
Study of the TmoS/TmoT two-component system:
towards the functional characterization of the family of
TodS/TodT like systemsmbt_322 489..500

Hortencia Silva-Jiménez,1† Cristina García-Fontana,1†

Bilge Hilal Cadirci,2 María Isabel Ramos-González,1

Juan Luis Ramos1 and Tino Krell1*
1Department of Environmental Protection, Estación
Experimental del Zaidín, Consejo Superior de
Investigaciones Científicas, C/ Prof. Albareda, 1, 18008
Granada, Spain.
2Gaziosmanpasa University, Faculty of Engineering and
Natural Sciences, Department of Bioengineering 60240
Tokat, Turkey.

Summary

The two-component system TmoS/TmoT controls the
expression of the toluene-4-monooxygenase pathway
in Pseudomonas mendocina RK1 via modulation of
PtmoX activity. The TmoS/TmoT system belongs to the
family of TodS/TodT like proteins. The sensor kinase
TmoS is a 108 kDa protein composed of seven differ-
ent domains. Using isothermal titration calorimetry
we show that purified TmoS binds a wide range of
aromatic compounds with high affinities. Tightest
ligand binding was observed for toluene (KD =
150 nM), which corresponds to the highest affinity
measured between an effector and a sensor kinase.
Other compounds with affinities in the nanomolar
range include benzene, the 3 xylene isomers, styrene,
nitrobenzene or p-chlorotoluene. We demonstrate
that only part of the ligands that bind to TmoS
increase protein autophosphorylation in vitro and
consequently pathway expression in vivo. These
compounds are referred to as agonists. Other TmoS
ligands, termed antagonists, failed to increase TmoS
autophosphorylation, which resulted in their incapac-
ity to stimulate gene expression in vivo. We also show
that TmoS saturated with different agonists differs
in their autokinase activities. The effector screening
of gene expression showed that promoter activity of
PtmoX and PtodX (controlled by the TodS/TodT system) is
mediated by the same set of 22 compounds. The

common structural feature of these compounds is the
presence of a single aromatic ring. Among these
ligands, toluene was the most potent inducer of both
promoter activities. Information on the TmoS/TmoT
and TodS/TodT system combined with a sequence
analysis of family members permits to identify dis-
tinct features that define this protein family.

Introduction

An important mechanism by which environmental signals
are sensed and their changes translated into modulatory
responses is based on the action of two-component
systems (TCS) (Galperin, 2005; Krell et al., 2010). Bacte-
ria contain a large number of TCSs and were found to
harbour on average 52 TCS genes (Cock and Whitworth,
2007). TCSs are involved in the regulation of virtually
all types of processes including virulence, sporulation,
metabolism, quorum sensing, chemotaxis, transport or
nitrogen fixation, which has been reviewed in Krell and
colleagues (2010) and Mascher and colleagues (2006). A
prototypal TCS contains a sensor kinase (SK) and a
response regulator (RR) and its mechanism is based on a
simple His to Asp transphosphorylation. Signal recogni-
tion by the SK leads to a modulation of its autokinase
activity and/or its phosphatase activity towards its cognate
RR (Krell et al., 2010). The resulting changes in the SK
phosphorylation state reflect on the rate of phosphoryl-
transfer towards the receiver domain of the RR, which in
turn alters the properties of its output domain. This domain
has in most cases DNA-binding properties and modulates
gene expression by binding to promoter regions.

During evolution genes of prototypal TCSs have fused
to more complex systems referred to as phosphorelay
TCS (Whitworth and Cock, 2009), which employ a His1-
Asp1-His2-Asp2 phosphorylation cascade. Phosphorelay
systems so far studied include for example the ArcBA,
TorSR and EvgSA systems of Escherichia coli (Perraud
et al., 1999; Malpica et al., 2006), the BvgST system of
Bordetella sp. (Beier and Gross, 2008) or the sporulation
phosphorelay of Bacillus subtilis (Burbulys et al., 1991).
All of these systems were classified as TRPR systems
(Fig. 1), implying that the relay involves consecutive phos-
phorylation of a transmitter module, followed by a first
receiver domain, a histidine containing phosphotransfer
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domain and a second receiver domain (Williams and
Whitworth, 2010). A transmitter module is composed of a
dimerization and histidine phosphotransfer domain and a
catalytic domain that catalyses transmitter module auto-
phosphorylation using ATP as phosphoryldonor. However,
genome analyses indicated that there is a different type of
phosphorelay system, termed TRTR, which contain two
transmitter modules and two receiver domains (Fig. 1). At
the genetic level it was shown that TRTR systems are as
abundant as the TRPR systems (Williams and Whitworth,
2010). However, at the functional level there is little data
available on this type of system.

The TodS/TodT TCS is the first TRTR system that has
been functionally characterized (Fig. 1, Lacal et al., 2006;
Busch et al., 2007; 2009; Lacal et al., 2008a,b). This
system modulates the expression of the tod (toluene
dioxygenase) operon encoding the enzymes of the TOD
pathway, which permits the mineralization of benzene,
toluene and ethylbenzene in strains of Pseudomonas
putida (Zylstra and Gibson, 1989; Lau et al., 1997;
Mosqueda et al., 1999). Although the TOD pathway uses
toluene, benzene and ethylbenzene as substrates, our
group was previously able to demonstrate that TodS/TodT
mediates regulation of PtodX expression in response to a
wide range of different aromatic compounds, including
different methyl-, amino-, nitro- and halogen-substituted
benzene and toluene derivatives (Lacal et al., 2006). The
TodS SK is unusually large (108 kDa), lacks transmem-
brane regions and is entirely located in the cytosol (Lacal
et al., 2006). It is composed of two transmitter modules,
two PAS domains and an internal RR receiver domain
(Fig. 1). Both transmitter modules were found to possess
autokinase activity (Busch et al., 2009). Effector mol-
ecules, such as toluene, bind to the PAS 1 domain with
high affinity (Lacal et al., 2006). Effector binding was
found to stimulate exclusively the activity of the N-terminal

