Biochemistry2001,40, 7549-7558 7549

3-Methyleneoxindole: An Affinity Label of Glutathion8-Transferase pi Which
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ABSTRACT. The compound 3-methyleneoxindole (MOI), a photooxidation product of the plant auxin indole-
3-acetic acid, functions as an affinity label of the dimeric pi class glutathsanensferase (GST) isolated

from pig lung. MOI inactivates the enzyme to a limit of 14% activity. Thfor inactivation by MOI is
decreased 20-fold bg-hexylglutathione but only 2-fold by-methylglutathione, suggesting that MOI
does not react entirely within the glutathione site. The striking protection against inactivation provided
by S (hydroxyethyl)ethacrynic acid indicates that MOI reacts in the active site region involving both the
glutathione and the xenobiotic substrate sites. IncorporatioAH}MOI up to ~1 mol/mol of enzyme

dimer concomitant with maximum inactivation suggests that there are interactions between subunits.
Fractionation of the proteolytic digest olH]MOI-modified GST pi yielded Trp38 as the only labeled
amino acid. The crystal structure of the human GS¥athacrynic acid complex (2GSS) shows that the
indole of Trp38 is less thm4 A from ethacrynic acid. Similarly, MOl may bind in this substrate site. In
contrast to its effect on the pi class GST, MOI inactivates much less rapidly and extensively alpha and
mu class GSTs isolated from the rat. These results show that MOI reacts preferentially with GST pi. Such
a compound may be useful in novel combination chemotherapy to enhance the efficacy of alkylating
cancer drugs while minimizing toxic side effects.

GlutathioneS4transferases (EC 2.5.1.18) are a ubiquitous tion of certain GSTs could increase the efficacy of treatment
group of detoxification enzymes with broad substrate speci- and reduce the dose of medication required. Variation exists
ficity, catalyzing the conjugation of glutathione to electro- in the extent of the GST concentration increase in tumors
philic substratesl). They are also involved in the transpor- among the several classes of GST. Increases of the mu and
tation of nonsubstrate hydrophobic compounds within the alpha class isoenzymes have been reported3, 17, 18);
cell. The cytosolic glutathion84iransferase isoenzymes are however, most changes in activity are attributed to higher
currently divided into at least eight classes (named alpha, concentrations of class pi GST in the tumor cellg, (19—
kappa, mu, omega, pi, sigma, theta, and zeta) on the basi®4). Since GSTs also constitute an important cellular defense
of their physical and chemical propertieés—8). The alpha against xenobiotic compounds, generalized inhibition of
and mu classes from rat liver are extensively characterized,GSTs could lead to unacceptable toxic side effects. The
and each includes several isoenzymes; homo- or heterodimersievelopment of inhibitorspecificfor particular isoenzymes
are known to form within a given clas4,(9).! The pi class of GST may lead to novel modes of combination chemo-
has only one member: a homodimer of a distinctive subunit. therapy.

A number of studies have shown that glutathioBe The aim of this project is to use affinity labeling to develop
transferases (GSTare overexpressed in certain tumor cells an inhibitor specific for GST pi and to evaluate the distinctive
compared to the corresponding normal tissues (e.g.1lfefs features of the active site of this GST isoenzyme. The
16). These enzymes are thought to be important in the compound investigated here is 3-methyleneoxindole (MOI),
development of resistance to chemotherapeutic agents bea photooxidation product of the plant auxin indole-3-acetic
cause they detoxify these compounds; therefore, the inhibi-acid (Figure 1). MOI inactivates mandelonitrile lyase from
almonds 25) with the reaction suggested to involve Michael
* This work was supported by U.S. Public Health Service Grant RO1 @ddition to the exocyclic double bond. Since the pi class GST

CA66561. enzyme is noted for its ability to catalyze Michael additions
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Ficure 1: Structure of the affinity label 3-methyleneoxindole
(MOI) and two compounds that afford protection for GST pi from
inactivation by the label. The inactivation rate of the affinity label
was strikingly decreased with the addition of the glutathioBe
methyleneoxindole conjugate (GS-MOI) and derivatives of ethacrynic
acid.

(particularly with ethacrynic acid)lf, we postulated that this
isoenzyme might react best with MOI.

