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The TcbR transcriptional activator protein, which is encoded by the tchR gene of Pseudomonas sp. strain P51
(J. R. van der Meer, A. C. ]J. Frijters, J. H. J. Leveau, R. L. L. Eggen, A. J. B. Zehnder, and W. M. de Vos, J.
Bacteriol. 173:3700-3708, 1991), was purified from overproducing Escherichia coli cells by using a two-step
chromatographic procedure. Subsequent use of TcbR in gel mobility shift assays with progressively shortened
portions of a DNA fragment containing the divergent promoter sequences of the ¢chR gene and the tcbCDEF
operon showed that the direct binding site of TcbR is located between positions —85 to —40 relative to the
tcbCDEF transcriptional start site, containing a LysR-type recognition sequence motif (T-N,,-A). DNase I
footprinting experiments revealed that TcbR protected an area on both strands of the intercistronic region
which was actually larger than this binding site (from positions — 74 to —24). This stretch of protected DNA
was interrupted by a region (positions — 52 to —37) which became strongly hypersensitive to DNase I digestion
upon addition of TcbR, suggesting that TcbR induces a bend in the DNA at this site.

Pseudomonas sp. strain P51 is able to use 1,2-dichloroben-
zene, 1,4-dichlorobenzene, and 1,2,4-trichlorobenzene as sole
carbon and energy sources (37, 38). The genes encoding the
degradation of these compounds are located on catabolic
plasmid pP51 and are organized in two gene clusters, tchAB
and tcbCDEF (35, 38). The expression of the «cbCDEF operon,
which encodes the enzymes of a modified ortho cleavage
pathway, is positively regulated by the gene product of tcbR
(36). The tcbR gene is transcribed divergently from the tcbC-
DEF operon and is located 160 bp upstream of tcbC (36). On
the basis of amino acid sequence comparisons, the TcbR
transcriptional activator protein was shown to belong to the
LysR family (12, 13), which includes a number of other
regulator proteins of aromatic degradation pathways, such as
NahR (27, 28), CatR (18, 22, 23), CIcR (6), CatM (16), and
TfdS (13, 14, 31). Gel mobility shift assay experiments revealed
that the TcbR protein binds to DNA fragments that encompass
the 160-bp region located between tcbC and tcbR, which
contains the partially overlapping promoter sequences of both
genes (36).

Here, we report (i) the purification of the TcbR protein from
an overproducing Escherichia coli strain by using affinity and
cation-exchange chromatography and (ii) an analysis of the
interaction of TcbR with the tcbC-tcbR intercistronic region by
using gel mobility shift assays and DNase I footprinting
experiments.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. E. coli
DH5a (25) was used for cloning experiments with plasmids. E.
coli BL21(DE3) (32) harboring plasmid pLysS was used as the
host strain for inducible overexpression of pET8c-derived
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plasmids (21). Plasmid pTCB77 (36) contains the intact tcbR
gene under the control of the T7 $10 promoter of pET8c and
was used for overproduction of TcbR in E. coli BL21(DE3)
cells. Plasmid pTCB77A is identical to pTCB77 except that it
carries a frameshift mutation in the tcbR gene (36). Plasmid
pTCB98 contains the fchC-tcbR intercistronic region on a
0.22-kb Ncol-Mlul fragment (Fig. 1), which was recovered
from plasmid pTCB48 (38), filled in by using Klenow fragment
of DNA polymerase I, and inserted into Smal-digested pUC19
(41).

E. coli cultures were at 37°C grown on LB medium (25)
supplemented with 50 p.g of ampicillin per ml. For induction of
tchR in E. coli, isopropyl-B-D-thiogalactopyranoside (IPTG)
was added to the medium at a concentration of 1 mM.

DNA manipulations and computer analyses. Plasmid DNA
isolations, transformations and other DNA manipulations
were carried out according to established procedures (25).
Restriction enzymes and other DNA-modifying enzymes were
obtained from Appligene (Illkirch, France), Life Technologies
Inc. (Gaithersburg, Md.), or Pharmacia LKB Biotechnology
(Uppsala, Sweden). Computer analyses of the primary se-
quence of TcbR were done with the Genetics Computer Group
package (8).

