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The gene (tbuD) encoding phenol hydroxylase, the enzyme that converts cresols or phenol to the
corresponding catechols, has been cloned from Pseudomonaspickettii PKO1 as a 26.5-kbp BamHI-cleaved DNA
fragment, designated pRO1957, which allowed the heterogenetic recipient Pseudomonas aeruginosa PA01c to
grow on phenol as the sole source of carbon. Two subclones of pRO1957 carried in trans have shown phenol
hydroxylase activity in cell extracts ofP. aeruginosa. The nucleotide sequence was determined for one of these
subclones, a 3.1-kbp Hindm fragment, and an open reading frame that would encode a peptide of 73 kDa was
found. The size of this deduced peptide is consistent with the size of a novel peptide that had been detected in
extracts of phenol-induced cells of P. aeruginosa carrying pRO1959, a partial HindI deletion subclone of
pRO1957. Phenol hydroxylase purified from phenol-plus-Casamino Acid-grown cells ofP. aeruginosa carrying
pRO1959 has an absorbance spectrum characteristic of a simple flavoprotein; moreover, the enzyme exhibits
a broad substrate range, accommodating phenol and the three isomers of cresol equally well. Sequence
comparisons revealed little overall homology with other flavoprotein hydroxylases, supporting the novelty of
this enzyme, although three conserved domains were apparent.

Soil bacteria, including members of the genus Pseudomo-
nas, are able to degrade a wide variety of aromatic hydro-
carbons. In oxygenated environments, this degradation pro-
ceeds via enzymatic mono- or dihydroxylation of the
aromatic nucleus, leading to ortho-dihydroxy-substituted
products (catechols) which are the substrates for ring cleav-
age and subsequent entry into central metabolism.
We have previously reported (11) on the isolation and

characterization of Pseudomonas pickettii PKO1, a strain
that metabolizes benzene and toluene via phenolic interme-
diates (phenol and m-cresol, respectively) that are further
hydroxylated to catechol or methylcatechols prior to meta-
ring cleavage. The genetic material carrying this toluene- and
benzene-degradative capability was cloned from the chro-
mosome of P. pickettii PKO1 as a 26.5-kbp DNA fragment
designated pRO1957. The individual genes encoding these
degradative enzymes have been mapped, and the genes have
been expressed in Pseudomonas aeruginosa PAO1 (24).
The phenol/cresol hydroxylase-encoding structural gene,

tbuD, was subcloned from pRO1957 as a 3.1-kbp HindIII
fragment (25). We report here the nucleotide sequence of a
2,019-bp region of the 3.1-kbp DNA fragment that carries
tbuD. The peptide encoded by tbuD was purified and shown
to be a flavoprotein capable of hydroxylating phenol as well
as a broad range of substituted phenols.

MATERIALS AND METHODS
Bacterial strains and culture conditions. P. aeruginosa

PAO1 (15) and Escherichia coli DH5a (13), used for con-
struction and maintenance of plasmids, were cultured at
37°C on plate count complex medium (36) or Luria-Bertani
medium (42), respectively. Plasmids were introduced into E.
coli by the procedure of Hanahan (13) and into P. aeruginosa

* Corresponding author.

by the procedure of Mercer and Loutit (31). Ampicillin at 100
,ug/ml and carbenicillin at 500 ,ug/ml were used for selection
of plasmid-encoded P-lactamase in E. coli and P. aerugi-
nosa, respectively. Isolation and purification of plasmid
DNA by centrifugation in cesium chloride-ethidium bromide
density gradients, restriction endonuclease digestion, and
molecular cloning were done as described previously (35).

Nucleotide sequence determinations. Plasmid pGEM3Z
(Promega Corp., Madison, Wis.) was used to construct the
subclones necessary for DNA sequencing. Ordered dele-
tions of subclones were made by using exonuclease III and
S1 nuclease as described by Henikoff (14). DNA for se-
quencing was routinely prepared by the method of Holmes
and Quigley (16) and was further purified by passage through
Plasmid Quik columns (Stratagene, La Jolla, Calif.). Nucle-
otide sequences were determined directly from plasmids by
the dideoxy chain termination technique (43) using SP6 and
T7 primers (Promega), modified T7 polymerase (Sequenase;
United States Biochemical Corp., Cleveland, Ohio), and
[a-32PJdATP as described by Tabor and Richardson (46),
except that dITP was used in place of dGTP to eliminate
band compression in GC-rich regions. The resulting oligo-
nucleotides were separated electrophoretically in 7.0 M
urea-5% polyacrylamide gels in TBE buffer (0.1 M Tris,
0.089 M boric acid, 0.002 M disodium-EDTA). To eliminate
secondary structure, wedge gels (0.2 to 0.6 mm thick) bound
to a glass plate with y-(methacryloxy)propyltrimethoxysi-
lane were run at 1,500 V at a constant temperature of 60°C as
described by Garoff and Ansorage (10). Following electro-
phoresis, the gels were fixed in 10% acetic acid for 15 min
and then washed in distilled water for 15 min. Gels were
dried at 80°C and exposed to X-ray film for 4 to 10 h.
Nucleotide and deduced amino acid sequences were ana-
lyzed by using MacVector sequence analysis software (IBI,
New Haven, Conn.).
Enzyme assays. Phenol hydroxylase activity was assayed
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by measuring the decrease in A340 with NADPH as the
cosubstrate (32). The reaction was performed at 25°C in
1.0-ml quartz cuvettes with a 1-cm light path. The final
volume of 1.0 ml contained 865 ,ul of 50 mM sodium
phosphate buffer (pH 7.6), 30 ,u of 10 mM NADPH, 5 ,ul of
10 mM phenol, and 100 IlI of appropriately diluted enzyme.

One unit of enzyme activity is defined as the amount of
enzyme which, in the presence of phenol, causes the oxida-
tion of 1 ,umol of NADPH per min.

Purification of phenol hydroxylase. Phenol hydroxylase
was purified from cells of P. aeruginosa PAQ1 carrying
pRO1959, a subclone derived from P. pickettii PKO1 which
we had previously shown (25) carries the tbuD (previously
designated phiA [25J)-encoded phenol hydroxylase. Crude
extract was prepared from 20 g (wet weight) of cells grown in
a minimal basal salts medium (45) with 0.3% Casamino Acids
(Difco Laboratories, Detroit, Mich.) and 0.01% phenol. The
buffer used during the purification was 20 mM sodium
phosphate (pH 7.6) containing 7 mM P-mercaptoethanol, 0.1
mM EDTA, and 0.001 mM flavin adenine dinucleotide
(FAD) (buffer A). All steps were carried out at 4°C unless
noted otherwise. Cells were broken by sonic oscillation, and
cellular debris was removed by centrifugation at 100,000 x g
for 1 h. Protamine sulfate (2% [wt/voll in buffer A) was

added dropwise with stirring to the supernatant solution to
achieve a final concentration of 0.1 mg of protamine sulfate
per mg of protein in the crude extract. After 30 min, the
suspension was centrifuged at 100,000 x g for 1 h. The
remainder of the purification was done with a Shimadzu
LC-6A liquid chromatography system. The supernatant so-

