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Pseudomonas putida utilizes the catBC operon for growth on benzoate as a sole carbon source. This operon
is positively regulated by the CatR protein, which is encoded from a gene divergently oriented from the catBC
operon. The catR gene encodes a 32.2-kilodalton polypeptide that binds to the catBC promoter region in the
presence or absence of the inducer cis-cis-muconate, as shown by gel retardation studies. However, the inducer
is required for transcriptional activation of the catBC operon. The catR promoter has been localized to a
385-base-pair fragment by using the broad-host-range promoter-probe vector pKT240. This fragment also
contains the catBC promoter whose —3S site is separated by only 36 nucleotides from the predicted CatR
translational start. Dot blot analysis suggests that CatR binding to this dual promoter-control region, in
addition to inducing the catBC operon, may also regulate its own expression. Data from a computer homology
search using the predicted amino acid sequence of CatR, deduced from the DNA sequence, showed CatR to be
a member of a large class of procaryotic regulatory proteins designated the LysR family. Striking homology
was seen between CatR and a putative regulatory protein, TfdS.

Pseudomonads can detoxify chemical wastes because of
their ability to utilize many natural and synthetic com-
pounds. Pure cultures capable of dissimilating simple non-
chlorinated and chlorinated compounds have been isolated
9, 12, 16, 20, 34). In order to expand the substrate ranges of
these organisms so that they can degrade more complex and
toxic compounds, it is necessary to understand both the
structural and regulatory features of catabolic genes as well
as their regulation. While some Pseudomonas putida genes
that encode enzymes for the dissimilation of benzoate and
3-chlorobenzoate have been fairly well characterized (1, 2,
17, 19, 49), the structures and functions of the regulatory
genes involved are not well understood.

The P. putida catBC operon provides a good model for
examining the regulation of catabolic genes. The catB and
catC genes encode cis,cis-muconate-lactonizing enzyme I
(EC 5.5.1.1.) and muconolactone isomerase (EC 5.3.3.4.),
respectively. Both of these genes are required for the dis-
similation of benzoate (34) (Fig. 1). The catBC operon is
coordinately regulated and requires the product of its regu-
latory gene for induction (48). This regulatory gene, catR,
also exerts positive control over the expression of the
catA-encoded pyrocatechase I. The catR gene maps up-
stream of the catBC operon in P. putida PRS2000 (48, 50;
J. E. Houghton, E. J. Hughes, and L. N. Ornston, Abstr.
Annu. Meet. Am. Soc. Microbiol. 1988, K4, p. 207). Inser-
tion of Tn5 in this region, creating P. putida PRS3026,
results in the inability of the bacteria to grow on benzoate as
a sole carbon source (Houghton et al., Abstr. Annu. Meet.
Am. Soc. Microbiol. 1988).

Previously, we reported on the cloning of the catBC
opérdn from P. putida RB1 (1, 2). This clone, pTA3,
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contains 257 nucleotides upstream of the structural gene for
catB. Sequencing of a subclone containing catB and up-
stream DNA revealed a truncated protein of 40 amino acids
encoded divergently from catB. Two independent computer
searches (S. Henikoff, personal communication; I. P. Craw-
ford, personal communication) predicted that this region
encodes a potential regulatory gene having considerable
homology to the N terminus of a number of regulatory
proteins from various gram-negative bacteria, including En-
terobacter cloacea AmpR (24), Escherichia coli LysR (43),
Rhizobium sp. NodD (14), E. coli and Salmonella typhimu-
rium CysB (35), S. typhimurium MetR (38), Pseudomonas
aeruginosa Trpl (10), and P. putida NahR (42). All of these
regulatory proteins have been grouped into a large family of
bacterial regulatory proteins, the LysR family (21).

A number of similarities exist between these proteins,
including their size of approximately 300 amino acids. Com-
parisons of protein sequences show strong homologies
within the N terminus, which includes a helix-turn-helix
motif implicated in DNA binding. The homologies drop off at
the C-terminal region and the mid-region, which may be the
region involved in interaction with the inducer molecule. To
determine whether catR is a member of the LysR family, we
have cloned the gene from P. putida RB1 and compared its
DNA and amino acid sequence with those of other family
members. This comparison indicated that CatR is a LysR
family member that is closely related to a second predicted
regulatory protein, TfdO or TfdS (E. J. Perkins, personal
communication; B. Kaphammer and R. H. Olsen, Abstr.
Annu. Meet. Am. Soc. Microbiol. 1989, K-59, p. 254). Our
evidence presented in this work indicates that like other
divergently translated LysR proteins, CatR binds in trans to
the catR-catBC promoter-control region in the presence or
absence of inducer but only activates the catBC operon in
the presence of the inducer, cis-cis-muconate. Localization
of the catR promoter and the proximity between the CatR
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FIG. 1. Cloning of the catR constructs used in this study. Restriction sites are abbreviated as follows: B, BamHI; C, Clal; E, EcoRI; Hf,
Hinfl; H, HindIll; Hn, Hincll; P, Pstl; S, Sall; X, Xhol. Only the restriction sites used in cloning are shown. There are multiple sites for
Hinfl, Pstl, and Sall in the recombinant plasmid pTA3. The directions of the catR and carB genes are indicated by the arrowheads. The thick
line indicates the catR gene and the inserted DNA in each of the clones. The thin lines in the plasmid constructs are vector DNA. ...., Multiple
cloning site of M13mp18. Asterisks indicate that the aminoglycoside phosphotransferase gene lacks its own promoter and that streptomycin

resistance is seen only when a promoter is cloned upstream. Restriction sites that were lost during cloning are in parentheses.

translational start and the catBC promoter suggest that the
two promoters overlap one another.

