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Pseudomonas putida KT2440(pWWO0) can use toluene via the TOL plasmid-encoded catabolic pathways and
can use glucose via a series of three peripheral chromosome-encoded routes that convert glucose into 6-phos-
phogluconate (6PG), namely, the glucokinase pathway, in which glucose is transformed to 6PG through the
action of glucokinase and glucose-6-phosphate dehydrogenase. Alternatively, glucose can be oxidized to glu-
conate, which can be phosphorylated by gluconokinase to 6PG or oxidized to 2-ketogluconate, which, in turn,
is converted into 6PG. Our results show that KT2440 metabolizes glucose and toluene simultaneously, as
revealed by net flux analysis of ["*C]glucose. Determination of glucokinase and gluconokinase activities in
glucose metabolism, gene expression assays using a fusion of the promoter of the Pu TOL upper pathway to
'lacZ, and global transcriptomic assays revealed simultaneous catabolite repression in the use of these two
carbon sources. The effect of toluene on glucose metabolism was directed to the glucokinase branch and did not
affect gluconate metabolism. Catabolite repression of the glucokinase pathway and the TOL pathway was
triggered by two different catabolite repression systems. Expression from Pu was repressed mainly via PtsN in
response to high levels of 2-dehydro-3-deoxygluconate-6-phosphate, whereas repression of the glucokinase

pathway was channeled through Crec.

The Pseudomonas putida pWWO TOL plasmid encodes the
catabolic pathways for the mineralization of toluene and
xylenes (4). Figure 1 shows the genetic organization of the
catabolic operons. The chief regulator involved in the tran-
scriptional control of TOL plasmid catabolic pathways in cells
growing on aromatic hydrocarbons is XylR. This regulator
drives transcription from the Pu promoter in front of the
xylUWCMABN genes, which constitute the upper operon, for
conversion of toluene and p- and m-xylenes into the corre-
sponding benzoates, as well as from the Psl promoter to in-
crease expression of the xylS gene (Fig. 1). This, in turn, results
in the induction of the meta operon for the oxidation of ben-
zoates into Krebs cycle intermediates. Transcription from Pu
and Psl is mediated by RNA polymerase with RpoN, also
known as sigma-54 (37, 39).

Expression from the Pu promoter is repressed by the pres-
ence of alternative C sources. The first indication of TOL
pathway susceptibility to catabolite repression was the seminal
observation by Worsey and Williams (49) that cells grown in
batch cultures on a mixture of acetate and m-xylene contained
twofold-lower levels of the upper pathway enzymes than cells
grown with m-xylene as the sole source of carbon and energy.
Definitive proof of catabolite repression was provided by
Duetz et al. (12), who showed that o-xylene did not induce
expression of the TOL catabolic pathways in continuous cul-
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tures growing either at a high rate under nonlimiting condi-
tions (with an excess of all nutrients) or at a low rate in cultures
limited in N, P, or S (all such conditions resulted in excess
carbon in the medium).

In Enterobacteriaceae cyclic AMP (cAMP) acts as a signal
molecule in catabolite repression (36). However, catabolite
repression in Pseudomonadaceae does not involve cAMP; in
fact, in P. putida and Pseudomonas aeruginosa, cAMP levels are
relatively constant regardless of the growth conditions (34, 38,
41). In Pseudomonadaceae catabolite repression seems to in-
tegrate different signals instead, a feature that increases the
complexity of the system. Up to five different potential regu-
lators have been related to catabolite repression in P. putida,
namely, Crc (20, 29, 38), Crp (called Vfr in P. aeruginosa) (43,
48), CyoB (10, 33), RelA (24, 44), and the Pts system (3, 5).
The level of expression from the Pu promoter in wild-type cells
growing on glucose or gluconate and toluene was one-third the
level in cells growing with only toluene (2, 5, 21), and suppres-
sion of upper pathway induction in the presence of these car-
bon sources was proposed to operate through the ptsN gene
product. Indeed, in a PtsN-deficient mutant background Pu
expression in the presence of glucose was derepressed (5), and
Aranda-Olmedo et al. (2) proposed that addition of the re-
pressing carbon source resulted in PtsN preventing XylR bind-
ing to its target upstream activator sequences.

We recently found that in P. putida KT2440 6-phosphoglu-
conate (6PG), the key metabolite of the Entner-Doudoroff
pathway, was synthesized by three converging pathways; the
glucose dehydrogenase (Gced) route and the glucokinase (Glk)/
glucose-6-phosphate dehydrogenase pathway accounted for al-
most 90% of the 6PG synthesized by the cells, whereas the
remaining 10% was synthesized through direct phosphoryla-
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FIG. 1. TOL plasmid promoters under control of the XyIR protein.
The xylR gene, expressed from two overlapping P promoters, yielded
an inactive XylR protein ([J) which, in the presence of toluene, be-
came active (M) and stimulated transcription (+) from Pu and Psl
while repressing (—) its own synthesis. The alternative RpoN sigma
factor participating in transcription of Pu and Ps1 is indicated. IHF has
a positive role in the transcription of Pu (37).

