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Members of the IclR family control bacterial genes involved in
a number of physiological processes. The IclR-family member TtgV
crystallizes as a tetramer, with each TtgV monomer consisting of two
domains—a DNA binding domain and an effector recognition domain, which are interconnected by an extended α-helix. When bound
to DNA, a kink is introduced so that the extended helix is split in two
α-helices (helix-4 and -5). Differential scanning calorimetry studies
revealed that TtgV unfolds in a single event, suggesting that the
two domains unfold cooperatively. When mutations are introduced
in helix-5 that disrupt interactions between Arg98 and Glu102, the
thermal unfolding of the TtgV domains becomes uncoupled without
compromising effector binding. Two of these mutants (TtgVE102R
and TtgVE102A) showed impaired release from target DNA, suggesting that these mutations alter signal transmission. By combining various mutants, we found that the mutations in the connecting α-helix
exhibited a dominant effect over mutations in DNA binding and effector binding domains. We propose a model in which the loss of
cooperativity of unfolding of TtgV reﬂects perturbed interdomain
communication, and that the transition from the continuous to discontinuous helix may mediate interdomain communication necessary for the proper functioning of TtgV.
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daptive responses in bacteria are most often mediated by
transcriptional regulators that trigger speciﬁc transcriptional
processes in response to signals (1, 2). Families of transcription
factors have been identiﬁed on the basis of their conserved
motifs and their modes of DNA binding. A wide set of structural
analyses have revealed that the helix-turn-helix (HTH) signature
is the most recurrent motif used to bind DNA in prokaryotic
transcription factors, and that this signature contains a sufﬁcient
level of discriminative sequences to permit the delineation of
distinct families of regulators (3, 4).
We have concentrated our attention on the IclR family of regulators because members of this family are widely distributed among
Gram-positive and Gram-negative bacteria and Archae. Regulators
of this family can function as repressors or activators and are involved
in processes including the control of carbon metabolism, regulation
of multidrug efﬂux pumps, sporulation, and phytopathogenicity (5).
Multisequence alignment of around 1,000 IclR family members
showed conserved sequence identity along the entire length of
these proteins (6) and a search for these domains revealed that
members of this family have a wHTH DNA-binding domain at
their N-terminal region and a highly conserved C-terminal region
corresponding to the effector-binding domain (5–7). Because of
the highly conserved domain organization of IclR family members,
the 3D structure of an IclR-family member would be expected to
provide insight into the general mode of action for members of this
family. To achieve this, we chose to characterize the TtgV IclR
family member, a Pseudomonas putida regulator that modulates
the expression of the ttgDEF and ttgGHI operons, which encode
multidrug efﬂux pumps with wide-substrate speciﬁcity. TtgV
operates according to an effector-mediated derepression mecha-
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nism; namely, in the absence of effector the protein is bound to the
promoter region, thereby repressing transcription (8). With effector bound TtgV is released from target sequences. Efﬁcient
TtgV effectors are 1-naphthol and 4-nitrotoluene (8, 9). Effector
binding to the TtgV/DNA complex was proposed to produce an
intramolecular stimulus that is transmitted to the DNA-binding
domain, causing dissociation of TtgV from the operator.
We have solved the 3D structure of apo–TtgV and TtgV complexed with its target operator at the ttgG promoter (10). The 3D
structure of apo–TtgV revealed that the protein crystallized as a
tetramer that adopts a diamond shape (Fig. 1A). The TtgV
monomer is composed of an N-terminal DNA-binding domain,
which is connected via a long α-helical linker to the effector binding
domain (Fig. 1B) with little contact between them. The 3D structure
of TtgV complexed with its operator (Fig. 1D), revealed that the
regulator induces a 60° bend in the DNA. Upon binding to its operator, TtgV undergoes large conformational changes at the monomeric, dimeric, and tetrameric levels (10) such that the wHTH
DNA of each monomer contacts the target DNA and produces
a large footprint that extends over 42 bp (8, 11). In the TtgV/DNA
complex structure, unlike to the apo–TtgV structure, the connecting linker is now discontinuous and exhibits a kink that generates
two α-helices called α-helix4 and α-helix5, respectively (Fig. 1 B
and E). This transition is key for TtgV’s ability to stably bind to its
target operator, and likewise, the transition from the discontinuous
helix in the complex structure to the continuous helix in the apo
structure is key for its release from the DNA operator.
We show here that although TtgV is composed of two different domains, the protein unfolds in a single event, indicative
of cooperative unfolding and tight interdomain communication.
Within the α-helical linker are residues E102 and R98, which
interact to stabilize the regulator (Fig. S1). Replacement of
glutamic acid 102 with arginine or alanine, and arginine 98 with
glutamic acid or alanine abrogates cooperative unfolding. All of
these mutants bind effectors with an afﬁnity similar to that of the
wild-type protein, and all but the TtgVR98E mutant are able to
bind DNA. Release of TtgVE102R and TtgVE102A from its
target DNA in response to effectors was partially impaired.
These results provide insight into the importance of the linker
domain within the context of interdomain crosstalk.
Results
Thermal Unfolding of TtgV Occurs in a Single Event. To explore the
unfolding of the two domains of TtgV, we puriﬁed TtgV to homogeneity and submitted the protein to differential scanning
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Fig. 1. The crystal structure of TtgV. (A) TtgV tetramer arrangement. Each monomer is colored differently. (B) Ribbon representation of TtgV monomer
colored from N terminus (blue) to C terminus (red). (C) Proposed interaction between the lateral side chains of arginine 98 and aspartic acid 102 (Fig. S1 for
further details). (D) TtgV tetramer bound to its target operator. (E) Detail of the kink in the connecting α-helix when TtgV is bound to its target operator.
Other details can be found in Lu et al. (10).

