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Jocelyn E, Krebs and Craig L. Peterson*

Program in Molecular Medicine and Department of Biochemistry and Molecular Pharmacology,
University of Massachusetts Medical School, 373 Plantation Street, Worcester MA 01605

* Author to whom all correspondence should be addressed

ABSTRACT: Two phenomena have long been observed to correlate with transeriptionally active chromatin:
increased histone acetylation and increased sensitivity to nucleases, including specific patterns of nuclease
hypersensitivity in the promoters of active o1 inducible genes. Work in recent years has at Tast identified protein
complexes required to form these hallmarks of active chromatin: histone acetyltransferases (HATs) and ATP-
dependent chromatin remodeling complexes. This review traces the history of these discoveries, including the
development of essential tools that allowed the major advances in the field, and describes the current understanding
of the interactions between HATs and ATP-dependent remodelers
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I. UNDERSTANDING THE STRUCTURE
OF ACTIVE CHROMATIN: DNASE |
HYPERSENSITIVE SITES

When early studies revealed that DNA in the
cukaryotic nucleus was compacted via its asso-
ciation with histones, researchers immediately
recognized that this condensed structmie would
have a major impact on the regulation of gene
expression and other protein-DNA transactions
As eatly experiments indicated that histones re-
main present in actively transcribed regions (Axel
et al., 1974; Lacy and Axel, 1975), it seemed that
chromatin in these regions must exist in an altered
conformation o1 organization that was more per-
missive for transcription. In groundbreaking ex-
periments, Weintraub and Groudine described a
way to detect a conformational difference be-
tween active and inactive chromatin — active
chromatin displays an enhanced sensitivity to
nucleases such as DNase I (Weintraub and
Groudine, 1976) The discovery that active and
potentially active loci exhibited a general increased
sensitivity to nucleases quickly led to a new higher-
resolution mapping of chromatin structure. In
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addition to general DNase I sensitivity, DNase I
hypersensitive sites — discrete sites of exquisite
accessibility — were identified in the 5’ regions
of Drosophila heat shock genes (Wu, 1980). Sub-
sequently, DNase I hypersensitive sites were iden-
tified in the 5" and 3’ 1egions of an array of genes
in higher eukaryotes, and such hypersensitivity
soon became a hallmark of active genes and genes
poised for tissue-specific expression (Groudine
and Weintraub, 1982; Stalder et al., 1980;
Weintraub, 1983; Weintraub et al., 1981; Wu and
Gilbert, 1981) DNase I hypersensitive sites were
also found in the promoters of active and induc-
ible genes in yeast (Almer and Horz, 1986; Almer
et al,, 1986; Bergman and Kramer, 1983; Loht,
1984, Lohr and Hopper, 1985; Perez-Ortin et al ,
1986; Proffitt, 1985; Sledziewski and Young,
1982; Szent-Gyorgyi et al, 1987). As in higher
eukaryotes, some of these hypersensitive sites
correlate with the transcriptional state of the gene,
while others were constitutive.

A mumber of models were proposed to ex-
plain the formation of hypersensitive sites. Sev-
eral early theories involved changes in the structure
or composition of chromatin. For example, re-




searchers in the Weintraub laboratory detected an
entichment of the high mobility group (HMG)
proteins HMG-14 and HMG-17 in active chroma-
tin, and the presence of these proieins appeared to
correlate with DNase 1 sensitivity (Weisbrod et
al., 1980; Weisbiod and Weintraub, 1979;
Weisbrod and Weintraub, 1981). While these
HMG proteins are now undetstood to bind to
nucleosomes and influence chromatin compac-
tion {for review see Bustin et al , 1995), their role
in hypersensitive site formation is less clear (Li et
al., 1997). Othex altered structures that were pro-
posed included “half” or “split” nucleosomes based
on nuclease mapping studies that showed reduced
nucleosome repeat lengths in active genes (Ryoji
and Worcel, 1985; T.ee and Garrard, 1991) An-
other popular proposal was that active chromatin
was enriched in nucleosomes depleted for H2A/
H2B dimers (Feinstein and Moudrianakis, 1986;
Gonzalez and Palacian, 1989).

