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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, elrgethylmaleimide. 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 stépS" ~ 10 mM), followed by slower formation of
thiolate &, ~ 10 s1). The release rate (or protonation of the enzyme GSH thiolate complex) oh@$

slow k-, = 0.016 s1), consistent with overall tight binding of GSH. Electrophilic second substrates
react rapidly with the BEGS™ complex, and again, a two-step mechanism is suggested. In comparison to
the unactivated enzyme [Morgenstern et al. (20Bijchemistry 403378-3384], 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 incréag€8.6 s1). Interestingly, in the
activated enzyme, thiolate formation and proton release from the enzyme are not strictly coupled, because
proton release (as well dg,) was found to bex4 times slower than GSH thiolate formation in an
unbuffered system. Solvent kinetic isotope effect measurements demonstrated a 2-fold decrease in the
rate constantkg) for thiolate formation andks: (in the reaction with 1-chloro-2,4-dinitrobenzene) for

both unactivated and activated MGST1. This indicates that thiolate formation contribligsfto 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 (GSTBEC 2.5.1.18) catalyze the MAPEG superfamily thus consists of enzymes with broad
conjugation of the tripeptide glutathione (GSH) to a vast second substrate specificity, i.e., MGST1, and enzymes that
variety of electrophilic compounds, of both xenobiotic and are more specific (leukotrieneyGynthase and prostaglandin
endogenous origin. These enzymes are found in most aerobi& synthase).
organisms and probably constitute the single mostimportant  \GST1 is a trimeric enzyme that can be activated, up to
protection system against electrophile damage in the Bell ( 30-fold, by sulfhydryl reagents and other treatments including
The soluble GST superfamily consists of at least nine proteolysis {—11). Activation of MGST1 has been observed
subfamilies, which in turn can consist of several isoenzymes i vivo (12—16). The target of activation is usually covalent
(2—5). The membrane-bound GSTs are grouped into the mogification of a single cysteine in the monomer, although
recently defined MAPEG (membrane-associated proteins in proteolytic cleavage (e.g., at lysine-41) also results in
eicosanoid and GSH metabolism) superfamily, whose mem-activation. Because MGST1 does not respond to traditional
bers include microsomal GSH transferase 1 (MGSTY), ranscriptional activators of GSTs, it is thought that activation

MGST2, MGSTS3, leukotriene {Bynthase, prostaglandin E  cou|d be an alternative rapid response to an increased burden
synthase, and 5-lipoxygenase-activating proté&h [The of electrophiles in the cell.

We have previously shown that unactivated MGST1
T Supported by the Swedish Cancer Society and the Swedish Nationaldisp|ays several interesting mechanistic featurEd: ( (i)

Board for Laboratory Animals. Funds from Karolinska Institutet and P PR . :
Grants R01 GM30910 and P30 ES00267 from the National Institutes GSH binding and ionization to form the nucleophilic thiolate

of Health. anion is a very slow process in contrast to the cytosolic
* To whom correspondence should be addressed. Tdb 852 487 enzymes 18—21); (ii) the reaction of the thiolate with the

574, Faxli +i6 834 3849. E-mail: ralf. morgenstern@imm.ki.se. electrophilic substrate occurs by a rapid two-step mechanism
§$g[%gﬁ)”? Lljnrﬁf,'te“rt;tty with a strong dependence on chemical reactivity. When the

1 Abbreviations: GSH, glutathione; GSO glutathione sulfonate; ~ Second substrate is sufficiently reactive, the overall turnover
GST, glutathione transferase; MGST, microsomal glutathione trans- of MGST1 is limited by the rate of thiolate anion formation

ferase; CDNB, 1-chloro-2,4-dinitrobenzene; CNAP, 4-chloro-3-nitro- . (i i Shi ;
acetophenone; CNBAM, 4-chloro-3-nitrobenzamide; TNB, 1,3,5- (22, 23); (iii) the stoichiometry of GSH thiolate formed,

trinitrobenzene; NEM,N-ethylmaleimide; EDTA, ethylenediamine ~ together with burst kinetics, suggested that only one BS
tetraacetic acid. bound per trimer of enzyme; and (iv) the kinetics of thiolate
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anion formation is enhanced by activation of the enzyme or double exponential or, where appropriate, a single
with sulfhydryl reagents. exponential followed by a steady state. All experiments were

