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Two small RNAs, CrcY and CrcZ, act in concert to sequester
the Crc global regulator in Pseudomonas putida, modulating
catabolite repression
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Summary
The Crc protein is a translational repressor that recognizes a specific target at some mRNAs, controlling
catabolite repression and co-ordinating carbon
metabolism in pseudomonads. In Pseudomonas
aeruginosa, the levels of free Crc protein are controlled by CrcZ, a sRNA that sequesters Crc, acting as
an antagonist. We show that, in Pseudomonas putida,
the levels of free Crc are controlled by CrcZ and by a
novel 368 nt sRNA named CrcY. CrcZ and CrcY, which
contain six potential targets for Crc, were able to bind
Crc specifically in vitro. The levels of CrcZ and CrcY
were low under conditions generating a strong catabolite repression, and increased strongly when catabolite repression was absent. Deletion of either crcZ or
crcY had no effect on catabolite repression, but the
simultaneous absence of both sRNAs led to constitutive catabolite repression that compromised growth
on some carbon sources. Overproduction of CrcZ or
CrcY significantly reduced repression. We propose
that CrcZ and CrcY act in concert, sequestering and
modulating the levels of free Crc according to metabolic conditions. The CbrA/CbrB two-component
system activated crcZ transcription, but had little
effect on crcY. CrcY was detected in P. putida,
Pseudomonas fluorescens and Pseudomonas syringae, but not in P. aeruginosa.

Introduction
Carbon catabolite repression is an important global regulatory phenomenon in metabolically versatile bacteria. It
allows cells to selectively assimilate one compound among
a mixture of potential carbon sources. This is achieved by
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regulating the expression of genes involved in the uptake
and assimilation of non-preferred compounds (reviewed in
Deutscher, 2008; Görke and Stülke, 2008; Rojo, 2010).
Catabolite repression optimizes metabolism, but its influence goes far beyond and regulates as well a number of
cellular processes directed to allow bacteria to gain access
to new sources of nutrients, as for example virulence traits
that facilitate infecting a eukaryotic host (Linares et al.,
2010; see Görke and Stülke, 2008 for a review). The
molecular mechanisms underlying catabolite repression
differ considerably among different bacterial genus. In
pseudomonads, a group of ubiquitous bacteria of prime
importance in biotechnology, medicine and the environment, catabolite repression is poorly characterized (Rojo,
2010). However, available evidence suggests that the Crc
regulatory protein is the main actor in this global regulatory
process.
The Crc protein, initially described in Pseudomonas
aeruginosa (MacGregor et al., 1991; Wolff et al., 1991)
but present as well in all fluorescent Pseudomonas and
other related bacteria, inhibits the expression of genes
involved in the transport and assimilation of several nonpreferred compounds when other preferred carbon
sources are present (reviewed in Rojo, 2010). Crc activity
leads to a significant change in the proteome and transcriptome profiles of the cell (Moreno et al., 2009a;
Linares et al., 2010). In the case of P. aeruginosa, an
important opportunistic pathogen, inactivation of Crc
reduces virulence and increases the susceptibility to
several antibiotics (Linares et al., 2010). Crc regulates
gene expression post-transcriptionally; it has been shown
to repress translation of several genes such as the
Pseudomonas putida alkS, benR or xylR genes (encoding, respectively, the regulators of the alkane, benzoate
and xylene degradation pathways), or the P. aeruginosa
amiE gene, which codes for an aliphatic amidase (Moreno
et al., 2007; 2010; Moreno and Rojo, 2008; Sonnleitner
et al., 2009). Crc is an RNA binding protein that recognizes a specific sequence located adjacent to the AUG
translation initiation codon of target mRNAs, hindering the
formation of an active translation initiation complex
(Moreno et al., 2009b). Crc binding sites contain a short
AANAANAA motif located in an unpaired region of the
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RNA (Sonnleitner et al., 2009; Moreno et al., 2009b;
2010).
At least in P. putida, expression of the crc gene is
about 2–3 times higher under conditions that elicit a
strong catabolite repression (Ruiz-Manzano et al., 2005;
Yuste et al., 2006). However, this does not seem to be
the only way of regulating Crc activity. Recently, a small
non-coding RNA (sRNA) named CrcZ was identified in
P. aeruginosa that sequesters the Crc protein, impeding
its access to target mRNAs (Sonnleitner et al., 2009).
The levels of CrcZ fluctuate, being lower under conditions that provoke a strong catabolite repression. CrcZ
thus functions as an antagonist of Crc, modulating the
levels of free Crc available to regulate translation. Transcription of CrcZ is activated by the two-component
system CbrA/CbrB (Sonnleitner et al., 2009). This regulatory system is required for the assimilation of several
carbon and nitrogen sources and contributes to maintaining the carbon/nitrogen balance (Nishijyo et al.,
2001; Li and Lu, 2007).
Small RNAs participate in several global regulatory processes in bacteria. Most of them function by base pairing
with target mRNAs, altering translation initiation. However,
there is one particular group of sRNAs that act by sequestering and titrating RNA binding proteins that control translation initiation. This group includes the sRNAs that titrate
the CsrA/RsmA family of proteins, which are small proteins
that specifically bind to a conserved GGA trinucleotide
located in the 5′ leader sequence of target mRNAs, inhibiting their translation (reviewed in Babitzke and Romeo,
2007; Lapouge et al., 2008). The CrsA/RsmA proteins
control several genes involved in secondary metabolism,
carbon storage, virulence, quorum sensing or stress
response (Brencic and Lory, 2009; Edwards et al., 2011,
and references therein). The CrcZ/Crc system also
belongs to this class of regulatory processes, extending
the influence of sRNAs to catabolite repression control. In
spite of these functional similarities, the CsrA/RsmA proteins and Crc bare no obvious amino acid sequence similarity and are believed to be unrelated.
The CrcZ sRNA is present as well in P. putida KT2440.
In this work we report that P. putida contains an additional
sRNA that also sequesters and antagonizes Crc. For this
reason, we have named it CrcY. Like CrcZ, the levels of
CrcY fluctuate strongly depending on growth conditions.
Although the CbrA/CbrB two-component system activated
CrcZ expression, its influence on CrcY was much smaller,
suggesting that it has an independent regulation. CrcY
can be found in several other pseudomonads, but it is not
present in P. aeruginosa. We have characterized the role
of CrcZ and of CrcY in modulating Crc-mediated catabolite repression, showing that both sRNAs act co-ordinately
to control the levels of free Crc, therefore adjusting the
strength of catabolite repression.
© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 83, 24–40

