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ABSTRACT

	

Fractions of homogeneously-sized supranucleosomal particles can be obtained in
high yield and purity from various types of cells by brief micrococcal nuclease digestion (10
or 20 s) of condensed chromatin in 100 mM NaCl followed by sucrose gradient centrifugation
and agarose gel electrophoresis . These chromatin particles, which contain only DNA and
histones, differed according to cell type . Sea urchin spermatozoa (Paracentrotus lividus) gave
rise to heavy particles (ca . 260 S) with a mean diameter (48 nm) . These resembled the unit
chromatin fibrils fixed in situ, which contain an average of 48 nucleosomes, as determined
both by electron microscopy after unraveling in low salt buffer and gel electrophoresis . In
contrast, higher order particles from chicken erythrocyte chromatin were smaller (105 S ; 36-
nm diam) and contained approximately 20 nucleosomes . The smallest type of supranucleo-
somal particle was obtained from chicken and rat liver (39 S ; 32-nm diam ; eight nucleosomes) .
Oligomeric chains of such granular particles could be recognized in regions of higher sucrose
density, indicating that distinct supranucleosomal particles of globular shape are not an artifact
of exposure to law salt concentrations but can be obtained at near-physiological ionic strength .
The demonstration of different particle sizes in chromatin from different types of nuclei is
contrary to the view that such granular particles are produced by artificial breakdown into
"detached turns" from a uniform and general solenoid structure of approximately six nucleo-
somes per turn . Our observations indicate that the higher order packing of the nucleosomal
chain can differ greatly in different types of nuclei and the supranucleosomal organization of
chromatin differs between cell types and is related to the specific state of cell differentiation .

The question of how the nucleosomal chain, the basic struc-
tural element of organization of chromatin, is organized at
the secondary level of chromatin packing remains unan-
swered . Two different models of supranucleosomal packing
have been presented : (a) Finch and Klug (15) have proposed
a continuous "solenoid" in which the nucleosomal chain is
helically coiled, with about six nucleosomas per turn and a
pitch of -I 1 nm, thus forming a homogeneously thick fibril
-30 nm in diameter. Various observations have been inter-
preted to support this model (2, 4, 6, 7, 9, 10, 30, 31, 41, 53,
58) . However, the majority of these experiments have been
performed upon chromatin that has undergone destabiliza-
tion through/by preparative "stress," such as lengthy dialysis
and/or washes in buffers of drastically reduced ionic strength

or containing chelating agents. According to this model, the
solenoid should be identical in different kinds of condensed
chromatin, irrespective of the cell type examined (31). (b)
From electron microscopic observations of spread chromatin
preparations and from studies of the products of limited
digestion with micrococcal nuclease (16, 20, 24) other authors
have proposed that the nucleosomal chain forms a discontin-
uous periodic structure appearing as a higher order chain of
tightly adjoining globular aggregates ("superbeads," 42 ; "nu-
cleomers," 25) . This also results in the appearance ofa higher
order fibril, which displays an overall contour diameter of
-30 nm in many cell types (3, 8, 19, 21, 22, 25, 37, 39, 44,
52, 54, 66, 67, 68) . This mode of supranucleosomal organi-
zation into higher order granules is similar to the organization
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that has been described for circular forms ofchromatin, such
as the SV40-"minichromosomes" (12, 23, 35, 59) and non-
transcribed amplified rDNA chromatin of certain oocytes
(46) .
The solenoidal model has found more supporters in recent

years (for references see 6, 11, 31). Experimental observations
interpreted to support the discontinuous periodic arrange-
ment in nucleomeric globules has been criticized for two
reasons. Some authors have claimed that the structures re-
ported as supranucleosomal units are not chromatin material
but ribonucleoprotein complexes (6, 11, 36, 57, 61) . However,
in view of the high content of histories reported for the
superbead particles (52), their occurrence in the nuclei of cells
with extremely low RNA contents, such as avian erythrocytes
and sea-urchin spermatozoa, and their reversible unfolding
into extended chains of nucleosome-sized particles upon ex-
posure to low ionic strength (e.g ., 25, 52), this argument need
not be discussed further. A more serious criticism of the
biological significance ofthe superbead-like structures is based
on the fact that most of the preparations used to demonstrate
these granular structures also involve treatment of the chro-
matin at reduced salt concentrations . Therefore, Thomas et
al . (4, 7) have proposed that such globular subunits represent
"detached turns" of solenoid chromatin which are produced
artificially during exposure to reduced ionic strength .

In the present study, we show that monodisperse fractions
of globular supranucleosomal chromatin particles are also
obtained in high yields after very short nuclease digestion in
100 mM NaCl, and that the nucleosomal contents of these
globules differ in different cell types in a biologically mean-
ingful manner. Our results indicate that the supranucleosomal
organization of condensed chromatin is not identical in all
types of nuclei, and that the packing of nucleosomes differ in
different cell types and is probably related to cell differentia-
tion .

MATERIALS AND METHODS

Animals:

	

Sea urchins (Paracentrotus lividus) were collected in the Med-
iterranean Sea near Nice and kept in artifical sea water until use. Chickens
were White Leghorn, 6-8-wk old or adult egg-laying hens. Rats were Sprague-
Dawley (ca. 250 g body weight) .

Isolation of Nuclei from Sea Urchin Sperm :

	

Suspensions of
freshly collected, living spermatozoa were carefully pipetted out of the opened
gonades and washed twice in sea water (cf. 66) . Use of frozen-stored sperm
cells resulted in formation of gelatinous chromatin clumps and was avoided.
For preparation of nuclei two alternative procedureswere used . (a) Sperm cells
were resuspended in a 50-fold volume of buffer A (100 mM NaCI, 0.5 mM
MgC1 2 , 10 mM Tris-HCI, pH 7.4). While whirlingon a Vortex mixer Nonidet-
P40 (NP40) was added to give a final concentration of0.5% and the cells were
lysed for 5 min at 4°C with careful shaking of the tubes with -30 s intervals.
The homogenate was centrifuged for 10 min at 800 g and the sediment was
resuspended in buffer A by vigorous action with a "medium-fitting" Dounce
homogenizer. Examination by light microscopy revealed a clean nuclear frac-
tion . Sperm tails and midpieces were not observed . To remove detergent the
nuclei were washed twice in buffer A . This procedure did not always give
sufficient yield of chromatin in the subsequent digestion step . Therefore, we
also applied the following, more vigorous procedure : (b) Sperm cells were
diluted with a 50-fold volume of 1 mM borate-buffer (pH 8.8). The solution
was immediately vigorously shaken, kept on ice for 3 min, and centrifuged for
10 min at 800 g. Light microscopic control of the pellet did not reveal
considerable contamination with sperm tails or midpieces. Finally the nuclei
were washed twice in buffer A .

Isolation of Nuclei from Chicken Erythrocytes :

	

Nuclei were
prepared according to the method described by Weintraub (62) with the
following modifications. Blood (6 ml) was obtained from hens by cardiac or
vein puncture with a heparinized syringe. Blood was immediately diluted with
a 10-fold volume of SSC-buffer (140 mM NaCl, 10 mM Tris-HCI, 15 mM Na-
citrate, pH 7 .4) and centrifuged for 10 min at 100 g. The supernatant was

removed and the bottom layer containing the mature erythrocytes was washed
twice in SSC . - The final sediment was carefully resuspended by some strokes
with a loosely-fitting Dounce homogenizer in 70 ml buffer A . While whirling
on a Vortex mixer 0 .35 ml of a 100% NP40 solution was added and the blood
cells were lysed during 5 min (in 1 min-intervals the solution was carefully
shaken by turns of the centrifuge tube) . The homogenate was centrifuged for
10 min at 800 g and the sediment resuspended with the Dounce homogenizer
in buffer A . The nuclei were washed twice in buffer A to remove the detergent,
and the final sediment was controlled by light microscopy .

Isolation of Nuclei from Rat and Chicken Liver.

	

Nuclei from
liver tissue of both species were isolated as follows: Liver tissue was minced
with scissors in cold (ca. 4°C) buffer D (0 .44 M sucrose, 70 mM KCI, 10 MM
Tris-HCI, pH 7 .4, 2% purified gum arabic). The suspension was forced, using
a press, through a fine metal sieve (mean pore size: 0 .5-1 mm) . Medium D
was added to the homogenate, and the cells were disrupted with a Potter-
Elvehjem glass-Teflon homogenizer (Braun Co., Melsungen, FRG) . After cen-
trifugation at 850 g (12 min), the pellet was resuspended with a loose-fitting
Dounce-homogenizer, and the homogenate adjusted with 2 .6 M sucrose (made
in 100 mM NaCl, 10 mM Tris-HCI, pH 7 .4) to 2 .0 M and layered (15-ml
portions) on top of a 20-ml cushion of 2 .1 M sucrose (made in 100 mM NaCl,
10 mM Tris-HCl, pH 7 .4) . Centrifugation was performed in a SW 27 rotor
(Beckman Instruments, Inc ., Palo Alto, CA) for 90 min at 25,000 rpm at 4°C .
The isolated nuclei recovered in the pellet were finally resuspended in buffer A
by the use of a loose-fitting Dounce-homogenizer and washed twice in buffer
A .

