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Fluorescence Anisotropy Decay of Ethidium Bound to Nucleosome Core Particles.
1. Rotational Diffusion Indicates an Extended Structure at Low Ionic Strength'
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ABSTRACT: The fluorescence decay of ethidium intercalated into the DNA of nucleosome core particles
increases in average lifetime from about 22 ns in H,O to about 39 ns in D,0O. This increase, combined with
the acquisition of large amounts of data (on the order of 10® counts per decay), allows measurement of
anisotropy decays out to more than 350 ns. The overall slow rotational motions of the core particle may
thereby be more clearly distinguished from the faster torsional motions of the DNA. In 10 mM NaCl at
20 °C, we recover a long correlation time of 198 ns in D,O (159 ns when corrected to a viscosity of 1.002
cP), in agreement with the value of 164 ns obtained in H,O. These values are consistent with hydrodynamic
calculations based on the expected size and shape of the hydrated particle. To support our conclusion that
this long correlation time derives from Brownian rotational diffusion, we show that the value is directly
proportional to the viscosity and inversely proportional to the temperature. No significant changes in the
rotational correlation time are observed between 1 and 500 mM ionic strength. Below 1 mM, the particle
undergoes the “low-salt transition™ as measured by steady-state tyrosine fluorescence anisotropy. However,
we observe little change in shape until the ionic strength is decreased below ~0.2 mM, where the correlation
time increases nearly 2-fold, indicating that the particle has opened up into an extended form. We have

previously shown that the transition becomes nonreversible below 0.2 mM salt.

N ucleosome core particles are subunits of chromatin
structure consisting of a 146 base pair (bp)! segment of DNA
wrapped around a protein core composed of two each of the
histones H2A, H2B, H3, and H4. The results of early hy-
drodynamic studies, together with later neutron diffraction,
electron microscopy, and X-ray diffraction studies, have all
combined to provide a general picture of the structure of the
core particle complex. The model which has arisen shows the
core particle to be roughly disk-shaped, with a diameter of 110
A and a thickness of 57 A [for a review, see van Holde (1988)].

A large fraction of the eukaryotic genome, including both
active and inactive genes, is organized into nucleosomes; the
biological functions of chromatin (i.e., replication, transcrip-
tion, repair, etc.) will require mechanisms for the transient
unraveling of this structure. The nucleosome core particle has
been shown to undergo several different in vitro conformational
transitions in response to changes in the solvent environment.
Although the conditions required to induce many of the ob-
served transitions are far from physiological, the nature of the
changes involved are of interest because they reflect alterations
in histone-histone or histone~DNA interactions which might
also be possible in vivo. For this reason, a number of labo-
ratories, including our own, have been examining such tran-
sitions by a variety of methods.

The low-salt transition of nucleosome core particles has been
extensively studied, and several conflicting reports have ap-
peared in the literature. Our laboratory has performed a
number of studies in order to characterize this transition and
to try to resolve some of these conflicts (Libertini & Small,
1980, 1982, 1984a, 1987a; Small et al., 1988, 1991; Brown
et al., 1990). One facet of the transition which has received
considerable attention is the change in shape of the particle.
That this transition involves a substantial unfolding of the core
particle was demonstrated by Wu et al. (1979) and by Burch
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and Martinson (1980), who found that it was completely in-
hibited by dimethyl suberimidate cross-linking of the core
histones. Early electric dichroism studies indicated a large
change in the dipole moment and rotational diffusion coef-
ficient, consistent with a major opening of the core particle
(Wu et al., 1979). On the other hand, later studies using
low-angle neutron scattering by Mita et al. (1983), Uberbacher
et al. (1983), and Hirai et al. (1988) report only small changes
in the radius of gyration of the particle at low ionic strength
and conclude that there is very little shape change occurring.

High-salt unfolding and dissociation have been studied by
sedimentation, CD spectroscopy, and 'H NMR; the data all
point to a loosening of the core particle structure at ionic
strengths >500 mM as a result of weakened protein-DNA
interactions [reviewed in van Holde (1988)]. At salt con-
centrations >800 mM, a stepwise removal of the core histones
is observed as the particle begins to dissociate (Burton et al.,
1978).

Decay of fluorescence anisotropy provides a means of
measuring rotational diffusion of macromolecules. The ro-
tational diffusion coefficients obtained are very sensitive to
shape and size (Small et al., 1991); small changes in the
macromolecule can result in significant changes in the an-
isotropy decay. Most of our earlier work involved measure-
ments of the intrinsic tyrosine fluorescence. However, tyrosine
fluorescence decays with too short a lifetime (only 1-2 ns) to
be useful for measurements on the time scales necessary for
the determination of core particle rotational diffusion; we have
instead utilized the intercalating dye ethidium bromide as a
probe of these rotational motions.

Ethidium is a fluorescent molecule which binds to DNA in
solution by intercalation between adjacent base pairs. Such

! Abbreviations: bp, base pair(s); H2A, H2B, H3, and H4, histones
H2A, H2B, H3, and H4, respectively; SDS, sodium dodecyl sulfate;
PAGE, polyacrylamide gel electrophoresis; @mas, Maximum anisotropy
decay lifetime obtained from method of moments or least-squares
analysis; [M*], cation concentration.
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binding results in a large increase in the fluorescence quantum
yield with the decay lifetime increasing to about 22 ns from
a value of about 1.6 ns (unpublished observation) for free
ethidium. Ethidium also binds readily to the core particle, with
changes in fluorescence properties similar to those which occur
upon binding to free DNA (Ashikawa et al., 1983; Genest et
al., 1982). These changes suggest that binding to the core
particle also occurs by intercalation into the DNA. Recent
studies involving tritiated azidoethidium covalently bound to
core particles support the conclusion that ethidium binds to
the DNA with little or no binding to the protein (McMurray
et al., personal communication).

The fluorescence anisotropy of ethidium bound to core
particles will decay in response to all of the various depolarizing
motions that the moiety can undergo during the lifetime of
the excited state. These motions can be classified as (1)
subnanosecond wobbling motions of the ethidium within its
binding site (Millar et al., 1980; Magde et al., 1983), (2) slower
torsional motions of the DNA on an intermediate time scale
(Genest et al., 1982; Wang et al., 1982; Ashikawa et al., 1983;
Schurr & Schurr, 1985; Wabhl et al., 1970; Winzeler & Small,
1991), and (3) very slow motions due to overall rotational
diffusion of the particle on a time scale of hundreds of na-
noseconds. Early studies using the fluorescence anisotropy
decay of ethidium bound to nucleosomes (Ashikawa et al.,
1983; Genest et al., 1982) concentrated on the DNA flexing
motions, because these occur in time scales accessible to their
measurements.

In some of the experiments presented here, we have extended
the time range accessible in the anisotropy decay by substi-
tuting D,O for H,0. In D,O, the lifetime of DN A-bound
ethidium increases to nearly 40 ns, due to a reduced exchange
rate of deuterons between the solvent and the excited-state
chromophore (Olmsted & Kearns, 1977). Combined with the
use of a high repetition rate picosecond laser as the excitation
source and long data collection times, the use of D,O as a
solvent extends the time range available for ethidium
fluorescence decay measurements to more than 350 ns. This
extended time scale diminishes the degree to which torsional
flexing of the DNA will interfere with observation of the effects
of rotational diffusion. Since experiments in both D,O and
H,0 recover the same rotational diffusion properties, we
conclude that, even when H,O is used as the solvent, the
rotational motions of the core particle may be studied by using
ethidium fluorescence.

In this work, we first show that ethidium fluorescence may
be used to obtain accurate information on the rotational
motions of nucleosome core particles. We then examine the
effects of a wide range of salt concentrations on these rotational
motions, with a particular emphasis on low ionic strengths.

