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1. Introduction 

Cell differentiation is largely the result of regulated 
gene activity which may involve the interaction of 
DNA with regulatory proteins [ 1,2]. The nucleosome 
is the prime structural unit of chromatin [3]. The 
protein complement of nucleosomes and their second- 

ary modifications may control transcriptional pro- 
cesses. 

Dictyostelium discoideum is used to study differ- 

entiation since it possesses a simple genome and mor- 
phological changes occurring during the life cycle are 

accompanied by modulation of gene activity [4]. The 
DNA is packaged into nucleosomes [5,6] and we 
have isolated histone-like proteins from the nuclei 

17981. 
Nucleosome monomers and oligomers from 

Dictyostelium discoideum were separated using gel 
electrophoresis. Satisfactory fractionation was not 

achieved using sucrose gradients. The mononucleo- 

somes consisted of two subcomponents which were 
only partially separated. DNA and proteins associated 
with the nucleosomes were examined using 2 D gel 

electrophoresis or by extraction from the first dimen- 
sion gel. The major basic nucleoproteins were asso- 
ciated with all nucleosome sizes, indicating that they 
do function as histones. More non-histone proteins 
were found in dinucleosomes than in mononucleo- 
somes. Histones, but not non-histone proteins, were 
more readily lost from nucleolar nucleosomes during 
separation. This suggested histone-DNA interactions 
were on average weaker in nucleoli and many non- 
histone proteins interact directly with the DNA rather 
than via histones. Differences in the non-histone pro- 
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teins associated with nucleolar and nuclear mono- 
and dinucleosomes were detected. 

2. Materials and methods 

Dictyostelium discoideum cells (strain AX-~) were 
grown in HL-5 medium [9]. Cells were harvested at 

the end of the exponential growth phase 

(5-6 X 10’ cells/ml). Nuclei [8] and nucleoli [lo] 

were isolated as described. 
Nuclei or nucleoli were resuspended in 20 mM 

Tris-HCl (pH 7.8) and incubated for 5- 10 min with 
150 units (nuclei) or 75 units (nucleoli) micrococcal 
nuclease (Worthington) per ml at 37°C (15-20% of 
the DNA was then acid-soluble). Nuclei and nucleoli 

were -3 X log/ml and lO”/ml respectively. The 
reaction was stopped with l/lOth vol. 0.2 M EDTA 
(pH 7.5) and cooled at 0°C. The suspension was dia- 
lyzed overnight at 4°C against 10 mM Tris-HCl 
(pH 7.5) 1 mM EDTA and 1 mMN-o-p-tosyl-L- 
lysine-chloromethylketone-HCl. The dialysate was 
centrifuged at 12 000 X g for 5 min and the super- 
natant contained DNP particles. 

Nuclei (3 X log/ml) were digested with micro- 
coccal nuclease (150 units/ml, 5 min) in 20 mM 
Tris-HCl (pH 7.8) containing 60 mM KCl, 15 mM 
NaCl, 1 mM CaClz, and dialysed against Tris-HCl/ 
EDTA buffer as described for DNP-particles. After 
removal of the nuclear debris, the supernatant was 
made 3 mM with MgClz. The suspension was left 3 h 
at 0°C (or overnight at -15°C). DNA-histone com- 
plexes (crude nucleosomes) were pelleted by centri- 
fuging 10 mm at 10 000 X g. 
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Glycerine (10%) was added to the DNP-particle 
suspension before loading on a 2.5% acrylamide/0.5% 
agarose vertical slab gel. The gel and running buffer 

was 40 mM Tris-HCl, 3.2 mM sodium acetate, 
0.32 mM EDTA (pH 8.0). Electrophoresis was carried 
out at 100 V for 3 h at 15°C. The gels were stained 
with ethidium bromide and photographed. Strips 
were cut from the first dimensional gel and equili- 
brated for 10 min in 1% SDS, 36 mM Tris-HCl, 

