
dered model, ~571th a maximum dimenslun of 
2.2 km. is consistent ~71th  those authors' 
statement that the illuminated, vlslble area 
had a maxllnilln size "most l~kely in the 
rallge from 1.7 to 2.4 km." No11 et al, also 
interpreted the HST data as suggesting an 
"extended feature at an allgle of ahout 45" 
off the solar ~.ector," which is inillcated by 
the line in Fig. 4C. T h ~ s  apparent elonga- 
tion lvas the result of the uni~si~al  shape of 
Toutatls anil shailolvlng effects aris~ng from 
the large i l h ~ m ~ n a t ~ o n  angle. 

All of Toiltatis's surface was obser~.ed In 
the 18-day sequence of linages (I  1 ), and 
because of the NPA rotatloll. the entlre 
inertla tensor can be deternlined to l v ~ t l l ~ n  a 
constant factor. The  dynam~cal penalties 
that forced the shape and inertla tensor 
toward nn~tual conslstencv lvith i~ll~fornl 
denslty lvere exerting negligible pressure on 
the hest-fit soli~tion: removin~tl lenl  led to 
110 significant change In the model. That is, 
the model reilillres either that Toutat~s IS 

nearly llomogeneous or that its ~nllomoge- 
neltles ~ n l l n ~ c  the inertia tensor ot a homo- 
geneous boilv ( 1  2 ) .  

The  source of Toutatis's topographic 
b~fi~rcat ion IS a mystery. Might feature N 
have been sculpted by a single direct Im- 
pact 01- a seqilence of impacts? O r  is Toil- 
tat15 a contact blnary formed 111 a gentle 
collls~on hetlveen L1 and L2? O n e  \voi~lil 
also l ~ k e  to decipher the collisional history 
responsible for the R1-R2-R3 structure, as 
\yell as impl~ca t~ons  of the glol~al topogra- 
phy at all perceptible scales for the ohject's 
internal configuration, for example, its co- 
hesiveness ( 13 ). One is es~ieciallv interest- 
ed in how and lvhen Toutatls was e x c ~ t e ~ l  
into s i~ch  a slolv, N P A  rotation state (14). 
Collisiollal s~mi~lat ions (15)  using our 
physical nlodel may suggest anslvers to 
these questions. 
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Mytl : A Membrane-Associated Inhibitory Kinase 
That Phosphorylates Cdc2 on Both 

Threonine-14 and Tyrosine-1 5 
Paul R. Mueller, Thomas R. Coleman, Akiko Kumagai, 

William G. Dunphy* 

Cdc2 IS the cyclin-dependent kinase that controls entry of cells into mitosis. Phospho- 
rylation of Cdc2 on threonine-14 and tyrosine-1 5 inhibits the activity of the enzyme and 
prevents premature initiation of mltosis. Although Wee1 has been identified as the kinase 
that phosphorylates tyrosine-1 5 in various organisms, the threonine-14-specific kinase 
has not been isolated. A complementary DNA was cloned from Xenopus that encodes 
Myt l ,  a member of the Wee1 family that was discovered to phosphorylate Cdc2 efficiently 
on both threonine-14 and tyrosine-1 5. Mytl is a membrane-associated protein that 
contains a putative transmembrane segment. lmmunodepletion studies suggested that 
Mytl is the predominant threonine-14-specific kinase in Xenopus egg extracts. Mytl 
activity is highly regulated during the cell cycle, suggesting that this relative of Wee1 plays 
a role in mitotlc control. 

