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Fission yeast mitogen-activated protein kinase (MAPK) Pmklp is involved in morphogenesis, cytokinesis, and ion
homeostasis as part of the cell integrity pathway, and it becomes activated under multiple stresses, including hyper- or
hypotonic conditions, glucose deprivation, cell wall-damaging compounds, and oxidative stress. The only protein
phosphatase known to dephosphorylate and inactivate Pmklp is Pmplp. We show here that the stress-activated protein
kinase (SAPK) pathway and its main effector, Stylp MAPK, are essential for proper deactivation of Pmklp under
hypertonic stress in a process regulated by Atflp transcription factor. We demonstrate that tyrosine phosphatases Pyplp
and Pyp2p, and serine/threonine phosphatase Ptclp, that negatively regulate Stylp activity and whose expression is
dependent on Stylp-Atflp function, are involved in Pmklp dephosphorylation under osmostress. Pyplp and Ptclp, in
addition to Pmplp, also control the basal level of MAPK Pmklp activity in growing cells and associate with, and
dephosphorylate Pmklp both in vitro and in vivo. Our results with Ptclp provide the first biochemical evidence for a
PP2C-type phosphatase acting on more than one MAPK in yeast cells. Importantly, the SAPK-dependent down-regulation
of Pmk1p through Pyplp, Pyp2p, and Ptclp was not complete, and Pyplp and Ptclp phosphatases are able to negatively
regulate MAPK Pmklp activity by an alternative regulatory mechanism. Our data also indicate that Pmkl1p phosphory-
lation oscillates as a function of the cell cycle, peaking at cell separation during cytokinesis, and that Pmp1p phosphatase

plays a main role in regulating this process.

INTRODUCTION

In eukaryotic organisms, mitogen-activated protein kinase
(MAPK) pathways transduce extracellular signals from hor-
mones, growth factors, cytokines, or environmental stresses
to trigger a diverse array of biological responses. Functional
MAPK cascades comprise MAPK kinase kinases (MAP-
KKKs), which phosphorylate and activate MAPK kinases
(MAPKKSs), which in turn phosphorylate and activate MAPKs
(Marshall, 1995; Waskiewicz and Cooper, 1995). Finally, active
MAPKSs phosphorylate different substrates to promote
changes in gene expression that play a critical role in the
adjustment of cells to environmental conditions. Three dis-
tinct MAPK signaling cascades have been identified so far in
the fission yeast Schizosaccharomyces pombe. These include
the stress-activated protein kinase (SAPK) pathway, the
mating pheromone-responsive pathway, and the cell integ-
rity pathway, whose central elements are MAPKs Stylp/
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Spclp, Spklp, and Pmklp/Spmlp, respectively (Toda et al.,
1991, 1996; Millar et al., 1995; Shiozaki and Russell, 1995;
Zaitsevskaya-Carter and Cooper, 1997).

The key player of the SAPK cascade in S. pombe is MAPK
Stylp, which shows high homology to mammalian p38 ki-
nase and becomes activated by a wide range of stresses
(Millar et al., 1995; Shiozaki and Russell, 1995; Degols et al.,
1996; Soto et al., 2002) (Figure 1A). Stylp is directly phos-
phorylated by MAPKK Wislp, whereas Wislp activation is
dual, via either MAPKKKs Waklp (also known as Wis4p or
Wiklp) or Winlp (Shieh et al., 1997). Also, a response regu-
lator protein, Mcs4p, associates with Waklp and probably
with Winlp to regulate MAPKKK activity in response to
external stimuli (Shieh et al., 1997) (Figure 1A). Expression of
many stress responsive genes in fission yeast is controlled by
Stylp through transcription factor Atflp (Degols et al., 1996;
Shiozaki and Russell, 1996; Wilkinson et al., 1996; Chen et al.,
2003). In contrast, Pmklp/Spmlp is a structural homologue
to the cell integrity MAPK Mpklp/Slt2p from Saccharomyces
cerevisiae (Toda et al., 1996, Hohmann, 2002), and their acti-
vation is similar to the extracellular signal-regulated kinases
ERK1/2p (p42/p44) from animal cells that become activated
by growth factors, phorbol esters, cytokines, or osmotic
stress (Roux and Blenis, 2004). In S. pombe, the involvement
of MAPK Pmklp in the maintenance of cell integrity, cyto-
kinesis, and ion homeostasis derives from phenotypic anal-
yses of mutant strains deleted in genes encoding the main
components of the cascade, namely, mkhl* (encoding
MAPKKK Mkhlp) (Sengar et al., 1997), skhl™* /pek1* (encod-
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Figure 1. The SAPK pathway controls Pmklp deactivation in growing cells and under hypertonic stress. (A) Schematic arrangement of the
main functional components of the SAPK pathway in the fission yeast. RR, response regulator; TF, transcription factor; —, signal
transmission; ===, enhanced transcription; L, phosphatase inhibitory effect. See Introduction for details. (B) Strains MI200 (pmk1-HAGH,
Control), MI208 (pmk1-HA6H, mcs4A), MI 217 (pmk1-HA6H, wak1A), MI210 (pmk1-HA6H, wis1A), MI204 (pmk1-HAG6H, stylA), and MI211
(pmk1-HAGH, atf1A) were grown in YES medium to mid-log phase and treated with 0.6 M KCI. Aliquots were harvested at the times indicated,
and Pmk1-HA6H was purified by affinity chromatography. Activated Pmklp was detected by immunoblotting with anti-phospho-p42/44

and total Pmklp with anti-HA antibodjies.

ing MAPKK Skhlp/Peklp) (Sugiura et al., 1999; Loewith et
al., 2000) and pmkl*/spm1* (encoding MAPK Pmklp/
Spmlp) (Toda et al., 1996; Zaitsevskaya-Carter and Cooper,
1997). Deletion in any of these genes causes morphological
changes, and cells display multiseptate phenotype, growth
inhibition in response to potassium ions, hypersensitivity to
B-1,3-glucanases, and defective vacuole fusion under hypo-
tonic stress (Toda et al., 1996; Sengar et al., 1997; Zait-
sevskaya-Carter and Cooper, 1997; Bone et al., 1998; Sugiura
et al., 1999; Loewith et al., 2000). MAPK Pmklp is dually
phosphorylated by Peklp at two conserved threonine and
tyrosine residues in positions 186 and 188, respectively (Su-
giura et al., 1999; Loewith et al., 2000). Inactive (unphosphor-
ylated) Peklp binds Pmklp in the absence of external stim-
ulus and acts as a potent inhibitor of Pmklp signaling
(Sugiura et al., 1999). Although the Mkhlp-Peklp-Pmklp
cascade was initially described as activatable by high tem-
peratures or sodium chloride only (Toda et al., 1996; Zait-
sevskaya-Carter and Cooper, 1997), recent work has shown
that Pmkl1p phosphorylation is induced by multiple stress-
ing conditions (Madrid et al., 2006). In all cases, the stress-
induced activation of Pmklp was completely dependent on
Mkhlp and Peklp function, suggesting the existence of a
linear, nonbranched MAPK cascade. Fluorescence micros-
copy studies detect Pmk1p into the cytoplasm and nucleus,
whereas Mkhlp MAPKKK and Peklp MAPKK are found
exclusively into the cytoplasm. Notably, all three kinases
also locate at the septum during cell separation (Madrid et
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al., 2006). Furthermore, stress treatments or the absence of
Mkhlp or Peklp do not alter the subcellular localization of
MAPK Pmklp, suggesting that its activation occurs at the
cytoplasm or septum and that both its active and inactive
forms cross the nuclear membrane. At present, the identity
of transcription factor(s) regulated by Pmklp is unknown.

The duration and magnitude of MAPK activation result
from a balance between activation and deactivation, with
specific MAPK phosphatases (MKPs) playing a crucial role.
In human cells, alterations of this equilibrium cause a num-
ber of diseases, such as diabetes or cancer. MKPs are divided
into three major categories depending on their specificity to
carry out dephosphorylation in tyrosine, serine/threonine,
or both tyrosine and threonine residues (dual specificity)
(Farooq and Zhou, 2004). Negative regulation of MAPK
Stylp is exerted by tyrosine phosphatases Pyplp and Pyp2p
and by type 2C serine/threonine phosphatases (PP2Cs)
Ptclp and Ptc3p (Hohmann, 2002). Pyplp is the main phos-
phatase inactivating Stylp in growing cells (Degols et al.,
1996; Samejima et al., 1997). However, dephosphorylation of
Stylp activated under osmotic or oxidative stresses is car-
ried out by both Pyplp and Pyp2p (Millar et al., 1995;
Shiozaki and Russell, 1995). Interestingly, the basal expres-
sion of pypl* and the stress-induced expression of pypl™
and pyp2 * is regulated by Stylp and Atflp, forming a
negative-feedback loop (Degols et al., 1996, Shiozaki and
Russell, 1996; Wilkinson et al., 1996) (Figure 1A). Besides,
during heat shock Pyplp binding to MAPK Stylp is abol-
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ished, resulting in a quick and strong Sty1p activation that is
subsequently attenuated by threonine (PP2C) phosphatases
Ptclp and Pte3p (Nguyen and Shiozaki, 1999). Again, ex-
pression of ptc1™ is induced by cadmium, hydrogen perox-
ide, heat shock, or osmotic stress and regulated by the
Stylp-Atflp loop (Gaits et al., 1997; Chen et al., 2003).

