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Group Il introns are self-splicing RNA molecules that
are of considerable interest as ribozymes, mobile gen-
etic elements and examples of folded RNA. Although
these introns are among the most common ribozymes,
little is known about the chemical and structural
determinants for their reactivity. By using nucleotide
analog interference mapping (NAIM), it has been
possible to identify the nucleotide functional groups
(Rp phosphoryls, 2Z-hydroxyls, guanosine exocyclic
amines, adenosine N7 and N6) that are most important
for composing the catalytic core of the intron. The
majority of interference effects occur in clusters located
within the two catalytically essential Domains 1 and 5
(D1 and D5). Collectively, the NAIM results indicate
that key tetraloop—receptor interactions display a
specific chemical signature, that thee—€’ interaction
includes an elaborate array of additional features and
that one of the most important core structures is an
uncharacterized three-way junction in D1. By combin-
ing NAIM with site-directed mutagenesis, a new ter-
tiary interaction, x—x', was identified between this
region and the most catalytically important section of
D5, adjacent to the AGC triad in stem 1. Together
with the known (-’ interaction, k—x' anchors D5
firmly into the D1 scaffold, thereby presenting chemic-
ally essential D5 functionalities for participation in
catalysis.
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Introduction
Splicing of group Il introns is essential for the expression

of organellar genes in organisms such as plants, yeast,

group Il introns attractive candidates for biomedical
applications. Group Il introns are also mobile genetic
elements that can invade RNA (Augustat al, 1990;
Moérl and Schmelzer, 1990) and double-stranded DNA
(Zimmerly et al., 1995). All of these biological functions
are intimately dependent on the ability of group Il intron
RNA to properly fold into a catalytically competent three-
dimensional structure (or set of structures). RNA tertiary
structure is stabilized by networks of interactions involving
a variety of RNA functional groups and, in many cases,
metal ions bound to specific sites. The complex three-
dimensional shape imposed by RNA tertiary interactions
can lead to the formation of a ribozyme active site that
insures proper positioning of catalytic core components
(Pyle and Green, 1995; Westhef al., 1996). The identi-
fication and characterization of such interactions is there-
fore a fundamental step towards elucidating the strategies
used by RNA enzymes to regulate and catalyze chemical
reactions.

Group Il intron secondary structure is divided into six
domains, of which Domains 1 and 5 (D1 and D5) are
known to be critical for all reactions catalyzed by the
intron (Pyle, 1996). Other regions are necessary for
particular steps of splicing (Jacquier and Michel, 1990;
Chanfreau and Jacquier, 1993), enhancing catalytic activity
(Podaret al, 1995a; Xianget al, 1998), adding core
stabilization (Costaet al, 1997) or promoting partial
intron rearrangement required between the two steps of
splicing (Chanfreau and Jacquier, 1996). Group Il introns
have a relatively conserved secondary structure; however,
their low level of base conservation and a paucity of
phylogenetic covariations have permitted only a partial
identification of tertiary interactions (Figure 1). These
include Watson—Crick pairing between the intron ard 5
exon binding sequences (IBS-EBS), pairings within D1
(a—a’, e=¢’, B-P’) and several inter-domain tertiary con-
tacts ¢~y', (', n—n’', 6-0') (Michel and Ferat, 1995;
Qin and Pyle, 1998). This lack of genetically evident
interactions suggests that additional tertiary contacts will
involve components of the sugar—phosphate backbone and
unusual base—base interactions.

At the present time, the mechanism for group Il intron

protists and fungi (Michel and Ferat, 1995). Some group folding is not understood and a three-dimensional model

Il introns are autocatalytic, promoting their own excision
from primary transcriptdn vitro (Peebleset al, 1986;
Schmelzer and Schweyen, 1986; Micke¢lal.,, 1989) and
therefore containing all of the molecular constituents
required for chemical catalysis. As expected for a self-
splicing RNA (Cech, 1993), group Il introns can also

is not available. In addition, only a few functional groups
(all in D5) have been demonstrated to participate in
chemical catalysis although additional moieties (poten-
tially in other domains) are likely to participate in trans-
ition-state stabilization. Although it is possible to extend
our understanding of critical functionalities by surveying

function as ribozymes that are capable of binding and the reactivity of group Il intron domains with single-atom

cleaving other RNA molecules (Mband Schmelzer,

1990; Michels and Pyle, 1995). An intrinsically high
sequence specificity (Xiangt al, 1998) and cleavage-
site fidelity (L.H.Su and A.M.Pyle, in preparation) make

© Oxford University Press

mutations or deletions (Abramovitt al., 1996; Konforti

et al, 1998a), this strategy is not always appropriate
and it is generally time-consuming since each chimeric
molecule must be synthesized and tested individually. For
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Fig. 1. A two-piece branching system derived from theyagffoup Il intron. The secondary structure of the intron is shown, together with known

tertiary interactions (represented by Greek letters) and the IBS and EBS intron/exon recognition sequences. The six intron domains, which radiate
from a central wheel, are numbered within rectangles. Helix D2b of D1, as well as sections of D2, are not shown, as no interferences were observed
in these areas. Intron/exon boundaries are identified by black dots. Insétankéranching assay involves reaction 6t%P () end-labeled D56

with 5'-exon/Domain 1-3 molecules (exD123 or 17D123, depending on the assay) under the conditions shown. For mappérgl tbe[3123, an

alternative labeling approach was used (see Materials and methods).

that reason, it was of interest to exploit the faster and elaborate strategies, NAIM can be combined with site-
broader approach known as nucleotide analog interferencedirected mutagenesis and modification to identify specific
mapping (NAIM) (Conrackt al., 1995; Strobel and Shetty, pairs of functional groups that engage in a particular
1997). NAIM uses T7 RNA polymerase to randomly tertiary interaction (Strobel and Shetty, 1997; Strobel
incorporate NTRS analogs into RNA transcripts. The et al, 1998). Known as nucleotide analog interference
NTPaS can contain natural or modified nucleosides. After suppression (NAIS), this methodology applies a type of
a subset of the transcripts is selected from an RNA pool genetic analysis to identify a broad spectrum of tertiary
(based on their ability to catalyze a certain reaction, interactions.

