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Myb-related cdc5p is required for G2/M progression in the yeast Schizosaccharomyces pombe. We report here
that all detectable cdc5p is stably associated with a multiprotein 40S complex. Immunoaffinity purification has
allowed the identification of 10 cwf (complexed with cdc5p) proteins. Two (cwf6p and cwf10p) are members of
the U5 snRNP; one (cwf9p) is a core snRNP protein. cwf8p is the apparent ortholog of the Saccharomyces
cerevisiae splicing factor Prp19p. cwf11 is allelic to the prp51 gene defined by the S. pombe splicing mutant,
prp5-1, and there is a strong negative genetic interaction between cdc5-120 and prp5-1. Five cwfs have not been
recognized previously as important for either pre-mRNA splicing or cell cycle control. Further characterization
of cwf1p, cwf2p, cwf3p, and cwf4p demonstrates that they are encoded by essential genes, cosediment with cdc5p
at 40S, and coimmunoprecipitate with cdc5p. We further show that cdc5p associates with the U2, U5, and U6
snRNAs and that cells lacking cdc51 function are defective in pre-mRNA splicing. These data raise the
possibility that the cdc5p complex is an intermediate in the assembly or disassembly of an active S. pombe
spliceosome.

The Schizosaccharomyces pombe cdc51 gene was identified
in the original screen for fission yeast mutants defective for cell
cycle progression (51). At the restrictive temperature, cells
harboring the temperature-sensitive cdc5-120 mutation be-
come arrested with a 2N content of DNA in the G2 phase of
the cycle (51, 56). The cloning and initial characterization of
cdc51 showed that its function is essential for viability and that
its predicted protein product shares significant homology to
the DNA binding domain of the vertebrate proto-oncoprotein
c-Myb (56). The DNA binding domain of c-Myb consists of
three imperfect repeats that contain evenly spaced hydropho-
bic residues, typically tryptophan but in some cases phenylal-
anine, isoleucine, or tyrosine (36). These residues have been
shown by nuclear magnetic resonance structural analysis to
make up the backbone of the DNA binding motif (53, 54).
cdc5p contains two Myb repeats and an additional repeat that
is similar to a Myb repeat but lacks certain residues character-
istic of a canonical Myb repeat (55). Sequence similarity to a
family of known DNA binding proteins led us to suggest ini-
tially that cdc5p might be required for entry into mitosis via
regulation of transcription (56).

Since the initial characterization of cdc51, work in other
organisms and database searches have revealed proteins that
are closely related to cdc5p. To date, apparent cdc5p orthologs
have been identified in Arabidopsis thaliana, Saccharomyces
cerevisiae, Drosophila melanogaster, Caenorhabditis elegans,

Xenopus laevis, and human (7, 21, 25, 55, 69). This family of
proteins was shown to be functionally conserved since DNAs
encoding full-length versions of the Drosophila and Arabidopsis
proteins and a truncated version of the human protein will
rescue the growth defect of the S. pombe temperature-sensitive
mutant, cdc5-120 (25, 55). Further the S. cerevisiae ortholog,
CEF1 (S. cerevisiae homolog of cdc5), is essential for mitotic
progression; cells lacking Cef1p arrest as large budded cells
with aberrant spindle morphologies (55). Other links to cell
cycle progression for cdc5 family members were reports that
mammalian cells overexpressing hCdc5 showed a shortened G2
and reduced cell size, and cells expressing a carboxy-terminally
truncated version of hCdc5 slowed G2 progression (6).

Although it is highly conserved, the exact biochemical func-
tion of cdc5p/Cef1p has not been elucidated. Evidence sup-
porting a role for this protein in DNA binding has been de-
scribed. The bacterially expressed Myb repeats of the
Arabidopsis thaliana ortholog bound to the double-stranded
DNA sequence CTCAGCG in vitro (25). Also, the human
ortholog was shown to be a nuclear protein (7) and a chimeric
molecule consisting of the carboxy terminus of human Cdc5p
coupled to the DNA binding domain of GAL4 transactivated a
reporter gene in COS-7 cells (6).

To address the function of cdc5p, we have examined its
biochemical properties in S. pombe. As expected for a potential
DNA binding protein, cdc5p was found exclusively within the
nucleus. Unexpectedly, we also found that all detectable cdc5p
is contained within a discrete 40S complex. Because the func-
tion of this complex seemed likely to be intimately entwined
with that of cdc5p, we purified the complex and have identified
10 of its subunits. All are previously undescribed S. pombe
open reading frames. Nine of the 10 components have obvious
orthologs in other organisms, many of which are involved in
pre-mRNA splicing. However, the functions of several or-
thologs have not been described. cdc5p also copurifies with the
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U2, U5, and U6 snRNAs demonstrating an association with S.
pombe snRNPS. Consistent with this association, cells lacking
cdc51 function are defective in pre-mRNA splicing. Together,
these data raise the possibility that the cdc5p complex is a
stable intermediate in the assembly or disassembly of the S.
pombe spliceosome. We discuss potential mechanisms whereby
defects in pre-mRNA splicing give rise to cell cycle blocks.

MATERIALS AND METHODS

Strains, growth media, cell synchronization, and genetic methods. S. pombe
strains used in this study (Table 1) were grown in yeast extract medium or
minimal medium with appropriate supplements (44). Transformations were per-
formed by electroporation (61) or by the dimethyl sulfoxide-enhanced lithium
acetate method (32). Genomic DNA was isolated as described earlier (44). For
flow cytometric analysis, cells were treated as previously detailed (67), except
that Sytox Green (final concentration, 1 mM; Molecular Probes, Eugene, Oreg.)
was used to stain the DNA.

Plasmids and molecular biology techniques. Plasmid manipulations and bac-
terial transformations were performed by standard techniques (66). Sequencing
reactions were performed by using either Sequenase 2.0 (USB, Cleveland, Ohio)
or a Thermosequenase radiolabeled terminator cycle sequencing kit (Amersham,
Cleveland, Ohio) according to manufacturer’s instructions. PCR amplifications
were performed with Taq polymerase and Gene Amp reagents (Perkin-Elmer,
Norwalk, Conn.), Pfu polymerase, BioExact (ISC Bioexpress, Kaysville, Utah), or
TaqPlus Precision (Stratagene, La Jolla, Calif.) according to the manufacturer’s
instructions. Amplifications were accomplished by using a PTC-100 programma-
ble thermal controller or a PTC-150 Mini-Cycler (PTC-100 or PTC-150; MJ
Research, Watertown, Mass.). Sequences of all oligonucleotides are available
upon request.

