
&p.1:Abstract The role of the various levels of chromatin or-
ganization in the control of eukaryotic gene expression is
discussed on the basis of recent advances in our under-
standing of chromatin structure in well-defined model
systems. Particular attention is devoted to the precise
structure and the possible functions of positioned nucleo-
somes and to the enzymatic mechanism of nucleosome
remodeling. Some of the principles involved are illustrat-
ed with genomic footprinting results obtained with the
mouse mammary tumor virus promoter, the nucleosomal
organization of which is remodeled following transcrip-
tional induction by steroid hormones. In this system a
positioned nucleosome is responsible for transcriptional
repression prior to hormone administration and partici-
pates in hormonal induction by facilitating the functional
interaction among transcription factors on the promoter.

&kwd:Key words Nucleosome positioning · Steroid hormone
receptors · Core histone

Abbreviations HREHormone-response elements ·
HRRHormone-responsive region · LCRsLocus control
regions · LTRLong terminal repeat · MARsMatrix
attachment regions · MMTV Mouse mammary tumor
virus · NFI Nuclear factor I&bdy:

Introduction

The substantial expectations often placed on gene thera-
py have made scientists acutely aware of the limited
knowledge which we now have of the mechanisms gov-
erning the stable and regulated expression of genes in
particular cells. This knowledge stems mainly from es-
tablished cell lines in culture, and often does not apply to
the corresponding cell types in the intact animal. This in-

formation, however, is essential to the development of
vectors for selective and sustained expression of trans-
fected genes with therapeutic properties.

The principle concept is that cell-type restricted ex-
pression of genes depends on an adequate combination
of cis elements for binding of ubiquitous and tissue-spe-
cific trans-acting factors in promoter and enhancer re-
gions. The particular equipment of a defined cell type
with transcription factors then determines the extent of
expression of the gene in question. However, very often
the information used to define cis-elements and trans-
acting factors is collected from transient transfection as-
says and does not necessarily reflect the behavior of the
same genes when stably integrated into chromosomes.
The expression of stably transfected genes is affected by
their organization in chromatin and by the particular po-
sition in which they integrate within the host genome.
There are complex genetic elements, such as matrix at-
tachment regions (MARs), locus control regions (LCRs),
and insulators, which control the behavior of chromo-
somally integrated genes and can make their expression
more reproducible or less dependent on the activity of
adjacent genetic loci. The exact mechanism by which
these elements work is not completely clear, but it seems
to differ from the functioning of classical enhancers and
very likely involves a contribution of the chromatin orga-
nization.

Apart from the distinction between heterochromatin
and euchromatin, which seems to play a role in genetic
imprinting and position effects, two different levels of
chromatin organization have been implicated in regulat-
ing the expression of transfected genes. One involves the
so-called domain structure of chromatin, and the other
refers to the basic unit of chromatin, the nucleosome.

Domain structure of chromatin

The idea that chromatin is organized in defined domains
derives from microscopic images of lampbrush chromo-
somes, from biochemical studies of nuclease sensitivity,

M. Beato
IMT, Philipps-Universität Marburg,
E.-Mannkopff-Strasse 2, D-35037 Marburg, Germany

Communicated by:Claus Scheidereit&/fn-block:

J Mol Med (1996) 74:711–724 © Springer-Verlag 1996

R E V I E W

&roles:Miguel Beato

Chromatin structure and the regulation of gene expression:
remodeling at the MMTV promoter

&misc:Received: 29 February 1996 / Accepted: 30 April 1996



and from the phenomenon of position-effect variegation
in Drosophila. [1]. Position-effect variegation means that
the extent of expression of a gene is affected by its site
of insertion into the chromosome. Insertion within
5–10 kb from a condensed heterochromatic region re-
presses the transfected gene due to a process that spreads
from the inactive chromatin region and involves changes
in chromatin structure. Suppressor mutants of this effect
identify genes which code either for structural compo-
nents of chromatin or for proteins able to affect chroma-
tin structure [2, 3].

Region-specific repression of gene expression similar
to position-effect variegation is observed in Saccharo-
myces cerevisiaein the vicinity of the silent mating-type
loci [4] and near the telomeres [5], and in S. pombenear
the centromeres [6]. In S. cerevsiaetranscriptional re-
pression by telomeres requires the action of specific
proteins, such as GAL11 [7], SIR3, SIR4 [8], and RAP1
[9, 10] and is associated with reduced acetylation of the
core histones [11]. SIR3 and SIR4 interact directly with
the N-terminal tails of histones H3 and H4 and with nu-
clear lamin [12]. These interactions have led to a model
for heterochromatin formation at yeast telomeres in
which the binding of RAP1 to C1-3A repeats is followed
by recruitment of SIR3/SIR4, and nucleosomes are at-
tached to the nuclear envelope via the SIR3/SIR4 com-
plex.

One important property of the inactive chromatin
state is the possibility of its being inherited from mother
to daughter cells. This epigenetic mechanism is mediat-
ed by specific proteins, such as the members of the
Polycomb group from Drosophila, which are able to
maintain a repressed state of the homeotic genes [13].
The Polycomb group of proteins share a so-called
chromo domain which is also found in the heterochro-
matin protein HP1 and their vertebrate homologues
[14]. Point mutations in the chromo domain inactivate
the silencing function of these proteins [15, 16]. The ac-
tion of the Polycombgroup of genes is counterbalanced
by members of the Trithorax group [17]. In addition to
the chromo domain, Polycomb, Trithorax, and Brahma
(see below) share a PDH zinc finger-like motif, first de-
tected in Polycomblike, as well as a bromo domain, a
widespread motif [18–20] found in many proteins impli-
cated in chromatin regulated transcription [21]. Intrigu-
ingly, these domains are also found in some coactivators
for nuclear receptors [22] (see below), suggesting that
one of the functions of these factors could be related to
chromatin remodeling.

