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Kinetics of MPF and histone H1 kinase activity differ during

the G2- to M-phase transition in mouse oocytes
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ABSTRACT Maturation promoting factor (MPF) is universally recognized as the biological entity
responsible for driving the cell cycle from G,-to M-phase. Histone H1 kinase activity is widely accepted
as a biochemical indicator of p34°9¢Z protein kinase complex activity and therefore MPF activity. In this
paper we present results which indicate that during the G,- to M-phase transition in mouse oocytes
the dynamic of p34°9<2 related histone H1 kinase activity differs markedly from the biological activity
of MPF as measured by classical cell fusion procedures. MPF is activated just before germinal vesicle
breakdown (GVBD) whereas histone H1 kinase is activated 5-7 h later coincident with the formation
of the definitive first metaphase plate. The biological activity of MPF is merely reduced to about 50%
of control levels by a short period of protein synthesis inhibition (1-2 h) and completely suppressed
after a prolonged period of inhibition (4-5 h). By contrast, inhibition of protein synthesis in mouse
oocytesresultsin arapid and complete suppression of histone H1 kinase activity. Therefore, biological
MPF and histone H1 kinase activity should not be used in an interchangeable manner during the G,-

to M-phase transition in mouse oocytes.
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Introduction

MPF is universally recognized as the biological entity responsible
for driving the cell cycle from the G,- to M-phase (Dorée, 1890;
Maller, 1990; Nurse, 1990; Meikrantz and Schlegel, 1992) as
measured by cytoplasmic injection or cell fusion (biological MPF).
During meiosis, MPF activity appears shortly before GVBD and
fluctuates thereafter in accord with the cell cycle; activity is high at
metaphase | (Ml) and Il (MIl) and low during anaphase | (Al) and
telophase | (Tl) (Masui and Markert, 1971 ; Kishimoto and Kanatani,
1976; Dorée et al., 1983; Gerhart et al., 1984; Fulka et al., 1992).
In yeast, marine invertebrates and amphibia histone H1 kinase
activity parallels that of biological MPF (Cicirelli et al., 1988) and has
become the accepted biochemical indicator of MPF activity (Arion et
al., 1988; Dunphy et al., 1988; Gautier et al., 1988; Meijer et al.,
1989).

In vivo fully grown mouse oocytes are arrested at the G,- to M-
phase border and normally resume meiosis in response to a
gonadotrophic signal. Resumption of meiosis also occurs when
oocytes are removed from follicles and cultured in vitro. GVBD
occurs within 1 to 2 h after release from the follicle and the first
metaphase plate is formed 6-7 h later. G,-phase arrest can,
however, be maintained in vitro by the addition of dibutyryl cyclic
AMP (dbcAMP) to the medium (Cho et al., 1974).

To test the hypothesis that histone H1 kinase activity is a
biochemical indicator of biological MPF activity in mammalian
oocytes, as it is in marine invertebrate and amphibian oocytes, we
determined both activities in mouse oocytes in parallel experi-
ments. We have utilized the dbcAMP maintained germinal vesicle
(GV) stage arrest of mouse oocytes in the measurement of the
biological activity of MPF by assessing the capacity of maturing
oocytes to induce membrane breakdown and chromatin condensa-
tion in GV-arrested reporter oocytes (Balakier, 1978). To ascertain
whether the dynamics of histone H1 kinase activity correspond with
that of biologically active MPF, single mouse oocytes were analyzed
using histone H1 as the exogenous substrate and protein kinase
inhibitor peptide to block cyclic AMP-dependent protein kinase
(Arion et al., 1988; Fulka et al., 1992). The specificity of histone H1
kinase activity as a measure for the activity of the p34°%2 protein
kinase complex was shown by p13s¥Y*precipitation of the kinase
activity. In this paper we present results which indicate that the
dynamics of histone H1 kinase activity in mouse oocytes differs

Abbreviations used in this paper: Al anaphase I GV, germinal vesicle stage;
GVBD, germinal vesicle breakdown: M. metaphase: M1, meaphase 1; ML
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diburvryl cvclic AMP.
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TABLE 1

