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Abstract Mkpl (MAPKAP kinase Schizosaccharomyces
pombe 1) and Mkp2 are two members from fission yeast
of the sub-class of putative MAPK-activated protein
kinases in yeasts, the other known members being Rckl
and Rck2 from Saccharomyces cerevisiae. The Mkpl
protein is readily co-immunoprecipitated with Styl from
S. pombe extracts; Mkp2 shows a weaker interaction
with Styl. In mkpl mutants, conjugation and meiosis
proceed more readily and rapidly than in wild-type cells,
in analogy to what was previously found for S. cerevisiae
rckl mutants. Conversely, overexpression of mkpl™
delays meiosis. Mkpl is phosphorylated in vivo in a
styl " -dependent manner; this modification is removed
when cells are starved for nitrogen, a condition that is
conducive to entry into stationary phase and meiosis.
Overexpression of mkpl ", like a styl mutation, also
causes vegetative cells to elongate. The level of Mkpl
phosphorylation drops as cells enter mitosis. We have
localised Mkpl to the cytoplasm, excluded from the
nucleus, in vegetative cells. The Mkpl protein accumu-
lates in zygotic asci and is concentrated within spores.
The mkp2™ gene has no noticeable impact on meiosis.
Mkp?2 is excluded from the nucleus in vegetative cells,
and is concentrated at the septa of dividing cells. Mkp2
does not accumulate in meiotic cells.
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Introduction

In order to respond appropriately to changes in the
environment or to intracellular events, the cell needs to
integrate signals coming from inside and outside the cell;
this is the task of the many interconnected signalling
pathways. Eukaryotic cells, plant, fungal, or animal,
build signalling pathways from structurally conserved
modules, one of which is the mitogen-activated protein
kinase (MAPK) cascade. Such a cascade is three-lay-
ered, consisting of the MAPK itself, which is activated
by a tyrosine/threonine dual specificity MAPK kinase
(MAPKK) that is in turn activated by a serine/threo-
nine-specific MAPKK kinase (MAPKKK). These cas-
cades are remarkably versatile in that they collectively
respond to a wide variety of stimuli such as peptide
pheromones, DNA damage, nitrogen limitation etc., to
ultimately produce responses that include the activation
of transcriptional programs, entry into meiosis, changes
in growth pattern and so on. Typically, a given organism
possesses several MAPK cascades. The specificity of
signal transmission within a given cascade is guaranteed
in part through physical interactions with a scaffold
protein. Nevertheless communication between cascades
can also occur, e.g. when one MAPKKK controls more
than one MAPKK. Eukaryotic MAPK cascades have
been reviewed recently (Millar 1999; Chang and Karin
2001; Kyriakis and Avruch 2001).

The Styl MAPK cascade in Schizosaccharomyces
pombe is required for activation of the mating and mei-
otic programs. Meiosis is favoured by the same condi-
tions as mating; newly formed zygotes normally proceed
directly to meiosis, and so mating and meiosis are cou-
pled processes in S. pombe. styl mutants are defective in
both processes (Kato et al. 1996; Shiozaki and Russell
1996; Kon et al. 1998). The requirement for Styl stems,
at least in part, from Styl-dependent phosphorylation of
the heterodimeric transcription factor Atfl/Pcrl (Kon
et al. 1998), which is responsible for expression of the
stell* gene. The product of stell” is a transcription
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factor which in turn activates transcription of a number
of genes involved in conjugation, meiosis, and sporula-
tion. In addition, low levels of cAMP activate the ex-
pression of ste/1” through the action of protein kinase
A and the transcription factor Rst2 (Kunitomo et al.
2000). The Byr2-Byrl-Spkl MAPK cascade, which is
homologous to the Stell-Ste7-Fus3 relay in Sacchar-
omyces cerevisiae, is likewise required for mating
(Neiman et al. 1993). Finally, the protein kinase Patl
inhibits meiosis by negatively regulating Stell through
phosphorylation (Li and McLeod 1996). Besides its in-
volvement in regulating meiosis, Styl plays a central role
in defence against a range of cellular stresses including
osmotic shock, oxidative stress, and DNA damage
(Degols and Russell 1997; Degols et al. 1996; Millar et al.
1995; Shiozaki and Russell 1995b; Stettler et al. 1996;
Toone et al. 1998). It is clear that the Styl MAPK cas-
cade initiates responses at the gene expression level via
the transcription factors Papl, after oxidative stress
(Toone et al. 1998), and Atf1, after osmotic and a variety
of other stresses (Degols and Russell1997; Shiozaki and
Russell 1996; Wilkinson et al. 1996). In addition, Styl
has recently been shown to be required for a mitotic
entry checkpoint in fission yeast that monitors the in-
tegrity of the actin cytoskeleton (Gachet et al. 2001).
Finally, the Styl pathway somehow influences mitotic
cell cycle progression through G2, since styl cells are
elongated and have a prolonged G2 phase (Millar et al.
1995; Shiozaki and Russell 1995a; Kato et al. 1996).

In mammalian cells, many cellular responses of
MAPK cascades have been shown to be mediated by
MAP kinase-activated protein kinases (MAPKAPK).
For instance, the MAPKAP-K1 (p90™%) family is acti-
vated by the ERK and JNK MAPK classes following
exposure to UV (Zhang et al. 2001). MAPKAP kinase 2
is capable of directly phosphorylating transcription
factors (Neufeld et al. 2000), and is also required for the
expression of TNFa (Kotlyarov et al. 1999). The MAPK
pathway in which a particular MAPKAPK functions is
largely dictated by its MAPK binding domain, which is
located at the C-terminus of the protein (Smith et al.
1999; 2000).

In S. cerevisiae, twvo MAPKAPK homologues have
been found, Rckl and Rck2. The RCKI gene was orig-
inally isolated as a suppressor of S. pombe checkpoint
mutants, and RCK2 was found in the genome sequence
as a homologue of RCKI (Dahlkvist and Sunnerhagen
1994; Dahlkvist et al. 1995). The RCK2 gene has inde-
pendently been found in a search for sequences related to
Ca’" /calmodulin-regulated protein kinases (Melcher
and Thorner 1996). A role for Rck1 in inhibition or delay
of meiosis is evidenced by the finding that rckl/rckl
mutants enter meiosis at an enhanced rate. Corre-
spondingly, overexpression of RCKI or RCK2 causes a
decrease in the fraction of meiotic cells, but only when
either of the the checkpoint genes MECI and RAD24 is
mutated (Ramne et al. 2000). We have previously shown
that Rck2 is a substrate for the MAP kinase Hogl, and
that it is phosphorylated at Ser519 by this protein kinase

following osmotic shock; this phosphorylation results in
the activation of the catalytic activity of Rck2. There is
also genetic evidence to link the two, in that overex-
pression of RCK2 restores osmotic resistance in a hogl or
a pbs2 mutant, and an rck2 deletion rescues the lethality
associated with hyperactivation of the HOG pathway
(Bilsland-Marchesan et al. 2000). Recently, a role for
Rck2 in down-regulating translation in osmotically
shocked cells via phosphorylation of EF-2 was defined.
This global decrease in protein synthesis was shown to be
dependent on both RCK2 and HOG1 (Teige et al. 2001).
Thus, Rck2 is a MAPKAPK that acts downstream of
the stress-activated MAPK Hogl. We now identify two
fission yeast genes that code for homologues of Rckl/
Rck?2, and present evidence to show that they act down-
stream of the Styl, the Hogl homologue in S. pombe.

