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Removal of intervening sequences from eukaryotic messenger RNA precursors is carried out by the spliceosome, a complex
assembly of ®ve small nuclear RNAs (snRNAs) and a large number of proteins. Although it has been suggested that the
spliceosome might be an RNA enzyme, direct evidence for this has been lacking, and the identity of the catalytic domain of the
spliceosome is unknown. Here we show that a protein-free complex of two snRNAs, U2 and U6, can bind and position a small RNA
containing the sequence of the intron branch site, and activate the branch adenosine to attack a catalytically critical domain of U6
in a reaction that is related to the ®rst step of splicing. Our data provide direct evidence for the catalytic potential of spliceosomal
snRNAs.
An essential step in the maturation of eukaryotic pre-mRNA is the
removal of intervening sequences (introns) from the coding
sequences (exons). The spliceosomeÐa dynamic assembly of ®ve
snRNAs and a large number of proteinsÐcatalyses intron removal,
or splicing, through two consecutive transesteri®cation reactions1,2.
In the ®rst step, the 29OH group of a conserved adenosine residue,
bulged from an RNA±RNA duplex, is activated to attack the
phosphodiester bond at the 59 splice site, resulting in the formation
of a branched (lariat) intron containing a 29 to 59 phosphodiester
bond and release of the 59 exon. The second step involves a
nucleophilic attack by the 39OH of the 59 exon on the phosphodiester bond at the 39 splice site, resulting in ligation of the two
exons and excision of the intron lariat. Complementation studies
in vivo and in vitro in addition to fundamental similarities to selfsplicing group II introns1±8 have suggested that the spliceosome
might be an RNA enzyme. Of the ®ve spliceosomal snRNAs, U2
(which base-pairs with the intron branch site) and U6 (which
interacts with the 59 splice site) are the only ones required for
both steps of splicing9,10, and mutagenesis studies support possible
roles in catalysis for these two RNAs1,6,11±17. However, the ability of
these RNAs and/or spliceosomal proteins18,19 to participate directly
in catalysis has not been demonstrated. Previous studies that
investigated the possible catalytic activity of snRNAs used in vitro
evolution and selection20,21 and isolated U6 and/or U2-derived
ribozymes that catalysed reactions not closely related to the
mRNA splicing reactions.
We have previously shown that U2 and U6 snRNAs can form a
base-paired complex in the absence of proteins that closely resembles the complex thought to exist in the active spliceosome, and we
also provided evidence for the presence of a genetically proven
tertiary interaction22 in this complex (Fig. 1, ref. 23, and S.V. and
J.L.M., unpublished data). We show here that this complex can bind
and position a short RNA oligonucleotide that contains the branch
consensus sequence, and catalyses a reaction in which the 29OH
group of a bulged adenosine attacks a speci®c phosphodiester bond
in U6, resulting in the formation of an unusual phosphotriester
bond. The sequence and ionic requirements for this reaction closely
resemble those of authentic splicing. Our data provide evidence for
the ability of spliceosomal snRNAs to function as the catalytic
domain of the spliceosome.

