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Requirements for Phosphorylation of MAP Kinase 
During Meiosis in Xenopus Oocytes 
JAMES POSADA AND JONATHAN A. COOPER* 

Mitogen-activated protein (MAP) kinases are activated in response to a variety of 
extracellular stimuli by phosphorylation on tyrosine and threonine residues. Xp42 is a 
X e n q u s  laevis MAP kinase that is activated during oocyte maturation. Modified forms 
of Xp42 that lacked enzymatic activity or either of the phosphorylation sites were 
expressed in Xenopus oocytes. When meiotic maturation was induced with progester- 
one, each mutant Xp42 was phosphorylated, indicating that at least one kinase was 
activated that can phosphorylate Xp42 on tyrosine and threonine. Phosphorylation of 
one residue is not strictly dependent on phosphorylation of the other. 

M AP KINASES (1) ARE ACTIVATED Activities that induce serine, threonine, 
in many cell types in response to and tyrosine phosphorylation of MAP ki- 
mitogenic stimuli (2, 3). Howev- nase have been detected in epidermal 

er, MAP kinas& are also activated in special- growth factor-stimulated mouse 3 ~ 3  cells 
ized cells that are not mitogenically respon- and in nerve growth factor-stimulated 
sive, such as Xenopus and starfish oocytes PC12 cells (15, 16). These activators have 
undergoing meiosis (446), PC12 cells differ- no apparent protein kinase activity when 
entiating in response to nerve growth factor assayed on other substrates. Studies of the 
(7-9), adrenal cortical cells secreting cate- MAP lunase ERK2 made in Escherichia coli, 
cholamines in response to nicotine or carba- which lack tyrosine kinases, indicate that 
chol (7), and h~ppocampus undergoing a MAP kinases-can autophosphorylate on ty- 
seizure response (10). The signaling path- rosine (8, 17, 18). Furthermore, phosphor- 
ways that trigger MAP kinase activation ylation of bacterially synthesized ERK2 is 
under these different conditions are initiated stimulated by the activator from 3T3 cells 
variously by tyrosine kinases, protein kinase (19). The activators have been variously 
C, or  G proteins, and each pathway may assumed to be activators of autophosphoryl- 
activate MAP kinases by a common mecha- ation (19) or specific "MAP kinase kinases" 
nism or by a distinct one. (16), but it is not clear which interpretation 

Activated MAP kinase from mouse 3T3 is correct. The activation of MAP kinase in 
cells is phosphorylated on threonine and Xenopus oocytes is also correlated with in- 
tyrosine residues (I) ,  and dephosphoryla- creased phosphorylation of the enzyme (4, 
tion of either or both residues reduces activ- 5) .  We now present evidence that this phos- 
ity (11). Therefore, MAP kinases may be phorylation is catalyzed by one or more 
activated by the combined actions of tyro- other kinases that are stimulated during 
sine and serine-threonine kinases, by a single 
kinase able to phosphorylate threonine and 
tyrosine residues (12), by autophosphoryla- 
tion, or by a combination of these possibil- 
ities. Both the phosphorylated residues are 
in kinase subdomain VIII (13), a region that 
contains autophosphorylated residues in 
other protein kinases (14). Either autophos- 
phorylation or phosphorylation by other 
kinases could be induced by extracellular 

oocyte maturation. 
A cDNA for Xenopus MAP kinase Xp42 

that is phosphorylated and activated during 
oocyte maturation has been cloned (4, 20), 
and antiserum has been raised to a COOH- 
terminal peptide (21). Xp42 was immuno- 
precipitated from oocytes and egg extracts 
and incubated with the substrates myelin 
basic protein (MBP) and y-32P-labeled 
adenosine triphosphate (ATP). Xp42 from . . 

signals. eggs was enzymatically active &d Xp42 
from oocytes was inactive (Fig. 1A). Immu- 
noblotting of the immunoprecipitates re- 

Fred Hutchinson Cancer Research Center, Seattle, WA vealed that egg xp42 migrated more slowly 
98104. 

than oocyte Xp42 on gel electrophoresis 
*To whom correspondence should be addressed. (Fig. 1A). Xp42 from eggs, but not from 
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Fig. 1. Characterization ofXenopw A O E  O E  0 E B  
MAP kinase Xp42. (A) X m p w  P P I I  I I  
oocyn (0) or egg (E) extract was 
immunoprrcipitated with prcim- 
munc (P) rabbit serum (lanes 1 and 

