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Summary 

We have developed a soluble, cell-free system from 
premeiotic Xenopus oocytes that executes the post- 
translational activation of a precursor form of matura- 
tion promoting factor (MPF). We have distinguished at 
least two components of this ATP-dependent reaction: 
pre-MPF, a precursor to MPF that activates indepen- 
dently of added MPF and whose apparent molecular 
weight changes from 400 kd to 260 kd upon activation; 
and INH, an inhibitor of pre-MPF activation that con- 
fers MPF dependence on the reaction. We present evi- 
dence suggesting that INH is a phosphatase and that 
the activation of pre-MPF occurs via phosphorylation. 
INH activity itself seems to be regulated by another 
phosphatase, protein phosphatase-I. We have directly 
examined the pattern of protein phosphorylation dur- 
ing the activation reaction and have found 92 and 140 
kd proteins whose phosphorylation increases when 
MPF activity appears. This system makes possible a 
direct examination of the regulation of MPF activity 
during the cell cycle. 

Introduction 

In recent years conslderable attention has been given to 
cell cycle regulation in oocytes and eggs. particularly 
those of Xenopus laevis. The egg does not increase in 
mass or engage in transcription during its early develop- 
ment, and carries out a series of rapid, simplified, bi- 
phasic cell cycles consisting of only M and S phases. In 
the absence of a nucleus and centriole, the egg still exe- 
cutes periodic cortical and cytoplasmic reactions with nor- 
mal cell cycle timing (Hara et al., 1980; Gerhart et al., 
1984). Thus events like DNA synthesis, nuclear break- 
down, and spindle formation can be distinguished from a 
more fundamental cell cycle clock, or oscillator, that may 
control them. Although the molecular nature of this oscil- 
lator is not yet understood. a fundamental regulatory com- 
ponent of the cell cycle, called maturation or M phase 
promoting factor (MPF), has been described that is either 
part of the oscillator or closely coupled to it. 

Maturation promoting factor promotes the G2 to M 
phase transition in many, if not all. eukaryotic cells. It was 
first described as an activity in the cytoplasm of unfertil- 
ized frog eggs. cells that are naturally arrested at meta- 
phase of the second meiotic division (Masui and Markert, 
1971; Smith and Ecker, 1971). The transfer of egg cyto- 
plasm into a premeiotic oocyte, which is naturally arrested 
in G2, induces the recipient to undergo meiosis (to ma- 

ture) precociously, independent of the normal control by 
progesterone. This induction of oocyte maturation is the 
principal assay for MPF. 

Although MPF was first discovered in eggs and oocytes. 
it plays the same role in mitosis as it does in meiosis. MPF 
activity oscillates in the mitotic divisions of cleaving em- 
bryos with the same periodicity as the cell cycle (Wasser- 
man and Smith, 1978; Gerhart et al.. 1984). It appears in 
late G2, peaks in mitosis, and then abruptty declines to un- 
detectable levels by interphase. 

MPF activity exists in a wide variety of eukaryotic cells: 
starfish oocytes and eggs (Kishimoto and Kanatanl, 1976). 
mouse oocytes (Sorensen et al., 1985), mammalian cul- 
tured cells (Sunkara et al.. 1979; Nelkin et al., 1980), and 
even yeast (Weintraub et al., 1982; Tachibana et al., 1987: 
Mark Solomon, unpublished data). In each case MPF ac- 
tivity. as assayed by the induction of Xenopus oocyte 
maturation, was detected in M phase but not interphase 
cells. 

MPF is not only temporally correlated with M phase, it 
can actually promote the entry into M phase. Addition of 
parttally purified MPF to either interphase-arrested eggs 
or cell-free extracts made from eggs induces nuclear 
envelope breakdown, chromosome condensation, and 
spindle formation (Miake-Lye et at., 1983: Miake-Lye and 
Kirschner, 1985; Lohka and Mailer, 1985). Furthermore. 
when MPF activity declines in these systems, nuclei re- 
form. chromosomes decondense, and DNA synthesis be- 
gins, indicating that the transition to S phase has oc- 
curred. Subsequent addition of MPF can again induce M 
phase events, so the presence and absence of MPF activ- 
ity seems to be sufficient to produce a simplified cell cycle 
of alternating M and S phase states (Newport and Kirsch- 
ner. 1984). 

Though it is clear that MPF plays a direct role in the 
regulation of cell cycle events, there is stilt very little 
known about its molecular nature, its mode of action. or 
the regulation of its activity through the cell cycle. MPF 
has been partially purified from unfertilized eggs of X. 
laevls (Wu and Gerhart, 1980; Nguyen-gia et al., 1986) 
and from mitotically arrested HeLa cells (Adlakha et al.. 
1985), and has an apparent molecular weight of 100 kd 
(Adlakha et al., 1985; Gerhart et al., 1985). In extracts from 
both sources. MPF activity is unstable but can be 
preserved by the inclusion of phosphatase inhibitors and 
ATP. Thus MPF may be a phosphoprotein, and its phos- 
phorylation state may affect its activity. There is more di- 
rect evidence that MPF from Xenopus eggs IS a phos- 
phoprotein. A monoclonal antibody that specifically binds 
to some thiophosphoproteins immunoprecipltates and in- 
activates MPF activity from preparations that have been 
incubated with ATPyS (Cyert and Kirschner, unpublished 
data), Therefore, MPF must have a phosphorylation site 
that becomes modified upon exposure to the sulphur- 
containing ATP analog. However. many proteins in the 
partially purified MPF preparation are recognized by this 



Cell 
186 

antibody. 
The mechanism by which MPF induces M phase events 

is unknown. The fact that these events can be induced in 
the presence of protein synthesis inhibitors (Miake-Lye et 
al., 1983) argues that they are regulated posttranslation- 
ally. and circumstantial evidence suggests that phos- 
phorylation may be involved. One possibility is that MPF 
itself is a kinase that activates a cascade of enzymes that 
are responsible for the events of mitosis. There is good 
evidence that one event downstream of MPF, nuclear 
envelope breakdown, is mediated by phosphorylation. 
The lamin proteins, major structural proteins underlyrng 
the nuclear envelope, become hyperphosphorylated In 
vivo during mitosis, and in vitro after MPF addition (Ger- 
ace and Blobel. 1980; Miake-Lye and Kirschner, 1985); de- 
phosphorylation seems to be necessary for the nucleus 
to reform (Burke and Gerace, 1986; Lohka et al., 1987). 
Other M phase-specific phosphorylations have also been 
described, although their physiological significance is un- 
known (Karsenti et al.. 1987: Lohka et al., 1987; Davis et 
al., 1983). 