Results
Search for sRNAs in P. putida KT2440 containing
targets for the Crc protein
In P. aeruginosa PAO1, the DNA region specifying the
Crc-binding sRNA CrcZ is located between the cbrB and
pcnB genes (Sonnleitner et al., 2009). In the case of
P. putida KT2440, the sequence between cbrB and pcnB
includes a region that shows 66% identity to P. aeruginosa
CrcZ (allowing for a gap penalty of 10) and contains six
AANAANAA boxes characteristic of targets for the Crc
protein (Fig. 1A). Recently, an independent work using
transcriptome sequencing in P. putida KT2440 showed
that this DNA region gives rise to a small transcript of
about 365 nt (Frank et al., 2011). As described for
P. aeruginosa CrcZ (Sonnleitner et al., 2009), the highly
conserved sequences characteristic of RpoN-dependent
promoters are evident upstream of the first Crc box
(underlined in Fig. 1A). The precise transcription start site
of P. putida KT2440 CrcZ was determined by primer
extension (Fig. 2A), and shown to map at a G residue
located 11 nt downstream from the highly conserved GC
dinucleotide located at the -12 region of RpoN-dependent
promoters (Fig. 2C). The 3′ end of CrcZ was determined
by Mung Bean nuclease protection assays, which showed
that this sRNA is 368 nt in length (Fig. 2D and F).
Search for additional intergenic regions in P. putida
KT2440 genome containing repeated series of
AANAANAA boxes, like those present in CrcZ, led to find a
533 bp region between genes PP_3540 and PP_3541 that
has the potential to specify an RNA containing six putative
Crc binding sites (Fig. 1B). Transcriptome sequencing also
showed the presence of a transcript in this region, although
its function was not analysed (Frank et al., 2011).
PP_3540, also named mvaB or liuE, codes for a protein
annotated as a 3-hydroxy-3-methylglutaryl-CoA ligase,
which participates in the assimilation of leucine (FörsterFromme et al., 2006). PP_3541 encodes a putative Mg2+
transporter.
Between the end of mvaB and the first putative Crc box
there is a short DNA sequence showing high similarity to
the RpoN-dependent promoter responsible for the
expression of the CrcZ sRNA, and which contains the
highly conserved residues at the -24 and -12 regions
expected for this type of promoters (Fig. 2C). A primer
extension analysis showed the presence of a transcript
originating 11 bp downstream of the highly conserved GC
dinucleotide located at the -12 region of RpoN-dependent
promoters (Fig. 2B). The transcript initiated from this promoter was named CrcY. The promoters for CrcZ and CrcY
are rather similar, sharing a 78% nucleotide identity in the
-35 to +20 region (Fig. 2C). Similarity decreases significantly upstream of this region. The 3′ end of CrcY was
mapped by Mung Bean nuclease protection assays. Two
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Fig. 1. Sequence and gene context of the P. putida KT2440
sRNAs CrcZ (A) and CrcY (B). Promoters are indicated by filled
arrows, and predicted terminators by small stem-loops (or inverted
repeats in the DNA sequence). The nucleotide sequence of crcZ
and crcY is indicated in bold face. Crc targets are boxed (in red)
and numbered. The sequences deleted in the strains devoid of
crcZ, or of crcY, are delimited with blue brackets.

adjacent bands were observed, suggesting that CrcY
transcription can terminate at two consecutive template
positions, rendering a transcript of 367 or 368 nt (Fig. 2E
and F). Therefore, CrcZ and CrcY have essentially the
same size. Their overall nucleotide identity is of 66%. A
palindromic sequence that may correspond to a transcriptional terminator was present immediately upstream of the
CrcZ and CrcY 3′ ends, and was rather similar in both
cases (Fig. 2F).
A BLAST search at the Pseudomonas genome database
(http://www.pseudomonas.com) indicated that CrcY is also
present in the genome of P. putida strains F1, GB-1 and
W619. Sequences with significant similarity to CrcY could
be detected in the genomes of Pseudomonas entomophila
L28 (E-value of 3 ¥ 10-84) and of several Pseudomonas
syringae and Pseudomonas fluorescens strains (E-value
between 3 ¥ 10-21 and 2 ¥ 10-16, depending on the strain).
However, CrcY was not found in P. aeruginosa strains
PAO1, PA14 or PA7, or in Pseudomonas mendocina ymp.
On the contrary, CrcZ seemed to be present in the genome
of all these bacterial strains within a similar genome
context, this is, downstream of cbrB and upstream of pcnB.
The CrcZ and CrcY sRNAs can bind Crc specifically
in vitro
The ability of CrcZ and CrcY sRNAs to form a complex
with purified Crc protein was analysed using band-shift
assays. Radioactively labelled CrcZ and CrcY were
obtained by in vitro transcription. Binding reactions were
performed in the presence of an excess of tRNA, conditions in which Crc binds only to specific targets (Moreno
et al., 2007; 2009b). Under these conditions, both sRNAs
were able to bind Crc and form a complex with an apparent dissociation constant (Kd) of about 95 nM for CrcZ
and 110 nM for CrcY (Fig. 3A). Binding was specific in
both cases since it was competed by addition of a > 100fold excess of a 26 nt unlabelled RNA oligonucleotide
containing a Crc binding site (CrcY-1, see below), while
addition of an unlabelled RNA oligonucleotide lacking a
Crc-binding site was not able to compete (Fig. 3B). Therefore, P. putida CrcZ and CrcY can bind Crc in vitro specifically with an affinity similar to that observed previously
for other RNAs containing a Crc target, such as the 5′
regions of the alkS or benR mRNAs (Moreno and Rojo,
2008; Moreno et al., 2009b).
© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 83, 24–40
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Fig. 2. Identification of the transcription start site, and of the termination site, for crcZ and crcY. Transcription start sites were identified by
primer extension with RNA obtained from cells grown in a minimal salts medium with citrate as the carbon source, and using primers
complementary to CrcZ (A, lane labelled ‘Z’) or to CrcY (B, lane labelled ‘Y’). The cDNAs obtained were resolved in a denaturing
polyacrylamide gel, side by side with DNA sequence ladders obtained by chemical sequencing of short DNA fragments including crcZ
sequence (labelled as ‘LY’), or crcY sequence (labelled as LY). The transcription start sites (position +1) are indicated. The band indicated as
Y2 likely corresponds to a premature stop of the extension reaction.
C. Comparison of the nucleotide sequence of the promoters for crcZ and crcY. Nucleotides that are identical in both promoters are shaded.
Positions highly conserved at the -12 and –24 regions of RpoN-dependent promoters are underlined. The 3′ end of CrcZ and CrcY sRNAs
was determined by Mung-Bean nuclease assays, using the same RNA samples indicated above and appropriate radioactive DNA probes
covering the presumed termination region of each sRNA. The size of the radioactive DNA fragment protected from nuclease digestion by CrcZ
(D, lanes Z1 and Z2, where Z2 contains twice the amount of sample loaded in Z1), or by CrcY (E, lanes Y1 and Y2), was determined in a
denaturing polyacrylamide gel with the help of DNA sequence ladders obtained by chemical sequencing of the radioactive probes used
(labelled as LZ or LY respectively). The position of the 3′ ends found for CrcZ and CrcY are indicated in (F); co-ordinates are referred to the 5′
ends shown in (C).

