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ABSTRACT

Spread chromatin fibers, from isolated eucaryotic nuclei, reveal linear arrays of
spherical particles (v bodies), about 70 A in diameter, connected by thin filaments
about 15 A wide. These particles have been observed in freshly isolated nuclei from
rat thymus, rat liver, and chicken erythrocytes. In addition, v bodies can be
visualized in preparations of isolated sheared chromatin, and in chromatin
reconstructed from dissociating solvent conditions (i.e., high urea-NaCl concentra-
tion). As a criterion for perturbation of native chromatin structure tow-angle X-ray
diffraction patterns were obtained from nuclear pellets at different stages in the
preparation of nuclei for electron microscopy. These results suggest that the
particulate (v body) structures observed by electron microscopy may be closely

related to the native configuration of chromatin.

The DNA of eucaryotic chromosomes exists in a
highly folded condition largely as a consequence of
its interactions with the histone proteins (Huber-
man, 1973; Pardon and Richards, 1973; Hnilica,
1972; DuPraw, 1970). Numerous models of this
folded state have been presented based upon data
from low-angle X-ray diffraction and from elec-
tron microscopy. The models which appear to be
favored, at present, consist of superhelical coiling
of a fundamental nucleohistone strand (Pardon
and Wilkins, 1972; Bram and Ris, 1971). Previous
studies from our laboratory (Olins and Olins,
1974) have presented evidence that chromatin
fibers consist of chains of spheroid particles about
70 A in diameter (v bodies) which could contain
DNA folded by association with a small number of
histone molecules. This paper extends these obser-
vations to soluble chromatin and to reconstructed
chromatin. In addition, parallel, low-angle X-ray
diffraction studies are included which indicate that
the particulate structures observed by electron
microscopy are closely related to the native state of
chromatin.

MATERIALS AND METHODS

Reagents

Formaidehyde (10%) was prepared fresh by dilution
from a stock of 37% analytical reagent grade formalde-
hyde. Chemicals were reagent grade or better. Buffers
and solutions were made from glass-distilled water.

Preparation of Nuclei

Rat thymus, rat liver, and chicken erythrocyte nuclei
were prepared as described previously (Olins and Olins,
1974, 1972; Olins and Wright, 1973). Nuclei, recovered
after pelleting from high sucrose concentrations, were
washed and centrifuged twice in 0.05 M sodium cacodyl-
ate buffer (pH 7.5), 0.025 M KCl, 5 mM MgCl, (CKM),
and washed and centrifuged once with 0.2 M KCl before
the swelling procedures.

Swelling of the nuclei was generally accomplished by
suspending the KCl-washed nuclear pellet in 0.2 M KCl
to a concentration of approximately 10® nuclei/ml,
followed by a dilution of about 200-fold with distilled
water. Nuclei were allowed to swell for 10-15 min, then
the suspension was made approximately 1% in formalde-
hyde by the addition of 0.1 vol of 10% formaldehyde (pH

528 THE JOURNAL OF CELL BIOLOGY . VOLUME 64, 1975 - pages 528-537

9002 ‘GT aunc uo 610" gal-MMMm WoJ) papeojumoq


http://www.jcb.org

6,8-7.0). Fixation was allowed to proceed for at least 30
min. All operations were conducted at 0°-4°C.

We have recently modified the swelling procedure to
minimize clumping of nuclei and improve the spreading
of chromatin. Nuclei, after two washes with CKM
buffer, are suspended directly in 0.2 M KCl at a
concentration of about 10® nuclei/ml, and diluted 200-
fold with 0.001 M sodium EDTA (pH 7.0) before
fixation. This eliminates the centrifugation step in 0.2 M
KC1 which tends to produce clumping of the nuclei.

