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Abstract
The expression of pathways for the catabolism of aromatic compounds is ener-
getically expensive, and aromatic compounds are generally toxic even to bacteria
that can use them as growth substrates. Hence, complex regulatory circuits that
control the expression of the degradation pathways have evolved. Transcriptional
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regulation appears to be the most common mechanism for control of gene
expression. Effector-specific transcriptional regulation of aromatic catabolic path-
ways depends on the performance of a specific regulator acting on a specific
promoter and responding to a specific effector signal. One-component regulatory
systems combine within the same cytosolic protein the effector-binding input
domain and a DNA-binding output domain. A great variety of one-component
regulatory systems can be classified within different families of prokaryotic
transcriptional regulators revealing a wide diversity in their evolutionary origins
and showing that a regulatory issue, i.e., having an operon induced in the
presence of a given aromatic compound, can be solved through different types
of regulators and mechanisms of transcriptional control in different bacteria. The
effector-specific regulation can be tightly fine-tuned by the action of certain
modulators and is, in turn, under control of overimposed mechanisms that
connect the metabolic and energetic status of the cell to the activity of the
individual catabolic clusters, leading to complex regulatory networks. Elucidat-
ing such regulatory networks will pave the way for a better understanding of the
regulatory intricacies that control microbial biodegradation of aromatic com-
pounds, which are key issues that should be taken into account for the rational
design of more efficient recombinant biodegraders, bacterial biosensors, and
biocatalysts for modern green chemistry.

1 Introduction

Aromatic compounds are the second most widely distributed class of organic
compounds in nature (Díaz et al. 2013). Although some of these compounds are
recalcitrant or toxic for the vast majority of the microorganisms, bacteria usually
have evolved biochemical and genetic information that allow them to use the
aromatic compounds as a sole carbon and energy sources (Lovley 2003). The
production of the multiple enzymes of pathways for the catabolism of aromatic
compounds is energetically expensive, and aromatic compounds are generally toxic
even to bacteria that can use them as growth substrates. Hence, complex regulatory
circuits that control the expression of the degradation pathways have evolved
(Lovley 2003; Cases and de Lorenzo 2005; Carmona et al. 2008; Díaz et al.
2013). Although regulation can be carried out at different levels (transcription,
translation, posttranslation), transcriptional regulation appears to be the most com-
mon mechanism for control of gene expression. Transcriptional regulation of aro-
matic catabolic pathways is not just dependent on the performance of a specific
regulator acting on a specific promoter and responding to a specific environmental
signal (effector-specific transcriptional regulation) but is also dependent on over-
imposed mechanisms that connect the metabolic and energetic status of the cell to
the activity of the individual catabolic clusters (Fig. 1) (Dı ́az and Prieto 2000; Tropel
and van der Meer 2004; Carmona et al. 2008; Díaz et al. 2013). In this chapter, we
will review the effector-specific transcriptional regulation involved in the catabolism
of aromatic compounds.
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2 Effector-Specific Transcriptional Regulators Involved
in the Catabolism of Aromatic Compounds: General
Features

Signal transduction in prokaryotes is conducted by two major regulatory systems, (i)
one-component systems and (ii) two-component systems. Two-component regula-
tory systems function as a result of phosphotransfer between two key proteins, a
sensor histidine kinase (input element) and a cytosolic response regulator (output
element). One-component systems combine within the same cytosolic protein the
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Fig. 1 Scheme of the regulatory network that controls the expression of genes responsible for the
catabolism of aromatic compounds. The effector-specific regulator can be either in its inactive
(Ri) or active and bound to DNA (Ra) forms. The interaction with the effector molecule
(E) determines the transition between both states, leading to derepression (as in case of a repressor)
or activation (as in case of an activator) of gene expression from the target promoter (P). Structural
analogues of the effector molecules may act as antagonists (A) preventing the action of the former.
Auxiliary regulators (modulator), that interact with the enzymatic machinery or some pathway
intermediates, may control the activation of the main regulator modifying its final regulatory output.
Additional regulatory loops based on cross-talk regulation of the target promoter by a different
regulator (R2) and effector (E2) couple can exist. The specific regulation is generally subjected to a
more global level of regulation dependent on the overall physiological state of the cell and that in
turn responds to the final metabolic flux derived from the funneling of the cognate aromatic
compound to the central metabolism (TCA)
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sensor input domain and a functional output domain. Small molecule-binding motifs
constitute the majority of the input domains, and helix-turn-helix (HTH)
DNA-binding motifs are the most common output domains (Ulrich et al. 2005). In
this chapter, however, we will focus only on one-component transcriptional regula-
tory systems that, in the presence of the inducer molecule (effector), assure the
production of the enzymes and transporters involved in the catabolism of aromatic
compounds either by activating (activator) or derepressing (repressor) their cognate
genes (Fig. 1).

The effector-specific regulator can be either in its inactive (Ri) or active and
bound to DNA (Ra) forms. The interaction with the effector molecule (E) determines
the transition between both states, leading to derepression (as in case of a repressor)
or activation (as in case of an activator) of gene expression from the
target promoter (P). Structural analogues of the effector molecules may act as
antagonists (A) preventing the action of the former. Auxiliary regulators (modula-
tor), that interact with the enzymatic machinery or some pathway intermediates, may
control the activation of the main regulator modifying its final regulatory output.
Additional regulatory loops based on cross-talk regulation of the target promoter by
a different regulator (R2) and effector (E2) couple can exist. The specific regulation
is generally subjected to a more global level of regulation dependent on the overall
physiological state of the cell and that in turn responds to the final metabolic flux
derived from the funneling of the cognate aromatic compound to the central metab-
olism (TCA).

Regulators that show similar domain architectures might be responsible for
different biological effects depending on the locations of their binding sites (operator
regions) in the cognate promoters. Thus, the same regulator can activate some genes
when it binds upstream of the RNA polymerase (RNAP)-binding sites while
repressing others when it binds downstream of such RNAP-binding regions. The
inducer molecule that activates the transcriptional regulator can be the pathway
substrate and/or a pathway intermediate or product, or some structural analogues
of the natural effector (gratuitous inducer) that may not themselves be a substrate for
the corresponding catabolic pathway (Fig. 1). Some specific regulators have more
than one effector-binding pockets, and the cognate effector molecules may have
peculiar synergistic effects on transcriptional activation (Manso et al. 2009). On the
contrary, efficient recognition of molecules (antagonists) that show structural simi-
larity to the inducers (agonists) by certain transcriptional regulators leads to a lack of
activation of the target promoter (Fig. 1), which may compromise an efficient
degradation response when bacteria are exposed to complex mixtures of aromatic
pollutants, some of which behave as agonists and other as antagonists (Silva-
Jiménez et al. 2011). To prevent the gratuitous induction by non-metabolizable
analogues or nonproductive intermediates, some regulatory proteins (modulators),
e.g., ThnY and PaaY (García et al. 2011; Fernández et al. 2013; Ledesma-García
et al. 2016), are coupled to the aromatic degradation enzymes in order to induce gene
expression when there is an efficient catabolic flux in the cell (Fig. 1).

Although both transcriptional activators and repressors have been shown to
regulate aromatic catabolic pathways, those pathways that use CoA-derived
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aromatic compounds are mainly controlled by transcriptional repressors that recog-
nize CoA-derived effector molecules (Sakamoto et al. 2011; Hirakawa et al. 2012;
Valderrama et al. 2012; Juárez et al. 2015). This observation may reflect that
repressors are generally preferred to control low-demand genes whose unspecific
transcription can decrease the overall fitness of the cell by spending valuable
resources, such as CoA and ATP, on futile processes (Sasson et al. 2012). In some
cases, the transcription factors control a set of different functionally related meta-
bolic clusters, e.g., the PhhR regulon that assures the homeostasis of aromatic amino
acids in Pseudomonas putida (Herrera et al. 2010).

