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Pseudomonas azelaica HBP1 degrades the toxic substance 2-hydroxybiphenyl (2-HBP) by means of three
enzymes that are encoded by structural genes hbpC, hbpA, and hbpD. These three genes form a small
noncontiguous cluster. Their expression is activated by the product of regulatory gene hbpR, which is located
directly upstream of the hbpCAD genes. The HbpR protein is a transcription activator and belongs to the
so-called XylR/DmpR subclass within the NtrC family of transcriptional activators. Transcriptional fusions
between the different hbp intergenic regions and the luxAB genes of Vibrio harveyi in P. azelaica and in
Escherichia coli revealed the existence of two HbpR-regulated promoters; one is located in front of hbpC, and
the other one is located in front of AbpD. Northern analysis confirmed that the kbpC and hbpA genes are
cotranscribed, whereas the hbpD gene is transcribed separately. No transcripts comprising the entire hbpCAD
cluster were detected, indicating that transcription from P, is terminated after the hbpA gene. E. coli mutant
strains lacking the structural genes for the RNA polymerase ¢>* subunit or for the integration host factor
failed to express bioluminescence from P,,,- and P,,,,-luxAB fusions when a functional hbpR gene was
provided in trans. This pointed to the active role of o>* and integration host factor in transcriptional activation
from these promoters. Primer extension analysis revealed that both P, and P,,,,, contain the typical motifs
at position —24 (GG) and —12 (GC) found in ¢>*-dependent promoters. Analysis of changes in the synthesis
of the hbp mRNAs, in activities of the 2-HBP pathway enzymes, and in concentrations of 2-HBP intermediates
during the first 4 h after induction of continuously grown P. azelaica cells with 2-HBP demonstrated that the

specific transcriptional organization of the hbp genes ensured smooth pathway expression.

The hbp genes allow Pseudomonas azelaica strain HBP1 to
metabolize the toxic compounds 2-hydroxybiphenyl (2-HBP)
and 2,2'-dihydroxybiphenyl (2,2'-DHBP) (21, 22, 44). The hbp
system consists of three structural genes, hbpC, hbpA, and
hbpD, which encode the enzymes for the first steps of 2-HBP
degradation (Fig. 1), and of the regulatory gene 4bpR (20, 44).
Expression of the 2-HBP pathway is tightly regulated, and the
respective enzyme activities can only be measured when cells
are induced with 2-HBP or 2,2’-DHBP (20, 22). By using
knockout studies and complementation assays we identified
the HbpR protein as the key regulator for 2-HBP pathway
expression (20).

On the basis of sequence comparisons, the HbpR protein
belongs to the NtrC family of prokaryotic transcriptional acti-
vators (20). Members of this family specifically bind to (nearly)
palindromic DNA sequences located around 100 to 200 bp
upstream of their target promoters (the so-called bacterial
enhancer-like elements or upstream activating sequences
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[UASs]) (reviewed in references 25 and 29). Transcriptional
activation by NtrC-type regulators occurs through specific bio-
chemical or physiological stimuli which may change the pro-
tein’s conformation and which may provoke multimerizations,
eventually triggering an ATPase activity (29, 34, 38). The
ATPase activity is needed for catalyzing the formation of the
open transcriptional complex by o°*-containing RNA polymer-
ase (RNAP) (25) at promoters with a —24 (GG)/—12 (GC)
motif (26). Histone-like proteins such as integration host factor
(IHF) and protein HU may assist in the process of transcrip-
tional activation. IHF binds DNA specifically while introducing
strong hinge-like bends of 140° or greater, whereas HU binds
DNA aspecifically and increases the flexibility of the bound
DNA (reviewed in reference 31). IHF and HU are capable of
establishing a particular geometry at the promoter DNA which
may enable a bound NtrC-type activator at the UASSs to con-
tact promoter-bound RNAP-¢°* (12, 18, 37). For XyIR and its
P, promoter, IHF was even shown to promote a better recruit-
ment of o°*-RNAP to the —24/—12 promoter by providing
additional contacts between the o subunit of the holoenzyme
and an otherwise-distant cis element (UP-like element) (8, 10,
41).

One subclass within the NtrC family, the XylR/DmpR sub-
class, is formed by regulatory proteins which are activated by
direct interaction with aromatic effector compounds without
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Insertion of region 1-4

FIG. 1. (A) Initial metabolism of 2-HBP and 2,2'-DHBP in P. azelaica HBP1. The enzymes responsible for catalyzing the different reactions
are indicated below each conversion step. HbpA catalyzes the NADH-dependent ortho hydroxylation of 2-HBP (I) to 2,3-dihydroxybiphenyl (1I)
(21, 22, 48). HbpC catalyzes the cleaving of 2,3-dihydroxybiphenyl at a meta position, which results in 2-hydroxy-6-oxo-6-phenyl-2,4-hexadienoic
acid (III) (22, 44). This compound is then hydrolyzed by HbpD to benzoic acid and 2-hydroxy-2,4-pentadienoic acid (IV and V) (22). (B) Genetic
organization of the 4bp genes. Shaded arrows, orientations and sizes of the genes; solid line, noncoding DNA; black bars, DNA fragments used
as probes in the Northern analysis. Hairpin-like structures indicate the relative locations of predicted terminators. (C) (Left) Fragments used for
transcriptional fusions with /ux4B in pJAMAS (resulting plasmid names are indicated). (Right) Restriction map of plasmid pJAMAS. The unique
Sphl and Xbal sites used for cloning are in boldface. The locations of other relevant restriction sites and the orientation of the lac promoter are
indicated. RBS, ribosome binding site; STOP (3X), stop codons in all three reading frames. Solid line, vector-derived DNA. (D) p-independent
transcription terminator structures predicted from the DNA sequence downstream of 4bpA (position 6050 of the sequence with GenBank accession

no. U73900) and hbpD (position 7700).

the need for a sensor kinase component (reviewed in reference
45). These NtrC-type monocomponent regulators exhibit a
modular design. The N-terminal A domain recognizes the ef-
fector, the central C domain is essential for the different steps
needed in transcriptional activation (ATP binding and hydro-
lysis, oligomerization, and contacting RNAP-¢°*), and the C-
terminal D domain binds to the DNA at the UASs by means of
a helix-turn-helix motif (reviewed in reference 29). In the cur-
rent model for activation, the A domain acts as a specific
interdomain inhibitor which occludes the otherwise constitu-
tive ATPase activity of the central C domain (13, 32, 33). The
binding of an effector molecule leads to a conformational
change in the A domain which is transmitted through a short
flexible interdomain linker hinge region, the Q linker (52), in
such a way that the inhibition of ATPase activity of the C
domain is released (45).

