
JOURNAL OF BACTERIOLOGY, Mar. 2008, p. 1539–1545 Vol. 190, No. 5
0021-9193/08/$08.00�0 doi:10.1128/JB.01604-07
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

The Target for the Pseudomonas putida Crc Global Regulator
in the Benzoate Degradation Pathway Is the

BenR Transcriptional Regulator�

Renata Moreno and Fernando Rojo*
Departamento de Biotecnologı́a Microbiana, Centro Nacional de Biotecnologı́a, CSIC, Campus de

la Universidad Autónoma de Madrid, Cantoblanco, 28049 Madrid, Spain

Received 3 October 2007/Accepted 16 December 2007

Crc protein is a global regulator involved in catabolite repression control of several pathways for the
assimilation of carbon sources in pseudomonads when other preferred substrates are present. In Pseudomonas
putida cells growing exponentially in a complete medium containing benzoate, Crc strongly inhibits the
expression of the benzoate degradation genes. These genes are organized into several transcriptional units. We
show that Crc directly inhibits the expression of the peripheral genes that transform benzoate into catechol
(the ben genes) but that its effect on genes corresponding to further steps of the pathway (the cat and pca genes
of the central catechol and �-ketoadipate pathways) is indirect, since these genes are not induced because the
degradation intermediates, which act as inducers, are not produced. Crc inhibits the translation of target genes
by binding to mRNA. The expression of the ben, cat, and pca genes requires the BenR, CatR, and PcaR
transcriptional activators, respectively. Crc significantly reduced benABCD mRNA levels but did not affect
those of benR. Crc bound to the 5� end of benR mRNA but not to equivalent regions of catR and pcaR mRNAs.
A translational fusion of the benR and lacZ genes was sensitive to Crc, but a transcriptional fusion was not. We
propose that Crc acts by reducing the translation of benR mRNA, decreasing BenR levels below those required
for the full expression of the benABCD genes. This strategy provides great metabolic flexibility, allowing the
hierarchical assimilation of different structurally related compounds that share a common central pathway by
selectively regulating the entry of each substrate into the central pathway.

Bacterial species that can thrive in very diverse habitats can
usually assimilate many different compounds as carbon and
energy sources. However, some compounds are frequently pre-
ferred over others. When the preferred compounds are present
in sufficient concentrations, the assimilation of nonpreferred
compounds is inhibited by a complex regulatory process
termed catabolite repression control (6, 37, 40, 41). The reg-
ulatory networks involved interfere with transport and/or with
the expression of the metabolic pathways for the nonpreferred
compounds. The molecular mechanisms of catabolite repres-
sion can differ substantially among different bacterial species
(41).

Pseudomonads are gram-negative saprophytic bacteria that
can thrive in very diverse habitats and are important in the
environment, in medicine, and in biotechnology (21, 31).
Pseudomonas putida, in particular, can survive as a free-living
organism in soils and water or can be associated with plant
roots (23, 42). It has great metabolic versatility and can me-
tabolize a wide range of aromatic compounds, many of which
derive from the decomposition of plant material (28). The
degradation of aromatic compounds takes place in two stages.
Initial steps convert the individual substrates into a small num-
ber of structurally simple intermediates that can be fed into
one of four chromosomally encoded central aromatic path-

ways, namely, the homogentisate, the catechol, the protocat-
echuate, and the phenylacetate pathways (3, 12, 17, 18). The
catechol and protocatechuate pathways converge, leading to
the �-ketoadipate pathway. It is within these central pathways
that ring fission of the aromatic compound takes place. This
strategy provides great metabolic versatility with a minimum
number of enzymes.