Preparation of Higher Order Chromatin Units:

	

The isolation
procedure for the higher order particles was identical for the four objects
presented here. Nuclear sediments were resuspended in buffer C (100 mM
NaCI, 1 MM Mg -C12, 1 MM CaC12, 0 .25 mM phenylmethylsulfonyl fluoride, 10
mM Tris-HCI, pH 7.4) by several strokes in a loosely-fitting Dounce homoge-
nizer and centrifuged for 10 min at 800 g. The sediments were resuspended in
buffer C with a tightly-fitting glass-teflon homogenizer and adjusted to 50 Aseo
units per ml (read in 0.1 M NaOH) . 0.5-ml samples were preincubated for 3
min at 37°C in a water bath, 100 U micrococcal nuclease dissolved in 40 ,u1
buffer C were added, and enzyme digestion was for 10 s . In some experiments
the digestion time was varied: 0, 10, 20, 40, 50, 60, 90, and 120 s. The reaction
was terminated by the addition of 0 .5 M EDTA or EGTA to a final concentra-
tion of 5 mM and the reaction vials kept on ice. In control experiments,
chromatin was incubated in the same buffer without enzyme added. The 0 .5-
ml samples were loaded on top ofpreformed linear sucrose gradient (10-50%
(wt/vol), 1 ml 70% cushion; sucrose solutions were made in buffer D, i.e ., 100
mM NaCl, 1 mM EDTA, 0.25 mM phenylmethylsulfonyl fluoride, 10 mM
Tris-HCI, pH 7 .4). Centrifugation was performed in a SW 40 rotor (Beckman
Instruments, Inc .) for 90 min at 40,000 rpm at 4°C . The tube content was
fractionated (0.4-ml fractions) from the top and scanned with an ISCO UA-5
absorbance monitor (ISCO, Lincoln, NB) at 254 rim . For estimation of S-
values in parallel gradients ribosomal subunits isolated from Xenopus laevis
ovaries, phage ox 174 particles, and SV40 virions were centrifuged under
identical conditions . Gradient fractions were immediately deep-frozen at
-70°C, except those used for electron microscopy and agarose gel electropho-
resis of chromatin.

In another set of experiments, fractions from the center peak region of
sucrose gradients containing chicken erythrocyte chromatin were pooled, con-
centrated by vacuum dialysis in buffer D, and re-run in a sucrose gradient,
using the same centrifugation conditions.

Similar experiments were done using combinations of chromatin particles
from different sources. After concentration by vacuum dialysis to an appropri-
ate volume equivalent amounts of chromatin were mixed and re-centrifuged
in the following combinations : sea urchin sperm x chicken erythrocyte, chicken
erythrocyte x chicken liver, and chicken erythrocyte x rat liver.

Additionally chicken erythrocyte chromatin was digested with micrococcal
nuclease as described above, dialyzed overnight against low salt buffer (1 mM
EDTA, 10 mM Tris-HCI, pH 7 .4) and examined by sucrose gradient centrifu-
gation (in 1 mM EDTA, 10 mM Tris-HCI, pH 7 .4) as described above.

As a control, purified DNA from sea urchin, chicken and rat was treated
(same A260 units) with micrococcal nuclease.
Chemical Determinations :

	

Nucleic acids and proteins were deter-
mined as described (64) .

Agarose Gel Electrophoresis of Chromatin :

	

Chromatin parti-
cles were applied to 3-mm thick 0.3% agarose gels. The buffer for loading and
electrophoresis was 40 mM Tris-HCI, 20 mM Na-acetate, 2 mM EDTA (pH
7 .9) . The gels were run at 5 V/cm and DNA was stained with ethidium
bromide .
DNA Analyses :

	

Gradient fractions or chromatin portions were incu-
bated in the presence of pronase (0.25 mg/ml) and Sarkosyl (1%) for 5 h at
37°C . DNA was extracted with buffer (10 mM Tris-HCI, pH 7 .4)-saturated
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phenol, followed by extraction with a mixture (1 :1) of phenol-chloroform/
isoamyl alcohol (24:1) and precipitated with ethanol. DNA was subjected to
electrophoresis in horizontal 1 % (wt/vol) agarose gels and run in 40 mM Tris-
HCI, 40 mM Na-acetate, 2 mM EDTA (pH 8.3). Thegels were calibrated with
restriction fragments of X-DNA (Hind III) and fragments of Ox 174 RF-DNA
(Hae III), and slots were scanned by the use of a Joyce-Loebl Chromoscan 3
(Joyce-Loebl Instruments, Duesseldorf, FRG).

Protein Analyses :

	

SDS PAGE was carried out essentially according
to Thomas and Kornberg (56). Chromatin samples were precipitated overnight
at 4°C by the addition of ice-cold trichloroacetic acid (TCA) to a final concen-
tration of 20% . After centrifugation the material was washed first with 90%
acetone containing 0.1 N HCI, then with acetone. Dried samples were dissolved
in sample buffer, heated, and applied to the gel . Gels were stained either with
Coomassie Blue or with silver nitrate using the method of Switzer et al. (55).
Proteins were fixed in the gel with 10% TCA, followed by incubation in a
mixture of methanol, acetic acid, and water (5 : 1 .2 : 3 .8; vol/vol/vol). The gel
was washed several times in distilled water and postfixed for 15 min in 1
glutaraldehyde buffered with 50 mM sodium borate (pH 9 .4) . After extensive
rinsing in water, the gel was incubated in a solution containing 0.8% silver
nitrate, 0.5% ammonia, and 20 mM NaOH, rinsed in water, and processed as
described by Switzer et al . (55) . Densitometer tracing of Coomassie Blue-stained
polypeptide bands was performed with the Joyce-Loebl instrument as described
above.

Preparation of Chromatin for Electron Microscopy :
Chromatin spread preparations were performed according to the procedures
described earlier (16, 33, 47) with the following modifications. Chromatin
samples from sucrose gradient fractions were immediately fixed with glutaral-
dehyde (final concentration 0.2%) for at least 60 min at 4°C . In some cases the
chromatin samples were diluted in a buffer of a chromatin-stabilizing ionic
strength (0.1 M NaCl, 10 mM Tris-HCI, pH 7 .4 or 0 .1 M NaCl, 10 mM TES
(TES-(N-tris[hydroxymethyl]methyl-2-aminoethane sulfonic acid)}HCI, pH
7 .4) and fixed in suspension (same final concentration). Chromatin was then
centrifuged on electron microscopic grids as described by Scheer et al . (47),
except a modified sucrose cushion in the centrifuge chamber . In all spreading
experiments0.1 M sucrose solutions contained only0.1 M NaClor, in addition,
0 .2% glutaraldehyde or 1 % formaldehyde, buffered with 10 mM TES-HCl (pH
7 .4) or 10 mM Tris-HCl (pH 7 .4). Staining of the specimens was as described
earlier (47) . For contrast enhancement most of the specimens were rotary-
shadowed with platinum/palladium (80 :20) at an angle of 8°. Alternatively,
spread particles were metal shadow-cast with platinum/palladium (80 :20) under
an angle of 8°. For negative staining the specimens centrifuged on electron
microscopic grids were rinsed for 1 min in double-distilled water and stained
with aqueous 2% uranyl-acetate, which contained onedrop dimethyl sulfoxide
per ml staining solution . Positive staining with phosphotungstic solution was
as described (16, 18) . For unraveling into nucleosomal chains chromatin was
solubilized in low salt buffer (45) and processed as described (47). For electron
microscopy of ultrathin sections, tissue samples, pelleted cells, isolated nuclei,
and chromatin fractions were fixed in 2.5% glutaraldehyde buffered with 0.05
M sodium cacodylate (pH 7 .0; for fixation in suspension 5% glutaraldehyde
was used). Osmication, dehydration, embedding, and sectioning were as de-
scribed (17). Relatively thick sections (50-80 nm) were used for measurements
of fibril widths.

