in continuity with the 3’ strand of the 
helical stem. Such an arrangement would in turn facilitate 
the formation of tertiary base pairings during the folding 
process, as occurs for the closely related intermolecular 
interactions of anticodon loops [55,56] and for the interac- 
tions that result in the initiation or ‘kissing’ complexes of 
natural antisense RNAs with their targets [57-621. Clearly, 
the stability of such base pairings must be highly depen- 
dent on the context in which they are found when they 
consist of intramolecular associations between loops such 
as those found in group I introns (shown here) or RNase P 
[63]. The pairing of two distant regions leads to the coop- 
erative formation of a chain of additional interactions in 
the immediate environment of that pairing, and such inter- 
actions are unlikely to be shared by other RNA molecules. 
The importance of tertiary anchor motifs in a global molec- 
ular context, therefore, lies more in their ability to ensure 
specific recognition between distant sites and to restrain 
the number of alternative conformations than in the intrin- 
sic stability of the interaction itself. Also, similar 3D motifs 
may be used to bring distant peripheral domains closer 
together, even though the peripheral structures they join 
may differ from subgroup to subgroup. 

Peripheral domains from different subgroups could also 
have similar structurally based functions, such as the 
positioning of Pl or the stabilization of core elements 
within domain P3-P8. Group I introns have evolved at 
least two different structural mechanisms to help the Pl 
substrate to dock into the catalytic core, typified by the 
molecular devices found in the ScLSU and Te~rahymena 
introns. Both involve the formation of long-range tertiary 
interactions, but these depend on the position of PZ rela- 
tive to Pl (Fig. 9). Although PZ is stacked under Pl in 
the ScLSU intron, PZ is almost perpendicular to Pl in 
the TtLSU intron. Most group I introns also appear to 
have developed strategies to stabilize either P3 or P7 
within the P3-P8 core domain. In the TtLSU intron, 
domain 2 interacts with domain 9 to form P13 and tethers 
P7, whereas the related domain 2 from the SdCob.1 
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Figure 9 

Comparison of subgroup IC1 and ID introns with subgroup IA1 and 
IA2 introns. Center: the common architecture of the group I intron 
catalytic core [6,19]. Clockwise from the top left corner: the ScLSU 
intron, from the small ribosomal RNA precursor of Sacharomyces 
cereevisiae mitochondria, a representative of subgroup IA1 [I 01; the 
sunY intron from bacteriophage T4, a representative of subgroup IA2 
111 ,131; the TtLSU intron, a representative of subgroup IC (this study); 
the SdCob.1 intron, a representative of subgroup ID (this study, [33]). 
The colors are consistent with Figures 1 and 5. Exons (lower case) are 
bound to the internal guide sequence (red) at the 5’ end of the 
ribozyme. The P4-P6 domain is green and the P3-P9 domain is violet. 
Peripheral domain 2 is orange and domain 9 is yellow. For the ScLSU 
and sunY introns, the peripheral domains inserted between P3 and P7 
are light blue. 

intron interacts with domain 6 to form P16, tethering P3 
(Fig. 9). Similarly, the peripheral domain 7 of introns 
ScLSU and szlnY, (inserted between P3 and P7) interacts 
either with domain P6 (subgroup IA1 situation) or with 
domain 9 (subgroup IA2 situation) (Fig. 1). In the ScLSU 
intron, the Pll long-range pairing between loops L7.la 
and L6a tethers P3, whereas in the szlnY intron, inter- 
action P12 between loops L7.2 and L9.2 tethers P7. 
Structural elements located in similar spatial positions in 
related molecules can therefore interact differently, yet 
for the same purpose, namely the stabilization of the 
catalytic core, obtained by locking either P3 or P7 into 
position. That stabilizing either P7 or P3 should lead 
to the stabilization of the entire P3-P8 domain is fully 

consistent with the interdependent formation of P3 and 
P7 observed by Zarrinkar and Williamson [46] using the 
TtLSU intron. 

There are only a few examples of group I introns that 
have no peripheral appendices but can still stabilize core 
elements P3 or P7. Such stabilization need not always 
involve the direct tethering of P3 or P7 and in fact most 
known group I introns possess a domain 9 which partici- 
pates in the folding of the core. For example, the P9 
hairpin interacts with P5 in the GC-rich group I intron 
from the bacterium Azoarcus, the smallest natural self- 
splicing group I intron identified to date [64]. The same 
interaction was shown to contribute significantly to the 
overall stability of the sunYintron [12]. In some cases, pro- 
teins assist in the proper folding of group I ribozymes. 
Interestingly, the stabilizing effect of the protein seems to 
result from the stabilization of those peripheral domains 
that are supposed to direct the proper folding of P3-P8 
core. Thus, the Neurosporu crassa mitochondrial tyrosyl- 
tRNA synthetase (CYT18 protein), which binds to the 
P4-P6 domain of the N. crassa intron NcLSU, a close rela- 
tive of ScLSU, also recognizes domain 9 [65]. Similarly, 
the CBPZ protein, which is involved in the stabilization of 
another relative of the ScLSU intron (intron ScCob.5 from 
yeast), recognizes domain 7, which is inserted between P3 
and P7 [48] and is known to interact with domain 6 via the 
Pll tertiary pairing [lo]. 