tion of gluconate in a reaction mediated by gluconokinase (9).
Velazquez et al. (46) suggested that 6PG or the products de-
rived from its metabolism acted as signals for glucose repres-
sion of Pu. The present study was undertaken to obtain further
insight into the phenomenon of glucose repression of the TOL
Pu upper pathway operon promoter from the physiological and
molecular points of view. We show here that in the wild-type P.
putida KT2440 strain and isogenic mutants deficient in the
operation of the Ged and Glk pathways, toluene and glucose
affected each other’s metabolism in a process that counterbal-
anced the total amount of carbon assimilated by the cells. Our
study showed that repression of toluene degradation by glu-
cose is signaled by 2-dehydro-3-deoxygluconate-6-phosphate
and that effective repression requires a functional PtsN pro-
tein, whereas toluene repression of glucose metabolism affects
the Glk pathway but not the gluconate pathways. The effect of
toluene on the Glk route is channeled via the Crc protein.
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MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. We used P. putida
KT2440, a derivative of P. putida mt-2 (1, 31) (Table 1). Isogenic glk (strain
PSC278) and ged (strain M438) mutants of this strain have been described
previously (Table 1 and references therein). These strains were grown at 30°C at
200 rpm in 250-ml conical flasks with 20 ml M9 minimal medium supplemented
with Fe citrate, MgSO, and trace metals (1, 13). Glucose (16 mM), toluene (6
mM), or glucose (16 mM) and toluene (6 mM) were used as carbon sources. For
13C-labeling experiments we used a mixture of 20% (wt/wt) [U-'*Clglucose
(>99% pure; Martek Biosciences Corporation, Columbia, MD) and 80% (wt/wt)
natural glucose.

Analytical procedures, physiological parameters, sample preparation, and gas
chromatography-mass spectrometry analysis. The glucose concentration was
determined enzymatically with a commercially available kit (Roche Diagnostics).
The cell dry weight, the maximum specific growth rate, the biomass yield, and the
specific carbon source consumption rate were determined as described previ-
ously (9, 17).

To analyze proteinogenic amino acids, cell aliquots were harvested during the
mid-exponential growth phase by centrifugation of 5 to 7 ml of culture broth at
4°C, and the pellets were hydrolyzed in 6 M HCl for 24 h at 110°C in sealed 2-ml
Eppendorf tubes. Samples were desiccated, treated, and analyzed as described
previously (8, 15, 17, 32).

Analysis of metabolic fluxes. For METAFoR analysis, mass spectra of four
derived amino acids (glycine, serine, proline, and glutamate) were considered.
These amino acids are synthesized from single metabolic intermediates, and the
mass isotopomer distribution vector of these metabolites was derived from the
mass isotopomer distribution vector of the amino acids. The values were used to
calculate the fractional contribution of the corresponding reaction to the target
metabolite pool with a set of algebraic equations implemented in the MATLAB-
based program Fiat Flux, version 1.04, as described by Fischer et al. (16).

Preparation of RNA. The P. putida KT2440 strain was grown overnight in M9
minimal medium with glucose. Cells were then diluted until the turbidity at 660
nm (ODygg) was 0.05 in fresh M9 minimal medium without a carbon source, and
three aliquots were removed and supplemented with glucose or glucose plus
toluene. Samples were then incubated until the culture reached a turbidity at 660
nm of 0.7. Then 15-ml portions of the cultures were harvested by centrifugation
at 7,000 X g for 5 min, and total bacterial RNA was isolated exactly as described
by Marqués et al. (27). Extracts were treated with RNase-free DNase I (10 U/ul)
in the presence of an RNase inhibitor cocktail (40 U/ul RNaseOUT).

P. putida microarrays. The genome-wide DNA chip used in this work (printed
by Progenika Biopharma) was described previously (50). It consists of an array of
5,539 oligonucleotides (50-mers) spotted in duplicate onto y-aminosilane-treated
slides and covalently linked with UV light and heat. The oligonucleotides rep-
resent 5,350 of the 5,421 predicted open reading frames annotated in the P.

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Genotype or relevant characteristics® Reference(s)
P. putida strains
KT2440 Wild type, prototroph; Cm" Rif" 1,32
M1044 edd:mini-Tn5-Km Km" Rif* 14
M1128° eda:mini-Tn5-Km Km" Rif" 14
M438° ged:mini-Tn5-Km Km"® Rif® 14
PSC278” glk::pCHESIQ-Km Riff 9
KT2440 ptsN Km'"; P. putida KT2440 with a kanamycin resistance cassette interrupting the ptsN gene 3
KT2440 crc Gm"; P. putida KT2440 with a gentamicin resistance cassette interrupting the crc gene 3
KT2440 crp Km'"; P. putida KT2440 with a kanamycin resistance cassette interrupting the crp gene 3
KT2440 cyoB Tc"; P. putida KT2440 with a tetracycline resistance cassette interrupting the cyoB gene 38
KT2440 relA Km'"; P. putida KT2440 with a kanamycin resistance cassette interrupting the rel4 gene 44
KT2440(pWWOr Pm{) Sm) Sm"; P. putida KT2440 with a kanamycin resistance cassette interrupting the Pm gene 26
KT2440(pWWO0::p. 21) Km'"; P. putida KT2440 with a kanamycin resistance cassette interrupting the xylE gene 26
Plasmids
pRK600 Helper plasmid; tra* mob™ Cm" 5,19
pS10 IncP1 Sm" xy/R; transcriptional Pu::lacZ::tet fusion 3
pWWO IncP9 mob™ tra* 3MB™ 49

@ Ap’, Cm", Gm®, and Km’, resistance to ampicillin, chloramphenicol, gentamicin, and kanamycin, respectively.