Catalytic activity of the U2±U6 complex

To assay the possible catalytic activity of spliceosomal snRNAs in the
absence of proteins, we incubated a previously characterized U2±
U6 snRNA complex, consisting of in vitro transcribed and puri®ed
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segments of human U2 and U6 snRNAs23, with radiolabelled short
RNA oligonucleotides that contained the consensus branch site
sequence (the branch oligonucleotide (Br), Fig. 1) or the 59 splicesite consensus sequence under various ionic, temperature and
pH conditions. Although no signi®cant reaction was observed
with the 59 splice site oligonucleotide, in the presence of Mg2+
and after 24 h incubation at room temperature about 0.1% of Br was
converted to a new, low-mobility RNA species on denaturing
polyacrylamide gel electrophoresis (PAGE) (Fig. 2a). Formation
of this product (RNA X) was dependent on the presence of both U2
and U6 in the reaction, and was greatly reduced after incubation on
ice or at temperatures close to the melting temperature (Tm) of the
U2±U6 complex (not shown). RNA X accumulated linearly for at
least 2 h and continued to increase for nearly 20 h (Fig. 2b). Varying
the concentration of Br or the U2±U6 complex over a wide range
resulted in roughly linear increases in the formation of RNA X,
followed by a plateau at higher concentrations (Fig. 2c and data not
shown), with an apparent Michaelis constant (Km) of 5 mM and a
reaction rate (kobs) of 0.002 min-1 under standard reaction conditions. To prove that RNA X indeed resulted from a new covalent
linkage and not an unusually strong non-covalent interaction,
puri®ed RNA X was denatured at 90 8C for 5 min in 9 M urea plus
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Figure 1 Base-pairing interactions in the in vitro-assembled complex of U2±U6 and the
branch oligonucleotide (Br). Shaded boxes mark the invariant regions in U6 and previously
established base-paired regions are indicated. Dashed lines connect psoralencrosslinkable nucleotides (S.V. and J.L.M., unpublished data). The circled residues
connected by a zigzag can be crosslinked by ultraviolet light. The underlined residues in Br
constitute the yeast branch consensus sequence. Asterisks denote the residues involved in
the covalent link between Br and U6 in RNA X (see text). Arrowheads point to residues
involved in a genetically proven interaction in yeast22. Numbers indicate nucleotide
positions from the 59 ends of full-length human U2 and U6.
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12 mM EDTA, rapidly cooled and loaded on a gel containing 8 M
urea and 40% formamide. No detectable dissociation was observed
(Fig. 2d). Notably, RNA X showed anomalous mobility on 8% and
16% denaturing gels compared with RNA markers of known length,
which is a property indicative of nonlinear RNA species (Fig. 2e).
We next tested the ionic requirements for the formation of RNA X
(Fig. 2f and data not shown). RNA X formed with the same
ef®ciency in buffers that contained HEPES, MOPS or sodium
cacodylate instead of Tris. Increasing the Mg2+ concentration
from 10 to 200 mM had a modest effect on RNA X formation,
whereas RNA X did not form in the absence of divalent cations or in
the presence of 0.4 M NaCl, which fully supports the formation of
the annealed U2±U6 complex23. Notably, RNA X did not form with
Mn2+as the only divalent cation in the buffer. Indeed, addition of
Ca2+, Mn2+ or ammonium salts to Mg2+ reduced the ef®ciency of
RNA X formation, although Ca2+ alone weakly supported product
formation.

self-splicing group II introns is thought to be part of the active site of
that ribozyme1,5.
We next used limited enzymatic digestion with RNase T2
(Fig. 3b), T1 (Fig. 3c) and P1 (not shown) of puri®ed RNA X
labelled at the 59 end of Br to map the location of the linkage in Br.
Whereas scission of phosphodiester bonds up to G20 resulted in
release of 59 fragments of Br, fragments resulting from digestion
after A21 were absent (Fig. 3b, c and data not shown), suggesting
that this residue is involved in the covalent linkage between U6 and
Br (see below). The results obtained from Br point mutants that
contained RNase T1 digestion sites close to A21 (Br C18G, Br U19G
and Br A23G, which have at most small effects on catalysis; see
below) con®rmed the data from wild-type Br (Fig. 3c and data not
shown). The above data also rule out the possibility that RNA X is a
hyperstable, non-covalent complex by demonstrating its accessibility to RNases (and iodoethanol cleavage; see below) throughout its
length. Taken together, the mapping data are consistent with the
hypothesis that RNA X is X-shaped, with U6 and Br joined
covalently through residue A53 in the conserved AGC triad in U6
and the bulged A (A21; see below) in Br.

