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Regulation of Glucose Metabolism in Pseudomonas

THE PHOSPHORYLATIVE BRANCH AND ENTNER-DOUDOROFF ENZYMES ARE REGULATED
BY A REPRESSOR CONTAINING A SUGAR ISOMERASE DOMAIN™
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In Pseudomonas putida, genes for the glucose phosphorylative
pathway and the Entner-Doudoroff pathway are organized in two
operons; one made up of the zwf, pgl, and eda genes and another
consisting of the edd, glk, gltR2, and gitS genes. Divergently with
respect to the edd gene is the gap-1 gene. Expression from P_,,
P, and P, is modulated by HexR in response to the availability
of glucose in the medium. To study the regulatory process in
greater detail we purified HexR and showed that it isa monomer in
solution. Electrophoretic mobility shift assays and isothermal titra-
tion calorimetry assays were done showing that HexR recognizes
the P, P,,» and P, ; promoters with affinity in the nanomolar
range. DNA footprinting assays identified the binding site between
+30and +1atP,,,between +16and +41atP,,,, and between —6
and +18atP,,, ;. Based on DNA sequence alignment of the target
sites and isothermal titration calorimetry data, two monomers of
HexR bind to a pseudopalindrome with a consensus sequence of
5'-TTGTN,_gACAA-3'. Binding of the Entner-Doudoroff path-
way intermediate 2-keto-3-deoxy-6-phosphogluconate to HexR
released the repressor from its target operators, whereas other
chemicals such as glucose, glucose 6-phosphate, and 6-phos-
phogluconate did not induce complex dissociation. The phos-
phorylated effector is likely to be recognized by a sugar isomer-
ase domain located at the C-terminal end of HexR, whereas the
helix-turn-helix DNA binding domain of HexR exhibits high
similarity to proteins of the RpiR family of regulators.

Bacteria of the genus Pseudomonas are ubiquitous inhabit-
ants of soil, water, plant surfaces, and animal tissues. The com-
plete genome sequences of a number of Pseudomonas species
and different strains have been deciphered, and their analysis
has revealed that Pseudomonas exhibits a limited ability to
metabolize sugars; nonetheless, the genomes of all Pseudomo-
nas strains sequenced to date show that they possess the nec-
essary genetic information to metabolize glucose (1-8). In fact,
glucose metabolism in Pseudomonas is biochemically rich, as
up to three convergent pathways that transform the sugar into
6-phosphogluconate have been described. Subsequently,
6-phosphogluconate is metabolized by Entner-Doudoroff
enzymes into central metabolites (9-13).
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Glucose metabolism is compartmentalized in Pseudomonas
in the sense that once glucose passes the outer membrane
through the OprB porin and reaches the periplasm (14-16), it
can be transported to the cytoplasm, or it can be oxidized by the
action of the periplasmic glucose dehydrogenase to yield gluco-
nate, which by the action of gluconate dehydrogenase is trans-
formed into 2-ketogluconate. Gluconate and 2-ketogluconate
may also be transported to the cytoplasm through a process
mediated by the GnuK and KguP transporters, respectively. In
the cytoplasm gluconate is directly phosphorylated to 6-phos-
phogluconate, whereas two reactions mediated by KguK and
KguD are needed to convert 2-ketogluconate into 6-phospho-
gluconate (Fig. 1). As mentioned above, glucose itself can be
transported by an ABC transport system to the cytoplasm
(GtsABCD) and then phosphorylated by glucokinase (Glk) and
transformed to 6-phosphogluconate by the combined action of
glucose 6-phosphate dehydrogenase (Zwf) and 6-phosphoglu-
conolactonase (Pgl). The three pathways co-exist and function
simultaneously in Pseudomonas putida KT2440 (11, 12) but not
in Pseudomonas aeruginosa (17).

The convergent product of glucose metabolism, 6-phospho-
gluconate, then enters the Entner-Doudoroff pathway, in which
it is first converted into 2-keto-3-deoxy-6-phosphogluconate
(KDPG)? by the Edd enzyme (6-phosphogluconate dehy-
dratase) and then hydrolized to produce glyceraldehyde
3-phosphate and pyruvate by action of the Eda enzyme (2-keto-
3-deoxy-6-phosphogluconate aldolase). Glyceraldehyde 3-
phosphate is further metabolized by the GAP-1 enzyme,
whereas pyruvate is decarboxylated to acetyl-CoA and enters
the Krebs cycle.

