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Summary

Polo kinases play multiple roles in cell cycle regulation
in eukaryotic cells. In addition to the kinase domain,
conservation at the primary sequence level is also found in
the non-catalytic region mainly in three blocks, namely the
polo boxes. Although several studies have implicated the
polo boxes in protein localisation, no systematic study to
elucidate the roles of individual polo boxes has been carried
out. Here we show, by using fission yeast, that the polo

mitotic arrest seen upon overexpression gflol but do not
prevent the untimely septation seen under these conditions,
showing that the functions of Plol may be separated. Plol
interacts with multiple proteins including cell cycle
regulators in a polo-box-dependent manner. Isolation of
mutants that differentially disrupt these interactions
revealed a role for the polo boxes in mediating protein-
protein interactions.

boxes form a single functional unit that is essential for both
cellular function and cell-cycle-regulated localisation to the

spindle pole bodies. Various polo box mutations abolish the Key words: Polo, Kinase, Cell cycle, Fission yeast

Introduction role in the metaphase to anaphase transition via an interaction
The cell division cycle in eukaryotic cells is a highly regulatedith the anaphase promoting complex/cyclosome (APC/C) has
process requiring a range of events to be carried odgeen demonstrated (May et al., 2002; Descombes and Nigg,
sequentially. The polo-like kinases (or polo kinases) are 4998; Charles et al., 1998; Shirayama et al., 1998). In addition,
family of protein kinases that are implicated in numeroududding yeast polo kinase phosphorylates cohesin to allow
events throughout mitosis (reviewed by Glover et al., 199@9roteolysis by separase in order to initiate anaphase (Alexandru
Lane and Nigg, 1997; Glover et al., 1998; Donaldson et algt al., 2001).
2001). Although mammalian cells contain more than one polo- Fission yeast polo kinase, Plo1, is required for formation and
like kinase, yeasts androsophila have only one. An correct positioning of the septum and overexpression induces
understanding of how polo kinases regulate mitotic events wieptation even in interphase cells (Ohkura et al., 1995; Bahler
be essential to understanding molecular mechanisms of tigé al., 1998). Overproduction of murine or budding yeast polo
mitotic progression as a whole. kinases in budding yeast cells also induces septation in a non-
One of the most intriguing aspects of polo kinase functiorgatalytic domain dependent manner (Lee and Erikson, 1997,
is the variety of tasks they execute throughout the cell cycléong et al., 2000), and a physical interaction has been
Polo kinases are required at several key points through mitosiggmonstrated between the budding yeast polo kinase, Cdc5p,
starting from control of the G2/M transition through and septins (Song and Lee, 2001). This function in cytokinesis
phosphorylation of Cdc25C and mitotic cyclins (Abrieu et al.,has also been shown to be conservelrosophila(Carmena
1998; Karaiskou et al., 1999; Kumagai and Dunphy, 199¢éet al., 1998; Herrmann et al., 1998).
Ouyang et al., 1997; Qian et al., 1998; Toyoshima-Morimoto Dynamic, cell cycle regulated localisation and kinase
et al., 2001) and a role in the DNA damage checkpoint tactivation during mitosis is a feature common to all members
prevent entry into mitosis (Sanchez et al., 1999; Smits et abf the family. Localisation to the SPB/centrosome occurs early
2000; Toczyski et al., 1997). At the beginning of mitosis,in mitosis and persists until late anaphase, when the protein has
various proteins are recruited to the centrosomes, a maturatibeen seen to relocalise to the midbody or to the future site
process which requires polo kinases (Sunkel and Glover, 1988f cell cleavage (Bahler et al., 1998; Golsteyn et al., 1995;
Lane and Nigg, 1996). Polo kinases are also required for tHegarinho and Sunkel, 1998; Moutinho-Santos et al., 1999;
establishment of a bipolar spindle (Ohkura et al., 1995; Lanklulvihill et al., 1999; Shirayama et al., 1998; Song et al.,
and Nigg, 1996; Qian et al., 1998), a conserved function whicR000). Detailed study in fission yeast has indicated that
is evident from the phenotype of the origibmbsophila pold  localisation to the SPB takes place very early in mitosis, prior
mutant (Llamazares et al., 1991; Sunkel and Glover, 1988). to full activation of catalytic activity (Tanaka et al., 2001). This
Equally, polo kinases are important for exit from mitosis. Acell cycle regulated catalytic activation and localisation is
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likely to play an important role in the execution of polo kinaseFission yeast techniques

function. Fission yeast analyses were carried out as described (Moreno et al.,
Polo-like kinases are characterised by an amino terminab91; Ohkura et al., 1995). Strains used in this study are shown in

catalytic domain, and a carboxy terminal non-catalytic domaifable 1.

consisting of three blocks of conserved sequences known agn overexpression experimenfdpl mutants were expressed from

polo boxes (Glover et al., 1996) (Fig. 1). Studies have bedhenmtlpromoter in pR_EPl (Maundrell, 1993)._ Cells were grown in

carried out to identify the role of this non-catalytic domain inthe presence of thiamine and then washed in sterile water before

: . ._growth in two parallel cultures, either in the presence or absence of 4
budding yeast and mammalian cultured cells. In mammallaﬂM thiamine. for 15-16 hours.

cells,_ th_e C-terminus of mammalian Plk1 alone directs For plasmid shuffling experiments, spores were prepared from a
localisation to centrosomes (Jang et al., 2002; Seong et akipioid strain heterozygous for deletion plol (Sp269) carrying
2002) A mutation in p0|0 box 1 abolished the ab|l|ty OfW||d_type p|o]_ on aura4dt marked p|asm|d [puaol‘* (May et a|_,
mammalian or budding yeast polo kinase to localise to thgo02)] and mutarplolin pREP1. Germination was carried out in the
mitotic apparatus in budding yeast (Lee et al., 1998; Song etesence of thiamine arplol14 haploids selected. The presence of
al., 2000) or to complement a budding yeast mutant (Jang ptRplol* maintains viability of the deletion while thiamine represses
al., 2002; Lee et al., 1998; Song et al., 2000). Also, the effecgxpression of thelol mutants. The strains were replica plated three
of overexpression of the kinase in budding yeast or mammalidiines to media containing uracil (bot+h in the_presence and absence of
cells were shown to be dependent on polo boxes (Lee et ﬁlamlne) to allow loss of the pyfol* plasmid. Cells that had lost

