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Genetics of Accessing and Exploiting Hydrocarbons

Abstract: Hydrocarbons abound in the environment and microorganisms are often capable
of assimilating and degrading these normally recalcitrant molecules. In order to achieve this,
bacteria have developed specific adaptive mechanisms; much of the adaptive response is
brought about by transcriptional activation of genes and is controlled by one or two compo-
nent regulatory systems, global regulators and DNA binding proteins. The expressed gene
products are then able to degrade the molecules and often take advantage of the stored energy
imparted by the physicochemical properties of the hydrocarbon structure. The response
of gene regulators to the presence of hydrocarbons such as toluene in the environment allows
initiation or inhibition of transcription, so that the rate of synthesis of metabolically impor-
tant gene products is adaptively modified. Microorganisms which mount the most appropri-
ate physiological adaptation are then able to proliferate in the changing environment. Here
we give a comprehensive overview of adaptive regulation of the TOD and TOL pathways
including the involvement of catabolite repression.

1 Introduction

Hydrocarbons, especially benzene and other aromatic compounds, possess a large negative
resonance energy. The aromatic hydrocarbons therefore have a high thermodynamic stability
which manifests itself in chemical properties very different from those observed for branched
hydrocarbons. Next to glucosyl residues, the benzene ring is the most widely distributed unit
of chemical structure in nature (Dagley, 1981). Although ubiquitous in nature these aromatic
hydrocarbons are of debatable origin. While it is commonly accepted that most are not of
biosynthetic origin but are derived from the natural pyrolysis of organic compounds, clearly a
substantial quantity of those found in the environment today are of man-made origin.
Aromatic hydrocarbons such as benzene, toluene, styrene and the xylenes have been widely
used in industry during recent decades and are among the largest volume industrial chemicals
produced today. Additionally, polycyclic aromatic compounds are often the starting materials
in the production of agrochemicals (pesticides, herbicides and fertilizers), polymers, pharma-
ceuticals, explosives and a multitude of other everyday products. Predictably, these man-made
hydrocarbons have been released into the environment. As aromatic compounds are widely
available in nature it is not surprising that microorganisms have evolved capable of degrading
these compounds. Due to the current social interest in pollution and the global environment it
is not unexpected that there is presently considerable interest in the isolation and characteri-
zation of bacteria that are able to thrive on these hydrocarbons.

Bacteria have developed specific adaptive mechanisms in order to deal with the wide
range of hydrocarbons of both natural and man-made origin that abound in the environment.
Some of these defense mechanisms are post-synthetic, such as the alteration of membrane
lipids to prevent entry of hydrocarbons (See ® Chapter 55, Vol. 2, Part 9); however, much of
the adaptive response is brought about by transcriptional activation of genes; the products of
which are able to take advantage of the physicochemical properties of the hydrocarbon
molecules in question. The response of gene regulators to specific signals (such as the presence
of hydrocarbons in the environment) allows initiation or inhibition of transcription, so
that the rate of synthesis of metabolically important gene products is adaptively modified.
Naturally, microorganisms that are able to tender a successful physiological adaptation are
better suited to survive in the changing environment.
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Since initial reports in the late 1980s of a bacterium able to thrive in the presence of high
concentrations of aromatic hydrocarbons, many other similarly adapted bacteria have been
isolated (Inoue and Horikoshi, 1989). Among them, Pseudomonas putida DOT-T1E, a mi-
crobe that is highly solvent-tolerant, was isolated from a wastewater treatment plant
in Granada, Spain (Ramos et al., 1995). This strain can grow in liquid medium with > 1%
(v/v) toluene. The ability of Pseudomonas putida DOT-TI1E to survive in the presence
of hydrocarbons is an inducible phenomenon and the molecular mechanisms underlying
this adaptive response and the consequent solvent tolerance in this strain have been extensively
studied in our and others laboratories (Busch et al., 2007; Cases et al., 2001; del Castillo and
Ramos, 2007; Jurado et al., 2003; Lau et al., 1997; Mosqueda et al., 1999; Ramos et al., 1986,
1987a). Pseudomonas putida DOT-T1E adapts to the presence of aromatic hydrocarbons using
a series of tools including: (1) the modification of fatty acids and phospholipid head groups in
the membrane in order to make it less permeable; (2) synthesis of chaperones that facilitate
correct protein folding in the presence of the hydrocarbons; (3) the extrusion of the com-
pounds by means of three efflux pumps namely TtgABC, TtgDEF and TtgGHI and (4) the
induction of metabolic pathways that allow the bacteria to use the hydrocarbons as an energy
source. This later ecophysiological adaptation is the subject of this chapter.

