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Mammalian growth-associated H1 histone kinase, an enzyme whose activity is sharply elevated at mitosis, is
similar to cdc2* protein kinase from Schizosaccharomyces pombe and CDC28 protein kinase from Saccharo-
myces cerevisiae with respect to immunoreactivity, molecular size, and specificity for phosphorylation sites in
H1 histone. Phosphorylation of specific growth-associated sites in H1 histone is catalyzed by yeast cdc2*/CDC28
kinase, as shown by the in vitro thermal lability of this activity in extracts prepared from temperature-sensitive
mutants. In addition, highly purified Xernopus maturation-prometing factor catalyzes phosphorylation of the
same sites in H1 as do the mammalian and yeast kinases. The data indicate that growth-associated H1 kinase
is encoded by a mammalian homolog of cdc2*/CDC28 protein kinase, which controls entry into mitosis in yeast
and frog cells. Since H1 histone is known to be an in vivo substrate of the mammalian kinase, this suggests that
phosphorylation of H1 histone or an H1 histone counterpart is an important component of the mechanism for

entry of cells into mitosis.

Among the protein phosphorylation reactions which occur
in eucaryotic cells, one of the most prominent is the exten-
sive phosphorylation of H1 histone which takes place during
the traverse of the cell cycle. The phosphorylation of H1
histone in growing cells is catalyzed by a Ca®*- and cyclic
nucleotide-independent protein kinase, termed growth-asso-
ciated H1 kinase, whose activity fluctuates throughout the
cell cycle in a manner suggesting an involvement in cell cycle
control (5, 37, 38, 71, 72). Phosphorylation of H1 histone
follows these changes in kinase activity, beginning in late G1
phase, continuing through the S and G2 phases, and rising
sharply as cells enter mitosis, after which it falls abruptly
(see reference 47 for a review). The sharp elevation of
growth-associated H1 phosphorylation and H1 kinase activ-
ity as cells enter mitosis led to proposals by Bradbury and
others that it triggers or promotes the onset of mitotic
chromosome condensation (7, 26, 45). In support of this
proposal, it was observed that ingestion of crude prepara-
tions of mammalian growth-associated H1 kinase by plasmo-
dia of the slime mold Physarum polycephalum advanced the
onset of the synchronous waves of mitosis which occur in
this organism (6, 32).

Mammalian growth-associated H1 kinase is found only in
growing cells, where it is partially bound to chromatin (37,
39, 72). The enzyme catalyzes the phosphorylation of spe-
cific serine and threonine residues in H1 histone, with
stoichiometry varying from three to six phosphates per
molecule, depending on H1 subtype (40). This corresponds
to the level of phosphate found in H1 in mitotic cells (24).
The sites phosphorylated by the enzyme in vivo and in vitro
are localized in the basic carboxyl- and amino-terminal
domains of H1 (39, 40, 41), which are the regions of H1
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involved in the condensation of chromatin (1). Four of the
phosphorylation sites in H1 have been characterized as
serine or threonine residues occurring in the consensus
sequence Lys-Ser/Thr-Pro-Lys or Lys-Ser/Thr-Pro-X-Lys
(39, 42). A protein kinase catalyzing the phosphorylation of
these sites in mammalian H1 histone is also present in P.
polycephalum (14) and Xenopus oocytes (46), findings that
gave an early indication that this type of enzyme might have
a highly conserved function in the mechanism of chromatin
condensation.

Extensive studies on the control of cell cycle progression
have been carried out in the budding and fission yeasts,
Saccharomyces cerevisiae and Schizosaccharomyces pombe,
respectively. In each organism, a large number of genes
required for cell cycle progression has been identified. In S.
pombe, the gene cdc2™ is required at two points in the cell
cycle, first at a point called the start point in late G1, which
commits the cell to a round of cell division, and second at a
point just prior to entry into mitosis (51, 52). In §S. cerevisiae,
the gene CDC28 exerts similar control both at the start (56)
and at entry into mitosis (54). CDC28 and cdc2* encode
34-kilodalton (kDa) proteins which are functionally equiva-
lent, since each of these genes can complement mutations in
the native gene when introduced into the other species (3, 4).
A homolog of cdc2*/CDC28 is also present in the human
genome which encodes a protein of 63% identity to the S.
pombe gene product and which can complement mutations
in the S. pombe cdc2™ gene (43). Thus, it seems likely that
this gene is present in all eucaryotic cells. CDC28, cdc2™,
and the human homolog encode products which have protein
kinase activity (16, 59, 61). Recently it has been shown that
a protein kinase component of purified Xenopus maturation-
promoting factor (MPF) and protein kinases present in
starfish and clam oocytes, each of which catalyzes in vitro
H1 phosphorylation and is associated with the initiation of
meiotic or mitotic division, are encoded by homologs of the
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cdc2*/CDC28 gene (2,17, 19, 21, 36). These findings provide
evidence that this type of protein kinase participates in a
universal mechanism for control of entry of eucaryotic cells
into mitosis.

The increase in activity of mammalian growth-associated
H1 kinase at mitosis occurs at the time in the cell cycle when
the cdc2*/CDC28 gene product is required in yeasts. How-
ever, H1 histone has not yet been found in yeasts, despite
studies which have clearly identified nucleosome core his-
tones in S. cerevisiae (9, 31, 66). If yeasts do contain an H1
histone, it seems possible that they might also contain a
growth-associated H1 kinase which, like the Physarum
enzyme, retains specificity for growth-associated phosphor-
ylation sites in mammalian H1. Here we report that the
major H1 kinase activity in yeasts is similar to mammalian
growth-associated H1 kinase in its specificity for phosphor-
ylation sites in H1 histone and that this yeast H1 kinase is
encoded by the cdc2*/CDC28 gene. Further, the mammalian
enzyme is specifically immunoprecipitated by antibody to
the cdc2*/CDC28 gene product and contains an immunore-
active 32- to 34-kDa polypeptide. These data show that
growth-associated H1 kinase is encoded by a mammalian
homolog of the yeast cdc2*/CDC28 gene. These findings
provide further evidence for the participation of protein
kinases encoded by cdc2*/CDC28 homologs in a highly
conserved mechanism for entry of eucaryotic cells into
mitosis or meiosis. Since H1 histone is a physiological
substrate for mammalian growth-associated kinase (37-41),
these findings also suggest that phosphorylation of H1 his-
tone or an H1 histone counterpart is an important compo-
nent of the mechanism for mitotic or meiotic entry.