Currently, Pmplp is the only phosphatase known to de-
phosphorylate and inactivate Pmklp in fission yeast. The
corresponding gene pmpl* was originally isolated as a mul-
ticopy suppressor for the chloride hypersensitivity of one
strain deleted in ppb1*, which encodes calcineurin (Sugiura
et al., 1998). Further analysis indicated that Pmp1p is closely
related to dual-specificity phosphatases and that it is able to
bind and inactivate Pmklp in vitro and in vivo, suggesting
that it may negatively regulate the Pmklp MAPK pathway
(Sugiura et al., 1998). Microarray analyses have shown no
significant changes in pmp1™ transcription during cell cycle
or stress treatments (Chen ef al., 2003). However, a recent
work has demonstrated that the stability of pmpl* mRNA
relies on the function of the RNA binding protein Rnclp,
whose activity is up-regulated by Pmklp-mediated phos-
phorylation (Sugiura et al., 2003). Thus, the negative-feed-
back loop that controls the posttranscriptional stabilization
of Pmplp transcripts by Rnclp provides a regulatory mech-
anism for fine-tuning of the Pmklp pathway.

We described previously the existence of cross-talk be-
tween Stylp and Pmklp MAPKSs in S. pombe (Madrid et al.,
2006). Stylp function is required for correct deactivation of
Pmklp in cells subjected to osmotic upshifts by a mechanism
dependent on Atflp transcriptional activity and on de novo
protein synthesis (Madrid et al., 2006). This result strongly
suggests that one or several phosphatases whose expression
is up-regulated by the SAPK pathway might be responsible
for Pmklp dephosphorylation. In this work, we have fo-
cused on this question to disclose that the SAPK-regulated
tyrosine phosphatases Pyplp and Pyp2p, as well as the
threonine phosphatase Ptclp, are able to down-regulate
Pmklp activity in S. pombe depending on the nature of the
stimulus.

MATERIALS AND METHODS

Strains and Growth Conditions

S. pombe strains (Table 1) were grown with shaking at 28°C in YES or EMM2
medium with 3% of glucose (Moreno et al., 1991), and supplemented with
adenine, leucine, histidine, or uracil (100 mg/1; Sigma-Aldrich Co., St. Louis,
MO) depending on their particular requirements. Mutant strains were ob-
tained by standard transformation procedures or by mating and selecting
diploids in EMM2 medium without supplements. Spores were obtained in
MEL medium (Moreno et al., 1991), purified by glusulase treatment (Soto et al.,
2002) and allowed to germinate in EMM2 plus the appropriate requirements.
Transformation of yeast strains was performed by the lithium acetate method
as described previously (Soto et al., 2002). In experiments performed with
cdc25-22 thermosensitive mutant strains, the cells were grown in YES medium
to an Agy of 0.2 at 25°C (permissive temperature), shifted to 37°C for 3.5 h,
and released from the growth arrest by transfer back to 25°C. In experiments
for the expression of a particular gene driven by the thiamine repressible
promoter, yeast cultures were grown in EMM2 with or without 5 mg/I1
thiamine for 12-24 h. Escherichia coli DH5aF’ was used as host to propagate
plasmids by growth at 37°C in Luria-Bertani medium plus 50 ug/ml ampi-
cillin.

Plasmid Constructs

The complete pmp1™, pypl™, pyp2*, and ptc1* open reading frames (ORFs) were
amplified by polymerase chain reaction (PCR) by using genomic S. pombe DNA
as template and the following oligonucleotide pairs: PMP1F-5 (TATATCCCGG-
GAATGTCTCAAAAACTACC, Smal site is underlined) and PMP1F-3 (TATAT-
TCTAGATCAAGAAGCATCATTACT, Xbal site is underlined), PYP1F-5
(TATATCCCGGGAATGAATTTTTCAAACGG, Smal site is underlined) and
PYP1F-3 (TATATCCATGGTCATGTTAAAACCGGGA, Ncol site is underlined),
PYP2F-5 (TATATCCCGGGAATGCTCCATCTTCTGTCT, Smal site is under-
lined) and PYP2F-3 (TATATTCTAGATTAAGTCATCAAGGGCTT, Xbal site is
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underlined), PTCIF-5 (TATATCCCGGGAATGAAGGGAAGCCATCC, Smal
site is underlined) and PTCI1F-3 (TATATICTAGACTAATAATAGTCAT-
TACTG, Xbal site is underlined). The resulting DNA fragments were digested
with Smal and Xbal or Ncol, and cloned into plasmid pGEX-KG, which allows
the expression in E. coli of the corresponding proteins as glutathione S-transferase
(GST) fusions at their N terminus (Guan and Dixon, 1991). The resulting plas-
mids (pGEX-pmpl, pGEX-pyp1, pGEX-pyp2, and pGEX-ptcl) were transformed
into E. coli DH5aF’, and the protein fusions were purified with glutathione-
Sepharose beads as indicated below. During coprecipitation experiments, the
expression plasmid pDS472a (Forsburg and Sherman, 1997) was used to express
the GST tag under the control of the strong thiamine repressible promoter in S.
pombe cells.

Gene Disruption and Epitope Tagging

The pmk1™, pmpl™, atfl*, pypl™, pyp2*, ptc1*, ptc2*, and ptc3* null mutants
were obtained by entire deletion of the corresponding coding sequences and
their replacement with the KanMX6 (KanR) cassette by PCR-mediated strat-
egy by using plasmid pFA6a-kanMX6 as template (Bahler et al., 1998). Alter-
natively, gene deletion was performed using plasmid pCR2.1.hph conferring
hygromycin B resistance (Sato et al., 2005). Plasmid pFA6a-kanMX6-P41nmt1-
GST (Bahler et al., 1998) was used to obtain strains expressing N-terminal,
GST-tagged versions of Pyplp and Pyp2p under the control of the medium-
strength thiamine repressible promoter. To construct strains expressing C-
terminal 13-myc or GST tagged versions of either pypl™, pyp2*, or ptcl*, we
used plasmids pFA6a-13Myc-kanMX6 and pFA6a-GST-kanMX6, respectively
(Bahler et al., 1998). Primer sequences used in each case are available upon
request. The Pmk1-HA6H-tagged strains were obtained after transformation
with integrative plasmid pIH-pmkl-ura (Madrid et al., 2006) previously di-
gested with BstxI at the unique site within the pmk1* coding region. Strains
expressing a C-terminal-tagged version of Pmklp fused to the green fluores-
cent protein (GFP) were obtained by transforming with integrative plasmid
pIL-pmk1-GFP (Madrid et al., 2006) digested at the unique Nrul site within
leul™ and selecting for leucine prototrophy. In all cases, the correct construc-
tion of strains was verified by PCR, Western blot. or both (see below).

Stress Treatments

To investigate Pmkl1p activation under hypertonic stress most experiments
were made using log phase cell cultures (A, of 0.5) growing at 28°C in YES
medium and the addition of 0.6 M KCI. At different times, the cells from 30 ml
of culture were harvested by centrifugation at 4°C, washed with cold phos-
phate-buffered saline buffer, and the yeast pellets immediately frozen in
liquid nitrogen for analysis.

Purification and Detection of Activated Pmk1-HA6H and
Sty1-HA6H

Cell homogenates were prepared under native conditions by using chilled
acid-washed glass beads and lysis buffer (10% glycerol, 50 mM Tris-HCI, pH
7.5, 150 mM NaCl, 0.1% Nonidet NP-40, plus specific protease and phospha-
tase inhibitor cocktails for fungal and yeast extracts; Sigma Chemical). The
lysates were cleared by centrifugation at 16,000 X ¢ for 15 min and HA6H-
tagged Pmklp or Stylp were purified by using nickel-nitrilotriacetic acid
(Ni2*-NTA)-agarose beads (QIAGEN, Hilden, Germany) (Madrid et al., 2004).
The purified proteins were resolved in 10% SDS-polyacrylamide gel electro-
phoresis (PAGE) gels, transferred to nitrocellulose filters (GE Healthcare,
Little Chalfont, Buckinghamshire, United Kingdom), and incubated with
either monoclonal mouse anti-hemagglutinin (HA) (clone 12CA5; Roche Mo-
lecular Biochemicals, Basel, Switzerland), polyclonal rabbit anti-phospho-
p42/44 antibodies (Cell Signaling Technology, Danvers, MA) (Madrid et al.,
2006), or monoclonal mouse anti-phospho-p38 antibodies (Cell Signaling
Technology) (Soto ef al., 2002). Alternatively, we used a mouse monoclonal
anti-phosphotyrosine antibody (PY99; Santa Cruz Biotechnology, Santa Cruz,
CA). In this case, cell extracts were prepared as described by Shiozaki and
Russell (1997) and incubated with Ni?*-NTA-agarose beads. After being
processed as described above, immunoreactive bands were revealed with
anti-mouse or anti-rabbit horseradish peroxidase (HRP)-conjugated second-
ary antibodies (Sigma Chemical) and the SuperSignal System (Pierce
Chemical, Rockford, IL). Densitometric quantification of Western blot
signals was performed using Molecular Analyst Software (Bio-Rad, Her-
cules, CA).

