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ABSTRACT Dark field scanning electron microscopy of
unstained, unfixed samples of chromatin, histone-l-dep?eted
chromatin, and nuclechistone has been used to identify an
apparent subunit of chromatin, namely a disk-shaped struc-
ture we term the unit particle, which is probably about 135 A
wide and 50 A thick in the hydrated state. The unit particles
are found at rather uniform intervals along thin DNA-like fi-
bers. Histone 1 depletion leads to a bimodal distribution of
these spacings. Our observations suggest that the unit parti-
cle consists of a loop of nucleoprotein, perhaps around a his-
tone core. :

After many attempts, with limited success, to describe the
structure of the eukaryotic genetic material as a continuous
structure, investigators are now turning their attention to
models of a more discontinuous structure, involving subunits
which might be “assembled” into chromatin. The existence
of such subunits has been inferred from experiments show-
ing that the nuclease digestion of chromatin gives a discrete
pattern of polynucleotide products (1-4) and that specific
complexes between various histone molecules can be formed
in solutions of isolated histone and in chromatin (5-7). Un-
fortunately, x-ray diffraction patterns have not yielded any
information about the existence or the possibilities for the in-
ternal structure of the subunit, or the manner in which the
subunits associate.

The electron microscope would seem to be the ideal tool
for studying chromatin, since it can be used to visualize both
long and short range order and to observe individual compo-
nents of a heterogeneous system, as chromatin seems to be.
However, little agreement on the ultrastructure of chroma-
tin has been achieved due to the varying appearance of the
objects visualized by conventional electron microscopy, by
which a range of chromatin filaments from 15 to 300 A wide
has been observed (8). The filaments have often exhibited
“knobbiness” (9) and sometimes a particulate nature (10-
14). Olins and Olins (13) used the results of their microscopy
to first suggest chromatin subunits composed of equimolar
amounts of each of the five histones. Among the still unan-
swered questions are: (1) to what extent is the appearance of
chromatin particles dependent upon the effects of fixation
and staining, and (2) what is the internal structure of the
particles?

This article is a brief report of our studies of chromatin
structure in very dilute solutions, including gently isolated
calf thymus chromatin, both intact and depleted of the very
lysine-rich histone, H1, and shear-solubilized nucleohistone.
We have eliminated several sources of artifacts by observing
unfixed, unstained specimens in the high-resolution scan-
ning transmission electron microscope (15-17). On the basis

Abbreviation: H1, histone 1 (very lysine-rich).
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of our results, we propose a simple model for the internal
structure of the basic subunit of chromatin, and speculate
how such subunits might form the filaments found by con-
ventional electron microscopy.

METHODS

Sample Preparation. Histone migration and proteolysis
were minimized by using low ionic strength media and by
including sodium bisulfite. Nuclei were prepared from calf
thymus essentially following Allfrey et al. (18) with the in-
clusion of 10 mM sodium bisulfite, and purified through 2.4
M sucrose. Minimally sheared chromatin, in the gel state,
was prepared by hypotonic shock of the purified nuclei (19).
Chromatin was quantitatively depleted of H1 (as assayed by
gel electrophoresis, Amberlite CG 50 chromatography, 5%
perchloric acid solubility, and also a 0.6 M NaCl wash; see
ref. 20) by DNA-cellulose chromatography in 1 mM MgCl,,
1 mM NaPOy, pH 7.0, conditions which minimize exchange
of the remaining histones (compare ref. 21). Nucleohistone
was prepared by shear-solubilization of chromatin in the ab-
sence of sodium bisulfite, followed by sedimentation
through 1.7 M sucrose (20).

The chemical composition and stoichiometry of the sam-
ples were characterized using the procedures of Bonner et
al. (20). Intact chromatin possessed a total histone/DNA
weight ratio of 1.12 + 0.04, an H1/DNA ratio of 0.29 +
0.02, and a non-histone protein/DNA ratio of 0.55 £ 0.03.
The histone/DNA ratio of H1-depleted chromatin was 0.83
+ 0.02; no non-histone proteins were found. The nucleohis-
tone had a ratio of histone/DNA of 1.02 £ 0.02 and an H1/
DNA ratio of 0.14 + 0.02; no non-histone proteins were
found. ’

All specimen solutions were “desalted” immediately be-
fore preparation, by exclusion on Sephadex G-100 equili-
brated with 1 mM NaPOy, pH 7.0. About 2 ul of this 30-50
ug/ml solution of chromatin were then placed on a 20-30 A
thick hydrophilic carbon film, blotted, and air dried.