30 mM Na2HP04, 10 mM EDTA (pH 7.8). To further 
separate and characterise proteins and DNA fragments 
present in DNP-particles, strips were laid horizontally 
on 8% (for proteins) or 4% (for DNA) acrylamide- 
0.5% agarose vertical slab gels and polymerized in 

place with a 1% agarose solution. The gel and running 
buffer was 36 mM Tris-HCl containing 0.1% SDS, 

30 mM Na2HP04 and 10 mM EDTA (pH 7.8). Elec- 
trophoresis was overnight at 30 V. Gels were subse- 
quently incubated for 15 min in isopropanol(25%)- 

acetic acid (10%) which permits gels to retain their 

shape during staining and drying. The SDS was 
removed using 50% methanol (3 washings, each 

30 min) before staining with ethidium bromide. 
Monomer and dimer nucleosomes were cut from 

the first dimension gel and extracted with 1% SDS, 

10 mM Tris-HCl, 2 mM EDTA (pH 7.6). After 
removing the acrylamide by centrifugation the super- 
natants were extracted with phenol. DNA was 

recovered from the aqueous phase by ethanol precipi- 
tation, protein from the phenol phase by adding an 
equal vol. 1 M HCl and 12 vol. acetone. 

3. Results 

Many of the higher molecular weight proteins 

(>30 kilodaltons) found in nuclei were absent from 
the crude nucleosome fraction (fig.la). All the major 
basic nucleoproteins [7,8] were present and dominant 
components of the crude nucleosomes. A consider- 
able amount of the lysine-rich basic nucleoprotein 

(H 1 equivalent) [8] was lost from the nucleosome 
fraction. 

A number of bands were detected in gels stained 
with ethidium bromide following electrophoresis of 
nuclear DNP-particles on first dimension gels (fig.lb). 
Electrophoresis in the second dimension showed 

these bands corresponded to nucleosome monomers 

and oligomers (not shown). The two major mono- 
nucleosomes, containing DNA fragments of 168- 185 

Fig.1. (a) Dodecylsulfate-polyacrylamide (15%) gels of pro- 
teins [ 11) in (i) crude nucleosomes and (ii) whole nuclei. 
BNP, basic nucleoproteins; arrow indicates Hlequivalent. 
(b) First dimension acrylamide-agarose gel of deoxyribo- 
nucleoprotein (DNP) particles stained with ethidium bromide. 
Three different concentrations are shown. 1 N, 2 N and 3 N 
represent mono-, di- and trinucleosomes. 

and 146-152 base pairs [lo], were only partially 
separated. 

The protein content of nucleosomes from nuclei 
was examined with 2D gels (fig.2). The fast-migrating 

basic nucleoproteins were the major components and 
were present in all nucleosomes. Only relatively low 
concentrations of the Hlequivalent were present, 
indicating substantial losses occur during nucleosome 
preparation and electrophoresis. The Hlequivalent 
appeared to be preferentially associated with the larger 
of the two major mononucleosomes. 

DNP isolated from untreated nuclei or nuclei 
treated with nuclease until over 50% of the DNA was 
acid-soluble were used as controls. A few high molec- 
ular weight proteins (mainly glycoproteins) were 
present or 2D gels, but no proteins in the monomer 
and dimer regions (not shown). 

DNP-particles from nucleoli were also isolated and 
separated on 2D gels. The protein pattern differed 
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3N 2N 1N 

Fig.2. Twodimensional gel stained for proteins; first dimen- 
sion from right to left, second dimension from top to bottom. 
DNP isolated from micrococcal nuciease treated nuclei. 
Arrow indicates Hlequivalent. 

markedly from that of whole nuclei (fig.3). In partic- 
ular more higher molecular weight proteins (non- 
histone proteins) were. associated with nucleosomes 
and the concentration of basic proteins was much 
lower and varied between preparations. Nevertheless, 
nucleoli initially contained a normal complement of 
basic proteins. These were apparently lost during 
DNP-particle isolation and also failed to migrate with 

3N 2N IN 

Fig.3. As in fii.2, except DNP were isolated from nucleoli. 
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DNA during electrophoresis in the first dimension, 
The resolution of proteins on tile 2D gels was 

limited and only a relatively small amount of material 
could be loaded. Hence, nucleosome monomers and 
dimers were extracted from first dimensional gels. 
Examination of DNA fragments with gel electro- 
phoresis confirmed the purity of these nucleosomes 
(figAa). 