E n t r y  into mitosis is controlled hy the M 
p h a s e - p ~ ~ n o t ~ n g  factor (MPF), a colnplex 
of the Cclc2 proten kinase and cyclin B. 
Proper reg~~lat ion of MPF ensures that mi- 
tosis occurs only after earlier phases of the 
cell cycle have heen completed si~ccessf~~lly. 
T h ~ s  strict control of MPF is largely post- 
translational, involving the phosphoryl- 
ation of Cdc2 at three key residues. After 
Cclc2 associates 1 ~ 1 t h  cyclln, the cyclln-de- 
pendent kinase (CDK)-activating klnase 
(CAK) phospllorylates Cdc2 on Thr"". 
This phosphorylat~oll lvoi~ld generate active 
MPF, hut two add~tlonal phosphorylations 
011 Thr" and Tyr" of Cdc2 suppress MPF 
activity dur~ng  interphase. A t  the G2-M 
transit~on, the Cdc25 protein dephospho- 
rylates Thr" and Tyr", thereby allowillg 
MPF to phosphorylate ~ t s  mitotic substrates 
( 1 ) .  

Various genetic and biochem~cal stud- 
les have indicated that Wee1 IS the klnase 
that phosphorylates Cdc2 on Tyr15. Wee1 
was originally ~iientified In the flssion 
yeast Schi:osiiccharom~ces pomhe as a criti- 
cal n e g a t i ~ ~ e  regulator of mltosis ( 2 ) .  S i ~ h -  
seili~ently, a second S. pombe homolog 

(Mikl )  and Wee1 homologs from at least 
six other organislns have heen found (3 ,  
4) .  In human and Xenopz~s, Wee1 1s a 
soluble enzyme that phosphorylates Cdc2 
on Tyrl', but not on  T11r14 (4-6) .  A 
Thr14-s~ecific k~nase  act~vi tv has been de- 
tected in the membrane fraction of Xeno- 
pus egg extracts, but the lnolecular iden- 
tity of the enzyme has not been estab- 
lished (7). 

Pre~.ioi~slv ure ~solated a Xenobus Wee1 
hornolog. We used degenerate polylnerase 
chain reactLon (PCR) primers (based on the 
seililence similarity hetween S .  pombe 
Weel ,  S .  pombe Mikl,  and human Weel )  
to anlplify a segment of ~ t s  colnplelnentary 
DNA (cDNA) (4) .  With a different com- 
bination of primers, we have amplified a 
segment of another Xenopus oocyte cDNA 
that appears to encode a &sti$ct melnher of 
the Wee1 family. After clonlllg the corre- 
sponding fi~ll-length cDNA t&ld character- 
izing its gene product (Fig. l A ) ,  we desig- 
nated this tlrotein Mvtl for the membrane- 
associated, tyrosine- and threonine-specific, 
Cdc2 inhihitorv kinase. 

Conceptual translation of the gene en- 
codin: Mvtl revealed that it is most sim- 

%, , 

D$j lson of Boogy  21 6-76, Howard Hughes Medical In. ' Iar to kinaxe" in Wee1 f a l n l l ~  (Fig. 
sttute. Caforna n s t t ~ ~ t e  of Technoloav. Pasadena. CA 1B). The  kmase iiolnain of Mvtl has a ", 
91 125. USA slln~lar degree of sequence siln~larity with 
'To whorn correspondence should be addressed all members of this family, rallglng from 
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Fig. 1. Mytl , a membrane-associated A Egg Sf9 c 7- member of the Wee1 kinase family. (A) MPVPGDDMGETPLTRTPIPMPAYFSQAEQSFSLKKRGRSLCYTLPPRPPV 50 

Predicted amino acid sequence of Mytl &, ,." 
(15, 19). The nucleotide sequence of the KSALPVSRIFPNKQRSWSQPRPQSVSFRSPQNKTPASKLYDQSKGD 100  \"+ o." 8 

