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Spcl in Schizosaccharomyces pombe is a member of the stress-activated protein kinase
family, an evolutionary conserved subfamily of mitogen-activated protein kinases
(MAPKSs). Spcl is activated by a MAPK kinase homologue, Wisl, and negatively regu-
lated by Pyp1 and Pyp2 tyrosine phosphatases. Mutations in the spc1* and wis1™ genes
cause a G, cell cycle delay that is exacerbated during stress. Herein, we describe two
upstream regulators of the Wis1-Spcl cascade. wikl ™ (Wis1 kinase) was identified from
its homology to budding yeast SSK2, which encodes a MAPKK kinase that regulates the
HOGI osmosensing pathway. Awikl cells are impaired in stress-induced activation of
Spcl and show a G, cell cycle delay and osmosensitive growth. Moreover, overproduc-
tion of a constitutively active form of Wikl induces hyperactivation of Spcl in a wis1™-
dependent manner, suggesting that Wikl regulates Spcl through activation of Wisl. A
mutation of mcs4™ (mitotic catastrophe suppressor) was originally isolated as a suppres-
sor of the mitotic catastrophe phenotype of a cdc2-3w weel-50 double mutant. We have
found that mcs4 ™ cells are defective at activation of Spcl in response to various forms of
stress. Epistasis analysis has placed Mcs4 upstream of Wikl in the Spcl activation
cascade. These results indicate that Mcs4 is part of a sensor system for multiple envi-
ronmental signals that modulates the timing of entry into mitosis by regulating the
Wik1-Wis1-Spcl kinase cascade. Inactivation of the sensor system delays the onset of

mitosis and rescues lethal premature mitosis in cdc2-3w weel-50 cells.

INTRODUCTION

Recent progress in the study of eukaryotic cell cycle
regulation has succeeded in attributing the initiation
of mitosis to a biochemical process, activation of Cdc2-
cyclin B protein kinase complex. During interphase,
Cdc2-cyclin B activity is maintained at a low level due
to inhibitory phosphorylation carried out by Weel
and related protein kinases. Activation of Cdc2-cyclin
B at the G,-M boundary is performed by Cdc25 phos-
phatase, which removes inhibitory phosphates from
Cdc2 (Dunphy, 1994). Genetic analysis in the fission
yeast Schizosaccharomyces pombe has played a leading
role in the identification of Cdc2, Cdc25, Weel, and
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other key regulators of mitosis, in large part because
growth and division of S. pombe cells are tightly cou-
pled and, therefore, defects in cell cycle regulation are
often easily visualized as changes in cell size. G, cell
cycle arrest caused by loss of functional Cdc2 or Cdc25
produces a highly elongated cell morphology,
whereas cells carrying weel ™ or dominant cdc2-w mu-
tations divide at a shorter cell length than wild-type
cells, producing the wee phenotype. Combinations of
cdc2-3w and temperature-sensitive weel-50 mutation
or overproduction of Cdc25 in weel-50 mutant cells
bring about a more extreme version of the wee phe-
notype known as mitotic catastrophe (Russell and
Nurse, 1986, 1987b). The lethality observed in cells
undergoing mitotic catastrophe is believed to result
from the uncoupling of the onset of mitosis from the
completion of DNA replication.
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Several genetic screens have been performed to
identify additional regulators of the central cell cycle
machinery in fission yeast. A number of candidate cell
cycle regulatory genes have been found, although the
biochemical mechanisms by which most of them func-
tion remain largely unknown. Two notable exceptions
are Nim1 and Mik1 protein kinases. Nim1 kinase, also
known as Cdrl (Russell and Nurse, 1987a; Feilotter et
al., 1991), promotes mitosis by performing inhibitory
phosphorylation of Weel (Coleman et al., 1993; Parker
et al., 1993; Wu and Russell, 1993). Mikl was first
identified as a multicopy suppressor of cdc2-3w
weel-50 mitotic catastrophe, subsequent studies
showed that Mik1 is a functional homologue of Weel
(Lundgren et al., 1991; Lee, M.S. et al., 1994). Mutants
lacking Mik1 activity have no phenotype, but simul-
taneous mutational inactivation of Weel and Mik1
causes mitotic catastrophe, showing that Weel and
Mik1 share an essential function in preventing lethal
premature activation of Cdc2-cyclin B kinase. Six mcs
genes were identified as extragenic suppressor muta-
tions of the mitotic catastrophe phenotype in a
cdc2-3w weel-50 double mutant (Booher and Beach,
1987; Molz et al., 1989). Only mcs2™ and mcs6™ genes
have been cloned so far: mcs2” encodes a protein
related to cyclins (Molz and Beach, 1993), and mcs6™,
also known as crk1™ and mopl™, encodes a protein
kinase that forms a functional complex with Mcs2
(Buck et al., 1995; Damagnez et al., 1995). The mcs4*
gene, defined by the single recessive allele mcs4-13, is
of particular interest, because mcs4-13 cells exhibit a
nutrition-sensitive cell cycle delay in G,. Growth of
mcs4-13 cells in synthetic minimal medium leads to a
significant cell elongation that is not observed with
mcs4-13 cells grown in rich yeast extract medium,
implying a role for mcs4™ gene product in mediating a
nutritional signal to the cell cycle machinery (Molz et
al., 1989).

Recently, a group of mitotic regulator genes in S.
pombe were shown to encode elements of a stress and
nutrient-sensing signal transduction pathway. These
include wis1* (Warbrick and Fantes, 1991, 1992),
pypl™ (Ottilie et al., 1991), p_yp2+ (Millar et al., 1992;
Ottilie et al., 1992), and spc1™ /styl™* /phh1* (Millar et
al., 1995; Shiozaki and Russell, 1995a; Kato et al., 1996).
The studies leading to the discovery of wis1*™ were
rooted in the observation that cdc25™ mutations, in
particular the temperature-sensitive cdc25-22 allele,
are suppressed by weel ~ mutations (Fantes, 1979; Rus-
sell and Nurse, 1986). A mutation, winl-1, was found
to reverse the suppression of cdc25-22 by weel ™ mu-
tations (Ogden and Fantes, 1986). Interestingly, the
winl-1 effect was specific for cells grown in synthetic
minimal medium, cdc25-22 weel™ winl-1 cells incu-
bated at the restrictive temperature underwent cell
cycle arrest in minimal medium but were viable in rich
medium. The wisl™ gene was one of five multicopy
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suppressors of the cdc25-22 weel™ winl-1 cell cycle
defect (Warbrick and Fantes, 1991). wis1™ encodes a
protein kinase most similar to Saccharomyces cerevisiae
Pbs2p, a mitogen-activated protein kinase kinase
(MAPKK) homologue that functions in the osmosens-
ing pathway (Boguslawski, 1992; Brewster et al., 1993).
Wisl phosphorylates and activates a mitogen-acti-
vated protein kinase (MAPK) encoded by spcl™, a
gene also known as styl™ and phh1™, which belongs to
a family of evolutionary conserved stress-activated
protein kinases including S. cerevisize Hog1 (Brewster
et al., 1993), murine p38 (Han et al., 1994), human
CSBP1 (Lee, J. et al., 1994), and Xenopus Mpk2 (Rouse
et al., 1994). The Wis1-Spcl MAPK cascade is activated
by high osmolarity, oxidative stress, heat shock, and
nutritional limitation by nitrogen starvation or growth
in synthetic minimal medium (Millar et al., 1995;
Shiozaki and Russell, 1995a; Degols et al., 1996;
Shiozaki and Russell, 1996). Loss of functional wis1™*
or spcl* leads to a G, cell cycle delay, which is accen-
tuated under stress conditions and in minimal me-
dium (Warbrick and Fantes, 1991; Millar et al., 1995;
Shiozaki and Russell, 1995a). On the other hand, pyp1~
and pyp2~ mutants undergo advanced initiation of
mitosis (Millar et al., 1992; Ottilie et al., 1992) because
of high Spcl activity (Shiozaki and Russell, 1995a;
Degols et al., 1996). It has been proposed that the
Wis1-Spcl pathway links the control regulating the
onset of mitosis with changes in the extracellular en-
vironment that affect cell physiology.

