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ABSTRACT. Thelactococcus lactigl.LtrB group Il intron encodes a reverse transcriptase/maturase (LtrA
protein) that promotes RNA splicing by stabilizing the catalytically active RNA structure. Here, we mapped
17 UV cross-links induced in both wild-type LI.LtrB RNA and LI.LtrB2486 RNA, which has a branch-
point deletion that prevents splicing, and we used these cross-links to follow tertiary structure formation
under different conditions in the presence or absence of the LtrA protein. Twelve of the cross-links are
long-range, with six near known tertiary interaction sites in the active RNA structure. In a reaction medium
containing 0.5 M NHCI, eight of the 17 cross-links were detected in the absence éf bigthe presence

of EDTA, and all were detected at 5 mM Ntg where efficient splicing requires the LtrA protein. The
frequencies of all but four cross-links increased with increasing™dgncentrations, becoming maximal
between 4 and 50 mM Mg, where the intron is self-splicing. These findings suggest that a high Mg
concentration induces self-splicing by globally stabilizing tertiary structure, including key tertiary
interactions that are required for catalytic activity. Significantly, the binding of the maturase under protein-
dependent splicing conditions (0.5 M NEl and 5 mM Mg") increased the frequency of only nine
cross-links, seven of which are long-range, suggesting that, in contrast to a highchlucentration,

LtrA promotes splicing by stabilizing critical tertiary structure interactions, while leaving other regions
of the intron relatively flexible. This difference may contribute to the high rate of protein-dependent
splicing, relative to the rate of self-splicing. The propensity of the intron RNA to form tertiary structure
even at relatively low Mg" concentrations raises the possibility that the maturase functions at least in
part by tertiary structure capture. Finally, an abundant central wheel cross-link, preses®d of the
molecules at 5 mM Mg, suggests models in which group Il intron domains | and Il are either coaxially
stacked or aligned in parallel, bringing thedplice site together with theé-3plice site and catalytic core
elements at JIl/lll. This and other cross-links provide new constraints for three-dimensional structural
modeling of the group Il intron catalytic core.

Group Il introns are catalytic RNAs that splice via two associated with the excised intron lariat RNA to promote
sequential transesterification reactions involving the forma- mobility by a novel target DNA-primed reverse transcription
tion of an intron lariat, and they are widely believed to be mechanism in which the intron RNA reverse splices directly
ancestors of nuclear pre-mRNA introrly.(Some group I into a DNA target site and is then reverse transcribed by the
introns self-splicen vitro, but this self-splicing is generally  intron-encoded protein (IEP)6£9). If mobile group I
inefficient and requires nonphysiological conditions, such as introns were the evolutionary ancestors of nuclear pre-mRNA
high salt, Mg*, or temperature, implying that proteins are introns, further studies of their splicing and mobility mech-
requiredin zivo to help the intron RNA fold into the  anisms may provide insight into the evolution of introns and
catalytically active structure2f. Although host-encoded  splicing mechanisms in higher organisms.
proteins play a role in splicing some group Il introns, a key

protein required for splicing mobile group Il introns is the ! Abbreviati AMY. avi loblastosis virus: BTBE. 30 mM
. _ . : _ reviations: , avian myelonlastosis VIrus; , m
intron-encoded reverse transcriptase (RWhich also func bis(2-hydroxyethyl)iminotris(hydroxymethyl)methane, 30 mM boric

tions in intron mobility 8—5). After splicing, the RT remains  acid, and 2.5 mM EDTA (pH 6.8); DIDVI, domains VI, respec-
tively; E1, B-exon; E2, 3exon; EBS, exon-binding site; EDTA,
ethylenediaminetetraacetic acid; IBS, intron-binding site; IEP, intron-
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The catalytic activity of group Il intron RNAs is dependent
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site and initiation codon of the LtrA ORRA, 27, 28). The

upon the formation of a conserved three-dimensional struc- binding of LtrA to this region downregulates its own
ture that forms an active site containing catalytically essential translation and appears to serve as an anchor for additional

Mg?" ions (L0—15). This active site binds the'band 3-

contacts with conserved regions of the intron that stabilize

splice sites and aligns and activates the appropriate phosthe catalytically active RNA structure. The RNA structure
phodiester bonds for catalysis. The conserved group Il intron mapping and footprinting experiments identified potential
secondary structure consists of six double-helical domains,secondary binding sites in DI, DIl, and DVI and showed

denoted domains-VI (DI —DVI, respectively; see Figure

directly that the binding of the maturase promotes the

3 below). DI contains three short sequence elements [exon-formation of conserved long-range tertiary interactions (e.g.,

binding sites 1 and 2 (EBS1 and EBS2, respectively) and
in subgroup IIA introns], which base pair with flanking 5

and 3-exon sequences [intron-binding sites 1 and 2 (IBS1

and IBS2, respectively) andl] for exon definition during

RNA splicing and for DNA target site recognition during
intron mobility. DV, the most highly conserved domain,
interacts with DI to form the minimal catalytic core, while

0—0",e—€,y—y', k—«', A—A', and¢—"), which do not form
stably in the free RNA at low Mg concentrations27).
Here, we used UV cross-linking metho@9(30) to study
conformational changes in the LI.LtrB intron RNA induced
by LtrA binding or by high M@" concentrations that support
self-splicing. Our results indicate that LtrA binds to the
partially folded intron to stabilize critical tertiary structure

DVI contains the branch-point nucleotide residue, generally jnteractions that are required for RNA catalytic activity. In

a bulged A residue. DIl and DIII contribute to RNA folding
and formation of the catalytic core, with DIl functioning as
a catalytic effector16). DIV, which encodes the intron open
reading frame (ORF), also contributes to RNA folding, but
is not required for ribozyme activityl{, 18). A number of
conserved tertiary interactions between different group I

contrast to a high Mg concentration, which globally
stabilizes tertiary structure and may also stabilize non-native
structures, the binding of LtrA at low Mg concentrations
stabilizes critical interactions, while leaving other regions
of the intron RNA relatively flexible. We suggest that this
difference accounts at least in part for the finding that the

intron domains have been identified (denoted with Greek rate of maturase-promoted splicing at 5 mM Mgs =30-

letters) @, 10, 19—22); an X-ray crystal structure has been
determined for an RNA containing DV and DV23), and

fold faster than the maximum rate of self-splicing. Finally,
the cross-links identified here suggest models in which group

three-dimensional models of the catalytic core elements havey| introns DI and DIl are either coaxially stacked or aligned

been constructedl(, 13).
To study group Il intron RNA splicing and mobility

in parallel, bringing the 5 and 3-splice sites together at
JII/INl, a key region of the catalytic core, and they provide

reactions in detail, we have developed an experimental constraints for further three-dimensional modeling of the

system based on thieactococcus lactid .LtrB intron, a
group llA intron closely related to yeast mtDNA introns all
and al2 R4, 25). A key experimental advantage of the
LI.LtrB intron is the availability of an efficienEscherichia

coli expression system, which makes it possible to obtain

large amounts of purified, active IEP (denoted LtrA protein)
for biochemical and structural studie& @6). By using this
system, we showed that the purified LtrA protein is both
necessary and sufficient for efficient splicing of the LI.LtrB
intron at physiologically relevant Mg concentrations (5 mM
Mg?") and that it is an intron specific splicing factor, which
binds to and splices the LI.LtrB intron, but not other group
Il introns (4). We also showed that the purified LtrA protein
could be reconstituted with the excised intron lariat RNA to

group Il intron RNA structure.