MATERIALS AND METHODS

Materials

Deuterium oxide (D,0), erythrosin B, and calf thymus
DNA were from Sigma Chemical; ethidium bromide was from
Molecular Probes.

Chicken erythrocyte core particles were prepared as pre-
viously described (Libertini & Small, 1980; Libertini et al.,
1988). This procedure involves a brief predigestion of ex-
tracted chromatin with micrococcal nuclease, extraction of the
noncore chromosomal proteins with CM-Sephadex, final nu-
clease digestion to monomer core particles, and purification
by gel-exclusion chromatography on Sepharose 6B-CL.
Visualization of the proteins by using SDS-PAGE showed only
the four core histones present in equal amounts; native PAGE
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of DNA extracted from the core particles after Pronase di-
gestion of the histones or by hydroxylapatite chromatography
(Hirose, 1988) resolved as a single band with a size of 146
= 2 bp (results not shown). Concentrated stock solutions of
the core particles were prepared by using an Amicon Centricon
microconcentrator.

Methods

Data Collection. Steady-state tyrosine fluorescence intensity
and anisotropy were measured as described previously (Li-
bertini & Small, 1982; Libertini et al., 1988).

Fluorescence decay measurements were made on a lifetime
fluorometer using a synchronously pumped, cavity-dumped
picosecond dye laser as the light source. This instrument and
recent modifications have been described (Small & Anderson,
1988; Small, 1991a). In order to adequately excite ethidium
fluorescence, it was necessary to operate the dye laser with
rhodamine 575 in place of the more usual rhodamine 6G in
order to extend its response to the blue (Libertini & Small,
1987b). Samples were excited with vertically polarized light
at 556 nm. The fluorescence was isolated by using a Corning
CS 2-73 cutoff filter (50% transmittance at 585 nm) in com-
bination with a 593-nm band-pass filter (transmission half-
width ~15 nm) and detected with a Hamamatsu R1645U-07
red-sensitive, dual microchannel plate photomultiplier tube.
The dye laser pulse rate was 800 kHz, and the excitation
intensity was adjusted to give a data collection rate of about
20 kHz. These settings would result in a multiphoton event
rate on the order of 1.2% of total counts; through the use of
energy windowing, we are able to decrease the proportion of
multiphoton events to an estimated 0.4% contamination
(Hutchings & Small, 1990).

Data sets consist of 3 separate decays, each containing 1024
channels of data collected at a channel width of 0.376 ns/
channel. The first decay, E(t), was usually obtained by using
the decay of erythrosin in water. Due to its extremely short
lifetime [ ~ 0.09 ns (Libertini & Small, 1984b)], this decay
is nearly indistinguishable from the instrument response typ-
ically measured; in addition, the erythrosin decay can be
collected through the identical filter setup used for the col-
lection of the ethidium decays, thus eliminating one possible
source of error. The second and third decays are F|(z) (the
fluorescence emission of the sample collected through a ver-
tically oriented polarizer) and F, (¢) (fluorescence emission
through a horizontally oriented polarizer). To reduce errors
due to possible instrumental “drift” or laser fluctuation during
the extended periods of measurement, E(1), F,(¢), and F, (1)
were collected alternately for 10~15 min periods and the results
summed to form the complete data set.

A primary background for each sample was estimated by
blocking the excitation beam outside of the instrument and
collecting data. The average number of counts per channel
obtained, corrected to the total time of collection, was then
subtracted from each decay. Counting rates from samples of
core particles in the absence of ethidium were low and con-
sisted mainly of scattered light; thus, no correction for back-
ground from this source was necessary.

Data Corrections. The pulse rate of the mode-locked
Nd:YAG pump laser is 81.5 MHz, which is also the repetition
rate of the dye laser. The cavity dumper on the dye laser
reduces this pulse rate (to 800 kHz in our case) through the
use of an acousto-optical device called a Bragg cell. Ideally,
the Bragg cell deflects only the desired pulses out of the dye
laser cavity (Small, 1991a). However, secondary pulses, nearly
5 orders of magnitude lower in intensity than the main pulse
and spaced at an interval of ~12.3 ns (corresponding to the
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pulse period of the pump laser), also leak through and can be
observed in the measured E(1).

These secondary pulses contribute significantly to the
fluorescence decay of the sample at long times and will thus
distort the anisotropy decay calculated as described below. In
order to minimize this distortion, we generate correction files
which represent estimated contributions to the fluorescence
of all of the secondary pulses. Correction then involves sub-
tracting the corresponding correction files from the original
E(1), Fy(1), and F_(¢) data files. To generate the correction
files, we first determine the number of counts (,) in each
secondary peak of E(¢) relative to the number in the main peak
(Vo). Then, for each secondary peak, E(t), Fi(1), and F, ()
are multiplied by the peak ratio (V;/N,) and summed into
respective correction files after being shifted so as to match
the main peak position to the secondary peak in the unmodified
E(t). The adequacy of this numerical correction for the
convolution artifact was demonstrated by using simulated,
noiseless data comparable to the experimental results which
we show below.

Even after correction for background and for the secondary
excitation peaks, visual examination of the decays at long times
showed that they did not decay completely to zero as expected.
An additional correction was therefore made for this small
(10-30 counts per channel for decays containing 75 million
total counts) residual background level. Correction was made
by estimating the “secondary background” using a simple
two-component least-squares analysis on the tails of the decays
with one lifetime fixed at 106 ns; the resulting preexponential
factors corresponding to the fixed lifetime were then subtracted
from the decays before proceeding. Efforts to determine the
source of this extremely low-level “secondary background” have
been unsuccessful.

An overall sensitivity correction, S, is also needed. This
factor corrects for (1) the differential instrumental sensitivity
between the two polarization components, (2) the practice of
collecting F|(t) and F,(¢) at approximately equal counting
rates, and (3) any difference in the number of counts collected
in Fy(¢) and F (¢). The method used is described in Small
and Anderson (1988).

Calculations. After corrections for primary background,
secondary pulsing, and secondary background [yielding F(¢)
and F’, (¢)], the total fluorescence intensity decay (which will
have no contribution from the decay of the anisotropy) is
calculated as

Fi(1) = Fi(t) + 2SF/, (1) (1)
The anisotropy decay can then be approximated by
Fy(n - SF' (1)
Fi(1)

This approximation should be quite good since we are using
a fast laser source and a microchannel plate detector (Small,
1991a). Use of eq 1 and 2 effectively separates the contri-
butions of the intensity decay and the anisotropy decay, per-
mitting them to be analyzed separately. The resulting analyses
are thus greatly simplified as compared to direct deconvolution
of F(¢) and F, (), which, for the type of data presented here,
would require simultaneously solving for at least 12 parameters
[three exponential decay times and 3 preexponential factors
for each of Fi(¢) and r(¢)]. Analyses of simulated fluorescence
decay data [F(¢) and F (¢)] demonstrated that use of eq 2
to approximate the anisotropy decay does not introduce sig-
nificant distortions for our purposes since decay components
with lifetimes lower than 2 ns could be accurately recovered.
It is important to note, however, that the usefulness of eq 2

r(n) = (2)
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for experimental data depends critically on the correction
described above for secondary pulses in the excitation and to
a lesser degree on the secondary background correction.

Data Analysis. Total fluorescence decays, F/(t), were
analyzed as sums of exponentials using method of moments
deconvolution with A invariance (Small, 1991b; Small et al.,
1989; Isenberg & Small, 1982). Distribution analyses of the
total decays were performed by using the method of moments
as recently described (Libertini & Small, 1989). Anisotropy
decays were analyzed directly (no deconvolution) by both a
method of moments and a least-squares fitting method. The
least-squares analysis program was based on the Marquart
search algorithm as described by Bevington (1969). In all
cases, the method of moments and least-squares analyses gave
comparable results for ¢,,, the longest recovered anisotropy
decay lifetime.

