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ABSTRACT

During pre-mRNA splicing, the spliceosome must configure the substrate, catalyze 59 splice site cleavage, reposition the
substrate, and catalyze exon ligation. The highly conserved U2/U6 helix I, which adjoins sequences that define the reactive
sites, has been proposed to configure the substrate for 59 splice site cleavage and promote catalysis. However, a role for this
helix at either catalytic step has not been tested rigorously and previous observations question its role at the catalytic steps.
Through a comprehensive molecular genetic study of U2/U6 helix I, we found that weakening U2/U6 helix I, but not mutually
exclusive structures, compromised splicing of a substrate limited at the catalytic step of 59 splice site cleavage, providing the
first compelling evidence that this helix indeed configures the substrate during 59 splice site cleavage. Further, mutations that
we proved weaken only U2/U6 helix I suppressed a mutation in PRP16, a DEAH-box ATPase required after 59 splice site
cleavage, providing persuasive evidence that helix I is destabilized by Prp16p and suggesting that this structure is unwound
between the catalytic steps. Lastly, weakening U2/U6 helix I also compromised splicing of a substrate limited at the catalytic
step of exon ligation, providing evidence that U2/U6 helix I reforms and functions during exon ligation. Thus, our data provide
evidence for a fundamental and apparently dynamic role for U2/U6 helix I during the catalytic stages of splicing.
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INTRODUCTION

Pre-mRNA splicing, the process by which introns are
excised from pre-mRNA, is mediated by a large and dy-
namic ribonucleoprotein complex known as the spliceo-
some (Nilsen 2003; Matlin and Moore 2007; Valadkhan
2007; Smith et al. 2008). The spliceosome is composed of
five highly conserved small nuclear RNAs (snRNAs) (U1,
U2, U4, U5, and U6) and over 100 proteins (Stark and
Lührmann 2006). The spliceosome identifies a pre-mRNA
substrate by recognizing three conserved sequences in the
intron: the 59 splice site, the branch site, and the 39 splice
site (Spingola et al. 1999; Brow 2002). The snRNA com-
ponents of the spliceosome play a key role in intron rec-
ognition. For example, in the catalytically active spliceosome,

the snRNAs recognize the pre-mRNA substrate through
base-pairing interactions between U6 snRNA and the 59

splice site and between U2 snRNA and the branch site
(Staley and Guthrie 1998). Such interactions indicate that
the snRNAs reside at the catalytic core. Further, evidence
suggests that the snRNAs promote catalysis. For example,
the chemical mechanism utilized by the spliceosome is
indistinguishable from the mechanism used by self-splicing
group II introns (Villa et al. 2002), and protein-free RNAs
corresponding to U2 and U6 can promote chemical reac-
tions that resemble the reaction of pre-mRNA splicing
(Valadkhan and Manley 2001; Valadkhan et al. 2007).

The catalytically activated spliceosome promotes the
chemistry of splicing through two sequential chemical
steps: 59 splice site cleavage and exon ligation (Staley and
Guthrie 1998). In 59 splice site cleavage, the 29 hydroxyl of a
universally conserved bulged adenosine at the branch site
attacks the phosphate at the 59 splice site, generating a
branched lariat intermediate and a free 59 exon. In exon
ligation, the 39 hydroxyl of the 59 exon attacks the phos-
phate at the 39 splice site, generating the mature mRNA and
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the excised lariat intron. To permit exon ligation after 59

splice site cleavage, the spliceosome must reposition the sub-
strate to juxtapose the reactants, which is likely promoted
both by disrupting the U6/59 splice site and U2/branch site
interactions (Konarska et al. 2006; Smith et al. 2007).

Notably, the spliceosome itself must also rearrange be-
tween the chemical steps; ATP hydrolysis by the DEAH-box
ATPase Prp16p (Schwer and Guthrie 1992) destabilizes the
59 splice site cleavage conformation of the spliceosome
(Query and Konarska 2004). Members of the ubiquitous
DExD/H-box ATPase family can utilize ATP hydrolysis to
unwind RNA duplexes or disrupt RNA–protein interactions
(Staley and Guthrie 1998; Pyle 2008), and in the spliceosome
these ATPases promote rearrangements throughout the splic-
ing cycle. Prp16p activity has been linked genetically to
the destablization of stem IIc of U2 (Hilliker et al. 2007)
and less well-defined interactions involving Isy1p, Prp8p,
U6 snRNA, and U2 snRNA (Madhani and Guthrie 1994b;
McPheeters 1996; Query and Konarska 2004; Villa and
Guthrie 2005).

In order to promote chemistry, the spliceosome must
position the pre-mRNA reactants within the catalytically
active center. This function may be served in part by an
intermolecular snRNA structure, U2/U6 helix I, which is
composed of two short helices, Ia and Ib, separated by a
2-nucleotide (nt) bulge in U2 (Fig. 1; Madhani and Guthrie
1992). Helix Ia is proximal to both the U6/59 splice site and
U2/branch site interactions, leading Madhani and Guthrie
(1992) to propose that helix Ia juxtaposes the substrate
for 59 splice site cleavage, a hypothesis that has remained
unproved. Helix Ib contains the invariant AGC triad of U6
that has been suggested to bind a catalytic metal (Fabrizio
and Abelson 1992; Yu et al. 1995), like the catalytic triad of
group II introns (Toor et al. 2008), but it has not yet been
shown that helix Ib functions during either catalytic step.
U2/U6 helix I is essential for viability in budding yeast
and mutations in either U2 or U6 that would disrupt helix
I block spliceosome activation just before 59 splice site
cleavage (Madhani and Guthrie 1992; McPheeters and
Abelson 1992; Ryan and Abelson 2002), but these defects
have not been definitively linked to U2/U6 helix I. This
helix is conserved in both the U2- and U12-dependent
spliceosomes of metazoans (Tarn and Steitz 1996) and is
required for 59 splice site cleavage in mammals (Wolff et al.
1994; Sun and Manley 1995), but it is unknown if this
reflects a requirement for U2/U6 helix at or before the
catalytic stage of 59 splice site cleavage. While one study
suggested that U2/U6 helix Ib promotes aberrant 59 splice
site cleavage (Luukkonen and Séraphin 1998), it remains
unclear whether this reflects a role for helix Ib at the
catalytic stage of canonical 59 splice site cleavage. Further,
an NMR structure shows an alternative configuration of
U2/U6 helix I, where helix Ib is replaced by two intra-
molecular interactions, a conformation that was hypothe-
sized to promote 59 splice site cleavage (Sashital et al. 2004).