Purification of TcbR. E. coli BL21(DE3)(pLysS) harboring
plasmid pTCB77 was grown in 500 ml of LB to an optical
density at 600 nm of 0.25 to 0.35. Cells were then induced by
adding IPTG, and the culture was grown for another 4 h.
Bacterial cells were harvested by centrifugation, washed once,
recentrifuged, and finally resuspended in a lysis buffer contain-
ing 20 mM Tris-HCI (pH 7.5), 0.2 M NaCl, 5 mM MgCl,, 1 mM
dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 1 pg
of pancreatic DNase I (Fluka AG, Buchs, Switzerland) per ml.
The cells were treated three times by immediate freezing in
liquid nitrogen and heating in a water bath at 67°C and
subsequently disrupted by three passages through a French
pressure cell (Hypramag AG, Zirich, Switzerland) at 150
MPa. The suspension was centrifuged at 10,000 X g for 10 min



VoL. 176, 1994

Seo
<

’
Ncol/Sthal) =~ Haell =
B SRy el Avan MUSmal

Hu oRI

lacC

<100bp, pTCB98

FIG. 1. Genetic organization of the tcbCDEF and tcbR operons
and plasmid pTCB98, containing the 0.22-kb Ncol-Miul restriction
fragment with the promoter regions of tcbR and «cbCDEF, which was
used in this study. Hatches and shadings in the maps correspond to
coding sequences of the tcb genes. The arrows underneath the maps
indicate the direction of transcription. The checkerboard region in
pTCB98 corresponds to the sequences at positions —25 to —75 from
the transcriptional start site of tcbC, where the described interactions
of TcbR with the DNA take place; horizontal bars represent tcb DNA;
lines represent vector DNA. Relevant restriction sites are indicated,
and those sites which were used for cloning but were modified during
manipulation are shown within parentheses.

at 4°C, after which the supernatant was further cleared by
centrifugation at 90,000 X g for 30 min at 4°C. The resulting
supernatant was collected and is referred to as cell extract. Ten
milligrams of protein was loaded onto a 6-ml heparin-Sepha-
rose CL-6B (Pharmacia) bed packed in a 150-10 column
(Merck), which was equilibrated with 20 mM Tris-HCI (pH
7.5)-0.2 M NaCl, operated at a flow rate of 0.75 ml/min. A
Pharmacia LKB fast protein liquid chromatography system was
used to run a linear salt gradient from 0.2 to 1.5 M NaCl in 20
mM Tris-HCl (pH 7.5). Fractions were collected, and the
presence of TcbR was determined by analyzing the specific
binding to a DNA fragment containing the promoter regions of
tcbC and tcbR in a gel mobility shift assay as described earlier
(36). TcbR protein eluted from the column at an NaCl
concentration of 1.1 to 1.3 M. Fractions containing TcbR were
pooled and desalted by centrifugation using Ultrafree-CL
filters (10,000 nominal molecular weight limit; Millipore) to an
NaCl concentration of 0.2 M. This preparation, referred to as
partially purified TcbR, was loaded onto a 150-10 Fractogel
EMD SO;™-650 (S) column (Merck), which was equilibrated
with 20 mM Tris-HCl (pH 7.5)-0.2 M NaCl, at a flow rate of
0.75 ml/min. TcbR protein was eluted by using a linear salt
gradient from 0.2 to 2.0 M NaCl in 20 mM Tris-HCI (pH 7.5).
The collected fractions were tested for the presence of TcbR as
described above. TcbR protein eluted from this column at a
salt concentration of approximately 1.8 M NaCl. TcbR-con-
taining fractions were stored at 4°C until further use. This way
of storage (high salt, 4°C) was found to be the most successful
in minimizing losses in the DNA binding activity of TcbR. This
preparation is referred to as purified TcbR. The degree of
purification of TcbR protein after successive purification steps
was estimated by determining the amount of total protein
required to bind 50% of a radiolabeled specific DNA frag-
ment (see above). The exact same growth conditions, cell
extract preparation, and heparin-Sepharose purification pro-
cedure were performed with a culture of E. coli
BL21(DE3)(pLysS) harboring plasmid pTCB77A. Heparin-
Sepharose fractions with the same retention time as the
TcbR-containing fractions in the purification procedure using
E. coli BL21(DE3)(pLysS)(pTCB77) cell extracts were col-
lected, stored at 4°C, and used as a negative control in
subsequent experiments. This preparation is referred to as the
TcbR negative control preparation.
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Protein concentrations were determined with Coomassie
brilliant blue G250 as described by Bradford (1). Bovine serum
albumin (BSA) served as a protein standard.

