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Abstract

The equilibrium interactions between histone H2A-H2B and H3,/H4 subunits with 200 base pair chicken
erythrocyte DNA have been studied by monitoring the fluorescence polarization of a long-lived fluorescence
probe covalently bound to the histone subunits. These studies have brought to light the formation of highly
asymmetric complexes exhibiting very high histone /DNA stoichiometries as well as very high apparent
affinities. The stoichiometries observed for these non-nucleosome complexes depended both upon the
concentration of the histones and the concentration of the DNA 200mer. The observed stoichiometries varied
approximately between 4 and 16 histone octamers/DNA 200mer and the affinitics were in the nanomolar
range. These results are discussed in terms of their in vitro as well as their possible in vivo significance.
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1. Introduction

The free energies of interaction between his-
tone core proteins and DNA undoubtedly play a
major role in determining the state of chromatin
throughout the eukaryotic cell cycle. For a gen-
eral review of chromatin structure and function
see the text by Van Holde [1]. It has long been
known, however, that nucleosomes do not form
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Abbreviations: DNS-—S5-(dimethylamino)-naphthalene-1-sul-
fonyl; bp—base pair; DNA 200mer—200 base pair double
stranded DNA isolated from nuclease digestion of chicken
erythrocyte chromatin.

with high vield spontaneously upon mixing the
core proteins with DNA., Generally, a salt dialysis
method in the presence or absence of urea is
employed for reconstitution of nucleosomes, (e.g
[2-8]). Alternately, a variety of polyanionic ma-
cromolecules have been used to induce slow reas-
sociation into nucleosomes of core octamer and
DNA (e.g. [9-16]D. In addition, care must be
taken to work at appropriate protein to DNA
ratios and to keep the absolute concentration of
the protein relatively low [13]. All of these proce-
dures and precautions must be taken apparently
because of reactions which compete with the nu-
cleosome formation reaction. The appearance of
non-native nucleosomes or nucleo-protein parti-
cles carrying more than the complement of one
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octamer per 145 base pair oligonucleotide has
been observed [13,17]. In general, however, the
nature of these competing reactions and the
affinities involved have remained relatively ob-
scure. Rather than look upon these interactions
as a nuisance to be either eliminated or ignored,
we have chosen to examine the solution interac-
tions of the histones with DNA under a variety of
conditions with the underlying hypothesis that
the competition between the multiple binding
modes of histones to DNA may intervene in the
changes in chromatin structure during different
stages of the cell cycle. Protein associations be-
tween histone octamers may assist in keeping
chromatin relatively condensed during replica-
tion. Since nucleosome assembly is thought to
involve initial binding of H3/H4 molecules fol-
lowed by the H2A-H2B dimers to form native
nucleosomes [18-20] we also investigated the dif-
ferential effects between the DNA binding to
core histones and its binding to H3 /H4 alone.

Recently we reported results concerning the
interactions between the protein subunits of the
histone core octamer obtained from fluorescence
polarization measurements of histone core pro-
teins labeled with the fluorescent dye, DNS (5-
(dimethylamino)-naphthalene-1-sulfonyl) [21,22].
The fluorophore polarization, p, is related to its
rotational correlation time, 7., of the fluorophore
through the Perrin equation [23]:

1/p=1/3=(1/po=1/3)(1 +7/7.) (1)

where 7 is the fluorescence lifetime and p,, is the
limiting polarization. Since the correlation time
(7.) is proportional to the frictional rotational
coefficient, one can use fluorescence polarization
measurements to observe changes in the size or
shape of macromoleculer complexes, since
smaller, spherical complexes have lower frictional
coefficients than do larger, or asymmetric parti-
cles. In those studies we found that H3/H4 te-
tramers aggregate to form octamers and perhaps
higher order aggregates, and that this aggregation
was enhanced by increasing salt concentration.
Addition of H2A-H2B dimers to H3 /H4 in stoi-
chiometric amounts resulted in fluorescence po-
larization changes consistent with the formation
of core octamer. In this present work, we use
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changes in the fluorescence polarization of the
labeled core proteins to study their binding to 200
base pair DNA oligonucleotides obtained from
nuclease digestion of chicken erythrocyte chro-
matin.

2. Materials and methods
2.1 Purification of histones

Histones were purified from erythrocytes iso-
lated from whole chicken blood as previously
described [21,24]. Briefly, chromatin was isolated
by centrifugation, treated with micrococcal nucle-
ase and applied to a hydroxylapatite column. A
salt gradient was then used to elute either pure
core histones or to obtain H3 /H4 and H2A-H2B
purified core subunits. The histones were then
dialyzed into 100 mM Tris, 100 m M KCl, pH 7.1
and stored at 0°C. Purity was confirmed by elec-
trophoresis in a 15% SDS polyacrylamide gel at
25 mA for 5 hours. Proteins were visualized with
Coomasie Blue. Tris UltraPure was obtained from
ICN Biochemicals (Costa Mesa, CA). All other
salts and buffers used in fluorescence measure-
ments were checked and found to be free of
fluorescence impurities.

