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Summary
Large-scale sequencing of the human genome has confirmed that genes are often spread over several thousand base
pairs on a chromosome. The cis-acting regulatory elements that control gene transcription can be located at a
considerable distance from the respective gene. Significant advances in understanding the mechanism of eukaryotic
gene transcription have revealed a great deal about how the RNA polymerase initiation complex assembles on the
promoter region of genes. However, the fundamental problem of how distant genetic regulatory elements, such as
enhancers and locus control regions, communicate with proximal elements to confer cell- and tissue-specific patterns of
transcription remains largely unsolved. The principle focus of this chapter will be on the role of chromatin structure in

transcriptional regulation by RNA polymerase II, with an emphasis on long-range activation.

I. Introduction to the problem

The levels of cellular proteins are regulated by changes
in the concentration of the respective mRNAs. Changes in
steady-state concentrations of mRNA result from altered
synthesis or stability of the mRNA, with alterations in
transcription being common. Eukaryotic gene transcription
requires a core promoter element, which is the site of
assembly of the preinitiation complex, consisting of “basal
transcription factors” and RNA polymerase II (Orphanides et
al., 1996). Multiple layers of regulation converge to
modulate initiation complex assembly and thus alter gene
activity.

Initial studies on the mechanism of transcription
initiation suggested that preinitiation complex assembly
occurred by binding of the basal factor TFIID to DNA,
followed by the sequential binding of other basal factors
(Buratowski et al., 1989). However, more recent evidence
supports a model in which a preassembled RNA polymerase
IT holoenzyme is recruited to the DNA as a unit (Greenblatt,
1997).  The holoenzyme is a multiprotein complex
consisting of the catalytic subunit of RNA polymerase and
basal factors including TFIID, TFIIB and others.
Macromolecular interactions between basal factors and RNA
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polymerase provide an important level of regulation of
preinitiation complex assembly. A second level of
regulation is conferred by transcription factors, distinct from
the basal factors, which bind to recognition sites on the
promoter. These sequence-specific DNA binding proteins
engage in protein-protein interactions with components of
the holoenzyme, resulting in enhanced transcription
initiation. Furthermore, preinitiation complex assembly can
be regulated by transcription factors bound at distant
regulatory sites such as enhancers and locus control regions
(LCRs). Thus, communication between distal regulatory
elements and promoters or “action at a distance” provides a
third way to modulate preinitiation complex assembly. The
factors functioning through distal sites can be identical to
factors that bind directly to promoters.

A wealth of data support models of long-range
activation involving disruption of chromatin structure, which
increases access of the promoter to the transcription
machinery. The process by which trans-acting factors
induce chromatin transitions, such as the localized disruption
of a nucleosome or the unfolding of a broad region of
condensed chromatin, is poorly understood. In this chapter,
the major emphasis will be on the functional role of
chromatin transitions in transcription initiation. A simple
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model will be developed, which incorporates both looping
and chromatin-disruption, to explain “action at a distance”.
We will begin to address the influences of chromatin on
long-range activation by reviewing fundamental aspects of
chromatin structure.

Figure 1. Functional consequences of nucleosomal organization of factor binding sites.

II. Influence of chromatin structure on
transcription

At the simplest level, 146 base pairs of DNA duplex
are wrapped around an octamer of histones (two H2A-H2B
dimers and one H3-H4 tetramer) to form the nucleosome, the
basic repeating unit of chromatin (Wolffe, 1995). The DNA
between nucleosomes, the [linker DNA, averages
approximately fifty base pairs. The linker histones H1 and
HS5 interact asymmetrically with the nucleosome near the
entry and exit points of the DNA (Hayes, 1996; Pruss et al.,
1996). One role of the linker histones is to facilitate higher-
order packaging of the 10 nm “beads on a string”
nucleosomal filament to form the condensed 30 nm
chromatin fiber. An additional level of packaging is
believed to lead to the formation of loop domains, which, in
turn are condensed into a chromosome.

The histone octamer can occlude recognition sites on
DNA for certain sequence-specific DNA binding proteins
that control DNA replication, transcription, and
recombination (Hager et al., 1993) (Fig. 1). Consequently,
the pattern of accessible sites on naked DNA and chromatin
templates can differ considerably. However, the
nucleosomal organization of DNA does not always
negatively affect protein-DNA recognition, as certain
proteins can form stable complexes with sites on the surface
of a nucleosome (Adams and Workman, 1995; Archer et al.,
1991; Li et al., 1994; Pina et al., 1990; Steger and Workman,
1997; Taylor et al., 1991) (Fig. 1). Thus, chromatin
organization can also be permissive for transcription. The
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wrapping of DNA around a histone octamer can bring
together distant regions of DNA, facilitating protein-protein
interactions between bound regulatory factors (Fig. 1). In
this scenario, the nucleosome would serve as an architectural
element, enhancing the efficiency of transcription initiation
(Quivy and Becker, 1996; Schild et al., 1993; Thomas and
Elgin, 1988). By either allowing or precluding protein-DNA
interactions, chromatin structure plays an active role in
transcription initiation.

The specific positioning of the histone octamer on the
DNA can be a critical determinant of recognition site
accessibility (Wolffe, 1994). Two distinct types of
positioning need to be considered.  First, rotational
positioning refers to the orientation of the DNA helix on the
octamer core of the nucleosome. Rotational positioning
refers to which face of the DNA is oriented toward or away
from the octamer core. The prevalence of rotationally
positioned nucleosomes in intact cells is unclear. Second,
translational positioning refers to whether sequences reside
within the core or the linker DNA. Preferred translational
positioning has been observed in several systems and has
important regulatory implications. However, examination of
nucleosome positioning at base-pair resolution on the mouse
mammary tumor virus (MMTV) promoter has revealed
microheterogeneity of translational positions (Fragoso et al.,
1995), despite the appearance of rigid translational
constraints from lower resolution analysis. Further studies
are required to determine whether microheterogeneity is
common and functionally important. Nucleosome
positioning can be modulated by both DNA binding proteins
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(Pazin et al.,, 1997; Roth et al., 1992) and the
physicochemical properties of DNA (Muyldermans and
Travers, 1994; Satchwell et al., 1986). Beyond the level of
regulation conferred by nucleosome positioning, the
association of linker histones with chromatin also has
significant consequences for transcription (Shen and
Gorovsky, 1996). As transcription factor binding sites are
often positioned in linker regions (Bresnick et al., 1992;
Thomas and Elgin, 1988), the linker histone association can
modulate factor access. This could occur through a direct
competitive mechanism or by facilitation of chromatin
condensation (Graziano et al., 1988; Shen et al., 1995) and
occlusion of recognition sequences. Linker histones can also
affect protein-DNA interactions by modulating mobility of
the octamer core on DNA (Pennings et al., 1994; Ura et al.,
1995). One consequence would be to ensure that certain
recognition sites remain within the octamer core.

Condensation of the 10 nm nucleosomal filament into
the 30 nm fiber may mask binding sites that remain
accessible on nucleosomal DNA. It is difficult to envision a
protein-DNA interaction, which requires precise contacts
with the major or minor groove, occurring on the condensed
30 nm fiber. However, recent evidence suggests that the 30
nm fiber is a dynamic structure (Ericsson et al., 1990), which
could allow a window of opportunity for a protein-DNA
recognition event to occur. As assembly of the initiation
complex on a promoter requires sequence-specific
recognition of the TATA box or the initiator element on the
DNA by basal transcription factors, it is not surprising that
multiple levels of chromatin structure affect initiation. The
principles of how chromatin influences transcription
initiation are also likely to be relevant to elongation.

RNA polymerases can elongate through arrays of
nucleosomes without completely displacing histones from
the DNA (Ericsson et al.,, 1990). However, RNA
polymerase pausing is enhanced on nucleosomal templates
(Izban and Luse, 1991). Polymerase pausing is a
functionally relevant step of the elongation process (Krumm
et al., 1995; Rasmussen and Lis, 1995; Yankulov et al.,
1994). Studies with a defined in vitro system using phage
SP6 polymerase and reconstituted chromatin led to a
detailed model for how RNA polymerase negotiates a
nucleosomal template. As the polymerase approaches a
nucleosome, the nucleosome is transferred to the DNA
behind the polymerase via an intramolecular reaction (Clark
and Felsenfeld, 1992; Studitsky et al., 1994). One can
envision a variety of ways to modulate this transfer reaction
to generate a highly regulated process. Additional studies
are required to determine whether this mechanism is
applicable to eukaryotic RNA polymerases transcribing
chromosomal templates.