Though something is known about the downstream ef- 
fects of MPF, much less is known about how MPF itself IS 
regulated during the cell cycle. Oscillations in MPF activity 
could be due either to periodic synthesis and degradation 
of the MPF protein, or to periodic activation and inactiva- 
tion of continually existing polypeptides. Although there is 
not enough evidence to confirm or exclude either of these 
models, studies of meiotic induction in Xenopus oocytes 
indicate that MPF can be regulated posttranslationally. In- 
jection of a small amount of MPF triggers the production 
of a much larger amount of MPF by the recipient oocyte, 
and this amplification of MPF activity occurs in the ab- 
sence of any protein synthesis, suggesting that there is a 
preexisting inactive form of MPF in the oocyte (Wasser- 
man and Masui. 1975; Gerhart et at.. 1984). This latent 
MPF could be activated by many different mechanisms, 
including proteolysis, phosphorylatlon, dissociation from 
an inhibitor, or release from vesicles. 

The ability to induce maturation in the absence of pro- 
tein synthesis is unique to MPF. Progesterone and other 
effecters, such as the inhibitor of CAMP-dependent protein 
kinase. act through protein synthesis, requiring a step(s) 
to induce maturation (Wasserman and Masui, 1975; Mal- 
ler, 1983). MPF therefore seems to act downstream of 
these proteins. 

In this report, we describe a soluble, cell-free system de- 
rived from premeiotic Xenopus oocytes that executes the 
posttranstational activation of a precursor form of MPF. 
This development makes possible for the first time a direct 
examination of the control of MPF during the cell cycle. We 
have distinguished at least two components of the activa- 
tion process whose properties suggest the presence of 
competing phosphorylation and dephosphorylation reac- 
tions. We have directly examined the pattern of protein 
phosphorytation during the course of the activation reac- 
tion, and have observed a small number of specific 
changes that occur when MPF activity first appears. We 
discuss these results in the con!ext of a model for the 
regulation of the eukaryotic cell cycle. 
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Figure 1. Ampkflcabon of MPF Actlvlty in a Low-Speed Extract of X. 
laevls Oocytes and in Intact Oocytes 

A low-speed extract of stage 6 oocytes (described 111 Exp’?r~mental 
Procedures) was Incubated at room temperature. At 0 mfn. an ATP- 
regenerating system (50 pglml creatfne phosphoklnase and 10 mM 
creahne phosphate) and partially purlfled MPF (ftnal concentration, 20 
U/ul) were added. and at the lndlcatcd times, allquots of the extract 
were Injected Into oocytes to assay MPF activity as described in Ex- 
perlmental Procedures The number of units of MPF in 500 nl of extract 
(the cstlmated volume of extract equivalent to 1 oocyte) is plotted. The 
dotted hne. plotted as MPF units per oocyte, represents data obtalned 
by Gerhart et al (1984) They Infected oocytes with 5 U of MPF (at bme 
0) and made small extracts at the lndlcated time points that were as- 
sayed for MPF actlvlty. 

Results 

Establishment of a Crude In Vitro System 
That Amplifies MPF 
We tested oocyte extracts to see if they contained an inac- 
tive form of MPF. In initial experiments, oocytes were 
gently lysed in a minimal amount of buffer and centrifuged 
at low speed to remove yolk platelets. The extract was then 
incubated at room temperature with an ATP-regenerating 
system and a small amount of partially purified MPF from 
Xenopus eggs and was assayed for production of MPF. 
Aliquots were withdrawn from the reaction mixture at 15 
min intervals, diluted, and immediately injected into Xeno- 
pus oocytes to assay for MPF activity. After 2 hr. the per- 
centage of oocytes that had undergone meiosis as judged 
by the breakdown of the germinal vesicle (GVBD) was 
scored. One unit of MPF activity is defined as the amount 
of material in 50 nl that will induce 50% GVBD in recipient 
oocytes (Wu and Gerhart, 1980). As shown in Figure 1, 
MPF activity remained undetectable (<I5 unrtsltrl) in the 
extract for the first 15 min and then rose quickly to a peak 
of 90 unitsl)rI at 45 min. Activity then declined slowly over 
the next 90 min. There are two strict criteria for MPF that 
distinguish it from a variety of upstream effecters that can 
induce maturation but do not directly promote M phase. 
These criteria are the rapid induction of meiosis and the 
ability to induce meiosis in the absence of protein synthe- 
sis. We used these two criteria to verify that we were de- 
tecting bona fide MPF activity in this assay (data not 
shown). 

Having confirmed that MPF activity increased in the ex- 
tract during incubation, we wanted to verify that the source 
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Figure 2 Ampllflcatlon of MPF Activity in a High-Speed Extract o’ X. 
laws Oocytes 

A high-speed extract of oocytes. described tn ExperImental Proce- 
dures. was Incubated at room temperature. At 0 min. the followlng adol- 
tlons were made, nothlng (“No MPF, no creatine PO;‘). 50 ug/ml crea- 
tine phosphoklnase and IO mM creatwa phosphate (“No MPF, + 
creatlne POJ or creatlne phosphokinase, crealme phosphate, and 
partially purified MPF to a final concentration of 10 U/III (“IO”), 2 5 U/ill 
(“2 5”), or 63 U/ILL (‘:63”) Aliquots of the reacllons were taken at the indl- 
cated times and injected into oocytes to assay MPF acwty as de- 
scribed 10 ExperImental Procedures. 

of this MPF activity was the extract itself and not a compo- 
nent in the small amount of added MPF. It seemed possi- 
ble that the partially purified MPF contained some cryptic 
MPF activity that might be activated by the extract. To test 
this possibility, we set up serial activation reactions such 
that the MPF produced in one reaction was used to acti- 
vate the next reaction. Partially purified MPF was added 
to an extract (final concentration, 10 units/Fl) that was in- 
cubated to allow production of MPF (90 units/Ill). An ali- 
quot of one-tenth volume of this first reaction was used to 
activate a second reaction. which was then used as a 
source of MPF for a third reaction. The third reaction pro- 
duced as much MPF activity as the first reaction of the se- 
ries (90 units/~tl), even though it contained less than loio 
as much of the initially added partially purified MPF (0.08 
units/WI) (data not shown). Thus the oocyte extract must 
have contributed the MPF that was generated during the 
incubation period. 

Figure 1 compares the time course of MPF production 
in the extract to that in oocytes, obtained by Gerhart et al. 
(1984). The levels of activity in the extract and in vivo were 
compared by expressing the MPF activity in the extract in 
units per 500 nl of extract, the approximate liquid volume 
of an oocyte, excluding yolk platelets. By this criterion, the 
low-speed extract generated approximately the same 
amount of activity as the intact oocyte. MPF appears 
slightly faster in the extract than in the oocyte, perhaps be- 
cause of a difference in the rate of mixing In the extract 
and the rate of diffusion in the oocyte. The disappearance 
of MPF activity is slower in the extract than in the oocyte, 
possibly because of the use of a buffer developed to pre- 
vent MPF inactivation (Wu and Gerhart, 1980). After ex- 
tended incubation of the extract. when MPF activity had 
disappeared, addition of another small amount of partially 
purified MPF evoked no further activation response from 

the extract (data not shown). The extract Itself, wlthout the 
addition of MPF. did not produce MPF within 2 hr (data not 
shown). 

