DEAH-box ATPase Prp16 has dual roles in remodeling
of the spliceosome in catalytic steps
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ABSTRACT

The assembly of the spliceosome involves dynamic rearrangements of interactions between snRNAs, protein components, and
the pre-mRNA substrate. DExD/H-box ATPases are required to mediate structural changes of the spliceosome, utilizing the
energy of ATP hydrolysis. Two DExD/H-box ATPases are required for the catalytic steps of the splicing pathway, Prp2 for the
first step and Prp16 for the second step, both belonging to the DEAH subgroup of the protein family. The detailed mechanism
of their action was not well understood until recently, when Prp2 was shown to be required for the release of U2 components
SF3a and SF3b, presumably to allow the binding of Cwc25 to promote the first transesterification reaction. We show here
that Cwc25 and Yju2 are released after the reaction in Prp16- and ATP-dependent manners, possibly to allow for the binding
of Prp22, Prp18, and Slu7 to promote the second catalytic reaction. The binding of Cwc25 to the spliceosome is destabilized
by mutations at the branchpoint sequence, suggesting that Cwc25 may bind to the branch site. We also show that Prp16 has
an ATP-independent role in the first catalytic step, in addition to its known role in the second step. In the absence of ATP,
Prp16 stabilizes the binding of Cwc25 to the spliceosome formed with branchpoint mutated pre-mRNAs to facilitate their
splicing. Our results uncovered novel functions of Prp16 in both catalytic steps, and provide mechanistic insights into splicing
catalysis.
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INTRODUCTION Each catalytic step of the splicing reaction requires a
DEAH-box ATPase, Prp2 for the first step and Prpl6 for
the second step, and several other proteins. Each step pro-
ceeds through an ATP-dependent structural change in the
spliceosome followed by an ATP-independent reaction
that forms lariat intermediates and the mature message,
respectively (Liu et al. 2007). Yju2, Cwc25, and a yet un-
identified heat-resistant factor HP-X are required for the
ATP-independent reaction in lariat formation (Chiu et al.
2009; Warkocki et al. 2009), and Prp22, Prp18, and Slu7 are
required for exon ligation (Horowitz and Abelson 1993a,
1993b; Ansari and Schwer 1995; Jones et al. 1995; Schwer and
Gross 1998). These proteins may facilitate or stabilize splice
site alignment during catalytic reactions (James et al. 2002;
Grotti et al. 2007; Chiu et al. 2009). Among them, Yju2,
Cwc25, Prp22, and Slu7 are essential for cellular viability and
for in vitro splicing. Yju2 and HP-X can be recruited to the
spliceosome before the action of Prp2, despite the fact that
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The spliceosome is assembled by sequential binding of five
small nuclear RNAs (snRNAs)—U1, U2, U4/U6, and U5—in
the form of ribonucleoprotein complexes and other pro-
tein components, to the pre-mRNA (Fig. 1) (for reviews,
see Brow 2002; Wahl et al. 2009). After binding of all five
snRNAs, a major structural rearrangement occurs on the
spliceosome, which involves release of Ul and U4, and
forming new base pairs between U2 and U6, and between
U6 and the 5" splice site. Moreover, a protein complex
associated with Prp19, named NTC (NineTeen Complex), is
added to the spliceosome to stabilize the interactions of U6
and U5 with the pre-mRNA in formation of the activated
spliceosome (Tarn et al. 1994; Chan et al. 2003; Chan and
Cheng 2005).
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FIGURE 1. Scheme for the spliccosome pathway, divided into spliceosome assembly,
spliceosome activation, catalysis (reactions 1 and 2), and spliceosome disassembly steps.
Yju2 is shown joining the spliceosome with NTC or in the first catalytic step. Prp16, Yju2, and

Cwc25 are highlighted for they are the focus of this work.

After completion of splicing, the spliceosome first releases
the mature mRNA, a step mediated by Prp22 (Company
et al. 1991; Wagner et al. 1998; Schwer 2008). It is then
disassembled by the concerted action of two DExD/H-box
proteins, U5 component Brr2 (Small et al. 2006) and Prp43,
in association with Ntrl and Ntr2 in the form of a complex
known as NTR complex (Arenas and Abelson 1997; Martin
etal. 2002; Tsai et al. 2005; Boon et al. 2006; Pandit et al. 2006;
Tsai et al. 2007). A scheme for the spliceosome pathway is
shown in Figure 1.

The mechanisms underlying the structural change of
the spliceosome mediated by Prp2 and Prpl6 are not well
understood. Recently, the function of Prp2 is shown to be
associated with the release of U2 components SF3a and SF3b
(Warkocki et al. 2009; Lardelli et al. 2010). Prp2 requires
a cofactor Spp2, which was originally identified as a high-
copy suppressor of prp2-1 mutation, for its function. Spp2
interacts with Prp2, and is required for the binding of Prp2 to
the spliceosome (Last et al. 1987; Roy et al. 1995; Silverman
etal. 2004). Prp16 was reported to promote a conformational
change in the spliceosome, resulting in the protection of
the 3’ splice site against oligonucleotide-directed RNase H
cleavage (Schwer and Guthrie 1992). Although Prpl6 has
been shown to unwind RNA duplexes in vitro (Wang et al.
1998), it remains unclear whether such helicase activity is
directly related to its function in the spliceosome pathway.