Known Crc binding sites are characteristically located in
unpaired regions (Moreno et al., 2009b). Prediction of the
CrcY secondary structure using the RNAfold algorithm
available at the Vienna RNA webserver (http://rna.tbi.
univie.ac.at/) suggested that the presumed Crc binding
boxes are located on six different loops (Fig. 4; see also
Fig. S1). This structure is very similar to that predicted for
CrcZ (Fig. S1). The ability of the purified Crc protein to
recognize each of its predicted targets at CrcY was analysed by band-shift assays in the presence of an excess of
tRNA as non-specific competitor, as previously described
(Moreno et al., 2009b), using six radioactively labelled
26 nt RNA oligonucleotides containing each of these
© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 83, 24–40

target sequences, and an unrelated RNA oligonucleotide
as negative control. Crc efficiently recognized all six RNA
oligonucleotides containing the predicted Crc targets, but
did not bind to the control RNA oligonucleotide (Fig. 4).
The affinity for the individual targets was lower than for the
entire CrcY RNA; the apparent dissociation constants
(Kd) were about 420 nM for CrcY-1 and CrcY-6, 500 nM
for CrcY-3, 850 nM for CrcY-2 and CrcY-6, and 1000 nM
for CrcY-4. It is at present unknown whether Crc recognizes at CrcY only one of these sites, or several of them
simultaneously. However, a band shift assay run for a
longer time than that shown in Fig. 3A allowed to visualize
several possible CrcY–Crc complexes of different electro-
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Fig. 3. Binding of purified Crc to the CrcZ and CrcY sRNAs.
A. The ability of purified Crc (16, 47, 141, 425 or 850 nM) to bind to radioactively labelled CrcZ or CrcY (obtained by in vitro transcription) was
determined by band-shift assays in the presence of 1 mg of tRNA as unspecific competitor RNA. The position of the free sRNA, and of the
Crc-bound sRNA, is indicated.
B. The specificity of the binding of Crc to CrcZ or CrcY was determined in competition assays, performing the binding reactions in the
presence of a > 100-fold excess of an unlabelled RNA oligonucleotide containing a Crc binding site (oligonucleotide CrcY-1, sequence shown
in Fig. 4A), indicated as ‘Sp’, or of an unlabelled RNA oligonucleotide lacking a Crc target (‘control’ RNA oligonucleotide shown in Fig. 4A),
indicated as ‘nSp’. Crc was used at 425 nM. Free and Crc-bound RNA were resolved in band-shift assays, as in (A).

phoretic mobility, although the long electrophoresis time
needed to resolve them led to a partial dissociation of the
complexes (not shown).
The levels of CrcZ and CrcY are low under catabolite
repression conditions and increase strongly when
repression diminishes
The levels of P. aeruginosa CrcZ vary according to the
carbon source used, and are lower under conditions that
generate catabolite repression (Sonnleitner et al., 2009).
To test whether the levels of P. putida CrcZ and CrcY
fluctuate as well depending on growth conditions, their
levels were analysed in P. putida strain PBA1. This strain,
which is useful to monitor Crc-mediated catabolite repression, ultimately derives from KT2440 and contains in its
chromosome a transcriptional fusion of the PbenA promoter to the lacZ reporter gene. Promoter PbenA drives
the expression of the benABCD genes, which code for the
enzymes involved in the initial steps of the benzoate degradation pathway. In the presence of benzoate, the BenR
transcriptional regulator activates expression of these

genes. Activation by BenR is strongly inhibited by a Crcdependent catabolite repression when cells grow exponentially in Luria–Bertani (LB) medium, an effect that
fades away as cells enter the stationary phase of growth
(Morales et al., 2004; see Fig. 5A). Repression is the consequence of the binding of Crc to benR mRNA, which
inhibits its translation (Moreno and Rojo, 2008; Moreno
et al., 2009b). Catabolite repression of the ben genes is
not observed when cells grow in a minimal salts medium
containing citrate or succinate as the carbon source, or
when the crc gene is inactivated (Moreno and Rojo,
2008).
Crc-mediated catabolite repression is very strong and
affects many genes in cells growing exponentially in LB
medium (Moreno et al., 2009a; Linares et al., 2010).
However, the influence of Crc in the catabolite repression
exerted by succinate and other organic acids when cells
grow in a minimal salts medium is small in P. putida (Yuste
and Rojo, 2001), although clearly higher in P. aeruginosa
(MacGregor et al., 1991; Hester et al., 2000; Sonnleitner
et al., 2009). No repression is observed when cells reach
the stationary phase of growth, regardless of the carbon
© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 83, 24–40
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Fig. 4. Binding of Crc to the targets present in CrcY. The ability of purified Crc (106, 212, 425, 850 or 1700 nM) to bind to radioactively
labelled RNA oligonucleotides containing the sequences present in the six A-rich loops of CrcY was determined by band-shift assays in the
presence of 1 mg of tRNA as competitor RNA.
A. Sequence of the RNA oligonucleotides used. The sequence of the control RNA is unrelated to CrcY.
B. Predicted secondary structure of CrcY. The six A-rich unpaired regions containing the presumed Crc-binding sites are indicated.
C. Band-shift assays. ‘F’, free RNA; ‘C’, Crc-RNA complex.

source used. If CrcZ and CrcY sequester Crc under nonrepressing conditions, but not when catabolite repression
is strong, their levels should be low in cells growing exponentially in LB, and high when Crc-dependent repression
is absent. Real-time RT-PCR analyses confirmed these
predictions. These assays were performed using a relative quantification procedure, comparing the amounts of
each RNA under two conditions, and using the rpoN
mRNA as internal control, since expression of this gene
is fairly constant (Cases et al., 1996; Yuste et al., 2006).
Under non-repressing conditions (growth at the expense
of citrate or succinate, or in stationary phase cells), the
levels of CrcZ were 7 to 18 times higher (depending on
the condition considered) than in cells growing exponentially in LB (Fig. 5B). In the case of CrcY, the increase was
even stronger (25 to 45 times; Fig. 5B). Comparison of the
levels of CrcZ with those of CrcY showed that, under
repressing conditions, CrcZ was about eight times
more abundant than CrcY (Fig. 5C). However, in nonrepressing conditions, and in spite of the increase in CrcZ
levels, the sharp induction of CrcY significantly balanced
this difference, so that CrcZ abundance was just two- to
threefold higher than that of CrcY.
© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 83, 24–40

Overproduction of CrcZ or of CrcY from a heterologous
promoter relieves Crc-dependent catabolite repression
If CrcZ and CrcY can indeed trap Crc and impede its
binding to target mRNAs, an artificial overproduction of
these sRNAs in cells growing in a repressing medium
such as LB should reduce Crc-mediated repression. To
test this idea, CrcZ and CrcY were individually cloned in
the expression plasmid pSEVA424, which allows their
overproduction from the inducible Ptrc promoter upon
addition of IPTG (isopropyl-b-D-thiogalactopyranoside).
The plasmids obtained were named p424-Z and p424-Y
respectively, and were introduced into strain PBA1. As
control, the vector plasmid pSEVA424 was introduced
into strains PBA1 and PBA1C; this latter strain is equivalent to PBA1 but has an inactivated crc::tet allele and
therefore lacks Crc (Moreno and Rojo, 2008). Their ability
to increase CrcZ and CrcY levels in cells growing exponentially in LB medium was analysed by real-time
RT-PCR assays. The data obtained for each sRNA were
normalized relative to those of rpoN mRNA, a gene that is
expressed at constant levels through growth in P. putida
under the conditions used (Cases et al., 1996; Yuste
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Fig. 5. Levels of CrcZ and CrcY under different growth conditions.
A. P. putida strain PBA1 was grown in LB medium, or in minimal
salts medium containing succinate (Scc) or citrate (Cit) as the
carbon source, in the absence or presence of 5 mM benzoate to
induce transcription of the PbenA::lacZ fusion. Aliquots were taken
at different times and b-galactosidase activity was measured. The
plot shows the values observed as a function of cell growth
(turbidity at 600 nm). Values observed in the cultures lacking
benzoate were very low and are not represented.
B. Relative levels of the CrcZ and CrcY sRNAs, measured by
real-time RT-PCR, in cells growing exponentially (turbidity of 0.6) in
minimal salts medium containing citrate (Cit) or succinate (Scc) as
the carbon source, or in cells cultivated in LB medium and
collected either at mid-exponential phase (turbidity of 0.6; LB-Ex),
or at the start of the stationary phase (turbidity of 2.2; LB-St). The
values shown correspond to the ratios of the RNA levels observed
for each condition relative to those observed in cells growing
exponentially in LB medium, condition that was taken as reference.
The standard error is indicated.
C. Comparison of the abundance of CrcZ relative to that of CrcY
under the specified growth conditions, determined by real-time
RT-PCR. RNA samples were the same as those used in the assays
presented in (B).