HA tagging and gene replacement of cdc51. A NotI site was added to the 39
end of the cdc51 coding region by amplifying a 280-bp fragment by using the
following primers: cdc559bgl and cdc5NRV. This fragment was subcloned into
pBS-SK1 (Stratagene) and sequenced to check for PCR induced mutations. A
NotI fragment encoding three copies of the hemagglutinin (HA) epitope (pro-
vided by Bruce Futcher) recognized by the monoclonal antibody 12CA5 (Boehr-
inger Mannheim, Indianapolis, Ind.) was subcloned into the engineered NotI
site. A BglII to EcoRV fragment encoding the HA-tagged carboxy terminus of
cdc5p was cloned into a pIRT2 plasmid containing a genomic copy of cdc51

(pKG321). The functionality of this construct (pKG562) was confirmed by trans-
forming it into diploid cells (KGY450), sporulating the diploids, and selecting for
haploid cells that could grow in the absence of leucine and uracil. A gene
replacement construct was made by amplifying 1,240 bp of the 39 genomic region
of cdc51 by using the primers cdc539kpn and PucMCSRI and subcloning the
amplification product into pKG562. A 4.1-kb fragment containing the 0.6-kb 59

genomic region, the entire cdc51 coding region (including the HA tags), and 1.2
kb of the 39 flank region was transformed into temperature-sensitive cdc5-120
mutant cells. A stable integrant (KGY792) was selected at 36°C and confirmed
as a gene replacement by Southern blot analysis.

Generation of anti-cdc5p antibodies. Full-length cdc51 cDNA was amplified
by PCR from pKG307 (pTZ19R [Pharmacia, Piscataway, N.J.] which contains
full-length cdc51 cDNA) by using the primers cdc5BamST and cdc5STOP, which
introduce BamHI restriction sites at the 59 and 39 ends of the cDNA. The
resulting fragment was treated with the Klenow fragment of Escherichia coli
DNA polymerase I, subcloned into the SmaI site of pTZ19R, and sequenced in
its entirety to ensure the absence of PCR-induced mutations (pKG469). Recom-
binant cdc5p was produced by using the Xpress System (Invitrogen, Carlsbad,
Calif.) by cloning the BamHI cdc51 cDNA fragment into the BamHI site of
pRSETA. Insoluble cdc5p was purified by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE), electroeluted, and used to immunize two
rabbits, Pearl and Jam. While antibodies from both rabbits recognize both
bacterially expressed and endogenous cdc5p, Jam antisera were used exclusively
for this study.

Indirect immunofluorescence. For visualization by indirect immunofluores-
cence, cells were fixed with 10% methanol–3.7% formaldehyde for 30 min at
room temperature (18), washed with phosphate-buffered saline, and processed as
described earlier (3). Polyclonal antisera against cdc5p or preimmune sera were
incubated at a 1/50 dilution followed by a 1/100 dilution of Texas red-conjugated
goat anti-rabbit secondary antibody (Molecular Probes). Visualization of HA-
tagged cdc5p was performed with 12CA5 antibodies (Boehringer Mannheim) at
a concentration of 20 mg/ml followed by the addition of a 1/100 dilution of Texas
red-conjugated goat anti-mouse secondary antibody (Molecular Probes). All
fluorescence microscopy was performed on a Zeiss microscope (Axioskope;
Zeiss, Inc., Thornwood, N.Y.) with appropriate filters. Images were captured by
using a cooled charge-coupled device camera (ZVS47DEC; Optronics, Goleta,
Calif.).

Immunoprecipitations and immunoblots. Protein lysates were made by glass
bead disruption of the cell walls in a minimal volume of Nonidet P-40 (NP-40)
buffer. For “denatured” lysates, lysed cells were heated to 95°C in SDS lysis
buffer (10 mM NaPO4, pH 7.4; 1.0% SDS; 1 mM dithiothreitol; 1 mM EDTA; 50
mM NaF; 100 mM Na3VO4; 4 mg of leupeptin per ml) for 2 min and extracted
with NP-40 buffer (6 mM Na2HPO4, 4 mM NaH2PO4, 1.0% NP-40, 150 mM
NaCl, 2 mM EDTA, 50 mM NaF, 100 mM Na3VO4, 4 mg of leupeptin per ml)
and protease inhibitors. For “native” lysates, heating in SDS lysis buffer was
omitted. 35S-labeled lysates were prepared in an identical manner except that
cells were grown overnight in minimal medium and then grown for 4 h in the
presence of 1 mCi of Tran[35S]-label (ICN Pharmaceuticals, Costa Mesa, Calif.)
prior to lysis. In vitro cdc5p was produced by using the cdc51 cDNA (pKG469)
to program an in vitro transcription-translation reaction (TNT-coupled T7 re-
ticulocyte lysate; Promega, Madison, Wis.).

For immunoblots, a 1/5 volume of 53 sample buffer was added to the extracts.
Immunoprecipitations were performed by incubating 5 ml of polyclonal antibod-

TABLE 1. Strains used in this study

Strain Genotype Source

KGY28 972 h1 P. Nurse
KGY162 cdc5-120 h1 P. Nurse
KGY450 cdc51/cdc5::ura4 ade61/ade6-704 ura4-D18/ura4-D18 leu1-32/leu1-32 h1/h2 Lab stock
KGY792 cdc5HA h2 This study
KGY1218 ura4-D18/ura4-D18 leu1-32/leu1-32 his3-D1/his3-D1 ade6-M210/ade6-M216 h1/h2 Lab stock
KGY1403 cdc10-V50 h1 P. Nurse
KGY1421 cwf3myc leu1-32 ura4-D18 his3-D1 ade6-M210 h2 This study
KGY1423 cwf4myc leu1-32 ura4-D18 his3-D1 ade6-M210 h1 This study
KGY1425 cwf1myc leu1-32 ura4-D18 his3-D1 ade6-M210 h2 This study
KGY1429 cwf2myc leu1-32 ura4-D18 his3-D1 ade6-M216 h1 This study
KGY1432 cwf3HA leu1-32 ura4-D18 his3-D1 ade6-M210 h2 This study
KGY1434 cwf4HA leu1-32 ura4-D18 his3-D1 ade6-M216 h2 This study
KGY1437 cwf1HA leu1-32 ura4-D18 his3-D1 ade6-M216 h2 This study
KGY2177 cwf10myc leu1-32 ura4-D18 ade6-M210 h2 This study
KGY1565 cwf11/cwf1::KanR ade6-M210/ade6-M216 ura4-D18/ura4-D18 leu1-32/leu1-32 his3-D1/his3-D1 h1/h2 This study
KGY1567 cwf41/cwf4::KanR ade6-M210/ade6-M216 ura4-D18/ura4-D18 leu1-32/leu1-32 his3-D1/his3-D1 h1/h2 This study
KGY1607 cdc5myc leu1-32 ura4-D18 ade6-M210 h2 This study
KGY1671 cwf21/cwf2::KanR ade6-M210/ade6-M216 ura4-D18/ura4-D18 leu1-32/leu1-32 his3-D1/his3-D1 h1/h2 This study
KGY1672 cwf31/cwf3::KanR ade6-M210/ade6-M216 ura4-D18/ura4-D18 leu1-32/leu1-32 his3-D1/his3-D1 h1/h2 This study
KGY1490 cdc5::ura41 pREP41cdc5 leu1-32 ura4-D18 ade6-704 This study
KGY1876 (DK623) prp5-1 leu1-32 h2 Potashkin et al. (59)
KGY1141 prp2-1 h2 Potashkin et al. (58)
KGY1937 prp5-1 h1 This study
KGY352 nuc-663 h2 P. Nurse
KGY3 cdc25-22 leu1-32 h2 P. Nurse
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ies with the extracts for 1 h on ice, followed by a 30-min incubation with 50 ml of
a 1:1 slurry of protein A-Sepharose (Pharmacia). Immunoprecipitates were
washed six times with NP-40 buffer and then resuspended in sample buffer.
Anti-myc immunoprecipitations were performed by using 5 mg of 9E10 antibody
and 5 mg of rabbit anti-mouse (Cappel, Organon Teknika Corp., West Chester,
Pa.). Unless otherwise noted, 12CA5 immunoprecipitations were performed by
using 20 mg of 12CA5 which had been coupled to protein A-Sepharose by using
DMP (Sigma, St. Louis, Mo.) (22). After 1.5 h of incubation, the immunopre-
cipitates were washed six times in RIPA buffer (NP-40 buffer plus 1.0% deoxy-
cholate and 0.1% SDS) and then resuspended in sample buffer.

