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Cell morphogenesis is of fundamental significance in all

eukaryotes for development, differentiation, and cell pro-

liferation. In fission yeast, Drosophila Furry-like Mor2

plays an essential role in cell morphogenesis in concert

with the NDR/Tricornered kinase Orb6. Mutations of these

genes result in the loss of cell polarity. Here we show that

the conserved proteins, MO25-like Pmo25, GC kinase

Nak1, Mor2, and Orb6, constitute a morphogenesis

network that is important for polarity control and cell

separation. Intriguingly, Pmo25 was localized at the

mitotic spindle pole bodies (SPBs) and then underwent

translocation to the dividing medial region upon cytokin-

esis. Pmo25 formed a complex with Nak1 and was

required for both the localization and kinase activity of

Nak1. Pmo25 and Nak1 in turn were essential for Orb6

kinase activity. Further, the Pmo25 localization at the SPBs

and the Nak1-Orb6 kinase activities during interphase

were under the control of the Cdc7 and Sid1 kinases in

the septation initiation network (SIN), suggesting a func-

tional linkage between SIN and the network for cell

morphogenesis/separation following cytokinesis.

The EMBO Journal (2005) 24, 3012–3025. doi:10.1038/

sj.emboj.7600782; Published online 11 August 2005

Subject Categories: signal transduction; cell cycle

Keywords: cell morphogenesis; Mor2; MO25; SIN; SPB

Introduction

Cell morphogenesis and the cell cycle are coordinately regu-

lated. The fission yeast Schizosaccharomyces pombe is an

ideal system in which to study cell morphogenesis (Snell

and Nurse, 1994; Verde et al, 1995; Mata and Nurse, 1997;

Hirata et al, 1998; Brunner and Nurse, 2000; Chang and Peter,

2003). Rod-like fission yeast cells identify growing regions

precisely at the opposite ends of the cell, depending on the

cell cycle stages (Mitchison, 1970). The growth polarity

dynamically changes during three stages of the cell cycle

(Marks et al, 1986), that is, the initiation of growth upon cell

division, NETO (new end take off; Mitchison and Nurse,

1985), and septum formation. 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 in the

G2 phase, F-actin localization shifts from the old end to both

ends, thereby changing the growth polarity from monopolar

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 disap-

pear, having been translocated to the medial ring, which

corresponds to the following division site. Then, the onset

of cytokinesis is triggered by the septation initiation network

(SIN), which results in septum formation in the middle of the

cell (reviewed in Simanis, 2003; Seshan and Amon, 2004).

The SIN comprises GTPase Spg1 and a downstream kinase

cascade that includes Cdc7, Sid1, and Sid2.

The correct positioning of the growth zone(s) in fission

yeast requires microtubules (MTs), Tea1, the kinesin-like

protein Tea2, CLIP170-like protein Tip1, and Mod5 (Mata

and Nurse, 1997; Browning et al, 2000; Brunner and Nurse,

2000; Sanith and Sawin, 2003). Mutations in these genes

result in branched cell morphology, and this abnormality is

attributed to impairment of the spatial information that

defines the position of cell growth. Nonetheless, all of these

genes are dispensable for cell division, and even in their

absence, cell polarity itself is maintained, as cell morphology

is still rod-like. mor2þ and orb6þ , encoding the conserved

Drosophila Furry-like protein and the NDR/Tricornered

kinase, respectively, are unique in this context, as they are

essential for cell viability, and mutant cells lose their cell

polarity completely and become round (Verde et al, 1998;

Hirata et al, 2002). Mor2, in concert with Orb6, becomes

localized at the polarized growing regions and plays an

important role in the restriction of growth zone(s) to which

Tip1 is targeted. Further, a mutation in mor2 induces a Wee1-

dependent G2 delay, indicating that the mutation activates

the mechanism coordinating growth polarity with cell cycle

progression (Hirata et al, 2002). Orb6 directly interacts with

Mob2, another essential and conserved protein, and this

complex is required for coordination of cell polarity with

cell cycle progression (Hou et al, 2003). In Drosophila and

Caenorhabditis elegans, the Tricornered kinase/SAX-1 and

Furry/SAX-2 are important for neuronal polarity control,

tiling, branching, and termination, indicating that the

Furry/Mor2–Tricornered/Orb6-dependent cell morphogen-

esis pathway may be conserved in all eukaryotes (Geng

et al, 2000; Zallen et al, 2000; Cong et al, 2001; Emoto

et al, 2004; Gallegos and Bargmann, 2004). Any molecule(s)

functionally interactive with the Furry/Mor2–Tricornered/

Orb6 pathway, however, remains elusive.
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MO25 was first identified as a gene expressed at the early

cleavage stage of mouse embryogenesis (Miyamoto et al,

1993) and was shown to be an evolutionarily conserved

protein in all eukaryotes (Nozaki et al, 1996; Karos and

Fischer, 1999). In vertebrates, a gene encoding the serine/

threonine kinase LKB1 is mutated in the Peutz–Jeghers

cancer syndrome (PJS), and MO25 interacts with STRAD

(STE20/PAK-related adaptor pseudokinase), thereby enhan-

cing its ability to bind, activate, and tether the LKB1 in the

cytoplasm (reviewed in Baas et al, 2004; Boudeau et al, 2004;

Milburn et al, 2004). The mechanism resulting in PJS as a

consequence of this mutation is unclear. The budding yeast

MO25-like protein Hym1 is involved in a network, RAM, that

regulates Ace2 transcriptional activity and polarized growth

(Nelson et al, 2003), although its precise role remains elusive.

