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Summary

The regulation of the mitotic histone HI kinase
activity has been analyzed during the naturally
synchronous cell cycle of Physanun polycephalum
plasmodia. The universal binding property of the
pl3suoJ Schizosaccharomyces pombe gene product
was used to precipitate and assay the cdc2 histone HI
kinase activity. The kinase activity peaks at the
beginning of metaphase and its decline, which re-
quires protein synthesis, appears to be an early event
during the metaphase process. Microtubular poi-

sons, temperature shifts and DNA synthesis inhibi-
tors were used to perturb cell cycle regulatory path-
ways and characterize their effects on cdc2 kinase
activation. Our results suggest that the full activation
of the mitotic kinase requires at least two successive
triggering signals involving microtubular com-
ponents and DNA synthesis.
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Introduction

The M-phase Promoting Factor (MPF) has been character-
ized in a large variety of organisms from sea urchin eggs to
human mitotic cells (reviewed by Hunt, 1989; Murray and
Kirschner, 1989a) as an intracellular activity catalyzing
the G2/M-phase transition (Smith and Ecker, 1971; Masui
and Market, 1971). Characterization of the components of
MPF (Dunphy et al. 1988; Gautier et al. 1988; Labbe et al.
1989; Arion et al. 1988) and studies of the genes involved
in yeast mitotic control (Beach et al. 1982; Booher et al.
1989; Moreno et al. 1989) have identified in each species a
protein homologous to the p34cdc2 Schizosaccharomyces
pombe gene product, which is assumed to be the catalytic
subunit of this mitotic protein kinase. To date, histone HI
is the best identified in vitro substrate of the cdc2 kinase
(Brizuela et al. 1989). In the mature form of the enzyme,
p34cdc2 is stoichiometrically associated with cyclin
(Booher and Beach, 1988; Draetta and Beach, 1988;
Draetta et al. 1989; Pondaven et al. 1990; Brizuela et al.
1989), a cell cycle regulated protein, originally identified
in marine invertebrates (Evans et al. 1983). At the G2/M-
phase transition, p34cdc2 is dephosphorylated on tyrosine
and threonine residues, and the p34cjc2/cyclin complex
becomes fully activated (Dunphy and Newport, 1989;
Morla et al. 1989; Pondaven et al. 1990; Jessus et al. 1990).
Cyclin phosphorylation occurs in metaphase (Meijer et al.
1989; Draetta et al. 1989) and its destruction is probably
responsible for enzyme inactivation. A third component of
the complex is pl3 the product of the sucl+ gene in S.
pombe (Brizuela et al. 1987). The exact role of this protein
in the regulation of the enzyme activity is still not clear
and subject to investigation (Dunphy and Newport, 1989;
Jessus et al. 1990). Nevertheless, pis8"02 binds to the cdc2
gene product in S. pombe in vivo and in vitro (Brizuela
et al. 1987) and pl3 coupled to Sepharose can be used as an
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affinity matrix for the purification of p34cdc2 homologues
and associated proteins in every organism studied (Arion
et al. 1988; Draetta and Beach, 1988; Booher et al. 1989;
Dunphy etal. 1989; Pondaven etal. 1990). It is thus a
convenient reagent for the assay of p34cdc2 kinase activity
in a wide range of species.

While the understanding of the activation mechanisms
of the p34/cyclin complex is progressing (Dunphy and
Newport, 1989; Gould and Nurse, 1989; Pondaven etal.
1990; Ducommun etal. 1990), the regulation of these
events in relation to other cell cycle pathways has not been
subjected to intensive investigation. The naturally
synchronous plasmodium of the myxomycete Physarum
polycephalum is a syncytium that can contain 108 to 109

nuclei dividing every 10 h with perfect synchrony (How-
ard, 1932; Guttes and Guttes, 1964). This model offers a
unique opportunity for following a biochemical event in a
single cell during a normal cell cycle or after physical or
pharmacological perturbations (Tyson, 1982). Previous
studies using this organism have permitted the character-
ization of the pathways involved in the regulation of
tubulin synthesis (Ducommun et al., unpublished data)
and degradation (Ducommun and Wright, 1989), and the
regulation of thymidine kinase synthesis (Wright and
Tollon, 1979, 1988, 1989; Eon-Gerhardt et al. 1981a,6).

Physarum polycephalum was one of the first systems in
which the oscillation of histone Hi kinase activities
during the cell cycle were described (Bradbury et al. 1974;
Hardie et al. 1976). Furthermore, it has been claimed that
addition of partially purified Physarum histone Hi
kinases or Physarum extracts on the external surface of an
intact plasmodium advances mitosis (Bradbury et al. 1974;
Inglis et al. 1976; Loidl and Grobner, 1981). More recently,
Physarum pre-mitotic extracts have been shown to contain
a MPF activity able to trigger prophase/metaphase tran-
sition after injection in prophase-arrested Xenopus
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oocytes, whereas post-mitotic extracts (S-phase, since
there is no Gi-phase in Physarum) contain an inhibitory
activity (Adlaka et al. 1988). Furthermore, a homolog of
p34c has recently been immunologically identified in
Physarum (Shipley and Sauer, 1989), using antibodies
against a consensus conserved sequence (called TSTAIR').