QCFKSICKLGRGSFGEVYKVQSLEDGCFYAVKRSVSPFRGESDRQRKLQE 150 ~yt1+11) <p'" G+ +" 
Mytl cDNA (GenBank accession num- 
ber U28931) contains a predicted open VRKHERVGEHPNCLRFVRAWEEKRMLYLQTELCAGSLQQHSEEFAGSLPP 200 

reading frame of 548 amino acids which 
RRVWNITCDLLHGLKHLHDREjLLHLDIKPANVFISFSGVCKLGDFGLMVE 250 

is preceded by two in-frame termination 
codons. The catalytic domain (under- LDGTEGSGEAQEGDPRYMAPELLDGIFSKRRDVFSLGMSLLEVACNMELP 300 c M y t l  

lined) and a putative transmembrane KGGDGWQQLRQGHLPTEFTSDLPPDFLKVLSRMLEPDYRRRANDWLLSL 350 

segment (boxed) are indicated. (B) Align- PAIRNAERWRMVTLAQERTLGPIIAVYQFIVWLLSFWQWL 
ment of the catalytic domains from Mytl 
(row 1 ). S. 00mbe Wee1 (row 2, residues YCGLRALPRSPPCSPFPNHLGESSFSSDWDDESLGDDVFEPSPLATHR 450 

560 td.78; ), and  eno opus weel (row 3, NLTYHGQELIGRHSPDLLSRPSLGSTSTPRNLSPEFSMRXRSALPLTPNV 500 

residues 21 0 to 443) was performed as SRISQDSTGKSRSPSTSHSSSGFMAEVQRTLFLPRNLLGMFDDATEQ 5 4 8  

described (4). Amino acids that are con- 
served in all known members of the 

design degenerate PCR primers. (C) (Left 
panel)AXenoposinterphaseeggextract : ~ : ~ : f l : ~ ~ ~ : ~ : ~ ~ [ $ ~ ~ ; ~ ~ ~ ~ ~ ~ ~ ; ; ~ : ~ : I ~ ~ ~ : ~ ? : : : : ~ : ~ ~  
wasimmunoprecipitatedwithantibodies r ~ r ~ i ~ v v ~ r r s ~ r ~ ~ ~ r n ~ ~ !  r ~ ~ r t i c c s ~ ~ ~ ~ ~ ~ ~ r r ~ r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
to Mytl (anti-Mytl) (lane 1) or control 

was DrgDared from uninfecteb C ~ I I S  (lane - 
egg extract (lane 5) or the cytosol (lane 6) - 
and membrane (lane 7) fractions of the extract (4) were subjected to immunoprecipitation with anti-Mytl and then immunoblotted with anti-Mytl . 

40% identical residues for S. pombe Wee1 to of Xenopus Wee1 resides in the egg cytosol serving as an uncleaved, internal signal 
35% for S.  pombe Mikl (3). The kinase fraction (4). Thus, unlike Weel,  Mytl sequence. 
domain of Mytl has 39% identical residues appears to be a membrane-associated pro- To  examine the enzymatic properties of 
to the previously identified Xenopus Wee1 tein. Because the catalytic domain of Mytl, we produced a histidine-tagged ver- 
homolog, whereas Xenopus and human Mytl would presumably reside in the cy- sion of the protein in a baculoviral expres- 
Wee1 share 72% identical residues in this tosol, Mytl may be a type I1 membrane sion system (Fig. 1C). We asked whether 
region (4). This suggests that Mytl repre- protein with its transmembrane segment Mytl would phosphorylate a Cdc2-cyclin 
sents a distinct member of the Wee1 family 
rather than a closely related isoform. 

Another distinguishing characteristic 
of Mvtl is that. unlike other known Wee1 
kinases,it contains a potential transmem- 
brane segment, raising the possibility that 
Mytl might be an integral membrane pro- 
teln.  his segment is located outside-the 
kinase domain and consists of a stretch of 
20 hydrophobic or uncharged amino acids 
flanked on both ends by a basic residue 
(lysine or arginine). To  examine the sub- 
cellular localization of the Mytl protein, 
we fractionated Xenopus egg extracts into 
cytosol and membrane fractions by ultra- 
centrifugation. Subsequently, we washed 
the membrane fraction with a buffer con- 
taining a high concentration of salt to 
remove weakly associated proteins. After 
immunoprecipitation and immunoblotting 
with antibodies to Mytl (anti-Mytl), 
nearly all of the Mytl protein was recov- 
ered in the washed membrane fraction, 
whereas essentially none was found in the 
cytosol (Fig. 1C). This distribution was 
observed with both interphase and mitotic 
extracts (8). In contrast, more than 90% 

