NONENZYMATIC ACETYLATION OF HISTONES

Nonenzymatic Acetylation of Histones with Acetyl

Phosphate and Acetyl Adenylate?

Giampietro Ramponi,™! Giampaolo Manao, and Guido Camici

ABSTRACT: Nonenzymatic acetylation of calf-thymus lys-
ine- and arginine-rich histones was demonstrated to occur
when these proteins were incubated with ['*Clacetyl phos-
phate and ['“Clacetyl adenylate. The levels of acetylation
depend on both pH and on reagent concentration. When
acetyl [3*P]phosphate and acetyl [*H]adenylate were used
as reagents, we found neither histone phosphorylation nor
adenylylation. Most of the radioactivity of '*C-labeled ac-

The presence of N-acetyl groups in calf-thymus histones
was first reported by Phillips (1963). Phillips (1968) also
showed that the NH; terminal of several histone fractions
was acetylated. However, subsequent studies on isolated
calf-thymus nuclei revealed that the major site of acetyla-
tion in histones is not the NH,-terminal amino acid, but
rather the e-amino group of internal residues (Gershey et
al., 1968; Vidali et al., 1968). Recently the location of sites
of in vivo acetylation of trout testis histones was studied
(Candido and Dixon, 1971, 1972),

The mechanism of histone acetylation which has been the
most thoroughly studied is the enzymatic one, in which ace-
tyl-CoA is the acetyl donor, although it has been postulated
that above pH 7.5 acetylation proceeds through a chemical
mechanism (Gallwitz, 1968). This has been clearly demon-
strated by Paik et al. (1970), who found an optimum pH of
10.0 for the chemical acetylation of histones by acetyl-CoA.

In previous works (Ramponi et al., 1970; Ramponi and
Grisolia, 1970) it was demonstrated that carbamyl phos-
phate and 1,3-diphosphoglycerate react rapidly with his-
tones.

In the present paper we have performed an extension of
the study on the modification of histones by two other phys-
iological compounds in which a carboxy! phosphate bond is
present, i.e., acetyl phosphate and acetyl adenylate.’

Materials and Methods

Preparation of Acetyl Phosphate, Acetyl Adenylate, and
Acetyl Ribosyl Phosphate. Acetyl phosphate (Kornberg et
al., 1956) was prepared by the following method: 0.95 ml of
pyridine, 0.5 ml of 1 M K,;HPO4 (*°P labeled to have
[*3P]Ac-P), and 1.5 ml of water were mixed and cooled to
0°. Acetic anhydride (0.11 ml) (*4C labeled to have
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etylated histones was recovered as /V¢-acetyllysine. Further-
more, only a small amount of O-bound radioactivity was re-
leased by the “C-labeled acetylated arginine-rich histone
during treatment with hydroxylamine. Experiments on the
acetylation of histones, in the presence of increasing salt
concentration, gave different results for the two acetylating
agents.

['*C]Ac-P) was added over a 3-min period to the mixture
which was then stirred. Then 0.45 ml of 4 N LiOH was
added, and the product precipitated with 23 ml of ethanol
(—15°). Successively the precipitate was collected, washed
twice in cold ethanol, and dried in vacuo.

Acetyl adenylate (Jencks, 1963) was prepared by the fol-
lowing method: 2 mmol of 5-AMP ([*H]adenosine labeled
to have Ac-[?’H]AMP), dissolved in 10 ml of 50% pyridine,
was mixed with 2 ml of 1 M LiOH and cooled to 0°. Then 2
m! of acetic anhydride (1*C labeled to have ['*C]Ac-AMP)
was added over 2-3 min with stirring, and the mixture im-
mediately extracted three times with cold ether. The aque-
ous layer was poured drop by drop into 150 ml of cold ace-
tone, with stirring. Successively the precipitate was collect-
ed, dissolved in a small amount of water, and again precipi-
tated with cold acetone. The product was left to dry over-
night under vacuum.

