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ABSTRACT
The Wee1 kinase inhibits entry into mitosis by phosphorylation of the Cdc2 kinase. Searching for

multicopy suppressors that abolish this inhibition in the fission yeast, we have identified a novel gene,
here named wos2, encoding a protein with significant homology to human p23, an Hsp90-associated
cochaperone. The deletion mutant has a modest phenotype, being heat-shock sensitive. Using antibodies
raised against bacterially produced protein, we determined that Wos2 is very abundant, ubiquitously
distributed in the yeast cell, and its expression dropped drastically as cells entered into early stationary
phase, indicating that its function is associated with cell proliferation. In proliferating cells, the amount
of Wos2 protein was not subjected to cell cycle regulation. However, in vitro assays demonstrated that this
Hsp90 cochaperone is potentially regulated by phosphorylation. In addition to suppressing Wee1 activity,
overproduction of Wos2 displayed synthetic lethality with Cdc2 mutant proteins, indicating that this Hsp90
cochaperone functionally interacts with Cdc2. The level of Cdc2 protein and its associated H1 kinase
activity under synthetic lethal conditions suggested a regulatory role for this Wos2-Cdc2 interaction. Hsp90
complexes are required for CDK regulation; the synergy found between the excess of Wos2 and a deficiency
in Hsp90 activity suggests that Wos2 could specifically interfere with the Hsp90-dependent regulation of
Cdc2. In vitro analysis indicated that the above genetic interactions could take place by physical association
of Wos2 with the single CDK complex of the fission yeast. Expression of the budding yeast p23 protein
(encoded by the SBA1 gene) in the fission yeast indicated that Wos2 and Sba1 are functionally exchangeable
and therefore that properties described here for Wos2 could be of wide significance in understanding
the biological function of cochaperone p23 in eukaryotic cells.

THE protein kinase encoded by cdc2 plays a key role function (Muñoz and Jimenez 1999), pointing toward
Hsp90 as an important element in the regulation ofin the mitotic control of all eukaryotic cells (Nurse

1990). In the fission yeast Schizosaccharomyces pombe, the these key cell cycle kinases.
Hsp90 is an abundant molecular chaperone essentialactivity of Cdc2 requires binding of the cdc13-encoded

B-type cyclin, and the Cdc2-cyclin B complex is main- to the establishment of many cellular regulation and
signal transduction systems. In addition to playing atained in a repressed state during interphase by phos-

phorylation of the Cdc2 subunit on Tyr15 (Gould and vital role in thermotolerance and stress responses, the
Nurse 1989). The major Tyr15 phosphorylation activity cytoplasmic Hsp90s are essential for establishing the
is provided by the Wee1 protein kinase (Russell and function of steroid hormone receptors, transcription
Nurse 1987a; McGowan and Russell 1993) whereas factors, tyrosine and threonine/serine kinases, and tu-
Cdc25 provides the predominant Tyr15 dephosphoryla- mor suppressors (Pratt 1997). In vitro, purified Hsp90
tion activity (Russell and Nurse 1986; Gautier et al. binds to denatured protein and displays antiaggregant
1991), required to activate the Cdc2-cyclin B complex properties. However, in vivo, Hsp90 activity involves a
and subsequently to trigger mitosis. cohort of associated partners or cochaperones that par-

The search for new elements involved in the regula- ticipate in multiprotein complexes with Hsp90. Several
tion of Cdc2 by Wee1 in fission yeasts led to the identifi- discrete subcomplexes are associated with particular
cation of swo1, a gene encoding an Hsp90-like protein subclasses of target proteins, so that one of these sub-
required for Wee1 activity (Aligue et al. 1994; Muñoz complexes contains Hsp90/Hsp70/Hip and p60/Sti1
and Jimenez 1999). Genetic analysis has shown that (Smith et al. 1993), while another contains one of sev-
the Hsp90/Swo1 chaperone is also required for Cdc2 eral immunophilins/cyclophilins and the acidic protein

p23 (Johnson and Toft 1994).
The p23 protein is one of the most abundant Hsp90-
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Western blot analysis, respectively. Heat shock was achievedcomplexes (Johnson and Toft 1994). It is thought that
by transferring cultures exponentially growing at 258 in liquidp23 interacts with target polypeptides that are indirectly
media to 488 in a water bath. Aliquots were then taken at time

associated via Hsp90. However, in vitro folding assays intervals and placed in ice. Drops from these aliquots with
have shown that p23 itself can function as a molecular equal number of cells were then placed in a YE plate to moni-

tor growth after incubation for 2 days at 258, or viable cells werechaperone that binds independently to proteins and
counted by counting colonies formed from diluted samplesprevents them from aggregating (Bose et al. 1996; Free-
plated in YE, incubated for 5 days at 258.man et al. 1996). In this report, we present a genetic

Cloning of wos2: An adh:wee1-50 leu1-32 strain was trans-
and biochemical characterization of a p23 homologue formed with a S. pombe genomic library constructed in the
from the fission yeast S. pombe. We show that the identi- pDB262 plasmid (Wright et al. 1986). Prototrophic trans-

formed cells were selected at 358 in minimal medium agarfied p23 cochaperone is required for heat-shock toler-
plates, and the colonies formed were replica plated into YEance and plays a role in the activity of Wee1 and the
agar plates and incubated at 258. Colonies growing underregulation of Cdc2.
these conditions were microscopically screened, and one of
them was selected because of the mitotic instability of the
adh:wee1-50 suppressing activity, indicating that it is located