The upstream components regulating the Wis1-Spcl
pathway in response to environmental signals have
not been identified. In S. cerevisiae, the Pbs2p-Hoglp
pathway is activated by Ssk2p/Ssk22p MAPKK ki-
nases (MAPKKKSs), which are under the regulation of
a two component osmosensor composed of SInlp his-
tidine kinase, Ypd1p, and a response regulator, Ssk1p
(Maeda et al., 1994; Posas et al., 1996). Pbs2p is also
regulated by Sholp, which contains a SH3 domain
that is believed to directly interact with the N-terminal
region of Pbs2p (Maeda et al., 1995). However, unlike
the fission yeast Spcl pathway, the Hogl pathway in
budding yeast is reported to be unresponsive to forms
of stress other than high osmolarity (Schiiller et al.,
1994) and is not implicated in cell cycle regulation.

With the goal of understanding the mechanism that
links environmental signals and cell cycle control, we
have sought to identify genes encoding proteins func-
tioning upstream of Wisl and downstream of Spcl.
One of these screens led to the identification of atf1™,
encoding a transcription factor similar to mammalian
ATF-2, as a key substrate of Spc1 kinase (Shiozaki and
Russell, 1996; Wilkinson et al., 1996). Herein we de-
scribe two genes encoding upstream elements of the
signal transduction pathway. wikl* encodes a MAP-
KKK homologue closely related to S. cerevisiae Ssk2p/
Ssk22p. Wikl plays a crucial role in the activation of
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Spcl. Genetic and biochemical studies have revealed
that one of the mitotic catastrophe suppressor genes,
mcs4”*, encodes a protein acting upstream of Wikl.
Our data strongly suggest that mcs4™ gene product is
a component of the sensor system monitoring multiple
environmental signals and regulates the G,-M transi-
tion through the Wik1-Wis1-Spcl kinase cascade.

MATERIALS AND METHODS

S. pombe Strains and General Techniques

All strains used in this study (Table 1) are derivatives of 972k~ and
975h* (Mitchison, 1970). Yeast extract medium YES and synthetic
minimal medium EMM2 were used for S. pombe cells (Moreno et al.,
1991; Alfa et al., 1993). Basic yeast techniques and procedures for
manipulation of nucleic acids have been described (Sambrook et al.,
1989; Alfa et al., 1993). Cell length measurements were performed
with early logarithmic phase cultures in YES and EMM2. Twenty
septated cells were measured using a 15X eyepiece with a micro-
meter and a 100X objective lens.

wik1* Gene Disruption

The DNA sequence of wikl™ was compiled from residues 1985 to
6189 of cosmid c9G1, sequenced as part of the S. pombe chromosome
I sequencing project at the Sanger Centre (Cambridge, United King-
dom), with corrections by our DNA sequence determination of the
wikl* gene. The DNA sequence of the wik1* gene encoding amino
acid residues 935-1401 was amplified by polymerase chain reaction
(PCR) with a pair of primers WK1 (5'-GGAAGA TCTTATGGCTTT-
TCTGTTAACGCATTTCG-3’, BgIII restriction site is underlined) and
WK2 (5'-GGAAGATCTTAGTCAACACTATAGTITATTIGTGTC-3,
BglII restriction site is underlined) and wild-type S. pombe genomic
DNA as template. Amplified DNA fragment was cloned into pCRII
(Invitrogen, San Diego, CA), and a 1.8-kb fragment of the ura4™*
marker gene (Grimm et al., 1988) was inserted into the Ndel restric-
tion site of the wik1* fragment (see Figure 2). The resultant plasmid
was digested by BgIII to release the wik1::ura4* fragment and then
used to transform wild-type (PR109) cells. Stable Ura™ transfor-
mants were selected and disruption of wik1™ was confirmed by PCR
and Southern blot hybridization with genomic DNA isolated from
the transformants. Backcross experiments showed cosegregation of
the uracil prototrophy and osmosensitive growth phenotype.

Owverexpression of Wik1AN Protein and Detection of
Spcl Tyrosine Phosphorylation

The PCR-amplified 1.4-kb fragment of wik1™ described above was
cloned into the BamHI site of pREP1 vector, which expresses in-
serted genes from the thiamine-repressible nmt1 promoter (Maun-
drell, 1990). The resultant plasmid pREP1-wikIAN and empty
PREP1 vector were used to transform wild-type (KS1376), Awisl
(GD1682), and mcs4-13 (KS1559) strains, which carry a chromo-
somal copy of spc1* tagged with a sequence encoding two copies of
hemagglutinin (HA) epitope and six consecutive histidine residues,
otherwise known as the HA6H tag (Shiozaki and Russell, 1995a).
Transformants were grown in EMM2 supplemented with 1 uM
thiamine and then incubated in EMM2 lacking thiamine for 16 h to
induce expression from the nmt1 promoter. Spcl protein was puri-
fied using Ni-NTA-agarose (QIAGEN, Chatsworth, CA) under de-
naturing condition as described previously (Shiozaki and Russell,
1995), which was followed by immunoblotting with anti-HA
(12CAS5) and anti-phosphotyrosine (4G10, Upstate Biotechnology,
Lake Placid, NY) monoclonal antibodies.
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Table 1. S. pombe strains used

Source or
Strain Genotype reference
PR100 h* leul ura4 Laboratory
stock
PR109 h™ leul ura4 Laboratory
stock
JM544 h™ leul ura4 wisl::urad™ Laboratory
stock
SP849 h™ mcs4-13 Molz et al., 1989
KS1376 h~ leul ura4 spcITHA6H(ura4™) Shiozaki and
Russell, 1995a
KS1559 h™ leul ura4 mcs4-13 This study
spc1HA6H(ura4™)
KS1598 h™ leul Laboratory
stock
KS1664 h~ leul ura4 wikl:urad™* This study
KS1667 h~ leul urad spcIHA6H(ura4™) This study
wik1::urad™
KS1669 h™ leul ura4 mcs4-13 wik1: This study
urad™
KS1675 h™ leul mcs4-13 This study
GD1682 h™ leul ura4 G. Degols

spc1HA6H(ura4™ )wis1::urad™

All alleles of leul and ura4 are leul-32 and ura4-D18, respectively.

Stress Treatment of S. pombe Cells

Wild-type (KS1376), Awik1 (KS1667), and mcs4-13 (KS51559) strains
were grown to early logarithmic phase in YES medium at 30°C. For
high-osmolarity stress, a one-third volume of prewarmed YES con-
taining 2.4 M KCl was added to the culture, producing a final KCI
concentration of 0.6 M. For oxidative stress, 7.5 ul of 30% (wt/wt)
hydrogen peroxide solution (Sigma, St. Louis, MO) was added to a
100-m] culture. For heat stress, cultures at 30°C were shifted to a
48°C water bath and incubated for 10 min with shaking. For carbon
starvation, logarithmic phase cultures (ODg,, = ~0.5) of K51376
and KS1559 in EMM2 at 30°C were harvested and washed three
times with EMM2 medium without glucose (EMM2-C) on a filtra-
tion apparatus. Cells were reinoculated into prewarmed EMM2-C at
a cell concentration of ODyy, = 0.5. In all experiments, cells were
harvested by filtration and immediately frozen in liquid nitrogen.

