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The mhp gene cluster from Escherichia coli consti-
tutes a model system to study bacterial degradation of
3-(3-hydroxyphenyl)propionic acid (3HPP). In this work
the regulation of the inducible mhp catabolic genes has
been studied by genetic and biochemical approaches.
The Pr and Pa promoters, which control the expression
of the divergently transcribed mhpR regulatory gene
and mhp catabolic genes, respectively, show a peculiar
arrangement leading to transcripts that are complemen-
tary at their 5�-ends. By using Pr-lacZ and Pa-lacZ trans-
lational fusions and gel retardation assays, we have
shown that the mhpR gene product behaves as a 3HPP-
dependent activator of the Pa promoter, being the ex-
pression from Pr constitutive and MhpR-independent.
DNase I footprinting experiments and mutational anal-
ysis mapped an MhpR-protected region, centered at po-
sition �58 with respect to the Pa transcription start site,
which is indispensable for MhpR binding and in vivo
activation of the Pa promoter. Superimposed in the spe-
cific MhpR-mediated regulation of the Pa promoter, we
have observed a strict catabolite repression control car-
ried out by the cAMP receptor protein (CRP) that allows
expression of the mhp catabolic genes when the pre-
ferred carbon source (glucose) is not available and
3HPP is present in the medium. Gel retardation assays
revealed that the specific activator, MhpR, is essential
for the binding of the second activator, CRP, to the Pa
promoter. Such peculiar synergistic transcription acti-
vation has not yet been observed in other aromatic cat-
abolic pathways, and the MhpR activator becomes the
first member of the IclR family of transcriptional regu-
lators that is indispensable for recruiting CRP to the
target promoter.

Phenylpropanoic and phenylpropenoic acids and their hy-
droxylated derivatives are widely distributed in the environ-
ment, arising from digestion of aromatic amino acids or as
breakdown products of lignin or other plant-derived phenylpro-
panoids and flavonoids. The bacterial catabolism of these aro-

matic compounds plays a key role in recycling of such carbon
sources in the ecosystem (1, 2). Commonly occurring hydroxy-
cinnamates (caffeate, ferulate, coumarate, etc.) are catabolized
via coenzyme A (CoA) derivatives and protocatechuate (2–4).
On the other hand, aerobic degradation of phenylpropionic
acid, 3-(3-hydroxyphenyl)propionic acid (3HPP)1 and 3-hy-
droxycinnamic acid usually involves an initial oxygenation step
with formation of 2,3-dihydroxyphenylpropionate (2,3-dihy-
droxyphenylcinnamate) that is further degraded via a meta-
cleavage hydrolytic pathway (5). These pathways have been
described in different bacterial genera (Pseudomonas, Ar-
throbacter, Ralstonia, Acinetobacter, Comamonas, Escherichia,
Rhodococcus) (5–13), but only a few reports about their genetic
characterization have been published (11–15).

The 3HPP (and 3-hydroxycinnamic acid) degradation path-
way from Escherichia coli is encoded by the mhp cluster located
at min 8.0 of the genome, and it was the first HPP degradation
pathway that was described both at the biochemical and ge-
netic levels (5, 14, 16, 17). The 3HPP pathway is initiated by
the MhpA monooxygenase that transforms 3HPP into 2,3-di-
hydroxyphenylpropionate, which is then converted to succi-
nate, pyruvate, and acetyl-CoA through the action of a meta-
cleavage hydrolytic route that involves a dioxygenase (MhpB),
hydrolase (MhpC), hydratase (MhpD), aldolase (MhpE), and
acetaldehyde dehydrogenase (MhpF) activity (5, 17) (Fig. 1).
The mhp cluster is arranged as follows: (i) six catabolic genes
encoding the initial monooxygenase (mhpA), the extradiol di-
oxygenase (mhpB), and the hydrolytic meta-cleavage enzymes
(mhpCDFE); (ii) a gene (mhpT) that encodes a potential trans-
porter; and (iii) a regulatory gene (mhpR) that is adjacent to
the catabolic genes but transcribed in the opposite direction
(Fig. 1) (14). A similar gene arrangement has been observed in
Klebsiella pneumoniae (17). The mhp cluster of Comamonas
testosteroni TA441 also resembles that of E. coli (11). However,
the hpp and ohp clusters responsible for the partial catabolism
of 3HPP and 2-hydroxyphenylpropionic acid in Rhodococcus
globerulus PWD1 (13) and Rhodococcus sp. V49 (12), respec-
tively, show a different gene organization and low sequence
similarity with the mhp clusters of Gram-negative bacteria
(17).

Despite a putative regulatory gene that has been identified
in all HPP catabolic clusters described so far, there are no
reports on the regulation of such clusters, with the exception of
the mhpR gene product from E. coli that was shown to be a
transcriptional activator of the mhp catabolic genes (Fig. 1)
(14). Amino acid sequence comparison analyses revealed that
the MhpR protein from E. coli belongs to the IclR family of
regulatory proteins (14, 17). Because other IclR-type regulators
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of aromatic catabolic pathways, i.e. PobR and PcaU of the
4-hydroxybenzoate and protocatechuate degradation in Acin-
etobacter sp. ADP1 (18, 19), PcaR of the protocatechuate deg-
radation in Pseudomonas putida (20) and Agrobacterium tume-
faciens (21), and CatR and PcaR of the catechol and
protocatechuate degradation in R. opacus 1CP (22, 23), are
controlling ortho-cleavage pathways, the MhpR protein of
E. coli becomes the first IclR-type regulator that is controlling
the expression of a meta-cleavage pathway for degradation of
aromatic compounds. On the other hand, there are no reports
on the promoters driving expression of the genes involved in
catabolism of HPP. Therefore, the mhp pathway from E. coli
constitutes an interesting model system to study regulatory
features of the catabolism of HPP in bacteria.