Electron Microscopy. All specimens were examined at 30
keV in dark field using the high-resolution scanning trans-
mission electron microscope developed in the laboratory of
Dr. A. V. Crewe (15-17). Microscope operating conditions
were as described before, except that we chose not to outgas
the specimen by baking (17). The elastically and inelastical-
ly scattered electron signals were usually simultaneously
stored in digital form directly on magnetic tape, using a 512
X 512 picture element format (16, 17). At low instrumental
magnification each picture element represented 15.4 A at
the specimen; at high magnification each picture element
represented 4.96 A. The magnification was determined from
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FIG. 1. Two typical high-dose, high-magnification elastic im-
ages of nucleohistone. The bars represent 500 A. The specimen was
not “desalted,” but merely resuspended in 1 mM NaPQy, leading
to high atomic number solutes bound to the particles, but not the

fibers.

a replica of a diffraction grating (2160 lines/mm) (16). The
images were later replayed from magnetic tape onto film.
To minimize radiation damage, we made low-magnification
images at less than five incident electrons per A2 The con-
tamination rate at low magnification was less than 1 A /min.

Every particle in a micrograph was used for measure-
ments, regardless of morphologic characteristics, provided it
could be resolved from adjacent particles and was connected
by thin fibers to two other particles. The center-to-center in-
_terparticle distances were measured along the contour of the
fiber separating all particle pairs. All measurements were
made to 0.1 mm accuracy on microgriphs of 164,000X to
1,000,000X magnmnification. Both authors repeated measure-
ments of the same particles, using prints of several magnifi-
cations and contrast ranges, to identify and remedy any sys-
tematic errors. The uncertainty assigned to any value is the
standard deviation of the measurements.

RESULTS

The features of all of our specimens can be qualitatively de-
scribed in terms of five structural classes.

Class 1 is the most extended form, and is characterized by
long, uniform, unbranched fibers 20-30 A wide and usually
greater than 2000 A long. Such fibers are likely to be single
molecules of duplex DNA with little, if any, bound histone.

Class 2 is the most extended histone-bound form, charac-
terized by unbranched fibers 20-30 A in width and up to 5
pm or more in length, punctuated by circular particles, 90—
150 A wide. The particles are seldomly .contiguous, and are
not uniformly spaced. ,

Class 3 is more condensed than class 2, consisting of round
particles 100-150 A in width along a 20-50 A wide fiber. It
is distinguished from class 2 by (a) particles of more uniform
size and shape, often possessing a distinct hole in the center,
(b) fibers which are often 30-50 A thick, which sometimes
branch into two 20-30 A wide fibers of equal width, and (c)
smaller, more uniform spacings between particles.

Class 4 and class 5 consist of 120-350 A wide filaments,
and aggregates 300-10,000 A in size, respectively. The small

-filaments usually exhibit a looping substructure, while the
larger filaments appear more continuous. )

In this paper we will concentrate on the class 2 and class 3
regions, since in the specimens described they constituted
abouit 80% of the observed material.

Nucleohistone. Shear-solubilized nucleohistone was ob-
served, since it has been extensively used in optical and x-ray
scattering studies. In the microscope such preparations clear-
ly show filaments of class 2 and class 3 structure, of alternat-

“ing particle-fiber-particle configuration (Fig. 1). The aver-
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FIG. 2. Center-to-center interparticle spacing measurements,
from (a) nucleohistone, (b) intact chromatin, (c) H1-depleted
chromatin, and (d) extended, class 2, Hl-depleted chromatin. The
average spacing, (C), is determined from all spacings less than 450
A in (a) and (b); from region 1 (100-260 A) and region 2 (260-520
&) in (¢); from all spacings in (d).
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age particle diameter was found on high magnification im-
ages to be 118 £ 7 A. Many particles were either “U”
shaped or circular with a hole in the center. The average in-
terparticle spacing was 253 + 75 A (Fig. 2a). Two distinct
‘?'pes of interparticle fibers were discovered, those of 20-30

width, presumably containing a single duplex DNA mole-
cule, and those of 30-50 A width, often formed by the co-
alescence of two of the thinner fibers.