transmitter domain (Busch et al., 2009). The phosphoryl
group is then transferred to Asp500 of the internal receiver
domain and subsequently to the C-terminal transmitter
module (Fig. 1, Busch et al., 2009) before the phosphory-
lation of Asp57 at the TodT RR (Busch et al., 2009). We
have shown that TodT, monomeric in solution, binds to five
different sites at the PtodX promoter in a sequential and
cooperative manner (Lacal et al., 2008a,b). In addition,
we have demonstrated that the activity of TodS/TodT is
mediated by agonists and antagonists (Busch et al.,
2007). Agonists (for example toluene or m-xylene) are
structural very similar to antagonists (o- xylene o
o-chlorotoluene). Both classes of compounds compete for
binding at the PAS sensor 1 domain. However, only ago-
nists cause an increase in TodS autophosphorylation
activity and consequently induce gene expression.
Although antagonists bind to TodS with comparable affini-
ties, these compounds fail to increase TodS autophospho-
rylation and consequently gene expression (Busch et al.,
2007). The physiological relevance of these observations
is not understood.

There are a number of other TCSs that share significant
similarities in sequence and domain arrangement with
TodS/TodT. Members of this family are for example StyS/
StyR, involved in styrene degradation (Velasco et al.,
1998; O’Leary et al., 2001; Leoni et al., 2003; 2005; Ram-
pioni et al., 2008) or the control of phenylacetyl-coenzyme
A ligase expression (del Peso-Santos et al., 2008), TutC/
TutB for anaerobic toluene degradation in Thauera
aromatica (Coschigano and Young, 1997) or TmoS/TmoT
involved in toluene degradation in Pseudomonas
mendocina (Ramos-González et al., 2002). Furthermore,
genome sequencing projects have revealed that TodS/
TodT like proteins are found in other bacteria such as
Dechloromonas aromatica (Coates et al., 2001; Salinero
et al., 2009) and Methylibium petroleiphilum (Kane et al.,

Fig. 1. Schematic representation of domain organization and mode of action of phosphorelay two-component systems.
A. The ArcB/ArcA phosphorelay. This system belongs to the TRPR type of phosphorelay according to the classification proposed by Williams
and Whitworth (2010).
B. The TodS/TodT system that belongs to the TRTR type of phosphorelays. The sequence of phosphoryl group transfer is indicated.
tm, transmembrane region; PAS, Per-Arnt-Sim type of sensor domain; TR, transmitter module comprised of a dimerization/histidine
phosphotransfer domain and a catalytic domain; RRR, response regulator receiver domain; HPT, histidine containing phosphotransfer domain;
DNA-b, DNA-binding domain.
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2007) or in nonobligate predator of soil bacteria Cupriavi-
dus necator N-1 (Poehlein et al., 2011). These systems
form thus the family of TodS/TodT like TCS (Fig. S1) and
the particular domain arrangement of TodS appears to be
a specific feature of this family.

The information available on the remaining TCS of the
TodS/TodT family is primarily of genetic or microbiological
nature. However, the functional characterization of the
TodS/TodT system has revealed a number of intriguing
features like: (i) the TodS effector range is much larger
than the substrate range, (ii) contrary to most SKs, TodS
lacks transmembrane regions and is located in the
cytosol, (iii) ligand binding occurs with very high affinity,
(iv) effectors can be classified into agonists or antagonists
or (v) only agonists and not antagonists increase SK
autokinase activity.

To elucidate whether these properties are specific to the
TodS/TodT system or correspond to feature common to
the protein family, we report here the analysis of a second
member of this protein family, the TmoS/TmoT TCS
(Ramos-González et al., 2002). This system regulates
the expression of the toluene-4-monooxygenase (T4MO)
pathway in P. mendocina KR1 (Whited and Gibson,
1991a,b). The T4MO of this strain, the initial pathway
enzyme, has been studied extensively over the last
decades and is now considered a paradigm for monooxy-
genases (Mitchell et al., 2002; 2003; Bailey et al., 2008).
We would like to note that P. putida DOT-T1E, which
harbours todST, was isolated in Spain (Ramos et al.,
1995), whereas P. mendocina KR1 was isolated in Texas
(Whited and Gibson, 1991a). The functional analysis of
the TmoS/TmoT TCS combined with sequence analysis
of family members permit the proposition of common
functional features.

Results

Sequence analysis of family members

The sequence alignment of representative members of
the TodS/TodT like family is shown in Fig. S1. In this
alignment the four amino acids that participate in the
TodS/TodT phosphorelay (H190, D500, H760 of TodS,
and D57 of TodT, Busch et al., 2009) are strictly con-
served. We have also identified phenylalanine 79 of TodS
(located in the PAS 1 domain) as essential for effector
binding. Mutation of this residue abolished recognition of
agonists and antagonists (Busch et al., 2007). In the
alignment this residue is also fully conserved. In addition,
three other amino acids (F46, I74 and I114) were found to
be involved in TodS effector recognition. As shown in
Fig. S1 the hydrophobic nature of these amino acids is
also conserved. These data are consistent with the notion
that other family members also employ a phosphorelay

mechanism and that similar effector molecules are recog-
nized by the respective SKs.

Most SKs are either transmembrane (tm) proteins or
are membrane anchored via tm regions (Krell et al.,
2010). In this respect TodS was found to differ as it had no
predicted tm regions, which was then confirmed by the
soluble nature of purified TodS (Lacal et al., 2006).
Sequences of the remaining family members were sub-
mitted to the tm prediction algorithm DAS (Cserzö et al.,
1997). This analysis predicted all family members to be
devoid of tm regions and thus to be soluble proteins,
consistent with a cytosolic location.