The deviation, d;, of the calculated fits to the anisotropy
decay data was computed as

=5

d; = 3

v )2

where 7, 5;, and v, are the experimental result (the anisotropy
decay data calculated from eq 2), the calculated fit (sum of
exponentials from the method of moments or least-squares
analysis), and the variance of the experimental result at
channel i, respectively. The variance (v;) was calculated by
using standard error progression and the assumption that the
variance of F’; is equal to F’; + background for the corrected
decay data (|{ and L components). Omitting the “i” subscript
from v, F, F', and F’, for simplicity:

IS?(Fy + B)F’, 2 + (F'L + O)F?
= F/t4
where b and c are the total backgrounds (primary + second-
ary) subtracted to give F and F’,, respectively. Calculation
of the fitting parameter (reduced x? value) used in the

least-squares analysis program included v; as the weighting
factor for the squared residuals.

1

4

RESULTS

Fluorescence Intensity Decay of Ethidium Bound to Core
Particles. The high repetition rate of our cavity-dumped dye
laser (800 kHz) allows us to collect on the order of 100 million
monophoton fluorescence events each in Fi(f) and F (¢) during
a 3—4-h period. After data correction as described above, these
two decays can be combined by using eq 1 to yield F/(¢), the
total fluorescence decay. Examples of F/(t) are plotted on
a log scale in Figure 1 for ethidium bound to core particles
in H,O and D,0. Two features of these decays are note-
worthy. First, the total fluorescence is detectable over more
than 4 orders of magnitude before decaying off into back-
ground noise. Second, even with this large amount of data,
the decays appear to be approximately straight lines, showing
that the they are, to a first approximation, nearly monoex-
ponential.

Initial analyses of these decays as sums of exponentials
indicated at least three components—a well-resolved long
lifetime, a less well resolved intermediate lifetime, and a poorly
resolved short lifetime making only a small contribution. To
improve the resolution of the intermediate decay lifetime, we
tried fixing the short lifetime using the filter method of Cheng
and Eisenfeld (1970) which does not restrict the corresponding
preexponential factor (). We have previously shown this
method to be very effective for the resolution of closely spaced
decays (Libertini & Small, 1983). The effect of the fixed
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FIGURE 1: Total fluorescence decays, F(r), of ethidium bound to
chromatin core particles in H,O and D,O. Samples were prepared
by adding core particles to a buffer solution to give final concentrations
of 0.6 uM core particles, 0.2 mM Tris—cacodylate, 0.73 uM ethidium
bromide, and 10 mM NacCl in either H,O or D,0; the pH and pD
values were estimated to be 6.5 and 6.9 (Covington et al., 1968),
respectively. All samples were equilibrated 6080 min at room
temperature prior to measurement; the temperature during mea-
suremnent was kept constant at 20 °C. The summed data sets contained
approximately 2.5 X 10 total counts. The inset shows results obtained
from distribution analyses of the summed decays (Libertini & Small,
1989).

Table I Analysis Results on Total Fluorescence Intensity Decays of
Ethidium Bound to Core Particles or Free DNA

component?
sample 1 2 3 Tl
core particles in H,O¢ a, trace 035 1.00

n <5 154 239 223
core particle DNA in H,0¢ «; trace 030 1.00

n <5 170 244 231
core particles in D,O* a, trace 0.13 1.00

n <3 259 404 393
core particle DNA in D,0/ «; trace 0.08 1.00

n <7 25,5 41.1 403
calf thymus DNA in D,O# a;, trace 009 1.00

n <7 248 414 406

aParameters listed were obtained by using Cheng—Eisenfeld filters
for the lifetime of the trace component in order to improve the resolu-
tion of the major components (see text). Results were essentially in-
dependent of the value chosen for the filter within the range shown.
b Intensity-weighted average liftime [7,, = (o372® + ayr3?)/(ay7s +
ay74)] for the major components. €A total of 243 million counts; 3.9
million in the peak channel. Decay shown in Figure 1. ¢Prepared by
hydroxylapatite chromatography; [NaCl] = 100 mM. A total of 125
million counts, 1.9 million in the peak channel. €A total of 245 million
counts, 2.3 million in the peak channel. Decay shown in Figure 1.
SPrepared by Pronase digestion followed by standard phenol/chloro-
form extraction; [NaCl] = 10 mM. A total of 260 million counts, 2.4
million in the peak channel. #[NaCl] = 10 mM. A total of 250 mil-
lion counts, 2.2 million in the peak channel.

lifetime was examined over a range of values in an effort to
find the one giving the most stable result according to the rules
of method of moments. The results are listed in Table I. Only
a maximum value is listed for the trace decay lifetime since
the « and 7 values obtained for the two major components were
relatively independent of the set filter lifetime. Table I also
includes results obtained with ethidium bound to free core
particle DNA and to high molecular weight calf thymus DNA.
Although the parameters obtained with free DNA are very
similar to those obtained for the core particle decays, the free
DNA samples exhibit somewhat higher lifetimes, clearly ap-
parent in the averages listed. While small, this difference is
consistently observed and may indicate that the binding sites
of ethidium on core particles are somewhat more exposed to
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FIGURE 2: Raw fluorescence data for ethidium bound to chromatin
core particles in D,O. The sample was the same as that used for Figure
1. E(t) is the measured excitation; Fy(¢) and F, (¢} are the decays
obtained with the emission polarizer parallel or perpendicular to the
excitation polarization direction.

quenching than those on free DNA.

There are a wide variety of possible binding sites for ethi-
dium intercalated in random-sequence DNA. Due to possible
differences in the degree of quenching, such variety could result
in a large number of closely spaced lifetimes contributing to
the intensity decay. The inset to Figure 1 shows the results
of analyses of the intensity decays in terms of a continuous
distribution of lifetimes (Libertini & Small, 1989). The results
indicate narrow, nearly symmetrical distributions with only
slight skewing to shorter lifetimes. As expected, the peaks of
the distributions fall near the average of the lifetimes listed
in Table L.

Anisotropy Decay Is Dominated by a Single Long Corre-
lation Time. Figure 2 illustrates the raw fluorescence data
[E(2), F\(1), and F ()] obtained from a sample of ethidium
bound to core particles in D,O. The regularly spaced spikes
(secondary pulses) following the main pulse in E(t) are due
to leakage of light from the cavity-dumped dye laser; the
correction of their contribution to the fluorescence decays is
discussed under Materials and Methods. It should again be
noted that the data are presented on a log scale to demonstrate
the monoexponential appearance of the decays. Significant
in this figure is the fact that Fy(¢) and F () both show very
little noise even 375 ns beyond the initial excitation, almost
10 times the lifetime of the DNA-bound probe in D,0.
Similar data from core particles in H,O (not shown) decay
off into background noise at around 250 ns (as in Figure 1).

The anisotropy decay is a function of the difference between
the two fluorescence decay components (see eq 2) and is
therefore intrinsically much noisier than the total fluorescence.
For measurements of rotational diffusion, the intensity decay
lifetime of the ideal probe would be comparable to the rota-
tional correlation time for the macromolecule of interest.
When it is much smaller, as is usually the case here, it becomes
necessary to collect a very large number of counts in the
intensity decay components in order to improve the signal-
to-noise level and extend the useable range of the anisotropy
decay to longer times.