To fully characterize the mechanistic consequences of Performed at 46 °C. All concentrations given below are
activation, we present a detailed characterization of the the resulting final concentrations in the observation cell. The
N-ethylmaleimide (NEM)-activated MGST1 with respect to €NZyme concentration is expressed as the concentration of
the steady-state kinetics, the kinetics of thiolate formation, Subunits. . _ _
and chemical catalysis. In addition, solvent kinetic isotope _ @SH Binding, Thiolate Anion Formation, and GSH

effects on both the unactivated and activated enzyme suggesi€l€aseEnzyme (16-50 uM) in buffer A or C was rapidly
that thiolate formation andk are sensitive in a similar ~ Mixed with the same buffer containing 6:100 mM GSH.

manner, supporting previous suggestions that thiolate anion! '€ @ppearance of the absorbance at 239 nm was followed
formation limits turnover. and fitted to a double exponential with the software provided
(€239 = 5000 Mt cm™1). An optical path length of 10 mm
EXPERIMENTAL PROCEDURES was used except with 2500 mM GSH, where a 2-mm cell
was employed to allow for the high-background absorbance
Chemicals 1-Chloro-2,4-dinitrobenzene (CDNB) was 0f GSH. When measuring the formation of the Meisenheimer
obtained from Merck Co. (Darmstadt, Germany). 4-Chloro- Or o complex €sso = 27 000 Mt cm™?), which is stabilized
3-nitroacetophenone (CNAP) was from AldrieEhemie by MGST1, the enzyme (in buffer A or B) preincubated with
(Steinheim, Germany). 4-Chloro-3-nitrobenzamide (CN- 0.4 mM TNB was rapidly mixed with GSH in the same
BAM) was from Alfred Bader Library of Rare Chemicals, concentration range as abo\Z6).
Division of Aldrich Chemical Co. (Milwaukee, WI). GSH, GSH release was followed at 239 nm by mixing-13
glutathione sulfonate (GSO), deuterium oxide (99.9% D), uM enzyme containing 1 mM GSH with 10, 20, or 30 mM
and NEM were from Sigma Chemical Co. (St. Louis, MO). GSQ;™ at pH/D 7.0. The absorbance decrease was recorded
Bromocresol purple was from (Fluka Chemie AG, Buchs, On a Philips PU8720 spectrophotometer or on the stopped-
Switzerland). 1,3,5-Trinitrobenzene (TNB) was a generous flow spectrophotometer when measuring the unactivated or
gift from Nobel-Chemistry (Karlskoga, Sweden). All other activated enzyme, respectively. The data were fitted to a

chemicals were of reagent grade and obtained from commonsingle exponential by Graphpad Prism 3 or with the program
commercial sources. provided with the stopped-flow spectrophotometer and are

representative of at least three separate measurements.
Proton ReleaséActivated enzyme (2640 uM) in buffer
B (pH 7.0) was rapidly mixed with the same buffer

Triton X-100 was used during the final purification step to o )
reduce the interference from Triton X-100 absorbance when containing 0'2_1.00 mM GSH (pH 7.0). The change in pH
was followed with an absorbance decrease in bromocresol

analyzing spectral changes at lower wavelengths. Preparation urple at 588 nm and was fitted to a double exponential
of the enzyme for stopped-flow experiments involved buffer purp P :

exchange and GSH removal on 10 DG gel-filtration columns Inr(cj)(taopneggg; eev)\(/z(regm;?ct? mtgd c\:mzlrr; ;thStl\?:g:_? Tvggi s?efd
(Bio-Rad Laboratories) according to the instructions of the P P

: i k to the original i j f
manufacturer. Buffers used were 0.1 M potassium phosphateto titrate back to the original absorbance obtained just after

. o GSH addition. In the potentiometric measurements, the
(PH7.0) g:onte_umng 20% glycerol, 0'1. mM ethylened|am|n.e enzyme (96-120 uM) in buffer B was mixed with 1 mM
tetraacetic acid (EDTA) and 0.2% Triton X-100 (buffer A); GSH. Again, 1 mM NaOH was used to titrate back to the
80 mM NacCl, 0.08 mM EDTA, 20% glycerol, 0.2% Triton X .

