Nucleosome Reconstruction
via Phosphorus Mapping

George Harauz and F. P. Ottensmeyer

The predominant approach to determi-
nation of the three-dimensional structure
of a macromolecule or complex has been
x-ray crystallography. However, the dif-
ficulty of obtaining large and sufficiently
perfect crystals increases as macromol-
ecules and complexes increase in size.
As a result, alternative techniques are
being developed that depend on the use

electron bombardment. In principle, a
single image of a number of separate,
identical particles is sufficient, provided
that the relative orientations of the parti-
cles can be determined (5, 6).

We have been able to derive the orien-
tation of individual nucleosome cores by
a new technique, electron spectroscopic
imaging, which permits not only normal

Summary. Electron spectroscopic imaging was combined with reconstruction
algorithms to derive the three-dimensional structure of the nucleosome core particle
to a resolution of 1.5 nanometers. Images of phosphorus distributions within individual
nucleosomes were interpreted as projections of a supercoil of DNA. These were used
to orient the corresponding individual nucleosome images, making it possible to
reconstruct the entire nucleosome in three dimensions. The structure is consistent
with known biochemical and biophysical data and explains site-specific nuclease
sensitivity, although differing in part with other nucleosome models.

of the electron microscope, a device that
yields information from extremely small,
more easily obtained crystals or even
from individual particles.

Electron micrographs of one-dimen-
sional repeating structures such as heli-
cal viruses or polypeptides, and two-
dimensional macromolecular crystals
imaged at different known relative an-
gles, have been used to compute three-
dimensional structures (/), while images
of individual molecules, if sufficiently
simple, have been interpreted directly in
three dimensions (2). A computer recon-
struction technique, akin to tomographic
reconstruction used today in medical x-
ray imaging (3), can be applied to elec-
tron micrographs of more complex indi-
vidual structures if different views of the
same structure at known relative angles
can be obtained (4). The latter is a formi-
dable task, since a series of views of a
single object at different known tilt an-
gles can seldom be acquired, because of
the sensitivity of biological specimens to
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electron microscopy of the structure but
also the direct visualization of the DNA
component within each nucleosomal par-
ticle. This component image is so great a
structural simplification that an iterative-
ly refined model of the path of DNA
within the nucleosome was sufficient to
establish the relative angles. When these
angles were used, the total nucleosomal
DNA-protein complex was reconstruct-
ed to a resolution of about 1.5 nm.

Direct Three-dimensional Reconstruction

Electron micrographs of nucleosomes
can be considered projections at differ-
ent angles of a single nucleosome parti-
cle (Fig. 1). Knowledge of the angles
which relate the projections to the three-
dimensional particle can be used to con-
vert the individual electron micrographs,
suitably filtered, into a three-dimension-
al volume in which the original structure
is reconstructed. The orientation of each
random projection of the nucleosome is
determined by comparing the path of
DNA within each nucleosome with a
simulated model projected at different
specified angles to give a corresponding
view.

The Nucleosome

The nucleosome core is a particulate
complex comprising 146 base pairs (bp)
of DNA and two copies each of four
histone proteins (H2A, H2B, H3, and
H4) (7). Although the main role of the
nucleosome appears to be compaction of
DNA, processes such as transcription
and replication must also be interpreted
in view of the structure of the nucleo-
some.

Many biochemical and biophysical
techniques have been used to probe
parts of the nucleosome structure direct-
ly or inferentially, most notably x-ray
diffraction of chromatin fibers and nu-
cleosome crystals (8, 9), electron micros-
copy of tubular aggregates of the histone
octamer (/0), neutron scattering to ob-
tain an average measure of the relative
location of DNA and protein (/1), nucle-
ase digestion kinetics to probe the acces-
sibility or exposure of the DNA (/2), and
chemical cross-linking studies to place
the histone proteins relative to each oth-
er and to the DNA molecule (/3). Based
on these data, a fairly detailed model of
nucleosome structure has been proposed
in which the eight histone proteins form
a compact, wedge-shaped core about
which the DNA is wound. The path of
the 2-nm thick DNA strand is a left-
handed superhelix of 1.8 turns with an
outer diameter of 10.8 nm and a pitch of
2.8 nm. The entire nucleosome is ap-
proximately 11 nm in diameter and 5.5-
nm high, with the density roughly divid-
ed into two equal halves about a dyad
axis of symmetry.