MATERIALS AND METHODS

S. cerevisiae strains, growth conditions, and lysates. Strains
H28C1A1 MATa his7 ural cdc28-1, H17C1A1 MATa his7
ural cdcl7-1, M16A1 MATa barl trel-289 Canl Sap3 cdcl6-
1, and 4503-1-4 MATa ura3 his7 were obtained from M.
Carson and L. Hartwell. All are congenic with strain A364A
(28) and were derived from the original mutant alleles (29,
30). Strains were grown in YEPD medium at 22°C, and cell
numbers were determined as described by Sclafani and
Fangman (60). Cells were harvested during log phase (2 X
107 cells/ml), spheroplasted with Zymolase 100T (ICN Phar-
maceuticals Inc.) at 0.2 mg/ml in SCE (1 M sorbitol, 100 mM
sodium citrate, 10 mM EDTA [pH 7.0]) at 4 X 10%ml,
washed with SCE, and osmotically disrupted in PK buffer
(50 mM Tris hydrochloride [pH 8.0], 50 mM NaCl, 0.1%
Tween 20, 0.1% Triton X-100, 1 mM phenylmethylsulfonyl
fluoride). The protein concentration, determined by the
method of Bradford (8) with immunoglobulin G as a stan-
dard, was routinely 1 to 2 mg/ml. Extracts were kept at 4°C
and were used within 24 h to measure H1 histone phosphor-
ylation.

Protein kinase assays and preparation of phosphorylated H1
histone. Reaction mixtures (100 wl) containing 50 mM Tris
hydrochloride (pH 7.4), 5 mM MgCl,, 1 mM dithiothreitol, 1
mg of calf thymus H1 histone per ml (reference 34, method
1), H1 kinase activity to transfer 100 to 500 pmol of phos-
phate, and 0.5 mM [y->’P]ATP (specific activity, 30 to 60
cpm/pmol), were incubated for 20 min at 37 or 22°C. Phos-
phorylated H1 was adsorbed on Whatman P81 phosphocel-
lulose paper (22), washed three times with 75 mM phospho-
ric acid, and counted by Cerenkov radiation. H1 histone
preparations for phosphopeptide analysis were phosphory-
lated under the same conditions for 60 to 100 min with 0.1 to
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0.5 mM [y-*?P]ATP (specific activity, 2,000 cpm/pmol).
Phosphorylation by Mono S-purified MPF H1 kinase was
carried out in the presence of 100 mM B-glycerophosphate
and 10 mM MgCl,. Phenylmethylsulfonyl fluoride (0.25
mM), was added to reaction mixtures containing yeast
lysates. Reactions were terminated by the addition of tri-
chloroacetic acid to a final concentration of 5%, and enzyme
protein was removed by centrifugation. H1 histone was
isolated from the supernatant by precipitation and washing
with 25% trichloroacetic acid as previously described (39).

For assay of H1 kinase activity in S. pombe, exponentially
growing S. pombe wild-type 972h- or temperature-sensitive
cdc2.33h- cells (10%) were broken with glass beads in 20 pl of
HB buffer (60 mM B-glycerophosphate, 15 mM p-nitrophe-
nylphosphate, 25 mM MOPS [morpholinepropanesulfonic
acid] [pH 7.2], 15 mM MgCl,, 1 mM dithiothreitol, 0.1 mM
sodium vanadate, 1 mM phenylmethylsulfonyl fluoride, 20
ng of leupeptin per ml, 40 pg of aprotinin per ml) containing
15 mM EGTA [ethylene glycerol-bis(B-aminoethyl ether)-
N,N,N',N'-tetraacetic acid]. The beads were washed with
0.5 ml of the same buffer, and the extract was centrifuged for
15 min at 100,000 rpm in a Beckman TL-100.2 rotor at 4°C.
A 4-pl portion of extract supernatant was preincubated with
6 nl of HB buffer containing S mM EGTA at 25 or 40°C for
15 min. A 10-pl portion of H1 histone (2 mg/ml) (Boehringer
Mannheim Biochemicals)}-200 mM [y->2P]JATP (100 cpm/
pmol), was added, and the reaction mixtures were incubated
for 20 min at 25 or 40°C. Reactions were terminated by
addition of 20 pl of 2Xx sample buffer.

Enzyme preparations. Mammalian growth-associated H1
histone kinase was purified from washed chromatin of log-
phase Novikoff rat hepatoma cells (T. C. Chambers and
T. A. Langan, manuscript in preparation). The most purified
fractions contained polypeptides of 32 to 34 kDa and of 60
kDa, which are the only proteins present that fractionate
with enzyme activity on sucrose density gradients. Enzyme
purified through the DEAE-cellulose step of this procedure,
as briefly described earlier (40), is stable for extended
periods at 4°C and was used in the work reported here.
These preparations catalyze transfer of approximately 0.5
wmol of phosphate per min/mg of enzyme to H1 histone.
MPF was purified through the TSK column step or the Mono
S step as described by Lohka et al. (44).

Phosphopeptide analysis. Chymotrypic and tryptic diges-
tion, gel filtration, and high-voltage paper electrophoresis
were carried out as described previously (39, 40), with minor
modifications. Briefly, phosphorylated H1 plus 3 mg of
carrier calf thymus H1 in 0.5 ml of 25 mM Tris hydrochlo-
ride, pH 8.0, was digested with 6 pg of a-chymotrypsin
(Worthington Diagnostics) for 1 h at 37°C. The digests were
applied to 0.9- by 190-cm columns of Sephadex G-100 and
were eluted with 0.02 N HCI at a flow rate of 3 ml/h.
Fractions were collected at 30-min intervals, and radioactiv-
ity and protein content were determined by Cerenkov count-
ing and UV absorption at 218 nm. Fractions containing
chymotryptic peptides were reduced to dryness in a rotary
evaporator, dissolved in H,O, and adjusted to pH 8.0 in a
final volume of 40 to 100 ul with 1 M NH,HCO;. Digestion
with 50 ug of tosyl phenylethyl chloromethyl ketone-treated
trypsin (Worthington) was carried out for 1 h at 37°C, and the
digests were subjected to high-voltage paper electrophoresis
in 0.06 M NH, CO,, pH 7.9, as described previously (39, 40).
Radioactive peptides were visualized by autoradiography.
Phosphoamino acid analyses were carried out, after partial
acid hydrolysis of peptides for 3 h at 100°C in 6 N HCIl, by
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TABLE 1. H1 histone kinase activity in randomly growing and
mitotically arrested S. cerevisiae

% With following

Growth condition morphology? H1 kinase Fold
of cells® activity increase
A B C
Exponential growth 33 23 15 29 18.3 1.00x
Nocodazole 6 3 9 82 54.6 2.98x
cdcl6, arrested at 36°C 3 1 0 96 55.2 3.02%

@ Strain M16A1, containing a temperature-sensitive cdc/6-1 mutation, was
grown to 2 X 107 cells per ml at 22°C. Cells were arrested in mitosis prior to
nuclear migration (65) by addition of nocodazole (10 pg/ml) for 3 h and prior
to medial nuclear division (56) by incubation at 36°C for 3 h.