Studies with a High-Speed Extract 
There were difficulties in using a viscous, low-speed ex- 
tract that contained all but the largest organelles. We 
found that a diluted extract that had been cleared of all or- 
ganelles by spinning at 160,000 x g for 1 hr also produced 
MPF activity when incubated at room temperature with 
MPF and an ATP-regenerating system (Figure 2). This re- 
sult indicated that all the components that were necessary 
for the reaction were freely soluble, and eliminated the 
possibility that active MPF was stored in a vesicle in the 
oocyte and was then released into the cytoplasm during 
M phase. The reaction proceeded in the presence of a va- 
riety of protease inhibitors, making it unlikely that the 
mechanism of activation was proteolysis. When no ATP- 
regenerating system was added to these extracts, no MPF 
activity was produced. 

The timing of Ihe activation reaction, but not the amount 
of MPF finally produced. was dependent on the quantity 
of MPF added at the start (Figure 2). If no MPF was added. 
some, but not all, extracts produced MPF spontaneously 
in 2.5 to 3 hr. In every extract, addition of partially purlfled 
MPF decreased the lag time for MPF productlon In a dose- 
dependent manner. With the highest levels of input MPF. 
Ihe extract could produce MPF in as little as 10 min The 
ability to accelerate the activation reaction seems to be 
specific to MPF. Extracts from interphase eggs, which 
presumably contain most of the components present in 
partially purified MPF but have no MPF activity. do not ac- 
celerate the reaction. Similarly, a number of purified ki- 
nases added at the start of the reaction-CAMP kinase, S6 
kinases I and II, and phosphorylase kinase-did not stim- 
ulate the production of MPF (data not shown). 

The buffer used routinely for extraction of inactive MPF 
was originally developed for the isolation of active MPF 
from Xenopus eggs (Wu and Gerhart, 1980). and con- 
tained 15 mM MgCI. 20 mM NaEGTA. 80 mM Na[%glycero- 
phosphate (pH 73). and 10 mM DTT. lnclusioli of My’ ‘, 
EGTA, and DTT was required for the production of MPF. 
although the concentrations could be reduced to 5 mM for 
Mg” and EGTA and to 1 mM for DTT with little loss of ac- 
tivity. Other buffers could be substituted for [l-glycero- 
phosphate, but another phosphatase inhibitor, such as 5 
mM NaF, had to be included. Mn” could partially substt- 
tute for Mg-+. Treatment of the extract at 50°C for 5 nlin 

eliminated all activity. 

Separation of Two Components of the MPF 
Activation Reaction 
To begin to define and purify components involved In the 
MPF activation reaction, the high-speed extract was fur- 
ther fractionated by ammonium sulfate precipitation A 
O%-33010 ammonium sulfate fraction contained Ihe corw 
ponent(s) necessary to execute the activation reaction. 
and we shall refer to this fraction as pre-MPF. Active MPF 
in unfertilized eggs IS precipitated from extracts by the 
same concentration of ammonium sulfate that precipitates 
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Figure 3. Activation of MPF Precursor in the O%-33% Ammorwm 
Sulfate Fraction of an Extract of X. laevls Oocytes 

The O%-33% fraction of a high-speed extract of oocytes was in- 
cubated at room temperature. At 0 min. the following additions were 
made- nothlng (“No MPF, no ATP”), 1 mM ATP, 50 Ilg/ml creatlne phos- 
phokinase. and 10 mM creatlne phosphate (“No MPF, + creatlne 
PO,“); AT-P, creatlne phosphoklnase. creatine phosphate. and 10 U/p1 
partially purified MPF (“+ MPF, + creatlne PO,“). IO mM ATP (“No 
MPF, + 10 mM ATP”). Alrquots of the reacrlons were taken at the Indl- 
cated times and injected Into oocytes to assay MPF actlvlty 

pre-MPF, suggesting that the active and inactive forms of 
MPF are similar. This fraction contained 14% of the pro- 
tein and 55% of the activity of the crude extract, thereby 
achieving a 4-fold purification of the pre-MPF activity Af- 
ter activation, such a fraction typically attained an actlvlty 
of 1 unit per 55 ng. The same fraction of an unfertilized 
egg extract usually has a comparable activity (1 unit per 
35-50 ng). 

In contrast to the crude extract and the Intact oocyte, the 
pre-MPF fraction rapidly generated MPF activity (by 10 
min) even without the addition of active MPF at the start 
of the reaction (Figure 3). ATP was required for activation, 
and could be added directly (10 mM) or supplied through 
an ATP-regenerating system. One explanation for the un- 
expected MPF independence of pre-MPF activation was 
that the ammonium sulfate fraction no longer contained 
an inhibitor of the activation reaction that was present In 
the crude extract. To examine this possibility, the crude ex- 
tract was separated into four ammonium sulfate fractions, 
OO/o-33%, 33%-45%, 45%~55%. and 55%-660/o. The 
O%-33% fraction was mixed with each of the other three 

Table T Fractionation of INH Actlvlty 

AtnSO, Fractions MPF Actlwty at 20 Mln 
In Reactlon (Unltslrllj 

0%33”/0 >80 
03&33% + 339/o-45% 80 
OV-33% + 450/c-5593 ,.lO 
O”/o-33% + 55V-664’7 ,>80 

The followlng reactlons were Incubaled at room temperature wth 1 mM 
ATP 50 rig/ml creatlne phosphoklnase. and 20 mM creatlne phos- 
phate. OYo-33% ammonium sulfate fraction plus an equal volume of 
either El3 contalnlng 10 rng/ml BSA, 33 ~~~-45% ammonium sulfate frac- 
hon. 45%-55% ammomum sulfate fraction, or 55%-66% ammomum 
sulfate fraction At 20 min. each reaction was assayed for MPF as 
described in Experimental Procedures 
_______-- 

a pre-MPF + INH 
-e pre-MPF + INH + MPF 

Figure 4 Reconstltutlon of MPF-Dependent Actlvatlon of MPF 

The Ou/o-33% and 45%-55% ammomum sulfate fractions of an X. 
laevls oocyte extract were wubated together al a 1 :I volume ratlo at 
room temperature with 1 mM ATP. 50 mg/ml creatlne phosphoklnase, 
and 20 mM creatine phosphate, wrth (“pre-MPF + INH t MPF’) or 
without Y’pre-MPF + INH”) 5 U/III part.ally purified MPF. Allquots of the 
reactlons were taken at the lndlcatcd times and Injected Into oocytcs 
to assay MPF activity 

and Incubated at room temperature with an ATP-regener- 
ating system. These reactions were assayed for MPF ac- 
tivity at 20 min. by which time a mixture of the 00/o-33% 
fraction with buffer containing BSA was fully active (Table 
1). All the reactions had generated some MPF activity by 
20 min except the mixture of the O%-33V0 fraction with the 
450/o-55% fraction. Therefore, the 450/o-55% fraction 
contalned an Inhibitor of the activation reaction. We will re- 
fer to this activity as INH. 