Other early theories explored enzymatic mod-
els for hypersensitive site formation. One early
model to explain how hypersensitive sites might
be formed posited that a DNA gyrase-like en-
zyme might drive a change in the topology of a
chromatin domain, which would lead to hyper-
sensitive site formation (Villeponteau et al , 1984).
These “gyrase” models were also consistent with
other studies of Weintraub and colleagues who
showed that DNase 1 hypersensitive sites also
tended to be hypersensitive to S1 nuclease or to
reaction with chemicals such as chloroacetalde-
hyde, which detect single-stranded or conforma-
tionally strained DNA (Kohwi-Shigematsu et al ,
1983; Larsen and Weintraub, 1982; Weintraub,
1983) These studies led to models proposing that
promoter regions contained sequence elements
that could adopt altered DNA structures, such as
cruciforms, Z-DNA, o1 other non-B-form confor-
mations, which could act as sinks for unconstrained
torsional stress Such torsional stress was hypoth-
esized to be produced by gyrase-like enzymes and
led to an intensive search for a eukaryotic gyrase.

Several studies that used the topoisomerase
II catalytic inhibitor, novobiocin, were consis-

tent with such gyrase models for formation of

“active” chromatin. Early studies from Worcel
and colleagues indicated that a Pol HI transcrip-
tion factor, TFHIA, could induce a novobiocin-

sensitive, positive gyiation of chromatin in vitro,
and that this gyration seemed to be responsible
for DNase I hypersensitivity (Kmiec et al., 1986;
Kmiec and Worcel, 1985). Likewise, Martinson
and colleagues showed that addition of novobio-
cin to chicken etythrocyte nuclei could reverse
the DNase | sensitivity of the active B-globin
gene (Villeponteau et al., 1984) Similar results
were obtained in the lower eukaryotes Dictyo-
stelium and Physarum, in which inhibition of
topoisometase II-like activities specifically re-
duced the nuclease hypersensitivity of the IRNA
gene promoters (Borde and Duguet, 1996; Ness
et al, 1986). Further, topoisomerase [1-induced
cleavage sites in the Physarum histone H4 locus
coincide spatially (but not temporally) with
DNase I hypersensitive sites (Borde and Duguet,
1998), and likewise topoisomerase ILl-induced
cleavage sites co-map with some DNase hyper-
sensitive sites in the Drosophila hsp70 promotet
(Rowe et al.,, 1986) However, despite the clear
importance of topoisometase 11 in DNA replica-
tion and chromosome condensation/deconden-
sation (fot reviews see Wang, 1996; Warburton
and Earnshaw, 1997), eukaryotes lack an equiva-
lent to the classic prokaryotic DNA gyrase, and
most of the old novobiocin studies relating to
DNase I hypersensitive site formation are gener-
ally considered to be inherently flawed Unex-
pectedly though, topoisomerase IT was identified
recently as a subunit of the ATP-dependent re-
modeling enzyme, CHRAC (Vaiga-Weisz et
al, 1997). Although inhibition of topoisomerase
1I activity does not appear to affect the ability of
CHRAC to enhance the accessibility of chroma-
tin, topoisomerase Il does appear to contiibute to
the ability of CHRAC to alter nucleosome spac-
ing, consistent with previous reports of a role for
topoisomerase IT on nucleosome spacing (To and
Kmiec, 1990} It is also interesting to note that
another ATP-dependent remodeling enzyme, SWI/
SNF, has been shown to influence plasmid super-
coiling in vitro (Quinn et al., 1996), and SWI/
SNF remodeling itself appears to create torsional
stress, and its remodeling is blocked by some
catalytic inhibitors of topoisomerase II (1. Gavin
and C L. P., unpublished results). It may be that
future studies will lead to a reinterpretation of the
old “gyrase” literature




al,, 1992) and human (hSWI/SNF o1 BAF com-
plex) (Kwonet al., 1994), and to the identification
and purification of other members of the ATP-
dependent family of remodeling complexes such
as NURF (Tsukiyama and Wu, 1995), CHRAC
(Varga-Weisz et al,, 1997), ACF (Itoet al ., 1999),
NURD (Xue et al ., 1998), and RSC (Cairns et al.,
1996). In vitro experiments have led to a number
of insights into the mechanism of ATP-dependent
remodeling (for recent reviews see Kingston and
Nailikar, 1999; Peterson, 1998) and, as described
in detail below, a hint of a role for these remod-
eling enzymes in hypersensitive site formation.

