RESEARCH ARTICLE 2095

The non-catalytic domain of the  Xenopus laevis
auroraA kinase localises the protein to the
centrosome

Régis Giet* and Claude Prigent #

Groupe Cycle Cellulaire, UMR 6061 Génétique et Développement, CNRS — Université de Rennes I, IFR 97 Génomique Fonctionnelle et Santé,
Faculté de Médecine, 2 avenue du Pr Léon Bernard, CS 34317, 35043 Rennes cedex, France

*Present address: University of Cambridge, Department of Genetics, Downing Street, Cambridge, CB2 3EH, UK
*Author for correspondence (e-mail: claude.prigent@univ-rennes1.fr)

Accepted 15 March 2001
Journal of Cell Science 114, 2095-2104 (2001) © The Company of Biologists Ltd

SUMMARY

Aurora kinases are involved in mitotic events that control — microtubule-dependent manner. When expressed in
chromosome segregation. All members of this kinase XenopusXL2 cells, it is able to target the green fluorescent
subfamily possess two distinct domains, a highly conserved protein to centrosomes. Surprisingly, this is also true of the
catalytic domain and an N-terminal non-catalytic extension pEg2 catalytic domain, although to a lesser extent. The
that varies in size and sequence. To investigate the role of centrosome localisation of the N-terminal peptide was
this variable non-catalytic region we overexpressed and disrupted by nocodazole whereas localisation of the
purified Xenopus laeviswroraA (pEg2) histidine-tagged N-  catalytic domain was not, suggesting that in order to
terminal peptide from bacterial cells. The peptide has no efficiently localise to the centrosome, pEg2 kinase required
effect on the in vitro auroraA kinase activity, but it inhibits ~ the non-catalytic N-terminal domain and the presence of
both bipolar spindle assembly and stability inXenopusegg  microtubules.

extracts. Unlike the full-length protein, the N-terminal

domain shows only low affinity for paclitaxel-stabilised

microtubules in vitro, but localises to the centrosomes in a Key words: AuroraAXenopusCentrosome, Spindle, Localisation

INTRODUCTION impart a transformed phenotype (Sen et al., 1997; Bischoff et
al., 1998; Zhou et al., 1998; Tatsuka et al., 1998; Tanaka et al.,
Aurora serine/threonine kinases control multiple mitotic event4999). Although the other two human kinases have also been
necessary for proper chromosome segregation (Bishoff arffdund to be overexpressed in various cancer cells, the
Plowman, 1999; Giet and Prigent, 1999 for review). While onlyrelationship between the cancer state of the cells and the
one kinase is present in yeast, three different aurora kinasegerexpression of the kinase is unrelated (Tatsuka et al., 1998;
have been found so far in mammalian cells (Francisco et aKimura et al., 1999).
1994; Shindo et al., 1998; Prigent et al., 1998; Bernard et al., AuroraB localises to the midbody and its activity is required
1998). The three kinases fulfil different functions duringfor cytokinesis (Tatsuka et al., 1998; Terada et al., 1998;
mitosis. AuroraA is involved in centrosome separation, whictBischoff et al., 1998; Shindo et al., 1998). th Elegans
is a prerequisite for the formation of the bipolar mitotic spindleauroraB (Air-2) phosphorylation of histone H3 serine 10 is
(Glover et al., 1995; Roghi et al., 1998). The activity of thisnecessary for its mitotic functions (Hsu et al., 2000). Although
kinase is also necessary for maintaining the stability of thel3 is the only known substrate of auroraB, many interacting
spindle (Giet and Prigent, 2000), presumably because [iroteins have been identified. AuroraB is a chromosome
phosphorylates the kinesin-related protein XIEg5 (Giet et alpassenger, and is targeted to the central spindle by interacting
1999). InXenopusoocyte, auroraA (pEg2) has been reportedwith INCENP (Adams et al., 2000; Kaitna et al., 2000); its
to be the first kinase activated during progesterone-inducddcalisation depends also on the presence of a survivin-like
maturation (within 30 minutes) and to phosphorylate CPEBRrotein (Speliotes et al., 2000) and it seems to interact with a
(cytoplasmique polyadenylation element binding protein)mitotic kinesin-like protein involved in cytokinesis (Severson
necessary for the polyadenylation and the translatiammafs et al., 2000).
MRNA (Andresson and Ruderman, 1998; Mendez et al., 2000). AuroraC also localises to the centrosome but only during
The situation needs to be clarified, however, because in oanaphase, and its function remains to be determined (Kimura
hands the kinase is not activated until the time of GVBDet al., 1999). Several studies have reported an exclusive
(Germinal Vesicle Break Down), which occurs several hourgiermline expression for auroraC (Bernard et al., 1998; Tseng
after progesterone activation (Franck-Vaillant et al., 2000). Thet al., 1998; Hu et al., 2000).
human kinase auroraA is overexpressed in various humanThe three human kinases share a very conserved C-terminal
cancers and overexpression in cultured cells is sufficient tocatalytic domain but each of them possesses an N-terminal
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domain that is different in size and in sequence (Giet anshethods (Harlow and Lane, 1988). Antibodies fixed to the beads were
Prigent, 1999). The non-catalytic domains of protein kinasewashed with PBS (136 mM NaCl, 26 mM KCI, 2 mMN&Q4, 2

fulfil at least two functions in vivo: to regulate the kinaseMM KH2PQu, pH 7.2) and eluted with 100 mM glycine, pH 2.9, and
activity and to localise the protein. Regulation of the catalyti¢he fractions were collected in tubes containing 0.1 volume of 1 M
activity via the non-catalytc domain is found in Tris/HCI, pH 10. The antibodies were then diluted in 10 mM H_epes,
calcium/calmodulin kinases (CaMK) (Parissenti et al., 1998100 MM KCland 2 mM MgGl and concentrated using a centricon

