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Background: Nuclear translocation is crucial for proper functioning of MAPKs.

Results: Although most of MAPK Pmk1-driven functions are carried out independently of its presence into the nucleus,
localization at this compartment allows down-regulation by phosphatases.

Conclusion: Constitutive nuclear localization of Pmk1 is important to modulate its overall biological activity.

Significance: These results highlight the relevance of the spatial control of MAPK activity.

Mitogen-activated protein kinase (MAPK) signaling path-
ways play a fundamental role in the response of eukaryotic cells
to environmental changes. Also, much evidence shows that the
stimulus-dependent nuclear targeting of this class of regulatory
kinases is crucial for adequate regulation of distinct cellular
events. In the fission yeast Schizosaccharomyces pombe, the cell
integrity MAPK pathway, whose central element is the MAPK
Pmk1, regulates multiple processes such as cell wall integrity,
vacuole fusion, cytokinesis, and ionic homeostasis. In non-
stressed cells Pmk1 is constitutively localized in both cytoplasm
and nucleus, and its localization pattern appears unaffected by
its activation status or in response to stress, thus questioning the
biological significance of the presence of this MAPK into the
nucleus. We have addressed this issue by characterizing
mutants expressing Pmk1l versions excluded from the cell
nucleus and anchored to the plasma membrane in different
genetic backgrounds. Although nuclear Pmkl1 partially regu-
lates cell wall integrity at a transcriptional level, membrane-
tethered Pmkl performs many of the biological functions
assigned to wild type MAPK like regulation of chloride homeo-
stasis, vacuole fusion, and cellular separation. However, we
found that down-regulation of nuclear Pmk1 by MAPK phos-
phatases induced by the stress activated protein kinase pathway
isimportant for the fine modulation of extranuclear Pmk1 activ-
ity. These results highlight the importance of the control of
MAPK activity at subcellular level.

Signal transduction pathways include interconnected molec-
ular networks to process and transmit information about the
external surroundings. Evidence has been accumulated about
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the key role of mitogen-activated protein kinase (MAPK) sig-
naling pathways in the response of eukaryotic cells to stress
conditions (1). The canonical MAPK module comprises three
basic components, MAPK kinase kinase (MAPKKK), MAPK
kinase, and MAPK, which are regulated by a sequential cascade
of phosphorylation events. Once MAPKs are phosphorylated
by a MAPK kinase at threonine and tyrosine residues in the
sequence T-X-Y (X = glutamic acid or glycine) within the acti-
vation loop, MAPKs directly phosphorylate a wide variety of
cytoplasmic substrates or may shift into the nucleus to activate
specific transcription factors involved in the transcriptional
program required to respond to the environmental stimuli as
well as cell cycle regulatory proteins (2). The rod-shaped, fis-
sion yeast Schizosaccharomyces pombe has emerged as an
excellent model organism to study mechanisms and cellular
events linked to MAPK activation. This yeast only has three
MAPK pathways: the pheromone signaling pathway (3), the
stress-activated protein kinase pathway (SAPK), which is
homologous to JNK and p38 pathways in mammals (4), and the
cell integrity MAPK pathway, homologous to the ERK1/2 path-
way (5, 6). This last pathway, whose central element is the
MAPK Pmk1 (also known as Spm1l), is essential to regulate
important processes in S. pombe such as cell wall construction
and maintenance during stressing conditions, vacuole fusion,
cytokinesis, morphogenesis, and ionic homeostasis (5-9).

The cell integrity MAPK module includes Mkhl (MAPK
kinase kinase) and Pek1/Skh1 (MAPK kinase) forming a ternary
complex in vivo, and the absence of any of these components
induces distinct phenotypes involving defects in cytokinesis
and vacuole fusion, hypersensitivity to potassium ions, and
increased lysis by B-glucanase treatment (5, 6, 9, 10). Pmk1 is
activated by phosphorylation in a Pekl-dependent manner at
threonine 186 and tyrosine 188 (8, 10) when S. pombe cells face
adverse conditions like hyper- and hypo-osmotic stress, glu-
cose withdrawal, cell wall damage, and oxidative stress induced
by hydroperoxides or pro-oxidants (10). The strong sensitivity
to the above stresses displayed by S. pombe mutants lacking
Pmk1 indicates that the MAPK function is required for cell
adaptation and survival under such conditions. The phosphor-
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ylation of Pmk1 also oscillates along the cell cycle and peaks
during cytokinesis, suggesting the existence of a specific signal
that activates the cell integrity pathway and regulates septum
formation and dissolution (11).

Among the few known cytoplasmic targets for Pmk1 in vivo
are RNA-binding proteins Rncl and Nrd1 (12, 13), whereas
nuclear transcription factor Atfl, which is also the main target
for Styl, has been reported to be phosphorylated by Pmkl
under cell wall damage (14). The major negative regulator of
Pmk1 activity in growing cells of S. pombe is dual specificity
phosphatase Pmpl (15). However, it has been additionally
shown that tyrosine phosphatases Pypl and Pyp2 and serine/
threonine phosphatases Ptcl and Ptc3, whose transcriptional
induction is dependent on the SAPK pathway via Sty1-Atfl, are
also able to associate in vivo and dephosphorylate activated
Pmkl1 (11). Although Pmpl, Pypl, and Ptcl control the Pmk1
basal activity level, phosphatases Pypl, Pyp2, and Ptcl limit
Pmk1 hyperactivation during adaptation to osmostress (11).

Nuclear translocation appears crucial for the proper stimu-
lus-dependent functioning of MAPKs in the regulation of dis-
tinct cellular processes (2). Mkhl and Pekl are cytoplasmic
proteins that also locate at the septum area, and Pmk1 is con-
stitutively localized in both cytoplasm and nucleus as well as in
the mitotic spindle and septum during cytokinesis (10). It is
important to highlight that Pmk1 nucleo/cytoplasmic shuffling
appears unaffected by its phosphorylation status in response to
environmental stimuli (10), in contrast to the proposed model
for ERK1/2 in mammals, where stress or inducing stimuli trig-
ger MAPK transport to the nucleus. These observations suggest
that both active and inactive forms of the Pmk1 kinase cross the
nuclear membrane, thus raising questions about the biological
relevance of its nuclear localization. In this work we have
addressed this issue by obtaining a fission yeast mutant express-
ing a Pmk1 version excluded from the cell nucleus and located
to the plasma membrane. Such a system provides an ideal tool
to study the biological significance of nuclear exclusion of a
MAPK. Complete characterization of this mutant has revealed
the existence of an exquisite regulatory mechanism controlling
proper spatial/temporal activity of this important class of reg-
ulatory kinases.

EXPERIMENTAL PROCEDURES

Strains and Growth Conditions—The S. pombe strains (listed
in Table 1) were grown with shaking at 28 °C in YES* or Edin-
burgh Minimal Media (United States Biological) medium with
2% of glucose (16) and supplemented with adenine, leucine,
histidine, or uracil (100 mg/liter, Sigma). Mutant strains were
obtained by standard transformation procedures or by mating
followed by random spore analysis (17). Transformation of
yeast strains was performed by the lithium acetate method as
described elsewhere (17). In experiments performed with
cdc25-22-thermosensitive mutant strains, the cells were grown
in YES medium to an Ay, = 0.2 at 25 °C (permissive tempera-
ture), shifted to 37 °C for 3.5 h, and released from the growth
arrest by transfer back to 25 °C. Escherichia coli DH5aF " was

“The abbreviations used are: YES, yeast extract plus supplement; NLS, nuclear
localization signal; CDCFDA, carboxydichlorofluorescein diacetate.
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employed as host to propagate plasmids by growth at 37 °C in
Luria-Bertani medium plus 50 pg/ml ampicillin.

Gene Disruption—The rho2™, pck2*, atfl™, and mbx1™ null
mutants were obtained by entire deletion of the corresponding
coding sequences and their replacement with the KanMX6 cas-
sette by PCR-mediated strategy using plasmid pFA6a-kanMX6
as template (18).

