U2 toggles iteratively between the stem
ITa and stem Ilc contormations
to promote pre-mRNA splicing
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To ligate exons in pre-messenger RNA (pre-mRNA) splicing, the spliceosome must reposition the substrate
after cleaving the 5’ splice site. Because spliceosomal small nuclear RNAs (snRNAs) bind the substrate,
snRNA structures may rearrange to reposition the substrate. However, such rearrangements have remained
undefined. Although U2 stem IIc inhibits binding of U2 snRNP to pre-mRNA during assembly, we found that
weakening U2 stem Ilc suppressed a mutation in prp16, a DExD/H box ATPase that promotes splicing after
5’ splice site cleavage. The prp16 mutation was also suppressed by mutations flanking stem Ilc, suggesting
that Prp16p facilitates a switch from stem Ilc to the mutually exclusive U2 stem IIa, which activates binding
of U2 to pre-mRNA during assembly. Providing evidence that stem ITa switches back to stem Ilc before exon
ligation, disrupting stem Ila suppressed 3’ splice site mutations, and disrupting stem Ilc impaired exon
ligation. Disrupting stem Ilc also exacerbated the 5’ splice site cleavage defects of certain substrate mutations,
suggesting a parallel role for stem Ilc at both catalytic stages. We propose that U2, much like the ribosome,
toggles between two conformations—a closed stem Ilc conformation that promotes catalysis and an open stem

IIa conformation that promotes substrate binding and release.
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Introns are excised from pre-messenger RNA (pre-
mRNA) by the spliceosome, a large ribonucleoprotein
machine composed of >100 proteins and five small
nuclear RNAs (snRNAs) (for reviews, see Jurica and
Moore 2003; Will and Lithrmann 2006). The spliceosome
excises introns in two sequential transesterification re-
actions. In the first chemical step, termed 5’ splice site
cleavage, the 2’ hydroxyl of an intronic adenosine,
termed the branch point, attacks the 5’ splice site, form-
ing a lariat intermediate and a liberated 5’ exon with a
free 3’ hydroxyl. In the second chemical step, termed
exon ligation, the 3’ hydroxyl of the 5’ exon attacks the
3’ splice site, excising the lariat intron and ligating the
exons to form mRNA. Because the leaving group of the
first reaction becomes the attacking group for the second
reaction, this two-step reaction presents a significant
biochemical challenge to the spliceosome, which must
consequently rearrange the substrate after 5’ splice site
cleavage (for review, see Staley and Guthrie 1998). Spe-
cifically, because the spliceosome is thought to catalyze
the two similar reactions in one active site, and the sec-
ond reaction is essentially the reverse of the first (Steitz
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and Steitz 1993), the spliceosome likely removes the
branched product of 5’ splice site cleavage from the ac-
tive site and replaces the branch with the 3’ splice site.
The mechanism by which the spliceosome rearranges
the substrate is understood poorly.

The substrate is defined by intronic consensus se-
quences at the 5’ splice site, the branch site, and the 3’
splice site (for review, see Burge et al. 1999). These se-
quences are recognized dynamically by the spliceosome
(for review, see Staley and Guthrie 1998). The 5’ splice
site consensus sequence is first recognized by Ul and
then by U6, which defines the site of 5’ splice site cleav-
age. Similarly, the branch site consensus sequence is
first recognized by the branch-point-binding protein and
then by U2, which defines the branch site. Consistent
with the roles of U2 and U6 in defining the reactive sites
for 5’ splice site cleavage, both U2 and U6 are necessary
at the catalytic stages of splicing (for review, see Valad-
khan 2005). Significantly, U2 and U6 interact through
base-pairing (Datta and Weiner 1991; Madhani and
Guthrie 1992; Sun and Manley 1995; Hilliker and Staley
2004) and are sufficient, in the absence of protein, to
promote a splicing-related reaction, suggesting that U2
and U6 promote catalysis directly (Valadkhan and Man-
ley 2001, 2003). Because U2 and U6 define the reactive
sites for 5’ splice site cleavage and because the substrate

GENES & DEVELOPMENT 21:821-834 © 2007 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/07; www.genesdev.org 821



Hilliker et al.

must remodel after 5 splice site cleavage, U2 and U6 are
strong candidates for factors that rearrange after 5’ splice
site cleavage to effect substrate remodeling.

Validating a requirement for substrate remodeling, the
spliceosome alters its interactions with the substrate af-
ter 5’ splice site cleavage. In particular, the spliceosome
dissociates the 5’ splice site from U6 (Konarska et al.
2006) and binds the 3’ splice site through unknown ele-
ments (Schwer and Guthrie 1992). Although the spliceo-
some likely removes the branched product from the ac-
tive site, the spliceosome nonetheless interacts with the
branched structure at the chemical stage of exon ligation
to proofread splicing and presumably to restrict the
branch site from the active site (Mayas et al. 2006).

Exon ligation requires two steps, an initial ATP-depen-
dent step and a subsequent ATP-independent step (for
review, see Umen and Guthrie 1995). These two steps
likely promote substrate remodeling after 5’ splice site
cleavage. The ATP-dependent step is required for 3’
splice site binding and depends on the activity of the
DExD/H box ATPase Prpl6p (Schwer and Guthrie 1992).
Because Prpl6p unwinds RNA duplexes in vitro (Wang
et al. 1998), Prp16p has been hypothesized to destabilize
RNA:RNA and/or RNA:protein structures. Consistent
with this hypothesis, a mutation in PRP8 (Query and
Konarska 2004), deletion of ISYI (Villa and Guthrie
2005), or deletion of nucleotides upstream of the 5'-
splice-site-binding sequence in U6 (Madhani and Guth-
rie 1994a) each suppress prp16 mutants, suggesting that
structures involving Isylp, Prp8p, and/or U6 snRNA are
disrupted during the Prpl6p-dependent step; however,
specific interactions that are targeted for disruption have
not yet been defined. After the ATP-dependent step,
Prp22p as well as Slu7p promote 3’ splice site binding in
an ATP-independent manner (Brys and Schwer 1996;
Schwer and Gross 1998).

While interactions between the spliceosome and the
substrate are clearly dynamic after 5" splice site cleavage,
it has not yet been clear whether structures within the
snRNAs are similarly dynamic at this stage. One candi-
date structure is the stem II region of U2 (Fig. 1A), a
region that is dynamic in the free U2 snRNP (Zavanelli
and Ares 1991; Zavanelli et al. 1994). Intriguingly, exon
ligation is impeded by one of several 2’-O-methyl oligo-
nucleotides complimentary to the stem II region of U2,
suggesting that this region of U2 may rearrange after 5’
splice site cleavage (Barabino et al. 1992). Stem II lies just
downstream from the branch-site-binding region and can
regulate binding of the free U2 snRNP to the branch site
by alternating between two mutually exclusive struc-
tures, stem-loop Ila and stem IlIc; stem IIc comprises
an interaction between the loop sequence of stem-loop
IIa and conserved, downstream sequences (Fig. 1A;
Zavanelli and Ares 1991; Zavanelli et al. 1994). Stem-—
loop ITa, which is required for 5’ splice site cleavage (Ares
and Igel 1990), promotes presplicecosome formation
(Zavanelli and Ares 1991; Zavanelli et al. 1994), during
which the U2 snRNP binds the branch site. In contrast,
stem Ilc inhibits prespliceosome formation (Zavanelli
and Ares 1991; Zavanelli et al. 1994). The stem-loop IIa
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Figure 1. Disrupting U2 stem Ilc exacerbates the splicing de-
fect of a substrate mutated at the branch site or the 5’ splice site.
(A) Structure of U2 stem Ilc and stem-loop IIa. Nucleotides
involved in stem Ilc, stem Ila, and loop Ila are bold. The nucleo-
tides of U2 that bind the intronic branch site consensus se-
quence are shown. Nucleotide sequence and numbers corre-
spond to the Saccharomyces cerevisiae sequence. The dashed
line marks a nonconserved base pair that can extend stem Ila in
S. cerevisiae. (B) A pictogram of stem Ilc and Ila showing the
consensus sequence for organisms ranging from budding yeast
to humans; numbering refers to the budding yeast sequence.
The height of the letter is proportional to the frequency of the
nucleotide in the alignment. (C) Schematic diagram of the
ACT1-CUP1 splicing reporter, which when spliced confers cop-
per resistance to budding yeast (Lesser and Guthrie 1993). The
intron consensus sequences for budding yeast are shown along
with point mutations used in this study. The branch site adeno-
sine is bold. (D,E) Mutations that disrupt base-pairing in U2
stem Ilc enhance the growth defect conferred by the 5’ splice
site mutation U2A and the branch site mutation brC. Compen-
satory analysis by copper resistance of U2 stem Ilc base pairs
C59/G100 (D) and U56/A103 (E) is shown. The matrices show
the copper resistance of the wild-type (WT; left), brC (middle),
or U2A (right) ACT1-CUP1 splicing reporters in yJPS1035 ex-
pressing U2 variants having single or double mutations in the
stem Ilc base pairs. Cells were grown for 3-4 d at 30°C on solid
media containing 0.05 mM copper sulfate. Wild-type residues
are capitalized.

conformation of U2 is favored by the DExD/H box
ATPase Prp5p, thereby accounting for the ATP-depen-
dence of prespliceosome formation (Perriman and Ares
2007).

