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Fast Product Formation and Slow Product Release Are Important Features in a
Hysteretic Reaction Mechanism of Glutathione Transferase'™2-2
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ABSTRACT. The reaction mechanism of rat glutathione transferase T2-2 has been studied using pre-steady-
state and steady-state kinetics. Several parts of the catalytic cycle including binding of substrates, product
formation, and product release were investigated. Under saturating conditions, a two-step product release
was found to be rate limiting in the enzyme-catalyzed reactions between the nucleophilic substrate
glutathione and either of the two electrophilic substrates 1-menaphthyl sulfate and 4-nitrobenzyl chloride.
The rate constant for pre-steady-state product formation on rat glutathione transferase T2-2 has an observed
pKa value of 5.7 apparently due to ionization of the sulfhydryl group of glutathione. This rate constant is
approximately 2 orders of magnitude higher thapat pH values of6. It can be predicted from the pH
dependence that product formation would be the sole rate-limiting step at pH vala&s Afhysteretic
mechanism of rGST T2-2 is proposed based on a slow conformational transition detected in pre-steady-
state displacement experiments.

Glutathione transferases (GSTEC 2.5.1.18) are enzymes evolved (5). Thus, from an evolutionary point of view,
that participate in cellular detoxication of endogenous as well knowledge about the structure and reaction mechanism of
as foreign electrophilic compounds. By catalyzing conjuga- theta class GSTs would be valuable for an understanding of

tion of the ubiquitous tripeptide glutathiong-Glu-Cys-Gly; the development and mechanism of action of the younger
GSH) with different electrophilic species, GSTs serve the structures of alpha, mu, and pi GSTs.
function of facilitating transport of potentially harmful In 1973, Gillham performed a kinetic study on a GST

substances out of the cell. Soluble mammalian GSTs can beyyrified from rat liver (L6). The enzyme was catalyzing the
divided into the seven classes alpha, kappa, mu, pi, sigma,conjugation reaction between GSH and aralkyl sulfate esters
theta, and zeta based on sequence similaitp]; forrecent  (17) Nearly two decades later, the enzyme was “rediscov-
reviews, see Hayes and Pulford) (and Mannervik and  gred” and grouped into the separate theta class of G&Ts (
Widersten 7). After the classification of theta GSTg,(8), 8, 18). According to the current nomenclature for GST8)(

the function of these enzymes have been revealed in partine enzyme is now called rGST T2-2. Gillham studied the
but still their catalytic mechanism is not completely eluci- steady-state reaction between 1-menaphthyl sulfate (MS) and
dated. Class theta GSTs differ from classes alpha, mu, andg sy catalyzed by rGST T2-2 and proposed that it was best
pi GSTs in that they do not contain a Tyr residue in the {escribed by an ordered bi-bi mechanism where GSH binds
N-terminal region used to promote the nucleophilicity of the st followed by MS (L6). Further, the sulfate group,
sulfur group of GSH, but instead contain a Ser residue that gispjaced from MS by the attacking thiolate of GSH, was
may serve thi_s function. This_ _is a fe_ature that class thetafynd to leave before the menaphthylglutathione (MSG)
GSTs share with GST frorbucilia cuprinaand GSTs from  aqqyct. Discrepancies between the kinetic constants obtained

plants, as shown by site-directed mutagenesis of thdlia by Gillham (16) and those from a study on recombinant rGST
GST and human GST T2-3,10), and three-dimensional  12_ 20) led us to undertake a more detailed study of the
structure determinations of hGST T2, theLucilia GST kinetic mechanism of recombinant rGST T2-2.

(12) and a GST fromArabidopsis thaliand13). For a recent This paper presents an investigation of the mechanisms

review of the reaction mechanisms of GSTs, see Armstron ) . R
(14). Theta class GSTs are believed to be most similar tg 0:: two ;eactlons catac;yzed 3y rGST II 22 usm% a combmaﬂor;}

: ; of rapid-reaction and steady-state kinetics; the reaction wit
the ancestral GST from which the alpha, mu, and pi classesthe classical substrate MS and the reaction with 4-nitrobenzyl
chloride (NBC) (Figure 1).
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o] concentrations of GSH (0520 mM, 3-5 concentrations
o:g,o- cl per MS concentration), MS (250 M, 4 concentrations per
(') inhibitor concentration), MSG (0, 0.5, 5, and AM), and
sodium sulfate (0, 0.50, 1.0, and 2.0 mM). At least three
determinations of the reaction rate were made at each
combination of substrates and inhibitd¢}"*® was calcu-
N lated by fitting
o~ O
1-Menaphthyl 4-Nitrobenzyl = [V[MS][GSH]I/[KMSKESH(1 + [/ K,) +
ey 4 Nimobenzyl, = MMSJIGSHIVKIXG 1 + [V/K)
Kv™ IMS](1 + [I)/ K)) + Ky, [GSH] + [MS][GSH]] (2)
s
0" o} HJOL to experimental data, arkf""™*was calculated by fitting
N - the equation
OWN ° ’
HN © v = [VIMSI[GSH]V[(1 + [}/ K) (KN K" +

Glutathione (GSH)

Ficure 1: Structures of the substrates used in the study of rGST

T2-2: 1-menaphthyl sulfate (MS), 4-nitrobenzyl chloride (NBC), . . .
and the reactive thiolate form of glutathione (GSH). to data. The equations were written as user-supplied models

for the gn-fit program of the SIMFIT package4). Equations

Protein Expression and PurificatioiRecombinant rGST ~ 1—3 are simplified models for a rapid-equilibrium random
T2-2 was expressed ikscherichia colistrain XL1-Blue mechanism in which possible interactions in the binding of
(Stratagene, La Jolla, CA) and purified by a two-step the reactants are neglecte2b); eq 1 competitive inhibition
procedure using DEAE-Sepharose-6B and affinity chroma- with both substrates; eq 2 competitive with GSH, noncom-
tography using ferric ions immobilized on an IDA-Sepharose petitive with MS; eq 3 noncompetitive with both substrates
column (Pharmacia Biotech, Uppsala, Sweden) as described25). Model discrimination was based on the results of the
elsewhere Z0). regression analysis and involved graphs, residuals, and