In P. putida KT2440 the zwf, pgl, and eda genes form an
operon that encodes, respectively, glucose-6-phosphate dehy-
drogenase, 6-phosphogluconolactonase (two enzymes of the
glucose phosphorylative pathway, and Eda (an enzyme of the
Entner-Doudoroff pathway). The edd and glk genes form
another operon that encodes, respectively, 6-phosphoglu-
conate dehydratase (the first enzyme of the Entner-Doudoroff
pathway) and glucokinase (an enzyme of the glucose phospho-
rylative pathway) (18 -22). Also part of this operon are the
gltR2/gltS genes whose gene products are involved in positive
transcriptional control of the glucose transport system. Tran-

2The abbreviations used are: KDPG, 2-keto-3-deoxy-6-phosphogluconate;
Eda, 2-keto-3-deoxyphosphogluconate aldolase; Edd, 6-phosphoglu-
conate dehydratase; EMSA, electrophoretic mobility shift assay; HTH, helix-
turn-helix; SIS, sugar isomerase domain; TSP, transcription start point.
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scribed in the opposite direction to the zwfpromoter is an open
reading frame (PP1021) that encodes the HexR repressor (Fig.
2), whereas the gap-1 gene is divergently transcribed with
respect to the edd promoter.

The two described operons and the gap-1 gene are all
induced in cells growing with glucose, gluconate, and 2-keto-
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FIGURE 1. Glucose catabolic pathways in P. putida. The figure is modified
from that in del Castillo et al. (11, 13) and del Castillo and Ramos (12) Glk,
glucokinase; Zwf, glucose 6-P dehydrogenase; Pgl, 6-phosphogluconolacto-
nase; Edd, 6-phosphogluconate dehydratase; Ged, glucose dehydrogenase;
Gad, gluconate oxidase; KguK, 2-ketogluconate kinase; KguD, 2-ketoglu-
conate-6-phosphate dehydrogenase; G3P, glyceraldehyde 3-phosphate; Pyr,
pyruvate; GnukK, gluconate kinase.
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FIGURE 2. Organization of the zwf, pgl, eda, edd, and glk genes. Genes
zwf/pgl/eda form an operon that is transcribed divergently from hexR gene
(12). The genes edd/glk/gltR2/gltS form another operon that is transcribed
divergently from the gap-1 gene. The arrows indicate the direction of tran-
scription, and the number underneath indicates the intergenic space.

TABLE 1
Strains and plasmids used in this study

HexR-mediated Glucose Response

gluconate, whereas the level of expression of sexR does not vary
significantly regardless of the carbon source used for growth
(13, 23). It should be noted that due to the physical and tran-
scriptional organization of the two operons that transcribe glu-
cokinase pathway genes (glk, zwf, and pgl), the regulator of the
glucose transport system (g/tR2), and the Entner-Doudoroff
pathway genes (edd, eda), glucokinase pathway genes are co-
transcribed with Entner-Doudoroff pathway enzymes. As a
result, the glucokinase pathway is induced when bacteria are
exposed to gluconate and 2-ketogluconate, whose peripheral
pathways are not related to the glucokinase pathway. Another
relevant feature of glucose metabolism in Pseudomonas is that
the glucose-6-phosphate dehydrogenase enzyme, which is
encoded by the zwf-1 gene, is involved in responses to oxidative
stress. It has been proposed that the zwf, pgl, eda operon is
induced in response to oxygen stress, and Kim et al. (24) have
suggested that superoxide-generating chemicals such as men-
adione and cumene hydroperoxide could act as effectors of
HexR.

In this study we report that purified HexR protein is a mon-
omer in solution and that it binds specifically to the promoter
regions of the zwf, edd, and gap-1 genes. Two monomers of
HexR likely recognize the target operator at a palindromic
sequence (5'-TTGTN,_ ¢ACAA-3'). HexR has an HTH DNA
binding domain at its N terminus end and a SIS domain at its C
terminus, which binds to the Entner-Doudoroff pathway inter-
mediate KDPG. Our results show that the in vitro binding of
KDPG to HexR causes its dissociation from target operators.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmids Used in This Study—The
genotype or the relevant characteristics of the bacterial
strains and plasmids used in this study are listed in Table 1.
Bacterial strains were grown in LB medium or in modified
M9 minimal medium with glucose (16 mm) or citrate as the
sole C-source (25). When required, antibiotics were added to
the culture medium to reach a final concentration of 25
pg/ml kanamycin, 20 ug/ml rifampicin, 50 ug/ml ampicillin,
and 30 pug/ml chloramphenicol.

Cm", Km’, Rif", and Ap" stand for resistance to chloramphenicol, kanamycin, rifampicin, and ampicillin, respectively.

