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PROSPECTS

Recruitment of Chromatin Remodeling Machines
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Abstract The assembly of eukaryotic DNA into folded nucleosomal arrays has drastic consequences for many
nuclear processes that require access to the DNA sequence, including RNA transcription, DNA replication, recombi-
nation, and repair. Two types of highly conserved chromatin remodeling enzymes have been implicated as regulators
of the repressive nature of chromatin structure: ATP-dependent remodeling complexes and nuclear histone acetyl-
transferases (HATSs). Recent studies indicate that both types of enzymes can be recruited to chromosomal loci through
either physical interactions with transcriptional activators or via the global accessibility of chromatin during S phase of
the cell cycle. Here we review these recent observations and discuss the implications for gene-specific regulation by

chromatin remodeling machines. J. Cell. Biochem. 78:179-185, 2000.
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In a typical interphase nucleus, the majority
of genes are packaged into highly condensed
chromatin structures that range in size from
100-200-nM-diameter fibers. Although these
structures are required to package DNA into
the tiny space of the nucleus, it seems obvious
that this condensed state creates accessibility
problems for enzymes that must locate partic-
ular DNA sequences. In the past decade, a
combination of yeast genetics and old-
fashioned biochemistry has led to the discovery
of the “holy grail” of the chromatin world—
enzymes that modulate the accessibility of
chromatin at a gene-specific level. The first of
these “chromatin remodeling enzymes” to be
identified was the Saccharomyces cerevisiae
SWI/SNF complex. Subunits of this 2 million
dalton protein complex were first identified
through yeast genetics as positive regulators of
transcription with genetic ties to chromatin
components (e.g., histones) [for review see Win-
ston and Carlson, 1992]. Subsequently the pu-
rified SWI/SNF complex was found to be a
DNA-stimulated ATPase, which hydrolyzes
~1,000 ATPs/minute to disrupt histone-DNA
interactions [Coté et al., 1994]. Although the
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mechanism by which SWI/SNF disrupts nu-
cleosome structure is not known, this “remod-
eling” reaction leads to an enhanced accessibil-
ity of nucleosomal DNA to Dnase I [Coté et al.,
1994; Owen-Hughes et al., 1996], restriction
enzymes [Logie and Peterson, 1997; Logie et
al., 1999], and sequence-specific DNA binding
proteins [Coté et al., 1994; Utley et al., 1997].
Additional ATP-dependent remodeling en-
zymes have been identified in yeast (RSC,
Cairns et al, 1996; ISW1 and ISW2,
Tsukiyama et al., 1999], Drosophila [ACF, Ito
et al., 1997; CHRAC, Varga-Weisz et al., 1997,
NURF, Tsukiyama and Wu, 1995; brm, Papou-
las et al., 1999], human [WSWI/SNF, Kwon et
al., 1994; NURD, Tong et al., 1998; Xue et al.,
1998; Zhang et al., 1998; RSF, LeRoy et al.,
1998], and frog [Mi-2, Wade et al., 1998]. In the
case of the yeast SWI/SNF, Drosophila brm,
and human SWI/SNF complexes, ATP-
dependent remodeling is required for tran-
scriptional regulation of target genes in vivo
[reviewed in Kingston and Narlikar, 1999]. The
actual role of these other remodeling complexes
remains elusive.

The second type of remodeling enzyme con-
sists of the nuclear histone acetyltransferases
that covalently modify lysine residues within
the flexible N-terminal domains of the histone
proteins. Acetylation of the histone N-terminal
domains can disrupt the higher order folding of
nucleosomal arrays as well as control the bind-



180 Peterson and Logie

ing of nonhistone proteins to the chromatin
fiber. As is the case for the ATP-dependent
enzymes, a yeast protein, Genbp, is the para-
digm for the nuclear histone acetyltrans-
ferases. GCN5 was first identified in several
mutant screens as a gene product required for
transcriptional control [Georgakopoulos and
Thireos, 1992; Marcus et al., 1994; Pollard and
Peterson, 1997], and subsequently the Tetrahy-
mena homolog of GCN5 was purified as a his-
tone acetyltransferase [Brownell et al., 1996].
Genbp is the catalytic subunit of several large,
multi-subunit acetyltransferase complexes
[e.g., ADA and SAGA,; Grant et al., 1997; Pol-
lard and Peterson, 1997; Saleh et al., 1997],
which like SWI/SNF, are conserved from yeast
to man [Ogryzko et al., 1998]. In mammals,
there appear to be two homologs of GCNS5,
hGCN5 and P/CAF; both have been implicated
in transcriptional regulation [Candau et al.,
1996; Yang et al., 1996, Xu et al., 1998].