Q.3- ULJL a 
2) or antiserum (I) to Xp42 Xp42- w 

(1913.2) (lanes 3 through 6). In 
lanes 1 through 4, proteins in the - 
immunoprccipitates wcre immuno- MBP * 
blotted with antiserum 1913.2. In 
lanes 5 and 6, oocyn or egg im- 1 2 3 4  5 0  , 2 . J  

munoprecipitates were incubated 
with MBP in the presence of [ y - 3 2 P ] ~ ~ ~  to measure kin= activity. 1 6 ,  a nonspcci6c band present 
becaw of the lvgc amounts of immunoglobulin G in the extracts. (B) Phosphatasc mtmcnt of 
immunoprccipitated Xp42. Equal amounts of Xenopw egg cxtnct were immunoprccipitatd with 
1913.2. The immunoprcdpitates wcre treated with M a  alone (lane l), PP2A (lane 2), CD45 (lane 
3), or both PP2A and CD45 (lane 4) (top). The atrowhead points to the unphosphorylated Xp42. 
Kinasc activity was assayed with MBP as substrate (bottom). 

oocytes, is phosphorylated on threonine and 
tyrosine (422). Incubation of an egg Xp42 
immunoprecipitate with the se~e-threo- 
nine-specific protein phosphatase 2A 
(PP2A) (23) abolished the enzymatic activ- 
ity but did not alter the electrophoretic 
mobility of Xp42 (Fig. 1B). Incubation of 
immunoprecipitatcd Xp42 with the tyro- 
sine-specific protein phosphatase CD45 (24) 
reduced the enzymatic activity of Xp42 by 
50% and had no effect on electrophoretic 
mobility. Incubation with both phos- 
phatases i n d  the electrophoretic mo- 

biity of about 50% of Xp42 molecuks, to 
comigrate with nonphosphorylated oocyte 
Xp42 (Fig. 1B). These results are consistent 
with dephosphorylation studies on murine 
MAP kinase, in which phosphorylation at 
both tyrosine and threoninc was found to be 
required for activity (It), although in our 
experiments CD45 dephosphorylated Xp42 
in&ciently. Xp42 molecules that are phos- 
phorylated at either or both sites migrate 
slower than nonphosphorylated Xp42 on 
SDS gels. Thus, gel mobility can be used as 
an assay for phosphorylation. 

eVL'THE TIC 

MIX 

Fig. 2. Identification of the phosphorylation sites in Xp42. (A) Phosphopcptidc map of Xp42 labeled 
with j2Pi in Xenopw egg extract. Phosphoamino acid analysis of the major spot is shown to the right. 
PS, phosphoaerinc; PT, phosphorhrconk, and PY, phosphotyrosinc. (6) The same sampk as in (A) 
a k r  PP2A treatment. Phosphoamino acid analysls is shown to the right. Comparison of the 
PP2A-treated peptidc h m  Xp42 in (B) with a tyrosine-phosphotylated synthetic peptidc VADPDH- 
DHTGFLTEYVATR (C) (29), or a mixture (0) of the samples in (B) and (C). The atrowhead 
indicates the origin. 

We tested whether phosphorylation of 
Xp42 occurred at the same sites as murine 
MAP kinase (13). Xp42, immunoprecipi- 
t a d  fiom 32P-labeled egg extracts, con- 
tained one predominant nyptic phospho- 
peptide (25) (Fig. 2A). Removal of 
phosphothreonine with PP2A a l t d  the 
migration of the peptide to a position indic- 
ative of kss acidic, less hydrophilic proper- 
ties (Fig. 2B), corresponding to the position 
of migration of a minor phosphopeptide in 
the original digest (Fig. 2A, arrow). This 
mobility shift is consistent with removal of 
one phosphate fiom a peptide containing 
two phosphates. A synthetic peptide con- 
taining the Xp42 phosphorylation sites ( m -  
idues 176 to 194) comigrated with the 
tyrosine-phosphorylated Xp42 tryptic pep 
tide (Fig. 2, C and D) when phosphorylated 
in v im at Tyrl- by an Src irnmunoprecip 
itate. Therefore, the tyrosine phosphorylat- 
ed in Xp42 is Tyrl-, and the threonine 
residue also lies within the synthetic peptide 
at either Thrl" or Thrla8. This suggests 
that Xp42 m o l d e s  that are active are 
phosphorylated at both Thrln8 and TyrI9', 
as is the murine MAP kinase activated by 
mitogenic stimulation (13). 