Micrographs were taken with a Zeiss EM-10 electron microscope at 40, 60,
and 80 kV, respectively. The magnification indicator was routinely controlled
by the use of a grating replica. Measurements of the diameter of chromatin
structures, counting of nucleosomes, length measurements, and calculations
were performed as described (46) .

RESULTS
In the course of our electron-microscopic and biochemical
studies on the organization of condensed chromatin, we en-
countered differences of chromatin fibril dimensions in dif-
ferent cell types . For the sake of clarity, we have selected three
extreme cell types: sea-urchin spermatozoa, chicken erythro-
cytes, and hepatocytes of chick and rat, i.e ., cell types that
have been widely used in chromatin research.

Electron Microscopy of Fixed Cells and
Isolated Nuclei
Examining the dimensions of chromatin structures in sec-

tions of nuclei of fixed intact cells and isolated nuclei, we
noted that the diameters of the uniform chromatin fibrils of

274

	

THE JOURNAL OF CELL BIOLOGY " VOLUME 99, 1984

sea-urchin spermatozoa of Paracentrotus lividus were larger
(37 nm) than those present in chicken erythrocytes (28 nm;
Fig. 1) and the peripheral condensed chromatin of chicken
and rat hepatocytes (26 nm; data not shown ; Table I) . The
greater diameters of sea-urchin sperm chromatin fibrils can
also be seen in other sea urchin species (e.g., 29) . Our value
of28 nm for erythrocytes and other cells agrees with the "unit
thread" diameter estimated by Davies and colleagues (13, 14,
60). The chromatin structures appeared uniformly stained
with lead citrate as well as with uranyl acetate and never
revealed an electron-transparent central core (Fig. 1, a-e) .

Center-to-center spacings of fibrils of sea-urchin sperm chro-
matin were also much larger than those ofchicken erythrocyte
and liver chromatin (Table I) . When the fibril diameters were
corrected for shrinkage due to fixation, dehydration, and
embedding (cf. 28), it became apparent that the native fibrils
of sea-urchin sperm chromatin are larger (46 nm) than ex-
pected for a solenoid containing six nucleosomes per turn . In
grazing sections, the chromatin fibrils often exhibited some-
what knobby outer contours (see below and Fig . 12d; cf. 65) .

Supranucleosomal Particles Obtained after
Limited Nuclease Treatment
We have developed procedures that produce optimal yield

of higher-order subunits from digested chromatin . When
chromatin samples of nuclei isolated from different cell types
were digested for very short periods of time (10 or 20 s) and
maintained in 100 mM NaCl, chromatin was obtained which
appeared as a monodisperse population of particles on sucrose
gradients (Fig . 2) . In evaluating these results, it should be kept
in mind that in our experiments the total digest preparation
was applied to the sucrose gradients without prior separation
of " solubilized chromatin," as in most other reports (e.g ., 4,
7, 43) . Recoveries of chromatin in the main peak particle
fraction, as estimated from determinations of DNA or total
absorbance at 254 nm, were 40%-50% for sea-urchin sperm
(12 different experiments) and 70%-85% for other cell types
examined . Therefore, we conclude that these particle fractions
represented most of the condensed chromatin of these cells
and did not originate from a selected special type ofchromatin
fibril . Comparison of the sedimentation properties of these
particles revealed marked differences (Fig. 2, Table I). Chro-
matin particles from sea-urchin sperm sedimented much
faster (estimated value of 260 S) than those from chicken
erythrocytes (105 S), and this difference was also seen on
recentrifugation of the pooled material from the peak frac-
tions and on co-centrifugation of mixtures of these particles
(Fig . 2, A-D) . Our value of 105 S for chicken erythrocyte
chromatin particles is similar to that reported by Puigdome-
nech and Ruiz-Carillo (40), albeit after much longer digestion
times (1 h) . On the other hand, particles dissected from liver
chromatin of chicken and rats were significantly smaller (39
S) than the avian erythrocyte chromatin particles, and this
difference was also demonstrable by centrifugation of particle
mixtures (Fig. 2, E-H) .
Using the same digestion conditions in 100 mM NaCl, the

specific S values of the supranucleosomal particles did not
significantly decrease after further treatment with micrococcal
nuclease (Fig. 3, A-F; see also 40) . The only result of this
prolonged digestion was an increase in the proportion of
nucleosomal particles, at the expense of the higher order
particles, and a slight increase in the modal width of the



FIGURE 1

	

Electron microscopy of highly condensed chromatin in
situ as revealed in cross sections through spermatozoa of the sea
urchin, Paracentrotus lividus, at the level of the centriolar fossa (a),
through isolated nuclei from these cells (b), and through nuclei of
avian erythrocytes (c-e) . Note the uniform organization of sea
urchin sperm chromatin in closely packed, regularly-spaced and
-sized, 37-nm large globular subunits that are surrounded by un-
stained "halos," which probably result from shrinkage during the

particle peak. Likewise, a second digestion for 10 s of particles
collected from the peak fractions did not result in a significant
drop of their S values (not shown) .
We have also controlled the possible contribution from

endogenous nuclease activities to the enzymatic chromatin
dissection by parallel incubations without the addition of
micrococcal nuclease . Fig. 3 G shows that, under these con-
ditions, no significant amounts of defined chicken erythrocyte
chromatin particles appear during 20-120 s . A somewhat
higher proportion of digested chromatin material was found
in the liver nuclei from both species (Fig . 3H presents the
example of chicken liver), but this did not result in the
appearance of a pronounced particle peak at 39 S. Therefore,
we conclude that the formation ofthe monodisperse particles
from the specific types of chromatin is due to the action of
the micrococcal nuclease added .

Electron Microscopy of Supranucleosomal
Subunit Particles
To show the purity and homogeneity of the chromatin

particles obtained, we present large representative survey pic-
tures rather than small selected cut-outs as they are frequently
offered in the literature .

Fractions obtained after sucrose gradient centrifugation of
chromatin briefly digested with micrococcal nuclease in 100
mM NaCl (Fig . 2) were prepared for electron microscopy
using different methods . Particle size differences between the
different types of chromatin particles were obvious. In spread
preparations the particles ofthe 260 S peak fractions from sea
urchin spermatozoa appeared as a rather uniform population
ofglobular shape (Fig. 4, a-g), and the appearance was similar
with (Fig . 4, b and c) and without (Fig. 4a) glutaraldehyde
fixation, after rotary metal-shadowing (Fig. 4, a and b), after
postitive (not shown), and after negative (Fig. 4, c-g) staining.
The mean diameter measured in metal-shadowed prepara-
tions was 55 nm, i .e ., 48 nm after correction for metal
deposition . A diameter of 48 nm was also determined for
positively or negatively stained particles. At higher magnifi-
cation the negatively stained particles revealed a finely gran-
ular composition, suggestive ofa moruloid organization (Fig .
4, d-g) . In some places, these granular subcomponents were
; dentified as distinct 10-15-nm particles, interpreted to be
iucleosomes (Fig . 4, e-g). Only occasionally, elongated cylin-
drical particles with an indication of helical organization were
detected, and these were usually characterized by a looser
packing of subcomponents (bracket in Fig. 4f) . Fractions
taken from the heavy shoulder of the 260 S peak contained
dimers and oligomeric chains of serially arranged 48-nm
particles (Fig . 4 h ; see also below). After exposure of the 48
nm chromatin particles to low salt buffer they unraveled and
extended into nucleofilaments, sometimes with helically-ap-
pearing intermediate structures (Fig. 4, i-1) . An average num-

preparation (a and b) . The total diameter of the unit chromatin
thread corrected for shrinkage is 46 nm . A similar granulofibrillar
organization of the condensed chromatin can also be observed in
ultrathin sections in various planes of sectioning through chromatin
of inner regions (c) and the periphery (d and e) of chicken erythro-
cytes but here the chromatin consists of 28-nm thick structures (36
nm after correction for shrinkage) . The outermost layer of regularly
arranged chromatin fibrils is tightly attached to the inner membrane
of the nuclear envelope (NE) . Bars, 0 .5 tam (a-e) ; 0 .1 tam (inset in a) .
x 46,000 (a and b) ; x 83,000 (inset in a); x 56,000 (c-e) .
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* Corrected for dehydration and shrinkage (cf . 27, 28).
= From spread preparations.
' Corrected for metal deposition during shadow cast ; these values were not significantly different from those determined by positive staining with
phosphotungstic acid alone, i .e ., without shadowing .

t A value for 35 rim has been reported previously (65).
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TABLE I

Dimensions of Higher Order Chromatin Particles

FIGURE 2 Sedimentation analysis
chicken liver

	