Figure 3A shows anisotropy decays for ethidium bound to
core particles in H,O and D,0 at 20 °C. When plotted on
a log scale, the shape is marked by an initial curvature out
to ~50 ns, followed by a slower, apparently linear decrease
out to the limits of the data. We analyzed these decays as
simple sums of exponentials; the results obtained from method
of moments analysis are shown in Table II and and are sup-
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FIGURE 3: Examples of fluorescence anisotropy decays of ethidium
bound to core particles. (A) shows anisotropy decays in H,O and
D,0, along with calculated curves derived from analyses of the data.
Samples contained 0.6 uM core particles, 0.18 uM ethidium bromide,
and 10 mM NaCl. (A) Anisotropy decays; for clarity, only data for
the channel range analyzed are displayed. (B) Deviation plot for the
result in D,O. (C) Deviation plot for the result in H;O. Note that
in (B) and (C) deviations are included for much wider channel ranges
than used for analysis; the last channel used for analysis is marked
by an arrow.

Table II: Results of Analyses on Anisotropy Decays for Ethidium
Bound to Core Particles?

component
solvent 1 2 3 (Omar)
H,0 8; 0.016 0.037 0.29
&; 3 18 164
D,0 8; 0.013 0.036 0.29
Y 4 21 198.5

2The decays analyzed are those shown in Figure 3.

ported by results of least-squares analyses. The smooth curves
included in Figure 3A are those calculated from the parameters
in the table. Deviation plots, based on eq 3 and 4 and shown
as Figure 3B,C, indicate an excellent correspondence with the
experimental decays at long times.

The anisotropy decays are dominated by a single, long decay
lifetime (¢n,,) Which we attribute to rotational tumbling of
the core particle and is well resolved from the other compo-
nents of the decay. Support for this assignment will be detailed
under Discussion. The two minor components are presumed
to represent anisotropy decay arising from the torsional
twisting and bending motions of the DNA. Although the fit
to the data is excellent, representation of such complex motions
by a sum of two exponentials is clearly simplistic. We will
make no attempt to discuss these motions in this report; the
following paper in this series (Winzeler & Small, 1991) details
more rigorous analyses of the torsional motions of the DNA
according to a model described by Schurr (Schurr, 1984;
Schurr & Schurr, 1985).

The effects of viscosity and temperature on ¢, are pres-
ented in Figure 4 as a plot of 1/¢y,, against /. A simple
linear fit of the points is shown by the straight line. The
observed linear dependence provides evidence that ¢, is
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FIGURE 4: Reciprocal of the longest recovered anisotropy decay lifetime
of chromatin core particles (¢r,,) plotted as a function of 7/5. From
left to right, the samples were in (a) H,O at 7.1 °C with 14.2% sucrose,
n = 2.236 cP; (b) D,O at 6.5 °C, n = 1.891 cP; (c) H,0 at 13.1 °C
with 14.2% sucrose, n = 1.889 cP; (d) H,O at 6.5 °C, 5 = 1.450 cP;
(e) [coincident with (d)] H,O at 20 °C with 13.7% sucrose, n = 1.519
cP; (f) D,O at 20 °C, n = 1.247 ¢P; (g) D,O at 23 °C, n = 1.152
cP; and (h) H,0 at 20 °C, 7 = 1.002 cP. Viscosities for samples in
H,0 were estimated from the CRC Handbook of Chemistry and
Physics, 60th edition; viscosities for D,O were calculated by using
equations presented by Matsunaga and Nagashima (1983). Samples
contained 0.6 uM core particles, 10 mM NaCl, and ethidium bromide
at 0.18 uM (samples a—e), 0.7 uM (f, h), or 0.07 uM (g).

indeed a measure of the rotational correlation time of the core
particle.

Value of ¢y Is Insensitive to pH. Core particles have been
found to undergo a transition with increasing pH, centered
near pH 7 and characterized by small changes in the circular
dichroism of the DNA and in the steady-state fluorescence
anisotropy of the intrinsic tyrosine residues (Libertini & Small,
1984a). The results suggested that core particles have a
somewhat looser structure at higher pH. Although the sed-
imentation coefficient did not show any significant effect of
pH, rotational diffusion is considerably more sensitive to size
and shape. We therefore examined the effect of pH on the
anisotropy decay of ethidium bound to core particles at 10 mM
ionic strength. No significant pH dependence was found for
¢max (results not shown). There were, however, significant
effects observed for the two shorter recovered lifetimes. As
stated above, we attribute these to the torsional motions of the
DNA and do not characterize them here. As will be shown
in the companion paper, significant effects of pH on the
torsional motions of the DNA can be characterized (Winzeler
& Small, 1991).

Core Particle at Very Low Ionic Strength. When the ionic
strength is reduced below about 3 mM, we have observed core
particles to undergo a transition characterized by changes in
steady-state tyrosine fluorescence anisotropy and intensity, in
circular dichroism of the DNA, and in sedimentation coef-
ficient. The results suggest an opening of the core particle
with decreasing salt concentration (Libertini & Small, 1982;
Libertini et al., 1988). An example of the results obtained
with tyrosine anisotropy in the presence of ethidium is shown
in Figure 5A (filled circles). Results from a control experiment
done in the absence of ethidium are also shown (plus symbols)
and demonstrate that binding of ethidium at the ratio of 0.3
per core particle has no significant effect on the shape or extent
of the “low-salt transition”. Even at a binding ratio of 1.2
ethidiums per core particle, the transition is relatively
unaffected—a ~30% decrease in the overall change of an-
isotropy is observed (not shown). Nevertheless, one must keep
in mind the possibility that core particles with an ethidium
bound may respond somewhat differently to low ionic strength
than those without.

In the following experiments, it would have been preferable
to use D,0 as the solvent in order to extend the time range
of the anisotropy decay data obtained and thus better define



5298 Biochemistry, Vol. 30, No. 21, 1991

0.23
2
15 0.22
1=
Q
1]
‘2 021
Lo
0.20F A
L )
300
= L]
200
"B
100
6 -5 4 3 2 1 0 1

Log [M*]

FIGURE 5: Effects of ionic strength on the steady-state tyrosine
fluorescence anisotropy (A) and on ¢, (B) for nucleosome core
particles. A concentrated stock of core particles in 1 mM Tris-HCl,
pH 8.0, was prepared by repeated washings using a Centricon mi-
croconcentrator. Filled circles are results obtained when this stock
was diluted directly into solutions of the given ionic strength. Open
circles are results obtained for samples first diluted into distilled water
to obtain the very low ionic strength; after 1 h at room temperature,
NaCl at 10 times the final concentrations was added to give the
indicated ionic strength. Samples contained 0.6 uM core particles,
0.18 uM ethidium bromide, 0.003 mM Tris-HC], and NaCl to give
the indicated final [M*].

values of ¢, This was not done because experiments run
in D,0 similar to those shown in Figure 5A consistently gave
a much smaller tyrosine anisotropy change, making inter-
pretation of any results obtained in D,O questionable. How-
ever, the consistency of the values for ¢,,, shown by Figure
4 indicates that mean rotational correlation times as high as
400 ns (core particles in 14.2% sucrose at 7 °C) can be es-
timated with good accuracy from decays with H,O as the
solvent.

The effect of ionic strength on @p,, values obtained at 0.3
ethidium per core particle is shown in Figure 5B as filled
circles. Little variation is observed from 500 mM salt down
to 1 mM, a range over which correspondingly little change is
seen in the tyrosine anisotropy. Between 1 and 0.1 mM, the
tyrosine anisotropy decreases by about half the total change
observed while ¢, increases slowly but correspondingly from
~170 to ~205 ns. Slightly below 0.1 mM, a sharp increase
in ¢, is seen after which the values plateau at ~330 ns below
0.01 mM.