Matrix attachment regions

Chromatin domains were originally thought to be punc-
tuated by matrix or scaffold attachment regions [23–25].
Although these two concepts are not necessarily homolo-
gous, they are very often used as such. For simplicity, I
refer here exclusively to MARs, even if in some cases
the original literature does use a different nomenclature.

MARs are often associated with enhancers [26], and the
distinction is not always clear between enhancer function
of genetic elements and their function as MAR. MARs
often mark the limits of chromatin domains and have
been used to define them [27]. Functional chromatin do-
mains can also be defined biochemically as regions of
generalized DNaseI sensitivity in particular cells [28]. In
lymphocytes from transgenic mice, for instance, the ap-
pearance of general DNaseI sensitivity and transcription
of the immunoglobulin µ whole locus depend on the
presence of adjacent MAR regions [29].

The mechanism by which MARs fulfill their function
in chromatin domains is not clear. MARs are unusually
A/T-rich, and their tendency to unwind is correlated with
their affinity for the nuclear matrix [30]. Histone H1 as-
sociates specifically with A/T-rich DNA regions in a
highly cooperative manner [31], and due to their richness
in As and Ts MARs may serve as nucleation centers for
histone H1 assembly into the flanking DNA. Indeed oli-
go(dA)·oligo(dT) stretches of more than 130 bp can act
as nucleators for histone H1 deposition. MAR regions
are also enriched in topoisomerase II binding sites [32].
Treatment of intact cells or nuclei with distamycin, a mi-
nor groove binding reagent, enhances topoisomerase II
and restriction nuclease cleavage at internucleosomal
linkers of MARs [33], probably reflecting unfolding of
the chromatin fiber due to distamycin-induced dissocia-
tion of histone H1 [34]. A similar situation may be gen-
erated in vivo by binding of factors, for instance, HMG-
box containing proteins, which bind the minor groove of
DNA and distort its structure. T7 RNA polymerase tem-
plates with MARs are inhibited selectively by added his-
tone H1 due to nucleation of H1 at the A/T-rich regions
of MARs [35]. Titration of these A/T-rich regions with
HMGI/Y derepresses transcription by redistributing his-
tone H1 to non-MAR DNA [35]. These findings may be
physiologically relevant since HMGI/Y is enriched in
chromatin fractions depleted of histone H1.

In addition to histone H1, HMG-like proteins, and
topoisomerase II, other proteins binding to MARs in a
sequence-specific manner have been reported. The MAR
binding protein Satb1 interacts with the minor groove
without contacting the bases [36]. The binding sites for
Satb1 consist of mixed A’s and T’s with some C’s inter-
spersed, but no G’s. This type of sequence is typically
found as clusters in MARs. Mouse and human Satb1 are
98% homologous, suggesting that they fulfill an impor-
tant function. A 150 amino acid region of Satb1 is suffi-
cient for DNA binding and encompasses a novel motif
with two hydrophilic ends [36]. A synthetic MAR affini-
ty column has been used to purify a 100-kDa protein,
which turned out to be nucleolin, a nucleolar protein
with helicase activity essential for ribosomal RNA syn-
thesis [37]. Nucleolin, as Satb1, binds specifically to the
region of MARs prone to base unpairing. Nucleolin ex-
hibits a curious strand selectivity: it binds to the T-rich
strand of synthetic MARs 45-fold more efficiently than
to the A-rich strand [37]. The function of Satb or nucleo-
lin is unclear.
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Other MAR binding proteins have been character-
ized. One of these binds to highly bent DNA [38] while
another, the attachment region binding protein, is a ma-
jor nuclear protein of 95 kDa that binds cooperatively
to A/T-rich sequences in MAR fragments larger than
350 bp [39]. A small peptide of less than 15 kDa de-
rived from the attachment region binding protein re-
tains its MAR binding activity [40] and recognizes spe-
cific DNA sequences with high affinity [41]. Another
MAR binding protein, SP120, localizes to the nuclear
skeleton [42] and may be homologous to the human
heterogeneous nuclear RNA binding protein [43]. Bind-
ing of this protein to large MAR-containing fragments
is competed by poly(dG)·poly(dI), which forms four-
stranded structures [43]. The physiological significance
of these various MAR binding proteins remains to be
established.

Locus control regions

LCRs affect the activity of a whole genetic locus, often
containing several related genes. Characteristically
LCRs comprise a combination of a large number of ele-
ments, and their function may be mimicked by the clus-
tering of multiple enhancer sites [44]. LCRs have been
defined in stable transfection experiments and with
transgenic mice techniques as complex elements con-
taining multiple DNaseI hypersensitive sites and are
able to confer copy number dependent and integration
site independent expression to adjacent genes [45–48].
Whether these two functions can always be attributed to
the same genetic element is unclear, and the function of
LCRs may require additional elements. Whereas LCRs
may be responsible for copy number dependent gene ex-
pression, insulators (see below) can also account for the
independence of expression from the integration site in
the chromosomes. MARs, on the other hand, stimulate
but do not confer position-independent expression of
transfected genes [49]. In the chicken β-globin locus the
enhancer/LCR region and the promoter are required for
the establishment of DNaseI hypersensitive sites and
general DNaseI sensitivity of the locus, indicating that
one of the functions of the LCR is to create a more open
chromatin structure [50]. Constructs containing only the
enhancer/LCR region lead to tissue-specific expression
and DNaseI hypersensitivity only in a fraction of the
transgenic mice [51]. It seems that cooperation between
the enhancer/LCR and the promoter is essential for the
proper functional behavior of the chromatin domain
[51].