E of supranucleosomal chromatin
particles in sucrose gradients . The
total chromatin digested for 10 s in
100 mM NaCl was applied to su-
crose gradients containing 100 mM
NaCl . The estimated sedimentation
coefficients of the peaks obtained
with the different types of chro-
matin were determined to be -260
S (sea urchin sperm, A), 105 S
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mogeneity the material contained
in the peak fractions 9-11 of the
chicken erythrocyte chromatin (B)
was recentrifuged under identical
conditions, again revealing an av-
erage sedimentation coefficient of
105 S (C) . The differences of sedi-
mentation properties were best
shown when peak fractions from
different sources ofchromatin were
mixed and recentrifuged . (D : frac-
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The single arrowheads in D, F, and
H denote the position of chicken
erythrocyte chromatin; double ar-
rowheads denote in D, the position
of chromatin of sea urchin sperm,
in F, chicken liver, and in H, rat
liver, respectively .
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Diameter
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particles;
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isolated
particles'
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Mean DNA
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Approximate
S-value of
isolated
particles

Sea urchin sperm 37 ± 4 46 49 ± 5 56 ± 5 48 ± 5 48 11 .5 260
Chicken erythrocyte 28 ± 4 36 36 ± 51 41 ± 4 35 ± 4 20 4.3 105
Chicken liver 26 ± 5 36 36 ± 2 36 ± 2 32 ± 2 8 1 .5 39
Rat liver 26 ± 3 35 36 ± 3 36 ± 2 32 ± 2 8 1 .6 39
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FIGURE 3 Sedimentation
analyses of chromatin par-
ticles obtained by pro-
longed digestion with mi-
crococcal nuclease (A, 20
s; 8, 40 s; C, 50 s; D, 60 s;
E, 90 s; F, 120 s) and of
products observed in con-
trol experiments in which
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chromatin from chicken
erythrocytes (G) and liver
(H) has been incubated in
buffer C without addition
of micrococcal nuclease .
Note that the position of
the peak containing the
higher order chromatin
particles (fraction no . 10)
does not shift with pro-
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longed DNA digestion,
whereas the height of the
specific peak, i .e ., the total
higher order particle ma-
terial, gradually decreases.
Correspondingly, an in-
creasing proportion of the
chromatin appears in the
characteristic nucleosomal
peak (fraction 3) . The con-
trol experiments without
nuclease added show the
absence of peak fractions
containing higher order
chromatin particles of
avian erythrocytes (G,frac-
tion 10 ; position of higher
order chromatin particle
peak is denoted by arrow-
head) and liver (H; fraction
5; position of particles de-
noted by pair of arrow-
heads) . In the experiments
shown in G and H the bulk
of the chromatin was re-
covered in the specific pel-
lets (not included).
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ber of 48 nucleosomes was counted per particle unit, and
internucleosomal "spacer" DNA was sometimes recognized
(Fig. 4 k) .

The 105 S chromatin particles from chicken erythrocytes
were also found to be a very pure and homogeneous fraction
that, in metal-shadowed (Fig. 5 a), in unshadowed, positively
(Fig. 5b), and negatively (Fig . 6a) stained preparations, ap-
peared as granules of 36-nm diam (Table 1) . The overall
appearance of negatively stained particles was moruloid, and
individual nucleosomes were often discerned at higher mag-
nification (various aspects are shown in Fig . 6, b-e) . When
exposed to low salt buffer the particles unfolded into extended
nucleosomal chains containing an average of 20 nucleosomes
(Fig . 6, fand g) . Fractions 13-16 also contained short chains
oftwo to five ofthese particles in close packing (not shown) .
The much slower sedimenting particles of the 39 S peak

fractions from liver tissue ofrat (Fig. 7, a and b) and chicken
(Fig . 7 d) were also homogeneous . However, in both species
the mean sizes ofthe particles were slightly less (32 nm), and
unraveling in low salt buffer revealed only short nucleofila-
ment units containing an average of eight nucleosomes (Fig .
7, c and e), identical with earlier determinations of Strdtling
et al . (52) and Kiryanov et al . (25) .
When the chromatin particles from all three cell types were

metal shadow-cast under defined angles, the shadow lengths
were almost identical in a given fraction, indicating that all
particles were isodiametric and not cylindrical (Fig. 8 presents
the example of the erythrocyte chromatin particle fraction
10) .
The quantitative evaluations of such preparations are sum-

marized in the histograms of Fig. 9, A-D which show the
different nucleosomal contents ofthe supranucleosomal par-
ticles from the different types of chromatin examined. The
larger chromatin particles from chicken erythrocytes and sea
urchin sperm consistently displayed somewhat wider distri-
bution of sizes .

Particle Separations in Agarose Gels

Supranucleosomal particles obtained after very short mi-
crococcal nuclease digestion could also be separated by elec-
trophoresis in agarose . For example, Fig . l0a presents the
105 S particles from chicken chromatin which migrated as a
well-defined band . The particles from the different cell types
examined showed different electrophoretic mobilities : those
from rat and chicken liver were the fastest ; those from sea
urchin sperm were the slowest .

Determinations of Lengths of DNA in Higher
Order Subunit Particles
When DNA extracted from the various particle fractions

separated by sucrose gradient centrifugation or agarose gel
electrophoresis was analyzed by gel electrophoresis, multiples
of nucleosomal equivalents were found in upper fractions
whereas a characteristic maximum value ofparticle DNA was
attained in the specific peak fractions (Fig. 10, b-d) . Com-
parison with molecular weight reference samples showed that
the 105 S chromatin particles of the peak fractions obtained
by digestion of chicken erythrocyte chromatin contained 4.3
kb of DNA which, on the basis of a value of 212 by per
nucleosome (34), represents 20 nucleosomal equivalents (Fig.
10b). The stability ofthis particle DNA was demonstrated in
experiments in which the particles obtained after brief diges-
tion were dialyzed overnight against 1 mM Tris-HCl (pH 7.2)
containing 1 mM EDTA and then separated by sucrose
gradient centrifugation in the same low salt buffer . The peak
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fraction, which sedimented at a lower S-value (ca. 60 S) as
expected (25), still contained 4.3 kb DNA (Fig. 10c). Corre-
spondingly, the larger (260 S) chromatin particles obtained in
the peak fraction from sea urchin spermatozoa contained 11 .5
kb of DNA (Fig . 10 d) which, assuming a nucleosomal content
of242 by (31, 50), is equivalent to 48 nucleosomes (Table I).
The 39 S particles obtained from rat and chick liver contained
1 .5 and 1.6 kb DNA (not shown), in agreement with values
reported by Strätling et al . (52) and Kiryanov et al . (25). In
all species examined digestion of purified DNA (see Materials
and Methods) resulted in much smaller and less-defined frag-
ments (data not shown) .

Analysis of Proteins of Higher Order Particles

SDS PAGE of the peak fractions obtained by sucrose gra-
dient centrifugation or by agarose gel electrophoresis dem-
onstrated the nucleohistone nature ofthese particles (Fig. 11).
In addition to the nucleosomal core histones, the proteins
detected included the H 1 representatives of liver chromatin,
H 1 and H5 ofchicken erythrocytes, and the sea urchin sperm-
specific histories (Fig. 11) of the H 1 and H2 families (cf. 49) .
Nonhistone proteins were present in minor amounts, usu-

ally <5% of the total Coomassie Blue-stained material re-
covered on gel electrophoresis. In preparations from liver
tissue and chick erythrocytes, small amounts of nuclear lam-
ins, identified by gel immunoblotting technique, were among
the more frequent nonhistone proteins. Using densitometry
of stained gels we compared the proportions ofthe individual
histones in the isolated nuclei and in the chromatin particle
fractions . The results showed similar proportions of histones
of the H 1 and H5 families to the nucleosomal core histones
in both whole nuclei and higher order particles (Fig. 11 a,
lanes 1 and 2 shows such a comparison for chicken erythro-
cytes, and Fig. 11 b presents the corresponding densitometer
tracing of lane 2), demonstrating the preservation of H1 and
H5 histones during the preparation .