Here we show that a fission yeast novel morphogenesis

network is essential for growth polarity and cell separation.

The network consists of the evolutionarily conserved essen-

tial proteins Pmo25, GC kinase Nak1, Orb6, and Mor2.

Pmo25 forms a complex with Nak1 and alters its location

from the mitotic spindle pole body (SPB) to the dividing

medial region. Pmo25 and Nak1 are important for the

kinase activity of Orb6. Furthermore, our results indicate a

linkage between the SIN and the network essential for cell

morphogenesis.

Results

Search for a molecule(s) functionally interacting

with Mor2

mor2þ was originally identified as a temperature-sensitive

(ts) mutant with defects in cell morphology (morphological

round; Radcliffe et al, 1998; Hirata et al, 2002). To search for a

molecule(s) functionally interacting with Mor2, we screened

for other mor mutants and identified mor4-125. mor4 is allelic

to orb3 (Snell and Nurse, 1994) and encodes an essential

germinal center kinase, designated Nak1 (Huang et al, 2003;

Leonhard and Nurse, 2005; hereafter mor4/orb3 is called

nak1). In the nak1-125 mutant, the conserved threonine-

198 (ACT) is substituted by isoleucine (ATT; mutated nucleo-

tide is underlined) in protein kinase domain IX. The nak1

mutant cells showed defects in growth polarity and cell

separation, as well as a temperature-dependent reversible

morphological change, as did the mor2 mutant cells

(Supplementary Figure 1A). The morphology of the double

or triple mutants between nak1 and mor2 or orb6 was similar

to that of the single mutants (Supplementary Figure 1B).

These results suggest that Nak1 functions in the same path-

way as Mor2–Orb6. Nak1 belongs to the STE20/PAK-related

kinase family and has homology with STRAD, which forms

a complex with the evolutionarily conserved protein MO25.

The budding yeast MO25-like protein Hym1 is involved in the

RAM pathway that consists of the budding yeast homologs

of fission yeast Mor2, Orb6, and Nak1 (Nelson et al, 2003).

The fission yeast genome contains one ORF that shows a high

homology to MO25 (SPAC1834.06c; Figure 1A). This gene

was designated pmo25þ and was characterized in this study.

The essential Pmo25 protein is localized at SPB(s)

and the septation site

Gene disruption by one-step replacement showed that the

pmo25þ gene was essential for cell viability. The nonviable

pmo25-deleted spores failed to germinate (19% of the spores)

or ceased growth after several divisions (81%). The pmo25-

deleted cells that germinated from spores showed an

unseptated/septated round morphology (Figure 1B, cell 2),

suggesting that Pmo25 is important for cell polarity and cell

separation. The pmo25-deleted cells carrying episomally

expressed pmo25þ showed a normal rod-shape as wild-

type (WT) cells (cell 3) and the ‘loss of plasmid’ phenotype

was the same as the terminal phenotype of the pmo25-deleted

spores after germination (cell 4). These phenotypes of the

pmo25-deleted cells are reminiscent of those seen in

orb6-, mor2-, and nak1-deleted cells (Verde et al, 1998;

Hirata et al, 2002; Huang et al, 2003).

To investigate the cellular localization of Pmo25, we con-

structed cells expressing Pmo25-GFP from a chromosomal

native promoter. The tagged strains grew as well as WT cells,

indicating that the tagging did not interfere with the Pmo25

function. Although the level of Pmo25 protein did not

noticeably change during the cell cycle (data not shown),

its cellular localization showed drastic alterations, as

described below. Pmo25 appeared to be localized throughout

the cells during interphase (Figure 1C, cell 1), and then

accumulated as two separate dots in early mitosis/anaphase

A (cells 2 and 3), as one dot during anaphase B and in the

medial region of the cell in post-anaphase (cells 4 and 5), and

finally on either side of the late septum (cells 6 and 7). In order

to visualize the localization dynamics of Pmo25-GFP in a single

cell, we performed time-lapse live imaging (Figure 1D). As

shown earlier in still images, Pmo25-GFP was localized as two

dots (one is very faint) in early mitosis and as one dot during

anaphase and in the medial region of the cell in post-anaphase

(cell a). The localization of Pmo25 to split rings was observed

(cell b, 2 min; large panel). Pmo25 at the new ends of the cell

disappeared within 2 min after cell separation, and no specific

localization was evident afterward (cell b).

To determine whether the Pmo25-containing dot(s) was

the SPB, we created WT cells expressing Pmo25-GFP and the

SPB marker Sad1-RFP (Hagan and Yanagida, 1995). Pmo25

was localized at one of the two SPBs and in the medial region

in post-anaphase (Figure 1E). It was previously shown that

Cdc7, an upstream kinase of SIN, becomes localized at both

of the SPBs during early mitosis and then, during anaphase

B, associates with only one of the SPBs, to which GTP-bound

Spg1 is preferentially localized (Sohrmann et al, 1998).