In this study, using the universal binding property of
pl3s u c j to p34"i:2, we affinity-purified the p34cdci kinase
activity from Physarum and we studied its regulation
during the cell cycle. Evidence is presented here, first, for
the existence of several 'activating signals' involving
microtubular components and DNA synthesis in the acti-
vation of the mitotic kinase, and second, for the occurrence
of a metaphase signal leading to the inactivation of this
kinase.

Materials and methods

Physarum strains, culture and microscopy
Plasmodia (strain CL) were cultured and prepared as described by
Ducommun and Wright (1989). Synchronous giant plasmodia
(approximately 10cm diameter), grown at 22°C except when
stated otherwise, were used before or after the third synchronous
mitosis. Plasmodial fragments were taken at intervals during the
cell cycle and flash-frozen in liquid nitrogen. The timing of the
mitotic events was followed on plasmodial smears taken at
intervals and observed by phase-contrast microscopy (Zeiss Axio-
phot with a x63 objective, x2 Optovar and a x4 videolens).
Images were recorded with a Lhesa camera (Pasecom) and treated
with an image processing system (Sapphire from Quantel) by
integrating 200 frames and applying histogram and stretch
functions. Screen pictures were taken with a Nikon 35 mm
camera (macro-BO mm lens).

pl3-Sepharose precipitation
pl3 (S. pombe sucl+ gene product) was purified from a bacterial
expression system as described by Brizuela etal. (1987) and
coupled to Sepharose (Pharmacia) following the manufacturer's
instructions with 5 mg of purified pl3 per ml of unpacked beads.
Frozen fragments of Physarum were thawed and sonicated three
times for 10 s (Branson sonicator) in 0.2 ml of buffer I (25 mM
Tris-HCl, pH8.0, 10 mM MgCl2, 15 mM EGTA (ethyleneglycol-
bis-/vyy,.ArrW-tetraacetic acid), 0.1 mM sodium fluoride, 60 mM /S-
glycerophosphate, 15 mM para-nitrophenylphosphate, 0.1 mM
sodium orthovanadate and 0.1 % Triton X-100) kept in ice.
Sodium deoxycholate and SDS were added to final concentrations
of 0.5 and 0.1 % (w/v), respectively, and after 5min of incubation
on ice, 800 /d of buffer I was added. The soluble protein fraction
was recovered by centrifugation for lOmin at 11000^. After a
30 min preincubation at 4°C with 30 /d Sepharose CL6B (Pharma-
cia) and a 10 min centrifugation at 11000 g, to remove any non-
specific precipitate, specific precipitations were carried out by
incubating the lysate with 30 /d of pl3-Sepharose for at least 4 h
at 4°C on a rotator. The complexes were brought down by a 3 min
centrifugation at 2000 revs min"1 in a Sorvall RT6000B table-top
centrifuge. The pellets were then washed three times in buffer II
(50 mM Tris-HCl, pH7.4, 250 mM NaCl, 50 mM sodium fluoride,
5mM EDTA (ethylenediaminetetraacetic acid), 0.1 mM sodium
orthovanadate and 0.1 % Triton X-100) with the same conditions
of centrifugation. The final pellets were subsequently treated as
described below to assay the kinase activity.

Protein concentration was determined according to the method
of Bradford (1976) using the Biorad reagent and bovine serum
albumin (BSA) as standard. In most experiments, 500 \i% of total
protein was used for each determination, except for the exper-
iment shown in Fig. 1 in which 2.5 mg of protein was used for each
determination. The following inhibitors of proteases were added
to buffers I, II and III: O.lmM-PMSF (phenylmethylsulfonyl
fluoride), l/igml"1 leupeptin, lOjigml"1 soybean trypsin inhibi-
tor, l^gml" aprotinin and lO/fgml"1 TPCK (tosyl phenylala-
nine chloromethyl ketone).

In vitro phosphorylation and kinase activity
Proteins precipitated by pl3-Sepharose beads were washed (see
below) and each sample was equilibrated by an extra wash in
kinase assay buffer (50 mM Tris-HCl, pH 7.5,10 mM MgCl2,1 mM
DTT (dithiothreitol)). Pellets were resuspended in 30/d of the
same buffer with or without 83 fig ml~1 of histone HI (Boerhinger-
Mannheim). When simian virus 40 (SV40) large T antigen was
used (kindly provided by Duncan McVey), 0.2 ;ig T antigen was
added to each reaction. After 5 min of equilibration at assay
temperature, 10 (il of kinase assay buffer containing 2 ;<M cold
ATP and 5 /iCi of [y-32P]ATP (NEN, 3000 Ci mmol'x) was added to
each sample. The kinase reaction was carried out for 15 min for
histone HI kinase assays or for 30 min for phosphorylation of the
associated proteins in the absence of histone HI. The reactions
were stopped by addition of 10/d of Laemmli sample buffer
(Laemmli, 1970) and was quantitated by spotting 15/d of the
reaction mixture on Whatmann 3MM paper followed by TCA
(trichloracetic acid) precipitation. The paper was incubated first
for 10 min in 10 % (w/v) TCA containing 40 mM sodium pyrophos-
phate, then washed three times for 10 min in 5 % (w/v) TCA and
briefly rinsed in cold (-20°C) ethanol. Quantitation was done
using the AMBIS beta scanner system but can also be done by
liquid scintillation. When cdc2-associated protein phosphoryl-
ation was examined, the reaction was stopped with 30 /d Laemmli
sample buffer, the samples were boiled for 3 min and submitted to
electrophoresis according to the method of Laemmli (1970). The
gels were then dried and autoradiographed with film X OMAT R
(Kodak).