> Obtained from the collection of KT2440 mutants available at our institute.
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TABLE 2. Growth rates and physiological parameters of P. putida KT2440(pWW0) and isogenic mutants of
this strain growing with different carbon sources

Growth rate (h™ 1) with: Gca (wmol/mg [cell dry wt] h™1)7 Gio1 (wmol/mg [cell dry wt] h—1)?
Strain
Glucose Toluene Glucose + toluene Without toluene With toluene Without glucose With glucose
KT2440(pWWO0) 0.73 = 0.03¢ 0.72 = 0.02 0.74 = 0.07 131+ 0.8 5.7*=05 11.9 £ 0.5 6.4*=0.2
KT2440 ged(pWWO0) 0.42 = 0.01 0.73 = 0.04 0.45 = 0.01 50=*05 24*0.1 124 £ 0.1 114 £ 04
KT2440 glk(pWWO0) 0.38 = 0.06 0.72 = 0.01 0.66 = 0.01 5105 5907 113 £0.2 55*=03
KT2440 ptsN(pWWO0) 0.67 = 0.01 0.70 = 0.01 0.71 = 0.18 ND¢ ND ND ND
KT2440 crc(pWWO0) 0.51 0.1 0.65 = 0.1 0.65 = 0.04 ND ND ND ND

“ Glucose consumption was determined in cells growing in the absence and in the presence of toluene.
® Toluene consumption was determined in cells growing in the absence and in the presence of glucose.
¢ The data are averages * standard deviations of three to six independent assays, each done in duplicate.

4 ND, not determined.

putida KT2440 genome. The chips also contain homogeneity controls consisting
of oligonucleotides for the rpoD and rpoN genes spotted at 20 different positions,
as well as duplicate negative controls at 203 predefined positions. Preparation
and labeling of RNA for hybridization and data analysis were done as described
previously (11, 14, 50).

B-Galactosidase assays. The pS10 plasmid was transformed into P. putida
KT2440(pWWO0) and isogenic mutants of this strain. Transformants were se-
lected on M9 minimal medium with 5 mM 3-methylbenzoate as the sole carbon
source and 10 pg/ml tetracycline. P. putida(pWWO0, pS10) was grown on M9
minimal medium with glucose or citrate (16 mM), and when the cultures reached
an ODygg of 0.1, they were supplemented or not supplemented with toluene in
the gas phase and incubation was continued at 30°C with shaking until the OD
of the cultures were 0.6 = 0.1. The B-galactosidase activity was assayed in
permeabilized whole cells using Miller’s method (28). Assays were done in
triplicate and were repeated at least three times.

Preparation of cell extracts and enzyme assays. Cell batches in 50 ml of
minimal medium with glucose, toluene, or glucose plus toluene as the carbon
source were harvested by centrifugation at 7,000 X g for 7 min, washed twice, and
frozen at —20°C. Cells were disrupted in a French press at 120 MPa. Whole cells
and debris were removed by centrifugation at 11,180 X g (45 min, 4°C). The clear
supernatant was used as a cell extract. The protein concentrations in cell extracts
were determined by the Bradford method, using bovine serum albumin as the
standard. Glucokinase and gluconokinase assays were performed at 30°C at 340
nm with a Shimadzu UV-160A spectrophotometer as described previously (22,
45). Specific activities were calculated based on an NAD(P)H extinction coeffi-
cient of 6.3 mM ' em ™%

RESULTS

Simultaneous utilization of glucose and toluene by P. putida
KT2440 and isogenic mutants of this strain. P. putida KT2440
(Table 1) growing on M9 minimal medium with glucose, tolu-
ene, or glucose plus toluene exhibited high growth rates (Table
2). As reported previously, mutants deficient in the synthesis of
Glk or Ged were still able to grow on glucose, but the growth
rates were lower (around 0.4 h™') than those of the parental
strain (0.73 = 0.03 h™ ') (Table 2).

The growth rates with toluene of mutants deficient in Ged or
Glk were similar to those of the parental strain (around 0.72 *
0.03 h™ ') (Table 2). When the M438 (gcd mutant) and PSC278
(glk mutant) strains were grown on glucose plus toluene, we
found that the growth rate of the gcd mutant was similar to that
measured with glucose alone, whereas the glk mutant grew at
a higher rate with glucose and toluene (0.66 = 0.01 h™') than
with glucose alone (Table 2). These results suggest that tolu-
ene influenced glucose metabolism, particularly in the gcd mu-
tant, in which glucose assimilation operates via the Glk route.

When we examined the rate of glucose consumption (qg,)
by the parental strain and isogenic mutants of it growing in the
absence and in the presence of toluene, we found that the g,

for wild-type cells growing in the presence of toluene was
about one-half the rate with glucose alone (Table 2). We also
found that the rate of toluene assimilation (g,,) in the wild-
type strain in the presence of glucose dropped by about 47%
compared with the rate of hydrocarbon utilization in the ab-
sence of the sugar (Table 2). This indicates that the wild-type
cells were able to assimilate glucose and toluene simulta-
neously.

