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ABSTRACT

The orderly progression of eukaryotic cells from interphase to mitosis requires the
close coordination of various nuclear and cytoplasmic events. These include the
breakdown of the nuclear membrane, condersation of chromosomes, reorganization
of the microtubule network, centriole duplication, formation of the mitotic spindle
and cytokinesis. Mitotic chromosome replication is an important and critical event for
the proper segregation of genetic material between the two daughter cells. Although
the mechanisms for the control of these events are not properly understood, several
recent studies utilizing a variety of different experimental approaches suggest that the
presence or absence of specific proteins or enzymatic activities may be extremely
important. Our laboratory has recently demonstrated the existence of two such
nonhistone protein factors, one of which is only present in mitotic cells and the other
only in G, cells. These factors seem to play an important role in the regulation of the
initiation and the completion of mitosis, respectively. The properties, the physiologic-
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al roles and the mechanisms by which these two factors regulate mitosis are reviewed.

INTRODUCTION

T HE life cycle of a eukaryotic cell consists of
a pre-DNA synthesis (G;) period, a
period of DNA synthesis (S phase), a post-
DNA synthesis (G,) period, and mitosis (M)
(figure 1). In most eukaryotic cells the time
required for the actual process of cell division,
i.e. mitosis, is usually less than an hour, but the
preparations for it may span a number of hours
during interphase. As cells traverse from in-
terphase to mitosis, various dramatic changes
occur in the nucleus of a eukaryotic cell. The
major changes include the condensation of
chromatin into discrete chromosomes, break-
down of the nuclear membrane, disassembly of

the cytoskeletal arrays and formation of the.

mitotic spindle!™'°, Beginning with telophase
these processes are driven in the opposite
direction until the completion of DNA synth-
esis. The nuclear envelope re-forms and
chromosomes begin to decondense. The chro-
matin reaches its most decondensed state by

the end of G,; period, when it becomes
accessible for DNA replication. Following
replication of chromosomes the whole process
of major macromolecular reorganization of the

nucleus associated with mitosis restarts.
In the last 15 years, studies in the fields of

genetics, cell biology, biochemistry, molecular
genetics and immunology have provided new
insights into the life cycle of a eukaryotic cell.
It has become apparent that multiple gene
products are involved in the temporal sequence
and contro! of these cell cycle events. It 1s
extremely important to identify these gene
products in order to understand better the
regulation of cell cycle traverse in general and
mitosis in particular. In this article, we review
briefly the recent work in this field and discuss
in detail studies from our laboratory about the
nature of some of these gene products and how
they might regulate this orderly coordination
of the various biochemical events involved in
the entry of cells into mitosisand their exit

from it.



Figure 1. Vanous phases of the -eukaryotic cell
cvele. In an exponentially growing population cells
proceed from mitosis (M) through interphase to
mitosis again. The interphase can be subdivided into
the pre-DNA synthetic period (G,) during which a
cell makes necessary preparations for the imtiation
of DNA svnthesis. the period of DNA synthesis (S
phase) and the post-DNA synthetic period (Ga)
during which cell makes preparations for the initia-
tion of mitosits. Some cell populations leave the cell
cvcle. never to reenter again: these are termed
nondividing cells (NDC). Other cell types can be
diverted from the cell cvcle. under certain condi-
tions dunng interphase. to become noncychng
quiescent (Gy) cells: these cells may be induced to
reenter the cycle {dashed line) by an appropriate
stimulus. Whether a daughter cell continues to cycle
or enters the G, state is closely controlled in normal
cells bv endogenous substances acting at a specific
point (or points) during G, phase.

EXPERIMENTAL APPROACHES TO STUDY
EVENTS RELATED TO MITOSIS

Most studies of the cell cycle. unul recently
have largelv dealt with defining the temporal
sequence of events duning the cell cycle.
Nuclear transplantation expernments con-
ducted by Gurdon'' clearly demonstrated that
the cytoplasm 1s dominant over the nucleus n
determining the cell cvcle and developmental
state of the nucleus. Subsequently. Johnson
and Rao'" ™", using the technique of cell
fusion—involving fusion of cells synchronized
at different phases of the cell cycle—demons-
trated that mitotic cells induced premature
chromosome condensation {(PCC) when fused
with cells in G,. S. or G, phases (figure 2),
timplying that mitotic cells contain factors that
dominate the behaviour of nuclei from interph-
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Figures 2A-C. Prematurely condensed chromo-
somes of HeLa cells. The darkly stained chromo-
somes are of the mitotic HeLa cells. A. G; PCC with
single chromatids; B. S-PCC exhibiting pulverized
appearance; and €. G;-PCC with double chroma-
tids. (From Johnson and Rao'?).

ase cells. However, if one mitotic cell was
fused with two or more G, phase cells, PCC
rarely occurred'® Some groups have even
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observed nuclear membranes formed around
the chromosomes of the mitotic cells'” . indicat-
ing the presence of certain factors in G, cells
that could inhibit the action of mitotic factors
responsible for the induction of PCC. Howev-
er, in fusions involving G, cells with G, cells
the inhibitory effect of the G, component in
the binucleate (G,/G;) cell was significantly
neutralized by the addition of Mg**, which
allowed the G, nucleus to progress into mitosis
asynchronously, thus inducing PCC in the G,
nucleus. Since Mg”™ is known to promote PCC
it was suggested’® that in the G,/G, binucleate
cell the lagging G; component caused the
decondensation of G, chromatin, thus blocking
the G, nucleus from entering mitosis'’.

