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On the basis of the constitutive phenotypes of two catM mutants of Acinetobacter calcoaceticus, the CatM
protein was proposed to repress expression of two different loci involved in catechol degradation, cat4 and
catBCIJFD (E. Neidle, C. Hartnett, and L. N. Ornston, J. Bacteriol. 171:5410-5421, 1989). In spite of its
proposed negative role as a repressor, CatM is similar in amino acid sequence to positive transcriptional
activators of the LysR family. Investigating this anomaly, we found that insertional inactivation of catM did not
cause the phenotype expected for the disruption of a repressor-encoding gene: in an interposon-generated catM
mutant, no cat genes were expressed constitutively, but rather cat4 and catB were still inducible by muconate.
Moreover, this catM mutant grew poorly on benzoate, a process requiring the expression of all cat genes. The
inducibility of the cat genes in this catM mutant was completely eliminated by a 3.5-kbp deletion 10 kbp
upstream of catM. In this double mutant, catM in trans restored muconate inducibility to both cat4 and catB.
These results suggested the presence of an additional regulatory locus controlling cat gene expression. The
ability of CatM to function as an activator was also suggested by these results. In support of this hypothesis,
in vivo methylation protection assays showed that CatM protects two guanines in a dyad 65 nucleotides
upstream of the catB transcriptional start site, in a location and pattern typical of LysR-type transcriptional
activators. Gel mobility shift assays indicated that CatM also binds to a region upstream of cat4. DNA
sequence analysis revealed a nucleotide near the 3’ end of catM not present in the published sequence.
Translation of the corrected sequence resulted in the deduced CatM protein being 52 residues longer than
previously reported. The size, amino acid sequence, and mode of action of CatM now appear similar to, and
typical of, what has been found for transcriptional activators in the LysR family. Analysis of one of the
constitutive alleles of catM previously thought to encode a dysfunctional repressor indicated instead that it

encodes an inducer-independent transcriptional activator.

In the soil bacterium Acinetobacter calcoaceticus, the catM
gene regulates all of the car genes needed for catechol degra-
dation via the B-ketoadipate pathway (Fig. 1) (28). The cat
genes include catA4, encoding catechol 1,2-dioxygenase, which
converts catechol to cis,cis-muconate (CCM), and the catBCIJFD
genes, encoding enzymes for the formation of tricarboxylic acid
cycle intermediates from CCM. These genes are clustered on
the A. calcoaceticus chromosome, with catM and two open
reading frames separating cat4 from the catBCIJFD genes
(Fig. 2) (33). In the wild-type strain, cat gene expression is
induced by CCM, which increases the levels of cat-encoded
enzymes by approximately 300-fold (2). However, mutants in
which some or all of the cat genes are constitutively expressed
have been isolated. In one such mutant, ADP163, a point
mutation that substitutes His for Arg-156 of CatM was found
to cause constitutive expression of all of the car genes. This
observation and constitutive cat4 expression in the catM-catB
deletion strain ADP205 contributed to the hypothesis that
CatM was a transcriptional repressor of the cat genes (28).

In amino acid sequence alignments, the amino-terminal re-
gion of CatM aligns well with those of several members of the
LysR family of transcriptional activators. In this region, which
appears to be involved in the specific binding of the regulators
to their target DNA sequences (41), approximately 30% of the
CatM residues are identical to those of other LysR proteins
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(47). The carboxy-terminal region of CatM, however, did not
align well with those of other LysR proteins, in part because
CatM appeared to be significantly shorter than all other family
members (12, 41). Additional analyses of LysR proteins iden-
tified a region likely to be involved in inducer-compound rec-
ognition and/or binding (41). Although an inducer is normally
necessary for transcriptional activation, several mutations
cause the production of inducer-independent LysR activators.
Single amino acid substitutions near residue 150 of several
LysR proteins lead to constitutive expression of the target
genes (41). Because this position is close to that of the substi-
tution which causes constitutive gene expression in the catM
mutant ADP163, we reconsidered the roles of the wild-type and
mutant CatM proteins in the regulation of cat gene expression.
Analysis of an A. calcoaceticus mutant in which we inacti-
vated catM by interposon insertion clearly showed that CatM
does not repress its regulated targets. Other experiments, in-
cluding in vivo footprinting to localize the CatM binding sites
within the regulated catB promoter, suggested that CatM, like
most other LysR-type proteins, functions predominantly as a
transcriptional activator. Consistent with this role of CatM,
catM of ADP163 was found to encode an inducer-independent
transcriptional activator. During these analyses, we obtained
evidence for an additional cat gene regulator whose presence
may have obscured the role of CatM in previous studies.