Calf Thymus Chromatin. Because the nucleohistone
preparation procedures involve extensive shearing and high
salt conditions (which might lead to exchange or migration
of the histone), we observed chromatin taken directly from a
gel. These specimens possessed all five structural classes,
with a predominance of class 3. The particle-fiber distinc-
tion is difficult to make in many areas, but is apparent from
high-magnification images (Fig. 3). The interparticle spac-
ing distribution (Fig. 2b) is similar to that found in nucleo-
histone, but the particle diameters are on the average larger
(Fig. 4a). The average diameter of 150 A was determined
from low-magnification images. This is an overestimate,
since these images have a resolution element of 15.4 A, and
thus cause the image to appear about 15 A larger than the
object. Measurements of images at high magnification give a
more accurate estimate of the average diameter to be 134 A.

By relating the scattered electron signals to the mass
thickness within the particles we have found that even the
particles without holes are flat disks (not spheres), often with
a less massive center. Some of the particles exhibit a central
hole or depression (Fig. 3b and c). However, caution is rieed-
ed in interpreting these structures, since many may come
from fortuitous looping of histone-bound DNA as a result of
local unfolding of the structure. The hollow appearance of
these unstained particles should be distinguished from the
features often seen in images of stained or shadowed parti-
cles due to build-up of electron dense material around the
margin of the object (compare ref. 22). We have determined
the central hole diameters to be 36 + 9 A in particles of typi-
cal size (134 + 14 A).

The circular disk appearances of the particles suggest that
the DNA is formed into an open loop (or loops) of 30-60 A
radius, within the particles. The appearance of a central hole
could be the result, for example, of the relaxation of hydro-
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FIG. 3. Inelastic micrographs of chromatin, showing (a) parti-
cles, fibers, and loops of nucleoprotein at low magnification, and
(b) and (c) particles and fibers of two areas at high magnification.

The bars represent 500 A.

phobic histone-histone interactions at the center of the par-
ticles. Alternatively, both heavy core and light core particles
could exist in solution, one being a different conformational
or stoichiometric form of the other.

The average interparticle fiber diameter was 38 + 12 A,
The large fiber widths and occasional branch points indicate
that two DNA molecules were sometimes present. -

H1-Depleted Calf Thymus Chromatin. Removal of H1
and the residual amounts of non-histone proteins by DNA-
cellulose exchange reduces the amount of aggregation
found, and leads to material dominated by class 2 and class 3
structures with small amounts of the others. The images of
the particles (Fig. 5), and the distribution of particle widths
(Fig. 4b) are very similar to those found in undepleted mate-
rial. Again, since these data are taken at low magnification,
a better estimate of the mean diameter is 131 A. The ratio of
the mean particle widths measured parallel to those perpen-
dicular to the fiber is 1.0 + 0.25, showing that even if some
of the particles are asymmetrical, there is no preferred ori-
entation with respect to the fiber. Often two 20-30 A wide
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FIG. 4. Apparent particle diameters as measured at low mag-
nification, from (a) intact chromatin, and (b) H1-depleted chroma-
tin. The true particle diameters are about 15 A smaller.
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FIG. 5. Low-magnification inelastic images of H1l-depleted
chromatin in (a) a class 2 area, and (b) a class 3 area. The bars rep-

resent 1000 A.

fibers are found between particles, and many of the particles
have less intense centers.

The spatial distribution of mass in some of these particles
is more clearly presented in Fig, 6. The scattered electron .
currents have been converted to a probability for inelastic
scattering along six horizontal lines in the image. The height
of the trace at each point is proportional to the mass thick-
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FIG. 6. A portion of a high-magnification image of H1-deplet-
ed chromatin. The bar represents 200 A. The probability for in-
elastic scattering is presented on the right, along six horizontal
lines in the image as indicated by arrows. The first two traces rep-
resent averages over two successive lines; the last four traces over
five successive scan lines. Scans over particles and fibers are indi-
cated by the letters p and f, respectively. A light core particle and
twin interparticle fibers are presented. The case for the disk-
shaped particles is strengthened by the observation that the mass
thickness of some of the particles is no greater than that of the
40-50 A wide fibers, while others of the same width have about
twice the mass thickness of the thinner particles (and thus twice
the mass), and perhaps represent two stacked disks. Oblong pro-
jections of objects having high mass thicknesses, such as that in
the top center of the micrograph, might represent particles stand-
ing on end.
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ness at that point on the specimen. The mass thickness is
fairly constant across each particle, unlike that expected for
a spherical particle. We can calculate the thickness, ¢, of the
dehydrated specimen at every point with the equation ¢t =
Pin/(GinpaFu) (ref. 23), where Py is the experimentally
determined probability for inelastic scattering, G;v is the
specific cross section for inelastic scattering from chromatin
(theoretically predicted and experimentally determined to
be 0.003 + 10% A2/dalton at 31 keV), p4 is the anhydrous
density of the specimen, estimated to be the reciprocal of
the specific volume (pa = 1.47 g/cm3, ref. 24), and Fy is
the experimentally determined fraction of the initial mass
which was not lost during irradiation of the specimen (in
this case Fa = 0.55 * 10%). This calculation gives a thick-
ness of 35 + 10 A for these and similar particles. If we as-
sume that the internal hydration of chromatin is 0.4 g of
H20 per g of chromatin [that found for the 30S ribosomal
subunit of Escherichia coli (25)] and that air drying of parti-
cles results in a decrease in particle height, with no change
in width (26), these particles are only 55 + 20 A thick in so-
lution.