- original pH. No interference by CQvithin the experimental
X-100, and 1Q4M. brqmpcre;ol purple (pH .7.'0) (buffer B); time was detected. The activated enzyme is unstable in the
and buffer C, which is identical in composition to buffer A

. absence of GSH; therefore, to prevent precipitation, the
except using PO as a solvent. Buffer C was prepared as P precip

) . . ] enzyme was kept on ice or &b °C at all times. In addition,
follows: glycerol (87%) was dlsgolved in.D (1:1), and he amount of active enzyme that correlated to the amount
the solvent was evaporated. This procedure was repeate

h . h h h dded. Th f H' released was investigated in a separate experiment.
three times. The other components were then added. The,megiately after measuring the amount of protons released,

pD was set on a standard pH electrode by adjusting the pH-55 gescribed above, the same sample was checked for the

meter reading according to the following formula: BB 5060t of active sites in the stopped-flow spectrophotometer,
(pH-meter reading)+ 0.4 25). Activation of MGST1 was using CDNB as described below.

accomplished by adding NEM (5 mM final concentration)  pregteady-State KineticBurst kinetics were investigated
to the enzyme, on ice, in a purification buffer. After qing ynactivated or activated enzyme in buffer A or C
approximately 10 min, the sample was run on the gel- c,ntaining 0.5 mM GSH. The enzyme sample was rapidly
filtration column. The activated enzyme was kept on ice at \ixed with the buffer containing CDNBeso = 9600 M1
all times and was prepared prior to the experiment on the cm2), CNAP (ez07 = 11 900 ML cm%) or CNBAM (earo
same day. = 3100 M1 cm™), and the burst of product formation was
Stopped-Flow Experimentpplied Photophysics stopped- recorded at the indicated wavelength. The burst was fitted
flow instruments equipped with either one or two mono- to a single exponential or a single exponential followed by
chromators were used for all experiments. Between 50 anda steady state.
100uL from each of two syringes was rapidly mixed in the Steady-State KineticSteady-state kinetic parameters for
10-mm path length cell if not otherwise indicated, and the MGST1 were determined on a Philips PU8720 spectropho-
signal was recorded. In generak-8-trace averages were tometer at an assay temperature dfGin buffer A, B, or
used to fit theoretical expressions describing either single C. GSH was varied between 0.1 and 100 mM at 0.5 mM

Enzyme PreparatiarMGST1 was purified from rat liver
as previously describe®4), with the exception that 0.2%
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CDNB. CDNB was varied between 0.001 and 0.5 mM at
10 mM GSH 7). At least triplicate determinations were
performed at each concentration. Data were fitted to the 0.96
Michaelis-Menten equation yielding the kinetic parameters
keatandKy. 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{35 mM)/CDNB

(0.5 mM).

Regression AnalysiAll 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.).
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Thiolate Formation with the Acatated EnzymeAn es-
sential aspect of GST catalysis involves the formation and 0.17+
stabilization of a reactive GSH thiolate in the active si8)(
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 0 10 20 30 40 50
may not be released from the enzyme into solution, can be time (s)
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. 0.44+
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- 0.424
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 0.40+
enhanced and displays more complex_biphasic kinet_ics. The 0 10 20 30 40 50
dependence df,,s 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 withFIGURE 1. Thiolate formation (EGS"), o-complex stabilization,

. . and proton release of NEM-activated MGST1. (A) Increase in
the unactivated enzyme2q). The data were fit to a absorbance at 239 nm upon mixing activated MGST .48 with

hyperbolic function (eq 1) to obtain the dissociation constant 1 mm GSH. (B) Increase in absorbance at 450 nm because of
for GSH in the initial complexKp®S") and the rate constants  o-complex stabilization on activated MGST1 (&K1) mixed with
for ionization and reprotonation/release of G3lgndk_) 1 mM GSH. (C) Loss of absorbance of bromocresol purple at 588

: PR P nm because of proton release, caused by mixing activated MGST1
as shown in Tablg L A.S indicated in Figure 2, the rates of with GSH (1 mM). The respective traces are fitted to double-
o-complex formation with TNB accurately follow the rates  gyyonential functions—), which yields (A)kopd = 1.1+ 0.03 st

of thiolate formation. The second, slower phase of thiolate andky,? = 0.07 4+ 0.005 s2; (B) kopsd= 1.3 + 0.01 s and kg
formation ©, parts A and B of Figure 2) occurs at a rate = 0.14+ 0.002 s?; and (C)kyps= 0.43+ 0.004 st andkyd =
constant that is much smaller thég, and probably does ~ 0.034 0.001 s*.

not contribute to catalysis.

