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ABSTRACT: Tetrachlorohydroquinone dehalogenase catalyzes two successive reductive dehalogenation
reactions in the pathway for degradation of pentachlorophenol in the soil bacteriumSphingobium
chlorophenolicum.We have used pre-steady-state kinetic methods to probe both the mechanism and the
rates of elementary steps in the initial stages of the reductive dehalogenation reaction. Binding of
trichlorohydroquinone (TriCHQ) to the active site is followed by rapid deprotonation to form TriCHQ-2

and subsequent formation of 3,5,6-trichloro-4-hydroxycyclohexa-2,4-dienone (TriCHQ*). Further conver-
sion of TriCHQ* to 2,6-dichlorohydroquinone (DCHQ) proceeds only in the presence of glutathione.
Conversion of TriCHQ to DCHQ during the first turnover is quite rapid, occurring at about 25 s-1 when
the enzyme is saturated with TriCHQ and glutathione. The rate of subsequent turnovers is limited by the
rate of the thiol-disulfide exchange reaction required to regenerate the free enzyme after turnover, a
reaction that is intrinsically less difficult, but is hampered by premature binding of the aromatic substrate
to the active site before the catalytic cycle is completed.

Tetrachlorohydroquinone (TCHQ)1 dehalogenase catalyzes
the reductive dehalogenation of TCHQ to trichlorohydro-
quinone (TriCHQ) and then to 2,6-dichlorohydroquinone
(DCHQ) in the pathway for degradation of pentachlorophenol
(PCP) by the soil bacteriumSphingobium chlorophenolicum
(1). The poor function of TCHQ dehalogenase, as well as
other enzymes in this pathway, suggests that this pathway
has been assembled by recruiting existing enzymes from at
least two other pathways to serve new functions. Studies of
the reasons for the poor function of evolving enzymes can
provide insights into the contingencies and consequences
involved in evolution of a new activity using an existing
scaffold that may not be ideal, but nevertheless provides an
activity that enhances the fitness of the bacterium.

TCHQ dehalogenase is a member of the zeta class of the
glutathioneS-transferase (GST) superfamily (2). Most GSTs
catalyze a simple reaction consisting of a nucleophilic attack
of glutathione upon an electrophilic substrate to form a
glutathione conjugate. However, a few members of the
superfamily catalyze more complex reactions. The enzymes
most closely related to TCHQ dehalogenase, maleylacetoac-
etate and maleylpyruvate isomerases, catalyze the glu-
tathione-dependent isomerization of a double bond from the
cis to the trans configuration, a reaction that requires

glutathione, but regenerates it, an interesting contrast to the
reductive dehalogenation of TCHQ and TriCHQ, which
requires 2 equiv of glutathione and results in their oxidation
to glutathione disulfide.

Previous studies have led to the mechanism proposed in
Figure 1. An early finding that the enzyme produced aberrant
products when oxidized led to the identification of Cys13
as a critical residue for catalysis (3). The failure of the
enzyme to turn over pentachlorophenol and tetrachlorophenol
indicated that both hydroxyl groups are required for reactivity
and was interpreted at the time as evidence for the interme-
diacy of III , formation of which requires the presence of
two hydroxyl groups (4). The intermediacy ofIV was
suggested by studies of the C13S enzyme, which catalyzes
only part of the reaction and produces a mixture of DCHQ
and GS-DCHQ from TriCHQ, depending upon the pH (4).
(Both products can be formed from intermediateIV , and
the distribution of products would be expected to be
dependent upon pH.) The formation and turnover of a
covalent intermediate between Cys13 and glutathione (ESSG)
was demonstrated by rapid-quench flow studies (5). The
conversion of ESSG to GSSG and free enzyme was
characterized using chemically synthesized ESSG and shown
to occur with akcat of 103( 15 s-1 and aKM,GSH of 18.6(
5 mM at pH 7.7 (6).

Here we report pre-steady-state kinetic studies that provide
more detailed information about the initial steps in the
reaction and justify a revision of the previously proposed
mechanism. These studies indicate that conversion of TriCHQ
to DCHQ during the initial turnover is remarkably fast, given
the need to disrupt the aromaticity of the ring to accomplish
substitution of a chlorine by a hydrogen. The catalytic
efficiency in the initial dehalogenation steps contrasts with
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the poor performance of the enzyme in the final stages of
the reaction, in which binding of the aromatic substrate to
the active site prior to completion of the thiol-disulfide
exchange reaction required to regenerate the free enzyme
brings catalysis to a halt.

EXPERIMENTAL PROCEDURES

Reagents. All reagents were purchased from common
commercial sources.

Enzyme Preparation.TCHQ dehalogenase has two cys-
teine residues, one in the active site (Cys13) and one on the
surface (Cys156). Cys156 is not involved in catalysis. As
its presence interferes with some of our experimental
procedures, we routinely use the C156S mutant enzyme for
kinetic studies. Substitution of Ser for Cys at position 156
does not appear to affect any properties of the enzyme (3).
C156S TCHQ dehalogenase was expressed and purified
using anN-linked glutathione-Sepharose affinity matrix as
previously described (7). TCHQ dehalogenase obtained in
this manner is fully active as judged by active site titration
and contains no enzyme in which the active site Cys13 has
been oxidized. The enzyme was treated for 30 min with 5
mM DTT and exchanged into various buffers prior to
experiments by dialysis or by size exclusion chromatography
using a Sephadex G25 column (Amersham Biosciences).

The gene encoding K16A C156S TCHQ dehalogenase was
generated by mutagenesis of the gene for C156S TCHQ
dehalogenase in pET-21b (Novagen) using the QuikChange
II mutagenesis kit (Stratagene). The following primers were
used to introduce the mutation: forward, 5′-CCATGTC-
GATCTGTTCGATGGCGACCCGTCTGGCGATGGAGG-
3′; reverse, 5′-CCTCCATCGCCAGACGGGTCGCCATC-
GAACAGATCGACATGG-3′. The K16A C156S mutant
protein was expressed as previously described (7). The cells
were harvested by centrifugation at 10000g at 4 °C for 10
min. After lysis and removal of cell debris as previously
described (7), the lysate was dialyzed for 3 h against 25 mM
Tris-HCl, pH 8.0, containing 1 mM DTT, 1 mM EDTA,
and 0.1 mM glutathione. The lysate was diluted with an equal
volume of 25 mM Tris-HCl, pH 8.0, containing 5 mM DTT,
1 mM EDTA, and 0.5 mM glutathione and loaded onto a
30 mL Q Sepharose HP column (Amersham Biosciences)
equilibrated with the same buffer. Proteins were eluted with
a gradient of 0-30% 1 M KCl in the same buffer. Fractions

containing TCHQ dehalogenase were concentrated with an
Amicon Ultra 5000 molecular weight cutoff spin filter
(Millipore). The sample was then diluted 10-fold with 25
mM Tris-HCl, pH 8.0, containing 5 mM DTT and 0.5 mM
glutathione, and again concentrated to a volume of less than
2 mL. The sample was loaded onto a Mono Q HR 10/10
column (Amersham Biosciences) equilibrated with 25 mM
Tris-HCl, pH 8.0, containing 5 mM DTT and 0.5 mM
glutathione. Proteins were eluted with a gradient of 0-30%
1 M KCl in the same buffer also containing 1 mM EDTA.
Fractions were analyzed by SDS-PAGE. Fractions contain-
ing pure K16A C156S TCHQ dehalogenase were combined
and concentrated. Samples of protein were stored at 4°C
for no longer than one week.