Oligomers of Higher Order Particles

When fractions were collected from portions of the sucrose
gradients heavier than the main peak (fraction nos . 20-30 for
sea urchin sperm; fraction nos . 13-20 for chicken erythro-
cytes; fraction nos . 8-15 for rat and chicken liver) and ex-
amined by electron microscopy and gel electrophoresis of
DNA, a preference for oligomeric units was noticed . In some
experiments these fractions were centrifuged again, using the
samegradient system, to enrich fordistinct oligomeric particle
subclasses. For rat and chicken liver, using slightly different
conditions of preparation involving a buffer of lower ionic
strength (25, 52), we obtained similar values to those previ-

ously reported from this and other laboratories, indicating the
existence of multiples of eight nucleosomes and approxi-
mately 190 by (data not shown) . Chains of two, three or four
particles of ca. 35 nm in close apposition were found in
"heavy particle fractions" from gradient separations of
chicken erythrocyte chromatin (Fig. 12, a-c). Frequently the
isolated dimers and oligomers revealed the DNA linker stretch
interconnecting the globular subunits (arrowheads in Fig.
126). The larger particles appeared as knobby fibrils of a
morphology similar to that of the higher order chromatin
fibril fixed in situ (compare Fig . 12, c and d). On exposure to
lower salt the particle chains unraveled into long nucleofila-
ments containing average numbers of nucleosomes expected
for dimers and trimers (fractions 14-16 ofchicken erythrocyte
chromatin, for example, showed chains of an average of 38
nulceosomes ; values from fractions containing trimers and
longer chains were less sharply distributed) . Analysis of the
DNA contained in such fractions revealed peaks correspond-
ing to 4.3, 6 .5, and 9.4 kb, equivalent to average values of 20,
31, and 44 nucleosomal DNA units (Fig . 12 e) . While the
peaks of 4.3 and 9.4 kb could be related to monomers and
dimers of the 34-rim chromatin particles, the preferential
cleavage at 6.5 kb is so far unexplained . It should be noted,
however, that the integrity of the intraglobular DNA is not
necessary for maintenance of size and shape ofthese particles
which appear to be organized by histone-histone interactions
in the organization of"superhead"-like subunits (43) .

Sizes of DNA molecules extracted from oligomeric chains
of higher order chromatin particles from sea urchin sperma-
tozoa (e.g., Fig. 4 h) were very high (ca . 24 kb for dimers) and
more difficult to determine .

DISCUSSION
We have taken great care to work out a nuclease digestion
protocol which allows the dissection ofcondensed chromatin
under conditions presumed to minimize artifacts, i .e., at near
physiological ionic strength and for very briefperiods oftime .
The procedure that we describe here is reproducible and
effective, resulting in high yields of a pure and rather homo-
geneous fraction of globular supranucleosomal particles . The
particles obtained are ofdiscrete sizes and do not decrease on
further digestion at this ionic strength, indicating that they
are products of preferential cleavage and are not due to
nonspecific artifacts at reduced ionic strength, such as disrup-
tion of solenoid fibrils into "detached turns" of six nulceo-
somes (4, 7, 26) . Although a knobby appearance is sometimes
suggested in chromatin fibrils encountered in sectionsthrough
nuclei, we can presently not decide whether the formation of
discretely-sized higher order particles reflects a principle of

FIGURE 4

	

Electron microscopy of spread preparations of supranucleosomal subunits isolated from sea urchin sperm chromatin .
Pooled peak fractions (nos . 16-18) from sucrose gradient were used without (a) and with (b-h) glutaraldehyde fixation or after
dilution with low ionic strength buffer (i-k) to induce unfolding of the nucleosomal chain . Preparations were stained with uranyl
acetate (c-h) or shadow-cast with platin/palladium (a, b, and i-k). Note the size homogeneity of particles . Negative staining
reveals the moruloid organization of the particle surface (d-h) and internal granular substructures, apparently nucleosomes (e-g) .
Occasionally, cylindrical particles with a suggestion of helical organization are seen (bracket in f) . Oligomeric chains of tightly
apposed supranucleosomal subunits are observed in fractions taken from the "heavy shoulder" of the peak (h shows an example
in fraction no . 22 of Fig. 2A ; arrow denotes a partially unraveled particle) . On exposure to low ionic strength the higher order
globules unfold into extended chains of nucleosomes (mean content 48 nucleosomes ; i and j) which sometimes reveal their
connection by spacer DNA (k) . Bars, 1 tam ; (a-c) ; 0.5,um ; (d) ; 0.1 tam (e-h) ; and 0.2,um (i-k) . x 19,500 (a) ; x 27,500 (b) ; x 28,500
(c) ; x 72,500 (d) ; x 110,000 (e, f, and h) ; x 112,000 (g) ; x 60,000 (i-k) .
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FIGURE 5

	

Electron microscopy of sucrose gradient centrifugation fractions of higher order particles from chicken erythrocyte
chromatin . Material obtained from the main peak fraction (no . 10) of a sucrose gradient was fixed with glutaraldehyde and spread
for electron microscopy . Note the purity and the homogeneous sizes of the globular particles . The same preparation is shown
after positive staining, followed by metal-shadowing (a), and after positive staining with phosphotungstic acid alone (b), revealing
no significant structural difference in the appearance of the chromatin particles between the two methods . Note increased
particle diameters in a due to metal deposition . Bars, 1 ym (a and b) . (a) x 25,000; (b) x 28,000 .

internal organization rather than a distinct subunit of the
chromatin fibril in the living cell . The finding that supranu-
cleosomal particles of different sizes and nucleosomal con-
tents are obtained from different cell types provides an addi-
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tional argument that such particles do not originate from a
general artifact of chromatin preparation but are related to
some kind ofdifferences between subunits ofchromatin pack-
ing in these cells. Moreover, the pronounced size differences



FIGURE 6 Compact and extended configuration of nucleofilaments of supranucleosomal chromatin particles from chicken
erythrocytes. When chromatin of peak fractions nos . 9-11 (see Fig. 5) is spread with aldehyde fixation but in the presence of 100
mM NaCl and then negatively stained with uranyl acetate, the compact globular shape of the 35-nm particles is well preserved
(a) . Higher magnification reveals internal nucleosomal substructures (b-e show a sequence of different forms of unfolded
nucleosomal arrays) . Incubation in low salt buffer results in unraveling of the compart particles into extended nucleofilaments
containing an average of 20 nucleosomes (f) . These extended nucleosomal chains are also seen when the 35-nm particles are
dialyzed against low salt buffers and rerun in sucrose gradients made up in low salt buffer (g, for preparative conditions see text) .
Bars, 1 .0 um (a) ; 0 .1 um (b-e) ; and 0.5 jum (f and g) . (a) x 111,000 ; (b) x 219,000 ; (c) x 250,000; (d) x 275,000 ; (e) x 219,000 ; (f
and g) x 43,000.

of these subunit particles obtained from hepatocytes, avian
erythrocytes, and sea urchin spermatozoa argues against their
origin as a preparative artifact or as a uniformly sized "de-

tached turn" fragment, which would be predicted from the
model of a universal solenoid of Finch and Klug (15 ; cf. 4,
7).
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FIGURE 7

	

Supranucleosomal chromatin particles (pooled fractions nos . 4-6) from chicken liver (a-c) and rat liver (d and e) in
compact and unraveled form . In spread preparations the higher order chromatin subunits isolated from rat (a) and chicken (d)
liver appear as uniformly sized 32-nm granules (at higher magnification in b). On incubation in buffers of low ionic strength prior
to the spreading procedure the compact particles unravel into chains of nucleosomes mostly containing eight nucleosomes (c,
rat liver ; e, chicken liver) . Bars, 1 jm (a and d) ; 0 .2 tam (b) ; and 0.5 um (c and e) . x 28,000 (a and d) ; x 59,000 (b) ; x 38,000 (c);
x 52,000 (e) .

Our observations suggest that the higher order organization
of the nucleofilament differs among the different types of
nuclei examined . The exceptionally large diameter of the
subunits dissected from chromatin fibrils ofsea urchin sperm
heads corresponds with measurements of fibril widths in
sections through fixed intact spermatids and spermatozoa of
this and other sea urchin species (29, 66 ; this study). More-
over, the diameter of the isolated sea urchin chromatin par-
ticles is identical with that of the "superbead" structures
described in chromatin spread after briefexposure to low salt
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concentrations (66). Therefore, the difference in diameter and
nucleosome content between chromatin particles obtained
from sea urchin sperm chromatin and those from avian
erythrocytes and avian as well as mammalian liver appears to
be related to differences in widths of chromatin fibrils of the
intact cell, indicating true differences in higher order organi-
zation of chromatin in the cells.
Nonrandom cleavage of chicken erythrocyte chromatin by

micrococcal nuclease at near physiological strength has also
been observed by other authors (39, 42) . The size of our 105



FIGURE 8

	

Unidirectional metal-shadowing (8°) of supranucleoso-
mal chromatin particles from chicken erythrocytes (pooled peak
fractions 8-12), showing the predominance of shadow lengths
corresponding to the isodiametric shape of the large particles . Note
also the occurrence of some smaller particles, down to the nucleo-
somal size . Bar, 1 .5 jm . x 30,000 .

