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The nucleosome is the fundamental component of the
eukaryotic chromosome, participating in the packaging
of DNA and in the regulation of gene expression. Its
numerous interactions imply a structural dynamism.
Previous biophysical studies under limited sets of con-
ditions have not been able to reconcile structural differ-
ences and transitions observed. We have determined a
series of nucleosome conformations over a >10,000-fold
range in salt concentration using a combination of bio-
chemical methods, spectroscopic electron microscopy,
and three-dimensional reconstruction techniques for
randomly oriented single particles. This study indicates
several ionic strength-dependent nucleosome conforma-
tions and also reconciles the differences between cur-
rently existing divergent models for the nucleosome. At
low ionic environments, the particle appears highly
elongated, becoming more compact and prolate ellipsoi-
dal as ionic strength is increased to 10 mM NaCl. At 30
mM NaCl, the particle exhibits a spheroidal conforma-
tion. As ionic strength is increased to 150 mM NaCl, the
nucleosome conformation changes and becomes oblate.
Above 450 mM NaCl, the structure becomes highly elon-
gated again. The result of this study is a unifying con-
cept in which the three-dimensional structure of the
nucleosome is inferred to be dynamic in response to
ionic interactions and in accord with biochemical and
genetic studies.

The nucleosome is a nucleoprotein complex composed of DNA
wrapped about a core of histone proteins (1, 2). Its canonical
role in the cell is the packaging of DNA, although a number of
recent biochemical and genetic studies have shown that the
nucleosome is also an active macromolecular complex involved
in the facilitation, modulation, and repression of gene expres-
sion (3–6). Nucleosome structure has previously been investi-
gated by a number of diverse biophysical techniques, including
measurements of fluorescence properties, circular dichroism,
and sedimentation coefficient (7–13), which infer changes in
conformation with changes in pH, ionic environment, and post-
translational modifications. Despite this, crystallographic
studies of nucleosome particles (14–17) using x-ray and neu-
tron diffraction have consistently resulted in only one struc-
ture, an oblate ellipsoid. Moreover, a high resolution structure
for the nucleosome core protein octamer determined using x-
ray crystallography, when wrapped with model DNA, is con-

sistent with such an oblate form (18, 19). In contrast, studies
using electron microscopy (EM)1 and three-dimensional recon-
struction techniques have indicated a different form consistent
with a prolate ellipsoid (20–23). The reproducibility of the
divergent results has prompted us to investigate the reason for
the major differences between the structures. We have found
that the structure of the nucleosome changes dramatically with
ionic environment, as determined by biochemical methods, con-
formational characterization (21–23), and three-dimensional
reconstruction techniques based on the principle of angular
reconstitution (24–29). Our structural characterization indi-
cates several ionic strength-dependent conformations of the
nucleosome. One of these corresponds to the three-dimensional
EM structure previously determined (20), while another corre-
sponds to the crystallographic form of this particle (14–19). The
study ranges from 0.0001 M to 1.75 M in ion concentration and
shows the first three-dimensional reconstructions of different
conformational states of the nucleosome by a single consistent
technique. In total, the results not only reconcile long-standing
differences observed between electron microscopic investiga-
tions of nucleosome structure (20–22) and other biophysical
studies (14–19), but also corroborate structural changes ob-
served at extremes of ionic strength (12, 13, 30).

EXPERIMENTAL PROCEDURES

Purification of Nucleosomes and Electron Microscopy—Calf thymus
nucleosomes were purified (21) and then prepared and chemically fixed
under different ionic conditions to preserve the corresponding particle
conformation. Optimal fixation of nucleosomes prepared in ionic envi-
ronments selected to sample stable nucleosomal states, discussed below
(2), utilized both formaldehyde and glutaraldehyde to assure protein-
protein and protein-nucleic acid cross-linking (21). In total, nucleosome
structure was examined over a .10,000-fold range of ionic strength.
Sedimentation and electrophoretic analyses were carried out to deter-
mine that nucleosome conformation was unchanged before and after
cross-linking (Ref. 12 and this study). Electron microscopy was per-
formed as described before (21) using electron energy-loss spectroscopic
imaging to provide images of nucleosomes with phosphorus-enhanced
contrast (20, 31–33) and also using cryoimaging in a darkfield mode.
Both electron energy-loss spectroscopic imaging and darkfield EM were
selected as substitutes for brightfield microscopy, specifically to elimi-
nate the need for heavy atom ionic stains as contrast agents (34), which
would change ionic environments. Although air-drying of nucleosome
particles has typically been used for analyses using electron energy-loss
spectroscopy (31–33), a number of different preparative methods were
used here in order to rule out specimen preparation artifacts. Fixed
nucleosomes were dried from salt solutions by blotting, air-dried from
water, dried from a variety of solvents with a lower surface tension than
water, and critical point-dried (21) to minimize surface tension forces
even further. Nucleosome preparation for imaging included confirma-
tory experiments using freeze-drying since investigations have indi-
cated that protein conformation can be preserved upon lyophilization
(reviewed in Ref. 35). All preparative conditions gave consistent results
in terms of electron microscopy and principal component analyses for
any single ionic nucleosome environment. For consistency, except
where indicated, the results shown are from nucleosomes prepared
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under different ionic conditions and then fixed and dried from ethanol
and amyl acetate to reduce disruptive surface tension forces.
Nucleosomes were prepared for conformational analysis in ionic en-

