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ABSTRACT: Microsomal glutathione transferase 1 (MGST1) displays the unique ability to be activated, up
to 30-fold, by the reaction with sulfhydryl reagents, e.g.,N-ethylmaleimide. Analysis of glutathione (GSH)
thiolate formation, which occurs upon mixing activated MGST1 with GSH, reveals biphasic kinetics,
where the rapid phase dominated at higher GSH concentrations. The kinetic behavior suggests a two-step
mechanism consisting of a rapid GSH-binding step (KD

GSH ≈ 10 mM), followed by slower formation of
thiolate (k2 ≈ 10 s-1). The release rate (or protonation of the enzyme GSH thiolate complex) of GS- was
slow (k-2 ) 0.016 s-1), consistent with overall tight binding of GSH. Electrophilic second substrates
react rapidly with the E•GS- complex, and again, a two-step mechanism is suggested. In comparison to
the unactivated enzyme [Morgenstern et al. (2001)Biochemistry 40, 3378-3384], the mechanisms of
GSH thiolate formation and electrophile interaction are similar; however, thiolate anion formation is
enhanced 30-fold in the activated enzyme, contributing to an increasedkcat (3.6 s-1). Interestingly, in the
activated enzyme, thiolate formation and proton release from the enzyme are not strictly coupled, because
proton release (as well askcat) was found to be≈4 times slower than GSH thiolate formation in an
unbuffered system. Solvent kinetic isotope effect measurements demonstrated a 2-fold decrease in the
rate constant (k2) for thiolate formation andkcat (in the reaction with 1-chloro-2,4-dinitrobenzene) for
both unactivated and activated MGST1. This indicates that thiolate formation contributes tokcat for the
activated enzyme, as suggested previously for unactivated MGST1. The stoichiometry of thiolate formation,
proton release, and burst kinetics suggested utilization of one GSH molecule per enzyme trimer.

Glutathione transferases (GSTs,1 EC 2.5.1.18) catalyze the
conjugation of the tripeptide glutathione (GSH) to a vast
variety of electrophilic compounds, of both xenobiotic and
endogenous origin. These enzymes are found in most aerobic
organisms and probably constitute the single most important
protection system against electrophile damage in the cell (1).
The soluble GST superfamily consists of at least nine
subfamilies, which in turn can consist of several isoenzymes
(2-5). The membrane-bound GSTs are grouped into the
recently defined MAPEG (membrane-associated proteins in
eicosanoid and GSH metabolism) superfamily, whose mem-
bers include microsomal GSH transferase 1 (MGST1),
MGST2, MGST3, leukotriene C4 synthase, prostaglandin E
synthase, and 5-lipoxygenase-activating protein (6). The

MAPEG superfamily thus consists of enzymes with broad
second substrate specificity, i.e., MGST1, and enzymes that
are more specific (leukotriene C4 synthase and prostaglandin
E synthase).

MGST1 is a trimeric enzyme that can be activated, up to
30-fold, by sulfhydryl reagents and other treatments including
proteolysis (7-11). Activation of MGST1 has been observed
in vivo (12-16). The target of activation is usually covalent
modification of a single cysteine in the monomer, although
proteolytic cleavage (e.g., at lysine-41) also results in
activation. Because MGST1 does not respond to traditional
transcriptional activators of GSTs, it is thought that activation
could be an alternative rapid response to an increased burden
of electrophiles in the cell.

We have previously shown that unactivated MGST1
displays several interesting mechanistic features (17): (i)
GSH binding and ionization to form the nucleophilic thiolate
anion is a very slow process in contrast to the cytosolic
enzymes (18-21); (ii) the reaction of the thiolate with the
electrophilic substrate occurs by a rapid two-step mechanism
with a strong dependence on chemical reactivity. When the
second substrate is sufficiently reactive, the overall turnover
of MGST1 is limited by the rate of thiolate anion formation
(22, 23); (iii) the stoichiometry of GSH thiolate formed,
together with burst kinetics, suggested that only one GS- is
bound per trimer of enzyme; and (iv) the kinetics of thiolate
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anion formation is enhanced by activation of the enzyme
with sulfhydryl reagents.

To fully characterize the mechanistic consequences of
activation, we present a detailed characterization of the
N-ethylmaleimide (NEM)-activated MGST1 with respect to
the steady-state kinetics, the kinetics of thiolate formation,
and chemical catalysis. In addition, solvent kinetic isotope
effects on both the unactivated and activated enzyme suggest
that thiolate formation andkcat are sensitive in a similar
manner, supporting previous suggestions that thiolate anion
formation limits turnover.

