475

Journal of Cell Science 101, 475-481 (1992)
Printed in Great Britain © The Company of Biologists Limited 1992

COMMENTARY
M-phase-promoting factor activation

WILLIAM MEIKRANTZ* and ROBERT A. SCHLEGELt
Department of Molecular and Cell Biology, The Pennsylvania State University, University Park, PA 16802, USA
•Present address: Department of Molecular and Cellular Toxicology, Harvard School of Public Health, Boston MA 02115, USA
tAuthor for correspondence

Introduction

Two decades ago, Hartwell and co-workers isolated a
number of cell division cycle (cdc) mutants in Saccharomyces cerevisiae on the basis of their arrest at specific,
morphologically distinguishable points in the cell cycle.
These temperature-sensitive mutants provided the first
identification and temporal ordering of genes required
for progress through the cell cycle, and permitted the
first molecular definition of a cell cycle restriction point,
START, passage through which requires the function of
the CDC28 gene. Interestingly, CDC28 was found to be
required not only for leaving stationary phase and
commencing DNA replication, but also for the events
of nuclear division (Hartwell et al., 1974; Hartwell and
Weinert, 1989; Reed et al., 1985). Similarly, in the
fission yeast Schizosaccharomyces pombe, the homologous cdc2 gene was found to be necessary for executing
both the G]/S and G2/M transitions (Nurse et al., 1976;
Nurse and Bisset, 1981; Beach et al., 1981).
CDC28/cdc2, and their homologs in species spanning
the plant and animal kingdoms, encode protein kinases
of approximately 34 kDa (Hindley and Phear, 1984;
Reed et al., 1985; Simanis and Nurse, 1986), referred to
hereafter simply as p34. In animal cells, increasingly
sophisticated molecular techniques have led to the
identification of a family of p34-related genes (Pines
and Hunter, 1991), some of which are clearly distinct
from CDC28 or cdc2 and may mediate some of the Gi/S
functions previously attributed exclusively to
CDC28/cdc2 (Elledge and Spottswood, 1991; Fang and
Newport, 1991; Koff et al., 1991; Lehner and O'FarreU,
1990; Paris et al., 1991; Tsai et al., 1991).
Cyclln-dependent protein kinases and MPF

Although the effects of p34 are cell-cycle-specific, its
levels undergo no dramatic fluctuation during the cell
cycle. Instead, modulation of p34 activity occurs
through association with regulatory subunits, called
cyclins, which appear and disappear in orderly fashion
during the course of the cell cycle. (Properties of the
different cyclins are outlined by Hunter and Pines
(1991).) For example, the CLN1 and CLN2 genes of 5.

cerevisiae are expressed in Gt during growth in
nutrient-rich medium, but transcription ceases in the
presence of mating factor (Nash et al., 1988; Hadwiger
et al., 1989; Wittenberg et al., 1990). The murine
macrophage CYL genes are specifically induced in
response to colony-stimulating factor 1, but the D-type
cyclins that they encode disappear after withdrawal of
the stimulus, once cells leave Gx and enter S phase
(Matsushime et al., 1991; cf., however, Motokura et al.,
1991). Other Gt cyclins, identified either by their ability
to complement budding yeast cln mutants, by polymerase chain reaction (PCR) or by hybridization, include
cyclins C and E (Koff et al., 1991; Leopold and
O'FarreU, 1991; Lew et al., 1991). Cyclin B is the
predominant G2/M cyclin, and is rapidly proteolyzed at
the onset of anaphase (Evans et al., 1983; Booher and
Beach, 1987; Standart et al., 1987; Luca and Ruderman,
1989; Minshull et al., 1989; Pines and Hunter, 1989;
Westendorf et al., 1989; Ghiara et al., 1991; Surana et
al., 1991). Cyclin A, found only in animal cells, is
implicated by genetic analysis in Drosophila in control
of mitosis (Lehner and O'Farrell, 1989). However, its
association with E1A (Giordano et al., 1989; Pines and
Hunter, 1990) and retinoblastoma gene product (Rb)
(Bandara et al., 1991; Mudryj et al., 1991) suggests a
role earlier in the cell cycle. In fact, in human cells, the
kinase activity associated with cyclin A seems to be
maximal in S and G2 (Pines and Hunter, 1990).
Cyclin and p34 combine to form a holoenzyme
complex, giving rise to the designation cyclin-dependent protein kinase (CDK) to refer to all members of
the p34 protein kinase family. The effects of CDKs are
mediated through cell-cycle-specific phosphorylations
of key substrates. For example, in S. cerevisiae different
isoforms of cyclin B can impart different substrate
specificites to p34 (Surana et al., 1991). Specificity may
at least in part be determined by substrate accessibility,
since in S. pombe subcellular localization of p34
requires an intact cyclin B gene (Hagan et al., 1988;
Alfa et al., 1989; Booher et al., 1989), and might thus
explain why it has been difficult to demonstrate
differences in substrate preference in vitro among
Key words: mitosis, cdc2, cyclin, cdc25, p65.
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various p34-cyclin combinations (Draetta et al., 1989;
Minshull et al., 1990; Feuerstein, 1991). Not surprisingly, inappropriate expression of cyclins short-circuits
normal cell-cycle control: dominant, hyperstable S.
cerevisiae CLN mutants permit cells to divide in the
presence of mating factor or in the absence of nutrients
(Cross, 1988; Hadwiger et al., 1989; Nash et al., 1988),
microinjection of cyclin A or cyclin B message into
interphase-arrested oocytes triggers the onset of metaphase (Swenson et al., 1986; Westendorf et al., 1989),
while overexpression of cyclin B prevents cells from
exiting mitosis (Murray et al., 1989; Ghiara et al.,
1991). Tight control of cyclin levels is accomplished by
regulation of both transcription and proteolysis (summarized by Hunter and Pines, 1991) as well as specific
inactivation (Chang and Herskowitz, 1990; Elion et al.,
1990). The possibility that deregulation of cyclin levels
may contribute to oncogenesis has recently been
discussed (Hunter, 1991; Hunter and Pines, 1991).
p34 and cyclin B are the principal subunits of Mphase-promoting factor (MPF), first purified from
Xenopus on the basis of its ability to induce mitotic
events in cell-free extracts (Lohka et al., 1988), and
distinguished biochemically by its ability to phosphorylate histone HI on specific sites (Woodford and Pardee,
1986; Langan et al., 1989). (The p34-cyclin B MPF
complex has been the subject of several recent reviews:
Doree (1990); Mailer (1990); Nurse (1990).) MPF
purified from a variety of sources shows surprising
variability in size, even when prepared from the same
species, ranging from 34 kDa to much larger forms
(Table 1). This implies that additional proteins may
associate with the p34-cyclin B complex, perhaps as
tightly bound substrates or as additional regulatory
components. Several high molecular weight preparations of MPF contain a 67 kDa component (Table 1).
A protein with a similar molecular weight (p65) is
recognized by antibodies raised against mitosis-specific
protein kinases from human cells (Meikrantz et al.,
1990), with immunoreactive analogs detected in 5.
cerevisiae, Xenopus, starfish, Drosophila and mouse (L.
Wilson, M. Lohka, L. Meijer, D. Gilmour, A. Nordin,
W. Meikrantz and R.A. Schlegel, personal communications and unpublished observations). Although p65 is
present throughout the cell cycle in human cells, at
mitosis it forms a disulfide-linked homodimer of 130
kDa that co-precipitates with p34 and cyclin B (Meikrantz et al., 1990). In addition, anti-p65 IgG depletes
mitotic extracts of HI kinase activity, and p65 can be
cleared from mitotic extracts using pl3, a CDK-specific
ligand encoded by the S. pombe sucl gene (Brizuela et
al., 1987), coupled to Sepharose beads (Meikrantz et
al., 1991b). Interestingly, p65 interacts in a mitosisspecific manner with at least one other member of the
CDK family, PSK-J3 (Meikrantz et al., 1990).
The appearance of p65/p67 in some MPF preparations but not in others suggests that it may only
transiently associate with the p34-cyclin B complex.
Alternatively, subunits of the MPF complex may be in
dynamic equilibrium, with particular isolation conditions selectively stabilizing one form of the complex

