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SUMMARY : We have recently shown that phosphoproteins are associated with the 
Ehromatin regions accessible to micrococcal nuclease. We have also shown 
that butyrate treatment modifies the accessibility of chromatin to the 
nuclease. In this work we have studied the effect of butyrate on the loca- 
lization of phosphoproteins in chromatin. We observed a strong similarity 
between the effect of butyrate on the release of DNA fragments and on the 
release of phosphoproteins by the nuclease, which indicates that in butyrate 
treated as in control cells the released fragments include phosphoproteins. 
Butyrate treatment increases strongly chromatin protein kinase specific 
activity and modifies its localization in the released fragments; it is 
therefore likely that it modifies its localization in chromatin. 

We have recently observed that a mild digestion of chromatin by 

micrococcal nuclease releases chromatin fragments which include phospho- 

proteins and protein kinases(1). Since it has been shown that micrococcal 

nuclease preferentially releases active parts of chromatin (2-7), it may be 

suggested that phosphoproteins and protein kinases are associated with these 

parts of chromatin. 

Butyrate is able to induce differentiated fonctions in various cell 

types (8, 9). We have recently shown that sodium butyrate modifies chromatin 

structure in such a way that a small part of it becomes more accessible to 

micrococcal nuclease, another small part becomes more resistant to the 

nuclease attack than in control cells (10). It is therefore suggested that 

the butyrate induced modifications in gene expression could be related to 

the modifications in chromatin structure. 

One of the purposes of this work was to establish whether the regions 

of chromatin which become accessible to the nuclease after butyrate, 

treatment are associated with phosphoproteins as they are in control cells. 
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MATERIALS AND METHODS 

~~27, cu2ture.s and labelling : HTC cells were grown at 37°C in suspension in 
Swim's 77 medium supplemented with 10 % new born calf serum as described by 
Hershko and Tomkins (11). When indicated cells were cultured for 24 h in 
the presence of 5 mM sodium butyrate. The hyperacetylation of the histones 
was controlled by polyacrylamide gel electrophoresis performed according to 
Panyim and Chalkley (12) as modified by Shaw and Huang (13). When the double 
labelling method was used, cells were first cultured for 4 h in a medium 
deprived from inorganic phosphate. They were then cultured in a fresh medium 
at a cell concentration of lo7 cells per ml and a total amount of 6.10*cells. 
Butyrate cells were labelled for 1 h by addition of 83 uCi/ml of I 32~1 
inorganic phosphate (Radiochemical Center, Amersham - U.K.) while the control 
cells were labelled by addition of 33 uCi/ml of [33Pl inorganic phosphate 
for 1 h (N.E.N.. Boston, Mass. U.S.A.). An equal number of 13’pl butyrate 
treated and [33Pl control cells were mixed and the nuclei prepared as 
previously described (14). 

Micrococcal nuclease digestion : Chromatin 100 AzGO U/ml nuclei was digested 
with 200 U/ml of micrococcal nuclease (Worthington, N.Y. U.S.A.) according 
to Shaw et al. (15) for various times. At indicated times aliquots were 
collected, membranes and undigested chromatin were discarded by 10 min of 
centrifugation at 3 000 g. The L3*P] and [33P] radioactivities were measured 
on aliquots of the supernatant material after precipitation by 20 % trichlo- 
roacetic acid. The acid soluble material obtained from digested DNA was 
estimated by the EDTA-perchloric acid method. 

Sucrose gradient fractionation : The released fragments in 0.3 ml volumes 
were layered on 5-20 % sucrose linear gradients in 10 mM Tris cacodylate 
buffer (pH 7.3), 0.7 mM EDTA, 1 mM P-mercaptoethanol. Centrifugation was 
performed at 21000 rpm for 16 h in a SW 41 Beckman rotor. Fractions of 
0.3 ml were collected. The L3*PJ and [33P] radioactivities were measured. 
Absorbance at 260 nm was automatically recorded. 

