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The first step in the pentachlorophenol (PCP) degradation pathway in Sphingobium chlorophenolicum has
been believed for more than a decade to be conversion of PCP to tetrachlorohydroquinone. We show here that
PCP is actually converted to tetrachlorobenzoquinone, which is subsequently reduced to tetrachlorohydroqui-
none by PcpD, a protein that had previously been suggested to be a PCP hydroxylase reductase. pcpD is
immediately downstream of pcpB, the gene encoding PCP hydroxylase (PCP monooxygenase). Expression of
PcpD is induced in the presence of PCP. A mutant strain lacking functional PcpD has an impaired ability to
remove PCP from the medium. In contrast, the mutant strain removes tetrachlorophenol from the medium at
the same rate as does the wild-type strain. These data suggest that PcpD catalyzes a step necessary for
degradation of PCP, but not for degradation of tetrachlorophenol. Based upon the known mechanisms of flavin
monooxygenases such as PCP hydroxylase, hydroxylation of PCP should produce tetrachlorobenzoquinone,
while hydroxylation of tetrachlorophenol should produce tetrachlorohydroquinone. Thus, we proposed and
verified experimentally that PcpD is a tetrachlorobenzoquinone reductase that catalyzes the NADPH-depen-

dent reduction of tetrachlorobenzoquinone to tetrachlorohydroquinone.

Pentachlorophenol (PCP) is a widely used and highly toxic
wood preservative. It was first introduced as a pesticide in 1936
(7) and is not known to be a natural product. Despite its recent
introduction into the environment and its high toxicity, several
strains of Sphingobium chlorophenolicum (previously Sphin-
gomonas chlorophenolica) (24) that can mineralize PCP have
been identified. The best studied of these are strains ATCC
39723 (19), RA-2 (23), and UG30 (6). It appears that S. chlo-
rophenolicum has assembled a new metabolic pathway capable
of converting this anthropogenic compound into a recogniz-
able metabolite. Our previous studies suggest that this pathway
has been assembled by patching together enzymes from at least
two different metabolic pathways (8). PCP hydroxylase (PCP
monooxygenase; EC 1.14.13.50) and 2,6-dichlorohydroquinone
dioxygenase may have originated from enzymes that hydroxy-
lated a naturally occurring chlorinated phenol and then
cleaved the resulting hydroquinone. Tetrachlorohydroquinone
(TCHQ) dehalogenase appears to have originated from a glu-
tathione-dependent double bond isomerase such as maleylac-
etoacetate isomerase or maleylpyruvate isomerase (which are
involved in degradation of tyrosine and benzoate, respectively)
(2). If this pathway has evolved recently in response to the
introduction of PCP into the environment, then it would not be
expected to perform at the high level characteristic of pathways
that have evolved over periods of millions or billions of years.
Indeed, the PCP degradation pathway shows signs of immatu-
rity in several respects. First, PCP hydroxylase, the first enzyme
in the pathway, is very inefficient in vitro (P. M. Kiefer and
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S. D. Copley, unpublished data), and appears to severely limit
the flux of PCP through the pathway in vivo (17). Second,
TCHQ dehalogenase is profoundly inhibited by its aromatic
substrate (K. Anandarajah, P. M. Kiefer, and S. D. Copley,
unpublished data). Third, TCHQ dehalogenase expression is
not regulated in tandem with the other known enzymes in the
pathway but is apparently constitutive (21). All of these find-
ings are consistent with the idea that the PCP degradation
pathway has been patched together rather recently and has not
been fine-tuned to perform as effectively as do most bacterial
metabolic pathways.

The gene encoding PCP hydroxylase (pcpB) is immediately
upstream of two additional genes. pcpR encodes a regulatory
protein that responds to PCP (5). pcpD, which is immediately
downstream of pcpB, resembles genes for the reductase com-
ponents of two-component oxygenases, some of which hy-
droxylate aromatic compounds. Based upon this resemblance,
it has been proposed that PcpD is a reductase that facilitates
the hydroxylation of PCP by PCP hydroxylase (19), and the
annotation of PcpD in GenBank states that it is PCP 4-mono-
oxygenase reductase. We suspected that this assignment was
incorrect because PCP hydroxylase is a flavin monooxygenase,
and such enzymes do not generally require reductases. Conse-
quently, we undertook studies to determine whether PcpD is
required for degradation of PCP. We find that transcription of
pepD is induced by PCP, as previously reported for pcpA (29)
and pcpB (20). A mutant strain in which PcpD has been
knocked out is able to remove PCP from the medium when it
is present at low concentrations, but not when it is present at
high concentrations. In contrast, the knockout strain can re-
move tetrachlorophenol (TCP) from the medium as well as the
wild-type strain, even at high concentrations. These results
suggest that PcpD may catalyze a step that is critical for deg-
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radation of PCP but not TCP and therefore must involve the
chlorine at the 4 position of PCP. Based upon the expected
mechanism of the hydroxylase reaction, the sequence of PcpD,
and our experimental results, we propose that PcpD is a tet-
rachlorobenzoquinone (TCBQ) reductase required for degra-
dation of PCP but not TCP.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. S. chlorophenolicum strain
RA-2 was obtained from S. Schmidt (University of Colorado at Boulder). S.
chlorophenolicum strain ATCC 39723 and Pseudomonas aeruginosa PAO1-Lac
were obtained from the American Type Culture Collection. Escherichia coli
XL1-Blue and pBluescript were obtained from Stratagene. E. coli M15[pReP4]
and pQE30 were obtained from Qiagen. The E. coli-Pseudomonas shuttle vector
pUCP-Nde (10) was a generous gift from C. N. Cronin (Veterans Affairs Medical
Center, San Francisco, Calif.). Growth medium for S. chlorophenolicum con-
tained (per liter) 2.9 g of Na,HPO,, 0.3 g of KH,PO,, 0.1 g of NH,;NO;, 0.02 g
of MgSO, - 7TH,0, 10 mg of FeSO, - 7H,0, and either 4 g of glucose or 4 g of
sodium glutamate. PCP was added to various final concentrations as indicated in
the text. Cells were grown at 25°C with shaking. E. coli cells were grown on either
Luria-Bertani (LB) or 2YT medium supplemented, when required for mainte-
nance of plasmids, with ampicillin (100 pg/ml) and/or kanamycin (25 pg/ml), at
37°C with shaking.