Gene Fusion and Site-directed Mutagenesis—Integrative
plasmid pIL-pmk1:GFP contains regulatory sequences plus
pmk1™ ORF fused at its 3’ end to the green fluorescent protein
(GFP) (10). To construct plasmid pIL-pmkl:GFP:CAAX,
pmk1™ ORF plus regulatory sequences were amplified by PCR
using pIL-pmk1:GFP as template employing the 5'-oligonu-
cleotide PMKGEF-5 (CCTTATCTAGATTTCTCATTGCCG-
CTTCTG, which hybridizes at positions 313—330 upstream of
the pmkl™ ATG start codon and contains a Xbal site) and
the 3'-oligonucleotide GFPCAAX-3 (CCTTACCCGGGTT-
ATGAAATGATGCAGCATTTTGTAGAACTTTTGTATA-
GTTCATCCATGCC), which hybridizes at the 3’ end of gfp™
ORF and incorporates a 27-nucleotide sequence (underlined)
encoding the 9 terminal amino acids of Rho2 GTPase that
includes a farnesylated cysteine residue (sequence SSTKCCIIS)
(19) and followed by a Smal site. The resulting PCR fragment
was digested with Xbal and Smal and cloned into the integra-
tive plasmid pIL-GFP. Integrative plasmid pIL-pmk1:GFP:RitC
was constructed by the overlap extension method with the use
of PCR. First, pmkl™ ORF plus regulatory sequences was
amplified by PCR using pIL-pmk1:GFP as the template employ-
ing the 5'-oligonucleotide PMKGE-5 and the 3'-oligonucleo-
tide GFPRit-3 (AAAAAAGGGACAGCTTTTGTATAGTTC-
ATC), which hybridizes at the 3’ end of gfp™ ORF and
incorporates a 15-nucleotide sequence (underlined) corre-
sponding to the 5 initial amino acids of the C-terminal mem-
brane binding domain of non-CAAX GTPase Ritl. Then, a
192-bp DNA fragment encoding the C-terminal membrane
binding domain from Ritl (63-amino acid length) was ampli-
fied with the 5’ oligonucleotide GFPRit-5 (GATGAACTATA-
CAAAAGCTGTCCCTTTTTT; complementary to GFPRit-3)
and the 3’ oligonucleotide RitS-3 (TCTTACCCGGGTTAAG-
TTACTGAATCTTTC), which hybridizes at the 3" end of Rit
ORF and is followed by a Smal site, and employing a human
Ritl ¢cDNA plasmid construct (IMAGE ID 125864, obtained
from Source BioScience) as template. The two PCR products
were purified by agarose gel electrophoresis, mixed, and sub-
jected to PCR with external primers PMKGF-5 and RitS-3. The
final PCR product was then purified, digested with Xbal and
Smal, and cloned into pIL-GFP to obtain pIL-pmk1:GFP:RitC.

To construct plasmid pIL-pmk1:NLS:GFP, pmkI™* ORF plus
regulatory sequences was amplified by PCR employing the
5'-oligonucleotide PMKGF-5 and the 3’-oligonucleotide
SV40LOC-3 (CCTTAGGATCCACTTTGCGTTTTTTTTT-
AGGGTTATGGCGATTATCATCAG), which hybridizes at
the 3’ end of pmkl™ ORF and incorporates a 21-nucleotide
sequence (underlined) encoding the nuclear localization sig-
nal (NLS, sequence PKKKRKYV) of the SV-40 virus placed
immediately upstream of the TAA stop codon and followed
by a BamHI site. PCR amplification generated a DNA frag-
ment that was cleaved with Xbal and BamHI and cloned into
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TABLE 1

S. pombe strains used in this study
All strains are ade- leul-32 ura4D-18.

Strain Genotype Source/reference
MM1 h* Madrid et al. 20
MM2 h™ Madrid et al. 20
MI102 h*  pmki:KanR Madrid et al. 11
TP319-13c  h™  pmklzura4™ T. Toda
TK107 h™  styl:urad™ Laboratory collection
LS101 h*  pmkl:KanR styl: urad™ This work
MI115 h™  pmpl:KanR pmkl: urad™ Madrid et al. 11
MI601 h™  cdc25-22 pmkl:KanR Madrid et al. 11
MI306 h*  pekl:KanR pmkl1:GFP:leul™ Madrid et al. 2004
LS102 h™  rho2:KanR This work
LS103 h™  rho2:KanR pmkl:KanR This work
LS104 h™  pck2:KanR This work
LS105 h™  pck2:KanR pmkl:KanR This work
LS106 h™  atfl: KanR This work
LS107 h™  atfl: KanR pmkl:KanR This work
LS108 h*  mbxl: KanR This work
LS109 h*  mbxl: KanR pmkl:KanR This work
LS110 h*  atfl:: KanR mbx1:: KanR pmkl:KanR This work
LS111 h*  pmki:KanR pmkI-GFP: leul™ This work
LS112 h*  pmki:KanR pmkl (T186A/Y188F)-GFP:: leul™ This work
LS113 h*  pmkl:KanR pmkl (T247A/D249A)-GFP:: leul * This work
LS114 h*  pmkl:KanR pmkl (R344A/R345A/R355A/R359A/R361A)-GFP:: leul™ This work
LS115 h*  pmki:KanR pmkI1-GFP-CAAX:: leul ™ This work
LS116 h*  pmki:KanR pmkl (KS2E)-GEP-CAAX:: leul * This work
LS117 h™  pmpl:KanR pmklzurad™ pmkl1-GFP:: leul™ This work
LS118 h™  pmpl:KanR pmkl:urad™ pmkl-GFP-CAAX:: leul™™ This work
LS119 h™  rho2:KanR pmkl:KanR pmkI-GFP: leul™ This work
LS120 h™  rho2:KanR pmkl:KanR pmkl-GFP-CAAX:: leul™ This work
LS121 h™  pck2:KanR pmkl:KanR  pmkl-GFP: leul™ This work
LS122 h™  pck2:KanR pmkl:KanR pmkl-GFP-CAAX:: leul™ This work
LS123 h™  cdc25-22 pmkl:KanR pmkI-GFP: leul™ This work
LS124 h™  cdc25-22 pmkl:KanR pmkl-GFP-CAAX:: leul™ This work
LS125 h™  atfl: KanR pmkl:KanR pmkl-GFP: leul™ This work
LS126 h™  atfl: KanR pmkl:KanR pmkl-GFP-CAAX:: leul™™ This work
LS127 h*  mbxl: KanR pmklI:KanR pmkI-GFP: leul™ This work
LS128 h*  mbxl: KanR pmkl:KanR pmkl-GFP-CAAX:: leul™ This work
LS129 h"*  atfl:: KanR mbx1:: KanR pmkl1:KanR pmk1-GFP: leul*  This work
LS130 h*  atfl:: KanR mbx1:: KanR pmkl:KanR This work
LS131 h*  pmki:KanR pmkI-NLS-GFP:: leul™* This work
LS132 h*  pmki:KanR styl: urad™ pmkl-GFP: leul™ This work
LS133 h*  pmki:KanR styl: urad™ pmkl1-GFP-CAAX:: leul™ This work
MI702 h™  pyp2-13myc:ura4 ™ Madrid et al. 11
LS134 h*  pmki:KanR pyp2-13myc:urad * This work
LS135 h*  pmki:KanR pmkI-GFP: leul™ pyp2-13myc:urad ™+ This work
LS136 h*  pmkl:KanR pmk1-GFP-CAAX: leul* pyp2-13myc:ura4d * This work
LS137 h*  pmkl:KanR pmkl-GFP-RitC: leul™* This work
MI701 h™  pypl-13myc:KanR Madrid et al. 11
LS138 h*  pmki:KanR pmkI-GFP: leul™ pypl-13myc:KanR This work
LS139 h*  pmkl:KanR pypl-13myc:KanR This work
MI703 h™  ptcl-13myc:: KanR Madrid et al. 11
LS140 h*  pmki:KanR pmk1-GFP: leul* ptcl-13myc:KanR This work
LS141 h*  pmki:KanR ptcl-13myc::kanR This work

pIL-GFP to construct C-terminal fusions with the GFP tag
and containing the S. pombe leul™ gene as a selectable
marker. In all cases the resulting plasmids were digested at
the unique Nrul site within lex1™, and the linear fragments
were transformed into different pmkIA genetic back-
grounds. Transformants leu1™ were obtained, and the cor-
rect integration of the fusions was verified by both PCR and
Western blot analysis.