MATERIALS AND METHODS in a plasmid. The plasmid was recovered from one of these
colonies, and the suppressing activity localized to a 3.9-kb S.Yeast strains, media, and general methods: The standard
pombe genomic DNA fragment. This fragment was entirelymedia and genetic procedures used in this work have been
sequenced in both strands and a single gene found (wos2)previously described (Moreno et al. 1991). The fission yeast
responsible for the suppression activity (GenBank accessionS. pombe 972 h2 and 975 h1 haploid wild-type strains were used.
no. L41166). This gene contained a single intron with conven-The thermosensitive (ts) strains cdc2-33, cdc2-M26, cdc2-56,
tional features found in S. pombe introns (Prahala et al. 1992).cdc2-L7, and cdc25-22 and the strains adh:wee1-50 (a strain
Using this 3.9-kb DNA fragment as a probe, wos2 was physicallyoverproducing the thermosensitive Wee1-50 protein from the
mapped to a single locus in chromosome I linked to mst1,adh promoter), CDC2Dm (in which the endogenous cdc2 is
between rad16 and nuc2.replaced by its Drosophila homologue), and swo1-w1 (partially

Deletion of wos2: To construct a wos2-deleted straindefective in Hsp90 function) have been previously described
(wos2::ura4) an XbaI-AvaI fragment in wos2 was replaced with(Nurse et al. 1976; Nasmyth and Nurse 1981; Russell and
the ura4 gene in the 3.9-kb wos2 genomic clone. This constructNurse 1987a,b; Bejarano et al. 1995; Muñoz and Jimenez
was used to delete the wos2 gene in a diploid strain h1/h2

1999). Double mutants were constructed by tetrad dissection.
ade6-M210/ade6-M216 ura4-d18/ura4-d18. Tetrad dissectionThe strain nmt:wos2 (the wos2 gene is expressed from the
indicated that these diploids produced four viable meioticnmt thiamine-repressible promoter; Maundrell 1993) and
spores. Stable ura1 diploids were selected, and Southern blotwos2::ura4 (in which the wos2 gene is replaced by the ura4
analysis indicated that the wos2 gene was deleted in thesegene) are described in this study. Yeast transformation was
ura1 haploid spores. Southern blot analysis was carried outachieved using the electroporation procedure (Prentice
by digesting 1–2 mg DNA of the desired strain, separating the1992). Flow cytometry analysis was performed as described in
digested DNA on 0.9% agarose gels and blotting onto Hybond-Sazer and Sherwood (1990). Cells were fixed with ethanol,
N1 (Amersham, Piscataway, NJ) membranes according to thestained with propidium iodine, and a Becton Dickinson FAC-
manufacturer’s instructions. These membranes were hybrid-Scan system was used. Fixed cells were also stained with 49,
ized in Church buffer at 658 (Church and Gilbert 1984)6-diamidino-2-phenylindole (DAPI) and nuclei visualized in
and probed with wos2 DNA labeled by the random priminga Nikon microscope equipped with epifluorescence and a
method. The filters were washed in 0.13 standard saline citrateCCD camera. Calcofluor staining was used to visualize the cell
(SSC)/0.1% SDS at 658 and autoradiographed or analyzedwall and septum material. Double staining with DAPI and
using a PhosphorImager system (Fuji).calcofluor was used to visualize nuclei and septum in the same

Overexpression of wos2: To isolate cDNAs coding for wos2,cells. Under the conditions used, brightness of calcofluor is
Escherichia coli colonies transformed with a cDNA library of S.more intense than that of DAPI but the former photobleaches
pombe (Moreno and Nurse 1994) were probed with the 3.9-more rapidly. Thus, capturing fluorescent images early or late
kb genomic fragment of wos2, and a variety of cDNAs wereafter excitation and using different exposure times allows us
selected because of their different sizes. The different cDNAsto visualize calcofluor and DAPI independently. Anti-a-tubulin
were sequenced, and the largest one was subcloned into the(a generous gift from Dr. K. Gull) was used for microtubule
pREP3X S. pombe expression vector (in this construct, thelocalization (1/25 dilution) and anti-Wos2 polyclonal rabbit
expression of wos2 is driven by the nmt1 thiamine repressibleserum (1/400 dilution) for the localization of Wos2, following
promoter) (Maundrell 1993). To construct a stable straindescribed procedures (Alfa et al. 1993). Bound antibodies
overproducing wos2 (the nmt:wos2 strain), the promoter-were detected using fluorescein-conjugated secondary anti-
cDNA-transcriptional stop construct was inserted into thebodies (Sigma, St. Louis; 1/40 dilution). The synchronous
pJK148 integrative plasmid. An h2 leu1-32 strain was trans-culture was prepared by means of the cdc25-22 ts mutation. A
formed with this pJK-wos2 construct linearized within the leu1culture of a cdc25-22 strain was synchronized by restricting
gene, and a stable leu1 transformant was selected. Southerngrowth at 368 for 4 hr. The cells were then released into fresh
blot analysis indicated that a single copy of the construct wasmedium at the permissive temperature of 258, and aliquots
integrated at the leu1-32 locus. Similarly, the nmt:wos2 con-were removed at 20-min intervals over 8 hr. The septation
struction was subcloned into an ura4 integrative plasmid. Anindex was monitored in a Nikon microscope using dark-field
h2 ura4-D18 strain was transformed with this construction lin-microscopy. Protein samples were prepared for Western blot
earized within the wos2 gene, and stable ura1 transformantsanalysis of Wos2. For stationary culture experiments, cells were
were selected. Southern blot analysis indicated that a singlegrown at 328 in minimal liquid medium until glucose (the
copy of the construction was integrated at the wos2 loci. Theselimiting nutrient in the medium used) became exhausted.
strains overexpressed wos2 when grown in minimal mediumSamples of total RNA and protein were also used to visualize

the wos2 mRNA and Wos2 protein, by standard Northern and without thiamine. Samples were routinely taken 19 hr after
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induction. A total of 5 mg/ml thiamine was added to turn the regulators of Wee1. The adh:wee1-50 strain was used to
nmt1 promoter off. The ura1 and leu1 markers were used this end. This strain overproduces a Wee1-50 thermo-
to construct strains overexpressing wos2 in different genetic

sensitive protein (Russell and Nurse 1987a), whichbackgrounds or to select a strain overexpressing wos2 from
results in viable “wee” cells at 358, where Wee1-50 istwo copies of the nmt:wos2 construction (23 nmt:wos2).