MATERIALS AND METHODS

Preparation of the LtrA ProteinThe LtrA protein was
synthesized inE. coli BL21(DE3) using the expression
plasmid pImp-1P4). This plasmid contains the LtrA ORF
cloned downstream of a tac promoter in the intein-based
expression vector pCYB2 (Impact, New England Biolabs,
Beverly, MA), with the C-terminus of the ORF fused in-
frame to a cassette consisting of thaccharomyces cerie
siae VMAL intein and aBacillus circulanschitin-binding
domain. The expressed LtrA protein was purified via
chromatography on a chitin affinity columm)( Protein

form RNPs that carry out the reverse splicing and target concentrations were determined by the Bradford as3ay (

DNA-primed reverse transcription reactions for intron mobil-
ity (4). Thus, the interaction of the LtrA protein with the
intron RNA is central to both RNA splicing and intron
mobility.

We previously investigated the interaction of the LtrA
protein with the LI.LtrB intron by using intron RNA deletion
mutants 18), chemical RNA structure mapping and foot-
printing (27), andin wvitro selection and mutagenesiag].
These studies showed that under protein-deperideritro
splicing conditions (0.5 M NECI and 5 mM Mdg"), the
LI.LtrB RNA forms most of the conserved group Il intron

using the LtrA protein whose concentration had been
determined byAxgo as a standard. The protein preparations
were >98% pure, as judged by Coomassie blue-stained
SDS—polyacrylamide gels.

In Vitro Transcription LI.LtrB RNA contains a 902-
nucleotideAORF derivative of thd.. lactis LI.LtrB intron
flanked by 5 and 3-exons of 32 and 37 nucleotides,
respectively, and LI.LtrBAA2486 RNA is the corresponding
RNA deleted for branch-point nucleotide residue A2486.
These RNAs were transcribed from plasmids ADRF and
pIJNAORF-AA2486, respectively, which were constructed

secondary structure and at least some tertiary structure, andy recloning the LI.LtrB transcription units of pGMORF

that LtrA binds to this partially folded intron to stabilize
tertiary interactions required for catalytic activity. LtrA has
a primary high-affinity binding site in intron subdomain
DIVa, an idiosyncratic stemloop structure that is located
at the beginning of DIV and contains the ribosome-binding

(4) or pPGMAORF-AA2486 (27) amplified with primers 5
CGCGCGGATCCGGGCCCACGTCGATCGTGAACAC-
ATCC and 5>CGCGCGGATCCGTATAAAGATTCGTA-
GAATTAAAATG into the BanHl site of pUC19. Forin
vitro transcription, the plasmids were linearized waanHl|
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and transcribed with phage T7 RNA polymerase (Stratagene’Table 1: Kinetic Analysis ofn Vitro Splicing of LI.LtrB RNA

La Jolla, CA) @). For UV cross-linking, gel-purified
transcripts were'Habeled with [-*?P]JATP using phage T4
polynucleotide kinase 3@). Transcripts used for RNA
splicing assays were internally labeledibyvitro transcrip-
tion in the presence oft-3?PJUTP (18). Prior to use, RNAs
were renatured by being heated to 8D for 1 min in the

reaction medium, and then slowly cooled over the course of 1.5M NH.Cl and 50 mM Mg*

~20 min to the desired temperature.

RNA Splicing Self-splicing was carried out with 20 nM
32P-labeled precursor RNA in 1 mL of reaction medium
containing 0.5 or 1.5 M N&CI, 50 mM MgCh, and 40 mM
Tris-HCI (pH 7.5) at 30°C. After renaturation in 0.5 M NiH
Cl, 5 mM Mg?*, and 40 mM Tris-HCI (pH 7.5) as described
above, self-splicing was initiated by adding MH and/or
MgCl, to the final concentrations. Aliquots (%€L) were

under Different Conditiorfs

conditions LtrA  ky (min™?) ko (Min~?1)
0.5 M NH,Cl and 5 mM Mg* - <0.001
0.5 M NH,Cland 5 mM Mg+  + 2.9(75%) 0.18 (11%)
0.5 M NH,Cl and 50 mM Mg+ — 0.10 (70%)
0.5 M NH,Cl and 50 mM M@+ + 0.38 (49%) 0.04 (19%)

0.09 (72%)

aSplicing time courses were determined with 20 i¥®-labeled
LI.LtrB RNA in the presence or absence of 200 nM LtrA in the
indicated reaction medium at 3C. k; andk;, were derived from curves
best fit to either one- or two-exponential equations.

Spectroline, Westbury, NY) at a distance of 1 cm. Im-
mediately after irradiationt/;o of the final sample volume
each of 0.5 M EDTA, 10% SDS, and proteinase K (10 mg/

withdrawn at different times, and the reaction was terminated ML) were added, and the samples were incubated 4C37

by extraction with phenol, chloroform, and isoamyl alcohol
(phenol-CIA in a 25:24:1 ratio). LtrA-promoted splicing
reactions were carried out with 20 n¥P-labeled precursor
RNA and 200 nM LtrA protein in 1 mL of reaction medium
containing 0.5 M NHCI, 5 mM MgClL, and 40 mM Tris-
HCI (pH 7.5) at 30°C. After renaturation in the reaction
medium, splicing was initiated by adding LtrA protein,

for 30 min, then extracted with phenol-CIA, back-extracted,
and ethanol precipitated. Cross-linked RNAs were analyzed
in a 4% polyacrylamide gel (19:1 acrylamide:bisacrylamide
ratio) containing 8.3 M urea and BTBE (see above).
Primer Extension Mapping of Intramolecular RNA Cross-
Links. To map cross-linking sites, labeled cross-linked
LI.LtrB RNAs were isolated from preparative gel slices by

aliquots were withdrawn at different times, and the reaction Ultracentrifugation through cushions contaig M CsCl
was terminated, as described above. The products were the@nd 0.2 M EDTA (pH 7.4) at 40 000 rpm for 12 B3),

polyacrylamide gel containing TBE [90 mM Tris, 90 mM
boric acid, and 2 mM EDTA (pH 8.2)], which was dried

phenol-CIA, and ethanol precipitated. The cross-linked
nucleotide residues were mapped by primer extension with

and quantitated with a Phosphorimager (Amersham, Piscat-2vian myeloblastosis virus (AMV) RT (Life Sciences, St.
away, NJ). The spliced fraction was calculated as the ratio Petersburg, FL), using nine different 20-mer DNA primers

of splicing products to total RNA in each lan27, and the

complementary to different regions of the LI.LtrB intron and

data were best fit to equations with one or two exponentials 3-€xon. Cross-links were identified as strong reverse tran-
using KaleidaGraph (Synergy Software, Reading, PA) to SCfiption stops one base prior to the cross-linked nucleotide

obtaink; andk; (4).

