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Abstract

The capabilities of organisms to contend with
environmental changes depend on their reper-
toire of genes and their ability to regulate their
expression. DNA-binding transcription factors
have a fundamental role in this process, because
they regulate transcription positively or negatively
as a consequence of environmental signals. In this
chapterwe briefly describe some ofthe most recent
findings on regulatory network evolution from
the perspective of DNA-binding transcription
factors. We explore diverse elements associated
with the evolution of regulatory networks, such
as gene duplication, where new interactions can
emerge together with their upstream and down-
stream binding sites. The chapter is divided into
sections covering the evolution of transcription
factors and their domains, their evolution, and a
global analysis. Hypotheses concerning a compre-
hensive picture of how regulatory networks have
evolved in prokaryotes and the role of transcrip-
tion factors in this organization are discussed.

Introduction

Brian Goodwin has suggested that organisms are
more than the sum of their parts. In this regard,
we cannot infer the phenotype of one organism
by knowing the genes associated with it, because
a change in a single gene is not enough to cause
a change in the complete phenotype (Goodwin,
1994). Therefore, if we could obtain such infor-
mation, we could understand how the structure is
made. In this direction, organismal development
is intimately related to genetic regulation since,

for example, organisms or metabolic responses
require the concerted action of many regulatory
proteins. von Hippel (1998) described in an
elegant manuscript that ‘regulatory mechanisms
developed in all organisms appear to be almost
infinite in number, but the basic principles on
which they operate are relatively few. It is plausi-
ble that the regulatory elements described in all
the organisms change depending on their context;
however, they will act in a similar fashion to allow
or block gene expression.

In all organisms, it is well known that gene
regulation occurs predominantly at the level
of transcription initiation, and transcription
factors (TFs) play an important role, because
they determine when a gene is expressed or
repressed, according to the environmental condi-
tions (Martinez-Antonio et al., 2006). Given the
importance of this kind of proteins, many authors
have evaluated their presence and abundance
in diverse organisms. From these studies, it has
been observed that the number of TFs increases
from a few hundred in archaea and bacteria, such
as Pyrococcus horikoshii, Bacillus subtilis and/or
Escherichia coli K12, to over 3000 in Homo sapi-
ens (Levine and Tjian, 2003; Perez-Rueda ef al.,
2004; Perez-Rueda and Janga, 2010). This incre-
ment correlates with the hypothesis of genome
maturation, (Lane and Martin, 2010) where it is
proposed that it is necessary for a greater number
of regulatory elements to regulate a greater
number of genes. Consequently, the number of
genetic circuits or regulatory networks that arises
also increases (Bhardwaj et al., 2010). Therefore,
minor changes in single genes may propagate



334 | Persz-Rueda et al.

along such networks and may produce, in the
end, quite drastic effects on gene expression in
response to external stimuli and change related
to development. But how do these changes occur,
considering that cellular differentiation, for exam-
ple, sporulation, requires the concerted interplay
between sigma factors, TFs, and their binding
sites?

In this chapter we summarize some of the
most recent insights from studies on regulatory
network evolution from the perspective of DNA-
binding T'Fs, considering that the evolution of
regulatory networks requires at least two main
mechanisms, gene duplication and gene transfer.
‘Thus, new interactions may emerge together with
their upstream and downstream binding sites. We
break the subject into sections, covering the evo-
lution of TFs and their domains, the promoters,
their evolution, and a global analysis. We finish
with some conjectures that attempt to provide a
comprehensive picture about how regulatory net-
works have evolved in prokaryotes and the role of
T'Fs in this organization.

Elements involved in the

regulatory process

‘The regulation of transcription initiation in bac-
teria is primarily mediated by sigma (o) factors,
which provide most of the specificity for the
promoter recognition and DNA melting needed