In this work, we have used both genetic and biochemical
approaches to study for the first time the transcriptional reg-
ulation of an HPP degradation pathway. Superimposed in the
specific MhpR-dependent regulation of the mhp catabolic genes
from E. coli, the cAMP receptor protein (CRP) acts as a man-
datory activator that tightly adjusts the expression of the cat-
abolic genes to the overall growth status of the cell. A peculiar
synergistic transcription activation of the mhp genes by the
specific MhpR activator and the CRP global regulator is
described.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Growth Conditions—The E. coli
strains and plasmids used in this work are listed in Table I. Unless
otherwise stated, bacteria were grown in Luria-Bertani (LB) medium
(24) at 37 °C. Growth in M63 minimal medium (30) was achieved at
30 °C using the corresponding necessary nutritional supplements and
20 mM glycerol or 10 mM glucose as carbon source. When required, 1 mM

3HPP (Lancaster) was added to the M63 minimal medium. Where
appropriate, antibiotics were added at the following concentrations:
ampicillin (100 �g/ml), chloramphenicol (35 �g/ml), kanamycin (50
�g/ml), and rifampicin (50 �g/ml).

DNA Manipulations and Sequencing—Plasmid DNA was prepared
by the rapid alkaline lysis method (24). Transformation of E. coli was
carried out using the RbCl method (24) or by electroporation (Gene
Pulser; Bio-Rad). DNA manipulations and other molecular biology tech-
niques were essentially as described (24). DNA fragments were purified
using the Gene-Clean (BIO-101, Inc., Vista, CA). Oligonucleotides were
synthesized on an Oligo-1000 M nucleotide synthesizer (Beckman In-
struments, Inc.). Nucleotide sequences were determined directly from
plasmids by using the dideoxy chain termination method (31). Standard
protocols of the manufacturer (Applied Biosystems Inc.) were used for
AmpliTaq FS DNA polymerase-initiated cycle sequencing reactions
with fluorescently labeled dideoxynucleotide terminators. The sequenc-
ing reactions were analyzed using an ABI Prism 377 automated DNA
sequencer (Applied Biosystems Inc.).

Construction of E. coli Strains Harboring Chromosomal Insertions of
the Pa-lacZ and Pr-lacZ Translational Fusions—By means of RP4-
mediated mobilization, plasmids pUTRAL, pUTAL, and pUTRL (Table
I, Fig. 2A), which contain mini-Tn5Km hybrid transposons expressing
mhpR/Pa-lacZ, Pa-lacZ, and Pr-lacZ fusions, respectively, were trans-
ferred from E. coli S17–1�pir into different rifampicin-resistant E. coli
recipient strains, i.e. AFMC and AFSB, through biparental filter mat-
ing as described previously (25). Exconjugants containing the lacZ
translational fusions stably inserted into the chromosome were selected
for the transposon marker, kanamycin, on rifampicin-containing LB
medium. The resulting strains, AFMCRAL, AFMCAL, AFMCRL, AFS-
BRAL, AFSBAL, and AFSBRL, and their relevant genotypes are indi-
cated in Table I.

Production of the MhpR Activator—The mhpR gene was expressed
from the Plac promoter in the high copy number pPAL plasmid (Table
I) and from the Ptrc promoter in the low copy number pBT18 plasmid
(Table I). To prepare crude extracts containing the MhpR protein,
MhpR� extracts, E. coli DH5� (pPAL) cells were grown in ampicillin-
containing LB medium to an A600 of about 1. Cell cultures were then
centrifuged (3,000 � g, 10 min at 20 °C), and cells were washed and
resuspended in 0.05 volumes of 20 mM Tris-HCl buffer, pH 7.5, contain-
ing 10% glycerol, 2 mM �-mercaptoethanol, and 50 mM KCl prior to
disruption by passage through a French press (Aminco Corp.) operated
at a pressure of 20,000 p.s.i. The cell debris was removed by centrifu-

gation at 26,000 � g for 30 min at 4 °C. The clear supernatant fluid was
decanted and used as crude cell extract. The MhpR� extracts from
E. coli DH5� (pUC18) cells were prepared in a similar manner. Protein
concentration was determined by the method of Bradford (32) using
bovine serum albumin as standard.

N-terminal Amino Acid Sequence Determination—The amino-termi-
nal sequence of MhpR was determined by Edman degradation with a
477A automated protein sequencer (Applied Biosystem Inc.). A crude
extract of E. coli DH5� (pRL) cells was loaded in a SDS-polyacrylamide
gel, and the MhpR(100 amino acids)-LacZ(1016 amino acids) fusion
protein encoded by plasmid pRL was directly electroblotted from the gel
onto a polyvinylidene difluoride membrane as previously described (33).

Truncation of the MhpR Binding Motif—To delete one half-site of the
MhpR binding motif (operator region, termed OR), plasmid pPAR (Ta-
ble I) was linearized with the DraIII restriction enzyme and then
treated with T4 DNA polymerase. The resulting plasmid, pPAR�op,
was sequenced, and it was shown to harbor the Pa�op promoter that
contains a modified OR region lacking one of its half-sites (9-bp dele-
tion) (Fig. 7A).

Synthesis of DNA Fragments Used as Probes—The target DNA frag-
ments used as probes were generated by PCR using plasmid pRAL
(Table I, Fig. 2) as template. To prepare the Pa-Pr fragment (274 bp),
primers PP6 (5�-CCGTCTGCTCATTGTTCTG-3�, which encodes amino
acids 2 to 8 of MhpR and hybridizes with the coding strand of the mhpR
gene between nucleotides 831–849 of the mhp gene cluster (Fig. 1) (14)),
and LAC-57 (5�-CGATTAAGTTGGGTAACGCCAGGG-3�, which hy-

