A central role of Cwc25 in spliceosome dynamics during
the catalytic phase of pre-mRNA splicing
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ABSTRACT

Splicing of precursor mRNA occurs via two consecutive steps of transesterification reaction; both require ATP and several
proteins. Despite the energy requirement in the catalytic phase, incubation of the purified spliceosome under proper ionic
conditions can elicit competitive reversible transesterification, debranching, and spliced-exon-reopening reactions without the
necessity for ATP or other factors, suggesting that small changes in the conformational state of the spliceosome can lead to
disparate chemical consequences for the substrate. We show here that Cwc25 plays a central role in modulating the
conformational state of the catalytic spliceosome during normal splicing reactions. Cwc25 binds tightly to the spliceosome
after the reaction and is then removed from the spliceosome, which normally requires DExD/H-box protein Prp16 and ATP
hydrolysis, to allow the occurrence of the second reaction. When deprived of Cwc25, the purified first-step spliceosome
catalyzes both forward and reverse splicing reactions under normal splicing conditions without requiring energy. Both
reactions are inhibited when Cwc25 is added back, presumably due to the stabilization of first-step conformation. Prp16 is
dispensable for the second reaction when splicing is carried out under conditions that destabilize Cwc25. We also show that
the purified precatalytic spliceosome can catalyze two steps of the reaction at a low efficiency without requiring Cwc25, Slu7,
or Prp18 when incubated under proper conditions. Our study reveals conformational modulation of the spliceosome by
Cwc25 and Prp16 in stabilization and destabilization of first-step conformation, respectively, to facilitate the splicing process.
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INTRODUCTION promotes destabilization of U2 components SF3a/b
(Warkocki et al. 2009; Lardelli et al. 2010) to allow the bind-
ing of Cwc25, which is required for the first reaction and
becomes stably bound to the spliceosome after the reaction
(Chiu et al. 2009; Warkocki et al. 2009). Yju2 is also required
for the recruitment of Cwc25 to the spliceosome, and togeth-
er with Cwc25, is destabilized from the spliceosome after the
first reaction (Liu et al. 2007b; Chiu et al. 2009). In the second
step, Prp16 mediates destabilization of Yju2 and Cwc25 to al-
low the second reaction (Tseng et al. 2011), promoted by
Slu7, Prpl8, and Prp22 (Horowitz and Abelson 1993a,b;
Ansari and Schwer 1995; Jones et al. 1995; Schwer and
Gross 1998).

Based on a wealth of genetic and crosslinking data, a two-
state model was proposed for the catalytic spliceosome which
suggests that the conformations of the spliceosome support-
ing the two catalytic steps are in competition (Query and
Konarska 2004; Liu et al. 2007a). Despite the ATP require-
ment for the transition from the first to second step, the

Pre-mRNA splicing takes place on the spliceosome, which is
constituted of five small nuclear RNAs and numerous protein
factors. The spliceosome and self-splicing group II introns
share the same chemical mechanism for the reaction they
catalyze and similar RNA structural elements at the catalytic
cores (Villa et al. 2002; Toor et al. 2008; Fica et al. 2013),
but many protein factors are required for assembly and
modulation of the RNA structures on the spliceosome. The
spliceosome is highly dynamic both conformationally and
compositionally, and undergoes sequential structural rear-
rangements throughout the entire pathway (Wahl et al.
2009; Will and Lihrmann 2011). Structural changes of the
spliceosome are mediated by DExD/H-box ATPases (Staley
and Guthrie 1998; Linder and Jankowsky 2011). Two
DExD/H-box ATPases are required for the catalytic phase
of the spliceosome pathway. In the first catalytic step, Prp2
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Spliceosome dynamics in catalytic step
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FIGURE 1. Schematic of the spliceosome catalytic steps showing differ-
ent chemical reactions that the spliceosome can catalyze. (F1) First for-
ward reaction; (R1) reverse of the first reaction; (F2) second forward
reaction; (R2) reverse of the second reaction; (DBR) debranching reac-
tion; (SER) spliced-exon reopening reaction.

purified catalytic spliceosomes could catalyze reverse transes-
terification of the first (R1) and second step (R2), as well
as hydrolytic debranching (DBR) and spliced-exon reopen-
ing (SER) reactions under specific ionic conditions (Fig. 1;
Tseng and Cheng 2008, 2013). This supports the notion that
the conformation of the spliceosome can fluctuate between
different catalytic states, influenced by the ionic environ-
ment, and that closely related conformational states of the
spliceosome might be guiding the type of chemical reaction
to catalyze.

We have recently shown, by crosslinking analysis, that Yju2
directly binds to U2 snRNA, contacting the RNA near the
branch-binding region (Chiang and Cheng 2013), and
Cwc25 binds to the pre-mRNA near the branch site in the
catalytic spliceosome (Chen et al. 2013). Modifying the
N-terminal structure of Yju2 or Cwc25 by adding a tag
completely inhibits the DBR reaction under all conditions
(Tseng and Cheng 2013), indicating that the catalytic poten-
tials of the spliceosome are not only influenced by the ionic
environment, but also affected by the structure of the pro-
teins binding at or near the catalytic center. Supportively,
recent structural determination of the catalytic first-step spli-
ceosome revealed extensive interactions of both Yju2 and
Cwc25 with the active site of the spliceosome. The N termi-
nus of Yju2 wraps around the branch helix and also interacts
with the 5’ splice site. The N terminus of Cwc25 is inserted
into the widened major groove of the bulged branch helix
and also forms multiple contacts with the branch site
(Galej et al. 2016; Wan et al. 2016). Although both N-termi-
nally tagged Yju2 and Cwc25 block the DBR reaction, only
N-terminally tagged Cwc25 also strongly enhances the R1
reaction, suggesting that these two proteins may affect the
conformation of the spliceosome in different ways (Tseng
and Cheng 2013).