Although chromatin is expected to impose
constraints on the expression of all genes,
SWI/SNF and GCN5 are only required for
transcription of a small subset of yeast genes.
For instance, global genome analyses indicate
that expression of only 5-7% of the ~6,000
yeast genes is reduced 2-fold or more by inac-
tivation of SWI/SNF or Genbp [Holstege et al.,
1998]. The gene-specific effects of swi/snf or
gend mutants have led to the view that these
enzymes must be targeted to specific loci where
they then control gene expression. Below we
review recent studies that lead to a simplified
model for recruitment of chromatin remodeling
enzymes, and then discuss how this model im-
pacts the question of why expression of only a
few genes requires these chromatin remodeling
enzymes. We also discuss how the global re-
modeling of chromatin during S phase of the
cell cycle might be misinterpreted as a targeted
change in chromatin structure.

RECRUITMENT OF CHROMATIN
REMODELING ENZYMES BY
TRANSCRIPTIONAL ACTIVATORS

One model evoked to explain how chromatin
remodeling enzymes might be recruited to tar-
get genes proposed that these enzymes were
subunits of an RNA polymerase II holoenzyme.
In this case, gene-specific transcriptional acti-
vators would bind and recruit PolIl holoen-
zyme that would “carry with it” all of the nec-
essary chromatin remodeling enzymes to

facilitate transcription. Consistent with this
model, both yeast and human SWI/SNF com-
plexes have been shown to co-purify and co-
immunoprecipitate with Pol II holoenzyme
[Wilson et al., 1996; Cho et al., 1998; Neish et
al., 1998], and a mammalian PolIl holoenzyme
contains the CBP and P/CAF histone acetyl-
transferases (P/CAF is one of two mammalian
Genbp homologs) [Cho et al., 1998; Neish et al.,
1998]. However, most yeast holoenzyme prep-
arations do not contain SWI/SNF or Genbp
[Myers et al., 1998], and purified SWI/SNF and
Genbp complexes lack holoenzyme components
[Coté et al., 1994; Cairns et al., 1996; Grant et
al.,, 1997). Furthermore, several mutations
that disrupt holoenzyme, such as a deletion of
SRB2 or GALI1, do not yield characteristic
Swi~ or Gen5-phenotypes (i.e., a defect in HO
expression; Peterson, unpublished observa-
tions).

Two recent biochemical studies also seem
inconsistent with the “Holoenzyme Model.”
First, Natarajan and colleagues failed to detect
significant co-immunoprecipitation of SWI/
SNF and yeast Polll holoenzyme, whereas
strong interactions were observed between
SWI/SNF and the Gen4p activator [Natarajan
et al., 1999] (see below). Secondly, Yudkovky et
al. [1999] used yeast nuclear transcription ex-
tracts to assemble functional preinitiation com-
plexes on an immobilized DNA template. They
then investigated whether SWI/SNF was re-
cruited to the promoter along with PolIl ho-
loenzyme. Although SWI/SNF was sequestered
onto the immobilized DNA template, recruit-
ment was independent of promoter sequences,
TBP, or Polll holoenzyme. Thus, SWI/SNF re-
cruitment is unlikely to require an obligatory
association with Polll holoenzyme, but it still
remains a possibility that SWI/SNF (or Genbp)
does interact functionally with PolIl holoen-
zyme at one or more steps in the transcription
cycle (e.g., during transcription elongation)
[see Brown et al., 1996].

