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Cwc22 was previously identified to associate with the pre-mRNA splicing factor Cef1/Ntc85, a component of
the Prp19-associated complex (rninefeen complex [NTC]) involved in spliceosome activation. We show here that
Cwc22 is required for pre-mRNA splicing both ir vivo and in vitro but is neither tightly associated with the NTC
nor required for spliceosome activation. Cwc22 is associated with the spliceosome prior to catalytic steps and
remains associated throughout the reaction. The stable association of Cwc22 with the spliceosome requires the
presence of the NTC but is independent of Prp2. Although Cwc22 is not required for the recruitment of Prp2
to the spliceosome, it is essential for the function of Prp2 in promoting the release of the U2 components SF3a
and SF3b. In the absence of Cwc22, Prp2 can bind to the spliceosome but is dissociated upon ATP hydrolysis
without promoting the release of SF3a/b. Thus, Cwc22 represents a novel ATP-dependent step one factor
besides Prp2 and Spp2 and has a distinct role from that of Spp2 in mediating the function of Prp2.

The splicing of precursor mRNAs (pre-mRNAs) requires
five small nuclear RNAs (snRNAs), U1, U2, U4, US, and U6,
and numerous protein factors. These factors bind to the pre-
mRNA in a sequential manner to form a large ribonucleopro-
tein complex, called the spliceosome, which catalyzes two con-
secutive steps of transesterification to excise the intron. After
the binding of all five snRNAs, a major structural change
occurs on the spliceosome, leading to the release of U1 and U4
and the formation of the active spliceosome, which is compe-
tent for catalyzing transesterification reactions (for a review,
see references 45 and 47).

The spliceosome is a highly dynamic structure and under-
goes repetitive remodeling throughout the assembly pathway
to rearrange its structure at the expense of ATP (3, 23, 45).
Eight DExD/H-box ATPases are required for the entire splic-
ing process (36). Among them, Prp2 is required for the first
catalytic step, and Prp16 is required for the second step. After
the spliceosome is activated, the U2 components SF3a and
SF3b, which bind to the branch site, are removed in a Prp2-
dependent manner (21, 46). The binding of Prp2 to the spli-
ceosome requires Spp2, originally identified as a multicopy
suppressor of the prp2-1 mutation (32, 35). Cwc25 is then
recruited to the spliceosome to promote the first transesterifi-
cation reaction (12). The second transesterification reaction is
promoted by Prp22, Prpl8, and Slu7 but requires the prior
action of Prpl6 in an ATP-dependent manner. After the re-
action is complete, mature mRNA is first released and the
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spliceosome is then disassembled. Both steps require ATP and
the DExD/H-box proteins Prp22 and Prp43, respectively.

During the activation of the spliceosome, a protein complex
associated with Prp19, known as the NTC (for nineteen com-
plex), is added to the spliceosome after the release of Ul and
U4 (37). The NTC plays a role in stabilizing the association of
US and U6 by specifying base pair interactions between U6
and the 5’ splice site and between U5 and the exon sequence
near the splice junction (4, 5). Seven proteins have been shown
to associate with the NTC (7-9, 42) and to bind to the spli-
ceosome concomitantly with Prp19, presumably as an integral
complex. However, several of these components, Syf1/Ntc90,
Syf2/Ntc31, and Isyl/Ntc30, are not required for NTC-me-
diated spliceosome activation but are required for the re-
cruitment of the splicing factor Yju2 (6), which is involved in
the first catalytic reaction after the activation of the spliceo-
some (22). Other proteins, including Prp45, Prp46, and
Cwc2, have also been implicated as being putative NTC
components (1, 29).

Proteomic analyses of proteins associated with the NTC
component Cefl/Ntc85 and its orthologues have identified
complexes homologous to the NTC in both human and the
fission yeast Schizosaccharomyces pombe (28), suggesting the
evolutionary conservation of the complex. At least 26 proteins
are found to be associated with Cefl1/Ntc85 (named CWC [for
complexed with Cefl]) in Saccharomyces cerevisiae, many of
which comprise previously uncharacterized proteins. However,
not all of these components are true NTC components. Cwc25,
for instance, was later shown not to be tightly associated with
the NTC but to function in the first catalytic reaction after the
Prp2 step (12, 46).

Here we show that another CWC component, Cwc22, is also
involved in the first catalytic reaction after the spliceosome is
activated. Cwc22 is neither tightly associated with known NTC
components nor required for spliceosome activation, but like
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NTC, it is associated with the spliccosome from the precata-
lytic stage until the completion of the catalytic reactions. The
binding of Cwc22 to the spliceosome requires the presence of
the NTC yet is independent of Prp2. Prp2 can bind to the
spliceosome independently of Cwc22 and, upon ATP hydroly-
sis, is dissociated from the spliceosome without promoting the
release of SF3a/b. The productive function of Prp2 requires the
presence of Cwc22. Thus, Cwc22 and Spp2 are both required
for Prp2 to function in the first catalytic step but in distinct
ways.

MATERIALS AND METHODS

Yeast strains. The yeast strains used were BJ2168 (MATa prcl prbl pep4 leu2
trpl ura3), YSCC1 (MATa prcl prbl pep4 leu2 trpl ura3 PRPI9HA), YSCC12
(MATa his3 his7 ade3 ura3 prp2-1 PRP19-HA), YSCC227 (MATa prcl prbl pep4
leu2 trpl ura3 CWC22HA), and YSCC228 (MATa prcl prbl pep4 leu2 trpl
GAL-CWC22::URA3).

Oligonucleotides. The following oligonucleotides were used: C22-1 (GGCCG
GATCCGACCAACTGCGAATCTT), C22-2 (GGCCGACGTCGTATGGGT
ATCTATGCCGTTGCCTTC), C22-3 (GGCCGACGTCCCAGACTACGCTT
GAAGAGCCCGGCCAAA), C22-4 (CCGGCTCGAGGACTTACGGTGTTG
CTG), C22-5 (GGCCGGATCCGCATGTCTACCGCTACCAT), C22-6 (CCG
TCAAGCTTGCTGGA), C22-7 (CAGCAGCTTCTGTCG), C22-8 (GGCCCG
GCCGCCCAATGCGGTG), C22-9 (CCGGGGATCCGTAGCCTTTTTATT
CC), C22-10 (GGCCGGATCCGGATGCTGTTTATATTGGACCC), C22-11
(CCGGGACGTCTCATCCTTCCAGCGGAAAC), C22-12 (GGCCACTAGT
GACGCCGAACATATAAG), C22-13 (GCGGAGTCCTGGATCTG), C22-14
(CCGGGACGTCTCACTCTGCATCCTCAAC), and R13 (GAGTGACGATT
CCTATAG).