Acetyl ribosyl phosphate was prepared by the following
method: [!4C]Jacetyl ribosyl phosphate was synthesized
(with slight modification) by the synthesis reported above
for Ac-AMP, using ribose 5-phosphate instead of AMP as
starting material. The acetone-precipitated product was an
oil and did not crystallize. The oil was dissolved in a small
amount of water and stored at —80°. The product, analyzed
for carboxyl phosphate content (the Lipmann and Tuttle
method, 1945) and for radioactivity, showed a molar ratio
of ['*C]acetyl:carboxyl phosphate of 1.07, demonstrating
that only one acetyl group is bound to ribose 5-phosphate.

Acetylation Experiments. Acetylation experiments were
carried out by incubating 2 mg of histones (calf-thymus ar-
ginine and lysine-rich histones, types IV and III, respective-
ly, from Sigma) or other proteins with [4C]Ac-P or
['*C]Ac-AMP (the amount is specified in each experiment)
in a total volume of 0.32 ml at 37° for suitable periods of
time. Then the mixtures were acidified by the addition of a
few drops of concentrated acetic acid and applied to 1 X 30
cm Sephadex G-25 columns, equilibrated with 0.1 M KCI,
and eluted at a flow rate of 8 ml/hr (four to eight of these
columns were used simultaneously). One-milliliter fractions
were collected and transferred to a counting vial; then 10 ml
of scintillation solution [ part of Triton X-100 and % parts
of Liquiflor (NEN Chem. GmbH) diluted 1:10 with tolu-
ene] was added. Radioactivity was measured by an Isocap-
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FIGURE 1l: Lysine-rich histone acetylation by Ac-P (a) and Ac-AMP
(b) vs. incubation time. The reaction mixture was as follows: 2 mg of
histone, 40 umol of buffer, 20 umol of Ac-P, or 5 umol of Ac-AMPina
total volume of 0.32 ml. The incubation was performed at 37° for vary-
ing lengths of time: (O) Tris-HCI buffer (pH 7.6); (a) Tris-HCI buffer
(pH 8.9); () Borate buffer (pH 10.0); (@) borate buffer (pH 11.0).
No significant differences were found using borate or Tris-HCI buffer
at the same pH value.

al
a8 b &=
% =
H .
: — |
£ ./m
EY
e
E ///////.,
[
5
s ) o
O e
:'uz r / P °
5
3 .
2 N
H e
o A
®1r — [
£ & A 'S
fo—oe—e i
.
st [
a—4 A N V N "
10 20 10 20

pmoles

FIGURE 2: Lysine-rich histone acetylation by Ac-P (a) and Ac-AMP
(b) vs. reagents concentration. The feaction mixture was as follows: 2
mg of histone, 40 umol of buffer, and varying amounts of Ac-P or Ac-
AMP in a total volume of 0.32 ml. The incubation times at 37° were 3
and 1 hr, for Ac-P or Ac-AMP, respectively: (a) acetate buffer (pH
5.3); (0) Tris-HCI buffer (pH 7.6); (A) Tris-HCI buffer (pH 8.9); (D)
borate buffer (pH 10.0); (®) borate buffer (pH 11.0).

300 liquid scintillation counter.

Two well-separated radioactive peaks were found, the
first corresponding to high molecular weight material and
the second to low molecular weight material. The first peak
radioactivity was taken to be histone bound.

In order to dissolve the precipitate formed during reac-
tion in arginine-rich histone experiments, solid urea and
some drops of concentrated acetic acid were added before
applying to the columns of Sephadex G-25, in 0.1 M KCl
containing 6 M urea.

Enzymic Hydrolysis. Native or C-labeled acetylated
histones were submitted to enzymic hydrolysis according to
Hill and Schmidt (1962), slightly modified by Ramponi et
al. (1971). Aliquots of the deproteinized hydrolysates were
directly applied to the columns of a Unichrom amino acid
analyzer. To measure radioactivity, the exit of the Uni-
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FIGURE 3: The acetylation of some proteins and polylysine by Ac-P as
a function of pH. The reaction mixture, in a total volume of 0.32 ml,
contained 2 mg of proteins or polylysine, 40 umol of buffer at various
pH values, and 20 umol of Ac-P, and was incubated at 37° for 3 hr.

chrom photometer was connected to a fraction collector. Al-
iquots of each fraction were put into a counting vial, mixed
with Triton X-100-Liquiflor solution, and counted.