Expression of the S. cerevisiae p23 homologue in the fission inactive, but yields a lethal cell cycle block upon incuba-
yeast: A budding yeast homologue to wos2 was first identified tion at 258, where the protein becomes active. Using
as sequence YKL518, derived from the S. cerevisiae genome this strain, we isolated a 3.9-kb S. pombe DNA fragment
project ( Jacquier et al. 1992). More recently, this gene has

from a genomic library, which, in a multicopy plasmid,been characterized as a p23 homologue named SBA1 (Fang
rescued the lethality caused by the overproduction ofet al. 1998). Oligonucleotides 59-CGATTCATAATAGTCAT

GTCCG-39 and 59-GCACTCCAGGTTGATTTGCTCC-39 were Wee1-50. Subcloning and DNA sequencing indicated
used to clone by PCR amplification the YKL518 open reading that a single gene (here named wos2, for wee1-50 overex-
frame (ORF) of S. cerevisiae, and the resulting DNA fragment pression suppressor) was responsible for the wee1-50 over-
was subcloned into the pREP3x plasmid. This construct allows

expression suppressor phenotype (Figure 1A). Thisthe nmt-driven expression of the amplified DNA in S. pombe.
gene physically mapped in chromosome I, betweenNorthern and Western blot analyses: In Northern blot analy-

sis, total RNA was prepared as described (Moreno et al. 1991) rad16 and nuc2. We also analyzed the suppression activ-
and probed with the 3.9-kb purified fragment containing the ity of wos2 using a different conditional system to overex-
wos2 gene. Filters were analyzed using a PhosphorImager sys- press wee1. Strains harboring a wee1 wild-type allele or
tem (Fuji). Western blot procedures were performed by load-

a wee1-50 ts allele, subjected to the expression of theing equivalent amounts of protein in SDS-polyacrylamide gels,
thiamine repressible promoter nmt (Maundrell 1993),and the blot was carried out using GeneScreen Plus mem-

branes according to the manufacturer’s (New England Nu- grow on thiamine-containing media but produce elon-
clear, Boston) instructions. To obtain polyclonal antibodies gated arrested cells under derepressed conditions.
against Wos2, the large cDNA encoding wos2 was subcloned
in an E. coli expression vector (Sambrook et al. 1989); the E.
coli-overproduced Wos2 protein was extracted from a poly-
acrylamide gel, and preparation of protein conjugates for
rabbit immunization was as described (Sambrook et al. 1989).
Western blots were made using serum (1/1000 dilution)
against this gel-purified Wos2 protein overproduced in E. coli,
anti-a-tubulin (Sigma; 1/10,000 dilution), or monoclonal anti-
Cdc2 (1/1000 dilution) provided by Paul Nurse (ICRF, Lon-
don). The blots were developed with an enhanced chemilumi-
nescence method (ECL, Amersham).

Immunoprecipitation and H1 kinase assay: Conventional
experiments of immunoprecipitation in S. pombe extracts were
carried out following described methods (Moreno et al. 1991).
The immunoprecipitation of cell extracts obtained with 2 ml
of anti-Wos2 or with 2 ml of anti-Cdc2 was used for histone
H1 kinase assays as described in Moreno et al. (1991). This
procedure was also performed to assay Wos2 phosphorylation.
An aliquot of each sample was used for Western blot analysis
and Coomassie blue staining as controls.

[35S]Methionine labeling and in vitro association assays: For
in vitro experiments, [35S]methionine-labeled Wos2, Cdc2, and
Cdc13 proteins were synthesized using the TnT Coupled Retic-
ulocyte Lysate system kit (Promega, Madison, WI), according
to the manufacturer’s instructions. Aliquots of 2 ml of reticulo-
cyte lysates containing the synthesized proteins were mixed,
and immunoprecipitation with 1 ml of anti-Wos2, 1 ml of anti-
Cdc2, or 1 ml of anti-Cdc13 antibodies was carried out as Figure 1.—Identification of wos2. (A) Schematic represen-
described in Moreno et al. (1991). The labeled proteins were tation of the genomic fragment responsible for the Wee1-50
resolved by electrophoresis in polyacrylamide gels and visual- suppression activity. The only gene in this fragment (wos2)
ized by autoradiography. contains a small intron (exons I and II are in boxes). The

TATA box (r), transcriptional ends (d), and restriction sites
used in this work (XbaI-X-, DraI-D-, ClaI-C-, and AvaI-A-) are
indicated. (B) Suppression activity of the cloned S. pombe wos2RESULTS
gene. The DNA fragment containing wos2 was subcloned into

Isolation of wos2: Wee1 encodes a tyrosine kinase that the pON163 multicopy plasmid (pON163-wos2), and its sup-
pression activity assayed in S. pombe cells overexpressing eitherinhibits entry into mitosis by phosphorylation of the
the wee1-50 allele or the wild-type wee1 allele from the nmtCdc2 kinase. Overproduction of Wee1 causes a lethal
promoter. Plasmid pON160 was used as a control. SuppressionG2 arrest. Since Wee1 is not essential for yeast growth
efficiently occurred in nmt:wee1-50 cells, yielding “wee” cells

or viability (Russell and Nurse 1987a), searching for (on plasmid loss cells become elongated) as happens in the
multicopy suppressors of this lethal effect is a powerful adh:wee1-50 strain, but cells overexpressing the wild-type wee1

gene were not suppressed by multicopy expression of wos2.selective procedure to isolate genes encoding negative
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When using these strains, we found that multicopy ex- abundant in proliferating cells, being roughly .20-fold
the level of cdc2 mRNA (assessed by PhosphorImagerpression of wos2 suppressed the lethal arrest of the

nmt:wee1-50 strain, too, indicating that the suppression analysis of Northern blots). However, its expression
dropped drastically as cells entered into early stationaryactivity of wos2 relied on the encoded Wee1-50 protein

and not on the promoter used for its overexpression phase (while the amount of cdc2 transcripts stayed con-
stant; Figure 3B). The amount of Wos2 protein also(Figure 1B).