vironments of 0.1, 3.5, 10, 30, 150, 400, 750, 1200, and 1725 mM NaCl.
These specific conditions were chosen as they correspond to points
midway between ionic environments indicated by other studies as tran-
sition points in nucleosome structure: 0.4 mM NaCl (10), 1 mM NaCl (7,
8, 11), 6 mM NaCl (8, 11), 16 mM NaCl (11), 50 mM NaCl (11), 250 mM

NaCl (9, 11), 550 mM NaCl (9, 12), 950 mM NaCl (10, 12, 13), and 1450
mM NaCl (12, 13). Particles in the presence of ,30 mM NaCl were
prepared in low concentration buffer (0.15 mM triethanolamine (TEA)
chloride, pH 7.4) to ensure a low effective ionic environment. At all
other ionic strengths, nucleosomes were prepared in more concentrated
buffer (15 mM TEA-Cl and 2 mM EDTA, pH 7.4) for additional buffering
(21). Specimens in the presence of ,30 mM NaCl were also prepared in
the higher concentration of buffer in order to investigate the effects of
buffer on changes in nucleosome conformation. The effect of buffer was
found to be similar to that of monovalent salt. Triethanolamine was
chosen as a buffer in order to eliminate potential complications caused
by buffers such as Tris-Cl since triethanolamine does not contain amino
groups that would react with the glutaraldehyde fixative. Nucleosome
particles in each ionic environment were at a concentration of 0.3
A260/ml and were kept in this ionic environment for 24 h prior to
fixation. Nucleosomes were then fixed in the selected ionic environ-
ments with the optimal conditions of 0.5% (w/v) glutaraldehyde and
3.0% (w/v) formaldehyde for 24 h at 4 °C as described before (21). The
effects of divalent cations (MgCl2 and MnCl2) were also tested by
including various concentrations of these salts in some of the prepara-
tions of nucleosomes.
Conformational Characterization of Nucleosomes from Their Micro-

graphs—Nucleosome conformation was analyzed using principal com-
ponent analysis. An explanation of this method was given by Zabal et al.
(21) and is expanded below. Particles at all ionic strengths and buffer
concentrations and prepared for electron microscopy as described above
were analyzed in terms of dimensions and gross conformation. Statis-
tical tests of significance, analyses of variance, and principal component
analyses were carried out using the SAS statistical analysis system
(21). Comparisons of various preparative methods (air-drying versus
critical point drying versus drying from solvents) were made using
nucleosome core particles prepared in 10 mM NaCl. A confirmatory
comparison using freeze-dried nucleosome core particles was also car-
ried out. A first principal component with an inclination near horizontal
was used as a criterion for a prolate conformation; a near vertical
direction indicated an oblate conformation. Inclinations near 45° indi-
cated a spheroidal conformation. This is discussed further below. A
mean length/width value of .4 was used as a criterion for a conforma-
tion being referred to as extended.
Three-dimensional Image Reconstruction of Nucleosomes—Three-di-

mensional reconstructions of nucleosomes were determined for nucleo-
some particles fixed with formaldehyde and glutaraldehyde in the pres-
ence of 10, 30, and 150 mM NaCl and the more concentrated buffer (15
mM TEA-Cl and 2 mM EDTA, pH 7.4). Specimens were prepared for
electron microscopy using critical point drying to minimize surface
tension forces during specimen drying (21). A comparison in this study
using optimally chemically fixed nucleosome core particles indicated
that freeze-drying results were equivalent to those obtained using crit-
ical point drying. Given these results and to be consistent with our
previous investigations (20, 21), specimens were not prepared for im-
aging in vitreous ice. Additionally, most three-dimensional reconstruc-