Based on sequence homology and the capability to interact
directly with 2-HBP and other aromatic effectors, HbpR could
be assigned to the XylR/DmpR subclass (20). Within this
group, HbpR takes a distinct position since it is activated by
bicyclic structures, such as 2-HBP and 2,2'-DHBP and the
structural analogs 2-aminobiphenyl and 2-hydroxybiphenyl-
methane (20). Monoaromatic compounds are not effectors for
HbpR-mediated transcriptional activation (20).

Here we report on the transcriptional organization of the
hbpCAD genes, which is rather unusual for Pseudomonas cat-
abolic genes. By using promoter fusion studies, primer exten-
sion experiments, and Northern analysis, we discovered two
separately regulated operons within the AbpCAD gene cluster.
The expression of both operons is mediated by HbpR and
requires RNAP-¢°* and IHF for full activation. From obser-
vations of the first stages of induction of the 2-HBP pathway in

chemostat-grown P. azelaica cells, we discuss how the present
transcriptional organization effects expression of the 2bp genes
for achieving 2-HBP degradation.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains used in this
study are listed in Table 1. P. azelaica HBP1 is able to use 2-HBP and 2,2’-DHBP
as a sole source of carbon and energy (21). P. azelaica strains HBP104 (20),
HBP107, HBP108, and HBP118 originate from strain HBP1 and contain tran-
scriptional fusions between the different intergenic regions of the hbp structural
genes and the luxAB genes (Fig. 1C) integrated on the chromosome in mono-
copy.

Escherichia coli strains were grown at 37°C on Luria-Bertani medium (42). P.
azelaica strains were routinely grown at 30°C on Pseudomonas mineral medium
(MM) (16) containing 10 mM succinate or 2.9 mM 2-HBP. When required the
media were supplemented with antibiotics as described before (20).

Chemostat cultivation of P. azelaica HBP1 and RNA isolation. P. azelaica
HBP1 was continuously cultivated in a 2.5-liter reactor (MBR, Wetzikon, Swit-
zerland). Culture conditions were, in short, a dilution rate of 0.085 h™! under
carbon-limited conditions, a temperature of 30°C, an operating volume of the
reactor of 1.2 liters, pH 6.8, and a stirring velocity of 450 rpm. To all media,
silicon antifoam was added at a final concentration of 100 ppm. Growth medium
for noninducing conditions was based on MM containing 20 mM glucose, on
which the cells were grown for about eight volume changes before being induced.
Optical density at 600 nm of the culture at steady state was 2.6. Induction was
achieved by adding 0.24 ml from a 2.5 M 2-HBP solution in dimethyl sulfoxide
(DMSO) and simultaneously shifting the feed medium to MM with 20 mM
glucose and 0.5 mM 2-HBP.

Total RNA from P. azelaica HBP1 was isolated from the chemostat 1 min
before shifting to 2-HBP-containing medium and 3, 7, 13, 23, and 30 min after
the shift. Three-milliliter samples were taken directly from the chemostat, and
cells were immediately pelleted by centrifugation (15,000 X g, 30 s) at 4°C. Total
RNA was then isolated as described previously (6) and treated with DNase I
(RNase free; Boehringer GmbH, Mannheim, Germany). RNA concentrations
were determined spectrophotometrically by measuring the optical density at 260
nm in a Uvikon 800 spectrophotometer (Kontron Instruments AG, Ziirich,
Switzerland).
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TABLE 1. Bacterial strains used in this work

Strain Relevant genotype or characteristics” Source or reference

E. coli

CC118\pir ~ Host strain to propagate plasmids with an R6K origin of replication 17

DH5« Host strain in routine cloning experiments Gibco BRL, Life Technologies

N99 galK 28

A5196 Cm" Km"; N99 hupA16::Kan hupBI1::Cat; derivative of strain N99 lacking the o and B subunits of HU 28

A5475 N99 AhimA82 hip157; derivative of strain N99 lacking the a and B subunits of IHF 28

ET8000 rbs lacZ::1S1 gyrA hutC(Con) 27

ET8045 Tc"; ET8000 rpoN208::Tnl0; derivative of strain ET8000 lacking the o>* subunit 27
P. azelaica

HBP1 2-HBP™; wild type 21

HBP104 Km?; 2-HBP"; contains mini-Tn5 (region 1 [P, ]-luxAB res-npt-res) of plasmid pHYBP104 20

HBP107 Km"; 2-HBP™; contains mini-Tn5 (region 2-luxAB res-npt-res) of plasmid pHYBP107 This work

HBP108 Km'; 2-HBP; contains mini-Tn5 (region 3 [P,,,,]-luxAB res-npt-res) of plasmid pHYBP108 This work

HBP118 Km"; 2-HBP™; contains mini-Tn5 (region 4-luxAB res-npt-res) of plasmid pHYBP118 This work

HBP104121 Km" Sm" Tc"; 2-HBP; derivative of strain HBP104 with disrupted 7bpR 20

HBP108121 Km" Sm'Tc"; 2-HBP~; derivative of strain HBP108 with disrupted #bpR This work

“2-HBP™, ability to grow on 2-HBP; 2-HBP~, inability to grow on 2-HBP; res-npi-res, element with kanamycin resistance gene of Tn5 (npt) flanked by tandem
multimer resolution sequences (res) of RP4 (24); regions 1 to 4 correspond to the hbp-derived intergenic regions as shown in Fig. 1C.

