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1. Introduction

Nonhistone chromosomal proteins and phos-
phorylation of chromosomal polypeptides have been
implicated in the structural and transcriptional
properties of the eukaryotic genome [1—6]. However,
the relationship between phosphorylated nonhistone
chromosomal proteins and the basic structural units
of the eukaryotic genome, nucleosomes, remains to
date an open-ended question. In an attempt to address
the biological significance of nonhistone chromosomal
protein phosphorylation, we have examined the
representation of phosphorylated nonhistone chro-
mosomal proteins.and protein kinase activity in
nucleosome cores isolated from exponentially grow-
ing HeLa S; cells. Evidence is presented which suggests
that HeLa cell nucleosome preparations contain pro-
tein kinase activity that phosphorylates nonhistone
chromosomal proteins but exhibits little ability to
phosphorylate core histones. This protein kinase
activity decreases with increasing nucleosome oligomer
chain lengths; however, nuclease cleavage of oligomers
to monosomes results in an increased level of protein
kinase activity.

2. Materials and methods

2.1. Isolation of nucleosome core particles

Nuclei were prepared essentially as in [7]. All
procedures were at 0—4°C unless stated otherwise.
Exponentially growing HeLa S; cells were washed
3 times in Spinner salts (Grand Island Biol. Co.) and
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resuspended in homogenisation buffer (0.3 M sucrose—
2 mM Mg acetate—10 mM Hepes (pH 7.6)—0.1%
Triton X-100) (1 ml/107 cells). Cells were allowed to
swell for 20 min and were then homogenised by hand
for 20 strokes in a tight-fitting glass/glass homogeniser.
The homogenate was mixed with an equal volume of
heavy sucrose solution (2 M sucrose—5 mM Mg
acetate—10 mM Hepes (pH 7.6)) and the mixture was
layered over a 15 ml pad of heavy sucrose solution in
38 ml polycarbonate centrifugation tubes. Nuclei
were pelleted by centrifugation at 70 000 X g for

45 min. Nucleosomes were prepared as in [8]. Nuclear
pellets were resuspended in digestion buffer (0.25 M
sucrose—15 mM Tris—HCI (pH 7.5)—60 mM KCl-

15 mM NaCl—-10 mM MgCl,—1 mM CaCl,) to final
conc. ~100 4,6, units/ml. 4,5 was measured after
homogenising a sample in 2 M NaCl—5 M urea.
Nuclei were pre-incubated at 37°C for 10 min, micro-
coccal nuclease (6 Sigma units/100 A,g units) was
added, and the incubation was continued for 20 min.
The digestion was stopped by the addition of 1/10th
vol. 0.11 M EDTA (pH 7.0). Nuclei were lysed by
dialysis for 2—3 h (with vigorous stirring) against

10 mM Tris—HC1 (pH 7.5)—1 mM EDTA. To ensure
nuclear lysis, the sample was briefly homogenised in a
Potter homogeniser after dialysis. The sample was
clarified by centrifugation at 1000 X g for 5 min. The
supernatant was layered over a 5—20% linear sucrose
gradient containing 25 mM Tris—HC1 (pH 7.5)—0.1 mM
EDTA and centrifuged at 25 000 rev./min in a
Beckman SW27 rotor for 20 h. Gradients were frac-
tionated using an ISCO density gradient fractionator
(Model 640). Fractions from the A, peak at ~11 S
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were pooled and dialysed against 10 mM Tris—HCI
(pH 7.5)-0.1 mM EDTA. If necessary, nucleosomes
were concentrated either by ‘reverse dialysis’ against
dry Sephadex G-50 or with a Collodion Bag apparatus
(Schleicher and Schuell, Keene, NH). When all the
gradient fractions were to be assayed for protein
kinase activity, the resolution of the density gradient
centrifugation was increased by centrifuging the
nuclear digests on a 5—30% linear sucrose gradient at
36000 rev./min in a Beckman SW41-Ti rotor for 20 h,

2.2. Protein kinase assay

Samples were assayed for protein kinase activity in
50 mM Tris—HCI (pH 8.0)--20 mM MgCl,—-3 uM
[y-32P] ATP (3 Ci/mmot). The total volume of the
assay mixture was 300 ul. Where indicated, various
amounts of exogenous proteins were included. Assays
were incubated at 37°C for 30 min unless stated other-
wise. The reaction was stopped by the addition of
2 ml 20% trichloroacetic acid—2% sodium pyrophos-
phate. The precipitate was collected on a Millipore HA
0.45 um filter and washed with 4 ml 20% trichloro-
acetic acid—2% sodium pyrophosphate, then with
30 ml 10% trichloroacetic acid. Filters were dissolved
in 1 ml Cellosolve (Fisher), 10 m! Cellosolve scintilla-
tion cocktail (240 ml Cellosolve—40 ml Liquifluor—
720 ml toluene) was added and radioactivity was
measured by liquid scintillation spectrometry.

