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Summary

To ascertain the activity and substrate specificity of nuclear protein kinases
during various stages of the cell cycle of HeLa S; cells, a nuclear phospho-
protein-enriched sample was extracted from synchronised cells and assayed in
vitro in the presence of homologous substrates. The nuclear protein kinases
increased in activity during S and G, phase to a level that was twice that of
kinases from early S phase cells. The activity was reduced during mitosis but
increased again in G, phase. When the phosphoproteins were separated into five
fractions by cellulose-phosphate chromatography each fraction, though not
homogenous, exhibited differences in activity. Variations in the activity of the
protein kinase fractions were observed during the cell cycle, similar to those
observed for the unfractionated kinases.

Sodium dodecyl sulfate polyacrylamide gel electrophoretic analysis of the
proteins phosphorylated by each of the five kinase fractions demonstrated a
substrate specificity. The fractions also exhibited some cell cycle stage-specific
preference for substrates; kinases from G, cells phosphorylated mainly high
molecular weight polypeptides, whereas lower molecular weight species were
phosphorylated by kinases from the S, G, and mitotic stages of the cell cycle.
Inhibition of DNA and histone synthesis by cytosine arabinoside had no effect
on the activity or substrate specificity of S phase kinases. Some kinase fractions
phosphorylated histones as well as non-histone chromosomal proteins and this
phosphorylation was also cell cycle stage dependent. The presence of histones

* Pregent address: Department of Biochemistry, University College London, London WC1E 6BT, U.K.
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in the in vitro assay influenced the ability of some fractions to phosphorylate
particular non-histone polypeptides; non-histone proteins also appeared to
affect the in vitro phosphorylation of histones.

Introduction

There is extensive experimental evidence that suggests a role for components
of the non-histone chromosomal proteins in the regulation of eukaryotic gene
expression [1—10]. Many of the non-histone chromosomal proteins are phos-
phoproteins and modifications in their phosphate metabolism have been associ-
ated with changes in gene expression in a number of biological systems [9—13].
These modifications involve changes in the total amount of phosphorylation of
the protein fraction, and alterations in the phosphorylation of specific proteins.

The composition and metabolism of non-histone chromosomal proteins has
been studied during the eukaryotic cell cycle. At the level of resolution
provided by one-dimensional gel electrophoresis the complement of non-
histone chromosomal proteins does not vary [14—16]. However, cell cycle
stage-specific variations have been observed in the rates of synthesis, turnover
and phosphorylation as well as in the accumulation of these proteins into
chromatin [14,16—19], suggesting possible structural and/or regulatory roles
for chromosomal protein phosphorylation.

The phosphorylation and dephosphorylation of non-histone chromosomal
proteins are catalysed by nuclear protein kinases and phosphatases, respectively
[11]. Several fractions containing nuclear protein kinase activity, both cyclic
nucleotide dependent and independent, have been isolated from the nuclear
phosphoproteins of various eukaryotic tissues and cell lines [20—24]. Recently
nuclear protein kinases have been further purified from these nuclear phos-
phoprotein fractions by the use of casein affinity chromatography [25].

The potential importance of non-histone protein phosphorylation in the con-
trol of chromatin structure and function, and the considerable heterogeneity of
the kinases that phosphorylate these proteins make it evident that these
enzymes must come into consideration in any scheme that attempts to describe
chromatin structure and function. Predicated on such a structural and/or
regulatory role for these enzymes, one might expect to observe variations in the
activities and/or substrate specificities of nuclear protein kinases associated
with modifications in biological functions. Consistent with such reasoning,
nuclear protein kinases have been shown to be influenced by hormones [26].
Additionally, variations in the activities of nuclear protein kinases as a total
class have been observed during the G, and S phases of the cell cycle in CHO
cells using heterologous substrates, histone and casein, for assessment of
enzyme activity [23].

In this study we examined protein kinases in five nuclear phosphoprotein
fractions during the cell cycle of synchronised, continuously dividing HeLa S,
cells. Levels of enzyme activity and substrate specificities were assayed using
homologous histones and non-histone chromosomal proteins. Our results
suggest cell cycle stage-specific variations in the activities and substrate specifi-
cities of the nuclear protein kinase fractions.
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Materials and Methods

Cell culture and cell synchronisation. Exponentially growing (log phase)
HeL.a S; cells were maintained in suspension culture in Joklik-modified Eagle’s
minimal essential medium supplemented with 7% calf serum. S phase cells were
obtained by synchronisation with two cycles of 2 mM thymidine block, and G,
cells were obtained 2 h after selective detachment of mitotic cells from semi-
confluent monolayers [17].

Preparation of unfractionated nuclear protein kinases. Cells were harvested
by centrifugation at 600 X g for 5 min at 37°C. All subsequent steps were
carried out at 4°C. The cell pellet was washed three times in Earle’s balanced
salt solution and nuclei were isolated [27]. Examination of nuclei by light
microscopy indicated an absence of significant amounts of cytoplasmic
material. Nuclear pellets were homogenised in 0.14 M NaCl (7 ml/10 ml of cell
homogenate) and centrifuged at 7000 X g for 15 min. At this stage nuclei could
be stored overnight as a frozen pellet. Nuclear protein kinases were extracted
by resuspending nuclei in 1 M NaCl, then reducing the salt concentration to
0.4 M as described previously [24].