To test splicing of cross-linked RNAs, &V ¥2P-labeled
wild-type LI.LtrB RNA was irradiated, and the individual
cross-linked RNA species were gel-purified (see belowd;
pmol (20 nM) of each cross-linked RNA (concentration

residue compared to control lanes containing unirradiated
RNA or the irradiated but un-cross-linked parent (P) RNA

band. In cases where band diffusion or RNA degradation
during preparative experiments resulted in reverse transcrip-
tion stops in more than one fraction, the cross-link was

determined by the specific activity) was renatured by heating assigned to the fraction containing the highest-intensity stop.

to 50°C in 100uL of 0.5 M NH,CI, 5 mM MgCh, and 40
mM Tris-HCI (pH 7.5) and slowly cooling to 30C. The

In one case where a double stop was seen, the cross-linked
nucleotide residues were assigned according to the position

samples were then split and incubated in the presence orf the first reverse transcription stop.

absence of 200 nM LtrA protein for 30 min at 3C€. The

RESULTS

reaction was terminated by phenol-CIA extraction and
ethanol precipitation, and the products were analyzed in a Experimental Strategy and Kinetic Analysis of Protein-
4% polyacrylamide gel (19:1 acrylamide:bisacrylamide ratio) Dependent and Self-Splicing under UV Cross-Linking Condi-

containing 8.3 M urea and BTBE buffer [30 mM bis(2-
hydroxyethyl)iminotris(hydroxymethyl)methane, 30 mM bo-
ric acid, and 2.5 mM EDTA (pH 6.8)]29).

UV Cross-Linking Analytical UV cross-linking was car-

tions. The experimental strategy was to UV cross-link
LI.LtrB RNA under protein-dependent and self-splicing
conditions in the presence or absence of LtrA protein to
identify cross-links that might be correlated with the acquisi-

ried out with 20 nM RNA in the presence or absence of 50 tion of splicing activity. The LI.LtrB RNA used in this work

nM LtrA protein in 100uL of reaction medium containing
0.5 M NHCI, 40 mM Tris-HCI (pH 7.5), and different

contains a 902-nucleotide LI.LtrB-ORF intron, with the
flanking 5- and 3-exons shortened to 32 and 37 nucleotides,

MgCl, concentrations. For preparative purposes, scaled-uprespectively, to minimize extraneous cross-links. Table 1

cross-linking reactions usedi RNA by itself or 200 nM
RNA with 500 nM LtrA. For samples containing LtrA, the
protein was incubated with the RNA for 15 min at 30 to

summarizes kinetic analysis of the splicing of this LI.LtrB
RNA with a 10-fold molar excess of LtrA protein. The
reactions were carried out at 3C under previously

form RNP complexes prior to cross-linking. Samples were established protein-dependent (0.5 M X and 5 mM
then cross-linked for 5 min in a stirred quartz cuvette (4 mm Mg?") and self-splicing conditions (0.5 or 1.5 M N@&I and

x 4 mm x 30 mm, QS 0.500, Helma, Mulheim, Germany)
with a hand-held UV lamp (tev 8 W bulbs Amax= 312 nm;

50 mM Mg?t) (4, 27). As discussed previously, 0.5 M NH
Clis required in the reaction medium for optimal activity of
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the LtrA protein, which aggregates and binds nonspecifically
under lower-salt conditionst].

First, under protein-dependent conditions (0.5 mM,NH
Cl and 5 mM Mg), self-splicing of the wild-type LI.LtrB
RNA was just barely detectable (see Figure 5 below), but
the intron spliced efficiently in the presence of the LtrA
protein. As reported previously, the splicing reaction in the
presence of excess LtrA was biphasi}, (ith 75% of the
RNA reacting at a rate of 2.9 mif (ky), 11% at a rate of
0.18 min?t (ky), and the remainder inactive, presumably
reflecting the presence of different RNA conformers, which
fold at different rates. In different experiments, the proportion
of intron RNA splicing at the fast rate ranged from 75 to
86%, consistent with a homogeneous active structure for this
proportion of the RNA. We note that the behavior of the
LI.LtrB with shorter exons differed from that with longer
exons, which was not detectably self-splicing under these
conditions (confirmed in parallel splicing assays, not shown).
It was found previously that exon length could significantly
affect the self-splicing rate of group Il intron84).

At higher Mg?* concentrations (0.5 M NKCI and 50 mM
Mg?"), the LI.LtrB RNA self-spliced at an appreciable but
still relatively slow rate k; = 0.10 min'?), which could be
increased by adding LtrA proteink( = 0.38 minm?).
Significantly, the rate of LtrA-promoted splicing at 50 mM
Mg?t was ~7-fold slower than at 5 mM Mg, and the
proportion of spliceable RNA was lower, possibly reflecting
the decreased conformational flexibility of the RNA and/or
stabilization of non-native structures at the higher2ig
concentration (see Discussion). In reaction medium contain-
ing 1.5 M NH,Cl and 50 mM Mg, previously determined
to be optimal for self-splicingA7), the reaction still occurred
with a k; of ~0.1 min?, ~30-fold slower than the rate of
protein-dependent splicing at 5 mM Kig

For all conditions that were tested, the protein-promoted
splicing rates of the LI.LtrB RNA with shorter'band 3-
exons were within 2-fold of those for the LI.LtrB RNA with
longer exons, but the self-splicing rates were generalg-4
fold faster 7). As in the previous RNA footprinting study,
we used a branch-point deletion mutant LI.LtAB\x2486
when necessary to prevent RNA splicing during the incuba-
tions 7). This branch-point deletion mutation, which
presumably traps the RNA structure just prior to the first
step of splicing, does not affect the binding affinity for the
LtrA protein and is the only one of the DV or DVI mutations
that were tested that completely blocks spliciag, (35).

UV Cross-Linking of Wild-Type LILLtrB and LI.LtrB-
AA2486 RNAs in Reaction Medium Containing 5 mMMg
We first compared the UV cross-linking patterns of the wild-
type LI.LtrB and LI.LtrB-AA2486 RNAs at room tempera-
ture (RT), 30°C, and 37°C under protein-dependent
conditions (0.5 M NHCI and 5 mM Mg") in the absence
of LtrA protein so that the wild-type RNA could not splice
during the incubations. The RNAs were renatured and UV
irradiated at relatively low intensity§(1.5 W/cn?) in a stirred
cuvette for 5 min, and the products were analyzed in a
denaturing 4% polyacrylamide gel, which separates the
molecules on the basis of the size and conformation of the
covalently closed cross-linked loops. As shown in Figure 1,
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FiGurRe 1: UV cross-linking patterns of wild-type (WT) and
LI.LtrB- AA2386 RNAs. The 5labeled LI.LtrB RNAs were UV
irradiated in reaction medium containing 0.5 M and 5 mM
Mg?+ at room temperature (RT), 3C, and 37°C and analyzed in

a denaturing 4% polyacrylamide gel, which was dried and scanned
with a phosphorimager. Mapped cross-links are identified to the
right of the 37°C gel. Unirradiated{UV) RNA is shown in the
leftmost lane. P denotes the irradiated but un-cross-linked parent
RNA band at the bottom of the gel.

temperatures. In separate experiments, we confirmed that all
the cross-linked products comigrated with unirradiated
monomer RNA in a 2% agarose gel, indicating that their
decreased electrophoretic mobility in polyacrylamide gels
results from intramolecular and not intermolecular cross-links
(not shown). As discussed below, the same cross-linked
bands were also observed at higher?Mgoncentrations and

in the presence of the LtrA protein, but their relative
frequencies differed, reflecting tertiary structure stabilization
under these conditions.