et al., 2006). Overproduction of CrcZ using plasmid
p424-Z allowed increasing CrcZ abundance about eightfold relative to the non-induced control (P. putida PBA1
containing the vector pSEVA424), while plasmid p424-Y
allowed for a 28-fold overproduction of CrcY (Fig. 6A).
Nevertheless, since the initial levels of CrcY were significantly lower than those of CrcZ, after overproduction the
total levels of CrcY achieved were still about half of those
observed when overproducing CrcZ (Fig. 6A). The effect
of overproducing CrcZ and CrcY on Crc-mediated
catabolite repression was analysed in strain PBA1 monitoring the levels of b-galactosidase generated from the
PbenA::lacZ fusion upon induction with 5 mM benzoate.
As shown in Fig. 6B, overproduction of CrcZ or of CrcY
resulted in a clear relief of the catabolite repression
effect that inhibits induction of the benA promoter. The
increase in the levels of b-galactosidase synthesized
upon induction of PbenA was greater when CrcZ was
overproduced (about 13-fold at a turbidity of 0.8) than
when CrcY was overproduced (about eightfold), which is
consistent with the higher levels of CrcZ achieved.
Repression remained unaltered in the strain containing
the control plasmid pSEVA424. Inactivation of the crc
gene (strain PBA1C/pSEVA424) relieved repression by
about 22-fold, indicating that overproduction of CrcZ or
CrcY reduced, but did not completely abolish, Crcmediated repression, presumably because the levels
achieved of these sRNAs were not sufficiently high to
completely eliminate repression. These results support
that both CrcZ and CrcY can bind the Crc protein, and are
also in agreement with the idea that fluctuations in the
levels of these two sRNAs jointly regulate the amount of
free Crc protein available and, therefore, the strength of
catabolite repression.
© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 83, 24–40
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Fig. 6. Effect of overproducing CrcZ and CrcY on Crc-mediated
catabolite repression.
A. Relative levels of the CrcZ and CrcY sRNAs, measured by
real-time RT-PCR, in cells growing exponentially (turbidity of 0.6)
in LB medium. The values, expressed as RNA copies relative to
those of rpoN mRNA (taken as internal standard), correspond to
strain PBA1 containing the empty vector pSEVA424 (indicated
as ‘vector’), or to strain PBA1 containing plasmid p424-Z
(overproduces CrcZ) or plasmid p424-Y (overproduces CrcY).
B. Strains PBA1 containing plasmids pSEVA424, p424-Z or p424-Y,
and PBA1C (has an inactivated crc allele) containing plasmid
pSEVA424, were cultivated in LB medium in the absence or
presence of 5 mM benzoate to induce transcription of the
PbenZ::lacZ fusion, and including 1 mM IPTG to induce the Ptrc
promoter of the plasmid. Aliquots were taken at different times and
b-galactosidase activity was measured. The plot shows the values
observed as a function of cell growth (turbidity at 600 nm). Values
observed in the absence of benzoate were low and are not
represented.

Effect of deleting crcZ and/or crcY on Crc-dependent
catabolite repression
To further analyse the role of CrcZ and CrcY in Crcmediated catabolite repression, these sRNA were selectively deleted in strain PBA1 by allelic exchange. Deletion
of crcZ (including its RpoN-dependent promoter), and its
substitution by a tetracycline resistance determinant,
allowed obtaining strain PBAZ. Similarly, removal of crcY
from strain PBA1 and its replacement by a gentamicin
resistance determinant generated strain PBAY. In both
cases, the deletion did not extend to the upstream or to
the downstream genes (the boundaries of each deletion
© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 83, 24–40

are indicated with blue brackets in Fig. 1). A double
mutant, named PBAZY, was also obtained by eliminating
crcY in strain PBAZ. If P. putida CrcZ and/or CrcY trap Crc
protein under non-repressing conditions, deletion of these
sRNAs should have little effect in Crc-mediated catabolite
repression when cells grow exponentially in LB medium
(repressing conditions), although repression may appear
under conditions in which Crc is normally inactive
(minimal salts medium with citrate as the carbon source,
or stationary phase cells). This was tested following the
activity of the PbenA::lacZ fusion in cells growing exponentially in LB medium containing 5 mM benzoate. Under
these conditions, expression of the PbenA::lacZ fusion
was inhibited by a strong catabolite repression in strains
PBA1, PBAZ, PBAY and PBAZY (Fig. 7A), in agreement
with a situation in which the levels of free Crc protein are
high and any possible sRNA able to capture it is produced
at low levels. Repression was not observed if the gene
coding for the Crc regulator was deleted (strain PBA1C;
Fig. 7A). As for the wild-type strain PBA1, repression
faded away in strains PBAZ and PBAY as soon as cells
entered into the stationary phase of growth, at turbidity
values of 1.5 to 2.0. This suggests that, if CrcZ is absent,
the increase in CrcY that occurs upon entry into stationary
phase (see Fig. 7B) is sufficient to relieve repression.
Similarly, in the absence of CrcY, the increase in CrcZ
levels achieved upon entry into stationary phase seems
also effective at relieving repression. However, when both
CrcZ and CrcY were absent (strain PBAZY), Crcmediated repression persisted upon entry into stationary
phase.
When cells grew under non-repressing conditions, such
as in minimal salts medium containing succinate or citrate
as the carbon source, induction of promoter PbenA by
benzoate was equally efficient in strains PBA1, PBAZ,
PBAY and PBA1C (Figs 7B and C). In other words, the
absence of CrcZ in strain PBAZ, or of CrcY in strain PBAY,
did not result in a repression effect in a non-repressing
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Fig. 7. Effect of deleting crcZ and/or crcY on Crc-mediated
catabolite repression. Strains PBA1, PBA1C (lacks Crc), PBAZ
(lacks CrcZ), PBAY (lacks CrcY) or PBAZY (lacks both CrcZ and
CrcY) were cultivated in LB medium, or in M9 minimal salts
medium containing succinate (Scc) or citrate (Cit) as the carbon
source, and in the absence or presence of 5 mM benzoate (Bz) to
induce transcription of the PbenA::lacZ fusion. Aliquots were taken
at different times and b-galactosidase activity was measured. The
plot shows the values observed as a function of cell growth
(turbidity at 600 nm). Values observed in cultures lacking benzoate
were low and are not represented. Strain PBAZY was unable to
grow on citrate as the carbon source, and grew slowly with
succinate (see Table 1).