Antibodies and reagents. Antihemagglutinin (anti-HA) monoclonal antibody
8G5F was produced by immunizing mice with a keyhole limpet hemocyanin
(KLH)-conjugated HA peptide (our unpublished data) and the anti-Cwc22 poly-
clonal antibody by immunizing rabbits with the full-length protein expressed in
Escherichia coli cells. The anti-Cwc22 antibody was affinity purified on a Cwc22-
conjugated Sepharose column for depletion experiments. Protein A-Sepharose
was obtained from Amersham Inc., and streptavidin-Sepharose was obtained
from Sigma-Aldrich.

Construction of the CWC22-HA and GAL-CWC22 strains. The construction of
the HA-tagged strain was described previously by Tsai et al. (40). For the
construction of pRS406.CWC22-HA, DNA fragments A and B were generated
by PCR using primers C22-1 and C22-2 and primers C22-3 and C22-4, respec-
tively. Following digestion with BamHI and AatII and with AatIl and Xhol,
respectively, fragments A and B were ligated with BamHI- and Xhol-digested
pRS406. Plasmid pRS406.CWC22C-HA was linearized with HindIII and trans-
formed into yeast strain BJ2168 to displace the wild-type allele with the tagged
allele by the pop-in and pop-out gene displacement method (49) to generate
strain YSCC227. To construct the GAL-CWC22 strain, a 1.34-kb DNA fragment
containing the 5’ end of the CW(C22 open reading frame (ORF) was generated
by PCR using primers C22-5 and C22-6, digested with BamHI and HindIII, and
ligated with BamHI- and HindIII-digested pRS406.CWC22C-HA to yield plas-
mid pRS406.CWC22-HA, which contained the full-length ORF of CWC22. Plas-
mid pRS406.CWC22-HA was digested with BamHI and Spel, and the 0.65-kb
BamHI-Spel fragment was cloned into BamHI-Spel sites of pRS406.GAL to
generate plasmid pRS406.GAL.CWC22N, which was linearized with EcoRI for
transformation into strain BJ2168 to generate strain YSCC228.

Construction of deletion mutants. A 0.6-kb DNA fragment upstream of the
CWC22 ORF was generated by PCR using primers C22-8 and C22-9, digested
with Eagl and BamHI, and ligated with Eagl- and BamHI-digested
pRS406.CWC22-HA to yield plasmid pTY1. A 2.8-kb fragment was isolated by
the digestion of pTY1 with Eagl and Xhol and ligated with Eagl- and Xhol-
digested pRS414 to yield plasmid pTY2. For the generation of the 212-577
mutant, a 121-bp DNA fragment was generated by PCR using primers C22-7 and
C22-10, digested with BamHI and Ncol, and ligated with BamHI- and Ncol-
digested pTY?2 to yield plasmid pTY3. For the generation of the 1-453 mutant,
a 141-bp DNA fragment was generated by PCR using primers C22-1 and C22-11,
digested with Hpal and AatII, and ligated with Hpal- and AatII-digested pT'Y2
to yield plasmid pTY4. For the generation of the A220-453 mutant, a 250-bp
DNA fragment was generated by PCR using primers C22-12 and C22-13, di-
gested with Spel and BsaBlI, and ligated with Spel- and BsaBI-digested pTY2 to
yield plasmid pTY5. For the generation of the 212-453 mutant, a 121-bp DNA
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fragment was generated by PCR using primers C22-7 and C22-10, digested with
BamHI and Ncol, and ligated with BamHI- and Ncol-digested pTY4 to yield
plasmid pTY6. For the generation of the 212-491 mutant, a 255-bp DNA frag-
ment was generated by PCR using primers C22-1 and C22-14, digested with Hpal
and Aatll, and ligated with Hpal- and AatlI-digested pTY6 to yield plasmid
pTY7.

Splicing extracts, substrates, and assays. Yeast whole-cell extracts were pre-
pared according to a method described previously by Cheng et al. (11). Actin
precursors were synthesized in vitro, using SP6 RNA polymerase according to a
method described previously by Cheng and Abelson (10). Biotinylated pre-
mRNA was synthesized according to a procedure described previously by Chan
et al. (5). Splicing assays were carried out according to methods described
previously by Cheng and Abelson (10). To assay for the stable association of U5
and U6, splicing was carried out in a volume of 300 pl, and the spliceosome was
precipitated with 75 pl of streptavidin-Sepharose. After the washing off of un-
bound materials, the pellet was separated into three fractions: one was used for
total precipitate, and 100 pl each of the splicing buffer with or without ATP was
added to the other two fractions, followed by incubation at room temperature for
20 min. After removing the supernatant, the pellet was further washed, and
RNAs in the pellet and supernatant fractions were analyzed by Northern blot-
ting.

Immunodepletion, immunoprecipitation, and precipitation of the spliceosome
by streptavidin-agarose. The immunodepletion of the NTC was performed as
described previously by Chan et al. (5). The immunodepletion of Yju2 and
Cwc22 was performed by the incubation of 100 pl of splicing extracts with 100 .l
of anti-Yju2 antiserum or 20 wl of 9 mg/ml affinity-purified anti-Cwc22 antibody
coupled to 50 wl of protein A-Sepharose. Immunoprecipitation was performed as
described by previously by Tarn et al. (38), using 25 pl of anti-HA for Cwc22-HA
or 5 ul of anti-Ntc20 antibody for each 100-ul splicing reaction mixture. Precip-
itation of the spliceosome with streptavidin-agarose was carried out according to
methods described previously by Chan et al. (5).

Purification of recombinant Cwc22. The full-length CWC22 gene and the
fragment of the CWC22 gene at residues 212 to 491 were cloned into a modified
version of pET15b for the expression of His-tagged proteins in E. coli. Recom-
binant proteins were purified on an Ni affinity column (Novagen) according to
the manufacturer’s instructions.

