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Microbes in contaminated environments often evolve newmetabolic
pathways for detoxification or degradation of pollutants. In some
cases, intermediates in newly evolved pathways are more toxic than
the initial compound. The initial step in the degradation of pentachlo-
rophenol by Sphingobium chlorophenolicum generates a particularly
reactive intermediate; tetrachlorobenzoquinone (TCBQ) is a potent
alkylating agent that reactswith cellular thiols at a diffusion-controlled
rate. TCBQreductase (PcpD), anFMN-andNADH-dependent reductase,
catalyzes the reduction of TCBQ to tetrachlorohydroquinone. In the
presence of PcpD, TCBQ formed by pentachlorophenol hydroxylase
(PcpB) is sequestered until it is reduced to the less toxic tetrachlorohy-
droquinone, protecting the bacterium from the toxic effects of TCBQ
and maintaining flux through the pathway. The toxicity of TCBQmay
have exerted selective pressure to maintain slow turnover of PcpB
(0.02 s−1) so that a transient interaction between PcpB and PcpD can
occur before TCBQ is released from the active site of PcpB.
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Anthropogenic compounds used as pesticides, solvents, and
explosives often persist in the environment and can cause

toxicity to humans and wildlife. In some cases, microbes have
evolved the ability to partially or completely degrade such com-
pounds. Complete degradation of anthropogenic compounds
requires the evolution of new metabolic pathways that convert these
compounds into metabolites that can be used by existing meta-
bolic networks. The sequence of steps in new degradative path-
ways is dictated by the repertoire of enzymes in exposed microbes
and/or microbial communities that can catalyze newly needed
reactions. The serendipitous assembly of new degradation path-
ways can result in the production of intermediates that are toxic
due to their intrinsic chemical reactivity or adventitious inter-
actions between these intermediates and cellular macromolecules.
The toxicity of such intermediates can pose a significant challenge
to the evolution of efficient pathways for the degradation of an-
thropogenic compounds (1).
The pathway for degradation of pentachlorophenol (PCP) by

Sphingobium chlorophenolicum (Fig. 1) (2, 3) includes the re-
markably toxic intermediate tetrachlorobenzoquinone (TCBQ).
The LD50 for Escherichia coli protoplasts is <1 μM (4). TCBQ is
the most toxic of a set of 14 quinones (5), with an LD50 of 18 μM
for primary rat hepatocytes. (For comparison, the LD50 for
benzoquinone is 57 μM and for 2,3,4,6-tetramethylbenzoquinone
is 800 μM.) TCBQ is a potent alkylating agent, capable of forming
covalent adducts with proteins (6) and with the nucleobases of
DNA (7). Thiols such as glutathione react with TCBQ particu-
larly rapidly (3, 6). Depletion of glutathione eliminates a critical
cellular mechanism for protection against alkylating agents and
oxidative damage. Further, TCBQ can generate hydroxyl radicals
by its interaction with hydrogen peroxide (8). Thus, TCBQ is
a devastating toxin due to a plethora of molecular mechanisms.
The pathway for degradation of PCP in S. chlorophenolicum is

believed to be still in the process of evolving because PCP was
introduced as a pesticide less than 100 y ago (9, 10) and some of the

enzymes in the pathway function quite poorly (3, 11). The in-
termediacy of a dangerous compound such as TCBQ in a newly
evolving pathway brings up a number of interesting questions.
First, why has the pathway evolved via a route that involves TCBQ?
Second, howdoes the bacteriumprotect itself from the toxic effects
of TCBQ? And third, does the intermediacy of TCBQ explain the
inefficiency of PCP degradation by S. chlorophenolicum?
The answer to the first question emerges from a consideration of

the enzymatic repertoire that exists to initiate degradation of natu-
rally occurring phenols. Phenols are common natural products,
produced by a range of organisms from microbes to insects and by
degradation of lignin. Cleavage of phenols under aerobic conditions
requires the introduction of a second hydroxyl group. This reaction
can be carried out by cytochrome P450 enzymes or flavin mono-
oxygenases. PCP hydroxylase (PcpB), the first enzyme in the path-
way for degradation of PCP, is a flavinmonooxygenase (3) and likely
originated from an enzyme that hydroxylated a naturally occurring
phenol. Hydroxylation of phenols at a position carrying a hydrogen
results in formation of a catechol or hydroquinone rather than
a benzoquinone (Fig. 1). However, when a good leaving group such
as chloride is present at the position of hydroxylation, the unstable
intermediate eliminates HCl to form a benzoquinone.
The answer to the second question is suggested by the obser-

vation that microbes that generate benzoquinones from phenols
typically have a reductase that converts a benzoquinone to a
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hydroquinone. The gene encoding the reductase is located im-
mediately downstream of the gene encoding the hydroxylase
(12). Examples are found in the pathways for degradation of
2,4,6-trichlorophenol (TriCP), p-nitrophenol and o-nitrophenol in
Cupriavidus necator JMP134 (13), Pseudomonas sp. Strain WBC-3
(14), and Alcaligenes sp. strain NyZ215 (15), respectively. Like
these microbes, S. chlorophenolicum contains a gene encoding
a reductase (PcpD) immediately downstream of the gene encoding
the hydroxylase (PcpB). We have previously shown that pcpD is
essential for survival of S. chlorophenolicum at high concentrations
of PCP but is not essential for survival at high concentrations
of 2,3,5,6-tetrachlorophenol (TCP) (2). In this work, we have
addressed the mechanism of that protection. As shown in Fig. 1,
hydroxylation of TCP produces tetrachlorohydroquinone (TCHQ)
whereas hydroxylation of PCP produces the more toxic TCBQ.
PcpD is an efficient TCBQ reductase. However, its ability to
prevent the escape of TCBQ to the solvent before it is reduced
to TCHQ is an even more critical aspect of its function.
Our results provide insights into the answer to the third ques-

tion. Because PcpB and PcpD do not form a stable complex, the
rate of their encounter is limited by diffusion. The slow rate of
turnover by PcpB [at 0.02 s−1 (3), it is the rate-limiting step of the
pathway (4)] may be a result of selective pressure to prevent pro-
duction of TCBQ at a rate faster than it can be intercepted by
PcpD. Thus, the efficiency of the interaction between PcpB and
PcpD may limit the efficiency of the degradation of PCP and
prevent selection of a more catalytically robust PcpB.