C156S TCHQ dehalogenase Cys13-glutathionyl disulfide
(ESSG) was prepared as previously described (7).

Preparation of TriCHQ, DCHQ, and GS-DCHQ.TriCHQ
was prepared from trichlorobenzoquinone as previously
described (2). TriCHQ was dissolved in ethanol, and the
concentration was determined by the absorbance at 306 nm
(ε306 ) 4.5 mM-1 cm-1). Solutions of TriCHQ in ethanol
were prepared the day of the experiment. In experiments with
TriCHQ, the ethanol concentration was less than 1% by
volume. Control experiments were carried out to ensure that
the addition of ethanol did not affect the results. DCHQ was
prepared from dichlorobenzoquinone (DCBQ) using the
procedure developed for preparation of TriCHQ. Purity was
assessed by1H and 13C NMR spectroscopy and HPLC
analysis. GS-DCHQ was prepared from the reaction of
TriCHQ and glutathione catalyzed by C13S TCHQ dehalo-
genase (as described for preparation of GS-TriCHQ) (8).

Kinetic Analysis of Glutathione Binding. The rate of
binding of glutathione to TCHQ dehalogenase was measured
by monitoring the change in the intrinsic fluorescence of the
protein on an Applied Photophysics SX17.MV stopped-flow
instrument at 20°C using a cell with a 1 cmpath length.
TCHQ dehalogenase (1-10 µM) in 200 mM potassium
phosphate, pH 7.0 or 8.0, was mixed with an equal volume
of glutathione (20-1600 µM) in 200 mM potassium
phosphate, pH 7.0 or 8.0. The concentration of glutathione
was always at least 10-fold greater than that of protein so
that pseudo-first-order conditions were met. Fluorescence was
excited at 282 nm, and emission was detected using a 310
or 320 nm high-pass filter. At least 10 transients were
collected and averaged. The data were fit with a single
exponential.

Kinetic Analysis of TriCHQ Binding. Absorbance and
fluorescence changes due to binding of TriCHQ to TCHQ
dehalogenase were measured on an Applied Photophysics
SX17.MV stopped-flow instrument at 20°C using a cell with
a 1 cm path length. TCHQ dehalogenase (0.4-20 µM) in
200 mM potassium phosphate, pH 8.0, containing 0.005%
ascorbate, was mixed with an equal volume of TriCHQ (4-
200µM) in 200 mM potassium phosphate, pH 8.0, containing
0.005% ascorbate. The concentration of TriCHQ was always
at least 10-fold greater than that of protein so that pseudo-
first-order conditions were met. In some experiments, each
syringe also containedS-methylglutathione (GS-Me) (500
µM). Changes in absorbance were monitored at 320, 345,
370, and 385 nm. Fluorescence was excited at 292 nm and
emission detected using a 310 nm high-pass filter. At least

FIGURE 1: Previously proposed mechanism for TCHQ dehaloge-
nase.
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five transients were collected and averaged, and the data were
fit with a double exponential.

Equilibrium Binding Experiments. Binding of glutathione
was monitored by observation of the change in fluorescence
of TCHQ dehalogenase (1.5µM) upon titration with glu-
tathione in 200 mM potassium phosphate, pH 7.0 or 8.0, at
20 °C using a Photon Technology International QM-2000-
6SE fluorescence spectrometer. Fluorescence was excited at
282 nm (4 nm band-pass) and emission detected at 343 nm
(8 nm band-pass). The solution was stirred for 60 s after the
addition of each aliquot of glutathione and the fluorescence
intensity determined as the average intensity of an 8 s
reading. The observed fluorescence was then corrected for
dilution, which was minimal. Each titration experiment was
carried out three or four times. The fluorescence signal was
plotted versus glutathione concentration and fit to eq 1, in
which [S]0 refers to the total concentration of glutathione.
The total change in fluorescence (∆F), initial fluorescence
(F0), and dissociation constant (KD,GSH) were obtained from
each fit. In the figure shown, the fluorescence intensity was
normalized by dividing the observed fluorescence byF0.

Binding of TriCHQ was monitored by observation of the
change in fluorescence (290 nm excitation, 2 nm band-pass;
330 nm emission, 8 nm band-pass) upon addition of TriCHQ
to TCHQ dehalogenase (2µM) in 200 mM potassium
phosphate, pH 7.0 or 8.0, containing 0.005% ascorbate, in
the absence or presence of GS-Me (1 mM). The data were
corrected for dilution. The small inner-filter effect caused
by TriCHQ was corrected for using the method of Gauthier
et al. (9). The titration experiment was carried out three times.
The magnitude of the fluorescence signal was plotted versus
the concentration of TriCHQ and fit to either eq 1 (a single
hyperbolic function) or eq 2 (the sum of two hyperbolic

functions). A quadratic binding equation (eq 3) was used to
fit the data when the enzyme concentration was more than
one-fifth of theKD (eq 3). ([S]0 refers to the total concentra-

tion of TriCHQ and [E]0 to the total concentration of
enzyme.) The total change in fluorescence (∆F), initial
fluorescence (F0), and dissociation constant (KD) were
obtained from each fit. (The dissociation constant for TriCHQ
is an apparent dissociation constant because, as will be shown
below, binding of TriCHQ to the enzyme is a two-step
process, and the apparent dissociation constant is a function
of the equilibrium constants for both steps.) In the figures
shown, the fluorescence intensity was normalized by dividing
the observed fluorescence byF0.