Fig. 2. Phosphorylation of Cdc2 on 
both Thrq4 and T Y ~ ' ~  by Mytl. (A) 
Recombinant Mytl protein from Sf9 
cells (even lanes) or a control mock 
preparation from uninfected cells 
(odd lanes) were incubated with pu- 
rified Cdc2-cyclin B1 complexes 
containing the wild-type (W) or in- - - - ] Cdc2-P 
dicated mutant forms of Xenopus 
Cdc2 (9) in the presence of ' 6 7  9 1 0 1 1 1 2 1 3 1 4  
[Y-~~PIATP (20) (see text for expla- B 
nation of mutant designations). After w 
15 min at 22"C, samples were pro- ; s 
cessed for autoradiography. Cdc2- 
P, phosphorylated Cdc2: AF double 

.PT p T  

mutant T14A,Y15F: N133A-AF, tri- . . Y 
, y . . . . * Y 

ple mutant TI 4A,Y15F,N133A. (B) el' 
Phosphoamino acid analysis (21) of 
the indicated samples from (A) shows that Mytl phosphorylates Cdc2 on S 

v. 'Y 'V 
Thri6 and TyrI5. For the wild-type and N133A forms of Cdc2. the mion  4%6'$'$% 
of the autoradiogram containing the dipeptide phosphorylated on both 
Thr14 and Tyrl%as not been depicted (8). S, phosphoserine; T, phos- 
phothreonine: Y,  phosphotyrosine. (C) lmmunoblot with antibodies to - '" 
Xenopus Cdc2 of the various Cdc2-cyclin B complexes shows that 
similar amounts of substrate were used in (A). The reduced electro- 
phoretic mobility of the TI  61A mutant is due to the lack of phosphofyla- 
tion on Thr'"'. Both the N133A and N133A-AF mutants appear larger because of the presence of 
a hemagglutinin tag. 
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B complex, the physiological substrate of 
kinases in the Wee1 family. We incubated 
Mytl in the presence of [y-32P]adenosine 
triphosphate (ATP) and a recombinant 
Cdc2-cyclin B complex that was purified 

.from baculovirus-infected insect cells (9). 
The CdcZ-cyclin complex was prepared un- 
der conditions that allow the phosphoryl- 
ation of the CdcZ subunit on Thrl6l through 
the action of an endogenous insect cell 
CAK. Recombinant Mytl efficiently phos- 
phorylated cyclin-associated, wild-type 
Cdc2, whereas a preparation from unin- 
fected cells contained no kinase activity 
(Fig. ZA). Mytl did not phosphorylate mo- 
nomeric CdcZ (8), indicating that this reac- 
tion is cyclin-dependent. 

Phosphoamino acid analysis of CdcZ 
phosphorylated by Mytl revealed that the 
32P was distributed between both phos- 
photyrosine (20%) and phosphothreonine 
(77%) (Fig. ZB). Thus, in contrast to hu- 
man and Xenopus Wee1 (4, 5) ,  Mytl 

Anti-Mytl 

Fig. 3. Reduced H1 kinase activity of Cdc2-cyclin 
complexes after phosphotylation on Thr14 and 
Tyr15 or both by Mytl . (A) Recombinant Mytl pro- 
tein from Sf9 cells (even lanes) or a control prep- 
aration (mock) from uninfected cells (odd lanes) 
were incubated with purified Cdc2-cyclin B1 
complexes containing the wild-type (W) or indi- 
cated mutant forms of Xenopus Cdc2 (9) in the 
presence of an ATP-regenerating system (20). Af- 
ter 30 min at 22OC, the samples were processed 
for immunoblotting with anti-Mytl (top panel), an- 
ti-phosphotyrosine (middle panel), or anti-Cdc2 
(bottom panel). (B) Cdc2-associated HI kinase 
activity (22) of the samples shown in (A) in the 
presence (stripped bars) or absence (open bars) 
of Mytl. The graph shows the percentage of HI 
kinase activity (normalized for each mutant; 100% 
equals the activity of the sample in the absence of 
Mytl). 

