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ABSTRACT

Site-specific transcription factors (TFs) recognise their target genes in a sequence- or
conformation-dependent manor. In contrast fo the basal TFs that are the general facilitators
of gene expression, their site-specific interaction partners are tissue- or condition-specific.
Thus, site-specific TFs constitute the major prerequisite for the modular expression
programmes that drive metazoan development. This article deals with the computational
identification of TFs (how to find them in genomes) and with online resources such as the
FlyTF database of Drosophila site-specific TFs (how to find them online).

INTRODUCTION

Functional annotation in genomes is an important problem that is only partially
solved. There are challenges at two levels. At one level, there is room for improvement of
the computational methods for automatic classification, both on a genome-wide scale for
an initial draft annotation and for detailed annotation of individual proteins. At another
level, functional annotation and classification of functions is a question of semantics, since
there are many ways of describing the function of a protein. Here, we discuss both issues
of functional annotation for site-specific transcription factors in the fruit fly.

Gene expression is facilitated by a wide range of basal or general TFs. With a few
exceptions (e.g., of some testis-specific TAFs in ref. 1) these basal TFs are ubiquitously
expressed and present in every cell. Basal TFs form the RNA polymerase II complex, a
machinery that consists of a plethora of different DNA-binding and non DNA-binding
factors for initiation of gene transcription from a core promoter by RNA polymerase
I1. This machinery receives signals through interaction with other proximal and distal
promoters, commonly known as enhancers or silencers, which may be organised as
binding site clusters in so-called cis-regulatory modules.?

Proximal and distal promoters contain target sites for the site-specific TFs. These bind
DNA with great specificity, and while some factors recognise specific sequences (a good
example in Drosophila is Bicoid, which binds to a GGGATTA sequence motif in ref. 3),
others are less sequence-specific but require a certain DNA conformation for proper
function (e.g., some POU domain proteins in ref. 4). In contrast to the ubiquitous and
relatively abundant expression of the basal TFs, the expression of most site-specific TFs is
spatiotemporally regulated and can even be condition-specific. This tight regulation makes
site-specific TFs key regulators in both the development and physiology of a complex
organism. One example for the fundamental role of site-specific TFs is the segmentation
network in early Drosophila embryonic development,’ featuring the well-known textbook
examples of Bicoid, Caudal, Hunchback, Kriippel, Knirps and Giant to name just a few.

A special class of site-specific TFs are those that do not act on individual target genes
but rather on entire molecular neighbourhoods. Some proteins exhibit sequence-specificity,
but do also show characteristics of higher-order chromatin remodelling. The proposed
insulator proteins CTCF and Suppressor of Hairy Wing’ belong to this category.

COMPUTATIONAL IDENTIFICATION OF TFs

The characteristics of “a transcription factor” and what makes a protein one are
somewhat loosely defined. Whether and how transcriptional regulation is established
by a candidate protein can be difficult to assess experimentally, and thus, any controlled
experiment showing transcriptional changes of a reporter gene after addition or depletion
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of the candidate factor would be eligible. In our definition, a
minimal requirement to qualify as site-specific TF is the presence
of a DNA-binding protein domain (DBD) known to be present in
other transcriptional regulators. This property can be tested experi-
mentally in a variety of assays; however, some canonical DBDs are
generally accepted to be exclusive for site-specific TFs, e.g., the
Homeodomain. On the other hand, other versatile domains can
serve as DBD in TFs but may have entirely unrelated functions in
other proteins. The zinc finger domain is an example of this, as it can
bind to DNA in site-specific TFs, RNA in catalytic enzymes and can
also be involved in protein-protein interactions in yet other proteins.
With no additional experimental evidence for transcriptional regula-
tion and DNA-binding, it is difficult to make a reliable judgment for
a zinc finger protein based on domain assignments alone.

With the exception of some promising advances in literature-based
textmining®and genomiccontext-based methods,” onlysequence-based
methods are available to classify proteins computationally. In order
to find out if a candidate protein is a site-specific TE similarity to a
known TF with respect to the primary sequence or the presence of a
known DBD can be used as a diagnostic feature.

The simplest strategy employs BLAST!? or a similar search
algorithm using a known TF sequence as a query for a genome-wide
search in the species of interest to identify related proteins.
Alternatively, a candidate protein sequence of unknown function
can be used for a search, which may have a known TF as the
most significant hit. Bidirectional best hits in conjunction with a
substantial overlap between the proteins are sufficient to identify
orthologues of known TFs. A more sophisticated version of this
approach!! is used in the Inparanoid database.!? Thus, orthology of
a candidate protein to a known TF in a different species or paralogy
of a candidate protein to a know TF within the species is a reliable
indicator of its function. Often candidate proteins fail to meet the
strict criteria necessary for this assignment, which is often neglected,
and can lead to the over-interpretation of BLAST results.