The mechanism by which LCRs affect the activity of
various promoters within a given locus is unclear, but re-
cent experiments are providing initial insights. In trans-
genic mice carrying β- and γ-globin genes in different ar-
rays relative to the LCR, proximity to the LCR increases
gene expression, but γ-gene expression is always higher,
suggesting that promoter competition is the dominant
feature [52]. Laser confocal microscopy has been used to

detect time-resolved nascent RNA specific for the vari-
ous genes of the β-globin locus in situ. In a particular
cell nucleus, multiple genes appear to be transcribed al-
ternatively rather than simultaneously. Therefore the
LCR activation mechanism seems to be stochastic and
monogene specific [53].

LCR regions have also gained clinical importance, as
mutations affecting their function give rise to inherited
defects. For instance, naturally occurring deletions that
remove the LCR located 60 kb upstream of the human β-
globin gene inactivate the whole locus and change the
late replication properties and the sensitivity to DNaseI
over a region of more than 100 kb, resulting in severe he-
moglobinopathies [54].

Insulators

MARs were initially considered responsible for marking
the boundaries of chromatin domains, but it has since
been shown that this function can also be assumed by in-
sulator elements [55]. The first indication for such type
of elements came from experiments on the 87A7 heat
shock locus of Drosophila, where specialized chromo-
somal structures (scs and scs’) of a few hundred base-
pairs flank the heterochromatic regions. These elements,
when inserted between enhancer and promoter, can block
enhancer action, whereas MARs cannot [56–58]. Within
the 900-bp corresponding to scs, DNA sequences associ-
ated with two DNaseI hypersensitive sites are essential
for insulator function, while the central A/T-rich region
is dispensable [59]. The boundary element seems to be
assembled from a discrete number of functionally redun-
dant sequences. Proteins that bind to the scs’ in the
hsp70 domain have been purified. The binding sequence
is a palindrome, CGATA/TATCG, which abuts the
DNaseI hypersensitive site. One of the proteins, BEAF-
32, has been cloned. It binds to scs’ but not to scs, indi-
cating a polarity of the insulators, which is correlated
with the fact that immunostaining with BEAF-32 anti-
bodies decorates hundreds of interbands and many puff
boundaries but only one end of the 87A7 puff [60]. En-
hancer blocking assays attribute to the palindrome a
boundary function, but the element does not work as an
insulator in transient transfections, suggesting a role of
the context or of chromatin structure [60].

Another structure which fulfills an insulator function
in Drosophila is the complex of suppressor of Hairy
wing [su(Hw)] and the transposable element gypsy. The
Su(Hw) protein insulates expression of the D. melano-
gaster whitegene from chromosomal position-effects
[61]. Su(Hw) is a 100-kDa protein with 12 C2-H2 zinc
fingers, a leucine zipper, and an acidic domain [62]. It
binds to a 300-bp region of gypsycontaining 12 repeats
of a 10-bp A/T-rich sequence [63] and blocks enhancer
activity when placed between enhancers and promoters
[64] (Fig. 1). In wild-type flies su(Hw)does not prevent
enhancer action on upstream promoters (promoter 2 in
Fig. 1A), but mutations in modifier of mdg4
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[mod(mdg4)] eliminate this polarity and lead to variegat-
ed expression of reporter genes. The mod(mdg4)and
su(Hw) interact directly. In the absence of mod(mdg4),
su(Hw)acts bidirectionally (Fig. 1B) whereas in its pres-
ence its effect is unidirectional [65]. The mechanism of
action of mod(mdg4)remains to be established.

Insulators have also been found in vertebrates. A 5′
element of the chicken β-globin domain serves as an in-
sulator in human erythroid cells and protects against po-
sition effect in Drosophila [66]. This insulator blocks
the effect of a nearby LCR in erythroid cells in a direc-
tional manner but has no effect on the LCR within its
own domain. In transgenic flies it protects the white
gene from position effects. Its action involves a change
in chromatin structure over the promoter [66]. The pre-
cise mechanism of this chromatin effects is unclear, but
it could involve posttranslational modifications of the
core histones or changes in the linker histones or HMG
proteins which would affect the folding of the 10 nm
chromatin fiber.

A hypothetical chromatin domain

The emerging picture is tentatively represented in
Fig. 1C. MAR1 and MAR2 are sites of attachment to the
nuclear matrix and define a structural domain, often
characterized by a differential sensitivity to DNaseI in
various cell types. This structural domain, which may
encompass a genetic locus, contains five genes, G1–G5,
and four enhancers, E1–E4. The structural domain over-
laps but does not coincide with the functional domain,
which is delimited by the action of insulators, INS1 and
INS2. The insulators specify the range of action of the
enhancers. For instance, enhancer E1 can act on gene G1
but not on genes G2, G3, etc. Whether it can act on gene
G6 depends on the nature of MAR1, which also deter-
mines whether enhancer E5 can act on gene G1. On the
other hand, INS2 prevents the action of enhancer E4 on
gene G7 and that of enhancer E6 on genes G5, G4, etc. It
is less clear whether INS1 also blocks the action of the
LCR on enhancer E1, but the MARs prevent LCR action
on enhancers outside the structural domain, such as E5
and E6. Many of these statements are, however, based on
very few examples, and their general validity awaits con-
firmation by the analysis of more chromatin domains.
Nevertheless, it is obvious that an understanding of the
functional organization of chromatin domains is an es-
sential prerequisite for designing strategies of stable and
cell-specific gene expression.

