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How cell morphology and the cell cycle are coordinately reg-
ulated is a fundamental subject in cell biology. In fission yeast, 2
germinal center kinases (GCKs), Sid1 and Nakl, play an essen-
tial role in septation/cytokinesis and cell separation/cell polar-
ity control, respectively, as components of the septation initia-
tion network (SIN) and the morphogenesis Orb6 network
(MOR). Here we show that a third GCK, Ppk11, is also required
for efficient cell separation particularly, at a high temperature.
Although Ppkl1 is not essential for cell division, this kinase
plays an auxiliary role in concert with MOR in cell morphogen-
esis. Ppkll physically interacts with the MOR component
Pmo25 and is localized to the septum, by which Ppk11 is crucial
for Pmo25 targeting/accumulation to the septum. The con-
served C-terminal WDF motif of Ppk11 is essential for both sep-
tum accumulation of Pmo25 and efficient cell separation. In
contrast its kinase activity is required only for cell separation.
Thus, both interaction of Ppk11 with Pmo25 and Ppk11 kinase
activity are critical for efficient cell separation.

Cell morphogenesis and the cell cycle are coordinately regu-
lated. The fission yeast Schizosaccharomyces pombe is an excel-
lent model system in which to study this coordinated regulation
(for reviews, see Refs. 1, 2), because growth polarity dynamically
changes at 3 stages during the cell cycle (3, 4), i.e. the initiation
of growth upon cell division, NETO (new end take off) (5), and
septum formation. Upon cell division, cortical F-actin moves
from the new end, which is newly produced by division, to the
old end, which existed in the previous cell cycle; and the cell
growth is initiated from only the old end. Upon NETO at about
0.34 of the cell cycle, F-actin localization shifts from the old end
to both ends, thereby changing growth polarity from monopo-
lar to bipolar. This growth polarity is maintained during the
following interphase. At the onset of mitosis, the cell growth
ceases; and the cortical F-actin patches at both ends disappear,
having been translocated to the medial ring, which corresponds
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to the following division site. The onset of cytokinesis is trig-
gered by the septation initiation network (SIN),* analogous to
the budding yeast mitotic exit network (MEN), that comprises
Spgl GTPase and a downstream kinase cascade (Cdc7, Sid1,
and Sid2; Ref. 6). SIN promotes actomyosin ring constriction
and septum formation in the middle of the cell (6).

The Ste20 group of kinases has been implicated in various
cellular events including the regulation of cell morphogenesis,
cytoskeletal rearrangements, and apoptosis (7, 8). This group
includes germinal center kinases (GCKs) and p21-activated
kinases (PAKs). GCKs have an N-terminal kinase domain fol-
lowed by less conserved C-terminal putative regulatory regions
but lack the conserved G-protein binding sites possessed by
PAKs. Genome sequencing shows that fission yeast cells have 3
GCKs, ie. Sidl, Nakl, and Ppkl1. Sidl and Nakl1 are essential
for cell growth, and play a critical role in septation/cytokinesis
and cell morphogenesis (cell separation and cell polarity con-
trol), respectively, as components of SIN and the morphogen-
esis Orb6 network (MOR) (6, 9). However, a function of Ppkl11,
that is non-essential for cell growth, remains unclear.

Members of the MO25 family are evolutionally conserved
proteins that are structurally related armadillo-repeat scaf-
fold proteins (10, 11). Accumulating evidence indicates that
MO25 proteins are important for regulation of cell polarity and
are also related functionally to GCK (11-13). In fission yeast,
MO25/Pmo25 interacts with Nakl and functions as an
upstream component of the Drosophila Furry-like Mor2 and
the NDR kinase Orb6 in the MOR pathway (9, 14). The Pmo25
localization to the spindle pole bodies (SPBs) and the Nakl-
Orbé6 kinase activities in early interphase following cytokinesis
are under the control of Cdc7-Sid1, indicating that Pmo25 plays
a connecting role between SIN and MOR by interacting func-
tionally with 2 GCKs, Sid1 and Nak1 (9, 15). The budding yeast
MO25/Hyml1 is involved in the RAM (regulation of Ace2p
activity and cellular morphogenesis) pathway that consists of
the budding yeast homologs (Kicl, Tao3, and Cbk1) of fission
yeast Nak1, Mor2, and Orb6 (16). RAM controls not only cell
separation via regulation of the Ace2 transcription factor but
also polarized cell growth (16). In Drosophila, Mo25 and the
GCK Fray act in concert to regulate asymmetric division in

“The abbreviations used are: SIN, septation initiation network; GCK, germinal
center kinase; MBM, MO25 binding motif; KD, kinase domain; MOR, mor-
phogenesis Orb6 network.
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TABLE 1
Fission yeast strains used in this study