While a requirement to form U2/U6 helix I during
spliceosome activation provides a rationalization for the
requirement to unwind the mutually exclusive U4/U6
stem I (Madhani and Guthrie 1992), several observations
in the literature are difficult to reconcile with a role for
U2/U6 helix I at the catalytic step of 59 splice site cleavage.
First, a mutation, U6-U57C, that would disrupt base
pairing in U2/U6 helix I nonetheless strongly suppresses a
mutation of the branch site adenosine to cytosine (brC)
that leads to a defect at the catalytic step of 59 splice site
cleavage (McPheeters 1996). Further, U6-U57C appears to
hyperstabilize the 59 splice site cleavage conformation of the
spliceosome (McPheeters 1996; Query and Konarska 2004).
Second, mutations in the U2 and U6 strands of U2/U6
helix I destabilize the 59 splice site cleavage confirmation,
and thereby suppress a cold-sensitive mutation in PRP16;
but attempts to attribute this suppression to the disruption
of U2/U6 helix I failed (Madhani and Guthrie 1994b),
raising the possibility that the mutations suppress by dis-
rupting alternative structures at the 59 splice site cleavage
stage. Finally, although some mutations in U2/U6 helix I
impair exon ligation, they permit 59 splice site cleavage
(Fabrizio and Abelson 1992; McPheeters and Abelson 1992;
Wolff et al. 1994; Hilliker and Staley 2004; McGrail et al.
2006). These puzzling observations raise the possibility that
alternative structures function during catalysis.

Given that a role for U2/U6 helix I at the stage of 59

splice site cleavage is compelling, but definitive data in
support of the model have been lacking, we have rein-
vestigated the role of U2/U6 helix I to determine whether
this highly conserved and essential structure functions at
either catalytic step. Through a systematic molecular
genetic analysis of U2/U6 helix I in the yeast Saccharomyces
cerevisiae, we found that U2/U6 helix I, but not alternative
structures, promotes the catalytic step of 59 splice site
cleavage, providing the first compelling support for the
model that U2/U6 helix I configures the substrate for 59

splice site cleavage. We also found persuasive evidence
that U2/U6 helix I is destabilized after 59 splice site cleav-
age during the Prp16p-dependent rearrangement. Finally,
we found evidence that U2/U6 helix I reforms to func-
tion during exon ligation. Together, these data provide
evidence that U2/U6 helix I forms a key component of
the catalytically active spliceosome during both chemical
steps of splicing, and suggests that unwinding of U2/U6
helix I facilitates the transition of the spliceosome from the
59 splice site cleavage stage to the exon ligation stage.

RESULTS

Evidence that U2/U6 helix I promotes 59 splice
site cleavage

Previous studies of U2/U6 helix I, using wild-type splicing
substrates, were unable to attribute a role for this structure
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at a defined stage. To test precisely for a role of U2/U6 helix
I at the catalytic stage of 59 splice site cleavage, rather than a
prior stage, we sensitized splicing to the catalytic step of
59 splice site cleavage using a pre-mRNA substrate limited
at this step. This substrate contains a mutation of the con-
served branch site adenosine to cytosine (brC), which
has been shown to destabilize the 59 splice site cleavage
conformation of the spliceosome (Query and Konarska
2004; Liu et al. 2007). If U2/U6 helix I promotes 59 splice
site cleavage, then mutations that disrupt this structure
should worsen the 59 splice site cleavage defect of the brC
mutation. Consistent with this idea, the mutation U6-
U57A, which effectively destabilizes the 59 splice site cleav-
age conformation, worsens the defect of the brC substrate
(Liu et al. 2007).

To test for such genetic interactions, we utilized the
ACT1-CUP1 splicing reporter, in which excision of the
ACT1 intron is required for expression of the CUP1 gene,
which confers copper resistance to budding yeast in a
dosage-dependent manner and thereby allows a quantita-
tive assay of splicing efficiency (Lesser and Guthrie 1993).
In this reporter, the brC mutation reduces the growth of
yeast from 0.8 mM to 0.2 mM copper (Lesser and Guthrie
1993; McPheeters 1996). While genetic interactions be-
tween the brC substrate and mutations at U6-U57 have
been reported (McPheeters 1996; Query and Konarska
2004; Liu et al. 2007), genetic interactions between other
mutations in U2/U6 helix I have not been reported. Given
the potential importance of U2/U6 helix I at the catalytic
center of the spliceosome, we analyzed all possible combi-
nations of alleles at each position in U2/U6 helix I. We
show only a subset of the data to illustrate trends, but have
based our conclusions on the full data set (available online
as Supplemental Data).

We found that growth of yeast containing the brC mu-
tated substrate was exacerbated by most of the viable point
mutations in U2/U6 helix I (Fig. 2B,F; Supplemental Data).
In contrast, none of the point mutations compromised
growth conferred by the wild-type reporter at 0.2 or 0.8
mM copper, where growth becomes limited in the isogenic
wild-type strain (Fig. 2A,E; data not shown). In addition,
with the brC reporter, none of the snRNA point mutations
showed a growth defect in the absence of copper (data
not shown). Thus, in the snRNA mutants, the growth con-
ferred by the brC reporter decreased because of a genetic
interaction between the brC mutation and the snRNA
mutations.