The 3D structure of StyR RR from Pseudomonas fluo-
rescens has been solved (Milani et al., 2005). StyR is
composed of an N-terminal RR receiver domain that is
connected via a long helical linker to the DNA-binding
domain harbouring a winged helix–turn–helix (HTH) motif.
Milani and colleagues (2005) propose a model for the
StyR–DNA interaction in which the recognition helix a 8 of
the HTH inserts into the major groove of the DNA. Accord-
ing to this model protein–DNA contact is primarily medi-
ated by contacts with helix a 8. The sequence alignment
of RRs of this family (Fig. S2) revealed a significant con-
servation of this helix for which the following consensus
sequence can be derived: E-x-T-[I/V]-KVHRH-[N/R]-x-
[M/T]-K.

The alignment of the promoters PtodX and PtmoX (Fig. S3)
show 68% of sequence identity. The binding of TodT to
PtodX has been studied extensively for P. putida strains F1
(Lau et al., 1997) and DOT-T1E (Lacal et al., 2006;
2008a,b). In total five monomers were found to bind to
boxes 1–3, of which boxes 1 and 2 are pseudopalin-
dromes whereas box 3 corresponds to a half-palindrome.
In the alignment of promoters PtodX and PtmoX both these
binding sites are well conserved and are thus proposed to
form TmoT operator sites. In addition, the StyR operator
has been experimentally identified for the protein from
P. fluorescens [Leoni and colleagues (2005) and Ram-
pioni and colleagues (2008)] and operator sites were pre-
dicted for the for Pseudomonas sp. strain Y2 (Velasco
et al., 1998). The alignment of either experimentally deter-
mined or predicted operator sites of family members is
shown in Fig. 2. From this alignment the following con-
sensus can be derived: AAA-x2-[AT]-x2-GT-[TA]-[TC].

It has been shown that the systems TodS/TodT, TmoS/
TmoT, TutC/TutB and StyS/StyR are involved in the regu-
lation of aromatic hydrocarbon degradation routes. Close
TodS and TodT homologues have also been detected in
D. aromatica (Salinero et al., 2009) and M. petroleiphilum
(Kane et al., 2007) or in the nonobligate predator of soil
bacteria C. necator N-1 (Poehlein et al., 2011). Figure S4
shows the genetic environment of the todS/todT genes in
these microorganisms. Interestingly, in all three cases
these genes are associated with gene clusters encoding
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different subunits of either T4MO or methane/phenol/
toluene hydroxylase as well as TodX homologues. To
obtain initial information as to whether the TodS/TodT like
proteins are involved in the regulation of the expression of
these catabolic genes, the DNA segment before the initial
gene of the catabolic gene were aligned with the well-
studied promoter PtodX of P. putida DOT-T1E. These seg-
ments were in detail (see also Fig. S4) the segments
upstream of YP_287018.1 (methane/phenol/tolune
hydroxylase of D. aromatica), YP_001020011.1 (toluene
monooxygenase a-subunit of M. petroleiphilum) and tbuX
(encoding a TodX homologue) in C. necator. The align-
ment (Fig. S5) shows significant sequence conservation
in D. aromatica and C. necator. In both cases a TodT
operator and the IHF binding site appear to be conserved.
In D. aromatica the presumed TodT binding site matched
the consensus sequence described above. In M. pe-
troleiphilum sequence similarities are less obvious. Taken
together, these observations are consistent with the

notion that the family of TodS/TodT like proteins controls
the expression of aromatic hydrocarbon degradation
pathways.

TmoS recognizes a wide range of effectors with very
high affinity

To initiate the functional analysis of the TmoS/TmoT TCS,
the corresponding genes were cloned into the expression
plasmid pET28. Both proteins were expressed in E. coli
and then purified by affinity chromatography from the
soluble fraction of the cell lysate. Despite significant
solvent engineering attempts, purified TmoT could not be
stabilized in an active conformation. In contrast active
TmoS could be obtained but was found to have a reduced
stability. All biochemical studies of this protein had to be
conducted on the two days following of its purification.
Reduced protein stability was also a characteristic for
TodS/TodT and might account for the scarceness of func-
tional studies of TRTR type phosphorelay systems as
noted by Williams and Whitworth (2010). All subsequent
analyses were conducted using the experimental condi-
tions used for the study of TodS.

Isothermal titration calorimetry (Krell, 2008) experi-
ments were conducted to study the interaction of purified
TmoS with effector molecules. For these experiments 14
compounds were chosen, which bind with different affini-
ties to TodS and which had either agonistic or antagonistic
effects on its activity (Busch et al., 2007, Table 1). For
these experiments purified TmoS was titrated with ali-
quots of effector molecules and resulting heat changes
are measured.

Figure 3 shows the titration of TmoS with benzene,
toluene and ethylbenzene and the derived thermody-
namic parameters are given in Table 1. In all cases down-
wards going peaks are observed indicative of exothermic

Fig. 2. Alignment of operator sites for members of the TodT family.1

Experimentally determined TodT binding sites for P. putida F1
(Lau et al., 1997) and P. putida DOT-T1E (Lacal et al., 2006).2

Experimentally determined StyR sites for P. fluorescens (Leoni
et al., 2005; Rampioni et al., 2008).3 Proposed StyR binding sites
for Pseudomonas sp. strain Y2 (Velasco et al., 1998).4 Proposed
TmoT binding site. The consensus sequence is indicated.

Table 1. Thermodynamic parameters derived from the microcalorimetric titrations of TmoS with effectors.