The bulged adenosine in Br attacks the AGC triad of U6
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We next wished to characterize the nature of the linkage between U6
and Br in RNA X. We ®rst subjected internally labelled RNA X to
complete RNase P1 or T2 digestion, but were unable to isolate a
nuclease-resistant core (data not shown). This indicates that the
covalent bond between U6 and Br can either be digested by these
enzymes or is susceptible to hydrolysis mediated by solvent exposure after complete digestion (see below). In any event, we required
alternative methods to characterize the U6±Br linkage.
Treatment of phosphorothioate-substituted RNA with iodoethanol results in speci®c backbone cleavage at sites of phosphorothioate substitutions, and can thus be used to map sites of interaction or
interference that prevent cleavage26. We therefore used iodoethanol
cleavage with 59 and 39 end-labelled RNA X prepared from phosphorothioate-substituted U6, in which each U6 contained, on
average, one randomly distributed phosphorothioate linkage27
(see Methods). The iodoethanol cleavage patterns con®rmed the
reverse transcription mapping data and, more importantly, localized the site of covalent bond formation to the backbone phosphate
between A53 and G54 (Fig. 4a). In a-S-GTP-substituted U6 RNA,
the iodoethanol cleavage ladders stopped at G54 with both 59- and
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To determine the constituents of RNA X, reactions were performed
with 59 or 39 end-labelled U2, U6 or Br. Label at either end of U6 or
Br, but not U2, appeared in RNA X (not shown). These observations, which are consistent with an RNase T1 ®ngerprint of 59 endlabelled RNA X (not shown) and with results from alkali treatment
of the product (see below), indicate the presence of full-length U6
and Br, but not U2, in RNA X. Dephosphorylation of the 59 end or
introduction of a cyclic phosphate at the 39 end of U6 or Br did not
affect the rate of RNA X formation (not shown), indicating that the
59 and 39 ends of U6 and Br are not involved in the new covalent
bond in RNA X. These results suggest that RNA X is probably an Xshaped molecule.
To map the location in U6 of the covalent bond between U6 and
Br, puri®ed RNA X was annealed to an oligonucleotide that was
complementary to the 39 end of U6 (nucleotides 81±99) and
subjected to reverse transcription. Notably, a strong stop immediately 39 to A53, with a minor stop 59 to that residue, was observed
(Fig. 3a). This is signi®cant because A53 lies within the so-called
AGC triad, which is one of two invariant, functionally critical
regions of U6 (refs 1, 2, 11±14), and which is also conserved in
U6atac (the U6 counterpart in the ATAC spliceosome)1,24,25. Base or
backbone mutations in this region can be frequently incompatible
with splicing1,11±17. A similarly positioned AGC triad in domain 5 of

2

[U2U6] (µM)

Figure 2 Characterization of RNA X. a, Formation of RNA X. Reaction products were
resolved by denaturing PAGE, and the gel is shown from the level of the wells to the
bottom. b, Time course of formation of RNA X. c, RNA X formation as a function of U2±U6
complex concentration [U2U6]. d, Resistance to denaturation. Control RNA X, RNA X after
two gel-puri®cation steps, before stringent denaturation. The denaturation condition is
indicated above the far right lane. Gel composition: 16% PAGE, 8 M urea and 40%
702

formamide. Sizes of U6 and Br are indicated. nt, nucleotide. e, Anomalous gel mobility of
RNA X. The arrows point to the location of RNA X. Gel composition: 8% (left) and 16%
(right) denaturing PAGE. f, Cationic requirements for formation of RNA X. The
concentration of cations in each reaction (in mM) is indicated below each lane. Ef®ciency
of RNA X formation was quanti®ed by PhosphorImager and plotted.
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39-labelled U6 (Fig. 4a, left and right panels, respectively). This
contrasted with results obtained from iodoethanol cleavage of
phosphorothioate substitution at other sites (Fig. 4a) and with
other a-S-nucleoside 59-triphosphate (NTP) substitutions (for
example, Fig. 4b) in which one of the two U6 fragments remained
attached to Br, and thus was not detected at its normal location. For
example, cleavage of the phosphorothioate bond 59 of G49 resulted
in a U6 25±48 fragment that is released from RNA X (Fig. 4a, left
panel) and a U6 49±95 fragment that stays attached to Br and
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therefore has a much slower mobilityÐsuch that it was not resolved
on the gels (Fig. 4a, right panel)Ðcompared with the U6 49±95
fragment in the control lane. The unusual iodoethanol cleavage
pattern with G54 phosphorothioate substitution can be explained if
the link between U6 and Br is such that iodoethanol cleavage at the
phosphorothioate 59 of G54 would break U6 in two halves such that
either half of U6 can be released from RNA X, that is, if the link
between U6 and Br in RNA X is on the phosphorus atom (Fig. 4c).
Indeed, the reaction of iodoethanol with a phosphorothioate
triester results in release of either of the three phosphate ligands28.
A covalent bond originating on a sugar or a base in U6 would have
resulted in an iodoethanol cleavage pattern in which one of the two
U6 halves would remain attached to Br. Involvement of backbone
functionalities as reacting groups in RNA X is consistent with the
mild phenotype of U6 mutations in the AGC region (see below).
To extend this analysis, we took advantage of the alkali sensitivity
of RNA X (half-life in pH 12 at 50 8C: ,3.5 min). Puri®ed RNA X
labelled at the 59 end of U6 or Br was treated with alkali (pH 12,
20 min at room temperature) and compared with similarly labelled
U6 or Br. These conditions resulted in partial conversion of RNA X
to full-length U6 and Br without signi®cant backbone phosphodiester breaks, con®rming that the chemical bond formed in the
product is unusually alkali-sensitive (Fig. 4d, lane 1). No difference
in mobility of released U6 and Br compared with unreacted controls
could be observed, even after long electrophoresis times (not
shown). In addition, alkali hydrolysis of U6 and Br released from
RNA X resulted in fragments with identical mobilities to those of
controls (Fig. 4d, compare lanes 4 and 7 with 5 and 6), even though a
difference in relative molecular mass of less than 40 could have been
detected (for example, compare the two hydrolysis ladders in Fig.
3c). As formation of an adduct between U6 and Br without a leaving
group is entropically unfavourable, the above results are consistent
with a very small leaving group, such as H2O. Taken together, the
alkali sensitivity of RNA X and the phosphorothioate substitution
data are consistent with a phosphotriester linkage between U6 and
Br in RNA X, with the phosphate bond between A53 and G54
forming the triester.