MATERIALS AND METHODS

Bacteria, plasmids, bacteriophage, and media. The strains
used in this study are listed in Table 1. Cultures were grown
on either Luria broth or basal salts medium (BSM) supple-
mented with glucose and/or benzoate as described previ-
ously (2). Antibiotics were added as required for selection as
follows: ampicillin, 75 mg/liter; kanamycin, 50 mg/liter.
Streptomycin was added at varying concentrations ranging
between 100 and 8,000 mg/liter.

Nucleic acid preparations and DNA sequencing. Plasmid
DNA was isolated from 40-ml cultures by alkaline lysis as
described in Maniatis et al. (29) for a large-scale preparation,
except that after isopropanol precipitation the DNA was
phenol-chloroform extracted twice, precipitated with etha-
nol, and treated with RNase. RNA was isolated from heat-
induced E. coli K38 (pGP1-2) by the guanidinium-isothiocy-
anate, hot-phenol extraction method as described previously
(3). DNA sequencing was carried out by using the previously
described dideoxy analysis (3, 31).

Molecular cloning. Restriction enzymes were purchased
from Bethesda Research Laboratories, Gaithersburg, Md.,
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TABLE 1. Bacterial strains, plasmids, and bacteriophages

Stra("':’p%l:gs:“d’ Relevant characteristics f:;; T;ger
E. coli
C600 F~ thi-1 thr-l leuB6 lacYl 4
tonA21 supE44 \~
HB101 F~ hsdS20 (r” m™) 29
recAl3 ara-14 proA2
lacYl galK2 poL20
xyl-5 mtl-1 supE44 \~
JM109 A(pro-lac) recAl thi-1 51
supE endA gyrA96
hsdR relAl (F' traD36
proAB lacl® lacZAM15)
K38 Stan Tabor
P. putida
PRS2000 per-1103 48
PRS3026 per-1103 catR::Tn5 Km" E. J. Hughes
Plasmids and phages
pKT240 Km" Ap” N
pRK2013 Km" mob™* 15
pTA3 Ap" catBC* ben* 2
pTAAXH AP’ Peasc 3
M13mpl8 Prac lacZa™ 33
M13mp19 Prac lacZo™ 33
pT7-5 Ap" Stan Tabor
pT7-6 Ap* Stan Tabor
pKR400 Ap" Km" p_..r This study
pKR500 Ap" Km' p_..r This study
pKR900 and pKR910 Ap" Km' This study
pKR1300 Ap" Km" CatR* This study
pKRAHf Ap" Km" This study
pKRT5-1 and pKRT6-1 Ap* This study
pKRTS5-2 and pKRT6-2 Ap” This study
pKRT5-3 and pKRT6-3 Ap” This study

and were used in accordance with the instructions of the
manufacturer. Vector DNA was treated with calf intestinal
alkaline phosphatase purchased from Boehringer Mannheim
Biochemicals, Indianapolis, Ind. Ligations using T4 DNA
ligase (New England BioLabs, Beverly, Mass.) were done at
15°C overnight. DNA was transformed into E. coli C600 or
JM109 cells and screened by mini-prep analysis (22). P.
putida PRS3026, a catR mutant that is unable to grow on
benzoate as a sole carbon source (Houghton et al., Abstr.
Annu. Meet. Am. Soc. Microbiol. 1988) was used for com-
plementation tests as described previously (2). Broad-host-
range plasmids were mated into P. putida strains, and
exconjugants were selected by antibiotic resistance as de-
scribed previously (1, 2).

The catR gene was subcloned from the plasmid pTA3 (2)
into the broad-host range vector pKT240 (5) in two subse-
quent ligations (Fig. 1). First, a 480-base-pair (bp) XholI-Clal
fragment from pTA3 that overlapped the catB gene was
ligated into pKT240, creating pKRS00 (Fig. 1). Second, the
upstream 816-bp EcoRI-Xhol fragment used to construct
pKR900 and pKR910 was ligated into pKRS500 to give
pKR1300. Construction of the pT7-5 and pT7-6 clones used
for protein analysis is shown in Fig. 1. The plasmids pKRTS5-
1 and pKRT6-1 were generated by cloning the 1,700-bp
EcoRI-HindIII fragment from pKR1300 containing the entire
catR gene, including the upstream catR promoter and con-
trol region (Fig. 1). pKRT5-2 and pKRT6-2 carry a 1,000-bp
insert in which the catR promoter and control region have
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been deleted. The deletion was constructed (Fig. 1) as
follows. An 830-bp Clal fragment was isolated from
pKR1300 and recut with HinfI (located 15 bases upstream of
the catR Shine-Dalgarno site). The ends were then filled in
and blunt end ligated into M13mp18 at the Hincll site. DNA
was isolated from the mixed phage clones, and a 300-bp
HindIII-Sall fragment which contained the N-terminal re-
gion of the structural cafR gene without any promoter region
was isolated. The C terminus was regenerated by cloning
this fragment into pKR1300 at the HindIII-Sall site to give
pKRAHf. The 1,000-bp EcoRI-HindIll fragment from
pKRAHf was cloned into pT7-5 and pT7-6, creating pKRTS5-
2 and pKRT6-2. The final catR pT7 constructs, pKRTS5-3 and
pKRT6-3 (Fig. 1), simply contained a 150-bp Xhol-Sall
deletion internal to the predicted protein sequence.