Assay for release of Prp2 from the spliceosome. Splicing reactions were carried
out with V5-tagged Prp2 extracts under normal conditions. The reaction mix-
tures were incubated for 10 min following the addition of 2% glucose, and each
20 pl of the reaction mixture was precipitated with 1 pl of anti-V5 antibody
conjugated to 10 pl of protein A-Sepharose. The precipitates were then incu-
bated for 20 min with 20 wl splicing buffer containing 3 mM MgCl, with or
without 2 mM ATP, and the pellet and supernatant fractions were separated. In
the assay for Prp2 function, the prp2gs-¢; -V5 protein was added at 100 nM in the
splicing reaction mixture, which used nontagged extracts. For the chase assay, 6
pl of micrococcal nuclease (MN)-treated extracts was added to 20 wl of the
released spliceosome, followed by incubation for 20 min.

Complementation of the affinity-purified spliceosome. Splicing reactions were
carried out with Cwc22-depleted extracts under normal conditions. Each 20 wl of
the reaction mixture was precipitated with 1 pl of anti-Ntc20 antibody conju-
gated to 10 pl of protein A-Sepharose. After the washing of unbound materials,
9 pl of micrococcal nuclease-treated extracts and 3 pl of Prp2 protein in 30 pl of
splicing buffer with or without 2 mM ATP were added to the precipitates,
followed by incubation for 20 min at 25°C.

RESULTS

Cwc22 is not tightly associated with the NTC. To examine
whether Cwc22 is a component of the NTC, Cwc22 was
tagged with the HA epitope at its carboxy terminus for
immunoprecipitation analyses. Extracts prepared from
PRP19-HA, CWC22-HA, or untagged strains were precipi-
tated with anti-HA antibody, followed by Western blotting with
antibodies against NTC components as probes (Fig. 1A).
Cwc22-HA was not precipitated as efficiently as Prp19-HA
with anti-HA antibody; the amount of Cwc22-HA precipitated
was lower than that of Prp19-HA despite the fact that 10-
times-more antibody was used for precipitation and 3-times-
more precipitated materials were used for analysis, indicating
that the HA epitope on Cwc22 may not be as accessible. Nev-
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FIG. 1. Cwc22 is not a component of the NTC but is essential for pre-mRNA splicing both in vivo and in vitro. (A) Extracts prepared from
PRP19-HA (lane 1), CWC22-HA (lane 2), and nontagged (lane 3) strains were immunoprecipitated with anti-HA antibody, followed by Western
blotting using antibodies against the HA epitope and components of the NTC. (B) Growth curves of GAL-CWC22 cells in yeast extract-peptone-
dextrose (YPD) and yeast extract-peptone galactose (YPG). Cells were grown in galactose-containing synthetic minimum medium to mid-log phase
and then shifted to YPD or YPG medium. Cells were collected at 0, 4, 8, 12, 16, 20, 24, 28, 32, and 36 h after the shift for measurements of the
optical density at 600 nm (ODy). (C) Total RNA extracted from collected cells was analyzed by primer extension using a U3 primer, R13. The
prp2 mutant was grown at 37°C for 2 h before harvesting. Gal, galactose; Glu, glucose; WT, wild type. (D) Splicing was carried out in mock-treated
(lanes 1 and 4) or Cwc22-depleted (lanes 2, 3, 5, and 6) extracts using wild-type (lanes 1 to 3) or ACAC (lanes 4 to 6) actin pre-mRNA with (lanes
3 and 6) or without (lanes 1, 2, 4, and 5) the addition of 100 ng recombinant Cwc22. M, mock; D, depletion.

ertheless, our results clearly showed that Cwc22 is not tightly
associated with the NTC since none of the identified NTC
components were significantly coprecipitated with Cwc22 (Fig.
1A, lane 2). Consistent with these results, Cwc22 was not
detected to coprecipitate with Prp19 when probed with anti-
body raised against recombinant Cwc22 (lane 1). We conclude
that Cwc22 is not an intrinsic component of the NTC.

CW(C22 was previously reported to be essential for cellular
viability by a large-scale survey of the yeast genome (13). To
investigate whether CWC22 is essential for splicing, we con-
structed a yeast strain in which CW(C22 was placed under the
control of the inducible GALI promoter. The growth of such
cells was retarded 20 h after transfer from galactose- to glu-
cose-containing medium (Fig. 1B). RNA isolated from cells
grown in either of the two media was probed for the accumu-
lation of precursor RNA by primer extension analysis using
primer R13 in the exon 2 region of the U3 gene (Fig. 1C). An
accumulation of pre-U3 was seen in cells grown for 24 h in
glucose-containing medium (Fig. 1C, lane 5) but not in galac-
tose-containing medium (lane 8), indicating a splicing defect
upon the repression of CWC22. This result shows that CW(C22
is essential for splicing in vivo.

To see whether Cwc22 is required for the in vitro splicing
reaction, we depleted Cwc22 from splicing extracts with anti-
bodies against Cwc22 for splicing assays (Fig. 1D). Using either
the wild type (Fig. 1D, lanes 1 to 3) or a 3’ splice site mutant,
ACAC (44) (lanes 4 to 6), of actin pre-mRNA as a substrate,
the splicing activity was nearly completely abolished upon
Cwc22 depletion (lanes 2 and 5). The addition of recombinant
Cwc22 restored the splicing activity (Fig. 1D, lanes 3 and 6),
demonstrating that Cwc22 is required for splicing in vitro, ei-
ther for the first catalytic reaction or for the prior assembly of

the spliceosome. This result further confirms that Cwc22 is not
tightly associated with the NTC since the depletion of Cwc22
did not codeplete other essential splicing factors to significant
levels.