We present here the results of the affinity labeling of the
pi class GST by the plant auxin derivative MOI. MOI targets

Pettigrew et al.

indole-3-acetic acid. Under argdd;bromosuccinimide (0.13

g) was added ovea 1 hperiod and the procedure followed
as before. The 3-bromooxindole-3-acetic acid was collected
by centrifugation rather than filtration due to the low
amounts. The product was then dissolved and extracted as
before to synthesize théH]MOI. The specific radioactivity

of the product was (9.2% 0.11) x 10 cpm/mol, where
€248nm = 14 820 Mt cm™t and €253nm = 14 250 M1cm?

(25) were used for MOI in 100 mM citrate buffer, pH 5.5.
All stock solutions of MOI were dissolved in methanol to
yield a maximum concentration of 5 mM. At higher
concentrations of MOI in methanol, the compound precipi-
tates, probably as a dimer or higher polym28)(

Synthesis of GS-MOGS-MOI was prepared by reaction
of MOI with glutathione. At room temperature and under
an atmosphere of argon, 0.28 mmol of glutathione was
dissolved in 170 mL of 25% methanol, and the pH was
adjusted to 55.5 with 1 M potassium hydroxide. To the
stirred solution was added 0.34 mmol of solid MOI in
portions over a 20 min period, and the reaction mixture was

Trp38 and has a binding site similar to that occupied by the irred for an additioria h or until the yellow color of MOI
electrophilic substrate ethacrynic acid. MOl was also tested 54 gissipated. The reaction mixture was filtered to remove
with other isoenzyme classes and found to be more potent; gmall white precipitate due to MOI polymerization and

and specific toward the pi class GST. A preliminary version
of this work has been communicatezb).

EXPERIMENTAL PROCEDURES

Materials. Frozen pig lungs (untrimmed) were purchased
from Pel Freez Biologicals (Rogers, AR). Sephadex G-50,
2,4-dinitrophenol, ethacrynic acid, glutathione, 1-chloro-2,4-
dinitrobenzene (CDNB)sS-Hhexylglutathione, dithiothreitol
(DTT), indole-3-acetic acid, and-bromosuccinimide were
purchased from Sigma Chemical Co., St. Louis, MO.
Trifluoroacetic acid (TFA) was purchased from Aldrich
Chemical Co, Milwaukee, WI, Liquiscint from National
Diagnostics, Atlanta, GA, and [3H]indole-3-acetic acid
from American Radiolabeled Chemicals Inc., St. Louis, MO.
All other chemicals were of reagent grade.

Synthesis of MOI3-Methyleneoxindole was prepared by
the conversion of indole-3-acetic acid to 3-bromooxindole-
3-acetic acid witiN-bromosuccinimide, followed by decar-
boxylation and elimination of bromide. MOI was synthesized

concentrated under reduced pressure at@Q@o about 25
mL. GS-MOI was obtained as a fluffy, white powder
following lyophilization. The dry powder was washed with
2 x 30 mL portions of ether to remove residual MOI and
dried in vacuo or under a stream of dry argon. The yield
was 0.26 mmol (93%); anhydrous M# 452. The dry solid
is stable for months when stored desiccatee-20 °C.
Characterization of GS-MOProton NMR of 8 mM GS-
MOI was performed in 50 mM potassium phosphate buffer/
D,0, pD 7.2, HDO reference at 4.7 ppnd. 6.9—7.3 ppm
(4H), Ar—H; 6 4.1-4.4 ppm (1H), Cysz-H (observed as
two sets of signals due to GS-MOI diastereomers); additional
signals from the glutathione backbone observed between 1.9
and 3.7 ppm. At pD 5.4 a characteristic signal for the C-3
proton of the indole ring is observed at 3.8 ppm, which
slowly exchanges with solvent deuterium. This exchange is
too rapid to be observed at pb6.4. There was no evidence
for the vinylic protons of MOI at 6.4 ppm. Reverse-phase
chromatography (RP-HPLC) was carried out using a Rainin

as described by Petrounia et al. (25), based on the methodsolvent delivery system, Model HPXL, Model 288 detector

of Hinman and Baumar2{, 28), except that 3-bromooxin-
dole-3-acetic acid was left to precipitate overnight from the

at 254 nm, Rainin C-18 Dynamax-60A column, and a Hitachi
Chromatointegrator Model D-2500. A mobile phase of 35%

reaction mixture at room temperature and then filtered prior acetonitrile/0.1% TFA was used, at a flow rate of 1 mL/

to the next stage of the synthesis.