Steady-State Kineticdf not otherwise stated, reactions Statistical criteria 24, 26). Steady-state activity was also
were carried out at 15C in 0.1 M sodium acetate (pH 40 measured at constant concentrations of MSy(®b saturat-
5.6), 0.1 M sodium phosphate (pH 5:8.1), or 0.1 M ing) and GSH (0.50 mM, not saturating) and at varying
sodium glycine (pH 9.811.0). The activities toward NBC ~ concentration of MSG (6120 uM) in 0.1 M sodium
and 1-chloro-2,4-dinitrobenzene (CDNB) were measured asphosphate, pH 7.5, at 30C. Activity in the presence of
described by Habig et al2g) and the activity with MS as ~ sucrose was measured at3Din 0.1 M sodium phosphate,
described by Gillham1(7). For determination of kinetic ~ pH 7.5, and saturating concentrations of GSH and MS (10
constants, the activity was measured at different concentra-mM and 25 uM, respectively). Values for the relative
tions of the variable substrate, and several replicates wereviscosities used (1.00, 1.22, 1.47, 2.48, and 3.15) were
made at each concentration. For determinatione'pf, the estimated using the values given by Brouwer and Kir&ah (
GSH concentration was held constant at 10 mM and the Stopped-Flow Measuremenre-steady-state kinetics of
concentration of NBC was varied between 4 and 200 rGST T2-2 were investigated using a stopped-flow spectro-
All ke values were calculated per subunit (27.3 kDa). Owing Photometer from Applied Photophysics (Leatherhead, Kent,
to the lowKM® value of rGST T2-2 [uM (20)], keatin the U.K.). Experiments were performeq mainly at 45 in the
MS reaction was determined at constant MS (@8) and buffers used for s.teady—state k|net!cs. Equal voI'umes of the
varying GSH concentration (0.3®0 mM). For determina- reaptants were mixed in the experiments, and final concen-
tion of theK, value forS-(4-nitrobenzyl)glutathione (NBSG),  trations (of e.g. enzyme, substrates or ligands) in the
a ThermoMax microplate reader (Molecular Devices, Menlo Measuring cell are given. For definition of rate constants,
Park, CA) was used to measure the enzyme-catalyzedSe€ reaction schemes and Figure 2. o
conjugation of CDNB and GSH in 0.1 M sodium phosphate, ~ Activities with MS and NBC were measured by mixing
pH 6.0, at 30°C, in the presence of varying concentrations €nzyme-GSH complex with the electrophiles and monitor-
of NBSG. Eight CDNB concentrations (0.030.0 mM), ing formation of product as d_escrlbed in the references cited
three GSH concentrations (0.1, 1, 10 mM), and five inhibitor @Pove for steady-state kinetics. The concentration of rGST
concentrations (©1004M) were used and duplicates were T2-2 in these experiments varied between 3 andulD
measured for each concentration. Using nonlinear regressiorsubunit and the GSH concentration was held constant at 10

KSSHMS] + KMS[GSH] + [MS][GSH])] (3)

analysis, the equation mM. The concentrations of the different electrophiles were
varied as follows: MS, 18200 «M, and NBC, 2.5-200
v = [V[CDNB][GSH]]/[KﬁDNBKSSH(l +IVK,) + uM. Activity measurements with constant MS concentration

GSh CONB (25uM) and varying GSH concentration (630 mM) were
Kw~ [CDNB] + Ky "[GSH] + [CDNBJ][GSH]] (1) also performed. In the pH dependence studyofith MS
as second substrate, three determinatioriggafvere made
was fitted to experimental data by the program SIMR2Z)( at each pH value by mixing enzym&SH complex (M
KlMSG and Kf”"ate were determined in 0.1 M sodium phos- rGST T2 subunit, 10 mM GSH, final concentration) with
phate, pH 7.5, at 18C, by measuring activity at different 25 uM MS and 50 mM buffer (final concentration) and
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Ficure 2: Complete reaction scheme for the rGST T2-2-catalyzed
reaction, based on the different steps studied.

measuring product formation at 298 nm. At 28l MS, Kobs
is essentially equal tky. Each of the three rate determinations
consisted of five individual traces run sequentially.
Binding of GSH to rGST T2-2 was measured by mixing
GSH with the enzyme and detecting (1) tryptophan fluores-
cence quenchinglfxcitaion = 290 nm; emission of light at
wavelengths> 320 nm was measured using a cutoff filter)
and (2) the change in absorbance at 239 28).(The GSH

Jemth and Mannervik

Kobs = K4+ K[S]/(Kg 5 1 [S]) (7)
where [S] is the concentration of the substrate varied. In these
cases, there are actually two relaxation times involved, but
the first one, binding of the second substrate, is described
by eq 4 (when GSH is varied) and is spectroscopically silent.
Kosin eqgs 6 and 7, the substrate concentration at whijgh

= k42, equals K-z + ki)/K5"" (when GSH is varied) ork(;

+ ky)/k; (when the electrophile is variedy, k-;, k-3, and

ks are rate constants for binding of the varied substrate (see
reaction schemes in the Results). At high enough concentra-
tion of the second substratk,,s approaches the true rate
constant for the catalytic steky. Whenkg,s did not show a
concentration dependence, the average of the obtained values
was used as a measure of the true rate constant in the reaction
studied (owing to the large value kTqS, this was the case

for k4 in the reaction with varying MS and saturating GSH
concentration). Eachy,s Obtained was an average of 42
different traces run sequentially on the stopped-flow spec-
trophotometer. The theory of pre-steady-state kinetics is
described by Fersheg).