medium. However, strong repression of PbenA induction
was observed in the mutant strain lacking both CrcZ and
CrcY when cells grew in minimal salts medium containing
succinate (Fig. 7B) or fumarate (not shown) as the carbon
source. This result is again consistent with the idea that
the presence of elevated levels of CrcZ or CrcY allows
trapping Crc, neutralizing its action, while if both sRNAs
are absent Crc is free to exert catabolite repression. Interestingly, strain PBAZY could not use citrate or benzoate
as the sole carbon source, and grew on succinate, fumarate or glucose significantly slower than the wild-type
strain (Table 1), and with a long lag phase. It is worth
noting that the individual inactivation of CrcZ or of CrcY
did not impair growth on any of these substrates (Table 1).
As it will be discussed below, the impaired growth of the
strain lacking both CrcZ and CrcY on succinate, fumarate
or glucose, and its inability to grow on citrate or benzoate
when supplied as the sole carbon source, likely derives
from a de-regulated Crc-dependent inhibition of the translation of the proteins involved in the uptake and assimilation of these non-preferred substrates.
Lack of one of the two sRNAs (CrcZ or CrcY) leads
to a compensatory increase in the levels of
the remaining sRNA
As described above, the absence of CrcZ in strain PBAZ,
or of CrcY in strain PBAY, did not result in a repression
Table 1. Doubling times (in min) of strains PBA1, PBAZ, PBAY,
PBAZY cultivated in LB medium or in minimal salts medium containing citrate (Cit), succinate (Scc), fumarate (Fum), glucose (Glc) or
benzoate (Bz) as the sole carbon source.

LB
MM + Cit
MM + Scc
MM + Fum
MM + Glc
MM + Bz

PBA1

PBAZ

PBAY

PBAZY

45 ⫾ 2
70 ⫾ 5
56 ⫾ 4
55 ⫾ 1
70 ⫾ 5
63 ⫾ 3

45 ⫾ 2
70 ⫾ 4
54 ⫾ 4
56 ⫾ 2
65 ⫾ 6
74 ⫾ 3

45 ⫾ 2
71 ⫾ 6
58 ⫾ 7
55 ⫾ 1
70 ⫾ 5
63 ⫾ 3

45 ⫾ 2
NG
91 ⫾ 4
95 ⫾ 30
170 ⫾ 20
NG

Data are averages of three independent assays. NG, no growth
observed after 8 h.
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Fig. 8. Effect of deleting crcZ on CrcY levels, and of deleting crcY on CrcZ levels. Strains PBA1 (wild-type for crcZ and crcY), PBAZ (lacks
crcZ) and PBAY (lacks crcY) were cultivated in LB medium, or in M9 minimal salts medium containing succinate (Scc) as the carbon source,
and collected either at mid-exponential phase (turbidity of 0.6; LB-Ex and M9-Scc), or at the start of the stationary phase (turbidity of 2.2;
LB-St). Total RNA was purified and the relative levels of CrcZ (A) and CrcY (B) were measured by real-time RT-PCR. The amount of each
sRNA under the indicated growth conditions is expressed relative that of the rpoN gene, used as reference.
C. Effect of deleting crcY on CrcZ levels, and that of deleting crcZ on CrcY levels, expressed as fold change (mutant versus wild-type).
D. Total amount of Crc-titrating sRNAs (CrcZ plus CrcY) present in strains PBA1 (indicated as ‘Wt’), PBAZ (indicated as ‘DZ’), or PBAY
(indicated as ‘DY’), under the analysed growth conditions, relative those of the rpoN gene. The amounts of CrcZ are indicated in dark grey,
and those of CrcY in light grey. The standard error is shown.

effect in a non-repressing medium. This phenotype may
be interpreted as indicating that the individual levels of
CrcZ or CrcY are sufficient to titrate the pool of free Crc
protein, so that the absence of just one of these two sRNA
has no consequences on catabolite repression under the
conditions used. Alternatively, the lack of each of these
two sRNA may generate a compensatory effect, leading
to an increase in the remaining sRNA. To analyse this
© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 83, 24–40

issue, real-time RT-PCR was used to measure the levels
of CrcZ in strain PBAY, and of CrcY in strain PBAZ, under
different growth conditions. As shown in Fig. 8A and C,
the levels of CrcZ in the strain lacking CrcY increased
twofold to 2.5-fold relative to the wild-type strain in cells
growing exponentially in LB medium (a repressive condition) or in minimal salts medium containing succinate as
the carbon source (non-repressive condition). However,
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this increase was not observed in cells that had arrived to
stationary phase in LB medium (a non-repressive condition), perhaps because these levels were already rather
high in the wild-type strain under this condition (Fig. 8A).
Conversely, in the absence of CrcZ the levels of CrcY
increased between 2.5- and 5.5-fold, depending on the
condition considered (Fig. 8B and C). The final consequence of these compensatory changes is that the
absence of either sRNA elevated the abundance of the
other one to levels that were similar to those resulting
from the joint presence of CrcZ and CrcY in the wild-type
strain (see Fig. 8D). This explains why inactivating only
one of these two sRNAs did not lead to a constitutive
catabolite repression phenotype. Under the conditions
analysed, it seems that the presence of about 500 copies
CrcZ or CrcY (relative to rpoN mRNA) suffices to titrate
the available Crc protein, allowing for a total relief of the
Crc-mediated catabolite repression.
The CbrA/CbrB two component system activates
expression of CrcZ, but has little influence on CrcY
In P. aeruginosa, expression of CrcZ is activated by the
CbrA/CbrB two component sensor-regulator system
(Sonnleitner et al., 2009). CbrB binds to a palindromic
sequence (TGTTAC-N14-GTAACA) located between positions -151 and -125 relative to the PcrcZ transcription start
site (Abdou et al., 2011). The same palindrome was found
in P. putida between positions -148 and -123 relative to
the CrcZ transcription start site. In the case of P. putida
CrcY, a similar palindrome but with a much larger spacer
(TGTTAC-N29-GTAACA) was present between positions
-147 and -108 relative to the transcription start site. This
sequence is unlikely to bind CbrB given the length of the
spacer between the two repeats. To investigate the role of
CbrB in expression of P. putida CrcZ and CrcY, the levels of
these sRNAs were determined by real-time RT-PCR in
P. putida strain MPO401, which lacks CbrB, and compared
with those of the wild-type strain. In cells growing exponentially in a minimal salts medium containing succinate as the
carbon source, conditions in which the levels of the two
sRNAs are high, inactivation of the cbrB gene reduced
CrcZ levels by 21 ⫾ 2-fold, but had little effect (less than
fourfold) on those of CrcY.