Here we show that Cwc25 plays a crucial role in modulat-
ing the conformation of the catalytic spliccosome. We have
developed a method to purify the Cwc25-lacking post-first-
step spliceosome. The purified spliceosome could catalyze
the splicing reaction in both directions, reverse of first step
(R1) and forward of second step (F2), without needing
Prpl6 or any other factor. Adding back Cwc25 inhibited
both reactions, suggesting that Cwc25 binding stabilizes the

post-first-step conformation. Components of the Prp19-as-
sociated complex (NTC), Isyl/Ntc30 and Ntc20, stabilize
the association of Cwc25 with the spliceosome, and their ab-
sence bypasses the requirement of Prp16 for the second step.
We also show that not only are the chemical reactions revers-
ible on the spliceosome, the binding of Cwc25 and Yju2 to
the spliceosome is also reversible. Our results reveal remark-
able malleability of the spliceosome in the catalytic phase, and
an important role of Cwc25 in modulating the conformation
of the spliceosome and facilitating the splicing reaction dur-
ing catalytic steps.

RESULTS

Tagging at the N terminus of Cwc25 destabilizes its
association with the spliceosome

We have previously shown that when the affinity-purified
first-step spliceosome assembled in the absence of Prpl6
was incubated at 25°C, the presence of four copies of the
V5-tag at the N terminus of Cwc25 (4V5-Cwc25) strongly
biased the reaction toward the reverse reaction (R1) (Tseng
and Cheng 2013), as also shown in Figure 2A. When the spli-
ceosome assembled in Prpl6-depleted 4V5-Cwc25 extracts
was isolated by precipitation with anti-V5 antibody (lane 2)
and then incubated at 25°C, the majority of lariat-intron-
exon 2 was converted to pre-mRNA under all conditions
(lanes 3-8). Kinetic analysis revealed that the reverse reaction
was fast and proceeded to near completion within a few min-
utes in the presence of 50 mM or 150 mM of KCl either at pH
6.8 or pH 8.8, but was slightly slower in the absence of KCl,
particularly at pH 6.8 (Supplemental Figs. S1, S2). The mech-
anism for the strong R1 preference was not fully understood.
Since Cwc25 binds to the spliceosome after Prp2-mediated
destabilization of SF3a/b and becomes stably associated
with the spliceosome after the first reaction (Chiu et al.
2009; Ohrt et al. 2012), the binding of Cwc25 may promote
or stabilize post-catalytic conformation. We speculated that
the V5-tag present at the N terminus might interfere with
the interaction of Cwc25 with the spliceosome such that
Cwc25 comes off easily upon incubation, leading to a switch
of the conformation back to the precatalytic state.

Possible destabilization of 4V5-Cwc25 was examined by
analyzing the pellet and supernatant fractions after incuba-
tion of the spliceosome precipitated with anti-V5 antibody,
as outlined in Figure 2B. The presence of the spliceosome
in the supernatant indicates dissociation of Cwc25 from the
spliceosome. As shown in Figure 2C, when the spliceosome
was incubated in the presence of 50 mM KCI at pH 6.8 or
8.8 (lanes 9-14), the majority of the splicing intermediates
was converted to pre-mRNA (compare lanes 9 and 12 with
lane 2), which was present primarily in the supernatant frac-
tions (lanes 11,14). Both R1 reaction and Cwc25 dissociation
occurred more readily at pH 8.8 than at pH 6.8. In the ab-
sence of KClI (lanes 3-8), 4V5-Cwc25 remained stably bound
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FIGURE 2. Tagging Cwc25 at the N terminus destabilizes Cwc25 from the spliceosome and promotes reverse splicing. Splicing was carried out in
Prp16-depleted 4V5-Cwc25 extracts using actin ACAC pre-mRNA. (A) The spliceosome was precipitated with anti-V5 antibody (lane 2) and then
incubated for 60 min in a buffer containing 10 mM Tris—HCI and 8 mM MgCl, with indicated pH and KCI concentrations. (B—E) The spliceosomes
were isolated by immunoprecipitation and chased by incubation in a buffer containing 10 mM Tris—HCl of indicated pH and salt concentrations for all
the following experiments. (B) Experimental procedure. (C) The spliceosome was precipitated with anti-V5 antibody (lane 2), and the pellet and
supernatant fractions were separated after incubation for 20 min in a buffer containing 10 mM Tris—HCI and 1 mM MgCl, with indicated pH
and KCl concentrations. (D) The spliceosome was precipitated with anti-Ntc20 (lane I), anti-V5 (lane 6), or anti-Yju2 antibody (lane 11) and
then incubated for 20 min in a buffer containing 10 mM Tris—HCI, pH 6.8 without or with 50 mM KCl, and separated into supernatant and pellet
fractions. (E) Western blotting of mock-treated (lane 1) or Prp16-depleted (lane 2) extracts, the precipitated spliceosome (lane 3), and the pellet (lane
4) and supernatant (lane 5) fractions after incubation of the spliceosome in the presence of 50 mM KCI. A nonspecific band in the extract from cross-
reaction with anti-Slu7 antibody is indicated by (*). (R) One-tenth of the reactions used for immunoprecipitation; (T) total precipitates; (P) pellet

fraction; (S) supernatant fraction; (Ext) extracts; (M) mock-treated; (d16) Prpl6-depleted.