® The percentage of different cellular morphologies was determined by
phase-contrast microscopy at a total magnification of x400. A, Unbudded
cells; B, cells with small-sized buds; C, cells with medium-sized buds; D, cells
with large-sized buds.

¢ Cell lysates were prepared and H1 kinase activity was determined as
described in Materials and Methods. Nanomoles of phosphate transferred per
20 min/mg of protein at 37°C.

high-voltage paper electrophoresis in 0.87 M acetic acid-
pyridine buffer, pH 3.5.

Antibody preparation and immunochemical assays. The
preparation of antisera and affinity-purified antibody to the
EGVPSTAIREISLLKE peptide sequence (PSTAIR anti-
body) (43) and immunoblotting (21) were carried out as
previously described. Immunoprecipitates were prepared by
using 40 to 50 pl of Novikoff hepatoma growth-associated
H1 kinase DEAE-cellulose fraction or of Xenopus MPF TSK
peak column fractions, and H1 phosphorylation by immuno-
precipitates was carried out as described by Gautier et al.
(21). Affinity-purified antibody for use in control experi-
ments was preadsorbed with peptide antigen by incubation
with 1 ng of peptide per pl of antibody for 1 h at 4°C.
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RESULTS

H1 histone kinase activity in yeast. Lysates of randomly
growing S. cerevisiae contained abundant H1 kinase activity
(Table 1). As an initial test of the similarities between this
activity and mammalian growth-associated H1 kinase, we
compared the levels of H1 kinase in yeasts blocked in
mitosis by two different methods with that present in ran-
domly growing cells. S. cerevisiae containing a temperature-
sensitive cdcl6 mutation was arrested in mitosis either by
incubation at a restrictive temperature or by addition of the
drug nocodazole (65). As shown in Table 1, the specific
activity of the H1 kinase in mitotically arrested yeast cells
was elevated threefold, roughly comparable to the four- to
sixfold elevation of this enzyme in mammalian cells blocked
in mitosis (72). We next examined the phosphorylation of
specific sites in H1 histone by crude yeast lysates. Figure 1A
shows the pattern of chymotryptic peptides derived from H1
histone phosphorylated by mammalian growth-associated
H1 kinase, as resolved by gel filtration on Sephadex G-100.
Phosphorylation of H1 by this enzyme is limited to sites
present in the carboxyl- and amino-terminal domains of the
histone (39, 40). Chymotryptic peptides derived from H1
histone phosphorylated by crude lysates of S. cerevisiae are
shown in Fig. 1C. The patterns of phosphorylation in the
carboxyl-terminal and amino-terminal domains were similar
to that seen with the mammalian enzyme; in addition, some
phosphorylation of sites in the globular region occurred.
Phosphoamino acid analyses of these chymotryptic peptides
showed that the yeast lysates catalyze phosphorylation of
both serine and threonine residues in the carboxyl and amino
termini of H1, as does the mammalian enzyme. Further-
more, the increased phosphorylation of H1 catalyzed by
lysates of mitotically arrested cells (Table 1) occurred spe-
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FIG. 1. Gel filtration of chymotryptic peptides derived from phosphorylated H1 histone. Peptides derived from H1 phosphorylated by
mammalian growth-associated H1 kinase (A), by enzymatically active immunoprecipitates of the mammalian kinase formed with PSTAIR
antibody to the yeast cdc2*/CDC28 gene product (B), by crude lysates of a control cdcl7-1 yeast strain (C), and by crude lysates of a
temperature-sensitive cdc28-2 mutant yeast strain (D) were resolved on Sephadex G-100. H1 histone was phosphorylated at 37°C for 1 h.
Reaction mixtures containing yeast lysates were preincubated for 1 h at 42°C in the absence of histone and ATP before phosphorylation of
H1, in order to ensure inactivation of temperature-sensitive activity. The peaks represent, in order of elution, chymotryptic fragments derived
from the carboxyl-terminal, amino-terminal, and globular domains of H1 histone (12, 40).
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FIG. 2. Tryptic phosphopeptides derived from the carboxyl- and amino-terminal domains of H1 histone phosphorylated by rat, frog, and
yeast kinases. Chymotryptic fragments from the carboxyl terminus (lanes 1 through 4) and amino terminus (lanes 5 through 8) of H1 histone
phosphorylated by various kinase preparations (see Fig. 1 and 6) were digested with trypsin, and the digests were subjected to high-voltage
paper electrophoresis at pH 7.9. Phosphopeptides from H1 phosphorylated by mammalian growth-associated H1 kinase (lanes 1 and 5), by
Xenopus MPF H1 kinase (lanes 2 and 6), by crude S. cerevisiae cdcl7-1 lysates (lanes 3 and 7), and by enzymatically active
immunoprecipitates of the mammalian kinase formed with PSTAIR antibody to the yeast cdc2*/CDC28 gene product (lanes 4 and 8) were
visualized by autoradiography. O, Origin. The pattern of phosphopeptides in samples phosphorylated by immunoprecipitates has been shifted
down somewhat due to an unusually large amount of electroendosmosis during electrophoresis.

cifically in the carboxyl- and amino-terminal regions of H1
(not shown). In order to further compare the phosphoryla-
tion of the carboxyl- and amino-terminal domains of H1
catalyzed by the mammalian and yeast kinases, tryptic
digests of the chymotryptic peptides derived from these
regions were analyzed by high-voltage paper electrophore-
sis. The patterns of tryptic phosphopeptides derived from
each of these regions of H1 phosphorylated by the mamma-
lian and yeast kinases are qualitatively very similar (Fig. 2,
lanes 1, 3, 5, and 7), indicating that the sites phosphorylated
by both enzymes are the same. Therefore yeasts contain a
protein kinase which is similar to mammalian growth-asso-
ciated H1 kinase with respect to both elevated activity in
mitotic cells and phosphorylation of specific sites in H1
histone.