calorimetry (DSC) assays, which revealed that TtgV unfolds in a
single event at a melting temperature (Tm) 47 °C (Fig. 2A).
Analysis of the normalized DSC proﬁles showed that Tm and
ΔH did not change at different protein concentrations, suggesting that the TtgV oligomer is a stable tetramer. Rescans revealed
that unfolding was an irreversible process, which does not depend on the protein concentration. Thermal unfolding of TtgV
was also monitored by DSC in the presence of increasing concentrations of the effector molecules 1-naphthol (Fig. 2B) and 4nitrotoluene (Fig. S2). As the effector concentration was increased the thermal stability of TtgV also increased, reaching
a thermal stability plateau at saturating effector concentrations.
In all cases, a single unfolding event was observed with a Tm shift
of 4 °C for 4-nitrotoluene (Fig. S2), and 8 °C for 1-naphthol (Fig.
2B), with Tm of w51 °C and 55 °C, respectively. The increase in
Tm was concomitant with increases in the unfolding enthalpic
contribution of the system, as observed by the increase in the
DSC peak area (Fig. 2). In control assays with TtgV and dimethyl
sulfoxide (a compound used to prepare the effector stock solutions) no change in Tm was observed.
Characterization of a Set of TtgV Mutants. The 3D structure of
TtgV revealed a long α-helix linking the effector binding domain
with the DNA binding domain (Fig. 1C). When TtgV is bound
to DNA, a kink at residue Q86, within the α-helix, is introduced,

splitting the helix into two helices named α-helix4 and α-helix5
(Fig. 1D). Upon thorough inspection of the 3D structure, we
identiﬁed interactions between the side chain of Glu102 and
Arg98 in α-helix5 (Fig. S1); two amino acids that are relatively
well conserved within IclR-family members (Fig. S3). Previous
work has shown that Glu–Arg salt bridges often stabilize α-helixes
(12, 13), leading us to believe that this speciﬁc salt bridge may act
as a conformational switch important for signal transmission
within TtgV. To explore the importance of these residues, we
generated mutants in which Glu102 was replaced with Ala
(E102A) or Arg (E102R), and Arg98 was replaced by Glu (R98E)
or Ala (R98A). All mutant alleles were cloned into pET28b(+)
(SI Experimental Procedures) and expressed as His-tagged proteins, which were puriﬁed to homogeneity. We determined the
oligomerization state of the mutant proteins and the TtgV wildtype protein by dynamic light scattering and found that the hydrodynamic radius of all proteins was in the range of 6.2–6.6 nm
(Fig. S4), which is consistent with a tetrameric quaternary structure in agreement with ﬁndings by Guazzaroni et al. (14).
We then tested the four TtgV mutants for effector and DNA
binding. We found that all mutants were able to bind 1-naphthol
with an afﬁnity equivalent (15–20 μM) to that of the wild-type
protein (Table 1). For DNA binding, we found that all mutants,
except R98E were able to bind DNA. For the mutants able to
bind DNA, we tested whether effector binding in the presence of