Materials and methods

S. pombe genetic methods

Standard methods were used for genetic crosses (Gutz et al. 1974).
S. pombe cells were grown on YES (0.5% yeast extract, 3% glu-
cose, 225 mg/l each of histidine, adenine, leucine, and uracil)
for vegetative growth, or Edinburgh minimal medium (EMM)
(Moreno et al. 1991). Meiosis was induced on by growth on malt
extract agar plates (ME), or by shifting from growth at 30°C with
shaking in regular liquid EMM to growth at 25°C in nitrogen-free
EMM (Kato et al.1996), as indicated.

DNA constructs for chromosomal disruptions and epitope
taggings were made by PCR, and integrated by homologous re-
combination into the desired loci using the method outlined by
Bihler et al. (1998) with minor modifications. When the KanM X6
cassette was used as a selectable marker, transformants were grown
in liquid YES medium for 16 h to allow for stable integration and
expression of the kanamycin resistance gene, before plating on solid
YES containing G418 (100 mg/1).

For constructs encoding Mkpl or Mkp2 C-terminally tagged
with green fluorescent protein (GFP) or HA(3), transformations
were done with PCR fragments from pFA6a-GFP(S65T)-kanM X6
and pFA6a-3HA-kanMX6 cassettes (Bihler et al. 1998) flanked by
80 bp corresponding to the sequence immediately upstream of the
stop codon and 80 bp corresponding to the sequence 80-200 bp
downstream of the stop codon. To insert the wild-type or attenuated
version of the nmt] promoter in place of the endogenous mkpl* or
mkp2™ promoter, pFA6a-kanMX-P3nmt1-3HA constructs flanked
by 80 bp corresponding to sequences 90-200 bp upstream of the
start codon of the genes and 80 bp corresponding to the N-terminal
part of the gene from the start codon were used. Such constructs also
carried the HA) epitope fused to the N-terminus of the protein.
Gene disruption of mkp2™ and styl ™ was done by the same method
with the KanMX6 and ura4 ™" disruption cassettes flanked by 80 bp
homologous to regions 5" and 3’ to the coding sequence. Disruption
of mkpl™ was done by transforming with the PCR amplified 1.8 kb
Hind 11T ura4* genomic fragment plus 437 bp homologous to the
region 15 bp upstream of mkpl™ and 462 bp homologous to the
region 198 bp downstream of mkp/™. In each case, correct inte-
gration at the desired chromosomal locus was verified by PCR.

Protein preparation

Cells were grown to mid-log phase and harvested in stop buffer
[150 mM NaCl, 50 mM NaF, 1 mM NaN;, 10 mM EDTA
(pH 8.0)]. The cells were lysed in buffer A [50 mM TRIS-
HCI1 (pH 8.0), 50 mM NacCl, 0.2% Triton X-100, 1% NP-40]



supplemented with Complete protease inhibitor mix (Roche), using
a FastPrep 120 apparatus at a speed setting of 4.5 for 20 s. Cells to
be used for co-immunoprecipitation were lysed in buffer A with
0.25% NP-40. Protein concentrations were measured using the
BCA protein assay kit (Pierce) to ensure even loading.

Co-immunoprecipitation

Protein extracts (0.5 mg) were first clarified by the addition of
Pansorbin (formalin-fixed Staphylococcus aureus cells) and cen-
trifugation. For precipitation, 4 ug of the precipitating antibody
was added to the supernatant. After 4 h of incubation on a rotary
mixer at 4°C, Pansorbin was added, and incubation was continued
at 4°C. Precipitates were collected by high-speed centrifugation,
washed in buffer A containing 1% NP-40, and finally resolved by
SDS-PAGE.

Western analysis

Fifty pg of total protein per lane was loaded on 10 % SDS-poly-
acrylamide gels, electrophoresed, and blotted onto a Protran ni-
trocellulose filter (Schleicher and Schuell) in a semi-dry blotting
apparatus (Sigma Aldrich). Tagged proteins were detected with a
monoclonal a-c-Myc (Santa Cruz Biotechnology) or «-HA anti-
body and an a-mouse Ig-POD Fab fragment as the secondary
antibody (Roche) using the ECL Western blotting analysis system
(Amersham Pharmacia).

Northern analysis

Total RNA was prepared using the RNeasy kit (Qiagen). Samples
(10 ug) were electrophoresed under denaturing conditions on a
1 % agarose gel containing formaldehyde, blotted onto Hybond-
N+ membranes (Amersham Pharmacia) and hybridised to a
32p_labelled probe and washed at high stringency.

Microscopy

Cells were viewed using a Leica DM RXA microscope equipped
with a Fluotar lens at 100x (fluorescence) or 63x (bright field)
magnification, and photographed with a COHU cooled CCD
camera. For visualisation of DNA, cells were stained for 15 min in
the presence of 0.25 ug/ml of Hoechst 33258 (bisbenzimide) dis-
solved in growth medium.

Results

The S. pombe genes mkpl ™ and mkp2™ encode
homologues of the S. cerevisiae protein kinases Rckl
and Rck2

In a sequence similarity search for genes encoding
potential homologues of S. cerevisiae Rckl and Rck2 in
the fission yeast (S. pombe) genome sequence database at
the Sanger Institute (http://www.sanger.ac.uk/Projects/
S_pombe/), we identified two genes encoding protein
sequences closely related to those of the budding yeast
kinases. The first, mkpl™, is an open reading frame on
chromosome III, which is interrupted by a short
predicted intron, and has a capacity to encode a protein
of 580 amino acids (cosmid SPCC1322.08; Accession
No CAA22861.1). The second, mkp2™, is located on
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chromosome I, has three predicted introns, and a coding
capacity of 504 residues (cosmid SPAC23A1.06c; Acc.
No. CAA16980.1).