We have found evidence that U2 stem II does indeed
rearrange in the active spliceosome after 5’ splice site
cleavage. Mutations that destabilize U2 stem Ilc exacer-
bated the 5’ splice site cleavage defect of a branch site
A-to-C (brC) mutation, which is limited at the 5 splice
site cleavage stage (Lesser and Guthrie 1993; Query and



Konarska 2004), suggesting that stem Ilc promotes 5’
splice site cleavage, despite inhibiting prespliceosome
formation (Zavanelli and Ares 1991; Zavanelli et al.
1994). Supporting a role for stem IIc in 5’ splice site
cleavage, mutations that destabilize U2 stem Ilc sup-
pressed a prpl6 mutant. This suppression further sug-
gests that Prpl6p promotes disruption of stem Ilc, di-
rectly or indirectly. The prpl6 mutant was also sup-
pressed by mutations that destabilized structures
physically mutually exclusive with stem Ila, suggesting
that Prp16p disrupts these structures to promote forma-
tion of stem-loop Ila. Providing evidence that stem-loop
ITa does indeed form but then must unwind in turn to
allow for exon ligation, mutations that disrupt the stem
or loop of stem-loop IIa suppressed 3’ splice site muta-
tions. Indicating that stem-loop Ila unfolds to allow ref-
ormation of stem Ilc, mutations that destabilize stem Ilc
compromised exon ligation. Thus, our data provide evi-
dence that U2 stem II toggles between two structures in
the active spliceosome and that one of these structures,
stem Ilc, promotes both catalytic steps and the other,
stem-loop Ila, promotes the transition from the 5’ splice
site cleavage conformation to the exon ligation confor-
mation of the spliceosome. We propose that this toggling
reflects a larger conformational change that switches the
spliceosome between a closed conformation that pro-
motes catalysis and an open conformation that promotes
substrate binding, rearrangement, and dissociation.

Results

U2 stem Ilc promotes 5’ splice site cleavage

Because the stem II region (Fig. 1A) of U2 is dynamic in
the free U2 snRNP (Zavanelli and Ares 1991; Zavanelli
et al. 1994) and is sensitive to oligonucleotide hybridiza-
tion in the spliceosome after 5’ splice site cleavage
(Barabino et al. 1992), we hypothesized that this region is
dynamic in the active spliceosome. To determine if the
stem II region rearranges after 5’ splice site cleavage, we
first assessed whether stem Ila or stem Ilc functions at
the stage of 5’ splice site cleavage and we found evidence
that 5’ splice site cleavage is promoted by stem Ilc. Be-
cause U2 stem Ilc, although highly conserved (Fig. 1B), is
not essential for growth (Ares and Igel 1990) or 5’ splice
site cleavage (see below), we tested whether single U2
mutations that disrupt stem Ilc enhanced pre-mRNA
mutations that impair 5’ splice site cleavage. Specifi-
cally, we assayed for exacerbation of (1) an adenosine to
cytidine mutation at the branch point (brC), a mutation
that impairs 5' splice site cleavage by destabilizing the 5
splice site cleavage conformation of the spliceosome
(Query and Konarska 2004), and (2) a uridine to adeno-
sine mutation at position two of the 5’ splice site (U2A),
a mutation that also decreases the efficiency of 5’ splice
site cleavage (Ruis et al. 1994; Collins and Guthrie 1999).
To assay for exacerbation in vivo in budding yeast, we
cotransformed a cuplA strain with U2 mutants that de-
stabilized stem Ilc at either base pair C59/G100 or U56/
A103 and with an ACT1-CUP1 splicing reporter having
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either the brC or U2A substrate mutation (Fig. 1C). The
ACTI1-CUPI1 reporter confers resistance to copper in a
splicing-dependent manner, allowing an indirect mea-
sure of splicing efficiency (Lesser and Guthrie 1993).
Whereas a wild-type reporter supports growth up to 2.0
mM copper (data not shown), the brC and U2A muta-
tions compromise growth, even at 0.05 mM copper (see
below; Lesser and Guthrie 1993; Ruis et al. 1994). At all
copper concentrations tested, single mutations that de-
stabilized base pairs in U2 stem Ilc did not compromise
the copper resistance of strains expressing a wild-type
reporter (Fig. 1D,E, left grids; data not shown). In con-
trast, at 0.05 mM copper nearly all single mutations that
destabilized U2 stem IIc did compromise the copper re-
sistance of strains expressing either the mutated brC re-
porter (Fig. 1D,E, middle grids) or the mutated U2A re-
porter (Fig. 1D,E, right grids). The sole exception was
U2-A103G, which could maintain pairing through a
wobble with U2-U56. Compensatory mutations that re-
paired stem Ilc restored the copper resistance of the brC
and U2A reporters; in contrast, mutations that failed to
restore base-pairing failed to restore the copper resis-
tance of the reporters (Fig. 1D,E), indicating that the
single U2 mutations exacerbated the defects conferred
by the U2A and brC reporters by destabilizing stem Ilc.
These results suggest that stem Ilc cooperates with the
5" splice site and the branch site, despite clear data indi-
cating that stem Ilc antagonizes binding of U2 to the
branch site consensus sequence (Zavanelli and Ares
1991; Zavanelli et al. 1994).

To assess whether U2 stem Ilc cooperates with the 5’
splice site and the branch site to promote 5’ splice site
cleavage, we analyzed splicing of the U2A and brC
ACTI1-CUPI reporters in the stem IIc mutants directly
by primer extension. We found evidence that stem Ilc
does promote 5’ splice site cleavage (Fig. 2). In a strain
wild-type for U2, substrates mutated at the 5’ splice site
(U2A) or the branch site (brC) compromised both 5’
splice site cleavage and exon ligation, as reflected by an
increased level of pre-mRNA and an increased ratio of
lariat intermediate to mRNA (Fig. 2B, lanes 1,2,8), as
expected (Lesser and Guthrie 1993; Ruis et al. 1994, Col-
lins and Guthrie 1999; Query and Konarska 2004). With
a wild-type substrate, the single mutations C59G and
G100C, which disrupt U2 stem IIc, did not compromise
the efficiency of 5’ splice site cleavage (Fig. 2A). In con-
trast, with the mutated U2A and brC substrates, these
single mutations did compromise the efficiency of 5’
splice site cleavage, further reducing the efficiency by
40%-60% (Fig. 2B, lanes 3,4,9,10). A double mutation
that combines C59G and G100C and repairs stem Ilc
restored the efficiency of 5’ splice site cleavage to within
0%-20% of the wild-type U2 control (Fig. 2B, cf. lanes
2,5 and 8,11); in contrast, double mutations that did not
repair stem Ilc failed to restore the efficiency of 5’ splice
site cleavage (Fig. 2B, cf. lanes 5-7,11-13). These results
indicate that stem Ilc promotes 5 splice site cleavage.
Consistent with these results, hyperstabilizing stem Ilc
suppresses the 5’ splice site cleavage defect of a mutated
brC substrate (Perriman and Ares 2007). As U2 stem Ilc
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Figure 2. Disrupting U2 stem Ilc exacerbates the 5’ splice site
cleavage defect of a substrate mutated at the branch site or the
5" splice site and impairs exon ligation of a wild-type substrate.
(A,B) Compensatory analysis by splicing in vivo of the U2 stem
Ilc base pair C59/G100 is shown. Primer extension analysis
shows the in vivo splicing phenotype of wild-type (WT, A) or
mutated U2A and brC (B) ACTI-CUP1 splicing reporters in
yJPS1035 having single or double mutations in the stem Ilc base
pair. The pre-mRNA, mRNA, and lariat intermediate of the
ACTI1-CUPI reporter and U14, which serves as an internal con-
trol, are highlighted. Quantitation of the primer extensions is
shown below. The identities of the bases are indicated above
the gel and below the graph; wild-type residues are capitalized.
The apparent efficiency of 5 splice site cleavage is calculated
as (mRNA + lariat intermediate)/(pre-mRNA + lariat interme-
diate + mRNA). The apparent efficiency of exon ligation is cal-
culated as (mRNA/lariat intermediate). Values are normalized
to the strain expressing wild-type U2. The histograms show the
mean of duplicate samples; the error bars indicate the range of
values. While the trends of the exon ligation efficiencies in A
repeated in independent experiments, the magnitude of the dif-
ferences varied.