Ligand Effect on TodS KA (M-1) KD (mM) DH kcal mol-1 TDS kcal mol-1

K
K

D TodS

D TmoS
a

Benzene Agonist (5.96 � 0.4) 106 0.17 � 0.01 -5.3 � 0.1 3.6 � 0.1 4.5
Toluene Agonist (6.41 � 0.5) 106 0.15 � 0.01 -6.5 � 0.1 2.4 � 0.1 4.6
Ethylbenzene Agonist (6.39 � 0.4) 105 1.56 � 0.1 -3.5 � 0.1 4.1 � 0.1 2.0
o-xylene Antagonist (3.48 � 0.1) 106 0.29 � 0.01 -8.9 � 0.1 -0.3 � 0.1 2.0
m-xylene Agonist (1.41 � 0.1) 106 0.71 � 0.09 -7.0 � 0.8 1.1 � 0.6 1.7
p-xylene Agonist (2.17 � 0.3) 106 0.46 � 0.05 -3.4 � 0.3 4.9 � 0.29 1.7
o-Chlorotoluene Antagonist (4.68 � 0.9) 105 2.14 � 0.4 -5.1 � 0.9 2.4 � 0.9 0.3
m-Chlorotoluene Agonist (4.82 � 0.1) 105 2.07 � 0.6 -5.9 � 0.9 1.5 � 0.8 4.0
p-Chlorotoluene Agonist (1.24 � 0.1) 106 0.80 � 0.09 -2.7 � 0.1 5.3 � 0.1 0.4
Chlorobenzene Agonist (7.98 � 0.4) 105 1.25 � 0.07 -6.9 � 0.3 0.9 � 0.3 1.0
Nitrobenzene Agonist (4.32 � 0.5) 106 0.23 � 0.03 -4.1 � 0.1 4.5 � 0.1 29.0
Styrene Agonist (1.24 � 0.2) 106 0.81 � 0.1 -4.8 � 0.3 3.3 � 0.3 0.7
1,2,4 Trimethylbenzene Antagonist (2.89 � 0.4) 105 3.46 � 0.5 -1.5 � 0.2 5.6 � 0.2 0.5
cyclohexane No binding No binding

a. The KD values for the binding of effectors to TodS are taken from Busch and colleagues (2007).
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heat changes implying favourable enthalpy changes.
Binding curves for benzene and toluene were very similar
and KD values of 170 and 150 nM were determined
respectively. These affinities are around 4.5 times higher
than the corresponding values obtained for TodS. To our
knowledge, these values correspond to the highest affini-
ties observed for an interaction of a SK with effector
molecules. Ethylbenzene bound with a weaker affinity of
1.5 mM, which, however, was also tighter than its binding
at TodS.

Subsequently the binding of methyl- and chloro-
substituted toluene isomers were studied. The three
xylene isomers bound with affinities in the range of 290–
710 nM, which were again higher than the TodS affinities
(Table 1). The three chlorotoluene isomers also bound
with high affinity. As in the case of TodS, the para-
substituted isomer bound with highest affinity. The affini-

ties of chlorobenzene and styrene were comparable with
the values determined for TodS, whereas nitrobenzene
binding to TmoS was 29 times tighter than to TodS.
Finally, the triply substituted benzene derivative 1,2,4-
trimethylbenzene also showed tight binding. The predomi-
nant binding mode was characterized by favourable
enthalpy changes supported by equally favourable
entropy changes, which is a binding mode frequently
observed for hydrophobic interactions. In analogy to
TodS, cyclohexane, the only ligand that lacks an aromatic
ring, failed to bind to TmoS. It can be concluded that
TmoS recognizes a very wide range of different aromatic
effector molecules.

TmoS ligands can be classified into agonists
and antagonists

A feature of TodS that remains poorly understood is its
differential response to agonists and antagonists (Busch
et al., 2007). Agonists, which stimulate kinase activity,
increase also gene expression, whereas antagonists,
which bind but which do not stimulate kinase activity, fail
to upregulate gene expression. The presence of antago-
nists was shown to reduce the magnitude of agonist-
mediated upregulation of gene expression (Busch et al.,
2007).

Subsequent experiments were aimed at identifying
whether such behaviour is also observed for TmoS. To
this end purified TmoS was subjected to autophosphory-
lation assays with four TodS agonists (toluene, benzene,
chlorobenzene and ethylbenzene) and three antagonists
(o-xylene, o-chlorotoluene, 1,2,4-trimethylbenzene). All of
these compounds have been found to bind to with affini-
ties between 0.15 and 3.5 mM to TmoS (Table 1). Ago-
nists were chosen to cover the magnitudes of regulatory
responses as observed in beta-galactosidase measure-
ments and include the most efficient agonist (toluene), the
weakest agonist (ethylbenzene) and two effectors with
an intermediate activity (benzene and chlorobenzene)
(Busch et al., 2007). TmoS was incubated during 30 min
with [g32P]ATP in the absence and presence of saturating
concentrations of effector molecules prior to SDS-PAGE.
The first lane in Fig. 4A shows the phosphorylation state
of TmoS in the absence of effector. Interestingly, the four
TodS agonists increased phosphorylation of TmoS. In
contrast, the TmoS phosphorylation state in the presence
of the three TodS antagonists was very similar to the
control. These data indicate that the existence of agonists/
antagonists is a feature common to TodS and TmoS.

Differential impact of agonists on the stimulation of
TmoS autophosphorylation

A feature that has not been assessed for TodS concerns
the question whether sensor protein saturated with differ-

Fig. 3. Binding of effector molecules to the purified TmoS. Shown
are microcalorimetric titrations of 10 mM TmoS with 500 mM
benzene (A), toluene (B) and ethylbenzene (C). Injection volumes
were 1.6 ml for (B) and 3.2 ml for (A) and (C). Upper panel: titration
raw data. Lower panel: Integrated and dilution-corrected peak
areas of raw data. Data were fitted with the ‘One binding site
model’ of the MicroCal version of ORIGIN. �: benzene; o: toluene;
�, ethylbenzene. The derived thermodynamic parameters are given
in Table 1.
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ent agonists differs in its capacity to stimulate autokinase
activity. Fig. 4A also reveals that the amount of autokinase
stimulation in the presence of the four agonists differs
significantly. Toluene caused the most pronounced
increase followed by benzene, chlorobenzene and ethyl-
benzene. Under the experimental conditions used TmoS
is entirely saturated with effector molecules that were
added at a concentration of 100 mM, which is largely

superior to the respective KD values. To study the effect of
toluene, benzene and chlorobenzene on TmoS in more
detail, the kinetics of its autophosphorylation was analy-
sed (Fig. 4B and C). In the presence of toluene maximal
phosphorylation was observed after 40 min and the
reduction in autophosphorylation is due to the depletion of
ATP in the reaction mixture and the intrinsic dephospho-
rylation activity. The stimulation of autokinase activity in
the presence of benzene and chlorotoluene was signifi-
cantly inferior to the experiments conducted with toluene.
In both cases a steady increase in TmoS autophosphory-
lation was noted, which was slightly more pronounced for
benzene.