Mapping of the TcbR binding site by using gel mobility shift
DNA binding assays. A set of DNA probes used for the
mapping of the TcbR binding site by gel mobility shift assays
was generated as follows. Plasmid pTCB98 was digested with
HindIIl and EcoRI, and the 265-bp fragment containing the
divergent promoters of tcbC and tcbR (Fig. 1) was isolated.
This HindIII-EcoRI fragment was end labeled by using Klenow
polymerase and [a-**P]dATP (3,000 Ci/mmol; Amersham In-
ternational plc, Amersham, United Kingdom). Progressively
shortened fragments for binding were created by digesting the
unlabeled HindIII-EcoRI fragment from pTCB98 with Maelll,
Haelll, or Avall, each having a single recognition site within
this fragment at positions —58, —23, and +18, respectively,
relative to the tcbC mRNA start site (Fig. 1). The resulting
fragments were separated on a 2.0% agarose gel, isolated by
using a Mermaid kit (Bio 101, Inc., La Jolla, Calif.), and end
labeled by using Klenow polymerase. Two additional frag-
ments were generated by enzymatic amplification (24) of
pTCB98 template DNA with primers HindIII (5'-AGCTTG
CATGCCTGCAGG-3") and 930206 (5'-CAAATTAGTCA
GCCATGC-3") or with primers EcoRI (5'-AATTCGAGCT
CGGTACCC-3") and 930606 (5'-TGATGTGCCTATATTA
CG-3’"). Primers were labeled at the 5’ end by using T4
polynucleotide kinase and [y-**P]dATP (3,000 Ci/mmol; Am-
ersham). Reaction mixtures contained, per 50 wl, 0.1 pug of
each primer, 1 ng of pTCB98 DNA, 20 mM Tris-HCI (pH 8.4),
50 mM KCI, 2 mM MgCl,, 0.05% W1 (Life Technologies,
Inc.), 0.2 mM each deoxynucleoside triphosphate, 0.2 mg of
BSA per ml, and 0.2 U of Taq polymerase. Amplification was
carried out in a Crocodile II thermocycler (Appligene) in 30
cycles of 30 s at 93.5°C, 30 s at 54°C, and 45 s at 72°C, with a
final extension of 4 min at 72°C. In this manner, DNA
fragments containing the region from the HindIII site to the
—40 position relative to the transcriptional start site of tcbC
(primers HindIII and 930206) or containing the region from
the —85 position to the EcoRI site (primers 930606 and
EcoRI) were obtained. Labeled DNA fragments were then
used in gel mobility shift assays with purified TcbR as de-
scribed previously (36). In the text, the fragments are referred
to as follows (numbers in parentheses indicate the left- and
right-hand boundaries of the portion of the tchR-tcbC intercis-
tronic region contained on the fragment and are relative to the
tcbC mRNA start site): HindlIII-EcoRT; F( _ 42/ 114); HindIII-
Avall, F( o415y Hindlll-Haelll, F 5 _,3); HindII-
930206, F( 14/ a0y HindlI-Maelll, F(_ 4, 54 930606-
EcoRL F(_ys/4y14); Maelll-EcoRL, F _ s, 14y Haelll-EcoRl,
F(_23/4 114y and Avall-EcoRI, Fris/e114)