Proteins were resolved on SDS–6 to 20% polyacrylamide gels. For immuno-
blotting, proteins were then transferred by electroblotting to a polyvinylidene
difluoride (PVDF) membrane (Immobilon P; Millipore Corp., Bedford, Mass.).
cdc5p immunoblots were performed by incubation with anti-cdc5p serum JAM
(1:10,000 dilution in a 5% milk–Tris-buffered saline [TBS] blocking solution),
followed by the addition of horseradish peroxidase-conjugated goat anti-rabbit
polyclonal antibodies (Sigma). Similar procedures were used to probe for anti-
fatty acid synthetase (FAS) antibodies at 1:2,000. Epitope-tagged proteins were
detected with 12CA5 (HA tag) or 9E10 (to detect the myc tag) antibodies at 2
mg/ml in TBS followed by treatment with horseradish peroxidase-conjugated
goat anti-mouse polyclonal antibodies (Sigma). Immunoblots were visualized by
using enhanced chemiluminescence (Amersham). For visualization of 35S-la-
beled proteins, the protein gels were fixed, treated for fluorography (Amplify;
Amersham), dried, and exposed to film.

Glycerol and sucrose gradient analysis. Two to four milligrams of total protein
was layered onto a 10 to 30% glycerol or sucrose gradient which was subse-
quently spun at 28,000 rpm for 15 h in an SW50ti rotor (Beckman, Palo Alto,
Calif.). Fractions from these gradients were collected, mixed with sample buffer,
and resolved by SDS-PAGE. After transfer, the blots were probed with anti-
cdc5p antibodies. For size standards, parallel gradients were run on samples
containing thyroglobulin (19S) and catalase (11.3S) (HWM Standards; Pharma-
cia) or 2 mg of lysate from S. cerevisiae which was subsequently probed with
antibodies recognizing FAS as a 40S marker (a generous gift from S. J. Wakil).

Complex purification. Cells were lysed in NP-40 buffer by using a Bead-Beater
(Biospec Products, Bartlesville, Okla.), and the initial lysate was cleared of
cellular debris with a 10-min spin at 2,000 3 g. A second clearing spin was
performed for 1 h at 38,000 rpm (100,000 3 g) in a 70ti rotor (Beckman). The
lysate was then dialyzed extensively into Tris-KCl buffer (50 mM Tris-HCl, pH
7.4; 150 mM KCl; 2 mM EDTA). Proteins were precipitated with 55% ammo-
nium sulfate; the precipitate was then resuspended and dialyzed into NP-40
buffer. This lysate was then applied to a 12CA5 column which was made by
coupling purified 12CA5 antibody to protein A-Sepharose by using the cross-
linking agent DMP (22). The column was washed with 80 column volumes of
NP-40 buffer followed by 10 column volumes of NP-40 buffer containing only
0.1% NP-40 rather than 1.0% NP-40. The proteins were eluted at room tem-
perature with 2 volumes of this buffer that also contained 1.0% SDS. The eluent
was concentrated by using an Ultrafree centrifugal filter device (Millipore
Corp.), suspended in sample buffer, and resolved by SDS-PAGE. The proteins
were visualized by silver staining (Plusone; Pharmacia) according to the manu-
facturer’s instructions. To prepare proteins for microsequencing, the resolved
proteins were transferred to a PVDF membrane (Immobilon P; Millipore Corp.)
in lieu of silver staining. Immobilized proteins were visualized by using pon-
ceau-S (Sigma), and bands of interest were excised for microsequencing.

In vivo tagging. myc-tagged and HA-tagged strains were constructed by using
a system described previously (79) with cassettes and techniques described by
Bahler et al. (2). The following primers were used to amplify either the myc13-
kan or HA3-kan cassette: for cwf11, SP#10AFORtag and SP#10AREVtag; for
cwf21, SP#10BFORtag and SP#10BREVtag; for cwf31, SP#7FORtag and
SP#7REVtag; for cwf41, SP#9FORtag and SP#9REVtag; and for cwf101,
cwf10FORtag and cwf10REVtag. These fragments were transformed into dip-
loid cells (KGY1218), allowed to recover for 12 h on yeast extract (YE) plates,
and then replica plated onto YE plates containing 100 mg of G418 (Geneticin;
Gibco BRL, Grand Island, N.Y.) per ml. G418-resistant colonies were screened
for homologous recombinants by Southern blotting; the presence of the epitope
was confirmed by immunoblotting with either 9E10 or 12CA5 antibodies. Sporu-
lation and tetrad analysis showed 2:2 segregation of the G418 resistance, con-
firming that the haploid strains cwf1HA (KGY1437), cwf1myc (KGY1425),
cwf2myc (KGY1429), cwf3HA (KGY1432), cwf3myc (KGY1421), cwf4HA
(KGY1434), cwf4myc (KGY1423), and cwf10myc (KGY2177) were viable.