Many previous investigations of U2/U6 helix I found
defects in the regions of U2 and U6, but failed to repair U2/
U6 helix I to test whether the defects were indeed due to
disruption of this structure. In order to test rigorously for a
role for helix I in 59 splice site cleavage, we combined U2
and U6 mutations to restore base pairing in helix I and
assayed for loss of exacerbation of the brC defect. Signif-
icantly, in approximately half of the cases tested, compen-

satory mutations that restored base pairing indeed restored
growth on copper (Fig. 2B,F; Supplemental Data); for in-
stance, the conservative U2/U6 double mutations U28C/
A56G and U23C/A59G reversed the exacerbation of brC
conferred by the corresponding point mutations (Fig.
2B,F). In contrast, noncompensatory mutations that failed
to repair U2/U6 helix I generally failed to reverse the
exacerbation of brC (Fig. 2B; Supplemental Data). We also
tested mutations that would repair alternative mutually
exclusive structures, such as the intramolecular U6 cen-
tral stem (Vidaver et al. 1999), U2 stem I (Guthrie and
Patterson 1988), a possible intramolecular U2 stem–loop
(Yan and Ares 1996), or the four-helix junction structure
(Sashital et al. 2004); however, repair in each case failed to
reverse the exacerbation of brC (Supplemental Data). Thus,
these data suggest that U2/U6 helix I, and not alternative
structures, are especially important for splicing the brC
substrate. Because this substrate is limited at the step of 59

splice site cleavage, these data suggest that U2/U6 helix I
functions at this catalytic step.

To test for a role for U2/U6 helix I in splicing the brC
substrate at the 59 splice site cleavage stage, we directly
assayed splicing of the brC substrate in the snRNA mutants.
Primer extension analysis of whole cell RNA revealed that
point mutations that disrupted U2/U6 helix I did not
decrease the efficiency of 59 splice site cleavage for the wild-
type substrate, but did decrease the efficiency of 59 splice
site cleavage for the brC substrate by 10%–80% (Fig. 2D,H;
Supplemental Data). In nearly all cases tested, compensa-
tory mutations that restored Watson–Crick base pairing
in U2/U6 helix I restored the efficiency of 59 splice site
cleavage (Fig. 2D,H; Supplemental Data). In contrast, non-
compensatory mutations did not restore the efficiency of 59

splice site cleavage. While it is possible that U2/U6 helix I is
only required for splicing of aberrant substrates or that U2/
U6 helix I disruption exacerbates an earlier silent defect of
the brC substrate, we ruled out these caveats (see below). In
total, at five of the seven conserved base pairs in U2/U6
helix I, we found evidence that this helix promotes 59 splice
site cleavage (Supplemental Data).

Evidence that U2/U6 helix I is destabilized
after 59 splice site cleavage by Prp16p

Because the spliceosome appears to disrupt the U6/59 splice
site interaction and the U2/branch site interaction after 59

splice site cleavage (Konarska et al. 2006; Smith et al. 2007),
and because these structures adjoin U2/U6 helix I (Fig. 1),
we hypothesized that the spliceosome destabilizes U2/U6
helix I in parallel to facilitate repositioning of the substrate
between the chemical steps. We further hypothesized that
U2/U6 helix I is destabilized by the DEAH-box ATPase
Prp16, either directly or indirectly, given the requirement
for Prp16p after 59 splice site cleavage (Schwer and Guthrie
1992). Consistent with this hypothesis, previous work
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showed that double mutations in both U2 and U6 sup-
pressed the cold-sensitive phenotype of prp16-302, but com-
pensatory mutations that restored helix I did not abolish
suppression, challenging the hypothesis (Madhani and
Guthrie 1994b). However, these mutations, while restoring
base pairing in U2/U6 helix I, may have failed to restore the
stability of the helix due to the severity of quadruple
mutants and the disruption of tertiary interactions.

To evaluate the hypothesis with more subtle changes, we
first tested all point mutations in U2/U6 helix I for sup-
pression of the cold-sensitive phenotype of prp16-302
(Madhani and Guthrie 1994b), and found that the majority
of point mutants in either U2 or U6 suppressed prp16-302;
none compromised growth of wild-type PRP16 (Fig. 3; Sup-
plemental Data). Unlike the previous analysis with double
mutations, in almost all cases tested with point mutations,
repairing U2/U6 helix I restored the cold-sensitive pheno-
type of prp16-302 (Fig. 3; Supplemental Data). For in-
stance, the U2/U6 double mutants U28C/A56G and U23C/
A59G, which both restored base pairing, abolished the sup-
pression of prp16-302 by the corresponding point muta-
tions (Fig. 3). All double mutants that restored base pairing
but failed to abolish suppression of prp16-302 also failed to
abolish enhancement of brC, suggesting that these double
mutants failed to restore the stability of either U2/U6
helix I or tertiary interactions. In contrast to the double
mutations that restored base pairing and abolished sup-
pression, double mutations that did not restore helix I did
not abolish suppression of prp16-302 (Fig. 3A; Supple-
mental Data). Further, suppression was not abolished by
repairing alternative structures such as the U6 central stem,
U2 stem I, or the U2/U6 four-helix junction structure

(Supplemental Data; see below). In total, at five of the
seven conserved base pairs in U2/U6 helix I, we found
evidence that U2/U6 helix I, but not alternative structures,
is destabilized during the Prp16p-dependent remodeling

FIGURE 2. Disrupting U2/U6 helix I complementarity exacerbates
the 59 splice-site cleavage defect of a splicing reporter mutated at the
branchpoint (brA/brC). Yeast strains containing the indicated
alleles at the U2/U6 positions U28/A56 (A–D) and U23/A59 (E–H)
and expressing the ACT1-CUP1 splicing reporter (Lesser and Guthrie
1993) were assayed for growth and splicing. (A,B,E,F) Yeast growth on
media containing 0.2 mM copper sulfate for 3 d at 30°C. The yeast
express either a wild-type (WT, A,E) or brC mutated (B,F) reporter.
The identity of the U6 or U2 alleles are shown in each column or row,
respectively. Wild-type alleles are capitalized; mutants are lower case.
Watson–Crick combinations fall on the diagonal (upper left to lower
right). Lethal allele combinations are indicated by black boxes.
(C,D,G,H) Quantitation of primer extension reactions of whole-cell
RNA isolated from selected strains containing the WT (C,G) or brC
(D,H) ACT1-CUP1 reporter. The selected allele combinations are
indicated below the bar graphs and correspond to the base pair
analyzed directly above by growth. Throughout, 59 splice site cleavage
efficiency (1st step) is calculated as (LI+M)/(P+LI+M) and exon
ligation efficiency (2nd step) is calculated as M/LI (see Materials and
Methods). Bars reflect the average value for duplicate samples; error
bars reflect the range of duplicates. Values in each case were
normalized to the strain expressing wild-type U2 and U6. In C and
G, variation in exon ligation efficiency is due to the low signal for WT
lariat intermediate. The exon ligation efficiency is faded to emphasize
the 59 splice site cleavage efficiency.

