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The catBCA operon of Pseudomonas putida encodes enzymes involved in the catabolism of benzoate. Tran-
scription of this operon requires the LysR-type transcriptional regulator CatR and an inducer molecule,
cis,cis-muconate. Previous gel shift assays and DNase I footprinting have demonstrated that CatR occupies two
adjacent sites proximal to the catBCA promoter in the presence of the inducer. We report the presence of an
additional binding site for CatR downstream of the catBCA promoter within the catB structural gene. This site,
called the internal binding site (IBS), extends from 1162 to 1193 with respect to the catB transcriptional start
site and lies within the catB open reading frame. Gel shift analysis and DNase I footprinting determined that
CatR binds to this site with low affinity. CatR binds cooperatively with higher affinity to the IBS in the presence
of the two upstream binding sites. Parallel in vivo and in vitro studies were conducted to determine the role
of the internal binding site. We measured b-galactosidase activity of catB-lacZ transcriptional fusions in vivo.
Our results suggest a probable cis-acting repressor function for the internal binding site. Site-directed
mutagenesis of the IBS verified this finding. The location of the IBS within the catB structural gene, the
cooperativity observed in footprinting studies, and phasing studies suggest that the IBS likely participates in
the interaction of CatR with the upstream binding sites by looping out the intervening DNA.

Pseudomonas putida metabolizes benzoate by way of the
b-ketoadipate pathway to the tricarboxylic acid cycle interme-
diates succinate and acetyl coenzyme A. Growth of P. putida in
the presence of benzoate leads to an induction of the catBCA
operon, which encodes three enzymes of the b-ketoadipate
pathway: cis,cis-muconate-lactonizing enzyme I (catB), mu-
conolactone isomerase (catC), and catechol dioxygenase I
(catA) (13). This induction requires the transcriptional regu-
lator CatR and the pathway intermediate cis,cis-muconate
(CCM) as the inducer molecule. The catR gene is divergently
transcribed from the catBCA operon, and the two promoters
overlap. CatR is a 32-kDa protein that negatively regulates its
own expression and belongs to the LysR family of transcrip-
tional regulators (11, 25). The DNA binding sites of LysR
proteins almost invariably contain the sequence T-N11-A
within an inverted repeat (9). In the absence of inducer, CatR
binds to the repression binding site (RBS), which contains a
G-N11-A motif within an imperfect, interrupted, inverted re-
peat thought to be important for specific binding by CatR (24).
Binding to this site presumably allows CatR to negatively reg-
ulate its own expression. In the presence of CCM, CatR occu-
pies an additional, adjacent downstream site designated the
activation binding site (ABS) (4, 19, 22). This site is adjacent to
the 235 region of the catBCA promoter. The sequences and
organization of the CatR binding sites are depicted in Fig. 1.

Although most LysR family members have been shown to
bind only to the promoter regions of the genes that they reg-
ulate, exceptions have been reported (5). The metF gene is
involved in methionine biosynthesis in Salmonella typhimurium,
and its expression is positively regulated by the LysR family
member MetR. MetR binding sites within the promoter region

as well as the downstream binding site centered at 177 within
the metF gene were shown to be required for expression (5).

Subsequently, binding sites within genes located down-
stream of regulated promoters were identified in the CatR-
regulated pheBA operon and the ClcR-regulated clcABD
operon in P. putida (18a). The presence of binding sites down-
stream of the regulated promoters in those systems suggests
that these binding sites may be conserved regulatory elements.
In this study, we report the presence of a third, low-affinity,
CatR binding site designated the internal binding site (IBS)
within the catB structural gene and investigate its role in the
regulation of the catBCA operon. We found that the IBS neg-
atively regulates the expression of the catBCA promoter and
that this repression is CatR mediated. Our studies also suggest
that occupancy of the IBS by CatR is either dependent on or
facilitated by a DNA loop that entails a CatR-bound RBS plus
an ABS (collectively called RBS/ABS) and the IBS as its ele-
ments.