Preparative polyacrylamide gel eZe&rophozoresis : Chromatin from sodium 
butyrate treated and from control cells was digested with micrococcal 
nuclease until 3 % of DNA were rendered acid soluble. Undigested chromatin 
was removed by 10 min of centrifugation at 3000 rpm. The released chromatin 
fragments were fractionated on a 4 % polyacrylamide gel in 0 .l M Tris borate 
buffer (pH 8.3) as previously described (1,lO). The buffer was used for 
elution. The fragments were fractionated according to their size. Phosvitin 
kinase was assayed as previously described (16) in each chromatin fraction 
obtained after electrophoresis. 

RESULTS AND DISCUSSION 

Effect of sodiwn butyrate on the Zocatization of phosphoproteins in the 

chromatin fragments released by micrococcal nuclease digestion. 

An equal number of 13'Pl butyrate treated cells and of [j3Pl control 

cells were mixed and the chromatin was digested by micrococcal nuclease for 

various times under such conditions that 0.5 - 7 % of the DNA were rendered 

acid soluble. The T3*Pl and the [33Pl radioactivities were measured in 
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Figure 1 : Kinetics of phosphoprotein release from chromatin of butyrate 
treated and control of HTC cells by micrococcal nuclease. 
Butyrate treated cells were cultured for 1 h tn the presence of 
[32~] phosphate and control cells in the presence of [33Pl phos- 
phate. The cells were mixed and 100 AzcO U/ml nuclei were 
digested by 200 U/ml of micrococcal nuclease for various times 
at 37°C. The released material was precipitated with trichloro- 
acetic acid. [“PI radioactivity (M), [33P] radioactivity 
(o--o) and the [32P/33~] radioactivity ratios (F---T) were 
measured. 

aliquots of the released fragments after precipitation by trichloroacetic 

acid. Fig. 1 shows a fast release of phosphoproteins until approximately 

3 % of the DNA were rendered acid soluble, much less phosphoproteins were 

released afterwards and a plateau was reached when 7 % of the DNA, 

corresponding to 25 % of chromatin, were rendered acid soluble. However the 

kinetics of the release were not identical from the butyrate treated and 

from the control cells as shown by the measure of the [32P/33Pl ratio. 

This ratio was 7.5 in intact chromatin. The ratio increased in the released 

material with the time of digestion and was much higher than in intact 
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chromatin until 1.5 % of DNA was acid soluble, indicating that the released 

phosphoproteins preferentially originated from butyrate treated cells. 

When digestion proceeded the ratio decreased until 3 % of the DNA were 

rendered acid soluble, showing that during the second part of the nuclease 

attack, chromatin from control cells was predominantly digested. After 

longer digestions the radioactivity ratio remained constant around 7.5 

indicating that both chromatins were equally digested. 

These results were confirmed and extended by the use of sucrose 

gradient fractionation which allows the separation of the released fragments 

according to their size. AzGO was automatically recorded and produced the 

familiar pattern of chromatin fragments seen in digestion of various types 

of chromatin and each peak was identified by the electrophoretic determina- 

tion of the DNA lengths as previously described (1). The [32P/33Pl ratio 

was measured in each fraction after trichloroacetic precipitation (Fig. 2 

and 3). In samples corresponding to 0.5, 1 and 1.5 - 2 % of DNA rendered 

acid soluble the ratios increased with the digestion time, especially in the 

small fragments including mono-, di- and trimeres of nucleosomes and became 

much higher than 7.5 which indicates that phosphoproteins are associated 

with the small fragments preferentially released from the butyrate treated 

cells. When digestion proceeded, until 3 % of the DNA were rendered acid 

soluble, we observed a strong decrease in the radioactivity ratio, which 

was then 8 - 9, indicating that phosphoproteins were present in the chroma- 

tin fragments which were then released from control cells. After longer 

digestion times the radioactivity ratio was around 7, showing that phospho- 

protein containing fragments were equally released from butyrate treated 

and from control cells. 

