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We report the complete nucleotide sequence of the gene cluster encoding the 3-(3-hydroxyphenyl) propionate
(3-HPP) catabolic pathway of Escherichia coli K-12. Sequence analysis revealed the existence of eight genes that
map at min 8 of the chromosome, between the lac and hemB regions. Six enzyme-encoding genes account for
a flavin-type monooxygenase (mhpA), the extradiol dioxygenase (mhpB), and the mefa-cleavage pathway
(mhpCDFE). The order of these catabolic genes, with the sole exception of mhpF, parallels that of the enzymatic
steps of the pathway. The mhpF gene may encode the terminal acetaldehyde dehydrogenase (acylating) not
reported previously in the proposed pathway. Enzymes that catalyze the early reactions of the pathway, MhpA
and MhpB, showed the lowest level of sequence similarity to analogous enzymes of other aromatic catabolic
pathways. However, the genes mhpCDFE present the same organization and appear to be homologous to the
Pseudomonas xyl, dmp, and nah meta-pathway genes, supporting the hypothesis of the modular evolution of
catabolic pathways and becoming the first example of this type of catabolic module outside the genus
Pseudomonas. Two bacterial interspersed mosaic elements were found downstream of the mhpABCDFE locus
and flank a gene, orfT, which encodes a protein related to the superfamily of transmembrane facilitators that
might be associated with transport. All of the genes of the 3-HPP cluster are transcribed in the same direction,
with the sole exception of mhpR. Inducible expression of the mhp catabolic genes depends upon the presence,
in the cis or trans position, of a functional mhpR gene, which suggests that the mhpR gene product is the
activator of the 3-HPP biodegradative pathway. The primary structure of MhpR revealed significant similar-
ities to that of members of the IcIR subfamily of transcriptional regulators. A 3-HPP catabolic DNA cassette
was engineered and shown to be functional not only in enteric bacteria (E. coli and Salmonella typhimurium) but
also in Pseudomonas putida and Rhizobium meliloti, thus facilitating its potential application to improve the

catabolic abilities of bacterial strains for degradation of aromatic compounds.

Microbial catabolism of phenylpropanoid compounds result-
ing from the degradation of lignin and other aromatic constit-
uents of plants plays an important role in the degradative cycle
of both natural compounds and many industrial pollutants. In
particular, degradation of cinnamic acid, phenylpropionic acid,
and their hydroxylated derivatives has been reported in several
bacteria, such as Acinetobacter sp. (originally described as Ach-
romobacter sp.) (16), Pseudomonas sp. (2, 15, 68), Arthrobacter
sp. (42), and Escherichia coli (9). E. coli living in the animal gut
encounters phenylpropionic acid and its derivatives as a result
of the action of intestinal microflora on plant constituents, the
amino acids phenylalanine and tyrosine, and some of their
metabolites (9). Aerobic catabolism of these aromatic com-
pounds by E. coli could occur in the guts of warm-blooded
animals, close to epithelial cells, where oxygen passes from
blood through the epithelium to the microbial populations
attached to it, as well as in soil, sediment, and water once E.
coli is excreted from its intestinal residence (62).

A branched meta-fission pathway used for the aerobic ca-
tabolism of 3-phenylpropionate and 3-(3-hydroxyphenyl)pro-
pionate (3-HPP) by E. coli K-12 has been described (9). These
compounds are converted by separate routes to 2,3-dihydroxy-
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phenylpropionate, which is ultimately degraded to Krebs cycle
intermediates. Mutants of E. coli defective in the catabolism of
3-phenylpropionate and 3-HPP have been isolated and char-
acterized (12). The pathway for the catabolism of 3-HPP in E.
coli K-12 is shown in Fig. 1. The first step is catalyzed by the
MhpA hydroxylase, which inserts one atom of molecular oxy-
gen into position 2 of the phenyl ring of 3-HPP (Fig. 1B,
compound I) to give 2,3-dihydroxyphenylpropionate (com-
pound II), which suffers an extradiol cleavage by a 2,3-dihy-
droxyphenylpropionate 1,2-dioxygenase (MhpB) between ring
carbons 1 and 2, yielding the meta ring fission product (com-
pound III). The mhpB gene encoding the MhpB dioxygenase
has been cloned (8), and very recently its nucleotide sequence
has been determined, revealing that the MhpB dioxygenase
belongs to a new family of extradiol dioxygenases (67). Com-
pound III is cleaved by the MhpC hydrolase to give succinate
(compound V) and 2-ketopent-4-enoic acid (compound 1V),
which is hydrated to 4-hydroxy-2-ketovaleric acid (compound
VI) by the MhpD hydratase. The MhpE aldolase then cata-
lyzes the fission of compound VI to give pyruvate and acetal-
dehyde (compounds VII and VIII, respectively).

Although the 3-HPP biodegradation pathway of E. coli K-12
was elucidated several years ago and it was shown to be
strongly induced by this aromatic compound (9, 11), nothing is
known about its genetic organization and mechanism of regu-
lation. Here we present the sequencing and subsequent se-
quence analysis of the complete 3-HPP biodegradation cluster
of E. coli. A positive transcriptional regulator has been iden-
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FIG. 1. Pathway for the catabolism of 3-HPP in E. coli and genetic organi-
zation of the corresponding structural and regulatory genes. (A) Physical and
genetic map of the chromosomal mhp region. The locations of genes are shown
relative to those of some relevant restriction endonuclease sites, i.e., Bg/II (Bg),
HindIII (H), Hpal (Hp), PstI (P), Sacl (S), Smal (Sm), and Sphl (Sp). The
arrows indicate the directions of gene transcription. The boxed plus sign indi-
cates stimulation of gene expression by the mhpR gene product in the presence
of 3-HPP. Striped areas show the locations of BIME sequences. (B) Biochem-
istry of the 3-HPP catabolic pathway. MhpA to MhpF are the enzymes encoded
by the corresponding mhp structural genes. The metabolites are 3-HPP (com-
pound I), 3-(2,3-dihydroxyphenyl)propionate (compound II), 2-hydroxy-6-ke-
tononadienedioate (compound III), 2-keto-4-pentenoate (compound IV), succi-
nate (compound V), 4-hydroxy-2-ketovalerate (compound VI), pyruvate
(compound VII), acetaldehyde (compound VIII), and acetyl coenzyme A (CoA)
(compound IX). The enzymes are as follows: MhpA, 3-(3-hydroxyphenyl)propi-
onate hydroxylase; MhpB, 3-(2,3-dihydroxyphenyl)propionate 1,2-dioxygenase;
MhpC, 2-hydroxy-6-ketonona-2,4-dienedioate hydrolase; MhpD, 2-keto-4-pen-
tenoate hydratase; MhpE, 4-hydroxy-2-ketovalerate aldolase; MhpF, acetalde-
hyde dehydrogenase (acylating).