Composition of Chicken Erythrocyte Nuclei

The relative histone and nonhistone protein composi-
tion for isolated and washed chicken nuclei was measured
after extraction of total nuclear proteins with sodium
dodecyl sulfate (SDS). After the washing with CKM
buffer or the washing with 0.2 M KCl, pellets of nuclei
were suspended in 2 ml of 1% SDS buffer (0.01 M
sodium phosphate buffer [pH 7.0], 1% SDS, 1% 8-mer-
captoethanol). After dialysis overnight at room tempera-
ture against the 1% SDS buffer, and overnight against
0.1% SDS buffer (0.01 M sodium phosphate buffer {pH
7.0], 0.1% SDS, 0.1% B-mercaptoethanol), the viscous
solution was centrifuged for 24 h at 27,000 g in a Sorvall
RC2-B centrifuge (Ivan Sorval Inc., Newtown, Conn.) at
room temperature. The supernate was recovered and
examined by electrophoresis in neutral 10% polyacrylam-
ide gels containing SDS, as described previously (Olins
and Wright, 1973). Quantitative analysis of stained gels
led to the conclusion that nuclei washed with CKM
buffer contained 5% nonhistones and 95% histones;
washed with 0.2 M KCl, 4% nonhistones and 96% histone
proteins. This low content of nonhistone protein for
chicken erythrocyte nuclei is consistent with other stud-
ies. Saunders (1974) concludes that nonhistone proteins
account for <15% of the total chromosomal proteins.
Shelton and Neelin (1971) obtained higher proportions of
acid-insoluble proteins, but pointed out that the nuclear
preparations contained adhering membranes. It is possi-
ble that lysis of erythrocytes with saponin does not
adequately remove membrane contamination. We have
observed that the chicken erythrocyte nuclei isolated in
our laboratory are devoid of membrane material, as
assayed by electron microscopy (Olins and Olins, 1972).
In addition, Shelton (personal communication) obtains
similar low proportions of nonhistone proteins in prepa-
rations of chicken erythrocyte nuclei devoid of plasma
membrane contamination. Analyses of total RNA con-
tent by the method of Savitsky and Stand (1965) and of
DNA content by the diphenylamine method (Giles and
Myers, 1965) yiclded RNA to DNA (wt/wt) ratios of
about 0.005:1 for nuclei washed with CKM, or washed
with both CKM and 0.2 M KCl.

Preparation of Soluble Chromatin

The method of Zubay and Doty (1959) was slightly
modified for the preparation of soluble chicken erythro-
cyte chromatin. Approximately 200 mg of chicken

erythrocyte nuclei, obtained after two washes with CKM
buffer, were suspended in 20 mi of saline-EDTA (0.075
M NaCl, 0.024 M sodium EDTA, pH 8.0) plus 0.1 ml
n-octanol. The nuclear sispension was blended in a
VirTis 45 homogenizer (Virtis Co., Inc., Gardiner, N.
Y.) for | min at one-half full speed and 4 min at
one-quarter full speed. The flask was rinsed with 20 ml of
saline-EDTA-octanol (of the same composition) and the
total homogenate centrifuged for 10 min at 900 g in the
Sorvall GLC-1. The chromatin pellet was dispersed in 20
ml saline-EDTA plus 0.05 ml n-octanol, blended 30 s at
one-half full speed, 30 s at one-quarter full speed, and
centrifuged again. The pellet was blended in saline-
EDTA-octanol (containing 0.05 ml octanol/20 ml saline-
EDTA) and recovered by centrifugation, a total of seven
times. The resulting chromatin pellet was dispersed
rapidly with distilled water by increasing the volume
from about 3 to 20 ml while stirring in the VirTis
homogenizer at lowest speed. The dispersed chromatin
was blended an additional 30 min at lowest speed.
Throughout this procedure the chromatin material was
kept at 0°-4°C. The chromatin was then dialyzed for
24-48 h against several changes of 0.7 mM sodium
phosphate buffer (pH 6.8) at 0°-4°C. After extensive
dialysis the chromatin solution was centrifuged for 15
min at 35,000 g in a Sorvall RC2-B, and the soluble
fraction examined by electron microscopy.

Preparation of Reconstructed Chromatin

Soluble chicken erythrocyte chromatin was dis-
sociated and reconstructed by a step gradient dialysis
method (Olins and Olins, 1971) as modified from Bekhor
et al. (1969). 1 ml of the soluble chromatin solution (A4 54,
~1-2) was dialyzed overnight, at 0°-4°C, against | liter
of 3 M NaCl, 5 M urea, 0.00! M sodium cacodylate
buffer (pH 7.0). Reconstruction was accomplished by
step gradient dialysis (greater than 4 h/step) against so-
lutions of decreasing ionic strength (i.e., 1.0, 0.4, 0.3, Q.1
M NaCl, and 0.0025 M sodium EDTA) in the presence
of 5 M urea, with subsequent exhaustive dialysis against
0.001 M sodium cacodylate buffer (pH 7.0) without urea.
As a control, 1 ml of “native” soluble chromatin was
dialyzed extensively against the 0.001 M cacodylate
buffer. Both the native and reconstructed chromatins
were examined by electron microscopy.