Recombinant DNA techniques, DNA sequencing, and Southern analysis. Plas-
mid DNA isolations, ligations, transformations, PCR, and other DNA manipu-
lations were carried out according to well-established procedures (4, 42) or as
described previously (20). Double-stranded template sequencing was performed
with primers that were labeled with fluorescent dye IRD-800 or IRD-700 at the
5’ end, as described elsewhere (40).

Chromosomal insertions of mini-Tn5 derivatives or homologous recombined
DNA into the P. azelaica chromosome were verified by Southern analysis. DNA
fragments were radioactively labeled by using a randomly primed DNA labeling
kit (Roche Schweiz AG, Rotkreuz, Switzerland) in the presence of [a-*?P]dATP
(Amersham Pharmacia Biotech, Little Chalfont, United Kingdom).

Northern analysis. For Northern analysis, either 1 (for probing with 4bpC,
hbpA, or hbpD gene fragments) or 8 g (for probing with zbpR DNA) of RNA
was denatured for 1 h at 50°C in the presence of 10 mM sodium phosphate buffer
(pH 7.0)-50% DMSO-0.89 M glyoxylate in a total volume of 44.6 pl by standard
procedures (4). After 0.1 volume of RNA loading buffer (50% sucrose, 15 mg of
bromophenol blue)/ml was added, the glyoxylated RNA mixture was subse-
quently fractionated in a 1% agarose gel prepared in 10 mM sodium phosphate
buffer (pH 7.0), with continuous buffer circulation. RNAs were transferred to
Hybond-N membranes by blotting overnight in 10X SSC (1X SSC is 0.15 M NaCl
plus 0.015 M sodium citrate).

The following hbp gene fragments were used as probes (Fig. 1B): for hibpR, a
0.89-kb SspI-Nsil fragment from plasmid pHYBP111 (20); for hbpC, a 0.47-kb
DNA fragment amplified in the PCR (for the location of the fragment, see Fig.
1B); for hbpA, a 0.74-kb HindIII-EcoRI fragment from plasmid pHBP160 (44);
for hbpD, a 0.40-kb DNA fragment amplified by PCR.

Primer extension analysis. Primer extension reactions were carried out in
0.5-ml reaction tubes which were placed into a Crocodile IT thermocycler (Ap-
pligene, Illkirch, France). First 2 pmol of primer (for hbpC, 5'-CGC AGG CCA
AGA CTG ACA CCG G-3', 122 bp downstream of the hbpC start codon; for
hbpD, 5'-CCA CCA TGC AGC ATG ATC ACG G-3', 122 bp downstream of
the hbpD start codon) was mixed with 6 g of total RNA in a total volume of 5 pl
and covered with 1 drop of mineral oil (Sigma). Both primers were labeled at the
5" end with fluorescent dye IRD-800 (MWG Biotech, Ebersberg, Germany).
After an annealing step for 5 min at 68°C, the mixture was cooled to 42°C, and
3wl of reverse transcriptase mixture was added. Final concentrations during the
primer extension reaction were 50 mM Tris-HCI (pH 8.3), 50 mM NaCl, § mM
MgCl,, 1 mM dithiothreitol, 0.6 mM (each) deoxynucleotide (Amersham), 5%
(vol/vol) DMSO, and 18 U of avian myeloblastosis virus reverse transcriptase
(Amersham). After incubation for 1 h at 42°C the samples were denatured for 3
min at 95.5°C and loaded on a sequence gel next to samples from a sequence
reaction performed on plasmid pHBP130 (44) with the same primers.

Construction of luxAB-based promoter-probe plasmids. A 704-bp DNA frag-
ment containing the intergenic region between the #bpR and hbpC genes (region
1in Fig. 1C) was obtained by PCR with P. azelaica HBP1 total DNA as described
before (20). A 455-bp DNA fragment containing the intergenic region between
the hbpC and hbpA genes (region 2 in Fig. 1C) and an 840-bp DNA fragment
with the intergenic region between the hbpA and hbpD genes (region 3 in Fig.

1C) were obtained by PCR with P. azelaica HBP1 total DNA using primer pairs
5'-GCA TGC CAC TTG GGA GGT CAA GCG C-3', 68 bp upstream of the
hbpC stop codon, and 5'-TCT AGA CAT AGC GCC AGC CGG ACC-3', 59 bp
downstream of the hbpA start codon and 5'-GCA TGC GTA ACC GGT TGG
TGA ACC-3', 3 bp upstream of the hbpA stop codon, and 5'-TCT AGA TCC
ATT CAA TGA GCC TGC C-3', 3 bp downstream of the hbpD start codon, re-
spectively. The cloning of the PCR-generated DNA fragments into pT7Blue(R)
T vector (Novagen) resulted in plasmids pHYBP101 (region 2) and pHYBP102
(region 3). The inserts of plasmids pHYBP101 and pHYBP102 were sequenced
and confirmed to be identical with the original 4bp sequence. The inserts were
then recovered as Sphl-Xbal fragments and ligated into lux4B-based promoter-
probe vector pJAMAS (20), as outlined in Fig. 1C. After transformation this
resulted in plasmids pHYBP105 and pHYBP106, respectively. The hbpC-hbpA
intergenic region of plasmid pHYBP105 was extended in plasmid pHYBP116
with a 0.24-kb upstream DNA region by exchanging the 0.16-kb Sphl-Sall frag-
ment of pHYBP105 for the 0.4-kb NarI-Sall fragment from plasmid pHBP130
(Sphl and Narl were made blunt by treatment with T4 DNA polymerase) (Fig.
1C). By using the unique NotI sites at the flanks, all luxAB fusions were recovered
and exchanged with the 3.2-kb Norl fragment present in Tn5 delivery vector
PCK218 (24). This resulted in plasmids pHYBP104 (P,,,,c-luxAB), pHYBP107
(region 2-luxAB), pHYBP108 (P),,p-luxAB), and pHYBP118 (region 4-luxAB).

