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Ga-ga over GAGA factor
Recent results suggest that the Drosophila transcriptional activator

known as GAGA factor functions by influencing chromatin structure.

It is well established that chromatin structure is an active
participant in the process of eukaryotic gene expression
(reviewed in [1,2]). Recent results have helped to
elucidate the roles of some of the structural components
of chromatin that are involved in this process [3]. These
results have, however, generally come from studies in vitro;
our limited ability to identify and maintain organisms that
are mutant for genes encoding critical chromatin proteins
has hindered complementary studies in vivo. This situation
should change following the recent, and very welcome,
discovery [4] that a previously identified chromatin factor
from the fruit fly Drosophila melanogaster, the so-called
GAGA factor, is encoded by the Trithorax-like (Trl) gene.

The Trl gene is required for normal expression of several
homeotic genes in Drosophila. Trl mutations additionally
enhance 'position effect variegation' [4] - the donally
inherited pattern of gene inactivation observed when
heterochromatic and euchromatic regions of the chromo-
some are juxtaposed by a chromosomal rearrangement.
This begins to bear out the suggestion that position effect
variegation in Drosophila provides an excellent genetic
tool for identifying structural components of chromatin
[5]. The discovery that Trl encodes GAGA factor further
suggests that factors involved in regulating the chromatin
structure of individual genes also participate in packa-
ging large segments of the chromosome into active,
euchromatic or inactive, heterochromatic domains.

GAGA factor was originally identified as a transcriptional
activator that binds to several (GA)n-rich sites in the
Ultrabithorax (Ubx) promoter [6]. A similar factor was
isolated by virtue of its ability to bind (GA)n sequences in

the promoter regions of two heat-shock genes and the
genes for histones H3 and H4 [7]. As the number of
identified genes requiring (GA)n sites for efficient
expression increased (Table 1), several laboratories
attempted to isolate complementary (c)DNAs for GAGA
factor. Soeller et al. [8] isolated cDNAs encoding a 519
amino-acid protein that binds to (GA)n sites in the
engrailed and hsp26 [9] promoters (Fig. la). From the
open-reading frame identified in the cDNA sequences,
GAGA factor is predicted to have a single 'zinc-finger'
DNA-binding domain. The carboxyl terminus of the
protein contains several polyglutamine stretches, a feature
typical of many transcriptional activators.

One of the more interesting features of GAGA factor is
the 'BTB' or 'POZ' domain [10,11], a 120 amino-acid
sequence at the amino terminus of GAGA factor that is
named after the proteins in which similar domains were
first found: bric-a-brac, tramtrack and Broad Complex;
and the Poxvirus zinc finger (Fig. 1). This domain, which
is highly conserved among a large number of eukaryotic
and viral proteins (listed in [10,11]), was shown to medi-
ate in vitro both homodimerization - of the protein
tramtrack, for example - and heterodimerization - of
GAGA factor and tramtrack. Interestingly, when present
in proteins that also contain a DNA-binding motif, the
BTB/POZ domain appears to inhibit DNA binding [11].

Multiple, developmentally regulated GAGA factor
messenger (m)RNAs have recently been identified ([8]
and C. Benyajati, personal communication). As the gene
encoding GAGA factor is present as a single copy in
Drosophila [4,8], the suggestion is that these different
transcripts must be generated by alternative RNA
splicing. Screening of cDNA expression libraries with
(GA)n probes has identified only products of the known
GAGA factor gene ([9] and C. Benyajati, personal
communication). At least one of the identified cDNAs is
predicted to encode a protein with a carboxyl terminus
different to that of the GAGA factor described above
(Fig. lb; C. Benyajati, personal communication). Post-
translational modifications ([8] and references therein)
may further contribute to the large number of GAGA
factor isoforms observed to date [6-8].

