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The aim of this research was to gain more understanding on
how a linker histone (LH), H1°, and high mobility group protein,
HMG1, interact with nucleosome. To determine the location of
linker proteins, three specific positioning sequences were used to
reconstitute core nucleosomes and the binding of H1 and HMG1 to
them was studied by nuclease protection.
of

asymmetric

positioning

of

As a first step, a report

LH

mono-nucleosome

on

reconstituted with a cloned fragment containing the 5S rDNA from
X. borealis was reinvestigated. It was found that this sequence

has two major core positions and that the previously reported 5
15 by protection by LH is an artifact of MNase digestion. On the
other hand, it seems clear that LH protects 20bp linker DNA on

only one side of 3-151 core nucleosome.
243-bp

fragment

containing the L. variegates 5S rDNA and a 235-bp

fragment

Using two alternative

DNA sequences,

a

derived from the clone called pGUB, it was found that LH protects

DNA on only one side of the core particles, and more importantly,
the asymmetric, one-side protection of linker DNA is sequence
dependent.

Cross linking experiments

additionally demonstrated

that the binding of linker proteins to the core nucleosome causes
neither a change in nucleosome

structure

nor sliding

of the

histone octamer along the DNA sequences.

The possible

contributions

of octamer

histone

tails

to

the

positioning of the LH was also examined using trypsinized histone
octamers for reconstitution.

The results showed that the binding

of LH onto core nucleosome is slightly facilitated by the presence

of histone tails but the absence of histone tails did not change the
protection by LH, indicating that the core histone tails are not
involved in locating LH on core nucleosome.

Finally, the position of HMG1 on nucleosomes was studied and
the results showed that HMG1 protects linker DNA on one side of
the core particle. Importantly, the linker DNA site protected b y
HMG1 was located on the side opposite to that already found to b e

protected by linker histone binding.
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Interaction of Linker Proteins, H1 and HMG1, with
Nucleosome Reconstituted on Positioning Sequences
Chapter 1
Introduction

A.

Chromatin Structure

The DNA in eukaryotic cells
sequential hierarchic structures.
the

basic

repeating

approximately

unit

is compacted

with

proteins

in

The nucleosome core particle is
of
and consists
of chromatin

146-bp of DNA wound into 1.75 turns

handed helix around a histone octamer.

of a left-

The core particle is

about 5 nm in height and 1 1
nm in diameter, and has a pseudo-dyad axis through the center of
cylinder-shaped with dimensions of

the histone octamer and the middle of the 146-bp DNA (Lugar e t
al., 1997). All core histones are extremely basic proteins rich in

lysine and arginine and also remarkably conserved in length and
amino acid sequence through evolution. They together form a n
octamer (H2A, H2B, H3, H4)2 around which DNA is wrapped
forming each nucleosome core particle.

In the absence of DNA a t

physiological ionic strength, histone H2A and H2B form a stable
dimer (H2A/H2B) whereas histones f13 and 114 form a stable
tetramer.

Histone H3 and H4 are the most highly conserved and

biophysical and biochemical analysis revealed that the tetramer of

H3/H4 has the central role both in organizing the nucleosome and
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in many chromosomal processes

(for

a review of the basic

elements of chromatin structure, see van Ho lde, 1988).

The binding of lysine-rich linker histones such as H1 and H5 to
the

linker

DNA

between

nucleosomes

core

forms

the

chromatosome, which is the next step in organization above the
core particle.

The chromatosome was first found

as a 168 b p

pause in digestion of chromatin with MNase and analysis of this
particle showed it to have all the components of core particle, plus
some linker DNA and one molecule of linker histone (see Fig. 1.1,
for the structure

of nucleosome).

The binding of lysine-rich

histones to linker DNA in the chromatin

formation of higher order structure

fiber also directs the

in a nucleosome array and

In each cell, the linker histones
are represented by several closely related molecular types, which
stabilizes higher-order structures.

differ somewhat in molecular mass, amino acid composition and
sequence. This heterogeneity is species or tissue specific. The
best

studied

linker

specialized

histone

erythrocytes, and known as histone H5.

is

from

chicken

It accumulates during the

process of terminal differentiation of some nucleated erythrocytes

and has been implicated

as

a factor in the shutting down of

transcription and replication in the mature erythrocyte (Zlatanova,
J. and van Holde, K. E., 1996). The H10 histones, used in all the
experiments in this thesis, is another class of linker histone and

found in a variety of cells at terminal stages of differentiation or
generally at low rates of cell division (Doenecke and Tonjes, 1986).
The nucleosome also associates with abundant non-histone
proteins.

Primary among these are the high mobility group (HMG)

3

Elements of chromatin structure
dyad

"41kiagoOf

Core particle

Chromatosome

146 by

168 by

histone octamer

histone octamer
linker histone

&al
linker Intone:

-Linker histone

+Linker histone
1

Nucleosomes
> 168 by

histone octamer
Fig. 1.1.

A schematic drawing of different nucleosome particles.

The organization of a core particle, chromatosome and nucleosome,
which are elements of chromatin structure, is shown.
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proteins; four major proteins are found in this group.

These fall

into two classes: HMG1 and 2 (29000 Da in size) are one pair of
homologous proteins; HMG 14 and 17 (-12000 Da in size) are the
other. In addition there are also several minor HMG proteins, for
example HMG-I/Y which binds to the alpha-satellite sequences in

The exact role of the nonhistone chromosomal
with
to correlate
not yet clear but seems

the centromere.
proteins

is

transcriptional activity.

The next stage of compaction of chromatin is achieved by the

wrapping the string of nucleosomes into a 30 nm fiber with about
A variety of models have been
six nucleosomes per turn.
proposed for the 30 nm fiber based on results from biophysical

studies and electron microscopic observations but none of them is
universally accepted, especially regarding the orientation of
nucleosomes relative to each other in the condensed fiber.

This

30 nm fiber can be further supercoiled into 200-nm fibers which
are observed in both metaphase chromosomes and in the nuclei of
non-dividing cells (see Fig. 1.2, for the levels of chromatin
structure ).

Although the mechanisms of chromatin condensation into the

higher order structure and the details of this structure remain
largely

unknown

despite

studies, considerable

numerous

physical

and

flexibility and heterogeneity

exist in the higher order structure of chromatin.

microscopic
are likely to

It is also known

that this complexity in the folding of chromatin is increased b y

strong influences on the structure from various post-transitional
modifications of both core and linker histones that occur during

5

Nuclear membrane

Chromatin fiber

Chromatin
fiber

Histone and
nonhistone
proteins

Condensed fiber
(30 nm diam.)

?or
Nucleosome
(11 nm diam.)

DNA (2 nm diam.)

Nuclear pore

Nuclear matrix fibers

Fig. 1.2. Levels of chromatin structure.
To the left is a schematic view of a portion

of the nucleus, with
partially condensed chromatin fibers. A closer view (to the right)
shows a chromatin fiber in which part is in 30 nm fiber form, and
part is opened up, as for transcription.
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(van Ho lde, 1988).

the normal cell cycle and in development

Thus, although the conformation of the nucleosomal core particle

is now known
nucleosomes

are

in exquisite

folded

into

detail

et al.,

(Lugar

higher

structure

order

how

1997),

and

are

opened for processes like transcription, replication, recombination,
and DNA repair remains a mystery; this constitutes one of the
major unsolved problems in molecular biology.
Function of Linker Histones and Their Interaction with
Nucleosomes

B.

The discovery of the chromatosome,

a nucleosomal

containing about 168 by of DNA wrapped

around

particle

the histone

and one molecule of linker histone (Simpson, 1978)
prompted research into understanding the role of linker histone
octamer

and how the linker histone binds to the nucleosome particle.
The linker histones are characterized by a highly asymmetric
distribution of amino acid residues along the peptide chain. They
have a central globular domain (GD) of about

80 amino acid

residues and basic, randomly coiled tails at both the N- and CThe central domain consists of three alpha-helices
termini.
attached to a three stranded

beta-sheet

(Ramakrishnan

et al.,

The different domains of LH are thought to perform
different roles in determining nucleosome and chromatin
1993).

It has long been known that structured GD associates
with linker DNA, stabilizing histone-DNA interactions throughout
structure.

the nucleosome core.
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Both protein/DNA crosslinking

protein/protein

crosslinking

et al.,

(Belyaysky

(Boulikas

and

studies

1980)

al.,

et

1980)

that H1 lies close to the nucleosome core. The
binding of LH protects 20bp of linker DNA immediately
demonstrated

contiguous to the core DNA against nuclease digestion (Simpson e t

al., 1978) and the linker histone tails, especially C-terminal tails,
interact with the DNA between nucleosomes to form higher order
structure

(Zlatanova

and

Yaneva,

1991;

Allan

et

al,

1986).

Concerning the exact location of linker histone on the nucleosomes,
there is a great deal of uncertainty and controversy.

For many

years, the accepted notion was that LH or its GD bound

at the

point where DNA enters and exits each nucleosome, a site also
close to the dyad axis of the particle, providing 10 by DNA

protection from MNase digestion on each side of the core particle
(Allan

et

al., 1980;

hypothesis

Zlatanova

and

van

Holde,

1996).

This

was supported by the finding of two possible DNA

binding sites in GH5 (Ramakrishnan

et al., 1993).

Later, the

of these two sites for proper GH5 function was

requirement

experimentally shown (Goytisolo et al., 1996).

Most current research on the function of LH largely relies on
methodologies to reassemble nucleosomal structures using defined
positioning DNA sequences (Simpson et al., 1985; Ramsay et al.,
1984; Hayes and Wolffe, 1993). Sequence-dependent variations
in the structure within the positioning sequences cause the
sequences

to

adopt

a

defined

rotational

and

transitional

orientation with respect to the surface of the nucleosome core.

Since the core histone-DNA contacts occur at the specific location
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on the surface of the octamer, these two positional variables are
related. Therefore, reconstitutions using DNAs with a rotational
preference

will yield a major population of nucleosomes with

identical translational location.

nucleosome

positioning

has

and

is known as

This phenomenon
a

critical

role

studying

in

structure and function of nucleosomes in vitro.
Using such reconstitution

techniques,

alternative,

asymmetric

placements of the GD have recently been proposed. Wolffe, Hayes

and collaborators studied the location of either intact LHs or their
isolated GDs on nucleosomal particles reconstituted on sequence
containing

5S rRNA genes from Xenopus

sequence,

they

reported

that

LH

On this

borealis.

linker

protects

DNA

asymmetrically, 5 base pairs (bp) on one side, and 15 by on the

other (Hayes and Wolffe, 1993; Ura et
cross-linking experiments

al., 1995).

further demonstrated

DNA-protein

that the GD of

histone H5 contacted DNA at a site 65 by away from the dyad axis

on only one side of the particle (Hayes et al., 1994). It was
suggested binding of LH must cause some structural alteration to
give 5 by protection from MNase digestion on the other side.
From more recent experimental results by the same authors, it is
proposed

that the GD is placed within

the DNA gyres of the

nucleosomal particle (Pruss et al., 1996; Hayes, J. J., 1996).
Another

alternative

off-axis

model

important aspects from the asymmetric

that

differs

in

several

model of Wolffe/Hayes

has been proposed by Travers' lab (Travers and Muyldermans,
1996). This model was derived from careful statistical analysis of
DNA sequence elements in chromatosome DNA isolated from a
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MNase digest of chicken erythrocyte

chromatin.

This model

postulates that the sequence organization of chromatosome DNA is

asymmetric with respect to the midpoint and that the OD lies on
the outside of the particle, bridging two adjacent gyres on the
nucleosome.

The actual contacts of LH are proposed to be with

chromatosomal DNA close to the dyad(+7 or -7 of the superhelix)
and with an adjacent gyre close to one extremity (+1 or -1 of the
superhelix).
Prunell and collaborators (Hamiche et al., 1996) also examined
the

binding

of LH on mononucleosome reconstituted

positioning sequence.

with

a

They proposed that the binding of LH

increase DNA wrapping around the histone from 1.6 turn to 1.8
turn but does not lead to a crossing of the linker DNA, instead, it
causes the accentuation of their bends. Using various H5 deletion
mutants, they also found that the C-terminal tail, although does

not affect the wrapping too much, bridges two DNA arms together
into a stem over a distance of about 30 bp.

Fig 1.3 schematically shows the models for the location of the
linker histone on the nucleosome, viewed in the direction of the
dyad axis of the core particle.
In summary,

although the structure

of the nucleosome core

particle is now known in great detail (Arents et al., 1993; Lugar e t
al.,

1997),

the

structure

of the next higher

chromatin fiber, the chromatosome, remains

Robinson, 1997).

element

of the

in debate (Crane-

10

(a)

(c)
122 A I

2

AGGA -8

Fig. 1.3. The models for the location of the LH globular domain on
the nucleosome. (a) The model proposed by Allan et al. (1980) in

which the domain site lies directly on the dyad, making contact
with both exiting DNA duplexes and the central DNA gyre of the
core particle. (b) The model proposed by Pruss et al. (1996) in
which GH5 binds to the major groove on the inside of the DNA
superhelix at a point just within the core particle and in contact
with H2A. (c) The model of Travers and Muyldermans(1996) in
which the G-domain straddles two DNA gyres at a point just

within the boundary of the core particle.
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C.