As shown in Figure 4, when pre-MPF and INH were 
combined, 2 hr of incubation was needed to generate 
MPF activity. The timing of this reaction varied somewhat 
in different preparations, and could be controlled by vary- 
ing the ratio of pre-MPF to INH. Higher levels of INH 
resulted in longer activation times. When partially purified 
MPF was added to such a reaction the activation of pre- 
MPF was accelerated, as was previously observed in the 
crude extract. Thus a mixture of the pre-MPF and INH 
fractions reconstitutes the MPF-dependent kinetics of the 
crude extract. Although INH inhibits the activation of pre- 
MPF, this activity does not inactivate MPF once it has 
been activated. For example, when the 00/n-33% fraction 
was incubated in the presence of ATP for 20 min to acti- 
vate pre-MPF fully, and was then mixed with either the 
45”i~-554’~ fraction or wrth buffer containing BSA, neither 
mixture showed a significant decrease in activity over the 
next 60 min (data not shown). INH activity in the 450/o- 
55% fraction is somewhat heat labile. Although little activ- 
ity was lost after incubation at 50°C for 15 min. 15 min of 
incubation at 70°C abolished all inhibitory activity. 

INH May Be a Phosphatase 
Since it is known that the ATP analog ATPyS stabilizes 
MPF activity in the early stages of purification, we exam- 
ined its effect on the activation of pre-MPF. ATPvS can 
substitute for ATP in most phosphorylation reactions. and 
the resulting thiophosphorylated substrates are resistant 
to the action of protein phosphatases (Eckstein, 1985). We 
found that ATPrS could substitute for ATP In activating 
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Figure 5. InhibItIon of INH by ATPyS 

The following reactions were Incubated at room temperature: pre-MPF 
with 1 mM ATP. 50 vglml creatine phosphokinase. and 20 mM creatlne 
phosphate (“pre-MPF (ATP)“); pre-MPF mixed 1 :l by volume with INH 
plus ATP. creatlne phosphokinase. and creatme phosphate (“pre-MPF 
+ INH (ATP)“); pre-MPF with 10 mM ATPyS (“pre-MPF (ATPyS)“), and 

pre-MPF mixed 1:l by volume with INH plus 10 mM ATPyS (“pre-MPF 
+ INH (ATPyS)“). Aliquots of the reactions were taken at the indicated 

ttmes and injected into oocytes to assay MPF achvity. 

pre-MPF. The kinetics of the reaction were slower in the 
presence of ATP$, but the extent of activation was com- 
parable. Surprisingly, INH did not delay the activation 
reaction in the presence of ATPyS (Figure 5). Thus INH 
seems unable to function in the presence of ATPyS, sug- 
gesting that it might be a protein phosphatase. 

We directly tested the ability of various phosphatase in- 
hibitors to interfere with INH activity. As shown in Table 2, 
the addition of 50 mM NaF to a reaction that contained 
both the pre-MPF and the INH fractions in a 1:2 volume 
ratio accelerated the reaction considerably from a V/z of 
140 min to 25 min, whereas this concentration of NaF had 
no effect on the rate or extent of activation of the pre-MPF 
fraction by itself. This supports the idea that INH is a phos- 
phatase. Another potential phosphatase inhibitor, pyro- 
phosphate, had no effect on the reaction. 

The addition of a more specific phosphatase inhibitor, 

Table 2. Effect of Phosphatase lnhlbitors on INH Actlvlty 

Reaction 

Pre-MPF 
Pre-MPF + INH (1:2) 
Pre-MPF + INH (1:2) + NaF 
Pre-MPF + INH (1:Z) + Pyrophosphate 
Pre-MPF + INH (1:2) + InhIbitor- 
Pre-MPF + INH (1:2) + InhIbitor-j + MPF 
Pre-MPF + INH (1:2) + MPF 
Pre-MPF + inhibItor- 
Pre-MPF + NaF 
Pre-MPF + INH (1:l) 
Pre-MPF + INH (1:i) + InhIbItor- 

-- 

t,,z (Min) 

<IO 
140 

25 
140 

>180 
45 
45 

Cl0 
110 

20 
45 

Reactions consisting of the indicated components were incubated with 
ATP, creatlne phosphate, and creatme phosphokmase at room tem- 
perature. and at various times altquots were taken to assay for MPF 
t% IS the approximate time at which the reaction attained half its max- 
imal activity. Concentrations used were as lollows. 50 mM NaF. IO mM 
NaPyrophosphate, 3 UM InhibLtor-1, 0.25 unlts/Lll MPF. 

inhibitor-l, which acts only on protein phosphatase type-1 
(reviewed by Ballou and Fischer, 1986), did not accelerate 
the activation reaction, suggesting that INH activity is not 
due to protein phosphatase-1. Surprisingly, inhibitor-l 
completely inhibited the activation reaction (Table 2). This 
inhibition was overcome by the addition of MPF at the be- 
ginning of the reaction. Inhibitor-l had no effect on the rate 
or extent of activation of the pre-MPF fraction by itself. 
suggesting that inhibitor-l does not interact with pre-MPF 
or MPF. The effect of protein phosphatase inhibitor-l de- 
pended on the presence of the INH fraction. To examine 
this effect more carefully we lowered the volume ratio of 
INH to pre-MPF to 1 :l. As shown in Table 1. this shortened 
the time of spontaneous MPF production from 140 min to 
20 min, where pre-MPF alone activates in less than 10 
min. Under these conditions inhibitor-l does not com- 
pletely abolish MPF activation but delays it from 20 min 
to 45 min. Given the specificity of inhibitor-l for protein 
phosphatase-I, these observations suggest that there is 
a component in the 450/0-55~/0 fraction that is regulated 
by protein phosphatase-I. An activity similar to that of pro- 
tein phosphatase-I has been demonstrated in extracts of 
Xenopus oocytes (Andres et al.! 1987). Possibly INH itself 
is negatively regulated by phosphatase-I, SO addition of 
inhIbItor- makes INH more active by blocking phospha- 
tase-l-mediated dephosphorylation; as a consequence. 
the spontaneous activation of pre-MPF is delayed. Alter- 
natively, the effect of inhibitor-l on the reaction could be 
mediated by another component in the INH fraction that 
we have not yet defined. 

Protein Phosphorylation Events 
during MPF Activation 
The effect of phosphatase inhibitors on the activation 
reaction and previous observations on MPF stability sug- 
gest that phosphorylation is the likely mechanism by 
which MPF activity is regulated. This indirect argument 
predicts that phosphorylation changes should accom- 
pany MPF activation. By examining the stoichiometry of 
phosphate incorporation into protein we could directly de- 
termine whether any changes in phosphorylation accom- 
panied the activation of pre-MPF, and if so, whether these 
changes were global or more specific. We could manipu- 
late the activation reaction in vitro so that pre-MPF was ac- 
tivated at different times relative to the general kinetics of 
protein phosphorylation. 

Initially we attempted to label proteins by adding [v-~‘P]- 
ATP to the reaction, but found that when the pre-MPF and 
INH fractions were combined the addition of ATP alone 
did not support the activation of pre-MPF; an ATP-regen- 
erating system had to be used. This may be because add- 
ing high concentrations of ATP (10 mM) to the extract 
resulted in the accumulation of inhibitory levels of ATP. To 
ensure a constant specific activity of [Y-~‘P]ATP during 
activation, therefore, we synthesized radioactive creatjne 
phosphate and used it as the source of high energy phos- 
phate in the reactron. We verified that the concentration 
and specific activity of ATP (1 mM r lo%, 200 cpmlpmol 
f 15%) did not vary during the course of the reaction. 