2 The TOD Pathway for Catabolism of Aromatic Hydrocarbons

A number of Pseudomonas putida strains, including DOT-T1E, can utilize benzene, toluene
and ethylbenzene as carbon sources. The enzymatic pathway responsible for converting these
aromatic hydrocarbons to TCA cycle intermediates is called the foluene degradation (tod)
pathway; a member of the well characterized cis-dihydrodiol pathways (Finette et al., 1984).
The catabolic genes of the TOD pathway form an operon todXFCIC2BADEGIH that is
transcribed from a single promoter called P,,;x, located upstream from the todX gene
(© Fig. 1a) (Mosqueda et al., 1999). The TOD pathway involves seven enzymatic reactions
which are initiated by a multicomponent toluene dioxygenase (encoded by todC1C2BA) and
finalized by the TodGHI enzymes resulting in the production of central metabolism inter-
mediates pyruvate and acetyl-CoA. Interestingly, the product of the todX gene is not a
catabolic enzyme but in fact an outer membrane protein; likely a porin through which
hydrocarbons may be taken up.

Regulation of TOD pathway expression in P. putida is different from many other aerobic
toluene-degrading routes in which regulation falls into one of three existing families of
aromatic catabolic regulators: (1) LysR transcriptional regulators; (2) ¢”*-dependent NtrC
transcriptional activators, and (3) AraC/XylS activators. The expression of the tod catabolic
genes is regulated by the gene products of todST, which are located downstream of the tod
genes encoding the pathway enzymes. The todST genes form a separate transcriptional unit
that is constitutively expressed (© Fig. 1a). The TodS/TodT proteins have been shown to form
a two-component regulatory system which controls the positive regulation of the tod operon
(Lau et al., 1997). Two-component regulatory systems (TCS) are a key means by which
bacteria detect environmental signals that mediate changes in gene expression, cellular behav-
ior (e.g., chemotaxis) and biological processes (e.g., catabolism). These systems typically
consist of two proteins (1) an autophosphorylating sensory histidine kinase (HPK) and
(2) a response regulator (RR). In the basic model of TCS function, signal perception (physical
or chemical) at the input domain of the HPK typically instigates the modulation of the
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proteins autophosphorylation activity. The phosphate, usually located on a conserved histi-
dine residue at the C-terminal end of the HPK is then transferred to a conserved aspartate
residue, typically found at the N-terminus of the RR. Alterations in the functional properties
of the phosphorylated response regulators output domain allow control of gene expression at
the transcriptional level which is mediated by binding of the RR to promoter sequences. The
pronounced diversity which is found in the HPK and their cognate RR proteins allows that the
HPKs are able to recognize varied signals and that the RRs can be involved in the regulation of
a multitude of different biological processes.

The large (108 kDa) HPK TodS is unusual in that it does not contain membrane spanning
domains and possesses multiple protein regions; each of these regions contain a periodic
circadian-Ah receptor single-minded protein (PAS) sensor domain and a histidine kinase
domain, which are separated by an RR receiver domain (@ Fig. 1b). The signal sensing
PAS domains are found in various hydrocarbon sensor proteins and it appears that TodS
belongs to a subfamily of HPKs which are involved in the control of catabolic pathways for the
degradation of hydrocarbons (Galperin, 2006; Leoni et al., 2003). TodS has 82% and 41%
identity respectively with TmoS$ that controls toluene degradation by the T4AMO pathway
in Pseudomonas mendocina and StyS from Pseudomonas sp. strain Y2 which is involved in
the degradation of styrene (Ramos-Gonzalez et al., 2002; Velasco et al., 1998). The TodT
protein shows significant amino acid sequence similarity with many response regulators of
two-component signal transduction systems. TodT contains an N-terminal input signal
domain for accepting the phosphoryl group from TodS and a C-terminal HTH DNA binding
domain.