phosphorylates CdcZ on threonine as well 
as on tyrosine. To  assess which residues on 
CdcZ were phosphorylated by Mytl, we 
used various CdcZ mutants with nonphos- 
phorylatable amino acids at key positions 
(Fig. ZA). Mytl can phosphorylate both 
the T14A (Thr14 changed to Ala) and 
Y15F (Tyr15 changed to Phe) mutants of 
CdcZ. In contrast, the T14A,Y15F double 
mutant was not a substrate for Mytl. Phos- 
phoamino acid analysis of 32P-labeled 
T14A and Y15F mutants revealed that the 
T14A mutant contained 89% of its label 
in phosphotyrosine, and that nearly all of 
the 32P present in the Y15F mutant was in 
phosphothreonine (96%) (Fig. ZB). Phos- 
phoamino acid analysis consistently re- 
vealed a low amount of phosphoserine in 
the wild-type and mutant T14A and Y15F 
forms of Cdc2. This serine phosphoryl- 
ation could result from activity of Mytl or 
from weak autophosphorylation by CdcZ 
because we used a catalytically active form 
of CdcZ as the substrate in these assays. 
We favor the latter possibility on the basis 
of experiments with the catalytically inac- 
tive N133A   AS^'^^ changed to Ala) mu- 
tant of CdcZ. In particular, phosphoamino 
acid analysis of the N133A mutant phos- 
phorylated by Mytl (Fig. 2, A and B) 
revealed the presence of mainly phospho- 
threonine (75%) and phosphotyrosine 
(24%), but essentially no phosphoserine 

(<0.7%). As expected, the triple mutant 
T14A,Y15F,N133A was not a substrate for 
Mytl (Fig. ZA). 

Taken together, these results indicate 
that Mytl is a dual-specificity kinase that 
can efficiently phosphorylate CdcZ on 
both Thr14 and Tyr15. We do not observe 
any obligatory order to the phosphoryl- 
ation of CdcZ at these two sites, because 
both the T14A and Y15F single mutants 
of CdcZ are substrates for Mytl. However, 
wild-type CdcZ appears to be phosphoryl- 
ated more efficiently than either single 
mutant (8). Unlike Xenopus Wee1 (4), 
Mytl appears to require prior phospho- 
rylation of CdcZ on Thr161 in order for 
CdcZ to be a substrate (8). Consistent 
with this observation, Mytl did not phos- 
phorylate the T161A mutant of CdcZ 
(Fig. 2A) on either tyrosine or threonine. 
In addition, like Mikl ( lo),  but unlike 
other Wee1 homologs (4, 5 ,  11 ), Mytl 
does not have detectable autophospho- 
rylation activity (8). Finally, we observed 
that Mytl itself is a substrate for the active 
CdcZ-cyclin B complex (8), but the func- 
tional significance of this phosphorylation 
is not known at present. 

We examined whether the kinase ac- 
tivity of CdcZ could be altered by Mytl- 
mediated phosphorylation. We incubated 
wild-type and mutant forms of CdcZ with 
Mytl in the presence of an ATP-regener- 

Fig. 4. Mytl is a major Cdc2-specif- A 
ic tyrosine and threonine kinase in 
the membrane fraction of Xenopus 
egg extracts. (A) The membrane 
fraction of an interphase Xenopus - we - 
egg extract was solubilized with Tri- 
ton X-100 (lane 1) and either treated B m tMyt1 
with anti-Mytl (lanes 2 and 4) or with 
control antibodies (lanes 3 and 5). 
Protein A beads were added, incu- ' 

0 2 4 8 16 32 64 0 +Time 
1 (mln) 

Mytl- 
depleted -- - <-.- 

Mock- 
depleted 

bated, and removed along with as- C 
U 

sociated proteins as described (23). 