The assimilation of benzoate by P. putida involves the oxi-
dation of benzoate into catechol in a two-step process cata-
lyzed by benzoate dioxygenase, encoded by the benABC genes,
and a cis-diol dehydrogenase, encoded by benD (12, 17), two
enzymes that are peripheral in the catechol pathway (Fig. 1).
The catechol aromatic ring is cleaved by catechol dioxygenase
(CatA), producing cic,cis-muconate, which by the action of
CatB and CatC is converted into �-ketoadipate-enol-lactone,
which is transformed into acetyl coenzyme A (acetyl-CoA) and
succinyl-CoA by enzymes of the �-ketoadipate pathway. The
expression of the benABCD cluster requires the BenR tran-
scriptional activator and benzoate as an effector (9), while the
expression of the catBCA genes is activated by the CatR reg-
ulator, which needs cis,cis-muconate as an effector (30, 35)
(Fig. 1). The pcaD, pcaIJ, and pcaF genes from the �-ketoadi-
pate pathway are organized into separate transcriptional units
(reviewed in reference 12), the expression of which is induced
by �-ketoadipate and the PcaR transcriptional regulator (5, 12,
34). Therefore, although the ben genes need benzoate as an
inducer, the cat and pca genes use metabolic intermediates
(cis,cis-muconate and �-ketoadipate, respectively) as inducers.

When cells grow exponentially in a complete medium con-
taining benzoate, the Crc regulator strongly inhibits the induc-
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tion of the benABCD and catBCA genes (25). Crc influence on
the expression of genes involved in further steps of the path-
way, namely, pcaD, pcaIJ, and pcaF, has not been reported.
While the Crc effect on benABCD may well be direct, that
on catBCA may be direct or indirect, since the inhibition of
benABCD expression impedes the transformation of benzoate
into catechol, therefore hindering the activation of catBCA by
CatR together with its effector cis,cis-muconate, which is not
produced. This work analyzes which steps of the benzoate
degradation pathway are controlled by Crc directly or indi-
rectly and identifies the Crc target.

Crc is an important global regulator in pseudomonads. In
addition to the above-mentioned pathways for aromatic com-
pounds, it regulates the expression of genes involved in the
assimilation of sugars, nitrogenated compounds, and several
hydrocarbons (2, 8, 14, 15, 22, 45, 47). Crc represses gene
expression posttranscriptionally (15, 27, 32, 47). However, its
target and molecular mechanism have been established only
for the P. putida OCT plasmid alkane degradation pathway. In
this case, Crc inhibits the expression of the transcriptional
activator of the pathway, the AlkS protein, by binding to the 5�
end of the corresponding mRNA and inhibiting translation
(27). By keeping AlkS levels low, Crc modulates the induction
of the alkane degradation genes when other preferred carbon
sources are present in addition to alkanes. Here, we show that
Crc inhibits the translation of the BenR transcriptional activa-
tor, responsible for the expression of the benABCD genes,
suggesting that this process may be a general strategy for Crc
action.

MATERIALS AND METHODS

Bacterial strains and culture media. Strains were grown at 30°C in Luria-
Bertani (LB) medium (38), supplemented where indicated with 5 mM benzoate
or 5 mM catechol. Cell growth was monitored by measuring the turbidity at 600
nm. P. putida KT2442 is a rifampin-resistant derivative of P. putida KT2440 (11).
P. putida KT2442-C1 derives from strain KT2442 by the inactivation of the crc
gene (KT2442-C1 contains a crc::tet allele [36]). P. putida PBA1, also derived
from KT2442, contains a benA::lacZ transcriptional fusion in its chromosome.
The fusion includes a DNA segment spanning positions �267 to �17 relative to
the transcription start site of the benA gene (�297 to �14 relative to the benA
start codon). This DNA segment was PCR amplified with appropriate oligonu-
cleotides containing restriction sites (underlined) for EcoRI (5� end; 5�-CAGA
GCGAATTCTTTTAACCTGG-3�) or BamHI (3� end; 5�-GTCTCCGGATCC
ATTGTTTAGAC-3�), and the PCR product was cloned into the corresponding
sites of plasmid pUJ8 (13), immediately upstream of a promoterless lacZ gene,
to obtain plasmid pUJBA1. The sequence of the cloned DNA fragment was
determined to ensure the absence of undesired mutations. The benA::lacZ fusion

