CEF1/CDC5 alleles modulate transitions between catalytic
conformations of the spliceosome
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ABSTRACT

Conformational change within the spliceosome is required between the first and second catalytic steps of pre-mRNA splicing.
A prior genetic screen for suppressors of an intron mutant that stalls between the two steps yielded both prp8 and non-prp8
alleles that suppressed second-step splicing defects. We have now identified the strongest non-prp8 suppressors as alleles
of the NTC (Prp19 complex) component, CEF1. These cefT1 alleles generally suppress second-step defects caused by a variety
of intron mutations, mutations in U6 snRNA, or deletion of the second-step protein factor Prp17, and they can activate
alternative 3’ splice sites. Genetic and functional interactions between cef7 and prp8 alleles suggest that they modulate the
same event(s) in the first-to-second-step transition, most likely by stabilization of the second-step spliceosome; in contrast,
alleles of U6 snRNA that also alter this transition modulate a distinct event, most likely by stabilization of the first-step
spliceosome. These results implicate a myb-like domain of Cef1/CDCS5 in interactions that modulate conformational states of
the spliceosome and suggest that alteration of these events affects splice site use, resulting in alternative splicing-like patterns

in yeast.
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INTRODUCTION

Removal of introns from pre-mRNA is catalyzed by the
spliceosome, a large, multicomponent complex whose as-
sembly and function require multiple conformational tran-
sitions (for reviews, see Smith et al. 2008; Wahl et al. 2009).
Splicing catalysis proceeds through two consecutive trans-
esterifications involving three sites of the intron: in the first
reaction, the branch site nucleophilically attacks the 5’
splice site (SS), producing a lariat intermediate and cleaved
5" exon, and, in the second reaction, the 5’ exon attacks the
3'SS yielding spliced mRNA and lariat intron products.
The phenotypes of many spliceosomal mutants can be
explained by a two-state model of the catalytic spliceosome
in which conformations of the complex supporting the two
catalytic steps are in competition, with modulation of the
relative stabilities of the first- and second-step conforma-
tions resulting in improvement of one of the catalytic steps
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to the detriment of the other. This model is supported by
an analysis of two classes of spliceosomal alleles residing in
PRPS8, U6 snRNA, PRPI16, and ISYI: “first-step alleles,”
which suppress first-step defects due to intron mutations
while exacerbating second-step defects; and “second-step
alleles,” all of which similarly suppress a large number of
intron mutations at 5'SS, branch site, and 3’SS by improv-
ing the second step while also reducing the efficiency of the
first step (Query and Konarska 2004; Villa and Guthrie
2005; Liu et al. 2007).

Prp8, the largest and most highly conserved protein
component of the spliceosome, can harbor mutations that
fall within either of these two classes (Query and Konarska
2004; Liu et al. 2007) in addition to other classes of mutations
(for review, see Grainger and Beggs 2005). Similarly, muta-
tions of position U57 of U6 snRNA, originally identified as
suppressors of branch site mutations (McPheeters 1996), also
represent both general classes of suppressor alleles—in this
case, U6-U57C improves the first step and inhibits the second,
whereas U6-U57A improves the second step and inhibits the
first, for a wide variety of intron mutations (McPheeters 1996;
Query and Konarska 2004; Liu et al. 2007). Prp16, a member
of the DExH/D family of RNA-dependent ATPase/helicases,
facilitates the first-to-second-step transition (Schwer and
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Guthrie 1991); mutant alleles of prpl6 are thought to
improve the first step of splicing for mutant introns limiting
for this step by slowing the exit from the first-step confor-
mation of the spliceosome, which enhances first-step catalysis
(for review, see Konarska and Query 2005; Koodathingal
et al. 2010). In addition, the Prp22 ATPase/helicase facilitates
exit from the second step and, thus, mRNA release (Schwer
and Gross 1998); mutant alleles of prp22 improve second-
step catalysis for introns limiting for this step by slowing the
exit from the second-step conformation (Mayas et al. 2006).

A previous genetic screen in Saccharomyces cerevisiae for
suppressors of a branch site A-to-G mutation yielded a
number of strains that improved the second step of splicing,
some of which were identified as alleles of prp8 (Query and

RESULTS

Identification of CEF1/CDC5 alleles as suppressors
of the BS-G second-step defect

Branch site A-to-G (BS-G) intron mutation permits effi-
cient progression through the first step of splicing but
results in a strong block to the second step (Fig. 1A), as
revealed by primer extension of the RNA isolated from
wild-type veast cells. In addition, whereas the efficient
splicing of the wild-type ACTI-CUPI reporter gene (Lesser
and Guthrie 1993) vyields high levels of CUPI mRNA,
allowing cells to grow in the presence of copper, wild-type
cells carrying the BS-G ACTI-CUPI reporter are highly

Konarska 2004). The strongest suppres-
sor strains obtained in this screen, how-
ever, were not attributable to mutations
in PRP8. Based on predictions of the
two-state model, we hypothesized that
these suppressors, which alone exhibit
no growth defects, would exacerbate
growth defects due to ATPase-defective
alleles of prp22. We have confirmed
this synthetic growth defect and used
it to identify the remaining, strongest
suppressors from this screen as alleles
of CEF1/CDC5. Cefl was originally
identified as CDCS5 in a screen for cell
cycle mutants in Schizosaccharomyces
pombe (Nurse et al. 1976) and was later
shown to be a component of the NTC
(Prpl9 complex) that associates with
the spliceosome to form the active com-
plex (Tsai et al. 1999; for review, see
Wahl et al. 2009). Cefl contains myb-
like domains that are often involved in
double-stranded nucleic acid interac-
tions—e.g., in c-myb, Rapl, or TRFI
and -2 proteins (Ohi et al. 1994). Muta-
tions in Cefl that improve the second
step are restricted to two amino acid
positions in the amino-terminal myb-
like domain, an observation we con-
firmed by saturation mutagenesis of the
two Cefl myb-like domains.