2.3. Preparation of overdigested chromatin fractions

Nuclei were prepared and incubated with micro-
coccal nuclease as above except that 24 Sigma units
of enzyme/100 A4 ¢y units were used and sample was
incubated for 60 min. Nuclear digests were centrifuged
on 5-30% linear sucrose gradients at 36 000 rev./min
for 20 h in a Beckman SW41-Ti rotor.

2 4. Precipitation of nucleosome cores [9-11]

Nucleosome core particles (~1 4 ;40 units/ml) were
made 10 mM with respect to MgCl, and incubated at
room temperature for 10 min. Nucleosomes were
pelleted by centrifugation at 15 000 X g for 20 min
and resuspended in 0.9 ml 2 mM EDTA. Then 0.1 ml
3 M NaCl-50 mM Tris—HCI (pH 8.0) was added.

2.5. Extraction and electrophoresis of nucleosomal
DNA
Nucleosomal DNA was extracted and analysed
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electrophoretically as in [8]. Nucleosomes were
resuspended in 0.2 M NaCl-10 mM EDTA-50 mM
Tris—HC! (pH 8.0)—pancreatic RNase (0.5 ug/100 ug
DNA) andincubated at 37°C for 3 h. SDS and pronase
were added to final conc. 2% and 3 ug/100 ug DNA,
respectively, and the sample was incubated for 4 h at
37°C. The DNA was phenol-extracted, ethanol-precip-
itated, then dissolved at 1 mg/ml in 4 mM Tris-

2 mM sodium acetate—0.2 mM EDTA (pH 7.2)--10%
gly cerol—0.001% bromophenol blue for electrophoresis
on a 10 cm, 3.5% polyacrylamide slab gel at 140 V
for 6 h. The gel and electrode compartments con-
tained 40 mM Tris—20 mM sodium acetate—2 mM
EDTA (pH 7.2). The gel was pre-electrophoresed at
80V for several hours. Hae I1I restriction fragments
of pBR322 were used as size markers. The gel was
stained with ethidium bromide and photographed.

2.6. Gel electrophoretic analysis of phosphorylated
nucleosomal polypeptides

Nucleosomes were incubated in the same buffer
used for kinase assays (see above) except that the
specific activity of the [y-3P]ATP was 30 Ci/mmol.
The reaction was stopped by adding 1/10th vol. 20%
SDS. The sample was dialysed overnight against 2%
SDS—2% 2-mercaptoethanol—10 mM sodium phos-
phate (pH 7.4)—-30% glycerol, boiled for 3 min and
electrophoresed [12] at 90 V on a 9 cm, 15% poly-
acrylamide slab gel containing SDS (8]. There was a
1 cm stacking gel of 6% polyacrylamide. The gel was
stained with Coomassie brilliant blue and scanned at
595 nm. The gel was then sliced transversely into
1 mm sections. The gel slices were placed in 5 ml
vials, dried and then dissolved at 80°C in 0.2 ml 30%
H,0,. Triton/toluene scintillation fluid (3 ml) (42 ml
Liquifluor—333 ml Triton X-100—625 ml toluene)
were added to each vial and radioactivity was deter-
mined by liquid scintillation spectrometry.