The acquisition of specificity for a new inducer in a transcriptional regulator
requires a pre-existing regulator with a certain escape (responsiveness to
non-legitimate effectors or regulatory noise), upon which new specificity can be
built by several rounds of natural or artificial mutagenesis and selection. In fact,
regulators of microbial pathways for recent compounds (e.g., aromatic xenobiotics)
are not too specific for their substrates, which may reflect an ongoing evolution of as
yet not entirely optimized regulation in response to unusual nutrients (Cases and de
Lorenzo 2005). In Burkholderia sp. DNT, the regulation of the 2,4-dinitrotoluene
(DNT) degradation pathway is in an earlier stage of evolution since the NtdR
regulator still recognizes salicylate, an effector of its NagR-like ancestor, but does
not respond to 2,4-DNT. That a useless but still active transcriptional factor operates
along enzymes that have already evolved a new substrate specificity points to the fact
that the emergence of novel catalytic activities precedes the setting of a specific
regulatory device for their expression, not vice versa. This shades some light into the
chicken-and-the-egg dilemma between regulators and enzymes that recognize the
same compounds (de las Heras et al. 2011). The evolution of transcriptional regu-
lators has also been assessed by in vitro experimental evolution/selection setups. For
instance, the XylR regulator from P. putida was evolved first to an effector-
promiscuous variant and then to a more specific regulator where the natural response
to m-xylene was decreased and the nonnative acquired response to the synthetic
2,4-DNT was increased. The new XylR28 version may be used to develop more
efficient 2,4-DNT responsive reporter systems to engineer whole-cell biosensors for
explosives (de las Heras and de Lorenzo 2011). The promiscuity or specificity of
inducer recognition might be also tuned in a regulatory network just by changing the
promoter architecture and without requiring the evolution of new transcription
factors with altered inducer specificity, e.g., the 3-methylbenzoate-dependent induc-
tion of the ben operon for benzoate degradation by the BenR regulator (Silva-Rocha
and de Lorenzo 2012), or the participation of some global regulators in the activation
of certain promoters, e.g., the ppGpp�/DksA-independent co-stimulation of
the dmpR regulatory gene that controls phenol degradation (del Peso-Santos
et al. 2011) in P. putida.

Transcriptional regulators may form regulatory cascades that involve the inter-
play between two or more proteins controlling a pathway for the degradation of
aromatic compounds (Fig. 1). Although these circuits are mainly based on an
activation strategy, e.g., the XylR/XylS (Silva-Rocha et al. 2011), AadR/HbaR
(Egland and Harwood 2000), and PhcT/PhcR (Teramoto et al. 2001) regulatory
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pairs, there are also examples of cross regulation between two transcrip-
tional repressors that control subsequent steps in a catabolic pathway (Jiménez
et al. 2011). These regulatory networks may help to maintain the catabolic pathways
as an autonomous metabolic machinery that interacts only minimally with the central
carbon consumption routes of the host cells (orthogonality), thus facilitating a quick
spread of such degradation routes through the microbial population under suitable
environmental pressure (Silva-Rocha et al. 2011).

Cross regulation between different aromatic catabolic pathways may assure a
tight control of gene expression (Valderrama et al. 2012), prevent the expensive
expression of funneling pathways that produce the cognate compound used as
growth substrate (vertical regulation) (del Peso-Santos et al. 2006), or select for a
specific pathway when mixtures of substrates that are feeding into different path-
ways are provided as carbon source (Bleichrodt et al. 2010). Usually there is a
hierarchical use of aromatic compounds when bacteria grow in mixtures of these
carbon sources in the environment, e.g., benzoate is usually a preferred carbon
source over 4-hydroxybenzoate. Whereas the 4-hydroxybenzoate transport gene
(pcaK) has been proposed as the main target of the repression in Acinetobacter
baylyi (Brzostowicz et al. 2003) and P. putida (Cowles et al. 2000), the
4-hydroxybenzoate hydroxylase gene (pobA) is the key controlled element in
C. necator, being benzoate itself the molecule mediating the repression through a
possible interaction with the PobR regulator (Donoso et al. 2011; Pérez-Pantoja et al.
2015). Interestingly, the aromatic preference profile can change even between
closely related strains (Jõesaar et al. 2010). Nevertheless, there are, of course,
examples of simultaneous degradation of aromatic compound-containing mixtures,
including synergistic interactions as those described in Sagittula stellata where
increased growth rates were observed when cells were provided with benzoate/4-
hydroxybenzoate mixtures compared to cells grown singly with an equimolar
concentration of either substrate alone (Gulvik and Buchan 2013). Remarkably,
the recent observation that there is cross regulation between aerobic and anaerobic
degradation pathways could be an adaptive advantage for certain bacteria that thrive
in changing oxygen environments (Valderrama et al. 2012).

Most promoters in an environmental context are regulated as part of complex
circuits involving several global transcription factors (e.g., σ factors) (Fig. 1). In
bacteria, transcription factors are usually present at a few copies per cell, which
unavoidably leads to fluctuations in protein abundance and thus to cell heterogeneity
in isogenic cell populations. This means that individual cells in the population,
which may either exist in different growth phases and thus expressing different σ
factors or in the same growth phase but expressing different levels of transcription
factors, can activate transcription at the same promoter to different degrees. The
existence of subpopulations that express differentially certain catabolic pathways
can in turn favor the adaptation of the cell community to unpredictable environmen-
tal changes (Guantes et al. 2015).

One-component regulatory systems can be classified within different families of
prokaryotic transcriptional regulators based on the sequence and structure of the
DNA-binding motif of the output domains. Examples of regulators involved in
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controlling the expression of aromatic catabolic pathways reveal a wide diversity in
their evolutionary origins and show that a regulatory problem, i.e., having an operon
induced in the presence of a given aromatic compound, can be solved through
different types of regulators and mechanisms of transcriptional control in different
bacteria (Table 1). Moreover, this global view confirms that the regulatory networks
have an extraordinary degree of plasticity and adaptability, reinforcing the idea that
catabolic and regulatory genes in aromatic degradation pathways have evolved
independently (Cases and de Lorenzo 2005; Carmona et al. 2008).

Below, we briefly explain the general features of the different families of
one-component transcriptional regulators controlling the catabolism of aromatic
compounds, paying special attention to those examples that have been characterized
in the last 10 years. Other reviews on various aspects of the regulation of aromatic
degradation pathways have been previously published (Dı ́az and Prieto 2000; Tropel
and van der Meer 2004; Carmona et al. 2008). Two-component transcriptional
regulators are extensively discussed in a different chapter of this series.

3 Aromatic Compound Responsive Regulators of the LysR
Family

The LysR family of transcriptional regulators (LTTRs) represents the largest family
of bacterial transcription factors (Pareja et al. 2006; Maddocks and Oyston 2008),
and family members regulate the expression of a wide variety of biological functions
(Schell 1993; Tropel and van der Meer 2004; Maddocks and Oyston 2008). LTTRs
were firstly described as transcriptional activators; however, several LTTRs have
been shown to act as repressors (Jourlin-Castelli et al. 2000; Kim et al. 2003), and
some LTTRs, such as GltC, act both as activators and repressors (Picossi et al. 2007).

LTTRs controlling the catabolism of aromatic compounds are co-inducer-respon-
sive transcriptional regulators that have been described exclusively as activators
(Table 1) and that were associated initially with the classic β-ketoadipate pathway.
Some examples include CatR and ClcR involved in the degradation of catechol and
chlorocatechol, respectively, in P. putida (McFall et al. 1998); BenM/CatM and SalR
involved in benzoate and salicylate degradation, respectively, by the soil bacterium
Acinetobacter baylyi strain ADP1 (Collier et al. 1998; Jones et al. 2000;
Vaneechoutte et al. 2006); and PcaQ from Agrobacterium tumefaciens controlling
the conversion of protocatechuate into β-ketoadipate (Parke 1996) (Table 1). How-
ever, it is now evident that LTTRs control a broad spectrum of aromatic degradation
pathways (Table 1). For instance, HcaR regulates the expression of hca genes for the
initial catabolism of 3-phenylpropionic acid in E. coli K12 (Díaz et al. 1998), TsaR
regulates the tsa operon encoding the first steps in the degradation of p-
toluenesulfonate in Comamonas testosteroni T-2 (Tralau et al. 2003b), AphT con-
trols the meta-cleavage pathway of phenol degradation in Comamonas testosteroni
TA441 (Arai et al. 2000), and DntR activates the expression of the dnt genes for
2,4-DNT degradation in Burkholderia sp. DNT (de las Heras et al. 2011). Recently,
the DbdR protein from Thauera aromatica strain AR-1 was shown to control the
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expression of the genes involved in the 3,5-dihydroxybenzoate (alpha-resorcylate)
anaerobic degradation pathway, thus expanding the scope of LTTRs to the control of
the anaerobic metabolism of aromatic compounds (Molina-Fuentes et al. 2015).

LTTRs involved in the degradation of aromatic compounds typically activate
divergently transcribed catabolic promoters in response to inducers, usually inter-
mediates of the corresponding catabolic pathways, and they repress their own
synthesis (Schell 1993; Tropel and van der Meer 2004; Maddocks and Oyston
2008). This preference for an intermediate of the catabolic pathway rather than by
the initial substrate of the pathway has been suggested as a mechanism to avoid
gratuity expression. An unprecedented example of a regulatory system to prevent
gratuitous induction has been described for the tetralin biodegradation genes (thn) in
Sphingopyxis granuli strain TFA. ThnR is an LTTR that activates transcription in
response to tetralin, but its activity is under the control of ThnY (López-Sánchez
et al. 2009; García et al. 2011). ThnY is an iron-sulfur flavoprotein which, in the
absence of an efficient substrate acting as an electron sink, is reduced by the ThnA3
ferredoxin of the tetralin dioxygenase complex avoiding expression of the thn genes
irrespective of the ThnR activation by gratuitous inducers (Ledesma-García et al.
2016). This scenario occurs in the presence of an inducer molecule that is not a
substrate for the dioxygenase (deficient electron flux to the dioxygenase) or when the
concentration of the inducer is very low (Ledesma-García et al. 2016).

