Vol. 66,No. 2, 1975 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

PHOSPHORYLATED SITES OF CALF THYMUS HISTONE H2B BY ADENOSINE
3',5'-MONOPHOSPHATE-DEPENDENT PROTEIN KINASE FROM SILKWORM*

Eikichi Hashimoto, Masao Takeda and Yasutomi Nishizuka
Department of Biochemistry
Kobe University School of Medicine, Kobe, Japan
Koel Hamana and Koichi Iwai

Institute of Endocrinology, Gunma University, Maebashi, Japan

Received July 21.1975

SUMMARY: Calf thymus histone H2B was 32P—labelled by incuba-
tion with [Y32P]ATP and adenosine 3',5'-monophosphate-dependent
protein kinase from silkworm pupae. Three major radiocactive
tryptic phosphopeptides were isolated by a series of column
chromatographies and analyzed for their amino acid compositions.
Comparison of the data with the known primary structure of the

36
histone revealed their amino acid sequences as Lys-Glu-Ser~Tyr-

38 32 32

Ser-Val-Tyr-Val-Tyr-Lys, Lys-Arg-Ser-Arg and Ser-Arg. Chymo-

tryptic digestion of the first tryptic phosphopeptide produced
36

quantitatively radiocactive Lys-Glu-Ser-Tyr. Eighty five per cent
of the initial acid-precipitable phosphate was recovered at Ser-
32 (32%) and Ser-36 (53%).

For clarifying the involvement of primary structure in de-
termining substrate specificity of cyclic AMPl/—dependent protein
kinase, the data on the aminoc acid sequences in the vicinity of
the sites phosphorylated by the enzyme have been accumulated with
various substrates such as histone H1 (1,2), histone H2A (2), phos
phorylase kinase (3), pyruvate kinase (4), myelin basic protein
(5) and reduced carboxymethylated maleylated lysozyme (6). Re-

cently, Farago et al. (7) isolated a major tryptic phosphopeptide

* This investigation has been supported in part by the research grants
from the Jane Coffin Childs Memorial Fund for Medical Research, the Toray
Science Foundation and Scientific Research Fund of the Ministry of Education
of Japan.

1/ The abbreviations used are: cyclic AMP, adenosine 3',5'-monophosphate;
cyclic GMP, guanosine 3',5'-monophosphate.

547
Copyright © 1975 by Academic Press, Inc.

All rights of reproduction in any form reserved.



Vol. 66, No. 2, 1975 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

from calf thymus histone H2B which was phosphorylated by cyclic
AMP-dependent protein kinase partially purified from human tonsil-
lar lymphocytes, and identified as Lys—Glu—ég;—Tyr—ggé-Val-Tyr—
Val-Tyr-Lys. They proposed either Ser-36 or Ser-38 as the major
site of phosphorylation. More recently, Shlyapnikov et al. (2)
also isolated the same tryptic phosphopeptide from calf thymus
histone H2B which was phosphorylated by pig brain cyclic AMP-de-
pendent protein kinase. 1In this communication, we conclusively
identified Ser-36 as one of the major sites of phosphorylation in
calf thymus histone H2B by cyclic AMP-dependent protein kinase
from silkworm pupae; Lys-Glu-SQ;(P)—Tyr was gquantitatively ob-
tained after chymotryptic digestion of the tryptic phosphopeptide
mentioned above. Furthermore, we defined Ser-32 as another major
site of phosphorylation by the protein kinase.

Histone H2B was prepared from calf thymus by the method of
Oliver et al. (8). Cyclic AMP-dependent protein kinase employed
for the present study was purified from the extract of silkworm
(Bombyx mori) pupae by a slight modification of the method described
by Nishiyama et al. (9). The crude extract was prepared by homo-
genizing the frozen pupae with 4 volumes of 4 mM EDTA containing
5 mM magnesium acetate and 6 mM 2-mercaptoethanol (pH 7.0), fol-
lowed by centrifugation for 20 min at 27,000 x g. The extract
was subjected to pH 4.8 treatment in a manner described by Miyamoto
et al. (10), and all subsequent operations (calcium phosphate-cel-
lulose and DES2 column chromatographies and gel filtration) were
carried out as described by Nishiyama et al. (9) except that 1)
calcium phosphate-cellulose column chromatography was repeated
twice to remove cyclic GMP-dependent protein kinase completely;

2) Sephadex G-150 was used instead of Sephadex G-200; and 3) mag-

nesium acetate and EDTA were omitted from all buffers. Upon gel
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filtration on a Sephadex G-150 column cyclic AMP-dependent protein
kinase was resolved into two, one major and one minor, peaks; the
major peak (molecular weight, 1.8 x 10°) was used for the present
study. By this procedure the enzyme was purified about 100-fold
from the original crude extract and the preparation was free of
cyclic GMP-dependent protein kinase as well as of endogenous phos-
phate acceptor protein under the conditions employed for histone
H2B phosphorylation.