Results

Cell cycle variation of mitotic kinase activity
Synchronous plasmodia, prepared as described in Ma-
terials and methods, were collected at intervals during the
cell cycle. The stage of the cell cycle was determined by
monitoring the nuclear morphology and the occurrence of
the different stages of mitosis by phase-contrast mi-
croscopy (Fig. 1A). Histone HI kinase activity was quanti-
tated after precipitation using pl3-Sepharose. The level
of kinase activity was very low during interphase and only
started to rise 30 min before metaphase; it was maximal in
metaphase and then dropped very abruptly (Fig. IB).

It has been demonstrated that phosphorylation of the
SV40 large T antigen by p34c kinase activates the
initiation of viral DNA replication in vitro (McVey et al.
1989). Since, in Physarum, in the absence of Gi-phase, S-
phase initiation occurs at the end of mitosis (3jnin after
the metaphase/anaphase transition; Beach et al. 1980), we
investigated the presence of a kinase activity phosphoryl-
ating the T antigen in mitotic extracts. Phosphorylation of
large T antigen (Fig. 1C) was assayed after pl3 precipi-
tation from the same Physarum extracts used for deter-
mining histone HI kinase activity (Fig. IB). A cell cycle
variation of kinase activity was observed with a mitotic
peak and little activity during interphase (Fig. 1C).

A more accurate determination of the timing of the
histone HI kinase activation during mitosis was obtained
by harvesting parts of the same plasmodium at short
intervals before and after mitosis and monitoring the
stage of mitosis each time. Fig. 2 shows two independent
determinations of histone HI kinase variation in two
different plasmodia after pl3 precipitation. The peak of
histone HI kinase activity is an early metaphase event,
and the level of kinase activity starts to decrease consist-
ently before the occurrence of anaphase (Fig. 2A and B).
When the kinase was assayed in the same conditions in
the absence of exogenous added substrate, a 60K
(K= 103 Mr) band was heavily phosphorylated at the begin-
ning of metaphase, suggesting that it could be a Physarum
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Fig. 1. Cell cycle variations of P34cdc2 kinase activity. Physarum plasmodia grown at 22 °C were collected at different times in the
cell cycle. A. The stages of the cell cycle were determined for each sample by phase-contrast microscopy relative to the third
synchronous mitosis. The photographs show the nucleus stage (x2200). During the cell cycle the overall size of the nucleus increases
(a-e). At the end of G2-phase the nucleolus is off center (c,d) and then disappears when the nucleus enters prophase (e). Metaphase
stage is typically characterized by metaphasic plate (f). Early S-phase shows small nuclei with condensed chromatin (g) that return
to the typical interphase stage after 2h (h). After pl3—Sepharose precipitation of 2.5 mg of proteins of each time point, the kinase
activity was assayed using histone HI (B) or large T antigen (C) as substrates.
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Fig. 2. Variation of histone HI kinase during mitosis. Fragments of the same plasmodium grown at 22 °C were collected at intervals
during the different phases of mitosis indicated on the broken line under each graph (G2-phase (G2), prophase (P), metaphase (M),
anaphase (A), telophase (T) and S-phase (S)). The histone HI kinase activity was determined after pl3-Sepharose precipitation of
500 /<g of protein lysate. Data from two independent plasmodia are shown here. The top line shows the nuclear aspect observed by
phase-contrast microscopy for some of the typical stages of mitosis (X2200): G2-phase 90 min before mitosis (a), early prophase with
off-center nucleolus (b), prophase with punctuated aspect of the chromatin (c,d), metaphase plates (e,f), anaphase (g), telophase (h),
and early S-phase (i).
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cyclin homolog (not shown). Because of the lack of anti-
bodies recognizing cyclin in Physarum, we were not able to
confirm this hypothesis.

Effects of microtubule poisons
Methyl benzimidazole carbamate (MBC) and griseofulvin,
two chemically unrelated microtubular poisons, have been
previously shown to perturb the mitotic microtubules of
Physarum plasmodia (Wright et al. 1976; Gull and Trinci,
1974). When a synchronous plasmodium is transferred
during G2-phase to a medium containing 100 /.IM MBC or
20,UM griseofulvin, protein, DNA and RNA syntheses are
virtually unaffected, while the occurrence of the following
mitosis is delayed by several hours (Eon-Gerhardt etal.
1981a). Previous studies have shown that such treatments
did not delay the occurrence of periodic tubulin synthesis.
In a control plasmodium, tubulin synthesis starts 4h
before mitosis and stops abruptly during this stage. In a
treated plasmodium, tubulin synthesis begins as in the
control plasmodium (Ducommun et al., unpublished data),
even though mitosis is delayed. By contrast, the periodic
synthesis of thymidine kinase is delayed (Eon-Gerhardt
et al. 1981a).