2.2 Purification of 200 bp DNA

DNA bound to the hydroxylapatite column
used to purify the histones (see above)} was eluted
with 0.5 M KH,PO,, pH 6.7. The DNA was
ethanol precipitated, washed with 70% ethanol,
dried, and resuspended in a small volume of 100
mM Tris, 100 mM KCl, pH 7.1. The DNA was
then electrophoresed on a 2% agarose gel at 50 V
for 5 hours. The band corresponding to 200 bp
was excised and the DNA liberated from the gel
using the Gene Clean kit (BIO 101, La Jolla,
CA). Purity of the 200 bp DNA was confirmed by
electrophoresis on a 2% agarose gel.

2.3 DNS labeling of histones

The histones to be labeled were first dialyzed
against a 100-fold excess volume of 0.24 M potas-
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sium phosphate, 5% dextrose, pH 8.0 for 3 hours.
The dialyzed histones were then incubated with a
ten-fold molar excess of 0.02 M dansyl chloride
from a stock solution in dimethylformamide for
ten minutes at room temperature. The protein—
dye solution was then loaded onto a Sephadex
G-25 column (1.5 cm i.d.Xx 15 cm) equilibrated
with 100 mM Tris, 100 mM KCIl, pH 7.1 and
eluted at 1.0 ml/min. The labeled protein, de-
tected with a handheld UV lamp, eluted in the
void volume while the free dansyl chloride was
retained. The labeled protein was centrifuged in
a microfuge for ten minutes to remove any pre-
cipitate. The labeling ratio was determined the
method of Jameson [25] where 4500 cm™! M~}
was used a.s the molar extinction coefficient of
the dye at 340 nm and 8000 cm™*' M ™! and 20000
em~! M~! were used as the molar extinction
coefficient of the dimer and tetramer respectively
at 275 nm. The above labeling conditions resulted
in labeling ratios of approximately 1 DNS per
H2A-H2B dimer and 1 DNS per H3/H4 te-
tramer,

2.4 Fluorescence polarization measurements

Fluorescence polarization values of the DNS
protein conjugates were measured on a Greg PC
(ISS, Inc., Champaign, IL). All measurements
were performed at room temperature (21°C).
DNA titration experiments were carried out by
pipeting the appropriate amount of stock DNA
(96 uM) into the cuvette containing the histone
solution. This solution was then incubated at
room temperature for 5 min before measure-
ments were made. Salt titrations were similarly
performed. Excitation was 340 nm with a 16 nm
bandpass in excitation. Polarization of the emit-
ted light was measured in the L-format through a
cuton filter (L42 from Hoya Optics, Inc,,
Freemont, CA) followed by an emission
monochromator with a 16 or 8 nm bandpass set
at 500 nm in order to exclude any scattered
exciting light.

2.5 Time-resolved fluorescence measurements

Lifetime and differential phase measurements
of the DNS—protein conjugates were carried out
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using a multifrequency phase fluorometer similar
to that described by Gratton and Limkeman [26].
The excitation source, the 323 nm line from a
continuous wave helium cadmium laser (Liconix,
Sunnyvale, CA), which was modulated using the
double acousto-optic modulation setup described
by Piston and co-workers [27]. Emission was ob-
served through an L-42 cuton filter. Multifre-
quency phase and modulation data were mea-
sured relative to 1,4-bis(5-phenyl-2-oxazoyDben-
zene, POPOP, (Eastman Kodak, Syracuse, NY)
with a lifetime of 1.32 ns [28]. The standard phase
and modulation errors were +0.2° and + 0.004,
respectively. The lifetime measurements were
carried out using magic-angle excitation. These
data were analyzed in single curve mode using
the program, Globals Unlimited (Laboratory for
Fluorescence Dynamics, University of Illinois,
Urbana, IL). A limiting polarization of 0.4 was
used for the DNS label [29].

2.6 Gel electrophoresis of H3 / H4-DNA complexes

Solutions of 5 uM H3,/H4 with 0.5, 5, or 50
1M 200 bp DNA were electrophoresed in a 12%
native acrylamide gel with a Tris /Borate /EDTA
running buffer at 65 V for 12 hours. The com-
plexes were visualized by staining with cither
ethidium bromide, which exclusively stains the
DNA, or silver stain, which will visualize both
DNA and protein.

2.7 Nuclease protection assay

Solutions of 5 uM H3/H4 with 0.5, 5 or 50
pwM 200 bp DNA in 160 m M Tris, 100 mM KClI,
1 mM CaCl,, pH 7.1 were digested with micro-
coccal nuclease (104 U/umol DNA) for 4 min-
utes at 37°C. The reaction was stopped by the
addition of EDTA (ten-fold excess to the Ca®™* in
the buffer). Histones were removed from the
DNA by first increasing the salt concentration to
2 M then performing a phenol-chloroform ex-
traction. The DNA was then ethanol precipi-
tated, dried and resuspended in 100 mM TRIS
100 mM KCl, pH7.l. Next, 2 ug of DNA from
each sample was electrophoresed in a 2% agarose
gel at 50 V for 5 hours and visualized by staining
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with ethidium bromide. Solutions of 5 M in
histone octamer of partially purified chromatin
was similarly treated as a control for the protec-
tion assay.