RESULTS

Identification of wik1* as a Homologue of Budding
Yeast SSK2

To identify a MAPKKK homologue activating Wisl
MAPKK, we performed a computer search for S. cer-
evisize SSK2 homologues in the S. pombe genome se-
quences submitted to the European Molecular Biology
Laboratory database by the Sanger Center. One of the
open reading frames in cosmid c9G1 (Gentles, Hunt,
Churcher, and Barrell, unpublished data), derived
from chromosome I, was found to encode a protein
highly homologous to SSK2 (Figure 1). This putative
MAPKKK gene, named wikl™ (Wisl kinase), has a
4203-bp uninterrupted open reading frame encoding a
protein of 1401 amino acids with a calculated molec-
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Wiki  MGLEHTF----Y------ PAED-----———————- RFEPLLEHSEPVN------- FVPKENAKSYVR---QGFA- 41
Ssk2p snsmrrmncns-rmsssmqsssssssms:smmsmqnvnssprsrcmsmmspmwsp 75
- -8PHQS- -LMDNLi————=-=-==--==~— VDSTESTKRSENFVSHIPLT-PSHSGQS----------~~ EKLMSTR 85
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Pooooo—ooeee-SHSPY------- ISPTM- SYTNHSPANLTRNSSFNHQHYSTTL--RSPP--SMRGRGI-DV 134
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TNQSLHHSEEDTESDNDY - - - - -~ SIHPEFDIDV---FYK----=-==-YSN--=========-= ILYDE---8 228
MDDLLKVEGEDKDNDFNFGYNFITSSTKNNENVVSMS mmmnnmqpcnrmmsmsms 375
D-LQDPEKRERLEWHSMLS SVLKGDVMQTERRRL - RLTEPDGHSGTYI SEVWLGLOAWLEG RKSR 301
KLLONPMVNNRFEWQTMLSKVLKGDI VRNEKTKIANQGKGPGFNTQF SDDIWIELKAWMNGRTVEDONKSLRIFR 450
mn;v:nrq QDEETTKPPLEQVTEILEKVEQCKQFYISS xnnmcmnﬁ SNVME 376
nsrnsvr TMAFKLEDNMSADEAAETIKSLVDKYYRVLNLWPNI Imnim IDT %umur 525
SIQVETLVLOKW-VGNDEF - - - - DLTMRTPQFNYDGV - -ENTS smznqscmnmqnwnnm:nom 444
NFDTNIAYLKKWIVGNKELESTTEVDNTTVNLDDPAVFATNCKRFAEQIMKEKDIELIFOKKIFFPLAPWILKARK 600
QTISENAQAFEEMKLPTYEDKLLPLVRFPIKLLEEALRLRLAYARKIKGPNPLIVDSMLDDFKIALSVAVRIKRE 519
FFFLKYQRTWNELNLSYLDQDLEFLLMFPMRLVKDI ILIRLSYAKKIQNPTLMMI DOMMDDF STYIKLAVQMK -~ 673
YIKIASPSPGHSLPTNVDEDYDNVLLDSLEFYFKLLTLKLSSGNNLY - FREIDFLENEWAFLNEHIYWINGGD 592
F-TVASYCNDWFFKVKIDPEFDHTVVEGLEYFFSILELRILYSGRNSFKTSKEPDLLLKYWEMFRNVGYYIDDAG 747
Imcqrsnsnsmwmmsmcm-R-rus:.mwrsn.mrrqnnnmsrrws DFVI 666
ELIAAEFTKLTLRLVERLEAYLLRQONTPPKLENEAAAEKWLVQIFEILGSMKRRKLNRFTNILTKAFQNFVRYKI 822
SEGHLPDLVNRLSTTGHYLAYTAN- LERDGVFVIADHTLSE-NPEALKALLFSKDISNLETIQQNCSYVLILCPV 739

EDHNY- -I-LKQWIY‘J‘GGYLIQNGTYLIGSP!LLGCKDDDILRI IKNSDIGCDLVPKLEINNSLTIYNA 895

HPIVWKGR-~--~--- TEKVDVPDFSV--DLKTNRVRIIASN- -HLQAAKSV---FQSISGDLVTLA----VEC 797
LDDNWNSNSSLGSDISNDGTPFYYIKNDLTTQPRSYNGNR' EPDFENSRSTEEEFYELETRLNSLGYVLVLTP 970

RSSITR---VY----KEFIRLSKLCMRISSTVVD--CVS---AVREACS---GVNCHDLIYHVFSFAAEFGQRIL 857
QEPLLWEGEMYNLSDNKTIKPEGLNLKVIPNSIDLMCQGSSYALEYQCDRFQQISGSSVSFLEKKSSSETVKNNL 1045

RFLS---FD-SYWQTK-LKRRKITS~~======m=m=m—---ccecc-ecc e ce—ce———————— LAVEWI 882
QRINKAYFRCTYSVLKNYTKIVITFKKVSPVNDLLNNIFLFGRDFGLNFLRINVANNEKRSIITLLMMRLSIGNL 1120
DDAMFLKI GKSMAFLLTHFDVLGAKSKVAAKLQR 957

CQFSSLKQKISECMSLLISEFDIIGARSIEVEKINQ 1195

ESTEVSSSPRLTSFG- - -DVEEEA--LSIQLLOKETMLRIDELEIERNNTLLERL--- -~ AIGHVLDDSVFRNRD 1022
QARSNLDLEDVFDDDMMLOVNSEFRVQSIMELE -~ -~ --=-===c=mmm-—m ERIKRNPHQTGKVIDDSDKGNKY 1251

———»-Kinase Domain

FIKLASSFSNITIRWQQGHFVRSGME VKEIKLQDSRTFRSTVDQI 1097

) HNEMTVLERLNHPN
LVSLASSISNVSMRWQKRNFI WSAVDLDNGEIIAVK!INIQDSKSMQKIFPLIKWSVLIIWN 1326

Y. IR WVLKVWVQWYIES HI HRDIKPANILLDHR 1172
'HEYCEGGWGKIWWQVWLQW Q HRDVKPENILLDFN 1401

Ivs x;{'x" sy g

GMIRYSDFGSALYVSPPTDPEVRYEDIQPELQHLA-—————————=—=——=—==—=— GTPMYMAPRIILG-TKRG 1224
GVIKYVDFGAAKKIANNGTRLASMNKIENADGEHEDVTHVSDSKAVKNNENALLDMMGTPMYMAPESITGSTTRKG 1476

WAI AMHTPSIPQNEKISSLARDFIEQCFERDPEQRPRAVD 1299
9 MPQFP'I'KDEVB GMKFLERCLIQNPSKRASAVE 1551

LLT mrnmpu:msnsmzmnngnmnmsm TDSLAASYKEESALPVASNVGL 1373
LLMDP IREIAFG--=--c-----—=——----m-m=cem———n SSTDTEERE 1579
RQPNELRIDSINLPPAIVTPDTINYSVD 1401

1579

Figure 1. Predicted amino acid sequence of S. pombe Wik1 and its budding yeast homologue Ssk2p. The alignment was performed by the
GeneWorks program (IntelliGenetics, Mountain View, CA) and identical residues are shaded. Both protems have a kinase domain in the

C-terminal region (starting at the position indicated by the arrow). Regions of hlgh sequence similarity in the N-terminal noncatalytic domain
are underlined. The GenBank accession number of the wik1* DNA sequence is U81521.
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ular weight of 161 kDa. The protein kinase domain of
Wik1 (residues 1037 to the C terminus) shares high
similarity with members of the MAPKKK family, in-
cluding budding yeast Ssk2p (43% identity), Ssk22p
(40%; Maeda et al., 1995), and Bcklp (31%; Lee and
Levin, 1992) and fission yeast Byr2 (28%; Wang et al.,
1991). On the other hand, the N-terminal noncatalytic
domain of Wikl shows significant similarity only to
Ssk2p and Ssk22p, which is limited to relatively short
stretches (Figure 1, underlined sequences).