The effects of microtubule poisons on p34cdc2 kinase
activity were investigated. The principle of such exper-
iments consists of transferring a synchronous plasmodium
to a medium containing the drug, keeping a small part on
untreated medium, and harvesting portions of the treated
plasmodium during the subsequent cell cycle. A synchron-
ous plasmodium was transferred 7h before mitosis to a
medium containing 200 /JM griseofulvin (Fig. 3A) or 5.5 h
before mitosis to a medium containing 100 [IM MBC
(Fig. 3B). Mitosis was delayed by 2.75 h and 4.5 h, respect-
ively. In both cases, the histone HI kinase activity was not
triggered at the time of the control mitosis, but occurred

only at the onset of the treated mitosis (Fig. 3A and B).
Therefore, the activation of the histone HI kinase activity
seems to require an event involving the formation of the
normal microtubular mitotic cytoskeleton. Upon treat-
ment with MBC an abnormal mitosis occurred (Planques
et al. 1989). Metaphase persisted for one to two hours with
the formation of multipolar spindles, polyasters and con-
densed chromosomes (see stages d-e, Fig. 3B). The kinase
activity decreased before the end of this abnormal meta-
phase stage, thus suggesting that total completion of
metaphase is not necessary to turn off the activation of the
p34ccto kinase.

Effects of aphidicolin
Aphidicolin, an inhibitor of DNA polymerases cvand 5, has
been shown to be active in Physarum polycephalum. When
used at a concentration of 200 /(M it inhibits DNA syn-
thesis (73 %) whereas RNA and protein syntheses are not
affected (Eon-Gerhardt et al. 19816). When a plasmodium
is treated with aphidicolin up to 3h before metaphase
(from S-phase to mid G2-phase), mitosis is delayed several
hours and the nuclei are blocked in early prophase (Eon-
Gerhardt et al. 19816).

To investigate the effect of such treatment on the
histone HI kinase activity, a synchronous plasmodium
was transferred 4.25 h before the third synchronous mi-
tosis to a medium containing 200 (a/i aphidicolin (Fig. 4).
The occurrence of mitosis in the treated plasmodium was
delayed 6.3 h compared to the control (untreated) part of
the same plasmodium. The peak of histone HI kinase
activity did not occur at the same time as that of the
control mitosis, but was delayed until the occurrence of
metaphase in the treated plasmodium.

Effects of protein synthesis inhibition
We investigated the effect of protein synthesis inhibitors

o

o - 6 - 5 - 4 - 3 - 2 - 1 0 1 2 3 4 - 1 0 1 2 3 4 5
4 Time to Mill control (h) | Time to Mill control (h) A

Fig. 3. Effects of treatment with microtubule inhibitors on histone HI kinase. Variation of histone HI kinase activity in pl3
precipitates from fragments of synchronous plasmodia transferred onto 200 ;JM griseofulvin 7 h before the control metaphase (A) or
100 fm MBC 5.5h before the control mitosis (B). The treated mitoses were delayed, respectively, by 2.75 h (A) and 4.5 h (B) (indicated
by a black arrow in each panel). The photographs show the morphological aspect of the nuclei observed by phase-contrast microscopy
(X2200). A. Plasmodium treated with 200;JM griseofulvin: G2-phase (a-d), early prophase (e), metaphase (f) and early S-phase (g).
B. Plasmodium treated with 100 /.IM MBC: G2 phase (a-c), 'condensed chromosomes' (d,e) and S-phase (f,g). The dotted line in B
indicates the duration of the condensed chromosomes stage of mitosis treated with MBC. Dimethyl sulfoxide used to dissolve these
microtubule poisons does not affect the timing of mitosis, or the timing and the extent of this histone HI kinase activity (not shown).
These results are representative of two independent experiments.
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Fig. 4. Effects of treatment with aphidicolin on histone HI
kinase. Variation of histone HI kinase activity in
pl3-Sepharose precipitates from fragments of synchronous
pla8modium transferred onto 200 JM aphidicolin 4.25 h before
metaphase (indicated by an open arrowhead). In thiB
experiment the treated mitosis (indicated by a black arrow) was
delayed by 6.3 h. The photographs show the morphological
aspect of the nuclei observed by phase-contrast microscopy
(X2200): G2-phase (a-c), early prophase (d), prophase (e) and
early S-phase (0.

on the activation as well as on the inactivation of the
histone HI kinase activity. A synchronous plasmodium
was transferred 46 min before the third metaphase on a
medium containing 150 UM cycloheximide (Fig. 5A). As
previously reported, this treatment completely inhibited
protein synthesis (Cummins et al. 1965). The treated part
of the plasmodium never underwent mitosis, and the
histone HI kinase activity stayed low. When a similar
treatment was applied to a synchronous plasmodium 0.5 h
before the third metaphase, the nuclei entered a meta-
phase-like stage (Fig. 5B), in which they remained blocked
for 2-3 h (Ducommun and Wright, 1989). Under these
conditions, the kinase activity was activated and
remained at a plateau for 2 h before it declined progress-
ively as nuclei were asynchronously progressing through
metaphase and anaphase (Fig. 5B).