tified, and the expression of an engineered 3-HPP catabolic
cassette was analyzed in different gram-negative bacteria.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The E. coli K-12 strains
used were MC4100 [F~ araD139 A(argF-lac)U169 rpsL150 relA1 fiIbB5301 deoCl
ptsF25 rbsR], CC118 [F~ A(ara-leu)AlacX74 thi-1 rpsE rpoB recAI], DH5a [F~
endAI hsdR17 (ry~ mg ") supE44 thi-1 recAl gyrA relAl A(argF-lac)U169 deoR
&80dlacA(lacZ)M15], and HB101 [F~ hsdS20 (rg~ mg™) recA13 ara-14 proA2
leuB lacY1 galK2 rpsL20 xyl-5 mtl-1 supE44] (60). The other strains used in this
work were Salmonella typhimurium LT-2 (kindly provided by J. Barbé), Rhizo-
bium meliloti Rm1021Rif (21), and Pseudomonas putida KT2442 (21). Plasmid
pLC20-30 belongs to the Clark-Carbon bank of hybrid plasmids (14). Plasmid
pCKO1 is a chloramphenicol resistance low-copy-number cloning vector (27).
Plasmid pSJ33 is a broad-host-range cloning vector (34) that can be transferred
from the donor strain to different recipient strains by mobilization with pRK600,
an RK2-Tra® RK2-Mob* chloramphenicol resistance plasmid (18). Plasmid
pUCI18Not is a pUCI8 derivative with two NotI sites flanking the polylinker
region (18). Plasmid pPAR is a pUC18Not derivative containing the m/pR gene.
Plasmids pPAD2 and pPADR?2 are pSJ33 derivatives containing the complete
mhpABCDFE orfT region and a truncated or wild-type mhpR gene, respectively.
Unless otherwise stated, bacteria were grown in Luria-Bertani (LB) medium (60)
at 37°C (E. coli and S. typhimurium) or 30°C (P. putida); R. meliloti was cultivated
at 30°C in TY medium (21). When required, M63 minimal medium (45) was
used, except for S. typhimurium, which was cultivated in AB minimal medium
(13). Media were solidified with 1.5% Bacto Agar (Difco Laboratories, Detroit,
Mich.). Where appropriate, antibiotics were added at the following concentra-
tions: ampicillin, 100 pg/ml; chloramphenicol, 35 pg/ml; rifampin, 50 wg/ml;
kanamycin, 50 wg/ml (100 wg/ml for R. meliloti).
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Plasmid isolation, transformation, and conjugation. Plasmid DNA was pre-
pared by the rapid alkaline lysis method (60). Transformation of E. coli was
carried out by the RbCl method (60). Electroporation (Gene Pulser; Bio-Rad)
was used for S. typhimurium. The transfer of plasmids pSJ33 and pPADR?2 from
E. coli to P. putida and R. meliloti was accomplished by mobilization through
triparental filter matings by using as a helper strain E. coli HB101(pRK600) (18).
P. putida and R. meliloti transconjugants were selected on LB or TY kanamycin-
rifampin plates, respectively.

DNA manipulations and sequencing. DNA manipulations and other molecu-
lar biology techniques were done essentially as previously described (60). DNA
fragments were purified by using low-melting-point agarose. Southern blot anal-
yses were performed as previously reported (60), by using as probes 5'-end
radioactively labeled oligonucleotides. The mhpR gene was PCR amplified from
plasmid pLC20-30 by using primers MhpR-5 5'-GGGGATCCATTTCAGTAC
CTCACGACTCGG-3' and MhpR-3 5'-GGAAGCTTACTGGTTTCACATTCAC
CACCC-3' (engineered BamHI and HindIII restriction sites are underlined and
double underlined, respectively). The PCR product was cleaved with the appro-
priate restriction enzymes and gel purified prior to its ligation to the vector.
Oligonucleotides were synthesized on an Oligo-1000M nucleotide synthesizer
(Beckman Instruments, Inc.). Nucleotide sequences were determined directly
from plasmids by using the dideoxy chain termination method (61). Standard
protocols of the manufacturer for Tag DNA polymerase-initiated cycle sequenc-
ing reactions with fluorescently labeled dideoxynucleotide terminators (Applied
Biosystems Inc.) were used. The sequencing reactions were analyzed with a 377
automated DNA sequencer (Applied Biosystems Inc.). Sequences were extended
by designing primers based on the already determined sequence.

Sequence data analyses. Nucleotide sequence analyses were done with the
DNA-Strider 1.2 program. DNA bending analysis was performed by use of the
DNASTAR computer programs (DNASTAR, Inc.). Amino acid sequences were
analyzed with the Protein Analysis Tools at the ExPASy World Wide Web
molecular biology server of the Geneva University Hospital and the University of
Geneva. Nucleotide and protein sequence similarity searches were done with the
BLASTP, BLASTN, and BLASTX programs (1) via the National Institute for
Biotechnology Information server. Pairwise and multiple protein sequence align-
ments were done with the ALIGN (77) and CLUSTAL W programs (72),
respectively, at the Baylor College of Medicine-Human Genome Center server.
The E. coli database collection ECDC (38) (release 27) was obtained on the
Internet via a World Wide Web server.