participate in complex formation, and so on), iodine In this study, we have focused on the identification of
cleavage of the phosphorothioate linkages (Gish and backbone and base functional groups that are critical for
Eckstein, 1988) reveals the positions of interference. This the first step of group Il intron self-splicing. This reaction
strategy has been used to identify a set of non-bridging is highly distinctive and markedly differentiates group Il
Rp phosphate oxygens contributing to group Il intron introns from other ribozymes (Cech, 1993): tHeQH of
catalysis (Chanfreau and Jacquier, 1994; Jestiral., a bulged adenosine located within Domain 6 (D6) attacks
1997). The phosphorothioate group can also be used as @he phosphodiester bond at thedplice junction, leading
chemical tag to probe the importance of functional groups to the release of both the’-#xon and a branched lariat
on base or sugar moieties (Conratal., 1995; Strobel intermediate, as observed in nuclear pre-mRNA splicing
and Shetty, 1997; Ortoleva-Donneé#yal., 1998). In more (Michel and Ferat, 1995). Because branching results in
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covalent attachment of D6 to the first nucleotide of the intron positions where a strong phosphorothioate interfer-
intron, the reaction provides an ideal selection method for ence precluded identification of effects induced by nucleo-
conducting interference studies such as NAIM. Here, a side modifications. In particular, it was of interest to
trans-branching construct derived from the pigroup |l identify interferences that could not be relieved by thio-
intron (Dib-Hajj et al., 1993; Chin and Pyle, 1995) is philic metal ions (2 mM MA" or Cc") provided in the
found to react under experimental conditions that enhancereaction buffer. Phosphorothioate effects were clustered
interference effects and facilitate elucidation of important in two areas of D5 (Figure 2), containing three positions
functional groups (Figure 1). The experiments reveal of strong interference that could not be relieved, even
clusters of essential groups located almost exclusively in partially, by the presence of thiophilic metal ions (816,
D1 and D5, many of which appear to be involved in 817 and 839). A similar observation was made for interfer-
tertiary contacts. NAIM is then combined with site- ences at positions 1, 4, 7 and 117 of D1 (see below).
directed mutagenesis to reveal a specific new tertiary These effects are likely to reflect steric hindrance by the
interaction K—') that, together with thé—’ interaction, larger S atom, electronic effects of the P-S bond, important
precisely anchors D5 within D1 (Figure 1). The results H-bonds to phosphoryl oxygens (Lecuyet al, 1996;
provide a further demonstration that group Il intron cores Loverix et al, 1998), or the loss of critical outer- or even
are built from inter-dependent functional modules that inner-sphere metal-phosphate interactions (Brautigam and
assemble through a complex network of long-range inter- Steiz, 1998). The effects precluded probing of other

actions. nucleotide modifications at these seven positions. Never-
theless, NAIM analysis remained possible for positions of
Results milder phosphorothioate interference, provided that the

effect was taken into account during quantitation.
Group Il introns are readily divided into separate pieces
that associate and react to recapitulate specific steps ofBranching in trans is more stringent than cis
splicing. These multi-component reactions provide for splicing
good kinetic and thermodynamic control, since the concen- Analysis of the phosphorothioate effects in D5 (Figure 2)
tration and structure of the individual components can be reveals positions not identified in previous work (Chan-
easily varied. To catalyze branching-trans an RNA freau and Jacquier, 1994) whereiasplicing system was
containing Domains 5-6 (D56) was reacted with an RNA used under non-permissive salt conditions (5 mM MgCI
consisting of the 5exon joined to Domains 1-3 (exD123; 2 mM spermidine and 40 mM Tris—Cl pH 7.5). Three
Figure 1) in a reaction that proceeds only through the first novel positions (at nucleotides 831, 832 and 835) were
step of splicing (Chin and Pyle, 1995). Either component identified recently in a study of D5 binding (Jesghal.,
can be transcribed with NS analogs to probe the 1997). Highly reproducible effects observed at positions
importance of functional groups in each domain. 819, 820 and 827 were not identified in either of the
previous studies. Therefore, despite the higher ionic

Calibrating the method strength used in the assays, tians-branching system

For optimization of trans-branching reaction conditions,
5’-end labeled D56 transcripts were randomly modified
with either a NTRS or dNTRIS and reacted with an
excess of unlabeled exD123 under a variety of conditions.
The trans-branching reaction was found to require high
[Mg?*] and it was almost undetectable in the absence of

appears to be particularly sensitive for identifying function-
ally important atoms.

5’-splice site hydrolysis and branching recruit the
same set of D5 2’-hydroxyl group
A 5’-splice site hydrolysis reaction was previously used

monovalent cations (data not shown). The lowest possibleto identify a set of specific "2hydroxyl groups that are

stimulatory concentration of monovalent salts was used
in order to maximize sensitivity of the reaction. To limit
the extent of incubation time, to control RNA degradation
and to ensure that conditions were not overly permissive,
final salt and pH conditions were chosen to be 100 mM
MgCl,, 500 mM (NH,),SO;, 2 mM Mn(AcO), and 40 mM
MOPS pH 6. The low pH is necessary for favoring

essential for D5 catalysis (Abramovitet al, 1996).
Although that reaction is different from the branching
reaction studied herein, D5 is of central importance to
both pathways for 5exon cleavage, both of which lead
to splicingin vitro andin vivo (Podaret al., 1998b). It was
therefore of interest to compare previous deoxynucleotide
effects with those obtained through NAIM to reveal

branching over the competing hydrolysis reaction at the whether D5 uses similar functional groups in both reac-

5'-splice site (Chin and Pyle, 1995). The exD123 molecule
is present at a non-saturating concentration (Vg only
slightly above itsK, (0.5 uM) (Chin and Pyle, 1995) in

tions. NAIM studies using dNTES analogs reveal a set
of 2'-hydroxyl groups that play an important role in the
branching reaction (Figure 2). These include all the

order to ensure that the assay would be sensitive to effectshydroxyl groups previously shown to make strong contri-

on both binding and catalysi& /K, effects). During this
initial study, the assay was designed to reveal functional
groups that are critical for any aspect of group Il intron
tertiary folding, inter-domain binding or catalysis.

Strong phosphorothioate effects preclude NAIM at
positions 1, 4, 7, 117, 816, 817 and 839

butions to D5 binding or catalysis during the hydrolysis
reaction (Abramovitzt al., 1996). Moreover, the deoxy-
nucleotide interferences observed at C825, G829 and A830
each correspond to hydroxyl moieties previously observed
to have smaller effects on hydrolysis (D.Abramovitz and
A.M.Pyle, unpublished results). Only deoxynucleotide
interference observed at two additional positions, G815

Before investigating ribose and base functionalities that and C848, may reflect the requirement of the branching
were essential for catalysis, it was necessary to locatereaction for supplementary D5 contacts. The majority of
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Fig. 2. Interference effects within D56: backbone and sugar modifications. A representative polyacrylamide gel shows phosphorothioate (A lane) and

deoxynucleotide (dA lanes) interference effects after iodine cleavage of unreacted (0) and branched (br) transcripts modified with cestioer ATP
dATPaS. Phosphoroathioaté\) and deoxynucleotideB) interferences are summarized on secondary structure diagrams, with the sequence of D56

shown at the right. Note that strong phosphorothioate effects at A816, G817 and C839 preclude probing of nucleotide modifications at these residues

[indicated by the n.a. symbo#®) in (B)]. Circles are used to indicate the effects and intensities observed in the present study. Also indicated are
positions of phosphorothioate effects identified previously thratigisplicing (7J) and binding assays (hexagons) and deoxynucleotide effects

observed previously by direct binding and catalysis assays (

strong 2-hydroxyl effects are observed at the same posi-
tions for both reactions, which indicates that the active
site is very similar in both cases and that the new NAIM
assay is sensitive to known functional group effects.

Identification of important base functionalities in

D5 and D6

Three of the most important base functionalities known
to play a role in tertiary interactions are the exocyclic
amine of G, the N7 group of A and the N6 group of
A. NAIM readily probes the role of these groups by
transcriptional incorporation of the analogs inosufe-
(ITPaS), 7-deaza-adenosines (C7ATR1S) and 2-amino-
purineaS ([2-AP]TRxS), respectively. Transcription of
the latter results in the selective incorporation of the
modified nucleotide at A and not G positions (Ortoleva-
Donnelly et al,, 1998). The first NAIM studies of base
functional groups in group Il introns focused on the atoms
of D5 and D6, which were studied by reacting exD123
with D56 molecules containing NTRS analogs (Figure 3).