Results
TCBQ Reacts Extremely Rapidly with Thiols. We attempted to mea-
sure the rate constants for reaction of TCBQ (25 μM) with
a sampling of thiol compounds using stopped-flow spectroscopy.
The rate of reaction with cysteine (250 μM; Fig. S1) was too fast
to measure, as the reaction was complete within the dead-time of
the instrument (2 ms). Given that at least 10 half-lives occurred
during this interval, we can calculate that the second-order rate
constant for reaction with cysteine is >1.3 × 107 M−1·s−1. Re-
action of TCBQ with glutathione (250 μM) was slightly slower
(Fig. S1), but the reaction was still over within a few milli-
seconds; we estimate that the second-order rate constant is >4 ×
106 M−1·s−1. Similarly, we estimate that the second-order rate
constant for reaction of TCBQ with β-mercaptoethanol (β-ME)
is >1.4 × 106 M−1·s−1. In contrast to the extremely rapid reaction
with thiols, reactions of TCBQ with nucleophilic amino acids
(250 μM) such as lysine, serine, and histidine were quite slow,
with half-lives >5 min. TCBQ did not react with ATP or GTP (as
models for nucleobases in DNA) at a measurable rate over
a period of 5 min.

TCBQ Reacts with PcpB. We examined the propensity of TCBQ to
react with nucleophiles, most likely cysteine residues, on proteins
by incubating PcpB with U-14C-PCP in the absence and presence
of its cosubstrate, NADPH. As shown in Fig. 2A, 14C was in-
corporated into the protein only under turnover conditions, i.e.,
in the presence of NADPH. These data demonstrate that TCBQ
reacts with the protein, but, as expected, PCP does not. Further
evidence that TCBQ reacts with protein residues is provided by
the observation that covalent dimers of PcpB are formed during
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Fig. 1. The initial steps in the pathway for degradation of PCP in S. chlor-
ophenolicum via the intermediates TCBQ and TCHQ are highlighted in
green. Hydroxylation of TCP by PcpB forms TCHQ directly.
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Fig. 2. TCBQ formed by PcpB forms covalent adducts with PcpB. (A) 14C in-
corporated into PcpB after incubation with U-14C-PCP and cofactors and PcpD
as indicated for 10 min at room temperature. (B) SDS/PAGE analysis of re-
action mixtures in which PcpB was incubated with PCP (100 μM) in the ab-
sence (lane 1) or presence (lane 2) of NADPH and NADH and in the presence
of NADPH, NADH, and PcpD (10 μM) (lane 3) for 10 min at room temperature
in 50 mM potassium phosphate, pH 7. Lane 4, molecular mass markers.
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turnover of PCP, but not during incubation with PCP in the
absence of NADPH (Fig. 2B). In addition, we have previously
reported that incubation of PcpB with TCBQ causes loss of
catalytic activity (2).

Deletion of pcpD from S. chlorophenolicum L1 Results in Increased
Sensitivity to Phenols That Are Degraded via a Benzoquinone
Intermediate. To investigate the toxicity of benzoquinones and
hydroquinones generated by hydroxylation of chlorophenols, we
deleted pcpD in S. chlorophenolicum L1. The phenotype of the
ΔpcpD strain was characterized by growth on agar plates supple-
mentedwithPCP,TCP, orTriCP. PCPandTriCP, but notTCP, led
to significant toxicity in the ΔpcpD strain compared with the wild
type (Fig. 3A). Because both PCP and TriCP, but not TCP, generate
benzoquinones, these results demonstrate the in vivo importance of
PcpD in protecting cells from toxic benzoquinone intermediates.
These results extend our earlier studies of the effects of disruption
of pcpD in S. chlorophenolicum strain ATCC 39723 (2).
We anticipated that TCBQ would not be converted to further

intermediates in the PCP degradation pathway in theΔpcpD strain
but would react with various nucleophiles in the cytoplasm. To
our surprise, we were unable to identify adducts between TCBQ
and glutathione in cytoplasmic fractions. Rather, we found that
a number of compounds derived from PCP accumulated in the
medium during growth of the ΔpcpD strain, but not of the wild-
type strain, in the presence of U-14C-labeled PCP. The presence
of 14C in these products (Fig. 3B) suggests that they are derived
from U-14C-labeled TCBQ because that is the last product
expected to be generated by theΔpcpD strain.Most of the products
appear to contain an intact aromatic ring as they absorb at>320 nm
(Fig. 3B). Analysis of some of these products bymass spectrometry
indicates that they contain one, two, or three chlorines based upon
their isotopic mass patterns. [Chlorine is present as a mixture of
isotopes, including 35Cl (76%) and 37Cl (24%). The natural
abundance of these isotopes causes a characteristic distribution of

peaks separated by 2 atomic mass units.] The identity of these
products is difficult to determine, as multiple isomeric species are
possible for each, and pathways for decomposition of adducts of
TCBQ are unknown.

Purification of Active PcpD. To investigate the mechanism by which
PcpD provides a protective effect against benzoquinones, we set
out to characterize PcpD in vitro. PcpD from S. chlorophenolicum
L1 is difficult to express and purify (2, 16). Consequently, we looked
for other sources that might provide an enzyme more amenable to
purification. A multiple sequence alignment of putative TCBQ
reductases from other PCP-degrading Sphingomonads with three
related phthalate dioxygenase reductases (Fig. S2) revealed that
PcpD from S. chlorophenolicum L1 has a unique insertion of an
arginine residue in the 2Fe-2S domain. Based on the structure of
phthalate dioxygenase reductase from Burkholderia cepacia (17),
this arginine should be located in a loop that may interact with the
C terminus of the protein and stabilize the 2Fe-2S domain. We
suspected that this insertion might interfere with expression and
folding in a heterologous system.We therefore decided to produce
the closely related protein from S. chlorophenolicum sp. RA2 (18),
which differs from PcpD from S. chlorophenolicum sp. L1 in only
two positions (position 241 is Val rather than Met, and there is no
insertion of Arg at position 245). Overproduction of this PcpD, as
well as a truncated version lacking the 2Fe-2S domain (PcpD-
FeS), in E. coli resulted in high yields of soluble and active enzyme
(50 and 100 mg/L respectively). Purified PcpD from S. chlor-
ophenolicum RA2 is a golden-brown enzyme with a spectrum con-
sistent with the presence of both a flavin and an iron-sulfur cluster
(Fig. S3) (19). The truncated enzyme shows the spectrum typical of
a flavoenzyme (Fig. S3). The native enzyme is trimeric based on gel
filtration chromatography, eluting with an apparent molecularmass
of 100 kDa. (The molecular mass of the monomer is 36 kDa.) In
contrast, the truncated protein is a dimer rather than a trimer at
moderate salt concentrations, eluting with an apparent molecular
mass of 56 kDa. (The molecular mass of the monomer is 26 kDa.)