yt

. _ e plasmid were selected by usiBg-OA, which kills Urd cells.
1998, Seong et al,, 2002). However, whether the non-catal ells were spotted on selective media in the presence or absence

region CO.nS|StS.Of functlonally §eparable sub-domqlns, "8 both 5-FOA and thiamine. Abilities of eaghlol mutant to
particular in the light of multi-functional nature of polo kinase, complement plo1 deletion were tested either at approximately wild-
has not been addressed. type levels of expression (+ thiaminemtl repressed) or when
Fission yeast is an excellent model organism for theverexpressed (- thiamine, ~100 times that of wild-type expression
dissection of the multi-functional nature of polo kinase due tdevels,nmtlde-repressed).
the ease with which it is genetically manipulated and the clarity Spore germination analysis was carried out to determine whether
with which multiple functions are observed. In fission yeastexpression of the mutant genes at wild-type level from an integrated
deletion of the polo kinase gengpl*, results in three major COPy were able to support growth in the absence of endogpludris
defects — failure to establish spindle bipolarity, failure to forrr%’?)‘r%?[gf? dpelcr’i\l/erg‘#g”mtspgré%e‘{ 1t)hv‘\3le‘;gri‘rt]rgg?gtézeaf‘é}g:ggfolf
septa or misplacement of septa (Ohkura et al., 1995; Bahler o . .
al., 1998). In addition, overexpression of the polo kinase resul%plol”h'sylpIOl diploid strain (Sp269). Sp269 was created by

. . . ; placing the entire coding region of gulel gene withhis3" using
in two clear phenotypes, cells displaying multiple septa ang pcr-mediated method (Bahler et al., 1998). Integration was

mitotically arrested cells with monopolar spindles (Ohkura etonfirmed by PCR using primers t leul and within the polo box
al., 1995). Involvement in entry into mitosis has been suggestefdmain ofplol. Comparison of the number of Hi@lo14) and His
through the interaction with the SPB protein Cutl2 and théplol*) haploids obtained following spore germination revealed
NimA-like kinase Finl (Mulvihill et al., 1999; Grallert and whether a particular mutant complemented fiteed disruptant Full
Hagan, 2002) and a role in metaphase to anaphase transition igigcue of the deletion phenotype resulted in the ratio oftblislis®

an interaction with the APC/C subunit Cut23 has also beep@ploids of 1:1. Where no rescue occurred, nd Haploids were
demonstrated for fission yeast Plol (May et al., 2002)ound.

Furthermore, it has been shown that Plol is at the top of the

septum initiating network (SIN) (Tanaka et al., 2001)Fluorescence microscopy

demonstrating that many of the conserved functions of pol@amples were prepared and fixed as described previously (May et al.,
kinases may be studied using fission yeast as a model organisio2; Ohkura et al., 1995). Localisation of the Plol mutant proteins
In this study we examined the roles of conserved amino acid vivo was observed in strains expressing GFP-Plo1 under the control
sequences in the fission yeast polo-like kinase (Plol) and of the attenuatecimtl promoter by autofluorescence while Tatl
particular their relationship with multiple functions. Functionsantibody (Woods et al., 1989) and Sadl antibody (Hagan and
were explored by overexpression experiments and by stabl@nagida, 1995) were used for visualising microtubules and SPB,
expression of mutant genes at wild-type levels iplal respectively. Cells were observed with an Axioplan 2 microscope

deletion background. We have shown, using a combination &eiss). Images were captured using a CCD camera (Hamamatsu) and

site directed and a novel random mutagenesis method, that t%rgcessed using Openlab2 (Improvision) and Photoshop (Adobe).

polo boxes form a single functional unit required for in vivo

function, SPB localisation and multiple protein-proteinTwo-hybrid analyses

interactions. Two-hybrid screening usinglol* as a bait was carried out as
described (May et al., 2002) and positive interactors confirmed by
isolation and reintroduction of the prey plasmids along with either
pBTM116éplol* or pBTM116.

] Isolation ofplol mutants, which retain only a subset of interactions
Molecular techniques was carried out as follows. For random mutagenesisplod,
General molecular techniques were carried out according tpBTM116plol* was used as template in a PCR reaction using Tag
Sambrook et al. (Sambrook et al., 1989). Site directed mutagenesismlymerase without proofreading activity (Roche). Primers used in the
plol was carried out in pTZ19U (Biorad) by using the Muta-Genereaction were complementary to tHeeBd ofplol* and to theADH1
Phagemid in vitro mutagenesis kit (Biorad) according to theterminator sequence, which ist8 theplol* gene in pBTM11f6lo1*.
manufacturer’s instructions. Mutations were confirmed by sequencingtrain L40 was transformed with gapped pBTM116 plasmid and PCR
of theplol gene. product. Gap repair in vivo resulted in the recreation of pBTMIOI6