We fuxd a cDNA encoding a repeated 
Myc protein epitope to the 5' end of the 
Xp42 cDNA (Xp42-MT). This allowed the 
separation of the cDNA product fiom en- 
dogenous Xp42 by immunoprecipitation 
with the monodona1 antibody 9E10 (26). 
We expressed Xp42-MT in Xenop" oocytes 
by injecting mRNA tranxribed in v im  
(27). After labeling the oocytcs with 
[35S]mcthi~nine for 2 days, we incubated 
them with progesterone to induce meiotic 
maturation. The oocyns were then lysed, 
and Xp42-MT immunoprecipitated (Fig. 
3). The Xp42-MT fiom progesterone-treat- 
ed wild-type (WT) oocyhs had a reduced 
mobility in SDS gels, indicative of phos- 
phorylation (Fig. 3 4  WT lanes). Phospho- 
rylation of Xp42-MT at tyrosine was also 
detected by immunoblocting the immuno- 
precipitates with antibody to phosphoty- 
mine (Fig. 3B). These phosphorylated 
molecules were enzymatically active (Fig. 
3D). To test whether phosphorylation re- 
quired intrinsic protein kinase activity (and 
was therefore intramolecular), we made a 
mutation in the Xp42-MT cDNA so that it 
encoded arginine in place of ~ys"  (K57R 
mutant). A corresponding mutation has 
been made in many other protein kin-, as 
well as in murine MAP kinase (17), and in 
all cases it inhibits enzymatic activity. An- 
other highly conserved residue in the phos- 
pho t r ans fa  region, Ilew, was changed to 
tyrosine (I86Y). The COOH-terminal 34- 
amino acid midws were also ddaed 
(-COOH). Xp42-MT made f b m  each of 
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these cDNAs was also phosphorylated dur- 
ing meiotic maturation (Fig. 3, A and B), 
but these molecules were enzymatically in- 
active (Fig. 3D). Because kinase-inactive 
mutant Xp42-MT was phosphorylated in 
vivo during meiosis, this phosphorylation 
must have been carried out by one or more 
maturation-activated tyrosine and threonine 
kinases. 

To investigate the specificity of the pro- 
tein kinase or kinases that phosphorylate 
Xp42 in meiotic oocytes, we tested four 
phosphorylation site mutants of Xp42-MT 
as substrates (Fig. 3). These mutants have 
ThrlS8 changed to valine or aspartate 
(T188V and T188D), TyrlgO changed to 
phenylalanine (Y190F), or both ThrlS8 
changed to valine and TyrlgO changed to 
phenylalanine (TY/VF). Mutation of ThrlS8 
to valine or aspartate had no effect on tyro- 

coon wr 
- +  - +  

sine phosphorylation, indicating that 
ThrlS8, in either its phosphorylated or de- 
phosphorylated state, is not part of the 
recognition site for the tyrosine kinase. Mu- 
tation of TyrlgO to phenylalanine reduced 
the percentage of Xp42 molecules undergo- 
ing phosphorylation at ThrlS8, but about 
half the molecules were still phosphorylated. 
Therefore, TyrlgO phosphorylation is not 
essential for, but may increase the efficiency 
of, phosphorylation. No phosphoryl- 
ation of the double mutant was detected, 
confirming that the phosphorylations causing 
the mobility shifts are occurring at the sites 
identified by peptide mapping. Expression of 
WT or mutant Xp42-MT had no apparent 
effect on oocyte maturation or on phosphor- 
ylation of endogenous Xp42 (Fig. 3C). To 
venfy that the Myc epitope did not alter the 
regulation of Xp42, we expressed the various 

Fig. 3. Expression of Xp42-MT 
mutants in Xenopus oocytes. Stage 
VI X e ~ w  -4 were injected 
with [3 S]methiomne and RNA 
transcribed in v i m  from various 
Xp42-MT mutant cDNAs. After 48 
hours, oocytes were incubated in 
the absence or presence of proges- 

B terone (as indicated at the top of 
~=?!I!!F?? the lanes) for a further 6 hours. (A) 

..,t I - -w-*h!'ttff - Xp42-MT immunoprecipirates. 
Newly synthesized Xp42-MT im- 
munoprecipitated with monoclonal 
antibody 9E10 was detected by au- 
toradiography. (B) Immunoblot 
with antibody to phosphotyrosine. 
9E10 immunoprecipimtes were 

C probed with monoclonal antibody 
PY-20. (C) Xp42 immunoblot. Ali- 
quots of oocyte extract were 

AA4dcXp42-MT - probed with antibody 1913.2. The 
endogenous Xp42 migrates faster 

- 
b u & 4 x p 4 2  than the ectopic Xp42-MT. The 

-v- - - COOH-terminal deletion is not 
recognized because it is missing the 
1913.2 epitope. (D) Immune com- 
plex kinase assay. The 9E10 im- 
munoprecipitates were incubated in 
the presence of [y-32P]ATP and 

111 bacterially expressed GST-Myc h- 
sion protein (30). The arrow indi- 
cates phosphorylated GST-Myc. 