Cloning of prp51. The prp51 gene was cloned by functional complementation
of the temperature-sensitive (Ts2) growth defect of the S. pombe pre-mRNA
splicing mutant prp5-1 (59). We transformed S. pombe DK623 by the lithium
acetate procedure (44) with an S. pombe genomic library (provided by Paul
Young, Queen’s University, Kingston, Ontario, Canada) generated by partial
digestion of wild-type DNA with HindIII and insertion into the shuttle vector
pWH5 (81). Approximately 8,000 leu1 transformants recovered on minimal
medium at the permissive temperature (23°C) were screened for temperature-
resistant (Ts1) clones by replica plating at 37°C. Two colonies were isolated that
grew well at 37°C and did not exhibit the elongated cellular morphology char-
acteristic of the cell division cycle defect (cdc2) in the prp5-1 mutant (59).
Northern blot analysis of RNA from the Ts1 clones indicated that the prp5-1
pre-mRNA splicing defect was also rescued. The two Ts1 clones carried plasmids

that shared a 7-kb HindIII fragment, which when inserted into the S. pombe
vector pSP1 (15) or pIRT31 (64) was able to fully rescue the Ts2 growth and
cdc2 defects upon reintroduction into the original prp5-1 strain. Integration of
the 7-kb HindIII fragment into the genome of a prp5-1 strain resulted in stable
rescue of the Ts2 and cdc2 phenotypes, and genetic mapping indicated that the
integrated fragment was tightly linked to the prp5 locus. Thus, the 7-kb fragment
very likely contained the prp51 gene. DNA sequence determination of the
minimum complementing prp51 clone revealed an open reading frame identical
to cwf11.

Gene disruption of cwf11, cwf21, cwf31, and cwf41. Genes were deleted using
the HA-kan cassette (2). The entire open reading frames of cwf genes were
targeted for deletion by using the following primers to amplify by PCR the
HA-kan cassette: for cwf11, SP#10AKOFOR and SP#10AREVtag; for cwf21,
SP#10BKOFOR and SP#10BREVtag; for cwf31, SP#7KOFOR and
SP#7REVtag; and for cwf41, SP#9KOFOR and SP#9REVtag. As in the
epitope-tagging procedure, the resulting PCR products were transformed into
diploid cells (KGY1218), allowed to recover for 12 h on YE plates, and then
replica plated onto YE-G418. Homologous targeting, confirmed by Southern
blotting, resulted in the following deletion strains: cwf1::kanR/cwf11

(KGY1565), cwf2::kanR/cwf21 (KGY1671), cwf3::kanR/cwf31 (KGY1672), and

FIG. 1. cdc5p is a 97 kDa nuclear protein. Anti-cdc5p antibodies recognize a
protein of 97 kDa from Tran[35S]-labeled S. pombe lysates (A and B) and from
in vitro-produced cdc5p (A). (A) Autoradiograph of in vitro-produced cdc5p and
immunoprecipitates from cells metabolically labeled with Tran[35S]-label by us-
ing immune and preimmune sera. (B) Immunoblot of anti-cdc5p immunopre-
cipitations from cells containing no plasmid, a plasmid encoding a 215-amino-
acid truncation of cdc5p, and a plasmid encoding a 429-amino-acid truncation of
the carboxy terminus of cdc5p. (C to H) Cdc5p is localized to the nucleus by
indirect immunofluorescence. (C) Indirect immunofluorescence performed on
wild-type S. pombe cells fixed with methanol-formaldehyde and probed with
anti-cdc5p polyclonal antibodies. (D) DAPI staining of field in panel C. (E)
Indirect immunofluorescence with preimmune sera. (F) DAPI staining of field in
panel E. (G) Indirect immunofluorescence with 12CA5 in the cdc5HA strain. (H)
12CA5 staining of wild-type cells. (Panels G and H were exposed for the same
length of time.)
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cwf4::kanR/cwf41 (KGY1567). Sporulation and tetrad analysis of the resulting
diploid strains showed two wild-type spores per tetrad, and no G418-resistant
haploid colonies were recovered, indicating that these genes are essential in S.
pombe.

Generation of conditional expression of cdc51. A repressible form of cdc51

was constructed by subcloning the cdc51 cDNA into the pREP41 vector (41).
This construct was transformed into the cdc5::ura41/cdc51 diploid strain. Sporu-
lation on medium lacking uracil and leucine selected for cells in which the only
copy of cdc51 was the plasmid-borne copy (pREP41 cdc51). Repression of
cdc51 expression was obtained by growing the cells in medium containing thia-
mine at 5 mg/ml (41, 42).

RNA and Northern blots. Total RNA from cells was prepared as described by
Moreno et al. (44). To isolate RNA from the immunoprecipitates, the immuno-
precipitates were resuspended in PK buffer (200 mM Tris, pH 8.0; 25 mM
EDTA; 300 mM NaCl; 2% SDS), digested for 30 min with 100 mg of proteinase
K (Boehringer Mannheim), and extracted once with phenol-chloroform; the
nucleic acids were then precipitated by using a 1/10 volume of 3 M sodium
acetate, 30 mg of glycogen, and 2.5 volumes of ethanol.

To detect mRNAs, total RNA was resolved by using formaldehyde-agarose
gels and then capillary was blotted to GeneScreen1 (Dupont-NEN, Boston,
Mass.) or Duralon-UV (Stratagene). To detect snRNAs, samples were resolved
on an 8% polyacrylamide–8 M urea gel and transferred to Duralon-UV mem-
brane by using a semidry blotter at 250 mA for 1 h in 0.13 TAE (10 mM
Tris-acetate, pH 7.8; 5 mM sodium acetate; 0.5 mM EDTA). U6 snRNA was
detected by using 32P-labeled oligonucleotides complementary to either the
intron (U6 I) or the mature sequence (U6 E). tf2d RNA was detected by using
32P-labeled oligonucleotides complementary to both intronic (TFIID I) and
exonic (TFIID E) sequences under the conditions described by Potashkin et al.
(37, 58). Other snRNAs were detected by using 32P-labeled oligonucleotides
complementary to S. pombe U1 (SPU1), U2 (U2B), U4 (SPU4), and U5 (YU5).
Blots were exposed to PhosphorImager screens and visualized on a Phospho-
rImager with MD ImageQuant version 3.3 (Molecular Dynamics).

RESULTS

Detection and localization of cdc5p. In order to begin inves-
tigating the biochemical properties of cdc5p, we raised poly-
clonal antibodies against a bacterially produced cdc5 fusion
protein. From denatured lysates of 35S-labeled wild-type cells,
anti-cdc5p serum precipitated a protein of approximately 95
kDa which comigrated with in vitro-translated cdc5p protein
(Fig. 1A). These antibodies also recognized a single band of
approximately 95 kDa in an immunoblot analysis of immuno-
precipitates (Fig. 1B). In immunoprecipitations from cells ex-
pressing genomic clones of cdc51 truncated at the 39 end,
smaller proteins of the appropriate sizes were recognized by
the antibodies (Fig. 1B). These results established that the
antibodies recognized the cdc51 gene product.