Results and Discussion

Effect of Incubation Time, Substrate Concentration, and
PH on Lysine-Rich Histone Acetylation. To study the acet-
ylation behavior of lysine-rich histone by Ac-P and Ac-
AMP, we carried out experiments in which 2 mg of histone
was incubated with a fixed amount of acetylating reagent
for varying lengths of time at various pH values. The results
are reported in Figures 1a and 1b. It can be noted that reac-
tions are dependent on the incubation period, and reaction
rate is faster with Ac-AMP than it is with Ac-P.

Furthermore, Figures 2a and 2b show that the degree of
acetylation depends on the concentration of the reagents for
both Ac-P and Ac-AMP, and that the behavior of the
curves is similar. An exception is the reaction of histone
with Ac-AMP at pH 5.3, where a plateau is not approached
even at about 60 mM Ac-AMP concentration. Figures !
and 2 also show the marked pH dependence of both these
reactions.

From Figure 2b it can be seen that when lysine-rich his-
tone is incubated with 1 umol of Ac-AMP, at pH values
8-11, most of the acetate is incorporated into the protein.
This fact, together with the hydrolysis rate values of Ac-
AMP (half-life times of 17 and 2 min at pH 9 and 10, re-
spectively, as measured at 37° by a pH-Stat apparatus),
suggest that the rate of the histone-Ac-AMP reaction is
very high at a low Ac-AMP concentration.

Acetylation Specificity. Figure 3 shows the radioactive
labeling of some proteins and synthetic polylysine (Sigma
Chemical Co.), incubated with ['*C]Ac-P at various pH
values. It can be noted that, while polylysine and lysine-rich
histone were highly acetylated, arginine-rich histone was
acetylated to a lesser degree. A small amount of radioactivi-
ty was seen to be bound in other proteins tested, i.e., albu-
min and ribonuclease. Nevertheless, the lysine content of
these last two proteins is similar to that of arginine-rich his-
tone. The above results may be explained by considering
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that albumin and ribonuclease have a more highly ordered
structure than of the randomly coiled polylysine and his-
tones. Thus, these native proteins have a smaller number of
exposed lysine e-NH; groups on their molecular surfaces
than do histones.

On the Possibility of Phosphorylation or Adenylylation
of Histones by Ac-P and Ac-AMP. To check this possibili-
ty, we carried out experiments in which [33P]Ac-P and Ac-
[*H]JAMP were incubated with lysine-rich and arginine-
rich histones under the same conditions as those for acetyla-
tion experiments, at pH values of 2.7, 7.6, and 8.9. The his-
tones were isolated from reagents as before. No radioactivi-
ty, 3P or 3H, respectively, was found to be histone bound at
all pH values tested. From these data we can conclude that
the only apparent reaction between Ac-P or Ac-AMP and
histones is the nucleophilic attack at the carbonyl carbon of
the acetyl group.

Effect of Various Compounds on Lysine-Rich Histone
Acetylation. In these experiments, carried out at pH 8.9, we
tested the competition power of various compounds having
different chemical groups on the acetylation of lysine-rich
histone by Ac-P or Ac-AMP. The results are reported in
Figure 4; it can be seen that 1-propanol, 2-mercaptoethanol,
and N@-acetyl-L-arginine (synthesized according to Green-
stein and Winitz, 1961) have little or no effect on either of
the two reactions. Furthermore, while p-oxybenzoic acid is
a good competitor in Ac-P reactions, its effect on the Ac-
AMP reaction is minimal. This can be explained if we con-
sider the steric hindrance of the benzene ring and the struc-
tural differences between Ac-P and Ac-AMP.

