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The importance of histones and chromatin structure in the
regulation of eukaryotic gene transcription has become much
more widely accepted over the past few years. It has been clear
for a decade that histones contribute to the regulation of tran-
scription both in vitro and in vivo (reviewed in references 14,
34, 50, 64, and 120). More recent studies have led to the
striking observation that several protein complexes involved in
transcription regulation can function, at least in part, by mod-
ifying histones or altering chromatin structure (for recent re-
views, see references 3, 44, 49, 51, 52, 87, 100, and 119). While
it is clear that many of these protein complexes have functions
in addition to chromatin modification, they illustrate the im-
portance of chromatin structure as a part of transcription reg-
ulation mechanisms.

The most widely characterized chromatin-modifying com-
plexes studied to date can be classified into two major groups,
based on their modes of action, as follows: (i) ATP-dependent
complexes, which use the energy of ATP hydrolysis to locally
disrupt or alter the association of histones with DNA, and (ii)
histone acetyltransferase (HAT) and histone deacetylase
(HDAC) complexes, which regulate the transcriptional activity
of genes by determining the level of acetylation of the amino-
terminal domains of nucleosomal histones associated with
them.

This review will focus primarily on the ATP-dependent re-
modeling complexes. For recent reviews of HAT and HDAC
complexes, see references 5, 20, 31, and 55. Here we provide an
organized listing of the ATP-dependent chromatin-remodeling
complexes described to date and illustrate the relationships
between their subunits. We also review the data available with
regard to their mechanisms of action and promoter targeting
as well as regulation of their activity. Finally, we examine the
relationship between these complexes and the HAT com-
plexes.

CLASSIFICATION AND SUBUNIT COMPOSITION

All of the ATP-dependent chromatin-remodeling complexes
contain an ATPase subunit that belongs to the SNF2 super-
family of proteins. Based on the identity of this subunit, they
have been classified into two main groups, the SWI2/SNF2
group and the imitation SWI (ISWI) group (25). A third class
of ATP-dependent complexes that contain a Snf2-like ATPase
and also show deacetylase activity has been recently described
(see below). Tables 1 to 3 classify all of the complexes de-
scribed in the following paragraphs and includes lists of all of

their known subunits organized by homology, starting with the
ATPase subunit.

Apart from these eukaryotic remodeling complexes stands
RapA, a bacterial protein that consistently copurifies with
DNA-dependent RNA polymerase and shows sequence ho-
mology to the Swi2/Snf2 ATPase. It has been suggested that it
might have a role in prokaryotic transcription analogous to
that of the eukaryotic ATP-dependent remodeling complexes
(101).

The SWI2/SNF2 group. The SWI2/SNF2 group includes
yeast SWI/SNF (ySWI/SNF), yeast RSC, the Drosophila
Brahma complex, and the human BRM (hBRM) and BRG1
(hBRG1) complexes (Table 1). All of these contain a highly
conserved ATPase subunit, which belongs to the Swi2/Snf2
subfamily of proteins: Swi2/Snf2, Sth1, Brm, hBRM, and
BRG1, respectively. A mouse homologue, mBRG1, has also
been described (90). The homology of these proteins extends
beyond the ATPase domain, as they all contain a bromodo-
main in the C-terminal region and two other conserved regions
of unknown function called domains 1 and 2 (58, 102).

The ySWI/SNF complex was the first remodeling complex to
be described. It contains 11 known subunits, including Swi2/
Snf2 (Table 1). Several of the subunits were initially identified
genetically as gene products involved in the regulation of ei-
ther the HO endonuclease gene or the SUC2 gene, which
encodes invertase. HO is required for mating type switching,
hence SWI, while SUC2 mutants are classified as sucrose non-
fermenters, thus SNF (reviewed in references 37 and 83). The
SWI/SNF genes were subsequently shown to be involved in the
transcriptional regulation of a wider subset of yeast genes (36).
Additionally, genetic studies provided a connection between
the functions of the SWI/SNF complex and chromatin. Several
mutations that suppressed swi/snf phenotypes corresponded to
genes encoding histones and other chromatin proteins (54, 91).
The relationship between the function of the ySWI/SNF com-
plex and chromatin was strengthened when the complex was
purified and found to alter nucleosome structure in an ATP-
dependent mechanism (18, 84).

The highly related RSC complex contains many proteins
that are homologues of SWI/SNF subunits. Actually, the two
complexes share at least two identical subunits (Table 1). The
RSC complex was initially identified by these sequence homol-
ogies and subsequently purified (10). The biochemical activi-
ties of the RSC complex that have been observed thus far are
similar to those of ySWI/SNF (see below). However, the RSC
complex is far more abundant than SWI/SNF in the yeast cell
(thousands of molecules compared to 100 to 200 molecules of
SWI/SNF). In addition, it contains several subunits that are
essential for viability whereas none of the SWI/SNF subunits is
essential (10). The 15 RSC subunits include a homologue of
the Swi2/Snf2 ATPase, called Sth1, and homologues of Snf5,
Swi3, and Swp73 (Sfh1, Rsc8/Swh3, and Rsc6, respectively).
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In addition to these, SWI/SNF and RSC contain the same
two actin-related proteins, Arp7 and Arp9 (9, 85). Arp7 is
identical to Swp61 of the SWI/SNF complex and Rsc11 of the
RSC complex, while Arp9 is identical to Swp59 and Rsc12.
Yeast cells have many other known actin-related proteins
(Arp1 to Arp10), many of which remain uncharacterized. It has
been suggested that these actin-related proteins may link re-
modeling complexes to either actin-binding proteins or to nu-
clear proteins not previously thought to be associated with
actin, such as components of the nuclear matrix or chromatin
itself. Moreover, Baf53, an actin-related protein, and actin
itself have been reported to be components of the mammalian
SWI/SNF complexes (115). Finally, an actin-related protein,
Bap55, and actin itself were also found in the Drosophila
Brahma complex (81; see below).