Sequence analysis. BLAST searches (1) were carried out at the NCBI website.
Multiple sequence alignments were performed using ClustalW (25), and uncor-
rected distances were obtained using the Distances algorithm in the Genetics
Computer Group package. Motif analyses were performed using the MEME
algorithm (3) at the San Diego Supercomputing Center.

RT-PCR to detect transcription of pcpD. S. chlorophenolicum strain ATCC
39723 was grown on minimal medium with 0.4% (wt/vol) sodium glutamate in
the presence or absence of 100 pM PCP. After growth for 4 days, RNA was
isolated using a Qiagen RNeasy kit. After isolation, the RNA was treated with
RNase-free DNase (2 pg/ml) for 1 h at 37°C. Reverse transcription (RT) was
then performed using a Qiagen Omniscript reverse transcriptase kit according to
the manufacturer’s instructions. A forward primer for pcpD (5'-GGGGTACCA
TGACAAACCCCGTTTCGACAAT-3") was used as a template for cDNA syn-
thesis in the reverse transcriptase reaction. The resulting cDNA was amplified by
PCR using the same forward primer and a reverse primer to the 3'-end of pcpD
(5'-GCTCTAGATTCGAGCGGTCGATTCAGATGT-3"). The PCR program
consisted of a denaturation step of 5 min at 95°C followed by 28 cycles of
denaturation at 95°C for 50 s, annealing at 52°C for 50 s, and extension at 72°C
for 50 s, with a final extension step at 72°C for 10 min. PCR products were
subjected to agarose gel electrophoresis and visualized by staining with ethidium
bromide.

Construction of pSCDK1 for allelic exchange of pcpD. A kanamycin resistance
gene from plasmid pRep4 (Qiagen) was inserted into pcpD using an overlap-
extension PCR method (13). A 562-bp fragment (D1) from the 5’ region of pcpD
was amplified using primers pDKpnl (5'-GGGGTACCACAAACCCCGTTTC
GACA-3") (which includes a KpnI site, designated by the underlined letters) and
pD1  (5'-GTCTTCCATCCTCCAGAAATTTGCCGTCGGCCTCTTCA-3").
The remaining 544-bp fragment (D2) at the 3’ end of the gene was amplified
using primers pD2 (5'-AAACTGCCAACTCCGTCATGAAGAGGCCGACGG
CAAAT-3") and pDHindIIl (5'-TTCGAATTCGAGCGGTCGATTCAG-3")
(which contains a HindIII site, designated by the underlined letters). PCRs were
performed in 100-wl reaction mixture volumes containing 8 pl of 2.5 mM de-
oxynucleoside triphosphates, 200 ng of template DNA, 100 pmol of each set of
primers, 2.5 U of Tag polymerase, and reaction buffer supplied by the manufac-
turer (Promega). Amplification was carried out for 30 cycles. Each cycle con-
sisted of denaturation at 95°C for 30 s, annealing at 50°C for 30 s, and extension
at 72°C for 30 s. The kanamycin resistance gene from plasmid pRep4 (Qiagen)
was amplified using primers p3 (5'-TTCTGGAGGATGGAAGACATGGCGA
TAGCTAGACT-3') and p4 (5'-TGACGGAGTTGGCAGTTTGGACGGTCA
TTTCGAACC-3"). Amplification was carried out for 28 cycles. Each cycle con-
sisted of denaturation at 95°C for 30 s, annealing at 60°C for 30 s, and extension
at 72°C for 60 s. The primers for amplification of the three fragments (D1, the
kanamycin resistance gene, and D2) were designed so that pD1 and p3 contained
complementary regions to allow splicing of the D1 fragment to the 5" end of the
kanamycin resistance gene, and pD2 and p4 contained complementary regions to
allow splicing of the D2 fragment to the 3" end of the kanamycin resistance gene.
The three amplified fragments were purified from 1% agarose gels and then used
in an overlap-extension reaction with pDKpnI and pDHindIII primers. Amplifi-
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cation was carried out for five cycles. Each cycle consisted of denaturation at
95°C for 30 s, annealing at 37°C for 30 s, and extension at 72°C for 60 s.
Annealing at low temperatures was necessary to allow efficient pairing of the
complementary ends of the fragments. Subsequently, an additional 25 cycles
were carried out to amplify the full-length product, with each cycle consisting of
denaturation at 95°C for 60 s, annealing at 55°C for 60 s, and extension at 72°C
for 150 s. The full-length PCR products were digested with Kpnl and HindIII and
inserted into the multiple cloning site of pBluescript which had been digested
with Kpnl and HindIII. The ligation product was transformed into E. coli XL1-
Blue and transformants were selected on LB plates containing ampicillin (100
pg/ml) and kanamycin (50 pg/ml). This plasmid was designed pSCDKI.