The D5 internal loop and surrounding nucleotides contain
critical base functionalitiesPrevious work on the base

region, D56 was transcribed with 68 and examined

by NAIM. Strong interferences were observed at positions
824 and 840, and a moderate effect was observed at
position 845 (Figure 3). The prominent inosine effect
previously observed at position 817 could not be seen in
this case because of a strong phosphorothioate effect at
that position (Figure 2). Position 824 corresponds to a
guanine involved in a highly conserved G—C pair in which
the cytosine 20H group is known to contribute to
chemical catalysis (Abramoviet al., 1996). Position 840
corresponds to the guanine of the D5 internal loop that
separates the two stems of D5 and whose critical role in
group Il intron function has been inferred recently
(Schmidtet al., 1996). The internal loop region is known

to be a site of many important’-©H and phosphoryl
atoms as well (Chanfreau and Jacquier, 1994; Abramovitz
et al,, 1996). In fact, the 20H of G840 has already been
shown to participate in catalysis (Abramovital., 1996),
implicating a role for both base and ribose substituents in
the function of G840.

Important base functionalities in the first stem and tetra-
loop of D5. A moderate inosine interference highlights

atoms of D5 has focused on substituents of G817, which the role of the G845 exocyclic amine, which has an

is the invariant nucleotide that is part of the chemically
critical AGC triad at the base of the D5 stem (Figure 1).
Through synthetic inosine incorporation, previous work
has shown that the exocyclic amine of G817 is very
important for D5 docking, contributing 2.6 kcal/mol of
interaction energy (Konfortiet al, 1998). To rapidly
identify other important guanosine amino groups in this
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unpaired proton that falls on the binding face of D5
(Konforti et al, 1998a) and is likely to be involved in
tertiary contacts with D1 (see below). Also in the first
stem of D5, the previously identified G817 base functional-
ities lie immediately opposite position G845, on the other
strand (Peeblest al, 1995; Konfortiet al, 1998a). In
the tetraloop of D5, the N2 group of the guanosine does
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Fig. 3. Interference effects within D56: base modifications. High-resolution sequencing gels and secondary-structure maps summarize the effects of

inosine [l lanes, )], 7-deaza adenosine [7dA laneB)] and 2-aminopurine [2AP lanesC)] substitution in D56. Transcripts were modified
specifically with the NTRs analog identified above each lane. The asterisk indicates the position of G817, which has been shown to result in a
strong effect when synthetically substituted with inosine (Konfettal, 1998a). Gels are labeled as shown in Figure 2.

not appear to play a role, despite its presumed importancewithin D2) either after a conformational rearrangement
in formation of a sheared G-A pair important for intra- that follows the first step of splicing (Chanfreau and
tetraloop stabilization (Jucket al., 1996). In fact, inosine  Jacquier, 1996) or to favor Splice site hydrolysis over
effects are not observed for any of the GNRA tetraloops branching (Costaet al, 1997). Despite the absence of
in the group Il intron (Figures 3 and 5). In contrast, there effects in the tetraloop, 7-deaza-A and 2-AP interferences
are moderate and strong effects of 2-AP and 7-deazaA atare observed in other regions of D6, particularly at
positions A830, A831 and A832 (Figure 3). D5 is known positions 860, 861 and 862 (Figure 3) which are located
to dock into a receptor motif in D1{{{’) (Costa and in the D6 internal loop. Interestingly, suppressor mutations
Michel, 1995) and therefore many interferences in D5 of branching-deficient D6 variants have been found in
may be explained by analogy to a crystallographically- the same loop (V.T.Chu, P.S.Perlman and A.M.Pyle, in
characterized tetraloop-receptor interaction from a group preparation), suggesting that this poorly conserved region
| intron (Cateet al, 1996a). The 2-AP effects observed plays a role in branching. Moderate effects of base
at positions A830 and A831 are consistent with the loss substituents are seen at the branch point itself, which has
of H-bonds between N6 groups of these residues and thebeen the subject of other functional group analyses (Gaur
A198 N1 and 2-OH group of the first paired guanosine et al, 1997; Liuet al, 1997). Given this collection of

in the receptor motif (G200). However, docking studies relatively minor effects in D6, it is likely that determinants
on the tetraloop-receptor crystal structure reveal that 2- such as correct docking of D5 into the active site, the
AP interferences at positions 830-832 could also be length of the D5-D6 junction (Boulanget al., 1996), or
attributed to steric interference by the 2-amino group. simply the D6 shape are critical for correct D6 positioning.
Although one cannot rule out steric and electronic effects The results are consistent with the suggestion that D5 is
of the C7 substituent at these positions, the 7-deazaAthe active site anchor, dragging D6 and the branch point
effects in the tetraloop are consistent with contacts betweeninto place (Dib-Hajjet al.,, 1993; Chin and Pyle, 1995).

N7 of A831 and the 20H of G829, while N7 of A832

is expected to participate in the sheared G-A pair of the Identification of important nucleoside

tetraloop. functionalities in D1-3

Few D6 functional groups contribute to its role in branch- Development of customized NAIM approaches for mapping
ing. Despite its important role in bearing the branch-site, a large RNA.In order to identify critical functionalities
only a few interferences are observed within D6, which located within Domains 1-3, exD123 RNA was transcribed
is consistent with its low level of phylogenetic conserva- with a battery of NTRS analogs, 3end labeled and then
tion. In particular, there are no ribose or base modification reacted with an excess of D56 RNA. Although this method
effects within the GUAA tetraloop that caps D6 (Figures was useful for analyzing functionalities in D3, D2 and the
2 and 3). This suggests that the tetraloop is not involved 3’ portion of D1 (Figure 4A), the large size of D123
in any essential tetraloop—receptor interaction during (683 nts) prevented the resulting branched molecules from
branching. Such an observation supports the hypothesisbeing completely sequenced to théemd. To examine
that the D6 tetraloop interacts with its receptor (located nucleotides near the'fend of the intron (such as residues
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A %A %A the F2P]D56 tagging method was highly sensitive t6 3
= end heterogeneity of D56 resulting from run-on transcrip-
- i tion by T7 RNA polymerase. This effect was found to
.l!im obscure the sequencing pattern of branched products (data
. SERE not shown). To overcome this problent?f]D56 RNA
) - :;" - was prepared with a homogeneouseBd by treating 5
y =g8s= 32p end-labeled D56-Exon2 transcripts with a DNAzyme
- - (Santoro and Joyce, 1997), which cleaves between nucleo-
—,-- tides A886 and U887 under single-turnover conditions.
4 -4 This treatment leads to a readable sequencing pattern
\{ti !ir 10 (see branched-products gel, Figure 4B). By using both
' approaches to tag D123 molecules (either®# 3-end
B - labeling of precursor exD123, as shown in Figure 4A, or

e l“ l [3?P]D56-tagging of 17D123, as shown in Figure 4B,
1 1 « U212

bottom), it was possible to visualize interference effects
for all regions within D1-3.

Al15-»> -.:‘;'

A100 > :-iﬁ.  :

interferences in D1-3 is that almost all ribose, phosphate

Critical functional groups are found primarily in D1,
lI_ v clustered into distinctive group# striking feature of the

- - and base effects correspond to nucleotides in D1 (Figure

S 5). Only three positions within D3 exhibit moderate

Starting exD123 Branched products deoxynucleotide effects (A619, A662 and C663), while

AdA CdC GdG | UdT A dA C dC G dG | U dT no modifications within D2 affect branching. Similarly,

s ! LEL . SEBmeu Az l‘l == l+“=' no interferences were found within inter-domain linkers
TR-*2ERE "l such as the section of J2/3 that contains highly conserved

E : nucleotides (A589 and G588) that crosslink with D5

= .!‘ ur (Podaret al, 1998a) and participate in thg-y pairing

- : t important for the second step of splicing (Jacquier and

Michel, 1990).

