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Weel protein kinase regulates the length of G, phase
by carrying out the inhibitory tyrosyl phosphorylation
of Cdc2—cyclin B kinase. Mutations were isolated
that suppressed the G, cell cycle arrest caused by
overproduction of Weel. One class of swo (suppressor
of weel overproduction) mutation, exemplified by swo -
26, also caused a temperature sensitive lethal phenotype
in a weel™ background. The swol® gene encodes a
member of the Hsp90 family of stress proteins. Swol
is essential for viability at all temperatures. Swol co-
immunoprecipitates with Weel, showing that the two
proteins interact. The swol-26 mutant undergoes pre-
mature mitosis when grown at a semi-permissive tem-
perature. These data strongly indicate that formation
of active Weel tyrosine kinase requires interaction
with Swol, perhaps in a manner analogous to the
previously demonstrated interaction between Hsp90
and v-src tyrosine kinase. These observations demon-
strate a unexpected role for Hsp90 in cell cycle control.
Key words: cell cycle/heat shock protein/Hsp90/mitosis/
Weel

Introduction

Studies of the fission yeast Schizosaccharomyces pombe
have uncovered many of the key elements that regulate
the initiation of mitosis in eukaryotic organisms. Central
to this control mechanism is the Cdc2—cyclin B protein
kinase, which is directly responsible for activating events
of mitosis (reviewed by Nurse, 1990; Murray, 1993;
Dunphy, 1994). Cyclin B is destroyed at the end of each
cycle, thus preparation for the next M phase involves the
synthesis of new cyclin B and its association with Cdc2, the
catalytic subunit of the protein kinase. The Cdc2—cyclin B
kinase is maintained in a repressed state during interphase
due to phosphorylation of the Cdc2 subunit on Tyrl5
(Gould and Nurse, 1989). In fission yeast, the major Tyr15
kinase activity is provided by an ~107 kDa Weel protein
kinase (Russell and Nurse, 1987b; Lundgren et al., 1991;
Parker er al., 1992; McGowan and Russell, 1993), whereas
the predominant activity that dephosphorylates Tyrl5 is
provided by Cdc25 protein phosphatase (Russell and
Nurse, 1986; Dunphy and Kumagai, 1991; Gautier et al.,
1991; Millar et al., 1991; Lee et al., 1992). In S.pombe,
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the timing of mitosis is largely determined by the relative
activities of Cdc25 phosphatase and Weel kinase.

A major aim of current investigations is to understand
how the activities of Weel and Cdc25 are regulated. These
investigations have identified two mechanisms regulating
Weel. The Nim1 kinase is the key component of one of
these control processes. The gene encoding Niml was
first identified as a high copy suppressor of cdc25-22, a
temperature sensitive mutation of the gene encoding the
Tyrl5 phosphatase (Russell and Nurse, 1987a). Over-
expression of nim/* caused premature initiation of mitosis,
forcing cells to divide at half the size of the wild type
cells. Genetic studies indicated that Nim1 probably acted
as a negative regulator of Weel, an idea consistent with
the observation that wee/~ mutations also suppressed
cdc25-22. Subsequent biochemical experiments proved
that Nim1 inactivated Weel via direct phosphorylation of
the C-terminal catalytic domain (Coleman et al., 1993;
Parker et al., 1993; Wu and Russell, 1993). A second
mechanism that potentially regulates Weel was uncovered
by adding purified S.pombe Weel kinase to lysates made
from Xenopus laevis eggs (Tang et al., 1993). It was
noted that Weel became inactive in these lysates due to
phosphorylations occurring in the N-terminal domain. M-
phase lysates were most potent at inactivating Weel.
Recent studies have shown that endogenous Weel is
negatively regulated by phosphorylation during mitosis in
human cells (C.McGowan and P.Russell, submitted). These
studies suggest that inhibition of Weel activity, perhaps
via an indirect mechanism requiring Cdc2—cyclin B,
might play an important role in promoting the G,/M
transition.

In this study we have identified a process involved in
the positive regulation of Weel. A genetic screen was
designed that exploited the fact that overexpression of
Weel causes cell cycle arrest in G, phase. We reasoned
that recessive, extragenic suppressors of this phenotype
would include genes that play important roles in the
production of active Weel kinase. We report here that one
such gene is swol™, which encodes an Hsp90 homolog.
Our data strongly indicate that Swol is required for the
formation of active Weel tyrosine kinase.