Similarly, nuclear .transplantation'®'”
cell fusion®’?' studies have clearly demons-
trated the presence of factors crucial to the
mitiation of DNA synthesis in S phase cells and
able to induce this event in G, cells. However,
fusion of G, cells with S phase cells did not
result 1n the reinitiation of DNA synthesis in
G, cells, and the G, component did not inhibit
the completion of DNA synthesis 1n S phase
nucler 1n the S/G, binucleate cells. These
results suggest that even though the inducers of
DNA synthesis are present, the G, chromatin
1S not accessible for another round of
replication’”,

Another experimental approach to study the
temporal order and control of cell cycle events
has been the isolation and characterization of
certain cell division cycle (¢dc) mutants, for
example of the yeast Saccharomyces
cerevisiae®> and  Schizosaccharomyces
pompe****, The isolation of these cdc
mutants has helped enormously in defining a
number of factors necessary for the traverse of
cells through the cell cycle. These mutants

manifest a defect in a specific step during the.

cell c¢ycle at nonpermissive temperature.
Although the genetic studies have revealed the
involvement of both positive and negative
elements controlling mitosis®>*?*, the approach
has resulted in the 1dentification of pnly a very
few gene products that are specifically involved

and

in mitosis. The paucity 1s due at least in part to
the following limitations:

(1) It may be difficult to 1solate conditional
lethal alleles for many genes because many
gene products are not as susceptible to
thermolability™?°. (ii) Many genes may exist
in more than one copy per haploid
genome’**, and only one copy may be neces-
sary for viability*”*". It would, therefore, seem
impossible to1solate redundant genes by reces-
sive mutation. (1) Some gene products may
contribute to the high fidelity of chromosome
replication and segregation but may not be
essential for cell division (for examples
see!*?). (iv) The detection of a majority of
cdc mutants (except when the gene product
was known) has been completely dependent on
morphological criteria. Some mutations may
fail to satisfy a morphological criterion but may
perform cell-cycle specific functions (for exam-
ples see™ ). Nevertheless, Russell and
Nurse™ have recently been able to clone the
cdc 25" gene in 8. pompe. They demonstrated
that the cdc 257 gene product (protein of
M.W. 67,000) acts as a dosage-dependent
Inducer in mitotic control. They have also
shown that cdc 25™ functions to counteract the
mitotic inhibition activity of wee 17 and that
wee 1 and cdc 25" independently control
mitosis.

Very recently, three new methods have been
developed to isolate genes that regulate mitotic
events in yeast (for review sce 36). The first of
these has used the approach of reverse
genetics. Two different laboratories™ ™ have
isolated yeast strains containing lethal muta-
tions in the gene encoding topoisomerase 11, an
enzymc that catalyzes the one-step passage of
one double-stranded DNA molecule through a
second double-stranded molecule. This en-
zyme has recently been shown to be an
important constituent of the scaffold proteins
from mitotic chromosomes'’. In these studics
it was demonstrated that the inactivation of
topoisomerase H was lethal to the cell, but this
mactivation did not result in the arrest of
mutant cells with homogencous morphology
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when cells were shifted to the nonpermissive
temperature. It was shown that topoisomerase
IT was required bv the cell only during mitosis.
Since the loss of viability was not immediately
mantfested. cells failed to accumulate with a
homogeneous terminal morphology. However,
these studies do not rule out the possibility that
topoisomerase II may have additional func-
tions in the cell*®.

The second approach involves the isolation
cold-sensitive (CS) mutants to study mitosis.
One of these mutants. recently described by
Thomas and Botstein®®, is ndc-1. At the
nonpermissive temperature, chromosomes fail
to separate at mitosis in this mutant strain but
cell cycle traverse is not blocked. This defect
resulted in an asymmetric cell division in which
one daughter cell received all the chromo-
somes and doubled in ploidy whereas the other
received none. The spindle poles segregated
properly to the two daughter cells. The phe-
notype of ndc-1 strains suggests that the newly
synthesized chromosomes do not attach to a
separate spindle pole body prior to mitosis.
They either remain attached to their sister
chromatids or both chromatids become
attached to the same spindle pole. One possi-
ble explanation is that ndc-1 strains fail to
synthesize a mitotic spindle pole body capable
of anchoring or projecting chromosome-linked
microtubules. Another explanation is that
kinetochores are not duplicated following
chromosome replicatidn. A third is that if they
are duplicated, the newly synthesized kine-
tochores cannot attach to the microtubules
emanating from the poles?’ﬁ. Furthermore,
meiosis 1, tn which homologous pairs separate,
1S not affected by this mutation. However,
meiosis 1I, in which chromatids segregate to
opposite poles as in mitosis, is affected by the
ndc-1 mutation.

The third approach recently described by
Hartwell and colleagues®™*’ utilized the con-
cept of disruption of mitosis by overexpression
of certain genes. This approach is based on the
assumption that formation of mitotic structures
might require stoichiometric amounts of indi-
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vidual components: an imbalance of one com-
ponent could disrupt assembly of different
structures. They have tested this idea by
measuring the frequency of chromosome non-
disjunction 1 8. cerevisiae strains in which
spectfic components of the mitotic components
are overproduced (by propagation of genes on
high-copy plasmids). They have observed that
overproduction of either pair of histone genes,
H,A and H,B or Hiz and H,, in yeast yielded an
increased frequency of loss of chromosomes V
and VII. In contrast, in strains in which all four
genes are carried on a high-copy plasmid or
when histone genes were present in single-copy
plasmids, there was no increase in the rate of
chromosome loss. Using this technique they
have 1solated two DNA sequences, designated
MIF-1 and MIF-2, that reduce the fidelity of
chromosome transmission during mitosis.
MIF-1, a unique sequence located on the right
arm of chromosome XII, stimulated loss and
recombination of both chromosomes V and
VII when present in a high-copy-number plas-
mid. This gene was shown to be not essential
tor cell division but necessary for the normal
hidehity of chromosome transmission. MIF-2, a
unique sequence located on 15¢cM distal to
HIS¢ on chromosome IX, if present in high
copy number, induces loss of chromosomes V
and VII with low and high frequency, respec-
tively. This gene had no effect on mitotic
recombination. Disruption of the MIF-2 locus
was shown to be lethal: cells lacking this
function failed to divide and exhibited a
phenotype characteristic of a block 1in DNA
replication or nuclear division*’. These
approaches have been very helpful in broaden-
ing our understanding of the basic mechanisms
that regulate mitosis.