2.7. Preparation of nucleosome oligomer particles
Nucleosome oligomer particles were prepared as in
[13—15]. Nuclei were isolated as above. Nuclear
pellets were resuspended at 1.5 X 10%/mlin 0.34 M
sucrose—60 mM KCI—15 mM NaCl—0.15 mM sper-
mine—0.5 mM spermidine—15 mM 2-mercapto-
ethanol—15 mM Tris—HCI (pH 7.4) [16]. Nuclei were
incubated at 37°C for 5 min, then CaCl, was added
to final conc. 1 mM. Micrococcal nuclease (3.6 Sigma
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units/ml) was added and the nuclei were incubated
for a further 2.5 min. The digestion was stopped by
adding 0.02 vol. 0.1 M EDTA and chilling on ice.
Nuclei were pelleted by centrifugation at 2000 X g
for 5 min at 4°C and rapidly resuspended at 0°C in
0.2 mM EDTA (pH 7.0) using a Pasteur pipette.
Nuclei were lysed during a 5 min incubation at 0°C.
The suspension was cleared of nuclear debris by cen-
trifugation at 2000 X g for 10 min at 4°C. The super-
natant was adjusted to 40 A 54 units/ml and centri-
fuged on a 5—30% linear sucrose gradient containing
25 mM Tris—HCI (pH 7.5)—0.1 mM EDTA at 25 000
rev./min (Beckman SW27) for 22 h at 4°C. Gradients
were fractionated and A ;¢ peaks were pooled,
dialysed and concentrated as above,

2 8. Chemical analyses
Protein concentration was determined by the
method [17]. DNA was determined by 4 1¢0.

3. Results

3.1. Identification of protein kinase activity associated
with HeLa S5 cell nucleosomes

Nucleosome core particles were isolated from
HeLa S; cells by micrococcal nuclease digestion and
sucrose density gradient centrifugation as in section 2.
Gel electrophoretic analysis showed that these core
particles contained approximately equal amounts of
histone H2A, H2B, H3 and H4 together with small
amounts of several nonhistone proteins and a
140—150 base pair fragment of DNA. When assayed
in vitro, the core particles were found to contain a
kinase activity that could phosphorylate endogenous
nucleosomal proteins. The kinase activity, as reflected
by incorporation of [y-**P]ATP into acid-precipitable
material, increased in a linear manner for ~45 min.

The protein kinase activity may not be a part of
the nucleosome core but instead may be part of a
non-nucleosomal protein aggregate that has sedimen-
tation properties similar to those of the core particles.
To distinguish between these possibilities, the protein
kinase activities of sucrose gradient fractions from a
HeLa cell nucleosome preparation were compared
with those of gradient fractions from HeLa cell nuclei
that had been digested with micrococcal nuclease
beyond the core particle stage. Analysis of gradient
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Fig.1. Protein kinase activity associated with nucleosome
core particles. Nuclei were treated with micrococcal nuclease
(6 Sigmaunits/100 4 ,,, units for 20 min at 37°C) as described
in section 2.1. Nuclei were lysed and centrifuged on a 5-30%
linear sucrose gradient. 4 ,,, (=- - -8); protein kinase activity
(e——e). Nuclei were treated with micrococcal nuclease

(24 Sigma units/100 A ,;, units for 60 min at 37°C) as
described in section 2.3, then lysed and centrifuged on a
5-30% linear sucrose gradient. 4 ,,, (@- - -0); protein kinase
activity (0——o0). Gradient fractions were assayed for protein
kinase activity in the presence of 50 ug casein. [y-**P]ATP
was spec. act. 3 Ci/mmol,

fractions from the nucleosome preparations showed
that the major peak of protein kinase activity corre-
sponded with the position of nucleosome core
particles (fig.1). When gradient fractions from nuclei
digested beyond the core particle stage were assayed,
the 4,40 peak corresponding to nucleosomes was
greatly reduced with a corresponding increase of
A,e0-absorbing material near the top of the gradient.
This decrease in the yield of 11 S nucleosomes coin-
cided with a large decrease in the 11 S protein kinase
activity. There was an increase of kinase activity in
material recovered near the bottom of the gradient,
possibly due to kinase that was released from nucleo-
somes forming protein aggregates with itself or with
other proteins. It therefore appears that breakdown
of the nucleosome core particle may lead to release of
nucleosome-associated protein kinase activity.
Another approach we pursued to address the pro-
blem of whether protein kinase is associated with
HeLa cell nucleosomes was to precipitate nucleosomes
with 10 mM MgCl, [9—11]. Although, when nucleo-
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Table 1
Association of protein kinase activity with HeLa-cell nucleosomes prior to and
following precipitation

Sample Ao Protein kinase activity
(pmol phosphate incorporated)

Endogenous + Casein
substrate
Core particles before 1.54 362 6.21
precipitation
Supernatant 0.07 1.52 2.44
Resuspended pellet 0.96 2.35 3.55