We show here that Prpl6 functions in mediating the
release of spliceosomal components Yju2 and Cwc25 in the
second step. Yju2 and Cwc25 are required for the first
catalytic reaction (Chiu et al. 2009), and are dissociated from
the spliceosome in Prpl6- and ATP-dependent manners,
presumably to allow binding of Prp22, Prp18, and Slu7 to
promote the second catalytic reaction. This result provides
a possible explanation for how the first catalytic reaction
could reverse on the Prp22-associated spliceosome indepen-
dent of Prp16 and ATP (Tseng and Cheng 2008). Strikingly,
Prpl6 can bind the spliceosome prior to the first catalytic
reaction to stabilize the binding of Cwc25 in the absence
of ATP hydrolysis. This uncovers an ATP-independent role
of Prp16 in the first catalytic step, and provides a biochemical
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Disassembly explanation for how Prp16 might medi-
ate proofreading of the branchpoint
sequence.
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It has recently been shown that U2
components SF3a/b are released from
the spliceosome in the ATP-dependent
Prp2 step (Warkocki et al. 2009; Lardelli
et al. 2010). SE3b has been reported to
bind to the branch site in the catalytic center of the
spliceosome, and its component SAP155 (Hsh155 in yeast)
directly contacts sequences across the branchpoint (Query
and Sharp 1996; Gozani et al. 1998; Will et al. 2001). Con-
ceivably, the removal of SF3a/b is necessary for binding
of Cwc25, perhaps at the same site, to promote the trans-
esterification reaction by fine-tuning the structure of the
spliceosome for splice site alignment (Chiu et al. 2009;
Warkocki et al. 2009). The second catalytic step also requires
a DEAH-box protein Prpl6 prior to the transesterification
reaction, which requires Prp22, Prp18, and Slu7. Since Yju2
and Cwc25 have previously been found destabilized from
the spliceosome prior to the second catalytic reaction (Liu
et al. 2007; Chiu et al. 2009), we speculated that Prp16 might
play an analogous role to Prp2 in exchanging components
binding to the catalytic center. We therefore examined
whether Yju2 and Cwc25 would accumulate on the spliceo-
some in the absence of Prp16 function.

Spliceosome was formed in Prpl6-depleted or mock-
treated extracts and precipitated with antibodies against
Ntc20, Prp16, Yju2, or Cwc25 (Fig. 2A). While only residual
amounts of splicing intermediates were precipitated by anti-
Yju2 and anti-Cwc25 antibodies in mock-treated extracts
(lanes 4,5), large amounts were precipitated in Prpl6-
depleted extracts (lanes 9,10), indicating that Yju2 and Cwc25
accumulated on the spliceosome in the absence of Prpl6.
This was further confirmed by western blotting of affinity-
purified spliceosome. Spliceosomes formed with biotinylated,
3" splice site mutated ACAC pre-mRNA were precipitated
with streptavidin Sepharose, and components of the spliceo-
some analyzed by western blotting (Fig. 2B). Yju2 and Cwc25
were found to accumulate on the spliceosome in large amounts
in Prp16-depleted extracts (lane 6) as opposed to mock-treated
extracts (lane 2), or mock-treated or Prpl6-depleted ex-
tracts with the addition of recombinant Prp16 (lanes 4,8). A
dominant-negative mutant of Prpl6, D473A, which carries
amutation in the ATPase motif and blocks the second catalytic
reaction (Hotz and Schwer 1998), also resulted in the ac-
cumulation of Yju2 and Cwc25 when added in the splicing
reaction (Fig. 2C, lane 6). These results suggest that Prp16
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FIGURE 2. Yju2 and Cwc25 were accumulated on the spliceosome in
the absence of Prpl6 function. (A) Splicing was carried out using
ACAC pre-mRNA in mock-treated (lanes I1-5) or Prpl6-depleted
extract (lanes 6-10), and the reaction mixtures were precipitated with
antibodies against Ntc20, Prp16, Yju2, or Cwc25. RXN: 1/10 of the
reaction mixture. (B,C) Western blotting of the spliceosome formed
with biotinylated ACAC pre-mRNA and pulled-down with streptavi-
din Sepharose. (B) Splicing was carried out in mock-treated (lanes
1-4) or Prpl6-depleted (lanes 5-8) extracts, +/— recombinant Prp1l6.
(C) Splicing without (lanes 1,2) or with the addition of wild-type
Prpl6 (lanes 3,4) or prplépsy3x mutant protein (lanes 5,6). dPrpl6:
Prpl6-depletion; Sub: substrate.

might mediate the release of Yju2 and Cwc25, and the ATPase
activity of Prp16 is required.