Temperature-sensitive H1 kinase activity. The S. cerevisiae
gene CDC28 encodes a serine-threonine protein kinase (59)
that is required at two points in the cell cycle, at the start (56)
and at entry into mitosis (54). These points correspond to the
points at which growth-associated H1 kinase begins its
action and then sharply increases its activity in mammalian
cells. We therefore compared the H1 kinase activity in
lysates of a temperature-sensitive mutant, cdc28-1, to the
wild type and to a control yeast strain, cdcl7-1. When
assayed at a restrictive temperature, the specific activity of
cdc28-1 lysates was reduced to 20 to 25% of wild-type and
control values (not shown), indicating that the CDC28 gene
encodes a protein kinase with activity towards H1 histone.
Figure 1C and D shows the pattern of phosphorylation
among chymotryptic peptides derived from H1 phosphory-
lated by control and temperature-sensitive cdc28-1 mutant
lysates at a restrictive temperature. Phosphorylation of sites
in the carboxyl- and amino-terminal regions was eliminated
in the mutant lysates (Fig. 1D), indicating that the CDC28
protein kinase phosphorylates the same sites in H1 as does
the mammalian growth-associated H1 kinase. Phosphoryla-
tion of sites in the globular domain, however, was unaffected
in the cdc28-1 mutant and is therefore due to a separate
protein kinase specific for sites in this region. Phosphoryla-
tion of sites in the carboxyl- and amino-terminal domains of
H1 is catalyzed by mutant cdc28-1 lysates at a permissive
temperature (22°C). However, the extent of phosphorylation

is diminished compared with control lysates (not shown). It
is not uncommon for temperature-sensitive enzymes to be
less active in vitro at permissive temperatures than the
corresponding wild-type enzyme (59, 60).

In a parallel study, we examined the distribution of
phosphate among chymotryptic peptides derived from H1
phosphorylated by crude extracts of the fission yeast S.
pombe and found a pattern identical to that seen with S.
cerevisiae (not shown). We also examined extracts of S.
pombe containing a temperature-sensitive mutation in
cdc2™, the functional homolog of S. cerevisiae gene CDC28
(3, 4). Temperature-sensitive cdc2™ mutants contain temper-

Loadonda il

FIG. 3. Temperature-sensitive H1 histone kinase activity in
Schizosaccharomyces pombe cdc2* mutants. Exponentially grow-
ing S. pombe wild-type 972h- or temperature-sensitive cdc2.33h-
cells (10%) were broken with glass beads in HB buffer and extracted
and assayed for H1 kinase activity at 25 or 40°C as described in
Materials and Methods. Terminated reaction mixtures were ana-
lyzed on 11% sodium dodecyl sulfate gels. Phosphorylated H1 was
visualized by autoradiography. Lane 1, wild type, 25°C; lane 2, wild
type, 42°C; lane 3, cdc2.33h, 25°C; lane 4, cdc2.33h, 40°C.



3864 LANGAN ET AL.

12

FIG. 4. Immunoblotting of mammalian growth-associated H1
kinase with antibody to the yeast cdc2*/CDC28 gene product.
Immunoblotting was carried out with PSTAIR antibody as described
in Materials and Methods. Lane 1, crude extract of Xenopus oocytes
undergoing germinal vesicle breakdown, containing MPF; lane 2,
Novikoff rat hepatoma growth-associated H1 histone kinase.

ature-sensitive H1 kinase activity (Fig. 3). An alternative
interpretation of these results is that cdc2*/CDC28 encodes
an activator of the yeast H1 kinase rather than the H1 kinase
itself. The fact that the homolog of cdc2*/CDC28 protein
kinase present in highly purified MPF (21) directly phospho-
rylates H1 on the same sites as the yeast H1 kinase (see
below) argues strongly against this possibility. Thus, on the
basis of the temperature sensitivity of phosphorylation of the
specific growth-associated phosphorylation sites in H1 his-
tone, cdc2*/CDC28 is identified as the gene encoding the
protein kinase in yeast cells with properties corresponding to
mammalian growth-associated H1 kinase. Subsequent to
these observations, Wittenberg and Reed (70) also reported
the presence of temperature-sensitive H1 kinase activity in
S. cerevisiae CDC28 mutants.

Immunoreactivity of mammalian growth-associated H1 ki-
nase. cdc2*, CDC28, and the human homolog of these genes
each encode a perfectly conserved 16-amino-acid sequence,
EGVPSTAIREISLLKE, which is not found in other protein
kinases. Rabbit antibodies raised against this peptide se-
quence (called PSTAIR antibody) immunoblot a 32- to
34-kDa protein present in crude extracts of S. pombe and
human cells (43) and of frog and starfish oocytes (21, 36).
Figure 4 shows an immunoblot of mammalian growth-asso-
ciated H1 kinase made with PSTAIR antibody compared
with that of a crude Xenopus MPF preparation. The MPF
preparation contains a major immunoreactive band of 34

MoL. CELL. BioL.

FIG. 5. Phosphorylation of H1 histone by immunoprecipitates of
mammalian growth-associated H1 kinase formed with antibodies to
the yeast cdc2*/CDC28 gene product. H1 histone was phosphory-
lated by immune complexes formed with PSTAIR antibody, and the
products were analyzed by electrophoresis in 12.5% sodium dodecyl
sulfate gels. Coomassie stain, left; autoradiograph, right. Lanes 1,
immunoprecipitation with antibody preadsorbed with the PSTAIR
peptide antigen. Lanes 2, untreated antibody. m, Molecular weight
markers. The radioactive bands in lane 2 are coincident with the H1
doublet visible in the Coomassie stain.

kDa, which is also present in highly purified MPF (21), and
a minor band of 32 kDa. The immunoreactive component of
the mammalian enzyme migrates with the minor 32-kDa
band in the MPF preparation. The relationship between
these two forms of the protein is not clear at present.
Further, immunoprecipitates formed by the PSTAIR anti-
body with the mammalian enzyme preparation contained H1
kinase activity (Fig. 5, lanes 2). The H1 kinase activity in the
immunoprecipitate was closely similar to growth-associated
H1 kinase, as shown by the pattern of phosphorylation
among chymotryptic peptides (compare Fig. 1A and B) as
well as among the tryptic phosphopeptides derived from the
chymotrypic fragments (Fig. 2, lanes 1, 4, 5, and 8). Thus,
mammalian growth-associated H1 kinase and cdc2*/CDC28
protein Kinase are similar with respect to immunoreactivity,
molecular size, and specificity for phosphorylation sites in
H1 histone.