Preparation of crude extracts and enzyme assays. E. coli MC4100 cells har-
boring pPAR, pSJ33, or its derivatives were cultured overnight at 30°C in anti-
biotic-containing LB medium in the absence or presence of 5 mM 3-HPP. Cells
were harvested by centrifugation, washed, and resuspended in 0.1 volume of 50
mM sodium phosphate buffer, pH 7.5, containing 5 mM 2-mercaptoethanol prior
to disruption by a single passage through a French press (Aminco Corp.) oper-
ated at a pressure of 20,000 Ib/in®. The cell debris was removed by centrifugation
at 18,000 rpm for 30 min in an SS-34 rotor (Sorvall Instruments). The clear
supernatant fluid was carefully decanted and used as crude extract. Protein
concentration was determined by the method of Bradford (6) by using bovine
serum albumin as the standard. Assays of MhpC activity in crude extracts were
performed at 30°C in 50 mM sodium phosphate buffer, pH 7.5, with 42 pM
substrate. Since 2,3-dihydroxyphenylpropionate was not commercially available
to synthesize the natural substrate of MhpC, the ring fission product of 3-meth-
ylcatechol was used as the substrate. This substrate was prepared fresh daily in
a 1-ml reaction mixture containing 600 wM 3-methylcatechol from a 10 mM stock
solution, 0.1 M sodium phosphate buffer (pH 7.5), and 0.5 pl of a pure enzyme
preparation of P. putida mt-2 XylE catechol 2,3-dioxygenase (kindly provided by
L. Eltis); the reaction was allowed to proceed to completion (20). The reactions
were monitored by measuring the decrease in A3g, With a Shimadzu UV-260
spectrophotometer equipped with a thermojacketed cuvette holder and an Ul-
traterm circulating-water bath. One unit of enzymatic activity was defined as the
amount of enzyme converting 1 wmol of substrate per minute with the molar
absorption coefficient (15,000 M~ em™!) reported previously (25).

Nucleotide sequence accession numbers. The nucleotide sequence reported in
this study has been submitted to the GenBank/EMBL data bank (accession
numbers Y09555 and X97543).

RESULTS AND DISCUSSION

Nucleotide sequence of the 3-HPP catabolic cluster from E.
coli K-12. Previous studies indicated that genes mhpA, mhpB,
and mhpC (Fig. 1A) map at min 8 of the E. coli K-12 chromo-
some, between the lac operon and the hemB gene, and are
present in the 30-kb (from 7.9 to 8.5 min) chromosomal insert
of Clarke-Carbon plasmid pL.C20-30 (8, 11). Analysis of the E.
coli database collection ECDC (38) revealed a gap in the
sequence of about 6.6 kb between the lacl gene (accession no.
J01636; referred to hereafter as J01636) and the hemB region
(accession no. D64043; referred to hereafter as D64043).
When sequence D64043 was analyzed in more detail at its 5’
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FIG. 2. Nucleotide and derived amino acid sequences of the 3-HPP catabolic
pathway. The sequence data (uppercase letters) appear in the GenBank-EMBL
data bank under accession number Y09555 (nucleotides 1 to 6592). Nucleotides
1 to 20 overlap nucleotides 1 to 20 of sequence J01636, and nucleotides 6583 to
6592 overlap nucleotides 1 to 10 of sequence D64043. Although the sequence
from nucleotides 6593 to 9894 (lowercase letters) has already been reported
(accession number D64043), we have detected five nucleotide changes from
positions 7931 to 8674 (the sequence data appear in the GenBank-EMBL data
bank under accession number X97543) that create orfT. Only the sequences of
the 5'- and 3’-end coding regions of the mhpRABCDF genes are shown. The
BglI restriction site at the 3" end of the sequence is indicated. Short arrows show
the direction of gene transcription. Asterisks indicate the stop codons. Boldface
nucleotides represent potential Shine-Dalgarno sequences. Inverted repeats are
marked with convergent arrows underneath the sequence. Sequences that show
good similarity to the 5'-(A/T)ATCAANNNNTT(A/G)-3" core consensus inte-
gration host factor-binding motif (19) are boxed with continuous (orientation, 5'
to 3) or discontinuous (orientation, 3’ to 5') lines. Motifs Y and Z? in BIME-2
sequences (3) are underlined and double underlined with continuous lines,
respectively, and their orientations are indicated by arrowheads. The BIME-2
right (S) and left (1) internal motifs are underlined and double underlined with
discontinuous lines, respectively. aa, amino acids; n, nucleotides.

end, we found an open reading frame (ORF) encoding a prod-
uct that showed a high level of similarity to the COOH termi-
nus of aldolases involved in the catabolism of aromatic com-
pounds. This observation pointed to the location of the mhp
genes at the DNA fragment located upstream of sequence
D64043 in the E. coli K-12 chromosome. To determine the
complete nucleotide sequence of the mhp cluster, we used
plasmid pLC20-30. Sequencing reactions were initiated with
primers whose sequences were based on those reported for the
5’ ends of sequences J01636 and D64043, respectively. Figure
2 shows the sequence of a 9,894-bp DNA fragment that carries
the mhp cluster. Analyses of the ORFs and sequence compar-
isons (see below) suggested the existence of eight genes ar-
ranged as follows: (i) six enzyme-encoding genes correspond-
ing to the initial monooxygenase (mhpA), the extradiol
dioxygenase (mhpB), and the meta-cleavage (mhpCDFE)
genes, (ii) one regulatory gene (mhpR), and (iii) a gene (orfT)
that might encode a transporter and is flanked by two bacterial
interspersed mosaic elements (BIMEs). All of the genes ap-
pear to be transcribed in the same direction, with the sole
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exception of mhpR (Fig. 1A and 2). Although the Shine-Dal-
garno sequences of the mhpR, mhpA, and mhpC genes are
located in intergenic regions, those of mhpB, mhpD, mhpF, and
mhpE overlap the preceding ORFs, suggesting that the most
common mechanism of translational coupling (28) may occur.
Interestingly, the last gene of the meta-cleavage pathway,
mhpE, is the only one that presents three consecutive stop
codons and the TAAT translational termination signal (Fig. 2),
the strongest reported in E. coli (71). The G+C content of the
mhp coding regions averaged 55.76%, a value close to the
mean G+C content of E. coli genomic DNA (50%) (46).