Nucleosomal structure

The nucleosome, the basic repeating unit of chromatin, is
composed of two copies each of the core histones H2A,
H2B, H3, and H4, a linker histone, and approximately
180 bp DNA. The term nucleosome is very often used as
a synonym for nucleosome core particle, which, more
precisely, defines the complex of core histones and
145 bp DNA. Occasionally the term chromatosome is
used to designate the core particle containing additional
linker DNA and one linker histone. Because the length of
DNA varies in different experiments, I use the term nu-
cleosome below and specify the length of the DNA and
the presence or absence of linker histones when appro-
priate.

After the discovery of the nucleosomal organization
of chromatin the idea was favored that histones evolved
as tools to pack DNA into the cell nucleus without inter-
fering with DNA replication and transcription. The nu-
cleosomes were thought to be randomly located along
the DNA, and to pose no problems for proteins recogniz-
ing specific sequences or for enzymes involved in DNA
metabolism. This view has been challenged by the accu-
mulation of experimental evidence demonstrating a pre-
cise nucleosomal organization in relevant DNA regions
of many genes. Many yeast genes, as well as a number of
metazoan genes, have been shown to exhibit positioned
nucleosomes in their promoter or enhancer regions, and
it is becoming increasingly clear that the location of a
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Fig. 1A–C Domain structure of chromatin. A In the presence of
mod(mdg4), su(Hw) bound to gypsyblocks the effect of an en-
hancer on promoter 1 but not on promoter 2. B In the absence of
mod(mdg4), promoter 2 is also inhibited, but the effect is variegat-
ed. C A hypothetical chromatin domain. MARs, insulators (INS),
and LCR control the function of enhancers (E) and, indirectly, of
genes (G) &/fig.c:



DNA sequence relative to the histone octamer does af-
fect its affinity for DNA binding proteins [67]. Experi-
mental evidence also suggests that, along with the nucle-
osome packaging tools, eukaryotic cells have evolved a
machinery able to handle DNA organized in chromatin.
The genes and the molecular mechanisms involved in
chromatin dynamics are only starting to be identified, but
the claim seems justified that chromatin organization, in
particular nucleosomal positioning, plays a general role
in the regulated expression of the genetic information
[68]. In the following I review briefly the role of nucleo-
somal organization in gene regulation based on the
mouse mammary tumor virus (MMTV) promoter and
summarize our present knowledge about nucleosome po-
sitioning and chromatin remodeling.

The MMTV promoter

The MMTV proviral genome is transcribed from a pro-
moter located in the long terminal repeat (LTR) region.
Induction of MMTV transcription by glucocorticoids
was established years ago as a classical system to study
the mechanism of action of steroid hormones [69].

The hormone responsive elements

The nucleotide sequences relevant for transcriptional ac-
tivation of the proviral genome [70–73] are located be-
tween –200 and –50 upstream of the transcription start
point in the LTR [74–76], a region which is preferential-
ly bound by the glucocorticoid receptor [77–81].

Four short segments sharing the hexanucleotide motif
TGTTCT were identified in the hormone-responsive re-
gion (HRR) of the MMTV LTR as being protected by the
receptor against nuclease digestion [81]. The hexanucle-
otide motif in the hormone response element (HRE) 1
site is part of an imperfect palindrome with a spacing of
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Fig. 2A–C The MMTV promoter. A Cis-acting elements on the
MMTV promoter. B Hypothetical array of trans-acting factors on
the MMTV promoter. C Current occupancy of the MMTV pro-
moter as free DNA. RNAP-II, RNA polymerase II&/fig.c:



3 bp, while the HRE2 site is an imperfect palindrome
with a spacing of 2 bp. The sites HRE3 and HRE4 are
half palindromes (Fig. 2A). Mutation of any of these
hexanucleotide motifs has a dramatic effect on hormonal
induction [82]. In addition, a cryptic binding site was de-
tected between positions –163 and –144 which exhibits a
degenerated hexanucleotide sequence and a weak or no
mutational phenotype in transient transfection assays
[83]. These experiments demonstrated the existence of
an HRR in the MMTV LTR composed of a complex ar-
ray of binding sites for the hormone receptors which is
able to mediate hormonal induction of the provirus.
When the HRR was placed in front of a heterologous
promoter, such as the promoter of the thymidine kinase
gene of herpes simplex virus, it conferred to it the ability
to respond to hormone administration with enhanced
transcription [80]. This was the first demonstration of the
existence of modular HREs.

MMTV induction was originally used as a classical
example of glucocorticoid regulation, but the MMTV
promoter has since been shown to respond to progestins
[84], mineralocorticoids [85, 86], and androgens [87,
88]. The progesterone receptor from rabbit uterus pro-
tects a region against DNaseI very similar to that protect-
ed by the glucocorticoid receptor from rat liver [82, 89].
In general, steroid hormone receptors bind imperfect pal-
indromes as homodimers in a highly cooperative fashion
[90]. The elucidation of the three-dimensional structure
of the DNA binding domain of glucocorticoid receptor
complexed with various HREs suggests a strong interac-
tion of one monomer with the best conserved half of the
palindrome and a weak interaction of the other monomer
with the more degenerated half [91]. Receptor dimers
can also cooperate when bound to adjacent HREs
[92–94].