Stress-induced Activation of Spcl Is Impaired in
Awik1 Cells

A wik1™* gene disruption experiment was performed
to determine whether Wikl is an activator of the Wis1-
Spcl pathway (Figure 2A). A wikl:ura4™ construct
was used to transform a wild-type haploid strain and
stable Ura* transformants were subjected to genomic
Southern blot analysis to confirm the wikl gene dis-
ruption (Awik1). Backcrosses to a wild-type strain pro-

A 1kb

==

% g N i id
wik 1 >
PREP1-wik1AN
B . .
wild-type Awik1
0 10 20 30 40 min
anti-pTyr
SpciHA

anti-HA

Figure 2. (A) Restriction map of an 8-kb region around the wik1™*
locus and the plasmid construct used for the wik1* gene disruption.
A 1.4-kb fragment encoding the protein kinase domain of Wikl was
amplified by PCR. The Ndel site was used to insert the ura4* gene
fragment. The same 1.4-kb wik1 fragment was also used to construct
a pREP1-wik1AN plasmid for overexpression of the constitutively
active Wik1AN from the nmtl promoter (nmt1P). Restriction en-
zyme sites: Bg, BgIIL; Ec, EcoRL; Kp, Kpnl; Nd, Ndel; Xh, Xhol. (B)
wik1™ cells are defective in the activating tyrosine phosphorylation
of Spcl upon osmostress. Wild-type (KS1376) and Awik1 (KS1667)
mutant strains carrying a chromosomal spc1* gene tagged with the
HAG6H sequence encoding two copies of the HA epitope and six
consecutive histidine residues were grown in YES medium at 30°C.
KCl was added to a final concentration of 0.6 M at time 0, and
aliquots of cells were harvested every 10 min. Spcl protein was
purified by Ni-NTA-chromatography and analyzed by immunoblot-
ting with anti-phosphotyrosine (pTyr) and anti-HA antibodies, as
indicated.
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duced four viable segregants of 27:2” uracil auxotro-
phy, confirming that wik1™ is not essential for growth.
However, Awikl was found to cosegregate with fol-
lowing phenotypes. Awik1 cells are largely defective in
activation of Spcl when exposed to high-osmolarity
stress. We used wild-type and Awik1 strains carrying a
chromosomal copy of the spc1™ gene tagged with the
HAG6H sequence encoding two copies of HA epitope
and six consecutive histidine residues. These strains
use the spcl™ promoter to express a wild-type level of
Spcl protein, which can be purified by Ni-NTA-aga-
rose chromatography and detected with anti-HA
epitope antibodies (Shiozaki and Russell, 1995a). Spcl
was purified from both strains before and after osmo-
stress by 0.6 M KClI, and activation of Spcl was as-
sessed by immunoblotting with anti-phosphotyrosine
monoclonal antibodies (Figure 2B). In wild-type cells,
Spcl was highly activated within 10 min after expo-
sure to high osmolarity, while only a very low level of
tyrosine phosphorylation was detected with Spcl
from Awik1 cells before and after the stress. Consistent
with this observation, Awik1 cells grew slowly in high-
osmolarity medium (Figure 3). Wild-type, Awik1, and
a strain lacking a functional wis1™ MAPKK gene
(Awis1) were grown on agar plates of YES medium
and YES containing 1 M KCl at 30°C. In the absence of
osmostress, all three strains formed colonies of similar
size. On the other hand, on the KCl medium, the Awik1
colonies were significantly smaller than those of wild-
type, and Awisl cells could not form colonies on the
same medium as reported previously (Millar et al.,
1995; Shiozaki and Russell, 1995). These results
strongly suggest that Wikl is a positive regulator of
the Wis1-Spcl pathway, presumably by directly phos-
phorylating and activating Wis1 MAPKK.

Awik1 Mutant Shows a Cell Cycle Delay in G,
Phase

Mutations in the wis1™ and spc1™ genes cause a G, cell
cycle delay that leads to an increase in the cell length
at division (Warbrick and Fantes, 1991; Millar et al.,
1995; Shiozaki and Russell, 1995). As shown in Table 2,
Awis] cells were ~20% longer than wild-type cells in
the yeast extract medium YES and this cell elongation
phenotype was further exacerbated in the synthetic
minimal medium EMM2. Awikl cells are ~8% and
~25% longer at division than wild-type in YES and
EMM2 media, respectively (Table 2). DNA flow cy-
tometry and microscopic examination revealed that
almost all asynchronously growing Awik1 cells had a
2C DNA content (our unpublished results). In Awikl
cells, there was no increase in the fraction of the cells
with mitotic figures. These observations strongly indi-
cate that the cell elongation phenotype of Awikl is
attributed to a G, cell cycle delay. However, it is
noteworthy that cell size measurements indicated that
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+ 1 M KCI

Figure 3. Osmosensitive growth of Awikl cells. Wild-type
(KS1598), Awis1 (JM544), and Awik1 (KS1664) cells were streaked on
agar plates of YES (left panel) and YES supplemented with 1 M KCl
(right panel). Colonies of Awik1 cells were significantly smaller than
those of wild-type in the presence of KCl, although the osmosensi-
tivity of Awik1 cells was not as severe as for Awis1 cells.

the G, delay of Awik1 cells was not as severe as that of
Awisl cells (Table 2).

Mitotic Catastrophe Suppressor Mutation mcs4-13
Impairs Spcl Activation

Mutations of six genes, mcs1™ through mcs6™, were
originally identified as extragenic suppressors of the
lethal mitotic catastrophe phenotype of a cdc2-3w
weel-50 double mutant (Booher and Beach, 1987; Molz
et al., 1989). mcs4™ has unique characteristics among
mcs genes: mcs4—13 mutant cells have a cell elongation
phenotype that is exacerbated in synthetic minimal

Table 2. Initiation of mitosis is delayed in wik1~ and mcs4~
mutants

Length at cell division (um)

Strain Genotype YES EMM2

KS1598 Wild-type 14.1 £ 0.3* 13.7 £ 0.6
JM544 Awis1 178 £ 1.1 21.0 = 1.0
KS1664 Awik1 152 =04 17108
KS1675 mcs4-13 16.1 = 0.6 184+ 1.0
KS1669 mcs4-13 Awikl 16.4 = 1.0 18107

