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Abstract

The spliceosome is assembled through a step-wise process of binding and release of its components to and from the pre-mRNA. The remodeling
process is facilitated by eight DExD/H-box RNA helicases, some of which have also been implicated in splicing fidelity control. In this study,
we unveil a contrasting role for the prototypic splicing proofreader, Prp16, in promoting the utilization of aberrant 5’ splice sites and mutated
branchpoints. Prp16 is not essential for the branching reaction in wild-type pre-mRNA. However, when a mutation is present at the 5’ splice site
or if Cwc24 is absent, Prp16 facilitates the reaction and encourages aberrant 5’ splice site usage independently of ATR Prp16 also promotes
the utilization of mutated branchpoints while preventing the use of nearby cryptic branch sites. Our study demonstrates that Prp16 can either
enhance or impede the utilization of faulty splice sites by stabilizing or destabilizing interactions with other splicing components. Thus, Prp16
exerts dual roles in 5" splice site and branch site selection, via ATP-dependent and ATP-independent activities. Furthermore, we provide evidence

that these functions of Prp16 are mediated through the step-one factor Cwc25.
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Introduction

Splicing of precursor mRNA occurs via two consecutive steps
of a transesterification reaction that are catalyzed by the
spliceosome. Composed of five small nuclear RNAs—UT1,
U2, U4/U6 and US—and numerous protein factors (1,2),
the spliceosome is assembled in a step-wise manner by bind-
ing of small nuclear ribonucleoprotein particles (snRNPs) to
specific sites within the pre-mRNA in the order of U1, U2
and then the U4/U6-US tri-snRNP (3-6). Spliceosome as-
sembly predominantly commences with binding of U1 to the
5" splice site (5’SS) and U2 to the branch site (BS), form-
ing the pre-spliceosome. Following addition of the tri-snRNP,

the spliceosome undergoes a major structural change by re-
leasing Ul and U4 and incorporating the Prp19-associated
complex, also known as NTC (nineteen complex) (7-9). This
conformational change results in a rearrangement of RNA
interactions, generating an RNA-based catalytic center that
catalyzes the splicing reaction (10,11). The splicing reac-
tion occurs in two transesterification steps, cleavage at the
5’SS and formation of the lariat intron—exon 2 in the first
step (referred to as 5’SS cleavage or branching later in the
text) and cleavage of the 3’ splice site (3'SS) and ligation
of the two exons in the second step (referred to as exon
ligation).
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Structural changes of the spliceosome involve the formation
and disruption of RNA-RNA, RNA-protein and protein—
protein interactions, mediated by members of DExD/H-box
RNA helicases (12-14). In the yeast Saccharomyces cerevisiae,
the entire splicing process involves eight DExD/H-box pro-
teins, two of which, Prp2 and Prp16, are required for the cat-
alytic step (14-17). Although the RNA catalytic center has
formed by the time the spliceosome is activated, the branch
helix is still 50 A away from the 5’SS, separated by SF3B1, a
component of the U2 snRNP SF3b subcomplex (18). Prp2 acts
to destabilize SF3a/b so that the BS can be positioned into the
catalytic center adjacent to the 5’SS. Consequently, a binding
site for Cwc235 is generated, which is crucial for promoting the
branching reaction, presumably by stabilizing the interaction
between the 5SS and the BS (19,20). Following the branching
reaction, Cwc25 becomes tightly associated with the spliceo-
some, occupying the catalytic center along with Yju2. To en-
able positioning of the 3'SS for exon ligation, Yju2 and Cwc25
then must vacate the catalytic center. Prp16 mediates the re-
lease of Yju2 and Cwc235 after branching (17), and is not re-
quired for the branching reaction (16).

PRP16 was initially identified as a suppressor of branch-
point (BP) A-to-C mutation (brC) in a genetic screen for BS-
binding proteins. Prp16 mutants with reduced ATPase activ-
ity were found to increase the splicing efficiency of brC pre-
mRNA (21,22), leading to the hypothesis that Prp16 plays a
role in ensuring splicing fidelity through ATP hydrolysis by
discriminating against BP mutations after branch formation
(21-23). Prp16 has also been implicated in proofreading slow
5’SS cleavage (24), and so it may proofread both the 5’SS and
the BS sequences. Beyond its role in proofreading the splice
sites, Prp16 has also been demonstrated to promote utiliza-
tion of alternative branch sites when branchpoint A (brA) is
replaced with deoxyA (d-brA) (25).

Although Prp16 is dispensable for the branching reaction
during splicing of wild-type pre-mRNA (16), it has been
shown to facilitate the branching reaction of BP-mutated pre-
mRNAs through an ATP-independent mechanism (17). Upon
catalytic activation of the spliceosome, Cwc25 binds to the
spliceosome and promotes the branching reaction. However,
the interaction is compromised when a mutation occurs at the
BP. The presence of Prp16, especially the ATPase mutant of
Prp16, stabilizes the interaction, thereby promoting branch-
ing. Conversely, the ATPase activity of Prp16 can also fa-
cilitate the removal of Cwc25 before the branching reaction
takes place. This dynamic suggests that the ATPase function
of Prp16, which destabilizes Cwc235 prior to branching, com-
petes with the ATP-independent function of Prp16, which sta-
bilizes Cwc235, ultimately dictating the branching efficiency of
BP-mutated pre-mRNA. Accordingly, reducing the ATPase ac-
tivity of Prp16 enables more splicing of BP mutants. This in-
terpretation offers an alternative explanation for the genetic
suppression of the brC mutation by Prp16 ATPase mutants
(17).

In this study, we show that the ATP-independent function
of Prp16 also promotes aberrant 5'SS cleavage. Specifically,
when a pre-mRNA carries a G5A mutation at the 5SS or when
splicing is performed in the absence of step-one factor Cwc24,
which normally binds to the 5’SS, splicing is predominantly
inhibited, albeit with a low level of leak-through activity that
also generates a shorter 5’ exon (5Ex) due to cleavage at the
-5 position of the SEx (26). We show that depletion of Prp16
inhibits cleavage at the aberrant site in both those cases. Using
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the G5A mutant pre-mRNA to explore the underlying mech-
anism, we found that the G5A mutation greatly weakened the
interactions of Prp8 with the 5’SS. Although cleavage of GSA
pre-mRNA at the authentic 5SS occurs at a faster rate than
at alternative sites, the reaction is limited in the presence or
absence of Prp16. In contrast, cleavage at aberrant sites pro-
ceeds slowly but steadily over time in the presence of Prp16.
We propose that the SEx of the G5A mutant pre-mRNA only
interacts dynamically with Prp8, as it is not stably clamped by
Prp8. This dynamic interaction prevents proper interaction of
the BP with the 5’SS. Binding of Prp16 stabilizes this interac-
tion, promoting branching but with reduced specificity, result-
ing in cleavage at aberrant sites. We also show that Prp16 pre-
vents the utilization of a cryptic branch site (CBS) in splicing of
brC and brG pre-mRNAs, enabling the mutated nucleotides to
serve as the sole BP. Our results reveal that the ATP-dependent
and ATP-independent functions of Prp16 play contradictory
roles in controlling splicing fidelity. More specifically, the AT-
Pase activity of Prp16 prevents the usage of mutated splice
sites, whereas the ATP-independent function of Prp16 facili-
tates the usage of mutated BP or aberrant 5’SS by stabilizing
Cwc25’s interaction with the spliceosome. This scenario raises
doubts about whether Prp16 is actively involved in proofread-
ing splice sites.