These results implicate the N-termi-
nal myb-like domain of Cefl/CDC5 in
interactions that modulate conforma-
tional states of the spliceosome. Thus,
alleles of two spliceosomal proteins,
cefl and prp8, can similarly alter both
the first-to-second-step transition and
release from the second-step conforma-
tion, globally supporting the previously
proposed two-state model.
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FIGURE 1. Synthetic lethality of suppressors of second-step splicing defects with prp22 alleles
allows for their identification. (A) Schematic of splicing chemistry for BS-G mutant ACT1-CUPI
reporter in vivo. In wild-type cells, BS-G lariat intermediates stall prior to the second step of
splicing and accumulate; in the isolated suppressor strains, BS-G lariat intermediates proceed
through the second step, forming excised lariat and mRNA. (B) Copper growth phenotype of
the BS-G mutant in the previously isolated BS suppressors. Suppressor strains 1 and 2 (containing
prp8-161 and -162 alleles) (Query and Konarska 2004) and strains 6, 9, 10, 11, and M2
(containing alleles of cefl, reported here) support growth on 0.2 mM or higher copper, whereas
wild-type cells do not. (C) Schematic representation of splicing pathway and assignment of
mutant alleles of prp8, prpl6, prp22 and U6 snRNA that modulate spliceosomal transitions.
(SS) splice site, (BS) branch site. The non-prp8 suppressor alleles, which are thought to improve
the second step by a relative stabilization of the second-step conformation, were predicted to
exacerbate defects in the DEAH-ATPase Prp22p. (D) The non-prp8 suppressor “M2” is
synthetically lethal with prp22 mutants at 30°C. (E) Schematic of screen to identify the isolated
suppressors, using rescue of the synthetic growth defect of the suppressor mutations in
combination with helicase-defective prp22 alleles. Genomic library plasmids that rescued this
growth defect carried CEFI or wild-type PRP22.
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sensitive to copper addition to the growth medium (Fig. 1B).
We isolated nine strains that suppressed the BS-G defect,
strongly improving splicing of the reporter and thereby
growth on copper in comparison to the wild-type strain
(Fig. 1B); in two of these strains, we previously identified
mutated alleles of prp8, which we characterized as general
suppressors of second-step defects caused by intron muta-
tions (Query and Konarska 2004).

Our model of competition between spliceosomal con-
formations predicts that suppressors of second-step defects
would exacerbate defects in the subsequent conformational
transition facilitated by Prp22 (Fig. 1C). We, therefore,
hypothesized that other suppressors could be identified by
the ability of an additional wild-type copy of the suppressor
gene to rescue a negative growth phenotype conferred by
the combination of the suppressor mutation and a mutant
prp22 allele. Indeed, prp8 alleles that suppress second-step
defects exacerbate growth defects due to mutations in the
SAT motif of Prp22; in contrast, prp8 alleles that suppress
first-step defects suppress prp22 defects (Schneider et al.
2004; Liu et al. 2007). This suggested that the non-prp8
suppressors of BS-G might also exacerbate prp22 defects.
We, therefore, disrupted the PRP22 locus in the strongest
suppressor strain, “M2,” bearing PRP22 on a plasmid, and
tested for synthetic phenotypes with various prp22 alleles.
Indeed, whereas either the M2 mutant or the cold-sensitive
prp22-T637A mutant alone supported growth at 30°C,
yeast harboring the combination of these mutations grew
slowly at 37°C and failed to grow at 30°C (Fig. 1D and data
not shown); similar results were observed with prp22-
S635A (data not shown). This cold-sensitive phenotype
was used to screen a genomic library for wild-type genes
that would restore viability to this strain at 30°C (Fig. 1E).
Of 15 library plasmids that rescued the growth defect, four
plasmids contained PRP22, as expected, and eleven plas-
mids contained CEFI, which tentatively identified the M2
suppressor as a cefl allele. Sequencing of the cefI alleles in
five of the suppressor strains identified point mutations,
and their ability to confer the suppressor phenotype was
confirmed using plasmid-borne cefl alleles (see Figs. 2-7,
below). The cefl suppressor mutations V36R and S48R
were both isolated multiple times in our original screen
(strains 6, 9, and M2, and 10 and 11, respectively, in Fig. 1B)
and are located in the N-terminal myb-domain (see Fig. 4A,
below).

cef1 alleles are general suppressors
of second-step defects

To test whether the cefI mutants act as general suppressors
of splicing defects, we first analyzed their effect on a variety
of intron mutations at the 5’SS, BS, and 3’SS; splicing
defects due to each of the mutations indicated (Fig. 2A)
were suppressed, and a representative result for each site is
shown (Fig. 2B). Strong improvement in the second step of
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splicing was observed for multiple 5SS mutations, BS-C, -G,
and -U mutations, and all tested 3'SS mutations at posi-
tions —3, —2, and —1, as indicated by increased levels of
spliced mRNA, decreased levels of lariat intermediates,
and improved growth on copper (Fig. 2B and data not
shown). This strong second-step improvement was ob-
served with either the V36R or S48R mutants. Concom-
itant with this, there was a reduced efficiency of the first
step, most clearly visualized by a BS-C intron reporter that
is inefficient for both steps of splicing (see Fig. 6B, lanes 1-3,
or Fig. 7B, lanes 1-3, below).

To compare the strength of the effects on splicing
exhibited by cefl alleles to those of other suppressors of
second-step defects, we analyzed the BS-G, 5’SS A3C, and
3'SS gAG/ reporters in strains carrying alleles of prp8, U6,
and prp22 that have previously been shown to suppress
second-step defects (McPheeters, 1996; Collins and Guthrie
1999; Siatecka et al. 1999; Query and Konarska 2004; Mayas
et al. 2006; Liu et al. 2007). Among these suppressors, cefl
alleles exhibited by far the strongest improvement of the
second step of splicing for the BS-G reporter, and im-
provement comparable to that of the strongest prp8 alleles
was observed for the 5'SS A3C and 3'SS gAG/ reporters
(Fig. 3). Although the relative potency of suppression ef-
fects of the cefl alleles appears to vary among different
reporters—for example, cefl-V36R improved BS-G and
A3C reporters more than did cefI1-S48R, and the opposite
was the case for the 3'SS gAG/ reporter—this difference is
likely due to activation of cryptic (and out of frame) 3'SS
by the cefI-V36R allele, discussed more below.