Aromatic compound responsive LTTRs bind within the target promoter, inde-
pendently of the presence of the inducer molecule, to a long sequence of approxi-
mately 50–60 bp which contains two distinct sites, RBS and ABS. RBS (recognition
binding site) is a high-affinity binding site centered at position �66 and
encompassing a characteristic inverted repeat motif including a T-N11-A consensus
sequence. ABS (activation binding site) is a low-affinity binding site with half-dyad
symmetry and located at positions �27 to �32. Type I LTTRs bind to ABS only in
the presence of the inducer molecule in contrast to type II LTTRs which bind ABS
irrespective of inducer. Based on this plasticity, the so-called sliding dimer model has
been proposed as the mechanism of activation of the target promoter by LTTRs. This
mechanism has been well studied in AtzR, an LTTR responsible for activation of the
atzDEF cyanuric acid utilization operon in Pseudomonas sp. ADP (Porrúa et al.
2007). According to this model, in the absence of inducer, a type I LTTR dimer binds
only the RBS site, while the ABS site is also occupied by a second dimer in type II
LTTRs, causing in both cases a DNA bending. A conformational change upon
inducer binding causes a shift from a more proximal ABS subside to a more distal
ABS subside in type II LTTRs or the occupancy of the ABS site by the second dimer
in type I LTTRs. In both cases, a relaxation of the DNA bending allows the formation
of an active complex with the RNAP leading to transcription activation (Tropel and
van der Meer 2004; Porrúa et al. 2007; Maddocks and Oyston 2008). However, an
activation mechanism based on bend induction rather than bend relaxation has been
found in LigR, an LTTR involved in regulation of the protocatechuatemeta-cleavage
pathway in Sphingobium sp. strain SYK-6 (Kamimura et al. 2010). Thus, the
mechanistic versatility of LTTRs is still far to be completely understood.
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LTTRs act as tetramers in its biologically active form; however, variable oligo-
meric states, ranging from monomers to homotetramers, are found when LTTRs are
in solution (Schell 1993, Tropel and van der Meer 2004; Maddocks and Oyston
2008). LTTRs display two domains, an N-terminal domain that contains a winged
helix-turn-helix (wHTH) motif for DNA binding and a C-terminal domain that
provides the effector-binding and multimerization functions. The three-dimensional
structures of the C-terminal domains of BenM and CatM have been determined and
were found to consist of nine α-helices and nine β-strands with Rossmann-like folds
(Ezezika et al. 2007). Other aromatic responsive LTTRs, such as DntR, appear to
have similar structure (Smirnova et al. 2004). The first full-length LTTR crystal
structure resolved was that of CbnR which controls the degradation of
chlorocatechols in Ralstonia eutropha NH9 (Ogawa et al. 1999; Muraoka et al.
2003). CbnR was crystallized as a tetramer consisting of two dimers. Each dimer is
composed by a short-form and an extended-form subunit (protomers), resulting in a
tetrameric molecule with asymmetrical ellipsoidal shape. The increasing number of
full-length LTTR structures resolved in the last years has contributed to a better
understanding of the structure-function relationships of this group of transcriptional
regulators (Monferrer et al. 2010). The protomers are composed of two domains, the
N-terminal domain which harbors the DNA-binding elements and a C-terminal
domain responsible of binding to inducer and connected by a large linker helix.
Two different conformations, extended and compact, were found in the protomers of
the asymmetric dimer (Monferrer et al. 2010). The full-length structure of DntR has
revealed that while apo-DntR maintains an inactive compact configuration in solu-
tion, the inducer-bound holo-DntR adopts an expanded conformation. These obser-
vations are consistent with the known shifting of LTTR DNA-binding sites upon
activation and the consequent relaxation in the bend of the promoter-operator region
DNA, thus strongly supporting the sliding dimer model of activation proposed for
LTTRs (Lerche et al. 2016).

4 Aromatic Compound Responsive Regulators of the NtrC
Family

NtrC-like regulators are activators of promoters that utilize the alternative sigma
factor σ54. The σ54 promoters display a particular architecture defined by a highly
conserved �12/�24 sequence recognized by the σ54-RNAP holoenzyme, upstream
activator sequences (UASs) situated more than 100 bp upstream the transcriptional
start site and that bind to the NtrC-like regulator, and a DNA intrinsic or protein-
induced curvature that promote the DNA looping required for the specific contact
between the activator and the σ54-RNAP subunit (Beck et al. 2007). Typically, NtrC-
like activators consist of three different domains: (i) an N-terminal regulatory
domain, (ii) a central domain responsible of multimerization into a hexamer and of
ATP-hydrolyzing (activating) activity, and (iii) a C-terminal DNA-binding domain.
Upon effector binding, NtrC regulators oligomerize and bind to the UAS. After the
loop formation and the contact between the activator and σ54-RNAP holoenzyme are
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established, the energy produced by ATP hydrolysis is invested in remodeling the
transcription complex from its closed configuration into an open transcriptionally
active form (Bush and Dixon 2012).

Several NtrC-like activators respond to aromatic compounds (Table 1), but the
best characterized are the XylR and DmpR proteins from Pseudomonas strains.
XylR is the transcriptional regulator of the upper operon controlled by the Pu
promoter and that encodes the upper route of the TOL catabolic pathway for toluene,
m-xylene, and p-xylene degradation in P. putida (Ramos et al. 1997, Galvão and de
Lorenzo 2006). The N-terminal domain of XylR generates an intramolecular repres-
sion on the central activating domain of the protein. Two additional domains
described in XylR are a Q-linker of 20 residues that might be involved in protein
oligomerization and a DNA-binding domain that shares similarity to that of the Fis
protein, a well-known global regulator (Garmendia and de Lorenzo 2000; O’Neill
2001). The binding to the N-terminal domain of XylR of a surprising variety of
alkylbenzene effectors (Galvão and de Lorenzo 2006) releases its repression on the
activating domain and enables the binding to the target promoter and ATP hydrolysis
(Perez-Martin and de Lorenzo 1995), which constitutes the molecular basis for the
activation of the σ54-dependent Pu promoter. The xylR gene is transcribed from the
Pr promoter, and XylR levels in the cell are negatively regulated at the transcrip-
tional level by a XylR self-repression that requires the participation of the IHF host
factor forming an unusual feed-forward regulatory loop (Guantes et al. 2015).
Moreover, XylR production is also subject of a complex posttranscriptional mech-
anism in which the so-called catabolic repressor control protein (Crc) acts as a
translational co-repressor along with the RNA-binding factor Hfq (Moreno et al.
2015). Recently it was shown that the levels of the global regulators IHF and Crc are
subject to growth phase-dependent control which in turn originates a bimodal regime
of Pu expression in exponential phase, where a fraction of the population remains
inactive at any one time after induction by m-xylene, and an unimodal response in
stationary phase, where the whole population is induced at comparable rates. These
results highlight the importance of cell physiology and internal composition and its
impact on phenotypic variability that may be advantageous in competitive environ-
mental settings (Guantes et al. 2015).

The ability of XylR to recognize several alkylbenzene compounds has been
exploited to develop biosensors for BTEX, the more abundant aromatic mixture in
the oil industry (Kim et al. 2005; de las Heras and de Lorenzo 2011). XylR was also
engineered using synthetic biology approaches to detect nitrotoluenes for bio-detection
of landmines (Garmendia et al. 2008; de las Heras and de Lorenzo 2011). Novel XylR
variants that allow the implementation of single Boolean logic operation were also
generated, and they can be used for biosensor development (Calles and Lorenzo 2013).

DmpR and PhlR are closely related NtrC-like regulators of aerobic phenol
catabolism in Pseudomonas (Table 1). DmpR has been extensively studied, and it
regulates the catabolism of phenols and methyl-phenols in Pseudomonas sp. strain
CF600 by controlling the transcription of the σ54-dependent Po promoter that drives
the expression of the catabolic dmp-operon (Shingler 2004; Gupta et al. 2012). The
nonoverlapping σ70-dependent promoter (Pr) controls the production of DmpR.
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Transcription-driven supercoiling arising from the σ54-promoter allows inter-
promoter communication that results in stimulation of the activity of the σ70-
promoter without it possessing a cognate binding site for the σ54-RNAP holoen-
zyme. This mode of control has the potential to be a prevalent, but hitherto
unappreciated, mechanism by which bacteria adjust promoter activity to gain appro-
priate transcriptional control (del Peso-Santos and Shingler 2016). Recently, it was
shown that the 50-leader region (50-LR) of the dmpR gene functions as a regulatory
hub to control DmpR levels by two distinct mechanisms. At the level of transcrip-
tion, inhibition of full-length transcripts was traced to an A-rich DNA-binding motif
located downstream of the Pr promoter. At the translational level, Hfq aids Crc to
bind to a catabolite activity motif overlapping the ribosome-binding site at the
mRNA facilitating the Crc-dependent repression in intact cells. Interestingly, the
entire 50-LR of dmpR is highly conserved in closely related phenolic catabolic
systems, suggesting a strong evolutionary pressure to maintain these regulatory
motifs as well as additional potential regulatory features that remain to be elucidated
(Madhushani et al. 2014).