INDUCTION OF GVBD AND CHROMATIN CONDENSATION AFTER FUSION OF AN IMMATURE GV
REPORTER OOCYTE TO A MATURING MOUSE OOCYTE

Treatment

of the maturing
cocyte before

of the oocyte hybrid
after cell fusion

- cell fusion (8090 min)
Group A 1-2 h control dbcAMP
Group B 4-5 h control dbcAMP
Group C 1-2 h cycloheximide dbcAMP+

cycloheximide
Group D 4-5 h cycloheximide dbcAMP+
cycloheximide
Group E 1-2 h control dbcAMP+
cycloheximide
Group F 1-2 h cycloheximide dbcAMP+
cycloheximide and
1 hdbcAMP

n  Induced changes in the morphology of the reporter GV nucleus
GV GVBD and chromatin ondensation
partial complete

Z —————— 100%

22 100%

86 51% 28% 21%

73 92% 5% 3%

51 6% 94%

25 100%

Maturing mouse oocytes in control and cycloheximide-containing (100 pg/mll medium underwent GVBD and chromatin condensation within
1 h after release from the follicle. One maturing mouse oocyte was fused to one immature GV-stage reporter cocyte to determine the MPF
activity of the maturing oocyte as described in Materials and Methods. After fusion the oocyte hybrids were cultured for 60-90 min in dbcAMP
(150 pg/ml) or dbcAMP and cycloheximide (100 pg/ml) containing medium. The cocyte hybrids in group F were cultured for 60-80 min in
dbcAMP and cycloheximide containing medium and for a second consecutive 1 h period in only dbcAMP containing medium. All cocyte hybrids
contained one set of condensed chromatin originating from the maturing test cocyte. Only induced morphological changes observed in the
reporter nucleus are listed in this Table. Details of the various treatments used in groups A to F are described fully in the "Results” sectien. 'n" stands for

the number of oocytes listed.

markedly from that of MPF during the G,-to M-phase transition and
conclude therefore that the two activities should not be used in an
interchangeable manner.

Results

MPF activity during mouse oocyte maturation

As outlined previously, biological MPF activity was assessed by
measuring the capacity of oocytes at different stages of maturation
to induce nuclear membrane breakdown and chromatin condensa-
tion when fused to a dbcAMP arrested immature fusion partner. Our
results presented in Table 1 support those of Hashimoto and
Kishimoto (1988) who used a starfish assay system for the analysis
of MPF activity. The data show that MPF activity appeared at the time
of GVBD and reached high levels within the first hour after break-
down of the nuclear membrane (Group A and B). In oocyte hybrids
in which test oocytes were matured for 1-2 h or 4-5 h, 100% of
reporter fusion partners had undergone nuclear membrane break-
down and chromatin condensation at the end of the post-fusion
period. Mouse oocytes maintain their high level of MPF activity
throughout Ml stage, decrease it during Al /Tl transition and raise it
again at the Tl to MIl border (Fulka et al., 1992).

Histone H1 kinase activity during mouse oocyte maturation

In order to determine whether the increase of MPF activity during
the GQ- to M-phase transition in mouse oocytes is accompanied by
a parallel increase in histone H1 kinase activity, we analyzed the
histone H1 kinase activity in single mouse oocytes in an in vitro
assay system (Fulka et al., 1992). To verify the specificity of the
histone H1 kinase assay system as a measure for the activity of the
p34°92 protein kinase complex phosphorylation activity was deter-
mined in unextracted oocyte homogenates, in p13“¢3*-precipitated

and supernatant fractions. As shownin Fig. 1, the histone H1 kinase
activity in unextracted homogenates (lanes 5,6,11, and 12) of
mouse oocytes is nearly completely precipitable by p13sueit
Sepharose (lanes 1,2,7, and 8). This was assayed in GV (lanes 1
to 6) and Ml oocytes (lanes 7 to 12), respectively. We conclude from
these results that the histone H1 kinase activities measured in our
experiments reflect the activities of the p34°¥2 protein kinase
complex in mouse oocytes during maturation.