Role of Core Histone Tails on the Interaction of LH with

Nucleosome

The histone tails,

as

defined

of the

from analysis

crystal

structure (Lugar et al., 1997), are the regions of the core histone
protein

sequences

that

reach outside

of the nucleosome and

generally have the appearance of flexible, irregular chains. The
tails account for 28% of the core histone sequences overall and
are extremely basic as a result of the high proportion of lysine

and arginine amino acids they contain.

Due to the polar nature of the N-terminal regions of the core
histones, there has long been interest in the question of what role
these "tails" may have in the nucleosome structure and function.

It has been suggested that the release of these tails from a rigid
conformation

occurs

during

salt-dependent

nucleosome

conformational transition (Cary et al., 1978; Allan et al., 1982).

Chemical crosslinking experiments have shown that interactions

can occur between the amino terminal domains of core histones

and core particle or linker DNA (Bavykin et
resolution

nuclear

magnetic

resonance

al., 1990).

data

also

High

indicate

association of amino terminal tails, specially of histones H3 and

H4, with DNA in the nucleosome at physiological ionic strength
(Rill et al., 1982). These regions contain a high concentration of
positively charged residues such as lysine and therefore their

dynamic role in the modulation of chromatin structure has been
hypothesized.
Since acetylation of lysine residues at the histone N termini
neutralizes their positive charges, it has long been suggested that
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acetylation modulates N-terminal interaction with the negatively
charged DNA backbone allowing functions such as nucleosome

assembly (Allis et al., 1985) and transcription (Grunstein, 1997).
Indeed, it was shown that chromatin containing active genes is
preferentially acetylated (Hebbes et al., 1988) and acetylation or

removal of histone tails from nucleosomes facilitate the access of
trans-acting factors to their recognition sites (Vettesse-Dadey et

al., 1994; Lee et al., 1993).
transitional
chromatin

modification

structure,

Therefore, it seems clear that post 

of

these

probably

regions

through

can

change

the

of

the

alteration

interactions of these regions with the linker DNA (Libertini et al.,

Whether all the tails act together in a concerted fashion, or
whether different groups have different functions, still remains to
1988).

be determined.
Even though it was previously shown that removal or extensive
acetylation of histone tails in isolated nucleosomes does not
produce structural change in the organization or the integrity of
core nucleosome (Mathis et al., 1978; Ausio et al., 1989; Hayes e t
al., 1991),

some recent researches

including ours, showed that they
and/or

neighboring

nucleosomes,

from different

laboratories,

interact with linker DNA, LHs
thereby

contributing

to

the

stability of the chromatin fiber.
In

summary,

although

there

have

been

several

findings

regarding the role of histone tails on the stability of nucleosome

and the folding of the chromatin strands into the higher-order
solenoidal structure, the possibility that they, by interacting with
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linker DNA, modulate the interaction of LH with core nucleosome
has not been well studied.
D.

Interaction of HMG1 with Nucleosome

The abundant non-histone proteins, HMG1 and 2 are a closely

related pair of proteins and comprise the majority of HMG protein
in the cell.

These proteins have attracted a great deal of attention

since conserved amino acid sequence motifs were found in these
proteins that are also found in transcription factors

(Grosschedl e t

al., 1994).

The exact role of the nonhistone chromosomal proteins is not yet
clearly understood but it is known that HMG1/2 show
considerable
1997).

functional similarities to LHs (Bustin and Reeves,

For example, HMG1/2 is known to bind strongly to linker

DNA (Jackson et al., 1979) and

(Bianchi et al., 1989).

to four-way junction (4WJ) DNA

Mild nuclease digestion experiments also

showed that the presence of HMG1/2 could extend the protection
of DNA from nuclease digestion as H1 does (Jackson et al., 1979;
Nightingale et al., 1996). However, whether H1 and HMG1 can

bind to linker DNA simultaneously, or only by displacing each
other has not yet been determined. The isolation of nucleosomes
containing HMG1/2 but without H1 favors the replacement
hypothesis

(Jackson

et

al.,

1979).

Also, direct

competition

experiments for the binding to four-way junction DNA show no
ternary

complexes

involving

both

indicating that they bind to the same

H1

and

HMG1, strongly

sites on the junction and
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perhaps on the similar DNA structure in nucleosome (Varga-weisz

It has also been suggested the binding of non
histone protein may reflect an adaptation of more extended and
et al., 1994).

less stable

chromatin

structure

(Ner

et al.,

1994)

structural change might provide less impediment

and

this

to replication

fork progression, or the reorganization of chromosome structure

associated with the nuclear cell cycle. Therefore, it is possible for

of LH might be relaxed in

gene expression that requirement

chromatin by this kind of substitution.
However,

conflicting

data

have

also

been

reported.

The

presence of HMG1/2 was found to be restricted to Hl-containing
mononucleosomal particles isolated from native chromatin
Cross-linking experiments with chromatin
reconstituted with exogenous HMG1/2 also demonstrated that a t
(Albright et al., 1980).

least some HMGs are sufficiently close to histone H1 to allow
crosslinking between them to occur (Palvimo et al., 1988).
Taking all the results together, no direct experimental clue is yet
available as to how HMG 1/2 binds to nucleosome and whether H1

and HMG1/2 can bind to a nucleosome particle together, or their
binding is mutually

exclusive.

These questions

are

of great

importance to understanding the structural and functional role of

chromatin.
In this thesis I present the results of the research on the way

H1 and HMG1 interact with mononucleosome reconstituted using
three

well

defined

positioning

structural change of nucleosome.

sequences

and

the

possible

15

Chapter 2

Reinvestigation of Linker Histone Binding on Nucleosome
Reconstituted on Xenopus
A.

borealis

5S rDNA

Introduction

As stated in the Introduction, the location of the linker histone

on the chromatosomal element of the chromatin fiber has been
Although previous evidence had
the subject of controversy.
supported a location over the dyad axis, some recent experiments,
using a X. borealis 5S rDNA sequence, suggest an asymmetric, offaxis position (Hayes and Wolffe, 1993; Ura et al., 1995). There
are, however, several perplexing questions that the latter model

(1) If the LH binds to a site so far from the dyad axis of
the bilaterally symmetric nucleosome, how can the globular
domain still protect both portions of linker DNA from MNase
digestion ?. (2) How does the latter model reconcile with the
finding that two DNA binding sites are required for extra-

raises.

Based on the crosslinking
experiment by Hayes et al. (1994), it has been suggested that the
binding of the Gll induces an allosteric conformational change in
the histone core, thereby causing 5 base pairs of protection on the
protection by GH5 on linker DNA?.

other side. (3) It is also possible that DNA sequences containing
5S genes may be atypical and therefore lead to anomalous
positioning

of the

linker

histone.

Certainly

the

5S

genes

themselves are unusual, in that promoters are internally located.
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In order

to resolve

the

present

controversy

regarding

the

position of linker histone on nucleosome, I have examined the

protection

different

provided

by LH on nucleosomes reconstituted

DNA sequences,

positioning signals.

each

possessing

strong

on

nucleosome

As a first step, I have attempted to repeat the

MNase protection experiments using chromatosomes reconstituted
on the X. borealis 5S sequence used by Wolffe and Hayes. As will

be shown in this chapter, the results indicate that this particular
system is very prone to artifacts.
B.

Materials and Methods

1.

Expression of human Hlo and H1.3: Human H10 and H1.3 genes

were obtained by PCR of pWH312 and pWH135 (Doenecke and
Tonjes, 1986), respectively

NdeI at both ends of the

using synthetic
genes.

primer

introducing

The PCRed fragments

were

with NdeI and cloned into the Ndel site of pET-15b
expression vector (Novagen, Milwaukee, WI). The plasmids were
digested

then transformed into E. coli host BL21(DE3) and expression was
induced by the addition of 1 mM IPTG when the A600 of the
culture reached

0.6. Cells were grown for 3 more hours and

harvested by low speed centrifugation (5000g for 5 min).

The cell

pellet was sonicated in 40 ml of binding buffer[5 mM imidazole,

0.5 M NaC1, 20 mM Tris-HC1(pH 7.9), 0.1% NP4O] per 100 ml

culture and the inclusion bodies and cell debris were collected b y
centrifugation at 20,000 x g for 15 min. The pellet was washed
twice more with binding buffer, resuspended in 20 ml of binding
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micron membrane to remove any insoluble material. The extract
was loaded on a His-tag binding column (2 x 20 cm) (Novagen)
preequilibrated with binding buffer containing 6 M urea. Column was
washed with 10 volumes of the same buffer and 5 volumes of 20
mM imidazole, 0.5 M NaC1, 20 mM Tris-HC1(pH 7.9), 6M urea. Hlo or
H1.3 was eluted with elute buffer [1 M imidazole, 0.5 M NaC1, 20 mM

Tris-HC1(pH 7.9), 6M urea) and dialyzed vs 20 mM Tris-HCI (pH 8.4),
0.5M NaCI, 1mM EDTA, mm 2-mercaptoethanol, 10% glycerol, 4M

urea, then the same buffer containing 2M urea,

and finally vs 20

mM Tris-HC1(pH 8.0), 0.15 M NaC1, 1 mM EDTA, 0.25 mM PMSF, 2 mM

DTT, 10% glycerol.

The oligo-histidine domain of H10 or 111.3 was

removed by treatment with human thrombin (Novagen), and the
mixture was subjected to a second His-tag binding chromatography
to remove the digested His-tag. Fractions containing Hlo or H1.3
were

concentrated

using

an

Amicon

concentrator,

dialyzed

extensively vs H2O, lyophilized, and kept at -20 0C until needed.
When needed, lyophilized H10 or 111.3

was dissolved with buffer of

choice, usually with 50 mM NaCI, 10 mM Tris (pH 8.0), 1 mM EDTA.
The procedure for the cloning and expression is schematically
presented in Fig. 2.1. Fig. 2.3 also shows 15% SDS-PAGE of purified
1110 which was used for the experiments.
2.

DNA Fragments Used for Reconstitution: In order to provide

enough DNA fragments for reconstitution by salt dialysis, XB 5S DNA
sequence was recloned into a high-copy plasmid, pBSIISK+, as follow;

The 233 by HindIII fragment from plasmid pXbs-1 containing the X.
borealis 5S rRNA gene (Peterson et al., 1980) was cloned into
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Fig. 2.1. Expression of human Hlo and H1.3. (a) A flow diagram
of cloning. For details, see "Materials and Methods". (b) Synthesis

of H1.0 and H1.3 in the BL21(DE3) after induction with IPTG. The
numbers above each lane indicate the time of culture after
induction.
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pW1-131 2 ( H1°)

or
pWH135 (H1.3)

IlrPCR introducing Ndel site

at both ends of the genes
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BamHI
Xhol
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His.tag
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Transformation of BL21 (DE3)
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Purification of expressed H1 ° and H1.3
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Fig. 2.1. Expression of human Hlo and H1.3.
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pBSIISK+ (Stratagene, La Jolla, CA) as a tandem repeat of three copies

in order to improve yield of the fragment for reconstitution.

The

fragment used for recloning was obtained by PCR of the original
plasmid pXbs-1 using synthetic primers with HindIII sites in the
The recloned fragment was obtained following digestion
middle.
with HindlII and purified from agarose electrophoretic gels by
QIAEX gel extraction kit (Qiagen, Chatsworth, CA). In order to get a
longer 273 by fragment (see text), the clone containing one copy of
the gene was digested with BamHI and Sall, giving extensions of 30

by and 10 by
respectively.

at the 5'- and 3'-end

of the 233 by fragment,

The cloning scheme and sequence of the resulting

fragments are presented in Fig. 2.2. The recloned fragments were
obtained following digestion with the respective restriction
endonucleases and purified from agarose electrophoresis by
Fig. 2.2
electroelution (Schleicher and Schull, Kneene, NH).
schematically present the procedure for recloning of X. borealis 5S
rDNA and the DNA sequence used for core reconstitution.
3.

Preparation of histone octamer: Histone octamers were prepared

from chicken blood as previously described (Yager et al., 1989; Simon
et al., 1979) with some modification. Briefly, after nuclei prepared

from 100 ml of chicken blood were digested with micrococcal
nuclease (20 units/mg of DNA) at 37 0C for 5 min, the digested nuclei
were pelleted (by centrifugation at 8000g for 5 min) and subjected
to hypotonic lysis with 0.25 mM EDTA.

Long chromatin and nuclear

membrane were removed by centrifugation at 8000g for 20 min and
supernatant was subjected to incubation with CM-Sephadex C-25
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(a) The sequence and (b) a flow diagram of 233 by X.
borealis 5S DNA cloning. For details on cloning, see "Materials

Fig. 2.2.

and Methods".