We also examined g, and g, in M438 and PSC278 mutant
cells. In these mutants the level of uptake of glucose was lower
than that in the parental strain, as expected from their reduced
growth rates with this sugar. However, although the glucose
uptake rate decreased when toluene was present in the culture
medium of the ged mutant (strain M438), no decrease was
observed in glk mutant cells (strain PSC278) (Table 2). When
G In the glk- and ged-deficient mutants was examined, we
found the opposite effect, namely, that in the presence of
glucose the rate of toluene consumption was not affected in the
Aged mutant, whereas it decreased by almost 50% in the glk
mutant. Therefore, KT2440 and isogenic mutants of this strain
can use glucose and toluene simultaneously in the early steps
of glucose assimilation.

Results of net flux analyses support the simultaneous use of
glucose and toluene by P. putida. To learn more about the
simultaneous metabolism of glucose and toluene, we decided
to carry out assays using '*C-labeled glucose, as described in
Materials and Methods. To this end, we grew wild-type and
mutant cells in the absence and in the presence of nonlabeled
toluene. We focused our attention on four amino acids: serine
and glycine, made from 3-phosphoglycerate (Fig. 2), and glu-
tamate and proline, made from the 2-ketoglutarate Krebs cycle
intermediate (Fig. 2). In the absence of toluene, as expected,
the percentage of labeled amino acids was about 20%, consis-
tent with the amount of *C supplied to the cultures (Fig. 3). In
the wild type in presence of toluene, the ratio of **C in glycine
and serine was almost 20%, in agreement with the fact that
3-phosphoglycerate is synthesized mainly from [“*C]glucose.
However, the percentage of *C in glutamate and proline was
slightly less than 10%. This is in agreement with the dilution of
'3C in the tricarboxylic acid cycle because of feeding with both
glucose and toluene (Fig. 3). The proportion of '*C in glutamate
and proline suggested that there were similar contributions by
glucose and toluene to the Krebs cycle in wild-type P. putida
KT2440 cells. These results are in agreement with the rates of
glucose and toluene consumption shown in Table 2. It should be



Vor. 189, 2007

CATABOLITE REPRESSION IN P. PUTIDA 6605

GLc &9, aLT—2%, kG TOL
Upper
Glk lGﬂUK KguK Pathway
Zwi Kgub BEN
meta
6PG Pathway
Edd CAT
2K3D6PG l
/ l / Aeven
G3P PYR —’ OAA —» CIT<+— [CIT
DfTG
3PG
Ser

2PG &—— PEP

MAL «— 2KG

R Glu
Pro

FIG. 2. Integration of glucose and toluene metabolism into central metabolism in P. putida KT2440. The pathways are based on experimental
data reported by Worsey and Williams (49), Velazquez et al. (49), and del Castillo et al. (9). Abbreviations: GLC, glucose; GLT, gluconate; TKG,
2-ketogluconate; 6PG, 6-phosphogluconate; 2K3D6PG, 2-dehydro-3-deoxy-6-phosphogluconate; PYR, pyruvate; PEP, phosphoenolpyruvate;
G3P, glyceraldehyde-3-phosphate; 3PG, 3-phosphoglycerate; 2PG, 2-phosphoglycerate; TOL toluene; BEN, benzoate; CAT, catechol; AcCoA,
acetyl coenzyme A; CIT, citrate; ICIT, isocitrate; 2KG, 2-ketoglutarate; MAL, malate; OAA oxaloacetate.

noted that in P. putida KT2440 without the TOL plasmid, the
percentage of labeled amino acids was around 20% of the total
regardless of the presence of toluene, as expected.

In the KT2440 gcd and KT2440 glk mutants growing on
labeled glucose in the absence of toluene, we obtained about
20% '3C-labeled molecules for the four amino acids tested.
This was expected since glucose was the sole C source. How-
ever, when toluene was also present, the situation was different
than that described above for the wild-type strain. In this case
the percentages of labeling in glycine and serine and in gluta-
mate and proline were equivalent, as expected from their com-
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mon biosynthetic origins. In the PSC278 (glk-deficient) mutant
strain the amount of '>C labeling in glycine and serine was
14%, whereas for glutamate and proline it was 8% because of
dilution with unlabeled acetyl coenzyme A. In the M438 mu-
tant strain (with the gcd gene knocked out) ['*C]glutamate and
["*C]proline accounted for only 1% of the total amount,
whereas ['*CJserine and ['*C]glycine accounted for about 4%
(Fig. 3). This was interpreted as evidence that toluene provides
not only larger amounts of carbon to the Krebs cycle but also
an extra flux of carbon necessary to synthesize 3-phosphoglyc-
erate from pyruvate (Fig. 2).

7

7722227777772
) [z

A

Q"

FIG. 3. *C-labeling patterns in different amino acids derived from [*C]glucose. Bacterial cultures were fed with 20% (wt/wt) ['*C]glucose, and
13C levels in serine (hatched bars), glycine (open bars), proline (stippled bars, white dots on black background), and glutamate (stippled bars, black
dots on white background) were determined. The strains used are indicated as follows: KT, parental strain; glk pWWO, mutant deficient in glk;
and gcd pWWO, mutant deficient in gcd. —tol indicates that toluene was absent, and +tol indicates that toluene was present. The y axis indicates

the percentages of >C/'*C in the amino acids.
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The results described above support the conclusions that
glucose and toluene can be assimilated simultaneously and that
toluene has a marked negative effect on the Glk pathway, as
suggested by our finding that the flux of carbon from glucose in
a ged mutant was significantly limited. This effect was less
substantial in the Ged pathway. Therefore, it seems that tolu-
ene has a negative effect on the Glk pathway and a less no-
ticeable effect on the gluconate pathways.