Homologues of SWI/SNF proteins were previously identi-
fied in Drosophila melanogaster via genetic screens for suppres-
sors of the transcriptional repressor Polycomb (102) and shown
to form part of a large multisubunit complex called Brahma

(23). This complex contains eight major proteins, including the
ATPase subunit Brm. The proteins that copurify with Brm
have been called BAPs for Brm-associated proteins (Table 1).
Brm complex subunits Bap45/Snr1, Bap155/Moira, and Bap60
are conserved between yeast and humans (23, 81). Moira/
Swi3D is a homologue of yeast Swi3 and the human proteins
Baf155 and Baf170 (see below) and is reportedly identical to
Bap155, a component of the Brahma complex purified by
Papoulas et al. (19, 81). Moira is also highly homologous to a
mouse Swi3-related protein, Srg3 (42). Moira is similar to
Swi3, Baf155, Baf170, and Srg3 across three regions. The first
region is rich in prolines and in hydrophobic and aromatic
amino acids. The second region is a tryptophan-rich SANT
domain. This name derives from its presence in Swi3, Ada2,
N-CoR, and TFIIB (see below and reference 1). No function
has been reported yet for the SANT domain, but it may be
involved in Moira’s association with Brm. The third region of
homology is a leucine zipper motif, which is thought to be
involved in the self-association ability of Moira (19). Interest-
ingly, the Brm complex includes a protein that seems to be
unique to higher eukaryotes, Bap111. This protein contains an
HMG domain and is homologous to Baf57, present in human
complexes but not in the related yeast RSC and SWI/SNF
complexes. Other components are Bap74, a protein that has
some sequence identity to Hsc4, a constitutive (non-heat-in-
ducible) chaperone protein, and Bap47, which shares con-
served regions with Act1 and Act2, two nonmuscle actins (81).

TABLE 1. Known subunits of the SWI2/SNF2 group of ATP-
dependent chromatin-remodeling complexesa

Yeast SWI/SNF Yeast RSC Drosphila Brahma Human SWI/SNF

Swi2/Snf2 Sth1/Nsp1 Brm hBRG1 or hBRM
Swi1 p270(?)/BAF250
Snf5 Sfh1 Snr1 hSNF5/INI1/BAF47
Swi3 Rsc8/Swh3 Bap155/Moira BAF170, BAF155
Swp82
Swp73/Snf12 Rsc6 Bap60 BAF60 (a,b,c)
Swp61/Arp7 Rsc11/Arp7 Bap55 (?) BAF53 (?)
Swp59/Arp9 Rsc12/Arp9 Bap55 (?) BAF53 (?)
Snf6
Swp29/TafII30
Snf11

Rsc1 or -2
Rsc3-5,-7,-9,-10
Rsc13-15

Bap111 BAF57
b-Actin/Bap47 (*) b-Actin (*)
Bap74

a All the known subunits of the SWI2/SNF2 group of ATP-dependent chro-
matin-remodeling complexes cited in the text are listed. This list is clearly not
complete, as additional subunits of some complexes have not yet been identified.
Conserved subunits are grouped horizontally, with the ATPase subunit listed
first. Question marks denote incomplete or conflicting information, and asterisks
indicate tentative components that are still controversial.

TABLE 2. Known subunits of the ISWI group of ATP-dependent chromatin-remodeling complexesa

Drosophila NURF Drosophila CHRAC Drosophila ACF Yeast ISWI Human RSF

ISWI ISWI ISWI ISW1,b ISW2c hSNF2h
Nurf-55
p215
Nurf-38/iPPase

Topoisomerase II
p175
p20
p18

Acf1(p185 or p170)
p74

b

p105b

p110b

p140c

p325

a Same as Table 1, but for the ISWI gorup of ATP-dependent chromatin-remodeling complexes.
b Subunit of the ISW1 complex.
c Subunit of the ISW2 complex.

TABLE 3. Known subunits of the Mi-2 group of ATP-dependent
chromatin-remodeling complexesa

Human NURD/NuRD/NRD Xenopus Mi-2

Mi-2b/CHD4, Mi2a/CHD3 (?) Mi-2
HDAC1 (NURD63) Rpd3
HDAC2 (NURD59) Rpd3
RbAp48 (NURD56) RbAp48/46
RbAp46 (NURD55) RbAp48/46
MTA1/2 (NURD70) MTA1-like
MBD3 MBD3 and MBD3 LFb

p66
Sin3(*)

a Same as Table 1, but for the Mi-2 group of ATP-dependent chromatin-
remodeling complexes.

b LF, long form.
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Kwon et al. reported the isolation of two Brg1-containing
human complexes with ATP-remodeling abilities (56). Later,
two SWI/SNF-like multisubunit complexes of approximately 2
MDa were purified from human cells (114, 115). These com-
plexes contained different DNA-dependent ATPase/helicase
subunits, BRG1 and hBRM, and are called hBRG1 and
hBRM, respectively. These ATPases are more than 70% iden-
tical to one another and are highly homologous to Swi2/Snf2
across the entire gene (25). The proteins that are associated
with BRG1 and hBRM in these two complexes, called BAFs or
BRG1-associated factors, are also quite similar. In agreement
with Kwon’s data, it has been suggested that there might be
multiple complexes, maybe in different cell types, each con-
taining a different subset of BAF proteins and either Brg1 or
hBrm as the catalytic subunit. One of the BAF proteins, p47, is
a human homologue of yeast Snf5 (hSNF5/INI1/BAF47). Both
complexes also contain BAF155 and BAF170, which are both
homologues of the yeast Swi3 protein. These proteins, as well
as Swi3 and Drosophila Moira (see above), contain a myb-like
tryptophan repeat region called a SANT domain, which is
proposed to be a DNA-binding domain (1). However, neither
Swi3 nor BAF170 has been shown to bind DNA (89, 115). This
type of conserved region is also found in the Ada2 subunit of
the Gcn5-dependent HAT complexes and in the ISWI subunit
of the Drosophila chromatin-remodeling complexes, suggesting
that they might have a role in chromatin remodeling different
from DNA binding. Both hBRG1 and hBRM complexes also
contain a subunit that is homologous to the yeast Swp73 pro-
tein, BAF60. This protein exists in three forms, a, b and c,
which might associate with the ATPase subunits in different
subcomplexes. In fact, hBRG1 and hBRM have been found in
many different cell lines from a wide range of tissues, and the
complexes containing them might have slightly different sub-
unit compositions (114). Interestingly, hSNF5/INI1 is also
present in many types of cells as well, some of which contain
neither hBRG1 nor hBRM.