Strains or plasmid Genotype of relevant characteristics References
Strains
P. putida
KT2440 Wild type, prototroph, Cm®, Rif* This laboratory
M1044~ edd:mini-Tn5-Km; Km", Rif* 34
M1128¢ eda:mini-Tn5-Km; Km", Rif" 34
E. coli
DH5aF’ F'/hsdR17, recAl, gyrA 46
BL21 (DE3) F~, ompl, hsdSy(r~ zm™)gal, dam, met 47
Plasmids
pB-ZWF B, Tc®, pMP220 bearing a P, ::lacZ fusion 13
pBEDD Tc", pMP220 bearing a P, ::lacZ fusion 13
pGAP Tc®, pMP220 bearing a Py, slacZ fusion 13
pMBLP-ZWF Tc®, pMBL containing zwjli)romoter This work
pMBL Vector for cloning fragments, Ap® Dominion
pET24b(+) Km", protein expression vector Novagen
PMBLATG hexR gene in pMBL vector This work
pET24b:HexR pET24b-containing /exR gene This work
pMBLP-EDD pMBL-containing edd promoter This work

“ Collection of KT2440 mutants available at the Consejo Superior de Investigaciones Cientificas, Granada, Spain.
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Synthesis of KDPG—P. putida eda mutant (Table 1) was
grown overnight with shaking at 30 °C in M9 with citrate (5
mM) as a carbon source in the presence of 5 mMm glucose. An
overnight culture was harvested by centrifugation at 14,000 X g
for 10 min. The cell pellet was resuspended, and cell-free
extracts were prepared by sonication as previously described
(26 -28). Subsequently, 6-phosphogluconate (0.5 mm) was
added to the whole cell-free extract and transformed into
KDPG by incubating for 10 h at 30 °C, which resulted in almost
98% transformation of 6-phosphogluconate. The reaction was
stopped by centrifugation of the sample at 14,000 X g for 10
min, and the supernatant was then frozen at —20 °C.

Cloning of hexR and Overproduction in Escherichia coli—The
P. putida hexR gene was amplified by PCR using genomic DNA
of the KT2440 strain as a template, and the following primers
were used: HexRf 5'-GCTAGCATGGACCGCGTGCGAA-3’
(forward) and HexRr 5'-CTCGAGTTGAGGTCGTCGTC-
CTCGA-3’ (reverse). Upon amplification under standard con-
ditions, the fragment was cloned into the pMBL vector to yield
pMBL::exR. This plasmid was subsequently digested with
Nhel/Xhol, and the 882-bp fragment bearing #exR was cloned
into pET24b(+) digested with the same enzymes. The resulting
plasmid, pET24b:HexR, was used to produce HexR protein
with a 6 X histidine tag at its C-terminal end. To this end E. coli
BL21 (DE3) (pET24b:HexR) was grown in 2-liter conical flasks
with 250 ml of LB supplemented with 25 ug/ml kanamycin.
Cultures were incubated at 30°C with shaking until they
reached turbidity at 660 nm (A4q,) of 0.6, at which point 0.5 mm
isopropyl-B-p-thiogalactopyranoside was added to induce the
expression of the zexR gene. The cultures were then incubated
at 18 °C overnight, and cells were harvested by centrifugation
(30 min at 20,000 X g) and stored at —80 °C until used for
protein purification.

For protein purification, cells were resuspended in 25 ml of
buffer A (50 mm Tris-HCL, pH 7.9, 300 mm NaCl, 1 mm dithio-
threitol, 10 mm imidazole) supplemented with a tablet of Com-
plete™ EDTA-free protease inhibitor mixture (Roche Applied
Science). Cells were lysed by two passes through a French press
at a pressure of 1000 p.s.i. The cell suspension was then centri-
fuged at 20,000 X g for 1 h. The pellet was discarded, and the
supernatant was filtered and loaded onto a 5-ml His-Trap che-
lating column (GE Healthcare) previously equilibrated with
buffer A. His,-HexR was eluted with a 10-500 mm gradient of
imidazole in buffer A. The purity of the eluate was determined
by using 12% SDS-PAGE gels. Homogeneous protein prepara-
tions were dialyzed overnight against buffer B (50 mm Hepes,
pH 7.9, 300 mm NaCl, 1 mm dithiothreitol, and 10% (v/v) glyc-
erol). Dialyzed protein at 1.9 mg/ml was separated into 1-ml
aliquots and stored at —80 °C.

Analytical Gel Filtration Chromatography—To determine
the oligomeric state of HexR in solution, we used analytical gel
filtration chromatography using an Akta fast protein liquid
chromatography system (Amersham Biosciences). Purified
HexR (32 um) was loaded onto a Superdex-200 10/300GL col-
umn (Amersham Biosciences) that was equilibrated in buffer B.
HexR was eluted at a constant flow rate of 0.7 ml/min, and the
absorbance of the eluate was monitored at 280 nm. The molec-
ular mass of HexR was estimated from a plot of the elution
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FIGURE 3. The oligomeric state of HexR was determined by analytical gel
filtration. g, elution chromatogram of 32 um purified HexR. b, calibration curve
using protein standards: carbonic anhydrase (A; 29 kDa) and chicken egg albu-
min (B; 45 kDa), bovine serum albumin (C; 132 kDa), and urease (D; 545 kDa.). The
In of the molecular weight of the protein was plotted versus the corresponding
elution volumes, which were fitted by linear regression. The molecular weight of
HexR was calculated by extrapolating from the elution volume.