The pH dependence of different kinetic paramet@8) (
was studied at 18C. Using the SIMFIT program, a first or
second-degree rational function was fitted to obtained rate
constants plotted against hydroxide ion concentration.

concentration was varied between 0.15 and 10 mM at a Microcalorimetry. Isothermal microcalorimetric titrations

constant subunit concentration of A4®. Binding of GSH
to rGST T2-2 in the presence of product (™M subunit,
20 uM NBSG; or 10uM subunit, 10uM or 20 uM MSG)

was detected by measuring increase in tryptophan fluores-

cence similarly as above. Binding of the reaction products

were performed with a 2277 Thermal Activity Monitor
(Thermometric, Jdélla, Sweden) at 30C. The calorimeter
was dynamically calibrated before each experiment, using
electrically generated heat pulses as recommended by the
manufacturer. An experiment consisted of 15 or 26 injections

MSG and NBSG to rGST T2-2 was measured by tryptophan of 10uL of ligand solution, 10 s duration, iota 2 mLstirred

fluorescence quenching similarly as for GSH usinglD

titration vessel initially containing 1.000 mL of enzyme

uM rGST T2 subunit. Observed rate constants used in the solution in the same buffer as the ligand. Buffers used were

pH study of product binding were determined in a final buffer
concentration of 50 mM.
To obtain observed rate constarks,s either a single or

0.10 M sodium phosphate at different pH values. The
concentration of rtGST T2-2 in the vessel was-200 uM.
Ligand concentrations in the syringe were typically 6:50

double exponential equation or a single exponential with 5.0 mM. The exact concentration used in an experiment was
steady state was fitted to the data using the software suppliedoptimized with regard to the affinity of the enzyme for the
with the apparatus. If the observed rate of ligand binding ligand under the conditions used. Titration data were
showed a positive linear concentration dependence (e.g..corrected for the heat generated by addition of the ligand
GSH binding) k.psWas plotted against ligand concentration not due to enzymeligand interactions. Data analyses were
and linear regression analysis was used to obtain values forcarried out to estimate the binding parameters using the
kon @and ko according to program Digitam for Windows provided with the instrument.
kops = K3 + K5 [GSH] (4) ~ RESULTS
) ) ) Enzyme PreparatiannGST T2-2 used in this study was
If konsshowed a negative concentration dependence, whicheypressed and purified according to the protocol described
occurred in the _d|splacement experiment with product and by Jemth et al.Z0). The values of the kinetic constants and
GSH, the equation the specific activity with MS 20) differ considerably from
those given by Gillhami{, 17). However, since orthologs
(5) of GST T2-2 from different species are the only enzymes
known to catalyze the reaction between MS and GSH, there
was fitted to the dataKs in eq 5 is interpreted as a should be no doubt that rGST T2-2, used by Jemth et al.
dissociation constant and is the quotient between the rate(20) and in this study is the same enzyme as that previously
constants in a concentration dependent GSH-binding stepinvestigated by Gillham1§, 17).
(k-3/k3™) after that described bkg™ When the actual Initial Rate Studies and Product InhibitioAs a starting
chemical transformation on the enzyme was investigated, thepoint for the investigation of the catalytic mechanism of
following equations were fitted to experimental data rGST T2-2, steady-state initial rates were measured by
varying the concentrations of MS and GSH in absence and
Kobs = Ka[SI/(Ko 5+ [S]) (6) presence of the products MSG and sulfate. The reciprocal

kons = k5P + KK/ (K + [GSH])
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of the initial rate, 1/, was plotted against 1/[substrate] in Scheme 1

the absence of product. The lines corresponding to fixed Ky [R-X]
concentrations of the second substrate were not parallel but E =—>FE«.R-X
intersected, thus, the reaction mechanism is sequential (results i

not shown). To check the inhibition pattern of the two eky[R-X]

products sulfate and MSG, a study similar to that by Gillham E'GT\ EeR-X-G

(16) was performed. Sulfate was found to be clearly
noncompetitive with respect to both substrates in the MS
reaction [change in bottka: (the turnover number at
saturating substrate concentrations) &g values]. MSG
was found to be close to competitive (change onlyKin
value) with respect to GSH, but noncompetitive with respect
to MS (results not shown). This is in accordance with
previous results1(). The secondary plots of Kk and Ky/

keat Were found to be linear or possibly hyperbolic with
inhibitor concentration. Only three inhibitor concentrations
were used, in our experiments as well as in Gillham§),(

and this is not enough to accurately judge whether linear or
hyperbolic behavior is observed. To cover a wider range and
to get more experimental points, the MSG concentration was
varied (1-120uM) at constant substrate concentrations and
1/v was plotted against MSG concentration. The data could
be described by a 2:1 rational function with two asymptotic
slopes, one approximating the curve in the rang® @M

and one at higher MSG concentrations. This result shows

In this and following reaction schemes, E is the enzyme
subunit, G is GSH or the glutathionyl moiety of GSH, and
R—X is the electrophilic substrate. X in the electrophilic
substrate is the leaving group in the reaction, i.e., sulfate in
MS and chloride in NBC, and R is the methylnaphthyl part
of MS or the benzyl group of NBC.

Pre-Steady-State and Equilibrium Binding of the Electro-
philic Substrate The catalyzed reaction starts with binding
of the substrates to the active site, one GSH and one molecule
of the electrophilic substrate. Each of the two subunits of
rGST T2-2 contains four tryptophan residues which makes
the enzyme suitable for binding studies utilizing quenching
of the intrinsic fluorescence by the ligands. However, binding
of the electrophilic substrates MS and NBC could not be
monitored directly by time-resolved change in fluorescence.
The lack of measurable time-resolved change in fluorescence
upon binding of MS or NBC to rGST T2-2 could be due to
absence of fluorescence quenching. However, since it was

that the above replots of K and Ku/ke, are indeed ;
: ) . . : found that the GSH conjugates of the two substrates quench
nonlinear, contrary to the previous interpretation. This rate the fluorescence of IGST T2-2 much more than GSH, it is

behavior indicates that there are more than one enzyme formIikely that the reason is not absence of quenching but a large

in the reaction scheme that can bind MSG. Thus, the value of the on rate for the electrophil) (Scheme 1)
observed inhibition pattern does not point to an ordered . . P :
Inner filter effects with NBC and fluorescence of MS also

mechanism but rather to a random reaction mechanism.. . .
Keeping this in mind egs 2 and 3, although too simple to interfered with the intrinsic fluorescence of rGST T2-2, and

describe the experiments completely since they do not take Et 02, £ 12, T PO B8 B0l HEECCt R
into account the existence of additional enzyme forms, were . ’

fitted to the data sets obtained from the inhibition studies. forNBL:”d'”g of NBC, when GSH is bound to the enzyme
The apparenk; values were determined as 3£20.3 M (ek;~, Scheme 1), can be estimated from the hyperbolic
and 0.61+ 0.03 mM for MSG and sulfate, respectively. concentration dependence of the observed rate constant for