Construction of pcpD knockout strains of S. chlorophenolicum strains ATCC
39723 and RA-2. S. chlorophenolicum cells were made competent for transfor-
mation by washing four times with sterile 10% (vol/vol) glycerol and then were
resuspended in 10% (vol/vol) glycerol. pSCDK1 was introduced into competent
cells by electroporation using a 5.9-ms pulse (2.5 kV) on a Bio-Rad Micropulser
in 0.2-cm gapped electroporation cuvettes. Following electroporation, one-quar-
ter-strength tryptic soy broth was added and the cells were allowed to recover
with shaking at room temperature for 12 h. The cells were then plated on
one-quarter-strength tryptic soy broth agar medium containing kanamycin (25
png/ml). pSCDK1 would not be expected to replicate in S. chlorophenolicum, and
indeed, loss of pSCDKI1 from colonies that grew on the plate was confirmed by
PCR using primers for the T3 and T7 promoter regions of the parent plasmid,
pBluescript. Thus, cells can only survive if the kanamycin resistance gene is
transferred to the genomic DNA by homologous recombination of the disrupted
pepD into the intact genomic pcpD. Homologous recombination of the disrupted
pepD into genomic DNA was confirmed by PCR. A band of the expected size was
obtained using a forward primer specific for pcpB (the gene immediately up-
stream of pcpD) and a reverse primer specific for the kanamycin resistance gene.

Degradation of PCP and TCP by wild-type and mutant strains of S. chloro-
phenolicum. Wild-type and mutant strains of S. chlorophenolicum were grown on
minimal medium containing sodium glutamate and either PCP or TCP for 20 h
at 25°C. PCP and TCP concentrations were determined at intervals using high-
performance liquid chromatography (HPLC). Samples were centrifuged for 3
min at 10,000 X g, and aliquots of the supernatant were injected onto a Rainin
C,g column (4.6 by 50 mm). The column was eluted at 1 ml/min with 45%
acetonitrile-55% 0.1% acetic acid in water. The detector was set at 210 nm.

Cloning and expression of PCP hydroxylase and PcpD. Genomic DNA was
isolated from S. chlorophenolicum strain ATCC 39723 using a DNeasy tissue kit
(Qiagen). The gene encoding PCP hydroxylase (pcpB) was amplified by PCR
using the forward primer 5'-CGGAATTCTCGGGCAAGACCACC-3" and the
reverse primer 5-TAGCAAGCTTGTTCTTGACCACCTT-3" The forward
primer was designed to start directly after the ribosome binding site and ATG
initiation codon. EcoRI and HindIII restriction sites that were incorporated in the
forward and reverse primers, respectively, are underlined in the primer sequences.
For amplification of pcpD, the forward primer was 5'-AATTCCATATGACAAAC
CCCGTTTCGA-3" and the reverse primer was 5'-TTGGTACCTTATCAGTG
GTGGTGGTGGTGGTGGTGGTGGTGGTGGTGGTGGATGTCCAGCACC
AGCCGC-3'. The forward primer was designed to start directly after the ribo-
some binding site and ATG initiation codon. The reverse primer encodes a His, ,
tag at the C terminus of the protein. Ndel and Kpnl sites that were incorporated
in the forward and reverse primers, respectively, are underlined in the primer
sequences. PCR amplification in both cases was performed in a total volume of
100 wl containing 200 ng of genomic DNA, 2.5 U of Tag polymerase, 2.0 mM
MgCl,, 0.2 mM deoxynucleoside triphosphate, and 100 pmol of primers. Ampli-
fication was carried out for 28 cycles. Each cycle consisted of denaturation at
95°C for 60 s, annealing at 60°C for 60 s, and extension at 72°C for 120 s. The
amplified fragments were sequenced to confirm that no mutations had been
introduced during PCR amplification.

The amplified pcpB and the pQE30 vector were digested with EcoRI and
HindIIl. The digestion products were then ligated according to standard proce-
dures and transformed into competent E. coli XL1-Blue cells. Transformants
were selected on LB agar with ampicillin (100 wg/ml). Plasmid DNA was pre-
pared from a culture grown from a single colony, and the presence of the desired
insert was verified by agarose gel electrophoresis after digestion with EcoRI and
HindIII. This plasmid was designated pMD-PcpB. For protein expression, pMD-
PcpB was transformed into E. coli M15[pReP4], and transformants were selected
on LB medium containing ampicillin (100 pg/ml) and kanamycin (25 pg/ml).

The amplified pcpD and the pUCP-Nde vector were digested with Ndel and
Kpnl, and the digestion products were then ligated according to standard pro-
cedures and transformed into competent E. coli XL1-Blue cells. White colonies
were selected on LB agar with ampicillin (100 pg/ml) in the presence of X-Gal
(5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) (800 wg/plate) and IPTG



304 DAI ET AL.

(isopropyl-B-p-thiogalactopyranoside) (800 wg/plate) Plasmid DNA was pre-
pared from a culture grown from a single colony, and the presence of the desired
insert was verified by agarose gel electrophoresis after digestion with KpnI and
Xhol. This plasmid was designated pMD-PcpD. For protein expression, pMD-
PcpD was transformed into P. aeruginosa strain PAO1-Lac. Transformants were
selected on LB agar containing carbenicillin (200 wg/ml) and tetracycline (15
wg/ml).