However, the multicopy expression of wos2 did not decreased in starved cells (Figure 3B), indicating that
its function is probably associated with cell proliferation.suppress the arrest caused by the wild-type protein, indi-

cating that the Wee1-50 mutant version is more sensitive Immunofluorescence analysis revealed punctate stain-
ing of Wos2 in exponentially growing cells, which sug-to the action of Wos2 (Figure 1B). Such interaction

also occurred in a nim1-deleted background, the only gests that Wos2 is not a freely diffusible molecule but
is restricted to dispersed macromolecular aggregatesupstream inhibitor of wee1 described in fission yeasts

(Russell and Nurse 1987b), and consequently wos2 found in the nucleus and the cytoplasm (Figure 3C).
As described for the expression of protein p23 in avianinteracts with Wee1 in a nim1-independent manner.

When searching for homologous sequences in DNA cells (Johnson et al. 1994), expression of Wos2 was not
significantly induced by temperature, either by growthand protein databases, we found that Wos2 shares 30%

identity to the human p23, and it is also homologous at 358 or by heat shock for 10–20 min at 488 (data not
shown).to the S. cerevisiae protein encoded by DNA sequence

YKL518 (Figure 2A). This sequence was initially de- To further analyze the phenotype caused by the over-
expression of wos2, we isolated cDNAs for this gene.scribed from the genome sequencing project of this

microorganism (Jacquier et al. 1992), but very recently Three different polyadenylated cDNAs were isolated,
corresponding to the three transcripts observed init has been identified as the budding yeast homologue

to vertebrate p23 proteins (encoded by the SBA1 gene; Northern blot analysis (Figure 3B). The largest wos2
cDNA was expressed under the control of the thiamineFang et al. 1998). Thus, Wos2 could identify a p23-

like cochaperone of fission yeast. A detailed sequence repressible nmt promoter, and the construct integrated
at the leu1 locus in the S. pombe genome in a single copy.analysis revealed that it contains a glycine-rich sequence

common to Hsp70 and many other molecular chaper- The genetic interactions previously described by using
a multicopy plasmid system to overexpress the genomicones (Thode et al. 1996).

Proteins involved in chaperone functions and the wos2 gene took place as well upon wos2 overexpression
from the nmt promoter in this strain. This nmt:wos2stress response are often required for heat-shock toler-

ance. To examine a possible role of wos2 in this re- strain was further used for genetic analysis.
Genetic interactions of wos2 and cdc2: Interestingly,sponse, we constructed a deletion mutant strain lacking

Wos2 protein (Figure 2B). The wos2 deletion had no overproduction of Wos2 showed allelic interactions
identical to those caused by a partial Hsp90 inactivationeffect on cell growth or viability, but S. pombe cells de-

leted for wos2 were heat-shock sensitive (Figure 2C), (Muñoz and Jimenez 1999). In addition to suppressing
Wee1-50 activity, the overexpression of wos2 producedindicating that Wos2 is actually a stress-related protein.

Therefore, from the above combined results we con- a large proportion of elongated cells (z20%) in combi-
nation with the cdc2-33 ts allele at 258, permissive temper-clude that Wos2 is likely a p23 protein in fission yeasts.

The putative protein sequence encoded by wos2 ature. These elongated cells were multinucleate and
had multiple septa. The phenotype was exacerbated atshows some other striking properties in common with

YKL518/SBA1 and p23 homologues. The carboxyl-ter- 298, while cells retained a wild-type phenotype under
nmt:wos2 repression under this condition (Figure 4). Atminal half of these proteins has very few basic amino

acids and, by contrast, contains clumps of acidic residues 298 in the absence of thiamine 100% of the cells were
arrested and, as determined by flow cytometry analysis(Figure 2D). This poly-acidic sequence is also found

in many other proteins, including cell cycle regulatory (Figure 4), z70% of them were 4C or 8C (DNA content
per cell) in agreement with the proportion of binucleateelements such as the S. cerevisiae Sic1 protein (Schwob

et al. 1994) and a large number of cyclins, although the and tetranucleate cells observed under the microscope
under these conditions.biological significance of this similarity is unknown.

Expression of wos2: To further elucidate the biologi- A more drastic effect was observed when the overex-
pression of wos2 took place in a cdc2-M26 ts mutant,cal function of wos2 and its possible regulation, we stud-

ied the expression of this gene in different phases of where .50% of the cells had condensed chromatin at
258 and many exhibited a novel septation defect. Inthe S. pombe cell cycle and under different physiological

conditions. No significant cell-cycle-dependent changes these cells, the septum was initiated but exit of septum
formation did not occur, and therefore the septum waswere observed in Wos2 during two rounds of synchro-

nous cell divisions (Figure 3A), indicating that the level continuously produced, sometimes along the cell (Fig-
ure 4). In some other cells, the septation pattern mimicsof this protein was not subject to oscillations during

the cell cycle. The wos2 messenger RNA was extremely that of S. pombe cdc162 mutants (Chang and Nurse
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Figure 2.—Sequence and physiological analysis of wos2 gene function. (A) Identity between the wos2-encoded protein and
its counterparts from S. cerevisiae (Sba1/YKL518) and from the human p23 chaperone (p23 human; identical residues found in
at least two sequences are indicated in shadow). (B) Western blot analysis using anti-Wos2 in wild-type cells (wos2) and cells
deleted for the wos2 gene (Dwos2). (C) Involvement of wos2 in the heat-shock tolerance of S. pombe cells. Growth temperature
of wild-type (wos2) or wos2-deleted (Dwos2) cells was shifted from 258 to 488, and time-interval samples were taken to determine
cell survival, either by plating a drop with equal number of cells (left) or by counting the number of cells per milliliter that
form a colony (average and standard deviation of three independent experiments) (right). (D) Acid-base residue distribution
of Wos2, Sba1/YKL518, and human p23 proteins.