To confirm such a functional role of Prpl6, splicing
reactions were carried out in Prpl6-depleted extracts fol-
lowed by depletion of ATP. Recombinant Prp16 was added
and allowed to bind to the spliceosome. The spliceosome was
then precipitated with antibodies against Yju2, Cwc25, or
Ntc20, and incubated in the presence or absence of ATP
(Fig. 3). Indeed, while Ntc20 remained stably associated with
the spliceosome (lanes 5,6), nearly 40% of Cwc25 and Yju2
were released from the lariat-containing spliceosome in the
presence of ATP (lanes 17,18,29,30), indicating that the
release of Yju2 and Cwc25 required the ATP-dependent
function of Prpl6. This result demonstrates that Yju2 and
Cwc25 are removed from the spliceosome, in a step mediated
by Prp16 in an ATP-dependent manner, after their action in
the first catalytic step.

Branchpoint mutations destabilize the association
of Cwc25 with the spliceosome

The occurrence of the first reaction immediately following
Cwc25 binding suggests that Cwc25 may bind to the catalytic
center of the spliceosome to promote the transesterification
reaction. Consistent with this notion, the binding of Cwc25
to the spliceosome requires prior action of Prp2, presumably
to remove SF3b from binding to the branch site. To see

whether Cwc25 binds to the branch site, we examined
whether the association of Cwc25 was affected by mutations
at the branchpoint. Pre-mRNA containing an A to G (brG)
or an A to C (brC) mutation at the branchpoint spliced less
efficiently as compared to ACAC pre-mRNA in proceeding
through the first reaction (Fig. 4A, lanes 1,4,7). Whereas the
brG pre-mRNA was more strongly blocked for the second
than the first reaction step (lane 4), the brC pre-mRNA was
severely blocked for the first step (lane 7), consistent with
previous results of in vivo analysis (Query and Konarska
2004). To see whether the block of the first step by brC
mutation was due to a block in spliceosome assembly or
inefficient catalytic reaction, we precipitated the post-acti-
vation spliceosome with antibody against Ntc20, which is
deposited on the spliceosome as a component of the NTC
during spliceosome activation (Chen et al. 2001a; Chan et al.
2003). The result shows that the amount of the activated
spliceosome formed with brG and brC was 53% and
62%, respectively, of that with ACAC pre-mRNA, suggesting
that the efficiency of spliceosome assembly decreased to half
of its value with branchpoint mutations. The brC mutant was
blocked primarily in the first catalytic reaction, as revealed by
the accumulation of pre-mRNA on the activated spliceosome
(lane 8). By contrast, less of the brG spliceosome stalled in
the pre-catalytic state, and a larger amount of splicing in-
termediates than pre-mRNA was coprecipitated with Ntc20
(lane 5). The spliceosome containing splicing intermediates
could be stalled either before the Prp16 step with Yju2 and
Cwc25 accumulated (Fig. 2), or after the Prp16 step with step
two factors accumulated as in the case of that formed with
ACAC pre-mRNA (Chan et al. 2003). When the spliceosome
was precipitated with anti-Prp22 antibody, splicing inter-
mediates were precipitated at a comparable efficiency as
with anti-Ntc20 in all three pre-mRNAs (lanes 2,3,5,6,8,9),
suggesting that like the ACAC spliceosome, the catalytic brG
and brC spliceosomes were mostly stalled in post-Prp16 steps
after binding of Prp22.

To examine the association of Cwc25 and Yju2 with
the spliceosome, the spliceosome formed with biotinylated
pre-mRNA was isolated by precipitation with streptavidin
Sepharose and the associated components were examined by
western blotting. Figure 4B shows that while Cwc25 was seen
to associate with the ACAC spliceosome, it was not detected
to associate with the brG or brC spliceosome (lanes 6,10),
indicating that mutations in the branchpoint prevented
stable association of Cwc25 with the spliceosome. The as-
sociation of Yju2 with the spliceosome was not affected by
branchpoint mutation. Since Cwc25 has a very short life on
the spliceosome, and is seen to accumulate on the spliceo-
some in large amounts only in the absence of a functional
Prpl6 (Fig. 2), we then depleted Prp16 from the extract to
see whether Cwc25 could be detected on the brG or brC
spliceosome. However, while Yju2 and Cwc25 accumulated
in greater amounts on the ACAC spliceosome when Prpl16
was depleted (lane 4), Cwc25 was still barely detected with
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-- This result suggests that Prpl6 might

stabilize or facilitate the binding of
Cwc25 to the spliceosome formed on
brG or brC pre-mRNA. To confirm that,
the D473A mutant of Prpl6 recombi-
nant protein was added to the reaction to
see whether it would facilitate splicing of
brG or brC pre-mRNA (Fig. 5B). While
the addition of recombinant wild-type
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FIGURE 3. Prpl6 mediates the release of Yju2 and Cwc25. Splicing was carried out for 10 min
with wild-type actin transcript in Prpl6-depleted extracts, and ATP was depleted by
incubation for 5 min upon the addition of 10 mM glucose. After addition or no addition
of recombinant Prpl6, the reaction mixtures were precipitated with antibody against Ntc20
(lanes 2-6), Yju2 (lanes 8-12,14-18) or Cwc25 (lanes 20-24,26-30). The precipitated
spliceosome was reincubated in the presence or absence of ATP, and the pellet and supernatant
fractions were separated. The amount of RNA was quantified by Phospholmager and plotted
in a bar graph with the sum of supernatant and pellet as 100%. The x-axis indicates lane
numbers of the gel. R: 1/10 of the reaction mixture; SP: spliceosome; T: total precipitate;