By using these antibodies, cdc5p was localized to the nucleus
by indirect immunofluorescence (Fig. 1C); preimmune serum
produced only diffuse background staining (Fig. 1E). cdc5p
staining was excluded from the non-DAPI (49,6-diamidino-2-
phenylindole) staining portion of the nucleus (Fig. 1C and D,
arrow 1). cdc5p did not colocalize exclusively with chromatin
since during mitosis cdc5p showed a diffuse nucleoplasmic
localization (Fig. 1C and D, arrow 2). Further confirmation of
the nuclear localization of cdc5p came from examining cells in
which the endogenous cdc51 gene had been engineered to
express an epitope-tagged version, cdc5p-HA. This version en-
codes cdc5p tagged with three copies of the HA epitope at its
carboxy terminus. When these cells (KGY792) were probed
with 12CA5 antibody, staining also was restricted to the nu-
cleus (Fig. 1G). No specific 12CA5-dependent staining was
detected in wild-type cells that did not contain an epitope-
tagged protein (Fig. 1H).

cdc5p is part of a multiprotein high-molecular-weight com-
plex. To examine whether other proteins bound stably to
cdc5p, the cdc5HA strain was labeled with Tran[35S]-label, and
immunoprecipitates were analyzed by SDS-PAGE. Numerous
polypeptides coimmunoprecipitated with cdc5p-HA. These
proteins were not seen in immunoprecipitates from wild-type
cultures prepared in parallel (Fig. 2A), or when the 12CA5

antibodies were preincubated with 12CA5 peptide prior to
immunoprecipitation (data not shown). Further, these proteins
did not coimmunoprecipitate when the immunoprecipitations
were performed from protein lysates which had been prepared
under denaturing conditions (Fig. 2B).

In order to determine the size of the cdc5p-containing com-
plex, cell lysates were subjected to glycerol gradient sedimen-
tation. As judged by immunoblot analysis of fractions from a 10
to 30% glycerol gradient, cdc5p sedimented at approximately
40S (Fig. 3). No monomeric cdc5p was observed even upon
longer exposure of the immunoblot (data not shown). We also
tested the possibility that the defect in cdc5-120 was a result of
cdc5p falling out of the 40S complex. This was not the case, as
we failed to detect any appreciable change in the sedimenta-
tion profile of cdc5p in this mutant grown at the restrictive
temperature (Fig. 3). That cdc5p was a member of a high-
molecular-weight complex was confirmed by gel filtration chro-
matography on a Sepharose CL-2B column. Endogenous

FIG. 2. Multiple proteins coimmunoprecipitate with cdc5p in a salt-resistant
and DNA-independent manner. (A) Autoradiogram of immunoprecipitates
from cells metabolically labeled with Tran[35S]-label. Immunoprecipitation was
done with 12CA5 antibody from strain 972 h2 or strain cdc5HA. (B) Immuno-
precipitations were done as in panel A except that those done with cdc5HA were
done under either native (N) or denatured (D) conditions. (C) Association of
specific proteins with cdc5HA is neither DNA dependent nor salt sensitive.
Immunoprecipitations were performed as in panel A except that ethidium bro-
mide at 100 mg/ml was maintained throughout the immunoprecipitation or im-
munopellets were washed with radioimmunoprecipitation assay buffer containing
increasing concentrations of NaCl (0.5, 1.0, and 2.0 M). The arrow indicates
cdc5p-HA.
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cdc5p peaked early in the “postaggregate” fractions, and no
peaks of lower molecular weight were detected (data not
shown).

The cdc5p-associated complex is not DNA dependent and is
resistant to salt. Because of the similarity of cdc5p to a family
of known DNA binding proteins, it was possible that the ap-
parent association of other proteins with cdc5p could be a
result of multiple proteins binding independently to a stretch
of DNA. To address this possibility, we preincubated
Tran[35S]-labeled cdc5HA extract with 100 mg of ethidium
bromide per ml and maintained this concentration throughout
the immunoprecipitation and washes. Lai and Herr (33) have
shown that ethidium bromide can be used to distinguish be-
tween genuine protein-protein interactions and ones that are a
result of two or more proteins binding independently to a
stretch of DNA, presumably as a result of the intercalation of
ethidium into the DNA, causing conformational changes that
no longer allow protein-DNA interaction (33). Ethidium bro-
mide treatment had no effect on the ability of the members of
the cdc5p-associated complex to be coimmunoprecipitated
with cdc5p-HA (Fig. 2C).

In order to assay the relative stability of the cdc5p-associated
complex, we subjected the immunoprecipitations to stringent
salt washes. Increasing the salt concentration in the washes to
up to 2.0 M NaCl removed only a few of the specifically asso-
ciated components and reduced the levels of certain back-
ground proteins (Fig. 2C). This indicated that the complex is
quite stable even at high ionic concentrations.

cdc5p remains in a high-molecular-weight complex through
the cell cycle. In asynchronously growing cultures, all detect-
able cdc5 protein in the cell was associated with a 40S complex
(Fig. 3). However, it was possible that cdc5p was not present in
this complex at all stages of the cell cycle. To test this possi-
bility, cells that had been blocked at various stages of the cell
cycle by using either temperature-sensitive mutants or drugs
were collected and lysed, and the lysates were subjected to
glycerol gradient analysis. To block cells in G1, the tempera-
ture-sensitive cdc10-V50 mutant was used (39); hydroxyurea
was used to block cells in S phase (46), and the cdc25-22
mutant was used to block cells in G2 (65); and the nuc2-663
mutant was used to block cells in mitosis (24). At all of these

block points, cdc5p remained in the 40S complex. These data
do not exclude the possibility that cdc5p leaves the complex at
some portion of the cell cycle not represented by these block
points. They also do not exclude the possibility that certain
members of the complex are entering and exiting the complex
through the cell cycle without having a dramatic effect on its
overall size. However, the fact that cdc5p remains in a complex
throughout the cell cycle and that we cannot detect any un-
complexed cdc5p within the cell strongly suggests that cdc5p is
performing its essential role as part of this complex.

Purification of cdc5p-interacting proteins. To better under-
stand the role that this complex plays in cdc5p function, we set
out to identify its subunits. We purified the complex utilizing a
12CA5 immunoaffinity column. The purification procedure
was performed in parallel on cdc5HA and wild-type cells. A
portion of these samples was resolved by SDS-PAGE and
visualized by silver staining. Comparison of the silver-stained
eluents showed that a number of proteins specifically associ-
ated with cdc5p-HA (Fig. 4). Another portion of the sample

FIG. 4. Purification and identification of cdc5p-associated proteins. A silver-
stained gel shows that eluted protein from the immunoaffinity purification of the
cdc5p-HA-associated complex compared to the eluted protein from an identical
purification from an untagged strain. Arrows indicate protein bands from which
microsequence data were obtained. Peptide sequences corresponding to each
band are shown to the right of the arrow.