The TmoS/TmoT system activates transcription
from PtmoX in response to a wide range of
aromatic compounds

To compare the capacities of the TodS/TodT and the
TmoS/TmoT systems to induce gene expression in
response to a wide range of different aromatic com-
pounds, beta-galactosidase measurements were con-
ducted. To this end, fusions of promoters PtodX and PtmoX

with the lacZ gene were introduced into P. putida DOT-
T1E and P. mendocina KR1 respectively. In total 54
mono- and biaromatic compounds were selected for
screening. The initial enzymes of both pathways, toluene
2,3-dioxygenase and T4MO, are characterized by a wide
substrate range and most compounds selected are sub-
strate of one or the other enzyme (Gibson and Parales,
2000; Tao et al., 2004a,bBoyd et al., 2006; Feingersch
et al., 2008)

The data initially reported on the PtodX expression were
obtained using a protocol in which effector at a final con-
centration of 1.5 mM is added to the bacterial cultures
(Lacal et al., 2006). Initial experiments with P. mendocina
KR1 revealed that this effector concentration is toxic for
this strain. Therefore, the effector concentration was
reduced to 0.5 mM for experiments with P. mendocina
KR1, whereas all experiments with P. putida DOT-T1E
were conducted with 1.5 mM effector. It was shown pre-
viously that the solvent resistance of strain DOT-T1E is
largely due to the action of the plasmid-encoded efflux
pump TtgGHI (Rojas et al., 2001).

The basal activities of promoters PtodX and PtmoX was of
2 � 1 and 15 � 4 Miller units respectively. Effectors that
caused activities larger than two times the basal activities
were considered as compounds that induce gene expres-
sion. From the 54 compounds analysed, 22 compounds
induced gene expression in both systems. A plot of the
activities of both promoters in response to this set of 22
compounds is shown in Fig. 5. The effector profile of PtodX

was only marginally larger than that of PtmoX as only two
compounds that were weak inducers of PtodX, namely

Fig. 4. Autophosphorylation of TmoS in the absence and presence
of agonists and antagonists. Assays were conducted as described
in Experimental procedures.
A. Autophosphorylation of TmoS in the absence and presence of
100 mM effector molecules. Autophophorylation reactions were
stopped after 30 min.
B. Kinetics of autophosphorylation of TmoS in the presence of
100 mM of the effector molecules indicated.
C. Densitometric analysis of data presented in B: �, toluene;
�, benzene; , chlorobenzene; grey line: buffer control.
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catechol (13 � 2 MU) and m-bromotoluene (9 � 2 MU),
failed to induce PtmoX. The remaining 30 compounds,
which are listed in the legend to Fig. 5, neither induced
PtodX nor for PtmoX. Among these 30 compounds were
o-xylene, o-chlorotoluene and 1,2,4-trimethylbenzene,
which were shown to bind tightly to purified TmoS
(Table 1) but which failed to increase its phosphorylation
state (Fig. 4). To elucidate whether compounds that bind
but do not induce gene expression reduce the toluene-
mediated upregulation in gene expression, beta-
galactosidase measurements with mixtures of toluene
with o-xylene or o-chlorotoluene were conducted. Cul-
tures of P. mendocina KR1 harbouring pMIR38 were
grown in Luria–Bertani (LB) to an OD600 of 0.2, at which
point 0.25 mM o-chlorotoluene, o-xylene or the corre-
sponding volume of buffer was added to three cultures. At
an OD600 of 0.5 0.25 mM toluene was added to these
cultures and b-galactosidase activity was measured after
another 2 h of growth. Similarly to the analogous experi-
ments reported for the TodS/TodT system (Busch et al.,
2007) the presence of o-xylene and o-chlorotoluene
reduced the toluene mediated gene expression to
55 � 7% and 32 � 6%, respectively, of the value obtained
for the culture containing toluene only.

Apart from the observation that the set of effectors,
which induce the expression from both promoters in vivo,
is almost identical, several other conclusions can be

drawn. First, toluene was the compound that had in both
cases the most pronounced effect of gene expression.
Toluene is one of the three pathway substrates for the
TOD pathway and also the substrate of the T4MO
pathway, but it is not known whether the T4MO pathway
mineralizes further compounds. However, the case of
toluene demonstrates a clear link between the potency in
pathway expression and degradability by the correspond-
ing pathway. Second, despite the fact that the effector
concentration added to P. mendocina was only a third of
the concentration used for P. putida, the induction in gene
expression of PtmoX was largely superior to that of PtodX.
The data shown in Fig. 5 were fitted by a linear regression
model, resulting in the dependency y = 0.085x + 28.0
(r2 = 0.42). This implies that the regulatory response of the
PtmoX system is on average around 12 times stronger than
that of PtodX. Third, the linear regression shown in Fig. 5 is
characterized by an r2 = 0.42, indicative of a modest cor-
relation between both sets of measurements. This is
consistent with the idea that the capacity of different com-
pounds to induce gene expression has been conserved
during evolution to a certain degree. Fourth, the minimal
structural requirement of an effector capable of inducing
both promoters appears to be the presence of a single
aromatic ring as experiments in the presence of
1-hexanol, cyclohexane and the biaromatic naphthalene
and 1,2,3,4 tetrahydroxynaphthalene showed no pro-