Discussion
The Crc protein has a key role in catabolite repression
control in pseudomonads. However, very little is known on
how its activity is regulated. In P. aeruginosa, the CrcZ
sRNA binds to and sequesters Crc (Sonnleitner et al.,
2009). In this study, we show that, in addition to CrcZ,
P. putida contains a novel sRNA whose levels vary strongly
according to culture conditions and which, together with

CrcZ, sequesters the global regulatory protein Crc, thereby
modulating its activity. Like CrcZ, CrcY contains six regions
predicted to be in an unpaired configuration that include the
sequence AANAANAA, which has been described as a
Crc binding motif (Sonnleitner et al., 2009; Moreno et al.,
2009b). Purified Crc was able to bind specifically to each of
these six regions, but not to an unrelated RNA sequence.
Band-shift and competition assays showed that the fulllength CrcZ and CrcY transcripts can both bind specifically
the Crc protein in vitro with an affinity similar to that found
earlier for the 5′ regions of the alkS or benR mRNAs.
Under conditions that generate a strong catabolite
repression the levels of both CrcZ and CrcY were much
lower than when repression was absent. Individual deletion of crcZ or of crcY did not affect catabolite repression,
although the simultaneous absence of both sRNAs rendered cells in which Crc was active even in a nonrepressing growth medium. Therefore, in the absence of
one of these two sRNAs the levels of the sRNA remaining
was enough to titrate a significant amount of Crc. In addition, the absence of CrcZ generated a compensatory
increase in CrcY, and the lack of CrcY also led to an
increase in CrcZ. This suggests that the expression of both
sRNAs is co-ordinated. The regulatory system responsible
for this compensatory process is at present unknown.
Artificial overproduction of either of these two sRNA from
an heterologous promoter clearly reduced Crc-dependent
catabolite repression in cells growing exponentially in a
repressing medium such as LB. Altogether, these results
indicate that CrcZ and CrcY are functionally redundant and
work together in a co-ordinated way, binding to and
sequestering Crc under conditions in which this protein is
not needed or can even be detrimental (see below). As
summarized in Fig. 9, in the presence of a preferred carbon
source the levels of CrcZ and CrcY remain low and the pool
of free Crc would be high enough to bind to its target
mRNAs, inhibiting their translation. On the contrary, if a
non-preferred substrate is the sole carbon source, the
levels of both CrcZ and CrcY increase sharply, sequestering Crc protein and allowing ribosome binding and translation of the target mRNAs. Inactivation of the cbrB gene
reduced CrcZ levels by about 20-fold. A clear target for the
CbrB activator was present upstream of the promoter for
crcZ. Therefore, as it has been described for P. aeruginosa
(Sonnleitner et al., 2009), the levels of CrcZ appear to be
regulated by the CbrA/CbrB two-component system in
response to still unclear signals related to the metabolic
status of the cell. Inactivation of the CbrB activator had a
much smaller effect on CrcY expression than on CrcZ
expression, suggesting that activation of CrcY relies mainly
on regulatory systems different from CbrA/CbrB, but that
are triggered by the same or similar signals.
It is worth noting that while the individual inactivation of
either sRNA did not affect growth rate in any of the culture
© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 83, 24–40
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Fig. 9. Model showing how the co-ordinated action of the CrcZ and CrcY sRNAs can regulate the pool of free Crc protein. These sRNAs, the
levels of which vary according to growth conditions, trap Crc protein, thereby impeding its binding to target mRNAs to inhibit translation
initiation. The Crc binding site can be immediately upstream from the Shine-Dalgarno sequence, or overlapping the AUG initiation codon,
depending on the mRNA considered.

mediums tested (repressing or non-repressing), the simultaneous absence of both CrcZ and CrcY significantly
reduced growth rate under non-repressing conditions
when succinate, fumarate or glucose were provided as
the sole carbon source, and totally impaired growth if
citrate or benzoate was the sole carbon source available.
On the contrary, growth rate was not affected in LB
medium. This behaviour is consistent with a situation in
which Crc is deregulated and fully active when both CrcZ
and CrcY are absent. In LB medium, this should pose no
problems since Crc is performing its due task, helping
to co-ordinate the assimilation of the different carbon
sources available. However, the presence of abnormally
high levels of free Crc under conditions that should
otherwise be non-repressing can lead to a detrimental
repression of genes whose expression in needed for the
transport and/or assimilation of the compound being used
as the sole carbon source. For example, Crc inhibits the
expression of genes required for the transport and assimilation of glucose (del Castillo and Ramos, 2007; Moreno
et al., 2009a; Browne et al., 2010) and benzoate (Moreno
and Rojo, 2008) under repressing conditions. If these
© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 83, 24–40

genes are repressed when glucose (or benzoate) is the
sole carbon source available because CrcZ and CrcY are
not present to antagonize Crc, then Crc becomes harmful
for growth. Similarly, binding sites for Crc are apparent
at the translation start sites of genes involved in the
transport of citrate (PP_2057) and C4-dicarboxylates
(PP_1169) (Browne et al., 2010), which could explain the
inability of the strain lacking both CrcZ and CrcY to use
citrate as the carbon source, and its difficulties to use
fumarate or succinate.
CrcY appears to be present in the genome of all
sequenced P. putida and P. fluorescens strains available
at the http://www.pseudomonas.com database, but could
not be found in those of P. aeruginosa and P. mendocina.
However, CrcZ could be detected in all cases. Interestingly, P. syringae has three sRNAs that show potential
binding sites for Crc and map immediately downstream of
RpoN dependent promoters (Filiatrault et al., 2010). Their
role in catabolite repression has not been investigated.
One of them, named Psr1, is located between the cbrB
and pcnB genes, a genomic context identical to that of
CrcZ in other pseudomonads. The second one, named
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Psr2, lies in a genomic context different from that of
P. putida CrcZ or CrcY. The third one, named Psr3, is
located downstream of mvaB, and may thus correspond
to CrcY. It should be noted that the open reading frame
corresponding to this sRNA is interrupted by a transposase in P. syringae strain DC300, but not in strains
B728a and 1448A (Filiatrault et al., 2010). Thus, it seems
likely that P. syringae has three Crc antagonists, which
may be named CrcZ, CrcY and CrcX.
The possible advantage of having several Crc antagonists, rather than one, is not fully clear. One possibility is
that each sRNA responds to a different signal. In fact,
expression of P. putida CrcZ and CrcY seemed to rely on
different transcriptional activators, although the levels of
the two sRNAs fluctuated in parallel under the metabolic
conditions analysed here. Another possibility is that
redundancy helps to obtain a rapid and strong increase in
the levels of the antagonists under certain conditions
(CrcZ and CrcY are rather abundant RNAs). Finally,
redundancy reduces the risk of loss of an important component of a global regulatory network. There are other
examples of redundant sRNAs that act as antagonists of
translational regulators. The most similar case is that of
the Csr/Rsm family of sRNAs, which sequester the CsrA/
RsmA family of RNA binding proteins. These proteins are
present in many bacterial species and regulate translation
of genes related to carbon metabolism, secondary
metabolism, virulence factors, quorum sensing or stress
response (Babitzke and Romeo, 2007; Lapouge et al.,
2008; Brencic and Lory, 2009; Edwards et al., 2011). In
Escherichia coli, the amount of free CsrA available to
regulate translation is controlled by two sRNAs, named
CsrB and CsrC, the levels of which vary depending on
metabolic signals (Liu et al., 1997; Weilbacher et al.,
2003; Chavez et al., 2010). P. fluorescens contains two
CsrA homologues, named RsmA and RsmE, the activity
of which is antagonized by three sRNAs, RsmX, RsmY
and RsmZ (Reimmann et al., 2005; Lapouge et al., 2008).
These three sRNAs are differentially expressed according
to growth phase and metabolic signals (Kay et al., 2005;
Takeuchi et al., 2009). RsmX, RsmY and RsmZ are
present in several pseudomonads (Lapouge et al., 2008).
Interestingly, P. syringae contains five copies of RsmX in
addition to RsmY and RsmZ, which totals seven similar
sRNAs to control RsmA protein (Moll et al., 2010). It
seems that the lifestyle of P. syringae benefits from a
greater sRNA redundancy, which may allow for a better
fine-tuned regulation of the RsmA and of the Crc regulons.
It is worth noting that P. aeruginosa lacks both RsmX
(Lapouge et al., 2008) and CrcY (this work), which may
reflect a lower need for fine-tuned regulation of metabolism as compared with other pseudomonads. In fact,
P. aeruginosa PAO1 encodes 15% less outer membrane
and cytoplasmic transporters for the uptake/efflux of sub-

strates than P. putida KT2440 (Silby et al., 2011). Therefore, the lack of CrcY in P. aeruginosa and its presence
in P. putida and several other pseudomonads may
be related with the different lifestyles of each bacterial
species and its need to fine-tune catabolite repression.