The pattern of protein phosphorylation in a mixture of 
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Figure 6. One-DImensional Gel Analysis of Phosphorylation Changes 
Assocrated wth Pre-MPF Activation 

Ammonium sulfate fractions of oocyte extracts were incubated with 
1 mM [u-~‘P]ATP, 50 mglml creatine phosphokrnase. and 20 mM crea- 
tine 3zP04. Two aliquots were taken at the times Indicated; one was 
lmmedlately assayed for MPF and the other was frozen rn gel sample 
buffer. Gel samples were boiled and equivalent amounls of radioactiv- 
ity from each sample were loaded on the gel. Bands that showed con- 
sistent alterations at the time of appearance of MPF activity are labeled 
A (140 kd), 0 (115 kd). and C (92 kd). MPF activity in each sample is 
shown as a number of U/VI. (a) Complete gel of a reactlon that con- 
tained the O%-33% ammonium sulfate (pre-MPF) fraction and the 
45%-55% ammonium sulfate (INH) fraction (1:l mixture by volume). 
(b) Detail from gel shown in (a). (c) Detail from gel of a reaction that 
contained the pre-MPF and INH fractions (1 :I mixture) and partially pu- 
rified MPF (5 U/WI) added at 0 min. (d) Detail from gel of a reaction that 
contained the pre-MPF fraction. 

the pre-MPF and INH fractions incubated at room tempera- 
ture for 180 min with the [Y-~~P]ATP regenerating system 
is shown in Figure 6a. Allquots of the reaction were as- 
sayed for MPF activity, and these results are also indi- 
cated in the figure. A large number of polypeptides incor- 
porated phosphate during the course of the reaction; most 
proteins reached steady-state levels of incorporation 
within 60 min. Few proteins seemed to change their incor- 
poration of label during the interval of 120-140 min when 
MPF activity appears. However, at least three bands, la- 
beled A, E3, and C, showed phosphorylation differences, 
with A and C increasing and B decreasing the extent of 
labeling concomitant with MPF activation. 

A similar analysis was performed by labeling a mixture 
of the pre-MPF and INH fractions, but adding partially pu- 
rified MPF at the start of the reaction to accelerate the 
production of MPF activity (Figure 6~). In this case MPF 
was first detected at 20 min and peaked at 50 min. Again, 
changes can be seen in the labeling of bands A, B, and 
C during this interval. Thus specific phosphorylation 

differences correlate with pre-MPF activation under two 
different conditions. When pre-MPF is incubated with the 
radioactive ATP-regenerating system in the absence of 
INH, bands A. B, and C become labeled (Figure 6c), indi- 
cating that all three proteins are components of the pre- 
MPF fraction. 

We extended our analysis of phosphorylation changes 
during the activation reaction to nonequilibrium two-di- 
mensional gel electrophoresis (Figure 7) so that it would 
be possible to see phosphorylation changes that were 
masked in the one-dimensional gels by comigrating pro- 
teins. The phosphorylation patterns at several time points 
of the three reactions described above were compared. 
Figure 7a shows the pattern of phosphorylated proteins in 
a reaction containing pre-MPF and INH before MPF ap- 
pears (60 min). Figure 7b shows a gel of material con- 
taining MPF activity, taken at 60 min from a mixture of 
pre-MPF and INH plus partially purified MPF. Several dif- 
ferences were noted. We extended this comparison to a 
later time point from the reaction shown in 7a after MPF 
activity had appeared (180 min). We also examined a gel 
of activated pre-MPF in the absence of INH. As found in 
the one-dimensional gel analysis, the overall pattern of 
protein phosphorylation is very similar in samples that 
have MPF activity and those that do not. Only one spot. 
corresponding to a polypeptide of 92 kd and labeled in 
7a-7f. was consistently present in all samples that had 
MPF activity and absent in the inactive sample. This same 
spot was also present in unfertilized eggs, which have 
maximal levels of MPF activity, but not in eggs arrested af- 
ter DNA synthesis with cycloheximide, which have no 
measurable MPF activity (data not shown). This 92 kd pro- 
tein may correspond to band C seen in the one-dimen- 
sional gels. No changes that might correspond to bands 
A and B were seen in the two-dimensional gels. 

Changes in Apparent Molecular Weight 
Accompanying MPF Activation 
We attempted to find direct evidence for a biochemical 
change in pre-MPF that accompanied its conversion to ac- 
tive MPF. Although the active and inactive forms of MPF 
would have to be purified in order to establish the molecu- 
lar basis of activation, comparison of their biophysical 
properties might provide information about the basts for 
the activation reaction. Pre-MPF fractions were analyzed 
by gel filtration on a TSK400 column both before and after 
activation (Figure 8). The pre-MPF was chromatographed 
in the absence of AT!? To identify the pre-MPF, each frac- 
tion was first activated to generate MPF and then assayed 
by injection into oocytes. Pre-MPF activity was found in 
the void volume (25% of input) and at a position corre- 
sponding to a molecular weight of 400 kd (30% of input) 
(Figure 8a). A different result was reproducibly obtained 
if the pre-MPF fraction was first activated by incubation 
with ATP and then fractionated on the same TSK400 
column (Figure Bb). In this case. MPF activity was recov- 
ered at 260 kd (36% of the input); there was approximately 
20% overlap with the position of pre-MPF-containing frac- 
tjons. This molecular weight for activated MPF differs 
somewhat from the previous estimate of 100 kd for thio- 
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phosphorylated MPF purified from Xenopus eggs (Ger- 
hart et al.. 1985). The discrepancy could reflect the differ- 
ent sizing resins used (Sephacryl 200, Biosil TSK400) or 
a real difference between the two preparations. 

Discussion 

The cycling of MPF activity appears to be an integral part 
of the oscillator that controls the cell division cycle. The 
mechanism that governs the activity of MPF during the 
cell cycle is not known, although previous observations 
made in Xenopus oocytes suggested that MPF activity 
might be regulated posttranslationally. We have described 
the development of an in vitro system derived from oo- 
cytes for the production of MPF activity that allows an ex- 
amination of possible control mechanisms. The in vitro 
system reproduces the MPF amplification observed in the 
intact oocyte. Posttranslational activation of a soluble 
precursor form of MPF occurs in an ATP-dependent reac- 
tion; active MPF is not sequestered inside the cell and 
released internally. Pre-MPF is also probably not activated 
by proteolysls. Instead, the activation reaction contains 
two major components: a precursor to MPF, pre-MPF, that 
activates independently of added MPF; and an inhibitor, 
INH, that renders the reaction MPF dependent. In the 
presence of INH, pre-MPF activation is delayed, and addi- 
tlon of MPF decreases the lag time for activation in a dose- 
dependent manner. INH cannot function in the presence 
of ATPyS or sodium fluoride. two phosphatase inhibitors, 
suggesting that INH may be a protein phosphatase. 