lution from the protamine sulfate-treated crude extract was
applied at room temperature to a Bio-Gel (Bio-Rad Labora-
tories, Richmond, Calif.) DEAE-5-PW column (7.5 by 75
mm) equilibrated with buffer A containing 200 mM KCl. The
column was washed with starting buffer and was then eluted
with a 200 to 400 mM linear KCl gradient. Fractions (1 ml)
were collected on ice and assayed for phenol hydroxylase
activity. Active fractions were pooled, brought to 1.7 M
ammonium sulfate, and then applied at room temperature to
an HRLC MP7 hydrophobic interaction column (7.8 by 50
mm; Bio-Rad) equilibrated with buffer A containing 1.7 M
ammonium sulfate. This column was washed with the equil-
ibration buffer, and bound proteins were then eluted with a

linear gradient of 1.7 to 0 M ammonium sulfate. Fractions (1
ml) were collected on ice and assayed for phenol hydroxy-
lase activity. Activity was found in yellow fractions that
eluted near the end of the gradient. Active fractions were

combined, concentrated to 10 ml in an Amicon stirred cell
(Amicon Corp., Danvers, Mass.), and then applied at room
temperature to a Bio-Sil SEC 250 column (7.8 by 300 mm;
Bio-Rad) equilibrated with buffer A. The column was eluted
with this buffer, and fractions with phenol hydroxylase
activity were combined and concentrated. Analysis by de-
naturing gel electrophoresis revealed that this preparation
was not homogeneous; therefore the combined fractions
from the gel filtration step were exchanged into 50 mM
Tris-acetate (pH 8.5) on a G-25 column (PD-10 column;
Pharmacia LKB Biotechnology, Piscataway, N.J.), and this
preparation was applied at room temperature to a Bio-Gel
DEAE MA7P column (7.8 by 50 mm; Bio-Rad) equilibrated
with the same buffer. The column was eluted with a 0 to 500
mM KCl gradient, and enzyme activity was detected in a

large, single, symmetrical peak which was resolved from the
minor peaks. The active fractions were combined and con-

centrated, and the buffer was exchanged by chromatography
on a PD-10 column equilibrated with buffer A containing

20% glycerol. The enzyme was stored in aliquots at -70°C
until further use.

Analytical methods. Denaturing gel electrophoresis was
performed on sodium dodecyl sulfate (SDS)-polyacrylamide
gels by the method of Laemmli (27). Samples were boiled for
5 min in solubilization buffer (64 mM ,B-mercaptoethanol, 2%
SDS, 0.4 mM phenylmethylsulfonyl fluoride, 12.5% glyc-
erol, 0.05% bromphenol blue in 10 mM Tris, pH 6.8). Gels
were run for 30 min at 25 mA through a 4% acrylamide
stacking gel and for a further 5 h at 20 mA through either a
10 or 8% acrylamide separating gel. Protein standards used
for molecular mass estimation and their approximate molec-
ular masses in kilodaltons were myosin, 205; 3-galactosi-
dase, 116; phosphorylase b, 97.4; bovine serum albumin, 66;
ovalbumin, 45; and carbonic anhydrase, 29. To visualize
proteins, the gels were stained with Coomassie blue.

UV-visible spectra and single-wavelength measurements
were determined on a Shimadzu UV-160 recording spectro-
photometer. Reverse-phase high-performance liquid chro-
matography (HPLC) was used to identify products obtained
from reaction of aromatic substrates with phenol hydroxy-
lase. Samples were analyzed for product formation on a
Shimadzu SCL-6B HPLC system using a PhaseSep H4726
column (4.6 by 250 mm) ifiled with Spherisorb ODS2 (diam-
eter, 5 ,um) preceded by a Whatman CSKI guard column (6.5
by 65 mm). The mobile phase was acetic acid-water (ratio by
volume, 1:99), the flow rate was 1 ml/min, and analyses were
performed with a Shimadzu CR501 Chromatopac computing
integrator. Metabolites were identified by comparison of
their retention times with those of pure substances.
The native molecular weight of purified phenol hydroxy-

lase was estimated by gel filtration on a Bio-Sil SEC 250
column.(7.8 by 300 mm; Bio-Rad). The column was cali-
brated with thyroglobulin, immunoglobulin G, ovalbumin,
myoglobin, and cyanocobalamin (all supplied by Bio-Rad) as
standards. Protein was determined by the method of Brad-
ford (4) with bovine serum albumin as the standard. NH2-
terminal amino acid sequences were determined at the
University of Michigan Biomedical Research Core Facility
by using an Applied Biosystems gas-phase sequencer inter-
faced with an on-line HPLC.

Chemicals and reagents. All of the chemicals, enzymes,
and reagents used in these studies were of the highest purity
commercially available and were purchased from Sigma
Chemical Co. (St. Louis, Mo.), Mallinckrodt Chemical
Works (St, Louis, Mo.), Helix Biotech Ltd. (Vancouver,
British Columbia, Canada), or Aldrich Chemical Co. (St.
Louis, Mo.).
Enzymes and reagents used for DNA manipulations were

purchased from Bethesda Research Laboratories, Inc.
(Gaithersburg, Md.); Boehringer Mannheim Biochemicals
(Indianapolis, Ind.); Promega Corp.; Stratagene Cloning
Systems; and United States Biochemical Corp. and were
used as suggested by the supplier. Sodium ampicillin was
from Sigma, and disodium carbenicillin (Geopen) was from
Pfizer (New York, N.Y.). Vitamin-free Casamino Acids and
all other bacteriological medium components were pur-
chased from Difco.

Nucleotide sequence accession number. The sequence data
reported in this paper have been submitted to the GenBank
Data Bank under accession number M98806.

RESULTS

Construction of subclones for DNA sequencing. We had
previously shown (25) that the 3.1-kbp HindIII fragment of
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FIG. 1. Strategy used for sequencing the 3.1-kbp DNA fragment
of pRO2342. The locations of tbuD, the tbuEFGKIHJ operon, and
the regulatory genes tbuR and tbuS are shown on pRO1957 (25, 26)
along with the directions of transcription (broken arrows) for the
genes, where they are known. Solid arrows below the subclones of
pRO2342 indicate the extent of the nucleotide sequence obtained
from each subclone. Subclones marked with an asterisk were
subjected to exonuclease III digestion as described in Results.
Abbreviations: A,AvaI; B, BamHI; C, ClaI; E, EcoRI; G, BglII; H,
HindIII; L, SalI; N, NotI; P, PstI; R, NruI; S, SphI; T, StuI.