to the spliceosome at pH 6.8 (lanes 4,5), but more than half of
4V5-Cwc25 was released from the spliceosome at pH 8.8
(lanes 7,8). These results indicate that stable association of
4V5-Cwc25 with the spliceosome is sensitive to both salt
and pH. The fact that both the reverse reaction and dissoci-
ation of 4V5-Cwc25 are preferred at higher pH and in the
presence of KCI suggests that the binding of Cwc25 may
disfavor the reverse reaction. Nevertheless, dissociation of
4V5-Cwc25 from the spliceosome is not essential for the
reverse reaction to take place as the reaction also occurred
at pH 6.8 in the absence of KCl when 4V5-Cwc25 remained
bound to the spliceosome (lane 4), suggesting that releasing
4V5-Cwc25 is not a prerequisite for the reverse reaction.
We have previously shown that Prpl6 has an ATP-inde-
pendent function in stabilizing the association of Cwc25
with the spliceosome, and the ATPase mutant of Prpl6 in-
creases splicing of branchpoint mutants (Tseng et al. 2011).
Nevertheless, Prp16 did not stabilize the 4V5-Cwc25 on the
post-first-step spliceosome to a large extent upon incubation
of the purified spliceosome (Supplemental Fig. S3). Besides
Cwc25, Yju2 is also required for the first catalytic reaction
(F1) after the spliceosome is activated (Liu et al. 2007b).
Yju2 interacts with NTC components CIf1/Ntc77 and Syfl/
Ntc90 and can be recruited to the spliceosome prior to the
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action of Prp2 (Liu et al. 2007b). In contrast, Cwc25 is re-
cruited to the spliceosome only after Prp2 action, and only
in the presence of Yju2 (Chiu et al. 2009). To see whether tag-
ging Cwc25 at the N terminus would also affect the associa-
tion of Yju2 with the spliceosome, we carried out the splicing
reaction in Prpl6-depleted 4V5-Cwc25 extracts and purified
the spliceosome by precipitation of the reaction mixture with
antibody against Ntc20, Yju2, or V5 for Cwc25. The purified
spliceosome was incubated at pH 6.8, with or without 50 mM
KCl, but in the absence of Mg** to prevent catalysis (Fig. 2D).
The supernatant and pellet fractions were separated and ex-
amined for the presence of the spliceosome. The result shows
that both Ntc20 and Yju2 remained stably associated with the
spliceosome after incubation (lanes 4,5 and 14,15), whereas
>70% of 4V5-Cwc25 was separated from the spliceosome
(lanes 9,10). Western blotting of the spliceosome purified
with anti-V5 antibody confirmed that the spliceosome released
in the supernatant fraction contained no Cwc25 but contained
Yju2 and Snull4 (Fig. 2E, lane 5). Furthermore, the purified
spliceosome contained no significant amounts of Slu7 or
Prp22 (lane 3). These results demonstrate that 4V5-Cwc25 is
prone to dissociate from the spliceosome upon incubation in-
dependent of the reverse reaction whether in association with
the pre-mRNA or with splicing intermediates.
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FIGURE 3. Cwc25 inhibits both forward and reverse reactions. (A) Splicing was carried out in Prp16-depleted 4V5-Cwc25 extracts using wild-type
actin pre-mRNA (lane I), and the spliceosome was precipitated with anti-V5 antibody (lane 2). The isolated spliceosome was incubated for 10 min in a
buffer containing 10 mM Tris—HCI, pH 6.8 and 50 mM KCl, and the pellet (lane 3) and supernatant (lane 4) fractions were separated. The supernatant
fraction was further incubated for 30 min following the addition of 2.4 mM Mngr (lane 5). (B,C) Splicing was carried out in Prp16-depleted 4V5-
Cwc25 extracts using wild-type (B) or Act7 (C) actin pre-mRNA (lane I), and the spliceosome was isolated and chased as in A (lane 5), with the
addition of 25 nM Cwc25 (lane 6), or 50 nM Slu7/Prp18 (lane 7), or both Cwc25 and Slu7/Prp18 (lane 8). (D) Splicing was carried out in mock-
treated (lanes 1,8) or Yju2-depleted (lanes 2—7 and 9-14) 4V5-Cwc25 extracts using wild-type (lanes I-7) or Act7 (lanes 8-14) actin pre-mRNA.
The spliceosome was precipitated with anti-Ntc20 antibody (lanes 3,10) and then incubated in a buffer containing 60 mM KPO,, pH 7.0, 4 mM
MgCl,, and 0.5 mM MnCl, with or without the addition of 25 nM Cwc25 and/or Yju2. (R) Reaction; (T) total; (S) supernatant; (P) pellet;

(dYju2) Yju2-depleted; arrows mark spliced products; (stars) 3’'-tail-trimmed lariat-intron-exon 2.

The Cwc25-free first-step spliceosome can catalyze
both forward and reverse reactions

Although the dissociation of 4V5-Cwc25 is not a prerequisite
for the reverse reaction, it is still possible that the spliceosome
favors the precatalytic conformation in the absence of Cwc25.
To confirm that, the spliceosome formed in Prp16-depleted
4V5-Cwc25 extracts was isolated by precipitation with anti-
V5 antibody (Fig. 3A, lane 2) and then incubated at pH 6.8
in the presence of 50 mM KCI, but without Mg2+, to allow
dissociation of Cwc25 (lanes 3,4). After removal of the pellet
fraction, the Cwc25-free spliceosome in the supernatant frac-
tion was incubated in a buffer containing 60 mM KPO,, pH
7.0 and 4 mM MgCl, (lane 5) to see whether the reverse re-
action could take place. As expected, the majority of lariat-in-
tron-exon 2 was converted to pre-mRNA (compare lanes 4
and 5), confirming that the reverse reaction could occur effi-
ciently on the Cwc25-free spliceosome. Interestingly, a small
amount of mature mRNA and lariat-intron was also ob-
served, indicative of the occurrence of the second reaction.
This strongly suggests that the Cwc25-free first-step spliceo-
some exists in a dynamic conformational state, fluctuating
between precatalytic, first-step, and second-step conforma-
tions to catalyze transesterification reactions in both forward

and reverse directions, with a strong tendency toward the
precatalytic state.

In normal splicing reactions, Cwc25 binds tightly to the
spliceosome after lariat formation and requires Prpl6 and
ATP for its dissociation from the spliceosome before the
second catalytic reaction can take place (Tseng et al. 2011).
Yju2 is also destabilized during this process. Our data show
that the presence of an extra segment at the N terminus
of Cwc25 destabilizes its binding and facilitates its release
from the spliceosome without affecting the association of
Yju2 with the spliceosome (Fig. 2D). Under this condition,
the second reaction could take place without the need of sec-
ond-step factors Slu7/Prp18, although only at a low efficien-
cy. Conceivably, Cwc25 stabilizes first-step conformation,
and Slu7/Prp18 may stabilize second-step conformation.

