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1. Introduction 

Acetylation is a post-synthetic modification which 
mainly occurs in the NH?-terminal and basic region of 
the four nucleosomal core histones. This reversible 
modification affects their binding to DNA, as evi- 
denced by circular dichroism studies [I], and is 
thought to control the changes in the structure of 
chromatin during the transcriptional process [2,3]. 
Indeed, it has been shown that the degree of histone 
acetylation is related to the transcriptional activity 
of the cell. In Tetrahymena pyrifomzis, highly acety- 
lated forms of histone H4 occur in the transcription- 
ally active macronucleus, while the micronucleus 
contains only the non-acetylated form of this protein 
[4]. Moreover, the degree of acetylation seems to be 
variable according to the species, the tissue and the 
stage of development of a given tissue [5]. For example, 
a program of histone acetylation has been observed 
during spermatogenesis in trout [6], rat [7] andlocust 

[gl. 
Four sites of acetylation have been identified in 

histone H4. The major site is the lysine residue at 
position 16 which is -50% acetylated in calf thymus 
histone H4 [9]. Three other sites have been identified 
in trout testis histone H4 at lysine residues 5,8 and 
12 [lo]. Each of these 4 lysine residues can be acety- 
lated independently from the others and in reactions 
catalysed probably by different enzymes [Ill. Acetyl- 
transferase can recognize the immediate neighborhood 
of the specific lysine residues to be acetylated. The 
lysine residue at position 16 is adjacent to a basic 
residue, whereas the other sites of acetylation in 
histone H4 are surrounded by glycine residues. These 

Abbreviations: DFP, diisopropylfluorophosphate; TPCK, 
N-tosyl phenylalanine chloromethyl ketone; PTH, phenyl- 
thiohydantoin 
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two classes of acetylation sites are acetylated by two 
distinct histone acetyltransferases [ 121. 

Here, we report the determination of the sites and 
the rates of acetylation of histone H4 from chicken 
erythrocyte and cuttle-fish testis. The mature chicken 
erythrocyte is a highly differentiated cell which is 
characterized by an almost complete cessation of 
RNA synthesis and a comparable decrease in the rate 
of histone acetylation. Cuttle-fish is a cephalopod 
which exhibits an intermediary type of evolution. 
The testis is well differentiated and contains, essen- 
tially, when the animal is mature, primary and second- 
ary spermatocytes and spermatids.. Differentiation of 
the spermatozoa is achieved in the genital tract. The 
cuttle-fish testis chromatin, in which no protamines 
have been identified so far, is characterized by an 
extensive acetylation of histone H4. 

Since acetylation occurs in the NHs-terminal region 
of histone H4, which contains the primary DNA bind- 
ing sites, the NHs-terminal peptide (residues 1-53) 
of histone H4 was used as starting material for our 
studies. This peptide was easily obtained by cleavage 
of the protein at the glutamyl residue in position 53, 
with the V8 staphylococcal protease. The peptide 
l-53 was further hydrolyzed by trypsin, and tryptic 
peptides containing acetyl lysine were identified. 

Three residues of lysine (in positions 5, 12 and 16) 
were found to be acetylated to an extent of 25-35% 
in cuttle-fish testis histone H4, whereas the same resi- 
dues were acetylated to a lesser extent (6- 12%) in 
chicken erythrocyte histone H4. 

2. Materials and methods 

Mature cuttle-fish testes were frozen in solid COZ 
after excision and kept at -20°C until use. 
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Chromatin was isolated from testes as in [ 131, in 

the presence of 0.1 mM DFP. Histone fraction F2a 
was extracted from chromatin according to [ 141. 

Chromatin was isolated from chicken erythrocyte 
nuclei as in [ 151. After extraction of the very lysine- 

rich histones Hl and H5 with 5% perchloric acid, the 
F2a histone fraction was isolated from the chromatin 

and subsequently fractionated into F2al and F2a2 
subfractions according to [ 141. 