UV/Vis Spectra of TriCHQ in Solution.The absorbance
of TriCHQ (150µM) in the presence of ascorbate (0.003%)
and 200 mM potassium phosphate, pH 5.0 or 8.0, was
measured in a 1 cm cuvette. Small aliquots of sodium

hydroxide (5 N) were added to adjust the pH between 5.0
and 12.0. Figure 3a shows the change in absorbance of
TriCHQ (150µM) upon formation of TriCHQ- as the pH
increases. Formation of TriCHQ- results in an increase in
absorbance at 325 nm (∆ε325 ) 4.6 mM-1 cm-1) and a
decrease in absorbance at 298 nm (∆ε298 ) -2.0 mM-1

cm-1). Formation of TriCHQ-2 from TriCHQ- (Figure 3b)
results in an increase in absorbance at 347 nm (∆ε347 ) 3.7
mM-1 cm-1) and a decrease in absorbance at 318 nm (∆ε318

) -2.0 mM-1 cm-1).
UV/Vis Spectra of TriCHQ Bound to TCHQ Dehaloge-

nase. The spectrum of TriCHQ (170µM) in 200 mM
potassium phosphate, pH 8.0, containing 0.1% ascorbate was
measured in a 1 cmcuvette. The spectrum of TriCHQ was
also measured under the same conditions in the presence of
TCHQ dehalogenase (100µM) with and without GS-Me
(800 µM). When present, the absorbance due to TCHQ
dehalogenase and ascorbate was subtracted from the spectrum
of TriCHQ.

Rapid Quench-Flow Experiments.For measurement of the
pre-steady-state formation of DCHQ, C156S TCHQ deha-
logenase (20µM) in 200 mM potassium phosphate, pH 7.0
or 8.0, containing 1 mM glutathione and 0.1% ascorbate was
mixed with an equal volume of TriCHQ (400µM) in the
same buffer containing 0.1% ascorbate at 20°C in an Applied
Photophysics rapid quench-flow instrument. For attempts to
detect intermediates during the first turnover, C156S TCHQ
dehalogenase (360µM) in 200 mM potassium phosphate,
pH 7.0, containing 2 mM glutathione and 0.1% ascorbate
was mixed with an equal volume of TriCHQ (420µM) in
the same buffer containing 0.1% ascorbate at 5°C in the
rapid quench-flow instrument. After various times, reactions
were quenched by addition of an equal volume of 1 N HCl
and collected. Products were analyzed by HPLC. Samples
were injected on a Microsorb-MV 300-5 C18 column (250
× 4.6 mm, Varian) at a flow rate of 1 mL/min in 0.1%
trifluoroacetic acid for 4 min, after which a gradient to 60%
acetonitrile was developed over 13 min. Under these condi-
tions, glutathione eluted at 5.3 min, GSSG at 10.0 min, GS-
DCHQ at 12.8 min, DCHQ at 14.0 min, and TriCHQ at 16.0
min. The concentrations of substrates and products were
plotted versus time. The data were fit to a single exponential.

Single-TurnoVer Stopped-Flow Experiments. Changes in
absorbance were monitored at 345, 370, and 385 nm after
TCHQ dehalogenase (180µM) in 200 mM potassium
phosphate buffer, pH 8.0, containing 0.005% ascorbate and
either 1 mM GS-Me or 1 mM glutathione, was mixed with
an equal volume of TriCHQ (40µM) in 200 mM potassium
phosphate buffer, pH 8.0, containing 0.005% ascorbate and
either 1 mM GS-Me or 1 mM glutathione, on the stopped-
flow instrument. At least five transients were collected and
averaged.

RESULTS

Binding of Glutathione to TCHQ Dehalogenase.Binding
of glutathione to TCHQ dehalogenase causes a decrease in
the intrinsic fluorescence of the protein. The change in
fluorescence was monitored during titration of TCHQ
dehalogenase with glutathione at pH 7.0 (see Figure 2a) and
pH 8.0 (data not shown). The data were fit to eq 1 to obtain
the dissociation constant,KD,GSH, of 90 ( 10 µM at pH 7.0
and 17( 1.5 µM at pH 8.0.

The rate of binding of glutathione to TCHQ dehalogenase
was measured by following the decrease in enzyme fluo-

F ) F0 + ∆F[S]0/([S]0 + KD) (1)

F ) F0 + ∆FR[S]0/([S]0 + KDR) +
∆Fâ[S]0/([S]0 + KDâ) (2)

F ) F0 + ∆F ×

((KD + [E]0 + [S]0) - x(KD + [E]0 + [S]0)
2 - 4[E]0[S]0

2[E]0
)

(3)
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rescence after mixing of the enzyme with glutathione in a
stopped-flow instrument. The time dependence of the
fluorescence signal followed a single exponential. At pH 7.0,
the rate constantk′ obtained by fitting the data to a single
exponential increased linearly with glutathione concentration
and showed no signs of saturation (see Figure 2b). Similar
data were obtained at pH 8.0 (not shown). These data are
consistent with a simple binding equilibrium as shown in
Scheme 1. (The designation GS(H) indicates that the
protonation state of the thiol is uncertain.) The observed rate
constant for glutathione binding under pseudo-first-order
conditions is given by eq 4. Values fork1 andk-1 obtained
by fitting the data in Figure 2b to eq 4 are given in Table 1.

Glutathione is deprotonated at the active site of most GSTs
(10, 11). The resulting thiolate is stabilized by a hydrogen-
bonding interaction with the hydroxyl group of a serine or
tyrosine in most classes of GSTs. Thiolate formation causes
an increase in absorbance at 240 nm. In the case of TCHQ
dehalogenase, no change in absorbance at 240 nm was

observed when the enzyme was mixed with glutathione (data
not shown).

Binding of TriCHQ to TCHQ Dehalogenase.TriCHQ has
three possible protonation states; each state has a character-
istic absorption spectrum (see Figure 3). The pKa values for
the successive titrations of the hydroxyl groups and theλmax

for each protonation state are summarized in Scheme 2.
The apparent dissociation constant for TriCHQ was

obtained by following the change in fluorescence when
TriCHQ was titrated into a solution of TCHQ dehalogenase
at pH 8.0 or 7.0 (parts a and b, respectively, of Figure 4)
and in the absence or presence of GS-Me (1 mM). The data
in Figure 4a show a monotonic decrease in fluorescence
intensity as the concentration of TriCHQ is increased. The
apparent dissociation constants for TriCHQ in the absence
and presence of saturating GS-Me obtained by fitting the
data to eq 3 are given in Table 1. The presence of GS-Me at

FIGURE 2: (a) Fluorescence change due to binding of glutathione
to TCHQ dehalogenase. The decrease in fluorescence was moni-
tored as glutathione was added in small increments (e1 vol %) to
TCHQ dehalogenase (1.5µM) in 200 mM potassium phosphate,
pH 7.0. The data were fit to eq 1 to giveKD,GSH ) 90 ( 10 µM.
(b) Concentration dependence of the pseudo-first-order rate constant
for binding of glutathione to TCHQ dehalogenase (0.5-5 µM) in
200 mM potassium phosphate, pH 7.0. The data were fit to eq 4.

k′ ) k1[GSH] + k-1 (4)

FIGURE 3: (a) Change in absorbance of TriCHQ (150µM) in 200
mM potassium phosphate, pH 5.0 (800µL), containing 0.003%
ascorbate upon addition of 6µL aliquots of sodium hydroxide (5
N) to a final pH of 8.0. (b) Change in absorbance of TriCHQ (150
µM) in 200 mM potassium phosphate, pH 8.0 (800µL), containing
0.003% ascorbate upon addition of 1µL aliquots of sodium
hydroxide (5 N) to a final pH of 11.