FIG. 1. The benzoate degradation pathway identified in P. putida
KT2440. (A) The genes are organized into three units. The products of
the ben genes transform benzoate into catechol. The enzymes encoded
by the cat genes allow the conversion of catechol into �-ketoadipate-
enol-lactone, while those encoded by the pca genes allow further as-
similation of this compound into acetyl-CoA and succinyl-CoA, which
are fed into the tricarboxylic acid (TCA) cycle. The point of entry of
the products generated by the protocatechuate branch of the �-keto-
adipate pathway is indicated. (B) Organization of the ben, cat, and pca
genes. The expression of the benABCD genes requires the BenR tran-
scriptional activator and benzoate as an effector, while that of the cat
genes is regulated by the CatR transcriptional activator, which requires
cis,cis-muconate as an effector (17). The expression of the pcaDC,
pcaIJ, and pcaKF genes requires the PcaR transcriptional activator and
�-ketoadipate as an effector (17).
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was excised from pUJBA1 as a NotI DNA fragment and inserted into the same
site of the Mini-Tn5 suicide delivery plasmid pUT-Mini-Tn5Km (13), yielding
pUTBA1. This plasmid was used to deliver the benA::lacZ fusion to the chro-
mosome of P. putida KT2442 by means of triparental matings using pRK600 as
a donor of transfer functions, as described previously (10). P. putida strain
PBA1-C derives from KT2442-C1 through the insertion of the PbenA::lacZ
transcriptional fusion into the chromosome of strain KT2442-C1 by the same
procedure described for strain PBA1. Strains PBA1 and PBA1-C are represen-
tative of several independent transconjugants in which the benA::lacZ transcrip-
tional fusion had similar expression patterns.

To generate a transcriptional fusion of benR to lacZ, a DNA segment spanning
positions �568 to �14 relative to the translation start site (just upstream of the
Shine-Dalgarno [SD] sequence) was PCR amplified using primers 5�-TTTTCG
CGAATTCGGAGCTAAGCATT-3� and 5�-CAAGGCGGATCCTATCGTTA
TTGTTC-3� (the restriction sites are underlined). The PCR product was di-
gested with EcoRI and BamHI and cloned between the corresponding sites of
plasmid pUJ8, which contains a promoterless lacZ gene (13). After sequencing
of the amplified region, the benR::lacZ fusion was excised from the resulting
plasmid (pUJBR1) with NotI and cloned into the NotI site of suicide delivery
plasmid pUT-Mini-Tn5Km (13), yielding pUTBR1. A similar strategy was fol-
lowed to generate a translational fusion of the benR and lacZ genes, except that
the oligonucleotides used were 5�-TTTTCGGAATTCGGAGCTAAGCATT-3�
and 5�-GGGTCGGGATCCTGAAACACGCTACT-3� (the restriction sites are
underlined), which generate a PCR product that spans positions �568 to �42
relative to the translation start site. After digestion with EcoRI and BamHI, the
amplified DNA was cloned into the corresponding sites of plasmid pUJ9, de-
signed to obtain translational fusion to lacZ (13), generating plasmid pUJBR2.
After verification of the DNA sequence, the translational benR�-�lacZ fusion was
excised from pUJBR2 with NotI and inserted into the corresponding site of
pUTMini-Tn5Km, producing pUTBR2. The transcriptional and translational
fusions contained in plasmids pUTBR1 and pUTBR2 were delivered to the
chromosome of P. putida KT2442 or KT2442-C1 (a crc::tet derivative of KT2442)
(36) by triparental matings using pRK600 as a donor of transfer functions.
Several transconjugants were analyzed; representative ones were selected and
named KTBR1 (containing a transcriptional fusion and a wild-type crc gene),
KTBR1C (containing a transcriptional fusion and crc::tet), KTBR2 (containing a
translational fusion and wild-type crc), and KTBR2C (containing a transcrip-
tional fusion and crc::tet).

