
Abstract Drosophila melanogaster has long been at the
forefront of studies of transcriptional regulation in ani-
mals. Many fundamental ideas – such as cis control ele-
ments that act over long distances, the regulation of de-
velopment by hierarchical cascades of transcription fac-
tors, dosage compensation, and position effect variega-
tion– originated from studies of the fruit fly. The recent
completion of the euchromatic DNA sequence of Dro-
sophila is another breakthrough.

The sequence data highlight important unanswered
questions. For example, only one-fifth of the 124 Mb of
Drosophila euchromatic DNA codes for protein. The
function of the remaining 100 Mb of mostly unique
DNA is largely unknown. Some proportion of this non-
reading frame DNA must encode the functional recogni-
tion sites targeted by the approximately 700 sequence-
specific DNA binding proteins that regulate transcription
in Drosophila, but what proportion? Most or very little?
Promoter sequences by definition contain all of the cis
information that specifies how gene transcription is regu-
lated. However, it has been difficult to decipher this in-
formation and predict the patterns of RNA expression.
How do we break this “transcriptional code”? Mechanis-
tic studies, using simple model promoters, indicate that
transcription is controlled by the coordinate action of se-
quence-specific DNA binding proteins interacting with
the general transcriptional machinery via intermediary
adapters and chromatin remodeling activities. How can
we integrate this biochemical information with data from
genome-wide studies to describe the generation of highly

complex patterns of transcription? Here, we discuss re-
cent studies that may point the way ahead. We also high-
light difficulties that the field faces in dissecting tran-
scriptional control in the post-genome era.
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Why Drosophila?

Transcriptional regulation is vastly more complex in ani-
mals than it is in microbes. In microbes, there are
800–6,000 genes to be regulated, their promoters are
generally limited to 100 bp–200 bp regions around the
transcription start site, each promoter is typically con-
trolled by only 1–4 sequence-specific DNA binding pro-
teins, and a given microbial species will exist in only
1–3 cell or spore types. By contrast, in animals there are
14,000–80,000 genes, many promoters are spread over
tens of kilobases, promoters may be regulated by 40 or
more sequence-specific DNA binding proteins, and an
animal generally has 80–250 distinct cell types. These
differences, however, still understate the increased com-
plexity of animals. Studies of the expression of randomly
selected genes in Drosophila embryos suggest that even
among cells of the same cell type, most mRNAs are ex-
pressed at different levels (Kopczynski et al. 1998; Liang
and Biggin 1998). These differences are highly repro-
ducible between embryos. Thus, virtually every cell in
an animal may have a unique combination of gene tran-
scription rates that is tightly regulated. In addition, there
are constant changes in transcription during development
and in response to alterations in the environment.

Complexity of this magnitude could be taken as a rea-
son to avoid studying transcriptional control in animals
and to focus instead on microbes. This view, however,
misses the point. Truly complex multicellular life
evolved only twice, giving rise to the plant and the ani-
mal kingdoms (Margulis and Schwartz 1998). The chief
distinction between these organisms and the microbes
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from which they evolved is this ability to generate enor-
mous differences in gene expression between cells. To
understand animals, including ourselves, we must study
this complexity.

The fruit fly Drosophila melanogaster is currently the
most tractable model for animal transcriptional control.
For genetic studies, Drosophila is unsurpassed (e.g.,
Ashburner 1989). Transgenic analysis in this organism is
rapid and costs relatively little (Spradling 1986; Ash-
burner 1989). Recently, it has been shown that gene tar-
geting by homologous recombination is relatively effi-
cient in Drosophila (Rong and Golic 2000). For bio-
chemical studies, large quantities of protein extracts can
be produced from flies and embryos, allowing purifica-
tion of regulators and general transcription factors 
(Soeller et al. 1988). Although highly complex, Dro-
sophila is simpler than vertebrate models, having fewer
cells, genes, pseudogenes, and repetitive DNA (Adams
et al. 2000; Rubin et al. 2000). As a result of these ad-
vantages, a great deal of progress has been made by
studying the fly; and a vast literature is available, much
of which is presented at the impressive Flybase web site
(The FlyBase Consortium 1999; http://flybase.bio.indi-
ana.edu). Since genes and regulatory pathways are high-
ly conserved among animal phyla, the lessons learned
from the fly are likely to be generally relevant, as dis-
cussed in detail below.

In this essay, we first describe the trans-acting factors
that regulate transcription in Drosophila. Next, we dis-
cuss several related problems that we feel have not re-
ceived sufficient attention. We suggest that quantitative,
genome-wide approaches may be essential to address
these questions. We do not provide a thorough descrip-
tion of the literature, but highlight only information that
is most relevant to the themes of the review. We limit our
discussion to transcription of protein encoding genes by
RNA polymerase II, foregoing a description of ribosom-
al RNA and tRNA synthesis by RNA polymerases I and
III.

The trans-acting factors

To understand the molecular mechanisms that direct
gene expression in animals, we must first learn about the
macromolecular machines that coordinate transcription.
It is useful to divide these trans-acting proteins into three
groups: sequence-specific regulatory factors, general
transcription factors, and cofactors. There is some over-
lap between these groups, both in membership and func-
tion, but dividing transcription factors into three catego-
ries is broadly useful for describing the different roles
that these proteins play.