In Fig. 1A, an alignment of the predicted sequences
of the four members of this subfamily of protein kinases
is shown, together with a mammalian MAPKAPK, and
an S. pombe Ca®" Jcalmodulin-regulated protein kinase,
Cmk1. The four yeast protein kinases share two prom-
inent features. First, within the catalytic domain (upper
row), there is a glycine-rich sequence N-terminal to the
highly conserved DFG-box, which was initially noted in
Rck1 and Rck2 (Dahlkvist and Sunnerhagen 1994). This
sequence is not found in any other protein kinases as far
as we have been able to ascertain. We speculate that it
may protrude from the otherwise conserved structure of
the catalytic domain, and so we have dubbed it the
“glycine loop”’. The second feature (bottom row), which
unlike the first one is shared with mammalian MAP-
KAPKs, is the putative MAPK-binding site near the
C-terminus of the protein, containing the conserved
consensus sequence RR (Tanoue et al. 2000). Indeed, the
binding of Rck2 to the MAPK Hogl has been shown to
occur through the C-terminal part of Rck2 (Bilsland-
Marchesan et al. 2000). From various measures of se-
quence relatedness, it is not obvious if either of the two
S. pombe proteins is more closely related to one of the
two proteins in S. cerevisiae (Fig. 1B).

Inactivation of mkpl " facilitates conjugation
and entry into meiosis

Since the mkpl ™ /mkp2" homologues in S. cerevisiae,
RCKI and RCK2, delay or depress meiosis (Ramne et al.
2000), and since Sty1, the fission yeast homologue of the
Hogl MAPK, is required for efficient meiosis (Kato
et al.1996; Shiozaki and Russell 1996; Kon et al. 1998),
we wanted to investigate the effects on conjugation and
meiosis of disruption or up-regulation of mkpl™* and
mkp2 " . In Fi§. 2A, spore staining with iodine vapour
reveals that #°’ mkpIA cells enter meiosis faster than
wild-type 4%’ cells on a variety of media. After 72 h on
standard meiosis-inducing medium (malt extract agar
plates), markedly more staining is seen in the mutants
than in the #°’ wild-type strain (Fig. 2A); a similar dif-
ference is seen on EMM, which is semi-permissive for
meiosis. On YES medium, containing yeast extract and
glucose, meiosis is normally inhibited in S. pombe cells.
However, mkpIA mutants are able to sporulate exten-
sively on YES plates when the glucose concentration is
reduced to 1%; very few wild-type cells undergo meiosis
under these conditions (Fig. 2A). At 2% glucose, how-
ever, sporulation was completely suppressed in both
mutant and wild-type strains (Fig. 2A).

We also investigated the effect of up-regulating both
genes under the control of the regulatable nmtl™ pro-
moter. In Fig. 2B, we see that overexpression of mkpl ™
leads to considerable depression of sporulation; this
effect is abolished by lowering the expression level by the
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addition of thiamine to the medium. It should be noted
that the nmtl-P3 promoter variant used permits suffi-
cient transcription even in the presence of thiamine that
no phenotypic effects of down-regulation are seen here.
In contrast, neither up-regulation nor disruption of the
mkp2™ gene had any obvious impact on the kinetics of
spore formation (not shown).

Because of the obvious impact by mkpI ", but not by
mkp2™, on the timing of spore production, we wanted to
investigate the kinetics of appearance of zygotes (prod-

Fig. 1A, B The Rck family of protein kinases: Rckl, S. cerevisiae
(Acc. No. S47900); Rck2, S. cerevisiae (Acc. No. S59394); Mkpl,
S. pombe (Acc. No. 094547); Mkp2, S. pombe (Acc. No. 042844).
For comparison, the following protein kinase sequences are shown:
MAPKAP-2, human MAPK-activated protein kinase 2 (Acc. No.
P49137); Cmk1Sp, S. pombe calmodulin-activated protein kinase 1
(Acc. No. O74235); Cmkl1Sc, S. cerevisiae calmodulin-activated
protein kinase 1 (Acc. No. A40896); Cmk2Sc, S. cerevisiae
calmodulin-activated protein kinase 2 (Acc. No. B40896). A
Defining sequence features. The subdomains VIb and VII of the
protein kinase catalytic domain (Hunter 1991) are marked above
the sequence. The “glycine loop”, which is not present in other
protein kinases, upstream of the highly conserved DFG box in the
kinase catalytic domain, and the MAP kinase binding domain near
the C-terminus are hoxed in grey. Conserved positions within these
domains are marked in bold in the consensus sequence. B
Phylogenetic comparison of the yeast MAPKAP kinases and their
relationship to Ca’?"/CaM-regulated protein kinases in yeast.
Estimated relative phylogenetic distances are indicated by the tree,
which was calculated using Kimura’s correction (Kimura and
Takahata 1983)

»
>

Fig. 2A—-C Conjugation and meiosis in strains with altered expres-
sion of mkpl ™ or mkp2™. All strains are in the meiosis-proficient
h*? genetic background. Cells were grown at 30°C to mid log-phase
in liquid EMM with the required supplements prior to spotting on
solid media as indicated. In panels A and B sporulation was
detected by staining with iodine vapour. A Sporulation in wild type
(h*°) and mkpI4 mutants (EA31) on different solid media. Pictures
were taken at 72 h after plating and incubation at 25°C. B
Sporulation in wild type (#°’) and in a strain with ectopic
overexpression of mkpl ™ (EA64) on solid EMM. Expression from
the nmtl promoter (nmtl-P3) was induced at maximal levels by
cultivation in the absence of thiamine, or repressed by the addition
of thiamine (10 uM) to the medium. Strains were initially cultured
in liquid medium of the same composition as that on which they
were subsequently plated. Pictures were taken at 72 or 96 h after
plating and incubation at 25°C. C Time course of conjugation and
meiosis in the wild-type strain, and in strains lacking or
overexpressing mkpl *. Cells were first cultivated in liquid standard
EMM (without added thiamine) at 30°C. The meiotic pathway was
induced by transfer to nitrogen-free EMM at 25°C (time 0), and
cultivation with shaking was continued. Ectopic expression from
the nmtl-P3:mkpl* construct was maximised by cultivation in
medium without thiamine throughout the experiment. Samples
were taken at the indicated times after shift and examined by
microscopy for the presence of zygotes, four-spored asci and free
spores. Meiotic efficiency was defined as (2Z+2A+0.5S)/
(2Z+2A+0.5S+V), where Z is the number of zygotes; A the
number of asci; S the number of free spores; and V the number of
vegetative cells (Kunitomo et al. 1995)

ucts of conjugation), as well as asci and spores (products
of meiosis), in strains in which mkp!* was disrupted or
ectopically overexpressed. Zygotes appear in the mkpl