Recently, it was further shown that this Cdc7-bound SPB

is the new SPB, in which the SIN is active (Grallert et al,

2004). Given the asymmetrical nature of the SIN pathway,

we addressed whether Pmo25 becomes localized at the Cdc7-

associated new SPB or not. To this end, we used WT

cells expressing Pmo25-RFP and Cdc7-GFP. It turned out

that Pmo25 was localized at both SPBs during early mitosis

(Figure 1F, cell 1) and then exclusively to the Cdc7-associated

new SPB during anaphase B (cells 2 and 3). Thus, Pmo25 and

Cdc7 were colocalized during early mitosis and anaphase B.

Physical interactions among Pmo25, Nak1, Mor2,

and Orb6

Given the phenotypic similarities of each mutant cell, we

examined the physical interaction among Pmo25, Nak1,

Orb6, and Mor2 using the S. cerevisiae two-hybrid system

(Figure 2A). The WT and mutant proteins (m1/Y558C and

m2/G1709D; Hirata et al, 2002) of Mor2 were separated into
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Figure 1 Structure and localization of Pmo25. (A) Pmo25 consists of six repeats (R1–R6) each having three helices (H1–H3). The mutation site
of the pmo25-35 allele is located within H2 of R1. The H2 of Pmo25 (NCBI accession no. NP_594685) is aligned with Saccharomyces cerevisiae
Sc Hym1 (NP_012732), Arabidopsis thaliana (CAB78730), C. elegans Ce MO25a (CAB16486), Ce MO25b (NP_508691), Drosophila
melanogaster Dm MO25 (P91891), Mus musculus Mm MO25a (NP_598542), Mm MO25b (AAH16128), Homo sapiens Hs MO25a
(NP_057373), and Hs MO25b (CAC37735). The conserved motif (F, hydrophobic; X, any residue) is shown. (B) Calcofluor staining of WT
cells (1), pmo25-deleted cells (2), pmo25-deleted cells with pREP41-Pmo25 ((3) in EMM, induced condition; (4) in EMM containing thiamine,
repressed condition). (C, D) WT cells having pmo25þ :GFP:kanr grown in YES medium at 251C were stained with anti-tubulin antibody (C).
Pmo25 localization at mitosis (a) and cell separation (b) of the living cells was observed by time lapse (minutes) (D). (E, F) WT cells having
pmo25þ :GFP:kanr and sad1þ :dsRED:LEU2 (E) or pmo25þ :mRFP:kanr and cdc7þ :GFP:kanr (F) grown in YES medium at 251C were used. Bars
indicate 5 mm.
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three fragments, Mor2N, M, and C (Figure 2B). Pmo25

interacted with Nak1 but not with Mor2 or Orb6

(Figure 2A). Orb6 interacted with Mor2N and Mor2C

(Figure 2A), but not with Pmo25. These interactions were

abolished by the mor2 mutations, m1 and m2, respectively

(Figure 2A and B). Nak1 interacted with Mor2N, Orb6, and

Pmo25. Interestingly, unlike the case for Orb6 and Mor2N,

the interaction between Nak1 and Mor2N was not affected by

the mor2-m1 mutation (Figure 2A). This finding may imply

that Nak1 and Orb6 interact with Mor2N at distinct interac-

tion sites. The above interactions were also observed in the

opposite combinations between BD and AD in the two-hybrid

system (data not shown).

To substantiate the interactions observed in the two-hybrid

system, we performed co-immunoprecipitation using

S. pombe WT cells expressing Nak1-HA and Pmo25-GFP or

Mor2-HA and Orb6-GFP, which were expressed from the

chromosomal native promoter. In both cases, anti-HA immuno-

precipitates were immunoblotted with anti-HA and anti-GFP

antibodies. We found that Pmo25-GFP co-immunoprecipi-

tated with Nak1-HA (Figure 2C), and Orb6-GFP, with Mor2-

HA (Figure 2D). The interaction of these proteins was

confirmed by reciprocal immunoprecipitation, in which

anti-GFP antibodies immunoprecipitated HA-tagged proteins

in either case (Figure 2C and D). We also performed

co-immunoprecipitation between Nak1-GFP and Orb6-HA,

but no physical interaction was detected under the experi-

mental conditions that enabled us to detect interaction

between Nak1 and Pmo25 or between Mor2 and Orb6. It is

possible that this interaction is transient in S. pombe cells.

To further investigate the interaction between Nak1 and

Pmo25, we tested the interactions using bacterially expressed

proteins. A bacterially expressed HA-Pmo25 co-immunopre-

cipitated with Myc-Nak1 in vitro (Figure 2E) but not with GST
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Figure 2 Physical interactions among the proteins. (A) Protein–protein interactions were examined using the yeast two-hybrid system.
S. cerevisiae Y190 (104 cells) cells transformed with Gal4-binding domain-fused (BD) and Gal4 activation domain-fused genes (AD) were
spotted on SD containing histidine (His) or 3-aminotriazole (3AT). (B) A summary of the physical interactions observed is depicted by blue
(two hybrid) and red lines (IP). The boxes in Mor2 indicate the homologous regions among Furry-like proteins (Hirata et al, 2002). (C, D)
Extracts of S. pombe cells expressing Nak1-HA and/or Pmo25-GFP (C), or Mor2-HA and/or Orb6-GFP proteins (D) 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 arrowhead and bar indicate the position of the immunoprecipitated proteins. (E) Pmo25 binds to Nak1 in
vitro. Binding of bacterially expressed HA-Pmo25 and Myc-Nak1 proteins was assayed by co-immunoprecipitation. The protein mixture was
immunoprecipitated with anti-HA antibody. Precipitated materials were then immunoblotted using antibodies against HA and Myc.
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(data not shown), showing that this interaction between