FIG. 1. Schematic representation of the mhp cluster and nu-
cleotide sequence of the mhpR-mhpA intergenic region. The
mhpR regulatory gene and the Pr promoter are shown as thick black
arrows. The mhpABCDFE catabolic genes, the mhpT transport gene,
and the Pa catabolic promoter are represented as thick white arrows. �
indicates transcriptional activation by the MhpR protein. 3HPP is
transformed into succinic acid, pyruvic acid, and acetyl-CoA through a
hydrolytic meta-cleavage pathway (MhpABCDEF proteins). Whereas
the sequence from nucleotide 819 to nucleotide 1046 is derived from the
mhp cluster (accession number Y09555), boldface nucleotides at the
3�-end are derived from the BamHI site of the in-frame lacZ fusion in
plasmid pRAL (Fig. 2) (14). The translation initiation codon for the
mhpR and mhpA genes is shown in lowercase letters. Amino acids are
represented by the standard one-letter code abbreviation. Amino acids
determined by N-terminal sequencing of MhpR are double underlined.
The ribosome-binding site (RBS) is shown in italics. The transcription
start sites in the Pa and Pr promoters are double-underlined, and the
direction of transcription is indicated by bent arrows. The inferred �10
and �35 regions of each promoter are indicated. The MhpR binding
motif (OR) is boxed, and the dyad symmetry is indicated by convergent
arrows. The putative CRP-binding motif is shown by brackets. Whereas
bent arrows with broken lines above the sequence define the Pa frag-
ment (Pa-f), the bent arrows with broken lines below the sequence
define the Pr fragment (Pr-f) used as probes.
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bridizes at 57 nucleotides downstream of the lacZ translational start
codon), were used. To prepare the Pa fragment (134 bp), primers PP6
and PA3�(5�-GATTTTTTATTGTGCGCTCAG-3�, which hybridizes to
the mhpA coding strand at the transcription start region of Pa, see Fig.
1), were used. To obtain the Pr fragment (156 bp), we have used the
PR5�(5�-GCGCACAATAAAAAATCATTTAC-3�, which hybridizes to the
mhpR coding strand at the transcription start region of Pr, see Fig. 1)
and LAC-57 primers. The mhpR-Pa fragment (590 bp) was PCR-ampli-
fied by using the PP4 (5�-GGTCTTGTTCCGGGCAAAAGGC-3�, which
hybridizes 438 nucleotides downstream of the ATG start codon of
mhpR) and PA3� primers. Finally, to prepare the Pa�op fragment (125
bp) we have used the PP6 and PA3� primers and the pRAL�op plasmid
(Table I) as template.

Mapping Transcription Start Sites—E. coli DH5� (pRL) and DH5�
(pRAL) cells were grown in LB medium in the presence of 1 mM 3HPP
until the cultures reached an A600 of about 1.0. Total RNA was isolated
using the RNA/DNA Midi kit (Qiagen) according to the instructions of
the supplier. Primer extension reactions were carried out with the
avian myeloblastosis virus reverse transcriptase as described previ-
ously (26), using primers LAC-57 and PP6. To determine the length of
the primer extension products, sequencing reactions of pRL and pRAL
were carried out with the same primers, i.e. LAC-57 and PP6, by using
the T7 sequencing kit and [�-32P]dATP (Amersham Biosciences) as
indicated by the supplier. Products were analyzed on 6% polyacrylam-
ide-urea gels. The gels were dried onto Whatman 3MM paper and
exposed to Hyperfilm MP (Amersham Biosciences). To confirm the start
site(s) of the Pr promoter, total RNAs were used in a reverse transcrip-
tion-PCR experiment. Whereas primers PP4 and PaTATA (5�-CGCT-
CAGTATAGGAAGGGTG-3�, which hybridizes 9 nucleotides down-
stream of the major transcription start site of Pr, see Fig. 1) amplified
a 578-bp fragment, primers PP4 and Pr10 (5�-TTGTTAAAAACATGTA-
AATG-3�, which hybridizes 3 nucleotides upstream of the major tran-
scription start site of Pr, see Fig. 1) did not amplify any fragment, which
confirms the transcription start site(s) of Pr deduced from primer-
extension analyses.

Gel Retardation Assays—DNA fragments used as probes were la-
beled at their 5�-end with phage T4 polynucleotide kinase and
[�-32P]ATP (3000 Ci/mmol) (Amersham Biosciences). The DNA probes
were purified by the QIAquick nucleotide removal kit (Quiagen). The
reaction mixtures contained 20 mM Tris-HCl, pH 7.5, 10% glycerol, 2
mM �-mercaptoethanol, 50 mM KCl, 0.1 nM DNA probe, 50 �g/ml bovine
serum albumin, 50 �g/ml salmon sperm (competitor) DNA, and cell
extract or purified CRP (kindly provided by A. Kolb) in a 20-�l final
volume. After incubation for 30 min at 30 °C, mixtures were fraction-

ated by electrophoresis in 4% polyacrylamide gels buffered with 0.5�
TBE (45 mM Tris borate, 1 mM EDTA). The gels were dried onto
Whatman 3MM paper and exposed to Hyperfilm MP (Amersham
Biosciences).

DNase I Footprinting Assays—The Pa-Pr DNA fragment to be used
as probe was singly 5�-end-labeled at the Pa non-coding strand by using
a labeled primer during the PCR amplification reaction. The LAC-57
primer (50 pmol) was 5�-end-labeled with [�-32P]ATP (3000 Ci/mmol)
using T4 polynucleotide kinase. To perform the PCR reaction, 5 pmol of
labeled and 7.5 pmol of unlabeled primers were used. The 5�-end-
labeled PCR product was purified using the High Pure PCR product
purification kit from Roche Applied Science. For DNase I footprinting
assays, the reaction mixture contained 20 mM Tris-HCl, pH 7.5, 10%
glycerol, 2 mM �-mercaptoethanol, 50 mM KCl, 10 mM EDTA, 1 nM DNA
probe, 50 mg/ml bovine serum albumin, and cell extract in a 25-�l final
volume. This mixture was incubated for 20 min at 30 °C, after which
0.15 units of DNaseI (Amersham Biosciences) (prepared in 10 mM

CaCl2, 50 mM MgCl2, 125 mM KCl, and 10 mM Tris-HCl, pH 7.5) was
added and the incubation continued at 37 °C for 30 s. The reaction was
stopped by the addition of 180 �l of a solution containing 0.4 M sodium
acetate, 2.5 mM EDTA, 50 �g of tRNA/ml, and 5 �g of salmon DNA/ml.
After phenol-chloroform extraction, DNA fragments were precipitated
with ethanol absolute, washed with 70% ethanol, dried, and directly
resuspended in 5 ml of 90% (v/v) formamide-loading gel buffer (10 mM

Tris-HCl, pH 8.0, 20 mM EDTA, pH 8.0, 0.05% (w/v) bromphenol blue,
0.05% (w/v) xylene cyanol). Samples were then denatured at 95 °C for 2
min and fractionated in a 8% polyacrylamide-urea gel. A�G Maxam
and Gilbert reactions (34) were carried out with the same fragments
and loaded in the gels along with the footprinting samples. The gels
were dried onto Whatman 3MM paper and exposed to Hyperfilm MP.