Most of the interferences in D1 are clustered within
several distinct regions (Figure 5). Not surprisingly, a
significant number of these correspond to nucleotides that
are conserved phylogenetically, partially or completely
(Michel et al,, 1989). The following clusters are notable:

(i) The first six nucleotides of the intron. This area
Fig. 4. Interference mapping of D123Af Autoradiograph of cor'requnds to the s_lngle—stranded_ region between‘the 5
interferences at the’3nd of D123, assayed by reaction of D56 with ~ Splice site and helix | of D1 (Figures 1 and 5). As

3'-end-labeled exD123 modified with either AT® (lanes A) or expected, a particularly strong phosphorothioate effect is
gngF;%z élg?:(jsufig)-rl-eif;itg/;g(Ibnfté?ffeerrefcg‘seaigfyicéegyig‘éging observed at the first nucleotide of the intron, reflecting
D123 with [5-32P]D56. Results are shown for specific regions _the mhlbltl_on of branc,hlng_ Caus.'ed by Rp phosphorothl.oate
indicated on the adjacent secondary structure diagrams. A incorporation at the ‘ssplice site (Padge}nat al, 1994;
representative comparative assay between starting material and Podaret al.,, 1995b). Weak deoxynucleotide and 7-deaza
branched products is shown (bottom) In all cases, the positions of interferences were found at nucleotide A2, which has not
phosphorothioated), deoxynucleotide@), or inosine #) . been implicated previously in function. In contrast, almost
interference are indicated by symbols to the right of the appropriate total i . d oh horothioate block b d at
lane. Otal Inosine ana pnosphorotnioate DIOCKS are observed al

positions 3 and 4, respectively, highlighting the importance

of the two nucleotides involved in thee€’ pairing (Figures
in D1), simple 3-end labeling of exD123 could not be 4B and 5). The loss of a H-bonding amino group (inosine
used because thé-Bxon is removed during the selection effect) can be rationalized as a strong destabilizing factor
step. Instead, a complementary approach was developedor Watson—Crick pairing (especially if only two base
in which 5-32P end-labeled D56 transcripts were reacted pairs are involved ire—'); however |1-C pairs still form
with 17D123 RNA containing modified nucleotides of (Mirau and Kearns, 1984; Greest al, 1991) and may
interest (see Figure 1, inset and 4B, bottom). Shortening not necessarily disrupt adjacent regions of secondary
of the 5-exon from 293 to 17 nucleotides had only minor structure. This suggests an additional role for the G3N2
effects ontrans-branching in our hands (Kevin Chin and group. The phosphorothioate effect at cytosine 4 is particu-
A.M.Pyle, unpublished results), in contrast with what has larly intriguing since the phosphate moiety has not been
been reported previously faris-splicing (Jacquier and  shown to contribute to the—’ interaction. In addition,
Michel, 1987; Nolteet al., 1998). After branching, this the universally conserved guanosine (G5) that is located
procedure effectively tags D123 at its&nd by attachment  directly adjacent to thedinucleotide shows both moderate
to a F2P]D56 molecule. The method is particularly power- deoxy and strong inosine effects.
ful because only the selected molecules acquiré-#m (ii) Helix | of the first D1 stem. Strong interferences
label, making detection of interferences easier. Notably, extend into the first helix of D1, where a strong phos-
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Fig. 5. Summary of interferences within D123: schematic representation of positions within the D1-3 portion ofyteecaiddary structure,

showing sites of interference by phosphorothioate, deoxynucleotide, inosine and 7-deaza adenosine modification (key is inssp)icEhsité

(gray arrow) as well as a portion of thé-&xon are also shown. Weak interferences with intensities between 0.5- and 2-fold greater than control
bands are not shown. The interference levels shown herein represent a conservative estimate for the experimental window appropriate for NAIM
experiments on large molecules (Ortoleva-Donretlyl, 1998). Note that effects induced by 2-aminopurir@were not determined for D123. The
7-deaza-A interferences were analyzed only between residues A2 and A262.

phorothioate effect at U7 is accompanied by a moderate indicate thatt—' is much more than a simple pairing, as
phosphorothioate effect at A11 as well as deoxynucleotide its constituent nucleotides show strong interferences at
and strong inosine effects at G10. Phosphorothioate effectsmany functional groups, including a strong phosphoro-
on the opposite strand, at nucleotides A410, A411 and thioate effect at C117, deoxynucleotide and inosine effects
C412, have also been reported for branching under low- at G116. At the adjacent tandem G-U wobble motif,
salt conditions (Jestiet al, 1997). These effects were deoxynucleotide (U86 and U110) and inosine interferences
not detected under the experimental conditions used in(G87) suggest an important role for this motif, which has
this study; however, deoxynucleotide interferences at A410 been proposed to be a major-groove metal binding domain
and A411 were detected (Figures 4A and 5). The collective in other systems (Cate and Doudna, 1996). Moderate and
results suggest that internal loop of helix I(i) probably has strong deoxynucleotide effects are observed also in the
an important function, consistent with the multiplicity of area of the GUAA tetraloop that caps helix C (positions
interference effects and the presence of several conserve®7, 98, 100 and 101).

nucleotides. (v) The tetraloop—receptor region of the D1D stem.

(i) Helix A. Although this region is not highly con-  This section of D1, which has been proposed to dock with
served, it is organized structurally in a similar fashion in the tetraloop at the D5 terminus (tie{’ interaction;
many group Il introns. Therefore this helical stem capped Costa and Michel, 1995), contains strong interferences
by an apical loop might constitute an element whose both within the internal loop and in the adjacent set of
global organization is important for intron function, as inverted tandem G-C pairs. By comparing analogous
inferred by modest but reproducible deoxynucleotide inter- tetraloop and receptor positions with those from a crystallo-
ferences at C34, A38 and U39. graph-determined structure of this motif (Cat¢¢ al.,

(iv) Helix C. This subdomain shows numerous, intense 1996a), the following conclusions can be drawn. Strong
interference effects (Figure 5), most of which cluster in 7-deaza interference at A198 is consistent with a hydrogen
or around the helix central bulge containing the GC bond to U381 (forming an unusual A—U pair within the
dinucleotide involved in the—' interaction. The results  receptor). Deoxynucleotide effects observed at positions
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Fig. 6. Effect of intronic mutations on branching kinetics: autoradiographs of stacked 4:20% (top:bottom) denaturing polyacrylamide gels are shown,
together with the sequences of mutants subjected to kinetic analysis (left). For each gel, the lanes correspond to timepoints for aliquots removed at 0,
20, 40, 60, 90, 120, 150 and 180 mir)(Kinetic effects induced by replacement of GNRA loops by UUCG loops at three places in the intron.

(B) Kinetic effects of mutations in the D1A helix and D3 central loop, which share homology with tetraloop rece@joBsatiching defects

induced by single point mutations of the D1 three-way junction adjacent t§ teeeptor. Under the conditions described in Materials and methods

and assuming a 38% endpoint in each daggwas (175+ 4)x10™* min~Lfor the wild-type construct; (4.6 0.3)x107%, (1.8 = 0.2)x10* and

(270 + 4)x10™* min~! for D1-39, D1-101 and D1-210, respectively; (242)x10™ and (3.7+ 0.3)x10™* min™! for exD123(G213:U) and

exD123(A214:C), respectively. Values fkg,s could not be measured for the other mutants, because they were inactive.