Results

Genetic screen for swo mutants

Plasmid pWAU-50 has a copy of the temperature sensitive
weel-50 allele under the transcriptional control of the
powerful and constitutive adhl/* promoter (Russell and
Nurse, 1987b). Strain VG2, having an integrated copy of
pWAU-50, has a wee phenotype at 35°C, but undergoes
cell cycle arrest when incubated at 25°C. The strategy of
the swo (suppression of weel overexpression) genetic
screen was to select for mutations that suppressed the cdc
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Fig. 1. The swol-26 mutation suppresses cell cycle arrest caused by overexpression of weel-50. Cells of the genotypes adhl:weel-50 swol* (top),
adhl:weel-50 swol-26 (bottom right) and weel* swol-26 (bottom left) were streaked on YES plates and incubated at 25, 29 and 35°C as indicated.
The adhl:weel-50 swol™* cells undergo cdc arrest at 25°C, this phenotype is suppressed by swo/-26. The swol-26 mutation imparts a temperature

sensitive phenotype at 35°C.

arrest phenotype caused by overexpression of weel-50
in cells grown at 25°C. Approximately 107 VG2 cells
were plated onto YES medium and incubated at 25°C.
Approximately 500 colonies appeared, of which six were
clearly inviable when incubated at 35°C. Mapping studies
indicated that these mutations resided in two linkage
groups: swol (four alleles) and swo2 (two alleles). The
swol and swo2 mutations caused distinct phenotypes when
outcrossed into a wild type (i.e. weel ™) background. The
swol mutants exhibited a temperature sensitive lethal
phenotype, resulting in the cessation of division when
incubated at 35°C in liquid medium (Figures 1 and 2). In
solid medium the phenotype was somewhat different, in
that cells became swollen and eventually lysed. This might
be due to different osmotic properties of liquid and solid
medium. In contrast to swol' mutations, swo2 mutations
did not cause lethality in a weel* background. Instead,
swo2 mutants exhibited a wee phenotype at both 25 and
35°C, typical of weel~ loss-of-function mutations and
dominant, activating mutations of cdc2 such as cdc2-Iw
and cdc2-3w (Nurse, 1975; Thuriaux et al., 1978). Genetic
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linkage experiments established that swo2 mutations were
located at the cdc2 locus. Indeed, DNA sequence analysis
revealed that the swo2-2 mutation changed codon 67 from
TGT encoding cysteine to TTT encoding phenylalanine.
This mutation has been renamed cdc2-4w (MacNeill and
Nurse, 1993). The same mutation has also been isolated
as a extragenic suppressor of cdc25-22 (S.A.MacNeill,
PRussell and P.Nurse, unpublished data). Interestingly,
previous studies have shown that the cdc2-3w mutation
changes codon 67 to TAT encoding tyrosine (Carr et al.,
1989). Earlier studies have shown that cdc2-3w weel-50
cells undergo mitotic catastrophe at 35°C (Russell and
Nurse, 1987b) and the same is true for cdc2-4w weel-50
(MacNeill and Nurse, 1993).

The swo1* gene encodes an Hsp90 homolog

Genetic experiments demonstrated that the swol®
mutations were recessive and unlinked to cdc2*, cdc25™
or cdcl3™*. Efforts were made to clone swol* by rescue
of swol-26 with an S.pombe genomic DNA library made
in the plasmid pDW232. One of the plasmids which
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Fig. 2. Phenotype of swol-26 cells incubated at 35°C. Upon a
temperature shift from 25°C to 35°C, swo/-26 cells grown in liquid
medium cease division and become ovoid.

rescued swol-26, pPDW232-48, contained an ~7.5 kb insert
(Figure 3). A plasmid integration experiment demonstrated
that pDW232-48 integrated at the swol* locus. Trans-
formation with various subclones indicated that the swol™
gene was located inside a 3.2 kb BamHI— Pst] fragment
(Figure 3). DNA sequence analysis of this region revealed
an ~2.1 kb open reading frame encoding a 704 amino
acid protein with a predicted molecular weight of ~81 kDa.
(Figure 4). Homology searches revealed that Swol protein
was highly homologous to proteins of the Hsp90 family
(Lindquist and Craig, 1988). Swol was ~71% identical to
Saccharomyces cerevisiae Hsp82 and ~60% identical to
the human HSP90 gene product (Borkovich et al., 1989;
Soeda et al., 1989; Figure 5). Interestingly, previous
studies have indicated that Hsp90 plays a positive role in
the formation of active v-src tyrosine kinase, probably via
direct interaction (Brugge, 1986; Xu and Lindquist, 1993).
This suggested that Swol might have a similar role in the
production of active Weel tyrosine kinase.

Swo1 is essential for growth at all temperatures

Hsp90 proteins were first identified as abundant cytosolic
proteins that further increase in abundance in response to
heat shock or growth at elevated temperatures (Lindquist

Wee1 tyrosine kinase interacts with Hsp90
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Fig. 3. Map and subclone analysis of ~7.5 kb genomic DNA fragment
containing swol*. The arrow indicates the position of the swo/* open
reading frame and the direction of transcription. Map of the
swol::ura4™ construct used for gene disruption is also indicated.