Global transcriptomic response of P. putida KT2440 cells
growing with glucose and toluene. The physiological data re-
ported above indicated that glucose affects the breakdown of
toluene and that toluene affects glucose degradation too. To
shed light on these effects at the transcriptional level, we de-
cided to carry out a series of assays to compare the transcrip-
tomes of cells growing in the exponential phase with glucose
plus toluene and cells growing with glucose alone. A summary
of the most relevant results for upregulated genes is shown in
Table 3. Tables S1 and S2 in the supplemental material show
downregulated genes and all genes identified as genes involved
in glucose metabolism, respectively. The most remarkable re-
sult was that the sets of genes that formed the upper operon
(xyIUWCMABN) and the lower operon (xyIXYZLTEFGHKT)
were induced in response to toluene. The changes varied be-
tween 2.93-fold for xy/C and 13.43-fold for xylU in the upper
operon and between 2-fold for xy/F and 4.68-fold for xy/Z in the
meta operon (Table 3). This indicates that cells induced the set
of genes necessary for toluene catabolism. In addition to the
TOL plasmid genes for toluene catabolism, we found that
another 28 genes were induced more than twofold (Table 3). In
agreement with Dominguez-Cuevas et al. (11), among the in-
duced genes were the genes that encoded a number of stress
proteins, including the IbpA chaperone (PP1982), two efflux
pumps that removed excess solvent (PP3735 and PP3961), pro-
teins involved in oxidative stress (PP3998), a number of pro-
teins for general metabolism, and a number of hypothetical
proteins. We also found two genes that encoded regulators, a
sensor kinase (PP3413), and a luxR-like regulator (PP3717), all
of which were induced.

The number of downregulated genes was small (11 genes).
Four of these genes encoded proteins having unknown functions,
five other genes encoded membrane proteins, including an efflux
pump (PP3582) (see Table S1 in the supplemental material), and
two genes encoded putative general metabolism enzymes.

We specifically analyzed the arrays in detail for glucose
metabolism genes (see Table S2 in the supplemental material).
Glucose metabolism involves entry of the sugar into the
periplasmic space, a process that takes place through specific
porins in the outer membrane (OprB porin). Glucose can then
be internalized into the cytoplasm via an ABC system for
subsequent conversion to glucose-6-phosphate (catalyzed by
the Glk enzyme) and 6PG (catalyzed by glucose-6-phosphate
dehydrogenase), or alternatively, glucose in the periplasmic
space can be oxidized to gluconate and 2-ketogluconate, which
are transported to the cytoplasm for conversion into 6PG (Fig.
2). We analyzed the effect of toluene on the different sets of
gene clusters involved in glucose metabolism. The set of glu-
cose metabolism genes more affected by the presence of tolu-
ene comprised the genes involved in glucose uptake via the
ABC glucose transport system, made up of PP1015 through
PP1018. This set of genes was repressed between 2- and 2.49-
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TABLE 3. P. putida KT2440 upregulated genes in cells growing on
glucose plus toluene compared to cells growing on glucose alone

Open reading

frame and/or Family ch};(1)11d a
gene 8¢
xylU Probable toluene porin 13.43
xylw Probable toluene porin 6.31
xylA Toluene monooxygenase 6.05
xylB Benzyl alcohol dehydrogenase 3.05
xylC Benzaldehyde dehydrogenase 2.93
xylX Toluate 1,2-dioxygenase 2.86
xylZ Toluate 1,2-dioxygenase 4.68
xylL 1,2-Dihydroxy-3,5-cyclohexadiene-1-1- 4.11
carboxylate
xylE Catechol 2,3-dioxygenase 2.70
xylF Hydrolase semialdehyde 2- 2.02
hydroxymuconic
G Dehydrogenase semialdehyde 2- 3.44
hydroxymuconic
xylH 4-Oxalocrotonate tautomerase 3.74
xyll 4-Oxalocrotonate decarboxylase 2.78
xylK 4-Hydroxy-2-oxovalerate hydrolase 342
xylM Toluene monooxygenase 3.84
xyIN Unknown function 2.61
xylQ Acetaldehyde dehydrogenase 2.48
xylT Ferredoxine 2.43
PP0210 Putative phycobiliprotein 2.86
PP1074 (glpR)  Glycerol-3-phosphate regulon repressor 2.79
PP1897 DNA internalization-related competence 4.36
protein
PP2268 Phage endodeoxyribonuclease 2.19
PP2589 Aldehyde dehydrogenase family protein 2.52
PP2805 Monooxygenase flavin-binding family 227
PP3243 Acetyltransferase GNAT family 7.38
PP3413 Sensor histidine kinase/response regulator 2.38
PP3717 Transcriptional regulator LuxR family 2.94
PP3998 Glutathione S-transferase domain protein 4.05
PP4538 Putative acyl carrier protein 3.87
phosphodiesterase
PP4983 Flavin-containing monamine oxidase 2.23
family protein
PP5340 Acetylpolyamine aminohydrolase 2.09
pcaC 4-Carboxymuconolactone decarboxylase 2.13
peal 3-Oxoadipate coenzyme A-transferase, 2.15
subunit B
PP3726 (ech)  Enoyl coenzyme A hydratase/isomerase 491
family protein
PP5248 Hydrolase isochorismatase family 2.46
PP5255 Hydrolase isochorismatase family 2.49
PP1982 (ibpA) IbpA heat shock protein IbpA 2.00
PP3735 ABC transporter ATP-binding protein 2.00
PP3961 Putative transporter 2.00
PP1687 Hypothetical protein 2.94
PP2644 Hypothetical protein 297
PP3353 Conserved hypothetical protein 7.04
PP4561 Conserved hypothetical protein 2.73
PP4901 Conserved hypothetical protein 2.72
PP4981 Conserved hypothetical protein 2.02
PP4982 Conserved hypothetical protein 2.64