A VIb Glycine loop VII
—
326 385
Rckl (257) HRDVKPENLLFEPIPFYGLDG--—-—------— D-MQOKEDEFTLGVGEGEIGLVKLMDFGLAK
Rck2 (311) HRDIKPENLLFEPIEFTRSIKPKLRKSDDPQTKADEGIFTEGVEGGGEIGIVKLADFGLSK
Mkpl (255) HRDIKPENLLFDSIDFVEPSRVRKYRAGDDPD-KVDEGEFIPGVGAGTIGRIRLADFGLSK
Mkp2 (186) HRDIKPENLLFQPIEYLPSQN-YTPPSLEPN-KLDEGMFLEGIGAGEIGRILIADFGFSK
MAPKAP-2 (184) HRDVEPENLLYTSKRPNA--—-—————————— e ILEKLTDFGFAK
CmklSp (152) HRDLEPENLLYRSKEDPNS---———-—-m e DLLIADFGLSH
Consensus (326) HRDIKPENLLFEPIEF S DP K DEG F GVGAGGIGIIKLADFGLSK
MAPK-binding
—
626 685
Rckl (464) -RSESSEYIFMTEEDRNLRGSWIGEPK--ECFTLDLATSSI¥RRRENKIFFW----—---
Rck2 (564) SGAQ=-=====————cme————- GDEQLEQNMFQLTLDTS TERORREK'YV OENDVGETIFIS
Mkpl (531) LSGENDPSLASRQPAQSQQQSSQRSRNKFEGFQLNLSKATLYNRRHROKV------———-
Mkp2 (459) TTTDDDDYIISSFPLNDTL---GSEGK--DPFSLNLKESSLYSRRSAKRVN-------—-
MAPKAP-2 (373) KEEMTSALATMRVDYE-QIKIKKIEDA----- SNPL----LLERRKKARALEARALAH--
CmklsSp (276) PSKRLTAADALKHPFLSEKRPATSNLLPNVREENFNARKTFRTAYNAVRAFNTWKKLENKH
Consensus (626) E F L LS SSLY BREKK R
B Rck1
Rck2
Mkp2
Mkp1
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cultures (Fig. 2C, left panel) within 6 h after transfer to
nitrogen-free liquid medium and downshift to 25°C,
whereas no zygotes are present in wild-type cultures.
Again, the opposite effect is observed when mkpl ™ is
overexpressed from the nmtl promoter; the number of
zygotes is much lower. The same effects are observed
when the products of meiosis are considered (right panel).
In the mkpIA mutant, asci appear at 12 h; at this stage no
asci are visible in the wild-type. Initially, in the popula-
tion overexpressing mkpl ", the efficiency of meiosis is
clearly depressed compared to the wild-type. At later time
points, however, it reaches similar levels. The converse is
seen in the mkplA mutant; here the number of meiotic
products is considerably higher than in the wild-type.

Mkpl and Mkp2 associate with the Styl MAPK
in vivo

Because of the apparent similarities between Mkpl and
Mkp2, on one hand, and the S. cerevisiae Hogl-binding
MAPKAPK Rck2 (Bilsland-Marchesan et al. 2000) on

the other, we wanted to investigate whether these fission
yeast kinases physically associate with the Hogl homo-
logue Styl. In Fig. 3 (upper panel, lane 5), myc-Styl is
seen to be clearly co-precipitated by a monoclonal anti-
body against Mkp1-HA; a faint band representing Sty1-
myc co-precipitated with Mkp2-HA is also visible (lane 2).
The co-precipitation of this protein species is dependent
on both Styl-myc and Mkpl-HA or Mkp2-HA, respec-
tively (Ianes 3, 4, and 6). In the converse experiment (lower
panel), two bands representing Mkp1-HA co-precipitated
with Styl-myc are also seen (lane 5); however, we could
not detect co-precipitated Mkp2-HA under these condi-
tions. Again, recovery of these bands is dependent on the
presence of both protein partners (lanes 3, 4 and 6).

By comparing the relative mobilities of the species of
Mkpl-HA which co-immunoprecipitated with Styl-myc
in Fig. 3 with those of the A phosphatase-sensitive Mkpl
protein species (Fig. 4A), we conclude that the upper of
the two major Mkpl species associated with Styl is
phosphorylated. Thus, both unphosphorylated and
phosphorylated forms of Mkp1 associate with Styl un-
der these conditions.
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Sty1-myc -+ o+ - +
Mkp1-HA - - - - +
Mkp2-HA - + - + -
Detection:
o-myc
IP a-HA
o-HA

IP:

o-myc

Fig. 3 Co-immunoprecipitation of Styl with Mkpl and Mkp2.
Cells expressing Styl-myco),, Mkpl-HA3), and/or Mkp2-HA s,
from their respective chromosomal promoters were grown in liquid
EMM at 30°C with shaking until the Asgs,, had reached 0.7-0.8.
Native extracts were prepared as detailed in Materials and
methods, and immunoprecipitated with the indicated monoclonal
antibodies. The immunoprecipitates were electrophoresed on 8%
SDS-PAGE gels and transferred to PVDF membranes, which were
subsequently probed with the indicated antibodies. The bars on the
right indicate positions of molecular weight markers (sizes are given
in kDa). Bands representing immunoglobulins are present in all
lanes in the lower part of each panel. Strains used: 1, 972 /&~ (wild-
type, no tags); 2, CM1; 3, EAS56; 4, EA60; 5, CM3; 6, EA61; 7,
EAS56; 8, EA61; 9, EA60. The presence or absence of the respective
protein tags is indicated above each lane; strains are listed in
Table 1

Mkpl is phosphorylated in a sty " -dependent
fashion, and this modification disappears
upon nitrogen starvation

In S. cerevisiae, the level of a highly phosphorylated
species of Rck?2 increases upon osmotic shock, leading to
activation of the HOG pathway; this phosphorylation
is dependent on the MAPK-encoding HOGI gene
(Bilsland-Marchesan et al. 2000). Since Mkpl and Mkp2
physically associate with Styl, it is reasonable to expect
that they too will be phosphorylated by Styl when this
MAPK cascade is activated. Indeed, it has recently been
shown that Mkp2 is phosphorylated by Styl under ox-
idative stress conditions (Sanchez-Piris et al. 2002). As
seen in Fig. 4A (lane 1), in cells growing under normal
vegetative conditions, two major bands of Mkp1 appear,
with about equal intensities. Phosphatase treatment
identifies the upper band as phosphorylated, as it dis-
appears after treatment with A phosphatase, leaving only
the lower band (lane 3). In szyIA cells, the upper,
phosphorylated, band is absent (lane 2), demonstrating
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—
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that it is dependent on Styl. The total amount of Mkpl
also appears reduced in sty/A cells. Overexpression of
Mkpl, on the other hand, results not only in a higher
total amount of Mkpl protein, but, notably, in a pre-
dominance of the phosphorylated species (lane 6).