Effect of Viscosity on Steady-State Kineti&aother clue pre-steady-state burst of product formatik),(to be at least

to the reaction mechanism was obtained from activity 3 * & MMlSS *at 15°C. In a similar 7fash|10n,lthe on rate
experiments in the presence of the viscosogenic reagent® MS (eki™) can be estimated as10" M™* s, close to
sucrose. It has been shown that the rate of a diffusion- the diffusion limit. These experiments are discussed in further
controlled reaction is dependent on the viscosity in the detail under Pre-Steady-State Product Formation.
medium in which the reaction takes place [see Brouwer and _Equmbm_Jm binding experiments using |sotherrr_1al titration
Kirsch (27) and references therein]. Also, viscosity could Microcalorimetry showed that the enzyme can bind MS also
affect the catalyzed reaction if it is dependent on fluctuations In_the absence of GSH. The binding curves from the
between conformational substates [cf. Beece e38). &nd m|crocalor|metr|c. experiments with MS indicate a st0|c_h|-
references therein]. The activity of rGST T2-2 was measured ©Metry of approximately 0.8 (results not shown). By taking
under saturating conditions with MS and GSH, and it was the mean of the results from several experimeK}S, was
found that the quotient between enzymatic rate in absencecalculated as approximately 10M. Thus, binding of
and presence of sucrose is lineary dependent on the relativeelectrophile to free enzyme is possible and the association
buffer viscosity with a slope of 0.6% 0.05. The fractional ~ rate constant appears to be close to the diffusion limit for
viscosity dependence suggests that solvent-dependent conbinding to enzyme GSH complex, and most probably to
formational transitions are rate contributing. Another vis- free enzyme as well. On the basis of the large value?
cosogen, glycerol, was used to verify that sucrose did not and thngS value,k_; is estimated to be-100 s* for MS.
work as a nonspecific inhibitor of the enzyme [cf. Bazely-  Pre-Steady-State Binding of GSBinding of the other
ansky et al. 81)]. substrate, GSH, was measurable using the intrinsic fluores-
To gain further insight into the reaction mechanism of cence of rtGST T2-2. After rapid mixing, the rate of binding
rGST T2-2, pre-steady-state measurements were performeaf GSH to rGST T2-2 was monitored as time-resolved
on the different possible steps on the reaction pathway of quenching of the fluorescence in the stopped-flow spectro-
the enzyme. Rate constants and schemes referred to in théluorometer. The change in fluorescence followed a single-
text are compiled in a complete proposed reaction schemeexponential decay, and the observed rates showed a linear
in Figure 2. dependence on GSH concentration in the concentration range
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Table 1: Kinetic Constanmtsat 15°C, pH 7.5, for the Reactions of GSH
rGST T2-2

with 4-Nitrobenzyl Chloride and 1-Menaphthyl Sulfate, Catalyzed by

electrophilic substrate KPP (1M 157 kea (s ke (s7h) ks (579 kz (s79) KPP (1M 1sh)
4-nitrobenzyl chloride 1.20.1 1.2+ 0.3 20+ 3 0.5+ 0.2 2.7+ 0.6 0.36+ 0.02
1-menaphthyl sulfate 38 1.9+1.7 8+ 6 1.6+04
electrophilic substrate K5PPd (s7Y) K (s Ks (mM) Keaf (572 KNEC (uM) KESH (mM)
4-nitrobenzyl chloride 0.0& 0.01 0.40+ 0.08 1.2+ 0.5 0.23£ 0.03 20+ 12

1-menaphthyl sulfate 0.2& 0.03 19 (PB) PE 0.73+0.03 1.0+0.2

aKinetic constants that are not steady-state parameters are defined by the reaction scheme in Fidttek2, andks, kz, and k% were

calculated by linear regression analysis of observed relaxation rate co

nkitftasdk ; are measured in absence of electrophilic substPateis

the pre-steady-state rate constant for product formation on rGST T2-2. To kbt@ifNBC, eq 6 was fitted tdops plotted versus GSH concentration.
For MS, the value ok, was calculated by taking the mean of observed rate constantslginee k, in the range of MS concentrations studied.
This is due to the high value of the on rate for M&)( but it probably results in a slight underestimationkaf? The values of the rate constants
kPP and K%, and that ofKs, were obtained by fitting eq 5 to experimental d&tRE, poorly estimated, the experimental error is larger than the
parameter valu€ ks:andKy are steady-state parameters of the catalyzed reaction. They were determined under similar conlitextepsthat

data were collected after the initial burst phdsg.andKy were calculated

NBC reaction, the electrophile was varied at saturating GSH concentration and for MS saturating MS concentration and varying GSH concentration

was employed. See Experimental Procedures for additional details.

by fitting the MichaetidVlenten equation to experimental data. For the

A B C
8 154 v 0.8A
"',‘/-\ 6_ ",‘A '_.'A
z 2 104 N
244 © 2 £0.59
& 2 5] N
54
0 T T T T 0 T T 0.2 T T T T
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[GSH] (mM) [NBC] (M) [GSH] (mM)

Ficure 3: Examples of plots used to determine microscopic rate
constants at 18C, pH 7.5. (A) The observed rate constant for
binding of GSH to rGST T2-2 showed linear dependence with GSH
concentration. The slope of the curve was interpreted as the on
rate (&™) and the intercept with thg-axis as the off-ratek(s) of

the equilibrium between GSH and rGST T2-2 (eq 4). The values
for on and off rates of the reaction products MSG and NBSG were
determined in a similar fashion. (B) The pre-steady-state formation
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Ficure 4: pH dependence at P& for different kinetic parameters

in the reaction between MS and GSH catalyzed by rGST T2-2.