tions from single particles imaged in ice have resulted in resolutions
worse than 30 Å, whereas previous reconstructions of critical point-
dried fixed nucleosomes have indicated better resolutions (20).
Reconstructions were carried out using the quaternion-assisted ap-

proach of angular reconstitution (26, 27) for reconstructing non-crystal-
line randomly oriented biological macromolecules from their electron
micrographs. The methods utilized have been used previously by us in
the reconstruction of several biological macromolecules (26–28, 36, 37)
and recently in modified form by Serysheva et al. (29). Our methods
utilize sinograms and sinogram correlation functions (24, 25) and the
central axis theorem (38) to determine the angular orientations of
images of randomly oriented biological macromolecules with no internal
symmetry. Sinograms and sinogram correlation functions were calcu-
lated as described before (26–28). The initial orientation angles of the
reconstructions were refined iteratively by a quaternion vector ap-
proach as discussed by Farrow and Ottensmeyer (26). Resolution meas-
urements were made as described by Czarnota et al. (28) using a phase
residual approach with a conservative cutoff of 45°. Radii of gyration for
reconstructions were calculated as described before (20).

RESULTS

Nucleosome Core Particles—Purification and analysis of pu-
rified nucleosomes prior to cross-linking in different ionic en-
vironments indicated that particles were composed of 146 6 3
base pairs of DNA and stoichiometric quantities of histones
H2A, H2B, H3, and H4. Analyses of cross-linking were carried
out as described before (21) and indicated that fixation pre-
vented nucleosome histone disassociation in the presence of
various detergents and at high temperatures. Analyses of gel
electrophoretic mobility and sedimentation coefficients using
the particles prepared in 10 mM NaCl and the more concen-
trated buffer indicated virtually identical gel mobilities (RF

values of 0.59 and 0.60 prior to and after fixation, respectively)
as well as sedimentation coefficients (s20,w values of 11.1 6 0.9
and 11.2 6 0.9 prior to and after fixation, respectively).
Electron Microscopy and Conformational Characterization of

Nucleosomes—Images of highly purified calf thymus nucleo-
somes in different ionic environments are shown in Fig. 1.
Significant gross differences between the different populations
of nucleosomes are visible to the unaided eye (e.g. Fig. 1, E
versus I), indicative of the existence of different conformational
states. To analyze more subtle shape differences at near phys-
iological monovalent cation concentration, a method of confor-
mational characterization known as principal component anal-
ysis was used in correlation with analyses of particle length,
width, and length/width distributions. This conformational
characterization of nucleosome structure spanned the complete
range of ionic strengths used; representative results are given
in Fig. 2, and a compilation of primary results is presented in
Fig. 3 and in Table I.
The representative results in Fig. 2 illustrate the differences

between four different ionic strength populations of nucleo-
somes ranging from particles prepared in the presence of 10 mM

FIG. 1. Images of highly purified calf thymus nucleosomes prepared in different ionic environments. Shown are nucleosomes
prepared in the presence of 0.1, 3.5, 10, 30, 150, 400, 750, 1200, and 1725 mM NaCl (A–I, respectively) and dried from amyl acetate to minimize
surface tension forces. Nucleosomes in A and B were prepared in low concentration buffer (0.15 mM TEA-Cl, pH 7.4) to ensure a low effective ionic
environment. In C–I, particles were prepared in more concentrated buffer (15 mM TEA-Cl and 2 mM EDTA, pH 7.4). In separate experiments,
specimens in the presence of ,30 mM NaCl were also prepared in the higher concentration buffer, which affected nucleosome conformation similar
to equivalent monovalent salt concentrations. The scale bar indicates 200 Å.
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NaCl to particles prepared in the presence of 400 mM NaCl plus
15 mM TEA and 2 mM EDTA. The differences in the inclination
of the first principal component among these different popula-
tions indicate differences in nucleosome conformation between
these samples. The near horizontal first principal component in
Fig. 2A, which corresponds to the best fit line determined by an
analysis of variance, is in agreement with a prolate conforma-
tion (21). This conformation has mean projection length and
mean projection width values consistent with those of previous
studies (20–23). At 150 mM NaCl, this best fit line is nearly
vertical, indicating an oblate conformation. The analysis at 30
mM NaCl indicates a best fit line that is consistent with an
intermediate form between a prolate and an oblate form. Dif-
ferences between the different ionic strength forms of the nu-
cleosome are also reflected in the corresponding length/width
distributions of images of single particles (Fig. 2, lower panels),
although such representations do not readily permit direct
structural inferences in terms of an ellipsoidal conformation.
Statistically Significant Differences between Ionic Strength-

