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Abstract

Nucleolar chromatin obtained from nucleoli of soybean hypocotyl was digested
with micrococcal nuclease, DNase I or DNase II. Partially digested nucleolar chromatin
was fractionated into at least 5 discrete bands by centrifugation in 5% to 20% linear
sucrose density gradients. These were found corresponded to nucleosome monomers,
dimers, trimers, tetramers and pentamers. Fractions containing more than pentamers
were also found, but were not clearly resolved on sucrose gradients. Analysis of
DNA extracted from these bands on 2,025 agarose gels indicates the length of DNA
in the nucleosomes was multiples of 180 base pairs. Nucleolar chromatin from 2,4-D
treated hypocotyl was more sensitive to micrococcal nuclease digestion than that
from untreated hypocotyl. These results suggest that nucleolar chrmatin as nuclear
chromatin be made up of nucleosome with the size of 180 base pairs of DNA and the
stimulation of TRNA synthesis by 2,4-D in soybean seedlings is probably related to
the nuclease sensitivity of nucleolar chromatin.

Key words: Agarose gel electrophoresis; nuclease digestion; nucleolar chromatin;
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Introduction

When the synthetic auxin, 2,4-dichlorophenoxyacetic acid (2,4-D), is applied to
young etiolated soybean seedlings, cells of the mature hypocotyl enlarge radially
and proliferated. The abnormal proliferation of the mature hypocotyl is preceded
by a large increase in RNA, especially ribosomal RNA (rRNA) (Key, 1969).. This
large accumulation of RNA in the mature tissue is associated with a-amanitin
insensitive RNA polymerase activity which is localized in nucleoli (Lin et al.,
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1975) indicating that relates to a nucleolar type RNA polymerase (RNA polymerase
I). The enhanced rRNA synthesis by 2,4-D also accompanied by enlargement of
nucleolar volume (Chen et al., 1975). The large increase in nucleolar volume seems
to relate directly to the large accumulation of preribosomal particles composed
rRNA and ribosomal proteins within the structure (Chen et al., 1983). The relatively
small change in the organization/composition of -the nucleolar chromatin may
contribute to a limited extent to the enlarged nucleolus. A significant enhancement
of TRNA synthesis is shown to be related to increased levels of RNA polymerase
I enzymes and to increased activity of those RNA polymerase I molecules (Guilfoyle
et al., 1980). However these alone could not account for the enhancement of rRNA
synthesis by as much 8- to 10-fold on a per unit DNA or 15 to 20-fold on a per
unit of tissue basis (Guilfoyle ef al, 1980). Recently we were able to fractionate
nucleoli into nucleolar chromatin (Chen et al., 1983). In this study we investigate
the sensitivity of this active nucleolar chromatin (rRNA genes) to nuclease and
the structure of nucleosome particles by nuclease digestion analysis.

Materials and Methods

Plant Materials

Soybean seeds (Glycine max cv. Kaoshiung No. 3) that had been pretreated
with 1% sodium hypochlorite solution were planted in moist vermiculite and
germinated in the dark at 28°C. After 72h of germination the seedlings were
sprayed with 25mM 2,4-D (pH 6.0), and the hypocotyl ‘tissue was harvested 24 h
after spraying.

Chemicals

Spermine, Spermidine, Phenylmethylsulfonyl flouride (PMSF), 2-(N-Morpholino)
ethane-sulfonic acid (MES), micrococcal nuclease, DNase I and DNase II were
purchased from Sigma. Tris, 2-mercaptoethanol (2-MSH), triton x-100, SDS, pro-
teinase K, were purchased from Merck. DTT, agarose, ¢X174 DNA Hae III
fragments were from Bethesda Research Labortories (USA). Percoll was purchased
from Pharmacia. All other organic chemicals were reagent grade.