Some of the peripheral domains of group I introns are 
mutually exclusive because there is a spatial overlap of 
some of their long-range interactions (see Fig. la,b). Thus, 
domain PSabc from ICl introns, domain 7 from IA1 
introns and domain 2 from ID introns cannot coexist 
because they are all using domain 6 as a tethering location. 
Similarly, domain 2 from the IC and ID introns cannot 
coexist with domain 7 from IA introns because it interacts 
with domains 6 and 9, which are the targets of domain 7. 
Some other peripheral appendices are shared by different 
subgroups, however. Thus, the interaction between loop 
L9 and P5 exists in different subgroups (e.g. ICl, IA1 and 
IAZ), while the domain 2 from ScLSU (subgroup IAl) can 
potentially coexist with a P5abc extension, as it does in 
some IB introns. Such a modular view of group I introns 
could lead to the design and engineering of novel combi- 
nations of peripheral components [51]. Thus, based on our 
current understanding of the structure of group I introns, 
it appears feasible to construct a molecule in which a 
P5abc domain interacting with P6 would coexist with 
domains 7 and 9 of the szlnY intron. Since this particular 
arrangement has never yet been observed, this would 
allow one to ask whether peripheral elements govern the 
choice of bases within the catalytic core. While the answer 
is probably yes, this question would be best addressed by 
in vitro selection techniques [66] which are especially 
suited to reveal subtle tertiary contacts. 
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Comparisons with the P&P6 domain crystal structure 
The details of the crystal structure of the P4-P6 domain 
at 2.8 A resolution have been published very recently 
[67,68]. The global architecture of the X-ray structure and 
of our model of P4-P5-P6 compares favorably. Indeed, the 
overall root mean square (rms) deviation between equiva- 
lent phosphorus atoms (157 atoms) a$er automatic super- 
position of the two molecules is 9.8 A. We also compared 
all intra-molecular distances between phosphorus atoms in 
the two coordinate sets. The resulting intramolecular rms 
is 9.6 A. (Recall that in a RNA helix, a good yardstick is the 
distance between successive phosphorus atoms, which is 
6 A). Four regions, in terminal and internal loops, deviate 
by distances between 15 and 20 A while, in the most com- 
parable regions, which consist of all helices, the deviations 
are around 5 A. The radius of gyration of the X-ray and 
modelled structures is 30 A and 33.8 A respectively. The 
modelled domain is, therefore, slightly less compact than 
the X-ray structure. The major aim of our modelling was 
not to predict the conformation of the P4-P6 domain but 
instead to derive a global model of a full intron (429 
nucleotides) belonging to subgroup IC so as to verify some 
proposed long-range contacts and discover new ones. We 
used atomic resolution during the modelling because the 
geometry and stereochemistry of a model must be defined 
to this level for the possibility that long-range contacts may 
form to be assessed. The replacement of our modelled 
structure of P4-P5-P6 by the crystallographic structure 
does not alter our conclusions regarding the global archi- 
tecture and the underlying long-range contacts of the 
?‘&z&~ena intron that were derived here. 

Significance 
Self-splicing group I introns are remarkable systems for 
approaching the RNA-folding problems experimentally 
both in terms of physical chemistry and in an evolution- 
ary perspective. Understanding how these complex 
molecules fold into a catalytically active conformation 
should give insight into the plasticity in the design of 
self-splicing group I introns. 

In this work, we have identified three novel long-range 
interactions between peripheral elements of subgroup 
ICl and ID introns and used them to produce complete 
3D models of representative molecules of each of these 
two subgroups of group I introns. In the case of the Tetra- 
hylnena group I ribozyme, anchoring of domain 2 to 
domains 5 and 9 led to a model that rationalizes much of 
the available information- on this extensively studied 
RNA molecule. Six out of the nine terminal loops of this 
r ibozyme are involved in RNA-RNA long-range inter- 
actions that contribute either to the stabilization of the 
catalytic core or the positioning of the helical substrate PI. 