Experimental procedures
Bacterial strains and culture media
Cells were grown at 30°C in LB medium (tryptone, 10 g l-1;
yeast extract, 5 g l-1, NaCl, 10 g l-1), or in M9 minimal salts
medium (Sambrook and Russell, 2001) supplemented with
trace elements (Bauchop and Eldsen, 1960) and either citrate
(30 mM), fumarate (30 mM), succinate (30 mM), glucose
(30 mM) or benzoate (10 mM) as the carbon source. Cell
growth was followed by measuring turbidity at 600 nm.
P. putida strain PBA1 contains a PbenA::lacZ transcriptional
fusion inserted in the chromosome (Moreno and Rojo, 2008).
It derives from strain KT2442, which is a spontaneous
rifampicin-resistant derivative of strain KT2440 (Franklin
et al., 1981). Strain PBA1C contains the same PbenA::lacZ
transcriptional fusion as PBA1, but has an inactive crc::tet
allele (Moreno and Rojo, 2008).
The DNA region specifying the CrcZ sRNA was deleted in
P. putida PBA1 by allele replacement, as follows. Two c.
500 bp DNA fragments were PCR amplified from PBA1 chromosomal DNA. One of them included the 3′ end of the cbrB
gene (located upstream of CrcZ) and up to position -117
relative to CrcZ transcription start site, and was obtained
with oligonucleotides Mut-crcZ-dir and CrcZ-Sma-rev (see
Table S1). The other DNA fragment spanned positions +402
relative to CrcZ transcription start site up to the 5′ region of
the pcnB gene, located downstream of CrcZ, and was
obtained with oligonucleotides CrcZ-Sma-dir and Mut-crcZrev (see Table S1). The oligonucleotides CrcZ-Sma-rev and
CrcZ-Sma-dir included restriction site for SmaI/XmaI. The two
amplified DNA fragments were digested with endonuclease
XmaI, ligated, and the resulting c. 1000 bp fragment was
cloned into plasmid pGEM-T Easy (Promega), obtaining
plasmid pGDcrcZ. The insert was sequenced to assure that it
was the desired DNA fragment. A tetracycline resistance
gene, obtained from plasmid pUTminiTn5-Tc (de Lorenzo
et al., 1990), was inserted into the SmaI site present at the
centre of the cloned fragment of plasmid pGDcrcZ, obtaining
plasmid pGDcrcZ-Tc. In this construction, the Tc resistance
gene is flanked by the sequences corresponding to the
upstream and downstream regions of CrcZ, but the sRNA
itself is absent. The missing CrcZ sequences are indicated in
Fig. 1 in blue brackets. The above DNA insert was excised
from pGDcrcZ-Tc with NotI, which cuts at both sides of the
poly-linker of the plasmid, and inserted into pKNG101
(Kaniga et al., 1991), a suicide delivery plasmid specifically
designed for marker-exchange mutagenesis. The plasmid
obtained, named pKNDcrcZ-Tc, was introduced into P. putida
PBA1 by triparental mating using pRK600 as donor of transfer functions, and a strain in which the crcZ sequence had
been substituted by the Tc resistance gene was selected by
allele exchange. The strain was named PBAZ. The absence
of CrcZ in strain PBAZ was confirmed by PCR analysis of the
modified sequence, by the presence of the Tc resistance
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determinant, and by checking the absence of CrcZ sRNA by
real-time RT-PCR, as specified below.
A similar strategy was used to delete crcY in strain PBA1.
The oligonucleotides used for the PCR amplifications (CrcZSma-dir and Mut-crcZ-rev for the upstream DNA fragment,
and CrcZ-Sma-rev and CrcZ-Sma-dir for the downstream
DNA fragment) are indicated in Table S1. In this case, crcY
sequence was substituted by a gene specifying resistance to
gentamicin, obtained from plasmid pTnMod-OGm (Dennis
and Zylstra, 1998). The plasmid used for marker exchange
was named pKNDcrcY-Gm. The strain obtained after the
allele exchange procedure, lacking CrcY, was named PBAY.
The absence of CrcY was confirmed by PCR analysis of the
modified sequence, by the presence of the Gm resistance
determinant, and by checking the absence of CrcY sRNA by
real-time RT-PCR. A strain lacking both CrcZ and CrcY
sRNAs was obtained by deleting crcY in P. putida PBAZ, as
indicated above.
Pseudomonas putida MPO401, a derivative of KT2442 in
which the cbrB gene has been inactivated by a Km resistance
determinant, was kindly provided by I. Canosa and E.
Santero (Pablo de Olavide University, Seville, Spain).

RNA purification
Cells were grown at 30°C in aerated flasks, either in LB
medium or in M9 minimal salts medium with the indicated
carbon source. At mid-exponential phase (A600 = 0.6), or at
stationary phase (A600 = 2.2), 20 ml samples were collected,
harvested by centrifugation and immediately frozen at -70°C.
RNA was purified from cell pellets with the RNeasy RNA
purification kit (QIAGEN) following the manufacturer’s
instructions. Purified RNA was treated with RNase-free
DNase I (TURBO DNA-free, Ambion), as specified by the
manufacturer. RNA integrity was analysed by agarose gel
electrophoresis. The absence of DNA was checked by realtime PCR using primers for rpoN, as previously described
(Morales et al., 2006).

Real-time RT-PCR
Real-time RT-PCR assays were performed using total RNA
preparations obtained from three independent cultures (three
biological replicas). RNA was transformed into cDNA using
the cDNA Archive kit (Applied Biosystems). Real-time PCR
was performed as previously described (Morales et al., 2006;
Moreno et al., 2010), using the 2-DDCt method (Livak and
Schmittgen, 2001). The primers used are listed in Table S1.
The results were normalized relative to those obtained for the
rpoN gene, the expression of which is known to remain constant throughout the growth curve (Cases et al., 1996; Yuste
et al., 2006).

Determination of the CrcZ and CrcY transcription start
sites by primer extension
Pseudomonas putida KT2442 cells growing exponentially in
M9 minimal salts medium supplemented with citrate as
carbon source were collected by centrifugation, and total
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RNA was obtained using the RNeasy Mini kit (Qiagen). The
oligonucleotides used as primers for the extension reaction
were end-labelled with [g-32P]-ATP and T4 polynucleotide
kinase. RNA (15 mg) was mixed with 4 pmol of the endlabelled oligonucleotide primer and heated at 70°C for 5 min.
The oligonucleotide was allowed to anneal to RNA by incubating for 5 min at 23°C. Primer extension was performed
with 30 U of AMV reverse transcriptase (Promega) at 42°C
as indicated by the supplier. The extended cDNA products
were analysed by electrophoresis on a denaturing 6% ureapolyacrylamide gel, in parallel with a DNA sequence ladder
performed by chemical sequencing (Maxam and Gilbert,
1980) of a DNA fragment encoding the 5′ region of the CrcY
or CrcZ sRNAs, obtained by PCR with appropriate primers.