) N (Amicon) to 3-4 mg/ml. Antibodies were stored at —80°C. The
Pearson et al., 1988; Goldberg et al., 1996), protein kinase Ly anti-XIEg5 polyclonal antibody was a gift from Dr Anne

(PKC) (House and Kemp, 1987; Newton, 1995; Parissenti §fangy. The rabbit antj-tubulin polyclonal antibody was a gift from
al., 1998; Makowske and Rosen, 1989) and polo-like kinas@sy Michel Bornens (Institut Curie, Paris, France). The mousefanti-
(PLK) (Mundt et al., 1997; Lee and Erikson, 1997). Non-tubulin monoclonal antibody (clone Tub2.1) was purchased from
catalytic domains of protein kinases also serve as localisatidigma Chemicals.

domains to target the catalytic activity to restricted areas of the )
cell with precise timing during cell cycle progression. TheCell culture and transfection .

localisation domain can be an associated protein, as for cAMPOr indirect immunofluorescence = studieXgnopus XL2 cells
dependent protein kinases (PKA) (Chen et al., 1997; Miki anfmbryonic cell line) (Anizet et al., 1981) were cultured on glass
Eddy, 1998) and the cyclin-dependent kinases (cdk), (Ooka{:é)versllps as previously described (Uzbekov et al., 1998). Cells were

/ - ; : washed with PBS, fixed in cold methanol (6 minutes at —20°C) and
etal, 1995; Cassimeris et al., 1999; Jackman et al., 1995), Qbred at-20°C until used. For transfection, XL2 cells were

the non-catalytic domain of the kinase, as in, for example, thg ncuitured on 22-mm diameter glass coverslips in 60-mm plastic
polo-like kinases (Glover et al., 1998; Lee et al., 1998; Arnau@betri dishes, and transfection was carried out using Transfast
et al., 1998; Song et al., 2000). transfection kit from Promega following the manufacturers
There is circumstantial evidence that the localisation of thastructions. The cells were cultured for 36 hours post-transfection
aurora kinase proteins may depend upon the non-catalyticior to fixation.
domain of the kinase. The expression of human auroraA in tQ:? I . .
urification of recombinant proteins

yeast Ipl1ts mutant aggravated the Ipll phenotype at th ) , _ )
All recombinant proteins were expressed B coli strain

. is
permissive temperature, whereas fpél®™ phenotype was BL21(DE3)pLysS. Histidine-tagged pEg2 proteins were purified on

partially rescued by a hybrid kinase comprising the Ipl1p nonl'\li-NTA-agarose beads (Qiagen S.A.) as described previously (Roghi

ca_talytlc domain fused to the human auroraA c_ata_lyt|c doma@t al., 1998) and the pMAL peptide was purified on amylose resin

(Bischoff et al., 1998). These results seem to indicate that thgowing the manufacturer's instructions (New England Biolabs). For

human kinase N-terminal domain cannot be used in yeast. yse in spindle assembly and stability assays, proteins were diluted in
In this report, we have investigated the function of the nonto mm Hepes, 100 mM KCI and 2 mM MgCland concentrated

catalytic domain of th&Xenopus laeviauroraA kinase pEg2, using centricon 10 (Amicon) to 4 mg/ml. The proteins were then

which is the orthologue of the oncogenic human kinasstored at-80°C.

auroraA (aurora?). We present evidence that the N-termingl

domain is essential for the localisation of the kinase in the cell, Ot€in kinase assay _ _
The assays were performed in 0of 50 mM Tris-HCI, pH 7.5, 50

mM NaCl, 1 mM DTT, 10 mM MgCl and 10uM ATP containing
0.5 uCi of [y-32P]JdATP (3000 Ci/mmole; Amersham Pharmacia

MATERIALS AND METHODS Biotech) containing 200 ng of pEg2-(His)6 anggtof myelin basic
) protein (MBP) (Sigma Chemicals) in the presence of increasing
Constructions of vectors amounts of either pEg2-K/R-(His)6 or Nt-pEg2-(His)6 proteins. The

The sequence of the pEg2 N-terminal domain (Nt) was amplified byeactions were incubated at 37°C for 15 minutes, terminated by
PCR using two sets of primers containing restriction sites (underlinedddition of 10ul 2x Laemmli sample buffer (Laemmli, 1970) and
(1) 5-CCCTATCTCGAGGTCTTCCAGGCACC-3 (Nhd), (2) 5- heated at 90°C for 10 minutes. The proteins were then separated by
ATGGCTAGCGAGCGGGCTGTTAAGGAGAACC-3 (Xhd), (3) SDS-polyacrylamide gel electrophoresis. The MBP band was cut out
5-GTCGACGGRACCATAATGGAGCGGG-3 (Kpnl) and (4) 5 and the associated radioactivity determined by phosphoimager
GGTTGGATCCCGGAGTCTTCCAGGCACCATTG-3(Smd). The  counting (Molecular Dynamics).

sequence of the pEg2 catalytic-domain (Cd) was also amplified bX o

PCR using the following primers containing restriction sitesAffinity chromatography