Fractionation of nuclear protein kinase activity [24]. Histones were removed
from the unfractionated nuclear protein kinase sample by batch treatment with
BioRex 70. A phosphoprotein-enriched fraction was then extracted by binding
to calcium phosphate gel. 3 mg of the phosphoprotein fraction were applied to
a phosphocellulose column (0.9 X 5 cm Whatman) that had been previously
equilibrated with 0.1 M NaCl/0.05 M Tris-HC! (pH 7.5). The column was then
eluted at 20 ml/h with a stepwise gradient of 10 ml each of 0.1, 0.3, 0.5, 0.7
and 0.9 M Na(l (all containing 0.05 M Tris-HCl, pH 7.5). The eluant was col-
lected in 1 ml fractions. The A,z, of each fraction was measured and the frac-
tions constituting each protein peak were combined and dialysed overnight
against 0.05 M Tris-HCI (pH 7.5).

Assessment of protein kinase activity. Protein kinase activity was assayed in
a reaction mixture (0.5 ml) that contained final concentrations of 0.05 M Tris-
HC! (pH 8.0)/20 mM MgCl,/12 uM [y->*P]ATP (0.5 Ci/mmol made according
to Glynn and Chappell [28]). From 2 to 20 ug of kinase sample were assayed.
Protein concentrations were determined by the ultraviolet absorbance method
of Layne [29]. When kinase fractions were assayed, 100 ug of unfractionated
chromosomal phosphoprotein (that had been incubated at 65°C for 10 min to
inactivate endogenous kinase activity) were added as substrate. Histone kinase
activity was assayed by including in the reaction mixture 60 ug of heat-treated
histones as substrate. The reaction mixture was incubated at 37°C for 10 min.
The reaction was stopped by addition of 2 ml of ice-cold 10% trichloroacetic
acid/2% sodium pyrophosphate. Bovine serum albumin (4 mg) was added as
carrier and the samples were vortexed and centrifuged at 900 X g for 5 min.
Pellets were washed three times by vortexing in 10 ml of 5% trichloroacetic
acid/1% sodium pyrophosphate. The final pellet was solubilised in 0.5 m] NCS
Tissue Solubiliser (Amersham). 3 ml of dioxane/toluene scintillation fluid
(150 ml Liquifluor/1 1 toluene/1 1 ethanol/1 1 dioxane/240 g naphthalene) were
added and the incorporation of 2P into proteins was measured by liquid
scintillation spectrometry.
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Polyacrylamide gel electrophoretic analysis. When samples were to be
analysed by SDS-polyacrylamide gel electrophoresis, phosphorylation was
carried out as described above except that [y->?P]ATP with specific activity of
2 Ci/mmol was used and the reaction was stopped by the addition of urea to a
final concentration of 4 M. Samples were dialysed against 0.2% SDS/0.01 M
sodium phosphate (pH 7.4)/0.14 M 2-mercaptoethanol (150 vols.), concen-
trated by dialysis against the same buffer containing 30% glycerol and electro-
phoresed [30]. When samples were to be analysed by acetic acid/urea gel elec-
trophoresis, the reaction was stopped by the addition of H,SO, to a final con-
centration of 0.4 N. Bovine serum albumin (1 mg) was added as carrier and the
samples were left at 0°C for 15 min, and then centrifuged at 2500 X g for
5 min. 2 vols. of cold (—20°C) ethanol were added to the supernatant and
histones were allowed to precipitate overnight at —20°C. The precipitates were
pelleted by centrifugation at 6000 X g for 30 min at 4°C. Pellets were dried
under N,, dissolved in 0.9 M acetic acid and electrophoresed [31].

SDS gels were stained with Coomassie brilliant blue and acetic acid/urea gels
with amido black. Gels were scanned at 590 nm using a Beckman spectrophoto-
meter with a gel-scanning attachment, then were frozen on a block of solid
CO, and sectioned transversely into 1 mm slices. Each slice was placed in a 5 ml
scintillation vial, dried for 2 h at 80°C, and then dissolved in 200 ul of 30%
H,0, at 80°C for 1.5 h. After cooling to room temperature 3 ml of Triton/
toluene scintillation fluid (168 ml Liquifluor/1333 ml Triton X-100/250 ml
toluene) were added to each vial and radioactivity was assayed in a Beckman
liquid scintillation spectrometer.

Results

Activity of unfractionated nuclear protein kinases throughout the cell cycle
Initially the level of total unfractionated nuclear protein kinase activity was
studied throughout the cell cycle in HeLa S; cells. The cells were synchronised
at the G,/S phase boundary by the double thymidine block technique, and at
various stages of S, G, and mitosis a phosphoprotein-enriched nuclear protein
fraction that contained kinase activity was extracted and assayed as described
in Materials and Methods. Because of the difficulty in obtaining a synchronous
population of G; phase cells by the thymidine block technique, they were
obtained following selective mitotic detachment. As the cells progressed
through S phase after release from the thymidine block the nuclear protein
kinase activity increased by 105% from the G,/S boundary to G, (Fig. 1).
During this period the protein content of the 0.4 M NaCl nuclear fraction
increased by only 22% (not shown). Thus, the increase in kinase activity was
not merely a response to an increased level of substrate. By mitosis (9 h after
release from thymidine block), the activity had decreased almost to the level at
the G,/S phase boundary. The level of nuclear protein kinase activity of cells
harvested 2 h after mitotic detachment (G,) was similar to that of G, phase
cells. When cells synchronised by selective mitotic detachment were allowed to
traverse G, and S phase, an increase in kinase activity similar to that observed
when cells were synchronised by double thymidine block was seen during late
S phase (Fig. 1). This result suggests that the increase in kinase activity during
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Fig. 1. Nuclear protein kinase activity throughout the cell cycle of HeLa Sj cells. (a) Monitoring cell cyle
stages. Incorporation of [2-14C]thymidine into DNA at various times after selective detachment of
mitotic cells (0), and after release from a double 2 mM thymidine block (®); 106 cells were labelled for
30 min with 0.2 uCi of [2-19C]lthymidine, and the amount of radioactivity incorporated into cold 20%
trichloroacetic acid-precipitable material was determined. Percentage of cells in DNA synthesis (X) or
having a mitotic index (O) at various times after release of cells from two cycles of 2 mM thymidine block.
Cells were labelled with 5 uCi of [3H]thymidine/ml for 15 min, and the percentage of cells in DNA syn-
thesis was determined autoradiographically. The mitotic index was determined from the autoradiographic
preparations. (b) Nuclear protein kinase activity was extracted and assayed, as described in Materials and
Methods, from cells at various times after selective mitotic detachment (), or release from two cycles of
2 mM thymidine block (®). O, 2 h after release from thymidine block, cytosine arabinoside (40 ug/ml) was
added to cells and nuclear protein kinase activity was assayed at various times.