dependent Nucleosome Conformations—Statistical analysis of
the results required care. As can be seen in Fig. 2 (lower
panels), the mean projection length/width ratios for nucleo-
somes at 30, 150, and 400 mM NaCl are virtually identical even
though the mean values of length, width, and their distribu-
tions are different (Table I, parts A and B; Fig. 2, upper panels).
Analyses of paired length and width measurements (represent-
ative measurements in Fig. 2, A–D) indicated statistically sig-
nificant differences between ionic strength-dependent nucleo-
some preparations. Since analyses were carried out between
sets of paired length and width measurements, either a signif-
icant difference between the length measurements or a signif-
icant difference between the width measurements, or both,
indicated that one set exhibited statistically significant differ-
ences with respect to another. Tests between mean lengths,

between mean widths, and between variances in length meas-
urements or between variances in width measurements were
carried out, also indicating statistically significant differences.
For example, in a comparison between nucleosomes prepared
in 10 and 30 mM NaCl, the F-test indicated statistically signif-
icant different distributions between length distributions (95%
confidence level). The F-test also indicated statistically signif-
icant differences between the distributions of measured widths.
The t test (95% confidence level, t . 2.3) indicated statistically
significant differences between the mean lengths of nucleo-
somes prepared in 10 mM NaCl in comparison with nucleo-
somes prepared in 30 mM NaCl. Similarly, the t test indicated
a statistically significant difference between the mean particle
widths of the two preparations. Each preparation had statisti-
cally significantly different lengths and widths in comparison
with the preparation in the closest higher ionic strength.
The differences between nucleosomes in 150 and 400 mM

NaCl appeared by visual inspection to be less significant since
each set had approximately equal mean projection lengths and
approximately equal mean projection widths. Nevertheless,
principal component analysis of the paired projection length
and width measurements of each set indicates significant dif-
ferences in variance, consistent with a change in shape from
oblate to more spheroidal, at 150 and 400 mM NaCl, respec-
tively (Fig. 2, C versus D; inclination of the first principal
component changes from 90° to 68°, Table I, part B). The t test
also indicates statistically significant differences in width
measurements between these two ionic strength-dependent
populations (95% confidence level). Significant differences be-
tween the variances of these sets of width measurements were
indicated by the F-test to a 95% confidence level. In general,
the appropriateness of the use of these tests was confirmed by
the Shapiro-Wilk test, indicating that sets of measurements
could be considered to have normal distributions. The results of

FIG. 2. Conformational characterization of nucleosomes. The panels give representative results of conformational determination by
principal component analysis. A–D are results of a conformational analysis by principal component analysis for nucleosomes prepared in the
presence of the higher ionic strength buffer and 10, 30, 150, and 400 mM NaCl, respectively. The lower panels show corresponding distributions
of length/width values as histograms. The method of conformationally characterizing nucleosomes by principal component analysis is described in
detail elsewhere (21). The longest arrow in each of the upper panels represents the best fit line through the scatter of paired length and width
measurements as calculated by principal component analysis. The best fit line in A (upper panel) is consistent with a prolate ellipsoid, while the
nearly vertical best fit line in C is consistent with an oblate ellipsoid. B is consistent with an intermediate form. Dimensional analysis of a perfect
spheroid would generate a cluster of points resembling a half-circle about a point with equivalent length and width and a first principal component
with an inclination of 45°. Tendencies toward greater or lesser slopes would indicate an oblate or prolate character, respectively. Scatters of points
in each of the upper panels have been trimmed to exclude statistical extremes (21).Dashed lines indicate mean values, and solid lines indicate mean
values 6 1 S.D. The differences between data in all these panels are statistically significant to a 95% confidence level (see “Results” for details).
Mean ratios 6 1 S.D. in the lower panels are indicated by the numbers in the upper right corner of each histogram. The number of images analyzed
is given in Table I (part A and B).
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these tests were confirmed by the use of distribution-free non-
parametric tests such as the Mann-Whitney test. This test also
indicated statistically significant differences between the nu-
cleosome populations at different ionic strengths. At the higher
ionic environments (750 mM NaCl and above), where the Sha-
piro-Wilk test indicated that sets of measurements did not have
normal distributions, the non-parametric analyses were used
exclusively.
Different Nucleosome Conformations—Overall, the results

indicate, with one exception (discussed below), that the nucleo-
some assumed a measurably different and consonant confor-
mation at each intertransitional ionic concentration tested.
These nucleosome structures ranged from highly extended
(length . 350 Å) at the low ionic strengths, through a prolate
form at 10 mM NaCl consistent with the previous three-dimen-
sional EM reconstruction (20), to an oblate shape at 150 mM