To illustrate the magnitude of the changes observed in the
anisotropy decays with changing salt concentration, Figure 6
compares anisotropy decays for ethidium bound to core par-
ticles at different ionic strengths. Curves calculated from the
recovered decay parameters are shown in order to avoid ob-
scuring the comparison by noise. Curve B is replotted from
Figure 3A for core particles in H,O at 10 mM ionic strength
(Dmax = 159 ns). Curve A was obtained with core particles
taken to very low ionic strength (0.003 mM Tris-HCI, ¢,
= 318 ns). In each case, the decay for times greater than ~60
ns is essentially linear, corresponding to depolarization due
to rotational diffusion. The curvature below 60 ns, which we
attribute to DNA torsional motions, is visibly different for the
two samples, being somewhat greater on average for the
sample at very low ionic strength.

Core Particle Does Not Open until Irreversible Changes
Occur. As long as core particles are not subjected to ionic
strengths below 0.2 mM, the low-salt transition as measured
by steady-state tyrosine fluorescence appears to be reversible.
As the ionic strength is reduced further, progressively greater
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FIGURE 6: Anisotropy decays of ethidium bound to core particles and
core particle DNA. Samples were prepared in H,O at 20 °C. Core
particles in (A) 0 M NaCl, (B) 0.01 M NaCl, (C) 0.6 M NaCl, and
(D) 1.1 M NaCl. (E) Core particle DNA in 0.1 M NaCl. Samples
also contained 0.6 uM core particles or core particle length DNA,
0.18 uM ethidium bromide, and 0.003 mM Tris-HCI (the latter added
with the core particles). Data were collected as described in Figure
1.

Table III: Irreversibility of the Low-Salt Transition

M* ] in (M*)finat” Drnax scatter®

0.003 318

1 164 0.845

10 170 0.988

100 190 1.017

0.003 1 291 0.857

0.003 10 191 0.995

0.003 100 360 1.387
0.4 1 194
0.3 10 193
0.3 100 222

aUnits are millimolar. Samples were prepared by diluting a con-
centrated core particle stock (1 mM Tris-HCI, pH 8.2, and 125 uM
core particles) into water or NaCl solutions. Absence of a value for
[M*] i indicates that the stock was diluted directly to [M*]gn,
Otherwise, the dilution was to the indicated minimum cation concen-
tration, [M*] ., followed about 1 h later by the addition of 0.1 volume
of an NaCl solution to give [M*]s,,. The final core particle concen-
tration was about 0.35 uM for all samples. [M*],, = 0.003 mM
represents dilution of the concentrated core particle stock directly into
water. This value is calculated from the concentration of Tris~H* ions
expected to be contributed from the stock solution (without considera-
tion of possible Donnan effect during preparation of the stock which
can be expected to result in higher Tris~H* concentrations, including
those bound to and associated as counterions with the core particles).
bRelative scatter measured at 90° from the incident beam. The
wavelength used was 365 nm.

degrees of irreversible change in the particles can be demon-
strated (Libertini & Small, 1987a). The recovered ¢,
(Figure SB) increases only slightly down to about 0.2 mM;
below 0.2 mM, ¢,,, increases steeply and plateaus at nearly
twice the value measured at moderate ionic strength.
Figure SA (open circles) shows tyrosine anisotropy results
obtained when core particles were first diluted to very low salt
concentration and then shifted to higher ionic strengths in the
presence of ethidium. The results are very similar to those
obtained without ethidium (Libertini & Small, 1987a). Table
III lists ¢p., values for such samples; results obtained by
dilution directly to the final salt concentrations are included
for comparison. For a sample brought from very low salt
concentration to 1 mM, ¢, decreased only slightly, remaining
much higher than for a sample diluted directly to 1 mM; thus,
core particles with ethidium bound also experience irreversible
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effects of exposure to very low salt concentration. The sample
taken from low salt concentration to 10 mM gave a much
lower ¢, indicating refolding; however, the result is sig-
nificantly higher than the 170 ns obtained by direct dilution
to 10 mM salt. These two results are consistent with earlier
observations.

Completely unexpected was the result for samples taken
from low salt to 100 mM NaCl, which exhibited high values
for @max €ven larger than the maximum in Figure 5B. Further
characterization by electrophoresis of samples on 5% poly-
acrylamide gels (after concentrating with Amicon microcon-
centrators), visualized by the usual ethidium staining tech-
nique, showed a weak smearing of intensity above the core
particle band. The smearing extended to the top of the gel
with evidence of one or two discrete bands at about the pos-
itions of dimer and trimer nucleosomes. This smearing in-
dicates aggregation of a portion of the core particles. A control
sample, diluted directly to 100 mM salt, gave no evidence of
aggregation. An equivalent sample taken from very low salt
concentration to 10 mM showed evidence of aggregates, but
at a much lower level.

The possibility of aggregation was also examined by mea-
surement of scattered light, and the results are included in
Table IT1. A difference is observed only for a final concen-
tration of 100 mM salt. The low level of aggregate indicated
by electrophoresis for the sample taken from very low salt to
10 mM may be responsible for the slightly high value of ¢,
obtained. However, it is very unlikely that aggregation can
account for the differences in ¢, obtained at 1 mM ionic
strength.

Table IIT also lists ¢, for samples taken to salt concen-
trations within the range of the reversible low-salt transition
and then shifted to higher salt. In this case, the results at 1
and 10 mM final salt are indistinguishable and only slightly
higher than the controls. Other results suggest that the slight
increase in ¢, derives at least partially from the extra pro-
cessing required for these samples. For the sample diluted to
0.3 mM and then raised to 100 mM salt, the value of @, is
again high; we suspect that this result (and the formation of
aggregates evidenced above) arises from transient exposure
of the core particles to high salt concentrations during the
addition of 0.1 volume of 1.0 M salt needed to attain the final
concentration of 0.1 M.

Effects of High Salt Concentration on the Anisotropy
Decay. The dependence of ¢,,,, on salt up to 1.1 M is included
in Figure 5B. The recovered ¢, values show only a small
increase in the range of 1-500 mM NaCl followed by a sharp
increase at higher salt concentrations. Figure 6 includes curve
fits for the anisotropy decays obtained at 0.7 M (curve C) and
at 1.1 M salt (curve D). At 500 mM salt, the result would
be difficult to distinguish from that at 10 mM (curve B). The
progressive shift downward indicates that greater contributions
from depolarization due to DNA motions are occurring. For
comparison, the anisotropy decay shape obtained for free core
particle DNA is included (curve E), and it is apparent that
even at 1.1 M salt the result is closer to that for core particles
than to the free DNA decay. The source of increased cur-
vature at short times for 0.7 and 1.1 M salt is uncertain since
it is possible that the samples contain some free DNA.

DiscussIioN

Is ¢pqx @ Measure of the Core Particle Rotational Corre-
lation Time? Figure 4 demonstrates that values of ¢p,, ob-
tained for ethidium bound to core particles are directly pro-
portional to viscosity and inversely proportional to the tem-
perature, as expected for rotational correlation times at the
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molecular level. However, the rate and extent of the complex
torsional motions of DNA will also increase in magnitude with
temperature and be reduced by increases in viscosity, and it
would not be surprising if the slower motions of a section of
DNA on the core particle responded to temperature and
viscosity in @ manner similar to rotational motions of the whole
core particle. Thus, while demonstration of such linear de-
pendence suggests that ¢, is a measure of rotational motion
of the core particle, this fact alone does not prove it.

Perhaps the best evidence that ¢, reports accurately on
the rotational correlation time is that it is well resolved from
the shorter decay lifetimes. This can be seen visually in Figure
3A in that the decays are quite linear over a wide range of
time. Torsional flexing appears to make a relatively small
contribution to the decay, occurring only at short times. This
conclusion is verified by the second paper of this series
(Winzeler & Small, 1991) in which a more complex model
is used to describe the decay. Even though the data presented
in that paper have a much lower signal-to-noise ratio at long
times, when fit with the torsional model of Schurr and Schurr
the same rotational correlation time is recovered.