In contradistinction to the results in lower species our results
show that the dynamics of histone H1 kinase activity in mouse
oocytes during GVBD differs markedly from that of MPF. It is evident
from Fig. 2 that the levels of H1 kinase activity at GVBD as measured
in single oocytes are low and do not differ significantly from those
in G,-arrested oocytes. The first significant increase in H1 kinase
activity occurred after 6 h, only 5 h after GVBD, and maximal levels
were not recorded until after 8 h or 7 h post GVBD.

To exclude the possibility of a kinase inhibitory activity in oocytes
before orimmediately after GVBD (1 h) single GV oocytes or oocytes
immediately after GVBD were homogenized with single Ml oocytes
(8 h) and histone H1 kinase activities were determined. The
measured activities in both groups were not different from the
simple additive activities of the individual oocytes (data not shown).
These results indicate that there is no obvious histone H1 kinase
inhibitory activity in mouse oocytes immediately before or after
GVBD.

Thus, while the biological activity of MPF reaches a maximum
within one hour of nuclear membrane breakdown the activation of
histone H1 kinase lags 5-7 h behind that of the biological MPF
activity required to induce GVBD. It is interesting that these two
apparently disparate activities become synchronized thereafter
with correspondingly low levels during the Al/TI transition and a
parallel rise at the Tl to MIl border (Fulka et al., 1992).
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Fig. 1. Histone H1 kinase activity in mouse oocytes can be precipitated with p13*“¢'*.Sepharose. Oocyres were released from large antral follicles
and matured in vitro. After O h (GV stage, lanes 1 to 6) or 8 h (M! stage, lanes 7 to 12) in vitro cocytes were homogenized and the p34°92 protein kinase
complex was precipitated with p135v¢'+-Sepharose. Histone H1 kinase activity was measured in unextracted oocyte homogenates (lanes 5,6,11, and 12),
p13%<™* precipitated (lanes 1,2,7, and 8) and supernatant fractions (lanes 3,4,9, and 10). As a control for unspecific non-enzymatic labeling of histone H1
during the assay complete kinase reactions were performed without cocytes (lanes 13 and 14).

Protein synthesis dependence of MPF during mouse oocyte
maturation

Having established that the dynamics of biological MPF and
histone H1 kinase activities in mouse oocytes are entirely different
during the crucial G,- to M-phase transition, we next evaluated the
need for protein synthesis in the activation of biological MPF and H1
kinase function, respectively. In accord with previous reports,
protein synthesis inhibition by cycloheximide did not block GVBD or
chromatin condensation in cultured mouse oocytes but instead
arrested meiosis before spindle formation and the formation of the
definitive metaphase | plate (Wassarman et al., 1976; Hashimoto
and Kishimoto, 1988). To determine MPF activity after protein
synthesis inhibition, GV-stage reporter oocytes in dbcAMP-contain-
ing medium were fused to cycloheximide-treated mouse oocytes
obtained at 1-2 h (Table 1, Group C) or 4-5 h (Group D) after
explantation, i.e. 0-1 h or 3-4 h after GVBD, respectively. The fused
hybrids were cultured thereafter in dbcAMP to prevent spontaneous
meiotic progression in the GV-reporter partner. After cycloheximide
inhibition, 21% of the immature reporter oocytes in Group C (1-2 h
cycloheximide) and 3% in Group D (4-5 h cycloheximide) had
similarly undergone full GVBD including complete nuclear mem-
brane disassembly and chromatin condensation (Fig. 3a). Of the
remainder, 28% in Group C and 5% in Group D showed partial
membrane breakdown and some chromatin condensation (Fig. 3b)
leaving 51% and 92%, respectively, arrested in the GV-stage (Fig
3c). Thus, residual MPF activity persists in oocytes whose protein
synthesis has been inhibited for 1-2 h, whereas almost no MPF
activity exists in oocyte cultured for 4-5 hin cycloheximide. Removal
of the cycloheximide-induced protein synthesis block led to the
acquisition of maximum MPF activity within 1 h (Table 1, Group E and
F).