Sequence-specific regulatory factors. First among the
myriad of transcription factors discovered over the last
three decades are those responsible for gene-specific
transcription. These proteins recognize specific DNA el-
ements away from the core promoter region bound by

the general transcription factors and are by far the largest
category of proteins engaged in transcription (Fig. 1).
Based on functional data and homology searches, Dro-
sophila is estimated to encode about 700 sequence-spe-
cific DNA binding proteins that regulate transcription
(Adams et al. 2000). Because some of these proteins
show no homology to factors in other phyla (e.g., the
Zeste transcription factor), it is likely that additional se-
quence-specific DNA binding proteins will be discov-
ered, but we guess that no more than 300 such novel pro-
teins remain to be identified. Given that there are around
14,000 genes in Drosophila, sequence-specific regulato-
ry factors comprise 5%–7% of all genes (Adams et al.
2000; Rubin et al. 2000).
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Fig. 1A, B Organization of a stylized Drosophila promoter.
A The cis control elements. Core promoter elements bound by the
general transcription factors are colored gray – the TATA box, Ini-
tiator, and Downstream Promoter Element. Elements bound by se-
quence-specific regulatory proteins are shown in other colors –
Zeste Response Elements, Hairy Response Elements, and Nuclear
Receptor Elements. The position of the transcription start site at
+1 bp is indicated by the arrow. B The three classes of trans-act-
ing factor together with histone octamers complexed with the pro-
moter. The general transcription factors are in red, cofactors are in
blue, sequence-specific regulatory proteins are in other colors, and
histone octamers are yellow. The repressive effect of a histone de-
acetylases (HDAC) on local chromatin structure is suggested. The
positive effect of the histone acetylase p300/CBP is implied by the
arrow. Realize that activators such as nuclear receptors and Zeste
are thought to contact the general transcription factors either di-
rectly or indirectly via adapters such as the TAFs, Srbs, or the me-
diator (Meds). For clarity’s sake, such interactions are not shown



Most classes of sequence-specific regulatory proteins
found in Drosophila are also present in vertebrates and
nematodes. Many, however, are not found in yeast. For
example, nuclear steroid receptors (20), paired box pro-
teins (11), Hox proteins (8), POU proteins (5), T-box
proteins (8), ETS factors (8), CTF-1/NF-1 (1), AP-2 (1),
and runt proteins (4) are all found in fruit flies, worms,
and vertebrates; none of these proteins is found in yeast
(Chervitz et al. 1998; Adams et al. 2000; Rubin et al.
2000; http://www.ebi.ac.uk/proteome). (The numbers in
brackets are the numbers of genes encoding each class in
Drosophila, both in the above and subsequent examples.)
The DNA binding domains of many animal transcription
factors are homologous to those of yeast proteins– for
example, C2H2 zinc fingers (352), HLH (61), and ho-
meodomains (113). Very few of the yeast proteins,
though, appear to be direct orthologues that serve the
same biological functions as the structurally similar fac-
tors in animals. Indeed, the highly conserved heat shock
transcription factor is the only example of a factor that
regulates the same target genes in response to the same
stimulus in yeast and animals that we are aware of (Wu
1995). Instead, the homology between yeast and animal
factors appears to result largely from the duplication, di-
vergence, and reuse of effective protein folds, which is
so common in biology.

By contrast, specific orthologues of many sequence-
specific regulatory factors have retained the same bio-
logical functions across animal phyla. For example, the
murine and Drosophila orthologues of the Hox genes
Deformed, Labial, Proboscipedia, Antennapedia, and
Abdominal B are expressed in the same order along the
anterior/posterior axis of mouse and fly embryos 
(Burglin 1994). In fact the vertebrate Hox proteins can
replace the functions of their specific orthologues when
expressed in the fly (e.g., McGinnis et al. 1990). It is
also common to find that signal transduction pathways
act via the same class of sequence-specific DNA binding
proteins in different animal phyla. For example, the
STAT transcription factors are downstream of the Jak
kinases in flies and vertebrates (Luo et al. 1999),
Su(H)/CBF1 proteins are activated by Notch signaling in
flies and vertebrates (Artavanis-Tsakonas et al. 1999),
Juns are phosphorylated by JNKs (Kockel et al. 1997),
and LEF1-like factors are downstream of Wnts (Riese et
al. 1997). At the risk of overemphasizing a point, of the
16 broad families of signal transduction pathways found
in vertebrates, 15 are found in Drosophila, but only one
in yeast (Gerhart and Kirschner 1997).

Sequence-specific transcription factors serve a broad
range of functions in animals. Five of the most promi-
nent ways that these proteins act are:

1. Tissue specific. Some factors are expressed in only
one or two cell types and are often thought to bind
and regulate only genes whose expression is charac-
teristic of that tissue – for example, the muscle-spe-
cific MyoD family of proteins, which include the
Drosophila gene nautilus (Keller et al. 1998 and ref-

erences therein). In effect, these tissue-specific factors
determine and distinguish cell types.

2. Position specific. Many factors are expressed not in a
tissue-specific manner but in localized regions within
the animal. Such proteins are expressed in many cell
types and generate the differences in transcription and
morphology seen between cells of the same type. For
example, the Hox protein Ubx is expressed in the
third thoracic segment of the developing Drosophila
embryo. Ubx instructs the cells in this region to di-
vide and differentiate to form a small segment that
bears a pair of balancing organs, halteres. In mutant
animals lacking Ubx, these cells develop into a much
bigger segment bearing a large pair of wings 
(Lawrence 1992). To a developmental biologist, such
proteins specify “positional information” (Wolpert
1991).

3. Time specific. The expression of most tissue-specific
and position-specific regulatory proteins varies signif-
icantly during development. Thus, these proteins also
provide temporal information to the system. There are
other factors, however, whose chief function is to
specify time. The circadian rhythm factors are an ob-
vious example (Darlington et al. 1998). The ecdyste-
roid response factors, which coordinate the timing of
events such as molting and metamorphosis, are anoth-
er (Segraves 1994; Thummel 1997).