FIGURE 2. cefI alleles are general suppressors of second-step splicing
defects. (A) Schematic of ACT1-CUPI pre-mRNA, indicating intron
mutations at 5’SS, BS, and 3’SS used in B and other mutations
suppressed by cefl-V36R and -S48R. (B) cefl alleles suppress multiple
intron mutations. Upper, primer extension analysis of RNA from cells
containing wild-type CEFI, cefl-V36R, or cefl-S48R and ACT1-CUPI
reporters as indicated. Primer complementary to the 3’ exon was used
to monitor levels of pre-mRNA, mRNA, and lariat intermediate
(indicated by icons on the left; icons on the right indicate use of
alternative 3’ splice sites that are activated by cefI-V36R or -48R
alleles). Lower, copper growth phenotypes of strains carrying the re-
porters used above; representative copper concentrations are shown,
along with the highest concentration allowing for growth. (C) Se-
quence of the 3’SS region of the ACTI-CUPI pre-mRNA, indicating
the wild-type 3'SS and the additional weak 3" splice sites that are used
in the presence of cefl alleles. (D) Schematic of RNA:RNA interactions
in the spliceosome core, indicating nucleotides in U6 snRNA whose
mutation inhibits the second step of splicing, used in panels E and F,
and in Figure 6. Pre-mRNA is shown in black, U2 snRNA in red,
U5 snRNA in gray, and U6 snRNA in green; numbering corresponds
to S. cerevisiae snRNAs. (E) cefl alleles suppress the lethal growth
defects of U6-A51C, -G52C, and -A59C. (F) U6-A51C inhibits the
second step of splicing in vivo. Primer extension analysis (as in
Fig. 2B) of RNA from cells containing U6-A51C allele and the BS-C
reporter. First-step efficiency was calculated as products of the first
step/total RNA. Second-step efficiency was calculated as products of
the second step/total products from the first step. (G) The cefI-V36R
allele suppresses the growth defect of prpl7 deletion at 30°C and
rescues viability at 34°C; a series of 1:5 dilutions is shown.
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FIGURE 3. Comparison of the strength of second-step improvement
by cefI alleles to that of alleles of prp8, U6 snRNA, and prp22. (A,B,C)
Graphs (upper) summarizing the copper growth (lower) of strains
carrying the indicated pairs of reporters and second-step alleles.

As a number of mutations in U6 snRNA that are known
to inhibit the second step in vitro (Fabrizio and Abelson
1990; Madhani et al. 1990; Madhani and Guthrie 1992;
Hilliker and Staley 2004) are unable to support cell growth
(McPheeters 1996 and references therein), general suppres-
sors of second-step defects might be expected to rescue
lethality associated with these U6 mutants. To test this
possibility, we combined several inviable U6 mutants with
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cefI-V36R and -S48R alleles. Indeed, the cefl-V36R allele
restored viability of a strain carrying U6-A51C alleles, and
growth defects due to U6-G52C and -A59C alleles also
were suppressed by each of the cefI alleles (Fig. 2E).

The complementation of the U6-A51C mutant by the
cefl-V36R allele allowed a not-previously-possible analysis
of its effect on splicing in vivo. In the presence of cefl-
V36R, splicing of the wild-type reporter intron was not
affected (Fig. 2F, lanes 1-3). However, for BS-G, whose
second step is strongly improved by cefI alleles, the second
step is strongly inhibited by U6-A51C, and the efficiency of
the first step is also reduced (Fig. 2F, cf. lanes 6 and 5).
Thus, the dominant effect observed for U6-A51C in vivo is
an inhibition of the second step, and suppression of this
defect by the cefl allele restored viability.

Prp17, also known as CDC40, contributes to the second
step and, like several other second-step factors (Slu7, Prp22,
Prp18), facilitates the splicing of introns containing long
BS-3’SS distances (Sapra et al. 2004 and references therein).
In vivo, prpl7 deletion results in slow growth at 30°C and
a temperature sensitive (ts) phenotype at 34°C; growth
defects at both temperatures were suppressed by the cefI-
V36R allele (Fig. 2G).

Taken together, the suppression of second-step splicing
defects due to either multiple intron mutations, lethal
alleles of U6 snRNA, or deletion of prpl7 argues that the
cefl alleles are general suppressors of second-step defects;
indeed, they are among the strongest such suppressors
isolated to date.

The cefT alleles activate selection of alternative 3’SS

In addition to improving the efficiency of the second step,
primer extension assays of RNA isolated from cells express-
ing the cefl-V36R allele revealed an additional, slower-
migrating mRNA product from the 3’SS gAG/ reporter
(Fig. 2B, lane 11), which was identified by RT-PCR and
sequencing as an alternatively spliced mRNA. Reduced
levels of the same product were also identified in RNA
from the cefl-S48R-expressing strain (Fig. 2B, lane 12).
This alternatively spliced mRNA utilized a cryptic 3'SS
located 15 nt downstream from the branch site and 25 nt
upstream of the usual 3’SS position (Fig. 2C). The cryptic
3'SS, CAU/, deviates from the consensus at the last intron
position, and such deviation from the consensus typically
severely inhibits the second step of splicing. We, therefore,
analyzed splicing of the equivalent reporter containing 3'SS
UAu/ instead of the gAG/ mutation at the original 3'SS
to compare the effects of cefl alleles on two competing
YAU/ 3'SS (Fig. 2B, lanes 13—15). As expected, the second
step for this mutant 3’SS was strongly inhibited in wild-
type cells and was improved by cefI alleles. As was observed
with the 3'SS gAG/ reporter, the upstream cryptic 3'SS,
CAU/, was also used in the presence of the cefl alleles; in
addition, RT-PCR and sequencing of the alternatively

spliced mRNA product revealed that two cryptic UUG/
3’SS also were used. Thus, the cefl alleles not only im-
prove the second step of splicing for mutated versions of
the 3'SS at the wild-type position but also enable similar
sequences at other positions to be used, an observation
strikingly reminiscent of the activation of alternative 3'SS
observed in other systems (e.g., Mendes Soares et al. 2006;
see Discussion).