Sequence comparisons. Databases were searched for pro-
teins similar to those of the 3-HPP pathway, and the ones
showing the highest similarities were then retrieved and com-
pared. Interestingly, enzymes that catalyze the early reactions
of the pathway showed the lowest levels of sequence identity
with the corresponding enzymes of other aromatic catabolic
pathways (Table 1).

The mhpA gene encodes a protein of 62,049 Da (554-amino-
acid length) that shows similarity to several bacterial flavin-
type aromatic hydroxylases, such as TecmG for tetracenomycin
C biosynthesis (17), PcpB (pentachlorophenol-4-monooxygen-
ase) (50), PheA (phenol monooxygenase) (49), TfdB (2,4-di-
chlorophenol hydroxylase) (52), and PobA (p-hydroxybenzoate
hydroxylase) (75) (Table 1). In these proteins, there are three
regions of special relevance (Fig. 3). Near the NH, terminus of
the enzymes (residues 17 to 56 in MhpA), a conserved region
aligned fairly well with a proposed consensus fingerprint se-
quence, the so-called Baf fold, which is involved in binding of
the ADP moiety of flavin adenine dinucleotide (FAD) in fla-
voproteins (76). A second conserved region (residues 173 to
175 in MhpA) (Fig. 3) in PobA has been shown to be involved
in FAD binding (23). Finally, a stretch of amino acids (residues
286 to 342 in MhpA) showed at its NH, terminus significant
similarity to the consensus motif that binds the flavin moiety of
FAD (23), whereas its COOH terminus was conserved among
the six hydroxylases (Fig. 3). Thus, these data strongly suggest
that the mhpA gene product is the monooxygenase that hy-
droxylates 3-HPP. Although MhpA requires NADH for its
activity (10), no NADH-binding site could be inferred from the
analysis of its amino acid sequence, a characteristic also ob-
served with other flavin monooxygenases (23). It is worth not-
ing that an isomer of 3-HPP, 3-(2-hydroxyphenyl)propionate
(melilotate), is the substrate recognized by the flavoprotein
melilotate hydroxylase isolated from Pseudomonas sp. (68).
Although MhpA does not oxidize melilotate (10) and melilo-
tate hydroxylase does not recognize 3-HPP (68), both enzymes
give the same product and have similar M,s and amino acid
compositions. Hence, when the primary structure of melilotate
hydroxylase becomes available, its comparison with that of
MhpA will provide new insights into the structure-function
relationships of these monooxygenases. Interestingly, the other
initial monooxygenase of aromatic compounds analogous to
HPP that has been described in E. coli, i.e., the two-component
4-(3-)hydroxyphenylacetate monooxygenase (57), does not
show similarity to MhpA.

The nucleotide sequence of the mhpB gene encoding the
2,3-dihydroxyphenylpropionate 1,2-dioxygenase has been de-
termined very recently (67). The inferred amino acid sequence
showed significant similarity to that of other extradiol dioxy-
genases, such as the catechol 2,3-dioxygenase (Mpcl) from
Alcaligenes eutrophus (35), the B subunit (LigB) of protocat-
echuate 4,5-dioxygenase from P. paucimobilis (47), the homo-
protocatechuate 2,3-dioxygenase from E. coli W (HpaD) (57)
and C (HpcB) (58), and the human 3-hydroxyanthranilate di-
oxygenase (Hao) (43) (Table 1). This new family of enzymes
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TABLE 1. 3-HPP pathway genes, gene products, and identities with other proteins”

Deduced no.

Gene Gene product of residues % Identity with other gene products (no. of residues)

mhpR  Activator of mhp cluster 281 26, IcIR (274); 23, PobR (271); 23, PcaU (278); 21, PcaR (291)

mhpA  3-(3-Hydroxyphenyl)propionate hydroxylase 554 27, TemG (572); 22, PcpB (537); 22, PheA (607); 22, TfdB
(598); 20, PobA (394)

mhpB  3-(2,3-Dihydroxyphenyl)propionate 1,2-dioxygenase 314 55, Mpcl (313); 23, LigB (302); 19, HpaD (283); 18, HpcB
(276); 17, Hao (286)

mhpC  2-Hydroxy-6-ketonona-2,4-dienedioate hydrolase 288 53, BphD (286); 50, BphD_LB (286); 35, XylF (282); 34, TodF
(276); 34, DmpD (283); 27, CmtE (288)

mhpD  2-Keto-4-pentenoate hydratase 269 50, TodG (268); 50, CmtF (262); 48, BphE (268); 40, XylJ
(261); 39, DmpE (261); 39, BphH_LB (260); 34, HpaH
(267); 33, HpcG (264)

mhpE  4-Hydroxy-2-ketovalerate aldolase 337 81, XylK (345); 80, DmpG (345); 79, TodH (352); 78, BphF
(352); 76, CmtG (350); 56, NahM (346); 56, Bphl_LB (346)

mhpF  Acetaldehyde dehydrogenase (acylating) 316 78, XylQ (312); 77, DmpF (312); 76, Todl (316); 75, BphG
(316); 65, CmtH (314); 56, NahO (307); 55, BphJ_LB (304)

orfT Potential transporter 403 34, PcaK (448); 28, PcaK_Ac (421); 25, PcaT (429); 20, Phtl

(451); 19, HpaX (458)

“ Sequences included in this analysis are as follows. Bph and Bph_LB are from the biphenyl pathway of Pseudomonas sp. strains KKS102 (36) and LB400 (32),
respectively; Cmt proteins are from the p-cumate pathway of P. putida F1 (26); Dmp proteins are from the phenol-dimethylphenol pathway of Pseudomonas sp. strain
CF600 (64); Hpa and Hpc are from the 4-hydroxyphenylacetate and homoprotocatechuate pathways of E. coli W (57) and C (58, 59), respectively; Nah proteins are
from the naphthalene pathway of Pseudomonas sp. strain NCIMB9816 (54); Tod proteins are from the toluene pathway of P. putida F1 (74); Xyl proteins are from the
toluene-xylene pathway of P. putida mt-2 (29); PcaRK (30) and PcaT (U48776) are from the protocatechuate pathway of P. putida PRS2000; PcaU (U04359) and
PcaK_Ac (37) are from the protocatechuate pathway of A. calcoaceticus ADP1; PobR and PobA are from the 4-hydroxybenzoate pathway of 4. calcoaceticus ADP1
(24) and P. fluorescens (75), respectively; IcIR is from the glyoxylate bypass operon of E. coli (70); TemG, PcpB, PheA, and TfdB are hydroxylases of Streptomyces
glaucescens ETH 22794 (17), Flavobacterium sp. strain ATCC 39723 (50), Pseudomonas sp. strain EST1001 (49), and A. eutrophus JMP134 (52), respectively; MpcI,
LigB, and Hao are dioxygenases of A. eutrophus JIM222 (35), P. paucimobilis (47), and humans (43), respectively; Phtl is from the phthalate pathway of P. putida