impedes prespliceosome formation (Zavanelli and Ares
1991; Zavanelli et al. 1994), stem Ilc likely promotes 5’
splice site cleavage at a later stage. Given that brC is
limiting at the catalytic stage of 5’ splice site cleavage
(Query and Konarska 2004), stem Ilc likely promotes
splicing at the catalytic stage of 5’ splice site cleavage.
Additional evidence supports a role for stem Ilc in exon
ligation. The single mutations C59G and G100C, which
disrupt stem Ilc, exacerbated the exon ligation defect of
the brC substrate (Fig. 2B); the C59G/G100C double mu-
tation that repairs stem Ilc suppressed the exon ligation
defect, while double mutations that did not repair stem
Ilc failed to suppress. Further, disrupting stem Ilc com-
promised exon ligation of a wild-type substrate (Fig. 2A).
Additionally, relative to double mutations that maintain

824 GENES & DEVELOPMENT

stem Ilc, double mutations that disrupt stem Ilc compro-
mised a 3’ splice site mutation that impairs exon ligation
(described below). Together, our data suggest that stem
IIc promotes both 5’ splice site cleavage and exon liga-
tion.

Evidence that Prpl6p destabilizes U2 stem Ilc,
directly or indirectly

Because of the evidence suggesting that the dynamic
stem II region of U2 (Zavanelli and Ares 1991; Zavanelli
et al. 1994) rearranges after 5 splice site cleavage
(Barabino et al. 1992), we hypothesized that stem Ilc is
disrupted after 5’ splice site cleavage and that this dis-
ruption is promoted by Prplép, the DEAH box ATPase
that promotes splicing after 5’ splice site cleavage
(Schwer and Guthrie 1991, 1992). To evaluate this hy-
pothesis, we tested the prediction that the cold-sensitive
growth defect of the prp16-302 mutant (Madhani and
Guthrie 1994a) would be suppressed by mutations that
disrupted U2 stem Ilc, thereby relieving the requirement
for PRP16. Indeed, 12 of 13 point mutants tested in ei-
ther the upstream or downstream strands of stem Ilc
strongly suppressed the cold-sensitive defect of prp16-
302 (Fig. 3A,B; data not shown). For example, all point
mutations in either base pair C59/G100 (Fig. 3A, right) or
base pair U56/A103 (Fig. 3B, right) suppressed prp16-302,
with the exception of U2-A103G, which could maintain
pairing through a wobble with U2-U56, as suggested by
the data in Figure 1E. Importantly, compensatory muta-
tions that repaired stem Ilc abolished the suppression of
prpl6-302 in every case; in contrast, noncompensatory
mutations that failed to repair stem Ilc failed to abolish
suppression (Fig. 3A,B). Consistent with these results,
Perriman and Ares (2007) found that deleting the down-
stream strand of stem Ilc also suppressed the growth de-
fect of prp16-302. Our results suggest that Prpl6p pro-
motes, directly or indirectly, destabilization of stem Ilc.

Evidence that Prpl6p destabilizes interactions
that are physically mutually exclusive with stem Ila

Because stem Ilc antagonizes stem Ila in the free U2
snRNP (Zavanelli and Ares 1991; Zavanelli et al. 1994),
we hypothesized that Prpl6p promotes the formation of
stem-loop IIa both by destabilizing stem IIc, which is
functionally mutually exclusive with stem Ila (Zavanelli
and Ares 1991; Zavanelli et al. 1994), and also by desta-
bilizing structures physically mutually exclusive with
stem Ila. Indeed, seven out of eight point mutations
tested in the strands of U2 stem Ila suppressed prp16-
302; these mutations included G53A, A52U, and U63C
(Fig. 3C,D; data not shown). To test whether these mu-
tations suppressed prp16-302 by destabilizing U2 stem
IIa or a mutually exclusive structure, we tested whether
or not suppression of prp16-302 was abolished by com-
pensatory mutations that repaired stem Ila. Importantly,
compensatory mutations that repaired stem Ila failed to
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Figure 3. Disrupting U2 stem Ilc or flanking structures mutu-
ally exclusive with stem Ila suppresses a mutation in PRP16, a
DExD/H box ATPase. (A,B) Disruption of U2 stem Ilc sup-
presses the mutation prp16-302. Compensatory analysis by
growth of the U2 stem Ilc base pairs C59/G100 (A) and U56/
A103 (B) in a wild-type PRP16 (left) or a mutant prp16-302
(right) strain is shown. The cells were grown for 3 d (left) or 6 d
(right) at 20°C on solid media containing 5-FOA. (C,D) Disrup-
tion of structures mutually exclusive with stem Ila suppresses
prp16-302. Compensatory analysis by growth of the U2 stem Ila
base pairs G53/C62 (C) and A52/U63 (D) in a wild-type PRP16
(Ieft) or a mutant prp16-302 (right) strain. Cells were grown for
3d(D, Ileft), 4d(C, left) or 6 d (C,D, right) at 20°C on solid media
containing 5-FOA. Black boxes indicate that the mutation is
lethal and could not be tested. Matrices are labeled as in Fig-
ure 1.

abolish the suppression prp16-302; of five compensatory
mutations tested at three different positions in stem Ila,
none abolished suppression (Fig. 3C,D; data not shown).
These results indicate that point mutations in the
strands of stem Ila do not suppress prp16-302 by disrupt-
ing stem Ila but rather by disrupting an interaction that
is physically mutually exclusive with stem Ila, as stem
ITa mutants suppress regardless of their base-pairing po-
tential. Thus, our data suggest that Prpl6p not only pro-
motes destabilization of stem Ilc, which is functionally
mutually exclusive with stem IIa, but also promotes de-
stabilization of structures physically mutually exclusive
with stem Ila. By promoting destabilization of these
structures, Prpl6p may promote formation of stem Ila
after 5’ splice site cleavage (see below).

U2 toggles iteratively in splicing

Disrupting stem Ila suppresses a 3' splice site
mutation

To determine whether stem IIc unwinds to allow stem-—
loop IIa to form before stem Ilc functions in exon ligation
(Fig. 2; see below), we tested whether mutations that
disrupt the stem of stem-loop Ila suppressed a mutation
at the 3’ splice site that destabilizes the exon ligation
conformation of the spliceosome (Query and Konarska
2004). Indeed, mutations that disrupt stem Ila sup-
pressed the 3’ splice site mutation (Fig. 4).

To test in vivo for genetic interactions between stem
Ila and the 3’ splice site, we utilized an ACT1-CUPI1
splicing reporter containing a 3’ splice site mutation
(gAG) in the antepenultimate position of the consensus,
a mutation that decreases the ratio of mRNA to lariat
intermediate and decreases growth in the presence of
copper (Umen and Guthrie 1996). We found that this
defect in copper resistance is suppressed strongly by the
U2 point mutations U50G, G53C, G53A, C62U, U63C,
and G64A and moderately by the U2 point mutations
U50C, A65C, and A65G (Fig. 4A,B; data not shown). Al-
though we have been unable to recapitulate the suppres-
sion by primer extension analysis of RNA from cells
grown in liquid culture (data not shown), the suppression
conferred by the stem IIa mutations G53A and G53C, for
example, is specific to a 3’ splice site mutation, because
these mutations exacerbated the branch site mutation