Initially expression of the tod operon was shown to be induced in the presence of toluene,
styrene, benzene, ethylbenzene, and m-xylene. More recently it has been shown that the TodS/
TodT two-component regulatory system is able to recognize a wide range of signal molecules
and that the mechanism of P,,;x induction also involves DNA-bending proteins (Busch et al.,
2007; Lacal et al., 2006). The TodS protein has a low basal level of autophosphorylation, which
in the presence of certain hydrocarbons increases causing a stimulation of TodS phospho-
transfer to TodT. The phosphorylated TodT then functions as a positive regulator. The P,,;x
promoter is referred to as an “extended promoter” because it has a well defined-10 consensus
sequence but no -35 consensus (Dominguez-Cuevas and Marqués, 2004). The TodT protein
binds to three so called “TodT boxes” which are centered at base pairs-106, -85 and -56 of the
P,,q4x promoter, quite distant from the RNA polymerase binding site. Consistent with the
involvement of integration host factor (IHF) in the bending of DNA at the P,,;x promoter is
the fact that THF is able to bind between base pairs-24 and -75 of the promoter. In the absence
of THF the expression from P,,;x is very low (Lacal et al., 2008). The current model of
transcription activation of P4y is; the increased autophosphorylation of TodS caused by
the presence of certain aromatic hydrocarbons allows an increase in the transphosphorylation
of TodT. Phosphorylation of TodT leads to conformational changes that alter its interaction
with the RNA polymerase, the contact between phosphorylated TodT and the RNA polymerase
is brought about by IHF, which introduces a DNA bend that favors the required interactions.
Formation of the TodT-P/THF/RNA polymerase activation complex induces transcription of
the tod operon (® Fig. Ic).

The complex nature of the two component regulation of tod operon expression has
recently been augmented by the discovery that TodS can bind both agonists (such as toluene,
benzene and styrene) and antagonist (such as o-chlorotoluene and o-xylene) molecules at the
same N-terminal TodS effector binding site. Surprisingly, the affinities for both agonists and
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antagonists are similar however; binding of an antagonist molecule does not stimulate
autophosphorylation of TodS and the subsequent induction of the P, x promoter (Busch
et al., 2007).

3 The TOL Pathway for Catabolism of Aromatic Hydrocarbons

The pWWO TOL plasmid of Pseudomonas putida encodes the information for the catabolism
of toluene and xylenes, which is organized in two operons generally referred to as the upper
and meta operons. © Fig. 2 shows the genetic organization of the catabolic operons and the
complex array of regulatory mechanisms involved in controlling their expression. The genes of
the upper operon encode the enzymes for oxidation of the lateral alkyl chain of toluene and
xylenes to their corresponding carboxylic acids. The genes for the meta-cleavage pathway
encode the enzymes for oxidation of benzoate and toluates to Krebs cycle substrates. Regula-
tion of the TOL plasmid catabolic pathway for the degradation of toluene and xylenes is a
model system exemplifying both specific and global regulation in response to hydrocarbons.
Expression of the catabolic operons involves the TOL plasmid-encoded XylR and XylS
regulators, a set of sigma factors (67° 6™, 62, and ¢%), and the DNA-bending proteins,
IHF and HU. When bacteria are growing in the presence of toluates (alkylbenzoates) only the
meta-regulatory loop functions, however, when bacteria grow on xylenes both the upper and
meta-catabolic pathways are expressed due to the action of the cascade loop (Ramos et al.,
1987b, 1997).