The importance of arginine at suppressor positions

Suppressor mutations in Cefl might exert their effects
through disruption of interactions or by formation of new
ones (or both). For example, all tested amino acid sub-
stitutions at position R1753 of Prp8 result in suppression of
both first-step defects and defects due to prp22 mutations
(Schneider et al. 2004; Liu et al. 2007), suggesting that
R1753 participates in an interaction that stabilizes the
second-step conformation and is disrupted upon mutation.
To test such a possibility for the two isolated cefl suppressor
mutations, we randomized V36 and S48 positions and
rescreened the pool of mutants for the ability to improve
BS-G intron splicing. For position V36, we obtained three
colonies, all of which contained V36R; for position S48, each
of the 20 colonies selected contained either S48R or -K
(Fig. 4B).

In an independent assay, we introduced a number of
point mutations at these two positions and tested their
effects on splicing. Consistent with the results of the random-
ization screen, only V36R and S48R or -K strongly improved
the second step (Fig. 4C, lanes 2,14,15), whereas other
charged residues, such as aspartic acid or glutamic acid
(lanes 7,9,18,19), weakly improved the second step. In all
cases, increased levels of spliced mRNA signal detected by
primer extension correlated with improved growth in the
presence of copper. Together, both the randomization rescreen
and direct mutational analyses indicate that only V36R
and S48R or -K exert strong suppressor effects. These results
are inconsistent with the possibility that V36 and S48 (like
Prp8-R1753) participate in stabilizing interactions that are
disrupted by any other amino acid at these positions; rather,
they suggest that V36R and S48R or -K may form new,
stabilizing interactions during the second step that give rise
to the observed suppression.

The importance of other positions in the myb domains

To test whether mutations at other positions in the myb
domains might also yield suppressor phenotypes, we used
doped DNA oligonucleotides that covered the two amino-
terminal myb-like domains to create pools of mutants at
near-saturation (Fig. 5A). These pools were rescreened for
improved BS-G splicing (Fig. 5B). Again, the strongest
suppressor mutations isolated were V36R or S48R (Fig. 5C).
One weaker mutant, A37P, adjacent to the V36 position,
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FIGURE 4. Saturation mutagenesis of Cefl positions 36 and 48 confirms the importance of
arginine at these sites. (A) Schematic of domain structure of Cefl/CDC5. Bottom, expansion of
the first myb-like domain, alignment of sequences from S. cerevisiae, S. pombe, and Homo
sapiens, and indication of positions of mutants identified here (V36R and S48R) and in the
cdc5 S. pombe mutant (W33R) (Ohi et al. 1994). (*) Positions of amino acid identity in all
three species, (:) positions of nonidentity but similar amino acid properties. (B) Schematic
of randomization of Cefl positions 36 and 48 by in vivo gap repair, and selection for
improvement of BS-G splicing (limiting for the second step of splicing) by growth in the
presence of copper. Selection at position 36 yielded only arginine, whereas selection at position
48 yielded arginine and lysine. (C) Primer extension analysis of BS-G reporters from strains
carrying various cefl-V36x mutations, -S48x mutations. Primer extension and copper growth

assays are as described in Figure 2B.

was identified nine times. Several of the isolated alleles
contained three or more mutations, and these included
H31N and W33R substitutions. H31N represents the amino
acid found at this position in S. pombe and humans, and
W33R is identical to the original cdc5 mutation in S. pombe
(Fig. 5A; Ohi et al. 1994). No cefl alleles containing mu-
tations in the second myb domain were isolated. Thus, the
strongest suppressor mutations across the two myb domains
are the original isolates at positions 36 and 48, whereas some
weaker mutants in the first myb domain may represent
sites amenable to the evolutionary accommodation of poor
second-step substrates (see Discussion).

1006 RNA, Vol. 18, No. 5

alleles, we combined the cefI alleles with
each class of prp8 mutants. Consistent
with their having opposing effects dur-
ing the first-to-second-step transition,
I I the combination of the cefl suppres-
4 25 sors of second-step defects with prp8
suppressors of first-step defects rescued
the ts phenotype of these prp8 alleles
(Fig. 6A, upper panel); in contrast, the
combination of prp8 second-step alleles
and cefl second-step alleles resulted in
a cold-sensitive phenotype, with cefI-
V36R exhibiting a stronger effect than
-S48R (Fig. 6A, lower panel).