Detection of myc-tagged Fusions

Cell homogenates were prepared under native conditions as indicated above.
The cleared lysates were resolved in 8% SDS-PAGE gels, transferred to
nitrocellulose filters, and incubated with monoclonal mouse anti-c-myc anti-
body (clone 9E10; Roche Molecular Biochemicals). A polyclonal rabbit anti-
Cdc2 antibody (PSTAIR; Upstate Biotechnology, Lake Placid, NY) was used
as loading control. To detect immunoreactive bands, anti-mouse or anti-rabbit
HRP-conjugated secondary antibodies (Sigma Chemical) and the SuperSignal
System (Pierce Chemical) were used.
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Table 1. S. pombe strains used in this study

Strain Genotype Source/reference

MI200 h™* ade6-M216 pmk1-HA6H::ura4* leul-32 ura4D-18 Madrid et al. (2006)

MI201 h™ ade6-M210 pmk1-HA6H::ura4" leul-32 ura4D-18 Madrid et al. (2006)

TP319-13¢ h™ pmk1::ura4™ leul-32 ura4D-18 T. Toda

PPG148 h™ cdc25-22 ura4D-18 S. Moreno

JM1368 h™ ade6-M216 his7-336 mcs4::ura4™ leu 1-32 ura4-D18 J. B. Millar

JM1478 h™ ade6-M216 his7-366 wak1::ura4+ leu 1-32 ura4-D18 J. B. Millar

TK102 h™ his1-102 wis1::his1" leu 1-32 ura4-D18 T. Kato

TK107 h™ styl::urad4™ leu 1-32 ura4-D18 T. Kato

MI102 h™* ade6-M216 pmk1::KanR leul-32 ura4D-18 This work

MI103 h™ ade6-M216 atfl::ura4™ leul-32 ura4D-18 This work

MI104 h™* ade6-M216 pmp1::KanR leul-32 ura4D-18 This work

MI105 h™ ade6-M216 pypl:KanR leul-32 ura4D-18 This work

MI106 h™* ade6-M216 pyp2:KanR leul-32 ura4D-18 This work

MI107 h~ styl:ura4™ pmk1::KanR leul-32 ura4D-18 This work

JM1032 h™ ade 6-704 pyp2::LEU2 leul-32 ura4D-18 J. B. Millar

MI110 h™ ade6-M216 ptcl::KanR leul-32 ura4D-18 This work

MI113 h™* ade6-M216 ptc2::KanR leul-32 ura4D-18 This work

MI114 h™ ade6-M216 ptc3::HygR leul-32 ura4D-18 This work

MI108 h™ pypl:KanR pmkl::ura4™ leul-32 ura4D-18 This work

MI109 h™ pypl:KanR styl:ura4™ leu 1-32 ura4-D18 This work

MI111 h™ ptcl::KanR pmkl::ura4™* leul-32 ura4D-18 This work

MI112 h™ ptcl::KanR styl:ura4™ leu 1-32 ura4-D18 This work

MI115 h™ pmpl:KanR pmk1::ura4™ leu 1-32 ura4-D18 This work

MIl16 h™ pmpl:KanR styl:ura4™ leu 1-32 ura4-D18 This work

MI117 h™ pyp2:KanR pmkl1::ura4* leu 1-32 ura4-D18 This work

MI118 h™ pyp2:KanR styl:ura4™ leu 1-32 ura4-D18 This work

MI208 h™ ade6-M216 his7-336 mcs4::ura4™ pmkl-HA6H::ura4* leu 1-32 ura4-D18 This work

MI217 h™ ade6-M216 his7-336 wak1:ura4* pmk1-HA6H::ura4™ leu 1-32 ura4-D18 This work

MI210 h™ his1-102 wis1::his1* pmk1-HA6H::ura4™" leu 1-32 ura4-D18 This work

MI204 h* ade™ styl:ura4™ pmk1-HA6H::ura4* leul-32 ura4D-18 Madrid et al. (2006)

MiI211 h™* ade6-M216 atfl::ura4* pmkl-HA6H::ura4" leul-32 ura4D-18 Madrid et al. (2006)

MI212 h™ ade6-M216 pmp1::KanR pmk1-HA6H::ura4* leu1-32 ura4D-18 This work

MI213 h™* ade6-M216 pypl::KanR pmk1-HA6H::ura4" leul-32 ura4D-18 This work

MI214 h™ ade6-M216 pyp2:KanR pmk1-HA6H::ura4™" leul-32 ura4D-18 This work

MI216 h™* ade6-M216 ptcl::KanR pmkl-HAG6H::ura4* leul-32 ura4D-18 This work

MI218 h™ ade6-M216 ptc2::KanR pmk1-HA6H::ura4™ leul-32 ura4D-18 This work

MI219 h™* ade6-M216 ptc3::HygR pmkl-HA6H::ura4* leul-32 ura4D-18 This work

MI215 h™ ade 6-704 pyp2::LEU2 nmt1:pypl::KanR pmk1-HA6H::ura4™ leul-32 ura4D-18 This work

MI107 h* styl:ura4* pmk1::KanR leul-32 ura4D-18 This work

MI220 h* pypl:KanR styl:ura4™ pmk1-HA6H::ura4™ leul-32 ura4D-18 This work

MI221 h* pyp2:KanR styl:ura4* pmk1-HA6H::ura4™" leul-32 ura4D-18 This work

MI222 h™* ptcl::KanR styl:ura4™ pmkl-HAG6H::ura4* leul-32 ura4D-18 This work

MI223 h™* pypl:KanR ptcl:KanR pmkl-HA6H::ura4* leul-32 ura4D-18 This work

MI301 h™ pmk1::ura4* pmk1-GFP::leul™ leul-32 ura4D-18 Madrid et al. (2006)

MI311 h* ade™ styl:ura4™ pmk1-GFP:leul* leul-32 ura4D-18 This work

MI312 h™ ade6-M216 atfl::KanR pmk1-GFP::leul* leul-32 ura4D-18 This work

MI313 h™* ade6-M216 pmp1::KanR pmk1-GFP::leul* leul-32 ura4D-18 This work

MI314 h™ ade6-M216 pypl:KanR pmk1-GFP::leul™ leul-32 ura4D-18 This work

MI315 h™* ade6-M216 pyp2::KanR pmk1-GFP::leul™ leul-32 ura4D-18 This work

MI500 h™ ade6-M216 styl-HA6H::ura4™ nmt41:GST-pypl::KanR leul-32 ura4D-18 This work

MI501 h™* ade6-M216 styl-HA6H::ura4™ nmt41:GST-pyp2::KanR leul-32 ura4D-18 This work

MI502 h™ ade6-M216 pmk1-HA6H::ura4* nmt41:GST-pypl::KanR leul-32 ura4D-18 This work

MI503 h™* ade6-M216 pmk1-HA6H::ura4* nmt41:GST-pyp2::KanR leul-32 ura4D-18 This work

MI505 h™ ade6-M216 pmk1-HA6H::ura4* ptc1-GST::KanR leu1-32 ura4D-18 This work

MI506 h™ ade6-M216 pmk1-HA6H::ura4"* pypl-GST::KanR leul-32 ura4D-18 This work

JM1521 h™ ade6-M216 his7-366 styl-HA6H::ura4* leul-32 ura4D-18 J. B. Millar

MI600 h™ cdc25-22 pmk1-HAG6H::ura4* ura4D-18 This work

MI601 h™ cdc25-22 pmk1:KanR ura4D-18 This work

MI602 h™ cdc25-22 pmp1::KanR pmk1-HAG6H::ura4" leul-32 ura4D-18 This work

MI701 h™ ade6-M216 pyp1-13myc:KanR leul-32 ura4D-18 This work

MI702 h™* pyp2-13myc::ura4* leul-32 ura4D-18 J. B. Millar

MI703 h™ ade6-M216 ptc1-13myc::KanR leul-32 ura4D-18 This work

MI704 h™* pyp2-13myc::ura4* pypl::KanR leul-32 ura4D-18 This work

MI705 h™ ade6-M216 ptc1-13myc::KanR pypl::HygR leul-32 ura4D-18 This work

MI706 h™ styl::ura4* pypl-13myc::KanR leul-32 ura4D-18 This work

MI707 h™ styl::urad™ pyp2-13myc:KanR leul-32 ura4D-18 This work

MI708 h™* styl::ura4™ ptcl-13myc::KanR leul-32 ura4D-18 This work

2119 h™ his7-336 wis1DD-12myc::ura4™ leu 1-32 ura4-D18 M. A. Rodriguez-Gabriel
Continued
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Table 1. Continued

Strain Genotype Source/reference
MI709 h™ his7-336 wis1DD-12myc::ura4™ pmk1-HA6H:ura4* leu 1-32 ura4-D18 This work

MI710 h™ his7-336 wis1DD-12myc::ura4™ pypl-13myc::KanR leu 1-32 ura4-D18 This work

MI711 h™ his7-336 wis1DD-12myc::ura4™ pyp2-13myc::KanR leu 1-32 ura4-D18 This work

MI712 h™ his7-336 wis1DD-12myc::ura4™* ptcl-13myc::KanR leu 1-32 ura4-D18 This work

MI713 h™ wis1DD-12myc::ura4* pmk1-HA6H::ura4™ atfl::ura4™* leu 1-32 ura4-D18 This work

MI100 h* ade6-M216 his7-366 pmk1::KanR styl-HA6H::ura4™ leul-32 ura4D-18 Madrid et al. (2006)
MI1000 h™* ade6-M216 his7-366 pmpl::KanR styl-HA6H::ura4" leul-32 ura4D-18 This work

MI1001 h™ ade6-M216 his7-366 pypl::KanR styl-HA6H::ura4* leul-32 ura4D-18 This work

MI1002 h™ ade6-M216 his7-366 pyp2::KanR styl-HA6H:ura4* leul-32 ura4D-18 This work

MI1003 h™ ade6-M216 his7-366 ptcl:KanR styl-HA6H::ura4™ leul-32 ura4D-18 This work