P: pellet; S: supernatant.

brG and brC mutations, and the amount of Yju2 did not
increase (lanes 8,12). The same results were obtained with
A to U mutation in the branchpoint (brU) (data not shown).
These results demonstrate that changes in the branchpoint
sequence prevent stable association of Cwc25 with the
spliceosome in the presence or absence of Prp16.

A functional link of Prp16 to the first
catalytic reaction

Although Cwc25 was destabilized from the spliceosome by
branchpoint mutations, splicing was not entirely blocked,
suggesting that Cwc25 could still interact with the spliceo-
some, perhaps at a lower efficiency, to promote the reaction.
Since depletion of Prpl6 did not increase the amount of
Yju2 accumulated on the brG or brC spliceosome (Fig. 4C),
we speculated that depletion of Prp16 might affect splicing of
brG or brC pre-mRNA. Splicing was assayed in mock-treated
or Prpl6-depleted extracts and compared between wild-type,
ACAC, brG and brC pre-mRNA (Fig. 5A). In Prp16-depleted
extracts, the splicing efficiency of brG pre-mRNA was greatly
reduced (lanes 5,6), and splicing of brC pre-mRNA was
completely inhibited (lanes 7,8), while splicing of wild-type
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Prp16 functions in mediating the release
of Yju2 and Cwc25 after the first catalytic
reaction, it may bind to the spliceosome
prior to the reaction and stabilize the
association of Cwc25 with brG and brC
pre-mRNAs to promote the splicing re-
action. Prp16 is known to be involved in
the second catalytic step, and only until
recently, while this manuscript was being
prepared, shown to bind the pre-catalytic
spliceosome formed with sulfur-substituted
U80 residue of U6 (Koodathingal et al. 2010). We speculated
that retention of Prpl6 on the pre-catalytic spliceosome
might be detectable with branchpoint mutants.

We then examined whether Prp16 and Cwc25 could be
detected to associate with the pre-catalytic spliceosome by
precipitation of splicing reaction mixtures with anti-Prp16
and anti-HA antibodies using Cwc25-HA extracts (Fig. 6A).
To arrest Prp16 on the spliceosome, ATP was depleted by
the addition of 10 mM glucose prior to precipitation. In
the experiments without depleting ATP, a low level of pre-
mRNA and lariat intron-exon 2 was found to coprecipitate
with Prpl6 (lanes 4,12,20), possibly due to nonspecific
RNA binding of Prp16, or background from precipitation
with anti-Prp16 antibody. Nevertheless, a significantly
larger amount of brC pre-mRNA and splicing intermedi-
ates was coprecipitated with Prpl6 and Cwc25 after ATP
depletion (lanes 23,24) in comparison with the amount
obtained without ATP depletion (lanes 19,20). Cwc25 was
not significantly associated with ACAC pre-mRNA (lanes
3,7), but was associated with only a tiny amount of brG pre-
mRNA after ATP depletion (lanes 11,15). This is consistent
with the previous observation that brC was more severely
impeded for the first catalytic step, while brG was more
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FIGURE 4. Mutations at the branchpoint destabilized the association
of Cwc25 with the spliceosome. (A) Splicing was carried out with
ACAC (lanes 1-3), brG (lanes 4-6), or brC (lanes 7-9) pre-mRNA and
the reaction mixtures were precipitated with anti-Ntc20 or anti-Prp22
antibody. R: 1/10 of the reaction mixture; a-20: anti-Ntc20 antibody;
a-22: anti-Prp22 antibody. (B) Spliceosome formed with biotinylated
ACAC, brG, or brC pre-mRNA was precipitated with streptavidin
Sepharose followed by Western blotting. M: mock; d16: Prpl6
depletion.

severely impeded for the second step at the post-Prp16 stage
(Fig. 4A). The result demonstrates that Prp16 and Cwc25 can
associate with the spliceosome before the first step with brC
pre-mRNA. Together with the results shown in Figure 5, it
suggests that Prpl6 stabilizes the binding of Cwc25 to
promote the first splicing reaction of brC pre-mRNA.