1993; Frankhauser and Simanis 1994). The effect of tion is independent of wee1. The overexpression of wos2
in combination with other cdc2 alleles (such as cdc2-L7,wos2 over this cdc2-M26 allele was also enhanced with

temperature, yielding 100% arrested cells at 298 and a cdc2-56, or “wee” alleles of cdc2), with ts alleles in cdc
genes other than cdc2 (cdc10-129, cdc17-K42, cdc13-117,high proportion of mononucleate cells with 2C DNA

content (Figure 4). and cdc25-22 were tested), or in a wild-type background
had no obvious effects on the cell cycle (see cdc2-L7 inA fission yeast strain in which the endogenous cdc2

gene was replaced by the Drosophila CDC2Dm homo- Figure 4). Therefore, on the basis of this allele-specific
interaction, we conclude that Wos2 functionally inter-logue was also used (Jimenez et al. 1990). This Drosoph-

ila gene is functional in fission yeast, but exhibits a weak acts with the Cdc2 mitotic machinery.
As assessed by Western blotting and histone H1 phos-interaction with cdc2-regulatory proteins such as Wee1

and the B-type cyclin encoded by cdc13 (Bejarano et phorylation, the overproduction of Wos2 did not alter
the level of Cdc2 protein or its kinase activity (Figureal. 1995). The overexpression of wos2 in this CDC2Dm

S. pombe strain was lethal at any temperature, producing 5). In fact, the level of H1 phosphorylation slightly in-
creased in cdc2-M26 cells overexpressing wos2 (Figure100% nonseptated Cdc2 cells with a G2 arrest (Figure 4).

The effects on these cdc2 alleles also occurred in a 5, lane 2), consistent with the mitotic arrest observed
in this strain (Figure 4). These results suggest that Wos2wee1-deficient background, indicating that this interac-
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1999). Interestingly, all these genetic and biochemical
effects caused by overexpression of Wos2 in cdc2 mutant
cells resembled those caused by partial inactivation of
the Hsp90 chaperone encoded by swo1 (Muñoz and
Jimenez 1999). This observation strongly suggests that
an excess of Wos2 could diminish the activity of Hsp90
on its Hsp90-target kinases. To investigate this hypothe-
sis we analyzed the effect caused by overproducing Wos2
in Hsp90-deficient cells. As shown in Figure 6, cells
overproducing Wos2 and those partially defective for
Hsp90 (swo1-w1) were indistinguishable from wild type
at 258. However, overexpression of wos2 was lethal in
a swo1-w1 mutant background. This synergy between
nmt:wos2 and swo1-w1 suggests that overproduction of
Wos2 interferes with Hsp90 function in vivo. The syn-
thetic cell cycle defect observed by overexpression of
wos2 in swo1-w1 mutant cells (Figure 6) resembled that
produced by overexpression of wos2 in cdc2-33 mutant
cells (Figure 4). In both cases, identical septation defi-
ciencies and abnormal distributions of DNA content
per cell were obtained. This observation suggests that
the excess of Wos2 could specifically interfere with the
Hsp90-Cdc2 interaction.

In vitro systems have been used to demonstrate that
vertebrate p23 physically interacts with target proteins
(Bose et al. 1996; Freeman et al. 1996). To assay for
physical interactions, [35S]methionine-labeled Wos2
and Cdc2 were synthesized separately using reticulocyte
lysates, and association of these two proteins was assayed
by coimmunoprecipitation in mixed lysates. As shown in
Figure 7A, anti-Wos2 antibodies coimmunoprecipitated
labeled Cdc2 from mixed extracts and, reciprocally,
monoclonal anti-Cdc2 copurified Wos2. The anti-Cdc2
antibody was highly specific for the S. pombe Cdc2 (Fig-Figure 3.—Expression of wos2 in S. pombe cells. (A) Western
ure 7A); therefore, the existence of Wos2 in anti-Cdc2-blot analysis of Wos2 protein from protein samples of a syn-
purified proteins from Wos2-Cdc2 mixed extracts sug-chronous culture followed for two generations. a-Tubulin was

analyzed as a control. The abundance of Wos2 (densitometric gests that Wos2 physically interacts with Cdc2 in vitro.
analysis) and the septation index in each sample of the syn- The relatively low amount of Wos2 coimmunoprecipi-
chronous culture are represented. Cells were synchronized by

tated with anti-Cdc2 indicates that these two proteinsusing a cdc25-22 mutant strain (see materials and methods).
interact with low affinity, as has been previously de-Similar results were obtained in samples from cells synchro-

nized by elutriation (not shown). (B) Northern blot analysis scribed for other chaperones (Smith 1993; Bose et al.
of wos2 mRNA in total RNA samples from proliferating (lane 1996; Freeman et al. 1996). Polyclonal anti-Wos2 anti-
1) and stationary starved (lane 2) cells (cdc2 mRNA was ana- bodies nonspecifically bind a mild amount of Cdc2 (per-lyzed as a control). The abundance of Wos2 protein was also

haps through reticulocyte p23 protein), but in equiva-determined in the same cells by Western blot analysis. (C)
lent amounts of synthesized Cdc2 protein, the presenceEpifluorescence micrographs of wild-type (wt) and wos2-

deleted cells (Dwos2) double stained with DAPI and anti-Wos2 of Wos2 significantly increased the level of Cdc2 coim-
antibody/fluorescein-conjugated secondary antibody (top mi- munoprecipitated with anti-Wos2, in support of a Cdc2-
crographs). In our filter set the calcofluor signal is still seen