CCA OCC CAA CCT CTA TCG CAA TCC AAA TRC CAA OCT TG TOG ATC OGC ACT ATT CIT TGR 60
GTT OCA TGT CCT TCC ACC ARA AAC CAG GGT TRG GGT TIT GGA ATG TIC GAG TTG CTIT TGT 120
TTA CAG AAT ATA AAC CAC CAT ACA QGT ACC CTC GOC ATC TRG CIC TCA AGT TAT TTA TRA 180
QCC ATT TCC CAC TRA GIT CCT TTG TTG AAC GCT TRA ARG ATT GIT CAT ACG TTT GRA CAT 240
ATT TRA AAT CAC GIT ATA GCT GAG AAG AAA ACC CCT TIT CAA GIR ATR AAA GIA TRT AAT 300
TAC TTA TTT TAC CCT TTA TRAT TRC GAA CTG TAC GAC TTRA ACC GGT TIT ATC TRT AAA TIC 360
CTT CAT TTT TCT TIG TTT TCG TIT TCA ATT TGA TIT CAT TRC AAA ATG TCG AAC ACA GAA 420

T E S
ACT TTC AMG TTT GAC TGG GAA ATC AGC CAG TTG ATG TCT TTA ATC ATC AAC ACT GIT TAT 480
T F K F D E S L S L I I N T V Y 25
TCT AAC AAG GAA ATT TTC CTT CGT GAG CTT ATT TOC AAC GCT TCC GAT GOC TTG GAC AAA 540
s K F L R E L I S N D K 45
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mmmmmmwmmmm@ammmmmcmmmzﬂo
S T E S V A A E N N A E S K M E E V D * 704
ATC AAA TGC ATC TAA 2535

Fig. 4. DNA sequence of swo/™*. The swol* open reading frame
encodes a 704 amino acid protein having a predicted molecular weight
of ~81 kDa. The GenBank accession number of this sequence is
L35550.
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MPEETQTQDQ PMEEEEVETF AFQAEIAQLM SLIINTFYSN KEIFLRELIS 50
e N GETF EFQABITOLM SLIINTVYEN KEIFLRELIS 36
MG e NTETF KFDWEISQIM SLIINTVYSN KEIFLRELIS 37

NSSDALDKIR YESLTDPSKL: DSGKELHINL IPNKQDRTLT IVRTGIGMTK 100
NASDALDKIR YQALSDPKQL ETEPDLFIRI TPKPEEKVLE IRDSGIGMTK 86
NASDALDKIR ¥QSLSDPHAL: DAEKDLFIRI TPDKENKILT IRDTGIGMIK 87

ADLINNLGTI AKSGTRAFME ALOAGADISM IGOFGVGEYS AYLVAEKVTV 150
AELINNLGTI AKSGTKAFME ALSAGADVSM IGOFGVGEYS LFLVADRVQOV 136
NDLINNLGVI AKSGTKOFME AAASGADISM IGORGVGEYS AYLVADKVQOV 137

ITKHNDREQY AWESSAGGSE TVRTDTGEP- MGRGTKVILH LKEDQTEYLE 199
ISKNNEDEDY IWESNAGGSE TVTLDEVNER IGRGIVLRLF LKDDOLEYLE 186
VSKHNDDEQY IWESSAGGSE TVTLDTDGPR LLRGTEIRLF MKEDJLQYLE 187

ERRIKEIVEK HSQFPIGYPIT LFVEKERDKE VSDDEAEEKE DKEEEKEKEE 249
EKRIKEVIKR HSEFVAYPIQO LLVTKEVEKE VPIPEEEKKD --EEKKDEDD 234
EKTIKDTVRK HSEFISYPIQ LVVTREVEKE VPEEEE--TE --EVKNEEDD 233

KESEDKPEIE DVGSDEEEEK KDGDKKKKKK: - IKEKYIDQOE! ELNKTKRIWT 298
K----KPKLE EV--DEEEEE ----KKPKTK KVKEEVQELE EINKTKPLWT 274
K----APKIE EV--DDESEK ----KEKKTK KVKETTTETE ELNKTKPIWT 273

RNEDDITNEE YGEFYKSLTN DWEDHLAVEH FSVEGOLEFR ALLFVPRRAP 348
RNPSDITORE YNAFYKSISN DWEDPLYVKH FSVRGOLEFR AILFIPKRAP 324
RNPSEVTKEE YASFYKSLTN DWEDHLAVKH FEVEGQOLEFR AILFVPRRAP 323

FDLFENRKKK: NNIKLYVRRV PIMONCEELI PEYINFIRGV VDSEDLPLNI 398
FDLFESKKKK NNIKLYVRRV FITDEAEDLI PEWLSFVKGV VDSEDLELNL 374
MDLFEAKREKK NNIKLYVRRV FITDDCEELI PEWLGFIKGV VDSEDLEPLNL 373