Strain Genotype Source
972 h Lab stock
DH1520-1B h™ Appkll:ura4™ ura4 This study
TG174-20 h™ AppklI:ura4™ ura4 leul-32:ppk11-K35R This study
TG3-3 h™ ppkl11™*:13Myc:kan" This study
DH1247-4A h~ ppkl1":GEP:kan” sadl " :dsRED:LEU2 leul This study
DH1231-3C h~ ppkll":GFP:kan” This study
DH1255-6B h™ ppkl1":GFP:kan” cdc7-24 This study
DH1256-3B h™ ppkll":GFP:kan” sid1-239 ura4 This study
DH1258-1C h™ ppkl1":GFP:kan” sid2-250 ura4 This study
TG68-1D h™ ppkl1":GFP:kan" sadl™:dsRED:LEU2 cdc15-140 leul This study
DH842-1D h™ pmo25-35:ura4™ ura4 Kanai et al. (9)
KP1-6D h™ mord-125/nakl-125/0rb3-125 leul Kanai et al. (9)
DH107-4C h™ mor2-786 leul Kanai et al. (9)
DH433-12C h™ orb6-25 leul Kanai et al. (9)
DH1517-4C h™ AppklI:ura4™ pmo25-3S:urad™ urad This study
DH1357-1A h™ AppklI:ura4™ mord-125/nak1-125/orb3-125 ura4 leul This study
DH1398-4D h™ Appkll:ura4™ mor2-786 ura4 leul This study
DH1391-1A h™ AppklI:ura4™ orb6-25 urad leul This study
KSP1-1 h™ pmo25*:GFP:kan” Kanai et al. (9)
TG2-2 h™ ppkl1":3HA:kan" This study
TG65-11D h™ ppkl1":3HA:kan” pmo25"*:GFP:kan” This study
TG62-2C h™ ppkl1":GFP:kan” pmo25™:tdTomato:kan"” This study
DH1249-1A W ppkl1":GEP:kan” pmo25-35:ura4”™ ura4 his2 This study
DH1250-3A h™ ppkl1*:GFP:kan” mor4-125/nak1-125/0rb3-125 leul his2 This study
DH1251-1B h™ ppkl1™:GFP:kan” mor2-786 leul ura4 This study
DH1252-7B h™ ppkl1":GFP:kan” orb6-25 This study
KL284 h™ nakl*:G5:GFP:kan” leul-32 ura4-D18 ade6-M210 Kanai et al. (9)
DH288-3A h™ kan"nmt1:GFP:mor2 ™ ura4 Lab Stock
KK6-1 h~ orb6™:GFP:kan* Kanai et al. (9)
DH1335-3C h™ AppklI:ura4™ pmo25*:GFP:kan" ura4 leul This study
DH1333-3B h™ Appkll:ura4™ nakl™:G5:GFP:kan” ura4 leul This study
DH1356-4B h~ Appkll:ura4™ kan"nmtl:GFP:mor2" ura4 This study
DH1334-4A h™ Appkll:urad4™ orb6 " :GFP:kan” ura4 This study
DH1780-5C h™ pmo25*:GFP:kan” crnl™:tdTomato:kan” This study
TG143-2 h~ ppkl1A8:GFP:kan” This study
TG242-3 h~ ppkl11A8:pmo25 " :GFP:kan” This study
TG218-1 h™ Appkll:ura4™ ura4 leul-32:ppkl1-WDF/AAA This study
TG64-5A h~ ppkl1":GEP:kan” crnl™ :tdTomato:kan” ura4 This study
TG241-4 h™ Appkll:ura4”™ ura4 leul-32:ppkl1-WDF/AAA:GFP:kan” This study
TG184-1 h™ AppklI:ura4™ ura4 leul-32:ppkl1-K35R:GFP:kan” This study
TG170-4B h™ pmo25*:GFP:kan” ppkl11A8:13Myc:kan” This study
TG215-1 h™ pmo25*:GFP:kan” Appkl1:ura4™ ura4 leul-32:ppkl1-WDF/AAA This study
TG177-36 h™ pmo25*:GFP:kan” Appkl 1:ura4™ ura4 leul-32:ppkl11-K35R This study

embryonic neuroblasts (17). In vertebrates, MO25 functionally
interacts with the GCK family pseudokinase STRAD (Ste-20-
related adaptor) to activate serine/threonine kinase LKBI,
which is implicated as a regulator of multiple biological pro-
cesses, including the control of cell-cycle arrest and cell polarity
control, and whose mutation causes the Peutz-Jeghers cancer
syndrome (18 -20). ATP and MO25 regulate the conforma-
tional state of STRAD and activation of LKB1 (21). LKBI1 acti-
vation by STRAD can establish complete polarity in single epi-
thelial cells through the induction of brush borders at the apical
domain (19). Recently, it has been shown that human MO25
interacts with the GCK Mst4 and that the active MO25/
STRAD/LKB1 complex induces the brush-border formation
through Mst4 and the actin remodeler Ezrin (22).

In this present study, we characterized the third GCK, Ppkl11,
in detail and obtained data indicating that Ppkl1 interacted
with Pmo25 and was important for efficient cell separation
under high temperature conditions.