A portion of the final product was dissolved in methanol
(2.5 mg/mL) and purified by HPLC. The sample (36D
loaded per run) was purified using a Varian 5000 LC HPLC
(Varian, Walnut Creek, CA) equipped with a 0.4625 cm
reverse-phase Vydac;£column (Vydac, Hesperia, CA)
equilibrated in 15% acetonitrile and 0.1% TFA and eluted
isocratically at a flow rate of 1 mL/min. MOI eluted at 15.2
min. The eluate was monitored at 254 nm with fractions

min. RP-HPLC of a freshly prepared 0.2 mM sample of GS-
MOI in 50 mM phosphate buffer, pH 7.0, gives a single peak
for GS-MOI with a retention time of 2.6 min. On the basis
of NMR and RP-HPLC analysis, GS-MOI was estimated at
>90% purity. Buffered aqueous stock solutions of GS-MOI
at pH 7 have a half-life of about 3 days at 25 and at least
1 week at—20 °C. The formation of MOI is detected by its
retention time of 7.1 min.

Synthesis of Ethacrynic Acid Conjugatéke glutathione-

containing MOI (as judged by the typical double absorbance ethacrynic acid conjugate (GS-EA) was synthesized by

maximum at 248 and 253 nm), combined, and lyophilized
(28).

mixing ethacrynic acid (in ethanol with a final concentration
of 10 mM) with excess glutathione (final concentration of

The method was scaled down by 100-fold for synthesis 40 mM) in 80 mM phosphate buffer at pH 7.4. The reaction

of radioactive MOI. [5*H]Indole-3-acetic acid (25@Ci with
a specific activity of 20 Ci/mmol) was dissolved in 3 mL of
tert-butyl alcohol with 0.066 g (0.38 mmol) of unlabeled

mixture was incubated at 2% for 2 h and then purified by
HPLC based on the method of Dixit et a29j. The reaction
mixture was applied batchwise (1 mL/purification) to a 0.46
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x 25 cm Vydac G reverse-phase column equilibrated with
100% solvent A (solvent A, 0.1% TFA in water; solvent B,
acetonitrile). At a flow rate of 1 mL/min, the compounds
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characterized. Apparent kinetic constants were determined
using the CDNB-based or ethacrynic acid-based assay
method described previously. For determination of ke

were separated by a 10 min linear gradient from 0 to 10% of glutathione, the CDNB concentration was maintained at

solvent B, followed by a 15 min gradient to 25% and then
by a 30 min isocratic elution of 25% B, and finally a gradient
to 100% solvent B in 15 min. The eluate was monitored at
270 nm with the conjugate eluting between 42 and 46 min.
The GS-EA conjugate was lyophilized, neutralized, and

2.5 mM with the concentration of glutathione varied from
0.02 to 1 mM. For the determination of ti&, for CDNB,

the glutathione concentration was maintained at 3 mM while
the CDNB was varied from 0.013 to 5 mM. For determi-
nation of theK, of ethacrynic acid, the glutathione concen-

dissolved in water. The concentration was determined usingtration was maintained at 0.625 mM with the concentration

€270nm= 5.7 mM~t cm™ (30).

S(Hydroxyethyl)ethacrynic acid (conjugate of ethacrynic
acid andpg-mercaptoethanol) was synthesized by mixing
ethacrynic acid (in ethanol with a final concentration of 4
mM) with excesg3-mercaptoethanol (final concentration of
750 mM) in 100 mM phosphate buffer, pH 7.7. The reaction
mixture was incubated at 283C for 30 min and then
lyophilized twice (to remove the volatijg-mercaptoethanol).
S(Hydroxyethyl)ethacrynic acid was dissolved in water and
the concentration determined as for GS-EA.

Enzyme Purification All purification procedures were
performed at £C. The pig lung GST pi enzyme was purified
using a modified version of the method of Dirr et &1},
as described previously32), where eysoe, = 1.26 M1
cm L. GST isoenzymes (1-1, 2-2, 3-3, and 4-4) were purified
from rat livers, as described in Hu et @3]. The procedures
yield GSTs at greater than 90% purity as evaluated by-SDS
PAGE and reverse-phase HPLC (Vydag 1@verse-phase
column, using a 50 min gradient of 3®0% acetonitrile
containing 0.075% TFA).