A segment of Cwc22 containing the MA-3 domain and the
conserved downstream region is sufficient for the function of
Cwc22. Cwc22 is a protein of 577 amino acid residues with an
MIF4G-like domain in the N-terminal region and a MA-3
domain in the middle region. Sequence alignment of Cwc22
orthologues revealed that the budding yeast Cwc22 represents
a short form of the protein containing only the core region
(Fig. 2A). While proteins from most other species have a
length of around 900 amino acid residues, the fly protein is
extraordinarily long, with 1,330 amino acid residues, and con-
tains extra domains in both the amino and carboxy termini of
the protein. To determine the contribution of different do-
mains to the function of Cwc22, we expressed Cwc22 with
deletions in different regions of the protein in strain YSCC228
and grew cells in galactose- or glucose-based medium. Figure
2B shows that the deletion of the N-terminal MIF4G-like do-
main or the C-terminal region of the protein did not affect the
growth of yeast cells, whereas the deletion of the middle region
containing the MA-3 domain resulted in lethality. A Cwc22
segment encompassing amino acid residues 212 to 453 poorly
supported cellular growth. However, if the segment was ex-
tended to amino acid residue 491 to include the entire con-
served sequence downstream of the MA-3 domain, cells were
viable, with a slightly reduced growth rate. To verify that this
segment, which is sufficient for the cellular function of Cwc22,
largely carries out the function of Cwc22 in pre-mRNA splic-
ing, we purified the recombinant protein for in vitro comple-
mentation assays. The titration of the purified recombinant
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FIG. 2. Deletion analysis of Cwc22. (A) Protein sequence alignment of Cwc22 orthologues using MAFFT and GeneDoc. Putative Cwc22
orthologues were identified by using the KEGG (Kyoto Encyclopedia of Genes and Genomes) database (17). Conserved residues are shaded in
black for 100%, in gray for 80%, and in light gray for 60% conservation. Abbreviations: Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces
pombe; Dm, Drosophila melanogaster; At, Arabidopsis thaliana; Ce, Caenorhabditis elegans; Rn, Rattus norvegicus; Mm, Mus musculus; Hs, Homo
sapiens. (B) CWC22 deletion clones in yeast strain YSCC228 were grown in galactose-containing synthetic minimum medium and spotted onto
glucose- or galactose-based plates after serial dilutions. (C) An estimated 1.5 g each of purified Cwc22 (lane 1) and the segment at residues 212
to 491 (lane 2) was analyzed on 10% SDS-PAGE gels stained by Coomassie blue. (D) Recombinant Cwc22 at 5, 10, or 20 ng (lanes 3 to 5,
respectively) or the segment at residues 212 to 491 at 10, 20, or 50 ng (lanes 6 to 8, respectively) was added to Cwc22-depleted extracts (lane 2)
for splicing assays. M, mock; dCwc22, Cwc22 depletion; *, nonspecific band.

proteins (Fig. 2C) revealed that the complementation activity
of the segment at residues 212 to 491 is around 30% of that of
the full-length protein (Fig. 2D), validating that the segment at
residues 212 to 491, although not in full activity, is sufficient for
the function of Cwc22 in pre-mRNA splicing.

Cwc22 is associated with the spliceosome after NTC-medi-
ated spliceosome activation. An immunoprecipitation analysis
using CWC22-HA extracts was performed to examine whether
Cwc22 is associated with the spliceosome (Fig. 3). Splicing was
carried out with CWC22-HA extracts at various ATP concen-
trations, and the reaction mixture was precipitated with an-
ti-HA or anti-Ntc20 antibody, respectively, for comparison.
Although a large amount of the spliceosome containing pre-
mRNA was coprecipitated with Ntc20 at 0.1 mM ATP (Fig. 3,
lane 3), none was significantly coprecipitated with Cwc22 (lane
4). In contrast, at 0.5 mM or 2 mM ATP, both Ntc20 and
Cwc22 were found to associate with the spliceosome at prec-
atalytic and catalytic stages, as pre-mRNA, splicing intermedi-
ates, and the lariat intron were all coprecipitated (Fig. 3, lanes
7, 8, 11, and 12). The amount of the spliceosome coprecipi-
tated with Cwc22 was approximately one-half of that copre-
cipitated with Ntc20, suggesting a difference in the efficiency of
precipitation of Cwc22 and Ntc20 by 2-fold. Taken together,
these results suggest that Cwc22 might be associated with the
spliceosome in a step after the binding of the NTC but prior to
the first catalytic reaction.

To confirm the binding order of Cwc22 and the NTC, we
analyzed components of the spliceosome formed in Cwc22-
and NTC-depleted extracts using biotinylated pre-mRNA for
precipitation with streptavidin-Sepharose (Fig. 4A). The
ACAC pre-mRNA was used in order to assemble and accu-
mulate the spliceosome within one round of splicing, prevent-
ing the spliceosome from maturation and disassembly. West-
ern blotting of the pulled-down spliceosome revealed that the

depletion of the NTC from the extract prevented the binding
of Cwc22 to the spliceosome (Fig. 4A, lane 4), whereas the
depletion of Cwc22 did not affect the binding of the NTC
components Prp19 and Ntc85 to the spliceosome (lane 6). The
results therefore indicate that the stable association of Cwc22
with the spliceosome requires the presence of the NTC and are
in agreement with data from the immunoprecipitation analysis
of the spliceosome shown in Fig. 3. Two splicing factors, Yju2
and Cwc25, were recently reported to be required for the first
catalytic reaction after the Prp2-mediated structural change of
the spliceosome (12, 22). Yju2, although required for the first
catalytic reaction, can bind to the spliceosome in an earlier step
via its interaction with the NTC component Syfl/Ntc90 (6).
Consistent with the previously reported observations, we found
that the binding of Yju2 to the spliceosome did not require
Cwc22 (Fig. 4A, lane 6). In contrast, the binding of Cwc25 to
the spliceosome required the presence of Cwc22, suggesting
that Cwc22 is required either for spliceosome activation after
the binding of the NTC or for the first catalytic reaction.