NMH102-2 (48).

comprises all of the extradiol dioxygenases which lack se-
quence similarity to the Pseudomonas catechol 2,3-dioxygen-
ases. Amino acid sequence alignment of the NH,- and COOH-
terminal halves of MhpB suggests that the enzyme consists of
two similar domains (67). Although the MhpB amino acid
sequence reported here is almost identical to that described by
Spence et al. (67), it is worth noting that amino acid residues
138-NKA-140, H-152, and T-157 have been replaced by ING,
R, and A residues, respectively. These changes led to a better
alignment between the NH,- and COOH-terminal domains of
MhpB and also with those of Mpcl. Nevertheless, since both
amino acid sequences were obtained from different E. coli
K-12 strains, W3110 (67) and CS520 (this work), the existence
of strain-specific amino acid substitutions cannot be ruled out.

The next gene of the mhp cluster, mhpC, encodes a protein
of 31,937 Da whose deduced amino acid sequence shows sig-
nificant identity to that of hydrolases cleaving carbon-carbon
bonds of the meta-cleavage products of aromatic compounds
(Table 1). Hence, we have ascribed the MhpC protein to the
2-hydroxy-6-ketonona-2,4-dienedioate hydrolase of the 3-HPP
pathway. This observation is consistent with previous genetic
and biochemical analyses that proposed an mhpABC gene or-
der (8, 11). The isolation and characterization of the extradiol
cleavage product (Fig. 1B, compound III) and the stereochem-
istry of its enzymatic hydrolysis have been previously reported
(39). As shown in Table 2, the enzyme MhpC also hydrolyzes
the 3-methylcatechol ring fission product, the natural substrate
of the XylF hydrolase, which shows 35% sequence identity to
MhpC (Table 1). Sequence alignments between MhpC and
isofunctional enzymes from the meta-cleavage biphenyl
(BphD), xylene (XylF), toluene (TodF), phenol (DmpD), and
p-cumate (CmtE) biodegradative pathways strongly suggest
that MhpC is a serine hydrolase that belongs to the «/f hy-
drolase fold family (20) (data not shown). These comparisons
also point to residues S-114, D-239, and H-267 as the putative
catalytic triad of MhpC (data not shown). Interestingly, the

TR *x o

MhpA (17) QVATAGAGPVGLMMANYLGQMGIDVLVVEKL--DKLIDYPRA (56) (173) CDG (175)
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FIG. 3. Amino acid sequence alignments of three specific regions of MhpA
and those of other bacterial hydroxylases. The other sequences and their sources
are as follows: P. fluorescens PobA (p-hydroxybenzoate hydroxylase) (75), Alcali-
genes eutrophus JMP134 TfdB (2,4-dichlorophenol hydroxylase) (52), Pseudomo-
nas sp. strain EST1001 PheA (phenol-2-monooxygenase) (49), Streptomyces
glaucescens ETH22794 TemG (tetracenomycin polyketide synthesis hydroxylase)
(17), and Flavobacterium sp. strain ATCC 39723 PcpB (pentachlorophenol-4-
monooxygenase) (50). A consensus sequence was derived for those positions
where less than three conservative replacements were observed. Conservative
replacements are A, S, and T; D and E; N and Q; R and K; I, L, M, and V; and
F, Y, and W. The numbers indicate the positions of the residues in the complete
amino acid sequence of the protein. Gaps (indicated by dashes) were introduced
to optimize the alignment. The fingerprint ADP-binding motif (76) is shown as
follows: A indicates K, R, H, S, T, Q, N, or D; @ indicates A, I, L, V, M, C, or
Y; and f indicates D or E. a, B, and TURN represent the secondary-structure
features a-helix, B-sheet, and turn, respectively. The flavin-binding motif that
characterizes aromatic flavin monooxygenases (23) is shown at the bottom.
Asterisks indicate agreement with the sequences of the ADP- or flavin-binding
motifs.
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TABLE 2. Growth and MhpC activities of different E. coli

MC4100 derivatives
MhpC activity
E. coli MC4100 (mU/mg of protein)* Growth on
plasmid(s) ] Induced with 5 mM 3-HPP?
Uninduced 5 mM 3-HPP
pPADR2 6 45 +
pPAD2 5 5 -
pSJ33, pPAR 4 5 -
pPAD2, pPAR 5 15 +

“ Cells were grown overnight at 30°C in LB (uninduced) or LB containing 5
mM 3-HPP (induced). Preparation of cellular extracts and determination of
MhpC activity were done as described in Materials and Methods. Results of one
experiment are given; values were reproducible in three separate experiments.

b Cells were cultured at 30°C on M63 minimal medium containing 5 mM
3-HPP as the sole carbon source. +, growth; —, no growth.

sequence 112-GNSMGG-117 around the potential active-site
serine of MphC fits very well in the nucleophilic motif present
in all members of the o/B hydrolase fold family (20). Moreover,
the conserved dipeptide 42-HG-43 at the NH, terminus of the
MhpC molecule can be tentatively assigned as the central
dipeptide that characterizes the oxyanion hole in o/f fold hy-
drolases (20). All of these assumptions, however, must be as-
sessed by site-directed mutagenesis studies and by determina-
tion of the three-dimensional structure of the MhpC enzyme.