4. Environmental response. Many sequence-specific
DNA binding proteins alter transcription of their cog-
nate targets in response to changes in the environ-
ment. Some factors are dedicated to this one function
(e.g., the heat shock transcription factor; Wu 1995),
but the activities of many tissue-, position-, and time-
specific factors are also modified in response to
changing environmental cues – for example, during
jet-lag.

5. Ubiquitous specificity. A broad group of factors do
not have a single, easily defined biological function.
They tend to be expressed in most or all cells, though
their levels of expression may vary somewhat among
cells and over time. They bind to only a subset of
genes, but the genes bound are a broad and eclectic
mix. Null mutations in these proteins are often lethal,
but give no specific phenotype. Examples of such fac-
tors in Drosophila include the GAGA factor and Adf1
(England et al. 1992; Soeller et al. 1993; Farkas et al.
1994). It is thought that these proteins increase the
combinatorial possibilities available for other se-
quence-specific regulatory proteins. As a hypothetical
example, if some of the target genes of a tissue specif-
ic factor, such as nautilus, are bound by GAGA, and
not Adf1, and other of its targets are bound by Adf1,
not GAGA, then if nautilus activates GAGA-bound
targets more potently than Adf1-bound targets, it
would have acquired greater regulatory potential.

Most functional genomic studies that focus on gene reg-
ulation will probably concentrate on sequence-specific
DNA binding proteins. As we discuss below, however,
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without considerable progress in our understanding of
the other transacting factors and the interaction with
chromatin, we will not know how the whole system is
integrated and operates.

The general transcription factors. The so-called general
transcription factors play a pivotal role in directing tran-
scription and are the smallest group of eukaryotic tran-
scription factors. The members are usually said to be
TFIIB, TFIID, TFIIE, TFIIF, TFIIH, and RNA polymer-
ase II, but we also include in this class elongation and
termination factors such as P-TEFb, S-II, and factor 2
(reviewed by Orphanides et al. 1996; Hara et al. 1999;
Price 2000). Although under certain conditions TFIIE, F,
and H are not essential for initiating transcription in vitro
(Parvin and Sharpe 1993; Tyree et al. 1993), most or all
of the general factors are probably necessary for or play
a significant role in the transcription of most protein-
encoding genes in vivo (Holstege et al. 1998). The gen-
eral transcription factors are highly conserved through-
out the eukaryotes: specific orthologues of each show
very high conservation of polypeptide sequence and sub-
unit composition from yeast to man. TFIIB–H and RNA
polymerase II form a complex around the start site of
transcription – between nucleotides –39 bp to +32 bp –
with different general factors recognizing distinct
sequence elements within this region (Fig. 1; Lagrange
et al. 1998; Kutach and Kadonaga 2000).

TFIIB, E, F, H, RNA polymerase II, and the elonga-
tion and termination factors are expressed in all animal
cells, and show only moderate changes in expression be-
tween cells (e.g., Reynaud et al. 1999). Thus, these pro-
teins may have a largely constitutive role – perhaps be-
ing used to vary the transcription rate of all protein en-
coding genes, but not of specific subsets of these genes.

The role of TFIID is more complicated. The canonical
TFIID comprises a core polypeptide, called TBP, and a
set of tightly bound TBP-associated factors (TAFs)
(Tjian and Maniatis 1994; Burley and Roeder 1996;
Goodrich et al. 1996). TBP is important for basal tran-
scription and binds to the TATA box sequences found in
some, but not all, promoters between –30 bp and –20 bp.
The TAFs serve two main functions. One, they bind to
the activation and repression domains of sequence-spe-
cific DNA binding proteins, mediating the interaction of
these proteins with the general transcription factors.
Two, some TAFs also make specific DNA contacts with
two additional core promoter sequences: the initiator ele-
ment between –2 bp and +4 bp and the downstream pro-
moter element (DPE), between +28 bp and +32 bp
(Fig. 2; Sypes and Gilmour 1994; Verrijzer et al. 1994;
Kutach and Kadonaga 2000; http://www-biolo-
gy.ucsd.edu/labs/kadonaga/DCPD.html). Further, al-
though TBP and a core group of TAFs are expressed in
all cells, other TAFs are expressed only in a subset of
cells (Dikstein et al. 1996). The Drosophila TAFs can-
nonball and no-hitter, for example, are only expressed in
testes (M.T. Fuller, personal communication). Thus, in
addition to the ubiquitously expressed canonical TFIID

complex, there may be additional TFIID-like complexes
containing unique collections of TAFs that are spatially
restricted.

A further elaboration of the core transcriptional ma-
chinery is that there are TBP-related factors (TRFs),
which are also expressed in a spatially and temporally
restricted manner (Crowley et al. 1993). The TRFs are
likely to be part of further, distinct TFIID-like complex-
es, at least one of which has preferences for core promot-
ers that differ from those of the canonical complex
(Holmes and Tjian 2000). The canonical TFIID complex
may, like the other general transcription factors, provide
limited gene-specific regulatory information to the
system. The other TFIID-like complexes, however, ap-
pear to be hybrids since they differentially affect the ex-
pression of a subset of genes in the cells in which they
are expressed – as do many sequence-specific regulatory
proteins – yet they act via core promoter regions – as do
the general transcription factors.