RNA purification and real-time reverse transcription-PCR (RT-PCR). Cells
were grown at 30°C in LB medium in aerated flasks. At mid-exponential phase
(A600 � 0.7), 25-ml samples were collected and combined with a cold mixture
containing 5% (vol/vol) phenol and 95% (vol/vol) ethanol in a volume equal to
one-fifth of the culture volume to stabilize bacterial RNA. Cells were harvested
by centrifugation, and the pellets were frozen at �70°C. At least three indepen-
dent cultures of each strain were grown. RNA was purified from each pellet with
the RNeasy RNA purification kit by following the instructions of the manufac-
turer (Qiagen). Purified RNA was treated with RNase-free DNase I (TURBO
DNA free) as specified by the supplier (Ambion). RNA integrity was analyzed by
agarose gel electrophoresis. The absence of DNA was checked by PCR using
primers for rpoN, as described previously (26).

RNA samples (10 �g) were transformed into cDNA by using the high-capacity
cDNA archive kit (Applied Biosystems). Real-time PCR was performed as
described previously (26). The primer pairs used for each gene were 5�-TGCC
TGTACCCCAACGTGTA-3� and 5�-GGGCAACGCGGATCTG-3� for benA,
5�-CGAGGTACGCGTCGATGTT-3� and 5�-CCTGGCGTATGGCTACGAA
A-3� for catB, 5�-GCAAGGAAACCCGTGAGATC-3� and 5�-GCGTGCAGC
GGCATTT-3� for pcaI, 5�-CCTGCTGGCCATGGTTTG-3� and 5�-CCTGGGC
AGCGAATCG-3� for benR, 5�-CGGCGCGGGTGAAGT-3� and 5�-TGCGCC
ACCTGCGTTACT-3� for catR, and 5�-CAACGATGACGACGAATGG-3� and
5�-ATCAGGGTCACGGCAATC-3� for rpoN. PCR products were between 100
and 245 bp in length. Results were normalized relative to those obtained for the
rpoN gene, since its expression in P. putida under several conditions is known to
remain relatively constant throughout the growth phase (7, 16, 19, 46).

�-Galactosidase assays. An overnight culture was diluted to a final turbidity
(A600) of 0.04 in fresh LB medium. When the turbidity reached 0.08, benzoate
was added to give a final concentration of 5 mM, where indicated, to induce the
expression of the benA promoter (PbenA). Cultures were grown at 30°C. At
different time points, aliquots were taken and �-galactosidase activity was mea-
sured as described by Miller (24) by using o-nitrophenyl-�-D-galactoside
(ONPG) as the substrate. Where indicated, �-galactosidase activity was mea-
sured as well by chemiluminescence using Galacton-Plus (Tropix) as the sub-
strate and Emerald-II (Tropix) as an enhancer. Reactions were performed in
96-well plates as described previously (43). Results were analyzed on a lumi-

nometer (TECAN Infinite 200); values shown (expressed in arbitrary units)
correspond to the relative luminescence units displayed by the luminometer. The
same amounts of bacterial cell samples were used in all assays. Four independent
experiments were performed.

Protein purification. Protein Crc-His6 was overproduced in Escherichia coli
BL21(DE3)(pLysS) containing plasmid pCRCH and purified using a Ni-nitrilo-
triacetic acid column as described previously (27). The protein obtained was
�95% pure.

RNA band shift assays. Reaction mixtures contained, in 20 �l, 10 mM
HEPES-KOH (pH 7.9), 35 mM KCl, 2 mM MgCl2, 0.1 nM radioactively labeled
RNA, 1 �g of yeast tRNA, and where indicated, purified Crc-His6. After 1 h of
incubation at room temperature, 4 �l of loading buffer (60% [vol/vol] glycerol,
0.025% [wt/vol] xylene cyanol) was added and samples were loaded onto a
nondenaturing 4% (wt/vol) polyacrylamide gel containing TBM buffer (45 mM
Tris-HCl [pH 8.3], 43 mM boric acid, 2 mM MgCl2, 5% [vol/vol] glycerol).
Electrophoresis was performed at 4°C with TBM as the running buffer.