G200 and U381 are consistent with hydrogen bonds to and a hydrogen bond to N3 of A832. The moderate

the amine of A831 and the N3 and-OH of A831, deoxynucleotide and phosphorothioate effects observed at
respectively. The inosine effect observed at G200 is positions A383 and G200 are not explained by the P456
consistent with weakened G-C pairing in the receptor structure, as the’20H group and Rp-phosphoryl oxygen
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at these positions are located on its exterior and are likely changes made at these positions had radical effects on the
to contact other elements in a larger RNA (as in the intact kinetics of branching (Figure 6B), underscoring their
group | intron or the group Il intron studied here). importance in structure or mechanism.

(vi) The three-way junction in the D1D stem. Adjacent In this study, many interferences were observed at
to the tetraloop receptor of the-¢' interaction, there is  positions or structures known to be phylogenetically
an unusual substructure that is commonly observed in conserved. However, one of the strongest regions of
secondary structural maps of group Il introns. Although interference lies in an area that has not been recognized
it has not been previously implicated in group Il intron previously as a conserved feature: the three-way junction
function, this three-way junction (often represented by a adjacent to{ receptor (nts 204-215, Figures 1 and 5).
large open loop in other introns) contains many of the To understand better the role of this substructure, single-
strongest interference effects observed in D123. Deoxy- base mutations were made throughout and analyzed
nucleotide effects are observed at A204, A205, G213 andkinetically. Remarkably, every single mutation,
A215, as well as 7-deaza interferences at A204, A214 andexD123(A204:C), exD123(G213:U), exD123(A214:C)
A215. This pattern of uniformly strong interferences and exD123(A215:C), is highly detrimental to the
implicates the region in interaction with D56 and/or branching reaction (Figure 6C). This contrasts sharply
participation in catalysis (see below). with the lack of effects from the GAAA UUCG

(vii) Interference effects at isolated positions within D1. mutation, introduced a few nucleotides away (nts 207—
Moderate NAIM effects are observed at several isolated 210; Figure 6A).
spots in D1. Deoxynucleotide interference is observed at
A220, A371 and G388, which are sites that are near the Identification of a critical long-range tertiary
tetraloop receptor and three-way junction. In the D1D2a interaction between the D5 catalytic region and
stem thought to contain th@-3' interaction (Figure 1), the D1D stem
deoxynucleotide and inosine effects are observed at G261Because two of the D1 bulge mutants, exD123(G213:U)
and a deoxynucleotide effect was found at A262. This and exD123(A214:C), exhibited residual branching activ-
suggests that tHé&—[3’ pairing may promote the formation ity, it was possible to exploit them in the search for long-
of other tertiary contacts involving nearby nucleotides.  range interactions with D5 using the technique of NAIS,

(viii) A collection of interferences in D3. Itisremarkable  (Strobel and Shetty, 1997; Strobet al, 1998). This
that there were no strong interferences observed in D3, experiment rests on the fact that an important mutation or
despite the stimulatory role it has shown in catalysis single-atom change in one molecule (such as exD123)
(Griffin et al, 1995; Podart al, 1995a; Xianget al, will result in the loss of nucleotide analog interference at
1998). Moderate interference effects were observed atpositions of tertiary interaction on a partner molecule
position A618, which is contained in a form of GNRA (such as D56). In the mutant context, the energetic coupling
pentaloop (Abramovitz and Pyle, 1997; Masset al., between both partners has already been disrupted and no
1998) and at A662 and C663, which are located in a additional penalty is expected to result from a second
region with the appearance (Costa and Michel, 1997) and modification. After reacting wild-type and mutant exD123
DMS reactivity (Konforti et al, 1998b) of a tetraloop transcripts with 2P]D56 molecules containing NGRS
receptor. Note that NAIM effects were not observed analogs, branched products were isolated and sequenced,
in D2, consistent with its low level of phylogenetic and interference effects were compared. No significant
conservation and its role in second step efficiency differences were observed between patterns obtained with

(Chanfreau and Jacquier, 1996). wild-type exD123 and the exD123(G213:U) mutant (not
shown). In contrast, deoxynucleotide and inosine inter-

Mutations confirm the importance of specific D123 ferences previously observed at C819 and G845, respect-

subdomains ively, disappeared upon branching with the exD123

Many of the interferences observed in this study belong to (A214:C) mutant (Figure 7). These interference suppres-
sub-structures identical to or resembling motifs commonly sions are likely to reflect the loss of tertiary contact
involved in RNA tertiary interactions. To further assess between the D1 bulge region and stem 1 of D5. Designated
the role of these sub-structures, a set of exD123 mutantsk—’, this is a novel interaction, of a type and position
was prepared and subjected to kinetic analysis. In the firstnot reported previously.

set of mutations, GNRA loops were replaced by UUCG

!oops, which are not be_Ileved to be cap_able Qf participation piceussion

in long-range interaction. The mutations introduced in

region D1C1 (101) and D3 (620) had marked effects on Inherent advantages of the trans-branching

the rate of branching, while alteration of the GAAA experimental system

tetraloop in the D1D three-way junction (210) did not Previous studies on mutations and modifications of group
(Figure 6A). Significantly, strong effects on branching tend 1l introns have utilized effectivelyis-splicing assays for

to correlate closely with the presence of deoxynucleotide examination of effects. In contrast, the present study
interferences in a loop (compare Figure 6A with 5), applied atransbranching approach in order to isolate
suggesting that deoxynucleotide effects in a GNRA loop the first step of splicing and sensitize the reaction to
(particularly at the loop 3 and 4 positions; see also perturbations of tertiary structure. This approach is so
Abramovitz et al., 1996) are a good indication that the effective because the stabilization energy resulting from
loop is involved in a long-range contact to a receptor. essential tertiary interactions must counterbalance the
Other mutations were introduced into the internal loop of entropic penalty inherent to the assembly of a multi-
D3 (663) and helix A of D1 (39). The gross mutational component system. Therefore, disruption of interactions
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Fig. 7. NAIS within D5: mutants exD123(G213:U) and exD123(A214:C) were tested for potential changes in D5 interference pattern. The wild-type
and mutant exD123 transcripts were reacted with?8-labeled D56 that was transcribed with an array of M$Ranalogs. The autoradiograph
corresponds to iodine-cleaved ) or uncleaved (-) transcripts modified with inosim&-and shows that the exD123(A214:C) mutant (D1-214 lane)
induces suppression of the inosine interference observed at position 845 for the wild-type exD123 (WT lanes). Lane 0 refers to unreacted D56. A
similar observation was made for the deoxynucleotide effect at position C819 (data not shown), although it was partially obscured by concomitant
phosphorothioate interference (see inset). Inset: the normalized intensities of bands corresponding to positions 845 (left) and C819 (right) are
compared for unreacted exD123 (0 bars), wild-type exD123 (WT bars) and the exD123(A214:C) mutant (D1-214 bars). The intensity observed for
starting material was arbitrarily fixed to 1. For branched products (right and middle bars in each case), the size of the bars is related to 1/
(interference effect), i.e. the smaller the bar, the stronger the interference.