Materials and methods

Yeast strains

The following yeast strains were used: BJ2168 (MATa prcl
prb1 pep4 leu2 trp1 ura3); YSCC037 (MATa prcl prbl pep4
leu2 trp1 V5-CWC24); YSCC038 (MATa prcl prb1 pep4 leu2
trpl GAL1-CWC24::URA3); YSCC256 (MATa prcl prbl
pep4 leu2 trpl CWC25-V5); and SS304 (MATa prp2-1 adel
ade2 ural his7 typ1 lys2 gall).

Antibodies and reagents

Anti-hemagglutinin (anti-HA) monoclonal antibody 8GSF
was produced by immunizing mice with a keyhole limpet
hemocyanin (KLH)-conjugated HA peptide. Anti-V5 mono-
clonal antibody was purchased from Serotec Inc. Anti-Prp16
and anti-Ntc20 antibodies were raised by injecting rabbits
with recombinant proteins of amino acids 1-298 for Prp16
and of full-length protein for Ntc20, respectively. Protein A-
Sepharose (PAS) was obtained from GE Healthcare Inc. Pro-
teinase K was purchased from Cyrusbioscience Inc. RNA oli-
gos and dinucleotide 4sUpG were purchased from Dharma-
con.

Oligonucleotides

Oligonucleotides used for the construction of plasmids and
for synthesizing the various substrates are listed in the Sup-
plementary Materials and methods.

Construction of plasmids

Procedures for the construction of plasmids are described in
the Supplementary Materials and Methods.

Preparation of splicing extracts and substrates

Yeast whole-cell extracts were prepared according to the
method described in Cheng et al. (27). Extracts metabolically
depleted of Cwc24 were prepared as described in Wu et al.
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(26). Splicing substrates were synthesized by in vitro tran-
scription with SP6 RNA polymerase using EcoRI-linearized
pSPAct6-88 plasmid and its derivatives as templates. 4sU-
labeled pre-mRNAs were prepared according to the proce-
dure described in Chung et al. (28) with some modifications.
Fach 4sU-labeled pre-mRNA was generated by ligation of
three RNA fragments in two steps. The very 5-RNA frag-
ment (L), generated by SP6 RNA polymerase synthesis, was
first ligated with an RNA oligo (M). The ligated product (5')
was purified by electrophoresis on a 7% denaturing polyacry-
lamide gel, and further ligated with the 3’ fragment (3') primed
with 4sUpG at the 5’ end, which was synthesized using SP6
RNA polymerase and labeled at its 5" end with 32P. The ligated
pre-mRNA was purified by electrophoresis on a 5% denatur-
ing polyacrylamide gel. The pre-mRNA with 2’-deoxyA label-
ing at the BP position was also generated by one-step three-
fragment ligation of the 5" fragment, an RNA oligo containing
deoxyA and the 3’ fragment, together with a DNA splint, at a
ratio of 4:2:4:3 according to the procedure described in Chung
et al. (28).

In vitro splicing assay, immunodepletion and
immunoprecipitation of the spliceosome

Splicing assays were carried out according to the procedure
described in Cheng et al. (27) at 25°C for 30 min using 40%
(v/v) regular extracts or 50% (v/v) immunodepleted extracts
unless otherwise indicated. For cross-linking analyses, splicing
reactions were carried out in a 20 pl reaction volume with 0.4
nM 4sU-labeled V3 pre-mRNA, or in a 60 pl reaction volume
with 1.2 nM 4sU-labeled V3-G5A pre-mRNA.

Immunoprecipitation of the spliceosome was performed as
described (8). For each 10-20 ul of splicing reaction mixture,
we used 10 pl of PAS conjugated with 1.5 ul of anti-Ntc20,
1 pl of anti-Prp8 or 5 pl of anti-Ntc30 antibody. To precipi-
tate V5-tagged Cwc25, Prp8, Yju2 or Cwc24, 1 ul of anti-V35
antibody was used. To precipitate Ntc30-HA, we used 1 ul of
anti-HA antibody. For Prp16 depletion, 100 ul of yeast ex-
tracts was incubated with 50 pl of PAS conjugated with 50 ul
of anti-Prp16 antibody, at 4°C for 1 h, and the supernatant
was collected after centrifugation.

Cross-linking with 4sU-labeled pre-mRNA

Site-specific 4sU cross-linking was performed according to
Chung et al. (28) with some modifications. The reaction mix-
tures were placed as drops on a pre-cooled Parafilm-covered
aluminum block and irradiated with UV345 1 for 10 min at
a distance of ~3 cm from the UV lamp in a CL-1000 Ultra-
violet Crosslinker system (UVP). For V3 pre-mRNA, each 20
ul of the irradiated reaction mixture was precipitated with 10
ul of PAS conjugated with 1.5 pl of anti-Ntc20 antibody, and
the spliceosome-bound PAS was further washed with NET-2
buffer (50 mM Tris—=HCI pH 7.4, 150 mM NacCl, 0.05% NP-
40). For V3-G5A pre-mRNA, 60 pl of the irradiated reaction
mixture was precipitated with 15 ul of PAS conjugated with
6 ul of anti-Ntc20 antibody, and the spliceosome-bound PAS
was further washed with NET-2-300 (50 mM Tris—-HCI pH
7.4, 300 mM NaCl, 0.05% NP-40). The washed precipitates
were incubated with an equal volume of solution containing
0.06 U/ul Nuclease P1 and 6 x Complete EDTA-free protease
inhibitor cocktail at 37°C for 30 min. Proteins were analyzed
by sodium dodecylsulfate—polyacrylamide gel electrophoresis
(SDS-PAGE). To identify specific proteins, the irradiated mix-
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tures were treated with Nuclease P1 as described above and
then denatured in the presence of 1% SDS, 1% Triton X-100
and 100 mM dithiothreitiol (DTT) in boiling water for 90 s.
The mixtures were diluted 10-fold with NET-2-300 and sub-
jected to immunoprecipitation. The precipitates were treated
with Nuclease P1 again and analyzed by SDS-PAGE.

Primer extension

Primer extension was performed with SuperScript III reverse
transcriptase based on the method described in Chan et al.
(29) using the indicated primers. Extension products were an-
alyzed by electrophoresis on 10% polyacrylamide/8 M urea
gels.

Quantification

Gels were exposed to IMAGING PLATE (FUJIFILM Corp.).
RNA bands were quantified with a Typhoon™ FLA 9000 sys-
tem (GE Healthcare Life Sciences) and analyzed using Im-
ageQuant TL7.0 (GE Healthcare Life Sciences). The value of
each quantified RNA band was normalized to the number
of uridines in each RNA species to obtain relative molecular
amounts.