Fig. 5. Expression from promoters PtodX and PtmoX. Shown is a plot of beta-galactosidase activity of PtodX (y-axis) against the corresponding
value of PtmoX (x-axis) for different compounds. Beta-galactosidase measurements were carried our as described in Experimental procedures.
Note that 1.5 mM of each compound was added to P. putida DOT-T1E harbouring pMIR77 (PtodX::�lacZ), whereas 0.5 mM of each compound
were added to P. mendocina harbouring pMIR38 (PtmoX::’lacZ). Expression in the absence of any added compound was found to be 2 � 1
and 15 � 4 MU, respectively, for PtodX and PtmoX. Shown in this graph are the compounds for which an activity of at least twice the basal
rate is observed for both promoters. Compounds, which were analysed but which did not induce any of the promoters, are: 1-hexanol,
cyclohexane, propyl-, butyl- and isopropylbenzene, the 3 trimethylbenzene isomers, 1,2,4 trihydroxybenzene, 1,2,4 trichlorobenzene,
o-xylene, o-chlorotoluene, the 3 iodotoluene isomers, the 3 nitrotoluene isomers, m-ethyltoluene, benzenesulfonic acid, benzamide,
p-hydroxybenzaldehyde, p-toluylaldehyde, 2,3 dimethylphenol, resorcinol, hydroquinone, benzoate, p-hydroxybenzoate, naphthalene, 1,2,3,4
tetrahydroxynaphthalene. Experiments were means of at least three independent experiments conducted in triplicates. The derived standard
deviations are in all cases below 25 % of the mean. Part of the measurements of PtodX activity have been reported in Busch et al. (2007).
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moter activity. Finally, benzene was found to be more
efficient than chlorobenzene to increase TmoS autophos-
phorylation (Fig. 4). This, however, was not reflected in
the gene expression studies (Fig. 5) where a superior
activity was observed for chlorobenzene. We are currently
unable to provide an explanation for this observation. To
characterize the dependency of binding affinity of ago-
nists to purified TodS and the induced increase in gene
expression, the KA values (Table 1) were plotted against
the beta-galactosidase measurements (Fig. S6). The
resulting r2 values of the corresponding linear fits were –
0.26 (for the TodS/T system) and 0.11 (for the TmoS/T
system). This indicates that there is only a weak correla-
tion between the binding affinity and the response
observed in vivo.

Discussion

The combined interpretation of data available on the
TmoS/TmoT and the TodS/TodT system can be used to
propose features, which might be common to the protein
family. The majority of SKs possess either one or several
tm regions (Mascher et al., 2006; Krell et al., 2010). Puri-
fied TodS and TmoS are soluble proteins in the absence of
detergents. In addition, the prediction of tm regions for the
TodS like SKs (Fig. S1) resulted in all cases in an absence
of such regions. Taken together, it appears that the family of
TodS like SKs forms part of the small group of soluble SKs
with cytosolic location (Mascher et al., 2006).

TodS like proteins are involved in the regulation of deg-
radation pathways of toxic compounds. It has been well
documented that the major bacterial resistance mecha-
nism towards organic solvents consists in its expulsion
into the medium (Ramos et al., 2009). This implies that
there are significant differences between the cytosolic and
extracytoplasmic concentration of these compounds. In
this context the detection of signal molecules in the peri-
plasm might not reflect well the availability of cytosolic
pathway substrates and the regulatory events triggered
may be of little precision. In contrast, cytosolic substrate
sensing reflects well the concentration of available sub-
strates and the resulting responses are more precise.
Many soluble cytosolic SKs possess a complex domain
arrangement with frequently multiple sensor domains
(Krell et al., 2009). All TodS like SK sequences harbour
two PAS domains of which the PAS 1 domain was found
to sense aromatic effectors in the case of TodS (Lacal
et al., 2006). Based on sequence similarities with FixL Lau
and colleagues (1997) proposed that the PAS 2 is
involved in oxygen sensing. The sensing of a secondary
signal molecule present in the cytosol might thus result in
a fine-tuning of the regulatory response.

Another striking feature is the high affinity by which
signal molecules are recognized by TmoS and TodS.

Because toluene is toxic to the cell at higher concentra-
tions, the degradation pathways have evolved to respond
to low substrate concentrations. The kinetic characteriza-
tion of the initial enzyme of the T4MO pathway, the T4MO,
resulted in a KM of 4 mM for toluene (Mitchell et al., 2002).
TmoS and TodS bind many agonists with nanomolar affin-
ity. Busch and colleagues (2007) have shown that tight
toluene binding translates into an increase in protein auto-
phosphorylation at low toluene concentrations, as evi-
denced by a half-maximal autophosphorylation at 10 mM.
The discrepancy between the affinity of TodS for toluene
(0.7 mM) and the concentration at which half-maximal
autokinase stimulation is achieved (10 mM) shows that
initial ligand recognition must not trigger subsequent
molecular events in the signalling cascade in an immedi-
ate manner. However, data show that transcriptional acti-
vation sets in at low toluene concentrations, which in turn
permits toluene utilization at sublethal concentrations.
The toluene degradation mechanism has co-evolved with
toluene resistance mechanisms. The action of the TtgGHI
efflux pump was found to be the primary determinant for
toluene resistance (Rojas et al., 2001). Pump expression
is under the control of the TtgV repressor, which recog-
nizes toluene and derepresses pump expression (Guaz-
zaroni et al., 2005). However, TtgV was found to bind
toluene with a relatively weak affinity of 118 mM (Guaz-
zaroni et al., 2005), which is far above the concentration
at which transcriptional activation occurs (Busch et al.,
2007).