(underlined) (5) 5TCGACGGTACCGATAATGGAAGACTTTGA- The recombinant proteins were overexpressed in a 1 | bacterial culture
AATAGGG-3 (Kpnl) and (6) 5>CGGTGGATCCCGGETTGGG-  and purified by affinity chromatography. The bacterial lysate was
CGCCTGGAAGGGG-3(Smd). The PCR productdNhd/Xhd) and loaded onto a 20Qul Ni-NTA agarose column following the
(Nt-Kpnl/Smad and CdKpnl/Smd) were directly introduced into manufacturer's instructions (Qiagen S.A.)). The column was
pGEM-T Easy vector (Promega). Thihd/Xhd fragment was then extensively washed with PBS and loaded with B0&f XenopusCSF
cloned in the pET21a(+) bacterial expression vector (Novagen Incéxtract prepared as previously described (Roghi et al., 1998). The
and theKpnl/Smad fragments were cloned in pEGFPN1 mammaliancolumn was again extensively washed with PBS, eluted using 250 mM

expression vector (Clontech). imidazole and 20Qul fractions collected. 200l 2x Laemmli buffer
o was added to each fraction and heated for 10 minutes at 90°C. Proteins
Antibodies were separated by SDS-polyacrylamide gel electrophoresis,

Two mouse monoclonal antibodies raised against pEg2-(His)6 weteansferred onto nitrocellulose membrane and identified by western
used. The 1C1 antibody recognises the endogenous pEg2 and tilet analysis.

recombinant histidine-tagged protein, while the 6E3 antibody only ]

detects the recombinant histidine-tagged proté@ist and Prigent, Western blot analysis

1998). Both 1C1 and 6E3 antibodies were affinity purified on proteirsDS-polyacrylamide gel electrophoresis and electrotransfer of
G-Sepharose beads (Amersham Pharmacia Biotech) using standardteins onto nitrocellulose were performed as previously described
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(Roghi et al., 1998). Membranes were blocked in TBST (20 mM Tris- For immunolocalisation experiments Menopusextracts, the
HCI, pH 7.5, 150 mM NaCl, 0.05% Tween 20) containing 5%extracts were diluted 50 times in 80 mM Pipes, 2 mM MgZimM
skimmed milk for 2 hours at 4°C, and incubated with the antibodieEDTA, 15% glycerol, loaded onto 4 ml of the dilution buffer and
in TBST containing 2.5% skimmed milk for 1 hour at 4°C. Both 1Clcentrifuged onto glass coverslips at 5@fbr 30 minutes at 23°C.
and 6E3 antibodies were used at 1:100 dilution and anti-XIEg5 at After 6 minutes post-fixation in methanol at —20°C the coverslips were
dilution of 1:1000. Immunocomplexes were identified using eithelincubated in PBS containing 3% BSA for 1 hour at 4°C, followed by
peroxidase or phosphatase-conjugated secondary antibodies (Sigara incubation with 6E3 monoclonal (dilution 1:50) or 1C1
Chemicals) and chemiluminescence (Amersham Pharmacia Bioteconoclonal (dilution 1:50) for 1 hour at 4°C in PBS containing 1%
according to the manufacturer’s instructions, or using NBT/BCIPBSA (PBS/BSA). After incubation with fluorescein isothiocyanate-

(Sigma Chemicals) as the phosphatase substrate. conjugated goat anti-mouse antibody (Sigma Chemicals) in PBS/BSA
] ] containing 0.5pug/ml Hoechst dye for 1 hour at 4°C, the reactions
Microtubule co-pelleting assay were mounted in PBS containing anti-fade and 50% glycerol and

100 ng of purified recombinant protein was incubated for 30 minutesbserved under a Leica DMRXA fluorescence microscope.

at 37°C in 5Qul of BRB80 (80 mM Pipes, 1 mM Mggll mM EGTA, o o

pH 6.8) containing 4 mM MgGJ 4 mM ATP, 4 mM GTP, 0.4ig/ul  Centrosome binding assay in vitro

bovine brain tubulin, 100 mM NaCl and 20M paclitaxel (in the  Sperm heads were incubated for 15 minutes at room temperature in

control experiment the bovine brain tubulin was replaced by bovinenitotic extract (high speed supernatant) containing 400l rod/Nt-

serum albumin). After centrifugation at 37°C on a BRB80 glycerolpEg2-(His)6. Microtubule nucleation was monitored using

cushion (BRB80, 50% glycerol, 10M paclitaxel, 2 mM GTP) at rhodamine-labelled tubulin. Samples were diluted 50 times in BRB80

100,000g for 20 minutes, the pellets were resuspended ipl6x containing 15% glycerol, centrifuged onto glass coverslips, fixed for

Laemmli sample buffer and 3@ 6x Laemmli sample buffer were 6 minutes in cold methanol and processed for immunofluorescence as

added to the 5QI supernatant. previously described. Endogenous pEg2 was detected with 1C1
Co-pelleting assays were performed in 200 of high speed monoclonal antibody and recombinant Nt-pEg2-(His)6 with 6E3

supernatant ofXenopus egg CSF extract containing ATPmix monoclonal antibody; Immunocomplexes were visualised using Texas

regenerator (10 mM creatine phosphatepg0nl creatine kinase, 2 Red-conjugated goat anti-mouse antibody. Centrosomes were

mM ATP, 1 mM MgC}), 250 ng of Nt-pEg2-(His)6 and 3tM of detected with a rabbit anyitubulin polyclonal antibody and with

paclitaxel or 10pg/ml nocodazole. After 30 minutes at 23°C, the fluorescein isothyocyanate-conjugated goat anti-rabbit antibody. DNA

reaction mixtures were centrifuged at 23°C through a BRB80 glyceralas stained with Hoechst. The same experiment was repeated in the

cushion at 100,009 for 20 minutes and the pellets and supernatanpresence of 2QM nocodazole.

fractions processed as described previously. The protein fractions

were heated for 10 minutes at 90°C, separated by SDS-

polyacrylamide gels electrophoresis, transferred onto nitrocellulos&
membranes and analysed by western blotting. ESULTS
Spindle assembly and stability assay The non-catalytic domain of the  Xenopus pEg2