Table 1. Composition of mitosis-specific HI kinase
and MPF
Source
Xenopus

Size (Mr)°
0

200,000

50,000

Subunit
composition13
p34
Cyclin B
Other?
p34
Cyclin B

HI kinase
activity (nmol
P/mg per min)
270

nd d

CHO e

nd

35,000
60,000
67,000

100-300

Novikoff rat
hepatomaf

nd

p34
Other?

500

Starfish8

40,000

p34

500

nd

p34
Cyclin B

8,000

Sea urchin11

200,000

nd

HeLa cells'

220,000

p34
Cyclin B
67,000
p34
Cyclin B
Other?

-lOO1

"Relative molecular mass as determined by gel filtration
chromatography or glycerol gradient centrifugation.
b
p34 and cyclin B are designated as such where they have been
identified; other components are identified by their relative
migration on SDS-PAGE.
Trom mature ooplasm. Data for the 200xl03iWr (multimeric)
form are those of Lohka et al. (1988). Data for the 45-55xlO3Mr
(monomeric) form are those of Erikson and Mailer (1989).
d
nd, no data available.
isolated from tissue culture cells synchronized in Gj/M on the
basis of HI kinase activity (Woodford and Pardee, 1986).
f
Isolated on the basis of HI kinase activity (Langan et al. 1989).
BFrom mature ooplasm. Monomeric preparation: purified on the
basis of HI kinase activity alone (LabW et al. 1988); dimeric
preparation: purification by HI kinase and MPF activity (Labb6 et
al. 1989).
""Purification by HI kinase activity and MPF activity from
fertilized eggs (Arion et al. 1988).
'isolated on the basis of cyclin B autophosphorylation from cells
partially synchronized in M phase (Brizuela et al. 1989).
^Estimated from the published data (given in cts/min per mg).

and not others. The concept of an equilibrium between
multiple forms of MPF existing at mitosis is supported
by an early result of Wasserman and Masui (1976):
when unfractionated Xenopus ooplasm was separated
by sucrose gradient ultracentrifugation, three separate
peaks of MPF activity were found. In S. cerevisiae, the
multiple high molecular weight cdc28-containing complexes found are thought to represent different stages in
its activation (Wittenberg and Reed, 1988).
Activation of MPF