Discussion

We have taken advantage of the absolute synchrony of
Physarum plasmodia to determine accurately the timing
of p34cdc2 kinase activation and inactivation during the
cell cycle and to define their relationship with other cell
cycle-regulated pathways.

In Physarum synchronous plasmodia, the activation of
the kinase occurs before metaphase and requires protein
synthesis as shown here (Fig. 5A) and as previously
reported in different systems (Hunt, 1989). One hour
before metaphase (Fig. IB), the p34cdc2 kinase activity is
low and similar to the overall interphase level in late G2-
phase, then the kinase activity increases during prophase.
The maximal activity is observed in early metaphase and
decreases abruptly thereafter. Among the various cell
cycle events (Tyson, 1982) that have been reported to occur
in the synchronous plasmodia of Physarum, the cyclic
increase of two nuclear histone HI kinase activities has
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Fig. 5. Effects of treatment with cycloheximide on histone HI kinase. Variation of histone HI kinase activity in pl3 precipitates
from fragments of synchronous plasmodia transferred onto 150 /JM cycloheximide 45 min (A) or 30 min (B) before mitosis (indicated
by an open arrowhead). A. In the treated portion of the plasmodia the treated mitosis never occurred and the histone HI kinase
determined during 3h remained at its basal level. B. The nuclei entered mitosis and were blocked in a 'metaphase-like' stage for
2-3 h. The photograph shows the morphological aspect of the nuclei observed by phase-contrast microscopy (X2200) at the indicated
times. A. Cycloheximide treatment beginning 45 min before metaphase: G2-phase (a-e). B. Cycloheximide treatment beginning
30min before metaphase: early prophase (a), metaphase-like (b—e), anaphase (f).
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already received extensive interest (Bradbury et al. 1973;
Hardie etal. 1976). It has been suggested that these
nuclear histone HI kinases could play a role in both
histone HI phosphorylation and chromosome conden-
sation (Bradbury et al. 1974; Matthews, 1980). However,
these two nuclear histone HI kinase activities and the
p34cdc2 kinase activity described in this report do not show
a similar timing during the cell cycle. In contrast to the
overall variations of p34edc2 kinase activity in plasmodial
extract, the two histone HI kinase activities measured in
plasmodial nuclei began to increase at least 3h before
mitosis and reach their maximal values 1 and 2 h before
mitosis, respectively, when the p34dcfc2 kinase was at its
low basal level. The two nuclear histone kinase activities
decreased thereafter and were very low during mitosis
(Hardie et al. 1976). These differences raise the possibility
that the nuclear histone HI kinases that have been
previously characterized and the p34cd<:2 histone HI
kinase activities could correspond to distinct kinases.

In order to determine whether the timing of the increase
or decrease of p34cdc2 kinase activity is correlated with a
cell cycle event, we have applied several perturbations to
the synchronous plasmodia and determined their effects
on the pMcdc2 activity.

Treatment with aphidicolin delays mitosis and blocks
the nucleus in early prophase (Eon-Gerhardt et al. 19816).
During this delay the histone HI kinase is not activated
(Tig. 4). This result demonstrates that entry of the nuclei
into a very early prophase stage and HI kinase activation
are at least partially independently regulated, but that
the activation of the enzyme between prophase and meta-
phase requires an activating signal indicating completion
of DNA synthesis. The existence of such an effect of
aphidicolin in G2-phase has also been reported in fibro-
blasts (Fukuda and Ohashi, 1983), suggesting a require-
ment for DNA polymerase a- or 6 late in Gg-phase.

Among the different microtubular poisons used in vari-
ous studies, some have been shown to act in vivo on tubulin
by forming abnormal microtubule-like structures. In
mammalian cells, vinblastine forms paracrystallin struc-
tures (Bryan, 1971) and, in Physarum, MBC and griseoful-
vin induce the assembly of tubulin into abnormal 'macro-
tubules' (Wright et al. 1976; Gull and Trinci, 1974). In both
systems these drugs act by decreasing the level of free
tubulin available and consequently increase tubulin syn-
thesis (Ben-Ze'ev etal. 1979; Ducommun etal., unpub-
lished data). On the other hand, drugs like nocodazole and
colchicine act in vivo on mammalian cells by disassemb-
ling microtubules and raising the level of free tubulin,
which induces a decrease in tubulin synthesis (Ben-Ze'ev
et al. 1979; Caron and Kirschner, 1986).