during trans-branching by D56 (which interacts with evolved to play other roles, such as protein binding
exD123 solely through formation of tertiary contacts) is (Legaultet al, 1998). In that case, the second base of a
likely to have more dramatic effects than in unimolecular GNRA loop (which stacks with receptor bases during
systems. Furthermore, the NAIM approach inherently tertiary contact formation) has been observed to stack
limits the number of false positives resulting from steric with phenylalanine in RNA—protein interactions. Because
clashes that are induced by bulky chemical modifications. of the multifunctional nature of GNRA loops, it would be
For example, the lesion resulting from DEPC modification desirable to have a rapid screen for detecting those that
(Chanfreau and Jacquier, 1996) is much larger than thefunction by interacting specifically with receptor motifs.
C—H group substituted for N7 of A in NAIM studies. For In the present study and in other published work
these reasons, the non-permissive character of this assayAbramovitz et al, 1996), deoxynucleotide interferences
has permitted the identification of more significant func- are consistently observed in GNRA tetraloops that interact
tional groups, with higher precision, than reported pre- with receptors (namely GAAA of D5 and GUAA of the
viously. C helix; Figures 2 and 5). The patterns of interferences
The D56trans-branching system was particularly useful are consistent with crystallographic studies showing that
for focusing on tertiary interactions between D1 and D5. 2'-OH groups of the loop 3 and 4 nucleotides are involved
This is because D6 does not make many tertiary contactsin important hydrogen bonds to cognate receptors (Pley
with the intron core and D5 serves as the anchor for et al,, 1994; Cateet al.,, 1996a), contributing ~2 kcal/mol
branching. Therefore, any assay that depends on strongper 2-OH group (Abramovitzet al, 1996). Branching
D5 docking prior to reaction will be highly sensitive to defects induced by mutation parallel the presence of
defects in tertiary interactions between D5 and the rest of deoxynucleotide interferences at specific GNRA loops

the intron. (Figure 6A). Furthermore, deoxynucleotide effects were
not observed for the GUAA tetraloop of D6, which is

A chemical signature for GNRA tetraloop-receptor consistent with the absence of an interaction with its

interactions putative D2-receptor during branching (Chanfreau and

Tetraloop—receptor interactions are important building Jacquier, 1996; Costat al,, 1997). We suggest therefore
blocks for RNA tertiary structure. However, it is not that the pattern of NAIM deoxynucleotide interferences
always straightforward to predict whether a GNRA loop within GNRA loops is a chemical signature for their
is engaged in contact to a receptor and, even if it is, which participation in a receptor interaction.

receptor is its partner. This is because GNRA loops and It is nhonetheless important to note that the number and
their receptors are often poorly conserved substructures.intensity of GNRA deoxynucleotide effects may vary
Furthermore, GNRA loops in certain positions have depending on sequence and context (Figures 2 and 5). In
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some cases, these effects may be accompanied by 7between 20H groups of thee’ nucleotides and single-
deaza and phosphorothioate interferences (see Results)stranded residues near tlgenucleotides. Alternatively,
However, the absence of deoxynucleotide effects might NAIM results suggest that additional stabilization could
simply indicate that the tetraloop is involved in a dispens- be provided by adjacent base pairings (Figure 5). The
able tertiary interaction, as recently shown in a group | highly conserved G5 and A115 nucleotides are located
intron (Ortoleva-Donnellyet al, 1998). By comparing  next to those comprising ttee€’ interaction. Phylogenetic
patterns of interferences, one may be able to deduce aconservation is particularly apparent for G5, which is
chemical signature for interacting receptor sequences. Forinvariant, while A115 is sometimes replaced by a guanine.
example, a distinctive pattern was observed for the This suggests that an adjacent non-canonical G-A or
receptor in D1. However, interferences were not observed G—-G (Limmer, 1997) base pair may reinforce the’

for an alternative form of receptor in D®'( Figure 1). interaction. Note that among 67 group Il intron sequences
Determinants such as the tetraloop-receptor interactionbelonging to both 1IA and 1IB subgroups (appendix in
strength, sequence variation, context, or relative contribu- Michel et al., 1989), the occurrence of the G—-A combina-
tion to folding and mechanism may account for these tion at the positions corresponding to G5 and A115 (91%)

differences. is comparable to the level of conservation of the two base
pairs constituting the—’ interaction (98.5 and 62.7%,

The variety of 2-OH effects implicates a variety of respectively). Although interference results argue against

tertiary interaction motifs in group Il introns the formation of a typical sheared G—A pair (the strong

There is growing sentiment that long-range base-pairing inosine effect at G5 is not accompanied by a 7-deaza
interactions and tetraloop—receptor interactions constituteeffect at A115), other published arrangements might
the major tertiary structural features that stabilize large accommodate either a G—-A or G-G pair (Battisteal,
folded RNAs. However, strong deoxynucleotide effects 1996) without extensive variation of the backbone geo-
are evident in many other types of motifs (Pyde al, metry or functional group pattern. It is noteworthy that
1992; Strobel and Cech, 1993; Haedil., 1996; Ortoleva- G-A base pairing often occurs at the end of RNA helices
Donnelly et al.,, 1998). Because they lack abundant base— where they stabilize structural elements such as RNA
base interactions, group Il introns may rely heavily on loops (Gauthereet al, 1994; Gutellet al., 1994; Heus
tertiary interactions involving backbone functionalities etal, 1997) and serve as anchor points for tertiary contacts
such as the 20H. This dependence may be characteristic (Pley et al, 1994). Further NAIM experiments are being
of RNA systems that favor non-classical interactions to designed to differentiate the G5-A115 pair from alternative
control RNA spatial organization and reactivity. models, such as a triple interaction between G5 and a
In the case of theTetrahymenagroup | intron, a potential AA platform (Cateet al., 1996b) that might be
collection of 2-OH groups on the P1 helix (which contains formed by A114 and A115.
the 5-exon/intron boundary) contribute to the docking of A strong phosphorothioate block is observed at nucleo-
this substructure with single-stranded nucleotides in J8/7 tides C4 and C117, indicating that contacts involving
of the catalytic core (Pyleet al, 1992; Strobel and the two non-bridging oxygens may also contribute to
Cech, 1993). By analogy, deoxynucleotide interferences additional stabilization of the-¢' interaction. The absence
at positions involved in the—€' pairing (G3 and G116), of thiophilic ion rescue at these positions suggests that
may reflect the involvement of thesé-@H groups with the Rp phosphoryl oxygens are not involved in direct
single stranded nucleotides near thesplice site. Alternat- Mg?"-mediated interactions (Pecoraret al, 1984)
ively, the e’ hydroxyl groups may interact with D5, although disruption of a metal ion binding site by phos-
thereby comprising part of the intron active site. This is phorothioate substitution cannot be excluded (Brautigam
supported by DMS footprinting experiments showing and Steitz, 1998). The intensity of the effects suggests
strong protections in the same region upon D5 binding to that Rp oxygens at C4 and C117 might be part of or close
D1 (Konforti et al, 1998b). to the catalytic center.