3. Results

3.1 Titrations of labeled core octamer with DNA
200mer

Titrations H2A-H2B-DNS mixed with unla-
beled H3/H4 in 2 to 1 molar ratios with 200mer
DNA were carried out and the steady-state fluo-
rescence polarization was monitored. These stud-
ies, shown in Fig. 1(a), were carried out in 0.2 M
NaCl and at pH 7.0 because in our previous
fluorescence studies we demonstrated that at
protein concentrations of 1 uM and below, core
octamer is in equilibrium with free dimers and
tetramers, H3 /H4 octamers and H2A and H2B
monomers [21,22]. The existence of oligomeriza-
tion equilibria is borne out by the increase in the
H2A-H2B-DNS polarization value observed in
Fig. 1(a) for increasing core octamer concentra-
tions in absence of any DNA. As can be seen in
Fig. 1(a), the polarization titration profiles are
quite complex. At protein concentrations be-
tween 0.1 and 0.4 pM in total core octamer, the
polarization increases immediately upon addition
of DNA, reaches a peak value and then decreases
to a plateau value. The peak polarization value of
each curve increases with increasing protein con-
centration. In addition, the apparent binding
affinity is also highly protein concentration de-
pendent.

We have estimated the complex stoichiome-
tries assuming that at the peak value all of the
protein is bound to DNA. This assumption is
supported by three observations. First and most
importantly, the actual values of the polarization
measured at the peaks is quite close to the limit-
ing value for the probe in a glass (0.4). These
unusually high polarization values are certainly
also indicative of a highly asymmetric complex as
one would expect from the observed stoichiome-
tries. The presence of even a small amount of
free protein would cause the polarization values
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Fig. 1. (a) Titration of core histones containing H2A-H2B-
DNS with 200 base pair chicken erythrocyte DNA. DNS
polarization vs. [DNA 200mer) was measured for five protein
concentrations: (M) 0.1 uM core, (+) 0.2 p M core, (x) 0.4
uM core, (O) 0.6 pM core, and (x) 1.0 pM core. (b)
Titration of histones containing H3/H4-DNS with 200 base
pair chicken erythrocyte DNA, DNS polarization vs. [DNA
200mer) was measured for five protein concentrations: (M)
0.05 uM H3/H4 octamer, (+) 0.1 uM H3/H4 octamer, ()
0.2 uM H3/H4 octamer, (O) 0.3 o M H3/H4 octamer, and
(%)0.5 uM H3/H4 octamer.

to be much lower. In fact, in the absence of any
significant changes in the lifetimes (which we
demonstrate below) and assuming no local mobil-
ity of the probe, the maximum fraction of free
protein calculated from the observed and limiting
polarization valuces is 7%. Second, the curve shifts
abruptly upon increasing the protein concentra-
tion from 0.4 to 1.0 wM in core. Such a protein
concentration dependent shift indicates that all
of the available DNA is bound by protein and
that beyond a certain protein concentration (or
below a certain DNA concentration), the histones
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bind as a higher order oligomer. Third, the fact
that these curves reach a peak and then decrease
indicates that as the DNA concentration in-
creases all the protein molecules are bound up
and as more DNA 200mer becomes available
(beyond the peak) the proteins partition them-
selves among the excess DNA molecules, causing
a decrease in polarization beyond the peak value.
It is important to note that at the peak polariza-
tion value, the octamer-to-DNA ratio is different
for each titration curve, indicating that larger
complexes are formed in presence of increasing
amounts of protein. However, the concentration
of DNA at which the peak is observed is approxi-
mately constant for the first three protein con-
centrations and then the last two. In interpreting
the forms of these titration profiles, we must bear
in mind that the observed polarization profiles
are the result of an increase in polarization as
protein binds to the added DNA, followed by
(and overlapping) a decrease in polarization as
enough DNA becomes available for competition
against the higher order complexes. The peak
value is the point at which the decrease in polar-
ization due to the formation of smaller complexes
becomes the most important factor. Over the
small range of protein concentrations in the first
three curves, the polarization at the peak is higher
for the higher protein concentrations, but the
competition from the added DNA appears to
occur at the same DNA concentration, because in
all cases, it is the DNA and not the protein which
is the limiting factor for formation of the smaller
complexes. The curves for the last two protein
concentrations are shifted abruptly to higher
DNA concentrations. This means that more DNA
is necessary to bind the protein. The only reason-
able explanantion for this would be that the pro-
tein at these concentrations exists as a higher
order oligomeric species and that the DNA must
compete with protein for binding. (Note the in-
crease in the polarization for the protein alone at
these concentrations.) In addition, since the ob-
servable is polarization, at the lower DNA con-
centrations, there may be a small shift in species
from oligomeric protein to protein bound to DNA
and this without any large change in polarization.
Clearly, these titrations demonstrate that there is
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quite a complex interplay between protein and
protein—-DNA species which is a very sharp func-
tion of the concentrations of the components.

