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ABSTRACT. Tetrachlorohydroquinone (TCHQ) dehalogenase catalyzes the conversion of TCHQ to 2,6-
dichlorohydroquinone during degradation of pentachlorophen8ighyngobium chlorophenolicufCHQ
dehalogenase is a member of the glutathi&teansferase superfamily. Members of this superfamily
typically catalyze nucleophilic attack of glutathione upon an electrophilic substrate to form a glutathione
conjugate and contain a single glutathione binding site in each monomer of the typically dimeric enzyme.
TCHQ dehalogenase, in contrast to most members of the superfamily, is a monomer and uses 2 equiv of
glutathione to catalyze a more complex reaction. The first glutathione is involved in formation of a
glutathione conjugate, while the second is involved in the final step of the reaction, a thiol-disulfide
exchange reaction that regenerates the free enzyme and forms GSSG. TCHQ dehalogenase is severely
inhibited by its aromatic substrates, TCHQ and trichlorohydroquinone (TriCHQ). TriCHQ acts as a
noncompetitive inhibitor of the thiol-disulfide exchange reaction required to regenerate the free form of
the enzyme. In addition, dissociation of the GSSG product is inhibited by TriCHQ. The thiol-disulfide
exchange reaction is the rate-limiting step in the reductive dehalogenation reaction under physiological
conditions.

Tetrachlorohydroquinone (TCHQ) dehalogenase catalyzes TCHQ dehalogenase may have arisen from a double-bond
the reductive dehalogenation of TCHQ to trichlorohydro- isomerase such as maleylacetoacetate (MAA) or maleylpyru-
quinone (TriCHQ) and then to 2,6-dichlorohydroquinone vate (MP) isomeraser), enzymes involved in degradation
(DCHQ)! in the pathway for degradation of pentachlorophe- of tyrosine and benzoate, respectively. MAA and MP
nol (PCP) by the soil bacteriurBphingobium chlorophe- isomerases, like TCHQ dehalogenase, are members of the
nolicum Large-scale introduction of PCP into the environ- glutathioneStransferase (GST) superfamily. Although the
ment began in the 19308)( S. chlorophenolicunappears  overall sequence identity between TCHQ dehalogenase and
to have assembled a new metabolic pathway to degrade PCRnown MAA and MP isomerases is low<@3%), the
by recruiting previously existing enzymes from at least two sequence of the active site region in the N-terminal domain
other metabolic pathway®) The unusual reductive deha- s very similar to those of the isomeras&. (Furthermore,
logenation reactions catalyzed by TCHQ dehalogenase areTCHQ dehalogenase catalyzes isomerization of the double
critical for biodegradation of PCP. The presence of multiple hond in maleylacetone at the same active site used for the
electron-withdrawing substituents substantially decreases th%ehalogenation reaction, as mutation of Cys13 affects both
rate of ring cleavage by intradiol dioxygenasgs§); similar  activities (7). The recruitment of such an enzyme to serve
effects are likely to occur for the extradiol dioxygenase that 55 a reductive dehalogenase is intriguing because GSTs
cleaves the aromatic ring in the PCP degradation path@jay (  typically utilize only 1 equiv of glutathione and thus have a
single glutathione binding site in each monomer of the
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TriCHQ of DCHQ formed in the presteady-state burst was taken to

I
5] be equal to the total concentration of active enzyme.

m
OH 0y
cl a « ¢ i ¢ c Unless otherwise noted, all experiments were carried out
H CI_’H H " H using C156S T'C.HQ dehalogenage, W_hich has only one st
A ¢ I \SG residue at position 13 in the active site, in order to avoid
|

© complications in the synthesis of ESSG (see below) arising
from reactions with Cys156, which is located on the surface
N at a distance from the active site. The substitution of Ser for
GS* o OH ol Cys at position 156 does not appear to affect any properties
i N of the enzyme 12). The C13S mutant enzyme showed no
Enz-S Ve ES-SG VRS = 'S"G affinity for the glutathione-Sepharose affinity matrix. There-
N fore, it was purified as described previousiy?). Enzymes
were treated for 30 min with 5 mM DTT and exchanged
) into various buffers prior to experiments using 2-4 5 mL
Ficure 1. Postulated mechanism for TCHQ dehalogenase. HiTrap Desalting columns (Amersham Biosciences) in series
connected to an KTA FPLC system (Amersham Bio-
involved in the thiol-disulfide exchange rgaction binds very ":'nC,{/el ?)E)?;ls-i[lhrﬁ Lﬂfxﬁgtgfjgﬁr;\gf (rgul#:rdé)(nggf (;:G)Tzrg(_)
weakly, and the enzyme does not alter it&, po improve HCI, pH 7.5, containing 5 mM EDTA; (Buffer C) 200 mM

its nucleophilic?ty .0‘1)' F“”“?Tmore’ the_ thiol-disulfide_ Tris-HCI, pH 8.7, containing 10 mM ascorbate; and (Buffer
exchange reaction is nonspecific; other thiols undergo thiol- D) 200 mM potassium phosphate, pH 8.0

dulde excharge ih £S5 o ates comparabl 1 13 preparaon of THCHQ. THCHO was prepaed fom
TC?—|Q dehalo. P biect t 'ph'b'tg by it " trichlorobenzoquinone as previously describéd TriCHQ

. genase 1S subject 1o severe Innibition by 1S, 45 gissolved in ethanol, and the concentration was deter-
aromatic sgbstrates (TCHQ and Tr!CHQ). '_I'he aromatic ipqq by the absorbance at 306 nigpd= 4.5 mMtcm™1).
subst.rates mterfere W't.h pOth the th|ol—d|sqlflde exchange Solutions of TriCHQ in ethanol were prepared the day of
reaction and the dissociation of GSSG required to completethe experiment. In experiments with TriCHQ, the ethanol

the catalytic cycle. concentration was less than 1% by volume. Control experi-
EXPERIMENTAL PROCEDURES ments were carried out to ensure that the addition of ethanol
did not affect the results.