Long range loop-loop interactions are important for 
the self-assembly of these structured RNA molecules 

into their active conformation. The strong distance con- 
straints they impose on folding are very useful for pre- 
dicting the 3D architectures of large RNAs. We show 
that the molecular devices evolved by group I introns 
exploit different structural elements in related molecules 
located in similar spatial positions to promote different 
long-range tertiary contacts that have identical func- 
tional purposes. No similar and transposable study 
exists in the protein universe and it is possible that the 
folding rules derived here are more prevalent in the 
RNA world, most probably because of the well-defined 
nature and high-energy content of RNA secondary 
structure motifs. 

At present, 3D models are available for molecules belong- 
ing to four different subgroups of group I introns. These 
models emphasize the modular and hierarchical organi- 
zation of the architecture of group I r ibozymes. A general 
picture emerges in which non-homologous peripheral 
appendices engage in similar RNA-RNA long range 
tertiary interactions and, in doing so, contribute to the 
folding of a common catalytic core, essentially through 
the stabilization of either one of the two helical stems P3 
and P7 within the core. 

Materials and methods 
DNA constructs 
The EcoRI-BamHI fragment of plasmid PSZ241 [5], which codes for 
the intron in the large ribosomal precursor of Tetrahymena thermophila 
(TtLSU) and surrounding sequences, was transferred into plasmid 
pTZ18U downstream from the T7 RNA polymerase promoter, result- 
ing in plasmid pTZ18U/Tt. The complete TtLSU intron (414 nucleo- 
tides) is flanked by a 5’ exon of 49 nucleotides. The SdCob.1 intron is 
encoded by plasmid pSd2, which lacks intron nucleotides 293-l 251 
and includes mutations U98G/A99C and U77G/A78C in the P2.la 
pairing [33]. This 352-nucleotide intron is flanked by a 5’ exon of 125 
nucleotides. Mutations were introduced into the P13 and P16 pairings 
of constructs pTZl8U/Tt and pSd2 as described by Kunkel et al. [69]. 
Mutated versions of P14 were generated by PCR using the Pfu 
thermostable polymerase from Stratagene. All constructs were verified 
by DNA sequence analysis of the intron and flanking sequences. 

RNA preparation, purification and renaturation 
TtLSU P13 transcripts with a 44 nucleotide 3’ exon and SdCob.1 trans- 
cripts with a 164-nt 3’ exon were generated from EcoRI-cleaved 
plasmid DNA. TtLSU P14 transcripts were generated from a PCR- 
created matrix, cleaved by EcoRI. RNA synthesis and purification were 
carried out as described in Michel et a/. [13]. After purification from 
denaturing acrylamide gels and resuspension in water, RNA samples 
were denatured at 90 “C (TtLSU transcripts) or 85 “C (SdCob.1 
transcripts) for 2 min. Renaturation of TtLSU samples was achieved by 
adding 5x-concentrated splicing buffer at 60 ‘C (P13-matrix trans- 
cripts) or 50 “C (P14-matrix transcripts), quick-cooling to the reaction 
temperature and further incubation at this temperature for 3-10 min. 
These renaturation protocols lead to highly reproducible data. Renatura- 
tion of SdCob.1 was achieved by adding 5x-concentrated splicing 
buffer at 45 “C followed by an incubation of 15 min at 45 “C. 

In vitro splicing assays 
The concentration of precursor RNA was routinely set at 30 nM. For the 
TtLSU intron, splicing was carried out at 30 “C or 35 “C in 50 mM Tris 
(pH 7.5 at 25 “C), 10 mM NaCI, 2 mM MgCl,, 0.02 %  SDS. Splicing of 
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SdCob.1 transcripts was in 50mM Tris (pH 7.5 at 25 “C), 10 mM 
NH,CI, 50 mM MgCI,, 0.02 % SDS. Splicing reactions were started by 
addition of GTP at a final concentration of 1 mM and stopped by addi- 
tion of urea loading buffer and Na,EDTA to a final concentration of 
25 mM (TtLSU samples) or 100 mM (SdCob.1 samples). Samples 
were analyzed by loading on a 5 % polyacrylamideI8Murea gel. 

Computer modelling 
Molecular modelling was performed as described by Westhof [701 and 
Michel & Westhof [6]. The 3D structures were geometrically and stereo- 
chemically refined with the restrained least-square program NUCLIN- 
NUCLSQ. Drawings were produced by DRAWNA [711 on a Silicon 
Graphics workstation. The coordinates are available by anonymous ftp 
(130.79.17.244) in directory (cd/pub). 

Supplementary material available 
Alignments of 35 sequences of subgroup ICl introns and 15 sequences 
of subgroup ID introns. 
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