I11. Regulatory elements that function
over long distances on chromosomes
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A. Enhancers

DNA regulatory elements that increase the
transcriptional activity of promoters in a distance-and
orientation-independent manner are called enhancers
(Muller et al., 1988). The defining criterion of distance-
independence is not entirely accurate, as the activity of
certain enhancers can be significantly reduced when moved
several thousand base pairs away from a promoter. In
addition, the intervening DNA between an enhancer and
promoter is not inert, and therefore, different DNA
sequences differ in permissiveness for activation (Schreiber
and Schaffner, 1989). Nevertheless, there is usually
flexibility in the proximity of an enhancer to a promoter as
well as enhancer location. Enhancers are normally located
upstream or downstream of genes and even in introns.
Several classes of enhancers exist, depending on the nature
of the binding proteins.

A common feature of enhancers is the presence of
clustered cis-acting elements that bind transcription factors.
Differential distribution or modifications of these factors
give rise to distinct classes of enhancers. Enhancers can
have cell-specific, tissue-specific, or ubiquitous activity
depending on the distribution of the factors. Furthermore,
posttranslational modifications can modulate the activity of
the enhancer binding proteins (Goldman et al., 1997; Hill
and Treisman, 1995; Karin et al., 1997). Thus, enhancers
can be constitutively active or induced by environmental
cues such as hormones and nutrients.

B. Locus control regions

A second class of positive-acting genetic elements
exists that shares certain features with enhancers, but
appears to have a distinct activity. These locus control
regions (LCRs) confer copy number-dependent and
position-independent expression of a linked gene when
integrated into chromosomal DNA (Bresnick, 1997). When
an exogenous gene is stably integrated into a chromosome,
the activity of the gene is often activated or repressed,
depending on the DNA sequences flanking the integration
site (Wilson et al., 1990). Integration of the gene next to an
enhancer can elevate promoter activity. By contrast,
integration into condensed chromatin or near a silencer, a
genetic element that represses transcription (Hanna-Rose
and Hansen, 1996), can reduce promoter activity. By
overcoming the integration site position effects, LCRs
generate an autonomously regulated gene or gene cluster
(Forrester et al., 1987; Grosveld et al., 1987). Copy-number
dependence simply refers to the fact that the expression level
of a gene bears a linear relationship with the number of
integrated gene copies.

Analogous to enhancers, LCRs have a strong activating
function (Tuan et al., 1989) and function over long distances
on chromosomes. A distinction between LCRs and
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enhancers is that certain enhancers are incapable of
supporting copy number-dependent and  position-
independent expression of integrated genes (Trudel and
Costantini, 1987). It is unknown whether this reflects a
distinct mechanism for LCRs and enhancers or if simply a
maximal quantum of enhancer activity is required to
overcome position effects, and the mechanism is identical.

C. Activation mechanisms of enhancers
and LCRs

Three classes of mechanisms are commonly invoked to
explain “action at a distance” by enhancers and LCRs -
looping, tracking, and chromatin disruption. First,
analogous to well-characterized prokaryotic systems,
enhancer-bound transcription factors physically interact with
factors that bind to promoters. As the intervening DNA
between distal and proximal sites forms a loop (Mastrangelo
et al., 1991; Su et al., 1991), this type of model is called the
looping or protein-protein interaction model (Schleif, 1992).
Physical interactions between distal- and proximal-bound
transcription factors increase the local concentration of
activators at the promoter, resulting in recruitment of the
holoenzyme to the promoter or, potentially, the stabilization
of a preexisting complex. Both actions would enhance
transcription initiation. Parameters that affect the efficiency
of activation include DNA binding affinity, the affinity of
the protein-protein interaction, and potentially factors that
modulate DNA bending. It seems intuitive that the
fundamental mechanism of transcription would be
conserved, and therefore a looping mechanism would also be
used in eukaryotes. However, the chromatin organization of
the eukaryotic nucleus provides a formidable impediment to
DNA looping, demanding additional regulatory mechanisms
to contend with chromatin structure.

Tracking mechanisms assume that regulatory factors
bound at distal sites relative to a promoter processively
move or “track” toward the promoter (Ouhammouch et al.,
1997). The upstream factors could recruit RNA polymerase
at the distal site, and migrate toward the promoter in
conjunction with the polymerase. On the other hand, the
upstream factors could track toward the promoter and then
recruit polymerase at the promoter.

Similar consequences of chromatin organization would
be predicted for looping and tracking models, i.e., DNA
recognition by regulatory factors would be modulated.
Chromatin would likely affect tracking in an analogous
manner to its effects on transcriptional elongation. As
discussed in detail below, the remodeling of chromatin by
multiprotein complexes is a critical step in eukaryotic
transcriptional regulation. It is easy to envision how
regulatory factors could alter local histone-DNA contacts,
leading to nucleosome disruption. However, it is more
difficult to conceptualize how the chromatin structure of an
entire domain could be modulated by LCRs.
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IV. Long-range activation by locus control
regions - a role for multiprotein complexes that
remodel chromatin?

Since the initial description of the [-globin LCR
(Forrester et al., 1987; Grosveld et al., 1987), a variety of
genes have been reported to have LCRs (Carson and Wiles,
1993; Chauveau and Cogne, 1996; Dang and Taylor, 1996;
Ess et al., 1995; Jones et al., 1995; LadekjaerMikkelsen et
al., 1996; Lang et al., 1991; Madisen and Groudine, 1994;
Montoliu et al., 1996; Talbot et al., 1994). Thus, it appears
that inclusion of an LCR within a chromosomal domain may
be a common means of establishing and/or maintaining an
active chromatin structure. We expect that many more
LCRs will be identified as the expression of more genes is
analyzed in vivo. The transient transfection assay, which is
often used to characterize promoter and enhancer activity,
would not be expected to reveal an LCR requirement. The
activation mechanism of LCRs involves decondensation of
chromatin structure, and transiently transfected DNA is
neither replicating nor assembled into organized chromatin.
Although several LCRs have been described, much of what
is known about the activation mechanism of LCRs is derived
from the B-globin system.

A. Structure and function of the -globin
LCR

The human -globin genes ¢, Gy, Ay, 0, and f exist in a
cluster on chromosome 11 (Fig. 2) and are differentially
expressed in an erythroid-specific ~manner during
development (Baron, 1997).

Figure 2. Organization of the human -globin gene domain.

All of the genes share a common regulatory element,
the B-globin LCR, which consists of four erythroid-specific
DNasel hypersensitive sites (HS1 - HS4), at the 5° end of the
locus (Forrester et al., 1986; Tuan et al., 1985). HSs are
regions of chromatin, typically encompassing about 200
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base pairs of DNA, which are characterized by strong
susceptibility to nuclease cleavage. This structural
discontinuity of the chromatin fiber is a hallmark of a
nucleoprotein complex (Becker, 1994).

The f-globin LCR is crucial for establishing an
erythroid-specific chromosomal domain. Thus, the
activation property of the LCR can be shared among
multiple genes on a chromosome (Bresnick and Felsenfeld,
1994; Furukawa et al., 1994; Milot et al., 1996). However,
the LCR does not appear to be involved in determining
which globin gene is active at a particular stage of
development. Evidence for lack of involvement of the LCR
in globin gene switching comes from studies in transgenic
mice whereby normal switching occurs with transgenes
lacking the LCR (Starck et al., 1994). Despite this
compelling observation, the neutral role of the LCR in
globin gene switching remains controversial (Engel, 1993),
as most transgenes lacking an LCR are subject to position
effects. There is no question, however, that the LCR induces
a decondensation of the chromatin structure of the -globin
locus, which is required for generation of a transcriptionally-
competent 3-globin domain.