Materials and Methods
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Table 1. Strains used in this study
Strain Genotype Source
Sp159 mad?2::ura4 leul-32 h (Kim et al., 1998)
Sp25 975 h Ohkura Lab
Sp28 leul-32 ura4-D18+h Ohkura Lab
Sp33 ura4-D18 This study
Spl72 ura4-D18 leul::nmt41EGFPNpldlurad* h- This study
Sp182 ura4-D18 leul::nmt41EGFPNplo1K69R urali- This study
Sp210 ura4-D18 leul:nmt41EGFPNplol1T197V ura~ This study
Sp185 ura4-D18 leul::nmt41EGFPNplo1W497F ura#- This study
Sp170 ura4-D18 leul::nmt41EGFPNplolYQL508AAA urddt This study
Sp163 ura4-D18 leul::nmt41EGFPNplo1DHK625AAA ufad- This study
Sp166 ura4-D18 leul::nmt41EGFPNplol.1-633 urai- This study
Sp161 ura4-D18 leul::nmt41EGFPNplol1.1-583 urai- This study
Sp168 ura4-D18 leul::nmt41EGFPNplol.1-533 urai~ This study
Spl160 ura4-D18 leul::nmt41EGFPNplol.1-483 ural- This study
Sp230 ura4-D18 leul:nmt41EGFPNplo1.313-684 utad- This study
Sp208 ura4-D18 leul:nmt41EGFPNplo1.472-684 utad- This study
Spl189 ade6-M210 leul-32 ura4-D18 h Ohkura Lab
Sp259 leul-32 his3-D1 h Sawin Lab
Sp260 leul-32 his3-D1 ura4-D18 ade6-M216 h Sawin Lab
Sp264 his3-D1 ura4-D18 ade6-M210 leul-32 h This study
Sp267 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leu-32 h This study
Sp269 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul-32 fplod::his3" h*/h~ This study
Sp282 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmtgdlbti urad* plol*/plol::his3" h*/h- This study
Sp285 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmtgdlbtlK69R uraz plol*/plol::his3" h*/h- This study
Sp291 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmtgdlbltD181R ura# plol*/plol::his3" h*/h—-  This study
Sp292 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmtgdlbttD181N uraz plol*/plol::his3" h*/h~ This study
Sp288 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/ leul:nmt4pl6lAr 197V urad plolt/plol::his3" h*/h~  This study
Sp289 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmtgdlbtd 210W ura? plol*/plol::his3" h*/h=  This study
Sp290 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmtgdlblP490L uraz plol*/plol::his3" h*/h- This study
Sp283 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmigdleliy QLS08AAA uradplolt/plol::his3 h*/h~ This study

Sp284 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmigdelOHK625AAA urat plol*/plol::his3" h*/h~ This study
Sp296 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmtddletA1-633 urad plol*/plol::his3F h*/h- This study
Sp299 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmigdlblA1-583 ura plolt/plol::his3" h*/h~ This study
Sp297 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmtgdlbtA1-533 ura# plolt/plol::his3" h*/h~ This study
Sp295 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmigdlblA1-483 ura plolt/plol::his3" h*/h~ This study
Sp310 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmtgdlbtlK251E uraZ plol*/plol::his3" h*/h- This study
Sp307 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmtgdlbllS256P ura# plol*/plol::his3f h*/h~ This study
Sp308 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmtddlbtiv/484A ura# plol*/plol::his3" h*/h~ This study
Sp313 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmtgdlblA/533A ura# plol*/plol::his3" h*/h~ This study
Sp312 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmtgdlbtd 565F ura4 plol*/plol::his3" h*/h- This study
Sp309 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmtgdlbli-493L ura4 plol*/plol::his3" h*/h- This study
Sp311 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul::nmtgdlbttfR605P ura# plol*/plol::his3" h*/h- This study

with mutations irplo1 (Muhlrad et al., 1992). Each L40 stain carrying  First the mutant genes were overexpressed in wild-type cells
muta_genisedplol bait constructs was mated with _Y187 strains ynder the control of themtlpromoter on a multicopy plasmid,
carrying prey plasmids. Mating efficiency was determined by growtrpREpl_ Overexpression of the wild-typle1 gene resulted in
on sele_ctive media and the two-hybrid interaction assessed_ 8o major cell defects (Ohkura et al., 1995) (Fig. 2B). One is
expression of théiIS3 reporter gene (by growth on selective mediay, o',y ction of untimely septation, which can be seen in cells

lacking histidine and containing 10 mM 3-AT after 2 days at 32°C). ith ltipl t leated cell ith ta. Th
Plasmids were isolated from strains with pBTMAlA constructs W/t MUILPIE SEpta or mononucieated cells with septa. The

of interest, re-transformed to confirm the interaction pattern, an@ther is a failure to establish the bipolarity of the mitotic
sequenced to determine the mutation site. spindle resulting in mitotic arrest, which can be seen as cells

with overcondensed chromosomes and monopolar spindles.
To see whether the non-catalytic domain consists of
functionally separable units, we tested various mutants in the
polo boxes. These include various point mutations at highly
bipolar spindle formation, but none for induction of conserved amino acids in polo box 1 (W497F, GS505A,
untimely septation upon overexpression of Plol YQL508AAA and FN519AA), polo box 2 (L577A) or polo
Polo kinases have two conserved regions. One coincides witlox 3 (DHK625AAA), and series of C-terminal deletions (50
an amino-terminal catalytic (kinase) domain and the other iamino acids each; 1-633, 1-583, 1-533, and 1-483). We found
found in the carboxy-terminal non-catalytic region, mainly aghat all of the mutations created in the non-catalytic domain
three blocks called the polo boxes (Glover et al., 1996) (Fig. 13how identical effects upon overexpression. They all abolished
In an attempt to define functional domains, we targeted highlthe mitotic arrest phenotype but had little effect on induction
conserved residues in both the catalytic and non-catalyticf untimely septation (Fig. 2C,D,K as examples, and data
regions of the fission yeast polo kinase, Plol, for site-directegot shown for other mutations). This demonstrates that the
mutagenesis (Fig. 1) and assayed functions of the mutant genegerexpression effects gflol* on spindle formation and

Results
All three polo boxes are required for the interference of
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5. pombeplol lvnnzsmPISS'lSImman IFQFN. REYYISSTAREITVLDEERERVELPLOEASAFSED. . ... .. LRSRLEYIRETLESVASEHEYS. .. ... : 1683
S.cer ¥s. T!annnlnn FRFH. MATSDGGELYTRISPSHESTTYPLYEYLEYGEIPGYPESNFREELTLIKEGLEQESTIVIVD. . . =705
H_sapiensPlki AG. _ ANITP d JILCPLHAAYTYID RTYRLS EYGCCE ELA 2 NYDELLSSRSASHRLEAS : 603
n g..g}?m PO 1] m%b_ SSRSASNRLEAS - 603
D. melanogasterPOLO g NIESDOISENPHLE 0L DLYOE mnﬁ%:mn ________ 576

]

Fig. 1. Conservation of amino acid sequences among polo kinase homologues and mut&tigrsrdidlol created in this study. Residues
shaded in dark or light blue represent identical residues among all or most of these polo kinase homologues respecibredyoMutat
truncations created by site-directed mutagenesis are marked in red and sites of mutations created by random mutageteshis greemar

Fig. 2. Polo boxes are required for
interference of bipolar spindle formation
but not for induction of septation upon ..l
overexpression of Plol. Wild-type cells .
carryingplol mutants in pREP1 under th -
control of the thiamine repressibientl
promoter were grown in the absence of
thiamine. The cells were fixed and staint

B. OP-Plo1* J. OP-Plot*

il

mad2* mad2A

with DAPI, which highlights DNA, cell 4 - D. OP-Plo1.1-583 -

outlines and septa. No defects were - . K. OP-Plo1DHK625AAA
apparent with any of the plasmids in the ' . ) »

presence of thiamine. Bar, fién. . ' ’ 'Y

(A) Empty vector, pREP1 has no effect ¢ - W > ‘

cell growth. (B) Overexpression of wild-
typeplol (pREPDlo1*) leads to mitotic
arrest and cells with extra septa.