Results

PRP16 promotes aberrant 5’ splice site cleavage

By proofreading the BS sequence and activating alternative
BSs, Prp16 exerts multiple functions in the splicing reaction
(25,30). Prp16 has also been implicated in proofreading 5'SS
cleavage, leading to the rejection of slow spliceosomes (24).
To gain deeper insights into the role of Prp16 in proofread-
ing the 5'SS, we investigated its effect on splicing ACT1 pre-
mRNA carrying a G5A mutation at the §5’SS (Figure 1A),
which has been shown previously to result in aberrant 5’SS
cleavage (26,31). Splicing of the G5A pre-mRNA produced
only minimal amounts of products (Figure 1B, lanes 3, 5, 7
and 9), with this outcome being more apparent upon spliceo-
some enrichment by precipitation with anti-Ntc20 antibody
(Figure 1B, lanes 4, 6, 8 and 10). As expected, the generated
SEx was smaller than that from wild-type pre-mRNA (Figure
1B, lane 4). Surprisingly, the size of the SEx was normal when
Prp16 was depleted from the extract using a polyclonal an-
tibody against Prp16 (Figure 1B, lane 6). Primer extension
analysis confirmed that the cleavage site was the same as for
wild-type pre-mRNA (Figure 1C, lanes 1 and 3), in contrast
to cleavage occurring at the =5 position of the SEx in the pres-
ence of Prp16 (Figure 1C, lane 2). Interestingly, both normal
and aberrant SExs were generated when an ATPase mutant
of Prp16 (D473A) was added to the reaction (Figure 1B, lane
10). Notably, the spliced product (IVS, intervening sequence)
was detected in the presence of wild-type (Figure 1B, lanes 4
and 8) but not mutant Prp16 (Figure 1B, lane 10). We rea-
soned that in the presence of wild-type Prp16, the aberrant
5Ex might be prevented from exon ligation, whereas the nor-
mal SEx could be ligated to form mRNA. With the D473A
mutant, both normal and aberrant SEx were detected when
splicing was blocked for exon ligation. Therefore, we mutated
the 3’SS (ACAC) of the G5A pre-mRNA to block exon ligation
(Figure 1D), and found that indeed both normal and aberrant
SEx were generated in the presence of wild-type Prp16 (Figure
1D, lanes 1, 2 and 5). Consistent with those results, amounts
of aberrant SEx were significantly reduced in the absence of
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Figure 1. Prp16 promotes ATP-independent aberrant 5" splice site cleavage of ACTT G5A pre-mRNA or wild-type pre-mRNA in Cwc24-depleted extracts.
(A) The sequence of ACT7 pre-mRNA is depicted in the 5SS and BS-3'SS regions. Intron sequences are represented in upper case letters, and exons in
lower case letters. Conserved splice site sequences are underlined. The CBS is double underlined. Mutations utilized in this study, including G5A at the
5’SS, brC and brG at the BS and ACAC at the 3'SS, are indicated. The 5'SJ and the BP are assigned as coordinate 0 for the 5'SS and the BS, respectively.
5’SJ, & splice junction; 3'SJ, 3’ splice junction; BR branchpoint. (B) Splicing was performed in Prp16-depleted extracts (lanes 1, 2 and 5-10), without

(lanes 1, 2, 5 and 6) or supplemented with wild-type Prp16 (lanes 7 and 8) or th

e D473A mutant (lanes 9 and 10), or mock-treated extracts (lanes 3 and 4)

using wild-type (lanes 1 and 2) or G5A mutant (lanes 3-10) pre-mRNA. The reaction mixtures were precipitated with anti-Ntc20 antibody. The striated
rectangle denotes aberrant 5Ex. RXN, 1/10 of reaction mix; d16, Prp16 depletion; 20, anti-Ntc20; Sub, substrate. (C) Primer extension using ACT1-A6
primer to map the 5’ cleavage site of wild-type (lane 1) or G5A (lanes 2 and 3) pre-mRNA in the absence (lanes 1 and 3) or presence (lane 2) of Prp16.
The 5'SS sequence is boxed. (D) Splicing of ACTT G5A-ACAC pre-mRNA in extracts without (lanes 1-3) or with (lanes 4-6) prior depletion of Prp16 and
without (lanes 1 and 4) or supplemented with wild-type Prp16 (lanes 2 and 5) or the D473A mutant (lanes 3 and 6). The reactions mixtures were
precipitated with anti-Ntc20 antibodies. The striated rectangle denotes aberrant 5Ex. (E) Splicing of ACT7 ACAC pre-mRNA in ACwc24 extracts without
(lanes 1-2) or with (lanes 3-5) prior depletion of Prp16 and supplemented with Cwc24 (lane 2) or with wild-type Prp16 (lane 4) or the D473A mutant (lane
B). The reaction mixtures were precipitated with anti-Ntc20 antibody. The striated rectangle denotes aberrant 5Ex.

Prp16 (Figure 1D, lane 4). These results indicate that Prp16
promotes cleavage of G5SA pre-mRNA at the aberrant 5’SS
in addition to directing the spliceosome towards the discard
pathway.

We have demonstrated previously that splicing of wild-
type pre-mRNA in extracts depleted of the step-one factor
Cwc24 also results in the generation of aberrant SEx due
to cleavage at the -5 position on the SEx (26). Thus, using
ACAC pre-mRNA, we examined if aberrant 5’SS cleavage in
Cwc24-depleted extracts also requires Prp16 (Figure 1E). Sim-
ilar to our findings for splicing of G5A pre-mRNA, deple-
tion of Prp16 from extracts metabolically depleted of Cwc24
led to a significantly lower level of aberrant 5Ex (Figure
1E, lane 3), whereas the D473A mutant yielded similar lev-
els to those found for wild-type Prp16 (Figure 1E, lanes 4
and 5). Therefore, Prp16 promotes aberrant 5'SS cleavage of
both 5’SS-mutated pre-mRNA and wild-type pre-mRNA in
Cwc24-depleted extracts, and this function is ATP indepen-
dent. To rule out the possibility of substrate specificity for
Prpl6-mediated aberrant 5SS cleavage, we analyzed the splic-

ing of two other pre-mRNAs, i.e. RPS6A and RPL23A that
harbor a G5A mutation in the introns and an AC mutation at
the 3’SS to block exon ligation (Supplementary Figure S1). In
both cases, the presence of Prp16 increased the ratio of aber-
rant to normal SEx (Supplementary Figure S1B). Thus, the
function of Prp16 in promoting aberrant 5’SS cleavage of the
G5A mutant pre-mRNA is not specific to ACT1 pre-mRNA,
despite different pre-mRNAs exhibiting different propensities
for cleavage at aberrant sites even in the absence of Prp16.
Furthermore, primer extension revealed different preferential
cleavage sites for RPS6A and RPL23A (Supplementary Figure
S1C).