Pmo25 and Nak1 was likely direct. We could not perform

this experiment between Mor2 and Orb6, since bacterially

expressed Orb6 was unstable. Our results indicate that these

proteins form the physical interaction network summarized

in Figure 2B. In addition to four proteins, it is likely that Mob2

is involved in this network, since Orb6 directly interacts with

Mob2 (Hou et al, 2003).

Pmo25 is required for growth polarity control

and cell separation

In order to explore the roles of Pmo25 in cell morphogenesis,

we created a ts pmo25 mutant (pmo25-35) by error-prone

PCR mutagenesis. The pmo25-35 mutant contained a histi-

dine (CAC) in place of the evolutionarily conserved leucine-

79 (CTC) in the region called H2 in R1 (Milburn et al, 2004;

see Figure 1A). At 361C, pmo25-35 mutant cells were, like the

pmo25-deleted cells shown earlier (see Figure 1B), round or

septated round, supporting further the notion that Pmo25 is

important for polarity control and cell separation. Previously,

we showed that Mor2 is important for the relocalization of

F-actin at the cell end(s) after the shift to 361C (Hirata et al,

2002). We next examined the distribution of F-actin in the

pmo25-35 mutant cells at 361C. Cortical F-actin in the pmo25

mutant cells was localized as patches at the growing end(s)

and the septation site at 251C as in WT cells (Figure 3A, 0

time). In WT cells, F-actin at the cell end(s) was dispersed

within 20 min after the shift. By 2 h after the shift, however,

F-actin had been relocalized to the cell end(s). In the pmo25

mutant cells, on the other hand, F-actin was dispersed as in

WT cells upon the up shift; however, the relocalization of

F-actin to the cell end(s) was not observed, as in mor2 and

nak1 mutants. These results indicate that Pmo25 is required

for the relocalization of F-actin to the cell end(s).

To address whether Pmo25 is important for the mainte-

nance of cell polarity, we examined the phenotype of the

double mutants between pmo25 and the G1-arrest mutant

cdc10 or the G2-arrest mutant cdc25. As shown in Figure 3B

and C, the double mutant cells (either cdc10pmo25 or

cdc25pmo25) showed abnormal spherical morphology. In

the cdc25pmo25 mutant, F-actin was dispersed throughout

the cells, although the partial localization of F-actin to the cell

end(s) was observed. Likewise, cdc10nak1 and cdc10mor2

also showed round morphology and cdc25nak1 and

cdc25mor2 displayed the dispersed F-actin localization.

These results indicate that Pmo25, like Mor2 and Nak1,

is vital for the maintenance of growth polarity during

interphase, both G1/monopolar growth and G2/bipolar

growth phases.

We next asked whether the pmo25 mutation induces G2

delay like the mor2 mutation (Hirata et al, 2002). To this end,

we prepared synchronous cultures of the mutant grown at the

permissive temperature (251C) via centrifugal elutriation.

Small early G2 cells were subsequently shifted to the restric-

tive temperature (361C), and the morphological change,

nuclear number, and the amount of the tyrosine-phosphory-

lated form of Cdc2 were then followed afterward (Figure 3D).

In WT cells, the level of the phosphorylated Cdc2 was

decreased by 100 min upon mitotic entry. In the pmo25

mutant cells, the phosphorylated Cdc2 was maintained

until 140 min, indicating that the pmo25 mutation induced

G2 delay. Upon 2 h of the shift, the morphology of the pmo25

mutant was still rod-like with the dispersed F-actin localiza-

tion. After passing through first mitosis, however, the pmo25

mutant cells could not re-establish cell polarity, thereby

becoming completely round in shape (Figure 3D), suggesting

that Pmo25, like Mor2 and Nak1, is important for polarity

establishment following cell division.

To confirm the importance of Pmo25 in polarity establish-

ment following cell division, we elutriated small early G2

cells and cultured these cells at the permissive temperature

(301C) for 1 h, followed by shift to 361C (Figure 3E). Under

this condition, a short G2 delay mutant cells were still

observed in the pmo25 mutant upon shift, and after passing

through mitosis, the pmo25 mutant cells became completely

round with septum (Figure 3E). These results indicate that

Pmo25 plays a crucial role in polarity establishment and

cell separation following cytokinesis and that its mutant

phenotypes are very similar, if not identical, to those of

mor2 and nak1.

Pmo25 is involved in the restriction of the growth zone

targeted by MT

The MT cytoskeleton is known to regulate cell polarity by

determining the region of polarized growth (Mata and Nurse,

1997). In order to examine MT integrity in the pmo25 mutant,

we immunostained the MTcytoskeleton in this mutant. At the

permissive temperature (251C), a normal MT cytoskeleton

was observed as in WT cells (Figure 4A). At 361C, for up to

2 h of incubation, the cell end(s) where MT targets was

maintained, but after 6 h no clear MT-targeted regions were

observed and MT arrays were no longer parallel, as in the

mor2 and nak1 mutants (Figure 4A). This result suggests that

Pmo25 is important for the restriction of the growth zone

targeted by MT.