Determination of the CrcZ and CrcY transcription
termination sites
The 3′ ends of CrcZ and CrcY were identified by Mung-Bean
nuclease protection assays following established protocols
(Patton and Chae, 1983; Bellavia et al., 2009). Briefly, radioactively labelled DNA probes complementary to the presumed ends of CrcZ or CrcY, and including downstream
sequences (the total length of the probes was c. 235 bp),
were synthesized by PCR-amplification using as primer pairs
oligonucleotides TZdir (end-labelled with [g-32P]-ATP and
kinase) and TZrev for crcZ, or TYdir (end-labelled) and TYrev
for crcY (see Table S1), and P. putida KT2442 chromosomal
DNA as template. Probes were gel-purified and used to
hybridize a purified RNA extract obtained from P. putida
KT2442 growing exponentially in M9 minimal salts medium
containing citrate as carbon source. To this end, 400 000 c.
p.m. of each probe was mixed with 20 mg of RNA, ethanol
precipitated and resuspended in 30 ml of hybridization buffer
(80% formamide, 40 mM PIPES, pH 6.4, 400 mM NaCl,
1 mM EDTA). Samples were incubated for 10 min at 85°C to
denature the nucleic acids, cooled to 65°C, and hybridization
allowed for 8 h at 65°C. After addition of 300 ml of pre-cooled
(4°C) Mung Bean nuclease reaction buffer (50 mM sodium
acetate, pH 5.0, 30 mM NaCl, 1 mM ZnSO4), samples were
transferred to 30°C and 20 units of Mung Bean nuclease
(BioLabs) were added. Digestion was allowed for 30 min at
30°C. The reaction stopped by phenol extraction and ethanol
precipitation in the presence of 1 mg of tRNA (used as
carrier). Samples were resuspended in denaturing loading
buffer (80% formamide, 0.1% xylene cyanol, 0.1% bromophenol blue). The size of the DNA fragment protected from
nuclease attack by hybridization with the sRNA 3′ end was
determined by electrophoresis in a 4% denaturing ureapolyacrylamide gel, with the help of DNA sequence ladders
obtained by a G+A chemical sequencing reaction (Maxam
and Gilbert, 1980) performed on the same end-labelled DNA
fragments used as probes.

Protein purification
The Crc protein containing a 6xHis tag at the C-terminus,
encoded in plasmid pCRCH, was overproduced in E. coli
BL21(DE3) (pLysS) containing plasmid pCRCH and purified
using an Ni–NTA column, as described (Moreno et al., 2007).
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E. coli BL21(DE3) (pLysS) has been described previously
(Rosenberg et al., 1987).

Labelled RNAs for in vitro analyses
CrcZ and CrcY sRNAs were obtained by in vitro transcription.
To this end, crcZ and crcY were PCR-amplified with oligonucleotides providing targets for ApaI (5′ end) and PstI (3′
end) (see Table S1). The DNA fragments obtained were
digested with ApaI and PstI and cloned between the corresponding sites of plasmid pGEM-T Easy (Promega), obtaining plasmids pGEM-CrcZ and pGEM-CrcY. The inserts were
sequenced to assure that they contained the desired DNA
fragments. CrcZ and CrcY were obtained by in vitro run-off
transcription reactions with T7 RNA polymerase, using as
substrate plasmids pGEM-CrcZ and pGEM-CrcY linearized
with PstI. Reactions contained, in 25 ml, 40 mM Tris-HCl
(pH 7.9), 6 mM MgCl2, 2 mM spermidine, 10 mM NaCl, 1 mg
of DNA template (linearized with PstI), 10 mM DTT, 500 mM
ATP, CTP and GTP, 100 mM UTP, 3.5 ml of [a-32P]-UTP
(3000 Ci mmol-1, 10 mCi ml-1) and 20 U of T7 RNA
polymerase. After incubation for 1 h at 37°C, the reaction was
loaded into a denaturing 6% polyacrylamide gel and the
full-length RNA transcripts corresponding to the CrcZ or CrcY
sRNAs were excised from the gel, eluted in a buffer containing 0.5 M ammonium acetate, 1 mM EDTA, 16% phenol and
0.1% SDS overnight at 4°C, phenol-extracted and precipitated with ethanol. Prior to their use, labelled RNAs were
denatured for 1 min at 90°C, chilled on ice for 3 min, and
allowed to fold at 20°C in 50 mM Tris-HCl (pH 7.5), 5 mM
MgCl2, 50 mM KCl. RNA oligonucleotides (synthesized by
Sigma) were labelled with T4 polynucleotide kinase and
[g-32P]-ATP, and purified though MicroSpin G-25 columns (GE
Healthcare).

RNA band shift assays
Binding reactions contained labelled RNA (0.1 nM), 1 mg
yeast tRNA, and the indicated amounts of purified
Crc(6xHis), in 20 ml of 10 mM Hepes-KOH, pH 7.9, 35 mM
KCl, 2 mM MgCl2. After 30 min at 20°C, 4 ml of loading buffer
(60% glycerol, 0.025% xylene cyanol) were added and
samples loaded onto a non-denaturing polyacrylamide gel
containing TBM buffer (45 mM Tris-HCl, pH 8.3, 43 mM boric
acid, 2 mM MgCl2, 5% glycerol). The polyacrylamide content
of the gels was 5% (80:1 acrylamide/bisacrylamide) when
analysing the binding of Crc to CrcZ and CrcY sRNAs, and
6% (29:1 acrylamide/bisacrylamide) when RNA oligonucleotides were used. Electrophoresis was performed at 4°C
using TBM as the running buffer.

Overexproduction of the CrcZ and CrcY sRNAs
The CrcZ and CrcY RNAs were overproduced from the
expression plasmids p424-Z and p424-Y, respectively, in
which these sRNAs can be transcribed at high rate from the
Ptrc promoter of the vector using IPTG as inducer. These
plasmids are based on vector pSEVA424, a synthetic RK2
broad-host-range plasmid developed by the group of Victor de
Lorenzo (CNB-CSIC, Madrid, Spain). To construct p424-Z, a

DNA segment including crcZ, but lacking its own promoter,
was PCR-amplified with oligonucleotides CrcZ-Eco-Fw2 and
CrcZ-BamHI-Rv2 (see Table S1), digested with EcoRI and
BamHI, and cloned between the same sites of plasmid
pSEVA424. Plasmid p424-Y was made in a similar way, using
oligonucleotides crcY-Eco-Fwd and CrcY-Bam-rev (Table S1).

Assay for b-galactosidase
An overnight culture of the strain of interest was diluted to a
final turbidity (A600) of 0.05 in fresh medium. Where indicated,
5 mM benzoate was added to induce promoter PbenA. Cells
were allowed to grow at 30°C with vigorous aeration and, at
different time points, aliquots were taken and b-galactosidase
activity was measured as described (Miller, 1972), using
o-nitrophenyl-b-D-galactoside as substrate. At least three
independent assays were performed.
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