Fig. 2. (A) Temperature dependency of the apparent heat capacity of TtgV. TtgV was prepared at different concentrations in 20 mM Pipes buffer: 0.17 mM
(black trace), 0.1 mM (red trace), 0.06 mM (green trace), 0.03 mM (blue trace), and 0.017 mM (cyan trace). (B) Analysis of TtgV by DSC in the absence (black
line) and in the presence of 1-naphthol. The protein was at a concentration of 30 μM, and ligand concentrations were 62.5 μM (red line), 125 μM (green line),
250 μM (blue line), 500 μM (cyan line), and 1,250 μM (magenta line).
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Table 1. Thermodynamic parameters for binding of 1-naphthol to TtgV free and complexed to
its promoter ttgDEF
Protein-DNA
WT
WT-DEF
Q51A
Q51A-DEF
E102A
E102A-DEF
E102R
E102R-DEF
V223A
V223A-DEF
R98E
R98A
R9A-DEF

Effector
1-naphthol
1-naphthol
1-naphthol
1-naphthol
1-naphthol
1-naphthol
1-naphthol
1-naphthol
1-naphthol
1-naphthol
1-naphthol
1-naphthol
1-naphthol

KD
μM
18.7
16.8
17.5
16.5
18.3
15.2
20.3
12.4
5.4
11.3
10.3
19.9
13.1

±
±
±
±
±
±
±
±
±
±
±
±
±

ΔH
kcal/mol

KA
M−1
1.3
0.4
1.3
1.5
1.1
0.7
0.7
0.9
0.7
0.3
1.0
1.3
1.3

(5.4
(5.9
(5.7
(6.1
(5.5
(6.6
(4.9
(8.1
(18.4
(8.8
(9.7
(5.0
(7.7

±
±
±
±
±
±
±
±
±
±
±
±
±

0.38)
0.15)
0.43)
0.56)
0.34)
0.33)
0.17)
0.64)
2.30)
0.26)
0.96)
0.32)
0.68)

×
×
×
×
×
×
×
×
×
×
×
×
×

104
104
104
104
104
104
104
104
104
104
104
104
104

−40.4
−23.9
−41.0
−4.9
−41.4
−26.4
−50.6
−36.6
−14.8
−20.4
−41.4
−20.5
−33.0

±
±
±
±
±
±
±
±
±
±
±
±
±

8.1
1.3
8.3
0.3
6.5
2.8
7.7
3.8
1.7
0.9
8.3
0.1
1.0

TΔS
kcal/mol
−33.9
−17.4
−34.5
1.6
−35.0
−19.8
−44.2
−29.8
−7.6
−13.7
−34.6
−14.1
−26.3

±
±
±
±
±
±
±
±
±
±
±
±
±

8.1
1.3
8.3
0.3
6.5
2.8
7.6
3.8
1.7
0.9
8.3
1.2
1.0

ΔG
kcal/mol
−6.5
−6.5
−6.5
−6.5
−6.5
−6.6
−6.4
−6.7
−7.2
−6.7
−6.8
−6.4
−6.7

±
±
±
±
±
±
±
±
±
±
±
±
±

0.04
0.02
0.05
0.06
0.04
0.03
0.02
0.05
0.07
0.02
0.06
0.04
0.05

target DNA occurred. With this aim we used a double-stranded
63-bp oligonucleotide spanning the TtgV target sequences in
PttgD (SI Experimental Procedures). TtgV–DNA and mutant TtgV
(E102A, E102R, and R98A)–DNA complexes were then titrated
with effectors revealing that the afﬁnity of E102A, E102R, and
R98A mutants for 1-naphthol was in the range of 14–22 μM,
which is similar to that of the wild-type protein (Table 1).
Therefore, the afﬁnity of both the uncomplexed and DNAcomplexed TtgV mutants for effector molecules was unchanged.
We then studied the unfolding of the mutant proteins by DSC.
We found that, whereas the R98A TtgV unfolded in a single
event similar to wild-type TtgV, the mutants E102R, E102A, and
R98E exhibited an altered denaturation pattern, with unfolding
occurring in two events (Fig. 3 and Fig. S5). Therefore, mutations at both residues 98 and 102 appear to be able to uncouple
the cooperative unfolding of both domains observed in the wildtype protein.
To test whether the two unfolding events in the three mutants
represented the consecutive unfolding of the two domains, we
tested whether the presence of effectors inﬂuenced the thermal
stability of any of the two events seen with E102R, E102A, and
R98E. In the ﬁrst series of assays we used 33 μM 1-naphthol and
found that ﬁrst unfolding event was stabilized with an increased
denaturation temperature, whereas the second unfolding event