In both cases, histone H4 was obtained in pure 
form from the fraction F2al by gel filtration chroma- 

tography on a Biogel PlO column (150 X 5 cm) 

equilibrated and eluted with 0.01 N HCl, saturated 
with chloroform. 

The purity of the proteins was assessed by electro- 

phoresis on polyacrylamide gels in 2.5 M urea, at 

pH 2.7, according to [ 161, using a 17% acrylamide 

concentration. The amino acid composition was 

established on 24 h and 72 h hydrolysates. 

The proteins (100 mg) were cleaved at glutamyl 
residues by V8 staphylococcal protease (Miles) in 

0.05 M ammonium acetate (pH 4.0) 10 ml, at 37°C 
for 16 h, using an enzyme:substrate ratio of l/50 

(w/w). The digestion was stopped by adding 0.5 ml 

glacial acetic acid and freeze-drying. 

The digest was fractionated on a Sephadex G-100 
column (200 X 2.5 cm) equilibrated and eluted with 

0.01 N HCl, saturated with chloroform. The N-ter- 
minal fragment (residues l-53) was further hydro- 

lyzed by TPCK-treated trypsin for 2 h, at 37°C in 
0.1 M N-methyl-morpholine acetate (pH 8.0) using an 

enzyme:substrate ratio of 1:50 (w/w). The tryptic 
peptides were fractionated on a Chromobeads P col- 
umn (Technicon) with pyridme-formate and pyri- 
dine-acetate buffers [ 171. The purity of the pep- 
tides was checked by paper chromatography and 
electrophoresis. When necessary, peptides were puri- 
lied as in [18]. 

Amino acid compositions of the peptides were 
determined on 24 h total acid hydrolysates. e-N-Acetyl 
lysine was determined on the analyser after complete 
digestion of the peptides with aminopeptidase M 
[ 191. Methylated derivatives of the lysine were sepa- 
rated at 26°C on a M-71 resin column (Beckman, 
France) (0.9 X 22 cm) equilibrated and eluted with 
0.35 M sodium citrate buffer (PH 5.28) at 70 ml/h. 

Sequence of peptides was performed by manual 
Edman degradation with identification of PTH-amino 
acids by high-pressure liquid chromatography [20]. 
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3. Results and discussion 

When submitted to polyacrylamide gel electropho- 

resis, cuttle-fish testis histone H4 migrated as 4 bands 

which correspond to non-acetylated and differentially 

acetylated forms of the protein. Chicken erythrocyte 

histone H4 showed two bands, one major with identical 
mobility to the non-acetylated form of calf thymus 

histone H4 and one minor corresponding to the mono- 
acetylated form of calf histone H4 (fig.1). 

The amino acid compositions of histone H4 from 
cuttle-fish and chicken are similar to that of calf his- 
tone H4. From these results and [9,21-241, we can 
reasonably assume that their amino acid sequences 
are identical to that of calf histone H4. 

The peptides obtained by hydrolysis of the cuttle- 
fish and chicken histones H4 with the V8 staphylococ- 

cal protease were separated by chromatography on a 

Sephadex G-100 column (200 X 2.5 cm) equilibrated 
and eluted with 0.01 N HCl (fig.2). The amino-termi- 
nal fragment of histone H4 (residues l-53) is eluted 

,Ac-2 

H4- km &AC-~ 
‘AC-0 

1234567 

Fig.1. Polyacrylamide gel electrophoresis of chicken erythro- 
cyte and cuttle-fish testis histone H4: (1) whole histone from 
calf thymus; (2) whole histone from chicken erythrocyte; 
(3) chicken erythrocyte histone H4; (4) calf thymus histone 
H4; (5) cuttle-fish testis histone H4; (6) whole histone from 
cuttle-fish testis; (7) whole histone from calf thymus. Elec- 
trophoresis was performed at 22 mA, for 219 mm, at pH 2.7, 
in 2.5 M urea [16]. Gels were stained for 60 min with 0.5% 
Coomassie blue R 250 in acetic acid/ethanol/water (1:2:7, 
v/v/v) and destained for 24 h by diffusion in the same mix- 
ture. The differently acetylated forms of histone H4 are indi- 
cated A& (non acetylated, AC-1 (monoacetylated) and 
AC-~ (diacetylated). 
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Fig.2. Separation by gel filtration chromatography of the 
peptides obtained by cleavage of histone H4 with V8 staphyl- 
ococcal protease. The hydrolysate was freezedried and dis- 
solved in 3 ml 0.01 N HCl-4 M urea. The solution was then 
centrifuged and applied to a Sephadex G-100 column (200 X 
2.5 cm) equilibrated and eluted with 0.01 N HCl saturated 
with chloroform. Fractions of 4.5 ml were collected at 
11 ml/h. 