for transcription initiation (Gruber and Gross,
2003; Ishihama, 2000; Wosten, 1998). Indeed,
o factors perform these functions only when
bound to the RNA polymerase (RNAP). On the
other hand, DNA-binding TFs (Browning and
Busby, 2004) affect gene expression, in a wider
context, by blocking or allowing the access of the
RNAP to the promoter, depending on the opera-
tor context and ligand-binding status (Wall et al,
2004; Martinez-Antonio et al, 2006; Mirosla-
vova and Busby, 2006; Janga and Collado-Vides,
2007). Usually, most of the gene transcription in
exponentially growing bacteria is initiated by the
RNAP carrying a housekeeping o factor, similar to
the E. coli o™ or B. subtilis o*. Alternative o factors
typically redirect the transcriptional machinery or
RNAP towards a subset of genes required under
specific conditions, such as the stress response or
growth transitions, among others (Wosten, 1998;
Ishihama, 2000; Gruber and Gross, 2003). TFs
represent a class of proteins devoted to sensing
and binding signals to regulate the response to
specific compounds (Martinez-Antonio et al,
2006; Goelzer et al,, 2008). In Fig. 13.1 we present
a simple regulatory network composed of at least
three basic components:

1 the DNA-binding TF, which can be

self-regulated;
2 the regulatory region on the DNA, where the
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Figure 13.1 Schematic drawing of the basic construction principle of an elementary unit of a hypothetical
genetic regulatory network. () DNA-binding TF. This protein can activate or repress gene expression. In
addition, it can be positive or negatively seif-regulated. (i) A DNA-binding site, which usually is located
between the —60 and <20 positions relative to the transcription start. (i) An RNAP that consists of a protein
complex necessary to start the mRNA synthesis. (iv) A sequence promoter the RNAP recognizes specifically
over DNA to start the mRNA synthesis.



TF binds and by which the transcription start
is modulated;

3 the promoter-binding site, where RNAP
binding starts RNA synthesis.

As we will discuss in detail later in this chapter,
these links are mostly ‘one-to-many, that is, each
TF regulates more than one gene and most genes
are controlled by some, albeit generally few, TFs.
Every TF is itself regulated by another one. This
combinatory perspective gives rise to regulatory
networks. Each of these elements can be broken
down into regulons. For example, the arabinose
regulons in E. coli K12, composed of more than
10 different genes involved in the assimilation of
arabinose is regulated by two different transcrip-
tion factors, Crp and AraC (Salgado et al., 2006),
where Crp can be associated with a plethora
of additional functions. The TF itself typically
contains a DNA-binding domain and other regu-
latory domains, such as multimerization domains
that mediate interactions with other proteins or
metabolites in order to react to physiological or
environmental changes.

Promoter and regulatory region

Transcription starts when the o factor interacts
with the RNAP to recognize its specific sequence
promoter (Fig. 13.1). This promoter recognition
stage imposes the existence of at least one o factor
per organism, which typically belongs to the ¢
family in bacteria (Paget and Helmann, 2003).
In this context, bacterial systems could switch
between different transcriptional programmes
based exclusively on their repertoire of ¢ factors.
Nonetheless, the transcriptional programmes
mediated solely via o factors would be restricted,
as a result of their limited repertoire and the small
collection of ligands they can recognize, such as
guanosine tetraphosphate (ppGpp) (Jores and
Wagner, 2003 ). Asa consequence, o factors exhibit
a restricted ability for directly coupling responses
to environmental conditions with gene transcrip-
tion. In addition, ¢ factors have a constrained
DNA-binding region in terms of the lengths and
diversity of sequences they recognize, as they
need to be structurally coupled to the RNAP on
the promoter zone. These DNA restricted zones
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of action divide the universe of ¢ factor families
into promoters recognized by o™’ family and those
recognized by o** family, for instance, the binding
zones correspond to about bp <10 to ~35 for o™
and bp ~12 to ~24 for o**, relative to the transcrip-
tion start site in the bacterium E. coli K12 (Gralla,
1996; Lloyd ef al., 2001).