(A) K& (a) was obtained by measuring intrinsic tryptophan

fluorescence quenching of rGST T2-2 at different GSH concentra-

of NBSG on the enzyme showed a hyperbolic dependence on thetions (0.36-10 mM) as described in the Experimental Procedures.

NBC concentrationks, the observed rate at infinite NBC concentra-
tion, was determined by fitting a first-degree hyperbolic function
(eq 6) to experimental data. The slope of the curve at the origin
was used to estimatek)®. (C) Observed rate constants of GSH
binding determined by displacement of MSG from rGST T2-2.
Equation 5 was fitted to data in order to estimei® and K.

kealK§>" values [0) were determined by varying the GSH con-
centration (0.36-:20 mM) at constant MS concentration and fitting

a first degree rational function to obtained dakgKSz" values

(©) were obtained by fitting a first degree rational function to
observed rate constants of the pre-steady-state formation of MSG
on the enzyme when the GSH concentration was varied at constant

used. Using eq 4, the constants for the apparent on rateMS concentration (the enzyme was preincubated with MS). (B)

(K™ and the off ratel_z) for GSH binding to free enzyme
were calculated (Table 1, Figure 3A, Figure 4A). Binding
of substrates is often diffusion controlled, i.e., the second-
order rate constant for the association should-i€’ M1
s L. The present results show clearly that binding of GSH
to rGST T2-2 is not diffusion controlled given an apparent
association rate constakff’ of 1.2 x 10° M~*s*at 15°C,
suggesting that more than one step is involved in the binding.
Caccuri et al. 82) have recently shown that several distinct
steps are involved in the binding of GSH to GST1 For
rGST T2-2, the low association rate constant for GSH is most
probably due to a rapid preequilibrium involving a spectro-
scopically undetectable conformational transition in the
enzyme structure represented lyandk_, in Scheme 2.

If k_2> ky, ks will appear much lower than its actual value.
The off rate constant for GSH(3) was determined as 1.2

keat values @) were obtained by varying the GSH concentration
(0.3-20 mM) at saturating MS concentration. Values kar(O)

were obtained at constant GSH (10 mM) and MS concentration
(25 uM). The enzyme was preincubated with GSH. Each value is
an average of five different measurements. Rates of product release,
ksk7/ (ks + k7) (2), were obtained by measuring intrinsic tryptophan
fluorescence quenching of rGST T2-2 at different MSG concentra-
tions. Values foré (©) were obtained by measuring displace-
ment of MSG by GSH at different GSH and constant enzyme-
MSG concentrations as described in the Experimental Procedures.
To obtain apparent Ky, values, either a first or second degree
rational function was fitted to data. ApparenKpvalues were
determined as 5.% 0.2 and 8.7Kca, the basic [, value was poorly
estimated), 5.2 0.1 (q), 1.9 and 8.1K™, and 4.7 and 5.9 (the
two most acidic [, values ofkea/K$).

The binding of GSH was also monitored as increase in
absorbance at 239 nm, reflecting formation of the reactive
GSH thiolate ion 28). The observed rate constants at

st at 15°C (Table 1), giving an approximate equilibrium different GSH concentrations were similar to those obtained
dissociation constant of 1 mM. The experiment shows that using fluorescence quenching, indicating that deprotonation
binding of GSH to free rGST T2-2 is possible, in accordance of GSH is fast (data not shown). At high concentration of
with a random mechanism. GSH, the observed rate constants are predicted to show a
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Scheme 2 analysis such that eq 7 reduces to eq 6. The con&tant
K, K,[G] should be present, but the experimental data at low substrate
E?E'\—k—‘—E'-G concentrations are not accurate enough to give reliable
2 -3 parameter values.
Scheme 3 As mentioned previously, the observed pre-steady-state

rate constant for product formation when MS was preincu-

E'«G M E'eR—X+G ko E'eG—ReX bated with enzyme and rapidly mixed with GSH showed a
<ok, ‘E * hyperbolic dependence with GSH concentration. The reaction

steps and rate constants describing this experiment are shown

hyperbolic dependence on GSH concentration, when the raten Scheme 4.
of deprotonation of GSH becomes limiting2). At high GSH concentratiorkgys is limited by ks (giving