Enzyme AssayAs a standard assay, the GST pi activity
was measured using the method of Habig et 24).(The

of ethacrynic acid varied from 0.003 to 0.25 mM. Kinetic
constants were determined by linear least-squares analysis
of double reciprocal plots of substrate concentration versus
enzymatic rate of conjugation. Circular dichroism of modified
enzyme (0.15 mg/mL) and control enzyme (0.15 mg/mL),
in 0.02 M phosphate buffer, pH 6.5, were obtained using a
Jasco model J710 spectropolarimeter from 200 to 250 nm
with a 0.1 cm path length cylindrical quartz cell. An average
of five measurements of each of triplicate samples (adjusted
for protein concentration) were recorded as the spectrum for
control enzyme and for modified enzyme.

Incorporation of BH]MOI. The reaction mixture contained
GST pi (0.4 mg/mL), {HIMOI (200 uM), and 90 mM
phosphate buffer at a final pH of 7.7. The mixture was
incubated at 25°C for various time periods after which
excess MOI was removed by the gel centrifugation method
of Penefsky 86), in which the reaction mixture was loaded
sequentially onto two 5 mL G-50 Sephadex columns and
centrifuged.

The protein concentration was estimated using the Bio-
Rad protein reagent (Bio-Rad, Hercules, CA) based on the
method of Bradford37) with pure GST pi as the standard.
The amount of radioactivity present was measured using a

assay solution contained glutathione (final concentration, 2.5 11i_carb liquid scintillation counter, Model 1500.

mM), CDNB (1 mM), and GST pi in 0.1 M phosphate buffer,
pH 6.5, in a final volume of 1 mL (2.5% ethanol). A Hewlett-

Packard 8453 spectrophotometer was used to monitor forma

tion of the glutathione CDNB conjugate at 340 nm\ez40nm
= 9.6 mM?! cm) at 25°C and the rate corrected for

Chymotrypsin Digest of the MOI-Modified GST pi and
Peptide Purification GST pi (0.4 mg/mL) was inactivated

‘with [®H]MOI as described previouslyN-Ethylmaleimide

(NEM) was added to a final concentration of 10 mM, and
the solution was incubated for 5 min at 25. Solid urea (9

spontaneous nonenzymatic conjugation of glutathione andy, finq concentration) was added, and the solution was

CDNB. The transfer of glutathione (0.63 mM) to ethacrynic
acid (0.2 mM) in 0.1 M phosphate buffer, pH 6.5 (2.5%
ethanol), was monitored at 270 nm at 26 (35), where
Aéerzg= 5.0 mMtcm? (34)

Reaction of GST pi with MOIGST pi (0.4 mg/mL) was
incubated with MOI (75250 uM) in 90 mM phosphate
buffer at a final pH of 7.7 at 23C (10% methanol). In every

incubated for 30 min at 28C. The enzyme solution was
then dialyzed against 10 mM phosphate buffer, pH 6.5. The
enzyme solution was lyophilized, resolubilized in 250

of 8 M urea in water, and incubated at 32 for 2 h. Water
(750uL) was then added to the solution to dilute the urea to
2 M. Chymotrypsin (5% w/w) was added, and the solution
was incubated fo2 h at 37°C. A second aliquot of

case, aliquots of the reaction mixture were removed at chymotrypsin was added, and the solution was incubated for

specified times and assayed for enzymatic activity. To
determine their effects on the rate constant for inactivation
of GST pi by MOI, ligands were preincubated in the reaction
mixture for 10 min prior to MOI addition (20M final
concentration). All ligands were dissolved in buffer except
dinitrophenol tert-stilbene oxide, and bromosulfophthalein,
which were dissolved in dimethyl sulfoxide (10% of final
reaction mixture), and thg-mercaptoethanol-treated MOI
and S-(hydroxyethyl)ethacrynic acid, which were dissolved
in methanol. Controls containing the ligand and enzyme
(without MOI) were run in parallel with the test sample to
assess any effect of the ligands on the enzyme activity.

Characterization of Modified GST pMOI. GST pi (0.4
mg/mL) inactivated with MOI, as previously described, was

anothe 2 h at 37°C.