In mammalian cells nocodazole induces mitotic arrest
with a high level of cdc2 kinase activity (Draetta and
Beach, 1988) and this property has been used as a method
of increasing the yield of p34cc(c2 in enzyme purification
(Brizuela et al. 1989). In Physarum (this study), griseoful-
vin and methyl benzimidazole carbamate delay both mi-
tosis and the triggering of mitotic kinase activity. Thus,
different drugs that interfere with microtubules have
quite opposite effects, even though each is a potent
inhibitor of in vitro Physarum tubulin assembly (Quinlan
et al. 1981).

A resolution of this discrepancy might be that those
drugs that inhibit cdc2 activation (e.g. MCB in Physarum)
sequester tubulin, decreasing the level of functional pro-
tein. By contrast, in the case of treatment with nocodazole
in mammalian cells, cdc2 is fully activated but the drug

acts to disassemble microtubules and raise the level of free
tubulin. The present results do suggest that interference
with microtubules can inhibit activation of cdc2.

In untreated plasmodia the kinase activity is maximal
in early metaphase (Fig. 1) and the histone HI kinase
starts to decline when nuclei are still in metaphase. When
a plasmodium is treated with MBC, metaphase is abnor-
mal and lengthened, but the kinase activity declines
before completion of this stage. Thus, it is likely that both
in untreated plasmodia and plasmodia treated with MBC
the signal leading to the inactivation of histone HI kinase
occurs during metaphase and not after completion of
metaphase. Cycloheximide treatment of plasmodia in late
G2-phase, blocks the nucleus in a 'metaphase-like' stage
(Ducommun and Wright, 1989). During this period, the
level of histone HI kinase activity stays high, suggesting
that in this organism the signal permitting kinase inacti-
vation requires protein synthesis. It has been suggested
that cyclin degradation triggers the inactivation of the
kinase activity (Draetta etal. 1989; Murray and
Kirschner, 19896) and we presume that protein synthesis
is required for cyclin degradation in Physarum. This study
graphically illustrates the highly asymmetric nature of
kinase activation and inactivation. One occurs gradually
by post-translational modification of pre-existing com-
ponents (cyclin/cdc2), whereas the other is due to proteo-
lytic cyclin degradation and is very abrupt.

We thank Mark Adelman, Guilio Draetta and Karen Lundgren
for their interest in this work and their comments on the
manuscript. Phil Renna, Jim Duffy and Louis Donna are thanked
for their photographic and artistic work. This work was supported
by PAssociation pour la Recherche contre le Cancer, and NIH
grant GM39620 to D.B., who is an investigator of the Howard
Hughes Medical Institute.

References

ADLAKHA, R. C, SHIPLEY, G. L., ZHOA, J., JONES, K., WRIGHT, D. A., RAO,
P. N. ANb SAUEK, H. W. (1988). Amphibian oocyte maturation induced
by extracts of Physarum polycephalum in mitosis. J. Cell Biol 106,
1446-1452.

ARION, D., MEIJER, L., BRIZUELA, L. AND BEACH, D. (1988). cdc2 is a
component of the M phase-specific histone-Hl kinase: evidence for
identity with MPF. Cell 55, 371-378.

BEACH, D , DURKACZ, B. AND NURSK, P. (1982). Functionally homologous
cell cycle control genes in budding and fission yeast. Nature 300,
706-709.

BEACH, D., PIPER, M. AND SHALL, S. (1980). Isolation of newly-initiated
DNA from the early S phase of the synchronous eukaryote, Physarum
polycephalum. Expl Cell Res. 129, 211-221.

BEN-ZE'BV, A., FARMER, S. AND PENMAN, D. (1979). Mechanism of
regulating tubulin synthesis in cultured cells. Cell 17, 319-325.

BOOHER, R., ALPHA, C, HYAMS, J. AND BEACH, D. (1989). The fission
yeast cdc2/cdcl3/sucl protein kinase: Regulation of catalytic activity
and nuclear localization. Cell 58, 485-497

BOOHER, R. AND BEACH, D. (1988). Involvement of cdcl3+ in mitotic
control in Schuosaccharomyces pombe' possible interaction of the gene
product with microtubules. EMBO J. 7, 2321-2327.

BRADBURY, E M., INOLIS, R. J. AND MATTHEWS, H. R (1974) Control of
cell division by lysin very rich histone phosphorylation. Nature 247,
257-261

BRADBURY, E. M., INQLIS, R. J., MATTHEWS, H. R. AND SARNEB, N. (1973).
Phosphorylation of very-lysine-rich histone in Physarum
polycephalum: Correlation with chromosome condensation. Eur.
J. Biochem. 33, 131-139.

BRADFORD, M. M. (1976). A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing this principle
of protein-dye binding. Analyt. Biochem. 72, 248-254.

BRIZUELA, L., DRAETTA, G. AND BEACH, D. (1987). P13"1"1 acts in the
fission yeast cell division cycle as a component of the p34cdc3 protein
kinase. EMBO J. 6, 3507-3514.

BRIZUELA, L., DRAETTA, G. AND BEACH, D. (1989). Activation of the
human cdc2 as a histone-Hl kinase is associated with complex

688 B. Ducommun et al.



formation with the p62 subunit. Proc. natn. Acad. Sci. U.S.A. 86,
4362^*366.