Spindles were assembled as described previously (Roghi et al., 1998hase

_usingXer(ljopuseg%gFSF extract(sz.m?rifefly,lséperm nuclei (22?”’(‘;”9 J The N-terminal domains of the different vertebrate auroraA
Incubated In a extract or minutes at ° an H H H H

; " X . ¢ orthologues are similar (Fig. 1A). The N-terminal domain of
activated by the addition of Ca&D.4 mM). Bovine brain rhodamine- the Xe?lopus Iaeviskingalsg sh?’;\res 36% identity (50%

labelled tubulin from Tebu (0.4g/ml final concentration) was added . ~ .7~ - . :
to the extract to visualise the microtubules. After 60 minutes, thé'm'lanty) with the human N-terminal domain and 32%

extract was driven into mitosis and arrested in metaphase by ti@entity (46% similarity) with the mouse N-terminal domain.

addition of 2Qul of CSF extract containing 16 of purified Nt-pEg2-  The two mammalian kinase domains are more closely related,
(His)6 (400 ngdl final concentration) or 16ig of pMAL peptide.  64% of the amino acids are identical and they show 72%

Once metaphase plates had formed (60-70 minutes after addition siimilarity. This N-terminal domain is also highly enriched in
the CSF extract), samples were fixed and mounted in a solutidgasic residues and has a pHi of 10.1. The fact that the domain
containing 15 mM Pipes, 80 mM KCI, 15 mM NaCl, 5 mM EDTA, has been conserved throughout evolution indicates that it may
7.4% formaldehyde, 5 mM Mggl50% glycerol and g/l of bis-  haye a specific role and we investigated this function using
benzymide and a minimum of 100 nuclei were scored. Each,o N-terminal domain of th&enopus laevipEg2 kinase.
experiment was repeated 3 times. We first designed a recombinant histidine-tagged peptide

To examine bipolar spindle stability, fig of the purified
recombinant protein was added to fiDof a metaphase spindle [MASERAVKENHKP...EGKKKQWCLEHHHHHH],  Nt-

containing extract. After 60 minutes of incubation, nuclei were fixedPE92-(His)6, which we purified frork. coli. The peptide
mounted as described previously, and scored under a DMRX&Nds immediately before the start of the kinase catalytic
fluorescence microscope; the images were acquired with a black agd@main [e.g. DFEIGRPLGKGK...]. The apparent molecular

white camera and treated with a Leica-Q-Fish program. mass of the peptide on SDS-polyacrylamide gels was 22 kDa
o (Fig. 1B). To investigate the function of this domain we used
Indirect immunofluorescence the monoclonal antibodies 1C1 and 6E3 described previously

Green fluorescent protein (GFP)-transfected cells were fixed for %iet and Prigent, 1998). They were both raised against the
minutes in 75% methanol, 3.7% formaldehydex@®BS, washed for recombinant histidine-tagged PEg2 kinase. The 1C1 antibody
2 minutes with PBS containing 0.1% Triton X-100 and incubated foquetects both the endogenous and the r.ecombinant Kinase

1 hour in PBS containing 3% BSA at 20°C. Cells were incubated wit . :
the rabbit anti-tubulin antibodies (dilution 1:1000) for 1 hour at "WNereas the 6E3 antibody only detects the recombinant

20°C in PBS containing 1% BSAtubulin was detected as described Kinase (Giet and Prigent, 1998). Both antibodies behave
before using Texas Red-conjugated goat anti-rabbit antibody frofimilarly against Nt-pEg2(His)6 (Fig. 1C). The 1C1 antibody
Sigma Chemicals (diluted 1:1000 in PBS containing 1% BSA and 0.secognises both the endogenous pEg2 protein kinase (Fig. 1C,
pg/ml Hoechst dye). lane 2) and the Nt-pEg2(His)6 (Fig. 1C, lane 1). The 6E3
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Fig. 1. Sequence comparison of vertebrate auroraA kinaseA

non-catalytic domains, recombinat¢nopusauroraA N- X1 1 MERAVKENHK PSNVKVFHPM teGAKRIPVN QPQSTQGRPP VTAVSAQRIL
terminal protein (Nt-pEg2-(His)6) and antibody Mm 1 MDRC-KENCV SREVKTTVEF --GPERVLVT EQIPSQNLGS ASSGOAQRVL
specificity. (A) Sequence alignment of vertebrate auroraA #s 1 ESs-EEET ECENBARARV o-SEERNENT SOFECRNFLE ENEGIROENE
N-terminal domains. XIXenopus laevipEg2, GenBank GBSNVQRVL AQAQKP ol B _
accession no. 2177207 (Roghi et al., 1998); Muas ﬁ ié CPSN-SQRVP smég $§§----§3 :.:inswnw s:fm
musculuAlR1, GenBank accession no. U69106) (Shindo Hs 49  CPSNSSQRIP LQAQKLVSSH KPvgnqkgKQ LOATSVPHEV SRPLNNTQKS
et al., 1998); HsHomo sapienaurora2, GenBank

accession no. AF008551 (Shindo et al., 1998). Identical . o2 sEaE S Deepcaloamll ot Wt -
amino acids are shown in grey. (B) Nt-pEg2-(His)6 proteinus 99 KQPLPSAPEN NPEEELASKQ KN E ESKKRQWALE
was overexpressed i coliand purified by affinity

chromatography on a Ni-NTA agarose column. The B C

protein was eluted with 250 mM imidazole and

concentrated through a centricon 1Qul 28 ug) were ICI 6E3

analysed on a 20% SDS-polyacrylamide gel stained with 2& — — 9% —

Coomassie Blue. (C) Specificity of 1C1 and 6E3 45 — t — 66 —

monoclonal antibodies. 1l of a Xenopusgg extract pEg2 —p . 50 —

containing about 40 ng of endogenous pEg2 (lanes 2 and 34 =

4) or 40 ng of Nt-pEg2-(His)6 purified protein (lanes 1 and F — 34 -

3) were subjected to electrophoresis on a 20% SDS- ﬂ =\, W= € \t-pEg2-(His)6 > — 2 ——
polyacrylamide gel, transferred on nitrocellulose -~ = o5 -
membrane and probed with 1C1 (lanes 1 and 2) or 6E3 12 34