The proposed path of DNA in the
nucleosome, which has been described
as a supercoil on the outside of the
particle, is central to this model of nu-
cleosome structure. The radii of gyration
of the nucleic acid and protein compo-
nents, derived from neutron scattering
studies of nucleosomes in solution, are
crucial to the construction of the model
(11). These radii, which are effectively
mathematical condensations of the struc-
tures into equivalent spherical or ellip-
soidal shells, permit numerous models
which must then be constrained by other
data such as contiguity of the DNA mol-
ecule or outside dimension of the parti-
cle. One advantage of electron microsco-
py is that it produces a directly interpret-
able image. Moreover, the development
of electron spectroscopic imaging (/4)
allows the direct visualization of the
DNA component in the nucleoprotein
complex, and the determination of its
relationship to the protein component
with a potential resolution of about 0.5
nm (15, 16).
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Electron Spectroscopic Imaging

Electron spectroscopic imaging is a
technique that combines electron mi-
croscopy with electron energy loss anal-
ysis. Electrons incident upon a specimen
interact with it in a number of different
ways, including (i) elastic collisions and
(ii) inelastic interactions that give rise to
excitation and ionization of valence and
inner shell atomic electrons. For ioniza-
tion of inner shell atomic electrons, the
incident electron loses an amount of en-
ergy that is characteristic of the atomic
element. An imaging spectrometer in-
stalled in our transmission electron mi-
croscope disperses electrons that have
interacted with the specimen into a spec-
trum of energy losses, and via a slit
system selects electrons within a narrow
band of energy losses with which a high
resolution image is formed. Elemental
maps can be obtained from such high
resolution images which delineate specif-
ic atom distributions with a sensitivity of
detection of about 50 atoms (16).

Since phosphorus is a constituent pri-
marily of nucleic acid and not of protein,
images of the spatial distribution of phos-
phorus within a nucleoprotein complex
are effectively images of the nucleic acid
component. Phosphorus maps are ob-
tained from a pair of electron spectro-
scopic images taken at energy losses of
150 and 110 electron volts (eV), which
bracket the phosphorus L, 3 ionization
threshold at 132 eV (/4, 15). The 110-eV
image contains general structural infor-
mation including that on protein and
DNA. The 150-eV image contains, in
addition, an enhanced phosphorus sig-
nal. The difference between the images
after suitable normalization is the net
phosphorus distribution, while either im-
age or the sum of both provides informa-
tion on the total structure.

This approach has been used to exam-
ine nucleosomes in chromatin (16, 17),
isolated ‘ribosomal subunits (/8), thinly
sectioned crystals of ribosomal subunits,
and ribonucleoprotein complexes. In this
article, it is used specifically to derive
the relative orientation of individual nu-
cleosome particles.

Specimen Preparation and Electron

Microscopy

To provide the necessary self-consis-
tent set of images of identical nucleo-
somes, core particles were isolated from
calf thymus by the method of Lutter (12)
with slight modifications. Good yields of
nucleosome cores were obtained with a
narrow range of sizes of DNA around
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Fig. 1 (left). Direct three-dimensional recon-
struction from two-dimensional projections.
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The two-dimensional images are projections of a representative nucleosome viewed at
orientations described by three¢ angles (¢, 6, and &). An estimate of the original three-
dimensional density distribution can be reconstructed by computationally projecting suitably

filtered images back into the three-dimensional volume.

Fig. 2 (right). Densitometer scans

across photographs of ethidium bromide-stained polyacrylamide gels of DNA extracted from
the nucleosome core preparation. Hae III restriction fragments of $X174 were used as
molecular weight markers. The solid line indicates a lane with 2 pg of DNA showing the
predominant 146-bp length corresponding to nucleosome cores. The dotted lite indicates an
adjacent lane overloaded with 35 pg of DNA, showing a consistent band at 40 to 45 bp.