Cofactors: adapters and chromatin remodeling factors.
Cofactors, or coregulators, as they are also known, do
not bind to specific DNA elements and are not essential
for basal transcription. Instead, they interact with
sequence-specific DNA binding proteins and modify
their ability to activate or repress transcription (Fig. 1;
Bjorklund et al. 1999; Mannervik et al. 1999). Impor-
tantly, each cofactor interacts with a unique subset of
sequence-specific regulatory factors and most act on
only a subset of promoters. There are two principal
means by which cofactors act: as adapters or as chroma-
tin remodeling factors.

Adapters serve as physical bridges that help to inte-
grate transcription signals; the activation or repression
domains of sequence-specific DNA binding proteins of-
ten bind directly to adapters, which in turn bind to spe-
cific components of either the general transcriptional
machinery or chromatin remodeling proteins. In the case
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Fig. 2 A model of two distinct interactions of TFIID with TATA-
versus DPE-driven core promoters taken from Kutach and Kado-
naga (2000). The DPE consensus shown is 1 bp shorter than that
given by Kutach and Kadonaga, based on their more recent exper-
iments (J.T. Kadonaga, personal communication)



of activation, such interactions may recruit general factors
to the promoter or make conformational changes to the
macromolecular apparatus, leading in either case to an in-
crease in the rate of transcription (Tjian and Maniatis
1994; Goodrich et al. 1996; Ptashne and Gann 1997).

Chromatin remodeling factors, on the other hand, af-
fect transcription by altering the accessibility of DNA
sites in chromatin (Kingston and Narlikar 1999; Brown
et al. 2000). The general transcription factors and some
sequence-specific regulatory factors bind poorly to DNA
that is wrapped around an unmodified histone octamer
(e.g., Workman and Roeder 1987; Taylor et al. 1991;
Imbalzano et al. 1994). Other sequence-specific regula-
tory factors, however, bind efficiently to such nucleoso-
mal DNA (e.g., Taylor et al. 1991). When the latter type
of sequence-specific DNA binding protein recruits chro-
matin remodeling proteins to promoters, the accessibility
of nearby sites can be altered, increasing the local inter-
action of those factors that otherwise bind poorly to nu-
cleosomal DNA (Cosma et al. 1999). Some remodeling
activities affect accessibility by an ATP-dependent
mechanism – perhaps by creating looped DNA domains
that span several nucleosomes, which may partly unwrap
the DNA from the histone octamers (Bazett-Jones et al.
1999). Other chromatin remodeling activities increase
accessibility by acetylating lysine residues in the N-ter-
minal regions of the four core histones, lowering the net
positive charge of the histones, which may allow partial
disassociation or loosening of the DNA from the octam-
er. Specific acetylation of nucleosomes may also func-
tion as a molecular tag that is selectively recognized and
bound by transcription factors containing a bromodo-
main (Dhalluin et al. 1999; Jacobson et al. 2000). Per-
haps not surprisingly, histone deacetylases are used as
repressive cofactors that decrease chromatin accessibility
(Knoepfler and Eisenman 1999). In many animals, in-
cluding some arthropods and all vertebrates, cytosine
methylation and methyl-binding histone deacetylases are
also used to reduce DNA site accessibility, but fruit flies
lack this particular mechanism (Bird and Wolffe 1999;
Colot and Rossingnol 1999; Walsh and Bestor 1999).

Adapters are a heterogeneous group. They include the
TAFs since although a TFIID type complex is essential
for basal transcription, the TAFs themselves are not.
Adapters also include other large protein complexes that
associate with the general transcription factors less tight-
ly than the TAFs, e.g., the mediator-like complexes
found in yeast, flies, and vertebrates (Bjorklund et al.
1999). Yet other adapters associate with particular fami-
lies of sequence-specific DNA binding protein, e.g., the
Groucho family of corepressors and the retinoblastoma
proteins (Rbs) (Fisher and Caudy 1998; Chen et al. 1999;
Mannervick et al. 1999). Not surprisingly, such adapters
tend to be conserved among animal phyla but absent
from yeast, paralleling the conservation of the sequence-
specific DNA binding proteins with which they interact.
It is difficult to estimate the total number of adapter
complexes in Drosophila. There are perhaps somewhere
between 20 and 30 different complexes.

Chromatin remodeling proteins are also a diverse
group. To date, at least three ATP-dependent remodeling
complexes have been identified in Drosophila:
dSWI/SNF, NURF, and ACF/CHRAC, each of which
contains 4–8 polypeptides (Kingston and Narlikar 1999).
Similar complexes are found in yeast and vertebrates,
though significant changes in subunit composition have
occurred across phyla. At least one, and perhaps several,
large histone acetylase complexes are conserved from
yeast to vertebrates, including the SAGA complex
(Brown et al. 2000). TAF 250 is a histone acetylase, and
the Drosophila homologue of the CBP histone acetylase
has been shown to be a cofactor for Dpp signal transduc-
tion (Waltzer and Bienz 1999). Finally, at least two dis-
tinct histone deacetylase complexes involved in tran-
scriptional repression are conserved from yeast to verte-
brates – the Sin3-like complexes and the Mi-2/NuRD-
like complexes – but other deacetylases probably exist as
well (Knoepfler and Eisenman 1999).

Throughout our description of cofactors and general
transcription factors, we have largely discussed com-
plexes shown to be distinct entities by biochemical ex-
periments. One point we have ignored until now is that a
number share some polypeptides. For instance, several
of the histone acetylase complexes contain a subset of
the TAFs found in TFIID, while also containing other
unique polypeptides (Bjorklund et al. 1999; Brown et al.
2000). Also, at least two of the Drosophila ATP-depen-
dent remodeling complexes contain the ISWI polypep-
tide, though they share no other subunits (Kingston and
Narlikar 1999). The repeated use of the same gene prod-
uct in different complexes is, of course, an efficient way
to build many distinct trans-acting factors from fewer
polypeptides via combinatorial mixing and matching.
This same tendency, however, makes it harder to predict
the full complement of factors expressed in an organism
from sequence homology alone, highlighting the impor-
tance of studying an organism for which extensive func-
tional data are available.