3.2 Titration of labeled H3 / H4 with 200mer DNA

Since the binding of H3 /H4 to DNA is thought
to be the first step in nucleosome formation
[18,19], the same titration experiment was carried
out using the labeled histone tetramers, referred
to as H3 /H4-DNS. We had shown previously the
tendency of these tetramers to form higher order
aggregates in solution (most likely predominantly
octamers). This aggregation is both protein and
salt concentration dependent. Under the condi-
tions of these titrations, (200 m M NaCl, pH 7.0)
the solution at all H3/H4 concentrations should
be mostly tetrameric, although in equilibrium with
both dimers and higher order aggregates [21,22].
The H3/H4-DNS concentrations will be ex-
pressed here in terms of octamer to facilitate
comparison with the core octamer results.

As can be seen in Fig. 1(b), the addition of
200mer DNA results in an increase in the fluo-
rescence polarization of the labeled H3/H4.
Again, a peak value is reached at relatively low
200mer concentrations, followed by a small de-
crease. This peak effect is not as dramatic as in
the case of the core octamer with labeled H2A-
H2B, but it is nonetheless observed. This indi-
cates that the free DNA is not as able to compete
away the H3/H4 complexes as the entire core
complexes to form protein-DNA species of lower
stoichiometries. Thus, the relative affinity of the
H3 /H4 higher order complexes is higher than
that of formed with all four core proteins. Alter-
nately, the affinity of the lower stoichiometric
species in the case of the full core complement
may be greater than for the H3/H4 proteins
alone. The peak polarization value is also a func-
tion of the protein concentration. At 0.05 uM
H3/H4-DNS octamer, the peak as well as the
plateau polarization value, is much lower than at
the higher protein concentrations. As in the case
of the core octamer, the curve at 0.5 uM H3 /H4
octamer (0.6 wM for core) is shifted to an ap-
proximately five-fold higher 200mer concentra-
tion. The apparent H3 /H4 octamer to DNA ra-
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tios at the peak also vary from 4 to 10 octamers
bound per 200mer.

When carrying out binding studies on systems
in which both the approximate affinities as well
as the degree of cooperativity are unknown, it is
important to explore the widest ranges of concen-
tration possible in order to determine whether
the observed binding phenomena is occurring un-
der equilibrium or stoichiometric conditions. We
therefore extended the titrations below 10 nM in
200mer using 0.05 pM H3,/H4-DNS This titra-
tion, along with a control titration at 0.5 M in
H3 /H4-DNS octamer, can be found in Fig. 2. It
can be seen that the entire curve for the 0.05 u M
H3 /H4 octamer solution is shifted to lower con-
centration by approximately 1.3 log units. A shift
of one log unit is generally considered to be
indicative of binding in the stoichiometric, rather
than equilibrium limit, although these titration
curves are certainly much more complex than
those which give rise to simple stoichiometric
binding profiles. Referring to the plots in Fig. 2,
it can be seen that the midpoint of the titration
curve for the 0.5 uM H3/H4-DNS octamer oc-
curs at 0.03 uM 200mer. This means that 0.03
wM DNA apparently binds 50% of a 0.5 M
solution of H3/H4-DNS octamer, or 0.25 uM
octamer. Thus there are apparently on average,
approximately 10 octamers of H3 /H4-DNS bound
per DNA 200mer. However, at the peak polariza-
tion value for this curve, the concentration of
200mer is 0.1 uM and the apparent octamer to
200mer ratio is only 5. We can therefore conclude
that as in the case of the core proteins, the
apparent stoichiometry of the H3/H4-DNS/
DNA complexes changes along the titration curve.

3.3 Titration of the end complex with NaCl

Salt titrations of 6 concentrations of H3/H4-
DNS octamer and 10 wM DNA 200mer were
performed to verify that dissociation does indeed
occur. As can be seen from the plots in Fig. 3, a
decrease in polarization is observed upon increas-
ing the concentration of NaCl, indicating that the
protein-DNA complex is destabilized by high
salt, as is the case also for native nucleosomes.
The values plateau at relatively high polariza-
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Fig. 2. DNS polarization H3/H4-DNS binding to 200mer
DNA extended to 1 nM 200mer DNA for (m) 0.05 and (+)
0.5 uM in H3 /H4-DNS octamer.
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tions, however, because the proteins themselves
form large aggregates with very high affinity as
the salt concentration is increased [21,22]. A de-
crease in the polarization for the two lowest
protein concentrations with decreasing salt con-
centration to 0.05 M NaCl is indicative of a
destabilization of the complex most likely due to
repulsion between the positively charged protein
subunits. We point out here that there is no
effect of chloride ions on the lifetime of the DNS
residue per se. However, there is a small increase
in the lifetimes of the DNS labeled proteins as a
function of salt. This is due to the aggregation of
the proteins as a function of salt [21].