Purification and Detection of GST Fusions in E. coli
and S. pombe

Purification of GST or GST-fused versions of phosphatases Pmplp, Pyplp,
Pyp2p, and Ptclp in E. coli DH5a was performed according to Millar et al.
(1992). Briefly, the expression of the corresponding GST fusion was induced
by adding 0.4 mM isopropyl B-p-thiogalactoside to mid-log phase bacterial
cultures. GST-fused proteins were precipitated from lysate supernatants by
incubation at 4°C with glutathione-Sepharose (GE Healthcare). Sepharose-
bound proteins were then eluted by incubating 1 h at 4°C with 10% glycerol,
100 mM KCI, 5 mM MgCl,, 0.1 mM ZnCl,, 0.1 mM EDTA, 2 mM dithiothreitol
(DTT), 10 mM HEPES, and 10 mM reduced glutathione, pH 9.0. To purify GST
or GST fusions in S. pombe, cells were grown in 11 of EMM2 medium without
thiamine to induce expression of GST, GST-Pypl, or GST-Pyp2. The same
medium was used to grow strains expressing Pyp1-GST or Ptc1-GST fusions
under control of its own promoter. Yeast cells were recovered by filtration,
washed, resuspended in 4 ml of lysis buffer (10% glycerol, 20 mM Tris-HCI,
pH 8.2, 100 mM NaCl, 10 mM MgCl,, 2 mM EDTA, 0.05% Nonidet NP-40,
plus specific protease and phosphatase inhibitors), and disrupted with chilled
acid-washed glass beads. The lysates were cleared by centrifugation at
15,000 X g for 25 min and incubated for 3 h with 1 ml of glutathione-
Sepharose beads previously equilibrated in lysis buffer. After exhaustive
washing with the same buffer, the bound proteins were eluted in the presence
of reduced glutathione and concentrated by trichloroacetic acid (TCA) pre-
cipitation.

Coprecipitation Experiments

To detect interaction of GST-fusions with Pmk1-HA6H or Styl-HA6H, the
TCA precipitates were resolved by SDS-PAGE, transferred to nitrocellulose
filters, and hybridized separately with anti-HA, anti-phospho-p44/42, or a
polyclonal goat anti-GST antibody conjugated to HRP (GE Healthcare). The
immunoreactive bands were revealed as indicated above.

Pmk1p Dephosphorylation In Vitro

Activated Pmk1-HA6H was purified with Ni>*-NTA-agarose beads (see
above) from strain MI200 growing to mid-log phase in YES medium and
subjected to stress with 0.6 M KCI for 15 min. The beads were washed twice
and resuspended in phosphatase buffer containing 1 mM EDTA, 2 mM DTT,
50 mM imidazole, pH 7.2. Aliquots of Pmk1-HA6H were incubated at 30°C
for 60 min in phosphatase buffer with 5 ug of either GST-Pmp1, GST-Pyp1, or
GST-Pyp2, with or without 30 mM sodium orthovanadate. Phosphatase as-
says with GST-Ptcl were performed by incubating activated Pmk1-HA6H in
solution A (50 mM Tris-HCI, pH 7.0, 0.1 mM EGTA, 1 mg/ml bovine serum
albumin, and 10 mM glutathione) with 20 mM MgCl, or 1 mM EDTA at 30°C
for 45 min (Nguyen and Shiozaki, 1999). The reactions were stopped by
adding sample bulffer, subjected to SDS-PAGE, and analyzed by Western blot
analysis with anti-p42/44, anti-HA, and anti-GST antibodies as described
above.

Fluorescence Microscopy

Images were taken on a Leica DM 4000B fluorescence microscope with a 100X
objective, captured with a cooled Leica DC 300F camera and IM50 software,
and then imported and processed with Adobe PhotoShop 6.0 (Adobe Sys-
tems, Mountain View, CA). To localize Pmk1-GFP fusion, small aliquots (10
ul) from cells growing in YES medium were loaded onto poly-L-lysine—coated
slides or fixed with formaldehyde as described previously (Alfa et al., 1993).
Calcofluor white was used for cell wall/septum staining as described previ-
ously (Alfa et al., 1993). A minimum of 200 cells per strain was analyzed.
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B-1,3-Glucanase Sensitivity

Resistance to -1,3-glucanase was assayed in different mutants by the method
of Loewith et al. (2000) with some modifications. Cells were grown in YES
medium to an Agg of 0.6, washed with 10 mM Tris-HCl, pH 7.5, 1 mM EDTA,
and 1 mM B-mercaptoethanol, and incubated with vigorous shaking at 30°C
in the same buffer supplemented with 100 ug/ml Zymolyase 20-T (Seikagaku,
Tokyo, Japan). Samples were taken every 15 min, and cell lysis was monitored
by measuring Agq, decay.

Plate Assay of Stress Sensitivity for Growth

Wild-type and mutant strains of S. pombe were grown in YES liquid medium
to log phase. Appropriate dilutions were spotted per duplicate on YES solid
media or in the same medium supplemented with different concentrations of
MgCl,. The plates were incubated at 28°C for 3 d.

Reproducibility of Results

All experiments were repeated at least three times with similar results.
Representative results are shown.

RESULTS

SAPK Controls Pmklp Deactivation during Growth
and Hypertonic Stress

Stylp MAPK is essential for proper Pmklp deactivation after
hypertonic stress in a process regulated by transcription factor
Atflp (Madrid et al., 2006). We performed a comparative anal-
ysis of Pmklp activation/deactivation in salt-stressed S. pombe
strains expressing an HA6H-tagged version of Pmklp MAPK
and deleted in different components of the SAPK pathway
(Figure 1A) by using a p42/44 antibody, which detects dual
phosphorylation at threonine and tyrosine. Pmklp phosphor-
ylation was evident in control cells after 20 min of hypertonic
treatment, followed by a deactivation trend (Figure 1B). How-
ever, strains deleted in mcs4* (response regulator), wakl™
(MAPKKK), wis1* (MAPKK), styl* (MAPK), or atfl* (tran-
scription factor) showed a comparatively maintained stress-
induced Pmklp activation (Figure 1B). Identical results were
obtained when these strains were subjected to nonsaline
hypertonic stress (1 M sorbitol; data not shown). Also, a
moderate but reproducible increase in basal Pmkl phos-
phorylation was evident in the above-mentioned mutants
compared with control cells (Figure 1B). These data confirm
that the SAPK pathway transduces hypertonic stress signals
via Stylp-Atflp to promote Pmklp dephosphorylation, and
they suggest that such pathway negatively regulates Pmk1p
activity in growing cells.

Role of Tyrosine Phosphatases Pyplp and Pyp2p as
Negative Regulators of Pmklp Activity

The above-mentioned results support that one or more pro-
tein phosphatases induced through the SAPK pathway
might be responsible for Pmklp deactivation in growing
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cells and under hypertonic stress. Thus, we first focused our
attention on tyrosine phosphatases Pyplp and Pyp2p, which
account for Stylp dephosphorylation during normal growth
conditions (Pyplp) and under osmostress (Pyplp and
Pyp2p) (Millar et al., 1995; Degols et al., 1996; Shiozaki and
Russell, 1996). In fact, Sty1p-Atflp function regulates during
osmostress the basal expression of pypl* and the induced
level of pyp1™ (moderate) and pyp2* (strong) mRNAs (De-
gols et al., 1996; Shiozaki and Russell, 1996; Wilkinson ef al.,
1996, Chen et al., 2003). We determined Pmkl1p activation/
deactivation under hypertonic stress in control cells, and in
cells lacking Pyplp, Pyp2p, or Pmplp, which is the only
known protein phosphatase able to down-regulate Pmk1p
activation in S. pombe (Sugiura et al., 1998). In pyplA strain
MI213, basal Pmklp phosphorylation was higher than in
control cells, whereas under osmostress the activation was
significantly lower (Figure 2A). On the contrary, pyp2A cells
showed unchanged basal level of Pmklp activity, but the
deletion prompted a marked phosphorylation and a kinetics
of Pmkl1p deactivation slower than in wild-type cells (Figure
2A). Except for a clear increase in the basal level of Pmklp
activity, pmpl* deletion did not seem to affect significantly
the rate of Pmklp dephosphorylation under osmostress,
although the overall level of Pmkl phosphorylation was
higher at all times (Figure 2A). We also analyzed Pmklp
phosphorylation under osmostress in control, pyp1A, pyp2A,
and pmplA strains by using specific anti-phosphotyrosine
antibody (pY99) instead of anti-p42/44 antibody. The pat-
tern of tyrosine phosphorylation of Pmkl1p in these mutants
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trol), MI204 (pmk1-HA6H, sty1A), MI211 (pmk1-HA6H,
aftlA), MI212 (pmk1-HAG6H, pmplA), MI213 (pmkl-
HAGH, pyplA), and MI214 (pmk1-HA6H, pyp2A) were
grown in YES medium to mid-log phase, and Pmklp
basal activity was determined with anti-phospho-
p42/44 or anti-phosphotyrosine antibodies.

was very similar to that observed with the antibody detect-
ing dual phosphorylation at threonine and tyrosine (Figure
2B). To examine further the involvement of Pyplp and
Pmplp phosphatases in regulating the basal level of acti-
vated Pmklp, we analyzed this character in unstressed
growing cells from different mutants. The p42/44 and pY99
levels in sty1A, atfIA, pyp1A, and pmpIA strains were higher
than in control or pyp2™*-deleted cells (Figure 2C). Together,
these results strongly suggest that both Pmplp and Pyplp
phosphatases are responsible for Pmklp tyrosine dephos-
phorylation under normal growth conditions, whereas
Pyp2p is involved in Pmk1p down-regulation during hyper-
tonic stress. However, additional phosphatases might be
involved in this process, because Pmk1p dephosphorylation
can be still recorded in the absence of Pyp2p. In contrast, the
unexpected Pmk1 hypoactivation observed in pyplA cells
could result from Sty1 hyperactivation (see below).