&$$lE, :- The solubilized membrane fraction d p a@ p 
(lane I), depleted supernatants 6% +$' &' 
(lanes 2 and 3), and isolated beads 
(lanes 4 and 5) were immunoblotted 2 8 40 
with anti-Mytl . Immpt., immunopre- ti 

P 2 0  
cipitate. (B) Reduced Cdc2-specific '-Mytl -depleted 
tyrosine kinase activlty after removal , 0 
of Mytl. These Mytl-depleted or 0 20 40 60 

control extracts were incubated at Time (rnin) 

22°C with a purified Cdc2-cyclin B1 
complex (9) in the presence of 2 mM ATP, 10 mM phosphocreatine, creatine kinase (1 00 &ml), 10 mM 
MgCI,, and 1 mM vanadate. Samples were taken at the indicated times and immunoblotted with antibodies 
to phosphotyrosine. (C) Reduction of Cdc2-specific threonine and tyrosine kinase activities after removal of 
Mytl . The Mytl -depleted or control extracts were incubated as described in (B) except the Cdc2 subunit 
was labeled with 35S during its synthesis (9). After a 30-min incubation, samples were processed for 
autoradiography. In lane 1, the starting complex was loaded for reference. The phosphotylated forms of 
Cdc2 (12) are indicated: 0, unshifted Cdc2; 1, partially shied Cdc2 after phosphotylation on either Thr14 or 
Tyr15; or 2, fully shied Cdc2 after phosphotylation on both Thr14 and Tyr15. (D) Time course of an 
experiment similar to (C), except that the Cdc2 was labled with 32P on Thr161 (24) before it was added to 
either the Mytl-depleted or control extracts as described in (B). At the indicated times, samples were 
processed for autoradiography (25). The graph shows the percentage of Cdc2 that is phosphotylated on 
both Thr14 and Tyr15. 
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ating system and subsequently measured the 
Cdc2-associated histone H1 kinase activity 
(Fig. 3). In these experiments, phosphoryl- 
ation of Cdc2 was assessed either by immu- 
noblotting with antibodies to phosphoty- 
rosine or by observing the reduced mobility 
of modified Cdc2 during gel electrophoresis. 
The wild-type Cdc2 protein that had been 
treated with Mytl reacted strongly with an- 
tibodies to phosphotyrosine and displayed 
the characteristic double shift (1 2) in SDS- 
polyacrylamide gels indicative of phospho- 
rylation on both Thr14 and Tyr15 (Fig. 3A). 
The same analysis showed that the T14A 
and Y15F mutants are single-shifted as a 
result of phosphorylation at only one site. 
Treatment of wild-type CdcZ with Mytl 
caused a 90% reduction in its H1 kinase 
activity. Similarly, phosphorylation of both 
the T14A and Y15F mutants by Mytl re- 
sulted in a large reduction in activity (60 
and SO%, respectively). As expected, the 
T14A,Y15F double mutant of CdcZ was nei- 
ther phosphorylated nor inactivated by 
Mytl (Fig. 3, A and B). Collectively, these 
experiments indicate that phospho- 
rylation of Thr14 and Tyr15 or both by Mytl 
leads to a substantial reduction in the cata- 
lytic activity of Cdc2. 

The membrane fraction from Xenopus 
egg extracts possesses both Thr14- and 
Tyr15-specific kinase activities, whereas 
the cvtosol fraction contains onlv the tv- 
rosine-specific kinase (7). To determine 
whether Mytl can account for a substan- 
tial portion of the Cdc2-specific inhibito- 
ry kinase activity found in Xenopus egg 
membranes, we carried out a series of im- 
munodepletion studies with antibodies to 
the last 12 carboxyl residues of Mytl (Fig. 
4). Proteins from the detergent-solubilized 
membrane fraction from Xenopus eggs 

A 
B S M l A  

M I A  - -."-- 

I ,  ? 
M G ~  at M phase and rts 

, regulated activity during 
1 the cell cycle. (A) Endog- 
! enous Mytl was immu- 