To see the effect of Cwc25 and Slu7/Prp18, we performed
the experiment in a similar way, with Cwc25 or Slu7/Prp18
added to the spliceosome prior to incubation with Mg**
(Fig. 3B). Since tagging Cwc25 at its N terminus perturbed
the reaction, recombinant Cwc25 with a His-tag at the car-
boxyl terminus was used for this experiment. As expected,
both forward and reverse reactions were inhibited in the pres-
ence of Cwc25 (lane 6), suggesting that Cwc25 stabilizes the
post-first-step conformation and prevents the spliceosome
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from switching to other conformational states. However,
addition of Slu7 and Prp18 did not inhibit the reverse reac-
tion to a large extent, although it did promote a small level
of the second reaction (lane 7). Prp22 was not added, since
it was shown and also observed by us not to be required
for the second reaction (Ohrt et al. 2013). When Cwc25
and Slu7/Prp18 were both present, the forward and reverse
reactions were both inhibited (lane 8), indicating a dominant
effect of Cwc25 in stabilizing the first-step conformation.
These results suggest that although the conformation of the
spliceosome can fluctuate between these three states in the
absence of Cwc25, it strongly favors the precatalytic state
and disfavors the second step. The presence of Slu7/Prp18
promotes the second step only to a small extent, but does
not prevent the spliceosome from switching to the precata-
Iytic state.

Transition to the second step requires positioning of the
3" splice site at the catalytic center, and likely demands
more changes in the structure of the spliceosome. Slu7 and
Prp18 presumably facilitate positioning of the 3’ splice site
and are dispensable when the distance between the branch
site and 3’ splice site is shortened to 7 nucleotides (nt) for
actin pre-mRNA (Act7) (Brys and Schwer 1996). However,
without the addition of Slu7/Prp18, only a slightly higher
level of the second reaction was observed with Act7 (Fig.
3C, lane 5), suggesting that additional factors required for
promoting positioning of the 3’ splice site might be absent
on the purified spliceosome or the presence of Yju2 might in-
terfere with the second-step reaction.

We previously demonstrated that the first splicing reaction
could take place without Cwc25 when the purified spliceo-
some assembled in Cwc25-depleted extracts was incubated
in the presence of Mn>" (Chiu et al. 2009). We therefore ex-
amined whether the reaction could proceed through two cat-
alytic steps to generate products in the absence of second-step
factors, and also used Act7 pre-mRNA to see whether more
second reactions could be induced. Spliceosomes were as-
sembled in Yju2-depleted extracts, purified by precipitation
with anti-Ntc20 antibody, and then incubated in the presence
of Mn*" with or without the addition of Yju2 and/or Cwc25
(Fig. 3D). The spliceosome purified under this condition
presumably is stalled after Prp2 action and contains no
Cwc25 (Liu et al. 2007b; Chiu et al. 2009). In the presence
of Yju2, spliceosomes assembled on either wild-type or
Act7 pre-mRNA could bypass the requirement of Cwc25 to
promote the first reaction upon incubation with Mn** (lanes
5,12). As expected, the spliceosome could further catalyze the
second reaction, and this was more prominently the case with
Act7 (lane 12) than with wild-type pre-mRNA (lane 5). In the
presence of Cwc25, although the efficiency of the first reac-
tion was enhanced, the second reaction was inhibited (lanes
6,7,13,14). Instead, products possibly generated from the
debranching reaction were observed. These results indicate
that after Prp2-mediated destabilization of SF3a/b and in
the presence of Yju2, the splicing reaction can proceed
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through the first to the second step in the absence of
Cwc25 and second-step factors under conditions that allow
the spliceosome to change its conformation, although at
a low efficiency. Cwc25 interrupts the conformational
dynamics and prevents the pathway from progressing to
the second step.

Dynamic interactions of Cwc25 and Yju2 with the
first-step spliceosome in competition with Slu7

The fact that the addition of Cwc25 to the first-step Cwc25-
free spliceosome inhibited both forward and reverse reac-
tions suggests that Cwc25 can rebind to the spliceosome after
its release. To confirm reassociation of Cwc25 with the
spliceosome, the spliceosome was assembled with ACAC
pre-mRNA and arrested prior to the binding of second-
step factors using Slu7-depleted Cwc25-HA extracts. The as-
sociation of Cwc25 with the spliceosome was examined by
precipitation with anti-HA antibody. For comparison, total
activated spliceosomes were precipitated with anti-Ntc20
antibody, and the Prp22-associated spliceosome was precip-
itated with anti-Prp22 antibody (Fig. 4A). To retain Cwc25
on the spliceosome, ATP was depleted after the reaction
and prior to immunoprecipitation. In mock-treated extracts,
regardless of ATP depletion (lanes 1-8), Cwc25 was not seen
to significantly associate with the spliceosome (lanes 3,7) as
opposed to Prp22 (lanes 4,8), indicating the majority of the
spliccosome had progressed past the first step, leading to
Prp22 association. In Slu7-depleted extracts (lanes 9-16),
while the level of Cwc25 associated with the spliceosome
was low without ATP depletion (lane 11), a much larger
amount of Cwc25 accumulated on the spliceosome after
ATP depletion (lane 15). Prp22 is known to require Slu7
for binding to the spliceosome (James et al. 2002) and was
not seen to associate with the spliceosome in Slu7-depleted
extracts. This result indicates that Cwc25 can reassociate
with the spliceosome after Prpl6-mediated dissociation in
the absence of Slu7. Cwc25 may cycle through association
and dissociation in the presence of ATP, and therefore only
a small amount of Cwc25 was detected in association with
the spliceosome, and only after ATP was depleted could
significant association of Cwc25 be observed. Similarly,
Yju2 could also reassociate with the spliceosome in the ab-
sence of Slu7 (Supplemental Fig. $4).

The fact that reassociation of Cwc25 or Yju2 could be
observed in Slu7-depleted extracts suggests that the presence
of Slu7/Prp18/Prp22 might prevent reassociation of Cwc25
so that the pathway can progress. We examined reassociation
of Cwc25 in the presence of Slu7 by adding back Slu7 during
the incubation after depletion of ATP (Fig. 4B). Indeed, the
amounts of Yju2 and Cwc25 associated with the spliceosome
were greatly reduced in the presence of Slu7 (compare lanes
13 and 18, and lanes 14 and 19). Quantification of the result
revealed a reduction of around 50% of both Yju2 and Cwc25
association upon the addition of Slu7 (Fig. 4C).
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FIGURE 4. Reversible binding of Cwc25 and Yju2 to the post-first-step spliceosome in competition with Slu7. (A) Splicing was carried out in mock-
treated (lanes 1-8) or Slu7-depleted (lanes 9—16) Cwc25-HA extracts. The reaction mixtures were further incubated for 5 min without (lanes 1-4 and
9-12) or with (lanes 5-8 and 13-16) the addition of 10 mM glucose, and then precipitated with anti-Ntc20, anti-HA, or anti-Prp22 antibody. (B)
Splicing was carried out in Slu7-depleted extracts. The reaction mixtures were further incubated for 5 min without (lanes 6-10) or with (lanes
11-20) the addition of 10 mM glucose and 200 nM of recombinant Slu7 (lanes 16-20). The reaction mixtures were then precipitated with anti-
Ntc20, anti-Yju2, anti-Cwc25, or anti-Prp22 antibody. (C) The amounts of lariat IVS-E2 were quantified with a phosphoimager, and those associated
with Yju2, Cwc25 and Prp22 relative to that associated with Ntc20 were plotted in a bar graph.

