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The nucleolus, a distinct biochemical and morphological entity, is the site where
precursor ribosomal RNA is synthesized, processed to mature rRNA and
assembled with proteins to preribosomal particles (Miller 1981; Busch 1982;
Sommerville 1985, 1986). Considerable interest developed on the functions of
nucleolar proteins in ribosome biosynthesis. Two major nucleolar phosphopro-
teins, designated as B23 (mol.wt/pl = 38000/4.9-—5.4) and C23 (mol.
.wt/pl = 110000/5.5) were purified and characterized (Olson 1983). It was
suggested that the protein C23 may play a role in the rRNA gene regulation. The
protein B23 is probably involved in the process of maturation of ribosomal
structures (Spector et al. 1984). Moreover, it is well established that histone
fractions are basic protein components of nucleolar chromatin (Busch and
Smetana 1970; Olson and Busch 1978). However, it was presumed that tran-
scribed TDNA is devoid of histones and nucleosomes and that its behaviour
resembles that of free DNA (Franke et al. 1979; Labhart et al. 1983). Hence, it
can be assumed that histones are mainly located in the inactive, nontranscribed
form of nucleolar chromatin. The results of a series of experiments from
Gurley’s laboratory (Halleck and Gurley 1980, 1982) on cultured cell lines of the
deer mouse Peromyscus suggest that constitutive heterochromatin is enriched in
a more hydrophobic variant of the histone H2A, i.e., H2A.l. The histone
complement of hamster liver nuclei was characterized electrophoretically in our
previous work (Kilianska et al. 1982)). In the present work the histone patterns
of hamster liver nucleoli and nuclei were compared by electrophoresis in acid-
urea and acid-urea-Triton X-100 gels. The latter electrophoretical system is a
very valuable tool for the analysis of histone microheterogeneities and hydro-
phobic properties.

Nucleoli from hamster liver. Nuclei from male Syrian hamster liver were
obtained by the sucrose method with additional treatment of nuclei with 0.4%
Triton X-100 to remove membrane ghosts. They were purified by centrifugation
at 40,000 x g through 2.2 mol/l sucrose. The nuclear pellet was resuspended
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(1 mg DNA/mI) in 0.25 mol/l sucrose, 1 mmol/l CaCl,, 5 mmol/l Tris. HCI (pH
7.4), sonicated for 15s in 30 s intervals until no nuclei remained intact, and
centrifuged through 0.9 mol/l sucrose, 10 mmol/I Tris. HCI (pH 7.4) at 1600 x g
for 20 min. The crude nucleolar pellet was resuspended in 0.25 mol/l sucrose,
I mmol/l CaCl,, 5 mmol/l Tris. HCI (pH 7.4) and resonicated to disperse the
extranucleolar chromatin. The sonicate was centrifuged through 0.9 mol/l su-
crose, 10 mmol/l Tris. HCI (pH 7.4) at 1600 x g for 20 min. The nucleolar pellet
was washed a few times in the same manner in low calcium-sucrose buffer
(Busch 1967).

Nuclear and nucleolar extractions. Nuclei and nucleoli of hamster liver were first
washed with the following solutions: 0.14 mol/l NaCl, 20 mmol/l sodium ci-
trate; 10 mmol/l Tris. HCI buffer (pH 7.2) and 0.34 mol/l NaCl. Subsequently
total histone was extracted with 0.25 mol/l HCI. The protease inhibitor, phenyl-
methanesulfonyl fluoride (PMSF) was added fresh to all solutions used in this
study to a final concentration of 1 mmol/l.

Polyacrylamide gel electrophoresis. Analytical gel electrophoresis of histones
was performed in two different systems: (i) in acid-urea-15% polvacrylamide
gels according to Panyim and Chalkley (1969), (ii) in acid-urea-Triton X-100
~12% polyacrylamide gels according to Zweidler (1978). The gels were scan-
ned at 560 nm using an ERJ 65 densitograph (Carl Zeiss). The proportions of
histone subfractions were determined by integration of the areas beneath the
peaks on the densitometric tracings.

The results of analytical electrophoresis of the histones from nucleoli of
hamster hepatocytes performed in the acid-urea polyacrylamide gels according
to the Panyim and Chalkley’s method (1969) demonstrate that the nucleolar-
associated chromatin as well as nuclear chromatin contain five major histone
fractions (Fig. 11).

The electrophoretic resolution of the histones can be significantly improved
over the acid-urea system by the addition of Triton X-100 to polyacrylamide
gels. Using the optimum concentration of the urea (7.5 mol/l) and Triton X-100
(6 mmol/l) it became possible to resolve H2A, H2B and H3 into their primary
structure variants as well as phosphorylated and acetylated forms of these
histones (Franklin and Zweidler 1977; Zweidler 1978; Urban and Zweidler
1983). The nucleolar histone components of hamster liver resolved by Triton
X-100 polyacrylamide gel electrophoresis behaved similarly to those of nuclei
(Fig. lii). When the densitometric tracings of the electrophoretic patterns of
histones from nucleoli and nuclei of hamster hepatocytes were compared no
differences in the relative proportions of the histone H2A variants, i.e., H2A.1
and H2A.2 were found. However, differences in the relative proportions of
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Fig. 1. Electrophoretic patterns of total histone from hamster liver nuclei (A4) and nucleoli (B) after
electrophoresis performed in: (i) 15% polyacrylamide gels containing 2.5mol/l urea (pH 2.7)
according to Panyim and Chalkley (1969). (i) 12% polyacrylamide gels containing 7.5 mol/l urea
and 6 mmol/I Triton X-100 according to Zweidler (1978). Gels were stained with Naphthalene Black
10B. (A typical picture of 3 independent analyses).