FIGURE 1. Model of the snRNA secondary structure of the catalytic
core. U6 is black, U2 is gray, and the pre-mRNA is light gray; U2/U6
helix I is bold (Madhani and Guthrie 1992). Complementarity at U2-
A30/U6-U54 (dashed line) is neither conserved (Guthrie and Patterson
1988) nor supported by data (Supplemental Data). U2/U6 helix II,
the U6 ISL, the U2/branch site interaction, and the U6/59 splice site
interaction are also depicted (Madhani and Guthrie 1994a). U5 is
omitted for clarity.
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step. Importantly, the mutations that suppress prp16-302
correlate almost exactly with the mutations that exacerbate
the brC substrate. Thus, even with all wild-type pre-mRNA
substrates in the prp16-302 mutant, the prp16-302 data
corroborate the brC data and thereby provide further
evidence for a role for U2/U6 helix I during 59 splice site
cleavage.

A mutually exclusive four-helix junction
does not promote 59 splice site cleavage

As evidenced by NMR studies, portions of U2 and U6
snRNA anneal to form an alternative conformation of U2/
U6 helix I. The U2/U6 helix Ia portion forms as predicted;
however, the U2/U6 helix Ib portion does not (Sashital et al.
2004). Instead, the U6 strand of helix Ib pairs to a
downstream region of U6, extending the U6 ISL, while the
U2 strand of helix Ib pairs to an upstream region of U2,
forming part of U2 stem I. Together with U2/U6 helix II and
U2/U6 helix Ia, these alternative structures form a four-helix
junction (Fig. 4A). Given the previously described role for
U2/U6 helix Ib before or during exon ligation (Hilliker and
Staley 2004), this alternative conformation was proposed to
function during 59 splice site cleavage (Sashital et al. 2004).

We tested this alternative model for a role during 59

splice site cleavage. Unlike most mutations in U2/U6 helix
Ib, most mutations in the downstream region of U6 or
upstream region of U2 failed to exacerbate brC or suppress
prp16-302 (Fig. 4; data not shown). Where point mutations
that disrupted both U2/U6 helix Ib and the four helix
junction exacerbated brC or suppressed prp16-302, repair
of the four-helix junction failed to alleviate exacerbation of
brC or suppression of prp16-302 (Fig. 4C,E; data not
shown), while repair of U2/U6 helix Ib did alleviate
exacerbation of brC or suppression of prp16-302 (Figs. 2,

3, 4B,D; data not shown). For example, although U6-C61A
exacerbated brC, this exacerbation was not alleviated by
repairing the U6 ISL, but was alleviated by repairing helix
Ib (Fig. 4, cf. B and C); by primer extension analysis, we
confirmed directly that the exacerbation of the brC 59 splice
site cleavage defect conferred by C61 mutations was not
alleviated by repair of the U6 ISL (Supplemental Data).
Similarly, although the U6 mutant C61A suppressed prp16-
302, this suppression was not diminished by repair of the
U6 ISL, but was diminished by repair of helix Ib (Fig. 4, cf.
D and E). These data fail to support the alternative
hypothesis that the U2/U6 four-helix junction, rather than
U2/U6 helix Ib, promotes 59 splice site cleavage.

Evidence that U2/U6 helix I reforms to promote
exon ligation

Although U2/U6 helix Ib is required for exon ligation
(Hilliker and Staley 2004) and some helix Ia residues are
required for exon ligation (Fabrizio and Abelson 1992;
McPheeters and Abelson 1992; Wolff et al. 1994), it has
remained unclear whether these data reflect a role for U2/
U6 helix I during, rather than before, exon ligation. To
determine whether U2/U6 helix I functions during exon
ligation, we sensitized splicing to this catalytic step using
ACT1-CUP1 pre-mRNA substrates limited at this step.
These substrates contain a mutation of the branch site
adenosine to guanosine (brG) or a mutation of the 39 splice
site UAG to gAG. These mutations reduce splicing and
copper resistance by destabilizing the exon ligation confor-
mation of the spliceosome (Query and Konarska 2004; Liu
et al. 2007). If U2/U6 helix I promotes exon ligation, then
point mutations in either U2 or U6 that would disrupt
helix I would exacerbate the defects of these substrate
mutations, just as mutations in prp8 that effectively de-
stabilize the exon ligation conformation worsen these de-
fects (Liu et al. 2007).

Indeed, by copper resistance, most point mutations in
the U2 or U6 strands of helix I exacerbated the growth
defect conferred by the brG mutation or the gAG mutation
(Fig. 5A,B,E,F; Supplemental Data). Significantly, in almost
all cases, restoring base pairing restored copper resistance.
For instance, within U2/U6 helix Ia, the repaired double
mutants C29G/G55C and U23C/A59G completely elimi-
nated the exacerbation of both the brG and gAG mutations
conferred by the corresponding point mutants (Fig. 5A,B,E,F).
In contrast, double mutant combinations that failed to
restore base pairing failed to restore copper resistance, with
a few exceptions (Fig. 5; Supplemental Data; see below).
Importantly, repair of other mutually exclusive structures
such as the U6 central stem, U2 stem I, or the four-helix
junction structure failed to eliminate exacerbation (Supple-
mental Data), arguing against a role for these alternative
structures during exon ligation. These data provide evi-
dence that disrupting U2/U6 helix I per se exacerbates the

FIGURE 3. Disruption of U2/U6 helix I complementarity suppresses
the cold-sensitive growth defect of the DEAH-box ATPase mutant
prp16-302. (A,B) Wild-type PRP16 (left) or mutant prp16-302 (right)
containing mutated alleles at U2/U6 helix I positions U28/A56 (A)
and U23/A59 (B) were grown on media containing 5-FOA at the
restrictive temperature (20°C) for 3 (PRP16) or 5 (prp16-302) d.
Matrices are arranged as described in the legend for Figure 2.
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brG and gAG substrate mutations and, consequently, that
U2/U6 helix I is required to efficiently splice these sub-
strates.