G20
C18G

Figure 3 Mapping the site of the covalent linkage in RNA X. a, Reverse transcription
mapping of the site of the covalent link in U6. Lanes marked U, G, C and A are sequencing
reactions. Reverse transcription of two concentrations of U6 and RNA X are presented.
The arrow points to the site of the strongest stop. A partial sequence of U6 is indicated to
the left of the panel, with the AGC triad in bold letters. b, Limited RNase T2 digestion of
RNA X labelled at the 59 end of Br. Times of T2 digestion are indicated. The arrow points to
the site of stop in the ladder. c, Mapping the site of the covalent link on Br by limited RNase
T1 digestion of RNA X that was 59-labelled on Br. The identity of the Br derivative used is
indicated above each lane. Lad, alkaline hydrolysis ladder; WT, wild type.
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We next examined the effects of mutations in Br and U6 on RNA X
formation (Fig. 5). Mutations that disrupted the base-pairing
interaction between U2 and Br (Fig. 5a, transversion mutation) or
that changed the base identity of A21 (A21 to G or C) resulted in
marked decreases in the formation of RNA X. Mutations that
removed the bulged residue in Br (deletion of A21 or G20) or
disrupted U2±U6 helix III by competing with U6 for base-pairing to
U2 in this region (Fig. 5a, 59-complementary mutant) had the most
marked phenotype, reducing the rate of RNA X formation essentially to zero. Point mutations in other positions or removal of
residues 1±14 of Br had modest effects on the formation of RNA X
(Fig. 5a and not shown). Notably, mutations in the ACAGAGA box
of U6 (Fig. 5b; see also Fig. 1)Ðone of the two invariant,
functionally critical regions of U6 (refs 1, 2, 11±14, 16, 17)Ð
resulted in loss of catalytic activity, although mutations in the AGC
triad had only mild effects. The discrepancy between the modest
effect of AGC mutants in our system and stronger phenotypes seen
in some cases in vivo11±15 might re¯ect a role for the AGC triad other
than 29OH positioning and activation, for example, a function in 59
splice-site coordination. Alternatively, different steps might be rate
limiting in the two systems.
All Br mutants were also tested for binding to the U2±U6
complex (see Methods) to distinguish between binding versus
catalytic defects. As expected, deletion of Br A21 or G20 and the
59-complementary mutation resulted in signi®cant increases in
binding, whereas other Br mutations, with the exception of the
transversion mutation, did not signi®cantly affect binding (not
shown). To determine whether the two mutations in the U6
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hence competition with Br (see Fig. 1), also decreased binding.
Thus, in marked similarity to the splicing reaction, formation of
RNA X requires an intact U2±U6±Br base-pairing interaction, the
ACAGAG box in U6 and a bulged A.
We were able to partially suppress the loss of function resulting
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ACAGAGA box interfered with binding or catalysis, we assayed Br
binding directly and also tested the activity of the U6 mutants as a
function of Br concentration. The results (not shown) indicate that
both mutants were defective in catalysis, although the U6 44±47
UCUC mutation, which could enhance base pairing with U2 and
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Figure 4 Characterization of the new covalent bond. a, Iodoethanol treatment of
59-labelled (left) and 39-labelled (right) RNA X formed with a-S-GTP. b, Iodoethanol
treatment of 59-labelled (left) and 3'-labelled (right) RNA X formed with a-S-UTP. c, The
iodoethanol cleavage pathway for the proposed phosphorothioate triester (adapted from
ref. 28). Sulphur launches a nucleophilic attack on iodoethanol (I), resulting in alkylation of
sulphur (II). In a concerted reaction, iodide ion reacts with either of the phosphorus ligands
704