volume against Ln of the molecular weight of standard calibra-
tion proteins, namely, carbonic anhydrase (29 kDa), albumin
from chicken egg white (45 kDa), albumin from bovine serum
(66 kDa), and urease (545 kDa) (Sigma). HexR was identified by
Western blot using a specific anti-His-tag antibody (Fig. 3).
Electrophoresis Mobility Shift Assay—DNA fragments bear-
ing the zwf (280 bp) and edd/gap-1 (340 bp) promoters were
generated by PCR amplification from pMBLP-ZWF or
pMBLP-EDD wusing appropriate primers pairs, namely,
RHexR2, 5'-GATCTGTTCCAGGAGGTTT-3’, and ZWF]I,
5'-GCCAAACAGGGCAAAGGTGC-3' for the zwf operator
and Bedd,;, 5'-AGGTCCTGGCGGTAGCCTTG-3, and Bedd,,
5'-GGCTAATTGTAAGGGCGGTT-3" for the edd/gap-1
operator. Amplification conditions were 90 °C for 5 min fol-
lowed by 45 cycles at 66 to 60 °C for 1 min and 72 °C for 1 min.
Amplified DNA was isolated from agarose gels and end-labeled
with deoxy-[y->’P]ATP using the T4 polynucleotide kinase. A
10-ul sample containing about 2 nm labeled DNA (1.5 X 10*
cpm) was incubated with increasing concentrations of purified
HexR for 1 hin 10 ul of binding buffer (50 mm Tris-HCI, pH 7.5,
10 mm NaCl, 0.5 M magnesium acetate, 0.1 mm EDTA, 1 mm
dithiothreitol, 5% (v/v) glycerol) containing 20 ug/ml of poly-
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d(IC) and 200 wg/ml of bovine serum albumin. The DNA-pro-
tein complexes were resolved by electrophoresis in 4% (w/v)
nondenaturing polyacrylamide gels in 1 X Tris borate-EDTA
using Bio-Rad electrophoresis equipment as described before
(29, 30).

DNase I Footprinting—The zwf (280 bp) and edd/gap-1 (340
bp) DNA fragments containing, respectively, the P,  and
P,y 1/Peaa Promoters, were amplified using the oligonucleo-
tides outlined above. DNA was labeled with deoxy-[y->*P]ATP.
Ten-ul samples containing 2 nMm concentrations of probe were
mixed with different amounts of HexR (0.1-3 uM) in binding
buffer for the formation of the DNA-HexR complex. Samples
were incubated for 1 h at 30 °C, and then DNase I (0.4 U; Roche
Applied Science) was added to the complexes for 5 min, at
which point the reaction was stopped by adding 2 ul of 500 mm
EDTA solution. DNA from the footprinting mixtures was phe-
nol-chloroform-extracted, ethanol-precipitated, and dissolved
in 12 pul of sequence loading buffer. After 5 min of denaturation
at 95 °C, DNA was loaded onto a 6.5% (w/v) DNA-sequencing
gel. Appropriate sequencing reactions were loaded onto the
gels along with the footprinting samples and used as a size lad-
der for identification of the sequences of protected sites.

Isothermal Titration Calorimetry—Microcalorimetric ex-
periments were carried out at 25 °C using a VP-microcalorim-
eter (Microcal, Amherst, MA). Protein and DNA samples were
dialyzed into the following buffer: 50 mm Hepes, pH 7.9, 300 mm
NaCl, 1 mm dithiothreitol, 10% (v/v) glycerol. For DNA binding
studies, oligonucleotides corresponding to both strands of the
HexR binding site at the zwfpromoter (5'-TTGTCTGTAACAC-
TTGTGTGTAATGTTGTGGTTTTTACTACATTATCCC-3')
were synthesized. Annealing was carried out by mixing 200 um
concentrations of each of the complementary oligonucleotides
in 50 mm phosphate buffer, pH 7.0, 0.5 M EDTA, 2.5 m NaCl.
The mixture was incubated at 90 °C for 30 min, and then the
sample was allowed to cool down to 46 °C to prevent the for-
mation of secondary structures (note that because of secondary
structure formation with the chosen oligos for P,,,, it was
impossible to achieve the appropriate double-stranded pairs).
Typically, reverse titrations (DNA into HexR) involved the
injection of aliquots of 17-31.5 um DNA into 3 um HexR. All
data were corrected using the heat changes arising from injec-
tion of the ligand from the syringe into the buffer. The titration
data were analyzed using the “one-binding site model” of the
MicroCal version of ORIGIN. Titration curves were fitted by a
nonlinear least squares method to a function for the binding of
a ligand to a macromolecule. The parameters AH (reaction
enthalpy), K, (binding constant, K, = 1/K},), and n (reaction
stoichiometry) were determined from the curve fit. The change
in free energy (AG) and in entropy (AS) was calculated from the
values of K, and AH with the equation AG = —RT In K, =
AH-TAS, where R is the universal molar gas constant, and 7 is
the absolute temperature.