B. Do ATP-Dependent Remodelers Form
DNase | Hypersensitive Sites?

In many cases the formation of hypersensi-
tive sites has been shown to require the concerted
action of a site-specific transcriptional activator
and an ATP-dependent chromatin remodeling
enzyme. For example, Wu and colleagues recon-
stituted a Drosophilae heat shock promoter into
chromatin {(Becker et al, 1991; Becker and W,
1992} and found that hypersensitive site forma-
tion required binding of the GAGA transcription
factor as well as the activity of an ATP-dependent
remodeling complex, NURF (nucleosome remod-
eling factor) (Tsukiyama et al , 1994; Tsukiyama
and Wu, 1995} Likewise, the formation of DNase
I hypersensitive sites at the yeast PHOS locus in
vivo requires the PHO4 activator as well as the
SWI/SNF complex (Gregory et al., 1999), and a
persistent DNase I hypersensitive site can be re-
constituted in a purified system composed of only
DNA, histones, yeast SWI/SNF, and a derivative
of the GAL4 activator (Owen-Hughes etal ., 1996).

Emerson and colleagues have also been able to
reconstitute the in vitro formation of DNase T hy-
persensitive sites and regulated transcription for
the chicken (Barton and Emerson, 1996) and hu-
man (Bagga et al., 1998) B-globin loci. Both the
chicken and human B-globin loci have long been
classic moedels for the study of the formation and
function of DNase I hypersensitive sites that are
activated during development (Baron, 1997; Bieker,
1998; Groudine et al, 1983; Groudine and
Weintraub, 1981; Orkin, 1995). As expected, tran-

scription and the formation of specific hypersensi-
tive sites in the human B-globin in vitro system
require the binding of erythroid cell-specific acti-
vators. However, the formation of a key hypersen-
sitive site by the activator NE-E2 requires ATP,
suggesting that an ATP-dependent nucleosome
remodeling enzyme that was present in the recon-
stituted system was required for hypersensitive site
formation (Armstrong and Emerson, 1996; Bagga
et al.,, 1998). Subsequently, these workers showed
that the ability of the activator EKLY to bind chro-
matin, form hypersensitive sites, and activate tran-
scription depends on a human SWI/SNF-related
remodeling complex (Armstrong etal , 1998; Bagga
etal, 1998). Consistent with these in vitro studies,
recently Lee et al have shown that human SWI/
SNF is recruited to the B-globin gene in vivo by a
mechanism that is independent of EKLF, but re-
quires a functional L.CR and binding sites for the
NE-E2 transcription factor {Lee et al., 1999).

What is the structure of a DNase 1 hypersensi-
tive site and how might ATP-dependent remodeling
enzymes drive their formation? What now appears
clear is that DNase I hypersensitive sites are the
read-out for a number of different chromatin struc-
fures that include the presence of nucleosome-free
regions, positioned nucleosomes, DNA-bound non-
histone proteins, and perhaps the presence of some
type of “remodeled” nucleosome with an altered
conformation. ATP-dependent remodeling com-
plexes are able to enhance the mobility of nucleo-
somes, which could lead to nucleosome-free regions
Alternatively, ATP-dependent remodeling could
enhance the binding of nonhistone proteins to nu-
cleosomal sites that then reinforce or cireate bound-
aries between positioned nucleosomes Fach of these
events would ultimately perturb the regularity and
folding of the nucleosomal array, thus leading to the
enhanced reactivity of DNA to DNase 1

Il. UNDERSTANDING THE ROLE OF
HISTONE ACETYLATION: ANTIBODIES
AND ACTIVATORS

A. Finding Patterns of Acetylation

As early as 1964, Allfrey et al proposed a
link between the reversible acetylation of histone



A. Identification of ATP-Dependent
Chromatin Remodelers

While chromatin mapping studies were pui-
sued in both yeast and higher eukaryotes, yeast
genetics ultimately led to the identification of the
holy grail of the chromatin world — enzymes that
control transcription by modulating chromatin struc-
ture. Two genetic screens identified six genes that
are now known to compiise half of the 11-subunit,
2-megadalton SWI/SNF complex. The SW! genes
(SWII, SWI2, and SWI3) were identified as posi-
tive regulators of the HO gene (which encodes an
endonuclease required for mating type switching)
(Stern et al, 1984), while the SNF genes (SNF2
[=SWI2}, SNF5, SNF6, and SNF 11) were isolated
as mutants required for the transcription of the
SUC2 gene, an invertase required for growth on
raffinose and sucrose (SNF stands for sucrose non-
fermenting) (Neigeborn and Catlson, 1984). These
two sets of genes were linked when Nasmyth and

TABLE 1

colleagues partially sequenced the SWI2 gene and
found to their swprise that it was identical to the
SNF2 gene that had been sequenced previously
by the Carlson group (Laurent et al., 1991). Sub-
sequent studies demonstiated that swi mutants
exhibited Srf phenotypes and vice versa. The link
to chromatin came from the discovery that sup-
pressors of SWI (SIN; SWIl-independent)
(Sterberg et al., 1987) and SNF (SSN; suppres-
sors of snf) (Neigeborn et al., 1986) included
mutations in genes that encode chromatin compo-
nents, such as histone H3 (sin2).