PcpD Has Broad Substrate Specificity. Based on the homology be-
tween PcpDand enzymes such as phthalate dioxygenase reductase,
PcpDmost likely evolved from the reductase component of a two-
component oxygenase system (2). Reductases in this family often
have activity toward a range of substrates, both small molecules
and proteins, and can donate either one or two electrons from
either the flavin or the 2Fe-2S cluster (20). We therefore tested
the ability of PcpD and PcpD-FeS to reduce the small molecule
2,6-dichloroindophenol (DCIP) and the protein cytochrome c
using NADH as an electron donor (Table 1). DCIP is reduced
efficiently by PcpDwith a kcat/Km of 3.7 × 105M−1·s−1 and aKm of
38 μM in the presence of 100 μM NADH. The protein substrate
cytochrome c is also efficiently reduced by PcpD, with a kcat/KM of
5.1 × 105 M−1·s−1 and a Km of 18 μM at 100 μMNADH. The values
of kcat/KM are about 10-fold lower than those of phthalate dioxy-
genase reductase for both substrates (kcat/KM is 1.8 × 106 M−1·s−1

for DCIP and 6.0 × 106 M−1·s−1 for cytochrome c) (20).

PcpD Requires FMN and NADH. The flavin cofactor in PcpD was
identified by denaturation of the protein and HPLC analysis of
the released flavin as described by Aliverti et al. (21). The co-
factor was found to be flavin mononucleotide (FMN), which is
consistent with the evolutionary relationship between PcpD and
phthalate dioxygenase reductases, which also contain FMN.
We investigated the specificity of PcpD toward its nicotinamide

cosubstrate using cytochrome c as a substrate. The reaction ve-
locity in the presence of NADH showed saturation kinetics with
a KM of 11.5 μM in the presence of 90 μM cytochrome c. In con-
trast, the KM for NADPH was 1.21 mM (Fig. S4). By comparing
the values for kcat/KM, we conclude that PcpD is >550-fold more
reactive with NADH than with NADPH (Table 1).
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Fig. 3. Phenotypic differences between wild-type and ΔpcpD S. chlor-
ophenolicum. (A) Wild-type or ΔpcpD cells were spotted on ATCC 1687 agar
plates containing glutamate as a carbon source. The plates were supple-
mented with 100 μM PCP, TCP, or TriCP and incubated in the dark for 5–7 d.
(B) Products derived from U-14C-PCP are excreted into the medium by cells
lacking PcpD (red), but not by wild-type cells (blue). Compounds eluting
from an HPLC column were monitored by scintillation counting (Left) or by
UV-Vis spectroscopy (Right).
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TCBQ Is Efficiently Reduced by PcpD. The high reactivity of TCBQ is
a challenge when attempting to characterize the activity of PcpD in
vitro because TCBQ is rapidly reduced nonenzymatically by
NADH, the cosubstrate for PcpD, and also because TCBQ reacts
rapidly with nucleophiles on enzymes, most especially cysteine (see
above). It was necessary to use stopped-flow spectroscopy to de-
termine the rate of the nonenzymatic reduction reaction. The
second-order rate constant derived from the data is 2,400 M−1·s−1

(Fig. 4). Thus, the reduction of TCBQ to TCHQ in reactions
containing 30 μM TCBQ and 200 μM NADH is essentially com-
plete in 5 s.
Although the nonenzymatic reduction of TCBQ to TCHQ by

200 μM NADH is quite fast, we were able to determine the rate
acceleration provided by PcpD using stopped-flow spectroscopy.
In the presence of 200 μM NADH and 30 μM TCBQ, the dis-
appearance of TCBQ followed first-order kinetics at all con-
centrations of PcpD (Fig. 4). A plot of the observed rate vs.
PcpD concentration gives a rate constant of 1.2 × 107 M−1·s−1

(Fig. 4, Table 1). Thus, PcpD accelerates the rate of reduction of
TCBQ over the nonenzymatic rate by 5,000-fold. These results
differ from those reported by Chen and Yang (16), who mea-
sured a rate acceleration of only 2.9-fold. However, these

workers added FAD and NADPH to assays using enzyme that
had been reconstituted from inclusion bodies. Because the flavin
cofactor is actually FMN and the nicotinamide cofactor is ac-
tually NADH, the low activity of the enzyme was likely due to the
presence of the wrong cofactors.

TCBQ Generated from PCP by PcpB Is Efficiently Converted to TCHQ by
PcpD. To establish that PcpD is a physiologically relevant TCBQ
reductase, we assayed PcpDwith TCBQ generated in situ by PcpB.
We incubated PcpB, PCP, NADPH (the cosubstrate for PcpB),
and NADH (the cosubstrate for PcpD) under ambient O2 to
generate ∼10 μM TCBQ in 1 min (10% turnover). In the absence
of PcpD, some TCHQ was formed by nonenzymatic reduction of
TCBQ by the NAD(P)H cosubstrates (Table 2). Notably, the
amount of PCP consumed does not equal the amount of TCHQ
formed; the “missing” material (∼3 μM) can be attributed to
nonspecific covalent modification of PcpB (Fig. 2) by TCBQ. In
the presence of PcpD,weobserved a significant increase in the yield
of TCHQ, themagnitude of which is dependent on the concentration
of PcpD. Further, we observed a consistent PcpD-dependent in-
crease in PcpB activity; in the presence of 12 μM PcpD, twice as
much PCP is consumed during the reaction. The formation of
TCHQ by PcpD depends on the presence of NADH, the cosub-
strate specific for PcpD. When only NADPH is supplied, the
amount of TCHQ formed is similar to that of the control reaction
lacking PcpD. Thus, it must be the activity of PcpD, not merely its
presence, that is important for reduction of TCBQ to TCHQ. The
effect of PcpD might be due simply to a high rate of catalysis by
PcpD, which sweeps TCBQ toward TCHQ [as suggested by Bel-
chik et al. for a similar two-enzyme system involved in degradation
of TriCP 2,4,6-trichlorophenol (13)], or to a physical interaction
between PcpB and PcpD that prevents release of TCBQ to
the solvent.