Formation of MPF is not a simple matter of accumulating sufficient amounts of cyclin B during interphase to
reach a certain threshhold level at G2/M (Felix et al.,
1989, 1990; Minshull et al., 1989; Murray and
Kirschner, 1989; Nurse, 1990). In order to prevent
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mitosis from occuring before DNA synthesis and repair
are completed (Hartwell and Weinert, 1989; Dasso and
Newport, 1990; Broek et al., 1991; Enoch and Nurse,
1990, 1991), p34 and cyclin B are sequestered in an
inactive pre-MPF complex. As cyclin B accumulates
during interphase, the p34 to which it binds is
phosphorylated on Tyrl5 within its ATP binding site,
thereby suppressing its HI kinase activity (Solomon et
al., 1990; Krek and Nigg, 1991). In S. pombe, the
inhibitory phosphorylation is carried out by the protein
kinases encoded by the weel and mikl genes (Russell
and Nurse, 1987; Featherstone and Russell, 1991;
Lundgren et al., 1991). Analogous protein kinases
likely exist in mammalian cells, as application of the
protein kinase inhibitors 2-aminopurine or 6-dimethylaminopurine to cells arrested in S phase induces
premature chromatin condensation (Schlegel and Pardee, 1986; Schlegel et al., 1990), and a human homolog
to weel has recently been cloned (Igarashi et al., 1991).
Thus, unlike what is known of the interphase CDKs,
for whose activity cyclin synthesis is rate-limiting, the
mitotic CDK must be activated. Activation of the preMPF complex containing phosphorylated p34 requires
removal of the inhibitory phosphate: in every organism
examined, p34 dephosphorylation correlates with HI
kinase activation and the onset of M phase (see Nurse,
1990, for review). In addition, preventing dephosphorylation of p34 in Xenopus pre-MPF by addition of
pl3 blocks activation of HI kinase activity (Dunphy and
Newport, 1989). In fission yeast, mutation of Tyrl5 to
phenylalanine leads to premature entry into mitosis
(Gould and Nurse, 1989), demonstrating that dephosphorylation of Tyrl5 is sufficient for mitosis onset.
However, p34 from mouse 3T3 cells was not activated
by dephosphorylation of tyrosine using a purified
human phosphotyrosine phosphatase (Morla et al.,
1989). Similarly, microinjection of phosphotyrosine
phosphatase IB into interphase Xenopus oocytes did
not trigger metaphase onset (Tonks et al., 1990). These
results suggest that in animal cells dephosphorylation of
Tyrl5 is not sufficient to activate p34. In fact, animal
cell p34 is also phosphorylated on the adjacent Thrl4.
Transfection of HeLa cells with p34 cDNA carrying
non-phosphorylatable residues in place of Thrl4 and
Tyrl5 rapidly induced premature mitotic events. No
effect was seen if Thrl4 only was replaced, while
replacing only Tyrl5 led to delayed, partial effects
(Krek and Nigg, 1991), suggesting that in animal cells
p34 carries two inhibitory phosphorylations.
A key element in the dephosphorylation of p34 is
cdc25, a dosage-dependent inducer of mitosis in S.
pombe and a positive regulator of cdc2 (Russell and
Nurse, 1986), with homologs in 5. cerevisiae (MIH1;
Russell et al., 1989), Drosophila (string; Edgar and
O'Farrell, 1989) and human cells (Sadhu et al., 1990).
Addition of recombinant Drosophila cdc25 to Xenopus
pre-MPF bound to pl3-Sepharose induces dephosphorylation of p34 and the appearance of HI kinase
activity, which is inhibited by addition of soluble pl3
(Kumagai and Dunphy, 1991). Although certain temperature-sensitive S. pombe cdc25 mutants can be
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rescued by a plasmid-borne human phosphotyrosine
phosphatase cDNA (Gould et al., 1990), and although
there is limited homology between a portion of cdc25
and a sequence conserved among phosphotyrosine
phosphatases (Moreno and Nurse, 1991) that is implicated in substrate recognition (Streuli et al., 1990),
initially no cdc25-associated phosphatase activity could
be demonstrated; hence, it was concluded that cdc25
most likely activated a phosphatase bound to pl3Sepharose in addition to or perhaps as part of the preMPF complex (Kumagai and Dunphy, 1991).
Similar studies were performed adding cdc25 to a
more purified substrate complex. pl3-Sepharose was
used to obtain a pre-MPF complex from oocytes
arrested in G2, and the complex was then purified by
chromatography on immobilized cyclin B antibody.
Addition of bacterially expressed human cdc25 to the
preparation led to dephosphorylation of p34 and
activation of HI kinase activity (Strausfeld et al., 1991).
However, when ATP and vanadate were omitted from
the purification procedure, the complex was spontaneously activated concomitant with dephosphorylation of the p34 subunit (cf. Labb6 et al., 1988, 1989),
suggesting the presence of an endogenous phosphatase.
SDS-PAGE analysis of the complex indicated the
presence of a —70 kDa polypeptide, even in the purified
preparation, though in amounts appearing to be
substantially much less than p34 and cyclin B as judged
by silver staining (Strausfeld et al., 1991).
Using another approach, in vitro-translated Xenopus
p34 was bound to cyclin B immobilized on beads, then
incubated with a crude interphase extract of Xenopus
oocytes to phosphorylate p34 (Gautier et al., 1991).
Following addition of cdc25 to the system, dephosphorylation of p34 was implied by a shift in its mobility
on one-dimensional gels. Concomitant with dephosphorylation was a three-fold increase in HI kinase
activity. As was the case when pre-MPF was used as
substrate (see above), activation was inhibited by pl3.
Although the p34-cyclin B complex was extensively
washed following incubation with interphase extract,
the possibility could not be completely eliminated that a
(cdc25-activatable) phosphatase became associated
with the p34-cyclin complex during incubation with
interphase extract.
In fact, there is some evidence to suggest that an
endogenous p34 phosphatase is tightly associated with
the MPF or pre-MPF complex. The 200 kDa complex
purified from HeLa cells (Table 1) contained phosphorylated p34 (based on its mobility on SDS-PAGE),
yet the complex had HI kinase activity (Brizuela et al.,
1989). This result might be explained if a phosphatase
copurified with p34 and cyclin B, and dephosphorylated
p34 during the HI kinase assay. Other observations are
also consistent with the presence of a tightly associated
p34 phosphatase: p34 is partially dephosphorylated
during immunoprecipitation from mitotic 3T3 cells
(Morla et al., 1989), while phosphotyrosine is completely removed during immunoprecipitation of p34
from yeast (Potashkin and Beach, 1988).
The p65 component of human MPF, purified to
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homogeneity from mitotic cells by immunoaffinity
chromatography, is a protein phosphatase with a
specific activity against p-nitrophenylphosphate
(PNPP), which structurally resembles phosphotyrosine,
of ~100 /anol P,/mg per min (Meikrantz et al., 1991a).
It dephosphorylated a synthetic polypeptide phosphorylated on tyrosine with a specific activity of ~100
nmol P/mg per min, similar to other phosphotyrosine
phosphatases purified to homogeneity, and displayed
substantial activity against phosphoserine/phosphothreonine as well (Meikrantz et al., 1991a). Addition of
purified p65 to purified p34 apoenzyme, phosphorylated on tyrosine (Meikrantz et al., 1991b), stimulated
HI kinase activity thirty-fold, with half-maximal activation occuring at less than 1 mol p65 per mol p34, in
the absence of detectable cdc25 (Meikrantz et al.,
unpublished data). p65 thus appears to be a contender
for a phosphatase that activates p34 at mitosis.
However, there is recent evidence that cdc25 is itself
a phosphatase. Dunphy and Kumagai (1991) have
reported that the C-terminal domain of Drosophila
cdc25 protein expressed in Escherichia coli has phosphatase activity against PNPP. However, the Km for the
reaction was quite large (50 mM), while the specific
activity, 2-3 nmol P/mg per min (calculated from the
data given), is at least several orders of magnitude
lower than that expected for a purified phosphatase.
These values could be the result of non-specific catalysis
on the refolded cdc25 surface rather than true enzymatic hydrolysis. Since O-phosphate hydrolysis has a
negative free energy at alkaline pH, it is possible that at
the pH of 8.2 used in the PNPP assays cdc25 might be
promoting general base catalysis of the phosphate ester
by providing a suitable electron donor, consistent with
the great reduction in hydrolysis at neutral pH reported
by the authors. Significantly, hydrolysis was not
affected by pl3, indicating that the reaction was likely
distinct from that catalyzed by cdc25 in more complex
systems (see above).
The cdc25 fragment was also found to dephosphorylate Tyrl5 in a p34-derived peptide as well as tyrosinephosphorylated angiotensin II (Dunphy and Kumagai,
1991). Only 1.2% of added substrate was hydrolyzed
after 3 h at 37°C, however, representing a six-fold
increase above background. Although hydrolysis did
not occur with a cdc25 fragment in which a conserved
cysteine was mutated, the cysteine could be the electron
donor required for general base-catalyzed hydrolysis.
While the activity was inhibited by vanadate, which
inhibits phosphotyrosine phosphatases, vanadate is
known to exert many of its cytotoxic effects by specific
ablation of cysteine residues (Friedman, 1973).
Alternatively, since both ortho- and meta-vanadate are
reduced to the 4+ oxidation state in aqueous solution
(Cantley and Aisen, 1979), base catalysis might be
quenched by vanadate acting as an electron sink
(irrespective of any specific effect on cysteine); in fact,
background hydrolysis of the labeled peptide was lower
in the presence of cdc25 and vanadate than in the
absence of cdc25 (Dunphy and Kumagai, 1991).
In contrast to these results, Gautier et al. (1991) find