The SWI/SNF complex was purified from
yeast (Caims et al, 1994; Cote et al, 1994;
Peterson et al , 1994) and shown to be an ATPase
that could use the energy of ATP hydrolysis to
increase the accessibility of nucleosomal DNA to
transcription factors (Cote et al, 1994) These
studies opened the door for purification of ho-
mologous SWI/SNF complexes from Drosophila
(brm complex) (Papoulas et al., 1998; Tamkun et

A Timeline of Hallmark Advances in the Chromatin Remodeling Field

Year Advance

1964 Relationship between gene expression and acetylation and methylation

of histones proposed

1965 Histones first putified by acid extraction

1974  Chromatin structure proposed to consist of a repeated unit of DNA

and histones

1976  Active chromatin is sensitive to nuclease digestion

1977 Biochemical isolation of nuclear scaffold

1984 Yeast genetics identify SWI/SNF subunits and GCN5

1988  First use of chromatin immunoprecipitation to map acetylated histones

at active genes in vivo

1981  First high-resolution structure of histone octamer

1994  Purification of the first ATP-dependent chromatin remodeling complex,

yeast SWI/SNF

1995 Purification of the first nuclear histone acetyltransferase,

Tetrahymena p55
1986  Purification of the first histone deacetylases

1997  High-resolution structure of the nucleosome
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heterochromatin (Braunstein et al., 1996). Impor-
tantly, mutational analysis of the histone H4 tail
allowed these researchers to show that this pat-
tern of H4 acetylation is required for transcrip-
tional silencing A summaiy of some of the
observed specific patterns of acetylated histone
isoforms is presented in Table 2.

D. Identification of
Histone Acetyliransferases

Despite intense interest in histone acetyla-
tion, one key advance long eluded researchers:
the purification of nuclear histone acetylrans-
terases (HATSs). This breakthrough was finally
achieved through the development of an in-gel
assay for HAT activity that allowed the identifi-
cation of the first nuclear HAT from Tetrahymena
macronuclei (Brownell and Allis, 1995). When
this HAT was cloned and sequenced, it was found
to be homologous to the yeast GCNS, which pre-
viously had been identified as a transcriptional
coactivator (Brownell et al , 1996). This discov-
ery opened the door for purification of native

TABLE 2
Patterns of Histone Acetylation In Vivo

Gcendp-dependent (and independent) HAT com-
plexes from yeast (Eberharter et al, 1998; Grant
et al., 1997; Pollard and Peterson, 1997; Saleh et
al, 1997), as well as the cloning of GCN5 ho-
mologs from human (Candau et al, 1996) and
Drosophila (Smith et al, 1998) The develop-
ment of the in-gel assay for HAT activity also led
to the discovery that many previously identified
transcription factors and coactivators are actually
histone acetyltransferases, such as CBP/p300
{Bannister and Kouzarides, 1996; Ogryzko et al ,
1996), P/CAF (Blanco et al , 1998), TAF(I)250
(Mizzen et al.,, 1996), ACTR (Chen et al, 1997),
SRC-1 (Spencer et al., 1997), BRCA?2 (Siddique
et al, 1998), and others. In addition, the identifi-
cation of GCNS5 as a HAT finally allowed direct
evidence to be obtained that the HAT activity of
GCNS3 is required for its transcriptional activation
function (Wang et al., 1998), and that activation
by GCNS5 correlates with specific acetylation of
histones in target promoters (Krebs et al., 1999;
Kuo et al , 1998).

Much of the current research on HATs ad-
dresses two major questions: first, how are HATs
recruited to their target genes in vivo?; second,

Acetylation/isoform

Site(s)

Hyperacetylated core histones  Macronucleus
Hyperacetylated H4
Hyperacetylated H4

a-o-globin
Polytene puffs
Hypoacsiylated core histones Telomeres

Hyperacetylated H4lysine 12,
hypoacetylated H3, H4

Hypoacetylated H4, H3, H2A

Hyperacetylated H4lysine 16
Hyperacstylated H4lysine 12
Hyperacetylated H4
H3lysines9/14

H3lysines9/14, hyper H4 Hb promoter

Mating type cassettes

Inactive X chromosome

Hyperactive male X chromosome
Centric heterochromatin
Active somatic 55 rBNA genes

Induced HIS3 promoter

Organism/cell type

Tetrahymena

Chicken erythrocytes
Insect salivary glands
Yeast

Yeast

Female mammals

Drosophila
Drosophila
Xenopus flaevis

Yeast/amino acid
starved

Yeast/early G1

Ref.