(a)
AAGCTTG

GGGGGAAAAGACCCTGGCATGGGGAGGAGCTG
AGAAGGCAGCACAAGGGGAGGAAAAGTCAGCCTTGTGCTC

GCCTACGGCCATACCACCCTGAAAGTGCCCGATATCGTCTGATCTCGGAA
GCCAAGCAGGGTCGGGCCTGGTTAGTACI TGGATGGGAGA

ATACCAGGTGTCGTAGGCTITTGCACircfGCCAAGCTT

Fig. 2.2a.

233 by X. borealis 5S DNA sequence

A
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(b)
Nina!
_n_>.

HindlIl

EcoRV ..."

Dral

Hpall

Hindi!
BamHI

PCR XB5S 233 introducing
HindlIl

I

Kpnl

site at both ends

1

1=1

Hindi!'

HindlIl

Clone upto 3 copies of
XB5S 233 into Hindil
site of pBSIISK

Hindi!,

.-.---.

HindlIl
E

Fig. 2.2b.

Hindi!!
E

Him:1111

E

A flow diagram of 233 by X. borealis 5S DNA cloning.
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120 (30 mg/ml) for 3 hrs at 4 0C with 0.35M NaC1 and 10 mM TE
(10/0.25, pH 7.5) to remove histone H1, H5, and HMG. Stripped
chromatin was then digested with micrococcal nuclease (5 unit/ug of

DNA) for 5 min at 37 °C, and the resulting short nucleosomes were
concentrated to -30 mg/ml with an Amicon XM-50 concentrator.
Concentrated nucleosomes were brought to 2M NaC1 and 0.1M
potassium phosphate, pH 6.8 by dialysis and chromatographed on a
hydroxyapatite column equilibrated with same buffer to remove
DNA (Simon and Felsenfeld, 1979).

Collected fractions were checked

by measurements of A230 and then by 15% SDS-PAGE (Laemmli,
1970) to determine histone content of each fraction. The fractions
containing equimolar amounts of the four core histones were
combined and stored with 40% glycerol at -20 0C until needed. Fig.
2.3 shows the experimental flowchart for the preparation of histone
octamer and 15% SDS-PAGE with purified H10 and histone octamer.
4.

Reconstitution of Core and Chromatosome Particles:

Reconstitutions were carried out by the salt dialysis methods of
Tatchell and van Ho lde (1977) at 4 °C.

Core histone octamers (Simon

and Felsenfeld, 1979) were mixed with -60 ug of respective DNA
fragments in at a molar ratio of -0.8 octamers/DNA in order to obtain

nucleosome occupancy on 60-80% of DNA fragments, and then
dialyzed successively vs decreasing concentrations of NaC1 down to

0.05 M NaCl.

To study the binding of LH, H10 was mixed with

reconstituted core particles in 50 mM NaC1, TE (10 mM Tris -HCI, pH
7.5/0.25 mM EDTA) at a molar ratio of 1.2 of H10 to reconstituted

core particles and incubated at 23 oC for 30 min. The success of
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Fig. 2.3. (a) Flowchart of preparation

of histone octamer and (b)

SDS-PAGE characterization of histones used.

Gel electrophoresis

was done in 15% SDS-PAGE slab gel in a discontinuous buffer
system (Laemmli, 1970). left, native nucleosome marker; center,
histone

octamer

reconstitution.

used for reconstitution;

right,

Hl° used for
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reconstitution and H10 binding were monitored by electrophoresis in
1% agarose gels in 0.5x TBE (45 mM Tris-borate, pH 8.0/1 mM EDTA).

The gels were stained with 1 mg of ethidium bromide (Et Br) per ml

for 10 min and then destained in the electrophoresis buffer for

1

hr

with gentle shaking before photography.

MNase Digestion of Reconstituted Core Particles and H10
containing Chromatosomes: The solution containing reconstituted
nucleosomes was made 1 mM with respect to CaCl2, and 2 units of
MNase (Worthington, Freehold, NJ) were added per 5 mg of DNA.
Digestion was stopped after 5 min by bringing the solution to 6 mM
5.

EDTA/0.4% sodium dodecylsulfate (SDS) and placing the tube on ice

100 mg of Proteinase K per ml were then added and the
sample was incubated for 1 hr at 37 0C. DNA was twice phenol
for 10 min.

extracted and ethanol precipitated, and the pellet was dissolved in
10 ml of 10 mM Tris-HC1, pH 7.5/0.25 mM EDTA.
naked DNA fragments

The digestion of

was carried out as a control for the same

length of time, but with 0.2 units of MNase per 5 mg of DNA.
6.

Gel Purification of Chromatosome and Core Particle DNA, End-

labeling and Restriction Nuclease Digestion: DNA from MNase digests
was electrophoresed in 10% polyacrylamide slab gels (10x15 cm,
Idea Scientific, Minneapolis, MN) in lx TBE (0.09 M Tris-borate, pH
8.0/2 mM EDTA) at 10 V/cm for 6 hr. After Et Br staining, the

chromatosome and core particle DNA bands were cut out of the gel,

mixed with 400 ul of elution buffer (0.5 M ammonium acetate, pH
8.0/10 mM magnesium acetate/1 mM EDTA/0.1% SDS), incubated

hrs-overnight in a 37 OC shaker, and centrifuged for 5 min.

5

The
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After Et Br staining, the chromatosome

and core particle DNA

bands were cut out of the gel, mixed with 400 ul of elution buffer

(0.5 M ammonium acetate, pH 8.0/10 mM magnesium acetate/1
mM EDTA/0.1% SDS), incubated 5 hrs-overnight in a 37 0C shaker,

and centrifuged for 5 min. The supernatant was passed through
siliconized glass wool, phenol extracted, ethanol precipitated, and

dissolved in 5 ul of 10 mM Tris-HC1, pH 8.0/1 mM EDTA. Purified
DNA fragments

were

digested

restriction

denaturing

with

end-labeled

5'

sequencing

with

analyzed

endonucleases,

gels

under

run

gamma-32P ATP,

standard

on

6%

conditions

(Sambrook et al., 1989).
C. Results

To study the protection against MNase cleavage on nucleosomal
DNA provided by LH binding, I used the protocol introduced b y
Dong et al (1990). Briefly, the reconstituted nucleosomal particles

were digested with MNase to cleave off portions linker DNA that
were not protected by interaction with proteins. The proteins

were then removed by Proteinase K digestion, the protected DNA
fragments of desirable lengths were purified from polyacrylamide
electrophoretic

gels,

end-labeled,

and

further

subjected

to

of the resulting
restriction fragments were determined in sequencing gels and
used to deduce the location of the histone octamer on the
restriction

nuclease

digestion.

The lengths

sequence and the protection of linker DNA by LH. The procedure
It allows the accurate
is schematically presented in Fig 2.4.
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DNA template

+ histone octamer

core nucleosome
+ linker histone (LH)

LH-containing
nucleosome

MNase cleavage to a mixture containing
chromatosomes and core particles
core particle

chromatosome
DNA purification;
Polyacrylamide gel electrophoresis;
Extraction of chromatosome- or
core particle-sized DNA fragments;
End-labeling;
Restriction digestion and analysis of
lengths of products on sequencing gels
a

b

b'

DNA from core particle

= DNA from chromatosome

restriction site
LH protection

A flow diagram of the procedure used to map the positions
of core and chromatosome particles. For experimental details,
see "Materials and Methods".
Fig

2.4.
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(to within 1 bp) location of the region protected against trimming

by the nuclease.
The

success

of reconstitution

was

first

followed

by

gel

retardation assays as shown in Fig 2.5. Addition of the histone
octamer to the 233 by fragment containing the X. borealis 5S

rDNA led to the appearance of a retarded band, reflecting the

formation of a core nucleosome on the DNA fragment (Fig. 2.5).
Because this structure involves only a histone core on a DNA
longer than that of the well-defined

core particle,

it will b e

referred to as the core nucleosome; this structure differs from a
its sides.

core particle by the presence of 'linker' DNA on both

Further addition of LH led to the formation of a nucleosome, which
is

further retarded

digestion

of

nucleosome/DNA

MNase

on the gel as shown in Fig. 2.5.

the

nucleosome/DNA

mixture,

and

mixture,

of naked DNA as

core

the
a

control,

reproducibly produced DNA digest patterns such as those shown

In the final step of
the analysis, DNA fragments of core particle or chromatosome
length, 146 by or 168 bp, respectively, extracted from MNase
digestion gels were end labeled, further cleaved with EcoRV and
the lengths of the resulting fragments were determined b y
sequencing gels shown in Fig. 2.7. It must be emphasized that the
in Figs. 2.6a, 2.6b, 2.6c and 2.6d, respectively.

free DNA present in the reconstituted particle preparations

will

not affect the patterns of digestion observed with these particles,

since under the conditions of digestion used to obtain DNA from
these

particles

naked

DNA is completely

fragments unobservable on gels.

digested

to

small
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H1

:M- +

H10 -nucleosome

Core nucleosome

of DNA into core nucleosome and
nucleosome as visualized by the band shift assay. The 233 b p
HindlIl fragment containing the X. borealis 5S rRNA gene was
reconstituted with core histone octamer and further with histone
Fig. 2.5.

Hio.

Reconstitution

31

Fig. 2.6. MNase analysis of the X.borealis 5S reconstitutes and free

DNA. Products of MNase digestion of the H10-nucleosome (a), the
core nucleosome (b), the naked 233 by DNA fragment used for
reconstitutions (c) and the nucleosome reconstituted with 275 b p
fragment (d). Note the band at the position of the marker 147 b p
present in all digests; this is not the 146 by core
particle DNA which actually migrates as a slightly larger entity
against the
length 153 bp, when measured
(apparent
pBR322/MspI set of markers; see the stable band persisting
during the course of digestion and marked as CORE). The
explanation for this anomalous electrophoretic behavior of the
fragment,

core particle DNA may be analogous to the that put forward for
the similar situation observed earlier with Lytechinus variegatus
5S rDNA; with that sequence (Dong et al., 1990) the length of the
core particle DNA was shown to be 146 by when measured against
standards, and the slightly retarded mobility
appropriate
(apparent 153 bp) was attributed to the possible existence of a
slight curvature in this sequence. The free DNA present in the
incubation mixture subjected to MNase digestion will not
contribute to the patterns observed with the core nucleosome or
Hl-nucleosome, since under the conditions of digestion used to
obtain DNA from these particles naked DNA is digested to small
fragments unobservable on gels.
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(a) H10-nucleosome (233bp)

(b)

MNase

Core nucleosome
MNase

'4<-- 180

CHR

CHR?
CORE

160

CORE

147 -->.

(d) H10-nucleosome (275bp)

(c) Free DNA
MNase

M

MNas

M

IMMO .
11111111111.

180
160
147

7111111111;

essfte

few viii
OWNAMIP,

411...
61111110,

CHR?
wow,.

CHR
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WNW MM.

Fig. 2.6. MNase analysis of the X.borealis 5S reconstitutes and free DNA.
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Fig. 2.7. Restriction digests of X. borealis 5S MNase digests. (for a

diagram of the procedure, see Fig. 2.4). Lane labeled M contains
pBR322/MspI size markers; Core and Chr. designate lanes
containing restriction fragments of core-size and chromatosome
size DNA fragments extracted from MNase gels such as shown in
Figs 2.6a. Lane marked Chr.? contains the products of digestion of
the DNA band marked in the same way in the core nucleosome
reconstitute (Fig. 2.6b). DNA designates lane containing digestion
products of the chromatosome-size DNA fragment extracted from
MNase digestion gels of naked DNA (Fig. 2.6c). Main digestion
products 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 fragments observed or
strongly enhanced in chromatosome digests only.
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Fig. 2.7. Restriction digests of X. borealis 5S MNase digests.
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58 rDNA from X. borealis directs the formation of two wellpositioned core nucleosomes

Two major positions were identified

for the histone core and these were identical in core-size DNA
extracted from gels of MNase digests of either core nucleosome or
nucleosome particle reconstitutes (Fig. 2.5, lanes 1 and 2; Fig. 2.6a
and b).

The first position, identified by the presence on the gel of

doublets of bands 101/102
the same

as

the

'unique'

and 46/47 by (Fig. 2.7) was exactly
position

reported

previously,

lying

between positions 32 and 180 of the sequence (Hayes et al., 1993;

The second major position lays between

Hayes et al., 1994).

positions 3 and 151.

It was defined by another pair of fragments,

130 and 18 by in length. Although the 130 by band was always

present in considerable amounts (being the major band in certain
cases) in the gels reported previously (Hayes et al., 1993; Hayes e t
al., 1994; Nightingale, 1996), it was never identified in that work

as reflecting an alternative major position, in addition to the 3 2
180 position. This is presumably because the matching 18 b p

band has not been seen consistently under

the electrophoretic

conditions used in those studies.