0.124

Asgs c

time (s)

Scheme 1

k,[GSH] O E+GSH =2 E.GSH—ZAIZ‘ EeGS™ +H*
_— -2

GSH
Kp™" + [GSH] A plot of the relative amplitudes obtained from the
regression fit is shown in Figure 3 (relative to the measured

Proton release shows a more complex behavior displayingprotein concentration). From Figure 3A, it is apparent that
a much slower rate that is clearly not kinetically associated the faster phase dominates at high GSH, while the slower
with thiolate formation (Figure 2C). An increase ks is phase is equal or slightly more prominent at the other extreme
noted at low GSH concentrations, which plateaus early, (Figure 3B), with an intersection point at approximately 0.5
around 1 mM with a rate of1 s'%. Above this concentration, mM.
the observed rate of proton release shows a negative To obtain a precise value for the off-ratke_{) of GS-,
dependence on [GSH]. Independent titrations with a pH which is not well-determined by the numerical fits to the
electrode suggested that on€ li$ released per trimer of  stopped-flow-binding data (Table 1), the release of GSH was
enzyme, the same as for unactivated MGST1 (not shown).determined by rapidly mixing thes&S™ complex with a

Kops = Ko +
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plotted on the right/ axis. The solid lines are best fits of the data 0.23+
to eq 1. Equilibrium constants and rate constants from fits are listed : : : ;
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;i?i\I/Ztle.d Tvllrgg-?-f ;)tn zjgnts of Thiolate Anion Formation with FiGURE 4: Loss of absorbance at 239 nm upon mixing GS@0
mM) with the BGS™ complex (2QuM, with 1 mM GSH), because
experiment Ko(MM) k(s k2(s) of the release of GSH. The experimental trace was fitted to a single-
thiolate formatiof 117+ 3.1 13.24 0.9 0.2+ 04 exponential function (solid line), which yields a rate constant of
o-complex formatioA  9.4+12 9.3+03  0.3+0.2 0.016+ 0.000 05 s*.
GS release 0.0164 0.000 05 . o ] .
aKinetic constants obtained from the fit of the experimental data t.)y a steady St?‘te' This behavior is consistent with th.e rate-
(Figure 2) to eq 1° Obtained from the fit of the experimental data liMiting formation of the BGS™ complex after the first
(Figure 4) to a single-exponential function. turnover of the enzyme with the more reactive substrates
CDNB and CNAP. The dependencelgison the electrophile
large excess of inhibitor GSO (Kp ~ 20 uM; ref 30). The concentration is shown in parts C and D of Figure 5.
release, illustrated in Figure 4, follows a single exponential The less reactive substrate, CNAP, exhibited saturation
that yields a well-defined rate constant for the off reaction kinetics fork,, consistent with a simple two-step mechanism
(Table 1). The magnitude of the rate constant was indepen-with rapid equilibrium binding, followed by the chemical

dent of the inhibitor concentration when [GSD> 10 mM. reaction (Scheme 2) in whick-, = 0, to reflect the fact
The observed decrease in absorbance could also be the resuthat the reaction is essentially irreversible. No saturation for
of a rate-determining protonation of the@®@S™ complex. the interaction with CDNB could be observed with the