Protein synthesis dependence of histone H1 kinase activity during
mouse oocyte maturation

Fig. 1 shows the effect of protein synthesis inhibition on histone
H1- kinase activity. From these results it is clear that the activity of
histone H1 kinase does not increase above basal levels in oocytes

whose protein synthesis is inhibited by cycloheximide. After release
from a 3 h period of cycloheximide inhibition (100 pg/ml), histone
H1 kinase activity increases 5 to 7 h thereafter (data not shown) to
attain the same maximal levels as those reported for control
oocytes (see Fig. 1). Thus, the inhibition of protein synthesis in
mouse oocytes results in a rapid and complete suppression of
histone H1 kinase activity. After the resumption of protein synthe-
sis, histone H1 kinase activity increases with a slow dynamic similar
to that of the normally maturing oocyte. By contrast, MPF activity is
merely reduced by a short period of protein synthesis inhibition and
is only completely suppressed after a prolonged period of inhibition.
Onthe otherhand, its recovery is very rapid and within 1 h of release
from protein synthesis inhibition maximal MPF activity is restored
(see Table 1, Group F).

Discussion

The p34°9Z kinase is found in all eukaryotes and controls onset
of M-phase (Nurse, 1990). p34¢¥2 phosphorylates histone H1 in
vitro (Arion et al., 1988; Brizuela et al., 1989; Labbé et al., 1989;
Meijer et al., 1989; Pines and Hunter, 1989; Reed and Wittenberg,
1990). The identification of p34°%2 and B-type cyclins (Gautier et
al., 1988, 1990; Labbé et al., 1989) as the principle components
of highly purified MPF (Lohka et al., 1988; Labbé et al., 1989)
provides biochemical evidence that MPF is a histone H1 kinase that
acts as an M-phase inducer. Therefore histone H1 kinase activity is
widely accepted as a biochemical indicator of MPF activity. The
p34°9c2 protein kinase complex is specifically precipitated by the
yeast gene product p13sUel+ (Meijer et al., 1989).

In this paper we present data showing first that the activation of
biological MPF and histone H1 kinase in mouse oocytes occurs with
markedly different kinetics during the G- to M-phase transition. Our
results confirm an earlier report (Hashimoto and Kishimoto, 1988)
using marine invertebrate oocytes as reporter cells to assess MPF
activity of mouse oocytes. High MPF activities are recorded imme-
diately before or at GVBD. This is in accordance with the finding that
p34°92 s dephosphorylated within the first 2 h of oocyte maturation
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Fig. 2. Time course of histone H1 kinase activation during mouse
oocyte maturation. Fully grown mouse oocytes were removed from their
antral follicles and cultured in vitro in the absence (filled symbols) or
presence of cycloheximide (100 ug/ml) fopen symbols). Kinase activity was
determined in single mouse oocytes using histone H1 as the exogenous
substrate. Data (xt SEM) are corrected for unspecific non-enzymatic labeling
of histone H1 and for background and are shown in com [F2P] incorporated
into histone H1 during a 30 min incubation by single mouse cocytes.
Experiments were performed four times with 2 oocytes per time and
treatment group in each experiment. Arrows marked GVBD or Al show the
time of GVBD in control and cycloheximide-treated ococytes or the time of
anaphase | in control cocytes, respectively.

in the mouse and that the phosphorylation state thereafter is
unchanged up to the metaphase Il stage (Choi et al., 1991).
However, activation of histone H1 kinase lags behind GVBD and
therefore the activation of MPF by 5-7 h. The measured H1 kinase
activity in mouse oocytes is clearly related to the p34¢9c2 protein
kinase complex as shown by p13%““**-precipitation (Fig. 1). Asimilar
slow increase in histone H1 kinase activity in p34°92
immunopreciptates during mouse oocyte maturation was shown by
Choi and co-workers (1991).

In Table 1 we present evidence that low MPF activity is detected
in oocytes whose protein synthesis has been inhibited for 1-2 h.
However, almost no MPF activity remains after block of protein
synthesis for 4-5 h. Removal of the block leads to acquisition of high
MPF activity within 1 h. These findings are in contrast to those of an
earlier report (Hashimoto and Kishimoto, 1988) in which MPF
activity was detected in mouse oocytes treated with cycloheximide
for up to 8 h. However, the MPF assay itself was done with starfish
oocytes as reporter cells and in the absence of cycloheximide. Qur
results using ahomologous assay system with a continual inhibition
of protein synthesis clearly show that high MPF activities are
restored within 1 h after release from inhibition (Table 1, Groups E
and F). The MPF assays described in both reports lasted for about
1 h. We conclude therefore that the inhibition of MPF activity in
cultured mouse oocytes as measured in an homologous system is
dependent upon continual suppression of new protein synthesis.