Protein expression. A T7 expression system developed by
Stan Tabor (personal communication) was used to express
CatR. The three catR constructs cloned into the vectors
pT7-5 and pT7-6 (see above) were transformed into E. coli
K38 (pGP1-2) cells. Protein was expressed from these cells
by using a heat-inducible T7 RNA polymerase gene located
on the plasmid pGP1-2 (45). The [**SImethionine-labeled
polypeptides were run on a 12.5% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gel by the method of
Laemmli (26).

Binding studies. Cell protein extracts from E. coli K38
(pGP1-2) harboring the pT7-5 or pT7-6 clones were made
from 100-ml cultures grown in Luria broth for 3 h at 30°C,
heat-induced (42°C) for 45 min, and grown at 30°C for an
additional hour. Cells were harvested at 8,000 x g for 10
min, suspended to 5 ml in a buffer consisting of 50 mM Tris
hydrochloride (pH 8.0)-5 mM dithiothreitol-1 mM phenyl-
methylsulfonyl fluoride, and sonicated for 2 min with 30-s
bursts. The lysate was centrifuged at 40,000 X g for 30 min.
The supernatant was centrifuged and spun at 105,000 x g for
1 h, and the resulting supernatant was stored at —70°C in
50% glycerol. Protein content was determined by the method
of Bradford (7). Gel retardation studies were performed by
the method of Fried and Crothers (18). A 485-bp DNA
fragment containing the catRBC promoter control region
was used for the gel retardation studies. This fragment was
labeled by primer extension by using single-stranded DNA
isolated from the M13 clone TAAXH:18 (3) and [a-
32P]dCTP. The double-stranded DNA fragment was isolated
as a HindIII-EcoRI fragment. cis,cis-muconate (a generous
gift from Celgene Corp.) was added to binding reactions at a
final concentration of 2 mM.

Dot blot analysis. Amersham nylon membrane (Hybond-
M) was used as directed for analysis of mRNA isolated from
E. coli K38 (pGP1-2) harboring the pT7-6 clones. The catR
probe was labeled by primer extension of an M13mp19 clone
with [a-32P]JdCTP. The catR insert was cut out as a HindIII-
EcoRlI fragment and purified on a 1% agarose gel.

RESULTS

Cloning and sequencing catR. Wheelis and Ornston (48)
showed that the catBC operon required the product of a
regulatory gene for induction. Recently, this regulatory
gene, catR, was cloned from upstream of the catBC operon
in P. putida PRS2000 (Houghton et al., Abstr. Annu. Meet.
Am. Soc. Microbiol. 1988). To determine the location of
catR in P. putida RB1, a previously cloned 6.8-kilobase
EcoRI-HindIll chromosomal segment from P. putida RB1,
designated pTA3 (2), which was capable of complementing
both catB and catC mutations, was tested for its ability to
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FIG. 2. (a) Catabolic pathway of benzoate degradation. The genes and corresponding enzymes for utilization of catechol are indicated.
Filled arrows indicate the two enzymatic steps encoded by the cartBC operon. (b) The organization of the catR and catBC operons and
subcloning of catR. Coding regions are indicated (), as is the direction of transcription (< and >). Positive (+) and negative (—)
complementation of the cazR mutation in PRS3026 by the recombinant plasmids are shown. Restriction sites are abbreviated as given in the

legend to Fig. 1; others are Pv, Pvull; Ss, SstIl.

complement the catR mutant PRS3026. Growth of excon-
jugants on benzoate as a sole source of carbon confirmed
that catR was encoded on pTA3 (Fig. 2). Subcloning this
region resulted in locating catR on a 1,300-bp EcoRI-Clal
fragment upstream of carB. This 1,300-bp fragment, when
cloned into pKT240, fully complemented the catR mutation
(Fig. 2). pKT240 vectors containing the 816-bp EcoRI-Xhol
(pPKR900) or the 480-bp Xhol-Clal (pKRS500) fragment were
unable to complement PRS3026, confirming that catR ex-
tends into both of these fragments.