The splicing effects of these combi-
nations of cefl and prp8 alleles were
visualized by primer extension using the
BS-C reporter, which is limiting for
both steps of splicing. Whereas sec-
ond-step alleles of both prp8 and cefl
improved the second step (Fig. 6B, lanes
2,3,4,7) and first-step alleles of prp8
improved the first step and inhibited
the second (lanes 10,13,16), combinations of first-step
alleles of prp8 with the second-step alleles of cefI resulted
in a nearly wild-type phenotype for the weaker cefl allele
(S48R) or in a phenotype similar to that of the stronger cefI
allele (V36R) alone (lanes 11,12,14,15,17,18)—i.e., in all
cases, combination of a first-step prp8 allele with a second-
step cefl allele resulted in an efficiency of the first step that
was intermediate between that observed with either allele
alone and also resulted in an efficiency of the second step
that was intermediate between that observed with either
allele alone. Such a cancellation of effects is expected if
the two mutations exert opposing effects on the same (or
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FIGURE 5. Saturation mutagenesis of Cefl myb-like domains confirms the importance of positions 36 and 48. (A) Upper, schematic of
domain structure of Cefl/CDC5 and the two myb-like domains that were mutagenized. Lower, expansion of the first myb-like domain,
alignment of sequences from S. cerevisiae, S. pombe, and H. sapiens, and indication of positions of mutants identified (H31N, W33R, V36R,
A37P, and S48R). (*) Positions of amino acid identity in all three species, (:) positions of nonidentity, but similar amino acid properties. (B)
Schematic of randomization of the cefl myb-like domains 1 and 2 by in vivo gap repair, and selection for improvement of BS-G splicing
(limiting for the second step of splicing) by growth in the presence of copper. (C) Primer extension analysis of BS-G reporter from strains
carrying various cefl mutations identified in panel B. Primer extension and copper growth assays are as described in Figure 2B. First-step
efficiency was calculated as products of the first step/total RNA. Second-step efficiency was calculated as products of the second step/total

products from the first step.

tightly coupled) event(s) in the first-to-second-step tran-
sition. In addition, the combination of second-step prp8
alleles with second-step cefI alleles exacerbated the first-
step defect of the BS-C reporter (most clearly seen for
prp8-161 + cefl-V36R or S48R alleles; Fig. 6B, lanes 4-6).
These cancellations of effects described above are in sharp
contrast to those observed for combinations of cefI alleles
with U6 alleles, discussed below.

cefT alleles act in concert with U6 alleles, affecting
a different event

We tested interactions between cefl and U6-U57A and
-C alleles, which alter the first-to-second-step transition
(McPheeters 1996; Query and Konarska 2004; Liu et al.
2007). As discussed above, the cefl alleles improve the
second step for a BS-C intron that is limiting for both steps.
U6-U57A generally improves the second but inhibits the first
step, whereas U6-U57C strongly improves the first step and
inhibits the second (Liu et al. 2007). The combination of
U6-U57C and cefl alleles acted additively to significantly
increase mRNA levels, resulting from improvement of both
first and second steps—consistent with the strongly improved
growth on copper (Fig. 7B, lanes 8-9). A similar additive
effect was previously observed for U6-U57C in combination
with second-step prp8 alleles, which also improved both first
and second steps (Query and Konarska 2004).

Consistent with these results, the combination of
U6-US57A (second-step allele) with second-step cef! alleles
resulted in synthetic lethality at 37°C; in contrast, the
combination of U6-U57C (first-step allele) with the sec-
ond-step cefl alleles resulted in rescue of the ts phenotype
of U6-U57C (Fig. 7A). A similar rescue of the U6-U57C ts
phenotype was observed in combination with second-step
prp8 alleles (Query and Konarska 2004). Thus, cefl sup-
pressors exhibit genetic and functional interactions with
U6-U57 alleles that are highly analogous to such interac-
tions between U6-U57 and prp8 alleles (Liu et al. 2007): this
suggests that the cefl and U6 alleles affect different events in
the first-to-second-step transition, with cefl alleles affecting
the same event(s) as do known prp8 alleles.

DISCUSSION

Alleles of the NTC component Cefl/CDC5 represent the
strongest modulators of spliceosome function identified to
date. The two catalytic events of splicing are mediated by
two conformations of the spliceosome, separated by rear-
rangements during which the substrate is repositioned. Genetic
and functional interactions between spliceosomal components
suggest that cefl alleles, as well as previously described prp8
alleles that improve the first or second steps, stabilize or
destabilize competing spliceosomal conformations during
the catalytic phase of splicing. Modulation of the relative
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FIGURE 6. The combination of first-step alleles of prp8 and second-
step alleles of cefl restores a nearly wild-type pattern of splicing. (A)
Genetic interactions between cefl and prp8 alleles. Second-step cefl
alleles suppress the temperature-sensitive growth defect of first-step
prp8 alleles at 38°C (upper), whereas cefl alleles are cold-sensitive in
combination with second-step prp8 alleles (lower, 16°C). The tem-
perature-sensitive phenotype of first-step prp8 alleles in the presence
of wild-type CEF1I is suppressed by both of the second-step cefl alleles
(upper). Strains carrying plasmid-borne cefl and prp8 alleles were
spotted on plates incubated at 16, 25, 30, 37, and 38°C. (B) Primer
extension analysis and copper growth phenotypes of BS-C reporter
(limiting for both steps of splicing) from strains carrying combina-
tions of prp8 first-step alleles (prp8-R1753K, 8-101, and 8-syf77) or
second-step alleles (prp8-161 and 8-162) with cef] second-step alleles
(cefl-V36R and -S48R), as indicated. First-step efficiency was cal-
culated as products of the first step/total RNA. Second-step effi-
ciency was calculated as products of the second step/total products
from the first step. (C) Schematic of cancellation of altered splicing
upon combination of prp8 first-step alleles with cefl second-step
alleles.

stabilities of these competing conformations alters splice-
site selection and splicing fidelity.