S and G, phase was due to the passage of cells through the cell cycle and was
not merely an artifact resulting from thymidine synchronisation. Thus, nuclear
protein kinase activity varied during the cell cycle with peaks in G; and G; and
decreased activity during early S and mitosis.

The relationship between nuclear protein kinase activity and DNA replica-
tion was examined by comparing the kinase activity of normal S phase cells
with that of S phase cells that had been treated with cytosine arabinoside
(40 pg/ml). This drug concentration inhibits DNA and histone synthesis by 98
and 99%, respectively [32]. As shown in Fig. 1, inhibition of DNA and histone
synthesis by cytosine arabinoside did not significantly influence the enhanced
level of nuclear protein kinase activity observed during late S and G, phases. It
therefore appears that this increase in nuclear protein kinase activity is not
dependent on concomitant DNA or histone synthesis.
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Fig. 2. Phosphocellulose chromatography of the phosphoprotein-enriched fraction of chromosomal
proteins from log phase HeLa cells. The chromosomal phosphoprotein fraction was prepared as described
in Materials and Methods and dialysed overnight against 0.05 M Tris-HCl (pH 7.5), 0.1 M NaCl. The
dialysed solution was applied to a phosphocelulose column (0.9 X 5 cm) that had been pre-equilibrated
with 0.1 M NaCl, 0.05 M Tris-HC1 (pH 7.5). Protein was eluted with a step-wise gradient of 10 ml each of
0.1, 0.3, 0.5, 0.7 and 0.9 M NaCl. Fractions of approximately 1 ml were collected. Fractions under each
protein peak were pooled, dialysed overnight against 0.05 M Tris-HC] (pH 7.5) and assayed for protein
content and kinase activity.

Fractionated nuclear protein kinase activities during the cell cycle

To examine in more detail the cell cycle variations of the kinases, and in
particular the relationship between kinase activity and DN A synthesis, we frac-
tionated the chromosomal phosphoproteins by phosphocellulose chromatog-
raphy into five groups (Fig. 2) as described in Materials and Methods. Peaks
I—V represented 2, 6, 29, 27 and 36%, respectively, of the recovered kinase
activity and the activities (in pmol phosphate incorporated - mg-! - min-!) of
these fractions were 47, 81, 276, 707 and 3000, respectively. These five groups
of proteins are henceforth referred to as ‘kinase fractions’ I--V.,

Comparison of fractionated nuclear protein kinase activities during the cell
cycle. The activities of the nuclear protein kinase fractions were examined at
various stages of the cell cycle to determine whether all fractions would reflect
the variation in the activity of the unfractionated kinases (Fig. 1). On the basis
of results obtained from studies of unfractionated kinases (Fig. 1), four
representative cell cycle time points were selected for more detailed examina-
tion. These were a point in G, (2 h after selective mitotic detachment); a point
in early S phase (2 h after release from thymidine block) corresponding to the
low level of kinase activity during this stage of the cell cycle; the 8/G, bound-
ary (6 h after release from thymidine block) corresponding to a point near the
peak of kinase activity in G,; and mitosis (9 h after release from thymidine
block), corresponding to a low level of kinase activity. Cells were harvested at
these points of the cell cycle and nuclear proteins were separated into the five
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Fig. 3. Cell cycle variation in the kinase activities (pmol phosphate incorporated - min~1) of the five frac-
tions obtained by phosphocellulose chromatography. Cells were harvested 2 h after selective mitotic
detachment, and 2, 6 and 9 h after release from thymidine block. The chromosomal phosphoprotein frac-
tion was isolated from each batch of cells and separated into five fractions by prhosphoceliulose chroma-
tography as described in Materials and Methods. Each fraction was assayed for kinase activity. (a) ®, sum
of the activities of all five fractions. (b) A, kinase activity of fraction I; &, kinase activity of fraction II;
0, kinase activity of fraction III; O, kinase activity of fraction IV @, kinase activity of fraction V.

kinase fractions as described in Materials and Methods.

Because each protein kinase fraction may have contained some non-kinase
proteins in addition to several kinases, the activity (expressed in enzyme units/
mg protein) could have changed in response to a cell cycle stage-specific varia-
tion in the amount of a co-fractionating non-kinase protein. In order to over-
come this difficulty, the activities of the kinase fractions were expressed in
units of enzyme activity recovered per fraction (Fig. 3). The cell cycle profile
of enzyme activity units differed for each nuclear profein kinase fraction
(Fig. 3). However, all fractions (except IV) increased their activity during the
transition from early S phase to the S/G, boundary. This increase ranged from
50% for fractionI to 360% for fraction II. Fractions I-—III had their highest
activity at the S/G, boundary, whereas the activity of fraction V was highest
during G, (42% more than its activity at the S/G, boundary). The proportion
of the total nuclear protein kinase activity represented by a particular kinase
fraction varied during the cell cycle. For example, during G,, fraction V
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TABLE I

EFFECT OF INHIBITION OF DNA AND HISTONE SYNTHESIS ON NUCLEAR PROTEIN KINASE
FRACTIONS FROM S PHASE HeLa S3 CELLS

Cells were synchronised by a double thymidine block. Cytosine arabinoside (40 ug/ml) was added to the
cells 2 h after release from the block (treated cells). Control cells were not treated with cytosine arabi-
noside. Mid S phase and late S phase cells were harvested 3.5 and 6 h, respectively, after release from the
block. Nuclear protein kinase fractions were prepared and assayed as described in Materials and Methods.