Testing hbp-lux promoter-probe constructs in E. coli. All the different hbp-lux
promoter-probe plasmids were cotransformed in E. coli with a plasmid express-
ing either the #bpR gene or an hbpR gene with an internal frameshift mutation
(hbpRA). Plasmid pHYBP124 was obtained by cloning a 2.8-kb Sal/lI-Nrul DNA
fragment from pHYBP122 (20), comprising the hbpR gene plus its own pro-
moter, into pACYC184 (11) (digested with Sall and Nrul). Plasmid pHYBP131
is similar to pHYBP124, except for having the hbpR gene inserted into the
chloramphenicol resistance gene of pACYC184. Plasmid pHYBP125 (contain-
ing hbpRA) was created by first cloning a 2.8-kb NotI-Xbal fragment from
pHYBP110 (20) into pUC28 (7) to give plasmid pHYBP123. Subsequently, the
insert in pHYBP123 was retrieved as a 2.8-kb Sa/I-Nrul fragment and cloned into
PACYC184 (digested with Sall and Nrul) to produce plasmid pHYBP125.

Single chromosomal insertion of hbp-lux promoter-probe constructs in P. aze-
laica. By using mini-Tn5 delivery, the hbp-lux promoter-probe fusions of plasmids
pHYBP104, pHYBP107, pHYBP108, and pHYBP118 were inserted into the
chromosome of P. azelaica, as described previously (20). Selection for P. azelaica
exconjugants was done on MM plates with 50 pg of kanamycin/ml and 2.9 mM
2-HBP. Proper insertion of the constructs was verified by Southern hybridization
of the P. azelaica exconjugants (data not shown).

In P. azelaica HBP108 (containing the hbpD'::lux fusion) the hbpR gene was
disrupted by single recombination as described earlier (20). Obtained P. azelaica
HBP108 recombinants were checked for proper disruption of the AbpR gene
by PCR and Southern hybridizations (the resulting strain is referred to as
HBP108121; Table 1).

Enzyme assays. Induction experiments with /ux4B-harboring E. coli and
P. azelaica strains were performed by in MM at 30°C as described before (20).
Expression of luciferase was analyzed by measuring bioluminescence on whole
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FIG. 2. Promoter activity from Abp-derived intergenic regions 1 to 4 (Fig. 1) in P. azelaica (A to D) and E. coli (E and F), with a functional
hbpR (circles) or with a disrupted #bpR (triangles). Experiments were carried out with 0.2 mM 2-HBP (solid symbols) or with DMSO only (open
symbols). (A) P. azelaica HBP104 (hbpC'::luxAB) and HBP104121 (HBP104 with disrupted AbpR). (B) P. azelaica HBP108 (hbpD'::luxAB) and
HBP108121 (HBP108 with disrupted hbpR). (C) P. azelaica HBP107 (hbpA'::luxAB). (D) P. azelaica HBP118 (hbpC-A'::luxAB). (E) E. coli DH5a
with pHYBP103 (hbpC'::luxAB) plus pHYBP124 (intact hbpR) or with pHYBP103 plus pHYBP125 (disrupted hbpR). (F) E. coli DH5a with
pHYBP106 (hbpD'::luxAB) plus pHYBP124 or with pHYBP106 plus pHYBP125. Solid arrows, positions and orientations of the intergenic regions
with respect to the lux4B fusion. Note that the scale of luciferase activity in panels A and B is different from that in panels C to F. Error bars,

standard deviations in two independent experiments each carried out

cells at a final n-decanal concentration of 2 mM in a MicroLumat LB 96 P
luminometer (Berthold AG, Regensdorf, Switzerland) as described previously
(47).

Activities of the HbpA, HbpC, and HbpD enzymes were measured in cell
extracts prepared from 3-ml samples taken from chemostat-grown cultures of
P. azelaica HBP1. Preparation of cell extract and enzyme assays for 2-hydroxybi-
phenyl-3-monooxygenase (HbpA), 2,3-dihydroxybiphenyl dioxygenase (HbpC),
and 2-hydroxy-6-oxo-6-phenyl-2,4-dienoic acid hydrolase (HbpD) were carried
out as described previously (20).

HPLC analysis. The disappearance of 2-HBP and the formation of 2-HBP
intermediates during induction of chemostat-grown cells of P. azelaica HBP1
with 0.5 mM 2-HBP were determined by high-pressure liquid chromatography
(HPLC) analysis with a Gynkotek (Germering, Germany) HPLC system. The
system consisted of a Gina 50 automated-injection module, a M480 G gradient
pump, an on-line degasser, and a UVD 340 S photodiode array detector. The
column used was a Nucleosil 100-5 C,g reversed-phase column. The mobile
phase was prepared by mixing 65% of solution A (containing 10 mM H;PO, at
pH 3.0 in water) and 35% of solution B (which is 90% [vol/vol] methanol and
10% solution A). The flow rate was 0.6 ml/min. Samples were taken from the
chemostat culture, cells were spun down by centrifugation, and the supernatant
was acidified and stored at —20°C. Immediately before HPLC injection the
supernatants were filtered through 0.2-pm-pore-size filters to remove cell debris.

RESULTS

Expression of the hbpCAD genes is mediated from two sep-
arate promoters. Since the hbpC, hbpA, and hbpD genes dis-
played rather abnormally large intergenic regions (Fig. 1B), we
investigated whether all three genes would be expressed from
one promoter or from more. To identify possible promoters for
hbpCAD expression, transcriptional fusions between different
hbp intergenic regions (Fig. 1C, regions 1 to 4) and the lux4B
genes of Vibrio harveyi were constructed. These fusions were
then placed randomly into the chromosome of P. azelaica
HBP1 by mini-Tn5 transposition. Southern analysis confirmed
that all strains had acquired the transcriptional fusions by a
proper transposition and not by homologous recombination of

in triplicate. RLU, relative light units.

the complete TnS-bearing plasmids at the #bp locus (data not
shown).