The physiological significance of the (3-globin LCR is
illustrated by a human genetic disease, Hispanic thalassemia.
This disease is characterized by deletion of a portion of the
LCR, resulting in formation of condensed chromatin
throughout the locus and silencing of the globin genes
(Forrester et al., 1990). The analysis of the global activity of
the LCR to decondense chromatin has been complicated by
the fact that no single factor mediates this activity (Caterina
et al., 1994).

B. Protein components of the p-globin LCR

Each of the HSs contains
sequences for both ubiquitous and erythroid-specific
transcription factors (Bresnick and Felsenfeld, 1993;
Caterina et al., 1991; Elnitski et al., 1997, Lam and
Bresnick, 1996; Philipsen et al., 1993; Talbot et al., 1990;
Yant et al., 1995). Considering that the HSs only exist in
erythroid cells, one would expect the erythroid-specific
factors to be crucial for formation and/or maintenance of the
HSs. In this regard, the requirements for formation of HS4
have been studied (Stamatoyannopoulos et al., 1995). The
recognition sites for two erythroid-specific factors, GATA1
and NF-E2, were important for formation of HS4. By
contrast, a site that binds several ubiquitous factors
(CACCC/Spl) was not important. However, this does not
exclude a role for ubiquitous transcription factors in LCR
function, as these proteins could modulate the activity of the
LCR, rather than being necessary for formation of a stable
complex with chromatin. A common thread among the
tissue-specific binding proteins of the LCR (GATAI, NF-
E2, and TALI) is that they are critical for hematopoiesis
(Orkin, 1996).

multiple recognition
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In vitro protein-DNA interaction studies reveal whether
a factor binds with specificity and high affinity to a
recognition site. However, not all high-affinity interactions
are physiologically relevant. In certain cases, without
requisite  posttranslational modifications or accessory
factors, a factor may bind to a site with low affinity in vitro,
in contrast to the intact cell. Of course, consideration of
whether a site is conserved throughout evolution is
suggestive of functional significance (Gumucio et al., 1992).
The HSs of the LCR are each characterized by multiple
conserved recognition sequences. In vivo footprinting
studies support the notion that numerous binding sites within
a single HS are occupied simultaneously by factors (Ikuta
and Kan, 1991; Reddy et al., 1994; Strauss et al., 1992),
suggesting that they function as an integrated complex.

The identification of proteins that function through cis-
acting elements is often more complex than deduction based
on the DNA sequence. More often than not, multiple factors
interact with an identical or highly-related recognition
sequence. Even if one can conclude that a site is important
based on evolutionary considerations, the functional factor
remains unknown. The NF-E2 binding site within HS2 is a
good example of this scenario, as multiple proteins bind
tightly to this sequence [NF-E2 (Andrews et al., 1993), AP1
(Lee et al., 1987), NRF1 (Caterina et al., 1994; Chan et al.,
1993), and NRF2 (Moi et al., 1994)]. Complex
methodologies based on immunoprecipitating nucleoprotein
complexes with specific factor antibodies have the potential
to determine which factor is bound to a site in intact cells
(Orlando, 1997; Boyd and Farnham, 1997; Bresnick et al.,
1992).

Another enigmatic issue is why the LCR consists of
four distinct HSs, rather than a single cluster of cis-acting
elements. Multiple HSs are required for the long-range
activation property of the LCR (Bresnick and Tze, 1997;
Bungert et al., 1995). Individual HSs, such as HS2 and HS3,
can strongly activate transcription when positioned near a
promoter but are incompetent for long-range activation
(Bresnick and Tze, 1997). In addition, the ability of the
LCR to confer position-independent gene expression appears
to require multiple HSs. We postulated that multiple HSs
may be required to form a stable nucleoprotein structure that
reassembles with high fidelity after each round of DNA
replication (Bresnick, 1997; Bresnick and Tze, 1997). An
alternative possibility is that different sites recruit distinct
coactivators, which could function synergistically.

We also postulated that chromatin modifying enzymes
could be recruited through protein-protein interactions with
LCR-bound factors (Fig. 3). These enzymes could mediate
the long-range effects of the LCR on chromatin structure and
transcription (Bresnick, 1997; Bresnick and Tze, 1997). It
was recently shown that the p45 subunit of the heterodimeric
factor NF-E2 physically interacts with the transcriptional
coactivator, CBP (Cheng et al., 1997) (Fig. 4), which is a
histone acetyltransferase (HAT) (Ogryzko et al., 1996).
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CBP, in turn, physically interacts with another HAT, PCAF
(Yang et al.,, 1996). PCAF is present in a large
macromolecular complex in human K562 erythroleukemia
cells (Forsberg et al., 1997), in which the LCR is active. An
understanding of long-range activation by the LCR requires
knowledge of the nuclear machinery that mediate chromatin
structure transitions.

V. Regulatory complexes that unfold
chromatin

A. Nuclear signaling enzymes that acetylate
histones

A common posttranslational modification of core
histones is the acetylation of conserved lysine residues
(Wade et al., 1997). The amino terminal “tails” of the core
histones are believed to physically interact via electrostatic
forces with the negatively charged phosphodiester backbone
of DNA (Lee and Hayes, 1997). Several conserved lysine
residues within the tails are subject to acetylation on their
epsilon amino group (Gershey et al., 1968). Neutralization
of the positive charge of the lysine would be expected to
reduce the affinity of the tail for the DNA backbone, thus
increasing the accessibility of DNA sequences within the
nucleosome. Consistent with this idea, histone acetylation
can enhance the binding of transcription factors to
nucleosomal recognition sites (Lee et al., 1993; Vettese-
Dadey et al., 1996). Genetic studies have verified the

Figure 3. Model of chromatin modifying enzyme involvement in domain opening by the 3-globin locus control region.

importance of the lysine residues that are acetylated (Durrin
et al., 1991). The acetylation reaction is carried out by a
class of nuclear enzymes termed HATSs, which mediate
chromatin remodeling (Wolffe, 1995).

At least one HAT, GCNS, is conserved from yeast to
man (Candau et al., 1996), emphasizing the universal
importance of histone acetylation. GCNS exists in a large
macromolecular complex in yeast (Grant et al., 1997;
Marcus et al., 1994; Saleh et al., 1997) and human (Forsberg
et al., 1997) cells. A paradoxical question is how do HATSs
regulate specific gene expression when they can acetylate
histones globally? The answer is to employ a targeting
mechanism to recruit HATS to specific genetic loci.

A seminal discovery that shed light on the specificity
of histone acetylation was recently made by David Allis and
colleagues. A Tetrahymena HAT was cloned, revealing that
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it was homologous to a yeast transcriptional coactivator,
GCNS5 (Brownell et al., 1996). Once it was determined that
GCNS had HAT activity, the picture rapidly unfolded. It
was known that GCN5 was necessary for transcriptional
activation by  the  transcription factor = GCN4
(Georgakopoulos and Thireos, 1992). As GCN4 physically
interacts with GCNS5, a simple model emerged in which
GCN4 binds to DNA and recruits GCN5 through a specific
protein-protein interaction. Thus, a solution to the problem
of how HATSs are targeted is that protein-protein interactions
between the HAT and DNA binding proteins mediate gene-
specific recruitment. Many unsolved issues remain, such as
once the HAT is recruited, does it modify chromatin by
processively moving on the chromosomal template? What
are the mechanisms that regulate the extent of the chromatin
modification and terminate the activating signal? How can a
limited number of HATs engage in protein-protein



Gene Therapy and Molecular Biology, 1997, Vol. 1, page 489

interactions with diverse DNA binding proteins? Does a
common protein domain mediate interactions with HATs, or
alternatively, do HATs have a moldable domain, analogous
to chaperonins, which can interact with structurally diverse
proteins?  While the answers to these questions are
unknown, it is clear that several HATs exist, with potentially
distinct functions.