Our present knowledge of the regulation of
cell-cycle specific events also improved greatly
from the studies of oocyte maturation and the
early embryonic development in Xenopus
laevis. The cell cycle in the early cleavage
stages of Xenopus embryos is much simpler as
it has no G, phase or any detectable G,
phase*!. The absence of these phases probably
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reflects the absence of growth in size in the
early embryonic cells. The volume of indi-
vidual blastomeres decreases during cleavage,
and the total protein content of an embryo
remains constant until hatching*?. The unfertil-
ized Xemopus egg is naturally arrested in
metaphase of second melotic division. When
stimulated by fertilization, the egg proceeds in
a rapid, nearly synchronous series of cell
divisions, with cleavage occurring every 35
min®~*. The egg has also been shown to
contain large quantities of components neces-
sary for DNA synthesis and mitosis (histones,
tubulin, IDNA polymerase, deoxyribonuc-
leotides, and nuclear membrane components)
in reserve for the first 12 cell divisions, which
proceed synchronously without measurable
RNA synthesis*®*’. It was recently shown™
that some events of the cell cycle 1in Xenopus
could proceed even in the absence of nuclei
and centrioles. Fertilized or activated (by
pricking) eggs that were subsequently enucle-
ated failed to divide but underwent periodic
contractions of their cortex, producing surface-
contraction waves corresponding to the time of
cleavage in the controls. Furthermore, replica-
tion of DNA and centrioles injected into these
enucleated eggs come under cytoplasmic
control’”!. The manifestation of these surface
contraction waves has been interpreted 1n
terms of an autonomous cytoplasmic oscillator
(for a review see’?).

Immature oocytes of Xenopus laevis, which
are naturally arrested in the G, phase before
first meiotic division and because of their large
size (1.3 mm in diameter), are convenient for
ncedle microinjection, have also been ex-
tremely helpful in the study of mitosts and
meiosis. Hormomes such as progesteronc or
insulin stimulate the oocytes to progress
through meiosis to metaphase of the second
meiotic division. These features of X. luevis
oocytes have been exploited to study fun-
damental questions about the control of ccll
proliferation and the regulation of the cell
cycle. When amphibian oocytes arc exposed to
progesterone, oocytes synchronously complete

meiotic maturation i.e. germinal vesicle break-
down (GVBD), chromosome condensation,
spindle formation, and extrusion of the first
polar body. These oocytes then proceed to
meiosis II, arresting finally at metaphase as an
unfertilized egg (reviewed in>>>%). The cyto-
plasmic control of nuclear behaviour in amphi-
bian oocytes was demonstrated several years
ago by cytoplasmic transfer. Injection of cyto-
plasm from maturing oocytes into immature
oocytes induced GVBD and other nuclear
events associated with meiotic maturation™ >’
The activity responsible for inducing these
changes was called maturation-promoting fac-
tor (MPF). A similar activity has also been
reported in starfish®® and mouse™ oocytes
undergoing meiotic maturation. MPF-induced
maturation occurs in 2-3 hr even 1n the pre-
sence of protein synthesis inhibitors, whereas
progesterone-induced maturation takes 7-9 hr
and is dependent on new protein synthesis™>>*
MPF activity has also been found in mitotic
stages of early cleaving embryos of X. laevis,
whereas it was undetectable during S
phase®”®!, More recently, an MPF-like activity
has also been found in cells arrested in mitosis
from a variety of eukaryotic organisms ranging
from mammalian cells in culture to cdc
mutants of yeast®®%%-% (for details see the next

section on mitotic factors).
Studies with unfertilized eggs have also

revealed the presence of another cell cycle-

-specific cytoplasmic regulatory factor called

the cytostatic factor®*® (CSF). CSF has been
suggested to be responsible for the metaphase
arrest of the unfertilized cgg because njection
of CSF into one blastomere of a two-cell
embryo lcads to metaphase arrest of the
blastula nucleus at the next mitosis. Newport
and Kirschner® have recently shown that CSF
stabilizes MPF, presumably by inactivating
anti-MPF or dercgulating the synthesis of
anti-MPF (for dctails refer to the section on
inhibitors of the mitotic factors).