The distinct pmkl™ mutants were created by the overlap
extension method with the use of PCR. The mutagenic primers
were as follows: PMKAF-5 (CTGGTTTTATGGCGGAGTTT-
GTGGCAA; the nucleotide substitutions are indicated in bold-
face) and PMKAF-3 (GTTGCCACAAACTCCGCCATAAAA-
CCAGQ) to obtain the pmk1-T186A Y188F mutant; PMK4A-5
(GCAAATGAGTTAGCCGCTGTCATTTTAGATGAAGTT-
TTAAACTTCGCTCAGAAAGTCGCACGCCGCTCTCATC)
and PMK4A-3 (GATGAGAGCGGCGTGCGACTTTCTGA-
GCGAAGTTTAAAACTTCATCTAAAATGACAGCGGCT-
AACTCATTTGC) to obtain the pmkI-R344A/R345A/R355A/

26040 JOURNAL OF BIOLOGICAL CHEMISTRY

R359A/R361A mutant; PMKAPA-5 (ATCAACTTGG-
CGCACCTGCTGAGGAAACCC) and PMKAPA-3 (GGGTT-
TCCTCAGCAGGTGCGCCAAGTTGAT) to obtain the
pmk1-T247A D249A mutant. In each case the two pairs of PCR
products were purified by agarose gel electrophoresis, mixed,
and subjected again to PCR with external primers PMKGEF-5
and PMKGF-3 (CCTTAGGATCCTTATGGCGATTAT-
CATC), which hybridizes at the 3’ end of pmkI™ ORF imme-
diately upstream of the TAA stop codon, and followed by a
BamHI site. The PCR products were purified, digested with
Xbal and BamH]I, and cloned into integrative plasmid pIL-GFP
to generate pIL-pmkl1(T186A/Y188F):GFP, pIL-pmk1(R344A/
R345A/R355A/R359A/R361A):GFP, and pIL-pmk1(T247A/
D249A):GFP, respectively. Transformants leul™* were obtained,
and the correct integration of the constructs was verified as above.
A catalytically inactive version of Pmkl (K52E mutant) was
obtained using the same strategy employing plasmid pIL-pmk1:
GFP:CAAX as template and the mutagenic primers PMKKE-5
(GGCTGTAGCCATAGAAAAAATTACGAAT) and PMKKE-3
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(ATTCGTAATTTTTTCTATGGCTACAGCC) to obtain plas-
mid pIL-pmk1(K52E):GFP:CAAX.

Stress Treatments and Detection of Activated PmkIl—Exper-
iments to investigate Pmk1 activation under stress were made
using log-phase cell cultures (A,, = 0.5) growing at 28 °C in
YES and supplemented with any of the following compounds:
caspofungin (a kind gift from Merck), magnesium chloride
(Sigma), potassium chloride (Sigma), or hydrogen peroxide
(Sigma). Hypotonic treatment was achieved by growing cells in
YES medium plus 0.8 M sorbitol (Sigma) and subsequent trans-
fer to the same medium without polyol. In glucose deprivation
studies, cells were grown in YES medium with 7% glucose to an
Agoo = 0.7, recovered by filtration, and resuspended in the same
medium without glucose but osmotically equilibrated with 3%
glycerol (20). At different times, the cells from 50 ml of culture
were harvested by centrifugation at 4 °C and washed with cold
PBS buffer, and the yeast pellets were immediately frozen in
liquid nitrogen for analysis.

Cell homogenates were prepared under native conditions
employing chilled acid-washed glass beads and lysis buffer (10%
glycerol, 50 mm Tris-HCI, pH 7.5, 150 mm NacCl, 0.1% Nonidet
P-40 plus specific protease and phosphatase inhibitor; Sigma).
The lysates were cleared by centrifugation at 13,000 rpm for 15
min, and the proteins were resolved in 10% SDS-PAGE gels,
transferred to nitrocellulose filters, and incubated with either
polyclonal rabbit anti-GFP (Cell Signaling) or polyclonal rabbit
anti-phospho-p42/44 antibodies (Cell Signaling). In cell cycle
experiments a rabbit anti-Cdc2 antibody (PSTAIRE; Sigma)
was used for loading control. The immunoreactive bands were
revealed with anti-rabbit HRP-conjugated secondary antibod-
ies (Sigma) and the ECL detection kit (GE Healthcare). Densi-
tometric quantification of Western blot signals was performed
using Molecular Analyst Software (Bio-Rad).

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 antibody (clone 9E10, Roche Applied Science).
Anti-Cdc2 antibody was used as the loading control.

Northern Blot Analysis—Yeast cells were grown in YES
medium to an A4, of 0.8 and subjected to the appropriate stress
treatment, and volumes of 50 ml of the cultures were recovered
at different times. Total RNA preparations were obtained and
resolved through 1.5% agarose-formaldehyde gels. Northern
(RNA)-hybridization analyses were performed as previously
described (21). The probes employed were a 2.1-kbp fragment
of the pyp2™ gene amplified by PCR with the 5’ oligonucleotide
CCGAGAGCGTTTCTTGGA and the 3’ oligonucleotide AA-
GGGCTTGGAAGCCTGG and a 1-kbp fragment of the leu1™
gene amplified with the 5’ oligonucleotide TCGTCGTCTTA-
CCAGGAG and the 3’ oligonucleotide CAACAGCCTTAG-
TAATAT. Ready-To-Go DNA labeling beads (GE Healthcare)
was used for DNA labeling. To establish quantitative conclu-
sions, the level of mRNAs was determined in a PhosphorImager
(Molecular Dynamics) and compared with the internal control
(leul™ mRNA).

Cell Fractionation—Clarified cell lysates were subjected to
centrifugation for 1 h at 45,000 rpm in a Optima TL ultracen-
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trifuge (Beckman Instruments) employing a TLA-100.3 rotor.
Once the supernatant was removed, the pellet fractions (P1)
were resuspended in lysis buffer plus 7 m urea (final concentra-
tion), and incubated at 25 °C for 30 min. The samples were then
subjected to ultracentrifugation as above to yield supernatant
(S2) and particulate/membrane (P2) fractions. Samples of P1,
S2, and P2 fractions were resuspended in SDS/PAGE loading
buffer, resolved in 10% SDS-PAGE gels, transferred to nitrocel-
lulose filters, and incubated with anti-GFP antibody.

Plate Assay of Stress Sensitivity for Growth—Wild type and
mutant strains of S. pombe were grown in YES liquid medium to
Agoo = 0.6. Appropriate dilutions were spotted per duplicate
on YES solid medium or in the same medium supplemented
with different concentrations of MgCl,, FK506, or caspofun-
gin. Plates were incubated at 28 °C for 3 days and then
photographed.

Glucanase Treatments—Cell wall resistance to 1,3-B-gluca-
nase was assayed in different mutants as previously described
(11). Cells were grown in YES medium to an Ay, = 0.6, washed
with 10 mm Tris-HCl, pH 7.5, 1 mm EDTA, 1 mMm 3-mercapto-
ethanol, and incubated with vigorous shaking at 30 °C in the
same buffer supplemented with 100 ug/ml of zymolyase 20T
(Seikagaku Corp.). Samples were taken every 15 min, and cell
lysis was monitored by measuring A, decay.

Cell Wall Analysis—Labeling and fractionation of cell wall
polysaccharides was performed as described previously by
Arellano et al. (22). In short, exponentially growing cultures of
different S. pombe strains were supplemented with [U-"*C]glu-
cose (0.5 wCi/ml) and incubated for an additional 6 h. Cells
were harvested, and total glucose incorporation was monitored
by measuring the radioactivity in trichloroacetic acid-insoluble
material. Mechanical breakage of cells was done as described
for the measurement of the 1-3-B-p-glucan synthase activity.
Cell walls were pelleted at 1000 X g for 5 min and washed with
5% NaCl 3 times and with 1 mm EDTA 3 times. 100-ul aliquots
of the total wall were incubated with 100 units of zymolyase
100T (Seikagaku Corp.) or recombinant 1,3-B-endoglucanase
(Quantazyme) for 36 h at 30 °C. Aliquots without enzymes were
included as control. Samples were centrifuged, and superna-
tants and washed pellets were counted separately. The super-
natants from zymolyase 100T reaction were considered 3-glu-
can plus galactomannan, and the pellet was a-glucan. The
supernatants from the Quantazyme reactions were considered
B-glucan, and the pellet was considered «-glucan plus
galactomannan.