The radioactively labeled RNA fragments used as the substrates were obtained
by in vitro transcription using plasmid pbenR51, pcatR46, or ppcaR47 as the
template, which allowed the production of the desired RNA transcripts from the
T7 promoter of the vector after linearization with PstI. Transcription was per-
formed for 1 h at 37°C; reaction mixtures contained 40 mM Tris-HCl (pH 7.9),
6 mM MgCl2, 2 mM spermidine, 10 mM NaCl, 1 �g of DNA template (linearized
with PstI), 10 mM dithiothreitol, 0.5 mM (each) ATP, CTP, GTP, and
[�32P]UTP (3,000 Ci/mmol), and 20 U of T7 RNA polymerase. The reaction
mixture was loaded onto a denaturing 6% (wt/vol) urea-polyacrylamide gel, and
the RNA fragment corresponding to the benR, catR, or pcaR mRNA 5� end was
excised from the gel and purified. To generate plasmids pbenR51, pcatR46, and
ppcaR47, DNA fragments of appropriate lengths were PCR amplified with
oligonucleotides providing targets for ApaI (5� end) and PstI (3� end). These
fragments were as follows (ApaI and PstI targets are underlined): 5�-GCGGT
AGGGGGGCCCGACCAGA-3� and 5�-TACTGCCGTCCTGCAGCAGGC
G-3� for benR, 5�-CAATATCGGGCCCATCTCCCACC-3� and 5�-AAGACTT
TGCTGCAGCGCAGGTG-3� for catR, and 5�-TTTGTTCGAGGGCCCCACG
AACC-3� and 5�-GAATCGTCTGCAGGGGTTTCGT-3� for pcaR. The DNA
fragments obtained were digested with ApaI and PstI and cloned between the
corresponding sites of pGEM-T Easy (Promega).

RESULTS AND DISCUSSION

Effect of Crc on the mRNA levels of key genes of the ben-
zoate degradation pathway. In P. putida, the inhibitory effect of
Crc on gene expression is particularly strong in cells growing
exponentially in a complete medium such as LB, and it fades
away as soon as cells enter into stationary phase (47). Accord-
ingly, to differentiate between direct and indirect effects of Crc
on the expression of the genes involved in benzoate degrada-
tion, strain KT2442 and its isogenic Crc-deficient derivative
KT2442-C1 were grown in complete LB medium in the ab-
sence or presence of either benzoate or catechol. At mid-
exponential phase, total RNA was purified and the mRNA
levels of the benA, catB, and pcaI genes were analyzed by
real-time RT-PCR. The expression of benR and catR, which
encode the transcriptional regulators of the ben and cat genes,
respectively, was also analyzed. As shown in Fig. 2A, for cells
growing exponentially in the presence of benzoate, the levels of
benA, catB, and pcaI mRNAs in the strain lacking Crc were
about two orders of magnitude higher than those in the wild-
type strain; Crc repressed expression of benA about 70-fold,
that of catB about 80-fold, and that of pcaI about 240-fold. The
mRNA levels of benR and catR were not affected by the ab-
sence or presence of Crc. When cells were grown in the pres-
ence of catechol, rather than benzoate, the mRNA levels of
benA, catB, pcaI, benR, and catR were essentially the same in
the wild-type strain and in the strain lacking the Crc regulator
(Fig. 2A). This result suggests that Crc affects the expression of
the benA gene directly but that the effect on the catB and pcaI
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genes is indirect, due to the poor conversion of benzoate into
catechol because of the weak expression of benzoate dioxyge-
nase, which in turn would prevent the induction of the cat and
pca genes due to the low levels of cis,cis-muconate and �-ke-
toadipate (effectors of CatR and PcaR, respectively) generated
from benzoate (Fig. 1).