ReagentsDithiothreitol (DTT) and nicotinamide adenine Preparation of TCHQ Dehalogenase CysfBH2-gly-
dinucleotide phosphate, reduced form (NADPH) were pur- cine)-glutathionyl Disulfide3H-ESSG. *H-ESSG was pre-
chased from Research Products International Corp. Glu-pared as previously describetil) with some modifications.
tathione (glycine-2H) (50 Ci/mmol) was from Perkin-Elmer  C156S TCHQ dehalogenase (6 nmol) in H®DO0 uL of
Life and Analytical Sciences, 5;8lithio-bis(2-nitrobenzoic  degassed Buffer B at 2C was added to solid DNPSH]-
acid) (DTNB), glutathione, glutathione disulfide, glutathione SG (8 nmol, 1.4 Ci/ mmol). The yellow solution was allowed
reductase from baker’s yeast (185 U/mg), and 2-mercapto-to sit for 30 min at 4£°C. 3H-ESSG was then purified by gel
ethanol 6-ME) were purchased from Sigma-Aldrich. All filtration using three 5 mL HiTrap Desalting columns and
other reagents were purchased from common commercialused immediately. If necessafd-ESSG was concentrated
sources. with an Amicon Ultra 15 5-kDa cutoff spin filter (Millipore).

Enzyme PreparationC156S TCHQ dehalogenase was Nonradiolabeled ESSG was prepared as previously (
expressed and purified using ax-linked glutathione- except that TCHQ dehalogenase and DNPSSG were allowed

(0]
GSSG 2,6-DCHQ \>
Enz-Seysia

Sepharose affinity matrix as previously describ&d) fvith to react for 10 min, rather than 4 h, prior to removal of excess
the following changes. The cells were shaken at°25 reagent by buffer exchange.
overnight after addition of isopropyl-D-thiogalactopyra- Kinetic Studies of the Thiol-Disulfide Exchange Reaction.

noside (IPTG, 0.5 mM), instead of for 4 h. Purification was Rapid quench-flow experiments were carried out using an
carried out in buffers whose pH was adjusted to 8.0 rather Applied Photophysics rapid quench-flow instrument by
than 7.5. This procedure results in typical yields of 200 mg mixing equal volumes ofH-ESSG (0.05-0.2 uM, 70 uL,
of pure TCHQ dehalogenase froa 1 L culture. Aliquots 1.4 Ci/ mmol) and variable concentrations of glutathione (1
of purified enzyme were frozen in liquid nitrogen and stored 50 mM) or3-ME (1—20 mM) in Buffer A containing 0.1%
at —80 °C. TCHQ dehalogenase obtained in this manner is ascorbate. The concentrations of enzyme and substrates
fully active as judged by active site titration and contains described below are those obtained after mixing. The
no enzyme in which the active site Cys13 has been oxidized.concentrations of thiol reagents were determined just prior
Active site titration was carried out by quantifying the to experiments using Ellman’s assay3). For inhibition
amount of DCHQ formed in a presteady-state burst experi- studies, TriCHQ (5600uM) was added. After a delay time,
ment. TCHQ dehalogenase (M) was mixed with TriCHQ the reaction was quenched tvitt N HCI (70 uL) and
(200 uM) and glutathione (1 mM) in 200 mM potassium collected. The enzyme was removed by centrifugal filtration
phosphate, pH 7.0, containing 0.1% ascorbate. The reactionsn a Microcon YM10 (Millipore). Radiolabeled GSSG or
were quenched with an equal volumé D N HCI after glutathionyl 2-hydroxyethyl disulfide (GBME) in the
various intervals in an Applied Photophysics rapid quench- filtrate was quantified by scintillation counting. In general,
flow instrument, and the amount of DCHQ was measured 7—12 samples were collected after delay times between
by HPLC analysis as previously describd@)( The amount 12 ms and 30 s. The data were fit with a single-exponential
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equation using Kaleida Graph 3.6 (Synergy Software). a O8f
Experiments were performed at 2C. All results are the 07k
average of at least two determinations. ;
. . . . 0.6

These reaction conditions permit multiple turnovers due :
to conversion of ESSG to free enzyme, which can then @ 05
catalyze dehalogenation of TriCHQ. However, over the time = o.4§— ii
course of the reaction, the change in concentration of TriCHQ N 03k
was negligible, and thus the concentration of TriCHQ could i }
be treated as a constant for the purpose of kinetic analysis. 02