3.4 Time-resolved anisotropy of the labeled hisione
complexes with DNA 200mer

Lifetime and differential phase and modula-
tion measurements were carried out on the solu-
tions of 1.0 uM core protein solution containing
H2A-H2B-DNS and unlabeled H3 /H4 in molar
ratios of 2 H2A-H2B dimers to one H3/H4 te-
tramer in presence of 0, 0.1 uM and 10 pM
200mer DNA. These time-resolved anisotropy ex-
periments serve to differentiate the local motions
of the fluorophore from the overall tumbling of
the complex, both of which contribute to the
steady-state polarization. The frequency response
of the intensity and differential polarization can
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be found in Figs. 4(a)-(f). All samples exhibited
similar lifetimes with average values of 10.3, 11.6
and 10.5 for the solutions with 0.0, 0.1 and 1.0
uM DNA 200mer, respectively. The absence of
any significant change in the lifetime confirms
that the observed polarization differences do not
result from any changes in lifetime, We analyzed
the DNS multi-frequency data terms of a triple
exponential decay with lifetime values of approxi-
mately 14 ns, 2-4 ns and a short component
whose value depended upon the solution. These
lifetime values are quite consistent with those
obtained for DNS labeled histones in our previ-
ous studies [21].

Using the recovered lifetime values as fixed
quantities,the differential polarization data were
fit, with best fits obtained for non-associative

[NaC!] M
Fig. 3. Titration with NaCl of the complexes obtained in presence of varying H3/H4-DNS concentrations and 10 uM 200mer
DNA. (0) .05 o.M H3/H4 octamer, (8 0.1 p M H3/H4 octamer, (0) 0.2 uM H3/H4 octamer, (B} 0.3 pM H3/H4 octamer,
(a)0.4 u M H3/H4 octamer, (a) 0.5 uM H3 /H4 octamer.

models with three rotational rates. In a non-as-
sociative model, we assume that there is no par-
ticular association of the decays with the rota-
tional rates, and that all lifetime components are
linked to all rotational rates. For both the core
and H3/H4 interactions with the 200mer DNA,
the complexity of the equilibria is such that abso-
lute assignments of correlation times to molecu-
lar species is obviously not feasible. The fast
rotational component has been observed for ev-
ery conjugate of DNS with protein and is taken to
correspond to the fast local motions of the DNS.
The long one is seen to be indicative of large
complex formation. The middle correlation time
is the most difficult to interpret. As has been
shown for the lac repressor intrinsic decay and
rotational rates by site-directed mutagenesis [30],
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the recovered values correspond to some linear
weighted combination of the real values. Thus for
a system as complex as the present one, this
middle correlation time likely arises from some
combination of free protein dimers and monomers
and the grouping the rotations of the larger com-
plexes into a single correlation time,
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The values recovered from the fits can be
found in Table 1. In absence of any DNA, the
long correlation time was 71 ns. This is slightly
too high for an octamer of 120,000 Da molecular
weight. One would expect a correlation time for
the octamer ranging from 47 to 61 ns depending
upon whether one assumes the degree of hydra-
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Fig. 4. Time-resolved fluorescence of H2A-H2B-DNS and H3 /H4 in a 2:1 molar ratio, (a) and (b) the frequency response of the

fluorescence intensity and differential polarization respectively for {a) and (b), of the protein solution alone at a 1 uM total core

protein concentration; (c) and (d) the frequency response of the fluorescence intensity and differential polarization respectively for

(c) and (d), of the protein solution at a 1 M total core protein concentration and in presence of 0.1 uM 200 base pair DNA; (¢)

and (f) the frequency response of the fluorescence intensity and differential polarization respectively for (d) and (e), of the protein
solution at a 1 4 M total core protein concentration and in presence of 10.0 uM 200 base pair DNA.
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Table 1
Time resolved fluorescence results of H2A-H2B-DNS+H3 /H4+0.1 or 10 uM DNA 200mer
Solution ™ 5 L) T T2 T3 Chi®
(ns) (ns) (ns) (fp? (f)* (f?
{ns) (ns) (ns)
1.0 uM core 13.5 3.7 0.2 71 5.2 0.14 0.5
(0.13) (0.23) (0.64)
1.0 uM core +0.1 13.5 37 0.2 66 39 0.14 0.7
uM 200mer 0.19) (0.18) (0.63)
1.0 uM core +10 135 39 0.6 45 37 03 0.9
uM 200mer 0.32) 0.07) (0.61)
2 f; values correspond to fractional depolarization weighting factors.
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Fig. 5. Time-resolved fluorescence of H3/H4-DNS (a), and (b) the frequency response of the fluorescence intensity and
differential polarization respectively for (a) and (b), of the protein solution alone at a 0.5 uM total H3/H4-DNS octamer
concentration; (¢) and (d) the frequency response of the fluorescence intensity and differential polarization respectively for (c) and
(d), of the protein solution at a 0.5 uM total H3 /H4-DNS octamer concentration and in presence of 0.1 4 M 200 base pair DNA;
(e) and (f) the frequency response of the fluorescence intensity and differential polarization respectively for (e) and (f), of the
protein solution at a 0.5 M total H3/H4-DNS octamer concentration and in presence of 10.0 w M 200 base pair DNA.
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tion to be 0.3 or 0.6 g H,O per g protein. This
higher value for the long correlation time indi-
cates either a certain degree of asymmetry and
perhaps some higher order aggregation of the
histones themselves. This is not inconsistent with
our previous studies on the histone aggregation
characteristics. The long correlation time, how-
ever, only accounts for 13% of the total depolar-
ization, the rest being due to local DNS motions
and the tumbling of smaller aggregates. In pres-
ence of 0.1 uM DNA, according to the plot in
Fig. 1(a), the peak polarization value has been
reached. The value of the long rotational correla-
tion time recovered from the analysis of the data
in Fig. 4(c) remains essentially unchanged near 66
ns, although its fractional contribution to the
total depolarization increased to approximately
19%, causing an increase in the steady-state po-
larization. In presence of 10 uM DNA, the long
correlation time recovered from the data in Fig.
4(e) decreases to 46 ns, whereas the fractional
contribution to the total depolarization increases
to 32%. This decrease in the rotational correla-
tion time is consistent with the decrease observed
for the steady-state fluorescence polarization and
is indicative of the partitioning of the histone
molecules onto the excess DNA.