Fluorescence Microscopy—Images of GFP fusions 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 CS3 (Adobe Systems). Calcofluor white and DAPI
were employed for cell wall/septum and nuclei staining, respec-
tively (23). To determine the percentage of multiseptated cells,
the number of septated cells was scored in each case (n > 400).
For vacuole staining, yeast cells were incubated with 5 um
CDCEDA for 10 min as described previously (24) Cell vacuoles
were observed with a Leica TCS SP II confocal microscope. The
number of vacuoles per cell (a minimum of 50 cells per strain
was analyzed) was estimated by collecting images at 1-um
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FIGURE 1. Active and inactive forms of Pmk1 localize into the nucleus in S. pombe. A, nuclear recovery of Pmk1-GFP was measured by fluorescence
recovery after photobleachingin strains LS111 (control; upper panel), MI306 (pek 1A, Pmk1-GFP; middle panel),and in LS111 cells subjected to a saline stress with
0.6 M KCl for 20 min (lower panel). B, shown is fluorescence microscopy of growing cells from strains LS111 (Pmk1-GFP; control) and LS112 (Pmk1(T186A/Y188F)-
GFP). C, basic residues (underlined) that define a putative NLS in Pmk1 amino acid sequence are shown. Fluorescence microscopy of growing cells from strains
LS111 (control) and LS114 (Pmk1 (R344A/R345A/R355A/R359A/R361A)-GFP) are shown. D, the SPS motif present in ERKs is partially conserved in Pmk1.
Fluorescence microscopy of growing cells from strains LS111 (control) and LS113 (Pmk1(T247A/D249A)-GFP).

intervals through the cell (24). Fluorescence recovery after pho-
tobleaching experiments were performed using a Deltavision
Image Restoration Microscope (Applied Precision/Olympus)
and the Softworx software (Applied Precision).

Reproducibility of Results—All experiments were repeated at
least three times with similar results. Representative results are
shown.

RESULTS

Active and Inactive Forms of Pmkl1 Localize into the Nucleus
in S. pombe Cells through an Unknown Mechanism—DPrevious
studies indicated that Pmk1 localizes in both the cytoplasm and
nucleus as well as in the mitotic spindle and septum during
cytokinesis (10). We analyzed Pmk1 dynamics by fluorescence
recovery after photobleaching in the nuclear region of strain
LS111, expressing a C-terminal-tagged version of Pmk1 fused
to GFP under the control of its own promoter. After bleach,
Pmk1-GFP recovered into the nucleus at a moderate speed,
with visible fluorescence within 15 s after photobleaching (¢, =
15.3 = 1.3 s; n = 10), and showing progressive increase there-
after (Fig. 1A, upper panel). These results support that Pmk1
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MAPK is being continuously transported into the cell nucleus.
Notably, nuclear recovery of Pmk1-GFP was not significantly
affected in the absence of MAPK kinase Pek1 (i, = 14.1 = 1.9s;
n = 8; Fig. 1A, middle panel), suggesting that both the active
and inactive forms of the MAPK cross the nuclear membrane at
similar rate. We also constructed strain LS112, expressing a
version of Pmk1-GFP in which the phosphorylatable threonine
186 and tyrosine 188 residues were changed to alanine and
phenylalanine, respectively (Pmk1(T186A/T188F)-GFP). As
shown in Fig. 1B, the distribution pattern of Pmk1(T186/
Y188F)-GEFP was not altered as compared with wild type Pmk1-
GFP, confirming that dual activating phosphorylation at both
threonine 186 and tyrosine 188 is not required for nuclear local-
ization of Pmk1. Consistent with these findings, nuclear recov-
ery of Pmk1-GFP in yeast cells subjected to an osmotic saline
stress, which induces a strong MAPK activation (10), remained
identical as compared with control cells (£, = 13.9 = 0.9s; n =
12; Fig. 1A, lower panel).

A search for putative sequences required for nuclear accu-
mulation of Pmk1-GFP led to the detection of a potential bipar-
tite NLS at the C-terminal end of Pmk1 (Fig. 1C, upper panel).
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FIGURE 2. Construction of Pmk1 versions excluded from the nucleus. A, shown is a scheme representing a version of Pmk1 fused at its C terminus to GFP and
followed by the addition of the nine terminal residues of Rho2 GTPase. The amino acid sequence SSTKCCIIS incorporates the cysteine residue (underlined) that
mediates Pmk1 targeting to the plasma membrane. B, fluorescence microscopy of growing cells of strain LS115 expressing the Pmk1-GFP-CAAX fusion and
stained with calcofluor white is shown. C, shown is fluorescence microscopy of fixed growing cells of strain LS115 and stained with DAPI. D, Western blot
analysis of fractionated cell extracts from strains LS111 (Pmk1-GFP) and LS115 is shown. P1, pellet fractions. S2 and P2 correspond to supernatant and
membrane fractions, respectively, obtained from P1 samples treated with 7 m urea (see “Experimental Procedures”). E, strains LS134 (pmk1A, Pyp2-13myc),
LS135 (Pmk1-GFP, Pyp2-13myc) (control), and LS136 (Pmk1-GFP-CAAX Pyp2-13myc), were grown to mid log-phase and treated with 0.9 m potassium chloride.
pyp2" mRNA levels (upper panel) were detected by Northern blot analysis after hybridization with 32P-labeled probes for pyp2™ and leu1* (loading control)
genes. Pyp2 protein levels (lower panel) were detected by immunoblotting with anti-c-myc antibody. Anti-Cdc2 antibody was used as the loading control.
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domain of the mammalian non-CAAX GTPase Rit (RitC). G, shown is fluorescence microscopy of growing cells of strain LS137 expressing the Pmk1-GFP-RitC

fusion.

To confirm the nature of this sequence as a true nuclear local-
ization signal, we performed site-directed mutagenesis in sev-
eral basic residues of the motif and analyzed the subsequent
effects on Pmk1-GFP localization. However, substitution of
arginine residues at positions 344, 345, 355, 359, and 361 with
alanine  (Pmk1(R344A/R345A/R355A/R359A/R361A)-GFP)
did not affect the nuclear localization of the protein fusion (Fig.
1C, left panel). Recently, it has been shown that ERK2, the meta-
zoan orthologue for Pmk1, contains a three-amino acid domain
(SPS) that becomes phosphorylated upon stimulation to induce
its nuclear translocation (25). This domain appears only par-
tially conserved in Pmk1 (TPD instead of SPS; Fig. 1D). In this
context, after replacement of both threonine and aspartic acid
residues by alanine (Pmk1(T247A/D249A)-GFP), the nucleocy-
toplasmic distribution of Pmkl1 remained again unchanged (Fig.
1D). Moreover, nucleocytoplasmic localization of Pmk1 was not
altered in viable a (imp 1A, cutl15-85)- and B-importin fission yeast
mutants (sal3A, kapllIA, kapll3A, kapl23A, kapll4A,
kapl04A, spcc550.11cA, spac328.01cA, and spbp8b7.09cA) (data
not shown). As a whole, these findings strongly suggest that nei-
ther the nuclear import machinery nor the presence of a canonical
NLS- or SPS-like domain are required for nuclear localization of
Pmkl in fission yeast.
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Construction of a Pmkl Version Excluded from the Nucleus—
The above results raised questions about the relevance of the
nuclear localization of Pmk1 to perform its biological activities.
To explore this issue, we constructed strain LS115 expressing a
version of Pmk1 fused at its C terminus to GFP and followed by
the addition of the nine terminal residues of Rho2 GTPase
(amino acids SSTKCCIIS). This amino acid sequence incorpo-
rates the cysteine residue (underlined) that, once farnesylated,
mediates Rho2 targeting to the plasma membrane (Fig. 24; Ref.
19). Fluorescence microscopy analysis showed that, contrary to
Pmk1-GFP, Pmk1-GFP-CAAX fusion was completely excluded
from the cell nucleus and localized to the plasma membrane
(Fig. 2B). The membrane-anchored version of Pmk1 appeared
mostly around the cell poles and the area surrounding the sep-
tum during cytokinesis, thus following a localization pattern
quite similar to that previously described for wild type Rho2
(Fig. 2B; Ref. 26). Microscopic observation of fixed cells
expressing Pmk1-GFP-CAAX and stained with DAPI con-
firmed the absence of MAPK localization at the nuclear region
(Fig. 2C). Moreover, in contrast to control cells, Western blot
analysis allowed detection of the presence of Pmk1-GFP-CAAX
fusion in urea-treated membrane pellets (P2, Fig. 2D), further
supporting that membrane-targeted Pmk1-GFP-CAAX fusion
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FIGURE 3. Effect of nuclear exclusion of Pmk1 on chloride homeostasis. A, upper panel, cells from strains LS111 (Pmk1-GFP) (control), LS115 (Pmk1-GFP-
CAAX), LS119 (rho2A, Pmk1-GFP), LS120 (rho2A, Pmk1-GFP-CAAX), LS121 (pck2A, Pmk1-GFP), and LS122 (pck2A, Pmk1-GFP-CAAX) were grown in YES medium
to mid-log phase. Basal Pmk1 activity was detected by immunoblotting of cell extracts with anti-(phosho-p42/44) antibody, and total Pmk1 was detected with
anti-GFP antibody as loading control (R.U. indicates relative units). Lower panel, cells from strains LS111 (Pmk1-GFP) (control), LS115 (Pmk1-GFP-CAAX), and
LS137 (Pmk1-GFP-RitC) were grown in YES medium, and basal Pmk1 activity was detected and quantified as described above. B, shown are vic phenotype and
chloride sensitivity assays for strains LS111 (control), MI102 (pmk1A), LS115, and LS116 (Pmk1(K52E)-GFP-CAAX; kinase dead). After growth in YES medium, 10%,
103,102, or 10 cells were spotted onto YES plates supplemented with 0.2 m MgCl, plus 0.5 wg/ml FK506 (vic) or with 0.2-0.3 M MgCl, alone and incubated for
3 days at 28 °C before being photographed. C, basal Pmk1 activity in growing cells from strains LS111 (control), LS115, LS117 (pmp 1A, Pmk1-GFP), LS118
(pmp1A, Pmk1-GFP-CAAX), LS132 (sty1A, Pmk1-GFP), and LS133 (sty7A, Pmk1-GFP-CAAX) was detected as described above. D, chloride sensitivity assay for the
strains described in Cis shown. E, strains LS138 (Pmk1-GFP, Pyp1-13myc) and LS139 (pmk1A, Pyp1-13myc) (left panel), and LS140 (Pmk1-GFP, Ptc1-13myc) and
LS141 (pmk1A, Ptc1-13myc) (right panel) were grown to mid log-phase, and either Pyp1 or Ptc1 protein levels were detected by immunoblotting with