Wos2 association.in the fluorescein channel, and cells without DAPI staining
The cdc13-encoded cyclin binds to Cdc2 with highwere also used for the proper immunolocalization of Wos2

(bottom micrographs). affinity to form a Cdc2/cyclin B complex. As shown in
Figure 7B, Wos2 was not found in anti-Cdc13 immuno-
precipitates from mixed extracts containing synthesized
Wos2 and Cdc13, but it was copurified when Cdc2 wasinterferes with regulatory functions of Cdc2 rather than
also added; reciprocally, Cdc13 also coimmunoprecipi-its stabilization or kinase activity.
tated using anti-Wos2 in this extract (Figure 7B). TheseWos2 interferes with Hsp90 activity: Wee1 and Cdc2
results confirm that Wos2 may associate with the Cdc2kinases are both highly dependent on Hsp90 activity

for function (Aligue et al. 1994; Muñoz and Jimenez kinase and with Cdc2/cyclin complexes. Thus, an excess
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Figure 4.—Genetic interac-
tions between wos2 and cdc2.
Calcofluor and DAPI staining
of cells harboring the nmt:wos2
construction in combination
with different cdc2 alleles (cdc2-
L7, cdc2-33 cdc2-M26, and
CDC2Dm) incubated in media
with thiamine (control) and
without this vitamin (overex-
pressing wos2) at 298. Cal-
cofluor and DAPI staining are
shown simultaneously in cells
growing in the presence of thi-
amine. Flow cytometry analyses
(DNA content per cell) of
these strains incubated at 298
in media without thiamine are
also shown. Populations con-
taining 2C, 4C, and 8C repre-
sent mononucleate, binucle-
ate, and tetranucleate cells,
respectively.

of Wos2 could reduce Hsp90 function in vivo by compet- in cells lacking the Spc1 MAP kinase (deleted for the
spc1 gene; Shiozaki and Russell 1995). The nature ofitive binding to common target kinases.

We failed to demonstrate such physical interaction this kinase activity is now being investigated, but despite
its source, it demonstrates that Wos2 may be phosphory-by measuring Cdc2 kinase activity (H1 phosphorylation)

in immunoprecipitates of Wos2 obtained from yeast lated in vitro, according to the large number of putative
phosphorylation sites that can be found on its proteincrude extracts, but surprisingly, the immunoprecipi-

tated Wos2 protein was efficiently phosphorylated in sequence; phosphorylation sites were also described ear-
lier for the avian p23 (Johnson et al. 1994).this assay (Figure 8). This phosphorylation took place

in the absence of Cdc2 and Wee1 kinase activity (assayed The physiological expression of wos2 is extremely
high in proliferating cells (Figure 5). Thus, the addi-at 378 in cdc2-33 and wee1-50 genetic backgrounds) and
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was used. This 23 nmt:wos2 strain behaved like a wild-
type strain in media with thiamine, but in the absence
of this vitamin, the overexpression of wos2 was lethal,
yielding z75% multinucleate cells, most of them binu-
cleate (Figure 9A). According to flow cytometry analysis
of this strain, most of the cells were 2C (Figure 9B),
suggesting that each individual nucleus of these cells
was actually 1C in DNA content. The nuclei of binucle-
ate cells were decondensed and the interphase microtu-
bule array re-established (Figure 9C), indicating that
cells had exited from mitosis, but the nuclei remained
adjacent, indicating that exit from mitosis occurred

Figure 5.—Effects of the overproduction of Wos2 in the prior to maximal microtubule elongation. Therefore,
abundance of Cdc2 and the level of Cdc2 kinase activity. Cellu-

higher level of expression of wos2 in a wild-type back-lar proteins from wos2 (lane 1) and wos2-overexpressing cells
ground allowed the exit from mitosis, but delayed pro-(lane 2) in a cdc2-M26 background incubated at 298 (100%
gression through the early G1 phase.arrested cells) were separated on SDS-polyacrylamide gel,

transferred to a membrane, and the abundance of Cdc2 and The SBA1 gene has been shown recently to code for
Wos2 in the membrane visualized by immunostaining (anti- the budding yeast p23 protein (Fang et al. 1998). Oligo-
a-tubulin was used as a loading control). Crude extracts of

nucleotides were designed to PCR amplify to codingthese cells were used to assay phosphorylation of added his-
sequence of this gene, and its nmt-driven expression intone H1 in the presence of [g-32P]ATP. Histone phosphoryla-
the fission yeast demonstrated that SBA1 was function-tion was determined by autoradiography.
ally identical to the S. pombe wos2, efficiently suppressing
the cell cycle block caused by the overexpression of
Wee1-50, showing the same allele-specific interactionstional expression of wos2 driven by the nmt promoter

could not be sufficient to produce a significant effect in with cdc2 mutants, producing binucleate cells at higher
levels of expression, and complementing the heat-shockwild-type cells growing exponentially. To overproduce a

significantly higher level of Wos2, a strain containing sensitivity in a S. pombe strain with the endogenous wos2
gene deleted. We therefore conclude that wos2 andtwo copies of the nmt:wos2 construction (23 nmt:wos2)