Nuclear protein kinase fraction Nuclear protein kinase activity
(pmol of phosphate incorporated - mg=! - min~1)

Mid S phase Late S phase

Control Treated Control Treated
I 4 5 47 52
I 10 11 81 90
1 25 37 276 208
v 1015 1309 707 781
v - — 2954 3549

accounted for over 60% of all the kinase activity, whereas in mitosis it repre-
sented less than 10% of the total activity. The activities of all the kinase frac-
tions decreased from the S/G, boundary to mitosis, and this corresponds to
results obtained using unfractionated kinases (Fig. 1).

Effects of cytosine arabinoside on fractionated kinase activities during
S phase. As shown in Fig. 1, cytosine arabinoside treatment of S phase cells had
no significant effect on unfractionated nuclear protein kinase activity. How-
ever, the treatment may have preferentially affected some of the kinases con-
tained in the heterogeneous sample. The activities of the five kinase fractions
isolated from cytosine arabinoside-treated and untreated cells were therefore
compared (Table I). Cytosine arabinoside (40 ug/ml) was added to S phase cells
2 h after thymidine synchronisation and cells were harvested either 3.5 h (mid
S phase) or 6 h (late S phase) after release from the thymidine block. These
times corresponded to points at which the kinase activity had started to
increase, and at which it had almost reached maximum activity, respectively
(Fig. 1). Similar to the findings for the unfractionated kinases, the activities of
the kinase fractions were not significantly affected by the inhibition of DNA
and histone synthesis.

The effect of histones on the activity of nuclear protein kinase fractions at
various stages of the cell cycle. To determine whether any of of the protein
fractions contained histone as well as non-histone protein kinases, they were
assayed using a mixture of histones and non-histones as substrates. The
presence of histones in the assay had different effects on the overall activity of
each kinase fraction and these effects varied during the cell cycle (Table II). In
G; phase, the activity of all the kinase fractions decreased in the presence of
histones. During S phase, histones increased the activity of fraction V while
decreasing the activity of fraction II. In mitosis, all the fractions (particularly I,
IT and V) increased their activity in the presence of histone.

A histone-mediated increase in the activity of a protein kinase fraction could
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TABLE i

EFFECT OF HISTONES ON THE ACTIVITY OF NUCLEAR PROTEIN KINASE FRACTIONS FROM
VARIOUS CELL CYCLE STAGES

Activity of nuclear protein kinase fractions with non-histones and histones as substrate (as a percentage of
the activity observed when non-histones alone were used as substrate). G; phase cells were harvested 2 h
after selective detachment of mitotic cells. Early phase S, S/G; phase and mitotic cells were harvested 2, 6
and 9 h, respectively, after release from two cycles of 2 mM thymidine block. Kinase fractions were
extracted as described in Materials and Methods and assayed in the presence of a mixture of non-histones
and histones, or non-histones alone.

Kinase fraction G Early § S/Ga Mitosis
I 59 100 109 300
11 52 61 62 210
jos) 39 97 80 110
v 36 108 109 106
v 38 191 124 209

result from (i) activation of a histone kinase in the fraction, or (ii) histone
stimulation of a non-histone kinase [33,34]. To distinguish between these
possibilities, the phosphorylated proteins were analysed by SDS-polyacryl-
amide gel electrophoresis (see below).

Phosphorylation of defined molecular weight classes of chromosomal proteins
by nuclear protein kinases from various stages of the cell cycle

Assaying nuclear protein kinase activity alone does not provide information
concerning the number or diversity of the proteins that are phosphorylated. In
order to obtain such information the phosphorylated proteins were analysed
by SDS-polyacrylamide gel electrophoresis as described in Materials and
Methods.

Proteins phosphorylated by unfractionated nuclear protein kinases. The
specific activity of nuclear protein kinases was found to vary during the cell
cycle (Fig.1). In order to determine whether this variation represented a
uniform change in enzyme activity towards all substrate proteins or cell cycle-
specific changes in substrate specificity the complement of proteins phos-
phorylated by unfractionated kinases isolated from different stages of the cell
cycle were compared (Fig. 4).

The only polypeptide molecular weight class that was highly phosphorylated
by unfractionated kinases isolated from each stage of the cell cycle was D (M,
105 000) (Fig. 4). However, kinases from G, phase cells phosphorylated this
class of chromosomal polypeptides to a much greater extent than did kinases
from the other stages of the cell cycle. In fact, most of the phosphate incor-
porated into proteins by G; phase kinases was found in D. Kinases from early
S, S/G, and mitosis all phosphorylated low molecular weight polypeptides in I
(M, 23 000), but only kinases from S/G, phosphorylated polypeptides in H
(M, 26 000) to a significant extent (Fig. 4). Thus, although there is some over-
lap of polypeptide molecular weight classes phosphorylated by kinases from
different cell cycle stages, kinases from no two stages phosphorylate the same
set of polypeptides.