(C,D) Overexpression of mutants in the  [eakelatd BILCEL F. OP-Plo1K69R

polo boxes §lo1W497F,plol.1-58are YQL508AAA  _ -

shown here as examples) resulted in . 1 L. OP-Plo1K69R
uncontrolled formation of septa but no

mitotically arrested cells. . .
(E) Overexpression of a catalytic inactive
plol(plolK69R)results only in mitotically
arrested cells with highly overcondense(
chromosomes with no cells forming extr.
septa. (F) Overexpression of a catalytice
inactive polo-box mutarglo1K69R
YQL508AAANO abnormalities can be
seen. (G-1) Monopolar spindles were tubulin
associated with overcondensed
chromosomes in cells overexpressiglK69R The SPB component-tubulin (G), Sadl (H) and DNA (I). (J-L) Quantification of cytological
defects seen upon overproduction of wild-type Plol1 (J), Plol with a polo box mutation (Plo1DHK625AAA; K) or kinase indkctive Plo
(Plo1K69R; L) in wild-type omad2deletion strains. Cells were observed by DAPI staining after the removal of thiamine to induce expression
from thenmtlpromoter. Mitotic arrest caused by overproduction of inactive Plol is abolished by a mutation in the spindle cheeldint,

Norm Mitotic Extra Large
arrest septa nucleus
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septation are separable and that the former is dependent on A, plo1YQL508AAA /plo1A
integrity of all of the polo boxes but the latter is not. Mutations

in any one of the three polo boxes led to an identical effec
suggesting that the polo boxes may act as a single functior
unit.

On the other hand, mutations in the kinase domain of Plo
result in the opposite effect. We tested various mutation
(K69R, K69Q, D181R, D181N, E193V, and T197V) in
conserved residues that are known or thought to be importa
for the activity of polo kinases. All of the mutants in the
catalytic domain resulted in mitotic arrest and, in some B. ploTDHKG625AAA /plo1A
cases, lack of septum upon overexpression (Fig. 2E,L
Immunostaining indicated that the mitotic arrest was
associated with monopolar spindles in all kinase domai
mutants (Fig. 2G-I). As one of the mutants (PIo1K69R) ha:
been shown to have no or little kinase activity (Tanaka et al
2001), this is likely to be due to dominant negative effect:
caused by overexpression of inactive (or less active) kinas
To test whether the mitotic arrest was due to activation ¢
the SP'”F“e Check_pomt, PIOlKGQR was overp_rod_uced In th?ig. 3. Mutations in the polo boxes disrupt Plo1 function in vivo.
checkpoint-defectivenad2deletion mutant. Inactivation of the pjp|oid strains were constructed in which one copplot* is
spindle checkpoint completely abolished the mitotic arresgisrupted by théis3" gene anglol mutant gene marked with the
upon overexpression of kinase domain mutants, and insteaeh4" gene is integrated at one of kel loci. The diploids were
gave rise to cells with large nuclei probably resulting from aporulated and germinated under the selective condition (—His —Ura),
continuation of the cell cycle without nuclear division (Fig.which allows the growth of only thelo1 disruptant expressing
2L). mutantplol genes. Cells were fixed and stained with DAPI. gks)L

We also examined whether this dominant negative effect idisruptant cells expressimiplYQLS08AAA(B) plol disruptant
dependent on intact polo boxes. Mutations in either polo bo%E!!S expressinglo1DHK625AAABoth types of cells exhibit
1 (YQL508AAA) or 3 (DHK625AAA) completely abolish the Similar cytological defects to th#ol disruptant. These defects

ff f . f . ive Ki Plo1K69R (Fi include mitotic arrest with overcondensed chromosomes (left
effects of overexpression of an inactive kinase Plo ( 'Qbanels), disorganised septum (middle) and a failure of septation

f2F),t_00nfirming the importance of polo boxes for filel (right). Round cells seen in B are ungerminated spores. BEm10
unction.

2

to fully complement the lethality of the disruptant. On the other

Polo boxes are required for cellular function hand, complementation was abolished by mutations in the
To determine whether thplol mutants we created retain kinase domain (K69R, D181R, D181N, T197V and E193V)
function in vivo, we first tested complementation oplal  or the non-catalytic domain (YQL508AAA, DHKG625AAA,
disruptant using plasmid shuffling. In these experiments, wé-633, 1-583 and 1-533). Cytological examination of
first constructed plol disruptant plol::his3") which contains  germinating spores indicated that 50%-90% of disruptant cells
a wild-type copy ofplol" (pURAplol*) on aura4* marked expressing these mutant genes exhibited similar defects to
plasmid and mutarplol (pPREPDlo1*) on aLEU2 marked those seen in @lol disruptant (Fig. 3A,B). These include
plasmid. We then assayed the ability of pREB1* to support  septation defects (either a lack of septation or the formation
the growth of theplol disruptant when pURPBlo1* is lost  of defective septa) and mitotic arrest. Multiple septation or
(selectable by 5-FOA which kills Utaells). untimely septation, which is typical upon overexpression of

The wild-typeplol gene was able to fully support the growth plol*, was not observed. As a control, less than 5% of
of a plol disruptant. Various mutants in the kinase domairdisruptant cells expressing the wild-type gene show
which we tested (PlolK69R, K69Q, D181R, T197V, andabnormalities upon spore germination. It is clear then that all
E193V) supported little or no growth of the disruptant. Mutantghree polo boxes of Plol, in addition to the catalytic domain,
in the non-catalytic domain also failed to support the growtlare required for cellular function of the protein. The fact that
of the disruptant (W497F, G505A, YQL508AAA, FN519AA, mutations in different polo boxes resulted in the same
YM572AA, DHK625AAA, 1-633 and 1-583). consequences is consistent with the idea that polo boxes