Problems with identifying linker DNA protection by LH around

core 32-180 The additional protection provided by the LH to
these two major core nucleosomes was next examined. EcoRV
digestion of the chromatosome-derived DNA gave a complex
pattern of bands; many of these were also present in the patterns
of digestion of the chromatosome-sized fragments obtained from
naked DNA (compare lanes 3 and 5 in Fig. 2.7). The two major
chromatosome-derived

fragments

that

may

arise

as

a
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consequence of linker DNA protection around core nucleosome 3 2
180 are 106 by and 62 by long. The naked DNA fragment marked
by CHR? in Fig. 2.6c produced fragments of 101 and 62 by (Figs
2.7).

The coincidence of fragments 62 on the chromatosomal and

naked DNA makes any conclusion regarding the LH protection a t
the 3'-side of the core nucleosome 32-180 ambiguous. Evidently,
there are two strong MNase cleavage

sites

on the naked DNA,

which would be always preferentially cleaved independently of

the presence or absence of bound histones on the sequence. The
first of these sites fortuitously coincides with the 5' border of core
That there is a core particle positioned
nucleosome 32-180.
between 32 and 180 by is beyond doubt, since MNase digestion of

naked DNA did not produce any fragment of the length of core
particle DNA on polyacrylamide gels. On the other hand, as stated
above, MNase digestion of both the core nucleosome and the
nucleosome produced a DNA fragment of the expected core

particle length, which, upon EcoRV digestion, yielded the 1 0 1/4 7

pair of fragments, indicative of a core particle at by 32-180. The
second strong MNase cleavage site is at position 195, and its
cleavage will produce, if followed by EcoRV cleavage, the 62 b p

long fragment that can be falsely interpreted as reflecting a 15 b p
LH protection on the 3'-side of the 32-180 core particle.

These results explain the 15 by 'protection' on the 3'-side of the
core reported previously; they do not, however, explain the
reported

5

by

protection

on the

5'-end

of the

same

core

nucleosome (Hayes et al., 1993; Hayes et al., 1994; Ura et al.,
1995).

Careful inspection of the MNase patterns produced from

37
core

nucleosome

reconstitutes,

in the

absence

of added

LH,

revealed a band of chromatosome length (Fig. 2.6, band marked

Chr. with a question mark). This band yielded a pair of fragments,

106 and 62 by in length, exactly like those obtained from the
band marked as CHR in the chromatosome digests (Fig. 2.7). Since

this 106 by band is also observed in the absence of LH, it cannot
be interpreted as reflecting an additional 5 by LH protection a t
Instead, it probably
the 5'-end of the 32-180 core particle.
of the core particle in
solution is in a dynamic equilibrium among particles of different

reflects the fact that the conformation

lengths of DNA wrapped around the histone octamer, from 1.65
to 2.00 turns of the DNA superhelix, with the two-turn particle
being rather

stable.

That the histone

octamer by itself can

organize 168 by of DNA into two full wraps around the octamer
has been repeatedly reported (see chapter 6 in van Holde (1988)
for discussion of the earlier literature, and Bavykin et al., 19 9 0
and Pruss et al., 1993 for more recent studies). These particles in
which DNA is wrapped in two full turns around the histone
octamer at the time of MNase attack, will produce

the false

chromatosome in core digests (Fig. 2.6b). A possible scenario to
explain

the

apparent

5-15

by

protection

in

the

false

chromatosome is as follows: Cleavage at the strong MNase site a t

195 leaves a 15 by 3' overhang which can fold back onto the core.
Then, the completion of the two turns of the DNA superhelix

around the octamer will be brought about by only 5 by at the 5'
end; the rest of the linker DNA will be cleaved away by the
The particles in which the DNA is, at the time of
MNase.
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enzymatic attack, less wrapped will probably allow the production

of the

101

by fragment, which is also produced in free DNA

because of the presence

of strong MNase cleavage site at this

position.

It was conclude that in view of the complications produced b y

the strong sequence preference of MNase cleavage in the vicinity

of core 32-180, and of the existence of dynamic equilibrium in
solution among core nucleosomes with different degrees of DNA

wrapping around the histone octamer, it is totally impossible to
determine LH protection around this particular core nucleosome.
However, there exists another preferred core position on this DNA
which can be used to give unambiguous results: this is the 3-151
position.

LH protection on the 3-151 core nucleosome

Among the other

bands on the nucleosome-derived DNA gels, two (130 and 38 bp)
fragments could be identified that were not present in the naked

DNA digests and whose lengths summed up to the lengths of the
chromatosome DNA (168 bp, Fig. 2.7). The existence of these
fragments would suggest a totally asymmetric protection of 20 b p
at only the 3' border of the 3-151 core nucleosome (Fig. 2.8). This

result, however, could not be considered an unambiguous proof
for such a one-sided protection, since core 3-151 is situated
almost at the 5' end of the 5S rDNA fragment, which would leave
no room for protection on the 5' side of the core. In order to
resolve this ambiguity, the whole analysis was repeated after
constructing

a

longer DNA fragment

Experimental Procedures).

for

reconstitution

(see

This fragment contained an extension
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I Imps Wogs 5S rDNA
(a) core particle at position 30-176
HindlIl

LH protection?
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4K

176

133

103/104

103/104
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LH orotection?
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>l<
>1

>

45/46

63/64

233

core particle

>1

63/64

Hindi!

>1

chromatosome
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free DNA

(b) core particle at position 3-151
EcoRV

Hindlli

LH protection

Hindlil
233

K

K

130

core particle
chromatosome

130

Protection seen
Fig. 2.8. Schematic presentation of results.
around core particle 32-180 (a) and 3-151 (b). The question
marks in (a) reflect the impossibility to assign such a protection

on the basis of a MNase-based approach.
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of 30 by to the

5'

The chromatosome

side of the 3-151 core.

protection on this fragment was identical to that on the shorter
233 by fragment as seen in Fig. 2.7, excluding the possibility that
the one-sided protection conferred by LH binding to this core
nucleosome was an artifact of the absence of enough linker DNA
on both sides of the core to allow proper LH binding.
D. Discussion

As a first step to study the position of linker histone on the
chromatosome, the protection provided by LH on nucleosomes
reconstituted on the X. borealis 5S rDNA sequence used by Wolffe

and Hayes was reexamined as a control.
reexamination,
producing

it was

artifactual

found

results

that

this

In the course of the
sequence

in approaches

relying

is prone

to

on MNase

digestion to study position of LH. In summary, I found that there

are not one, but two major core positions (3-151, 32-180) on the
Artifacts resulting from the
X. borealis 5S rDNA sequence.
sequence-specific preference of MNase and the possibility to get

chromatosome-length protection in the absence of LH do not allow

any conclusions to be made concerning LH protection on core 3 2
180, the one used in all previous studies.
On the other hand, it seems clear that LH protects linker DNA on

only one side of the other major core particle, 3-151, on this
sequence. These results do not support the 5-15 by protection
pattern claimed earlier, but indicate that, in one case at least, a 0
20 by pattern is obtained instead. Consequently, it is strongly
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suggested that the X. borealis sequence is not a reliable matrix for
MNase

protection

extrapolation

studies

and

general

interpretation

of protection results must be regarded

or

with the

The use of alternative methods that do not
depend on the use of MNase digestion is required to fully resolve
utmost caution.

the exact location of LH on core nucleosome reconstituted with
the problem can also be further
The following
approached by the use of different sequences.

this sequence.

Alternatively,

chapter describes such studies.
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Chapter 3

Study of the General Pattern of
Linker Histone Binding on Nucleosomes
A.

Introduction

As discussed in chapter 1, the discovery of the chromatosome,

which is the nucleosomal particle containing about 168 by of DNA

wrapped around the histone octamer and one molecule of linker
histone, prompted research into understanding how the linker
histone binds to the nucleosome particle. However, there is a

current

controversy

regarding

the

position

of LH on the

nucleosome (Crane-Robinson, 1997).
As presented in Chapter 2, the previously reported asymmetric
protection

by LH on core

nucleosomes

with

reconstituted

X.

borealis sequence was found to be a consequence of the presence
of very strong cleavage sites for MNase in the naked
sequence;

DNA fragments

of lengths defining

the

"5/15

DNA
bp

protection" are produced from this sequence independently of the
presence or absence of linker histone. This means that the X.

borealis sequence is not a reliable matrix for such studies.
Therefore, some alternative positioning sequences were needed to
determine the general pattern of protection of linker DNA b y
linker histones.
The 5S rDNA from the sea urchin Lytechinus variegatus was one
obvious choice, since the positioning of the core particle is well

43
understood on this sequence (Simpson et al., 1983; Dong et al.,
1990;

Pennings

sequence,

et al., 1991).

apart from that

In

addition,

this

is the

only

of X. borealis 5S rDNA, on which

chromatosome positioning has been studied (Meersseman et al.,
1991).

These latter experiments, however, made use of tan demly

repeated 5S rRNA genes to allow formation of short chromatin

fibers, and it is not clear whether the chromatosome positions o n
fibers will be the same as those on individual particles.

It is

possible that nucleosome-nucleosome interactions in fibers could
favor specific positions.

The other sequence used was totally

unrelated to the 5S gene sequences.

It contains GAL4 and USF

binding sites on a DNA fragment which was reported to provide
one major binding sites for the histone octamer (Adams et al.,
1995) but has not been used to study chromatosome positions.
The results show that in each case the LH provides protection of
linker DNA on one side of the core particle only. The choice by LH

of where to bind to the core nucleosome and thus, of which side to
protect, depends on the DNA sequence used in reconstitution.
B.
1.

Materials and Methods

Expression of Human H10: The human H 1 o gene was obtained

by polymerase chain reaction of pWH312 (Doenecke and Tonjes
1986), cloned into pET-15b expression vector, and expressed as

described in Chapter 2.

2. DNA Fragments Used for Reconstitution: To improve the yield

of DNA for reconstitution,

DNA fragments

were

recloned

as
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tandem repeats as follow: The 243 by BamHI fragment containing

the sea urchin 5S rRNA gene was obtained by cloning a 195 b p
EcoRI fragment from p5S207-12 (Simpson et al., 1985) into the
EcoRI site of pBSIISK±(Stratagene, La jolla CA), obtaining a 243 b p

copy of this sequence by extending it on both sides by 20 by b y

polymerase chain reaction while introducing BamHI sides on the
ends, and finally cloning it into the BamHI site of pUC19 as a
tandem repeat of four copies. The cloning scheme presented in
Fig. 3.1.

The 179 by fragment obtained by BamHI digestion of

pGUB (Adams and Workman, 1995) was recloned into the BamHI
site of plasmid pUC19 as a tandem repeat of four copies. Digestion

of the resulting plasmid (pHJ-3) with BamHI produced the original

179 by fragment, and EcoRI

HindIII digestion of pHJ-1, the

plasmid with one copy of 179 by sequence, produced a 235 b p
fragment containing 30 by and 20 by extensions on the 5'- and 3'
sides of the 179 by fragment, respectively (Fig 3.2). The recloned

fragments were obtained following digestion with the respective
restriction

endonucleases

and

purified

from

agaro se

electrophoresis by electroelution (Schleicher and Schull, Kneene,

NH) as described in Chapter 2.
3.

Preparation of Histone Octamer: The histone octamers were

prepared as described in Chapter 2.
4. Reconstitution of Core Nucleosomes and Nucleosome Particles:

Reconstitutions were carried out by the salt dialysis methods of
Tatchell and van Holde (1977) at 4 0C as described in Chapter 2.
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Fig. 3.1.

Schematic diagram of the 243 by L. variegatus

5S
is

At the top, the original sea urchin 208 by sequence
indicated by the boxed segment. This fragment is flanked by 20
base pairs of DNA with BamHI sites added by polymerase chain
reaction. The overall repeat of final 243 by fragments after
cloning as repeated sequences are shown at the bottom.
cloning.
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208
EcoRI

12 X [

EcoRI
EcoRI

195

EcoRl
BamHI
Kpnl

Cut with EcoRI

& purify SU 195
1

EcoRI

195
EcoRI

Clone SU 195 into
EcoRI

site of pBSIISK

PCR SU 243 introducing
Barn HI sites on the ends

-->

1

BamHl EcoRI

195
EcoRI

BamHI

Kpnl
BamHI
Hind111
EcoRl

Clone upto 4 copies of SU 243
into BamHI site of pUC19

BamHI BamHI BamHI BamHI BamHI

Fig. 3.1.
cloning.

Schematic diagram

of the 243 by L. variegatus

5S
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diagram of the GUB cloning. At the top, the
original GUB 179 by sequence is indicated by the boxed segment.
The final clone containing fragments as repeated sequences are
shown at the bottom.
Fig. 3.2.

Schematic
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Xhol

1

BamHI

179

BamHI

Cut with BamHI &
Gel-purify 179 by
GUB

sequence.
BamHI

BamHI

I

I

Clone GUB Seq. into

BamHI Site of pUC19

BamHI BamHI BamHI BamHI
EcoRI

X

X

X

Hindi!!