cef1 alleles modulate the catalytic phase of splicing

Our previously proposed two-state model was based on the
identification of two classes of spliceosomal mutations that
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alter splicing fidelity. One class, second-step alleles, in-
creases the efficiency of the second step of splicing at the
expense of the first step. Their functional counterparts, first-
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FIGURE 7. cefl and U6-U57C alleles affect splicing at distinct steps.
(A) Genetic interactions between cef] and U6 snRNA alleles. Second-
step cefl alleles are synthetically lethal with the second-step U6-U57A
allele at 37°C, whereas the same cefI alleles suppress the temperature-
sensitive growth defect of the first-step U6-U57C allele at 37°C (right).
(B) Effects of combination of cefI second-step allele with U6-U57C or
U6-U57A on splicing of BS-C reporters. For BS-C introns (limiting for
both steps), combinations of U6-U57C and cef] second-step alleles
improve overall splicing (lanes 8-9), in contrast to the combination of
prp8 first-step alleles and cef] second-step alleles (see Fig. 6). First-step
efficiency was calculated as products of the first step/total RNA.
Second-step efficiency was calculated as products of the second step/
total products from the first step. (C) Proposed contributions of Cefl,
Prp8, U6 snRNA, and Prp22 to distinct steps in spliceosomal transitions.
cefl alleles modulate an event in the first-to-second-step transition
indistinguishable from that modulated by prp8 alleles; this event is
distinct from that modulated by alleles of prpl6 and U6 snRNA. We
propose that these two distinct events represent the theoretically
required opening of the catalytic center and repositioning of first-step
products and second-step substrates. The same cefI, prp8, and U6 alleles,
as well as alleles of prp22, alter the exit of mRNA from the second-step
spliceosome, which may involve analogous events.
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step alleles, increase the efficiency of the first step at the
expense of the second (Query and Konarska 2004; Liu et al.
2007). The existence of two opposing classes of suppressor
alleles, each capable of suppressing a wide range of intron
mutations, suggests that suppression does not necessarily
occur via direct contact between mutated bases/amino acids
but rather that the spliceosomal conformations that mediate
the first and second steps are in competition with one
another. An increased dwell time in one catalytic confor-
mation relative to the other would improve the use of
substrates that are suboptimal for the step that is stabilized.

The two-state model predicted that suppressors of
second-step defects would exacerbate defects in the sub-
sequent conformational transition, which is facilitated by
the spliceosomal ATPase Prp22. Experimental confirmation
of this relationship, in turn, provided a means to identify
the strongest suppressors as alleles of CEFI. cefl mutations
selected to suppress the second-step defect of a BS-G intron
increase the splicing efficiency of all tested intron muta-
tions that impair the second step, and these suppressors
inhibit the first step of splicing to a degree commensurate
with their second-step stimulation. cefl alleles also sup-
pressed a variety of known second-step defects that were
not due to intron mutation: rescue of lethal (or condition-
ally lethal) U6 snRNA mutations (A51C, G52C, A59C);
complementation of second-step inhibition by prp8 first-
step alleles; and rescue of conditional growth defects due
to deletion of the second-step protein factor Prpl7. These
effects are consistent with cefl-V36R and -S48R alleles
providing an overall relative stabilization to the second-
step conformation (see below). As a corollary, second-step
factors like Prpl7 can equally be assigned a role in stabili-
zation of the second-step conformation, which might
be achieved by a variety of mechanisms. The correlation
between the requirement of some of these factors for
efficient splicing of introns with an increased branch-to-
3’SS distance (Brys and Schwer 1996; Schwer and Gross
1998; Sapra et al. 2004) likely reflects a reduced stability
of the second-step spliceosome for these introns, due either
to weaker 3’SS binding or to steric impairment caused by
a longer branch-to-3'SS RNA strand.

Contribution to molecular events at transitions
within the catalytic phase of splicing

Cefl is a stable component of the NTC (Tsai et al. 1999;
Ohi and Gould 2002; Makarova et al. 2004), a large
multicomponent protein complex thought to join the
forming spliceosome prior to activation (i.e., formation
of U2-U6 base-pairing) and to stabilize the association of
U5 and U6 snRNPs with the spliceosome (Chan et al.
2003). It is required prior to step 1 and is part of a minimal
salt-stable RNP core that is active for catalysis (Ajuh et al.
2000; Chan et al. 2003; Makarova et al. 2004; Bessonov
et al. 2008). In addition to the cefI alleles described here,

deletion of the NTC component Isyl improves the second
step and rescues cold-sensitive growth defects due to the
prp16-302 allele; because Prpl6 facilitates exit from the
first-step conformation, this suggests that Isyl stabilizes
the first-step conformation (Villa and Guthrie 2005). Mu-
tant alleles of other NTC components were identified as
synthetically lethal with deletion of the second-step factor
Prpl17 (aka CDC40) (Ben-Yehuda et al. 2000), and the
corresponding wild-type proteins would, therefore, be pre-
dicted to stabilize the second-step conformation. Thus,
NTC components must make contributions to stabilization
of both first- and second-step spliceosomal conformations.

Our previously proposed model of competition between
spliceosomal states suggests that stabilization of one con-
formation relative to a competing conformation results in
improved splicing for substrates limiting for the step for
which the spliceosome is stabilized. Stabilization of the
second-step conformation relative to the first would result
in improved second-step catalysis and a less-efficient first
step; likewise, stabilization of the first-step conformation
relative to the second would result in improved first-step
catalysis and a less-efficient second step. Such relative stabi-
lization of one conformation relative to another could result
either from mutations that create new stabilizing interactions
or from mutations that disrupt interactions. As mutations are
generally more likely to disrupt an interaction than to form
a new one, it would seem likely that changes in relative
stabilization of spliceosomal conformations are most often
due to loss of an interaction that stabilizes a competing
conformation. For example, mutation of Prp8 position
1753 from arginine to each of the amino acids tested results
in a strong first-step allele (suppressing both first-step
defects and defects arising from prp22 mutations [Schneider
et al. 2004; Liu et al. 2007]), suggesting that the arginine at
position 1753 contributes positively to stabilization of the
second-step conformation. However, in the case of the cefl
mutants described here, both the randomization rescreen
and direct mutational analyses indicate that only V36R and
S48R or -K exert strong suppressor effects. These results do
not support a model in which V36 and S48 participate in
stabilizing interactions that are disrupted by any other amino
acid at these positions. Although it is conceivable that arginine
and lysine mutations are the only amino acids (and amino
acids 36 and 48 the only positions) that could lead to
destabilization of the first-step conformation, we con-
sider this a highly unlikely scenario; rather, we favor the
model in which positively charged residues at position
V36 and S48 may form new, stabilizing interactions
during the second step that result in the suppressor
effects.