MATERIALS AND METHODS

Bacterial strains, media, and plasmids. The Escherichia coli strains used for
general cloning procedures were JM109 (30) and TG1 (Amersham, Arlington
Heights, Ill.) (8). Protocols for plasmid isolation, plasmid construction, and
transformation were as described previously (17). For plasmid selection, ampi-
cillin was used at a final concentration of 75 mg/ml for E. coli and carbenicillin
was used at 1,000 mg/ml for P. putida. Plasmids were introduced into P. putida by
triparental mating using pRK2013 (7) as a helper plasmid. The promoter probe
vectors used to monitor the in vivo expression of catB were derivatives of
pKRZ-1 (24). Promoter probe studies were performed with P. putida cells grown
in basal salts medium (2) as described previously (20). E. coli and P. putida were
grown at 37 and 30°C, respectively.

Generation of mutant promoter probe constructs. Subcloning of DNA frag-
ments was done by standard procedures (17). DNA prepared for sequencing was
purified by using a Qiagen Plasmid Midi kit (Qiagen Inc., Chatsworth, Calif.).
Nucleotide sequencing of both DNA strands was done by using [a-35S]dATP,
7-deaza-GTP in place of dGTP, and a Sequenase kit (version 2.0; United States
Biochemicals, Cleveland, Ohio) according to the manufacturer’s instructions.
The oligonucleotide primers used in this study (Table 1) were purchased from
Gibco-BRL, Gaithersburg, Md. Site-directed mutagenesis, including generation
of 16 and 111 insertions, was performed by the overlap extension method and
PCR (12). The primers consisted of complementary 25- or 54-base sequences,
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with the altered or inserted nucleotide(s) located in the center of the primer. The
constructs were checked by DNA sequence analysis to verify the introduced
mutation(s) and preclude erroneous PCR-generated mutations. Primer pairs
CH1Sal-CH2 and CH1Sal-CH3 (Table 1) were used to generate 307- and 347-bp
PCR products, respectively. These products were cloned into the SalI and
BamHI sites of pKRZ-1 to generate constructs pCH2Z1 and pCH3Z1, respec-
tively. Construct pCH316 was generated by insertion of 6 bp at a nonessential
site between the catB transcriptional start site and the IBS. An additional inser-
tion of 5 bp in the pCH316 construct generated construct pCH3111, which had
a total insertion of 11 bp compared to the wild type. The primer pairs used to
generate the spacing mutations were 16US-16LS and 111US-111LS (Table 1).

Gel shift assay and determination of CatR binding constants. Gel shift assays
and CatR binding affinity studies were performed as previously described (20)
except as noted in the text. For gel shift assays, a uniformly labeled 321-bp
fragment containing only the IBS (no promoter DNA) was generated by PCR
(primers BCBC1 and NBCBC2). Different concentrations of purified CatR were
incubated with a fixed, low DNA concentration. The reactions were run in a gel
shift assay, and the KD (equilibrium dissociation constant) was calculated as the
total CatR concentration that allows half-maximal DNA binding. For uniform
incorporation of the label, the PCR was modified by lowering the dATP con-
centration to 20 mM and adding 5 ml of [a-32P]dATP (10 mCi/ml).

DNase I footprinting. DNase I footprinting reactions were performed as pre-
viously described (21). The 321-bp DNA fragment for the DNase I footprinting
reaction was generated by PCR (primers BCBC1 and NBCBC2). Cooperative
binding of CatR to the IBS was examined by using a 340-bp PCR-generated
fragment (primers CH1 and CH3). This fragment harbors the RBS, ABS, and
IBS. The primers were end labeled with 32P as previously described (21).

b-Galactosidase assays. The wild-type P. putida strain, PRS2000 (29), harbor-
ing the promoter probe constructs was grown in basal salts medium supple-
mented with either 10 mM glucose or 5 mM benzoate for 16 h at 30°C. The
b-galactosidase assays were performed in triplicate, using the cell extracts as
detailed previously (24), and the specific activity was determined by the method
of Miller (18). The protein concentration was assayed by the method of Bradford

(3), with bovine serum albumin as a standard. The activity of each construct was
expressed as Miller units (nanomoles of product per minute per milligram of
protein).

RESULTS

Role of the IBS in expression of the catBCA operon in vivo.
Visual inspection of the catB gene revealed a sequence that
closely matched the consensus sequence for CatR binding and
was designated the IBS (Fig. 2). The role of the IBS in CatR-
mediated expression of the catBCA operon was examined by
using transcriptional fusions to the lacZ gene (Fig. 3). CatR
was supplied by the chromosomal copy of the catR gene. The
results of this experiment are displayed in Fig. 3. In the pres-
ence of benzoate, the construct lacking the IBS (pCH2Z1)
consistently showed about a 3.5-fold-higher level of expression
than the fusion containing the IBS (pCH3Z1). The results
suggest a cis-acting repressing activity for the IBS. The expres-
sion of both these constructs in the absence of benzoate was at
a low basal level.