A U2 stem lla U2 stem lla C

ACT1-CUP1
WT brC  WT gAG

gAG [

7 days 5 days

Figure 4. Destabilization of stem Ila suppresses the 3’ splice
site mutant gAG. (A,B) Disruption of base-pairing in U2 stem Ila
suppresses a 3’ splice site mutation. Compensatory analysis by
copper resistance of the U2 stem Ila base pair G53/C62 (A) or
U2-U50/A65 (B) is shown. The matrices show the copper resis-
tance of a wild-type (left) or mutated 3’ splice site mutant (gAG;
right) ACT1-CUP1 splicing reporter in yJPS1035 expressing a
U2 variant having single or double mutations in the stem IIa
base pairs. Cells were grown for 3 d (left) or 5 d (right) at 30°C on
solid media containing 0.05 mM CuSQO,. Black boxes represent
lethal U2 alleles that could not be included in the analysis. (C)
Disrupting U2 stem IIa does not suppress the mutated branch
site substrate brC. For comparison, suppression of the gAG mu-
tated 3’ splice site substrate is shown. Mutations were tested in
strain yJPS1035. The identity of U2 is indicated to the left and
the identity of the reporter is indicated at the top. Cells were
grown for 5 or 7 d, as indicated below the data, at 30°C on 0.1
mM CuSO,.
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brC (Fig. 4C; data not shown); note that the exacerbation
of the brC mutation was not abolished upon repair of
stem Ila (data not shown), consistent with a role for stem
Ilc rather than stem IIa at the 5’ splice site cleavage
stage. The lack of observable suppression by primer ex-
tension analysis as compared with the suppression by
copper resistance may reflect the significant differences
in the growth conditions of these two assays—growth in
liquid culture in the absence of selection for copper re-
sistance as compared with growth on solid media select-
ing for copper resistance, respectively. Alternatively, the
negative results may reflect the limits of the primer ex-
tension assay, with regard to its inability to explicitly
assay some stages of splicing, such as mRNA release
from the spliceosome. The suppression of the 3’ splice
site mutation conferred by the stem Ila mutations was
abolished by stem Ila compensatory mutations that re-
stored base-pairing (Fig. 4A,B). In contrast, at least for
base pair U2-U50/A65, noncompensatory mutations
that do not restore base-pairing failed to abolish suppres-
sion (Fig. 4B). Note that we were unable to test for sup-
pression by noncompensatory mutations that failed to
repair the G53/C62 base pair, because these double mu-
tations were lethal. Together, these data suggest that the
exon ligation defect conferred by the gAG 3’ splice site
mutation is suppressed by destabilizing stem Ila, perhaps
because the destabilizing effect of stem Ila offsets the
destabilizing effect of the 3’ splice site mutation on the
exon ligation conformation (Query and Konarska 2004).
Thus, these data suggest both that stem Ila competes
with the second catalytic conformation of the spliceo-
some and that stem Ila must unwind to permit the ca-
talysis of exon ligation. Because stem Ilc promotes the
first catalytic conformation, these observations suggest
that stem Ila stabilizes an intermediate in the transition
from the first catalytic conformation of the spliceosome
to the second.

Mutating the loop of stem-Iloop Ila also suppresses
substrates defective in exon ligation

Just as mutations in the stem of stem-loop Ila sup-
pressed a 3’ splice site mutation, mutations in the loop
of stem-loop Ila also suppressed mutated substrates de-
fective for exon ligation, further supporting a role for
stem-loop Ila after 5’ splice site cleavage and before exon
ligation. To test in vivo for genetic interactions between
loop mutations and substrate mutations that impair
exon ligation, we utilized an ACT1-CUP1 splicing re-
porter having a mutation of the 3’ splice site (gAG) or a
mutation of the branch site adenosine to guanosine
(brG). Like the gAG mutation, the brG mutation limits
splicing at the stage of exon ligation, as revealed by a
decrease in the ratio of mRNA to lariat intermediate and
a decrease in growth of budding yeast in the presence of
copper (Umen and Guthrie 1996; Query and Konarska
2004). We found that point mutations throughout the
loop of stem-loop IIa, such as U2-G55C and U2-A60U,
suppressed the copper resistance phenotypes of the gAG
and brG substrates (Fig. 5A,C). Mutations that alter mul-
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Figure 5. Mutations in U2 loop Ila suppress the 3’ splice site
mutation gAG and the branch site mutation brG, independently
of disrupting stem Ilc. (A-C) Copper resistance of U2 mutants in
yJPS1035 expressing the wild-type, U2A, brC, brG, or gAG
ACT1-CUPI1 reporters. Cells were grown at 30°C on solid media
containing 0.2 mM (A,C) or 0.1 mM (B) CuSO,. (A) Point mu-
tants in loop Ila suppress the 3’ splice site mutation gAG and
the branch site mutation brG but exacerbate or fail to suppress
the U2A and brC mutations. Cells were grown for 2 d (WT;
U2A), 3 d (gAG), 4 d (brC), or 5 d (brG). For each strain, the
identity of U2 is indicated to the Ileft (cf. Fig. 1A) and the iden-
tity of the ACT1-CUP1 reporter is shown at the top. (B) Muta-
tions that severely alter loop Ila suppress gAG strongly, but
mutations that severely alter the downstream strand of stem Ilc
do not. The position of the mutations in loop IIa or the down-
stream strand of stem Ilc is indicated by asterisks below the
affected strand. The U2 alleles are (from top row to bottom) wild
type, UAA56-58AUU, GUAA57-58CAUU, UUA101-103AAU,
and UUGUUACA98-105AACAAUGU. Cells were grown for 3
d (WT) or 6 d (gAG) at 30°C on solid media containing 0.2 mM
CuSO,. (C) Restoration of stem IIc does not abolish suppression
but rather improves suppression. A compensatory analysis by
copper resistance of the U2 stem Ilc base pair U56/A103 is
shown. The matrix shows the copper resistance of the gAG
mutated 3’ splice site reporter in yJP1035 expressing U2 vari-
ants having single or double mutations in the stem Ilc base pair.
Cells were grown for 6 d at 0.1 mM CuSO,.

tiple nucleotides in the loop, such as UAA56-58 AUU
and GUAA55-58CAUU, suppressed the exon ligation
mutations brG and gAG more robustly (Fig. 5B; data not
shown); these multiple U2 mutations also suppressed
substrate mutations at the second (UAG to UgG) and
third (UAG to UAc) positions of the 3’ splice site (data
not shown). As for the suppression by stem Ila muta-
tions, we were unable to recapitulate the suppression by
loop ITa mutations by primer extension analysis of RNA
from cells grown in liquid culture (data not shown),
thereby complicating a determination of the stage of sup-
pression. Unlike mutations in the upstream strand of
stem Ilc—i.e., loop Ila—mutations in the downstream
strand of stem Ilc failed to suppress 3’ splice site muta-
tions (Fig. 5B,C; data not shown).

The asymmetry between the two strands of stem Ilc in
suppressing the gAG 3’ splice site mutation suggests
strongly that the mutations in the upstream strand of
stem Ilc—i.e., mutations in loop ITa—suppressed inde-
pendently of destabilizing stem Ilc. Indeed, the weak
suppression conferred by the loop Ila mutation U2-
U56A was not abolished by the compensatory mutation
U2-A103U, which repaired base-pairing in stem Ilc;



rather, the compensatory mutation improved suppres-
sion (Fig. 5C). Furthermore, whereas the single mutants
U56C or A103G did not suppress the 3’ splice site mu-
tation, the double mutation U56C/A103G, in which
stem Ilc was repaired, did suppress (Fig. 5C). In contrast,
double mutants, such as U56A/A103G, which fail to re-
store base-pairing in stem Ilc, failed to suppress or to
increase suppression of the 3’ splice site mutation. The
requirement for stem Ilc in strongly suppressing a 3’
splice site mutation is consistent with the requirement
for stem Ilc in exon ligation (Fig. 2; see below). Our data
suggest that loop Ila mutations suppress exon ligation
mutations indirectly by disrupting an unidentified inter-
action mutually exclusive with stem Ilc. Thus, these
data suggest (1) that the loop of stem-loop Ila cooperates
with the stem of stem-loop Ila in competing with the
second catalytic conformation of the spliceosome, and
(2) that, as for stem IIa, an unknown interaction involv-
ing loop Ila must dissociate to permit the catalysis of
exon ligation. Further, these observations suggest that
the loop of stem-loop Ila cooperates with the stem of
stem-loop Ila in stabilizing an intermediate in the tran-
sition from the first catalytic conformation of the spli-
ceosome to the second catalytic conformation.

Evidence that stem IIc promotes exon ligation

Just as mutations in the loop of stem-loop Ila suppressed
the defect conferred by the 3’ splice site mutation gAG
(Fig. 5), mutations in the loop suppressed the growth
defect of U6-A59C, a mutation in the conserved AGC
triad of U6 snRNA (Fig. 6A). The U6-A59C mutation
permits 5’ splice site cleavage but impedes exon ligation
both in vitro (Fabrizio and Abelson 1990) and in vivo
(Hilliker and Staley 2004). The exon ligation defect re-
sults from disrupting the conserved U2/U6 helix Ib (Fig.
6A; Hilliker and Staley 2004), but it has been unclear
whether helix Ib stabilizes an intermediate after 5’ splice
site cleavage, promotes the conformation of the spliceo-
some that catalyzes exon ligation, or both.