anti-c-myc antibody. Anti-Cdc2 antibody was used as loading control.

is excluded from the cell nucleus. Transcriptional induction of
Ptcl, Ptc3, and Pyp2 phosphatases during stress is fully depen-
dent on the SAPK pathway via Styl-Atfl (11). However, Pmk1
also targets Atf1 at the cell nucleus and positively regulates this
response, as it has been described that increased expression of
the above genes (particularly pyp2+ mRNA) becomes partially
compromised in pmkIA cells subjected to an osmotic saline
stress (14). As compared with control cells (Pmk1-GFP), the
induced expression of pyp2+ mRNA in osmotic stressed cells
was partially reduced in pmkIA cells (Fig. 2E, upper panel).
Importantly, the reduction of pyp2+ gene expression was quite
similar both in the pmkIA mutant and in cells expressing
nuclear excluded Pmk1 (Pmk1-GFP-CAAX cells; Fig. 2E). The
same result was obtained after a comparative analysis of Pyp2
protein levels in strains expressing a genomic C-terminal ver-
sion on pyp2+ tagged to a 13myc epitope (Fig. 2E; lower panel),
thus confirming the absence of the Pmk1-GFP-CAAX fusion
from the nuclear region.

Finally, as an alternative approach for nuclear exclusion of
Pmk1, we obtained strain LS137, expressing a version of the
MAPK fused at its C terminus to GFP and followed by 62 amino
acids corresponding to the C-terminal plasma membrane tar-
geting domain of the mammalian non-CAAX GTPase Rit (RitC,
Fig. 2F). This GTPase contains a C-terminal cluster of basic
amino acids responsible for membrane association and has
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been previously employed in fission yeast to target signaling
proteins to the plasma membrane (27). As illustrated in Fig. 2G,
the Pmk1-GFP-RitC fusion remained excluded from the cell
nucleus and localized to the plasma membrane, with a pattern
very similar to that shown by cells expressing Pmk1-GFP-
CAAX.

Effect of Nuclear Exclusion of Pmkl on Chloride Homeo-
stasis—We next determined the basal phosphorylation of
Pmk1 in growing cells from strains LS111 (Pmk1-GFP, control)
and LS115 (Pmk1-GFP-CAAX) by employing an anti-phospho-
p44/42 antibody as described previously (10). Fig. 34, upper
panel, indicates that targeting of Pmk1 to the plasma mem-
brane resulted in the detection of the protein fusion as a slower
migrating band in comparison to Pmk1-GFP of control cells.
Interestingly, cells expressing membrane-bound Pmkl1 dis-
played a reproducible increase in MAPK basal phosphorylation
when compared with control cells (Fig. 34, upper panel). A
similarly enhanced basal phosphorylation was also observed in
cells expressing Pmk1-GFP-RitC fusion (Fig. 34, lower panel).
Calcineurin and Pmk1 play antagonistic roles in S. pombe chlo-
ride homeostasis, and either calcineurin inhibition or Pmk1l
hyperactivation leads to strong sensitivity to this anion (15). On
the contrary, down-regulation of the Pmkl MAPK cascade
allows cells to grow in the presence of 0.2 M MgCl, and FK506,
a specific inhibitor of calcineurin (vic phenotype; Ref. 19). As
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FIGURE 4. Stress-induced phosphorylation of membrane-targeted Pmk1. A, strains LS111 (Pmk1-GFP; control) and LS115 (Pmk1-GFP-CAAX) were grown in
YES medium to mid log-phase and treated with 1 mm hydrogen peroxide. At timed intervals either activated or total Pmk1 were detected by immunoblotting
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above.

shown in Fig. 3B, upper panel, and contrary to pmkIA cells,
S. pombe strains expressing both membrane-bound Pmk1 ver-
sions behaved as the wild type and were unable to grow in rich
medium containing 0.2 m MgCl, and 0.5 ug/ml FK506. Nota-
bly, cell sensitivity for growth in medium supplemented with
increasing concentrations of MgCl, was higher in cells express-
ing either Pmk1-GFP-CAAX or Pmk1-GFP-RitC than in Pmk1-
GEFP or pmklA cells (Fig. 3B, lower panel). Finally, a kinase-dead
mutant version of membrane-targeted Pmkl (Pmk1(K52E)-
GFP-CAAX) displayed the vic phenotype and tolerance to chlo-
ride anions in a fashion similar to pmklIA cells (Fig. 3B). Taken
together, these results indicate that Pmkl modulates chloride
homeostasis outside of the cell nucleus; however, MAPK exclu-
sion from the nuclear region increases its catalytic activity.
Styl-dependent MAPK phosphatases down-regulate nuclear
Pmk1. The above results led us to consider the mechanisms
responsible for the enhanced MAPK activity in Pmk1-CAAX
cells. The addition of the Rho2 farnesylated CAAX motif to
Pmkl C-terminal sequence might favor MAPK targeting to
membrane locations similar to those of wild type Rho2 (26).
Because Rho?2 is a positive regulator of the cell integrity path-
way (28), the existence of a “Rho2-like” location for Pmk1 might
thus result in increased MAPK activation. Deletion of either
Rho2 or Pck2 decreased basal Pmk1 phosphorylation in cells
expressing Pmk1-GFP-CAAX (Fig. 3A); however, these values
were higher than in r#02A or pck2A cells expressing wild type
Pmk1-GFP (Fig. 3A). Therefore, other factor(s) operating
downstream of the MAPK module are likely responsible for the
enhanced activity in Pmk1-CAAX cells. Hence, an alternative
possibility considered was that Pmkl membrane localization
might affect the accessibility of MAPK phosphatases. In this
context, previous work has shown that dual-specificity phos-
phatase Pmpl, tyrosine phosphatase Pyp1, and threonine phos-
phatase Ptcl are involved in Pmk1 down-regulation in growing
cells (11). Both the high basal Pmk1 phosphorylation and chlo-
ride sensitivity in pmplA cells were further increased when
expressing membrane-tethered Pmk1 (Fig. 3, Cand D), indicat-
ing that none of the above phenotypes is related to a lack of
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MAPK down-regulation by Pmp1. Notably, the increased basal
Pmk1 phosphorylation in szy1A cells, which results from defec-
tive synthesis of Pypl and Ptcl phosphatases (11), remained
unaffected by the expression of membrane-anchored Pmkl
(Fig. 3C). Also, the chloride-sensitive phenotype in Pmk1-
CAAX cells was suppressed by styl ™ deletion (Fig. 3D). In this
study experiments employing pypIA and/or ptcIA single
and/or double mutant strains could not be included as Styl
hyperactivation perturbs chloride sensitivity in fission yeast
(11). Therefore, these results strongly suggest that both the
increased Pmk1 phosphorylation and chloride sensitivity in
cells expressing membrane-bound Pmk1 are due to the inability
of Styl-regulated phosphatases to down-regulate activated
Pmk1 outside the cell nucleus. In agreement with this predic-
tion, basal levels of both Pypl and Ptcl phosphatases
(expressed as genomic versions fused to a 13myc epitope) were
identical in Pmk1-GFP and pmkIA cells (Fig. 3E).