(lanes 3 and 4) monoclonal antibodies (dilution 1/100). :

The positions of molecular mass (kDa) markers in B and CCoorpa.sme Western Blot

are shown. Staining

antibody recognises only the recombinant Nt-pEg2-(His)@urthermore, immunoprecipitated endogenous pEg2 remains
protein (Fig. 1C, lane 3). This result indicates that the 1Cactive when attached to protein G-Sepharose beads (Giet et al.,
antibody recognises an epitope present in both endogenoli899). Together, these results indicate that the N-terminal
and recombinant protein kinases. The 6E3 antibodgomain of the kinase does not interfere with its catalytic
recognises an epitope, presumably in the amino-acidctivity. In agreement with this result we found that the N-
sequence of Eg2, that includes the sequence derived from ttegminal peptide does not associate with a known kinase
Nhd site used for the cloning. This antibody does notsubstrate such as the kinesin-like protein XIEg5 (Fig. 2B,
recognise the catalytic domain of pEg2 cloned in the sammiddle). This is not the case for either the full-length histidine-
Nhd site, nor does it recognise other histidine-taggedagged pEg2 that binds to XIEg5 (Fig. 2B, top) or for the
proteins. This epitope is not present in the endogenousatalytic domain of pEg2, which associates to XIEg5 through

protein pEg2 (Fig. 1C, lane 4). the two-hybrid system (Giet et al., 1999).
The N-terminal domain does not inhibit the kinase The N-terminal domain of pEg2 has low affinity for
activity paclitaxel-stabilised microtubules

We investigated whether the N-terminal domain of pEg2 hag/e have previously shown that in vitro the intact kinase binds
any regulatory effect on the kinase activity. The catalytido paclitaxel-stabilised microtubules and that this binding is
activity of the recombinant pEg2 kinase was assayed in vitrandependent of its catalytic activity (Giet and Prigent, 1998),
in the presence of increasing amounts of the purifieduggesting that the kinase may bind to microtubules through
recombinant N-terminal domain, using the myelin basidts non-catalytic domain. In order to test this suggestion, the
protein (MBP) as a substrate. As a control for inhibitoryability of the N-terminal peptide to bind microtubules was
activity we used the recombinant inactive form of pEg2. Wedetermined.

have already shown that this recombinant inactive kinase Microtubules were polymerised in vitro from bovine brain
pEg2-K/R-(His)6 behaves as a dominant negative form of theubulin in the presence of paclitaxel and recombinant proteins
kinase in Xenopusextracts (Roghi et al., 1998; Giet and Nt-pEg2-(His)6 or pEg2-(His)6 (Fig. 3). After polymerisation,
Prigent, 2000) and also as an inhibitor of pEg2 kinase activitthe reaction mixture was centrifuged through a glycerol
in vitro (Giet et al., 1999). In the presence of increasingushion at 37°C. The pellet containing microtubules and
amounts of its N-terminal domain, the pEg2 kinase activity wamicrotubule associated proteins, and the supernatant
not significantly reduced: 82% of the activity remained in thecontaining proteins that have no affinity for the microtubules,
presence of Pg of the domain. In contrast, in the presence ofvere analysed for the presence of the recombinant proteins by
2 ug of the dominant negative form of pEg2, only 24% of thewestern blotting. Control experiments were performed in
kinase activity was detected (Fig. 2A). The kinase activity ofvhich the bovine brain tubulin was replaced by bovine serum
pPEg2 is clearly not affected by the addition of the non-catalyti@albumin (Fig. 3, lanes 1 and 2). In this case both the full-length
domain. As shown in Fig. 1B, the epitope of monoclonakinase and the N-terminal domain remained in the soluble
antibody 1C1 maps to the N-terminal domain of the kinasdraction (Fig. 3B,D, lane 1). When bovine brain tubulin was
The kinase activity of recombinant pEg2 kinase is not affectedsed the full-length kinase was detected only in the pellet
by this antibody (Giet et al., 1999; Giet and Prigent, 2000)raction, indicating that it strongly associates with the
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A BSA Tub
> s P S P
£ 100 Nt-pEg2-(His)6 A
g - < BSA
E &% <« p-tubulin
g 50 B :
= (2] s <+ pEg2-(His)6
o ‘
=2 pEg2-K/R-(His)6 C
BSA
0 > - b
0 1 2 W <« p-tubulin
Hg inhibitor D .
. - : == < Nt-pEg2-(His)6
MBP-Kinase activity a0 PEGZ(HIS)
B Xenopus 12 34
egg Microtubule binding
extract —l Elution fractlops Fig. 3. The N-terminal domain of pEg2 shows much less affinity
> than the full-length protein for paclitaxel-stabilised microtubules in
XIEGS —p| == oo =~ |0Ed5 | FipEga-(His)s vitro. Microtubules were polymerised in vitro in the presence of
Fl-pEg2-(His)6 column purified bovine brain tubulin (lanes 3 and 4), stabilised with
pEg2 —e——c Eg2 paclitaxel and centrifuged through a glycerol cushion to separate
microtubules and microtubule associated protein (pellet, P) from
proteins that do not associate to microtubules (supernatant, S). In a
XIEgS —p| —— o« Eg5 control reaction, purified tubulin was replaced by bovine serum
E;mignz'""s’a albumin (lanes 1 and 2). In the presence of paclitaxep-teulin is
Nt-pEg2-(His)6 —i | Eg2 recovered in the pellet (A and C, lane 4) whereas the bovine serum
albumin remains in the supernatant (A and C, lane 1). Purified
recombinant pEg2-(His)6 (A and B) or purified recombinant Nt-
XIEg5 —— o Eg5 ' ﬁgl':::r'. pEg2-(His)6 (C and D) were also incorporated to the reaction. The
pellet (P) and the supernatant (S) were analysed for the presence of
12 3 45 recombinant proteins using western blotting with the 1C1