The chymotrypsin digest was applied to a Vydag C
reverse-phase column equilibrated with 15% solvent B
(solvent A, 0.1% TFA in water; solvent B, 0.075% TFA in
acetonitrile). At a flow rate of 1 mL/min, the peptides were
separated by a 90 min linear gradient from 15% to 35%
solvent B followed by a 50 min gradient to 45% and then
by a 30 min gradient to 100% solvent B. The eluate was
monitored at 220 nm with 1 mL fractions collected. Aliquots
of each fraction were tested for radioactivity.

The radioactive peptide peak from the chymotrypsin digest
was pooled, lyophilized, redissolved in 2b0 of 8 M urea
in 10 mM phosphate buffer, pH 6.5, and then diluted to 1
mL with 10 mM phosphate buffer, pH 6.Staphylococcus
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FIGURE 2: Inactivation of GST pi by 20@M MOI. Relative activity [MOI] pM
(E/Eq) was determined at each time point (whéie= 31 zmol FiGURE 3: Inactivation of GST pi as a function of MOI concentra-
min~t mg™). Inset: kossis calculated from a Sem”OQQFIEqm'C %raph tion. GST pi was incubated with increasing concentrations of MOI
Of (& — Ew)/(Eo — E..) versus time k., = 4.34umol min™ mg™). and thekyps determined (75250 uM) as described in Figure 2.
For 200uM MOI kops = 0.071 min™. Inset: A double reciprocal plot produces a linear relationship from

i = = iml
aureasV8 protease was added twice at 8% w/w, and the which K, = 520+ 17 4M andknax = 0.254 0.01 mirr™

solution was incubated at 3T for a total of 18 h. The ;5ing two different substrates (CDNB and ethacrynic acid)
peptide solution was then filtered through a Centricon YM- 1 determine whether there was any differential effect on

10 membrane to remove the protease. The resulting filtrate o regions within the xenobiotic binding site. The enzyme
was loaded onto the HPLC (VydagdZolumn) and eluted — activity is similarly affected when assayed using either
at a flow rate of 1 mL/min with a 90 min linear gradient  gpstrate, and the percent residual activity is also consistent
from 15% to 35% solvent B followed by a 100 min gradient ging different substrates. For example, with CDNB there
to 45% and then by a 10 min gradient to 100% solvent B. s 42 4+ 0.7% residual activity at 5 min inactivation, 29.4
The eluate was monitored at 220 nm with 1 mL fractions | 2 304 at 10 min. and 14.% 1% at 30 min: with the
collected. Aliquots of each fraction were tested for radio- g pstrate ethacrynic acid at 5 min there is 42% residual
activity. o activity, at 10 min 29%, and at 30 min 13% residual activity.
Sequence Determination of the Separated Peptities. The rate of inactivation as a function of MOI concentration
amino acid sequences of the peptides were determined ON75-250 uM) was determined (Figure 3). Rates were
an Applied Biosystems Model 470A gas-phase protein/ caicylated assuming a limiting value of 14% residual activity
peptide sequencer, equipped with a Model 120A phenylth- ¢ £ /£, = 0.14). A double reciprocal plot (Figure 3, inset)
iohydantoin analyzer. The amount of Trp in cycle 3 was \y35 used to calculaté, = 520+ 17 uM andkmax= 0.25+
compared to the commercial peptides Asp-Leu-Trp-GIn-Lys g 01 minrL. It was not possible to test rates of inactivation

and Tyr-Pro-Trp-Gly from Sigma Chemical Co. with higher MOI concentrations since MOI has been reported
Matrix-Assisted Laser Desorption/lonization Time-of- {4 polymerize in concentrated solutior2s).