When bacteria containing the TOL plasmid are growing in the presence of xylenes the
transcriptional control is directed by the XylR regulator. Briefly, this regulator drives tran-
scription from the Pu promoter in front of the xy)lUWCMABN genes, which constitute the

‘+ L Benzoate XyIS _ o

Toluene
XyIR") < XylR*| «—— [XyIR
@ Figure 2

Regulation of the TOL pathway. The genes encoded in the upper pathway (xy/[UWCMABN) and
the meta-pathway (xyIXYZLTEGFJQKIH) are indicated along with those of the regulatory genes
xylS and xylIR. The actions of the regulatory proteins on given promoters are indicated by the
arrows and either a minus sign for repression or a plus sign for induction. Sigma factors required
for expression are indicated above each promoter. The roles of DNA binding proteins IHF and HU
along with PtsN are indicated as discussed in the text, activated XyIR and XyIS are shown with an
asterisk (adapted from Aranda-Olmedo et al., 2006).
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upper operon, for conversion of toluene and p- and m-xylenes into the corresponding
benzoates, as well as from the PsI promoter to increase expression of the xyIS gene
(© Fig. 2). Subsequently, this results in the induction of the meta-cleavage pathway operon
for the oxidation of benzoates to Krebs cycle intermediates. However, the full picture of the
adaptive response of bacteria containing the pWWO0 TOL plasmid to the presence of aromatics
hydrocarbons is extremely complex: Two 6”°-dependent promoters, Pr1 and Pr2 upstream of
the xyIR gene allow the expression and production of XylR. However, when cells are growing in
the presence of toluene; XylR binds directly with the hydrocarbon and becomes activated, the
activated XylR* is then able to drive transcription from the Pu promoter of the upper pathway
(Delgado and Ramos, 1994). Activation of the upper pathway Pu promoter requires IHF and
also 6°* RNA polymerase. The xyIS gene which is constitutively expressed at low levels from its
Ps2 promoter is further induced by the activated XyIR* and a DNA bending protein (HU)
acting together to up-regulate transcription of the xyIS gene from a second 6°* dependent
promoter named PsI. Naturally, the Pri/2 and Ps1/2 promoters are located in the intergenic
region between the divergently transcribed xyIR and xyIS genes. This proximity further
complicates the regulation because when XylR* binds to the upstream activator sequences
for Ps1 of xyIS it blocks access of RNA polymerase to its own Prl and Pr2 ¢”°-dependent
promoters; hence reducing its own expression. In the presence of benzoates the meta-pathway
is rendered fully operational because xyIS is only transcribed from the constitutive XylR-
independent promoter (Ps2). Benzoate interacts with the XylS protein which leads to the
transcriptional activation of the Pm promoter in the meta-cleavage pathway.

4 Catabolite Repression and Expression of the TOL
Plasmid Genes

On top of the previously discussed interplay of specific plasmid regulators, ¢ factors and DNA
bending proteins, catabolite repression plays a key role in the control of the expression of the
TOL plasmid pathways. In fact, the expression of TOL plasmid operons is incorporated into
the overall metabolic control in Pseudomonas putida because both Pu (the upper pathway
promoter) and PsI (the xyIS promoter) are subject to catabolite repression. It follows that as a
consequence of catabolic repression control on xylS, expression of the meta-cleavage operon is
also indirectly subjected to catabolite repression. Catabolite repression control is generally
defined as the ability of an organism to preferentially metabolize one carbon source over
another when both carbon sources are present in the organism’s environment. However, the
catabolite repression observed in P. putida is normally referred to as crossed catabolite
repression because the bacteria are able to use two carbon sources (e.g., glucose and toluene)
simultaneously. This type of control is similar to that for Klebsiella oxytoca which can use both
sucrose and glycerol simultaneously (Pifar et al., 1998), but is in stark contrast to the strict
catabolite repression of E. coli when it preferentially consumes glucose before moving on to
use lactose.