The increase in kinase activity from early S phase to the S/G, boundary
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Fig. 4. Distribution of 32P in chromosomal proteins phosphorylated by unfractionated nuclear protein
kinases isolated from different stages of the cell cycle. Unfractionated nuclear protein kinases were isolated
from various cell cycle stages and used to phosphorylate homologous non-histone chromosomal proteins
(a—d) or homologous non-histone and histone proteins (e—h). After phosphorylation the substrate
proteins were electrophoresed on SDS-polyacrylamide gels. Molecular weight markers were run in parallel
wells. Gels were sectioned transversely into 1 mm slices and the radioactivity in each slice was determined
by liquid scintillation spectrometry (Materials and Methods). Radioactivity in slices was plotted as a
percentage of the total radioactivity in a gel. Proteins phosphorylated by unfractionated kinases extracted
from: (a and e) G; phase cells; (b and f) early S phase cells; (¢ and g) $/G4 phase cells; (d and n) mitotic
cells.

(Fig. 1) may correspond, at least in part, to the initiation of phosphorylation of
polypeptides in molecular weight class H by S/G; kinases (Fig. 4). Conversely,
the subsequent decrease in kinase activity from the S/G, boundary to mitosis
may be due, in part, to the decrease in phosphorylation of polypeptides in H
by kinases in mitotic cells. The increase of kinase activity as cells progress from
mitosis into G,, and the subsequent decrease in this activity in early S phase
may be due to changes in the phosphorylation of polypeptides in molecular
weight class D.



336

Proteins phosphorylated by nuclear protein kinase fractions. To examine the
cell cycle substrate specificity of the various kinase fractions, the complement
of proteins phosphorylated by kinase fractions isolated from different stages of
the cell cycle were compared. Nuclear protein kinase fractions were isolated
from G, early S, S/G,, and mitotic phases of the cell cycle of HeLa S; cells and
used to phosphorylate exogenously added, heat-inactivated, homologous
chromosomal proteins. The phosphoprotein fraction used as substrate for the
kinase fractions was extremely heterogeneous and comprised 15% of the total
non-histone chromosomal proteins.

% RADICACTIVITY
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Fig. 5. Distribution of 32P jn chromosomal proteins phosphorylated by kinase fraction II extracted from
various stages of the cell cycle. Non-histone chromosomal proteins (a—d) ot non-histone and histone
proteins (e—h) were phosphorylated in the presence of [7-32P1ATP by kinase fraction II extracted from
various cell cycle stages. The phosphorylated proteins were analysed on SDS-polyacrylamide geis. Proce-
dures were performed as described in Materials and Methods and in Fig. 4. Proteins phosphorylated by
kinase fraction II from: (a and e) G phase cells; (b and f) early S phase cells: (c and g) S/G4 phase cells;
(d and h) mitotic cells.
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Kinase fraction II isolated from G, cells phosphorylated mainly the high
molecular weight protein classes B, C and D (M, 125000, 115 000 and
105 000, respectively) (Fig. 5). However, the proportion of phosphate incor-
porated into these polypeptide classes differed when kinase fraction II from
other stages of the cell cycle was employed. The level of phosphorylation of B
was relatively lower in all other phases of the cell cycle, C remained high in
early S but declined at S/G, and mitosis, whereas D decreased to an intermedi-
ate level during S phase then fell still further during mitosis. Phosphorylation of
polypeptides in E (M, 72 000) was relatively high in early S and mitosis,
and phosphorylation of polypeptides in G (M, 35 000) increased steadily
from G,; to mitosis. Chromosomal polypeptides H (M, 26 000) and 1 (M,
23 000) were appreciably phosphorylated only by kinase fraction II from
S/G; cells.

One of the major classes of chromosomal polypeptides phosphorylated
by kinase fraction III from all phases of the cell cycle was A (M, 160 000)
(Fig. 6). Although polypeptides in molecular weight class C (M, 115 000)
were also phosphorylated by kinase fraction III from all cell cycle phases, the
kinase fraction from G, cells phosphorylated them to a much greater extent.
Polypeptides in E and G were phosphorylated by kinases from all stages of the
cell cycle but phosphorylation of G was more pronounced in early S and
mitosis. Polypeptides in F (M, 42 000) were phosphorylated by kinases from
all stages of the cell cycle except S/G,. Polypeptides in H and I were phos-
phorylated to an appreciable extent only by kinase from S/G,.

Polypeptides contained in C and D accounted for about two-thirds of the
total phosphate incorporated into proteins by kinase fraction IV from G, cells,
however, kinase fraction IV from other stages of the cell cycle phosphorylated
these proteins to a much lower level (Fig. 7). Phosphorylation of polypeptides
in E was pronounced in early S phase, and phosphorylation of low molecular
weight classes of chromosomal polypeptides (H and I) was prominent in early
S, S/G, and mitosis. As was the case with kinase fraction 1V, polypeptide
classes C and D accounted for the majority of the total phosphate incorporated
into proteins by kinase fraction V from G, cells (not shown), and S/G, was the
only other stage where polypeptides in D were phosphorylated. Polypeptides in
I were phosphorylated by kinase fraction V from early S, S/G, and mitosis, but
polypeptides in H were phosphorylated only by kinase fraction V from S/G,
cells.

The protein phosphorylation profiles mediated by unfractionationated
nuclear protein kinases from different stages of the cell cycle (Fig. 4) corre-
sponded quite well to the sum of the phosphorylation profiles produced by the
kinease fractions (Figs. 5—7). Thus, kinases from G, cells phosphorylated
predominantly polypeptide classes C and D, and S/G, kinases phosphorylated
mainly polypeptide classes D, H and 1.