The DNA sequence of the 1,300-bp region was deter-
mined, and the results are shown in Fig. 3. The nucleotide
composition of this fragment is 66% G+C, which is very
typical for P. putida (32). Translation of the DNA sequence
in all six reading frames indicated that there is a probable
open reading frame of 867 nucleotides in a divergent orien-
tation from the catB gene (Fig. 2). The predicted catR
Shine-Dalgarno sequence (GGAGG) is located 114 bp up-
stream of the Shine-Dalgarno sequence (GGA) of the catBC
regulon. The total distance between these two translational
start sites is thus 140 nucleotides. This predicted open
reading frame potentially encodes a polypeptide of 32,200
daltons (Da) and corresponds to the protein molecular mass
observed on a sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gel from minicell analysis (see below). It is
interesting that another large open reading frame (1,377 bp)
was predicted in the same orientation and in the same
reading frame as catB. This open reading frame would start
676 nucleotides (bp 741 in the catR sequence [Fig. 3])
upstream from the catBC transcriptional start. However,
there is no obvious Shine-Dalgarno sequence for this open
reading frame, and no protein was observed in this orienta-
tion in E. coli minicells (below). It is therefore likely that this
1,300-bp region codes for only one polypeptide divergently
translated from the catBC operon.

Localization and transcriptional activation of the cafR pro-
moter. The promoter of catR was localized to the 480-bp

Xhol-Clal fragment by determining the level of streptomycin
resistance of P. putida PRS2000 harboring the pKT240
promoter probe vectors pKRS500, pKR1300, pKR900, and
pKR910. It has been previously shown (1, 3) that cloning a
fragment containing promoter activity upstream of the pro-
moterless aminoglycoside phosphotransferase gene present
in pKT240 will allow the host cells to grow with high
concentrations of streptomycin. Only pKR500 and pKR1300
conferred resistance to 2,000 pg of streptomycin to PRS2000
on BSM-benzoate plates. Both of these vectors have the
480-bp Xhol-Clal fragment (Fig. 1), which contains the
catR/catBC promoter region, cloned upstream of the pro-
moterless aminoglycoside phosphotransferase gene in the
orientation allowing transcription from the catR promoter.
Previous results (1, 3) showed that cloning this fragment in
the opposite orientation (pTAAXH) directing the catBC
promoter 5’ to the aminoglycoside phosphotransferase gene
resulted in PRS2000 cells conferring streptomycin resistance
up to 8,000 ug/ml on BSM-benzoate plates. pKRS00 was
further subcloned as a 385-bp Xhol-PstI fragment, desig-
nated pKR400, which also allowed the PRS2000 host to grow
in the presence of 2,000 pg of streptomycin per ml on
BSM-benzoate plates.

On BSM-glucose plates, PRS2000 cells harboring pKR500
or pKR400 were unable to grow with streptomycin concen-
trations greater than 250 pg/ml. In addition, pKR500 and
pKR400, like p TAAXH, were unable to confer streptomycin
resistance to E. coli C600 cells, which normally lack catR.
Neither pKR900 nor pKR910, with the 816-bp EcoRI-Xhol
fragment cloned in either orientation, was able to confer
resistance to more than 250 pg of streptomycin per ml to
PRS2000 on BSM-benzoate or BSM-glucose plates. None of
the constructs enabled PRS3026 to grow on BSM-glucose or
BSM-benzoate plates containing more than 500 pg of strep-
tomycin per ml when mobilized into the catR mutant
PRS3026.

Expression of CatR. Several E. coli T7 expression vectors
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catB S0 +1
QATTGTTGCC RGGTCCCGTT GTTTCGGGCT GCCAGCCGCG GGCCCGAGTG GTGCATTTAC TTGCITGTTC

-10 -35 SD
AAGGATTGCG CGAGACCCTG ATAGCCGICC ARTATCGART GARTCTCCCA CCATACCCTG_GAGGTCTG

catR
glg-cns-cts-csc-cnc-rrc-csr-rnc-rtc-ans-stc-crc-scc-ona-ncc-c1s-nac-rrc-ncr-csc-
ast-glu-leu-arg-his-leu-arg-tyr-phe- lys-val -leu-ala-glu-thr-leu-asn-phe-thr-arg-

GCC-6CC-GAG-CTG-CTG-CAC-AT T-GCC-CAG-CCG-CCG-CTG-AGC-CG6-CAG-ATC-AGC -CAR-CTC-GAG-
ala-ala-glu-leu- leu-his-ile-ala-gln-pro-pro-leu-ser-arg-gin-ile-ser-gin-leu-giu-

GAC-CAG-C TC-GGT -ACC-TTG-CTG-GTA-GTG-C6C-GAG-CGC-CCG-CTG-C66-C TG-ACA ~GAG-GCG-GG T~
asp-gin-leu-gly-thr-leu-leu-val-val-arg-glu-arg-pro-|eu-arg-teu-thr-glu-ala-gly-

CGC-TTC-TTC-TAC -GRA-CAG-AGC-TGC-ACC-GTG-CTG-CAG-C T6-CRG-AAC-ATC-RGC -GAC-AAC-ACC-
arg-phe-phe-tyr-glu-gln-ser-cys-thr-val-leu-g! n-leu-gIn-asn-ile-ser-asp-asn-t hr-