e-€': a more elaborate, extended interaction The significance of D2 and D3
Deletion and mutational experiments indicate that the The most critical functionalities identified fall within D1
e—¢’ interaction is critical for the catalytic activity of and D5. However, weak deoxynucleotide effects (A618,
group Il introns (Suchy and Schmelzer, 1991; Paatal., A662 and C663) were also observed in two regions of
1995b; Costeet al, 1997). However, the high level of D3. The results are consistent with DMS footprints
€—€' conservation suggests that Watson—Crick pairing may (Konforti et al, 1998b) and base modification interferences
not be the only important feature of this interaction. (Chanfreau and Jacquier, 1996; Jesinal., 1997) that
Indeed, base mutation experiments indicate that the twowere also found in the same regions of D3. The sequences,
wild-type base pairs correspond to the pairing combination morphologies and DMS sensitivities of the loop-capping
with the highest catalytic efficiency (Jacquier and Michel, D3A and of the region encompassing A662 and C663
1990). Strong inosine interferences at G3 and G116 further suggest that these substructures may act as a GNRA
underscore a requirement for wild-type base identity tetraloop and a tetraloop receptor, respectively, which may
(Figure 5). or may not interact with each other. Complementary
Thee—¢' interaction is problematic because a two base- experiments (DMS footprinting and direct binding
pair helix is not expected to be sufficiently stable (Freier measurements) have shown recently that D1-D5 inter-
et al, 1986), suggesting that other interactions afford domain binding is independent of the presence of D3
supplementary stabilization energy. As suggested above,(Konforti et al,, 1998b), although D3 is known to enhance
such a contribution might be provided by interactions chemical catalysis during splicing and by group Il intron
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ribozymes (Griffinet al., 1995; Podaet al., 1995a; Xiang therefore that G213, A214, A215 and A204 form a GAAA
et al, 1998) and constitutes an independent folding domain tetraloop (Figure 6C). The region of contact is a pair of
(Podaret al, 1995a). These results suggest therefore thattandem G—C pairs (Figure 7), which are known to be a
D3 is an important catalytic effector that, like D5, may form of receptor for GNRA loops (Plegt al., 1994; Costa
dock into a region of the D1 scaffold where it serves to etal., 1997). While an exact assignment of the motif awaits
augment features of the active site. further studies, a modified tetraloop—receptor interaction

That no interferences were found in D2 is in accord remains a likely option for the—’ contact. If this is the
with previous results showing that this non-conserved case, it means th&(’ andk—' represent a ‘yin-yang’
substructure is dispensable for intron activity (Kwakman type of association; in one case D5 provides the tetraloop
et al, 1990; Kochet al., 1992). However, deletion of D2 and in the other case it provides the receptor. Both
in the trans-branching reaction (replacing nucleotides 424— contacts occur on the binding face (the same side) of D5
579 by a UUCG tetraloop) significantly slows reaction (Abramovitz et al., 1996), in the minor groove, where
rate (>10X; data not shown). It has been proposed they anchor D5 and present its opposite chemical face for
that the GUAA-tetraloop capping region D1C (~A101) participation in the catalysis of phosphodiester cleavage
interacts with a small tandem G—C pair receptor located and ligation.
at the base of the D2 ster0’; Figure 1; Costeet al.,
1997). That the D1C tetraloop is involved in a receptor .
interaction of some kind is consistent with the NAIM Materials and methods
results. However, cognate interferences in D2 are not Tr e

s . . anscriptions

observed. Thus, the@-8" interaction cannot be confirmed The following plasmids were constructed by site-directed mutagenesis

by the data herein. (Kunkel et al, 1991) of plasmid pJDI3673 (Podaret al, 1998a):
plasmid pKCO02 encoding 17D123 RNA in which theéxon is shortened
o ) ; ; ; to the last 17 nucleotides (comprising the two IBS sequences); plasmids
x-x': a critical new tertiary interaction between pQL42, pQL40, pQL41 and pQL39 encoding single-point mutant RNAs
D1 and D5 _ exD123(A204:C), exD123(G213:U), exD123(A214:C) and exD123-
The results presented herein show that an abundance o{a215:c), respectively; plasmids pQL36, pQL37, pQL35, pQL38 and

motifs, many of which have been previously identified, pQL43 encoding the D1-39, D1-101, D1-210, D3-620 and D3-662
are likely to be involved in tertiary interactions or catalysis. mutants of exb123 (Figure 6A and B), respectively. All plasmids were

; ; : inearized withBanHI, except pT7-D56 (Chin and Pyle, 1995) which
These include nucleotides such as G5 and other reSIduegwas linearized witfEcoRV. Transcriptions of pJDI3673 and pT7-D56

that _ﬂank thee—¢’ interaction (F'gures 1 and 5); the (Chin and Pyle, 1995) plasmids to generate exD123 and D56 RNA,
terminus of the D1A stem; the internal loop at the base respectively, have been described (Pyle and Green, 1994; Chin and Pyle,
of D3, which has the appearance of a tetraloop receptor; 1995). Other plasmid transcriptions were carried out in the same manner.
the GA dinucleotide (A262) that fIanI{S’ (Figure 1 and The pT7-D56 plasmid was linearized wibral to prepare D56-Exon2

5)- d t strikinal leotid in the th transcripts containing D5 and D6 as well as the 79 first nucleotides of
)' and, most strikingly, nucleotdes In e rée-Way ihe 3-exon. The D56-Exon2 transcripts were subsequently cleaved with

junction that lies at _the center of the D1D stem (~nt a 36 nucleotide DNAzyme (Santoro and Joyce, 1997) producing D56
A204). Interferences in the latter are among the strongestRNA with a homogeneous'&nd. The 17D123, exD123 and D56 RNAs
observed for the entire intron, suggesting that this region containing approximately one phosphorothioate per molecule were

i ; ; prepared as above with the addition of the desired &&Ro the
plays a critical role. Using a form of NAIS, it has been transcription mixture (Eckstein and Gish, 1989; Christian and Yarus,

P053|b|¢ to |mpllcate this three-way junction in a tertiary  1992). Dr Scott Strobel kindly provideaS-ITP. Other non-commercial
interaction with at least two nucleotides in the lower stem NTPaS analogs were prepared from nucleoside precursors (Sigma)
of D5 (Figure 7). The latter are immediately adjacent to following published procedures (Arabshahi and Frey, 1994; Strobel and
the AGC triad of D5 containing the nucleotides most Shetty, 1997; Ortoleva-Donnellgt al, 1998). Nucleotide analogs were

e . - randomly incorporated into D56, 17D123, or exD123, at a level of about
critical for cataly5|s by the intron (Peeble$ al, 1995)' one modification per molecule using either wild-type or the Y639F

ThUS,. thek—’ interac_tion is "k_e'y to be essential for  mutant of T7 RNA polymerase (Sousa and Padilla, 1995) and adjusted
orienting D5 properly in the active site. NTPaS/NTP ratios as described (Strobel and Shetty, 1997; Ortoleva-
Itis important to note that the type of NAIS experiments DPonnelly et a'-d 1998). The 20H of U”Cr']'”e fVES'dues ere pfOtf’fed by

: incorporating dTTRS into transcripts. Therefore, interference effects at
.CondUCted here epr0|ted_ mutants of D1 to search for these positions could not be unambiguously attributed to deoxynucleotide
interference suppressors in D5. In a large RNA such as mogification. All RNA was purified by PAGE and stored at 20°C in
the ai% intron, mutational approaches to NAIS are a good 10 mM MOPS, 1 mM EDTA pH 6.
way to identify partners for suspected tertiary interactions.
Now that the regions of contact have been identified in Branching reactions
D1, it will be possible to conduct single-atom NAIS In order to examine interferences within D5 and D63%P end-labeled,

. NoaS-modified D56 transcripts (final concentration 1-10 nM) were mixed
experiments (Strobeit al,, 1998) to eXplore the molecular with exD123 (final concentration 18M) and heated at 95°C for 1 min.