Destabilization of Cwc25 bypasses the Prp16
requirement for the second catalytic step

Our results suggested that Cwc25 might be the main reason
that Prpl6 is required for the second catalytic reaction. In
this case, defects in Cwc25 or in the spliceosome that reduce
the affinity of Cwc25 for the spliceosome are expected to
bypass the requirement of Prp16 for the second step. It has
been reported that deletion of ISY1/NTC30, which encodes
a component of the NTC, suppresses the growth defect of
prpl16-302 mutant (Villa and Guthrie 2005). We speculated
that the absence of Ntc30 might affect stable association
of Cwc25 with the spliceosome, and consequently Cwc25
comes off more easily without needing Prpl6. We tested
this hypothesis in the in vitro splicing system using ntc30A
extracts (Supplemental Fig. S5). Splicing was carried out in
Prpl6-depleted wild-type (lane 4) or ntc30A (lane 10) ex-
tracts (Fig. 5A). The amount of lariat IVS-E2 and mRNA
was quantified by a phosphorimager, and the ratio of the
second reaction to total reaction was assessed. Molar amount
of the second reaction was calculated as the molar amount
of mRNA produced, and total reactions as the sum of
lariat-IVS-E2 and mRNA. Although the splicing activity of
ntc30A extracts was lower than that of wild-type, the fraction
of the second reaction was higher in Prpl6-depleted extracts
(Fig. 5B, upper panel), indicating that without Prp16 the re-
action could proceed to the second step more easily in the ab-
sence of Ntc30, consistent with the previously observed
suppression phenotype. To assess the stability of Cwc25 asso-
ciation with the spliceosome in the absence of Ntc30, the
ratio of Cwc25-asssociated spliceosome to total activated

spliceosomes in wild-type and ntc30A extracts was measured.
Splicing reaction mixtures were precipitated with anti-Ntc20
antibody for total activated spliceosome (Fig. 5A, lanes 5,11)
or with anti-Cwc25 antibody for Cwc25-associated spliceo-
some (Fig. 5A, lanes 6,12). The ratio of the Cwc25-associated
spliceosome to total activated spliceosomes was lower in
ntc30A than in wild-type extracts (Fig. 5B, lower panel), sug-
gesting destabilization of Cwc25 in the absence of Ntc30. To
avoid potential differences from different extracts or extracts
prepared from different strains, we used the ntc30A extract
and added back recombinant Ntc30 to assess the difference
in the ratio of the second reaction and Cwc25 association
(Fig. 5C,D). Indeed, the fraction of the second reaction was
reduced from 0.46 to 0.28 upon addition of Ntc30, and the
relative amount of Cwc25 association increased from 0.15
to 0.24. These results support our hypothesis that suppres-
sion of prp16 growth defect in ntc30A cells is at least in part
due to destabilization of Cwc25.

Ntc30 and Ntc20 are both components of the Prp19-asso-
ciated complex, and both interact with Ntc90, Ntc85, and
Ntc77, but not with each other (Tsai et al. 1999; Chen et al.
2002). Deletion of either gene shows no growth defect, but
deletion of both severely impairs growth, suggesting func-
tional redundancy of these two genes. It is possible that
Ntc20 might also contribute to stabilization of Cwc25. We
examined whether depletion of Ntc20 could also bypass the
Prp16 requirement for the second step, and whether deple-
tion of both Ntc30 and Ntc20 would have an additive effect
(Supplemental Fig. S6A). Indeed, the ratio of the second to
the total reaction in ntc20A extracts was also higher than in
wild-type although not as high as in ntc30A, but was even
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FIGURE 5. Ntc30 stabilizes the association of Cwc25 with the spliceosome. (A) Splicing was carried out in mock-treated (lanes I-3 and 7-9) or
Prpl6-depleted (lanes 4-6 and 10-12) wild-type (lanes 1-6) or ntc30A (lanes 7-12) extracts, and the spliceosome was precipitated with anti-
Ntc20 or anti-Cwc25 antibody. (B) Relative amounts of second reaction and Cwc25-associated spliceosomes were quantified and plotted in a bar
graph. (C) The same as in A except splicing was carried out in Prp16-depleted ntc30A extracts without (lanes 1-3) or with (lanes 4-6) prior addition
of 40 ng recombinant Ntc30. (D) RNA bands in C were quantified and plotted in a bar graph as in B. (RXN) One-tenth of reaction mix; (dPrp16)

Prp16 depletion.

higher in extracts depleted of both Ntc30 and Ntc20
(Supplemental Fig. S6B). These results suggest that the pres-
ence of Ntc30 and/or Ntc20 stabilizes the association of
Cwc25, and in the absence of either one or both, Cwc25 is
more easily dissociated after the first reaction so that the path-
way can proceed to the second step without needing Prp16.