that recombinant cdc25 is not able to hydrolyze either
PNPP or phosphorylated Tyrl5 in a p34-derived
peptide. However, this recombinant cdc25 did promote
dephosphorylation of a more complex substrate. In
vitro-translated Xenopus p34 was phosphorylated with
32
P on Tyrl5 by purified src. Addition of cdc25 to this
substrate resulted in dephosphorylation of p34 as
judged by loss of radioactivity from p34 on autoradiographs of one-dimensional gels and by two-dimensional
peptide maps. In this case, dephosphorylation was
unaffected by pl3.
Perspectives: the Rapkine cycle and MPF

Some forty years prior to Hartwell's characterization of
yeast cdc mutants, Rapkine (1931) reported a sudden
decrease in the concentration of soluble sulfhydryl
groups coincident with the onset of mitosis in sea urchin
embryos. This decrease could be blocked by the
addition of thiol reagents, which also prevented the
cells from entering mitosis, leading to the proposal that
oxidation of protein sulfhydryls was the driving force
behind the cell cycle (see discussions by Mazia, 1955,
1958; Luca and Ruderman, 1989; Meikrantz et al.,
1990).
Although linking of polypeptides by disulfides is not
particularly common within the cell, there are notable
examples, such as the regulatory subunit homodimer of
cAMP-dependent protein kinase and the homodimeric
cGMP-dependent protein kinase, the latter being
notoriously difficult to maintain in the reduced state
(Flockhart and Corbin, 1982). In addition, a number of
other proteins are known to be regulated via their
oxidation/reduction status, including the murine protein tyrosine kinase ltk (Bauskin et al., 1991) and
cGMP-dependent protein kinase (Landgraf et al.,
1991). And in accord with the spirit of Rapkine's
hypothesis, growth arrest by TGF/3 is mediated through
the reducing action of thioredoxin (Deiss and Kimchi,
1991), while the growth-associated DNA-binding activity of the transcription factors AP-1 and NF-KB is
mediated by oxidation (Abate et al., 1990; Schreck et
al., 1991; Staal et al., 1990).
Disulfide bonds in the p65 dimer seem to be
necessary for expression of its phosphatase activity
(Meikrantz et al., 1991a), while formation of the dimer
correlates with its ability to bind p34 and cyclin B
(Meikrantz et al., 1990). Conversely, in order for cdc25
to catalyze the pre-MPF to MPF conversion, mild
reducing conditions are required, while alkylation with
iV-ethylmaleimide blocks its catalytic activity (Dunphy
and Kumagai, 1991). This combination of proteins with
differing oxidation potentials suggests a mechanism by
which the Rapkine cycle might be integrated into the
pathway of MPF activation: the free cdc25 thiol might
donate the electron required for p65 dimer formation.
Alternatively, p65, activated by oxidation, and cdc25
may simply act redundantly to dephosphorylate p34,
just as weel and mikl act redundantly in its phosphorylation.