SREMLOQSKT  LKVIRKNLVK KCLELETELA EDKENYKKEY EQFSKNIKLG 448
SREMLOONKI MKVIRKNIVK KLIEAENEIA EDSEQFDKEY SAFPAKNIKLG 424
SREMLOONKI MKVIRKNLVR RCLDMFNEIA EDKENFKTEY DAFSKNLKLG 423

THEDSQONRKK LSELLRYYTS ASGDEMVSLK DYCTRMKENQ KHIYYITGET 498
VHEDTONRAA LAKLLRYNST KSVDELTSLT DYVIRMPEHQ KNIYYITGES 474
THEDAANRPA LAKLLRYNSL NSPDDLISLE DYITKMPEH( KNIYFITGES 473

KDQVANSAFV ERLRKHGLEV IYMIEPIDEY CVQOQLKEFEG KTLVSVTKEG 548
LKAVEKSPFL DALKAKNFEV LFLTDPIDEY AFTQLKEFEG KTLVDITKD- 523
KQAVENSPFL EIFRAKKFDYV LFMVDPIDEY AVTQLKEFEG KKLVNITKDG 523

LELPEDEEEK: KKQEEKKTKF ENLCKIMKDE LEKKVERKVVV SNRLVTSPCC 598
FELEETDEEK AEREKEIKEY EPLTKALKDI LGDQVERVVV SYKLLDAPAA 573
LELEETDEEK AAREKLEKEY EEFAKQLKTI LGDKVEKVVV SNKIVGSPCL 573

IVISTYGWTA NMERIMKAQA LRDNSTMGYM AAKKHLEINP DHSTIETLRQ 648
IRTGQFGWSA NMERIMKAQA LRDSSMSSYM SSKKTFEISP KSPIIIETKK 623
LTTGQYGWSA NMERIMKIKP SRDTSMSAYM SSRKTFEINP KSPIIAELKK 623

K-AEADKNDK SVEKDLVILLY ETALLSSGFS LEDPQTHANR IYRMIKLGLG 697
RVDEGGAQDK TVKDLTNLLF ETALLTSGFS LEEPTSFASR INRLISLGLN 673
KVEENGAEDR SVKDLATILY ETALLSSGET LHDPSAYAQR INRLISLGLS 673

IDEDDPT--- ADDTSAAVTE EMPP---LEG DDDTSRMEEV D 732
IDEDEETETA PEASTEAPVE EVP------- -— ADTEMEEV D 705
IDREEE---- ------ APIE EISTESVAAE NNAESKMEEV D 704

Fig. 5. Swol is highly homologous to Hsp82 proteins. Swol (bottom)
is aligned with a human HSP90 protein (top) and S.cerevisiae Hsp82
(middle). Identities between all three proteins are boxed. The
Schizosaccharomyces and Saccharomyces proteins are ~71% identical,
whereas the Schizosaccharomyces and human proteins are ~60%
identical. EMBL accession numbers are X15183 for the human gene
encoding HSP90 and M26044 for the S.cerevisiae gene encoding
Hsp82.

and Craig, 1988). Studies of the budding yeast S.cerevisiae
have shown that Hsp90 function is essential for growth
at all temperatures, but strains that are partially defective
for Hsp90 function are particularly sensitive to growth at
elevated temperatures (Borkovich et al, 1989). Since
Swol is an Hsp90 homolog, it was important to establish
whether the temperature sensitive property of swol-26
cells was due to intrinsic conditional loss of function of
swol-26 encoded protein at higher temperatures, as
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Dros. Hsp70 IGAATGTTC -AAAAG GC | ATAAA]

Schizo. Swol |[GAATGTTC TGCTT TT ATAAA]
Heat Shock TATAAA
Consensus Box

Fig. 6. DNA sequence homology in the promoter regions of swol™*
and a Drosophila hsp70 gene. Sequences corresponding to the heat
shock consensus sequence GAANNTTC (nucleotides 99-111 in Figure
4) are indicated.

opposed to an increased requirement for Swol protein
at elevated temperatures. To distinguish between these
possibilities, one copy of swol* was replaced with
swol::ura4” in a diploid strain (Figure 3). Random spore
analysis showed that all of the viable haploid cells derived
from this diploid were uracil auxotrophs, indicating that
the swol::ura4™ mutation caused lethality. This was also
true when spores were germinated at ~21°C.

Expression of swo1" is increased in response to
temperature elevation

Examination of the DNA sequences upstream of swol™
open reading frame revealed potentially significant
homology to the promoters of genes whose transcription
is increased in response to temperature elevation (Pelham,
1982). One of the best studied examples is the Drosophila
hsp70 gene (Amin et al.,, 1988). This gene contains the
heat shock consensus sequence NGAAN, beginning 26
nucleotides upstream of the TATA box. The crucial feature
of the heat shock consensus sequence is multiple GAA
blocks arranged in alternating orientations that are separ-
ated by two nucleotide intervals. As shown in Figure 6,
the swol* promoter region contains a perfect version of the
heat shock consensus sequence beginning 28 nucleotides
upstream of a TATA box. This homology suggested that
swol™ expression was likely to be increased in response
to temperature elevation.