�-Galactosidase Assays—�-Galactosidase activities were measured
with permeabilized cells as described by Miller (30).

RESULTS AND DISCUSSION

In vivo Characterization of the Pa and Pr Promoters and
Their Specific Regulation—As mentioned above, the mhpR reg-
ulatory gene is transcribed in the opposite direction to that of
the mhpABCDFE catabolic genes involved in 3HPP degrada-
tion in E. coli (Fig. 1). Therefore, the intergenic mhpR-mhpA
region should contain the Pr and Pa promoters driving expres-
sion of the mhp regulatory and catabolic genes, respectively.
Whereas the ATG translational start codon of the first catabolic

TABLE I
Bacteria and plasmids used in this study

Strain or plasmid Relevant genotype and characteristic(s) Reference or origin

Strain
DH5� endA1 hsdR17 supE44 thi-1 recA1 gyrA(Nalr) relA1 �(argF-lac) U169 deoR �80dlac�(lacZ)M15 24
S17–1�pir TprSmr recA thi hsdRM� RP4::2-Tc::Mu::Km Tn7 �pir phage lysogen 25
CC118�pir �(ara-leu) araD �lacX74 galE galK phoA thi-1 rpsE (Spr) rpoB(Rizr) argE(Am) recA1 �pir phage lysogen 25
MC4100 araD319 �(argF-lac)U169 rpsL150 (Smr) relA1 flbB5301 deoC1 ptsF25 rbsR 26
SBS688 MC4100 �crp 26
AFMC MC4100 spontaneous rifampicin-resistant mutant (Rif r) 27
AFSB SBS688 spontaneous rifampicin-resistant mutant (Rif r) 27
AFMCAL AFMC with chromosomal insertion mini-Tn5Km Pa-lacZ This work
AFMCRL AFMC with chromosomal insertion mini-Tn5Km Pr-lacZ This work
AFMCRAL AFMC with chromosomal insertion mini-Tn5Km mhpR/Pa-lacZ This work
AFSBAL AFSB with chromosomal insertion mini-Tn5Km Pa-lacZ This work
AFSBRL AFSB with chromosomal insertion mini-Tn5Km Pr-lacZ This work
AFSBRAL AFSB with chromosomal insertion mini-Tn5Km mhpR/Pa-lacZ This work

Plasmid
pUC18 Apr; high copy number cloning vector 24
pUTmini-Tn5Km Apr Kmr, R6KoriV RP4oriT, mini-Tn5Km transposon delivery plasmid 25
pSJ3 Apr; �lacZ promoter probe vector, lacZ fusion flanked by NotI sites 28
pVTRB Cmr; low copy number Ptrc-driven cloning vector (pSC101 derivative), polylinker flanked by NotI 29
pPAR Apr; pUC18 containing the mhpR gene under control of the Plac and Pr promoters 14
pPAR�op Apr, pPAR harbouring a Pa�op promoter This work
pPAL Apr, pPAR harbouring the mhpR gene under control of Plac This work
pBT18 Cmr; pVTRB harbouring the mhpR gene under control of the Ptrc promoter This work
pAL Apr; pSJ3 containing a 0.5-kb DNA fragment to produce the Pa-lacZ fusion This work
pRL Apr; pSJ3 containing a 0.5-kb DNA fragment to produce the Pr-lacZ fusion This work
pRAL Apr; pSJ3 containing a 1.1-kb DNA fragment to produce the mhpR/Pa-lacZ fusion This work
pRAL�op Apr; pSJ3 containing a 1.1-kb DNA fragment to produce the mhpR/Pa�op-lacZ fusion This work
pUTAL Apr Kmr, pUTminiTn5 Km containing the 4.4-kb NotI Pa-lacZ fragment from pAL This work
pUTRL Apr Kmr, pUTminiTn5 Km containing the 4.4-kb NotI Pr-lacZ fragment from pRL This work
pUTRAL Apr Kmr, pUTminiTn5 Km containing the 5.0-kb NotI mhpR/Pa-lacZ fragment from pRAL This work
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FIG. 2. Scheme of the subcloning of the mhp regulatory elements. A, schematic representation of the construction of the mhpR/Pa-lacZ,
Pa-lacZ, and Pr-lacZ translational fusions. The mhpR and lacZ genes are indicated by black and hatched blocks, respectively. Thick and thin
arrows show the promoters and the direction of transcription of the genes, respectively. The early T7 (T7) and the T4 (T) transcriptional
terminators are indicated by black squares. The I and O termini of the hybrid mini-Tn5 transposons are represented by black circles. The
replication (oriColE1 and oriR6K) and RP4-mediated mobilization functions (oriTRP4) are also indicated. �mhpR indicates a truncated mhpR
gene. �mhpR-lacZ codes for an MhpR(100 amino acids)-LacZ(1016 amino acids) fusion protein. Apr and Kmr show the genes encoding ampicillin
and kanamycin resistance, respectively. tnp*, gene devoid of NotI sites encoding Tn5 transposase. Relevant restriction sites shown are: B, BamHI;
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gene (mhpA) has been identified, two potential start codons of
the regulatory mhpR gene were proposed (14). To define pre-
cisely the intergenic mhpR-mhpA region, we have determined
the N-terminal amino acid sequence of MhpR as indicated
under “Experimental Procedures.” Because the N-terminal se-
quence of MhpR was shown to be MQNNEQT, the mhp inter-
genic region spans from nucleotide 850 (ATG of mhpR) to
nucleotide 1043 (ATG of mhpA) within the reported sequence of
the mhp cluster, and MhpR (277 amino acids) becomes 4 amino
acids shorter than previously proposed (14) (Fig. 1).