To investigate further whether Pmo25 is involved in the

polymerization of MTs, we examined the nucleation of MTs

disrupted by cold shock. The pmo25 mutant cells grown at

251C were shifted up to 361C for 6 h, incubated on ice for

30 min, and then returned to 361C (Figure 4B, lower panel).

Upon cold shock, no MTs were observed (Figure 4B, 0 min).

The disrupted MTs were nucleated within 5 min after the

return to 361C, as in WT cells (Figure 4B). These results

indicate that Pmo25 is not required for the nucleation of

MTs per se.

Pmo25 and Nak1 are important for the cellular

localization of Mor2

To address whether Pmo25 and Nak1 are required for the

Mor2 localization, we examined the Mor2 localization on

these mutant backgrounds. The GFP-Mor2 expression levels

in these mutants were indistinguishable from those in WT

cells (data not shown). As shown previously (Hirata et al,

2002), in the orb6 mutant, no localization of Mor2 at any

polarized growing regions was observed (Figure 5A and B).

In the pmo25 and nak1 mutants, the Mor2 localization at the

cell cortex in the single round cells (maintenance of polarity)

and at the septation site in the septated round cells (septa-

tion) was lost in approximately 50% of the cells (Figure 5A

and B). Further, no clear localization of Mor2 at the new

cell end (establishment of polarity) after cytokinesis was

observed in these mutants (Figure 5A and B). These results

suggest that Pmo25 and Nak1 are important for the localiza-

tion of Mor2 to the polarized growing regions, cell end(s) and
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septum, and support that this network is required for the

maintenance and the establishment of cell polarity.

Pmo25 and Nak1 act upstream of Orb6

We examined whether the Pmo25 localization required the

normal functioning of Mor2, Orb6, and Nak1. On nak1, orb6,

and mor2 mutant backgrounds, Pmo25 was still clearly

localized at one of the SPBs during anaphase B (Figure 6A,

marked with arrowheads), and also in the medial region,

albeit weakly (Figure 6A). These results suggest that the

localization of Pmo25 at SPB(s) and in the medial region

does not require the functioning of these proteins.

We next addressed whether the Nak1 kinase activity

required the functioning of Pmo25, Mor2, and Orb6. The

Nak1 kinase activity can be measured by autophosphoryla-

tion of Nak1 (Huang et al, 2003). Our experimental condi-

tions detected the autophosphorylation of Nak1 in the ts

nak1 mutant at 251C but not at 361C (data not shown). The

Nak1 kinase activity in the pmo25 mutant at 361C was

decreased by 50%, compared with that in the WT cells

(Figure 6B, lanes 1–4). In clear contrast, in the mor2 and

orb6 mutants, the kinase activity was maintained (Figure 6B,

lanes 5–8). These results suggest that the Nak1 kinase

activity requires Pmo25 but not Mor2 and Orb6 and, further-

more, that Nak1 and Pmo25 act upstream of Orb6.

To further substantiate this relationship, we measured

Orb6 kinase activity in the pmo25, nak1, and mor2 mutants.

It has been shown that Orb6 specifically co-immunoprecipi-

tates with Mob2 and that its kinase activity can be detected in

Mob2 immunoprecipitates (IP, Mob2-Myc; Hou et al, 2003;

Wiley et al, 2003). We found that the Orb6 kinase activity in

the pmo25 and nak1 mutants was decreased by 90% at 361C

(Figure 6C, lanes 3–6) compared with that in WT cells (lanes

1 and 2). Note that this kinase activity was diminished in the

immunoprecipitates prepared from the orb6 mutant (data not

shown). This result is consistent with the data presented

earlier, showing that Pmo25 and Nak1 act upstream of Orb6.

In addition, Orb6 kinase activity was substantially impaired
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in the mor2 mutant (Figure 6C, lanes 7 and 8). This result

supports our previous proposal that the functions of Mor2

and Orb6 are interdependent (Hirata et al, 2002).

Pmo25 and Nakl are colocalized at the SPB and septum

Next, we examined whether Pmo25 is involved in Nak1

localization. As previously shown (Leonhard and Nurse,

2005), Nak1-GFP expressed from a chromosomal native

promoter in WT cells was found throughout the cell and in

the cell end(s) during interphase (Figure 7A, cell 1), in the

SPB(s) in early mitosis (cells 2 and 3, pointed by arrows), in

one SPB in anaphase B (cell 4), and in the medial region and

double ends upon division (cells 5 and 6). At 361C in WTcells

(Figure 7B, upper panel), the localization of Nak1 to SPB (cell

1, pointed by arrow) and double ends (cell 2) was observed.