We have previously demonstrated that the NTC is required
for spliceosome activation and that the depletion of the NTC
results in the destabilization of U5 and U6 due to the lack of
specific interactions between U6 and the intron and between
US and the exon sequence near splice junctions (4, 5). We thus
examined whether the stable association of U5 and U6 with the
spliceosome required Cwc22 to determine a possible role of
Cwc22 in spliceosome activation. Spliceosomes formed with
biotinylated ACAC pre-mRNA in Cwc22- or NTC-depleted
extracts were isolated by precipitation with streptavidin-Sepha-
rose and then reincubated in splicing buffer at 25°C. The RNA
retained on and released from the spliceosome was analyzed by
Northern blotting using snRNAs as probes. Figure 4B shows
that, similarly to mock-treated extracts (lanes 2 to 4), the ma-
jority of U5 and U6 remained associated with the spliceosome
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FIG. 3. Cwc22 is associated with the spliceosome prior to the cat-
alytic step and retained until completion of the reaction. Splicing was
carried out with CWC22-HA extracts in the presence of 0.1 mM (lanes
1to 4), 0.5 mM (lanes 5 to 8), or 2 mM (lanes 9 to 12) ATP, and the
reaction mixtures were precipitated with anti-Ntc20 or anti-HA anti-
body. RXN, 1/10 of the reaction mixture used for immunoprecipita-
tion; PAS, protein A-Sepharose.

formed in Cwc22-depleted extracts (lanes 8 to 10), whereas
around 50% of US5 and a higher percentage of U6 were disso-
ciated from the spliceosome formed in NTC-depleted extracts
(lanes 5 to 7). These results indicate that Cwc22 has a distinct
function from that of the NTC, as Cwc22 is not required for the
stabilization of U5 and U6 after the release of Ul and U4.
When the experiment was performed with heat-treated prp2-1
mutant extracts (Fig. 4B, lanes 11 to 13), the majority of U5
and U6 was also retained on the spliceosome, as in mock-
treated extracts, indicating that Prp2 is not required for the
stable association of U5 and U6. If the spliceosome is defined
as being activated when U5 and U6 become stably bound, then
neither Prp2 nor Cwc22 is required for the activation of the
spliceosome. The ATP-dependent action of Prp2 in mediating
SF3a/b release may function in preparing the activated spli-
ceosome for the first catalytic reaction, which requires Yju2,
Cwc25, and HP-X (12, 22). Our data concur with the possibil-
ities that Cwc22 is involved in the Prp2 step or the post-Prp2
step.

Cwc22 is involved in an ATP-dependent step of the splicing
reaction. To distinguish between these two steps, we exam-
ined whether the function of Cwc22 required ATP (Fig. SA).
Splicing was carried out with Cwc22-depleted extracts for 20
min using ACAC pre-mRNA, followed by the addition of
glucose to the reaction mixtures to exhaust ATP (Fig. SA,
lanes 2 and 3) or of more ATP as a control (lanes 4 and 5).
Recombinant Cwc22 was then added to the reaction mix-
tures for complementation. Figure SA shows that recombi-
nant Cwc22 was able to restore the splicing activity only in
the presence of ATP (lane 5) although to a level slightly
lower than that in the control of mock-treated extracts (lane
1) or in the control in which Cwc22 was readded prior to the
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FIG. 4. Cwc22 is not required for NTC-mediated spliceosome ac-
tivation. (A) The spliceosome formed with nonbiotinylated (lanes 1, 3,
and 5) or biotinylated (lanes 2, 4, and 6) ACAC pre-mRNA in mock-
treated (lanes 1 and 2), NTC-depleted (ANTC) (lanes 3 and 4), or
Cwc22-depleted (lanes 5 and 6) extracts was isolated by precipitation
with streptavidin-Sepharose, and the components were analyzed by
Western blotting. (B) Splicing reactions were carried out with mock-
depleted (lanes 2 to 4), NTC-depleted (lanes 5 to 7), Cwc22-depleted
(lanes 8 to 10), or prp2-1 (lanes 11 to 13) extracts using biotinylated
ACAC pre-mRNA as the substrate, and the spliceosome was precip-
itated with streptavidin-Sepharose. After washing off unbound mate-
rials, the pellet was separated into two fractions: one was used for total
precipitate (lanes 2, 5, 8, and 11), and the other was added to splicing
buffer and incubated for 20 min at room temperature. After separating
the supernatant and pellet fractions, RNA was extracted and analyzed
by Northern blotting. RNA, RNA from 2 pl of extracts; T, total
precipitate; P, pellet; S, supernatant.

splicing reaction (lane 7). This result indicates that Cwc22 is
involved in the same step as Prp2 that requires ATP.
Independent binding of Cwc22 and Prp2 to the spliceosome.
Prp2 and Spp2 are required for the first catalytic step in an
ATP-dependent manner. The interaction of Spp2 with Prp2
is required for the association of Prp2 with the spliceosome
to execute its function in this step. To determine whether
Cwc22 is also required for the function of Prp2, we first
examined whether Cwc22 is required for the binding of Prp2
to the spliceosome. During the splicing reaction, Prp2 leaves
the spliceosome immediately after its action and is barely
detected on the spliceosome in the presence of ATP (19)
(see below). To retain Prp2 on the spliceosome, we used a
dominant negative mutant of PRP2, S378L, which carries a
mutation in the SAT motif (24, 30). Splicing was carried out
with Cwc22-depleted or NTC-depleted extracts, followed by
the addition of V5-tagged recombinant prp2g;,4;. The re-
action mixtures were then precipitated with anti-Ntc20 or
anti-V5 antibody to examine the association of the NTC and
Prp2 with the spliceosome (Fig. 5B). A higher background
was observed for the immunoprecipitation of reactions car-
ried out with Cwc22-depleted extracts (Fig. 5B, lane 11),
possibly due to a small amount of anti-Cwc22 antibody re-
leased into the extract during its prior incubation with the
antibody to deplete Cwc22 (data not shown). As expected,
prp2gs7sr. could bind to the spliceosome in mock-treated
extracts (Fig. 5B, lane 5) but failed to bind when the NTC
was depleted (lane 9). In Cwc22-depleted extracts, prp2gs7s;.
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FIG. 5. Cwc22 and Prp2 bind to the spliceosome independently of each other. Splicing was carried with ACAC pre-mRNA in these experiments.
(A) Splicing was carried out with mock-treated (lane 1) or Cwc22-depleted (lanes 2 to 7) extracts without (lanes 2 to 6) or with (lane 7) the addition of
recombinant Cwc22. Glucose (lanes 2 and 3) or ATP (lanes 4 and 5) was added to the reaction mixtures and incubated for 5 min. Cwc22 was then added,
and the reaction mixture was incubated for 20 min. (B) Splicing was carried out with wild-type (lane 1), mock-treated (lanes 2 to 5), NTC-depleted (lanes
610 9), or Cwc22-depleted (lanes 10 to 13) extracts. After the addition of recombinant V5-tagged prp2gs74; , the reaction mixtures were precipitated with
anti-Ntc20 or anti-V5 antibody. RXN, 1/5 of the reaction mixture used for immunoprecipitation; PAS, protein A-Sepharose. (C) Splicing was carried out
with mock-treated (lanes 1 to 8) or Cwc22-depleted (lanes 9 to 16) Prp2-V5 extracts. Following the addition of glucose (lanes 1 to 4 and 9 to 12) or ATP
(lanes 5 to 8 and 13 to 16) and incubation for 5 min, the reaction mixtures were precipitated with anti-Ntc20 or anti-V5 antibody. RXN, 1/10 of the
reaction mixture used for immunoprecipitation; PAS, protein A-Sepharose. (D) Splicing was carried out with mock-treated (lanes 1 to 7) or Cwc22-
depleted (lanes 8 to 14) Prp2-V5 extracts or with Cwc22-depleted extracts with the addition of the prp2g;,¢; -V5 protein (lanes 15 to 20). Following the
addition of glucose and incubation for 5 min, the reaction mixtures were precipitated with anti-V5 antibody. The precipitates were reincubated in splicing
buffer containing (lanes 2 to 4, 9 to 11, 17, and 18) or not containing (lanes 5 to 7, 12 to 14, 19, and 20) ATP, and supernatant and pellet fractions were
separated. The released materials (lanes 22 and 26, as from lanes 4 and 11) were incubated for 20 min following the addition (lanes 24 and 28) or no
addition (lanes 23 and 27) of micrococcal nuclease-treated extracts. R, 1/10 of the reaction mixture used for immunoprecipitation; T, total precipitates;
P, pellet; S, supernatant; Ext™™, micrococcal nuclease-treated extracts. (E) The spliceosome formed with biotinylated ACAC pre-mRNA in wild-type
(lane 1) or Aprp2 extracts without (lane 2) or with (lane 3) the addition of the Prp2 protein was isolated by precipitation with streptavidin-Sepharose,
and the components were analyzed by Western blotting.