RESULTS
HexR Belongs to the RpiR Family of Transcriptional

Regulators—BLAST analysis of the protein sequence of HexR
suggests that this 290-residue regulator is very well conserved
in all sequenced Pseudomonas genomes exhibiting a high
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degree of sequence similarity (>90%) and sequence identity
(>78%) (supplementalFig. 1). Furthermore, HexR of P. putida
exhibits high similarity to members of the RpiR family of tran-
scriptional regulators, which can be repressors or activators.
The archetypal regulator of the family is RpiR, which regulates
ripB gene expression and whose product, RipB, interconverts
ribulose 5-phosphate and ribose 5-phosphate (31). Members of
this family possess a helix-turn-helix at the N terminus of the
protein and contain a C-terminal SIS domain found in many
phosphosugar isomerases and phosphosugar-binding proteins,
although at present there is no evidence for catalytic activity of
the SIS domain when linked to a HTH DNA binding domain in
the same polypeptide (32, 33).

Analysis of HexR with PFAM confirmed that this regulator
has two domains, one stretching from residues 20-107 (PFAM
01418) that is predicted to be an HTH DNA binding domain of
the RpiR family of regulators (supplementalFig. 1) and another
domain involving residues 127-256 (PFAM 01380) that is pre-
dicted to be a SIS domain.

HexR Is a Monomer in Solution—With the aim of clarifying
the mechanism of action of HexR, we cloned the kexR gene in
pET24b and purified hexahistidine-tagged HexR protein from
the soluble fraction of E. coli lysates. Upon purification using
nickel-trap columns, an apparent homogeneous 30-kDa HexR
preparation was obtained with a yield of almost 2.0 mg/liter. To
determine the oligomeric state of HexR in solution, the HexR
protein was subjected to gel filtration analysis using a Super-
dex-200 10/300GL column, as described under “Experimental
Procedures.” The results indicated that the HexR eluted as a
single and symmetric peak (Fig. 3a4), and when the elution vol-
ume of HexR was extrapolated into the corresponding calibra-
tion curve (Fig. 3b) a molecular mass of 29.9 kDa was derived,
suggesting that the HexR protein is a monomer in solution.

DNA-HexR Complex Formation and Identification of HexR
Binding Sites in the P,,, P, , and P, Promoter—Our previ-
ous genetic analysis suggested that HexR modulates expression
of the zwf/pgl/edd and eda/glk/gltR2/gltS operons (11, 12, 34)
because in a #exR mutant background expression from these
promoters was higher than in the absence of glucose. To study
the potential interactions of HexR with its target operators in
greater detail, we confirmed the previously established tran-
scription start point (tsp) for zwf and mapped the tsp of the
edd/gap divergent region. Our primer extension analysis
revealed a single tsp for gap-1 and edd (Fig. 4A), and based on
the size of the cDNA it appears that their divergent tsp are
separated by 28 nucleotides, so that the —10/—35 regions of
both promoters overlap (Fig. 4B). Next we tested the ability of
HexR to bind to zwf and gap-1/edd promoters using electro-
phoretic mobility shift assays (EMSA), as described under
“Experimental Procedures.” In these assays increasing concen-
trations of HexR protein (0.1 at 3 um) were added to 2 nMm
deoxy-[y-**P]ATP-labeled DNA (1.5 X 10* cpm) of either a
280-bp fragment bearing the P_, - promoter or a 340-bp frag-
ment containing the P,,,/P,,, , promoters. We found that
HexR concentrations as low as 100 num retarded both the P,
and the P, .., , DNA fragment (Fig. 54). Although with P_,,
a major complex was seen in the EMSA, two retard bands were
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+
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ACCACTTGTCTGTAACA| E'ITGTGTGTAATG TTGTGGTTTTTACT, ACéII T
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P
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i Bedd,

AGGTCCTGGCGGTAGCCTTGGGTATACAGTGCGCGCAGGACATTGCGCCCGATTCGGCCGAATC
CATTGATGGCGATGCGAAGGGTCATGGCAGTACCTCTGGCAGT;I'CGAGTGAAACCTGTGGCA

inverted repeat consensus sequence
(5'-TTGTN,,;ACAA-3"),  which
most likely represents the specific
HexR binding motif (Fig. 6C).