Hypothetical protein pWWO0 ¢57031-56282 2.70
Hypothetical protein pWWO0 c65777-65391 2.08
Hypothetical protein pWWO0 ¢94962-94570 3.65
Hypothetical protein pWWO0 c66769-66416 3.97

“The changes are averages of at least two assays. The P values were =<0.05.

fold. The glk and edd genes, which are part of the same operon,
were also repressed almost 2.0-fold. In contrast, the set of
genes for the gluconate loops was affected little, if at all (see
Table S2 in the supplemental material). Therefore transcrip-
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TABLE 4. Glucokinase activities in wild-type and mutant cells

Glucokinase activity

Strain Substrate(s) (nmol/min/mg protein)®
KT2440(pWWO0) Glucose 273+19
KT2440(pWWO0) Glucose + toluene 164 =19
KT2440(pWWO0) Toluene 1303
KT2440 pstN(pWWO0)  Glucose 302+ 1.4
KT2440 pstN(pWWO0)  Glucose + toluene 162 + 2.7
KT2440 pstN(pWWO0)  Toluene 0.9 *=0.1
KT2440 cre(pWWO0) Glucose 273 £54
KT2440 crc(pWWO0) Glucose + toluene 27.6 £ 1.7
KT2440 cre(pWWO0) Toluene 14+0.2
KT2440(pWWO0 A Pm)  Glucose 263 £0.3
KT2440(pWWO0 A Pm)  Glucose + toluene 26.7 0.4
KT2440(pWWO0 A Pm) Toluene 1.5*02

“The data are the averages * standard deviations of at least three indepen-
dent determinations done in triplicate.

tomic analysis revealed that the catabolism of glucose through
the glucokinase pathway is influenced by toluene catabolism,
whereas the gluconate loop pathways are not sensitive to the
presence of hydrocarbons.

Toluene affects the level of glucokinase activity in cells grow-
ing on glucose and toluene. The physiological and transcrip-
tomic results reported above led us to measure glucokinase
activity and gluconokinase activity in wild-type cells growing in
the absence and in the presence of toluene. We found that in
cells growing on toluene, gluconokinase and glucokinase activ-
ities were low, whereas in cells growing on glucose both en-
zymes were induced. This is in agreement with our previous
results (9). The level of glucokinase in wild-type cells growing
on glucose and toluene was almost 60% of the level in cells
growing on glucose alone (Table 4). No significant effect on
gluconokinase activity was observed (not shown). Therefore,
the biochemical data support the pattern deduced from our
transcriptomic analysis.

Identification of the glucose metabolite(s) involved in tolu-
ene repression. Wild-type P. putida cells, as well as cells of the
ged and glk mutants bearing the TOL plasmid, were trans-
formed with pS10, a low-copy-number Tc" Sm" plasmid bearing
a Pu:lacZ fusion and xyIR (2). Cells were grown on M9 minimal
medium with glucose, toluene, and toluene plus glucose as
described in Materials and Methods. In wild-type cells, basal
levels of B-galactosidase activity were found when cells were
grown on glucose or citrate, and expression was about 20-fold
higher in cells growing on toluene (Table 5). The B-galactosi-

TABLE 5. Expression of the Pu promoter fused to lacZ in the wild
type and glucose mutants growing under different conditions”

B-Galactosidase activity (Miller units) with:

Strain

Glucose Toluene Glucose +
toluene
KT2440(pWWO0) 310 = 20 6,620 = 150 2,060 = 40
KT2440 ged(pWWO0) 185 £ 15 6,035 = 125 4,710 = 700
KT2440 glk(pWWO0) 400 = 30 6,775 £ 100 3,870 = 140
KT2440 ptsN(pWWO0) 450 = 20 8,100 = 200 8,550 = 190
KT2440 cre(pWWO0) 380 = 40 7,700 = 500 5,680 = 300

“ The strains used were transformed with pS10, which carries a Pu:'lacZ fusion
and the xyIR gene. Assays were done in duplicate, and the data are the averages =
standard deviations of at least three independent assays.
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Miller Units
F-9
8
=]

Toluene Toluene+Glucose

FIG. 4. Induction of Pu in parental strain P. putida KT2440 and edd
and eda mutants of this strain. Bacterial cells were grown on citrate as
the sole C source, and when cultures reached the mid-exponential
phase (ODgg, 0.7 = 0.1), cells were harvested, washed in M9 minimal
medium without a C source, and divided into three aliquots that were
supplemented with glucose, toluene, or glucose plus toluene. B-Galac-
tosidase levels were determined 30 min later. The data are the aver-
ages and standard deviations of three independent assays. Open bars,
P. putida KT2440(pS10); gray bars, edd mutant containing pS10; dot-
ted bars, eda mutant.

dase levels were only 30% of the maximal induced levels when
they were measured in wild-type cells growing on glucose plus
toluene. In the glk and gcd mutants, the B-galactosidase activity
in cells growing on glucose plus toluene was lower than that in
cells growing on toluene alone (Table 5). Therefore, this set of
results supports previous studies that showed that glucose has
a marked effect on toluene metabolism in P. putida.