EXPERIMENTAL PROCEDURES

Strains, Media, and General Methods—The S. pombe strains
used in this study are listed in Table 1. Standard methods for
S. pombe, media, and genetic manipulations were followed as
described previously (23). Cell number was measured using Sys-
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mex F-820. Epitope tagging and preparation of the truncated
ppkl1 mutant were performed by the PCR-based method (24).
Construction of a Ppkl1A8-Pmo25-GFP Strain—A Ppk11A8-
Pmo25-GFP strain was created by the PCR-based method (24).
DNA fragments containing the pmo25*:GFP:kan” gene were
amplified by PCR from a pmo25":GFP:kan” strain with the
primers containing 5'-extensions with ppkl1"-specific DNA
sequences and integrated into the ppkl1™ locus in WT cells.
Plasmids for Expression of the ppkl1™ Gene—All plasmids
were constructed by using standard molecular biology tech-
niques. In general, gene fragments were cloned as PCR prod-
ucts from genomic DNA with primers containing 5'-extensions
with specific restriction sites. The yeast 2-hybrid system was
used to detect possible interactions between Ppkl1l and MOR
components. DNA fragments containing the ppkl1™ gene were
cloned in frame with the GAL4-DNA binding domain
(pGBKT7) and the GAL4-transcription activating domain
(pACT?2). Interaction was tested in the Saccharomyces cerevi-
siae strain Y190 co-transformed with the 2-hybrid plasmids.
Construction of ppkll Kinase-dead and WDF Motif Mu-
tants—Site-directed mutagenesis was performed by using
pJK148-ppki1™ (pTG24) as a template and a QuikChange kit
(Stratagene) to introduce the point mutation, according to the
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manufacturer’s instructions. Successful mutagenesis for each
mutation was confirmed by DNA sequencing. The mutated
ppklI gene was integrated into the leu1-32locus of the ppk11-
deleted cells.

Immunological Assay—Preparation of whole-cell extracts,
immunoprecipitation, and immunoblotting were performed as
previously described (25-27). Protein samples were electro-
phoresed on SDS-PAGE gels and electrophoretically trans-
ferred onto nitrocellulose filters. The primary antibodies,
mouse monoclonal anti-GFP (8362-1; Clontech), anti-HA
(HA.11; BabCO), anti-Myc (9E10, BabCO), anti-PSTAIRE (sc-
53; Santa Cruz Biotechnology), and anti phospho-Cdc2 (Tyr15)
(9111S; Cell Signaling Technology), were used for detection of
the epitope-tagged proteins, Cdc2, and Cdc2 phosphorylated
on its Tyr-15. Immunoprecipitation was done by using anti-HA
(HA.11, BabCO) or anti-GFP antibody (Roche), and magnetiz-
able beads conjugated to protein A (Dynabeads, DYNAL).
Horseradish peroxidase-conjugated sheep anti-rabbit IgG or
anti-mouse IgG (Amersham Biosciences) was used as the sec-
ond antibody. Enhanced chemiluminescence (ECL; Amersham
Biosciences) was used to detect bound antibody.

Microscopy Techniques—Cytological techniques were per-
formed as described previously (9, 26). Calcofluor white
(Sigma) was used to monitor cell wall growth, and 4,6-dia-
midino-2-phenylindole (DAPI; Sigma) and Hoechst 333342
(Calbiochem) were used for observing chromatin regions. For
the observation of Ppk11-GFP, the cells expressing Ppk11-GFP
were fixed with methanol (=20 °C) for 20 min and washed
three times with sterile water. Fixed-cell images were col-
lected with an Axiophot 2 MOT (ZEISS) and AxioCam MRm
CCD camera; and the images were further processed with
AxioVision software. Live-cell images were collected with an
IX70 (OLYMPUS) and DeltaVision sectioning system. GFP
intensity was measured with Image] software (National
Institutes of Health).

RESULTS

Ppkl1 Is Required for Efficient Cell Separation—The genome
of fission yeast contains 3 ORFs that encode GCKs Nakl, Sid1,
and Ppkll (Fig. 14), in which there is a distinct peptide
sequence, (v/i)GTPYyWMAPEv (a small letter indicates less
conservation), termed the Ste20 signature sequence (8), in the
kinase subdomain VIII (Fig. 1B). Nak1 and Sid1 are essential for
cell growth, and their roles have been established as a signaling
component of MOR and SIN, respectively. In contrast, the role
of Ppk11 remains elusive, though this GCK is known to be non-
essential for cell division at least under normal growth condi-
tions (28). To investigate the potential role of Ppkll in cell
division, we examined defective phenotypes of ppklIi-deleted
(Appk11) cells at various temperatures (18 —36 °C). The growth
rates of Appkl1 cells at the lower temperatures (18 —30 °C) were
indistinguishable from those of wild-type (WT) cells, but its
growth rate at the high temperature (36 °C) was reduced by 50%
compared with that for the WT cells (data not shown). After
incubation at 36 °C for 4 h, the population of monopolar cells in
Appkl11 was significantly increased to 50% (data not shown), as
previously described (29). In addition, after a prolonged incu-
bation at 36 °C for 12 h, the population of septated cells in
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FIGURE 1. Structure of GCKs. A, identity of KD and MBM of GCKs. S. pombe
Nak1, Sid1, and Ppk11, S. cerevisiae Kic1, Drosophila melanogaster Fray, and
Homo sapiens MST4 and STRAD« are shown. The identities (%) between Nak1
and other GCKs and the amino acid number of the beginning and the end of
the KD are indicated. Arrowheads indicate the position of the putative MBM.
B, alignment of the kinase subdomain of GCKs. Identical or similar residues are
represented in black or gray, respectively. The kinase domain is subdivided
into 11 conserved subdomains, and subdomain Il is essential for the kinase
activity by acting as the ATP binding site. The solid arrowhead indicates the
conserved lysine that was mutated to arginine to construct the Ppk11 kinase
dead mutant (ppk11-K35R). In subdomain VIl of Ste20 group kinases, there is
a distinct peptide sequence, (v/i)GTPyWMAPEv (a small letter indicates less
conservation), termed the Ste20 signature sequence. This sequence is under-
lined. The sequences were aligned by using the software ClustalW provided
by PBIL (Pole Bio-Informatique Lyonnais).