DNase I footprinting analysis. DNase I footprinting was
carried out on both strands of a DNA fragment containing the
tcbC-tcbR intercistronic region. The bottom-strand labeled
probe was generated by digestion of plasmid pTCBY8 with
Hindlll, labeling at the 3’ end by using Klenow polymerase and
[«-**P]dATP, and a second digestion with EcoRI (Fig. 1). The
labeled DNA restriction fragments were electrophoresed
through agarose gel, and the 265-bp HindlII-EcoRI fragment
was recovered by using a Geneclean kit. The top-strand probe
was constructed by digesting plasmid pTCB98 with EcoRlI,
labeling with Klenow polymerase, a second digestion with
BamHI, and recovery of the fragment (Fig. 1). For DNase I
footprinting experiments, the procedure of de Lorenzo et al.
(7) was used. Labeled DNA fragments were preincubated for
3 min at 30°C with various amounts of TcbR protein or TcbR
negative control preparation in a final volume of 100 ul of



1852 LEVEAU ET AL.

kDa

200
97
68

43

FIG. 2. Purification of the TcbR protein, as shown by SDS-poly-
acrylamide gel electrophoresis analysis of protein extracts during the
various stages of the purification procedure. Lanes: 1, protein mass
markers; 2, total extract of E. coli BL21(DE3) cells harboring plasmid
pTCB77; 3, cell extract of E. coli BL21(DE3)(pTCB77); 4, heparin-
Sepharose fraction showing TcbR-mediated DNA binding activity; 5,
protein fraction after SO; ~ cation-exchange column purification show-
ing TcbR-mediated DNA binding activity.

solution containing 20 mM Tris-HCI (pH 7.5), 2 mM MgCl,, 1
mM CaCl,, 0.1 mM EDTA, 40 mM KCI, 100 pg of BSA per
ml, and 20 pg of poly(dI-dC) (Boehringer, Mannheim, Ger-
many) per ml. As source for active TcbR protein in these
experiments, we used purified TcbR or the partially purified
TcbR preparation. To control the effect of a few contaminating
proteins present in the partially purified TcbR preparation, we
also included the TcbR negative control. Subsequently, 0.06 U
of RNase-free DNase I (Boehringer) was added to the mixture.
The digestion was allowed to proceed for exactly 2 min at 30°C,
after which 50 pl of stop buffer (0.1 M EDTA [pH 8.0], 0.8%
sodium dodecyl sulfate [SDS], 1.6 M ammonium acetate, 300
ng of tRNA from brewer’s yeast [Boehringer] per ml) was
added. Nucleic acids were precipitated, dried, and dissolved in
2.5 wl of loading buffer (95% formamide, 20 mM EDTA,
0.05% bromophenol blue, 0.05% xylene cyanol). Samples were
then heated for 2 min at 80°C and loaded on a DNA
sequencing gel. As a size marker for the DNase I footprints, a
Sanger sequencing ladder (26) was generated, using plasmid
pTCB98 and primers HindIII or EcoRI (see above), which
match the beginning of the fragments used for the footprint
analysis. The autoradiograms were quantitatively analyzed by
densitometry scanning (300S computing densitometer; Molec-
ular Dynamics, Sunnyvale, Calif.), using the program Image-
Quant (Molecular Dynamics). For each band in the DNase I
digestion pattern, the absolute density on the autoradiogram
was determined. Relative density values were then computed
by dividing densities of bands in the reactions with TcbR
protein by those of the corresponding bands in the control
DNase I digestion.