The ISWI group. The second group of ATP-dependent re-
modeling complexes contains the ISWI protein as the ATPase
subunit (Table 2). The most extensively studied members of
this group, ACF (ATP-utilizing chromatin assembly and re-
modeling factor), NURF (nucleosome-remodeling factor), and
CHRAC (chromatin accessibility complex), were purified from
Drosophila extracts using biochemical methods based on their
ability to disrupt and/or generate regularly spaced nucleosomal
arrays (40, 106, 108). All of these complexes contain the nu-
cleosome-dependent ATPase ISWI, which has homology with
Swi2/Snf2 exclusively over the region of the ATPase domain
(26). The ISWI-containing complexes are smaller and have
fewer subunits than their SWI/SNF counterparts. NURF has a
molecular mass of approximately 500 kDa and contains four
subunits, including ISWI, p215, and the WD repeat protein
Nurf-55, a protein identical to the 55-kDa subunit of Drosoph-
ila chromatin assembly factor dCAF-1 (66). The smallest sub-
unit of NURF, Nurf-38, was reported to be inorganic pyro-
phosphatase. Both recombinant Nurf-38 and purified NURF
complex have inorganic pyrophosphatase activity; however, in-
hibition of this activity does not affect the ability of NURF to
remodel chromatin (29). CHRAC has a molecular mass of
approximately 670 kDa and contains five subunits, two of
which were identified as ATPases, ISWI and topoisomerase II
(108). ACF has a molecular mass of approximately 220 kDa
and contains ISWI as the catalytic subunit (40). Recently, the
protein Acf1 was described as a component of ACF (41).
Purification of ACF from Drosophila revealed that it exists as
two complexes. Both of them contain ISWI plus one of the two
Acf1 forms, p170 or p185. By contrast, Acf1 did not copurify

with NURF or CHRAC. Since the predicted size of ACF is
only 220 kDa, it is believed that ACF exists as heterodimers of
either form of Acf1 and ISWI (41).

ISW1 and ISW2, two ISWI-related proteins, were recently
identified in yeast based on their sequence homology to the
ATPase domain of Drosophila ISWI (105). In fact, the proteins
are homologous across most of their sequences, including a
SANT domain (see above). ISW1 and ISW2 are components
of two distinct multisubunit complexes that possess diverse
nucleosome-remodeling and spacing abilities. Using Flag
epitope-tagged ISW1 and ISW2 and chromatographic tech-
niques, it was shown that ISW1p forms a four-subunit complex
with p110, p105, and p74, while ISW2p copurifies with p140 to
form a two-subunit complex. To date, no further complexes
containing ISW1p or ISW2p have been detected (105).

An ISWI-containing complex, RSF, was purified from hu-
man cells based on its ability to facilitate transcription from
chromatin templates. It also contains the uncharacterized pro-
tein p325 (60).

To date, all of the eukaryotes analyzed, including yeast,
plants, nematodes, flies, bovines, mice, and humans, have pu-
tative ISWI homologs (25, 76, 105). This suggests that these
proteins have an important function conserved in evolution. It
is also remarkable that all three of the species studied in detail
to date (flies, humans, and yeast), contain several ATP-depen-
dent remodeling complexes. The abundance of these com-
plexes seems to be highly variable: some of them are present in
a high concentration, such as yeast RSC, while others, such as
ySWI/SNF, are present in much lower amounts. Finally, while
some complexes seem to be dispensable, others contain essen-
tial proteins, suggesting that they are not totally redundant. It
will be exciting to establish if these related complexes carry out
different functions in the cell and to determine to what degree
their properties overlap.

The Mi-2 group: chromatin-remodeling and deacetylase
complexes (Table 3). Similar complexes that possess both chro-
matin-remodeling and deacetylase activities were recently pu-
rified from human cells by several different groups and are
known as NURD, NuRD, and NRD (103, 121, 124). The
minor differences reported in their compositions might reflect
the purification protocols used in the different cases. The com-
plex, which we will generically refer to as hNURD, contains the
HDACs HDAC1 and -2, the retinoblastoma protein (Rb)-
associated proteins RbAp46 and -48, and the Swi2/Snf2
ATPase homologue CHD4, also known as Mi-2b. It is not clear
if CHD3, a Mi-2a homolog, is contained in the same complex
or in a similar one. These CHD/Mi-2 proteins are know to be
self antigens in the human disease Mi-2 dermatomyositis, and
they have, besides the Snf2 ATPase motif, two PhD zinc fingers
and two chromodomains (118). It was shown that the complex
has the ability to both deacetylate histones and remodel chro-
matin, presumably by means of the HDAC and Mi-2/CHD
subunits, respectively. The complex was also shown to contain
MTA1 and/or -2, proteins that are found in metastatic cells
(121, 125). Recently obtained data suggest that MTA2 modu-
lates the deacetylase activity of the hNURD complex (125).

A Mi-2 complex related to hNURD was identified in Xeno-
pus egg extracts (109). This complex contains the deacetylase
Rpd3, the histone-binding protein RbAp48/46 homologue, and
a protein with homology to human Mi-2/CHD3/4. In contrast
to the human complexes, Xenopus Mi-2 was reported to con-
tain a variable amount of Sin3. The authors confirmed that this
complex possesses both deacetylase and ATPase activities. A
recent paper from the same group reports the characterization
of the remaining subunits of the Mi-2 Xenopus complex (111).
The 35-kDa band was shown to correspond to two alternatively
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spliced peptides that are homologous to mammalian MBD3
(methyl-CpG-binding domain-containing protein), which the
authors call Xenopus laevis MBD3 and MBD3LF (long form).
The other bands were identified as an MTA-like peptide and a
novel 66-kDa protein that also has a human homologue. The
authors suggest that the MBD3 peptide could recruit the his-
tone deacetylase (HDAC) and remodeling activities of the
Xenopus Mi-2 complex to methylated DNA.

In agreement with this, the hNURD complex was also found
to contain two forms of MBD3 (125). Furthermore, the au-
thors report that MBD3 directly interacts with several subunits
of the NuRD complex, with the exception of Mi-2. In contrast
to the Xenopus situation, in this case neither MBD3 nor
NURD could bind to methylated DNA. However, MBD2, a
homologue of MBD3, is able to bind both methylated DNA
and the NURD complex. The authors suggest that the NURD
complex can be tethered to methylated DNA via its interaction
with MBD2. Interestingly, MBD2 is also associated with trans-
formed cells (125).

The functional significance of these multifunctional com-
plexes could be very interesting. While remodeling complexes
are usually associated with derepression of transcription,
deacetylases are related to repression. In this respect, it was
proposed that the ATP-dependent remodeling activity of the
NURD complexes might facilitate the deacetylation of the
target histones. Furthermore, the presence of methyl-CpG-
binding proteins in both the human and Xenopus Mi-2 com-
plexes supports the idea that these activities might be specifi-
cally directed to methylated regions of the genome. In turn,
this would lead to repression either via compaction of the
chromatin structure or by allowing the binding of repressor
proteins. Finally, it has been suggested that Mi-2 could be
recruited to specific genes by repressors (45, 47). Thus, these
discoveries establish links among chromatin remodeling,
deacetylation, methylation, silencing, and cancer progression.