Since in normal splicing reactions, Prp16 is required only
after the first catalytic reaction, which requires Cwc25, it is
likely that the binding of Prp16 to the pre-catalytic spliceo-
some also depends on the presence of Cwc25. To find out
whether Cwc25 was required for the association of Prpl6
with the pre-catalytic brC spliceosome, the same experiment
was performed with Cwc25-depleted Prpl6-HA extracts
(Fig. 6B). In this experiment, anti-HA antibody was used
for precipitation of Prpl6 to avoid possible background
from precipitation with anti-Prp16 antibody. Although anti-
HA antibody still precipitated a low level of pre-mRNA in the
reaction without ATP depletion (lanes 3,9), a significantly
higher level of pre-mRNA was coprecipitated in mock-treated
extracts with ATP depletion (lane 6). Depletion of Cwc25
reduced the amount pre-mRNA coprecipitated with Prp16 to
the level of no ATP depletion (lane 12), and adding back
recombinant Cwc25 restored precipitation of pre-mRNA (Fig.
6C, lane 12), suggesting that binding of Prp16 to the pre-
catalytic spliceosome requires the presence of Cwc25.

DISCUSSION
Remodeling of the spliceosome mediated by Prp2
and Prp16 during catalytic steps

The spliceosome undergoes repetitive remodeling during the
successive catalytic steps to acquire components specifically

required for each step. Prp2 was recently demonstrated to be
functionally associated with the release of SF3a/b prior to the
first catalytic reaction (Warkocki et al. 2009; Lardelli et al.
2010). Proteomic analysis of spliceosomes arrested at prp2-,
prpl6-, and prp22-arrested steps detected Yju2 and Cwc25
only in the prpl6-arrested spliceosomes, suggesting removal
of Yju2 and Cwc25 after the second step (Lardelli et al. 2010).
We demonstrate here that Yju2 and Cwc25 are released from
the spliceosome prior to the second catalytic reaction, and
their release is associated with the function of Prp16. It is
likely that SF3a/b leave the spliceosome to allow for the
binding of Cwc25 to promote lariat formation. Cwc25 and
Yju2 are then removed after their action to allow for the
binding of Prp22, Prp18, and Slu7 to promote the second
transesterification. Conceivably, SF3a/b, Cwc25/Yju2, and
Prp22/Slu7/Prp18 may each bind to the catalytic center of
the spliceosome at distinct stages in order to position the
splice sites. Thus, the prior removal of factors occupying the
position is necessary to afford their access. SF3b has been
shown to bind to the branch site, presumably to stabilize
U2-branch site base-pairing. We show here that mutations at
the branchpoint destabilize the association of Cwc25 with the
spliceosome, suggesting that Cwc25 may bind to the branch
site during the first catalytic step.

The ATPase activity of Prp2 and Prp16 is associated with
the release of SF3a/b, and the release of Yju2 and Cwc25,
respectively. Coincidentally, other splicing DExD/H-box
proteins are also functionally linked to the release of specific
spliceosomal components. Prp28 has been implicated in
the release of Ul, and Brr2 in the release of U4 during
spliccosome activation (Raghunathan and Guthrie 1998;
Staley and Guthrie 1999; Chen et al. 2001b). Prp22 has a
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FIGURE 5. Prp16 facilitated splicing of brG and brC pre-mRNA. (A)
Splicing was carried out with wild-type (lanes I1,2), ACAC (lanes 3,4),
brG (lanes 5,6), or brC (lanes 7,8) pre-mRNA in mock-treated (lanes
1,3,57) or Prplé-depleted (lanes 2,4,6,8) extracts. dPrpl6: Prpl6
depletion; M: mock; d: depletion. (B) Splicing was carried out with
wild-type (lanes 1—4), brG (lanes 5-8), or brC (lanes 7,8) pre-mRNA
in mock-treated (lanes 1,5,9) or Prpl6-depleted (lanes 2—4,6-8,10-12)
extracts without (lanes 2,6,10) or with the addition of wild-type (lanes
3,7,11) or D473A mutant (lanes 4,8,12) of Prpl6.
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FIGURE 6. Cwc25-dependent association of Prp16 with the pre-catalytic spliceosome. (A) Splicing was carried out for 30 min with ACAC, brG,
or brC pre-mRNA in Cwc25-HA extracts, and the reaction mixtures were separated into two aliquots. Glucose was added to one aliquot at 10 mM
and incubated for 5 min (lanes 5-8,13—16,21-24). All mixtures were precipitated with anti-Ntc20, anti-HA, or anti-Prp16 antibody. (B) Splicing
was carried out with brC pre-mRNA in mock-treated (lanes I-6) or Cwc25-depleted (lanes 7—12) Prp16-HA extracts, and the reaction mixtures
were separated into two aliquots. Glucose was added to one aliquot at 10 mM and incubated for 5 min (lanes 4-6,10-12). All mixtures were
precipitated with anti-Ntc20 or anti-HA antibody. (C) Splicing was carried out with brC pre-mRNA in Cwc25-depleted, Prp16-HA extracts, and
the reaction mixtures were separated into two aliquots. Glucose was added (lanes 7—12) or not added (lanes I-6) to each aliquot at 10 mM and
incubated for 5 min, and each mixture was separated into two aliquots. Recombinant Cwc25 was added (lanes 4-6,10-12) or not added (lanes
1-3,7-9) to each aliquot, and further incubated for 10 min. All mixtures were precipitated with anti-Ntc20 or anti-HA antibody. AATP:
ATP depletion; RXN: 1/50 of reaction mixture; a-20: 1/5 of precipitates from anti-Ntc20 antibody; dCwc25: Cwc25 depletion.