EXPERIMENTAL PROCEDURES

Chemicals. 1-Chloro-2,4-dinitrobenzene (CDNB) was
obtained from Merck Co. (Darmstadt, Germany). 4-Chloro-
3-nitroacetophenone (CNAP) was from Aldrich-Chemie
(Steinheim, Germany). 4-Chloro-3-nitrobenzamide (CN-
BAM) was from Alfred Bader Library of Rare Chemicals,
Division of Aldrich Chemical Co. (Milwaukee, WI). GSH,
glutathione sulfonate (GSO3-), deuterium oxide (99.9% D),
and NEM were from Sigma Chemical Co. (St. Louis, MO).
Bromocresol purple was from (Fluka Chemie AG, Buchs,
Switzerland). 1,3,5-Trinitrobenzene (TNB) was a generous
gift from Nobel-Chemistry (Karlskoga, Sweden). All other
chemicals were of reagent grade and obtained from common
commercial sources.

Enzyme Preparation. MGST1 was purified from rat liver
as previously described (24), with the exception that 0.2%
Triton X-100 was used during the final purification step to
reduce the interference from Triton X-100 absorbance when
analyzing spectral changes at lower wavelengths. Preparation
of the enzyme for stopped-flow experiments involved buffer
exchange and GSH removal on 10 DG gel-filtration columns
(Bio-Rad Laboratories) according to the instructions of the
manufacturer. Buffers used were 0.1 M potassium phosphate
(pH 7.0) containing 20% glycerol, 0.1 mM ethylenediamine
tetraacetic acid (EDTA) and 0.2% Triton X-100 (buffer A);
80 mM NaCl, 0.08 mM EDTA, 20% glycerol, 0.2% Triton
X-100, and 10µM bromocresol purple (pH 7.0) (buffer B);
and buffer C, which is identical in composition to buffer A
except using D2O as a solvent. Buffer C was prepared as
follows: glycerol (87%) was dissolved in D2O (1:1), and
the solvent was evaporated. This procedure was repeated
three times. The other components were then added. The
pD was set on a standard pH electrode by adjusting the pH-
meter reading according to the following formula: pD)
(pH-meter reading)+ 0.4 (25). Activation of MGST1 was
accomplished by adding NEM (5 mM final concentration)
to the enzyme, on ice, in a purification buffer. After
approximately 10 min, the sample was run on the gel-
filtration column. The activated enzyme was kept on ice at
all times and was prepared prior to the experiment on the
same day.

Stopped-Flow Experiments.Applied Photophysics stopped-
flow instruments equipped with either one or two mono-
chromators were used for all experiments. Between 50 and
100µL from each of two syringes was rapidly mixed in the
10-mm path length cell if not otherwise indicated, and the
signal was recorded. In general, 3-6-trace averages were
used to fit theoretical expressions describing either single

or double exponential or, where appropriate, a single
exponential followed by a steady state. All experiments were
performed at 4-6 °C. All concentrations given below are
the resulting final concentrations in the observation cell. The
enzyme concentration is expressed as the concentration of
subunits.

GSH Binding, Thiolate Anion Formation, and GSH
Release.Enzyme (10-50 µM) in buffer A or C was rapidly
mixed with the same buffer containing 0.1-100 mM GSH.
The appearance of the absorbance at 239 nm was followed
and fitted to a double exponential with the software provided
(ε239 ) 5000 M-1 cm-1). An optical path length of 10 mm
was used except with 25-100 mM GSH, where a 2-mm cell
was employed to allow for the high-background absorbance
of GSH. When measuring the formation of the Meisenheimer
or σ complex (ε450 ) 27 000 M-1 cm-1), which is stabilized
by MGST1, the enzyme (in buffer A or B) preincubated with
0.4 mM TNB was rapidly mixed with GSH in the same
concentration range as above (26).

GSH release was followed at 239 nm by mixing 15-30
µM enzyme containing 1 mM GSH with 10, 20, or 30 mM
GSO3

- at pH/D 7.0. The absorbance decrease was recorded
on a Philips PU8720 spectrophotometer or on the stopped-
flow spectrophotometer when measuring the unactivated or
activated enzyme, respectively. The data were fitted to a
single exponential by Graphpad Prism 3 or with the program
provided with the stopped-flow spectrophotometer and are
representative of at least three separate measurements.