Pmklp localizes in both cytoplasm and nucleus, as well as
in the mitotic spindle and septum during cytokinesis,
whereas Pmplp, Pyplp, and Pyp2p are mostly restricted to
the cytoplasm (Gaits and Russell, 1999; Madrid et al., 2006).
To clarify whether the subcellular localization of Pmk1p was
altered in the absence of these protein phosphatases or by
lack of components of the SAPK pathway, we performed
fluorescence microscopy observations in strains expressing a
C-terminal-tagged version of Pmk1 fused to GFP in stylA,
atflA, pmplA, pyplA, or pyp2A backgrounds. No noticeable
effect was observed on the distribution of Pmk1-GFP at the
cell nucleus, cytoplasm, and septum (data not shown).
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Tyrosine Phosphatases Pyplp and Pyp2p Associate with,
and Dephosphorylate Pmk1p

If Pmklp were a substrate for Pyplp and Pyp2p, these
protein tyrosine phosphatases should be able to bind such
MAPK to some extent. To test this, we expressed N-terminal
GST-tagged versions of Pyplp and Pyp2p under the control
of the medium-strength thiamine repressible promoter
nmt4l in strains MI502 and MI503, which contain genomic
versions of Pmk1p fused to HA6H epitope at its C terminus.
The Stylp-tagged strains MI500 and MI501 were used as a
positive control for binding to Pyplp and Pyp2p, respec-
tively. After growth of the cells in minimal medium with or
without thiamine, GST-Pyplp and GST-Pyp2p fusions were
purified by affinity chromatography with glutathione-Sepha-
rose beads. Finally, the bound proteins were subjected to
Western blot analysis with anti-HA antibodies. Figure 3A
shows that purification of both GST-Pyplp and GST-Pyp2p
fusions from cultures growing in the absence of thiamine
allowed to detect Stylp and Pmklp with anti-HA antibod-
ies, whereas in negative controls or in cultures grown in the
presence of thiamine these MAPKs did not copurify with
GST alone. These results suggest that Pyplp and Pyp2p
associate with Pmkl1p. To ensure that the above-mentioned
interactions were not due to overexpression of the phospha-
tases, we performed a coprecipitation experiment by using
strain MI506, which expresses a C-terminal GST-tagged ver-
sion of Pyplp under the regulation of its own promoter in a
Pmk1-HA background. Approximately equal amounts of
GST (negative control) and Pyp1-GST fusions were purified
from cell extracts with glutathione-Sepharose beads. As
shown in Figure 3B, Pmkl-HA was exclusively detected
after Pypl-GST purification, indicating that most likely
Pmk1 and Pyp1 interact in vivo.

Further demonstration of Pmklp dephosphorylation by
Pyplp and Pyp2p was obtained by in vitro assays. To ac-
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complish this, Pyplp, Pyp2p, and Pmplp phosphatases
fused to GST at their N terminus were expressed in E. coli
and purified by affinity chromatography. The protein fu-
sions were then incubated with salt-activated Pmk1-HA6H
purified from strain MI200. Results from Western blot anal-
yses with anti-p42/44 antibodies showed that active Pmk1p
was efficiently dephosphorylated in vitro by each of the
three phosphatases (Figure 3C). Moreover, incubation of the
purified proteins with the strong inhibitor of protein ty-
rosine phosphatases and dual specificity phosphatases, so-
dium orthovanadate, greatly prevented Pmk1 dephosphor-
ylation (Figure 3C).

Threonine Phosphatase Ptclp Attenuates Basal and
Activated Pmk1p under Osmostress

We focused on PP2C protein phosphatases Ptclp, Ptc2p, and
Ptc3p as potential candidates to negatively modulate Pmk1p
activity because of the possible contribution of other phos-
phatases to Pmklp deactivation (Figure 2, A and B). Threo-
nine phosphatases Ptclp and Pte3p are involved in Stylp
down-regulation, and the induced expression of ptc1* under
stress is regulated by Stylp-Atflp (Gaits ef al., 1997; Nguyen
and Shiozaki, 1999). We found no significant change in the
phosphorylation pattern of Pmklp in ptc2A or ptc3A cells
from either untreated or osmotic-stressed growing cultures
compared with control cells (Figure 4A). However, deletion
of ptcl™ resulted in increased basal level of Pmk1 activity
and slower deactivation kinetics under osmostress than in
wild-type cells (Figure 4A). This suggests that Ptclp is in-
volved in Pmklp inactivation in both growing and osmo-
stressed cells. Comparative analyses in control and mutant
strains showed that deletion of either ptc1* or pmpl* in-
duced a clear increase in Pmklp phosphorylation in grow-
ing cells (Figure 4B).
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Figure 4. Ptclp associates with, and dephosphorylates, Pmk1p. (A) Strains MI200 (pmk1-HA6H, Control), MI216 (pmk1-HA6H, ptc1A), MI218
(pmk1-HAGH, ptc2A), and MI219 (pmk1-HAG6H, ptc3A) were grown in YES medium to mid-log phase and treated with 0.6 M KCI. At different
times Pmk1-HA6H was purified by affinity chromatography, and either activated or total Pmklp was detected by immunoblotting with
anti-phospho-p42/44 or anti-HA antibodies, respectively. (B) Strains MI200 (pmk1-HA6H, Control), MI212 (pmk1-HA6H, pmplA), MI216
(pmk1-HAGH, ptc1A), MI218 (pmk1-HAG6H, ptc2A), and MI219 (pmk1-HAG6H, ptc3A) were grown in YES medium to mid-log phase, and Pmklp
basal activity was determined by using anti-phospho-p42/44 antibody as described above. (C) Pmklp dephosphorylation in vitro. Activated
Pmk1-HA6H or Styl-HA6H was purified with Ni*"-NTA-agarose beads from strains MI200 (Pmk1p; lanes 1-3) or JM1521 (Sty1lp; lanes 4-6)
after treatment with 0.6 M KCl for 15 min. The beads were incubated at 30°C for 45 min in phosphatase buffer with 10 ug of GST-Ptcl (lanes
2,3,5, and 6) in the presence of 10 mM MgCl, (lanes 3 and 5) or 10 mM EDTA (lanes 2 and 6). The samples were analyzed by SDS-PAGE
and immunoblotted with anti-p42/44, anti-HA, and anti-GST antibodies. (D) Pmklp and Ptclp interact in vitro. Cell lysates from
exponentially growing strains JM1521 (Styl-HA6H; lanes 1 and 3), MI200 (Pmk1-HA6H; lanes 2 and 4), and strain MI200 subjected to a
15-min treatment with 0.6 M KCI (lane 5) were incubated each with 15 ug of bacterially purified GST (lanes 1 and 2) or GST-Ptc1 (lanes 3-5)
bound to glutathione-Sepharose beads. The beads were washed extensively, and the binding of Pmklp or Stylp fusions was detected by
inmunoblotting with monoclonal anti-HA antibodies. (E) Pmk1p and Ptclp interact in vivo. An MI200 transformant expressing unfused GST
from plasmid pDS472a (lane 1) and strain MI505 (pmk1-HAG6H, ptc1-GST) expressing a genomic version of Ptclp fused to GST at its C terminus
(lane 2) were grown in EMM2 medium in the absence of thiamine for 16 h. GST and Pyp1-GST fusions were purified with glutathione-
Sepharose beads, resolved by SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with anti-HA or anti-GST antibodies.

Some evidence favors that Ptclp down-regulation of
Pmklp activity occurs by direct interaction. First, a purified
GST-Ptcl fusion expressed in E. coli was able to dephosphor-
ylate in vitro both activated Pmk1-HA6H and Sty1-HA6H to
a similar extent in the presence of Mg?" ions required for
Ptclp activity (Nguyen and Shiozaki, 1999) (Figure 4C, lanes
3 and 5). Second, when GST or GST-Ptcl bound to glutathi-
one-Sepharose beads was incubated with cell extracts from
Pmk1-HA and Styl-HA strains MI200 and JM1521, respec-
tively, Pmk1-HA and Styl-HA coprecipitated with GST-Ptcl
beads but not with GST beads after extensive washes (Figure
4D). Hence, similar to Stylp, Ptclp seems to interact in vitro
with Pmklp. Moreover, this association is unaffected by the
activation status of Pmklp (Figure 4D). Finally, we con-
structed a S. pombe strain expressing a C-terminal GST-
tagged version of Ptclp under the control of its own pro-
moter in a Pmk1-HA6H background (strain MI505). As
Figure 4E shows, Pmklp-HA6H copurified with GST-Ptclp
but not with GST alone. This result strongly supports that
Ptclp and Pmklp associate in vivo. Similar to what happens
in the absence of phosphatases Pyplp, Pyp2p, or Pmplp, the
subcellular localization of Pmk1p was unaffected by deletion
of Ptclp (data not shown).
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Defective Pmkl1p Activation under Saline Stress in pyp1A
Cells Is Due to Stylp Hyperactivation