Scheme 1
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the active site causes a small but significant decrease in
KD,TriCHQ.

The data obtained at pH 7.0 (Figure 4b) are markedly
different, showing a biphasic change in fluorescence intensity
as the concentration of TriCHQ is increased. These data are
consistent with either the existence of two forms of the
enzyme, one that binds TriCHQ tightly and one that binds
TriCHQ weakly, or differential binding of the two forms of
TriCHQ in solution at pH 7.0 (TriCHQ and TriCHQ-).
Notably, when GS-Me is present at the active site, only the
tighter binding form is evident (KD,TriCHQ ) 18 µM). This
observation suggests that there are two conformational states
of the enzyme and that the presence of GS-Me helps to order
the active site in such a way that binding of TriCHQ is
stronger. An alternative but unlikely possibility is that the
presence of GS-Me allows binding of only the TriCHQ-

isomer, while both isomers can bind in its absence.
The data for binding of TriCHQ to the enzyme at pH 7.0

were fit to eq 2 to obtain dissociation constants for the two
states of∼4 and 130( 25 µM. Since the total enzyme
concentration was 2µM, it would have been preferable to
fit the data to a sum of two quadratic functions rather than
a sum of two hyperbolic functions, as use of a quadratic
equation is appropriate when the concentration of the enzyme
is greater than one-fifth theKD. However, the quadratic
equation for ligand binding (see eq 3) contains a term for
enzyme concentration; we cannot determine the concentra-
tions of the two different forms of the enzyme from our data
because the amplitudes of the fluorescence changes may be
different in the two different forms. Thus, the value of the
lower KD of 4 µM is only an approximation.

Because of the existence of two protonation states of the
substrate at pH 7.0 and the apparent existence of two forms
of the enzyme at pH 7.0, further investigation of the kinetics
of TriCHQ binding was carried out at pH 8.0. Binding of
TriCHQ to TCHQ dehalogenase results in complex spec-
troscopic changes (see Figure 5). The kinetic data described
below suggest that these changes reflect conversion of
TriCHQ-, the predominant species in solution, to two
additional species at the active site. Both species are formed
when GS-Me is present at the active site, as well. Indeed,
the spectroscopic changes observed are more pronounced
when the enzyme is saturated with GS-Me.2 We have

previously shown that these species also form at the active
site of ESSG (7).

Absorbance changes due to binding of TriCHQ to TCHQ
dehalogenase in the absence and presence of GS-Me were

2 Additional experiments shown in the Supporting Information were
carried out to determine that the dissociation constant for GS-Me and
TCHQ dehalogenase with TriCHQ in the active site was approximately
55 µM at pH 8.0.

Table 1: Rate and Equilibrium Constants for Binding of Glutathione and TriCHQ to C156S TCHQ Dehalogenase

variable
ligand

saturating
ligand pH

KD

(µM)
k1

(µM-1 s-1)
k-1

(s-1)
k2

(s-1)
k-2

(s-1)

TriCHQ 7.0 ∼4
130( 25

8.0 12( 2.0 1.0( 0.1 83( 10 25( 5 3.4( 5
TriCHQ GS-ME 7.0 18( 2.0

8.0 4.0( 1.0 2.4( 0.4 41( 14 36( 10 10( 5
GSH 7.0 90( 10 0.76( 0.1 68( 8.0

8.0 17( 1.5 1.1( 0.1 16( 7.0

Scheme 2

FIGURE 4: Fluorescence change due to binding of TriCHQ to TCHQ
dehalogenase. The decrease in fluorescence was monitored as
TriCHQ was added in small increments (e0.4 vol %) to TCHQ
dehalogenase (2.0µM) in 200 mM potassium phosphate, pH 8.0
(a) or pH 7.0 (b), containing 0.005% ascorbate and in the absence
(b) or presence (0) of GS-Me (1 mM). The data in (a) were fit to
eq 3. The data in (b) were fit to eqs 1 (0) and 2 (b). The inset
shows that the data at low concentrations of TriCHQ and in the
absence of GS-Me fit poorly to eq 1 but well to eq 2.

Tetrachlorohydroquinone Dehalogenase Biochemistry, Vol. 46, No. 45, 200713215



measured using a stopped-flow instrument. Representative
traces are shown in Figure 6. At all concentrations of TriCHQ
tested, the absorbance at 320 nm decreased and the absor-
bance at 345 and 370 nm increased. (Although Figure 5
suggests that a species with aλmax of 360 nm is present, we
monitored absorbance at 370 nm to minimize the contribution
from the species absorbing at 345 nm.) A decrease in the
fluorescence of the enzyme was also observed (see Figure
6b). All absorbance and fluorescence changes could be fit
with double exponentials. Control experiments were con-
ducted in the absence of enzyme and showed no change in
absorbance or fluorescence. Table 2 shows the observed rate
constants for the two phases in each case.

We attribute the immediate decrease in absorbance at 320
nm and concomitant increase in absorption at 345 nm to
conversion of TriCHQ- to TriCHQ-2. The rate constants for
loss of the signal at 320 nm and the increase of the signal at
345 nm during the fast phase are nearly identical. The small
change in absorbance at 370 nm during the initial phase may
reflect the conversion of TriCHQ- to TriCHQ-2. However,
most of the change in absorbance at 370 nm occurs during
the second phase. We designate the species that absorbs at
360 nm TriCHQ*. These results are consistent with the two-
step model shown in Scheme 3, in which binding and
deprotonation of TriCHQ- occur during a fast initial step
and formation of TriCHQ* occurs in a slower subsequent
step. Although formation of TriCHQ-2 likely follows forma-

tion of a complex between TriCHQ- and TCHQ dehaloge-
nase, a signal indicating such a complex was not detected.
(Evidence for such a complex would have been observation
of a three-phase absorbance or fluorescence change or a
hyperbolic dependence of the fast phase of the observed
biphasic absorbance or fluorescence change on the concen-
tration of substrate.) It is possible that binding occurred
during the dead time of the instrument or that formation of
the initial enzyme-TriCHQ- complex did not result in an
observable spectroscopic change. Similar data were observed
for the binding of TriCHQ to ESSG (data not shown).