Purification of PCP hydroxylase and PcpD. A 50-ml culture of E. coli
M15[pReP4] containing pMD-PcpB was grown overnight in 2YT medium and
then used to inoculate 1 liter of 2YT medium supplemented with ampicillin (100
pg/ml) and kanamycin (25 wg/ml) in a 4-liter flask. The cells were grown with
vigorous shaking at 37°C until an optical density at 600 nm (ODg) of 0.5 to 0.7
was reached. Expression of PcpB was induced by addition of IPTG (0.5 mM).
Cells were harvested after a further 3 h of growth by centrifugation at 4,000 X g
for 10 min at 4°C. Cultures of P. aeruginosa containing pMD-PcpD were grown
similarly in 2YT containing carbenicillin (200 wg/ml) and tetracycline (15 pwg/ml).
The cell pellets were resuspended in 100 ml of buffer A [S0 mM sodium phos-
phate, pH 8.0, containing 300 mM NaCl, 100 mM imidazole, and 0.1 mM
4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF)] and lysed by four passes
through a French press at a pressure of 12,000 Ib/in. The lysates were subjected
to centrifugation at 12,000 X g for 30 min at 4°C, and the Hiss-tagged PCP
hydroxylase and His,,-tagged PcpD were purified on Ni?*-nitrilotriacetic acid
(NTA) resin according to the protocol in the QIAexpress kit manual (Qiagen).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis indicated
that PcpB had been purified to homogeneity, and PcpD had been purified to
>95% homogeneity. Protein concentrations were determined using a Bio-Rad
protein assay Kit.

Characterization of products formed in enzymatic reactions. For gas chroma-
tography-mass spectrometry (GC/MS) analysis of reaction products formed by
PCP hydroxylase, PCP hydroxylase (10 uM) was incubated with 250 uM PCP or
100 uM TCHQ and 1 mM NADPH in 100 mM potassium phosphate, pH 8.0, at
37°C for 2 min. Samples were centrifuged for 3 min at 10,000 X g to remove
particulates, and aliquots of the supernatant were injected onto a Rainin Cg
column (4.6 by 50 mm). The column was eluted with 25% acetonitrile-75% 0.1%
acetic acid in water at a flow rate of 1 ml/min. The detector was set at 210 nm.
The product peak was collected and extracted three times with an equal volume
of ethyl acetate. The ethyl acetate was removed by rotary evaporation, and the
residue was redissolved in a small volume of ethyl acetate prior to analysis by
GC/MS with a Hewlett-Packard 5988A gas chromatograph-mass spectrometer
equipped with a Hewlett-Packard fused-silica capillary column (length, 25 m;
inner diameter, 0.2 mm; film thickness, 0.33 wm) containing HP-5 cross-linked
5% phenyl methyl silicone. GC/MS analysis of the product formed by PcpD was
analyzed similarly using reaction mixtures containing His,,-tagged PcpD (74
pg/ml), 50 uM TCBQ, and 1 mM NADPH in 100 mM potassium phosphate, pH
8.0.

For quantification of TCBQ formed by PCP hydroxylase, Hiss-tagged PCP
hydroxylase (100 wM) was incubated with 100 uM PCP and 1 mM NADPH in
100 mM potassium phosphate, pH 8.0, at 37°C for 1 min. Glutathione was added
to a final concentration of 2 mM to convert TCBQ to 2,3,5-trichloro-6-S-gluta-
thionylbenzoquinone (GS-TriCBQ) (26, 27). The His,-tagged PCP hydroxylase
was removed by treatment of the reaction mixture with 5 pl of Ni>*-NTA resin
(Qiagen). Samples were centrifuged for 2 min at 10,000 X g to remove the resin,
and aliquots of the supernatant were injected onto a Rainin C,;3 HPLC column
(4.6 by 50 mm). For quantification of GS-TriCBQ, the column was eluted at 1
ml/min with a gradient of 0 to 40% acetonitrile in 0.1% trifluoroacetic acid
(vol/vol) in water over a period of 10 min. The detector was set at 290 nm. A
standard curve was generated by incubating TCBQ (12.5 to 100 pM) with 2 mM
glutathione and then injecting aliquots onto the reverse-phase HPLC column.
Under these conditions, GS-TriCBQ eluted at 5.0 min. For quantification of
PCP, the column was eluted at 1 ml/min with 45% acetonitrile-55% 0.1%
trifluoroacetic acid (vol/vol) in water. The detector was set at 210 nm. Under
these conditions, PCP eluted at 3.8 min.

Enzyme assays. PCP hydroxylase activity was measured by monitoring the
disappearance of PCP in a reaction mixture containing PCP hydroxylase, 100 uM
PCP, and 200 pM NADPH in 50 mM potassium phosphate, pH 8.0. Reaction
mixtures were incubated at 25°C, and enzyme activity was quenched by heating
the tubes in a 140°C sand bath for 1 min. (PCP was determined to be stable under
these conditions.) After centrifugation for 3 min to remove particulates, aliquots
of the supernatant were injected onto a Rainin C,g column (4.6 by 50 mm). The
column was eluted as described above.

Reduction of TCBQ by NADPH was assayed spectrophotometrically by mea-
suring the decrease in ODj3y, in a 0.1-cm-path-length quartz cuvette. Reaction
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TABLE 1. Relatives of PcpD with known functions identified in the
nonredundant NCBI database

gi Protein function % Identity
628500 Phenoxybenzoate dioxygenase beta subunit 44
15600098  Vanillate O-demethylase oxidoreductase 39
1790868  Toluenesulfonate methyl monooxygenase 39
reductase component
3914349 Phthalate dioxygenase reductase 34
9820076  3-Chlorobenzoate 3,4-dioxygenase reductase 34

mixtures contained 50 puM TCBQ, 1 mM NADPH, and variable amounts of
PcpD in 100 mM potassium phosphate, pH 8.0.

