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1. Introduction

During erythropoiesis, the chicken erythrocyte-
specific histone H3 progressively but incompletely
substitutes histone H1.In early stages, newly synthe-
sized histone 0S5 is phosphorylated to a high extent.
Later on, dephosphorylation of histone H5 occurs in
mature erythrocyte [1].

Structural analogy between histones H1 and H5
suggests a similar role for both proteins and phospho-
rylation of histone H1 has been correlated with the
rate of cell division in different tumors [2] and with
the condensation of chromatin [3] but phosphoryla-
tion of histone HS is related to cell maturation and its
degree of phosphorylation is proportional to the num.-
ber of immature cells in anemic chickens and, at the
terminal stage of development in mature red blood
cells histone HS is completely dephosphorylated [4].
This dephosphorylation has been detected when the
chromatin reaches a highly condensed statc [5]. The
progressive displacement of histone H1 by histone HS
during cell maturation can be compared with that of
histones by protamines during spermiogenesis where
protamines are synthesized, then extensively modified
by phosphorylation and dephosphorylated when sper-
matozoa leave the testis.

Phosphorylation also modifies histone—DNA inter-
actions and chromatin conformation: for example,
phosphorylation can modulate histone H5--nucleo-
some interactions [6]. Sites of phosphorylation of
histone H3 have been investigated in vivo [4], und
in vitro using the catalytic subunit of cyclic AMP-
dependent protein kinase from pig brain [7] and from
rat pancreas [8]. Even if the specificity is different
frem one kinase to another, the sites of phosphoryla-
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tion in histone I15 are distributed in vitro as in vivo in
two distinct regions of the protein: the amino-termi-
nal region (residues 1--21) and the carboxy-terminal
region (residues 101—189); in all cases, no site has
been detected in the globular part of the molecule
(residues 22—100) [9]. This fact has been already
mentioned for histone H1 which, like histone H5, con-
tains 3 different domains: a short apolar amino-termi-
nal part in random coil (residues 1—34); a globular
central part (residues 35—-120); and a highly basic car-
boxy-terminal part in random coil (residues 121-213)
[10]. Phosphorylation of histone H1 by a cyclic AMP-
dependent protein kinase only takes place at serine
residue 37 in the amino-terminal region of the mole-
cule while phosphaorylation by a cyclic AMP-indepen-
dent protein kinase occurs at serine and threonine
residues, mainly in the carboxy-terminal region.

This paper deals with the in vitro phosphorylation
of chicken erythrocyte histone HS by a cAMP-indepen-
dent growth-associated protein kinase isolated from
mouse plasmocytoma cells. This kinase has been shown
to specifically phosphorylate histone H1; the core his-
tones H2A, H2B, H3 and H4 are not phosphorylated.

Due to the close structural and functional relation-
ship between histones 111 and HS, the kinase was
assayed with histone HS. Five serine residues at posi-
tions 3,7, 104,117 and 148 were phosphorylated.

2. Matenials and methods

2.1. Preparation of histone HI-specific protein kinase
Jrom mouse plasmocy toma cells
A cAMP-independent protein kinase with high
specificity for histone H1 {PKH1) was purified from
mouse plasmocytoma by 30—350% ammonium sul-

00145793/81/0000--0000/$02.75 © 1981 Federation of European Biochemical Societies 103



Volume 134, number 1 FEBS LETTERS November 1981

fate precipitation followed by chromatography on 2 3. Limited acid hydrolysis
DEAE-52 cellulose, hydroxylapatite, phosphocellu- For identification of phosphoserine and phospho-
lose and Sephadex G-200 columns asin [11]. It had a threonine *2P-labelled histone H3 was hydrolysed for
specific activity of 0.7- | unit/mg histone H1. 2 hat 110°C under vacuum with 6 N HCl [12]. The

: hydrolysate was submitted to electrophoresis at
2.2. Phosphorylation of histone HS 2500V for 2 h on Whatman 3 MM paper ai pH 19

The phosphorylation of chicken erythrocyte his- (acetic acid/formic acid/water, 35:10:400, by vol.}.
tone H5 (25 mg} by purified histone H1 kinase (PKHI1) Unlabelled phosphoserine and phosphothreonine
{enzyme/histone ratio 1/1000) was performed for were used as markers.
12 hat 34°C in 12 ml reaction mixture containing:
30 mM Tris—HCl (pH 7.6); 10 mM Mg-acetate; | mM 2 4. Localization of phosphorylation sifes
dithiothreitol; 0.2 mM EGTA and 0.3 mM ([y-**P]- Tryptic hydrolysis, fractionation of tryptic hydro-
ATP). The reaction mixtuie was then dialysed 15 h lysate and identification of phosphorylated sites were
against deionised water and lyophilised. performed as in [8].