Rate constants for the fast and slow changes in the
fluorescence signal were measured as a function of TriCHQ
concentration (see Figure 7). The dependence of the observed
rate constant for the fast phase on the concentration of

Table 2: Observed Rate Constants for the Absorbance and
Fluorescence Changes during Binding of TriCHQ to C156S TCHQ
Dehalogenase at pH 8.0 in the Presence of Saturating GS-Mea

obsd rate
constant (s-1)

absorbance,
320 nm

absorbance,
345 nm

absorbance,
370 nm fluorescenceb

kobs,1 400( 100 300( 50 c 270( 15
kobs,2 c 40 ( 20 25( 20 38( 3

a TCHQ dehalogenase (10µM) in 200 mM potassium phosphate
buffer, pH 8.0, containing GS-Me (500µM) and ascorbate (0.005%)
was mixed with an equal volume of TriCHQ (160µM) in the same
buffer. b Excitation at 292 nm, emission detected using a 310 nm high-
pass filter.c Rate constants are not reported when the amplitude was
too small to obtain an accurate fit.

FIGURE 5: Spectra of 170µM TriCHQ in 200 mM potassium
phosphate, pH 8.0, 0.1% ascorbate in the absence (s) and presence
(- - -) of 100 µM TCHQ dehalogenase and in the presence of
100 µM TCHQ dehalogenase and 800µM GS-Me (---). The
absorbance due to ascorbate and TCHQ dehalogenase, when
present, was subtracted from each spectrum.

FIGURE 6: Representative traces from stopped-flow experiments
in which TCHQ dehalogenase (10µM) in 200 mM potassium
phosphate buffer (pH 8.0) containing GS-Me (500µM) and
ascorbate (0.005%) was mixed with an equal volume of TriCHQ
(160µM) in the same buffer. The data at each wavelength were fit
with a double exponential. (a) Absorbance change at 320 nm (b),
345 nm (9), and 370 nm (σ). (b) Fluorescence change with 292
nm excitation, emission detected beyond a 310 nm high-pass filter.

Scheme 3
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TriCHQ was fit with eq 5, which applies for two-step

reversible reactions (12). The slope of the line for the
concentration dependence ofkobs,1in the absence of GS-Me
givesk1 ) 1.0( 0.1µM-1 s-1. We attribute the slow phase
to formation of TriCHQ*. The dependence of the observed
rate constant for this phase on the concentration of TriCHQ
can be fit with eq 6 (12). The maximum rate isk-2 + k2 )

28 ( 4 s-1. Using this value and they intercept of the plot
of kobs for the fast phase (k-1 + k2 + k-2), we can estimate
thatk-1 ) 83( 10 s-1. Rate constants for binding of TriCHQ
in the presence of GS-Me (see Figure 7b) were obtained
similarly and are reported in Table 1. Estimates fork2 and
k-2 were calculated using eqs 7-9

(13) and the values ofk1, k-1, andKD,TriCHQ determined as
described above. The presence of GS-Me in the active site
of TCHQ dehalogenase increases the rate of formation of
TriCHQ-2 and lowers the reverse rate of protonation of
TriCHQ-2 (see Table 1), leading to a higher concentration
of TriCHQ-2 in the active site.

Efforts To Identify TriCHQ*.TriCHQ* is observed when
TriCHQ binds to either the free enzyme or the enzyme-
GS-Me complex (see Figure 5). Similar spectral changes are
observed when TriCHQ binds to the ESSG form of TCHQ
dehalogenase (7). The spectrum of TriCHQ* is considerably
shifted relative to that of either TriCHQ- or TriCHQ-2 in
solution. It seems unlikely that the spectrum of TriCHQ-2

is shifted due to the unique environment at the active site,
as previous experiments have shown that the spectra of
TriCHQ- and TriCHQ-2 are not perturbed upon binding to
the active site of C13S TCHQ dehalogenase (8). Although
the substitution of a neutral serine for a possibly charged
cysteine residue is an important change, it is unlikely to cause
a 20 nm shift in the absorbance spectrum.

We attempted to identify TriCHQ* using chemical quench
procedures. TriCHQ is recovered quantitatively when the
enzyme-TriCHQ complex is denatured by heat, HCl, NaOH,
or triethylamine, indicating that TriCHQ* is converted back
to TriCHQ under these conditions.

The Thiol of Glutathione Is Required for Formation of
DCHQ from TriCHQ.The mechanism shown in Figure 1
does not explicitly involve glutathione until after formation
of DCBQ. Thus, formation of DCBQ might be expected to
occur in the presence of GS-Me. However, no DCBQ was
formed during incubation of the enzyme with TriCHQ and
GS-Me (data not shown). These data suggest that the thiol
or thiolate of glutathione is required for conversion of
TriCHQ* to the next intermediate in the catalytic cycle.

DCHQ Formation Follows Burst Kinetics.The rate of
turnover of TCHQ dehalogenase is limited by events that
occur during the second part of the catalytic cycle, specif-

ically the thiol-disulfide exchange reaction between ESSG
and glutathione, which is severely inhibited by the aromatic
substrates TCHQ and TriCHQ (7). To measure the rate of
the actual dehalogenation reaction, we performed chemical
quench-flow experiments to observe the pre-steady-state rate
of production of DCHQ from TriCHQ. Experiments were
carried out at pH 7.0 to facilitate comparisons with previous
studies of the thiol-disulfide exchange reaction and pH 8.0
to allow comparisons with the rates of events occurring
during binding of TriCHQ (see above). Equal volumes of
C156S TCHQ dehalogenase (20µM) and glutathione (1 mM)
were mixed with TriCHQ (400µM) at 20 °C in the rapid
quench-flow instrument. The reaction was quenched by
mixing with an equal volume of 1 N HCl after reaction times
ranging from 0.01 to 2 s, and the amount of DCHQ was
detected by HPLC. A burst of formation of DCHQ was
observed (see Figure 8), as expected since the formation of
DCHQ after the first turnover is limited by the slow rate of
the thiol-disulfide exchange reaction.