FIigh_t_Mass Sp_ectrometry (MALDI-TOF_-I_\/IS) of the Isolated  characterization of MOI-Modified GST piApparent
Modified Peptides.Samples were purified by HPLC as \jnetic constants for the substrates glutathione, CDNB, and
previously described, lyophilized, and then redissolved in ethacrynic acid were determined for the native and MOI-
50uL of 50% acetonitrile/0.1% TFA. The samples were then modified GST pi (GST pi reacted with MOI, which has 14%
mixed with saturatedr-cyano-4-hydroxycinnamic acid in  gsidual activity). For CDNB, th&, values were 0.79%
50% acetonitrile. The spotted samplex1) was allowed to 0.06 and 0.65+ 0.41 mM, respectively, for native and
air-dry on the plate and then run on a Bruker (Billerica, MA)  yodified GST pi: for glutathione, thi, values were 0.11
BIFLEX Il MALDI-TOF-MS, operating in reflector mode 1. 903 and 0.10+ 0.03 mM, respectively, for native and
using delayed extraction. modified GST pi. The native and modified GST pi samples
RESULTS had the samK, value for ethacrynic acid; 0.0# 0.01 mM.
There were no significant differences between the two
Inactivation of GST pi by MOIMOI (200 «M) inactivates samples, showing that the residual active enzyme does not
GST pi at pH 7.7 in a time-dependent manner, reaching a exhibit altered affinity for any of these substrates.
constant level of 14% activity after 30 min (Figure 2). No Circular dichroism spectra were determined for the modi-
further decrease was observed at longer times or with thefied and native enzyme (data not shown). No significant
addition of fresh MOI. Removal of excess MOI at 20 min differences were found, suggesting that neither unfolding of
(21% residual activity) prevents further inactivation of the the enzyme nor appreciable changes in the enzyme’s second-
enzyme and, without the addition of MOI to the reaction ary structure cause the loss of enzyme activity.
mixture, no decrease in enzyme activity is observed, showing Effects of Ligands on the Inactition Rate of GST pi.
that inactivation is caused by the addition of MOI. The rate GlutathioneStransferase ligands were added to the reaction
of inactivation is influenced by pH, in that as the pH mixture at concentrations at least five times their reported
increases above pH 5.5, the rate of inactivation increasesK,, or K, to determine their effect on the inactivation rate
until pH 8.3 when the enzyme denatures. constant of 20kM MOI (Table 1). The results are expressed
The rate and degree of inactivation caused by 200 as ratios of the inactivation rate constant measured in the
MOI were compared when the residual activity was measured presence of a particular ligand.() to the rate constant
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Table 1: Effect of Ligands on the Inactivation of GST pi

no. ligand added to reaction mixture KL /K-L
1 none 1.0Gt 0.10
2 Shexylglutathione (5 mM) 0.05-0.01
3 Shexylglutathione (1 mM) 0.26- 0.03
4 S(p-nitrobenzoyl)glutathione (5 mM) 0.28 0.09
5 S-methylglutathione (5 mM) 0.52 0.03
6 Smethylglutathione (10 mM) 0.5% 0.06
7 Smethylglutathione (5 mMj- 0.31+0.02
2,4-dinitrophenol (5 mM)
8 2,4-dinitrophenol (5 mM) 0.7% 0.15
9 t-stilbene oxide (0.1 mM) 0.94 0.22
10 GS-EA (0.2 mM) 0.22+ 0.06
11 GS-EA (1 mM) 0.06t 0.03
12 S-(hydroxyethyl)ethacrynic acid (0.2 mM) 0.450.03
13 S-(hydroxyethyl)ethacrynic acid (0.8 mM) 0.190.04
14 GS-MOI (0.2 mM) 0.36t 0.05
15 GS-MOI (1 mM) 0.00t 0.01
16 Shydroxyethyl-MOI (1 mM) 0.18+ 0.05
17 estradiol disulfate (0.1 mM) 1.680.20
18 bromosulfophthalein (0.1 mM) 1.6 0.04
19  HEPES (100 mM) 1.090.13
20 MES (100 mM) 0.9G: 0.13

aGST pi (0.4 mg/mL) was incubated in 90 mM phosphate buffer,
pH 7.7, at 25°C with 2004M MOI in the presence and absence of

ligands. Rate constants were calculated by the method illustrated in

Figure 2, inset, wher&./Eq = 0.14. The results are expressed as a
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The electrophilic substrate dinitrophenol (line 8) protects
slightly against the reaction of MOI with GST pi. However,
the addition of dinitrophenol an&methylglutathione to-
gether (line 7) protect the enzyme against inactivation by
MOI more than does either ligand alone.

tert-Stilbene oxide, another known GST electrophilic
substrate, does not decrease the rate of GST pi inactivation
by MOI (line 9) and thus is not binding in the same location
as the MOl target site. These “protection” experiments show
that MOI reacts within the interface of the hydrophobic and
glutathione binding sites of the pig lung GST pi.