In general, cofactors are ubiquitously expressed in
most animal cells (e.g., Rb and Groucho), though there
are exceptions, as noted above. This ubiquity does not
mean, however, that their activity is constitutive. To give
just one example, Rb is differentially phosphorylated in
a cell-cycle-dependent manner, altering its ability to in-
teract with E2F transcription factors and controlling a
key step of the cell cycle (Sellers and Kaelin 1996). But
even if some cofactors are constitutively active in all
cells, they still interact with a unique subset of sequence-
specific DNA binding proteins and thus are recruited to a
subset of genes. Therefore, by analogy to the “ubiquitous
specificity” class of sequence-specific regulatory protein
discussed earlier, mixed arrays of cofactors should vastly
increase the diversity of transcriptional responses. We
suspect that the proliferation and elaboration of cofactors
played an important role in the evolution of complex
multicellular organisms.
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The range of DNA sequences bound in vitro. Given the
affinities of a sequence-specific DNA binding protein for
all variants of its recognition site, the degree to which
any DNA fragment is bound in vitro by the purified pro-
tein should be predictable from sequence data alone. It
might be thought that such predictions are already possi-
ble for many transcription factors, but very few proteins
have, in fact, been studied in sufficient detail to allow
such calculations. Consensus binding sites have been
proposed for many factors (Faisst and Meyer 1992; Heine-
meyer et al. 1998; http://transfac.gbf.de/TRANSFAC),
but most analyses have been qualitative, seeking to iden-
tify the highest affinity sites and largely ignoring sites
bound only several fold more weakly.

A further problem results from homomeric coopera-
tive interactions between molecules. Frequently, DNA
binding preferences are determined by selection of sites
from pools of random oligonucleotides using PCR-based
methods (e.g.,Pollock and Treisman 1990; Ekker et al.
1991). The randomized portion of the oligonucleotides
used tends to be only 20 bp–30 bp long. For technical
reasons, it is not uncommon for sites to be selected using
only the DNA binding domain, rather than the full-
length protein. Unfortunately, many transcription factors
bind as multimers to DNA sites separated by more than
20 bp, and domains that mediate these homomeric pro-
tein/protein interactions often lie outside of the DNA
binding domain. To give one illustration of how mislead-
ing a typical PCR binding site selection experiment
might be, the isolated DNA binding domain of the Dro-
sophila transcription factor Zeste binds strongly to sites
of sequence (C/T)GAG(C/T)G. The full-length Zeste
protein, by contrast, does not bind well to such isolated
consensus sites but requires at least three consensus sites
for efficient binding, each separated by 18 bp–60 bp
(Chen and Pirrotta 1993). In other words, intact Zeste
protein binds in vitro with high affinity to a much small-
er percentage of gene fragments than does its DNA bind-
ing domain alone, and the sites it interacts with are lon-
ger than those detectable in typical binding site-selection
experiments.

Homomeric cooperative interactions are actually a
double-edged sword. Not only can they increase the se-
lectivity of DNA binding, as in the above example, but
they can also have the opposite effect. The homeoprotein
Eve, for instance, binds efficiently to DNA sites that
poorly match the consensus, providing that these “weak”
sites are within a few hundred base pairs of high affinity
consensus sites (TenHarmsel et al. 1993). Perhaps be-
cause the homomeric interactions between Eve molecules
are relatively weak, they do not significantly increase
binding to consensus sites. In effect, homomeric coope-
rativity decreases the selectivity of binding of Eve by in-
creasing the total range of DNA sequences bound. There-
fore, it seems that a thorough quantitative analysis of in
vitro DNA binding specificities requires several experi-
mental approaches to ensure a complete understanding.

Predicting transcription factor DNA binding in vitro
is particularly difficult in eukaryotes, both multicellular
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Problems remaining

The majority of Drosophila transcription factors have
most likely been identified. We already know the expres-
sion patterns of many of these proteins, and through the
ongoing efforts of the Drosophila Genome Project, we
will shortly know the expression profiles of them all
(http://www.fruitfly.org). The DNA sequence of every
target gene regulated by these proteins has, of course,
now been determined. In principle then, if we knew
enough about each transcription factor, we could predict
which genes each factor binds and regulates and, eventu-
ally, the patterns of expression of all genes. Sadly, we are
very far from achieving this goal. A number of problems
stand in our way. Below, we present what we see as the
major issues from a biochemist’s perspective. We do not
discuss the computational challenges faced by bioin-
formaticists, but we hope the points that we raise here
will be useful to them. For a discussion of these addi-
tional challenges, see Crowley et al. (1997), Reinitz et al.
(1998), Wasserman and Fickett (1998) and Hughes et al.
(2000).

To develop predictive models, we believe that it is es-
sential to adopt a quantitative, system-wide approach, as
distinct from the qualitative, one-promoter-at-a-time ap-
proach that has dominated the last 30 years. Transcrip-
tion factors in vivo are in thermodynamic equilibrium
with all potential DNA binding sites in the nucleus (von
Hippel et al. 1974; Lin and Riggs 1975; Yang and Nash
1995; Carr and Biggin 1999). Therefore, to predict if a
transcription factor will bind to any particular promoter
in vivo, a number of issues must be considered, includ-
ing the concentration of the factor in nuclei and the num-
ber of potential binding sites accessible within the ge-
nome. For example, even the highest affinity sites will
not be bound at functionally significant levels if the free
concentration of the protein is too low because most
molecules are bound throughout the genome at other
high-affinity sites. Quantitative data are necessary be-
cause, as we describe below, proteins do not bind to
DNA in an all or none fashion. Because the different lev-
els at which genes are bound correlate with function,
quantitation is essential.