A human GCN5-related HAT, PCAF, was cloned,
which does not appear to have a yeast homolog (Yang et al.,
1996). PCAF shares a common carboxy-terminal domain
with GCNS, but has a unique amino terminus. Analogous to
GCNS, PCAF also exists in a large macromolecular complex
(Forsberg et al., 1997; Yang et al., 1996; Grant et al., 1997).
Two other proteins, CBP (Yang et al., 1996) and ACTR
(Chen et al., 1997), directly interact with PCAF.
Surprisingly, both CBP and ACTR have intrinsic HAT
activity. This raises yet another question, i.e., why would
multiple HATSs be present in the same heteromeric complex?
This could be explained by a model in which individual
HATSs have unique specificities and coordinately function to
generate a specific pattern of acetylated histones in
chromatin. Another possibility is that HATs might have
substrates other than the core histones. In this regard,
acetylation of the DNA binding tumor suppressor protein
p53 recently was shown to stimulate sequence-specific DNA
binding by p53 (Gu and Roeder, 1997). Further studies on
HAT structure and function should reveal principles for how
posttranslation modifications of chromosomal proteins
regulate transcription. The identification of protein-protein
interactions between HATSs and nuclear proteins will likely
provide important clues to their functional roles. Indeed, as
indicated above, CBP physically interacts with the p45
subunit of NF-E2, which is a key regulator of the -globin
LCR.

B. Involvement of histone
acetyltransferases in LCR function.

Considering that NF-E2 can interact with CBP, and
CBP is present in a complex with PCAF (Fig. 4), it is
reasonable to propose that the CBP-PCAF HAT complex is
recruited to the B-globin locus by the (-globin LCR. The
implications of this are significant, as HATs could mediate
the long-range chromatin decondensing activity of the LCR.
A relevant observation is that analysis of the acetylated state
of histones of the chicken $-globin locus revealed acetylated
histones distributed throughout the locus (Hebbes et al.,
1994). Thus, sites of acetylation were not restricted to
regulatory sequences, such as promoters or enhancers, or
coding regions of the globin genes. This observation is
consistent with a role for acetylation in establishment and/or
maintenance of active domains, rather than exclusive
functions to determine promoter accessibility or to regulate
transcriptional  elongation. Besides HATSs, other
multiprotein chromatin remodeling complexes could also be
important in long-range activation.
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Figure 4. Recruitement of CBP- and PCAF-containing HAT
complex by NF-E2.

C. Other chromatin remodeling complexes
- SWI/SNF, NURF, and RSC

Genetic studies in yeast revealed a series of proteins
(SWI - yeast mating type switching)/SNF - sucrose
nonfermenting) that were critical for transcription of various
genes. The SWI/SNF proteins (Winston and Carlson, 1992)
were distinct from transcription factors and components of
RNA polymerase. The proteins form a multimeric complex
(Cairns et al., 1994; Peterson et al., 1994) and appear to
function by modulating chromatin structure (Kruger et al.,
1995) to increase the accessibility of cis-acting elements.
The SWI/SNF complex isolated from yeast and human cells
consists of at least twelve stably associated proteins and is
estimated to be approximately two megadaltons (Cairns et
al., 1994; Peterson et al., 1994; Wang et al., 1996).
SWI/SNF may be physically associated with the RNA
polymerase II holoenzyme (Wilson et al., 1996), although
this remains debatable (Cairns et al., 1996). In vitro protein-
DNA interaction studies have shown that SWI/SNF
facilitates factor binding to nucleosomal templates (Cote et
al., 1994; Imbalzano et al., 1994; Kwon et al., 1994; Owen-
Hughes et al., 1996), suggesting that SWI/SNF disrupts the
association of histones with DNA; the fate of the histones is
unclear.

At least one component of SWI/SNF, SWI2/SNF2, has
homology with DNA helicases (Khavari et al., 1993), which
unravel double-stranded DNA (Lohman and Bjornson,
1996). The helicase homology may be an important clue to
how SWI/SNF modulates chromatin structure and
transcription. DNA helicases move processively on DNA in
a way that is fueled by ATP hydrolysis (Lohman and
Bjornson, 1996). SWI2/SNF2 hydrolyzes ATP similar to
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helicases. It is unknown, however, whether nucleotide
hydrolysis confers upon SWI/SNF the ability to track on
DNA. The nucleotide hydrolyzing activity is necessary to
facilitate factor binding, but the permissive chromatin
transition induced by SWI/SNF is stable without further
nucleotide hydrolysis (Imbalzano et al., 1996). The current
data are consistent with the hypothesis that SWI/SNF can
track on DNA and disrupt nucleosomes, thus promoting
factor binding.

It seems reasonable to propose that SWI/SNF may play
a role in decondensation of higher-order chromatin structure.
A combination of histone modification by HATs and
chromatin disruption by SWI/SNF would ensure that a
domain resides in an uncondensed state and is thus
transcriptionally-competent  (Fig. 3). Despite major
advances in understanding how HATs are targeted to a
chromosomal template, studies on the targeting of SWI/SNF
are in their infancy.

The recruitment of SWI/SNF to chromatin may occur
through a protein-protein interaction mechanism analogous
to HATs. It was recently shown that binding of the
glucocorticoid receptor to DNA stimulates the nucleosome
disruption activity of SWI/SNF (Ostlund Farrants et al.,
1997). Another DNA-bound transactivator, NF1, did not
affect SWI/SNF activity. Thus, SWI/SNF may mediate the
well-characterized activity of the glucocorticoid receptor to
disrupt chromatin (Hager et al., 1993) by a protein-protein
interaction, recruitment mechanism.

In addition to targeting mechanisms based on protein-
protein interactions, HATs and SWI/SNF may function
coordinately, and SWI/SNF may recognize features of active
chromatin induced by HATs. A related chromatin-
remodeling complex in Drosophila, NURF (nucleosome
remodeling factor) (Tsukiyama and Wu, 1995), was recently
shown to interact with amino terminal tails of core histones
(Georgel et al., 1997). NUREF shares certain features with
SWI/SNF, such as a polypeptide related to SWI2/SNF2
containing helicase homology and ATPase activity
(Tsukiyama et al., 1995), the ability to disrupt chromatin
structure and facilitation of factor binding. Thus, analogous
to NURF, SWI/SNF may interact with histone tails, and this
interaction could be modulated by acetylation.

As multiple HATs are present within a cell, it is of
interest to ask whether multiple chromatin disrupting
complexes like SWI/SNF exist. Yet another chromatin
remodeling enzyme complex, RSC (remodels structure of
chromatin), was recently isolated from yeast (Cairns et al.,
1996). RSC shares certain features with SWI/SNF, such as a
component similar to SNF2/SWI2. However, differences
between RSC and SWI/SNF include an approximately ten-
fold greater abundance of RSC and a requirement of RSC
for mitotic growth.

VI. Concluding remarks
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A great deal of knowledge is emerging rapidly on how
multiprotein complexes mediate chromatin transitions.
Intuitively, it is easy to conceptualize how factors binding to
a promoter lead to nucleosome disruption and enhance
transcription by facilitating preinitiation complex assembly.
A more challenging intellectual puzzle, however, is to
unravel the determinants of how distant regulatory elements
function. Is long-range activity mediated by the same
chromatin-remodeling enzymes necessary for nucleosome
disruption on promoters? As identical transcription factors
can function through upstream elements and promoters, the
chromatin remodeling machinery may be identical. In
addition, the requirement for multiple polypeptides within
the regulatory enzyme complexes needs to be explained.
These components could enhance the functionality of the
complexes by modulating enzymatic activity, targeting the
complex to genes, or regulating the subcellular localization
or stability of the active component.

Based on evolutionary conservation of the transcription
machinery, it is likely that looping is a fundamental step in
eukaryotic transcripional activation. To incorporate the
additional level of regulation demanded by chromatin, one
can propose a bimodal activation mechanism. Disruption of
chromatin structure would establish a transcriptionally-
competent domain or local chromosomal region, in which
promoters are accessible to the transcription machinery.
Protein-protein interactions and DNA looping would
stabilize and/or facilitate assembly of a bona fide
preinitiation complex. If the promoter is rendered accessible
by chromatin disruption, the initiation complex could
assemble without protein-protein interactions with upstream
activators, albeit at a low frequency. The assumption is that
assembly of the preinitiation complex occurs in a stochastic
or all-or-none fashion. The level of gene transcription in a
cell population would therefore depend on the number of
engaged initiation complexes. Analysis of gene expression
in single cells has yielded data consistent with a stochastic
activation mechanism (Fiering et al., 1990; Ko et al., 1990;
Walters et al., 1995; Weintraub, 1988).