To study the Pa and Pr promoters of the mhp cluster, a
0.5-kb DNA fragment containing the intergenic mhpR-mhpA
region was PCR-isolated and ligated, at both orientations, to
the lacZ reporter gene of the promoter-probe vector pSJ3 (Ta-
ble I), generating the translational fusion plasmids, pAL (Pa-
lacZ) and pRL (Pr-lacZ) (Fig. 2A). Moreover, to analyze the role
of the mhpR regulatory gene on the Pa and Pr promoters, we
have engineered plasmid pRAL (mhpR/Pa-lacZ), which harbors

the mhpR gene under control of its own promoter in cis, to the
Pa-lacZ reporter fusion in a pSJ3 derivative (Fig. 2A), and
pPAL (Plac-mhpR), which encodes the mhpR gene under control
of the heterologous Plac promoter (Fig. 2B). To avoid the high
copy number of the pSJ3 derivatives and, thus, to analyze faith-
fully the mhp regulatory system, the Pa-lacZ, Pr-lacZ, and
mhpR/Pa-lacZ fusions were subcloned as NotI-DNA cassettes
within mini-Tn5 vectors, giving rise to plasmids pUTAL, pUTRL,
and pUTRAL, respectively (Fig. 2A), which were used to deliver
by transposition the corresponding translational fusions into the
chromosome of E. coli AFMC (Table I). The presence of a strong
T7 phage transcriptional terminator downstream of the lacZ
fusions and the orientation of such fusions within the mini-Tn5
elements (Fig. 2A) prevented read-through transcription from
nearby promoters after insertion into the chromosome of the
resulting E. coli strains, AFMCAL (Pa-lacZ), AFMCRL (Pr-lacZ),
and AFMCRAL (mhpR/Pa-lacZ) (Table I).

The �-galactosidase assays of permeabilized E. coli AFM-

FIG. 3. �-Galactosidase activity of E. coli cells harboring Pa-lacZ and Pr-lacZ translational fusions. E. coli AFMCRAL (A), AFMCAL
(pPAL) (B), AFMCRL (C), and AFMCRL (pPAL) (D) were grown in glycerol-containing minimal medium in the presence (filled symbols) or absence
(empty symbols) of 1 mM 3HPP. Values for �-galactosidase (�-Gal) activity (in Miller units) were determined along the growth curve as indicated
under “Experimental Procedures.” Results of one experiment are shown, and values were reproducible in three separate experiments.

E, EcoRI; H, HindIII; N, NotI; S, Sau3AI; Sm, SmaI. S* indicates that the Sau3AI restriction site is not unique in the plasmid. B/S*, a ligation
of compatible ends generated by BamHI/Sau3AI cleavage that cannot be recleaved by BamHI. HindIII (Klenow) indicates digestion by HindIII
followed by filling in the protruding ends generated with the E. coli DNA polymerase I Klenow fragment. B, subcloning of the mhpR gene. The
relevant elements and restriction sites are represented as in panel A. D, DraIII restriction enzyme. DraIII (Klenow) indicates digestion by DraIII
followed by removal of the protruding ends generated with the E. coli DNA polymerase I Klenow fragment. The T1/T2 transcriptional terminators
of the E. coli rrnB operon (t) are represented by a black square. Cmr, gene encoding chloramphenicol resistance. The origin of replication
(oripSC101) of plasmid pBT18 is shown. 1 and 2, primers MhpR5�and LAC-57, respectively (for details see “Experimental Procedures”).
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CRAL cells grown in glycerol-containing minimal medium in
the presence or in the absence of 3HPP revealed that Pa acti-
vation was only observed in the presence of 3HPP (Fig. 3A). To
check the influence of the MhpR protein on the expression of
the reporter Pa-lacZ and Pr-lacZ fusions, plasmid pPAL (Plac-

mhpR) was introduced in E. coli AFMCAL and AFMCRL
strains, and �-galactosidase assays of permeabilized cells
grown in glycerol-containing minimal medium in the presence
or in the absence of 3HPP were carried out. Whereas expres-
sion of the Pa-lacZ fusion required the presence of the mhpR
gene and the 3HPP inducer (Fig. 3B), the Pr-lacZ fusion was
expressed constitutively both in the presence and in the ab-
sence of MhpR and 3HPP (Fig. 3, C and D). These data taken
together indicate that MhpR is a 3HPP-dependent activator of
the Pa promoter, being the expression of the mhpR gene con-
stitutive and MhpR-independent. In this sense, MhpR shows a
distinct regulatory feature when compared with other IclR-type
regulators of aromatic catabolic pathways, e.g. PcaR from
P. putida and PobR and PcaU from Acinetobacter sp. ADP1, all
of which act as transcriptional activators of the cognate cata-
bolic genes, but they behave as repressors of their own expres-
sion (35–37). Moreover, it is known that some IclR-type regu-
lators, such as PcaU, act on the same promoter both as
transcriptional activators, in the presence of the cognate in-
ducer, and repressors, in the absence of the inducer molecule
(38). However, this dual regulatory role was not observed with
the MhpR activator and the Pa promoter because no �-galac-
tosidase activity was observed in E. coli AFMCAL cells that
lack the mhpR gene (data not shown).

To determine the transcription initiation sites in the Pa and
Pr promoters, primer extension analyses were performed with
total RNA isolated from E. coli DH5� cells containing plasmids
pRAL and pRL (Fig. 4). The transcription initiation site in the
Pa promoter was mapped 91 nucleotides upstream of the ATG

FIG. 4. Identification of the transcription start sites in the Pa
and Pr promoters. Total RNA was isolated from E. coli DH5� cells
bearing the lacZ translational fusion plasmids pRAL (Pa-lacZ) (A) and
pRL (Pr-lacZ) (B), as described under “Experimental Procedures.” The
sizes of the extended products (lanes Pa and Pr) were determined by
comparison with the DNA sequencing ladder (lanes A, C, G, T) of the Pa
and Pr promoter regions. Primer extension and sequencing reactions
were performed with primers LAC-57 (A) and PP6 (B) as described
under “Experimental Procedures.” An expanded view is shown of the
nucleotide sequence surrounding the transcription initiation site(s)
(asterisks) in the non-coding strands.