MECHANISM OF ACTION OF ATP-DEPENDENT
REMODELING COMPLEXES

The mechanisms by which the ATP-dependent nucleosome-
remodeling factors alter nucleosome and chromatin structure
are not yet clear. However, pieces of information that illustrate
both similarities and differences in the activities of these com-
plexes are becoming available. For example, both the SWI/
SNF and NURF complexes utilize the energy of ATP hydro-
lysis to alter nucleosome structure. However, while the Swi2/
Snf2 ATPase of SWI/SNF is induced by either DNA or
nucleosomes (18), the ISWI ATPase in NURF requires nu-
cleosomes with intact histone amino-terminal tails for maxi-
mum stimulation (30).

Binding of remodeling complexes to DNA and nucleosomes.
In order to remodel chromatin, remodeling complexes have to
be able to recognize and bind to their substrate (Fig. 1A). The
NURF complex has not been found to form a stable complex
with nucleosomes or DNA in vitro. Instead, it appears that it
may interact with nucleosome substrates in a manner depen-
dent on the core histone tails (30, 106). Possibly, the ISWI
subunit of NURF, CHRAC, and ACF binds DNA at least
transiently. The topoisomerase II subunit of CHRAC repre-
sents another potential DNA-binding subunit (108). In addi-
tion, the fact that recombinant ISWI has some nucleosome-
remodeling activity on its own (15, 33, 57) indicates that this
subunit must be capable of interacting directly with nucleo-
some substrates.

In contrast to the ISWI complexes, SWI/SNF and the related
RSC complex clearly bind DNA and nucleosomes with high

affinity (17, 63, 89). The ySWI/SNF complex is able to bind
naked DNA in an ATP-independent manner, with a Kd in the
nanomolar range (89). It is likely that this binding occurs
through minor-groove interactions, since the complex can be
displaced from DNA by distamycin A or chromomycin A3, two
minor-groove-binding reagents (17, 89). The DNA-binding
properties of the ySWI/SNF complex are similar to those of
HMG box proteins, which bind nonspecifically to DNA in a
length-dependent manner with a preference for four-way junc-
tions and cruciforms. It has been proposed that the complex
might bind DNA via one of the two subunits that contain an
HMG box. The first one is INI1/hSNF5L1, which prefers to
bind supercoiled DNA over relaxed circular DNA (69). The
second subunit is BAF57, which can bind four-way junction
DNA (113). Thus, it is possible that the SWI/SNF complex
recognizes particular structural features in chromatin, such as
crossovers in the linker DNA.

Extensive studies have not been able to demonstrate any
DNA sequence specificity for the SWI/SNF complex. However,
PYR (a mammalian complex related to SWI/SNF that was
isolated from murine erythroleukemia cell nuclear extracts)
prefers to bind to a 250-bp pyrimidine-rich DNA sequence
located between the human fetal and adult b-globin genes.
Furthermore, deletion of this DNA element resulted in de-
layed gene switching of human g- to b-globin in transgenic
mice (77). Therefore, it was proposed that the PYR complex
could possibly promote globin gene switching by enhancing the
binding of b-globin activators via its chromatin-remodeling
functions.

The mode of binding of ySWI/SNF to nucleosomes appears
to include interactions beyond those made with the minor
groove of DNA, since this binding is not as easily disrupted
upon addition of distamycin A (18). The affinity of SWI/SNF
for nucleosomes is slightly higher than that for naked DNA.
This is possibly due to additional interactions of SWI/SNF with
the core histones. Depletion of the H2A/H2B dimer either in
vivo (by mutations) or in vitro (by addition of H2A/H2B chap-
erones) has been demonstrated to bypass SWI/SNF require-
ments (12, 18, 35). Moreover, using site-directed mutagenesis,
Recht and Osley have recently created SWI/SNF-independent
mutations (sin) in the core histones that suppress SWI/SNF
defects (91). These mutations occur in regions required for
H2A/H2B dimerization and dimer-tetramer association and in
the H2B amino terminus. These data argue for an important
inhibitory role for the H2B N terminus in chromatin that can
be antagonized by the SWI/SNF complex. There are data sup-
porting the notion that histone N-terminal tails are required
for the ability of SWI/SNF to catalytically remodel nucleoso-
mal arrays (62). In contrast, human SWI/SNF (hSWI/SNF) is
able to remodel tail-less mononucleosomes, as well as nucleo-
somal arrays, suggesting that the mechanism of nucleosome
remodeling by hSWI/SNF is not dependent on the core histone
tails (32).

ATP-dependent nucleosome disruption. The original bio-
chemical approach used to assay the ISWI complexes differed
from that used for SWI/SNF and RSC, making it difficult to
compare their activities. The ISWI complexes were tested both
for the ability to disrupt or assemble spaced nucleosome arrays
and for the ability to stimulate in vitro transcription (40, 60,
106, 108). In comparison, SWI/SNF and RSC were assayed for
the ability to disrupt the rotational phasing of DNA sequences
on nucleosome core particles. Alternatively, they were tested
for the ability to stimulate the binding of transcription factors
to nucleosome cores (10, 18, 38, 56, 114). However, NURF was
also shown to disrupt rotational phasing of DNA on nucleo-
some cores but in a manner that appeared slightly different

1902 MINIREVIEW MOL. CELL. BIOL.



from that of SWI/SNF (106). The differences in the chromatin-
remodeling activities of these complexes are now becoming
more apparent.

In vitro studies have shown that the ySWI/SNF and hSWI/
SNF complexes disrupt the rotational phasing of DNA on the
surface of the histone octamer (Fig. 1B). In other words, the
complex alters the histone-DNA contacts in an ATP-depen-
dent manner, resulting in a pattern of DNase I digestion dif-
ferent from that of nucleosomal DNA (18, 38; reviewed in
reference 51). Another consequence of this disruption is that it
enhances the access of DNA-binding proteins to nucleosomal
DNA. This has been shown with several types of sequence-
specific DNA-binding proteins and with restriction endonucle-
ases (18, 38, 56, 61, 107). Mutations in the ATP-binding do-
main of the Swi2/Snf2 subunit abolish SWI/SNF activity in
these assays (18).