TCBQ Is Protected from Solvent in the Coupled PcpB–PcpD Reaction.
Given the high reactivity of TCBQ, we wondered whether PcpB
and PcpD might interact to prevent release of TCBQ into the
cytoplasm where it would react with nucleophiles in small mol-
ecules and proteins. We took advantage of the high reactivity of
TCBQ with thiols to determine whether TCBQ is released to
solution before it is reduced by PcpD. TCBQ reacts rapidly with
β-ME to form the tetra-β-mercaptan adduct 2,3,5,6-tetrakis[(2-
hydroxyethyl)thio]-1,4-hydroquinone (THTH) (Fig. 5A) (3). The
rate constant for the reaction of β-ME with TCBQ is >1.4 × 106

M−1·s−1 (Fig. S1). Thus, the rate of the initial step in formation
of THTH (i.e., attack of the first molecule of β-ME) would
be >8,400 s−1 in the presence of 6 mM β-ME. This is 80-fold
faster than the rate of reduction of TCBQ in solution in the
presence of 10 μM PcpD (120 s−1). Any TCBQ that is released

Table 1. Kinetic parameters for reactions of PcpD with TCBQ, DCIP, and cytochrome c

Substrate Kinetic parameter PcpD PcpD-FeS

TCBQ (with 200 μM NADH) kcat/Km (M−1·s−1) (1.2 ± 0.17) x 107 (2.51 ± 0.67) x 107

Cytochrome c (with 100 μM NADH) kcat (s
−1) 9.1 ± 0.49 0.46 ± 0.047

Km (μM) 17.6 ± 0.66 337.5 ± 44.6
kcat/Km (M−1·s−1) (5.1 ± 0.4) x 105 1366 ± 42

DCIP (with 100 μM NADH) kcat (s
−1) 14.1 ± 0.6 36.6 ± 1.2

Km (μM) 38.3 ± 2.5 208 ± 11
kcat/Km (M−1·s−1) (3.68 ± 0.15) x 105 (1.76 ± 0.05) x 105

NADH (with 90 μM cytochrome c) kcat (s
−1) 20.1 ± 0.9

Km (μM) 11.5 ± 0.7
kcat/Km (M−1·s−1) (1.74 ± 0.15) x 106

NADPH (with 90 μM cytochrome c) kcat (s
−1) 3.7 ± 0.3

Km (mM) 1.21 ± 62
kcat/Km (M−1·s−1) (3.1 ± 0.1) x 103

Fig. 4. Reduction of TCBQ by NADH in the presence and absence of PcpD.
TCBQ was mixed with NADH and varying concentrations of PcpD in a stop-
ped-flow spectrophotometer to yield final concentrations of 30 μM TCBQ,
200 μM NADH, and 0 nM (black), 200 nM (blue), 400 nM (red), or 600 nM
(green) PcpD. Depletion of TCBQ was monitored at 290 nm and was fit to
a single exponential (shown in black for each curve). The Inset uses a com-
pilation of additional experimental conditions and replicates to demonstrate
the dependence of the observed rates on enzyme concentration.
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from the active site of PcpB under these reaction conditions will
partition toward THTH rather than TCHQ with a ratio of 80:1.
In the absence of PcpD, no TCHQ was observed when 6 mM

β-ME was included in the reaction mixture (Fig. 5B). Rather, the
only detectable product was THTH. This result confirms the ex-
treme rapidity of the reaction of β-ME with TCBQ, as no TCHQ
was formed by nonenzymatic reduction withNADPH. The amount
of THTH formed does not equal the amount of PCP consumed,
presumably because of the reactivity of TCBQ with other nucleo-
philes such as cysteines on PcpB (Fig. 2). In contrast, the primary
product in the presence of 10 μM PcpD was TCHQ. These results
demonstrate unambiguously that TCBQ produced by PcpB is se-
questered from the solvent in the presence of PcpD and are con-
sistent with the hypothesis that a physical interaction between PcpB
and PcpD prevents release of TCBQ until it is reduced to TCHQ.
TheadditionofPcpDdidnot completelypreventTHTHformation,
however, suggesting that release of TCBQ to solvent competes with
formation of a PcpB:PcpD complex under these conditions.

PcpD Lacking the FeS-Cluster Domain Is Active and Kinetically
Competent for Reduction of TCBQ. To address the mechanism of re-
duction of small molecules and protein substrates by PcpD, we
constructed PcpD-FeS, which lacks the 2Fe-2S domain. The re-
activity of PcpD-FeS with both TCBQ andDCIP is similar to that of
PcpD itself (Table 1). These results suggest that electrons flow from
NADH to the flavin and then to small molecule substrates, as has
been observed for other quinone reductases (22). In contrast, PcpD-
FeS is much less efficient at reducing cytochrome c than the full-
length protein. TheKm is increased and the kcat is decreased, leading
to a>350-fold decrease in kcat/Km (Table 1), suggesting that the iron-
sulfur domain participates significantly in the transfer of electrons
from PcpD to cytochrome c, due either to a role in achieving the
protein–protein interaction required for electron transfer, or be-
cause the 2Fe-2S cluster actually provides the electron transferred to
thehemeof cytochrome c. (If the latterwere thecase, then the source
of electrons would differ for small molecule substrates and proteins,
which seems unlikely.) This result is reminiscent of that seen for
phthalate dioxygenase reductase, where removal of the iron-sulfur
domain caused a similar change in kcat toward cytochrome c, al-
though the Km remained unchanged (20).

Removal of the Fe-S Domain of PcpD Abrogates Its Ability to Protect
TCBQ from the Solvent. PcpD-FeS is capable of reducing TCBQ
free in solution at a rate twice as fast as that of full-length PcpD.
However, TCBQ formed by PcpB is not sequestered from the
solvent in the presence of PcpD-FeS (Table 2). No TCHQ was
formed when PcpD-FeS was present at either a 3.6-fold or
a 14.4-fold excess over the concentration of PcpB. Because the
FeS-domain is not required for reduction of TCBQ, we hy-
pothesize that it is required for a protein–protein interaction
between PcpB and PcpD.
To investigate the possibility of a protein–protein interaction

between PcpB and PcpD, we attempted to disrupt the interaction

by adding detergent or high concentrations of salt, which can
disrupt hydrophobic and electrostatic interactions, respectively.
Addition of Triton X-100 (2% final concentration) or PEG 2000
(0.2% final concentration) did not affect the protection of TCBQ
in the coupled assay in the presence of β-ME. In contrast, ad-
dition of 500 mM potassium phosphate resulted in loss of the
protection of TCBQ (Table 2). [In these experiments the con-
centrations of both PcpB and PcpD were doubled to compensate
for the modest decreases in activity seen for each of these
enzymes in the presence of high salt concentrations (Fig. S5).]
Taken together with the observation that the FeS-domain of
PcpD is required for sequestration of TCBQ, these results are
consistent with the hypothesis that an electrostatic interaction
between PcpB and the FeS-domain of PcpD enables reduction of
TCBQ before it is released to the solvent.