Although the molecular architecture of DmpR is similar to that of XylR, they
show different effector specificities (Galvão and de Lorenzo 2006), and the residues
involved in effector recognition are confined to a stretch of 75 amino acids defined as
the effector-specifying region (Skarfstad et al. 2000). 3D models of XylR and DmpR
predicted structural features for shaping an effector-binding pocket and interaction
with the central domain (Suresh et al. 2010). Three other phenolic compound-
sensing NtrC-like regulators are those controlling the anaerobic degradation of
phenol in Thauera aromatica K172 and Aromatoleum aromaticum EbN1 (PdeR)
and the one involved in the anaerobic p-ethylphenol degradation in A. aromaticum
EbN1 (EtpR) (Table 1) (Breinig et al. 2000; Wöhlbrand et al. 2007; Büsing et al.
2015). All these five regulators share eight residues that may be involved in the
recognition of the phenolic moiety of the effector molecule (Büsing et al. 2015).

Other examples of regulators of the NtrC family are TbuT and TbmR, which
control toluene monooxygenase gene expression in two strains of Burkholderia
(Byrne and Olsen 1996; Leahy et al. 1997); TouR, which controls the degradation
of phenol and toluene in Pseudomonas stutzeri OX1 (Solera et al. 2004); and AreR,
which is involved in the aryl ester degradation pathway in Acinetobacter baylyiADP1
(Jones and Williams 2001) (Table 1). Cross talk regulation has been demonstrated
between XylR/DmpR and TbuT/TbmR for activation of their mutual promoters while
maintaining their inducer specificity (Leahy et al. 1997; Arenghi et al. 1999).

5 Aromatic Compound Responsive Regulators of the AraC/
XylS Family

Members of the AraC/XylS family have two structural domains, i.e., the C-terminal
DNA-binding domain and the N-terminal signaling domain, connected by a rela-
tively unstructured linker (Seedorff and Schleif 2011). The more variable N-terminal
region is responsible for cofactor binding and/or multimerization. The C-terminal

152 G. Durante-Rodríguez et al.



domain includes two tetra-helical HTH DNA-binding motifs. One or both HTH
motifs bind DNA upstream, and sometimes downstream, of the target promoters
(Seedorff and Schleif 2011).

The AraC/XylS family members responsible for the control of the catabolism of
aromatic compounds are widely distributed in prokaryotes (Table 1). The XylS
protein is the best characterized AraC member that controls the expression of an
aromatic catabolic pathway. The pWW0-encoded XylS regulator mediates transcrip-
tional activation of the Pm promoter driving the expression of the meta-pathway
genes in P. putidamt-2, in response to 3-methylbenzoate (m-toluate) and benzoate as
inducers (Gallegos et al. 1993). In addition to its known influence favoring protein
dimerization, the effector is able to modify XylS conformation to trigger N-terminal
domain intramolecular derepression (Domínguez-Cuevas et al. 2008). It has been
suggested that the presence of the effector m-toluate triggers a cell response similar
to the heat-shock response (Marqués et al. 1999), which explains that XylS-mediated
transcription activation from the Pm promoter is driven by the σ32 heat-shock sigma
factor in the early exponential growth phase. Activation of Pm transcription is
achieved through a switch to the σ38 sigma factor when cultures reach the stationary
phase (Marqués et al. 1999). By using a recombinant XylS-CTD soluble monomeric
variant devoid of the N-terminal domain, it was shown that binding to Pm occurred
sequentially. Firstly, a XylS-CTD monomer binds to the proximal site overlapping
the RNAP-binding sequence to form complex I. This first event increased Pm
bending to 50 degrees and was followed by the binding of the second monomer,
which further increased the observed global curvature to 98 degrees (Domínguez-
Cuevas et al. 2010). Despite the lack of information about the structure of XylS,
mutagenesis studies have successfully generated regulators with altered inducer
specificity (Michán et al. 1992).

BenR is a XylS-like activator able to trigger the activity of Pben promoter by
recognition of benzoate as effector, allowing the expression of the ben operon that
encodes the benzoate dioxygenase which converts benzoate into catechol in
P. putida (Table 1) (Cowles et al. 2000). The N-terminal regions of BenR and
XylS share about 65% amino acid identity, and both regulators respond to benzoate
as an effector molecule (Cowles et al. 2000). The similarity also extends to their
C-terminal DNA-binding domains suggesting that cross activation of their target
promoters could take place. In fact, the ability of BenR to activate the Pm promoter
of the meta-cleavage pathway operon of the TOL catabolic plasmid in response to
benzoate has been described. Therefore, BenR behaves as an activator of benzoate
degradation via ortho-ring fission, as an activator of benzoate and methylbenzoate
degradation via meta-ring fission, and it is also involved in the benzoate-dependent
repression of 4-hydroxybenzoate degradation by controlling the expression of the
pcaK gene (encodes the 4-hydroxybenzoate transporter) in P. putida (Cowles et al.
2000). Although the cross activation of Pben by XylS had been previously shown
(Cowles et al. 2000; Domínguez-Cuevas et al. 2006), these studies were performed
using multicopy Pben-lacZ transcriptional fusions. In fact, any cross activation of
Pben promoter by XylS will cause a metabolic conflict during the degradation of m-
xylene because the produced 3-methylbenzoate could be channeled through the
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ortho-pathway and generate toxic dead-end metabolites. Recently, it was shown that
the natural expression ranges of XylS are insufficient to cause a significant cross
regulation of Pben if cells face either endogenous or exogenous 3-methylbenzoate.
This lack of cross regulation relies on the fact that the Pben promoter has evolved to
avoid a strong interaction with XylS, likely by lacking the A box in the proximal
operator. This scenario reveals how a simple genetic tinkering facilitates the recruit-
ment of catabolic pathways (the meta-pathway) in a host that harbors a non-fully
compatible metabolism (the ortho-pathway) and suggests strategies for orthogonal-
ization of new pathways implanted in a pre-existing metabolic chassis (Pérez-
Pantoja et al. 2015).

Some other examples of AraC/XylS family members involved in the control of
aromatic catabolic pathways (Table 1) are: PobR controls the p-hydroxybenzoate
hydroxylase in many bacteria (Quinn et al. 2001; Donoso et al. 2011); OxoS is
required for quinoline-dependent growth of P. putida 86 (Carl and Fetzner 2005);
AntR controls the expression of the antABC operon coding for anthranilate
1,2-dioxygenase as well as of the car operon involved in the conversion of carbazole
to anthranilate in P. resinovorans strain CA10 (Urata et al. 2004); HpaA regulates the
hpaBC operon of E. coli W, which produces the hydroxylase activity for the
catabolism of 4-hydroxyphenylacetic acid, in response to this aromatic acid,
3-hydroxyphenylacetic acid, or phenylacetic acid (Prieto and García 1994); IifR
activates de iif operon involved in the indole degradation in response to indole (Lin
et al. 2015); PheR activates the pheA2 promoter that controls phenol degradation
genes in Rhodococcus strains (Szőköl et al. 2014).

6 Aromatic Compound Responsive Regulators of the CRP/
FNR Family

CRP/FNR proteins stand out in responding to a broad spectrum of intracellular and
exogenous signals such as cAMP, anoxia, redox state, oxidative and nitrosative
stress, nitric oxide (NO), carbon monoxide (CO), 2-oxoglutarate, or temperature
(Körner et al. 2003). Within the CRP/FNR superfamily, functionally distinct tran-
scriptional regulators (both activators and repressors) have evolved based on a
common modular design. The N-terminal domain comprises a β-barrel, responsible
for ligand recognition, while the C-terminal domain possesses a four-stranded
wHTH motif for DNA binding. Both parts are connected by an α-helix frequently
implicated in protein dimerization (Townsend et al. 2014). To accomplish their roles,
CRP/FNR members might also have prosthetic groups such as an iron-sulfur group
or heme, designed for the interaction with oxygen, NO, or CO (Körner et al. 2003).
Regardless of the common structure, however, allosteric networks leading to the
regulator activation after ligand binding are diverse within the CRP-FNR superfam-
ily. There are reported cases of both negative (Townsend et al. 2014) and positive
(Levy et al. 2008) cooperativity for ligand binding, and also ligand-independent
regulators have been described (Agari et al. 2012). In the last case, regulator
abundance would determine the extent of the transcription regulation effect (Agari
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et al. 2010). The vast majority of FNR-regulated promoters contain a consensus
FNR-binding site centered around 41.5 bp upstream of the transcriptional start site,
and they are termed class II FNR-dependent promoters (Busby and Ebright 1999).