Interestingly, transcription from the Pu promoter of the upper TOL pathway (normally
mediated by RNA polymerase with c*) is repressed when the bacteria are grown in the
presence of alternative carbon sources. This can be clearly seen when cells are grown in
the presence of both acetate and m-xylene; the bacteria contain significantly lower levels
of the upper pathway proteins than the same cells grown in the presence of m-xylene as
the sole carbon source. A similar repression can be seen when cells are grown with o-xylene
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because it is unable to induce expression of the TOL catabolic systems when bacteria are grown
in the presence of an excess of nutrients.

Cyclic AMP (cAMP) is the signal molecule for catabolite repression in Enterobacteriaceae;
the levels of cCAMP vary depending on the concentration of glucose and other sugars in the
growth environment. However, in P. putida the cAMP levels remain stable despite the growth
conditions, indicating that cAMP is not involved in catabolite repression in this Pseudomo-
nad. Catabolite repression in P. putida instead incorporates at least five different regulators
CyoB, Crc, Crp, RelA and PtsN, this quality greatly increases the complex nature of the
repression system. In fact, in a P. putida ptsN mutant background the expression from the
upper operon Pu promoter is de-repressed in the presence of glucose suggesting that in a
wildtype strain the repressing carbon source (in this case glucose) causes PtsN to prevent
XylR* from binding to the upstream activator sequences at Pu (Aranda-Olmedo et al., 2006).

Several recent pieces of work investigating the phenomenon of glucose repression of the
TOL Pu upper pathway operon promoter from both the physiological and molecular points of
view have clarified the players involved in catabolite repression (del Castillo and Ramos, 2007).
Pseudomonas putida catabolizes glucose to pyruvate via the Entner-Doudoroff pathway using a
different set of enzymes from those used in either glycolysis or the pentose phosphate pathway.
Genetic evidence has suggested that catabolites of the pathway signal carbon source repression
of the Pu promoter of P. putida. It has been found that in P. putida 6-phosphogluconate (6PG)
is synthesized by three converging pathways; (1) the glucose dehydrogenase (Ged) route,
(2) the glucokinase (Glk) route and (3) via direct phosphorylation of gluconate mediated
by gluconokinase (del Castillo and Ramos, 2007). Interestingly, toluene and glucose have
regulatory effects on each others metabolism in wild-type P. putida and also mutant strains
which are lacking in either the Ged or Glk pathways. Glucose causes repression of toluene
metabolism by signaling through 2-dehydro-3-deoxygluconate-6-phosphate and the PtsN
global regulator, whilst toluene causes repression of glucose metabolism via the Glk pathway
with the help of the Crc regulator protein. The Crc protein appears to be acting as a switch for
the Glk pathway because in crc mutant backgrounds basal glucokinase levels are not repressed
in the presence of toluene.

5 Conclusions and Research Needs

There are two principal modes of specific transcriptional regulation in bacteria which are
associated with either one-component systems or two component systems (TCSs) (Ulrich
et al.,, 2005). One component systems are formed by a single protein such as XylS or XyIR,
which generally contain a sensor and a DNA-binding domain. In the prototypal one-
component system the binding of signal molecules to the sensor domain alters the affinity
of the protein for a promoter region giving rise to a modulation of transcriptional activity. As
detailed above TCSs are more complex and their function is based on covalent protein
modification. Compared to one component systems TCSs increase a bacteria’s ability to
thrive in more complex environments; such as aquatic or soil environments (Ashby, 2004).
The probable evolutionary advantage lies in the capacity of a TCS to detect and modulate cell
metabolism, motility and behavior in response to extra-cytosolic signals, whereas one com-
ponent systems generally respond to cytosolic signals. Indeed, 88% of TCS sensor kinases
were predicted to be transmembrane proteins. However, the currently available data for
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TodS and sequence analysis of its homologues indicate that they form part of the 12% of
kinases which are located in the cytoplasm where they sense signals.