Proton Release.Activated enzyme (20-40 µM) in buffer
B (pH 7.0) was rapidly mixed with the same buffer
containing 0.2-100 mM GSH (pH 7.0). The change in pH
was followed with an absorbance decrease in bromocresol
purple at 588 nm and was fitted to a double exponential.
Independent experiments to obtain the stoichiometry of
proton release were performed where 1 mM NaOH was used
to titrate back to the original absorbance obtained just after
GSH addition. In the potentiometric measurements, the
enzyme (90-120 µM) in buffer B was mixed with 1 mM
GSH. Again, 1 mM NaOH was used to titrate back to the
original pH. No interference by CO2 within the experimental
time was detected. The activated enzyme is unstable in the
absence of GSH; therefore, to prevent precipitation, the
enzyme was kept on ice or at≈5 °C at all times. In addition,
the amount of active enzyme that correlated to the amount
of H+ released was investigated in a separate experiment.
Immediately after measuring the amount of protons released,
as described above, the same sample was checked for the
amount of active sites in the stopped-flow spectrophotometer,
using CDNB as described below.

Presteady-State Kinetics.Burst kinetics were investigated
using unactivated or activated enzyme in buffer A or C
containing 0.5 mM GSH. The enzyme sample was rapidly
mixed with the buffer containing CDNB (ε340 ) 9600 M-1

cm-1), CNAP (ε297 ) 11 900 M-1 cm-1) or CNBAM (ε370

) 3100 M-1 cm-1), and the burst of product formation was
recorded at the indicated wavelength. The burst was fitted
to a single exponential or a single exponential followed by
a steady state.

Steady-State Kinetics. Steady-state kinetic parameters for
MGST1 were determined on a Philips PU8720 spectropho-
tometer at an assay temperature of 5°C in buffer A, B, or
C. GSH was varied between 0.1 and 100 mM at 0.5 mM
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CDNB. CDNB was varied between 0.001 and 0.5 mM at
10 mM GSH (27). At least triplicate determinations were
performed at each concentration. Data were fitted to the
Michaelis-Menten equation yielding the kinetic parameters
kcat andKM. The dependence of enzyme activity on phosphate
was investigated by the increased addition of phosphate to
the enzyme in buffer B after which the activity was measured
with saturating concentrations of GSH (5-25 mM)/CDNB
(0.5 mM).

Regression Analysis. All linear and nonlinear regression
analyses were performed with the software provided with
the stopped-flow spectrophotometer or alternatively using
Graphpad Prism 3 (Graphpad Software Inc.).

RESULTS

Thiolate Formation with the ActiVated Enzyme. An es-
sential aspect of GST catalysis involves the formation and
stabilization of a reactive GSH thiolate in the active site (28).
Formation of the thiolate can be monitored either directly at
239 nm or by a Meisenheimer dead-end complex, rapidly
formed in the reaction between enzyme-bound thiolate and
TNB at 450 nm. The fate of the GSH proton, which may or
may not be released from the enzyme into solution, can be
monitored by a pH indicator. Figure 1 shows representative
traces obtained when rapidly mixing NEM-activated MGST1
with 1 mM GSH, demonstrating that GSH thiolate and
Meisenheimer complex formations display identical kinetics.
Proton release however showed a different behavior.

Previous results suggested that binding of GSH to the
unactivated enzyme is best described by a two-step mech-
anism, consisting of an initial rapid equilibrium-binding step
followed by a slower formation of thiolate according to
Scheme 1. Thiolate formation with the activated enzyme is
enhanced and displays more complex biphasic kinetics. The
dependence ofkobs on [GSH] for the rapid phase of thiolate
formation exhibits a saturation behavior (Figure 2) and
suggests a two-step process similar to that observed with
the unactivated enzyme (29). The data were fit to a
hyperbolic function (eq 1) to obtain the dissociation constant
for GSH in the initial complex (KD

GSH) and the rate constants
for ionization and reprotonation/release of GSH (k2 andk-2)
as shown in Table 1. As indicated in Figure 2, the rates of
σ-complex formation with TNB accurately follow the rates
of thiolate formation. The second, slower phase of thiolate
formation (O, parts A and B of Figure 2) occurs at a rate
constant that is much smaller thankcat and probably does
not contribute to catalysis.

Proton release shows a more complex behavior displaying
a much slower rate that is clearly not kinetically associated
with thiolate formation (Figure 2C). An increase ofkobs is
noted at low GSH concentrations, which plateaus early,
around 1 mM with a rate of≈1 s-1. Above this concentration,
the observed rate of proton release shows a negative
dependence on [GSH]. Independent titrations with a pH
electrode suggested that one H+ is released per trimer of
enzyme, the same as for unactivated MGST1 (not shown).

A plot of the relative amplitudes obtained from the
regression fit is shown in Figure 3 (relative to the measured
protein concentration). From Figure 3A, it is apparent that
the faster phase dominates at high GSH, while the slower
phase is equal or slightly more prominent at the other extreme
(Figure 3B), with an intersection point at approximately 0.5
mM.