BRYAN, J. (1971). Vinblastine and microtubules: Induction and isolation
of crystals from sea urchin oocytes. Expl Cell Res. 66, 129-136.

CARON, J. M. AND KIRSCHNER, M. (1986). Autoregulation of tubulin
syntheBis. BioEssays 5, 210-216.

CUMMINS, J. E., BREWER, E. N. AND RUSH, H. P. (1965). The effect of
actidione on mitosis in the slime mold Physarum polycephalum. J. Cell
Biol. 27, 337-341.

DRAETTA, G. AND BEACH, D. (1988). Activation of cdc2 protein kinase
during mitosis in human cells: cell cycle-dependent phosphorylation
and eubunit rearrangement. Cell 54, 17-26.

DRAETTA, G., LUCA, F., WESTENDORF, J., BEIZUELA, L., RUDERMAN, J. AND
BEACH, D. (1989). cdc2 protein kinase is completed with both cyclin A
and B: evidence for proteolytic inactivation of MPF. Cell 56, 829-838.

DUCOMMUN, B., DRAETTA, G., YOUNG, P. AND BEACH, D. (1990). Fission
yeast cdc25 is a cell cycle regulated protein. Biochem. bwphys. Res.
Commun. (in press).

DUCOMMUN, B AND WRIGHT, M. (1989). Variation of tubulin half-life
during the cell cycle in the synchronous plasmodia of Physarum
polycephalum. Eur. J. Cell Biol. 50, 48-65.

DUNPHY, W. G., BRIZUELA, L., BEACH, D. AND NEWPORT, J. (1988) The
Xenopus homolog of cdc2 is a component of MPF, a cytoplasmic
regulator of mitosis. Cell 54, 432-431.

DUNPHY, W. G. AND NEWPORT, J. (1989) Fission yeast pl3 blocks mitotic
activation and tyrosine dephosphorylation of the Xenopus cdc2 protein
kinase. Cell 58, 181-191.

EON-GERHAKDT, R., TOLLON, Y., CHRAIBI, R. AND WRIGHT, M. (1981a).
Regulation of thymidine kinase synthesis during the cell cycle of
Physarum polycephalum: The effects of two microtubules inhibitors.
Cytobios. 32, 47-62.

EON-GBRHARDT, R., TOLLON, Y. AND WRIGHT, M. (19816). Regulation of
the mitosis onset and the thymidine kinase Bynthesis during the cell
cycle of Physarum polycephalum: Action of aphidicolin. Eur. J Cell
Biol. 25, 82-89.

EVANS, T., ROSKNTHAL, E., YOUNGBLOOM, J., DISTEL, D. AND HUNT, T.
(1983). Cyclin: a protein specified by maternal mRNA in sea urchin
eggs that is destroyed at each cell division. Cell 33, 389-396.

FUKUDA, H. AND OHASHI, M (1983). Aphidicolin inhibits cell growth by
accumulation of G2 cells. Cell Biol. Int. Rep. 7, 579-685.

GAUTIBR, J., NORBURY, C, LOHKA, M., NURSE, P. AND MALLER, J. (1988).
Purified maturation-Promoting factor contains the product of a
Xenopus homolog of the fission yeast cell cycle control gene cdc2*. Cell
54, 433-439.

GOULD, K. AND NURSE, P. (1989). Tyrosine phosphorylation of the fission
yeast cdc2* protein kinase regulates entry into mitosis. Nature 343,
39-45.

GULL, K. AND TRINCI, A. P. J. (1974). Ultrastructural effects of
griseofulvin on the myxomycete Physarum polycephalum. Inhibition of
mitosis and the production of microtubule crystals. Protoplasma 81,
37-48.

GUTTES, S. AND GUTTES, N. (1964). Mitotic synchrony in the plasmodia of
Physarum polycephalum and mitotic synchronization by coalescence of
microplasmodia. In Methods m Cell Physiology (ed. D. M. Prescott),
vol. 1, pp. 43-54. Academic Press, New York.

HARDIE, D. G., MATTHEWS, H. R. AND BEADBURY, E. M. (1976). Cell cycle
dependence of two nuclear histone kinase enzyme activities. Eur. J.
Biochem. 66, 37-42.

HOWARD, F. L. (1932). Nuclear division in plasmodia of Physarum. Ann.
Bot. 46, 461-477.

HUNT, T. (1989). Maturation promoting factor, cyclin and the control of
M-phase. Current Opinion Cell Biol. 1, 268-274.

INGLJS, R. J., LANGAN, T. A., MATTHEWS, H. R., HARDIE, D. G. AND
BRADBURY, E. M. (1976). Advance of mitosis by hiBtone phosphokinase.
Expl Cell Res 97, 418-426.

JESSUS, C, DUCOMMUN, B. AND BEACH, D. (1990). Direct activation of
cdc2 with phosphatase: identification of pl3*ucl-sensitive and
insensitive steps. FEBS Lett, (in press).

LAEMMLI, U. K. (1970). Cleavage of structural proteins during the
assembly of the head of bactenophage T4. Nature 277, 680-685.