Fig. 3.2. Schematic diagram of the GUB cloning.
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5. MNase Digestion of Reconstituted Core Nucleosomes and H10
containing Nucleosomes: MNase Digestion of reconstituted
nucleosomes and nucleosomes

Core

were performed as described in

Chapter 2.
6. Gel Purification of Chromatosome and Core Particle DNA, End-

and

labeling and Restriction Nuclease Digestion: Chromatosome

core DNA from MNase digests were gel-purified, end-labeled with

32P, digested with restriction endonucleases according to standard
procedures and finally analyzed either on 15% non denaturing
Again,

polyacrylamide gels or on 6% denaturing sequencing gels.

the techniques are described in Chapter 2.
7. Cross linking of Histone Octamer to DNA in Reconstituted Core
Nucleosomes: Reconstituted core nucleosomes were dialyzed to TE

(10/0.25 pH 7.5) and treated with glutaraldehyde (10% electron
microscopy grade solution) to 0.1% final concentration.

Samples

were then incubated at 4 0C for 2-7 hrs with gentle shaking and

finally dialyzed overnight vs '1E, (10/0.25, pH 7.5) containing 5 0
mM NaCl.

The success

of crosslinking

was

determined

electrophoresis on 12% SDS-polyacrylamide gels (Laemmli,

by

1 9 7 0)

and 1% agarose gel, stained with silver and EtBr, respectively.
8.

Crosslinking

within

Histone

Octamer

Particle: Core nucleosome reconstitutes

in Reconstituted

Core

(0.2 mg DNA /ml) at the

0.5M NaCI dialysis step were further dialyzed vs 0.1M sodium

borate (pH 10) for 3 hr at room temperature. 500 ul of sodium
borate containing 10 mg/ml of dimethyl suberimidate was added
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to 500 ul of the reconstitute containing 100 ug of DNA and
incubated for 40 min. at 23 °C. The reconstitute was then
dialyzed vs 0.05 M NaC1, '1E (10/0.25, pH 7.5) and concentrated
using Centricon-30.
Finally, the success of crosslinking was
verified by 12% SDS-PAGE (Laemmli, 1970) and 1% agarose gel,

stained with coommasie briliant blue and EtBr, respectively.
C. Results

Experimental Approach: Fig. 3.3 presents the DNA sequences
used to study the positions of the core particles and
chromatosomes.

The

DNA fragments

of

interest

were

reconstituted with histone octamers, followed by addition of LH
according

to

the

procedures

as

described

in

chapter

2.

Reconstitution was monitored by gel shift analysis as illustrated in
Figs. 3.4a and 3.7a. The position of the reconstituted core particles

and chromatosomes on the DNA fragments was determined by the
method described in Chapter 2 (Dong et al., 1990). Briefly, the
reconstituted particles were subjected to MNase digestion to trim

down the unprotected linker DNA, the digested DNA was purified
and fractionated on DNA electrophoretic gels. DNA bands of

defined lengths (146 by for the core particle and 168 by for the
chromatosome, but see also below) were eluted from the gels,
end-labeled, subjected to restriction nuclease digestion and the
of the resulting DNA fragments were determined
electrophoresis on polyacrylamide sequencing gels.
lengths

by
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Lvtechinus variegatus 5S rDNA (243 bp)
GATCCGACGG TATCGATAAG CTTGATATCG AATTCCAACG
AAGCCGATGA CGTCATAACA TCCCTGACCC TTTAAATAGC
GCCTACGACC ATACCATGCT GAATATACCG GTTCTCGTCC
ATAGGGCTCG GTTAGTACTT GGATGGGAGA CCGCCTGGGA
GGG

AATAACTTCC
TTAACTTTCA
GATCACCGAA
ATACGATATC

AGGGATTTAT
TCAAGCAAGA
GTCAAGCAGC
CTGCAGCCCG

ACGGAGGACA
TCGACACGCG
AGCTGCCCGG
ACCGAGCTCG

GTCCTCCGGT
TAGATCTGCT
GAGGCCTTCG
AATTC

GLIB sequence (235 bp)

AGCTTGCATG
TACCTTCGAA
AGCATCGATC
CGAAATATTG

CCTGCAGGTC
CCACGTGGCC
CATGGACTAG
GTACCCCATG

GACTCTAGAG
GTCTAGATGC
TCTCGAGTTT
GAATCGAGGG

IGATCCTCTAG

TGACTCATTG
AAAGATATCC
ATCCCCGGGT

Nucleotide sequences of DNA fragments used for
reconstitution. The vertical bars in the GUB sequence denote the
Fig. 3.3.

ends of the shorter 179 by fragment also used for reconstitution;
the sequences constituting GAL4 and USF binding sites are
underlined.
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The electrophoretic patterns on such gels were usually rather

complex due to the multiplicity of alternative positions of the
particles along the sequence and, even more so, to the

fact that

strong sequence-dependent sites for MNase cleavage would be
cleaved

even

in the

presence

of histones.

This

complexity

required extreme care in the interpretation of the results.
the

experiments

were

repeated

at

least

three

times

First,
on

independent preparations of reconstituted particles for each DNA
fragment used. Second, DNA fragments that were present in both
particle digests and in digests of the corresponding naked DNA

were not considered to reflect nucleosome positions. From the
remaining fragments, only those pairs were taken into account

whose length would sum up to the length of DNA expected for
either the core or the chromatosome particles. Finally, the results
obtained for L. variegatus nucleosomes with one restriction
enzyme were compared against those obtained with another
enzyme, cutting at a different position.
Linker

Histone

Protection

on

Chromatosome

Particles

Reconstituted on 5S rDNA from L. variegatus : The band shift
analysis used to monitor the success of nucleosome particle
reconstitution on the L. variegatus sequence is shown in Fig. 3.4a
and the pattern of DNA fragments resulting from MNase digestion
As
of reconstituted nucleosomes is displayed in Fig. 3.4b.
expected, the presence of LH created a kinetic pause in the

digestion pattern at 170 bp, characteristic of the chromatosome.

It should be noted that the DNA fragments corresponding to both
the core particle and the chromatosome appear to be slightly
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Fig. 3.4. Chromatosome reconstitution on the 5S rDNA fragment
(a) Reconstitution of DNA into core
from L. variegatus.
the
by
visualized
as
and
chromatosomes
nucleosomes

electrophoretic mobility shift analysis. The 243 by fragment was
reconstituted with core histone octamer and further with histone
H 1 (LH/core histone molar ratios of 1.0 and 1.3 in lanes 3 and 4,
The resultant complexes were resolved in 1%
respectively).
Lane 1 contains
agarose gels (see Materials and Methods).
pBSIISK+/Hinfl, Xbal marker. (b) Products of MNase digestion of
the 242 by L. variegatus 5S reconstitutes, presented in (a), lane 4.
Lanes labeled M contain pBR322/MspI size markers. The open
triangle above the lanes indicates increasing levels of MNase
digestion. The positions of core-sized and chromatosome-sized
DNA fragments are indicated. The control pattern of digestion of
The free DNA present in the
free DNA is also presented.
incubation mixture will not contribute to the patterns observed
with the core or chromatosome reconstitutes, since under the
conditions of digestion used to obtain DNA from these particles
fragments
to small
digested
DNA is completely
naked
unobservable on gels.
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(b)

(a)

M

MNas

a)

U

M

%OW

1110.

%Iry

-4E Core + H1

-4E Core
DNA

180>
160>
147*

=NM

yd.*
-or*

Chr.
-4E- Core

-1E-180

-E-147

Fig. 3.4. Chromatosome reconstitution on the 5S rDNA fragment
from L. variegatus.
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longer than the expected 146 and 168 by when analyzed using
the pBR322/MspI set of molecular markers, the core particle DNA
seemingly to be closer to 153 by and that of the chromatosome

170 bp. This apparent discrepancy was noted before (Dong et al.,
1990),

and

attributed

to the

existence

probable

of a slight

curvature in this sequence which increases its apparent length on
polyacrylamide gels.

Analysis of core particle positions on the L. variegatus sequence
revealed, in accordance with earlier studies (Dong et al., 1990,

Meersseman et al., 1991) one major position (M) and some minor
positions (Fig. 3.5, lanes marked Core), of which position m was

the most prominent (Fig. ?). Moreover, these positions were the
same whether analysis was performed on DNA fragments of core

particle length isolated from MNase digests of either core particle
or chromatosome reconstitutes, again in conformity with previous
reports (Pennings et al., 1991), and were demonstrated both b y

The pattern of restriction nuclease
digestion of chromatosome-length DNA fragments obtained upon

Dral and HpaII cleavage

MNase digestion of reconstituted chromatosomes (Fig. 3.5, lanes

The major
fragments which were observed reproducibly in independent
marked

Chr.) revealed

reconstitution

a number

experiments,

whose

of fragments.
length

added

up

to

chromatosome-length DNA, and which were absent in patterns of
naked DNA were as follows: digestion with DraI produced pairs of
77/92 and 84/184 by fragments while digestion with HpaII

produced pairs of 138/33 and 146/25 bp.
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Fig. 3.5. Restriction analysis of Linker histone-induced protection
5S
of linker DNA against MNase digestion of L. variegatus

reconstitutes.
Lanes labeled M contain pBR322/MspI size markers; Core and Chr.
designate lanes containing restriction fragments of core-size and
chromatosome-size DNA fragments extracted from the MNase gels
DNA designates lane containing
such as shown in Fig. 3.4b.
digestion products of the core-size DNA fragment extracted from
MNase digestion gels of naked DNA. Main digestion products
identified as representing core or chromatosome positions (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. The restriction enzymes used are
denoted above the respective lanes. Lanes marked crosslinked
present the results of the same analysis performed after
crosslinking the protein to the DNA at the core nucleosome
reconstitution step, before addition of LH.
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M

,D(59/92)

n(116/33)
D(77/92)

18

22
=CM

H(138/33)

qrai

HpaII
1

242

8
D(64/86)
H(124/25)

m
18

D(84/84)

22

H(146/25)

summarizing the protection data with L.
The positions of the core particles M
variegatus 5S reconstitutes.
and m are denoted as gray bars, and those of the chromatosomes
Fig. 3.6.

Scheme

as plain lines with stippled gray boxes at the end, representing
the DNA stretches protected by LH binding. The numbers above
these boxes denote the lengths of the protected regions (in bp).
The light gray bar in the middle of the scheme represents the DNA
fragment used for reconstitution, with the sites for Dral and HpaII
cleavage marked accordingly. The pairs of restriction fragments
used for the assignments are marked with D (for Dral) or H (for
HpaII), followed by numbers
denoting the lengths of the
fragments, as determined from the sequencing gels.
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One possible interpretation of these results in terms of linker

DNA protection in the chromatosome is presented in Fig. 3.6. This
interpretation requires two assumptions which must be carefully

The first is that LH binding does not cause short-range
sliding of the core particle. This question was experimentally

evaluated.

resolved (see below). The second assumption is that each pair of

chromatosome fragments results from protection of one of the two
possible core particle positions.
by

the

absence

This assumption is necessitated

of information

about

the

precursor-product

relationships among the positions of the cores and chromatosomes
observed in the patterns of the chromatosome reconstitutes.

In

practical terms, it means that each chromatosome

to

is taken

derive from the core particle with which it shares a common

border (see Fig. 3.6).

One can be fairly confident that this second assumption is
correct,

since

fragments

D84/84

and

H146/25

can

only

be

interpreted as deriving from LH protection of core particle m, if

short-range shifting of the core particle by LH binding is excluded
(see below). In this case, the protection is only on one side of the
core particle.

If fragments H(138/33) and D(77/92) are assigned

to core particle M, then the protection provided by LH binding to
this nucleosome is also only on one side of the core particle.
However, if these same fragments are considered as derived from
LH protection to core particle m, then one should interpret them

as protection of 15 by to the 5'-side and 6 by to the 3'-side of

particle m. An asymmetric, one-side protection and a two-side
protection conferred by LHs would imply completely different
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locations of LH in the same particle, off-axis and over-the-axis,
respectively. Although such a situation cannot be fully ruled out

on the basis of the results, it seems highly unlikely, especially
when the data on pGUB (see below) are also taken into account.
Binding of Linker Histone Does Not Shift the Position of the Core

on the L. variegatus 5S rDNA : As stated above, the interpretation
of the complex restriction nuclease digestion patterns was based

on the assumption that binding of LH to the core particle did not
cause short-range shifts of the histone octamer along the DNA
fragment.

such

Without

chromatosome

position

each

assumption,

an

could reflect

many

individual

different

ways

of

linker DNA protection, depending on the direction and magnitude
of the shift. Thus, for example, D(77/92) could reflect the
protection illustrated on Fig. 3.6, but the same DNA fragments

could be obtained if the LH shifted the position of the M core 20
by in the 5'-direction and protected 20 by of (now linker) DNA a t
the 3'-end. To exclude such interpretations, the whole analysis
was repeated after crosslinking the histone octamer to the DNA a t
the core particle reconstitution

step before

addition of LH, as

shown in Fig. 3.7. The results were the same as those obtained
without

crosslinking

crosslinked),

strongly

(Fig.