MATERIALS AND METHODS

Bacterial strains and plasmids. A. calcoaceticus strains and plasmids are
described in Table 1 and Fig. 2. Bacteria were cultured in Luria broth (LB) and
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FIG. 1. Metabolites, structural genes, and enzymes associated with dissimi-
lation of benzoate via the B-ketoadipate pathway. CoA, coenzyme A.

minimal media at 37°C as previously described (39, 43). All A. calcoaceticus
strains were derived from BD413 (15, 16), which we designate ADP1. The
following Escherichia coli strains were used as plasmid hosts: JM83 (50), IM101
(50), S17-1 (44), MC1061 (48), and SK6501 (9). For interposon mutagenesis, we
used either the 2-kbp ) fragment (QS) from pHP45 (36) which encodes resis-
tance to streptomycin (Sm") and spectinomycin (Sp") or the 2-kbp ) fragment
(QK) of pUI1637 (7) encoding kanamycin resistance (Kn"). Plasmids carrying O
cartridge cat gene disruptions were linearized with restriction endonucleases and
used for specific alteration of the A. calcoaceticus chromosome as previously
described (28). Plasmid pRA3030 was generated by transposon mutagenesis of
E. coli SK6501(pIB25) with lambda B20 Tn5::lacZ (9, 45). The location of lacZ
was determined by restriction digest analysis.

DNA manipulations and Southern analysis. Chromosomal and plasmid DNA
purifications, subcloning, transformations, and Southern hybridization analyses
were performed by standard methods (39). DNA probes for Southern hybrid-
ization analyses were labeled with digoxigenin by random priming, and probes
were detected with anti-digoxigenin alkaline phosphatase conjugates and chemi-
luminescent substrates according to the instructions of the Genius System
(Boehringer Mannheim Corp., Indianapolis, Ind.).

CatA and CatB assays. Cultures were diluted 1:3 in fresh LB medium and
grown for 2 to 3 h in the presence or absence of inducers, 3 mM benzoate, or 3
mM CCM. Cell extracts were prepared by sonication (43), and protein concen-
trations were determined by the method of Bradford (1), with bovine serum
albumin as the standard. Catechol 1,2-dioxygenase, encoded by cat4, and mu-
conate-lactonizing enzyme, encoded by catB, were assayed spectrophotometri-
cally by monitoring the increase or decrease in CCM concentration, respectively,
as indicated by A, (31, 32).

B-Galactosidase assays. E. coli cells were harvested after reaching an A4, of
0.6, washed once, and suspended with buffer containing 10 mM Tris-HCI (pH
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FIG. 2. Physical and genetic map of the chromosomal A. calcoaceticus ben-
cat region. The locations of genes are shown relative to some of the known
restriction endonuclease sites: EcoRI (RI), EcoRV (RV), HindIII (H), Kpnl (K),
Sall (S), and Sphl (Sp). Arrows indicate transcriptional directions. The position
of the Kn" cassette inserted upstream of benA is indicated (Q2K), as is the position
of the Sm" Sp” cassette inserted in catM (€2S). The positions of the 1.5-kbp
catM-catB deletion (Sp. . .A. . .Sp) and the 3.5-kbp ben deletion (K. . .A. . K) are
indicated.

7.6), 8 mM MgSO,, and 1 mM K,PO,. Cell suspensions were sonicated twice for
30 s at 4°C, and cell debris was removed by centrifugation. Cell supernatant
extracts were assayed for B-galactosidase activity as described by Miller (26), and
protein concentrations were determined by the method of Kalb and Bernlohr
7).

DNA sequence analysis. The DNA sequence of pIGG9 was determined with a
double-stranded plasmid template and an ABI373A automated DNA sequencer
(Applied Biosystems, Inc., Foster City, Calif.). DNA sequences were analyzed
with programs of the Wisconsin Genetic Computer Group (GCG) (6) or the IG
molecular biology software system (IntelliGenetics, Inc., Mountain View, Calif.).

Gel retardation DNA-protein binding assays. DNA-protein complexes were
analyzed by gel electrophoresis as described by Fried and Crothers (8), with the
modifications of Schell and Poser (42) being used, except that the incubation
buffer (10 mM Tris-HCI [pH 7.6], 1 mM EDTA, 50 mM KCl, 5 mM dithio-
threitol) contained 0.3 mg of bovine serum albumin per ml and 0.4 mg of
sonicated salmon sperm DNA per ml. Cell extracts were prepared, and protein
content was determined as described above for the B-galactosidase assays, except
that incubation buffer was used for cell sonication. Restriction fragments used as
binding substrates were purified by polyacrylamide gel electrophoresis. DNA was
removed from gel fragments by electroelution and then labeled with Klenow
fragment and [a-3?P]dATP (39). The labeled DNA fragments (4,000 cpm per
reaction) were mixed with 0.1 to 2.5 pg of cell extract protein in a total volume
of 15 wl, incubated at 37°C for 15 min, and then electrophoretically separated on
6% polyacrylamide gels. DNA migration was monitored by autoradiography.