Another question that we can address is whether particular polypeptide
molecular weight classes were phosphorylated by a specific kinase fraction.
From Figs. 5—7 it can be seen that some polypeptides in molecular weight
classes, such as C and D, were phosphorylated by all the kinases fractions.
However, there were other polypeptide molecular weight classes that were
phosphorylated by only one or two of the kinase fractions, for example, poly-
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Fig. 6. Distribution of 32P in chromosomal proteins phosphorylated by kinase fraction III extracted from
various stages of the cell cycle. Non-histone chromosomal proteins (a—d) or non-histone and histone
proteins (e—h) were phosphorylated by kinase fraction III extracted from: (a and e) G| phase cells;
(b and f) early S phase cells; (c and g) S$/G; phase cells; (d and h) mitotic cells. Phosphorylated proteins
were analysed by SDS-polyacrylamide gel electrophoresis. Procedures were performed as described in
Materials and Methods and Fig. 4.

peptides in A were phosphorylated mainly by kinase fraction III (Fig. 6), poly-
peptides in G by kinase fractions I and III (Figs. 5 and 6), and polypeptides in
I mainly by kinase fractions IV and V (Fig. 7).

The effect of inhibition of DNA synthesis on the complement of nuclear
proteins phosphorylated by S phase nuclear protein kinase fractions. Inhibition
of DNA synthesis was found to have no effect on the activity of unfractionated
(Fig. 1) or fractionated nuclear protein kinases (Table I); however, these results
do not preclude the possibility that the complement of proteins phosphoryl-
ated was changed by the inhibition of DNA synthesis. This possibility was
examined by electrophoretically comparing the proteins phosphorylated by
kinase fractions extracted from cytosine arabinoside-treated and untreated
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cells. Cytosine arabinoside treatment had no specific effects on the phosphoryl-
ation of any of the various molecular weight classes of chromosomal polypep-
tides (not shown). Thus, when DNA synthesis was inhibited, none of the kinase
fractions changed the complement of proteins that it phosphorylated.

Effects of histones on the phosphorylation of chromosomal proteins by frac-
tionated nuclear protein kinases throughout the cell cycle. When unfrac-
tionated HeLa histones (H1, H2A, H2B, H3 and H4) (together with HeLa non-
histone chromosomal phosphoproteins) were used as substrate, the activity of
most of the HeLa nuclear protein kinase fractions was altered (Table II). To
ascertain if this change in kinase activity was due to the phosphorylation of
histones or to histone-mediated changes in the phosphorylation of non-histone
proteins, the kinase-induced phosphorylation of chromosomal protein substrate
was examined by SDS-polyacrylamide gel electrophoresis. In the presence of
histones, only nuclear protein kinase fraction II changes its pattern of chromo-
somal protein phosphorylation during all stages of the cell cycle, increasing the
level of phosphorylation of polypeptides contained in peak H (Fig. 5).
Although peak H corresponds to the region of the SDS-polyacrylamide gel
where histone H1 migrates, the possibility must be considered that the phos-
phorylated chromosomal polypeptides contained in peak H may in part be non-
histone proteins that co-electrophorese with H1 histone in this gel system. To
address this possibility, after in vitro phosphorylation, histones were acid
extracted and electrophoresed on acetic acid/urea polyacrylamide gels as
described in Materials and Methods. When non-histone proteins alone were used
as substrate for kinase fraction II, phosphorylated chromosomal polypeptides
did not electrophorese in the H1 region of the gels, whereas when histones were
a component of the substrate, a highly phosphorylated chromosomal polypep-
tide co-electrophoresed with H1 histone (not shown). Therefore, the increased
phosphorylation observed when histones were used as substrate for kinase frac-
tion II was probably due in part to phosphorylation of histone H1. This
apparent phosphorylation of histone H1 by kinase fraction II was most pro-
nounced during mitosis, when almost 50% of the incorporated phosphate was
attached to H1 histone (Fig. 5). The preferential phosphorylation of H1
histone by kinases from mitotic cells was also observed when proteins were
phosphorylated with unfractionated kinases (Fig. 4h). During G, and early
S phase one of the major phosphorylated proteins (C, M, 115 000) exhibited
a preferential decline in its level of phosphorylation in the presence of histones
(Fig. 5).

In most stages of the cell cycle only one or two kinase fractions phosphoryl-
ated histones in the presence of non-histone proteins, for example, fraction II
in S/G, and fractions IT and III in early S phase and mitosis (Figs. 5 and 6), but
during G, kinase fractions II—V all phosphorylated histones in the presence of
non-histone proteins (Figs. 5—7). In the presence of histones, G, kinase frac-
tions IV and V not only phosphorylated histones but also increased the phos-
phorylation of a middle molecular weight range non-histone protein, E (M,
72 000) (Fig. 7).

Thus, although the presence of histones (in addition to non-histone chromo-
somal phosphoproteins) caused a decrease in the activity of G, phase kinases
(Table II), gel electrophoretic analysis of the phosphorylated polypeptides
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Fig. 7. Distribution of 32P in chromosomal proteins phosphorylated by kinase fraction IV extracted from
various stages of the cell cycle. Non-histone chromosomal proteins (a—d) or non-histone and histone
proteins (e—h) were phosphorylated by kinase fraction IV extracted from: (a and e) G phase cells;
(b and f) early S phase cells; (¢ and g) $S/G; phase cells; (d and h) mitotic cells, Phosphorylated proteins
were analysed by SDS-polyacrylamide gel electrophoresis. Procedures were performed as deseribed in
Materials and Methods and Fig. 4. The distribution of 32P in chromosomal proteins phosphorylated by
kinase fraction V extracted from various stages of the cell cycle was similar to that in proteins phos-
vhorylated by kinase fraction IV,

(Figs. 5—7) showed that histones probably were phosphorylated by these
kinases. The reduction in kinase activity in the presence of histones may be
correlated with the decrease in the amount of phosphate incorporated into the
high molecular weight polypeptide classes C and D.