Kinetic Studies of the Release of GSESSG (10uM) 0.1f . .
was mixed with TriCHQ (10@M) and glutathione (10 mM) b 0 e
in Buffer D in a rapid quench-flow instrument, in the 0 20 40 60 80 100
presence or absence of glutathione reductase:f8pand [TriCHQ] (uM)
NADPH (300uM). (Prior to reactions, GSSG present in the b 04

glutathione stock (typically 1%) was reduced to glutathione
using 1.5 equiv of DTT). The amount of glutathione
reductase was chosen such that the rate of GSSG reduction
was 10-fold faster than the rate of the steady-state production
of GSSG during turnover of TCHQ dehalogenase. The
reactions were quenched Wil N HCI after various delay
times (12 ms-15 s), and the amount of GSSG produced was
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 o- T T T T T
which a gradient to 60% acetonitrile over 12 min was 0 100 200 300 400 500 600 700 800
developed. GSSG eluted at 10 min and was detected at 210 [TriCHQ] (uM)
nm. The amount of GSSG produced vs time was fit to a c 15f
single exponential or a single exponential followed by a [
linear steady-state. All results are the average of three 12k ’
determinations. The error bars are the standard deviation. [
Steady-State Velocities for C156S and C13S TCHQ {
DehalogenaseThe conversion of TriCHQ to DCHQ by
C156S TCHQ dehalogenase was followed using an HP o6l 3
8452A diode array spectrophotometer or an Applied Pho- Tt ()

V (uM/s)

0.9F

V (uM/s)

tophysics SX17.MV stopped-flow instrument. TCHQ deha- 8 ¢

logenase (50 nM or 100 nM) was added to a solution of °'3:

Buffer A containing ascorbate (0.1%), glutathione (625 T

mM), and TriCHQ (4-800uM). In some instancegi-ME 0 0 20 40 60 80 100

was included (50 mM). Loss of TriCHQ was measured by [TriCHQ] (M)

following the absorbance at 320 nm as a function of time g re 2. Effect of THCHQ on the rate of the dehalogenation
(A€so = —1.8 mM™* cm™). For experiments at pH 8.7,  reaction catalyzed by TCHQ dehalogenase. Initial velocities for

Buffer C containing3-ME (50 mM) and glutathione (4 mM)  conversion of TriCHQ were monitored by following the change in

was used, and the conversion of TriCHQ to DCHQ was absorbance at 320 nm. Assay mixtures contained 200 mM potassium
' _ _ 1 _ phosphate buffer, pH 7.0, 3 mM glutathione, 0.1% ascorbate, and
followed at 346 nm Aesae 1.3 mM™ cm ). For (100 nM C1565 TCHQ dehalogenase, (b) 100 nM C13S TCHQ
experiments at pH 8.0, Buffer D c_ontamlng glutathione (10 dehalogenase, and (c) 100 nM C156S TCHQ dehalogenase, 50 mM
mM) was used, and the conversion of TriCHQ to DCHQ A-ME. The curve in (b) is a best fit of the data to the Henri-

was followed at 346 nmAezs = —0.7 mM~t cm™). The Michaelis-Menten equation.
data were fit by_llnear regression during the first B% RESULTS AND DISCUSSION
conversion of TriCHQ.

All experiments were performed at 2C. Each reported C156S TCHQ Dehalogenase Is Inhibited by TriCHQ, but
initial velocity is the average obtained from at least three the C13S Enzyme Is Notnitial velocities for TCHQ
experiments. Error bars reflect the sample standard deviationdehalogenase were measured at various concentrations of
between these experiments. Velocities obtained in this way TriCHQ (see Figure 2a). C156S TCHQ dehalogenase is
were identical to those obtained by a discontinuous HPLC severely inhibited by TriCHQ. Similar results were obtained
assay 12). with TCHQ (data not shown). A phase in which the velocity

The conversion of TriCHQ to 3,5-dichloro-&glutathio- increases with substrate concentration is not evident, even
nylhydroquinone catalyzed by C13S TCHQ dehalogenaseat the lowest concentrations at which the velocity can be
(9) was followed by measuring the increase in absorbance measured. In contrast, C13S TCHQ dehalogenase is not
at 346 nm as a function of time\ézss = 2.9 mMt cm™?). subject to substrate inhibition (see Figure 2b). The plot of
The reaction was initiated by the addition of C13S TCHQ initial velocity vs TriCHQ concentration follows Henri-
dehalogenase (100 nM) to Buffer A containing ascorbate Michaelis-Menten kinetics, showing typical saturation be-
(0.1%), glutathione (3 mM), and TriCHQ {800 uM). havior with kest = 3 s7% and Ky tricho = 20 uM. Cys13
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plays a key role in the catalytic cycle (see Figure 1). a o10
Replacement of Cys13 with Ser gives an enzyme that can i
carry out the initial steps in the reaction but cannot continue 0.08}
past the point at which Cysl13 is required. The lack of = i
substrate inhibition in the C13S enzyme suggests that the = 0.06]
problematic step must occur after formation of 3,5-dichloro- 2 i
6-S-glutathionyl-4-hydroxycyclohexa-2,4-dienone (IV in Fig- B 0.04f
ure 1) at the active site. TriCHQ might inhibit attack of E i
Cys13 on 3,5-dichloro-&-glutathionyl-4-hydroxycyclohexa- 0.02
2,4-dienone, the thiol-disulfide exchange reaction required f
to regenerate Cys13 at the active site, or release of products 0.00
. : . . : 0 200 400 600 800

from the active site. High concentrations of thiols such as time (ms)
2-mercaptoethanol (Figure 2c) decrease the severity of
substrate inhibition. Similar results are obtained with glu- b 12__
tathione or DTT (data not shown). These findings suggest 1.0F
that the substrate inhibition is likely to involve the thiol- i
disulfide exchange reaction between ESSG and glutathione, = o8
since this is the only step whose rate should be increased in 2 0.6
the presence of high concentrations of thiol. x°