Selection of the 5'SS is directed by the 5Ex
sequence near the splice site

We speculated that variances in splice site selection among
RPS6A, RPL23A and ACT1 pre-mRNAs could be attributed
to differences in the exon sequence near the 5'SS. To investi-
gate if sequence alterations would impact splice site selection,
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we created two ACT1 variants: V1, in which we changed U
to G at the —4 position; and V2, in which we changed AG
to GU at the —6 and -7 positions of the SEx of the ACAC
and G5A-ACAC pre-mRNAs (Figure 2A). We observed that
these modifications of the SEx sequence had no significant im-
pact on the splicing of the pre-mRNA with a wild-type 5'SS
(Supplementary Figure S2). In contrast, splicing of the G5A
mutants was considerably affected by these sequence alter-
ations, as demonstrated by the spliceosomes isolated through
precipitation with the anti-Ntc20 antibody (Figure 2B). The
V2 variant behaved similarly to the original sequence (V0),
generating only small amounts of aberrant 5Ex in the absence
of Prp16 (Figure 2B, lanes 2 and 6). However, Prp16 promoted
aberrant cleavage, particularly for V2 (Figure 2B, lane 5) com-
pared with VO (Figure 2B, lane 1). V1 exhibited poor splicing
efficiency, forming significantly fewer activated spliceosomes
than either VO or V2, and it also generated a higher ratio of
aberrant SEx in the absence of Prp16 (Figure 2B, lane 4). Sim-
ilarly, the presence of Prp16 increased the ratio of aberrant
to normal SEx (Figure 2B, lane 3). These results demonstrate
that Prp16 facilitates aberrant cleavage of all three variants
of the G5A pre-mRNA. Primer extension analysis of the puri-
fied lariat IVS—exon 2 revealed distinct aberrant cleavage sites
for each variant (Figure 2C). The primary cleavage sites were
at U_s for VO (Figure 2C, lanes 7 and 8), U_4 for V1 (Figure
2C, lanes 2 and 3) and A_4 for V2 (Figure 2C, lanes 5 and
6). Additional minor cleavage sites at G_g (Figure 2C, lane 3),
Ay (Figure 2C, lanes 5 and 6) and U, (Figure 2C, lanes 3,
6 and 7) were also detected. These results parallel those ob-
served for RPL23A and RPS6A (Supplementary Figure S1),
indicating that cleavage site selection is influenced by the SEx
sequence near the 5'SS.

Prp16 promotes branching of G5A pre-mRNA by
promoting aberrant 5’ splice site usage

Although Prp16 is not essential for branching of wild-type
pre-mRNA, it facilitates the reaction of BP-mutated pre-
mRNAs in an ATP-independent manner (17). Our discovery
that Prp16 also promotes aberrant 5’SS cleavage of GSA pre-
mRNA, independently of ATP (Figure 1), implies a poten-
tial common mechanism for Prp16-mediated BP selection and
5’SS selection for pre-mRNAs carrying splice site mutations.
The ATPase function of Prp16 is required after the branching
step to drive the splicing pathway by remodeling the spliceo-
some to enable positioning of the 3’SS at the catalytic cen-
ter. The ATP-independent function of Prp16 is required for
the branching reaction when the interaction between the BP
and the 5’SS is hindered by mutations, conceivably by stabi-
lizing their interaction to promote the reaction. Our previous
study has revealed that the GSA mutation results in abnor-
mal interactions of U5 and U6 with the pre-mRNA at the cat-
alytic center (26), blocking formation of the B** complex by
>95% (Supplementary Figure S3). However, a residual level
of splicing activity remains detectable in the absence of Prp16.
We speculated that while the majority of the GSA spliceo-
some remains inactive with a distorted RNA catalytic core,
a small proportion may still adopt an active conformation.
This scenario could explain the observation of leak-through
splicing activity where cleavage occurs at the authentic 5'SS
and subsequently proceeds to exon ligation. Despite misalign-
ment of the 5'SS and the BP on the misconfigured spliceosome,
these elements may interact dynamically and non-specifically.
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In the presence of Prp16, such interactions are probably stabi-
lized, thereby facilitating the branching reaction, which may
progress slowly and imprecisely.

We then conducted a comparative analysis of splicing kinet-
ics of G5A pre-mRNA in the presence or absence of Prp16,
measuring branching reaction efficiency and aberrant splice
site selection on activated spliceosomes (Figure 3). To pre-
vent progression to the second catalytic reaction, the pre-
mRNA also harbored mutations at the 3’SS (ACAC). Acti-
vated spliceosomes were isolated by precipitating the splic-
ing reaction using anti-Ntc20 antibody (Figure 3A). In the ab-
sence of Prp16, the branching reaction almost plateaued by
30 min with only minimal production of aberrant SEx (Figure
3A, lanes 1-4). In the presence of Prp16, more spliceosomes
were precipitated by anti-Ntc20 antibody over the same time
frame, indicating that Prp16 promotes the formation of active
spliceosomes. Furthermore, as the incubation time increased,
we observed greater accumulation of spliced products with
aberrant SEx rather than authentic SEx (Figure 3A, lanes 5-8),
indicating that the branching reaction was facilitated by Prp16
at the cost of accuracy. To quantify these observations, we cal-
culated the percentage of branching (relative molar amounts
of intron—exon 2 over intron—exon 2 plus pre-mRNA) and the
percentage of aberrancy (relative molar amounts of aberrant
over total SEx) over the time course. In the absence of Prp16,
both the percentage of branching and aberrancy reached a
plateau after 30 min. However, in the presence of Prpl16,
both measures increased steadily throughout the time course
(Figure 3B, C). Together, these results indicate that Prp16 pro-
motes splicing of GSA pre-mRNA by enhancing the efficiency
of the branching reaction, although the increase in branching
is associated with the erroneous usage of the 5’SS.

Gb5A mutation disrupts Prp8—pre-mRNA interaction

To understand how Prpl16 promotes aberrant 5SS usage
on G5A pre-mRNA, we examined protein-RNA interactions
within the SEx in the presence or absence of Prp16. We rea-
soned that Prp16 might enhance the stability of BP interac-
tions with the SEx sequence by promoting the binding of
proteins that interact with the SEx near the splice junction,
thereby influencing 5'SS selection. Cryo-electron microscopy
(EM) structures of the spliceosome have revealed that the
SEx is inserted into Prp8 between the linker and N domains,
which maintains a consistent structure throughout the splic-
ing pathway after spliceosome activation (18,32-41). Using
4-thiouridine (4sU)-labeled ACT1 pre-mRNA, we have previ-
ously demonstrated cross-linking of Prp8 to positions -2, -9
and —16 of the 5Ex, as well as cross-linking of Cwc24, Prp11
and Yju2 to its -2 position (28). Here, we extended those 4sU
cross-linking experiments to examine the effect of Prp16 on
interactions of these proteins with the SEx of GSA pre-mRNA.
To be able to label the pre-mRNA with 4sU at more positions,
we introduced three mutations into the SEx of ACT1-ACAC
pre-mRNA (designated as V3), which enabled the incorpo-
ration of 4sU at positions =5 and -7 in addition to -2 and
-9 (Figure 4A). The V3 pre-mRNA exhibited a slightly lower
level of splicing activity than other variants (Supplementary
Figure S2).