3.5,

lanes

reinforcing

the

marked

glutar aldehy de

interpretations

of LH

protection shown in Fig. 3.6.
Linker

Histone

Protection

on

Chromatosome

Particles

Reconstituted on the Positioning Fragment from pGUB : The same
type of experiments were performed on the 179 by BamHIBamHI fragment derived from pGUB (see Fig. 3.2).

Since the
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M.W 0

2

4

6

8

10hr

-<-- Core nucleosome

-4E free DNA

Glutaraldehyde crosslinking of core nucleosome.
Glutaraldehyde crosslinking was assayed directly in 1% agarose

Fig.

3.7.

gel after incubating with 0.1 % Glutaraldehyde for the time listed
above each lane.
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major position of the core particle on this fragment was only 2 b p
away from its 5'-end (our data, and Adams and Workman, 1995),
and since proper LH binding may require longer DNA stretches on
both sides of the core particle, the same experiments were

repeated with another fragment of the same sequence, containing
additional 30 by at the 5'-end

and 20 by

Materials and Methods, and Fig. 3.3).

at the 3'-end

(see

This longer fragment w a s

found to have an additional minor core position, starting at by 1 1
from the 5'-end. Both fragments gave the same results with
respect to LH protection of the major core position.

Fig. 3.8a presents an example of the band shift experiments to
Fig. 3.8b shows representative gels of
MNase cleavage of reconstituted nucleosomes, and Fig. 3.9 shows a
monitor

reconstitution,

sequencing

restriction

gel

of the

digestion

of

obtained

DNA fragments
core-

or

following

chromatosome-length

DNA

The interpretation of

extracted from gels like those in Fig. 3.8b.
the results is schematically shown in Fig. 3.10.

It is clear that Hlo

protects 17 by of linker DNA only on one side of the core particle.
Repeating the experiment with histone octamers cross-linked to
DNA before addition of LH to preclude shifting of the core upon LH
binding gave results indistinguishable from those obtained
without

crosslinking (Fig. 3.9).

Again,

as in the

case

of L.

variegatus sequence, LH binding did not cause short-range sliding
of the histone octamer along the sequence. Thus, also in the case
of this sequence, LH always protects the linker DNA on one side

only of the core particle, which implies that it always binds in a
strictly defined asymmetric position of the core particle.
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(a)

(b)

z
MNase

0
M
U

M
ISO

1!-<---- Core + H1

<--- Core

<-- DNA

Chr.
Core

AE-180
-4E160

f147

-4(--180
OMR

:OM

-4E160
-4E147

11.111ft

Electrophoretic mobility shift analysis and MNase
digestion of GUB reconstitutes. (a) Electrophoretic mobility shift
analysis with GUB reconstitutes. Reconstitution of DNA into core
particles and chromatosomes as visualized by the band shift
Lane 1 contains the pBSIISK+/Hinfl, XbaI marker
assay.
fragments, lane 2, naked DNA, lane 3, core nucleosome
reconstitution, lane 4, chromatosome reconstitution (LH/core
(b) MNase digestion of pGUB
histone molar ratio of 1.3).
Products of MNase digestion of the mixture of
reconstitutes.
chromatosomes and naked DNA, presented in (a), lane 4. The
positions of the chromatosome- and core-nucleosome DNA are
Fig.

3.8.

marked with arrows on the left-hand side of the gel; the arrows
on the right side denote the positions of the marker fragments of
interest. The open triangle above the lanes indicates increasing
Lane denoted free DNA shows the
levels of MNase digestion.
products of MNase digestion of naked DNA. Note the absence of
any fragments of core or chromatosome lengths.
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Fig. 3.9. Restriction analysis of GUB core and chromatosome-sized

DNA. Linker histone-induced protection of linker DNA against
Lanes
MNase digestion was analyzed by restriction digestion.
labeled M contain pBR322/MspI size markers; Core and Chr.
designate lanes containing restriction fragments of core-size and
chromatosome-size DNA fragments extracted from the MNase gels
such as shown in (3.8b). Main digestion products are marked b y
dots, as in Fig. 3.5
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17

X(108/39)

X(108/56)

nbl
1

142

235

Schematic summery of the protection data with GUB
reconstitutes. For further details, see legend to Fig. 3.8.
Fig. 3.10.
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Binding of LH does not cause structural changes in the core
nucleosomes: It is also of interest to determine whether any
structural change within the core nucleosome occurs upon the
binding

of LH.

protection

experiment

crosslinking
provides

In order

using

was

DMSI.

a condition

to check this possibility, the same
performed
The

crosslinked

eliminating

histone

after

core

the possibility

octamer

nucleosome

of structural

change of histone octamer by the binding of LH, which itself might

give different protection results.
By using a slight modification of the method developed by Stein

et al. (1977), it was possible to crosslink all of the histones of core
particles into an octameric complex.

As shown in Fig 3.11, the

lower molecular weight bands were driven into the octamer band
by DMSI crosslinking.

Also, only a mononucleosome band was
the evidence

observed in native gel electrophoresis

providing

against internucleosomal

The results with cross

crosslinking.

linked octamer histones were found to be identical to those with
non-crosslinked octamer histone, convincing no structural change
occurs upon binding of LH (Fig. 3.9 and Fig. 3.10).
D. Discussion

As stated in the Introduction, the issue of where LH is situated
In an initial
in the nucleosome is a matter of contention.
experiment (chapter 2) to resolve the existing controversies,

it

was shown that the 5S rDNA from X. borealis, widely used as a
reconstitution substrate to study LH location in the nucleosomal
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Cross linked

Octamer

_c

()

Fig. 3.11. SDS-PAGE with crosslinked octamer.
12% SDS-PAGE (Laemmli, 1970) of histones from core nucleosomes

crosslinked with DMSI as described in the materials and methods.
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particle, contains very strong MNase cleavage sites that create

ambiguities in interpreting the "protection" data.

Therefore, two

alternative DNA sequences, a 242 by L. variegatus 5S rDNA and a

235 by GUB sequence, were used to reconstitute core particles and
chromatosomes, and to study the protection created by LH binding
on the linker DNA by established methods.
As a summary of experimental results, it can be stated that (1)

LH protects DNA on only one side of the core particles and that (2)
LH binding does not cause short-range

sliding of the histone

octamer along the DNA template or structural change of the core
Moreover, and more importantly, it was found that the
asymmetric, one-side protection of linker DNA is sequence

particle.

dependent.

On some sequences, as in the positioning sequence

from the L. variegatus 5S rDNA, the LH protects linker DNA on the

5'-side of the particle (5' being defined as the 5'-end of the upper
On other positioning sequences, as the one
strand sequence).
derived from pGUB, the protection is to the 3'-side of the core
particle.

A schematic presentation of how the LH binds to the core

particle and protects DNA from MNase digestion is given in Fig.
3.12.

The model indicated by these results strongly resembles that
proposed recently by Travers and Muyldermans

(1996) on the

basis of analysis of the statistical distribution of certain di-, tri-,

and tetranucleotides along the DNA in a library of chromatosomal
DNA clones. These authors find that a short DNA sequence, AGGR

(where R=A or G), is preferentially located at one, but not both, of

the termini of the cloned DNA, making the sequence organization
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DNA protected
from MNase by
globular domain

DNA protected
from MNase by
globular domain

Model for positioning of a LH on the nucleosome. The
globular domain is presented by a filled circle, and the N- and Cterminal tails as unstructured stretches. The portions of linker
DNA protected by LH binding are marked. The numbers denote
the number of helical turns of the DNA, with 0 denoting the dyad
axis. Two alternative off-axis locations of the LH are depicted.
The C-terminal tail of the LH is drawn as simultaneously
interacting with the entering and exiting DNA helices to form the
stem structure recently described by Hamiche et al. (1996).
Fig. 3.12.
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of chromatosomal DNA asymmetric with respect to the midpoint.
By combining the sequence data with the structural

distortion

seen by Pehrson (1989) in chromatosomal DNA at a position close

to the dyad axis, they place one contact of GH5 close to the dyad;
the other contact is close to one extremity of an adjacent gyre.
Our data additionally show that the LH may actually choose

between the two symmetrically located potential binding sites and
do so in a sequence-dependent manner.

The core flanking regions of the sequences studied here (Fig.
3.3) were

searched for DNA sequence

elements

reported

by

Travers and Muyldermans (1994, 1996) to flank the core particles
in chromosomal DNA.

Although such elements could be identified,

no general conclusion could be derived from the small sample
To unequivocally determine the
available in this work.

contribution of specific oligonucleotide signals in linker DNA to LH
positioning,

engineered sequences containing such presumptive

signals on either side of a positioned core particle

should b e

analyzed.
How can earlier data indicating symmetric protection on both

sides be reconciled with the new view that the chromatosome is
an extension of the core particle on only one of its sides? There
may be particular arguments, depending on the system and
method used in earlier studies, but a major common feature of
those experiments emerges: all used heterogeneous populations of
nucleosome particles derived from tissues (chicken erythrocytes,
Simpson, R.T, 1978 and Staynov et al., 1988; rat liver, Pehrson,
J.R., 1989).

Using such particles

will produce

a population
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picture

averaged

which

symmetric over-the-dyad

can

equally

location

reflect

well

either

a

of the LH, or approximately

equal occupancy of two equivalent and slightly off-axis sites, a s
discussed by Crane-Robinson (Trends Biochem. Sci. , 1997). It also

need to be pointed out that analysis of the actual data of Simpson
(Biochemistry, 1978) does not allow an unequivocal conclusion to
As stated by the author himself "these results suggest

be reached.

that the structure of the chromatosome may involve extension of
the core particle DNA by addition of 10 by more DNA to each end".

Insofar as in vivo significance is concerned, it may be highly
relevant to mention results from Mirzabekov's laboratory
(Bavykin et al., 1990) obtained from MNase digestion of native
chromatin fibers.

When unfolded fibers were analyzed, the series

of mononucleosome particles obtained contained 145, 165, 17 5

and 185 by of DNA, with the conspicuous absence of a particle 15 5
by in length (such a particle was, however, observed upon
digestion

of condensed fibers, for reasons that remain to b e

understood).

The absence of the 155 by particle in digests of the

unfolded fibers may be the result of the asymmetric protection of
a longer DNA fragment (--20 bp) on only one side of the core, such
as the

reconstituted

one observed here on defined sequence

nucleosomes.

That the LHs protect DNA on only one side of the core particle
now seems beyond reasonable doubt.

In the two cases studied

here, as well as in another

with

example

the X. borealis

5S

sequence used in Chapter 2, we see protection on either the 5' or
the

3'

side

of the core particle, but never

on

both

sides.
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Asymmetric 20 by protection has also been reported in another
instance (Wong et al., 1997). Even if many more sequences are
studied at the level of the mononucleosomal particle,

and the

directionality is more precisely defined (using, for instance, the

direction of transcription of the transcribed strand as a criterion
for assigning directionality), it would still be impossible to
understand whether in the fiber the LHs are always situated on
one and

the

same

side

of successive core particles,

or

are

randomly located on either one side. The answer to this question
would

be of immense

chromatin

fiber structure

understanding

of

and would require investigation

of

importance

to our

several successive nucleosomal particles in native or reconstituted
fibers.

Finally, if the location of the GD inside the gyre as previously

(Hayes et al., 1994; Pruss et al., 1996) were a general
property of the generic chromatosome , it would be difficult to
see how it could protect 20 by of linker DNA. It is obvious that
proposed

additional experiments that rely on techniques complementary to

the one used here should be applied to resolve the remaining
puzzle of the outside vs inside location of the linker histone in the
chromatosome.
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Chapter 4

Role of Histone Tails on the Interaction of
Linker Histone with Nucleosome

A. Introduction

As discussed in the Introduction (Chapter I), it is of interest to
see if the tails of core histones affect the binding of LH to core
nucleosomes.

That LH lies close to the nucleosome core has been directly
demonstrated by protein/DNA (Belyaysky et al., 1980) and
protein/protein

cross-linking (Zlatanova and van Holde, 1996).