Fig. 4. (A) In vitro activation of MAP kinase. WT A 
and kinase-inactive K57R mutant (K) Xp42-MT w-r K WT K WT K WT K 

B 
were immunoprecipitated from reticulocyte ly- 7 
sates after translation of the mRNA. The im- 

6 
munoprecipitates were incubated in the presence _ - - 

4 1Xp42 - 
of ATP and phosphatase inhibitors with egg 
extract that had been fractionated by DEAE- 
cellulose chromatography (31). Immunopre- 1 2 3 4 5 6 7 8 1 2  
cipitates were then washed and assayed for kinase activity with GST-Myc as a substrate. Lanes 1 and 2, 
incubation in kinase buffer alone; lanes 3 and 4, kinase buffer with ATP (5 mM); lanes 5 and 6,O.l M 
NaCl fraction with ATP; lanes 7 and 8,0.3 M NaCl fraction with ATP. The upper arrow indicates 
32P-labeled GST-Myc substrate. The lower arrowheads indicate the phosphorylated and nonphospho- 
rylated forms of 35S-labeled methionine Xp42-MT. (B) Xp42 immunoblot of column fractions. Lane 
1 , O . l  M NaCl fraction; and lane 2,0.3 M NaCl fraction. 

mutants without the Myc tag (28). Although 
the endogenous Xp42 prevented measure- 
ment of the activity of the exogenous pro- 
teins, the phosphorylation of the kinase-inac- 
tive and phosphorylation site mutant 
molecules codd be detected by their altered 
gel mobilities. 

We designed in vitro experiments to test 
whether phosphorylation of kinase-inactive 
Xp42-MT in progesterone-treated oocytes 
was catalyzed by endogenous Xp42 or an- 
other kinase. Egg extract was separated by 
ion-exchange chromatography into a 0.1 M 
NaCl fraction depleted of Xp42 and a 0.3 M 
NaCl fraction that contained Xp42 (Fig. 
4B). WT and K5 7R Xp42-MT were synthe- 
sized in reticulocyte lysate and irnmunopre- 
cipitated. The immunoprecipitates were in- 
cubated with ATP and either the egg 
fractions or the column buffer (Fig. 4A). 
The egg fraction depleted of Xp42 catalyzed 
phosphorylation of K57R Xp42-MT, caus- 
ing the characteristic mobility shift (Fig. 4 4  
lane 6), and activated WT Xp42-MT (lane 
5), suggesting phosphoryla~on at both 
sites. In contrast, the fraction containing 
Xp42 neither phosphorylated K57R mutant 
Xp42-MT (lane 8) nor activated WT Xp42- 
MT (lane 7). In the control incubations with 
column buffer, a small but reproducible 
fraction of WT Xd2-MT molecules was 
phosphorylated (lane 3), but kinase-inactive 
Xp42-MT molecules were not (lane 4). The 
autophosphorylation of Xp42-MT appeared 
to result in singly phosphorylated molecules 
because there was no kinase activity (lane 3). 
Furthermore, the phosphorylatiob appears 
to be limited to TyrlgO because the T188V 
mutant, but not the Y190F mutant, under- 
went phosphorylation under these condi- 
tions (28). 

These data suggest that although auto- 
phosphorylation results in a small amount of 
xp42 ph&phorylation, 111 activation re- 
quires one or more distinct protein kinases 
present in Xenopus egg extract. Our data do 
not exclude the possibility that autophos- 
phorylation of MAP kinases may also be 
regulated in maturing oocytes and other 
stimulated cells. 

-- 
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nl) was injected into the cytosol of Stage VI oocytes. 
The oocytes were incubated in 50% L-15 medium 

(Gibco) with gentamycin (0.05 jil/ml) at 15°C for 2 
days. On day 3, progesterone (2 |xg/ml) was added, 
and incubation was continued for 16 hours. Extracts 
were prepared by homogenizing groups of 20 to 35 
oocytes in 20 mM Hepes (pH 7.5), 2 mM DTT, 2 
mM MgCl2, 1 mM EGTA, 1 mM PMSF, 2 mM 
Na 3 V0 4 , and 0.05 |xM microcystin (Calbiochem), 
and insoluble debris was removed by centrifugation. 