Histone H1 kinase activity in mouse oocytes is completely
dependent on protein synthesis (Fig. 2). However, release from a
protein synthesis block restores the ability of oocytes to activate the
M-phase associated protein kinase with a similar dynamic than in

control oocytes, i.e. a significant increase is detectable 5-7 h after
release. This indicates that histone H1 kinase activity in mouse
oocytes and biological MPF activity are completely dependent on
protein synthesis. However, the difference in the dynamics of the
activities between the two might reside in differing half lifes of their
active and/or activating principles. We conclude therefore that the
two activities should not be used in an interchangeable manner.
We interpret the results presented in this paper as showing first
that the activation of MPF and histone H1 kinase in mouse oocytes
occur with markedly different Kinetics during the G,- to M-phase
transition. In this species MPF activity has a close temporal
relationship to nuclear membrane breakdown while the formation of
the definitive first metaphase plate is associated both with high
MPF and histone H1 kinase activity. As to whether either of these
activities is causally related to chromatin condensation and bivalent
formation is unproven. That a direct causal relationship may indeed
not exist is suggested by evidence from pig oocytes and somatic
cells. Our results from experiments on porcine oocytes show that
both condensation and pairing of chromosomes occur before any
increase in either MPF or histone H1 kinase activity is detectable
(Christmann et al., 1993). Indeed, it is well established that
chromatin condensation in this species occurs in the absence of
new protein synthesis even though both MPF and histone H1 kinase
activity are abolished by the addition of inhibitors of protein
synthesis (Moor et al., 1992). In experiments on isolated somatic
cell nuclei, Peter et al. (1990) reported that the addition of activated
p34°%2 kinase induced little or no chromatin condensation and
more recently cAMP-dependent protein kinase has been shown to
be one of the kinases responsible for chromatin condensation in
human fibroblast cells (Lamb et al., 1991). Taken together, we
postulate that the intracellular regulator of membrane disassembly
and that of the metaphase | plate formation differ. Second, our
present results show that histone H1 kinase activity cannot be used
as a measure of the biological activity of MPF in mouse oocytes.

Materials and Methods

Oocyte collection and culture

Mouse oocytes were released from large antral follicles of PMSG-
stimulated F1 CFLP a/a females and cultured in MEM containing pyruvate
(0.22 mM), Gentamycin (25 ug/ml) and bovine serum albumin (3 mg/ml) at
37°C in an atmosphere of 5%C0,, in air (Fulka et al., 1992). Oocytes were
collected hourly from a single pool and used for histone H1 kinase activity
assays (see below). For cell fusion experiments one partner (reporter
oocyte) was maintained in the GV-stage of meiosis by continuous culture in
dbcAMP (150 ug/ml, Cho et al., 1974). The second partner (test oocyte) was
matured for periods ranging from 0-9 h in either the absence or presence of
cycloheximide (100 pug/mil). Details of the various reporter-test oocyte fusion
combinations are described fully in the Results section.