On the other hand, TFs define a different
regulatory level than do o factors. These proteins
exhibit diverse structural and functional domains,
with one of them associated with binding DNA
specifically, whereas the second one is devoted
to sensing and binding one or more signals
from endogenous and/or exogenous sources
(Martinez-Antonio ef al, 2006). For example,
E. coli K-12 TyrR binds to three aromatic amino
acids and ATP (Pittard et al, 2005); TrmB of
the archaeon Pyrococcus furiosus binds to three
different compounds (Lee et al, 2003, 2005;
Perez-Rueda and Janga, 2010). In addition, TFs
have the ability to associate combinatorially not
only with ¢ factors but also with a number of
other TFs and DNA-binding sites (Adhya, 2003;
Barnard et al., 2004), thus allowing the rewiring
of a transcriptional network depending on the
environmental conditions. For instance, sodA,
a gene encoding superoxide dismutase in E. colj,
is regulated by up to eight different TFs respon-
sible for various cellular responses, including Fur
(ferric uptake regulation protein), Arc (aerobic
respiratory control), and Fnr (fumarate nitrate
reduction/regulator of anaerobic respiration)
{Compan and Touati, 1993; Salgado et al., 2006).
‘Therefore, the diversity of sequences recognized
by TFs is enormous and can occur anywhere
from a few bases downstream of the promoter
zone to up to hundreds of bases upstream of the
transcription start site (Fig. 13.1) (Collado-Vides
et al, 1991; Madan Babu and Teichmann, 2003b).
For instance, the E. coli K-12 global regulator
CRP (catabolic repressor protein) can associate
with four of the six possible ¢ factors and coregu-
late more than S0 different TFs (Salgado et al,

2006). CcpA in B. subtilis, a global regulatory
protein involved in catabolite repression, may
act as a positive regulator of genes involved in
excretion of carbon excess and can associate with
three different sigma factors (¢, ¢* and ¢") and
more than 10 different TFs (Makita et al., 2004;
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Moreno-Campuzano ef al, 2006). In summary,
TFs constitute a class of proteins whose space of
action is more flexible than ¢ factors, not only in
sensing diverse environmental and endogenous
stimuli but also in recognizing a wide range of
binding-site sequences over a larger zone on the
DNA around the transcription start site.

Evolution of the repertoire of
TFs

DNA-binding domains

‘The structures of more than 30 prokaryotic DNA-
binding proteins have now been determined, and
hundreds of amino acid sequences are known for
many more. In general, the DNA-binding domains
associated with TFs are among the most ancient
domains, and they have been proposed as derived
from a relatively small set of folds (Aravind and
Koonin, 1999; Perez-Rueda and Collado-Vides,
2001; Madan Babu and Teichmann, 2003). These
domains have been used to classify the TFs in
terms of families (Perez-Rueda et al., 2004). From
these studies diverse principles have emerged
regarding TFs; for example, the most abundant
DNA-binding domain in prokaryotes is the helix-
turn-helix (HTH), identified in more than 80%
of TFs (Perez-Rueda and Collado-Vides, 2001;
Perez-Rueda and Janga, 2011) (Fig. 13.2). Most
of the archaeal and bacterial HTHs appear to
have undergone a common general evolutionary
pathway. The HTH might then have been a motif
with general nucleic acid-binding functions that
appeared early in evolution (Aravind and Koonin,
1999; Roy et al,, 2002) and whose subsequent radi-
ation in the archaeal and bacterial lineages might
have involved considerable loss and acquisition
events. Additionally, lineage-specific duplications
resulted in the accumulation of particular families
in microbial species, such as the LysR family,
whose members have been abundantly identified
in almost all organisms. This hypothesis is consist-
ent with the notion that a genome evolves from
a set of precursor genes to a mature size by gene
duplications and increasing modifications (Yanai
et al.,, 2000). Alternative DNA-binding structures,
such as helix-loop-helix motifs, zinc-fingers,
and o-sheet DNA-binding structures, have been

Figure 13.2 Distribution of DNA-binding domains
of TFs in bacteria and archaea as defined in
the Superfamily database (Madera et al., 2004).
The winged HTH represents 47.68% of the total
repertoire of DNA-binding domains, being the
most abundant structure. The lambda-repressor
DNA-binding domain is present at the second
highest abundance, as 26% of the repertoire.
In minor proportions occur alternative DNA-
binding domains, such as the homecdomain-
like, with 10.0%, the C-terminal effector domain
of the bipartite response regulators, at 7.8%, the
putative DNA-binding domain, at 3.24%, and the
nucleic acid-binding proteins, at 2.01%. In a low
fraction, corresponding to 2.6% of the total DNA-
binding domains, are AbrB/MazE/MraZ-like, KorB
DNA-binding domain-like, TrpR-like, ACT-like,
flagellar transcriptional activator FIhD, haemolysin
expression-medulating protein H, a DNA-binding
domain in eukaryotic TFs, DNA-binding domain,
p53-like TFs, and the DNA-binding domain of the
Miu1 box-binding protein MBP1.

also identified, although in lower proportions,
and their distributions are constrained to specific
organisms. For instance, the 3-sheet proteins have
been identified almost exclusively in Gammapro-
teobacteria. 'The distribution of the RNA-binding
domains (associated with cold shock proteins)
suggests that they might have been acquired after
the prokaryotes and eukaryotes split, probably by
lateral gene transfer from eukaryotes, based on the
high diversity identified in this cellular domain.