After induction with 2-HBP for 3 h, P. azelaica strain
HBP104 (carrying the hbpC'::luxAB fusion) showed a 17-fold
increase in bioluminescence compared to that for uninduced
conditions (Fig. 2A). This confirmed our previous results that
a promoter activated by HbpR was located upstream of h1bpC
(20). In contrast, strain HBP107 (hbpA'::luxAB) showed only a
slight increase in bioluminescence activity 3 h after the addi-
tion of 2-HBP; this corresponds to a maximum induction factor
of 1.6 (Fig. 2C). Furthermore, absolute luminescence activities
of strain HBP107 were 45-fold lower than those of strain
HBP104. From this we concluded that no, or at most a very
weak, promoter was present in the region between hbpC and
hbpA. To make sure that no additional promoters, activated in
the presence of 2-HBP, were located further upstream, the
hbpC-hbpA intergenic region was extended to include 0.3 kb of
the 3’ part of the hbpC gene (Fig. 1C, region 4). A P. azelaica
strain with this h1bpC-hbpA'::luxAB fusion (HBP118) displayed
basically the same bioluminescence levels as strain HBP107,
and no induction with 2-HBP was detected (Fig. 2D). The next
region we examined, i.e., the region upstream of hbpD, again
showed promoter activity (Fig. 2B). Luciferase activity after 3 h
of induction with 2-HBP was 75% of that observed with the
hbpC'::luxAB fusion (Fig. 2A).

In derivatives of P. azelaica strains HBP104 (hbpC'::luxAB)
and HBP108 (hbpD'::luxAB) in which the hbpR gene was dis-
rupted by homologous recombination, no induction of lucif-
erase activity in the presence of 2-HBP was measurable (Fig.
2A and B). This indicated that expression of not only #bpC, as
previously reported (20), but also #bpD was controlled by HbpR.

Interestingly, the induction of luciferase activity from the
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hbpD promoter showed a distinct lag, whereas that from the
hbpC promoter started almost immediately after 2-HBP was
added to the cells (Fig. 2A and B). For both promoter con-
structs we observed a maximal luciferase activity, which for
P,y occurred at 2-HBP concentrations around 0.5 mM but
which for P, occurred at 2 mM 2-HBP. However, at higher
2-HBP concentrations, responses from both promoters de-
creased sharply. This might be caused either by a direct down
regulation of the promoter response or by general toxic effects
of 2-HBP or its metabolite 2,3-dihydroxybiphenyl on cellular
metabolism or on the luciferase system itself (30, 50).

To exclude the possibility that the role of HbpR in activating
transcription from two promoters upstream of 2bpC and hbpD
was indirect, we repeated the induction studies with E. coli
containing a plasmid with AbpC'::luxAB or with hbpD'::luxAB
plus a compatible plasmid with #bpR (pHYBP124). Luciferase
activity was induced with 2-HBP from both hbpC’::luxAB and
from hbpD'::luxAB in E. coli (Fig. 2E and F). This confirmed
the direct role of HbpR in transcriptional activation from
P,y,c and Py, .. In contrast, a plasmid with hbpA’::luxAB did
not show 2-HBP-dependent light emission in E. coli (not
shown). When a plasmid with a frameshift in the open reading
frame of AbpR was provided (pHYBP125) instead of a func-
tional #bpR, none of the hbp::luxAB transcriptional fusions led
to 2-HBP-dependent light emission in E. coli. In cells without
functional HbpR, addition of 2-HBP even reduced background
bioluminescence levels by 20 (from P,,,-) and 31% (from
Phpr)‘

Two separate transcripts are formed from the hbpCAD
genes. The lengths of transcripts that appeared upon the in-
duction of the hbpCAD genes were estimated by Northern
analysis with RNA isolated from a chemostat culture of wild-
type strain HBP1 just before and after a shift to medium with
0.5 mM 2-HBP. For each of the hbp structural genes, tran-
scripts were detectable only after induction with 2-HBP (Fig.
3). No apparent differences in the time of appearance of the
hbp mRNAs, except that of AibpR, were detectable on Northern
hybridization. Within 7 min after the induction start, hbpC-
specific transcripts appeared, with estimated lengths of 1.0 and
3.2 kb (Fig. 3A). The longer (3.2-kb) transcript was also visible
on blots hybridized with the hbpA probe. In addition, blots
hybridized with a hibpA gene fragment showed a smaller, 1.9-kb
transcript (Fig. 3B). Two clear hbpD-specific transcripts with
estimated sizes of 0.9 and 1.7 kb were detected (Fig. 3C). RNA
isolated only 3 min after induction with 2-HBP showed tran-
scripts which were still incomplete. For example, the hbpCA
transcript had a size of around 2.5 kb after 3 min (Fig. 3A and
B). This demonstrated that the 1.0-kb transcript seen in Fig.
3A after 3 min encompasses #bpC, whereas the 1.9-kb tran-
script containing #bpA only cannot be seen yet, since it has to
be formed from the complete 3.2-kb hbpCA transcript. In con-
trast, hybridization with the hbpR probe resulted in a 1.8-kb
transcript, which was visible both before and after the shift,
although the band intensities increased about twofold after
induction with 2-HBP (Fig. 3D).

P,,,c and P, ;, are o>*-dependent promoters. The in vivo
transcriptional start sites of the 2bpC and hbpD genes in P. aze-
laica HBP1 were determined by primer extension analysis with
RNA isolated from a chemostat culture of strain HBP1 7 min
after induction with 0.5 mM 2-HBP. A clear extension product
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FIG. 3. Northern analysis of the different #bp transcripts. RNA was
isolated from a carbon-limited glucose-grown chemostat culture of
P. azelaica HBP1, 1 min before and 3, 7, 13, 23, and 30 min after a shift
to an immediate pulse of 0.5 mM 2-HBP and subsequent medium
change to glucose plus 0.5 mM 2-HBP. From each sample, approxi-
mately 1 (A to C) or 8 pg (D) of RNA was blotted in each lane and
hybridized with radioactively labeled probes against 41bpC (A), hbpA
(B), hbpD (C), or hbpR (D). Black bars, locations and sizes of the
gene-specific probes. Transcript sizes are marked on the right. The
presence of two bands in panel D is an artifact caused by the abun-
dance of 16S rRNA migrating slightly below the 4bpR transcript.