The different behavior of alanine may be explained by
considering that, at pH 8.9, the two carboxyl phosphate
compounds exist practically as dianion (Ac-P2~) and mo-
noanion (Ac-AMP™), respectively. Alanine, whose better
reactive form at this pH is CH;CHNH,;COO™, is probably
repelled by the two negative charges of Ac-P?~. The re-
duced negative charge of Ac-AMP~, combined with the
major reactivity of this last compound, facilitates the nu-
cleophilic attack by the «-NHj; nitrogen of alanine. This
fact is in agreement with the apparently greater competi-
tion power of lysine against Acc:AMP than against Ac-P
reaction.

From the above competition experiments it is possible to
suggest that (1) under certain conditions, tyrosine could be
O-acetylated by Ac-P; (2) a-NH; groups can be more easi-
ly acetylated by Ac-AMP than by Ac-P.

Identification of ['*C]Acetyl-Labeled Amino Acid(s).
To identify the amino acid(s) of histones, acetylated either
by Ac-P or by Ac-AMP, complete enzymic hydrolysis and
amino acid analyses were carried out. Only one radioactive
and ninhydrin-positive peak was found, which appears be-
tween proline and glycine. Its elution time corresponds ex-
actly to that of synthetic NV¢-acetyllysine (Cyclo Chemical
Co.). The radioactive material, isolated by a preparative
run, was subsequently hydrolyzed with 6 V¥ HCl at 110° for
24 hr, and the amino acid analysis performed on this hy-
drolysate gave only lysine.

Only for arginine-rich histone (acetylated by Ac-AMP)
was a small amount of radioactivity (this material is not
ninhydrin positive) eluted before aspartic acid. This could
be explained by the presence of free acetic acid, partially
split off from V- or O-acetyl groups of particular lability
during the enzymic hydrolysis. Thus, further experiments
were made to check if O-acetylated sites could be present in
acetylated histones, according to the method of Narita
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FIGURE 4: Cornpetition of various compounds on lysine-rich histone
acetylation by Ac-P (a) and Ac-AMP (b). The reaction mixtures, in a
total volume of 0.32 ml, incubated for 3 or I hr at 37° for Ac-P (5
umol) or Ac-AMP (5 umol), respectively, contained 2 mg of histone,
40 umol of Tris-HCI buffer (pH 8.9), and various amounts of the fol-
lowing compounds: (O) 2-mercaptoethanol; (a) lysine; (O) alanine;
(®) 1-propanol; (A) p-oxybenzoic acid; (W) N“-acetyl-1-arginine; (X)
imidazole.

(1959), with slight modification. Each acetylated histone
(about 4 mg) was treated with 2 M hydroxylamine, adjust-
ed to pH 6.5, for 20 min at 37°, and then introduced into a
column of Sephadex G-25 (1 X 40 cm) and eluted with 0.1
M KCI. Fractions (0.8-1 ml) were collected and their ra-
dioactivity measured. The radioactivity found in the peak of
low molecular weight material was taken to be O bound.
Only acetylated arginine-rich histone released O-bound ra-
dioactivity (7 and 12% for Ac-P and Ac-AMP, respective-
ly). This fact is similar to that found in enzymatically ac-
etylated histones as reported by Nohara et al. (1966), who
also observed hydroxylamine acetyl stability for lysine-rich
histone.

In Table I are summarized the quantitative results of the
amino acid analysis of enzymic hydrolysates. It is possible
to observe that lysine content is remarkably lowered in ac-
etylated histones with the contemporaneous appearance of
Nt-acetyllysine, while the amount of other amino acids re-
mains similar,

Effect of Salt Concentration on Histone Acetylation with
Ac-P and Ac-AMP. The purpose of these experiments was
to show the behavior of histone acetylation in a solution of
increasing ionic strength. This is because histones undergo
conformational changes in salt solutions (Bradbury and
Crane-Robinson, 1971; Hnilica, 1972) and it was found
that in chromatin the conformation of histones approaches
that of these proteins in a solution of high ionic strength
(Tuan and Bonner, 1969). This type of experiment may be
utilized in probing histone structure in chromatin.