We suggest the following model for the role of pre-MPF 
and INH (see Figure 9 and Gerhart et al.. 1985). MPF ex- 
ists in an active (phosphorylated) and an inactive (dephos- 

Figure 7, Two-Dimensional Gel Analysis of 
Phosphorylatton Changes Associated with Pre- 
MPF Actlvatlon 

Ahquots of reactions were frozen. lyoph~l~ze~. 
resuspended tin lsoelectrlc ‘ocdslng IYSIS btif- 
fer, and run on NEPHGE gels. The acidic side 
of the gel IS to the right. ?>P laoellng IS as fog 
Figure 6. (a) The entlre gel of the 60 min time 
point of a reaction contalnlng the pre.MPF and 
INH fractions (I:1 mixture by volume) This 
sample had ~10 U/PI MPF actlvlty. (bj The en- 
tire gel of the 60 men trme point of a reactloll 
contalnmg the pre-MPF and INli fractions (1 :l 
mixture) and partrally purified MPF (5 U/ul) 
added at time 0 This sample had 90 U/III MPF 
actlvlty. (c) The rectangle In (a) has been en- 
larged (d) The rectangle In (b) has been en- 
larged. (e) The equivalent regbon of a gel of the 
180 mm time point from the reactlon described 
In (a). This sample had 60 U/lrl MPF actlvlty. (f) 
Equtvalent region of a gel of the 40 mln time 
point of a reactlon contalmng the pre-MPF frac- 
tion. This sample had 120 U/WI MPF activity In 
all panels, the 92 kd protein whose phosphory- 
latlon correlates with MPF activity is labelec 
with arrows. Other phosphorylation dlffcrences 
(not labeled) did not consistently correlate with 
MPF activity in all samples. 

phorylated) form. In the oocyte. these forms are in equilib- 
rium. The dephosphorylation reaction is catalyzed by INH 
activity and the phosphorylation reaction is catalyzed by 
MPF itself. The dephosphorylating activity is greater than 
the phosphorylating activity, so the majority of MPF exists 
in the inactive form. In vitro, spontaneous activation oc- 
curs in some extracts after long incubations. This activa- 
tion may be the result of a loss of INH activity over time, 
or a slow accumulation of active MPF. The ionic conditions 
of the extract may favor such an accumulation because 
the buffer used was originally designed to maintain active 
MPF, and inhibits phosphatase activity. Spontaneous acti- 
vatlon does not normally occur in vivo. When active MPF 
is either injected into an oocyte or added to an oocyte ex- 
tract, it activates some pre-MPF by phosphorylation that 
can, in turn, activate more pre-MPF. This quickly over- 
whelms the INH activity and leads to an explosive phos- 
phorylation of all of the pre-MPF. Maturation frequency 
has a very high-order dependence on MPF concentration 
in vivo (Wu and Gerhart, 1980), which could be explained 
by such a highly concerted reaction. In vitro, once MPF 
activity appears, it rises rapidly to Its maximal level, as in 
the oocyte. However, in contrast to the oocyte, in vitro this 
phase of rapid activation is preceded by a lag phase 
whose length is inversely related to the amount of active 
MPF added at the start of the reaction. During this lag 
phase, MPF activity may slowly build up or INH activity 
may decrease such that a threshold of MPF activity needed 
for pre-MPF activation is reached. 

Both in vitro and in the intact oocyte, MPF levels decline 
after reaching the maximum level. However, in vitro this 
process is much slower than in vivo. It is possible that the 
decline observed in vitro is fundamentally different from 
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Frgure 8. Separatron of Pre-MPF and MPF Actrvitres on BIOSII TSK400 
Column 

In both panels, the curve represents the OD 280 and the bar graph 
represents MPF actrvrty. Arrows show the posrtron of molecular werght 
markers and estrmated molecular weight of each actrvity (a) A pre- 
MPF fraction was separated on the column. and fractrons were In- 
cubated wrth an ATP-regenerating system and partrally purrfred MPF 
and were assayed for MPF activity (see ExperImental Procedures). (b) 
A pre-MPF fractron was Incubated wtth an ATP-rcgcneratrng system to 
allow conversron to actrve MPF, and then separated on the column (see 
Expenmental Procedures). Fractrons were assayed for MPF actlvlty 

that which occurs in vivo. In vivo, the decrease is most 
lrkely due to spectflc, regulated inactivation of MPF (per- 
haps via dephosphorylation), whereas the slow decline in 
MPF that we observe in vitro may reflect a nonspecific loss 
of enzymatic activity. The egg contains a potent activity for 
inactivating MPF in interphase (Gerhart et al.. 1984). How- 
ever, INH activity does not seem to be able to inactivate 
MPF, only to block or delay its activation. Whether INH is 
distinct from the inactivating activity in the egg or whether 
it fails to inactivate MPF in vitro because its activity is 
weakened by unfavorable buffer conditions remains for 
further study. 

indirect evidence points to phosphorylation as the 
means both for controlling MPF activity and for regulating 
downstream events such as nuclear envelope assembly 
and disassembly. We asked whether specific phosphory- 
lation changes occur concomitantly with MPF activation. 
Previously it was shown that most phosphoproteins in the 

pre-MPF (Inac’ibe, 

Phosphatase-I 

Inhibitor-l 

Frgure 9 Model for Role of Pre-MPF and INH In VIVO 

See text for explanation. 

egg increased their extent of labeling during M phase be- 
cause of increased phosphate turnover, and that there are 
a few phosphoproteins that are specific to M phase (Kar- 
senti et al., 1987; Lohka et al., 1987). In the partially frac- 
tlonated system, we were able to label most proteins to a 
steady-state level of phosphorylation before MPF activity 
appeared. We found a small number of changes that cor- 
related with MPF activity; therefore, we conclude that the 
degree of phosphorylation of most proteins is not altered 
during pre-MPF activation. Analysis by one- and two- 
dimensional gel electrophoresis revealed 92 kd and 140 
kd proteins whose phosphorylation consistently in- 
creased when MPF activity first appeared. Either of these 
proteins could potentially be part of MPF itself, or targets 
of MPF-induced phosphorylation. Previous studies have 
focused on phosphorylation changes in vivo through the 
Xenopus cell cycle, and in vitro in extracts of Xenopus 
eggs that do or do not contain MPF activity. These studies 
have identified several proteins, whose phosphorylation 
correlates with the presence of MPF activity, with molecu- 
lar weights of 116 kd. 46 kd, and 42 kd (Karsenti et al., 
1987; Lohka et al., 1987). We failed to detect changes in 
proteins of these molecular weights. This discrepancy 
may be due to differences in labeling or tn electrophoresis 
conditions. Alternatively, it is possible that these proteins 
or kinases that phosphorylate them have been fraction- 
ated away in our partially purified system. 