A model for spliceosome dynamics in the catalytic phase

Based on the data presented here and published previously, we
propose a model of spliceosome dynamics in the catalytic
phase with free energy changes during transition from one
step to the next (Fig. 6). Under normal splicing conditions
(lower pathway), the spliceosome switches between closed (in-
dicated by colored circle in the center of the spliceosome for
binding of specific factors to the catalytic center at specific
stages) and open (indicated by open circle in the center of
the spliceosome for free of specific proteins binding to the cat-
alytic center) conformational states. After activation, the spli-
ceosome is in a stable closed conformational state with SF3a/b
bound at the catalytic center (Pc, for precatalytic closed). Prp2
mediates destabilization of SF3a/b by hydrolyzing ATP to cre-
ate an open conformational state (Po for precatalytic open)
with a higher free energy level. The binding of Cwc25 lowers
the free energy (purple line) and stabilizes the first-step con-
formation (Ic for step I closed) to promote the first reaction.
The free energy level of the post-reaction state is presumed
to be even lower as Cwc25 becomes tightly bound to the spli-
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ceosome after branch formation. Prp16 can stabilize the asso-
ciation of Cwc25 with the precatalytic spliceosome in an ATP-
independent manner with branchpoint-mutated pre-mRNA
(Tseng et al. 2011), presumably by lowering the energy level
of the spliceosome. Upon binding, Prp16 can mediate dissoci-
ation of Cwc25 from the precatalytic or post-F1 spliceosome
by hydrolyzing ATP to create open conformational states of
higher free energy (Po, or Io for the step I open, respectively).
When the binding of Cwc25 to the spliceosome is weakened,
such as in ntc30A, ntc20A, or ntc30A20A extracts, the free en-
ergy level of the Ic conformation is higher (dashed purple
line), reducing the free energy difference between Ic and Io
conformations. Consequently, transition from Ic to Io confor-
mation is less dependent on ATP and Prpl6.

The Io state allows repositioning of splice sites. An energy
barrier exists for positioning the 3’ splice site to the catalytic
center, and this barrier is lower when the distance between
the 3’ splice site and the branchpoint is shorter, such as in
Act7 pre-mRNA (dashed line). Slu7 and Prp18 can bind to
the spliceosome with low affinity prior to the dissociation
of Cwc25, and bind more tightly after the release of Cwc25
to position the 3’ splice site. Stable binding of Slu7/Prpl18
lowers the free energy (blue green line) and stabilizes the sec-
ond-step conformation (IIc for step II closed) in promoting
the second reaction. Since Slu7/Prp18 bind tightly to the spli-
ceosome even prior to exon-ligation, as in the case of splicing
with 3’ splice site mutant pre-mRNA ACAC, occurrence of
F2 may not further lower the free energy level.


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.059204.116/-/DC1

Spliceosome dynamics in catalytic step

Po

AG

Prp2 Cwc25

Positioning
of 3'SS
lo llo llo

Prp22

Slu7/Prpl8 Prplé Prp22

ﬁ@T%%ﬁatT%auaqu

Prplé
SF3a/b Cwc25

Pc ) Po (89

‘ Discard

le («©)

Cwc25/Yju2 Slu7/Prpl8

Y/ =

lo lle
J Discard

FIGURE 6. A thermodynamic model for spliceosome dynamics in the catalytic phase. White inner circles indicate open conformational states, and
colored inner circles indicate closed conformational states with SF3a/b (light green), Yju2/Cwc25 (purple), or Slu7/Prp18/Prp22 (blue green) bound.
Black lines represent the energy states of the top pathway, and black broken line represents the state using Act7 pre-mRNA. Colored arrows represent
the energy states of the lower pathway. The purple broken line represents the energy state of the first catalytic step in ntc30A extracts. (Po) Precatalytic
open conformation; (Io) step 1 open conformation; (Ilo) step 2 open conformation of Act7 pre-mRNA; (Pc) precatalytic closed conformation; (Ic)
step 1 closed conformation; (Ilc) step 2 closed conformation. Pc, Po, and Ic are equivalent to B*“!, B¥, and C complexes, respectively. Po and Io are

susceptible to NTR-mediated disassembly (indicated as Discard).

The spliceosome formed in the absence of Cwc25 remains
in the open conformational state after destabilization of SF3a/
b, and it can fluctuate between different open conformational
states (upper pathway), as the energy barrier is lower for the
transition between different states (solid black line). The en-
ergy level of Po is proposed to be lower as Rl is extremely
efficient in the absence of Cwc25. In contrast, F2 is much
less efficient, presumably due to the energy barrier for posi-
tioning of the 3’ splice site.

DISCUSSION

Based on genetic and crosslinking data, a two-state conforma-
tional model of the catalytic spliceosome was proposed (Query
and Konarska 2004; Konarska et al. 2006; Liu et al. 2007a;
Smith et al. 2009). In this model, the spliceosomes in the first
and second catalytic steps are in different conformations,
which exist in equilibrium and are modulated by the interac-
tions of splicing factors and splice sites. Such a hypothesis
seems to contradict the notion of ATP being required for the
transition from the first to second step in the in vitro splicing
reaction (Schwer and Guthrie 1991). On the other hand, bio-
chemical analysis of the purified spliceosome revealed the spli-
ceosome being able to catalyze reverse splicing in both steps
under various ionic conditions without the need of ATP.
This suggests that the catalytic reactions might be directed
by the conformation of the spliceosome, which may fluctuate

between different states (Tseng and Cheng 2008). Here, we
provide direct biochemical evidence for conformational equi-
librium of the spliceosome in the catalytic phase under an
open conformational state, and propose that the spliceosome
may alternate between open and closed conformational states
to facilitate the reaction under normal splicing conditions. By
using a weak-binding Cwc25 variant, we were able to purify
the first-step Cwc25-free spliceosome to homogeneity. We
show that the purified spliceosome can catalyze splicing reac-
tions in both forward and reverse directions when incubated
in the splicing buffer without needing additional factors.
This suggests that the Cwc25-free spliceosome is in a dynamic
state able to switch between precatalytic, first-step and second-
step states, and the type of the chemical reaction that the
spliceosome catalyzes is likely guided by the conformational
state of the spliceosome. Genetic studies of PRP8 mutants
have also suggested an “opened” form of the spliceosome to
explain how Prp8, Prp16, and U6 may be involved in the tran-
sition from the first to second step (Liu et al. 2007a).