For most TCSs the cognate signals are unknown (Krell
et al., 2010). For some TCS with known signal molecule
the corresponding binding constants have been deter-
mined. For example, citrate binds to the CitA SK with a KD

of 5.5 mM (Kaspar et al., 1999, also determined by ITC),
nitrate to NarX with a KD of 35 mM (Lee et al., 1999, as
determined by autophosphorylation stimulation), oxygen
to FixL with a KD of 50 mM (Gilles-Gonzalez et al., 1994,
determined by spectroscopic techniques) or Mg2+ to PhoQ
with a KD of 300 mM (Lesley and Waldburger, 2001, deter-
mined by circular dichroism and fluorescence spectros-
copy). In this context the affinities of toluene for TmoS
(0.15 mM) and TodS (0.69 mM) are the highest affinities
reported. We suggest that the toxic nature of these effec-
tors is one reason for the high affinity.

Gene expression studies of promoters PtodX and PtmoX in
the presence of 54 different effectors showed that the
same set of 22 compounds (agonists) activated transcrip-
tion in both cases (Fig. 5), whereas 30 other compounds
did not induce any of the two promoters. The magnitude
of transcriptional activation of these 22 compounds
appeared to correlate for both promoters because the
linear regression showed a r2 of 0.42. In both cases
toluene was the most potent inducer. The common struc-
tural feature of these 22 activating compounds was the
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presence of a single aromatic ring. We have shown pre-
viously that phenylalanine 79 is essential for effector
binding as its mutation abolished effector recognition
(Busch et al., 2007). Effector molecules are likely to inter-
act via pi stacking with this residue. Interestingly, this
phenylalanine is conserved among all family members
(Fig. S1). However, many of the 22 agonists share striking
structural similarities with the 30 compounds that did not
induce transcription. In both cases the m- and p-isomers
of xylene and chlorotoluene induced transcription
whereas both o-isomers were inactive. We show that
o-xylene and o-chlorotoluene bind to TmoS with affinities
comparable with the other isomers (Table 1). However,
the binding of these compounds did not trigger an
increase in TmoS autophosphorylation. The data pre-
sented thus suggest that the existence of agonists and
antagonists is not a feature specific to TodS but might
correspond to a characteristic of the entire family. Envi-
ronmental pollutants can be understood as a mixture of
agonists and antagonists. Bacteria exposed to complex
mixtures were found to express degradation pathways
inefficiently (Cases and de Lorenzo, 2005), which might
be partly due to the combined action of agonists and
antagonists.

We have shown that effector binding to TodS and TmoS
can either cause an agonistic or antagonistic effect. In this
work we have also compared the magnitudes of the
effects of the agonists toluene, benzene and chloroben-
zene on the TmoS phosphorylation state (Fig. 4). The
measurement of protein autophosphorylation under con-
ditions guaranteeing complete saturation with effectors
showed significant differences (Fig. 4). Exposure to
toluene caused the most pronounced increase, followed
by benzene and chlorobenzene. Therefore, TmoS effector
molecules can be classified into agonists and antagonists
and, in addition, agonists differ in their capacity to
increase TmoS gene expression. This might be due to
different binding modes of agonists to the effector binding
pocket, which has multidrug binding properties. Similar
observations have been made for the binding of aromatic
compounds to TtgV (Guazzaroni et al., 2007). In

summary, data presented here permit to initiate the defi-
nition of a family of TCS and advance the understanding
of the so far poorly characterized phosphorelay systems
of the type TRTR. The work provides also important
insight into entirely cytosolic TCS, for which only very
scarce information is available.

Experimental procedures

Strains and plasmids used in this study

The strains and plasmids used are summarized in Table 2.

Construction of TmoS and TmoT expression plasmid

The tmoS and tmoT genes were cloned into the expression
vector pET28b+ (Novagen). The DNA fragment of tmoS was
amplified by PCR using the primers 5′-CTTGTGAGTC
ATTCCATATGAGCTCCTTGG-3′ and 5′-ATTCATGTGCTGG
GATCCTAACTGACCGG-3′ and plasmid pMAX-47-2 as
template (Ramos-González et al., 2002). The tmoT fragment
was amplified using the primers 5′-TTAGGACGCCAGCATA
TGAATGATCAAGAG-3′ and 5′-GCCAAAAGCAGGATCCT
ATTTCAGACTATCCT-3′ and genomic DNA of P. mendocina
KR1 as template. The resulting PCR products were digested
with NdeI and BamHI and cloned into pET28b(+) (Novagen)
linearized with the same enzymes. The plasmids pET28b-
TmoS and pET28b-TmoT were verified by sequencing the
inserts and flanking regions.

Overexpression and purification of TmoS

Escherichia coli BL21 (DE3) was transformed with plasmid
pET28b-TmoS. Cultures were grown in 2l Erlenmeyer flasks
containing 500 ml of LB medium supplemented with
50 mg ml-1 kanamycin at 30°C. At an OD660 of 0.6, protein
expression was induced by the addition of 0.1 mM IPTG.
Growth was continued at 16°C overnight before cell harvest
by centrifugation at 10 000 g for 30 min. Cell pellets were
resuspended in buffer A [20 mM Tris, 0.1 mM EDTA, 500 mM
NaCl, 10 mM imidazole, 5 mM b-mercaptoethanol, and 5%
(vol/vol) glycerol, pH 8.0] and broken using a French press at
1000 psi. After centrifugation at 20 000 g for 1 h, the super-
natant was loaded onto a 5 ml HisTrap column (Amersham
Bioscience), washed with 10 column volumes of buffer A and

Table 2. Strains and plasmids used.

Strain/plasmid Relevant characteristics Reference

Strains
E. coli BL21 (DE3) F-, ompI, hsdSB (r -

B m-
B) Studier and Moffat (1986)

P. putida DOT-T1E Prototroph, Tol+ (tod pathway) Ramos and colleagues (1995)
P. mendocina KR1 Prototroph, Tol+ (tmo pathway) Whited and Gibson (1991a)

Plasmids
pMIR77 TcR, PtodX ::′lacZ Ramos-González and colleagues (2002)
pMIR38 TcR, PtmoX::′lacZ Ramos-González and colleagues (2002)
pMAX-47-2 GmR, derivative of pBBR1MCS-5 containing tmoST genes Ramos-González and colleagues (2002)
pET28b Protein expression plasmid Novagen
pET28b-TmoS pET28b containing tmoS This work
pET28b-TmoT pET28b containing tmoT This work
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eluted with an imidazole gradient of 45–500 mM in buffer A.
Fractions containing TmoS were dialysed against analysis
buffer 50 mM Tris, 200 mM KCl, 2 mM MgCl2, 0.1 mM EDTA,
2 mM DTT, and 10% (vol/vol) glycerol, pH 7.5 for immediate
analysis. Purified protein had to be analysed within 2 days of
this dialysis. Protein freezing led to complete loss of activity.