Growth-associated H1 kinase as a component of MPF.
Lohka et al. (44) have purified Xenopus MPF to near
homogeneity and found that it contains a protein kinase
which copurifies with MPF activity and which utilizes H1
histone as a substrate in vitro. Gautier et al. (21) and Dunphy
et al. (19), using immunochemical and affinity-column tech-
niques, have shown that the 34-kDa component of MPF is a
homolog of the yeast cdc2*/CDC28 gene product. In addi-
tion, the H1 kinase activity of purified MPF is specifically
immunoprecipitated by antibodies to the conserved PSTAIR
peptide sequence encoded by cdc2*/CDC28 genes (21). The
finding that mammalian growth-associated H1 kinase is also
similar to yeast cdc2*/CDC28 protein kinase indicates that
MPF protein kinase and the mammalian kinase are similar
enzymes. Analysis of the sites in H1 histone phosphorylated
by MPF and by immunoprecipitates of MPF (Fig. 2, lanes 1,
2, 5, and 6; Fig. 6) confirms the similarity of these mamma-
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FIG. 6. Gel filtration of chymotryptic peptides derived from H1
histone phosphorylated by Xenopus MPF preparations. Peptides
derived from H1 phosphorylated by mammalian growth-associated
H1 kinase (A), by purified Xenopus MPF (B), and by immunopre-
cipitates of purified MPF formed with PSTAIR antibody to the yeast
cdc2*/CDC28 gene product (C) were resolved on Sephadex G-100.
The small amount of radioactivity eluting after the last peptide peak
in panel C is due to a trace of [y-*?P]JATP not removed during
isolation of H1. Other conditions are as described in the legend to
Fig. 1.

lian, amphibian, and yeast protein kinases. In addition, the
finding that the protein kinase of highly purified MPF and the
mammalian H1 kinase have similar properties makes it
highly unlikely that the immunoprecipitation of the mamma-
lian enzyme by PSTAIR antibody described above is due to
its association with some other immunoreactive protein
rather than to a direct recognition of the enzyme by the
antibody.

In Xenopus oocytes and eggs, a sharp increase in H1
kinase activity during entry into meiotic and mitotic meta-
phase has been described recently by Dabauvalle et al. (15).
By using chymotryptic phosphopeptide analysis, we have
found that all of this increase is accounted for by increased
phosphorylation of growth-associated sites in H1, indicating
that it is due to elevated MPF H1 kinase activity (not
shown).

DISCUSSION

The data presented here show that mammalian growth-
associated H1 kinase is closely related to protein kinases
encoded by cdc2*/CDC28 homologs in yeast and frog cells
with respect to specificity for phosphorylation sites in H1
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histone, molecular size, and immunoreactivity with antibod-
ies to the cdc2*/CDC28 gene product. This evidence indi-
cates that growth-associated H1 kinase is encoded by a
mammalian homolog of the cdc2*/CDC28 gene. Extensive
genetic evidence in yeasts and biochemical evidence in
Xenopus and starfish oocytes indicates that this kinase
participates in control of entry into mitosis or meiosis in
these organisms. The sharply elevated activity of the en-
zyme as cells enter mitosis suggests a similar function for
growth-associated H1 kinase in mammals. These findings
provide further evidence that this type of protein kinase
participates in a universal mechanism for control of mitotic
entry in eucaryotic cells.

Mechanism of mitotic entry. The physiological substrates
for the cdc2*/CDC28 protein kinases in yeasts, frogs, and
starfish have not been identified. However, in mammalian
cells, H1 histone is known to be a substrate in vivo for
growth-associated H1 kinase (37—41). This suggests that H1
histone may also serve as a physiological substrate for this
enzyme in other organisms and that the phosphorylation of
H1 histone may be an important component of the mecha-
nism for entry of cells into mitosis, perhaps by promoting
chromatin condensation as proposed earlier by Bradbury
and others (7, 26, 27). Against this view, the apparent
absence of H1 histone in budding yeasts (9, 13) suggests that
phosphorylation of this substrate is not essential for entry
into mitosis. However, the identification of an H1 histone or
functional H1 counterpart in organisms distant from mam-
mals is not straightforward, since the properties of the H1
histones present in unicellular eucaryotes vary considerably,
and highly active proteases in these organisms have the
potential to degrade H1 during isolation (23, 33, 49). It may
be noted that the full complement of S. cerevisiae nucleo-
some core histones was identified only after repeated at-
tempts (9, 10).

Chromosome condensation has been clearly demonstrated
during mitosis in S. pombe (48, 67) and during meiosis in S.
cerevisiae (18, 35). The existence of condensed chromo-
somes at mitosis or meiosis may require the presence in both
yeasts of a functional counterpart of H1 histone, and the
failure to observe mitotic chromosome condensation in S.
cerevisiae may be due to technical problems. Recently,
immunological evidence has been presented that S. cerevi-
siae contains H1 (62). In addition, S. Moreno, J. Hayles, and
P. Nurse (manuscript in preparation) have found that over-
expression of cdc2™ causes a marked increase in the extent
of condensation of mitotic chromosomes in S. pombe. This
finding indicates the presence in S. pombe of a chromosomal
structural protein with functional properties of an H1 histone
counterpart, whose action is modulated by the activity of
cdc2” protein kinase. Taken together, the present evidence
suggests that induction of chromosome condensation by
phosphorylation of H1 histone or an H1 histone counterpart
is an important component of the mechanism for entry of
eucaryotic cells into mitosis.