To estimate the apparent affinity
of HexR for the P, -promoter, den-
sitometric analysis of three different
gels (see Fig. 5, A-D for one gel) was
carried out, and the relative
amounts of observed HexR-DNA
complex were plotted against the
logarithm of HexR concentration
(Fig. 5E). These data were fitted
using the sigmoidal fitting tool of
ORIGIN (Fig. 5E). The correspond-
ing apparent K, value was 780 = 40
nM. To determine the apparent
affinity of HexR for the P,,, and
P,.,.; promoter, 280-bp DNA frag-
ments were generated so that only
one of the sites identified in the
footprint was present. Similar
EMSA analyzes as those reported
above were carried out (Fig. 5, C and
D). In these cases a single retard
band was found, in agreement with
the presence of a single recognition
site for HexR. Based on densitomet-
ric analysis (Fig. 5E), apparent affin-
ity of 774 = 80 nm for edd and 480 =
50 nMm for the gap-1 promoter was

ACGTP

gap-1

ATCCCTTGAAAACC

estimated. Therefore, HexR exhibits

slightly higher affinity for the P,,, ,

PW' 1‘_|+
CAAAGGAGCTTCACTGAAACGGTTTTb TTGTTGGAATTA CAAGATTATTdACTGGCTGATAGAAA
+1p
edd
ACAAGCUTTTTTAGTGGCAG EETT TTGTTTAAATATACAACGAGTGG I TGGGTGTCGTGCCTCCA
CCGATGCAGCGGGCTCCTAA!
AACCGCCCTTACAATTAGCC
Bedd2

FIGURE 4. Identification of transcription initiation point in the P,,,, P.,, and P, , promoters. A, tran-
scription mapping. P. putida cells were grown on M9 minimal medium with glucose, and RNA was extracted as
described by Marqués et al. (48). Primer used for extension reactions are given under “Experimental Proce-
dures.” Lanes A, C, G, and T are sequencing ladders. The left lanes show single-stranded DNA markers of the
indicated size. B, sequence of the mapped promoters. The tsp is indicated by a letter in larger size and marked
+1. Boxed DNA corresponds to protected sequences in footprint (see Fig. 6). Underneath sequences corre-

spond to oligoprimers used for PCR amplification.

observed with the 340-bp fragment bearing the P,,;,/P,,,, , pro-
moters (Fig. 54).

To identify the HexR binding site(s) in P,,,, P,,, ;, and P,
DNase I footprinting was carried out using 5’ [y-**P]radiola-
beled fragments of 280 bp for the P, -promoter and of 340 bp
for the P, ,/P,,, promoters. DNA was incubated with either
0.1 or 3 um HexR protein. As shown in Fig. 64, a protected
region was found between base pairs +1 and +30 (5'-CTTGT-
GTGTAATGTTGTGGTTTTTACTACA-3') for the P, rpro-
moter (Figs. 4 and 6A). Fig. 6B shows two footprints; one from
+16 to +41 (5'-ATTTTGTTTAAATATACAACGAGTGG-
3') for the P,,, promoter and another from —6 to +18 at the
P, ; promoter (5'-GTTGTTGGAATTACAAGATTATTC-
3'. Sequence alignment of the three regions protected by HexR
revealed a high degree of identity (65.4%) and a common
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promoter than for the P, ,and P,
promoters.

To estimate binding stoichiome-
try, isothermal titration calorimetry
assays with the P, -binding site and
HexR were performed as described
under “Experimental Procedures.”
Binding stoichiometry was two
molecules of HexR per binding site,
suggesting that HexR, although a
monomer in solution, binds as a dimer (supplemental Fig. 2).

Identification of KDPG as an Effector for HexR—The edd and
eda genes must be induced to metabolize glucose, fructose, glu-
conate, or 2-ketogluconate (Fig. 1). Given the physical organi-
zation of the genes for the glucokinase branch and the Entner-
Doudoroff pathway (Fig. 2), either HexR recognizes a wide
range of sugars or one or more common pathway intermedi-
ates, i.e. 6-phosphogluconate or KDPG, could be the true effec-
tor of HexR. The above EMSA showed that with2nM P, /4.,
promoter and 3 uM HexR 100% of the DNA was retarded. These
assays have also been done by incubating for 30 min before
running the gel DNA-operator complex with 400 uMm con-
centrations of each of the following compounds: glucose,
fructose, gluconate, 2-ketogluconate, glucose 6-phosphate,
gluconate 6-phosphate, KDPG, glyceraldehyde 3-phosphate,
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FIGURE 5. Electrophoresis mobility shift assay of the promoter region of
P..rand P, /., ; by purified HexR. A, the DNA binding assays was done
using purified HexR with 2 nm concentrations of the product of PCR (280 bp)
of P,,,rend-labeled with *2P and incubated with the concentration of purified
HexR indicated at the top of each lane. The position of the free DNA is indi-
cated. B, as in A, but a 340-bp P,y4/y4,-; fragment was used. Complex | and
Complex Il are indicated. C and D, as in A, but a 280-bp DNA fragment con-
taining the HexR binding site at P, ; (D) or P4 (C) were used. E, the densi-
tometric analysis of the EMSA gels. Squares, P, promoter fragments; circles,
P.qq Promoter fragments; triangles, and P, ; promoter fragments.