Appkl11 was increased by 2-fold (~40%) compared with that in
WT cells (Fig. 24), indicating that Ppk11 was important for cell
separation at the high temperature.

To further investigate cell morphogenesis defects in Appk11
cells during the cell cycle, we examined the cell shape of Appkl1
by using synchronous cultures with elutriation (Fig. 2B). At
36 °C, the onset of mitosis in Appkl1 cells was delayed by 20
min compared with that for WT cells, suggesting that the
ppkli-deletion induced a modest G2-delay. Further, separating
cells in Appkl11 cells accumulated (27%) after mitosis (open tri-
angles in Fig. 2B), indicating that Ppk11 is required for efficient
cell separation at the high temperature. In addition to the defect
in cell separation, the transition from monopolar to bipolar in
Appkl11 cells was delayed by 20 — 40 min compared with that in
WT cells (green squares in Fig. 2B), indicating that Ppk11 played
an important role in NETO progression, as previously sug-
gested (29).

To investigate whether the kinase activity of Ppkll was
important for cell separation, we constructed the kinase dead
ppk11-K35R mutant, in which the conserved lysine of the ATP
binding site in the kinase subdomain II (Fig. 1B) was substituted
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FIGURE 2. Phenotype of ppk11-deletion mutant and localization of Ppk11. A, wild type (WT, 972) ppkl 1-
deleted (Appk11, DH1520-1B), and ppk11-kinase dead mutant (ppk11-K35R, TG174-20) cells grown in YPD
medium at 25 °C were shifted to 36 °C and incubated for 12 h. Cell morphology was observed by staining with
Calcofluor (n > 200 cells). In fission yeast, Calcofluor stains septa most brightly and also stains newly synthe-
sized cell wall in the growing cell end, which can be easily distinguished from the non-growing dark cell end.
The data on the frequency of septated cells were analyzed by statistical processing (chi-squared tests). The
Appk11 and ppk11-K35R cells showed significant increases (p < 0.01) in frequency of septated cells. B, cell
morphology of ppk11-deletion mutant during the cell cycle. The elutriated early G2 cells were cultured at 30 or
36 °C and taken at the indicated times for observation of morphology and nuclear number. C, Ppk11 protein
level during the cell cycle. The elutriated early G2 cells having ppk11*:13Myc:kan” (Ppk11-Myc, TG3-3) were
cultured at 30 °C and taken at the indicated times for observation of cell morphology and forimmunoblotting.
Total cell extracts prepared from the samples of the same cultures were immunoblotted with anti-Myc (for
Ppk11-Myc), anti-Cdc2 phosphorylated on its tyrosine-15 (for Cdc2pY15), and PSTAIR (for Cdc2). D, live image
of Ppk11-GFP and Sad1-RED during the cell cycle. WT cells having ppk11*:GFP:kan" and sad1™":dsRED:LEU2
(DH1247-4A) grown in YES5 medium at 25 °C were used. Bars indicate 5 um.

with arginine, and this ppkl1-K35R mutated gene was inte-
grated into the leul locus in Appkll cells. The ppkl1-K35R
mutant cells showed septation defects indistinguishable from
those of the Appkl1 cells (Fig. 2A), indicating that the kinase
activity of Ppk11 was required for efficient cell separation.
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The Ppkll Is Constitutively Ex-
pressed and Localizes to the Site of
Cytokinesis—To examine the pro-
tein level of Ppkll during the cell
cycle, we constructed WT cells
expressing Ppkl1-Myc or Ppkll-
GFP under the chromosomal native
promoter. These epitope-tagged
strains were morphologically nor-
mal rods, and the frequency of sep-
tated cells was the same as for WT
cells, indicating that the tagged pro-
teins were fully functional. The level
of Ppkll-Myc protein did not
change during the cell cycle (Fig.
2C). Next we observed Ppk11 local-
ization by living cell imaging of
Ppkl11-GFP with a DeltaVision RT
system (note that an SPB marker,
Sad1-RED, is also included; Fig. 2D).
Interestingly, Ppk11-GFP was local-
ized to the medial region of the cell
in post-anaphase (Fig. 2D, upper
panels, at 30 min). The localization
of Ppk11-GFP to split rings was also
observed (Fig. 2D, lower panels).
This observation suggests that
Ppkll co-localized to the septa
rather than to the contractile acto-
myosin ring. Upon cell separation,
Ppkl11-GFP disappeared within 5
min from the new ends of the cells,
and no specific localization was
evident afterward until the next
mitosis.