In fission yeast Pmk1 becomes phosphorylated in response to
multiple stresses, including glucose deprivation, oxidative
stress, or changes in the osmotic conditions (10). Treatment of
growing cells with hydrogen peroxide induced a quick and tran-
sient activation of Pmk1 whose kinetics were independent of its
subcellular location (Fig. 4A). Also, the delayed increase in
Pmk1 phosphorylation observed upon glucose withdrawal (10)
was quite similar in cells expressing either Pmk1-GFP or Pmk1-
GFP-CAAX (Fig. 4B). As shown in Fig. 4C, left panel, the Pmk1
phosphorylation in cells expressing either Pmk1-GFP or Pmk1-
GFP-CAAX became evident 15 min after hypertonic treatment.
Nevertheless, cells expressing membrane-bound Pmk1 (either
Pmk1-GFP-CAAX or Pmkl-GFP-RitC) showed a stress-in-
duced Pmkl phosphorylation comparatively maintained for
longer times (Fig. 4C, left and middle panels). This response
might be due to a defective MAPK deactivation by Pyp1, Pyp2,
and Ptcl phosphatases, which are induced by the SAPK path-
way and down-regulate Pmk1 activity in response to saline
stress (Ref. 11 and Fig. 2E). Indeed, the previously described
defect in Pmk1 deactivation in styIA cells subjected to osmo-
stress (11) was not further enhanced by nuclear exclusion of the
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FIGURE 5. Membrane-tethered Pmk1 promotes vacuole fusion induced during hypotonic stress. A, strains LS111 (Pmk1-GFP; control) and LS115 (Pmk1-
GFP-CAAX) were grown in YES medium plus 0.8 M sorbitol to mid log-phase and shifted to the same medium without polyol. At timed intervals either activated
or total Pmk1 was detected by immunoblotting with anti-phospho-p42/44 or anti-GFP antibodies, respectively. B, vacuole fusion is shown. Strains LS111
(Pmk1-GFP; control), MI102 (pmk1A), LS115 (Pmk1-GFP-CAAX), and MI212 (pmp1A) were grown in YES medium plus 0.8 m sorbitol. Cells were labeled with
CDCFDA and resuspended in YES medium, and vacuole size and fusion visualized by fluorescence microscopy. The average number of vacuoles per cell is

shown as an insert for control and mutant strains.

MAPK (Fig. 4C, right panel), indicating that under these con-
ditions Styl-regulated phosphatases trigger dephosphorylation
of activated Pmk1 at the nuclear region.

Membrane-tethered Pmk1 Promotes Vacuole Fusion Induced
during Hypotonic Stress—The transfer of wild type S. pombe
cells from rich medium supplemented with 0.8 M sorbitol to the
same medium devoid of stabilizer promotes a hypotonic stress
that triggers a very quick and transient Pmk1 phosphorylation
(10). As shown in Fig. 5A, cells expressing Pmk1-GFP-CAAX
showed a kinetics of Pmk1 activation by hypotonic stress simi-
lar to control cells, except for a modest overall increase in
MAPK phosphorylation. A prominent vacuole fusion occurs
when S. pombe cells are placed in hypotonic medium, and the
process appears positively regulated by both Styl and Pmk1
MAPKSs (24). We labeled the vacuoles of cells exponentially
growing in rich medium plus 0.8 M sorbitol with the fluorescent
dye CDCFDA. Under these conditions, cells from strains
expressing either Pmk1-GFP or Pmk1-GFP-CAAX showed a
similar average number of vacuoles; however, these were
smaller and more abundant in pmkIA cells (Fig. 5B). Remark-
ably, vacuoles in pmpIA growing cells were larger and less
numerous than in control cells (Fig. 5B). These results support
that Pmk1 is a positive regulator of vacuole size/number in
S. pombe and that Pmpl phosphatase is important for such
control. After a few minutes under hypotonic stress, cell vacu-
oles from strains expressing either Pmk1-GFP (wild type,
pmplA) or Pmkl-GFP-CAAX fused rapidly and to a similar
extent, whereas, contrarily, cells from pmkIA strain showed a
partial defect in vacuole fusion (Fig. 5B). Therefore, the func-
tional role of Pmk1 during vacuole fusion is not linked to its
presence into the nucleus.

26046 JOURNAL OF BIOLOGICAL CHEMISTRY

Cell Separation Defect in Cells Expressing a Pmkl Version
Excluded from the Nucleus—A typical feature of null mutants in
members of the MAPK cell integrity pathway is the presence of
multiseptated cells, indicating that Pmk1 is positively involved
in the regulation of cell separation (5, 6). Consequently, we
analyzed the effect of nuclear exclusion of Pmk1 on this pro-
cess. As shown in Fig. 6, A and B, when compared with control
cells, we observed a small increase in the percentage of septa-
tion in asynchronous-growing cultures of cells expressing
membrane-tethered Pmk1 in both minimal medium and YES
medium supplemented with 1 M sorbitol. However, and con-
trary to pmkIA cells or to cells with a kinase-dead membrane-
targeted Pmk1, no significant multiseptation was detected in
cells expressing either Pmk1-GFP-CAAX or Pmk1-GFP-RitC
(Fig. 6, A and B). We previously reported that Pmk1 dual phos-
phorylation oscillates through the cell cycle, peaking at cell sep-
aration during G;-S transition in coincidence with cytokinesis
(Fig. 6C, upper panel; Ref. vic 11). Interestingly, expression of
membrane-bound Pmk1 did not have a noticeable effect on the
kinetics of Pmkl phosphorylation, although we detected the
presence of some multiseptated cells during the second division
cycle (Fig. 6C, middle panel). Such phenotype, however, was
much less severe than in pmkIA cells, where as described earlier
~15-20% cells are unable to complete cytokinesis (Fig. 6C,
lower panel; Ref. 11).

Cell Wall Integrity Is Partially Compromised in Fission Yeast
Cells Expressing Nuclear-excluded Pmkl—Deletion of genes
encoding members of the cell integrity MAPK pathway causes
hypersensitivity to B-glucanases (6, 9, 10), indicating cell wall
defects. We analyzed the lytic sensitivity in exponentially grow-
ing cultures of different mutants after treatment with the 3-glu-
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FIGURE 6. Cell separation defect in cells expressing a Pmk1 version excluded from the nucleus. A, strains LS111 (Pmk1-GFP; Control), MI102 (pmk1A),
LS115 (Pmk1-GFP-CAAX), and LS137 (Pmk1-GFP-RitC) were grown in YES medium plus 0.8 m sorbitol to mid log-phase, and the percentage of unseptated/
septated cells in cultures was determined by fluorescence microscopy after cell staining (n=400) with calcofluor white. B, representative cells from the strains
described above as observed by fluorescence microscopy. C, cells from strains LS123 (cdc25-22, Pmk1-GFP), LS124 (cdc25-22, Pmk1-GFP-CAAX), and MI601
(cdc25-22, pmk1A) were grown to Ago, = 0.3 at 25 °C, shifted to 37 °Cfor 3.5 h, and then released from the growth arrest by transfer back to 25 °C. Aliquots were
taken at different time intervals, and activated Pmk1 was detected by immunoblotting with anti-phospho-p42/44 antibodies. Anti-Cdc2 antibody was
employed as loading control. Percentage of unseptated, septated, and multiseptated cells at each time point is shown as described in A.

