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21.

Phosphorus Distribution in the Nucleosome

Abstract. The spatial distribution of phosphorus within active fraction nucle-
osomes reveals that the path of the DNA is consistent with one and three-fourths
turns of DNA supercoiled around the outside of the protein core. This phosphorus
distribution, obtained with an imaging electron spectrometer in a conventional trans-
mission electron microscope, simultaneously establishes new limits of sensitivity for

elemental microanalysis.

We have adapted a high-resolution
electron microscope with an imaging
electron energy spectrometer capable of
resolving structural information of bio-
logical specimens to at least the 0.5-nm
level while supplying chemical informa-
tion with the same spatial resolution (/).
The electron spectrometer allows an
electron micrograph to be formed by us-
ing electrons that have lost a discrete
amount of energy as a result of inter-
actions with a particular chemical ele-
ment or chromophore in the specimen.
We have used this instrument to study
the DNA distribution in the subunits of
eukaryotic chromatin known as nucle-
osomes. We are able to locate the path of
the DNA within the nucleosome and be-
tween nucleosomes by electron spectro-
scopic imaging that makes use of an en-
ergy loss due to phosphorus. Since phos-
phorus is primarily found in the DNA
and not in the proteins constituting the
particle, an image of the phosphorus dis-
tribution is predominantly an image of
the DNA within the nucleosome.

The chromatin was prepared from calf
thymus and enriched for active fraction
chromatin by deoxyribonuclease II di-
gestion and Mg?* solubility (2). The buff-
er containing the chromatin was adjust-
ed to 0.35M NaCl to remove the high-
mobility group (HMG) proteins. The
oligomers of nucleosomes were then sep-
arated from the free proteins by chroma-
tography (Sepharose 4B, Pharmacia).
Microscope grids of unstained chromatin
were prepared as described (3), and mi-
crographs were obtained with axial illu-
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mination at the desired energy loss, a
dose of about 1.4 coulombs per square
centimeter being used to form each
image.

Electrons interacting with phosphorus
have characteristic energy losses corre-
sponding to K-shell and L-shell ex-
citations of the phosphorus atoms. We
have used the relatively strong L,; ex-
citations at 132 eV. In the electron ener-
gy loss spectrum, this specific phos-
phorus L-edge absorption is superim-
posed on a rapidly declining general back-
ground of localized and delocalized elec-
tron-scattering events. The effect of this
background signal was eliminated by form-
ing two consecutive images of the same
region, one on the phosphorus L edge and
one with an energy just below the edge.

The latter image, normalized in intensity,
must then be subtracted from the former
to obtain a net phosphorus signal.

Figure 1 shows two images of the same
strand of nucleosomes. One image (Fig.
1a) was formed at an energy loss of 155
eV, just above the L edge at 132 eV, re-
ferred to as the phosphorus spectroscop-
ic image, and the other (reference) image
(Fig. 1b) at an energy loss of 105 eV. The
two images are nearly identical. How-
ever, close examination shows fine
structural detail in one image that is not
always duplicated in the other. The two
images were digitized with a microden-
sitometer (Perkin-Elmer model 1010A)
over regions containing the nucleosomes
to give matrices of 4096 picture ele-
ments (64 X 64), each corresponding to
0.7 by 0.7 nm2. Although the poten-
tial resolution of ‘electron spectroscopic
images is at least 0.7 nm (), digitiza-
tion with this pixel size limits the effec-
tive resolution of the images to 1.4 nm
at worst. However, this is still sufficient
for a DNA strand that is approximately 2
nm in thickness to be visualized. Before
the subtraction was performed, one im-
age was normalized to the other over the
background to compensate for slightly
different exposures. In addition, corre-
sponding pairs of images were trans-
lationally cross-correlated in the com-
puter to obtain the best overlap. Rota-
tional cross-correlation was not neces-
sary since consecutive images were
sufficiently parallel.

We have studied 30 nucleosomes from
one chromatin strand in detail, the first
13 of which are shown in Fig. 1 and the
last 7 in Fig. 2a. In Fig. 2b, the comput-
er-processed net phosphorus images
have been superposed over the corre-
sponding nucleosomes in the original
phosphorus spectroscopic image. Al-

Fig. 1. (a) Phosphorus spectroscopic image of a strand of nucleosomes taken at an energy loss of
155 eV, just above the L, 3 absorption edge of phosphorus. (b) Reference image of the same
region shown in (a), taken at an energy loss of 105 eV. Scale bar, 30 nm.