Preparation of Nucleoli

The procedure for preparation of nucleoli was based on the method of Lin
et al. (1975) with some modifications (Chen et al, 1975; Hamilton et al, 1972).
Eighty grams of precooled tissue were chopped with razor blade and stirred
with 166 ml of prechilled ethyl ether for 2 to 3min. After removing the ethyl
ether the tissues were blotted dry with paper towel. They were mixed with 3 to 4
volumes of grinding buffer containing 0.6 M sucrose, 25 mM MES-NaOH (pH 6.0),
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10mM MgCl:, 10mM KC1, 10 mM 2-MSH, 1mM PMSF and 30% glycerol (v/v)
(buffer A) and homogenized with the Willems polytron (Brinkman PS-20-ST) for
2 min at low setting. The homogenate was filtered through four layers of cheese
cloth and then two layers of miracloth. Triton X-100 was added to the filtrate to
final concentration of 1% (v/v) followed by gentle stirring with the Willems
polytron, and then centrifugation for 15 min at 6,000 g. The pellet was resuspended
in 20mM MES buffer (pH 6.0) containing 20 mM KC1, 5mM MgCl: 1.2M sucrose
and 10mM 2-MSH (buffer B). The crude nucleolar suspension was loaded on
percoll gradients prepared by layering 7 ml each of 40% and 602 percoll in buffer
B. The gradients were centrifuged in a Sorvall HB-4 rotor for 30min at 10,000 g.
The interface between the 40% and 602 percoll layers was removed, mixed with
equal volume of buffer B, and centrifuged at 8,000g for 10 min. This pellet was
washed with buffer B by repeated suspension and centrifugation.

Preparation of Nucleolar Chromatin ,

The purified nucleoli were suspended with a small volume of 10mM Tris-HCl
(pH 8), 20mM KCI, 1mM Mg Cl;, 250 mM sucrose, and 20mM DTT and gently
stirred at room temperature for 20 min (Takahashi et al.,, 1972). After centrifuga-
tion at 20,000 g for 30 min the nucleolar chromatin were obtained as. pellet (Chen
et al., 1983),

Enzymatic Digestion of Nucleolar Chromatin

1. Micrococcal nuclease: Nucleolar chromatin suspended in 0.3 M sucrose, 60mM
KCl, 15 mM NaCl, 0.15 mM spermine, 0.5 mM spermidine, 15 mM 2-MSH, 1 mM PMSF
and 15mM Tris-HCl (pH 7.4) was treated with micrococcal nuclease (15 units/ODsg.
nucleolar chromatin) 37°C according to Noll et al. (1977).

2. DNase I: Nucleolar chromatin suspended in 10 mM Tris-HCl (pH7.5), 3mM
MgCls, 10mM NaCl and 1 mM PMSF was treated with DNase I (3 Kunitz/ODsgq
nucleolar chromatin) at 4°C according to Giri et al. (1980).

3. DNase II: Nucleolar chromatin in 0.1 mM Na;-EDTA and 1mM PMSF
(adjusted to pH 7.0 with Tris-base) was treated with DNase II at 4°C according to
Oosterhof ef al., (1975). Reaction of micrococcal nuclease and DNase I was termin-
ated by adding Na.-EDTA to the final concentration of 256 mM and reaction of DNase
11 was terminated by addition of 50 mM Tris-base and 0.1 mM Na,-EDTA to increase
pH higher than 7.0

Sucrose Density Gradient Fractionation of Nucleosomes

Fractionation of nuclease partially digested nucleolar chromatin was performed
with 5 to 202 sucrose density gradient centrifugation according to Qosterhof et al.
(1975). Nuclease digested materials loaded on 5 to 20% linear sucrose gradient
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containing 12.5 mM Tris-HC! (pH 7.5), 5 mM Naz-EDTA and 0.5 ug ethidium bromide
per ml were centrifuged at 26,000 rpm with Beckman SW 28 rotor at 4°C for 16h
and fractionated with ISCO density gradient fractionator.

Fig. 1. Integrity and digestion by nuclease
: of nucleolar chromatin during differ-
ent steps of purification. (A). DNA
from nucleoli purified through sucrose
gradients (columns 1 to 3), purified
through percoll gradients once
(columns 4 to 6) and three times
(columns 7 to 9) was analyzed by
1495 agarose gel electrophoresis,
Columns 1, 4 and were control group.
Columns 2,5, and 8; addition of 1 mM
CaCl; to test the activity of conta-
minated nuclease. Columns 3, 6 and
9; addition of micrococcal nuclease
(30 units/ODyg of nucleoli). Each
nucleolar suspension was incubated
at 37°C for 30 seconds. (B). Microc-
occal nuclease digestion (15 units/
ODgg4) of nuclear chromatin (column
1) and precoll purified nucleoli
(column 2). Enzyme reactions were
at 37°C for 30 seconds.