canase complex zymolyase 20T. In contrast to control cells,
cells lacking Pmk1 displayed higher sensitivity to 3-1,3-gluca-
nase, as previously described (Fig. 74; Refs. 5, 6, and 9). Notably,
S. pombe cells expressing membrane-bound Pmkl (either
Pmk1-GFP-CAAX or Pmk1-GFP-RitC cells) were clearly more
sensitive than control cells, although not as much as single
pmkIA mutant cells (Fig. 7A). To further examine the role of
Pmk1 localization in the regulation of cell wall biosynthesis, we
also analyzed the cell wall composition in pmkIA mutant cells
and in strains expressing either Pmk1-GFP or Pmk1-GFP-
CAAX. As shown in Fig. 7B, compared with control cells, both
pmkIA and Pmkl-GFP-CAAX cells displayed an overall
increase (~5%) in the amount of glucose incorporated in total
cell wall. In addition, in pmkIA and Pmk1-GFP-CAAX cells
there was an increased amount of a-glucan (18 and 7%, respec-
tively) and galactomanan (25 and 50%, respectively) as com-
pared with control cells (Fig. 7B). Thus, these findings suggest
that the cell integrity MAPK pathway negatively affects the syn-
thesis of a-glucan and galactomanan in the cell wall of fission
yeast and that the normal process relies in part on the presence
of Pmk1 at the cell nucleus. We also noticed that both Pmk1-
GFP-CAAX and Pmk1-GFP-RitC cells were more sensitive for
growth in the presence of caspofungin (a potent -glucan syn-
thase inhibitor) than control cells, although not as much as the
pmkIA mutant (Fig. 7C). Pmk1 activation in response to cell
wall stress induced by caspofungin was similar in Pmk1-GFP-
CAAX cells (Fig. 7D). Nevertheless, in strong contrast with the
results on chloride homeostasis (Fig. 2C), Sty1 deletion did not
suppress the increased caspofungin sensitivity observed in cells
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with nuclear-excluded Pmk1-GFP-CAAX (Fig. 7D), thus cor-
roborating the interpretation that this phenotype is not due to
an enhanced MAPK activity. Taken together, the above results
support the notion that nuclear Pmk1 might play a transcrip-
tional role in response to alterations in cell wall integrity.

The transcription factor Atfl, which is the main target of
Styl in fission yeast, is known to be specifically activated by
Pmk1 to regulate gene expression in response to cell wall stress
(14). However, as shown in Fig. 7E, the caspofungin sensitivity
in cells expressing Pmk1-GFP-CAAX was slightly enhanced in
absence of Atfl, suggesting that this response is unrelated to a
defective control of Atfl function. Surprisingly, we observed
that deletion of the gene encoding MADS box-type transcrip-
tion factor Mbx1, which has been involved together with Atfl in
the induced expression of the glycosylphosphatidylinositol-an-
chored cell surface protein Ecm33 (29), partially suppressed the
caspofungin sensitivity in Pmk1-GFP-CAAX cells (Fig. 7E).
Therefore, these findings indicate that Pmk1-dependent regu-
lation of Mbx1 activity at the cell nucleus is an important factor
for adequate transcriptional response to cell wall stress.

Biological Relevance of Increased Nuclear Localization of
Pmk1—We focused on a complementary approach to evaluate
the biological significance of the nuclear localization of Pmk1
by constructing a S. pombe strain expressing a version of Pmk1
fused at its C terminus to the NLS of the SV-40 virus large T
antigen (PKKKRKYV) followed by GFP (Pmk1-NLS-GFP; Fig.
8A). Pmk1-NLS-GFP appears to be mostly confined to the cell
nucleus, although some fluorescence was still detected in the
cell separation area and the cytoplasm (Fig. 84). Both basal and
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FIGURE 7. Cell wall integrity is partially compromised in cells expressing a nuclear-excluded version of Pmk1. A, strains LS111 (Pmk1-GFP; control), MI102
(pbmk1A), LS115 (Pmk1-GFP-CAAX), LS137 (Pmp1-GFP-RitC), LS127 (mbx1A, Pmk1-GFP), and LS128 (mbx1A, Pmk1-GFP-CAAX) were grown in YES medium
(Ago0 = 0.5) and assayed for B-glucanase sensitivity. Cell lysis was monitored by measuring decay in Ag, for different incubation periods. Results shown are the
mean value of three independent experiments. B, cell wall composition of strains LS111 (control), MI102, and LS115 is shown. Strains were grown in YES
medium at 32 °C, and ['*Clglucose was added 6 h before harvesting. Values shown are the mean of three independent experiments with duplicate samples,
and error bars represent S.D. for total carbohydrate values. C, caspofungin sensitivity assays for strains LS111 (Pmk1-GFP; control), MI102 (pmk1A), LS115
(Pmk1-GFP-CAAX), LS116 (Pmk1(K52E)-GFP-CAAX; kinase dead), and LS137 (Pmk1-GFP-RitC) are shown. After growth in YES medium, 104, 103, 10% or 10 cells
were spotted onto YES plates supplemented with 0.8, 1.0, or 1.2 ug/ml caspofungin and incubated for 3 days at 28 °C before being photographed. D, strains
LS111 (Pmk1-GFP; control) and LS115 (Pmk1-GFP-CAAX) were grown in YES medium to mid log-phase and treated with 1 ug/ml caspofungin. At timed intervals
either activated or total Pmk1 was detected by immunoblotting with anti-phospho-p42/44 or anti-GFP antibodies, respectively. E, shown are caspofungin
sensitivity assays for strains LS111, LS115, LS132 (sty7A, Pmk1-GFP), L133 (sty7A, Pmk1-GFP-CAAX), MI102, LS108 (mbxT1A), LS109 (mbx1A pmk1A), LS127
(mbx1A, Pmk1-GFP), LS128 (mbx1A, Pmk1-GFP-CAAX), LS106 (atf1A), LS107 (atf1A pmk1A), LS125 (atf1A, Pmk1-GFP), LS126 (atf1A, Pmk1-GFP-CAAX), LS110

(mbx1A atf1A pmk1A), LS129 (mbx1A atf1A, Pmk1-GFP), and LS130 (mbx1A atf1A, Pmk1-GFP-CAAX).

salt stress-induced Pmk1 activation were partially compro-
mised in Pmk1-NLS-GFP cells as compared with control cells
(Fig. 8B). Importantly, enhanced nuclear accumulation of
Pmk1 resulted in a vic phenotype, which was not as strong as in
pmkIA cells (Fig. 8C). In comparison to control cells, Pmk1-
NLS-GEP cells displayed a less marked sensitivity for growth in
the presence of caspofungin than those expressing membrane-
tethered Pmk1 (Fig. 8D). These findings reinforce the results
described above and are congruent with the idea that nuclear
localization of Pmk1 is important for accurate control of both

chloride homeostasis and cell wall integrity.

DISCUSSION

Nuclear localization of MAPKs is essential for proper func-
tion and subsequent regulation of distinct cellular processes.
However, regardless of the existence of a classical pathway for
nuclear import of proteins, many of these effectors, including
some ERKSs, do not contain the canonical NLS, and mechanisms
for their nuclear targeting remain unknown (25). In agreement
with these precedents, results presented in this work strongly
suggest that the constitutive nuclear localization of Pmk1 in
fission yeast is independent on its phosphorylation status. In
addition, our observations that MAPK localization remained
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unchanged in cells expressing a Pmk1 mutant lacking a putative
NLS signal or in the absence of known «- and B-importins
points to the fact that neither the presence of a canonical NLS
nor the function of the nuclear import machinery is involved in
its nuclear location. Nuclear translocation of ERKs can occur
either by a passive diffusion or by active transport (30, 31). In
budding yeast it has been reported that 3-karyopherin Kap95 is
responsible for nuclear import of the Pmkl ortholog Slt2
MAPK (32). Unfortunately, deletion of the Kap95 ortholog
(SAPC1B1.03c¢) is lethal in fission yeast, and therefore, its role in
Pmk1 nuclear localization has not been evaluated. Neverthe-
less, Pmk1l MAPK localization was unaffected in mutants lack-
ing non-essential B-karyopherins (9 of 12 present in fission
yeast genome), although the possibility still remains that Pmk1
might use multiple importins for in vivo nuclear location. Con-
trary to the findings described here, Styl, which is the core
MAPK of the SAPK pathway in fission yeast, localizes mainly in
the cytoplasm in unstressed cells, whereas binding and phos-
phorylation by MAPK kinase Wis1 triggers Styl transport to
the nucleus upon stress (33). Moreover, the Ran GDP/GTP
exchange factor Pim1 is important for Styl nuclear accumula-
tion under stress, and exportin Crm1 participates in its nuclear
exclusion (34). Interestingly, phosphorylation of a conserved
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FIGURE 8. Biological relevance of increased nuclear localization of Pmk1.
A, shown is a scheme representing a version of Pmk1 fused at its C terminus to
the SV40 nuclear localization signal followed by GFP epitope and growing
cells of strain LS131 expressing the Pmk1-NLS-GFP fusion as seen by fluores-
cence microscopy. B, exponentially growing cells of strains LS111 (Pmk1-GFP,
control) and LS131 (Pmk1-NLS-GFP) were treated with 0.6 M potassium chlo-
ride, and both activated and total Pmk1 were detected by immunoblotting
with anti-phospho-p42/44 or anti-GFP antibodies, respectively. C, vic pheno-
type and chloride sensitivity assays for strains LS111 (control), MI102 (pmk1A),
LS115,and LS131 are shown. After growth in YES medium, 10%, 103,102 or 10
cells were spotted onto YES plates supplemented with 0.2 v MgCl, plus 0.5
ng/ml FK506 (vic), or 0.25 m MgCl, alone and incubated for 3 days at 28 °C
before being photographed. D, shown are caspofungin sensitivity assays for
the strains described in C.