To gain further insight into the function of U2/U6
helix Ib and the dynamics of the U2 stem II region in
exon ligation, we assayed for genetic interactions be-
tween U6-A59C and mutations in stem II, starting with
mutations in the loop of stem-loop IIa. Ten of 13 muta-
tions tested in the loop weakly suppressed the growth
defect of U6-A59C (Fig. 6B,C). Similar to the loop Ila
suppressors of the 3’ splice site mutation gAG (Fig. 5C),
the loop Ila suppressors of U6-A59C suppressed indepen-
dently of disrupting stem Ilc (data not shown), indicating
that the loop Ila mutations disrupted a mutually exclu-
sive interaction. Given that many different loop Ila mu-
tations suppressed U6-A59C, these mutations likely
suppressed U6-A59C indirectly by destabilizing a con-
formation of the spliceosome that competes with an al-
ternative conformation stabilized by U2/U6 helix Ib.
Given the parallel suppression of U6-A59C and 3’ splice
site mutations by loop Ila mutations, these data suggest
a role for U2/U6 helix Ib at the stage of 3’ splice site
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Figure 6. Disrupting U2 stem Ilc exacerbates disruption of U2/
U6 helix Ib, which includes the U6-AGC triad. (A) Schematic of
U2/U6 base-pairing; U2/U6 helix Ib is boxed. (B-E) Mutations in
the 5’ side of stem Ilc largely suppress U6-A59C, while muta-
tions in the 3’ side largely exacerbate. Genetic interactions be-
tween U2 stem Ilc point or double mutations and U6 variants in
strain XYU96 (Xu et al. 1998) are shown. (B) Summary of genetic
interactions between U2 stem Ilc point mutations and U6-
A59C, a mutation in the AGC triad that disrupts U2/U6 helix
Ib. Weak suppressors (+), enhancers (-), and those that do not
interact (0) are indicated. Shaded boxes mark wild-type nucleo-
tides; white boxes mark mutations that were not tested. Note:
For all mutations tested, repair of stem Ilc failed to abolish
suppression (data not shown) but did abolish enhancement (see
E; data not shown). (C) Representative mutations in loop I1a that
weakly suppress the growth defect of U6-A59C. The identity of
U2 is indicated to the right and the identity of U6 is indicated
on top. Cells were grown for 6 d at 30°C on solid media con-
taining 5-FOA. (D) Mutations in U2 stem Ilc that exacerbate the
growth defect of U6-A59C do so by enhancing disruption of
U2/U6 helix Ib. The matrix shows the growth of cells express-
ing U2 variants that disrupt the U2 stem Ilc base pair C59/G100
(rows) and U2 and/or U6 mutations that alter base-pairing in
U2/U6 helix Ib (columns). Cells were grown for 5 d at 30°C on
solid media containing 5-FOA. (E) Mutations in U2 stem Ilc that
exacerbate the growth defect of U6-A59C do so by disrupting
stem Ilc. A compensatory analysis by growth is shown for the
U2 stem Ilc base pair C59/G100. All strains expressed U6—
A59C. Growth conditions were the same as in D.

recognition and consequently at the stage of catalyzing
exon ligation.

In contrast to the loop IIa mutations, which reside in
the upstream strand of stem Ilc, mutations in the down-
stream strand of stem Ilc exacerbated the growth defect
of U6-A59C; further, these mutations exacerbated the
growth defect of U6-A59C by disrupting stem Ilc. Spe-
cifically, six of nine downstream mutations were syn-
thetically lethal with U6-A59C (Fig. 6B,D,E; data not
shown). Compensatory mutations that restored base-
pairing abolished the synthetic lethality, whereas non-
compensatory mutations that did not restore base-pair-
ing failed to abolish the synthetic lethality (Fig. 6E).
These data indicate that stem Ilc cooperates with a struc-
ture that includes U6-A59.

U6-A59 participates in at least four structures, includ-
ing U2/U6 helix Ib (Madhani and Guthrie 1992; Hilliker
and Staley 2004), the central stem of U6 (Fortner et al.
1994), U4/U6 stem I (Brow and Guthrie 1988), and an
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extension of the intramolecular stem-loop (ISL) of U6
(Sun and Manley 1995; Sashital et al. 2004). To deter-
mine whether the synthetic lethality between stem Ilc
mutations and U6-A59C resulted from disruption of one
of these structures, we repaired each structure individu-
ally and reassessed the growth phenotype. Repair of U2/
U6 helix Ib abolished the synthetic lethality (Fig. 6D)
whereas repair of the other structures failed to abolish
the synthetic lethality (data not shown), indicating that
stem Ilc cooperates with U2/U6 helix Ib. Given the im-
plication of a role for helix Ib in the catalytic conforma-
tion of exon ligation (Fig. 6B,C; Hilliker and Staley 2004),
these data suggest a role for stem Ilc at the catalytic stage
of exon ligation, consistent with independent observa-
tions described above (Figs. 2, 5C). Thus, our data impli-
cate not only a requirement for dissociating stem-loop
IIa for exon ligation but also a requirement for reforming
stem Ilc for exon ligation.

Discussion

To catalyze exon ligation, the spliceosome must reposi-
tion the substrate after 5’ splice site cleavage. Suggesting
that rearrangements in U2 may help reposition the sub-
strate, we have found evidence that after 5’ splice site
cleavage the stem II region of U2 snRNA toggles be-
tween two mutually exclusive structures, stem Ilc and
stem-loop Ila. First, destabilizing U2 stem Ilc exacerbat-
ed the 5’ splice site cleavage defect of two substrates
mutated at either the 5’ splice site or the branch site
(Figs. 1, 2), demonstrating that stem Ilc promotes 5’
splice site cleavage despite repressing prespliceosome
formation (Zavanelli and Ares 1991; Zavanelli et al.
1994). Second, disrupting stem Ilc suppressed the cold-
sensitive growth defect of prp16-302 (Fig. 3), which (1)
supports a role for stem Ilc at the catalytic stage of 5'
splice site cleavage, (2) indicates that stem IIc must be
disrupted after 5’ splice site cleavage, and (3) suggests
that Prpl6p promotes destabilization of stem Ilc. Be-
cause U2 stem Ilc is functionally mutually exclusive
with stem Ila (Zavanelli and Ares 1991; Zavanelli et al.
1994), Prp16p may promote disruption of stem Ilc to pro-
mote formation of stem-loop Ila. Consistent with this
possibility, disrupting structures that are physically mu-
tually exclusive with stem Ila also suppressed the prp16-
302 mutant (Fig. 3). Third, destabilizing the stem or loop
of stem-loop Ila suppressed a 3’ splice site mutation de-
fective for exon ligation (Figs. 4, 5), suggesting that stem—
loop IIa does form after 5’ splice site cleavage but then
must unwind before exon ligation. Fourth, disrupting
stem IIc (1) impaired exon ligation of a wild-type and a
mutated brC substrate (Fig. 2), (2) exacerbated a 3’ splice
site mutation (Fig. 5C), and (3) exacerbated U2/U6 helix
Ib disruption (Fig. 6), which impairs exon ligation (Hil-
liker and Staley 2004), suggesting a role for stem Ilc in
exon ligation and supporting a requirement to unwind
stem-loop Ila before exon ligation. Thus, our data sug-
gest that during the catalytic phase of splicing the stem
II region of U2 toggles from stem Ilc to stem-loop Ila and
then back again to stem Ilc (Fig. 7, iii~v). Further, our
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Figure 7. U2 stem-loop IIa and stem Ilc toggle during both the
assembly phase and the catalytic phase of splicing. Our data
suggest a model in which U2 stem II toggles between stem-loop
Ila and stem Ilc throughout splicing; this toggling may reflect
larger conformational rearrangements in the spliceosome. We
propose that the stem Ilc state stabilizes a closed state of the
spliceosome that promotes catalysis (right conformation states)
and that stem-loop Ila stabilizes an open state of the spliceo-
some that promotes substrate sampling, rearrangement, and re-
lease (left conformational states). First, the free U2 snRNP in
the stem Ilc state (i) is converted by the DExD/H box ATPase
Prp5p to the stem-loop IIa state to promote binding of U2 to the
pre-mRNA and formation of the prespliceosome (Perriman and
Ares 2007). Next, U2 must toggle from the stem-loop IIa state
back to the stem Ilc state, as the stem Ilc state promotes 5’
splice site cleavage (iii; Figs. 1, 2). After 5’ splice site cleavage,
stem Ilc is destabilized by the DExD/H box ATPase Prp16p (Fig.
3), directly or indirectly, promoting formation of stem-loop Ila
in the inferred intermediate (iv), a reaction that may also be
promoted by Prp5p (Perriman and Ares 2007). Stem-loop Ia, in
turn, is destabilized (Figs. 4, 5) to promote reformation of stem
Ilc and exon ligation (v; Figs. 2, 5C, 6). After exon ligation,
toggling of stem Ilc back to stem-loop Ila (vi) could reconfigure
the spliceosome to promote product release and/or spliceosome
disassembly. The free U2 snRNP may then switch back to the
stem Ilc state (i). The connectivity or changing connectivity of
the substrate is shown for each conformation, and the snRNPs
are shown as circles. Our data suggest that loop Ila interacts
with an unknown factor, shown here as “X,” in the intermedi-
ate (iv; Figs. 5, 6) and that the strands of stem Ila interact with
unknown factors, shown here as “Y” and “Z,” in the 5’ splice
site cleavage conformation (ii; Fig. 3C,D), precluding stem Ila
formation at this stage.