Incubation of PCP hydroxylase with TCBQ. PCP hydroxylase (10 wM) was
incubated with either TCBQ or TCHQ (0 to 80 wM) in 50 mM potassium
phosphate, pH 7.5, in a glove box filled with N, for 30 min at room temperature.
Samples were then removed, and PCP hydroxylase activity was assayed as de-
scribed above.

RESULTS AND DISCUSSION

Sequence analysis predicts that PcpD is a reductase con-
taining a flavin and a 2Fe2S cluster. As previously reported
(19), a BLAST search (1) using PcpD as a query sequence
reveals that this protein is most closely related to a number of
proteins that provide the reductase component of class TA
two-component oxygenase enzymes (4, 15, 18, 22). The func-
tions of several of the highest scoring relatives are listed in
Table 1. The oxygenase components of these enzymes typically
contain a nonheme iron and a Rieske-type 2Fe2S cluster (5).
Oxygen is activated at the nonheme iron site for attack upon an
aromatic substrate, either upon the ring itself or upon an alkyl
substituent. These enzymes require the input of electrons from
NADH to the active site iron atom for catalytic turnover.
However, electrons cannot be transferred directly from NADH
to nonheme iron. NADH is a two-electron reductant, provid-
ing reducing equivalents in the form of hydride. Nonheme iron
can only accept reducing equivalents in the form of single
electrons. Thus, the reductase component of two-component
oxygenases acts as a transducer, accepting hydride from
NADH to reduce a bound flavin. The flavin then transfers
electrons singly through iron-sulfur clusters to the oxygenase
active site.

The sequence of PcpD leaves little doubt that it is a reduc-
tase. It contains the three domains typical of the reductase
components of two-component oxygenases: a flavin binding
domain (pFam 00970; E = 2 X 10~°), an NAD-binding do-
main (pFam 00175; E = 0.004), and a ferrodoxin domain
(pFam 00111; E = 6 X 10~ '%). Furthermore, the sequences of
motifs involved in binding the flavin and NAD, as well as the
ligands for the iron-sulfur cluster, are conserved in PcpD. Fig-
ure 1 shows a multiple sequence alignment of a divergent set of
reductases related to PcpD. (A divergent set in which none of
the members has no more than 45% pairwise identity to any
other member helps to pinpoint regions of the sequence that
are conserved for reasons of structure and/or function.) Highly
conserved motifs identified by the MEME algorithm, as well as
amino acid residues that are involved in direct contacts with
the flavin, NAD, or iron atoms in the structurally characterized
phthalate dioxygenase reductase (9), are highlighted in the
figure. PcpD has all of these motifs except for one of the three
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FIG. 1. Multiple sequence alignment of PcpD and related reductases. Secondary structural elements for the flavin (F), NAD (N), and
iron-sulfur (I) domains of the phthalate dioxygenase structure (PDB 2PIA) are designated under each row. Conserved motifs involved in binding
the flavin and NAD are shown in magenta and blue, respectively, and the motif containing the ligands for the iron sulfur cluster is shown in green.
Residues highlighted in yellow are involved in specific interactions with the various cofactors. Abbreviations: Phbendiox.Pp, phenoxybenzoate
dioxygenase, Pseudomonas pseudoalcaligenes (gi628500); vandemeth.Pa, vanillate O-demethylase oxidoreductase, P. aeruginosa (gi15600098);
putdioxsubunit.Ec, putative dioxygenase beta subunit, E. coli O157:H7 (gi15831766); putoxidored.Sm, putative oxidoreductase/oxygenase, Sino-
rhizobium meliloti (gi14523944); oxidoredsubunit.Sc, iron-sulfur oxidoreductase beta subunit, Streptomyces coelicolor (gi7480270); tolsulf-methyl-
monoox.Ct, toluenesulfonate methyl-monooxygenase reductase component, Comomonas testosteroni (gi1790868); Phthdioxred.Bc, phthalate
dioxygenase reductase, Burkholderia cepacia (gi349931, PDB 2PIA); 3Cbdioxred.Alsp, 3-chlorobenzoate-3,4-dioxygenase reductase, Alcaligenes sp.
Tn5271 (gi9820076); PcpD.Sc, S. chlorophenolicum (gi881298).
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OH 2 gADHFiH, OH
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FIG. 2. Reaction reported by Xun and Orser (29, 30) to be cata-
lyzed by PCP hydroxylase.

motifs involved in NAD binding. This motif is the most vari-
able of the motifs found and is also missing in another member
of the set.

Although PcpD appears to have the motifs necessary to
function as a reductase, the proposal that PcpD is a reductase
for PCP hydroxylase seems unlikely based upon our under-
standing of the mechanism of the enzyme. Although the reac-
tion reported to be catalyzed by PCP hydroxylase (Fig. 2) does
resemble those catalyzed by some of the two-component oxy-
genases, PCP hydroxylase is a flavin monooxygenase whose
mechanism is entirely different. Flavin monooxygenases cata-
lyze the NAD(P)H-dependent hydroxylation of phenolic sub-
strates by reaction of the phenol with a C4a-hydroperoxyflavin
species generated by reaction of reduced flavin with O, (11, 12,
16). In these enzymes, NAD(P)H directly reduces the flavin at
the active site, and there is no need for an intermediary reduc-
tase. Thus, it seemed unlikely that PcpD is a reductase for PCP
monooxygenase, but this remained to be established experi-
mentally. Furthermore, it is possible that PcpD might play an
as-yet-uncharacterized role in the pathway. We therefore un-
dertook experiments to explore the role of PcpD in PCP deg-
radation.