THCHQ Inhibits the Thiol-Disulfide Exchange Reaction o4
of ESSG with Glutathion€®H)ESSG was mixed with various 0.2F .
concentrations of TriCHQ and a large excess of glutathione [ —
in a rapid quench-flow instrument, and the amount3sf){ 0.0 0 '0_1' - '0_2 03 04 05
GSSG formed was determined after various reaction times. 1/[glutathione] (mM™)
Under these conditions, formation of GSSG follows pseudo c

first-order kinetics. Pseudo first-order rate constants were
obtained by fitting the data to eq 1. (Rate constants that are
labeled “obs” refer to processes that are inhibited by TriCHQ

and are therefore dependent upon the concentration of

TriCHQ.) TriCHQ indeed inhibits the thiol-disulfide ex- “g
change reaction (see Figure 3a). 3]
[GSSG]= [GSSG] + [ESSG(1 — e‘K"“t) Q)
Our initial hypothesis was that TriCHQ inhibited the %% 20 4 e e
reaction by competing with glutathione for access to the [TriCHQ] (uM)

active site (see Scheme 1). Scheme 1 is consistent with ourFicure 3: Effect of TriCHQ on the rate of the thiol-disulfide

observation that the thiol-disulfide exchange reaction is e?gnagggéea%ﬂoln- (lf\ill) ﬁo[”gﬁtiong'-’fﬁssﬁ VSt.i)mg ig reactions
. : o of 3H- with 1 mM glutathione in the absen@ @nd presence
|rrever5|_ble under _the_condltlon_s_ of the assays. We assume; THCHQ; 10 uM (M), 35 uM (), and 75xM (). Reaction
that rapid pre-equilibrium conditions apply. We see no lag mixtures contained 200 mM potassium phosphate, pH 7, and 0.1%

in the appearance of GSSG that would indicate slow ascorbate. The curves shown are fits of the data to a single
formation of ESSE@GSH and no slow onset of inhibition  €xponential. (b) Plots of kiynsvs 1/[glutathione] for thiol-disulfide

o A : St exchange reactions between ESSG and glutathione in the presence
that would indicate slow binding of TCHQ. For the situation &' = Po e tions of TrCHQ; GEM (@), 40 xM (M), 20

eq 2, andk ops is given by eq 3. (T denotes TriCHQ and a function of [TriCHQ)].

GSH denotes glutathione.)

Scheme 1.
v =K, JESSG], ) ESSG lgs—:sH ESSG+GSH K- E+GSSG
Kt
, kIGSH] ‘
Kobs = ¢ (3) ESSGAT
p.esH1H[TV/K) + [GSH]

The reciprocal ok ops is given by eq 4.
Although this is a single-turnover experiment, eq 3 has the
same form as the standard equation for competitive inhibition 1 KpesIHTVK) [ 1 1
during steady-state turnovenl4). The concentration of K., k ([GSH])+E )
glutathione can be considered to be constant during the
single-turnover experiment because we follow the disap- If inhibition is competitive, as shown in Scheme 1, then
pearance of 0.1M radiolabeled ESSG in the presence of the inhibition should be overcome at high levels of glu-
millimolar levels of glutathione. tathione, and a double reciprocal plot ok'}s vs 1/[GSH]

obs
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Scheme 2:
GSH
Kb, GsH

ESSG:GSH - E+GSSG

g

ESSG
kg

SH

D, GSH

ESSG=T

Mo

ESSG=#T+*GSH — E=T+*GSSG

would show a pattern of lines intersecting on thaxis, as
the rate in every case will converge on the same maximal
value. Figure 3b shows that this is not the case; the lines
intersect on thec-axis. The pattern in Figure 3b suggests
that inhibition of the thiol-disulfide exchange reaction by
TriCHQ is noncompetitive (see Scheme 2). Noncompetitive
inhibition would occur if the inhibitor binds to both ESSG
and ESSE@GSH and sequesters a fraction of the enzyme in
a less reactive or nonreactive form. The velocity of the
reaction shown in Scheme 2 is given by eq 5, &hgs is
given by eq 6.

v =K ,JESSG],, = KESSG*GSH]+
BKIESSG*GSH*T] (5)
B KGSH] N
05 K gs1HITI/K;) + [GSHI(LH[TI/K;)

PKIGSH]
Kb, esH1+K/[T]) +[GSH](1+K/[T])

k!

(6)

A noncompetitive inhibitor can completely prevent reac-

Warner et al.
35.00] 12
E 1.0
30.0F 2 o8
: 206
—~ 25.0F ° ™
- : X o4
K2 20.0F 0.2
_8 00...I‘\.I..‘\...I
X 15.0F 0 40 80 120 160
F [TriCHQ] (uM)
10.0F
5.0F
O'O:IAIIIAIIIIAAIIAIIIIIIIAIAAIII
0 20 40 60 80 100 120 140 160

[TrCHQ] (uM)

Ficure 4: Effect of TriCHQ on the rate of the thiol-disulfide
exchange reaction betweéhl-ESSG and 10 mM glutathione.
Reaction mixtures contained 200 mM potassium phosphate, pH 7.0,
0.1% ascorbatéH-ESSG, and variable concentrations of TriCHQ.

K obs Was obtained from a fit of the data to a single exponential.
The curve shown is the best fit of the data to eq 6. The inset shows
a replot of 1K ops Vs [TriICHQ].

of inhibition gives a pattern of parallel lines in a double
reciprocal plot like that shown in Figure 3b. Hyperbolic
mixed-type inhibition, which would occur if the binding
constant for glutathione were altered in the presence of
TriCHQ (and vice versa), can be eliminated because the lines
in double reciprocal plots intersect above thaxis, rather
than on thex-axis.