In contrast to the holoenzyme model, an ex-
plosion of recent data supports a simple model
in which gene-specific activators directly re-
cruit SWI/SNF and Gen5p HAT complexes to
target genes (Fig. 1). Purified yeast SWI/SNF
or Genbp-containing HAT complexes have been
found to directly interact with a variety of tran-
scriptional activators, including mammalian
glucocorticoid receptor, yeast Gendp, Swibp,
GAL4-VP16, and GAL4-AH [Ikeda et al., 1999;
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Fig. 1. Gene-specific targeting and genome-wide activity of chromatin remodeling enzymes. Schematic of chro-
matin in front and behind an advancing DNA replication fork. DNA-bound ovals ahead of the fork depict a
transcriptional activator that is able to directly recruit the SWI/SNF or SAGA chromatin remodeling complexes.
Chromatin immediately behind the replication fork is shown as highly acetylated, due to a combined action of
cytoplasmic histone acetyltransferases and the nuclear Gen5p acetyltransferase. As chromatin matures behind the
fork, histone deacetylases, such as Sin3p/Rpd3p, remove the replication-associated acetylation events.

Neely et al., 1999; Wallberg et al., 1999; Yud-
kovsky et al., 1999]. Furthermore, these inter-
actions are mediated by the transcriptional ac-
tivation domain and are sensitive to mutations
that cripple activation function [Ikeda et al.,
1999; Neely et al., 1999; Wallberg et al., 1999;
Yudkovsky et al., 1999]. The in vitro associa-
tion of SWI/SNF and Gen5p HAT complexes
with activation domains is functionally signif-
icant since activators can also recruit SWI/SNF
remodeling activity and Genbp HAT activity to
nucleosomal substrates in vitro [Utley et al.,
1999; Yudkovsky et al., 1999] and this recruit-
ment stimulates RNA polymerase II transcrip-
tion from such templates [Ikeda et al., 1999;
Neely et al., 1999].

Activator-dependent recruitment of both
yeast and human SWI/SNF complexes has also

been observed in vivo. Nasmyth and colleagues
used a chromatin immunoprecipitation tech-
nique to demonstrate that the cell cycle regu-
lated association of yeast SWI/SNF with the
HO 1locus required the prior binding of the
Swibp activator [Cosma et al., 1999]. Likewise,
the human SWI/SNF complex associates with
the glucocorticoid receptor in vivo, and this
interaction is required for hormone-dependent
changes in chromatin structure surrounding
the receptor binding sites [Fryer and Archer,
1998]. In addition, human SWI/SNF is re-
cruited to the adult B-globin gene in erythroid
cells via the EKLF transcription factor [Lee et
al., 1999] and to myeloid genes via association
with the C/EBP transcription factor [Kowenz-
Leutz and Leutz, 1999]. Thus, the emerging
view is that SWI/SNF and Genbp-containing
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HAT complexes are targeted to specific genes
via direct interactions with gene-specific acti-
vators.

WHY DO SWI/SNF AND Gcen5p
CONTROL EXPRESSION OF A
LIMITED NUMBER OF GENES?

Although the activator recruitment model
may appear to yield a simple solution to the
problem of targeting a limiting amount of re-
modeling enzyme to a few genes, it raises some
glaring problems. First, it appears that all
members of the “acidic” class of transcription
activation domain can interact with either
yeast SWI/SNF or Genbp HAT complexes. For
instance, even the generic acidic activators,
GAL4-VP16 and GAL4-AH, can recruit SWI/
SNF in vitro. However, it is firmly believed
that transcription of all ~6,000 yeast genes
requires an “acidic” class of activator. Thus, if
all acidic activators can recruit SWI/SNF and
Genbp in vitro, why is it that SWI/SNF and
Genbp appear to control expression of only a
few genes in vivo? One possibility is that re-
cruitment in vivo is restricted to only a subset
of activators. Alternatively, SWI/SNF and
Genbp may indeed be recruited to every yeast
gene whose expression is controlled by an
acidic activator. In this scenario, we envision
two explanations for why mutations that inac-
tivate SWI/SNF or Genbp might lead to de-
creases in expression of only a subset of these
genes. First, the chromatin remodeling activi-
ties of SWI/SNF and Gen5p may be redundant
either with each other or with additional re-
modeling enzymes. Consistent with this view,
neither SWI/SNF nor Genbp are essential for
yeast growth, but inactivation of both SWI/
SNF and Genbp is a lethal event [Pollard and
Peterson, 1997; Roberts and Winston, 1997].
Likewise, by taking advantage of ts alleles in
SWI/SNF subunits, two groups have reported
that swi/snf gen5 double mutants do in fact
have a more global effect on yeast transcription
than does either single mutant [Biggar and
Crabtree, 1999; Sudarsanam et al., 1999].