The mhpD gene codes for a protein of 28,889 Da (269-
amino-acid length) that can be ascribed to a 2-keto-4-penteno-
ate hydratase since it shows similarity to analogous hydratases
from other aromatic catabolic pathways (Table 1). Although
the hydration catalyzed by MhpD is stereospecific (10), noth-
ing is known about the residues involved in the reaction mech-
anism. Comparison of the eight hydratase sequences of Table
1 revealed that identical amino acid residues are fairly evenly
spread over the entire length of the sequences (data not
shown).

The last two genes of the meta-cleavage pathway, mhpF and
mhpE, are the most closely related to analogous genes of other
aromatic meta-cleavage pathways (Table 1). The proteins en-
coded by genes mhpE and mhpF were ascribed to a 4-hydroxy-
2-ketovalerate aldolase and acetaldehyde dehydrogenase (acy-
lating), respectively, since they were homologous to equivalent
enzymes of the toluene-xylene (xyl), phenol (dmp), toluene
(tod), biphenyl (bph), p-camate (cmt), and naphthalene (nah)
catabolic pathways (Table 1). Sequence similarities were
spread over the entire length of the compared sequences (data
not shown). The MhpE aldolase has a predicted M, of 36,470
and a deduced isoelectric point of 5.6. Although aldolases are
usually stereospecific in their action, the MhpE aldolase has
been shown to attack both enantiomers of compound VI (Fig.
1B) (10). Acetaldehyde dehydrogenase (acylating) is the en-
zyme that catalyzes the terminal reaction in meta-cleavage
pathways, that is, the transformation of acetaldehyde into
acetyl coenzyme A (Fig. 1B). The MhpF acetaldehyde dehy-
drogenase has a predicted M, of 33,442 (316-amino-acid
length) and a theoretical isoelectric point of 5.3, and its pres-
ence in the E. coli 3-HPP degradative pathway had not been
previously described. Interestingly, the metabolically equiva-
lent succinic semialdehyde dehydrogenase of the homoproto-
catechuate biodegradative pathway (66) is outside of the hpc
and hpa clusters in E. coli C (69) and W (57), respectively. The
NH,, terminus of MhpF may encompass the NAD"-binding
site, since it contains (residues 5 to 38) a characteristic ADP-
binding fingerprint sequence (76) (data not shown). Determi-
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nation of whether MhpF and MhpE need to be physically
associated in vivo to form an active complex, as has been
shown for DmpGF (55) and suggested for the XylKQ and
NahMO aldolase-acetaldehyde dehydrogenase pairs (54), re-
quires further research.

The order of the catabolic genes in the meta-cleavage path-
way, with the sole exception of mhpF, parallels that of the
enzymatic steps in the 3-HPP catabolic pathway (Fig. 1). Genes
mhpCDFE present the same organization and appear to be
homologous to the Pseudomonas xylFJQK, dmpDEFG, and
nahNLOM genes (54, 78). As these three meta-cleavage path-
ways have been shown to share a common ancestry (78), the
mhpCDFE genes represent the first example of this type of
catabolic module (xyl, dmp, and nah) outside of the genus
Pseudomonas. Interestingly, while the three Pseudomonas
meta-cleavage pathways are plasmid encoded, the E. coli mhp
pathway is located in a chromosomal region that is rich in
insertion elements such as IS2 and IS30 (5).

An OREF, orfT, which encodes a potential protein of 41,550
Da with a theoretical isoelectric point of 9.7 is located 0.4 kb
downstream from the 3’ end of the mhpE gene (Fig. 2). A
hairpin loop that has a free energy of —9.3 kcal/mol and could
act as a transcription termination signal is located 16 bp down-
stream from the orfT stop codon (Fig. 2). OrfT shows a high
level of similarity to the members of the major superfamily of
transmembrane facilitators (MFS). All of the proteins of this
superfamily are about 400 amino acids long and present a
predicted secondary structure consisting of 12 membrane-
spanning « helices (spanners) which are believed to form a
channel for transport through the membrane (44). The hydro-
philicity profile of OrfT revealed that the protein could be
divided by a central hydrophilic region into two halves, each
containing six transmembrane hydrophobic regions (data not
shown). Moreover, OrfT presents some stretches of amino
acids matching common motifs that characterize the members
of MFS. Thus, (i) residues 74-DRYGRK-79 match perfectly
the consensus motif (N/D)(R/K)XGR(R/K) that is predicted
to occur in the hydrophilic region between spanners 2 and 3
(44), (ii) residues 111-MTGVGLGAALPNLIALTSEAAG
PRFRG-137 might constitute PROSITE (PS00217) signature
2 of sugar transporters (4), and (iii) the PESPR sequence that
characterizes the central hydrophilic region of sugar transport
proteins (31) is also present as residues 189-PESAV-193 in
OrfT. Interestingly, OrfT showed the highest level of similarity
to PcaK (Table 1), a 4-hydroxybenzoate transporter and che-
moreceptor in P. putida PRS2000 that is also a member of
MFS (30). HpaX, the transporter of 4-hydroxyphenylacetic
acid in E. coli (56), and other potential transporters of aro-
matic acids, such as PcaK from Acinetobacter calcoaceticus (37)
and PcaT and Phtl (48) from P. putida, also exhibited signifi-
cant similarity to OrfT (Table 1). Hence, we believe that OrfT
might be a new member of MFS likely to be involved in the
transport of 3-HPP.