It is not enough, therefore, to identify a handful of
specific sites to which a transcription factor binds. The
range of sites bound in the organism must be found.
Knowing this range, it is then natural to ask what frac-
tion of the specific sites bound are functional target sites.
With this information, a picture of how the transcription
factor impacts the biology of the animal can also be
built. Below, we discuss in turn the problems of deter-
mining which sites are bound in vitro, which sites are
bound in vivo, and which sites are functional. Additional
challenges presented by the regulatory network coordi-
nating development are also discussed. We emphasize
the importance not only of enumerating all interactions
and regulatory events that occur, but also of deciphering
the underlying principles that determine these interac-
tions and events.
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and microbial, because factors in these organisms gener-
ally bind to shorter more degenerate sequences than do
typical prokaryotic proteins. It is not uncommon for pro-
karyotic factors to recognize sites of 14 bp–18 bp 
(Robinson et al. 1998; http://arep.med.harvard.edu/dpin-
teract), whereas many eukaryotic factors bind 5 bp–8 bp
sequences (Faisst and Meyer 1992; Heinemeyer et al.
1998; http://transfac.gbf.de/transfac). The sheer frequen-
cy of these shorter sites in the genome enhances the pos-

sibility of error. In animals, including Drosophila, this
problem is compounded by the much larger size of the
genome, a greater proportion of which is non-protein
coding, substantially increasing the number of potential
sites to be predicted.

The range of DNA sequences bound in vivo. Even when
accurate predictions of DNA binding in vitro are avail-
able, it is likely that conditions in vivo modify the DNA

Fig. 3A, B Comparison of the
in vitro (blue) and in vivo (yel-
low) DNA binding preferences
of Zeste and four homeopro-
teins: Eve, Ftz, Paired (Prd),
and Bicoid (Bcd). A The rela-
tive in vitro and in vivo DNA
binding specificities of Paired,
Bicoid, and Eve for four frag-
ments of the eve promoter are
broadly similar. Zeste does not
bind to this promoter and Ftz
binds similarly to Eve. At the
bottom is a diagram of the eve
gene, indicating the four re-
striction fragments, the paired
target element (PTE), the mini-
mal autoregulatory element ac-
tivated by Eve (MAE), the Bic-
oid responsive stripe 2 element
(stripe 2), and the mRNA start
site (arrow). B The in vitro and
in vivo DNA binding prefer-
ences of four homeoproteins
differ when compared across
differently transcribed genes.
DNA binding per kb of DNA to
a series of DNA fragments
from several different gene loci
are shown. The fragments
range in size from 1.5 kb to
8 kb. The eve and ftz genes are
strongly transcribed at the stage
of development at which in vi-
vo binding was assayed; the
other genes are either not tran-
scribed or are only weakly tran-
scribed at this stage. Binding of
Zeste has not been assayed in
vivo to the hsp 70 and Adh
genes. This figure was adapted
from Carr and Biggin (1999)



binding specificities of most transcription factors. Pre-
dicting which target genes a factor binds in vivo, there-
fore, requires that we understand the forces modifying
binding and the degree of their effect. To provide a
framework for our discussion of this issue, we first de-
scribe the results of a unique comparison of the in vitro
and in vivo DNA binding specificities of five different
Drosophila transcription factors (Fig. 3; Walter et al.
1994; Laney and Biggin 1996; Carr and Biggin 1999).

Zeste binds in vivo with high specificity only to those
promoter regions to which it binds strongly in vitro (de-
scribed earlier). The relative occupancy of these sites in
vivo, however, differs up to tenfold from the relative lev-
els of occupancy in vitro. The homeoproteins Eve, Ftz,
Paired, and Bicoid have much broader recognition prop-
erties. They bind to DNA sites throughout the length of
most genes, both in Drosophila embryos and in vitro.
There is a good correlation between the in vivo and in
vitro DNA binding specificities of each of these homeo-
proteins on actively transcribed genes (Fig. 3A), but there
is no such correlation on inactive genes. These genes are
bound at least tenfold more weakly in vivo than would be
predicted from in vitro affinities (Fig. 3B).

What do the above results suggest about the forces in-
fluencing transcription factor DNA binding in vivo?
First, they imply that conditions in cells do not radically
alter DNA binding specificity, at least for these five pro-
teins, but instead they quantitatively modify it. Second,
in the case of the homeoproteins, a possible explanation
for the data is that chromatin structure may specifically
reduce binding on inactive genes. This view is supported
by considerable evidence that chromatin structure is
modified as genes become active and by data showing
that in isolated nuclei, homeoprotein DNA sites are less
accessible to restriction enzyme digestion in inactive
genes than they are in active genes (Wallrath and Elgin
1995; Beato and Eisfeld 1997; Wolffe 1998; Carr and
Biggin 2000). Unfortunately, the precise degree to which
chromatin structure affects homeoprotein/DNA interac-
tions in vivo is difficult to assess – estimates vary from a
mean effect of two- to tenfold.