Although phosphorylation may be the basis for the acti- 
vation of pre-MPF, other changes may occur as a conse- 
quence. We fractionated pre-MPF on a gel filtration 
column and found that pre-MPF elutes with a molecular 
weight of 400 kd, whereas the active MPF generated from 
it elutes at 260 kd. This shift in molecular weight on activa- 
tion cannot be due solely to a change in phosphorylation 
(unless phosphorylation produces an affinity for the TSK 
resin). It could be due to a conformational change in pre- 
MPF, dissociation in pre-MPF into subunits. or a change 
in the interaction of pre-MPF with other components. The 
alteration in chromatographic properties on activation 
could be exploited for purificatton of MPE 

In the oocyte, the transition between pre-MPF and MPF 
IS sub)ect to exogenous regulation by progesterone, which 
is secreted by the follicle cells. Progesterone causes a de- 
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crease In the concentration of cyclic AMP in the oocyte, 
resulting in a decrease in the activity of the CAMP- 
dependent protein kinase, which somehow leads to pro- 
duction of MPF by a process requiring protein synthesis 
(reviewed in Mailer, 1983; Ozon et al., 1987). It has been 
proposed that progesterone induces maturation by effect- 
ing specific phosphorylation changes (Mailer, 1983; Ozon 
et al.. 1987). Based on our observations, we suggest one 
possible model for the regulation of MPF by progesterone 
(Figure 9). Progesterone could induce MPF activity in the 
oocyte by inactivating INH. This would then allow pre-MPF 
to autoactivate. We have some evidence that the activity 
of INH can be regulated. When protem phosphatase-1 is 
specifically inhibited in extracts by phosphatase inhibitor- 
1, the spontaneous activation of pre-MPF is delayed. This 
suggests that phosphatase-1 may directly or indirectly 
control the activity of INH. Direct control of INH by 
phosphatase-1 could occur if INH is itself phosphorylated 
and only active in the phosphorylated state. Inhibitor-l 
does not affect the pre-MPF fraction, suggesting that 
regulation by phosphatase-1 does not occur via pre-MPF 
but through INH or something else In the same ammo- 
nium sulfate fraction. Even in the presence of Inhibitor-l, 
MPF can still accelerate pre-MPF activation These in vitro 
results are consistent with observations that inhibitor-l 
and inhlbitor-2 both delay progesterone-induced matura- 
tion in Xenopus oocytes. but not MPF-induced maturation 
(Huchon et al., 1981; Foulkes and Mailer. 1982). It is possi- 
ble that a progesterone-induced decrease in CAMP results 
in an increase in phosphatase-1 activity that in turn leads 
to a decrease in INH activity, and subsequent autoactiva- 
tion of MPF. In this regard, it is interesting that inhibitor-l, 
which is widely distributed in different cells, is activated by 
CAMP-dependent protein kinase (reviewed by Ballou and 
Fischer. 1986). Therefore. a decrease in CAMP could lead 
to an increase in phosphatase-1 activity through the inacti- 
vation of inhibitor-l. However. this sequence does not 
explain the requirement for protein synthesis in the pro- 
gesterone-induced pathway. Further purification and char- 
acterization of the components of pre-MPF activation are 
necessary to understand this complex regulatory pathway. 

All evidence to date suggests that the meiotic cell cycle 
is merely a modification of the mitotic cycle. Most of the 
major substrates for control are the same, such as the nu- 
clear membrane, microtubules: and chromosomes. The 
major regulatory factor. MPF, seems to be functlonally 
identical. For this reason we believe that pre-MPF and INH 
will be features of MPF regulation in the mitotlc cycle as 
well as in the oocyte. Preliminary experiments from our 
laboralory have identified an activity in eggs that seems I 
to correspond to INH (Mark Solomon, unpublished data). 
We have failed. however, to produce MPF activity from 
On/o-33% ammonium sulfate fractions of interphase egg 
extracts by incubating them with ATP 

PosttranslatIonal regulation of MPF activity is not suffi- 
cient to explain mitotic cycling in VIVO. The mitotic cycle in 
the frog as well as In many other organisms requires pro- 
tein synthesis (Wagenaar and Mazia. 1978; Miake-Lye et 
al., 1983). It is not known what component(s) must be syn- 
thesized during each cell cycle One candidate is a class 

of proteins called cyclins. whose levels accumulate during 
each cell cycle and are destroyed at each mitosis (Evans 
et al., 1983). Expression of clam cyclin A was shown to In- 
duce maturation of Xenopus oocytes, and it has been sug- 
gested that cyclins may participate in the regulation of 
MPF (Swenson et al., 1986; Murray, 1987). Cyclins could 
function, for example, by inhibiting INH in each cell cycle, 
or by providing a new kinase activity to activate pre-MPF. 

In summary. we have shown that MPF exists as an inac- 
tive precursor in oocytes that can be activated in vitro by 
the addition of ATP, and that this activation is accompa- 
nied by a change in its apparent molecular weight by gel 
filtration from 400 to 260 kd. We have defined a compo- 
nent in crude extracts. INH, that Inhibits this reaction. INH 
may be a phosphatase, and there is indirect evidence that 
it itself may be regulated by phosphorylation and dephos- 
phorylation. The activation of MPF is accompanied by a 
few specific changes in protein phosphorylation that can 
be correlated with the activation of MPF. These changes 
may represent crucial regulatory steps in the induction of 
M phase. Pre-MPF and INH may be general features of 
the regulation of MPF in all cell cycles, and the In vitro sys- 
tem we have described makes possible the direct analysis 
and assay of these components. 

Experimental Procedures 

Xenopus 
Adult Xe~opus laevlb females and males were ootaincd from Xcnopus 
One (Ann Arbor. Ml) or were raised III the IaSoratory of DC J Gerhart 
(Unlverslty of Callforlla, Berkeley) Femaleswere Inlected With 25 umts 
of gestyl (Dlosynth Inc Chmcago. Ill) 2 days before the removal of ovary 
to be used &her in MPF assays or for maklnq extracts 

MPF 
MPF was partially porlfled from extracts of llnfertillzed eggs as de- 
scribed by Wu and Gerhart (1980). with the following modlficatlowalso 
suyyested by Wu and Gerhart Phenyi agarose ;Slgma Chemical Co ) 
was used or- place of pentyl agarose. and the arglnine agarose step was 
omitted and replaced with a fractlonal preclpltatlnn with 75% pnlyerh- 
ylene glycol 6000 (MCB reagents) 

MPF Assay 
X. laevls females viere anesthetized wth 3?3 3aminobenroic ac~c 
ethyl ester (tricalnei prror to surgical removal of a sectlon of ovary 
Ovary was maIntaIned 1” a modlfed Barth’s salme developed by Gur- 
don and Laskey (1970). vihlch was further ImodIfIed by addLtlon of 
10 mM HERPES (pH 74) Instead of Tns as the buffer (MBSH) Stage 6 
oocytes were dissected by hand frow the surrounding follicle. To assay 
a sample for MPF actlvty. 50 nl of approprlare dllut:ons of the sample 
tivas injected into several oocyres The oocytes were flxed wth 10% tw 
chloroacerlc acid 1 5 to 2 hr after inlectlon and ‘were d ssected to deter- 
mine whether or not the germinal vcs~clc hat dissolved A dllutlon that 
mduccd 50% GVBD was said to have an MPF soncent’atlon of 1 U/50 
nl To induce oocyte maturation with progesterone, oocytes were in- 
cubaled with 1 t\girnl of proyesterone 1,Sigma Chermcal Co ) 