To obtain a precise value for the off-rate (k-2) of GS-,
which is not well-determined by the numerical fits to the
stopped-flow-binding data (Table 1), the release of GSH was
determined by rapidly mixing the E•GS- complex with a

FIGURE 1: Thiolate formation (E•GS-), σ-complex stabilization,
and proton release of NEM-activated MGST1. (A) Increase in
absorbance at 239 nm upon mixing activated MGST1 (30µM) with
1 mM GSH. (B) Increase in absorbance at 450 nm because of
σ-complex stabilization on activated MGST1 (17µM) mixed with
1 mM GSH. (C) Loss of absorbance of bromocresol purple at 588
nm because of proton release, caused by mixing activated MGST1
with GSH (1 mM). The respective traces are fitted to double-
exponential functions (s), which yields (A)kobs

1 ) 1.1( 0.03 s-1

andkobs
2 ) 0.07( 0.005 s-1; (B) kobs

1) 1.3 ( 0.01 s-1 andkobs
2

) 0.14( 0.002 s-1; and (C)kobs
1) 0.43( 0.004 s-1 andkobs

2 )
0.03 ( 0.001 s-1.

Scheme 1

kobs) k-2 +
k2[GSH]

KD
GSH + [GSH]

(1)
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large excess of inhibitor GSO3- (KD ≈ 20 µM; ref 30). The
release, illustrated in Figure 4, follows a single exponential
that yields a well-defined rate constant for the off reaction
(Table 1). The magnitude of the rate constant was indepen-
dent of the inhibitor concentration when [GSO3

-] g 10 mM.
The observed decrease in absorbance could also be the result
of a rate-determining protonation of the E‚GS- complex.

Chemical Step: Reaction with the Electrophilic Substrate.
Rapid mixing of the E•GS- complex with CDNB or CNAP
(Figure 5) gives rise to a burst of product formation followed

by a steady state. This behavior is consistent with the rate-
limiting formation of the E•GS- complex after the first
turnover of the enzyme with the more reactive substrates
CDNB and CNAP. The dependence ofkobson the electrophile
concentration is shown in parts C and D of Figure 5.

The less reactive substrate, CNAP, exhibited saturation
kinetics fork4, consistent with a simple two-step mechanism
with rapid equilibrium binding, followed by the chemical
reaction (Scheme 2) in whichk-4 ) 0, to reflect the fact
that the reaction is essentially irreversible. No saturation for
the interaction with CDNB could be observed with the
E•GS- complex, suggesting that CDNB binds much less
tightly. The data were therefore fit to a linear rate expression
(eq 2, at low [S]) CDNB or CNAP), which yields the

FIGURE 2: Dependence ofkobs
1 and kobs

2 on [GSH]. (A) thiolate
formation (E•GS-), (B) σ-complex stabilization, and (C) proton
release. Note,kobs

1 (b) is plotted on the lefty axis andkobs
2 (O) is

plotted on the righty axis. The solid lines are best fits of the data
to eq 1. Equilibrium constants and rate constants from fits are listed
in Table 1.

Table 1: Kinetic Constants of Thiolate Anion Formation with
Activated MGST1 at 5°C

experiment KD (mM) k2 (s-1) k-2 (s-1)

thiolate formationa 11.7( 3.1 13.2( 0.9 0.2( 0.4
σ-complex formationa 9.4( 1.2 9.3( 0.3 0.3( 0.2
GS- releaseb 0.016( 0.000 05

a Kinetic constants obtained from the fit of the experimental data
(Figure 2) to eq 1.b Obtained from the fit of the experimental data
(Figure 4) to a single-exponential function.

FIGURE 3: (A) Plot of the relative amplitudes ofkobs
1 and kobs

2

obtained from fitting experimental data to a double exponential with
respect to [GSH]. Normalized with the measured protein concentra-
tion. Thiolate formation) kobs

1 (b) andkobs
2 (O), andσ-complex

stabilization) kobs
1 (9) and kobs

2 (0). A solid line connects the
points of the faster phase, while the dotted line represents the slower
phase. (B) Magnification of A, for clarity.

FIGURE 4: Loss of absorbance at 239 nm upon mixing GSO3
- (20

mM) with the E•GS- complex (20µM, with 1 mM GSH), because
of the release of GSH. The experimental trace was fitted to a single-
exponential function (solid line), which yields a rate constant of
0.016( 0.000 05 s-1.

8872 Biochemistry, Vol. 43, No. 27, 2004 Svensson et al.



apparent second-order rate constant for the reaction,k4/
KD

CDNB ) (4.4 ( 0.4) × 105 M-1 s-1 (Table 2).