Ppkl1 Localization Requires SIN
and a Functional Actomyosin Ring—
To investigate whether the lo-
calization of Ppkll required SIN
function, we examined Ppk11 local-
ization in various SIN kinase
mutants (cdc7-24, sid1-239, and
sid2-250). In these SIN mutant cells
cultured at 36 °C for 4 h, no clear
localization of Ppkl1 to the medial
region in post-anaphase cells was
observed (Fig. 3A4). This observation
is consistent with our foregoing
results that suggested Ppkll to be
co-localized with septa rather than
with the actomyosin ring, as SIN is
required for septum formation. SIN
is required for 2 events upon mitotic

exit. One is formation of the septum, while the other is constric-
tion of the actomyosin ring, both of which are essential for
successful cell division (6). To distinguish between the two pos-
sibilities that activation of SIN is required for Ppk11 localiza-
tion to the medial region or formation of a functional actomy-
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FIGURE 3. Functional interaction between Ppk11 and SIN. A and B, local-
ization of Ppk11 in the SIN mutant. The indicated SIN mutants having ppk117*:
GFP:kan" grown in YES5 medium at 25 °C were shifted to 36 °C, incubated for
4 h, and fixed (A). Cells were fixed and stained with DAPI for visualizing the
nucleus. The cdc15 mutant having ppk11*:GFP:kan" and sad1*:dsRED:LEU2
(TG68-1D) grown at 25 °C was shifted to 36 °C and incubated for 4 h (B). Bars
indicate 5 um.

sid2-250

osin ring is essential, we examined Ppk11 localization in cdc15-
140, a ts mutant defective in actomyosin ring assembly but
nonetheless in which SIN is activated. As shown in Fig. 3B, no
clear localization of Ppkl1 to the medial region of the cell was
observed (Fig. 3B). This result indicates that the localization of
Ppk11 to the medial region requires a proper actomyosin ring
assembly and function.

Ppkl1 Plays an Auxiliary Function in Concert with MOR in
Cell Morphogenesis—To investigate a possible functional rela-
tionship between Ppkl1l and MOR, we examined the cell mor-
phology of the AppklIMOR double mutants at the semi-per-
missive temperature of 33 °C. The percentage of septated cells
in the double mutants between AppklI and 3 MOR mutants,
nakl-125, mor2-786, and orb6-25, was higher than that in each
single mutant (Fig. 44), indicating that Ppk11 plays an auxiliary
role in concert with MOR in cell separation. In addition we
measured the cell size of septated cells in these double mutants.
The roundness (diameter/length, D/L in Fig. 4B) of the
Appk11MOR double mutant was greater than that of the each
single MOR mutant (Fig. 4B), indicating that Ppk11 also has an
auxiliary role in concert with MOR in cell polarity control. Thus
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FIGURE 4. Functional interaction between Ppk11 and MOR. A and B, phe-
notypes of the double mutants between ppk17 and MOR. The indicated
strains grown in YPD medium at 25 °C were shifted to the semi-permissive
temperature of 33 °C. After incubation at 33 °C for 12 h, the cells were taken
for observation of cell morphology. Frequency of the septated cells was
examined (n > 200, A). The cell size (Length and Diameter) and roundness
(D/L) of the septated cells (n = 50) were measured (B). The data were analyzed
by statistical processing (chi-squared tests for A, Student's t test for B). The p
values are indicated as *, p < 0.01 and **, p < 0.05.

Ppkll and MOR are functionally related in not only cell sepa-
ration but also cell polarity control.

Ppkl11 Physically Interacts with Pmo25—W e have previously
shown the interactions among the MOR components by using
the yeast 2-hybrid system and co-immunoprecipitation (Fig.
5A) (9). To investigate whether Ppk11 interacts with the MOR
components, we first performed the yeast 2-hybrid assay
between Ppkll and individual MOR components, Pmo25,
Nakl, Orb6, and Mor2. Among these components examined,
we detected an interaction, albeit modest, with Pmo25 (Fig. 5B).
To substantiate this result, we performed co-immunoprecipi-
tation using a strain expressing Ppkl11-HA and Pmo25-GFP
from the chromosomal native promoters. As shown in Fig. 5C,
Ppkl1-HA and Pmo25-GFP did exhibit co-precipitation in a
reciprocal fashion.

Next we explored co-localization between Ppkll and
Pmo25 in live imaging using a strain containing Ppk11-GFP
and Pmo25-tdTomato expressed from each endogenous
native promoter (Fig. 5D). As previously shown (9), Pmo25
was found in 2 SPBs during early mitosis (Fig. 5D, cell at 0
min), 1 SPB during anaphase B (15—35 min), and the medial
region (25-45 min) and in both new cell ends upon cell
division (60 min). Although Ppkl1 was not localized to the
mitotic SPB(s), it was localized to the medial region during
anaphase B (20— 45 min) and both new ends of the cell, indi-
cating partial overlapping localization between Pmo25 and
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FIGURE 5. Physical interaction between Ppk11 and MOR. A, summary of the
physical interactions between Ppk11 and MORs. The interactions detected by
yeast 2-hybrid or by co-immunoprecipitation (Co-IP) are indicated as blue or red
lines, respectively. B, interaction of Ppk11/Ppk11-mt with Pmo25 in yeast-2-hy-
brid assay. S. cerevisiae Y190 cells (10* cells) transformed with Gal4-DNA binding
domain-fused (DB) and Gal4 activation domain-fused (AD) genes were spotted
on SD containing histidine (His) or 3-aminotriazole (3AT). C, co-IP of Ppk11 with
Pmo25. Extracts of S. pombe cells expressing Pmo25-GFP and/or Ppk11-HA from
the chromosomal native promoter were immunoprecipitated with anti-HA or
anti-GFP antibodies. Precipitated materials were then immunoblotted using
antibodies against HA and GFP. The arrowheads indicate the position of the co-
immunoprecipitated proteins. D, co-localization of Ppk11 and Pmo25 in cytoki-
nesis. WT cells having ppk11":GFP:kan" and pmo25™ :tdTomato:kan" (TG62-2C)
grown in YES5 medium at 25 °C were used. The localization in the living cells was
observed by time-lapse cinemicrography.