In the above experiments it was not possible to contrdiogether form one functional unit.
expression levels accurately or to observe cytological
phenotypes. Therefore we examined whether expression of ) o o
these mutants at wild-type levels from an integrated copy cahhe non-catalytic domain is sufficient for cell-cycle-
support growth of glol disruptant. The viability ofplol  regulated localisation of Plo1 to the SPBs
disruptants carrying integrated HA-tagged mufalotl under  The effect of the mutations on the cellular localisation of Plol
the control ofnmt41 which results in expression at a level protein was tested in vivo by GFP tagging of the mutant
comparable to the native promotor (Mulvihill et al., 1999) (Fig.proteins at the N-terminus. Mutatptbl genes fused in frame
4E), were assayed through spore germination (see Materialth the GFP gene were expressed under the control of an
and Methods). Wild-typelol expressed in this way was able attenuatechmtl promoter from a copy integrated at tleeil
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SPB localisation. (A-C) Autofluorescence of
the merge panel. (A) GFP-Plolbcalises to the C. GFP-Plo1DHK625AAA

GFP-tagged Plol mutant proteins (green) and
SPB in late G2 or early in mitosis before SPB
anaphase (cell on left). Newly divided cells do - - -

A. GFP-Plo1*
immunostaining of the SPB component Sadl
separation (cell on right) and remains there
not have GFP signals on SPB. Localisation to the GFP-Plo1 Plol SPB DNA

Fig. 4. The non-catalytic region is sufficient for B, GFP-Plo1K69R

(red) and DNA (blue) are shown. Co-localisation - -
of GFP-Plol and Sadl signals is seen in yellow i

throughout metaphase to anaphase (cell in

middle), gradually becoming weaker late in

actin ring or mitotic spindle is not detected using

this construct. Bar, 1am. (B) GFP-PIo1K69R is o @
indistinguishable from GFP-Plo1. (C) GFP- e 28 8
Plo1DHK625AAA uniformly localises to the g o 2 g
cytoplasm throughout the cell cycle. This E - X E 25
localisation pattern was common to all polo box R e RE R

point mutants and truncations. The integrity of all € g daadad

polo boxes is therefore required for localisation S BB G 6 &

to SPBs. (D) The non-catalytic domain of Plol is 100 $-0.- o. 12[5)3.

sufficient for cell-cycle-regulated localisation to o O, “Q o o T — GFP-Plo1*
the SPBs. Small early G2 cells expressing GFP- ~ | () o’ 83 " = = = —— = Plo1
Plo1.313-683 were collected by centrifugal D) d-" 62 .

elutriation and then cultured in minimal media at H 47.5° 4

30°C. Samples were taken every 20 minutes for o

examination of GFP signals on SPBs (one or two)

under a fluorescent microscope. In the upper 38 3%

panel, percentages of cells with no GFP foci, one g - T - =

foci and two foci were represented by open 285 & 5 o

circles, closed squares and open triangles, ava o aad
respectively. The septation index is shown in the & Q ol ol ol T

lower panel. (E) Expression of GFP-tagged 50 - 0" 00 OO0

mutant Plo1 proteins assayed by western blotting % D 1753.

using a Plol1 antibody. The amounts of the GFP- -_—— TGFP-Plo1”
tagged proteins are comparable with endogenous 83 - = S — Plo1
Plo1 protein except Plo1.1-483 and Plo1.473- ek

683, which were not detectable. 0 1 2 3 4hr Y58 1~

locus of wild-type cells. Wild-type Plol tagged in this way iscollected by centrifugal elutriation. These synchronised cells
expressed at a level comparable to the endogenous protein amere cultured and samples taken at regular time intervals. Like
displays cell cycle localisation identical to the endogenousvild-type Plol, GFP-Plo1.313-683 accumulates at SPBs in late
protein (Mulvihill et al., 1999). In the case of catalytically G2 or very early mitosis before separation of SPBs (where only
inactive Plol (Plo1K69R), localisation has been shown to bene SPB signal is visible) and remains on SPBs as they
unaffected by the mutation (Tanaka et al., 2001). separate (two SPB signals) until late anaphase (Fig. 4D).
There were no differences observed between localisation afnfortunately, as a protein consisting of just the polo box
kinase domain mutants (GFP-PIo1K69R and T197V) and wilddomain of Plol (GFP-Plo1.472-683) was not detected by
type protein. Like wild-type (Fig. 4A), GFP-PIo1K69R and immunoblotting (Fig. 4E), it could not be determined if this
GFP-Plo1T197V localised initially to unseparated SPBs andegion of the protein alone is sufficient for cell-cycle
remained there before becoming weaker during anaphase (Figcalisation to the SPBs. However, these results indicate that
4B). This prompted us to examine whether the entire catalytihe non-catalytic domain of Plol is sufficient for cell-cycle-
domain is dispensable for cell-cycle regulated localisat®  regulated localisation to the SPBs.
constructed a strain expressing GFP fused to the non-catalyticln contrast, localisation to the SPBs was abolished in all of
domain of Plol protein (GFP-Plo1.313-683). GFP-Plo1.313the non-catalytic domain mutants tested (W497F,
683 localises to the SPBs in a similar manner to GFP-Plo1. T6QL508AAA, DHK625AAA, 1-633, 1-583, 1-533). This was
follow this localisation pattern as cells progress through theot due to differences in the amount of GFP-Plol proteins, as
cell cycle, newly-divided short cells (early G2 cells) wereall except Plo1.1-483 and Plo1.472-683 (not included in our
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Table 2. Two-hybrid interactors of Plol

Interactior

First Plo1K69R, YQL508AAA, DHK625AAA,
Name residue* Conserved mdtif Plo1 313-683 1-633,1-583,1-533
Cut23 D16 TPR (174-525) + + -
Dmf1/Mid1 R124 + + -
Sum2 M1 + + -
Sckl C464 Protein kinase (302-563) + + -
Abp2 A259 + + -
SPAC1006.03c 1270 Coiled-coil (1-40, 350-390, 480-520) + + -
SPAC6B12.08 N41 DnaJ domain (5-70) + +
SPAC26H5.05 S533 Ankyrin repeat (853-938) + +

*The first residue encoded by the shortest two-hybrid clones.
fRegions containing the conserved motifs are indicated in parentheses.
*Interaction with wild-type and Plo1 mutant proteins. (+) interaction. (=) no interaction.

cytological analysis) were detected at comparable levels to thatessential for interaction with all of the proteins identified in our
of untagged Plo1 by immunoblotting using an antibody againsicreen. This suggests that the polo boxes together form a domain
the non-catalytic domain of Plol (Fig. 4E). which interacts with multiple proteins.