Another experimental approach to study the
temporal order and control of c¢cll cycle-
specific events has been (o raise monoclonal
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antibodics to cell cycle specific gene products.
Our laboratory has recent]y raised a number of
monoclonal  antibodies, using extracts of
synchronized  mitotic  Hela  cells  as
immunogen, that exhibit greater specificity to
mitotic cells than to interphase cells as judged
by either indirect immunofluorescence or by
enzyme-linhed immunosorbent assay
(ELISA). These antibodies specifically react
with different structural components of the
cells in mitosis. Some of these antibodies
exhibit species specificity whereas others have
been shown to react with mitotic or meiotic
cells of every species tested””'. Two of these
antibodies, designated MPM-1 and MPM.2,
have been studied extensively. These antibodies
react specifically with structural components of
the microtubule-organizing structures. including
centrosomes, kinetochores, and midbodies’~.
These antibodies recognized a family of phos-
phoprotein antigens with major bands at
70,000 daltons, 118,000 daltons, and 182.000
daltons. Although these antigens were shown
to be synthesized as polypeptides, primarily
during the S phase, they are probably not
phosphorylated until the cells enter mitosis,
since antibodies recognize cells only during
mitosis. The antigenicity of these proteins was
destroyed when they were treated with alkahne
phosphatase. These studies suggest that the
phosphorylation of these antigens may play a
prominent functional role 1n mitosis. This
proposition is discussed in detail 1n the last part
of this review. Attempts have also been made
to raise monoclonal antibodies to Xenopus
MPF in Kirschner's laboratory’”. They were
able to raise several MPF-binding antibodies,

each one of which recognized more than 20
protein bands. It was subsequently discovered

that the MPF-biding antibodies were directed
against the thiophosphate group on many
proteins, including probably MPF. When MPF
was prepared in the absence of y-thio-ATP, 1t
did not bind to the antibodies. These studies
suggest that MPF may be a thiophospho-
protein.

—— N

MITOTIC FACTORS

As mentioned earlier, the presence of
specific factors 1n mitotic cells and their ability
to induce events characteristic of mitosis. (i.e.
nuclear envelope breakdown and condensation
of chromosomes} in an interphase cell was
clearly demonstrated in 1970 by the cell fusion
experiments of Johnson and Rao'>!*, These
mitotic factors were shown to have no species-
spectficity. These studies also revealed that,
duning the induction of PCC, prelabelled
proteins from mitotic cells became associated
with the PCC of the interphase cell (for review
see’?). However. the progress on identifi-
cation and characterization of the mitotic
factors was hampered due to the lack of a
Suitable in vitro biological assay. In 1979,
Sunkara er al® discovered the amphibian
oocytes. because of the specialized features
mentioned earlier. could be ideal for this
purpose. They showed that injection of
extracts from mitotic Hela cells into Xenopus
laevis oocytes induced meiotic maturation
(figure 3). Since the major events of meiotic
maturation., (1.e. GVBD and chromosome
condensation) are similar to mitotic events,
this system was assumed to be useful for
purifying and characterizing mitotic factors.
MPA was not present in G; and S phase cells.
The mitotic factors accumulated gradually
during G,, reached a peak in mitosis, and were
undetectable in early G, phase.

The entry of a G, cell into mitosis is depen-
dent on new RNA and protein synthesis: i any
one of them is inhibited during G,. cells do not
enter mitosis’> 7. These observations indicate
that both the mRNA for the mitotic factors and
the mitotic factors themselves must be synthe-
sized during G- phase only, and their sythesis
seems critical for the G>-mitosis transition.
Like MPF, the mitotic factors induced matura-
tion in about 2-3 hr independent of new
protein synthesis’®. Subsequently, it was
shown®? that extracts from mitotic CHO,
human D98/AH, cells® and cdc mutants of
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Figures 3a-d. GVBD and chromosome condensation in Xenopus oocytes injected with mitotic Hela cell
extracts. a. Oocyte animal hemisphere 3 hr after injection with 65 nl of extraction medium (X 26), (inset).
Clear germinal vesicle (GV) dissected from buffer-injected living oocyte. b. Appearance of an oocyte
animal hemisphere at 3 hr after injection with mitotic Hel.a cell extract (228 ng ot protein in 65 nl) (X 26).
Note the bright spot indicating the depigmented area caused by GVBD. ¢. Histological section of an oocyte
4 hr after injection with S phase HeL a cell extract (406 ng of protein in 65 nl) (stained with Feulgen/fast
green) (% 236). Note intact germinal vesicle. d. Condensed chromosomes on metotic spindle near oocyte
surface 1.5 hr after injection with HeLa mitotic cell extract (309 ng of protein in 65 nl). (Stamned with
Feulgen/fast green) (% 1750). (From Sunkara et al 64 1979). |
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Saccharomyces cerevisiae arrested n late G; or
mitosis®™ also induced maturation in 2-3 hr if

injected into Xenopus oocytes.  Although
melotic maturation in fully gromn X. laevis

oocvles can be induced by a number of agents,
such as progesterone and insulin®™->7-7%31 sur-
face-acting agents like Janthanum®, local
anaesthetics, cationic drugs®®, sulphydryl
reagents™, calcium-calmodulin complex®’, reg-
ulatory subunit, or a specific heat-stable pro-
tein inhibitor of a cAMP-dependent protein
kinase®®¥” and more recently the product of
human H-ras gene®, it is different from the
one induced by mitotic cell extracts or MPF in
many respects, especially in the time course of
maturation induction and dependence on new
protein synthesis.

These studies suggest that MPF and the
mitotic factors most hkely belong to the same
class of proteins. Moreover, 1t was recently
shown that MPF could induce mitosis-like
events when injected into frog embryos
arrested in a G,-like state by inhibition of
protein synthesis®”. Similarly, injection of
mitotic factors from either D98/AH, cells® or
Hela cells” into these cycloheximide-arrested
multinucleated embryos resulted in the induc-
tion of PCC. Thus, both the MPF and the
mitotic factors induce mitosis or meiosis-like
events In a very stmilar manner, These results
support the notion that factors.involved in the
initiation of mitosis, meiosis and in the induc-
tion of PCC are very similar, if not identical.