FIG. 3. cdc5p is a component of a 40S complex. Shown is an immunoblot of
fractions collected from 10 to 30% glycerol gradients which had been centrifuged
for 15 h at 28,000 rpm. Strains from which lysates were prepared were as follows:
972 h2 (wild type), cdc10-V50 block (G1 block), hydroxyurea block (HU) (S-
phase block), cdc25-22 block (G2 block), nuc2-663 block (M-phase block), or
cdc5-120 block. Blots were probed with anti-cdc5p. The migrations of FAS (40S),
thyroglobulin (19S), and catalase (11.3S) collected from parallel gradients are
indicated.
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was resolved by SDS-PAGE and transferred to a PVDF mem-
brane, and the proteins were visualized by ponceau-S staining.
Bands of interest were excised; four were identified by mass
mapping (27), and five others required microsequencing for
positive identification (Fig. 4) . Database searches showed that
these nine protein bands corresponded to ten previously un-
described open reading frames (band 10 contained two pro-
teins), which we have designated cwf1 to cwf10 (complexed
with cdc5) (Fig. 4 and Table 2).

Identity of cwf proteins. All of the cdc5p complex subunits
identified above, with the exception of cwf7p, have apparent
orthologs in S. cerevisiae and higher eukaryotic organisms (see
Table 2). The cwf61 gene encodes the S. pombe ortholog of S.
cerevisiae Prp8p and human p220, a subunit of the U5 snRNP
(1). This highly conserved protein has been shown to be inte-
gral to the splicing reaction and undergoes extensive contacts
with the substrate RNA at both the 59 exon and 39 splice site
regions (5, 63, 74–76). As it did not correspond to any previ-
ously published S. pombe splicing mutant (59, 60, 77), and it is
almost certain that cwf61 will perform the same function in S.
pombe, we have redesignated it prp151. cwf101 encodes the S.
pombe ortholog of another component of the U5 snRNP: hu-
man U5-115 kDa/S. cerevisiae Snu114p (19, 20). cwf9p is most
similar to the core snRNP protein, D2 (23). Band “g” in the
purification, cwf8p, is a degradation product of the S. pombe
ortholog of the essential S. cerevisiae splicing factor, Prp19p. S.
cerevisiae Prp19p also has been shown to be a component of a
high-molecular-weight complex (72, 73) that likely represents a
homologous complex in S. cerevisiae.

The orthologs of cwf1p also have been implicated in pre-
mRNA splicing. The cwf1p protein contains four canonical
WD-40 repeats, and human cwf1p was recently identified as a
protein that copurifies with the spliceosome from HeLa cell
extracts (49). The A. thaliana ortholog of cwf1p, PRL1 (pleio-
tropic regulatory locus 1) is reported to be involved in a variety
of cellular processes surrounding glucose signaling. While this
protein was shown to associate in vitro with the protein kinase
C-bII isoform and demonstrated a two-hybrid interaction with
a-importin, no clear biochemical role has been described for
this protein (47). Interestingly, this A. thaliana protein was
identified earlier as a cDNA that caused an aberrant morphol-
ogy when overexpressed in S. pombe (82).

cwf3p and cwf4p are members of a subfamily of tetratri-
copeptide repeat (TPR) proteins most similar to D. melano-
gaster crooked neck (crn) (78, 83). The D. melanogaster crn
gene has also been implicated in cell cycle control based on its

embryonic lethal phenotype (83). The pre-mRNA splicing fac-
tors, Prp39p and Prp42p, while also members of this family of
TPR repeat proteins, do not represent the S. cerevisiae or-
thologs of cwf3p and cwf4p (Table 2). cwf5p contains RNA
recognition motifs, which suggests that RNA interactions
might be important for the function of this protein. The S.
cerevisiae ortholog of this protein was implicated in cell surface
assembly as a mutant that conferred hypersensitivity to cal-
cofluor white (38). The remaining proteins, cwf2p and cwf7p,
contain no obvious protein motifs nor do they have orthologs
of ascribed function in other organisms (Table 2).

cwf1p, cwf2p, cwf3p, cwf4p, and cwf10p are bona fide mem-
bers of the cdc5p-associated complex. As described above,
apparent orthologs of several of the cwf proteins were identi-
fied as components of the spliceosome. To determine what
proportion of each was associated with cdc5p, the endogenous
copies of cwf11, cwf21, cwf31, cwf41, and cwf101 were tagged
at the 39 end of their open reading frames with sequences
encoding either 3 copies of the HA epitope or 13 copies of the
myc epitope. Sucrose gradient analysis of lysates prepared
from the myc-tagged strains showed that the majority of the
endogenous cwf proteins cosedimented with cdc5p at 40S (Fig.
5A). A lower-molecular-weight form of cwf1p-myc, presum-
ably N-terminally truncated since it retained the C-terminal
tag, was found in fractions consistent with the size of a mono-
mer.

To confirm that the cwf proteins were associated with cdc5p,
we performed immunoprecipitations from the myc-tagged
strains and immunoblotting with anti-cdc5p antibodies. In each
case, cdc5p coimmunoprecipitated with the myc-tagged pro-
teins (Fig. 5C). In reciprocal experiments, anti-cdc5p antibod-
ies precipitated each of the myc-tagged proteins (Fig. 5B),
whereas preimmune serum failed to do so (Fig. 5B). Identical
results were obtained with the HA-tagged versions of the pro-
teins (data not shown). Additionally, the same pattern of pro-
teins coimmunoprecipitated with cwf1p-HA, cwf3p-HA, and
cwf4p-HA as with cdc5p-HA from 35S-labeled cell lysates (Fig.
5D).

cwf11, cwf21, cwf31, and cwf41 are essential genes. We
wished to test whether other members of the cdc5p-associated
complex, like cdc51, were encoded by essential genes. In a
diploid background, strains were constructed in which one
copy of the entire open reading frames of cwf11, cwf21, cwf31,
or cwf41 was replaced with a marker conferring resistance to
G418. Analysis of these strains revealed two viable G418-sen-
sitive colonies per tetrad, which indicated that cwf11, cwf21,

TABLE 2. Identities of cwf proteins

cwf protein Predicted molecular
size (kDa) S. cerevisiae ortholog Putative orthologs of described function in other

species Protein motifs

prp5p/cwf1p 52.4 YPL151c A. thaliana PRL1 (Q42384); Homo sapiens
(AF044333)