The other strategy for identification of site-specific TFs does not
consider similarity to entire proteins, but uses structural knowledge
about the canonical DBDs. Databases like Superfamily!'® or PEAM 4
contain extensive collections of domain families and their multiple
alignments and profiles. In Superfamily, the domains are based on
structural studies using X-ray crystallography or NMR, while in
PFAM they are also based on sequence alone. The sequence alignments
available from these databases can be interpreted as the propensity of
a given amino acid to occur at a specific position within the domain.
This information can then be used to create so-called hidden Markov
models, enabling for very sensitive searches for structural information
in primary sequences. The DBD transcription factor database!®
systematically implements this strategy for DNA-binding domains.
In conjunction with a manually curated list of canonical DBDs,
this approach allows us to produce reliable predictions of TFs for
individual proteins and for entirely sequenced genomes.

SEARCHING FOR TFs IN FLYBASE

The FlyBase database!® is the unifying resource of all genetic
information related to the Drosophila species. It is usually the
primary data source for researchers interested in a certain fly gene. It
is also laid out to allow for searches for specific functional classes of
proteins, such as site-specific TFs.

www.landesbioscience.com
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FlyBase owes much of its success to the use of standardised
vocabularies, well-defined lists of words describing various aspects of
both fly and molecular biology. The vocabularies represent common
identifiers and the use of these standardised expressions in scientific
correspondence, the literature and the database guarantee that “the
same thing” is meant. For the description of molecular functions of
proteins, FlyBase has adopted the terminology and categorisation
from the Gene Ontology!” (GO) database.

Transcriptional regulation represents one of the more complicated
biological processes described in GO, and there are various molecular
functions associated with it in the hierarchy of GO terms. In fact,
there is a term “sequence-specific DNA-binding” (GO:0043565),
but at the time of writing the term’s logical successors in the hierarchy
do not cover the function “site-specific transcriptional regulation”.
The term “transcription factor activity” (GO:0003700) is different
and less specific, although it is defined for the “function of binding
to a specific DNA sequence in order to modulate transcription”.
Thus, it should cover both basal and site-specific TFs. A search
using the FlyBase QueryBuilder retrieves almost 400 D. melanogaster
genes associated with this function. One subsequent child term to
GO0:0003700 is “enhancer binding” (GO:0003705), which is more
specific, but this term is only associated with two fly genes. Previous
estimates'® and our own studies'® point towards more than 750
site-specific TFs encoded in the D. melanogaster genome.

Both GO term searches are thus incomplete and inadequate
for retrieval of site-specific TFs. A recent study in C. elegans
achieved 96% coverage to identify known and predicted TFs
by the combination of GO terms “transcription factor activity”,
“DNA binding” (GO:0003677) and “DNA-dependent regulation
of transcription” (GO:0006355).2° In our own work!? focussing on
Drosophila TFs, we found various combinations of a set of about
20 different GO terms necessary to achieve similar coverage. The
problem with GO annotation in FlyBase and in general lies in the
nature of the annotation process. In the post-genomic era, much
of the annotation is performed semi-automatically and, e.g., poor
BLAST hits to previously classified proteins may explain some
questionable GO term assignments. This information is accessible
in FlyBase and can be identified by the evidence codes “inferred
by sequence similarity” and “inferred from electronic annotation”.
For instance, this is the case for Easter, a textbook example of a
protease involved in signal transduction, which to date is still anno-
tated as “DNA binding” and having “transcription factor activity”
in FlyBase and GO. This also exemplifies a different problem. The
categorization of GO is very complicated and covers more than
20,000 terms. Without detailed knowledge of the entire hierarchy, a
human curator may annotate Easter as having “transcription factor
activity”, as it is a factor influencing transcription, although in a
different manner.

THE FIyTF TRANSCRIPTION FACTOR DATABASE

The DBD transcription factor database approach!® is carefully
benchmarked and optimised towards conservative predictions of
site-specific TFs. That is, the method has a very low false discovery
rate (<3%) in comparison to simple BLAST strategies. Unfortunately,
this comes at the cost of the detection rate, meaning that, depending
on the “gold standard” used, only about 65% of TFs are detected by
the method. Thus, we aimed to complement the computationally
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Figure 1. Finding site-specific transcription factors in FlyBase and FlyTF. The QueryBuilder in FlyBase requires good knowledge of the Gene Ontology
terminology. The easiest query for site-specific TFs is for "transcription factor activity". This yields less than 400 candidates and contains many proteins that
do not bind DNA in a site-specific way. The FlyTF database combines data from structure-based sequence searches and various combinations of GO terms.
This extensive set of candidate proteins was then subject to manual curation, applying a classification scheme for literature and structural evidence. The

curated set of 753 site-specific TFs is now available online at www.FlyTF.org.

predicted site-specific TFs of D. melanogaster with factors that
we learnt from an extensive literature study of fruit-fly TFs. The
combined set of predicted and experimentally verified candidate TFs
was then subject to a careful manual curation, taking into account
computational and experimental evidence. Details of this search
strategy and curation effort are available from the FlyTF transcription
factor database at www.FlyTEorg.!?