Chemical Step: Reaction with the Electrophilic Substrate EeGS™ complex, suggesting that CDNB binds much less
Rapid mixing of the EGS™ complex with CDNB or CNAP tightly. The data were therefore fit to a linear rate expression
(Figure 5) gives rise to a burst of product formation followed (eq 2, at low [S]= CDNB or CNAP), which yields the
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FIGURE 5: Presteady-state kinetics of the reaction of electrophiles with activate8 Ecomplex. (A) Burst of product formation observed

at 340 nm upon mixing CDNB (0.2 mM) with«&S™ (14 uM, containing 0.5 mM GSH). Fit to a single exponential yielded at a rate
constant on the burst of 8 0.4 s%. (B) Burst of product formation followed by a steady-state rate, observed at 297 nm upon mixing
CNAP (0.4 mM) with BGS™ (12 uM, containing 0.5 mM GSH). Fit to a single exponential followed by a steady state yielded a rate
constant on the burst of 2:8 0.007 s. Dependence df,sfor 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], il@ps = (degDNB)], which yields the apparent second-order rate constant
for the reaction betweensES~ and CDNB,ky/KSPN® = 4.4+ 0.4 x 1P M1 5L, (D) The solid line is a fit of the experimental data to

eq 2, which yields the dissociation constant of CNA&N\"" = 0.4 + 0.1 mM) and the rate constant for the chemical reactigr=(4.1
+ 0.7 sh).

apparent second-order rate constant for the reackgn, formation is altered by the chemical modification of C49.

KEPNB = (4.4 + 0.4) x 10F M1 s71 (Table 2). The observation of similar normal isotope effects for thiolate
formation andk.y in the steady state is consistent with the
k,[S] conclusion that this step contributeskgq:
bs™ TE | req (2) Kinetic Sobent Isotope Effect on the Chemical Reaction
Kp + [S]

The effects of solvent isotope on the chemical reaction of
o the enzyme-bound thiolate and three electrophilic substrates
Sobent Isotope Effects on Steady-State Kinetics and gre given in Table 5. In contrast to the normal solvent
Thiolate Formation The solvent deuterium isotope effects yeyterium isotope effects observed on thiolate formation and
on the steady-state kinetics are summarized in Table 3. Theyhe steady-state kinetics, the chemical reaction exhibits an

isotope effects on the unactivated enzyme are approximatelyinyerse isotope effect of about 6:6.8. Within the errors

2 for both kear and keafKw. In general, the solvent isotope  of the measurements, there are no significant differences in
effects on the activated enzyme tend to be smaller and inyhe jsotope effects between the unactivated and activated
the range of 1.32.0. This trend suggests a change in the enzyme. It is nevertheless clear that electrophile binding and
|sotop|g:ally sensitive step. . ] the chemical reaction do not contribute to the solvent isotope

The influence of solvent isotope on the steps leading 10 effect observed in steady-state turnover particularly with

thiolate formation is shown in Table 4. The amplitudes of |asctive second substrates such as CDNB. The magnitude
thiolate formation were not altered at pH/pD. Furthermore, of the inverse isotope effect is close to that expected for a

Keal Kin(cong) Was insensitive to pH/pD between 6.5 and 7.5 golvated or hydrogen-bonded thiolate as the nucleopsile (
(not shown), demonstrating thatp alterations did not