0036-8075/81/0109-0169$00.50/0 Copyright © 1980 AAAS 169



Fig. 2. (a) Phosphorus spectroscopic image of a strand of nucleosomes. The arrow indicates
a region between two nucleosomes where we might expect the DNA to link the particles. (b)
Computer-processed net phosphorus images of the same region as (a), superimposed over a
copy of (a). The contrast is greater in the net phosphorus images because the optical density
scale has been expanded. The arrow shows where the linker DNA is located. Relatively little

phosphorus exists in the region indicated by the arrow in (a). Scale bar, 30 nm.

Fig. 3. Net

phosphorus images of four nucleosomes with artist’s freechand interpretations of DNA coiling

below. Full size is 38.5 nm.

though the net signal is smaller, the con-
trast is far greater in the net phosphorus
images, because the optical density scale
has been expanded. The concentrations
of phosphorus over the nucleosome im-
ages stand out clearly. In most instances,
even the phosphorus in the DNA linking
the nucleosomes can be discerned. The
net phosphorus image is sometimes es-
sential in determining the location of the
linker DNA. For instance, the arrow in
Fig. 2a indicates a region between two
adjacent nucleosomes where we might
expect the DNA to link the particles.
However, the net phosphorus image il-
lustrates that this region contains no
phosphorus and that, instead, the linking
DNA is just above this region, as in-
dicated by the arrow in Fig. 2b.
Knowledge of the track of the linker
DNA aided greatly in the interpretation
of the coiling of the DNA within the core
particle. The phosphorus distribution
within 22 of the 30 consecutive nucle-
osomes examined in detail could be read-
ily interpreted as being consistent with
the model for the core particle of Finch
et al. @), who proposed that 13/4 turns of
DNA are found in a single nucleosome.
In the other eight nucleosomes, the
phosphorus signal was still very strong,
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but the spatial distribution did not follow
the simple superhelical configuration.
This could result from radiation-induced
alterations or may be real temporary
conformational changes at these sites
due to transcription. Figure 3 shows four
of the 22 net phosphorus images along
with corresponding artist’s interpreta-
tions of DNA coiling based on the cur-
rent model.
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Fig. 4. (a) Cumulative histogram of signal-to-
noise ratios in the subtracted images of two
consecutive dark-field micrographs calculated
over the region of individual nucleosomes. (b)
Histogram of signal-to-noise ratios of the net
phosphorus images, calculated over the re-
gions of individual nucleosomes.

The possibility of radiation-induced
structural alterations must be examined.
The phosphorus distribution in the nu-
cleosome is obtained by subjecting the
sample to very high radiation. The prob-
lem is compounded because the sub-
traction of two images is necessary to
obtain a net phosphorus signal. To deter-
mine whether the net phosphorus image
could be artifactual, we formed two con-
secutive dark-field electron micrographs
of nucleosomes in a previously unirradi-
ated region. The total dose to the speci-
men was the same as that required to
form the phosphorus spectroscopic and
the reference images. The signal-to-noise
ratio in the difference images in these
control experiments over the regions of
the nucleosomes for five different image
pairs was —0.78 = 1.01 (standard error).
However, the average signal-to-noise ra-
tio calculated over the region of the nu-
cleosomes in the net phosphorus images
was 29.1 + 1.7 (Fig. 4). Thus there is no
question that the phosphorus signal ob-
served is real. The signal comes from 140
base pairs of DN A, or 280 atoms of phos-
phorus. If a signal-to-noise ratio as low
as 5 were considered to be the limit of
certain detection (5), it would still be
possible, with this technique, to detect
48 phosphorus atoms or 2.5 X 107! g of
phosphorus.

Our results illustrate the usefulness of
electron spectroscopic imaging for ob-
taining structural and chemical informa-
tion simultaneously with fairly high reso-
lution. The application of this technique
to the nucleosome has demonstrated that
the model of DNA coiling proposed for
these particles is consistent with the
phosphorus distribution within nucle-
osomes from the transcriptionally com-
petent fraction.
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