Tabie 1

Sites of in vitro phosphorylation of histonc HS determined from **P-labelled tryptic peptides

Amounts of

phosphorylation?
A By 4 cAMP-independent protein kinase from mouse plasmocytoma cells
i i
(H) Thr—Glu —Ser,—Leu—Val-Leu—Ser,—Pro— Ala—Pro—Ala—Lys—Pro—Lys 5
i
(Lys—Arg)? —8er,,,—Pro—Gly—Lys—Lys 10
i
Ser—Thr—Ser,,,—Pro—Lys 43
[
Ser--Thr—Ser,,,—Pro—Lys—Lys ]
]
Ser—Arg-Ala—Scr ,,—Pro-Lys 36
B: By a cAMP-dependent protein kinase from rat pancreas [8}
F P
(Arg—Arg)—SerZz-Ala—Scr—His—Pru—ThI—Tyr——ScI:rm—Glu—Mct—Ile—Ala—Ala—Alaf le—Arg 20
i
Lys—Lys—Ser,, —Arg S0
i
Lys—Ala—Ser,,,—Lys—Ala—Lys—Lys 30

d The amnounts of phosphorylation are expressed in % of the total amount of [**P]phosphate incorporated into lhe protein

b Residues in parentheses are not included in the tryptic peptides. They are written to show that most of the phosphorylation
p

. . |
sitcs are located in a sequence B—X—5er where B is a basic amino acid and X any amino acid
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3. Results and discussion

Phosphoserine only was shown to be present in the
2 h-hydrolysate of histone HS phosphorylated by the
cAMP-independent protein kinase isolated from mouse
plasmocytoma cells. By comparison caif thymus his-
tone H1 was preferentially phosphorylated with this
kinase on threonine residues (P-Ser/P-Thr ratio, 0.48).

Radioautography of the peptide map of the tryp-
tic hydrolysate of the histone HS labelled with [*P]-
phosphate shows 5 labelled peptides. Structural stud-
ies of the phosphorylated tryptic peptides isolated by
ion-exchange chromatography on Chromobeads P
(Technicon Corp.) allowed us to locate the phospho-
scrine residues in the sequence of the protein [13],

The sites of phosphorylation of histone HS by the
H1-specific cAMP-independent protein kinase from
mouse plasmocytoma cells are presented in table 1.
The phosphorylation sites of histone H5 phosphoryl-
ated with the cAMP-dependent protein kinase from rat
pancreas [8] are given by comparison.

Five serine residues in histone H5 were phospho-
rylated to different ecxtents by the H1-specific kinase.
Two minor sitcs (scrine-3, serine-7) were identified in
the short hydrophobic sequence (residues 1—-11) of
the amino-terminal region of histone HS. The 3 other
phosphorylation sites were found in the highly basic
carboxy-terminal half of the protein, at serine resi-
dues 104,117 and 148. Serine 117 is indeed the major
site of phosphorylation of histone H5 for the H1-spe-
cific kinase since ~50% of the total *?P-labelling was
incorporated in that residue. The incomplete cleavage
by trypsin of the Lys,;¢—Lys;4o bond generated two
peptides and accounted for the presence of two radio-
active spots corresponding to [**P]Ser,,; on the pep-
tide map of histone HS5.

As shown in table 1, the phosphorylation sites of
histone H3 by the Hl-specific cAMP-independent
kinase from mouse plasmocytoma cell are differcnt
from those phosphorylated by the cAMP-dependent
kinase {rom rat pancreas.

However both enzymes phosphorylate essentially
serine residues located in the highly basic domain of
the protein which is thought to interact strongly in
the chromatin with the phosphate groups of DNAbut,
whereas serine residues phosphorylated by the cAMP-
independent kinasc arc adjacent to a proline residue,
thosc phosphorylated by the cAMP-dependent kinase
are located just before a basic residue.

The specificity of these two enzymes conlrasts
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sharply with that of cAMP-dependent protein kinase
from pig brain which preferentially phosphorylates
serine residues located in the globular domain (resi-
dues 22— 100) of histone HS5 |7 9].

Four of the 5 serine residues phosphorylated
in vitro in H5 by the H1 specilic cAMP-independent
kinasc are identical to those found phosphorylated
invivo [5]. The extent of labelling is however differ-
ent. Nearly S0% of the **P-label are incorporated
in vivo in the amino-terminal region of histone H5
(residues 1-21), equally distributed between scrines
at positions 3, 7. The remaining 50% are located in
the carboxy-terminal half of the molecule at Ser;oq
and Ser g Ser ;5 major site of the in vitro phosphe-
rylation by the cAMP-independent kinase does not
appear to be phosphorylated in vivo.

As observed in histone HS phosphorylated with a
cAMP-dependent kinase from rat pancreas [8], the
serine residues phosphorylated with the Hl-specific
cAMP-independent kinase are all located within
regions in predicted f-turn conformation except Ser;
{14,15]. In fact, the specificity of a given protein
kinase is basically related to the recognition of specific
amino acid sequences. Thus, the cAMP-independent
kinase from mouse plasmocytoma cell phosphorylates
with a marked specificity the serine residues in his-
tone HS just before a proline residue.

Obviously this specificity is similar to that of the
growth-associated hisione kinase which is bound to
chromatin and catalyzes cAMP-independent phospho-
rylation of a number of serine and threonine residues
inhistone H1 {16]. Thefoursites of growth-associated
phosphorylation which are located at positions 16,
136,153 and 180 of the HI1 subfraction RTL-3 [17]
are all included in a repeat structure where a proline
residue occurs next to a serine or threonine residue
such as in Ser;—Pro—Ala—Lys, Thr—Pro—Lys—Lys
(positions 136 and 153) and Ser g;—Pro—Lys—Lys.

The recognition of such sequences by the cAMP-
independent kinase from mouse plasmocytoma cells
explains the narrow specificity of this kinase for the
phosphorylation of histone H1 and of histone HS
which is closely related to histone H1 [13]. These
sequences are only encountered in histones H1 and HS
but not in core histones H2A, H2B, H3 and H4.
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