Thus, we favor a model wherein the cefI alleles described
here stabilize the second-step spliceosome, permitting stable
binding and catalysis of suboptimal second-step substrates.
cefl-V36R stimulates utilization of cryptic 3'SS more than
does cef1-S48R; however, the combined results of our assays
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indicate that these two alleles behave similarly, but that cefl-
V36R exerts stronger effects than does cefl-S48R. cefl-V36R
is observed to rescue second-step intron defects more
effectively than cefl-S48R by direct visualization of cellular
RNA by primer extension analysis and by copper growth
reporter assay (with the exception of 3'SS mutations, where
cefl-V36R more strongly activates near-cognate cryptic
sites, which are out of frame and thus reduce the level of
functional mRNA and growth on copper). cefI-V36R also
more strongly rescued growth defects due to the U6-A51C
and -A59C alleles, which are primarily defective for the
second step (Fabrizio and Abelson 1990); and cefi-V36R,
but not cefl-S48R, rescued growth defects conferred
by deletion of the second-step factor Prpl7. In each of
these situations, we conclude that the cefI alleles identified
here provide a stabilizing interaction to the second-step
spliceosome, which otherwise binds less stably to 3’SS
mutants, or whose stability is impaired due to U6 mutations
or the absence of a second-step factor. The increased
stability of a cefl-V36R-containing (and to a lesser extent
cefl-S48R-containing) second-step spliceosome would suf-
ficiently extend the dwell time, even on near-cognate sites,
either for the second-step spliceosome to become stably
engaged or for the catalytic event itself.

We also observed two kinds of properties conferred on
splicing of suboptimal substrates upon combination of
mutant alleles of cefl, prp8, and U6 snRNA: cancellation
and additivity. Cancellation can be explained by combina-
tion of mutants that affect the same state oppositely.
Combination of first-step prp8 and second-step cefI alleles,
which independently conferred splicing defects, restored
a splicing phenotype similar to that of wild-type cells,
whereas combination of prp8 and cefl second-step alleles
exacerbated their individual effects. Such cancellation of
effects suggests altered stability of the same (or a tightly
coupled) conformation (Fig. 6C). First-step prp8 alleles
could act by destabilization, and second-step prp8 and cefI
alleles could act by stabilization of the second-step confor-
mation; they would also improve and inhibit, respectively,
the first step by alteration of competition between the two
conformations.

Additivity can be explained by combination of two separate
mutations, each of which stabilizes a different catalytic state.
In this case, the first step is directly improved, resulting in
increased product of the first step (substrate for the second
step), which itself may destabilize the first-step conformation
and enhance transition to the second-step conformation.
Using combinations of cefl alleles with U6-U57C alleles,
both first and second steps were improved, which contrasts
dramatically with the results observed above for prp8 and cef1
alleles. Thus, cefl suppressors exhibit genetic and functional
interactions with U6 alleles that are highly analogous to such
interactions previously characterized between U6 and prp8
alleles (Liu et al. 2007); taken together, the above data suggest
that the cefl and prp8 alleles affect the same state of the
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spliceosome and that cefl and U6-U57C alleles affect different
spliceosomal states (Fig. 7C).

An intermediate in transition between first and second
steps is both theoretically required (Liu et al. 2007) and
experimentally supported (Hilliker et al. 2007; Perriman
and Ares 2007; Mefford and Staley 2009). During the first-
to-second-step transition, it is likely that the formation of
first-step products (the lariat intermediate and cleaved 5’
exon) contributes to the transition and that an altered, or
“open,” form of the first-step catalytic center disrupts
interactions between U6 snRNA and the branch structure
(Konarska et al. 2006; Liu et al. 2007). This would be
followed by repositioning of the lariat intermediate relative
to U6, binding of the 3’SS for the second step, and subsequent
“closure” of the catalytic center. A similar series of events
would take place again after the second step, with opening of
the catalytic center followed by repositioning of products
(resulting in mRNA release).

We cannot determine whether the cefl alleles that affect
the second step directly influence the stability of the second
catalytic state per se or of this intermediate in transition
to the second-step catalytic conformation. That second-
step alleles of cefl and prp8 exacerbate prp22 alleles suggests
that they stabilize the second-step catalytic conformation (or
stabilize what Prp22 acts on); however, we cannot rule out
that stabilization of a tightly coupled adjacent state could
have similar properties.

The importance of suppressor mutation positions
in the Cefl myb domains

Saturation mutagenesis of the two amino-terminal myb-
like domains of Cefl suggests that V36R and S48R or -K
are the only positions and substitutions that yield strong
suppressor phenotypes. As discussed above, this suggests
that positively charged residues at position V36 and S48
may form new, stabilizing interactions during the second
step that result in the suppressor effects. Because mutations
in Cefl, like Prp8, generally yield the strongest suppressors
of splicing defects, they both may contribute directly to
a critical feature of the transition between the two steps
of splicing. It is even possible that the introduction of an
additional arginine residue into the myb-like domain of
Cefl contributes to stabilization of otherwise unstable
RNA-RNA interactions, analogous to the stabilization of
RNA-RNA interactions by SR proteins described by Shen
and Green (2004, 2007). Recent structural analyses of
a Prp8 domain reveal the likely proximity of previously
described prp8 mutations to the catalytic center (Pena
et al. 2008; Ritchie et al. 2008; Yang et al. 2008); the potent
effects of cefl alleles on splicing suggests that the Cefl
myb-like domain is placed in similar proximity to the
core.