The major contacts identified were with H2A (e.g. Boulikas et al.,
1980), but cross-linking to other core histones has been also
reported (Ring and Cole, 1979). These early studies, however, 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 intact core histones, core
histones whose N-terminal tails were highly acetylated, or core
histones that lacked these tails altogether.
assays

and analyses

of the products

Both mobility shift

of micrococcal nuclease

(MNase) digestion indicated beyond doubt that core histone amino
termini were not absolutely required for LH binding to the
nucleosome core (Allan et al., 1982, 1986; Ura et al., 1994; Juan e t
al., 1994). Although the lack of such a requirement seems to b e
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generally agreed upon, there

is

still a difference in opinion as to

whether the affinity of LH binding is the same for both kinds of
those containing intact core histones and

chromatin templates
those possessing

acetylated

core histone

(or truncated)

amino

(Juan et al., 1994; Krajewski and Becker, 1998).

termini

In order to clarify this issue, a further analysis of LH binding to
core

nucleosomes

reconstituted

on

defined

sequence

DNA

fragments

was performed. If a controlled trypsinization can b e

achieved

to

prepare

precisely

defined

trypsinized

his tone

it should be possible to study not only the role of
specific histone tails in nucleosome structure, but also the
octamers,

mechanism underlying

the correlation

these

activity.

tails

different

and

gene

reconstitution

In

substrates

between modification of
these
were

experiments,

three

employed:

(i)

nucleosome cores that contained intact core histones, (ii) cores

which lacked the amino termini of all cores histones, and (iii)
cores that contained H2A, H2B and H4 intact but histone H3
missing its N-terminal tail. The latter reconstitution was included

in this study in view of recent scanning force microscopy (SFM)
results

showing

that

the tails

of H3 and

those

of H5 are

structurally redundant in the extended chromatin fiber (Zlatanova

et al., 1998, Leuba et al., 1998a and b). 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 nucleosome
in the fiber (Zlatanova et al., 1998, Leuba et al., 1998).
These three types of reconstituted particles were analyzed b y
mobility shift assays, MNase digestion, and mapping of the LH
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binding site by a combination of MNase digestion and restriction
nuclease cleavage. These results confirm previous reports that
the tails of the core histones are dispensable for LH binding. More

importantly, they show that the LH binding site is not in any w ay
dependent on the presence of the core histone amino termini,
although the affinity of binding is somewhat reduced in tailless
material.
B.

Materials and Methods

1.

Expression of Human Hlo: Human H10 was expressed

and

purified as detailed in Chapter 2.
2.

DNA Fragments Used for Reconstitution: The 235 by fragment

containing 35 by and 21 by extensions on the 5'- and 3'-sides of
the 179 by GUB fragment (Adams and Workman, 1995) was
obtained by EcoRI-Hindill digestion of a plasmid containing one
copy

of the

179

by

sequence.

It was

purified

from

gel

electrophoresis by electroelution as described in Chapter 3.
3.

Preparation of Intact histone octamer: Histone octamer was

prepared as described in Chapter 2.
4.

Preparation of H3-tailless or totally-tailless histone octamer:

Tailless histone octamers were prepared as described by Leuba e t
Briefly, immobilization of
al. (1993) with some modification.
trypsin on Immobilon (Millipore) membranes was carried out b y

of 24 mm-diameter disks of the membrane in a
solution containing 1 mg of trypsin/ml of 0.5 M potassium

incubation
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phosphate, pH 7.4 for

1

hr.

Membranes were then incubated in

capping solution (0.1% gelatin in 1M sodium bicarbonate, pH 9.5)

for 2 hrs and finally incubated for 30 min in wash solution (10
mM sodium phosphate pH 7.4, 0.1% Tween-20). All incubations
were performed with gentle agitation to keep the membranes
away from the walls of the vessels. The digestion of chromatin
with trypsin was carried out at a relatively low concentration of
chromatin (0.1 mg DNA/ml). Enzyme-immobilized membranes
were immersed in the reaction solution (10 mM Tris-HC1, pH 7.5)
substrate.
15 min prior to the addition of the chromatin

Chromatin was added and digested for 5-7 hrs or for 10-12 hrs to
prepare H3-tailless histone octamer or totally-tailless histone
octamer, respectively.

Digestion was stopped by adding PMSF to a

final concentration of 0.5 mM and chilling the sample on ice.
Products of the digestion were analyzed on 15% SDS-PAGE. Linker

histones were stripped by CM Sephadex C-25 and the H3-tailless
or

totally-tailless

histone

octamers

were

purified

by

hydroxyapatite column chromatography as described in Chapter 2.
5.

Reconstitution and MNase Digestion of Reconstituted Particles:

These procedures were carried out as described in Chapter 2.
6.

Gel Purification of Chromatosome and Core Particle DNA, End-

labeling and Restriction Nuclease Digestion: Chromatosome

and

core DNA from MNase digests was gel-purified, end-labeled with

3213, digested with restriction endonucleases according to standard
procedures and finally analyzed either on 15% non denaturing
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polyacrylamide

gels

or on 6% denaturing

sequencing

gels a s

described in Chapter 2.
C. Results

Production and characterization of intact, H3-tailless, and totallytailless histone octamers In order to study the possible involvement
of core histone amino termini in the binding of LH to the
nucleosome,

the

binding

experiments

reconstitution substrates were performed:

with

three

types

of

core mononucleosomes

which contained intact histone octamers, mononucleosomes

in

which H2A, H2B and 114 were intact but H3 lacked its N-terminal
tail, and mononucleosomes in which all core histones were missing
their amino termini (Fig. 4.1)

These core nucleosomes were obtained by reconstitution of the
235 pGUB DNA fragment with core histones isolated from chicken

erythrocyte chromatin that had been mildly digested with trypsin
to

different

degrees.

Trypsin,

immobilized

on

collagen

membranes in this experiment, has been widely used in studies
that attempted

to investigate the role of core histone tails on

chromatin structure.

The histones within the nucleosome core are

not all equally sensitive to trypsin; H3 is degraded most rapidly,

followed by H2A, H4, and finally H2B. Therefore the histone tails
can be selectively removed by mild treatment of chromatin with

trypsin without significant damage to the central globular domain
of the proteins. Trysinization for 6 hr led to selective cleavage of
the N-terminal portion of histone 1-13, leaving the other core
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H1 (31"
H5
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H

40,
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H2B
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P1'
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H2A

H4

P3
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1

2

3

4

5

Fig. 4.1. Characterization of histones used for reconstitutions on
15% SDS-PAGE. Lane 1, chicken erythrocyte nucleosomes used as
standards; lane 2, intact core histones; lane 3, H3-tailless core
histones; lane 4, totally-tailless core histones; lane 5, expressed
and purified human H1 0. The peptides P1, P1', P3, P4 and P5
correspond to those reported by Bohm and Crane-Robinson (1984)
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histones

still intact (lane

3

Overnight digestion

in Fig. 4.1).

resulted in proteolytic removal of the tails of all core histones

(lane 4 in Fig. 4.1). Fig. 4.1 also shows the purity of recombinant
histone 1110 used as a LH.

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

of

success

The

reconstitutions was monitored by band shift analysis as illustrated
in Figs. 4.2. Interestingly, our gels could discriminate among the

three kinds of core nucleosomes, the absence of the 113 tails or the
tails

of all

core

histones

leading

higher

to

higher

and

electrophoretic mobility of the respective particles as compared to
the reconstitute containing intact octamers (Fig. 4.2). Addition of
LH to the these core nucleosomes produced further retardation of
the

nucleosomes,

again

reconstitution substrates.

different

different

three

the

for

Titration of the amount of LH needed to

achieve comparable extend of LH binding showed a somewhat
reduced affinity of the LH to the 143 tailless material, and even
less affinity for the totally tailless material

latter results confirm similar observations

(not shown).

The

from J. Workman's

group (Juan et al., 1994).
The successful reconstitution of LH to the three types of core

nucleosomes was further examined by MNase digestion.
three

cases,

the

kinetic

intermediate

of 168

by

in

In all

length

characteristic of the chromatosome was clearly seen on the gels

(marked Chr. in Fig. 4.3a and b). In accordance with our previous

results (An et al., 1998), the control digestion of the naked DNA
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Intact

H3

tailless
+

to

111 IMO

Totally
tailless
+

*
L *

ea)

Fig. 4.2. Electrophoretic mobility shift analysis with intact and
tailless pGUB reconstitutes. The location of nucleosome cores and
nucleosome cores bound by Hlo are indicated by O.- and * ,

respectively.
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(a) Intact nucleosome

(c) Free DNA

totally-tailless

(b)

nucleosome
a)

MNase

MNase

M

Chr. -->
Core

2M

M

F-180

-4E 180

< 160 Chr
< 147 Core

(r)
cz

Z

IP

'IL

160
147

X180
'c,

160
147

MNase digestion of intact and tailless pGUB reconstitutes.
Nucleosomes formed by Hl-binding to the pGUB nucleosome cores
were subjected to MNase digestion. The digestions were then
analyzed on 10% nondenaturing acrylamide gel.
Fig. 4.3.
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used for reconstitution did not produce prominent bands in the
core

or chromatosome-sized DNA region of the gel (Fig. 4.3c).

Linker histone binds to the same site in nucleosomes containing intact

or tailles core histones Finally, the position of core particles and
chromatosomes on the DNA fragment
tailless,

and

restriction

the

nuclease

totally

tailless

digestion,

in the control, the
mapped

by

by electrophoresis

on

material

followed

113

were

polyacrylamide sequencing gels as introduced in Chapter 2 (Dong
et al., 1990).
The electrophoretic patterns of XhoI fragments on such gels

define one major position of the core particle located between b p
34 and 181 [see DNA bands of 108 and 39 by in Fig. 4.4, lanes 2 in
(a) and (b)]. This is exactly the same as the major core position

in Chapter 3 and also by Adams and Workman
Addition of LH to the intact (Fig. 4.4a), or the totally

determined
(1995).

tailless core nucleosome particles (Fig. 4.4b) led to the appearance

of two major XhoI bands, 108 by and 56 by in length, which
indicates that LH protects linker DNA highly asymmetrically, on
one side of the core particle only (Fig. 4.5) The protection result
with the H3 tailless reconstitute was exactly the same as that of
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 of absence of these termini.

84

Fig. 4.4. Linker histone-induced protection of linker DNA against
MNase digestion. Lanes labeled M contain pBR322/MspI size markers.
Main digestion products identified as representing core or
One dot designates
chromatosome positions are marked by dots.
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. The restriction enzymes used are

denoted above the respective lanes. The pattern of restriction
endonuclease digestion of tailless nucleosome products was the
same as that of intact nucleosome.
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17

X(108/39)

imanzi X(108/56)
X filo I

1

Fig. 4.5.

142

Schematic presentation of results

235
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D. Discussion

Acetylation of core histones and partial depletion of LH are
considered characteristic features of transcriptionally active
chromatin.

suggested

the

by

acetylation
Annunziato,
1990)

the

That

two

direct

processes

correlation

may

be

between

interrelated
core

is

hi stones

and LH deficiency in newly replicated (Perry and
1991)

chromatin.

or transcriptionally

active (Ridsdale

However, the exact molecular

et al.,

mechanism

underlying this correlation and its functional consequences for

binding of general and gene-specific transcription factors remain
elusive.

In order to study this issue more closely, the LH binding to

nucleosomes differing in the composition of their histone octamers
was studied

.

Core histones truncated at their N-termini have

been widely used for nucleosome reconstitution to mimic the
effect of histone tail acetylation, a modification that drastically
reduces the affinity of their binding to DNA (Hong et al., 1993).

The 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
of LH to nucleosome is a little hindered by the
absence of core histone tails. This result agrees well with an
earlier report (Juan et al., 1994). More importantly, the site of LH

the binding

binding is not dependent on these termini:

LH binding protects

linker DNA exactly in the same way in nucleosomal particles
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containing intact core histones and those containing the truncated
core histones.

What could be the molecular basis for the reduced affinity of LH

to nucleosomes possessing acetylated core histone tails or lacking
these

It is evident

tails?.

of the LH in the

that the location

nucleosomes is determined entirely by factors other than the tails
mostly the interaction of the globular domain of the histone with
the DNA and possibly interactions with the structured portions of

The tails of the core histones may affect the

the core histones.

affinity of LH binding by either direct interaction with the protein,
or by changes these tails may confer on the conformation of the
particle, depending on their interactions with the DNA. At this

to see exactly how the tails may affect LH
binding, since the crystal structure of the core particle (Luger et
al., 1997) shows that these tails are not in close proximity to the
point, it is difficult

site of binding of the LH, with the possible exception of the Nterminal

tails

of histone

The

H3.

amino

termini,

though,

contribute to DNA binding at six of the fourteen DNA-binding sites

in the particle (Luger and Richmond, 1998), and by doing so, may
change the conformation of the particle depending on their
modification status.

structure

has

That the nucleosome

already

been

convincingly

is

a very dynamic
demonstrated in

In view of this, it is
assuumed that LH binding is affected by the tails via
conformational alterations in the nucleosome particle structure
numerous reports (Usachenko et al., 1996).

caused by modifications of the tails.
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Chapter 5

Study of the Location of HMG1 Binding on Nucleosomes
A.

Introduction

As stated in the introduction, the question as to how HMG1

interacts with nucleosomes is of great interest but has been so far
studied on reconstitutes on only one DNA sequence, the 5S
Xenopus borealis rDNA (Nightingale et al., 1996; Ura et al., 1996).

In this specific case, it was reported that HMG1 interacts with
linker DNA in the same way as does histone H1, protecting 5 b p
on one side of the nucleosome core and 15 by on the other side.
However, as was demonstrated in Chapter 2, X. borealis 5S DNA

sequence is not suited for studies involving MNase digestion, since
results interpreted as 'protection' by linker DNA-binding proteins

could be obtained with reconstituted core nucleosomes, in the
absence of linker proteins. Assuming that the reported 5/15 b p
protection by HMG1 (Nightingale et al., 1996; Ura et al., 1996)

could stem from the same artifact, it was decided to study the
binding of HMG1 on mononucleosomal particles reconstituted on
an alternative nucleosome positioning sequence not prone to such

artifacts.
A 235 by GUB DNA fragment that carries the binding sites for

Ga14 and USF (Adams and Workman 1995) was chosen for this
experiment.