There are three ways in which TriCHQ could act as a

tion at the active site or merely slow the reaction (see Schemenoncompetitive inhibitor of thiol-disulfide exchange. A

2). Pure noncompetitive inhibition occurs whgr= 0 in

noncompetitive inhibitor need not bind to the active site;

Scheme 2. Partial noncompetitive inhibition occurs when 0 binding at a different site that alters the conformation of the
> B > 1. We can differentiate between pure and partial active site can result in inhibition. However, in this case, it
noncompetitive inhibition by measuring the rate of thiol- is most likely that TriCHQ binds to the active site, since it
disulfide exchange at high concentrations of TriCHQ, is a substrate for the enzyme. Furthermore, we have

conditions under which all of the enzyme will have TriCHQ
bound at the active site. The rate constant for the thiol-
disulfide exchange reaction approaches 0.17 s at high
concentrations of TriCHQ (see Figure 4), which is consistent
with f = 0 and pure noncompetitive inhibition. Whgn=

0, 1K ossis given by eq 7.

1 _ KD,GSH(1+[T]/ Ki)
k

1+ [TI/K,
K

([GéH]) "

The x-intercept from the double reciprocal plot in Figure
3bis equal to-1/Kp csi Thus,Kp s for the thiol-disulfide
exchange reaction is 60 mM. The slope of the line for the
experiment carried out in the absence of TriCHQ is equal to
KpesHk. Thus, the rate constant for the thiol-disulfide
exchange reactionk, is 220 s'. (These values differ
somewhat from those previously publishéd,(= 20 mM,
andk = 100 s?) that were obtained at pH 7.7 instead of pH
7.0 and at 5C instead of 20C (11).) A replot of the slopes
of the lines in Figure 3b vs TriCHQ concentration provides
a line for which thex-intercept is equal te-K;tricho (Figure
3c). The data indicate th# 1icho = 3 uM. This value is
close to the value dfy ticho for the C13S enzyme (20M).
(The data show a slight upward curvature, which may
indicate that the level of inhibition is increased by binding
of a second molecule of TriCHQ.)

We have also considered other types of inhibition. Un-
competitive inhibition can be eliminated because this type

k!

obs

previously shown that binding of TriCHQ and glutathione
occurs in a rapid equilibrium random sequential fashn (
which indicates that the presence of glutathione in the active
site does not preclude access of TriCHQ to its normal binding
site. In addition, K; for inhibition of the thiol-disufide
exchange reaction is similar to th& ticro for the C13S
enzyme (for which accurate measurement Kf,ds possible
because of the lack of substrate inhibition.) TriCHQ is
negatively charged in the active site of C13S TCHQ
dehalogenasel() and TCHQ dehalogenase (unpublished
data). This negative charge could prevent formation of the
thiolate form of glutathione needed to attack ESSG. Alter-
natively, it could destabilize the developing negative charge
on Cys13 in the transition state for thiol-disulfide exchange.
TriCHQ could also interfere sterically with attack of the
thiolate on the disulfide bond, although it apparently does
not interfere with binding of glutathione to the active site.
When TriCHQ binds to ESSG, a shift in the UV/visible
spectrum occurs immediately upon mixing. Thgax Of
TriCHQ in solution at pH 7 is 322 nm (see Figure 5). At the
active site of the enzyme, a new absorbance with,a of
about 360 nm appears. Thus, an additional species is likely
to be contributing to the UV/vis spectrum at the active site
of ESSG. Formation of this species is reversible, as TriCHQ
can be quantitatively recovered when ESSG is denatured by
treatment with heat or acid (1 N HCI). The substrate
inhibition must therefore involve this species, in equilibrium
with TriCHQ itself, at the active site of ESSG. Efforts to
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15¢ obtained using 20 and 4@M TriCHQ (data not shown).

GSSG Release Is Rate-Limiting at High Concentrations
of Glutathione.The rate of GSSG release was determined
under conditions in which the rate of the thiol-disulfide
exchange reaction was increased 10-fold by increasing the
pH from 7.0 to 8.0, conditions chosen to make the unknown
step cleanly rate-limiting1(1). The following experiments
demonstrate that release of GSSG is rate-limiting under these
conditions. ESSG (1@M) was mixed with TriCHQ (100
uM) and glutathione (10 mM) at pH 8.0 in the presence of
glutathione reductase and NADPH in a rapid quench-flow
experiment. (ESSG was used rather than free enzyme to

Wavelength (nm) enhance our ability to detect a burst of formation of GSSG
FIGURE 5 UV/is spectra of ) TriCHQ (3004M) in 200 mM in the first turnover. After the release of the first equiv of
potassium phosphate, pH 7 and (-—-) TriCHQ (300) atthe active  GSSG, the enzyme begins turning over substrate, so the
Egir?é ItEoStSh(é; ((;'EQ‘M)' Under these conditions all the TCHQ is o404y state after the burst reflects events occurring during
yme.
normal turnover.) GSSG released from the enzyme was
5¢ rapidly reduced to glutathione by glutathione reductase. Thus,

i only GSSG sequestered at the active site of the enzyme could
be detected after the reaction was quenched. The data show
that the amount of GSSG bound to the enzyme rapidly
approaches a steady state in which the amount of GSSG
bound to the enzyme is 85% of the total enzyme present
(Figure 7a). The rate constant for approach to the steady state
is 30+ 7 s 1, which corresponds approximately to the rate
of the thiol-disulfide exchange reaction under these condi-
tions? At the conclusion of the reaction, the amount of GSSG
! s L NI declines to zero. The accumulation of nearly stoichiometric
0 5 10 15 20 amounts of GSSG at the active site indicates that release of

[glutathione] (mM) GSSG is slow under these circumstances.