SolVent Isotope Effects on Steady-State Kinetics and
Thiolate Formation. The solvent deuterium isotope effects
on the steady-state kinetics are summarized in Table 3. The
isotope effects on the unactivated enzyme are approximately
2 for both kcat and kcat/KM. In general, the solvent isotope
effects on the activated enzyme tend to be smaller and in
the range of 1.3-2.0. This trend suggests a change in the
isotopically sensitive step.

The influence of solvent isotope on the steps leading to
thiolate formation is shown in Table 4. The amplitudes of
thiolate formation were not altered at pH/pD. Furthermore,
kcat/Km(CDNB) was insensitive to pH/pD between 6.5 and 7.5
(not shown), demonstrating that pKa alterations did not
influence the results. The isotope effects on the rate constants
for the slow stepk2 andk-2 (Scheme 1) are normal except
that for k-2 with the activated enzyme, where it is inverse
Hk-2/Dk-2 ) 0.44. The equilibrium isotope effect for the slow
stepHK/DK ) H(k2/k-2)/D(k2/k-2) is 2.2 for the unactivated
enzyme and 3.5 for the activated enzyme. This behavior
suggests that the extent or the identity of the isotopically
sensitive proton transfer in the transition state for thiolate

formation is altered by the chemical modification of C49.
The observation of similar normal isotope effects for thiolate
formation andkcat in the steady state is consistent with the
conclusion that this step contributes tokcat.

Kinetic SolVent Isotope Effect on the Chemical Reaction.
The effects of solvent isotope on the chemical reaction of
the enzyme-bound thiolate and three electrophilic substrates
are given in Table 5. In contrast to the normal solvent
deuterium isotope effects observed on thiolate formation and
the steady-state kinetics, the chemical reaction exhibits an
inverse isotope effect of about 0.6-0.8. Within the errors
of the measurements, there are no significant differences in
the isotope effects between the unactivated and activated
enzyme. It is nevertheless clear that electrophile binding and
the chemical reaction do not contribute to the solvent isotope
effect observed in steady-state turnover particularly with
reactive second substrates such as CDNB. The magnitude
of the inverse isotope effect is close to that expected for a
solvated or hydrogen-bonded thiolate as the nucleophile (31).

DISCUSSION

Thiolate Formation and Catalysis by the ActiVated En-
zyme.The kinetics of thiolate anion formation with activated
MGST1 is biphasic, where the faster, dominant phase, can
be described by initial rapid equilibrium binding of GSH
followed by a slower formation of the thiolate (Scheme 1
and Table 1). The overallKD

GS-
can be calculated from the

FIGURE 5: Presteady-state kinetics of the reaction of electrophiles with activated E•GS- complex. (A) Burst of product formation observed
at 340 nm upon mixing CDNB (0.2 mM) with E•GS- (14 µM, containing 0.5 mM GSH). Fit to a single exponential yielded at a rate
constant on the burst of 82( 0.4 s-1. (B) Burst of product formation followed by a steady-state rate, observed at 297 nm upon mixing
CNAP (0.4 mM) with E•GS- (12 µM, containing 0.5 mM GSH). Fit to a single exponential followed by a steady state yielded a rate
constant on the burst of 2.0( 0.007 s-1. Dependence ofkobs for the burst on [CDNB] (C) or [CNAP] (D). (C) The solid line is a fit of the
experimental data to a linear function [eq 2 at low [CDNB], i.e.,kobs ) (k4/KD

CDNB)], which yields the apparent second-order rate constant
for the reaction between E•GS- and CDNB,k4/KD

CDNB ) 4.4 ( 0.4 × 105 M-1 s-1. (D) The solid line is a fit of the experimental data to
eq 2, which yields the dissociation constant of CNAP (KD

CNAP ) 0.4 ( 0.1 mM) and the rate constant for the chemical reaction (k4 ) 4.1
( 0.7 s-1).

kobs)
k4[S]

KD
E + [S]

(2)

Kinetics of Activated Microsomal GSH Transferase Biochemistry, Vol. 43, No. 27, 20048873



constantsk2, k-2, andKD
GSH and was found to be 14( 4 µM,

which indicates high affinity of GSH for activated MGST1.
This value is in good agreement with that determined earlier
by equilibrium dialysis (22( 5 µM) (30).

