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The site of binding of linker histone to the nucleosome does not
depend upon the amino termini of core histones
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Abstract — Using nucleosomes reconstituted on a defined sequence of DNA, we have investigated the question as to whether the
N-terminal tails of core histones play a role in determining the site of binding of a linker histone. Reconstitutes used histone cores of
three types: intact, lacking the N-terminal H3 tails, or lacking all tails. In each case the same, single defined position for the histone
core was observed, using high-resolution mapping. The affinity for binding of linker histone H1° was highest for the intact cores,
lowest for the tailless cores. However, the location of the linker histone, as judged by micrococcal nuclease protection, was exactly
the same in each case, an asymmetric site of about 17 bp to one side of the core particle DNA. © 1999 Société frangaise de biochimie
et biologie moléculaire / Editions scientifiques et médicales Elsevier SAS
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1. Introduction

Recent years have produced overwhelming evidence
for the involvement of chromatin structure in transcription
regulation [1-3], at both the initiation and elongation
steps. The strong inhibition of transcription initiation
attributed to the binding of the histone octamer to DNA is
augmented by the additional binding of linker histones
(LHs) and seems to involve direct repression of transcrip-
tion factor binding to chromatin DNA. Exactly how these
two elements of chromatin structure, the core nucleosome
and LHs, exert their action is far from understood. Part of
the problem lies in our poor knowledge of how LHs
interact with chromatin, despite years of intensive re-
search (reviewed in [4, 5]).

It has long been recognized that LHs bind to linker
DNA, at or near the point where DNA enters and exits
from the core nucleosome {4, 5]. This binding protects an
additional 20 bp of linker DNA, immediately contiguous
to the 146 bp of the DNA in the core nucleosome against
nuclease attack. The exact binding site is still under
debate [5], although recent analyses of LH-containing
mono- and di-nucleosomes reconstituted on defined-
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sequence DNA fragments seem to indicate that, in many
cases, the protection conferred by LH binding is totally
asymmetric, with the protected DNA being located on one
side of the particle only [6-9].

That LH lies close to the nucleosome core has been
directly demonstrated by protein/DNA [10] and
protein/protein cross-linking (for references see [4]). The
major contacts identified were with H2A (e.g., [11]), but
cross-linking to the other core histones has been also
reported [12, 13]. These early studies did not address the
question of which portions of the respective histone
molecules were involved in the cross-linking. More recent
studies used H1 addition onto Hl-depleted native or
reconstituted oligonucleosomes that contained either in-
tact core histones, core histones whose N-terminal tails
were highly acetylated, or core histones which lacked
these tails altogether. Both mobility shift assays and
analyses of the products of micrococcal nuclease (MNase)
digestion indicated beyond doubt that core histone amino
termini were not absolutely required for LH binding to the
nucleosome core [14-18]. Although the lack of such a
requirement seems to be generally agreed upon, there is
still a difference in opinion of whether the affinity of LH
binding is the same for both kinds of chromatin templates
- those containing intact core histones and those possess-
ing acetylated (or truncated) core histone amino termini
(compare [18] with [19], for example).

In order to clarify this issue, we performed further
analysis of LH binding to mononucleosomes reconstituted
on defined-sequence DNA fragments. Three different
reconstitution substrates were employed: i) nucleosome
cores that contained intact core histones; ii) cores which



728

lacked the amino termini of all core histones; and iii) cores
that contained intact H2A, H2B and H4, and histone H3
missing its N-terminal tail. The latter reconstitution was
included in this study in view of our recent scanning force
microscopy (SFM) results showing that the tails of H3 and
those of HS are structurally redundant in the extended
chromatin fiber [20-22]. The N-tails of H3 could not be
substituted for by the tails of any of the other core histones
in determining the three-dimensional organization of nu-
cleosome in the fiber [20-22]. The H3 tails are situated
closer to the dyad axis of the core nucleosome, as
compared to the unstructured tails of the other core
histones [23], and could, in view of this, more easily
interact with the linker DNA and/or with the LH which
binds close to the dyad.

These three types of reconstituted particles were ana-
lyzed by mobility shift assays, MNase digestion, and
mapping of the LH binding site by a combination of
MNase digestion and restriction nuclease cleavage. Our
results confirm previous reports that the tails of the core
histones are dispensable for LH binding. More impor-
tantly, they show for the first time that the site of LH
binding is not in any way dependent on the presence of the
core histone amino termini, although the affinity of LH
binding is somewhat reduced in tailless mononucleo-
somes.