(II). The resulting alkyl phosphorothiodiester (III) can further dissociate26 after a
nucleophilic attack on the phosphodiester by either the 29OH of A53 or the OH of the
alkylated sulphur (IV). Oligo, oligonucleotide. d, Limited alkali hydrolysis of RNA X. T1,
limited RNase T1 digestion reactions; ladder, limited alkali hydrolysis reactions; alkali Rx,
mild alkali treatment reaction. Arrows point to the two nucleotides involved in the covalent
bond between U6 and Br. 59-labelled RNA X is labelled on both U6 and Br.
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from the A21G mutation in Br by a compensatory mutation in U6
that changed G54 to A (Fig. 5c). This observation is consistent with
a direct interaction between A21 and G54, probably as a symmetrical G±A mismatch29 (Fig. 5c). This result further supports the
mapping data in U6 and Br, and also shows that the strong effects of
A21 mutations result from loss of a functionally important interaction and not the absence of a reacting group. The interaction
might serve to recognize and/or position the bulged residue of Br in
the catalytic centre. Notably, the functional groups involved in this
type of G±A base pair, N1 and N6 of adenosine, have been
implicated in branch recognition in the spliceosome30. A similar
interaction might be one of the means by which the branch
adenosine is recognized and positioned in the active site of the
spliceosome.

Figure 5 Mutagenesis of the branch oligonucleotide and U6. a, Summary of mutations in
Br. Complement., complementary. b, Summary of mutations in U6. The fraction of reacted
Br (RNA X) was arbitrarily set to 1 for wild type (WT). For mutants that show greatly
increased binding (lanes marked with asterisks) the data shown represent the apparent
kcat of the reaction normalized to the value for wild type, which was arbitrarily set to 1 (see
Methods). Lanes without error bars have a standard deviation too small to be visible. c,
Suppression of the Br A21G mutation by U6 G54A. The model for the symmetrical G±A
mismatch base pairing is shown at the bottom.
NATURE | VOL 413 | 18 OCTOBER 2001 | www.nature.com

We next investigated whether the 29OH on the bulged A in Br
(A21) participates in catalysis. A DNA oligonucleotide with identical sequence to Br was not active in RNA X formation (data not
shown). Use of chemically synthesized Br with a single 29H
substitution at residue A21 (Br A21 29H) resulted in a marked
reduction in formation of RNA X, although low levels were still
detected (Fig. 6a). In the spliceosome, the residue immediately 59 to
the branch nucleotide (G20 here) can also assume a bulged conformation and serve as the nucleophile for the ®rst step of splicing31,
and this could be responsible for the residual RNA X formation.
Alternatively, the small amount of product formed with Br A21 29H
could re¯ect a linkage between Br and U6 located elsewhere in the
two molecules31. To distinguish between these two possibilities, we
tested a Br derivative with 29H at both A21 and G20 (Br G20±A21
29H). Formation of RNA X with this double-substituted Br was
nearly undetectable, even at very high Br concentrations (Fig. 6a).
Although it cannot be ruled out that the effect of 29H substitution at
G20 re¯ects a general stimulatory effect of a 29OH group at this
position, these results support the idea that at least most of the low
Br A21 29H activity results from G20 functioning as the nucleophile.
To rule out the possibility that the inactivity of the deoxyribonucleoside-substituted Br oligonucleotides resulted from a binding
defect rather than a defect in chemistry, we tested them both for
binding to the U2±U6 complex and for their ability to competitively
inhibit the reaction of wild-type Br with the U2±U6 complex. Both
Br derivatives behaved indistinguishably from wild-type Br in these
assays (data not shown). Together with the mutagenesis and
enzymatic mapping data, these results indicate that the 29OH on