146 bp (Fig. 2) and a full complement of
the four core histones in approximately
equimolar amounts, as determined by gel
electrophoresis (19). In order to mini-
mize drying artifacts, the nucleosome
cores were fixed in glutaraldehyde be-
fore being applied to the grid, and pro-
cessed by critical point drying (20).

Pairs of electron spectroscopic images
of high optical quality were selected that
bracketed the phosphorus ionization en-
ergy and were digitized with picture éle-
ments of size 0.53 by 0.53 nm (Fig. 3a).
Digital nucleosome images were then
examined individually. Images of di-
mers, aggregates, and subnucleosomal
particles were rejected on the basis of
integral optical density. Other images
were rejected if the nucleosomes ap-
peared distorted or severely altered by
electron bombardment. This procedure
left 100 nucleosome particles out of 227
digitized images for which the phospho-
rus distribution was analyzed in detail to
determine the relative orientation. The
average signal-to-noise ratio of the phos-
phorus signal over regions of individual
nucleosomes was 52.4 + 10.1, confirm-
ing the reality of the signal. To ensure a
1.0-nm spatial resolution within an 11.0-
nm diameter region in a reconstruction
from noise-free images, only 15 uniform-
ly distributed orientations are required
(6). The final reconstruction was carried
out with 55 nucleosome images.

Orientation Determination

A digital model of a supercoil repre-
senting the path of nucleosomal DNA
was computed from which projections

could be generated at any specified ori-
entation. The orientation of an image of
nucleosomal phosphorus was deter-
mined initially by visual comparison with
a gallery of these model projections at
10-degree intervals, and subsequently re-
fined interactively on the computer until
a reasonable match was found. A purely
computational approach was assessed to
be prohibitively slow. Methods such as
multivariate analysis could assist this
process but have not been sufficiently
developed, particularly for three dimen-
sions (5).

After the images had been aligned, a
three-dimensional reconstruction was
made with the use of a direct filtered
back-projection algorithm (6). Projec-
tions of the reconstruction were correlat-
ed by computer with individual phospho-
rus images. The orientation of the phos-
phorus images was refined by means of a
self-consistency seeking algorithm (6),
and a new reconstruction was made.
Through several cycles of the alignment
and reconstruction process, the simulat-
ed DNA model was refined as well, in
order to achieve greater consistency
with the nucleosomal phosphorus distri-
bution. An example of a comparison of a
phosphorus distribution with the model
at a final set of angles is shown in Fig. 3b
(21). The distribution of projection direc-
tions of all phosphorus images used is
shown in Fig. 3c. While some anisotropy
is observed, possibly due to preferred
orientations on the specimen support,
virtually all orientations of the nucleo-
somie are represented.

Initially, a simulated supercoil of unit
density, outer diameter 10.8 nm, pitch
2.7 nm, width 2.0 nm, and 1.8 turns was
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generated (Fig. 4, model 1). This repre-
sents the current model for the path of
nucleosomal DNA. Since it is not possi-
ble to determine handedness from our
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Fig. 3. (a) Electron spectroscopic image of
unstained, critical point dried nucleosome
cores. The image was formed with electrons
that had lost 150 eV of energy = a window
size of 6 eV. The total dose was about 1.4
coulombs per square centimeter. Magnifica-
tion, x41,700. (b) The phosphorus distribu-
tion of a single nucleosome core with the
outline of the total particle (left). The projec-
tion of a supercoil model (right) at the corre-
sponding orientation defined by three angles
(b, 8, ). The scale bar represents 5 nm. (c)
The distribution of orientations of a popula-
tion of 55 randomly oriented nucleosomes
represented as crosses on a unit hemisphere
which is viewed from above. The four quad-
rants of the hemisphere have been separated
and “‘lifted.”” The top of the hemisphere cor-
responds to the point (¢, 6) = (0, 0). The
value of  increases along lines of longitude
(straight arrow). Along lines of latitude, 9 is
constant but ¢ changes (curved arrow). The
third angle, {, represents a rotation of the
image plane and is not shown.