Abundance of TFs correlates with
genome size in prokaryotes

It has been documented that organisms respond
and adapt to diverse environmental conditions
as a consequence of their gene repertoire and
regulatory mechanisms, among other elements



{Lynch and Conery, 2003; Bengtsson, 2004;
Lynch, 2006). Recent studies have shown
that the evolutionary events associated with
regulatory proteins, such as their expansion and
contraction, contribute significantly in shaping
the gene repertoire and genome size of the dif-
ferent lineages of prokaryotes (Perez-Rueda et al,
2004; Minezaki et al,, 2005; Oguiza et al., 2005;
Rodionov, 2007). Based on comparative genom-
ics, it has been shown that transcription factors
increase in quadratic proportion with respect
to genome size (van Nimwegen, 2003; Cordero
and Hogeweg, 2007; Molina and van Nimwegen,
2008). In particular, this proportion is more sig-
nificant when the repertoire of TFs is compared
with the proportion of ¢ factors, being roughly ten
times higher (hundreds of TFs vs. tens of ¢ fac-
tors) when the general profiles in all the genomes
analysed are considered, suggesting a proportion
on the order of 1 o factor:10 TFs:100 annotated
open reading frames per genome, although some
genomes behave exceptionally. This observation
suggests that a possible functional relationship
between TFs and prokaryote lifestyles influences
the observed trend. A plausible hypothesis is that
the abundance of TFs increases with an increase
in an organisms’ complexity (Brown ef al, 2002;
Changizi, 2001; Levine and Tjian, 2003; van
Nimwegen, 2003; West and Brown, 2005) as a
consequence of different evolutionary events,
such as gene expansion, gene loss, and lateral gene
transfer, among others (Levine and Tjian, 2003;
Aravind et al, 2005; Madan Babu et al, 2006). In
addition, the necessity to regulate responses to

variable environments could also contribute to
the abundance of TFs.

Lifestyles explain the abundance of

o factors and TFs in larger genomes

In previous sections we suggested that regulatory
complexity should increase in larger genomes
and might be associated with bacterial lifestyles,
as the environment should influence the bacterial
genome structure and function. Thus, to under-
stand how the complexity of gene regulation
depends on the number of TFs as a function of
increasinggenome size and howtheyare associated
with the lifestyles, in previous work (Perez-Rueda
et al, 2009) we classified in four global lifestyle
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classes all the bacterial organisms. These included
extremophiles, intracellular bacteria, pathogens,
and free-living bacteria. From this analysis, it
was identified that the increment of regulatory
complexity in T'Fs contributes significantly to the
regulatory complexity of prokaryotes belonging
to different lifestyle groups. These results agree
with previous observations that suggest that a few
regulatory elements identified in small genomes
would compensate for the regulation of the entire
genome with an increase in the number of DNA-
binding sites per element, in contrast to the large
number of elements identified in large genomes,
which control a smaller proportion of DNA-bind-
ing sites on average (Molina and van Nimwegen,
2008). In addition, a larger proportion of genes
in small genomes are organized in operons, sim-
plifying the transcriptional machinery necessary
for gene expression, in contrast to large genomes,
which have reduced number of genes in operons,
which would influence the proportion of TFs in
those organisms (Cherry, 2003), suggesting that
complex lifestyles require a higher proportion of
TFs and transcription units to better orchestrate a
response to changing conditions.