References

Adams, C., and Workman, J. L. (1995). Binding of disparate
transcriptional activators to nucleosomal DNA is inherently
cooperative. Mol. Cell Biol. 15, 1405-1421.

Andrews, N. C., Erdjument-Bromage, H., Davidson, M. B.,
Tempst, P., and Orkin, S. H. (1993). Erythroid transcription
factor NF-E2 is a haematopoietic-specific basic- leucine zipper
protein. Nature 362, 722-728.

Archer, T. K., Cordingley, M. G., Wolford, R. G., and Hager, G. L.
(1991). Transcription factor access is mediated by accurately

positioned nucleosomes on the mouse mammary tumor virus
promoter. Mol Cell Biol. 11, 688-698.



Gene Therapy and Molecular Biology, 1997, Vol. 1, page 491

Baron, M. H. (1997). Transcriptional control of globin gene
switching during vertebrate development. Biochim. Biophys.
Acta. 1351, 51-72.

Becker, P. B. (1994). The establishment of active promoters in
chromatin. Bioessays 541-547.

Boyd, K. E., and Farnham, P. J. (1997). Myc versus USF:
Discrimination at the cad gene is determined by core promoter
elements. Mol. Cell. Biol. in press.

Bresnick, E. H. (1997). Mechanism of long-range transcriptional
activation by the human beta-globin locus control region.
Chemtracts - Biochem. Mol. Biol., in press.

Bresnick, E. H., Bustin, M., Marsaud, V., Richard-Foy, H., and
Hager, G. L. (1992). The transcriptionally-active MMTV
promoter is depleted of histone H1. Nucleic Acids Res. 20, 273-
278.

Bresnick, E. H., and Felsenfeld, G. (1994). Dual promoter
activation by the human beta-globin locus control region. Proc.
Natl. Acad. Sci. U.S. A.91, 1314-1317.

Bresnick, E. H., and Felsenfeld, G. (1993). Evidence that the
transcription factor USF is a component of the human beta-
globin locus control region heteromeric protein complex. J.
Biol. Chem. 268, 18824-18834.

Bresnick, E. H., Rories, C., and Hager, G. L. (1992). Evidence that
nucleosomes on the mouse mammary tumor virus promoter
adopt specific translational positions. Nucleic Acids Res. 20,
865-870.

Bresnick, E. H., and Tze, L. (1997). Synergism between
hypersensitive sites confers long-range gene activation by the

human beta-globin locus control region. Proc. Natl. Acad. Sci.
US.A.9%4,4566-4571.

Brownell, J. E., Zhou, J., Ranalli, T., Kobayashi, R., Edmondson,
D. G.,Roth, S. Y., and Allis, C. D. (1996). Tetrahymena histone
acetyltransferase A: a homolog to yeast Gen5p linking histone
acetylation to gene activation. Cell 84, 843-851.

Bungert, J., Dave, U., Lim, K. C., Lieuw, K. H., Shavit, J. A., Liu,
Q., and Engel, J. D. (1995). Synergistic regulation of human
beta-globin gene switching by locus control region elements
HS3 and HS4. Genes & Dev. 9, 3083-3096.

Buratowski, S., Hahn, S., Guarente, L., and Sharp, P. A. (1989).
Five intermediate complexes in transcription initiation by RNA
polymerase II. Cell 56, 549-561.

Cairns, B. R., Kim, Y. J., Sayre, M. H., Laurent, B. C., and
Kornberg, R. D. (1994). A multisubunit complex containing the
SWI1/ADR6, SWI2/SNF2, SWI3, SNF5, and SNF6 gene
products isolated from yeast. Proc. Natl. Acad. Sci. U.S.A. 91,
1950-1954.

Cairns, B. R., Lorch, Y., Li, Y., Zhang, M., Lacomis, L.,
Erdjument-Bromage, H., Tempst, P., Du, J., Laurent, B., and
Kornberg, R. D. (1996). RSC, an essential, abundant chromatin-
remodeling complex. Cell 87, 1249-1260.

Candau, R., Moore, P. A., Wang, L., Barlev, N., Ying, C. Y.,
Rosen, C. A., and Berger, S. L. (1996). Identification of human
proteins functionally conserved with the yeast putative adaptors
ADA?2 and GCN5. Mol. Cell Biol. 16, 593-602.

Carson, S., and Wiles, M. V. (1993). Far upstream regions of class
II MHC Ea are necessary for position- independent, copy-

491

dependent expression of Ea transgene. Nucleic Acids Res. 21,
2065-2072.

Caterina, J. J., Ciavatta, D. J., Donze, D., Behringer, R. R., and
Townes, T. M. (1994). Multiple elements in human beta-globin
locus control region 5' HS 2 are involved in enhancer activity
and position-independent, transgene expression. Nucleic Acids
Res. 22,1006-1011.

Caterina, J. J., Donze, D., Sun, C. W, Ciavatta, D. J., and Townes,
T. M. (1994). Cloning and functional characterization of LCR-
F1: a bZIP transcription factor that activates erythroid-specific,
human globin gene expression. Nucleic Acids Res. 22, 2383-
2391.

Caterina, J. J., Ryan, T. M., Pawlik, K. M., Palmiter, R. D.,
Brinster, R. L., Behringer, R. R., and Townes, T. M. (1991).
Human beta-globin locus control region: analysis of the 5'
DNase I hypersensitive site HS 2 in transgenic mice. Proc. Natl.
Acad. Sci. U. S. A. 88, 1626-1630.

Chan, J. Y., Han, X. L., and Kan, Y. W. (1993). Cloning of Nrfl,
an NF-E2-related transcription factor, by genetic selection in
yeast. Proc. Natl. Acad. Sci. U.S. A. 90, 11371-11375.

Chauveau, C., and Cogne, M. (1996). Palindromic structure of the
IgH 3'locus control region. Nat. Genet. 14, 15-16.

Chen, H., Lin, R. L., Schiltz, L., Chakravarti, D., Nash, A., Nagy,
L., Privalsky, M. L., Nakatani, Y., and Evans, R. M. (1997).
Nuclear receptor coactivator ACTR is a novel histone
acetyltransferase and forms a multimeric complex with P/CAF
and CBP/p300. Cell 90, 569-580.

Cheng, X., Reginato, M. J., Andrew, N. C., and Lazar, M. A.
(1997). The transcriptional integrator CREB-binding protein
mediates positive cross talk between nuclear hormone receptors
and the hematopoietic bZip protein p45/NF-E2. Mol. Cell. Biol.
17, 1407-1416.

Clark, D. J., and Felsenfeld, G. (1992). A nucleosome core is

transferred out of the path of a transcribing polymerase. Cell 71,
11-22.

Cote, J., Quinn, J., Workman, J. L., and Peterson, C. L. (1994).
Stimulation of GAL4 derivative binding to nucleosomal DNA
by the yeast SWI/SNF. Science 265, 53-60.

Dang, Q., and Taylor, J. (1996). In vivo footprinting analysis of the
hepatic control region of the human apolipoprotein E/C-I/C-
IV/C-1I gene locus. J. Biol. Chem. 271, 28667-28676.

Durrin, L. K., Mann, R. K., Kayne, P. S., and Grunstein, M. (1991).

Yeast histone H4 N-terminal sequence is required for promoter
activation in vivo. Cell 65, 1023-1031.

Elnitski, L., Miller, W., and Hardison, R. (1997). Conserved E-
boxes function as part of the enhancer in hypersensitive site 2 of
the beta-globin locus control region. Role of basic helix-loop-
helix proteins. J. Biol. Chem. 272, 369-378.

Engel, J. D. (1993). Developmental regulation of human beta-
globin gene transcription: a switch of loyalties? Trends Genet.
9, 304-309.

Ericsson, C., Grossbach, U., Bjorkroth, B., and Daneholt, B.
(1990). Presence of histone H1 on an active Balbiani ring gene.
Cell 60, 73-83.