Micrococcal nuclease DNase |

Fig. 2. Agarose gel electrophoresis of DNA from

nucleolar chromatin after treatment with
different nucleases, Nucleolar chromatin
was treated with micrococcal nuclease
(A) or DNase I (B) as indicated. Enzyme
reaction was terminated by 25 mM Na,-
EDTA. DNA extracted from the enzyme
digests was analyzed by 1.624 agarose gel
electrophoresis. (A). Column 1 shows no
treatment as a control. Column 2 shows
after micrococcal nuclease treatment (15
units/ODyg) at 37°C for 30 seconds. (B).
DNase I treatment (3 Kunitz units/ODag,)
at 4°C for 6 min (column 1), 7 min (column
2), 8min (column 3), 9min (column 4)
and 10 min (column 5).
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DNA Extraction
DNA extraction from nucleolar chromatin, nucleoli and nucleosome fractions

from sucrose gradient centrifugation of nuclease treated nucleolar chromatin was
mainly followed the method of Kislev ef al. (1980) by phenol-chloroform-
isoamylalcohol extraction after proteinase K digestion of protein.

Agarose Gel Electrophoresis
One to two grams of agarose was dissolved in 100 ml of 40 mM Tris-acetate

(pH 7.9) containing 2mM Na-EDTA. Electrophoresis was done in 40mM Tris-
acetate (pH 7.9), 2 mM Na.,-EDTA plus 0.5 #g/ml ethidium bromide. ¢X174 RF DNA
digested with Hae 1II restriction endonuclease was used as standard base pairs of
DNA fragments.

Relative Absorbance( A260)

TOP BOTTQM

Fig. 3. Sedimentation profile of nucleosomes from nucleolar chromatin
of 2,4-D treated soybean seedlings. Nucleolar® chromatin was
incubated with microccal nuclease (15 units/ODyg) at 37° for
30 seconds (A), for 1min (B) , for 1.5 min (C), and for 2 min
(D), and followed by 5-209% sucrose gradient centrifugation,:
The sucrese gradients were fractionated from top to bottom
as indicated on the abscissa.
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Results

Nucleoli 'airllld’ ;1u'c1eolar chromatin were often degraded by nuclease in the crude
extracts. ItI.WéS ‘rvlnec‘:e'ss‘ary t'ov develop a rapid purification procedure to elemmate
nuclease confanﬁhations. "Fig. 1A shows the integrity of DNA in nucleoli through
different steps of purification. DNA from nucleoli purified through percoll once
(columns 4 and 5) was almost as intact as DNA from nucleoli purified three times
through percoll (columns 7 and 8). However DNA from nucleoli purified by sucrose
gradient was partially degraded as shown in columns 1 and 2. Nucleoli purified
by either sucrose or percoll could digested with micrococcal nuclease with the
concentration of 30units/ODyg, at 37°C for 30 seconds to small fragments (see
columns 3, 6 and 9). In our earlier reports we were able to fractionate uncleoli
into preribosomal particles and nucleolar chromatin (Chen et al., 1983). So that we
test the possibility whether the fractionated nucleolar chromatin is more susceptible
to micrococcal nuclease digestion than intact nucleoli. The results of this study
with 15 units of micrococcal nuclease/ODgg, material incubated at 37°C for 30
seconds are shown in Fig. 1B. As it is predictable that fractionate uncleolar
chromatin is more susceptible to nuclease digestion than intact nucleoli (column 1
ver. 2). We also tested the sensitivity of nucleolar chromatin to DNase I or DNase
I Iother than micrococcal nuclease. Fig. 2B shows gel electrophoresis of DNA
extracted from chromatin after treatment with 3 Kunitz units/OD:e of DNase I
at 4°C for 6 min, 7 min, 8 min, 9min and 10 min (columns 1,2,3,4, and 5). DNase II
treatments showed similar electrophoresis patterns. All three nucleases tested showed
digestion of nucleolar chromatins into unit structure of nucleosomes. Based on
these experiments we selected micrococcal nuclease for isolation of nucleosome
particles in the partial digestion study, we used 15 units of enzyme per 1 ODzg
nucleolar chromatin material for 0.5, 1, 1.5, and 2.0 min incubation at 37°C. After
the termination of the reaction, the mixtures were layered on 5 to 202 linear
sucrose gradient for fractionation.