M-phase-promoting factor activation
The authors are grateful to M.S. Halleck, R. Hardison, R.
Schlegel (Harvard University) and S. Shenoy for critically
reading the manuscript. Aided by grant BE-119 from the
American Cancer Society.
References
Abate, C , Patel, L., Rauscher, F. J., m and Curran, T. (1990).
Redox regulation of Fos and Jun DNA binding activity in vitro.
Science 249, 1157-1161.
Alfa, C. E., Booher, R., Beach, D. and Hyams, J. S. (1989). Fission
yeast cyclin: subcellular localisation and cell cycle regulation. J.
Cell Sci. Suppl. 12, 9-19.
Arton, D., Meijer, L., Brizuela, L. and Beach, D. (1988). cdc2 is a
component of the M phase specific histone HI kinase: evidence for
identity with MPF. Cell 55, 371-378.
Bandara, L. R., Adamczewski, J. P., Hunt, T. and La Thangue, N. B.
(1991). Cyclin A and the retinoblastoma gene product complex
with a common transcription factor. Nature 352, 249-254.
Bauskln, A. R., Alkalay, I. and Ben-Neriah, Y. (1991). Rcdox
regulation of a protein tyrosine kinase in the endoplasmic
reticulum. Cell 66, 685-696.
Beach, D., Durkacz, B. and Nurse, P. (1981). Functionally
homologous cell cycle control genes in budding and fission yeast.
Nature 300, 706-709.
Booher, R. N., Alfa, C. E., Hyams, J. S. 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. N. and Beach, D. (1987). Interaction between cdcl3+ and
cdc2+ in the control of mitosis in fission yeast: dissociation of the
G l and G2 roles of the cdc2+ protein kinase. EMBO J. 6, 34413447.
Brizuela, L., Draetta, G. and Beach, D. (1987). pl3 IUC/ acts in the
fission yeast cell division cycle as a component of the p34cifc2 protein
kinase. EMBO J. 6, 3507-3514.
Brizuela, L., Draetta, G. and Beach, D. (1989). Activation of human
CDC2 protein as a histone HI kinase is associated with complex
formation with the p62 subunit. Proc. Nat. Acad. Sci. USA 86,
4362-4366.
Broeck, D., Bartlett, R., Crawford, K. and Nurse, P. (1991).
Involvement of p34" fc2 in establishing the dependency of S phase
on mitosis. Nature 349, 388-393.
Cantley, L. C , Jr and Alsen, P. (1979). The fate of cytoplasmic
vanadium. /. Biol. Chem. 254, 1781-1784.
Chang, F. and Herskowitz, I. (1990). Identification of a gene
necessary for cell cycle arrest by a negative growth factor of yeast:
FAR1 is an inhibitor of a G l cyclin, CLN2. Cell 63, 999-1011.
Cross, F. R. (1988). DAF1, a mutant gene affecting size control,
pheromone arrest, and cell cycle kinetics of 5. cerevisiae. Mol. Cell.
Biol. 8, 4675-4684.
Dasso, M. and Newport, J. W. (1990). Completion of DNA
replication is monitored by a feedback system that controls the
initiation of mitosis in vitro: studies in Xenopus. Cell 61, 811-823.
Deiss, L. P. and Klmchl, A. (1991). A genetic tool used to identify
thioredoxin as a mediator of a growth-inhibiting signal. Science 252,
117-120.
Doree, M. (1990). Control of M phase by maturation-promoting
factor. Curr. Opin. Cell Biol. 2, 269-273.
Draetta, G., Luca, F., Westendorf, J., Brizuela, L., Ruderman, J.
and Beach, D. (1989). cdc2 protein kinase is complexed with cyclin
A and B: evidence for inactivation of MPF by proteolysis. Cell 56,
829-838.
Dunphy, W. G. and Kumagal, A. (1991). The cdc25 protein contains
an intrinsic phosphatase activity. Cell 67, 197-211.
Dunphy, W. G. and Newport, J. W. (1989). Fission yeast pl3 blocks
mitotic activation and tyrosine dephosphorylation of the Xenopus
cdc2 protein kinase. Cell 58, 181-191.
Edgar, B. A. and O'Farrell, P. H. (1989). Genetic analysis of cell
division patterns in the Drosophila embryo. Cell 57, 177-187.
FJlon, E. A., Grisafl, P. L. and Fink, G. R. (1990). FUS encodes a
cdc2 + /CDC2S-related kinase required for the transition from
mitosis into conjugation. Cell 60, 649-664.
EUedge, S. J. and Spottswood, M. R. (1991). A new human p34