Ethacrynic acid inhibits GST( 11.5uM; 30) but is also
a known electrophilic substrate, of which GST pi class is
the most efficient at catalyzing the reaction. The striking
protection against inactivation provided by the glutathione
conjugate of ethacrynic acid (GS-EK; 1.5 uM; 30) and
S(hydroxyethyl)ethacrynic acid (lines £1.3) indicates that
MOI reacts in the active site region involving both the
glutathione and the xenobiotic substrate sites. The protection
afforded byS-(hydroxyethyl)ethacrynic acid is even more
significant, since this compound is very similar in structure
to ethacrynic acid; this result indicates that MOI reacts within
the ethacrynic acid binding site.

The glutathione conjugate of MOI was initially tested for

ratio of the inactivation rate constant measured in the presence of aits potential to inactivate GSTs since it was postulated that
ligand k) to the rate constant measured in the absence of any ligand it might bind within the glutathione binding site and release

(k-L) + standard error, where | = 0.071 mirr?.

measured in the absence of any ligakd ) + the standard
error.

SHexylglutathione is known to bind within the glutathione
and electrophilic binding sites of GST34, 39) with aK, of
35 uM (40). SHexylglutathione markedly decreases the
inactivation rate at 1 and 5 mM (Table 1, lines 2 and 3),

MOI locally. However, this compound by itself does not
inactivate GST pi during 75 h over the pH range-68%3,
at concentrations up to 1 mM. In the enzymatic assay using
CDNB as substrate, GS-MOI acts as a competitive inhibitor
with respect to glutathionds, for GS-MOI is 0.27+ 0.01
UM.

GS-MOI significantly decreases the rate constant for
inactivation of GST pi by MOI (lines 14 and 155

showing that when the glutathione and electrophilic substrate Hexylglutathione (line 3) at 1 mM protects the enzyme less

binding sites are both occupied, MOI is less able to react
with GST pi. The protection is concentration dependent with
5 mM protecting better than 1 mM against inactivation. These
results clearly show that the target of MOI is within or near
the active sites of GST pi. MOI-modified GST pi no longer
binds to anShexylglutathione-agarose affinity column,
consistent with labeling within the active site of the enzyme.
To evaluate whether MOI is binding in the glutathione
active site,S-(p-nitrobenzoyl)glutathione an8-methylglu-
tathione were teste@(p-Nitrobenzoyl)glutathione is an aryl
derivative of glutathione, which binds within the glutathione
active site and part of the electrophilic substrate binding site.
With 5 mM S(p-nitrobenzoyl)glutathione added to the
reaction mixture together with MOI and GST pi, the rate of
inactivation decreases significantly (line 4) but not as much
as in the case @ -hexylglutathione at the same concentration.
S Methylglutathione K, 200uM; 41) is similar in structure
to Shexylglutathione, except that the alkyl side chain is

effectively than does GS-MOI (line 15) at the same
concentration. The treatment of MOI wijthmercaptoethanol
(line 16) resulted in a compound which, at 1 mM, signifi-
cantly protected GST pi against MOI inactivation. However,
this protective effect was less than that of GS-MOI, indicating
that the entire glutathione site must be occupied in order for
the product complex to bind effectively. The glutathione
portion of GS-MOI is presumably bound within the glu-
tathione binding site, consistent with the postulate that MOI
reacts with an amino acid in the region of the glutathione
and xenobiotic substrate site interface.

Several GST isoenzymes bind compounds at nonsubstrate
binding sites. Whether inactivation was caused by MOI
reacting at a steroid binding sit&, 35, 40) was assessed by
including estradiol disulfatek| 2.1 «M; 42)in the reaction
mixture. The compound did not influence the rate of
inactivation (line 17), and therefore, such a nonsubstrate
steroid site is not in the region of reaction of MOI.

shorter, thus not occupying the electrophilic substrate binding Bromosulfophthalein is a large dye that binds in the

site appreciably. With 5 or 10 mig-methylglutathione added
to the reaction mixture, together with MOI and GST pi, the
inactivation rate is decreased 2-fold (lines 5 and 6). With
higher concentrations &methylglutathione, no additional
protection is afforded. Sinc&methylglutathione exerts a
much less protective effect than ddgkexylglutathione, the
reaction of MOI cannot take place entirely within the
glutathione site.

ligandin site of GST pi with aKp of 1.1 uM (43). The
ligandin site is within the electrophilic binding site and binds
nonsubstrate compounds for transpa3,(44). Bromosul-
fophthalein (line 18) does not reduce the rate of inactivation
by MOI of GST pi and, thus, is not binding in the same
area of the active site as MOI.