In the MMTV promoter there is a functional interac-
tion between the four main binding sites for the hormone
receptors, which can be grouped into two blocks: a pro-
moter distal block containing the strong palindromic site
HRE1, and a promoter proximal cluster composed of the
sites HRE2, HRE3, and HRE4. Although the exact stoi-
chiometry of receptor binding to the promoter proximal
block is not completely clear [95], a strong binding co-
operativeness between the individual sites in this cluster
and a functional synergism with the promoter distal
HRE1 has been described [82, 96]. The functional syner-
gism between the promoter distal and the promoter prox-
imal block of receptor binding sites is demonstrated by
the behavior of deletion mutants and by the effect of in-
serting oligonucleotides of different lengths between the
two blocks [82]. These effects depend on the topology of
the transfected DNA, suggesting that negatively super-
coiled DNA favors the interaction between DNA bound
receptor molecules [97]. Within the promoter proximal
block of receptor binding sites there is also a strong
binding cooperativeness among the three TGTTCT mo-
tifs [96], whereby the most promoter proximal motif ap-
pears to be less important for hormonal induction than
the other two motifs [82]. The array of receptors on the

HRR is not clear, but a possible scheme is shown in
Fig. 2B, with the cryptic binding site occupied by an ho-
modimer. It remains to be established exactly how the
particular array of receptor binding sites affects the inter-
action with hormone receptors when the MMTV LTR is
organized into chromatin (see below).

The NFI binding site

In addition to the hormone receptors, other factors have
been found to be involved in transcription from the
MMTV promoter. Among these the ubiquitous transcrip-
tion factor nuclear factor I (NFI) is probably the most
important [98–102]. There are at least three different
genes coding for proteins recognizing NFI sites [103],
and differential splicing generates a large family of ho-
mologous proteins. Since these proteins can form homo-
and heterodimers able to bind the palindromic NFI sites,
the number of possible combinations is very large and
could have implications in the regulation of specific
genes [104]. The binding site for NFI in the MMTV pro-
moter is located immediately downstream from the HRR
(Fig. 2). The palindromic site binds a homodimer of NFI
(Fig. 2), and mutations that inhibit NFI binding in vitro
strongly reduce glucocorticoid [99, 100] or progester-
one-induced transcription [102]. These experiments
identify NFI as a transcription factor needed to obtain
optimal hormonal induction of the MMTV promoter.

It has been shown previously that NFI and steroid
hormone receptors can cooperate in transactivation of an
artificial promoter carrying binding sites for the two pro-
teins in the correct geometry [105, 106]. It was therefore
thought that the NFI site in the MMTV promoter would
participate in similar interactions. However, we found
that purified hormone receptors do not cooperate but
rather compete with NFI for binding to the MMTV pro-
moter and vice versa [102]. The area protected against
DNaseI by the hormone receptors overlaps by several
bases with the footprint generated by NFI. Given the ob-
served requirement of sequences flanking the HRE for
efficient binding of the receptor [90], a steric hindrance
in the interaction of the two proteins with the MMTV
promoter would be expected [102]. Thus we are faced
with the paradox that, although NFI acts as an essential
transcription factor for the MMTV promoter and is re-
quired for optimal induction in vivo, there is no coopera-
tion between steroid hormone receptors and NFI in terms
of DNA binding or transcription of free DNA templates.

The octamer motifs

A mutant MMTV promoter with disrupted NFI binding
site is still able to respond to hormone administration, al-
beit with only one-tenth the efficiency of the wild-type
promoter [102]. Thus there must be other factors able to
mediate induction of the MMTV by steroid hormones.
The MMTV promoter contains two octamer motifs be-
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tween the NFI binding sites and the TATA box (Fig. 2)
[107]. Mutations at these sites which interfere with
OTF1 binding resulted in a significant reduction of the
hormonal induction of the MMTV promoter in gene
transfer experiments [107, 108]. The two sites are not
functionally equivalent. The promoter distal site differs
from the octamer consensus by a single mismatch and
binds OTF1 with an affinity similar to that of the canoni-
cal octamer motif. Mutation of this site has a significant
effect on MMTV transcription in hormone treated cells.
This effects depends on the cell type and varies between
three- and fourfold in HeLa cells treated with glucocor-
ticoids and five- and sixfold in T47D cells treated with
progestins. The promoter proximal site exhibits two mis-
matches, and mutations at this site are virtually silent in
HeLa cells and show only a 50% reduction in activity in
T47D cells [107]. That this site nevertheless binds OTF1
in the wild-type MMTV promoter is demonstrated by the
presence of a dimer of OTF1 bound to DNA fragments
containing both octamer motifs [107]. In fibroblasts sta-
bly transfected with MMTV constructs the octamer mo-
tifs also appear to be important for the basal expression
of the promoter [109], and this may be due to an open
chromatin conformation of the promoter (see below).

In vitro OTF1 binds weakly to the MMTV promoter
in the absence of receptor. However, preincubation of ei-
ther the progesterone or the glucocorticoid receptor with
the MMTV DNA strongly enhances the binding of OTF1
[107]. Since these experiments were performed with
highly purified preparations of receptor and OTF1, it is
unlikely that the DNA binding cooperativeness is medi-
ated by additional factors. Under cell-free conditions
both OTF1 and OTF2 (Oct2) can cooperate with the pro-
gesterone or glucocorticoid receptor for transcription
from the MMTV promoter, whereas their POU domains
alone are inactive [110]. However, it has been reported
that in transfected HeLa cells, but not in lymphoid cells,
expression of the glucocorticoid receptor can inhibit
transactivation by OTF2 [111], and therefore the out-
come of the interaction may depend on additional factors
or on the exact structure of the promoter.

In gel retardation experiments OTF1 and NFI do not
cooperate for binding to the MMTV promoter; rather a si-
multaneous occupancy of the promoter distal octamer
motif and the NFI site is not found in vitro [110]
(Fig. 2C). Moreover, in cell-free transcription assays with
naked DNA templates OTF1 and NFI do not synergize on
the MMTV promoter, suggesting that they cannot cooper-
ate in transcription under these conditions [110].