Determination of the catB transcription start site by primer extension. Total
A. calcoaceticus RNA was isolated as described by Williams and Rogers (49), and
the 5’ ends of the cartB mRNA transcripts were mapped as described by Delic et
al. (5). The oligonucleotide primer, 5'-TCCACTGATTTATACATCGG-3'
(primer B), was complementary to the first 17 nucleotides of the catB coding
sequence as well as 3 nucleotides upstream of the ATG translational start codon.
This primer was labeled at its 5’ end with [y-**P]JATP and T4 polynucleotide
kinase (39). The oligonucleotide (2 X 10° cpm) was annealed with 50 ug of RNA
in 20 pl of 50 mM Tris-HCI (pH 8.0) and 100 mM KClI after the mixture was
heated at 90°C for 1 min, 60°C for 2 min, and then 4°C for 15 min. The resultant
hybrids served as templates in extension reactions at 42°C for 50 min with 10 U
of avian myeloblastosis virus reverse transcriptase, 0.5 mM deoxynucleoside
triphosphates, and 6 U of RNasin ribonuclease inhibitor (Promega Corp., Mad-
ison, Wis.) (39). The same labeled oligonucleotide was used in parallel dideoxy
chain termination sequencing reactions with pRA316 template DNA to generate
a size standard sequence ladder. Products were analyzed on 5% polyacrylamide—
urea gels.

In vivo footprint analysis with DMS. Footprint analysis was carried out by the
method of Gralla (11) as modified by Huang and Schell (14). Recombinant
plasmids with the catB promoter of A. calcoaceticus were methylated with di-
methylsulfate (DMS) in vivo in E. coli strain JM83 in the presence and absence
of catM. Methylated plasmid DNA was purified and cleaved with piperidine, and
the cleavage products were analyzed by primer extension with Sequenase version
2.0 (U.S. Biochemical Corp., Cleveland, Ohio). A 3*P-labeled oligonucleotide,
5'-ATCTGAGGTGTCTTAGTTCC-3' (primer M), complementary to bases 2
to 22 of the catM coding sequence and a second labeled oligonucleotide (primer
B, described above for transcript mapping) were used for analysis of the sense
(bottom) strand and the antisense (top) strand, respectively.

Nucleotide sequence accession number. The corrected DNA sequence of catM
has been deposited with GenBank under accession number M76991.

RESULTS

Construction and characterization of catM insertion mu-
tants ISA13 and ISA35. Although the hypothesis that CatM
represses cat gene expression was consistent with the constitu-



Vou. 177, 1995

A. CALCOACETICUS CatM ACTIVATOR 5893

TABLE 1. Bacterial strains and plasmids

Strain or plasmid

Relevant characteristic(s)

Reference or source

A. calcoaceticus

ADP1
ADP163
ADP205
ISA13
ISA21
ISA35
ACNI10

Plasmids

pUC13 and pUC19
pTZ18U

pRK415

pIB15“ and pIB16”
pIB25°

pIB27¢

pIGG9

pIGG16

pIGG19

pRA316

pRA3030

pBACI12

Wild type (BD413) 15 and 16
pcaE3125 catM3102 28
A(catM-catB3205) 28
catM:: QS 4013 This study
A(benM-benC4021) This study
A(benM-benC4021) catM::QS 4013 This study
benM::QK 5008 A(catM-catB3205) This study
Ap" 50
Ap" 25
Tc* 20
1.3-kb HindIII catM fragment in pUC19 28
1.3-kb HindIll catM fragment in pRK415 28
1.3-kb HindIII catM3102 fragment in pRK415 This study
EcoRI-HindIII catM::QS fragment in pUC19 This study
EcoRI-EcoRV ben fragment with A(3.5-kb Kpnl) in pRK415 This study
Stul-HindlIII catM fragment in pUC19 This study
EcoRI-HindIIl catM-catB region in pTZ18U This study
catM::Tn5lacZ B20 in pIB25 This study
1.9-kb EcoRI-HindIII ben-::QK in pUC19 This study

“ catM allele transcriptionally controlled by the lac promoter of the vector.

b catM allele transcribed in the opposite orientation relative to that of the lac promoter of the vector.

tive phenotypes of two catM mutants, ADP163 and ADP205
(28), the possibility that CatM regulates by other mechanisms
could not be eliminated by previous studies. Whereas catA is
constitutively expressed in catM mutant strain ADP205, the
deletion also encompasses the catB gene, making the specific
role of catM in the resultant phenotype unclear. To further
evaluate the function of CatM, we inactivated the genomic
copy of catM by () interposon mutagenesis (36), leaving the
catBCIJFD gene cluster intact. First, we constructed pIGG?9,
which has a 2-kbp QS cartridge (a Sp” cassette with flanking
transcriptional and translational stop signals) inserted in the
Sphl site of catM (Fig. 2). The pIGG9 DNA was then linear-
ized with EcoRI and used to transform the wild-type strain
ADPI1. An Sp transformant, designated ISA13, was isolated,
and Southern hybridization analysis confirmed that in it, the
catM::Q)S allele replaced the chromosomal wild-type catM.