Most identified GAGA-factor-binding sites are located
within 200 base pairs (bp) upstream of a gene's transcrip-
tion start site. These sites vary considerably in length and
sequence (Table 2). The longer sequences, such as that
upstream of hsp26, probably represent multiple binding
sites, but this has not been tested. Although most of these
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sequences contain a GAGAGAG core, it is clear that
notable exceptions to this consensus exist (such as in the
Kriippel promoter). In order--to provide a rigorous
definition of GAGA-factor binding sites, experimental
approaches such as binding-site selection and methylation
interference assays will need to be employed.

The large number of genes identified to date that appear
to be targets of GAGA factor is probably just the tip of
the iceberg. Immunofluorescent staining of polytene
chromosomes with antibodies against GAGA factor has
shown [3] that the protein is distributed in many bands of
varied intensity within the euchromatic part of the
genome, with little or no staining in heterochromatic
regions (Fig. 2). Raff et al. [12], however, have observed
that GAGA factor is associated with specific regions of
heterochromatin at all stages of the cell cycle in pre-
blastoderm Drosophila embryos. This difference in stain-
ing patterns may be due to the under-representation of
heterochromatic sequences in polytene chromosomes.

Centromere-associated staining is also seen in older
(3-4 hour) embryos, when mitotic synchrony has been
lost. The staining pattern on metaphase chromosomes
parallels the distribution of the simple satellite repeats
AAGAG and AAGAGAG ([12] and references therein),
although binding of GAGA factor to these repeats has
not been directly shown. The binding of GAGA factor to
both gene-regulatory sites and simple-sequence repeats
would be reminiscent of interactions between the yeast

Fig. 1. GAGA factor protein domains. (a) the 519 amino-acid
protein predicted by cDNAs isolated by Soeller et al. [8]. (b) the
581 amino-acid protein predicted by additional cDNAs isolated
by C. Benyajati and colleagues (personal communication). The
two proteins have identical sequences up to residue 378, at
which point they diverge. The carboxy-terminal regions (light
and dark blue) of both proteins are glutamine rich. Other features
include the 'BTB' or 'POZ' domain (green, see text) and a single
zinc finger (red), classified as being of the C2/H2 type from the
characteristic cysteine and histidine pairs.

protein RAP1 (repressor/activator protein 1) and specific
genes and telomeric repeat sequences (for review, see
[13]). It is not known whether the association of GAGA
factor with centromeres has structural consequences,
or whether it is simply part of a mechanism that ensures
the protein is evenly distributed when cells divide (for
review, see [14]).

What does GAGA factor do in the nucleus? Recent
studies suggest a role for GAGA factor in establishing
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transient transfection assays ([8] and C. Benyajati,
personal communication); however, little is known about
the chromatin structure of the reporter plasmids in the
transfected cells.

Fig. 2. Distribution of GAGA factor along Drosophila larval
polytene chromosomes. Polytene chromosomes were stained
with antibodies against GAGA factor, followed by a fluorescein-
labelled secondary antibody. Note the large number of
stained euchromatic sites and the unstained heterochromatic
chromocenter (arrow).

and/or maintaining DNase I hypersensitive sites, the
nucleosome-free regions associated with important gene
regulatory sequences ([9] and references therein).
Substitution or deletion of the (GA)n sequences upstream
of the hsp26 transcription start site results in loss of the
ordered chromatin structure in vivo, accompanied by a
proportional loss of heat-shock inducible expression. The
sequence alterations that result in loss of chromatin
structure in vivo eliminate GAGA factor binding in vitro
[9]. These results imply that GAGA factor, by binding to
the (GA)n elements, directs the formation of DNase I
hypersensitive sites.

Another role for GAGA factor might be in recruiting
RNA polymerase to the promoter. Lis and co-workers
used nuclear 'run-on' experiments - which assay the
level of RNA polymerase loading on a gene - to show
that RNA polymerase II is transcriptionally paused at
both the hsp70 and hsp26 promoters before heat shock
(for review, see [15]). GAGA-factor binding sites are
required to generate the paused polymerase configuration
at the hsp70 promoter; gene activity is substantially
reduced in the absence of this paused transcription
complex. It is not known whether RNA polymerase is
recruited to the promoter by GAGA factor, or merely
binds to a promoter that has been made nucleosome-free
by a mechanism dependent on this protein.