Other elements

In addition to the hormone receptors NFI and OTF1, oth-
er factors are involved in the regulated transcription of
the MMTV promoter. In vivo experiments have shown
that mutations of the TATA box region diminish the ac-
tivity of the MMTV promoter in response to glucocor-
ticoids [108]. After hormone administration exonuclease

III digestion of intact nuclei detects a stop at position +1
of the MMTV promoter, suggesting the presence of a
protein bound to the region of the TATA box [112]. It has
been shown that the general transcription factor TFIID,
composed of the TATA box binding protein and its asso-
ciated factors, is responsible for both binding to the
TATA box region and its functional utilization in cell-
free transcription [113]. Minimal promoters, containing
only binding sites for the hormone receptors immediate-
ly upstream of a TATA box, respond to hormone treat-
ment in gene transfer experiments [114, 115]. These
findings suggest that under certain conditions the hor-
mone receptors are able to interact directly or indirectly
with TFIID. Whether this interaction plays a role in in-
duction of the wild-type MMTV promoter, or whether
the effect in this case is mediated exclusively by NFI
and/or OTF1 remains to be studied. In any event, assem-
bly of a transcription initiation complex on the promoter
requires the additional recruitment of many general tran-
scription factors and of RNA polymerase II, either se-
quentially or as a holoenzyme containing all relevant
polypeptides (Fig. 3C) [116].

The existence of negative regulatory sites within the
MMTV LTR has been repeatedly reported. Most reports
localize the negative elements to regions upstream of the
HRR. These elements are not discussed here since a
short fragment of the promoter, lacking the sequences in
question, exhibits complete regulation: repression in the
absence of hormones and strong hormonal induction de-
pendent on NFI and OTF1. However, other reports sug-
gest the existence of negative regulatory elements in the
region between the two blocks of HREs [117–119]. In
genomic footprinting experiments we have not obtained
evidence for the existence of such repressor binding sites
in human mammary tumor cells lines (see below and
[120]). It is intriguing, however, that thise region encom-
passes a cryptic binding site for the hormone receptors,
which has been neglected in the past (see Fig. 2).

Organization in nucleosomes in vivo and in vitro

The chromatin structure over the MMTV LTR has been
reported to be highly ordered, with individual nucleo-
somes positioned precisely along the DNA sequence
[121]. Both in cells carrying multicopy episomal vectors
and in cells with chromosomally integrated single copies
of the MMTV promoter, one nucleosome covers the
HRR almost completely from position –190 to position
–43, leaving only the octamer proximal motif within the
linker DNA (Fig. 3) [120]. On the surface of this nucleo-
some the DNA double helix is rotationally phased in
such a way that only the most distal and the most proxi-
mal HREs (HRE1 and HRE4) have their major grooves
exposed for receptor binding, while the central HREs as
well as the NFI binding site and the distal octamer motif
are positioned with the major groove pointing toward the
interior of the nucleosome, inaccessible for protein bind-
ing [120].
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The same nucleosome positioning has been found in
chromatin reconstitution experiments with histone oc-
tamers and linear or circular MMTV promoter fragments
of various lengths [122–124]. In reconstituted MMTV
nucleosomes the glucocorticoid and progesterone recep-
tors can bind to the two external HREs, while the central
HREs are much less accessible [122, 125, 126]. More
importantly, no binding of purified or recombinant NFI
to the NFI site is detected even at very high protein con-
centrations (Fig. 3A). These results support the concept
that MMTV promoter sequences determine nucleosome
positioning [123], and that the positioned nucleosome
constitutively represses the MMTV promoter [127]. In
agreement with this hypothesis, inhibition of chromatin
assembly on DNA microinjected in Xenopusoocytes
correlates with derepression of the MMTV promoter but
not of the adenovirus major late promoter [128].

The general significance of the nucleosomal organiza-
tion as a regulatory mechanism is suggested from experi-
ments with yeast strains carrying mutated histone genes
or an altered stoichiometry of core histones leading to al-
tered nucleosome structure [129]. Although the mutated
cells are still viable, they show alterations in several reg-
ulatory pathways, such as the mating type control and in
the expression of some regulated promoters, including
GAL4 and PHO5 [130]. In strains with low levels of his-
tone H4 that exhibit nucleosome depletion, the chroma-
tin structure of the PHO5 regulatory region is distorted,

and this is accompanied by expression of the PHO5
gene, even under conditions of repression at a high phos-
phate concentration [130]. In this and other regulated
genes, transcriptional stimulation by nucleosome deple-
tion is observed even in the absence of upstream activat-
ing sequences, suggesting that one of the functions of
this is to remove repression due to chromatin structure
[129].

We have seen that the positioning of the MMTV DNA
on the surface of the histone octamer is an intrinsic prop-
erty of the nucleotide sequence since it is maintained un-
der a variety of different conditions in vivo and in vitro
[120, 123, 124]. Even in yeast, where the spacing of nu-
cleosomes is usually 160 bp, the MMTV promoter is or-
ganized as in metazoan cells, suggesting that the primary
sequence is dominant over the other parameters deter-
mining nucleosome positioning. Since this positioning
has profound consequences on the accessibility and
function of the promoter, we conclude that, as with pro-
teins, DNA has a tertiary structure that determines part
of its function. This implies that in addition to coding
and regulatory information there is conformational or to-
pological information in DNA which manifests itself in
chromatin, modulates the accessibility of regulatory in-
formation, and is therefore critical for realization of the
genetic program.