In contrast to the previous catM mutants, ISA13 did not
express the cat genes constitutively. The catM disruption only
slightly reduced the maximal expression of cat4A and catB in
response to CCM (Table 2). However, the ability of benzoate
or its metabolites to induce catB expression was reduced five-
fold by catM disruption (Table 2). This is consistent with the
reduced ability of ISA13 to metabolize benzoate. Whereas

both the wild-type strain and the constitutive mutant ADP163
utilize benzoate as the sole carbon source, each with a doubling
time of 60 to 90 min, the catM disruption of ISA13 resulted in
3.5 times slower growth on benzoate. These results suggested
that CatM does not negatively regulate expression of the cat
genes. In ISA13, the ability to induce cat4 and catB expression
appeared to be mediated by a regulator(s) other than CatM,
since as described below, the presence of a 3.5-kbp deletion 10
kbp upstream of catM in a catM-disrupted mutant eliminated
all inducible catA and catB expression.

Strains blocked in the metabolism of benzoate have been
used to show that benzoate itself induces cat gene expression
(29). In order to determine whether benzoate alone was re-
sponsible for CatA and CatB induction in ISA13 (Table 2), it
was necessary to block its metabolism to CCM. The benABC
genes, involved in the initial step of benzoate catabolism (30)
(Fig. 1), were first deleted from a ben gene-carrying plasmid by
the removal of a 3.5-kbp Kpnl fragment, generating pIGG16.
This ben deletion was transformed into the genome of ADP1
by linearizing pIGG16 with BamHI, mixing the DNA with
wild-type ADP1 cells, and screening the transformants for the
loss of the ability to utilize benzoate as the sole carbon source,
thereby generating strain ISA21. ISA21 was further trans-

TABLE 2. Inducible expression of cat4 and catB in the A. calcoaceticus wild type and catM mutants

Sp act (nmol/min/mg of protein) induced by growth with”:

Strain Relevant characteristic(s) No inducer Benzoate” CCM
CatA CatB CatA CatB CatA CatB
ADP1 Wild type <5 <10 393 190 167 230
ISA13 catM::QS 4013 <5 <10 237 43 93 193
ISA35 A(ben-benC4025) catM::QS 4013 <5 <10 <5 <10 <5 <10
ISA35(pIB25) catM in trans <5 <10 <5 <10 80 150

“ Values are averages of at least three repetitions, with standard deviations of <20%. Cells were grown in LB with either 3 mM benzoate or 3 mM CCM as an inducer.

> In ADP1 and ISA13, benzoate can be metabolized to CCM.
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formed to Sp" by the same method with linearized pIGG9
which contains the catM::QS allele. Southern hybridization
analysis confirmed that the genome of the resultant strain
ISA35 carries both the S insertion in catM and the ben de-
letion (including benABC and an additional 1-kbp region up-
stream of benA).

In addition to blocking the conversion of benzoate to CCM,
the ben deletion in ISA35 unexpectedly eliminated all induc-
tion of catA and catB by either benzoate or CCM (Table 2;
compare ISA35 to ISA13). This result suggests that a locus in
the deleted ben region controls the expression of catA4 and catB
in ISA13. In the absence of this regulatory locus, plasmid
pIB25, carrying only wild-type catM, restored the CCM induc-
ibility of both catA4 and catB but did not restore the induction
of catA by benzoate in strain ISA35 (Table 2). CatM, there-
fore, appeared to be responsible for transcriptional activation
of both cat4 and catB in response to CCM. These results
further argue against a role for CatM as a repressor of cat4
and catB expression.

Reanalysis of the catM DNA sequence. Previous DNA se-
quence data (28) implied both that the CatM protein was much
smaller than any other LysR-type regulator and that it lacked
conserved carboxy-terminal domains likely to be involved in
transcription activation (41). Therefore, the sequence of catM
near the published termination codon of the catM open read-
ing frame was again determined, with plasmid pIGG19 (Table
1) being used as the template. An additional C nucleotide was
found 17 nucleotides upstream of the original stop codon.
Starting at nucleotide 738, with position 1 being the first nu-
cleotide of the catM coding region, the sequence was found to
be TGCCATGG rather than the published TGCATGG. This
sequence correction predicts an Ncol recognition site at posi-
tion 740; the presence of this corrected sequence was con-
firmed by digestion of pIGG19 with Ncol.

This sequence correction resulted in the extension of the
catM open reading frame by 156 nucleotides and extension of
the deduced amino acid sequence by 52 residues. This new
303-residue CatM is very similar in size and sequence to other
LysR-type activators. In sequence alignments of CatM with
each of the LysR activators—CatR (37), TfdR (24), CIcR (4),
TcbR (46), and BphR (21)—the identity of the aligned resi-
dues ranged from 28 to 41% (similarity between 50 and 60%).
These proteins are involved in the regulation of aromatic com-
pound degradation by diverse bacteria, and each controls the
expression of genes that are either the same as or similar to
those regulated by CatM of A. calcoaceticus. CatM was most
similar to CatR of Pseudomonas species (13, 37), with the new
52 C-terminal CatM residues showing 45% similarity to those
of the homologous CatR region.