FIGURE 6: The effect of glutathione concentration on the rates of ~ The observed slow rate of release of GSSG could be due
overall turnover and the thiol-disulfide exchange reaction. Reaction to an intrinsically slow release of GSSG (Scheme 3a) or to
mixtures contained 200 mM potassium phosphate, pH 7.0, 0.1% 4 sjtyation in which DCHQ or chloride must leave the active

ascorbate, and 6aM TriCHQ. (®) K s for the thiol-disulfide .
exchange reaction betwe@H-ESSG and glutathione. Error bars site before GSSG can be released, and release of one of these

are not shown, but the standard error for each point was less thanproducts is rate-limiting (Scheme 3b). Scheme 3b supposes
20%. @) kea for steady-state turnover monitored by following the  that the thiol-disulfide exchange reaction can occur while
conversion of TriCHQ to DCHQ at 320 nészo = —1.8 mM™* DCHQ is bound at the active site, which is unlikely given
cm™1). The data were fit to the Henri-Michaelis-Menten equation. that TCHQ and TriCHQ completely inhibit the thiol-disulfide
exchange reaction. To differentiate between these possibili-
ties, we carried out a similar experiment in which glutathione
. S . ) reductase and NADPH were omitted so the amount of GSSG
Q|enone (I |n'F|gure .1)’ the tautomeric form of TF'CHQ thf"‘t measured after quenching included both GSSG at the active
IS for_med plurlpg the first step of the dehglogenatlon _regghon. site and GSSG that had been released to solution. If Scheme
Thiol-Disulfide Exchange Is Only Partially Rate-Limiting 31 \yere an accurate representation, 2 equiv of GSSG would
during Turnaser of TCHQ Dehalogenase at High Concen- o formed during the initial burst under these experimental
trations of GlutathioneTriCHQ is a noncompetitive inhibitor  ~;nditions. The first would be formed during the initial
of the thiol-disulfide exchange reaction. The release of GSSG ;o 4ction of ESSG with glutathione, and the second during

is another step that is not part of the normal turnover of ¢ first tumover. (If DCHQ or chloride release were rate-
enzymes in the GST superfamily. We investigated the rate jiniting, the appearance of GSSG in later turnovers would
of this step to determine whether it is also subject to po slower.) The data shown in Figure 7b show a burst of
inhibition by TriCHQ. Figure 6 shows a comparison of the  ¢ormation of GSSG as ESSG is converted to GSSG with a
rate constants for the thiol-disulfide exchange reactigy( rate constant of 48 10 s, followed by a steady state with
and the overall dehalogenation reactidq,) in reactions a rate constant of 1.8 0.5 s. Notably, the magnitude of
containing 60uM TriCHQ and a range of glutathione
concentrations. The rate of the thiol-disulfide exchange
reaction is very similar to that of the overall reaction at 2 An appropriate mathematical treatment for presteady-state burst

kinetics is described in Johnson, K. A. (1992ansient-State Kinetic

glutathione concentrations less than 1.5 mM, suggesting thatAnalysis of Enzyme Reaction Pathways, “The Enzymmésl. XX, pp

it is partially or completely rate-limiting under these condi- 1-61. The rate constant for the burst is approximately that of the thiol-
tions. At higher concentrations of glutathione, the rate of disulfide exchange because 1) the thiol-disulfide exchange reaction is

the thiol-disulfide exchange reaction is greater than that of ieversible 11); 2) GSSG release is irreversible in the presence of
high concentrations of glutathione (especially when glutathione reduc-

the overall reaction, suggesting that a different step, possibly tase and NADPH are present); and 3) the subsequent steady-state rate
release of GSSG, becomes rate-limiting. Similar results areis much slower.

1.0

05F
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0_0'.‘. P S s S AV i
300 320 340 360 380 400 420

identify this species are underway. A possibility is that this
unknown species is 3,5,6-trichloro-4-hydroxycyclohexa-2,4-
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r Ficure 8: Model for the catalytic cycle of TCHQ dehalogenase
8 showing inhibition of the thiol-disulfide exchange reaction and
i release of GSSG by TriCHQ. TriCHQ* represents a mixture of
< 6f TriCHQ and an unidentified species (see Figure 5 and discussion
< | in text).
3 4r . .
I proximately 1.5 s* (see Figure 4). Thus, the rates of both
2f the thiol-disulfide exchange and GSSG release limit the rate
i of overall turnover.
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% 50 100 150 200 250 hRerl]ease Iof GSSfGGlgslréhllblt_eﬂ .E_y Lrlé:H?Cd:terns]lne
[TCHQ] (uM) whether release o is inhibited by TriCHQ, the rate

o ] of the reaction was measured in the presence of various
FIGURE 7: Kinetic studies of the rate of release of GSSG. (@) concentrations of TrICHQ under conditions in which turnover
Concentration of enzyme bound-GSSG as a function of time in

reaction mixtures containing ESSG (&), TriCHQ (100 u«M), IS I'm't_ed by th_e rate of GSSG release (pH 8 and 10 mM
glutathione (10 mM), 0.1% ascorbate, glutathione reductase (30 glutathione). Figure 7c shows the dependenck.@ftaken
uM), and NADPH (30QuM) in 200 mM potassium phosphate, pH  to be equal td) on the concentration of TriCHQ. Release
8.0. (b) Concentration of GSSG as a function of time in a reaction of GSSG is inhibited by TriCHQ. Scheme 4 describes the

mixture similar to that used in (a) but lacking glutathione reductase ; o * *T*
and NADPH. (c) Inhibition of the rate of overall turnover at pH dissociation of GSSG from E*GSSG and E*T*GSSG.