Studies of the human Swi2/Snf2 homologues BRG1 and
hBRM have shown that these proteins can disrupt nucleo-
somes in the absence of the other subunits (86). The addition
of three other hSWI/SNF subunits, INI1, BAF155, and
BAF170, increases the nucleosomal disruption efficiency of

BRG1 to that of the intact hSWI/SNF complex (86). In a
similar fashion, recombinant ISWI has also been shown to be
able to promote the binding of GAGA factor to its cognate site
on DNA and chromatin and to increase the regularity of arrays
of nucleosomes (15). Interestingly, each of the different ISWI-
containing complexes can only perform a subset of these func-
tions, suggesting that the activities of the ATPase subunit
might be modulated by the different protein subunits present
in each of them.

The mechanisms by which ATP-dependent nucleosome-re-
modeling complexes alter nucleosome structure remain vague.
It is suspected that there are significant mechanistic differences
between the action of the SWI/SNF and RSC complexes and
that of the ISWI complexes. As mentioned above, the interac-
tions of these complexes with nucleosomes differ and it is likely
that their effects on nucleosome structure differ as well.

Data produced by several laboratories over the past several
years are beginning to reveal important details and narrow the
range of possibilities regarding nucleosome disruption by the
SWI/SNF and RSC complexes. For example, the homology of
the Swi2/Snf2 ATPase domain to that of helicases suggested
that this protein might also function as a helicase. However,
helicase activity was not observed in the purified complex (18)
and single-stranded DNA was not detected within disrupted
nucleosomes (17). Another model posited that SWI/SNF
might facilitate the loss of H2A/H2B dimers from nucleo-
somes, since a histone chaperone stimulated the activity of
SWI/SNF in facilitating transcription factor binding to nucleo-
somes (18). However, the fact that nucleosomes in which the
histones were protein-protein cross-linked were still disrupted
by SWI/SNF (as measured by the classic change in DNase I
digestion patterns) indicated that displacement of histone
dimers was not required for this alteration in the digestion
pattern (4, 17). Nucleosome disruption by SWI/SNF also re-
sults in a change in the location of the histone H2A N-terminal
tail on nucleosomal DNA. However, cross-linking of this tail to
DNA, which impedes its movement, does not prevent nucleo-
some disruption (59).

The ATP-dependent disruption of nucleosome cores by a
SWI/SNF or RSC complex generates a stably disrupted nu-
cleosomal conformation that persists after the removal of ATP
and detachment of the SWI/SNF or RSC complex (17, 39, 63,
94). Moreover, SWI/SNF or RSC can hasten the reverse of this
process, converting the disrupted nucleosome conformation
back to the original state (63, 94). Thus, these complexes can
catalyze the interconversion between two nucleosome confor-
mations (reviewed in reference 48). When nucleosome cores
are used as the substrate of this reaction, the disrupted nucleo-
some conformation is relatively stable. However, if nucleo-
some arrays are used, their conversion back to the original
nucleosome conformation appears to be more rapid (61).

Some features of the SWI/SNF- or RSC-disrupted nucleo-
some conformation are (i) loss of the rotational phasing of the
DNA on the surface of the histone octamer, although the DNA
remains at least partly associated with the histone octamer
surface (17); (ii) increased accessibility of the nucleosomal
DNA to transcription factors and restriction enzymes (17, 94);
(iii) reduction of the total amount of DNA associated with the
histone octamer as measured by electron spectroscopic imag-
ing, suggesting that DNA at the edge of the nucleosome “peels
off” the histone octamer (4); (iv) apparent association of dis-
rupted nucleosome cores into a dinucleosomelike species, per-
haps through interactions of loosened DNA with histone oc-
tamers from other nucleosomes (63, 94); (v) reduction of the
stability of the nucleosome at elevated ionic strengths (63); and
(vi) relocation of the histone H2A N-terminal tail from a

FIG. 1. Two-step model of SWI/SNF and RSC action in chromatin remod-
eling. The binding of the remodeling complex to chromatin is ATP independent
(A). Upon ATP addition, the conformation of nucleosomes changes as a con-
sequence of the alteration of histone-DNA interactions (B). This disruption
results in remodeling of the chromatin (C), which might occur while the complex
is still bound or might persist after it is released from the chromatin (indicated
by the question mark). Remodeling that occurs may result in transfer of histone
octamers to different DNA segments in trans or in sliding of the octamers in cis
(i.e., to a different position in the same DNA molecule). The exact consequence
of remodeling is likely dependent on the exact context of nucleosomes at a given
promoter and can lead to either (i) activation of transcription or (ii) repression.
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position approximately 40 bp on either side of the nucleosome
dyad (center) to a location near the nucleosome dyad (59).

The data obtained thus far suggest that the histone-DNA
interactions have been reduced and significantly altered in the
disrupted nucleosome conformation, diminishing the stability
of histone binding to DNA and permitting increased affinity for
transcription factors. This might be accomplished by simple
loss of DNA associated at the edges of the nucleosome core.
However, the observed relocation of the H2A amino termini
(59) is most consistent with a conformational change in the
histones themselves. For a detailed discussion of the confor-
mational changes induced by SWI/SNF or RSC, see reference
49.

It is important to note that the many features of the mech-
anism described above may not apply to the actions of the
ISWI complexes. As noted above, neither a stable complex
between these complexes and nucleosomes nor a persistently
altered nucleosome conformation has been observed. By con-
trast, mechanistic studies on the ISWI-containing NURF and
CHRAC complexes suggest a gradual movement of nucleo-
somes along DNA in cis as a consequence of their action (33,
57). Nucleosome sliding may result from a more modest and
more reversible form of “hit-and-run” nucleosome disruption
by these complexes (see below).

Chromatin remodeling. Chromatin remodeling is defined
here as a stable alteration in the structure of nucleosomes and
the distribution on DNA. Remodeling can be considered a
consequence of nucleosome disruption. In this view, chroma-
tin-remodeling complexes interact and disrupt nucleosome
conformation, which may itself represent chromatin remodel-
ing or may subsequently lead to nucleosome movement (Fig.
1C). Nucleosome movement is likely to occur during the in-
teraction of the ISWI complexes (33, 57). In the case of the
SWI/SNF and RSC complexes, where a stably disrupted nu-
cleosome conformation has been observed, it is possible that
disrupted nucleosomes move subsequently to the binding of
these complexes. The interactions of sequence-specific tran-
scription factors with DNA during chromatin remodeling re-
sults in the formation of DNase-hypersensitive sites (82, 112).
This indicates either that the nucleosomes have been moved
off those sequences or that they are now occupied by both
factors and histones (reviewed in reference 97).