Splicing reactions performed with ACAC pre-mRNA in the
presence of Prp16 were expected to stall the spliceosome prior
to exon ligation after release of step-one factors Yju2 and
Cwc235, and accumulate the spliceosome C* complex (Figure
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4B). Using the V3 pre-mRNA, we observed strong cross-
linking of Prp8 to positions =2, -5 and -7; Yju2 exhibited
cross-linking to positions =2 and -5; Cwc24 to the -5 po-
sition; and Isyl (also known as Ntc30) to the -2 position
(Figure 4C; Supplementary Figure S3). The identities of the
cross-linked proteins were confirmed by immunoprecipitation
for each specific protein using polyclonal antibodies or mon-
oclonal antibodies against the tags, following treatment of
the reaction mixtures with denaturants (Supplementary Fig-
ure S4). In the absence of Prp16, the reaction arrested after
branching, resulting in complex C accumulation. Under this
condition, cross-linking patterns were similar to our Mock
control, although cross-linking of Prp8 to the -2 position was
weaker (Figure 4D). Both Yju2 and Cwc25 can cross-link
to the pre-mRNA when complex C accumulates (19,28,42).
The observation of a similar amount of Yju2 cross-linking

in the presence of Prp16 implies that Yju2 dynamically re-
associates with the stalled spliceosome, as demonstrated pre-
viously (20). Cwc24 is required for Prp2-mediated remod-
eling of the spliceosome for catalytic activation, and is re-
leased from the spliceosome together with the SF3a/b and
RES (REtention and Splicing) complexes. Cwc24 accumulates
on the spliceosome when Prp2 is non-functional (26). We ob-
served strong cross-linking of Cwc24 to the -5 position when
splicing reactions were performed in prp2-1 mutant extracts
(Figure 4E; Supplementary Figure S4), but small amounts of
-5 cross-linking were also detected in mock-treated (Figure
4C) or Prpl6-depleted (Figure 4D) extracts, indicating that
some spliceosome remained as the B*' complex in these re-
actions. Thus, the splicing pathway does not appear to be
completely synchronized when it is blocked at specific steps,
resulting in a variety of complexes. Notably, the intensity of
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anti-Ntc20 antibody.

Prp8 cross-linking at the -2 position increased as the path-
way progressed from complex B (prp2-1) to C (dPrp16) to
C* (Mock), whereas relative cross-linking intensities at the -5
and -7 positions remained largely unchanged. This outcome
indicates that though Prp8 interacts with the SEx over a re-
gion spanning at least the -2 to -9 positions after spliceosome
activation, it exhibits a more stable interaction with the -2
residue after the branching reaction in preparation for exon
ligation.

Since GSA pre-mRNA is severely impaired for formation
of the active spliceosome, a much larger volume of splicing
reaction was required for our cross-linking analysis relative
to the wild-type pre-mRNA, which prompted a significant in-
crease in binding of non-specific proteins (X, Y, Z and W) to
immunoprecipitated beads (Figure 4F, G). In this analysis, we
observed that cross-linking of Yju2, Cwc24 or Isyl was ei-
ther unaffected or only moderately affected by the G5A mu-
tation, whereas cross-linking of Prp8 was substantially weak-
ened (Figure 4F G), indicating that the GSA mutation pri-

marily impacts the interaction of Prp8 with the SEx. Similar
to our findings for wild-type pre-mRNA, Prp8 cross-linking
at the -2 position was also enhanced for Mock control rel-
ative to dPrp16-depleted extracts. Furthermore, Prp8 cross-
linking at the -2 and -7 positions was more severely affected
compared with the =5 position. In contrast to wild-type pre-
mRNA, cross-linking to GSA pre-mRNA at the -2 position
was weaker than that at the -5 position in Prp16-depleted ex-
tracts (Figure 4F). In mock-treated extracts, cross-linking at
the -2 position was slightly stronger than at the -5 position for
the GSA pre-mRNA (Figure 4F), but not to the same level as
for wild-type pre-mRNA (Figure 4C). We also observed that
the relative cross-linking signal intensity at the =2 to =5 po-
sition (=2/-5) for G5A in mock-treated extracts (Figure 4F)
was more similar to that of wild-type pre-mRNA in Prp16-
depleted extracts (Figure 4D), whereas the —2/-5 signal for
G5 A in Prpl6-depleted extracts (Figure 4G) was more similar
to wild-type pre-mRNA in prp2-1 extracts (Figure 4E). To-
gether, these results indicate that splicing of GSA pre-mRNA
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proceeds at a slow rate relative to the wild-type pre-mRNA,
leading to the stalling of the spliceosomes at even earlier stages
when subjected to the same conditions. Nevertheless, the pres-
ence of Prp16 facilitates the progression of the splicing path-
way.

Prp16 promotes selection of alternative BS on
d-brA mutant pre-mRNA by destabilizing Cwc25
from binding to the BS

Prp16 has been implicated in promoting the selection of an
alternative BS in an ATP-dependent manner during splicing
of BP-modified UBC4 pre-mRNA, in which the BP adeno-
sine residue was changed to 2’-deoxyadenosine (d-brA) (25).
Thus, Prp16 appears to exert seemingly contradictory func-
tions, acting as both a proofreader for the BS and a facilitator
for alternative BS selection. Although the ability of Prp16 to
promote alternative BS selection aligns with its role in pro-
moting aberrant 5’SS cleavage, the former requires ATP and
the latter does not. To gain further insights, we investigated if
the function of Prp16 in promoting alternative BS selection is
mediated through Cwc25.