In summary, SPB localisation is dependent on the polo boxes

and the non-catalytic domain of Plol is sufficient for its cell- _ o o
cycle-regulated localisation. The polo boxes are crucial for determining the specificity

of protein interactions

) . ] o Our site-directed mutagenesis of conserved amino acids
Plol interacts with multiple proteins in a polo-box- indicated that the polo boxes are essential for the interaction
dependent manner with all of the proteins we examined. It is not clear, however,
Protein protein interactions may play an important role in PloWhether the polo boxes determine which proteins interact with
function. To identify proteins potentially interacting with Plo1, Plol. To gain an insight into this issue, we attempted to isolate
we carried out a two-hybrid screen of a mit@tgpombe&DNA  mutations inplol which specifically disrupt interactions with
library using full length Plol as a bait. Positive two-hybridonly a subset of proteins by random mutagenesis.
interactors included known interactocsi23anddmfl/mid}, The entireplol gene was randomly mutagenised by PCR
genes previously described in another contexin2 sckland  and cloned into a bait plasmid in yeast by gap repair. In this
abp2(Forbes et al., 1998; Jin et al., 1995; Sanchez et al., 1998&kperiment, the mutation rate assayed by sequencing was
and previously uncharacterised genes (Tablec@)23 and roughly 1 point mutation in every 1 kb. These mutant genes
dmfl/midl encode a subunit of the anaphase promotingvere simultaneously tested for interaction against four of the
complex, and a protein which localises to the pre-division sitévo-hybrid interactorsqut23 dmfl/mid1, SPAC1006.03and
and is required for correct septum positioning, respective\sPAC6B12.08by mating individual yeast strains containing
Both gene products have been shown to functionally anchutantplol with other yeast strains containing different prey
physically interact with Plol (Bahler et al., 1998; May et al. plasmids (see details in Materials and Methods).
2002).sum2 scklandabp2encode a protein which may have Of 1035 potential mutants tested, 60% were positive for
a role in G2/M transition, a non-essential protein kinase anihteraction with all (except the empty activation domain vector
a putative ARS-binding protein, respectively (Forbes et al.control), 29% did not interact with any of the prey constructs
1998; Jin et al., 1995; Sanchez et al., 1998). The followingnd 11% displayed differential interactions (i.e., interact with
three genes are previously uncharacterised but encode protegmsne but not others). Among mutants which displayed
which have structural motifs or limited homologies to otherdifferential interactions, the protein interaction profiles did not
proteins —SPAC1006.03¢containing predicted coiled-coil show atendency for any two of the interactors behave similarly.
regions), SPAC6B12.08 (with a Dna-J domain) and To determine which residues are responsible for the
SPAC26H5.0%containing ankyrin repeats). specificity of the protein interactions, we sequenced some of

Cut23 and Dmf1/Mid1 have been shown to interact with Plothe mutants which display differential interactions. All of these
through the non-catalytic domain (Bahler et al., 1998; May et almutations mapped within or close to the polo boxes, except
2002). To identify the region of Plo1 that mediates the interactiothose disrupting the interaction with SPAC6B12.08 (Fig. 5B),
with each interactor we have isolated, we tested each of themdicating that the polo boxes play a crucial role in determining
against various Plol mutants in a directed two-hybrid assagrotein interactions. At least three mutations which disrupt
Without exception, these interactors were all able to interaéhteraction with Cut23 mapped in three different polo boxes,
with the dead kinase mutant (Plo1K69R) and Plol lacking theonfirming the view that the polo boxes together form one
entire kinase domain (Plo1.313-683). On the other hand, amomain. Those mutations which disrupt the interaction with
of the mutations in the non-catalytic domain that we teste&PAC6B12.08 mapped in a cluster of residues in subdomain X
(YQL508AAA, DHKB625AAA, 1-633, 1-583, 1-533) abolished of the catalytic domain (K251E, 1252T and S256P). As the
the interaction with all of the two-hybrid interactors (Table 2).entire catalytic domain including subdomain X is dispensable
This indicates that the non-catalytic domain is sufficient for thdor the interaction with SPAC6B12.08, this may be due to
two-hybrid interactions, and that the integrity of the polo boxestereo-hindrance caused by a structural change.



1384 Journal of Cell Science 116 (7)

A
= = (O

mutagenic

PCR N\ ¥

B

Vector only
Cut23

Dmfl
SPAC1006.03c
SPAC6B12.08

"I' Plo1l
N S+
S256P

+
+
+
+
+

interactors

\AAA/

+++ +H+ -

e N
K;?lE
B s e o -

+++ HHE -

5@

F493L
(SRR TN - 4+ -

V498A
. (s BN - +++ + + ++
Mating

R605P
Eamas-T | X - + +++ +++ +++
- All interactions L565F
- No interactions s IO - + 44+ 4+
s V533A
(s BN - + ++  +++ +
Fig. 5.Polo boxes play a crucial role in determining the protein interactions. (A) A schematic diagram of the experimental desigy to id
plol mutants that disrupt a subset of interactions (see Materials and Methods for detgilp1Tlyz=ne is randomly mutagenised by an error-
prone PCR (about one mutation per kb). Yeast strain L40 was co-transformed with the PCR product and a gapped bait vesqoe iSiest
shared between the ends of the bait vector and the PCR products allow gap repair in vivo to recreate bait plasmids pwiti vaviati®ns.
Each strain carrying mutagenisgid1 bait constructs was mated with Y187 strains carrying prey plasmids. The two-hybrid interaction was
assessed by expression of Hi&3reporter gene. Plasmids were isolated from strains of interest, re-transformed to confirm the interaction
pattern by expression of another repolae?, and sequenced to determine the mutation site. (B) Sequence analysis of some Plol mutants that

show differential interactions. Most of the mutations mapped in the polo boxes, which suggests that polo boxes aredeterialifiong
protein interaction. — (no or marginal interaction) < + (weak) < ++ (intermediate) < +++ (interaction at same levels ps Wity