CGT-CGC-ATT-GGC -CAG-66C-CAG-CGC-CAG-TGG-CTG-66G6-ATC-66C-TTC-GCC-CC6-TC6-RCC-CTG-
arg-arg-ile-gly-gin-gly-gin-arg-gln-trp-leu-gly-ile-gly-phe-ala-pro-ser-thr-leu-

TAC-ARG-GTG-CTG-CCG-GRG-CTG-ATC-CGC-GAG-CTG~C6C-CRG-GAC-AGC-GAG-CTG-GAR-CTG-66C-
tyr-lys-val-leu-pro-glu-leu-ile-arg-glu-leu-arg-gin-asp-ser-glu-leu-glu-leu-gly-

CTC-ARC-GRG-ATG-ACC-ACG~CTG-CAG-CARG-GTG-GAG-G6CG-C T6-RAR-AGC-GGG-CGC~-ATC-GAC-ATC-
leu-asn-g lu-set ~thr-thr-leu-gin-gin-val-glu-ala-leu-lys-ser-gly-arg-ile-asp-ile-

GCC-TTC-666-CGC-ATT-CGC~-ATC-GRT-GAC-CCG-GCG-ATT-CAC-CAR-CAR-GTG-CTG-TGC-GAG-GAC-
ala-phe-giy-arg-ile-arg-ile-asp-asp-pro-ala-ile-his-gin-gin-val-leu-cys-glu-asp-

CCG-CTG-6T6-6C6-6TA-TT6-CCC-ARG-GAT-CAC-CCG-CTG-GCG-AGC -AGC-CCG-CTT-ACA-CTT-GCC-
pro-leu-val-ala-val-leu-pro-lys-asp-his-pro- leu-ala-ser-ser-pro-leu-thr-leu-ala-

CAG-CTG-GCT-GGC -GAG-6CG-TTC-ATC-CTC-TAC-CCG-GCC-RAC-CCG-C66-CCC-RGC-TAT-GCC-GAC-
gin-leu-ala-gly-glu-ala-phe-ile-leu-tyr-pro-ala-asn-pro-arg-pro-ser-tyr-ala-asp-

CAT-GTG-CTG-GCA-CTG-TTC-GCC-CAC-CAC-GGC-ATG-AGC-ATC-CAC-GTC-AGC-CAA-TGG-GCC-AAC-
his-val-leu-ala-leu-phe-ala-his-his-gly-aet-ser-ile-his-val-ser-gin-trp-ala-asn-

GAR-CTG-CAG-RCC-6CC-ATC-GGC-CTG-6T6-6CC-GTC-G6C-6T6-66C-GT6-ACC-CT6-6T6-CCG-GC6-
glu-leu-gin-thr-ala-i le-gly-leu-val-ala-val-gly-val-gly-val-thr-leu-val-pro-ala-

TCG-GTG-CAR-CAG-CAG-CAC-CGC-RCC-GAT-ATC-GAR- TAT-G TR-AGC -CTG-C TC-GAC -AGC-G6C-6CC-
ser-val-gin-gin-gin-his-arg-thr-asp-ile-glu-tyr-val-ser-leu-leu-asp-ser-gly-ala-

GTC-RGC-CCG-ATC-ATC-CTC-AGC-CGG-C6C-ARG-GGC-GAT-6TG-AGC ~-CCG-ATC-GTG-CAG-CGC-TGC-
val -ser-pro-ile-ile-leu-ser-arg-arg-lys-gly-asp-val-ser-pro-ile-val -gin-arg-cys-

CTG-ACA-TTG-AT T-GCA-CAR-CAG-GCC -GAR-TGA
leu-thr-leu-ile-ala-gin-gin-ala-glu-TER

GGGCGCGCTC CTGGARTCAR  CGGTCTGGCT

AARCACCTGC CCCCTGTGGG AGCGGGTTCA CCCGC6

J. BACTERIOL.

FIG. 3. Nucleotide sequence and translation of catR. The top number in each line indicates the nucleotide number starting with the AUG
of catB; the bottom number indicates the amino acid number of the CatR protein. The promoter region of catBC operon is indicated by the
underlined —35 and —10 region. The transcriptional start site of catBC at +1 is also underlined. The Shine-Dalgarno sequences for both the
catB and catR genes are indicated, and the initiation codons are shown (— and «).

were constructed to analyze both CatR production and to
determine the role of the control region in catR expression
(Fig. 4). The results of the minicell analysis (Fig. 4) indicated
that catR does encode for a polypeptide of approximately 30
kDa, which is in agreement with the predicted size by DNA
sequence analysis (32.2 kDa). The catR gene is expressed in
the opposite orientation from the catBC operon, as CatR-
specific protein is detected only from the pT7-6 constructs
and not from pT7-5 constructs. In addition, when the
catRBC insert from pTA3 was used, maxicell analysis
showed only the expected production of CatB and CatC
(unpublished resuits). This indicated that the predicted open
reading frame starting from within the catR gene and reading
through catB does not code for a functional protein. The two
other protein bands seen on the gel, in the pKRT6-2 lane

(Fig. 4), likely correspond to a readthrough product and a
truncated protein, both artifacts of expressing a P. putida
gene in an E. coli system. It is possible that a hairpin
structure forms in the RNA with the sequence CGGCGTCG
GTGCAAC AGCAGCUCCGCUCCG (the underlined ribo-
nucleotides indicate potential secondary structure) located
in the C-terminal region 5’ to Pro-239. This high-GC-content
hairpin region may be difficult for the E. coli transcriptional
machinery to read, resulting in a truncated protein. Very
little catR gene product can be detected from the pKRT6-1
clone, which contains the structural gene of catR as well as
the catR/catBC promoter control region. This interference in
protein production suggests that the control region plays a
role in autoregulation of the catR gene.