Attempts to Demonstrate a Physical Interaction Between PcpB and
PcpD. We were unable to demonstrate a stable complex between
PcpB and PcpD by native gel electrophoresis, gel filtration, dy-
namic light scattering, or surface plasmon resonance. We also
failed to detect cross-linking between PcpB and PcpD during sub-
strate turnover using 1-ethyl-3-[3-dimethylaminopropyl]carbodii-
mide, dimethyl-suberimidate, glutaraldehyde, and di-succinimidyl-
glutarate, as well as the photo-cross-linkers Tris(2-2′-bipyridyl)
dichlororuthenium(II) and 2-azido-5-amino benzoic acid N-hydrox-
ysuccinimide ester. However, the monomers of PcpB were cross-
linked to dimers and the monomers of PcpD to dimers and trimers,
under all of these conditions.

Discussion
Although previous studies have addressed the consequences of
treating cells (5) or nucleosides (7) with TCBQ, the rates of
physiologically relevant reactions between TCBQ and nucleo-
philes have not been examined. TCBQ reacts with thiols with
rate constants >1.4 × 106–1.3 × 107 M−1·s−1 at pH 7. The ap-
parent decrease in reactivity going from cysteine to glutathione
to β-ME correlates with their pKas (8.2, 9.2, and 9.6, re-
spectively) (Fig. S1) and is consistent with the reactive moiety
being the thiolate. Given these pKa values, 6%, 0.6%, and 0.3%
of the thiols will be deprotonated at pH 7 for cysteine, gluta-
thione, and β-ME, respectively. Thus, the rate constant for re-
action between TCBQ and thiolates is >108 M−1·s−1 , essentially
the diffusion-controlled limit. It is important to note that each
molecule of TCBQ can react with multiple thiols, leading to
depletion of up to four molecules of glutathione per TCBQ (23).
Further, reaction of TCBQ with multiple thiols can lead to cross-
linking of proteins (Fig. 2B).
The rate constants for reaction of TCBQ with thiols are more

than three orders ofmagnitude higher than those for reactions with
hydroxyl and amino groups of amino acids. A similar reactivity
profile has been observed for the benzoquinones of poly-
chlorinated biphenyls (24). Reactions with nucleotides are even

Table 2. Products formed from PCP by PcpB

PcpB, μM PcpD, μM PCP consumed, μM TCHQ formed, μM

2.8 0 9.0 ± 1.8 6.0 ± 0.5
2.8 3 13 ± 2.3 10 ± 0.9
2.8 6 14 ± 0.9 17 ± 0.5
2.8 12 20 ± 4.7 24 ± 2.3
2.8 6 (no NADH) 9.0 ± 2.3 5.0 ± 0.1
2.8 10 (PcpD–FeS)* 17 ± 1.6 0
2.8 40 (PcpD-FeS)* 14 ± 5.2 0
5.6 20 (+ 0.5 M potassium phosphate)* 23 ± 5.7 0.4 ± 0.9

Reaction mixtures contained 100 μM PCP, 50 μM NADPH, and 50 μM NADH, except where indicated.
*Reactions carried out in the presence of 6 mM β-ME.
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slower, consistent with the prolonged reaction times used to gen-
erate adducts from TCBQ and nucleosides or DNA (reactions
were carried out for 2 h at 65 °C and for 72 h at 37 °C, respectively
(7)) and also with a report that quinone adducts are formed at
a frequency of only 8 per 107 nucleotides in rats that were chron-
ically exposed to 1,000 ppm (3.8 mM) PCP for 27 wk (25). In
agreement with these previous qualitative reports, our kinetic data
suggest that, in cells, TCBQ will primarily react with glutathione
and cysteine (both free and in proteins), and at a slower rate with
hydroxyl and amino groups.
We have shown that S. chlorophenolicum lacking pcpD can

grow in the presence of high concentrations of TCP but not in
the presence of high concentrations of PCP [300 μM in liquid
cultures (2) and 100 μM on agar plates; Fig. 3A]. Similar results
are seen with TriCP, which also generates a benzoquinone after
hydroxylation by PcpB. The results described here provide

a molecular explanation for this observation. Our data confirm
that PcpD is a TCBQ reductase, and further suggest that its most
important role in PCP degradation is to enable reduction of
TCBQ before it is released to the cytoplasm.
Sequestration of highly reactive intermediates is important

both because escape of such intermediates to the solvent decreases
flux through a pathway and because it can result in formation of
useless by-products or damage to cellular molecules. Passage of an
intermediate directly from one active site to another without
equilibration with the solvent is called channeling (26–30).
Examples of reactive intermediates that are channeled from one
active site to another include carbamate (31), ammonia (32), in-
dole (33), aspartyl phosphate (34), glutamyl phosphate (35), and
phosphoribosylamine (26). TCBQ is even more reactive than these
intermediates, undergoing reaction with thiols at physiologically
relevant concentrations in milliseconds. The protection of TCBQ
from thiols in the presence of PcpD suggests that an interaction
between PcpB and PcpD prevents release of TCBQ to the solvent
before it is reduced to TCHQ.
We were not able to demonstrate a physical interaction be-

tween PcpB and PcpD using various physical methods. However,
we have presented strong kinetic evidence for such an interaction.
We have shown that TCBQ is trapped by thiols in the solvent in
the absence of PcpD, but is protected in the presence of PcpD.
Trapping of a reaction intermediate that has been released to the
solvent by a very fast reaction is one of the most rigorous tests for
channeling. This approach has been used to measure the effi-
ciency of channeling between the active sites of BphI and BphJ
(36), dihydroxyacetone kinase and aldolase in a fused bi-
functional enzyme (37), and orthologous and chimeric aldolase–
dehydrogenase complexes (38). In the latter case, channeling
occurs in orthologous complexes, but not in chimeric complexes,
even though stable complexes are formed in both cases. Similarly,
channeling occurs between the active sites of ATP sulfurylase and
3′adenosine-5′-phosphosulfate in a type III sulfate activating
complex, but not in a type I complex, even though the enzymes are
in the same polypeptide chain in both cases (39). Thus, the exis-
tence of a stable association between proteins does not ensure that
channeling will occur; the kinetic evidence is considered definitive.
Kinetic evidence that demonstrates protection of a reactive