Histone H2B {200 mg) was phosphorylated for 3 hr at 30°C in
300 ml of the reaction mixture containing 20 mM Tris-HCl at pH
7.5, 20 mM magnesium acetate, 4 X 1073 M [Y—32P]ATP (17.5 x 103
cpm per nmole), 1677 M cyclic AMP, and the enzyme (36 mg protein).
Under these conditions, the incorporation of phosphate reached
maximum and 0.83 mole of 32P was incorporated per mole of histone
H2B. Most of the radioactivity incorporated into the histone was
shown to be associated with phosphoserine after acid hydrolysis.
The reaction was stopped by freezing. After being lyophilized,
the residue was dissolved in 30 ml of H30 and 100% (w/v) trichlo-
roacetic acid was added to a final concentration of 10%. After
standing for 20 min in ice, the precipitate was collected by cen-
trifugation for 10 min at 15,000 x g, and washed twice with 10 ml
of 10% trichloroacetic acid, once with acetone-HCl1l (0.05 ml conc
HCl in 100 ml acetone) and once with acetone. After being dried,
the radiocactive histone H2B was extracted from the precipitate
three times with 20 ml (total) of 0.25 N HCl by homogenizing in
a Dounce homogenizer followed by centrifugation for 10 min at
15,000 x g. The histone was precipitated by adding 8 volumes of
acetone and standing overnight at -20°C. The precipitate was
collected by centrifugation for 10 min at 15,000 x g and washed

once with 10 ml of cold acetone and dried under vacuum. These
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procedures minimized the enzyme protein which contaminated the
radioactive histone H2B preparation finally obtained.

The radioactive histone preparation (142 mg protein; 9,500
nmoles 32P) was digested with trypsin (Worthington, Code TRTPCK)
(Trypsin-histone=1:50) for 4 hr at 37°C in 27 ml of 0.1 M ammo-
nium carbonate buffer at pH 8.5. After being lyophilized, the
tryptic digests were taken up with 4 ml H20 and subjected to gel
filtration through a Sephadex G-15 column. As shown in Fig. 1,
the radicactive phosphopeptides were resolved into two fractions
(peak A and peak B), and the recovery was almost quantitative

(7,400 nmoles 2P in peak A; 2,000 nmoles 52

P in peak B). When
peak A was subjected to SP-Sephadex column chromatography under

the conditions given in Fig. 2, 7 radioactive peaks were obtained
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Fig. 1. Gel filtration of tryptic 32P-peptides from phosphorylated histone
H2B on a Sephadex G-15 column. A Sephadex G-15 columm (1.7 x 112 cm) was
equilibrated with 50% (W/V) acetic acid. Elution was performed with the same
acetic acid solution at a flow rate of 11 ml per hr. Fractions of 3 ml each
were collected. A 5 ul aliquot of each fraction was placed on an aluminum
planchet, dried and measured for the radioactivity with a Nuclear Chicago
Geiger Muller gas flow counter, model 4338. See text for other experimental
details.
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Fig. 2. SP-Sephadex column chromatography of peak A. Peak A (6,500 nmoles,
32p) from a Sephadex G-15 column was lyophilized and taken up with 7.5 ml of
0.1 M pyridine-acetic acid buffer, pH 3.1 and applied to a SP-Sephadex column
(2.2 x 50 cm) equilibrated with the same buffer. Elution was performed at a
flow rate of 8.0 ml per hr with the following buffers; I, 140 ml of 0.1 M
pyridine-acetic acid buffer, pH 3.1; II, a linear gradient (total velume 1,000
mi) formed from 0.1 M, pH 3.1 and 0.25 M, pH 3.25 pyridine-acetic acid buffer;
111, 240 ml of 0.25 M pyridine-acetic acid buffer, pH 3.25; IV, a linear gra-
dient (total volume 500 ml) formed from 0.25 M pyridine-acetic acid buffer,

pH 3.25 and 8.25 M pyridine. Fractions of 5 ml each were collected. The ra-
diocactivity of a 10 pl aliquot of each fraction was measured for the radioac-
tivity as described in the legend to Fig. 1.

as indicated, and more than 80% of the applied radicactivity was
recovered in peaks 3, 4 and 7. Under analogous conditions peak B
was resolved into two peaks, one major and one minor, as shown in
Fig. 3 and more than 90% of the radiocactivity was recovered in
peak Bj. Peaks A3, A4, A7 and B] were lyophilized separately and
purified further; each sample (about 300 nmoles) was dissolved in
10 ml of 0.05 M ammonium bicarbonate buffer at pH 8.5 and applied
to a QAE-Sephadex column (2.4 x 13 cm) equilibrated with the same
buffer. After washing with 100 ml of the same buffer, elution

was performed with a 700 ml-linear concentration gradient (50 mM
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Fig. 3. SP-Sephadex column chromatography of peak B. Peak B (1,800 nmoles,
32p) from a Sephadex G-15 column was applied to a SP-Sephadex colum (2.2 x
30 cm) and eluted as described in the legend to Fig. 2 except that the fol-
lowing elution buffers were used; I, 170 ml of 0.1 M pyridine-acetic acid
buffer, pH 3.1; II, a linear gradient (total volume 600 ml) formed from 0.1
M, pH 3.1 and 0.25 M, pH 3.25 pyridine-acetic acid buffer. For other experi-
mental details see the legend to Fig. 2.