Chromatin may be required for optimal induction

In cells carrying a single chromosomally integrated
copy of the MMTV promoter no binding of sequence-
specific factors can be detected prior to hormonal stimu-
lation. This eliminates the possibility that the lack of
MMTV transcription is due to the action of a sequence-
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Fig. 3A, B Nucleosomal organization of the MMTV promoter. A
Positioned nucleosome over the MMTV promoter and occupancy
of cis-elements in vitro. B Actual occupancy of the MMTV pro-
moter in intact cells, made possible by the organization of the pro-
moter on he surface of a positioned nucleosome. RNAP-II, RNA
polymerase II; GTF, general transcription factors&/fig.c:



specific repressor [131]. After hormone induction a full
complement of transcription factors binds to the MMTV
HRR; all HREs, the NFI binding site, and the octamer
motifs are occupied in the majority of MMTV promot-
ers, as shown in Fig. 3B [120]. These findings are in ap-
parent contradiction to the results obtained on free DNA
(Fig. 2C, steric hindrance between receptor and NFI and
between NFI and OTF1) and with the results obtained
on reconstituted nucleosomes (Fig. 3A, receptor binding
only to the two external HREs, no binding of NFI).
Most unexpectedly, the nucleosome covering the
MMTV HRR is not displaced or removed after induc-
tion but appears to remain in place, as determined by
low- and high-resolution micrococcal nuclease digestion
data [120]. We therefore postulate that the assembly of a
full complement of transcription factors may be facili-
tated by their binding to the surface of a positioned nu-
cleosome.

This idea is compatible with preliminary results ob-
tained in yeast strains carrying the MMTV reporter
system (see above) and a histone H4 gene driven by the
GAL promoter and upstream activating sequences [129].
In the presence of galactose these yeast strains respond
to hormone administration with an NFI-dependent induc-
tion of transcription from the MMTV promoter. Howev-
er, when the cells are grown in the presence of glucose
and are therefore partly depleted of nucleosomes, the re-
sponse to hormone is not better than in wild-type strains,
as would be expected if the nucleosome fulfilled an ex-
clusively negative function. On the contrary, nucleosome
depletion leads to an impaired hormone response, in
agreement with a positive role of nucleosomes in induc-
tion (S. Chávez, unpublished). The idea that transcription
factors may bind to DNA sequences on the surface of a
nucleosomes is supported not only by results from the
MMTV system. A similar situation has been reported for
the enhancer of the albumin gene in rat liver [132] and
for the heat shock factor in yeast [133].

How is the nucleosome rearranged upon induction?

The statement that factor binding takes place on a posi-
tioned nucleosome presupposes that the organization of
the DNA helix on the surface of the histones is altered
during hormone induction to permit factor binding to the
major groove of sites originally masked. It was reported
several years ago that hormone induction is accompanied
by structural changes of chromatin, as indicated by the
appearance of a DNaseI hypersensitive region over the
HREs [134], which is also hypersensitive against DNA
cleaving reagents [121]. These findings have been inter-
preted as reflecting removal or disruption of the posi-
tioned nucleosome covering the HRR, an interpretation
that contradicts our genomic footprinting results. In cells
carrying a single integrated copy of the MMTV promot-
er, even after full loading with transcription factors, there
is no indication for displacement of a nucleosome [120].
However, hormone induction generates a very narrow

zone of nuclease hypersensitivity coinciding with the
pseudo-dyad axis (the approximate center) of the posi-
tioned nucleosome over the HRR, indicating a change in
conformation of the nucleosomal DNA [120]. This novel
DNaseI hypersensitive site can be detected only when
the cells are treated with nuclease under very gentle con-
ditions, and it is lost when the cell nuclei are purified
prior to nuclease digestion. Under these conventional
conditions a broader DNaseI hypersensitive region cov-
ering the HRR is detected, as previously reported [134].
Therefore the hormone induced conformational change
of chromatin is not stable and generates a nucleosome,
which does not resist manipulation of cell nuclei.

The nature of this conformational change remains ob-
scure, but experiments with inhibitors of histone deacet-
ylases and genetic results in S. cerevisiaesuggest a role
for modification of the core histones. Among the chang-
es in nucleosomes that have been associated with tran-
scriptionally active chromatin are hyperacetylation of ly-
sine residues in the N-terminal tails of all four core hi-
stones [135]. In the case of MMTV the inhibition of his-
tone deacetylase with 5–10 mM sodium butyrate blocks
hormone induction and nucleosome remodeling [136].
However, we find that lower concentrations of butyrate
do indeed activate hormone-independent transcription
from single-copy integrated MMTV reporters. A similar
response is observed with a more selective inhibitor of
histone deacetylase activity, trichostatin A, which acts at
nanomolar concentrations [137]. Moreover, inducing
concentrations of butyrate or trichostatin A generate the
same type of DNaseI hypersensitivity over the pseudo-
dyad axis of the regulatory nucleosome that we have ob-
served following hormone induction (M. Truss, J. Bart-
sch, J. Bode, and M., Beato, unpublished). These results
suggest that the nucleosome remodeling induced by re-
ceptor binding could involve changes in the behavior of
the core histone tails. Recently it has been found that re-
striction of GAL4 binding to reconstituted nucleosomes
containing GAL4 binding sites can be alleviated by pro-
teolytic digestion of the histone tails, suggesting a gener-
al repressive role for these highly charged domains of the
core histones [67, 138]. Similarly, binding of the tran-
scription factor TFIIIA to a reconstituted nucleosome
carrying a 5S RNA gene is enhanced by acetylation of
the histone tails [139]. However, alternative changes in
nucleosome structure, such as removal of histone
H2A/H2B [140] or even depletion of linker histones
[141], must be considered as additional possibilities for
facilitating factor binding to nucleosomally organized
DNA sequences.