Nitrogen limitation is a potent inducer of the meiotic
programme in S. pombe, causing cells to accumulate in
G1 and initiate conjugation and meiosis. Because of the
phenotypes related to meiosis in cells lacking or over-
expressing Mkpl, we wanted to investigate the phos-
phorylation status of Mkpl under nitrogen starvation.
In Fig. 4B, it can be seen that phosphorylated Mkpl
rapidly disappears after transfer to nitrogen-free medi-
um. At 1 h after transfer, all of the phosphorylated
Mkpl1 still remains. By 1.5 h, dephosphorylation has
clearly begun, and at 2 h, almost all of the phosphory-
lated species has disappeared, and only unphosphory-
lated Mkpl remains throughout the rest of the period
tested. A similar ratio of phosphorylated to unphosph-
orylated Mkpl in logarithmically growing cells was seen
in 7*’ cells expressing Mkp1 tagged with GFP, and the
kinetics of disappearance of phosphorylated Mkpl un-
der conditions of nitrogen limitation were the same (data
not shown).

Overexpression of mkpl ™ does not abolish stell™
expression upon nitrogen starvation

The transcription factor Stell is responsible for the ac-
tivation of a number of genes that are essential for
mating and meiosis, including mei2" and the genes
matl-Pc and matl-Mc (Sugimoto et al. 1991). The
stell™* gene is induced by nitrogen starvation, but this
induction is absent in sty/ mutants, which are also
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Strain Genotype Source/reference
EA34 1 Wild type
EA31 1?0 mkpl::ura4”® ura4-D18 This work
EA99 1?0 mkp2::KanM X6 This work
EA64 B’ KanMX6:nmt1-P3:HA 3): mkpl This work
EA45 h° KanMX6:nmt1-P3:HA ). ‘mkp2™ This work
EA69 1% mkpl™ :GFP:KanM X6 This work
EA66 1?0 mkp2* :GFP:KanM X6 This work
972 n Wild type
EA1l W his3 leul-32 ura4-D18 P. Russell
EA18 Imkpl::urad™  his3 leul-32 ura4-D18 This work
EA98 n mkpZ :KanM X6 This work
EA56 Istyl™ Smyc o). urad” leul32 ura4D 18 ade6-M210 J. Millar (JM1698)
CM1 . styl *imyeg). ura4 mkpZ "HA 3):KanM X6 leul32 ura4D-18 ade6-M210 This work
CM3 Istyl™® MYC (o). urad” mkpl ™ :HA 3, KanM X6 leul-32 ura4D-18 ade6-M210 This work
EA61 hmkpl " :HA 3):KanMX6 leul-32 This work
EA60 mkp2*t :HA 3): KanM X6 leul- 32 This work
CM9 W KanMX6:nmt1-P3:HA ;) :mkpl " This work
CM10 I KanMX6:nmt1-P3:HA 3 ):mkp2 ™ This work
EA79 n mkp2 :GFP:KanM X6 This work
EAS82 hmkpl™ :GFP:KanM X6 This work
EA36 hede25- 22 leul-32 S. Moreno
EA87 h° mkpl CHA 3):KanMXG6 cdc25-22 leul-32 This work
EA95 Imkpl™ HA(3) ‘KanM X6 leul-32 ura4 D18 This work
EA100 h'mkpl " HA ;):KanMX6styl::ura4” ura4D-18 leul-32 This work
defective in meiosis (Shiozaki and Russell 1996). The A OQ’

requirement for Styl for stell " expression is mediated
through the transcription factor Atfl/Pcrl (Kon et al.
1998). Since overexpression of mkpl ™" causes a delay in
meiosis, and since Sty1 is required for entry into meiosis,
we wanted to see if the delay could be ascribed to a lack
of expression of ste/1". In Fig. 5, it is seen that stel/]”
induction is somewhat delayed in cells overexpressing
mkpl ™, but that the transcript is clearly induced to es-
sentially wild-type levels following nitrogen starvation,
in contrast to the case in sty/ mutants.

Overexpression of Mkpl causes elongation
of mitotic cells

It has previously been shown that sty/ cells are elon-
gated and the G2 phase of the cell cycle is prolonged
(Millar et al. 1995; Shiozaki and Russell 1995a; Kato et
al. 1996). When Mkpl is ectopically expressed from the
fully induced nmti-P3 promoter for an extended period,
the strain displays a marked increase in average cell
length, as well as in length at septation (Fig. 6). The
converse situation, an mkplA background, does not
have such an obvious effect on cell length, nor does
up-regulation or deletion of mkp2™ have a noticeable
influence in this regard (not shown).

Mkp1 phosphorylation decreases as cells enter mitosis
The G2/M transition in the mitotic cell cycle is regulated

through multiple phosphorylation events, including
phosphorylation of Cdc2 on Tyr 15. Our observation
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Fig. 4A, B Phosphorylation of Mkpl in vivo. Cells expressing
HA-tagged Mkpl were grown in liquid medium as detailed below.
Protein samples were processed for analysis by Western blotting,
and probed with o-HA antibodies. A Phosphorylated and
unphosphorylated species of Mkpl. From left to right: logarith-
mically growing wild-type cells (EA61 mkpl™ :HA,3) 1n normal
EMM medium; styIA (EA100; mkpl " :HA 3, styl:cura4™’); as in
lane 1 but treated with 400 U of A phosphatase (New England
Biolabs) at 37°C for 15 min.; same as in lane 1; negative control
without HA tag (972 h7); Mkpl overexpression (CM9; nmtl-
P3:HA3):mkpl™), cells grown in the absence of thiamine to ensure
maximal induction of the nmtI promoter. B Mkp1 phosphorylation
status during nitrogen starvation. Wild-type 4 cells (EA61;
mkpl™ :HA ;3 )) were grown to mid-logarithmic phase in normal
EMM and then transferred to nitrogen-free EMM medium as
described in the legend to Fig. 2C. Samples were taken at the
indicated times thereafter. The last lane shows a negative control
without the HA tag (972 )

