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Cooperative interaction of the C-terminal domain of histone H1 with DNA
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We have studied the interaction of the isolated C-terminal domain of histone H1 with lincar DNA using precipitation curves and
electron microscopy. The C-terminal domain shows a salt-dependent transition towards cooperative binding, which reaches
completion at 60 mM NaCl. At this salt concentration, the C-terminal domain binds to some of the DNA molecules, leaving the rest
free. A binding site of 22 base-pairs can be calculated from the stoichiometry of the precipitated fractions. The C-terminal domain
condenses the DNA in toroidal particles. The average inner radius of the particles is of the order of 195 A. Consideration of the value
of the inner radius of the toroids in the light of counterion condensation theory suggests that in these complexes the isolated
C-terminal domain is capableof nearly full electrostatic neutralization of the DNA phosphate charge.

1. Introduction

Histone H1 is required for the formation of
chromatin higher-order structures [1-6] and also
interacts with nucleosomes stabilizing two turns of
nucleosomal DNA [5,7). Histone H1 contains three
structural domains: a globular central region
flanked by highly basic and hydrophilic C- and
N-terminal tails [8,9]. Evidence has been accu-
mulated supporting the view that the structural
domains of H1 are involved in multifunctional
roles in chromatin structure, as also seems to be
the case for core histones. At low salt, nucleo-
somes are thought to be loosely associated with
the globular H1 domains at the entry and exit
points of the spacer DNA [10,11]. On the other
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hand, previous results from circular dichroism
studies showed that the condensation of DNA by
H1 at physiological salt is mainly due to the
C-terminal domain [12,13]. It has also been shown
that the higher-order folding of the nucleofilament
does not require the involvement of the N-termi-
nal domain [14]. It has been recently proposed
that the C-terminal domain might be structured
into a-helical segments when bound to the DNA
[15].

The C-terminal domain possibly contributes to
the bending of the spacer DNA in the 30 nm
filament [15-17]. The study of the mode of bind-
ing of the C-terminal domain of H1 to DNA is
thus likely to be relevant to the role of Hl1 in the
folding of the nucleofilament. Several authors have
described a salt-dependent transition from non-
cooperative to cooperative binding of H1 to either
linear or supercoiled DNA in the range 20-50
mM NaCl [18-21]. We have studied the interac-
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tion of the isolated C-terminal domain of H1 with
linear DNA using precipitation curves and elec-
tron microscopy. The isolated C-terminal domain
shows a salt-dependent transition towards cooper-
ative binding, which reaches completion at 60 mM
salt. At this salt concentration the C-terminal do-
main binds to some of the DNA molecules, leav-
ing the rest free. The electron-microscopic results
show that the isolated C-terminal domain con-
denses the DNA in toroidal particles. The consid-
eration of the inner radii of the toroids in the light
of counterion condensation theory [22,23] sug-
gests, with possible implications for the role of H1
in chromatin higher-order structure, that most of
the DNA phosphate charge might be neutralized
in the complexes.

2. Materials and methods
2.1. Preparation of the C-terminal peptide

Histone H1 was prepared from calf thymus by
the method of Johns and Butler [24]. It was fur-
ther purified by carboxymethylcellulose chro-
matography as described previously [25]. The C-
terminal peptide (residues 123-C-terminus) was
obtained by cleavage at Lys-123 with thrombin,
following the method of Chapman et al. [26).

2.2. Protein and DNA concentrations

For both soluble and precipitated complexes
protein concentrations were determined by amino
acid analysis of protein hydrolysates on a Durrum
B500 amino acid analyzer. DNA concentrations
were measured spectrophotometrically using E %
= 20.

2.3. DNA preparation

DNA from Sigma (type I) was further purified
by chloroform/isoamyl alcohol extractions after
digestion with proteinase K (0.1 mg enzyme/mg
DNA) in the presence of 0.5% SDS. The DNA
was sonicated at a concentration of 0.1 mg/ml in
2x107* M phosphate buffer (pH 7.0) for four
bursts, whilst keeping the samples cold on ice.

This reduces the molecular weight to approx. 7 X
10° as estimated by electrophoresis in 1% agarose
gels.