2. Materials and methods

2.1. Expression of human H1° and DNA fragment used
for reconstitution

The human H1° gene was obtained by polymerase
chain reaction of pWH312 [24], and cloned into pET-15b
expression vector, as recently detailed in (8]. The native
status of the purified recombinant protein was checked by
circular dichroism. The 235 bp DNA fragment used for
nucleosome reconstitution contained 30 bp and 20 bp
extensions on the 5°- and 3’-sides of the 179 bp pGUB
fragment [25] and was cloned and purified as described
elsewhere [8].

2.2. Preparation of intact, H3-tailless or totally-tailless
histone octamers

The preparation of intact histone octamer was previ-
ously described [7]. Tailless histone octamers were pre-
pared by mild trypsin digestion of chicken erythrocyte
chromatin (at 0.1 mg of DNA/mL) using immobilized
trypsin [26]. Membranes with immobilized trypsin were
immersed in the reaction solution (10 mM Tris-HCI, pH
7.5) 15 min prior to the addition of the chromatin sub-
strate. Chromatin was digested for 5~7 h or for 10~12 h at
37 °C to prepare H3-tailless or totally-tailless histone
octamer, respectively. Digestion was stopped by removal
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of the membranes, adding phenyl methyl sulfonyl fluoride
to a final concentration of 0.5 mM, and chilling the sample
on ice. Digestion products were analyzed on 15% SDS-
polyacrylamide gel electrophoresis [27]. Digested chro-
matin was stripped of linker histones by CM Sephadex
C-25[28, 29], and H3-tailless or totally-tailless histone
octamers were purified by hydroxyapatite column by the
standard procedure for histone octamer purification [30].

2.3. Reconstitution of core nucleosomes
and chromatosomes

Reconstitutions were carried out by the salt dialysis
methods of Tatchell and van Holde [31] at 4 °C as
described recently [7]. The success of reconstitution was
monitored by electrophoresis in 0.9% agarose gels in
0.5 x TBE (0.045 M Tris-borate, pH 8.0, 1 mM EDTA).
The intactness of the histones following nucleosome
reconstitution was monitored by 15% SDS-
polyacrylamide gels [27]: no signs of proteolysis were
detected. The stoichiometry of bound linker histones was
determined by densitometry of Coomassie-stained gels
and comparisons with staining patterns of total chicken
erythrocyte histones run in parallel. H1° was added to the
reconstitution mixture at a molar ratio ranging from 1.3 to
2.5 molecules of H1° per mole of core histone octamer,
depending on the reconstitution substrate (see legend to
figure 2). Such additions resulted in one molecule of linker
histone bound per nucleosome.

2.4. MNase digestion of reconstituted nucleosomes
and mapping of the LH binding site

These procedures were recently described {7, 8].

3. Results

3.1. Production and characterization of intact,
H3-tailless, and totally-tailless histone octamers

In order to study the possible involvement of core
histone amino termini in the binding of LH to the
nucleosome, we performed binding experiments with
three types of reconstitution substrates: core mononucleo-
somes which contained intact histone octamers, mononu-
cleosomes in which H2A, H2B and H4 were intact but H3
lacked its N-terminal tail, and mononucleosomes in which
all core histones were missing their amino termini. These
LH binding substrates were obtained by reconstitution of
the 235 pGUB DNA fragment with core histones isolated
from chicken erythrocyte chromatin that had been mildly
digested with immobilized trypsin to different degrees.
Trypsinization for =6 h led to selective cleavage of 20 or
26 amino acids from the N-terminal portion of histone H3,
with the production of P1’ and P1 proteolytic fragments
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Figure 1. 15% SDS-polyacrylamide electrophoretic patterns of
the histones used in this work. Lanes 14, 2-3 ug of the
respective protein preparations; lane 5, 1 pg. Lane 1, chicken
erythrocyte total histones as markers. Lanes 2, 3, and 4, intact
histone octamers, H3-tailless histone octamers, and totally-
tailless histone octamers, respectively, used for nucleosome
reconstitution. The arrows on the right hand side show the
products of immobilized trypsin cleavage: P1’ and P! represent
truncated H3 molecules, missing 20 and 26 amino acids from the
N-termini, respectively (see text). Note that in lane 3 histone H3
has been proteolyzed but the other core histones are still intact,
in contrast to the situation presented in lane 4, where all core
histones lack their N-termini. Lane 5, recombinant human H1°
used as a representative of the LH class.