In order to measure the level of Swol protein expression,
we constructed a strain in which the genomic copy of
swol* was tagged at the C-terminus with the ha epitope
(see Materials and methods). As shown in Figure 7,
Swolh was detected by immunoblotting as a ~90 kDa
protein. Confirmation that this protein was indeed Swol
was obtained using strains having a plasmid in which
expression of an epitope-tagged copy of swol* was under
the control of the thiamine-repressible nmt/ promoter. In
cells grown under derepressing conditions, Swol" was
detected as a prominent ~90 kDa protein (Figure 7A).
SwolM was not detectable when this strain was grown in
repressing medium.

The strain having the epitope-tagged genomic copy of
swol™ was grown at 25°C and then shifted to 35°C.
Samples were taken at regular intervals and analyzed by
immunoblotting (Figure 7B). This analysis showed that
the Swol™ protein signal increased continuously during
the 2.0 h time course of the experiment. Overall there
was an ~4-fold increase in Swolb signal.

The swo1-26 mutation suppresses cell cycle arrest
caused by overexpression of weel"

Having found that swo/* encodes an Hsp90 homolog,
which might have some ability to function as a molecular
chaperone (Jakob and Buchner, 1994), we tested the
possibility that swo/-26 would suppress cell cycle arrest
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Fig. 7. The level of Swol protein is elevated at higher temperatures.
(A) Extracts from strains expressing versions of Swol having the ha
epitope at the C-terminus were subjected to SDS—PAGE and
immunoblotting using an o-ha antibody (monoclonal 12CAS). Lane 1,
cells having a single integrated copy of swo/-ha; lane 2, cells
transformed with a plasmid having nmtl:swol-ha and grown in
repressing conditions (+thiamine); lane 3, cells transformed with a
plasmid having nmtl:swol-ha and grown in derepressing conditions
(~thiamine). Swol#@ is detected as a ~90 kDa protein in lanes 1 and 3.
(B) Cells having a single copy of swol-ha were and grown in YES
medium at 25°C were shifted to 37°C. Samples were taken for 2.5 h
following the shift and subjected to SDS—PAGE and immunoblotting
using an o-ha antibody. The level of Swol protein rose steadily during
the 2.5 h time course.

caused by overexpression of wild type Weel protein. To
address this question, swo/-26 was crossed into a strain
having an integrated copy of pREPWEEI(Enoch et al.,
1993). This plasmid has a copy of weel ™ under the control
of the thiamine-repressible nmt/ promoter. In a strain
background that is otherwise wild type, cells having
nmtl:weel* appear normal in medium containing thiamine
but undergo cell cycle arrest when cultured in medium

Wee1 tyrosine kinase interacts with Hsp90

lacking thiamine. As shown in Figure 8, this level of weel ™
overexpression is not lethal in a swo/-26 background.
This observation indicates that Swol protein function is
required for normal activity of both weel* and weel-50
gene products.

Partial loss of Swo1 activity advances mitosis in a

wild type background

Finding that swo/-26 suppressed the cell cycle arrest
caused by the overproduction of wild type Weel indicated
that Swol has a role in delaying the onset of mitosis in
wild type cells. To investigate this possibility, the size at
which swol-26 and wild type cells underwent mitosis and
septation was measured under several different conditions.
Grown in standard liquid YES medium at 25°C, the swol*
and swol-26 cells underwent division at nearly the same
size (14.0 + um and 13.2 + 0.9 pm, respectively; Table
I). At 29°C the swol-26 cells grew well but had a semi-
wee phenotype, dividing at 9.8 + 0.8 um compared with
14.1 + 0.5 um for swol™ cells. These data indicate that
partial loss of Swol activity advances the onset of mitosis,
consistent with a model in which Swol is required for
Weel activity.

In vivo physical interactions involving Wee1 and
Swo1

Having evidence indicating that Swol is required for the
formation of active Weel, we next inquired whether this
function involved close physical interactions between the
two proteins. Lysates from three strains transformed with
a plasmid having an epitope-tagged version of swol™
expressed from the nmt/ promoter were incubated with
a-Weel antibodies. One strain was VG2 (adhl:weel-50),
the second had a copy of weel* expressed from the nmtl
promoter (nmtl:weel™), and the third was a wild type
strain. The immunoprecipitations were carried out under
non-denaturing conditions in order to preserve inter-
molecular protein interactions. The antibodies and
precipitating proteins were then recovered using protein A,
electrophoresed by SDS—PAGE and then immunoblotted
using o-ha antibodies to detect Swo1. As shown in Figure
9, Swol" was readily detected in immunoprecipitates from
cells that were co-overexpressing Weel and Swol (lanes
4 and 6). Swol" was not detected in cells that did not
overexpress Weel, consistent with the extreme paucity of
Weel protein in wild type cells.