The above-mentioned results strongly suggest that the
SAPK-regulated phosphatases Pyplp, Pyp2p, and Ptclp
deactivate Pmklp, either in growing cells (Pyplp and
Ptclp) or under osmostress (Pyp2p and Ptclp). However,
the defective Pmk1p activation in pyp1A cells subjected to
osmostress was an intriguing result (Figure 2A). As indi-
cated in Figure 5A, basal Stylp phosphorylation mea-
sured by immunoblotting with anti-phospho-p38 anti-
body increased significantly in pypIA cells, but not in the
absence of Pyp2p, Ptclp or Pmplp. A reasonable inter-
pretation for this is that, because the expression of pyp2*
and ptcl™ genes during osmostress depends on Stylp-
Atflp (Degols et al., 1996; Shiozaki and Russell, 1996;
Wilkinson et al., 1996, Chen et al., 2003), the hyperactiva-
tion of Stylp in pyplA cells should entail increased ex-
pression and synthesis of the two phosphatases, which
would in turn lead to the decreased Pmklp activation
observed in the absence of Pyplp. To examine this hy-
pothesis, we undertook three different approaches. First,
we constructed control and pypIA strains expressing C-
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Figure 5. Stylp hyperactivation promotes defective Pmklp activation under saline stress. (A) Stylp basal activity in different mutants.
Strains JM1521 (styl-HA6H, Control), MI1001 (sty1-HA6H, pyp1A), MI1002 (styl-HA6H, pyp2A), MI1003 (styl-HA6H, ptc1A), MI1000 (styl-
HAG6H, pmp1A), and MI100 (styl-HA6H, pmk1A) were grown in YES medium to mid-log phase, and Styl-HA6H was purified by affinity
chromatography. Activated or total Stylp was detected by immunoblotting with anti-phospho-p38 and anti-HA antibodies, respectively. (B)
Increased Pyp2p and Ptclp synthesis in pyplA cells. Strains MI702 (pyp2-13myc, Control) and MI704 (pyp2-13myc, pyplA) (top), MI703
(ptc1-13myc, Control), and MI705 (ptc1-13myc, pyplA) (bottom) were grown in YES medium to mid-log phase and treated with 0.6 M KCI.
Aliquots were harvested at the times indicated, and total extracts were obtained. Pyp2-13myc and Ptclp-myc fusions were detected by
immunoblotting with anti-c-myc antibody. Anti-Cdc2 antibody was used as loading control. (C) Pmklp activation in wisIDD cells. Strains
MI200 (pmk1-HA6H, Control), MI709 (pmk1-HA6H, wis1DD), and MI1713 (pmk1-HA6H, wis1DD, atf1A) were grown in YES medium to mid-log
phase and treated with 0.6 M KCI. Aliquots were harvested at the times indicated and Pmk1-HA6H was purified by affinity chromatography.
Activated Pmklp was detected by immunoblotting with anti-phospho-p42/44 and total Pmklp with anti-HA antibodies. (D) Increased
Pyplp, Pyp2p and Ptclp synthesis in wisIDD cells. Strains MI701 (pypI-13myc, Control) and MI710 (pyp1-13myc, wis1DD) (top), MI702
(pyp2-13myc, Control) and MI711 (pyp2-13myc, wis1DD) (middle), MI703 (ptc1-13myc, Control) and MI712 (ptc1-13myc, wis1DD) (bottom) were
grown in YES medium to mid-log phase and treated with 0.6 M KCI. Aliquots were harvested at the times indicated, and total extracts were
prepared. Pypl-myc, Pyp2-13myc, and Ptclp-myc fusions were detected by immunoblotting with anti-c-myc antibody. Anti-Cdc2 antibody
was used as loading control.

terminal 13myc-tagged versions of Pyp2p or Ptclp phos-
phatases, and we determined Pyp2-13myc and Ptcl-
13myc protein levels in cultures subjected to osmostress.
As Figure 5B (top) shows, Pyplp deletion prompted a
clear increase in Pyp2-13myc levels in growing cells (0
min) and 15-30 min after the stress treatment with 0.6 M
KCl compared with control cells. Pyplp deletion also
induced a modest but reproducible increase in Ptcl-
13myc protein levels (Figure 5B, bottom). Second, we
analyzed the osmostress-induced Pmk1p activation/deac-
tivation in control cells and in strain MI709, expressing a
hyperactive version of Wislp MAPKK (wis1DD), which
prompts the constitutive activation of Stylp (Shiozaki et
al., 1998). As shown in Figure 5C, Pmklp activation in the
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wis1DD mutant was lower than in control cells. Moreover,
Pyplp and Ptclp protein levels were enhanced in the
mutant relative to control cells upon osmostress (Figure
5D), whereas Pyp2p protein levels were detected in grow-
ing and 15-min salt-stressed wis1DD cells (Figure 5D).
Third, additional deletion of atf1* gene in a wis1DD back-
ground rescued the defective Pmklp activation observed
in stressed cultures from the wis1DD mutant (Figure 5C).
As a whole, these data support the notion that an in-
creased synthesis of phosphatases Pyp2p and Ptclp (due
to up-regulation of the Stylp-Atflp loop) causes defective
Pmklp activation under osmostress in pypIA cells. Also,
they confirm that Pyp2p and Ptclp negatively modulate
Pmklp activity in such conditions.
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Figure 6. Synergistic down-regulation of
Pmklp activity by Pyplp and Ptclp phospha-
tases. (A) Pmklp basal activity in phosphatase-

null mutants. Pmk1-HA6H was purified by

affinity chromatography from strains MI200
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(pmk1-HAGH, pyplA, ptclA). Activated or total
Pmklp was detected by immunoblotting with
anti-phospho-p42/44 or anti-HA antibodies, re-
spectively. (B) Pmklp activation in phospha-
tase-null mutants subjected to a saline stress.
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Strains MI200 (pmk1-HA6H, Control), MI223

(pmk1-HAGH, pyplA, ptc1A), and MI213 (pmk1-HAG6H, pyplA) were grown in YES medium to mid-log phase and treated with 0.6 M KCI. At
different times Pmk1-HA6H was purified by affinity chromatography, and either activated or total Pmklp was detected by immunoblotting

as described above.

An apparently contradictory result is the increased basal
level in Pmklp phosphorylation in growing pyplA cells
(Figure 2, A—C). In this mutant, Stylp hyperactivation pro-
motes increased Pyp2p and Ptclp protein levels (Figure 5B),
which should account for Pmk1 deactivation. Considering
that both Pyplp and Ptclp phosphatases down-regulate
Pmklp activity in growing cells, one possible explanation
would be that their effect on Pmklp is additive, and thus
that the basal Pmk1 phosphorylation observed in pyp1A cells
results from lack of negative regulation by Pyplp plus in-
creased MAPK dephosphorylation due to enhanced Ptclp
protein levels. Coincident with this suggestion, simulta-
neous deletion of pypl* and ptc1* induced an increase in
basal Pmklp phosphorylation stronger than in single-de-
leted cells (Figure 6A). Moreover, partial reversion of the
Pmklp hypoactivation phenotype was observed by simul-
taneous deletion of ptc1* and pypl™ compared with pypIA
cells subjected to osmostress (Figure 6B; for example, com-
pare Pmkl1p phosphorylation after 15 min in control, pyplA
ptclA, and pyplA cells).

A

Control sty14

Pyplp and Ptclp Phosphatases Negatively Modulate
Pmk1p Phosphorylation under Osmostress Both in a
Stylp-dependent and -independent Manner

If Pmklp down-regulation by Pyplp, Pyp2p, and Ptclp
were completely dependent on the maintenance of appro-
priate phosphatase levels under transcriptional control by
Stylp, the defective Pmk1 deactivation observed in stylA
cells under osmostress should be unaffected by simulta-
neous deletion of Stylp and any of the a above-mentioned
phosphatases. Our results show that such prediction is cor-
rect in some cases. For example, the rate of Pmklp activa-
tion/deactivation in osmostressed cells was virtually iden-
tical in stylA and stylA pyp2A mutants (Figure 7A).
However, double-deleted styIA pyplA cells subjected to os-
mostress displayed more Pmklp activity than the styIA
mutant (Figure 7A). Importantly, Stylp deletion was able to
suppress the defective Pmkl1 activation observed in pyplA
cells (Figure 2, A and B), supporting previous results sug-
gesting that this effect is due to increased phosphatase syn-
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MI702 (pyp2-13myc, Control) and MI707 (pyp2-
13myc, stylA) (middle), MI703 (ptc1-13myc,
Control) and MI708 (ptc1-13myc, sty1A) (right)
were grown in YES medium to mid-log phase
and treated with 0.6 M KCIl. Aliquots were
harvested at the times indicated, and total ex-
tracts prepared. Pypl-myc, Pyp2-13myc, and
Ptclp-myc fusions were detected by immuno-
blotting with anti-c-myc antibody. Anti-Cdc2
antibody was used as loading control.
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Figure 8. Differential regulation of MAPK functions by Pyplp, Ptclp, and Pmplp
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TK107 (sty1A), MI102 (pmk1A), MI107 (pmkIA stylA), MI104 (pmp1A), MI116 (pmplA stylA), MI115 (pmplA pmk1A), MI105 (pyp1A), MI109
(pyp1A sty1A), MI108 (pyplA pmk1A), MI106 (pypZA) MI118 (pyp2A stylA), MI117 (pyp2A pmk1A), MI110 (ptc1A), MI112 (ptc1A sty1A), MI111
(ptc1A pmk1A), and 2119 (wis1DD) were grown in YES medium to an A4y, of 0.5. Samples containing 10°%, 10%, 10 or 10* cells were spotted
onto YES plates supplemented with 0.2 M MgCl, and incubated for 3 d at 28°C before being photographed. (B) Cell wall integrity assays.
Strains MI200 (Control), TK107 (sty1A), MI102 (pmk1A), MI104 (pmp1A), MI116 (pmplA sty1A), MI115 (pmp1A pmk1A), MI105 (pyp1A), MI109
(pyp1A sty1A), MI108 (pyplA pmk1A), MI110 (ptc1A), MI112 (ptcIA stylA), and MI111 (ptcIA pmk1A) were grown in YES medium to an Agy,
of 0.5, and the cells treated at 30°C with 100 ug/ml Zymolyase 20-T. Cell lysis was monitored by measuring A4y, decay at different incubation
times. Results represent the mean value of three independent experiments.

thesis by Stylp hyperactivation. Similar to sty1A pypIA cells,
the overall Pmklp phosphorylation in sty1A ptc1A osmo-
stressed cells was higher than in single sty1A mutant (Figure
7A). The most logical scenario to explain these results is that,
unlike for pyp2™, the expression of both pypl™ and ptcl* is
not fully dependent on transcriptional control by Stylp-
Atflp. We tested this interpretation by analyzing Pypl-
13myc, Pyp2-13myc, and Ptcl-13myc protein levels in con-
trol and stylA cultures under osmostress. As shown in
Figure 7B, moderate Pypl-13myc protein levels were de-
tected in stylA cells compared with control cells. On the
contrary, Pyp2-13myc fusion was virtually undetectable in
the absence of Stylp, whereas the level of Ptc1-13myc pro-
tein under osmostress was largely unaffected by the MAPK
deletion (Figure 7B). These results imply that Pmklp deac-
tivation by phosphatases Pyplp and Ptclp may be relatively
(Pyplp) or largely (Ptclp) independent on the transcrip-
tional control by Stylp.