Binding studies and autoregulation. In order to determine
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FIG. 4. (a) Minicell analysis using pT7-5 and pT7-6 vectors and
catR clones without (—) and with (+) heat induction as described in
the text. Molecular mass markers are shown on the left (in kilodal-
tons). Bold arrow on the right shows the approximately 30-kDa
major protein product produced from the carR gene from induced
cells. (b) Restriction map of catR clones used in minicell analysis as
well as binding studies and dot blot analysis. Symbols: GEB. T7
®-10 promoter; ——, pKT240 vector DNA from cloning; [,
catRBC promoter control region; WM, structural gene for catR;
«w  deletions. Abbreviations for restriction sites are the same as in
Fig. 1.

whether the 30-kDa polypeptide expressed from pKRT6-2
binds with the catR/catBC control region, gel retardation
experiments were conducted. The results strongly suggest
that the CatR protein binds the promoter control region, as
indicated by the retarded band seen only in the binding
reactions containing the CatR protein (Fig. Sa and b). The
amount of binding was greatly reduced when extracts from
cells harboring pKRT6-1 were used, even though the protein
concentration was equivalent in each sample. This supports
the notion that catR gene expression is autoregulated by the
promoter control region. As expected, no binding was seen
with extracts from cells harboring pKRT6-2, a deletion
mutant of catR (Fig. 3). CatR specifically binds the 485-bp
control region, as shown by competition binding reactions
(Fig. 5b). When nonradioactive supercoiled plasmid
pKRS500, which contains the control region, was added to the
binding reaction in excess of the 3?P-labeled DNA, the
amount of protein bound to the radioactive probe was
greatly reduced. This effect was not seen when cold vector
DNA was added to the reaction (results not shown). In
addition, CatR was able to bind the control region with or
without the inducer cis,cis-muconate (results not shown).
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FIG. 5. (a) Binding analysis using E. coli extracts from cells
harboring the catR clones depicted in Fig. 3. The lane labeled DNA
is the control with no crude extract added. Lane 1 in each set shows
the result when the probe was incubated with S pg of a crude
extract, as indicated at the top, and lane 2 shows the result obtained
with 10 ug of the same crude cell extract. (b) Lanes 1, Result
obtained with 10 pg of crude cell extract; lanes 2, result obtained by
incubating the probe with both 10 pg of crude cell extract and a
15-fold excess of cold supercoiled DNA containing the catRBC
promoter-control region. In both panels the lower arrow indicates
the unretarded band and the upper arrows indicate the gel-retarded
band.

The presence of cis,cis-muconate apparently does not affect
the level or amount of CatR binding.

As mentioned above, catR expression may be autoregu-
lated by the interaction of CatR at the promoter control
region. Binding CatR to this region affects the level of
mRNA synthesis, as seen by the dot blot analysis (Fig. 6).
RNA isolated from cells harboring pT7-6, pPKRT6-1, pPKRT6-
2, or pKRT6-3 was probed with 3?P-labeled catR-specific
DNA. The amount of catR mRNA transcribed from pKRT6-
2 appeared to be much higher than that transcribed from
pKRT6-1. Analysis of transcription in the absence of a
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FIG. 6. Dot blot analysis. The amount of RNA probed for each
clone is indicated. The 816-bp EcoRI-Xhol fragment from pKR900
was labeled with 32P and used as a probe.
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FIG. 7. Amino acid homology between CatR, TfdS, LysR, and
Trpl for the first 180 amino acid residues. Boxed areas indicate
amino acid similarities. The large boxed area in the amino-terminal
region (top) indicates the helix-turn-helix motif. The only conserv-
ative amino acid changes that were allowed were L =1 =V =M,
D=E,R=K,H=Q,S=T,andF=Y.

functional CatR protein, using pKRT6-3, indicated that
mRNA production is nearly equal to that from pKRT6-2.
These results confirm that CatR binding to the catR/catBC
promoter control region interferes with the transcription of
catR. However, since transcription initiation was directed
from the T7 promoter in this analysis, homologous experi-
ments need to be done with P. putida to prove that CatR
binding regulates transcription from the catR promoter.