Primer Extension Mapping of Cross-Linked Nucleotide
ResiduesTo map the cross-links, RNA bands were isolated
from preparative gel fractions, and the cross-linked nucleotide
residues were identified as strong stops to AMV RT-
catalyzed primer extension, using a series of 20-mer DNA
primers complementary to different regions of the intron and
3'-exon. The presence of a cross-link generally arrests primer
extension one base prior to the cross-linked nucleotide

the pattern of cross-linked bands was essentially the sameresidue. The primer extension mapping identified 17 different

for the wild-type LI.LtrB and LI.LtrBAA2486 RNAs and
did not change markedly for either RNA at different

cross-links, of which mapping data for 14 are shown in
Figure 2. The identified cross-links are indicated to the right
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Ficure 2: Primer extension mapping of cross-linked nucleotide residues. Scaled-up UV cross-linking reactions were carried out with
LI.LtrB- AA2486 RNA in reaction medium containing 0.5 M NEl and 5 mM Mg" at 30°C, and bands corresponding to cross-linked

RNAs were isolated from a preparative gel, a segment of which is shown to the left along with the fraction boundaries. The panels to the
right show primer extension mapping of the cross-linked nucleotide residues with AMV RT, using a series of 20-mer DNA primers
complementary to different regions of the RNA. Cross-linked nucleotide residues were identified as strong reverse transcription stops
(black arrowheads) with relative intensities substantially higher than that seen in the unirradibfell dontrol or the irradiated but
un-cross-linked parent (P) RNA from the bottom of the gel. In most cases, the cross-links could be readily assigned to two prominent
primer extension stops that appear in the same gel fraction. Fraction 11 contains two different cross-links, which were assigned on the basis
of the relative intensities of the paired primer extension stops. In cases where the same stop was seen in multiple fractions due to band
diffusion or RNA degradation during preparative experiments (C-22, U-4, C6, G418, C469, and C2421), the cross-link was assigned to the
fraction containing the highest-intensity stop. In one case (C667xC2367), a double stop was seen for both sides of the cross-link, and the
cross-linked nucleotide residues were assigned according to the position of the first reverse transcription stop. In some cases, the same
primer extension stops reappear in higher-molecular weight fractions due to the presence of multiply cross-linked molecules. The identification
of each cross-link was confirmed in five independent experiments similar to the one shown here. Lanes A, G, C, and T show dideoxy
sequencing ladders obtained with unirradiated RNA. Nucleotide positions of the cross-links in the LI.LtrB intron sepdjeareeifdicated

to the right of the preparative gel panel.
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Ficure 3: Secondary structure model of the LI.LtrBORF intron and flanking exons showing cross-links mapped by primer extension.
Blue arrows represent cross-links detected in the absence 6f dtgpresence of EDTA, and green arrows represent cross-links detected
only in the presence of Mg (see Figure 5). SD is the Shine-Dalgarno sequence for the LtrA ORF, and the boxed AUG is the initiation
codon @8). Greek letters indicate predicted tertiary structure interaction sites, with the dashed lines delineatingnd ¢ indicating
previously discussed uncertainties in those assignm@ijs The branch-point nucleotide residue, A2386, is circled, and its deletion in
LI.LtrB- AA2486 is denoted with a boxedA. The inset at the bottom shows the IBSEBS1 and IBS2EBS?2 interactions between the

intron and flanking 5exon sequences, with the U-4xU277 and U-8xU221 cross-links. Potential base pairing interactions between the
intron and 5-exon are represented by dashed lines.

of the gel in Figure 1 and depicted schematically on the the base-paired'fxon region is cross-linked to a distal U
secondary structure model of LI.LtrB RNA in Figure 3. The residue in the intron sterloop structure, suggesting a
characteristics of all the cross-links analyzed in this study compact structure that brings the cross-linked U residues into

are summarized in Table 2. proximity (Figure 3, inset).
The most abundant cross-link was the C6xC469 cross- The six remaining cross-links are between positions not
link between central wheel positions at thebase of DI previously known to be in proximity in the three-dimensional

and just 3 of DII. This cross-link was present ir50% of structure: C-22xU329, between thé-éxon and Dld4;

the irradiated RNA at 5 mM MY, presumably reflectinga  C-6xC153, between IBS1 and Dlc2; C25xC260, between
highly favored RNA conformation. As discussed below, this DI(ii) and DId3; C371xA2317, between DI and DIVb2;
cross-link suggests models in which the DI and DIl helices G418xC2321, between Dlla and DIVb2; and U177xU527,
are either coaxially stacked or aligned in parallel in arrange- between DI and the base of DIV. The bands near the top of
ments that would bring both the'-5and 3-splice sites the gel contain multiply cross-linked molecules, typically one
together with catalytic core elements in the proximity of JIl/ of the other identified cross-links, in combination with the
Il (see Discussion). There were four additional short-range prominent C6xC469 central wheel cross-link, which is
cross-links at three-way junctions [G68xU164 in Dlc, presentin>50% of the molecules. We also identified one
U212xA336in DId(iii), G602xG2386in DIV,and C667xC2367 orphan primer extension stop (A305), just above the parent
in DIVb] and 12 long-range cross-links, six of which involve RNA band, for which no partner could be found. The rapid
nucleotide residues at or near known tertiary interaction sites. migration of this RNA suggests a very small cross-linked
The latter are U-8xU221 (IBS2EBS?2), U-4xU277 (IBSt+ loop (<50 nucleotides), making the cross-linked partner
EBS1), U2xC109 {—¢"), U114xG392 f—1'), ABIxC398 difficult to identify by bracketed primer extension. Because
(60—06"), and U191xC2421«—«'). The IBSE-EBS1 and the formation of a UV cross-link requires a favorable
IBS2—EBS2 cross-links are similar in tha U residue in geometry and distance between suitably reactive moieties,



12472 Biochemistry, Vol. 42, No. 43, 2003

Table 2: Intramolecular RNA Cross-Links Identified in LI.LtrB

frequency

cross-link location interaction Mg?2 LtrA®  (%)°
C-22xU329 5exon-DId4 1 1 0.4
U-8xU221  IBS2-DId1 IBS2-EBS2 1 0.4
C-6xC153 IBS*+Dlc2 ) - <0.1
U-4xU277 IBS:DId3 IBS1-EBS1 t 0.5
U2xC109 DFDlic1 e—€' 1 - 0.1
C6xC469 DI t 58
C25xC260 DI(iiy-DId3 ) | <0.1
G68xU164 Dlc - - 0.1
A89xC398 Dlct-Dll 0—-0' ) — 0.3
U114xG392 Dlcl A=A ! - 0.1
U177xU527 DFDIV [’ 1 0.6
U191xC2421 DId(i):DV x—«' 1 i 2.0
U212xA336 DId(iii) 1 1 0.1
C371xA2317 D+DIVb2 ) t 0.1
G418xC2321 Dlla-DIVb2 - 1 1.0
G602xG2386 DIV 1 t 0.5
C667xC2367 DIVb(i) 1 - 0.1

a}, 1, and— indicate the frequency increased to maximum between
4 and 50 mM M@", decreased, and did not change with an increase in
the Mgt concentration, respectivel§}, 1, and— indicate the frequency

Noah and Lambowitz

conformation. The relatively inefficient splicing of the cross-

linked RNA species could reflect the fact that the cross-links
decrease the conformational flexibility required for catalysis
and/or impede RNA refolding after purification in a denatur-

ing gel.