Previous site-directed mutagenesis studies of the consensus
binding sequence in the RBS had identified several nucleotides
as critical for DNA binding of CatR (20). To verify that the
observed decrease in activity was due to CatR-bound IBS,
critical nucleotides in the IBS were altered by site-directed
mutagenesis to generate the 171GT, 173CA, and 184TG mu-
tations. In the presence of benzoate, the 171GT mutation

FIG. 1. Sequences and organization of the RBS, ABS, and IBS. The 235 and
210 consensus promoter sequences are underlined. The G and A residues of the
G-N11-A motif are in boldface.

TABLE 1. Oligonucleotide primers used in this studya

Primer Sequence (59-39)

CH1.........................................................................CAGCAGCTCGGCGGCGCGAGT
CH1Sal....................................................................GGGTCGACCAGCAGCTCGGCGGCGCGAGT
CH2.........................................................................GGGTCGACGCATGGTGTGCATCGCCAGC
CH3.........................................................................GGGTCGACTCACTGCAGCGAACACG
171GT59a ................................................................CCATGAGCAGCATACCCTGGTGGTA
171GT39b ................................................................TACCACCAGGGTATGCTGCTCATGG
173CA59a ................................................................ATGAGCAGCAGAACCTGGTGGTATT
173CA39b ................................................................AATACCACCAGGTTCTGCTGCTCAT
184TG59a ................................................................ACCCTGGTGGTAGTGCGTGTTCGCT
184TG39b ................................................................AGCGAACACGCACTACCACCAGGGT
16USa.....................................................................CCGCCGCACAAGCTGGCGATGCACACAGCGACCATGAGCAGCAGACCCTGGTGG
16LSb .....................................................................CCACCAGGGTCTGCTGCTCATGGTCGCTGTGTGCATCGCCAGCTTGTGCGGCGG
111USa...................................................................GCTGATTGAACGTATCGAGGCAATTACGAGATTGTGCATGACCTGCCGACCATTCGT
111LSb ...................................................................ACGAATGGTCGGCAGGTCATGCACAATCTCGTAATTGCCTCGATACGTTCAATCAGC
BCBC1....................................................................CTGATTGAACGTATCGA
NBCBC2.................................................................GCTTTCGATACCCGACTTGGCAAAG

a Primers with superscripts “a” and “b” are reverse complements and correspond to the published P. putida catB sequence (2) except for certain nucleotides that were
changed to reflect the corrected sequence of catB. The nucleotide(s) which was altered or inserted during mutagenesis is in boldface.
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reduced catB expression to about half of the wild-type level
(compare pCH3Z1 and 171GT). There was a slight increase in
the expression of the mutant in the absence of benzoate. The
173CA and 184TG mutants both demonstrated higher levels of
expression of catB than the wild type in the presence of ben-
zoate.

To determine if the differential expression of these con-
structs was observed throughout the growth phase, we moni-
tored b-galactosidase activity of cells harvested at 2-h intervals
from 6 to 14 h and 24 h of growth in the presence of benzoate.
While the expression levels for the transcriptional fusion lack-
ing the IBS showed a steady increase, the levels for the tran-
scriptional fusion with the IBS increased only slightly over the
course of the experiment, with the activity levels being consis-

tently lower than those for the construct lacking the IBS (data
not shown).