A second possibility is that SWI/SNF and
Genbp are recruited to all genes, but that their
remodeling activities do not control a rate-
determining step required for expression. Evi-
dence for this type of model comes from studies
of the yeast Galdp activator. At the GALI lo-
cus, Gal4p binds to four low-affinity sites that
are located in a nucleosome-free region, and

expression of GALI does not depend on either
SWI/SNF or GCN5. However, if two of these
low affinity Gal4p binding sites are positioned
within a nucleosome, Gal4p binding and tran-
scription becomes SWI/SNF and GCN5 depen-
dent [Burns and Peterson, 1997; Biggar and
Crabtree, 1999]. Furthermore, if a nucleosome
positioning sequence is used to re-position nu-
cleosomes away from the low-affinity Galdp
sites, transcription again becomes SWI/SNF
independent [Burns and Peterson, 1997]. Thus,
a dependence on chromatin remodeling en-
zymes does not correlate with promoter
strength (the eventual transcriptional outputs
are the same) but on the nucleosomal context of
the low affinity Gal4p binding sites. Since
Gal4p can recruit SWI/SNF in vitro, the data
are consistent with a model in which Gal4p
recruits SWI/SNF (or Genbp) to all promoter
derivatives, but that the requirement for re-
modeling is only rate-determining for gene ex-
pression when nucleosomes are an obstacle for
GALA4 binding. This type of model may hold for
all SWI/SNF and GCN5 dependent genes. For
example, positioned nucleosomes cover key up-
stream regulatory sequences of the HO and
SUC2 loci [Gavin and Simpson, 1997; Wu and
Winston, 1997] (Krebs and Peterson, unpub-
lished data), and in the case of the HO gene,
SWI/SNF and GCN5 are required for binding
of the Swidp/Swibp activator to nucleosomal
sites [Cosma et al., 1999] (Krebs and Peterson,
unpublished data).

GENOME-WIDE RECRUITMENT OF
REMODELING ENZYMES IN S PHASE

In addition to the targeted changes in chro-
matin structure described above, global
changes in chromatin structure also occur dur-
ing each cell cycle. For instance, during S
phase chromatin structure must be duplicated
after passage of the DNA replication fork, and
during mitosis, chromosomes undergo exten-
sive condensation events that are required for
correct chromosome segregation. Nucleosomes
that are deposited after passage of the replica-
tion fork contain high levels of acetylated his-
tones H3 and H4 due to the action of cytoplas-
mic histone acetyltransferases. As the newly
replicated chromatin matures, acetyl groups
are removed by histone deacetylases, yielding
bulk chromatin in G2 that contains a baseline
level of histone acetylation [for review see
Fletcher and Hansen, 1996]. This S phase-
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dependent hyperacetylation of yeast chromatin
can lead to a high “background level” of acety-
lation as detected in chromatin immunopre-
cipitation studies, which can mask or lead to an
under-representation of targeted acetylation
events [see Kuo et al., 1998].