Effect of M@" on the Pattern and Frequency of Cross-
Links. To follow progressive changes in RNA structure
between protein-dependent and self-splicing conditions, we
carried out UV cross-linking of LI.LtrBAA2486 RNA in
reaction medium containing 0.5 M NBI and increasing
concentrations of Mg. An additional sample was cross-
linked under the optimal self-splicing conditions (1.5 M NH
Cl and 50 mM Mdg") to assess the effect of higher
monovalent cation concentrations. Figure 5 shows a repre-
sentative gel for samples incubated at°8) and Figure 6
plots the relative frequency of each cross-link based on
guantitation of that gel. The degree of splicing of wild-type
LI.LtrB RNA in the same reaction medium is shown below
the gel. In each case, we confirmed by primer extension
mapping of isolated bands that the cross-linking sites at 50

increased, decreased, and did not change after LtrA binding at 5 mM MM Mg were the same as those at 5 mM Ngnot

Mg?*, respectively® Frequencies of cross-links in reaction medium
containing 5 mM Mg, calculated as the percentage of total RNA in
the gel lane (Figures 5 and 6).

shown). We also obtained similar results at room temperature
and 37°C (not shown).

Surprisingly, eight of the cross-links were present even
in the absence of Mg or in reaction medium containing 1

the failure to detect a cross-link between two structures doesmM EDTA in place of Mg* (blue arrows in Figures 3 and

not necessarily imply the absence of an interaction. In

5). These include the prominent C6xC469 central wheel

addition, the procedures used here would not detect crosscross-link and cross-links U114xG392-1"), G68xU164

links resulting in a small loop size, e.g., a cross-link involving
an E motif pointed out by an anonymous reviewer in DI
(36, 37).

Splicing Actuity of the Cross-Linked RNA Moleculé&o

(Dlc the three-way junction), U177xU527 (BDIV),
G418xC2321 (Dlla-DIVh2), U191xC24214—«"), C-22xU329
(5'-exon—-DId4), and U-4xU277 (IBSTEBS1). In five of
eight cases, the sites of cross-linking in the presence of

test whether the cross-links capture active RNA conforma- EDTA were confirmed by primer extension mapping of

tions, internally labeled wild-type LIL.LtrB RNA was UV
cross-linked in 0.5 M NECl and 5 mM Mg in the absence
of LtrA protein so that minimal splicing would occur during

isolated bands, whileinthe remaining three cases (U191xC2421,
C-22xU329, and U-4xU277), recovery from the gel was
insufficient and the cross-links were assigned on the basis

cross-linking. The cross-linked RNA bands were then excised of comigration with bands in other gel lanes (see Figure 5).
from a preparative gel and incubated in the same reactionThe detection of almost half of the cross-links in the absence

medium at 30°C with excess LtrA protein to promote

of Mg?* suggests that significant tertiary structure forms at

splicing. As shown in Figure 4, each of 16 tested RNA bands least transiently under these conditions.

gave rise to splicing products when incubated with LtrA
protein (only one band, C-6xC153, was not recovered in
sufficient yield to be tested). Although the splicing efficiency

The remaining nine cross-links were detected only in the
presence of M (green arrows in Figures 3 and 5). Seven
of these became faintly visible between 1 and 5 mM?Mg

of the excised bands was generally low, in each case weand relatively prominent at 5 mM Mg, while the remaining
detected a product corresponding to the ligated exons,two cross-links (C-6xC153 and C25xC260) became faintly
indicative of both steps of splicing (bottom gel), as well as visible only at 5 mM Md*. The frequencies of all but four
a prominent product that migrated either faster or slower than cross-links increased with increasing Mgconcentrations,
un-cross-linked lariat RNA and presumably corresponds to becoming maximal between 4 and 50 mM Wgas expected
lariat RNA containing the cross-link (top gel). (The faster for tertiary structure stabilization. The four exceptions were

migrating lariat products include those containing the

the G68xU164 (Dlc three-way junction) and G418xC2321

abundant C6xC469 cross-link.) We confirmed separately that(DIla—DIVb2) cross-links, which did not appear to be

UV irradiation of purified lariat RNA yields products that
migrate with similar mobilities, either faster or slower than
the un-cross-linked lariat RNA (not shown). In addition, all

strongly affected by increasing Migconcentrations, and the
U114xG392 (Dict-central wheel) and U177xU527 <
DIV) cross-links, the frequencies of which decreased with

three cross-linked species found by primer extension to increasing Mgt concentrations. The frequency of an ad-

contain a cross-link between the intron ariek%on gave an

ditional short-range cross-link C667xC2367 increased up to

additional larger splicing product, which could correspond 4 mM Mg?", but decreased between 5 and 20 mM2Mg

to the spliced intron lariat RNA with the ligated exons still
attached via the cross-link (albeit with different effects on

Surprisingly, many of the cross-links were already near
maximal at 5 mM Mdg", with relatively little further increase

electrophoretic mobility; lanes 8, 11, and 12). Considered at 50 mM Mg™.
together, these results suggest that most if not all of the The C-6xC153 (IBS:DIc2) and C25xC260 [DI(ii}

identified cross-links reflect at least a partially active RNA

DId3] cross-links, which were barely detectable at 5 mM
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Ficure 4: Splicing of isolated cross-linked RNA molecules in the presence of LtrA protein. Individual cross-linked bands obtained from
wild-type LLItrB RNA were isolated from preparative gels, renatured, and split into two portions, which were incubated in 0.50M NH

5 mM MgCl,, and 40 mM Tris-HCI (pH 7.5) for 30 min at 3T in the absence (A) or presence (B) of a 10-fold molar excess of LtrA
protein. After phenol-CIA extraction and ethanol precipitation, the RNAs were analyzed in denaturing 4% (top) and 8% (bottom)
polyacrylamide gels to detect formation of lariat RNA and ligated exons, respectively. Lane C contained unirradiated LI.LtrB RNA self-
spliced in 1.5 M NHCI, 50 mM MgCh, and 40 mM Tris-HCI (pH 7.5). Lanes-118 contained products obtained after incubation of the
irradiated parent (P) band and individual cross-linked bands as indicated at the top of the gel. Bands present in-hath #rel +LtrA

panels were not considered spliced products. Arrows to the left and right of gel indicate bands corresponding to cross-linked LI.LtrB RNA
(XL), intron lariat RNA (L), cross-linked intron lariat RNA (CL), the laria8'-exon intermediate (EE2), lariat with cross-linked'Ssexon

(LXxE1), and ligated exons (E1E2). The structures are depicted schematically to the left of each gel.