could be seen for the #bpC gene after induction with 2-HBP;
this product was not visible under uninduced conditions (Fig.
4A). This transcript corresponded to a transcriptional start site
68 bp upstream of the ATG start codon of the hbpC gene (Fig.
5A). For the hbpD gene, a specific cDNA was detected after
2-HBP induction; the cDNA corresponded to a transcriptional
start site 133 bp upstream of the ATG start codon of the hbpD
gene (Fig. 4B and 5B). This confirmed that the regions up-
stream of #bpC and hbpD contained a promoter activated in
the presence of 2-HBP. Upstream of the transcriptional start
sites of the AbpC and hbpD genes, —24 (GG)/—12 (GC) motifs,
which are typical for o*-dependent promoters, were found
(Fig. 4 and 5).

To establish if RNAP-o°* was indeed involved in the tran-
scriptional activation from P, and P, induction experi-
ments were carried out with E. coli strains devoid of the rpoN
gene (i.e., E. coli ET8045). No induction was detected in E. coli
ET8045 harboring plasmids pHYBP124 (with ZbpR) and
pHYBP103 (with hbpC'::luxAB) or plasmids pHYBP124 and
pHYBP106 (with hbpD'::luxAB), whereas luciferase activity
increased as expected after exposure of E. coli ET8000 to
2-HBP (Table 2). This indicated that RNAP->* is the holoen-
zyme which is responsible for transcription from the P, and
P,,p promoters.

IHF is required for transcription from P, and P,,,,,. To
study if additional factors were needed for transcriptional ac-
tivation from P, and P,,,,,, we carried out similar induction
experiments with E. coli strains lacking the structural genes for
HU or for IHF (Table 3). In the absence of IHF, the observed
induction factors obtained for the expression from Py, (1.2)
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FIG. 4. Mapping of the in vivo transcriptional start sites of the
hbpC (A) and the hbpD (B) genes by primer extension analysis of RNA
isolated from a glucose-grown chemostat culture of P. azelaica HBP1
1 min before and 7 min after induction with 0.5 mM 2-HBP. The
primer extension products were run next to products of sequence
reactions performed with the same primer. +1, transcriptional start
site. An expanded view of the (complementary) nucleotide sequence
(5'-to-3' direction) surrounding the o>*-dependent promoter is shown
at the left of the panels. Also shown is an alignment with a consensus
sequence for —24/—12 promoters (R = AorG; Y =CorT; M = A
or C; W = A or T; N = any nucleotide) (5).

and P, (0.96) were much lower than those in the presence
of IHF (ratios of 20 and 2.9, respectively). This indicated that
transcription from P, and P,,,,, upon induction with 2-HBP
was restricted in the absence of IHF. Without HU, expression
from Py, in the presence of 2-HBP was fourfold lower than
with HU but the obtained induction factors were virtually the
same (21 without HU and 20 with HU). Hence, transcription
from P, seemed not to be affected by the absence of HU.
2-HBP-induced expression from P,,,, in an HU-negative
background, however, decreased ninefold compared to that in
a wild-type background. The observed induction factor was
reduced about twofold (from 2.9 to 1.5) in an HU-negative
background.

Induction dynamics of the 2-HBP pathway. In order to de-
termine the effectiveness of the overall induction of the 2-HBP
pathway, we induced chemostat-grown cells of P. azelaica
HBP1 with 2-HBP and analyzed changes in mRNA abundance,
in specific enzyme activities of the 2-HBP pathway, and in
metabolites during the first 4 h after induction. Steady-state
cultures grown under carbon limitation with glucose displayed
only basal levels of activity of the three 2-HBP-specific en-
zymes. After addition of 2-HBP to the chemostat to achieve an
immediate concentration of 0.5 mM (and, therefore, a tempo-
rary release of carbon limitation), we observed a very fast
formation of specific mRNAs for 41bpCA and hbpD (Fig. 3).
After approximately 1.5 h, the mRNA levels decreased to
much lower levels (not shown). Specific activities of HbpC,
HbpA, and HbpD started to increase from about 5 min after
induction (Fig. 6). HbpC activity peaked after around 30 min at
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a maximum of 250 mU/mg of protein and then rapidly de-
creased. This decrease could be partially caused by reactions
which irreversibly inhibited the enzyme (23). Activities in-
creased much more steadily for HbpA and HbpD and did not
decrease during the first 4 h after induction (Fig. 6A).

After a short lag of about 30 min, 2-HBP started to disap-
pear from the chemostat (Fig. 6B). The product of the first
reaction, 2,3-dihydroxybiphenyl, which is formed by HbpA,
could not be detected in the chemostat, probably because of
very rapid conversion by an excess of HbpC enzyme. Transient
accumulation of the meta cleavage product (inset of Fig. 6B)
occurred, indicating that for a short time period hydrolysis of
the meta cleavage product was rate limiting. Also, a temporary
accumulation of benzoate, which is one of the products of the
reaction catalyzed by HbpD, was measured. This indicated that
the enzymes for the conversion of benzoate were absent during
growth without 2-HBP. After 2 h, neither substrate nor inter-
mediates could be detected in the supernatant of the contin-
uous culture, even though 2-HBP was continuously supplied
with the fresh medium.

DISCUSSION

Previously, we had determined that the HbpR protein, which
is encoded by a 1,710-bp large open reading frame closely
linked and oriented oppositely to the hbpCAD genes, is the
main transcriptional activator of the 2-HBP pathway (20).
As we now discovered, HbpR actually activates transcription
from two separate promoters in this gene cluster. One of these
(Pjppc) is located upstream of the hbpC gene, whereas the
other one appears to be located upstream of the hbpD gene
(Pj.5,p)- Our evidence that HbpR is activating expression from
both promoters in the ibp cluster is the following. Disruption
of the hbpR gene in P. azelaica strains containing either a
hbpC'::luxAB or a hbpD'::luxABfusion integrated in monocopy
on the chromosome led to complete abolishment of luciferase
expression in the presence of 2-HBP. Furthermore, we could
show that the presence of an intact 4#bpR was required in E. coli
to activate transcription from both AbpC and the hbpD pro-
moter. In contrast to what was found for the regions upstream
of the hbpC and hbpD genes, no promoter regulated by HbpR
could be identified upstream of the hbpA gene.