Further evidence that we are indeed measuring rotational
motion is the fact that the experimental ¢, values can be
predicted with surprising accuracy based on what is known
about the shape and size of the core particle. The nucleosome
core particle is reported to be approximately cylindrical in
shape, with a diameter of 110 A and a height of 57 A (Finch
et al., 1977; Richmond et al., 1984); this shape can be ap-
proximated as an oblate ellipsoid of equivalent volume (5.4
X 10% A%) and an axial ratio of about 2 (axes of 64, 127, and
127 A). Hydrodynamic theory can be used to calculate ro-
tational correlation times (equal to the resultant anisotropy
decay lifetimes) for rotational diffusion of ellipsoid-shaped
particles in solution. For a general ellipsoid with three unequal
axes, five rotational correlation times would normally be ex-
pected; however, two pairs of these are virtually equal, and
for all practice purposes, there will never be more than three
(Small & Isenberg, 1977). For a simple oblate ellipsoid like
the core particle, theory shows that there are three correlation
times, but these three will be so close that their resolution will
not be possible and only an intermediate value will be observed.
One would therefore predict a monoexponential anisotropy
decay arising from rotational diffusion of the core particle.
The rotational correlation time predicted for an oblate ellipsoid
of the dimensions given above in water at 20 °C would be
~161 ns, in excellent agreement with the longest anisotropy
decay lifetime listed in Table II.

Comparison to Other Results in the Literature. Table IV
lists results for the rotational correlation time of core particles
at intermediate ionic strengths obtained by different methods.
(Our results indicate that ionic strengths between 1 and 500
mM have little effect on the rotational correlation time.) All
of the literature values are larger than ours; only the one
obtained by Crothers et al. (1978) is in agreement within the
estimated uncertainty of the measurement. The studies by
Harrington were performed on an early preparation of nu-
cleosomes with a nonhomogeneous DNA length (the length
varied from 140 to 180 bp) which may have contributed to
the high value obtained. The nucleosome core particles pro-
duced by our procedure are highly homogeneous, with a
uniform DNA length of about 146 bp. The results of Wang
et al. (and those of Schurr and Schurr, who analyzed the same
set of data) may have been affected by the high binding ratios
used. Wang et al. used an average binding ratio of 2 methylene
blue dye molecuies per core particle where we generally used
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Table IV: Comparison of Our Rotational Diffusion Results with
Values from the Literature

source b2° Dygpa® RS VA he
Crothers et al/ 190@50 9x10° 57 64x10° 12
Harrington® 353 472 %105 70 150X 10° 3.8
Wang et al} 300 56%x10° 66 10.0x10° 2.3
Schurr and Schurr! 272.4 6.118 X 10° 64 9.2x10° 2.1
our work/ 164+ 3 102 x 10° 54 56%10° 1.0

2,0 is the observed mean rotational correlation time in nanoseconds
(corrected to 20 °C). ”D,ph‘m is the rotational diffusion coefficient (s™*;
6D,n20 = 1/¢). This equation assumes that the core particle is an
isotropic rotator (i.e., it has only one rotational correlation time). This
is true for a sphere and is a good approximation for oblate ellipsoids of
rotation (Small & Isenberg, 1977). ¢R, is the radius in angstroms of a
sphere which would have the reported rotational diffusion properties
(assuming a viscosity of 1.0 cP). ¢y = nV,/kT, with ¥, = (4/3)xR>;
k = Boltzmann’s constant, T = the absolute temperature. 9V, is the
volume (in A?) of an oblate ellipsoid of rotation with an axial ratio of
2.0, which would have the given mean rotational correlation time at 20
°C. ¥, can be calculated by using the well-known properties of ellip-
soids of rotation (Koenig, 1975), although we use more general ex-
pressions (Small et al., 1988). ¥, can be compared with 5.4 X 10° A%,
the volume of the 110 X 57 A disk proposed as the shape of the core
particle [reviewed by van Holde (1988)] by crystallographic studies.
¢h is the degree of hydration (grams of water per gram of core parti-
cle) necessary to have a final hydrated volume of V,. The hydrated
volume is assumed to be V, = M(? + h)/N, where M is the molecular
weight (204 000), N is Avogadro’s number, and 7 is the )Jartia] specific
volume [0.662 cm?/g; from Greulich et al. (1985)]. /Using electric
dichroism, Crothers et al. (1978) report a rotational relaxation time of
0.8 @ 0.2 us measured on core particles obtained by nuclease digestion
of H1-depleted calf thymus chromatin. Measurements were performed
in 2.5 mM Tris-HCI/1.25 mM Na,EDTA at pH 7.6 and 7 °C. Cor-
recting for the viscosity difference between 7 and 20 °C and dividing
by 3 to convert the relaxation time to a correlation time, we obtain the
approximate value of ¢,y shown. £Using flow birefringence, Harring-
ton (1981) reports a rotational diffusion coefficient of 4.19 X 10° 57!
for nucleosomes at 25 °C in 100 mM KCl and 0.2 mM EDTA at an
unspecified pH. Correcting for the viscosity difference between 25 and
20 °C and converting to a correlation time (¢ = 1/6D), we obtain the
¢30 value shown. *Using triplet-state anisotropy decay of methylene
blue intercalated into the DNA of core particles, Wang et al. (1982)
report a rotational correlation time for core particles of 450 ns at 5 °C
with ~2 dye molecules bound per core particle. The particles were
isolated after micrococcal nuclease treatment of chicken erythrocyte
nuclei, and solution conditions are reported to be 10 mM Tris-HCl and
0.05 mM Na,EDTA at pH 7.8. The reported value of ¢,y was cor-
rected for the viscosity difference between S and 20 °C. Schurr and
Schurr (1985) fit the same data set presented originally by Wang et al.
(1982) and report a rotational diffusion coefficient of 4.036 X 10° 57!,
yielding nearly the same correlation time reported by the original
workers. /These are our values determined by using the fluorescence
anisotropy decay of intercalated ethidium. The value presented for ¢y
is the mean of five separate determinations made on different days;
conditions were as described in Figure 1, except that the ethidium
concentration was 0.18 uM. The reported error is plus or minus one
standard deviation calculated from the five determinations.

a ratio of 0.3. No data are available on the effect of methylene
blue binding on core particle structure. Ethidium binding
ratios up to about 1.5 per core particle are reported to have
little effect on the structure as judged by electric dichroism
and sedimentation measurements (Wu et al., 1980). Higher
ratios induce a transition to a more open structure (Wu et al.,
1980) and can cause partial or total dissociation of histones
from the core particle (McMurray & van Holde, 1986). We
have found that ¢, is relatively independent of the ethidium
binding ratio up to about 2 ethidium molecules per core
particle (data not shown). However, effects on the shorter
decay lifetimes become apparent above 0.3 ethidium per core
particle (Winzeler & Small, 1991).

Reversible Low-Salt Transition. When the ionic strength
is reduced below 3 mM, a number of physical properties of
core particles begin to show changes which suggest a significant
expansion of the particle at very low salt concentration. The
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ionic strength range involved and the magnitude of the changes
vary somewhat depending on the methods used to characterize
the transition, on the homogeneity in the length of the DNA,
and on the pH [see van Holde (1988) for a discussion of
possible reasons for the differences]. For core particles pre-
pared by our methods, we have consistently observed a tran-
sition centered below 0.5 mM salt when a concentrated core
particle stock solution, transferred to low salt (e.g., | mM
Tris-HCI, pH 7.5), was diluted into water containing various
salt concentrations (Libertini & Small, 1980, 1982, 1984a,
1987a; Libertini et al., 1988). The pH for such samples
typically varies between 6 and 7. The transition showed similar
properties whether characterized by fluorescence intensity and
anisotropy of intrinsic tyrosine residues, by sedimentation in
the ultracentrifuge, or by circular dichroism of the DNA at
283 nm.