NaCl approximating the crystallographic conformation (14–
19). Above 400 mM NaCl, the nucleosome structure became
prolate again and then elongated further. At 1200 and 1725 mM

NaCl, the nucleosome became highly extended, and mass
measurements were consistent with models in which the his-
tones dissociate as H2A-H2B dimers at 900 mM NaCl and as
(H3-H4)2 tetramers at 1450 mM NaCl (12, 13). Using divalent
cations (MgCl2 or MnCl2), we observed similar transitions at
35-fold lower concentrations (10), confirming earlier results
(21–23). Monovalent TEA buffer was found to be equivalent in

effect to monovalent salt. The results were consistent regard-
less of the drying method: using optimally chemically fixed
nucleosome core particles, critical point drying yielded equiva-
lent results to freeze-drying; drying from amyl acetate was very
similar to critical point drying; and air-drying, which does not
minimize surface tension forces, resulted in particles that were
larger in length and in width, as would be expected from
distortion due to flattening of the structure (data not shown).
Only one distinct conformation for the nucleosome was gen-

erally detected in each ionic environment examined by an anal-
ysis of length and width measurements and by gel electro-
phoretic analyses (described below). One exception was 0.1 mM

NaCl, at which two forms of the nucleosome were visualized
with distinctly different images, inconsistent with a single con-
formation. One form was significantly more elongated and slen-
der than the other (mean length/width ratio of 8 versus 1.2),
suggesting that this selected ionic environment was in a tran-
sition zone between two nucleosome conformations. This inter-
pretation is supported by other work (30) that indicated a
similar major transition in this region of ionic strength (0.1–3
mM NaCl). Additionally, gel mobility experiments of particles
prepared at 0.1 mM NaCl, described below, were consistent
with two populations of particles. In contrast, a more compact
population with the same relative mass was not visualized in
electron micrographs at other ionic environments where elon-
gated forms were visualized (e.g. 750 mM NaCl, cf. Figs. 1G and
3 and Table I, part B). Additionally, for particles prepared at
this ionic environment (750 mM NaCl), gel mobility experi-
ments indicated only one migrating form.
Electrophoresis had previously been used to indicate a sim-

ilar mobility (and by inference, shape) between unfixed and
fixed nucleosomes. To assess that the morphology of fixed nu-
cleosomes seen by electron microscopy could be corroborated
with that of the same nucleosomes in solution, electrophoresis
of these particles in nondenaturing gels was carried out
(Fig. 4). In agreement with biophysical theories (39, 40), slow
migration of particles correlated with an elongated shape as
determined via electron microscopy, and fast migration corre-
lated with a compact shape. Consistent with this observation,
the two forms of nucleosomes visualized at 0.1 mM NaCl were
represented by two bands on the electrophoresis gel. At every
other ionic concentration, only one band was identified in gel
electrophoretic experiments, indicating by this criterion that
both two-dimensional and three-dimensional analyses of nu-
cleosome structure were carried out on a single homogeneous
conformational form of the nucleosome core particle.
Three-dimensional Image Reconstruction of Nucleo-

somes—To provide direct three-dimensional evidence for a
number of these conformations, low resolution three-dimen-
sional structures of the nucleosome at three ionic strengths, 10,
30, and 150 mM NaCl, were determined using electron micros-
copy and image reconstruction techniques (26–28, 36). Calcu-
lated image orientations indicated relatively uniform distribu-
tions of image orientations used in each reconstruction. Only
slight tendencies toward exhibiting preferred orientations were
evident, as may be expected for specimens that have different
shapes but are generally undistorted by preparative methods
that minimize surface tension forces, such as the critical point
drying used here.
The three-dimensional reconstructions are given in Fig. 5. At

10 mM NaCl, the structure of the nucleosome (Fig. 5A) was a
prolate form that was consistent with the previous three-di-
mensional EM reconstruction. At 30 mM NaCl, the structure
was virtually spherical with only a slight prolate tendency (Fig.
5B), while at 150 mM NaCl, the reconstructed nucleosome was
distinctly oblate, approximating the shape and size of the crys-