RESULTS

Purification of the TcbR protein. Plasmid pTCB77, contain-
ing the chR gene fused with the ATG codon of pET8c behind
the T7 ¢$10 promoter, was previously used to analyze tchR
expression in E. coli (36). High levels of TcbR production were
obtained in E. coli BL21(DE3)(pTCB77) upon induction with
IPTG (Fig. 2, lane 2). Most of the TcbR protein, however, was
in an insoluble form. Cell extracts prepared from these cells
after induction (Fig. 2, lane 3) were used for the purification of
TcbR. The property of TcbR to bind DNA was exploited in the
purification procedure by using affinity chromatography on a
heparin-Sepharose column. TcbR eluted from the column at
an NaCl concentration of about 1.2 M, which indicates a high
affinity of the TcbR protein for the ligand heparin. This step
resulted in an approximate 500-fold purification of TcbR, as
estimated from gel mobility shift assays as well as from protein
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gels (Fig. 2, lane 4). As a second purification step, cation-
exchange chromatography was applied. This resulted in a
high-level purification of TcbR, which eluted at an NaCl
concentration of approximately 1.8 M. The purity of TcbR was
estimated to be over 90%, as judged from Coomassie brilliant
blue-stained SDS-polyacrylamide gels (Fig. 2, lane 5). A TcbR
negative control sample was prepared by performing the exact
same purification steps with cell extracts of E. coli BL21
(DE3)(pTCB77A). This strain produced a truncated TcbR
protein with a size of about 12 kDa, which was unable to bind
the tcbC-tcbR intercistronic region, as reported previously (36).
Protein fractions were collected after purification on heparin-
Sepharose and appeared to contain similar contaminating
proteins as purified TcbR after the heparin-Sepharose step but
lacked the 32-kDa TcbR protein. We could not detect any
binding activity of 77A protein fractions in gel mobility shift
assays with the tcbC-tcbR operator DNA fragment (results not
shown). These purified protein samples served as a negative
control in DNA binding and bending experiments.

Mapping of the TcbR binding site in a gel mobility shift
assay. In a previous study (36), it was shown that the TcbR
protein binds specifically to a 360-bp DNA fragment contain-
ing the tcbC-tcbR intercistronic region. To determine more
precisely the TcbR binding site on this DNA fragment, a series
of overlapping deletion fragments was generated and tested for
the ability to be bound by TcbR (Fig. 3A). The right-hand
boundary of the TcbR binding site was determined with
fragments decreasing in length starting from the EcoRI site
(Fig. 3B). We found that fragments F_ 0/4 114y F(—102/+18)
F(_102/-23y and F(_ 45,40, all retained the abiiity to be
bound by TcbR; however, no binding was observed with
fragment F _,y,,_sg, (Fig. 3B). From these observations we
concluded that sequences upstream from position —40 within
the —102 to +114 region of the tchC promoter are neces-
sary for binding by TcbR. The left-hand boundary was deter-
mined in a similar manner by using fragments that were
sequentially shortened from the HindIIl site. Whereas frag-
ment F_gs/,114) Was bound by TcbR, fragments F _sg/ 114y

(~23/+114 and F(, 15/, 114y all had lost the ability to be bound
by TcbR protein (Fig. 3C). This result showed that the
sequences necessary for binding by TcbR were downstream
from position — 85. The binding site of the TcbR protein on its
operator DNA therefore appeared to be located between
positions —85 and —40 relative to the #«bC transcriptional
start site. Interestingly, digesting at the Maelll site, which
prevented TcbR binding, disrupted a 5-bp hyphenated inverted
repeat sequence (ITACG CAAAC CGTAA; nucleotides —71
to —58) that we think may be important for the recognition
and binding of TcbR (see below).