Pre-Steady-State Product Formatidkfter binding of both the hyperbolic behavior), but at low GSH concentration the
substrates and deprotonation of GSH, the products are formedbserved rate constant should reflect the steps pride,to
on the enzyme by nucleophilic attack of the GSH thiolate those involved in GSH bindingaks, fk—2, yks, 0k-3).The
on the methylene sulfate or methylene chloride group of MS slope of the hyperbolic curve at the origin (this slope will
or NBC, respectively. The pre-steady-state formation of be referred to a§,<4/K(‘)3_§H) was found to be numerically
products on the enzyme was measured as increase okqual (within the experimental error) to the apparent rate
absorbance at 298 nm for the MS reaction and at 310 nmconstant for binding of GSH to free enzymé®) at all pH
for the NBC reaction. Clear bursts of product formation were values tested (Figure 4A). This indicates that binding of GSH
obtained for both reactions, suggesting that at least oneto rGST T2-2 is independent of the presence of a bound
subsequent step on the reaction pathway is slower than thaklectrophilic substrate, or in other words, 5, andy in
for formation of products. The amplitude of the burst was Scheme 4 are all close to unity.
found to Correspond to the concentration of active sites pH Dependence of the Rate Constant for Product Forma-
present in the experiment. Hence, both active sites in thetion k,. The rate constank, (determined with enzyme
dimeric rGST T2-2 seem to catalyze the reaction. To obtain preincubated with GSH, Scheme 3) for the catalyzed reaction
observed rate constants, a single exponential equation wagetween MS and GSH increases with pH with an apparent
fitted to experimental traces. The observed rate constantpk, value of 5.7+ 0.1 (Figure 4B)kwith MS as second
increased hyperbolically with the NBC concentration at substrate is much lower than the rate constant for formation
constant GSH concentration (enzyme preincubated with of product on the enzyme at all pH values studied. It may
GSH). It also increased hyperbolically with GSH concentra- pe predicted from Figure 4B thd will become the sole
tion when enzyme was preincubated with MS, but was found rate-limiting step at pH values of3. Unfortunately, rGST
to be independent of the MS concentration {200 xM) T2-2 is unstable already at pH 4-@.5, and determinations
when enzyme was preincubated with GSH. At low enough of k, andk., cannot be made at lower pH values. Neverthe-
concentration of MSkqs is expected to show a hyperbolic  |ess, the apparentkp value for ke of 5.5 (Figure 4B)
dependence, similarly as for NBC and GSH, but presumably suggests thak, (pKa 5.7) actually contributes the at pH
owing to a large association rate consta%?, this is not <6; however, the slope is much less than 1, indicating
observed experimentally. Instead, the mean of severalcontributions from more than one titratable group. The pH
observed rate constants was calculated to estimate the truglependence ok, reflects proton equilibria in the ternary
rate constank> (Scheme 3, Table 1). To obtain values of complex enzymé&SHMS. The pH dependence d¢./
KBS (Figure 3B, Table 1) and okS"" (constant MS,  KSSH kK52 andk3 (Figure 4A) should reflect titrations
varying GSH), eq 6 was fitted to observed rate constants. in the enzymeViS complex and GSH or in free enzyme and
The value of k;*" obtained after fitting of eq 6 to  GSH. Since the pH dependenceskaf/K5>" k/KS:", and
experimental data, was found to equdff (constant GSH  K&™ are all different from that ok, (Figure 4), the pH
preincubated with the enzyme, constant MS) as would be dependence d& most probably reflects titration of the thiol
expected. Hence, the choice of experimental approach didgroup of the enzyme-bound GSH.
not affect thek, value obtained. Scheme 3 shows the reaction  Pre-Steady-State and Steady-State Enzymeduct As-
steps and rate constants involved in the determinatida of sociation and Dissociatiarin the two reactions studied there
using enzyme preincubated with GSH. are two substrates and two products. The leaving group in

The pre-steady-state rate constant for product formationthese nucleophilic substitution reactions is chloride (from
on the enzymé, was found to be high compared to tkhg NBC) or sulfate (from MS). The binding of these did not
values of rGST T2-2 (Table 1, Figure 4B). With MS as give a spectroscopically detectable signal and could not be
electrophilic substratds, was found to be approximately 40 measured by pre-steady-state kinetics. Although the micro-
st at 15°C, pH 7.5, thus 50 times higher thag, under scopic rate constants (denot&g and k_s) could not be
those conditiond, with NBC as second substrate was also obtained, the quotierits/k—s sulfate was determined as 0.6
found to be substantially higher than the corresponéing mM in the inhibition study (15°C, pH 7.5).
It should be noted that the rate constant for the reverse The binding of the other product, the GSH conjugate, could
reaction, k_4, is numerically redundant in the regression however be detected by measuring quenching of intrinsic

Scheme 4

ak, 1k3[G] ky
E°R—X? E'-R—X? E'sR—XeG —=—> E'«G—R«X
2 3 k_4
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1.20 . The pre-steady-state burst of product formation on the
enzyme disappeared if MSG was added to rGST T2-2 before
40 ] the rapid mixing of enzyme with substrates (results not
20 shown), further corroborating that product release is rate
limiting.
0 In microcalorimetric experiment&y>>° was determined
0 Sé]o( M)20 as 3.5+ 1.6 uM in good agreement with the value estimated
M K by rapid kinetics €7.5uM) and by inhibition experiments
(2.3 £ 0.5 uM). Owing to the low values oK}®*® and

020 ' KMSC, product inhibition of rGST T2-2 is likely to occur.

0.0 0.1 0.2 D .
Time (s) Pre-Steady-State Displacement of the Products by GSH

Ficure 5: Biphasic binding of the reaction product MSG. rGST To further investigate th? presence of Conformatlon.al changes
T2-2 was mixed with MSG, and time-resolved change in fluores- Suggested by the experiments presented so far, displacement
cence was monitored. A double exponential equation was fitted to Of the reaction products MSG and NBSG with GSH was
the experimental data points. The two observed rate constantsmeasured in the stopped-flow spectrofluorometer. MSG and

intercept of best-fit curve)k;, and k_; (O, intercept and slope, K ~
respectively, of best-fit curve) using linear regression analysis fluorescence of rGST T2-2 more than GSH, thus, replace

gnal

0.70

Fluorescence si

(inset). ment of either MSG or NBSG with GSH resulted in increase
in intrinsic tryptophan fluorescence that could be detected.
Scheme 5 When GSH was mixed with either-BSG or ENBSG
kg k;IG-R] ke (approximately 6-8 uM subunit-product complex out of a
E?E.'l? E"™ G—R ?E"-G—R total subunit concentration of 10M calculated from the
8 6

estimated dissociation constants), the increase in fluorescence
with time followed that of a single exponentid,,s was
found to decrease with increasing GSH concentrations. The
inverse concentration dependence of the relaxation time
bserved is indicative of a slow step followed by a fast step.
%quation 5 was then fitted to data in order to estinigté

tryptophan fluorescence. The binding of product was judged
to be biphasic using SIMFIT24) to analyze the residuals
of single and double exponential functions fitted to experi-
mental data. Both observed rate constants seemed to displa
linear dependence on product concentration, similarly as