So, whatis in FlyTF? Our curation started out from 1052 candidate
proteins, of which 1005 were identified by various combinations of
transcription-related GO terms on FlyBase, non-redundantly unified
with 592 candidates from the D. melanogaster dataset of the DBD
database (Fig. 1). We defined a classification scheme with several
degrees of evidence concerning the candidate protein’s ability both
to bind to DNA and to regulate transcription. The entire dataset
including a list of all candidate proteins as well as our annotation
(featuring convincing statements from the literature) is available for
search and download.

This curation yielded a set of 753 site-specific TFs. With highest
confidence, 454 of them are site-specific TFs described in the litera-
ture or having the Homeodomain as a DBD (which we always scored
as a site-specific TF), whereas the remaining 299 are only supported
by the computational predictions. The largest DBD family in this
latter set are putative zinc finger domain TFs, due to both their high
abundance and the versatile functions of the domain.

USING FIyTF

Currently, we serve the needs of two types of researchers. If you
are interested in whether a specific fly gene is a site-specific TE,
the gene can simply be searched by name (any FBgn, CG, symbol
or synonym) from the FlyTF welcome page. An advanced search
tool allows queries to the database for factors that fulfil a variety of
different criteria. These criteria are the type of evidence, the factor’s
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GO annotation, its presence in other TF databases, and, most
importantly, the presence of a specific DBD (e.g., all Homeodomain
TFs) or structural domain combination (e.g., all zinc finger TFs
with BTB interaction domain). Tips for successful searches are illus-
trated in an extensive help section. For researchers involved in gene
expression analysis and other high-throughput methods, the entire
dataset is available in raw format for custom analysis.

An example of a FlyTF query: we want to retrieve all zinc finger
TFs with a BTB interaction domain, for which there is additional
annotation about their binding sites in the DNase I footprint
database?! (FlyReg):

1. Direct your Web browser to www.FlyTF.org.

2. Choose “Advanced search” from the welcome page (a new

window will open).

3. In the panel “must have annotation in TF DB,” choose “any
other.”

4. In panel “must have DBD domain architecture,” select
“simplified architecture” and choose “(BTB) (zf~-C2H2)” from
the drop-down menu.

5. Hit “Please find...” (a new window will open. A table showing
basic information about the qualifying TFs appears).

6. The last column in the table informs you about the
annotation in other databases. Of seven factors, only Broad
(FBgn0000210) and Tramtrack (FBgn0003870) are present
in FlyReg.

7. Click the FlyBase ID of Tramtrack so see what’s known about
this factor in FlyTF (a new window will open).

The candidate view summarises all available information on the
TF from different data sources. In case of Tramtrack, it is annotated
as a site-specific TF in DBD, in FlyReg and in FlyMine, and links
to these resources are available. The different splice forms are shown
with their domain achitectures; clicking on the identifiers of the
individual splice forms will open the appropriate pages in Ensembl.
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GO information is color-coded according to the evidence level
for the annotation, links to PubMed allow one to trace back the
origin of the annotation. Most importantly, the “Curator’s verdict”
on Tramtrack shows that it is a DNA-binding and site-specific
transcription factor.

CONCLUSIONS

It is seven years since the genome sequence of Drosophila
melanogaster was published.?? Despite ongoing efforts in genome
annotation and available methods to reliably predict site-specific
transcription factors, their number and identity still cannot be deter-
mined through a simple search at FlyBase. Here, we presented some
of the obstacles in the annotation process. The FlyTF database of
Drosophila site-specific transcription factors is a manually curated
catalogue of computationally predicted and experimentally verified
TFs. It is an online resource with various search options, available at
www.FlyTForg.

We are aware that gene annotation and prediction of functional
classes is never perfect and never complete. Therefore we ask the
Drosophila community to provide feedback on our annotation. The
database has had about 2,000 visitors in the last 12 months, and
many of these will undoubtedly have suggestions for improvement
of the annotation of proteins in FlyTE or for the inclusion of new
proteins. Future releases and updates to the database are planned,
and the incorporation of predictions for the recently sequenced
non-melanogaster species is underway.
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