Figure 5A illustrates the dependence of core particle tyrosine
fluorescence anisotropy on ionic strength. The results obtained
when the core particle stock was diluted directly to the in-
dicated [M*] were independent of the presence (filled circles)
or absence (plus symbols) of the 0.3 ethidium molecule per
core particle used in the majority of our anisotropy decay
measurements. The transition appears to be centered near 0.2
mM. Figure 5B shows the dependence of ¢, for samples
prepared in the same manner. The values of ¢, are essen-
tially independent of [M*] over the right half of the tyrosine
anisotropy changes. It is interesting that this range ([M*]
>0.2 mM) corresponds to that over which the tyrosine an-
isotropy changes have appeared to be reversible (Libertini &
Small, 1987a). The small increase in ¢y, as [M™*] is decreased
from 10 mM down to ~0.2 mM suggests that the structural
changes which are the source of the reversible tyrosine an-
isotropy changes have a relatively minor effect on the shape
of the core particle.

Irreversible Changes at Very Low Salt Concentration. If
the concentrated core particle stock is first diluted to very low
salt ([M*] <0.2 mM) before samples are prepared, the shape
of the resulting curve of tyrosine anisotropy vs ionic strength
is different (Libertini & Small, 1987a; Libertini et al., 1988),
indicating that the effects of such low salt are not reversible.
This irreversibility is illustrated by the open circles in Figure
5A. Again, the presence of ethidium at 0.3 per core particle
had little effect on the shape of the curve obtained.

Earlier work demonstrated that the irreversibility requires
reduction of [M*] to below 0.2 mM and becomes progressively
more marked as the ionic strength decreases further (Libertini
& Small, 1987a). The major changes in ¢, at low ionic
strength are seen to occur between about 0.05 and 0.2 mM.
This correlation suggests that whatever happens to the core
particle to induce the irreversibility is accompanied by a sig-
nificant change in the shape or volume of the particle.

Near | mM salt, the tyrosine anisotropy values in Figure
5A (open circles) suggest that many of the core particles cycled
through very low salt remain in the state induced by that
exposure. This conclusion is supported by ethidium anisotropy
decay measurements; the ¢, value (291 ns, Table III) re-
mains much higher than that obtained when the core particle
stock was diluted directly to 1 mM (164 ns). When exposed
to very low salt and then taken to 10 mM, the final tyrosine
anisotropy indicates that the particles are now much more
similar to particles taken directly to 10 mM (Figure 5A). In
agreement, the ¢, value after initial exposure to very low
salt (191 ns) is much closer to the control (170 ns). Evidence
from electrophoresis and light scattering indicates that the
surprisingly high value of ¢,,,, obtained at 100 mM salt after
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exposure to very low salt is an artifact due to formation of
significant amounts of aggregates during the addition of 1 M
salt.

Shape of the Core Particle at Very Low lonic Strength. As
mentioned earlier in this section, the core particle at moderate
ionic strength (10 mM, ¢, ~ 164 ns) can be modeled by
an oblate ellipsoid of axial dimensions 64,127,127 A, a shape
consistent with what is known about the structure. The in-
crease in ¢n,, to 330 ns at very low ionic strength clearly
indicates that low salt induces a dramatic change in the shape
of the core particle. In order to examine the shapes attainable
by the core particle and consistent with a 330-ns mean rota-
tional correlation time, we model them using a hydrodynam-
ically equivalent ellipsoid, the ellipsoid which has the same
principle rotational diffusion coefficients as the core particle.
We expect the shape of such an ellipsoid to correspond roughly
to the actual shape of the core particle.

The oblate ellipsoid of rotation model that we use for the
native core particle has three rotational correlation times, all
nearly equal. In order for the core particle at very low ionic
strength to retain a shape which can be modeled by an oblate
ellipsoid (without a change in total volume) and have a ro-
tational correlation time of 330 ns, the equivalent ellipsoid
would have to be flattened from an axial ratio of 2 to a ratio
closer to 5 (axial dimensions 35,173,173 A). If we assume
that the DNA remains on the outside of such a model, then
the core particle would have to open until the DNA follows
a roughly circular path without overlap at the ends. This
model is very similar to one shown by Wu et al. (1979) to be
consistent with transient electric dichroism measurements on
core particles at low salt. Oblate ellipsoid models having axial
ratios less than 5 are possible, but would require a substantial
increase in the total volume. For example, in the relatively
extreme case of maintaining an axial ratio of 2, the total
volume would have to be increased by 100%. Smaller increases
would be needed with larger axial ratios. However, the only
reasonable mechanism for a volume increase would be further
hydration of the core particle, which seems unlikely given the
already high degree of hydration that we attribute to the
particle in the native form based on the volume of a cylinder
57 A high and 110 A in diameter (1.0 g of H,0/g of core
particle).

For prolate ellipsoids of rotation or elongated general el-
lipsoids, the three correlation times for a given volume and
axial ratio can be widely separated (there are actually five
correlation times for the general ellipsoid, but two pairs of these
are degenerate). If more than one rotational correlation time
can be demonstrated in an anisotropy decay, then the use of
an elongated ellipsoid model is indicated. However, where
resolution of only a single correlation time is possible, use of
a prolate model presents special problems since the average
decay lifetime expected will be strongly dependent on the
orientation of the emission dipole of the probe with respect
to the long axis of the ellipsoid. In this case, without as-
sumptions other than that the volume remains constant, one
can only put a lower limit on the axial ratio required to give
the experimental correlation time (corresponding to the probe
emission moment parallel to the long axis). For a prolate
ellipsoid having a volume equal to that of the core particle,
this lower limit is about 3 (axial dimensions of about 210,70,70
A) since smaller axial ratios cannot give a rotational correlation
time as large as 330 ns. An upper limit on the axial ratio
cannot be established since two of the five correlation times
of a prolate ellipsoid are comparable to that of a sphere of the
same volume, even for physically unreasonable ratios. In the
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FIGURE 7: Cartoon interpretation of the structure of the nucleosome
core particle at various steps in the low-salt transition. Core histones
are represented as follows: black = H3; gray = H4; light gray = H2B;
white = H2A. The locations indicated for the “crossbinding” in-
teractions (see text) shown for H2A and H3 with the DNA in structure
A are based on the results of Shick et al. (1980). However, the manner
in which they are drawn is intended to represent nothing more than
the adoration shared by all histones for DNA.

ionic strength (mM)

~0.01

case of ethidium bound to the DNA of a core particle, one
could consider the likelihood that many different binding sites
for the probe exist with various orientations. In such a case,
the observed rotational correlation time might approximate
an average of the five predicted values. Given this assumption,
the axial ratio giving an average of 330 ns would be about §
(axial dimensions 296,59,59 A).

Figure 7 is a diagrammatic representation of the changes
which may be occurring during the low-salt transition.
Structure A is the native form of the core particle typically
found at intermediate salt (~ 10 mM). This structure includes
reported H2A (white) contacts with the DNA near the center
of the 145 bp DNA and H3 (black) interactions near the 3’
ends. Each histone also interacts with the DNA in the general
area of its location on the inside of the superhelix, but only
H2A and H3 show such “crossbinding” interactions in a
separate region far from the local sites (Shick et al., 1980).