LABBS, J.-C., CAPONY, J.-P., CAPUT, D., CAVADORE, J.-C, DERANCOURT, J.,

KAGHAD, M., LEUAS, J.-M., PICAHD, A. AND DOR£E, M. (1989). MPF
from starfish ooytes at first meiotic metaphase is a heterodimer
containing one molecule of cdc2 and one molecule of cyclin B. EMBO
J. 8, 3053-3058.

LOIDL, P. AND GROBNER, P. (1981). Acceleration of mitosis induced by
mitotic stimulators of Physarum polycephalum. Expl Cell Res. 137,
469-472.

MCVEY, D., BRIZUELA, L., MOHH, I., MARSHAK, D., GLUZMAN, Y. AND
BEACH, D. (1989). Phosphorylation of large tumour antigen by cdc2
stimulates SV40 DNA replication. Nature 341, 503-607.

MASUI, Y. AND MARKET, C. L. (1971). Cytoplasmic control of nuclear
behavior during meiotic maturation of frog oocytes. J. exp. Zool. 177,
129-146

MATTHBWS, H. R. (1980). Modifications of histone HI by reversible
phosphorylation and its relation to chromosome condensation and
mitosis. In Recently Discovered Systems of Enzymes Regulation by
Reversible Phosphorylation (ed. P. Cohen), chap. 10, pp. 235-254.
Elsevier, North-Holland Biomedical Press.

MEIJER, L., ARION, D , GOLSTBYN, R., PINS8, J., BRIZUELA, L., HUNT, T.
AND BEACH, D. (1989). Cyclin is a component of the sea urchin egg M-
phase specific histone-Hl kinase. EMBO J. 8, 2275-2282.

MORENO, S., HAYLES, J. AND NURSE, P. (1989). Regulation of p34cdc2

protein kinase during mitosiB. Cell 58, 361-372.
MORLA, A. O., DRAETTA, G., BEACH, D. AND WANG, J. Y. J. (1989).

Reversible tyroeine phosphorylation of cdc2: dephosphorylation
accompanies activation during entry into mitosis. Cell 58, 193-203.

MURRAY, A. W. AND KIHSCHNIR, M. W. (1989a). Cyclin synthesis drives
the early embryonic cell cycle. Nature 339, 275-280.

MURRAY, A. W. AND KIRSCHNER, M. W. (19896). Dominoes and clocks:
The union of two views of the cell cycle. Science 246, 614-621.

PLANSJUES, V., DUCOMMUN, B., BBRTRAND, M. A., TOLLON, Y. AND
WRIGHT, M. (1989). Variation of the immunolabelling of the n-1
isotubulin in the mitotic microtubules of the myxomycete Physarum.
Protoplasma 148, 120-129.

PONDAVEN, P., MEIJER, L. AND BEACH, D. (1990). Activation of M-phase
specific histone-Hl kinase by modification of the phosphorylation of its
pM01*3 and cyclin components. Genes Dev. 4, 9-17.

QUINLAN, R. A., ROOBOL, A., POGSON, C. I. AND GULL, K. (1981). A
correlation between in vivo and in vitro effects of the microtubules
inhibitors colchicin, parbendazole and nocodazole on myxamoeba of
Physarum polycephalum. J. gen. Microbiol. 122, 1-6.

SHIPLEY, G. L. AND SAUER, H. W. (1989). Evidence for a homolog of the
yeast cell cycle regulatory gene product cdc2+ in Physarum
polycephalum. Eur. J. Cell Biol. 48, 95-103.

SMITH, L. D. AND ECKER, R. E. (1971). The interaction of steroids with
Rana pipiens oocytes in the induction of maturation. Devi Biol. 25,
232-247.

TYSON, J. J. (1982). Periodic phenomena in Physarum. In Cell Biology of
PhyBarum and Didynium (ed. Aldrich, H. C. and Daniel, J. W.), vol. 1,
chap. 3, pp. 61-110. Academic Press, New York.

WRIGHT, M., MOISAND, A., TOLLON, Y. AND OUSTRIN, M. L. (1976).
Evidence de l'action du methyl benzimidazol 2 yl carbamate (MBC) aur
la noyau de Physarum polycephalum. C.r. hebd. Seanc. Acad. Sci.,
Paris 283, 1361-1364.

WRIGHT, M. AND TOLLON, Y. (1979). Physarum thymidine kinase: A step
or a peak enzyme depending upon temperature of growth. Eur. J.
Biochem. 96, 177-181.

WRIOHT, M. AND TOLLON, Y. (1988). Regulation of mitosis onset and
thynudine kinase activity during the cell cycle of Physarum
polycephalum plasmodia: effect of hydroxyurea. Expl Cell Res. 179,
263-272.

WEIGHT, M. AND TOLLON, Y. (1989) Regulation of mitosis onset and
thymidine kinase activity during the cell cycle of Physarum
polycephalum plasmodia: effect of fluorodeoxyuridine. J. cell. Physiol.
139, 346-353.

(Received 9 February 1990 - Accepted 26 April 1990)

Mitotic histone Hj kinase regulation 689