A DNA fragment of 1631 bp was obtained by
digestion of pBR322 with Hinfl {27]. The frag-
ment was recovered from 0.8% agarose gels by
electroelution using an ISCO model 1750 con-
centrator.

DNA from chicken erythrocyte core particles
was obtained as described [28].

2.4. Protein-DNA complexes

For the precipitation curves complexes were
prepared by direct binding in 1 mM phosphate,
0.8 mM Na, EDTA (pH 74) and a wvariable
amount of NaCl from 0 to 60 mM. The protein
solution was added under continuous gentle stir-
ring to the DNA solution. The final DNA con-
centration was 0.03 mg/ml. The complexes were
incubated for 1 h at 20°C and centrifuged for 25
min at 15000 X g. Supernatants and sediments
were recovered and the concentration of both pro-
tein and DNA determined. The complexes for the
experiments of electron microscopy were prepared
by binding in either 1 mM phosphate, 0.8 mM
Na,EDTA (pH 7.4) or in the same buffer plus
0.14 M NaCl. The final DNA concentration was
0.01 mg,/ml.

The (+ /-) ratio of the complexes was defined
as Lys/nucleotide for C-terminal domain com-
plexes and Lys + Arg/nucleotide for H1 com-
plexes. It was calculated on the basis of the analy-
sis of the amino acid composition.

2.5, Electron microscopy

For visualization, samples were adsorbed on
carbon-coated grids previously rendered hydro-
philic by serum albumin treatment [29] and con-
trasted by either negative or positive staining with
0.5% wuranyl acetate. For the magnification
calibration, catalase crystals negatively stained
from Taab Laboratories were used.

In some experiments the samples were fixed at
4°C for 15 h by adjusting the solution to 0.1%
formaldehyde.
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3. Results

3.1. Precipitation curves

The complexes of the C-terminal domain of H1
and DNA were obtained by direct mixing in low
concentration buffer and varying amounts of salt
from 0 to 60 mM. DNA of 147 base-pairs from
chromatin core particles was used to avoid aggre-
gation, which was already significant with soni-
cated DNA of an average size of 0.7 kb. Fig. 1A
shows the precipitation curves for the C-terminal
domain at different salt concentrations. It can be
seen that with independence of salt concentration,
the totality of the DNA is precipitated at an r
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value of 0.7 (r, protein/DNA weight ratio). For
the C-terminal domain of the H1 from calf thymus
this r value is roughly equivalent to a + /- ratio
of 1 as deduced from the amino acid analysis.
However, different shapes of the precipitation
curves are obtained depending on the salt con-
centration. In the absence of salt, no appreciable
precipitation is observed below an r value of 0.4,
whereas at 60 mM NaCl the DNA is gradually
precipitated from the beginning of the titration.
At 60 mM NaCl the amount of C-terminal peptide
left in the supernatants was negligible all along the
precipitation curve. This behaviour indicates that
the DNA molecules are saturated in turn by the
C-terminal peptide. The absence of protein in the
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Fig. 1. Precipitation curves of mononucleosomal DNA by the isolated C-terminal domain of histone H1 (A) and whole H1 (B).
Titrations were carried out in 1 mM phosphate, 0.8 mM Na,EDTA (pH 7.4), plus a variable amount of salt: (1) 0; (2) 10; (3) 20; (4)
30 and (5) 60 mM NaCl. r: protein/DNA weight ratio.

Table 1

Stoichiometries of the soluble (S) and precipitated (P ) fractions of the complexes of the isolated C-terminal domain of histone H1

with DNA of 147 bp

The complexes were formed in 1 mM phosphate, 0.8 mM Na ;EDTA (pH 7.4) and a variable amount of NaCl. r is the protein/DNA
weight ratio. All the values of the stoichiometry are expressed as protein/DNA weight ratio. NP represents the absence of the

corresponding fraction.