— 80

that overexpression of Mkpl, like a szy/ mutation,
causes cell elongation, and the fact that phosphorylation
of Mkpl is Styl-dependent, led us to examine the level
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wt mkp10E
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Fig. 5 Expression of stell ™ after nitrogen starvation in wild-type
cells and cells overexpressing mkpl . Cells growing logarithmically
in liquid EMM at 30°C were washed and transferred to nitrogen-
free EMM at 25°C; cultivation was continued under these
conditions for the indicated times. Ectopic overexpression of
mkpl™ from the nmtl-P3 promoter was maximised before and
after nitrogen starvation by omitting thiamine from the culture
medium. RNA was prepared from samples taken at the indicated
times after transfer. A probe for ste/!" was made by PCR using
the primers Stell-F (5-AGCTTTATTAGCTCCCGCTC-3") and
Stel1-R (5-ACTTTGCTCACTCACGGTTC-3"). Lanes 1-4, wild-
type cells (972 #'); lanes 5-8, cells overexpressing mkpl " (CMO9,
I nmtl-P3:HAz):mkpl ™). Lower panel Loading controls (285
ribosomal RNA) stained with ethidium bromide

nmt1:mkp1*

Fig. 6 Elongation of cells overexpressing Mkpl. Cells were grown
in liquid EMM in the absence of thiamine (maximal induction of
the mmtl-P3 promoter) at 30°C for 48 h, and bright-field
micrographs were taken. Upper panel CM9 (expressing Mkp1 from
the strong nmt1-P3 promoter). Lower panel Wild-type (972 I")

and phosphorylation status of Mkpl during the mitotic
cell cycle. In Fig. 7, the result of a cdc25 block and re-
lease experiment is shown. The total amount of Mkpl
does not change appreciably during the mitotic cell cy-
cle. However, at time points 30 and 180 min after shift-

Fig. 7 Expression and phosphorylation status of Mkpl during the
mitotic cell cycle. mkpl-HA cdc25-22 cells (EA87) grown in liquid
EMM were synchronised in G2 by incubation for 3 h at 35°C, and
then released from the block by lowering the temperature to 25°C.
Samples were taken at the indicated times thereafter and
immediately placed on ice. From these, denatured protein extracts
were prepared and subjected to Western analysis with o-HA
antibodies. An aliquot of each sample was stained with DAPI and
analysed by fluorescence microscopy to determine the the cell cycle
stage (indicated in the /ower panel)

GFP +
Hoechst

Fig. 8 Localisation of Mkpl-GFP and Mkp2-GFP in vegetative
cells. Cells carrying constructs expressing mkpl " :GFP(EA82) or
mkp2™ :GFP(EAT9) from their respective endogenous chromoso-
mal loci in a &~ background were grown to mid-logarithmic phase
in normal EMM at 30°C and examined by fluorescence microscopy

down, there is a clear decrease in the upper band, rep-
resenting phosphorylated Mkpl. These timepoints are
coincident with the two metaphases of the cycles repre-
sented in this experiment. The decrease is only transient,
as normal phosphorylation levels reappear in the fol-
lowing samples, corresponding to anaphase.

Localisation of Mkpl and Mkp2 in vegetative cells

We constructed gene fusions expressing green fluores-
cent protein (GFP) C-terminally linked to Mkpl or
Mkp2, integrated at their respective chromosomal locus
and under control of their endogenous promoters. The
sub-cellular localisation of Mkp1-GFP and Mkp2-GFP
was examined by fluorescence microscopy (Fig. 8).



For Mkpl, the overall fluorescent signal is somewhat
stronger than for Mkp2. Mkpl-GFP is seen in the cy-
toplasm, and is clearly excluded from the nucleus
(Fig. 8A, B).

In non-septated cells, a weak signal from Mkp2-GFP
is seen in the cytoplasm, excluding the nucleus (Fig. 8C,
D). This exclusion is less pronounced than for Mkpl,
however. In post-mitotic cells, we observe a distinct
signal from Mkp2 at the newly formed septa.

Localisation of Mkpl and Mkp2 in meiotic cells

Because of the effects of the mkpl ™ gene on meiosis, we
investigated the status of the Mkpl and Mkp2 proteins
under conditions conducive to meiosis. The Mkp1-GFP
and Mkp2-GFP fusion proteins were also expressed in
meiotic cells by integrating the same DNA constructs as
above into the corresponding loci in the genome of wild-
type h* cells. Cells were induced to enter meiosis by
cultivation in liquid nitrogen-free medium, and samples
were taken at various time-points.

In Fig. 9A and B, a bright fluorescent signal is seen in
vegetative and early meiotic cells expressing Mkp1-GFP.
This represents a considerable increase over that seen in
cells grown in rich medium. No equivalent accumulation
was seen for Mkp2-GFP (Fig. 9D, E). The localisation
of Mkpl in conjugating and early meiotic cells resembles
that in vegetative cells, the protein is found in the
cytoplasm surrounding, but not in, the nucleus. This
includes cells undergoing karyogamy (marked with
an arrow in Fig. 9A). For Mkp2, although there was no
clear accumulation during conjugation and meiosis, we
did observe a translocation of the protein. Whereas
Mkp2 is diffusely distributed in the cytoplasm in vege-
tative cells, it concentrates near the nuclear rim in cells
during the late stages of meiosis (marked an arrow in

Fig. 9 Localisation of Mkpl-
GFP and Mkp2-GFP in meiotic
cells. Cells carrying constructs
expressing mkpl " :GFP (EA69)
or mkp2™ :GFP (EA66) from
their respective endogenous
chromosomal loci in a 4%
(meiosis-proficient) background
were grown to mid-logarithmic
phase in normal EMM at 30°C,
then transferred to nitrogen-
free EMM at 25°C and
examined by fluorescence
microscopy at the indicated
times after transfer. Since the
DNA stain Hoechst 33258 does
not enter spores under these
conditions, only GFP was
visualised in the images made
24 h post-transfer

GFP +
Hoechst

Mkp1

Mkp2
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Fig. 9E). This suggests an association with the structure
known as the forespore membrane (Nakamura et al.
2001).

After completion of meiosis, when spores have
formed, a marked difference in distribution between the
two proteins is again seen. A very bright signal from
Mkp1-GFP is seen within spores in tetrads (Fig. 9C).
Mkp2, by contrast, does not accumulate to similar levels
in asci. Instead, a dim signal from Mkp2-GFP is seen
surrounding spores (Fig. 9F).

Discussion
The role of Mkpl in the meiotic and mitotic cell cycles

In Fig. 10, we present a formal model for the action
of Mkpl on meiosis. Its key feature is that the
phosphorylated form of Mkpl (Mkpl-P) has a nega-
tive or delaying effect on conjugation and meiosis. The
model is consistent with the following observations:
(1) Mkpl-P disappears completely between 1 and 2 h
of nitrogen starvation, leaving only unphosphorylated
Mkpl (this study); (2) Styl is phosphorylated on Tyr
within 1 h of nitrogen starvation (Shiozaki and Russell
1996); (3) in an mkpIA mutant, Mkpl-P is absent, so
the meiotic pathway is free to proceed faster and
under conditions where it is normally restrained (this
study); (4) in cells that overexpress Mkpl, there is an
overabundance of Mkpl-P, leading to a delay in the
meiotic programme (this study); (5) in a sty/A mutant,
mating and meiosis are blocked even though Mkpl-P
is absent, because Styl is also required for activation
of stell1" through the transcription factor Atfl (Kon
et al. 1998).