MPM-2 * 
1C 

nopreclp~tated (18) from a 
. cytostatic factor-arrested 

 eno opus egg extract (lane 
M), an interphase extract (lane I), or an S phase  
blocked extract that had been treated with aphidico- 
lin (50 pg/ml) in the presence of sperm nuclei (1 000 
per microliter) (lane A). These samples were immu- 
noblotted with anti-Mytl (top panel) or monoclonal 
antibody MPM-2 (bottom panel). (B) The kinase ac- 
tivity of the various forms of irnmunoprecipitated 
Mytl was measured as described in Fig. 2 with the 
N133A form of Cdc2 as the substrate (S). Lane S 
depicts a control assay without added Mytl protein. 

were immunoprecipitated with either an- 
ti-Mytl or control antibodies. This immu- 
nodepletion with anti-Mytl removed 
-85% of the Mytl protein (Fig. 4A). We 
measured the Cdc2-specific kinase activi- 
ties in the Mytl-depleted or control ex- 
tracts by adding a Cdc2-cyclin complex 
and then examining either the phospho- 
tyrosine content of.Cdc2 with antibodies 
to phosphotyrosine or the phosphoryl- 
ation-dependent retardation of radiola- 
beled CdcZ during gel electrophoresis. 
The tyrosine phosphorylation of CdcZ was 
dramatically reduced in the Mytl-deplet- 
ed extract (Fig. 4B). Similarly, using ei- 
ther 35S- or 32P-labeled CdcZ as the sub- 
strate, we observed that the control ex- 
tract shifted -80% of the CdcZ to its 
Thr14-Tyr15 doubly phosphorylated form 
(1 2), whereas the Mytl-depleted extract 
phosphorylated only about 20% of the 
substrate (Fig. 4, C and D). The immuno- 
precipitated Mytl protein efficiently 
phosphorylated CdcZ in both assays (8). 
Taken together, these experiments suggest 
that Mvtl is a   red om in ant Cdc.2-s~ecific 
inhibitory kinase in Xenopus egg mem- 
branes. Moreover, because all of the 
Thr14-directed activity resides in the 
membrane fraction, Mytl appears to be a 
major Thr14-specific kinase in Xenopus 
eggs. 

The Wee1 kinase from Xenobus and 
humans is highly regulated during'the cell 
cycle (4, 6 ) .  In particular, Xenopus Wee1 
is active during interphase but shows 
ereatlv reduced activitv at mitosis as a - ,  
result of extensive phosphorylation by two 
inhibitorv kinases. To examine whether 
Mytl is regulated during the cell cycle, we 
immunoprecipitated endogenous Mytl 
from either M phase or interphase Xenopus 
egg extracts and measured its Cdc2-specif- 
ic kinase activity. We prepared two types 
of interphase extracts: one that was arrest- 
ed in interphase with the replication in- 
hibitor aphidicolin (13) and another that 
contained no cell cycle inhibitor. Equiva- 
lent amounts of Mytl protein were immu- 
noprecipitated from the various extracts. 
However, the M phase form of Mytl was 
clearly modified as indicated by a substan- 
tially reduced electrophoretic mobility 
(Fig. 5A). At least a portion of this mod- 
ification appears to be phosphorylation, 
because the M phase, but not interphase, 
form of Mytl reacts well with the mitotic 
phosphoprotein monoclonal antibody 
MPM-2 (Fig. 5A). This antibody specifi- 
cally recognizes a phosphorylated epitope 
found on various mitotic proteins (14). 
Finally, we examined the Cdc2-specific 
kinase activity of the various forms of 
Mytl (Fig. 5B). The M phase form was 
about one-fifth as active as the Mytl pro- 
tein from either type of interphase extract. 