The formation of DCHQ can be described by the model
shown in Scheme 4. Binding of TriCHQ under these
conditions is very fast (>500 s-1), so the reaction can be
treated as effectively beginning from the enzyme-glu-

kobs,1) k1[TriCHQ] + k-1 + k2 + k-2 (5)

kobs,2)
k1[TriCHQ](k-2 + k2) + k-1k-2

k1[TriCHQ] + k-1 + k2 + k-2

(6)

KD,TriCHQ ) 1/K1(1 + K2) (7)

K1 ) k1/k-1 (8)

K2 ) k2/k-2 (9)

FIGURE 7: (a) Concentration dependence of the observed rate
constants for the fast and slow phases of binding of TriCHQ to
TCHQ dehalogenase (0.2-10 µM) in 200 mM potassium phos-
phate, pH 8.0, containing 0.005% ascorbate. The concentration
dependence of the fast phase (b) was fit to eq 5 and that of the
slow phase (9) to eq 6. (b) Same as (a), but the enzyme was
saturated with 500µM GS-Me prior to being mixed with a solution
of TriCHQ containing 500µM GS-Me.
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tathione-TriCHQ complex. The model assumes that both
steps are irreversible on the basis of experimental evidence.
Incubation of ESSG with DCHQ and chloride does not yield
any TriCHQ (data not shown), indicating that the dehalo-
genation reaction is irreversible. We have previously shown
that the thiol-disulfide exchange between ESSG and glu-
tathione is also essentially irreversible in the presence of
excess glutathione (6, 7). The treatment of the second step
as a second-order reaction is justified because theKM for
glutathione in the thiol-disulfide exchange reaction is very
high (>20 mM) and the concentration of glutathione in the
reaction mixture is only 500µM. The rate of production of
DCHQ according to Scheme 4 is described by eq 10 (13),

in which the first term describes the approach to the steady
state and the second term the steady-state formation of
DCHQ. The rate constants and amplitude (A) are defined
by

The fit of the data to eq 10 at pH 7.0 gaveA[Enz]tot ) 9.4
( 0.5 µM, kobs ) 28 ( 5 s-1, [Enz]totkcat ) 1.1 ( 0.2 µM
s-1, andkcat ) 0.10 s-1 and at pH 8.0 gaveA[Enz]tot ) 9.7

( 0.5 µM, kobs ) 23 ( 5 s-1, [Enz]totkcat ) 1.5 ( 0.6 µM
s-1, andkcat ) 0.15 s-1. Since the steady-state rate of DCHQ
formation is much slower than the pre-steady-state rate,
k2[GSH] must be much smaller thank1 and thek2[GSH] term
does not significantly contribute to the amplitude and rate
constant for the burst phase. Therefore,kobs is approximately
equal tok1, A is approximately equal to 1, and the amplitude
of the burst (A[Enz]tot) is equal to the concentration of active
TCHQ dehalogenase. Furthermore,kcat is approximately
equal tok2[GSH].

TriCHQ-2 Is the Only Intermediate ObserVed during
TurnoVer of C156S TCHQ Dehalogenase.A rapid quench-
flow experiment was carried out to look for intermediates
that accumulate and disappear during turnover. C156S TCHQ
dehalogenase (360µM) and glutathione (2 mM) were mixed
with TriCHQ (420 µM) at 5 °C on the quench-flow
instrument. Reactions were quenched by mixing with an
equal volume of 1 N HCl and analyzed by HPLC. Figure 9
shows the loss of TriCHQ and the formation of DCHQ. The
data were fit with a single exponential. TriCHQ was lost
with a rate constant of 4.3( 1.5 s-1. DCHQ was produced
with an observed rate constant of 4.8( 0.5 s-1. There is no
lag in the formation of DCHQ that would indicate accumula-
tion of an intermediate. Furthermore, the total amount of
TriCHQ and DCHQ recovered at each time point was always
210 ( 10 µM. No GS-DCHQ (which would form from
intermediateIV upon acid quench) could be detected by
HPLC. Furthermore, no evidence for DCBQ (intermediate
III ) was observed during the reaction. (Under the quench
conditions, DCBQ is converted to a mixture of GS-DCHQ
and DCHQ by reaction with glutathione and ascorbate in
the reaction solution.) IntermediateII would be expected to
revert to TriCHQ upon acid quench, so these results do not
rule out accumulation of intermediateII , but do rule out
accumulation of intermediatesIII and IV .

The formation and decay of TriCHQ-2 and TriCHQ* were
monitored at 346 and 385 nm, respectively, during conver-
sion of TriCHQ to DCHQ during a single turnover in the
stopped-flow instrument. (TriCHQ* was monitored at 385
nm to minimize interference from the signal due to TriCHQ-2).
C156S TCHQ dehalogenase (180µM) in 200 mM potassium

FIGURE 8: Formation of DCHQ from TriCHQ catalyzed by TCHQ
dehalogenase (10µM) in the presence of TriCHQ (200µM) and
glutathione (500µM) at pH 7.0 (9) and 8.0 (b) and 20°C. The
data were fit to eq 10.

Scheme 4

[DCHQ]t )

[Enz]tot A(1- e-kobst) + [Enz]tot kcat t + [DCHQ]0 (10)

kobs) k1 + k2[GSH] (11)

A ) ( k1

k1 + k2[GSH])2

(12)

kcat )
k1k2[GSH]

k1 + k2[GSH]
(13)

FIGURE 9: Formation of DCHQ (b) from TriCHQ (210µM) (9)
catalyzed by TCHQ dehalogenase (180µM) at 5 °C in the presence
of 1 mM glutathione. The triangles indicate the sum of the
concentrations of TriCHQ and DCHQ. The data were fit with a
single exponential.
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phosphate, pH 8.0, containing glutathione (1 mM) and
ascorbate (0.005%) was mixed with an equal volume of
TriCHQ (40µM) in 200 mM potassium phosphate, pH 8.0,
containing glutathione (1 mM) and ascorbate (0.005%). A
comparable experiment was carried out using GS-Me in place
of glutathione.

Observation at 345 nm (Figure 10a) shows that, following
a lag phase, the concentration of TriCHQ-2 increased rapidly
in the presence of both glutathione and GS-Me. (The lag is
likely due to binding events under these experimental
conditions.) Under turnover conditions, the concentration of
TriCHQ-2 increased and then decreased as it was converted
into DCHQ with a rate constant of 19( 4 s-1 (obtained by
fitting the signal between 4 and 300 ms to a double
exponential).

Figure 10b shows that the absorbance at 385 nm that we
attribute to TriCHQ* appears when GS-Me is present, but
not when glutathione is present. These data suggest that either
TriCHQ* is an irrelevant side product that does not occur

during turnover, or that does not accumulate during turnover
because it is consumed immediately after it is formed. Given
that TriCHQ* forms with a rate constant of 36( 10 s-1 in
the presence of GS-Me and that the rate constant for
formation of DCHQ reported above is 23( 5 s-1, TriCHQ*
is certainly a kinetically competent intermediate. Although
TriCHQ* cannot be detected during turnover of TriCHQ by
the C156S TCHQ dehalogenase, its formation and decay can
be observed during turnover by the K16A C156S mutant
enzyme under similar conditions (see Figure 11). Note that
the increase in absorbance at 385 nm cannot be attributed to
the long-wavelength absorbance of TriCHQ-2. TriCHQ-2

absorbs very weakly at 385 nm, but the magnitude of the
decrease in the absorbance at 385 nm during the second phase
is much greater than that at 345 nm. Thus, these signals
clearly arise from two different species.