Figure 3 shows the results of separation of nucleosomes after sucrose gradient
centrifugation. When the incubation time was 30 seconds, the partially digested
nucleolar chromatin was separated into at least 5 discrete bands (Fig. 3A), cor-
responding to nucleosome monomer (band I), dimer (band II), trimer (band III),
tetramer (band IV) and pentamer (band V). By increasing the time of incubation
with the enzyme, bands II to V on sucrose gradients were found to shift to band
I, the nucleosome monomers (Fig. 3B, 3C, and 3D). Analysis of DNA extracted
from these bands on 2.02 agarose gels indicated the DNA of nucleosomes monomer
has unique length of 180 base pairs (Fig. 4). Figure 4 also shows the various
bands on sucrose gradients corresponding to nucleosome dimers, trimers, tetramers,
and pentamers which were composed of 360, 540, 720, and 900 base pairs of DNA.
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However, some bands were found to be contaminated with smaller size of nucleo-
some. Fractions containing more the pentamers were also found but they :were
not clearly resolved on sucrose gradients. For further purification of ' nucleosome
particles, the various separated bands on the gradients were concé’ntrated and
layered on 5 to 20% sucrose gradient individually for centrifugation at 35,000 rpm
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Fig. 4. Agarose gel electrophoresis of DNA extracted from nucleosomes which have been
fractionated by sucrose density gradient centrifugation. Nucleolar chromatin digested
with micrococcal nuclease was fractionated on sucrose gradient centrifugation as
indicated in Fig. 3. DNA extracted from nucleosomes isolated from band I to band V
(Fig. 3) was loaded on 2.0% agarose gel for electrophoresis. Columns I to V were
nuclecsome monomer, dimer, trimer, tetramer and pentamer, respectively. Column S,
standard molecular weight marker of ¢$X174 RF DNA/Hae III fragments.

for 5h in a Beckman SW 41 rotor. Each nucleosome band was shown to separate

into distinct individual band corresponding to nucleosome monomer, dimers, trimers,

etc. without contamination of the others (Fig. b). .
Nucleolar chromatin obtained from 2,4-D treated soybean hypocotyl was more

sensitive to micrococcal nuclease digestion than from control (Fig. 6 column 2 ver.
4).

Discussion

We previously reported a quick isolation method with a sufficient yield of
nucleoli from soybean hypocotyl for biochemical work (Lin et al., 1975). However,
we found in this study that they were contaminated with some nuclease activity.

The additional method with percoll procedure (Chen ef @l., 1983) allowed the
‘purification of not only morphologically intact nucleoli substantially free of starch
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. Purification of nucleosomes by sucrose

density gradients and analysis of
nucleosomal DNA. Nuclease digested
chromatin was fractionated by sucrose
gradient centrifugation into five
bands, bands I to V as indicated
in Fig. 3, corresdonding to nucleosome
monomer, dimer, trimer, tetramer
and pentamer, respectively. Each
band was collected and recentrifuged
individually on sucrose gradient for
repurification (A). After centrifuga-
tion, gradients were fractionated and
subjected to DNA extraction and
agarose gel electrophoresis (B).
Column S is a DNA marker (Hae II1
fragments of $X174 RF DNA), column
T is total DNA extracted from mic-
rococcal nuclease digested chromatin
before fractionated on sucrose gra-
dient centrifugation.

Base pairs

Fig. 6.

Sensitivity of nucleolar chromatin
from nontreated (control) and 2,4-D
treated soybean seedlings to microc-
occal nuclease digestion, DNA isolat-
ed from nucleolar chromatin after
micrococcal nuclease digestlon was
analyzed on 1.0% agarose gel elect-
rophoresis, Columns 1 and 2 are
2,4-D treated nucleolar chromatin;
column 4, after micrococcal nuclease
treatment; columns 3 and 5 are a
marker of DNA fragment from ¢X174
RF DNA digested with restriction
endonuclease Hae III and Hae II,
respectively.

grains, cytoplasmic and nucleoplasmic contamination of nuclease activity. We also
found nucleolar chromatin fractionated from nucleoli by DTT treatment without
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the other nucleolar components, i.e. preribosomal particles, was better compared
intact nucleoli for isolation of nucleosomes.