function in the second catalytic reaction; however, its ATPase
activity is required only for the release of mRNA (Schwer
and Gross 1998). Prp5 also has ATP-dependent and ATP-
independent functions. Although the ATPase activity of Prp5
is not required for its role in formation of the pre-spliceo-
some, it is required for the dissociation of Cus2 from U2
snRNP to modulate the structure of U2 (Perriman et al.
2003). The function of Prp43 in disassembly of the spliceo-
some also involves separation of spliceosomal components
from lariat-intron and from each other. Taken together,
splicing DExD/H-box proteins appear to have a common
role in remodeling the spliceosome that mediate the release
of spliceosomal components no longer required for progres-
sion of the pathway at distinct stages.

How DExD/H-box proteins mediate the release of
spliceosomal components is not completely clear. Multiple
changes in the RNA-RNA and RNA-protein interactions
take place at each step of the splicing pathway. It is conceiv-
able that ATP hydrolysis by the DExD/H-box proteins may
trigger conformational change of the spliceosome, leading
to destabilization of specific components at specific stages.
Alternatively, the DExD/H-box proteins may act as RNPases
to remove proteins directly bound to RNA. Two DExD/
H-box proteins have previously been implicated to function
as RNPases in the splicing reaction (Schwer 2001). Sub2
has been proposed to remove Mud2 (yU2AF65) and BBP
bound to the 3’ splice site and the branch site to allow U2
binding (Kistler and Guthrie 2001; Libri et al. 2001), and
Prp28 to remove Ul from the 5" splice site, possibly by de-
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stabilizing U1C (Chen et al. 2001b). Whether Prp2 and Prp16
function as RNPases in removing SF3a/b and Yju2/Cwc25
remains to be investigated.

Prp16 functions in the first step in proofreading
the branchpoint sequence

The role of Prpl6 in the catalytic steps is particularly
interesting. Prp16 has long been known to be required for
the second catalytic reaction, and depletion of Prp16 results
in accumulation of splicing intermediates. Our results show
that Prp16 has an additional role for the first catalytic step,
which may serve to proofread the branchpoint sequence.
With regard to the regular splicing reaction, Prp16 is not
required for the binding of Yju2 or Cwc25 to the spliceo-
some, or for their function, and is only required for their
release after the first catalytic reaction. With branchpoint
mutants that weaken the binding of Cwc25, Prpl6 could
stabilize the association of Cwc25 to promote the reaction.
Cwc25 is recruited as the last factor to the pre-catalytic
spliceosome. Normally, the association of Cwc25 with pre-
mRNA is not detected, presumably due to rapid conversion
of the pre-mRNA to splicing intermediates upon Cwc25
binding. However, Cwc25 could be detected to associate
with the pre-catalytic splicecosome when the brC mutant was
employed, owing to a slower kinetics of the reaction, but only
in the presence of Prp16 and in the absence of ATP. Prpl16
was also detected to associate with the pre-catalytic spliceo-
some under such conditions, and its association requires
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the presence of Cwc25. The fact that Cwc25 and Prp16 could
stall on the pre-catalytic spliceosome only in the absence of
ATP suggests that hydrolysis of ATP by Prpl6 results in
the release of Cwc25. In this context, Prp16 could bind to the
spliceosome after binding of Cwc25, either before or after the
catalytic reaction, and mediate the release of Cwc25 upon
ATP hydrolysis. It is conceivable that after binding of Cwc25,
the catalytic reaction occurs faster than Prpl6 binding or
ATP hydrolysis-associated release of Cwc25, so that Cwc25 is
dissociated only after the reaction. With the brC mutant, the
catalytic reaction is impeded to allow binding of Prp16 before
the reaction takes place; consequently, retention of Cwc25
and Prp16 on the spliceosome can be detected when ATP is
depleted. Without depletion of ATP, Cwc25 may be rapidly
dissociated upon ATP hydrolysis in a similar manner to post-
catalytic dissociation of Cwc25 mediated by Prp16. A scheme
illustrating the interplay between Prp16 and Cwc25, and how
that might mediate proofreading of the branchpoint se-
quence, is shown in Figure 7.

PRPI6 was initially identified as a suppressor of brC
mutation (Burgess et al. 1990). Mutations in the helicase
domain of Prp16 with reduced ATPase activity allow splic-
ing of brC pre-mRNA. This has led to the hypothesis for
a role of Prpl6 in the fidelity control of branchpoint se-
quence by a kinetic proofreading mechanism (Burgess and
Guthrie 1993a,b). Recently, Prp16 was shown to bind the pre-
catalytic spliceosome and proofread the 5 splice site cleav-
age of the spliceosome formed with sulfur-substituted U80
residue of U6 by distinguishing between different rates of the
reaction (Koodathingal et al. 2010). In agreement with their
results, our finding of the interplay between Prpl6 and
Cwc25 provides a biochemical explanation for how Prpl6
may mediate proofreading of the branchpoint sequence. We
propose that kinetic competition between the transesterifi-
cation reaction and the Prp16- and ATP-dependent release of
Cwc25 determines whether the first catalytic reaction can

proceed. With wild-type pre-mRNA, the transesterification
reaction occurs faster than the removal of Cwc25. With the
brC mutant, Prp16 stabilizes the binding of Cwc25, but also
hydrolyzes ATP to rapidly release Yju2 and Cwc25 before the
reaction could occur. Consequently, the reaction is blocked.
Reducing the rate of ATP hydrolysis allows prolonged re-
tention of Cwc25 and the progression of the splicing reaction.