Since both the induction of maturation In
Xenopus oocytes and induction of PCC in
multinucleated embryos by MPF or the mitotic
factors occur even in the presence of cyclohex-
imide, it 1s reasonable to expect that these
factors either induce maturation directly or
indirectly by activating a series of similar
biochemical events. The possible molecular
basis of action of these factors in inducing
maturation 1s discussed in detail in the final
part of this review. A four-step scheme has
been proposed for the meiotic maturation of
Xenopus oocytes induced by progesterone”’.
According to this scheme incubation of oocytes
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with progesterone leads to rapid inhibition of
adenylate cyclase activity””* followed by a
decrease in CAMP levels and then a decrease in
the level of the catalytic subunit of cAMP-
dependent protein kinase, resulting in the
dephosphorylatton of a putative maturation
protein {(Mp-P) by phosphoprotein phospha-
tases. The dephosphorylation of Mp-P triggers
the synthesis of MPF in a cycloheximide-
sensitive step, How MPF triggers maturation in
steps Insensitive to cycloheximide remains to
be elucidated. However, recent studies (to be
discussed later) indicate that a protein phos-
phorylation-dephosphorylation cascade may
be crucial to its action.

Purification and characterization of mitotic
factors

Several investigators have been working to
purify MPF from mature frog oocytes for a
number of years with limited success®! -+
Only a 50-fold purification of MPF has been
reported”. Since the availability of the bioas-
say, our laboratory has been trying to purify
and characterize the mitotic factors from syn-
chronized mitotic Hela cells. Inmitially, we
were also unable to obtain anything greater
than a 50-fold enrichment of the mitotic factors
using virtually every mode of chromatography.
Based upon our observations that mitotic
factors were preferentially localized on
chromosomes and could be released by mild
digestion with endonucleases”””® we recently
used atfimity chromatography on DNA-cellu-
lose. With this technique we have obtained a
500-fold purification of the mitotic factors in a
single step’ ™", Very recently by using a
combination of DNA-affinity chromatography
and high-performance hiquid chromatography
(HPLC) we have obtained a 1600 to 2000-fold

purification of these factors'”.

Purification of the factors has been very
difficult. The major reasons for the limited
success are: (i) the instability of the mitotic
factors even at —70°, especially if the protein
content is reduced below S0 pg/ml; (i1) the
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small proportion of the total cellular proteins
these factors compose in the mitotic cells;
(111) extensive dilution during fractionation;
(iv) extremely Jow recovery; and (v) the non-
Itneanty of the bioassay. However, we have
surmounted most of these difficulties by using
chromatographic methods that are rapid and
only minimally dilute the sample.

By using these partially purified prepara-
tions of MPF or the mitotic factors, it has been
shown that both these factors are Ca’*-sensi-
tive, Mg~*-dependent, heat-labile nonhistone
proteins with a molecular weight of about
100,000. The activity of these factors is greatly
stabilized by the presence of phosphatase
inhibitors such as sodium fluoride, sodium S
glycerol phosphate, ATP, and thio-ATP and
the addition of bovine serum albumin as a
carrier protein”>?"!°! These studies suggest
that genes encoding these factors should be
very similar, if not identical. A protein Kinase
activity that is independent of cyclic AMP,
Ca‘"*, or calmodulin and is neither inhibited by
heparin nor stimulated by spermine appears to
be associated with the purified mitotic
factors”>*>!'™  However, purification to
homogeneity would be necessary in order to
conclusively establish whether the mitotic fac-
tors themselves act as a kinase or as activators
of an in vivo kinase responsible for the GVBD
and chromosome condensation in Xenopus
oocytes. Using this 1600 to 2000-fold purified
mitotic factor preparations, we ar¢ now
attempting to raise monoclonal antibodies and
to 1dentify and clone the genes encoding these
factors.

THE INHIBITORS OF THE MITOTIC
FACTORS .OR THE G, FACTORS

The existence of factors in interphase cells
that are antagonistic to the action of the mitotic
factors was initially suggested by the cell fusion
studies of Johnson and Rao'*™" (for a review
see’?) referred to earlier. However, attempts
to wsolate these factors were until jecently
hampered by the nonavailability of a suitable

in vitro bioassay. In our attempts to understand
what happens to the mitotic factors at the end
of mitosis, we recently discovered the presence
of certain protein factors in Hel.a cells during
G, phase that could neutralize the action of the
mitotic factors. When mitotic cell extracts were
mixed with extracts of (s cells In various
proportions and the mixtures injected into
Xenopus oocytes, the extracts of G; cells
neutralized the maturation-promoting activity
(MPA) of the mitotic factors in a dose-
dependent manner. These factors could be
detected as early as telophase of mitosis and
were present throughout the G; penod, sug-
gesting that these factors are either activated or
newly synthesized at the end of mitosis. Kinetic
studies using inhibitor of protein synthesis
revealed that these factors are activated rather
than newly synthesized. These studies also
showed that the activity of these inhibitory
factors tluctuates in a cyclical manner during
the cell cycle. Very little or no activity was
observed in § phase cells and extracts of G,
cells also did not show any activity. These data
are not surprising since during G, phase
mitotic factors have been shown to accumu-
late. Furthermore, extracts from noncycling G,
cells contained little or no activity.