Gel shift assay and determination of the equilibrium disso-
ciation constant. Gel shift assays were conducted to demon-
strate the binding of CatR to the IBS and to determine the
equilibrium dissociation constant for CatR binding to the wild-
type and mutant IBS fragments (Fig. 4). These 321-bp frag-
ments contained the IBS only. The estimated KD values were
4.9 3 1027 M for the wild-type IBS and 1.5 3 1027, 1.3 3 1026,
and 7.7 3 1027 M for the three mutant IBS fragments harbor-
ing mutations 171GT, 173CA, and 184TG, respectively. These
residues, as shown previously in a mutagenesis study of the
RBS, are important for CatR binding (20). The 171GT alter-
ation changes the binding site to make it look more like the
consensus T-N11-A motif and increases its binding affinity for
CatR. On the other hand, the 173CA and the 184TG muta-
tions that cause a deviation of the binding site from the con-
sensus motif result in a decrease in the binding affinity for
CatR. CatR binds to the IBS with less affinity than that with
which it binds to the catBCA promoter region (20). The KD of
CatR for the IBS was estimated to be 4.9 3 1027 M. Compar-
ison of the KD values for the wild-type and mutant IBS frag-
ments indicates that the 171GT mutant, which has a replace-
ment of the wild-type G with the conserved T of the T-N11-A
motif, has an approximately 3.5-fold-higher affinity for CatR
binding than the wild type. As expected, the 173CA and the
184TG mutants showed 2.6- and 1.5-fold decreases, respec-
tively, in binding affinity for CatR.

DNase I footprinting and cooperative binding of CatR to the
IBS. The precise location of the IBS was determined by DNase
I footprinting. As shown in Fig. 5A, CatR protected a 32-bp

FIG. 2. Comparison of sequences of the IBS and the RBS. The IBS se-
quences protected by CatR from DNase I digestion are bracketed. The inter-
rupted inverted repeat involved in sequence specific recognition by CatR is
underlined. The G and A nucleotides of the binding motif are indicated by
asterisks.

FIG. 3. Structures and in vivo activities of the catBCA constructs used in this study. Each arrow indicates the transcriptional start site (11) of catB. All constructs
harbor the RBS, the ABS, and the 235 and 210 consensus promoter sequences. Plasmid pCH2Z1 includes a part of the catB structural gene, up to the IBS, cloned
upstream of the lacZ gene in pKRZ1; however, this construct lacks the IBS. Plasmid pCH3Z1 was constructed similarly; however, it extends further into the catB gene
to include the IBS. Plasmids p171GT, p173CA, and p184TG are similar to pCH3Z1 except for the introduced point mutations as indicated. The b-galactosidase specific
activities of each of the lacZ fusions in PRS2000 are displayed at the right.
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sequence that extended from 1162 to 1193 relative to the catB
transcriptional start site. The protection pattern was not al-
tered in the presence of 100 mM CCM (data not shown). The
IBS retains most of the imperfect, inverted repeat thought to
be important for the recognition of its binding site by CatR
(underlined in Fig. 2). In light of this observation, the low
binding affinity of CatR for the IBS is interesting. The location
of the IBS relative to the catBCA promoter region raised the
possibility that the occupation of the IBS involves cooperative
interaction with CatR bound at the RBS/ABS. The fact that
the IBS affects in vivo expression of the catBCA operon may
suggest that CatR bound to the IBS interacts with CatR bound
at the promoter region. To test this hypothesis, we used a
340-bp end-labeled DNA fragment harboring both the RBS
and ABS promoter sites and the IBS and subjected it to DNase
I footprinting (Fig. 5B). Comparison of Fig. 5A and B shows
that the IBS was occupied at over 10-fold-lower concentrations
of CatR when present on a DNA fragment that also harbored
the RBS and the ABS, indicating cooperative binding of CatR
to the IBS. A cooperative interaction between remote binding
elements suggests that CatR bound to the RBS/ABS and IBS
may loop out intervening DNA.

Phasing dependence of IBS function. To assess the role of
cooperative binding in the repression effect of the catBCA
operon by the IBS, we introduced 6- and 11-bp spacing alter-
ations at nonessential sites between the ABS and the IBS. The
results of this assay are depicted in Table 2. Assuming that the
helix has approximately 10.5 bp per turn, addition of a half-
integral turn (6 bp) impaired IBS-mediated repression, as seen
by the approximately fourfold increase in the expression levels
for this mutant compared to those for the wild-type IBS-con-
taining construct. The expression levels for the 6-bp insertion
mutants derived from the wild-type and the 173CA and 184TG

mutant IBS-harboring constructs closely resembled levels for
the IBS-deficient (wild-type) construct. It was interesting that
the 6-bp insertion mutant derived from the 171GT construct
showed a greater than twofold increase in expression levels,
albeit the levels were lower than those for the IBS-deficient
construct. Given the approximate 3.5-fold increase in the bind-
ing affinity of CatR for the 171GT mutant, it can be hypothe-
sized that the contribution of cooperativity to the occupation
of this mutant IBS, although still important, is not as conse-
quential. Addition of approximately one helical turn in the
11-bp spacing mutations resulted in restoration of the IBS-
mediated repression (Table 2). The results of the 6- and 11-bp
spacing mutations strengthen the argument that cooperativity
between CatR bound to the promoter and the IBS, and main-