(lane 3 in figure 1). The other core histones were still
intact at this point (lane 3 in figure ). Overnight digestion
resulted in proteolytic removal of the tails of all core
histones (lane 4 in figure 1). Figure 1 also shows the purity
of recombinant histone H1° used as a LH.

3.2. Linker histone is capable of binding to core
nucleosomes containing core histones lacking
their amino termini

Reconstitution of the core nucleosomes and LH binding
were monitored by band shift analysis of the kind illus-
trated in figure 2. Interestingly, our gels could discriminate
among the three kinds of core nucleosomes, the absence of
the H3 tails or the tails of all core histones leading to
successively higher electrophoretic mobilities of the re-
spective particles as compared to the reconstitute contain-
ing intact octamers (figure 2). Addition of LH to the these

729
. H3 Totally
intact tailless tailless
H1: - + - + - +

* ¥ *

Figure 2. Mobility shift assay to follow the success of recons-
titution. The 235 bp DNA fragment was reconstituted with the
respective histone octamers only (first lane of each pair) or with
the respective octamer followed by addition of H1° (second lane
of each pair). Histone H1° was added to a molar ratio with
respect to the nucleosome cores of 1.3, 1.7, and 2.5, respectively,
for the three different types of reconstitutes. The products of
reconstitution were analyzed by 0.9% agarose gels and visuali-
zed by ethidium bromide staining. The three asterisks on the
left-hand side point to the core nucleosomes containing intact,
H3-tailless, and totally-tailless histone octamers. The three
pound signs on the right-hand side indicate the respective
H1°-containing nucleosomes.

core nucleosomes produced further retardation of the
particles, again different for the three different reconstitu-
tion substrates. Titration of the amount of LH needed to
achieve comparable extents of LH binding showed a
somewhat reduced affinity of the LH for the H3 tailless
material, and even more so for the totally tailless material,
since more LH was required in these latter cases (see
legend to figure 2). This result confirms similar observa-
tions from Workman'’s group [18].

The successful reconstitution of LH to the three types
of core nucleosomes was further tested by MNase diges-
tion. In all three cases, the kinetic intermediate of 168 bp
in length characteristic of the chromatosome was clearly
seen on the gels (marked Chr. in figure 3a and b). In
accordance with our previous results {7], the control
digestion of the naked DNA used for reconstitution did not
produce prominent bands in the core- or chromatosome-
sized DNA regions of the gel (figure 3c).

3.3. Linker histone binds to the same site in nucleosomes
containing intact or tailless core histones

Finally, we mapped the position of the reconstituted
core nucleosomes and chromatosomes on the DNA frag-
ment in the control, the H3-tailless, and the totally tailless
material by the method originally introduced by Dong et
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Figure 3. Products of MNase digestion of the H1°-intact nucleosome (a), the H1°-totally tailless nucleosome (b), and the naked DNA
fragment used for the above reconstitutions (¢). The digestion patterns were visualized by ethidium bromide staining. Note that the
free DNA present in the incubation mixtures subjected to MNase digestion will not contribute to the patterns observed with the
reconstituted particles, since under the conditions of digestion used to obtain DNA from these particles naked DNA was completely
digested to small fragments unobservable on gels. Lanes marked M contain pBR322/Mspl size markers. The arrows on the left-hand
side of panels (a) and (b) denote the positions of the DNA bands resulting from MNase digestion of linker DNA to the chromatosome

and core particle.

al. [32]. In this approach, the reconstituted particles were
subjected to MNase digestion to trim down the unpro-
tected linker DNA, the digested DNA was purified and
fractionated on DNA electrophoretic gels. DNA bands of
defined lengths (146 bp representing the core particle and
168 bp representing the chromatosome) were eluted from
the gels, end-labeled, subjected to restriction nuclease
digestion and the lengths of the resulting DNA fragments
were determined by electrophoresis on polyacrylamide
sequencing gels.

The electrophoretic patterns of Xbol fragments on such
gels define one major position of the core particle located
between bp 34 and 181 (see DNA bands of 108 and 39 bp
in figure 4, lanes 2 in (a) and (b)). This is also the major
core position determined by Adams and Workman [25],
and in our previous study [7]. The core position was the
same for the three kinds of reconstitutes, in conformity
with earlier data indicating that the histone tails are not
determinants of nucleosome positioning [32]. Addition of
LH to the intact (figure 4a), or the totally tailless core
nucleosome particles (figure 4b) led to the production of
two major Xbol bands, 108 bp and 56 bp in length, which
indicates that LH protects linker DNA highly asymmetri-
cally, on one side of the core particle only (figure 4c). The
protection result with the H3 tailless reconstitute was
exactly the same as that with the intact or the totally
tailless material (not shown). Thus, LH does not require
the amino termini of the core histones for its binding to the
nucleosome; moreover, it binds to exactly the same
location in the presence or absence of these termini.