influence the results. The isotope effects on the rate constantp|SCUSSION

for the slow stegk; andk-, (Scheme 1) are normal except

that for k_, with the activated enzyme, where it is inverse ~ Thiolate Formation and Catalysis by the Aeited En-
Hk_,/Pk_, = 0.44. The equilibrium isotope effect for the slow zymeThe kinetics of thiolate anion formation with activated
stepHK/PK = H(ka/k_,)/P(ki/k_5) is 2.2 for the unactivated ~MGST1 is biphasic, where the faster, dominant phase, can
enzyme and 3.5 for the activated enzyme. This behavior be described by initial rapid equilibrium binding of GSH
suggests that the extent or the identity of the isotopically followed by a slower formation of the thiolate (Scheme 1
sensitive proton transfer in the transition state for thiolate and Table 1). The overal{gg can be calculated from the
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Ficure 6: Effect of D,O on various kinetic parameters with
unactivated MGST1, O (@) and DO (O). (A) Plot of initial rate Ficure 7: Effect of D,O on various kinetic parameters for NEM-
kinetics on varying GSH with constant CDNB (0.5 mM), normal-  activated MGST1, kD (®) and DO (O). (A) Plot of initial rate
ized with the enzyme concentration. Kinetic constants from the fit kinetics on varying GSH with constant CDNB (0.5 mM), normal-
to a Michaelis-Menten expression are found in Table 3. (B) ized with the enzyme concentration. Kinetic constants from the fit
Thiolate anion formation at 239 nm. Kinetic constants from the fit to a Michaelis-Menten expression are found in Table 3. (B)
to eq 1 are found in Table 4. (C) Burst kinetics of the reaction of Thiolate anion formation at 239 nm. Kinetic constants from the fit
E«GS™ with CDNB. Kinetic constants from the fit to eq 2 are found  of the fast phase to eq 1 are found in Table 4. (C) Burst kinetics of
in Table 5. the reaction of BEGS™ with CDNB. Kinetic constants from a linear
fit (@) or the fit to eq 2 ©) are found in Table 5.
constantsc, k-, andKS®H and was found to be 14 4 uM, () 120
which indicates high affinity of GSH for activated MGST1. Scheme 2
This value is in good agreement with that determined earlier ~ KE _ K ~
by equilibrium dialysis (22+ 5 uM) (30). EeGS +S—"=EeGS eS—*>EeP+Cl

Figure 3 shows the relative amplitudes obtained when — _
fitting data for thiolate formation to a double-exponential Table 2: Kinetic Constants for the Reaction of CDNB and CNAP

function. The amplitude of the slow phase is equal to or With the BGS” Complex of Activated MGST at 5C

larger than the fast phase at low GSH. At high GSHL substrate K5 (mM) ki (s7Y) ko/K5 (M~1s7D)
mM, the fast phase dominates and the slow phase is less cpnB (4.44+0.4)x 10
apparent. There is a difference between the amplitude CNAP 04+01 4.1+0.7 (1.0£0.3) x 10*

behavior for thiolate and-complex formations at high GSH,

probably because of the fact that the slow phase makes aMGST1 is not known, but it can be speculated that the GSH-

minor contribution and is therefore more difficult to deter- free enzyme can adopt a different conformation that is less
mine with good precision at 239 nm. When measuring active and that this conformation is reversed upon the initial

o-complex formation, higher extinction/sensitivity is obtained interaction with GSH. In any case, the slow phases cannot
at 450 nm, where neither GSthe protein, nor Triton X-100  contribute to steady-state turnover because they are much
absorbs. The basis for the biphasic behavior of activatedlower thankg:
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Table 3: Steady-State Kinetic Constants of MGST1 in the Reaction between GSH and CDN® or B,O Obtained at 3C

unactivated MGST1 activated MGST1

substrate/solvent Keat (S71) Kv (MM) KealKm (M~1s7Y) Keat (S71) Kv (MM) KealKm (M~1s7Y)
GSH/HO 0.17£0.01 2.0+ 0.4 85+ 18 3.6+0.1 1.1+ 0.1 (3.3£0.3) x 1¢®
GSH/D,O 0.08+ 0.003 1.6+0.2 50+ 7 1.8+ 0.1 0.8£0.1 (2.3+0.3) x 10®
Hk/Pk 21+0.1 1.7+ 0.3 2.0+0.1 1.4+ 0.2
CDNB/H;0 0.14+ 0.005 (114 2) x 1073 (134 2) x 108 2.8+0.1 (54 1) x 1073 (5.6+1.1)x 10°
CDNB/D,O 0.07+ 0.003 (19+ 4) x 1073 (4+1)x 10° 22401 (54 1) x 1073 (4.4£0.9)x 10°
Hk/Pk 20+0.1 3.2+ 0.8 1.3+ 0.1 1.3+ 0.3

Table 4: Kinetic Constants of Thiolate Anion Formation of MGST1, #OHor D,O Obtained at 5C

unactivated MGST1 activated MGST1
substrate/solvent ko (s Kp (mM) ko (s ko (s Kp (mM) ka(s
GSH/HO 0.424+ 0.03 47+ 72 (6+0.3)x 1042 13.24+0.9 11.7+£ 3.1 0.0164 0.000 05
GSH/D,0O 0.16+ 0.003 30+ 6 (5+0.8)x 10 84+14 15+ 10 0.036+ 0.0006
Hk/Pk 2.6+0.2 1.2+ 0.2 1.6+ 0.3 0.44+ 0.01

aFrom refl7.