Ppkl1. It is noteworthy that Ppk1l1 appeared to be localized
to the medial region slightly earlier than Pmo25 (20 -25 min,
see below).
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Ppkl11 Is Important for Accumulation of Pmo25 at the Site of
Cytokinesis—To investigate whether the localization of Ppkl1
is dependent on MOR function, we examined Ppk11 localiza-
tion in various ts MOR mutants (pm025-35, nakl-125, mor2-
786, and orb6-25). In these MOR mutants cultured at 36 °C for
4 h, clear localization of Ppkll to the medial region was
observed (Fig. 6A), indicating that the localization of Ppkl1 to
the medial region did not require the MOR components. We
next examined conversely whether localization of the MOR
components is dependent on Ppk11 function. In Appkl1 cells,
Pmo25 was normally localized to the mitotic SPB(s), but the
localization of Pmo25 to the medial region was substantially
compromised (Fig. 6B, Pmo25-GEP). On the other hand, other
MOR components, Nakl, Mor2, and Orb6, in Appkll cells
were all localized normally (Fig. 6B). To quantify Pmo25 accu-
mulation at the septum, we compared the intensity of the
Pmo25-GFP localized to the septum between WT and Appkl1
cells in the same visual field. To distinguish Pmo25-GFP signals
from WT and Appkl11 cells, we mixed 2 strains, one being WT
cells expressing both Pmo25-GFP and Crnl-tdTomato, and the
other, Appkl1 cells expressing only Pmo25-GFP. Quantifica-
tion of the septum-localized Pmo25-GFP signals in the same
visual field indicated that, as expected, the Pmo25-GFP
intensity in the medial region of Appkl1 cells was decreased
to 25% compared with that for the WT (Fig. 6C). The total
amount of Pmo25-GFP protein in the Appkl1 cells was the
same as that in the WT cells (data not shown). These results
indicate that Ppk11 is required for accumulation of Pmo25 at
the septum.

The WDF Motif of Ppk11 Is Essential for Both Its Interaction
with Pmo25 and Efficient Cell Separation—The C-terminal
Trp-Glu-Phe residues (WEF motif) of STRAD bind to MO25,
and mutations of these residues abolish this interaction (18, 30).
We searched for a similar sequence in GCKs and found that the
GCKs functionally related to MO25 possess the MO25 binding
motif (MBM) at their C-terminal regulatory regions (Figs. 14
and 7A). To investigate whether the C-terminal WDF motif of
Ppkll is important for Ppkll function, we constructed the
ppkl11A8 mutant, in which 8 residues from the C terminus,
containing the MBM (WDF), was truncated, and examined the
mutant phenotype (the frequency of septated cells; Fig. 7B, top),
localization of the Ppk11A8-GFP protein to the septum (Fig.
7B, middle), and localization of Pmo25-GFP to the septum in
the ppk11A8 mutant (Fig. 7B, bottom). As before, to investigate
septum localization of Ppk11A8-GFP, we mixed 2 strains, WT
cells expressing both Ppk11-GFP and Crnl-tdTomato and the
mutant cells expressing only the Ppk11A8-GFP, and quantified
GFP signals in the same field (Fig. 7B, middle). In a similar way,
to investigate septum localization of Pmo25-GFP in the
ppk11A8 mutant, we used 2 strains, WT cells expressing both
Pmo25-GFP and Crnl-tdTomato and the mutant cells only
expressing Pmo25-GFP (Fig. 7B, bottom). The ppkl1A8 mutant
showed the defective cell separation (the increase in septated
cells; Fig. 7B, top); and on this mutant background, the accu-
mulation of Pmo25 to the septum decreased to 31% compared
with thatin WT cells (Fig. 7B, bottom), indicating that the WDF
motif of Ppk11 was important for not only efficient cell separa-
tion but also accumulation of Pmo25 to the septum. The sep-
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FIGURE 6. Hierarchy of localization between Ppk11 and MOR. A, localization of Ppk11 in MOR mutants. The
MOR mutants having ppk11*:GFP:kan" grown in YES5 medium at 25 °C were shifted to 36 °C and incubated for
4 h. Bars indicate 5 um. B, localization of MORs in ppk1 1-deletion mutants. The indicated cells having pmo25~:
GFP:kan" (DH1335-3C), kan":nmt1:GFP:mor2™ (DH1356-4A), nak1*:G5:GFP:kan" (DH1333-3B) or orb6 ™" :GFP:kan"
(DH1334-4A) were grown in YES5 medium at 25 °C. The bar indicates 5 um. C, relative intensity of Pmo25-GFP
signal in WT and ppk11-deletion cells. WT having pmo25™:GFP:kan"and crn1™ :tdTomato:kan" (DH1780-5C) and
Appk11 having pmo25*:GFP:kan" (DH1335-3C) were grown in YES5 medium at 25 °C. The fluorescence inten-
sity of GFP in the cells was measured along the long axis (indicated on the Pmo025-GFP-labeled cells #1 and #3)
by using the ImageJ software, and the relative intensity was calculated by comparison with the intensity in WT
(n = 11). The data were analyzed by statistical processing (Student’s t test).

tum localization of the Ppkl11AS8
mutant protein was also slightly
reduced compared with that of the
Ppkl1-wt protein (Fig. 7B, middle),
though the amount of Ppkl1AS8
mutant protein was indistinguish-
able from that of the Ppkll wild-
type protein (data not shown), sug-
gesting that the C-terminal 8
residues of Ppkll was partially
important for its own localization to
the septum.