It is worth noting that, even in the presence of Crc, the
addition of benzoate to the growth medium led to significant
induction of benA and catB genes (up to 85-fold for benA and
25-fold for catB) (Fig. 2B). For pcaI, the degree of induction
was low. This finding indicates that, although Crc can be a

strong modulator of gene expression, it does not necessarily
switch off the affected pathways completely. Catechol did not
induce benA, as could be predicted, but led to significant in-
duction of catB and pcaI that was independent of Crc (Fig. 2B).

Effect of Crc on expression of a benA::lacZ transcriptional
fusion. As an additional way to analyze the effect of Crc on the
expression of the benABCD genes, a transcriptional fusion
containing the PbenA promoter upstream of the lacZ reporter
gene was constructed. The fusion was delivered into the chro-
mosome of P. putida KT2442 by means of a Mini-Tn5 trans-
poson, generating strain PBA1. The activity of PbenA in this
strain was monitored throughout growth in cells grown in com-
plete LB medium in the absence or presence of benzoate and
was compared to that observed in strain PBA1-C, which har-
bors both the benA::lacZ fusion and an inactivated crc allele
(crc::tet). The levels of �-galactosidase in the two strains in
cultures lacking benzoate were very low throughout all the
growth phase (data not shown). In the presence of benzoate,
�-galactosidase levels in the strain containing a functional crc
gene were very low during the exponential phase of growth and
increased when the growth rate started to decline as cells
entered into stationary phase, which occurred at turbidity val-
ues above 1.5 (Fig. 3). In contrast, in the case of the strain
containing an inactivated crc::tet allele (strain PBA1-C), the
activity of PbenA increased steadily right from the start of the
exponential phase. This result further supports the idea that
Crc exerts a potent inhibitory effect on the activity of the
promoter for the benABCD genes during exponential growth in
a complete medium.

Crc target in the benzoate degradation pathway. As ex-
plained above, although Crc has been proposed to act post-
transcriptionally in several cases, the only direct target known
to date is the AlkS transcriptional regulator of the P. putida
OCT plasmid alkane degradation pathway. A detailed analysis

FIG. 2. Effect of Crc on expression of the benzoate degradation
pathway. The expression of the benA, catB, and pcaI genes was eval-
uated by real-time RT-PCR analysis of cells growing exponentially in
LB medium in the absence or presence of either benzoate (Ben) or
catechol (Cat). (A) The Crc repression factor was calculated by com-
paring mRNA levels (see Materials and Methods) for each gene in
strain KT2442-C (which contains an inactivated crc allele) to those
observed in the parental strain KT2442 (which contains wild-type crc).
(B) Values of induction by benzoate or catechol corresponded to the
mRNA levels observed for the indicated genes in cells of strain
KT2442 (wild type [wt]) and KT2442-C (crc) growing in the presence
of benzoate or catechol relative to those observed in these strains in
the absence of benzoate or catechol.