Isothermal titration calorimetry

ITC experiments were conducted using freshly purified
protein and a VP-microcalorimeter (Microcal, Amherst, MA).
Protein was dialysed into analysis buffer (50 mM Tris-HCl,
200 mM KCl, 2 mM MgCl2, 2 mM DTT, 0.1 mM EDTA, 10%
glycerol, pH 7.5) and placed into the sample cell. Typically,
10 mM TmoS was titrated with 500 mM effector solutions.
Because these compounds are volatile and hydrophobic,
these solutions were made up in glass vessels immediately
before use. The mean enthalpies measured from the injection
of effectors into the buffer were subtracted from raw titration
data before data analysis with the MicroCal version of
ORIGIN. Data were fitted with the ‘One binding site model’.

Phosphorylation assay of TmoS

Assays were done in 50 mM Tris-HCl, 200 mM KCl, 2 mM
MgCl2, 0.1 mM EDTA, 10% (vol/vol) glycerol, 2 mM DTT, pH
7.5. The autophosphorylation assay was performed at 4°C
with 10 mM purified TmoS in a final reaction volume of 100 ml
in the presence or absence of different effectors at a concen-
tration of 100 mM. Reactions were initiated by adding radio-
labelled ATP (200 mM ATP containing 4 mCi [g32P]ATP), and
samples were removed at different times. The reaction was
stopped by adding 4 ¥ SDS sample buffer. Samples were
then stored on ice before analysis by SDS-PAGE using 7.5%
(wt/vol) gels.

Beta-galactosidase measurements

Pseudomonas putida DOT-T1E bearing pMIR77 (Ramos-
González et al., 2002, containing a PtodX::lacZ fusion) and
P. mendocina KR1 containing pMIR38 (Ramos-González
et al., 2002) were used. Cells were grown overnight on LB
medium supplemented with 10 mg ml-1 tetracycline. Cultures
were diluted 100 times with the same medium and the differ-
ent compounds were added at a concentration of 1.5 mM
to P. putida cultures and a concentration of 0.5 mM to P.
mendocina cultures. When the cultures reached an OD600

of 0.8 � 0.05, b-galactosidase activity was determined in
permeabilized cells as described in Ramos-González and
colleagues (2002).
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Sequence alignment of TodS like sensor kinases.
The following sequences were used for this alignment: TodS
of Pseudomonas putida DOT-T1E; TmoS of P. mendocina
KR1, NodV of Cupriavidus necator N-1; A2SDY5 of Meth-
ylibium petroleiphilum PM1; TutC of Thauera aromatica;
Q479E0 of Dechloromonas aromatica RCB; StyS of P. fluo-
rescens (StyS Pf) and StyS of Pseudomonas sp. Y2 (StyS
Ps). The amino acids that form part of the intra-TodS phos-
phorelay (Busch et al., 2009) are highlighted by green
arrows. The amino acids that are involved in effector recog-
nition (Busch et al., 2007) are marked with red arrows.
Sequences were aligned using the Clustal W multiple
sequence alignment algorithm (Thompson et al. (1994)
Nucleic Acids Res 22: 4673–4680) of the NPS@ server
(http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/
NPSA/npsa_server.html). The GONNET protein weight
matrix, a gap opening penalty of 10 and a gap extension
penalty of 0.2 were used. Fully conserved amino acids are
shown in red, highly conserved residues in green and weakly
conserved amino acids in blue.
Fig. S2. Sequence alignment of TodT like response regula-
tors. The following sequences were used for this alignment:
TodT of Pseudomonas putida DOT-T1E; TmoT of P. men-
docina KR1, StyR of Pseudomonas sp. Y2 (StyR Ps); StyR of
P. fluorescens (StyR Pf); TutB of Thauera aromatica; NodW
of Cupriavidus necator N-1; A2SDY4 of Methylibium
petroleiphilum PM1 and Q479E1 of Dechloromonas aro-
matica RCB. The same alignment procedure as detailed in
Fig. S1 was used. The phosphoryl group accepting aspartate
in TodS is highlighted by a green arrow. The region shaded in
yellow corresponds to the recognition helix of the helix–turn–
helix DNA binding motif of the StyR structure (Milani et al.,
2005).
Fig. S3. Alignment of the promoters PtodX and PtmoX. The
three TodT binding sites and the -10 extended region are
boxed (Lacal et al., 2008a,b). The transcription start is
marked.
Fig. S4. Genetic environment of TodS/TodT homologues in
Dechloromonas aromatica, Methylibium petroleiphilum and
Cupriavidus necator. Figures were prepared using the
genome data bank in ncbi (http://www.ncbi.nlm.nih.gov/
genome). In D. aromatica and M. petroleiphilum genes were
present on the chromosome. In the case of Cupriavidus
necator genes were present on the plasmid pBB1p.
Fig. S5. Alignments of the PtodX promoter of P. putida DOT-
T1E with DNA regions preceding the toluene monooxyge-
nase clusters in Dechloromonas aromatica, Methylibium
petroleiphilum and Cupriavidus necator.
Fig. S6. Plot of beta-galactosidase measurements for the
promoter PtodX (A) and PtmoX (B) (taken from Fig. 5) against the
association constants determined for the binding of different
agonists to purified TodS (A) or TmoS (B). Values for TodS
were taken from Busch et al. (2007) and values for TmoS
were taken from Table 1 of this work.
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