To confirm the role of the WDF
motif in Ppkll function, we con-
structed the ppkll-WDEF/AAA
mutant, in which the residues WDF
were substituted with alanines.
The ppkl1-WDF/AAA mutant cells
showed defects in both cell separa-
tion and the accumulation of
Pmo25 to the septum (Fig. 7B, top
and bottom). Indeed, the interaction
of Ppk11 with Pmo25 was abolished
by the WDF/AAA mutation in the
yeast 2-hybrid assay (Fig. 5B). If
the WDF motif is essential for
both its interaction with Pmo25
and accumulation of Pmo25 to the
septum, the requirement of the
WDF motif would be bypassed by
the fusion of Pmo25 to Ppk11A8.
To address this point, we con-
structed the ppklIA8-pmo25~
strain, in which the ppkl1A8 gene
(WDE-less, see above) was fused
in-frame with pmo25*. As ex-
pected, defects in both cell separa-
tion and accumulation of Pmo25
to the septum in the ppklIAS8
mutant cells were rescued by the
Pmo25 fusion (Fig. 7B, compare
ppk11A8 and ppkl1A8-pmo25™).
Like Pmo25, the Ppk11A8-Pmo25
fusion protein was localized nor-
mally to the mitotic SPB(s) and the
septum (Fig. 7C). These results
indicate that the major, if not sole,
role of the WDF motif of Ppkll
lies in the interaction with Pmo25,
thereby accumulating/targeting
this protein to the septum site.

Finally we examined whether the
kinase activity of Ppkl1 is essential
for accumulation of Pmo25 at the
septum. In the ppkl1-K35R mutant,
the septum localization of Pmo25-
GEFP was slightly reduced but local-
ized at arelatively normal level (78%
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FIGURE 7. Motif analysis of Ppk11 for interaction with Pmo25. A, align-
ment of MBM in GCKs. Identical and similar residues are represented as black
and gray letters, respectively. The MBM of the human STRAD is underlined. The
C-terminal truncated mutation of Ppk11A8 is indicated. B, phenotype of the
ppk11 mutants. The indicated strains grown at 25 °C were shifted to 36 °Cand
incubated for 12 h. The cells were taken for observation of cell morphology
(n > 200, upper panel). WT having ppk11*:GFP:kan" and crn1* :tdTomato:kan"
(TG64-5A) and the ppkl1 mutants having ppk11-m:GFP:kan” (TG143-2,
TG242-3, TG241-4, TG184-1) were grown in YES5 medium at 25°C and
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of that in wt cells, Fig. 7B), suggesting that the kinase activity of
Ppkll was not essential for accumulation of Pmo25 to the
septum.

DISCUSSION

GCKs play pivotal roles in various aspects of cell signaling in
eukaryotes, and normally constitute kinase cascades like
MAPK pathways (7, 8). Fission yeast contains 3 GCKs and pre-
vious work including our laboratory shows that Sid1 and Nak1
are components of SIN and MOR, and play essential roles in
septum formation/cytokinesis and cell morphogenesis, respec-
tively (6, 9). In this study, we analyzed the role of the third GCK,
Ppk11, in the cell morphogenesis. Ppk11 is not essential for cell
growth but is important for efficient cell separation at the high
temperature. Ppk11 is localized to the medial region after mito-
sis, more specifically probably to the septum, as it shows dou-
ble-ring patterns upon cytokinesis. Localization of Ppk11 to the
medial region requires a functional actomyosin ring, rather
than SIN activation per se. Like other GCKs, Ppkl1 does not
exert its function on its own, but instead it acts at least in part
with MOR, as this kinase physically interacts with Pmo25, one
of the MOR components. Importantly Pmo25 accumulation/
targeting to the medial region substantially depends on the
Ppkl1 protein. The absence of Ppkll in MOR mutants exag-
gerates cell morphogenesis defects. These results lead us to
conclude that Ppkl11 plays an auxiliary but independent func-
tion in cell separation and cell polarity control coordinately
with MOR. A model for functional interaction between Ppk11
and SIN/MOR in cell morphogenesis is depicted in Fig. 8.