S chromatin particles isolated in high yield from chicken
erythrocyte nuclei corresponds to the mean diameter of the
"unit chromatin thread" determined in sections through nu-
clei of fixed erythrocytes (13, 60) . Indeed the correspondence
is greater if one corrects for shrinkage during dehydration and
embedding (cf. 28), and to the low-angle X-ray diffraction
peak at 40 nm observed in living erythrocytes (27, 28) . The
diameter of the isolated particle is also similar to the values
reported for repeating granular subunits in chromatin fibrils
ofnuclei lysed at reduced ionic strength (32 nm, reference 32 ;
33 ± 6 nm, reference 39 ; 29 ± 3 nm, reference 67 ; 34 nm,
reference 3) . Thus, under all conditions of preparation sea
urchin sperm chromatin fibrils and higher order particles
derived therefrom are larger than those of chicken erythrocyte
chromatin .
Our values determined forthe supranucleosomal chromatin

subunits from rat liver confirm the data of Strdtling et al. (52)
and Kiryanov et al . (25) and, in view of the predominance of
histories in these particles (Fig . 11), we prefer not to defend
again our conclusion that these particles are chromatin and
not ribonucleoprotein (see Introduction) . The finding that
chicken liver chromatin gives rise to a chromatin particle
practically indistinguishable from that isolated from rat liver
chromatin but clearly different from the particles isolated
from chicken erythrocytes suggests that the differences ob-
served are not due to species differences but are related to cell
differentiation. Comparison with data available in the litera-

ture suggests that the supranucleosomal arrangement of HeLa
cells (8) and lymphocytes (20, 42) is similar to that of hepa-
tocytes rather than to that present in avian erythrocytes.

This study also supports the concept of an organization of
the higher order subunits into beaded chains with a distinct
and uniform mean size of the monomeric beads that is
characteristic for the specific kind of chromatin . We have
noticed such oligomeric chains not only after centrifugation
of unfixed particles on electron microscopic grids but also
after fixation of the particles in suspension and we have not
found extended chains of beads in peak fractions . Therefore,
an artificial aggregation into linear arrays as described by
Jorcano et al . (22), seems to be excluded even at very high
particle concentrations .

t0 " SEA URCHIN SPERM

r

NUMBER OF NUCLEOSOMES PER GRANULAR SUBUNIT

A

FIGURE 9

	

Numbers of nucleosomes per granular supranucleoso-
mal subunit in different types of chromatin . Higher order chromatin
particles were unfolded by dilution into buffers of low ionic
strength, spread for electron microscopy, and nucleosomes per
nucleofilament unit were counted . Each type of chromatin shows
a distribution with a significant maximum specific for this type of
chromatin . The mean values for nucleosomal contents have been
determined to be 48 for sea urchin sperm (A, n = 150), 20 for
chicken erythrocyte (8, n = 450), and 8 for chicken (C, n = 150)
and rat (D, n = 150) liver .
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FIGURE 10 Agarose gel electro-
phoresis of higher order chromatin
particles and size determinations of
DNA contained in supranucleoso-
mal chromatin particles from
chicken erythrocytes and sea ur-
chin sperm . Chicken erythrocyte
chromatin fractions from the peak
region of a sucrose gradient were
pooled and aliquots were analyzed
by electrophoresis on 0.3% agarose
(a) . Note migration of particles as a
single band .
DNA of supranucleosomal parti-

cles from chicken erythrocytes (b
and c) and sea urchin sperm cells
(d) was extracted and analyzed by
electrophoresis on 1% agarose . (b)
Chicken DNA samples of fractions
no. 5-15 from a sucrose gradient

centrifugation similar to that shown in Fig. 2B are shown in slots 5-15 (arrow denotes peak fraction with maximal DNA content) . (c)
Chromatin particles of fraction no . 10 were dialyzed against low salt buffer and re-run in a sucrose gradient made up in low salt buffer .
Note that the particle DNA (extended electrophoresis, left slot) is still approximately 4.5 kb long. (d) Sea urchin DNA of particle fractions
no . 15-21 from a separation similar to that shown in Fig . 2A is shown in slots 15-21 (arrow denotes peak fraction) . Reference slots (R)
contain Hind 111 restriction fragments of X-DNA (kilobase values are indicated on right margin) .

In view of the data presented in Table I we conclude that
the density of nucleosome packing and the mode of nucleo-
filament arrangement are different in the different cell types
examined. Differences ofhigher order chromatin organization
in different cell types have also been mentioned in X-ray
diffraction studies (27, 28), but were difficult to interpret. We
are fully aware, however, that the notion ofsuch pronounced
cell type-specific differences of supranucleosomal organiza-
tion of chromatin is contrary to the concept of a universal
solenoid of six nucleosomes per turn and is also at variance
with the conclusions of a recent study by McGhee et al . (31)
using chromatin particles dialyzed overnight against 0.25 mM
EDTA. At present, we are not in a position to explain these
differences but we suspect that they are due to different
preparations of chromatin .
The molecular basis for the different modes ofsupranucleo-

somal organization in the three different cell types compared
in this study is not understood . It is interesting to note that
all three cell types express different patterns of histones, in
particular in the H1/H5 families that are known to promote
the higher order packing of nucleosomes (1, 23, 42, 58).
Modulation of the nucleosome structure by differences of
histone composition has been reported for sea urchin sper-
matozoa and embryos (48, 49) . It will be interesting to exper-
imentally exchange the HI/H5 histones and examine the
specific reconstituted supranucleosomal particles (for recon-
stitution of correctly-sized sea urchin and erythrocyte chro-
matin in vitro see 66, 67) .
Most of the direct physical data on the higher order orga-

nization of native chromatin can be explained by both the
solenoidal fibril and the nucleomeric fibril ("superbead")
model. In our opinion, data obtained from chromatin solu-
bilized by prolonged exposure to low salt conditions are not
necessarily pertinent to discussions of the organization of
chromatin in situ, unless the restoration of the specific higher
order structure has been proven . Clearly, modular or beaded
regions can be detected over a certain range of ionic strength,
including 100 mM NaCl sections, even in most of the micro-
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graphs published to show solenoidal arrangements (e.g., 2, 4,
7, 15, 26, 58), obviously pointing to the vulnerability of
interpretations of morphological features to subjective selec-
tions . Limited helical regions ofzig-zag arrays or parallel rows
of nucleosomes, suggestive of deranged helical coils, have
been noted by previous authors studying either chromatin
briefly exposed to low salt buffer or low salt treated, frag-
mented chromatin that has reorganized into higher order
structure in vitro (e .g., 41, 58, 67). We explain these structures
as intermediate configurations ofchromatin fibril unraveling
(67) .
An important feature ofthe solenoidal model is the central

hole which in the 30-35-nm fibrils would be 10-15 nm wide
(15, 53) . Such a hollow core has not yet been seen, not even
in the thick chromatin fibrils of sea urchin sperm where it
would be expected to be -25 nm in diameter, i .e., close to
the size of a ribosome . Even if one assumes that most of the
internucleosomal "spacer" DNA (which is more in the case
of the sea urchin sperm than in other kind of chromatin; cf.
31, 50) to be located in this central cavity (15, 51), one has to
expect a remaining difference of mass density and staining in
this central region . Moreover, we find it very difficult to
construct a regular solenoid of 48 nm outer diameter contain-
ing six nucleosomes per turn (cf. 15, 31) . Obviously, the
present information on higher order organization of chro-
matin is still insufficient to reach a final decision as to the
arrangement of the nucleofilament . We hope that the prepa-
ration of defined subunits from native chromatin described
in this study will contribute to the elucidation ofthe structural
principles governing the accomodation of chromatin in the
living cell, including the possible changes of chromatin orga-
nization that may occur during certain processes of cell dif-
ferentiation .