intermediate from the solvent is taken as prima facie evidence
that a protein–protein interaction takes place. The PcpB:PcpD
system is not the first case in which kinetic evidence for a pro-
tein–protein interaction is compelling, but a physical interaction
cannot be detected. Other examples include aspartyl kinase:
aspartate semialdehyde dehydrogenase (34), glutamyl kinase:
glutamate semialdehyde dehydrogenase (35), and glutamine
phosphoribosylpyrophosphate amidotransferase:glycinamide
ribonucleotide synthetase (26). The hypothesis that a protein–
protein interaction between PcpD and PcpB is responsible for the
sequestration of TCBQ is supported by experiments showing that
TCBQ is released to the solvent when PcpD-FeS is present, even
though this truncated enzyme is kinetically competent for re-
duction of TCBQ. Finally, addition of high salt concentrations but
not detergent abrogates sequestration of TCBQ. PcpD is active
under these conditions so these results cannot be attributed
to lack of TCBQ reductase activity. It is difficult to imagine
a mechanism for these effects that does not involve a protein–
protein interaction.
The combination of kinetic evidence for a protein–protein

interaction in the absence of confirmation of such an interaction
by physical methods suggests the possibility that the interaction
between PcpD and PcpB is transient. Such interactions are often
not amenable to detection by methods such as native gel elec-
trophoresis, gel filtration, chemical cross-linking, or surface
plasmon resonance (26, 40, 41) although their importance is well
recognized (42). A transient interaction between PcpB and PcpD
might be expected given that PcpB is expected to undergo
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Fig. 5. Products formed from PCP by PcpB in the presence and absence of
PcpD. (A) The rates of reaction of TCBQ with β−ME and PcpD under the
experimental conditions. (B) The amount of PCP consumed is shown in light
gray bars, the amount of TCHQ formed is shown in dark gray bars, and the
amount of THTH formed is shown in black bars. Reactions contained 2.8 μM
PcpB, 100 μM PCP, 50 μM NADPH, 50 μM NADH, 6 mM β-ME in the presence
or absence of 10 μM PcpD. The discrepancies between the amounts of PCP
used and the amounts of TCHQ or THTH formed are due to (i) the rapid
reaction of TCBQ with thiols, especially in the absence of PcpD; and (ii) the
difficulty in monitoring relatively small amounts of PCP disappearance by
HPLC, which leads to relatively large errors in quantitation.
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a number of conformational changes during its catalytic cycle.
The catalytic cycle of related enzymes such as p-hydroxybenzoate
hydroxylase (43) begins with a conformational change that opens
a channel to the active site, allowing substrate to bind. The flavin
then moves to the “out” conformation, where it can be reduced by
NADPH. The reduced flavin reacts with O2 to form C4a-hydro-
peroxyflavin, which moves to the “in” conformation and transfers
a hydroxyl group to the substrate. Finally, another conformational
change is required to release the products. It is unlikely that PcpD
could bind stably near the active site without interfering with some
of these conformational changes. We suspect that PcpD binds to
the enzyme after TCBQ is formed. At that point, TCBQ might
slide through a channel to the active site of PcpD. Alternatively,
by analogy with the ancestral function of donation of electrons to
FeS clusters in proteins and its current ability to reduce cyto-
chrome c, PcpD might simply transfer electrons to TCBQ still
bound at the active site of PcpB. In this case, reduced PcpD could
be considered a substrate for PcpB, and interaction between the
two proteins would certainly be required for electron transfer to
occur. Distinguishing between substrate channeling and electron
transfer is not an easy problem given that both proteins contain
flavins with overlapping spectroscopic properties. In either case,
a physical interaction between the two proteins is required.
The profound reactivity and toxicity of TCBQ suggest that the

PCP degradation pathway could only have emerged in a bacte-
rium in which a reductase capable of reducing TCBQ was al-
ready present, and furthermore, capable of an interaction with
the hydroxylase that produces TCBQ. Taken together with the
tight association between the genes encoding PcpB and PcpD in
the genome, we infer that this two-enzyme system originated as
a module in a bacterium that can degrade a phenol with a leaving
group such as chloride, bromide, or nitrite located para to the
hydroxyl group. A large number of halogenated phenols are
found in nature (44, 45), including 2,6-dichlorophenol (46) and
2,4-dichlorophenol (47). The marine acorn worm produces 10
different chlorinated and brominated phenols (48). Naturally
occurring nitrophenols are less common, but include o-nitro-
phenol (46) and a variety of more complex nitrophenols with
additional substituents synthesized by some bacteria and fungi
(49). Degradation pathways for only a handful of substituted
phenols that are degraded via benzoquinone intermediates have
been reported. Examples include the previously mentioned
pathways for degradation of TriCP, p-nitrophenol, and o-
nitrophenol in TriCP C. necator JMP134 (13), Pseudomonas
sp. Strain WBC-3 (14), and Alcaligenes sp. strain NyZ215 (15),
respectively. However, despite the similarities in reaction
sequences and genetic organization, the reductase genes in these
microbes are not necessarily homologous to each other or to
pcpD (12). The reductases in the degradation of TriCP (TcpB)
and p-nitrophenol (PnpB) belong to the nitroreductase-like
family 5 and NADPH-dependent FMN reductase superfamilies,
respectively. PcpD and the reductase involved in o-nitrophenol
degradation (OnpB) belong to the FNR-like superfamily, but
they share only 39% identity. Thus, it is not possible at this point
to identify a pair of genes that is homologous to pcpB and pcpD
and has high enough sequence similarity to indicate the ancestral
functions of PcpB and PcpD.
Degradation of PCP by S. chlorophenolicum is slow, and the

bacterium cannot tolerate high concentrations of PCP (50). We
previously reported that PCP hydroxylase is an unusually in-
efficient enzyme, with a kcat of only 0.02 s−1 (3). Given that the
transient interaction between PcpB and PcpD that results in
reduction of TCBQ is a second-order process, its rate will be
determined by the rate of diffusion in the cytoplasm as well as
the local concentration of the two enzymes. If release of TCBQ
from the active site of PcpB is faster than the rate of encounter
of PcpB and PcpD, the fitness of the cell will be compromised by
the damage caused by TCBQ. Thus, there may be a strictly

enforced upper limit on the efficiency of PCP hydroxylase that
limits the rate of degradation. If a more stable association be-
tween PcpB and PcpD were to evolve, this limit might increase,
consequently increasing flux through the entire pathway.
Formation of highly reactive and/or toxic intermediates in

metabolic pathways is uncommon in nature, but it does occur. It
occurs more frequently when synthetic biologists engineer novel
pathways for production of pharmaceuticals, biofuels, or com-
modity chemicals. The most elegant solution to handling such
intermediates in nature is the construction of tunnels linking two
active sites so that reactive or toxic intermediates are never re-
leased to the solvent (51). In the absence of a tunnel, a transient
physical interaction that allows channeling of a product from the
active site at which it is formed to the active site at which it is
consumed is also an effective mechanism for sequestering
problematic intermediates (52). Because these mechanisms are
difficult to generate by protein engineering, a practical approach
used by synthetic biologists is to overproduce the enzyme imme-
diately downstream of the enzyme that produces the toxic in-
termediate. The snapshot we have obtained of PCP degradation at
this stage in the evolution of the pathway suggests an additional
strategy for controlling damage by a highly reactive intermediate—
handicapping of the upstream enzyme to simply slow production
of the intermediate so that it can be efficiently converted to a
stable product in a transient complex with the downstream en-
zyme without being released to the solvent. Unfortunately, this
strategy minimizes toxicity at the expense of flux through the
pathway. Our data suggest that the best strategy for improving
flux through the pathway would be to genetically engineer the
bacterium so that higher levels of PcpD are produced, while
improving the specificity of PcpD to prevent promiscuous re-
duction of other targets.