Phosphorylation of histones by S phase nuclear protein kinases in the
absence of non-histone chromosomal proteins. When histones were used as sub-
strate for the S phase kinases in the presence of non-histone chromosomal
proteins, only kinase fractions II and III phosphorylated histones. However,
when histones alone were used as substrate, and the phosphorylated proteins
were analysed on acetic acid/urea polyacrylamide gels (Fig. 8), kinase fractions
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Fig. 8. Distribution of 32P m histones phosphorylated by kinase fractions extracted from early S phase
cells, Histones alone were used as substrate and were analysed by acetic acid/urea polyacrylamide gel
electrophoresis as described in Materials and Methods. Proteins phosphorylated by kinase fractions:

(a) I; (b) II; (c) IIL; (d) IV; (e) V.
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I—IV all phosphorylated histones. This result suggested that these kinase frac-
tions could phosphorylate both histones and non-histone proteins. Therefore,
either the presence of non-histone proteins inhibited histone phosphorylation
by kinase fractions I and IV, or these kinases preferentially phosphorylated
non-histone chromosomal proteins in the presence of histones. The kinase frac-
tions were specific for the type of histone which they phosphorylated: frac-
tions II and IIl phosphorylated only histone H1; fraction I, H2A; and fraction
IV both H1 and H2A. The last case could be due either to a single kinase that
had the ability to use both histones H] and H2A as substrate, or more proba-
bly, to two kinases with different substrate specificities.

It is extremely unlikely that any of the radioactive phosphate was incor-
porated into nucleic acids or lipids because (i) both enzymes and substrates
contained little if any nucleic acids or lipids, and (ii) [y->*P]ATP was used as a
precursor. However, to eliminate the possibility that some nucleic acid may
have been labelled and remained attached to protein in the gels, a gel was
incubated in 5% trichloroacetic acid for 30 min at 90°C before slicing [35].
This hot acid treatment hydrolyses nucleic acids but not proteins. There was no
difference in the extent and distribution of radioactivity in acid and non-acid-
treated gels, suggesting that the radioactivity was incorporated into protein and
not nucleic acid.

Discussion

We have studied the activities of nuclear protein kinases during the cell cycle
of synchronised HeLa S; cells. Cell cycle stage-specific fluctuations were
observed in the activities of total nuclear protein kinases and nuclear protein
kinase fractions.

In our experiments, homologous HeLa cell chromosomal proteins served as
substrates for in vitro phosphorylation by nuclear protein kinases; a subset of
these substrates were non-histone chromosomal proteins enriched in phospho-
serine and phosphothreonine residues. The rationale for utilising homologous
nuclear proteins as substrates was several fold. (1) Because phosphorylation of
non-histone chromosomal proteins has been implicated in modifying the struc-
tural and/or transcriptional properties of the eukaryotic genome, kinases
responsible for such phosphorylation may possess specificity for certain chrom-
osomal proteins or for particular sequences of amino acids surrounding the site
of phosphorylation. Such sequences may be lacking in an unnatural substrate.
Within this context Busch’s group [36] has recently shown that the phos-
phorylation sites of some non-histone chromosomal proteins are flanked by
long stretches of acidic amino acids. (2) Previous results [20] have shown that
some nuclear kinase fractions do not phosphorylate histones or heterologous
substrates, such as casein or phosvitin. Conversely, other kinases with limited
activity toward their natural substrates may indiscriminately phosphorylate
phosvitin or casein.

Since the non-histone chromosomal phosphoprotein fraction that was
utilised as substrate for nuclear protein kinase-mediated phosphorylation was
the same as that from which the nuclear protein kinases were derived, endo-
genous kinase activity in the substrates was heat inactivated. A high substrate :
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enzyme ratio (at least 5 : 1) was maintained when activities of nuclear protein
kinase fractions were assayed so that the proteins associated with the enzyme
fractions did not make a significant contribution to the available substrate.

The increase in unfractionated nuclear protein kinase activity we observed
during S phase in HeLa S; cells is greater than the concomitant increase in the
amount of homologous protein substrate. These data suggest that the increase
in the enzyme activity is not merely in response to the increase in level of sub-
strate, but that it may more significantly be related to biological functions
taking place during the cell cycle. In contrast, Costa et al. [23] found that in
CHO cells, cell cycle-specific variations in nuclear protein kinase activity are
accompanied by comparable fluctuations in the level of substrate. However,
they used exogenous casein as a substrate and hence their results may not
accurately reflect enzyme activities toward homologous substrates.

The cell cycle stage-specific fluctuations we observed in the in vitro phos-
phorylating activities of unfractionated nuclear protein kinases correspond
closely to the variations in the in vivo phosphorylation of non-histone proteins
during the cell cycle [14]. The increase in total unfractionated nuclear protein
kinase activity during late S and G, did not coincide with either DNA and
histone synthesis or mitosis, but occurred between these two periods of the cell
cycle. Thus, the possibility arises that non-histone protein kinases may play a
role in modifying (by phosphorylation) non-histone chromosomal proteins
involved in the packaging and/or repression of newly synthesized DNA prior to
mitosis. Such non-histone chromosomal proteins may be synthesized and con-
comitantly phosphorylated during the S/G, phase transition or they may be
present throughout the cell cycle (as components of chromatin, in the nucleo-
plasm or in the cytoplasm) and be selectively phosphorylated at this time. The
decrease of nuclear protein kinase activity during mitosis corresponds to the
low level of phosphorylation of non-histone chromosomal proteins observed at
this stage of the cell cycle and can be correlated with the suppression of in vitro
and in vivo RNA synthesis during this period [37—41]. The increase in kinase
activity we observed during the transition from mitosis to G, corresponds to
the increase in non-histone chromosomal protein phosphorylation that occurs
during this stage of the cell cycle [14] and may play a role in the activation or
depression of the genome following mitosis. However, functional biological
relationships cannot be established by correlative evidence alone and the
possibility must be considered that the variations in kinase activity that we
observed are not associated with chromatin condensation or activation but
rather with some other cell cycle stage-specific biological function.