CatM specifically binds to the catM-catB intercistronic re-
gion and to a region upstream of cat4. To obtain additional
evidence that CatM directly activates transcription from the
catB promoter, we used gel retardation assays. A 313-bp
EcoRI-HindIIl fragment containing the catM-catB inter-
cistronic region (Fig. 3A) was end labeled with **P and incu-
bated with cell extracts of E. coli JM83 either carrying plasmids
with catM transcriptionally controlled by the vector’s lac pro-
moter (pIB15) or with catM in the opposite orientation relative
to the lac promoter (pIB16) or carrying no plasmid. The elec-
trophoretic mobility of the catM-catB intercistronic DNA frag-
ment was retarded only when it was preincubated with crude
extracts of catM-containing cells (Fig. 3B). Increasing concen-
trations of crude extracts from E. coli JM83(pIB15) or E. coli
JM83(pIB16) caused an increasing amount of the fragment to
show retarded mobility. Electrophoretic mobility shifts of the
labeled fragment were not significantly affected by 0.1 to 10
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FIG. 3. Gel retardation assays of CatM binding to the catM-catB intercis-
tronic region. (A) Restriction map of the 313-bp EcoRI-HindlIII fragment car-
rying 135 and 54 bp, respectively, of the catM and catB coding sequences and the
intergenic region. Arrows show the directions of catM and catB transcription and
the approximate location of the portions of the respective coding regions con-
tained on this fragment. The +1 indicates the transcript initiation site of catB.
Rectangles show fragments whose mobilities were shifted by CatM. (B) Auto-
radiogram following electrophoresis of the end-labeled EcoRI-HindIII fragment
incubated in a total volume of 15 wl with cell extracts (lane 1, no addition; lanes
2,5, and §, 0.1 ng of protein; lanes 3, 6, and 9, 0.3 pg of protein; lanes 4, 7, and
10, 0.9 ug of protein) from E. coli JM83 (pIB15) (lanes 2 to 4), JM83 (pIB16)
(lanes 5 to 7), and JM83 (lanes 8 to 10). A solid arrow marks the position of DNA
fragments which are retarded by incubation with cell extracts. (C) The EcoRI-
HindIII fragment was digested with Asel, end labeled, and incubated with 0 pg
(lane 1), 0.3 pg (lanes 2 and 5), 0.8 pg (lanes 3 and 6), and 2.3 pg (lanes 4 and
7) of protein from the same cell extracts as in panel B.

mM inducer CCM added to the binding reactions prior to
electrophoretic separations (data not shown). The lack of an
obvious effect of the inducer on apparent DNA binding by
CatM is consistent with behavior reported for other LysR
proteins that are transcriptional activators (41).

To further localize DNA sequences that specifically interact
with CatM, the 313-bp EcoRI-HindIIl fragment was digested
with Asel, and the mixture was >?P end labeled. The mixture of
the two labeled fragments was then incubated with the same
crude extracts described above. The 211-bp EcoRI-Asel frag-
ment showed retarded migration when it was incubated with
extracts from cells harboring plasmids with catM, indicating
that CatM binds to this fragment (Fig. 3C). Extracts from cells
carrying pIB15 show greater binding activity than those from
cells carrying pIB16, most likely because the A. calcoaceticus
DNA fragment is oriented so that the lac promoter of pIB15
drives catM expression. The lac promoter drives higher catM
expression than does the catM promoter alone, which appears
to be weakly expressed in E. coli. Protein binding to the 211-bp
EcoRI-Asel fragment was sequence specific, because migration
of the 102-bp Asel-HindIII fragment was unaffected by incu-
bation with any of the crude extracts tested (Fig. 3C).

To more precisely locate the sequence binding CatM, the
mixture of the labeled EcoRI-Asel and Asel-HindIII fragments
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FIG. 4. Mapping of the 5’ end of catB transcripts. Primer extension reactions
were carried out with a 3?P-labeled, catB-specific oligonucleotide (primer B) and
RNA from wild-type ADP1 grown in LB with either 5 mM benzoate (+, in-
duced) or 10 mM succinate (—, noninduced). The same oligonucleotide was used
to generate the sequencing ladder (lanes G, A, T, and C). The arrows show the
major cDNA products and indicate catB transcript initiation sites 26 to 28 bp
upstream of the catB ATG translation initiation codon on the coding strand.

was digested with Ddel and used as a binding substrate. Only
the 86-bp Ddel-Asel fragment (Fig. 3A) showed a mobility shift
dependent on preincubation with crude extracts containing
CatM (data not shown), indicating that the CatM binding site
in the catB-catM intercistronic region lies between the Ddel
and Asel sites. Similarly, a labeled fragment carrying 388 bp
between the Sspl and Sall restriction sites and ending 52 bp
upstream of the cat4 coding region was preincubated with cell
extracts of E. coli IM83(pIB15), and this retarded its electro-
phoretic mobility (data not shown). Preincubation with ex-
tracts from E. coli JM83 had no effect, indicating that CatM
also binds to a specific sequence upstream of catA.