Importantly, disrupting U2/U6 helix I not only exacer-
bated the copper resistance of the brG and gAG reporters,
but also exacerbated the exon ligation defects of these
mutated substrates. Specifically, by primer extension anal-
ysis, disrupting U2/U6 helix I decreased the efficiency of
exon ligation for the brG and gAG substrates by 10%–80%
in all but one case tested (Fig. 5C,D,G,H; Supplemental
Data); in contrast, the efficiency of 59 splice-site cleavage
was not compromised for these substrates, with a few
exceptions in the case of brG, which has a mild defect
in 59 splice site cleavage (McPheeters 1996). Importantly,
restoring base pairing at all positions tested abolished
the exacerbation of exon ligation by the corresponding

point mutants (Fig. 5; Supplemental
Data; see below). In contrast, noncom-
pensatory mutations generally failed to
abolish exacerbation (Fig. 5; Supple-
mental Data). In total, at five of the
seven conserved base pairs in U2/U6
helix I, we found evidence that U2/U6
helix I promotes exon ligation for these
substrates.

Because we were unable to corrobo-
rate these findings using prp22 suppres-
sors (data not shown), as we could
above for 59 splice site cleavage using
prp16 suppressors, these data do not
formally rule out that U2/U6 helix I
functions only on aberrant substrates.
However, U2/U6 helix I promotes splic-
ing of all three mutated substrates (Figs.
2, 5; Supplemental Data), and U2/U6
helix Ib promotes splicing of a wild-type
substrate after 59 splice site cleavage
(Hilliker and Staley 2004), supporting
a general role for U2/U6 helix I during
exon ligation. Additionally, we cannot
rule out that exacerbation occurs at a
stage prior to exon ligation, but since
the 39 splice site is not recognized in
yeast prior to exon ligation, this possi-
bility is unlikely. Therefore, the simplest
interpretation of our data is that U2/U6
helix I functions during exon ligation.
Considering the evidence for a parallel
role for U2/U6 helix I during 59 splice
site cleavage, these conclusions imply
that U2/U6 helix I plays a fundamental
role in shaping the structure of the
catalytically active spliceosome.

Several combinations of alleles promote splicing
of aberrant substrates

Significantly, a few combinations of alleles in U2/U6 helix I

improved rather than exacerbated the defects of the brG

and gAG mutated substrates. These suppressors increased

the copper resistance of brG and/or gAG by up to fourfold

and increased the efficiency of exon ligation by two- to 10-

fold, as measured by primer extension (Fig. 6; Supplemen-

tal Data). These suppressors can be grouped into two

classes: those that also suppress prp16-302 and those that

fail to suppress prp16-302. The first class includes two

mismatches, a wobble, and two Watson–Crick combina-

tions that reverse the purine/pyrimidine orientation of a

base pair (Fig. 6; Supplemental Data; see Discussion). Each

of these suppressors also decreased the efficiency of 59

FIGURE 4. Repair of the putative mutually exclusive four-helix junction failed to provide
evidence for this model at the stage of 59 splice site cleavage. (A) Model of four-helix junction
as proposed by Sashital et al. (2004). Regions of U2 and U6 that participate in U2/U6 helix
I are in bold black and gray, as in Figure 1. U2/U6 helix Ia remains formed in this model, but
residues in U2/U6 helix Ib are involved in mutually exclusive intramolecular interactions.
(B,D) Repair of U2/U6 helix Ib at G21/C61 or (C,E) repair of the mutually exclusive
intramolecular U6 stem at C61/G86. (B,C) Yeast containing the WT (left) or brC mutated
(right) ACT1-CUP1 reporter were grown at 30°C for 3 d on media containing copper sulfate.
(D,E) Wild-type PRP16 or mutant prp16-302 strains were grown on media containing 5-FOA
at the restrictive temperature, 20°C, for 3 (PRP16) or 5 (prp16-302) d. Matrices are labeled as
in Figure 2, except that in C and E the U6-G86 alleles are shown in each row.
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splice site cleavage for the brC substrate by 50%–80% (Fig.
6B), indicating that these suppressors act by destabilizing
the 59 splice site cleavage conformation, similar to U6-
U57A and other previously characterized suppressors of
exon ligation defective mutations (McPheeters 1996; Query
and Konarska 2004). The second class includes a U2/U6
wobble combination and two Watson–Crick combinations.
In contrast to the first class of suppressors, two of the three
members in this class increased the efficiency of 59 splice
site cleavage of the brC substrate, and they all failed to
suppress prp16-302 (Fig. 6), indicating that they do not

simply suppress the exon ligation defect by destabilizing the
59 splice site cleavage conformation. This second class of sup-
pressors could suppress by either generally stabilizing both
catalytic conformations or by destabilizing a competing
conformation, such as the intermediate state that appears
to occur after 59 splice site cleavage (see Discussion).

DISCUSSION

Previous investigations of mutations in the strands of U2/
U6 helix I have demonstrated that these residues are
important at several stages in the splicing cycle, but the
studies have failed to convincingly attribute these defects to
a role for U2/U6 helix I or to define a specific stage when
U2/U6 helix I is required (Fabrizio and Abelson 1990;
McPheeters and Abelson 1992; McPheeters 1996; Ryan and
Abelson 2002; Hilliker and Staley 2004; McGrail et al.
2006). We provide the first compelling evidence that U2/
U6 helix I plays an important role in promoting the

FIGURE 5. Disrupting U2/U6 helix I complementarity exacerbates
the exon ligation defect of a branch site (brG) and a 39 splice site
(gAG) mutated substrate. (A–H) Yeast strains containing the indi-
cated alleles at the U2/U6 helix I positions C29/G55 (A–D) and U23/
A59 (E–H) and expressing a mutated ACT1-CUP1 splicing reporter
were assayed for growth and splicing. Strains expressing the brG (A,E)
and gAG (B,F) mutated splicing reporters were grown on media
containing 0.1 mM copper sulfate for 3 d at 30°C. Alleles are arranged
as in Figure 2. (C,D,G,H) Quantitation of primer extension reactions
from selected strains containing the indicated alleles of U2 and
U6, corresponding to the positions tested by growth directly above.
Strains were tested with the brG (C,G) or gAG (D,H) mutated ACT1-
CUP1 reporter. Quantitation was performed as described in Figure 2.
The 59 splice site efficiency is faded to emphasize the exon ligation
efficiency.