Ess, K. C., Whitaker, T. L., Cost, G. J., Witte, D. P., Hutton, J. J.,
and Aronow, B. J. (1995). A central role for a single c-Myb

binding site in a thymic locus control region. Mol. Cell Biol. 15,
5707-5715.



Bresnick et al. Activation and remodeling of chromatin

Fiering, S., Northrop, J. P., Nolan, G. P., Mattila, P. S., Crabtree, G.
R., and Herzenberg, L. A. (1990). Single cell assay of a
transcription factor reveals a threshold in transcription activated
by signals emanating from the T-cell antigen receptor. Genes &
Dev. 4,1823-1834.

Forrester, W. C., Epner, E., Driscoll, M. C., Enver, T., Brice, M.,
Papayannopoulou, T., and Groudine, M. (1990). A deletion of
the human beta-globin locus activation region causes a major
alteration in chromatin structure and replication across the entire
beta-globin locus. Genes & Dev. 4, 1637-1649.

Forrester, W. C., Takegawa, S., Papayannopoulou, T.,
Stamatoyannopoulos, G., and Groudine, M. (1987). Evidence
for a locus activation region: the formation of developmentally
stable hypersensitive sites in globin-expressing hybrids. Nucleic
Acids Res. 15, 10159-10177.

Forrester, W. C., Thompson, C., Elder, J. T., and Groudine, M.
(1986). A developmentally stable chromatin structure in the
human beta-globin gene cluster. Proc. Natl. Acad.Sci. U. S. A.
83,1359-1363.

Forsberg, E. C., Lam, L. T., Yang, X.-J., Nakatani, Y., and
Bresnick, E. H. (1997). Human histone acetyltransferase GCNS5
exists in a large macromolecular complex lacking the adapter
protein ADA2. Biochemistry in press.

Fragoso, G., John, S., Roberts, M. S., and Hager, G. L. (1995).
Nucleosome positioning on the MMTV LTR results from the
frequency- biased occupancy of multiple frames. Genes & Dev.
9, 1933-1947.

Furukawa, T., Zitnik, G., Leppig, K., Papayannopoulou, T., and
Stamatoyannopoulos, G. (1994). Coexpression of gamma and
beta globin mRNA in cells containing a single human beta
globin locus: results from studies using single-cell reverse
transcription polymerase chain reaction. Blood 83, 1412-1419.

Georgakopoulos, T., and Thireos, G. (1992). Two distinct yeast
transcriptional activators require the function of the GCNS
protein to promoter normal levels of transcription. EMBO J. 11,
4145-4152.

Georgel, P. T., Tsukiyama, T., and Wu, C. (1997). Role of histone
tails in nucleosome remodeling by Drosophila NURF. EMBO J.
16,4717-4726.

Gershey, E. L., Vidali, G., and Allrey, V. G. (1968). Chemical
studies of histone acetylation. The occurrence of epsilon-N-
acetyllysine in the f2al histone. J. Biol. Chem. 243, 5018-5022.

Goldman, P. S., Tran, V. K., and Goodman, R. H. (1997). The
multifunctional role of the co-activator CBP in transcriptional
regulation. Recent Prog. Horm. Res. 52, 103-119.

Grant, P. A., Duggan, L., Cote, J., Roberts, S. M., Brownell, J. E.,
Candau, R., Ohba, R., Owen-Hughes, T., Allis, D. C., Winston,
F., Berger, S. L., and Workman, J. L. (1997). Yeast Gcn5
functions in two multisubunit complexes to acetylate
nucleosomal histones: characterization of an Ada complex and
the SAGA (Spt/Ada) complex. Genes & Dev. 11, 1640-1650.

Graziano, V., Gerchman, S. E., and Ramakrishnan, V. (1988).
Reconstitution of chromatin higher-order structure from histone
HS5 and depleted chromatin. J. Mol. Biol. 203, 997-1007.

Greenblatt, J. (1997) RNA polymerase II holoenzyme and
transcriptional regulation. Curr. Opin. Cell Biol. 9, 310-319

497

Grosveld, F., van Assendelft, G. B., Greaves, D. R., and Kollias, G.
(1987). Position-independent, high-level expression of the
human beta-globin gene in transgenic mice. Cell 51, 975-985.

Gu, W., and Roeder, R. G. (1997). Activation of p53 sequence-
specific DNA binding by acetylation of the p53 C-terminal
domain. Cell 90, 595-606.

Gumucio, D. L., Heilstedt-Williamson, H., Gray, T. A., Tarle, S.
A., Shelton, D. A., Tagle, D. A., Slighton, J., Goodman, M., and
Collins, F. S. (1992). Phylogenetic footprinting reveals a nuclear
protein which binds to silencer sequences in the human gamma
and epsilon globin genes. Mol. Cell. Biol. 12, 4919-4929.

Hager, G. L., Archer, T. K., Fragoso, G., Bresnick, E. H.,
Tsukagoshi, Y., John, S., and Smith, C. L. (1993). Influence of
chromatin structure on the binding of transcription factors to
DNA. Cold Spring Harb. Symp. Quant. Biol. 58, 63-71.

Hanna-Rose, W., and Hansen, U. (1996). Active repression
mechanisms of eukaryotic transcriptional repressors. Trends
Genet. 12,229-234.

Hayes, J. J. (1996). Site-directed cleavage of DNA by a linker
histone-Fe(Il) EDTA conjugate: localization of a globular
domain binding site within a nucleosome. Biochemistry 35,
11931-11937.

Hebbes, T. R., Clayton, A. L., Thorne, A. W., and Crane-Robinson,
C. (1994). Core histone hyperacetylation co-maps with
generalized DNasel sensitivity in the chicken beta-globin
chromosomal domain. EMBO J. 13, 1823-1830.

Hill, C. S., and Treisman, R. (1995). Transcriptional regulation by
extracellular signals: mechanisms and specificity. Cell 80, 199-
211.

Ikuta, T., and Kan, Y. W. (1991). In vivo protein-DNA interactions
at the beta-globin gene locus. Proc. Natl. Acad. Sci. U. S. A.
88,10188-10192.

Imbalzano, A. N., Kwon, H., Green, M. R., and Kingston, R. E.
(1994). Facilitated binding of TATA-binding protein to
nucleosomal DNA [see comments]. Nature 370, 481-485.

Imbalzano, A. N., Schnitzler, G. R., and Kingston, R. E. (1996).
Nucleosome disruption by human SWI/SNF is maintained in the
absence of continued ATP hydrolysis. J. Biol. Chem. 271,
20726-20733.

Izban, M. G., and Luse, D. S. (1991). Transcription on nucleosomal
templates by RNA polymerase II in vitro: inhibition of
elongation with enhancement of sequence-specific pausing.
Genes & Dev. 5, 683-696.

Jones, B. K., Monks, B. R., Liebhaber, S. A., and Cooke, N. E.
(1995). The human growth hormone gene is regulated by a
multicomponent locus control region. Mol. Cell Biol. 15, 7010-
7021.

Karin, M., Liu, Z., and Zandi, E. (1997). AP-1 function and
regulation. Curr. Opin. Cell Biol. 9, 240-246.

Khavari, P. A., Peterson, C. L., Tamkun, J. W., Mendel, D. B., and
Crabtree, G. R. (1993). BRG1 contains a conserved domain of
the SWI2/SNF2 family necessary for normal mitotic growth and
transcription. Nature 366, 170-174.

Ko, M. S., Nakauchi, H., and Takahashi, N. (1990). The dose
dependence of glucocorticoid-inducible gene expression results

from changes in the number of transcriptionally active
templates. EMBO J. 9, 2835-2842.



Gene Therapy and Molecular Biology, 1997, Vol. 1, page 493

Kruger, W., Peterson, C. L., Sil, A., Coburn, C., Arents, G.,
Moudrianakis, E. N., and Herskowitz, I. (1995). Amino acid
substitutions in the structured domains of histones H3 and H4
partially relieve the requirement of the yeast SWI/SNF complex
for transcription. Genes & Dev. 9, 2770-2779.