Among the functions of CRP/FNR proteins is that of regulating the expression
of metabolic pathways for the use of aromatic compounds (Table 1). Two of these
proteins, HbaR and AadR, have been described in the anaerobic catabolism of
aromatic compounds in Rhodopseudomonas palustris. HbaR regulates the anaer-
obic 4-hydroxybenzoate catabolism by activating the expression of the gene
encoding the first enzyme of the pathway (4-hydroxybenzoate-CoA ligase) in the
presence of the 4-HBA inducer (Egland and Harwood 2000). The expression of the
hbaR gene is, in turn, under oxygen control since it requires activation by AadR
under anaerobic conditions. Accordingly, AadR contains some of the essential
conserved Cys residues for iron-sulfur coordination as in the FNR protein
(Dispensa et al. 1992). AadR, together with the BadR protein (see below), also
modulates the expression of genes involved in the anaerobic metabolism of
benzoate and cyclohexanecarboxylate, thus representing an oxygen sensor that
regulates anaerobic catabolism of aromatic compounds in R. palustris (Dispensa
et al. 1992; Egland and Harwood 2000). At the top of this regulatory cascade is
another CRP/FNR family member, the FixJ regulator, that controls the expression
of the aadR gene (Rey and Harwood 2010).

In the β-proteobacterium Azoarcus sp. CIB, the AcpR protein is required for the
expression of the bzd and mbd genes that encode the central pathways for the
anaerobic catabolism of benzoate and 3-methylbenzoate, respectively (Table 1)
(Durante-Rodríguez et al. 2006; Juárez et al. 2012). AcpR favors the activation of
the PN promoter, which drives the expression of the bzd genes, in the absence of
oxygen through contacts with the σ70 and the α-subunit of the RNAP (Durante-
Rodríguez et al. 2006). Despite the predicted structural similarity between FNR and
AcpR, the two proteins do not have the same regulatory functions within the cell.
Thus, whereas in E. coli the lack of the FNR protein has a pleiotropic effect on the
expression of a moderate number of genes, the lack of AcpR in Azoarcus sp. CIB
does alter the ability to catabolize aromatic compounds through the benzoyl-CoA
pathway but does not affect the anaerobic growth on nonaromatic carbon sources. In
this sense, the physiological role of AcpR in Azoarcus would be equivalent to that of
AadR in R. palustris (Durante-Rodríguez et al. 2006).

In E. coli and Rhodococcus sp. TFB, CRP regulators have been reported to
mediate carbon catabolite repression of several aromatic acids and tetralin catabolic
pathways, respectively (Table 1) (Díaz et al. 2001; Torres et al. 2003; Tomás-
Gallardo et al. 2012). In contrast to CRP from E. coli that acts as an activator in
the absence of the preferred carbon source (glucose), CRP from Rhodococcus
sp. TFB acts as a repressor in the presence of the preferred carbon source. A third
CRP-type protein, GlxR, is also a global regulator that represents a central control
point in the Corynebacterium glutamicum response to different nutrient sources.
GlxR represses, among others, the genes for 3-hydroxybenzoate and gentisate
metabolism, and it responds to cAMP levels (Table 1) (Chao and Zhou 2014;
Townsend et al. 2014).
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A branch of the CRP-FNR family, CprK proteins, includes transcriptional regu-
lators that mediate the response to halogenated aromatic compounds in
dehalorespiration of different strains of Desulfitobacterium. CprK proteins activate
transcription from promoters containing a 14-bp inverted repeat (dehalobox) that
closely resembles the FNR-box (Pop et al. 2006). The unusually high occurrence of
CprK paralogs is likely to be correlated with the relatively large number of haloge-
nated compounds that these organisms can accept as terminal electron acceptors,
enabling a specific response by each regulator to a specific group of halogenated
compounds (Gabor et al. 2008). In Desulfitobacterium hafniense, for instance,
CprK1 induces expression of halorespiratory genes upon binding of o-chlorophenol
ligands and is reversibly inactivated by oxygen through disulfide bond formation
(Pop et al. 2006). Crystal structures of CprK1 in the ligand-free (both oxidation
states), ligand-bound (reduced), and DNA-bound states allowed a complete struc-
tural description of both redox-dependent and allosteric molecular rearrangements
(Levy et al. 2008).

7 Aromatic Compound Responsive Regulators of the IclR
Family

The IclR family is an extended type of prokaryotic transcription regulators (activa-
tors, repressors, and proteins with a dual role) that have been described to be
involved in the control of different bacterial processes (Krell et al. 2006; Molina-
Henares et al. 2006; Chao and Zhou 2013). The N-terminal domain of these
regulators comprises a wHTH DNA-binding motif responsible for its positioning
on target promoters as a dimer or as a pair of dimers. However, no clear consensus
exists on the architecture of DNA-binding sites within the IclR-targeted promoters
(Cheng et al. 2015). The C-terminal domain of IclR-like regulators is the effector-
binding domain and regulates subunit multimerization after recognition of the
effector molecule. In case of working as transcriptional activators, IclR proteins
bind to their target promoters in the absence of the effector molecule (DiMarco and
Ornston 1994; Gerischer et al. 1998; Guo and Houghton 1999; Torres et al. 2003),
but they need the inducer to recruit RNAP to the promoter (Guo and Houghton
1999). For IclR-negative regulators, transcription is prevented either by occluding
the RNAP-binding site or by destabilizing the open complex, and the presence of the
effector molecule abolishes that behavior (Yamamoto and Ishihama 2002).

An important number of IclR members regulate catabolic pathways for the
degradation of aromatic compounds (Table 1). In A. baylyi ADP1 the PobR and
PcaU proteins have been described to be indispensable for the induction of
4-hydroxybenzoate and protocatechuate metabolic pathways, respectively, and
both of them act as repressors of their own expression (DiMarco and Ornston
1994; Gerischer et al. 1998; Trautwein and Gerischer 2001). Interestingly, it is
known that PcaU acts on the promoter of the catabolic genes both as a transcriptional
activator, in the presence of the cognate inducer (protocatechuate), and as a repres-
sor, in the absence of the inducer (Popp et al. 2002). A homologue of PcaU, PcaR,
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exists in Pseudomonas putida, working in this case exclusively as activator of the
pca genes for protocatechuate degradation (Guo and Houghton 1999).

The MhpR protein is necessary for the induction of the genes responsible of
3-hydroxyphenylpropionic acid metabolism in E. coli. In contrast to most aromatic
compound responsive IclR-type regulators, the expression of mhpR from Pr pro-
moter is constitutive and independent of self-regulation. Moreover, MhpR seems to
be essential for recruiting a second activator, the global cAMP receptor protein
(CRP) regulator, to the cognate Pa catabolic promoter (Torres et al. 2003), a feature
that has not been reported for other IclR-type regulators. A MhpR-like protein
involved in 3-hydroxyphenylpropionic acid metabolism has also been described in
Comamonas testosteroni (Arai et al. 1999). Two other IclR-type activators, i.e.,
TphR and TsaQ for terephthalate and p-toluenesulfonate metabolism, respectively,
have been reported in C. testosteroni strains (Tralau et al. 2003a; Kasai et al. 2010).
The PbaR activator from Sphingobium wenxiniae JZ-1 T controls the degradation of
3-phenoxybenzoate and is the only IclR-type regulator so far described that binds
downstream to the translation start site of the regulated gene (Cheng et al. 2015).

In Gram-negative bacteria, most IclR-type regulators that control aromatic cata-
bolic pathways behave as transcriptional activators. Some exceptions are the HmgR
protein that controls homogentisate degradation in P. putida (Arias-Barrau et al.
2004) and the IphR regulator for isophthalate metabolism in C. testosteroni (Table 1)
(Fukuhara et al. 2009). In contrast, in Actinobacteria most IclR-type regulators
described behave as transcriptional repressors (Table 1), e.g., TsdR (γ-resorcylate
pathway), OphR (phthalate pathway), CatR (catechol pathway), and NpdR (2,4,6-
trinitrophenol pathway) in Rhodococcus strains (Nga et al. 2004; Veselý et al. 2007;
Choi et al. 2015; Kasai et al. 2015); and only one transcriptional activator, the GenR
regulator that controls the catabolism of 3-hydroxybenzoate and gentisate, was
reported in Corynebacterium glutamicum (Chao and Zhou 2013).