FIGURE 6. Combinations of alleles in U2/U6 helix I that compro-
mise the fidelity of splicing. (A) Examples of combinations of U2 and
U6 alleles that suppress brG and/or gAG reporters. The two classes of
suppressors are indicated to the left. Class I suppressors exacerbate
the brC reporter and suppress prp16-302, while Class II suppressors
fail to exacerbate brC and fail to suppress prp16-302. Yeast were
grown with the WT, gAG, or brC ACT-CUP1 reporter, as labeled, on
media containing the indicated concentration of copper sulfate at
30°C for 3 d. Yeast were grown with either PRP16 or prp16-302, as
labeled, on media containing 5-FOA at 20°C for 3 (PRP16) or
5 (prp16-302) d. (B) The efficiency of 59 splice-site cleavage (1st step)
and exon ligation (2nd step) for each reporter are shown and were
calculated as in Figure 2.
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catalytic step of 59 splice site cleavage, as we show that
disrupting U2/U6 helix I exacerbates a pre-mRNA substrate
limited at this catalytic step. We also present persuasive
evidence that Prp16p remodels the spliceosome after
59 splice site cleavage, in part by destabilizing U2/U6 helix
I, as we show that disrupting U2/U6 helix I per se suppresses
the cold-sensitive mutation prp16-302 (Schwer and Guthrie
1991; Madhani and Guthrie 1994b), an observation that
corroborates a role for U2/U6 helix I at the catalytic step
of 59 splice site cleavage. Finally, disrupting U2/U6 helix I
also exacerbated pre-mRNA substrates that were limited at
the catalytic step of exon ligation, suggesting that U2/U6
helix I also promotes this second chemical step of splicing.
Together, our data extend previous studies of U2/U6 helix I by
establishing evidence for the importance of U2/U6 helix I
during both catalytic steps and by implicating U2/U6 helix
I dynamics in between these steps (Fig. 7).

U2/U6 helix I appears to be a key element
of the spliceosomal catalytic core

Previous work has highlighted differences between the
conformations that promote the two chemical steps of
splicing. For instance, the Query and Konarska laboratories
found evidence for a ‘‘two-state’’ model for the spliceo-
some, in which one state promotes 59 splice site cleavage,
the other state promotes exon ligation, and each state
equilibrates with the other (Query and Konarska 2004; Liu
et al. 2007). This model was inspired by observations that a
number of spliceosomal mutations interact genetically in
opposite ways with substrates limited for either 59 splice
site cleavage or exon ligation. In contrast to these distinct
features of the two catalytic states, more recent work pro-
vided evidence that the two catalytic conformations also
share an important structure, U2 stem IIc (Hilliker et al.

2007). Similarly, we found that mutations that disrupted
U2/U6 helix I exacerbated both a substrate limited for 59

splice site cleavage and a substrate limited for exon ligation,
providing evidence that U2/U6 helix I functions as a
general component of the catalytically active spliceosome.
Thus, although the spliceosome shows differences between
the two catalytic conformations, it appears to show remark-
able similarity in the snRNA structure of each conformation.
This similarity may reflect a general catalytic conformation
of the snRNAs that efficiently promotes the phosphoryl
transfer reactions of splicing.

Role of U2/U6 helix Ib and the catalytic AGC triad

The helix Ib component of U2/U6 contains the invariant
AGC triad of U6, which likely binds a catalytic metal ion in
analogy with the catalytic AGC triad of group II introns
(Fabrizio and Abelson 1992; Yu et al. 1995; Toor et al.
2008). Given the importance of the AGC triad, it is crucial
to understand what positions, and consequently, what
activates this triad within the catalytically active spliceo-
some. However, two different strands have been proposed
to bind and position the AGC triad: a strand in U2 that
forms U2/U6 helix Ib (Madhani and Guthrie 1992; Tarn
and Steitz 1996; Frilander and Steitz 2001; Hilliker and
Staley 2004), and a strand in U6 that forms an extension of
the U6 ISL (Sun and Manley 1995; Sashital et al. 2004).
Here, we provide the first evidence to resolve these two
alternative models in yeast. Specifically, we found evidence
that U2/U6 helix Ib promotes splicing at the stage of 59

splice site cleavage and exon ligation (Figs. 2–5) and failed
to find any evidence to support a role for the U6 ISL
extension in promoting splicing at the stage of 59 splice site
cleavage (Fig. 4), although our data do not rule out a role
for U6 in binding to the AGC triad at other stages of

splicing. Given evidence for a role for
helix Ib at both catalytic stages of splic-
ing, our data suggest that one important
role for U2 is to position the AGC triad
within the catalytic core to bind a cat-
alytic metal as in group II introns (Toor
et al. 2008). By using a separate RNA
to position the catalytic triad, the spli-
ceosome may more readily regulate the
formation and dynamics of the catalytic
core.