showed an unaltered Tm value (Fig. 3 A and B). This indicates
that the ﬁrst event represents the unfolding of the effector
binding domain, whereas the second event corresponds to the
unfolding of the DNA binding domain. It should be noted that at
the highest effector concentration a single peak is seen; this is
not the result of a single unfolding event but rather the area of
this single peak is almost equal to the area of the two peaks and
hence it seems to represent maximal stabilization of the protein
after effector binding.
From a mechanistic point of view, TtgV achieves up-regulation of gene expression via effector-mediated dissociation from
its operator (11, 14, 15). We used EMSA to study the ability of
TtgV and its mutants to be released from the ttgD operator in
response to effector. In the ﬁrst series of assays, we used 50 nM of
a 295-bp fragment bearing the ttgD promoter, and 50 nM of wildtype or mutant TtgV (E102R, E102A, and R98A). The assays
were done in the absence or presence of 1 mM 1-naphtol—
a concentration that is 50 times the KD. The densitometric
analysis of the gels revealed that, as expected, wild type and the
three TtgV mutants are able to bind to the ttgD promoter in the
absence of effector, with the amount of DNA retarded being
around 80% in all cases (Fig. S6). In the presence of effector,
both wild type and TtgVR98A were released (such that only 30%
of the DNA was retarded), whereas the E102A and E102R

Fig. 3. Effect of 1-naphthol on the thermal unfolding of TtgVE102R (A) and TtgVE102A (B). For both panels, the DSC experiments of the TtgV mutants were
performed in the absence of effector (black line) and in the presence of 33 μM (red line) and 250 μM (green line) 1-naphthol.
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ITC assays are described in SI Experimental Procedures. Titration curves were ﬁtted by a nonlinear least squares
method to a function for the binding of a ligand to a macromolecule. From the curve ﬁtted, the parameters ΔH
and KA were determined. The change in free energy (ΔG) and in entropy (ΔS) were calculated using the equation:
ΔG = −RT LnKA = ΔH − TΔS, where R is the universal molar gas constant and T is the absolute temperature.

mutants were compromised in their ability to be released (Fig.
S6). Because these two mutants are able to recognize and bind
effectors, but are less efﬁciently released from the operator, we
hypothesized that defective effector-mediated protein release in
these mutants may arise from failed intramolecular crosstalk
between the effector recognition domain and the DNA-binding
domain. To test this hypothesis, we titrated the release of wildtype and mutant TtgV proteins in response to a range of 1naphthol concentrations. We found that higher concentrations of
1-naphthol were needed to achieve 50% release of E102A and
E102R mutants versus wild type (Fig. 4). This suggests that
interdomain signal transmission may be altered in the mutant
variants. In this regard, we have previously shown that TtgV
mutants Q51A (11), in the DNA binding domain, and V223A
(15), in the effector binding domain, were able to bind target
DNA; however, in contrast with the wild type, their liberation
from the target promoters in response to effectors was also
partially impaired. Guazzaroni et al. (14) suggested that these
two residues could be part of the interdomain communication
system, but they did not test whether it was due to defects in
effector binding. We have done isothermal titration calorimetry
(ITC) assays with mutants Q51A and V223A and the results
(Table 1) show that these two mutants recognized effectors with
a similar afﬁnity to wild type whether in solution or complexed
with DNA (Table 1). Subsequently, the unfolding of these mutant
proteins was assessed using DSC assays. Mutants Q51A and
V223A unfolded in a single event with thermal parameters similar to those of wild-type TtgV, both in the absence and in the

presence of effectors (Fig. S7 and Table 1). Because the liberation of mutants Q51A and V223A from target DNA is partially
impaired, we suggest that it may be related with a deﬁcient initiation of communication between the domains and that this
deﬁciency does not alter the of linker structure (and subsequently
protein unfolding), but inﬂuences the linker functioning. This
hypothesis needs to be corroborated by resolving the 3D structure of the mutants.
Because mutations at different locations yielded TtgV proteins
with defects in release from its target promoter, and because
these mutants behave differentially with respect to thermal stability, we decided to combine mutations in each of the domains
and one mutation in the connecting helix. We constructed double TtgV mutants Q51A/E102R, and E102R/V223A, and a triple
mutant Q51A/E102R/V223A and submitted the mutant proteins
to several assays. For thermal unfolding assays we used 33 μM of
the double and triple mutants. We found that the double
mutants and the triple mutant showed two thermal unfolding
events as seen with the single E102R mutant. Furthermore, as
expected, the unfolding event corresponding to the effector
binding domain was stabilized in the presence of effector molecules in the double and triple mutant. We also tested DNA
binding of the double mutants (Q51A/E102R and E102R/
V223A) and the triple mutant (Q51A/E102R/V223A) to the
target PttgD operator and its subsequent release from DNA in
response to effectors. We found that the liberation of the double
mutants and the triple mutant was partially impaired and that