GSH binding (Figure 5). The equation k%, andKs (Figure 3C). At least for NBSGKs from eq 5
is close toKS" obtained by dividingk_s with K3 (Table
kops= k; + KPIG—R] (8) 1), suggesting tha€™ is associated with a slow step or the

sum of several slow steps prior to GSH binding. Similar

was used to calculatk, and k**° (Table 1). The on rate results were obtained when .GSH was replacing MSG,
(K for both MSG and NBSG was found to be faster than althoughKs was not as well estimated as when NBSG was
that for GSH but still less than the diffusion limit. Hence, a u:'seq. The process of pro.duct release followed by GSH
fast preequilibrium, represented by andk_g, is probably binding studied in this experiment no doubt consisted of more
present on this binc'iing pathway as well (Séheme 5). On the steps .than tho§e identified in the prodpuct and GSH binding
basis of the present experiments, it is not possible to tell €XPeriments since the rate constagft” was found to be
whether the second observed rate constant obtained reallyfoWer than the dissociation rate constants of both MSG and
is lineary dependent on GSH conjugate concentration or not. NBSG from rGST T2-2 (Figure 4B, Table 1). Scheme 6 is
Since rGST T2-2 is a dimer, it would appear possible that & S|mpI|f|cat|_on of the pathway Qescr|blng the experiment.
the different subunits bind MSG or NBSG with different EXCePt forks in Scheme 6, the displacement could proceed
affinities. The finding that the amplitudes, corresponding to Vi@ the steps dencz)tpdd, k7, I,<)8p andk.. Thus, the experimen-
the two relaxation times in the experiments, are similar tally determinedc® andk™ are not numerically equal to
(within experimental error) supports this model. The other ke @ndk-gin Scheme 6, but they represent a lower limit for
possible model is shown in Scheme 5. the respective rate constant.

Here, the second transient is interpreted as a conforma-

tional transition in the enzymdigand complex, giving a Scheme 6

spectroscopically detectable signal. The observed rate con- ke sgy:;g' k,[G]
stant for such a step should display hyperbolic dependence EeG—R == E"«G—R =—2F's=—>F'.G
on ligand concentration witk_g as limiting rate. However, ks ks

in both models, the observed rate constant would be linearly

increasing at low MSG or NBSG concentrations (cf. eq 7), At GSH concentrations below™", the observed rate
and the off rateks would be the observed rate constant at increases with GSH concentration and this part is left out in
zero concentration obtained by extrapolation. Therefore, thethe determination oki"™ andk™y. This effect, which is not
second transient was also subjected to linear regressiordescribed by eq 5, is probably a result of the fact that the
analysis to estimatks. The value ofks [or kek7/(ks + k7) if system studied consists of several equilibra and not merely
the subsequent step is taken into account] agrees well withtwo as accounted for in eq 5. The GSH concentration needs
kearat 15°C in neutral and basic buffers (Figure 4B, Table to be higher tharkS®" to shift the equilibrium between

1) and is proposed to be the main rate contributing step underenzyme, product, and GSH toward formation of enzyme
those conditions. GSH complex, hence, making the dissociation of product
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(ks, k7, and kg in Scheme 5) irreversible. At low GSH
concentrations, the equilibrium will be in favor of enzyme
product complex and the requirements for eq 5 to be valid
are not satisfied. This makes estimationkdf’ much more
ambiguous than that of5™, and based on these experi-
ments, it is difficult to judge the distribution between the
enzyme forms E5—R and E'-G—R (Scheme 6).

In Figure 4B, it can be seen that, in contrast to thosle, of
andk, the value ofi*® decreases with pHE™ decreases
askqincreases at basic pH values ending up 10-fold lower
thank.gat pH values o&9. A microscopic rate constant on
the reaction pathway cannot be lower than Kag value.
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FIGURE 6: Proposed steady-state reaction scheme for rGST T2-2

Consequently, the catalyzed reaction does not proceedyfier adopting the active conformation induced by the reacting

through the step represented My in Scheme 6. This
spectrofluorometrically silent step is proposed not to be on

substrates.

the steady-state reaction pathway but on a pre-steady-stateesidues GIn12, Arg107, Trpl115, and Arg2391) all

pathway going from an equilibrium enzymeroduct com-
plex into the catalytic cycle (Figure 2).

DISCUSSION

To our knowledge, the present investigation is the most

conserved in the amino acid sequence of rGST T2-2. This
pocket is probably crucial for the activity with MS. The
affinity for sulfate is less than that for the GSH conjugate
and therefore sulfate should leave the enzyme fkgt (

At least two steps in GSH-conjugate product release are

detailed study performed on the kinetic mechanism of a thetaslow (ks, k;) and determine the steady-state rate under
class GST. By using the stopped-flow technique, several saturating conditions. The structure of human GST T2-2
microscopic rate constants on the reaction pathway of shows a C-terminal extension as compared to GSTs from
reactions catalyzed by rGST T2-2 have been determined, anddther classes, am-helix that covers the active site. The apo-
thereby, new aspects of the catalytic mechanism have beerstructure and the GSH and product-liganded structures were
revealed. all found to be superimposabld1). It is likely that the
According to the results from the pre-steady-state kinetics, catalytically significant product release steps of rGST T2-2
rGST T2-2 displays a reaction sequence where the electro-(ks, k7), as well as the fast preequilibri(k-> andks, k-g)
phile probably adds to the enzyme before GSH, owing to and the slow conformational transitioke(k-o) are due to
higher rate of association of electrophile. The rate of GSH motions in the C-terminal extension that has to open up to
binding to free enzyme equals the rate of GSH binding to let ligands in or out. This is probably also the cause of the
enzyme-electrophile complex as judged frokd”® and ky/ tight binding of electrophilic substrates and products dis-
KSH However, in vivo the resting enzyme should initially played by rGST T2-2, with low d_|ssp_C|at|on rates that_result
be charged with GSH, owing to its high concentration in from slow helix motions. The S|gn|f!cance of _catalytlcally
the cell (£-10 mM). It is not obvious what physiologically important conformatlonal changes in the.tertlary structure
relevant substrates may be, but certain arylalkanes can béf TGST T2-2 is corroborated by the fractional-slope value
metabolically activated to carcinogenic sulfate est@s ( °f the viscosity-dependence of the activity.
similar to MS. If GST T2-2 in the cell is further metabolizing ~ The unusual pH dependence ki displaying a slow
an arylmethyl sulfate, it is likely that the first catalytic cycle increase with slopes of1 from pH 4 until the enzyme is
proceeds through the pathway with initially bound GSH, but finally denatured at pH values above 11 (Figure 4B), can
that subsequent cycles start with binding of the electrophilic Now be explained by the steps in product reledse ky)
substrate if its concentration is in the micromolar range or determining the steady-state rate of the enzymatic reaction.
above. Thus, even if the binding of substrates is random in The pH dependence of such steps would not be expected to

theory, the flux through the pathway with initial binding of
electrophile could be much larger in practice.