We thank Dr . C . Petzef (this center) for providing the sea urchins
and Drs. A . Alonso, J . L . Jorcano, U . Scheer, G. Krohne, J . Klein-
schmidt, and U . Muller for valuable discussions. We thank Miss M .
Schrenk, Mr. C.-T . Bock, and Mrs . C . Grund and S . Mdhler for



FIGURE 11

	

Polypeptides of higher order chromatin particles dem-
onstrate purity and integrity. Proteins of whole chicken erythrocyte
nuclei (designated N in a, lane 1) and chromatin particles (peak
fractions) isolated in sucrose gradients were analyzed by SDS-PAGE
and visualized by Coomassie Blue-staining (a, lanes 2-9) . Note the
presence of all histones, including histones H1/H5 in chicken
erythrocytes (lanes 2 and 3), histones H1 (brackets : rat liver, lanes
4 and S; chicken liver, lanes 6 and 7) and the sperm-specific histones
of sea urchins (lanes 8 and 9 ; the sperm-specific H1 histones,
brackets, have been only weakly stained by Coomassie Blue under
the conditions used here, lanes 8 and 9, but are well seen after
extensive silver staining in lane 10) . Dots in lane 8 denote the
nucleosomal core histones of sea urchin sperm cells (from top to
bottom : H2B1 and H2BZ, H3, H2A, H4) . Note that the relative
proportion of histone H5 is similar in total chromatin of isolated
nuclei (lane 1) and in the supranucleosomal particles (lane 2) . (b)
Densitometer tracing of lane 2 in a . It is important to note that the
specific Coomassie Blue-staining used (Serva, Heidelberg, Federal
Republic of Germany) did not stain histones H1, H4, and H5 as
effectively as other Coomassie Blue preparations .

skillful technical assistance . This workwas supported by the Deutsche
Forschungsgemeinschaft (grant Ze 184/2-2) .
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FIGURE 12 Oligomers of higher order chromatin particles from
chicken erythrocytes as revealed by electron microscopy of spread
preparations (a-c) and by DNA analysis (e) . Spread preparations
made from fractions no . 14-16 (cf . Fig . 2B) show pairs of higher
order particles (a; arrowheads in b denote interglobular DNA),
whereas heavier material is enriched in chains of 3, 4, and more of
these particles (c ; fractions no . 17-20) . For comparison, the ap-
pearance of chromatin fibrils, in sections grazing to the nuclear
periphery, in nuclei of fixed intact cells is shown (d) . Brackets in c
and d denote the knobby higher order chromatin fibrils in spread
preparation (c) and in section (d) . Bars denote 0 .1 (b-d) and 0 .2 km
(a) . x 65,000 (a) ; x 100,000 (b) ; x 110,000 (c); x 110,000 (d). Sizes
of DNA contained in such oligomer-enriched fractions were deter-
mined by gel electrophoresis on 1% agarose pooled fractions no .
12-18 and analyzed by densitometer tracing (e) . Major peaks of
DNA sizes appear at 4 .3, 6 .1, and 9.5 kb, respectively (solid line in
e) . For comparison Hind fll-restriction fragments of X-DNA are
shown (dotted line in e; kilobase values are given in Fig. 10) .

REFERENCES

I . Allan, J ., G . J . Cowling, N. Harborne, P. Cattini, R. Craige, and H. Gould. 1981 .
Regulation of the higher-order structure of chromatin by histones Hl and H5 . J Cell
Biol. 90 :279-288 .

2 . Allan, J., N . Harbone, D . C . Rau, and H . Gould . 1982. Participation of core histone
"tails" in the stabilization of the chromatin solenoid. J. Cell Biol. 93 :285-297,

ZENTGRAF AND FRANKE

	

Different Chromatin Structures

	

285



3. Azorin, F., L. Pérez-Grau, and J . A. Subirana. 1982 . Supranucleosomal organization of
chromatin. Electron microscopic visualization of long polynucleosomal chains. Chro-
mosoma (Bert) 85 :251-260 .

4. Bates, D. L., J . G. Butler, E. C. Person, and J . O. Thomas. 198I . Stability of the higher-
orderstructure ofchicken erythrocyte chromatin in solution .FEBS (Fed.Eur. Biochem.
Soc.) Letts. 119:469-476.

5 . Black, P. H., E . M. Crawford, and L. V. Crawford. 1964. Th e purification of simian
virus 40 . Virology. 24:381-387.

6. Butler, P. J . G. 1983 . The folding of chromatin . CRC Crit. Rev . Biochem . 15 :57-91 .
7. Butler, P. J. G., and J . O. Thomas. 1980 . Changes in chromatin folding in solution. J.
Mol. Biol. 140:505-529 .

8 . Butt, T. R., D. B. Jump, andM. E. Smulson . 1979. Nucleosome periodicity in HeLa
cell chromatin as probed by micrococcal nuclease . Proc. Nail. Acad. Sci. USA. 76:1628-
1632.

9 . Campbell, A. M., R. 1. Cotter, and J . F. Pardon. 1978 . Light scattering measurements
supporting helical structures forchromatin in solution. NucleicAcids Res. 5:1571-1580.

10. Carpenter, B. G., J . B. Baldwin, E. M. Bradbury, and K. Ibel . 1976. Organization of
subunits in chromatin . Nucleic Acids Res . 3:1739-1746 .

11 . Cartwright, 1 . L., S. M. Abmayr, G. Fleischmann, K. Lowenhaupt, S. C. R. Elgin, M.
A. Keene, and G. C. Howard . 1982. Chromatin structure and gene activity: the role of
nonhistone chromosomal proteins. CRC Crit. Rev. Biochem . 13:1-86 .

12 . Christiansen, G., and J . D. Griffith . 1977. Salt and divalent cations affect the flexible
nature ofthe natural beaded chromatin structure. Nucleic Acids Research . 4:1837-1851 .

13 . Davies, H. G., A. B. Murray, and M. E . Walnisley . 1974 . Electron-microscopy obser-
vations on the organization of the nucleus in the chicken erythrocytes and a superunit
thread hypothesis for chromosome structure. J. Cell Sci. 16 :261-299.

14. Davies, H. G., and M. E. Haynes. 1976 . Electron-microscopeobservations on cell nuclei
in various tissues of a teleost fish: the nucleolus associated monolayer of chromatin
structural units. J Cell Sci. 21 :315-327 .

15 . Finch, J .T., and A. Klug. 1976. Solenoidal model for superstructure in chromatin . Proc.
Natl. Acad. Sci . USA. 73:1897-1901 .

16 . Franke, W. W., U. Scheer, M. F. Trendelenburg, H. Spring, and H. Zentgraf. 1976.
Absence of nucleosomes in transcriptionally active chromatin. Cytobiologie. 13:401-
434.

17 . Franke, W. W., M. R. Ldder, J. Karterbeck, H. Zerban, and T. W. Keenan . 1976.
Involvement of vesicle coat material in casein secretion andsurfaceregeneration. J Cell
Biol. 69 :173-195 .

18 . Franke, W. W., U. Scheer, M. Trendelenburg, H. Zentgraf, and H. Spring. 1978.
Morphology of transcriptionally active chromatin. Cold Spring Harbor Symp. Quant.
Biol. 42 :755-772 .

19 . Greimers, R., and R. Deltour . 1981 . Organization of transcribed and nontranscribed
chromatin in isolated nuclei of Zea mays root cells. Eur. .l Cell Biol. 23 :303-311 .

20 . Hozier, J ., M. Renz, and P. Nehls. 1977 . Thechromosome fiber. evidence for an ordered
superstructure of nucleosomes . Chromosoma (Bert) 62 :301-317 .

21 . Itkes, A. V., B. O. Glotov, L. G. Nikolaev, S. R. Preem, and E. S . Severin . 1980.
Repeating oligonucleosomal units. A newelement of chromatin structure . NucleicAcids
Research . 8:507-527 .

22 . Jorcano, J. L., G. Meyer, L. A. Day, and M. Renz . 1980. Aggregation of small
oligonucleosomal chains into 300-A globular particles . Proc. Nail. Acad. Sci. USA.
77 :6443-6447.

23 . Keller, W., U. M01ler, I. Eicken, 1. Wendel, and H. Zentgraf. 1978. Biochemical and
ultrastructural analysis of ßV40 chromatin. Cold Spring Harbor Symp. Quant. Biol.
42 :227-243 .

24 . Kiryanov, G. L, T. A. Manamshjan, V. Y. Polyakov, D. Fais, andJ. S. Chentsov . 1976.
Levels of granular organization of chromatin fibres . FEBS (Fed. Eur. Biol. Soc.) Lett.
67 :323-327 .

25 . Kiryanov, G. J., T. A. Smimova, and V. Y. Polyakov. 1982. Nucleomeric organization
of chromatin. Eur. J. Biochem. 124:331-338.

26 . Labhart, P., and T. Koller . 1981 . Electron microscope specimen preparation of rat liver
chromatin by a modified Miller spreading technique. Eur . J. Cell Biol. 24:309-316.

27 . Langmore, J. P., and C. Schutt. 1980. The higher orderstructureof chicken erythrocytes
in vivo. Nature (Lond). 288:620-622 .

28 . Langmore, J. P., and J . R. Paulson . 1983 . Low-angle x-ray diffraction studies of
chromatin structure in vivo and in isolated nuclei and metaphasechromosomes. J Cell
Biol. 96 :1120-1131 .