FIG. 5. Gel retardation analyses of MhpR binding to the mhpR-mhpA intergenic region. Cell extracts and gel retardation analyses were
performed as indicated under “Experimental Procedures.” The probe DNAs used, Pa-Pr (A and D), Pa (B), and Pr (C), were PCR-amplified from
plasmid pRAL as described under “Experimental Procedures.” A and B, lanes 2–5 show retardation assays containing 100, 150, 200, and 400 ng
of total protein, respectively, of MhpR� extracts obtained from cells bearing plasmid pPAL. A and B, lanes 1 correspond to assays containing 400
ng of total protein of MhpR� extracts obtained from cells bearing the control plasmid pUC18. C, lanes 1 and 2 show retardation assays containing
1 �g of total protein obtained from cells bearing plasmid pUC18 (MhpR�) and pPAL (MhpR�), respectively. D, gel retardation assays containing
200 ng of total protein of MhpR� extracts in the absence (lane 1) or the presence of increasing concentrations of 3HPP: 0.1 mM (lane 2), 0.5 mM (lane
3), and 1.0 mM (lane 4). The DNA probes and the DNA-MhpR complexes are indicated by arrows.
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translation initiation codon of the mhpA gene, showing puta-
tive �10 (TATACT) and �35 (TTGTAG) boxes typical of �70-
dependent promoters (Fig. 1). A major transcription initiation
site was located in the Pr promoter 107 nucleotides upstream of
the ATG translation initiation codon of the mhpR gene (Fig. 1).
Although a second transcription initiation site in Pr could be
located four nucleotides downstream of the major initiation site
(Fig. 4), we cannot rule out that such a start site could corre-
spond to the 5�-end of a processed transcript that is initiated at
the major transcription start site. Two putative �10 boxes
(AATGAT, TGTAAA) and the absence of consensus �35 regions
characterize the Pr promoter (Fig. 1). Interestingly, the Pr and
Pa promoters in the mhp cluster originate two mRNA tran-
scripts whose first 10 nucleotides are complementary, a pecu-
liar arrangement that has not been described yet in other
aromatic catabolic clusters and that could imply a new regula-
tory mechanism that requires further study.

Binding of MhpR to the Pa and Pr Promoters—To demon-
strate the interaction of the MhpR regulatory protein with the
intergenic mhpR-mhpA region, cell-free extracts from E. coli
DH5� (pPAL) were subjected to gel retardation assays using as
probe a 274-bp fragment carrying the mhp intergenic region
(Pa-Pr probe). Whereas extracts containing MhpR were able to
retard the migration of the Pa-Pr probe in a protein concentra-
tion-dependent manner, control extracts prepared from E. coli
DH5� (pUC18) cells did not (Fig. 5A), which suggests a specific
binding of the MhpR protein to the Pa-Pr probe even in the
absence of the 3HPP inducer. To determine whether MhpR
binds to the Pa and Pr promoters or, on the contrary, binds to
only one of these two promoters, gel retardation assays were
carried out using the 120-bp Pa probe (contains the Pa pro-
moter) and the 157-bp Pr probe (contains the Pr promoter) (Fig.
1). Whereas the pattern of retardation of the Pa probe at
different concentrations of the MhpR protein (Fig. 5B) was
similar to that observed with the Pa-Pr probe (Fig. 5A), no
shifted band was observed with the Pr probe even when up to
1 �g of MhpR� extract was added to the retardation assay (Fig.
5C). These data reveal that the target site for MhpR binding is
the Pa rather than the Pr promoter. Moreover, because the
binding of MhpR to the Pa-Pr and Pa probes appears to be
similar, the interaction of the regulatory protein with its target
DNA does not require the Pr promoter region. These data taken
together are in agreement with the lacZ-reporter fusion exper-
iments reported above showing that MhpR activates transcrip-
tion from Pa but does not cause any significant effect on the
Pr promoter.

Gel retardation assays were also carried out in the presence
of different concentrations of the 3HPP inducer molecule at a
concentration of MhpR that did not retard completely the mi-
gration of the Pa-Pr probe. As shown in Fig. 5D, increasing
concentrations of 3HPP improved retardation of the DNA
probe, which indicates that although 3HPP is not indispensa-
ble for binding of MhpR to the mhp intergenic region in vitro,
this inducer molecule facilitates such interaction. Binding of an
activator to the target DNA regardless of the presence or ab-
sence of the inducer has been also observed with other regula-
tory proteins of the IclR family (38) as well as with members of
other families of regulatory proteins involved in catabolism of
aromatic compounds (39, 40). In all these cases, binding of the
inducer to the regulatory protein will modify the interaction of
such regulators with the RNA polymerase leading to transcrip-
tional activation at the corresponding promoter (40). Further
work needs to be carried out to understand the molecular basis
of the 3HPP-mediated induction of the Pa promoter.

Characterization of the MhpR-binding Site—To identify the
MhpR-binding site (operator) within the Pa promoter region,

DNase I footprinting experiments were performed using the
Pa-Pr probe and increasing concentrations of MhpR. As shown
in Fig. 6, the MhpR activator protected an OR region centered
at position �58 with respect to the transcription start site in Pa
promoter (Fig. 1). The OR sequence corresponds to a 17-bp
imperfect palindromic motif, GGTGCACCTGGTGCACA, with
its pseudo-dyad axis through the central T base (underlined)
that defines two 8-bp half-sites. Analyses of the putative mhp
clusters from E. coli O157:H7 (41) and K. pneumoniae (data
base of unfinished microbial genomes at the NCBI server:
www.ncbi.nlm.nih.gov/cgi-bin/Entrez/genom_table_cgi), as well
as the mhp cluster from C. testosteroni (11), revealed the exist-
ence within the presumed Pa promoters of a 17-bp palindromic
region (TGTGCACCTGGTGCACA, the central T is an A in
C. testosteroni). This region is almost identical to OR of Pa from
E. coli K-12 but carrying a T instead of a G as the first nucle-
otide of the left half-site and, thus, constituting a perfect pal-
indromic repeat. Therefore, all these data strongly suggest that
OR is essential for Pa activity. As observed in Fig. 6, increasing
concentrations of total protein present in the extracts caused
DNaseI protection in the �35 region of the Pa promoter, which
may reflect binding of the RNA polymerase to such a region.