Figure 6 Requirement of the branchpoint 29OH: a model for the linkage between U6 and
Br in RNA X. a, Effect of 29-deoxyribonucleoside substitutions in Br on RNA X formation.
The identity of the Br derivative used in each reaction is indicated above each lane. The
concentration of Br derivatives was 20 mM and that of U2 and U6 was 0.1 mM. WT, wild
type. b, A model for the covalent bond between U6 and Br. The 29OH of A21 in Br forms a
triester with the phosphate between A53 and G54 in U6.
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A21 participates directly in the covalent link between U6 and Br in
RNA X (Fig. 6b).

Discussion

Our data show that a protein-free, base-paired RNA complex
containing fragments of U2 and U6 snRNAs can catalyse a novel
reaction similar to the ®rst step of splicing, which leads to the
formation of an X-shaped product (RNA X). Our results indicate
that RNA X contains a 29OH-phosphoester bond similar to that
observed in lariat splicing products, but with the difference that in
RNA X the 59 end of the branch acceptor (U6) is not displaced,
thereby creating an unusual phosphotriester. The 29OH of U6 A53 is
close to the triester linkage, providing an explanation for the alkali
sensitivity of RNA X (see Fig. 6b). A large, branched RNA species
such as RNA X is probably stabilized by extensive stacking
interactions32 and by cations that neutralize the negative charge
repulsion in the compact branch core. It is plausible to think that a
divalent cation, or another interaction, keeps the 29OH of A53
protonated to prevent it from attacking the triester structure at
neutral pH. The sensitivity of RNA X to complete digestion with
RNases is consistent with a triester linkage, as the 29OH on A53 can
be activated to attack the triester, resulting in its dissociation to a
diester, which can be further cleaved to nucleotides. The low
ef®ciency of product formation can also be explained by the unusual
chemistry, involving extraction of H2O rather than the 59 end of U6
providing the leaving group, which would have created a Y-like
structure with a 29 to 59 linkage. It is noteworthy that in ligase
reactions the ultimate leaving group is H2O, although the reaction
involves multiple steps33. Formation of RNA X may also involve
more than one step. Lack of a 59 splice-site acceptor in our system
may place the non-bridging phosphate oxygen of G54 in the pocket
intended for the leaving group, thereby promoting formation of the
triester rather than a transesteri®cation reaction.
Our data demonstrate the ability of protein-free spliceosomal
snRNAs to catalyse a reaction related to the ®rst step of splicing,
with the 29OH of a bulged A residue in a base-paired, intron-like
RNA attacking the phosphate 59 to a G residue in the invariant AGC
triad of U6. The strong similarities in the sequence requirements
between this reaction and the ®rst step of splicing indicate similarities in the active site of the two reactions, with the ACAGAG and the
AGC invariant regions of U6 located in close proximity to the
reacting groups and having important roles in the chemistry of a
metal-dependent reaction in both systems. Aberrant splicing reactions in the spliceosome in which the backbone of U6, rather than
the 59 splice site, is attacked by the branch A are not
unprecedented34. Furthermore, the location of the covalent bond
in U6 (39 of A53) is immediately adjacent to the site of an intron
insertion in a fungal U6 gene, which is believed to have resulted
from a faulty splicing reaction35. In any event, our data point to the
competence of the spliceosomal U2 and U6 snRNAs to function as
the catalytic active site for the ®rst step of splicing, and provide
direct evidence for RNA-based catalysis in the spliceosome.
M

Methods
Transcription and end labelling
U2 and U6 snRNA fragments were transcribed and the 59 ends were labelled as described23.
Labelling of the 39 end was done according to published procedures36. Branch oligonucleotides were made by in vitro transcription (using a T7 transcript with extra
nucleotides added at the 39 end for ef®ciency reasons, followed by DNAzyme37 removal of
these extra nucleotides and gel puri®cation) and by chemical synthesis (Dharmacon
Biotech). We carried out end labelling as described for U2 and U6.