Localization of the transcription start site and promoter of
catB. The results outlined above showed that CatM binds to an
86-bp region located 48 bp upstream of the catB translation
start site, a region also likely to contain the catB promoter. The
position of the CatM binding site relative to that of the pro-
moter elements should give insight into how it regulates catB
expression. Thus, we localized the catB transcriptional start
site by primer-extension techniques: total RNA was prepared
either from wild-type A. calcoaceticus cells induced for CatB
production by growth in LB with benzoate or from uninduced
cells grown in LB with succinate. RNA samples annealed with
a *?P-labeled, catB-specific primer served as templates for re-
verse transcriptase-mediated extension reactions. cDNAs were
detected only in the presence of RNA isolated from induced
cultures (Fig. 4), indicating that increased catB expression in
response to benzoate and/or its metabolic descendants occurs
at the transcriptional level. The majority of benzoate-induced
catB transcripts started between 26 and 28 nucleotides up-
stream of the ATG-methionine translational initiation codon
(Fig. 4).

In vivo interactions between CatM and nucleotides of the
catM-catB intercistronic region. Next, we used in vivo methyl-
ation protection analysis to define specific nucleotides involved
in CatM binding. DMS methylates the N-7 of guanines and, at
a lower rate, the N-3 of adenines; this methylation can be
dramatically inhibited or enhanced if the bases are interacting
with a protein (11, 40). The strength and position of such
interactions can be investigated by comparing the base cleav-
age products of target DNA treated with DMS in the presence
and absence of a DNA-binding protein.

Cultures of E. coli cells containing a plasmid with either the
catM-catB intercistronic region and the complete catM gene
(pIB16) or with the catM-catB intercistronic region and only
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FIG. 5. In vivo footprinting analysis of CatM binding to the catB promoter.
E. coli(pRA316) (CatM ™) and E. coli(pIB16) (CatM™) were grown in LB and
methylated with DMS. Plasmid DNA was purified and cleaved with piperidine,
and the fragments were analyzed by primer extension with labeled primer B for
the top strand (A) and labeled primer M for the bottom strand (B). For lanes O,
purified native pIB16 was first methylated in vitro with DMS. The G and A
numbers at the left indicate the positions of reactive guanines and adenines in
the promoter region relative to the transcript start site (+1). Solid arrows
indicate protected bases whose methylation was specifically inhibited by the
presence of CatM. The dotted arrows mark bases whose methylation was en-
hanced by the presence of CatM.

the first 135 bp of catM (pRA316) were treated with DMS.
Plasmid DNA was isolated and cleaved at methylated sites with
piperidine. Methylation patterns were determined by analyzing
the cleavage fragments by means of primer extension reactions
(Fig. 5). The presence of CatM specifically caused strong pro-
tection of a guanine at position —61 (relative to the +1 catB
transcription initiation site) on the antisense (top) strand (G-
61) (Fig. 5A). Similarly, a guanine and an adenine at —68 and
—67, respectively, on the sense (bottom) strand were protected
from methylation, again only in the presence of CatM (G-68
and A-67) (Fig. 5B). A guanine at position —56 (and possibly
one at —57) as well as several adenines between —66 and —62
showed increased methylation caused by the presence of
CatM.

These results indicated that CatM interacts with nucleotides
centered around position —65 of the catB promoter. This
CatM-binding region (—72 to —58) contains an interrupted
dyad (ATAC-N,-GTAT) whose position and methylation pro-
tection pattern are similar to those that have been observed for
other LysR-type transcriptional activators, including CatR and
CIcR, which control the aromatic degradation genes with a
similar function in Pseudomonas spp. (4, 34, 35, 41). Addition
of the inducer CCM to the E. coli cultures prior to methylation
with DMS did not consistently produce any new changes in the
protection pattern. However, the permeability of E. coli to
CCM is not known, and thus the effects of the inducer on CatM
interactions with its binding site remain unclear. Finally, gua-
nines at —10 and —9 on the antisense strand showed consistent
protection from DMS methylation only in the presence of
CatM.

CatM negatively autoregulates. The CatM binding site iden-
tified above is 23 bp upstream of the catM translational start
codon and thus is likely to be near the catM promoter. On the
basis of similarity to other LysR systems, we expected that the
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TABLE 3. Expression of cat4 and catB with wild-type or mutant
catM alleles in trans

Sp act (nmol/min/
mg of protein) of

Strain Relevant characteristic LB-grown cells”
CatA CatB
ADP163 catM3102 (constitutive allele) 153 927
ADP1 Wild type <5 <10
ADP1(pIB25)  Wild-type catM in trans <5 <10
ADP1(pIB27)  catM3102 in trans 103 333

“ Values are averages of at least three repetitions, with standard deviations of
<20% of the values shown.

binding of CatM at this site should reduce its own transcrip-
tion. To evaluate this, we analyzed the expression of a plasmid-
borne catM::lacZ fusion on pRA3030 in E. coli MC1061 both
in the presence and in the absence of catM on pIB15. The
B-galactosidase activity directed from the catM::lacZ fusion, 51
Miller units, was reduced by threefold to 15 Miller units when
catM was placed in frans. Thus, like many other LysR tran-
scriptional activators (41), catM is negatively autoregulated.