The time-resolved intensity and anisotropy was
also examined for the H3/H4-DNS solutions in
absence and in presence of 200mer DNA and can
be found in Figs. 5(a)—(f) for the three solutions
(0.5 M H3/H4-DNS octamer alone, in pres-
ence of 0.1 wM 200mer DNA and in presence of
10 p M 200mer DNA). Again the changes in the

Table 2
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lifetimes were small and the values recovered
from the best fit to a triple exponential decay can
be found in Table 2. The consistently longer
value for the longest and middle lifetime compo-
nents for the H3/H4-DNS compared to the
H2A-H2B-DNS was also observed in our earlier
studies of histone protein interactions {21] and
presumably represents a more solvent shielded
DNS environment in the samples. The differen-
tial phase/modulation plots showed large
changes upon addition of DNA. These data were
analyzed in terms of three rotational rates which
can be found in Table 2. Again the long rota-
tional correlation time in absence of any DNA
(75 ns) was too long for an H3/H4 octamer and
is indicative of asymmetry and /or an equilibrium
including higher order aggregates. This is consis-
tent with our previous studies of histone aggrega-
tion [21,22]. In the H3 /H4-DNS solutions, a much
larger fractional depolarization stems from this
long correlation time, 43%, compared to 13% for
the core with H2A-H2B-DNS and is consistent
with the higher steady-state polarization values
observed for the solutions of H3 /H4-DNS alone.
In presence of 0.1 uM DNA, the data are much
more difficult to fit and there appears an in-
finitely long correlation time. The fraction of the
depolarization due to this component increases to
50%, again at the expense of the middle compo-
nent and results in the observed large increase in
steady-state polarization. Such an infinitely long
correlation time (relative to the scale of the fluo-
rescence lifetime) indicates the existence of very
large (and probably elongated) particles. Upon

Time-resolved fluorescence results of H3 /H4-DNS +0.1 or 10 u M DNA 200 mer. Comparison between experimentally found and

calculated time constants

Solution T Ty T3 Tl Teo T3 Chi?
(ns) (ns) (ns) #)* 1) ;)2
(ns} (ns) (ns)

1.0 uM octamer 21 9.5 2.1 75 3.7 0.15 0.7
(0.43) (0.18) (0.39)

1.0 uM octamer + 21 9.5 23 ®© 54 0.18 4.4
0.1 M 200mer (0.5) (0.12) 0.38)

1.0 uM octamer + 22 8.4 1.3 190 11 022 0.6
10 u M 200mer (0.53) 0.1 037

@ f, values correspond to fractional depolarization weighting factors.
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further addition of up to 10 u M 200mer, the long
correlation time drops slightly to 190 ns, consis-
tent with the slight decrease in steady-state polar-
ization and partitioning of the molecules onto the
excess DNA vyielding smaller particles. Under
these conditions, 52% of the total depolarization
i1s due to the long correlation time and the fast
rotational correlation time remains relatively un-
perturbed by DNA binding.

3.5 Gel electrophoresis characterization of the com-
plexes

Since fluorescence polarization experiments
indicated that large elongated complexes were

LANE:
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formed between histone H3 /H4 proteins and 200
base pair DNA, we subjected the complexes to
non-denaturing polyacrylamide gel electrophore-
sis in order to gain further information concern-
ing their size and shape. Solutions of 0.5 uM
H3/H4 octamer and 0.1, 1 and 10 uM 200mer
were clectrophoresed in a 12% non-denaturing
polyacrylamide gel and stained with ethidium
bromide. A photograph of the gel is shown in Fig.
6. By comparison with the standards in lane 1, it

can be seen that the free DNA which is present
at a ten-fold molar excess of DNA to protein

(lane 4), migrates in accordance with its molecu-
lar weight, however, no additional band is de-

12345

Fig. 6. Gel electrophoresis of the complexes formed under varying conditions between histones H3 /H4 and 200 base pair DNA.