FIG. 3. Effect of Crc on PbenA activity in cells growing in LB
medium. P. putida strains PBA1 and PBA1-C, both of which contain a
benA::lacZ transcriptional fusion and either a wild-type crc gene (strain
PBA1) or an inactive crc::tet alelle (strain PBA1-C), were grown in LB
medium in the absence or presence of 5 mM benzoate. Aliquots were
taken at different times, and �-galactosidase activity was measured.
The plot shows the values obtained as a function of cell growth (as
indicated by the turbidity at 600 nm). Values obtained for the cultures
lacking benzoate were very low and are not represented.
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showed that Crc inhibits the expression of the alkS gene by
binding to the 5� end of its mRNA and inhibiting translation
(27). This inhibition in turn ensures that the amounts of AlkS
protein produced are not large enough to achieve full induc-
tion of the alkane degradation genes. The results described
above indicate that when cells grow exponentially in a com-
plete medium containing benzoate, Crc strongly downregulates
the mRNA levels of benA but not those of benR, the regulator
that activates the expression of the benABCD operon in the
presence of benzoate. This finding suggests that Crc may in-
hibit the translation of benR mRNA, decreasing the levels of
the BenR transcriptional activator below those required to
fully induce the promoter for the benABCD genes. In other
words, Crc would affect the levels of benA mRNA indirectly.
To test this hypothesis, the ability of purified Crc to bind to the
5� end of benR mRNA was analyzed in vitro by band shift
assays. The labeled RNA fragment used as the substrate, ob-
tained by in vitro transcription, included positions �35 to �16
relative to the benR translation start site. Binding reactions
were performed in the presence of a large excess of unlabeled
tRNA, conditions under which Crc binds only to specific tar-
gets (27). As shown in Fig. 4, the purified Crc protein gener-
ated a clear retardation band when added at concentrations
comparable to those that have been described to generate a
Crc-RNA complex with the alkS mRNA (27). Under the same
conditions, Crc did not bind to an RNA fragment including
positions �26 to �20 of the catR activator mRNA (Fig. 4).
Similarly, no binding to an RNA fragment including positions
�31 to �16 of the pcaR activator mRNA was observed (data
not shown). This result supports the idea that Crc inhibits the
translation of the benR mRNA by binding to its 5� end, as it
does for the alkS mRNA.

To further analyze this possibility, a transcriptional fusion
and a translational fusion of benR to the lacZ reporter gene
were generated. The transcriptional fusion included the 5� end
of benR mRNA but excluded the benR SD and downstream
sequences, so that lacZ used its own SD sequence. The trans-
lational fusion included the benR sequence up to the 14th
codon and, therefore, used the benR SD sequence. Each fusion
was delivered into the chromosome of P. putida KT2442 (con-

taining wild-type crc) or that of KT2442-C1 (containing an
inactivated crc::tet allele) by means of a Mini-Tn5Km transpo-
son. As shown in Fig. 5A, in cells growing exponentially in LB
medium, the transcriptional benR::lacZ fusion generated sim-
ilar �-galactosidase levels in the presence of Crc (strain
KTBR1) and in its absence (strain KTBR1C). Under similar
conditions, the level of expression of the translational
benR�-�lacZ fusion in the presence of Crc (strain KTBR2) was
fourfold lower than that in a Crc-deficient background (strain
KTBR2C). However, the levels of �-galactosidase in the strains
harboring the translational benR�-�lacZ fusion were very low
(means 	 standard deviations of 2 	 0.7 Miller U for strain

FIG. 4. Binding of the Crc protein to benR or catR mRNA. Band shift assay mixtures contained a radioactively labeled mRNA fragment
including the 5� end of benR or catR mRNA, 1 �g of yeast tRNA, and 30, 60, 125, 250, or 500 ng (lanes 2 to 6) of purified Crc. In both panels,
lane 1 shows the migration of the RNA in the absence (�) of Crc. Protein-RNA complexes were resolved on a nondenaturing 4% (wt/vol)
polyacrylamide gel. The position of the free-RNA substrate of the Crc-RNA complex is indicated.