8 Aromatic Compound Responsive Regulators of the TetR
Family

The TetR family is well characterized and widely distributed in bacteria (Ramos
et al. 2005). The 3D structure of the prototype TetR reveals the existence of two
domains, a N-terminal domain which contains the tetra-helical HTH-DNA-binding
motif and a C-terminal domain involved in effector (tetracycline) binding (Orth et al.
2000). Members of the TetR family exhibit a high conservation of sequences for the
DNA-binding domain. The TetR family regulators are mostly repressors that bind
their operators, composed of 10–30-bp palindromic sequences, to repress the target
genes and are released from the DNAwhen bound to their cognate ligands (Ramos
et al. 2005).

Some TetR-type regulators involved in the regulation of aromatic catabolic
pathways have been described (Table 1). CymR is a transcriptional repressor
involved in the control of the gene expression for p-cymene (cym) and p-cumate
(cmt) degradation in P. putida F1 (Eaton 1997). The CymR protein is a dimer in
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solution, and it imposes its repressing effect by inhibiting RNAP access to the
promoter, being p-cumate the effector molecule that avoids binding of CymR to its
operator site (Eaton 1997). The PaaR protein is a transcriptional repressor of the paa
genes for phenylacetate degradation in Thermus thermophilus HB8. Phenylacetyl-
CoA is the effector molecule for effective transcriptional derepression (Sakamoto
et al. 2011). Moreover, it has been described a new regulator, PfmR, that weakly
cross regulated PaaR in vitro and that has an additional function in regulating the
fatty acid metabolism in strain HB8 (Agari et al. 2012). The X-ray crystal structure
of the N-terminal DNA-binding domain of PfmR and the nucleotide sequence of the
predicted PfmR-binding site are quite similar to those of the TetR family repressor
QacR from Staphylococcus aureus. Similar to QacR, two PfmR dimers bound per
target DNA. The center of the PfmR molecule contains a tunnellike pocket, which
may be the ligand-binding site of this regulator (Agari et al. 2012). PaaR is also the
repressor of the paa genes involved in phenylacetate catabolism, in Corynebacte-
rium glutamicum (Chen et al. 2012). An imperfect palindromic motif (5-
00-ACTNACCGNNCGNNCGGTNAGT-300, 22 bp) was identified in the upstream
regions of paa genes. In addition, GlxR-binding sites were found, and binding to
GlxR was confirmed. Therefore, phenylacetate catabolism in C. glutamicum is
regulated by the pathway-specific repressor PaaR, which responds to phenylacetyl-
CoA, and also likely by the global transcription regulator GlxR. By comparative
genomic analysis, orthologous PaaR regulons were identified in 57 species, includ-
ing species of Actinobacteria, Proteobacteria, and Flavobacteria that carry
phenylacetate utilization genes and operate by conserved binding motifs, suggesting
that PaaR-like regulation might commonly exist in these bacteria (Chen et al. 2012).
In this sense, PaaR-like proteins controlling the expression of paa genes for the
catabolism of phenylacetate have been also described in Burkholderia cenocepacia
(Yudistira et al. 2011) and proposed in Azoarcus strains (Mohamed et al. 2002). In
Streptomyces pristinaespiralis, PaaR is also involved in controlling the expression of
the paa genes and plays a positive role in the regulation of the biosynthesis of
pristinamycin I by affecting the levels of phenylacetyl-CoA as a supply of
L-phenylglycine, one of the seven amino acid precursors of this antibiotic (Zhao
et al. 2015).

HdnoR is a transcriptional repressor of the 6-hydroxy-D-nicotine oxidase, and it
is encoded on the catabolic plasmid pAO1 responsible for nicotine degradation in
Arthrobacter nicotinovorans (Sandu et al. 2003). The inducers 6-hydroxy-D-nico-
tine and 6-hydroxy-L-nicotine prevent the binding of HdnoR to its operator site
allowing the expression of the 6-hydroxy-D-nicotine oxidase (Sandu et al. 2003).
RolR may represent the first member of a new subfamily of TetR proteins involved
in resorcinol degradation in Corynebacterium glutamicum (Li et al. 2011), and it
shows generally low sequence similarities to other TetR family members, especially
at its C-terminal end (Li et al. 2011). A 29-bp operator rolO was located at the
intergenic region of rolR and the catabolic rolHMD genes, and it contains two
overlapping inverted repeats that are essential for RolR binding and repression of
both operons. The binding of RolR to rolO was avoided by resorcinol and
hydroxyquinol, which are the starting compounds of the resorcinol catabolic
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pathway, leading to the induction of rol genes (Li et al. 2012). A novel resorcinol-
inducible expression system based on the RolR regulator and the cognate promoter
fused with the operator (rolO) has been developed for Streptomyces and other
Actinobacteria (Horbal et al. 2014). NicS is a repressor that controls the expression
of the nicAB genes responsible for the conversion of nicotinic acid to
6-hydroxynicotinic acid in P. putida (Jiménez et al. 2011). Both aromatic heterocy-
cles behave as NicS inducers. Interestingly, the expression of nicS is under control of
a second regulator, NicR, that responds to 6-hydroxynicotinic acid, thus generating a
peculiar regulatory loop (see below) (Jiménez et al. 2011).

The MbdR protein is a transcriptional repressor of the mbd genes for
3-methylbenzoate degradation in Azoarcus sp. CIB (Juárez et al. 2015). The 3D
structure of MbdR revealed a conformation similar to that of other TetR family
transcriptional regulators. 3-Methylbenzoyl-CoA, the first intermediate of the cata-
bolic pathway, but not benzoyl-CoA, was shown to interact with MbdR and avoid
binding to the operator region at the target promoters, leading to derepression ofmbd
genes. These results highlight the importance of recruiting the MbdR-based regula-
tory circuit to evolve a distinct central catabolic pathway that is only induced for the
anaerobic degradation of aromatic compounds that generate 3-methylbenzoyl-CoA
as central intermediate (Juárez et al. 2015).

9 Aromatic Compound Responsive Regulators of the BzdR
Subfamily

The BzdR-like proteins (Table 1) constitute a new subfamily of aromatic transcrip-
tional regulators belonging to the widely distributed HTH-XRE family of transcrip-
tional regulators that includes the well-known Cro and cI lambda repressors. BzdR is
the transcriptional repressor of the bzd cluster responsible for the anaerobic catab-
olism of benzoate in Azoarcus strains (Barragán et al. 2005). The BzdR protein
exhibits two domains separated by a linker region, i.e., the N-terminal domain with a
tetra-helical HTH-DNA-binding motif similar to that of the lambda repressor and the
C-terminal domain similar to shikimate kinases (Barragán et al. 2005). Benzoyl-
CoA, the first intermediate of the anaerobic benzoate degradation pathway, is the
effector molecule of BzdR. Benzoyl-CoA interacts with the C-terminal domain of
BzdR and prevents the binding of this protein to the three operator regions of the
target PN promoter without affecting its oligomeric state. The linker region of BzdR
is required to transfer the conformational changes induced by benzoyl-CoA to the
DNA-binding domain. The predicted structures of the respective N- and C-terminal
domains could be fitted into a 3D reconstruction of the BzdR homodimer obtained
by electron microscopy (Durante-Rodríguez et al. 2010). BzdR has been proposed as
a model to study the evolution of transcriptional regulators. In this sense, an active
BzdR-like regulator was engineered by fusing the DNA-binding domain of BzdR to
the shikimate kinase I of E. coli, supporting the notion that an ancestral shikimate
kinase domain could have been involved in the evolutionary origin of BzdR
(Durante-Rodríguez et al. 2013). On the other hand, the C-terminal domain of
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BzdR has been fused to the N-terminal domain of CI protein of the lambda phage to
design a chimeric regulator, termed Qλ, able to reprogram the lytic/lysogenic lambda
phage decision according to the intracellular production of benzoyl-CoA in E. coli
(Durante-Rodríguez et al. 2016).

BoxR is a transcriptional repressor of the box genes involved in the aerobic hybrid
pathway to degrade benzoate via coenzyme A derivatives in bacteria (Valderrama
et al. 2012). The BoxR protein shows a significant sequence identity to BzdR. In
Azoarcus sp. CIB, the paralogous BoxR and BzdR regulators act synergistically to
assure a tight repression of the bzd and box genes in the absence of the common
intermediate and inducer molecule benzoyl-CoA. Moreover, the observed expres-
sion of the box genes under anaerobic conditions (Valderrama et al. 2012) may
constitute an alternative oxygen-scavenging mechanism when the cells face
low-oxygen tensions that could inactivate the highly oxygen-sensitive anaerobic
reductase and also a strategy to rapidly shift to the aerobic degradation if oxygen
levels become high.