Table 5: Kinetic Constants and Isotope Effects for the Reaction between Electrophilic Substrates a@Sth€@mplex, in HO or D,O
Obtained at 5C

unactivated MGST1 activated MGST1

substrate/solvent ks (s7Y) Kp (mM) kd/KE (M~1s72) ks (7Y Ko (mM) k/KE (M~1s7Y)

CDNB/H,0 5104+ 4 0.5+0.12 9.6+ 1.6) x 10° (4.44 0.4) x 10°

CDNB/D,0 770+ 60 0.6+0.1 (1.3+0.2) x 10 750+ 35 0.97+ 0.07 (7.7£0.7) x 1P

Hig/Pk 0.66- 0.05 0.7+0.1 0.57+ 0.05

CNAP/H,0 15+ 62 11+ 0.6 (1.440.9) x 10* 41+0.7 0.4+ 0.1 (1.0+£0.3) x 10¢

CNAP/D,O 13+ 3 0.6+ 0.2 (2.3+0.8) x 10¢ 6.8+ 0.9 0.4+ 0.1 (1.7+0.5) x 10¢

Hig/Pk 1.2+ 0.4 0.6+ 0.4 0.6+ 0.1 0.6+ 0.2

CNBAM/H,0 1.0+0.18 0.6+0.12 (1.84+0.3) x 10°

CNBAM/D,0 1.3+0.1 0.2+ 0.04 .7+ 1.1)x 16

Hig/PKk 0.77+0.08 0.3+0.2

2 From ref17. ® Apparent value, from linear regression in Figure 5C.

One intriguing observation comes from the proton-release kinetics for activated MGST1 is consistent with an important
experiments. At low GSH, the observed rate of proton releaserole in the overall rate behavior. However, it cannot be
appears to follow the rate of thiolate anion formation. excluded that proton release is a major contributor (because
However, at higher GSH concentrations, proton releaseit appears to be the major rate-limiting step under certain
becomes dissociated from and much slower (Figure 2C) thanconditions).
the rapid rates of thiolate formation (parts A and B of Figure  The kinetic solvent isotope effects on thiolate formation
2). It should be pointed out that thiolate anion formation is with the unactivated and activated enzyme are distinct and
measured in phosphate buffer, whereas proton release oprovide some insight into the differences in the two
course has to be measured in an unbuffered salt solutionprocesses, although the effects are complex (primary,
Whereas thiolate anion formation was independent of the secondary, and medium isotope effects collectively) and
buffer composition (measured using TNB and “buffer’ B in cannot be assigned to any particular proton si2 @3).
the stopped flowlk, = 7.3+ 0.3 st andKSsH =17 + 3 Kinetic solvent isotope effectd'k/°k) on the forward K)
mM; not shown), we could show that proton release is not and reverse k(;) reactions can be cast in terms of the
independent. The slow proton release can actually determinefractionation factors of the transition stag#f, reactant"),
kea i the unbuffered system because the turnover numberand product¢®) and the extent of proton transfex)(in the
was much lowerK = 0.714 0.06 s andKy = 1.11+ transition state (eq 3). The equilibrium isotope effé<{PK
0.35 mM) compared té.o in phosphate buffer at the same (€9 4) combined with the kinetic isotope effect can be used
pH. The steady-state rate was shown, in separate experimentd0 estimate the extent of proton transfer. If proton transfer
to be strongly dependent on phosphate addition, increasing’S complete in the transition statex (= 1), then the
by a factor of 4. A high salt concentration (0.08 M NacCl) €quilibrium and kinetic isotope effects are the same.
was also shown to have a slight inhibitory effest30%). It

is possible that phosphate 40, /HPO2~ ~ 50:50 at pH WPk = gRlgp" = (¢7IpN)" 3)
7) functions as a proton acceptor, but its specific role and HoD H b R
the mechanism are a subject of future studies. The complex KIPK = "(kfk )P (kolK ) = (6719 (4)

rate concentration behavior of proton release could perhaps

stem from the combined effects of raising ionic strength and  For an unactivated enzyme, the kinetic and equilibrium
buffer capacity when increasing the concentration of GSH effects are nearly the sarik,/°k, = 2.6 + 0.2~ "K/PK =