Other mechanisms may also modulate the binding of
factors to nucleosomally organized DNA. One possibili-
ty is a direct interaction with core histones, as has recent-
ly been reported for SIR3 and SIR4 and the N-terminal
regions of histones H3 and H4 in the context of telomere
silencing in yeast [12]. An involvement of the histone
tails in gene regulation has been already postulated in
studies with yeast strains carrying various mutations in
these histone domains [142].
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Two Classes of DNA binding proteins

The nucleosome structure described above suggests the
existence of two types of DNA-binding regulatory pro-
teins: those that are able to interact with nucleosomally
organized DNA and those that are not. Provided that the
DNA remains in the B form, if a protein needs to contact
more than five consecutive basepairs through the major
groove, it is unable to see its target sequences organized
in a nucleosome, independently of their precise rotation-
al positioning. Regardless of the current phase of the
double helix a part of the recognized major groove is
masked. The same is true if the protein contacts two sets
of short sequences that are not on the same face of the
double helix. For this kind of protein the essential deter-
minant for DNA binding would be the translational phas-
ing, namely, whether their binding sites are within the
boundaries of a nucleosome. In this case the rotational
phasing of the DNA double helix may be relatively irrel-
evant, but linker histones may affect access to the DNA
sites in regions connecting nucleosome cores. On the
other hand, a protein that contacts one or several short
stretches of less than five basepairs located on one side
of the double helix is able to recognize its cognate se-
quence on nucleosomes, provided that the major grooves
are properly oriented. For these proteins the rotational
phasing of the double helix on the surface of histone oc-
tamer would be the determinant feature for binding site
recognition. To this latter class belong the steroid hor-
mone receptors [122, 143]. This type of protein would
take a higher position in the hierarchy of regulatory pro-
teins, as they would be able to initiate a chromatin re-
modeling event allowing access of other factors to nucle-
osomally organized regulatory elements.

A machinery for chromatin remodeling

It is intriguing that the hormone-induced structural alter-
ation in chromatin structure takes place at the nucleo-
some pseudo-dyad axis, as this region has been shown to
be crucial for control of chromatin-mediated gene ex-
pression involving the SWI/SNF complex in yeast [144,
145]. The SWI/SNF complex encompasses a set of pleio-
tropic transactivators which are important for transcrip-
tion of inducible genes and counteract repressing func-
tions of chromatin [145]. The participation of members
of the SWI/SNF complex in glucocorticoid gene induc-
tion has been reported in yeast and in animal cells, sug-
gesting a direct protein-protein interaction with the hor-
mone receptor [146, 147]. Recently a soluble complex of
all SWI/SNF gene products has been identified which
may play an important role in facilitating chromatin tran-
scription [148, 149]. This complex enhances binding of
GAL4 derivatives to nucleosomally organized GAL 4
binding sites in an ATP-dependent manner [150]. Muta-
tions in histones H3 and H4 located near the nucleosome
dyad axis are able to suppress the phenotype of swi/snf
mutations [145], suggesting that the architecture of this

region of the nucleosome is an important determinant of
transcriptional activity.

Other ATP-dependent chromatin remodeling activities
have been recently identified [151]. In particular, the
Drosophilanucleosome remodeling factor (NURF) com-
plex contains four polypeptides, each of which differs
from those found in the SWI/SNF complex [152]. One of
these, ISW1, exhibits an ATPase activity which is acti-
vated by nucleosomes and is involved in the remodeling
of the nucleosomal organization of the hsp70 promoter
following heat shock [153].

A comprehensive description of the induction process
requires knowledge of the changes in chromatin organi-
zation of the MMTV promoter at the nucleotide level
during the different phases of hormonal induction in vi-
vo. This kind of analysis may depend on the develop-
ment of new, gentle, and efficient methods for stabilizing
transient interactions between macromolecules in intact
cells. Ultimately, however, a precise understanding of the
transactivation mechanism will only be possible only
when correctly reconstituted chromatin templates are
successfully transcribed in vitro using purified receptors,
NFI, OTF1/Oct1, all general transcription factors with
accessory proteins and RNA polymerase II.

Conclusions

Although based on just a few well characterized systems,
the above description should provide an impression of
the multiple levels at which the chromatin organization
of DNA may affect the regulated expression of genes.
Though we are only beginning to understand the com-
plexity of the regulatory mechanisms involved, it is clear
that the simple identification of regulatory elements and
the study of their function in transfection experiments is
not sufficient to evaluate the function of eukaryotic en-
hancers and promoters. It is important to study these ele-
ments in their natural context, not only in terms of the
precise nucleotide sequence found in natural promot-
ers/enhancers but also in respect to their organization in
nucleosomes and in chromatin domains in intact cells.
As for the nucleotide sequence, it would be naive to as-
sume that only the sequences directly involved in factor
binding are relevant for regulation. It is very likely that
the particular array of sites and the topological properties
of the sequences between sites are essential for the inter-
actions among factors bound to these sites in vivo. This
may be achieved by intrinsic bending properties of DNA
sequences or indirectly by the action of so-called archi-
tectural factors [154], whose function is to bend DNA
and to generate a structural organization adequate for
other factors to interact synergistically or in other mean-
ingful ways. In most cases, however, this structural func-
tion is assumed by the chromatin organization of the
DNA, which represents the starting point of the regulato-
ry process.

In the near future we will have to analyze in detail the
in situ chromatin structure of other well-characterized

720



regulatory regions of DNA, using techniques such as ge-
nomic footprinting and UV laser cross-linking, to evalu-
ate the general validity of the principles illustrated
above. Yeast genetic techniques will probably help to
identify and understand the enzymology involved in
chromatin remodeling, but ultimately we will need ap-
propriate cell-free systems to study and manipulate the
biochemistry of these processes. Eventually this knowl-
edge should lead to a better understanding of the require-
ments for achieving controlled expression of stably
transfected genes.
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