To understand the functions of ATP-dependent complexes
in chromatin remodeling, it is necessary to consider what hap-
pens to the histones. First, it is important to realize that the
consequences of nucleosome disruption by ATP-dependent
complexes may differ at different promoters or enhancers. This
has been clearly demonstrated in vitro, where several factors
binding the human immunodeficiency virus type 1 enhancer
form a stable complex with histones, whereas multiple Gal4
dimers facilitate histone displacement by SWI/SNF (98).
Moreover, SWI/SNF and RSC can participate in repression, as
well as activation, of transcription in vivo (22, 68, 72). Thus,
chromatin remodeling need not always favor transcription ac-
tivation.

There are two primary models for nucleosome rearrange-
ment during chromatin remodeling: displacement of histones
in trans and sliding of histone octamers along DNA in cis (Fig.
1). Displacement of histones in trans has been demonstrated
for the RSC and SWI/SNF complexes (65, 79), and it was
shown to require the presence of histone acceptors (65). More-
over, the binding of transcription factors, which further desta-
bilize histone-DNA interactions, facilitates trans displacement
(80). In this way, trans displacement can lead to the formation
of DNase-hypersensitive sites at the sites of transcription fac-
tor binding. It has been suggested that the disrupted nucleo-

some conformation described above might fortuitously result
from two histone octamers interacting with the same piece of
DNA as a consequence of SWI/SNF or RSC action (65). How-
ever, electron spectroscopic imaging indicates a reduction of
the DNA mass associated with the normal mass of histones in
individual nucleosomes (4). Thus, association of two nucleo-
some cores or two histone octamers to form a particle the size
of a dinucleosome does not appear to be required to observe
features of the disrupted nucleosome.

In contrast to the observed trans displacement of histones by
the SWI/SNF and RSC complexes, the ISWI complexes NURF
and CHRAC have thus far been found to facilitate nucleosome
movement in cis. This process is referred to as nucleosome
sliding (33, 57). Nucleosome sliding induced by CHRAC or
NURF appears to occur without displacement of the histone
octamer from the DNA and appears to be progressive, sug-
gesting a series of catalyzed small steps rather than any large
leaps forward (33, 57). These results raise the obvious question
of whether the ISWI complexes catalyze chromatin remodeling
by a mechanism completely different from that of SWI/SNF
and RSC. However, further analysis of the SWI/SNF complex
has shown that it too can catalyze nucleosome sliding (116). In
these experiments, SWI/SNF preferred to slide histone octam-
ers along DNA rather than displace them in trans. However,
when a barrier was present that prevented nucleosome sliding
by SWI/SNF, the complex was still able to displace histones in
trans (116). Neighboring positioned nucleosomes may also pro-
vide a barrier to sliding, favoring the displacement pathway
(79). The emerging picture is that the ISWI complexes and
SWI/SNF (and presumably RSC as well) can facilitate nucleo-
some sliding on DNA in cis. However, when sliding is not
possible, SWI/SNF can also facilitate nucleosome displace-
ment in trans. Histone displacement in trans has not been
observed with a CHRAC or NURF complex, despite attempts
to do so (33, 57).

What special characteristic of SWI/SNF provides it with this
displacement activity? One possibility mentioned above is the
fact that SWI/SNF binds DNA with high affinity, which has not
been observed with the ISWI complexes. DNA binding by
SWI/SNF may provide an extra push, facilitating dissociation
of the histones either onto other DNA in trans or to histone
chaperones. The possibility that DNA binding participates in
trans displacement is consistent with the observation that bind-
ing of GAL4 dimers to nucleosomal DNA further stimulates
displacement in trans by SWI/SNF (79, 80). Thus, the binding
of SWI/SNF and the binding of transcription factors may con-
tribute to histone displacement in trans by further destabilizing
histone-DNA interactions within the disrupted nucleosome.
This raises the formal possibility that the ISWI complexes
might also be able to participate in trans displacement of his-
tones if sequence-specific transcription factors (e.g., GAGA
factor) provided a DNA-binding activity to complete with hi-
stone-DNA interactions. This experiment has not yet been
reported.

ATP-DEPENDENT CHROMATIN-REMODELING
COMPLEXES AND THE CELL CYCLE

One aspect of ATP-dependent chromatin-remodeling com-
plexes that has not been studied extensively is their function in
the different phases of the cell cycle. These complexes have
been implicated in the regulation of cellular growth and pro-
liferation. For example, hBRG1 and Sfh1p have been shown to
play a role in cell cycle progression (11, 46), while BRM knock-
out mice show increased cell proliferation (92). In addition,
human complexes were identified as coregulators of genes
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involved in cellular transformation (reviewed in reference 71).
Conceivably, these effects could be indirect, i.e., mediated by
the ability of ATP-dependent remodeling complexes to re-
model promoters of genes involved in cell cycle control.

However, the scenario seems to be more complex. Several
studies done with human cell lines have shown that BRG1 and
hbrm, the ATPase subunits of the hSWI/SNF complexes, can
physically interact with Rb. Furthermore, these studies showed
that hBRG1/hBRM can function as tumor suppressor genes
and induce the formation of growth-arrested cells in an Rb-
dependent manner (24, 99). Rb has a central role in the control
of fundamental cellular processes such as proliferation and
differentiation. Therefore, these studies suggest that the
ATPase subunits of hSWI/SNF complexes cooperate with Rb
to regulate cell fate.

In addition to associating with Rb, hBRG1 has been shown
to coimmunoprecipitate with cyclin E. In turn, cyclin E asso-
ciates with the cycle-dependent kinase Cdk2 to control the
G1/S checkpoint of the cell cycle. Other SWI/SNF subunits
were also coimmunoprecipitated in this study, suggesting that
cyclin E/Cdk2 might interact with the SWI/SNF complex as a
whole. Furthermore, the cdk2-cyclin E complex can phosphor-
ylate both hBRG1 and BAF155. The authors propose that this
phosphorylation might regulate the activity of hSWI/SNF (95).

Several lines of evidence suggest that phosphorylation might
regulate the function of ATP-dependent remodeling com-
plexes during the cell cycle (Fig. 2). For example, the phos-
phorylation state of Sfh1p, a component of yeast RSC, oscil-
lates during the cell cycle, an event that might be related to its
role in G2/M transition (11). Other experiments have shown
that hBRM and hBRG1 are phosphorylated during mitosis,
concomitantly with their exclusion from condensed chromo-
somes. In addition, hbrm was partially degraded in mitotic
cells. These events were suggested to cause the inactivation of
SWI/SNF during cell division (70). Recent experiments by the
Kingston group confirmed these data (96). Furthermore, these
experiments showed that the phosphorylation state of another
SWI/SNF subunit, hSWI3, followed that of Brg1. In addition,
the mitotic complexes lost their ability to disrupt nucleosomes.
As cells exited mitosis, the SWI/SNF complexes recovered the
ability to disrupt nucleosomes and simultaneously became de-
phosphorylated (96). Finally, it has been shown that the BAF
complex (or hSWI/SNF) is rapidly targeted to chromatin via
the phosphoinositol pathway upon lymphocyte activation
(126).