projections, a left-handed supercoil was
used throughout. Comparison with phos-
phorus maps of individual nucleosomes
revealed that under our experimental
conditions, the images of the phosphorus
distribution differed consistently from:
the initial model. Consequently, our sim-
ulated DNA model was refined by alter-
ing both the pitch and diameter of the
supercoil, yet retaining the fixed length
of DNA required by biochemical analy-
sis. The final conformation of the DNA
distribution that was most consistent
with the phosphorus maps was a super-
coil with an outer diameter of 8.5 nm,
pitch 4.0 nm, width 2.0 nm, and 2.4 turns
comprising 146 bp of DNA (Fig. 4, model
2). During this process, the reconstruc-
tions consistently indicated an additional
strong phosphorus signal distinct from
the supercoil and located at a short dis-
tance from the presumptive dyad axis.
This unexpected phosphorus signal was
incorporated into the final model (Fig. 4,
model 3), and the alignment and recon-
struction performed again.

The Phosphorus Structure

The first step in the reconstruction of
the entire nucleosome is the calculation
of the three-dimensional distribution of
the phosphorus signal representing the
DNA in the particle (Fig. 5a). A control
reconstruction (Fig. 5b) using model 3
and the same set of angles as the phos-
phorus images (Fig. 3c), in comparison
with the model itself (Fig. 5c) shows no
discernible artifacts arising from the lim-
ited number and partly anisotropic distri-
bution of projection directions. Common
structural features in the reconstructions
of the phosphorus distribution and of the
model (Fig. 5, a and b) are the open
circle in the view along the helix axis, the
zig-zag in the two orthogonal side views,
and the additional unanticipated phos-
phorus signal. Relative to the integrated
phosphorus signal of the DNA (292 phos-
phorus atoms), this additional signal
comprises about 30 to 40 phosphorus
atoms. A hexagonal shape is seen when
the reconstructed phosphorus structure
is viewed along the supercoil axis. In a
wooden model, this shape was due to
substantial kinks in the DNA (22) sepa-
rated by slightly bent segments either 10
bp or 20 bp in length.

The difference in conformation be-
tween the three-dimensional phosphorus
reconstruction and model 1 can have a
number of explanations. One likely pos-
sibility is that, in spite of prior glutar-
aldehyde fixation, the process of dehy-
dration in preparation for critical point
drying altered the conformation of the

3

Fig. 4. Model supercoils representing the path
of nucleosomal DNA. Supercoil 1 is a current
published model (7, 10). Model 2 shows an
alteration in pitch and radius indicated by
present results. Model 3 incorporates an extra
phosphorus signal distinct from the supercoil.
A dyad axis in the coil runs from left to right.

protein core and expanded the helix tor-
sionally along the supercoil axis to con-
serve the length of DNA. This would be
in agreement with the 3.8- and 8.0-nm x-
ray periodicities observed upon drying of
chromatin fibers (8). However, the core
particle also alters its conformation in
response to changes in ionic strength,
hydrophobicity, pH, concentration, and
even upon removal of histone H1 during
its isolation (7, 23), and has apparently a
quite different shape in its active form
(17, 24). The elongated conformation ob-
served may be one of a number of rele-
vant naturally occurring configurations.
Uniformity in shape of individual parti-
cles must nevertheless be assumed,
since the reconstruction would other-
wise be excessively blurred. The phos-
phorus reconstruction agrees with the
4.9-nm radius of gyration measured from
neutron scattering (1), and the total
reconstruction (below) can be interpret-
ed easily in terms of known results on
histone-DNA cross-linking (13) and on
sensitivity to nuclease digestion (25).
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Fig. 5. Orthogonal views of (a) the reconstruc-
tion of nucleosomal phosphorus computed
from 55 images and (b) the reconstruction
computed from the same orientations of mod-
el 3. (c) The original model 3. The scale bar
represents 5 nm.