2Data are the mean *+ SD.
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medium, and a mcs4-13 cdc25-22 double mutant un-
dergoes cell cycle arrest at 25°C, a temperature that is
normally permissive for cdc25-22. These phenotypes
are quite similar to those caused by spc1™ and wis1™
mutations (Millar et al., 1995; Shiozaki and Russell,
1995a). Genetic crosses established that wis1* and
mcs4™ are different genes (Warbrick and Fantes, 1992).
In addition, a multicopy plasmid carrying wis1* gene
suppresses the mcs4-13 defect (Warbrick and Fantes,
1992), suggesting that mcs4 ™ and spc1™ are unlikely to
be the same gene, a fact established by genetic crosses
(our unpublished results). These observations led us
to hypothesize that Mcs4 functions in the same path-
way as Wisl and Spcl, possibly upstream of Wisl.
Therefore, we examined whether the mcs4-13 muta-
tion affects Spcl activation. Wild-type and mcs4-13
strains were exposed to osmostress by incubation in
medium containing 0.6 M KCl, and activation of Spcl
was monitored by immunoblotting with anti-phos-
photyrosine antibodies (Figure 4A). In comparison to
wild-type cells, the level of Spcl tyrosine phosphory-
lation in mcs4-13 cells was very low in the absence of
stress and was only slightly increased after exposure
to high-osmolarity medium. The defect in activating
Spcl was consistent with the slow growth of mcs4-13
cells in high-osmolarity medium (Figure 4B). These
data indicate that Mcs4 plays a crucial role in the
activation of Spcl under normal and high-osmolarity
growth conditions.

Mcs4 Functions Upstream of Wikl

Having established that Mcs4 is involved in the acti-
vation of Spcl kinase, we next carried out experiments
to determine the relationship between Mcs4 and Wikl.
In view of the similar phenotypes caused by mcs4™
and wikl™ mutations, we first explored whether the
two genes were allelic, but genetic crosses established
that mcs4* and wik1™ were different. A mcs4-13 Awik1
double mutant strain was isolated and its phenotype
was examined in comparison to a mcs4-13 single mu-
tant strain. As shown in Figure 4B, the osmosensitive
growth phenotype of mcs4-13 Awikl cells was no
more severe than mcs4-13 single mutant cells, indicat-
ing that the phenotypes caused by these two muta-
tions are not additive. This conclusion was also con-
firmed by the observation that the G, cell cycle delay
of the mcs4-13 strain was not exacerbated by the
Awik1 mutation (Table 2). mcs4-13 and mcs4-13 Awik1
double mutant cells divided at a similar cell length
both in YES and synthetic EMM2 media. These results
suggest that Mcs4 and Wik1 function in a linear path-
way.

To decipher the order of Mcs4 and Wikl in the
signal transduction pathway, we constructed a plas-
mid pREP1-wik1AN (Figure 2A) that expresses the
C-terminal 466 residues of Wikl protein (Wik1AN)
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Figure 4. (A) Activation of Spcl is defective in mcs4-13 mutant
cells. Wild-type (KS1376) and mcs4-13 (KS1559) strains carrying a
chromosomal spcl* gene tagged with the HA6H sequence were
grown in YES medium at 30°C, and 0.6 M KCl was added to the
cultures at time 0. Spc1HA6H protein was purified on Ni-NTA-
agarose beads from cells harvested at each time point and analyzed
by immunoblotting with anti-phosphotyrosine (pTyr) and anti-HA
antibodies as indicated. (B) Osmosensitivity of mcs4 and mcs4 Awik1
double mutant cells. Wild-type (KS1598), Awis1 (JM544), mcs4-13
(KS1675), and mcs4-13 Awikl (KS1669) strains were streaked on
agar plates of YES medium (left panel) and YES supplemented with
1 M KCl (right panel). In the presence of KCI, mcs4-13 cells formed
only small colonies in comparison to wild type. No visible Awisl
colonies were observed. Colonies of mcs4-13 Awikl double mutant
cells had a size similar to those of mcs4-13 cells.

under the regulation of thiamine-repressible nmt1 pro-
moter (Maundrell, 1990). It is known that truncation of
the N-terminal noncatalytic domain of MAPKKKSs
typically causes constitutive activation of kinase activ-
ity (Cairns et al., 1992; Howe et al., 1992; Maeda et al.,
1995). Wild-type, Awis1, and mcs4-13 strains express-
ing HA6H-tagged Spcl were transformed with either
PREP1 or pREP1-wik1AN. Expression from the nmtl
promoter was induced by depleting thiamine from the
growth medium for 16 h. Immunoblotting with anti-
phosphotyrosine antibodies showed that expression
of Wik1AN activated Spcl in wild-type cells in the
absence of stress stimuli (Figure 5A, lane 2). Spcl in
Awis1 cells was not responsive to Wik1AN expression
(Figure 5A, lane 4), indicating that activation of Spcl
by Wik1AN is dependent on Wisl. This result con-
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Figure 5. (A) Activation of Spcl by overexpressing an N-terminal
truncated form of Wik1. Wild-type (KS1376), Awis1 (GD1682), and
mes4-13 (KS1559) strains in which the chromosomal copy of spc1*
expressed HA6H-tagged Spcl protein were transformed with either
PREP1 vector (lanes 1, 3, and 5) or the pREP1-wik1AN plasmid
(lanes 2, 4, and 6), which uses the the thiamine-repressible nmt1
promoter to express the C-terminal kinase domain of Wik1 protein
truncated from the N-terminal 934 residues of the noncatalytic
domain (Wik1AN). Spcl protein was purified by Ni-NTA-chroma-
tography from cells harvested after 16 h of thiamine depletion to
induce expression from the nmtl promoter. A high level of Spcl
tyrosine phosphorylation was observed in wild-type and mcs4-13
cells expressing Wik1AN but not in Awis] cells. (B) Effect of Wik1AN
overexpression in wild-type (KS1376), Awisl1 (GD1682), and
mcs4-13 (KS1559) strains. Strains used in A were streaked on an
EMM2 plate without thiamine to induce expression of Wik1AN
from the nmt1 promoter. The plate was photographed after 3 d at
30°C. Overproduction of Wik1AN was lethal in wild-type and
mcs4—13 cells, whereas Awis1 cells that expressed Wik1AN readily
formed colonies.

firmed that Wik1 functions upstream of Wisl. As was
the case in wild-type cells, a high level of Spcl activa-
tion was observed in mcs4-13 cells upon Wik1AN
overproduction (Figure 5A, lane 6).

Hyperactivation of the Spcl kinase by overproduc-
tion of Wis1 MAPKK causes a lethal cell lysis pheno-
type (Shiozaki and Russell, 1995a). We found that
Wik1AN is also toxic to wild-type cells: wild-type cells
transformed with pREP1-wikIAN plasmid could not
form colonies on an EMM2 agar plate lacking thia-
mine, whereas a control strain carrying the pREP1
vector grew normally (Figure 5B). Microscopic exam-
ination revealed that Wik1AN overproducer cells had
a deformed swollen morphology often accompanied
by cell lysis, which closely resembled the phenotype
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caused by Wis1 overproduction (Shiozaki and Russell,
1995a). As expected from the result in Figure 5A,
Awis] cells were refractive to the toxicity of Wik1AN,
exhibiting only minor growth inhibition (Figure 5B).
mcs4-13 cells overproducing Wik1AN exhibited a se-
vere growth defect that was indistinguishable from
wild-type cells that overproduced Wik1AN. These re-
sults indicate that constitutively active Wik1AN pro-
motes activation of Spcl in the absence of Mcs4 func-
tion. Collectively, these results strongly suggest that
Msc4 functions upstream of Wikl to positively regu-
late the Spcl kinase cascade.