phosphorylated forms of histone H2A.1 were noted. Table 1 shows that the
phosphorylated form of the histone H2A.1 designated H2A.la from nucleoli
and nuclei constituted about 28% and 40% of the total histone H2A, respective-
ly, and the subfractions H2A.1b from nucleoli and nuclei made up 43% and
30%, respectively. The histone H2A.. 2 from nucleoli and nuclei of hamster liver
amounts to about 28% of the total histone H2A. These results suggest that
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Table 1. The relative content of the histone H2A variants from nucleoli and nuclei of hamster liver.
The mean values +SD of the amount of each variant from three measurements for three separate
preparations are given as the percentages of total histone H2A

Hamster liver

Nucleoh Nuclei
H2A.la 2844+ 1.7 407+ 1.7
H2A . 1b 437+ 1.6 303429
H2A .2 28.0 + 2.7 29.0 + 1.1

nucleolar-associated chromatin is reduced in a phosphorylated form of the
histone H2A.1 when compared with nuclear chromatin. The functional implica-
tions of these observations are not clear.

Allis et al. (1982) stated that a protein antigenically related to a minor
variant of H2A, hv | in the Tetrahymena macronucleus is enriched in nucleolar
chromatin of mammalian cells. Bhatnagar et al. (1984) reported also qualitative
changes in the histone composition of somatic mammalian nucleolar chromatin.
The data presented show that nucleolar-associated chromatin of liver and brain
nuclei of the mouse is highly enriched in protein “A™, an H2A variant which
probably corresponds to H2A . X.

It seems likely that these changes can be associated with the unusual
structure of nucleolar chromatin.

References

Allis C. D.. Ziegler Y. S., Gorovsky M. A, Olmsted J. B. (1982): A conserved histone variant
enriched in nucleoli of mammalian cells. Cell 31, 131 136

Bhatnagar Y. M., McCullar M. K., Chronister R. B. (1984): Immunocytochemical localization of
a histone H2A variant in the mammalian nucleolar chromatin. Cell Biol. Int. Rep. 8, 971979

Busch H. (1967): Isolation and purification of nucleoli. In: Methods in Enzymology (Eds. S. P.
Colowick, N. O. Kaplan) Vol. XIIA, pp. 448—464, Academic Press New York and London

Busch H. (1982): Nucleus, DNA and chromatin. In: The Liver: Biology and Pathobiology (Eds. 1.
Arias, H. Popper. D. Schachter, D. A. Shafritz) pp. 73- 101, Raven Press, New York

Busch H., Smetana K. (1970): Nucleolar structural proteins and enzymes. In: The Nucleolus (Eds.
H. Busch, K. Smetana) pp. 319360, Academic Press New York and London

Franke W. W., Scheer U., Spring H., Trendelenburg M. F., Zentgraf H. (1979): Organization of
nucleolar chromatin. In: The Cell Nucleus (Ed. H. Busch) Vol. 7, pp. 49 95, Academic Press
New York

Franklin 8. G., Zweidler A. (1977): Non-allelic variants of histones 2a, 2b and 3 in mammals.
Nature 266, 273—275



Histones of Nucleolar Chromatin 181

Halleck M. S., Gurley L. R. (1980): Histone H2A subfractions and their phosphorylation in
cultured Peromyscus cells. Exp. Cell Res. 125, 377 388

Halleck M. S., Gurley L. R. (1982): Histone variants and histone modifications in chromatin
fractions from heterochromatin-rich Peromyscus cells. Exp. Cell Res. 138, 271285

Kilianska Z., Lipinska A., Krajewska W. M.. Kiyszejko-Stefanowicz L. (1982): Distribution of
chromatin proteins between fractions of hamster liver chromatin differing in their susceptibility
to micrococcal nuclease. Mol. Biol. Rep. 8, 203211

Labhart P., Ness P, Banz E., Parish R., Koller T. (1983): Model for the structure of the active
nucleolar chromatin. Cold Spring Harbor Symposia on Quantitative Biology, Vol. XLVII pp.
557564

Miller O. L. Jr. (1981): The nucleolus, chromosomes and visualization of genetic activity. J. Cell
Biol. 91, 155 27s

Olson M. O. J. (1983): Nonhistone nuclear phosphoproteins. In: Chromosomal Non-histone
Proteins (Ed. L. S. Hnilica) Vol. I pp. 93—129, CRC Press. Boca Raton. Florida

Olson M. O. J., Busch H. (1978): Nucleolar proteins. In: Methods in Cell Biology (Eds. G. Stein,
J. Stein, L. J. Keinsmith) Vol. XVII pp. 163210, Academic Press New York, San Francisco,
London

Panyim S.. Chalkley R. (1969): High resolution acrylamide gel electrophoresis of histones. Arch.
Biochem. Biophys. 130, 337 346

Sommerville J. (1985): Organizing the nucleolus. Nature 318, 410411

Sommerville 1. (1986): Nucleolar structure and ribosome biogenesis. Trends Biochem. Seci. 11,
438 442

Spector D. L., Ochs R. L., Busch H. (1984): Silver staining, immunofluorescence, and immunoelec-
tron microscopic localization of nucleolar phosphoproteins B23 and C23. Chromosoma 90,
139-- 148

Urban M. K., Zweidler A. (1983): Changes in nucleosomal core histone variants during chicken
development and maturation. Develop. Biol. 95, 421 428

Zweidler A. (1978): Resolution of histones by polyacrylamide gel electrophoresis in presence of
nonionic detergents. In: Methods in Cell Biology (Eds. G. Stein, J. Stein, L. J. Kleinsmith) Vol.
17, pp. 223232, Academic Press, New York

Final version accepted September 19, 1988