A different class of mutations in Cefl that result in an
inhibition of splicing has been previously described; the
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best characterized of these, W52G+W84G, was shown to
significantly inhibit splicing of a large number of yeast
introns (Burns et al. 2002). The tryptophan residues in
myb domains are critical for formation of intra-domain
contacts, and the double-tryptophan mutant likely results
in loss-of-function (Ohi et al. 1998). In contrast, mutants
selected from our screen belong to a different, positionally
specific class, and the affected residues, V36 and S48, are
likely to contribute less to overall structure of the myb-
like domain and more to its contacts with other spliceo-
somal component(s). We anticipate that mutations in
additional Cefl positions and in other spliceosomal
factors would belong to the latter class but confer weak
phenotypes (e.g., two other suppressors from our screen,
which are not alleles of prp8, cefl, isyl, or any snRNA).
For example, we examined the Cefl residue corresponding
to the original S. pombe cefl/cdc5 mutation, W33R, which
is thought to affect the cell cycle by altering splicing
(Burns et al. 2002), but detected only a mildly improved
second step (data not shown). We also identified the
W33R and H3IN mutations in combination with A37P
from our saturation mutagenesis of the two myb-like
domains, selecting for an improved second step (Fig. 5);
in both cases, the combination resulted in greater second-
step improvement than with A37P alone, suggesting that
all three mutations can weakly improve the second step
but that the context of neighboring amino acids may also
play a role. H31N is the naturally occurring amino acid at
position N27 in S. pombe Cefl/Cdc5, suggesting that the
wild-type S. pombe Cefl/Cdc5 enhances the second step
relative to S. cerevisiae Cefl. (The mechanism by which
these weak alleles alter the second step of splicing need not
be the same as that of the strong cefI-V36R and -S48R
alleles, discussed above.)

An improved second step of splicing can result in use of
suboptimal 3’SS, one manifestation of which is alternative
splicing. The phenotype of cefI-V36R closely resembles
that of some alternative splicing in higher eukaryotes in
that different 3’SS sequences can be used for the second
step, after a single branch site is used for the first step
(Mendes Soares et al. 2006). Such selection of alterna-
tive splice sites in yeast can be achieved by various alter-
ations in the pre-mRNA, the spliceosome, or transcription
elongation rate (Umen and Guthrie 1996; Howe et al.
2003; Crotti and Horowitz 2009). Modulation of alternative
splicing in metazoan systems might be achieved by similar
adjustments to the spliceosome, consistent with the observed
changes in alternative splicing in Drosophila and in HeLa cells
upon knock-down of levels of basal spliceosome components
(Park et al. 2004; Saltzman et al. 2011). One possibility for
such alteration of spliceosome function during evolution
is that organisms that utilize more diverse splice sites may
harbor changes in spliceosome factors similar to those found
in the mutant alleles of yeast spliceosomal factors identified
in our screens. Although changes corresponding to the

strongest cef] alleles (arginine mutants) are not found in
higher organisms, changes corresponding to the weaker
alleles are found (e.g., changes in positions H31 and A37,
and conservative changes in positions V36 and S48), sug-
gesting that evolutionary changes in spliceosome function
have selected for alterations that modulate spliceosome
fidelity.

MATERIALS AND METHODS

Strains and reporter plasmids
S. cerevisiae strains were derived from the following:

yMKO02 [MATa ade2 cuplA:ura3 his3 leu2 lys2 trpl ura3
prp22A::loxP, p360-22 (PRP22 URA3 CEN ARS)];

yMKO04 [MATa ade2 cuplA::ura3 his3 leu2 lys2 trpl ura3 cefl-
M2(V36R) prp22A:loxP, p360-22 (PRP22 URA3 CEN ARS)];

yJU75 (Umen and Guthrie 1996) [MATa, ade2 cuplA::ura3 his3
leu2 lys2 prp8A::LYS2 trpl, pMK8-1 (PRP8 HIS3 CEN ARS)];

yCQO05 [MATa, ade2 cuplA::ura3 his3 leu2 lys2 prp8A:LYS2 trpl
ura3 U6A:KAN, pCCl130 (U6 URA3 CEN ARS), pMK8-1
(PRP8 HIS3 CEN ARS)];

yCQ11 [MATa, ade2 cuplA::ura3 his3 leu2 lys2 prp8A:LYS2 trpl
ura3 U6A:KAN, cefl-V36R, pCC130 (U6 URA3 CEN ARS),
pMKS8-1 (PRP8 HIS3 CEN ARS)];

yCQ12 [MATa, ade2 cuplA::ura3 his3 leu2 lys2 prp8A:LYS2 trpl
ura3 U6A:KAN, cefl-S48R, pCC130 (U6 URA3 CEN ARS),
pMKS8-1 (PRP8 HIS3 CEN ARS)];

yCQ16 [MATa ade2 cuplA:ura3 his3 leu2 lys2 trpl ura3
ceflA::loxP, pRS316-CEF1 (CEF1 URA3 CEN ARS)};

containing plasmid-borne alleles of cefl, prp22, prp8, and U6
(snr6) as indicated in the figures. ACTI-CUPI reporter plasmids
(Lesser and Guthrie 1993) with 5’SS, BS, or 3’SS mutations were
as described (Query and Konarska 2004).

Copper assays

Cultures were grown to midlog phase in —Leu medium, diluted
to 0.2 OD, and equal volumes were dropped onto —Leu plates
containing CuSO, ranging from 0 to 2.0 mM (Lesser and
Guthrie 1993). Plates were scored and photographed after 3 d
at 30°C.

RNA analysis

Primer extensions were carried out as described (Query and
Konarska 2004) using primer YAC6 5'-GGCACTCATGAC
CTTC-3’, complementary to exon 2 of ACTI. Extension products
were separated in 7% polyacrylamide/8 M urea gels and visualized
by autoradiography. To identify the cryptic 3'SS utilized in the
presence of the cefI-V36R allele, the alternatively spliced mRNA
band was eluted from the primer extension gel, PCR-amplified
with 5" and 3’ exon-specific primers, and sequenced. First-
step efficiency was calculated as products of the first-step (lariat
intermediates+mRNA)/total RNA (lariat intermediates+mRNA+
pre-mRNA). Second-step efficiency was calculated as products of
the second step (mRNA)/total products from the first step (lariat
intermediates+mRNA).
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