Previous studies have demonstrated that Cwc2$5 is required
for the branching reaction, and that it interacts with the
spliceosome immediately prior to the reaction (19). Cwc235
transiently associates with the pre-catalytic spliceosome and
undergoes tight binding upon branch formation (17). We hy-
pothesized that during the splicing reaction, the d-brA pre-
mRNA could form a non-covalent RNA structure resembling
a branch that could be recognized by Cwc25. The removal of
Cwc25, facilitated by the ATPase activity of Prp16, allows U2
to slide away and explore secondary BS. To investigate this
possibility, we used ACT1 pre-mRNA with brA and d-brA as
the BP, and immunoprecipitated activated spliceosomes with
anti-Ntc20 antibody to enrich for the complexes (Figure 5).
Consistent with previous findings on UBC4 pre-mRNA, splic-
ing of ACT1 d-brA pre-mRNA was inhibited in the absence
of Prp16 or in the presence of mutant Prp16 (Figure SA, lanes
9-12), whereas residual activity was detected in the presence
of wild-type Prp16 (Figure 5A, lanes 7 and 8). To map the BP
sites, we performed primer extension analysis using a primer
located downstream of the BP for the reverse transcription re-
action, which stops one nucleotide before the BP. We identified
two major BP sites at A_y and A_q4, along with several minor
sites primarily upstream of the BS (Figure 5B). Utilization of
A_; as the BP implies a shift of the U2 snRNA Ws35-A_; base
pairing to Ay, causing A_; to bulge out for the branching reac-
tion, which would also require the ATPase activity of Prp16.
The secondary preference for BP A_j4 reflects a putative BP
of a CBS, in which the first six nucleotides are identical to
the canonical BS and they can form five continuous base pair-
ings with the U2 snRNA. To examine if Cwc25 is associated
with the spliceosome only when Prp16 is non-functional, we
performed splicing using V5-tagged Cwc25 extracts and pre-
cipitated the Cwc25-associated spliceosome with anti-V5 an-
tibody (Figure 5C). For normal substrate (brA), we found that
Cwc25 was only detected in association with spliceosomes
containing intron—-exon 2, or complex C, but not with the pre-
mRNA (Figure 5C, lanes 3, 6 and 9). In the case of d-brA, the
association of Cwc25 with the pre-mRNA was greatest in the
presence of mutant Prp16 (Figure 5C, lane 18), lower in the
absence of Prp16 (Figure 5C, lane 15) and least with wild-
type Prp16 (Figure 5C, lane 12). These observations are sup-
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ported by data quantification (Figure 5D). Our results confirm
that Cwc235 exhibits stable binding to the branch site of the d-
brA spliceosome in the absence of Prp16, and it is even more
pronounced in the presence of mutant Prp16, supporting the
notion that the ATPase activity of Prp16 promotes Cwc235 re-
lease, enabling U2 to dissociate and search for an alternative
BS.

Prp16 promotes usage of a mutated branchpoint

Pre-mRNAs with a mutated BP exhibit poor splicing effi-
ciency, resulting in limited product formation. Depletion of
Prp16 from the extract impedes even this residual activity (17),
indicating that Prp16 facilitates splicing of BP-mutated pre-
mRNA. However, it remains unclear if mutated BPs are uti-
lized for branching. To determine which BP is used, we isolated
lariat intron—exon 2 from splicing reactions using brC and
brG pre-mRNAs for primer extension. Our results reveal that
the branching reaction occurred at the same position whether
mutated C or G was used, respectively, for branch formation
(Figure 6A). Despite minimal production during splicing with
the brC or brG pre-mRNA in the absence of Prp16, we en-
riched for spliceosomes by immunoprecipitation and isolated
intron—exon 2 for primer extension analysis. We detected that
branching of both the brC and brG mutants occurred at two
sites: one at the authentic site utilizing the mutated BP, C/G,
and the other at the CBS (Figure 6B, lanes 1 and 4). Although
branching efficiency was comparable at both sites for the brC
pre-mRNA (Figure 6B, lane 1), brG exhibited reduced branch-
ing at the CBS (Figure 6B, lane 4). This outcome indicates that
in the absence of Prp16, U2 may dissociate from the authentic
BS to explore alternative secondary BSs when the BP is mu-
tated. Prp16 promotes the reaction at the authentic BS, poten-
tially by enhancing the stability of the interaction between the
BP and the 5’SS, thereby preventing U2 from moving away.

Discussion

New insights into splicing fidelity control by Prp16

Prp16 was originally identified as a suppressor of the brC mu-
tation of pre-mRNAs, enabling splicing when the ATPase ac-
tivity of Prp16 was compromised. Subsequent studies have re-
vealed that Prp16 is required for the splicing reaction only af-
ter lariat formation (16,21). Further investigations have illu-
minated a correlation between Prp16’s ATPase activity and the
strength of suppression, giving rise to a hypothesis of a proof-
reading mechanism governing splicing fidelity control regu-
lated by Prp16. According to the proposed model (Figure 7A),
following branching, the spliceosome undergoes a conforma-
tional change before ATP hydrolysis catalyzed by Prp16. The
conformational change step is crucial as it marks the com-
mitment of the spliceosome to productive splicing. Mutation
at the BP hinders this conformational transition, affording
Prp16 more time for ATP hydrolysis before the conforma-
tional alteration takes place. This results in formation of a de-
fective spliceosome that cannot progress through the splicing
pathway. Reducing Prp16’s ATPase activity allows more time
for the conformational shift to take place, thereby facilitating
pathway progression and ultimately supporting cell survival
(22). Nevertheless, the postulated conformational change has
never been directly demonstrated.

Prp16’s role in proofreading was further extended to the
5’SS. This activity was demonstrated in an experiment show-
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ing that splicing was inhibited prior to 5’SS cleavage when
a non-bridging oxygen at position U80 of U6 snRNA was
replaced with sulfur. Subsequent incubation of the purified
spliceosome with Mg?* revealed that 5'SS cleavage occurs only
in the absence of ATP or using the ATPase mutants of Prp16
(24). It was proposed that, like the BP mutant, Prp16 drives the

removal of the stalled spliceosome by catalyzing ATP hydrol-
ysis. Unlike the case proposed for the BP mutant, Prp16 acts
before the branching reaction but, in both scenarios, Prp43
plays a role in discarding the stalled spliceosomes (24,43).
Previously, we have demonstrated that Prp16 normally
functions after branching to facilitate release of the key step-
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hydrolysis. The purple object represents Cwc25.

one factor Cwc25. Cwc25 binds to the spliceosome upon
catalytic activation of the spliceosome (formation of the B*
complex), and the branching reaction occurs immediately
upon its binding. Cwc25 exhibits weak binding affinity for
the B* complex, but becomes strongly bound after branching
upon formation of the spliceosome C complex (17). Cwc235,
along with Yju2 and Isy1, is located in the spliceosome’s cat-
alytic center as revealed by cryo-EM structures of the spliceo-
some C complex (18,32). In order for exon ligation to oc-
cur, Prpl6-catalyzed ATP hydrolysis is necessary to displace
Cwc25 and Yju2 from the catalytic center to allow position-
ing of the 3’SS (17). However, Prp16 also enhances binding
of Cwc23 to the spliceosome to promote the branching reac-
tion, independently of ATP, but this function is only noticeable
during splicing of suboptimal substrates when splicing pro-
ceeds at slow rates (17) (Figure 7B). Cryo-EM structures of
the spliceosome C complex have revealed that a long «-helix
of Cwc235 spanning amino acid residues 2—16 inserts into the
active site, interacting with the bulged branch helix (18,32).
When the BP is mutated, the branching reaction is impaired
due to weak Cwc2$ interaction. A cryo-EM structure of the
spliceosome Ci complex, an intermediate complex in the tran-
sition from the C to C* spliceosome, has revealed interactions
between Prp16, Cwc25 and Yju2 (44), indicating that Prp16

may stabilize the Cwc25 binding by directly interacting with
the protein.

The interplay between the ATP-dependent and ATP-
independent functions of Prp16 governs the efficiency of the
splicing reaction in that one function destabilizes Cwc25 to
prevent branching, and the other stabilizes Cwc25 binding to
promote branching. Prp16 mutants with reduced ATPase ac-
tivity prolong retention of Cwc25 on the pre-catalytic spliceo-
some, resulting in increased splicing activity. Differing from
the initial proofreading model, which implies that Prp16 di-
rects the defective spliceosome to a discard pathway after
branching, we suggest that Prp16 plays a role in proofread-
ing the BP by removing Cwc25 prior to the branching reac-
tion, allowing the spliceosome to revert to the state of the B*
complex, which can either re-enter the splicing pathway or be
subjected to disassembly. A comparison of our and previous
models is presented in Figure 7.