FIG. 5. Effect of Crc on the expression of a benR::lacZ transcrip-
tional fusion (A) and of a translational fusion of the benR and lacZ
genes (benR�-�lacZ) (B). P. putida strains KTBR1 (wild type [wt] con-
taining benR::lacZ and a wild-type crc gene), KTBR1C (crc mutant
[crc] containing benR::lacZ and an inactivated crc::tet allele), KTBR2
(wild type containing the translational benR�-�lacZ fusion and a wild-
type crc gene), and KTBR2C (crc mutant containing the translational
benR�-�lacZ fusion and an inactivated crc::tet allele) were grown in LB
medium. At mid-exponential phase (turbidity of 0.5 at 600 nm), ali-
quots were taken and �-galactosidase activity was measured using
either ONPG (A) or Galacton-Plus (B) as the substrate. Values cor-
respond to the averages of results from four independent assays; the
standard deviations are indicated.
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KTBR2 and 8 	 1.5 Miller U for strain KTBR2C). Although
these expression levels were reproducible, the assays were per-
formed as well using the chemiluminescent substrate Galac-
ton-Plus, which is much more sensitive than ONPG. In this
case, the expression of the benR�-�lacZ translational fusion was
sevenfold more efficient in the absence of Crc than in its
presence (Fig. 5B). For both the transcriptional and transla-
tional fusions, the results from four independent transconju-
gants were similar. Therefore, the results of RNA band shift
assays and the behavior of the transcriptional and translational
fusions of benR to lacZ indicate that Crc inhibits the translation of
benR mRNA. In this way, Crc would reduce the levels of the
BenR transcriptional regulator below those required to
achieve the efficient activation of promoter PbenA in the pres-
ence of benzoate. The final effect would thus be a reduction in
the levels of the benABCD mRNA, which would impair the
transformation of benzoate into catechol. This impairment
would in turn prevent the production of cic,cis-muconate and
�-ketoadipate, the effectors of the CatR and PcaR activators,
which would keep the cat and pca genes uninduced. Our ob-
servation that Crc cannot bind to the 5� ends of the catR and
pcaR mRNAs, suggesting that it cannot regulate the transla-
tion of these mRNAs, is consistent with the idea that the Crc
effect on the expression of the cat and pca genes is indirect.

The precise sequence or RNA structure recognized by Crc at
the 5� ends of the mRNAs it regulates is at present unknown.
A comparison of the 5� ends of alkS and benA mRNAs, to
which Crc binds, did not show any clear sequence similarity.
The prediction of the secondary structures that these two
mRNAs may adopt by using the Mfold algorithm (www.bioinfo
.rpi.edu; 48) did not show a clear common motif to which Crc
could bind. The determinants for RNA recognition by proteins
are normally subtle, frequently consisting of a relatively small
number of nucleotides with a precise spatial distribution that
relies on a particular RNA secondary structure (4, 20, 39, 44).
Identification of the RNA determinants recognized by Crc will
probably require the comparison of many more Crc targets and
an extensive mutagenesis approach.

Conclusions. The work presented here shows that Crc reg-
ulates the expression of the benzoate degradation pathway
by acting at the first step, catalyzed by the products of the
benABCD genes, while genes corresponding to further steps of
the pathway (the cat and pca genes) are not induced because
the appropriate degradation intermediates, which act as induc-
ers, are not produced. The results presented herein also iden-
tify the Crc target as the 5� end of the benR mRNA, indicating
that the downregulation of benABCD expression is achieved by
decreasing the levels of the BenR transcriptional activator
below those required to fully induce PbenA. The effect of Crc
on the expression of the cat and pca genes is, therefore, indi-
rect. Thus, it is the induction of the peripheral genes that is
regulated, not the central catechol and �-ketoadipate path-
ways. This strategy allows for the individual regulation of genes
for the degradation of different carbon sources that share a
common central pathway, facilitating the hierarchical assimi-
lation of these sources. The benzoate, catechol, and �-keto-
adipate pathways are widespread in bacteria and metabolize
compounds that are abundantly produced by plants (17, 18).
There is scattered evidence indicating that, when confronted
by mixtures of aromatic compounds in sufficient concentra-

tions, some soil bacteria metabolize certain aromatics prefer-
entially over others. For example, root extracts from several
plants, which contain several aromatic compounds, can inhibit
the assimilation of phenanthrene by a strain of P. putida (33).
Similarly, benzoate inhibits the catabolism of phenol in Ral-
stonia eutropha (1) and represses 4-hydroxybenzoate degrada-
tion genes in P. putida (29). This modulation can best be
achieved if global regulation is targeted to the peripheral
genes, rather than to the central pathways for aromatic com-
pounds, and is likely to provide enhanced flexibility to select
the preferred carbon source under a given circumstance.
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