FIG. 3. A compilation of primary results of the characteriza-
tion of ionic strength-dependent nucleosome conformations. A
shows the median observed axial length and equatorial measurements
for nucleosomes in a variety of ionic environments. The bars indicate
first and third quartiles. At 150 mM NaCl, the minimum dimension
observed was 60 Å. An additional set of measurements exists for the
lowest ionic environment shown in this panel (see Table I, part A), but
is not included on this figure for the sake of clarity. Dimensions of
individually measured particles are given in Table I (part A and B), and
details are described under “Results.” Heights and diameters were from
mean projection length and mean projection width values given in
Table I (parts A and B). If the conformation was determined to be
prolate, then the mean projection length was taken as the height and
the mean projection width as the diameter. If the conformation was
oblate, then the projection length was taken as the particle diameter,
and the mean projection width was taken as the height (see Zabal et al.
(21)). B indicates shapes and schematic representations of the various
nucleosome structures deduced from electron microscopy and confor-
mational characterization by principal component analysis. The sche-
matic structure of the nucleosome (not to scale) is shown with increas-
ing ionic strength from left to right. Spherical structures would
correspond to the points of equal height and diameter. Dimensions
given below 10 mM NaCl are for specimens in the presence of the less
concentrated buffer (see “Experimental Procedures”). For detailed dis-
cussion of conformations, see “Results.”
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tallographic conformation (Fig. 5C). The values of axial height
and equatorial diameter in conjunction with radii of gyration
calculated from the three-dimensional reconstructions are
given in Table II. The spatial resolution of 30 Å in the three-
dimensional reconstructions, determined using a phase resid-
ual approach (28) with a cutoff of 45°, a conservative measure
of resolution, was isotropic since angular orientations used for
each reconstruction were in general randomly distributed.
However, the preparation at 10 mM NaCl did exhibit a slight

tendency toward displaying side views, while the particles pre-
pared in the presence of 150 mM NaCl tended to display views
with a circular profile. To counteract these tendencies, image
classification schemes (26, 27) were used to ensure that partic-
ular views of the particle were not under-represented.

TABLE I
Results of principal component analyses of nucleosomes prepared in the presence of different ionic strengths and the

less concentrated (part A) and the more concentrated (part B) buffers
In part A, the less concentrated buffer contained 1.5 mM TEA-Cl, pH 7.4, and 2 mM EDTA. For more details, see “Experimental Procedures.” Two

populations were identified from image analysis of the particle at 0.1 mMNaCl. See “Results” for discussion. In part B, the more concentrated buffer
contained 15 mM TEA-Cl, pH 7.4, and 2 mM EDTA. Analysis of the particles at 30 mM NaCl generated a first principal component with an
inclination approaching but ,45 °, consistent with a spheroidal conformation with a prolate tendency. In contrast, the analysis of particles in the
presence of 400 mM NaCl generated a first principal component with an inclination near but .45 °, indicative of a spheroidal form with an oblate
tendency. See “Discussion” for more details.

Nucleosomal ionic
environment

Mean projection
length 6 1 S.D.

(No. of
measurements)

Mean projection
width 6 1 S.D.

Percentage
variance

described by
first

principal
component

Inclination of
first principal
component

Mean length/width 6
1 S.D.

Inferred gross
conformation

Å

A. Low ionic
strength buffer
0.1 mM NaCl 358 6 63 49 6 15 95.4 26.6 ° 8.10 6 3.43 Extended
(population 1) (51)

0.1 mM NaCl 133 6 13 86 6 9 68.9 14.1 ° 1.19 6 0.19 Prolate
(population 2) (107)

3.5 mM NaCl 123 6 17 66 6 8 81.7 1.2 ° 1.90 6 0.36 Prolate
(145)

10 mM NaCl 97 6 10 67 6 8 61 7.9 ° 1.48 6 0.24 Prolate
(152)

B. Higher ionic
strength buffer
0.1 mM NaCl 131 6 15 84 6 12 65 19.4 ° 1.59 6 0.27 Prolate

(144)
3.5 mM NaCl 121 6 18 74 6 8 83.9 6.96 ° 1.64 6 0.30 Prolate

(141)
10 mM NaCl 99 6 14 63 6 10 67.0 7.9 ° 1.60 6 0.25 Prolate

(143)
30 mM NaCl 101 6 10 82 6 8 69.2 26.7 ° 1.23 6 0.14 Spheroidal

(141)
150 mM NaCl 114 6 5 92 6 9 75.8 91.4 ° 1.24 6 0.14 Oblate

(148) (min 5 60 Å)
400 mM NaCl 114 6 7 94 6 8 62.3 68.9 ° 1.22 6 0.12 Spheroidal

(145)
750 mM NaCl 325 6 40 48 6 11 93.6 4.3 ° 7.17 6 4.56 Extended

(143)
1200 mM NaCl 351 6 27 39 6 6 94.4 0.9 ° 9.23 6 1.60 Extended

(144)
1725 mM NaCl 312 6 44 26 6 5 98.9 0.7 ° 12.19 6 2.88 Extended

FIG. 4. Electrophoretic analysis of nucleosomes from different
ionic environments. The migration distance of nucleosomes in a 5%
polyacrylamide nondenaturing gel is shown in graph format for nucleo-
somes optimally fixed at the salt concentrations indicated with formal-
dehyde and glutaraldehyde to preserve nucleosome conformation prior
to analysis (21). At 0.1 mM NaCl, a second band was present with a
migration distance equivalent to that for nucleosomes in 3.5 mM NaCl
(open circle; see “Results”).