To confirm the critical role of OR in the MhpR-dependent
activation of the Pa promoter, a modified OR that lacks one of
its half-sites was engineered in a mutant Pa promoter (Pa�op)
in plasmid pPAR�op (Fig. 7A). Plasmid pPAR�op was then
used to substitute the wild-type Pa promoter in plasmid pRAL

FIG. 6. DNase I footprinting analyses of the interaction of
MhpR with the Pa promoter region. The DNase I footprinting
experiments were carried out using the Pa-Pr probe labeled at the
5�-end of the non-coding strand of Pa as indicated under “Experimental
Procedures.” Lanes 1 and 3–6 show footprinting assays containing 0, 10,
20, 50, and 100 ng of total protein of MhpR� extracts, respectively. Lane
2 corresponds to a footprinting assay with 100 ng of total protein of
MhpR� extracts. Lane AG shows the A�G Maxam and Gilbert sequenc-
ing reaction. Protected region (OR) is indicated by brackets, and an
expanded view of the nucleotide sequence surrounding such region is
shown. The nucleotide sequence of OR is marked by a thick line. The
�35 region of the Pa promoter is also indicated.
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by Pa�op, giving rise to plasmid pRAL�op (Fig. 7A). The MhpR-
dependent activation of the Pa-lacZ and Pa�op-lacZ fusions
was checked in vivo by assaying �-galactosidase activity in
E. coli AFMC cells harboring plasmids pRAL and pRAL�op,
respectively. As shown in Fig. 7B, the activation of the Pa�op-
lacZ fusion showed a 10-fold reduction compared with that
observed with the wild-type Pa-lacZ fusion, thus indicating
that deletion of one half-site in OR causes a significant reduc-
tion in the MhpR-dependent Pa activity. The effect of the
half-site deletion of OR on binding of MhpR to the Pa promoter
was also analyzed by using the wild-type Pa and the mutant
Pa�op fragments as probes in gel retardation assays. Whereas
increasing concentrations of MhpR caused retardation of the
Pa probe, the Pa�op probe remained unshifted even at the
highest amount of MhpR tested (Fig. 7C). Therefore, these data

taken together indicate that the 17-bp palindromic OR is the
binding site of the MhpR regulator to activate the Pa promoter.

Other activators of aromatic catabolic pathways that belong
to the IclR family, such as PobR and PcaU from Acinetobacter
sp. ADP1 and PcaR from P. putida, also recognize 17-bp palin-
dromic operator regions with its pseudo-dyad axis through a
central base and whose consensus sequence (TGTTCGATA-
ATCGCACA) (19) resembles that of OR from E. coli and its
homologs from K. pneumoniae and C. testosteroni (identical
nucleotides are underlined). However, whereas in E. coli, and
most probably in K. pneumoniae, the MhpR-binding site is
located 50 nucleotides upstream of the transcriptional start
site of the corresponding promoter, in Acinetobacter sp. ADP1
the PobR- and PcaU-binding sites are located 72 nucleotides
upstream of the transcription start sites of the pobA and pcaI

FIG. 7. Characterization of the MhpR-binding site. A, scheme of the construction of plasmids harboring the Pa mutant promoter that
contains a truncated OR (Pa�op). The relevant elements and restriction sites of the plasmids are indicated as in Fig. 2. OR of Pa is shown by
convergent arrows. DraIII/T4 DNA polymerase, digestion with the DraIII restriction enzyme followed by treatment with T4 DNA polymerase. The
resulting truncated OR in Pa�op is indicated by an arrow. P, PstI. P*, the PstI restriction site is not unique in the plasmid. B, �-galactosidase
(�-Gal) activity of E. coli AFMC cells harboring plasmids pRAL (mhpR/Pa-lacZ) or pRAL�op (mhpR/Pa�op-lacZ) grown in LB medium at an A600
of 0.8 in the absence (filled blocks) or presence (empty blocks) of 1 mM 3HPP. C, binding affinity of MhpR to the Pa and Pa�op promoters. Cell
extracts and gel retardation analyses were performed as indicated under “Experimental Procedures.” The probe DNAs used, Pa and Pa�op, were
PCR-amplified from plasmids pRAL and pRAL�op, respectively, as described under “Experimental Procedures.” Lanes 2–5, retardation assays
containing 100, 150, 200, and 400 ng of total protein, respectively, of MhpR� extracts obtained from cells bearing plasmid pPAL. Lanes 1 correspond
to assays containing 400 ng of total protein of MhpR� extracts obtained from cells bearing the control plasmid pUC18. The probe DNA and the
DNA-MhpR complexes are indicated by arrows.
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genes, respectively (19), and in P. putida the two adjacent
PcaR-binding sites are located 4 nucleotides upstream of the
pcaI transcriptional start site (36). The different locations of
the operators within the respective regulatory regions have
been shown to reflect significant differences in the mechanism
of transcriptional activation by the cognate regulatory proteins
(36, 38).

CRP Mediates a Superimposed Level of Regulation on the Pa
Promoter—It is known that some aromatic catabolic pathways
in E. coli, such as the paa, hca, hpa, and mao-encoded path-
ways responsible for the catabolism of phenylacetate, phenyl-
propionate, 4-hydroxyphenylacetate, and 2-phenylethylamine,
respectively, are repressed by the presence of glucose in the
culture medium (26, 27, 42–45). To check whether the mhp
cluster is also under catabolite repression control, E. coli AFM-
CRAL cells were grown in glycerol- or glucose-containing min-
imal medium in the presence of 3HPP. Whereas permeabilized
cells showed �-galactosidase activity when grown in glycerol
and 3HPP, no activity was observed when the cells were grown
in glucose and 3HPP (Fig. 8A), thus suggesting a repression
effect on Pa activity by glucose. To analyze whether the glucose
effect was carried out directly on the Pa promoter or, on the
contrary, it was because of a repression of the mhpR-encoded
transcriptional activator, we tested the expression of the Pr-
lacZ fusion in E. coli AFMCRL cells. The �-galactosidase levels
in E. coli AFMCRL cells grown in glycerol were only 1.6-fold
higher than those of cells growing in glucose as carbon source
(data not shown), suggesting that the glucose effect on mhp
expression is carried out mainly at the level of the Pa promoter.
This observation was confirmed by assaying the Pa-lacZ ex-
pression in E. coli AFMCAL cells containing plasmid pBT18

(Fig. 2B), which expresses the mhpR gene under the control of
Ptrc, a promoter that is not repressed by glucose. Whereas
permeabilized E. coli AFMCAL (pBT18) cells grown in glycerol
and 3HPP showed �-galactosidase activity, no significant ac-
tivity was detected when cells were grown in glucose and 3HPP
(Fig. 8B). These data taken together reveal that mhp catabolite
repression control is accomplished mainly through the
Pa promoter.