Nucleosome core particles were prepared as in section 2.1, and assayed for protein
kinase activity as described in section 2.2, Core particles were incubated for 10 min
atroom temperature in 10 mM MgCl, and pelleted by centrifugation at 15 000 X g
for 20 min. The pellet was resuspended in 0.9 ml 2 mM EDTA, then 0.1 ml 3 M
NaCl-50 mM Tris—HCl (pH 8.0) was added. Samples (0.1 ml) of supernatant and
resuspended pellets were assayed for DNA content and protein kinase activity

somes were precipitated, some kinase activity activate HeLa cell nucleosome-associated kinase
remained in the supernatant, ~60% of the kinase was activity. In contrast, histones had a distinct inhibitory
recovered in the pellet (table 1), suggesting that the effect on HeLa-cell nucleosome-associated protein
majority of the protein kinase activity that is detect- kinase activity, with a plateau of ~50% inhibition (fig.2a).
able in nucleosomes prepared from HeLa cells is This inhibition could be due either to a specific effect
indeed associated with the nucleosomes. of histones on the nucleosome-associated enzymes or
substrate molecules, or alternatively to a blocking of
3.2. Substrate preference of nucleosome-associated sites due to non-specific aggregation. Similar inhibitions
protein kinase of chromatin-associated protein kinases by histones

The ability of HeLa cell nucleosome-associated
protein kinases to utilise various substrates in vitro
was evaluated. Nucleosomes were prepared as in
section 2 and assayed for protein kinase activity in
the presence of various amounts of casein, HeLa-cell
nonhistone chromosomal proteins, HeLa-cell nucleo- 100}
some cores or HeLa-cell histones. In all cases, these
substrates were incubated before use at 65°C for
10 min to inactivate endogenous kinase activity. The
data in fig.2a indicate that the protein kinase asso-
ciated with HeLa-cell nucleosomes utilised nucleo-
somes, nonhistone chromosomal proteins or casein as
substrate. Nucleosomes and casein were both phos-
phorylated to the same extent (~70% above back-
ground level) whereas a further enhancement in the
level of phosphorylation (~120% above background)
was observed when nonhistone chromosomal proteins ) . . ,
were assayed. In addition to serving as substrates it is 50 100
possible that components of the complex and hetero-
geneous nonhistone chromosomal proteins may SUBSTRATE ADDED (pg)

2a

50

32p , cpm x 10°3
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Fig.2. Substrate preference of nucleosome-associated protein
kinase. (a) Nucleosome core particles were prepared as
described in section 2.1. Nucleosome cores (10 ug DNA)
were assayed for protein kinase activity (section 2.2;
[v-**P]ATP was spec. act. 3 Ci/mmol) in the presence of
various amounts of nucleosome cores (#); nonhistone chromo-
somal proteins () ; casein (w); or histones (0). Kinase activity
is plotted with respect to either total nucleosomal proteins
(histones and nonhistones) () or nucleosomal nonhistone
proteins alone (). All substrates were incubated before use
at 65°C for 10 min to inactivate endogenous kinase activity.
The point where the curves meet at the ordinate represents
the protein kinase activity of the nucleosome cores towards
endogenous substrates. (b) Endogenous nucleosome poly-
peptides phosphorylated by the nucleosome-associated pro-
tien kinase. Nucleosome core particles were prepared as
described in section 2,1, incubated with [y-3?P]ATP (spec.
act. 3 Ci/mmol) and electrophoresed on an SDS—15% poly-
acrylamide gel (section 2.6). Scan of Coomassie brilliant
blue-stained gel (——); radioactivity profile (e —e).

have been reported [18,19]. Because of the inhibi-
tion of nucleosome-associated protein kinase activity
by histones, the kinase may phosphorylate the non-
histone components of nucleosomes to a gréater extent
than is evident when the activity is plotted as a func-
tion of total nucleosomal proteins (both histone and
nonhistone) (fig.2a).

To establish the complement of endogenous HeLa
cell nucleosome polypeptides that are phosphorylated
by the HeLa-cell nucleosome-associated kinases
in vitro, nucleosomes were incubated in the presence
of [y-**P]ATP and nucleosomal proteins were extracted
and analysed by SDS—polyacrylamide gel electro-
phoresis as in section 2. Although the Coomassie blue-

60

FEBS LETTERS

October 1979

stained electrophoretic profile showed that histones
constitute >95% of the nucleosomal proteins, radio-
active phosphate was incorporated primarily (>99%)
into nonhistone polypeptides of higher molecular
weight than the four core histones (fig.2b). Four or
five distinct molecular weight classes of nonhistone
chromosomal polypeptides were phosphorylated.