Figure 5 shows histone acetylation at different concentra-
tions of salts. The Ac-P reaction for both lysine- and argi-
nine-rich histones is markedly decreased by the increased
concentration of salt. On the other hand, the concentration
of salt has no effect on the reaction between Ac-AMP and
both histones. As regards preincubation, no differences
were observed in the experiments carried out, either with or
without preincubation of histones with salts, except in the
case of acetylation of arginine-rich histone with Ac-AMP
(Figure 5d). In this figure it can be seen that preincubation
causes a more extensive acetylation of histone.
1975 2683
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Table I: Amino Acid Analyses of Histones’ Enzymatic Hydrolysates.?

Ac-P Acetylated Ac-AMP Acetylated

Ac-P Acetylated Ac-AMP Acetylated

Amino Acid Lys-Rich His Lys-Rich His Lys-Rich His Arg-Rich His Arg-Rich His Arg-Rich His
Asp 1.3 1.3 1.3 31 4.1 3.6
Thr 6.0 6.1 6.7 6.6 6.4 6.1
Ser + amides 7.7 7.3 7.6 6.1 54 5.5
Ghu 3.8 3.5 33 6.4 7.4 6.5
Pro 7.0 6.8 6.7 3.9 4.3 4.5
N€-Ac-Lys 17.1 25.7 49 12.4
Gly 7.3 7.3 7.4 8.7 8.7 8.2
Ala 27.5 26.8 24.8 12.2 12.5 12.2
Half-Cys 0.3

Val 4.7 4.6 4.5 6.0 6.0 5.8
Met 0.1 0.1 0.1 1.2 0.7 1.4
Ile 1.0 1.0 1.0 5.2 5.1 5.0
Leu 4.5 4.4 44 7.9 7.8 7.8
Tyr 0.7 0.6 0.7 3.1 2.9 3.1
Phe 0.7 0.6 0.5 2.4 2.4 2.6
Lys 25.0 10.2 2.3 13.1 8.3 2.4
His 0.2 0.1 0.1 1.8 1.7 1.9
Arg 2.0 1.9 2.6 11.5 11.2 10.8

a Results are expressed as mol/100 mol of total amino acids. Histones’ acetylation was carried out at pH 8.9.
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FIGURE 5: Effect of salt concentration on histone acetylation by Ac-P
and Ac-AMP. (a) Ac-P acetylation of lysine-rich histone. Incubation
mixture (37° for 3 hr) contained: 2 mg of histone, 40 umol of Tris-HCl
buffer (pH 8.9), 5 umol of Ac-P, and various amounts of KCI. (b)
Ac-P acetylation of arginine-rich histone. The experimental conditions
are as in a. (c) Ac-AMP acetylation of lysine-rich histone. Reaction
mixture (37° for 1 hr) contained: 2 mg of histone, 40 umol of Tris-HCI
buffer (pH 8.9), 5 umol of Ac-AMP, and various amounts of KCl. (d)
Ac-AMP acetylation of arginine-rich histone. Experimental conditions
are as in ¢. (O) The mixture, containing only histones, buffer, and salt,
was preincubated 3 hr before adding an acetylating reagent dissolved
in a salt solution with the same KC! concentration as the preincubation
mixture; (A) without preincubation.

In experiments with salts the different behavior of the
two carboxyl phosphate compounds, i.e., Ac-P and Ac-
AMP, can be related to their mono- or dianionic forms, re-
spectively. This hypothesis is supported by the results ob-
tained with acetyl ribosyl phosphate as acetylating agent.
When this compound is used in histone acetylation, salts
have no effect, as they do for Ac-AMP.

The results reported in this paper demonstrate that Ac-P
and, more rapidly, Ac-AMP react nonenzymatically with
histones and other proteins in a broad pH range and also at
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low substrate concentration.

For this type of reaction, in which a substrate usually
reacts nonspecifically with an enzyme or another protein,
forming a covalent bond and inducing a molecular distor-
tion, the term chemotrophic was proposed (Grisolia and
Hood, 1972).

In a recent review Grisolia and Hood (1972) described
many examples of these phenomena and postulated a physi-
ological relevance of the chemotrophic modification of pro-
teins.