Preparation of Grids for
Electron Microscopy

Spreads of nuclei, of soluble chromatin, and of
reconstructed chromatin were prepared by a modifica-
tion of the procedure of Miller and Beatty (1969 a, b), as
described in our earlier report (Olins and Olins, 1974).
Washed and swollen nuclei were diluted to a concentra-
tion of about 5 x 10° nuclei per ml in water or in 0.001 M
sodium EDTA (pH 7.0), and the suspension was made
1% formaldehyde. Solutions of native or reconstructed
chromatin (A,e ~0.5-1.5) in 0.001 M sodium EDTA
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were made 1% in formaldehyde for at least 30 min.
Nuclei and chromatin were centrifuged through 10%
formaldehyde (pH 7.0) onto glowed (1 min; maximum
voltage: air pressure, 50 um of mercury), carbon-coated,
400-mesh copper grids. The grids were washed in dilute
Kodak Photo-Flo, Eastman Kodak Co., Rochester, N.
Y. (3 drops/50 ml water, adjusted to pH 7.0), and air
dried. Positive staining with ethanolic phosphotungstic
acid, and negative staining with 0.5% ammonium molyb-
date were described earlier (Olins and Olins, 1974). A
solution of 1% phosphotungstic acid (pH 7.1} was also
used for negative staining.

For visualization of sonicated fixed nuclei, 1 drop of
sonicate was placed on a glowed, carbon-coated grid and
removed with bibulous paper. 1 drop of 0.5% ammonium
molybdate was placed on the grid and removed by
toughing the edge of the grid to the edge of a sheet of
bibulous paper. This was repeated twice more, and the
grid finally air dried.

Electron Microscopy and Photography

The techniques were the same as described previously
{Olins and Olins, 1974, 1972).

Preparation of Samples for X-Ray
Diffraction Studies

Aliquots of chicken erythrocyte nuclei were obtained
at various steps in the protocol for electron microscopy.
Isolated nuclei were washed and centrifuged twice in
CKM buffer and an aliquot was removed. A second
sample was taken after suspension of the nuclei in 0.2 M
KCl. The nuclei were diluted 200-fold into distilied H,0,
allowed to swell 30 min, and a third aliquot was removed.
The water-swollen nuclei were fixed with 1% HCHO for
4 h, centrifuged, and resuspended in H,O to remove
excess HCHO. An aliquot of the fixed, water-swollen
nuclei was removed. The remaining nuclear preparation
was washed with dilute Kodak Photo-Flo, as employed
for electron microscopy, and an aliquot taken. Finally,
the nuclei were quick-frozen and lyophilized. Samples of
the lyophilized nuclei were examined dry and after
rewetting with CKM buffer.

The nuclear samples (except for the lyophilized prepa-
rations) were pelleted by centrifugation in a Beckman
type 65 rotor, at 58,000 rpm for 18 h. A portion of each
pellet was pushed into a I-mm diameter glass capillary
(Uni-Mex Company, Griffith, Ind.). A drop of solvent
was added at the end of the capillary to prevent the gel
from drying, and the capillary closed with sealing wax.
The dry lyophilized material was packed dry into the
capillary and sealed.

Sample concentrations were measured as described
previously (Olins and Otlins, 1972), except that the
capillaries were crushed in concentrated HNOQO,, and
analyzed for total phosphate (Amos and Dubin, 1960).
The nuclear pellets had a DNA concentration of 70-115

530 THE JOURNAL OF CELL B10LOGY - VOLUME 64,

mg DNA/ml, based upon phosphate content and assum-
ing 308 daltons/nucleotide.