Mcs4 Transmits Various Stress Signals to the
Spcl Pathway

The responsiveness of the Spcl pathway to very dif-
ferent forms of stress raises a question as to whether a
single stress sensor regulates the Spcl pathway. Alter-
natively, it is possible that multiple upstream sensors
funnel various stress signals to Spcl. After the identi-
fication of Mcs4 as a positive regulator of the Wikl-
Wis1-Spcl kinase cascade, we then examined whether
Mcs4 is involved in sensing different forms of stress.

Activation of Spcl was monitored in wild-type and
mcs4-13 cells undergoing high-osmolarity stress, oxi-
dative stress, or heat stress. Both strains were grown in
YES medium at 30°C, and then either 0.6 M KCl (Fig-
ure 6A, lanes 2) or 0.3 mM hydrogen peroxide (lanes 3)
was added or the incubation temperature was shifted
to 48°C (lanes 4). As reported previously (Degols et al.,
1996), high osmolarity, oxidative stress, and heat
shock induced strong tyrosine phosphorylation of
Spcl in wild-type cells. In contrast, each of these three
forms of stress induced only a weak Spcl tyrosine
phosphorylation signal in mcs4-13 cells (Figure 6A).

We have recently begun to explore the range of
signals that lead to activation of Spcl. The data in
Figure 6B show that Spcl becomes activated in re-
sponse to carbon source starvation. We therefore ex-
amined whether Mcs4 was important for sensing car-
bon source depletion. Wild-type and mcs4-13 cells
grown to logarithmic phase in EMM2 medium were
washed and reinoculated in EMM2 medium without
glucose. Spcl was activated within 10 min in wild-
type cells but not in mcs4-13 cells (Figure 6B). These
results suggest that Mcs4 is very important for the
transmission of many types of stress signals to the
Wik1-Wis1-Spcl pathway.

DISCUSSION

In this study we have identified two genes, wik1™ and
mcs4™, that encode positive regulators of the Wisl-
Spcl kinase cascade (Figure 7). wikl* encodes a MAP-
KKK homologue closely related to S. cerevisiae Ssk2p,
which implies that Wikl directly activates Wisl
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Figure 6. (A) Mcs4 function is important for activation of Spcl in
response to various forms of stress. Wild-type (KS1376) and
mcs4-13 (KS1559) cells expressing Spcl tagged with HA6H were
grown in YES medium at 30°C (lanes 1) and then exposed to 0.6 M
KCl for 15 min (lanes 2), 0.3 mM H,0, for 15 min (lanes 3), or 48°C
for 10 min (lanes 4) in YES. Spcl protein was purified on Ni-NTA-
beads and subjected to immunoblotting with anti-phosphotyrosine
(pTyr) and anti-HA epitope antibodies as indicated. In comparison
to the wild-type strain, only a low level of Spcl tyrosine phosphor-
ylation was observed in mcs4-13 cells under the stress conditions
tested. (B) Activation of Spcl in wild-type (KS1376) and mcs4-13
(K51559) cells after carbon starvation. Cells were grown in EMM2
medium at 30°C and then shifted to EMM2 lacking glucose at time
0. Aliquots of the cells were harvested every 10 min during the
incubation at 30°C, and the tyrosine phosphorylation of Spcl was
examined as described above.

MAPKK by phosphorylation. Data presented herein
strongly support this hypothesis. First, Awik1 cells fail
to activate Spcl upon osmostress. Second, disruption
of wikl™ causes phenotypes that are very similar to
those exhibited by AwisI and Aspcl strains. Awik1 cells
exhibit an osmosensitive growth and a G, cell cycle
delay that is exacerbated by growth in synthetic min-
imal medium. Third, Wikl protein lacking the N-
terminal noncatalytic domain, Wik1AN, can activate
Spcl in the absence of stress stimuli, and this activa-
tion of Spcl by Wik1AN is dependent on Wisl. Inter-
estingly, we observed that the Awikl phenotypes were
not as severe as those of Awis1 strains. A low level of
Spcl tyrosine phosphorylation was detected in Awik1
cells, whereas Awis1 cells are totally defective in phos-
phorylating Spcl (Millar et al., 1995; Shiozaki and Rus-
sell, 1995a). This difference may account for the fact
that Awik1 cells are somewhat less osmosensitive than
Awis] cells. Three possibilities may explain the differ-
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ence between the Awikl and Awisl phenotypes. One
possibility is that Wis1 MAPKK may have a low basal
activity in the absence of activating phosphorylation
by Wikl. A second possibility is that there may be a
second MAPKKK homologue capable of activating
Wisl. In the homologous pathway of S. cerevisiae, two
MAPKKKs, Ssk2p and Ssk22p, activate Pbs2p
MAPKK (Maeda et al., 1995). The fact that the mcs4-13
mutation causes a cell elongation phenotype that is
more severe than that of Awik1 cells (Table 2) is most
consistent with there being a second MAPKKK homo-
logue regulated by Mcs4. It is very unlikely that mcs4*
encodes a second MAPKKK that activates Wis1, be-
cause mutations in a second MAPKKK would be ex-
pected to cause only minor phenotypes relative to
those caused by Awik1 mutations. The third possibility
is that there is another upstream activator of Wis1 that
is independent of Wikl MAPKKK. Budding yeast has
two transmembrane osmosensors: the SInlp histidine
kinase and Sholp carrying a cytoplasmic SH3 domain
(Ota and Varshavsky, 1993; Maeda et al., 1994, 1995).
The SH3 domain of Sholp is believed to directly in-
teract with a proline-rich sequence in the noncatalytic
region of Pbs2p MAPKK and thereby positively reg-
ulate the Pbs2p activity. S. pombe Wisl also has a
putative SH3-binding motif at residues 77-85, hinting
at the possibility that a Sholp-like protein in fission
yeast might activate Wisl. However, it should be
noted that the Awik1 mutation has profound effects on
Spcl tyrosine phosphorylation and growth in high-
osmolarity medium, whereas in S. cerevisiae the func-
tion of Ssk2p/Ssk22p is cryptic in the presence of
Sholp (Maeda et al., 1995). Likewise, shol mutations
cause no obvious phenotype in strains that have a
wild-type copy of SSK2 or SSK22.

The mitotic catastrophe suppressor gene mcs4™ was
originally identified as a potential regulator of mitosis
(Booher and Beach, 1987; Molz et al., 1989). Loss of
Mcs4 activity rescued the lethal premature mitosis of
cdc2-3w weel-50 cells, suggesting that Mcs4 has a
positive role in promoting the onset of mitosis. Our
studies have revealed that Mcs4 has an important role
in activating the Wik1-Wis1-Spc1 kinase cascade. This
conclusion is supported by a series of findings. First,
activation of Spcl in response to various forms of
stress is highly impaired in a mcs4 mutant. Second,
mcs4 mutant cells show a growth defect in high-osmo-
larity medium and a nutrition-sensitive cell cycle de-
lay. Third, the mcs4 phenotypes are not accentuated in
a Awik1 genetic background, suggesting that Mcs4 and
Wik1 function in a linear pathway. Finally, constitu-
tively active Wik1AN does not require functional
Mcs4 to promote activation of Spcl, which strongly
suggests that Wik1 functions downstream of Mcs4 in
the Spcl activation pathway.