Another piece of evidence that supports this view
is that ste/l” induction still occurs after nitrogen

16 h 24 h

GFP GFP
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Nutrients Nitrogen
available starvation
Mkp1 Atf1 Mkp1 Atf1
l«— Syl — |~ sty1®— l
Mkp1® Ati1€ Mkp1® Atf1®
| |
ste11*, mei: (ste11*, mei2*)
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Fig. 10 Model for the action of Styl on Mkpl and the Atfl
pathway. In this scheme, “meiosis” refers to the entire process from
G1 arrest through mating, meiosis and sporulation. Components
that are present or active under a particular condition are marked
in black, inactive or absent components are shaded grey. —,
Activating; -, deactivating

starvation in cells overexpressing Mkpl. In wild-type
cells this induction requires Styl, and is known to occur
through the action of Atfl. The Mkpl and Atfl
branches of Styl action would then be relatively inde-
pendent of each other. The difference with respect to
meiosis between the situation in a stzy/A mutant and that
in cells overexpressing mkpl " is further underscored by
the fact that meiosis is completely inhibited in the
former. In the latter case, however, it does proceed,
although with a delay, and the level of meiotic products
ultimately reaches that seen in the wild-type strain
(Fig. 2B, C). This is directly paralleled by the behaviour
of S. cerevisiae rckiIA/rckIA mutants, where meiosis
proceeds more rapidly than in wild-type cells but reaches
a plateau at the same level (Ramne et al. 2000).

A prediction of the model is that under conditions of
nitrogen starvation, Styl shifts its phosphorylating ac-
tivity from Mkpl to Atfl (and to other targets required
for G1 arrest and commitment to the meiotic pathway).
It should be noted that Styl is activated by Wisl-de-
pendent Tyr phosphorylation upon nitrogen starvation
(Shiozaki and Russell 1996); apparently this event leads
not to increased, but instead to decreased, phosphory-
lation of Mkpl.

This could occur by a variety of mechanisms. Given
the substantial fraction of Styl apparently associated
with Mkpl, this switch could occur if Mkpl were dep-
hosphorylated (by the increased action of a phosphatase
or by reduced Styl activity towards Mkpl), and this
caused the dissociation of Styl from Mkpl, freeing it to
interact with Atfl instead. There is no support for this
idea from our co-immunoprecipitation experiments,
however. Styl seems to bind at least as strongly to un-
phosphorylated Mkpl as to Mkpl-P (Fig. 3, lower
panel, lane 5).

The targets of Mkpl responsible for its inhibitory
effect on meiosis are not known. However, it is very
likely that at least one of them is involved in the very
first steps of commitment to the meiotic pathway, since
dephosphorylation of Mkpl occurs at an early stage in

this process, at 2 h after the onset of nitrogen starva-
tion. This is when the decision is taken to arrest in G1
and enter the meiotic pathway. Importantly, this dep-
hosphorylation (as well as induction of stel1") occurs
also in a pure &~ population, which is incompetent for
mating and meiosis. It is possible that the effects of
Mkpl observed here all occur within the mitotic cell
cycle and in stages preceding commitment to meiosis.
Of course, this does not exclude the possibility that
there may be additional, later, targets in the meiotic
pathway yet to be identified. The effect of Mkpl on
meiosis is not restricted to conditions of nitrogen lim-
itation. The balance point for entry into the meiotic
programme with respect to glucose availability is also
shifted in mkplIA cells, as they are able to produce
spores at higher glucose concentrations than wild-type
cells. The picture one gets from these observations is
that Mkpl, or its upstream regulator Styl, integrates
signals from different sources in the decision to proceed
into meiosis.

Another scenario in which the model presented in
Fig. 10, with separate actions of Mkpl and Atfl, may
have some relevance, is the G2 to M transition in the
mitotic cell cycle. Disruption of sty! ", like overexpres-
sion of mkpl™, leads to elongation of cells. For styIA
cells, this has been coupled to a delay in G2 (Millar et al.
1995; Shiozaki and Russell 1995a; Kato et al. 1996). It
should be noted that mutation or overexpression of
neither Atfl nor Papl, the transcription factors known
to be directly or indirectly regulated by Styl, affects cell
elongation (Shiozaki and Russell 1996; Takeda et al.
1995; Wilkinson et al. 1996). Thus, this effect is likely to
be mediated by factors other than Atfl or Papl. We
show here that mkpl* overexpression results in cell
elongation. This again is paralleled by the effects of the
S. cerevisiae RCKI and RCK2 genes, homologues of
mkpl™* and mkp2™ . Ectopic expression of these genes in
S. pombe causes considerable elongation of cells
(Dahlkvist et al. 1995).

We have demonstrated that a transient drop in
Mkpl phosphorylation coincides with mitotic meta-
phase. At this stage in the cell cycle, MPF activity is
high, whereas in anaphase, when Mkpl phosphoryla-
tion reappears, MPF activity is low. A speculative
model for the mechanism underlying the impact of
Mkpl1 on the efficiency of meiosis would be that Mkp1-
P acts as a brake on mitotic cell cycle progression in
G2. In a population of cells overexpressing Mkpl,
there would be an accumulation of cells in G2, and so
fewer cells would be available for immediate entry into
meiosis. Conversely, in mkpIA cells, the diminished
fraction of cells in G2 leads to a higher proportion of
G1 cells, ready to embark on the meiotic pathway. It
should be emphasised, however, that our data are
compatible with models in Mkpl acts also at G1 or
further down the meiotic pathway. The increased in-
tensity and distinctive localisation of Mkpl-GFP at
later time points in meiosis are certainly consistent with
this possibility.



The nature of the interaction between
the MAPK Styl and Mkpl/2

There appears to be quite a tight association between
Styl and Mkpl, since a considerable fraction of Styl is
co-precipitated with Mkpl and vice versa, when both
proteins are expressed from their endogenous promot-
ers. This view is reinforced by the finding that Mkpl is
constitutively phosphorylated; in our hands about half
of total Mkpl is in the form of Mkp1-P. By contrast, we
find only a weak interaction between Styl and Mkp2.
Recently, Sanchez-Piris et al. (2002) demonstrated an
interaction between these two proteins by overexpress-
ing both of them in the same cells. We can detect Styl
co-immunoprecipitated with Mkp2 when both proteins
are expressed at normal levels from their endogenous
promoters at their normal chromosomal loci; however,
the signal is faint. Since Mkp1l and Mkp?2 are expressed
at similar levels in wild-type cells under standard con-
ditions, it follows that under normal, unstressed, con-
ditions, Styl binds to Mkp2 with only a small fraction of
the affinity that it has for Mkpl.

