domain is equally informative. ‘A-type’ and ‘C-type’
protein—protein interaction sites have been implicated
in the transformation of prions across species by mediating
binding of PrP® to Protein X or PrP5, respectively [2—7].
Of nine A-type residues, only one (position 215) is
conserved in all vertebrate groups, whereas the remaining
eight show variability patterns that generally correlate
with vertebrate class groupings (Fig. 3b). Likewise, of all
C-type residues (position 96-167), the first half are
conserved with exception of Fugu and the other half are
specific for each vertebrate group (Fig. 3b). Thus, PrP%s
could fail to convert PrP®s across vertebrate classes
because of molecular incompatibility at specific contact
sites, regardless of self-aggregation properties encoded at
the N-terminal domain.

Together, the evidence presented here links discrete
patterns of prion molecular evolution with important
changes in their pathogenic properties. Particularly,
changes at the N- and C-terminal domains could help
explain why scrapie pathogenesis and transmission seem
exclusive to mammals. Our discovery of a novel prion gene
in fish, and possibly in a Urochordate, places the origin of
prions in a common ancestor of all vertebrates, at least
550 million years ago. Moreover, our comparative analysis
of PrP® amino acid sequences reveals rapid rates of
molecular evolution at the base of the vertebrate radiation
without significant losses in protein structure, followed by
a reduction in the effective substitution rates within each
vertebrate class. The implications of these findings can
now be tested experimentally.
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Functional determinants of transcription factors in
Escherichia coli: protein families and binding sites
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DNA-binding transcription factors regulate the expres-
sion of genes near to where they bind. These factors
can be activators or repressors of transcription, or both.
Thus, a fundamental question is what determines
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whether a transcription factor acts as an activator or a
repressor? Previous research into this question found
that a protein’s regulatory function is determined by
one or more of the following factors: protein—protein
contacts, position of the DNA-binding domain in the
protein primary sequence, altered DNA structure, and
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Fig. 1. The domain architectures for the 69 proteins are represented here. DNA-binding domains are shown as rectangles, with the different colours representing different
families. The partner domains are shown as: octagon, small molecule binding domain; triangle, enzyme domains; circle, protein-interaction domain; pentagon, receiver
domain; diamond, domains of unknown function; again colours represent different families. A, activator proteins; R, repressor proteins and D, dual regulators. The number
of transcription factors of each domain architecture is shown to the right of the architecture. Of the 11 DNA-binding domain families, seven occur in both activators or
repressors and dual regulators. Of the 28 partner domain families, 17 occur in transcription factors with different types of regulatory function. Six domain architectures are
present in proteins that are activators or repressors as well as dual regulators. Thus, there is very little correlation between the regulatory function and the domain families
of transcription factors. The full key to all the domains and families is given at http://www.mrc-Imb.cam.ac.uk/genomes/madanm/ec_tf_bs/key.html.

the position of its binding site on the DNA relative to
the transcription start site. Although there are many
aspects specific to different transcription factors, in this
work we demonstrate that, in general, in the prokaryote
Escherichia coli, a transcription factor’s protein family is
not indicative of its regulatory function, but the position
of its binding site on the DNA is.

To examine what determines whether a transcription
factor is an activator, a repressor, or both, we extracted
Escherichia coli transcription factors and their binding
sites from the RegulonDB [1] database and from [2],
forming a dataset of 71 proteins with experimentally
verified regulatory information and binding-site data. Of
these, 18 are activators, 20 are repressors and 33 are dual
regulators. These 71 proteins regulate 529 genes through
1249 binding sites at 308 promoters; that is, approximately
an eighth of all genes and a quarter of all transcription
factors in E. coli [3].

Assignments of domains with a known 3D structure
were available for 69 of the transcription factors in
the SUPERFAMILY database [4]. In SUPERFAMILY,
structural assignments are based on a sensitive multiple
sequence comparison method [5] and the domain defi-
nitions and families of evolutionarily related domains
are from the Structural Classification of Proteins (SCOP)
database [6]. In SCOP, a combination of details of the
structure, function and sequence are used to determine
evolutionary relationships between the domains in SCOP
superfamilies, which we call protein families here. In
addition, domains were assigned from five families in the
PFAM database [7].
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The different domain architectures in the set of 69
proteins are shown in Fig. 1. It is clear that most of the
transcription factors are two-domain proteins, with a few
three- and four-domain proteins as previously noted by
others [8,9]. Each transcription factor consists of one or
two DNA-binding domains (DBDs), and most have one or
more partner domains. The DBDs come from 11 different
families of known 3D structure, and the partner domains
from 28 different families, including five PFAM domains.
All together, these 71 proteins belong to 36 different
domain architectures, where the proteins with the same
domain architecture are probably direct duplicates.