Chromatin must also unfold during DNA
replication, which leads to a transient period of
enhanced chromatin accessibility. This can cre-
ate a “window of opportunity” for binding of
transcriptional regulators as well as enhance
the nontargeted action of nuclear chromatin
remodeling enzymes (Fig. 1). For instance, we
recently found that genome-wide histone H3
acetylation during S phase was significantly
reduced in a genb5 mutant [Krebs et al., 1999].
This global acetylation by Gen5p was not re-
stricted to genes transcribed by RNA polymer-
ase II, since even the ribosomal locus (tran-
scribed by RNA polymerase I) contained less
acetylated histone H3 during S phase in a gcnb
mutant. In addition to the effects of GCN5 on
global acetylation, we also found that the
Sin3p/Rpd3p deacetylase complex is required
for much of the global deacetylation of histone
H3 following S phase [Krebs et al., 1999]. Thus,
in sin3-cells bulk chromatin is hyperacetylated
throughout the yeast cell cycle. This genome-
wide modification of chromatin is unlikely to be
restricted to acetylases and deacetylases. ATP-
dependent remodeling complexes may also
function at a genome-wide level during S
phase, and these remodeling activities may
have an important role in establishing the cor-
rect spacing and positioning of nucleosomes
after replication fork passage. Nucleosome po-
sitioning can play a key role in expression of
some genes, and thus we expect that the ab-
sence of such genome-wide activities might al-
ter the expression of a subset of genes.

Do the genome-wide acetylation or deacety-
lation events catalyzed by Genb5p and Sin3p/
Rpd3p have any significant consequences for
the regulation of gene expression? In wildtype
cells, these events may have only a minor effect
on chromatin structure or gene expression,
since the combination of these two activities
may lead to only small changes in histone acet-
ylation status. However, this balance of power
would be disrupted in sin3 or gen5 mutants,
which might lead to abnormal effects on gene
expression. For instance, since transcriptional
induction is often correlated with increases in
histone acetylation, it seems likely that consti-

tutive acetylation observed in a sin3-mutant
might de-regulate transcription. Consistent
with this view, mutations in SIN3 allow tran-
scription of several genes in the absence of a
transcriptional activator or in the absence of
the Genbp histone acetyltransferase. For in-
stance, SIN3 was first identified as a mutation
that allowed expression of the HO gene in the
absence of the Swibp activator [Sternberg et
al., 1986]. Subsequent studies showed that a
sin3 mutation also alleviates the requirement
for GCN5 in HO expression [Perez-Martin and
Johnson, 1997]. Thus, Sin3p behaves formally
as a repressor of transcription, and several
studies have focussed on identifying the cis-
and trans-acting elements involved in target-
ing Sin3p to specific genes (including HO).
However, we propose that the regulatory role
of Sin3p at HO (and probably at many other
genes) is accomplished in a nontargeted fash-
ion during S/G2 when the Sin3p/Rpd3p
deacetylase complex facilitates the
erasure of replication-associated histone acet-
ylation events.

CONCLUSIONS

Studies over the past few years have empha-
sized the dominant role of chromatin remodel-
ing enzymes in the regulation of transcription.
In many cases, it is clear that the primary
purpose of transcriptional activators is to re-
cruit enzymes that modulate the accessibility
of the chromatin template for RNA polymerase
II. Chromatin remodeling enzymes can also ex-
ert global effects by acting on chromatin struc-
ture during DNA replication or during the
mitotic chromosome condensation/decondensa-
tion cycle (Fig. 1). The absence of such nontar-
geted activities (e.g., in certain mutants) may
lead to gene-specific changes in transcriptional
regulation.

One focus of this review has been the active
targeting of chromatin remodeling enzymes by
direct interactions with transcriptional activa-
tors. But is this the only means to recruit re-
modeling enzymes to a target promoter? In the
case of the HO gene, recruitment of a Genbp
HAT complex during late anaphase of the cell
cycle requires SWI/SNF remodeling activity
[Krebs et al., 1999; Cosma et al., 1999] (Krebs
and Peterson, unpublished observations). How
SWI/SNF activity might influence Genbp re-
cruitment is unclear. This observation is espe-
cially puzzling since SWI/SNF and Gen5p HAT
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complexes do not appear to directly associate,
and SWI/SNF remodeling activity does not en-
hance GCN5-dependent HAT activity in vitro.
It is possible that the SWI/SNF-dependent re-
cruitment of Gen5p is a general feature of SWI/
SNF and GCN5-dependent genes, or, alterna-
tively, it may be peculiar to genes that are
expressed in late mitosis. Clearly one of the
advantages of yeast as an experimental system
is that these ideas can be easily addressed in
vivo by a combination of yeast genetics and
chromatin immunoprecipitation methods.
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