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tion nit11 the established role of S P H l  in 
phototropism (9 .  1 0 ) .  lead us to propose that 
SPH1  is an autopl~ospl~olylatillg f la~opro-  
rein. unrelated to crq-ptochrome. that serx.es as 
a photorcccptor for phototropism in higher 
plants. 
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Purification and CLoning of a 
Protein Kinase That 

Phosphorylates and Activates 
the Polo-Like Kinase PLxl 
Yue-Wei Qian, Eleanor Erikson, James b. Maller* 

The Xenopus polo-like kinase 1 (Plxl) is essential during mitosis for the acti- 
vation of Cdc25C, for spindle assembly, and for cyclin B degradation. Polo-like 
kinases from various organisms are activated by phosphorylation by an un- 
identified protein kinase. A protein kinase, polo-like kinase kinase 1 or xPlkkl, 
that phosphorylates and activates Plxl in vitro was purified t o  near homoge- 
neity and cloned. Phosphopeptide mapping of Plxl phosphorylated in vitro by 
recombinant xPlkkl or in progesterone-treated oocytes indicates that xPlkkl 
may activate Plxl in vivo. The xPlkkl protein itself was also activated by 
phosphorylation on serine and threonine residues, and the kinetics of activation 
of xPlkkl in vivo closely paralleled the activation of Plxl. Moreover, microin- 
jection of xPlkkl into Xenopus oocytes accelerated the timing of activation of 
Plxl and the transition from C, t o  M phase of the cell cycle. These results define 
a protein kinase cascade that regulates several events of mitosis. 

Progression througl~ the eul<aryotic cell cycle 
relies on the periodic acti~.ation or inactiva- 
tion of I arious cyclin-dependent protein lii- 
nases (Cdks) ( I ) .  Cell cycle checkpoints 
monitor the fidelity of events in a given cell 
cycle phase and control a signaling systenl 
that call delay cell cycle progression and 
changes in Cdl< ac t i~ i ty .  One checkpoint 
blocl<s actix,ation of the Cdc2Zcyclin B com- 
plex in G2 phase if DNA replication IS in- 
conlplete. This block to activation is ~nainly 
accomplished by mai~ltenance of the phos- 
pho~ylated state of Thrl' and Tyrl' in Cdc2 

( 2 ) .  These considerations have focused atten- 
t ~ o n  on the pathway of activation of the pllos- 
phatase Cdc25C. which initiates mitotic entry 
by dephosphorylat~ng Thrl' and Tyrl' in 
Cdc2 (3). Overcxpression of Cdc25C either 
in viva (4 )  or in vitro (5 ,  6) overconles the 
replication checkpoint. Cdc25C is activated 
at the G,-M transition by serine-threonine 
phosphorylation (6, 7). The Cdc2-cyclin B 
complex can phosphorylate and activate 
Cdc25C ( S ) ,  forming a positive feedback 
loop, but in Xei~opi~s  initial phosp1~or~;lation 
and activation of Cdc25C results fro111 acti- 
vation of the polo-like liinase Plxl ( 9 .  1 0 ) .  

Howard Hughes Medical institute and Department of 
Plxl can phosphorylate Cdc25C in vitro at 

pharmacoloev, universitv of colorado ~ ~ h ~ ~ l  of pled- activating sites (9) ,  and in viva activation of 
icine, D e n v e r  Colorado 80262 ,  USA. Plxl coincides with the activation of Cdc25C 

qo whom correspondence should be addressed, E. ( 1 0 ) .  Moreover, inhibition of Plxl delays the 
mail: mallerj@essex.uchsc.edu activatioa of Cdc25C. and micsoir~jectio~~ of 
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wild-type Plxl into oocytes accelerates acti- 
vation of Cdc25C and entry into M phase 
(10). Polo-like kinases have also been impli- 
cated in the control of spindle assembly and 
cytokinesis in various systems including Xen- 
opus (10. 11) and in the activation of the 
proteolytic machinery required for exit from 
mitosis (12, 13). 