Input r 0 mM NaCl 10 mM Na(l 20 mM NaCl 30 mM NaCl 60 mM NaCl
s P $ P S P S P N P

0.2 0.20 NP 0.20 NP 0.18 0.69 0.17 0.70 0.04 0.73
0.3 0.30 NP 0.28 0.70 019 0.70 0.09 0.70 =0 0.68
0.4 0.40 NP 0.28 0.68 0.20 0.68 =0 0.68 =0 0.65
0.5 0.49 0.60 0.26 0.72 0.19 0.70 =0 0.70 =0 0.70
0.6 0.54 0.70 0.28 0.69 0.18 0.69 =0 0.69 =0 0.68
0.7 0.63 0.70 0.29 0.73 0.21 0.70 =0 0.70 =0 0.69
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supernatants from the 60 mM salt complexes was
confirmed by melting after dialysis against 1.4
mM NaCl, 0.1 mM citrate (pH 7.0). A single
transition corresponding to naked DNA was ob-
served in all cases (data not shown). Similar re-
sults were obtained at salt concentrations higher
than 60 mM NaCl and with higher molecular
weight DNA. In all cases the supernatant frac-
tions consisted of free DNA.

Table 1 lists the stoichiometries of the soluble
and precipitated fractions obtained in 0, 10, 20, 30
and 60 mM NaCl, for complexes of different
input r value. The stoichiometry of the precipi-
tated fractions is always around 0.7 and indepen-
dent of both salt concentration and input r value.
As mentioned above, at 60 mM there is no protein
in the supernatant. At 30 mM small amounts of
protein are found at the lowest # values. Below 30
mM the amount of protein found in the super-
natants increases significantly with decreasing salt.

The transition from non-cooperative to cooper-
ative DNA binding of whole H1, widely described
by others [18-21], can also be clearly observed by
means of precipitation curves. The transition to-
wards binding cooperativity is more abrupt than
with the C-terminal domain, but again at 60 mM
NaCl the precipitation of DNA is proportional to
the amount of added protein (fig. 1B). The

stoichiometry of the precipitated fractions is al-
ways about 1.0 at all salt concentrations.

Beyond an r value of 0.7 for the C-terminal
peptide and 1.0 for whole H1, added protein is
found as free protein in the supernatants. This
property allows the calculation of the size of the
DNA-binding sites for the C-terminal domain and
whole H1 from the stoichiometries of the precipi-
tated fractions. Values of 22 and 33 base-pairs are
found for the C-terminal domain and H1, respec-
tively.

3.2. Electron microscopy of complexes of the C-
terminal domain of histone HI1 with DNA at physio-
logical salt concentrations

The complexes of the C-terminal domain of H1
and DNA were usually obtained by direct mixing
in 140 mM NaCl, 1 mM phosphate buffer, 0.8
mM Na,EDTA (pH 7.4). The complexes were
occasionally prepared by stepwise dialysis with
identical results. Sonicated DNA from calf thymus
(average molecular weight 7 X 10°) or a fragment
of 1631 bp obtained by digestion of pBR322 with
Hirfl was used in the preparation of the com-
plexes. Similar results were obtained with both
types of DNA.

The C-terminal-DNA complexes are seen in the

Fig. 2. Electron micrographs of complexes of the isolated C-terminal domain of histone H1 with DNA in 0.14 M NaCl, 1 mM

phosphate, 0.8 mM Na,EDTA (pH 7.4). The samples were contrasted with uranyl acetate. (a) r = 0.1, positive staining; (b) r =0.2,

positive staining; (c) r = 0.4, negative staining; (d) r = 0.8, positive staining; r = 1.0, negative staining. r: protein/DNA weight ratio.
The bar represents 0.1 um.
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electron microscope in the form of annular rings,
or toroids. Fig. 2 shows complexes at different r
values stained with uranyl acetate. In negatively
stained samples the particles show circular stria-
tions which support the continuous circumferen-
tial DNA winding of torus organization (fig. 2c)
[30,31].

Toroids were observed at r values as low as 0.1
(equivalent to an mput + /- ratio of 0.13). (fig.
2a) and as high as 1.0 (fig. 2e). The measurement
of a set of 46 particles gave an average value of
196 + 44 A for the inner radius of curvature. The
value of the inner radius of the particles is inde-
pendent of r. In contrast, under standard condi-
tions of preparation, the outer radius of the par-
ticles tends to become larger with increasing r. At
r = 1.0, some particles are so thick that the hole in
the middle is barely visible (fig. 2¢). In these
extreme cases toroids could be confused with
spheres.