Fig. 2. The N-terminal domain of pEg2 does not affect the activity ofmonoclonal antibody (diluted 1:100).

the full-length kinase and does not bind to XIEg5. (A) The pEg2
kinase activity of the recombinant pEg2-(His)6 protein was assayed . . . .
in vitro using myelin basic protein (MBP) as a substrate in the a vast majority of the protein remains in the soluble fraction
presence of increasing amounts of either the recombinant inactive (Fig. 3D, lane 4).

pEg2-K/R-(His)6 kinase or the recombinant N-terminal domain Nt- . . )

PEg2-(His)6 protein. After incubation in the presenceyéfp] ATP,  The N-terminal domain of pEg2 binds to

the reaction mixture was subjected to SDS-polyacrylamide gel centrosomes assembled from sperm heads in
electrophoresis and electrotransferred onto a nitrocellulose Xenopus egg extracts
membrane. The radioactive MBP was counted with a In light of the results showing that the Nt-pEg2-(His)6 protein

ihOSPhQimagﬁr- Thehk_ik?ase TaﬁtiniFy is expressed as a Perce':jt?ge %had low affinity for microtubules we investigated whether the
e o S e .y Protein could associate wih centosom@enirosomes e

; . e K . assembled in vitro by incubating sperm nuclei in the high speed
domain of pEg2 (open circles). (B) Affinity chromatography. A Ni- supernatant oerng Us e %SIID: extracts Stearngs al?]d
NTA agarose column saturated with either Fl-pEg2-(His)6 (full 1p enop 99 . (
length), Nt-pEg2-(His)6 (N-terminal) or no protein (control) was Kirschner, ;994) in th_e absence (Fig. 4A-H) or presence of the
loaded with 20Qul of XenopusCSF extract. Affinity-bound proteins ~ Nt-pEg2-(His)6 protein (Fig. 4I-P). Endogenous pEg2 was
in the different columns were separated by SDS-polyacrylamide geldetected by 1C1 monoclonal antibody (Fig. 4C,G), Nt-pEg2-
electrophoresis and transferred onto nitrocellulose membrane. The (His)6 with 6E3 monoclonal antibody (Fig. 4K,0), DNA with
membranes were cut and the upper part (>70 kDa) was incubated Hoechst (Fig. 4A,E,|,M) andy-tubulin with a polyclonal
with anti-XIEg5 polyclonal_antibodies (_dilution 1/_1000), while the antibody (Fig. 4B,F,J,N). After 15 minutes incubation of the
lower part (<70 kDa) was incubated with the anti-pEg2 1C1 mAb  sperm heads in the extract, both the endogenous pEg2 (Fig. 4C)
(diluted 1/100). Lane Kenopusegg extracts; lanes 2-5, elution and they-tubulin (Fig. 4B) were found to be associated with
fractions; FI-pEg2-(His)6 column, nickel column preloaded with the centrosome (Fig. 4D). When 400 pibf the Nt-pEg2-(His)6

full-length pEg2-(His)6 recombinant protein; Nt-pEg2-(His)6 : . f .
column, nickel column preloaded with pEg2 N-terminal-(His)6 protein was added to the extract, the recombinant protein (Fig.

recombinant protein; Control column, control nickel column without 4K) and they-tubulin (Fig. 4J) localised to _the centrosome. We
any recombinant protein. then asked whether the Nt-pEg2-(His)6 would remain

associated with centrosome in the presence of nocodazole. In

other words, was the localisation microtubule-dependent? The
microtubules (Fig. 3B, lane 4). In contrast, in the samendogenous pEg2 was found to remain associated with
conditions, only a small fraction of the N-terminal domain wasentrosomes in a microtubule-independent manner (Fig. 4G)
found to be bound to the microtubules (Fig. 3D, lane 4) whilgust like y-tubulin (Fig. 4F,N) (Felix et al., 1994; Stearns and
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Fig. 4. The N-terminal domain of pEg2 binds to centrosomes assemhbihopusegg extract from sperm heads. Centrosomes were
assembled in vitro by incubating demembranated sperm hexdsaps egg CSF extract (Stearns and Kirschner, 1994) in the absence (A-H)
or presence (I-P) of 400 nd/of the recombinant Nt-pEg2-(His)6 protein. The reaction was performed in the absence (A-D and I-L) or
presence of the microtubule depolymerising drug nocodazoleM2thal concentration) (E-H and M-P). (A,E,I,M) Hoechst-stained DNA.
(C,G) The endogenous pEg2 protein probed with mouse 1C1 monoclonal antibody (diluted 1:50). (K,0) The recombinant Nt-REg2-(His)
protein probed with mouse 6E3 monoclonal antibody (diluted 1:50). (B,F,JN) Centrosome stainediiitim antibody (diluted 1:1000).
Fluorescein-conjugated anti-rabbit antibodies (diluted 1:500) and Texas Red-conjugated anti-mouse antibodies (diluteceluSed)ase
secondary antibodies. (D,H,L,P) Overlay. Scale bagri0The localisation of the proteins was observed by fluorescence microscopy
(DMRXA Leica); the images were acquired using a black and white camera and treated with the Leica-Q-Fish program.