Low-Speed Extracts 
Ovary was Incubated In MBSH cortalmng 10 mgiml of collagenase 
(type IA, Sigma Chemtcal Co.j. ,wlIch iad been qassed over a column 
of PG-DG resin (Blo-Rad Co ). for 2 to 4 hr at room temperature ti th 
gentle agltatlon Stage 6 oocytes were selected ard rinsed extenwely 
with MBSH Oocytes wcrc rlnscd with extractlon buffer (EB) developed 
ny WII and Gerhart (1980) (HO TM Nali-glycerophosphate 20 mM 
NaEGTA. 15 mM MyCl2 [pH 731) plus 10 rnM DTT. 20 tly!m cylochala- 
51’1 6. and Ix protease nh bltors (25 ~~y/rn leupeatlr and aprotlrnlrl 
1 mM benramldme HCI. 10 Llglml pepstatln. 05 mM PMSF) The co- 
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cytes were transferred to an Eppendorf tube and spun at 35 x g for 
1 mm, and excess buffer was removed. The oocytes were lysed by 
pipetting up and down with a P200 Pipetman, and were centrifuged at 
12,000 x g for 5 min at 4°C; the cytoplasmic layer was removed For 
activation, creatlne phosphokinase was added to 50 ug/ml, and crea- 
tine phosphate was added to 10 mM (both from Sigma Chemical Co.). 

High-Speed Extracts 
Whole ovaries from several frogs were removed and Incubated over- 
night at 16°C with collagenase and with gentle agrtatlon. Oocytes were 
rinsed extensively with 100 mM NaCI. and most of the small oocytes 
(stage 4 and smaller) were removed with a reverse flow column The 
oocytes were placed in a glass column, with 100 mM NaCt flowing into 
the bottom of the column. The smaller oocytes floated out the top of 
the column, while the larger, heavier oocytes were retained. Oocytes 
were rinsed with EB. lysed in 1 volume of EB with 70 mM DTT and lx 
protease Inhibitors by repeated pipetting through a 10 ml pipette. and 
centrifuged at 160,000 x g for 1 hr at 4°C. The cytoplasmic layer (usu- 
ally 6-8 mglml protein] was removed and Incubated with creatine 
phosphokinase and creatine phosphate for activation Ammonium sul- 
fate fractionation was carned out by addltlon of 0.5 volume of a satu- 
rated solution of ammonium sulfate in EB to the extract, Incubation on 
Ice for 30 mm, and resuspension of the pellet collected at 200,000 x 
g for 15 min at 4°C to an approximate protein concentration of 15 
mg/ml. (Protein determinahon was by Bradford reagent from Bio-Rad 
Co , with BSA used as a standard.) The rest of the extract was adjusted 
to an ammonium sulfate concentration of 450/b, and the resulting 
preclpttate was collected and discarded. The extract was then adjusted 
to 55% ammomum sulfate, and the resulting precipitate was collected 
and resuspended to the same volume used to resuspend the 0%-33% 
pellet. The protein concentration of the 450/o-55% fraction was 12-15 
mglrnl Resuspended fractions were dialyzed agamst EB with 1 mM 
DTT and 0.1x protease inhibitors at 4°C before use. For activation, am- 
monium sulfate cuts were incubated at room temperature wtth 1 mM 
ATP (Sigma), 50 pglml creatine phosphokinase. and 10 mM creatine 
phosphate. 

Labeling with 32P0., 
Creatlne phosphate was labeled with jzP by an exchange reaction to 
which 5 mCi of carrier-free 32P04 (aqueous solution; New England 
Nuclear) was added (Floyd and Traugh, 1979). The reactlon mixture, 
containing 400 nmol of creatine phosphate at a specific actlvlty of 4 x 
lo6 cpmlpmol, was separated by TLC on a PEI cellulose plate (EM 
Scrence) developed in 0.25 M LiCI. The overall yield of 32P04 mcorpo- 
rated into creatlne phosphate was 40%. The creatine 32P04 was 
elutad from the TLC plate with 0.25 M ammonium acetate, lyophlllzed, 
and diluted with unlabeled creatine phosphate to achieve the desired 
specific activity. For analysis of the extracts, 200 mM creatlne 32POL, 
at a specific activity of 200 cpm/pmol, 10 mM ADP, and 0.5 pglml crea- 
tine phosphokinase were incubated at room temperature for 5 min and 
then 1 part of this reaction was added to 10 parts of the extract lo be 
labeled 

Analysis of Specific Actlvlty in 32P0,-Labeled Reactions 
Aliquots of activation reactions incubated with 32P-labeled creatlne 
phosphate were incubated on Ice with 12% perchloric acid to preclpj- 
late all proteins: samples were spun at 12.000 x g for 30 min. and the 
supernatants were collected and neutratlzed with KOH. The samples 
were separated by TLC on a PEI cellulose plate and developed in 1 
M acetic acid:4 M LICI, 8:2. The ATP spots were scraped from the plate 
and eluted with 0.7 M MgCI, An aliquot of the eluted sample was 
counted by liquid scintillation counting to determine the amount of ra- 
dioactivity it contalned. Another allquot was assayed by using firefly Iu- 
ciferase (extract from Sigma Chemical Co.) according to Strehler 
(1968) to determine the concentration of ATP it contained. 

Electrophoresis 
One-dimensional electrophoresis was carrted out essentially accord- 
Ing to Laemmli (1970), by using 5%-15% acrylamlde gradient gels with 
a pH of 9.2 (acrylamide from Blo-Rad Co.) 2D NEPHGE gells were pre- 
pared and run according to O’Farrell et al (1977) by using ampholines 
from LKB Co. and a 8.5% acrylamide gel (pH 9.2) for the second 
dimension Samples for 20 gels were lyophillzed and resuspended In 

lsoelectrlc focusing lysls buffer (O’Farrell et al , 1977). 3”PO~-labeled 
egg samples were prepared accordmg to Karsentl et al. (1987) 

Gel Filtration 
The O%-33% ammonium sulfate fractions were applied to a Blosil 
TSK400 HPLC size excluston column (7.5 mm x 300 mm, Blo-Rad, 
Rrchmond. CA) equilibrated rn ER plus 1 mM DTT and 0.1x protease 
Inhibitors. Elution was at 0.5 ml/mln. and 0.25 mt fractions were col- 
lected. When unactivated pre-MPF was applied to the column, the TSK 
fracttons were Incubated with I mM ATP. 10 mM creatine phosphate, 
50 uglml creatine phosphokinase, and partially purified MPF (final 
concentration, 5 Ulul) at room temperature for 20 mm, then assayed 
for MPF actlvlty. For analysis 01 extracts after activation of pre-MPF, the 
column Input was incubated with ATP, creatlne phosphate. and crea- 
tme phosphokinase at room temperature for 20 min. then loaded onto 
the column. In this case. ATPyS (0.4 FM) was added to the fractions 
collected from the TSK column. and they were assayed for MPF ac- 
tlvlty. 
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