PcpD expression is induced by PCP. RT-PCR was used to
determine whether PcpD was expressed in response to PCP.
Cultures of S. chlorophenolicum strain ATCC 39723 were
grown on minimal medium plus sodium glutamate (0.4% [wt/
vol]) in the absence and presence of 100 pM PCP. The cells
were harvested, and total mRNA was isolated. RT-PCR was
carried out with primers specific for pcpD and for pcpB, whose
transcription is known to be regulated by PCP. Figure 3 shows
that bands corresponding to the expected sizes are seen only

FIG. 3. RT-PCR amplification of pcpB (lanes 2 and 3) and pcpD
(lanes 4 and 5) fragments from RNA prepared from S. chloropheno-
licum strain ATCC 39723 cells grown in the absence (lanes 2 and 4) or
presence (lanes 3 and 5) of 100 uM PCP. Lanes 1 and 6 contain size
markers.
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FIG. 4. PCR amplification of pcpD and the three genes known to
be required for degradation of PCP in the wild-type strain S. chloro-
phenolicum strain RA-2 (lanes 1, 3, 5, and 7) and the pcpD knockout
(lanes 2, 4, 6, and 8). Lanes 1 and 2, pcpA; lanes 3 and 4, pcpB; lanes
5 and 6, pcpC; lanes 7 and 8, pcpD. Lane 9 contains size markers.

with samples prepared from cells grown in the presence of
PCP. This result demonstrates that transcription of pcpD is
induced by PCP. Additional experiments (data not shown) in
which RT-PCR was carried out with a forward primer specific
for pepB and a reverse primer specific for pcpD showed that a
band of the size expected for both genes (2.6 kb) was amplified,
demonstrating that a single transcript was produced from pcpB
and pcpD.

Creation of a mutant strain lacking PcpD. In order to de-
termine whether PcpD is required for degradation of PCP, we
created mutant strains of S. chlorophenolicum ATCC 39723
and RA-2 in which pcpD was interrupted with a kanamycin
resistance gene. A DNA fragment in which a kanamycin resis-
tance gene had been inserted into the middle of pcpD was
created using overlap-extension PCR. This fragment was li-
gated into pBluescript, and the resulting plasmid (pSCDK1)
was transformed into E. coli XL1-Blue. pSCDK1 was then
isolated and used to transform S. chlorophenolicum strains
ATCC 39723 and RA-2. Homologous recombination of the
interrupted gene into the genomes of several transformants
was confirmed by PCR. PCR amplification using primers spe-
cific for pcpD gave 2.2-kb bands, consistent with the size of the
interrupted pcpD (Fig. 4, lane 8). Additional experiments using
one primer specific for pcpB and another for the kanamycin
resistance gene gave a band consistent with the size expected
for the sum of pcpB, the initial fragment of pcpD, and the
kanamycin resistance gene (data not shown). PCR amplifica-
tion using primers specific for the T3 and T7 regions of
pSCDKI1 gave a band of the expected size for control experi-
ments with pSCDK1 DNA but no band when DNA from the
mutant strains was used (data not shown), thus confirming the
loss of pSCDKI. Figure 4 summarizes PCR results obtained
with genomic DNA from the mutant RA-2 strain using primers
for pcpA, pepB, pcpC, and pcpD. The mutant strain shows
bands equivalent to those seen for the wild-type strain for
amplification of pcpA, pcpB, and pcpC from genomic DNA.
However, the band obtained with primers for pcpD is larger in
the case of the mutant strain. Similar results were obtained for
the mutant strain obtained from S. chlorophenolicum strain
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FIG. 5. PCP disappearance and cell growth in cultures of wild-type
and pcpD-knockout versions of S. chlorophenolicum strain ATCC
39723. (a) Initial concentration of PCP, 100 uM. [PCP] in wild-type
culture (m) and pcpD-knockout culture ((J); ODss, in wild-type culture
(®) and pcpD-knockout culture (O). (b) Initial concentration of PCP,
300 wM. [PCP] in wild-type culture (m) and pcpD-knockout culture
(8); ODss, in wild-type culture (@) and pcpD-knockout culture (O).

ATCC 39723. Functional PcpD cannot be produced in the
mutant strain because there is a stop codon at the end of the
kanamycin resistance gene. If a fusion protein consisting of the
N-terminal region of PcpD and the kanamycin resistance pro-
tein is produced, it will lack part of the NAD-binding domain
and the entire iron-sulfur cluster domain and therefore be
unable to function as a reductase.

Lack of functional PcpD affects the ability of S. chlorophe-
nolicum to degrade PCP at high concentrations, but not at low
concentrations. We followed the time course of cell growth
and PCP degradation for wild-type and mutant versions of S.
chlorophenolicum strain ATCC 39723. As shown in Fig. 5a,
PCP disappeared from the medium in a culture of the knock-
out strain with 100 uM PCP, although at a reduced rate com-
pared to that seen for the wild-type strain. However, in me-
dium containing 300 uM PCP, the knockout strain was unable
to either remove PCP from the medium or to continue growing
(Fig. 5b). Similar results were obtained with wild-type and
mutant versions of S. chlorophenolicum strain RA-2 (data not
shown). If PcpD is a PCP hydroxylase reductase, it should be
required for removal of PCP at all levels. Thus, these results
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FIG. 6. TCP disappearance and cell growth in cultures of wild-type
and pcpD-knockout versions of S. chlorophenolicum strain ATCC
39723. Initial concentration of TCP, 300 uM. [TCP] in wild-type cul-
ture (@) and pcpD-knockout culture ([J); ODss, in wild-type culture
(®) and pcpD-knockout culture (O).

are inconsistent with the hypothesis that PcpD is a PCP hy-
droxylase, unless an alternative reductant has been recruited to
replace the function of the missing PcpD.