Plxl and other polo-like kinases are acti- 
vated by phosphorylation (10, 13-15). To 
detect and purify the upstream kinase or ki- 

40 44 48 52 56 60 
Fraction number 

1 2 3 4  

Fig. 1. Purification of a protein kinase that 
activates Plxl. A partially purified fraction, 
prepared from unfertilized eggs (78), was 
subjected to  chromatography on Mono Q. 
Fractions were assayed for the activation of 
Plxl (A) or were incubated in the presence of 
[Y-~~P]ATP and analyzed by SDS gel electro- 
phoresis, silver staining (B), and autoradiog- 
raphy (C). (D) Immune complexes containing 
Pk1 or Pkl(N172A) were incubated with purified 
xPlkkl and subsequently assayed for casein phos- 
phorylation (76). Plxl was incubated with buffer 
plus ATP (lane 1); xPlkkl plus ATP (lane 2); xPlkkl 
without ATP (lane 3); Pkl(N172A) with xPlkkl 
plus ATP (Lane 4). 

nases responsible for activation of Plxl, 
termed Xenopus polo-like kinase kinases 
(xPlkks), we devised an assay to detect acti- 
vation of Plxl (16). The activity of xPlkk in 
M-phase extracts from unfertilized eggs was 
15 times that in extracts from resting (G, 
phase) oocytes (17), consistent with in- 
creased Plxl activity in M phase (10). Several 
chromatographic steps were used to purify 
the xPlkk activity from unfertilized eggs (18). 

After purification about 3200-fold to near 
homogeneity, a 120-kD polypeptide coeluted 
precisely with xPlkk activity (Fig. 1, A and 
B). This polypeptide autophosphorylated af- 
ter incubation with [~-~~P]adenosine triphos- 
phate (ATP), suggesting that it is an autophos- 
phorylating protein kinase (Fig. 1C). We des- 
ignated this protein xPlkkl. Purified xPlkkl 
activated Plxl, but not catalytically inactive 
Plxl(N172A), only in the presence of ATP 

1 1 1  Fig. 2. Predicted amino MAFANFRRILRLPNFEKKRLREYEHvRR-vEIIGELGdGAFtKv~KAKNvET~ILA::KvIETKNEEELED~MvEIEILA~cNH 
acid sequence of xPlkkl. IV  v VIO V I ~  VII 
Thenucleotidesequence HFIVKLLGAFYYEGKLVlMlEFCPGGAVDAVMLELDRGLKEPEIKTICRQMLEALAYLHSIIHRDLKAGNVLLTLDGDIKLADFGVSA 

Bank accession number XI AF100165) contains an LKTALDKNPETRPSAAQLLEHPFVKKASGNKPLRDLVAEAKAEVLDEIEEQGEAEEEEDSDMLSPKTKGVSOSTHVEIGKDIEKEQVGNG 

predicting 950 amino GSFDSPTRYF~VSKRDSDSGSNSASESMDISMNLSADLSINKETGFLSHRENRLHKKTLKRTRRFVVDGVEVSITTSKIIGDDEKKDEE 

( WFLRMLRELRLLWEEHMAQLWHSFQLEQMSRRFEQEMNSKRKFYDTELETLERHQKQQIVWIIEQEHAFRRRDEAKHIKEOE 

the initiating ATC pre- DRESVIVELEERHLQERHOLVKQQLKDOYFLORHELLRKHEKEOEQMQRYNQRMMEQLRLROQQEKVRLPKNQKAEAKTRMTMFKKSLHI 

ceded by one in-frame 
StOD codon, seouences SPSGSAAEQRDKIKQFSLQEEKROKAERLQOQQKHEHPLME~AECDCNVRDLLQMQNEKCHLLVEHETOKLKSLDEHHIOLIREVRENI 

co;responding tb those RPRKKAFEDELELKKEAQEMFFRLNEEVAGDPFPSNKPTRFYSFSSPEAS 

obtained from tryptic 
peptides of xPlkkl are indicated by lines above the sequence. The kinase domain is underlined, and the 
11 conserved subdomains are indicated in Roman numbers above the sequence. 

Fig. 3. Phosphorylation A 
and activation of Plxl 
by recombinant xPlkkl. 
(A) Samples of recom- - 
binant xPlkkl or cata- 
lytically inactive "- 
xPLkkl (K65M) purified 
from Sf9 cells that 48- 
were left untreated or 
treated with OA were 
subjected to SDS gel 34- 
electrophoresis and 
Coomassie blue staining (28). Lane 1, xPlkkl(-OA); 
lane 2, xPlkkl(+OA); Lane 3, xPlkkl(K65M)(-OA); 
lane 4, xPlkkl(K65M)(+OA). (B) Recombinant Plxl 
(29) (0.75 pg) was incubated with the various xPlkkl 
pre~arations (20 ng), as indicated, in the presence of 
[y- 'PIATP and subjected to SDS gel electrophoresis. 
The Plxl bands were excised, and incorporated ra- 
dioactivity was quantified by Liquid scintillation 
spectrometry (top). Plxl immunoprecipitated with 
antibody to Myc (16) was incubated with the various 
preparations of xPLkkl as indicated, washed, and 
assayed for casein phosphorylation (bottom). 