as high as 100 mM. In summary, thiolate anion formation 2.2+ 0.3, so thatt ~ 1 (1.24+ 0.4 is the calculated value).
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A similar analysis of the isotope effect d&n,, "k_»/Pk_, = differences as discussed below.
1.2+ 0.2, is also consistent with ~ 1. Thus, the proton Thiolate anion formation is greatly enhanced in the
transfer(s) in the isotope-sensitive step in thiolate formation activated enzyme as depicted by comparison of the rate
(presumably a conformational change) appears to be es-constantsi®k,/'"a%k, ~ 30. This enhancement is also reflected
sentially complete in the transition state. in keat Of reactive substrates, such as CDNBK{/""Keq ~
In contrast, analysis of the activated enzyme, where the 20). When comparing the apparent specificity, at infinitely
equilibrium and kinetic solvent isotope effects are clearly dilute GSH, with the unactivated enzyméc,‘(kleSSW/
different, reveals a much smaller value for= 0.4 + 0.2, unacf,/KSSH) ~ 130, the increased efficiency for utilization
as obtained from the isotope effect &n In addition, the  of GSH is even more apparent, stemming, for the most part,
inverse isotope effect ok, "k_2/°k—» = 0.44+ 0.01, can  from an apparent increase in the affinity for GSH.
be recapitulated from the equilibrium effect amduch that The increased rate of thiolate formation in the activated
(¢FlpR)t-* = (0.28p¢ = 0.47. Clearly, in the activated enzyme does not permit a detailed analysis of the burst
enzyme, the kinetically relevant proton(s) is in flight in the  kinetics with electrophiles of low chemical reactivity.
transition state. An early transition state is consistent with Nevertheless, comparisons can be made with the more
the possib_ility that the activated enzyme catalyzes the reactive CDNB and CNAP. The apparent specificiky/
deprotonation of GSH. K5) of the activated enzyme for these substrates very
The above analysis of course does not reveal the exactclosely resembles the values obtained for the unactivated
nature of the isotope-sensitive step, which could in principle enzyme. This suggests that activated MGST1 is largely
involve proton transfer from the thiol or crucial changes in similar to the unactivated enzyme with respect to nucleophilic
hydrogen-bonding patterns in a conformational transition. aromatic substitution catalysis. However, some differences
Nevertheless, it is clear that the mechanism of thiolate anion exist, e.g., the binding affinity of both substrates and the
formation is substantially changed in the activated enzyme chemical rate constank4) of CNAP, which is 3-4-fold
and that, overall, these observations are consistent with thelower than the rate constant with unactivated MGST1. This
notion that thiolate formation contributes substantiallite indicates that NEM modification does cause differences,
Because there is a difference in the isotope sensitivity however small, that can cause changes in the architecture or
between the activated and unactivated enzyme with respecidynamics of the putative hydrophobic binding site.
to thiolate formation that is not seen Kk, it is possible ConclusionsThese studies show that activation of MGST1
that other steps in the mechanism, e.g., proton or productgives rise to a significantly enhanced efficiency for the
release, could also be affected. Preliminary studies on theytilization of GSH, observed in the kinetics of thiolate anion
interaction of the product with MGST1 indeed suggest formation, compared to the unactivated enzyme. The interac-
additional slow isomerizations of this enzyme. tion with electrophilic second substrates is largely unaltered
Electrophile Binding and Chemical Catalysishe reaction upon activation, but the binding and orientation of the
of the NEM-activated EGS™ complex with CDNB is a rapid ~ substrate could be somewhat affected. Moreover, all of the
process (Figure 5A). The plot of the observed rate constantkinetic data suggest a stoichiometry of GSH binding of one
against the CDNB concentration could not be fitted to yield molecule per trimer of enzyme.
a dissociation constant for the &S «CDNB complex, which
indicates that the activated enzyme displays a lower affinity ACKNOWLEDGMENT
for CDNB compared to unactivated MGST1. The reaction
with CNAP on the other hand displayed saturation. The rate
constant for the chemical reactidn,~ 4 s'1, suggests that
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