Fig. 4. Release of TtgV mutant variants bound to the ttgD operator in presence of increasing concentrations of 1-naphthol. EMSAs were carried out and
densitometric analyses were performed (using Quantity One software) to determine the amount of shifted DNA released in presence of increasing concentration of 1-naphthol with respect to the total shifted DNA in absence of ligand. (A) The EC50 of each protein (corresponding to the ligand concentration
for which 50% of the shifted DNA is released) was determined by ﬁtting each titration curve with ORIGIN software (MicroCal). (B) EMSAs were carried out
with 1 nM of the indicated ttgDEF operator (295-bp fragment) and 50 nM wild-type or mutant TtgV and incubated with increasing concentration of
1-naphthol (25, 50, 100, 200, 300, 400, 800, 1,200, 2,000, 2,500, 3,000, 4,000, and 4,500 μM).
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Discussion
The published DSC data available for multidomain proteins
show that often the individual domains of these proteins unfold
independently in a consecutive manner (16, 17). However,
transcriptional regulators, which are typically composed of an
effector binding domain and a DNA binding domain, do not
appear to follow this trend. Examples include the two-domain–
containing regulators NmrA (18), TetR (19), and Crp (20),
which belong to three different families of regulators—all of
which unfold in a single event. Similarly to these regulators, the
thermal unfolding of TtgV, a member of the IclR family, is also
characterized by a single unfolding event (Fig. 2). Therefore, it
follows that the tendency these two-domain transcriptional regulators to have a single unfolding event can be considered a result of the tight functional communication between domains and
that intercommunication of domains is relevant for protein
function. For TtgV of P. putida our DSC data also showed that
the binding of the effector 1-naphthol stabilized TtgV structure
by 8 °C, although denaturation also occurred as a single event
(Fig. 2), conﬁrming the cooperativity that exists between the
domains of TtgV.
Protein unfolding and interdomain communication are complex processes that are still poorly understood. The potential
existence of intramolecular domain communication in TtgV was
ﬁrst revealed through analysis of point mutants in valine 223,
located in the effector binding pocket and adjacent to the
β-strand at the transdimer interface (10), which showed compromised ability to dissociate from DNA in the presence of
effectors (14, 15), mimicking the defects observed in the mutants
at glutamine 51, located in the DNA-binding domain (11). The
3D structure of TtgV showed little physical interaction between
the effector binding domain and the DNA binding domain, and
it was hypothesized that the linker that bridges them could be
part of the intramolecular signaling system (10). Here, we
demonstrate that in TtgV the function of the linker is not simply
to physically bridge the two protein domains, but to mediate
domain communication because mutations in the linker led to
defects in liberation from its target promoter (Fig. 4). Deﬁciencies in interdomain communication that result in defects in
the release of a repressor from its target promoter have been
reported for other regulators (e.g., FapR). Schujman et al. (21)
proposed that binding of the malonyl-CoA effector to the effector binding domain of FapR provoked a disorder-to-order
transition of a loop that modiﬁed the orientation of the α-helix
linker that bridges this domain and the DNA binding domain,
such that ligand binding induced modiﬁcations that impaired
binding of the HTH to the operator region. It is worth mentioning that mutations in the connecting α-helix that provoked
loss of protein ﬂexibility resulted in FapR mutants being deﬁcient in DNA binding (21). We have found that the sequence of
the interconnecting linker of a number of well-studied members
of the IclR family is relatively well conserved when sequences are
multialigned, and that the prediction of their secondary structure
revealed this region is likely organized as α-helices (Fig. S3).
Regarding the interconnecting α-helix in TtgV, it is worth noting
that we have identiﬁed two charged residues, R98 and E102 (Fig.
S1), which interact through their side chains; these residues are
relatively well conserved in the aligned sequences and our ﬁndings could be relevant to the understanding of interdomain signal
transmission in the IclR family. The importance of these two
1. Ghosh T, Bose D, Zhang X (2010) Mechanisms for activating bacterial RNA polymerase.
FEMS Microbiol Rev 34:611e627.
2. Ishihama A (2010) Prokaryotic genome regulation: multifactor promoters, multitarget
regulators and hierarchic networks. FEMS Microbiol Rev 34:628e645.
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residues in TtgV is apparent from the fact that replacement of
Glu102 by Arg or Ala or Arg98 by Glu caused a signiﬁcant
uncoupling of the thermal unfolding of the two domains of TtgV
leading to a two-stage unfolding event. However, ITC experiments demonstrated that all mutant proteins recognized effectors with binding afﬁnities similar to the wild-type protein (Table
1). In terms of protein evolution, this observation is consistent
with mutations in the linker having primarily an effect on the
mechanism of interdomain communication rather than on the
recognition of effectors. Still it should be noted that these
mutations alter the interaction pattern with the ttgD promoter
and, whereas the R98E TtgV mutant did not bind to DNA, the
E102R, E102A, and R98A mutants bound to target operators,
although the E102A and E102R mutants did not liberate from
DNA as efﬁciently as the wild-type protein. We propose that this
could be due to defects in signal transmission (Fig. 4). Using
double mutants that combine a mutation in the linker α-helix
with mutations in the effector binding pocket (i.e., E102R/
V223A) and the DNA binding domain (i.e., Q51A/E102R), we
found that the mutant proteins unfolded in two steps, substantiating the independent nature of the unfolding of the two
domains and the essential role of the interconnecting α-helix in
the response to effectors. Double mutants either conserved or
exhibited an exacerbated defect in DNA liberation, indicating
possible additive effects due to accumulation of deﬁciencies in
the chain of signal transmission.
In summary, we present relevant results for the IclR family of
regulators, showing that the two domains of TtgV are tightly
associated but can be uncoupled via mutations in the connecting
linker. Furthermore, this uncoupling does not necessarily result