Because the glucose repression effect is usually mediated by
the CRP-cAMP complex in enteric bacteria (46, 47), we checked
whether CRP was necessary for mhp expression. To accomplish
this, the mhpR/Pa-lacZ, Pa-lacZ, and Pr-lacZ translational
fusions were integrated into the chromosome of an isogenic
CRP� strain, E. coli AFSB. When E. coli AFSBRAL and E. coli
AFSBAL (pBT18) CRP� strains (Table I) were grown either in
glycerol- or glucose-containing minimal medium in the pres-
ence of 3HPP, no �-galactosidase activity was observed (Fig. 8,
A and B). On the contrary, CRP� E. coli AFSBRL cells (Table
I) growing in glycerol-containing medium showed �-galactosid-
ase levels that were only 1.6-fold lower than that of CRP�

E. coli AFMCRL cells growing in the same medium (data not
shown). Therefore, these data reveal that whereas activity of
the Pr promoter is not strictly dependent on CRP, this global
regulator is essential for Pa activity and accounts for the re-
pressor effect of glucose on the expression of the mhp catabolic
genes. The CRP-dependent regulation level of the 3HPP cata-
bolic pathway of E. coli is, then, superimposed to the specific
MhpR-dependent regulation; it allows the expression of the
mhp catabolic genes when the preferred carbon source (glucose)
is not available and 3HPP is present in the medium. A similar
dependence on the CRP-cAMP complex was described in E. coli

FIG. 8. Effect of CRP on expression and binding to the Pa and Pr promoters. A and B, in vivo CRP effect on Pa and Pr promoter activity
in isogenic E. coli AFMC (CRP�) (empty blocks) and AFSB (CRP�) (filled blocks) cells. E. coli AFMCRAL and AFSBRAL (mhpR/Pa-lacZ) (A) and
E. coli AFMCAL and AFSBAL harboring pBT18 (Pa-lacZ; Ptrc-mhpR) (B) were grown in glycerol- or glucose-containing minimal medium in the
presence of 1 mM 3HPP until the cultures reached an A600 of 0.8. Values for �-galactosidase activity in permeabilized cells are shown (in Miller
units). Results of one experiment are shown; values were reproducible in three separate experiments. C, CRP binding to the mhpR-mhpA
intergenic region. Gel retardation analyses were performed as indicated under “Experimental Procedures” but adding 200 �M cAMP to the reaction
mixture and to the electrophoresis buffer. The probe DNAs used (Pa-Pr, mhpR-Pa, and Pr) were PCR-amplified from plasmid pRAL as described
under “Experimental Procedures.” � and � indicate the absence and presence, respectively, of 250 nM purified CRP and 1 �g of total protein of
MhpR� extracts. The unbound probe DNAs, the probe/MhpR complexes, and probe/MhpR/cAMP-CRP complexes are indicated by arrows.
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for the expression of the hpa and paa clusters involved in
4-hydroxyphenylacetate and phenylacetate degradation path-
ways, respectively (27, 44). A possible explanation for this tight
CRP-mediated regulation may be because aromatic compounds
can enter the cell by passive diffusion; therefore, the repression
of an uptake mechanism (inducer exclusion) used as an addi-
tional control to prevent leakage in the activity of standard
CRP-dependent promoters, such as Plac (48), cannot be applied
to regulate aromatic catabolic pathways.

To confirm the in vivo experiments reported above, gel re-
tardation assays were performed with purified CRP in the
presence of cAMP and the Pa-Pr fragment as probe. Interest-
ingly, CRP was not able to bind to the Pa-Pr probe unless
MhpR was also present in the retardation assay, thus gener-
ating a ternary DNA-CRP-MhpR complex (Fig. 8C). A similar
pattern of band shifting was observed when the DNA probe
used was the mhpR-Pa fragment that contains the Pa promoter
but lacks the Pr promoter region (Fig. 8C). On the contrary,
when using the Pr probe that contains the Pr promoter but
lacks the Pa region, no binding of MhpR and/or CRP was
observed (Fig. 8C). Binding of the CRP-cAMP complex to the Pa
promoter but not to the Pr promoter is, therefore, in agreement
with the genetic experiments showing a CRP-dependent acti-
vation of Pa. Sequence analysis of the Pa promoter revealed the
existence of a potential CRP-binding site (TTCTGCATATTA-
ATTGACATTT) centered at position �95.5 relative to the tran-
scription start point of Pa (Fig. 1). However, the left half-site of
such a binding motif poorly matches with the consensus se-
quence (AANTGTGANNTNNNTCACANTT) for CRP-binding
(47), which could explain the lack of interaction of CRP with the
Pa promoter and the observation that MhpR is strictly neces-
sary for binding of CRP to its target DNA. Such co-dependence
upon two transcription activators, that is, the fact that MhpR is
essential for the binding of the second activator (CRP), is a
mechanism widely used in eukaryotes, but few examples have
been reported in prokaryotes (49). MhpR becomes the first
regulator of the IclR family that is reported to be indispensable
for recruiting CRP to the cognate promoter, and no example of
such co-dependence has yet been observed for other regulators
of aromatic catabolic pathways. The A-tract located between
the putative CRP-binding site and the MhpR-binding site (OR)
(Fig. 1) may act as an UP element (50) facilitating the interac-
tion of the RNA polymerase �C-terminal domain with the pro-
moter and CRP, according to a class I mechanism of CRP-de-
pendent activation (51). Future efforts will be directed to
understanding the synergy between CRP and MhpR and the
molecular mechanisms governing the transcriptional activa-
tion of the Pa promoter.

The synergistic transcription activation by the CRP-cAMP
complex and the MhpR activator allows us to classify the Pa
promoter of the mhp cluster as a class III CRP-dependent
promoter (51). The Pg promoter of the hpa cluster for 3,4-
dihydroxyphenylacetic acid degradation and the Pa and Pz
promoters of the paa cluster for phenylacetic acid degradation
in E. coli can also be considered class III CRP-dependent pro-
moters because they require both CRP and the integration host
factor protein as transcriptional activators (27, 44). However,
all these promoters show different architectures, and whereas
the Pa promoter of the mhp cluster requires a pathway-specific
activator (MhpR), promoters from the hpa and paa clusters are
controlled by the cognate pathway-specific HpaR and PaaX
repressors, respectively (27, 42, 44). This suggests that the
molecular mechanisms of transcriptional regulation of the
aromatic catabolic clusters in E. coli are highly diverse, and
they constitute a useful model system to unravel complex

regulatory circuits that involve specific and overimposed levels
of regulation.
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