In the pmo25 mutant cells (Figure 7B, lower panel), on the

other hand, no specific localization of Nak1 was observed in

anaphase B (cell 1) and cell division (cell 2). We examined

the colocalization of Pmo25 and Nak1 using WT cells expres-

sing Pmo25-RFP and Nak1-GFP. Pmo25 and Nak1 were

colocalized at one of the two SPBs during mitosis

(Figure 7C, cells 1 and 2) and in the medial region in post-

anaphase (cells 3 and 4). Nak1 at the septation site over-

lapped partially with that of Pmo25 there, suggesting that

some of the Nak1 form a complex with Pmo25 in the medial

region and that Nak1 interacts with Pmo25 on the SPB(s).

Pmo25 localization at the SPB is under the control

of the SIN

The localization patterns presented earlier (see Figure 1F)

indicate that Pmo25 and Cdc7 were colocalized at the mitotic

SPB(s). Accordingly, we addressed the possibility of a func-

tional interaction between the SIN and Pmo25. For this

purpose, first we examined the hierarchy of the localization

between SIN and Pmo25. As shown in Figure 8A, in the

pmo25 mutant, Cdc7 was still found at the SPB. In sharp

contrast, on a cdc7-24 or sid1-239 mutant background, no

Pmo25 was detected at the mitotic SPB(s) (Figure 8B and C).

In the sid2-250 mutant cells, on the other hand, Pmo25 was

still capable of being localized to the mitotic SPB(s) (Figure

8B and C). Previously, the cdc7-i10 mutant, which is sup-

posed to activate the SIN without stable association with the

B

A Maintenance Septation Establishment

WT

pmo25

nak1

orb6

GFP-Mor2

Medial region Division site

Localization frequency (%)

W
T

p
m

o
25

n
ak

1

o
rb

6

S

0

50

100

W
T

p
m

o
25

n
ak

1

o
rb

6

W
T

p
m

o
25

n
ak

1

o
rb

6
EM

Figure 5 Role of Pmo25 in Mor2 localization. (A, B) Cells having
kanr:nmt1:GFP:mor2þ grown in YES medium (repressed condition)
at 251C were shifted to 361C and incubated for 4 h. Localization of
GFP-Mor2 to the cell cortex in interphase (maintenance, M), medial
region (septation, S), and cell division site after cytokinesis (estab-
lishment, E) is shown in panel A. Quantification of the localization
frequency in the cells is shown in panel B.

A
    Pmo25

SPB

WT
nak1
orb6
mor2

+
+
+
+

M

+
w
w
w

nak1

Pmo25-GFP DAPI

orb6

mor2

B

0

50

100

1 2 3 4 5 6 7 8

KA / IP

25 36 25 36 25 3625 36
WT pmo25 mor2 orb6

IP

Orb6-KA

WT pmo25 nak1
25 36 25 36 25 36

mor2
25 36 (°C)

1 2 3 4 5 6 7 8
0

50

100
Orb6-KA / IP

Orb6-HA

Mob2-Myc

C

Nak1-HA / IP
KA

Figure 6 Hierarchical position of Pmo25 in the morphogenesis
network. (A) Mutants having pmo25þ :GFP:kanr grown in YES
medium at 251C were shifted to 361C, incubated for 4 h, and
fixed. A summary of the Pmo25 localization at the SPB or medial
region (M) is shown at the right. w, weaker than in WT. (B) Cells
expressing Nak1-HA from the chromosomal native promoter grown
in YES medium at 251C were shifted to 361C and incubated for
90 min. Cell extracts were then prepared and immunoprecipitated
with anti-HA antibody. Half of the immunoprecipitates were im-
munoblotted with anti-HA (Nak1-HA/IP) and the other half were
assayed for autokinase activity. The kinase activities (KA) were
quantified with an Intelligent Quantifier (Bio Image) and normal-
ized to the amount of Nak1-HA (IP). (C) The cells expressing Mob2-
Myc and Orb6-HA from the chromosomal native promoter grown at
251C were shifted to 361C and incubated for 90 min. Cell extracts
were prepared and immunoprecipitated with anti-Myc antibody.
Half of the immunoprecipitates were immunoblotted with anti-Myc
(Mob2-IP) and anti-HA (Orb6-HA) and the other half were assayed
for phosphorylation of MBP (by Orb6-KA). The kinase activities
(Orb6-KA) were quantified as in panel B.

An MO25-like protein in cell morphogenesis
M Kanai et al

&2005 European Molecular Biology Organization The EMBO Journal VOL 24 | NO 17 | 2005 3019



SPB at the permissive temperature of 251C, was identified (Lu

et al, 2002). In the cdc7-i10 mutant cells at 251C, the localiza-

tion of Pmo25 to mitotic SPB was observed, although the

signal was weaker than that in WT cells (Figure 8B and C).

This result suggests that the SPB localization of Pmo25

requires the Cdc7 kinase activity rather than the stable

association of Cdc7 to the SPB. We next examined Pmo25

localization in the cdc16-116 mutant. Cdc16 is a GAP for Spg1-

GTPase, and in the cdc16 mutant, Spg1 is locked in a GTP-

bound form, thereby making the SIN constitutively active

(Simanis, 2003). As shown in Figure 8B (top two rows) and

Figure 8C, Pmo25 was found in the SPB(s) in this mutant.

Finally, we examined the localization of Pmo25 in the cps1/

drc1 mutant, which is defective in b-glucan synthase. It is

known that in addition to having cytokinesis defects, this

mutant activates the cytokinesis checkpoint, which requires

the SIN (Goff et al, 1999; Liu et al, 2000). As shown in

Figure 8D, in 80% of the cps1/drc1 mutant cells, the SPB

localization of Pmo25 was observed. Taken together, these

results indicate that Pmo25 targeting to the SPB(s) is under

the control of the SIN.