WD/40, beta transducin

cwf2p 46.4 YDL209c
cwf3p 94.6 Syf1p-YDR416w TPR
cwf4p 80.8 Syf3p-YLR117c D. melanogaster crn (AL009171) TPR
cwf5p 39.6 Ecm2p-YBR065c RRMc

cwf6p/prp15p 274.5 Prp8p-P33334 H. sapiens (2463577)
cwf7p 12.6a

cwf8p 54.2b Prp19p-P32523
cwf9p 13.1 SMD2-YLR275w H. sapiens SM D (P43330)
cwf10p 111.2 Snu114p-YKL173w Mus musculus U5-116 (2105430) GTP binding

a Molecular size is based on predicted open reading frames and may not be equivalent to the full-length protein in vivo (Fig. 4).
b Polypeptide isolated in purification represents a truncated form of the full-length protein (Fig. 4).
c RRM, RNA recognition motif.
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cwf31, and cwf41 encode essential proteins (data not shown
and Fig. 5E).

prp5-1 (cwf1) shows a synthetic phenotype with cdc5-120.
The prp51 gene was cloned by complementation of the prp5-1
mutant and found to be identical to cwf11. Further confirma-
tion of this identity was the inability to recover temperature-
sensitive, G418-resistant colonies from a mating of cwf1myc
and prp5-1 (data not shown). Given the physical association
between cdc5p and prp5p/cwf1p, we tested for genetic inter-
actions between cdc5-120 and prp5-1. The double-mutant

strain showed a reduced restrictive temperature. It failed to
grow at 29°C, a temperature at which either single mutant grew
quite well (Fig. 6). The clear negative genetic interaction between
cdc51 and prp51/cwf11, along with the interaction between their
products, suggests overlapping functions for these two proteins.

cdc5p is associated with U2, U5, and U6 snRNAs. Due to the
interaction of cdc5p with known snRNP proteins, we wished to
test which, if any, of the S. pombe snRNAs associated with
cdc5p. Utilizing oligonucleotides complementary to S. pombe
U1, U2, U4, U5, and U6 snRNAs, we found that cdc5p im-

FIG. 5. S. pombe cwf1p, cwf2p, cwf3p, cwf4p, and cwf10p associate with the cdc5p complex in vivo. (A) Immunoblots on fractions from 10 to 30% sucrose gradients
probed with anti-cdc5 (cdc5p), anti-myc epitope, 9E10 (cwf3p-myc, cwf4p-myc, cwf1p-myc, cwf2p-myc, and cwf10p-myc, or anti-FAS (FAS-40S marker, FASp). The
small asterisk on the right side of the panel indicates an apparent amino-terminal truncation of cwf1p-myc. The migration of thyroglobulin (19S) and catalase (11.3S)
collected from parallel gradients is indicated. (B) Endogenously myc-tagged versions of cwf1p, cwf2p, cwf3p, cwf4p, and cwf10p coimmunoprecipitate with cdc5p in vivo.
An anti-myc immunoblot of immunoprecipitates from wild-type (246), cwf3myc, cwf4myc, cwf1myc, cwf2myc, or cwf10myc strains is shown. Immunoprecipitations were
performed with anti-cdc5p immune sera (I), preimmune sera (PI), or anti-myc antibodies (9E10, myc). Arrows indicate full-length tagged proteins. The small asterisk
indicates an apparent amino-terminal truncation of cwf1p-myc. (C) Anti-cdc5p immunoblot of immunoprecipitates from cwf3myc, cwf4myc, cwf1myc, or cwf10myc
strains with 9E10. The arrow indicates endogenous cdc5p. (D) Autoradiograph of immunoprecipitates from strains metabolically labeled with Tran[35S]-label as follows:
wild-type, cdc5HA, cwf3HA, cwf4HA, and cwf1HA. The arrows indicate HA-tagged proteins in each respective strain. The circles indicate the untagged versions of the
respective proteins. (E) cwf11, cwf21, cwf31, and cwf41 are essential genes. Shown are results for representative phenotypes of cwf::KanR spores.
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munoprecipitates contained the U2, U5, and U6 snRNAs but
did not contain the U1 or U4 snRNA (Fig. 7). Also, cdc5
immunoprecipitates did not contain detectable amounts of the
snoRNA, U3 (data not shown).

cdc51 function is required for pre-mRNA splicing. Because
of the physical association of cdc5p with multiple splicing fac-
tors and snRNAs, we tested whether S. pombe cells require
cdc51 function for pre-mRNA splicing. In this experiment, we
utilized cells containing the null mutant of cdc5 and a plasmid
carrying the cdc5 cDNA under control of the thiamine-regu-
latable nmt1-T41 promoter (4). This strain grows in the ab-
sence of thiamine, but when cdc51 expression is repressed by
the addition of thiamine, the cells cease division after 12 to

14 h (data not shown). We looked for accumulation of the
precursor form of two intron-containing genes (U6 and tf2d) by
Northern blot analysis over a 12-h time course of cdc5 repres-
sion using wild-type and prp2-1 cells as controls. The S. pombe
U6 RNA is synthesized from a precursor RNA that contains a
single pre-mRNA-type intron (60, 71). The tf2d gene contains
three. Like prp2-1 cells, cells lacking cdc5 function accumu-
lated unspliced RNAs (Fig. 8), indicating that cdc51 function
is required for pre-mRNA splicing.

DISCUSSION
S. pombe cdc51 was identified in a screen for cell division

cycle mutants on the basis of a single mutant allele, cdc5-120
(51). Further characterization of the cell cycle defects of cdc5-
120 showed that its 87-kDa Myb-related gene product was
essential specifically for G2/M progression (51, 56). Subse-
quent cloning and characterization of cdc5p orthologs from
other organisms have indicated that cdc5p’s role in cell cycle
progression is likely to be conserved; expression of cdc5 rela-
tives from A. thaliana, D. melanogaster, and human rescues the
growth defect of cdc5-120 (25, 55). The fact that the S. cerevi-
siae ortholog, Cef1p, also is essential for G2/M progression
argues strongly that cdc5p function is conserved throughout
evolution (55). In this report, we show that this highly con-
served protein is a subunit of a discrete 40S complex that
contains known protein and snRNA components of the pre-
mRNA splicing machinery. Further, cdc51 function is required
for pre-mRNA splicing.