Several research groups (9, 46, 47) have shown that P. putida
mutants with mutations in the edd or eda genes cannot grow on
glucose because the breakdown of 6PG into central metabo-
lites is blocked (Fig. 2). To determine whether glucose or one
of its metabolites was responsible for the catabolite repression
described above, we decided to grow wild-type and edd and eda
mutant cells on citrate and then transfer cells to minimal me-
dium with toluene, glucose, or glucose plus toluene. After
incubation for 30 min we measured B-galactosidase activity
and found that it had increased from negligible levels to almost
3,000 Miller units (Fig. 4) in the parental strain and 5,000 to
7,000 Miller units in the edd and eda mutants exposed to only
toluene. We also found that with glucose plus toluene the level
of B-galactosidase activity in the parental strain or in the eda
mutant was about 10 to 20% of the maximal activity measured
with toluene alone, whereas in the edd mutant the level was close
to 90% (Fig. 4). This suggests that the 2-dehydro-3-deoxyglu-
conate-6-phosphate (Fig. 2) that accumulates in the eda mutant
cells, not glucose or 6PG, is the true catabolite repressor signal.

To find out whether toluene or its metabolites were respon-
sible for the effect observed on glucose assimilation, we carried
out a series of assays with TOL mutants that convert toluene
into benzoate (pWWO0 APm) or that are blocked at the level of
2,3-dioxygenase (TOL p21) (Table 1). We found that with
these TOL plasmid mutants, in which toluene does not serve as
a carbon source, the glucokinase activity levels in cultures with
toluene and glucose did not change compared with the levels in
cells growing on glucose alone (see Table 4 for data for pWWO
APm). Therefore, we concluded that utilization of the aromatic
hydrocarbon as a carbon source is required for toluene to
affect glucose metabolism.
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Identification of master regulators involved in crossed re-
pression of the toluene and glucose degradation genes. It was
previously shown that in cells growing on glucose, the decrease
in Pu expression was mediated by the PtsN protein (3, 5) and
that a minor role could be ascribed to Crc (46). However, the
potential regulator involved in catabolite repression of glucoki-
nase was unknown. We decided to measure growth rates with
glucose and toluene (Table 2) and to determine glucokinase
activity and expression from Pu (Pu::'lacZ) in a series of iso-
genic mutants deficient in one of the global regulators involved
in catabolite repression (Crc, Crp, PtsN, RelA, and CyoB).
Isogenic mutant cells were transformed with pS10 (Pu::lacZ
xyIR), and B-galactosidase activity was determined in cells
growing on glucose in the absence and in the presence of
toluene. In agreement with previous studies, we found that
glucose had a marked effect on Pu expression in the parental
strain (Table 5). However, in the PstN-deficient background
B-galactosidase levels were slightly higher in cells growing on
glucose plus toluene than in cells growing on glucose alone
(Table 5). The repressing effect was alleviated but not entirely
eliminated in a crc mutant background (Table 5), and no major
effects on other mutations were found (not shown).

We measured glucokinase and gluconokinase activities in all
of these mutant backgrounds. As expected, we found that the
activity of gluconokinase, one of the enzymes of the gluconate
loop, was equally high regardless of the presence of toluene
(not shown). Hence, this confirms that gluconate-metabolizing
enzymes are not under catabolite repression by toluene in
KT2440. Glucokinase activity was equally high in cells of the
Crc mutant growing on glucose and in cells growing on glucose
plus toluene (Table 4), whereas in the rest of the mutants this
activity was decreased in cells growing on glucose plus toluene
(see data for PtsN in Table 4). This suggests that the effect of
toluene on glucokinase levels is mediated by the Crc protein.

DISCUSSION

Catabolite repression control refers to the ability of an or-
ganism to preferentially metabolize one carbon source over
another when both carbon sources are present in the growth
medium (3, 6, 42). Most studies of catabolite repression of the
TOL plasmid catabolic pathways by carbon sources have been
carried out with the nonmetabolizable toluene analogue
o-xylene and have concentrated on the effects of sugars, or-
ganic acids, and alcohol on the transcriptional activity of the Pu
promoter. The rationale behind such assays was to avoid the
superimposed carbon load effect that toluene might have on its
own metabolism. However, the drawback inherent in the de-
sign of such experiments was that they overlooked the poten-
tial effects of hydrocarbon metabolism on the assimilation of
other C sources. Our study involved a different experimental
setup for catabolite repression of the TOL plasmid Pu pro-
moter: two assimilable carbon sources, glucose and toluene,
were used simultaneously. Our results for the growth rates
support the conclusion that glucose and toluene are good car-
bon sources and that when cells are exposed to both these
carbon sources, cells counterbalance the amounts of total car-
bon taken up from glucose and toluene, so that cells grow at a
rate similar to that observed with glucose or toluene alone.
This set of results supports the earlier proposal that expression
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of the TOL plasmid operons is integrated into overall meta-
bolic control in P. putida (37).