These data indicated that the activity of the
inhibitory factors present in Gy cells coincided
well with the process of chromosome decon-
densation, which is known to begin at teloph-
ase and continue until the beginning of S phase
when chromatin reaches it most decondensed
state (for reviews see'™ %%}, These factors
have been called either inhibitors of the mitotic
factors (IMF) or chromosome decondensation
factors'™-'™. The results suggest that the
activation of IMF or CDF at telophase may
lcad to a rapid mactivation of the mitotic
factors and conscquently may result in the
decondensation of chromosomes. This prop-
osttion 1s further strengthened by our recent
studics in which we observed that the activity
of IMF could be induced in G, cells by UV
irradiation, which has been shown to cause
chromosome decondensation and unscheduled
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DNA synthess'™ ", The induction of IMF
activity in G, cells was further enhanced if
hydrovyurea and arabinosyleytosine (ara ()
were present during incubation following UV
irradiation.  Furthermore, this induction of
IMF was independent of new protein synthesis,
as it occurred even in the presence of
cvcloheximide™. Very recently, we have
obsen ed that UV irradiation of mitotic Hel.a
ceils resulted in the decondensation of chromo-
somes, inactivation of mtotic factors, and the
activation of IMF!?®. These studies also indi-
cated that IMF inactivated the mitotic factors
by directly binding to them and forming an
inert complex. In V79-8 cells which lack Gy
and G, periods in their cell cycle, IMF were
manifest in early S phase only'%. These results
suggest that IMF may play an important role in
the regulation of chromosome decondensation
and nuclear envelope re-formation. However,

to establish whether the activation of IMF 1s
the cause or the eiffect of chromosome decon-

densation must await further investigations.

Recently, reports from several laboratories
have described factors, similar to the IMF or
CDFE, that (like IMF or CDF) inactivate MPF
at the end of metosis and have called these
factors anti-M factors™ "2 These investi-
gators have also shown that addition of partial-
ly-purified MPF could cause nuclear envelope
breakdown, chromosome condensation, spin-
dle formation, and subsequently nuclear en-
velope re-formation and chromosome decon-
densation due to the inactivation of MPF by
anti-M factors in a cell-free system containing
nuclei from a variety of sources. These results
indicate that the IMF, like the mitotic factors,
do not exhibit any species-specificity.

Using the inactivation of mitotic factors as
the bioassay we have been attempting to purify
and characterize the IMF. These studies have
revealed that IMF are nondialyzable, nonhis-
tone proteins with a molecular weight of
greater than 12,000. Unlike the mitotic factors,
they are heat stable and extremely sensitive to
low pH, becoming either inactive or less active.
In addition to inducing inactivation of the

mitotic factors, IMF, when incubated with the
mitotic extracts, tnduced the dephosphoryla-
tion of mitotic nonhistone proteins'*? and
mitosis-specific phosphoprotein antigens'’!
and specifically decreased the activity of a
mitosis-specific kinase''*'">, It is not yet cer-
tain whether IMF also possess a phoshatase
activity, since only crude preparations of IMF
have been used in these studies. More than one
mechanism may be involved.

ROLE OF PROTEIN PHOSPHORYLATION
DURING MEIOTIC MATURATION OF
X. LAEVIS OOCYTES

The postsynthetic modification, especially
phosphorylation, of proteins has been shown
to be a mechantsm of paramount importance in
the regulation of numerous intracellular
events, including mitosis and meiosis (for re-
views seel 7> 10ONS-23Y  Dyyring  meiotic
maturation of Xenopus oocytes, the incorpora-
tion of **P into proteins was shown to be
maximal prior to GVBD and chromosome
condensation'**. Subsequently, it was demons-
trated that the microinjection of the catalync
subunit of a cyclic AMP-dependent protemn
kinase inhibited progesterone-induced matura-
tion, whereas microinjection of the regulatory
subunit or a specific heat-stable protein inhibt-
tor of the catalytic subunit of cychic AMP-
dependent kinase induced maturation*®"’.
More recently, it was reported that the mic-
roinjection of the specific inhibitors of protein
phosphatase-1 blocked progesterone-induced
maturation of oocytes, but not the maturation
of oocytes induced by MPF'#'%°. These
results suggest that activation of protein phos-
phatase-1 may be responsible for the dephos-
phorylation event, which is known to precede
the activation of MPF that is responsible for
triggering maturation’'. Several laboratories
have recently reported'?”™'* an increase in
the phosphorylation of ribosomal protein Se.
An Se-specific protein kinase from Xenopus
laevis eggs was recently purified to
homogeneity'*!. Boyer et al'*? reported an



Current Science, January 20, 1987, Vol. 56, No. 2

65

increase 1n the phosphorylation of a 105 kDa
protein during maturation. Phosphorylation of
lamins A and C has also been shown to occur
durtng  MPF-induced maturation of
oocytes®”-!'“. These results clearly demonstrate
that protein phosphorylation may represent a
crucial regulatory mechanism in the control of
meiotic maturation. However, whether MPF 1s
a kinase by itself or activates a series of kinases
remains to be established.

ROLE OF PROTEIN PHOSPHORYLATION IN
MITOSIS

There 1s conclusive evidence that phosphory-
lation of several different proteins 1s much
higher during mitosis than in interphase (for
reviews see’ 7> 100-116.119y "Histone phosphory-
lation has been shown to correlate strongly
with the entry of cells into mitosis (for review
see!111%} "and induction of PCC in interphase
cells also resulted in an increased phosphoryla-
tion of their histones H1 and H3'*'>.
However, it has been demonstrated that super-
phosphorylation of histone H1 by itself 1s not
sufficient for chromosome condensation and
entry of cells into mitosis'”>'7°,