1] (C

We hoped that mutations which differentially affect proteinpolo boxes consisted of functionally separable domains. In our
interactions might disrupt a subseptdl functions in vivo. We  mutational study we address this question by making a series
tested complementation ofpdol disruptant by expression of of point mutations and truncations in the non-catalytic region,
these mutant genes from an integrated copy in the genomia.particular at conserved residues within the polo boxes. The
None of these mutants were able to fully support the growth déinctions or activity of these mutants were examined by
a plol disruptant. Further cytological analysis did not reveaffour assays — overexpression effects (two functions could be
defects specific to each of the mutants, perhaps reflecting tdetermined), complementation of a disruptant (three functions),
fact that Plol is likely to interact with a number of other proteindocalisation and protein interaction (with multiple interactors).
in vivo and that in no case merely a single interaction wagll of these assays show that various mutations in the polo
compromised by the mutations. Nevertheless, our screen fboxes and serial truncations from the carboxy terminus produce
differential two-hybrid interactions highlights the importance ofindistinguishable results, indicating that the polo boxes form
the polo boxes for determining protein interactions. one single functional domain.

Our functional study is consistent with a very recent structural
. . study of the Sak polo-box domain (Leung et al., 2002). It
Discussion _ _ suggests that this part of the polo-box domain (equivalent to polo
Polo boxes form one functional domain box 1 and 2) autonomously folds and can interact with the
The role of the polo boxes has been studied previously by siteecond polo box domain (equivalent to polo box 3 and the C-
directed mutagenesis in budding yeast and mammalian culturégrminal tail) to form a putative ligand-binding domain.
cells (Lee et al., 1998; Lee et al., 1999; Seong et al., 2002; Song
et al., 2000). In these studies, only one or a few mutations were
made and a single function was assayed in vivo. Therefore folo boxes are essential for cellular function
was unclear whether the non-catalytic domain containing thgpon overexpression gflol, mutations in the polo boxes do
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not affect induction of septation but abolish the ability tospecificity. Alternatively they may simply facilitate folding of
interfere with spindle formation. This is the first example thathe domain to allow intervening sequences to recognise target
polo box mutations exhibit distinct effects on two functions ofproteins. We have isolated mutations which disrupt only a
polo-like kinase. The opposite effects of mutations in either theubset of protein interactions. These mutations mapped mostly
kinase domain or in the polo boxes upon overexpressipiodf  within or close to the polo boxes, despite the fact that the polo
indicate that the polo boxes are not simply required for kinaseoxes occupy less than 20% of the non-catalytic domain.
activity. In mammalian cells, carboxy terminal truncations ofTherefore it is possible that the polo boxes play a crucial role
polo-like kinase resulted in an increase in overall kinase activitin determining the specificity of protein interaction.
(Jang et al., 2002; Mundt et al., 1997). Our preliminary results
confirmed that polo box mutants retain cell cycle regulated ] . .
kinase activity in fission yeast (N.R. and H.O., unpublished). Plol-interacting proteins
In contrast to the overexpression assay, replacement of wildhe two-hybrid interactors that we isolated include two
type plol gene by mutants indicated that the polo boxes arpreviously identified interactors, Dmfl/Midl and Cut23.
essential for at least three detectable functions of Plol kina&mf1/Mid1 is a medial ring protein required for positioning of
in vivo. These functional studies suggest that the catalytic arttie division site and Plol has been shown to interact with it
non-catalytic domains work in concert but that the requiremerdnd to be required for its localisation (Bahler et al., 1998).
for the polo boxes is not simply a requirement for catalytidmission yeast Cut23 is a subunit of the APC/C which interacts
activity. with Plol, and a mutation in Plol which compromises that
interaction fails to activate APC mediated proteolysis (May et
_ o al., 2002). Therefore at least some of the two-hybrid interactors
A role for polo boxes in localisation to we isolated have strong functional connections with Plol
centrosomes/SPBs kinase.
So what is the role of the polo boxes? It has been shown in Although the other two-hybrid interactors we have isolated
S. cerevisiag S. pombge X. laevis, D. melanogasteand have not yet been shown to have a clear functional relationship
mammalian cultured cells that polo kinases localise to theith Plol kinase, our preliminary results indicate that at least
centrosomes/SPBs in a cell cycle regulated manner and thate of them (SPAC1006.3c) are indeed co-immunoprecipitated
mutations in the polo boxes abolish this localisation (Bahler ewvith Plol (N.R. and H.O., unpublished). Moreover, some
al., 1998; Golsteyn et al., 1995; Lee et al., 1998; Logarinho argtudies, although limited, may suggest possible connections
Sunkel, 1998; Moutinho-Santos et al., 1999; Mulvihill et al.,between some of the interactors and Plo1 function. For example,
1999; Shirayama et al., 1998; Song et al., 2000). In mammaliaumZ (suppressor of uncontrolled mitosis) is implicated in the
cultured cells, the non-catalytic domain alone has been shov®2/M transition, as it was originally isolated as a suppressor
to be sufficient for the localisation (Jang et al., 2002). of cdc25 overproduction (Forbes et al., 1998). Abp2 was
Consistently, in fission yeast it has been shown that a kinaseiginally identified as a putative ars binding protein, but the
inactive mutant can localise to the SPBs (Tanaka et al., 200eletion mutant shows aberrant chromatin and septal structures
Here we show that the polo boxes are essential, and tlaad fails to arrest cell cycle when replication is inhibited
non-catalytic domain is sufficient for cell-cycle regulated(Sanchez et al., 1998). Further detailed study of these two-hybrid
localisation of Plol to the SPBs. Therefore at least onmteractors will reveal the significance of these interactions.
molecular role of the polo boxes is to form an autonomous In other organisms, several mitotic proteins, such as human
domain which directs cell cycle regulation of SPB localisationTCTP, Drosophila Asp, XenopusCdc25C, budding yeast
septins and tubulins, have been shown to physically interact
) o ) with polo kinase. TCTP is a microtubule associated protein
Role of polo boxes in protein interactions which is phosphorylated by Plk1 kinase. Overexpression of a
Although this and previous studies have identified a role for theon-phosphorylatable form disrupts nuclear division (Yarm,
polo box domain in localisation to the SPB/centrosome, our stud¥002). Asp is another microtubule associated protein which
suggests that the polo box domain is likely to play a more generial implicated in microtubule assembly from centrosomes
role, which is to mediate interaction with multiple proteins. It hagGonzalez et al., 1990; Wakefield et al., 2001). Asp interacts
been suggested that localisation is required for polo kinagghysically with polo kinase and phosphorylation by polo
function based on the observation that mutations in the polo boxkmase is required for its activity (do Carmo Avides et al., 2001;
disrupt both localisation and in vivo function (Lee et al., 1998Gonzalez et al., 1998). Septins are required for cytokinesis
Song et al., 2000). In the light of our findings, more caution ign budding yeast and have been shown to interact with the
necessary to interpret these results as polo box mutatiobsdding yeast polo kinase Cdc5p both physically and
simultaneously disrupt interaction with many proteins. functionally (Song and Lee, 2001). In most cases, these
Site-directed mutagenesis in any individual polo boxinteractions were mediated entirely through the non-catalytic
disrupts all of the functions and protein interactions of Ploddomain with the exceptions of the tubulins (Feng et al., 1999)
kinase that we have examined. Therefore it is unlikely that eadnd GRASP65 (Lin et al., 2000). Therefore protein interactions
polo box forms a distinct subdomain which interacts with ahrough the non-catalytic domain are likely to play a crucial
different set of proteins. Most likely, the polo boxes togetherole for polo kinase function in general.
form one protein interaction domain.
Then how do the polo boxes participate in protein-protein . ) .
interactions? It is possible that the polo boxes directlynteractions with multiple cell cycle regulators
recognise interacting proteins and thereby determin&@hen what are the roles of these protein-protein interactions?
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It is possible that some of the interactors are substrates of pateng, Y., Hodge, D. R., Palmieri, G., Chase, D. L., Longo, D. L. and Ferris,
kinase. As the region of the protein required for protein-protein D. K. (1999). Association of polo-like kinase with alpha-, beta- and gamma-