that Cwc22 is not required for the binding of wild-type Prp2
(Fig. 5C). Splicing was carried out with mock-treated or
Cwc22-depleted extracts prepared from a Prp2-V5 strain using
ACAC pre-mRNA, followed by the addition of glucose to the

was also able to bind to the spliceosome (Fig. 5B, lane 13),
indicating that the binding of prp2g;,¢; is independent of
Cwc22.

A complementary experiment was also performed to show
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reaction mixtures to exhaust ATP (Fig. 5C, lanes 1 to 4 and 9
to 12) or more ATP as controls (lanes 5 to 8 and 13 to 16). The
depletion of ATP allows the retention of Prp2 on the spliceo-
some, which could be revealed by the precipitation of the
spliceosome with anti-V5 antibody. Like prp2q;,5;, wild-type
Prp2 was able to bind to the spliceosome containing pre-
mRNA in the absence of ATP in Cwc22-depleted extracts (Fig.
5C, lane 12), as in mock-treated extracts (lane 4), further
confirming that Cwc22 is not required for the binding of Prp2
to the spliceosome. In Cwc22-depleted extracts, small amounts
of splicing intermediates were seen when precipitated with
anti-V5 antibody (Fig. 5C, lanes 12 and 16) due to the presence
of anti-Cwc22 antibody released from beads during the incu-
bation for depletion, as similar amounts of intermediates were
also present in no-antibody controls (lanes 10 and 14). It is
interesting that Prp2 was not retained on the spliceosome in
the presence of ATP when Cwc22 was depleted (Fig. 5C, lane
16). This finding suggests that Cwc22 is also not required for
the dissociation of Prp2 from the spliceosome. To provide
further evidence for this conclusion, the Prp2-associated spli-
ceosome formed in Cwc22-depleted extracts was isolated by
immunoprecipitation with anti-V5 antibody as described above
and then reincubated in the presence or absence of ATP to see
whether the spliceosome would be released from beads, which
indicates the release of Prp2 from the spliceosome (Fig. SD).
Indeed, Prp2 was released from the spliceosome after incuba-
tion in the presence of ATP with (Fig. 5D, lane 11) or without
(lane 4) the depletion of Cwc22. When the VS5-tagged
prp2g375;, mutant protein was added to Cwc22-depleted ex-
tracts, the prp2g;-4; -associated spliceosome precipitated with
anti-V5 antibody was retained on the spliceosome after incu-
bation regardless of the presence of ATP (Fig. 5D, lanes 17 to
20), indicating that the ATP-dependent release required func-
tional Prp2. Furthermore, the spliceosome released from Prp2-
conjugated beads, regardless of the Cwc22 depletion, remained
intact and functional as the addition of micrococcal nuclease
(MN)-treated extracts allowed the first catalytic reaction to
proceed (Fig. 5D, lanes 24 and 28). These results demonstrate
that the Prp2 cycle on the spliceosome is independent of
Cwc22 such that Prp2 can bind to the spliceosome, hydrolyze
ATP, and then dissociate without requiring Cwc22.

Interestingly, the binding of Cwc22 to the spliceosome is also
independent of Prp2 (Fig. 5E). When the spliceosome formed
with biotinylated ACAC pre-mRNA in heat-treated prp2 mu-
tant extracts was isolated for Western blotting, Cwc22 was
found to be associated (Fig. SE, lane 2), in contrast to Cwc25,
whose binding required functional Prp2 (12). Taken together,
Cwc22 and Prp2 bind to the spliceosome independently of
each other.