Cell fusion assay for biological MPF assay

In order to determine MPF activity during oocyte maturation in the mouse,
maturing oocytes were fused to GV-arrested mouse reporter oocytes. MPF
activity was assessed as the capacity to induce membrane breakdown and
chromatin condensation in the immature reporter. Immediately before
fusion zonae pellucidae were removed by pronase treatment (0.5%). Contact
between the oocyte partners was achieved in PBS containing
phytohemagglutinin (PHA, 300 ug/ml) using a narrow-bore pipette. Fusion
was induced by polyethylene glycol (M, 1000) as described earlier (Fulka,
1985). After fusion the oocyte hybrids were cultured for 60-90 min in
dbcAMP (150 pg/ml) or docAMP and cycloheximide (100 pg/ml) supple-
mented medium. Thereafter the oocyte hybrids were fixed and stained.
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Fig.3.Changesin nuclear morphology after fusion of amaturing mouse oocyte to areporter GV-stage oocyte. Oocytes were treated as described
in Table 1. The following changes in nuclear morphology were recorded. (a) Induction of complete GVBD and chromatin condensation. These oocyte
hybrids contain two sets of condensed chromatin (A), one originating from the maturing cocyte and the other from the reporter G\V-nucleus. This
configuration indicates high levels of MIPF activity in the maturing cocyte. (b) Induction of partial GVBD and chromatin condensation. Beside one set of
condensed chromatin (4) inherited from the maturing cocyte, there are the remnants of a GV-nucleus with condensed chromatin within the collapsed
membrane (4), indicating intermediate levels of MPF activity. (e) Unchanged GV-nucleus inan oocyte hybrid. The intact GV-nucleus (D) from the immature
reporteroocyte persists beside a setof condensedchromatin (A) originating from the maturing mouse oocyte, indicating either very low or no MPF activity
in the maturing oocyte. (d) Unfused mouse oocytes. In all unfused cocytes a similar pattern of chrematin configuration has been observed. Maturing
oocytes contained condensed chromatin (A), while immature reporter cocytes showed an intact GV-nucleus ().

Control experiments were done with electric field (1.5 kV, 50 usec, 3 pulses)
induced cell fusion. Results with both cell fusion systems were identical.

After fusion oocytes were mounted on slides, fixed in aceto-ethanol (1:3),
stained with aceto-orcein (45% acetic acid, 1% orcein) and evaluated under
phase-contrast.

Histone H1 kinase assay

Single mouse oocytes were homogenized and kinase reactions were
performed as described (Fulka et al., 1992). In short, the kinase reactions
were done in 45 mM fR-glycerophosphate, 12 mM p-nitrophenylphosphate,
20 mM MOPS-KOH (pH 7.2), 12 mM MgCl,,, 12 mM EGTA, 0.1 mM EDTA, 0.8
mM DTT, 2.3 mM Na,V0,, 2 mM NaF, 0.8 mM PMSF, 15 ug/ml leupeptin,
30 pg/ml aprotinin, 1 mg/ml PVA, 1 mg/ml histone H1, 2.2 uM PKI|
(TTYANFIASGRTGRRNAIHN) and 0.2 uM ['f—32P]—ATP (37 TBag/mmol) for 30
min at 37°C. The reaction mixtures were subjected to SDS-PAGE, the bands
corresponding to histone H1 were excised and incorporated. [#2P] was
measured by liquid scintillation counting. The data given in Fig. 3 have been
corrected for unspecific non-enzymatic labeling of histone H1 and for
background. Unspecific non-enzymatic labeling was measured by perform-

ing the complete kinase reaction without oocytes. All experiments were
repeated four times with 2 oocytes per time and treatment group. An
analysis of variance demonstrates that the levels of histone H1 kinase
activity at 6 and 8 h are significantly greater (p<0.05 or p<0.01, respectively)
than those at 0, 1 and 2 h.

Relative low concentrations of ATP were used in the histone H1 kinase
assay to avoid unspecific non-enzymatic phosphorylation of H1 (Abdel-
Ghany et al., 1988). To verify the specificity of the histone H1 kinase assay
as a measure for the activity of the p34°“? protein kinase complex
phosphorylation activity was determined after p13s““*precipitation as
described by Meijer et al. {1989). Oocytes (n= 40) were homogenized and
precipitation was done with 2 ul p13%4¢**.Sepharose bead suspension (1:1)
in 200 pl bead buffer (50 mM Tris-HCI, pH 7.4, 5 mM NaF, 250 mM NacCl,
5 mM EDTA, 5 mM EGTA, 0.1% NP-40, 10 ug/ml leupeptin, 10 ug/ml
aprotinin, 100 uM benzamidine and 100 pM PMSF) for 1 h. Unextracted
oocyte homogenate, supernatant and precipitate (after three times washing
with bead buffer) were collected and H1 kinase activity was determined as
described for single mouse oocytes. All chemicals used in these experi-
ments were purchased from Sigma and the 32P-labeled compound from ICN.
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