Methods
Deletion of pcpD in S. chlorophenolicum L1. In our earlier work with PcpD, we
generated a strain of S. chlorophenolicum strain ATCC 39723 in which pcpD
had been disrupted by insertion of a kanamycin resistance cassette (2). Be-
cause the genome sequence of S. chlorophenolicum L1 is now available (12),
we generated a strain completely devoid of pcpD by replacing pcpD with
a kanamycin resistance cassette. Details are provided in SI Methods.

Assays of the Toxicity of Chlorophenols During Growth on Agar Plates. Wild-
type and ΔpcpD S. chlorophenolicum L1 were grown on 1/4 TSB agar plates
supplemented with 50 μM PCP (wild-type) or 7.5 μg/mL kanamycin (ΔpcpD).
A single colony was used to inoculate 4 mL of S. chlorophenolicum medium
[per liter: 0.65 g of K2HPO4, 0.19 g of KH2PO4, 0.1 g of MgSO4 7H2O, 0.5 g of
NaNO3, 4.0 g of sodium glutamate, 2 mL of 0.01 M FeSO4, 0.01 g of CaCl2,
and trace elements (53)]. Cultures were grown to stationary phase and
subcultured into 4 mL of the same medium until mid log phase. The cells
were then washed three times with 5 mM potassium phosphate, pH 7.4,
containing 5 mM NaNO3 and diluted to an OD600 of 0.05. Aliquots of these
cells and further 10-fold dilutions were spotted on ATCC 1687 agar plates
(the medium described above containing 1.5% agar) supplemented with
varying concentrations of chlorophenols. The plates were incubated at room
temperature for 5–7 d in the dark.

PcpD Expression and Purification. The pcpD gene from Sphingomonas sp. RA2
was amplified by PCR and cloned into a pET28 vector (Novagen) downstream
of and in-frame with a His10-tagged Smt3 protein [small ubiquitin-related
modifier (SUMO)] from Saccharomyces cerevisiae (54). The sequence of pcpD
was verified by DNA sequencing. The plasmid pET28-His10-Smt3-pcpDRA2
was introduced into E. coli BL21(DE3) cells, and the protein was expressed
according to Jaganaman et al. (55).

The cell pellet from 0.5 L of induced cells was resuspended in 60 mL
of buffer B (50 mM sodium phosphate, pH 7.6, containing 500 mM NaCl
and 0.2 mM DTT) supplemented with 20 mM imidazole, 1 mM phenyl-
methanesulfonylfluoride, and protease inhibitor mixture (Sigma P8849; 1:500
dilution). The cells were lysed by two passages through a French Press. Nucleic
acids were precipitated with 0.3% protamine sulfate, and the clarified lysate
was loaded on an Ni2+-column (5 mL of HisTrap HP from GE Healthcare), and
eluted using a linear gradient of 100–500 mM imidazole in buffer B. Fractions
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containing PcpD were pooled and treated with Ulp1 (SUMO protease 1) to
remove the Smt3 tag using a protocol described in Malakhov et al. (54).
Tag-free PcpD was concentrated and applied to a Superdex 200 16/60 gel
filtration column (GE Healthcare) and eluted with buffer B. Fractions con-
taining PcpD as determined by absorption spectrum and SDS/PAGE were
pooled, concentrated, flash frozen, and stored at −80 °C. Additional details
are provided in SI Methods.

Preparation of PcpD Lacking the 2Fe-2S Domain. The gene segment encoding
the N terminus of PcpD from Sphingomonas sp. RA2, which contains the FMN
and NADH binding domains, was amplified by PCR so as to truncate the gene
after the codon for Ala229. [This location was chosen based on the multiple
sequence alignment shown in Fig. S2 and previous work that identified the
domain boundary in phthalate dioxygenase reductase (56).] The digested PCR
product was cloned into a modified pET20b vector (Novagen) in which pelB,
which encodes an N-terminal signal sequence, had been replaced with a His6-
tag. The plasmid pET20His6-[pcpD-FeS] was introduced into E. coli BL21(DE3)
cells. Growth of cells and induction of PcpD-FeS was performed as for PcpD,
omitting the supplementation with cysteine, iron, and sulfur. PcpD-FeS was
purified by nickel affinity chromatography and gel filtration as described for
PcpD in SI Methods.

Purification of PcpB. PcpB from S. chlorophenolicum L-1 was purified as pre-
viously reported (3). Protein concentrations were determined by quantifying
enzyme-bound flavin, as described therein.

Nonenzymatic Reactions of TCBQ. TCBQ was dissolved in N′N′-dimethyl form-
amide and subsequently diluted to 10–60 μM in 50 mM potassium phosphate,
pH 7.0 (e290 = 15,100 M−1·cm−1). Glutathione, amino acids, ATP, GTP, NADH,
or β-ME were diluted from stock solutions (1–140mM) into the same buffer to
yield final concentrations of 0.2–6 mM after mixing with TCBQ in a Hi-Tech
SF-61DX stopped-flow instrument. The loss of signal at 290 nm was used to
monitor loss of TCBQ.

PcpD Activity Measurements. Enzymatic activity was measured at room tem-
perature in 50 mM sodium phosphate, pH 7.6, containing 150 mM NaCl (PBS),
or 50 mM potassium phosphate, pH 7.0, and 100 μM NADH, unless otherwise
described. For experiments in which the enzyme was used at low concen-
trations, it was diluted to the appropriate concentration in PBS supplemented
with 0.5 mg/mL BSA (NEB). Reactions were followed using a Varioskan plate
reader (Thermo). The activity of PcpD with 2,6-dichloroindophenol (DCIP) was
measured by following the disappearance of absorbance at 600 nm (e600 =
15,400 M−1·cm−1) using 10 nM PcpD. The cytochrome c reductase activity of
PcpD was measured by following the appearance of reduced cytochrome c at
550 nm (e550 = 21,000 M−1·cm−1) using 10 nM PcpD or 500 nM PcpD-FeS. The
cofactor dependence of PcpD was determined using 90 μM cytochrome c and
5 and 100 nM PcpD, while varying NADH (2–125 μM) or NADPH (18–2000 μM),
respectively. Activity of PcpD with TCBQ was monitored by stopped-flow
spectroscopy by mixing 30–60 μM TCBQ with variable concentrations of PcpD
(10 nM–600 nM) in the presence of 200 μM NADH. The loss of signal at 290
nm was used to monitor depletion of TCBQ.