in the first fraction and has the following amino acid 

composition: Asp,, Thrr, Serz, Glua, Pro,, Glyr,, 

Alas, Vala, Iles, Leu4, Tyrr, Hisr, Lys,, Arga. This 
composition is identical to that of the fragment l-53 

from calf histone H4. 

The elution diagram of the tryptic peptides 
obtained by hydrolysis of the NHs-terminal peptide 

with TPCK-treated trypsin and fractionated on a 
Chromobeads P column, is shown in fig.3. After puri- 

fication of the 19 fractions, 24 peptides were obtained 
which overlay the 53 residues of the sequence. Among 

these peptides, 3 from chicken H4 and 4 from cuttle- 
fish H4 were found acetylated at a lysine residue 
(table 1). In chicken histone H4, lysine residues 5 and 
12 were found acetylated to -6% whereas lysine 
residue 16 was found acetylated to 12%. In cuttle- 
fish histone H4, lysine residues 5,12 and 16 were 
found acetylated to about the same extent (25%, 
35% and 29%, respectively). In both histones, the 

lysine residue 8 was found non-acetylated. Moreover, 

the lysine residue 20 was found methylated with the 
dimethyl:monomethyl derivative ratio being -7:l. 

The low rate of acetylation of chicken erythrocyte 

histone H4 must be related to the condensed state of 

chromatin and to the decrease of its transcriptional 

activity [5]. On the other hand, the high level of 

acetylation of cuttle-fish testis histone H4 could be 

involved either with an extensive histone synthesis 

in the early stages of spermatogenesis or with the 

removal of histones from DNA in the late spermatid 

cells prior to their replacement by protamines, as 

quoted in [6]. Acetylation of histone H4 has also 

been observed in the testicular tissue, synthetically 
active, of the Echinoderm Arbncia Zixula, whereas in 

the mature sperm cells, only the non-acetylated form 
of this protein is found [25]. 

The non-acetylated form, as well as the mono-, di- 

and triacetylated forms, of cuttle-fish histone H4 
have been isolated in our laboratory (M. Couppez, 
P. S., unpublished). These subfractions will be used 
in reconstitution experiments of the nucleosome in 
order to determine the influence of acetylation on 

the stability of the nucleosome [26]. 
We have identified in the tryptic digest of the frag- 

ment l-53 obtained by cleavage of chicken and 
cuttle-fish histones H4 with V8 staphylococcal pro- 

tease, the peptide Ser-Gly-Arg which obviously derives 
from the amino-terminal peptide N-acetyl-Ser-Gly- 

Arg of histone H4. The non-acetylated peptide and 

the acetylated peptide were found in the ratio 1:4. 
Indeed, acetylation of the NHz-terminal serine of 

histones is a cytoplasmic modification of newly syn- 

thesized histone molecules and is essentially irrevers- 

ible in contrast to the acetylation of internal lysine 
residues [ 51. This finding prompted the following 

important question. Were 20% of the histone H4 
molecules non-acetylated at their amino-terminal end, 

or could this partial deacetylation be due to the 
presence of a deacetylase activity in the V8 staphylo- 

coccal protease preparation? In the latter case, the 
concomitant deacetylation of the internal lysine resi- 

dues would have to be considered in evaluating our 
acetylation results. We therefore submitted cuttle-fish 
histone H4 to automated Edman degradation on a 
Beckman 890 C Sequencer. No PTH-amino acid was 
obtained, indicating that the amino-terminal end of 
the protein was completely blocked. On the other 
hand, when intact cuttle-fish histone H4 was hydro- 
lyzed with trypsin, and the tryptic digest fractionated 
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Table 1 
Sites of in vivo acetylation of chicken and cuttle-fish histone H4 