The synthesis of different transcripts for the ibpCAD genes,
originating from P, and P,,,,, upon induction with 2-HBP,
was confirmed by Northern analysis. Transcripts encompassed
either hbpC and hbpA (3.2 kb), as expected when starting from
Pypc> or hbpD alone (1.7 kb), when transcribed from P, /.
Northern analysis also suggested that an effective cleavage or
processing of the 3.2-kb hbpCA mRNA took place between
hbpC and hbpA, resulting in the formation of an 2bpC-specific
(1.0-kb) and an hbpA-specific (1.9-kb) transcript. The occur-
rence of an hbpA-specific transcript of 1.9 kb and the absence
of a specific promoter directly in front of hbpA are evidence
against the possibility that a weak terminator would be present
directly downstream of 2bpC. The smaller 0.9-kb hbpD-specific
transcript, which was observable in Northern hybridizations,
might have been generated from early termination at a 27-bp-
long p-independent terminator structure 21 bp downstream of
the hbpD gene (Fig. 1D). A transcript comprising all three
hbpCAD genes was not found, although some material of
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FIG. 5. Sequences of the DNA regions upstream of the 41bpC (A) and the hbpD (B) genes. The base pair numbering corresponds to that of
the GenBank entry under accession no. U73900. Bent arrows, transcriptional start sites (+1) for the 42bpC and hbpD genes and the direction of
transcription; black bars, —24 and —12 elements in o>*-dependent promoters Py, and P,,,,,; shaded boxes, putative UASs for HbpR binding
(arrows underneath, palindromic structures within these DNA regions). Alignments with the consensus sequence for XylR/DmpR-type UASs
(5'-TTGATCAATTGATCAA-3'; solid boxes) as proposed by Pérez-Martin and de Lorenzo (36) are shown at the top of putative UASs with
numbers indicating the percentages of identity between the two DNA motifs. Dashed boxes, alignments of DNA regions similar to the consensus
IHF binding site (5'-WATCAANNNNTTR-3’, where W = A or T, R = A or G, and N = any nucleotide) (15); dots, 18-bp-long DNA stretch
overlapping the putative IHF sites and in common to both the 4bpC and the hbpD promoters. The numbers below putative UASs and IHF sites
indicate the relative positions with respect to the transcriptional start site. The N-terminal parts of HbpC and HbpD are indicated below the
corresponding sequences. Hatched boxes, putative ribosome binding sites.

repeat 45 bp downstream of the 41bpA gene, which might func-
tion as a p-independent terminator (Fig. 1D).

Activation of both the #bpC and the hbpD promoters was
dependent on alternative sigma factor o>*. This became evi-

larger size weakly hybridized with either the hbpC, hbpA, or
hbpD probe (Fig. 3). This indicates that a transcription termi-
nator must be present downstream of the hbpA gene. The
DNA sequence in this region showed a 30-bp-long inverted

TABLE 2. Activation from Py, and P,,,,, in dependency of o*

Luciferase activity (relative light units) = SD“ with:

Strain Plasmids? Induction factor®
No inducer 2-HBP”
ET8000 pHYBP103, pHYBP124 7.48E+04 + 1.27E+04 1.49E+06 = 2.21E+05 20
pHYBP106, pHYBP124 1.89E+05 + 9.49E+03 1.34E+06 * 1.26E+05 7.1
ET8045¢ pHYBP103, pHYBP124 8.50E+04 + 5.00E+03 8.11E+04 + 7.94E+03 0.95
pHYBP106, pHYBP124 2.39E+05 = 1.57E+04 2.49E+05 = 1.02E+04 1.1

“ All values were obtained in two independent experiments, each performed in triplicate.
b Assay concentration for 2-HBP was 0.2 mM.

¢ Induction factor is the quotient of the bioluminescence measured with and without the inducer.
4 pHYBP103 contains hbpC::luxAB; pHYBP106 contains hbpD::luxAB; pHYBP124 contains hbpR.
¢ RpoN mutant.
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TABLE 3. Activation from Py, and P, in dependency of IHF and HU
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Luciferase activity (relative light units) = SD* with:

Strain? Plasmids® Induction factor®
No inducer 2-HBP”

N99 pHYBP103, pHYBP131 1.08E+05 = 7.70E+03 2.13E+06 + 5.06E+05 20
pHYBP106, pHYBP131 1.26E+05 = 1.53E+04 3.72E+05 + 4.95E+04 2.9

A5475 pHYBP103, pHYBP131 6.22E+04 = 9.73E+03 7.21E+04 = 1.49E+04 1.2
pHYBP106, pHYBP131 5.18E+04 = 1.26E+04 4.96E+04 = 1.71E+04 0.96

A5196 pHYBP103, pHYBP131 2.61E+04 + 1.34E+03 5.56E+05 *= 4.88E+04 21
pHYBP106, pHYBP131 2.74E+04 = 3.80E+03 4.06E+04 + 4.54E+03 1.5

“ All values were obtained in two independent experiments, each performed in triplicate.

b Assay concentration for 2-HBP was 0.2 mM.