nature of the tertiary contact. Although it is difficult t0  The mixture was cooled to 42°C and salts were added (100 mM MgCl
predict which type of tertiary interaction is involved (and 2 mM Mn(AcO),, 0.5 M (NH,),SQ,, 40 mM MOPS, pH 6) before
conceding that it may be a new form of contact), there is Lurther incubati%n at ;l2°C- l\(/jlappingdof th%ﬁgrti%n 0;3 9';23 \év?sbdclmde
’ : reacting, under the conditions described above’’B end-labele

reason to suggest that thex” interaction may represent Dy56 transgripts (final concentration 1-10 nM) with 17D123 transcripts
a form of te”aIOOp rec_eptor. Re(?e”t studies have shown (final concentration 1.juM) that were modified with NTBS analogs.
that GNRA loops can interact with receptors even once To identify interferences in the '$ortion of D123, NiS-modified
expanded by additional nucleotides or split and interrupted exD123 transcripts were'&nd labeled (Huang and Szostak, 1996) and
by additional motifs (Abramovitz and Pyle, 1997; Massire eacted with an oxceos of D6 (fina Coﬂcentfaﬂonél_"@ U(;‘F’er e

. . . : above reaction conditions. The reaction time was adjusted in each case
et al, 1998)' GNRA-like .mOtIfS C’?‘” be .Imbedded .m. so that branched molecules represent ~20% of the total labeled material.
more complex structures without losing their characteristic Two volumes of formamide were then added to each sample, which was

ability to fold and bind receptor sequences. It is possible then loaded on a 4 or 8% polyacrylamide denaturing gel. Branched and,
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when relevant, unreacted RNAs were recovered from the gel, eluted and Boulanger,S.C., Faix,P.H., Yang,H., Zhou,J., Franzen,J.S., Peebles,C.L.

ethanol precipitated prior to sequencing. Despite different experimental

and Perlman,P.S. (1996) Length changes in the joining segment

setups for the three assays described above, they are expected to be between domain 5 and 6 of a group Il intron inhibit self-splicing and

equally sensitive to modification based on the following evidence: salt,

alter 3 splice site selectiorMol. Cell. Biol., 16, 5896-5904.

temperature, refolding procedure and reaction extent were the same forBrautigam,C.A. and Steitz, T.A. (1998) Structural principles for the
all three; each system revealed both strong and moderate interferences; inhibition of the 3-5’ exonuclease activity dE.coli DNA polymerase

the intensity of deoxynucleotide and inosine interferences at G261 is

similar when using either assay for D123 mapping.

Branching kinetics with exD123 mutants
Every exD123 mutant (final concentrationu®) was reacted with 5

end labeled D56 RNA (10 nM) under the branching conditions described
above. At selected time points (Figure 6), aliquots were withdrawn and

combined with 4 volumes of quench buffer (95% formamide, 5 mM
EDTA pH 6, 0.1% of xylene cyanol and bromophenol blue dyes) before

placing on ice. Samples were then subjected to electrophoresis on

denaturing 4:20% (top:bottom) polyacrylamide gels which were quantit-

| by phosphorothioatesl. Mol. Biol., 277, 363-377.

Cate,J.H. and Doudna,J.A. (1996) Metal-binding sites in the major
groove of a large ribozyme domaiBtructure 4, 1221-1229.

Cate,J.H., Gooding,A.R., Podell,E., Zhou,K., Golden,B.L., Kundrot,C.E.,
Cech,T.R. and Doudna,J.A. (1996a) Crystal structure of a group |
ribozyme domain reveals principles of higher order RNA folding.
Science273 1678-1685.

Cate,J.H., Gooding,A.R., Podell,E., ZhouK., Golden,B.L.,
Szewczak,A.A., Kundrot,C.E., Cech,T.R. and Doudna,J.A. (1996b)
RNA tertiary structure mediation by adenosine platforr8sience
273 1696-1699.

ated on a Packard Instant Imager using methods described previouslyCech,T.R. (1993) Structure and mechanism of the large catalytic RNAs:

(Pyle and Green, 1994; Chin and Pyle, 1995).

NAIS experiments

Wild-type exD123 (final concentration 0.6M) and mutant exD123
(A214:C, final concentration BM) were mixed with 3-32P end-labeled,
NaS-modified, D56 transcripts (final concentration 10 nM). The mixture

group | and group Il introns and ribonuclease P. In Gesteland,R.F.
and Atkins,J.F. (eds);he RNA WorldCold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY, pp. 239-270.

Chanfreau,G. and Jacquier,A. (1993) Interaction of intronic boundaries
is required for the second splicing step efficiency of a group Il intron.
EMBO J, 12, 5173-5180.

was preincubated and reacted as described above. After 3h of incubationChanfreau,G. and Jacquier,A. (1994) Catalytic site components common

at 42°C, reaction products were resolved by PAGE. Both unreacted and

to both splicing steps of a group Il introBcience266, 1383-1387.

branched D56 transcripts were recovered from the gel and cleaved with Chanfreau,G. and Jacquier,A. (1996) An RNA conformational change

iodine to reveal the sequence (see below). In order to insure that
interference rescue did not result from experimental artifacts, variations

between the two chemical steps of group Il self-spliciBy/BO J,
15, 3466-3476.

in RNA concentration, reaction time and reaction extent were tested [for Chin,K. and Pyle,A.M. (1995) Branch-point attack in group Il introns

each assay two out of the three parameters were identical for both wild-

type and the ExD123(A214:C) mutant], with similar results (not shown).

Sequencing of transcripts containing nucleotide analogs

Branched and unreacted (or precursor) RNA molecules were re-sus-

pended in 10ul of a 1:1 formamide: (10 mM MOPS, 1 mM EDTA
pH 6) mixture, heated 1 min at 95°C and chilled on ice. Cleavage
reactions were initiated by the addition ofulof 1mM iodine dissolved

in ethanol. After 1 min of reaction at room temperature, pof 0.3 M

is a highly reversible transesterification, providing a possible proof-
reading mechanism for'Splice site selectiorRNA 1, 391-406.

Christian,E.C. and Yarus,M. (1992) Analysis of the role of phosphate
oxygens on the Group | intron froffetrahymenald. Mol. Biol,, 228,
743-758.

Conrad,F., Hanne,A., Gaur,R.K. and Krupp,G. (1995) Enzymatic
synthesis of 2modified nucleic acids: identification of important
phosphate and ribose moieties in RNase P substristedeic Acids
Res, 23, 1845-1853.

sodium acetate was added and the mixtures were ethanol precipitated inCosta,M. and Michel,F. (1995) Frequent use of the same tertiary motif

the presence of Juig of tRNA carrier. lodine-cleaved products were

by self-folding RNAs.EMBO J, 14, 1276-1285.

resolved by PAGE. Gel bands were quantitated using a PhosphorimagerCosta,M. and Michel,F. (1997) Rules for RNA recognition of GNRA

(Molecular Dynamics). Interference quantitation was performed as

described previously (Ortoleva-Donnekly al,, 1998). Only normalized

tetraloops deduced bin vitro selection: comparison witlin vivo
evolution.EMBO J, 97, 3289-3302.

interferences more than two were considered significant. Experimental Costa,M., Deme,E., Jacquier,A. and Michel,F. (1997) Multiple tertiary
error in interference magnitude did not exceed 20%, based onindependent interactions involving domain Il of group Il self-splicing introns.

experiments.
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