It is also difficult to predict how chromatin affects
DNA binding of other classes of factor. As we described
previously, some proteins bind efficiently to nucleoso-
mal DNA without the aid of chromatin remodeling fac-
tors, but these data do not preclude the possibility that
higher order structures may influence interactions of
these proteins at some sites. Zeste binds in vivo with
equal efficiency to promoter constructs whether they are
transcriptionally active or inactive (Laney and Biggin
1997). Additionally, restriction enzyme accessibility as-
says indicate that unlike homeoprotein recognition sites,
sites recognized by other sequence-specific regulatory
proteins are not differentially inhibited at most sites on
inactive genes (Carr and Biggin 2000). Thus, for many
proteins, chromatin structure may modify binding at only
a minority of sites and predicting which will require a
better understanding of chromatin remodeling than we
currently possess.

The other major factor modifying DNA binding in vi-
vo is heteromeric cooperative association between pro-
teins. Interactions between different transcription factors
frequently increase the affinity of one or both proteins to
individual DNA sites in vitro, and in a few instances,
binding to some sites in vivo does depend on these inter-
actions (Johnson 1992). Based on these data, it is fre-
quently assumed that the DNA binding specificity of
many transcription factors will be much more selective
in vivo than in vitro. In other words, it is assumed that
factors are expressed at such low levels in cells that they
cannot bind efficiently to any specific sites without het-
eromeric cooperativity – even sites that are not blocked
by chromatin structure – and that, as a consequence, only
recognition sites adjacent to those of heterodimer part-
ners will be bound efficiently. There probably are pro-
teins for which this is true, but measurements of in vivo
DNA binding have not borne out these predictions to
date. For example, homeoproteins such as Ftz and Eve
have been proposed to bind highly specifically in vivo;
each protein being thought to bind to different sets of
genes (Mann and Chan 1996; Yu et al. 1997), but direct
measurement of DNA binding by these proteins in vivo
suggests that they bind with similar specificity to the
same targets (Walter et al. 1994).

Predicting which genes are bound in cells will re-
quire, therefore, that any increase in affinity resulting
from heteromeric cooperativity be taken into account, in
addition to the concentrations of proteins in nuclei, the
total number of specific sites in the genome, and the de-
gree of accessibility of each site in each cell. We will
also need more experimental data about the range of
sites bound in vivo, including higher resolution mapping
of sites, data for more sequence-specific factors, and
measurements on many more genes.

However difficult it is to predict genes targeted by a
sequence-specific DNA binding protein in vivo, the
problem is worse for cofactors and the general transcrip-
tion factors. The recruitment of these proteins is depen-
dent on multiple protein/protein interactions with a con-
stellation of promoter-bound factors (Fig. 1). Since we
do not understand all of the players in these complexes,
any success at predicting full promoter activity is likely
to be limited at present.

The broad DNA binding by some sequence-specific
regulatory proteins in Drosophila has implications for
the function of the majority of DNA that does not code
for protein. Because many promoter deletion experi-
ments have implicated short discrete regions within
genes as important transcriptional regulatory elements, it
is often assumed that the sequences in between these en-
hancer and silencer elements serve no function. Homeo-
proteins, however, bind to long regions between en-
hancers to the same extent that they bind to their known
response elements (Fig. 3). If a large proportion of these
sites are functional, and if other classes of factor also
bind broadly, a much larger percent of the nonprotein
coding portion of the genome could encode transcrip-
tional cis elements than currently believed.
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The range of genes directly regulated in vivo. Even if we
knew which genes a transcription factor binds in vivo,
we cannot assume that all are regulated by that factor, as
some binding sites may be nonfunctional. For example,
the activities of individual transcription factors within
enhancesomes are dependent upon the presence of other
factors precisely positioned at nearby sites (Thanos and
Maniatis 1995; Ptashne and Gann 1997). On their own,
individual promoter-bound factors may not be signifi-
cantly active.

Because of the extreme complexity of the develop-
mental network in Drosophila, it is useful to break the
problem of determining which genes are regulated into
two steps: one, to ascertain the range of all genes that are
regulated directly or indirectly; two, to determine what
fraction of genes are only directly regulated. By directly,
we mean genes that are regulated as a consequence of
being bound by a factor. By indirectly, we mean genes
that are not direct targets, but whose transcription is al-
tered by subsequent changes in the regulatory network
that result from the changed expression of direct targets,
some of which may be transcription factors. The reasons
for first enumerating direct and indirect targets together
is because this is simpler and it will always be useful to
know the complete impact a transcription factor has on
the network.

Whole genome microarray analysis of mRNA expres-
sion has proven to be a powerful method to identify
genes regulated directly or indirectly by transcription
factors in micro-organisms (e.g.,DeRisi et al. 1997; Chu
et al. 1998). Comparing mRNAs from wild-type cells
with mRNA from cells either lacking or over-expressing
a specific regulator shows the total range of variation of
gene expression. Microarrays have also been successful
for examining gene expression in animal tissue culture
cells (Iyer et al. 1999; Ross et al. 2000; Zhao et al.
2000). This approach is less effective, however, for
whole animals. The problem is that array analysis com-
pares two populations of cells. As described earlier, vir-
tually every cell in Drosophila has a unique profile of
mRNA expression. Thus, to establish a thorough cata-
logue of gene expression would require pairwise com-
parison of mRNAs from every cell in the animal – clear-
ly an impossible task at present.