Mg?" and the frequencies of which increased substantially Effect of the LtrA Protein on Cross-Link Frequency.
at 50 mM Mg", have the characteristics expected for Finally, to investigate how the binding of the LtrA protein
interactions correlated with the acquisition of self-splicing affects RNA structure, we carried out UV cross-linking of
activity. However, neither of these cross-links was enhancedthe LI.LtrB-AA2486 RNA in reaction medium containing 5
by the binding of the LtrA protein at 5 mM Mg, and it is or 50 mM Mg in the presence or absence of the protein
possible that they reflect intermediate or aberrant structures(Figures 7 and 8). In addition to the gel that is shown, which
that are stabilized by high Mg concentrations. Several other is for samples cross-linked at 3@, similar results were
unmapped cross-links (asterisks), which were present in theobtained in repeated experiments at 4 and@%not shown).
absence of M, disappeared at higher Migconcentrations,  In each case, the identity of the cross-linked band was
and thus may also reflect intermediate or aberrant tertiary confirmed by primer extension mapping.
structures that differ from the final catalytically active The results show that LtrA binding at 5 mM Nig
structure. reproducibly increased the frequency of nine cross-links. The
Together, the results described above indicate that moststrongest increases were found for the G602xC2386 (DIV),
of the productive RNA structure monitored by UV cross- U177xU527 (DEDIV), and G418xC2321 (DllaDIVb)
linking is formed at least transiently at 5 mM Ffgand that cross-links, all of which involve DIV, the location of LtrA’s
acquisition of self-splicing activity at higher Mtconcentra- high-affinity binding site. None of these cross-links was
tions reflects either a global increase in the stability of the comparably enhanced by high Kfgconcentrations. LtrA
RNA tertiary structure or additional interactions that are not binding also resulted in substantial increases for the U-4xU277
detected readily by UV cross-linking. (EBS1-IBS1), U-8xU221 (EBS21BS2), and C-22xU329
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05 [05]05]05[05] 0505 05] 05| 05| 15 [INH.CI] M links were not reproducible. The samples cross-linked in the
11o0lolololololololol o [EDTAImM presence of LtrA also gave a single orphan primer extension
uviolo 1] 2]3]4]5]10[2050]50 [ Mg*Imm stop in fraction 11, w_hich mapped to G357, a nucleotide
FEN ' " [ wm Multi-Cross.- resldue Iocgted in tertiary structure elemér(tjot shown).
-4 1 linked Loops This cross-link could be related to the formation of fel’
< (G418xC2321 interaction, with the failure to detect its partner being caused
< A89xC398 by a cross-link geometry that does not constitute a strong
block to primer extension (cf. re29). This orphan primer
-—G602xG2386 extension stop is unlikely to correspond to an RNgotein
= U177xU527 cross-link, since the cross-linked RNAs were digested with
- C6xC469 proteinase K and thus are expected to contain only very short
peptides (two or three amino acid$8f, which should not
18]5’21,?83?592 ! affect migration relative to the parent RNA band.
18-2%%2736 Notably, LtrA binding did not.appr(.eciably affect the
T = C371xA2317 frequency of a number of cross-links, including C6xC469
.-: i B < U-8xU221 (the prominent central wheel cross-link), U2xC1@9-¢'),
| A89xC398 @—¢'), Ul14xG392 (DlctJl/ll), C-6xC153
111 <& C667xC2367 (IBS1-DId1), C68xU164 (DIc), and C667xC2367 [DIVb-

W W~ C25xC260 (i) loop]. These cross-links presumably reflect parts of the

RNA structure that are already sufficiently stable for splicing

- G68xU164 at 5 mM Mg, but include three (C-6xC153, U2xC109, and
A89xC398) that were enhanced significantly in the free RNA

- C-6xC153 at higher M@" concentrations (Figures 5 and 6 and Table

* 1). Moreover, a fourth cross-linK C25xC260 [DI(ii}—~
y DId3]}, which was also strongly enhanced in the free RNA
at high Mgt concentrations, was decreased strongly by LtrA
binding at either low or high Mg concentrations (Figures
7 and 8). This cross-link could reflect a competing, non-
native structure of DI that is not present after LtrA binding,
or it could be occluded directly by LtrA binding, a possibility
consistent with its proximity to the potential LtrA interaction
site DId4 7). Together, these findings suggest that LtrA
promotes splicing by stabilizing RNA tertiary structure
* interactions in some regions, while leaving other regions of

-+—J2xC109

e sl <—U114xG392 the !ntron relatively erxi_bIe, potentially faciIi_tating confor-
B e mational changes required between the different steps of
L ¢ A305 splicing.
P DISCUSSION

0 < <05 » 4117 36 20 % Lariat

CMbSES & L ariat In the work presented here, we identified 17 UV cross-

-m-g s Precursor links that are pres_ent in l_Joth the wild-type LI.LtrB intron
and the branch-point deletion mutant and used them to follow

1234567891011 12 tertiary structure formation under different conditions. Sur-
Ficure 5: Effects of M@* concentration on the pattem of prisingly, eight of the cross-links were detected in absence
intramolecular RNA-RNA cross-links. The Slabeled LI.LtrB- of Mg2", and an additional seven became detectable between

AA2386 RNA was UV irradiated at 3T in the indicated reaction .
medium, and the cross-linked RNAs were analyzed in a denaturing 1 @1d 5 mM Mg, with only two (C-6xC153 and C25xC260)

4% polyacrylamide gel, which was dried and scanned with a first becoming detectable at 5 mM Ntg These findings
phosphorimager. Identified cross-links that are present in EDTA suggest that the LI.LtrB intron forms much of the tertiary

or in the absence of Mg are denoted with blue arrows, and those  strycture required for catalytic activity at least transiently at

detected only in the presence of Rigare denoted with green 24 : 3
arrows. Blue asterisks denote unidentified cross-links, whose 5 mM Mg, even though the intron RNA does not self

frequencies decreased with an increase in thégncentration.  SPlice efficiently under these conditions. LtrA binding and
The lanes at the bottom show the extent of self-splicing of a higher Mg" concentration then act in somewhat different

unirradiated wild-type LI.LtrB RNA incubated in the same reaction ways to provide additional structural stabilization required

medium for 30 min at 30C and then analyzed in a denaturing 4% for catalytic activity. All but four of the cross-links increased

polyacrylamide gel. The percentage of lariat RNA is indicated above . . ; . .
each lane. The experiment was repeated three times with essentiall;'/n frequency with an increase in the Ffgconcentration,

the same results. Abbreviations are the same as those used in FigurEaching a maximum between 4 and 50 mMaigrhus, a
1. high Mg?* concentration appears to globally stabilize the

intron’s tertiary structure, including key interactions required
(5'-exon—DId4) cross-links, which involve contacts between for self-splicing. In contrast, LtrA binding at 5 mM Mg
the B-exon and DI, and a smaller but highly reproducible enhanced only a subset of cross-links, including U-4xU277
increase for the U191xC242%k«") cross-link in three (IBS1-EBS1), U-8xU221 (IBS2EBS2), and U191xC2421
independent experiments. Frequency changes in other crosstx—«'), along with several long-range cross-links involving
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Ficure 6: Plots showing the frequency of individual cross-links as a function offMgncentration. Frequency (percent of total RNA)
was calculated by dividing the radioactivity in each cross-linked RNA band by the sum of that in all RNA bands in the gel of Figure 5, after
subtraction of background radioactivity in adjacent, equivalent-sized fractiod¥. indicates unirradiated RNA, and EDTA indicates

RNA irradiated in reaction medium containing 1 mM EDTA.

DIV, the location of LtrA’s high-affinity binding site, without

Analysis of a database consisting of 176 aligned group

enhancing other cross-links that were enhanced by a highllA introns showed significant covariation between central

Mg?* concentration. Thus, LtrA binding appears to stabilize
critical tertiary structure interactions, while leaving other
regions of the intron comformationally flexible.