8.0 by TriCHQ. Reaction mixtures contained TCHQ dehalogenase Eduation 8 can be used to fit the data in Figure 7c. The curve
(0.2 uM), TriCHQ (10-200.M), glutathione (10 mM), and 0.1%  approaches a value ef0.1+ 0.45 s*at high concentrations
ascorbate in 200 mM potassium phosphate, pH 8.0. Initial rates of TriCHQ, suggesting that dissociation of GSSG does not
were determined by following the change in absorbance at 346 nm gccyr when TriCHQ is bound.

(Aezss = —0.7 mM~t cm™1). The data were fit to eq 8.

the burst corresponds to only 1 equiv of GSSG; thus the Koo = Kot + Bkort @)
possibility that release of DCHQ or chloride limits the rate 4 (IH[TYK)  (A+K/TD)

of GSSG release can be ruled out. After release of the first

GSSG formed at the active site, the free enzyme undergoes Figure 8 summarizes the interactions of TriCHQ with
additional turnovers at a steady-state rate limited by the ratevarious forms of the enzyme. Binding of TriCHQ allows
of GSSG release. Thus, we conclude that the rate constanglutathione to bind to ESSG but prevents the thiol-disulfide
for GSSG release at pH 8 in the presence of AROTrICHQ exchange reaction. Only after TriCHQ dissociates can the
is 1 s1. Sincekq is independent of pH between pH 7 and thiol-disulfide exchange reaction proceed. Once thiol-disul-
pH 9 at high concentrations of glutathione (unpublished fide exchange occurs, binding of TriCHQ before GSSG can
observations), we can conclude that the rate constant forbe released again stops the catalytic cycle completely.
GSSG release at pH 7 and in the presence of 2BD Release of GSSG can only occur after TriCHQ dissociates.
TriCHQ is also 1 s Under these conditions, the rate Substrate Inhibition under Physiological Conditions Is Due
constant for the thiol-disulfide exchange reaction is ap- to Inhibition of Thiol-Disulfide ExchangaVe have previ-
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ously estimated that the cytoplasmic concentration of glu-
tathione is 1.6 mM 11), and the concentrations of TCHQ
and TriCHQ are approximately 2 and M, respectively
(15), in S. chlorophenolicungells that are actively metabo-
lizing PCP. If the cytoplasmic pH is 7.0 and TCHQ and
TriCHQ have similar inhibition constants, the observed rate
constant for the thiol-disulfide exchange reaction would be
1.7 s (calculated using eq 7 andplssy = 60 mM, k =
220 s%, Ki=3uM, [GSH] = 1.6 mM, and [T]= [TriCHQ]

+ TCHQ] = 7 uM). The rate of dissociation of GSSG under
these conditions would be approximately 9 ébased upon
the data in Figure 7c). Thus, the thiol-disulfide exchange
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nolicum TCHQ dehalogenase under conditions similar to
those used for the UG30 enzyme. Figure 9 shows that under
these conditions th8. chloropenolicunenzyme shows little
sign of substrate inhibition up to a TriCHQ concentration
of 150 uM. The plot of velocity vs TriCHQ concentration
shows saturation behavior withKay tiico = 4 uM, Kear =

14 s1, andkea/Km = 3.5 x 10° Mt s71. However, TCHQ
dehalogenase still shows substrate inhibition at high con-
centrations of TriCHQ (see Figure 9 inset).

The mechanistic studies reported here suggest an explana-
tion for the dependence of substrate inhibition on the assay
conditions. Both the thiol-disulfide exchange reaction and
the release of GSSG are inhibited by TriCHQ. Any factor
that increases the rate of these steps will favor their
completion before TCHQ or TriCHQ can bind and cause
inhibition. We have previously shown that the thiol-disulfide
exchange of ESSG can occur with many thiols, with little
or no specificity £1). The rate of the thiol-disulfide exchange
reaction with DTT is only slightly slower than that with
glutathione 11). The thiol-disulfide exchange reaction with
small thiols such as DTT angtME is inhibited by TriCHQ,

reaction is the rate-limiting step in the turnover of TCHQ just as is the normal thiol-disulfide exchange reaction with
dehalogenase under physiological conditions, although theglutathione. TheK;icho oObtained for thiol-disulfide ex-
release of GSSG is only 5-fold faster and is also severely change with3-ME (7 uM) is very close to that obtained for

inhibited by TriCHQ.

Substrate Inhibition Is Less Significant at High pH and
High Concentrations of Thiolddabash et al. have reported
that TCHQ dehalogenase fro8phingomonasp. UG30 is

the thiol-disulfide exchange reaction with glutathione:(8)
(data not shown). However, the very high levels of DTT
(50 mM) included in the assays reported by Habash et al.
will greatly increase the rate of the thiol-disulfide exchange

not inhibited by TCHQ. This enzyme has 94% sequence reaction. Furthermore, the high pH of the buffer used by

identity to TCHQ dehalogenase froB chlorophenolicum
ATCC 39723. It would be surprising if such similar enzymes
had dramatically different susceptibilities to substrate inhibi-

Habash et al. will increase the concentration of the reactive
thiolate form of the nucleophile, which has Ejof 9.2, by
50-fold (Szajewski 1980), thus further increasing the rate of

tion. However, the assay conditions used by Habash et al.the thiol-disulfide exchange reaction. Both factors will
were considerably different from those used here. They promote completion of the thiol-disulfide exchange reaction

assayed activity at pH 8.7, 5, in the presence of 4 mM
glutathione and 2550 mM DTT, conditions chosen because
they gave optimal activity. We assay activity under more
physiological conditions of pH 7, 28C, and without high
concentrations of nonphysiological thiols such as DTT.