The reason why some hydrocarbon degradation pathways are regulated by one component
systems and others by TCS is unknown, but clearly both systems are efficient in the control of
their corresponding gene circuits and the regulation of expression of toluene catabolic path-
ways seems to be extremely complex. The current knowledge of pathways such as TOD and
TOL allows a quite complete picture of the processes involved in this type of ecophysiological
adaptation; however, there are many questions that remain unanswered. For example, what is
the true functional role of the todX gene product? Does the structurally unusual TodS protein
interact with membrane proteins to accept signals indicating the presence of hydrocarbons?
Are global regulatory proteins such as Crc, Crp, PtsN or CyoB involved in the regulation of the
tod operon? What are the conformational changes brought about in TodT following phos-
phorylation that allow the operon to be expressed and are TCS connector proteins (Mitro-
phanov and Groisman, 2008) involved in modulation of the signal? In the TOL plasmid story
how is the glucokinase pathway controlled in the presence of aromatic hydrocarbons? Is there a
specific chemical signal or is the control imparted directly by Crc or indirectly via transcrip-
tional modulation of other regulators? Naturally, answers to these questions will allow a more
complete and thorough understanding of the adaptive response of bacteria to the presence of
aromatic hydrocarbons in their environment.

References

Aranda-Olmedo I, Marin P, Ramos JL, Marqués S (2006)
Role of the pstN gene product in catabolite repres-
sion of Pseudomonas putida TOL toluene degrada-
tion pathway in chemostat cultures. Appl Environ
Microbiol 72: 7418-7421.

Ashby MK (2004) Survey of the number of two-
component response regulator genes in the complete
and annotated genome sequences of prokaryotes.
FEMS Microbiol Lett 231(2): 277-281.

Busch A, Lacal J, Marcos A, Ramos JL, Krell T (2007)
Bacterial sensor kinase TodS interacts with agonistic
and antagonistic signals. Proc Natl Acad Sci USA
104: 13774-13779.

Cases I, Velazquez F, de Lorenzo V (2001) Role of ptsO in
carbon mediated inhibition of the Pu promoter
belonging to the pWWO Pseudomonas putida plas-
mid. ] Bacteriol 183: 5128-5133.

Dagley S (1981) New perspectives in aromatic catabo-
lism. In Degradation of Xenobiotics and Recalci-
trant Compounds. T Leisinger, AM Cook,
R Hiitter, and ] Niiesch (eds.). New York: Academic
Press, pp. 181-186.

del Castillo T, Ramos JL (2007) Simultaneous catabolite
repression between glucose and toluene metabolism
in Pseudomonas putida is channelled through differ-
ent signalling pathways. J Bacteriol 189: 6602—6610.

Delgado A, Ramos JL (1994) Genetic evidence for
activation of the positive transcriptional regulator

XylR, a member of the NtrC family of regulators,
by effector binding. ] Biol Chem 269: 8059-8062.

Dominguez-Cuevas P, Marqués S (2004) Compiling
sigma-70 dependent promoters. In Pseudomonas,
JL Ramos (ed.). vol. 2, Chap. 11. Dordrecht, The
Netherlands: Kluwer, pp. 319-345.

Finette BA, Subramanian V, Gibson DT (1984) Isolation
and characterization of Pseudomonas putida PpF1
mutants defective in the toluene dioxygenase
enzyme system. ] Bacteriol 160: 1003-1009.

Galperin MY (2006) Structural classification of bacterial
response regulators: diversity of output domains and
domain combinations. ] Bacteriol 188: 4169—4182.

Inoue A, Horikoshi K (1989) A Pseudomonas that thrives
in high concentration of toluene. Nature (London)
338: 264-266.

Jurado P, Fernandez LA, de Lorenzo V (2003) Sigma 54
levels and physiological control of the Pseudomonas
putida Pu promoter. ] Bacteriol 185: 3379-3383.

Lacal J, Busch A, Guazzaroni ME, Krell T, Ramos JL
(2006) The TodS-TodT two-component regulatory
system recognizes a wide range of effectors and
works with DNA-bending proteins. Proc Natl Acad
Sci USA 103: 8191-8196.

Lacal J, Guazzaroni ME, Busch A, Krell T, Ramos JL
(2008) Hierarchical binding of the TodT response
regulator to its multiple recognition sites at the tod
pathway operon promoter. ] Mol Biol 376: 325-337.