; ; ; ; ; i« i tubulins in a stable compleBiochem. J339 435-442.
interactions is separate from the catalytic domain, this IS rbes, K. C.. Humphrey, T. and Enoch, T(1998). Suppressors of cdc25p

_un“_kew to be a S|r_nple_ SUbStrate/km_ase Interaction. Rathe'fv It overexpression identify two pathways that influence the G2/M checkpoint
is likely that physical interactions via the polo box domain in fission yeastGeneticsl50, 1361-1375.
act as a ‘docking’ mechanism to enhance the efficiency oflover, D. M., Ohkura, H. and Tavares, A.(1996). Polo kinase: the

substrate recognition. If the role of an interaction is in docking, choreographer of the mitotic stage?Cell Biol. 135 1681-1684.

. . over, D. M., Hagan, I. M. and Tavares, A. A(1998). Polo-like kinases: a
the interactor does not have to be a direct substrate of po(i; eam that plays throughout mitosienes Devi2, 3777-3787.

kinase. The interactors can act as ‘adaptors’ which bringoisteyn, R. M., Mundt, K. E., Fry, A. M. and Nigg, E. A.(1995). Cell

substrate and kinase together by interacting with both polo cycle regulation of the activity and subcellular localization of Plk1, a human
kinase and particular substrates. protein kinase implicated in mitotic spindle functidnCell Biol.129, 1617-

It is also possible that these interactors may act as regulatqgglfzzjézy C.. Saunders, R. D., Casal, J., Molina, I, Carmena, M., Ripoll,

to influence kinase activity directly, either positively or "p and Glover, D. M.(1990). Mutations at the asp locus of Drosophila lead
negatively. Indeed polo kinase is catalytically activated in a cell to multiple free centrosomes in syncytial embryos, but restrict centrosome

cycle regulated manner. However, our preliminary results duplication in larval neuroblasts. Cell Sci.96, 605-616.

suggest that Plol kinase which has mutated polo boxes sffipnzalez, C., Sunkel, C. E. and Glover, D. M(1998). Interactions
between mgr, asp, and polo: asp function modulated by polo and needed

gxh|blts cell _cycle regulation, suggesting its catalytic activity ;" maintain the noles of monopolar and bipolar spindit¥omesoma
is regulated in other ways. 107, 452-460.

Polo kinases exhibit multiple functions at different stages orallert, A. and Hagan, I. M. (2002). Schizosaccharomyces pombe NIMA-
mitosis. Cell cycle regulation of kinase activity alone may not related kinase, Finl, regulates spindle formation and an affinity of Polo for

- - . . 1. the SPBEMBO J.21, 3096-3107.
be sufficient to achieve this complex task. Interaction Wltmagan, I. and Yanagida, M.(1995). The product of the spindle formation

multiple mitotic re9U|at0r3 may provide means for Comp|e>§ gene sadl+ associates with the fission yeast spindle pole body and is
temporal and spatial regulation of polo kinase, perhaps via essential for viabilityJ. Cell Biol. 129, 1033-1047.
independent control of interaction with individual proteins.Herrmann, S., Amorim, I. and Sunkel, C. E.(1998). The POLO kinase is

Therefore the characterisation of these interactors and arfeduired at multiple stages during spermatogenesis in Drosophila
melanogasteiChromosomadl07, 440-451.

analysis of their mode of interaction will be crucial to Jang, Y., Lin, C., Ma, S. and Erikson, R. L.(2002). Functional Studies on

understanding the function and regulation of polo kinase in the role of the C-terminal domain of mammalian polo-like kin&sec.
Vivo. Natl. Acad. Sci. USA9, 1984-1989.
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