X-Ray Diffraction Studies

Low-angle X-ray diffraction data were collected using
a Searle X-ray camera with Elliott toroid optics (Baird &
Tatlock Ltd., England) and sector apertures. The camera
was mounted on an Elliott rotating copper anode X-ray
generator (type GX6), operating at 40 kV with a tube
current of 40 mA. Data were collected on Kodak type T
industrial X-ray film. Three sheets of film were held
perpendicular to the beam in a flat film holder. Expo-
sures were carried out for 2 h in air, and the sample-to-
film distance was 7.3 cm. The position of reflections was
measured as described previously (Olins and Olins,
1972).

RESULTS
Electron Microscope Studies

Isolated eucaryotic nuclei undergo rapid mor-
phological changes in response to alteration of
solvent pH and electrolyte concentrations (Olins
and Olins, 1972; Brasch et al., 1971; Philpot and
Stanier, 1956; Anderson and Wilbur, 1952; Ris
and Mirsky, 1949). When they examined their
preparations by phase microscopy, these authors
observed a progressive disappearance of chromatin
condensations and an increase in nuclear volume
as nuclei are washed with buffers devoid of diva-
lent cations and with lowered ionic strengths.
Evidence has been presented (Olins and Olins,
1972) indicating that this loss of chromatin con-
densation can occur without disruption of the
chromatin periodic folding (i.e., without total
disappearance of the characteristic low-angle
X-ray reflections). In the studies of Olins and Olins
(1972), 0.02 M KCl was employed to obtain
swollen nuclei, Brasch et al. (1971) had indicated
that additional swelling could be obtained by
washing nuclei in distilled water. We have utilized
this additional swelling in water as a first step in a
procedure to resolve substructure in separate chro-
matin fibers.

Maximal swelling of isolated nuclei appears to
depend upon a judicious choice of solvent washes.
Dilution of aliquots of nuclear suspensions from 5
mM MgCl,-containing buffer (i.e., CKM buffer)
directly into large volumes of distilled water does
not yield complete chromatin dispersion and nu-
clear swelling. More swelling is obtained by wash-
ing the nuclei in a solvent of moderate ionic
strength not containing divalent cations (i.e., 0.2
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M KCD) followed by dilution into water or low
ionic strength buffer.

SPREADING OF WATER SWOLLEN NU-
cLEIL: The method of centrifuging chromosomes
onto an electron microscope grid followed by air
drying out of Photo-Flo, developed by Miller and
co-workers (Miller and Beatty, 1969 q, b; Miller et
al.,, 1970), has the advantage of spreading and
separating the chromatin fibers. Using this method
on a variety of isolated eucaryotic nuclei, we have
been able to resolve a periodic substructure in
chromatin fibers.

Isolated nuclei, washed twice with CKM buffer,
once with 0.2 M KCl, diluted into distilled water,
and fixed with formaldehyde, were centrifuged
onto carbon-coated grids and air dried from
Photo-Flo. Chromatin fibers can be observed
coming out of the main body of the nucleus.
Repeated observations of high magnification elec-
tron micrographs, treated with positive stains,
suggested the existence of a periodic substructure.
The use of negative-staining methods (i.e., ammo-
nium molybdate or phosphotungstic acid) yielded
far more convincing evidence (Fig. 1).

Micrographs of negatively stained rat thymus,
rat liver, and chicken erythrocyte nuclei revealed
the presence of linear arrays of spherical particles
(denoted v bodies) connected by very thin fila-
ments. Measurements of diameters of v bodies for
the different tissues yielded the following average
diameters and standard deviations: rat thymus, 83
+ 23 A; rat liver, 60 + 16 A; and chicken
erythrocyte, 63 = 19 A. Connecting strands (rat
thymus nuclei) exhibited average widths of 15 + 4
A. Clusters of several v bodies close packed along
chromatin fibers can be seen in Fig. 1. Data has
been presented (Olins and Olins, 1974) comparing
widths of positively stained chromatin fibers with
diameters of v bodies from negatively stained
preparations. It appeared from this comparison
that clusters of several v bodies are not resolved by
positive-staining techniques, but appear as chro-
matin thickenings with fiber widths at 100-125 and
225-240 A.