479

protein kinase, CDK2, identified by complementation of a cdc28
mutation in S. cerevisiae, is a homolog of Xenopus Egl. EMBO J.
10, 2653-2659.
Enoch, T. and Nurse, P. (1990). Mutation of fission yeast cell cycle
control genes abolishes dependence of mitosis on DNA replication.
Cell 60, 665-673.
Enoch, T. and Nurse, P. (1991). Coupling M phase and S phase:
controls maintaining the dependence of mitosis on chromosome
replication. Cell 65, 921-923.
Erikson, E. and Mailer, J. L. (1989). Biochemical characterization of
the p34"' c2 protein kinase component of purified maturationpromoting factor from Xenopus eggs. /. Biol. Chem. 264, 1957719582.
Evans, T., Rosenthal, E. T., Youngblom, J., Distel, D. and Hunt, T.
(1983). Cyclin: a protein specified by maternal mRNA in sea urchin
eggs that is destroyed at each cleavage division. Cell 33, 389-3%.
Fang, F. and Newport, J. W. (1991). Evidence that the Gl-S and G2M transitions are controlled by different cdc2 proteins in higher
eukaryotes. Cell 66, 731-742.
Featherstone, C. and Russell, P. (1991). Fission yeast plffl"*'1 mitotic
inhibitor is a tyrosine/serine kinase. Nature 349, 808-811.
Felix, M. A., Cohen, P. and Karsenti, E. (1990). cdc2 HI kinase is
negatively regulated by a type 2A phosphatase in the Xenopus early
embryonic cell cycle: evidence from the effects of okadaic acid.
EMBO J. 9, 675-683.
FeUx, M.-A., Pines, J., Hunt, T. and Karsenti, E. (1989). Temporal
regulation of cdc2 mitotic kinase activity and cyclin degradation in
cell-free extracts of Xenopus eggs. /. Cell Sci. Suppl. 12, 99-116.
Feuerstein, N. (1991). Phosphorylation of numatrin and other nuclear
proteins by cdc2 containing CTD kinase cdc2/p58. J. Biol. Chem.
266, 16200-16206.
Flockhart, D. A. and Corbin, J. (1982). Regulatory mechanisms in the
control of protein kinases. CRC Crit. Rev. Biochem. 12, 133-186.
Friedman, M. (1973). The Chemistry and Biochemistry of the
Sulfhydryl Group in Amino Acids, Peptides, and Proteins, pp. 146148, Oxford: Pergamon Press (Elsevier).
Gautier, J., Solomon, M. J., Booher, R. N., Bazan, J. F. and
Kirschner, M. W. (1991). cdc25 is a specific tyrosine phosphatase
that directly activates p34" Jc2 . Cell 67, 197-211.
Ghiara, J. B., Richardson, H. E., Sugimoto, K., Henze, M., Lew, D.
J., Wittenberg, C. and Reed, S. I. (1991). A cyclin B homolog in S.
cerevisiae: chronic activation of the Cdc28 protein kinase by cyclin
prevents exit from mitosis. Cell 65, 163-174.
Giordano, A., Whyte, P., Hartow, E., Franza, B. R., Jr, Beach, D.
and Draetta, G. (1989). A 60 kd cdc2-associated polypeptide
complexes with the E1A proteins in adenovirus-infected cells. Cell
58, 981-990.
Gould, K. L., Moreno, S., Tonks, N. K. and Nurse, P. (1990).
Complementation of the mitotic activator, p80 c ^ c2J , by a human
protein-tyrosine phosphatase. Science 250, 1573-1576.
Gould, K. L. and Nurse, P. (1989). Tyrosine phosphorylation of the
fission yeast cdc2+ protein kinase regulates entry into mitosis.
Nature 342, 39^5.
Hadwiger, J. H., Wittenberg, C , Richardson, H. E., de Barros
Lopes, M. and Reed, S. I. (1989). A family of cyclin homologs that
control the G l phase in yeast. Proc. Nat. Acad. Sci. USA 86, 62556259.
Hagan, I., Hayles, J. and Nurse, P. (1988). Cloning and sequencing of
the cyclin-related cdcl3+ gene and a cytological study of its role in
fission yeast mitosis. /. Cell Sci. 91, 587-595.
HartweU, L. H., Cukrtti, J., Pringle, J. and Reid, B. (1974). Genetic
control of the cell division cycle in yeast. Science 183, 46-51.
Hartwell, L. H. and Weinert, T. (1989). Checkpoints: controls that
ensure the order of cell cycle events. Science 246, 629-634.
Hindley, J. and Phear, G. (1984). Sequence of the cell division gene
cdc2 + from Schizosaccharomyces pombe: patterns of splicing and
homology to protein kinases. Genes 31, 129-134.
Hunter, T. (1991). Cooperation between oncogenes. Cell 64,249-270.
Hunter, T. and Pines, J. (1991). Cyclins and cancer. Cell 66, 10711074.
Igarashi, M., Nagata, A., Jinno, S., Suto, K. and Okayama, H.
(1991). wee; + -like gene in human cells. Nature 353, 80-83.
Koff, A., Cross, F., Fisher, A., Schumacher, J., Leguellec, K.,
Philippe, M. and Roberts, J. M. (1991). Human cyclin E, a new