10 Aromatic Compound Responsive Regulators of the GntR
Family

The proteins of the GntR superfamily are 239–254 amino acids long and share a
similar N-terminal wHTH DNA-binding domain. This output domain is coupled to
the C-terminal effector-binding and oligomerization domain that responds to a range
of stimuli in the form of different small molecules. The C-terminal domain imposes
steric constraints on the DNA-binding domain, hence influencing the HTHmotif and
thus playing an important role in regulation (Hoskisson and Rigali 2009, Suvorova
et al. 2015). The structural data show that FadR from E. coli and AraR from
B. subtilis bind as dimers to the target DNA through their N-terminal domains, but
only few base pairs are specifically recognized within the complex (van Aalten 2001,
Xu et al. 2001, Jain and Nair 2012).

There are some GntR family members related with aromatic catabolic pathways
(Table 1). Most of them behave as repressors in the absence of effector with the
exception of BphR1 (Orf0) of P. pseudoalcaligenes KF707 which acts as a repressor
of salicylate catabolic genes but activates its own expression and that of biphenyl
catabolic genes (Fujihara et al. 2006). The repressors PhcS and AphS regulate the
expression of the phenol degradation genes in Comamonas testosteroni strains R5
and TA441, respectively (Arai et al. 1999; Teramoto et al. 2001). The VanR protein
represses the vanillate demethylase (vanAB) genes in A. baylyi ADP1 and in diverse
Pseudomonas strains (Morawski et al. 2000). Expression of the vanAB operon is
repressed by VanR and induced by vanillate as well as, to a smaller degree, by its
reduced derivatives vanillin and vanillyl alcohol in Caulobacter crescentus
(Thanbichler et al. 2007). BphS controls the biphenyl degradation in Ralstonia
eutropha A5 (Mouz et al. 1999) and Pseudomonas sp. strain KKS102 (Ohtsubo
et al. 2001). CarRJ3 protein binds to two operator sequences (TtGTAGAACAA)
in the absence of its inducer, which was identified as 2-hydroxy-6-oxo-6-
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(200-aminophenyl)hexa-2,4-dienoate, an intermediate of the carbazole degradation
pathway, and represses the car operon in Janthinobacterium sp. 13 (Miyakoshi
et al. 2006).

PaaX-like regulators are transcriptional repressors that control phenylacetic acid
degradation gene clusters in several Proteobacteria (García et al. 2000; del Peso-
Santos et al. 2006). Since they are bigger and do not show a significant sequence
similarity with other members of the GntR family, they may constitute a new GntR
subfamily. The PaaX repressor from E. coli recognizes the operator palindromic
sequence (TGATTC-N26–28-GAATCa) (Ferrández et al. 2000; Galán et al. 2004;
Kim et al. 2004). Phenylacetyl-CoA specifically inhibited binding of PaaX to the
target sequences, confirming the first intermediate of the pathway as the true inducer
(Ferrández et al. 2000). Whereas the mechanism of repression of PaaX on the
regulatory Px and the catabolic Pz promoters involves competition with the RNAP
binding, the catabolic Pa promoter appears to be controlled by PaaX at a later stage
of the transcription initiation process (Fernández et al. 2013). The PaaX repressor
links the catabolism of aromatic compounds with the metabolism of penicillins since
it is also a repressor of the pac gene encoding the penicillin G acylase (Galán et al.
2004). A role for the PaaX regulator in repressing the expression of the sty genes for
the catabolism of styrene in Pseudomonas sp. Y2 has been reported, suggesting that
PaaX is a major regulatory protein in the phenylacetyl-CoA catabolon through its
response to the levels of this central metabolite (del Peso-Santos et al. 2006).
Crystallization and preliminary X-ray diffraction studies on some PaaX-like regula-
tors have been reported (Rojas-Altuve et al. 2011). In E. coli, the paaX gene is
co-transcribed with paaY, which encodes a thioesterase, forming a regulatory
operon. The PaaY protein is necessary for the efficient degradation of phenylacetate
in E. coli, and two different roles for this protein can be envisioned. At the metabolic
level, PaaY helps to prevent that phenylacetic acid catabolism might collapse cell
growth by hydrolyzing some CoA derivatives whose accumulation may lead to the
inhibition of the first steps of the paa pathway (Teufel et al. 2012). Moreover, PaaY
plays a second role by facilitating the induction of the paa genes likely by its
thioesterase activity that reduces the amount of some CoA-derived intermediate
(s) originated during the catabolism of PA and that may behave as antagonists of
the effect caused by the phenylacetyl-CoA inducer molecule on the PaaX repressor.
This regulatory function mediated by PaaY constitutes an additional regulatory
checkpoint that makes the circuit that controls the transcription of the paa genes
more complex than previously anticipated, and it could represent a general strategy
present in most bacterial paa gene clusters that also harbor the paaY gene (Fernández
et al. 2013).

MeqR2 is a PaaX-type transcriptional repressor involved in the regulation of the
genes responsible of quinaldine catabolism in Arthrobacter sp. strain Rue61a.
MeqR2 forms a dimer in solution and binds to a palindromic operator whose core
sequence (TGACGNNCGTcA) does not resemble that of PaaX operators. As some
other GntR family regulators, such as PaaX and FadR that bind CoA thioesters,
MeqR2 shows a high specificity for anthraniloyl-CoA, a downstream metabolite of
the Meq pathway for quinaldine degradation, as effector. A binding stoichiometry of
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one effector molecule per MeqR2 monomer and a high affinity (KD of 22 nM) were
determined (Niewerth et al. 2012).

11 Aromatic Compound Responsive Regulators of the MarR
Family

MarR-type regulators are relatively small proteins (148–196 amino acids), and their
3D structures reveal a common triangular shape with a wHTH-DNA-binding motif.
These transcription factors are typically homodimers and bind to palindromic DNA
operators located within the target promoters. In most cases, in the absence of ligand,
apo-MarR proteins bind to specific DNA operators, and upon ligand binding they
show diminished DNA affinity. Usually, MarR regulators are promiscuous and can
accommodate a variety of aromatic ligands with not very high affinity (Grove 2013;
Kim et al. 2016).

Some members of this family are involved in specific responses to aromatic
compounds (Table 1). HpaR is the transcriptional repressor of the
3,4-dihydroxyphenylacetate (homoprotocatechuate) hpa cluster of E. coli W. The
hpaR gene is located upstream and divergently oriented with respect to the catabolic
operon. HpaR negatively regulates not only the expression of the hpa-meta operon
but also its own expression, with homoprotocatechuate, 4-hydroxyphenylacetate,
and 3-hydroxyphenylacetate being the inducer molecules (Galán et al. 2003). Two
DNA operators, OPR1 and OPR2, have been identified in the intergenic region
located between the hpa-meta operon and the hpaR gene. The binding of HpaR to
OPR2 displays a clear cooperativity with OPR1 binding (Galán et al. 2003). The
CbaR repressor controls the cbaABC operon of plasmid pBRC60 required for
chlorobenzoate degradation in C. testosteroni BR60. 3-Chlorobenzoate and pro-
tocatechuate are effectors for CbaR, with their binding leading to derepression
(Providenti and Wyndham 2001). NbzR is a repressor that regulates the nbz operon
for aminophenol degradation encoded on plasmid pNB1 of P. putida HS12, but the
chemical inducer for the pathway has not yet been identified (Park and Kim 2001).

HcaR is the repressor of the hca genes responsible for hydroxycinnamates
degradation in A. baylyi ADP1, with hydroxycinnamoyl-CoA thioesters being the
effector molecules (Parke and Ornston 2003). The crystal structure of the apo-HcaR
protein was recently determined in complexes with hydroxycinnamates and a spe-
cific 23-bp palindromic DNA operator. HcaR appears to be a tetramer, a dimer of
dimers, in solution, and each dimer binds separate DNA-binding sites (hca1 and
hca2) using probably a DNA-loop formation mechanism that interferes with RNAP
binding. HcaR recognizes four different ligands, i.e., ferulate, p-coumarate, vanillin,
and 3,4-dihydroxybenzoate (which are substrate, intermediates, and products of
ferulic acid processing by hca gene products) using the same binding site and
rendering this repressor unproductive in recognizing a specific DNA target. These
studies are consistent with a mechanism of HcaR derepression based on stabilization
of a compact protein conformation that is unproductive in recognizing and binding a
specific DNA operator (Kim et al. 2016).
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CouR (FerC, FerR) regulates p-hydroxycinnamates (e.g., ferulate, p-coumarate)
catabolism in different bacteria such as Sphingobium sp. SYK-6 (Kasai et al.
2012), R. palustris (Hirakawa et al. 2012), P. fluorescens (Calisti et al. 2008),
and R. jostii RHA1 (Otani et al. 2015). In these repressors, DNA binding is
abolished by p-hydroxycinnamoyl-CoA, the first metabolite of the pathway, allo-
wing expression of the catabolic cou genes. Recent structural data with the CouR
protein from R. jostii RHA1 establish that the CouR dimer binds two p-coumaroyl-
CoA molecules in nonequivalent configuration, but this ligand binding did not lead
to a significant conformational change in the repressor. Interestingly, the anionic
bulky CoA moiety of p-hydroxycinnamoyl-CoA prevents the binding of DNA by
steric occlusion of key DNA-binding residues and charge repulsion of the DNA
backbone (Otani et al. 2015). In R. palustris, p-coumarate is not only a carbon
source but the precursor of an unusual acyl-homoserine lactone (HSL) quorum-
sensing signal, p-coumaroyl-HSL. A quantitative proteome and microarray study
suggested that at least 40 genes and their encoded proteins are upregulated during
growth on p-coumarate compared to succinate. Some of these genes are regulated
by p-coumaroyl-HSL and the transcription protein RpaR, and others are regulated
by CouR. In this bacterium, CouR controls not only the expression of couAB genes
for p-coumarate degradation but also transport systems that are likely involved
in the uptake of p-coumarate and structurally related compounds into cells
(Phattarasukol et al. 2012).