Abundance of TFs does not

correlate with diversity of families,

and large families are not the most
widely distributed

An appealing hypothesis is that the high diversity
of TF families contributes significantly to the
regulatory plasticity. In line with this hypothesis,
the repertoire of TFs identified in bacteria has
been classified into families to evaluate their
distribution and abundance in all the prokary-
otes. This analysis showed a reduced diversity
of families in small genomes, with an increasing
proportion in larger ones, especially in pathogens
and free-living organisms. The diversity of fami-
lies reaches a maximum in genomes with around
5000 open reading frames. ‘The higher number of
TFs in larger genomes does not necessarily imply
diversity of families beyond this plateau, but
instead an increase in the size of some families of
TFs. Congruent with this observation, the average
number of TFs per family increases linearly, with a
few families of TFs expanding disproportionately
(Janga and Perez-Rueda, 2009; Perez-Rueda et
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al, 2009). These families comprise LysR and
TetR, which represent about 25% of the total set
of TFs identified. Members of these two families
increase abruptly in larger genomes and coincide
with the plateauing of the diversity of families in
these bacterial genomes. Another feature associ-
ated with large families is that they are not widely
distributed among bacteria despite their role in
controlling important processes, such as cell-cell
communication (LuxR), response to external
conditions by two-component systems (OmpR),
sensing, uptake, and metabolism of external food
sources (GntR and LysR), and antibiotic resist-
ance (TetR). Alternatively, families with few
copies per genome, such as DnaA, LexA, and
IHF, which have been proposed to be essential
under standard growth conditions in E. coli and in
maintaining DNA and nucleoid integrity, (Gerdes
et al.,, 2003; Yamazaki ef al, 2008) might be con-
sidered universal in bacteria, because they have
been identified in at least 80% of the genomes,
suggesting gene loss events in bacteria in which
they are absent.

In summary, a TF family’s abundance and dis-
tribution should be associated with the following
evolutionary events in bacteria: (i) small families
widely distributed among bacteriamight be related
to ancestral functions beyond transcriptional
regulation, such as DNA organization, nucleoid
integrity, or DNA salvage; (ii) large families might
be associated with the regulation of dispensable or
emergent processes in bacterial evolution, such as
those involved in quorum sensing, belonging to
the members of the LuxR family, which are widely
identified in bacteria. Indeed, the evolution of this
mechanism in bacteria has been proposed to be
one of the early steps in the development of multi-
cellularity (Miller and Bassler, 2001) and may be
correlated with bacterial specialization.

Evolution of partner domains

DNA-binding TFs usually make contact with their
DNA targets as homodimers or homotetramers,
as is the case for the lactose repressor (Lewis,
2005). In this regard, there are diverse questions
concerning whether multimerization precedes
DNA binding. Therefore, the TFs can act as
activators or repressors as a consequence of their
multimerization state. Amoutzias ef al. (2004)

concluded that the ancestral TFs were probably
the homodimerizing ones and that these prolifer-
ated through a series of single-gene duplications.
Recent evidence supports this hypothesis, as
investigators have described a high abundance of
small-sized T'Fs, or proteins that contain a dimeri-
zation domain, but no DNA-binding domain in
archaeal genomes (Perez-Rueda and Janga, 2011).
‘The main consequence of gene duplications,
mainly involving TFs, is to give rise to a complex
interaction network. To the best of our knowl-
edge, there are no studies so far that have linked
genetic networks and their regulation with other
networks, such as metabolism, although many
effector domains are protein interaction domains.
‘These data could help in understanding how the
ligand-binding domains have been recruited to
regulate gene expression. However, previous stud-
ies (Madan Babu and Teichmann, 2003; Aravind
et al, 2005) suggested that in the winged HTH
superfamily of T'Fs, the partner domains contrib-
ute to the structural differentiation of duplicated
genes. Therefore, the partner domains are associ-
ated with diverse functions, such as regulating
allosterically the function of T'Fs across binding
to a wide variety of functional compounds, in
protein-protein interactions, or with enzymatic
properties (Madan Babu and Teichmann, 2003),
and they are fundamental to linking environmen-
tal conditions and the functional conformational
changes in the regulators (Taraban et al,, 2008).
Because there are few exhaustive analyses describ-
ing the partner domain repertoire in bacteria,
their functional and evolutionary diversity must
be evaluated (Madan Babu and Teichmann, 2003;
Rivera-Gomez et al,, 2011). From this perspec-
tive, one might expect that the high diversity of
TF families and their associated partner domains
contributes significantly to the regulatory plastic-
ity, as we previously mentioned; however, further
studies are necessary. Thus, the diversity associ-
ated with dimerization domains has allowed
the TFs to interact with many different partners
and achieve specificity for the target gene and
physiological conditions. On the other hand, mul-
timerization domains may have been facilitated
by the acquisition of a second protein interaction
domain during evolution (Kaufmann et al., 2005 ).