The discovery that cdc5p is a member of a stable high-
molecular-weight complex was unexpected since c-Myb and
most other Myb-related proteins function either as monomers
or as heterodimers (see, for example, references 17, 30, 40, and
52). However, there are precedents for Myb-related proteins
being components of larger protein complexes. The Myb-re-
lated SNAP190 protein is found in the SNAPc complex that is
involved in the basal transcription of snRNAs (80). Two other
Myb-related proteins, Swi3p (57) and Rsc8p (11), are subunits
of the even larger, megadalton-size SWI/SNF and RSC com-
plexes that are important for chromatin remodeling in vivo
(10–12, 26). As yet, it is not clear what the functions of the
Swi3p and Rsc8p proteins are within these large complexes. It
is possible that the Myb repeats of these proteins are not
important for binding to DNA since the Myb repeats of several
proteins have been shown to be involved in protein-protein
interactions (16, 30, 31).

To gain insight into the function of cdc5p, the 40S complex
was purified, and 10 subunits were identified, each represent-
ing previously undescribed S. pombe open reading frames.
These identifications raised the unanticipated possibility that

FIG. 6. cdc5-120 and prp5-1 show a reduced restrictive temperature. The wild
type and prp5-1, cdc5-120, and cdc5-120 prp5-1 mutants were streaked onto agar
medium at 25, 29, 32, and 36°C. The double-mutant strain was capable of growth
at 25°C but not at 29°C. Each single mutant was capable of growth at both 29 and
32°C.

FIG. 7. cdc5p associates with U2, U5, and U6 snRNAs. RNA was isolated
from anti-m3G cap, anti-myc, or anti-HA immunoprecipitations from the wild-
type, cdc5HA, or cdc5myc strain and subsequently probed with 32P-labeled oli-
gonucleotides complementary to the U1, U2, U4, U5, or U6 snRNA.

FIG. 8. cdc51 function is required for pre-mRNA splicing. RNA was pre-
pared from KGY1490 cells grown in the presence of thiamine for 0, 4, 8, or 12 h,
prp2-1 cells grown at 37°C for 0, 2, or 4 h, or wild-type (wt) cells and then
hybridized to oligonucleotides complementary to the U6 intron, mature U6
RNA, and both intron and exon sequences within the tf2d gene.
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cdc5p is involved in pre-mRNA splicing, as five cwfs have
orthologs involved in this process. cwf9p is the S. pombe core
snRNP protein D2 and thus is predicted to be a subunit of all
spliceosomal snRNPs: U1, U2, U4/6, and U5 (34, 62, 70). Since
cwf6p/prp15p is the apparent ortholog of S. cerevisiae and
human U5 snRNP proteins Prp8p/p220, it is likely that cwf6p/
prp15p is a subunit of the S. pombe U5 snRNP (1). cwf10p also
should be a component of the S. pombe U5 snRNP since it is
highly related to human U5-116 and S. cerevisiae Snu114p (19,
20). cwf8p is the S. pombe ortholog of S. cerevisiae Prp19p, a
protein known to have an essential role in pre-mRNA process-
ing (13, 14). Consistent with cdc5p’s association with these
known spliceosomal proteins, the human homolog of cdc5p, as
well as cwf1p and cwf8p, recently has been reported to be a
component of an in vitro-assembled mammalian spliceosome
(48). It is of note that we have identified several highly con-
served proteins as a part of this complex that previously have
not been identified as important for pre-mRNA splicing in any
organism or involved in cell cycle progression. It will be im-
portant to determine whether these novel proteins are indeed
required for one or both processes. In addition to these pro-
teins, we found that cdc5p copurified with a specific set of
snRNAs, which confirmed that cdc5p is indeed snRNP associ-
ated.

There are two likely possibilities to explain the presence of
predicted components of the S. pombe spliceosome within the
cdc5p complex. One is that this complex represents an active S.
pombe spliceosome, a possibility supported by the presence of
those snRNAs which would be predicted to be present within
a catalytically active spliceosome (U2, U5, and U6) (references
43, 45, and 50 and references therein), and that the size of this
complex is reminiscent of that of an in vitro-assembled S.
cerevisiae spliceosome (35). While CDC5 family members are
capable of associating with an in vitro-assembled spliceosome
(9, 49), proof that this complex represents an in vivo spliceo-
some would require a demonstration that splicing intermedi-
ates are present within this complex. A second possibility is
that the cdc5p-associated complex represents a remnant of a
disassembled spliceosome. If this were the case, then the com-
plex might contain excised introns or else completely lack in-
termediates or products of the splicing reaction. The fact that
cells lacking cdc51 function accumulate unspliced RNAs sup-
ports either hypothesis, since a factor necessary for recycling
spliceosomal components for subsequent rounds of pre-
mRNA splicing would indirectly be needed for pre-mRNA
processing. Further analysis of the RNA composition of cdc5p
complexes should allow us to distinguish between these possi-
bilities.

A major question raised by this and other studies is why
mutants in components of the pre-mRNA splicing machinery
generate specific cell cycle phenotypes (8). For example, S.
cerevisiae Prp8p has not only been shown to be an essential
splicing factor but also seems to be important for S-phase
progression (68). Interestingly, it is possible to isolate mutants
that are defective for only one of these two processes; prp8
mutants have a splicing defect but no apparent cell cycle de-
fects, and dbf3 mutants are defective for S-phase progression
but show no defects in macromolecular RNA synthesis (28, 29,
68). In S. pombe, most prp mutants exhibit cell cycle defects,
but they do not all show the same cell cycle defects (37, 59, 77).
cwf11/prp51 itself has been shown not only to display a defect
in pre-mRNA splicing but also blocks cell cycle progression in
G2 (59). One better-characterized example is the cdc281/prp81

gene, which, like cdc51 and cwf11/prp51, appears to be re-
quired for both cell cycle progression at G2/M and pre-mRNA
splicing (37). In contrast to the strong negative genetic inter-

action between cdc5-120 and prp5-1, there is no genetic inter-
action between cdc5-120 and a cdc28 mutant and no evidence
that cdc28p is in the cdc5p complex (data not shown).

The most straightforward explanation for the cell cycle ar-
rest phenotypes of pre-mRNA splicing mutants is that an in-
tron-containing transcript(s) becomes rate limiting for a par-
ticular cell cycle transition. Since we have found that cells
lacking CEF1 function also are defective in pre-mRNA splicing
(9), this possibility can be more easily addressed in S. cerevisiae,
in which just 4% of the genes are predicted to contain introns.
Another possibility to explain why pre-mRNA splicing mutants
arrest at the G2/M transition in two widely disparate yeasts is
that defects in pre-mRNA splicing lead to changes in the
organization of the nucleus such that cell cycle progression
through mitosis is prevented. This possibility is more difficult to
address experimentally, unless the G2 arrest is mediated by a
checkpoint. If it is, it should be possible to isolate extragenic
mutants that allow cdc5-120 cells to enter mitosis or mutants
within cdc51 which prevent cell cycle progression but do not
affect pre-mRNA splicing. Analysis of such mutants would
allow us to more clearly dissect this relationship between cell
cycle progression and pre-mRNA splicing.
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