Figure 3 shows the relative amplitudes obtained when
fitting data for thiolate formation to a double-exponential
function. The amplitude of the slow phase is equal to or
larger than the fast phase at low GSH. At high GSH> 1
mM, the fast phase dominates and the slow phase is less
apparent. There is a difference between the amplitude
behavior for thiolate andσ-complex formations at high GSH,
probably because of the fact that the slow phase makes a
minor contribution and is therefore more difficult to deter-
mine with good precision at 239 nm. When measuring
σ-complex formation, higher extinction/sensitivity is obtained
at 450 nm, where neither GS-, the protein, nor Triton X-100
absorbs. The basis for the biphasic behavior of activated

MGST1 is not known, but it can be speculated that the GSH-
free enzyme can adopt a different conformation that is less
active and that this conformation is reversed upon the initial
interaction with GSH. In any case, the slow phases cannot
contribute to steady-state turnover because they are much
lower thankcat.

FIGURE 6: Effect of D2O on various kinetic parameters with
unactivated MGST1, H2O (b) and D2O (O). (A) Plot of initial rate
kinetics on varying GSH with constant CDNB (0.5 mM), normal-
ized with the enzyme concentration. Kinetic constants from the fit
to a Michaelis-Menten expression are found in Table 3. (B)
Thiolate anion formation at 239 nm. Kinetic constants from the fit
to eq 1 are found in Table 4. (C) Burst kinetics of the reaction of
E•GS- with CDNB. Kinetic constants from the fit to eq 2 are found
in Table 5.

FIGURE 7: Effect of D2O on various kinetic parameters for NEM-
activated MGST1, H2O (b) and D2O (O). (A) Plot of initial rate
kinetics on varying GSH with constant CDNB (0.5 mM), normal-
ized with the enzyme concentration. Kinetic constants from the fit
to a Michaelis-Menten expression are found in Table 3. (B)
Thiolate anion formation at 239 nm. Kinetic constants from the fit
of the fast phase to eq 1 are found in Table 4. (C) Burst kinetics of
the reaction of E•GS- with CDNB. Kinetic constants from a linear
fit (b) or the fit to eq 2 (O) are found in Table 5.

Scheme 2

Table 2: Kinetic Constants for the Reaction of CDNB and CNAP
with the E•GS- Complex of Activated MGST1 at 5°C

substrate KD
E (mM) k4 (s-1) k4/KD

E (M-1 s-1)

CDNB (4.4( 0.4)× 105

CNAP 0.4( 0.1 4.1( 0.7 (1.0( 0.3)× 104
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One intriguing observation comes from the proton-release
experiments. At low GSH, the observed rate of proton release
appears to follow the rate of thiolate anion formation.
However, at higher GSH concentrations, proton release
becomes dissociated from and much slower (Figure 2C) than
the rapid rates of thiolate formation (parts A and B of Figure
2). It should be pointed out that thiolate anion formation is
measured in phosphate buffer, whereas proton release of
course has to be measured in an unbuffered salt solution.
Whereas thiolate anion formation was independent of the
buffer composition (measured using TNB and “buffer” B in
the stopped flow (k2 ) 7.3 ( 0.3 s-1 andKD

GSH ) 17 ( 3
mM; not shown), we could show that proton release is not
independent. The slow proton release can actually determine
kcat in the unbuffered system because the turnover number
was much lower (kcat ) 0.71( 0.06 s-1 andKM ) 1.11(
0.35 mM) compared tokcat in phosphate buffer at the same
pH. The steady-state rate was shown, in separate experiments,
to be strongly dependent on phosphate addition, increasing
by a factor of 4. A high salt concentration (0.08 M NaCl)
was also shown to have a slight inhibitory effect (≈30%). It
is possible that phosphate (H2PO4

-/HPO4
2- ≈ 50:50 at pH

7) functions as a proton acceptor, but its specific role and
the mechanism are a subject of future studies. The complex
rate concentration behavior of proton release could perhaps
stem from the combined effects of raising ionic strength and
buffer capacity when increasing the concentration of GSH
as high as 100 mM. In summary, thiolate anion formation

kinetics for activated MGST1 is consistent with an important
role in the overall rate behavior. However, it cannot be
excluded that proton release is a major contributor (because
it appears to be the major rate-limiting step under certain
conditions).

The kinetic solvent isotope effects on thiolate formation
with the unactivated and activated enzyme are distinct and
provide some insight into the differences in the two
processes, although the effects are complex (primary,
secondary, and medium isotope effects collectively) and
cannot be assigned to any particular proton site (32, 33).
Kinetic solvent isotope effects (Hk/Dk) on the forward (k2)
and reverse (k-2) reactions can be cast in terms of the
fractionation factors of the transition state (φT), reactant (φR),
and product (φP) and the extent of proton transfer (R) in the
transition state (eq 3). The equilibrium isotope effectHK/DK
(eq 4) combined with the kinetic isotope effect can be used
to estimate the extent of proton transfer. If proton transfer
is complete in the transition state (R ) 1), then the
equilibrium and kinetic isotope effects are the same.