PcaV is a MarR family regulator that represses transcription of genes encoding
the central β-ketoadipate pathway in Streptomyces coelicolor. Structural data
revealed that PcaV binds the β-ketoadipate pathway substrate protocatechuate with
a high affinity and in a 1:1 stoichiometry, leading to a change in protein conforma-
tion incompatible with DNA binding. PcaV exhibits an unusually high degree of
ligand selectivity and is one of the few MarR homologues incapable of binding
salicylate. The Arg15 residue is critical for coordinating the protocatechuate ligand
and plays a key role in binding DNA, thus functioning as a gatekeeper residue for
regulating PcaV transcriptional activity (Davis et al. 2013).

GenR is a MarR-type transcriptional regulator that, in the absence of effectors,
represses the gen cluster encoding the gentisate pathway in Comamonas testosteroni
CNB-1. When effectors such as gentisate, 3-hydroxybenzoate, and benzoyl-CoA are
present, the GenR protein is released from its DNA-binding site, and the repression
of transcription is abolished. The finding that benzoyl-CoA can be recognized as
GenR effector explains why the gentisate dioxygenase was induced when CNB-1
grew on benzoate using the box aerobic hybrid pathway that activates benzoate to
benzoyl-CoA (Chen et al. 2014). IacR regulates negatively the iac genes responsible
for indole-3-acetate catabolism in Acinetobacter baumannii, being this aromatic acid
the potential effector that induces iac expression (Shu et al. 2015). BadR has been
recently reassigned as a repressor that controls the genes involved in cyclohexane-
carboxylate degradation in R. palustris. Some of these genes are also involved in
the anaerobic degradation of benzoate. 2-Ketocyclohexane-1-carboxyl-CoA, an
intermediate of cyclohexanecarboxylate degradation, interacts with BadR to abro-
gate repression (Hirakawa et al. 2015).
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In P. putida the NicR repressor controls three nicotinic acid inducible catabolic
operons, i.e., nicAB, encoding the upper pathway that converts nicotinic acid into
6-hydroxynicotinic acid, nicCDEFTP, and nicXR operons, responsible for channel-
ing the latter to the central metabolism, which are driven by the Pa, Pc, and Px
promoters, respectively (Jiménez et al. 2011). The nicR regulatory gene encodes a
MarR-like protein that represses the activity of the divergent Pc and Px promoters
being 6-hydroxynicotinic acid the inducer molecule. An additional gene, nicS, which
is associated to the nicAB genes in the genomes of different γ- and β-Proteobacteria,
encodes a TetR-like regulator that represses the activity of Pa in the absence of the
nicotinic/6-hydroxynicotinic acids as inducers. The nicotinic acid regulatory circuit
in P. putida has evolved an additional repression loop based on the NicR-dependent
cross regulation of the nicS gene, thus assuring a tight transcriptional control of the
catabolic genes that may prevent depletion of nicotinic acid (vitamin B3) when
needed for the synthesis of essential cofactors (Jiménez et al. 2011).

12 Aromatic Compound Responsive Regulators that Belong
to Other Families

BadM is a member of the Rrf2 family of transcription factors that acts as a repressor
of the bad genes involved in the anaerobic degradation of benzoate in R. palustris. In
vivo data suggest that benzoate- or benzoyl-CoA is the effector for BadM (Hirakawa
et al. 2015). Another aromatic compound responsive regulator of the Rrf2 family is
the BgeR protein that represses expression of the bamA gene encoding the hydrolase
for the ring-cleavage step during the anaerobic degradation of benzoate inGeobacter
bemidjiensis. It was suggested that BgeR plays a key role in regulating the genes
involved in the anaerobic degradation of aromatic compounds in Geobacter species
(Ueki 2011).

The PadR-type regulators contain a wHTH domain with about 80–90 residues
that is responsible for the binding to target DNA. The variable C-terminal domain in
PadR-like proteins is involved in dimerization through a leucine zipper-like struc-
ture. In Corynebacterium glutamicum the van operon involved in vanillate degrada-
tion is regulated by VanR, a PadR-type repressor. VanR forms a dimer and binds
cooperatively to two overlapping 24-bp inverted repeats of the target promoter,
being vanillate the effector molecule that avoids formation of the protein-DNA
complex. It is proposed that VanR-DNA complexes contain two VanR dimers at
the VanR operator (Morabbi Heravi et al. 2014).

13 Research Needs

While catabolism of aromatic compounds is relatively well conserved in different
organisms, gene regulation shows a wider diversity, and therefore, the whole under-
standing of the complex regulatory network that controls the expression of the genes
involved in a particular degradation pathway is a challenging task. A large number of
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aromatic sensing transcriptional regulator sequences have been deposited in data-
bases, but their structure and function remain unknown for most of them. On the
other hand, the available metagenomic libraries are a source of still unknown
aromatic regulators. Substrate-induced gene expression (SIGEX) is a promoter
trap method based on single-cell sorting of clones from a plasmid library using
flow cytometry, where transcriptional regulators are identified by the increased
expression of a downstream fluorescent reporter gene in the presence, but not in
the absence, of an inducing compound. Using SIGEX of a metagenomic library,
several transcriptional regulators with different compound specificities and induction
rates have been successfully identified (Uchiyama and Miyazaki 2013, Meier et al.
2015). However, SIGEX is limited in several important ways, e.g., distal location of
the regulators from the target promoters, library sizes, the substrate of a pathway is
not always the cognate inducer, etc., and there is a need for novel methods and
strategies for high-throughput screening of aromatic regulators.

A structural understanding of effector binding to a regulatory protein and the
molecular mechanisms by which ligands affect derepression/activation at the target
promoter is critical. Recent advances in identifying ligand-binding pockets in some
regulators may furnish a tool toward identifying the ligands for homologous regu-
lators for which the effector remains unknown. The biological role of antagonists
modulating the effect of the agonists (effectors) on the cognate regulators when
bacteria are exposed to complex mixtures of aromatic substrates should be also
addressed. The characterization of novel modulators that fine-tune the activation of
the specific regulators, e.g., by preventing gratuitous induction, requires further
studies. An obvious question still unanswered is why the regulatory proteins have
evolved so divergently despite regulating very similar pathways for degradation of
similar compounds.

The complex regulatory network underlying the hierarchical use of aromatic
compounds when bacteria grow in mixtures of these carbon sources in the environ-
ment needs to be unraveled. Moreover, the ecophysiological meaning of the diver-
sity found in the regulation of the hierarchical utilization of aromatic compounds
among closely related strains sharing ecological niches should be addressed. In this
sense, a more complete view of the molecular mechanisms underlying carbon
catabolite repression and, in general, other ways of global regulation that sense the
physiological status of the cell and overtake the effector-specific regulation of a
particular aromatic catabolic pathway should be explored further. Then, computa-
tional tools should be used to study the logic structure of the intricate regulatory
networks and to formalize it as a digital circuit by converting all known molecular
interactions into binary logic operations (logicome) (Silva-Rocha et al. 2011). The
integration of future regulatory models with the current genome-scale metabolic
models should be a further step for a more accurate in silico reconstruction of
bacterial metabolism. On the other hand, it is currently known that microbial
populations exploit metabolic diversification of single cells to achieve phenotypic
diversity and survive to unpredictable adverse changes in environmental conditions.
Studying the regulatory circuits that drive gene expression in individual cells is,
therefore, warranted.

10 One-Component Systems that Regulate the Expression of Degradation Pathways. . . 165



From a biotechnology point of view, the in vitro evolution or de novo synthesis of
new regulators exhibiting novel specificities and effector-binding affinities is an
interesting way to track the evolutionary roadmap of these proteins and to engineer
new synthetic regulatory circuits or to develop genetic traps to survey new enzy-
matic activities in metagenomic libraries.

In summary, a deeper understanding of the complex regulatory network that
controls aromatic metabolism will pave the way for the forward engineering of
bacteria as efficient biocatalysts for bioremediation of chemical waste and/or bio-
transformation to biofuels and renewable chemicals, for detection of toxic molecules
(biosensors), and for biomedical applications.
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