PlXI 
Plxl(Nl72A) 
xPIkkl(-OA) 
xPIkk1 (+OA) 

xPlkki(K65M)(-OA) 
xPlkkl(K65M)(+OA) 

bvtter 
ATP 

Fig. 4. Phosphopeptide mapping 
of Pk l .  Chymotryptic digests of 
P k l  radiolabeled in progester- 
one-treated oocytes (in vivo) or 
in vitro by xPlkkl (in vitro) were 
separated by electrophoresis 
(right to Left) and chromatogra- 
phy (bottom to  top) (25). In the 
right panel (mix) an equal 
amount of radioactivity from 
each preparation was analyzed. Arrowheads indicate phosphopeptides common to  both prepara- 
tions, and circles indicate the origin. 
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(Fig. ID), indicating that xPlkkl directly 
phosphorylates Plxl . 

From about 1.2 kg of dejellied eggs, 20 kg 
of xPlkkl was isolated, and three of its tryptic 
peptides were sequenced (19). On the basis of 
the sequences of two of these peptides, poly- 
merase chain reaction (PCR) primers were de- 
signed and used to generate a 1 -kb fragment of 
the xPlkkl gene (20). This PCR product was 
then used to isolate a full-length 3.3-kb cDNA 
encoding an open reading frame of 950 amino 
acids with a predicted relative molecular mass 
(Mr) of 110,000. All three tryptic peptide se- 
quences were present within the open reading 
frame (Fig. 2). The complete amino acid se- 
quence indicates that xPlkkl has the typical 

xPlkkl(-OA) + + + + 
xPlkkl(+OA) + + + +  

buffer + 
PP1 + + + + 

minoystin + + + + 

motifs of a serine-threonine protein kinase, with 
a catalyhc domain in the NH,-terminal half of 
the polypeptide. xPlkkl displays 36% identity 
to STE20 in the kinase domain (21) and 65% 
overall identity to a murine lymphocyte-specif- 
ic kinase of unknown function (22). However, 
xPlkkl is found in embryos (which contain 
many cell types) and in Xenopus tissue culture 
cells (1 7 )  and therefore appears not to be h c -  
tionally related to lymphocyte-specific kinases. 
The noncatalyhc domain of xPlkkl contains a 
predicted long coiled-coil structure, which has 
been found in many proteins that participate in 
centrosome and spindle function (23). 

xPlkkl was expressed as a Flag- and His,- 
h i o n  protein in baculovim-infected Sf9 cells. 
Because xPlkkl activity is high in mitotic ex- 
tracts (1 7), the cells expressing xPlkkl were 
treated with okadaic acid (OA) to drive them 
into a state resembling mitosis (24). Such treat- 

Fig. 5. Activation of xPlkkl by phosphorylation. 
Samples of xPlkkl prepared from Sf9 cells that 
had been left untreated or treated with OA 
were incubated with PP1 in the presence or 
absence of microcystin as indicated (30). Sam- 
ples were subjected to SDS gel electrophoresis 
and immunoblotting (A) and assayed for phos- 
phorylation (B) and activation of P k l  (C) as 
described (Fig. 3B). 

0 60 120 180 
lime after progesterone addition (rnin) 

o o m o l n  m - , O b s ~ ~ ~ g ~ ~  

Time after progesterone addition (mln) 

Fig. 6. Activation of xPlkkl during oocyte mat- 
uration. Oocytes were incubated in the pres- 
ence of progesterone (3.2 FM), and groups of 
20 oocytes were frozen at the indicated times. 
Samples were subjected to immunoblotting 
with antibodies to  xPlkkl (37) and Pkl .  

Fig. 7. Accelerated activation of Plxl in vivo 
after microinjection of xPlkkl. Oocytes were 
microinjected with either buffer, wild-type 
xPlkkl, or catalytically inactive xPlkkl(K65M) 
(12 ng per oocyte) and then incubated in the 
presence of progesterone (64 nM). Croups of 
six oocytes were frozen at the indicated times. 
The time of germinal vesicle breakdown was 
established by examining oocytes for white 
spot formation with a dissecting microscope. 
Extracts were prepared, and histone H1 kinase 
and Pix1 activities were determined, all as in- 
dicated. Symbols: filled squares, wild-type 
xPlkkl; open squares, catalytically inactive 
xPlkkl(K65M); open circles, buffer. 