As regards this paper, it can be noted that Ac-AMP, in
particular, is a model for numerous compounds which are
synthesized in high quantity in the cell, such as aminoacyl
adenylates or fatty acyl adenylates, related to carboxyl acti-
vation in protein syntlresis and in fatty acid metabolism, re-
spectively. If the reactions described above have some phys-
iological relevance, it can be considered that enzymes which
hydrolyze acyl adenylates (Kellerman, 1958) and acyl phos-
phates (Lipmann, 1946) were found. These enzymes could
play a regulatory role in physiological concentration of
these highly reactive compounds. We found that horse mus-
cle acyl phosphatase (Ramponi et al., 1969), for example,
protects lysine-rich histone from acetylation when it is
added to a mixture containing histone and Ac-P.
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Isolation and Characterization of Subunits from the
Predominant Form of Dolichos biflorus Lectin®

William G. Carter and Marilynn E. Etzler*

ABSTRACT: The subunits of the two molecular forms (A
and B) of the Dolichos biflorus lectin were isolated by ion-
exchange chromatography on DEAE-cellulose in 8.0 M
urea. Subunits IA and ITA which comprise the predominant
molecular form A of the lectin were found to have molecu-
lar weights of 27,700 and 27,300, respectively, as deter-
mined by sedimentation equilibrium studies in 8.0 M urea.
These subunits have similar amino acid compositions and
each have alanine at their amino-terminal ends. Compari-
son of the TIA and IIA subunits by immunodiffusion against
antisera to the seed extract as well as to subunits IA and

The seeds of many plants contain proteins called lectins
that have the ability to specifically agglutinate certain types
of cells (for review see Lis and Sharon, 1973). A number of
these lectins have specificities for some of the various blood
group substances; among these lectins is the Dolichos biflo-
rus lectin that was reported to agglutinate type A erythro-
cytes (Bird, 1951) and to precipitate blood group A sub-
stance (Boyd and Shapleigh, 1954; Bird, 1959). This lectin
was isolated in a highly purified state by affinity chroma-
tography on insoluble blood group A+H substance, and its
blood group A specificity was found to be due to its ability
to specifically combine with terminal nonreducing N-ace-
tyl-a-D-galactosamine residues (Etzler and Kabat, 1970).
The isolated Dolichos biflorus lectin is a glycoprotein
(Etzler and Kabat, 1970; Font et al., 1971) and has recently
been fractionated into two electrophoretically distinguish-
able forms (A and B) by chromatography on concanavalin
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This work was supported by U.S. Public Health Service Grants GM
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IIA showed no antigenic differences between the two sub-
units. Carboxyl terminal analyses of subunits IA and ITA
with carboxypeptidase A produced an essentially simulta-
neous release of both leucine and valine residues from sub-
unit IA; no detectable amino acids were released from sub-
unit ITA under identical conditions. The data suggest that
the molecular form A of the lectin (molecular weight
113,000, Carter and Etzler, 1975) consists of four subunits
with a possible stoichiometry of IA;IIA,. Other possible ar-
rangements of the subunits are discussed.

A-Sepharose. These two molecular forms of the lectin have
differences in carbohydrate contents but have identical
specificities and very similar amino acid compositions (Car-
ter and Etzler, 1975).

The A and B forms of the lectin have molecular weights
of 113,000 and 109,000, respectively, and are each disso-
ciated into two types of subunits by discontinuous electro-
phoresis on sodium dodecyl sulfate-urea gels (Carter and
Etzler, 1975).

In the present paper we report the isolation of the sub-
units of the Dolichos biflorus lectin and the characteriza-
tion of the two types of subunits of the predominant form A
of the lectin.

Materials and Methods

Isolation of Lectin. The Dolichos biflorus lectin was iso-
lated from seed extracts as previously described (Etzler and
Kabat, 1970; Etzler, 1972) by adsorption onto insoluble po-
lyleucyl hog blood group A+H substance (Kaplan and
Kabat, 1966) and specific elution from this immunoadsor-
bent with 0.01 M N-acetyl-D-galactosamine. After removal
of the hapten by chromatography on Bio-Gel P-10, the lec-
tin was concentrated by ultrafiltration in a Diaflo ultrafil-
2685
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