DISCUSSION

The pre-steady-state kinetic studies described here are
consistent with the revised mechanism shown in Figure 12.
This mechanism differs from the previously proposed mech-
anism in several ways: (1) Binding of TriCHQ- is proposed
to occur with the negative charge at the top of the active
site rather than at the bottom. (2) Deprotonation of TriCHQ-

to TriCHQ-2 is proposed to be the initial step in catalysis.
(3) Attack of glutathione is proposed to most likely occur
on TriCHQ*, rather than on DCBQ formed by elimination
of HCl from TriCHQ*. The data supporting each feature of
this mechanism will be discussed below.

Binding of Substrates Can Be Considered To Be Ordered
under in ViVo Conditions.We have previously shown that
binding of substrates to C13S TCHQ dehalogenase proceeds
by a rapid equilibrium random sequential mechanism. Given
theKD for glutathione of 90µM (at pH 7.0) and the in vivo
concentration of glutathione (1.6 mM) (6), the enzyme should
be saturated with glutathione in vivo. Furthermore, the
enzyme-glutathione complex will form at a rate of 1200

FIGURE 10: Observation of TriCHQ-2 at 345 nm (a) and TriCHQ*
at 385 nm (b) during binding of TriCHQ (0) or during dehaloge-
nation of TriCHQ (b). Binding of TriCHQ was monitored at 345
and 385 nm after TCHQ dehalogenase (180µM) in 200 mM
potassium phosphate buffer, pH 8.0, containing GS-Me (1 mM)
and ascorbate (0.005%) was mixed with an equal volume of
TriCHQ (40µM) in 200 mM potassium phosphate buffer, pH 8.0,
containing GS-Me (1 mM) and ascorbate (0.005%). Dehalogenation
of TriCHQ was monitored under the same conditions except that
GS-Me was replaced by glutathione.

FIGURE 11: Detection of TriCHQ-2 at 345 nm (b) and TriCHQ*
at 385 nm (0) during turnover by K16A C156S TCHQ dehaloge-
nase. K16A C156S TCHQ dehalogenase (80µM) in 200 mM
potassium phosphate buffer, pH 8.0, containing glutathione (5 mM)
and ascorbate (0.005%) was mixed with an equal volume of
TriCHQ (40µM) in 200 mM potassium phosphate buffer, pH 8.0,
containing glutathione (5 mM) and ascorbate (0.005%).
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s-1. A comparable calculation using the rate constant for
binding of TriCHQ to the free enzyme (1µM-1 s-1) and the
estimated in vivo concentration (<5 µM) (14) suggests that
the enzyme-TriCHQ complex will form at a rate of<5 s-1.
Thus, for practical purposes, the binding of substrates can
be considered ordered, with binding of glutathione preceding
binding of TriCHQ.

The presence of GS-Me (and by extension glutathione)
influences the binding of TriCHQ. At pH 7.0, GS-Me appears
to stabilize the conformation of the active site in a state that
binds TriCHQ tightly. The presence of GS-Me also increases
the levels of both TriCHQ-2 and TriCHQ* at the active site.

Protonation State of Bound Glutathione.An increase in
absorbance at 240 nm due to deprotonation of the thiol of
glutathione is not observed when glutathione binds to the
enzyme at pH 7.0. This is unusual, as ionization of the thiol
of glutathione upon binding to the active site is characteristic
of all classes of GSTs (10), including the zeta class human
MAA isomerase (15). Formation of the thiolate enhances
the ability of glutathione to attack electrophilic substrates.
The lack of a change in absorbance at 240 nm could mean
that the protonation state of glutathione does not change.
Alternatively, deprotonation of the thiol of glutathione might
occur concomitantly with protonation of the thiolate of
Cys13, resulting in no net change in the absorbance at 240
nm. Cys13 is largely deprotonated in the free enzyme
(Warner and Copley, unpublished results). The sulfur atoms
of Cys13 and glutathione must be in close proximity, as they
form a covalent bond in the second stage of the dehaloge-
nation reaction. Therefore, it is unlikely that both can be
deprotonated at the same time. During the catalytic cycle,
each thiol acts as a nucleophile at different stages, so
presumably the protonation states of the two thiols change
during the reaction.

Binding and Deprotonation of TriCHQ- at the ActiVe Site.
The predominant form of TriCHQ at pH 8.0 is TriCHQ-.
Upon binding to the active site, TriCHQ- is rapidly depro-
tonated to TriCHQ-2. The identity of the base that removes
the proton from the hydroxyl group of TriCHQ-2 is

unknown. Because TriCHQ-2 forms rapidly at the active site
of the free enzyme, the enzyme with GS-Me bound, ESSG,
and the K16A enzyme, we conclude that neither Cys13,
glutathione, or Lys16 removes the hydroxyl proton of
TriCHQ-. A multiple sequence alignment of TCHQ deha-
logenase and maleylacetoacetate and maleylpyruvate isomeras-
es provides little help, as only the regions near the active
site Cys and the part of the N-terminal domain involved in
glutathione binding are well-conserved.

TriCHQ- could bind in the active site with the deproto-
nated hydroxyl group either deep in the active site cleft or
near the mouth of the cleft. We previously proposed that
TriCHQ- binds with the deprotonated hydroxyl group deep
in the active site cleft (see Figure 1), as that orientation would
favor the ketonization reaction leading to intermediateII .
However, it is now clear that a proton is removed from the
hydroxyl group of TriCHQ- in the active site prior to
dehalogenation. It is most likely that the protonated hydroxyl
binds deep in the active site on the basis of the observation
that TriCHQ-2 does not form in the C13S enzyme, which
suggests that the basic residue is in the vicinity of Cys13 in
the bottom of the active site cleft. (Note that the conclusion
from this observation that Cys13 is responsible for removal
of the hydroxyl proton cannot be correct, as TriCHQ-2 forms
rapidly in the active site of ESSG, in which Cys13 is involved
in a disulfide with glutathione and unable to act as a base.)
Possibly formation of a hydrogen bond between the hydroxyl
of Ser13 and the base alters its position or pKa so that it is
unable to remove the hydroxyl proton. However, the C13S
enzyme is able to turn over TriCHQ to GS-DCHQ in the
presence of glutathione, so binding of glutathione must
somehow facilitate the deprotonation reaction.