Wee1 protein is unstable in swo1-26 mutant cells
Our studies suggested that Swol might be required for
the formation of active Weel protein. To investigate this,
immunoblots of lysates from adhl:weel-50 swol* and
adhl:weel-50 swol-26 cells were probed with o-Weel
antibodies (Figure 10). The level of Weel protein was
reduced ~5- to 10-fold in swol-26 compared with swol™
cells. This suggests that Weel protein is abnormally
unstable in swo/-26 cells, which could account in part for
the rescue of weel-50 and weel ™ overexpression by swol-
26. Longer exposures of this immunblot showed that the
level of Weel protein in the adhl:weel-50 swol-26 cells
was still much higher than in wild type cells (data not
shown), consistent with estimations of a 50- to 100-fold
overproduction of Weel in adhl:weel-50 cells.
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Fig. 8. The swo/-26 mutation suppresses cell cycle arrest caused by
overexpression of weel ™. Cells of the genotypes nmtl:weel* swol*
(top) and nmtl:weel™* swol-26 were streaked on EMM plates with or
without thiamine as indicated and then incubated at 25°C. In medium
lacking thiamine, nmtl:weel* swol* underwent cell cycle arrest due
to overproduction of Weel; this phenotype was suppressed by
swol-26.
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Table 1. Cells having the swo/-26 mutation undergo cell division at a
reduced cell size when grown at intermediate temperatures in YES
medium

Size of cell (um)
25°C 29°C

swol* 1
swol-26 1

w A

.0+ 0.
2+ 0.

o>
%o —
[+1+

5
9

I+1+

nmti:weelt adh1:weel-50
nmt1:swo1t  nmti:swo1t nmti:swot*

nmt1 promoter ‘7off on ‘ ’ off on H off on I

-200 kDa
-97
- w=» -Swol
-
— B9
-46
1 2 3 4 5 6

Fig. 9. Co-immunoprecipitation of Swol and Weel proteins. Cells
having the genotype weel™*, nmtl:weel* or adhl:weel-50 were
transformed with a plasmid having nmt!:swol-ha and grown under
conditions in which the nmt/ promoter is repressed (off) or
derepressed (on). Weel protein was isolated by immunoprecipitation
using o-Weel antibody. Immunocomplexes were subjected to
SDS—PAGE and immunoblotting using an c-ha antibody. Swo1"® was
detected in samples in which Weel protein was overproduced (lanes 4
and 6).

Discussion

The key conclusion to emerge from these studies is that
the formation of active Weel protein kinase requires an
interaction with Swol, an Hsp90 homolog. This conclusion
is supported by several different types of evidence. (i)
Wild type Swol activity is required for the cell cycle
arrest phenotype caused by overexpression of both weel-
50 and weel™. (ii) The swol-26 mutation causes a semi-
wee phenotype in a weel™ background, indicative of
advancement of mitosis that is most probably due to
partial loss of Weel activity. (iii) The abundance of Weel
protein in a strain that overexpresses wee/-50 is greatly
reduced in a swo/-26 background. (iv) An in vivo inter-
action involving Weel and Swol is detected by co-
immunoprecipitation. These findings are most consistent
with the conclusion that the production of active Weel
requires a physical interaction with Swol.

This is not the only evidence indicating that Hsp90
proteins are required for formation of active protein
tyrosine kinases. The first suggestion of this phenomena
came from the observation that newly synthesized cyto-
plasmic forms of v-src tyrosine kinase are found in a
protein complex that includes Hsp90 (Brugge, 1986). This
form of v-src tyrosine kinase has low activity compared
with that found in the plasma membrane which has
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Fig. 10. Weel protein levels are greatly reduced in swol-26 cells.
Lysates from swol™ adh:weel-50 and swol-26 adh:weel-50 cells
grown at 25°C or 32°C were subjected to SDS—PAGE and
immunoblotting with a-Weel antibody. Full-length (~107 kDa) and
presumptive breakdown products of Weel are readily detected only in
the swol™ strain background.

disassociated from Hsp90. It was more recently shown
that mutations that reduce Hsp90 levels in S.cerevisiae
relieve the toxicity caused by high levels of v-src expres-
sion (Xu and Lindquist, 1993). Reduced Hsp90 levels
also reduced the level of v-src protein as detected by
immunoblotting. These observations strongly suggested
that the interaction between pp60¥-*" and Hsp90 is part
of the normal process by which newly translated v-src
protein product is converted to an active tyrosine kinase.
More recently, a mutation of a Drosophila Hsp90 gene
was discovered as an enhancer of sevenless, which encodes
a receptor tyrosine kinase (Cutforth and Rubin, 1994).
The mechanism by which partial loss of Hsp90 activity
enhance sevenless mutations is unknown, but it is reason-
able to speculate that it involves a direct interaction
between Hsp90 and Sevenless.