These studies, taken together, argue that the activity of the
ATP-dependent remodeling complexes in both yeast and
mammalian cells is regulated by the cell cycle machinery
through multiple mechanisms. Among these are the reversible
phosphorylation of several subunits, targeted protein degrada-
tion, and modulation of the localization of the complex in the
cell. Some of the complexes also seem to interact with proteins
that are essential to the regulation of the cell cycle, suggesting
that their role is more complex than initially suspected.

TARGETING TO PROMOTERS

Why do a subset of cellular genes specifically require the
function of the SWI/SNF complexes for full activation? This
question has been unclear for many years. One possibility is
that the strength of a particular promoter plays a role in its
dependence on chromatin-modifying complexes. An otherwise
weak promoter may require the complex for full activity, while
a strong promoter may not. In support of this hypothesis, the
removal of two of the four Gal4-binding sites in the Gal1-
Gal10 upstream activation sequence causes the normally SWI/

SNF-independent Gal1 promoter to become SWI/SNF-depen-
dent (8, 28). Another possibility is that remodeling complexes
are only required for the transcription of promoters that pos-
sess positioned nucleosomes, which leave transcription factor
sites unavailable for binding.

How are chromatin-remodeling complexes recruited to the
specific promoters of the genes they regulate in living cells?
Since there are only about 100 SWI/SNF molecules per yeast
cell (10), the concentration of the complex near a target gene
needs to be increased to allow remodeling of nucleosomes at
specific promoters. An early report suggested that gene-spe-
cific activators might interact with components of the hSWI/
SNF complex. In the presence of hSWI/SNF, Gal4-VP16
bound more strongly to nucleosomal templates than either the
DNA-binding domain of Gal4 [Gal4(1-94)] or Gal4-AH (the
AH domain is a weaker activation domain than that of VP16)
(56). Since the DNA-binding domain of each of these fusion
proteins is the same, Kwon et al. implied that the activation
domain might play a role in the enhanced binding.

In the two primary models of SWI/SNF targeting that exist,
(i) remodeling complexes are targeted to promoters via inter-
actions with sequence-specific transcription factors and (ii) the
SWI/SNF complex is recruited to promoters through associa-
tion with RNA polymerase II. Studies showing association of
SWI/SNF with the yeast RNA polymerase II holoenzyme (117)
and mammalian RNA polymerase II (13, 75) support the sec-
ond model. SWI/SNF might be recruited to a promoter with
RNA polymerase II, and/or SWI/SNF could recruit the tran-
scription machinery to promote and enhance the transcription
of a gene via its interaction with the holoenzyme. The Swi2/
Snf2, Swi3, Snf5, and Snf11 proteins have been reported to be
integral components of the mediator complex, which is tightly
associated with the C-terminal domain of RNA polymerase II
(117); however, these results have been questioned (10). Con-
sistent with these possibilities, it has been shown that hSWI/
SNF can cause the activator-dependent release of paused
RNA polymerase II (6).

Many in vivo studies involving nuclear hormone receptors
favor the first model, i.e., targeting of chromatin-modifying
complexes via gene-specific activators (Fig. 3). Using coimmu-
noprecipitation studies, Yoshinaga et al. detected an interac-
tion between a region of the glucocorticoid receptor (GR) and
Swi3 (a component of the SWI/SNF complex) (122). However,
the interaction does not occur in Dswi1 or Dswi2 strains, sug-
gesting that the GR interacted with Swi3 in the context of the
SWI/SNF complex. Östlund Farrants and colleagues later ar-
gued that the binding of the receptor to mononucleosomes
containing GR response elements potentiated the nucleosome
disruption ability of the SWI/SNF complex (78). Others have
shown the presence of hSWI/SNF components, as well as tran-
scriptional coactivators, in an activated GR complex (27) and
interactions between Brg1 and the progesterone receptor (67).

Additional studies that do not involve nuclear hormone re-
ceptors also support the activator-mediated targeting model.
An association of the NURD complex (containing the Mi-2
DNA-dependent ATPase) with the Ikaros DNA-binding pro-
teins in lymphoid cells was demonstrated (47). In addition, the
erythroid transcription factor EKLF has been shown to require
E-RC1 (a SWI/SNF-related complex) to activate transcription
in vitro (2). Finally, it has been shown that heat shock factor 1
can direct chromatin disruption in the transcribed region of the
hsp70 gene (7).

Direct evidence of an association between activator and
remodeling complexes has been limited until recently. Several
laboratories have recently demonstrated that the ySWI/SNF
complex can directly interact with acidic transcriptional acti-
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vators. Mutation of the acidic activation domains of herpesvi-
rus VP16 and yeast Gcn4 affects their interaction with SWI/
SNF (73, 74). By contrast, glutamine-rich and proline-rich
activation domains do not interact directly with ySWI/SNF (74,
123). The acidic activators were able to interact with SWI/SNF
in the context of yeast whole-cell extract. Furthermore, using
an immobilized DNA template assay, it was shown that
Gal4-AH and Gal4-VP16 were able to recruit SWI/SNF out of
yeast nuclear extracts in a manner that was independent of
RNA polymerase II holoenzyme and TATA-binding protein
(123). Acidic activators can also recruit SWI/SNF remodeling
activity to increase restriction enzyme accessibility and mono-
nucleosome disruption by DNase I, while a proline-rich acti-
vator cannot (123; A. H. Hassan and J. L. Workman, unpub-
lished results).

Targeting of the SWI/SNF complex has also been linked to
gene regulation. Activator-dependent transcriptional stimula-
tion of nucleosomal arrays upon ySWI/SNF targeting to spe-
cific promoters was demonstrated in vitro (74). An in vivo
function for activator interactions was shown as well (73). The
current models for activator-mediated targeting are shown in
Fig. 3. It is not known whether the activator associates with
DNA and/or chromatin before or after it binds the SWI/SNF
complex, but it is likely that both situations occur in vivo.