Protein families are not indicative of a protein’s
regulatory function
A reasonable hypothesis would be to assume that acti-
vators, repressors and dual regulators are more closely
related to the other proteins within each regulatory group
than to proteins in other groups. This would mean that
there would be protein families and domain architectures
that were characteristic either of activators, repressors or
dual regulators. Prag et al. [10] and Perez-Rueda et al. [11]
reported evidence to support this by relating the position of
helix-turn-helix motifs along the primary sequence to a
protein’s regulatory function. They used sequence com-
parison and profile methods to locate the helix-turn-helix
motifs that represent DBDs, and found that the helix-turn-
helix tends to be at the N terminus for repressors and at
the C terminus for activators.

Here, we use the domains of known 3D structure to
identify the position and evolutionary relationships of
DBDs and their partner domains. Seven out of the 11 DBD
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families occur in both activators and repressors, or in dual
regulators, as do 17 out of 28 partner domains. Thus, of the
protein domain families present in transcription factors,
62% occur in activators and repressors. In addition, there
are six domain architectures that appear in dual regu-
lators as well as activators or repressors, as shown in
Figure 1. In other words, a sixth of all domain architec-
tures occur in dual regulators, and in some instances in an
activator or repressor as well.

Ten of the 11 DBD families are helix-turn-helix families
(the exception being the nucleic-acid binding domain),
but the motif occurs in very different structural contexts,
such that there is little or no evidence for evolutionary
relationship beyond the families given here, which are
SCOP superfamilies. The position of the DBDs is consist-
ently N terminal for repressors as previously observed
[10,11], whereas it is a mixture of N and C terminal in
activators and dual regulators. Given that the 13 repressor
domain architectures show that most of the repressors
are either not directly or not at all related, the fact that
the DBD is always N terminal is either a functional
requirement or a coincidence, but not because the
repressors are evolutionarily related by descent.

These observations show that the regulatory function of
a protein does not depend upon the DBD type, partner
family or domain architecture, and also that these cannot
be used as a reliable measure to predict the regulatory
functions of a protein.

Binding site position suggests regulatory function

To investigate whether the binding site on the DNA is
informative as to regulatory function, we examined the
distance from the transcription start site to the center of
the TF binding site (obtained from RegulonDB) (Fig. 2). It
is evident that all the activators have an upstream binding
site (Fig. 2a) and the repressors have both upstream and
downstream binding sites (Fig. 2b). For the dual regula-
tors, the binding sites are equally populated upstream
and downstream of the transcription start site (Fig. 2c).
However, when we separated the data for dual regulators
into activator binding sites (Fig. 2d) and repressor binding
sites (Fig. 2e), the same pattern emerged as for the
repressors and activators.

This observation suggests that the distance of the
transcription factor binding site from the transcription
start site is an important factor in determining regulatory
function, as observed by Collado-Vides et al. from an
analysis on a smaller dataset [12]. However, the regions
upstream of the transcription start site are populated by
both activators and repressors. We analysed binding-site
positions by dividing the binding sites at a promoter into
those upstream of the RNA polymerase binding site at
— 35, and other downstream sites. Transcription factors at
the upstream sites generally do not prevent polymerase
binding as such, although there are exceptions to this
in DNA-bending proteins (e.g. FIS) that can influence
polymerase binding and processing from upstream sites.
Downstream sites are expected to hinder polymerase
binding or processing.

These data show that in 91% of promoters, activators
and activating dual regulators had only upstream binding
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Fig. 2. The transcription start site is represented as a right-angled arrow in all
the figures. (a) All of the activator binding sites occur upstream of the tran-
scription start site. (b) One-hundred-and-twenty repressor binding sites occur
both upstream and downstream of the transcription start site. (c) Six-hundred-
and-three dual regulator binding sites have equal populations in both
upstream and downstream regions. (d,e) When separated into activator bind-
ing sites only and repressor binding sites only, the dual regulators have the
same pattern as in (a) and (b). For upstream repressor binding sites of both
repressors and dual regulators, there is usually another repressor binding site
after the start site. Also note that the repressor binding sites are seen beyond
300 bases after the transcription start site, which most binding site prediction
programs do not consider.
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Fig. 3. Here we consider all repressor binding sites, including those of dual regula-
tors. There are 46 repressors (including dual regulator repressors) regulating 228
promoters through 403 binding sites. Upstream or ‘U’ sites are defined as all sites
before —35, the most upstream RNA polymerase footprint. All other sites are
downstream, ‘D’, sites.

sites, and in another 3%, the downstream sites are low
affinity binding sites according to the literature. For the
remaining 6%, there is no uniform explanation, but pro-
teins such as MerR are included. MerR binds between
the —35 and — 10 sites on the opposite face of the DNA
to the polymerase, and aids polymerase binding and
transcription initiation by unwinding and altering DNA
conformation [13].

Figure 3 shows that in 71% of promoters, repressors and
repressing dual regulators had at least one downstream
binding site. In addition, 3% of the repressor sites are
within four nucleotides of the — 35 site. For another 7%,
the repressor acts as a complex or just in conjugation with
other TFs, where its partner in the complex has a
downstream binding site, and for another 3%, the repres-
sor acts by inhibiting an activator from binding. There are
also complex mechanisms as in the case of AraC, where
two AraC monomers, each binding at different upstream
sites, dimerize to induce looping out of DNA and prevent
the polymerase from binding properly [14].