pRO1957 (Fig. 1), which was subcloned as pRO2342, con-

tains tbuD, the gene responsible for the oxidation of phenol
or cresols to catechol or methylcatechols, respectively.
Transfer of this HindlIl fragment into the sequencing vector
pGEM3Z served as the starting point for DNA sequence
analysis. A series of overlapping subclones was constructed
in vector pGEM3Z, and the strategy used to determine the
initial sequence of these subclones is shown in Fig. 1. Each
plasmid was sequenced a distance of 300 to 400 bases
starting from the relevant adjacent priming site in the vector.
In order to complete the sequence, a series of unidirectional
deletions was made in each of the five subclones marked
with an asterisk in Fig. 1. The 650-bp HindIII-PstI subclone
was cleaved with enzymes SacI and BamHI. Cleavage with
SacI, which has a unique site proximal to the priming region
in the vector polycloning cassette, produces 3' protruding
DNA ends which are not attacked by exonuclease III,
whereas cleavage with BamHI, which has a unique insert-
proximal site, produces 5' protruding DNA ends which are

subject to exonuclease III attack. Thus, deletion proceeds
only to the left on the restriction map of the HindIII-PstI
subclone shown in Fig. 1. Similarly, the 650-bp PstI-SalI
subclone was cleaved with SacI and SalI, with the SalIl-
cleaved protruding DNA end subjected to exonuclease III
digestion; the 1-kbp AvaI subclone was cleaved with SacI

and ClaI, utilizing a ClaI site that is internal to the cloned
DNA fragment, with subsequent exonuclease III digestion of
the ClaI-cleaved protruding DNA end; and the 750-bp NruI-
HindIlI subclone was cleaved with Sacl and Bcll, utilizing a
unique internal BcII site, with subsequent exonuclease III
digestion of the BRlI-cleaved protruding DNA end. A unidi-
rectional deletion was made from the left end of the 900-bp
AvaI subclone by cleavage with SacI and NotI followed by
exonuclease III digestion of the NotI-cleaved protruding
DNA end. Finally, a unidirectional deletion was made from
the right end of the 900-bp AvaI subclone by cleavage with
SphI and BamHI followed by exonuclease III digestion of
the BamHI-cleaved protruding end. Compilation of the DNA
sequences from each of the derived subclones allowed for
determination of the complete nucleotide sequences of the
forward and reverse strands of the 3.1-kbpHindlll fragment.

Nucleotide sequence of the phenol hydroxylase-encoding
region. Analysis of the nucleotide sequence of the 3.1-kbp
HindIII fragment revealed a single open reading frame of
2,019 bp preceded by a putative ribosome-binding site. The
nucleotide sequence of the coding strand, from the StuI site
to the HindIII site (map coordinates 2.2 to 0.0 kb, Fig. 1), is
shown in Fig. 2 along with the translation of the open reading
frame. The open reading frame is composed of 671 amino
acids encoding a peptide of 73 kDa with an estimated pI of
4.76. A potential stem-loop structure (Fig. 2, nucleotides [nt]
2141 to 2172) immediately follows the termination codon for
tbuD.

Purification and properties of phenol hydroxylase. Phenol
hydroxylase was purified as described in Materials and
Methods from phenol-induced cells of P. aeruginosa PAO1
carrying plasmid pRO1959, a partial HindIII deletant of
pRO1957 which we had previously shown (25) carries tbuD,
the structural gene encoding this enzyme, as well as its
regulatory locus, tbuR. A summary of a typical purification
procedure is given in Table 1. The enzyme obtained from
such a purification was detected as a single band (Mr, 74,000)
on SDS-polyacrylamide gels (Fig. 3). A native molecular
weight of 147,000 was estimated from gel filtration analysis
with a calibrated Bio-Sil SEC 250 column. The NH2-terminal
amino acid sequence of the purified enzyme was determined
to be Thr-Lys-Tyr-Asn-Glu-Ala-Tyr-?-Asp-Val-Leu-Ile-Val-
Gly-Ala-Gly-Pro-Ala-Gly-Val-Met-, which agrees with that
determined by extrapolation from the nucleotide sequence
(Fig. 2) of the tbuD-containing DNA fragment, with the
initiating methionine residue being removed during matura-
tion of the protein. The lack of an unambiguous determina-
tion for the eighth residue resulted from the inability to
detect cysteinyl residues without prior chemical modifica-
tion. Analysis of total protein yielding this NH2-terminal
amino acid sequence (312 pmol) accounted for all of the
protein present in the sample (300 pmol); no significant
(<3%) contaminating sequences were observed.
The absorbance spectrum of the purified enzyme is shown

in Fig. 4. The final preparation from the purification scheme
was bright yellow, and its visible spectrum had peaks at 365
and 448 nm, similar to those found in other simple flavopro-
teins (30). Treatment with sodium dithionite resulted in
decolorization of the enzyme and disappearance of the peak
at 448 nm (Fig. 4). Following reduction with dithionite, the
enzyme rapidly reoxidized in air, with concomitant reap-
pearance of the yellow color and the 448-nm peak. Flavin
was released from the protein by incubating a sample (in 20
mM sodium phosphate buffer [pH 7.6]) with trichloroacetic
acid (7% [wt/vol]) for 30 min and then centrifuging it to
remove the resulting precipitate. When the yellow superna-
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GGGCAACGGC GGCGCGCTG 69

AW,TGGCGCG CT ATG ACG AAG TAC AAC GAG GCG TAC TGC GAC GTA CTC ATC GTT GGG GCG 130
M T K Y N E A Y C n V L T V A (15]

GGA CCC GCC GGA GTA ATG GCC GCC GCG CAT CTG CTA TCT TAT GGA ACT ACG GCG CGG 187
a P A _. V M A A A H L L S Y G T T A R (341

CCG CAC CGT GTA CGT ATC TTC GAC GCG ACG AAG GAA GTC AAT GGC TCT GAC GAA AGT 244
P H R V R I F D A T K E V N G S D E S (531

EcoRl
ACC GAG AGT CTC TCG ACA GAT GTT ATC GCC GAC GCT TTG AAT TCT GGC GCG AGC GGG 301
T E S L S T D V I A D A L N S G A S G (72]

CCG GAG AAG GAC GCC GCT TCT ACA ACA GAG GAT CTG CCG ATG CTG GTC ACG ACC CTG 358
P E K D A A S T T E D L P M L V T T L (91]

CAA GTG TCC GAT GTT CTT CAC GAC ACC GGG GAC GAC ACC AAG ATC GCC TAT CGC GAG 415
Q V S D V L H D T G D D T K I A Y R e (110]

ACA GCT ACT GAG CAA CAA GTA CTC CTT CTT GCT GAC ACC ACT GCA AAC ACA TCT TCG 472
T A T E Q Q V L L L A D T T A N T S S (1291

Bg12
ACG ATG AAC CCG AGA AGT ATG TGC GAA GCT GGC TGC CGG mT CAC CAG ATC TAT CAG 529
T M N P R S M C E A G C R F H Q I Y Q (148]

GGC CAT TGC TTC CCG GAG TAC GAG CTC GAC AGC GAG AGG CTT CGA TCC GTT GAT GGC 586
G H C F P E Y E L D S E R L R S V D G (167]

CGT GCT CAA GTA CTA GAG GAT GAA CAT GAG ACG GGA CAA CTT CGA CTT GAG AGG CTC 643
R A Q V L E D E H E T G Q L R L E R L (186]

GGA AGA CCA GM GAA CTT CTG GAG CTG GAC GAG GAA AAC AGC ATG AGC GTC GTG ACC 700
G R P E E L L E L D E E N S M S V V T [205]

AAC CTG AAA GCC GCG CCC TAC MG Tmr CTG ATG AAG GAT GTG GAC GAG AAC TTT CCC 757
N L K A A P Y K F L M K D V D E N F P (224]

GGC GAG CTG TCT ACA TCG GGT GGG AAG ACC ACT TCA ATT TCT GCG GAC GAG TCT GCC 814
G E L S T S G G K T T S I S A D E S A (243]

ATC GAC GCC GCC CTA CAT GCC GTT TGG GAC GCT GAT GAC CTC GGT GCT GCC TGG CAT 871
I D A A L H A V W D A D D L G A A W H (262]