29 . Longo, F . J ., and E. Anderson . 1969 . Sperm differentiation in the sea urchin Arbacia
punctulata and Strongylocenirotus purpuratus. J Ultrastruct. Res. 27 :486-509.

30 . McGhee, 1 . D., D. C. Rau, E. Charney, and G. Felsenfeld. 1980 . Orientation of the
nucleosome within the higher order structure of chromatin . Cell. 22:87-96 .

31 . McGhee, J . D., J. M. Nickol, G. Felsenfeld, andD. C. Rau. 1983 . Higherorderstructure
of chromatin: orientation of nucleosomes within the 30 rim chromatin solenoid is
independent of species andspacer length . Cell. 33:831-841 .

32 . Meyer, G. F., and M. Renz. 1979. Native and reconstituted chromatin fiber fragments.
Chromosoma (Bert.). 75:177-184 .

33 . Miller, O. L., and A. H. Bakken. 1972. Morphological studies of transcription . Acia
Endocrinol. 168:155-177 . (Suppl.)

34 . Moms, N. R. 1976. A comparison of the structure of chicken erythrocyte and chicken
liver chromatin . Cell. 9:627-632.

35 . Müller, U.,H. Zentgraf, I . Eicken, andW. Keller. 1978. Higher order structureof simian
virus 40 chromatin. Science(Wash. DC) 201:406-415.

286

	

THE JOURNAL OF CELL BIOLOGY " VOLUME 99, 1984

36 . Muyldermans, S., 1. Lasters, L. Wyns, and R. Hamers. 1980. Upon the observation of
superbeads in chromatin. Nucleic Acids Research. 8:2165-2172.

37. Olins, A. L. 1978 . u-bodies are close-packed in chromatin fibers. Cold Spring Harbor
Symp . Quant . Biol. 42:325-329 .

38 . Pratt, H., and R. A. Cox. 1973. Proteins from biologically active ribosomal subparticles
of Xenopus laevis . Biochim. Biophys. Acia. 310:188-204 .

39. Pruitt, S . C., and R. M. Grainger . 1980. A repeating unit of higher order chromatin
structure in chick red blood cell nuclei . Chromosoma (Bert.) . 78:257-274 .

40. Puigdomènech, P., and A. Ruiz-Carillo . 1982 . Effect of histone composition on the
stability of chromatin structure . Biochim . Biophys. Acta. 696:267-276.

41 . Rattner, J . B., and B . A. Hamkalo. 1978 . Higher order structure in metaphase chro-
mosomes. II. The relationship between the 250 A fiber, superbeads and beads-on-a-
string. Chromosoma (Bert.). 69:373-379.

42. Renz, M., P. Nehls, and J . Hozier. 1977 . Involvement of historic Ht in theorganization
of thechromosome fiber. Proc . Nail. Acad. Sci. USA. 74 :1879-1883 .

43. Ruiz-Carifo, A., P. Puigdomënech, G. Eder, and R. Lutz. 1980 . Stability and reversi-
bility of higher order structure of interphase chromatin:continuity of deoxyribonucleic
acid is not required for maintenance of folded structure. Biochemistry. 19 :2544-2554 .

44. Sass, H. 1980. Hierarchy of fibriAar organization levels in the polytene interphase
chromosomes of Chironomus. J. Cell Sci. 45 :269-293.

45. Scheer, U. 1978 . Changes of nucleosome frequency in nucleolar and non-nucleolar
chromatin as a function of transcription : an electron microscopic study . Cell. 13 :535-
549 .

46. Scheer, U., and H. Zentgraf. 1978 . Nucleosomal and supranucleosomal organization of
transcriptionally inactive rDNA circles in Dytiscus oocytes . Chromosoma (Bert.) .
69 :243-254.

47. Scheer, U., M. F . Trendelenburg, and W. W. Franke. 1973 . Transcription of ribosomal
RNA cistrons . Exp . Cell Res. 80 :175-190 .

48 . Simpson, R. T. 1981 . Modulation of nucleosome structure by historic subtypes in sea
urchin embryos. Proc. Nall. Acad. Sci. USA. 78 :6803-6807.

49. Simpson, R. T., and L. W. Bergman . 1980. Structure of sea urchin sperm chromatin
core particles. J. Biol. Chem . 255:10702-10709 .

50. Spadafora, C., M. Bellard, J. L. Compton, and P. Chambon. 1976 . The DNA repeat
lengths in chromatin from sea urchin sperm and gastrula cells are markedly different .
FEBS (Fed. Eur. Biol. Soc.) Lett. 69:281-285.

51 . Staynov, D. Z. 1983 . Possible nucleosome arrangements in the higher-order structure
of chromatin. Int. J. Biol. Macromol. 5:3-9.

52. Strätling, W. H., U. Müller, and H. Zentgraf. 1978 . The higher repeat structure of
chromatin is built up to globular particles containing eight nucleosomes . Exp. Cell Res .
117:303-311 .

53. Suau, P., E. M. Bradbury, and J . P. Baldwin. 1979 . Higher-orderstructures of chromatin
in solution . Eur. J. Biochem . 97 :593-602 .

54. Subirana, J . A., S. Munoz-Guerra, A. B. Martinez, L. Pérez-Grau, X. Marcet, and 1 .
Fita. 1981 . The subunit structure ofchromatin fibres . Chromosoma (Bert.) . 83:455-471 .

55 . Switzer, 111, R. C., C. R. Merril, and S. Shifrin . 1979 . A highly sensitive silver stain for
detecting proteins and peptides in polyacrylamide gels. Anal. Biochem. 98 :231-237.

56 . Thomas, J . O., and R. D. Komberg. 1975 . An octamer of histories in chromatin and
free in solution . Proc. Nail. Acad. Sci. USA. 72 :2626-2630 .

57. Thomas, J . O., and P. J . G. Butler. 1980. Size-dependence of a stable higher-order
structureof chromatin. J. Mol. Biol. 144:89-93.

58 . Thoma, F., T. Koller, andA. Klug. 1979 . Involvement of histone HI in theorganization
of the nucleosome and of the salt dependent superstructures of chromatin. J. Cell Biol.
83 :403-427.

59. Varshavsky, A. J., S . A. Nedospasov, V. V. Bakayev, P. M. Chumackov, and G. P .
Georgiev. 1977 . Compact form of ßV40 viral minichromosome is resistant to nuclease :
possible implications forchromatin structure . Nucleic Acids Research. 4:3303-3325 .

60. Walmsley, M. E., and H. G. Davies . 1975 . Ultrastructural andbiochemicalobservations
on interphase nuclei isolated from chicken erythrocytes. J. Cell Sci . 17 :113-139 .

61 . Webb-Walker, B., L. Lothstein,C. L. Baker, and W. M. LeStourgeon . 1980. The release
of 40S hnRNP particles by briefdigestion of HeLa nuclei with micrococcal nuclease .
NucleicAcidsResearch. 8:3639-3657 .

62 . Weintraub, H. 1978. The nucleosome repeat length increases during erythropoiesis in
the chick . Nucleic Acids Research. 5:1179-1188.

63. Weisbeek, P. J., and R. L. Sinsheimer . 1974 . A DNA-protein complex involved in
bacteriophage ox 174 particle formation. Proc. Nall. Acad. Sci. USA. 71 :3054-3058.

64. Zentgraf, H., B. Deumling, E.D. Jarasch, andW. W. Franke . 1971 . Nuclear membranes
and plasma membrane from hen erythrocytes. I. Isolation, characterization, and com-
parison . J. Biol. Chem . 246:2986-2995.

65 . Zentgraf, H., H. Falk, and W. W. Franke. 1975 . Nuclea r membranes and plasma
membranes from hen erythrocytes . IV. Characterization of nuclear membrane-attached
DNA. Cytobiologie. 11 :10-29 .

66. Zentgraf, H., U. Mü11er, and W. W. Franke. 1980 . Supranucleosomal organization of
sea urchin sperm chromatin in regularly arranged 40 to 50 not large granular subunits .
Eur. J. Cell Biol. 20:254-264 .

67. Zentgraf, H., U. Müller, and W. W. Franke. 1980 . Reversible in vitro packing of
nucleosomal filaments into globular supranucleosomal units in chromatin of whole
chick erythrocyte nuclei . Eur. J. Cell Biol. 23 :171-188 .

68. Zentgraf, H., U. Müller, U. Scheer, and W.W. Franke . 1981 . Evidence for the existence
of globular units in the supranucleosomal organization of chromatin. In International
Cell Biology 1980-1981 . H. G. Schweiger, editor. Springer Verlag, NY . 139-151 .