Several studies in vitro suggested that GAGA factor itself
might be sufficient to model or remodel chromatin
structure. Kadonaga and colleagues showed that GAGA
factor counteracts the effects of a transcriptional repres-
sor, histone H1, in vitro ([16] and references therein). It
appears that the high levels of in vitro activation achieved
with GAGA factor in reconstitution/transcription assays
are due primarily to this antirepression activity, rather
than 'true activation' (transcriptional activation in the
absence of histones) [16]. Other investigators have
observed transcriptional activation by GAGA factor in

More recently, Wu and colleagues [3] have used a
Drosophila chromatin assembly system to reconstitute
nucleosomes over the hsp70 promoter. They found that
addition of GAGA factor, either before or after nucleo-
some assembly, leads to a local disruption of chromatin
structure and the formation of DNase I hypersensitive
sites. This disruption is ATP-dependent and appears to be
confined to the region immediately adjacent to the
GAGA-factor binding sites. It is not known whether
GAGA factor itself disrupts chromatin, or whether it
directs a disrupting activity present in the assembly extract.
Future experiments using this system will undoubtedly
shed light on the regions of the GAGA factor molecule
responsible for this effect, and on the activities responsible
for chromatin remodelling.

Homozygous lethal mutations in the gene encoding
GAGA factor have now been described by Karch and
colleagues [4]. The gene, Trl, was originally identified as
one of the Trithorax group of genes; these genes work in
opposition to the Polycomb group, which maintain
homeotic loci such as Ubx or Abdominal-B (Abd-B) in a
repressed state [17]. Such repression has been inferred to
involve chromatin packaging [17,18]. Trl mutant alleles
enhance the enlarged haltere phenotype of Ubx mutants,
and some alleles lead to homeotic transformations of
certain abdominal segments in a manner resembling the
effects of Abd-B mutations. Thus, a loss of Trl function
apparently results in lower levels of expression of these
homeotic genes in tissues where they are normally active.

Significantly, Karch and colleagues [4] have found that all
of these Trl mutant alleles act as dominant enhancers of
position effect variegation. As mentioned above, position
effect variegation refers to the clonally inherited
pattern of gene inactivation observed when regions of
heterochromatin and euchromatin are juxtaposed by a
chromosomal rearrangement - in this particular study,
the inactivation of white caused by the inversion In(l)w'n 4 .

Because this inactivation appears to be due to the
position of the gene in the genome, rather than to any
alteration of the gene's sequence, it is thought to reflect
the packaging of DNA into inactive heterochromatin or
active euchromatin. Thus the identification of Trl mutant
alleles as enhancers of position effect variegation points
to a broad role for GAGA factor in maintaining an
active, euchromatic structure. Interestingly, another
enhancer of position-effect variegation, E(var)3-93D,
encodes a protein that contains a BTB/POZ domain
similar to that found in GAGA factor [19].

Experiments in vitro to identify regions of GAGA factor
required for nucleosome disruption, DNA binding and
interactions with other proteins can now be comple-
mented by genetic experiments to assess the function of
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these regions in vivo. Although modifications in such an
important protein might be lethal when homozygous,
the assay of enhancement or suppression of position
effect variegation will allow the effects of such mutations
to be discerned in the heterozygous state (see [5]). The
identification of other factors with which GAGA factor
interacts will undoubtedly be greatly facilitated by using
the dual approaches of genetics and biochemistry. GAGA
factor is a remarkable protein in its ability to drive the
formation of specific chromatin structures required for
gene activation. Understanding how GAGA factor - or
related proteins with similar activities - accomplishes
this will provide us with new insights into the mechanics
of both constitutive and inducible gene expression.
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