The interparticle spacings in the class 3 areas are the
unique feature of the Hl-depleted chromatin (Fig. 2c). Two
separate regions exist, with modes at about 200 A and at
about 350 A, containing 40% and 55% of the observed spac-
ings, respectively. The bimodality is evident even in groups
of particles in the same area of the specimen. The removal
of H1 might promote the unfolding of 100-150 A of fiber
which would otherwise have been tightly bound to the parti-
cle.

It is interesting to determine whether the observed inter-
particle spacing distributions are consistent with only one of
two simple hypotheses: (1) The particles are randomly dis-
tributed along the fiber, or (2) The particles are non-ran-
domly distributed on the fiber.

Hypothesis 1 can be modeled by N particles on a long
fiber with S binding sites, where (N/S) = a « 1, and the
only restriction on occupancy is that only one particle can
occupy a particular site at any time. The probability, P,,
that any two particles will be separated by exactly Z unoccu-
pied sites is approximated by the Poisson probability that Z
consecutive sites are unoccupied, multiplied by the probabil-
ity that site Z + 1 is occupied, namely P,. = exp(—Za)a.
Thus, this model predicts an exponentially decreasing distri-
bution.

Hypothesis 2 can be modeled by particles fixed to equally
spaced binding sites and from which can be drawn, in dis-
crete steps, equal length units of fiber. If each extension step
is equally probable, and the average number of steps that
has occurred is a, then the Poisson probability that Z such
steps have occurred is Pz = aZ exp(—a)/Z!. Using this equa-
tion we can generate a spacing distribution similar to those
we find experimentally.

The data presented in Fig. 2 are clearly consistent with
hypothesis 2, but not with hypothesis 1. A wide range of
fixed-particle models would be consistent with the data, but
the facts that the most probable fiber length is not close to
zero, and that the observed distributions can be bimodal and
do not decrease exponentially even in highly extended chro-
matin (Fig. 2d) show that the particles are not randomly dis-
tributed. We conclude that a mechanism must exist for reg-
ulating the distance between particles and that this mecha-
nism has not been disrupted by our preparative techniques.
In addition, the data suggest that the particles cannot mi-
grate along the fiber.

Proc. Nat. Acad. Sci. USA 72 (1975)

DISCUSSION

Visualization in dark field by the scanning transmission elec-
tron microscope of unstained calf thymus chromatin, isolat-
ed under conditions minimizing proteolysis and histone mi-
gration, has yielded convincing evidence for periodically al-
ternating condensed regions, or particles, and extended re-
gions, or fibers, along the chromatin filament. In brief, we
conclude the following about the architecture of chromatin:
(1) The chromatin filaments in non-aggregated regions con-
sist of particles 134 + 14 A in diameter, spaced 262 + 68 A
apart along a 20-50 A wide fiber involving one and often
two DNA molecules. (2) The particles are probably not
spherical but disk-shaped, being about 50 A thick when hy-
drated, and sometimes have a central hole 36 + 9 A in diam-
eter. (3) The particle size, height, circular shape, and lack of
orientation with respect to the filament axis are most consis-
tent with the hypothesis that the “backbone” to the structure
is a loop (or loops) of DNA with a radius of 30-60 A, held in
place by a very stable histone superstructure. (4) Depletion
of H1 by the DNA-cellulose method does not seriously alter
the features of the particles or fibers, although a unique bi-
modal center-to-center spacing is produced. (5) The parti-
cles are not randomly distributed along the fiber.