3.3. Distribution of protein kinase activity in nucleo-
somal oligomers

The protein kinase activity in nucleosome oligomers
and in core particles was compared. Nucleosome
monomers, dimers, trimers and tetramers were
prepared asin section 2. Although endogenous protein
kinase activity was present in all the nucleosome
samples, this activity decreased as the nucleosome
oligomer chain length increased (table 2), until in
tetramers it was only 15% of that found in monomers.
A possible explanation of the enhanced level of pro-
tein kinase activity in nucleosome monomers is that
the kinase activity is not associated with nucleosomes
but is instead due to a non-nucleosomal protein
aggregate that sediments at the same rate as nucleo-
some monomers. However, when the oligomer particles
were combined and digested to core particles the kinase
activity was restored to the monomer level (table 2),
suggesting that the latter reservation is not a viable
interpretation of our results. We feel that our data
are consistent with protein kinase activity being
present in nucleosome oligomers but that the increased
protein content of the oligomers and/or interactions
between nucleosomes results in blocking of the active
sites of the enzyme(s) or of the phosphorylation sites
of the substrates. These blocking proteins may be
released when oligomers are digested to core particles.
It should be noted that the degree of inhibition of the
kinase activity towards endogenous substrates was
greater than that of the enzyme towards exogenous
casein (table 2), suggesting that both enzyme and sub-
strate sites may be blocked.

4. Discussion

Our data suggest that HeLa nucleosome prepara-
tions contain protein kinase activity. Evidence is
presented which is consistent with this kinase activity
not being due to contamination of the nucleosome
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Table 2
Distribution of protein kinase activity in nucleosome oligomers

Particle Protein/DNA Protein kinase activity
ratio (pmol phosphate incorporated/
5 ug DNA)
Endogenous + Casein
substrate
Monomer 1.56 3.30 8.91
Dimer 1.77 0.98 3.27
Trimer 1.87 0.54 2.97
Tetramer 2.00 0.50 2.36
Core (from oligomers) 1.97 3.86 9.67

Nucleosome oligomer particles were prepared as described in section 2.7 and
assayed for protein kinase activity (section 2.2) in the presence or absence of
casein. Nucleosome core particles were prepared by further digestion of the com-
bined oligomer particles with micrococcal nuclease, and centrifugation through a

5-30% linear sucrose gradient

preparations by a non-nucleosomal protein aggregate.
The HeLa-cell nucleosome-associated kinase phos-
phorylates nonhistone chromosomal proteins but not
any of the core histones, and in fact, appears to be
inhibited by the addition of histones.

The presence of nucleosome-associated protein
kinase activity in HeLa cells is in agreement with
observations [20,21] of protein kinase activity
associated with nucleosomes isolated from Hela cells
and rat liver, respectively. However, in our hands
kinases associated with HeLa-cell nucleosomes phos-
phorylate nonhistone chromosomal proteins but not
histones, whereas significant levels of phosphorylation
of H3 histone by HeLa-cell nucleosome-associated
protein kinases were observed [20]. The nucleosome-
associated protein kinase activity observed in rat liver
[21] phosphorylates only nonhistone chromosomal
proteins. In contrast, protein kinase activity in
nucleosomes isolated from Ehrlich ascites cells was
not observed [11]. While these observations appear to
be somewhat conflicting, it would not be surprising if
apparent differences in results from these laboratories
may be attributable to variations in nuclease and/or
protease activities in the tissues examined, Subtleties
in the procedures employed for preparation of nucleo-
somes and assay of kinase activities should also be
considered.

The limited amount of nonhistone chromosomal

proteins present in our HeLa-cell nucleosome prepara-
tions suggests that the protein kinase activity may not
be associated with all nucleosomes. Thus the possibility
arises that protein kinases may be associated only
with those nucleosomes in specific regions of chro-
matin — perhaps those in an ‘active’ configuration or
those containing actively transcribed genetic sequences.
Within this context we feel that because the protein
kinase activity is decreased with increasing nucleosome
chain length, the possibility must be considered that
in intact cells the nucleosome-associated protein
kinase activity may be less than that observed in isolated
nucleosome core particles and that the enzyme(s)
may phosphorylate proteins only when nucleosomes
are in a more ‘open’ configuration such as may be
found in ‘active’ regions of the genome. However it
should be emphasised that the ability of nucleosome-
associated protein kinases to phosphorylate chromo-
somal proteins in vitro may not reflect the situation
present in intact cells.
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