Explanation of the constitutive phenotypes of mutants
ADP163 and ADP205. All the data presented above are con-
sistent with the hypothesis that CatM acts as a transcriptional
activator. To determine how the point mutation in catM of
ADP163 caused high cat4 and catB expression in the absence
of inducers, we cloned the 1.3-kb HindlIlI fragment containing
this allele into a broad-host-range plasmid, forming pIB27. The
presence of pIB27 in frans in wild-type ADP1 caused consti-
tutive catA and catB expression (Table 3) consistent with the
idea that catM in ADP163 encodes a trans-dominant, inducer-
independent CatM activator, not an inactive repressor.

High CatA levels in catM-catB deletion mutant ADP205 had
been attributed to the deletion of catM (28), although here we
found that specific disruption of catM did not cause the same
effect. Because a regulatory locus in the ben region appeared to
affect catA expression in ISA13, we tested the possibility that
this region was involved in the constitutive expression of cat4
in ADP205. Interposon mutagenesis was used to disrupt the
putative regulatory locus: plasmid pBAC12 (Table 1) carrying
an QK cassette (7) immediately upstream of bend was linear-
ized and used to transform ADP205 to Kn'. Southern hybrid-
ization confirmed the presence of both the ADP205 catM-
catB3205 deletion and the ben::QK insertion in the resultant
strain ACN10 (Fig. 2). Constitutive expression of catA in
ADP205 was eliminated by introduction of the ben::QK inser-
tion; the specific activity of CatA (catechol 1,2-dioxygenase) in
LB-grown ACN10 was <5 nmol/min/mg of protein, compared
with a value of 250 nmol/min/mg of protein determined for
similarly grown ADP205 cultures. This suggests that CatM is
not the sole regulator of catA4, and therefore the constitutive
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phenotype associated with the catM-catB deletion results from
events other than the repression of cat4 by CatM. The possible
involvement of the catB deletion in causing the constitutive
catA expression of ADP205 is discussed below.

DISCUSSION

CatM activates cat gene expression. Three lines of evidence
demonstrated that A. calcoaceticus CatM is a LysR-type regu-
lator that activates, rather than represses, cat gene expression.
First, in a ben-deleted background, inactivation of catM caused
a loss of muconate-inducible catA4 and catB expression that was
specifically restored by catM in trans. Second, analysis of the
DNA-protein interactions of CatM with the catB promoter
showed that the position and DNA sequence of regions which
interact with CatM are characteristic of those involved in
LysR-type transcriptional activation. Third, the frans-dominant
nature of the ADP163 catM allele which causes constitutive cat
gene expression indicated that it encodes a mutant CatM pro-
tein that is an inducer-independent activator, not a dysfunc-
tional repressor.

Analysis of a revised catM DNA sequence showed that
CatM is a 303-residue protein, very similar in size and amino
acid sequence to many other LysR transcriptional activators.
Strong homology (41% identity and 60% similarity) to CatR, a
transcriptional activator of Pseudomonas sp. catB, a gene which
is isofunctional to A. calcoaceticus catB (13, 37, 38), was de-
tected. The DNA sequences of catM and catR are 45% iden-
tical, despite significant differences in G+C content; catM con-
tains 44% G+ C, in contrast to catR, which contains 65% G+C.
This degree of homology strongly suggests a common ancestry
for both genes. Both CatM and CatR appear to be members of
a subfamily of LysR activators, including CIcR (3, 4), TcbR
(46), TfdR (18, 24), and TfdS (19, 24). Members of this sub-
family regulate genes encoding muconate- or chloromuconate-
lactonizing enzymes and/or genes encoding oxygenases that act
on catechol or chlorinated aromatic compounds from Acineto-
bacter, Pseudomonas, and Alcaligenes species.

Sequences involved in the binding of many of these LysR-
type regulators to their target DNA regions have been identi-
fied (3). Characteristic of LysR-type binding sites is a T-N;;-A
motif and a small region of interrupted dyadic symmetry cen-
tered approximately 65 nucleotides upstream of the regulated
transcriptional start sites (3, 10). Exactly such a sequence,
ATAC-N,-GTAT, is present at the A. calcoaceticus catB pro-
moter in the region identified by in vivo footprinting as the
likely CatM recognition and binding site (Fig. 6). This se-
quence is nearly identical to those proposed as the binding
sites of CatR, CIcR, TfdR, and TcbR (3, 22, 35). Additionally,
the two guanines of the dyad which we showed by in vivo
footprinting to be involved in the binding of CatM to the A.
calcoaceticus catB promoter are at the same locations as ones
which have been shown by site-directed mutagenesis and meth-