Catalytic assays
U2 and U6 were annealed as described23 in a buffer containing 40 mM Tris, pH 7.2 and
40 mM MgCl2, at a ®nal concentration of 2 mM, followed by the addition of Br at a ®nal
concentration of 10 nM in a typical reaction. Reaction mixtures were routinely incubated
at room temperature for 24 h and were analysed by 12% or 20% denaturing PAGE. For
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large-scale reactions, the concentration of Br was increased to 9 mM, and after incubation
at room temperature for 24 h, RNA X was puri®ed from a 12% denaturing gel. Reactions
for 39 labelling were as described with oligonucleotides speci®c to U6 or Br36. The puri®ed
products were directly used in kinasing reactions for 59 labelling on Br. To obtain products
that were 59-labelled on U6, RNA X was dephosphorylated before the 59 labelling reaction,
resulting in simultaneous labelling of the 59 ends of both U6 and Br, and repuri®ed.
We carried out reverse transcription, RNase T1 and alkaline hydrolysis reactions as
described23. To hydrolyse the link between U6 and Br in RNA X, alkali hydrolysis
reactions23 were done at room temperature for 20 min. RNase T2 (Gibco) reactions were
done in a buffer containing 10 mM sodium citrate pH 5.0, 0.5 mM EDTA and 1.5 M urea at
55 8C for 2 min.

Phosphorothioate substitution studies
Transcription of U6 with a-thio-NTPs (Trilink Biotech and NEN) was done as described27
so that each molecule would contain on average only a single thio group. Separate in vitro
transcription reactions were set up for each a-S-NTP. The phosphorothioate-containing
U6 was puri®ed and treated with calf intestinal alkaline phosphatase to remove the 59
phosphate. Typical large-scale reactions were set up for each a-S-NTP-containing U6, and
the resulting RNA X was gel-puri®ed and labelled at the 59 end, resulting in labelling of
both U6 and Br. Labelling of the 39 end of thio-U6-containing RNA X was done as
described above, using a U6-speci®c oligonucleotide. Iodoethanol cleavage of the
phosphorothioate-containing RNA X was done as described27 and the reactions were
loaded directly onto a 20% denaturing gel, along with identical reactions with similarly
labelled U6 as a control.

Mutagenesis and binding studies
For mutagenesis studies, for each mutant the amount of RNA X formed was measured
under standard reaction conditions in at least three independent experiments, and the
average of normalized values was plotted as a fraction of wild type with two standard
deviations as the error bars. For Br-binding studies, reactions were allowed to proceed
for 2 h, after which they were divided in two; half was loaded on a denaturing 12% gel
and the other half was loaded on a non-denaturing 8% PAGE run at 4 8C, followed by
quanti®cation of the reacted, bound and unbound Br. The bound and reacted fractions
were normalized to the total amount of Br in each lane. As the bound Br on native gels also
contained the reacted fraction, the amount of unreacted bound fraction was calculated by
subtracting the reacted fraction from it. To test the ability of Br derivatives to competitively
inhibit wild-type Br, 1±10 mM of the Br species to be tested was added to a typical reaction
containing labelled wild-type Br and U6±U2 complex. The quantity of labelled RNA X
formed was then compared with similar reactions containing the same concentration of
unlabelled wild-type Br. All quanti®cations were done using a Molecular Dynamics
PhosphorImager, with the amount of RNA X normalized to the amount of input in each
reaction.

Kinetics
To determine the reaction rate (kobs) the natural log of substrate remaining (1 - fraction
RNA X/fraction RNA X at the end point of the reaction) was plotted against time under
standard conditions, and the slope of the line was calculated to determine kobs. For those Br
mutants that showed signi®cant increases in binding to the U2±U6 complex, the catalytic
constant, kcat, of the reaction was determined. The amount of RNA X was measured after
2 h of reaction with a U2±U6 complex concentration of 0.1 mM and different concentrations of the branch oligonucleotide (10 nM to 50 mM), and the apparent Km and Vmax
(velocity of enzyme-catalysed reaction at in®nite concentration of substrate) of the
reactions were determined by plotting the data on an Eisenthal±Cornish-Bowden plot.
The value for kcat was calculated as Vmax / the concentration of the U2±U6 complex,
[U2U6]. The reaction was assumed to proceed according to the equation (dots represent
non-covalent binding)

U2 + U6

k1
k–1

U2•U6 + Br

k2
k–2

U2•U6•Br

k3

RNA X•U2
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