The driving force for the low-salt transition is thought to
be electrostatic repulsion between adjacent turns of the DNA.
The physical forces resisting this repulsion are the interactions
among the histones and the interactions between the histones
and DNA such as those specifically diagrammed. In the
absence of DNA, the core histones interact strongly to form
a tetramer, (H3-H4),, and a dimer, H2A-H2B; interactions
between the tetramer and dimer are weaker and require very
high ionic strengths, presumably because of the high overall
positive charge on these proteins. Ionic histone-DNA inter-
actions will become stronger with decreasing salt concentration
and will tend to resist the opening of the particle. Structure
B in Figure 7 represents a form of the core particle which
might be involved in the reversible phase of the low-salt
transition, This representation is based on the assumption that
it is the weak interactions between H2A-H2B and (H3-H4),
which break first and decrease the electrostatic repulsion
somewhat by allowing adjacent turns of the DNA to move
further apart, and is in agreement with the results of Martinson
et al. (1979) where contact-site cross-linking experiments
showed that specific interactions between H2B and H4 are
broken when nucleosomes are exposed to very dilute buffers.
Reversibility of this phase of the transition can be anticipated
since the overall shape of the molecule changes little and
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interactions between the histone dimers and tetramers can be
easily reestablished when the ionic strength is increased. This
model is consistent with the relatively small changes in ¢p,,
observed over the reversible portion of the low-salt transition
([IM*] >0.1 mM in Figure 5). Partial separation of the dimers
from the tetramer can account for the lower tyrosine
fluorescence anisotropy of the complex at low salt concen-
tration since histones in the absence of DNA give a high
anisotropy at high salt (2 M NaCl), where the dimers and
tetramers interact, and a lower anisotropy at low salt (0.5 M),
where they do not (unpublished results).

The doubling of ¢y, as the ionic strength is decreased
further indicates a more dramatic opening of the core particle.
In structure B, we propose that the “crossbinding” interactions
of H2A and H3 with the DNA play a role in holding the
particle in its near-native shape, and we suggest that it is these
interactions which are broken at very low salt concentration.
Structure C illustrates one end of a continuum of possible
shapes which might evolve when the “crossbinding” interactions
are disrupted. The other end of the continuum would consist
of a straight DNA strand with the histones spread along it.
The structure illustrated was chosen because it would require
little change in the histone-histone interactions within the
dimers and tetramers, or in the interactions between them and
the DNA, since much of the curvature of the DNA is pre-
served. In addition, the extended structure shown is consistent
with recent electron spectroscopic imaging results obtained
for hyperacetylated Hela cell core particles at low salt (Oliva
et al., 1990).

Irreversible Low-Salt Transition. More significant than the
shape in Figure 7C is the fact that, once ionic interactions
within the core particle are broken at the extremely low ionic
strengths required, the sections of the histones involved will
likely find different regions of the DNA to bind to, as illus-
trated. The possibility that interparticle interactions might
occur at very low salt seems remote since the high overall
negative charge on the core particles would keep them apart.
Such “secondary” ionic binding could be quite strong and
unlikely to rearrange at a significant rate until the ionic
strength is increased to values well above those needed to
induce the first evidence of the low-salt transition. Our
measurements suggest that these “secondary” ionic bonds do
not become labile until the salt concentration is jumped to
between 1 and 10 mM. At 1 mM, the ¢, value obtained
for samples cycled through very low salt (~290 ns) was not
much less than the result at very low salt (~330 ns); this
observation is represented in Figure 7 by structure D, which
is like structure C. The decrease may be due to a mixture of
refolded and open particles or to partial compaction of the
average particle as compared with structure C (recall that
structure C, and likewise structure D, represents only one of
many shapes which would be consistent with the observed
correlation times). With a final salt concentration of 10 mM,
the ¢, Was reduced considerably, and electrophoresis indi-
cated that most of the resulting complexes migrate like native
core particles. The remaining material appeared to aggregate
to give a slower migrating, diffuse background, presumably
due to interparticle ionic bond formation and to entanglement.
The amount of background produced was much greater when
the salt concentration was jumped to 100 mM. This might
be due to partial dissociation of core particles as the low-salt
sample was mixed with 1 M salt (suggested by evidence of free
DNA) or due to differences in the relative rates of dissociation
of the “secondary” ionic bonds and refolding of the core
particles.

Brown et al.

Core Particles at High Salt Concentration. The nucleosome
core particle is a complex of proteins bound to DNA largely
through ionic interactions. With increasing ionic strength, the
protein-DNA interactions become weaker, and as the salt
concentration is increased above 0.8 M, a stepwise dissociation
of the histones can be observed, beginning with release of the
H2A-H2B dimers (Burton et al., 1978; Jorcano & Ruiz-
Carillo, 1979). The large value of ¢, obtained at 1.1 M salt
(Figure 5B) may arise at least partially from species lacking
one or both dimers. Ethidium would be expected to bind to
the relatively unrestricted DNA vacated by the dimers and
give rise to the more rapid depolarization at short times shown
in Figure 6 (curve D).

Below 0.75 M salt, a very slow, cooperative dissociation to
free DNA and histones can be observed, the extent increasing
with ionic strength to ~17% at 0.5 M salt (Yager et al., 1989).
The extent of dissociation also depends on the core particle
concentration; the value of 17% free DNA is valid at 0.15 uM
core particles but becomes almost insignificant above 0.5 uM
(our experiments were done at 0.35 uM or higher). Thus, the
anisotropy decays for core particles at high salt may contain
contributions from ethidium bound to free DNA.

In addition to this slow, limited dissociation, core particles
have been shown to undergo a much faster transition in the
salt range 0.3-0.7 M characterized by changes in sedimen-
tation coefficient and circular dichroism of the DNA (Ausid
& van Holde, 1986; Yager et al., 1989). These authors pro-
posed that this predissociation transition involves freeing of
the ends of the DNA with increasing salt without significant
dissociation of histones. We have been unable to clearly
demonstrate this transition with histone tyrosine fluorescence
measurements. Although small changes in the tyrosine in-
tensity and anisotropy are evident over this salt range, they
are continuous with the effects of rapid dissociation above 0.8
M salt and do not clearly demonstrate a predissociation
transition [see, for example, Figure 4 of Libertini et al. (1988)].

The ethidium anisotropy decay results in Figure 5B indicate
no change in @p,, up t0 0.5 M salt. Above 0.5 M, ¢, rises
steeply (~240 ns at 0.6 and 0.9 M salt and >300 ns at 1.1
M). The anisotropy decay at 1.1 M salt (curve D in Figure
6) indicates a large increase in contributions from shorter decay
times, probably due to increased flexibility of the DNA, The
high ¢, is consistent with a partially dissociated DNA-
histone complex which is expanded in relation to the compact
core particle. In contrast, the decay observed at 0.6 M salt
(curve C, Figure 6) suggests little change in DNA flexibility,
consistent with an intact particle. The increase in ¢, then
would indicate a significant expansion of the particle which
might correspond to the predissociation transition. More
extensive characterization of this salt range, including effects
of pH which differ between our experiments and those of other
workers, is in progress and will be published separately.

CONCLUSIONS

In this paper, we have examined the fluorescence anisotropy
decay of ethidium bound to nucleosome core particles. This
fluorescent probe has a lifetime sufficiently long to allow the
measurement of the rotational correlation time of a large
molecular complex such as a nucleosome core particle. In
addition, this lifetime can be nearly doubled through the use
of D,0 as the solvent, allowing the measurement of anisotropy
decays at much longer times than with H,O, and thus pro-
viding greater confidence in the measurement of rotational
diffusion. Through analysis of these anisotropy decays, we
are able to measure the rotational correlation time of the core
particle in solution and show that our results agree quite well
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with the dimensions as determined by other means. In ad-
dition, we can make qualitative statements about the shape
of the core particle under various conditions, such as varying
ionic strength. Experiments done at varying ionic strengths
show that the nucleosome core particle opens to an extended
structure at jonic strengths below 0.2 mM where nonreversible
effects are observed.
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