FIG. 5. Three-dimensional structures for nucleosomes in three
different ionic environments, determined by electron micros-
copy and image reconstruction techniques (26–28). A–C are struc-
tures for the nucleosomes prepared in the presence of 10, 30, and 150
mM NaCl, respectively. These reconstructions have heights and diam-
eters of 108 and 72 Å, 99 and 80 Å, and 80 and 110 Å, respectively. All
conformations are essentially circular when viewed from the top. Struc-
tures shown correspond to the theoretical volume for the combined
nucleic acid and protein components of the nucleosome. The scale bar
indicates 75 Å.
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DISCUSSION

The compendium of our results indicates directly that the
structure of the nucleosome has a propensity to change with
ionic environment and shows the existence of numerous differ-
ent ionic strength-dependent conformations that exhibit statis-
tically significant differences. Our characterization of nucleo-
some structure by electrophoretic analyses, two-dimensional
analyses of images, and three-dimensional electron microscopic
structure determination ranges over .4 orders of magnitude of
ionic environment and includes the direct determination of the
three-dimensional structure of three different nucleosome con-
formations. The different ionic environments in this study were
selected as points beyond and midway between ionic environ-
ments indicated in other studies as ionic strengths at which
nucleosome structure changes: 0.4 mMNaCl (10), 1 mMNaCl (7,
8, 11), 6 mM NaCl (8, 11), 16 mM NaCl (11), 50 mM NaCl (11),
250 mM NaCl (9, 11), 550 mM NaCl (9, 12), 950 mM NaCl
(11–13), and 1450 mM NaCl (12, 13). However, the correspond-
ing structural changes in those studies were inferred or re-
mained unaddressed.
The conformational changes detected in this study are con-

sistent with other biophysical studies that have investigated
nucleosome structure generally within narrow ranges of ionic
environments (1, 2, 9) and may be similar in part to structural
changes induced by physiologically important charge-modify-
ing post-translational modifications (3, 4, 31–32, 41, 42). The
potential of the nucleosome to undergo morphological changes
is supported by early microscopic studies on polynucleosomes
(43), although most of the non-canonical forms seen were re-
ferred to as unfolded (1, 43), and by other biophysical studies
that have indicated that polynucleosomes undergo salt-depend-
ent structural changes (44). Although comparisons with our
work are suggestive, structural changes of polynucleosomes
may not correspond directly to conformational changes of
mononucleosome particles as investigated here since DNA
length has also been found to affect transitions of the particle
(8).
Our nucleosome structures agree with photo-footprinting re-

sults that indicate a highly elongated nucleosome structure
below 0.3 mM NaCl; moreover, they support proposals of an
elongated prolate nucleosome structure at this ionic environ-
ment (30). Above this ionic strength, at 3 mM NaCl, our results
indicate that the nucleosome changes to a more prolate and less
extended form. This is supported by hydrodynamic and fluo-
rescence studies (7, 8, 10, 11) that indicate a major structural
change as ionic strength is increased from 0.3 to 3 mM NaCl. At
10 mM NaCl, a prolate form for the nucleosome was observed in
this study by conformational characterization and by three-
dimensional reconstruction. Its shape and size are consistent
with previous three-dimensional (20) and two-dimensional (21,
22, 23) analyses of images. A unique form for the nucleosome at
10 mM NaCl, distinct from that at lower salt concentrations,
should exist since fluorescence and sedimentation studies in-
dicate a change in structure between 3 and 10 mM NaCl (8, 11).
The calculated radius of gyration (20) of 37.9 Å for this 10 mM