pyruvate, or acetyl-CoA. Subsequently, samples were elec-
trophoresed. We found that only KDPG was able to release
HexR from the HexR-DNA complex (Fig. 7). As such, it
appears that KDPG is the specific HexR effector and the
chemical responsible of the induction of the genes necessary
for glucose metabolism.
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FIGURE 6. DNase | footprinting of promoters regulated by HexR. Assays
were done with P,,,. DNA operator (A) and of edd/gap-1 promoter (B). Lane 1
contains a control without HexR, lanes 2 and 3 contain DNA incubated with
0.1 and 3 um concentrations of purified HexR, and lanes 4-7 show the ACG T
sequencing ladder. Vertical lines indicate the target footprinting site. C, align-
ment of the sequences corresponding to the protected area in the different
HexR-regulated promoters and the proposed pseudopalindrome recognized
by HexR as consensus sequence.
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FIGURE 7. EMSA of P_,/y,,.; With HexR using different effectors. A, mix-
ture of 3 um concentrations of purified His-tag HexR and DNA promoter and
400 um concentrations of different effectors, respectively. Lane 1, free DNA;
lane 2, purified HexR incubate with 2 nm DNA. Lanes 3-11 are as lane 2, except
that 400 um concentrations of the following chemicals was added: glucose,
fructose, gluconate, 2-ketogluconate, glucose 6-phosphate, 6-phosphoglu-
conate, acetyl-CoA, pyruvate, and KDPG.

To corroborate the set of in vitro data, we decided to perform
in vivo experiments in which we measured expression from
P.yw P..andP,,, , in wild-type cells and eda mutants growing
in M9 minimal medium with citrate in the absence and in the
presence of glucose. We found that in the wild type the basal
level of expression from these three promoters increased about
2-3-fold in the presence of glucose. In the Aeda background
expression levels in the absence of glucose were relatively high
and increased again 2—3-fold when glucose was added to the
culture medium, in agreement with accumulation of KDPG

(Table 2).

DISCUSSION

del Castillo et al. (11, 13) showed that all sequenced Pseudo-
monas sp. genomes exhibit the same physical organization of
the zwf/edd/pgl and eda/glk operons, with the hexR gene being
transcribed divergently with respect to the edd promoter. In
addition, we show here that all Pseudomonas HexR proteins
exhibit highly conserved domains and motifs. This suggests
that information derived from studies in P. putida KT2440 can
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TABLE 2

Expression from P, P . and P
and the eda mutant

The indicated host was transformed with a pMP220 derivative (Tc®) bearing the
indicated fusion to "lacZ. Cells were grown on M9 minimal medium with citrate (15
mM), overnight cultures were diluted 50-fold in the same medium in the absence or
in the presence of glucose (5 mm), and B-galactosidase activity (Miller units) was
determined when culture cells had reached a cell density of about 0.7. Data are the
average of three independent assays, done in duplicate. ND, not determined.

gap Promoters in the wild-type strain

Host Promoter —Glucose +Glucose
Wildtype P, placZ 500 * 40 1500 = 100
Wild type P, lacZ 100 = 10 200 + 15
Wild type P, lacZ 200 + 25 280 + 10
Aeda P, placZ 3700 £ 50 10000 = 1000
Aeda P, :lacZ 500 + 30 1200 = 150
Aeda P, slacZ ND ND

gap-1

be relevant to understanding the regulation of glucose metab-
olism in other species of the genus Pseudomonas.

HexR belongs to the RpiR family, and its members are often
involved in sugar catabolism control in proteobacteria. RpiR
members can be repressors such as RpiR in E. coli (31) and
HexR in P. putida or transcriptional activators such as GIvR in
Bacillus subtilis that modulates maltose metabolism (35).
Regardless of its role as a repressor or activator, the multialign-
ment of HexR with other members of the RpiR family revealed
two domains (the HTH binding domain from residues 20 to 66
and the SIS domain from residues 127 to 256) and four blocks of
high sequence conservation. These four conserved blocks cor-
respond to residues between 23 and 66, 132 and 153, 183 and
195, and 238 and 250 in HexR of P. putida. Within the first set
of residues a potential HTH DNA binding motif was identified,
which in turn allowed us to identify the segment of the N ter-
minus of HexR that is likely to directly interact with DNA. The
N-terminal region of HexR (PF01418) is 36% identical to the
N-terminal region of the putative transcriptional regulator
YbbH from B. subtilis, whose three-dimensional structure is
known (PDB code 203F). We then generated a three-dimen-
sional model of the DNA binding domain of HexR based on the
YbbH structure. The analysis of this model shows that the
amino acids that appear to be more important for the recogni-
tion of DNA are GlIn-43, Lys-46, Glu-49, Arg-54, and Arg-57
(Fig. 84), and the amino acids that may directly interact with
DNA are Arg-54 and Arg-57; that is, residues that are particu-
larly well conserved in all of the HexR sequences (supplemen-
talFig. 1). As mentioned above, the C-terminal region of HexR
exhibits high homology to SIS domains corresponding to sig-
nature PF01380 (36). The C-terminal domain of HexR exhibits
27% identity to the phosphoheptose isomerase of E. coli, whose
three-dimensional structure in complex with its substrate
sedoheptulose phosphate has been resolved (36). This structure
has served as template for the generation of a homology model
of the HexR SIS domain (Fig. 8B). Based on an alignment of
both sequences and the information obtained from the residues
involved in effector recognition in E. coli structure, we suggest
that the HexR residues corresponding to serines 140 and 184,
which are within two of the conserved blocks of residues, are
likely to be involved in effector recognition.