Evolution of promoters

Unlike coding regions, the evolution of upstream
regulatory regions cannot be easily evaluated by
means of sequence alignments and comparisons.
Indeed, the structure, organization, and function
of promoters differ widely from that of the coding
sequences, resulting in totally different evolution
rates and consequences of sequence variation
{Rodriguez-Trelles et al., 2003). In general, pro-
moter organization underlies more variation than
the coding sequences, and it is mainly influenced
by DNA structure {Olivares-Zavaleta ef al.,, 2006)
such as supercoiling (Martinez-Nunez et al,
2010). Bacterial promoter sequences, or upstream
regulatory regions, contain TF-binding sites. Sev-
eral TFs often interact, depending on signals and
physiological or environmental requirements.
‘This gives rise to activating or repressing com-
plexes (Koike et al, 2004). Ishihama described
that among the set of promoters under the control
of the same o factor, the level of transcription
varies depending on the culture conditions or
the growth phase. For that reason, it is important
to evaluate the diversity of promoters and their
regulation associated with all genes in an organ-
ism, for instance, in E. coli K-12, approximately
50% of the promoters are under the control of
one specific regulator, whereas the other 50% of
genes are regulated by more than two TFs. Like-
wise, the promoters for the genes involved in the
construction of cell structures are controlled by
environmental conditions and specific signals,
and each is in turn monitored by a different TE.
‘The binding sites of all these multiple factors are

UAS element
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located in a single promoter. The most typical
examples of the multifactor promoter system are
the promoters for the genes encoding the master
regulator for flagellum formation in E coli K12,
FIhCD, and the master regulator for biofilm
formation, CsgD. The complexities of these
promoters reflect the opposite behaviours of
bacterial survival, i.e. planktonic growth as single
cells (FIhCD) and biofilm formation as a bacterial
community under stressful conditions in nature
(Soutourina et al,, 1999; Ogasawara et al., 2010).

Coevolution of regulatory

elements

Since some proteins tend to work together in a
functional context, analyses of distributions of
different families in the function of the ¢ factors
have been recently performed. Hence, the cooc-
currence of the regulatory protein families (TFs
and o factors) in all the prokaryotes was evaluated.
From this analysis, it was found that the distribu-
tion of the ¢* factor and IHF and EBP families are
correlated (Fig. 13.3), supporting the functional
interdependence discussed above and probable
coevolution in which members and mechanisms
have been preserved along the course of evolution
in bacteria. A second cluster that includes o™, the
ECEF family of o factors, and other highly abundant
families (more than 15 members per genome)
responsible for regulating diverse mechanisms
of stress responses {MarR), antibiotic resistance
(TetR), osmotic responses (OmpR), and the
quorum-sensing response (LuxR), among other

12 41
Promoter

Figure 13.3 Coevolution of o factors and TF families. A similar occurrence distribution pattern was
observed for IHF, EBP, and o”“ families, suggesting a functional interdependence between these families. A
coregulatory mode of action for these regulatory proteins is also shown. Figure modified from Perez-Rueda

et al. (2009).
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processes, was also found to be clustered, suggest-
ing a strong functional relationship among these
o and TF families. These clusters, in addition,
give insights into the functional interdependence
between regulatory proteins from different fami-
lies, which could help in the characterization of
regulators in poorly studied organisms.

Evolution of regulatory

networks

‘The regulation of T'Fs plays a key role in morpho-
logical diversity. Simple modifications within the
upstream regulation region of a TF can explain
both minor and major changes between species,
without involving any disruption of gene struc-
ture. Therefore, evolution of regulatory regions
is thought to be a major source of diversity.
(Lozada-Chavez et al., 2008; Perez and Groisman,
2009a,b) Duplication events of TFs are another
evolutionary source that can allow diversity,
permitting a more versatile adaptation of the func-
tional divergence gained from the duplication of
structural genes. Different aspects of the evolution
of the regulatory networks have been examined,
including the coevolution of the upstream regula-
tory regions and their corresponding TFs, the
likely consequences of gain, loss, and replacement
of TFs in the regulatory networks of duplicated
genes (Teichmann and Babu, 2004; Gelfand,
2006), and also the topological and dynamic
properties of the regulatory networks (Luscombe
et al, 2004; Madan Babu et al, 2006; Balaji et al,
2007).