¢ Induction factor is the ratio of the bioluminescence measured with and without the inducer.
4 E. coli strains A5196 and A5475 are derivatives of E. coli N99 without HU protein and IHF, respectively.
¢ Plasmid pHYBP103 contains hbpC::luxAB, pHYBP106 contains hbpD::luxAB, and pHYBP131 contains hbpR.

dent from mapping the transcriptional start sites of the hbpCA
and hbpD transcripts and by studying expression of both pro-
moters in E. coli mutants lacking the o* subunit. This is in line
with other pathways regulated by XylR/DmpR subclass mem-
bers, such as AphR (2), DmpR (46), MopR (43), TbuT (9),
TouR (3), and XyIR (reviewed in reference 39). In addition to
the o>* factor, IHF was found to be important for optimal
transcriptional activation from P, and P,,,,, in E. coli. Ex-
amination of the DNA sequence upstream of P, and P,
revealed one and two regions, respectively, with significant
homology to the consensus IHF-binding site (15) (Fig. 5).
These putative IHF-binding sites are centered on an 18-bp-
long DNA stretch common to both promoters. IHF was also
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needed for maximum expression from the XylR-responsive P,
promoter (1, 35, 37) and for optimum in vivo expression from
the DmpR-regulatable P, promoter (49). Other consensus se-
quence features between the hbpC and the hbpD promoters
point to possible binding sites for HbpR (Fig. 5). The base
pairs of these two 16-bp regions are between 63 and 75%
identical to those of the consensus binding site for XylR/
DmpR (36).

It was surprising to find that luciferase expression from the
P,.,,p promoter occurred significantly later than that from the
Py,;,c promoter when tested both in P. azelaica and in E. coli
(Fig. 2). However, since mRNA for hbpD was not being
formed any later than 2bpC mRNA in P. azelaica HBP1 upon
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FIG. 6. Temporary changes in enzyme activities of the HBP pathway (A) and in concentrations of 2-HBP and its intermediates (B) upon
induction of a glucose-grown steady-state continuous culture of P. azelaica with 2-HBP. Time zero is the time of addition of 2-HBP to the culture.
(By inset) Concentrations of 2-hydroxy-6-oxo-6-phenyl-2,4-hexadienoic acid, the meta cleavage product. Only very low concentrations of this
compound could be measured (note the difference in scale). The meta cleavage product, however, is unstable in solution at pH 7 (22).
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induction (Fig. 3), we must assume that the slower induction of
luciferase activity from the P, promoter is a translational
effect. Luciferase expression from P, was also lower than
that from P, (after the same induction time and with the
same 2-HBP concentration). Although it is known that the
luciferase gene may alter the promoter configuration (14), a
comparison of the amounts of specific mRNA formed sug-
gested that less zbpD mRNA than hbpCA mRNA was synthe-
sized upon induction with 2-HBP (not shown). This may point
to a suboptimal local geometry of the P,,,, promoter and
explain why we found a weak but evident coassisting role of
HU in the activation from Py,;,,,, (Table 3). Aberrant spacing of
the two HbpR binding sites at the Py, promoter might be
responsible for this. From extensive work on the XyIR regula-
tor protein and its activation of the P, promoter in Pseudomo-
nas putida, it is known that the spacing and orientation of the
two XylR-binding sites are very important for expression of P,,.
Optimal expression is obtained only when both sites are ori-
ented on the same side of the DNA helix (1, 36). The centers
of the two XylIR binding sites in the P, and P, promoters and
of the DmpR binding sites in the P, promoter are separated by
three complete DNA helical turns (36). For the P, pro-
moter three helical turns (assuming one DNA helical turn
corresponds to 10.5 nucleotides) separated the centers of the
putative HbpR-binding sites (Fig. 5B). However, the spacing
for the putative HbpR-binding sites in the P,,,,,, promoter was
four helical turns. In addition, the HbpR-binding sites at the
P}, promoter seem rotated by 51° (when assuming no bends
in the DNA) with respect to the —12/—24 region.

The hbpCA and hbpD genes of P. azelaica HBP1 are orga-
nized unusually for a catabolic gene cluster regulated by an
XylR/DmpR-type activator protein (51). Only three structural
genes make up the cluster, and these genes have rather large
intergenic distances (315 bp between hbpC and hbpA and 831
bp between hbpA and hbpD). This may point to a relatively
recent insertion of a DNA fragment containing the hbpA gene
into an ancestor cluster with the 2AbpC and hbpD genes. Newly
arranged gene clusters are interesting to study, since they may
show peculiarities in the organization of transcription and par-
ticular adaptive features ensuring proper expression of the
complete pathway. For the 2-HBP pathway, one of the most
important tasks is to prevent the substances 2-HBP and its
intermediates from becoming toxic to the cell. Both 2,3-dihy-
droxybiphenyl and the meta cleavage product of 2,3-dihydroxy-
biphenyl are product inhibitors for enzymatic activities of
HbpA (48) and HbpC (23), respectively. Furthermore, 2,3-
dihydroxybiphenyl may auto-oxidize to quinones which inter-
fere with the electron transport chain (19, 50). Several features
of the hbp transcriptional organization seem to be responsible
for accomplishing proper induction of the 2-HBP pathway and
preventing buildup of toxic intermediates. For example, the
activity of HbpA (2-HBP monooxygenase) is kept low com-
pared to that of HbpC (the extradiol dioxygenase) (20) and
HbpC activity appears much faster than HbpA or HbpD ac-
tivity (Fig. 6). Therefore, no accumulation of 2,3-dihydroxybi-
phenyl is seen in a continuous culture pulsed with 2-HBP. By
having hbpC transcribed first and possibly by processing the
hbpCA transcript, cells ensure that HbpC is synthesized faster
than HbpA.

If at any point during evolution a fragment containing #bpA
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became inserted into a gene cluster with 2bpC and hbpD, this
would have disrupted proper transcription of hbpD, since a
transcription terminator seems to be present downstream of
hbpA. This might be the reason for the presence of a second
separate promoter in front of zbpD, which ensures that tran-
scription of hbpD starts simultaneously with that of hbpC.
However, since translation of the 7bpD mRNA seems less
effective, the meta cleavage product of 2,3-dihydroxybiphenyl
can accumulate rapidly. This appears to be the one feature
which is not “smoothly” controlled by the cells, since the meta
cleavage product can irreversibly inhibit activity of the HbpC
extradiol dioxygenase (23). Therefore, fast and intensive tran-
scription of AbpC serves two purposes, i.e., lowering the con-
centration of toxic 2,3-dihydroxybiphenyl and replenishing the
inactivated enzyme.
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