REVIEWS

Chromatin remodeling machines:
similar motors, ulterior motives

Bradley R. Cairns

Chromatin is a dynamic material; chromatin structures can repress transcrip-
tion and their remodeling accompanies activation. Recent biochemical studies
in Drosophila have revealed three multi-protein complexes with ATP-dependent
chromatin restructuring activities. Although all contain the ATPase ISWI, their
properties in vitro are markedly different, distinct from SWI-SNF and reveal
intriguing connections to both transcription and chromatin assembly.

ONCE CONSIDERED A relatively static
material with a general role in DNA con-
densation and transcriptional repression,
chromatin has emerged as a dynamic
material that is formed and remodeled
in response to changes in cell physiology.
The primary repeating unit of chromatin
structure is the nucleosome, an octamer
of histone proteins [an H3(,-H4,,, tetra-
mer flanked by two H2A-H2B dimers]
around which 146 bp of DNA is wrapped'.
Chromatin affects the transcription pro-
cess at many levels; nucleosomes can
prevent the binding of certain transcrip-
tional regulatory proteins and initiation
factors, and can also impede elongation
by RNA polymerase II (pol I)°. In order
for transcription to occur, repressive
chromatin must be remodeled, and re-
cent attention has focused on proteins
with such remodeling capacities.
Experiments in flies, yeast and hu-
man cells have uncovered a set of multi-
protein chromatin remodeling machines
(CRMs), which are excellent candidates
for promoter restructuring factors. These
complexes include three newly identi-
fied complexes from Drosophila, NURF
(nucleosome remodeling factor)®, CHRAC
(chromatin accessibility complex)* and
ACF (ATP dependent chromatin assembly
and remodeling factor)®, as well as the
yeast SWI-SNF complex”$, and SWI-SNF-
related complexes in both yeast® and
metazoans'*'2, All contain a subunit
homologous to DNA-dependent ATPases,
and all complexes tested demonstrate ATP-
dependent chromatin perturbation®!l.
Recent studies, however, suggest that
their modes of chromatin perturbation
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in vitro are different, suggesting func-
tional specialization in vivo for diverse
roles in chromatin assembly and/or tran-
scriptional regulation.

Isolation of NURF, CHRAC, ACF and SWI-SNF

Although NURF, CHRAC and ACF were
all derived from the same Drosophila
embryo extract, each complex was puri-
fied using a different functional assay,
allowing their separate isolation as sum-
marized below.

NURF can mediate the ATP-dependent
binding of transcription factors to
chromatin templates®. For example, NURF
assists the binding of GAGA factor to a
nucleosome array containing the Droso-
phila hsp70 promoter in vitro® (Fig. 1).
GAGA binds to GA-rich sites in several
Drosophila heat-shock promoters, and
helps establish chromatin structures
that allow the subsequent binding of ad-
ditional transcription factors'>. Without
heat shock, the HSP70 gene is bound by
GAGA, heat-shock protein, and an RNA
polymerase Il molecule that has initiated
transcription, and then paused after syn-
thesizing a short transcript. Heat shock
releases polymerase from this pause
and allows the synthesis of full-length
transcripts. In the ‘paused’ state, the
promoter contains DNase I hypersensi-
tive (DH) sites, a biochemical marker for
changes in chromatin structure, which
require GAGA-binding sequences for
their formation'.

To identify the protein components
required for the creation of these DH
sites, Wu and colleagues devised an im-
pressive biochemical reconstitution strat-
egy's. First, a Drosophila embryo extract
was used to assemble the hsp70 pro-
moter into properly spaced nucleosomal
arrays (with an average internucleo-
somal distance of about 30 bp, similar to
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that observed in vivo). Spacing was
monitored by micrococcal nuclease
(MNase) cleavage; as MNase will not
cleave DNA wrapped on intact nucleo-
somes, limited digestion will generate
nucleosome oligomers from properly
spaced arrays. Chromatin assembly with-
out GAGA generated an array lacking DH
sites, whereas addition of GAGA and
ATP after chromatin assembly had two
effects: the GAGA-binding sites them-
selves became resistant to DNase I (a
result of site occupancy), and the DNA
flanking these GAGA-binding sites became
both DNase hypersensitive and MNase
sensitive, suggesting chromatin alter-
ations in this region (Fig. 1).

The energy dependence was attributed
to an uncharacterized factor, as GAGA
is not similar to known ATPases. Identifi-
cation of this factor as NURF relied
on NURF's sensitivity to the detergent
Sarkosyl; assembled chromatin templates
incubated with ATP, GAGA and Sarkosyl
do not generate DH structures. Thus,
assembled chromatin could be treated
with Sarkosyl to inactivate NURF, and
then purified by gel filtration chroma-
tography to remove both the assembly
extract and the Sarkosyl. This purified
chromatin template required the addi-
tion of purified GAGA protein, ATP and
fresh embryo extract (or fractionated
extracts containing active NURF) to create
the DH and MNase sensitive structure.
Extensive fractionation yielded NURF, a
complex of four polypeptides'>.

CHRAC greatly increases restriction
endonuclease accessibility to chromatin
templates, and also has a striking nucleo-
some spacing activity*® (Fig. 1). To
identify CHRAC, Becker and colleagues
assembled a portion of a Drosophila heat-
shock promoter (lacking GAGA-binding
sites) into arrays, and monitored ATP-
dependent cleavage by restriction en-
zymes. Like NURF, CHRAC activity is sen-
sitive to Sarkosyl. Thus, ATP-dependent
cleavage of chromatin could be recon-
stituted in reactions containing purified
chromatin templates, ATP and fresh (frac-
tionated) embryo extracts. Extensive
fractionation yielded CHRAC, a complex
of five proteins®.

ACF uses ATP to assemble properly
spaced arrays and to facilitate activator
binding to chromatin®. Kadanoga and
colleagues have defined a protein frac-
tion important for chromatin assembly
that contains an ATP-dependent chroma-
tin assembly activity. This factor, which
requires only ATP, plasmid DNA, his-
tones and the histone chaperone Napl
to assemble properly spaced nucleosome
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