4. Discussion

Acetylation of core histones and partial depletion of LH
are considered characteristic features of transcriptionally
active chromatin. That the two processes may be interre-
lated is suggested by the correlation between core histone
acetylation and LH deficiency in newly replicated [33] or
transcriptionally active [34] chromatin. However, the ex-
act molecular mechanisms underlying this correlation and
its functional consequences vis-a-vis binding of general
and gene-specific transcription factors remain elusive.

In an attempt to look more closely into this issue, we
studied LH binding to nucleosomes subtly differing in the
composition of their histone octamers. Core histones
truncated at their N-termini have been widely used by
numerous laboratories for nucleosome reconstitution to
mimic the effect of histone tail acetylation, a modification
that drastically reduces the affinity of their binding to
DNA (e.g. [35]). Our studies with nucleosomes containing
intact core histones, core histones specifically devoid of
the N-terminal portion of histone H3, or all core histones
lacking their amino termini indicate that LH binds less
stably to nucleosomes containing truncated core histones.
This result agrees with some earlier reports [18]. More
importantly, the site of LH binding is not dependent on
these termini: LH binding protects linker DNA in exactly
the same way in nucleosomal particles containing intact
core histones and those containing truncated core histones.

What could be the molecular basis for the reduced
affinity of LH to nucleosomes possessing acetylated core
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Figure 4. Linker histone-induced protection of linker DNA
against MNase digestion. Autoradiography of the labeled DNA
fragments obtained following restriction nuclease digestion of
DNA bands of 146 bp and 168 bp in length (figure 3). Lanes
labeled M contain pBR322/Mspl size markers. Main digestion
products identified as representing core or chromatosome posi-
tions (see text) are marked by dots. One dot designates fragments
seen in either the core nucleosome or in both the core and the
chromatosome; two dots designate new fragments observed in
chromatosome digests only. a. Reconstitutes containing intact
histone octamers. b. Reconstitutes containing totally-tailless
histone octamers. ¢. Scheme summarizing the protection data.
The positions of the core particle is denoted as a gray bar, and
those of the chromatosomes as a plain line with a stippled gray
box at the end, representing the DNA stretch protected by LH
binding. The number above this box denotes the length of the
protected region (in bp). The framed bar in the middle of the
scheme represents the DNA fragment used for reconstitution,
with the site for Xbol cleavage marked.

histone tails or lacking these tails altogether? The location
of the LH in the nucleosome is determined entirely by
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factors other than the tails of the core histones. However,
these tails may still affect the affinity of LH binding, by
either direct interaction with the protein, or by conforma-
tional changes they may confer on the particle, depending
on their interactions with the DNA (which, in turn, may be
a function of their state of post-synthetic modifications).
At this point, it is difficult to see exactly how the tails may
affect LH binding, since the crystal structure of the core
particle [23] shows that these tails are disorganized and
probably extend away from the nucleosomal core. The
amino termini, though, may influence the conformation of
the particle by loosely associating with the outside of the
DNA supercoil [36]. Such changes, if they occur, must be
subtle, for neither neutron scattering [37] nor sedimenta-
tion [38] reveal significant dimensional changes in core
particles upon tail cleavage. It is becoming increasingly
clear, however, that the nucleosome core is capable of
significant conformational changes (see for example, [39-
41]), not all of which would by necessity produce observ-
able changes in dimensions.

Finally, we note that virtually all of these physical
studies of the effects of either tail removal or acetylation
have utilized core particles. Even if most of the core
histone tails (except H3, see figure 7 in [20]) cannot reach
a significant portion of the linker, they are potentially
capable of interacting with that 20 or so base pairs which
are needed to extend the 146 bp of core particle DNA to
create the binding site for the LH. It must be emphasized
that the X-ray diffraction studies do not show any specific
roles for theses termini in the core particle [36]. They may,
instead find their true roles in the full nucleosome, or
chromatosome; stabilization of this region may be essen-
tial for strong binding of LHs.

It remains difficult to believe that structures so highly
conserved as the core histone tails do not have very
special structural functions. One of these may well reside
in modulation of the stability of linker histones binding to
the chromatin fiber. The finding of Juan et al. [18] that
acetylation or removal of the tails weakens HI-
nucleosome interaction so as to stimulate transcription
factor binding is certainly supportive of this concept.
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