Homology study. With the FASTP (28) protein comparison
program and the Swiss-Prot Protein Sequence Data Bank,
CatR revealed considerable homology to a number of pro-
teins in the LysR regulatory family (Table 2). The highest
homology scores included the following seven protein prod-
ucts, in order of homology: Alcaligenes eutrophus tfdO,
renamed tfdS (37, 44; Kaphammer and Olsen, Abstr. Annu.
Meet. Am. Soc. Microbiol. 1989); E. J. Perkins, personal
communication); E. coli ilvY (46); E. cloacea ampR (24); S.
typhimurium metR (38); E. coli lysR (43); cysB from E. coli
and S. typhimurium (35); and E. coli leuO (21). When only
the N-terminal region (50 or 75 amino acids) of CatR was
used to search the data bank for homologous proteins, the
following two additional LysR family members showed
significant homology: E. coli antO (21) and Rhizobium
meliloti nodD (14).

The amino acid comparison between CatR, Trpl, TfdS,
and LysR within the first half of the proteins is shown in Fig.
7. There is considerable homology, about 52%, between the
first 150 amino acids of the CatR protein and that of TfdS.
This contrasts with the homology seen with LysR and Trpl
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TABLE 2. Percent homology between CatR and other
proteins of the LysR family

% Homology for first % Homology for

Protein > s i
compared 75 residues entire protein
with CatR  ygentity  Similarity®  Identity® Similarity-®

TfdS 49.3 56.0 ND¢ ND

vy 48.0 57.3 23.9 31.5

AmpR 31.0 40.0 16.6 28.0

MetR 34.7 42.7 23.5 33.2

LysR 34.7 44.0 239 30.8

CysB 36.0 48.0 21.0 33.2

NahR 24.0 36.0 15.0 25.0

NodD 21.0 30.0 13.8 21.5

Trpl 30.6 453 15.0 25.0

“ The only conservative amino acid changes that were considered in
determining similarity were L=1=V=M,D=E,R=K,H=Q,S=T,
and F=Y.

# Only the number of amino acids which overlapped with the length of CatR
(289 amino acids maximum) was used in calculating the overall percent
identity and similarity.

€ ND, Not done (C-terminal region of TfdS has not been completed).

(36 and 33%, respectively), which is mainly limited to the
first 60 amino acids of the N-terminal region. This homolo-
gous region contains the helix-turn-helix motif conserved in
all of the LysR family proteins. Amino acid identity or
similarity for the amino terminal region was quite high
between CatR and all 10 LysR family members analyzed
(Table 2), with an average of 40% identity and 50% similar-
ity. However, comparison of the entire CatR protein with
other members of the family showed on average only a 19%
identity and a 30% similarity. The higher homology seen
between CatR and TfdS within the first 150 amino acids
compared with other members of the family suggests that
these proteins evolved from a common ancestor.

DISCUSSION

A regulatory gene product, designated CatR as proposed
by Wu et al. (50), is required for transcriptional activation of
the catBC operon in the presence of the inducer cis,cis-
muconate. In this paper, we describe the cloning of catR,
which was localized to a 1,300-bp region upstream of the
catBC operon by its ability to complement the catR mutant
PRS3026. From DNA sequence analysis we predicted that
the catR gene encoded a protein of 32.2 kDa translated in a
divergent orientation from the catBC operon, and this was
confirmed by minicell analysis. The amino acid sequence of
the CatR protein showed significant homology to a number
of other regulatory proteins of the LysR regulatory family
(21).

Members of the LysR regulatory family have several
common features. All are approximately 30 kDa in size and
have a helix-turn-helix motif in the N-terminal region impli-
cated in binding DNA sequences (13, 36). These regulatory
proteins are often translated in a divergent orientation from
the operons they regulate, two exceptions being CysB from
E. coli and S. typhimurium (35) and the recently reported
OxyR from E. coli and S. typhimurium (11). Most appear to
be positive regulators, and many have been shown to regu-
late their own expression (11, 27, 30, 40, 41, 43, 47). This
mode of gene regulation does not appear to be limited to
gram-negative bacteria, as a LysR family member (MleR)
required for malolactic fermentation has been isolated from
the gram-positive bacterium Lactococcus lactis (39). This
implies that this family of regulatory proteins represents a
very general mechanism for gene regulation.
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Although the precise molecular mechanism for gene reg-
ulation by members of the LysR family is unknown, activa-
tion is mediated by protein binding to the promoter-control
region of the genes they regulate (8, 23, 27, 42, 47, 52). A
number of proteins, including Trpl, NahR, NodD, AmpR,
and IlvY, are known to bind a specific DNA sequence within
the intercistronic region; however, there appears to be no
consensus DNA-binding site among the target DNAs. As
with other LysR members, gel retardation studies using
CatR showed that the target for DNA binding is within the
promoter-control region. Although the exact DNA sequence
for CatR binding has not been determined, it has been
localized to a 385-bp region which includes the 140-bp span
between the translational start sites of the catR and catBC
regulons. Since CatR also regulates catA expression, it
would be predicted that a second binding site exists up-
stream of the catA coding region. To determine whether
CatR binding overlaps the catR or the catBC promoter,
additional studies need to be conducted, including mRNA
mapping to determine the transcriptional start site as well as
footprinting analysis. These types of studies are under way.
In addition, mutational analysis will help determine the exact
contact sites that exist between CatR and its target DNA
sequence.