Five reproducible fractions containing nuclear protein kinase activity were
obtained from the complex and heterogeneous nuclear phosphoproteins and
the activities of these fractions were examined throughout the cell cycle. As
reported previously [24], each of the five fractions exhibited variations in
levels of enzyme activity, optimal pH, metal requirements and substrate
specificity. However, it should be emphasised that the individual fractions do
not contain purified kinases. Each kinase fraction contains proteins that do not
exhibit enzyme activity and it is reasonable to anticipate that more than a
single species of nuclear protein kinase may be present in each fraction.

The in vitro phosphorylation of nuclear proteins mediated by unfractionated
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kinases extracted from G,, S, G, and mitotic HeLa cells suggests that some non-
histone chromosomal proteins are phosphorylated throughout the cell cycle,
whereas others are phosphorylated only during certain stages, and during any
particular stage of the cell cycle, some proteins are phosphorylated by all or
most of the kinase fractions whereas others are phosphorylated only be specific
fractions. This cell cycle stage-specific phosphorylation of non-histone chromo-
somal proteins by isolated kinases agrees with previous reports of the selective
phosphorylation of particular proteins during specific stages of the cell cycle
in intact cells [14]. Taken together, the in vitro and in vivo observations
suggest that the phosphorylation of particular non-histone chromosomal
proteins may be involved in cell cycle stage-specific nuclear functions, struc-
tural and/or regulatory. The variations in kinase activity during the cell cycle
could be due to (i) a constant complement of kinases that are associated with
chromatin throughout the cell cycle but whose activity and specificity are
altered, possibly due to interactions with effectors (which could include other
non-histone chromosomal proteins); (ii) certain kinases that are present in the
nucleoplasm but only become attached to the chromatin during certain stages
of the cell cycle; (iii) a translocation of a kinase from the cytoplasm to the
chromatin [42,43]; (iv) cell cycle stage-specific synthesis of kinases; (v) the
synthesis of nuclear protein kinases or components thereof when the enzymes
are required. Further fractionation of the nuclear protein kinases and assess-
ments of activity should permit us to differentiate between these alternatives.

The addition of histones to the assay medium produced different cell cycle
stage-specific effects on the activitivities of the various kinase fractions. The
greatest effects of histones occurred with kinases from G, (which exhibited
decreased activity in the presence of histones) and from mitosis (which
exhibited increased activity in the presence of histones). These two stages
correspond, respectively, to the times of least and greatest phosphorylation of
histones during the cell cycle.

When a mixture of histones and non-histones was used as substrate, only
kinase fraction II phosphorylated histones throughout the cell cycle, but most
of the fractions from G; phase cells phosphorylated histones. This suggests
some cell cycle specificity of the histone kinases, as found by Hardie et al.
[44], and this would correspond to the cell cycle-specific phosphorylation of
histones in vivo [45—49]. Associated with the histone phosphorylation there is
a preferential decrease in the phosphorylation of some non-histone chromo-
somal proteins. This may be due either to the presence of a kinase that can
phosphorylate non-histone proteins but has a preference for histone as a sub-
strate, or to a histone-mediated inhibition of the phosphorylation of a partic-
ular non-histone protein [34]. In some cases the presence of histones seems to
stimulate the phosphorylation of specific classes of non-histone proteins.
Evidence for the histone-stimulated phosphorylation of non-histone chromo-
somal proteins has been reported previously [33,34].

Our data do not suggest a functional relationship between DNA replication
and the modifications in protein kinase activity observed during the S phase of
the cell cycle. When we compared the activities of unfractionated nuclear
protein kinases or the five kinase fractions from S phase HeLa cells with the
activities of kinases from 8 phase cells treated with cytosine arabinoside, signifi-
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cant differences were not observed. These results are consistent with the inabil-
ity of DNA synthesis inhibitors (cytosine arabinoside and hydroxyurea) to
modify non-histone chromosomal protein phosphorylation in intact HeLa cells
(Pumo et al., unpublished observations). However, the possibility should not be
dismissed that non-histone protein kinases may play a role in phosphorylating
non-histone chromosomal proteins involved in the repression and/or condensa-
tion of newly synthesised DNA.

We want to emphasise that there are many problems associated with trying
to use results obtained in vitro to explain processes that occur in vivo. For
example, in this system the extraction of the kinases may have left behind
molecules that are involved in the control of these enzymes in vivo. However,
loss of specific non-histone chromosomal protein kinases during the separation
of phosphoproteins into five components seems unlikely since the pattern of in
vitro phosphorylation mediated by the five nuclear protein kinase fractions
collectively is quantitatively and qualitatively similar to that mediated by the
unfractionated preparations. Another problem is that during the extraction
procedure the native structure of the chromatin may be altered and conse-
quently the enzyme and substrate molecules presumably no longer have the
spatial constraints that may exist in vivo. Yet another problem is the possibility
of non-specific aggregation taking place in vitro. However, despite these diffi-
culties we feel that the information obtained through the use of the enzymes in
vitro will contribute to our understanding of the protein phosphorylation
processes associated with chromatin, and hence to elucidation of the role of
these proteins in chromosomal functions.
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