Identification of Products Formed from PCP by PcpB. The depletion of PCP and
accumulation of TCHQ and/or TCBQ catalyzed by PcpB in the presence or
absence of PcpD was monitored by HPLC. Reaction mixtures in 200 μL con-
tained 50 mM potassium phosphate, pH 7.0, 100 μM PCP, 50 μM NADPH,
50 μMNADH, 1–3 μM PcpB, and 1–40 μM PcpD. In some reactions, β-ME (6 mM)
was included in the reaction mixture to trap TCBQ as 2,3,5,6-tetrakis[(2-
hydroxyethyl)thio]-1,4-hydroquinone (THTH) (3). After 1 min, reactions
were quenched by addition of 250 μL of ethyl acetate containing 50 μM
p-nitrophenol (internal standard), followed by 15 s of vortexing. The quenched
reactions were analyzed by HPLC as described previously (3). The p-nitro-
phenol internal standard was used to normalize each sample for work-up and
or sample-loading discrepancies. All assays were performed in quadruplicate.

Gel Filtration Chromatography. PcpB (10 μM) and PcpD (20 μM) in 50 mM
sodium phosphate, pH 7.6, or the same buffer supplemented with 150 mM

NaCl, were coinjected on a Superdex 200 10/30 column (GE Healthcare).
Eluted fractions were analyzed by SDS/PAGE.

Chemical Cross-Linking. Cross-linking reactions contained PcpB (12 μM) and
PcpD (12–48 μM) in PBS or PBS supplemented with 10% glycerol. To initiate
the cross-linking reaction, proteins were incubated with 5 mM 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide and 20 mM N-hydroxysulfosuccinimide
(Sigma), 0.1% glutaraldehyde (Sigma), or 1 mM di-succinimidyl-glutarate
(Sigma) in the presence or absence of 100 mM PCP and/or 100 μM NAD(P)H
for 1 h at room temperature. Products were analyzed using 4–20%
gradient SDS/PAGE.

Photocrosslinking reactions were carried out with N-5-azido-2-nitro-
benzoyloxysuccinimide (ANB-NOS) (Sigma) and Tris(2,2’-bipyridyl)-ruthe-
nium(II) chloride hexahydrate Ru(bpy). ANB-NOS (1 mM) was incubated with
PcpB (45 μM) or PcpD (45 μM) in 50 mM phosphate, pH 7, for 1 h in the dark
to derivatize primary amines. The reaction was quenched by addition of
glycine to a final concentration of 2 mM. The derivatized proteins (15 μM
final concentration) were mixed with the nonderivatized partner (derivat-
ized PcpB with nonderivatized PcpD and vice versa) in the absence or pres-
ence of 100 μM PCP, NADPH, and NADH, and the cross-linking reaction was
initiated by exposure to a 6W UV lamp at 365 nm for 10 min. Reaction
mixtures were analyzed by 12% (wt/vol) SDS/PAGE. Products were visualized
by Western blots with antibodies against the His-tagged PcpB.

Ru(bpy) (0.125 mM) and ammonium persulfate (1 mM) were incubated in the
dark with PcpB (15 μM) and PcpD (30 μM) in 50 mM phosphate, pH 7, in the
absence or presence of 100 μM PCP, NADPH, and NADH. The reaction was ini-
tiated by exposure to light from a mini Maglite from which the plastic filter was
removed for 30 s. Reaction mixtures were analyzed by 12% SDS/PAGE. Products
were visualized by Western blots with antibodies against the His-tagged PcpB.

Detection of Adducts Between TCBQ and PcpB. PcpB (20 μM) was incubated
with U-14C-PCP (100 μM) only and with U-14C-PCP (100 μM), NADPH (50 μM),
and NADH (50 μM) in the absence or presence of PcpD (20 μM) for 10 min at
room temperature in 50 mM potassium phosphate, pH 7. The reaction
mixtures were loaded onto a 9 mL G-25 Sephadex column equilibrated in
50 mM Tris·HCl, pH 8.0, and the fractions containing protein were collected
and subjected to scintillation counting.

Cross-Linking of PcpB by TCBQ. PcpB (10 μM) was incubated with PCP (100 μM)
in the absence or presence of NADPH and NADH and in the presence of
NADPH, NADH, and PcpD (10 μM) for 10 min at room temperature in 50 mM
potassium phosphate, pH 7. Reaction mixtures were analyzed by reducing
12% SDS/PAGE in 50 mM Tris·HCl, pH 8.8.

Detection of Metabolites of PCP in the Growth Medium. Wild-type or ΔpcpD
S. chlorophenolicum L1 were grown to midlog phase as described above. Cells
(25–100 mL) were harvested by centrifugation at 3,000 × g and room tem-
perature for 20 min and then resuspended at an OD600 of 100 in fresh me-
dium containing 100–200 μM PCP or U-14C-PCP (American Radiolabeled
Chemicals; 1.6 mCi/mmol). After 90 min at 30 °C, cells were harvested by
centrifugation at 12,000× g and 4 °C for 3min. The supernatantwas extracted
with ethyl acetate to remove the small amount of residual PCP. The aqueous
layer was acidified by addition of TFA to 0.05% and analyzed by HPLC as
described below. Cell pellets were lysed by incubation in 100 μL of BugBuster
(Novagen) for 30 min at room temperature, and insoluble material was re-
moved by centrifugation at 12,000 × g for 10 min at 4 °C. Following acidifi-
cation of the cell lysate by addition of TFA to 0.05%, the samples were
analyzed by HPLC on a Zorbax SB-C18 (4.6 mm × 150 mm) HPLC column
(Agilent Technologies) using a 0–60% gradient of acetonitrile containing
0.1% aqueous TFA over 20 min at a flow rate of 1 mL/min. Control experi-
ments using TCBQ incubated with glutathione demonstrated the elution of
various TCBQ-GSH adducts over the range of 7–12minunder these conditions.
Molecular weights of degradation products were determined using negative-
mode electrospray ionization mass spectrometry on a Synapt G2 high-definition
instrument (Waters).
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