Binding of TriCHQ- with the protonated hydroxyl deep
in the pocket is consistent with the stereospecificity of the
dehalogenation reaction, which produces 2,6-DCHQ from
TriCHQ. The predominant form of TriCHQ- in solution
would carry the negative charge on the oxygen between the
two chlorine substituents. Binding of this form with the
charge near the mouth of the active site would place the

FIGURE 12: Revised mechanism for TCHQ dehalogenase. The protonation states of glutathione and Cys13 are not specified unless a
particular protonation state is required for activity. We expect that one of the thiols will be deprotonated, but not both. An alternative and
less likely pathway for formation of GS-DCHQ* is shown in brackets.
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molecule in proximity to the catalytic machinery in a way
that would produce 2,6-DCHQ if the chlorine substituent
were oriented toward the thiol of glutathione (see Figure 12).
(Binding in the orientation that places a hydrogen in a
comparable position would not lead to a productive reaction.)

During turnover, TriCHQ-2 forms and then disappears.
TriCHQ-2 could be a true intermediate in the reaction.
Alternatively, it could be a side product in equilibrium with
a true intermediate. However, its intermediacy is plausible
from a chemical standpoint. The attack of an aromatic ring
upon an electrophile is greatly facilitated by a hydroxyl group
in the ortho or para position; the hydroxylation of phenols
by flavin monooxygenases occurs by an analogous mecha-
nism (16-19). In this case, formation of TriCHQ* may
require a second strongly electron-donating substituent to
counteract the effects of the three or four electron-withdraw-
ing chlorine substituents. This would explain our previous
finding that pentachlorophenol and tetrachlorophenol do not
undergo reductive dehalogenation, although both bind at the
active site (4).

ConVersion of TriCHQ-2 to TriCHQ*. TriCHQ-2 is
converted to TriCHQ* in the enzyme-GS-Me complex. The
assignment of TriCHQ* to the tautomer of TriCHQ- is based
upon the following reasoning. First, TriCHQ* reverts to
TriCHQ upon quenching under various conditions. Thus,
TriCHQ* is likely an unstable isomeric form of TriCHQ.
Second, the long-wavelength absorbance of TriCHQ* is
consistent with that expected for a cyclohexadienone inter-
mediate. Similar intermediates form during the enzymatic
hydroxylation of phenols by flavin monooxygenases (see
Figure 13) (16, 18, 19). Third, TriCHQ* forms in TCHQ
dehalogenase saturated with TriCHQ and GS-Me with a rate
constant of 36( 10 s-1. This rate constant is remarkably
similar to that for formation of DCHQ (23( 5 s-1) in rapid
quench-flow experiments. Thus, the chemical and spectro-
scopic behavior of TriCHQ* is consistent with that expected
for the tautomer of TriCHQ-.

TriCHQ* is not observed during turnover by the C156S
enzyme. This would be expected if the rate-limiting step is
formation of TriCHQ* from TriCHQ-2 and its subsequent
conversion to 2,6-DCHQ is rapid. The proposal that TriCHQ*
is an intermediate in the reaction is supported by the
observation of an intermediate that absorbs at 385 nm and
could be either TriCHQ* or GS-DCHQ* during turnover of
TriCHQ by the K16A C156S enzyme (see Figure 11). This
enzyme is somewhat catalytically impaired because of the
lack of a residue that likely interacts with Cys13. Apparently
the resulting active site changes alter the rate of chemical
steps such that one or both of these intermediates can be
detected during turnover.

Further Reaction of TriCHQ* Requires the Thiol/Thiolate
of Glutathione.The finding that the reaction stops at the stage
of TriCHQ* when TriCHQ is incubated with the enzyme-
GS-Me complex demonstrates that the thiol/thiolate group
of glutathione is required for further reaction of TriCHQ*.
Formation of GS-DCHQ* might proceed via either a direct
SN2 displacement of chloride by glutathione or initial 1,4-
elimination of HCl to give 2,6-DCBQ, followed by attack
of glutathione on the electrophilic benzoquinone. We previ-
ously favored the latter because of its similarity to other
reactions catalyzed by GSTs; this mechanism was also
consistent with the requirement for a second hydroxyl group
for substrate conversion. However, the present data are more
consistent with a direct attack of glutathione on TriCHQ*.
The cyclohexadiene structure of TriCHQ* offers little steric
hindrance to attack of glutathione upon the ring. We cannot
exclude the possibility that the thiolate of glutathione affects
the conformation or protonation state of a residue in the
active site that is required for elimination of chloride, but a
structural and mechanistic reason for this is not obvious.
Thus, the most parsimonious interpretation of the data is that
the thiolate of glutathione attacks TriCHQ* to form GS-
DCHQ*.

Formation of DCHQ Is Fast RelatiVe to the Subsequent
Steps in the Reaction.The replacement of a chlorine
substituent on an aromatic substrate with a hydrogen is an
unusual chemical reaction. Remarkably, given the evidence
that TCHQ dehalogenase is not well-evolved to serve as a
reductive aromatic dehalogenase, the formation of DCHQ
occurs with a rate constant of approximately 25 s-1 when
the enzyme is saturated with both glutathione and TriCHQ.
The effective catalytic performance of the enzyme in this
early stage of the reaction is in stark contrast to its poor
performance in the second stage of the reaction, in which
binding of TriCHQ- to the ESSG form of the enzyme
prevents completion of the catalytic cycle.

SUMMARY

TCHQ dehalogenase appears to have been recently
recruited to serve in the pathway for PCP degradation. It is
constitutively expressed, in contrast to the other enzymes in
the pathway, whose expression is induced in the presence
of PCP (25). Constitutive regulation of an enzyme that
normally serves another function is often an initial step in
its recruitment to serve a new function (20-24). Furthermore,
our previous work shows that the enzyme cannot control
access to the active site during turnover and binding of the
aromatic substrates TCHQ and TriCHQ to the ESSG form
of the enzyme prevents the thiol-disulfide exchange reaction
required to complete the catalytic cycle (7). Nevertheless,
the enzyme is remarkably effective in certain aspects of
catalysis. The steps leading to production of DCHQ are quite
fast, producing DCHQ with a rate constant of 25 s-1 when
the enzyme is saturated with both substrates. The thiol-
disulfide exchange reaction is also fast in the absence of the
aromatic substrates. We previously estimated that it is 10000-
fold faster than a comparable reaction in solution (6). This
dichotomy between impressive catalysis of some steps, but
rather poor performance overall, offers a fascinating glimpse
at the workings of an enzyme that may be in the process of
evolving a new function, but has not yet evolved to the level
of catalytic prowess of most extant enzymes.

FIGURE 13: Spectroscopic characteristics of the cyclohexadieneone
intermediates proposed for a) hydroxylation of 2,4-dihydroxyben-
zoate byp-hydroxybenzoate hydroxylase (18, 19), and b) hydroxy-
lation of phenol by phenol hydroxylase (16).
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