In recent years, compelling evidence In
studies from our laboratory and others suggests
that phosphorylation of nonhistone proteins
(NHP) may play an equally important role n
the control of events associated with mitosis
and meiosis. Increased phosphorylation of
nuclear matrix’*?, nuclear lamina'*®'*2_ inter-
mediate filaments'**1%¢ nucleolar proteins**’
and high mobility group (HMG) pro-
teins’*-1*’ has been observed during G, to
mitosts transition. Our recent studies suggest
that phosphorylation of specific subset of NHP
(proteins extractable in 0.2 M NaCl) may be
causally related to the entry of cells into mitosis
and their dephosphorylation to the exit from
mitosis'™". Phosphorylation and dephosphory-
lation of NHP appeared to be dynamic procces-
ses, with equilibrium shifting to phosphoryla-
tion during G,~M and dephosphorylation dur-
ing M-G,; transition (figure 4). NHP phos-
phorylation was completely blocked when

e ___ BB BLSsB0080

Figure 4. Identification of the proteins phosphory-
Jated during G,-M and dephosphorylated during
M-G, transitions. Hela cells synchronized in S
phase by double-thymidine block were continuously
labelled with **P beginning at the end of S phase.
Cells were collected in mid G,, mitosis, and early
G,, and extracts prepared as described previous-
ly*>°. Proteins were separated by SDS-polyacryla-
mide gel electrophoresis and the gels stained by
Coomassie Blue. For radioautography Kodak XAR-’
5 film was exposed to dried gels. Lanes: A, G,
cytoplasmic; B, G; nuclear; C, mitotic cytoplasmic;
D, mitotic chromosomal; E, G, cytoplasmic; F, G,
nuclear. The migration of molecular weight stan-
dards (MW S8t.) is shown. Arrows indicate the eight
major protein bands phosphorylated during mitosis.
Note the decrease in the intensity of labelling of
these eight bands in early G; (lanes E and F) as
compared to mitotic (lanes C and D) extracts. (from
Sahasrabuddhe et al™").

HeLa cells were arrested in G, by cs-aad
(cis-4-[[[(2-chloroethyl)-nitroso-amino]  car-
bonyl] amino] cyclohexane carboxylic acid)'*’.
These Gj-arrested cells have previously been
shown to lack certain G,-specific proteins'™'.
X-ray induced mitotic delay in a synchromzed
population of G, cells resulted 1n a correspond-
ing delay in NHP phosphorylation. Kinetic
studies on the entry of cells into mitosis 1in the
presence of cycloheximide revealed that com-
mitment of a cell to enter mitosts was depen-
dent not only on continued protein synthesis
but also on their immediate phosphorylation.
Similar changes in the NHP phosphorylation
have also been reported during the cell cycle of
CHO cells'*2, However, Song and Adolph'™",
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al<o working with Hela cells, reported that
NHP from isolated mectaphase chromosomes
were strikingly dephosphorylated in compari-
son with those of S-phase chromatin. The
differenices between these studies are most
likely the result of different experimental
protacols used™ for the extraction of NHP.

UV-induced chromosome decondensation,
which is associated with the inactivation of
mitotic factor activity, resulted in a significant
dephosphorylation of mitosis-specific NHP.
These results suggest that UV may induce or
activate phosphatases that specifically dephos-
phorylate these mitosis-related NHP. A similar
dephosphorylation of these mitotic NHP was
also observed when partially purified prelabel-
led mitotic factors were mixed with G; cell
extracts (but not with mid-S phase cell ex-
tracts), indicating the presence of similar phos-
phatases in G, cells'!’. These findings suggest
that phosphorylation of this subset of NHP, in
addition to H1 phosphorylation, may represent
a crucial mechanism for the regulation of
mitosis.

The additional evidence for the role of NHP
phosphorylation-dephosphorylation in mitosis
is also provided by an independent immunolo-
gical study from our laboratory. Using a
homogenate of mitotic HeLa cells as im-
munogen a number of monoclonal antibodies
have been raised to proteins present in mitotic
cells but not in interphase cells. Two of these
hybridoma clones that have been studied ex-
tensively, MPM-1 and MPM-2, react with a
family of phosphorylated polypeptides. Be-
cause the antigens recognized by these anti-
bodies are all phosphoproteins and the anti-
genic reactivity 1s lost when the phosphate
groups are removed by alkaline phosphatase
digestion, it is likely that this family of
polypeptides share a common or similar phos-
phorylated site™. Although these antigens
were distributed throughout mitotic cells, they

were preferentially localized on chromosomes,
on the spindle, and particularly on microtu-

bule-organizing centres. including the centro-
somes, centromeres, Kinetochores, and
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Microinjection of these antibodies into
mammalian cells inhibited the completion of
the process of mitosis, but not its initiation.
Microinjection of antibodies into one of the
cells of a 2-cell stage embryo of Xenopus or
Rana pipiens completely blocked the cleavage
in the injected cell but had no effect on the
uninjected sister cell. Since these antibodies do
not recognize the mitotic factors or inhibit
either the progresterone—or the mitotic fac-
tor-induced maturation of oocytes—it seems
likely that the activation of the mitotic factors
and the phosphorylation of the mitosis-specific
antigens represent different steps in the initia-
tion of mitosis (for review see’!).

MOLECULAR BASIS FOR THE ACTION
OF MITOTIC FACTORS AND THE IMF

The mechanisms by which the mitotic factors
act to induce the meiotic maturation in Xeno-
pus laevis oocytes are not yet completely clear;
however, in the light of studies presented here,
protein phosphorylation appears to be the
most likely possibility. To establish more con-
clusively the role of protein phosphorylation in
the activity associated with the mitotic factors,
we have performed several expenments with
the purified preparations of mitotic factors
referred to earlier. In one of these expert-
ments, we observed that microinjection of
alkaline phosphatase (APase) into oocytes
preinjected with the mitotic factors resulted in
a complete block of meiotic maturation in a
time- and dose-dependent manner. No inhibi-
tion was observed when APase was injected
within an hour prior to maturation'“!. Similar-
ly, Hermann er al'>* have shown that mic-
roinjection of APase totally blocked the
maturation of oocytes induced either by prog-
esterone or MPF. These results clearly demon-
strate a crucial role for protein phosphoryia-
tion in the meiotic maturation induced by the
mitotic factors or the MPF, However, we have
also observed that pretreatment of the mitotic
factors with APase, attached to beaded agar-
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ose, had no effect on the activity of mitotic
factors. Thesc results indicate that the activity
of the mitotic factors does not necessarily
depend on their being phosphorylated. These
studies have also revealed that the phosphatase
inhibitors greatly stabilize the activity of the
mitotic factors by inactivating the phosphatases
or by deregulating their synthesis or activation
In 00cytes.