Three possible explanations could be advanced to explain
these results. First, PcpD may be involved in a step down-
stream of the initial hydroxylation of PCP, and lack of func-
tional PcpD may prevent carbon from flowing through the
degradation pathway. Furthermore, absence of PcpD may re-
sult in accumulation of a toxic metabolite that overcomes the
cells at high levels of PCP, resulting in decreased growth and
PCP removal at high PCP concentrations. Second, PcpD might
be involved in the bacterial response to the toxicity of PCP or
one of its metabolites and may be essential for viability at high
levels of PCP. Finally, disruption of pcpD might have altered
levels of PcpR, the regulatory protein that controls expression
of Pcp hydroxylase (4).

Lack of functional PcpD does not affect the ability of S.
chlorophenolicum strain ATCC 39723 to remove TCP from the
medium. Important insights into the role of PcpD were ob-
tained from experiments in which the abilities of wild-type and
pcpD-knockout versions of strain ATCC 39723 to remove TCP
from the medium were examined. Figure 6 shows that the rates
of disappearance of TCP from the medium were identical for
both strains. This result rules out the possibility that disruption
of pcpD has altered levels of PcpR, since PCP hydroxylase
must be present at comparable levels in the wild-type and
knockout strains. Furthermore, since the toxic effects of PCP
and TCP should be similar, these results suggest that PcpD is
not involved in protection against toxicity. Rather, these results
suggest that PcpD is required for a step that occurs during
degradation of PCP, but not of TCP.

Suggestion for the role of PcpD. Since PCP and TCP differ
only in the nature of the substituent at the 4 position, our
observations suggest that PcpD is required when the hydroxy-
lation reaction catalyzed by PCP hydroxylase involves replace-
ment of a chlorine substituent with a hydroxyl group. Consid-
eration of the reaction catalyzed by PCP hydroxylase provides
a novel suggestion for the role of PcpD. Detailed mechanistic
studies for phenol and p-hydroxybenzoate hydroxylases (11, 12,
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FIG. 7. (a) Predicted mechanism for hydroxylation of PCP by PCP hydroxylase based upon those of phenol hydroxylase and p-hydroxybenzoate
hydroxylase. The arrow indicates the step in which NADPH is expected to directly reduce flavin at the active site of the enzyme. (b) Part of an
analogous mechanism for hydroxylation of TCP showing that the product is TCHQ.

16) have been carried out. A model for the reaction catalyzed
by PCP hydroxylase based upon this extensive body of litera-
ture is shown in Fig. 7a. The product of this reaction should be
TCBQ, which is formed by gem elimination of HCI from the
initial hydroxylation product. TCBQ must undergo two-elec-
tron reduction to generate TCHQ, which is the substrate for
TCHQ dehalogenase. We propose that PcpD is a TCBQ re-
ductase that catalyzes reduction of TCBQ to TCHQ. This
proposal is consistent with the observation that PcpD is not
required for degradation of TCP. Based upon the known
chemistry of phenol hydroxylases, PCP hydroxylase would be
expected to convert TCP directly to TCHQ (Fig. 7b). Thus, a
quinone reductase would not be required for degradation of
TCP. If, however, PcpD were indeed a PCP hydroxylase re-
ductase as previously suggested, the knockout strain should be

unable to degrade either PCP or TCP, as the initial hydroxy-
lation step is required in both cases.

The product formed by PCP hydroxylase is TCBQ, not
TCHQ. The mechanism shown in Fig. 7a suggests that the
product formed from PCP by PCP hydroxylase should be
TCBQ. Contrary to this expectation, PCP hydroxylase has
been reported to form TCHQ from PCP (30, 31). We reinves-
tigated the nature of the product formed from PCP by PCP
hydroxylase. We used GC/MS to identify the product formed
from PCP after reaction with PCP hydroxylase and NADPH
for 5 min. The reaction mixture was injected onto a reverse-
phase HPLC column, and the product peak was collected,
extracted into ethyl acetate, and analyzed by GC/MS. (This
procedure was necessary because we found that TCBQ could
not be extracted directly from the reaction mixture, probably
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because it associates tightly with the denatured protein.) The
mass spectrum of the peak eluting from the GC at 14.2 min
(the retention time for TCBQ) was identical to that of authen-
tic TCBQ (data not shown). A small amount of TCHQ was
also detectable in the sample. These results could be explained
in two ways. First, if TCBQ is the initial product, some TCHQ
could be formed during the incubation period by nonenzymatic
reduction by NADPH. Alternatively, if TCHQ is the initial
product, some TCBQ might be formed during the incubation
period by oxidation. To address these possibilities, we incu-
bated TCBQ and TCHQ under comparable reaction condi-
tions for 5 min and analyzed the products in the same way.
GC/MS analysis indicated that some nonenzymatic reduction
of TCBQ occurred during the incubation period. However, no
oxidation of TCHQ occurred during the incubation period.
These results support the conclusion that TCBQ is the initial
product formed from PCP by PCP hydroxylase and the con-
clusion that TCHQ detected in the reaction mixture is formed
by nonenzymatic reduction of TCBQ by NADPH.