Role of Ppk11 in Cell Separation—Ppkl1 was important for
efficient cell separation particularly at the high temperature.
The Ppk11 kinase dead mutant cells, in which Pmo25 localized
to the septum relatively normally, showed a defect in cell sepa-
ration. These results suggest that Ppkl1 protein plays a dual
role in cell separation, one as a protein kinase, while the other
acts as a structural platform for the Pmo25 accumulation/re-
cruitment, which would contribute to the activation of other
MOR component kinases such as Nakl and Orb6, especially
under the high temperature condition (Fig. 8, red dotted line).
Consistent with this notion, the localization of Ppkl1 to the
septum precedes that of Pmo25. We envision that, by interact-
ing with and accumulating Pmo25 to the medial region, Ppk11
is further activated at the site of cytokinesis, thereby in turn
activating a downstream substrate(s)/kinase(s) for efficient cell
separation. In Appk11 cells, a certain amount of Pmo25 was still
localized at the septum, indicating that Ppkll per se is not
essential for the localization of Pmo25 to the septum. Under a

examined for the relative intensity of the septum localization of the GFP-
fused Ppk11 mutant proteins (middle panel). WT having pmo25™* :GFP:kan"and
crn1*:tdTomato:kan” (DH1780-5C) and the ppk11 mutants having pmo25~:
GFP:kan" (DH1335-3C, TG170-4B, TG242-3,TG215-1,TG177-36) were grown in
YES5 medium at 25 °C and examined for the relative intensity of the septum
localization of Pmo25-GFP (lower panel). The fluorescence intensity of GFP in
the cells was measured along the long axis with the ImageJ software, and the
relative intensity was calculated by comparison with the intensity in WT (n >
5). The data were analyzed by statistical processing (chi-squared tests for
upper panel, Student’s t test for middle and lower panels). C, localization of the
Ppk11A8-Pmo25 fusion protein. The cells having ppk11A8:pmo25:GFP:kan”
(TG242-3) were grown in YES5 medium at 25 °C.
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FIGURE 8. A model for functional interaction between Ppk11 and SIN/
MOR in cell morphogenesis. Ppk11 has an N-terminal KD and the conserved
C-terminal MBM. The kinase activity of Ppk11 is essential for efficient cell
separation at high temperature (red line). The MBM of Ppk11 is crucial for
Pmo25 targeting/accumulation to the septum. Septum localization of the
proteins, Ppk11, Nak1, or Pmo25, is indicated by red, green, or yellow circle,
respectively. Translocation of proteins from the mitotic spindle pole body
(SPB) to the septum is also indicated by gray line.

Cell polarity control
oPmo25 @Nucleus

stringent condition such as the high temperature, a larger
amount of Pmo25 protein at the septum, mediated by Ppkl1,
would be important for completion of cell separation through
full activation of GCKs Nakl and Ppkl11. The Ppkll protein
level was not changed by the high temperature-shift (data not
shown). It is possible that a target molecule(s) of Ppk11 might
be induced under the high temperature condition.

Functional Interactions among MO25 and 3 GCKs—The
partnership between MO25 and GCK appears to be evolution-
ally conserved among eukaryotes (11-13). We showed that in
fission yeast Pmo25 physically/functionally interacts with 3
GCKs, i.e. Sid1, Nakl, and Ppkl1 (9, 15). In other organisms, it
has been shown that MO25 interacts with just 1 GCK. Our
result is thus the first evidence showing the interaction of
MO25 with multiple GCKs. The biological significance of this
Pmo25 network is still not fully understood. To clarify this
point, it would be important for construction of the pmo25
mutant that lacks the ability to interact with GCKs or the dou-
ble/triple GCK mutants that lack the ability to interact with
Pmo25.

Downstream Kinase(s) of Ppk11—MO25 physically interacts
with GCK and activates downstream kinases. Sid1 and Pmo25
are important for the activities of the downstream kinases Nak1
and Orbé6. In the MOR pathway, Pmo25 and Nak1 activate the
downstream NDRK Orb6. The identification of a putative
downstream kinase of Ppkll, other than Orb6, would be
important for understanding a role of Ppkl11 in cell morpho-
genesis. As in general GCK activates NDRK, we searched for a
putative downstream NDRK(s) whose deletion exhibits the
defect in cell separation similar to that seen in Appkl1 cells.
Our homology search indicates that fission yeast has 5 non-
essential NDRKs (Orb6-homologous NDRK-like kinases) on
the genome that might act together with Ppk11. However, so far
we have not found any NDRKs whose deletion results in defec-

35204 JOURNAL OF BIOLOGICAL CHEMISTRY

tive cell separation, at least a single deletion.” It is possible that
some of these NDRKs share functions in cell separation in a
redundant fashion. Multiple deletions would be necessary to
address this point further. GCK Nakl physically interacts with
NDRK Orbé6. To identify the downstream kinase of Ppk11, it
would be intriguing to search for a kinase(s) that interacts with
Ppk11.

Domain Analysis of GCK—In the ppkl1-WDF/AAA mutant
cells the septum localization of Pmo25 decreased significantly
to 41% compared with that in WT cells; however, the Ppk11-
WDEF/AAA mutant protein was localized normally to the sep-
tum. This result indicates that the WDF motif of Ppkll is
important for the interaction with Pmo25 but not for the sep-
tum localization of Ppk11. A septum-targeting sequence might
exist on Ppkll. It would be interesting to identify such a
sequence on Ppkll for the septum localization. Two GCKs,
Sid1 and Nakl, also possess a MO25 binding motif (MBM) in
their C-terminal regulatory regions. The importance of MBM
in these GCKs for their function should be clarified. Further
domain analysis should provide us with valuable information
on the biological significance of the MO25-GCK network.
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