We have demonstrated previously that during the catalytic
reactions, spliceosomes stalled in the middle of the pathway
are susceptible to Prp43-mediated spliceosome disassembly at
defined stages; specifically, after the action of the DExD/H-
box RNA helicases, Prp2 and Prp16. Both proteins play roles
in facilitating the release of components binding at the cat-
alytic center—SF3a/b for Prp2, and Cwc25 and Yju2 for
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Prp16—in preparation for a structural alteration at the cat-
alytic center (45). The B* complex forms after the action of
Prp2, and is vulnerable to Prp43-mediated disassembly. There-
fore, Prp16 functions as a checkpoint by removing Cwc25
from the spliceosome prior to branching when the reaction is
hindered, rendering the spliceosome vulnerable to disassem-
bly. This interpretation is in line with the fundamental con-
cept of Prp16’s role in proofreading through ATP hydrolysis.
Nevertheless, it differs in that proofreading operates prior to
branching instead of following it. Additionally, the elimina-
tion mechanism takes place in a linear pathway, as opposed
to diverting it towards a branched pathway postulated in a
previous model (22,23) (Figure 7). Notably, a similar mech-
anism has been proposed for Prp22 in proofreading the 3’SS
by rejecting the stalled spliceosome prior to the exon ligation
reaction and discarding the spliceosome in a linear pathway
(30).

The revelation of the ATP-independent activity of Prp16
in promoting branching of suboptimal substrates complicates
the rationale for Prp16’ role in ensuring splicing fidelity.
Prp16 can prevent branching by eliminating Cwc235, yet can
also promote branching by enhancing the stability of Cwc25.
This paradoxical functionality casts doubts on the active in-
volvement of Prp16 in proofreading splice sites. It is worth
noting that the model was initially put forth to provide an
explanation for the observed suppression of brC mutation by
PRP16 ATPase mutants. Conversely, it suggests that Prp16’s
primary function is to propel the splicing process forward.
The ATPase activity of Prp16 functions after branching to aid
in the liberation of Cwc235, thereby enabling exon ligation.
The ATP-independent activity of Prp16 serves to facilitate the
branching reaction when the reaction is impeded due to mu-
tations at the BP.

Cwc25 stabilizes the U2-BS interaction on the
pre-catalytic spliceosome

In the absence of Prp16, both the authentic and cryptic BSs
were utilized for splicing of brC and brG pre-mRNAs, albeit
with extremely low efficiency. In the presence of Prp16, the
splicing efficiency increased, but only the authentic site was
used. This observation reveals the dynamic nature of the in-
teraction between U2 and the BS prior to branching, and in-
dicates that the ATP-independent function of Prp16, which
restrains Cwc235, plays a crucial role in stabilizing the U2-BS
interaction before the branching reaction occurs. This stabi-
lization prevents U2 from shifting towards the CBS. Notably,
the proportion of branching events occurring at the cryptic
site relative to the authentic site was higher for brC com-
pared with brG pre-mRNAs. This discrepancy indicates that
the branching efficiency at the BS-brC was lower due to a
greater steric constraint caused by the transversion mutation
at the BP, thereby allowing U2 to dissociate more easily.

In this study, we have also elucidated the mechanism un-
derlying Prp16’s requirement for ATPase activity to select al-
ternative BSs in d-brA pre-mRNA. We show that Prp16 pro-
motes alternative BS selection through its influence on Cw¢235.
Although the BP of d-brA pre-mRNA is unreactive, it does
not impact the overall structure of the BS-U2, BS-5'SS or
RNA-protein interactions at the catalytic center. It is likely
that a non-covalent branch-like structure forms, which sta-
bilizes Cwc25 binding. Upon ATP hydrolysis, Prp16 disrupts
that binding of Cwc235, whereas the ATPase mutant of Prp16
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stabilizes it, resulting in either reduced or increased retention
of Cwc235 on the spliceosome, respectively, and consequently
allowing U2 to scan along the pre-mRNA to search for an
alternative BS. Interestingly, when the authentic BP is not re-
active, multiple BPs on the ACT1 intron could be used, but
all were located upstream. This result suggests that when the
U2-BS interaction is destabilized in the absence of Cwc235,
U2 may undergo unidirectional translocation in the 3’ to 5§’
polarity to search for alternative BS sequences. We have re-
cently demonstrated the highly dynamic nature of U2-BS in-
teractions during formation of the pre-spliceosome, and that
U2 also translocates in a 3’ to 5’ direction to search for the
BS upon loading onto the pre-mRNA (46). The factors that
restrict this unidirectional translocation of U2 during both
stages of the splicing pathway remain unclear. Our findings
shed light on the intricate process of alternative BS selection
and provide insights into the dynamic nature of U2-BS inter-
actions in the absence of Cwc235.

Prp16 promotes branching of 5’SS-mutated
pre-mRNAs

The catalytic center of the spliceosome is orchestrated by base
pairings between the 5'SS, U6 and U2, with RNA-RNA in-
teractions being stabilized by the binding of protein compo-
nents. Upon spliceosome activation, the SEx is integrated into
Prp8, enclosed by the linker and N domains (47). This part
of the structure remains unchanged in the subsequent steps of
the splicing reaction (18,32-41). The G5A mutation severely
impacted the cross-linking ability of Prp8 with all positions
of the SEx we examined, but it did not grossly affect cross-
linking of Yju2, Cwc24 or Isy1l as much. It is conceivable that
distortion of the RNA catalytic core, caused by the G5A muta-
tion, disturbs the structure of Prp8, leading to weakened inter-
actions between Prp8 and the SEx. Being no longer restrained
by Prp8, the SEx may move along the Prp8 tunnel, exposing its
sequence to the spliceosome’s catalytic center, and thereby en-
abling interaction with the BS. This results in aberrant cleav-
age at the SEx. Since the SEx can move dynamically due to
weak interactions with Prp8, the reaction only occurs slowly
and with lower specificity. This process also requires Cwc25
to stabilize the interaction of the BP with the 5Ex, with inter-
action between Prp16 and Cwc25 further enhancing BP-5Ex
stability.