data suggest that stem Ilc promotes the catalytic states
of the spliceosome and that stem-loop Ila promotes a
transient intermediate that both facilitates the transi-
tion from the first catalytic state to the second and con-
tributes to the fidelity of exon ligation (Figs. 4, 5).

Unexpectedly, U2 stem IIc promotes the catalytic
stages of splicing

Our observations support a role for U2 stem Ilc at both
catalytic stages of splicing. Given that stem Ilc inhibits



prespliceosome formation (Zavanelli and Ares 1991; Za-
vanelli et al. 1994), a role for stem Ilc during 5’ splice site
cleavage is surprising. In addition, as stem-loop IIa pro-
motes prespliceosome formation and therefore the bind-
ing of U2 snRNP to the branch site (Zavanelli and Ares
1991; Zavanelli et al. 1994), a role for stem Ilc during 5
splice site cleavage implicates a switch from the stem-—
loop IIa state to the stem Ilc state at some point during
proximity of the stem II region to the branch-site-bind-
ing region and the role of the stem II region in regulating
the interaction between the free U2 snRNP and pre-
mRNA suggest several possible roles for stem Ilc during
5’ splice site cleavage, roles in which stem Ilc could per-
mit the branch site to access the catalytic core of the
spliceosome. First, since stem Ilc antagonizes binding of
the free U2 snRNP to the branch site (Zavanelli and Ares
1991; Zavanelli et al. 1994), reformation of stem Ilc dur-
ing spliceosome assembly could release the branch site
from U2 to allow the branch site to interact with another
partner. However, there is no evidence that the U2-
branch point helix is disrupted during splicing. Second,
upon stem IIc formation, the U2-branch point interac-
tion may persist but dissociate from the U2 snRNP pro-
tein factors. Third, on forming stem Ilc within the active
spliceosome, U2 may bind the substrate even more sta-
bly than in the stem-loop IIa state. In this model, al-
though stem Ilc would not permit initial binding of U2
to the branch site, this block would represent only an
insurmountable kinetic barrier and not a thermody-
namic constraint. In this way, the stem-loop Ila state
could function as a “snRNP loader” state, allowing U2 to
engage the substrate, after which rearrangement to the
stem Ilc state could allow U2 to clamp down on the
substrate. In each case, reformation of stem-loop Ila after
5’ splice site cleavage could allow removal of the branch
site from the catalytic core after 5’ splice site cleavage
and thereby account for its role in the inferred interme-
diate (see below). In group II introns, RNA recognition of
the branch site may persist through both catalytic steps
of splicing (Hamill and Pyle 2006). As the branch site is
monitored at the exon ligation stage (Mayas et al. 20006)
and our results suggest that stem Ilc reforms to promote
exon ligation, stem Ilc could similarly promote branch
site recognition during both 5’ splice site cleavage and
exon ligation.

Intriguingly, paralleling the two conformations of
stem II, the U2 snRNP factor, SE3b155p, a member of the
dynamic HEAT-repeat protein family, assumes two con-
formations as visualized by cryoelectron microscopy
(Golas et al. 2005). Within the purified SF3b complex,
SF3b155p wraps around pl4, a protein that cross-links to
the branch point adenosine (Query et al. 1996; Will et al.
2001), sterically precluding the interaction between pl4
and the branch site (Golas et al. 2003). In contrast,
within the U11/U12 di-snRNP of the minor metazoan
spliceosome, a snRNP that corresponds to the Ul and U2
snRNPs of the major spliceosome (for review, see Patel
and Steitz 2003), SE3b155p opens up into a conformation
that would allow pl4 to interact with the branch site
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(Golas et al. 2005). Given this parallel between the posi-
tive and negative roles of stem II and SF3b155p, it is
tempting to speculate that the stem Ilc state of U2 cor-
relates with the closed state of SF3b155p and the stem-—
loop IIa state correlates with the open state of SF3b155p.
Further, because the SF3b complex both cross-links to
the branch site region (Champion-Arnaud and Reed
1994; MacMillan et al. 1994; Gozani et al. 1996, 1998)
and protects the stem II region of U2 from micrococcal
nuclease (Kramer et al. 1999), the SF3b complex may
couple stem II rearrangements with branch site binding.

Although stem Ilc is not essential for growth (Figs. 1C,
5B; data not shown; Ares and Igel 1990), it is highly con-
served from budding yeast to humans (Fig. 1B), implicat-
ing stem Ilc in a fundamental role in splicing. We pro-
pose that stem IIc functions redundantly with other in-
teractions to compete with stem-loop Ila. For example,
stem Ilc may cooperate with SE3b, as discussed above. In
addition, stem IIc may cooperate with the interactions
implicated by mutations in the strands of stem Ila that
suppress prp16-302, interactions that are necessarily mu-
tually exclusive with stem Ila (Figs. 3, 7 [interactions
with factors Y and Z]). Consistent with a redundant role
for stem Ilc, stem Ilc is not conserved in the U12 snRNP
of the minor spliceosome, whereas stem Ila is conserved
(Tarn et al. 1995). Paralleling this difference between the
major and minor spliceosomes, the SF3a complex does
not interact with the minor spliceosome, whereas SF3b
does (Will et al. 1999). Given genetic data suggesting that
SF3a cooperates with stem-loop Ila (Wells and Ares
1994), the absence of SF3a may offset the absence of stem
Ilc, especially if the two antagonize one another in the
major spliceosome.

A parallel between assembling and rearranging
the spliceosome

At the stage of prespliceosome formation, splicing re-
quires that stem Ilc unwinds and that stem-loop Ila
forms (Zavanelli and Ares 1991; Zavanelli et al. 1994).
Our data suggest that after stem Ilc promotes 5’ splice
site cleavage, splicing again requires that stem Ilc un-
winds and that stem-loop IIa forms (Figs. 3-5). Thus,
toggling from the stem Ilc state to the stem-loop Ila state
promotes both assembly of the spliceosome and rear-
rangement of the spliceosome. Because the stem II re-
gion lies just downstream from the branch-site-binding
region and because the toggling in the free U2 snRNP
regulates substrate binding (Zavanelli and Ares 1991; Za-
vanelli et al. 1994), we propose that toggling in the active
spliceosome after 5' splice site cleavage similarly regu-
lates interactions with the substrate. The toggling from
stem Ilc to stem Ila may promote rearrangements re-
quired for exon ligation, such as removal of the branched
product from the catalytic core to permit engagement of
the 3’ splice site with the 5’ exon. Switching from stem
Ilc to the stem-loop Ila state likely reverses rearrange-
ments, such as those considered above, that occur during
stem Ilc formation. For example, if stem Ilc formation
results in the dissociation of U2 snRNA from the branch
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site, then stem-loop Ila formation may result in recap-
ture of the branch site by U2. Alternatively, if stem Ilc
formation results in dissociation of the U2-branch site
helix from the U2 snRNP proteins, then stem-loop Ila
formation may result in recapture of the helix by the U2
snRNP proteins. Finally, if stem Ila formation acts like
a snRNP loader and stem Ilc formation allows the U2
snRNP to clamp down on the U2-branch site interac-
tion, then stem-loop Ila formation may allow the U2
snRNP to open and to allow movement of the U2-
branch site interaction. Just as stem-loop Ila forms anew
after the spliceosome cleaves the 5’ splice site, the loop
of domain VI, which includes the branch site helix,
forms a new interaction with domain II after the Sc-
.cox1/5 group II intron cleaves the 5’ splice site; this
conformational change may help remove the branch
product from the catalytic core of group Il introns (Chan-
freau and Jacquier 1996). Thus, our work extends the
analogy between the spliceosome and group II introns.