DNase I footprinting analysis. To obtain further informa-
tion on the interaction of the TcbR protein with the tcbR-tcbC
operator region, we performed a DNase I footprinting analysis.
For this purpose, the operator region was recovered as the
265-bp HindIII-EcoRI fragment from plasmid pTCB98 (Fig.
1). Both top and bottom strands of this fragment were analyzed
for TcbR protection. When the top-strand labeled DNA was
incubated with DNase I and TcbR protein, a region of
protection from DNase I digestion that ranged from nucleo-
tides —74 to — 17 relative to the tcbC transcription start site
was found (Fig. 4A, lane 4). This region was not protected in
footprinting reactions to which the TcbR negative control
preparation was added (Fig. 4A, lane 3), confirming the active
role of TcbR in the observed DNA-protein interactions. This
result showed that TcbR apparently interacts with a larger
region on the operator DNA than required for binding itself
(see above). At positions —47 through —50, strong DNase
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FIG. 3. Mapping of the TcbR binding site by using gel mobility shift assays. (A) Schematic representation of plasmid pTCB98, containing the
tcbR-tchC intercistronic region, and the deletion fragments that were used in gel mobility shift assays to determine the boundaries of the TcbR
binding site. The mRNA start sites, as well as the —35 and — 10 boxes of both zcbR and ¢cbC, are indicated. The coding regions of both genes are
shaded. Positions of relevant restriction sites, as well as the orientations of primers HindIII, EcoRI, 930206, and 930606 (see Materials and
Methods), are shown. The fragments used in the gel mobility shift assays are drawn below. The numbers in parentheses indicate the left- and
right-hand boundaries of the portion of the tchbR-tcbC intercistronic region contained on the fragment and are relative to the «cbC mRNA start
site. The ability (+) or inability (—) of the DNA deletion fragments to be bound by TcbR is indicated on the right. (B) Autoradiogram of the results
of the gel mobility shift assays using different deletion fragments shortened from the EcoRI site. (C) Gel mobility shifts using fragments shortened
from the HindllII site. Symbols: —, no TcbR added; +, addition of 20 ng of TcbR protein extract after heparin-Sepharose.

I-hypersensitive sites were observed in the presence of TcbR,
while weaker DNase I-hypersensitive sites were found at
positions —37 and —38. DNase I footprinting of the bottom-
strand labeled probe revealed a TcbR-protected region that
ranged from nucleotides —81 to —24 (Fig. 4B, lane 4), with
strong hypersensitive sites at positions —39, —40, —51, and
—52 and weaker ones at positions —41, —42, —44, and —45.
A quantitative analysis of the autoradiograms of several DNase
I footprinting experiments with purified TcbR by scanning
densitometry confirmed that protection of both strands against
DNase I digestion in the presence of TcbR occurred at two
distinct regions, i.e., from —74 to —56 and from —34 to —24
(Fig. 5). Addition of increasing amounts of TcbR to the DNase
I footprinting reaction of the top strand resulted in a uniformly
increasing protection of both of these regions (Fig. 5). For the
bottom strand, however, protection of the region from —34 to
—24 seemed to increase at a slower rate with increasing TcbR
amounts than was the case with the region from —74 to —56.

An overview of the TcbR-mediated contacts on the operator
DNA is given in Fig. 6.

DISCUSSION

Expression of the chlorocatechol oxidative operon in
Pseudomonas sp. strain P51 is positively regulated by the gene
product of tcbR, a LysR-type transcriptional activator (36). In
this study, we describe the purification of TcbR protein from
cell extracts of an overproducing E. coli strain. We observed
that most of the produced TcbR protein in E. coli formed
insoluble aggregates, from which no active TcbR could be
recovered. However, from the fraction which remained soluble
in E. coli, we could isolate and purify TcbR protein to apparent
homogeneity by applying a two-step chromatographic proce-
dure. In the course of purification, it was observed that the
TcbR protein has a high affinity for negatively charged mole-
cules such as heparin and SO; ™. This property may reflect the
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FIG. 4. DNase I footprint analysis of the TcbR interactions with
the tcbC and tchbR promoter regions. (A) Results with a top-strand
labeled probe of pTCB98. (B) Results with a bottom-strand labeled
probe of pTCB98. Lanes: 1 to 3, addition of 50, 100, and 200 ng,
respectively, of the TcbR negative control protein preparation after
heparin-Sepharose; 4 to 6, addition of 200, 100, and 50 ng, respectively,
of TcbR protein extract after heparin-Sepharose. Boxes indicate the
regions protected from DNase I digestion upon addition of TcbR
protein extract. Arrows indicate regions of strong DNase I-hypersen-
sitive sites. Numbers at the left indicate nucleotide positions relative to
the tcbC transcriptional start site.

unusually high pI of 10.5 of TcbR as calculated by computer
analysis (8).