We have shown here that the S. pombe proteins
Mkpl and Mkp2, homologues of Rckl and Rck2, bind
to the MAPK Styl. Of course, this does not exclude
potential additional regulatory mechanisms for Mkpl
and Mkp2. Grouping of eukaryotic protein kinase se-
quences places the Rck/Mkp subfamily close to Ca®™"/
calmodulin (CaM)-regulated kinases (Dahlkvist and
Sunnerhagen 1994; Melcher and Thorner 1996; Teige et
al. 2001), yet experimental evidence supporting regula-
tion of Rckl or Rck2 from S. cerevisiae, or of S. pombe
Mkp2 by Ca®*/CaM is lacking (Melcher and Thorner
1996; Ramne et al. 2000; Sanchez-Piris et al.2002). It
should be noted that a bona fide Ca”"/CaM protein
kinase from S. pombe, Cmkl, has already been de-
scribed. There is clear evidence that this protein both
binds to and is activated by Ca®>*/CaM, in contrast to
the Rck/Mkp subfamily (Rasmussen 2000). Mkp2 has
both sequence features typical of the Rck subfamily,
whereas Cmk1 lacks both (Fig. 1A). The contention that
Mkp2 is more closely related to the Rck/Mkp subfamily
than to CaM-regulated kinases, on the one hand, and
that S. pombe Cmk1 is more related to the S. cerevisiae
CaM-regulated kinases (Cmk1 and Cmk2) on the other,
is also supported by the clustering based on sequence
similarity (Fig. 1B).

How many MAPKAPKSs are there in yeast?

Although a relatively large number of protein kinases
with putative MAPK-binding domains are found in
plant, animal and fungal species, so far we have only
identified the “‘glycine loop” in the four members of the
Rck subfamily. Do these four then make up the whole
set of MAPKAPKS in S. pombe and S. cerevisiae? Using
less stringent homology criteria, excluding the “glycine
loop” but including a protein kinase domain and a
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sequence similar to a MAPK binding box at the C-ter-
minus, one can find between five and eight candidate
genes in each of the yeast genomes. Only experiment can
tell if any of these other candidates correspond to actual
MAPKAPKs. Until we know the number of MAP-
KAPKSs in yeast, we cannot tell if all MAPKAPKSs are
specific to one MAPK cascade, or if one or a few
MAPKAPKSs integrate the responses of several MAPK
cascades.

We have found both Mkpl, and, to a lesser degree,
Mkp2, to be physically associated with Styl. It is not
unreasonable to suppose that both these putative
MAPKAPKSs are linked to the same MAPK, given the
following considerations regarding the situation in S.
cerevisiae. Rck2 has been shown to interact with Hogl
by co-immunoprecipitation as well as two-hybrid
analysis (Bilsland-Marchesan et al. 2000). In global
screens for protein-protein interactions, Hogl has been
found to bind to Rckl, using both two-hybrid analysis
(Uetz et al. 2000) and affinity tag purification/mass
spectrometry (Ho et al. 2002). In addition, an interac-
tion between Rckl and Fus3 has been reported (Ho et
al. 2002). Thus, Rckl potentially binds two MAPKs,
Hogl and Fus3. The RCKI transcript is strongly up-
regulated in fus3 mutants and after treatment with o
pheromone (Roberts et al. 2000), hinting at a role for
Rckl in the mating pathway. By analogy, one may
speculate that Mkpl could interact with Spk1, the Fus3
homologue. In fission yeast, the Styl cascade, as well as
Spkl, has a major impact on mating and meiosis. The
same is not true for its budding yeast homologue, the
Hogl MAPK cascade. It is conceivable that Mkp2,
besides its weak interaction with Styl, has another
MAPK interaction partner; at this stage we cannot
speculate about likely candidates.

Additional functions of Mkpl and Mkp2

Besides its effect on mating and meiosis, Styl is also
required for the activation of responses to osmotic and
oxidative stress conditions. Mutation of the sty/ ™" gene
causes sensitivity to a wide range of oxidative and DNA-
damaging agents, as well as to osmotic shock (Millar et
al. 1995; Shiozaki and Russell 1995a; Kato et al. 1996;
Degols and Russell 1997). Its homologue in budding
yeast, HOGI, is required for survival under osmotic
stress (Brewster et al. 1993). Recently, mkp2 mutants
were shown to be moderately sensitive to arsenite
(Sanchez-Piris et al.2002). From the similarity of the
meiotic phenotypes, one gets the impression that Mkp1
is more similar to Rckl than to Rck2; however, as
mentioned above, sequence similarities do not yield a
clear-cut confirmation of this. In a limited search for
phenotypes related to osmotic and oxidative stress
in mkpl mutants, none were found (not shown). In
S. cerevisiae, no phenotypes coupled to osmotic stress
survival were detected in rckl, rck2, or rckl rck2 dis-
ruption mutants (Dahlkvist and Sunnerhagen 1994;
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Bilsland-Marchesan et al. 2000). Only the expression of
a dominant-negative kinase-dead RCK2 mutant allele
confers sensitivity to osmotic stress (Bilsland-Marchesan
et al. 2000; E. Bilsland-Marchesan, S. Swaminathan and
Z. Akerblom, unpublished data). Thus, such phenotypes
may well be revealed by further investigations of mkpl
mutants.

The different localisation patterns of Mkpl and
Mkp2 suggest that they have divergent roles in the cell,
despite their sequence similarity. The localisation of
Mkpl and Mkp2 in vegetative cells, in the cytoplasm
and excluded from the nucleus, is consistent with that of
S. cerevisiae Rck2 (Melcher and Thorner 1996; Ramne
et al. 2000). In meiotic cells, their patterns are clearly
dissimilar. Mkpl increases in overall intensity at later
stages of meiosis, and localises to the interior of forming
spores. One may speculate that Mkpl is necessary for
spore survival or germination. It is interesting to note
that the proteins Psyl, a fission yeast syntaxin homolog,
and Spo3 both localise near septa during vegetative
growth, but relocate to forespore membranes during
meiosis (Nakamura et al. 2001). This is the same local-
isation pattern as we have observed for Mkp2 in mitotic
and meiotic cells, and may reflect a role for this MAP-
KAP kinase homologue in the organisation of these
structures.

Future work with Mkpl and Mkp2, and their ho-
mologues in budding yeast, will aim at identifying crit-
ical cellular targets of these protein kinases in the
context of their roles in the meiotic and mitotic cell cy-
cles, as well as in stress responses.

Note added in proof. Independently of our work, the gene mkpl +
has recently been described as srkl+ (Smith DA, Toone WM,
Chen D, Bihler J, Jones N et al. (2002) The Srk1 protein kinase is a
target for the Styl stress-activated MAPK in fission yeast. J Biol
Chem 277:33411-33421).
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