For an unactivated enzyme, the kinetic and equilibrium
effects are nearly the sameHk2/Dk2 ) 2.6 ( 0.2≈ HK/DK )
2.2 ( 0.3, so thatR ≈ 1 (1.2( 0.4 is the calculated value).

Table 3: Steady-State Kinetic Constants of MGST1 in the Reaction between GSH and CDNB, in H2O or D2O Obtained at 5°C

unactivated MGST1 activated MGST1

substrate/solvent kcat (s-1) KM (mM) kcat/KM (M-1 s-1) kcat (s-1) KM (mM) kcat/KM (M-1 s-1)

GSH/H2O 0.17( 0.01 2.0( 0.4 85( 18 3.6( 0.1 1.1( 0.1 (3.3( 0.3)× 103

GSH/D2O 0.08( 0.003 1.6( 0.2 50( 7 1.8( 0.1 0.8( 0.1 (2.3( 0.3)× 103

Hk/Dk 2.1( 0.1 1.7( 0.3 2.0( 0.1 1.4( 0.2
CDNB/H2O 0.14( 0.005 (11( 2) × 10-3 (13 ( 2) × 103 2.8( 0.1 (5( 1) × 10-3 (5.6( 1.1)× 105

CDNB/D2O 0.07( 0.003 (19( 4) × 10-3 (4 ( 1) × 103 2.2( 0.1 (5( 1) × 10-3 (4.4( 0.9)× 105

Hk/Dk 2.0( 0.1 3.2( 0.8 1.3( 0.1 1.3( 0.3

Table 4: Kinetic Constants of Thiolate Anion Formation of MGST1, in H2O or D2O Obtained at 5°C

unactivated MGST1 activated MGST1

substrate/solvent k2 (s-1) KD (mM) k-2 (s-1) k2 (s-1) KD (mM) k-2 (s-1)

GSH/H2O 0.42( 0.03a 47 ( 7a (6 ( 0.3)× 10-4 a 13.2( 0.9 11.7( 3.1 0.016( 0.000 05
GSH/D2O 0.16( 0.003 30( 6 (5 ( 0.8)× 10-4 8.4( 1.4 15( 10 0.036( 0.0006
Hk/Dk 2.6( 0.2 1.2( 0.2 1.6( 0.3 0.44( 0.01

a From ref17.

Table 5: Kinetic Constants and Isotope Effects for the Reaction between Electrophilic Substrates and the E•GS- Complex, in H2O or D2O
Obtained at 5°C

unactivated MGST1 activated MGST1

substrate/solvent k4 (s-1) KD (mM) k4/KD
E (M-1 s-1) k4 (s-1) KD (mM) k4/KD

E (M-1 s-1)

CDNB/H2O 510( 40a 0.5( 0.1a (9.6( 1.6)× 105 (4.4( 0.4)× 105b

CDNB/D2O 770( 60 0.6( 0.1 (1.3( 0.2)× 106 750( 35 0.97( 0.07 (7.7( 0.7)× 105

Hk/Dk 0.66( 0.05 0.7( 0.1 0.57( 0.05
CNAP/H2O 15( 6a 1.1( 0.6a (1.4( 0.9)× 104 4.1( 0.7 0.4( 0.1 (1.0( 0.3)× 104

CNAP/D2O 13( 3 0.6( 0.2 (2.3( 0.8)× 104 6.8( 0.9 0.4( 0.1 (1.7( 0.5)× 104

Hk/Dk 1.2( 0.4 0.6( 0.4 0.6( 0.1 0.6( 0.2
CNBAM/H2O 1.0( 0.1a 0.6( 0.1a (1.8( 0.3)× 103

CNBAM/D2O 1.3( 0.1 0.2( 0.04 (5.7( 1.1)× 103

Hk/Dk 0.77( 0.08 0.3( 0.2
a From ref17. b Apparent value, from linear regression in Figure 5C.

Hk/Dk ) φ
R/φT ) (φR/φP)R (3)

HK/DK ) H(k2/k-2)/
D(k2/k-2) ) (φR/φP) (4)
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A similar analysis of the isotope effect onk-2, Hk-2/Dk-2 )
1.2 ( 0.2, is also consistent withR ≈ 1. Thus, the proton
transfer(s) in the isotope-sensitive step in thiolate formation
(presumably a conformational change) appears to be es-
sentially complete in the transition state.