Nucleosomal Protein Structure

The original electron spectroscopic
images of the nucleosomes (Fig. 3a) from
which the orientation of the DNA super-
coil was derived contain information
concerning both protein and DNA in the
core particle. By means of the same sets
of angles as were used for the corre-
sponding phosphorus distribution, these
nucleosome images were used to recon-
struct the total three-dimensional struc-
ture. The 150-eV and 110-eV images
were reconstructed separately. Howev-
er, since they contained the same protein
information except for random differ-
ences, they have been summed here to
provide a three-dimensional structure
with a better signal-to-noise ratio than
either set of images separately. The re-
gions in the total reconstruction that
contain the previously determined phos-
phorus distribution were then set to zero
to produce a structure containing protein
information only. The hydrated volume
of the histone octamer of 137 nm? (10,
26) served as a guide in defining the
boundaries of the protein reconstruction
from which a balsa wood model was built
(Fig. 6). The contour cutoff used in con-
structing the model was somewhat lower
than indicated by the hydrated volume in
order to preserve contiguity of the struc-
ture.

The entire nucleosome has the shape
of a prolate ellipsoid approximately 10
nm in length and about 9 nm in diameter.
The protein component forms a spool
with discontinuous protrusions forming a
helical ridge of about two turns. The
DNA rests between the protein ridges,
albeit with a fair portion of the supercoil
exposed on the surface. In addition,
smaller protein densities envelope the
DNA partially or completely at symmet-
rically placed points (Fig. 6). These may
be the basic lysine- and arginine-rich
amino terminal domains of the core his-
tones. There is a major central cavity
within the protein core, and other minor
solvent channels result in a porous oc-
tamer complex. The extra phosphorus
signal is held to the particle by a small
amount of protein to form an asymmetri-
cal protrusion or ‘‘bustle.””

Dyad Symmetry

One of the central features of the mod-
el 1 nucleosome core particle is the exis-
tence of a dyad axis of symmetry, in-
ferred from both nuclease digestion ki-
netics studies of isolated nucleosomes
(12) and reconstruction from electron
micrographs of helical arrays of the pro-
tein octamer (/0). In the present study,

the asymmetry of the extra phosphorus
signal in the DNA model permitted both
a potential symmetrical or unsymmetri-
cal structure of the histone component in
the reconstruction. Nevertheless, two-
fold symmetry was observed not only in
the major internal protein densities but
also in minor extensions between the
DNA loops and outside them (Fig. 6).
The rotational cross-correlation coeffi-
cient was highest at 180 degrees for the
core region exclusive of the asymmetri-
cal bustle. Its calculated value of 0.41
was not as high as had been expected
from a visual impression of the symme-
try of the model. The deviation from
perfect symmetry must be due to a lack
of high frequency correlation, distortion
between the two halves, random differ-
ences, and a nonuniform distribution of
orientations (Fig. 3c). However, the val-
ue is similar to other experimentally ob-
served correlation coefficients of three-
dimensional reconstructions at similar
resolution (4).

The extra phosphorus signal provided
a reconstruction unbiased by imposed
symmetry. The presence of this signal,
however, is puzzling. A specific retro-
spective search by polyacrylamide gel
electrophoresis for smaller nucleic acid
fragments extracted from the nucleo-
some core preparation revealed a fainter

but consistent band migrating at a posi-
tion equivalent to 40 to 45 bp (Fig. 2)
which on preliminary examination was
sensitive to alkaline conditions. The rela-
tionship of this band to the extra phos-
phorus signal is currently under investi-
gation.