During normal splicing reactions, Cwc25 plays a central
role in the transition from first to second step. Cwc25 is
required for efficient first reaction (F1) (Chiu et al. 2009;
Warkocki et al. 2009), but inhibits the second reaction
(F2). Cwc25 is recruited and acts after Prp2-mediated spli-
ceosome remodeling, which may create a high-affinity bind-
ing site for Cwc25 (Ohrt et al. 2012), but is detected mostly in
association with splicing intermediates, suggesting that the
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reaction may take place immediately upon Cwc25 binding
(Tseng et al. 2011). Supporting this notion, a study using
single-molecule fluorescence resonance energy transfer to
monitor the distance of the 5’ splice site and branchpoint
in the first catalytic step has revealed fluctuation between dif-
ferent conformations in the B* complex, which corresponds
to Po (Fig. 6), and addition of Cwc25 increases proximity of
the two sites to allow the chemical reaction (Krishner et al.
2013). Conceivably, Cwc25 stabilizes and drives equilibrium
toward first-step conformation in facilitating F1 reaction. Its
binding renders the spliceosome in a low free energy state, as-
suming a more rigid structure that prohibits conformational
change. As a result, Cwc25 inhibits both F2 and R1 reactions.
Cwc25 becomes tightly associated with the spliceosome after
the reaction and requires Prpl6-catalyzed ATP hydrolysis
for its removal. It is worth noting that prevention of the re-
verse reaction is important to ensure efficient progression
of the pathway during normal splicing reaction. However,
on the purified Cwc25-free spliceosome, which presumably
represents first-step spliceosome after the release of Cwc25,
the F2 reaction occurred only inefficiently even with the ad-
dition of Slu7/Prp18, suggesting the existence of an energy
barrier in positioning the 3" splice site. This raises two ques-
tions as to splicing under normal conditions: how the spli-
ceosome overcomes the energy barrier to catalyze the F2
reaction, which is facilitated by Slu7/Prp18, and how R1 is
prevented after Cwc25 is removed mediated by Prpl6. It is
worth mentioning that the Cwc25-free spliceosome purified
in this study is not identical to that generated in the normal
splicing reaction in two aspects. First, Yju2 remains stably as-
sociated with our purified spliceosome (Fig. 2B), whereas it is
destabilized together with Cwc25 mediated by Prpl6 in the
normal splicing pathway (Tseng et al. 2011). The presence
of Yju2 might hinder conformational change on the spliceo-
some to promote efficient F2. Second, Slu7/Prp18 have pre-
viously been shown to associate with the spliccosome with
lower affinities prior to the F1 reaction (Ohrt et al. 2013),
but are not present on our purified spliceosome. Prior asso-
ciation of Slu7/Prp18 may facilitate efficient F2 upon the re-
lease of Cwc25 to prevent RI, and may also promote
positioning of the 3’ splice site by lowering the energy barrier
as well as stabilizing the second-step conformation in pro-
moting F2. The removal of Slu7/Prp18 requires Prp22-cata-
lyzed ATP hydrolysis, which also leads to mRNA release.
Prpl6 was initially identified as a suppressor to branch-
point mutation and is proposed to play a role in splicing
fidelity control by directing suboptimal spliceosomes to a dis-
card pathway (Burgess and Guthrie 1993a, b; Koodathingal
et al. 2010). Spliceosomes that stalled after Prpl6 action
have also been shown to be susceptible to disassembly medi-
ated by NTR complex, consisting of Ntrl, Ntr2, and DEAH-
box ATPase Prp43 (Mayas et al. 2010; Chen et al. 2013). In
light of the functional role of Prp16 in mediating the release
of Cwc25 and Yju2, the removal of Cwc25 and Yju2 from the
catalytic center may be required for the spliceosome to enter
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the discard pathway by creating an open conformational state
that is accessible to Prp43. Similarly, the open conformational
state in the precatalytic step (Po) is also susceptible to NTR-
mediated spliceosome disassembly (Chen et al. 2013).
Cwc25 is normally removed after branch formation, but can
also be removed before branching if the reaction slows
down due to mutations at the branch site or modification at
the 5’ splice site, leading the spliceosome to the discard path-
way (see Fig. 6; Koodathingal et al. 2010; Tseng et al. 2011). In
the recently determined cryo-EM structures, Cwc25 was
found to contact U6 snRNA as well as the branch site sequence
in the catalytic center, and the N terminus of Cwc25 is inserted
into the widened major groove of the bulged branch helix
(Galej et al. 2016; Wan et al. 2016). Cwc25 may play a role
in stabilizing specific RNA interactions in the catalytic core
to promote the reaction. PRP16 shows extensive genetic inter-
actions with U2 and U6, and was proposed to destabilize U2/
U6 helix I during transition from the first to second step
(Madhani and Guthrie 1994; Mefford and Staley 2009). It is
possible that destabilization of U2/U6 helix I is a consequence
of Cwc25/Yju2 dissociation, which may induce rearrangement
of RNA-RNA interactions at the active site.

In the cryo-EM structures, the N-terminal residue G2 of
Cwc25 was shown to make two H-bonds with the branch-
point sequence and U6 snRNA, and the side chain of K10
donates a candidate H-bond to the phosphate backbone of
the branchpoint sequence (Galej et al. 2016; Wan et al.
2016), suggesting the importance of Cwc25 N terminus for
its function. Nevertheless, adding V5 tags to the N terminus
of Cwc25 does not impact splicing, although it weakens its
association with the spliceosome. This suggests that stable
association of Cwc25 with the spliceosome is not essential
for efficient splicing, and the interaction of Cwc25 with the
RNA catalytic core may not require specific sequences. It is
conceivable that Cwc25 need not bind tightly to the spliceo-
some, since it only transiently associates with the spliceosome
and has to leave after lariat formation. It will be interesting to
see whether the N terminus of Cwc25, with tags added, is still
positioned close to the branch helix, and how such transient
interaction can promote specific interaction of the branch
site with the 5’ splice site.