-10 +1
catB

CGT ATGGTTTAACAAATAGAAAAAATAATAATGTAATTAAATTCCATACATTTATCATAAATAACTTTTCTTCTACCTGGCTAC

FIG. 6. Structure and position of the CatM binding site in the catM-catB intercistronic region. The ATG translation initiation codons for the divergently transcribed
catM and catB genes are circled. Possible —35 and —10 sequences of the catB promoter are underlined, and the cafB transcription start site is indicated (+1-).
Nucleotides (G-68 and G-61) protected from methylation by CatM are marked with thick vertical arrows. The G-56 nucleotide whose reactivity to DMS is increased
by CatM is marked with a thin arrow. The dyadic elements of the proposed CatM binding site are boxed, and T-N;-A shows the position of a motif that is characteristic

of the binding sites of LysR-type regulators.
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ylation interference to be important for binding and/or tran-
scriptional activation of the Pseudomonas catB promoter by
CatR (35). We did not observe any interactions between CatM
and guanines downstream of the —65 binding site, even in the
presence of its inducer. For many LysR-type activators, includ-
ing CatR, inducer-dependent interactions with nucleotides
downstream of the primary binding site, near position —40,
have been reported (35, 38). The failure to observe such in-
teractions may result from the low permeability of E. coli to the
inducer CCM, the low number of available guanines in this
region of the catB promoter, or different mechanisms of action.
The sequences of the catB promoter downstream of the CatM
binding site (—55 to +1) in A. calcoaceticus differ extensively
from those downstream of the CatR binding site in Pseudo-
monas putida, suggesting fundamental differences in promoter
structures and RNA polymerase binding sites. Moreover, we
observed apparent CatM-dependent protection of guanines at
positions —9 and —10, which, although atypical for LysR-type
regulators, may suggest DNA bending by CatM, a possibility
supported by the presence of A tracts in the promoter region.
It is also possible that this CatM-dependent protection of gua-
nines close to the catB transcriptional start site might reflect
aberrant sequestration of RNA polymerase at the catB pro-
moter (23). Nonetheless, conservation of the upstream se-
quences involved in the binding of CatM, CatR, and CIcR
indicates a common ancestry not only for the genes encoding
the homologous activators, all of which respond to similar
inducer compounds, but also for the cognate regulatory sites.

A regulator distinct from CatM regulates cat4 in response
to benzoate and CCM. Although we clearly showed that CatM
can activate cat gene expression, simple disruption of catM in
strain ISA13 had only a slight effect on the inducible expres-
sion of cat4 and catB. Moreover, inducible expression of cat4
in response to either benzoate or CCM in a strain which lacks
catM and which cannot further metabolize either inducer was
observed (28). These results suggest the existence of a cat gene
regulator(s) distinct from CatM. In the presence of such a
regulator, the overlapping ability of catM to activate cat gene
expression is obscured. The ben deletion in conjunction with
the catM disruption in strain ISA35 eliminated all inducible
expression of cat4 and catB, thereby allowing us to examine
the role of catM by placing it in trans. The ability of catM to
restore CCM-inducible but not benzoate-inducible cat gene
expression in this strain indicated that CatM responds to CCM
but not to benzoate.

The 3.5-kbp ben region deletion in ISA35 eliminated all of
the catM-independent regulation of cat4 and catB, suggesting
that the deletion contains a regulatory region affecting the
expression of catA and catB. Consistent with this, insertion of
an QS or QK cartridge in a region just upstream of benA also
eliminated the inducibility of cat4 in response to benzoate
(27). Finally, when the QK cartridge was introduced in the
same ben region of the ADP205 chromosome, it eliminated the
constitutive catA expression caused by the chromosomal catM-
catB deletion. Although high cat4 expression in ADP205 was
originally attributed to the loss of catM, it now seems more
likely that the constitutive phenotype results from the loss of
catB, since we have observed constitutive cat4 expression in a
catB-deleted strain which has a wild-type catM (27). One pos-
sible explanation is that the deletion of catB causes CCM
accumulation, perhaps from the metabolism of endogenous
aromatic compounds such as anthranilate, and that CCM thus
generated can cause the ben region regulator to activate catA
expression.

Reanalysis of the constitutive mutant ADP163. Although
here we found that the catM3102 allele carried on pIB27 was
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dominant with respect to that of the wild type and caused
constitutive cat4 and catB expression in ADP1 (Table 3), pre-
vious experiments showed the opposite: wild-type catM, in
trans on pIB25, in ADP163 eliminated constitutive cat gene
expression (28). Thus, it appears that in these merodiploids,
cat gene expression depends on which catM allele is plasmid
borne, implicating gene dosage in this effect. It is also possible
that the ratio of the constitutive and the wild-type catM gene
products affects the formation or the levels of functional CatM
oligomers. The possibility that the phenotype of these strains
results from the formation of aberrant CatM hetero-oligomers
is consistent with the recent observation that the presence of
the wild-type catM in trans in the constitutive ADP163 mutant
not only eliminated the constitutive expression of cat4 and
catB but also prevented high induced levels of cat4 and catB
expression in response to CCM and benzoate (27). Although
CatR appears to function as a dimer (35), the subunit structure
of active CatM remains to be determined.
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