Sall
CTA GAC GAG GCA TCC GGA CTT CGA GCG GTC GAC TGG AAT GCG GCG CAG TGG TTC AAG 925
L D E A S G L R A V D W N A A Q W F K (281]

TCC GGT CAG CCC TGG ACG CCC GAT GCG GCC AAG TCG CTG CAA GAG GGC CGT GTG TTC 985
S G Q P W T P D A A K S L Q E G R V F (300]

CTC GCG GGC GAC GCC CGT CAT CGC CAC CCG CCC CTC ACC GGC ATC GGT AAG AAC ACC 1042
L A G D A R H R H P P L T G I G K N T (319]

AGT ATA GCC GAT TGC TAT AAC CTC ACC TGG AAG CTC CTC GGC GTC CTG CTG GGC GTG 1099
S I A D C Y N L T W K L L G V L L G V [338]

GCG AGG GCA GAC CCT GCT CGA ACC TAC GTT GCC GAG CGG GTG TAC ATC CGC ATG CGT 1156
A R A D P A R T Y V A E R V Y I R M R (357]

GCG GCC ACG GAC ATT GCG GTA GAT GCA GAG ATG GAG TCA CTC GCG GCG AAG TGG ATC 1213

A A T D I A V D A E M E S L A A K W I (376]

ACG GTG CAG CTC ACC CTC TCG CGC TCA TGG ATA TCG AGC GSG MG GAG GCA GAA CGC 1270

T V Q L T L S R S W I S S A K E A E R (395]

TGG GAT GCT GTG CTC CGG GAC TCA GSG ATG TCT GSA TCG AAG CCG ATG TGG ACG ACG 1327

W D A V L R D S A M S A S K P M W T T (414]

AGC GAC ATG CGC GSG TCA TTC GAT GCG GGA CTT ATG GGC CAC GGT CAC GCG CAT GAC 1384

S D M R A S F D A G L M G H G H A H D (433]

CAC GTC ACG CCC ACC ATC AAG GAG TTC GCC TCA AGC TCG ATC AGS CGA TCG ATT TCC 1441

H V T P T I K E F A S S S I S R S I S (4521

GAG CTG GCC AGT ACG TCA TGG TGG GAA TCC CGG GGC TGG GGC AAC GGC GGG CCT TTm 1498

E L A S T S W W E S R G W G N G G P F (471]

Pstl
GAG TCG CTC ATG GAG GAC GCG AGG TGG ACC GGT GCG GTG GAA TCG AAC TGC AGG TAC 1555

e S L M E D A R W T G A V E S N C R Y (490]

GCC GCG TAC GAC CGC GAC GCA CCG GTG CTG CAC GAG CAC GTI GCG TGG GTG ACA CGC 1612

A A Y D R D A P V L H E H V A W V T R (509]

TTC ACG TCA CGG GCC CGT ACG GCG GTT CTT GAG GCG GCA GTC GGC CAA GC CAT GTT 1669

F T S R A R T A V L E A A V G Q A H V (528]

GIT GAT TGC TGG GAC GTC GGG CTC GTC GAG CCC GSG CTC GAT GAT CTC GAC TCT GCT 1726
V D C W D V G L V E P A L D D L D S A [547]

GSA GCA GGG CTG CAC GTT GCC CAT CAC GCT GAT CAA TGG CCA GCG CAG CTG GAC GAA 1783

G A G L H V A H H A D Q W P A Q L D E (5661

GCT GTA TGG CCA CGA GAG AGT TTG TCG GAC TGG CGG ATC GTC ACC GAC ACT TCA GCT 1840

A V W P R E S L S D W R I V T D T S A (5851

ACG GGT GAG GGT TAT CAA ACG AGS CCG AGS GAA GCG CCT GGA GAC TAC GCG GAC CTT 1897

T G E G Y Q T S P R E A P G D Y A D L (6041

AAC GCA GAC AAC GCC AAG GCG CAT TTC AAC GGG CAG TTT GSG GGG CAC MG GCG TAT 1954

N A D N A K A H F N G Q F A G H K A Y (623]

GGG GAC GCT GCC GCC GCC GAT GGT GGA GGC TGC CAT GGG CGC ATT CTT GTA GGG CCG 2011

G D A A A A D G G G C H G R I L V G P (6421

GCT GTT CGA GGA CGA CAT CTA CAC CGA GM ATT CCT CTC GGC GAG GAG TGC CAA CGC 2068

A V R G R H L H R E I P L G E E C Q R (6611

GCA GSG CAG CCG CTG TTC AAG GAG GTT TGA M GGAGACCCAC GCGATGCTGA TACCCGACCC 2130

A A Q P L F K E V (670]

Hind3

MGGTGGACG TAT CCTrLAA CAGACCCAGG ATACTCATAGCGACC ACCGAMGCT T 2191

TABLE 1. Purification of phenol hydroxylase from phenol-
induced P. aemuginosa PAO1(pRO1959)

Vol Amt of Activity Sp act YieldStep (mI) protein (U) (U/mg) (%)

(mng)

Crude extract 70 1,105 1,770 1.6 100
Protamine sulfate 77 950 1,520 1.6 86
DEAE-5-PW, pH 7.6 53 48 1,150 24 65
MP7 hydrophobic interaction 50 5 650 130 37
SEC 250 gel filtration 20 1.2 200 167 11
DEAE MA7P, pH 8.5 15 1.0 150 150 8

tant solution was analyzed by reverse-phase HPLC (1), it
cochromatographed with authentic FAD rather than flavin
mononucleotide. FAD was quantitated spectrophotometri-
cally after neutralization of the supernatant solution with
sodium bicarbonate. When an extinction coefficient of
11,300 M-1 cm-1 at 450 nm was used (40), the FAD content
of the enzyme was determined to be 2 mol of FAD per mol
of protein (Mr, 147,000).

Substrate specificity. NADPH was the preferred electron
donor for phenol hydroxylase. The activity of the purified
enzyme assayed in the presence of NADH was only 3% of
that found when NADPH was used. There was no oxidation
of reduced pyridine nucleotide in the absence of aromatic
substrate.
The purified enzyme had essentially the same broad

substrate specificity as was found in crude extracts (Table 2).
The three isomers of cresol were as effective as phenol as
substrates for the enzyme, as evidenced by substrate-depen-
dent NADPH oxidation and production of the corresponding
catechols. In addition, catechol and resorcinol were hydrox-
ylated by the enzyme. Fluoro-, chloro-, and aminophenols
were effective as substrates, with meta- andpara-substituted
phenols being accommodated more readily than ortho-sub-
stituted phenols. There was only scant activity (<1% of the
activity toward phenol; data not shown) toward meta- and
para-hydroxybenzoates, hydroxybenzaldehydes, and hy-
droxybenzyl alcohols.
The product obtained from hydroxylation of o-cresol by

purified phenol hydroxylase was identified by HPLC analy-
sis (5.5-min retention time) and UV absorption spectrum as
3-methylcatechol. 4-Methylcatechol (6.2-min HPLC reten-
tion time) was produced from hydroxylation of p-cresol. A
mixture of 3- and 4-methylcatechols was obtained from
hydroxylation of m-cresol. Hydroxylation of catechol
yielded pyrogallol (3.0-min HPLC retention time), whereas
benzenetriol (2.3-min HPLC retention time) was the major
product obtained from resorcinol, with pyrogallol as a minor
product. Fluorophenols, chlorophenols, and aminophenols
were modified to more-polar substances, as evidenced by
chromatographic affinity for C-18 silica columns; however,
the products from these reactions were not further charac-
terized. As found in our previous work (25), guaiacol and
3,4-dimethylphenol functioned as nonsubstrate effectors (30)

FIG. 2. Nucleotide sequence of P. pickettu PK01 DNA frag-
ment containing the tbuD gene. The putative promoter region (nt 19

to 45), possible ribosome-binding site (nt 70 to 73) as elucidated by
Shine and Dalgarno (44), and stem-loop structure (nt 2141 to 2172

[38]) are underlined. The amino acid sequence confirmed by NH2-
terminal sequencing is underlined. Numbering in brackets for the

ThuD peptide begins with the initial Thr residue.