FIG. 4. CatR binding to the wild-type and mutant IBS. (A) Gel shift assay
demonstrating binding of purified CatR in the absence of inducer to a 321-bp
DNA fragment containing the wild-type IBS. Lane 1 contains free, unbound
DNA. Lanes 2 to 5 contain reaction mixtures with the following concentrations
of purified CatR: 1.3 3 1027, 1.7 3 1027, 3.4 3 1027, and 1.3 3 1026 M. Lanes
1 to 5 in panels B to D correspond exactly to lanes 1 to 5 in panel A except that
they represent assays performed with the IBS mutant probes 171GT, 173CA, and
184TG, respectively.

FIG. 5. DNase I footprinting of CatR binding to the IBS. (A) A 321-bp
end-labeled DNA fragment containing the IBS but not the RBS or ABS was
incubated with different amounts of CatR and subjected to digestion with DNase
I. Lane G1A shows a Maxam-Gilbert reaction. Lanes 1 to 5 contain the follow-
ing concentrations of CatR: 0 (free DNA), 8.5 3 1028, 5.1 3 1027, 1.3 3 1026,
and 5.1 3 1026 M. The inducer did not alter the protection profile. (B) Lanes 1
to 4 contain a 340-bp end-labeled DNA fragment harboring the RBS/ABS and
the IBS digested with the following concentrations of CatR present in the
footprinting reactions: 0 (free DNA), 8.5 3 1028, 3.4 3 1027, and 8.5 3 1027 M.
The protected regions corresponding to the RBS and the IBS are indicated on
the right.

TABLE 2. b-Galactosidase levels in PRS2000 cells harboring the
constructs with spacing alterationsa

Construct

b-Galactosidase sp act (Miller units)

Original
construct

Corresponding
16 insertion

mutant

Corresponding
111 insertion

mutant

pCH2Z1 3,500.9 6 59.8
pCH3Z1 1,000.8 6 10.8 4,200.9 6 53.0 980.4 6 9.2
p171GT 653.5 6 10.1 2,010.7 6 14.8 519.5 6 7.1
p173CA 3,330.6 6 26.2 3,600.7 6 20.9 3,100.7 6 12.8
p184TG 2,890.3 6 36.2 3,752.0 6 27.3 3,010.8 6 26.1

a PRS2000 cells harboring constructs pCH316 and pCH3111, with insertions
of 16 and 111 bp, respectively, compared to the wild type were assayed for
b-galactosidase activity after 16 h of growth in basal salts medium supplemented
with 5 mM benzoate.
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tenance of the angular orientation of the IBS with respect to
the catBCA promoter region, are important for this regulation.

DISCUSSION

In this study, we investigated the role of the IBS in regula-
tion of the catBCA operon in P. putida. The IBS reduced
expression of the catBCA operon approximately three- to four-
fold. Similarly located, low-affinity binding sites have also been
observed in the metF gene in S. typhimurium (5) and the clcA
gene and open reading frame of the clcABD and pheBA oper-
ons, respectively, in P. putida (18a). Considering the low affin-
ity of CatR binding, the LysR consensus binding motif is sur-
prisingly well conserved in the IBS and closely resembles that
of the high-affinity RBS. This finding indicates that the con-
sensus binding motif is not the sole important feature for
high-affinity binding of LysR-type activator proteins.

Given the overlapping promoters of the catBCA operon and
the catR gene, which are divergently transcribed (Fig. 1), we
were interested in determining whether the IBS regulates ex-
pression of the catR gene as well. However, experiments done
with catR-lacZ transcriptional fusions toward this end showed
levels of activity that were too low to measure and therefore
of questionable significance. Furthermore, while an IBS is
present in the phe system, the lack of a divergently transcribed
catR gene (14) suggests that it is unlikely that the IBS plays a
role in catR regulation.