From this analysis, it is clear that the large majority
of activators have only upstream binding sites. Most
repressor binding sites are downstream, or upstream in
conjunction with a downstream site. Thus, our summary of
prokaryotic transcription factors provides further evi-
dence that at a gross level, prokaryotic activators function
by stabilizing the polymerase from upstream sites and
repressors act by steric hindrance, blocking polymerase
binding or processing. However, at a more detailed level,
it is clear that there is a huge variety of different
mechanisms for activation and repression, including
DNA bending and unwinding [15,16], oligomerization
[17,18], protein—protein contacts [19], position of the
DNA binding domain on the protein primary sequence
[10,11], altered DNA structure [13], and the position of
the DNA binding site relative to the transcription start
site [12,20,21]. The function of upstream repressor sites
will vary for different transcription factors, but as they are
generally not involved in the actual repression by steric
hindrance, the role of most of these sites could be in
recruitment of other repressors to downstream sites. This
could occur either specifically by oligomerization [17] or
cooperativity, or by simply increasing the local concentration
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of the protein to increase its chances of binding to a
functionally more important downstream site.

A third of the repressor binding sites occur after the
transcription start site

Many transcription factor binding site prediction methods
consider only intergenic regions and neglect coding
regions because of the high number of false positives
when these are taken into account. At the same time,
regions downstream of the transcription start site contain
33% of the repressor binding sites in our analysis. This is
evident from Fig. 2, which shows that repressor binding
sites occur well beyond 100 bases after the transcription
start site. Although it is not necessary to consider the
entire coding region for binding site prediction, it is
advisable to look within 300 bases downstream of the
transcription start site.

Conclusions

In this work we demonstrate that activators, repressors
and dual regulators in E. coli belong to many of the same
protein families and even share some domain architec-
tures. Therefore, a transcription factor’s regulatory role
is not determined by protein structure or evolutionary
relationships, but to a large extent simply by the position
of the transcription factor binding site: activators have
essentially only upstream binding sites, whereas more
than two thirds of repressors have at least one downstream
binding site. Eleven activators and seven repressors share
the same six domain architectures with 18 dual regulators
(Fig. 1). This implies that 36 of the 71 transcription factors
have evolved by duplication of an ancestral transcription
factor, followed by a change in function through a shift in
binding sites.

Data availability

The dataset used for this analysis is available in MySQL
format at:
http://www.mrc-lmb.cam.ac.uk/genomes/madanm/ec_tf bs/
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Life cycles of successful genes

Robert Hoffmann and Alfonso Valencia
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By exploring time-series data from MEDLINE abstracts,
we observe that only a few genes have been quoted
with increasing frequency during the past 25 years. This
is probably the result of selective pressure by the
scientific community. Over the years, this selection has
produced an extreme power law distribution of the
information available for individual genes. Interestingly,
those genes that are successfully selected are not neces-
sarily the most important genes to the cell. To stress the
implication of this finding we show that there is no cor-
relation between a gene’s impact in the scientific litera-
ture and its centrality in protein-interaction networks.

In the past 25 years, a tremendous effort by the biomedical
research community has led to more than 10 million
publications available in the PubMed (MEDLINE) data-
base. In this study, we focus on a previously undervalued
property of this outstanding repository: data from PubMed
is time-resolved, because every article has a date of publi-
cation included. Thus, the evolution of scientific theories,
terms and even gene names can be studied.

We have computed annual quotation frequencies for
individual genes by tracing their names, symbols and
synonyms in abstracts since 1975 [1]. We generated time
series for 180 000 genes from human, mouse, Drosophila,
yeast, zebrafish and Escherichia coli. Figure 1a shows the
distribution of 250 of the human genes most referred to
during the past 26 years. New gene discoveries are seen at
different points in time, but subsequent reference to a gene
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after its first description is clearly not random, and diverse
patterns, or ‘life cycles’, can be distinguished.

Life cycles of successful genes

Characteristic life cycles of four genes are shown in Fig. 1b.
These correspond to typical patterns found in 4532 genes
that have appeared in the literature for at least 15 years.
The glycolipid transporter GM2A, for example, is repre-
sentative of the most frequent pattern, one that is shared
by about 4200 genes. These have never attracted enough
interest to become very important, and they exhibit a
rather dull life cycle. Interleukin 3 (IL3) represents genes
that have survived significant ups and downs in the col-
lective scientific interest, but never boomed. The
tumour suppressor gene p53, however, corresponds to
a minor group that shows an exceptional increase of
interest over time. These observations demonstrate
how gene names have to overcome the selective
mechanism of the scientific community to stand out
from the rest [2]. The interest of the community in a
specific gene, and thus its scientific impact, depends
not only on a gene’s molecular role, but also on the
social needs within the scientific community, illustrated
by the exceptional interest in genes such as CD4 and
p53 which are involved in HIV infection and tumour
development.

What we know about individual genes

The number of articles that mention a gene in a certain
time period is a rough estimation of the information
available for the gene. Considering this, we examined 8176
genes that have been known for 10 years and 2130 genes
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