AGGCCTGGGA GATGTACCGC GATGGCAAGC GCCGTGTCFG CTACAGTGGA
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FIG. 3. SDS-polyacrylamide gel electrophoretic analysis of phe-
nol hydroxylase from various stages of purification. Lanes: P, after
protamine sulfate treatment of crude extract (135 ,ug of protein); Dl,
after Bio-Gel DEAE-5-PW ion-exchange chromatography at pH 7.6
(156 pSg of protein); H, after HRLC MP7 hydrophobic interaction
chromatography (5 pg of protein); G, after Bio-Sil SEC 250 gel
filtration chromatography (22 ,ug of protein); D2, after Bio-Gel
DEAE MA7P ion-exchange chromatography at pH 8.5 (12 p,g of
protein); S, molecular weight markers (103).
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TABLE 2. Substrate specificity of phenol hydroxylase

Activity' with:
Aromatic
compound Crude Purified

extract enzyme

True substrates
o-Cresol 85 81
m-Cresol 100 110
p-Cresol 98 102
o-Fluorophenol 33 35
m-Fluorophenol 59 55
p-Fluorophenol 61 66
o-Chlorophenol 5 4
m-Chlorophenol 11 12
p-Chlorophenol 20 20
o-Aminophenol 12 5
m-Aminophenol 35 50
p-Aminophenol 55 65
Catechol 20 22
Resorcinol 35 31

Nonsubstrate effectors
3,4-Dimethylphenol 69 60
Guaiacol 12 10
I Activities are given as a percentage of the activity toward phenol, which

was 1.6 U/mg of protein for the crude extract and 150 U/mg of protein for the
purified enzyme. Substrates were added as 5 Ill of 10 mM stock solutions to
the reaction mixture described in Materials and Methods.

DISCUSSION
inasmucUn4I as nirI1 prse;nceL 1in reaLctio 1i1IAtUrs Purified phenol hydroxylase cloned from P. pickettii
ed NADPH oxidation without yield of more-polar PKO1 and expressed in P. aeruginosa PA01 is a simple
-es in HPLC analysis of the reaction mixture. flavoprotein. Until now, the only microbial phenol hydrox-
)llowing compounds did not promote a substrate- ylase available in pure form was that isolated by Neujahr and
nt oxidation of NADPH: hydroquinone, o-ethylphe- Gaal from the eukaryote Trichosporon cutaneum (32). Phe-
thylphenol, p-ethylphenol, 2,4-dimethylphenol, 2,3- nol hydroxylase from T. cutaneum and that purified from P.
lphenol, 3,5-dimethylphenol, 2,5-dimethylphenol, pickettii in this study are similar in several respects. Both
thylphenol, salicyl alcohol, salicylaldehyde, salicy- enzymes utilize NADPH as cosubstrate in the oxidation of
romophenol, m-bromophenol,p-bromophenol, o-ni- phenol, they are similar in their monomer molecular weights
il, m-nitrophenol,p-nitrophenol, and 4-hydroxyben- (74,000 for the peptide from P. pickettii and 75,000 for the
fonic acid. peptide from T. cutaneum), and as native enzymes, both

appear to be dimers containing 2 mol of FAD per mol of
enzyme. Phenol hydroxylase from T. cutaneum belongs to a
group of simple flavoprotein monooxygenases, best exem-
plified byp-hydroxybenzoate hydroxylase (17), which share
the common oxygenation mechanism of electrophilic attack

/10.8 _ on the enzyme-bound flavin C(4a)-hydroperoxide formed as
a result of aromatic ring activation owing to the presence of

0J6 p °^an electron-donating hydroxyl group on the substrate (6).
Since phenol hydroxylase can now be obtained in pure form

\t0.4 _ \ \ as a cloned gene product from P. pickettii, it will be of
interest to determine whether there is a similar oxygenation

\02 mechanism for this system.
Bacterial degradation of phenol has long been studied, and

3eo 480 4Qmuch has been learned about the physiological and genetic
_avelengi,~ aspects of phenol degradation, particularly among members

of the genus Pseudomonas (2). Recent investigations of the
degradation of phenol in other genera of bacteria suggest that
diverse mechanisms have evolved for utilization of this

I substrate. A thermostable phenol hydroxylase has been
260 300 340 380 420 40 50 partially purified from Bacillus stearothermophilus (12), and

Wavelngth (nm) preliminary characterization of this enzyme suggests that it
. Absorbance spectra of purified phenol hydroxylase. I, might not be a simple flavoprotein. Plasmid-encoded 2,4-
in 0.05 M sodium phosphate (pH 7.6) at a protein concen- dichlorophenol hydroxylase purified fromAlcaligenes eutro-
2.9 mg/ml; II, as in spectrum I but containing 8.7 mg of phus(pJP4) (28) and Acinetobacter species (3) have been
er ml; III, as in spectrum II after reduction with sodium shown to be simple flavoproteins, but these enzymes curi-

ously have no activity toward unsubstituted phenol. Most

J. BAC-1ERIOL.
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recently, plasmid-encoded phenol hydroxylases from Pseu-
domonas sp. strain EST1001 (23) and Pseudomonas sp.
strain CF600 (40) have been characterized. The former
enzyme has considerable amino acid homology with the
tfdB-encoded dichlorophenol hydroxylase from plasmid
pJP4; however, it has a very narrow substrate range, accom-
modating only phenol and m-cresol (34). The latter is a
multicomponent phenol hydroxylase which shares similar-

A.
TbuD
[1]
PhyA
[1]
TfdB
[1]
PheA
[28]
AlkT
[1]
NahG
11]
CamA
[1]
TodA
[1]
PobA
[1]
TbuD
I626]

B.

TfdB [3001

TbuD 1294]

PheA [318]

TbUD [294]

ities with multicomponent mono- and dioxygenases involved
in attack on unactivated aromatic substrates such as toluene,
benzene, and naphthalene (40). It is clear from the emerging
picture that there is considerable diversity in microbial
mechanisms for oxidative degradation of phenol.