All of the above studies support a positive role for SWI/SNF
in transcriptional regulation via its interaction with activator
proteins. However, a recent study suggests a role for gene-
specific repressors in the targeting of the SWI/SNF complex.
Yeast SWI/SNF components coimmunoprecipitated with the
corepressors Hir1p and Hir2p, which negatively regulate the
transcription of the yeast histone HTA1-HTB1 gene locus
(22). Another possible connection between a SWI/SNF com-
plex and repression was suggested previously. The human pro-
teins hBRM and BRG-1 interact with Rb, which in turn inter-
acts with E2F1 (24, 104). The binding of hbrm to E2F1 via Rb

represses the activity of E2F1 and induces complete cell cycle
arrest.

CHROMATIN REMODELING AND HAT COMPLEXES

It has been suggested that chromatin-remodeling complexes
might act together with HATs to antagonize chromatin-medi-
ated transcriptional repression of some promoters. The subset
of yeast genes which are regulated by the yeast SWI/SNF
complex, including HO, SUC2, INO1, and Ty insertions, over-
laps, to a certain degree, those controlled by Gcn5-containing
yeast HATs (36). In addition, both types of complexes are
required for the function of the yeast Gcn4 activator and the
mammalian GR. Pollard and Peterson reported that several
previously proposed SWI/SNF components were, in fact, sub-
units of the Gcn5-containing HATs. Moreover, the authors
were unable to recover Ada/Swi double mutants except in
combination with mutations in chromatin components (88).
Similarly, a different group isolated a SWI/SNF mutant that
displayed a synthetic lethal phenotype with HAT components
(93). This phenotype suggests that the two types of complexes
perform overlapping functions related to the transcription of
essential yeast genes in a chromatin context. It is possible that
the two types of chromatin-modifying complexes function in
parallel pathways, so that when both are lost, the cell dies.
Alternatively, this phenotype might indicate that the com-
plexes interact functionally in the cell so that each functions
best in the presence of the other.

Both HATs and HDACs have been found to be associated
with remodeling complexes (93, 103, 110). Thus, it is likely that
HATs, HDACs, and ATP-dependent remodeling complexes
can work together on some promoters that are sensitive to
nucleosomal structure. However, the question of how the chro-
matin-remodeling complexes and the HATs might act in con-
cert to activate transcription still remains unanswered. It is

FIG. 2. Cell cycle regulation of the SWI/SNF complex. The activity of hSWI/SNF is regulated, at least in part, by phosphorylation of some of its subunits. The
complex is activated after G1 by a cyclin E/cdk2-dependent phosphorylation event of BAF155 and BRG1. Phosphorylation toward the end of G2, which might also occur
at the level of BRG1, inactivates it, while a dephosphorylation even occurring late in G2 also seems to have an activating role in SWI/SNF function. The question marks
denote the lack of information concerning how these two apparently contradictory sets of data are related.

1906 MINIREVIEW MOL. CELL. BIOL.



possible that acetylation occurs first and that this modification,
functioning either as a flag or by directly opening the chroma-
tin structure, allows ATP complexes to remodel nucleosomes
more easily. In support of this hypothesis, it has been shown
that bromodomains, which are contained in some SWI sub-
units (and also in nuclear HATs), interact specifically with
acetylated lysines in histone tail peptides (21). Conversely, it is
possible that the remodeling complexes act first. Two recent
papers support this second option. Analyzing in vivo cross-
linking of proteins to the HO promoter in yeast, Cosma et al.
have shown that the binding of the Swi5 transcription activator
to its upstream activating sequence site is required for the
subsequent interaction of SWI/SNF. In turn, SWI/SNF is re-
quired for the interaction of Gcn5-containing HAT complexes.
Both complexes, but not the continued presence of Swi5p, are
required for the maintenance of an active chromatin state,
allowing the binding of the activator SBF and, hence, full
transcriptional enhancement (16). In the second study of the
HO promoter, Krebs et al. have shown that the interactions of
Gcn5, SWI/SNF, and Swi5p result in the cell cycle-regulated
acetylation of approximately 1 kb of upstream regulatory se-
quences. This includes factor-binding sites and the TATA box,
but not the open reading frame. The acetylation event pre-
cedes transcription and possibly SBF binding. These authors
have also shown that this acetylation can be reversed through
the action of the Sin3p/Rpd3 deacetylase complex (53).

Our knowledge of the mechanisms by which ATP-dependent

complexes and HATs might function together to potentiate
transcription is still highly speculative and awaits the resolution
of their individual modes of action. Moreover, the in vivo
dependence of yeast genes on SWI/SNF or Gcn5-containing
HAT complexes differs dramatically and for some of genes,
one or the other complex may suffice. The order of recruitment
seems clearest at the HO promoter, but it may differ signifi-
cantly at other genes or under different inducing conditions.
This issue is further complicated by the presence of the ISWI-
containing remodeling complexes and additional HAT com-
plexes.

CONCLUSIONS

Considerable progress has been made in the past few years
in the identification and characterization of ATP-dependent
chromatin-remodeling complexes. They are conserved in evo-
lution, and there is more than one type of complex in each cell.
Interestingly, although their mechanism of action is still not
fully understood, it seems that the different types of complexes
might also have different ways of disrupting the histone-DNA
contacts. Very recently obtained data offer insight into their
possible regulation. In addition, the data show how they might
be directed to the subset of cellular genes that require their
function for activation. All of these points warrant further
study. Therefore, they are being actively pursued by several
groups.

Some important questions that remain to be addressed in-
clude the extent of modification that remodeling complexes
exert on any given gene. It will be interesting to determine
whether only the nucleosomes that are positioned on the pro-
moter are remodeled or whether these modifications extend
beyond the regulatory region, maybe also facilitating elonga-
tion by the RNA polymerase. Another important aspect of this
is the effect that ATP-dependent remodeling complexes might
have on higher-order structure.

Finally, the possible concerted action of ATP-dependent
remodeling complexes, HATs, and HDACs to regulate the
transcription of certain genes is very intriguing. Although sev-
eral recent studies have started to suggest how these complexes
might work together, further studies are necessary to establish
the possible redundancy or synergism in the function of these
different chromatin-modifying machineries. Discovery of the
ATP-dependent chromatin-remodeling complexes and other
chromatin-modifying activities linked to transcription (e.g.,
HATs, HDACs, etc.) has revolutionized our view of eukaryotic
transcription. We are finally beginning to envision how gene
expression might be regulated in the context of chromatin
structure.
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17. Côté, J., C. L. Peterson, and J. L. Workman. 1998. Perturbation of nucleo-
some core structure by the SWI/SNF complex persists after its detachment,
enhancing subsequent transcription factor binding. Proc. Natl. Acad. Sci.
USA 95:4947–4952.
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