Histone Localization

The spatial resolution of the protein
reconstruction was limited by the digiti-
zation of the images to 1.06 nm. This
resolution is not limited by the data, as
the measured signal-to-noise ratio over
individual nucleosomes in the sum of the
two-dimensional spectroscopic images
was 5.1 = 1.1 per picture element, indi-
cating that the images could have been
digitized even more finely (27). Howev-
er, errors in the assignment of angles for
the reconstruction could decrease the
spatial resolution to 1.5 nm. This resolu-
tion is not sufficient to distinguish be-
tween the various histones. Neverthe-
less, one can assign probable positions to
the histones using the chemical cross-
linking data of Mirzabekov and col-
leagues (/3, 28) (Fig. 7) and the assump-
tion that less dense regions in the com-
puted protein structure represent bound-
aries between individual histones. Thus,

Fig. 6. A balsa wood model of the reconstructed nucleosomal protein component. (a) An
oblique and slightly skewed side view. The dyad axis of symmetry runs from the left
background to the right foreground; (b) and (c) are front and back views, respectively. Shades
of gray delineate interpretations of histone positions. (d) Two faces of the midsection of the
protein component. (e) A back view of the midsection in (d). In (d) and (e), dark and light pins
are used to distinguish the two faces. Dyad symmetry and a central cavity are evident.



Fig. 7. (Top) Schematic summary of histone-DNA cross-linking data [redrawn from (27)].
(Bottom) Interpretations of the configurations of histones H2A, H2B, H3, and H4, based on
cross-linking data (/3, 28) and the three- dlmensmnal reconstruction. The orientations shown
correspond to those in Fig. 6a.

histones H2A and H2B have been posi-
tioned at the extreme top and bottom of
the complex. Histone H2A has been
shown to cross-link to two noncontigu-
ous sites on the DNA at 70 to 80 bases
and 120 to 130 bases from the 5’ end. In
our altered supercoil, with about 60 bp
per turn (model 3), these sites are almost
superposed. Histone H3 cross-links to
both the central and end portions of the
DNA supercoil, and thus the two H3
molecules are placed along either side,
partly extending between the central
DNA loops and reaching across the back
to lie underneath the ends of the DNA.
Histones H4 are placed along the front of
the nucleosome, reaching diagonally in-
ward towards the top and bottom and on
to the back. The H3-H4 tetramer there-
fore can be interpreted as two interdigi-
tating U-shapes forming a central cavity.
These interpretations are diagrammed in
Fig. 7.

Protein densities in the reconstruction
were observed between the DNA loops
as well as at specific points outside them.
The nucleosome core remains particu-
late after mild trypsinization, which re-
moves the amino terminal ends of the
histones from the nucleosome core, indi-
cating that these domains are not essen-
tial to nucleosome structure (25, 29).
Whitlock and Simpson (25) have shown
that the rate of deoxyribonuclease I di-
gestion of some susceptible sites located
20 to 35 bp and 60 to 80 bp from the 5’
DNA termini increases after mild tryp-
sinization of the nucleosome cores, indi-
cating that the amino terminal domains
of some histones interact with these re-
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gions of the nucleosomal DNA. Exami-
nation of our reconstruction revealed
that protein densities were closely asso-
ciated with the DNA at positions 20 and
35 and virtually surrounded the DNA in
the regions 60 and 80 bp from the ends.
Thus, the structure offers a natural ex-
planation for such specific changes in
digestion sensitivity.

Conclusions

The net phosphorus and net protein
distributions of critical point dried nu-
cleosome cores have been reconstructed
in three dimensions directly from two-
dimensional electron spectroscopic im-
ages of individual nucleosomes lying in
random orientations on a carbon sup-
port. The results suggest that this ap-
proach can be used to study noncrystal-
lized nucleosomes in various forms, such
as transcriptionally active nucleosomes
(17, 24), chromatosomes (30), and sub-
nucleosomes (31), as long as a homoge-
neous population can be obtained. It
should be possible to examine other nu-
cleoprotein complexes such as ribosomal
subunits (/8), ribonucleoprotein parti-
cles, and transcriptional complexes with
electron spectroscopic imaging. The spa-
tial resolution limit has not been reached
in our studies. Resolution can be im-
proved with the use of a greater number
of projections, a more uniform distribu-
tion of orientations, and additional tech-
niques such as cryopreservation of the
specimen (32) and, where possible, crys-
tallization (33).
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