In order to resolve this apparent conflict in the kinetic
properties of the two enzymes, we assayedhehlorophe-

before TCHQ or TriCHQ can bind and halt the catalytic
cycle.

The thiol-disulfide exchange reaction withME results
in formation of a product, GBME, whose rate of dissocia-
tion is faster than the rate of dissociation of GSSG. Figure
10 shows a comparison of the rate constants of the thiol-
disulfide exchange reaction and the overall dehalogenation
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0.40 disulfide exchange step suggests that the glutathione involved
E in the thiol-disulfide exchange binds very weakly to the
035 active site.
o0k Based upon the evidence that TriCHQ inhibits both thiol-
= B disulfide exchange reaction and the release of GSSG and
S oo25f these studies showing that high concentrations of small thiols
= ; such as DTT accelerate both thiol-disulfide exchange and
> 0.20 release of the disulfide product, we conclude that inhibition
008 t of the thiol-disulfide exchange reaction and GSSG release
0155 000t by TCHQ and TriCHQ will be masked under the reaction
010 ettt conditions used by Habash et al.
"0 50 100 150 200 250 300 350 CONCLUSION

[TriCHQ] M) We attribute th bstrate inhibition of TCHQ
e attribute the severe substrate inhibition o
Ficure 9: Effect of TriCHQ on the rate of the dehalogenation -
reaction at pH 8.7 in the presence of high concentratiorfsME. deha!09enase to eff_ects upon the last two steps in the
Reaction mixtures contained 200 mM Tris-HCI, pH 8.7, 4 mMm reaction. TCHQ or TriCHQ binds to the ESSG form of the
glutathione, 50 mM3-ME, 10 mM ascorbate, and 25 nM TCHQ enzyme and prevents thiol-disulfide exchange by acting as

dehalogenase. The curve is a best fit of the data to the Henri- 3 noncompetitive inhibitor. The hydroquinone substrates
m'%?gﬁgf;?ﬁgetﬁgaet?gﬁé'%?-TTr irg_l'réset shows inhibition of activity  ,reyent thiol-disulfide exchange even though the active site
' is still accessible to glutathione. If the thiol-disulfide
4r exchange reaction is completed, the dissociation of GSSG
I is inhibited when TCHQ or TriCHQ binds to the active site.
— Notably, both of the steps that are subject to substrate
'_3 inhibition are atypical for members of the GST superfamily.
5 | These steps may have been “added on” to the ancestral
x<
IS}

3+

2F function of the TCHQ dehalogenase progenitor. The enzyme

[ . has apparently not evolved a mechanism to prevent binding

g of the hydroquinone substrate to the active site before the

r catalytic cycle is completed.

i The profound substrate inhibition observed for TCHQ

o dehalogenase is unusual, and perhaps unprecedented, in an
0 5 10 15 20 enzyme that is “well-evolved”. An important question raised

[B-ME] (mM) by our findings is whether substrate inhibition occurs in vivo.
Ficure 10: The effect ofg-ME on the rate constants for overall We have previously shown that the levels of TCHQ and
turnover and the thiol-disulfide exchange reaction. Reaction TriCHQ are in the low micromolar range because the slow

gég%ﬁg?ﬁ%g‘g%?@'w ;gggl?rﬁlor?g‘sthit‘;athﬁ%?d ?‘blr% rate of PCP hydroxylase limits the flux of material through
the thiol-disulfide exchgnge betwepéIH-EpSSG 'aﬁcﬁ-ME'. EP;bSiS the pathway15). Our results indicate that substrate inhibition

the pseudo first-order rate constant obtained from fitsSiHEGS- would occur in vivo; the rate constant for the rate-limiting
BME] vs time. @) k. for steady-state turnover of TCHQ thiol-disulfide exchange reaction would be decreased from

dehalogenase monitored by following the conversion of TriCHQ 57 to 1.7 sl However, the “design flaw” in TCHQ

to DCHQ at 320 nm fezz0 = —1.8 mM™ cm ). dehalogenase is physiologically irrelevant, since the flux
L . - . through the pathway is limited by the poor performance of
reaction in reactions containing 6M TriCHQ, 100-200 e first enzyme in the pathway. Thus, there is no selective
#M glutathione, and a range of concentrationSE. The  ,oqq e to evolve an enzyme that is not subject to substrate
glutathione was required for the initial steps of the dehalo- jypipition. If S. chlorophenolicunwere to acquire mutations
genation reaction; 10662004M glutathione is sufficient to  hat improved the catalytic performance of the first two
cause rapid formation of ESSG, but the large excegsME enzymes in the pathway (PCP hydroxylase and tetrachlo-
in the reaction results in predominant attack upon ESSG by ygpenzoquinone reductase), the resulting higher levels of
B-ME, generating GFME as the final product. The data TCHQ and TriCHQ would cause more serious substrate
show that the rate constant for the overall turnover under jphibition, and the flux through the degradation pathway

these conditions is the same as that of the thiol-disulfide would become limited by the Cata|ytic performance of TCHQ
exchange reaction, suggesting that release of the product GSgehalogenase.

BME is not rate-limiting at high concentrations of thiol, in
contrast to the situation when glutathione is used (see FigureREFERENCES
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