Gorovsky, 1973
Hebbes, 1988
Turner, 1990
Braunstein, 1993
Braunstein, 1996

Jeppesen, 1993,
Belyaev, 1996

Bons, 1994
Turner, 1992
Howe, 1998
Kuo, 1298

Krebs, 1999




tails and the regulation of transcription (Allfrey et
al , 1964). Numerous studies suppotting a corre-
lation between histone hyperacetylation and tran-
scriptionally active chromatin followed this
proposal. In 1966, Allfrey and colleagues showed
that when lymphocytes are treated with the mito-
gen phytohaemaglutinin, the resumption of tran-
scription is preceded by a striking increase in
acetylation levels of core histones (Pogo et al,
1966) Likewise, it was shown in fetrahymena
that acetylation of core histones occurs only in the
transcriptionally active macronucleus, not in the
silent micronucleus (Gorovsky et al, 1973). The
discovery that transcriptionally active chromatin
was preferentially sensitive to DNase I digestion
{Weintraub and Groudine, 1976) allowed another
cotrelation to be made: active chromatin released
by low levels of DNase T digestion is enriched in
acetylated histones (Sealy and Chalkley, 1978;
Vidali et al , 1978). These and other 1clated stud-
ies supported a general connection between ac-
tive chromatin and core histone acetylation, but
these experiments addressed properties of bulk
chromatin rather than of specific genes

B. Acetylation In Vivo: Patterns of
Specific Histone Acetylation

In the mid-1980s new tools were developed
that allowed researchers to correlate histone acety-
lation with specific transcriptionally active loci.
Antibodies were generated that could distinguish
between acetylated and unacetylated forms of
histones (Hebbes et al., 1988; Muller et al., 1987;
Pieffer et al., 1986) Crane-Robinson and col-
leagues used this class of antibodies to immuno-
precipitate chromatin containing acetylated
histones from chicken embryo erythrocytes. Us-
ing probes recognizing o-p-globin, an actively
transcribed gene in this cell type, they wete able
to show that this active gene, but not an inactive
control, was 13- to 30-fold enriched in chromatin
associated with acetylated histone H4 (Hebbes et
al , 1988). This was the first published example of
the use of the powerful “chromatin immunopre-
cipitation (ChIP)” assay to examine patterns of
acetylation in vivo. This assay has been refined
over the years and is currently in widespread use

in the chromatin field to assess protein-DNA in-
teractions in vivo (see below) The usefulness of
antibodies against acetylated histones led to an
explosion of studies, using both immunoprecipi-
tation and immunolabeling techniques, to further
elucidate the links between acetylation and gene
expression. Acetylated H4 was shown to be local-
ized within the borders of transcriptionally active
puffs on insect polytene chromosomes (Turner et
al., 1990) Transcriptional silencing at yeast te-
lomeres and mating-type cassettes was shown to
strictly correlate with hypoacetylation of histones
at these loci (Braunstein et al., 1993). Similarly,
the inactive X chromosome in female mammals
was found to be characterized by hypoacetylated
H4 (Jeppesen and Tutner, 1993) The catly re-
sults connecting hyperacetylation and general
DNase I sensitivity were confirmed by showing
that core histone acetylation and nuclease sensi-
tivity co-map in the 33-kb transcriptionally active
chicken B-globin locus (Hebbes et al., 1994)

C. Acetylation In Vivo: Patterns
of Different Isoforms of
Acetylated Histones

Further refinements followed the character-
ization of antibodies that could distingunish differ-
ent acetylated isoforms of histones Studies using
these antibodies allowed a new idea to emerge:
not only are differences in overall acetylation
levels important, but that acetylation at specific
lysines can be critical. For example, the single
male X chremosome in Drosophila, which is
expressed at elevated levels as a result of dosage
compensation, is the site of localization of an
isoform of histone H4 acetylated specifically at
lysine 16 (Bone et al, 1994) In addition, al-
though histone H4 is hypoacetylated at three out
of four acetylatable lysines in Drosophila centric
heterochromatin, lysine 12 is significantly acety-
lated in these regions (Tummer et al, 1992). A
similar story has emerged in yeast While his-
tones H3 and 114 are hypoacetylated overall at the
yeast mating-type cassettes, Braunstein et al.
showed that H4 is significantly acetylated at lysine
12 in this silenced chromatin — identical to the
acetylation pattern seen in Drosophila centric