Recognition of KDPG—The HexR SIS domain seems to rec-
ognize a phosphorylated molecule, KDPG, as an effector. This
indicates that control of the Entner-Doudoroff pathway
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R54

R57

FIGURE 8. Three-dimensional homology models of the N-terminal and
C-terminal domains of HexR. A, DNA binding domain; the HTH motif is high-
lighted in green. Amino acids Arg-54 and -57 are likely to interact with the
DNA. B, SIS domain, amino acids Ser-140 and -184 are likely to interact with
bound effectors, which is schematically depicted in green.

enzymes, needed for the catabolism of sugars, is modulated by a
pathway intermediate rather than initial pathway substrates. In
addition, it should be noted that KDPG plays a role as signaling
molecule in catabolite repression. Veldzquez et al. (37) showed
that inactivation of eda gene and the subsequent accumulation
of KDPG resulted in catabolite repression of the toluene degra-
dation pathway, whereas this effect is not seen in an edd mutant
background in which 6-phosphogluconate is accumulated (11,
12). Furthermore, it has been shown that KDPG is essential to
this cross catabolite regulation between the phosphorylative
pathway for glucose metabolism and the toluene pathway, so
that a fine balance is maintained between the two different car-
bon sources (11-13). The key position of KDPG is also evident
in the Aeda mutant in cells growing in the absence of glucose.
As shown in Table 2, citrate-growing cells exhibit high levels of
expression from HexR-regulated promoters, probably because
of the metabolism of triose phosphate to glucose-6-phosphate
and its subsequent metabolism to 6-phosphogluconate. This
induction of zwfand other promoters is in agreement with the
observation that eda mutants in P. aeruginosa are more resist-
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ant to oxidative stress responses, a process in which the zwf
gene product, glucose-6-phosphate-ehydrogenase, is involved
(24, 38).

The organization of a potential catalytic domain and a DNA
binding domain, as seen in HexR, is unusual in regulatory pro-
teins but has been described before for regulators of biosynthe-
sis of amino acids (i.e. Ref. 39). No evidence is available on the
catalytic activity of members of the Rip family at present. It is
possible that SIS effector binding domain functions as an allo-
steric pocket that influences the three-dimensional conforma-
tion of the HTH DNA binding domain. This type of domain
interconnection has been well established for TetR family of
repressors in that an a-helix connects the DNA binding domain
and the effector pocket so that occupation or not of the pocket
influences the angle of the recognition helix in the DNA bind-
ing domain (40—43). This in turn dramatically influences the
activity of the regulator so that it can bind to target DNA
sequences in the absence of effectors rather than in their pres-
ence (40 —44).

Analysis of DNA Sequences Reveal That HexR May Block Pro-
gression of RNA Polymerase—Foot-print analysis revealed that
P. putida HexR recognizes an inverted pseudopalindromic
sequence, 5'-TTGTN,_  ACAA-3’ that lies between —6 and
+18inP,,, , between +16 and +41 in P,,,, and between +1
and +30 in P,,, suggesting that regulation of transcription
from P, P, ;,, and P_,  may involve blockage of RNA poly-
merase progression. Further in vitro assays are required to
determine whether the different locations of the HexR binding
sites relative to the tspin P, P,,, ;, and P_, cinfluence repres-
sion strength; using EMSA we found that HexR binds with a
slightly higher affinity (2-fold) to the P, , promoter than to
the other two promoters. These differences in binding affinity
might be because oflocal differences in DNA sequence or struc-
ture, as has been observed for other repressors, e.g. the TtgV
repressor binds more tightly to the P,,,,, promoter than P,
because of local differences in DNA sequence and the bending
degree of DNA, which influences the level of transcription (45).

In summary, HexR modulates the expression of the phos-
phorylative pathway for glucose metabolism in P. putida
through the recognition of KDPG, an intermediate in the Ent-
ner-Doudoroff pathway. This pathway is necessary for the
catabolism of other sugars such as fructose and gluconate and
2-ketogluconate. Because of the physical organization of the
genes encoding Entner-Doudoroff enzymes and the phospho-
rylative branch, induction by a pathway intermediate leads to
the gratuitous induction of the glucose phosphorylative path-
way when cells are grown on gluconate. This may not be a
“genomic accident” as KDPG plays a relevant role as signaling
molecule in catabolite repression and in the response to oxida-
tive stress in Pseudomonas, so that the induction of the phos-
phorylative pathway may be part of the trade-off cells have to
pay to govern levels of the signaling molecules.
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