Phenol hydroxylase from P. pickettii has a substrate range
similar to but somewhat broader than that found for the T.
cutaneum enzyme. Phenol and the three isomeric meth-

* *** * a * * c =mu x n wn =0 x = V=

LQqGRVFcAGDAvHREPPtnG1GBNTSIqDsfNLaWKiamVLnGtAdes 1ldTYtiER
t.2:::s :::: 2:22: :.: 2S22 : .:: :2. :: : : :2 :
LQEGRVFLAGDARHERPPLTGIGKNTSIADCYNLTWKLLGVLLGVARADPARTYVAER

IJQICRVCCAGAtiAkICtPPs UGlGNSIqDSYNCWKLaVGAgpelleTStER
St tSS R:::::.:::.:.::::::::: ::S SS:: . *::. S
LQlEGRVFIAGDAREREPPLTGIGKNTSIADCYNTWGLLGVLLGvDPARTYVABR

PhyA t347] skdeRVFiAGDAcHtHsPkaGqGmNTSmmDtYNLgWKLglVLtGrAkrDilkTYeeER
. 522.SSS:22 : S::::.: :::2 . 2 :2 : :-. -.:S:Y

TbuD [294] LQBGRVFLAGDARNRHPPLTGIGKNTSIADCYNLTKRLLGVLLGVARADPARTYVAER

[357]

[351]

[3751

[3511

[404]

[351]

PobA [2761 mQhGRlFLAGDAaHivPP-TG-aKglnlAas-dvs-tLyrlLLkayR-e-gRgellER [327]
.2 :2.s:::::: :::::: .:G..Rs.:: : . s . ::

TbuD [294] LQEGRVFLAGDAERBRPPLTGIGKNTSIADCYNLTWKLLGVLLGVARADPARTYVABR [351]

NahG [3041 yvhGRVvLiGDAaHamlPhqGaGagqgleDaYfLa-rLLG [342]
s :: . 22

TbuD [2941 LQEGRVFLAGDARHREPPLTGIGKNTSIADCYNLTWKLLG [333]

C.
tbuD
drpKLMNOP
xylCMAB
xylS
pilA

consensus TGGCRNN CTWKNR

FIG. 5. (A) Amino acid sequence alignments of ThuD and other ADP-binding sequences. The fingerprint ADP-binding motif proposed by
Wierenga et al. (47) is shown at the bottom. J indicates H, K, N, Q, R, S, or T; 0 indicates A, C, I, L, M, or V; and U indicates D or E.
Alignment of AlkT with CamA was published by Eggink et al. (8). You et al. (48) published an alignment of NahG with AlkT, CamA, TodA,
PobA, and TfdB. Other sequences and their sources are as follows: PhyA (21), TfdB (37), PheA (34), TodA (49), and PobA (9). (B)
Comparison of a portion of the deduced sequence of ThuD with sequences of other flavoprotein hydroxylases. Symbols: *, amino acid
residues conserved among all of the sequences shown; j, amino acid residues conserved among the four phenol hydroxylases (TfdB, PheA,
PhyA, and ThuD); :, residue identical with that found in TbuD; ., conservative change from the TbuD residue. Dashes have been inserted
to optimize the alignment between pairs of sequences. (C) Homology of a putative tbuD promoter with other a5' RNA polymerase-litilizing
promoters. Sequences and their sources are as follows: dmpKLMNOP (33), xylCMAB (18), xylS (19), and piL4 (20). R indicates A or G, N
indicates any nucleotide, K indicates G or T, and W indicates T or A.

TKYNEAYC DVLIVGAGPAGVMAA LSYGTTARPHR VRIFD
[421

TKYSESYC DVLIVGAGPAGLMAAR|VL SBYVRQKPDLK VRIID
I (42]

ALTIET | DVLVVGTGPAGASAGALL ARYGVRT MLINK
[36]

NETNVVET EVLIVGSGPAGSSAAMFLISTQGISN |IMITK

[65]AIVVVGAGTAGVNAAFWL RQYGYKGEIR |IFSRE
1 [33]

MKNNKLGL|RIGIVGGGISGVALALEL CRYSHIQ VOLFE
[38]

VNAND NVVIVGTGLAGVEVAFGL RASGWEGNI IRLVGD
I 1 [37]

AT HVAIIGNGVGGFTTANALIRAEGFEGRI ISLIGD
I [34]

MKT QVAIIGAGPSGLLTGQLL I BKAGID NVILE
I 1 [32]

|AAAADGGGCHGRILVGPAIVRGRULERE IIPLGE
I [657]

IJO-O-G-G--G---O--O (loop) |o-o-u

ACCTTGGCACAGCCGTTiTG&TGTC
GCAATG CATGGCGGTTgTAGCTATA
TGCTTTgCATTATTTGCTTGGTAAG

3GAGTA_gTTGGTAGG
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ylphenols (cresols) were equally suitable as substrates for
the bacterial enzyme, whereas the yeast enzyme had only
10% of the activity with methylphenols that it had with
phenol (32). We have previously reported (22) that phenol
hydroxylase is part of a pathway for catabolism of benzene
and toluene in P. pickettii, in which the unactivated aromatic
hydrocarbons are initially hydroxylated to phenol or
m-cresol, respectively.

In our previous work (25), using only crude extracts
containing phenol hydroxylase, we reported that hydroxyla-
tion of m-cresol yielded 3-methylcatechol as product. In the
present study, using the purified enzyme and an improved
HPLC separation, we detected a mixture of both 3- and
4-methylcatechols as products from m-cresol oxidation.
Such a mixture of methylcatechols would be of physiological
significance for P. pickettii PKO1 inasmuch as our previous
work on the pathway for catabolism of benzene, toluene,
phenol, and cresols has shown that the meta-cleavage diox-
ygenase encoded by tbuE can equally well accommodate
catechol, 3-methylcatechol, and 4-methylcatechol as sub-
strate (26). Similarly, a mixture of both benzenetriol and
pyrogallol, rather than just pyrogallol, which we had previ-
ously reported as the sole product, was detected as product
from the oxidation of resorcinol in the present study. The
possible physiological significance of the production of triols
from oxidation of catechol or resorcinol by ThuD has not
been elucidated.
The base composition of the 3.1-kbp HindIII DNA frag-

ment of pRO2342 was found to be 61% G+C (data not
shown), which is similar to that reported previously for other
species of Pseudomonas (29). This high G+C value is due in
large part to the codon usage preference found in the coding
region for the tbuD gene (data not shown), where there is a
strong bias (66%) toward guanine- or cytosine-terminated
codons. The bias toward guanine and cytosine also extended
to the variable first-position codons for leucine and arginine.
This codon usage bias has been reported for many other
Pseudomonas chromosomal genes (see reference 50 and
references therein), with the notable exception of the pilin
genes ofP. aeruginosa (20), which are only about 50% G+C.

Analysis of the region upstream of the translational start of
the tbuD gene revealed a sequence of 27 nucleotides (Fig. 2,
nt 19 to 45) which showed strong homology (Fig. 5C) to a set
of positively controlled promoters proposed to be tran-
scribed by a Pseudomonas a54-like RNA polymerase holo-
enzyme (5). As shown in Fig. 5C, this putative promoter
sequence for tbuD has considerable homology with the
xyICMAB and xylS promoters of the toluene catabolic plas-
mid pWWO as well as with a putative promoter sequence
upstream of the dmpKLMNOP operon encoding the multi-
component phenol hydroxylase of Pseudomonas sp. strain
CF600 (33). This class of promoters is recognized on the
basis of a minimum canonical sequence of GG-10 bp-GC at
positions -24 to -12 from the mRNA start site (7). In
addition, such promoters are activator controlled, which is
consistent with our previous observation (25) that expres-
sion of tbuD in P. aeruginosa was stringently dependent on
the presence of a trans-acting locus, which we have desig-
nated tbuR.
The nucleotide sequence of the tbuD gene shows no