The nucleotides targeted for site-directed mutagenesis in
this study were chosen on the basis of a previous study of the
RBS (20). The 171GT mutation generated a consensus LysR
T-N11-A binding motif (9) and a perfect inverted repeat.
Therefore, it was predicted to improve the IBS by increasing
its binding affinity for CatR. The 173CA and 184TG mutations
both interrupt the G-N11-A motif and inverted repeat (AGA
CC-N7-GGTAT) and were therefore predicted to have a con-
trary effect resulting in a decreased binding affinity for CatR.
The expected effects on CatR binding affinity were confirmed
by the estimation of equilibrium dissociation constants for the
wild type and the IBS mutants. These alterations in the binding
affinity of CatR for the IBS were biologically relevant since in
vivo studies showed that an increase in the binding affinity of
CatR resulted in a concomitant increase in repression of the
catBCA operon; conversely, a lowering of the binding affinity of
CatR for the IBS relieved repression of the catBCA operon
considerably. One exception to this observation is that slightly
elevated levels of expression were seen under noninducing
conditions for the 171GT reporter (Fig. 3). One would predict
slightly lower expression levels for this particular mutant. This
finding may somehow reflect the fact that under noninducing
conditions CatR bound to the IBS is capable of stimulating
transcription to a small degree. These data confirmed that the
repression from the IBS was due to bound CatR and not a
polar effect on transcription. However, they do not rule out the
possibility that the point mutations affect mRNA stability of
the transcripts.

DNA looping mediated by protein-DNA and protein-pro-
tein interactions is a mechanism that is ubiquitously utilized by
both prokaryotes and eukaryotes to modulate transcription in
response to various environmental factors (1, 6, 10, 16). The
location of the IBS with respect to the CatR binding sites in the
promoter and the apparent effect of mutations in the IBS on
the transcriptional activity of the promoter suggested that
DNA looping may account for the observed regulatory activity.
This possibility was explored in two ways: by DNase I foot-
printing and by using spacing mutations. Comparison of
DNase I footprinting studies done with the IBS alone and in

the presence of the RBS/ABS on the same fragment of DNA
indicates that the occupation of the IBS by CatR is facilitated
in the latter case as would be expected of a cooperative inter-
action. Since cooperativity was seen with a linear fragment
used in the footprinting study, it appears that supercoiling is
not necessary to elicit loop formation. Results obtained for
spacing mutations indicate that insertion of 6 bp (correspond-
ing to a half-integral turn of DNA) impaired repression,
whereas insertion of 11 bp (corresponding to an integral turn
of DNA) restored repression. This finding demonstrates the
need for maintenance of phasing between the promoter and
the IBS in a manner consistent with the requirement for the
binding sites to be on the same face of the helix. The most
plausible explanation for the observed results would be that
the DNA or CatR bound to the DNA at the promoter region
of the catBCA operon, through formation of a DNA loop,
interacts with CatR bound to the IBS. This interaction results
in impaired transcriptional activation from the catBCA pro-
moter despite the occupation of the RBS/ABS.

The precise physiological significance of the IBS-mediated
repression is not known. Analogous regulation has been re-
ported in the case of certain other catabolic operons that have
metabolizable inducers such as the arabinose, galactose, rham-
nose, and maltose operons (15, 23, 27, 28). Given the biodeg-
radative nature of the catBCA (and the pheBA) operon, a
similar explanation could be proposed to explain the relevance
of the low-level repression mediated by CatR bound to the
IBS. The IBS, being a low-affinity binding site for CatR, is
presumably the last of the three CatR binding sites to be
occupied. This occupation likely occurs at high CCM levels,
i.e., when benzoate is plentiful and being rapidly metabolized.
As in the case of the arabinose operon (26), such a regulatory
mechanism would arguably confer a means for fine-tuning
transcriptional activity. Turning on a promoter to a high initial
transcriptional rate would allow rapid initial adaptation in the
presence of a metabolizable substrate. Lowering the expres-
sion levels after the optimal enzyme levels have been attained
would prevent wasteful expenditure of energy by keeping ex-
pression levels to a rate that is sufficient for efficient substrate
utilization. It is interesting that transcriptional repression is not
observed in the case of the metF gene, which belongs to an
anabolic operon, despite the presence of a similarly positioned
MetR binding site.
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