A role for the DEAH box ATPase Prpl6p
in the rearrangement of the U2 stem II region

We found evidence that Prpl6p promotes disruption of
stem Ilc. Specifically, mutations that disrupt stem Ilc
suppressed prp16-302 (Fig. 3; Perriman and Ares 2007),
indicating that stem Ilc unwinding cooperates with
Prplé6p function. Although stem Ilc unwinding could
conceivably occur upstream of Prpl6p to activate it,
given that Prpl6p destabilizes RNA structures in vitro
(Wang et al. 1998), the simplest model is that stem Ilc
unwinding occurs downstream from Prpl6p, as a direct
or indirect consequence of Prpl6p activity. Previously,
suppressors of prp16 mutants have been identified in U6
snRNA (Madhani and Guthrie 1994a), PRP8 (Query and
Konarska 2004), and ISY1 (Villa and Guthrie 2005), im-
plicating additional interactions that may be destabi-
lized by Prpl6p; however, the interacting partners for
these suppressors remain to be identified. The multiplic-
ity of genes that suppress prp16-302 suggests that Prpl6p
destabilizes multiple interactions in distinct spliceo-
somal components, implying either that Prpl16p destabi-
lizes multiple interactions directly or destabilizes one
interaction directly and others indirectly.

We found evidence that Prpl6p not only promotes de-
stabilization of stem Ilc, a structure functionally mutu-
ally exclusive with stem-loop Ila, but that Prp16p also
promotes destabilization of structures that are physi-
cally mutually exclusive with stem-loop Ila (Fig. 7, in-
teractions with factors Y and Z). Specifically, point mu-
tations in either strand of stem Ila suppress prp16-302
(Fig. 3). Repairing stem Ila does not reverse suppression,
suggesting strongly that suppression is not due to stem
IIa disruption but rather to disruption of mutually exclu-
sive interactions that flank stem Ilc, interactions that
may cooperate with stem Ilc during 5’ splice site cleav-
age but that remain to be identified.

Although Prpl6p promotes the transition from stem
Ilc to stem-loop Ila after 5’ splice site cleavage, Prp5p
promotes this transition during prespliceosome forma-
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tion (Perriman and Ares 2007). Prpl6p may assume the
role of promoting this transition after 5’ splice site cleav-
age, implying that a single rearrangement can be pro-
moted by distinct DExD/H box ATPases. Alternatively,
Prpl6p may cooperate with Prp5p. In this case, Prp5p
would function again after 5’ splice site cleavage to pro-
mote the switch of stem Ilc to stem-loop IIa and Prpl6p
would destabilize distinct interactions, such as those im-
plied by the suppressors in U6, PRPS8, and ISY1 (Madhani
and Guthrie 1994a; Query and Konarska 2004; Villa and
Guthrie 2005). Consistent with a second role for Prp5p
and the possibility of cooperation with Prpl16p, Perriman
and Ares (2007) have found that mutations in PRP5 sup-
press the 5’ splice site cleavage defect of the brC mutant
substrate, just as mutations in PRP16 suppress. Given
that Prp5p is antagonized by Cus2p at the prespliceo-
some stage (Perriman et al. 2003) and that Cus2p binds to
the stem Ilc state of the free U2 snRNP (Perriman and
Ares 2007), Cus2p may also function again in the active
spliceosome to bind the stem Ilc state of U2 and/or to
antagonize Prp5p.

Evidence for an intermediate after 5' splice site
cleavage and before exon ligation

Our data suggest that a spliceosomal intermediate forms
after 5' splice site cleavage, an intermediate that is char-
acterized by the presence of U2 stem-loop Ila (Fig. 7, iv).
Specifically, mutations that destabilize the stem (Fig. 4)
or the loop (Fig. 5) of stem-loop IIa suppress the copper
sensitivity of a 3’ splice site mutant, suggesting that
stem Ila is formed and that loop Ila interacts with an
unknown factor (Fig. 7, factor X) prior to exon ligation. It
is conceivable that the stem-loop Ila-containing inter-
mediate only forms when the exon ligation conforma-
tion of the spliceosome is destabilized by a substrate
mutation. However, consistent with the more general
formation of an intermediate, 5’ splice site cleavage is
followed by and exon ligation is preceded by two steps
(for review, see Umen and Guthrie 1995): an ATP-depen-
dent step, requiring Prpl6p (Schwer and Guthrie 1992),
and a subsequent ATP-independent step that results in
3'-splice-site-binding and that requires Prp22p, Slu7p,
and Prpl8p (Ansari and Schwer 1995; Jones et al. 1995;
Schwer and Gross 1998; Wagner et al. 1998). The inter-
mediate may serve as a stage to release factors such as
Prpl6p and to bind factors such as Prp22p, Slu7p, and
Prp18p. Moreover, as a conformational state structurally
unique from the catalytic states, the intermediate state
may promote rearrangement of the substrate by stabiliz-
ing an open conformation of the spliceosome.

Toggling of U2 stem II suggests a mechanism for
rearranging the substrate in the activated spliceosome
that is analogous to rearrangements in the ribosome

We propose that the toggling of the stem II region reflects
a larger toggling of the spliceosome between a closed,
catalytic conformation and an open, noncatalytic confor-



mation. Specifically, we propose that stem Ilc stabilizes
a closed conformation of the spliceosome that binds the
substrate tightly to promote chemistry and that stem-
loop IIa stabilizes an open conformation of the spliceo-
some that binds the substrate loosely to promote bind-
ing, rearrangement, and release of the substrate and per-
haps discard of incorrect substrates (Fig. 7); this open
conformation corresponds to a stable version of the hy-
pothetical “unlocked” state proposed by Konarska and
Query (2005). This model is supported by our evidence
that U2 stem Ilc promotes both catalytic steps in splic-
ing and that stem-loop Ila promotes an intermediate be-
tween the two catalytic steps (see also Perriman and
Ares 2007). In addition, this model is supported by the
role for stem-loop Ila in promoting binding of U2 snRNP
to pre-mRNA (Zavanelli and Ares 1991; Zavanelli et al.
1994). No evidence yet supports a role for stem-loop Ila
after exon ligation in promoting release of the mRNA
and/or excised lariat intron product, but consistent with
such a role, stem-loop Ila must reform after exon liga-
tion (Fig. 7, v) in preparation for the next round of splic-
ing (Fig. 7, ii). In the model, the spliceosome toggles be-
tween an open stem-loop Ila state and a closed stem Ilc
state to promote the two rounds of transesterification
required in pre-mRNA splicing.

This model suggests an analogy with the ribosome,
which similarly toggles between an open and closed con-
formation during each round of peptide bond formation
(Ogle et al. 2002). In the open state, the ribosome recruits
aminoacyl tRNA. In the closed state, the ribosome pro-
motes peptide bond formation. Opening of the ribosome
allows recruitment of the next aminoacyl tRNA and
multiple rounds of peptide bond formation.

Previously, Query and Konarska (2004) discovered evi-
dence that the spliceosome promotes fidelity in a man-
ner similar to the ribosome. Studies of the ribosome sug-
gest that the open and closed states of the ribosome can
compete, thereby allowing the open state to serve as a
sink for incorrect substrates that destabilize the closed,
catalytic state (Ogle et al. 2003). Similarly, Query and
Konarska (2004) found compelling evidence that the two
catalytic conformations of the spliceosome can compete.
Specifically, they found that substrate mutations that
destabilized one catalytic conformation could be sup-
pressed by spliceosomal mutations that destabilized the
other conformation, indicating that one catalytic confor-
mation can serve as a sink for incorrect substrates inap-
propriate for the other catalytic conformation. This fi-
delity mechanism for the spliceosome differs from the
fidelity mechanism for the ribosome in that the splicing
fidelity mechanism depends on competition between
two catalytic and likely closed conformations, whereas
the ribosome fidelity mechanism depends on competi-
tion between a closed catalytic conformation and an
open noncatalytic conformation.