We have previously shown that splicing can proceed to
the second step at a low efficiency in the absence of Prpl6
when Yju2 is replaced with the N-terminal half fragment
of the protein, Yju2-N, in the splicing reaction (Chiang and
Cheng 2013). Yju2-N is sufficient for its function in the first
catalytic reaction, but has a much lower affinity for the spli-
ceosome. Consequently, it is more easily dissociated from the
spliceosome. Since Yju2 is required for stable association of
Cwc25 with the spliceosome (Chiu et al. 2009), Cwc25 may
be destabilized accordingly. Therefore, the spliceosome can
exit from the closed conformational state more easily without
Prp16. Likewise, we have observed an effect of Ntc30 on the
stable association of Cwc25 with the spliceosome and on the
efficiency of the second reaction in the absence of Prpl6. It
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has previously been shown that deletion of NTC30 suppresses
the growth defect of prp16-302 mutant (Villa and Guthrie
2005). We show here that the association of Cwc25 with
the spliceosome is weakened when Ntc30 is absent. Splicing
could progress to the second step without Prp16 to a certain
extent in Ntc30-depleted and Ntc30/Ntc20 doubly depleted
extracts, and the amount of the second reaction increased
with decrease in the amount of the Cwc25-associated spliceo-
some. This provides a biochemical explanation for the sup-
pression effect of ntc30A to prpl6-302 mutation. Supporting
this notion, the cryo-EM structures of the first-step spliceo-
some reveal that Ntc30, Cwc25, and Yju2 are located in the
catalytic center of the spliccosome and interact with the
RNA elements and Prp8 (Galej et al. 2016; Wan et al. 2016).
Although direct interaction between Cwc25 and Ntc30 was
not described, removing Ntc30 from its position could poten-
tially alter the conformation of the catalytic core to destabilize
Cwc25 association. The fact that splicing efficiency was slightly
higher when Ntc30 was added back to ntc30A extracts suggests
facilitation of the first reaction by Ntc30, possibly by stabiliz-
ing Cwc25 association, but at the expense of more stringent
requirements for Prp16 to progress to the second step.

Our results show that Cwc25 promotes the first reaction by
stabilizing the first-step conformation, and its removal re-
quires Prpl6-mediated ATP hydrolysis so that Slu7/Prpl8
can bind to the spliceosome with high affinity to promote
the second reaction. In the absence of Slu7/Prp18, both
Yju2 and Cwc25 can reassociate with the spliceosome upon
depletion of ATP, suggesting that the binding of Yju2 and
Cwc25 to the spliceosome is dynamic and reversible.
During normal reactions, continuous ATP hydrolysis by
Prp16 prevents Yju2 and Cwc25 from perpetual association
with the spliceosome. The prior presence of Slu7/Prp18 be-
fore Yju2/Cwc25 are released may also prevent reassociation.
Notably, while Slu7 and Prp18 form a heterodimeric complex
and can bind to the spliceosome (James et al. 2002), Yju2 has
to bind to the spliceosome first before Cwc25 can be recruited
to the spliceosome (Chiu et al. 2009). Since Cwc25 is the key
component that prevents the second reaction, this two-phase
interaction might be less efficient for their rebinding to the
spliceosome. Yju2 is not crucial in preventing the second re-
action, but is destabilized from the spliceosome together with
Cwc25 during Prp16 action. This may imply that Yju2 acts as
an additional control in slowing down rebinding of Cwc25 to
allow Slu7/Prp18 to function in a competitive manner so that
the reaction can proceed to the second step.

MATERIALS AND METHODS

Yeast strains

BJ2168 (MATa prcl prbl pep4 leu2 trpl ura3), YSCC14 (MATa
prcl prbl pep4 leu2 trpl ura3 PRP19HA NTC20::LEU2 NTC30::
URA3), YSCC15 (MATa prcl prbl pep4 leu2 trpl ura3 PRP19HA
NTC30::URA3), YSCC16 (MATa prcl prbl pep4 leu2 trpl ura3
PRP19HA NTC20::LEU2).

Splicing extracts and substrates

Splicing extracts were prepared according to Cheng et al. (1990).
The pre-mRNA substrates were prepared by in vitro transcription
with SP6 RNA polymerase. For preparation of regular actin sub-
strate, EcoRI linearized pSP64-88 plasmid was used as the template.
Template for actin Act7 pre-mRNA was derived from pSP64-88
with deletion between the branchpoint and 3’ splice site as described
in Brys and Schwer (1996).

Immunoprecipitation and immunodepletion

Immunoprecipitation of the spliceosome was performed as de-
scribed in Tarn et al. (1993). For each 10-20 pL of splicing reaction
mixtures, 10 uL of protein A-Sepharose (PAS) conjugated with 1.5
pL of anti-Ntc20 antibody or 5 pL of anti-Prpl6 antibody was
used. For precipitation of the V5-Cwc25- or Cwc25-HA-associated
spliceosome, 1 pL of anti-V5 antibody or 15 pL of anti-HA antibody
was used, respectively. For depletion of specific proteins from 100
uL of yeast extracts, 12.5 mg of PAS was swollen in NET-2 buffer
(50 mM Tris—HCI, pH 7.4, 150 mM NaCl, 0.05% NP-40) to
make a bed volume of 50 pL, and used for conjugation with specific
antibodies. For depletion of Prp16 and Yju2, 50 pL of anti-Prpl6
and 120 pL of anti-Yju2 antibodies were used, respectively. For
co-depletion of Slu7 and Prp22, 50 uL of anti-Slu7 antiserum and
1.3 pg of purified anti-Prp22 antibody were used. Each 100 pL of ex-
tract was incubated with antibody-conjugated PAS at 4°C for 1 h,
and supernatants were collected as depleted extracts.

Reactions on the precipitated spliceosome

To chase the splicing reaction on the spliceosome, the spliceosome
was precipitated with anti-V5 or anti-Ntc20 antibody conjugated
to 10 pL of protein A-Sepharose (see Supplemental Information).
The beads were washed once with 1 mL of 10 mM Tris—HCl, pH
8.8 or 6.8 (for pH titration, dH,O was used in the final wash in-
stead), and then incubated with 30 pL of 10 mM Tris—HCI, pH
8.8 (or 6.8, or 7.0, or 7.4, or 8.0 in specific experiments), 4 mM
MgCl, (and 0.5 mM MnCl,), with or without 150 mM KCI at
25°C for 60 min.

Purification of recombinant Cwc25, Slu7, and Prp138

Recombinant Cwc25 was expressed in E. coli with a His-tag at the C
terminus by cloning CWC25 into the pET-22b plasmid vector and
purified by chromatography on a Ni-Sepharose affinity column
(Novagen). Slu7 proteins were expressed in E. coli and purified ac-
cording to Chen et al. (2013). Prp18 was expressed in E. coli as
His-Sumo-Prp18-HA fusion and purified by chromatography on
a Ni-Sepharose column. The Sumo fragment was removed by cleav-
age of the fusion protein with Sumo-protease followed by chroma-
tography on a Ni-Sepharose column.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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