A. Tryptic peptides obtained from the NH2-terminal fragment (l-531 
of chicken erythrocyte histone H4 Amounts Of acetylationa 

5.4 

T-l AC-Ser-Gly-Arg 
1 

T-2 Gly-Lys 
5 

T-3 Gly-Gly-Lys 
8 

T-2a Gly-Lys-Gly-Gly-Lys 

T-2b 
4' 

Gly-Lys-Gly-Gly-Lys 
5 

T-4 Gly-Leu-ay-Lys 
12 

T-5 Gly-Gly-Ala-Lys 
16 

T-5a Gly-Gly-Ala-Lys-Arg 

T-5b 
4' 

Gly-Gly-Ala-Lys-Arg 11.8 
AC 16 

T-4a Gly-L'zu-Gly-L:s-Gly-Gly-Ala-Lys 5.8 .^ 

8. Tryptic peptides obtained from the NH2-terminal fragment (l-53) 
of cuttle-fish testis histone H4 

a 
Amounts Of acety1ation 

T-l 

T-2 

T-3 

T-2a 

T-2b 

T-4 

T-5 

T-5a 

T-4= 

T-4b 

Rc-Ser-Gly-Arg 
1 

Gly-Lys 
5 

Gly-Gly-Lys 
8 

Gly-Lys-Gly-Gly-Lys 

4 
Gly-Lys-Gly-Gly-LyS 

5 
25.6 

Gly-Leu-Gly-Lys 
12 

Gly-Gly-Ala-Lys 
16 

AC 

Gly-Gly-Ala-L&g 
16 

AC 

Gly-Leu-Gly-L:s-Gly-Gly-Ala-Lys 
12 
AC AC 

Gly-Le"-Gly-L;;-Gly-Gly-Ala-L+g 

28.8b 

35.6 

a Results are expressed as mol acetylated lysine/lOO mol lysine at a given position (5, 12 and 16) 
b The amount of acetylation for lysine 16 takes into account peptides T-Sa and T4b 
c The amount of acetylation for lysine 12 takes into account peptides T4a and T4b 
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Fig.3. Elution pattern of tryptic peptides from the amino-terminal fragment (residues l-53) of histone H4, fractionated on a 
column of Chromobeads P (60 X 0.635 cm) with pyridme-formate and pyridine-acetate buffers [ 171. Fractions of 5.5 ml were 
collected at 33 ml/h. The pooled fractions indicated by solid bars are numbered by order of elution from l-19. The peak in 
dotted line (peak 1) corresponds to a ninhydrinnegative reaction and to a Sakaguchi-positive reaction., Only peptides containing 
acetylation sites are mentioned on the elution pattern and numbered according to their position in the sequence of the protein 
(e.g. T-l, T-2, . . .). 

as described previously [ 171, no unblocked peptide 
Ser-Gly-Arg was detected. Furthermore, the e-acetyl 

lysine containing peptides were identified, and the 
extents of acetylation of lysine residues 5, 12 and 16 
were found to be identical to those calculated earlier. 

From these data, it was therefore concluded that a 
deacetylase activity, with a specificity strictly limited 
to the a-acetyl amino group, was present in the V8 
staphylococcal protease. This observation can be of 
major interest for sequence work on proteins with an 
acetylated amino-terminal residue. In this respect V8 

protease has been successfully used, in our laboratory, 
to unblock cuttle-fish histone H2A which has an 
identical amino-terminal sequence (residues l-8) to 
that of cuttle-fish histone H4. Work is in progress to 

assay the deacetylase activity of this protease on dif- 

ferent proteins and peptides of known structure 
which have their amino-terminal end blocked by an 

acetyl group. 
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