SPREADING OF NATIVE AND RECON-
STRUCTED CHROMATIN: Soluble nucleohis-
tone material was isolated from purified chicken
erythrocyte nuclei by a modification of the tech-
niques of Zubay and Doty (1959). An aliquot of
the soluble chromatin was exposed to dissociating
conditions (i.e., 5 M urea, 3 M NaCl) by dialysis
overnight at 4°C. The dissociated chromatin was
reassociated by step gradient dialysis (see Mate-

rials and Methods) down to 0.001 M sodium
cacodylate buffer, pH 7.0. As a control, an aliquot
of native soluble chromatin was dialyzed against
0.001 M sodium cacodylate buffer. Both samples,
native and reconstructed nucleohistones, exhibited
v bodies throughout the chromatin fibers (Fig. 2 a,
b). Measurements of the average particle diame-
ters yielded the following data: native chromatin,
54 + 10 A; reconstructed chromatin, 53 = 7 A.
FRAGMENTATION OF FIXED CHROMATIN
BY SONICATION: As a first step to isolate and
characterize chromatin fragments resembling v
bodies, water-swollen and formaldehyde-fixed
chicken erythrocyte nuclei were exposed to exten-
sive sonication. After treatment with a Biosonik I
sonicator (VWR Industries, Rochester, N. Y.)
with standard 0.5-inch titanium tip at maximum
intensity for 6 min, electron microscope examina-
tion of the unfractionated somicate (Fig. 2 ¢)
demonstrated a complex mixture of broken chro-
matin fragments, the smallest sizes resembiing
individual v bodies, and larger fragments contain-
ing clusters of v bodies. This sonicated material
can be fractionated into a continuous distribution
of size classes by sedimentation in sucrose gradi-
ents, and fractions enriched in v bodies, as deter-
mined by electron microscope observations, can be
selected for further study (Semnior et al., 1975).

X-Ray Diffraction Studies

Isolated hydrated nucleohistone, nuclei, and
chromosomes exhibit a series of low-angle X-ray
diffraction maxima at about 110, 55, 35, 27, 22,
and 18 A (Wilkins et al., 1959; Luzzati and
Nicolaieff, 1959, 1963; Pardon et al., 1967; Pardon
and Wilkins, 1972; Olins and Olins, 1972; Pardon
and Richards, 1973). These X-ray reflections are
generally regarded as characteristic of native chro-
matin periodic structure, and furnish a useful
criterion for possible perturbations in chromatin
structure.

In an effort to determine whether the steps
involved in visualizing chromatin by electron mi-
croscopy might introduce structural alterations,
isolated chicken erythrocyte nuclei were examined
by low-angle X-ray diffraction at different stages
in the protocol for electron microscopy. Sample
preparation techniques are described in Materials
and Methods. Table I indicates the results ob-
tained from the nuclear pellets at different stages
in the protocol. Fig. 2 d,e illustrates representative
low-angle X-ray diffraction patterns. These data
indicate that isolated nuclei processed by washing,
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FiGure 1 Electron micrograph of the edge of a rat thymus nucleus centrifuged onto a carbon-coated grid.
A few chromatin fibers are stretched out from a region of higher chromatin concentration. Negative stain
with 0.5% ammonium molybdate (pH 7.8). Bar denotes 0.1 um. x 163,000.
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FIGURE 2 (a) Soluble chicken erythrocyte chromatin. Negative stain with 1% phosphotungstic acid (pH
7.1). Bar denotes 0.1 um. x 192,000. (b) Reconstructed chicken erythrocyte chromatin. Negative stain with
1% phosphotungstic acid (pH 7.1). Bar denotes 0.1 um. x 192,000. (¢) Sonicated chicken erythrocyte
nuclei. Negative stain with 0.5% ammonium molybdate (pH 7.3). Bar denotes 0.1 ym. x 177,000. (d, e)
Low-angle X-ray diffraction patterns from nuclear pellets: (d) washed in CKM buffer (DNA concentration,
11%); (e) rewetted from fixed lyophilized nuclei (DNA, 7%). It has previously been observed that the 110-
and 55-A reflections are not distinct rings for gels in this concentration range (Wilkins et al., 1959, Plate Ia;
Pooley et al., 1974). They appear instead as shoulders or edges. Diffraction patterns from more
concentrated gels obtained by rewetting dry fibers indeed show these as distinct maxima (Pooley et al.,
1974). The use of nuclei has constrained us to the lower concentration range.
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