Other cdc2*/CDC28 substrates. Although phosphorylation
of H1 histone by growth-associated H1 kinase clearly occurs
during mitotic entry in mammalian cells, it seems likely that
additional substrates which are important for entry into
mitosis also exist. It is of interest that DN A topoisomerase 11
from fission yeasts, which has been implicated in chromo-
some condensation (68), contains a sequence matching the
consensus sequence Lys-Ser/Thr-Pro-Lys (39, 42) for mam-
malian growth-associated H1 kinase phosphorylation sites
(68) and therefore appears to be a potential substrate for
cdc2”/CDC28 protein kinases. In vitro, cdc2*/CDC28 pro-
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tein kinases catalyze phosphorylation of proteins of 40 kDa,
45 kDa, and 62 kDa with which they are found associated in
yeast, Xenopus, and mammalian cells, respectively (11, 16,
44, 50), and it seems probable that these proteins are also
substrates in vivo. In the case of clam oocyte cdc2*/CDC28,
the kinase is complexed with two proteins of approximately
58 and 56 kDa which have been identified as cyclins A and B
(17, 69), proteins which can drive oocytes into mitosis and
which are degraded upon exit from mitosis (63, 64). Cyclin B
also contains a sequence closely matching the consensus
sequences for growth-associated H1 kinase phosphorylation
sites and is phosphorylated by clam cdc2*/CDC28 kinase in
vitro (69). Recently, evidence has been obtained that the
45-kDa component of Xenopus MPF and a 60-kDa compo-
nent present in rat growth-associated H1 kinase preparations
are related to cyclin. (The 45-kDA component of Xenopus
MPF is immunoprecipitated by antibodies raised against frog
cyclin expressed in Escherichia coli [J. Gautier, J. Minshull,
M. Lohka, T. Hunt, and J. Maller, manuscript in prepara-
tion], and a 60-kDa component present in rat growth-asso-
ciated H1 kinase preparations cross-reacts on Western blots
[immunoblot] with antibodies to sea urchin cyclin A [J.
Gautier, T. A. Langan, T. Hunt, and J. Maller, unpublished
observations].) The function of these associated proteins is
not established but it seems likely that they participate in
activation or inactivation of cdc2*/CDC28 protein kinase as
cells enter and exit metaphase.

Increased phosphorylation of a number of other proteins,
such as nuclear lamins and vimentin (20, 53) and H3 histone
(27), occurs in association with mitosis, but these are not
substrates for cdc2*/CDC28 protein kinases (44; Chambers
and Langan, unpublished observations). The phosphoryla-
tion and activation of additional protein kinases by cdc2*/
CDC28 or the existence of a common mechanism for acti-
vation of cdc2*/CDC28 together with other protein kinases
could explain the phosphorylation of these multiple sub-
strates at mitosis. The mammalian kinase also phosphory-
lates other histones of the H1 class, such as HS, H1°, and the
testes-specific H1t (Chambers and Langan, unpublished
observations). These histones are also phosphorylated in
vivo in growing cells, presumably by the same enzyme. A
murine microsomal H1 kinase, which may be a cytoplasmic
form of the enzyme, also phosphorylates H5 and H1° (57).

cdc2*/CDC28 and cell cycle control. In S. cerevisiae,
CDC28 has been studied primarily in connection with its
requirement at the start point in the yeast cell cycle, which
commits cells to a round of division (56, 58). Because of the
unusual timing of events in the S. cerevisiae cell cycle, the
start point is in close temporal proximity to mitotic entry,
such that the phenotype observed on transfer to a restrictive
temperature is almost exclusively an arrest of cells at the
start point. Piggot et al., (54) have shown that in S. cerevi-
siae synchronized to increase the proportion of cells be-
tween the start point and mitotic entry, transfer of cdc28
mutant strains to a restrictive temperature results in the
arrest of a substantial proportion of cells at entry into
mitosis, demonstrating that the CDC28 gene product is
required at the same points in the cell cycle in both S.
cerevisiae and S. pombe. Further, when transferred into S.
pombe, the CDC28 gene functions in the same manner as
cdc2* in controlling entry into mitosis (4). The fact that
CDC28 protein kinase activity is elevated at mitosis in S.
cerevisiae (Table 1) is also in keeping with a role for the
CDC28 product at mitosis.

Although recent work has emphasized the role of cdc2*/
CDC28 protein kinases in a highly conserved mechanism for
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mitotic entry, the major points for control of cell cycle
progression in mammalian somatic cells are located in G1
(55, 73), where cdc2*/CDC28 genes also regulate progres-
sion through the fission and budding yeast cell cycles.
Similarly, it is in late G1 that mammalian growth-associated
H1 kinase first becomes active in cells released from arrest
due to nutrient deprivation (25, 27). Therefore, it will be
important to establish whether growth-associated H1 kinase
also plays a role in regulating the transition of mammalian
cells through G1 after stimulation from quiescence.

ACKNOWLEDGMENTS

We thank Kathy Fassler for secretarial assistance and Alice
Alexander for technical help.

This work was supported by Public Health Service grants from
the National Institutes of Health to T.A.L., J.L.M., and R.A.S. and
by the Imperial Cancer Research Fund fund to P.N. J.G. is on leave
from CNRS unit 675, Toulouse, France.

LITERATURE CITED

1. Allan, J., P. G. Hartman, C. Crane-Robinson, and F. X. Aviles.
1980. The structure of histone H1 and its location in chromatin.
Nature (London) 288:675-679.

2. Arion, D., L. Meijer, L. Brizuela, and D. Beach. 1988. cdc2 is a
component of the M phase-specific histone H1 kinase: evidence
for identity with MPF. Cell 55:371-378.

3. Beach, D. H., B. Durkacz, and P. M. Nurse. 1982. Functionally
homologous cell cycle control genes in budding and fission
yeast. Nature (London) 300:706-709.

4. Booher, R., and D. Beach. 1986. Site-specific mutagenesis of
cdc2*, a cell cycle control gene of the fission yeast Schizosac-
charomyces pombe. Mol. Cell. Biol: 6:3523-3530.

S. Bradbury, E. M., R. J. Inglis, and H. R. Matthews. 1974.
Control of cell division by very lysine rich histone (f1) phos-
phorylation. Nature (London) 247:257-261.

6. Bradbury, E. M., R. J. Inglis, H. R. Matthews, and T. A.
Langan. 1974. Molecular basis of control of mitotic cell division
in eucaryotes. Nature (London) 249:553-556.

7. Bradbury, E. M., R. J. Inglis, H. R. Matthews, and N. Sarner.
1973. Phosphorylation of very-lysine-rich histone in Physarum
polycephalum. Eur. J. Biochem. 33:131-139.

8. Bradford, M. M. 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72:248-254.

9. Brandt, W. F., K. Patterson, and C. von Holt. 1980. The histones
of yeast: the isolation and partial structure of the core histones.
Eur. J. Biochem. 110:67-76.

10. Brandt, W. F., and C. von Holt. 1976. The occurrence of histone
H3 and H4 in yeast. FEBS Lett. 65:386-390.

11. Brizuela, L., G. Draetta, and D. Beach. 1987. p13““! acts in the
fission yeast cell division cycle as a component of the p34°d<?
protein kinase. EMBO J. 6:3507-3514.