It is important to understand that most protein tyrosine
kinases do not appear to require interactions with Hsp90.
In the S.cerevisiae studies mentioned above, it was also
shown that the activity of pp160¥-* and pp60°" tyrosine
kinases were unaffected by reduction of Hsp90 levels (Xu
and Lindquist, 1993). Thus, although Swol must have
essential functions that are unconnected to Weel, because
Swol is essential for viability, whereas Weel is not, it is
unlikely that Swol is generally required for the activity
of a large number of protein kinases in S.pombe. At
present there is no obvious common denominator that
discriminates between tyrosine Kinases that interact with
Hsp90 and those that do not. In fact, Weel is extremely
different from the v-src and sevenless kinases, having
closer sequence homology to serine/threonine kinases than
to tyrosine kinases. Weel is also predominantly a nuclear
protein (R.Aligue and P.Russell, manuscript in prepara-
tion), whereas v-src kinase is attached to the plasma
membrane and sevenless gene product is a transmembrane
receptor tyrosine kinase.

Wee1 tyrosine kinase interacts with Hsp90

The in vivo cellular functions of Hsp90 proteins are
beginning to be understood. At the most basic level,
Hsp90 proteins appear to be essential for viability at all
temperatures. In S.cerevisiae, two genes encode Hsp90
isotypes. Disruption of either gene compromised the ability
to grow at elevated temperatures, whereas simultaneous
disruption of both genes was lethal (Borkovich et al.,
1989). The data presented here show that a single Hsp90-
encoding gene is essential for viability in S.pombe. This
conclusion is supported both by a gene disruption experi-
ment and the conditional lethal phenotype of the swol'
mutants. Recent studies have suggested that Hsp90
possibly acts as ATP-independent molecular chaperone
involved in protein folding (Jakob and Buchner, 1994).
Roughly stoichiometric amounts of Hsp90 had a moderate
ability to prevent the aggregation of unfolded citrate
synthetase during refolding (Wiech et al., 1992). Similar
data were obtained in refolding studies involving MyoD
(Shaknovich et al., 1992).

Hsp90 is a very abundant cytosolic protein in eukaryotic
cells. In vivo it has been found to interact with several
proteins, including calmodulin, actin, tubulin, several
kinases and steroid receptors (Lindquist and Craig, 1988).
Although in most cases the physiological significance of
these interactions remains to be determined, there is
convincing evidence that Hsp90 plays a crucial role in
the function of steroid receptors (Bohen and Yamamoto,
1993). Steroid receptors function to regulate transcription
in response to extracellular signals, they do this by
shuttling between the cytoplasm and the nucleus. Hsp90
appears to bind newly synthesized receptors and thereby
makes them competent to bind steroids. Steroid binding
leads to disassociation of Hsp90 and receptor dimerization.
Thus, Hsp90 is physically associated with inactive forms
of the receptor, but it is required for receptor activation.

The shuttling of steroid receptors between the nucleus
and cytoplasm suggests a possible explanation for a
paradox involving Weel. In human cells, immunofluores-
cence studies have shown that Weel is predominantly a
nuclear protein, whereas its substrate, Cdc2—cyclin B, is
predominantly cytoplasmic (C.McGowan and PRussell,
submitted). Recent studies have shown that the single
WEE] gene that has been discovered in humans accounts
for >90% of the Cdc2—cyclin B directed tyrosine kinase
activity that can be measured in HeLa cell lysates
(C.McGowan and P.Russell, submitted). Thus the paradox
of the different intracellular localizations of Weel and
Cdc2—cyclin B probably cannot be explained by sug-
gesting the existence of other Weel-like enzymes. The
most likely explanation involves nuclear/cytosolic
shuttling of either Weel or Cdc2—cyclin B. Preliminary
studies have shown that Weel rapidly leaks from the
nucleus during standard cell fractionation procedures,
showing that Weel is not tethered in the nucleus
(C.McGowan and P.Russell, submitted). This leaves open
the possibility that Weel shuttles from the nucleus to
phosphorylate Cdc2—cyclin B in the cytoplasm. One
might further speculate that Weel could be subject to
negative regulation while in the cytoplasm and require an
interaction with Swol in order to be effectively transported
back into the nucleus. In S.pombe the situation is a little
different, in that Cdc2—cyclin B has been reported to be
exclusively nuclear (Alfa et al., 1989, 1990). It will be
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important to determine whether Weel shuttles between
the nucleus and cytoplasm in fission yeast, as this could
be an important feature of the mitotic control process.

Materials and methods

General genetic and physiological methods

Schizsaccharomyces pombe strains used in this study were all isogenic
derivatives of wild type 972 A~ (Mitchison, 1970). Unless indicated all
were leul-32 and ura4-DI18. YES and EMM2 media were used in
growing S.pombe cells (Moreno et al., 1991). Cell size measurements
were performed using an eyepiece micrometer at 1500X magnification.