As mentioned earlier we have observed a
protein kinase activity associated with the
1600-fold purified mitotic factors. These find-
ings taken together with the observations that
the purified mitotic factors induce maturation
everr in the presence of cycloheximide rein-
forces the notion that the mitotic factors either
act as a kinase in vivo or as activators of an n
vivo protein kinase cascade responsible for the
induction of GVBD and chromosome conde-
nsation. Our demonstration that a major por-
tion of the mitotic factors is localized on
metaphase chromosomes suggest that the mito-
fic factors may also play a direct role in the
.condensation of chromosomes, but unequi-

vocal data are not yet avatlable.
Our studies of the mitotic factors and those

of others of MPF suggest that both these factors,
besides inducing GVBD and chromosome con-
densation, induce autoamplification of MPF, as
judged by serial injections, even in the pre-
sence of cycloheximidew’lss'lsa. 'Thus, imma-
ture oocytes probably contain MPF in an
inactive form that can be activated when MPF
or a small amount of the mitotic factors are
injected into cocytes. Autophosphorylation 1s
a possible mechanism by which the autoam-
plication could occur. However, more work 1s
needed to determine whether the MPF or the
mitotic factors are the putative activated form
of MPF in vive or just the trigger for the
activation of MPF, In light of the observations
summarized here, we speculate that a protein
kinase cascade mechanism is involed in the
breakdown of the nuclear envelope and conde-
nsation of chromosomes at mitosis or Melosis
and a protein phosphatase cascade mechanism
in the re-formation of the nuclear envelope and

Figure 5. A schematic presentation of the relative
activities of the mitoti¢ factors and the chromosome
decondensation factors during the mammalian cell
cycle. Hatched area indicates the relative activity of
the mitotic (or chromosome condensation) factors;
the stippled area indicates that of CDF. RNA
synthesis as indicated is necessary until about 2 hr
before mitosis and protein synthesis until 1 hr
before mitosis. Protein phosphorylation (histones,
NHP, lamins etc.) occurs durtng the Go-to-M-
transition. When mitotic factors are synthesized or
activated during G, phase, chromosomes condense
and the nuclear envelope breaks down. Protemn
dephosphorylation occurs during the M to G,
transition. When mitotic factors are inactivated at
telophase by CDF, the nuclear envelope re-forms
and chromosomes begin to decondense. The decon-
densation of chromosomes continues throughout the
G, period up to a critical point (late-G,), at which
time the chromatin becomes accessible for replica-
tion. (from Adlakha and Rao'™).

decondensation of chromosomes dunng the
mitosis-to-G, transition (figurc 3).

Recently, Kirschener and his
colleagues® £ 2 through an elegant series
of studies using partially purificd MPF, de-
veloped a model similar to the ane proposed
figure 5 to cexplain how the frog cga
(ecmbryonic) cell cycle consisting of only M and
S phases is regulated. They have suggested that
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M phase results from the presence of MPE and
S phase from the absence of MPF or the
presence of anti-MPFE. Addition of ¢ytostaue
factor {CSF) maintains MPF at high levels,
presumably by stabihzing MPE by either pro-
tecting 1t from anti-MPF or deregulating the
synthesis or activation of anti-MPF. Based on
their observation that lamins A and C are
phosphonylated in response to MPF {though
not immediately) they suggested that MPF may
be a trigger for the initiation of a phosphoryla-
tion cascade. A mammalian somatic cell, which
is functionally quite ditferent from an
embryonic cell, might require not only the
synthesis or activation of the trigger, (1.e. the
mitotic factors) but also that of other proteins
involved in the cascade mechanism.

CONCLUDING REMARKS

The advances of the past decade have
revolutionized our understanding of the re-
gulation of various events associated with the
entry of a eukaryotic cell into mitosis. In this
brief review we have tried to place in perspec-
tive the various investigations on the ditferent
clements conirolling mitosis. Several novel
approaches listed in this review have already
provided invaluable information about the
mechanisms of mitosis and will further facili-
tate the characterization of the various gene
products involved 1n the temporal sequence
and control of these events. We have presented
evidence that two gene products, one present
mainly in mitotic cells and the other exclusively
in (; cells, play a pivotal role in the regulation
of 1tiation and completion of mitosis, respe-
tively. Partial purification and preliminary
characterization of these gene products have
been achmeved. In spite of our recent advance-
ments we still have a long way before we
achieve a complete understanding of the va-
rious mechanisms involved in the regulation of
cell division. What are the signals that dictate
the synthesis or activauon of these factors?
What is the nature of these factors and how do
they work? We ar¢c now beginning to obtain

some insights tnto these guestions. Delineation
of these signals and characterization of these
factors is a major challenge facing the investi-
gators 1n this field. Thus, future efforts should
be focussed on the punfication and character-
ization of these gene products, cloning the
genes encoding these factors, and characteriza-
tion of the proteins phosphorylated during
mMitosis.
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