Like many of the LysR regulatory proteins, CatR binds to
its promoter-control region in the presence or absence of
inducer. In the presence of an inducer molecule, the binding
conformation presumably alters, priming the DNA for tran-
scription initiation (21, 47). Binding studies using TrpI and its
target DNA support the idea of a conformational change in
binding when an inducer is present (M. Chang and I. P.
Crawford, Abstr. Annu. Meet. Am. Soc. Microbiol. 1988,
H-98, p. 186). In the absence of its inducer (indoleglycerol
phosphate), Trpl binds upstream of the trpBA operon, over-
lapping its own promoter region. The binding pattern alters
in the presence of inducer so that the protected region
extends downstream towards the fzrpBA promoter region.
Conformational changes in binding are also indicated by an
altered footprint pattern of IlvY and its target DNA in the
presence of inducer (46, 47). However, alteration in binding
patterns is not always indicated by gel retardation or foot-
printing analysis, as it is with NahR and AmpR (27, 41).
Further investigation of protein-DNA interaction using CatR
and other LysR family members is required to clarify this
discrepancy.

The proposed conformational change in binding of the
regulatory protein to the target DNA is mediated by inducer
interacting with the regulatory protein. This interaction
likely occurs within the C-terminal region of the regulatory
protein, as indicated by studies on several NodD regulatory
proteins (25). Only circumstantial evidence exists because of
the divergence in amino acid homology that is found at the
C-terminal region among members of the LysR family.
Because this region contains a unique primary structure, it is
a likely candidate for interaction with an individual inducer
molecule. It is interesting that there are large regions of
amino acid similarities in the C-terminal region between
CatR and CIcR, the regulatory protein needed for induction
of the genes required for 3-chlorocatechol degradation (un-
published results). This is not surprising, as the likely
inducer for the clcABD operon is 2-chloro-cis,cis-muconate,
which structurally resembles cis,cis-muconate. Because
TfdS regulates a similar degradative pathway, a comparison
of CatR with TfdS may also show a high degree of homology
within the C terminus.

In addition to regulating structural genes required for both

P. PUTIDA catR ACTIVATOR 929

biosynthesis and degradation, LysR proteins have been
shown to regulate their own expression. As mentioned
above, in many cases the target DNA-binding site overlaps
with the promoter of the regulatory gene. Therefore, binding
the regulatory protein to this site represses its own gene
transcription and leads to the activation of the structural
gene in the presence of inducer (21). The advantages of gene
regulation using divergent promoters have been recently
reviewed (6). The transcriptional studies done with E. coli
suggest that CatR regulates its own expression. Although the
promoter of the catR gene has not been determined, the
proximity of the transcriptional start site of catB with the
translational starting codon for CatR strongly suggests that
the two divergent promoters overlap one another. The
reduced protein level seen in minicell analysis and the
reduced RNA level seen in dot blot analysis when both CatR
and its binding site are intact suggests that CatR is autoreg-
ulated. When the binding site is deleted or when CatR is
nonfunctional, both protein and RNA levels increase. These
experiments, however, need to be repeated in P. putida with
a reporter gene to measure catR transcription.

There may be additional regulation of catR transcription,
as indicated by the plating experiments using pKT240 as a
promoter probe. Preliminary results indicate that transcrip-
tion from catR can be activated. In the absence of benzoate,
PRS2000 cells harboring pKR400 were unable to grow on
streptomycin levels above the background level, whereas in
the presence of benzoate, cells could grow on up to 2,000 pg
of streptomycin per ml. This indicates that catR is not
constitutively expressed, at least not at a level that can be
detected by the promoter probe pKT240. Experiments are
under way to repeat this analysis with a more sensitive
promoter probe containing a B-galactosidase gene so that the
product can be assayed. This apparent activation may also
depend on the presence of the CatR protein itself, as high
levels of streptomycin resistance were not seen in PRS3026.
Additional factors or protein products may be required for
the regulation of the catR gene itself. Transcription of other
LysR proteins has been shown to be regulated. For example,
metR not only regulates its own expression but is also
repressed by the product of the metJ gene (8, 30). It is
possible that the level of CatR within the cell is precisely
controlled by dual regulation. Further studies need to be
conducted to determine how catR itself is regulated.

There are now over 20 proteins that have been grouped
into the LysR family on the basis of their amino acid
homology to one another. It is becoming increasingly appar-
ent that there are subgroups within the family which show
more homology to one another than to other members. For
instance, NahR and NodD are very homologous to one
another and bind to DNA in a region of sequence homology
(41). CatR appears to be part of a subgroup consisting of
CatR, TfdS, and CIcR. The amino acid sequence homology
throughout the length of these proteins is striking, and they
therefore likely evolved from a common ancestor. Future
experiments will be geared towards determining how much
functional homology has been preserved between these
proteins in hopes of understanding how these proteins have
evolved to perform their particular role in regulating cata-
bolic genes. It will also be of interest to determine what
changes were made in the protein sequence to enable these
regulatory genes to be activated by similar but different
inducers. Understanding how proteins have evolved to ac-
commodate new substrates will be invaluable for developing
organisms that have expanded substrate ranges for degrad-
ing more complex and toxic compounds.
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