28. J. Posada and J. A. Cooper, unpublished results. 
29. Abbreviations for the amino acid residues are as 

follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, 
Gly; H, His; I, He; K, Lys; L, Leu; M, Met; N, Asn; 
P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; W, 
Trp; and Y, Tyr. 

30. A bacterial protein containing glutathione transfer­
ase (GST) fused to the NH2-terminus of Myc 
(GST-Myc) (AMRAD) was prepared according to 
the manufacturer's instructions. This protein con­
tains a site phosphorylated by MAP kinase [E. 
Alvarezes/. , J. Biol Chem. 266, 15277 (1991)]. 

31. Egg extract (2 mg of protein) was diluted in column 
buffer [20 mM Hepes (pH 7.5), 5 mM MgCl2, 1 
mM EGTA, 5 mM 2-mercaptoethanol, 1 mM 
PMSF, 2 mM Na 3 V0 4 , and 0.5 jiM microcystin] 
containing 0.1% 3-[(3-cholamidopropyl)dimethyl-
ammonio]-l-propane sulfonate (CHAPS) and was 
applied to a 1-ml DE-52 (Whatman, Madistone Kent, 
England) anion exchange column. The column was 
washed with one bed volume and eluted with 0.1 M 
and 0.3 M NaCl in column buffer (1 ml of each). The 
fractions were concentrated in centrifugal concentra­
tors (Amicon), made 5 mM in ATP, and mixed with 
9E10 immunoprecipitates containing 35S-labeled me­
thionine Xp42-MT. The mixtures were incubated at 
30°C for 30 min and washed, and immune complex 
kinase assays carried out in the presence of GST-Myc 
and [7-32P]ATP. 

32. We thank C. Diltz and E. Fischer for CD45, T. 
Haystead for PP2A, B. Blackwood for GST-Myc, 
M. Roth for Myc tag reagents, and A. Kashishian 
for technical assistance. Supported by grants from 
the NIH (CA-28151 and CA-08860). 
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J. D. Talbot et al. (1) found significantly 
increased cerebral blood flow (CBF) in the 
contralateral anterior cingulate cortex (area 
24) in response to thermal pain in normal 
volunteers. We have confirmed this result 
(2) using different methods of statistical 
analysis, but we also found increased CBF in 
the contralateral thalamus (z = 4.193, P < 
0.01 for the center of both areas). We 
conclude that these two areas are likely to be 
the main sites in the brain where the "suf­
fering" component of pain is experienced. 
The results of cingulumotomy on patients 
with intractable pain suggest that both at-
tentional and emotional components of pain 
may be processed in the anterior cingulate 
cortex (3). 

In contrast to the findings in (:/), we did 
not see any evidence of increased CBF in the 
primary or secondary somatosensory corti­

ces in response to an increasing intensity of 
nonpainful heat or to a painful heat stimu­
lus. The explanation for this different result 
may well be that we stimulated the same area 
of the back of the hand to exclude the tactile 
and positional components of the stimulus, 
whereas Talbot et al. carefully moved the site 
of stimulation around the forearm. It seems 
likely that, in the latter procedure, the variable 
tactile components, and the subject's variable 
attention to the positional components of the 
stimulus, produced increased CBF in the pri­
mary and secondary sensory cortices. 

ANTHONY K. P. JONES 
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Medical Research Council Cyclotron Unit, 
Hammersmith Hospital, 
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Response: Although our finding of activa­
tion of the anterior cingulate cortex in re­
sponse to pain has been confirmed by Jones 
et al. (:/), our interpretation of this activa­
tion differs from their "suffering" hypothe­
sis. Psychophysical studies (2, 3) have dem­
onstrated that phasic noxious heat stimuli 
evoke pain sensations with a low affective 
component. On the basis of anatomical (4), 
neurophysiological (5), and human stimula­
tion (6) studies, we postulate that (exclusive­
ly contralateral) cingulate activation may 
indicate a direct encoding of stimulus inten­
sity rather than any substantial "suffering" 
experienced by the subjects. Our views are 
not completely at odds with those of Jones et 
al., as we presume that the encoding of pain 
intensity is a major factor in the regulation 
of emotional and autonomic responses. 
Nevertheless, "suffering" is not likely to be 
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