significant overall homology with any other sequence in the
GenBank or EMBL data base. However, when the deduced
amino acid sequence of ThuD was compared with the
sequences in the NBRF-PIR protein data base, a conserved
region between residues 294 and 351 (Fig. SB) showed
significant similarity to sequences in other FAD-containing

aromatic hydroxylases. The scores obtained for alignment
between residues 294 and 351 of ThuD and the homologous
regions of the peptides shown in Fig. SB were as follows (a
perfect match had an alignment score of 294): TfdB, 161;
PheA, 146; PhyA, 144; PobA, 81; and NahG, 70. Part of this
conserved region (amino acids 294 to 304 of TbuD; Fig. 5B)
is composed of a short motif identified by Russel and Model
(41) and later by Eggink et al. (8) as being important in FAD
binding; the conserved Asp (residue 304 in TbuD; Fig. SB),
which binds the ribityl chain of the flavin moiety of FAD, is
particularly important. In addition to this FAD-binding do-
main, 18 residues (marked by *0 in Fig. SB) in the deduced
primary sequences are conserved among the four phenol
hydroxylases.
Two additional regions of the deduced ThuD amino acid

sequence showed significant homology with other flavopro-
tein monooxygenases: one region encompasses amino acids
9 to 42 at the amino terminus, and a second region encom-
passes amino acids 626 to 657 at the carboxy terminus. The
amino acid sequence between residues 9 and 42 of ThuD
(Fig. SA) shows homology with a proposed consensus fin-
gerprint sequence proposed by Wierenga et al. (47) to form a
13-a-o3 fold which is involved in binding of the ADP moiety of
FAD. This conserved motif is seen in a number of flavin-
containing hydroxylases and oxidoreductases (8, 39) from
disparate sources. The sequences at the amino termini of the
four phenol-hydroxylating enzymes (ThuD, PhyA, TfdB,
and PheA) shown in Fig. SA align fairly well with the
proposed ADP-binding fingerprint motif, with the niotable
exception of the initial amino acid residue of the motif,
which is either Asp or Glu for phenol hydroxylases and not
Lys, Arg, His, Ser, Thr, Gln, or Asn as proposed by
Wierenga et al. (47). Moreover, the four phenol-hydroxylat-
ing enzymes have higher overall degrees of conservation
among residues in this ADP-binding domain than in the
minimum motif proposed by Wierenga et al. (47). A second
potential ADP-binding fingerprint motif was detected in
ThuD between residues 626 and 657 at the carboxy terminus
of the deduced protein sequence (Fig. SA). Although a
functional assignment of these apparently conserved do-
mains in ThuD must await determination of the complete
three-dimensional structure of this enzyme, the fact that
such regions of primary sequence are conserved among
phenol hydroxylases from sources as disparate as eukaryotic
yeasts, broad-host-range catabolic plasmids, and chromo-
somal genes from gram-negative bacteria indicates their
likely functional importance to these enzymes.

ACKNOWLEDGMENTS
This research was supported by NIEHS Superfund Research and

Education grant ES-04911 and by the Office of Research and
Development, U.S. Environmental Protection Agency, under grant
R-815750-01-0 to the Great Lakes and Mid-Atlantic Hazardous
Substance Research Center. Partial funding of the research activi-
ties of the Center is also provided by the State of Michigan
Department of Natural Resources.
We thank Sari Vlahakis of the Biomedical Research Core Facili-

ties for amino acid sequencing; David P. Ballou, Department of
Biological Chemistry, for use of his spectrophotometric facilities;
and Markus Kalin, ETH Honggerberg, Zurich, Switzerland, for
permission to use thephyA sequence prior to publication.

REFERENCES
1. Batie, C. J., E. LaHaie, and D. P. Ballou. 1987. Purification and

characterization of phthalate oxygenase and phthalate oxygen-
ase reductase from Pseudomonas cepacia. J. Biol. Chem.
262:1510-1518.

J. BACTERIOL.



P. PICKE7TII tbuD GENE SEQUENCE 6525

2. Bayly, R. C., and M. G. Barbour. 1984. The degradation of
aromatic compounds by the meta and gentisate pathways, p.
253-294. In D. T. Gibson (ed.), Microbial degradation of organic
compounds. Marcel Dekker, Inc., New York.

3. Beadle, C. A., and A. R. W. Smith. 1982. The purification and
properties of 2,4-dichlorophenol hydroxylase from a strain of
Acinetobacter species. Eur. J. Biochem. 123:323-332.

4. Bradford, M. M. 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72:248-254.

5. Deretic, V., W. M. Konyecsni, C. D. Mohr, D. W. Martin, and
N. S. Hibler. 1989. Common denominators of promoter control
in Pseudomonas and other bacteria. Bio/Technology 7:1249-
1254.

6. Detmer, K., and V. Massey. 1984. Effect of monovalent anions
on the mechanism of phenol hydroxylase. J. Biol. Chem.
259:11265-11272.

7. Dixon, R. 1986. The xyL4BC promoter from Pseudomonas
putida TOL plasmid is activated by nitrogen fixation regulatory
genes in Eschenichia coli. Mol. Gen. Genet. 203:129-136.

8. Eggink, G., H. Engel, G. Vriend, P. Terpstra, and B. Witholt.
1990. Rubredoxin reductase ofPseudomonas oleovorans: struc-
tural relationship to other flavoprotein oxidoreductases based
on one NAD and two FAD fingerprints. J. Mol. Biol. 212:135-
142.

9. Entsch, B., Y. Nan, K. Weaich, and K. F. Scott. 1988. Sequence
and organization of pobA, the gene coding for p-hydroxyben-
zoate hydroxylase, an inducible enzyme from Pseudomonas
aenrginosa. Gene 71:279-291.

10. Garoff, H., and W. Ansorage. 1981. Improvements of DNA
sequencing gels. Anal. Biochem. 115:450-457.

11. Gibson, T. L., A. S. Abdul, and R. H. Olsen. 1988. Microbial
degradation of aromatic hydrocarbons in hydrogeologic mate-
rial: microcosm studies, p. 53-69. In Proceedings of the Second
National Outdoor Action Conference on Aquifer Restoration:
Groundwater and Geophysical Methods, vol. 1. National Water
Well Association, Dublin, Ohio.

12. Gurujeyalakshmi, G., and P. Oriel. 1989. Isolation of phenol-
degrading Bacillus stearothermophilus. Appl. Environ. Micro-
biol. 55:500-502.

13. Hanahan, D. 1985. Techniques for transformation of E. coli, p.
109-136. In D. M. Glover (ed.), The practical approach, vol. 1.
DNA cloning. IRL Press, Ltd., Oxford.

14. Healkoff, 5. 1984. Unidirectional digestion with exonuclease III
creates targeted breakpoints for DNA sequencing. Gene (Am-
sterdam) 28:351-359.

15. Holloway, B. W., V. Krishnaplilai, and A. F. Morgan. 1979.
Chromosomal genetics of Pseudomonas. Microbiol. Rev. 43:
73-102.

16. Holmes, D. S., and M. Quigley. 1981. A rapid boiling method for
the preparation of bacterial plasmids. Anal. Biochem. 114:193-
197.

17. Howell, L. G., T. Spector, and V. Massey. 1972. The purification
and properties of p-hydroxybenzoate hydroxylase from Pseu-
domonas fluorescens. J. Biol. Chem. 247:4340-4350.