In order to further confirm that TCBQ was the product
formed from PCP by PCP hydroxylase, we quantified the
amount of TCBQ formed from PCP using a large amount of
enzyme so that all of the substrate could be converted in a
short period of time, thereby minimizing the extent of nonen-
zymatic reactions. Since TCBQ and TCHQ coeluted under a
variety of HPLC conditions, we devised a procedure in which
TCBQ was converted to an adduct that eluted from the HPLC
column at a retention time different from that of TCHQ.
Treatment of TCBQ with glutathione results in rapid conver-
sion to GS-TriCBQ, which can be quantified by HPLC. Thus,
we incubated Hisg-tagged PCP hydroxylase with 100 uM PCP
and 1 mM NADPH for 1 min at 37°C and then added gluta-
thione to trap TCBQ as GS-TriCBQ. This analysis showed that
all of the PCP had been converted to product and 95 pM
GS-TriCBQ was formed (data not shown). No TCHQ was
detected after the short 1-min reaction time. These data pro-
vide conclusive evidence that PCP is converted directly to
TCBQ by PCP hydroxylase.

The evidence previously presented that PCP hydroxylase
produces TCHQ from PCP must now be reexamined. In the
initial report of the purification of PCP hydroxylase (30), the
product identification was based upon the coelution of the
product and authentic TCHQ on HPLC. We have found that
TCHQ and TCBQ are very difficult to separate by HPLC.
Furthermore, retention time is never sufficient to unambigu-
ously assign structure. In later experiments (31), GC/MS was
performed to determine whether the oxygen atom added to
PCP derived from H,O or O,. In these experiments, reaction
mixtures were incubated for 30 min and then extracted with
ether prior to GC/MS analysis. While this is generally an ad-
equate procedure for recovering aromatic compounds from
aqueous solutions, we have found that TCBQ cannot be re-
covered under these conditions. We suspect that the TCHQ
recovered in these experiments resulted from some nonenzy-
matic reduction of TCBQ over the 30-min incubation time.

PcpD catalyzes the formation of TCHQ from TCBQ. In
order to assess the ability of PcpD to catalyze the reduction of
TCBQ to TCHQ, we cloned and expressed the protein in P.
aeruginosa PAO1-Lac. Only low levels of protein were ob-
tained, because most of the protein was found in inclusion
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FIG. 8. UV-visible assays of the reduction of 50 uM TCBQ by 1
mM NADPH at 25°C in 50 mM potassium phosphate, pH 8.0, in the
absence and presence of PcpD monitored by observing the change in
absorbance at 340 nm. The upper trace shows the rate of the nonen-
zymatic reaction; the middle and lower traces show the rate in the
presence of His,,-tagged PcpD at 37 and 74 pg/ml.

bodies. In order to produce enough protein for initial charac-
terization, we created a construct bearing a His,,-affinity tag at
the C terminus of the protein. The tagged protein was purified
to greater than 95% homogeneity by Ni**-NTA affinity chro-
matography. Figure 8 shows that addition of PcpD to a reac-
tion mixture containing 50 uM TCBQ and 1 mM NADPH
substantially accelerates the reduction reaction in a concentra-
tion-dependent manner. GC/MS analysis confirmed that the
product of the reaction was indeed TCHQ (data not shown).
The specific activity of the protein under these reaction con-
ditions was 1.2 wmol/min/mg, corresponding to a turnover of
44 substrate molecules per enzyme per min. (This number does
not necessarily correspond to k,, since the concentrations of
TCBQ and NADPH may not be saturating.)

TCBQ inactivates PCP hydroxylase. Since PcpD is involved
in a step downstream of PCP hydroxylase, it remains for us to
explain the observation that the pcpD-knockout strain can re-
move PCP from the medium when it is present at low levels but
not when it is present at high levels. TCBQ is a highly reactive
electrophile and can react with a variety of cellular nucleo-
philes (14, 26, 28). We have previously reported that TCBQ is
severely toxic to E. coli spheroplasts at concentrations lower
than 1 pM (17). We incubated TCBQ with PCP hydroxylase
for 30 min and found that TCBQ inactivates the enzyme (Fig.
9), presumably by reacting with nucleophilic groups in the
vicinity of the active site. Incubation with TCHQ (under anoxic
conditions to prevent oxidation of TCHQ to TCBQ) resulted
in no loss of activity. The inactivation of PCP hydroxylase by
TCBAQ is likely to explain the observation that the pcpD-knock-
out strain of ATCC 39723 can remove PCP from the medium
and grow at 100 uM PCP, but not at 300 uM PCP. At higher
PCP concentrations, the accumulation of toxic TCBQ would
be expected to decrease the ability of cells to remove PCP from



310 DAI ET AL.

f
T T T
100 T T T
80
o
£x
EST 40
20
0

1 1 1 1 1 1 I I
2 3 4 5 6 7 8
ratio of TCXQ to

PCP hydroxylase active sites

FIG. 9. Inactivation of PCP hydroxylase after incubation with
TCBQ but not TCHQ for 30 min under anoxic conditions. Each bar
indicates the average of three independent determinations of activity.
Solid bars, TCBQ; hatched bars, TCHQ); error bars, standard devia-
tion.

the medium because of the inactivation of PCP hydroxylase
and, furthermore, would compromise cell viability.

Conclusions. PcpD is expressed in S. chlorophenolicum in
response to PCP, and the mRNA is cotranscribed with that for
PcpB. We have shown that PcpD is involved in degradation of
PCP, but not in degradation of TCP. Based upon this finding,
an understanding of the mechanism of the PCP monooxygen-
ase reaction, and the sequence of PcpD, we suggested and
verified experimentally that PcpD is a TCBQ reductase. Thus,
we have identified a previously unrecognized step in the PCP
degradation pathway and have corrected the misassignment of
the function of PcpD. Efforts to express PcpD at levels suffi-
cient for further biochemical and kinetic characterization are
in progress.
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