Lane 1 shows the migration of standard DNA 123 base pair ladder, Lane 5 represents the migration of native mono and

multi-nucleosomes isolated from partial micrococcal nuclease digestion of chicken erythrocyte chromatin. The reconstituted

complexes of H3/H4 (at 5 wM in tetramer) with 0.1, 1.0 and 10.0 £ M DNA 200mer were loaded in lanes 2-4, respectively. The
gel was 2% in agarose.



208

tected. Moreover, when the protein is present at
10:1 or 1:1 molar ratios of protein to DNA,
there is no band observed in the lane. Silver
staining of these gels did not result in the detec-
tion of protein in the lanes, and only a small
amount was observed in the wells. This is in
accordance with our conclusion that there is no
free DNA in these solutions. Apparently the
complex does not enter the gel, either because it
is too large and asymmetric or because the large
number of positively charged histones bound to
the DNA actually reverses the sign of the overall
charge of the complex. It can be seen that in this

LANE:
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gel system, nucleosomes isolated from partial nu-
clease digestion of chicken erythrocyte chromatin
do enter the gel. The bright spot at the bottom of
the smear is taken to be a mononucleosome,
whereas the smear itself is ascribed to the exis-
tence of di-, tri- and higher order nucleosomes in
the digestion mixture. Some free DNA is also
observed in this lane.

3.6 Micrococcal nuclease protection assays

The free DNA, native core nucleosomes, and
the complexes of 0.5 uM H3/H4 with 0.1, 1 and

12 345

Fig. 7. Gel Electrophoresis of the DNA recovered from micrococcal nuclease digestion of the complexes of the histones with the

200mer DNA. Lane 1—Msp I standards, lane 2—2.5 pM H3 /H4 octamer in presence of 0.5 p M DNA 200mer, lane 3—2.5 u M

H3/H4 octamer in presence of 5 pM DNA 200mer, lane 4—2.5 uM H3/H4 octamer in presence of 50 uM DNA 200mer, and
lane S—nucleosomal DNA migrating at — 1435 bp.
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10 uM DNA were subjected to digestion by
mierococcal nuclease. The DNA was purified
from the protein in the reaction mixtures by
phenol extraction and the products were run on
an agarose gel and stained with ethidium bro-
mide. A photograph of the gel can be seen in Fig.
7. In this gel a distinct band was observed for
native nucleosomes due to the protection of the
DNA in the nucleosome structure by the histone
proteins (lane 5). The untreated DNA in absence
of any protein also appears at the appropriate
molecular weight (lane 2). However, no protected
band was observed for any of the reconstituted
complexes of H3 /H4 with DNA.

4. Discussion

Fluorescence polarization studies have brought
to light the complexity of the binding of histone
core proteins to DNA. The strong protein con-
centration dependence of the DNA binding pro-
files demonstrates that there are multiple modes
of interaction of the histone core proteins with
DNA. Although we cannot determine using this
methodology the stoichiometries of the various
species in solution under any given conditions, it
is clear that their relative populations are highly
dependent upon both the protein and the DNA
concentrations. The most striking result pre-
sented here is the high apparent affinity of these
proteins for the DNA to form species which
clearly do not correspond to the core particle.
Despite the complexities of the stoichiometries of
binding, the simple fact that association between
the core proteins and the DNA is observed at
0.05 uM H3/H4 in an apparently stoichiometric,
rather than equilibrium mode attests to the fact
that apparently, the affinity is higher than 2 107
M™!. The equilibria between protein subunits
and protein and DNA are obviously highly cou-
pled and quite complex. The species formed un-
der these equilibrium conditions, at least in the
case of the H3/H4 complexes, quite clearly do
not resemble nuclcosomes. Interestingly, these
high affinity complexes show no protection of the
DNA from nuclease, leading to the conclusion
that while the affinity of the complexes is high,
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nuclease can compete effectively for binding. We
have also made the observation that the stoi-
chiometry of the complex changes along the titra-
tion curves, whether one moves along the DNA
concentration or the histone concentration axis.
We interpret this observation as follows. At low
concentrations of DNA, as many histones as pos-
sible bind to the piece of DNA, giving rise to a
very high stoichiometry, elongated complex, con-
sistent with the long rotational correlation times
observed under these conditions. As more DNA
is added, the proteins partition themselves onto
the excess DNA forming complexes of lower stoi-
chiometry. Both the steady-state polarization and
the rotational correlation times of these particles
decrease compared to the values found at low
DNA concentrations. For both the total core
proteins and the H3/H4 proteins, the stoi-
chiometries were also highly dependent upon the
concentration of the protein. This is due to the
fact that the proteins themselves form aggregates
of differing sizes and composition [21,22,33], and
that these interactions are coupled to DNA bind-
ing.