There is then a good correlation between the pattern of release of 

phosphoproteins and the pattern of release of DNA fragments observed in the 

previous work (10). It could mean either that butyrate induced changes in 

phosphoprotein localization in such a way that the parts of chromatin which 
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Figure 2 : Sucrose gradient fractionation of chromatin fragments released 
by short micrococcal nuclease digestion. 
Nuclei, 100 AZsO U/ml, were digested by 200 U/ml of micrococcal 
nuclease for various times at 37°C. The released material was 
analyzed by centrifugation on 5 - 20 % sucrose linear gradient 
for 16 h at 21 000 rpm in a SW 41 Beckman rotor. The [ 2P/33Pl 
ratio was measured in 0.3 ml fractions after precipitation with 
trichloroacetic acid. 
Sample corresponding to 0.5 % (e---e), 1 % (o---o), 
1.5 % (I..... I) of DNA rendered acid soluble. 
Ap6,, was automatically recorded (- ). The size of the 
fragments was established by the electrophoretic determination 
of DNA length. 

Figure 3 : Sucrose gradient fractionation of chromatin fragments released 
by longer micrococcal nuclease digestion. 
The experimental conditions were as described under Fig. 2. 
:ayp'(;s corresponding to 2 % (e---o), 3 % (o--o), 

"0 . . . ..m). 7 % (+V) of DNA rendered acid soluble. 

became accessible to nuclease digestion became associated with these phos- 

phoproteins or that butyrate induced increase in accessibility concerned 

chromatin regions which include phosphoproteins. 
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Effect of sodium butyrate on the Zocalization of protein kinases in the 

chromatin fragments released by micrococcal nuclease digestion. 

A 24 h treatment of HTC cells with sodium butyrate induced a 

60 % increase in the protein kinase specific activity in total chromatin. 

A 3.4 fold increase in specific activity was observed when the assays were 

carried out in the fragments released by micrococcal nuclease digestion 

performed under such conditions that 3 % of DNA were rendered acid soluble. 

This increase results from a specific effect of butyrate since it was 

expected from observations made in several cell types that the inhibition 

of cell growth would result in a decrease in chromatin protein kinase 

specific activity (17 - 21). 

We have compared the localization of protein kinase in the chromatin 

fragments released by nuclease digestion of butyrate treated and control 

cells. Both chromatins were digested until 3 % of the DNA were rendered 

acid soluble. After removal of the undigested material by a short centri- 

fugation, the release material was fractionated by preparative electropho- 

resis. Six fractions were obtained from mono- to hexameres of nucleosomes. 

Protein kinase was assayed on a sample of each fraction, using phosvitin 

as substrate (Fig. 4). Whereas in control cells, protein kinase activity was 

found associated with dimeres and to a lesser extent to trimeres of nucleo- 

somes, in butyrate treated cells the enzyme activity was found in all 

fractions from mono to pentameres of nucleosomes, the highest activity 

being associated with mono and dinucleosomes. 

Butyrate has then induced a modification in the localization of 

protein kinase in chromatin. The question remains open whether the increase 

in specific activity is due to an activation of the enzyme activity, to a 

synthesis of new enzyme molecules, to the removal of an inhibitor, or to 

the translocation into the nucleus of a cytoplasmic enzyme. 

Since butyrate acts in a dose dependent and reversible manner (9, 22), 

which could partly be due to an inhibition of histone deacetylase (23 - 25), 
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Figure 4 : Phosvitin kinase activity in chromatin fragments separated by 
preparative polyacrylamide gel electrophoresis. 
Nuclei, 100 A*60 U/ml, were digested by micrococcal nuclease 
until 3% of DNA were rendered acid soluble. After removal of the 
undigested chromatin by centrifugation, the released material 
was fractionated by preparative electrophoresis on 4 % poly- 
acrylamide gel. Six fractions were eluted, corresponding to 
mono- to hexameres of nucleosomes. Phosvitin kinase activity was 
estimated in each fraction from butyrate treated (white column) 
and control (dark column) cells by incubation of 50 ug of 
proteins from each fraction with 100 ug of substrate and 
2.106 c.p.m of (v -[32P]) ATP for 30 mn at 37". 

these observations and observations made by others suggest that acetylation 

and phosphorylation could both be involved in the control of gene expression. 

The role of histone acetylation has recently been emphasized by the 

observation of Reeves and Candid0 (26) who found that HMG 14 and 17, non 

histone proteins associated with active genes, inhibit histone deacetylase 

as does butyrate. 
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