Interactions beyond U2/U6 helix I
base pairing

While the majority of the data are con-
sistent with a role for U2/U6 helix I at
the catalytic steps, the entire data set is
nonetheless complex. For example, some
non-native Waston–Crick combinations

FIGURE 7. Model for U2/U6 helix I function and rearrangement during the catalytic phase of
splicing. U2/U6 helix I forms during 59 splice site cleavage, where it could juxtapose the
substrate for 59 splice site cleavage and position a catalytically important metal ion. After 59
splice site cleavage, U2/U6 helix I is destabilized during the Prp16p-dependent rearrangement,
potentially allowing formation of undefined mutually exclusive interactions, which could aid
in repositioning the substrate. U2/U6 helix I also promotes exon ligation, where it likely
functions again to position a catalytically important metal ion and possibly the substrate.
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fail to reveal evidence for helix I and a few rare non-
Watson–Crick combinations appear inconsistent with helix
I. Such observations could, in principle, indicate a func-
tion for an alternative, mutually exclusive structure at the
catalytic steps. However, we have found no evidence for
five alternative structures that we have tested. Furthermore,
an alternative structure would be difficult to reconcile with
the majority of data consistent with helix I formation.
Thus, we favor a model in which U2/U6 helix I functions
at both catalytic steps and we propose that the complexity
of the data reflects both the importance of a mutually ex-
clusive structure at a noncatalytic step in splicing (see below)
and the importance of U2/U6 helix I residues beyond simple
Watson–Crick base pairing.

Surprisingly, the optimal pair of bases for stabilizing the
catalytic state did not always correspond to Watson–Crick
pairs; in these cases, the most stabilizing combinations
could form wobbles with a purine in U2 and a pyrimidine
in U6. In particular, the base combination U2/U6-U28G/
A56U improved both 59 splice site cleavage and exon
ligation, strongly suppressing the brC, brG, and gAG sub-
strate mutations (Fig. 6; Supplemental Data). Additionally,
the base combination U2/U6-G26/C58U improved 59 splice
site cleavage for the brC substrate (Supplemental Data).
Interestingly, uracil is found at the equivalent of position
U6-58 in most other species (Guthrie and Patterson 1988),
suggesting that a wobble at this position promotes 59 splice
site cleavage in other organisms and that a Watson–Crick
base pair is selected in budding yeast to stabilize exon
ligation. These wobble combinations parallel the U2/U6
wobble combination A27/U57C, which improves 59 splice
site cleavage for the brC substrate (McPheeters 1996; Query
and Konarska 2004). Because each of these wobbles also
exacerbated the prp16-302 mutation (McPheeters 1996),
these data imply that the wobbles stabilize the 59 splice
site cleavage conformation, even with wild-type substrates.
Consistent with this trend, three of the four noncompen-
satory combinations that alleviated exacerbation of brC
corresponded to wobbles (Supplemental Data). Wobble com-
binations efficiently coordinate metal ions (Varani and
McClain 2000), suggesting a possible mechanism by which
wobbles could stabilize the catalytic core. Wobbles may be
disfavored during natural selection, because catalysis may
not be rate-limiting or because highly efficient splicing
could compromise fidelity.

Sequence constraints on helix I were also reflected by
some Watson–Crick repair combinations that failed to
restabilize the spliceosome, as indicated by their failure to
reverse genetic interactions with substrate mutations and
prp16-302. For instance, while all but one of the conserva-
tive transition combinations did restabilize the spliceosome
and revert suppression of prp16-302, of the five double-
mutant, Watson–Crick repaired combinations that failed to
revert suppression of prp16-302, four corresponded to the
more extreme transversion base-pair combinations (Fig. 4;

Supplemental Data), suggesting a role for the orientation
of the Watson–Crick base pairs. These sequence con-
straints could reflect the importance of tertiary interactions
between U2/U6 helix I and RNA or protein binding
partners. Thus, our results provide a foundation to test
for tertiary interactions and, in addition, provide a frame-
work for designing stable and catalytically active models of
U2/U6 helix I.

Implications for a role for Prp16 in destabilizing
U2/U6 helix I and remodeling the spliceosome

Our data suggest a function for the DEAH-box ATPase
Prp16p in promoting exon ligation. Previous studies found
that mutations in helix I suppressed prp16 mutants, but
these studies failed to attribute suppression to the disrup-
tion of U2/U6 helix I because they were unable to show
that suppression was lost upon repair of U2/U6 helix I
(Madhani and Guthrie 1994b), likely because the severe
mutations precluded restoration of wild-type stability to
helix I (see above). In contrast, by using subtle mutations
that allowed restoration of wild-type stability to helix I, we
found evidence that repair of U2/U6 helix I abolished
suppression of prp16-302, implying that prp16-302 is sup-
pressed by disruption of helix I per se. Thus, we have found
the first evidence that Prp16p destabilizes U2/U6 helix I
explicitly. Although destabilization does not necessarily
equate with unwinding, Prp16p-mediated unwinding of
this key catalytic component, directly or indirectly, could
facilitate disruption of the neighboring U6/59 splice site and
U2/branch-site interactions (Fig. 1) and thereby promote
repositioning of the substrate for exon ligation after 59

splice site cleavage. Since simply changing the identity of
some helix I base pairs suppressed prp16-302, Prp16p,
rather than unwinding helix I, may instead dissociate U2/
U6 helix I from an RNA or protein binding partner, as
proposed by Madhani and Guthrie (1994b). Finally, if U2/
U6 helix I is thermodynamically coupled to dynamic
substrates of Prp16p, then Prp16p may destabilize U2/U6
helix I, without disrupting or dissociating the helix, as a
downstream consequence of disrupting energetically cou-
pled structures. However, given the implication of an
intermediate mutually exclusive with U2/U6 helix I (see
below), we favor a role for Prp16p in unwinding U2/U6
helix I, directly or indirectly. Remarkably, prp16 is also
suppressed by mutations in U2 stem IIc, U6, Prp8p, and
Isy1p (McPheeters 1996; Query and Konarska 2004; Villa
and Guthrie 2005; Hilliker et al. 2007). Consequently,
Prp16p may disrupt multiple interactions, disrupt a single
interaction that in turn leads to the disruption of other
elements, or disrupt a single interaction whose stability is
dependent on neighboring structures that are not dynamic.