Control

+ Nt-pEg2-(His)6

Kirschner, 1994). In contrast, the association of the Nt-pEg2xpressed in XL2 cells, the fusion protein localised to the
(His)6 with the centrosomes was found to be microtubuleeentrosome (Fig. 5G). These results indicate that the N-
dependent (Fig. 40). These results suggest that the N-termirtakminal domain of pEg2 contains sufficient information to

domain of pEg2 serves to localise the kinase to the centrosomdisect the localisation of GFP to the centrosome.

in a microtubule-dependent manner although this domain, by Because the catalytic domain of pEg2 was insoluble when

itself, has low affinity for microtubules. expressed as a fusion protein in bacteria, we were unable to
assay its affinity for the centrosome Xenopusegg extract.

In vivo, a pEg2 N-terminal domain GFP-fusion We instead fused this catalytic domain to GFP (Cd-GFP) and

protein is targeted to the centrosomes in a expressed it in XL2 cells. Like the N-terminal domain, the

microtubule-dependent manner catalytic domain was able to localise the GFP to the

If the N-terminal domain of pEg2 is responsible for thecentrosomes (Fig. 5K). However a statistical analysis of the
localisation of the kinase, then fusion proteins containing theaumber of transfected cells containing GFP labelling of the
N-terminal peptide should localise to the centrosomes (Arnauckentrosomes, revealed that there were about three times more
et al.,, 1998). We therefore fused the N-terminal domain o€ells containing Nt-GFP decorated centrosomes than Cd-GFP
pEg2 to the N terminus of the GFP peptide (green fluorescedecorated centrosomes. This showed that, compared to the
protein), inserted the construct into a expression vector undeatalytic domain, there was a threefold increase in the
the control of a CMV (cytomegalovirus) promoter andefficiency of the N-terminal domain to localise the GFP to the
transfected this intXenopusXL2 cells. Transfected cells were centrosomes (Fig. 6, white bars).
easily discriminated from non-transfected cells because they Additionally, nocodazole treatment of transfected cells
expressed high levels of GFP. Centrosomes were detectdbrupted the centrosome localisation of the Nt-GFP whereas it
using y-tubulin indirect immunofluorescence. When the GFPhad no effect on the localisation of the Cd-GFP (Fig. 6). This
protein alone was expressed, the whole cell was fluorescemngsult indicates that the localisation of the Nt-GFP to the
but GFP was concentrated in the nucleus (Fig. 5Cgentrosomes depends upon the presence of microtubules, which
overexposure). The centrosomes, detected withygobtulin - is in agreement with the results obtained@émopusgg extracts.
staining, were not decorated with GFP (Fig. 5B,C). The localisation of the catalytic domain to the centrosomes may
In contrast, when the Nt-pEg2-GFP (Nt-GFP) protein wade due only to the affinity of the kinase for its substrates. Indeed
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Fig. 5. The N-terminal domain of pEg2 fused to GFP localises to the centrosome in XL2 cells. GFP, Nt-pEg2-GFP and Cd-pEg2-GFP proteins

Function of the N-terminal domain of peg2 2101

GFP verla'

Cd-pEg2-GFP

were constitutively expressedXenopusKL-2 cells using transient transfection with the pEGFPN1 expression vector. Cells were fixed on
coverslips and processed for immunofluorescence. (A-D) GFP transfected cells (control), (E-H) Nt-pEg2-GFP transfectejl Rells=¢2-
GFP transfected cells. (A,E,l) Hoechst-stained DNA. (ByFdpulin staining with a rabbit polyclonal antibody (diluted 1:1000), revealed with
a Texas Red-conjugated secondary antibody (diluted 1:500). (C,G,K) The localisation of the GFP proteins. (D,H,L) Ovellay, Baate

The localisation of the proteins was observed by fluorescence microscopy (DMRXA Leica); the images were acquired usimgl avhiteek a

camera and treated with the Leica-Q-Fish program

we have previously demonstrated using the two-hybrid systeassays the N-terminal domain of pEg2 shown a dominant
that pEg2 can interact with one of its substrates, XIEQ5, throughegative effect. First we added the recombinant Nt-pEg2-

its catalytic domain (Giet et al., 1999).

The N-terminal domain of pEg2 inhibits bipolar
spindle assembly and destabilises previously
assembled bipolar spindles in  Xenopus egg extracts

(His)6 to the bipolar spindle assembly assayX@mopusegg
extract, as described previously (Roghi et al., 1998). The
extract containing the N-terminal domain of pEg2 showed a
decrease in the number of the bipolar spindles assembled.
Instead of being bipolar (Fig. 7A, top), the majority of the

Clues about the function of the N-terminal domain of pEgzabnormal spindles observed were monopolar (Fig. 7A,
came when we investigated the role of pEg2 in spindl®ottom). A quantitative measure of the assembly (Fig. 7B)
assembly and spindle stability. We planned to use this domaatearly demonstrated an inhibitory effect of the N-terminal
as a control in the experiments and it turned out that in botthomain (34118% of the spindles remained bipolar instead of
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Fig. 6. The localisation of the pEg2 N terminus is microtubule-
dependentXenopusXL2 cells expressing Nt-pEg2-GFP or Cd-
pPEg2-GFP protein were treated for 6 hours with the microtubule
depolymerising drug nocodazole (t§/ml). The number of cells
showing a centrosome localisation of the GFP fusion protein was

81+12% in the control).