In contrast, analysis of the activated enzyme, where the
equilibrium and kinetic solvent isotope effects are clearly
different, reveals a much smaller value forR ) 0.4 ( 0.2,
as obtained from the isotope effect onk2. In addition, the
inverse isotope effect onk-2, Hk-2/Dk-2 ) 0.44( 0.01, can
be recapitulated from the equilibrium effect andR such that
(φP/φR)1-R ) (0.28)0.6 ) 0.47. Clearly, in the activated
enzyme, the kinetically relevant proton(s) is in flight in the
transition state. An early transition state is consistent with
the possibility that the activated enzyme catalyzes the
deprotonation of GSH.

The above analysis of course does not reveal the exact
nature of the isotope-sensitive step, which could in principle
involve proton transfer from the thiol or crucial changes in
hydrogen-bonding patterns in a conformational transition.
Nevertheless, it is clear that the mechanism of thiolate anion
formation is substantially changed in the activated enzyme
and that, overall, these observations are consistent with the
notion that thiolate formation contributes substantially tokcat.
Because there is a difference in the isotope sensitivity
between the activated and unactivated enzyme with respect
to thiolate formation that is not seen inkcat, it is possible
that other steps in the mechanism, e.g., proton or product
release, could also be affected. Preliminary studies on the
interaction of the product with MGST1 indeed suggest
additional slow isomerizations of this enzyme.

Electrophile Binding and Chemical Catalysis.The reaction
of the NEM-activated E•GS- complex with CDNB is a rapid
process (Figure 5A). The plot of the observed rate constant
against the CDNB concentration could not be fitted to yield
a dissociation constant for the E•GS-•CDNB complex, which
indicates that the activated enzyme displays a lower affinity
for CDNB compared to unactivated MGST1. The reaction
with CNAP on the other hand displayed saturation. The rate
constant for the chemical reaction,k4 ≈ 4 s-1, suggests that
this step is slower than the maximum rate of thiolate anion
formation of the activated enzyme. In fact, CNAP only
displays an increased turnover rate of≈7 with the activated
enzyme, compared to a theoretical maximum of 30-fold
(increased rate of thiolate formation). Further, the dissociation
constant,KD

CNAP ≈ 0.4 mM, is very similar to the observed
KM

CNAP ≈ 0.49 mM, which is expected when the reactivity
of the second substrate is lowered and the chemical reaction
contributes to the rate-limiting step in turnover (23). The
ratio of the values ofk4/KD

E for CDNB and CNAP (ratio≈
44) corresponds well to the ratio for the nonenzymatic
reaction (ratio≈ 50). This confirms that the chemical reaction
rates obtained with activated MGST1 are strongly dependent
on the electrophilic nature of the second substrate (23).

Comparison of ActiVated and UnactiVated MGST.The
previous investigation on unactivated MGST1 suggested a
mechanism that consisted of slow GSH thiolate formation
and rapid chemistry, with the former contributing to the rate-
limiting step when the second substrate is reactive. This short
outline of the enzyme mechanism was also found to be
applicable to the activated enzyme with a few important

differences as discussed below.
Thiolate anion formation is greatly enhanced in the

activated enzyme as depicted by comparison of the rate
constants,actk2/unactk2 ≈ 30. This enhancement is also reflected
in kcat of reactive substrates, such as CDNB (actkcat/unactkcat ≈
20). When comparing the apparent specificity, at infinitely
dilute GSH, with the unactivated enzyme,act(k2/KD

GSH)/
unact(k2/KD

GSH) ≈ 130, the increased efficiency for utilization
of GSH is even more apparent, stemming, for the most part,
from an apparent increase in the affinity for GSH.

The increased rate of thiolate formation in the activated
enzyme does not permit a detailed analysis of the burst
kinetics with electrophiles of low chemical reactivity.
Nevertheless, comparisons can be made with the more
reactive CDNB and CNAP. The apparent specificity (k4/
KD

E) of the activated enzyme for these substrates very
closely resembles the values obtained for the unactivated
enzyme. This suggests that activated MGST1 is largely
similar to the unactivated enzyme with respect to nucleophilic
aromatic substitution catalysis. However, some differences
exist, e.g., the binding affinity of both substrates and the
chemical rate constant (k4) of CNAP, which is 3-4-fold
lower than the rate constant with unactivated MGST1. This
indicates that NEM modification does cause differences,
however small, that can cause changes in the architecture or
dynamics of the putative hydrophobic binding site.

Conclusions. These studies show that activation of MGST1
gives rise to a significantly enhanced efficiency for the
utilization of GSH, observed in the kinetics of thiolate anion
formation, compared to the unactivated enzyme. The interac-
tion with electrophilic second substrates is largely unaltered
upon activation, but the binding and orientation of the
substrate could be somewhat affected. Moreover, all of the
kinetic data suggest a stoichiometry of GSH binding of one
molecule per trimer of enzyme.
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