Consistent with a role for Prp16p in promoting unwind-
ing of U2/U6 helix I, directly or indirectly, our analysis
suggests that the spliceosome assumes a mutually exclusive
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intermediate state after 59 splice site cleavage. Prp16p has
previously been implicated in unwinding U2 stem IIc,
directly or indirectly, to allow formation of a mutually
exclusive intermediate state containing U2 stem–loop IIa,
in part because mutations that disrupt U2 stem–loop IIa
suppress a 39 splice site mutant without destabilizing the 59

splice site cleavage conformation (Hilliker et al. 2007).
Similarly, a number of mutant combinations in the U2/U6
helix I region suppressed the exon ligation defects of the
brG or gAG 39 splice site mutations, but without destabi-
lizing the 59 splice site cleavage conformation. Such sup-
pressors did not worsen the growth defect of brC or
suppress prp16-302 (Fig. 6). All three suppressor combina-
tions suppressed substrate defects regardless of the sub-
strate mutation, suggesting that the suppressors act via
an indirect mechanism. Although these mutations could
conceivably suppress by generally stabilizing the exon li-
gation conformation, we favor an indirect mechanism for
suppression in which the mutations destabilize a mutually
exclusive on-pathway intermediate, an intermediate that is
also implied by the direct or indirect destabilization of U2/
U6 helix I by Prp16p after 59 splice site cleavage. Although
our efforts, to date, to define alternative RNA–RNA
interactions, such as the U6 central stem or U2 stem I,
have failed (data not shown), such an alternative confor-
mation would likely cooperate with the intermediate stem–
loop IIa state of U2 to promote an open state of the
spliceosome that permits rearrangement of the substrate.

Implications for splicing fidelity

Our work offers insights into how fidelity in splicing may
be achieved. First, a role for Prp16p in antagonizing the
catalytically important U2/U6 helix I would provide a
simple rationale for how Prp16p antagonizes splicing of
an aberrant substrate to promote the fidelity of splicing.
Second, the formation of a catalytically inactive interme-
diate lacking U2/U6 helix I after 59 splice site cleavage
would provide a sink to sequester the spliceosome from the
catalytically active exon ligation conformation when the
substrate is inappropriate for exon ligation. This mecha-
nism would complement the 59 splice site cleavage confor-
mation as a sink for sequestering substrates inappropriate
for exon ligation. Such mechanisms for fidelity would be
surprising, given that they appear to involve unwinding of
the active core of a large and complex ribonucleoprotein
enzyme.

MATERIALS AND METHODS

Yeast strains and plasmids

For copper growth assays, we used strain yJPS1035, containing the
plasmid pU2U6U (Hilliker et al. 2007). For the Prp16p growth
assays, we used strains YHM187, containing the prp16-302

mutation, and the wild-type YHM118 (Madhani and Guthrie
1994b,c). These three shuffle strains allow analysis of U2 and U6
on plasmids. pJPS1920, a LEU2-marked vector, encodes ACT-
CUP1 (Hilliker et al. 2007); pJPS216, a HIS3 marked plasmid,
encodes U2 (Shuster and Guthrie 1988); and pSX6, a TRP1
marked plasmid, encodes U6 (Madhani and Guthrie 1992). All
mutations in ACT1-CUP1, U2, and U6 were generated by
QuikChange (Stratagene) and verified by sequencing or obtained
from previous studies (Hilliker and Staley 2004; Hilliker et al.
2007).

Copper growth assays

yJPS1035 was first transformed with pJPS1920 variants and then
cotransformed with pJPS216 and pSX6 variants. Cotransformants
were streaked to media lacking leucine and containing 5-flouroorotic
acid (5-FOA) (Sikorski and Boeke 1991) and grown for 3 d at 30°C.
Colonies were then purified on minimal media lacking leucine for
subsequent analysis by growth on copper (Lesser and Guthrie
1993) or by primer extension (see below). To assess the growth
of yeast strains on media containing copper, yeast were grown
overnight in liquid media lacking leucine to an OD600 of 0.8–1.0,
then spotted onto plates lacking leucine with the following
concentrations of copper sulfate (mM): 0, 0.013, 0.05, 0.1, 0.2,
0.4, and 0.8, where growth becomes limiting in the wild-type
strain. Yeast were grown at 30°C for 3–5 d for phenotype analysis.
In each figure, growth is shown at a single concentration of copper
to facilitate a comparison of the fundamental, qualitative pheno-
types through a matrix. Quantitative analysis of copper resistance
or splicing efficiency (see below) leads to observations that support
the significance of the qualitative phenotypes. A standard lithium
acetate method was used for all transformations (Ito et al. 1983).

Primer extension assays

The same yeast that were generated for the copper growth assays
were grown in liquid media lacking leucine at 30°C and harvested
at a final OD600 of 0.8. Whole cell RNA was isolated by hot
phenol extraction. Primer extensions were performed as described
(Stevens and Abelson 2002) using the 32P-labeled oligos oJPS233
and oJPS234 (Hilliker et al. 2007). Primer extension products
were separated on a 6% polyacrylamide/7 M urea gel and imaged
by PhosphorImager (Molecular Dynamics). Gels were quantitated
using ImageQuant software (Molecular Dynamics). The efficiency
of 59 splice-site cleavage was calculated as the ratio of mRNA and
lariat intermediate to total RNA [(M+LI)/(M+LI+P)], and exon
ligation was calculated as the ratio of mRNA to lariat intermediate
(M/LI) or [M/(M+LI)]. In the figures, we have shown M/LI,
rather than M/(M+LI), because the M/LI measure of exon ligation
is sensitive to changes in the levels of lariat intermediate regardless
of the levels of mature mRNA; nonetheless, the trends were similar
regardless of which calculation was used. These ratios are self-
normalizing; yet U14 was primer extended along with the sub-
strate to provide a visual control for loading. All ratios were
expressed relative to the efficiency of a mutated substrate in a
strain expressing wild-type U2 and U6, a substrate whose
efficiency was arbitrarily set to 1. For low-intensity bands less
than twofold above background, we set the value of these bands to
twice the local background to establish a conservative upper limit.
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Plasmid shuffle growth assays

Variants of pJPS216 and pSX6 were cotransformed into YHM118
and YHM187. Transformants were grown in liquid media lacking
histidine and tryptophan to an OD600 of z0.8, and then spotted
onto media containing 5-FOA to counter select for the pU2U6U
plasmid (Sikorski and Boeke 1991). Cells were grown at the
permissive temperature of 30°C for 3–5 d and the restrictive
temperature of 20°C for 5–7 d for phenotypic analysis.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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