This fragment gives clear-cut results in the MNase

based protection assay since it places the histone octamer in one
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major transitional position (see Chapter 3; Adams and Workman,
In addition, MNase digestion of the naked DNA fragment

1995).

used for reconstitution does not produce any fragments of lengths
obtained in digestion of the reconstitutes which may obscure the
analysis.

Also, another advantage is that the HMG1 protection

results can be directly

compared

to results

linker

concerning

histone protection on particles reconstituted on the same sequence
(see Chapter 3).
B.

Materials and Methods

1.

DNA Fragments Used for Reconstitution:

The 235 by GUB

fragment was obtained by EcoRI and HindIII digestion of pHJ-1,
followed by electroelution as described in Chapter 3.
2.

Preparation

of HMG1: HMG1 was purified

from

chicken

erythrocytes by the procedure of Adachi et al. (1990).
3.

Preparation

of Histone Octamer: Histone octamers

were

prepared as described in Chapter 2. Fig. 5.1 shows 15% SDS-PAGE

with histone octamer and HMG1 used for the experiment.

and HMG1 binding:
Reconstitutions of core nucleosomes were carried out by salt
dialysis as described in chapter 2 with slight differences. Histone
octamers were mixed with 60 mg of DNA in 0.6 ml of 2.2 M NaC1,
4.

Reconstitution

of core

nucleosome

10 mM Tris-HC1 (pH 7.5), 0.25 mM EDTA, 0.5 mM PMSF at a molar

ratio of 1.2 octamers/DNA in order to obtain nucleosome
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drib,

HMG1

H3

H2B

H2A
H4

15 % SDS-PAGE with Octamer and HMG1 used for
reconstitution.
Fig. 5.1.
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on 90% of DNA fragments,

occupancy

successively

vs

a

series

of

solutions

concentrations down to 0 M NaCl.
(10/0.25,

pH 7.5).

and

of

then

dialyzed

decreasing

Each solution contains

HMG1 was mixed with reconstituted

particles in TE (10/0.25,

salt
TE

core

pH 7.5) at a molar ratio of 1.5 an d

incubated at 23 0C for 30 min. The core nucleosomes and HMG1

nucleosome mixture were electrophoresed in 1% agarose gels in
0.5 x TBE [0.045 M Tris-borate (pH 8.0), 1 mM EDTA]. The gels
were stained with 1 mg of ethidium bromide per ml and then
destained in the electrophoresis buffer for 1 hr before
photography.
5.

MNase Digestion of Reconstituted Core Nucleosomes and HMG1

containing Nucleosomes: MNase Digestion of reconstituted particles

were performed using 1 unit of MNase per 5 mg of DNA for up to
8 min. For a control, the naked DNA fragment was digested with

0.2 units of MNase per 5 mg of DNA for 3 min. For further details
of the digestion protocol,
6.

see Chapter 2

Gel Purification of Chromatosome and Core Particle DNA, End-

labeling and Restriction Nuclease Digestion: These were performed

exactly as described in chapter 2.
7.

Crosslinking of Histone Octamer to DNA in Reconstituted Core

Nucleosomes: Histone octamer

was

crosslinked

to DNA using

Glutaraldehyde and the success of crosslinking was determined on
12% SDS-PAGE and 1% agarose gel as described in Chapter 3.
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C. Results

To study the protection against MNase cleavage on nucleosomal
DNA provided by HMG1 binding, the protocol first introduced b y
Dong et al. (1990) was used, as in preceding Chapters.

The success

of reconstitution was first checked by gel retardation assays as

shown in Fig. 5.2. Addition of the histone octamer to the 235 b p
pGUB fragment led to the appearance of a retarded band,
reflecting

the

formation

of a core

nucleosome

on

the

DNA

Further addition of HMG1 to the core nucleosome led to
the formation of a particle which is further retarded on the gel.
fragment.

MNase digestion of this mixture

(lane 4, Fig. 5.2), the

core

nucleosome/DNA mixture (lane 2, Fig. 5.2), and of naked DNA as a
control, reproducibly produced DNA patterns such as those shown

in Figs. 5.3a, 5.3b and 5.3c, respectively.
nucleosome preparation

Digestion of the core

showed the expected kinetic pause

of

digestion at 146 by (Fig. 5.3b), which results from DNA protection
The DNA patterns resulting from
by the histone octamer.
digestion of the HMG1/core nucleosome reconstitute contained, in
addition to the core particle DNA band (146-bp),

an additional

band of lower stability at 170 by (Fig. 5.3a). Finally, digestion of
naked DNA even under milder conditions, did not produce any
DNA bands of 146 by and 170 by length (Fig. 5.3a).

The 146 by DNA bands from both the core nucleosome and the
HMG1/core nucleosome MNase digests, as well as the 170 by band
from the HMG1/core particle preparation were further subjected
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1

23

E.*

4

Core + HMG1
Core
DNA

Fig. 5.2. Reconstitution of DNA into core particles and HMG1
the
by
visualized
as
nucleosomal
particles
containing
electrophoretic mobility shift assay. The 235 by pGUB fragment
was reconstituted with core histone octamer and further with

HMG1. The resultant complexes were resolved on 1% agarose gel
electrophoresis.

Lane 1 contains pBSIISK+/HinfI, Xbal marker.
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C.

b.
M

MNas

M

za
U-

M

11.41110

180
160
147

-NE- Core + HMG1

Core

180
160
147

F -1 s0
160
-4E- Core

147

of MNase digestion of the HMG1/core
nucleosome reconstitute (a), the core nucleosome (b), and the
naked DNA fragment used for reconstitutions (c). Note the
persistence of fragments of 146 by in length in (a) and (b)
(marked as core), and of a fragment of 170 by in (a). These were
the DNA bands subjected to further analysis. The smeared band
around 160 by that is often present in the HMG1/core nucleosome
digests has also been analyzed by sequencing gels but it showed a
pattern totally unrelated to the pattern produced by the 146 b p
core particle fragment (not shown). For example, neither of the
core particle boundaries could be seen; thus this fragment mu s t
arise from cleavages elsewhere on the 235 by fragment and w a s
not considered as resulting from further protection imposed o n
the core particle by bound HMG1.
Fig. 5.3.

Products
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to XhoI restriction nuclease digestion, and the lengths of the
resulting fragments were determined by sequencing gels (Fig.

In accordance with published data (Adams and Workman,
1995) and the results from Chapter 3, the GUB sequence placed

5.4a).

the histone octamer in one major transitional position, defined b y
DNA fragments 108 and 39 bases in length. Moreover, the same
major core particle position was present in the core nucleosome
and in the HMG1/core nucleosome reconstitute.

The XhoI cleavage of the 170 by band in the MNase digestion
pattern of the HMG1/core nucleosome reconstitute showed two
major bands, 132 bases and 39 bases in length.

Since the 3'

border of the protein-protected region was the same as in the core
particle, and the 5' border was shifted 24 by in the 5' direction,
HMG1 must protect linker DNA on only one side of the core
This result is different from the result
obtained with the X. borealis 5S rDNA (Nightingale et al., 1996;

particle (see Fig. 5.5).

The latter result might be due to the artifacts
connected to the use of the 5S gene sequence for MNase-based

Ura, et al., 1996).

assays of protein protection as shown in Chapter 2.

In order to interpret such data unambiguously, the possibility
that HMG1 causes a short-range shift of the position of the histone
octamer along the DNA fragment must be eliminated. If such a
shift were to take place, then the 132/39 pattern obtained upon
XhoI cleavage could reflect a 24 by shift of the core in the 5'

direction and protection of the same length of DNA at the 3' end
by HMG1. To exclude such a possibility, the whole analysis was
repeated after crosslinking the histone octamer to the DNA
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Fig. 5.4. Restriction analysis of HMG1-bound core nucleosomes. (a)
HMG1-induced protection of linker DNA against MNase digestion
as studied by sequencing gels. Lane labeled M contains

pBR322/MspI size markers; Core and HMG1/core designate lanes
containing restriction fragments

of 146 by and 170 by DNA

fragments extracted from MNase gels such as shown in Figs 4.3a
Main digestion products are marked by dots: One dot designates
fragments seen in both the core and the HMG1/core nucleosome;
two

dots

designate

fragments

observed

in

the

HMG1/core

nucleosome digests only.
(b) Mapping results obtained after crosslinking the protein to the
DNA at the core nucleosome reconstitution step, before addition of
HMG1.
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a.
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M

Xhol
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-160
- 147
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123

- 110

- 90
- 76

- 67

- 34

1

1

Crosslinked

Fig. 5.4. Restriction analysis of HMG1-bound core nucleosomes.
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following the reconstitution of the core nucleosome, but before
addition of HMG1. As presented in Fig. 5.4b, the results obtained
with the crosslinked

core nucleosomes

were

indistinguishable

from those presented above (compare Fig. 5.4a with Fig. 5.4b).
This observation confirms the interpretation presented in Fig. 5.5.
D. Discussion

The results of these experiments

clearly indicate that HMG1

bound to the core nucleosome protects linker DNA on only one
side

of the

core

particle.

Interestingly,

and

of

potentially

physiological relevance, linker histone protects linker DNA on the
opposite side of the core particle reconstituted on the same
sequence as shown in Chapter 3.

This issue may be directly

of the two proteins competing for
binding at the nucleosome, with all ensuing structural and
function consequences of such a competition (Zlatanova and v an
Holde, 1998). It should be emphasized that even though the two

related

to the possibility

protected regions are on 'opposite ends' of the nucleosomal DNA,
those ends are probably closely juxtaposed in the nucleosome (see
Fig. 3.12), and thus competition or mutual exclusion are still
possible.
As

explained

in

the

Chapter

1,

early

evidences

that

chromatosome-sized units containing either H1 or HMG1 could b e

isolated from MNase digests of whole chromatin (Jackson et al.,
1979; Jackson et al., 1981) and the two proteins compete for
binding to four-way junction DNA (Varga-Weisz et al., 1994; Hill
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XhoI
142

235
24

17

X(132/39)

HMG1

X(108/39)

core

X(t08/56)

Fig. 5.5.

( histone H1

of results.
The boxed line
represents the DNA fragment used for reconstitution, with the site
of XhoI cleavage marked. The major translational position of the
core particle is denoted as a gray bar, and the protection resulting
from HMG1 binding as a black box at the 5' portion of linker DNA.
The number above the box denotes the length of the protected
region (in bp).
For comparative purposes, the scheme also
presents the results of experiments performed to map the
protection of linker DNA caused by linker histone binding (chapter
3).

Schematic presentation
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and Reeves, 1997) or cisplatin-modified DNA (Yaneva et al., 1997)
would support indirectly the idea that the binding of the two

classes of linker proteins might be mutually exclusive and the two
proteins might compete with each other for binding to the
nucleosome.

Preliminary competition experiments carried out in

the course of this investigation indicate that this may also be the
The resolution of this
case for reconstituted nucleosomes.
important issue and its relation to transcriptional regulation will
require in situ studies addressing the question of whether the
transition between transcriptionally active and inactive state of
specific gene regions is accompanied by mutual replacement of

these two protein classes.
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Chapter 6

Summary of Work
The experiments were designed to address the issue of where

the linker proteins, H1 and HMG1 recognize and bind on the core
nucleosomes and the potential alteration of nucleosomal structure
by the binding of these proteins. Using three different DNA
sequences, each possessing strong nucleosome positioning signals,
the

protection

of linker

DNA from

MNase

digestion

after

incorporation of H1 or HMG1 was analyzed by high-resolution gel
protein-protein
and
protein-DNA
Also,
elctrophoresis.
crosslinking methodologies were applied to check the possible

changes in the contacts of core histones with DNA by the binding
of linker proteins, H1 and HMG1, which might result in a different
nuclease protection.

The major finding of this thesis is that linker proteins, HMG1
and H1, bind to core nucleosome by interacting with linker DNA

on only one side of the core particles and more importantly, the
In other
interaction with linker DNA is sequence dependent.

word, the choice by linker proteins of which side to protect from
MNase digestion mainly depends on the linker DNA sequence.
Intrestingly, HMG1 and H1 were found to protect linker DNA on
the opposite side of the core particle reconsituted on the same
sequence.

The crosslinking experiments

further

demonstrated

that these defined sequence nucleosomes are very stable element
of chromatin structure. Neither the structural change of histone

103
octamers nor the sliding of the histone octamer along the DNA

template is produced by the binding of linker proteins.

It also

was found that the binding of LH onto core nucleosome is a little
facilitated by the presence of histone tails but the absence of
histone tails did not change the protection by LH, indicating that

the core histone tails are not involved in locating linker histone
onto core nucleosome.

As a conclusion, the results presented in this thesis propose the

new asymmetric model in the chromatin field and also strongly
suggest the possible specific interaction between the linker
proteins and the core nucleosomes.
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