Our work suggests a related mechanism for establish-
ing fidelity in splicing, a mechanism that implies a
deeper, more direct analogy between the spliceosome
and the ribosome. In the ribosome, destabilizing the
closed state improves fidelity whereas destabilizing the
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open state compromises fidelity (Ogle et al. 2003). Simi-
larly, in the spliceosome, destabilizing the closed stem
Ilc state improves fidelity whereas destabilizing the open
stem-loop Ila state compromises fidelity. Specifically,
we have found that destabilizing stem Ilc in the putative
closed state improves the fidelity of branch site selec-
tion; whereas destabilizing stem IIc has no effect on the
efficiency of 5’ splice site cleavage for a wild-type sub-
strate, destabilizing stem Ilc compromises the efficiency
of 5" splice site cleavage for a mutated brC substrate,
increasing the specificity for 5’ splice site cleavage (Figs.
1D,E, 2). Similarly, mutations that destabilize the first
catalytic conformation specifically, such as U6-U57A
(McPheeters 1996), comprise the efficiency of 5’ splice
site cleavage for a mutated brC substrate without com-
promising a wild-type substrate, thereby increasing the
specificity for 5 splice site cleavage. In contrast to stem
Ilc destabilization, which improves fidelity, destabiliz-
ing the open stem-loop Ila state compromises fidelity.
Specifically, as indicated by the ACT1-CUP1 splicing re-
porter, whereas destabilizing stem-loop IIa has no effect
on the production of mRNA from a wild-type substrate,
destabilizing stem-loop IIa improves production of
mRNA from a substrate mutated at the 3’ splice site,
thereby decreasing specificity (Figs. 4, 5). Given the
broad range of 3’ splice site suppressors in stem-loop Ila,
we interpret the suppression as indirect and resulting
from a shift in an equilibrium from the intermediate
stem-loop Ila state back to the exon ligation conforma-
tion of the spliceosome, which is effectively destabilized
by a 3’ splice site mutation (Query and Konarska 2004).
In this view, the intermediate state, like the 5’ splice site
cleavage conformation (Query and Konarska 2004),
serves as an important sink to sequester incorrect sub-
strates from the exon ligation conformation of the spli-
ceosome and perhaps promotes discard of aberrant sub-
strates. Thus, the switch of stem Ilc to stem-loop IIa not
only promotes prespliceosome formation and rearrange-
ment of the spliceosome but also the fidelity of splicing.

Materials and methods

Pictogram analysis

Thirty-seven U2 sequences from 35 organisms were chosen
from the seed set of the Rfam database (Griffiths-Jones et al.
2005); duplicate U2 genes from the same organism that did not
differ in the stem II region of U2 were discarded. The sequences
were aligned using ClustalW (Thompson et al. 1994), and then
the alignment was edited manually. The pictogram was gener-
ated from the alignment using the Pictrogram program created
by C.B. Burge at http://genes.mit.edu/pictogram.html.

Plasmids

The shuffle plasmid pU2U6U was described previously
(Madhani and Guthrie 1994b). The wild-type plasmids pJPS216
(Shuster and Guthrie 1988) and pJPS796 (Yan and Ares 1996),
expressing full-length U2, and the wild-type plasmids pSX6
(Madhani and Guthrie 1992) and pJPS464 (Hilliker and Staley
2004), expressing U6 and U4, respectively, were described pre-
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viously. A wild-type ACT1-CUP1 vector (Lesser and Guthrie
1993) marked with URA3 (pCG92, provided by C. Guthrie, Uni-
versity of California at San Francisco, San Francisco, CA) was
mutagenized to introduce mutations U2A, brC (A259C), brG
(A259G), and gAG (U301G/A304G). These same mutants, ex-
cept U2A, were introduced into an ACT1-CUP1 vector marked
with LEU2 (pCG157, provided by C. Guthrie) by subcloning the
Sacl-Sall fragment from the pCG92 series into pCG157; the
wild-type and U2A LEU?2 plasmids (pCG157 and pCG158, pro-
vided by C. Guthrie), relative to the subcloned mutants, had a
14-codon insertion in the ACT1 portion of the reporter that does
not alter the sequence encoding Cuplp. All mutagenesis was
performed by the QuikChange method (Stratagene).

Yeast strains

To make yJPS1035 (MATa ade2, his3, trpl, leu2, ura3, GAL+,
cuplA::ura3, snr20::LYS, snr6::KanMX4 [pU2UG6U]|), we re-
placed SNR6 with KanMX4 (Wach et al. 1994) in strain K3 al-
ready deleted for SNR20 and CUP1 (Lesser and Guthrie 1993).
The prp16-302 strain YHM187 (Madhani and Guthrie 1994a)
and the wild-type isogenic strain YHM118 (Madhani and Guth-
rie 1994b), as well as the strain XYU96, deleted for U2 and U6
(Xu et al. 1998), were described previously. Transformations
were performed by the lithium acetate method (Ito et al. 1983).
The strains YHM118, YHMI187, and yJPS1035 were trans-
formed with the pSX6 and pJPS216 variants, whereas the strain
XYU96 was transformed with the pSX6 and pJPS796 variants.

ACT1-CUP1 splicing reporter assays

With the exception of the experiment shown in Figures 2 and
5C, to test U2 and/or U6 alleles in ACT1-CUPI splicing assays,
we cotransformed yJPS1035 with pJPS216, pSX6, and pCG157.
Colonies were streaked onto 5-fluoroorotic acid media (5-FOA)
(Sikorski and Boeke 1991) lacking leucine and then were colony-
purified on media lacking leucine. For the experiment shown in
Figures 2 and 5C, we cotransformed yJPS1035 initially with
only pJPS796 and pSX6 variants. After streaking onto 5-FOA
media and colony-purifying on rich media, the strains were
transformed with pCG92 variants. For all experiments, to assess
copper resistance, purified colonies were grown overnight in
liquid media that selected for the reporter. Resulting saturated
cultures were diluted to equivalent optical densities (ODg) of
~1.2 and spotted onto media that selected for the ACT1-CUP1
reporter and that contained copper sulfate at a concentration of
0.013 mM, 0.05 mM, 0.1 mM, 0.15 mM, 0.2 mM, or 0.4 mM.
Cells were grown for 3-10 d at 30°C.

Growth assays on 5-FOA

To test for genetic interactions between U2 alleles and prp16-
302, we cotransformed YHM118 or YHM187 with pJPS216 vari-
ants and pSX6. To test for genetic interactions between U2 al-
leles and U6-A59C, we cotransformed XYU96 with pJPS796
and pSX6 variants. For growth assays, colonies were grown over-
night in liquid media that selected for the transformed plas-
mids. Saturated cultures were then diluted in the same media
and grown for two to three doublings at 30°C, and harvested in
mid-log phase. Cultures were diluted to equivalent ODg, and
spotted onto media containing 5-FOA. Growth was assayed for
3-7 d at 30°C or for 3-6 d at 20°C.

Primer extension analysis

To assay the RNA levels of the ACT1-CUP1 splicing reporter in
the presence of U2 alleles, we cotransformed yJPS1035 with
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pJPS216 and pSX6. Colonies were streaked onto 5-FOA media
and then colony-purified on rich media. The strains were then
transformed with pCG92 variants. Transformants were grown
overnight at 30°C in media lacking uracil. Saturated cultures
were diluted to an ODy, of 0.3 and grown to an ODg, of 1.2.
Total RNA was isolated and then assayed for specific RNA spe-
cies by primer extension (Stevens and Abelson 2002) using the
32P-end-labeled primers 0JPS233, complementary to the 3’ exon
of ACT1-CUP1 (Mayas et al. 2006), and oJPS234 (5'-GTAC
TAACGATGGGTTCGTAAGCGTACTCCTA-3'), complimen-
tary to Ul4. Products were separated on a 6% polyacrylamide
gel and visualized by Phosphorlmager (Molecular Dynamics).

The efficiency of exon ligation was quantified using the ratio
mRNA/lariat intermediate, rather than the ratio mRNA/
(mRNA + lariat intermediate), because the former ratio is sen-
sitive to changes in either the lariat intermediate or the mRNA,
regardless of the relative levels of mRNA and lariat intermedi-
ate. Nonetheless, the trends of the exon ligation efficiencies
shown in Figure 2 are the same with either ratio. Because the
levels of lariat intermediate are affected by both steps of
splicing, the efficiency of 5’ splice site cleavage was quan-
tified using (mMRNA + lariat intermediate)/(pre-mRNA + lariat
intermediate + mRNA).
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