The actual product formatiorky) is fast and not rate
limiting. Most probably, the pH dependence of the rate
constank, for pre-steady-state formation of products reflects
titration of the enzyme-bound sulfhydryl group of GSH. This
suggests an important catalytic function of rGST T2-2 in
increasing the nucleophilicity of GSH by lowering thE
of the sulfhydryl group. It is noteworthy that thé&pvalue
of GSH bound to rGST T2-2 was found to be 5.7, similar to
that of GSH bound to another theta class GST, hGSFTT1
(33). We believe that this is lower than th& s for all other
GST-bound GSH describe@%, 34—38).

No doubt, the leaving-group product sulfate (in the MS
reaction) is bound in a defined way to rGST T2-2. The crystal
structure of the human ortholog of rGST T2-2, hGST T2-2,
reveals a sulfate-binding site that is built up by the four

be affected by titrations of single groups in the same way as
the pH dependences of the catalytic steps of other GSTs
studied 82—38).

Does rGST T2-2 Function According to a Hysteretic
Mechanism?The presence of a conformational transition
slower thank,: suggests that stable enzymegroduct com-
plexes can be formed that are not on the reaction pathway
(ko/k—g, Figure 2). The fact that™ is determined from
measurements of changes in intrinsic tryptophan fluorescence
validates the assumption that a dynamic, physical step in
the enzyme tertiary structure actually is monitored. However,
not only the enzymeproduct complex would be expected
to form such a conformation at equilibrium but in fact all
enzyme-ligand complexes in Figure 6 and also the apo-
enzyme. Addition of substrate would then cause a so-called
ligand-induced slow transition (LIST), a hysteretic effect (cf.
ref 39 and references therein). This implies that the detectable
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steps represented by the rate constdmtk-g, andky are glutathione-binding motif may have been combined with
paths leading from an equilibrium state of rGST T2-2 into another protein structure capable of binding hydrophobic
the catalytically active conformation of the enzyme. In Figure molecules, resulting in a protein with affinity for glutathione
2, the enzyme forms'EE", and E" could be considered as  conjugates42). The strong product inhibition of rGST T2-
steady-state-catalytically active enzyme forms while E 2, exemplified by the tight binding of MSG supports this
represents the favored conformation at equilibrium. The E hypothesis, if it is assumed that rGST T2-2 represent an
form requires a substrate-induced conformational transition ancestral GST structure. Although GSH binds to rat GST
(e.g., ko) to enter the catalytical cycle used under steady- T2-2 through several hydrogen bonds (), it is clear from
state conditions. In principle, catalysis could be performed the estimateKp values for GSH, MS, MSG, and NBSG
by enzymes in the “equilibriumconformation form” as well, that the affinity for MS, MSG, and NBSG is stronger than
but slower than those in the “active” conformation. The rate for GSH and that this is due to the hydrophobic naphthyl-
constants for entering the (faster) catalytic cycle differ methyl or benzyl groups of the former. Consequently,
depending on the ligand; e.g., going from enzyriWSG hydrophobic interactions were probably the major driving
complex involves the slow step representeckpwhile the force for binding of the GSH conjugates to the proposed
apo-enzyme and enzymelectrophile complex go through  ancestor of the GSTs.

k.. The possible transition between@&and E-G was not From the perspective of catalysis, the efficiency of rGST
possible to detect. Either the rate constant for this step isT2-2 in catalyzing the first part of the reaction, capturing of
very large or the GSH-liganded conformer is the active substrates followed by fast product formation, is apparently
species. in vain. A product release that is almost 2 orders of

If a LIST mechanism applies to rGST T2-2, the reaction Mmagnitude slower than the catalytic step sets the time.
scheme in Figure 2 could actually be reduced to that in Figure Nevertheless, the pH dependence of the pre-steady-state burst
6 under steady-state conditions. Flux through the pathway Of product formation suggests that the catalytic devise of
with initial binding of GSH would then be as likely to occur ~ lowering the K, of the sulfhydryl group of GSH, making it

as flux through the other pathway sinkeand ks should more nucleophilic, is used by theta as well as by alpha, mu,
both be diffusion controlled. and pi class GSTs. Thus, this seems to be an old solution to

da catalytic problem and perhaps the feature that turned an
original GSH-conjugate binding protein into the first GST.

also explain other effects on the kinetics of the enzyme h d hvstereti hani b e f
observed. The saturation curves obtained with rGST T2-2 ' € Proposed nysteretic mechanism may be a relic irom an
ancestral protein that displayed catalytically unfavorable

actually fit better to a second degree rate equation than to a_ S o .
first-order Michaelis-Menten or rational function. Non- tight-binding characteristics. Alpha, mu, and pi class GSTs

Michaelian behavior of other GSTs has also been obserVedobviously have evolved toward faster product release, thereby

(40, 41). An enzyme memory effect has been proposed as pptimizing the GST catalytic properties of what may orig-

an explanation42), but this has later not been taken into ma!ly have been a binding protein with a limited catalytic
account for the sake of simplicity. The LIST mechanism 2CtVIty:

would rationalize the non-Michaelian behavior as a result

of substrate addition steps to distinct enzyme fori38),( ACKNOWLEDGMENT
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