18. Inouye, S., Y. Ebina, A. Nakazawa, and T. Nakazawa. 1984.
Nucleotide sequence surrounding transcription initiation site of
xyL4BC operon on TOL plasmid ofPseudomonasputida. Proc.
Natl. Acad. Sci. USA 81:1688-1691.

19. Inouye, S., A. Nakazawa, and T. Nakazawa. 1985. Determina-
tion of the transcription initiation site and identification of the
protein product of the regulatory gene xylR for xyl operons on
the TOL plasmid. J. Bacteriol. 163:863-869.

20. Johnson, K, M. L. Parker, and S. Lory. 1986. Nucleotide
sequence and transcription initiation site of two Pseudomonas
aeruginosa piuin genes. J. Biol. Chem. 261:15703-15708.

21. Kalin, M. (ETH H6nggerberg). 1992. Personal communication.
22. Kaphammer, B., J. J. Kukor, and R. H. Olsen. 1990. Cloning

and characterization of a novel toluene degradative pathway
from Pseudomonas picketi, abstr. K-145, p. 243. Abstr. 90th
Annu. Meet. Am. Soc. Microbiol. 1990.

23. Kivisaar, M. A., J. K Habicht, and A. L. Heinarn. 1989.
Degradation of phenol and m-toluate in Pseudomonas sp. strain

EST1001 and its Pseudomonas putida transconjugants is deter-
mined by a multiplasmid system. J. Bacteriol. 171:5111-5116.

24. Kukor, J. J., and R. H. Olsen. 1990. Diversity of toluene
degradation following long term exposure to BTEX in situ, p.
405-421. In D. Kamely, A. Chakrabarty, and G. S. Omenn
(ed.), Biotechnology and biodegradation. Gulf Publishing Co.,
Houston.

25. Kukor, J. J., and R. H. Olsen. 1990. Molecular cloning, char-
acterization, and regulation of a Pseudomonas pickettii PKO1
gene encoding phenol hydroxylase and expression of the gene in
Pseudomonas aeruginosa PAO1c. J. Bacteriol. 172:4624-4630.

26. Kukor, J. J., and R. H. Olsen. 1991. Genetic organization and
regulation of a meta cleavage pathway for catechols produced
from catabolism of toluene, benzene, phenol, and cresols by
Pseudomonaspickettii PKO1. J. Bacteriol. 173:4587-4594.

27. Laemmll, U. KL 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

28. Uu, T., and P. J. Chapman. 1984. Purification and properties of
a plasmid-encoded 2,4-dichlorophenol hydroxylase. FEBS Lett.
173:314-318.

29. Mandel, M. 1966. Deoxyribonucleic acid base composition in
the genus Pseudomonas. J. Gen. Microbiol. 43:273-292.

30. Massey, V., and P. Hemmerich. 1975. Flavin and pteridine
monooxygenases, p. 191-252. In P. D. Boyer (ed.), The en-
zymes, vol. 12, part B. Academic Press, Inc., New York.

31. Mercer, A. A., and J. S. Loutit. 1979. Transformation and
transfection of Pseudomonas aeruginosa: effects of metal ions.
J. Bacteriol. 140:37-42.

32. Neujahr, H. Y., and A. Gaal. 1973. Phenol hydroxylase from
yeast: purification and properties of the enzyme from Tricho-
sporon cutaneum. Eur. J. Biochem. 35:386-400.

33. Nordlund, I., J. Powlowsid, and V. Shingler. 1990. Complete
nucleotide sequence and polypeptide analysis of multicompo-
nent phenol hydroxylase from Pseudomonas sp. strain CF600.
J. Bacteriol. 172:6826-6833.

34. Nurk, A., L. Kasak, and M. Kivisaar. 1991. Sequence of the
gene (pheA) encoding phenol monooxygenase from Pseudomo-
nas sp. EST1001: expression in Eschenichia coli and Pseudo-
monas putida. Gene (Amsterdam) 102:13-18.

35. Olsen, R. H., G. DeBusscher, and W. R. McCombie. 1982.
Development of broad-host-range vectors and gene banks:
self-cloning of the Pseudomonas aeruginosa PAO chromosome.
J. Bacteriol. 150:60-69.

36. Olsen, R. H., and J. Hansen. 1976. Evolution and utility of a
Pseudomonas aeruginosa drug resistance factor. J. Bacteriol.
125:837-844.

37. Perkins, E. J., M. P. Gordon, 0. Caceres, and P. F. Lurquin.
1990. Organization and sequence analysis of the 2,4-dichlo-
rophenol hydroxylase and dichlorocatechol oxidative operons
of plasmid pJP4. J. Bacteriol. 172:2351-2359.

38. Platt, T. 1986. Transcription termination and the regulation of
gene expression. Annu. Rev. Biochem. 55:339-372.

39. Porter, T. D., and C. B. Kasper. 1985. NADPH-cytochrome
P-450 oxidoreductase: flavin mononucleotide and flavin adenine
dinucleotide domains evolved from different proteins. Proc.
Natl. Acad. Sci. USA 82:973-977.

40. Powlowski, J., and V. Shingler. 1990. In vitro analysis of
polypeptide requirements of multicomponent phenol hydroxy-
lase from Pseudomnonas sp. strain CF600. J. Bacteriol. 172:
6834-6840.

41. Russel, M., and P. Model. 1988. Sequence of thioredoxin
reductase from Escherichia coli: relationship to other flavopro-
tein disulfide oxidoreductases. J. Biol. Chem. 263:9015-9019.

42. Sambrook, J., E. F. Fritsch, and T. Manlatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed., p. A.1. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

43. Sanger, F., S. Nicklen, and A. ft Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

44. Shine, J., and L. Dalgarno. 1975. Determination of cistron
specificity in bacterial ribosomes. Nature (London) 254:34-38.

45. Stanier, R. Y., N. Palleroni, and M. Doudoroff. 1966. The

VOL. 174, 1992



6526 KUKOR AND OLSEN

aerobic pseudomonads: a taxonomic study. J. Gen. Microbiol.
43:159-271.

46. Tabor, S., and C. C. Richardson. 1987. DNA sequence analysis
with a modified bacteriophage T7 DNA polymerase. Proc. Natl.
Acad. Sci. USA 84:4767-4771.

47. Wierenga, R. K., P. Terpstra, and W. G. J. Hol. 1986. Prediction
of the occurrence of the ADP-binding 3-a-P fold in proteins
using an amino acid sequence fingerprint. J. Mol. Biol. 187:101-
107.

48. You, I.-S., D. Ghosal, and I. C. Gunsalus. 1991. Nucleotide
sequence analysis of the Pseudomonas putida PpG7 salicylate

J. BACTERIOL.

hydroxylase gene (nahG) and its 3' flanking region. Biochemis-
try 30:1635-1641.

49. Zylstra, G. J., and D. T. Gibson. 1989. Toluene degradation by
Pseudomonas putida Fl: nucleotide sequence of the
todCIC2BADE genes and their expression in Escherichia coli.
J. Biol. Chem. 264:14940-14946.

50. Zylstra, G. J., R. H. Olsen, and D. P. Ballou. 1989. Genetic
organization and sequence of the Pseudomonas cepacia genes
for the a and a subunits of protocatechuate3,4-dioxygenase. J.
Bacteriol. 171:5915-5921.