The validity of these conclusions is supported by indepen-
dent evidence. Air drying of hydrated molecules such as ri-
bosomes and viruses seems to cause a reduction in height but
not a change in width (26, 27). By our techniques we find
the apparent width of tobacco mosaic virus particles and the
dimensions of the ribosomal subunits from E. coli to be con-
sistent with the x-ray data on the volumes of hydrated sam-
ples (23). The accuracy of our thickness determinations has
been tested by height or molecular weight determination of
ribosomal subunits, tobacco mosaic virus, and micrococcal-
nuclease resistant chromatin fragments, “PS-particles” (1).
In the studies reported here, salt artifacts are unlikely, since
analysis of the ratio of elastic to inelastic scattering (17) indi-
cates that none of the chromatin phases contain more than
two bound salt molecules per DNA base. It should be noted
that increasing the ionic strength causes serious artifacts. In
addition, electron radiation damage to our chromatin sam-
ples does not significantly change the morphologic features
observed over an exposure range from 0.15 to 1000 elec-
trons/A2.

It should be pointed out that many of the conventional
staining or shadowing techniques have not been shown to
yield reliable results, especially for highly hydrated struc-
tures. For example, (a) negative staining, positive staining,
or shadowing of ribosomal subunits yields incorrect particle
volumes (25), (b) stain structure changes rapidly in the elec-
tron beams (28, 29), (c) negative stains seem to penetrate
many structures and cause local distortions of dimensions
(80), and (d) staining causes clumping of particles, such as
polysomes, making distance measurements unreliable (31).
In addition, salt artifacts cannot be identified in convention-
al studies. Of particular relevance to interpreting previous
electron microscopic images of chromatin are the changes in
sedimentation velocity resulting from even mild formalde-
hyde fixation of nucleohistone (32), and the likelihood of a
strong interaction between phosphotungstic acid and the
basic residues of histones, as well as between uranyl salts and
the DNA.

The differences in specimen preparation and observation
techniques may lead to the difficulty in reconciling our re-
sults with those regarding “» bodies,” which have been re-
ported to be 70 A spheres with greater than 300,000 molecu-



Cell Biology: Langmore and Wooley

lar weight (13). We suggest, however, that the 2.8 g/cm3
density required for such particles is inconsistent with that
known for any biological molecule. To eliminate any confu-
sion between what may not be identical structures, we pro-
pose the name unit particle for the chromatin subunits we
observe. Particles similar in size (100-200 A) to the unit par-
ticles were observed by Slayter et al. (10).

Unit particles provide a more tenable basis for extensive
histone-histone interactions than do spherical particles. His-
tone-histone interactions between disks could lead to lateral
assembly and possible compaction into the 100-150 A and
200-300 A thick filaments found in thin-section microscopy.

The concept of a loop of DNA, probably around a histone
core, alternating with a more extended segment of DNA,
places strict constraints upon the structural models to be con-
sidered. We will discuss the implications of our results in de-
tail elsewhere, but four features should be pointed out here.
(1) In dilute solutions of nucleohistone, an x-ray pattern due
only to the particles and the fibers, and not to their packing,
might be found. The radius of gyration we calculate for to-
roids or homogeneous disks of the size of our unit particles is
about 50 A, roughly corresponding to the experimental radi-
us of gyration in dilute solutions (33). (2) If a nucleohistone
gel were to be oriented by hydrodynamic shearing, the
planes of the disks and the axis of the fibers would orient
along the shear direction, leading to a net orientation of the
DNA molecular axis, resulting in the meridional orientation
of the x-ray pattern (34) and absorption dichroic ratios
greater than one (35). However, lateral stacking of the parti-
cles in the oriented gels might lead to equatorial orientation
of the 55 A reflection. (3) The interparticle spacings might
provide the basis for the recent observations by neutron dif-
fraction of 400 and 200 A spacings which seem to be concen-
tration independent (36). (4) The significant amount of free
fiber(s) which can be associated with the unit particles might
provide binding sites for non-histone proteins without re-
quiring extensive restructuring of the histone-histone, his-
tone-DNA or particle-particle interactions.

It is hoped that our concept of the structure of the unit
particle will stimulate further experiments to determine the
internal organization of the unit and the role it plays in the
architecture of the thick filaments of chromatin.

Note Added in Proof. Recent examination of intact calf thymus
chromatin which had been extensively fixed with formaldehyde in
either 0.5 mM NaPOQy, 0.15 M KCl, or 0.65 M NaCl has confirmed
the existence of unit particles over this wide range of ionic condi-
tions, and that fixation does not seem to change the size or morpho-
logic features of the particles. Furthermore, silicotungstic acid has
been found to positively stain the histones within particles, but not
bind to the interparticle fibers, suggesting that reactive histone
groups are not present in the fibers, and that similar tungstates
might not be reliable negative stains for chromatin.
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