Figure 6.—Genetic interac-
tions between wos2 and swo1.
Calcofluor and DAPI staining
of cells overproducing Wos2
(nmt:wos2 in media without thi-
amine), cells partially deficient
for Hsp90 activity (swo1-w1 at
258), and cells overproducing
Wos2 in a swo1-w1 background
(nmt:wos2 swo1-w1 without thia-
mine at 258). Flow cytometry
analyses (DNA content per
cell) of these cells are also
shown. Populations containing
2C, 4C, and 8C represent
mononucleate, binucleate, and
tetranucleate cells, respectively.
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nophilins and the acidic protein p23 (Johnson and
Toft 1994). The wos2 DNA sequence predicts a gene
product homologous to this p23 cochaperone. In addi-
tion to sequence identity, both p23 and Wos2 migrate
more slowly in denaturing gels than would be predicted
from their size (21 kD for Wos2), suggesting some
shared structural features (Johnson et al. 1994). Along
with a significant sequence and structural similarity,
Wos2 displayed biological properties previously de-
scribed for p23 in higher eukaryotes. For instance, it is
potentially regulated by phosphorylation (Figure 8); it
is heat shock related (Figure 2); and it is very abundant
and constitutively expressed in proliferating cells (Fig-
ure 3). Furthermore, the S. cerevisiae p23/Sba1 protein
works in S. pombe as a functional homologue to Wos2.
Taken together, these data indicate that Wos2 is a fission

Figure 7.—Physical association of Wos2 and Cdc2 deter- yeast homologue of vertebrate p23 proteins.
mined by coimmunoprecipitation assays from labeled proteins

The p23 cochaperone was first identified in associa-synthesized in reticulocyte extracts. (A) Immunoprecipitation
tion with the progesterone receptor (Smith et al. 1990),of Wos2 and/or Cdc2 using anti-Wos2 or anti-Cdc2 from ex-

tracts containing Wos2, Cdc2, or both proteins, as indicated. and was later shown to be an Hsp90-binding protein
The anti-Wos2 identified a single Wos2 protein. The anti-Cdc2 (Johnson et al. 1994). More recently, p23 has also been
recognized Cdc2 and two additional truncated polypeptides, found to associate via Hsp90 with other proteins includ-
generated by translation of cdc2 mRNAs from internal methio-

ing transcription factors, heme-regulated eIF-2alpha ki-nine codons. (B) Immunoprecipitation of Wos2, Cdc2, and/
nase, and viral reverse transcriptase (Nair et al. 1996;or Cdc13 proteins with anti-Wos2 or anti-Cdc13 from mixed

extracts containing Wos2 and Cdc13 or Wos2, Cdc2, and Hu et al. 1997; Xu et al. 1997). The synthetic cell cycle
Cdc13, as indicated. defects caused by overproduction of Wos2 in specific

Wee1 and Cdc2 mutants (Figure 1 and Figure 4) provide
direct evidence that p23 also interacts with these twoSBA1 are functionally homologous. This fact, joint to
cell cycle kinases.the in vivo interaction of wos2 with a Drosophila Cdc2

Such interaction led to loss of wee1-50 activity but theprotein, suggests that the described function for wos2
effect on Cdc2 was different. In this later case, overex-may be universal in eukaryotic cells.
pression of wos2 allowed for normal levels of Cdc2 kinase
(Figure 5), but impeded Cdc2 functions required for

DISCUSSION the cell to undergo mitosis and cytokinesis in specific
Cdc2 mutant backgrounds (Figure 4). Phenotypes ofHsp90 is an abundant and highly conserved molecu-
nmt:wos2 cdc2-M26 synthetic lethal mutants resembledlar chaperone. It exists in several discrete subcomplexes
phenotypes displayed by dominant lethal mutants inthat together comprise the Hsp90 chaperone machin-
cdc2 that identify Cdc2 regulatory elements (Labib et al.ery. One of these subcomplexes contains several immu-
1995). We suggest that Wos2 interferes with regulatory
functions in the Cdc2 complex. In agreement with this
observation, other yeast Hsp90 cochaperones such as
Ydj1, Cdc37, Cpr7, and Sti1 emerge as important ele-
ments in the cell cycle control and regulation of CDK
activity (Xu and Lindquist 1993; Gerber et al. 1995;
Kimura et al. 1995, 1997; Duina et al. 1996; Weisman
et al. 1996; Yaglom et al. 1996; Chang et al. 1997).

The p23 protein has been characterized as a compo-
nent of many Hsp90-containing heterocomplexes, and
consequently, interactions of p23 with target proteins
are thought to occur indirectly via its association toFigure 8.—In vitro phosphorylation of Wos2 protein. His-
Hsp90 (Bohen 1998). However, it has been shown thattone H1 and [g-32P]ATP were added to anti-Wos2 immunopre-

cipitates from wild-type cells (wos2) or from cells deleted for purified p23 can bind independently to target polypep-
wos2 (Dwos2) to assay for protein phosphorylation. Proteins tides (Bose et al. 1996; Freeman et al. 1996). Our in
were separated on SDS-polyacrylamide gel and the amount vitro analysis is also consistent with a physical interaction
of Wos2 was determined by Western blot analysis (a), protein

between Wos2 and Cdc2 (Figure 7). Thus, p23 couldphosphorylation was determined by autoradiography (b), and
exist in Hsp90 complexes, but this cochaperone itselfCoomansie blue staining was used to visualize the added H1

histone (c). could also interact with specific polypeptides. Interest-
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ingly, the excess of Wos2 showed phenotypes and allele-
specific interactions identical to mutants with reduced
activity in the swo1-encoded Hsp90 chaperone (Aligue
et al. 1994; Muñoz and Jimenez 1999), suggesting that
Wos2 could compete binding of Hsp90 to common tar-
get substrates. Thus, the allele-specific interaction of
Wos2 with Cdc2 may reflect a less tight interaction be-
tween mutant Cdc2-M26 and Cdc2-33 proteins with
Hsp90 complexes (more easily perturbed by Wos2). The
synthetic lethality caused by the excess of Wos2 in a
Hsp90-deficient background is in agreement with this
suggestion (Figure 6). Furthermore, incubation of these
two cdc2 alleles at 368 for 4 hr disassembles the mitotic
Cdc2 machinery, while this treatment had no effect on
other cdc2 ts alleles (Broek et al. 1991), indicating that
Cdc2 complexes are particularly dependent on chaper-
one proteins in these two cdc2 alleles. Both mutations lie
in the central region of Cdc2 containing the regulatory
thr167 residue (MacNeill et al. 1991). Phosphorylation
of this residue is essential to enhance cyclin binding
and drive the conformational changes that result in
maximal kinase activation (Russo et al. 1996). Interest-
ingly, certain mutations in this thr167 residue resemble
the phenotype of yeast cells overproducing Wos2 in
Cdc2-33 or Cdc2-M26 mutant backgrounds (Gould et
al. 1998).