Screen for swo mutants

S.pombe genetic methods and media have been described (Moreno et al.,
1991). Strain VG2 [adhl:weel-50(ura4™) weel-50 leul-32 ura4-D18
h™], having a copy of pWAU-50 integrated at the weel-50 locus, has
also been previously described. Log phase VG2 cells grown at 35°C
were plated on 85 mm YES plates at a density of ~10° cells per plate.
The plates were incubated at 25°C for 7 days and then ~500 colonies
were picked and patched onto YES plates and incubated at 25°C. Six
colonies that were unable to grow at 35°C were identified by replica
plating. The six mutant strains were crossed to a leu/-32 ura4-D18 h*
strain to generate both mating types of swo mutants in weel/* and
adhl:weel-50(ura4*) weel-50 backgrounds. Genetic linkage experi-
ments established that the six mutants identified two linkage groups:
swol (alleles 12, 21, 25 and 26) and swo2 (alleles 2 and 3). Alleles of
swol were found to cause a temperature sensitive lethal phenotype at
35°C, whereas swo/ alleles caused a wee phenotype at all temperatures.
Mutants swo/-26 and swo2-3 were crossed to cdc2-33, cdcl3-117 and
cdc25-22 strains. Wild type recombinants were obtained in all crosses
except swo2-3Xcdc2-33.

Plasmid and strain constructions

The swol open reading frame was amplified by PCR from an S.pombe
cDNA library (Fikes et al., 1990), using the primers 5'-CACCATATGT-
CGAACACACAGAAACT incorporating an Ndel site (italicized) and
5'-TATGCGGCCGCCATCGACTTCCTCCATCTT incorporating a Notl
site (italicized). PCR amplification generated a 2.2 kb DNA fragment
that was cleaved with Ndel and Norl and cloned into a modified form
of pREP1 (Maundrell, 1993). This form of pREPI adds two copies of
the ha epitope followed by six consecutive histidine residues to the C-
terminus of proteins encoded by genes clones as Ndel —Notl fragments.
The resulting plasmid, pREP1HaH:swol, was transformed into leul-32
strains. The epitope-tagged version of swol was subsequently mobilized
as a 2.3 kb Ndel—BamHI fragment into a ura4* containing plasmid and
then integration at the swo/ ™ locus was directed by digesting the plasmid
at the Xhol site located in the swol* open reading frame. This generated
a chromosomal copy of epitope-tagged swol™ whose expression was
driven by the swol* promoter.

Immunoprecipitation and immunoblot analysis
For immunoprecipitation, adh:weel-50 nmt:swol* cells were grown in
selective medium to early log phase (ODgy = 0.5-0.6), collected by
centrifugation and washed with ice-cold TBS. Cell pellets of 50 OD
units of cells were resuspended in 1 ml of lysis buffer consisting of 1%
Nonidet P-40, 50 mM NaF, 10 mM sodium pyrophosphate, 250 mM
NaCl, 10% glycerol, 2 mM PMSF, aprotinin (5 pg/ul), pepstatin (5 ug/
ul), leupeptin (5 mg/ul) and 50 mM Tris—HCI, pH 7.2. Soluble proteins
were extracted by vortexing with glass beads for 5 min at 4°C. Lysates
were clarified by centrifugation for 15 min at 14 000 g. Weel antibody
was bound to protein A—Sepharose (PAS) by mixing 60 ul of o-Weel
serum to 1 ml of 10% PAS in RIPA buffer (137 mM NaCl, 10% glycerol,
0.1% SDS, 0.5% Sodium deoxycholate, 1% Triton X-100, 2 mM EDTA,
20 mM Tris—HCI, pH 7.4) Cell lysates and o-weel-PAS were mixed
for 3 h at 4°C. After incubation, samples were washed three times with
RIPA buffer. Immunoprecipitated proteins were extracted from the beads
by solubilization in 2X SDS sample buffer (6% SDS, 10% glycerol, 4%
mercaptoethanol and 125 mM Tris—HCI, pH 6.8) at 100°C for 5 min.
For immunoblotting, proteins were resolved on 5-15% SDS—
polyacrylamide gel and transferred to nitrocellulose filters using a semi-
dry blotting apparatus. The nitrocellulose was blocked in TBS buffer
(20 mM Tris pH 8.0, 150 mM NaCl and 0.3% Tween) containing 5%
dried milk and incubated with o-ha antibody (12CAS5, 1:2000 dilution)
or o-Weel affinity-purified antibody (1:500 dilution) in 3% dried milk
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TBS. After washing with TBS, the blot was incubated in HRP-conjugated
goat o-mouse or o-rabbit antibody. Immunodetection was performed
using an enhanced chemiluminescence (ECL) system (Amersham).
Signals were quantitated using a Molecular Dynamics Densitometer.
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