to 500 mM) of the same buffer, and fractions of 7 ml each were

collected at a flow rate of 70 ml per hr. Peaks Ay, A7 and Bj
were eluted as a sharp single peak at about 0.4 M, 0.06 M and 0.3
M ammonium bicarbonate buffer, respectively. Peak A3 was eluted
at about 0.55 M with a 700 ml-linear concentration gradient (500
mM to 1 M) of the same buffer. These tryptic phosphopeptides

were lyophilized, dissolved in 2 ml of 0.2 N acetic acid, and was
applied to a Sephadex G-10 column (1.7 x 106 cm) equilibrated with
0.2 N acetic acid. Elution was performed with 0.2 N acetic acid
at a flow rate of 20 ml per hr. Each tryptic phosphopeptide ap-
peared as a single peak. The samples (about 100 nmoles each) were
hydrolyzed in 6 N HCl for 24 hr at 110°C in the presence of 4 mM
phenol under reduced pressure and analyzed for amino acid composi-

tion with a Hitachi amino acid analyzer, model KLA 3B. Compari-
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son of the amino acid compositions given in Table I with the
known primary structure of H2B (11,12) revealed that the amino
acid sequences of peaks A3, A4, A7 and B were Lys—Glu—Sé;-Tyr—
S;;-Val-Tyr, Lys—Glu~52}—Tyr—gér—Val—Tyr-Val-Tyr—Lys, Lys—-Arg-
Séi—Arg and ggf—Arg, respectively. Glycine found in peak A3 (0.7
mole) and in peak A5 (0.2 mole) was presumably a contaminant due
to unknown technical reasons (Table I). The results indicated
that both peaks A3 and A4 contained two seryl residues (Ser-36
and Ser-38) and one phosphate group. Therefore, peak A4 (600
nmoles) was digested for additional 4 hr at 37°C with 0.5 mg of
chymotrypsin (Worthington, Code CDS) in 1.6 ml H0 (pH was ad-
justed to 7.8 with NH40H). The chymotryptic radiocactive phos-
phopeptide (24c) was purified by QAE-Sephadex column chromato-

graphy followed by gel filtration on a Sephadex G-10 column as

Table I
Amino aeid compositions of tryptic and chymotryptic phosphopeptides

from histone Hopl)

Phosphopeptide
Amino acid
Az Ay Apc A B
Lys 0.8 2.0 0.9 0.9
Arg 2.1 1.2
Ser2) 2.1 2.0 1.0 1.0 0.8
Glu 1.3 1.1 1.1
Gly 0.7 0.2
Val 1.0 1.8
Tyr 1.8 3.0 1.0
32p3) 0.9 1.1 1.0 0.9 1.0

1) Data was presented in molar ratio.
2) Corrected for 15% loss during hydrolysis.
3} Calculated from radiocactivity.
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described above; each time the phosphopeptide appeared as a single
peak with an overall recovery of more than 80%. Then, the amino
acid sequence of the chymotryptic phosphopeptide (A c) was iden-
tified as Lys—Glu—égr—Tyr (Table I). The results indicated that
one of the main phosphorylated sites of histone H2B was Ser-36.

Another main phosphorylated site of histone H2B was identi-
fied as Ser-32 from the amino acid sequence of peak A7 (Lys-Arg-
Séi-Arg) and that of peak Bj (Séi-Arg). The tryptic hydrolysis
of the peptide bond between Arg-31 and Ser-32 appeared to be par-
tially protected by the phosphate attached to Ser-32. Under the
present conditions the tryptic digestion of phosphorylated histone
H2B produced Lys-Arg—S;;(P)-Arg and SZ;(P)—Arg in the ratio of
1:2.2, The dipeptide of Ser(P)-Arg was produced from Lys-Arg-

Ser (P)-Arg by extensive tryptic digestion as judged by paper chro-
matography followed by radioautography (data not shown). The
amounts of phosphate incorporated into Ser-32 and Ser-36 were more
than 32% and 53%, respectively, of the total phosphate incorpora-
ted into histone H2B. Therefore, more than 85% of the radioactiv-
ity was recovered at these two sites.

Shlyapnikov et al. (2) have isolated Lys—Gly—Sé;(P)-Lys as
one of the major tryptic phosphopeptides of the histone phosphoryl-
ated by pig brain enzyme. However, this phosphopeptide has not
been obtained at least as a major tryptic phosphopeptide in the
present studies. It may be noted that most of the serine residue
phosphorylated by cyclic AMP-dependent protein kinase is in the
sequence of X-Y-Ser, where X is lysine or arginine and the peptide
bond between X and Y is strongly protected from tryptic digestion
by the phosphorylation of the serine residue.
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