Krumm, A., Hickey, L. B., and Groudine, M. (1995). Promoter-
proximal pausing of RNA polymerase II defines a general rate-
limiting step after transcription initiation. Genes & Dev. 9, 559-
572.

Kwon, H., Imbalzano, A. N., Khavari, P. A., Kingston, R. E., and
Green, M. R. (1994). Nucleosome disruption and enhancement
of activator binding by a human SW1/SNF complex. Nature
370,477-481.

Ladekjaer-Mikkelsen, A. S., Rosenberg, T., and Jorgensen, A. L.
(1996). A new mechanism in blue cone monochromatism. Hum.
Genet. 98, 403-408.

Lam, L. T. and Bresnick, E.H. (1996). A novel DNA binding
protein, HS2NFS5, interacts with a functionally important
sequence of the human beta-globin locus control region. J. Biol.
Chem. 271, 32421-32428.

Lang, G., Mamalaki, C., Greenberg, D., Yannoutsos, N., and
Kioussis, D. (1991). Deletion analysis of the human CD2 gene
locus control region in transgenic mice. Nucleic Acids Res. 19,
5851-5856.

Lee, D. Y., Hayes, J. J., Pruss, D., and Wolffe, A. P. (1993). A
positive role for histone acetylation in transcription factor access
to nucleosomal DNA. Cell 72, 73-84.

Lee, K. M., and Hayes, J. J. (1997). The N-terminal tail of histone
H2A binds to two distinct sites within the nucleosome core.
Proc. Natl. Acad. Sci. U.S.A. 94, 8959-8964.

Lee, W., Haslinger, A., Karin, M., and Tjian, R. (1987). Activation
of transcription by two factors that bind promoter and enhancer
sequences of the human metallothionein gene and SV40. Nature
325, 368-372.

Li, B., Adams, C. C., and Workman, J. L. (1994). Nucleosome
binding by the constitutive transcription factor Spl. J. Biol.
Chem. 269, 7756-7763.

Lohman, T. M., and Bjornson, K. P. (1996). Mechanisms of
helicase-catalyzed DNA unwinding. Ann. Rev. Biochem. 65,
169-214.

Madisen, L., and Groudine, M. (1994). Identification of a locus
control region in the immunoglobulin heavy- chain locus that
deregulates c-myc expression in plasmacytoma and Burkitt's
lymphoma cells. Genes & Dev. 8,2212-2226.

Marcus, G. A., Silverman, N., Berger, S. L., Horiuchi, J., and
Guarente, L. (1994). Functional similarity and physical
association between GCN5 and ADAZ2: putative transcriptional
adaptors. EMBO J. 13, 4807-4815.

Mastrangelo, 1. A., Courey, A. J., Wall, J. S., Jackson, S. P., and
Hough, P. V. (1991). DNA looping and Spl multimer links: a
mechanism for transcriptional synergism and enhancement.
Proc. Natl. Acad. Sci. U.S.A. 88, 5670-5674.

Milot, E., Strouboulis, J., Trimborn, T., Wijgerde, M., De Boer, E.,
Langeveld, A., Tan-Un, K., Vergeer, W., Yannoutsos, N.,
Grosveld, F., and Fraser, P. (1996). Heterochromatin effects on

the frequency and duration of LCR-mediated gene transcription.
Cell 87, 105-114.

403

Moi, P., Chan, K., Asunis, 1., Cao, A., and Kan, Y. W. (1994).
Isolation of NF-E2-related factor 2 (Nrf2), a NF-E2-like basic
leucine zipper transcriptional activator that binds to the tandem
NF-E2/AP1 repeat of the beta-globin locus control region. Proc.
Natl. Acad. Sci.U. S. A. 91, 9926-9930.

Montoliu, L., Umland, T., and Schutz, G. (1996). A locus control
region at 12 kb of the tyrosinase gene. EMBO J. 15, 6026-6034.

Muller, M. M., Gerster, T., and Schaffner, W. (1988). Enhancer
sequences and the regulation of gene transcription. Eur. J.
Biochem. 176, 485-495.

Muyldermans, S., and Travers, A. A. (1994). DNA sequence
organization in chromatosomes. J. Mol. Biol. 235, 855-870.

Ogryzko, V. V., Schiltz, R. L., Russanova, V., Howard, B. H., and
Nakatani, Y. (1996). The transcriptional coactivators p300 and
CBP are histone acetyltransferases. Cell 87, 953-959.

Orkin, S.H. (1996) Development of the hematopoietic system.
Curr. Opin. Genet. Develop. 6, 597-602.

Orlando, V., Strutt, H., and Paro, R. (1997) Analysis of chromatin
structure by in vivo formaldehyde cross-linking. Methods 11,
205-214.

Orphanides, G., Lagrange, T., and Reinberg, D. (1996). The
general transcription factors of RNA polymerase II. Genes &
Dev. 10,2657-2683.

Ostlund Farrants, A. K., Blomquist, P., Kwon, H., and Wrange, O.
(1997) Glucocorticoid receptor-glucocorticoid response element
binding stimulates nucleosome disruption by the SWI/SNF
complex. Mol. Cell Biol. 17, 895-905.

Ouhammouch, M., Sayre, M. H., Kadonaga, J. T., and Geiduschek,
E. P. (1997). Activation of RNA polymerase II by topologically
linked DNA-tracking proteins. Proc. Natl. Acad. Sci. U.S.A.
94,6718-6723.

Owen-Hughes, T., Utley, R. T., Cote, J., Peterson, C. L., and
Workman, J. L. (1996). Persistent site-specific remodeling of a
nucleosome array by transient action of the SWI/SNF complex.
Science 273, 513-516.

Pazin, M. J., Bhargava, P., Geiduschek, E. P., and Kadonaga, J. T.
(1997). Nucleosome mobility and the maintenance of
nucleosome positioning. Science 276, 809-812.

Pennings, S., Meersseman, G., and Bradbury, E. M. (1994). Linker
histones H1 and HS5 prevent the mobility of positioned
nucleosomes. Proc. Natl. Acad. Sci. U.S.A. 91, 10275-10279.

Peterson, C. L., Dingwall, A., and Scott, M. P. (1994). Five
SWI/SNF gene products are components of a large multisubunit
complex required for transcriptional enhancement. Proc. Natl.
Acad. Sci. U.S.A. 91, 2905-2908.

Philipsen, S., Pruzina, S., and Grosveld, F. (1993). The minimal
requirements for activity in transgenic mice of hypersensitive
site 3 of the beta globin locus control region. EMBO J.12,
1077-1085.

Pina, B., Bruggemeier, U., and Beato, M. (1990). Nucleosome
positioning modulates accessibility of regulatory proteins to the
mouse mammary tumor virus promoter. Cell 60, 719-731.

Pruss, D., Bartholomew, B., Persinger, J., Hayes, J., Arents, G.,
Moudrianakis, E. N., and Wolffe, A. P. (1996). An asymmetric
model for the nucleosome: a binding site for linker histones
inside the DNA gyres. Science 274, 614-617.



Bresnick et al. Activation and remodeling of chromatin

Quivy, J. P., and Becker, P. B. (1996). The architecture of the heat-
inducible Drosophila hsp27 promoter in nuclei. J. Mol. Biol.
256,249-263.

Rasmussen, E. B., and Lis, J. T. (1995). Short transcripts of the
ternary complex provide insight into RNA polymerase II
elongational pausing. J. Mol. Biol. 252, 522-535.

Reddy, P. M., Stamatoyannopoulos, G., Papayannopoulou, T., and
Shen, C. K. (1994). Genomic footprinting and sequencing of
human beta-globin locus. Tissue specificity and cell line artifact.
J. Biol.Chem. 269, 8287-8295.

Roth, S. Y., Shimizu, M., Johnson, L., Grunstein, M., and Simpson,
R. T. (1992). Stable nucleosome positioning and complete
repression by the yeast alpha 2 repressor are disrupted by amino-
terminal mutations in histone H4. Genes & Dev. 6, 411-425.

Saleh, A., Lang, V., Cook, R., and Brandl, C. J. (1997).
Identification of native complexes containing the yeast
coactivator/repressor proteins NGG1/ADA3 and ADA2. J. Biol.
Chem. 272, 5571-5578.