in loss of function but leads to differential responses to ligands,
illustrating the importance of intramolecular domain crosstalk to
TtgV function.
Experimental Procedures
Bacterial Strains, Plasmids, Culture Medium, and Protein Puriﬁcation. The
bacterial strains and plasmids used in this study are listed in Table S1.
Escherichia coli BL21(DE3) bearing appropriate plasmids was used for expression and puriﬁcation of TtgV proteins (14).
Site-Directed Mutagenesis, Electrophoresis Mobility Shift Assay, and Isothermal Titration Calorimetry. Assays were carried out as described in SI Experimental Procedures (14, 15, 22).
Differential Scanning Calorimetry. Differential scanning calorimetry experiments were carried out with a VP-DSC (Valerian-Plotnikov differential
scanning calorimeter) capillary-cell microcalorimeter from MicroCal at a scan
rate of 60 °C h−1. Protein solutions for the calorimetric experiments were
prepared by exhaustive dialysis against a buffer with 20 mM Pipes, pH 7.2, 8
mM magnesium acetate, 150 mM KCl, and 1 mM TCEP. The buffer from the
last dialysis step was used in the reference cell of the calorimeter. Calorimetric cells (operating volume 0.137 mL) were kept under an excess pressure
of 60 psi bar to prevent degassing during the scan and also to permit the
scans to be performed at a temperature up to 80 °C. Several buffer–buffer
baselines were obtained before each run with protein solution to ascertain
proper equilibration of the instrument. Reheating runs were carried out to
determine the calorimetric reversibility of the denaturation process.
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10- to 15-fold higher 1-naphthol concentrations were needed to
achieve 50% release (Fig. 4).
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SI Experimental Procedures
Site-Directed Mutagenesis. These assays were done according to
standard methods in our laboratory (1, 2). TtgV mutants, in which
amino acid residues at positions 98 and 102 were replaced by
another amino acid, were generated by ampliﬁcation of ttgV from
plasmid pANA126 using pfu turbo DNA polymerase (Stratagene)
and 39-mer primers that incorporated appropriate mismatches
to introduce the desired mutation following standard protocols
(2). The nature of each mutant allele was conﬁrmed by DNA
sequencing. TtgV mutants in residues 51 and 223 were generated
and reported previously (1, 3). Double mutants TtgVQ51A/
E102R and TtgVE102R/V223A were generated as above but
using as a template of the ttgV mutant allele encoding the single
TtgVQ51A or TtgVV223A mutant. A triple TtgVQ51A/E102R/
V223A was constructed using as a ttgV mutant allele template
that encoded TtgVE102R/V223A mutant.
Electrophoresis Mobility Shift Assay. A 295-bp DNA fragment
containing the PttgG or PttgD promoter was ampliﬁed by PCR from
pGG1 or pT1B6 using appropriate primers, isolated from agarose gels, and end-labeled with 32P as previously described (1).
About 1 nM of labeled DNA (w1.5 × 104 cpm) was incubated
with the indicated amounts of puriﬁed TtgV or TtgV mutant
proteins for 10 min at 30 °C in STAD binding buffer (25 mM
Tris-acetate, pH 8.0; 10 mM potassium chloride; 8 mM magnesium acetate; 3.5% (wt/vol) polyethylene glycol 8000, and 1 mM
DTT) containing 15 μg/mL poly(dI-dC) and 200 μg/mL BSA.
Electrophoresis in native polyacrylamide gels (4.5%, wt/vol) and
analyses were carried out as previously described (1).
1. Fillet S, et al. (2009) TtgV represses two different promoters by recognizing different
sequences. J Bacteriol 191:1901e1909.
2. Daniels C, Daddaoua A, Lu D, Zhang X, Ramos JL (2010) Domain cross-talk during
effector binding to the multidrug binding TTGR regulator. J Biol Chem 285:
21372e21381.
3. Guazzaroni ME, et al. (2007) The transcriptional repressor TtgV recognizes a complex
operator as a tetramer and induces convex DNA bending. J Mol Biol 369:927e939.
4. Guazzaroni ME, Gallegos MT, Ramos JL, Krell T (2007) Different modes of binding of
mono- and biaromatic effectors to the transcriptional regulator TTGV: Role in
differential derepression from its cognate operator. J Biol Chem 282:16308e16316.
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Isothermal Titration Calorimetry. Measurements were performed
on a VP-Microcalorimeter (MicroCal, Northampton, MA) at 25 °C.
Proteins were thoroughly dialyzed against 25 mM Tris acetate,
pH 8.0, 8 mM magnesium acetate, 100 mM NaCl, 10% (vol/vol)
glycerol and 1 mM DTT. ITC assays were carried out as previously described (4). A stock solution of 1-naphthol at a concentration of 500 mM was prepared in dimethyl sulfoxide and
subsequently diluted with dialysis buffer to a ﬁnal concentration
of 0.5 mM. Each titration involved a single 1.6 μL injection and
a series of 4.8 μL injections of effector into the 30 μM protein
solution. The mean enthalpies measured from injection of the
ligand into the buffer were subtracted from raw titration data
before data analysis with ORIGIN software (MicroCal). Titration curves were ﬁtted by a nonlinear least squares method to
a function for the binding of a ligand to a macromolecule (5, 6).
From the curve thus ﬁtted, the parameters ΔH (reaction enthalpy), KA (binding constant, KA = 1/KD), and n (reaction
stoichiometry) were determined. From the values of KA and ΔH,
the change in free energy (ΔG) and in entropy (ΔS) were calculated using the equation: ΔG = −RT LnKA = ΔH – TΔS,
where R is the universal molar gas constant and T is the absolute
temperature.
Dynamic Light Scattering. Dynamic light scattering (DLS) measurements were performed with a DynaPro MS-X instrument
(Wyatt) using a thermostatized 30-μL quartz cuvettete. The
protein solution and the buffer were centrifuged before the
measurements were obtained. The DLS signal was monitored at
25 °C for each protein. Dynamic software was used in data collection and processing.
5. Ruíz-Arribas A, Santamaría RI, Zhadan GG, Villar E, Shnyrov VL (1994) Differential
scanning calorimetric study of the thermal stability of xylanase from Streptomyces
halstedii JM8. Biochemistry 33:13787e13791.
6. Krell T, et al. (2003) Insight into the structure and function of the transferrin receptor
from Neisseria meningitidis using microcalorimetric techniques. J Biol Chem 278:
14712e14722.
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Fig. S1. Molecular detail of the interaction between the side chains of Arg98 and Glu102 in TtgV. Shown is the segment comprising amino acids 94–104.
Arg98 and Glu102 are shown in ball and stick mode. The distances between Glu102 OE1 and the NH2 and NE atoms of Arg98 are indicated in angstroms.