Moreover. like Xenobus Wee1 (4). the . ,, 
activity of Mytl was similar during inter- 
phase whether or not the replication 
checkpoint had been activated by aphidi- 
colin. Similar results were obtained if ei- 
ther the T14A or Y15F form of CdcZ was 
used (8). These experiments indicate that 
Mvtl activitv is substantiallv decreased at 
mitosis when CdcZ must remain dephos- 
phorylated on both Thr14 and Tyr15. 

In conclusion, we have identified Mytl, 
a distinct member of the Wee1 family that 
collaborates with Wee1 by phosphorylating 
CdcZ on Thr14 in addition to Tyr15. Col- 
lectively, the inhibitory Wee1 and Mytl 
kinases may ensure that CdcZ at various 
locations throughout the cell becomes acti- 
vated only at the G,-M transition. 
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phatase (6) that was identified as a protein 
that interacts with Cdk2 and Cdc2, is a 
plausible candidate Thr160 phosphatase. 
KAP is related to MKP-1 and PAC1, dual-
specificity phosphatases that dephospho
rylate the activating threonine and tyrosine 
phosphates in the ERK1 and ERK2 members 
of the mitogen-activated protein (MAP) ki
nase family, which lie in the catalytic do
main activation loop in a position similar to 
that of Thr160 in Cdk2 (7). We therefore 
investigated whether KAP could dephospho
rylate Cdk2 Thr160. KAP that was immuno-
precipitated with affinity-purified antibodies 
to KAP (anti-KAP) from HeLa cell extracts 
(Fig. 2A) was found to dephosphorylate mo
nomeric Thr160-phosphorylated Cdk2, but 
not the cyclin A-Cdk2 complex (Fig. 2B). 
These results were consistent with the ob
served dephosphorylation of Cdk2 Thr160 by 
cell extracts (Fig. 1C). The Thr160 dephos
phorylation activity in a HeLa cell extract 
was reduced after immunoprecipitation with 
anti-KAP (Fig. 2C), which indicates that 
KAP constituted a significant Thr160 phos
phatase activity. Moreover, a bacterially ex
pressed and purified GST-KAP protein also 
dephosphorylated Cdk2 Thr160 in the ab
sence of cyclin A, but not in its presence 
(Fig. 2D). Mutation of the conserved Cys140 

in the catalytic core of KAP (HCXXXXGR 
motif) (8) to Ser (C140SUwhich inactivat
ed the phosphatase activity of KAP toward 
model substrates (6), a|po^hed dephospho
rylation of Cdk2 Thr160 (Fig. 2D). The de
phosphorylation of Cdk2 by KAP did not 
depend on the kinase activity of Cdk2, be
cause the reaction contained no Mg 2 + -
adenosine triphosphate and because a cata-
lytically inactive mutant of Cdk2 in which 
Lys33 was changed to Arg (K33R) (4) was 
efficiently dephosphorylated (9). Similar re
sults were obtained with a hexahistidine-
tagged cyclin A or a protein A-tagged KAP 

Dephosphorylation of Cdk2 Thr160 by the 
Cyclin-Dependent Kinase-lnteracting 

Phosphatase KAP in the Absence of Cyclin 
Randy Y. C. Poon and Tony Hunter 

The activation of cyclin-dependent kinases (CDKs) requires the phosphorylation of a 
conserved threonine (Thr160 in Cdk2) by CDK-activating kinase (CAK). Human KAP (also 
called Cdi1), a CDK-associated phosphatase, was shown to dephosphorylate Thr160 in 
human Cdk2. KAP was unable to dephosphorylate Tyr15 and only dephosphorylated 
Thr160 in native monomeric Cdk2. The binding of cyclin A to Cdk2 inhibited the dephos
phorylation of Thr160 by KAP but did not preclude the binding of KAP to the cyclin A-Cdk2 
complex. Moreover, the dephosphorylation of Thr160 by KAP prevented Cdk2 kinase 
activity upon subsequent association with cyclin A. These results suggest that KAP binds 
to Cdk2 and dephosphorylates Thr160 when the associated cyclin subunit is degraded or 
dissociates. 
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