Cdc7 and Sid1 regulate the Nak1 and Orb6 kinase

activities in interphase

Pmo25 was found to be important for the Nak1 and Orb6

kinase activities (Figure 6B and C). The SPB localization of

Pmo25 required the functioning of Cdc7 and Sid1, but not

that of Sid2 (Figure 8B and C). If the SPB localization of

Pmo25 was essential for regulation of Nak1 and Orb6 kinases

by Pmo25, Cdc7 and Sid1 would be important for the Nak1

and Orb6 kinase activities. Given this assumption, we mea-

sured the Nak1 and Orb6 kinase activities in synchronous

cultures of WT and SIN mutant cells during the cell cycle.

Small early G2 cells grown at the permissive temperature

(251C) were collected and subsequently shifted to the restric-

tive temperature (361C), and the Nak1 and Orb6 kinase

assays were performed afterward. As previously described

(Leonhard and Nurse, 2005), in WT cells, the Nak1

kinase activity did not change during the cell cycle

(Figure 9). In clear contrast, in the cdc7 and sid1 mutant,

while the kinase activity was decreased after the first mitosis,

no clear increase was observed in the following inter-

phase (Figure 9). In sid2 mutant cells, the constitutive Nak1
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activity was observed as in WT cells. These results indicate

that Cdc7 and Sid1, but not Sid2, are important for upregula-

tion of the Nak1 kinase activity during the early interphase,

which corresponds to the period of cell morphogenesis/

separation following cytokinesis.

As for Orb6 kinase activities, in WT cells, cell cycle-

dependent oscillation of the Orb6 kinase activity was

observed (Figure 10). The kinase activity was decreased by

120 min upon mitotic entry, and following cell division it

was increased again during the interphase (200 min) and
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maintained in the later interphase (240 min). In the cdc7 and

sid1 mutants, on the other hand, although the kinase activity

was decreased upon mitotic entry as in the WT cells, no clear

increase was observed in the following late interphase

(Figure 10). In sid2 mutant cells, the oscillation of the Orb6

kinase activity was observed as in WT cells. These results

indicate that Cdc7 and Sid1, but not Sid2, are important for

the regulation of the Nak1 and Orb6 kinase activities in

interphase.

It was reported that SIN mutants, such as ts cdc7, are

defective in not only septation but also formation of equator-

ial MTOC (EMTOC; Heitz et al, 2001). To examine whether

the defect in reactivation of Orb6 kinase in the cdc7 mutant is

caused by the defect in the EMTOC formation, we examined

the kinase activity in the mto1-deleted mutant, in which the

EMTOC formation is specifically impaired without perturba-

tion of septation (Sawin et al, 2004; Venkatram et al, 2004). In

the mto1-deleted mutant cells, normal oscillation of the Orb6

kinase activity was observed as in WT cells (Figure 10). This

result indicates that reactivation of Orb6 kinase after mitosis

does not require the EMTOC formation. Thus the SIN, in

particular its role in septation, regulates both Nak1 and Orb6

kinase activities during interphase.

Discussion

The present study was initiated by screening mor mutants to

identify genes functionally related to the Mor2/Furry-Orb6/

Ndr/Tricornerd kinase. We identified the GC kinase Nak1/

Orb3 as Mor4, and then focused on the evolutionarily con-

served MO25-like Pmo25. Our findings may be summarized

as follows: (1) Pmo25, Nak1, Orb6, and Mor2 function in

concert and play a critical role in both cell polarity and cell

separation; (2) Pmo25 becomes localized at the SPB(s)

specifically during mitosis and is then translocated to the

septation site upon mitotic exit; (3) Pmo25 forms a complex

with Nak1 and acts upstream of Orb6; and (4) the mitotic SPB

localization of Pmo25 and the kinase activities of Nak1 and

Orb6 during interphase are under the control of the SIN.

Network for cell morphogenesis

We demonstrated that Pmo25, Nak1, Orb6, and Mor2 form a

physically interacting network important for both cell polar-

ity and cell separation. Mob2 would be involved in this

network, since in addition to its physical interaction with

Orb6, the phenotypes of the mob2-deleted cells appear indis-

tinguishable from those of the pmo25-, nak1-, orb6-, and

mor2-deleted cells (Hou et al, 2003). Our results further

indicate that this network is vital not only for the establish-

ment of cell polarity following cytokinesis, but also for the

maintenance of cell polarity during interphase. It was shown

earlier that the budding yeast homologs of fission yeast

Pmo25, Nak1, Mor2, Orb6, and Mob2 are involved in a

signaling network, RAM, which regulates polarized growth

(Nelson et al, 2003). Thus, morphogenesis network in fission

yeast appears to be homologous to budding yeast RAM.
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However, in budding yeast, the SPB localization of any of

the RAM components has not been shown and therefore,

the linkage between SPB and this network in fission yeast

is novel.