Nucleolar chromatin is sensitive to all three nuclease, i.e. micrococcal nuclease,
DNase I and DNase II tested in this study. Based on partial digestion of nucleolar
chromatin with micrococcal nuclease and separation on sucrose gradient, soybean
nucleolar chromatin is made up of nucleosome particles with 180 base pairs of
DNA, which is in close agreement with other reports on plant nucleosomes
(McGhee and Engel, 1975; Schoffer et al., 1984). The unit length of DNA in a
nucleosome so far reported was 160 to 240 base pairs (Kornberg, 1977). Also by
prolonged nuclease treatment the monomer band was shown to be about 140 base
pairs (McGhee et al, 1975).

Isolation of nucleosomes reported in most of animal systems (Igo-Kemenes
et al., 1982), and in several plant systems (McGhee and Engel, 1975; Schéffer et al.,
1984) were either from nuclei or from chromatin preparations.

The most important aspect of our study is using nucleolus, whih is a rRNA
synthetic site to investigate whether nucleolar chromatin is also composed of
multiple units of nucleosomes as nuclear chromatin. When the synthetic auxin,
2,4-D is applied to young etiolated soybean seedlings, cells of the mature hypocotyl
enlarge radially and proliferate. The abnormal proliferation of the mature hypocotyl
is proceeded by a large increase in RNA, especially rRNA (Key, 1969) and with
an enlarged nucleoli (Chen et al., 1975).

The large. increase in nucleolar volume following auxin treatment related
directly to the large accumulation of preribosomal particles composed of rRNA
and ribosomal proteins within this structure (Chen ef al., 1983). A significant
proportion of this increased synthesis of rRNA in response to auxin relates to
increased levels of RNA polymerase I enzyme and to increased activity of those
RNA polymerase I molecules (Gulifoyle ef al., 1980). A number of interesting
features were discovered with respect to nuclease sensitivity of active genes. DNase
11, the first nuclease to be used in the study of active chromatin (Gottesfeld et al,
1974), is now largely replaced by other nucleases. DNase I was introduced in a
study of transcribed and nontranscribed chicken globin genes (Weintraub and
Groundine, 1976).

The chromatin structure of Drosophila wmelanogaster HSP 70 genes in the
repressed and actively transcribing states has been investigated by Levy and
Noll (1981). The coding regions in the repressed stated were found to be more
resistant to micrococcal nuclease digestion than the bulk of chromatin. In the
active state the coding regions became more susceptible and 'yielded products
without any apparent nucleosomal periodicity. In contract transcribed chromatin
from yeast (Lohr 1981) the expressed herpes thymidines kinase gene (Camerini-
Otero and Zasloff, 1980) introduced into mouse cells and chromatin from suspen-
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sion cultured cells of Nicotiana tabacum var. white Burley which were transformed
by Agrobacterium tumefaciens, strain T37 (Schoffer ef al., 1984) were found to be
in compact nucleosomes.

The transcribed genes for ribosomal RNA in amphibian oocytes are not com-
pacted at all and the non-transcribed spacers have a beaded structure that reflect
a low degree of compaction (Igo-Kemenes ef al., 1982). Another study consider it
to be a supranucléosomal structure with a compaction factor of at least 20 (Pruitt

and Graing, 1981). A detailed study on Xewopus laevis nucleolar chromatin supports
the view that active ribosomal RNA genes are not compact into nucleosomes

(Kornberg, 1977). In Tetrahymena pyiformis the rRNA genes themselves lack
compact nucleosomes, while the destal spacers appear to be compacted into
nucleosomes (Igo-Kemenses ef al., 1982). In this study we used micrococcal nuclease
to demonstrate that nucleoli from 2,4-D treated tissues were much more sensitive

than those from non-treated tissues. We also found that nucleolar chromatin was
constructed by nucleosome particles with the unit length of 180 base pairs DNA.
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