12. Bustin, M., and R. D. Cole. 1970. Regions of high and low
cationic charge in a lysine-rich histone. J. Biol. Chem. 245:
1458-1466.

13. Certa, U., M. Colavito-Shepanski, and M. Grunstein. 1984.
Yeast may not contain histone H1: the only known ‘‘histone
H1-like’’ protein in Saccharomyces cerevisiae is a mitochon-
drial protein. Nucleic Acids Res. 12:7975-7985.

14. Chambers, T. C., T. A. Langan, H. R. Matthews, and E. M.
Bradbury. 1983. H1 histone kinases from nuclei of Physarum
polycephalum. Biochemistry 22:30-37.

15. Dabauvalle, M. C., M. Doree, R. Bravo, and E. Karsenti. 1988.
Role of nuclear material in the early cell cycle Xenopus em-
bryos. Cell 52:525-533.

16. Draetta, G., and D. Beach. 1988. Activation of cdc2 protein
kinase during mitosis in human cells: cell cycle-dependent
phosphorylation and subunit rearrangement. Cell 54:17-26.

17. Draetta, G., F. Luca, J. Westendorf, L. Brizuela, J. Ruderman,
and D. Beach. 1989. cdc2 protein kinase is complexed with both
cyclin A and B: evidence for proteolytic inactivation of MPF.



VoL. 9, 1989

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

Cell 56:829-838.

Dresser, M. E., and C. N. Giroux. 1988. Meiotic chromosome
behavior in spread preparations of yeast. J. Cell Biol. 106:
567-573.

Dunphy, W. G., L. Brizuela, D. Beach, and J. Newport. 1988.
The Xenopus homolog of cdc2 is a component of MPF, a
cytoplasmic regulator of mitosis. Cell 54:423-431.

Evans, R. M., and L. M. Fink. 1982. An alteration in the
phosphorylation of vimentin-type intermediate filaments is as-
sociated with mitosis in cultured mammalian cells. Cell 29:
43-52.

Gautier, J., C. Norbury, M. Lohka, P. Nurse, and J. Maller.
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.

Glass, D. B., R. A. Masaracchia, J. R. Feramisco, and B. E.
Kemp. 1978. Isolation of phosphorylated peptides and proteins
on ion exchange papers. Anal. Biochem. 87:566-575.

Goff, C. G. 1976. Histones of Neurospora crassa. J. Biol.
Chem. 251:4131-4138.

Gurley, L. R., J. D’Anna, S. Barham, L. Deaven, and R. Tobey.
1978. Histone phosphorylation and chromatin structure during
mitosis in Chinese hamster cells. Eur. J. Biochem. 84:1-15.
Gurley, L. R., R. A. Walters, and R. Tobey. 1975. Sequential
phosphorylation of histone subfractions in the Chinese hamster
cell line. J. Biol. Chem. 250:3936-3944.

Gurley, L. R., R. A. Walters, and R. A. Tobey. 1973. The
metabolism of histone fractions. Arch. Biochem. Biophys.
154:212-218.

Gurley, L. R., R. A. Walters, and R. A. Tobey. 1974. Cell
cycle-specific changes in histone phosphorylation associated
with cell proliferation and chromosome condensation. J. Cell
Biol. 60:356-364.

Hartwell, L. H. 1967. Macromolecule synthesis in temperature-
sensitive mutants of yeast. J. Bacteriol. 93:1662-1670.
Hartwell, L. H. 1973. Three additional genes required for
deoxyribonucleic acid synthesis in Saccharomyces cerevisiae.
J. Bacteriol. 115:966-974.

Hartwell, L. H., R. K. Mortimer, J. Culotti, and M. Culotti.
1973. Genetic control of the cell division cycle in yeast: genetic
analysis of cdc mutants. Genetics 74:267-286.

Ide, G. J., and C. A. Saunders. 1981. Rapid isolation of yeast
nuclei. Curr. Genet. 4:85-90.

Inglis, R. J., T. A. Langan, H. R. Matthews, D. G. Hardie, and
E. M. Bradbury. 1976. Advance of mitosis by histone phos-
phokinase. Exp. Cell Res. 97:418-425.

Johmann, C. A., and M. A. Gorovsky. 1976. Purification and
characterization of the histones associated with the macronu-
cleus of Tetrahymena. Biochemistry 15:1249-1256.

Johns, E. W. 1964. Preparative methods for histone fractions
from calf thymus. Biochem. J. 92:55-59.

Kuroiwa, T., H. Kojima, I. Miyakawa, and N. Sando. 1984.
Meiotic karyotype of the yeast Saccharomyces cerevisiae. Exp.
Cell Res. 153:259-265.

Labbe, J. C., M. G. Lee, P. Nurse, A. Picard, and M. Doree.
1988. Activation at M-phase of a protein kinase encoded by a
starfish homologue of the cell cycle control gene cdc2*. Nature
(London) 335:251-254.

Lake, R. S. 1973. Further characterization of the F1l-histone
phosphokinase of metaphase-arrested animal cells. J. Cell Biol.
58:317-331.

Lake, R. S., and N. P. Salzman. 1972. Occurrence and proper-
ties of a chromatin-associated F1-histone phosphokinase in
mitotic Chinese hamster cells. Biochemistry 11:4817-4825.
Langan, T. A. 1978. Methods for the assessment of site-specific
histone phosphorylation. Methods Cell Biol. 19:127-142.
Langan, T. A. 1982. Characterization of highly phosphorylated
subcomponents of rat thymus H1 histone. J. Biol. Chem.
257:14835-14846.

Langan, T. A., C. Zeilig, and B. Leichtling. 1981. Characteriza-
tion of multiple-site phosphorylation of H1 histone in prolifer-
ating cells. Cold Spring Harbor Conf. Cell Proliferation 8:
1039-1052.

GROWTH-ASSOCIATED KINASE AND c¢dc2*/CDC28

42

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

61.

62.

63.

3867

. Langan, T. A., C. E. Zeilig, and B. Leichtling. 1980. Analysis of
multiple site phosphorylation of H1 histone, p. 70-82. In G.
Thomas, E. J. Podesta, and J. Gordon (ed.), Protein phosphor-
ylation and bio-regulation. S. Karger, Basel.

Lee, M. G., and P. Nurse. 1987. Complementation used to clone
a human homolog of the fission yeast cell cycle control gene
cdc2*. Nature (London) 327:31-35.