Experiments with fixed and unfixed samples
have shown that fixation is not essential for speci-
men preservation as the morphology and the par-
ticle dimensions were the same in both types of
samples.
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3.3. Electron microscopy of complexes of the C-
terminal domain of histone H1 with DNA at low salt

Complexes were also formed in 1 mM phos-
phate, 0.8 mM Na,EDTA (pH 7.4). Under these
ionic conditions, toroids were observed at r = 0.8
or higher, but not at lower ratios. Although toroids
are already present at r = 0.8, at this ratio aggre-
gates of uncertain morphology are predominant.
At r=1.0, toroids are already abundant (fig. 3).
This r value is equivalent to a + /- ratio of 1.3.
An excess of protein over the input for a + /-
ratio of 1.0 is therefore necessary for proper toroid
formation at low salt. The inner radius of curva-
ture of the particles is similar to that observed at
0.15 M salt. A value of 195 + 42 A was obtained
from the measurement of a set of 69 particles. At
r= 1.0 the thickness of the particles is about 1,/2
of their inner radius.

3.4. Electron microscopy of complexes of whole HI
with DNA

Other authors have previously shown that
toroidal particles form when H1 is complexed
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Fig. 3. Electron micrographs of complexes of the isolated C-terminal domain of histone H1 with DNA in 1 mM phosphate, 0.8 mM
Na,EDTA (pH 7.0). (a) r = 0.8; (b) r =1.0. r: protein/DNA weight ratio. The bar represents 0.1 pm.
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O

Fig. 4. Electron micrographs of complexes of histone H1 with DNA in 0.15 M NaCl, 1 mM phosphate, 0.8 mM Na,EDTA (pH 7.4).
The r value was 1.1. The bar represents 0.1 pm. r: protein/DNA weight ratio.

with DNA [32,33]. These experiments were per-
formed for the purpose of comparison of particle
dimensions under the same conditions used in the
experiments with the C-terminal domain. Toroidal
particles were readily observed with complexes
formed at r values between 1.0 and 1.5. The inner
radius of the particles was about 600 A, ie.,
3-3.5-times larger than that obtained with the
C-terminal peptide (fig. 4).

4. Discussion

Precipitation curves have been used to demon-
strate salt-dependent binding cooperativity of the
isolated C-terminal domain of histone H1 to lin-
ear double-stranded DNA. The transition towards
cooperative binding occurs in the range 30-60
mM NaCl. At this salt concentration free DNA
and fast-sedimenting fully saturated complexes
co-exist. The protein/DNA ratio (by mass) of the
insoluble fractions is always 0.7, which is equiv-
alent to a + /- ratio of 1.0. When protein is
added in excess over the amount necessary for a
protein/DNA ratio of 0.7 it remains in solution as
free protein. The transition towards cooperative
binding is sharper for whole H1 and also occurs in
the range 30-60 mM. Below this salt concentra-
tion the binding of H1 to linear DNA is non-co-
operative. The maximum r value that can be
achieved in the H1 complexes is 1.0.

The size of the DNA-binding sites for the C-
terminal domain and whole H1 can be calculated
from the stoichiometry of the precipitated frac-
tions. Values of 22 and 33 base-pairs are found for
the C-terminal domain and HI, respectively. The
latter value coincides with that reported by

Watanabe [19] using fluorescently labeled H1. It
should be emphasized that these values are ob-
tained from the stoichiometries of the insoluble
fractions and are not thercfore necessarily valid
for the soluble complexes.

The isolated C-terminal domain of H1 con-
denses the DNA in toircidal particles. Toroidal
particles are observed at physiological salt con-
centrations and also at very low salt (10 mM). In
the latter case, a small excess of C-terminal peptide
over that necessary for an input + /- ratio of 1.0
is required for toroids to become the predominant
structure, whereas at physiological salt toroids are
observed r values far below charge saturation.
The average inner radius of the particles is of the
order of 195 A at both low and physiological salt
conditions.