ment has been used to isolate active Plxl from 
insect cells (9). As a control, catalytically inac- 
tive xPlkkl(K65M), in which the lysine residue 
at the ATP-biding site of the catalytic domain 
was changed to methionine, was also ex- 
pressed. Both xPlkkl and xPlkkl(K65M) were 
purified from Sf9 cells, untreated (-OA) or 
treated with OA (+OA), by chromatography on 
TALON metal affinity resin and Mono S, and 
samples were subjected to SDS gel electro- 
phoresis (Fig. 3A). The xPlkkl(+OA) prepara- 
tion phosphorylated recombinant Plxl efficient- 
ly, whereas xPlkkl(-OA) did so poorly, and 
the K65M mutant preparations did not support 
phosphorylation (Fig. 3B). Treatment of Plxl 
by xPlkkl(+OA) increased the activity of Plxl 
15-fold, whereas the activity of Plxl treated 
with xPlkkl(-OA) increased only 3-fold, and 
Plxl treated with the K65M mutant prepara- 
tions was not activated at all. Moreover, the 
activation of Plxl by xPlkkl(+OA) was depen- 
dent on ATP, indicating that the observed phos- 
phorylation is required for the activation. Al- 
though xPlkkl (+OA) did phosphorylate 
Plxl(N172A), it did not elicit any casein kinase 
activity (Fig. 3B). Similar experiments con- 
firmed that Plxl was activated by xPlkkl for 
phosphorylation of Cdc25C to a similar extent 
as for casein (1 7). 

Because recombinant xPlkkl(+OA) phos- 
phorylated and activated Plxl, we tested 
whether this phosphorylation occurred at 
physiologically relevant sites. Chyrnotryptic 
phosphopeptide maps of Plxl that had been 
phosphorylated with xPlkkl(+OA) in vitro 
or in vivo during progesterone-induced oo- 
cyte maturation were prepared (25). The map 
of Plxl phosphorylated in vivo revealed the 
presence of six discrete phosphopeptides that 
comigrated with those from Plxl phosphoryl- 
ated in vitro by xPlkkl(+OA) (Fig. 4). These 
findings indicate that xPlkkl(+OA) phos- 
phorylates Plxl at physiologically relevant 
sites and that xPlkkl may activate Plxl dur- 
ing oocyte maturation. 

The xPlkkl protein from cells treated with 
OA migrated more slowly upon SDS gel elec- 
trophoresis than xPlkkl(-OA) and was also 
much more active (Fig. 3). To determine 
whether phosphorylation accounted for these 
differences, we treated the xPlkkl proteins with 

Upstream Klnase(s) 

I 

Plxl 

Cdc25C Spindle APC 
Activation Assembly Activation 

Fig. 8. Schematic diagram of the Plxl protein 
kinase cascade. 
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protein phosphatase 1 (PP1) and again assessed 
their electrophoretic mobility and activity. 
Treahnent of xPlkkl(+OA) with PP1 increased 
its electrophoretic mobility and reduced its ac- 
tivity by 85% (Fig. 5). xPlkkl(-OA) heated 
with PP 1 also showed increased electrophoretic 
mobility and had no detectable activity. These 
results suggest that xPlkkl is itself activated by 
phosphorylation by one or more as yet uniden- 
tified protein kinases. 

If xPlkkl activates Plxl in vivo, then both 
kinases should be activated in concert during 
cell cycle transitions such as oocyte matura- 
tion. Activation of xPlkkl did parallel exactly 
the kinetics of activation of Plxl in vivo (Fig. 
6). As a more direct test of participation in the 
Plxl activation pathway, recombinant xPlkkl 
was microinjected into oocytes that were sub- 
sequently treated with progesterone. Micro- 
injection of xPlkkl caused acceleration of 
both the activation of Plxl and the G,-M 
transition (Fig. 7) and also accelerated acti- 
vation of Cdc25C (17),  consistent with the 
activation of Plxl. These results provide fur- 
ther evidence for a role of xPlkkl in the 
activation of Plxl during oocyte maturation. 

Our results define a protein kinase cas- 
cade that regulates the activity of polo-like 
kinases (Fig. 8). This cascade is likely to be 
crucial for mitotic control because of the key 
role polo-like kinases play in activation of 
Cdc25C, leading to Cdc2-cyclin B activation 
(9, lo), in organization of bipolar spindle 
assembly (10, 11), and in activation of the 
anaphase-promoting complex (11, 13). It is 
significant that each of these functions is the 
target of one or more cell cycle checkpoints. 
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