The prominent C6xC469 central wheel cross-link, which
was present ir-50% of the UV-irradiated molecules at 5
mM Mg?*, links a position at the 'Sbase of DI to one just
3 of DII. This cross-link suggests structural models in which
DI and DIl are either coaxially stacked or aligned in parallel,

wheel nucleotide residues G392 and C469 (Table 3; nucle-
otide residues highlighted in yellow in Figure 10). In the
stacked helices model, these nucleotide residues form a base
pair that stacks between the BDIl junction. This GC
combination is conserved in 112 of 176 group IllA intron
sequences4Q) and is replaced in most of the remaining
introns by other base pairs or by base mismatch combinations
found to be favored at stacked helical junctions in known

as shown in panels A and B of Figure 10, respectively. The RNA secondary structures [CA, AA, GA, GG, and UU, albeit

stacking of DI and DIl is expected to be energetically
favorable 89) and would account for the very high frequency
of the cross-link, even in the absence of ¥gBoth the

with GA underrepresented, possibly reflecting additional
constraints (Table 389)]. In addition, the adjoining unpaired
residue A393 is conserved in 84.8% of group IIA introns

stacked and parallel helices models lead to the confluenceand is U in an additional 14%, implying that this position is

of several key tertiary interactions, includirg-¢', 6—6",
y—y', andA—A1', and bring the 5 and 3-splice sites together
with DV and DVI in the proximity of JIl/Ill. Both models

also highly constrained. We did not find similar conservation
or covariation in group IIB introns, nor was an analogous
central wheel cross-link observed in a previous UV cross-

also accommodate the additional constraint imposed by thelinking study of yeast group IIB intron aj5(41). However,

U114xG392 cross-link, which connects JIl/lll to a region
of DI involved in thee—¢' andA—A'" interactions.

the failure to observe this cross-link in @l®ould reflect
the possibility that the corresponding positions in group [IB
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Ficure 7: Effect of the LtrA protein on the pattern of intramo-
lecular RNA-RNA cross-links. The Slabeled LI.LtrBAA2386
RNA was UV irradiated at 30C in the indicated reaction medium

in the presence or absence of LtrA protein, and the cross-linked
RNAs were analyzed in a denaturing 4% polyacrylamide gel, which

Noah and Lambowitz

Table 3: Covariation Analysis of G392 and C469

469 (%)
A C G u -
A 6 0 1 1 0
C 10 0 0 0 0
392 (%) G 4 64 2 0 0
u 6 0 3 2 1
- 0 0 0 0 2
actual no. predicted no.
G392-C469 of sequences of sequences
GC 112 79
CA* 17 4.6
AA* 11 3.2
UA* 11 5.0
GA 7 32
uG* 5 1.2
GG 4 7.4
uu* 3 0.39
- 3 0.07

2The top section shows frequencies of different combinations of
nucleotide residues at positions 392 and 469 in 176 group lIA introns
(40). The bottom section shows the actual and predicted number of
different combinations; only those combinations that occurred in three
or more introns are shown. Asterisks denote significant covariation of
a nucleotide pair. A “” indicates the absence of a nucleotide at the
specified position.

interactions. These are the U-4xU277 (IB&HEBS1),
U-8xU221 (IBS2-EBS2), U2xC109 {—¢'), U114xG392
(A—=1"), ABIxC398 (—0"), and U191xC2421k(—«') cross-
links. The IBS}EBS1 and IBS2ZEBS2 base pairing
interactions between two regions of DI and thee%on are
required for exon definition and positioning of thedplice
site at the intron’s catalytic core. Each contains one cross-
link between a base-paired U residue in the%on and a
distal U residue in the intron stentoop structure (Figure
3, inset), implying that both sterrloop structures can adopt
a compact configuration that brings the cross-linked nucle-
otide residues into proximity. The IBSEBS1 and IBS2
EBS2 cross-links were enhanced both by high*Mgon-
centrations and by the binding of LtrA protein, presumably
reflecting stabilization of the catalytically active structure
(42). An additional cross-link (C-6xC153) was detected
between IBS2 and DIc2(ii) and could reflect an interaction
that stabilizes the EBSIBS interaction.

Three cross-links were between nucleotide residues in
Dlcl1 and regions near the base of DI and DIl. Two of these
confirm previously proposed interactions. The U2xC109

was dried and scanned with a phosphorimager. Cross-links whoseCr0ss-link reflects the formation of the-¢' interaction, a

frequency increased reproducibly in the presence of LtrA protein

base-paired pseudoknot interaction, which places the cross-

in three independent experiments are denoted with red arrows; thosdinked nucleotide residues diagonally opposite each other

whose frequency did not increase reproducibly in all three experi-
ments are denoted with black arrows, and one that strongly
decreased in frequency in the presence of LtrA protein is denoted
with a two-tone black and red arrow. For each band that is indicated,
increased frequency in the presence of LtrA was confirmed by

mapping of primer extension stops corresponding to the cross-link
(not shown). Asterisks denote bands that could not be reproduced
in other experiments. Abbreviations are the same as those used i
Figure 1.

(Figures 3 and 10), and the A89xC398 cross-link involves
nucleotide residues in the-6' interaction. The LI.LtrB9—6"
interaction is a GAAA tetraloopreceptor interaction, analo-
gous to one whose structure was determined as part of the
Tetrahymena thermophilaSU intron P4-P6 domain 43).
Using that structure as a model, the shortest distance between

"the adenine C8 and cytidine €&6 residues corresponding

to the cross-linked nucleotide residues is 6.67 A (Figure

introns are occupied by combinations of purine residues,

which may not be amenable to efficient UV cross-linking.
Six of the cross-links were found within regions of the

intron RNA known to be involved in tertiary structure

11A), within the range of 12 UV-induced cross-linkskn
coli 16S rRNA (average distance of 5.46 1.42 A) (30,
44). The remaining cross-link (U114xG392) links Dlcl to
JII/I and provided an additional constraint in the structure
modeling of Figure 10. All three cross-links involving Dlcl
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Ficure 8: Phosphorimager scans showing the effect of LtrA binding on cross-link frequency. Scans showing the distribution of cross-
linked 32P-labeled RNAs in lane 2 of Figure 7 (5 mM Fig black) and lane 3 of Figure 7 (5 mM Mgand LtrA, red) were superimposed.

Peaks corresponding to cross-links whose frequency increased reproducibly upon LtrA binding in three independent experiments are denoted
with red arrows; those whose frequency did not reproducibly increase in all three experiments are denoted with black arrows, and one that
decreased in frequency upon LtrA binding is denoted with a two-tone black and red arrow. Cross-link frequency was determined by the
area under the peak after subtraction of background. Asterisks indicate bands that could not be reproduced in other experiments. The
experiment was repeated three times with similar results.
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FicurRe 9: Secondary structure model of the LI.LtrBORF intron and flanking exons showing UV cross-links, whose frequency increased
significantly in the presence of LtrA protein. This figure is based on data in Figures 7 and 8. Cross-links that increased in frequency after
binding the LtrA protein are denoted with red arrows, and the C25xC260 cross-link, whose frequency decreased in the presence of LtrA,
is denoted with a two-tone black and red arrow.

were detected at 5 mM Mg, with the U2xC109 and residues involved in the—¢', A—1', and6—6' interactions
AB9xC398 cross-links becoming further enhanced at 50 mM at high Mg+ concentrations27). However, none of these
Mg?*, consistent with previous chemical modification data cross-links was affected significantly by LtrA binding,
showing an increased frequency of protection for nucleotide suggesting that the corresponding structural interactions are
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A Stacked helices B Parallel helices

¥ DIk

Ficure 10: Models of stacked (A) and parallel (B) arrangements of LI.LtrB DI(i) and DII. Helices were constructed using MAONEB)(

and docked using Insight Il (Accelrys, San Diego, CA). Cross-links and tertiary interactiods §—6', and1—1') were used as constraints.
The 6—0' tetraloop-receptor interaction was modeled on the basis of the X-ray crystal structure of a GAAA tetradmejptor interaction

in theT. thermophilagroup | intron P4P6 domain 43) (see Figure 11). Cross-links are shown in red. The conserved A393 and covarying
nucleotide residues G392 and C469 are shown in yellow, with a dashed line denoting the covariation.