Differential Regulation of MAPK Functions by Pyplp,
Ptclp, and Pmplp Phosphatases

In S. pombe, the phosphorylation state of Pmklp has a dra-
matic effect on chloride homeostasis. Deletion of pmpl*, and
consequently Pmklp hyperactivation, leads to strong sensi-
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tivity to this anion (Sugiura et al., 1998). We analyzed the
ability of strains deficient in different elements of the SAPK
and Pmklp pathways to grow in rich medium supple-
mented with MgCl,. Strains lacking styl™*, pmkl™*, and the
double-deleted pmkIA stylA strain did not show significant
growth changes in this medium (Figure 8A). As expected,
the chloride sensitivity of the pmpl*-deleted mutant was
rescued by additional deletion of pmkl™*, indicating that
Pmklp hyperactivation is responsible for such behavior
(Figure 8A). Some tolerance was also observed in the sty1A
pmplA double mutant (Figure 8A). Because Pmp1lp does not
seem to down-regulate Stylp activity (Sugiura et al., 1998;
this work), this observation suggests that, in addition to
Pmklp, basal Stylp activity contributes to the hypersensi-
tivity of pmpIA cells against chloride ions. Notably, deletion
of pypl™ or ptc1*, but not of pyp2™*, resulted in a strong
growth inhibition (Figure 8A). Nevertheless, because chlo-
ride sensitivity in pyp1A and ptc1A cells might be also due to
Stylp hyperactivation, we analyzed the sensitivity of pmkIA
pyplA, stylA pyplA, pmkIA ptclA, and stylA ptc1A double
mutants. Consistently, pmkI1A pyplA and pmk1A ptcl1A dou-
ble mutants were as sensitive as single pyplA and ptclA
mutants, respectively, whereas deletion of styl* alleviated
the chloride sensitivity of pypIA and ptc1A mutants (Figure

4415



M. Madrid et al.

8A). Moreover, the constitutive activation of Stylp in a
wis1DD strain brought about increased chloride sensitivity.
These results indicate that Stylp hyperactivation, rather
than Pmkl1p hyperactivation, accounts for the chloride sen-
sitivity in the absence of Pyplp or Ptclp phosphatases.
Another feature of pmkl*-deleted cells is their sensitivity
to B-1,3-glucanase, indicative of cell wall defects (Toda et al.,
1996; Zaitsevskaya-Carter and Cooper, 1997). We also ana-
lyzed B-1,3-glucanase sensitivity in exponentially growing
cultures of strains deleted in elements of the MAPK cascade.
The strain lacking Pmk1p, displayed the expected hypersen-
sitivity to B-1,3-glucanase (Figure 8B). Deletion of pmp1™* did
not affect cell sensitivity against glucanase, whereas pmk1A
pmplA cells were as sensitive to the lytic enzyme as single
pmk1A mutant (Figure 8B, top). However, styIA pmplA cells
were more sensitive to the treatment than sty1A or pmplA
strains (Figure 8B, top), indicating that Stylp activity con-
tributes to the maintenance of cell wall structure in the
absence of Pmplp. Deletion of pypl™*, and less noticeably
that of ptcl™, resulted in moderately increased resistance
against the lytic enzyme (Figure 8B, middle and bottom).
Unexpectedly, pmk1A pyp1A and pmk1A ptc1A cells were less
sensitive to glucanase treatment than pmkIA cells, suggest-
ing that Stylp hyperactivation partially suppress the sensi-
tive phenotype. In this context, the glucanase-resistant trait
of pyplA cells (and ptcIA cells) was clearly suppressed by
simultaneous deletion in sty1™ (Figure 8B, middle and bot-
tom). Together, these data suggest that although Pyplp and
Ptclp can dephosphorylate both Stylp and Pmklp MAPKSs,
their role in the maintenance of the cell wall structure is
mainly mediated through the regulation of Stylp activity.

Cell Cycle-dependent Activation of Pmkl1p

Microarray analysis has shown that pmkI* is periodically
expressed during the cell cycle, with increased transcript
levels during mitosis and G1 phase (Rustici et al., 2004). We
explored Pmklp levels and its phosphorylation state during
the cell cycle by introducing the Pmk1-HA6H fusion into a
cdc25-22 strain. Cells from this mutant (strain MI600) were
grown at 25°C to log phase, shifted to 37°C for 3.5 h to
synchronize the cells in G2, and then returned to 25°C.
Figure 9A indicates that the level of HA6H-tagged Pmklp
varied slightly through the cell cycle, with a small increase
during G2 transition followed by a very low decrease at M
and G1-S phases (Figure 9A). However, Pmklp phosphory-
lation clearly changed during the cell cycle, increasing dur-
ing M phase and reaching its maximum during cytokinesis
(Figure 9, A and B). Notably, deletion of phosphatase
Pmplp altered the activation state of Pmklp along the cell
cycle. As seen in Figure 9, A and B, phosphorylation level of
p42/44 in G2-arrested cells from strain MI602 (cdc25-22
pmplA Pmk1-HA6H) was higher than in wild-type cells,
increased moderately during cell separation, and did not
decrease thereafter. A quantitative analysis of the effect of
pmkl™ or pmpl™ deletion in the completion of cytokinesis
indicated that whereas the septation index reached a value
of 0—2% in control cells at the point of maximal cell separa-
tion, the separation was partially defective in pmkIA and
pmplA strains, with ~20% cells unable to complete cytoki-
nesis (Figure 9A). The consequence of this defect in pmkI1A
and pmplA cells is a cumulative multiseptate phenotype
during the second division cycle (Figure 9C, multiseptate
cells marked with arrows), which is coincident with the
morphological feature previously described for both mu-
tants (Toda et al., 1996, Zaitsevskaya-Carter and Cooper,
1997; Sugiura et al., 1998).
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DISCUSSION

In S. pombe, protein tyrosine phosphatases Pyplp and
Pyp2p, and serine/threonine phosphatase Ptclp negatively
control the stimulation of MAPK Stylp (Millar et al., 1995;
Shiozaki and Russell, 1995; Degols et al., 1996; Samejima et
al., 1997; Nguyen and Shiozaki, 1999). In this work we pro-
vide evidence for a role of these phosphatases in the down-
regulation of the key element of the cell integrity pathway
MAPK Pmklp. The only MAPK phosphatase previously
known to dephosphorylate Pmklp was dual specificity
phosphatase Pmplp (Sugiura et al., 1998). We demonstrate
here that Pyplp, Pyp2p, and Ptclp phosphatases associate in
vivo with Pmklp and that they are able to dephosphorylate
activated Pmklp. The contribution of these protein phos-
phatases to Pmklp inactivation seems dependent on the
physiological state of the yeast cells. Analyses of MAPK
activity in different null mutants indicate that Pyplp and
Ptclp control both the basal activity level of Pmklp and
its dephosphorylation during adaptation to osmostress,
whereas Pyp2p mainly limits Pmk1p hyperactivation during
such adaptation. Thus, Pmklp activation is negatively reg-
ulated by at least two different dephosphorylation mecha-
nisms, one mediated by Pmp1p and another by the effectors
of the SAPK pathway Pyplp, Pyp2p, and Ptclp (Figure 10).

Work with budding yeast S. cerevisine has shown that
tyrosine phosphatases Ptp2p and Ptp3p (homologues to
Pyplp and Pyp2p, respectively) regulate the basal stimula-
tion of Hoglp and Slt2p MAPKs (which are Stylp and
Pmklp orthologues, respectively) (Jacoby et al., 1997; Matti-
son et al., 1999). In contrast, our results suggest that Pyplp is
the only tyrosine phosphatase able to down-regulate the
basal level of both Pmklp and Stylp in S. pombe growing
cells. Also, the budding yeast PP2C phosphatase Ptclp reg-
ulates endoplasmic reticulum inheritance by modulating
SIt2p activity, and the level of phosphorylated Slt2p is ele-
vated in ptcIA cells (Du et al., 2006). Our findings in fission
yeast strongly suggest that Ptclp controls Pmklp activity by
direct association, because Ptclp copurifies with Pmklp and
dephosphorylates the active protein kinase both in vivo and
in vitro. This result provides the first direct biochemical
evidence on the action of a PP2C type phosphatase upon an
ERK-type MAPK in yeast cells.