In contrast to brC mutant, Cwc25 or Prpl6 was not as
clearly seen to stably associate with the brG spliceosome at
the pre-catalytic stage. Although binding of Cwc25 to the
spliceosome was also weakened by the brG mutation, splic-
ing of brG pre-mRNA was not completely abolished when
Prp16 was depleted. Moreover, despite a similar efficiency in
forming activated spliceosomes, the first catalytic reaction
was less affected by brG mutation when compared to brC.
We speculated that the reason Cwc25 was not detected to
significantly associate with brG pre-mRNA was due to a
lower amount of the pre-catalytic spliceosome present as the
substrate for Cwc25 to bind after depletion of ATP, noting
that performing splicing reactions for a shorter time only
slightly increased the amount of the pre-catalytic spliceo-
some accumulated, and consequently the amount of pre-
mRNA associated with Cwc25 (data not shown). Taken to-
gether, these results suggest that the first transesterification
of brG pre-mRNA is faster than that of brC, so that Cwc25 is
not detectably retained on the spliceosome before catalysis,
and that the Prpl6-mediated proofreading mechanism at
the branchpoint sequence may not operate efficiently on the
spliceosome carrying brG mutation. Another DExD/H-box
ATPase, Prp22, has been shown to proofread exon ligation
(Mayas et al. 2006). Splicing of pre-mRNA with mutations
at the 3’ splice site is repressed for formation of mRNA by
the ATP-dependent activity of Prp22, and such activity
also represses aberrant exon ligation of the brG mutant
(Mayas et al. 2006). All these results demonstrate that the
branchpoint sequence is proofread at both catalytic steps by
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FIGURE 7. Schematic of the interplay between Prp16 and Cwc25 in the first catalytic step. After Prp2-mediated dissociation of SF3a/b, Yju2 and
Cwc25 bind to the spliceosome to promote the first catalytic reaction. Prp16 binds to the spliceosome after the binding of Yju2 and Cwc25, and
mediate their dissociation after the transesterification reaction if the reaction is fast, or before transesterification if the reaction is slow, as in the
case of brC mutant. The D473A mutant of Prp16 can stabilize the association of Cwc25 with the spliceosome to promote the transesterification
reaction.
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different DExD/H-box proteins, and that splicing can be
repressed at either step, depending on the nature of the
mutation.

The role of Prp16 in the second step

Prp16 has been hypothesized to mediate structural rear-
rangement of the spliceosome by destabilizing RNA-RNA
base-pairings and/or RNA-protein interactions. Mutations
that destabilize U2/U6 helix I or U2 stem Ilc as well as mu-
tations in PRP8 or ISYI were found to suppress prpl6 mu-
tants (Madhani and Guthrie 1994; McPheeters 1996; Query
and Konarska 2004; Villa and Guthrie 2005; Hilliker et al.
2007), suggesting that Prp16 may be required for disrupting
structures that involve these components. As Cwc25 may
bind to the catalytic center of the spliceosome, it is likely
that mutations in any of these other components may also
destabilize Cwc25, and consequently does not require full
Prpl6 activity. Supporting this notion, Cwc25 was found
destabilized from the spliceosome formed in isylA extracts,
with or without depletion of Prp16 (data not shown).

A conserved mechanism for the two catalytic steps

The spliceosome utilizes a conserved mechanism in catalyz-
ing two steps of transesterification. Each step requires a
DExD/H-box ATPase for the exchange of components
binding to the catalytic center to acquire specific proteins
necessary for proper alignment of splice sites. Like Prp22,
Prp16 also has both ATP-dependent and ATP-independent
functions. Prp22 was originally identified as a factor medi-
ating ATP-dependent release of mature mRNA (Company
et al. 1991), and was later shown to have an ATP-indepen-
dent function in the second catalytic step, in which it
stabilizes the association of Slu7 with the spliceosome to
promote exon ligation (James et al. 2002). Prp22 is needed
for the second step only when the distance between the
branchpoint and the 3’ splice site is greater than 21 nu-
cleotides for actin pre-mRNA (Schwer and Gross 1998).
Likewise, Prpl6 stabilizes the binding of Cwc25 to the
spliceosome on suboptimal substrates to promote the first
transesterification reaction. This function does not require
its ATPase activity. Prp16 could mediate the dissociation of
Yju2 and Cwc25 prior to or after the first reaction, depending
on the rate of transesterification, and its action prior to lariat
formation plays a role in proofreading the branchpoint
sequence. In analogy, Prp22 functions in proofreading the
3’ splice site and the branchpoint sequence prior to exon
ligation (Mayas et al. 2006).