1584

Genetics of Accessing and Exploiting Hydrocarbons

Lau PCK, Wang Y, Patel A, Labbé D, Bergeron H,
Brousseau R, Konishi Y, Rawlings M (1997) A bac-
terial basic region leucine zipper histidine kinase
regulating toluene degradation. Proc Natl Acad Sci
USA 94: 1453-1458.

Leoni L, Ascenzi P, Bocedi A, Rampioni G, Castellini, L,
Zennaro E (2003) Styrene-catabolism regulation in
Pseudomonas fluorescens ST: phosphorylation of StyR
induces dimerization and cooperative DNA-binding.
Biochem Biophys Res Commun 303: 926-931.

Mitrophanov AY, Groisman EA (2008) Signal integration
in bacterial two-component regulatory systems.
Genes Dev 22(19): 2601-2611.

Mosqueda G, Ramos-Gonzéilez MI, Ramos JL (1999)
Toluene metabolism by the solvent-tolerant Pseudo-
monas putida DOT-T1 strain, and its role in solvent
impermeabilization. Gene 232: 69-76.

Pinar G, Kovarova K, Egli T, Ramos JL (1998) Influence
of carbon source of nitrate removal by nitrate-
tolerant Klebsiella oxytoca CECT 4460 in batch and
chemostat cultures. Appl Environ Microbiol 64:
2970-2976.

Ramos JL, Duque E, Huertas MJ, Haidour A (1995)
Isolation and expansion of the catabolic potential
of a Pseudomonas putida strain able to grow in
the presence of high concentrations of aromatic
hydrocarbons. J Bacteriol 177: 3911-3916.

Ramos JL, Marqués S, Timmis KN (1997) Transcription-
al control of the Pseudomonas TOL plasmid catabol-
ic operons is achieved through an interplay of host
factors and plasmid-encoded regulators. Ann Rev
Microbiol 51: 341-373.

Ramos JL, Mermod N, Timmis KN (1987b) Regulatory
circuits controlling transcription of TOL plasmid
operon encoding meta-cleavage pathway for degra-
dation of alkylbenzoates by Pseudomonas. Mol
Microbiol 1: 293-300.

Ramos JL, Stolz A, Reineke W, Timmis KN (1986)
Altered effector specificities in regulators of gene
expression. TOL plasmid xylS mutants and their
use to engineer expansion of the range of aromatics
degraded by bacteria. Proc Natl Acad Sci USA 83:
8467-8471.

Ramos JL, Wasserfallen A, Rose K, Timmis KN (1987a)
Redesigning metabolic routes: manipulation of TOL
plasmid pathway for catabolism of alkylbenzoates.
Science 235: 593-596.

Ramos-Gonzélez MI, Olson M, Gatenby AA, Mosqueda G,
Manzanera M, Campos M]J, Vichez S, Ramos JL
(2002) Cross-regulation between a novel two-
component signal transduction system for catabo-
lism of toluene in Pseudomonas mendocina and the
TodST system from Pseudomonas putida. ] Bacteriol
184: 7062-7067.

Segura A, Duque E, Mosqueda G, Ramos JL, Junker F
(1999) Multiple responses of Gram-negative bacteria
to organic solvents. Environ Microbiol 1: 191-198.

Ulrich LE, Koonin EV, Zhulin B (2005) One-component
systems dominate signal transduction in prokar-
yotes. Trends Microbiol 13: 52-56.

Velasco A, Alonso S, Garcia JL, Perera J, Diaz E (1998)
Genetic and functional analysis of the styrene cata-
bolic cluster of Pseudomonas sp. strain Y2. J Bacter-
iol 180: 1063-1071.



	53 Genetics of Accessing and Exploiting Hydrocarbons
	1 Introduction
	2 The TOD Pathway for Catabolism of Aromatic Hydrocarbons
	3 The TOL Pathway for Catabolism of Aromatic Hydrocarbons
	4 Catabolite Repression and Expression of the TOL Plasmid Genes
	5 Conclusions and Research Needs
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