It has been recently reported that the hyperosmotic shock
induces in budding yeast a delayed transient phosphoryla-
tion of Slt2p, which is not observed in strains deleted in
members of the HOG pathway (Garcia-Rodriguez et al.,
2005). In striking contrast, we show that deletion of mem-
bers of the SAPK pathway in fission yeast raises both the
basal and the osmostress-induced Pmk1 phosphorylation. In
fact, a constitutive Stylp hyperactivation prompted by ei-
ther pyp1™ deletion or the presence of wis1DD hyperactive
allele caused a significant decrease in Pmklp phosphoryla-
tion. Previous work has shown that the basal expression of
pypl* and the stress-induced expression of pypl™, pyp2*,
and ptcl ™ is triggered by the Stylp-Atflp pathway through
a negative feedback loop (Degols et al., 1996; Shiozaki and
Russell, 1996; Wilkinson ef al., 1996, Gaits et al., 1997). Our
detailed analysis of protein levels confirmed that the Stylp-
dependent increased expression and synthesis of phospha-
tases Pyplp, Pyp2p, and Ptclp is the main responsible for
Pmklp down-regulation under osmostress. The question
remains as to why these phosphatases are needed to inacti-
vate Pmk1p under osmostress. A possible explanation might
be related to Pmplp availability under osmostress. It has
been described that the mRNA levels of pmpl™ in S. pombe
decrease shortly after osmotic stress, to recover slowly there-
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Figure 9. Influence of Pmplp activity on the cell cycle-dependent activation of Pmklp. (A) Pmklp activates periodically during the cell
cycle. Top, cells from strains MI600 (cdc25-22, pmk1-HA6H) and MI602 (cdc25-22, pmplA, pmk1-HAG6H) were grown to an Ay, of 0.3 at 25°C,
shifted to 37°C for 3.5 h, and then released from the growth arrest by transfer back to 25°C. Aliquots were taken at different time intervals,
and Pmk1-HA6H was purified by affinity chromatography. Activated or total Pmklp were detected by immunoblotting with anti-phospho-
p42/44 or anti-HA antibodies, respectively, and anti-Cdc2 antibody was used as loading control. Bottom, septation index of strains MI600
(filled circles), M1601 (cdc25-22, pmk1A; open circles), and MI602 (filled triangles). (B) Quantitative analysis of Pmk1p activity during cell cycle
in strains MI600 (filled bars) and MI602 (empty bars) obtained from data in A. (C) Defective cell separation in pmk1A and pmpIA cells. Cells
from strains MI600 (Control), MI601, and MI602 were taken at the times shown during cell cycle experiments, stained with Calcofluor white,

and observed by fluorescence microscopy. Arrows indicate cells with multiseptate phenotype and defective cell separation.

after (Chen et al., 2003). This effect would allow Pyplp,
Pyp2p, or Ptclp to effectively down-regulate activated
Pmklp, because under osmostress they are rapidly and
strongly induced through the Stylp-Atflp pathway.

An important result from this work is that phosphatases
Pyplp and Ptclp can negatively regulate Pmklp activity in
a manner independent on the transcriptional control of the
Stylp-Atflp. This is supported by Pyplp and Ptclp synthe-
sis in the absence of Stylp and by the defective dephosphor-
ylation observed in styIA pyplA and stylA ptcIA double
mutants compared with single mutants. This was particu-
larly evident in the case of Ptclp. High protein levels of this
phosphatase were detected in stylA cells under osmotic
stress, although the induced expression of the ptcl*gene is
fully dependent on the Stylp-Atflp pathway (Gaits et al.,
1997). Thus, the SAPK-independent regulation of Ptclp and
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Pyplp synthesis reveals a novel mechanism for down-reg-
ulation of Pmklp and Stylp activities in fission yeast.

In addition to its role in down-regulating Pmklp phos-
phorylation under osmostress, we analyzed the biological
relevance of Pypl/2p and Ptclp phosphatases in the mod-
ulation of other cellular responses regulated by Pmklp. One
example is the control of chloride homeostasis. In this pro-
cess calcineurin phosphatase and the Pmklp MAPK path-
way play antagonistic roles (Sugiura et al., 1998). Most likely,
calcineurin deactivates one substrate phosphorylatable by
Pmklp and involved in CI~ transport so that under Pmklp
hyperactivation (caused for instance by pmpl* deletion) the
phosphorylated component would accumulate, thus pre-
venting CI~ transport and leading to cell toxicity and death
(Sugiura et al., 2002). Surprisingly, the results presented in
this work demonstrate that, in the absence of pyp1*or ptc1™,
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Figure 10. Proposed regulatory links between the SAPK and the
cell integrity pathways by protein phosphatases (shaded figures)
during growth and osmostress. Pyplp, Pyp2p, and Ptclp protein
phosphatases are negative regulators of MAPK Stylp and MAPK
Pmkl activities, whereas Pmpl only dephosphorylates MAPK
Pmklp (L, inhibition). The expression/synthesis of the shared
phosphatases is in turn under Stylp/Atflp-dependent and Stylp/
Atflp-independent (X-dependent) regulation. The size of the dis-
continuous arrows indicates the relative transcriptional reliance.
The question mark shows that the corresponding transcription fac-
tor is unknown. For more details on abbreviations and symbols, see
Figure 1.

the hyperactivation of Stylp, and not that of Pmklp, is the
main responsible for the increase in cell sensitivity to CI~.
Hence, Pyplp, Ptclp, and Pmplp phosphatases control chlo-
ride homeostasis in S. pombe by differential inactivation of
Stylp (Pyplp and Ptclp) and Pmklp (Pmplp). Pmklp ac-
tivity is also essential for the control of cell wall structure in
S. pombe. Accordingly, yeast mutants devoid of Pyplp and
Ptclp displayed increased resistance to cell wall digestion by
Zymolyase, which is a feature opposed to the hypersensitive
phenotype described for pmkIA cells (Toda et al., 1996; Zait-
sevskaya-Carter and Cooper, 1997). However, the analysis
of cell wall sensitivity in double mutants indicates that the
increased resistance to Zymolyase in the absence of pyp1™* or
ptcl™ is due to Stylp hyperactivation. Hence, both Pmklp
and Stylp are involved in the control of cell wall structure.
It would be interesting to perform a detailed comparative
analysis of the cell wall composition in pmk1™, styl™, pmp1™,
pypl™*, ptc1*, and pyp2™* single and double null mutants to
establish the role of the Pmklp and Stylp pathways in
morphogenesis.

The subcellular localization of Pmk1p seems unaffected by
deletion of Pyplp, Pyp2p, Ptclp, and Pmplp phosphatases,
and it is also independent of its phosphorylation state. Be-
cause all these phosphatases are mainly cytoplasmic pro-
teins (Gaits and Russell, 1999; Madrid et al., 2006), deactiva-
tion of Pmk1p probably occurs at the cytoplasm and/or the
septum, and the activated Pmk1p found at the nucleus must
shift to the cytoplasm to be dephosphorylated. This to-and-
fro mechanism for Pmklp deactivation in S. pombe differs
clearly from that of S. cerevisine, where phosphatases Ptp2p
and Msg5p are nuclear proteins and only phosphatase Ptp3p
localizes at the cytoplasm, with Ptp2p acting as a nuclear
anchor for Hog1 (Mattison and Ota, 2000; Martin et al., 2005).

The absence of Mkhlp, Peklp, or Pmklp causes multisep-
tation in cells plus thickened cell walls (Toda et al., 1996;
Sengar et al., 1997; Zaitsevskaya-Carter and Cooper, 1997;
Loewith et al., 2000), and the three proteins localize at the
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septum during cell separation (Madrid et al., 2006). Another
finding in our study is that Pmklp phosphorylation varies
periodically during the cell cycle, with maximum activity
during cytokinesis. These results suggest the existence of a
signal that specifically activates the Pmklp pathway to con-
trol septum formation and/or dissolution during cell sepa-
ration in a localized manner. Moreover, Pmp1p phosphatase
activity is essential for a tight control of Pmklp activity
during cell separation, and its absence not only disrupts the
periodic deactivation of the MAPK but originates a multi-
septate phenotype like that of pmkIA cells (Sugiura et al.,
1998; and our results). Therefore, the cycling of Pmklp ac-
tivity along the cell cycle in S. pombe seems critical to ensure
the efficient completion of cytokinesis. This is clearly distinct
from what happens in the budding yeast, where Slt2p is
activated periodically through the cell cycle but peaks in G1
in coincidence with bud emergence and not during cell
separation (Levin, 2005). Nevertheless, some points of this
control in the fission yeast remain unknown. One refers to
the potential role, if any, of Pyplp or Ptclp in the deactiva-
tion of Pmklp during the cell cycle. We could not perform
an analysis of Pmklp activation along the cell cycle in a
cdc25-22 pyplA background because of the difficulty to syn-
chronize cell cultures due to the Stylp hyperactivation that
follows Pyplp deletion. However, the absence of a multi-
septate phenotype in pyplA and ptcIA cells suggests that,
contrary to Pmplp, the activity of these phosphatases is
most likely irrelevant to the regulation of Pmklp activity
during cell separation. One attractive possibility would be
that Pmplp was the only phosphatase responsible for the
inactivation of the Pmklp pool localized at the septum.
However, we have been unable to visualize Pmplp at the
septum, although this might result from a very quick and
transient localization.

In summary, our results allow to conclude that negative
regulation of Pmklp activity in S. pombe is more complex
than originally thought. In addition to the previously char-
acterized role of dual specificity phosphatase Pmplp, the
MAPK phosphatases Pyplp, Pyp2p, and Ptclp integrate
SAPK-dependent or -independent signals that promote
Pmklp down-regulation. The identification of SAPK-inde-
pendent elements controlling Pmklp inactivation by Ptclp
and Pyplp phosphatases and the meaning of their apparent
redundancy are currently unanswered questions. Also, the
elucidation of mechanisms determining how the specificity
of action against Stylp and Pmklp is attained deserves
further work.
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