The productive function of Prp2 requires Cwc22. Since both
Cwc22 and Prp2 require ATP for their function in the first cata-
lytic step but can independently bind to the spliceosome, they act
either in concert or in sequence to mediate the reaction. To
determine the functional order of Cwc22 and Prp2, we isolated
the spliceosome formed in Cwc22-depleted extracts for chase
experiments (Fig. 6A). The spliceosome formed in Cwc22-de-
pleted extracts with ACAC pre-mRNA was isolated by precipi-
tation with anti-Ntc20 antibody. MN-treated extracts prepared
from wild-type or Aprp2 extracts were then added in the presence
or absence of ATP to chase the reaction. If the isolated spliceo-
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some was at the post-Prp2 stage, either of the MN-treated wild-
type or Aprp2 extracts would provide all the factors required for
the first catalytic reaction. However, the result shows that only
MN:-treated wild-type but not Aprp2 extracts could promote the
first catalytic reaction (Fig. 6A, lanes 4 and 6). The further addi-
tion of recombinant Prp2 to MN-treated Aprp2 extracts was also
able to chase the reaction (Fig. 6A, lane 7). This result shows that
despite the independent binding of these two proteins, Cwc22 is
required for the productive function of Prp2 in the first catalytic
step. In the absence of Cwc22, Prp2 binds to the spliceosome and
dissociates upon ATP hydrolysis in a nonproductive manner.

It was recently demonstrated that the U2 components SF3a
and SF3b are dissociated from the spliceosome during the first
catalytic step and that Prp2 plays a role in mediating the release
of SF3a/b (21, 46). If Cwc22 was required for the function of Prp2
in the spliceosome pathway, the depletion of Cwc22 would pre-
vent SF3a/b from dissociation from the spliceosome. We exam-
ined the role of Cwc22 in this connection by Western blotting of
the spliceosome formed in Cwc22- and Yju2-depleted extracts.
Yju2 is required for the first catalytic step after the action of Prp2
(22) and consequently is not required for the release of SF3a/b. In
this experiment, Prp9 and Hsh155, as representative components
of SF3a and SF3b, respectively, were tagged with V5 and HA.
Another U2 component, Leal, which remains associated with the
spliceosome until the completion of splicing, was also tagged with
V5 as a control. Spliceosomes formed with biotinylated ACAC
pre-mRNA were formed in Yju2- or Cwc22-depleted extracts,
using LEA1-V5, PRP9-V5, or HSH155-HA extracts, and isolated
by precipitation with streptavidin-Sepharose followed by Western
blotting probed with anti-HA or anti-V5 antibody and antibodies
against Snul14 and Ntc85. As shown in Fig. 6B, the amounts of
Prp9 or Hsh155 associated with the spliceosome were about twice
as much in Cwc22-depleted extracts as those in Yju2- or mock-
depleted extracts, whereas the amounts of Leal, Snull4, and
Ntc85 remained largely unchanged under all three conditions.
These results indicate that the release of SF3a/b from the spli-
ceosome also requires Cwc22, in agreement with the requirement
of Cwc22 for the function of Prp2 in this step. A scheme illustrat-
ing how Cwc22 is involved in the first catalytic step is shown in
Fig. 7.

DISCUSSION

In this study, we show that Cwc22 is essential for pre-mRNA
splicing both in vivo and in vitro. Although Cwc22 was previously
reported to associate with the NTC component Cefl/Ntc85 (28),
we found that the association of Cwc22 with the NTC was very
weak, as only tiny amounts of known NTC components were
coprecipitated with Cwc22. Our data thus suggest that Cwc22 is
not an integral component of the NTC. Furthermore, we dem-
onstrate that Cwc22 has a function different from that of the
NTC. It is not required for NTC-mediated spliceosome activation
but is required for the first catalytic step in promoting the Prp2-
mediated release of SF3a/b.

The catalytic steps of splicing involve more protein factors
than expected. Each one proceeds through an ATP-dependent
reaction followed by an ATP-independent reaction, and each
requires a DExD/H-box RNA helicase, Prp2 and Prpl6, re-
spectively, for the ATP-dependent function. The ATPase ac-
tivity of Prp2 is required for the release of SF3a/b (21, 46),
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FIG. 6. Cwc22 is required for the function of Prp2. (A) Splicing was carried out with Cwc22-depleted extracts with ACAC pre-mRNA, and the
reaction mixtures were precipitated with anti-Ntc20 antibody (lanes 3 to 11). Micrococcal nuclease-treated wild-type (lanes 4, 5, 8, and 9) or Aprp2
(lanes 6, 7, 10, and 11) extracts and wild-type (lanes 7 and 11), S378L (lanes 5 and 9), or no (lanes 4, 6, 8, and 10) Prp2 protein were added to
the precipitated spliceosome and incubated in the presence (lanes 4 to 7) or absence (lanes 8 to 11) of ATP. The amounts of pre-mRNA and lariat
intron-exon 2 were quantified by PhosphorImager analysis and, after conversion into molar amounts, plotted in a bar graph, with their sum as
100%. R, 1/10 of the reaction mixture; N, no antibody; WT, wild type; Aprp2, heat-treated prp2; m, mutant; Ext™™, micrococcal nuclease-treated
extracts. (B) Splicing was carried out in the absence (lanes 1, 3, and 5) or presence (lanes 2, 4, and 6) of biotinylated ACAC pre-mRNA in
mock-treated (lanes 1 and 2), Yju2-depleted (lanes 3 and 4), or Cwc22-depleted (lanes 5 and 6) Leal-V5, Prp9-V5, or Hsh155-HA extracts. The
spliceosomes were isolated by precipitation with streptavidin-Sepharose and analyzed by Western blotting using anti-V5, anti-HA, anti-Snul14, and
anti-Ntc85 antibodies. Protein bands were quantified by using the UVP Biospectrum 600 imaging system and plotted in a bar graph, with each
protein normalized to mock. dYju2, Yju2 depletion; dCwc22, Cwc22 depletion.

presumably to clear the branch site for the binding of other
factors to promote the first transesterification, which does not
require ATP but requires Yju2, Cwc25, and HP-X (12, 22). In
the second step, Prp16 mediates an ATP-dependent structural
change of the spliceosome, resulting in the protection of the 3’
splice site (33). Prp22, Prpl8, and Slu7 are then required to
promote the second transesterification (2, 15, 16, 34). Al-
though the functions of Yju2 and HP-X are required only after
the action of Prp2, they can be recruited to the spliceosome
before the Prp2 step (22, 46). The findings that the binding of
Cwc25 to the spliceosome depends on the function of Prp2 and
Yju2 and that the catalytic reaction occurs upon its binding
suggest that Cwc25 may play a critical role in the positioning of
the 5’ splice site to the branch site. Prp2 requires a cofactor,
Spp2, for its binding to the spliceosome and, consequently, for
its function (32, 35), but how Spp2 regulates the function of
Prp2 is not known.