To determine the location of the TcbR binding site on its
operator DNA, a bidirectional set of progressively shortened
DNA fragments was constructed and tested for the ability to be
bound by TcbR in gel mobility shift assays. These experiments
indicated that the region from — 85 to — 40 relative to the tchC
mRNA start site is necessary for binding by TcbR. Interest-
ingly, in DNase I footprinting experiments, we observed that
the interaction between TcbR and the tcbC-tchR operator
region was actually larger (i.e., from positions —74 to —24)
(Fig. 6). Footprints of similar size were reported for other
LysR transcriptional activators, such as NodD (9), OccR (39),
and OxyR (5, 30) (55, 50, and 45 bp, respectively). It appears
that the protein-DNA interactions which we found for TcbR
are almost identical to those reported for OccR (39). In the
first place, in the absence of inducer (which for OccR expres-
sion is octopine) (39), OccR and TcbR protect approximately
50 bp on both strands of the DNA, i.e., from positions — 74 to
—23 and —74 to —24, respectively. Furthermore, similarly
located DNase I-hypersensitive sites were found in regions
from —52to —36 and —52 to — 37, respectively. Interestingly,
the spacing of these sites on top and bottom strands indicates
that they are all located on one side of the DNA helix (Fig. 5
and 6). They may have become hypersensitive for DNase I
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FIG. 5. Densitometric analyses of autoradiograms of DNase I
footprinting experiments with TcbR protein extract after cation-
exchange column. The relative density value was calculated for each
band visible on the autoradiograms by dividing its absolute density by
that of the corresponding band in the lanes from the DNase I
incubations without addition of TcbR. Bands with a relative density
value of 1 thus correspond to unprotected nucleotides, bands with a
value smaller than 1 correspond to protected nucleotides, and bands
with a value higher than 1 correspond to hypersensitive sites. Symbols:
0, 12 ng of TcbR protein added; <, 30 ng of TcbR added; M, 60 ng of
TcbR added.

digestion as a result of a strong bending of the DNA in that
region. It was shown that OccR mediates such a local bend in
the DNA around position —50 in the absence of its inducer
(39). Preliminary results of experiments which assessed the
amounts of intramolecular ligation product (19) formed from
a DNA fragment containing the tchb operator region in the
presence of TcbR suggest that TcbR may induce a bend on the
DNA (34). Unfortunately, possible TcbR-induced bending
could not be observed in a circular permutation assay (such as
were used to demonstrate DNA bending by OccR or RepA)
(19, 39). Possibly because of the high isoelectric point of the
TcbR protein, DNA-TcbR complexes do not migrate effi-
ciently into polyacrylamide gels, making it impossible to ob-
serve differences in mobilities of these complexes caused by
DNA bending.

Characteristic for most LysR-type binding sites is a T-N,;-A
motif, generally located 50 to 60 bp upstream from the
transcription start site of the regulated gene (11). This motif is
likely to contain the nucleotides which provide the contacts
with the proposed helix-turn-helix domain in the N-terminal
end of LysR-type proteins (12, 13, 36). Other procaryotic DNA
binding proteins with helix-turn-helix domains similarly bind
sequences with hyphenated dyad symmetry (17, 29). The TcbR
protected region contains such a LysR motif, which is part
of a 5-bp hyphenated perfect inverted repeat sequence (I-_,,
TACG CAAAC CGTAA- ;) (Fig. 6). The spacing of 5
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FIG. 6. Overview of the interactions of TcbR on the intercistronic regions of bR and tcbC. Numbers above the DNA sequence indicate
positions relative to the transcriptional start site (+1) of tcbC. Also indicated is the transcriptional start site of zcbR. The —10 and — 35 boxes of
both genes are shaded; the ATG start codons of both genes are indicated by black bars. The regions protected from DNase I digestion by TcbR
on each strand are boxed. Asterisks show strong (**) and weak (*) hypersensitive sites. The 5-bp hyphenated inverted repeat forming the putative
center of TcbR binding is indicated by open arrows. Recognition sites of the endonucleases used for the deletion analysis (see Fig. 3A) are
indicated in italics on the sequence. Also shown are the locations of primers 930206 and 930606.