Fig. S2. Analysis of native TtgV protein by DSC in the absence (black line) and presence of 1-naphthol (red line) or 4-nitrotoluene (green line). The protein was
at a concentration of 33 μM, whereas the ligands were at 250 μM.
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Fig. S3. Sequence alignment of characterized IclR family members. The sequence alignment was carried out using the CLUSTALW algorithm (1) of the NPSA
server, using a gap opening penalty of 10 and a gap extension penalty of 0.1. The sequence fragment, which corresponds to the TtgV linker is boxed. Arg98
and Glu102 and their conserved equivalents are shaded in yellow. Sequence fragments predicted to form α-helices are shaded in gray. The secondary structure
for each sequence was predicted using the consensus method of the NPSA server, using the MLRC (2), DSC (3), and PhD algorithms (4).

1. Thompson JD, Gibson TJ, Plewniak F, Jeanmougin, Higgins DG (1997) The CLUSTAL X Windows interface: Flexible strategies for multiple-sequence alignment aided by quality analysis
tools. Nucleic Acids Res 25:4876e4882.
2. Guermeur Y, Geourjon C, Gallinari P, Del G (1999) Improved performance in protein secondary structure prediction by inhomogeneous score combination. Bioinformatics 15:413e421.
3. Stenberg K, Lindqvist Y (1997) Three-dimensional structures of glycolate oxidase with bound active-site inhibitors. Prot Sci 6:1009e1015.
4. Rost B, Sander C (1993) Prediction of protein secondary structure at better than 70% accuracy. J Mol Biol 232:584e599.