Role of Pmo25 in cell morphogenesis

Pmo25 forms a complex with Nak1 and is important for the

kinase activities of Nak1 and Orb6, indicating that the func-

tion of Pmo25 in cell morphogenesis is performed through

the regulation of these two kinases. We showed that the

network is important for the localization of F-actin at the cell

end(s) but not in the medial region, suggesting that the

mechanism determining cell polarity at the septation site

is different from that acting in interphase. How these two

kinases regulate the growth polarity is the next subject to be

addressed. In budding yeast, RAM controls cell separation

through regulation of the Ace2 transcription factor, which

activates the expression of the genes for septum degradation

(Colman-Lerner et al, 2001; Doolin et al, 2001; Nelson et al,

2003). Interestingly, it was recently shown that fission

yeast Ace2 also regulates the expression of the endo-b-1,3-

glucanase gene eng1þ (Martin-Cuadrado et al, 2003). It is

conceivable that Ace2 also functions downstream of Pmo25

and Nak1.

It should be noted that the period of G2 delay of the pmo25

mutant was shorter than that of the mor2 or nak1 mutant and

that, unlike these two mutants, the pmo25 mutant cells

proceeded to a second cell cycle without complete cell

separation (see septated cells of pmo25 in Figure 3D). It is

possible that Pmo25 plays an additional cell cycle-related role

that is not shared by Mor2 or Nak1. However, these pheno-

typic differences might be simply caused by residual Pmo25

action in the ts mutant, since the terminal phenotype of the

pmo25-deleted cells was indistinguishable from that of the

mor2- and nak1-deleted cells. Further analysis is necessary to

clarify this point.

SIN regulates the morphogenesis network

SIN components Cdc7 and Sid1, but not Sid2, were required

for both the SPB localization of Pmo25 and the kinase

activities of Nak1 and Orb6 in interphase. These results

suggest that Cdc7–Sid1 plays a role in the activation of
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Nak1–Orb6 kinases, which is mediated through Pmo25. We

envision that Cdc7–Sid1, on the one hand, stimulates septum

formation in a Sid2-dependent manner and, on the other

hand, regulates cell morphogenesis/separation following

cytokinesis, which require the morphogenesis network. It is

worth pointing out that, unlike Cdc7 and Sid1, Sid2 becomes

localized at not only the mitotic SPBs but also the medial ring

upon cell division (Sparks et al, 1999). This localization

difference between Cdc7–Sid1 and Sid2 may indicate that

SIN signaling cascades from the SPB bifurcate, one acting

through Sid2 and the other via Pmo25–Nak1–Orb6. It is of

note that independent work performed by another group has

detected kinase activity in Pmo25-immunoprecipitates even

in the ts nak1 mutant (Damian Brunner, personal commu-

nication). As presented in this study, Nak1 kinase activity

was substantially reduced in ts pmo25 mutants. Given

the fact that vertebrate MO25 binds to both STRAD and

LKB1, we think that Pmo25 may be associated with some

protein kinase(s) other than Nak1, such as the kinase(s)

components of SIN.

The results indicated that Pmo25 plays a connecting role

between SIN and the morphogenesis network. Pmo25, Nak1,

Mor2, Orb6, and Mob2 are all evolutionarily conserved

essential proteins. In addition, at least some of the SIN

components have also been conserved through evolution

(Simanis, 2003; Seshan and Amon, 2004). Homologous bud-

ding yeast RAM also regulates cell morphogenesis. However,

in this organism, a functional linkage between RAM and MEN

(SIN equivalent) has not been established. In Drosophila and

C. elegans, the NDR/Tricornered kinase/SAX-1–Furry/SAX-2

signaling pathway is important for the control of neuronal

polarity (Emoto et al, 2004; Gallegos and Bargmann, 2004).

In vertebrates, MO25 is involved in PJS and polarity control

of single intestinal epithelial cells (Baas et al, 2004). It would

be of great interest to know whether the functional inter-

action between the SIN and MO25 has been evolutionarily

conserved.

The morphogenesis network regulates cell polarity (estab-

lishment and maintenance) and cell separation. The mutants

in the SIN but not those in the morphogenesis network show

polarized growth, suggesting that SIN regulates cell separa-

tion but not polarity control. Indeed, in the cdc7 mutant,

Mor2 was still localized at both cell ends (data not shown),

indicating that the SIN is not essential for the maintenance of

polarity. However, it remains possible that SIN regulates

polarity establishment following cell separation, since the

SIN mutants do not undergo cell separation. Further analysis

is necessary to clarify the cellular event(s) regulated by SIN

and the network.

Concluding remarks

In summary, we have presented evidence that in fission yeast,

a series of evolutionarily conserved proteins, which become

localized at the SPB in a cell cycle-dependent manner, play an

essential role in cell morphogenesis following cytokinesis. In

higher eukaryotes, the centrosome is vital for polarity estab-

lishment, and this role is independent of its MT-organizing

activity (Piel et al, 2001; Stevenson et al, 2001; Cowan and

Hyman, 2004). Our present data should help in understand-

ing of the molecular mechanisms underlying the MT-inde-

pendent role of the centrosome in cell morphogenesis in

higher eukaryotes.

Materials and methods

Strains and general methods
Strains are listed in Supplementary Table S1. The general methods
including PCR tagging were used throughout (Moreno et al, 1991;
Bähler et al, 1998; Hirata et al, 1998).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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