SPS motif present in ERKs has been described as responsible for
both active and passive MAPK nuclear translocation (25). How-
ever, mutation in the partially conserved motif present in Pmk1
did not impair its nuclear localization. Hence, a yet unknown
mechanism appears responsible for Pmk1 nuclear targeting in
fission yeast.

An important result obtained in our work is that fission yeast
cells expressing a nuclear excluded, membrane-bound versions
of Pmk1 can recapitulate many of the biological functions pre-
viously assigned to wild type (nucleo-cytoplasmic) Pmkl.
Among these, we analyzed the regulation of chloride homeo-
stasis, vacuole fusion during hypotonic stress, and cellular sep-
aration (5, 6, 15, 11). However, our findings also show that
nucleo-cytoplasmic shuffling of activated Pmk1 is important
for proper spatial and temporal down-regulation of its biologi-
cal activity and that this subtle regulatory mechanism is per-
formed at the nuclear region by specific MAPK phosphatases.
This is particularly clear during the control of chloride homeo-
stasis, which relies primarily on active extranuclear Pmkl.
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However, MAPK targeting to the cell nucleus is also important
for a fine-tuning regulation of this process, as evidenced by the
fact that although both basal Pmk1 phosphorylation and chlo-
ride sensitivity are increased in cells expressing membrane-
bound Pmk1, forced nuclear targeting of Pmk1l (Pmk1-NLS-
GFP mutant) results only in a moderate vic phenotype that is
associated with down-regulation of Pmk1 activity. On the other
hand, Pmk1-dependent regulation of cell separation mostly
operates in way independent on its localization at the nuclear
region, giving support to early predictions suggesting that this
process might be performed by activated MAPK specifically
located at the division area (10). Nonetheless, the existence of a
weak separation defect in cells expressing membrane-tethered
Pmk1 strongly suggests that, similar to chloride homeostasis,
MAPK down-regulation in the cell nucleus defines the precise
outcome of this cellular event. Fission yeast cells lacking Pmp1
phosphatase display both altered Pmk1 phosphorylation dur-
ing cell cycle and a strong cell separation defect (11). Hence, the
overall increase in phosphorylation during cell cycle prompted
by nuclear exclusion of Pmk1 appears to be the reason for the
subtle separation defect observed in cells expressing mem-
brane-targeted Pmkl. Interestingly, the nuclear absence of
Pmk1 did not alter its positive role in the maintenance of vac-
uole size/number and induced fusion under hypotonic stress,
implying that nuclear regulation of Pmk1 activity is restricted
to specific biological events.

The known phosphatases, which can inactivate Pmk1 (Pmp1,
Pypl, Pyp2, and Ptcl) are nucleo-cytoplasmic proteins (35)
and, therefore, good candidates to specifically down-regulate
this MAPK at the cell nucleus. Evidence presented in this work
suggest that such a role is performed in growing cells and in
response to specific stresses (i.e. osmostress) by the Styl-regu-
lated phosphatases Pyp1, Pyp2, and/or Ptcl, whereas dual spec-
ificity phosphatase Pmpl down-regulates cytoplasmic Pmk1
during vegetative growth. This suggestion is based on the fact
that, contrary to pmpIA cells, nuclear exclusion of Pmk1 did
not enhance the high basal MAPK phosphorylation or the
defective Pmkl dephosphorylation in growing and osmo-
stressed stylA cells, respectively. This scenario is somehow
similar to the model described in budding yeast where tyrosine
phosphatase Ptp2 (Pypl homologue) is the main negative reg-
ulator of nuclear-activated forms of MAPKs Hogl (Styl
ortholog) and Slt2 (36). On the contrary, Ptp3 tyrosine phos-
phatase (Pyp2 homolog) down-regulates both Hog1 and Slt2 at
the cytoplasm (36). Importantly, whereas Ptp2 acts as a nuclear
anchor for both Hog1 and SIt2 and Ptp3 is its cytoplasmic coun-
terpart, Pmk1 localization in fission yeast is not affected by
deletion of Styl-regulated phosphatases (11). Thus, opposite to
other eukaryotic organisms including budding yeast, fission
yeast MAPK phosphatases do not act as nuclear anchors for
Pmk1. On the other hand, the possibility that the high MAPK
activity observed in cells expressing nuclear-excluded Pmkl
could be caused by the lack of proper adaptation rather than an
increased activity per se or the deficient accessibility by protein
phosphatases should also be considered.

Although the role of Pmk1 in maintaining cell wall integrity
is partially independent on its nuclear location, we also found
that fission yeast cells expressing membrane-tethered Pmk1
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display altered cell wall composition and increased sensitivity
to cell wall-degrading compounds. In striking contrast to chlo-
ride homeostasis, these differential defects do not result from
defective MAPK down-regulation at the cell nucleus, thus sug-
gesting that Pmk1-mediated transcriptional activity might play
arole in response to cell wall stress. In this framework, there is
a report describing that Pmk1 can phosphorylate Atfl during
cell wall damage (14), thus making this transcription factor a
good candidate for enhanced gene expression and cell survival
under these conditions. We found, however, that caspofungin
sensitivity in atfIA cells was lower and additive to that of cells
expressing nuclear-excluded Pmk1, indicating that other ele-
ment(s) may be involved in this response. This finding may be
not surprising, as the number of identified genes whose expres-
sion is induced under stress in a Pmk1-Atfl1-dependent fashion
is currently rather limited (29, 37).° The demonstration that cell
wall defects in cells expressing membrane-anchored Pmkl
were in part alleviated by simultaneous deletion of Mbx1 are
intriguing. MADS box-like protein Mbx1 together with fork-
head-like proteins Sepl and Fkh2 are part of the pombe cell
cycle box binding factor transcription factor complex that is
involved in the expression of a specific set of genes during the
M-G, phase of the cell cycle (38). Moreover, Mbx1 phosphory-
lation is controlled by the polo-like kinase Plol and the
Cdc14p-like phosphatase Clplp (Flplp) (38, 39). The finding
that Mbx1 regulates together with Atfl the expression of the
ecm33+ gene in a Pmk1 dependent fashion has pointed to Plo1
and Pmk1 kinases as coordinately regulating cell cycle and/or
cell integrity signaling via the phospho-regulation of Mbx1
activity (29). In this respect, our results suggest that whereas
Pmk1 positively regulates Mbx1 transcriptional activity in the
cell nucleus, lack of MAPK regulation at this cell compartment
might convert Mbx1 in a transcriptional repressor. Further
studies will be needed to clarify the functional relation between
the Pmk1 cell integrity pathway and Mbx1. Whatever the case
may be, the contribution of extra-nuclear Pmkl during this
response appears at least as relevant as its role in the cell
nucleus given the intermediate cell wall defects displayed by
either Pmk1-CAAX or Pmk1-RitC cells in comparison to both
control and a Pmk1-less mutant. In Saccharomyces cerevisiae it
has been shown that nuclear Hogl-mediated transcriptional
response is not necessary for hyperosmotic stress resistance
(40). This observation and the results presented here suggest
that MAPK-controlled transcriptional programs are much less
relevant during cell survival against stress than initially
thought.

In conclusion, our study on the differential activities of
MAPK Pmk1 attached to the plasma membrane shows that in
fission yeast most of the functions driven by the cell integrity
pathway are carried out independently of the Pmk1 presence
into the nucleus. Although nuclear Pmk1 might partially regu-
late cell wall integrity at a transcriptional level by positively
targeting Atfl and Mbx1, constitutive localization at this com-
partment allows MAPK down-regulation by specific phospha-
tases, thus modulating its overall biological activity. These

® L.Sanchez-Mir, A. Franco, M. Madrid, J. Vicente-Soler, M. A, Villar-Tajadura, T.
Soto, P. Pérez, M. Gacto, and J. Cansado, unpublished results.
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results highlight the importance of the spatial control of MAPK
activity, a feature likely shared with higher eukaryotes.
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