The observation that the total amount of carbon used by a
microorganism is drawn from several carbon sources simulta-
neously has been reported before. Klebsiella oxytoca uses glyc-
erol and sucrose simultaneously (35), and Escherichia coli ex-
posed to limiting amounts of up to seven sugars can use all of
them simultaneously (25). We can therefore speak of crossed
catabolite repression of toluene and glucose metabolism in P.
putida. This contrasts with the stricter catabolite repression
described for other pathways. Among cases of strict catabolite
repression is the preferential use of glucose over lactose in E.
coli (23, 40, 42). This phenomenon has also been described for
the metabolism of aromatic compounds, including the control
of protocatechuate dioxygenase in Pseudomonas cepacia (52)
and the control of the enzymes for the degradation of aniline
in Pseudomonas multivorans ANI (18).

We recently showed that the early metabolism of glucose
involves three convergent pathways (Fig. 2). Our microarray
and enzymatic results support the conclusion that toluene ca-
tabolite repression of glucose metabolism was exerted on only
one of the pathways, the glucokinase branch, rather than on
the gluconate/2-ketogluconate loops. Array data indicated that
OprB porin (PP1019), the ABC glucose transport system
(PP1015 to PP1018), and the glk/edd operon were repressed in
response to the presence of toluene, whereas the catabolic
enzymes of the gluconate loops were not repressed. In agree-
ment with these transcriptional data is the finding that the
glucokinase levels in cells growing on glucose plus toluene
were lower than the levels in cells grown with glucose alone
(Table 4). The repressing effect of toluene on glucose metab-
olism was obvious in the gcd mutant, in which the only pathway
for the assimilation of glucose is the Glk pathway. In agree-
ment with repression of glk is the finding that the gcd mutant
assimilated very small amounts of glucose in the presence of
toluene (Table 2) and the finding that glucokinase activity was
repressed (Table 4), which was reflected in the pattern of '*C
labeling of glycine, serine, glutamate, and proline (Fig. 3).

Velazquez et al. (46) proposed that either 6PG or 2-dehy-
dro-3-deoxygluconate-6-phosphate could be the metabolic sig-
nal switching the Pu promoter pathway on or off. We ruled out
the possibility that 6PG is the signal since the effect was not
observed in the edd mutant. In contrast, we found evidence
supporting the conclusion that the metabolite responsible for
the effect was 2-dehydro-3-deoxygluconate-6-phosphate, since
in an eda mutant catabolite repression of Pu by glucose was
exacerbated (Fig. 4). Since the loss of ptsN rendered Pu unre-
sponsive to glucose (3, 5), as monitored by 'lacZ reporter
technology with a P. putida strain carrying the low-copy-num-
ber plasmid pS10, we suggest that PtsN/2-dehydro-3-deoxyglu-
conate-6-phosphate acts as the switcher in Pu inhibition. How
the 2-dehydro-3-deoxygluconate-6-phosphate signal is trans-
ferred to PtsN is unknown, but Cases et al. (5) showed that
PtsN inhibition required the phosphorylation of the protein at
its phospho-acceptor His68 residue. Therefore, an excess of
2-dehydro-3-deoxygluconate-6-phosphate could result in a per-
manent PtsN-P state that could, in turn, prevent XylR from
binding to its upstream activator sequences (3).

The Crc protein seems to act as the switch for the glucoki-
nase pathway, since in a cre-deficient background glucokinase



VoL. 189, 2007

was not repressed by toluene. This is in agreement with pre-
vious results for P. aeruginosa and P. putida (PpG2) which
suggested that Crc controlled the expression of glucose-6-
phosphate dehydrogenase, the second enzyme in the pathway
that converts glucose-6-phosphate into 6PG (6, 7). Our results
show that control of the glucokinase pathway in the presence
of aromatic hydrocarbons also requires the active metabolism
of toluene, although none of the key metabolites between
toluene and catechol seemed to act as the specific signal be-
tween toluene and catechol. At present, the nature of the
chemical signal is unknown, but it may be related to the energy
state of the cell since Crc was proposed to launch appropriate
responses based on the energy status of the cell (38).

In studies with P. putida, Rojo and colleagues showed that
Crc may exert its effect at the posttranscriptional level, at least
in the modulation of the alk system (30, 51). Our microarray
results support a transcriptional role for Crc, but whether the
effect is exerted directly by Crc or indirectly through modula-
tion of transcription of the other regulator(s) remains un-
known.

A feature that we have not overlooked is the effect of glu-
cose on the bacterial response to toluene. Dominguez-Cuevas
et al. (11) reported that exposure of P. putida cells to toluene
resulted in the upregulation of 180 genes and the downregu-
lation of 127 genes. In contrast, when glucose was present, only
50 genes were upregulated in response to toluene and only 11
genes were downregulated (Tables 3 and 4). In agreement with
the results of Dominguez-Cuevas et al. (11) was our finding
that all toluene assimilation genes were induced, but major
differences were found with regard to the induction of stress
genes. For instance, in cells growing on glucose plus toluene
the IbpA protein was the only chaperone induced, which con-
trasted with the induction of 23 shock genes with toluene
alone. This indicates that glucose metabolism alleviates the
toxic effect of toluene.

In short, our results show that KT2440 metabolizes glucose
and toluene simultaneously, as revealed by net flux analysis of
["*C]glucose. Simultaneous catabolite repression of the glu-
cokinase and TOL pathways was triggered by two different
catabolite repression systems; Pu was repressed mainly via
PtsN in response to high levels of 2-dehydro-3-deoxygluconate-
6-phosphate, whereas repression of the glucokinase pathway
was channeled through Crec.
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