. Lohka, M. J., M. K. Hayes, and J. L. Maller. 1988. Purification
of maturation-promoting factor, an intracellular regulator of
early mitotic events. Proc. Natl. Acad. Sci. USA 85:3009-3013.
Marks, D. B., W. K. Paik, and T. W. Borun. 1973. The
relationship of histone phosphorylation to deoxyribonucleic
acid replication and mitosis during the HeLa S3 cell cycle. J.
Biol. Chem. 248:5660-5667.

Masaracchia, R. A., J. L. Maller, and D. A. Walsh. 1979.
Histone 1 phosphotransferase activities during the maturation of
oocytes of Xenopus laevis. Arch. Biochem. Biophys. 194:1-12.
Matthews, H. E., and V. D. Huebner. 1985. Nuclear protein
kinases. Mol. Cell. Biochem. 59:81-89.

McClully, E., and C. Robinow. 1971. Mitosis in the fission yeast
Schizosaccharomyces pombe: a comparative study with light
and electron microscopy. J. Cell Sci. 9:475-507.

Mende, L. M., J. H. Waterborg, R. D. Mueller, and H. R.
Matthews. 1983. Isolation, identification, and characterization
of histones from plasmodia of the true slime mold Physarum
polycephalum using extraction with guanidine hydrochloride.
Biochemistry 22:38-51.

Mendenhall, M. D., C. A. Jones, and S. 1. Reed. 1987. Dual
regulation of the yeast CDC28-p40 protein kinase complex: cell
cycle, pheromone, and nutrient limitation effects. Cell 50:
927-935.

Nurse, P. 1985. Cell cycle control genes in yeast. Trends Genet.
1:51-55.

Nurse, P., P. Thuriaux, and K. Nasmyth. 1976. Genetic control
of the cell division cycle in the fission yeast Schizosaccharomy-
ces pombe. Mol. Gen. Genet. 146:167-178.

Ottaviano, Y., and L. Gerace. 1985. Phosphorylation of the
nuclear lamins during interphase and mitosis. J. Biol. Chem.
260:624-632.

Piggott, J. A., R. Rai, and B. L. A. Carter. 1982. A bifunctional
gene product involved in two phases of the cell cycle. Nature
(London) 298:391-394.

Pledger, W. J., C. D. Stiles, H. N. Antoniades, and C. D. Scher.
1978. An ordered sequence of events is required before BALB/
c-3T3 cells become committed to DNA synthesis. Proc. Natl.
Acad. Sci. USA 75:2839-2843.

Pringle, J. R., and L. H. Hartwell. 1981. The Saccharomyces
cerevisiae cell cycle, p. 97-142. In J. N. Strathern, E. W. Jones,
and J. R Broach (ed.), The molecular biology of the yeast
Saccharomyces: life cycle and inheritance. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Quirin-Stricker, C. 1984. Histone H1 kinase from mouse plas-
macytoma. Further characterization and molecular structure.
Eur. J. Biochem. 142:317-322.

Reed, S. 1. 1980. The selection of S. cerevisiae mutants defec-
tive in the START event of cell division. Genetics 95:561-577.
Reed, S. I., J. A. Hadwiger, and A. T. Lorincz. 1985. Protein
kinase activity associated with the product of the yeast cell
division cycle gene CDC28. Proc. Natl. Acad. Sci. USA 82:
4055-4059.

. Sclafani, R. A., and W. L. Fangman. 1984. Yeast gene CDC8
encodes thymidylate kinase and is complemented by herpes
thymidine kinase gene TK. Proc. Natl. Acad. Sci. USA 81:
5821-5825.

Simanis, V., and P. Nurse. 1986. The cell cycle control gene
cdc2™ of fission yeast encodes a protein kinase potentially
regulated by phosphorylation. Cell 45:261-268.

Srebreva, L., J. Zlatanova, G. Miloshev, and R. Tsanev. 1987.
Immunological evidence for the existence of H1-like histone in
yeast. Eur. J. Biochem. 165:449-454.

Standart, N., J. Minshull, J. Pines, and T. Hunt. 1987. Cyclin
synthesis, modification and destruction during meiotic matura-
tion of the starfish oocyte. Dev. Biol. 124:248-258.



3868

64.

65.

67.

68.

LANGAN ET AL.

Swenson, K. I., K. M. Farrell, and J. V. Ruderman. 1986. The
clam embryo protein cyclin A induces entry into M phase and
the resumption of meiosis in Xenopus oocytes. Cell 47:861-870.
Thomas, J. H., N. F. Neff, and D. Botstein. 1985. Isolation and
characterization of mutations in the B-tubulin gene of Saccha-
romyces cerevisiae. Genetics 112:715-734.

. Thomas, J. O., and V. Furber. 1976. Yeast chromatin structure.

FEBS Lett. 66:274-280.

Toda, T., M. Yamamoto, and M. Yanagida. 1981. Sequential
alterations in the nuclear chromatin region during mitosis of the
fission yeast Schizosaccharomyces pombe: video fluorescence
microscopy of synchronously growing wild-type and cold-sen-
sitive cdc mutants by using a DNA-binding fluorescent probe. J.
Cell Sci. 52:271-287.

Uemura, T., K. Morikawa, and M. Yanagida. 1986. The nucle-
otide sequence of the fission yeast DNA topoisomerase II gene:

69.
70.

71.

72.

73.

MoL. CELL. BioL.

structural and functional relationships to other DNA topoi-
somerases. EMBO J. 5:2355-2361.

Westendorf, J. M., K. 1. Swenson, and J. V. Ruderman. 1989.
The role of cyclin B in meiosis I. J. Cell Biol. 108:1431-1434.
Wittenberg, C., and S. 1. Reed. 1988. Control of the yeast cell
cycle is associated with assembly/disassembly of the Cdc28
protein kinase complex. Cell 54:1061-1072.

Woodford, T. A., and A. B. Pardee. 1986. Histone H1 kinase in
exponential and synchronous populations of Chinese hamster
fibroblast. J. Biol. Chem. 261:4669-4676.

Zeilig, C. E., and T. A. Langan. 1980. Studies on the mechanism
of activation of mitotic histone H1 kinase. Biochem. Biophys.
Res. Commun. 95:1372-1379.

Zetterberg, A., and O. Larsson. 1985. Kinetic analysis of regu-
latory events in G, leading to proliferation or quiescence of
Swiss 3T3 cells. Proc. Natl. Acad. Sci. USA 82:5365-5369.