The ATP-independent function of Prp16 has previously
been implicated as also acting on the 5’SS based on the obser-
vation that Prp16 could promote the branching reaction in-
dependently of its ATPase activity when splicing was impeded
by substituting a non-bridging oxygen of U6-U80 with sulfur
(24). However, the precise mechanism by which Prp16 acts
on the 5’SS had been unclear. In this study, we demonstrate
that this function of Prp16 also facilitates branching of pre-
mRNA harboring a G5A mutation or when the 5'SS-binding
protein Cwc24 is depleted from extracts. We have previously
elucidated how Prp16 promotes branching of the BS-mutated
pre-mRNA through its action on Cwc25 (17), but whether a
similar mechanism applied to the 5'SS was unknown. Prp16
is detectable in cryo-EM structures of the spliceosome C, Ci
and C* complexes, but it is only present at the periphery of
these structures, with its N-terminal domain being invisible
(18,32,34,44). Two-hybrid assays have revealed that Prp16 in-
teracts with Brr2 (48), which is also located at the periphery of
the spliceosome. A previous cross-linking analysis using 4sU-
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Figure 8. A model for how Prp16 promotes branching of suboptimal substrates by acting through Cwc25. (A) Mechanisms of splicing pathways for
various modified pre-mRNAs. After catalytic activation of the spliceosome, Cwc25 is recruited to the spliceosome B* complex. The B* complex is
accessible to Prp43 and its cofactors, which could disassemble it if stalled for an extended period. For wild-type pre-mRNA, the branching reaction

occurs immediately upon the binding of Cwc25, which then firmly associates with the spliceosome, with its N-terminal region contacting the BP. Prp16
facilitates the release of Cwc25 by hydrolyzing ATP, enabling the positioning of the 3'SS to the catalytic center for exon ligation. For G5A pre-mRNA, Prp8
loosely and dynamically interacts with the 5Ex. The branching reaction proceeds very slowly, and Cwc25 is easily released upon Prp16-catalyzed ATP
hydrolysis before branching can occur. If the spliceosome remains at the B* state for an extended duration, it is more prone to Prp43-mediated
disassembly, akin to a discard pathway. Without ATP hydrolysis, Prp16 stabilizes the binding of Cwc25, thereby promoting the branching reaction. Prp16
interacts with the intron downstream of the Cwc25-interacting site and facilitates the release of Cwc25 upon ATP hydrolysis. For brC pre-mRNA, Cwc25
displays weak affinity for the spliceosome, and the branching reaction also proceeds slowly. As with G5A pre-mRNA, Cwc25 is easily dissociated from
the spliceosome through ATP hydrolysis, and is stabilized by the binding of Prp16 without ATP hydrolysis. The release of Cwc25 makes the spliceosome
susceptible to Prp43-mediated disassembly. Moreover, weak interaction of Cwc25 leads to less stable U2-BS interaction, allowing U2 to dissociate from
the BS to search for alternative BS sites. For d-brA pre-mRNA, catalytic activation and binding of Cwc25 lead to formation of a non-covalent lariat-like
structure. Prp16 mediates the release of Cwc25 by hydrolyzing ATE resulting in a weaker U2-BS interaction and allowing U2 to dissociate and search for
an alternative BS. The binding of Cwc25 and Prp16 promotes branching at these alternative sites. The D473A mutant of Prp16 prevents the release of
Cwc25 and further enhances its stability on the spliceosome, consequently inhibiting the branching reaction. Prp8 (shown for the N and linker domains),
Cwec25 and Prp16 are depicted as green, purple and red objects, respectively. U2 is shown in green, with its BS-interacting region depicted as a green
box. The hatched exons and dotted introns represent dynamic interaction of these regions of the pre-mRNA with the spliceosome. (B) A diagram
illustrating the arrangement of Cwc25 and Yju2 within the catalytic center of the spliceosome, and their interactions with Prp16, Prp8 and the pre-mRNA

derived from spliceosome C and Ci complexes and cross-linking studies.

modified pre-mRNAs revealed that Prp16 interacts with the
pre-mRNA at a site ~18-25 or 8-18 nucleotides downstream
of the BS in the absence or presence of its ATPase function,
respectively (28), indicating that Prp16 translocates from its
docking site towards the spliceosome core in the 3’ to 5’ polar-
ity during the splicing reaction. Prp16 was also previously ob-
served to interact with the intron ~18-22 nucleotides down-
stream of the BS, corresponding to its docking site, as well
as with Yju2 and Cwc2$ on the Ci complex (44), implying
that Prp16 may stabilize Cwc25 binding through direct inter-
action. It is possible that Prp16 is recruited to the spliceosome
through its interaction with Brr2, and then is transferred onto
the pre-mRNA at its docking site. Thus, Prp16 may conduct
its ATP-independent function either via its interaction with
Brr2 or by docking onto the pre-mRNA.

A model for collaborative action of Prp16 and
Cwc25 in promoting branching and proofreading
splice sites

In summary, we have uncovered an unappreciated role for
Prp16 in promoting aberrant splicing at both the 5SS and
the BS, which strongly contrasts with its established role in
maintaining splicing fidelity. We have gained insights into how
Prp16 facilitates branching by employing an ATP-independent
mechanism when splicing is slowed due to mutation at the
5'SS or the BS. We also provide evidence showing Cwc25 as
a mediator of Prp16’ activities. We present a model elucidat-
ing collaborative action of Prp16 and Cwc25 in promoting
branching of suboptimal substrates and in proofreading splice
site sequences in Figure 8A. The arrangement of Cwc25 and
Yju2 at the catalytic center of the spliceosome, and their in-
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teractions with Prp16 and the pre-mRNA, are also elucidated
in Figure 8B.

Following the catalytic activation of the spliceosome,
Cwc25 is recruited to the spliceosome B* complex. In the
case of wild-type pre-mRNA, the branching reaction occurs
immediately upon the binding of Cwc235, which then firmly
associates with the spliceosome. Prp16 facilitates the release
of Cwc25 by hydrolyzing ATP, enabling the positioning of the
3'SS to the catalytic center for exon ligation. For GSA pre-
mRNA, Prp8 loosely and dynamically interacts with the SEx.
The branching reaction proceeds very slowly, and Cwc25 is
easily released upon Prpl6-catalyzed ATP hydrolysis before
branching can occur. If the spliceosome remains at the B* state
for an extended duration, it is prone to Prp43-mediated disas-
sembly. Without ATP hydrolysis, Prp16 stabilizes the binding
of Cwec25, thereby promoting the branching reaction. In the
case of brC pre-mRNA, Cwc235 displays weak affinity for the
spliceosome, and the branching reaction also proceeds slowly.
As for G5SA pre-mRNA, Cwc2S5 is easily dissociated from
the spliceosome through ATP hydrolysis, and is stabilized by
the binding of Prp16 without ATP hydrolysis. The release of
Cwc25 renders the spliceosome susceptible to Prp43-mediated
disassembly. Moreover, weak interaction of Cwc25 leads to
less stable U2-BS interaction, allowing U2 to dissociate from
the BS to search for alternative BSs. In the case of d-brA pre-
mRNA, catalytic activation and binding of Cwc25 lead to
formation of a non-covalent lariat-like structure. Prp16 me-
diates the release of Cwc25 by hydrolyzing ATP, resulting in a
weaker U2-BS interaction and allowing U2 to dissociate and
search for an alternative BS. The binding of Cwc25 and Prp16
promotes branching at these alternative sites. The D473A mu-
tant of Prp16 prevents the release of Cwc25 and further en-
hances its stability on the spliceosome, consequently inhibiting
the branching reaction.
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