The proteins of nuclear monomers and dimers are 
shown in fig.4b. The major proteins were basic nucleo- 
proteins and presumably correspond to the core 
histones of higher eukaryotes. The concentration of 
Hl-equivalent was lower in monomers than in dimers. 
The dimers contained more non-histone proteins than 
the monomers. 

The proteins associated with nucleosome mono- 
mers and dimers isolated from nucleoli are shown in 
fig.S. The relatively low concentration of histones 
was again typical. Nucleosome dimers from nuclei 
and nucleoli are compared in fig.6. ~fferences 
between the non-histone proteins can be observed. 

Fig.4. (a) Acrylamide-agarose (5.5% and 0.5%) gel [ 121 of 
DNA associated with DNP bands obtained by first-dimension 
gel electrophoresis as shown in fig.2. DNA was extracted 
from: (i) the mono-nucIeosome band; (ii) the dinu~ieosome 
band; (iii) the totai DNP fraction. (b) Dodecylsulfate-poly- 
acrylamide (15%) gels of proteins extracted from mono- 
nucleosomes (i) and dinucleosomes (ii) isolated from nuclei. 
The arrow indicates Hlequivalent. 
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Fig.5. Dodecylsulfate-polyacrylamide gels of proteins 
extracted from m~nonucleosomes (a,d) and d~ucleosomes 
(b,e) isolated from nucleoli. (c) Crude nucleosomes from 
nuclei. (a-c) 15% acrylamide gels; (d,e) 10% acrylamide gels. 

4. Discussion 

The nucleosomes of D. discoideum contained the 

major basic nucleoproteins [7,8], indicating that the 
latter do indeed function as histones. Hl -equivalent 

was partially lost from nucleosomes during DNP- 
particle isolation and electrophoresis. This raises the 
possibility that other proteins, such as those bound 
to linker regions, were also lost. 

In spite of initially conflicting data [14-191, 
probably related to isolation techniques, non-histone 
and high mobility group (HMG) proteins [20] are 
known to be present in mononucleosomes. They may 
be bound to DNA linker regions or to the core itself. 
We found at least 5 non-histone proteins were asso- 
ciated with L), djscoid~m mononucleosomes. The 
dimers carried additional proteins which may, for 
example, interact with the linker regions. 

Histones, but not non&stone proteins, were more 
readily lost from nucleoli than nuclei during DNP- 

Figd. Dodecylsulfate-polyacrylamide (15%) gels comparing 
proteins associated with d~ucleo~mes isolateci from nuclei 
and rkcleoli. (a) Nuclear dinucleosomes; (b,c) nucleolar 
dinucleosomes, two different expt; (d) total proteins asso- 
ciated with nuclei. 

particle preparation and electrophoresis. This suggests 
that histone-DNA interactions are on average weaker 
in nucleoli. Non&stone proteins as well as secondary 
modifications to histones [2 l] may regulate these 
interactions and the non-histone complement of 
dinucleosomes from nucleoli and nuclei did somewhat 
differ. The results also imply that many non-histone 
proteins interact directly with DNA rather than via 
histones. Nuclease digestion indicates nucleoli chro- 
matin from D. discoideum possesses a distinctive 
structure [lo]. 

We are now examining the synthesis and modifi- 
cation of nucleosome proteins during differentiat’ion. 

This work was supported by.the Schweizerische 
Nationalfonds zur FGrderung der wissenschaftlichen 
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