Above 0.5 uM core or H3/H4 octamer con-
centrations it takes a ten-fold greater DNA con-
centration to obtain binding and the complexes
formed are apparcntly larger in size, indicating
that there is an upper limit to the number of
protein molecules which can be accommodated
by the 200mer and also that different oligomeric
forms of the protein are binding to the DNA at
different protein concentrations,

DNA fibers smoothly coated by the histones
have been observed using clectron microscopy
[31]. The binding of more than one complement
of histone octamer to chromatin core particles
was observed by Voodrow and Eisenberg [17].
Oohara and Wada [32] reported the non-cooper-
ative saturation of DNA by H2A-H2B with stoi-
chiometries corresponding to 7 dimers per 200
mer. Daban and Cantor [20] demonstrated using
excimer formation that when H2A-H2B subunits
were added immediately after H3/H4 molecules
mixed with DNA, core particles were formed,
whereas a dead-end non-nucleosome complex was
formed when the H3/H4 molecules alone were
present or when the H2ZA-H2B was added at long
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times after the initial mixing. Sperling and Wach-
tel [33] have described polymers or fibers of his-
tones which are helical in structure. Such a heli-
cal fiber could conceivably wrap around a DNA
double helix. These authors reported 12 dimers
of histones (or 3 octamers) per 330 A repeat.
Since a 200 bp oligonucleotide is approximately
720 A length, this would allow 26 dimers or 4
octamers to bind. Such a stoichiometry is similar
to the apparent stoichiometries which we report
for the peak polarization values. However, some
of the stoichiometries which we have observed at
earlier points on the titration curves are even
higher than this,indicating that in these cases, the
complex must include additional protein—protein
interactions.

Given these rather interesting observations on
the equilibrium interactions of histones with DNA
in solution, one is led to ask what eventual in vivo
significance these interactions may hold. Probably
the most obvious is that the free energies in-
volved in these complexes are high in absolute
value. This is why the reconstitution of nucleo-
somes in vitro requires high salt dialysis or
polyanions to be successful. Certainly, these sig-
nificant driving forces are present in vivo as well,
and imply that the cell has found its own mecha-
nism for competing against them. Furthermore,
one may ask whether these high affinity compet-
ing binding interactions constitute for the cell, as
for the investigator, a nuisance which requires a
large amount of energy to overcome, or whether
they actually serve some purpose. Recently a
number of conflicting reports have appeared in
the literature pertaining to the fate of nucleo-
somes during transcription. Losa and Brown [35]
demonstrated that histones remained bound to
transcribed the 5S RNA gene. Lorch and cowork-
ers [34,36] using nucleosomes reconstituted onto
either bacterial or adenoviral sequences and lig-
ated to an SP6 promoter showed by gel elec-
trophoresis that histones were displaced during
transcription, while the histones on the 55 RNA
gene were not. They concluded that the 55 RNA
gene was an exception and that the general
mechanism of transcription involves the displace-
ment of histones. An interesting set of observa-
tions using two crosslinking reagents, one for
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lysines and one for histidines, was reported by a
group of Soviet investigators [38,39]. Using a
crosslinking reagent which chemically crosslinks
the histidines found in the central core of the
histone core octamer to DNA, Karpov and
coworkers [38] found that crosslinking was signifi-
cantly reduced in transcriptionally active genes.
This led them to first conclude that histones were
displaced during transcription. However, further
studies [39] using the lysine reactive crosslinking
reagent demonstrated that although the central
core of the octamer does not remain bound to the
DNA during transcription, efficient crosslinking
through the lysine residues in the flexible C- and
N-terminal domains of the proteins was observed
for transcriptionally active chromatin. They sug-
gested that a modified histone-DNA complex
may form during transcription which allows the
passage of the transcription machinery via a
tails-mediated transient release of the DNA.
Bonne-Andrea and coworkers [37} report that
using a T4 in vitro replication system, nucleo-
somes remain bound to the artificial template
during replication, and concluded that nucleo-
somes open up transiently to allow the passage of
the replication fork.

Our results on the equilibrium interactions of
histone core proteins with DNA demonstrate that
there are multiple modes of binding other than
that found in the nucleosome and that these are
both energetically significant as well as coupled
to the state of aggregation of the histones. His-
tone protein-protein interactions may aid in pre-
serving the correct subunit ratios, local concen-
trations and relatively condensed chromatin state
during replication and transcription. They could
also play a role in the efficient binding of newly
synthesized histones onto DNA, and in the for-
mation of higher order chromatin structures. A
number of factors including the salt concentra-
tion,the protein concentration, the relative ratio
of H2A-H2B subunits to the H3/H4 subunits,
the pH and the presence of other proteins and
effector molecules can all work to influence these
coupled protein-protein and protein-DNA equi-
libria. The fact that the complexes which we have
observed in vitro, while relatively high in affinity,
allow the passage of micrococcal nuclease sug-
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gests that similar interactions could also allow the
passage of the replication and transcription ma-
chinery in vivo. The regulation of the competition
between the multiple binding modes between the
histones and DNA and the histones themselves
may in fact be the basis for changes in chromatin
structure during different phases of the cell cycle.
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