Role of duplication events in

regulatory networks

Duplication events of regulatory genes provide
new interactions for the transcriptional regula-
tory network. These new interactions are the raw
material for the generation of divergence in gene
expression, which should happen in most of the
copies that have remained in the genome (Teich-
mann and Babu, 2004). In this model, the loss and
gain of regulatory interactions may occur follow-
ing the duplication of either a TF or a target gene
or following the duplication of both a TF and a
target gene (Fig. 13.4). The evolutionary plasticity
of the regulatory networks is not only the result

of the duplication of TF interactions within a
regulatory network, as previously proposed by
Teichmann and Babu (2004), but also the result
of the divergent effects of the TF interactions in
activating or repressing the transcription of dupli-
cated genes, as suggested by Martinez-Nufiez et
al (2010). Indeed, examples have been recently
identified of regulatory systems where the TF
is maintained but a different regulatory role is
gained (either activation or repression) in one of
the duplicated genes. This evolutionary scenario
can be observed in the regulation of the E. coli
gntK and idnK gluconate kinase genes, which are
involved in 6-phosphogluconate synthesis in the
Entner-Doudoroff and pentose phosphate path-
ways, respectively. Although the same TFs, CRP,
GntR, and [dnR, regulate all these genes, IdnR
represses the transcription of gntK, whereas it
activates the transcription of idnK (Bausch ef al,
2004; Salgado et al,, 2006).

This form of diversification in regulation
allows plasticity of the transcriptional regulatory
network without the need to increase the number
of interactions within it, if not only by varying the
type of regulation (positive or negative) exerted
by the TFs on their targets. It is possible that
modulation is one of the first steps towards evolu-
tionary innovation at a biochemical level, perhaps
as a step towards the modification of the entire
metabolic pathway (Martinez-Nunez et al,, 2010).

Concluding remarks

As a consequence of the abundance of data which
have become recently available, the idea has
emerged to conceptualize genetic networks as
directed graphs with nodes corresponding to the
TFs, linked by edges to their target genes. The pre-
viously mentioned regulatory elements (TFs, ¢
factors, upstream binding sites, downstream bind-
ing sites, and promoters) can be combined at a
higher level, into so—called network motifs {Milo
et al., 2002; Shen-Orr et al,, 2002). The impacts of
evolutionary forces on the topological structures
of regulatory networks known as motifs have
been exhaustively analysed by diverse authors, for
example, biological regulatory networks (Milo et
al, 2002; Shen-Orr et al, 2002) and duplicated
gene networks (Teichmann and Babu, 2004). In
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Figure 13.4 Regulatory elements involved in the regulation of the duplicated genes. (a) Simplification of the
medel of Teichmann and Babu (Teichmann and Babu, 2004), where a new TF is gained to regulate one of the
duplicated genes. TFs are shown as circles. (o) Extension of the Teichmann and Babu model. The differential
regulation of the duplicated genes depends on the activation or repression mechanism associated with the
TF on its target genes. Figure medified from Martinez-Nunez et al. (2010).

these studies, the authorsreported that duplication
of an entirely feed-forward motif (a topological
structure in which a TF regulates a second TF
and both TFs simultaneously regulate a target
gene) has not been observed in the regulatory net-
works of model organisms, although single genes
generated by duplication could be part of a new
feed-forward or otherkind of motif. For example,
in B. subtilis the duplicated o* and ¢ are part of
different feed-forward motifs. In the first case,
forms a feed-forward motif with the anti-anti-o
factor SpollAA and the anti-o factor SpollAB,
as o regulates SpollAA and SpollAB expres-
sion, whereas SpollAA modulates the expression
of SpollAB. In a similar manner, the second
feed-forward loop is formed by ¢, PhoP, and
PhoR, which are involved in phosphate uptake,
the post-exponential growth phase, and other
stress responses (Pragai ef al,, 2004). Duplication
events, or mutations in the duplicated regulatory
genes or in the regulatory target sites, can generate
new feed-forward motifs useful for the rewiring of
the regulatory networks of the duplicated genes,
which would favour the adaptation process of the
organism as it responds to changes in its niche
{Gelfand, 2006). Probably the most basic motif
is the autoregulatory loop: a TF that regulates its
own expression (Fig. 13.1).