In wild-type cells higher levels of wos2 overexpression
were required to display a cell cycle deficiency, but in
this genetic background it caused an early G1 block and
impeded cell separation. This Wos2-mediated interfer-
ence suggests that G1 regulatory elements also require
the activity of a p23-Hsp90 complex in S. pombe cells. In
budding yeasts, Cdc37 is required for the association of
Cdc28/Cdc2 with multiple cyclins (Gerber et al. 1995),
and Ydj1 has a direct role in the phosphorylation of the
G1 cyclin Cln3 by Cdc28 (Yaglom et al. 1996). Thus,
Wos2 could also interfere with the assembly of Cdc2
with S. pombe G1 cyclins. Consistent with this idea, the
G1 arrest caused by overexpression of wos2 displayed a
phenotype similar to that described for S. pombe cells
disrupted for the cig1 and cig2 genes (Connolly and
Beach 1994). Conflicting data for cig1 and cig2/cyc17
have obscured the function of these proteins, but cig2/
cyc17 emerges as a G1 cyclin (Martin-Castellanos et

Figure 9.—DAPI staining (A) and flow cytometry analysis al. 1996; Mondesert et al. 1996).
(B) of S. pombe cells harboring two copies of the nmt:wos2 Loss of the SBA1-encoded p23 protein in buddingconstruction under repressed (1thiamine) and derepressed

yeasts did not result in any growth phenotype, indicating(2thiamine) conditions. Cells are as wild type in the presence
that this Hsp90 cochaperone is dispensable under nor-of thiamine, but in media lacking this vitamin wos2 produces

abnormal cells containing 1, 2, or 4 nuclei with a 1C DNA mal growth conditions (Fang et al. 1998). This result
content each. Cells with many nuclei may be also found (top contrasts with the relative importance of Hsp90 for cell
micrograph). Microtubule array was also analyzed in these growth (Borkovich et al. 1989). In our study, we havewos2-arrested cells (C) using monoclonal anti-a-tubulin serum

shown that S. pombe cells lacking Wos2 were heat-shockto localize microtubule (left) and DAPI to visualize nuclei
sensitive (Figure 2), revealing for the first time an in(right); (DAPI was also used in the a-tubulin staining).
vivo role for p23/Wos2 in the stress response. In vitro
chaperone assays have shown that purified p23 main-
tains early unfolded proteins in a folding-competent
state, but in contrast to Hsp90, this cochaperone is un-
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Muñoz, M. J., and J. Jimenez, 1999 Genetic interactions between Smith, D. F., L. E. Faber and D. O. Toft, 1990 Purification of
unactivated progesterone receptor and identification of novelHsp90 and the Cdc2 mitotic machinery in the fission yeast Schizo-

saccharomyces pombe. Mol. Gen. Genet. 261: 242–250. receptor-associated proteins. J. Biol. Chem. 265: 3996–4003.
Smith, D. F., W. T. Sullivan, T. N. Marion, K. Zaitsu, B. Madden etNair, S. C., E. J. Toran, R. A. Rimerman, S. Hjermstad, T. E. Smith-

gall et al., 1996 A pathway of multi-chaperone interactions al., 1993 Identification of a 60-kilodalton stress-related protein,
p60, which interacts with hsp90 and hsp70. Mol. Cell. Biol. 13:common to diverse regulatory proteins: estrogen receptor, fes

tyrosine kinase, heat shock transcription factor HSF1 and the 869–876.
Thode, G., J. A. G. Ranea and J. Jimenez, 1996 Search of ancientarylhydrocarbon receptor. Cell Stress Chap. 1: 237–249.

Nasmyth, K., and P. Nurse, 1981 Cell division cycle mutants altered patterns in protein sequences. J. Mol. Evol. 42: 224–233.
Weisman, R., J. Creanor and P. Fantes, 1996 A multicopy suppres-in DNA replication and mitosis in the fission yeast Schizosaccharo-

myces pombe. Mol. Gen. Genet. 182: 119–124. sor of a cell cycle defect in S. pombe encodes a heat shock-
inducible 40 kDa cyclophilin-like protein. EMBO J. 15: 447–456.Nurse, P., 1990 Universal control mechanism regulating onset of

M-phase. Nature 344: 503–508. Wright, A., K. Maundrell, W. D. Heyer, D. Beach and P. Nurse,
1986 Vectors for the construction of gene banks and the integra-Nurse, P., P. Thuriaux and K. Nasmyth, 1976 Genetic control of

the cell division cycle in the fission yeast Schizosaccharomyces pombe. tion of cloned genes in Schizosaccharomyces pombe. Plasmid 15:
156–158.Mol. Gen. Genet. 146: 167–178.

Park, M., C. Yong Kang and P. Krishna, 1998 Brassica napus hsp90 Xu, Y., and S. L. Lindquist, 1993 Heat-shock protein hsp90 governs
the activity of pp60v-src. Proc. Natl. Acad. Sci. USA 90: 7074–7078.can autophosphorylate and phosphorylate other protein sub-

strates. Mol. Cell Biochem. 185: 33–38. Xu, Z., J. K. Pal, V. Thulasiraman, H. P. Hahn, J. J. Chenand et
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