Fig. S4. Dynamic light scattering (DLS) measurements of native TtgV protein (black line) and its mutants E102R (red line), R98E (blue line), and R98A (green
line). The DLS signal was monitored at 25 °C for each protein.
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Fig. S5. Analysis of TtgV R98E (A) and R98A (B) variants by DSC in the absence (black line) and in the presence of ligands. The proteins were at a concentration
of 33 μM. The ligands were 1-naphthol at 33 μM (red line) and 250 μM (green line) or 4-nitrotoluene at 33 μM (blue line) and 250 μM (cyan line).

Fig. S6. Effects of TtgV mutant variants on binding to the ttgD operator. EMSAs were carried out with 1 nM of the indicated ttgD 295-bp fragment and 50 nM
of wild-type or mutant TtgV incubated in the absence or presence of 1 naphthol (1 mM). (A) Densitometric analyses were performed to determine the amount
of shifted DNA with respect to the total DNA. Data are averages of at least three independent assays with SE. TtgV variants are indicated on the Right. (B)
EMSA of native TtgV and some mutants in the absence (−) or presence (+) of 1 mM of 1-naphthol.
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Fig. S7. Analysis of TtgV Q51A mutant by DSC in the absence (black line) and in presence of 1-naphthol (red line) or 4-nitrotoluene (green line). The protein
was at a concentration of 33 μM, whereas ligands were at a concentration of 33 μM.

Table S1.

Strains and plasmids

Strains and plasmids
P. putida DOT-T1E
E. coli BL21 (DE3)
pANA126
pET28b(+)
pET28b(+)::Q51A
pET28b(+)::R98E
pET28b(+)::R98A
pET28b(+)::E102A
pET28b(+)::E102D
pET28b(+)::E102R
pET28b(+)::V223A
pET28b(+)::Q51A,E102R
pET28b(+)::E102R,V223A
pET28b(+)::Q51A,E102R,V223A

Characteristics

Relevant source or references

Rifr, Tolr
F−, ompI hsdSB (r− B m− B) gal dem met
Kmr, pET28b(+) derivative vector used to produce His6-TtgV
Kmr, protein expression vector
Kmr, pET28b(+) derivative used to produce TtgV(Q51A)
Kmr, pET28b(+) derivative used to produce TtgV(R98E)
Kmr, pET28b(+) derivative used to produce TtgV(R98A)
Kmr, pET28b(+) derivative used to produce TtgV(E102A)
Kmr, pET28b(+) derivative used to produce TtgV(E102D)
Kmr, pET28b(+) derivative used to produce TtgV(E102R)
Kmr, pET28b(+) derivative used to produce TtgV(V223A)
Kmr, pET28b(+) derivative used to produce TtgV(Q51A,E102R)
Kmr, pET28b(+) derivative used to produce TtgV(E102R,V223A)
Kmr, pET28b(+) derivative used to produce TtgV(Q51A,E102R,V223A)

1
Novagen
2
Novagen
3
This work
This work
This work
This work
This work
4
This work
This work
This work
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