Generally, these motifs have been considered
basic architectures in the regulatory networks,
because they often overlap (Browning and Busby,
2004). In this context, diverse authors have
analysed the structure of both genetic and pro-
tein-protein interaction networks (Yeger-Lotem

and Margalit, 2003; Yeger-Lotem et al, 2004).
‘These analyses have shown that certain topologies
of small subnets are statistically very much over-
represented (Shen-Orr et al, 2002). Conant and
Wagner introduced the notion of common ances-
try for gene circuits or motifs, where two motifs
share a common ancestor if every pair of genes in
the two circuits is derived from a common ances-
tor; all pairs in the circuits must be duplicated
genes (Conant and Wagner, 2003). They found
that no pairs of motifs with identical topology
had common ancestry, and they concluded that
their emergence is the result of convergent evolu-
tion and not duplication of one or a few ancestral
circuits, suggesting that convergent evolution was
more likely to be important in module topology
than for protein sequences.

A third level of network organization consists
of transcriptional modules (Babu et al, 2004).
Modules represent collections of TFs that are
expressed under distinct experimental or environ-
mental conditions (Ihmels ef al.,, 2002) and are
largely controlled by one (or very few) regulators,
as was shown by hierarchical clustering of expres-
sion profiles (Segal ef al,, 2003). For instance, the
E. coli K-12 global regulator CRP can regulate
the expression of more than 20 different TFs
(Thieffry et al., 1998; Gama-Castro et al, 2008).
Exhaustive analyses of global features of genetic
networks and protein interaction networks have
revealed a scale-free topology (Barabasi and
Albert, 1999; Barabasi and QOltvai, 2004); in other
words, there are few genes, or so-called hubs, that
control many others, and many genes have only
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a few links. These hubs can be defined as global
regulators, such as Crp in E. coli K-12. However,
regulatory networks are dynamic: it was shown
that large-scale topological changes have occurred
in the E. coli, B. subtilis, and Saccharomyces cerevi-
siae genomes and that although a few TFs serve as
permanent hubs, they act transiently only under
certain conditions (Luscombe ef al, 2004). It is

also worth noting that more complex organisms
have a higher number of regulatory genes per
target gene (van Nimwegen, 2003) suggesting
that it is mostly the evolution by duplication and
diversification of transcription factors and of their
interactions that increases organismic complexity
as a whole. Over the last few years, the availability
of large numbers of experimental and theoretical
data has significantly enhanced our understand-
ing of evolution of complex networks and, at the
same time, enabled us to transfer knowledge from
better-studied model organisms (such as E. coli
and B. subtilis) to those for which fewer data are
available. Basically, the ancestral genetic networks
we observe today were probably a small group of
DNA-binding domains that, while conserving
their structure, diverged into a large variety of
TFs. More recently, most proteins, among them
TFs, underwent many cycles of domain rear-
rangements (Amoutzias ef al., 2005). Additional
dimerization and sensor domains were gained and
lost at different times. Further, they evolved across
a series of single-gene duplications, thus generat-
ing networks of regulatory genes that arrange into
these modules. These events may be quite recent
and lineage specific, as we have learned from the
uneven distribution of some TF families (Perez-
Rueda et al., 2004). A growing number of findings
suggest that structurally similar or even identical
motifs can arise repeatedly and thus represent a
simple level of convergent evolution. More com-
plex modules, which may also have preferentially
arisen through a series of single-gene duplications,
would give rise to similar topologies. The evolu-
tion of promoter regions is less well understood,
although it is of great importance. Genotypic
changes at this level are probably among the main
reasons why, despite minor interorganismic dif-
ferences at the level of proteins, major changes
in the topologies of genetic networks during

development induce wide morphological differ-
ences and diversity in contemporary organisms.

In summary the mechanisms of generating
diverse networks can be associated with diverse
evolutionary forces, such as gene duplication,
gene loss, changes in the regulatory mechanisms
(regulatory role modulation), acquisition of new
activities, modular rearrangements, and finally,
functional divergence. Therefore, we believe that
with the availability of more information, we will
be able to understand in a more comprehensive
fashion the evolutionary dynamics associated
with regulatory networks.
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