480

W. Meikrantz and R. A. Schlegel

cyclin that interacts with two members of the CDC2 gene family.
Cell 66, 1217-1288.
Krek, W. and Nigg, E. A. (1991). Mutations of p34" fc2
phosphorylation sites induce premature mitotic events in HeLa
cells: evidence for a double block to p34crfc2 kinase activation in
vertebrates. EMBO J. 10, 3331-3341.
Kumagai, A. and Dunphy, W. G. (1991). The cdc25 protein controls
tyrosine dephosphorylation of the cdc2 protein in a cell-free
system. Cell 64, 903-914.
Labbe\ J . - C , Lee, M. G., Nurse, P., Plcard, A. and Dorfe, M. (1988).
Activation at M-phase of a protein kinase encoded by a starfish
homologue of the cell cycle control gene cdc2+. Nature 335, 251254.
Labbe", J . - C , Picard, A., Peaucellier, G., Cavadore, J . - C , Nurse, P.
and Dor£e, E. M. (1989). Purification of MPF from starfish:
identification as the HI histone kinase p34crfi:2 and a possible
mechanism for its periodic action. Cell 57, 253-263.
Landgraf, W., Regulla, S., Meyer, H. E. and Hofmann, F. (1991).
Oxidation of cysteines activates cGMP-dependent protein kinase.
J. Biol. Chem. 266, 685-696.
Langan, T. A., Gautler, J., Lohka, M., Hollingsworth, R., Moreno,
S., Nurse, P., Mailer, J. and Sdafani, R. A. (1989). Mammalian
growth-associated H I histone kinase: a homolog of CDC28 protein
kinase controlling mitotic entry in yeast and frog cells. Mol. Cell.
Biol. 9, 3860-3868.
Lehner, C. F. and O'Farrell, P. H. (1989). Expression and function of
Drosophila cyclin A during embryonic cell cycle progression. Cell
56, 957-968.
Lehner, C. F. and O'Farrell, P. H. (1990). Drosophila cdc2
homologs: a functional homolog is coexpressed with a cognate
variant. EMBO J. 9, 3573-3581.
Leopold, P. and O'Farrell, P. H. (1991). An evolutionary conserved
cyclin homolog from Drosophila rescues yeast deficient in G l
cyclins. Cell 66, 1207-1216.
Lew, D. J., Dullc, V. and Reed, S. I. (1991). Isolation of three novel
human cyclins by rescue of G l cyclin (CLN) function in yeast. Cell
66, 1197-1206.
Lohka, M. J., Hayes, M. K. and Mailer, J. L. (1988). Purification of
maturation-promoting factor, an intracellular regulator of early
mitotic events. Proc. Nat. Acad. Sci. USA 85, 3009-3013.
Luca, F. C. and Ruderman, J. V. (1989). Control of programmed
cyclin destruction in a cell-free system. J. Cell Biol. 109,1895-1909.
Lundgren, K., Walworth, N., Booher, R., Dembski, M., Kirschncr,
M. and Beach, D. (1991). mikl and weel cooperate in the
inhibitory tyrosine phosphorylation of cdc2. Cell 64, 1111-1112.
Mailer, J. L. (1990). Xenopus oocytes and the biochemistry of cell
division. Biochemistry 29, 3157-3166.
Matsushime, H., Roussel, M. F., Ashmun, R. A. and Sherr, C. J.
(1991). Colony-stimulating factor 1 regulates novel cyclins during
the G l phase of the cell cycle. Cell 66, 701-713.
Maziu, D. (1955). The organization of the mitotic apparatus. Symp.
Soc. Exp. Biol. 9, 335-337.
Mazia, D. (1958). SH compounds in mitosis I. The action of
mercaptoethanol on the eggs of the sand dollar Dendraster
excentncus. Exp. Cell Res. 14, 486-494.
Meikrantz, W., Feldman, R. P., Sladicka, M. M., Ho, D., Krupnlck,
J., Anderson, K. and Schlegel, R. A. (1991b). Isolation of mitotic
p34"' c2 apoenzyme from human cells. FEBS Lett. 291, 192-194.
Meikrantz, W., Smith, D. M., Sladicka, M. M. and Schlegel, R. A.
(1991a). Nuclear localization of an 0-glycosylated protein
phosphotyrosine phosphatase from human cells. J. Cell Sci. 98, 303307.
Meikrantz, W., Suprynowicz, F. A., Halleck, M. S. and Schlegel, R.
A. (1990). Identification of mitosis-specific p65 dimer as a
component of human M phase-promoting factor. Proc. Nat. Acad.
Sci. USA 87, 9600-9604.
Minshull, J., Golsteyn, R., Hill, C. S. and Hunt, T. (1990). The Aand B-type cyclin associated cdc2 kinases in Xenopus turn on and
off at different times in the cell cycle. EMBO J. 9, 2865-2875.
Minshull, J., Pines, J., Golsteyn, R., Standart, N., Mackie, S.,
Colman, A., Blow, J., Ruderman, J. V., Wu, M. and Hunt, T.
(1989). The role of cyclin synthesis, modification and destruction in
the control of cell division. J. Cell Sci. Suppl. 12, 77-91.