Satchwell, S. C., Drew, H. R., and Travers, A. A. (1986). Sequence
periodicities in chicken nucleosome core DNA. J. Mol. Biol.
191, 659-675.

Schild, C., Claret, F. X., Wahli, W., and Wolffe, A. P. (1993). A
nucleosome-dependent static loop potentiates estrogen-regulated
transcription from the Xenopus vitellogenin B1 promoter in
vitro. EMBO J. 12,423-433.

Schleif, R. (1992). DNA looping. Annu. Rev. Biochem. 61, 199-
223,

Schreiber, E., and Schaffner, W. (1989). Long-range activation of
transcription by SV40 enhancer is affected by "inhibitory" or
"permissive” DNA sequences between enhancer and promoter.
Somat. Cell Mol. Genet. 15, 591-603.

Shen, X., and Gorovsky, M. A. (1996). Linker histone H1 regulates
specific gene expression but not global transcription in vivo.
Cell 86,475-483.

Shen, X., Yu, L., Weir, J. W, and Gorovsky, M. A. (1995). Linker
histones are not essential and affect chromatin condensation in
vivo. Cell 82, 47-56.

Stamatoyannopoulos, J. A., Goodwin, A., Joyce, T., and Lowrey,
C. H. (1995). NF-E2 and GATA binding motifs are required for
the formation of DNase I hypersensitive site 4 of the human
beta-globin locus control region. EMBO J. 14, 106-116.

Starck, J., Sarkar, R., Romana, M., Bhargava, A., Scarpa, A. L.,
Tanaka, M., Chamberlain, J. W., Weissman, S. M., and Forget,
B. G. (1994). Developmental regulation of human gamma- and
beta-globin genes in the absence of the locus control region.
Blood 84, 1656-1665.

Steger, D. J., and Workman, J. L. (1997). Stable co-occupancy of
transcription factors and histones at the HIV-1 enhancer. EMBO
J. 16,2463-2472.

Strauss, E. C., Andrews, N. C., Higgs, D. R., and Orkin, S. H.
(1992). In vivo footprinting of the human alpha-globin locus
upstream regulatory element by guanine and adenine ligation-
mediated polymerase chain reaction. Mol. Cell Biol. 12, 2135-
2142.

Studitsky, V. M., Clark, D. J., and Felsenfeld, G. (1994). A histone

octamer can step around a transcribing polymerase without
leaving the template. Cell 76, 371-382.

404

Su, W, Jackson, S., Tjian, R., and Echols, H. (1991). DNA looping
between sites for transcriptional activation: self association of
DNA-bound Spl. Genes & Dev. 5, 820-826.

Talbot, D., Descombes, P., and Schibler, U. (1994). The 5' flanking
region of the rat LAP (C/EBP beta) gene can direct high- level,
position-independent, copy number-dependent expression in
multiple tissues in transgenic mice. Nucleic Acids Res. 22, 756-
766.

Talbot, D., Philipsen, S., Fraser, P., and Grosveld, F. (1990).
Detailed analysis of the site 3 region of the human beta-globin
dominant control region. EMBO J. 9, 2169-2177.

Taylor, I. C., Workman, J. L., Schuetz, T. J., and Kingston, R. E.
(1991). Facilitated binding of GAL4 and heat shock factor to
nucleosomal templates: differential function of DNA-binding
domains. Genes & Dev. 5, 1285-1298.

Thomas, G. H., and Elgin, S. C. (1988). Protein/DNA architecture
of the DNase I hypersensitive region of the Drosophila hsp26
promoter. EMBO J. 7,2191-2201.

Trudel, M., and Costantini, F. (1987). A 3' enhancer contributes to
the stage-specific expression of the human beta-globin gene.
Genes & Dev. 1,954-961.

Tsukiyama, T., Daniel, C., Tamkun, J., and Wu, C. (1995). ISWI, a
member of the SWI2/SNF2 ATPase family, encodes the 140kDa
subunit of the nucleosome remodeling factor. Cell 83, 1021-
1026.

Tsukiyama, T., and Wu, C. (1995). Purification and properties of
an ATP-dependent nucleosome remodeling factor. Cell 83,
1011-1020.

Tuan, D., Solomon, W., Li, Q., and London, I. M. (1985). The
"beta-like-globin" gene domain in human erythroid cells. Proc.
Natl. Acad. Sci. U. S. A. 82, 6384-6388.

Tuan, D. Y., Solomon, W. B., London, I. M., and Lee, D. P. (1989).
An erythroid-specific, developmental-stage-independent
enhancer far upstream of the human "beta-like globin" genes.
Proc. Natl. Acad. Sci. U. S. A. 86, 2554-2558.

Ura, K., Hayes, J. J., and Wolffe, A. P. (1995). A positive role for
nucleosome mobility in the transcriptional activity of chromatin
templates: restriction by linker histones. EMBO J. 14, 3752-
3765.

Vettese-Dadey, M., Grant, P. A., Hebbes, T. R., Crane- Robinson,
C., Allis, C. D., and Workman, J. L. (1996). Acetylation of
histone H4 plays a primary role in enhancing transcription factor
binding to nucleosomal DNA in vitro. EMBO J. 15,2508-2518.

Wade, P. A., Pruss, D., and Wolffe, A. P. (1997). Histone
acetylation: chromatin in action. Trends Biochem. Sci. 22, 128-
132.

Walters, M. C., Fiering, S., Eidemiller, J., Magis, W., Groudine,
M., and Martin, D. I. (1995). Enhancers increase the probability

but not the level of gene expression. Proc. Natl. Acad. Sci. U.
S.A.92,7125-7129.

Wang, W, Cote, J., Xue, Y., Zhou, S., Khavari, P. A., Biggar, S.
R., Muchardt, C., Kalpana, G. V., Goff, S. P., Yaniv, M.,
Workman, J. L., and Crabtree, G. R. (1996). Purification and
biochemical heterogeneity of the mammalian SWI/SNF
complex. EMBO J. 15, 5370-5382.



Gene Therapy and Molecular Biology, 1997, Vol. 1, page 495

Weintraub, H. (1988). Formation of stable transcription complexes
as assayed by analysis of individual templates. Proc. Natl.
Acad. Sci. U.S.A. 85, 5819-5823.

Wilson, C., Bellen, H. J., and Gehring, W. J. (1990). Position
effects on eukaryotic gene expression. Annu. Rev. Cell Biol. 6,
679-714.

Wilson, C. J., Chao, D. M., Imbalzano, A. N., Schnitzler, G. R.,
Kingston, R. E., and Young, R. A. (1996). RNA polymerase 11
holoenzyme contains SWI/SNF regulators involved in chromatin
remodeling. Cell 84,235-244.

Winston, F., and Carlson, M. (1992). Yeast SNF/SWI
transcriptional ~ activators and the SPT/SIN chromatin
connection. Trends Genet. 8, 387-391.

Wolffe, A. (1995). Chromatin: Academic Press.

Wolffe, A. P. (1994). Nucleosome positioning and modification:
chromatin structures that potentiate transcription. Trends
Biochem Sci 19, 240-244.

Yang, X. J., Ogryzko, V. V., Nishikawa, J., Howard, B. H., and
Nakatani, Y. (1996). A p300/CBP-associated factor that
competes with the adenoviral oncoprotein E1A. Nature 382,
319-324.

Yang, X. J., Ogryzko, V. V., Nishizawa, J., Howard, B. H., and
Nakatani, Y. (1996). A p300/CBP-associated factor that

competes with the adenoviral oncoprotein E1A. Nature, 319-
324.

Yankulov, K., Blau, J., Purton, T., Roberts, S., and Bentley, D. L.
(1994). Transcriptional elongation by RNA polymerase 1II is
stimulated by transactivators. Cell 77, 749-759.

Yant, S. R., Zhu, W., Millinoff, D., Slightom, J. L., Goodman, M.,
and Gumucio, D. L. (1995). High affinity YY1 binding motifs:
identification of two types (ACAT and CCAT) and distribution
of potential binding sites within the human beta globin cluster.
Nucleic Acids Res. 23, 4353-4362.

40-8