Implication for reverse splicing on the purified
spliceosome

We have recently demonstrated that splicing reactions in the
context of a fully assembled spliceosome are readily reversible
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without requiring ATP or DExD/H-box helicases (Tseng and
Cheng 2008). Relatively subtle changes in the environment
can drive the reaction in the forward or reverse direction.
These observations support previous hypothesis of global
conformational similarities of the spliceosome at various
states (Smith et al. 2008). The finding that Yju2/Cwc25 are
displaced by Prp22/Prp18/Slu7 during transition from the
first to the second step suggests that Yju2/Cwc25 and Prp22/
Prp18/Slu7 are likely positioned at the catalytic center of the
spliceosome at each step to facilitate splice site alignment and
to establish a conformation suitable for the transesterifica-
tion reaction. We showed previously that the spliceosome,
which is affinity-purified via its association with Prp22, could
catalyze reverse splicing to convert splicing intermediates
to pre-mRNA (Tseng and Cheng 2008). This indicates that
switching between step one and step two conformation does
not necessarily require exchange of components binding to
the catalytic center given proper reaction conditions. Under
normal splicing conditions, Prp16 is required to facilitate the
conformational switch by displacing Yju2/Cwc25 from the
catalytic center with Prp22/Prp18/Slu7, utilizing the energy
from ATP hydrolysis. It will be interesting to see whether,
under certain circumstances, the spliceosome can be switched
from step one to step two conformation without having to
displace Yju2/Cwc25 with Prp22/Prp18/Slu7.

MATERIALS AND METHODS

Yeast strains
The following yeast strains were used:

BJ2168 (MATa prcl prbl pep4 leu2 trpl ura3)

YSCC163 (MATa prcl prbl pep4 leu2 trpl ura3 PRP16-3HA)
YSCC2 (MATa prcl prbl pep4 leu2 trpl ura3 YJU2-HA)
YSCC25 (MATa prcl prbl pep4 leu2 trpl ura3 CWC25-HA)

Antibodies and reagents

Anti-V5 antibody was purchased from Serotech Inc. Anti-HA
antibody 8G5F was produced by immunizing mice with the KLH-
conjugated peptide of the HA-epitope (TY Tsao and SC Cheng,
unpubl.). Anti-Ntc20, anti-Yju2, anti-Cwc25, anti-Prp8, anti-
Prpl6, and anti-Prp22 antibodies were produced by immunizing
rabbits with the E. coli-expressed recombinant proteins (full-length
protein for Ntc20, Yju2, and Cwc25, and amino acid residues 1-115
for Prp8, 1-298 for Prpl6, and 1-484 for Prp22). Streptavidin
Sepharose was purchased from Sigma Inc. and protein A-Sepharose
from GE Healthcare Inc.

Splicing extracts, substrates, and splicing reactions

Splicing extracts were prepared according to Cheng et al. (1990).
Wild-type, ACAC, brG and brC mutant (Vijayraghavan et al.
1986) pre-mRNAs were used in these experiments. Substrates
were prepared by in vitro transcription with SP6 RNA polymerase
of plasmid pSPact64-88 linearized with EcoRI. Splicing reactions
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were carried out according to Cheng et al. (1990) for 30 min at
25°C unless otherwise indicated. For reactions with Prpl6- or
Cwc25-depleted extracts, 50% of treated extracts were included.

Depletion of NTC, Yju2, Cwc25, and Prp16

Depletion of NTC, Yju2, and Prp16 was performed by incubation
of 100 pl of splicing extracts with 100 pl of anti-Ntc20, 120 wl
of anti-Yju2, 100 pl of anti-Cwc25, or 50 pl of anti-Prpl6 anti-
serum conjugated to 50 pl of protein A-Sepharose, on ice for 0.5—
1 h, followed by removal of protein A-Sepharose beads.

Purification of Prp16 and prp16p4734

The PRP16 gene tagged with three copies of HA at the C-terminus
was subcloned into pET28b for expression of the recombinant protein.
An aspartate to alanine mutation at position 473 was introduced
by site-directed mutagenesis. Both wild-type and prpl6pa7sa
mutant proteins were purified by consecutive chromatography
on Ni-NTA column and anti-HA antibody conjugated protein
A-Sepharose column.

Purification of the spliceosome

Precipitation of the spliceosome with antibodies and with
streptavidin Sepharose, and assays for the release of the spliceo-
some were performed according to Chan et al. (2003). For immuno-
precipitation, 20 wl each of splicing reaction mixture was precipi-
tated by incubation with 1 pl of anti-V5, 5 pl of anti-Prpl6,
10 pl of anti-Yju2, or 15 pl of anti-Cwc25 antiserum coupled to
10 pl of protein A-Sepharose. For precipitation with streptavidin
Sepharose, 30 pl each of splicing reaction mixture was incubated
with 10 pl of streptavidin Sepharose.
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