NaCl reconstruction (Table II) coincides with the experimental
value of 37.6 Å determined by neutron scattering for nucleo-
somes in a similar ionic environment (45).
Another, more spherical form for the nucleosome is indicated

by this study at 30 mM NaCl. This is supported by observations
of a conformational change between 10 and 30 mM NaCl (11)
and by neutron scattering experiments that indicate a spheri-
cal conformation in a virtually equivalent ionic environment
(46). The radius of gyration for this reconstruction (Table II)
was determined to be 38.5 Å, an increase from the value at 10
mM NaCl. The value determined using neutron scattering is
larger as well, 39.4 Å (46).
Upon further increases in ionic strength to 150 mM NaCl, a

major change in nucleosome structure occurs in which its shape
becomes oblate. The existence of a modification in conformation
upon increasing ionic strength from 30 to 150 mM NaCl is also
supported by the work of others (11). The oblate form detected
in this study at an ionic environment resembling physiological
conditions (in terms of monovalent cation concentration) ap-
proaches the crystallographic nucleosome structure (14–17).
The three-dimensional reconstruction exhibits the same 110-Å
diameter as the crystallographic conformation (15) and also
approximates the high resolution core histone octamer struc-
ture modeled with DNA (18, 19). However, each hemisphere of
the nucleosome is 10 Å greater in height than that in the
crystallographic conformation. This is not necessarily surpris-
ing given that the ionic conditions used are not the same as the
crystallographic conditions that typically include divalent cat-
ions, polyamines, and detergents (14–19), resulting in a chem-
ical environment with an overall higher effective ionic
strength. In addition, it is possible that the exact edge-on view
showing the minimum particle height was under-represented
in the electron micrographs and therefore underweighted in
the three-dimensional reconstruction. The calculated radius of
gyration of 39.1 Å for this reconstruction (Table II) is close to
calculated values that range from 39.2 to 40.9 Å for the parti-
cles that have conformations consistent with the canonical
crystallographic structure (47–49).
A further conformational change to a less oblate form ob-

served in this study by microscopy of particles prepared in the
presence of 400 mM NaCl is supported by findings of a transi-
tion between 150 and 400 mM NaCl by fluorescence studies (9,
11). This change is consistent with the overall structural
change of the nucleosome characterized by Dong et al. (50) in
the range of 100–600 mM NaCl. Using detailed physicochemi-
cal analyses in that study, it was concluded that both DNA and
histones exhibit changes as salt is increased in this range,
consistent with a trend to a more relaxed secondary structure
(50). At still higher ionic strengths, the nucleosome structure
undergoes a major elongation and disruption as reflected in our
micrographs of the particle and supported by a variety of stud-
ies (12, 13, 51). At 750 mM NaCl and higher ionic strengths, the
particle appeared in our study as a highly extended bent rod.
Above 950 mM NaCl, H2A-H2B dimer disassociation has been
reported using circular dichroism and fluorescence spectros-
copy (12, 13). This is consistent with our micrographs of the
particle prepared in the presence of 1200 mM NaCl and evident
as a thinning of the nucleosome particle (Figs. 1G and 3 and
Table I, part B), a decrease in mass, as well as the appearance
of smaller particles consistent with the relative mass of a
H2A-H2B dimer (data not shown). At a still higher ionic
strength, 1725 mM NaCl, the structure appears even thinner in
micrographs (Figs. 1H and 3 and Table I, part B) and has a
decreased mass, consistent with observations that (H3-H4)2
tetramer dissociation occurs above 1450 mM NaCl (12, 13).
However, as characterized by Yager and van Holde (52), the

TABLE II
Characteristics of three-dimensional reconstructions including

dimensions and calculated radii of gyration
Comparisons with literature values are given under “Results.”

Nucleosomal
ionic

environment
Height Diameter Radius of

gyration

Å Å Å

10 mM NaCl 108 72 37.9
30 mM NaCl 99 80 38.5
150 mM NaCl 80 110 39.1
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observed nucleosome disassociation is expected to be more
acute at the nucleosome concentration of 0.3 A260/ml used here
than at higher nucleosome concentrations.
In summary, the results presented here indicate that nucleo-

some structure changes with ionic environment, indicating the
effects of pervasive ionic interactions and charge effects (18, 19,
53). This report provides a structural basis for the study of
conformational changes elicited by divalent ions and by specific
charge modifications as the result of physiological require-
ments during the cell cycle or differentiation such as the acety-
lation, phosphorylation, and poly(ADP-ribosyl)ation of nucleo-
somes, which result in altered structures (32, 33, 54, 55). It also
explains directly the different structures obtained previously
by three-dimensional reconstruction and by crystallography.
Moreover, the results establish a consistency between changes
in nucleosome conformation seen in structural studies and
alterations of the nucleosome observed by genetic and biochem-
ical approaches, which also indicate a dynamic nature for this
biochemically active macromolecular complex.
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