To overcome this difficulty, a different strategy has
been used. The expression patterns of a random sample
of several hundred genes have been analyzed in wild-
type and mutant Drosophila by whole-mount in situ
analysis (Liang and Biggin 1998). In the fly, these exper-
iments are cheap and take only a few weeks to perform.
They do not identify all genes regulated by a transcrip-
tion factor because it is unrealistic to examine all genes,
but they do provide a good estimate of the percentage of
genes regulated. For example, each of the Hox genes
were shown to regulate the expression of at least 80% of
all genes directly or indirectly (Liang and Biggin 1998).
If instead mRNAs from whole embryos, mutant and
wild-type, had been compared by array analysis, it is
doubtful that more than 2% of the genes would have

been found to be regulated. Indeed, microarray analysis
of whole flies suggest that only 10% of genes are regu-
lated during metamorphosis, a time when many tissues
are histolyzed, presumably eliminating the expression of
all mRNAs in these cells (White et al. 1999). A combi-
nation of microarray analysis – preferably comparing
RNA from small groups of cells from specific regions of
the body – and whole-mount in situ experiments will
probably provide the best overview of the total fraction
of genes directly and indirectly regulated by a given
transcription factor.

The most common way that individual direct targets
have been identified involves the mutation of specific
binding sites in transgenic promoter constructs (e.g.,
Schier and Gehring 1992; Small et al. 1992; Simpson-
Brose et al. 1994). This approach is too laborious to al-
low more than a few potential target genes to be deter-
mined, but the data are extremely useful: the elements
identified can be used to establish what levels of binding
in vivo are functionally significant. The most promising
way to identify quickly many direct targets uses fusion
proteins that contain the ligand binding domain of a het-
erologous steroid nuclear receptor and the transcription
factor under study. These fusion proteins are activated
upon addition of hormone and if protein synthesis is in-
hibited at the same time that hormone is administered,
only the expression of direct targets should be affected.
To date, this approach has been used to examine a small
number of potential target genes in frogs and Arabidop-
sis (Gammill and Sive 1997; Sablowski and Meyerowitz
1998). If this method is used to analyze the expression
either of a random sample of potential direct targets us-
ing whole-mount in situs or of all genes using an array,
the number of direct targets can be estimated. Although
not all genes bound in vivo may be direct targets, at least
all direct targets should be bound in the test cells.

Finally, no discussion of animal gene regulatory net-
works is complete without an acknowledgement of re-
dundancy. It is well known that deletion of some tran-
scription factors has little or no obvious effect on the or-
ganism or on gene expression, despite the fact that other
experiments indicate that the same proteins can directly
regulate important target genes in vivo (e.g., Goldberg et
al. 1989; Rudnicki et al. 1992). Such functional redun-
dancy has been amply discussed by others (Tautz 1992;
Thomas 1993; Pickett and Meeks-Wagner 1995). Suffice
it to say that any attempt to determine all the direct tar-
gets of a transcription factor will be forever haunted by
this issue. All estimates are likely to be minimum esti-
mates, and distinguishing between nonfunctional binding
and functionally redundant binding will require detailed
analysis (e.g.,Laney and Biggin 1996). Certainly, it is
best to study an animal, such as the fruit fly, in which re-
dundancy is less prevalent.

Additional challenges. Beyond the difficulties mentioned
above, several other issues must be resolved. One prob-
lem is to understand why enhancers and silencer ele-
ments interact with a particular core promoter region and
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not with other nearby promoters. There are three features
of the Drosophila genome that make this a challenge.
One, around 7% of genes lie within the transcription unit
of another gene, typically within an intron (Ashburner et
al. 1999). Two, many genes initiate transcription from
several discrete sites – for example, the Adh gene has
two separate core promoters that are active at different
stages of development (Hansen and Tjian 1995). Three,
the enhancer and silencer elements of neighboring genes
are frequently close together. Insulator elements have
been discovered that block the ability of regulatory ele-
ments to act on neighboring promoters, but our under-
standing of insulator proteins is too rudimentary to pre-
dict insulators from DNA sequence data alone (Cai and
Levine 1995; Gaszner et al. 1999; Scott et al. 1999). We
will need more information about how distant regulatory
elements communicate their effect to the general tran-
scription factors before we can predict enhancer/core
promoter selectivity (for further discussion see Bulger
and Groudine 1999; Rollins et al. 1999).

The highly dynamic, interacting nature of the network
will also have to be taken in to account. Development is
not regulated by a strict temporal cascade of transcrip-
tion factors. One group of factors does not first activate
another group of factors, which after a time then activate
another group, etc., etc. Instead, the process is a continu-
ous network of cascades. Some transcription factors are
expressed earlier than others; but as soon as their targets
are affected, the initially expressed factors together with
those of their targets that are themselves transcription
factors begin to mutually affect new targets and also
modify the expression of genes previously regulated. In
multicellular organisms, there is extensive crosstalk be-
tween neighboring cells using various signal transduc-
tion pathways. Direct targets will quickly also become
indirect targets of the same transcription factor. There is
no such thing as the pattern of a gene’s expression:
mRNA expression changes constantly throughout devel-
opment. This continuous variation of many parameters
imposes a further significant challenge.

Given these difficulties, a fully quantitative modeling
of animal transcriptional control may appear unrealistic,
but the progress made over the last 30 years has been
nothing short of remarkable. We optimistically conclude
that the next 30 years may bring us much closer to our
goal than currently seems possible. With a complete un-
derstanding of animal transcription systems, it should be
possible to predict the physiological effects on an organ-
ism of mutating or misexpressing a transcription factor.
Also, it should allow the design of novel heterologous
promoters that express selected gene products in a speci-
fied group of cells at a controlled level. Such progress
would be important both for human gene therapy and for
the development of improved transgenic animals. Quan-
titative genome-wide analyses are already changing the
way we think of transcriptional control and will continue
to do so in the future.
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