In budding yeast, a two-component sensor system
that consists of Slnlp, Ypdl, and Ssklp regulates the
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Figure 7. Model of the Spcl signal transduction pathway. Various
forms of cytotoxic stress and nutritional limitation activate the
pathway through Mcs4. Mcs4 activates Wik1 directly or indirectly
and Wik, in turn, activates Wis1, presumably by direct phosphor-
ylation. There might be another pathway to activate Wis1 since a
low level of Spcl activation has been observed in the absence of
Wikl or Mcs4. Spcl is activated by Wisl through phosphorylation
of Thr-171 and Tyr-173 and is inactivated by Pypl and Pyp2 ty-
rosine-specific phosphatases. Spcl promotes the G,-M transition
through an unidentified target and also activates Atfl transcription
factor to induce expression of stress-response genes and stel1™.

Ssk2p/Ssk22p MAPKKKs in the osmosensing path-
way (Maeda et al., 1994; Posas et al., 1996). The current
model is that Ssklp response regulator protein acti-
vates Ssk2p/Ssk22p MAPKKKSs, presumably by direct
interaction, and SIn1p histidine kinase phosphorylates
Ypdlp, which in turn negatively regulates Ssklp by
transferring a phosphate into the receiver domain of
Ssklp. If a homologous two-component system regu-
lates Wik1 MAPKKK in S. pombe, then Mcs4, a positive
regulator of Wik1, is expected to encode a response
regulator protein rather than a histidine kinase. The
mcs4* gene was recently cloned and found to encode
a protein most homologous to Ssklp (Cottarel, per-
sonal communication). We propose that Mcs4 is a
component of the stress sensor system that regulates
the Wik1-Wisl-Spcl MAPK cascade in response to
various environmental stimuli.

Spcl phosphorylates and activates the Atfl tran-
scription factor (Shiozaki and Russell, 1996; Wilkinson
et al., 1996). Atfl is required for expression of many
stress-responsive genes and also appears to be impor-
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tant for expression of ste11”, which encodes a tran-
scription factor that regulates commitment to meiosis
(Takeda et al., 1995; Kato et al., 1996; Shiozaki and
Russell, 1996; Wilkinson et al., 1996). However, unlike
mutations in spcl* or upstream genes, Aatfl cells do
not show a G, cell cycle delay, suggesting that a
distinct substrate of Spcl promotes the G,-M transi-
tion. The putative mitotic regulator that is regulated
by Spcl appears to function independently of Weel
and Cdc25, since spcl™ and mcs4™ mutations cause a
cell cycle arrest phenotype in cdc25-22 weel-50 mu-
tants at 35°C (Molz et al., 1989; Shiozaki and Russell,
1995). Experiments are underway to identify the sub-
strate of Spcl that regulates mitosis to understand
how a stress-sensing signal transduction pathway is
used to coordinate the mitotic control with changes in
the environment that affect cell physiology.

ACKNOWLEDGMENTS

We are grateful to members of the cell cycle group at Scripps for
technical advise and support. We particularly thank Geneviéve
Degols for providing strains and helpful discussions. Gail Feiser
and Ian Wilson kindly provided anti-HA epitope antibodies. We
also thank David Beach for a mcs4 strain and Guillaume Cottarel for
communicating results prior to publication. We thank S. Gentles, S.
Hunt, C.M. Churcher, and B.G. Barrell for providing the sequence of
cosmid c9G1. The cosmid was sequenced as part of the S. pombe
chromosome I sequencing project at the Sanger Centre, Cambridge,
United Kingdom, and was funded by the Wellcome Trust. K.S. was
supported by a California Division-American Cancer Society, Fel-
lowship 1-6-95. This research was supported by an National Insti-
tutes of Health grant awarded to P.R.

REFERENCES

Alfa, C., Fantes, P., Hyams, J., McLeod, M., and Warbrick, E. (1993).
Experiments with Fission Yeast: A Laboratory Course Manual, Cold
Spring Harbor, NY: Cold Spring Harbor Laboratory Press.

Boguslawski, G. (1992). PBS2, a yeast gene encoding a putative
protein kinase, interacts with the RAS2 pathway and affects osmotic
sensitivity of Saccharomyces cerevisiae. J. Gen. Microbiol. 138, 2425—
2432.

Booher, R., and Beach, D. (1987). Interaction between cdc13* and
cdc2™ in the control of mitosis in fission yeast: dissociation of the G,
and G, roles of the cdc2* protein kinase. EMBO J. 6, 3441-3447.

Brewster, J.L., de Valoir, T., Dwyer, N.D., Winter, E., and Gustin,
M.C. (1993). An osmosensing signal transduction pathway in yeast.
Science 259, 1760-1763.

Buck, V., Russell, P., and Millar, J.B. A. (1995). Identification of a
cdk-activating kinase in fission yeast. EMBO J. 14, 6173-6183.

Cairns, B.R., Ramer, SW., and Kornberg, R.D. (1992). Order of
action of components in the yeast pheromone response pathway
revealed with a dominant allele of the STE11 kinase and the multi-
ple phosphorylation of the STE7 kinase. Genes Dev. 6, 1305-1318.

Coleman, T.R., Tang, Z., and Dunphy, W.G. (1993). Negative regu-
lation of the Weel protein kinase by direct action of the Nim1/Cdrl
mitotic inducer. Cell 72, 919-929.

Damagnez, V., Mékeld, T.P., and Cottarel, G. (1995). Schizosaccharo-
myces pombe Mop1-Mcs2 is related to mammalian CAK. EMBO]J. 14,
6164-6172.

418

Degols, G., Shiozaki, K., and Russell, P. (1996). Activation and
regulation of the Spcl stress-activated protein kinase in Schizosac-
charomyces pombe. Mol. Cell. Biol. 16, 2870-2877.

Dunphy, W.G. (1994). The decision to enter mitosis. Trends Cell
Biol. 4, 202-207.

Fantes, P. (1979). Epistatic gene interactions in the control of divi-
sion in fission yeast. Nature 279, 428—-430.

Feilotter, H., Nurse, P., and Young, P. (1991). Genetic and molecular
analysis of the cdrl/nim1 in Schizosaccharomyces pombe. Genetics 127,
309-318.

Grimm, C., Kohli, J., Murray, J., and Maundrell, K. (1988). Genetic
engineering of Schizosaccharomyces pombe: a system for gene disrup-
tion and replacement using the ura4 gene as a selectable marker.
Mol. Gen. Genet. 215, 81-86.

Han, ., Lee, J.-D., Bibbs, L., and Ulevitch, R.J. (1994). A MAP kinase
targeted by endotoxin and hyperosmolarity in mammalian cells.
Science 265, 808-811.

Howe, L.R., Leevers, S.J., Gémez, N., Nakielny, S., Cohen, P., and
Marshall, CJ. (1992). Activation of the MAP kinase pathway by the
protein kinase raf. Cell 71, 335-342.

Kato, T.J., Okazaki, K., Murakami, H., Stettler, S., Fantes, P.A., and
Okayama, H. (1996). Stress signal, mediated by a Hogl-like MAP
kinase, controls sexual development in fission yeast. FEBS Lett. 378,
207-212.

Lee, ].C., Laydon, ].T., McDonnell, P.C., Gallagher, T.F., Kumar, S.,
Green, D., McNulty, D., Blumenthal, M.J., Heys, J.R., and Landvat-
ter, SW., Strickler, J.E., McLaughlin, M.M., Siemens, LR., Fisher,
S.M., Livi, G.P., White, ] R., Adams, J.L., and Young, P.R. (1994). A
protein kinase involved in the regulation of inflammatory cytokine
biosynthesis. Nature 372, 739-746.