We also found that the N-terminal domain of pEg2
destabilises previously assembled bipolar spindles. The
majority of the abnormal structures produced upon addition of
the N-terminal domain of pEg2 were also monopolar spindles.
Hence the presence of the N-terminal peptide significantly
reduces the stability of the spindles (55+5% of the spindles
remained bipolar instead of 82+8% in the control) (Fig. 7C).

The N-terminal domain of pEg2 was not as efficient in
inhibiting either the bipolar spindle assembly or spindle
stability as the inactive form of the recombinant kinase, which
allowed only 11% of the spindle to assemble bipolar structures
and 14% of spindles to remain bipolar (Giet and Prigent, 2000).
The effect of the N-terminal domain is comparable to the effect
of the addition of the non-inhibitory anti-pEg2 1C1 mAb,
which maps to an epitope in the N-terminal domain of the
protein (Giet and Prigent, 2000). Because the N-terminal
domain does not affect the kinase activity of pEg2 in vitro we
assume that the dominant negative effect of the domain

then estimated. White bars, cells observed without nocodazole; blagdbserved in the extracts is due to a localisation competition

bars, cells after nocodazole treatment. Values are means + s.e.m.

with the endogenous kinase.
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Fig. 7. The N-terminal domain of pEg2 inhibits

bipolar spindle assembly and destabilises previously
assembled bipolar spindlesXenopusgg extract.

The bipolar mitotic spindle assembly assay was
performed as previously described (Roghi et al.,

1998). After fixation, the spindles were scored under

a fluorescence microscope. (A) Bipolar spindle (top)
and monopolar spindle (bottom). The spindle
incorporates rhodamine-labelled tubulin and appears

in red. DNA is stained by Hoechst dye (blue).

(B) 400 ngful (final concentration) of either the Nt- . =
pEg2-(His)6 protein or a control pMAL peptide were blpolar splndle
added during spindle assembly. In the presence of
Nt-pEg2-(His)6, only 34+18% (3 different
experiments) of the spindles remained bipolar instead
of 81+12% (4 different experiments) in the control.
(C) Bipolar spindles previously assembled in
Xenopusegg extract were incubated for 1 hour with
400 ngpl of Nt-pEg2(His)6 protein, or with the

control pMAL peptide at the same concentration. In
the presence of Nt-pEg2-(His)6, 55+5% (3 different
experiments) of the spindles remained bipolar instead .
of 82+8% in the control (4 different experiments). monopolar splndle

B
L
=
>
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DISCUSSION substrates already located at the centrosome. The kinesin-
related protein XIEg5, for instance, which is a substrate for
AuroraA is a centrosome kinase and, although the function gfEg2, localises in vivo to mitotic centrosomes after pEg2,
the centrosome has been conserved throughout evolution (ediring cell cycle progression. The catalytic domain of the
mitotic spindle microtubule nucleation), its structure iskinase associates with XIEg5 through the two-hybrid system
variable. The yeast centrosome ‘Spindle Pole Body' ifGiet et al., 1999) whereas the N-terminal domain does not
localised within the nuclear membrane and the spindle ibind to this motor protein.
assembled inside the nucleus (Winey and Byers, 1993; Snyder,One possible localisation mechanism for the full-length
1994). The Dictyostelium centrosome ‘Nucleus-Associated pEg2 is that the kinase might be targeted via its N-terminal
Body’ has a layer-like structure without centrioles (Heathdomain to the centrosomes where it then finds and/or waits for
1981). The vertebrate centrosome is composed of twits substrates. Functionally, this localisation mechanism would
centrioles localised closed to the nucleus (Paintrand et abying the kinase close to substrate with which it can interact.
1992; Chretien et al., 1997). In order to fulfil its function, theOnce the catalytic domain binds to the substrate, the affinity
auroraA centrosome kinase needs to interact with the
centrosome structure. As the function of the kinase has be:
conserved throughout evolution a domain of the aurora/ microtubules
kinase must have been conserved (e.g. the catalytic doma
whereas another domain must have evolved together with tl
centrosome structure (e.g. the non-catalytic domain).

We have investigated the function of the non-catalytic
domain of theXenopusauroraA protein (pEg2) and found
that this domain localises the kinase to the centrosomes in
microtubule-dependent manner. Using an in situ assay (Gi
and Prigent, 1998), we estimated the affinity of the proteit
for the centrosome at the spindle poles. Whereas the pEg
(His)6 protein is removed from the centrosome by 300 miv
NaCl, only 150 mM NacCl is required to remove Nt-pEg2-
(His)6 (data not shown), suggesting that the N-termina
domain has less affinity for the centrosome than the full
length kinase. In fact both the N-terminal domain and th(. MAP
catalytic domain of pEg2, when fused to the GFP, localise t
Cenvosomes. V.Vhen transfected im.enOpuscel.IS' However, Fig. 8.Localisation mechanism of pEg2. The N-terminal domain
again the eﬁlplency of the. N-terminal .doma'n to loca“.se .to red) localises the kinase to the centrosomes (grey) through an
centrosomes is threefold higher. We think that the localisatioferaction with a hypothetical protein (blue) that binds to
mechanisms of the two domains are different. The N-terminghicrotubules (black), the localisation being microtubule-dependent.
domain uses an active mechanism that needs microtubulemen the kinase binds to its substrates (yellow), which stabilises the
whereas the catalytic domain binds directly to the kinasécalisation so that it becomes microtubule-independent.

\

centrosome

\

i pEg2 (Nt and Cd) pEg2 substrate
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