Analysis of the intergenic regions revealed the presence of
two BIMEs flanking orfT (Fig. 1A and 2). BIME sequences are
one of the five families of conserved repetitive sequences that
have been identified in transcribed but untranslated DNA re-
gions of enteric bacteria (3). The two BIME sequences found
in the mhp region belong to the BIME-2 subfamily; i.e., they
contain palindromic units (REP) alternating in both orienta-
tion and type of motif (Y and Z?) (3). The BIME-2 sequence
located 45 bp downstream of the mhpE stop codon consists of
233 bp with the structure YSZ2ISZ?lY, where S and 1 are the
right and left internal motifs (3), respectively (Fig. 2). The
193-bp BIME-2 sequence located downstream of orfT has the
structure Z2SYIZ?SY (Fig. 2). An interesting property of
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BIME:s is their functional diversity, since they have been shown
to participate in transcription termination, mRNA stabiliza-
tion, control of translation, and genomic rearrangements (3).
Although the role of BIMEs in the mhp region is unknown, it
is tempting to speculate on their participation in transcription
termination since no potential transcription termination sig-
nals have been found at the 3’ end of the putative mhpABC-
DFE operon and the REP sequences are predicted to form
hairpin loops with high levels of free energy (data not shown).
It is worth noting that REP sequences have also been found in
the 4-hydroxyphenylacetate (hpa) and catechol (cat) catabolic
pathways of E. coli (57) and P. putida (33), respectively.
Identification of mhpR, a regulatory gene required for mhp
expression. The 5’ end of the mhp region contains an ORF,
mhpR, that is oriented in the direction opposite to that of other
ORFs (Fig. 1A). MhpR, the potential protein encoded by
mhpR, is a 281-amino-acid polypeptide with a calculated M, of
31,767. However, an additional methionine codon present at
amino acid position 5 might also serve to initiate translation,
since it is preceded by a potential ribosome-binding site (Fig.
2). The deduced amino acid sequence of MhpR revealed sig-
nificant similarities with that of IcIR, the repressor protein of
the glyoxylate bypass operon from E. coli (70), that of PobR,
the activator of the pobA gene encoding the p-hydroxybenzoate
hydroxylase from A. calcoaceticus (24), and those of PcaU and
PcaR, the activators of the pca operons for the catabolism of
protocatechuate in A. calcoaceticus and P. putida (30), respec-
tively (Table 1). Sequence comparisons between these bacte-
rial regulatory proteins and MhpR showed two regions of high
similarity. Near the NH, terminus of MhpR, the 36-ASVG
LLAELSGLHRTTVRRLLET-58 (underlined are the amino
acids most strongly conserved) stretch of residues matches the
potential helix-turn-helix structural motif involved in binding
to the target DNA in other transcriptional regulators (7). Near
the COOH terminus of the MhpR protein, residues 201-G
ONYRGWDQEEKIASIAVPLRS-222  partially match the
PROSITE pattern (PS01051) (4) found in members of the IcIR
subfamily of regulators, such as IcIR, PobR, and PcaR. Fur-
thermore, the mhpR gene exhibits two common features of
regulatory genes (24); i.e., its codon usage predicts a low level
of expression, and the amino acid composition of the corre-
sponding gene product reveals that arginine is overrepresented
(29 residues) with respect to lysine (10 residues). All of these
observations strongly suggest that MhpR is the transcriptional
regulator of the 3-HPP degradative pathway from E. coli.
Experimental evidence that MhpR was required for mhp
expression emerged from genetic studies involving comple-
mentation of E. coli mutants unable to grow on 3-HPP as the
sole carbon source. E. coli CC118 (AlacX74) and MC4100
(AlacU169), two strains containing chromosomal deletions
spanning the entire lac operon and its flanking regions (53),
were unable to grow on 3-HPP-containing minimal media.
Southern blot analyses of their HindIll- and Hpal-digested
chromosomal DNAs probed with oligonucleotides derived
from the nucleotide sequence of the mhp cluster (data not
shown) mapped the right end of the lacX74 and lacU169 chro-
mosomal deletions between the 5’ end of the mhpD gene and
the HindIII site of the mhpF gene (Fig. 1A). These results
demonstrate that E. coli CC118 and MC4100 did not grow on
3-HPP because they lack, at least, the mhpABCD catabolic
genes. E. coli MC4100 cells harboring plasmid pPAT or pPAD,
two pCKO1 derivatives containing a truncated mhpR gene and
the complete mhpABCDFE orfT region, respectively (Fig. 4),
were also unable to grow on 3-HPP as the sole carbon and
energy source. On the basis of this evidence, the presence of
mhpR appeared to be essential for expression of the mhp
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FIG. 4. Schematic representation of the construction of a NotI-DNA cassette
expressing the mhp cluster. Plasmids are drawn with the relevant elements and
restriction sites indicated. The black block represents the DNA fragment whose
sequence is shown in Fig. 2. Vector-derived sequences are represented by dis-
continuous lines. Arrows show the Plac promoter and the direction of transcrip-
tion of the genes. AmhpR means a truncated mhpR gene. The regions of the
plasmids encoding the replication (ori and rep) and mobilization (mmob) functions
are indicated. Restriction sites: B, BamHI; Bg, Bglll; E, EcoRI; H, HindIII; N,
Notl; P, Pstl; S, Sacl; Sm, Smal. Ap*, Cm", and Km" indicate the genes conferring
resistance to ampicillin, chloramphenicol, and kanamycin, respectively.

catabolic genes. To demonstrate this assumption, the mhpR
gene was isolated by PCR from plasmid pLC20-30 and sub-
cloned into the pUC18Not cloning vector (Fig. 4). The result-
ing plasmid, pPAR, was used to reconstruct the original mhp
cluster in plasmid pPADR (Fig. 4). When plasmid pPADR was
introduced into E. coli MC4100, the transformants acquired
the ability to grow on 3-HPP. E. coli MC4100 cells harboring
broad-host-range plasmid pPAD2 (AmhpR mhpABCDFE
orfT) or pPADR2 (mhpR mhpABCDFE orfT) (Fig. 4) gave
similar results; i.e., cells grew on 3-HPP as the sole carbon
source only in the presence of a functional mhpR gene (Tables
2 and 3). Moreover, enzymatic assays carried out with crude
extracts of cells cultured in Luria broth without (uninduced) or
with 5 mM 3-HPP (induced) demonstrated that mhpR fostered
inducible expression of the mhpC gene (Table 2) and suggest
that MhpR is a transcriptional activator of the mhp catabolic
genes. To confirm that the mhApR gene could also function in
trans, plasmid pPAR was introduced into E. coli MC4100 con-
taining pPAD2 and the resulting strain was screened for the
ability to grow on minimal medium supplemented with 3-HPP
(Table 2). Surprisingly, when mhpR was expressed in trans
from high-copy-number plasmid pPAR, the MhpC activity de-
tected in cellular extracts was lower than that found in extracts
from cells expressing mhpR in cis on medium-copy-number
plasmid pPADR?2 (Table 2). A plausible explanation for this
effect, also observed with other activators of aromatic catabolic
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TABLE 3. Expression of the mhp cluster in several gram-
negative bacteria®