Lee, K.S., and Levin, D.E. (1992). Dominant mutations in a gene
encoding a putative protein kinase (BCK1) bypass the requirement
of a Saccharomyces cerevisiae protein kinase C homolog. Mol. Cell.
Biol. 12, 172-182.

Lee, M.S., Enoch, T., and Piwnica-Worms, H. (1994). mik1 encodes
a tyrosine kinase that phosphorylates p34°“? on tyrosine-15. J. Biol.
Chem. 269, 30530-30537.

Lundgren, K., Walworth, N., Booher, R., Dembski, M., Kirschner,
M., and Beach, D. (1991). mik1 and weel cooperate in the inhibitory
tyrosine phosphorylation of cdc2. Cell 64, 1111-1122.

Maeda, T., Takekawa, M., and Saito, H. (1995). Activation of yeast
PBS2 MAPKK by MAPKKKSs or by binding of an SH3-containing
osmosensor. Science 269, 554-558.

Maeda, T., Wurgler-Murphy, S.M., and Saito, H. (1994). A two-
component system that regulates an osmosensing MAP kinase cas-
cade in yeast. Nature 369, 242-245.

Maundrell, K. (1990). nmt1 of fission yeast. ]J. Biol. Chem. 265,
10857-10864.

Millar, J.B.A., Buck, V., and Wilkinson, M.G. (1995). Pyp1 and Pyp2
PTPases dephosphorylate an osmosensing MAP kinase controlling
cell size at division in fission yeast. Genes Dev. 9, 2117-2130.

Millar, J.B.A., Russell, P., Dixon, J.E., and Guan, K.L. (1992). Nega-
tive regulation of mitosis by two functionally overlapping PTPases
in fission yeast. EMBO J. 11, 4943-4952.

Mitchison, J.M. (1970). Physiological and cytological methods for
Schizosaccharomyces pombe. Methods Cell Physiol. 4, 131~146.

Molz, L., and Beach, D. (1993). Characterization of the fission yeast
mes2 cyclin and its associated protein kinase activity. EMBO J. 12,
1723-1732.

Molecular Biology of the Cell



Molz, L., Booher, R., Young, P., and Beach, D. (1989). cdc2 and the
regulation of mitosis: six interacting mcs genes. Genetics 122, 773-
82.

Moreno, S., Klar, A., and Nurse, P. (1991). Molecular genetic anal-
ysis of fission yeast Schizosaccharomyces pombe. Methods Enzymol.
194, 795-823.

Ogden, J.E., and Fantes, P.A. (1986). Isolation of a novel type of
mutation in the mitotic control of Schizosaccharomyces pombe whose
phenotypic expression is dependent on the genetic background and
nutritional environment. Curr. Genet. 10, 509-514.

Ota, IM., and Varshavsky, A. (1993). A yeast protein similar to
bacterial two-component regulators. Science 262, 566-569.

Ottilie, S., Chernoff, J., Hannig, G., Hoffman, C.S., and Erikson, R.L.
(1991). A fission yeast gene encoding a protein with features of
protein tyrosine phosphatases. Proc. Natl. Acad. Sci. USA 88, 3455—
3459.

Ottilie, S., Chernoff, J., Hannig, G., Hoffman, C.S., and Erikson, R.L.
(1992). The fission yeast genes pypl™ and pyp2* encode protein
tyrosine phosphatases that negatively regulate mitosis. Mol. Cell.
Biol. 12, 5571-5580.

Parker, L.L., Walter, S.A., Young, P.G., and Piwnica-Worms, H.
(1993). Phosphorylation and inactivation of the mitotic inhibitor
Weel by the niml/cdrl kinase. Nature 363, 736-738.

Posas, F., Wurgler-Murphy, S.M., Maeda, M., Witten, E.A., Thai,
T.C., and Saito, H. (1996). Yeast HOG1 MAP kinase cascade is
regulated by a multistep phosphorelay mechanism in the SLN1-
YPD1-5SK1 “two-component” osmosensor. Cell 86, 865-875.

Rouse, J., Cohen, P., Trigon, S., Morange, M.A.-L., A., Zamanillo, D.,
Hunt, T., and Nebreda, A. (1994). A novel kinase cascade triggered
by stress and heat shock that stimulates MAPKAP kinase-2 and
phosphorylation of the small heat shock proteins. Cell 78, 1027-
1037.

Russell, P., and Nurse, P. (1986). cdc25* functions as an inducer in
the mitotic control of fission yeast. Cell 45, 145-153.

Russell, P., and Nurse, P. (1987a). The mitotic inducer nim1* func-
tions in a regulatory network of protein kinase homologs control-
ling the initiation of mitosis. Cell 49, 569-576.

Vol. 8, March 1997

Mcs4-Wik1 Stress Regulators in S. pombe

Russell, P., and Nurse, P. (1987b). Negative regulation of mitosis by
weel™, a gene encoding a protein kinase homolog. Cell 49, 559-567.

Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular Clon-
ing: A Laboratory Manual, Cold Spring Harbor, NY: Cold Spring
Harbor Laboratory Press.

Schiiller, C., Brewster, J.L., Alexander, M.R., Gustin, M.C., and Ruis,
H. (1994). The HOG pathway controls osmotic regulation of tran-
scription via the stress response element (STRE) of the Saccharomyces
cerevisiae CTT1 gene. EMBO J. 13, 4382-4389.

Shiozaki, K., and Russell, P. (1995a). Cell-cycle control linked to the
extracellular environment by MAP kinase pathway in fission yeast.
Nature 378, 739-743.

Shiozaki, K., and Russell, P. (1995b). Multiple type 2C protein
phosphatase genes functioning in fission yeast signal transduction
cascades. Adv. Prot. Phosphatases 9, 249-262.

Shiozaki, K., and Russell, P. (1996). Conjugation, meiosis, and the
osmotic stress response are regulated by Spcl kinase via Atfl tran-
scription factor in fission yeast. Genes Dev. 10, 2276-2288.

Takeda, T., Toda, T., Kominami, K., Kohnosu, A., Yanagida, M., and
Jones, N. (1995). Schizosaccharomyces pombe atfl™ encodes a transcrip-
tion factor required for sexual development and entry into station-
ary phase. EMBO J. 14, 6193-6208.

Wang, Y., Xu, H.-P., Riggs, M., Rodgers, L., and Wigler, M. (1991).
byr2, a Schizosaccharomyces pombe gene encoding a protein kinase
capable of partial suppression of the ras1 mutant phenotype. Mol.
Cell. Biol. 11, 3554-3563.

Warbrick, E., and Fantes, P.A. (1991). The wis1 protein is a dosage-
dependent regulator of mitosis in Schizosaccharomyces pombe. EMBO
J. 10, 4291-4299.

Warbrick, E., and Fantes, P.A. (1992). Five novel elements involved
in the regulation of mitosis in fission yeast. Mol. Gen. Genet. 232,
440-446.

Wilkinson, M.G., Samuels, M., Takeda, T., Toone, W.M,, Shieh, J.-C.,
Toda, T., Millar, J.B. A., and Jones, N. (1996). The Atf1 transcription
factor is a target for the Styl stress-activated MAP kinase pathway
in fission yeast. Genes Dev. 18, 2289-2301.

Wu, L., and Russell, P. (1993). Nim1 kinase promotes mitosis by
inactivating Weel tyrosine kinase. Nature 363, 738-741.

419