nucleotides would place the two 5-bp repeats in adjacent
grooves on one face of the DNA double helix, providing
contacts for binding by a putative TcbR dimer.

It is at present still unclear what the mode of action of LysR
regulators upon induction is and whether there is a single
manner used by all. Although in all LysR-type systems studied
so far, protein-DNA binding takes place under both uninduced
and induced conditions, subtle differences appear to exist in
the protein-DNA interactions. For instance, upstream se-
quences of LysR-type regulated promoters can contain more
than one LysR binding motif, e.g., as reported for NodD (9)
and IlvY (40). Results from mutation analysis suggest that two
NodD protein molecules occupy two adjacent binding motifs
under both uninduced and induced conditions (9). Other
LysR-type regulators, such as Trpl and CatR, protect under
uninduced conditions a relatively small region on the DNA
containing a single LysR motif sequence (3, 18). However, in
the presence of an inducer molecule, the binding affinity of
Trpl and CatR for their target DNA increased severalfold (4,
18). Furthermore, the presence of an effector seemed to result
in cooperative binding of additional protein molecules to the
DNA. A third type of LysR regulators, exemplified by AmpR
(15), MetR (2, 33), and OccR (39), appears to bind to a single
site on the target DNA. Our results favor a model of TcbR
binding which is similar to that of OccR (39). TcbR and OccR
(39) both interact with an additional region (for TcbR, the area
from —34 to —24) outside their direct binding sites (—74 to
—54 for TcbR) (Fig. 4 to 6). This area alone is not sufficient for
binding by TcbR, as was revealed by our footprinting studies
and gel mobility shift assays. Interactions of TcbR with this
area could be the result of an induced bend in the DNA
downstream of the direct binding site. It is presently unclear
whether the interaction with this region takes place with the
TcbR protein molecules that occupy the direct binding site or
by cooperative binding of additional TcbR molecules. Studies
with the TcbR system are presently hampered in particular by
the nature of the possible inducer molecules (e.g., chlorinated
muconic acids). We tested the effect of addition of 3-chloro-
catechol and 2-chloromuconic acid at a final concentration of

1 uM on DNA binding by TcbR. However, at these concen-
trations, no differences in DNase I footprints or affinity for
DNA binding were detected (results not shown).

Of particular interest to the study of the TcbR system are
two other described chlorocatechol oxidative operons, i.e.,
clcABD from Pseudomonas putida (10) and fdCDEF from
Alcaligenes eutrophus IMP134 (20), which were also proposed
to be regulated by a LysR-type transcriptional activator (6, 13).
Extensive sequence identity exists between the operator se-
quence of the tcbCDEF operon and upstream sequences of the
clcABD and tfdCDEF clusters, ie., in the —10 and —35
promoter boxes (36) and in areas of the clc and #fd sequences
corresponding to the operator region of tcbC from —72 to
—58 (not shown). Here, similar 5-bp hyphenated inverted
repeats containing the T-N;;-A LysR motif can be found (6).
As previously reported, TcbR protein shows cross-binding in
vitro to a DNA fragment containing the upstream region of the
tfdCDEF operon, which indicates the high degree of similarity
between these two regulatory systems (36). Further analysis of
the details of regulation in closely related degradation path-
ways of aromatic compounds (6, 16, 18, 22, 23, 28, 36) will be
very useful for obtaining more information on the mechanisms
of their evolutionary divergence and specialization.
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