No. of CFU/ml (doubling time [h])

Strain Plasmid
Glycerol (20 mM)  3-HPP (5 mM)
E. coli MC4100 pSI33 20X 10°(2) 1.2 x 108 (ND%)
pPADR2 20X 10°(2) 1.0 X 10° (3.5)
S. typhimurium LT-2  pSJ33 2.1 X 10°(1.5) 1.1 X 10% (ND)
pPADR2 2.0 X 10° (1.5) 1.2 X 10°(2)
R. meliloti Rm1021Rif pSJ33 75 % 10°(8) 1.5 x 108 (ND)
pPADR2 7.0 X 10°(8) 9.2 X 10° (4)
P. putida KT2442 pSI33 11x10°3) 1.9 X 10° (ND)
pPADR2 14X 10°(3) 8.1 x 10%(6)

¢ Cells were cultured in minimal medium containing 20 mM glycerol and 5 mM
3-HPP. Cultures were then washed three times and diluted to 1 X 10% to 2 X 108
CFU ml ™! in fresh medium supplemented with 20 mM glycerol or 5 mM 3-HPP
as the sole carbon source. Growth was resumed, and the maximal growth of the
cultures was monitored after 24 h (E. coli and S. typhimurium) or 48 h (R. meliloti
and P. putida) of incubation.

> ND, not detected. With R. meliloti and P. putida, slight growth was observed
during the first 24 h of incubation, although the number of CFU per milliliter
after 48 h of incubation was similar to that reported at time zero.

pathways (19), could be that overexpression of MhpR titers out
a cellular factor(s) required for full expression of the mhp
genes, a process mechanistically similar to the squelching of
eukaryotic promoters (41).

A 178-bp intergenic region with a higher A+T content
(58%) than the mhp coding regions (44.24%) is located be-
tween the translational start sites of the divergently transcribed
mhpR and mhpA genes (Fig. 2). This observation suggests that
the mhpR promoter is located near or overlaps the regulated
promoter of the gene encoding the MhpA hydroxylase. A sim-
ilar genetic arrangement has been observed with the pobR and
pobA genes in the A. calcoaceticus chromosome (22) and re-
sembles that of the members of the LysR subfamily of tran-
scriptional activators (63). Secondary-structure analyses of the
intergenic region showed the presence of several inverted re-
peats (Fig. 2), a common feature of divergent transcriptional
regulators. Remarkably, the 7-bp inverted repeat sequence
886-GTGCACCTGGTGCAC-900 is equivalent to palin-
dromic repeats that have been shown to be the binding site
(operator) for the IcIR and PobR regulatory proteins (22, 51).
Moreover, three 13-bp segments in the intergenic region
present similarity to the integration host factor-binding con-
sensus motif (19) and are associated with potential bent DNA
regions according to Trifonov’s criteria (73) (Fig. 2). All of
these observations suggest that expression of the mhp cluster is
the subject of a complex regulatory mechanism that awaits
further research.

Expression of the 3-HPP catabolic cassette in heterologous
hosts. To demonstrate that the E. coli chromosomal DNA
fragment analyzed as described above encodes the complete
3-HPP catabolic pathway, we constructed plasmid pPADR?2
(Fig. 4), which contains the genes mhpR, mhpABCDFE, and
orfT cloned into pSJ33, an RSF1010-based promiscuous plas-
mid (34), as a 9.8-kb NofI-DNA cassette. Expression of the
Notl cassette in pPADR2 depends on its own regulatory ele-
ments, since the vector does not provide any additional expres-
sion signals. As already mentioned above, this catabolic plas-
mid conferred on E. coli MC4100 cells the ability to grow on
3-HPP (Tables 2 and 3), and when it was introduced into S.
typhimurium LT-2 (which lacks the DNA region corresponding
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to the E. coli lac operon and its flanking genes) (40), R. meliloti
Rm1021, or P. putida KT2442, all of the recombinant strains
were able to grow efficiently on minimal medium containing
3-HPP as the sole carbon and energy source (Table 3). These
results indicated that the 3-HPP catabolic cassette was ex-
pressed and functional not only in enteric bacteria (E. coli and
S. typhimurium) but also in Pseudomonadaceae (P. putida) and
even in a representative of the « subgroup of Proteobacteria (R.
meliloti). Moreover, these data strongly suggest that the cloned
3-HPP cluster contains all of the catabolic genes necessary for
the metabolism of this aromatic compound into Krebs cycle
intermediates and also the regulatory elements of the pathway.

The results presented here represent the first genetically
characterized 3-HPP catabolic pathway. It is worthwhile to
note that several genes of the cluster, mainly those encoding
the enzymes of the meta-cleavage pathway, maintain the same
genetic arrangement and are homologous to the corresponding
genes of different biodegradation pathways from nonenteric
bacteria, mostly Pseudomonas species. This observation sup-
ports the hypothesis of the modular evolution of catabolic
pathways (78). It also reveals that E. coli is not an “empty box”
for cloning and expression of genes involved in the catabolism
of aromatic compounds; on the contrary, it has its own set of
genes which, when appropriately induced in the recombinant
cells, lead to functionally merodiploid constructs. Although
there is some experimental evidence that in Pseudomonas spe-
cies aromatic catabolic genes are clustered in a limited region
of the chromosome (26), this supraoperonic clustering is not
observed in E. coli. Thus, the two aromatic catabolic pathways
so far characterized in E. coli at the molecular level, i.e., those
for 4-hydroxyphenylacetate (57) and 3-HPP degradation, map
at min 98 and 8 of the E. coli chromosome, respectively. Since
the engineered 3-HPP catabolic cassette is functional in mi-
croorganisms of environmental importance, such as R. meliloti
and P. putida, its application to improve the catabolic abilities
of strains for degradation of pollutants, e.g., oxidation of phe-
nyl carboxylate intermediates produced during the catabolism
of linear alkylbenzenes present in commercial detergents (65),
can be of biotechnological interest.
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