It is currently accepted that toroidal DNA is
wound circumferentially in a single direction with
a minimum radius of curvature bounding the hole
in the middle [29,31]. Manning [22] calculated that
if the phosphate charge is neutralized, the DNA
molecules spontaneously adopt a bent conforma-
tion with a radius of curvature of about 170 A.
Wilson and Bloomfield [34], using Manning’s
counterion condensation theory, calculated a criti-
cal value of 90% charge compensation for toroid
formation and observed that saturation with Mg**
(88% charge neutralization) does not induce
toroids. Therefore, the observation of toroids with
inner radii of about 195 A suggests that the C-
terminal peptide is capable of neutralizing most of
the charge of its DN A-binding site.

In the context of counterion condensation the-
ory, the stable bending of the DNA molecules in
toroidal particles requires the neutralization of the
phosphate charge along its entire length. The ob-
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servation of toroids at protein /DNA ratios as low
as 0.1 in physiological salt is therefore consistent
with the results from the precipitation curves
showing cooperative binding at 30 mM NaCl or
higher. The fact that in the absence of salt toroids
are only observed in the presence of an excess of
ligand is also consistent with the results of the
precipitation curves indicating that without salt
the binding is not cooperative. Low Mg2* con-
centrations (0.4 mM MgCl,) were as efficient as
140 mM NaCl in inducing toroid formation at low
protein/DNA ratios. This situation parallels that
found in chromatin condensation (data not
shown).

The inner radii of toroids of whole H1 are
3-3.5-times larger than those of the C-terminal
domain. A possible explanation for the larger in-
ner radius of H1 toroids is that the packing re-
quirements of the globular domain and perhaps
also of the N-terminal domain prevent the exten-
sive charge neutralization achieved with the iso-
lated C-terminal domain. The increased local
rigidity of the DNA coil in H1 toroids would
result 1n a larger radius of curvature. The quanti-
tative difference in the capacity of phosphate neu-
tralization probably also explains why the C-
terminal domain forms toroids in the absence of
salt and whole H1 does not.

It is not clear to what extent the C-terminal
domain contributes to the cooperative binding of
the whole molecule in chromatin. It has been
suggested that the globular domains of H1 could
interact with each other in condensed chromatin
and that these interactions could explain the coop-
erative binding of H1 in chromatin [20]. In the
case of the C-terminal domain, binding cooper-
ativity is probably mediated by local changes of
the DNA conformation in the vicinity of bound
ligands.

It is firmly established that histone H1 is in-
volved in the higher-order structure of chromatin.
A possible binding area for the C-terminal domain
is the spacer DNA. The capacity of the C-terminal
domain of nearly full electrostatic neutralization
of the DNA charge could have a profound effect
on the conformation of the spacer. The minimum
radius of curvature of about 150 A obtained when
the DNA phosphate charge is extensively neutral-

ized in in vitro complexes is obviously too high for
the requirements of the models of the higher-order
structure incorporating supercoiled or looped
spacers [16,35]. However, in the nucleosome core
particle the DNA is bent with a radius of curva-
ture of only 45 A, on average. It has been sug-
gested that this much lower radius of curvature is
achieved through the asymmetrical neutralization
of the phosphates along one side of the helical
surface of the DNA molecule [36]. In addition, the
DNA double helix does not follow a regular su-
perhelical path around the histone octamer, but is
bent sharply at several positions [37]. A highly
basic cluster in the sequence of histone H4 is in
close contact with one of the positions of sharp
bending [38].

It cannot be concluded that our results neces-
sarily imply that the spacer cannot bend at radii
lower than 170 A through interaction with the
C-terminal domain. It should be considered that
in vitro complexes differ from chromatin in several
respects. In the first place, in chromatin the H1
stoichiometry is one molecule /nucleosome or less
[39]. Furthermore, the position of the C-terminal
domain relative to its binding area might be fixed
by the interactions of the other domains of the
molecule. In addition, the secondary structure of
the DNA-bound domain might also play a role in
combination with the two aforementioned factors
in determining the distribution of the shielded
phosphate charges. The constraints imposed by
fixed stoichiometry and position, and also perhaps
by the conformation of the DNA-bound domain
could thus prevent the symmetrical neutralization
of the DNA charge and favour the sharp bending
of the spacer in condensed chromatin.
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