In contrast, Cwc22 and Prp2 bind to the spliceosome indepen-
dently of each other. Neither Cwc22 nor Prp2/Spp2 is associated
with the spliceosome in the absence of the NTC, suggesting that
these proteins bind only after the spliceosome is activated. Prp2
or Spp2 was not detected to interact with any of the known NTC
components by two-hybrid assays (data not shown). Cwc22 is not
tightly associated with the NTC but shows weak interactions with

Syf3/Ntc77 and Isyl/Ntc30 in two-hybrid assays (data not shown).
Whether such interactions are involved in the recruitment of
Cwc22 to the spliceosome remains unknown. The stable associa-
tion of Cwc22 with the spliceosome may involve interactions of
Cwc22 with multiple spliceosomal components at a specific stage
when the proper conformation of the spliceosome is achieved.
Prp2 has been reported to interact with Brr2, which was shown
previously to interact with splicing factors involved in various
steps of the spliceosome pathway by two-hybrid assays (43). The
interaction of Brr2 with Ntr2 is responsible for the recruitment of
the NTR (for NTC-related) complex to the spliceosome to me-
diate its disassembly (41). Whether the recruitment of Prp2 is
mediated by its interaction with Brr2 also remains to be investi-
gated.

The productive action of Prp2 requires the presence of Cwc22.
In the absence of Cwc22, Prp2 could bind to the spliceosome but
is dissociated upon ATP hydrolysis, with SF3a/b still retained on
the spliceosome. Only in the presence of Cwc22 could SF3a/b be
released. Cwc22 thus prevents the spliceosome from entering a
futile pathway. How Cwc22 acts in concert with Prp2 to promote
the release of SF3a/b remains an open question. It is possible that
the binding of Cwc22 may induce a conformational change in the
spliceosome to allow the access of Prp2 to SF3a/b or that Cwc22
may interact with Prp2 directly or indirectly to reposition Prp2
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FIG. 7. Schematic of the Cwc22 requirement to direct Prp2 into the productive pathway. After the activation of the spliceosome, Cwc22 and
Prp2/Spp2 can bind to the spliceosome independently of each other. In the absence of Cwc22, Prp2 and Spp2 are dissociated from the spliceosome
upon ATP hydrolysis with SF3a/b unreleased. In the presence of Cwc22, SF3a and SF3b are released with Prp2/Spp2 upon ATP hydrolysis. Cwc25
is then recruited to the spliceosome to promote the first catalytic reaction. Yju2 and HP-X are required for the first catalytic reaction after Prp2
action but can join the spliceosome at earlier steps, which are shown in gray to indicate their presence being functionally irrelevant. The question
mark for HP-X indicates no experimental evidence for whether it can bind to the spliceosome prior to Cwc22 binding.

from its docking site. Studies of Prp22-mediated mRNA release
have revealed a mechanism that involves the repositioning of
Prp22 (33). Prp22 has two roles in the splicing reaction, an ATP-
independent role for exon ligation and an ATP-dependent role
for mRNA release. Site-specific cross-linking studies have re-
vealed an initial docking of Prp22 on the intron immediately
upstream of the 3’ splice site (25, 26). Prp22 was found to cross-
link to mRNA downstream of the splice junction after exon liga-
tion, suggesting that the repositioning of Prp22 during a confor-
mational change of the spliceosome accompanies the second
transesterification reaction. Upon ATP hydrolysis, Prp22 moves
in the 3'-to-5" direction to disrupt US-mRNA interactions in
releasing mRNA (33). Like Prp22, Prp2 exhibits RNA-dependent
NTPase activity (18); however, Prp2 has never been demon-
strated in vitro to unwind RNA duplexes or to disrupt RNA-
protein interactions. SF3b is known to bind to the branch site, and
components of SF3b cross-link to the branch site (14, 31, 48).
Prp2 has also been shown to directly interact with pre-mRNA by
UV cross-linking, likely downstream of the branch site (39).
Whether Prp2 acts by a similar mechanism to disrupt interactions
of SF3a/b with the branch site awaits further study.

Unlike Prp2 and Spp2, Cwc22 remains associated with the
spliceosome after SF3a and SF3b are released. It is worth noting
that Cwc22 is the only factor known that is required for catalytic
steps but remains associated after its action. This raises the ques-
tion of whether Cwc22 has additional roles in subsequent steps of
the spliceosome pathway. In the view that Cwc22 modulates the
function of Prp2 in the first catalytic step, it will be interesting to
know whether Cwc22 also regulates the function of other DExXD/
H-box ATPases, Prpl6 and Prp22, in the second step and for
mRNA release, respectively.

Cwc22 has an MIF4G domain at the amino terminus and a
MA-3 domain in the middle region. The deletion of the MIFAG
domain did not affect cellular growth, whereas the deletion of the
middle region containing the MA-3 domain resulted in lethality.
The segment of Cwc22 at residues 212 to 453, containing the

entire MA-3 domain with extra 80- and 55-amino-acid residues
flanking each side, hardly supported cellular growth. The exten-
sion of the carboxy-terminal flanking region (to amino acid resi-
due 491) featuring a stretch of the evolutionarily conserved se-
quence recovered the growth phenotype. Thus, the MA-3 domain
together with its flanking regions may constitute a structural do-
main for the function of Cwc22. Nevertheless, residues 453 to 491
become dispensable in the presence of the MIF4AG domain, sug-
gesting a functional redundancy of these two regions.

The MIF4G and MA-3 domains are present in the eukaryotic
translational initiation factor eIF4G, in the middle and C-termi-
nal regions, respectively. Each of these domains can interact with
DExD/H-box RNA helicase eIF4A in forming the initiation com-
plex (20, 27). It is tempting to think that Cwc22 may interact with
Prp2 in a similar way. Two-hybrid analysis revealed Prp2 to
weakly interact with the carboxy-terminal segment of Cwc22 (res-
idues 212 to 577) but not the full-length protein (data not shown).
This suggests that although the MIF4G domain is dispensable, its
presence affects the interaction of Prp2 with Cwc22 and may also
affect their interactions with other spliceosomal components.
How such an interaction might affect the function of Prp2 remains
to be investigated.
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