already sufficiently stable for RNA splicing at 5 mM ¥ig the high-affinity binding site for LtrA. All three of these
and do not require further stabilization by the protein. cross-links were enhanced by LtrA binding, possibly reflect-
The U191xC2421 cross-link involves nucleotide residues ing bridging interactions between LtrA bound to DIV and
near those involved in the—«' interaction between DI and  the catalytic core. The G418xC2321 cross-link links DIVb2
DV, with C2421 corresponding to an unpaired nucleotide to Dlla, which is itself a potential secondary binding site
residue in the elbow region of DV (Figure 11B). The X-ray for LtrA (27). It was present in the absence of Mgand
crystal structure of a 70-nucleotide RNA comprising DV and the frequency diminished with an increase in the?Mg
DVI of the al5y group Il intron @3) shows that the  concentration; the C371xA2317 cross-link, which links DI(ii)
corresponding C residue in the elbow region protrudes into and DIVb2(iv), was enhanced by both an increase in the
the major groove of the DV helix, presumably making it Mg?" concentration and LtrA binding. Surprisingly, the
accessible for cross-linking. A model based on known tertiary U177xU527 cross-link, which was stimulated by LtrA
interactions of the yeast gtsgroup Il intron catalytic core  binding, places th& element close to the base of DIV rather
depicts the DV elbow region as being buried within the than its interacting partnet’ in DV. This cross-link was
RNA's catalytic core, a helical diameter from the-«' seen without Mg", and its frequency decreased at higher
interaction, and in the proximity of thé—A' interaction Mg?" concentrations. It could reflect a transient interaction
between DI and DV X3). Our results suggest a similar or non-native RNA structure, or that LtrA stabilizes a
orientation in which the longer LI.LtrB stem-loop structure structure in which the base of DIV is brought close to the
extends farther into the RNA core to dock within the DV {—_' interaction.
major groove, placing U191 in proximity to cross-link to The four short-range cross-links that occurred at multihelix
C2421. Chemical modification experiments indicate that the junctions [G68xU164 in Dlc, U212xA336 in DId(iii),
LI.LtrB DV backbone is only moderately protected even at G602xG2386 in DIV, and C667xC2367 in DIVb] presum-
high Mg?* concentrations27), suggesting a more accessible ably reflect specific internal structures at these junctions. Two
LI.LtrB core region for accommodating the docking of the of these cross-links (U212xA336 and G602xG2386) were
x stem-loop structure in the DV major groove. Docking of enhanced by both LtrA binding and high kfgconcentra-
an internal loop analogous te into the distorted major  tions. Another cross-link (C-22xU329) links DId4, previously
groove of an RNA helix was observed in the crystal structure identified as a potential secondary binding site for LtB&)(
of the L.11 binding site in thé&. coli large rRNA @4). to a region of the 5exon that corresponds to part of the
Three cross-links (U177xU527, C371xA2317, and DNA target site recognized by LtrA for intron mobility6).
G418xC2321) occurred between conserved regions of thelf these exon sequences can also be recognized in RNA, the
catalytic core and different regions of DIV, which contains enhancement of this cross-link by LtrA binding could reflect
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Ficure 11: Correlation of LI.LtrB UV cross-linking sites with X-ray crystal structures of analogous interactions or structures in other
RNAs. (A) GAAA tetraloop-receptor interaction AB9xC398+<60'). The left panel shows the X-ray crystal structure of the GAAA tetraloop
and partial receptor in th€. thermophilagroup | intron P4-P6 domain 43), with the nucleotide residues corresponding to the A89xC398
cross-link highlighted in red and linked by a red arrow. (B) Bulged nucleotide residue in the elbow of DV involved in the U191xC2421
cross-link near the—«' interaction. The left panel shows the X-ray crystal structure of DV from an RNA containing DV and DVI of the
yeast aly intron (23), with the nucleotide residue corresponding to C2421 in LI.LtrB RNA highlighted in red. The secondary structures of
the al% and LI.LtrB DVs are compared at the right.

direct interaction of both sides of the cross-link with the most strongly enhanced between 5 and 50 mMVPIVIEL-
protein. 6xC153, U2xC109, and C25xC260) was enhanced by LtrA
The previous RNA structure mapping experiments sug- binding, and the three cross-links that were most strongly
gested that the LI.LtrB intron could form most of the enhanced by LtrA binding (U177xU527, G418xC2321, and
conserved secondary structure and some tertiary structure$s602xC2386) either decreased or were not enhanced com-
in DI and DIl in reaction medium containing 0.5 M N@l parably by high Mg" concentrations. Another cross-link
and 5 mM Mg" in the absence of the LtrA proteir27). {C25xC260 [DI(iiy-DId3]}, which was enhanced by high
However, the cross-links identified here go beyond DI and Mg?" concentrations, disappeared almost completely after
DIl and include a number of long-range interactions. Because LtrA binding at either low or high M§" concentrations. This
of the limited half-life of the excited state of a nucleotide cross-link could reflect a non-native structure of DI that is
(several hundred nanoseconds to a millisecoAd) 4nd the stabilized by high Mg" concentrations, or its disappearance
short time scales necessary for formation of a covalent cross-could reflect direct occlusion of nucleotide residues by LtrA.
link, UV cross-linking can capture transient states that would The previous RNA footprinting study also indicated that the
not be seen by chemical footprinting. The detection of all active structures induced by the LtrA protein or highag
17 cross-links in the reaction medium containing 5 mM?Mg  concentrations differ, with the—«', ¢, and DIl terminal
is consistent with the detectable albeit very slow self-splicing loop regions showing strong protections at 50 mM?2¥]g
of the LI.LtrB RNA with short exons under these conditions, which were not detected in the presence of the LtrA protein
implying that the active structure can form at least transiently. at 5 mM Mg (27). These RNA structural differences can
Importantly, our results show significant differences in the be correlated with the finding that the rate of maturase-
active RNA structures induced by the LtrA protein and high promoted splicing at 5 mM Mg is 7-fold faster than the
Mg?* concentrations. Thus, of the 17 cross-links identified rate of maturase-promoted splicing at 50 mM Wand at
here, only seven (C-22xU329, U-8xU221, U-4xU277, least 30-fold faster than the maximal rate of self-splicing
U191xC2421, U212xA336, C371xA2317, and G602xG2386) (Table 1) 7). We suggest that these rate differences reflect
were enhanced by both the LtrA protein and a high?Mg  at least in part the fact that a high Rtgconcentration
concentration. Further, none of the three cross-links that wasstabilizes non-native structures that constitute kinetic traps,
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and/or decreases conformational flexibility in key regions
of the intron, thereby impeding structural transitions required
between the different steps of splicing.

Finally, the finding that substantial parts of the active
intron RNA tertiary structure are formed at least transiently
at 5 mM Mg suggests that after binding DIVa, interaction
of LtrA with the catalytic core could occur at least in part
by tertiary structure capture4®) rather than by tertiary
structure induction. In this view, the initial tight binding to
DIVa would serve to increase the local concentration of LtrA
and possibly to orient the protein for interaction with other
regions of the intron’s catalytic core. Further insight into
this possibility may be obtained by kinetic analysis of trans-
cleavage reactions, which would enable comparison of
reactions rates for ribozymes with and without prebound
maturase.
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