Moreno, S. and Nurse, P. (1991). Clues to action of cdc25 protein.
Nature 351, 194.
Morla, A. O., Draetta, G., Beach, D. and Wang, J. Y. J. (1989).
Reversible tyrosine phosphorylation of cdc2: dephosphorylation
accompanies activation during entry into mitosis. Cell 58, 193-203.
Motokura, T., Bloom, T., Kim, H. G., JOppner, H., Ruderman, J.
V., Kronenberg, H. M. and Arnold, A. (1991). A novel cyclin
encoded by a fcc/7-linked candidate oncogene. Nature 350, 512-515.
MudryJ, M., Devoto, S. H., Hiebert, S. W., Hunter, T., Pines, J. and
Nevins, J. R. (1991). Cell cycle regulation of the E2F transcription
factor involves an interaction with cyclin A. Cell 65, 1243-1253.
Murray, A. W. and Kirschner, M. W. (1989). Cyclin synthesis drives
the early embryonic cell cycle. Nature 339, 275-280.
Murray, A. W., Solomon, M. J. and Kirschner, M. W. (1989). The
role of cyclin synthesis and degradation in the control of maturation
promoting factor activity. Nature 339, 280-286.
Nash, R., Tokowa, G., Anand, S., Erickson, K. and Futcher, A. B.
(1988). The WHll+ gene of 5. cerevisiae tethers cell division to cell
size and is a cyclin homolog. EMBO J. 7, 4335-4346.
Nurse, P. (1990). Universal control of cell size at cell division in yeast.
Nature 344, 503-508.
Nurse, P. and Bisset, Y. (1981). Gene required in G l for commitment
to cell cycle and in G2 for control of mitosis in fission yeast. Nature
292, 558-560.
Nurse, P., Thuriaux, P. and Nasmyth, K. (1976). Genetic control of
the division cycle of the fission yeast Schizosaccharomyces pombe.
Mol. Gen. Genet. 146, 167-178.
Paris, J., Guellec, R. L., Couturier, A., Guellec, K. L., Omllli, F.,
Camonis, J., MacNeill, S. and Philippe, M. (1991). Cloning by
differential screening of a Xenopus cDNA coding for a protein
highly homologous to cdc2. Proc. Nat. Acad. Sci. USA 88, 10391043.
Pines, J. and Hunter, T. (1989). Isolation of a human cyclin cDNA:
evidence for cyclin mRNA and protein regulation in the cell cycle
and for interaction with p34crfc2. Cell 58, 833-846.
Pines, J. and Hunter, T. (1990). Human cyclin A is adenovirus E1Aassociated protein p60 and behaves differently from cyclin B.
Nature 346, 760-762.
Pines, J. and Hunter, T. (1991). Cyclin-dependent kinases: a new cell
cycle motif? Trends Cell Biol. 1, 117-121.
Potashkin, J. A. and Beach, D. (1988). Multiple phosphorylated forms
of the product of the fission yeast cell division cycle gene cdc2+.
Curr. Genet. 14, 235-240.
Rapkine, L. (1931). Sur les processus chimiques au cours de la
division cellulaire. Ann. Physiol. Physicochem. 7, 382-418.
Reed, S. I., Hadwiger, J. A. and Lorincz, A. T. (1985). Protein kinase
activity associated with the product of the yeast cell cycle gene
CDC28. Proc. Nat. Acad. Sci. USA 82, 4055-4059.
Russell, P., Moreno, S. and Reed, S. I. (1989). Conservation of
mitotic controls in fission and budding yeast. Cell 57, 295-303.
Russell, P. and Nurse, P. (1986). cdc25+ functions as an inducer in the
mitotic control of fission yeast. Cell 45, 145-153.
Russell, P. and Nurse, P. (1987). Negative regulation of mitosis by
weel+, a gene encoding a protein kinase homolog. Cell 49, 559-567.
Sadhu, K., Reed, S. I., Richardson, H. and Russell, P. (1990). Human
homolog of a fission yeast mitotic inducer is predominantly
expressed in G 2 . Proc. Nat. Acad. Sci. USA 87, 5139-5143.
Schlegel, R., BeUnsky, G. S. and Harris, M. O. (1990). Premature
mitosis induced in mammalian cells by the protein kinase inhibitors
2-aminopurine and 6-dimethylaminopurine. Cell Growth Differ. 1,
171-178.
Schlegel, R. and Pardee, A. B. (1986). Caffeine-induced uncoupling of
mitosis from the completion of DNA replication in mammalian
cells. Science 232, 1264-1266.
Schreck, R., Rleber, P. and Bauerle, P. A. (1991). Reactive oxygen
intermediates as apparently widely used messengers in the
activation of the NF-id3 transcription factor and HIV-1. EMBO J.
10, 2247-2258.
Simanis, V. and Nurse, P. (1986). The cell cycle control gene cdc2 of
fission yeast encodes a protein kinase potentially regulated by
phosphorylation. Cell 45, 261-268.
Solomon, M. J., Glotzer, M., Lee, T. H., Philippe, M. and Kirschner,
M. W. (1990). Cyclin activation of p34crfc2. Cell 63, 1013-1024.

M-phase-promoting factor activation
Staal, F. J. T., Roederer, M., Herzenberg, L. A. and Herzenberg, L.
A. (1990). Intracellular thiols regulate activation of nuclear factor
kB and transcription of human immunodeficiency virus. Proc. Nat.
Acad. Sci. USA 87, 9943-9947.
Standart, N., Mlnshull, J., Pines, J. and Hunt, T. (1987). Cyclin
synthesis, modification, and destruction during meiotic maturation
of the starfish oocyte. Develop. Biol. 124, 248-258.
Strausfeld, U., Labte, J. C , Fesquet, D., Cavadore, J. C , Picard, A.,
Sadhu, K., Russell, P. and Doree, M. (1991). Dephosphorylation
and activation of a p34"fc2/cyclin B complex in vitro by human
CDC25 protein. Nature 351, 242-245.
Streuli, M., Krueger, N. X., Thai, T., Tang, M. and Saito, H. (1990).
Distinct functional roles of the two intracellular phosphatase-like
domains of the receptor-linked protein tyrosine phosphatases LCA
and LAR. EMBO J. 9, 2399-2407.
Surana, U., Robltsch, H., Price, C , Schuster, T., Fitch, I., Futcher,
A. B. and Nasmyth, K. (1991). The role of CDC28 and cyclins
during mitosis in the budding yeast S. cerevisiae. Cell 65, 145-161.
Swenson, K. I., Farrell, K. M. and Ruderman, J. V. (1986). The clam
embryo protein cyclin A induces entry into M phase and the
resumption of meiosis in Xcnopus oocytes. Cell 47, 861-870.
Tonks, N. K., Cicirelli, M. F., Diltz, C. D., Krebs, E. G. and Fischer,
E. H. (1990). Effect of microinjection of a low-Mr human placenta

481

protein tyrosine phosphatase on induction of meiotic cell division in
Xenopus oocytes. Mol. Cell. Biol. 10, 458-463.
Tsai, L.-H., Harlow, E. and Meyerson, M. (1991). Isolation of the
human cdk2 gene that encodes the cyclin A- and adenovirus E1Aassociated p33 kinase. Nature 353, 174-177.
Wasserman, W. J. and Masui, Y. (1976). A cytoplasmic factor
promoting oocyte maturation: its extraction and preliminary
characterization. Science 191, 1266-1268.
Westendorf, J. M., Swenson, K. I. and Ruderman, J. V. (1989). The
role of cyclin B in meiosis I. J. Cell Biol. 108, 1431-1444.
Wittenberg, C. and Reed, S. I. (1988). Control of the yeast cell cycle is
associated with assembly/disassembly of the Cdc28 protein kinase
complex. Cell 54, 1061-1072.
Wittenberg, C , Sugimoto, K. and Reed, S. I. (1990). Gl-specific
cyclins of S. cerevisiae: cell cycle periodicity, regulation by mating
protein kinase. Cell
pheromones, and assoication with the p34 c
62, 225-237.
Woodford, T. A. and Pardee, A. B. (1986). Histone HI kinase in
exponential and synchronous populations of Chinese hamster
fibroblasts. J. Biol. Chem. 261, 4669^1676.
(Received 21 August 1991 - Accepted, in revised form,
6 December 1991)