The buffer compoundsl-(2-hydroxyethyl)piperazinéy' -
2-ethanesulfonic acid (HEPES) (resembling an elongated
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o o . FicURE 6: HPLC separation of chymotryptiéH]MOI-modified
0.006 Y ' ’ . ] 100 2 GST pi peptides digested with V8 protease. The MOI-modified
) ' . = chymotryptic peptides were further digested with V8 protease and
‘ B = separated by HPLC using agolumn (as described in Experi-
§ mental Procedures). (A) Net CPM in 104 of 1 mL fractions
) 2 from the HPLC separation of double digested modified GST pi.
g 000471 . The peak labeled (Il) was sequenced. (B) 220 nm profile of the
S B double digested modified enzyme showing one major peak, eluting
(o) at 123 min, which correlates with the radioactivity.
%]
&
§ 0027 of the dimer and reduces its ability to catalyze the transfer
':-E ] W of glutathione.
2 Isolation of Peptides from MOI-Modified GST pifter
< 0000 ; ' ) ; AU I digestion of MOI-modified GST pi by chymotrypsin and
0 20 40 60 80 100 120 140 160 fractionation of the digest by HPLC (Figure 5), two major

radioactive peaks were identified. The first, smaller peak
FIGURe 5: HPLC separation of GST pi modified WitAHMO! contained free radioactive MOI eluting in the void volume,

and digested with chymotrypsin. GST pi (0.4 mg/mL) was modified while the second peak Contaln(_—:-d Ial_beled peptlde (elution
with 200 xM MOI and then digested with chymotrypsin, and the Volume of 109-111 mL). The radioactive peptide peak pool
peptides were separated by HPLC usingigd®®lumn (as described ~ was a mixture containing a cross-linked peptide that was
in Experimental Procedures). (A) Net CPM in 100 of 1 mL  identified by amino acid sequence data and confirmed by
fFr)actlons from the HPLC separation. (B) 220 nm absorbance profile. MALDI-TOF mass spectrometry. Thus, the peptide peak
eak | was pooled and further digested with V8 protease. - . o )

from the chymotryptic digest of modified GST pi was
sulfate anion)45) and 2-N-morpholino)ethanesulfonic acid  subjected to a second digestion with V8 protease to decrease
(MES) (39, 46) bind at sites located in a surface cavity or the size of the radioactive peptide and purify it further. The
between two subunits, at sites which are not the substratedouble digested sample was fractioned by HPLC (Figure 6)
binding site. The effect of HEPES and MES on inactivation with a single radioactive peptide peak identified. Buffers at
of GST pi by MOI was determined (lines 19 and 20). Neither pH 6.5 were used during protease digestion and manipulation
compound reduces the rate of inactivation by MOI, suggest- in order to maintain the stability of the MOI modification
ing that these are not the sites at which MOI reacts. of the peptide.

Incorporation of MOI by GST piThe amount of MOI Characterization of Modified Peptide(d)he results from
reacting with the GST pi enzyme was estimated using several separately isolated modified peptides are summarized
radiolabeled MOI (Figure 4). The ratio of moles of MOI in Table 2. The peptide containing®EW38PPLKPSCI2¢
per mole of GST pi subunit extrapolates to about 0.4 when (corresponding to amino acids 386 of the known amino
the enzyme is maximally inactivated (14% residual activity); acid sequence) was identified as the site of labeling.
thus, only one of the two subunits is modified when the Tryptophan 38 in cycle 3 was significantly lower in each
enzyme is maximally inactivated. This suggests that the sample sequenced. When the amount of tryptophan in cycle
reaction of MOI in one active site influences the other subunit 3 was compared to the amount of PTH-amino acid derivative

Retention Time (min)
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Table 2: Representative Amino Acid Sequences of Modified Table 3: Comparison of GST Isoenzyme Activity and Rate of
Peptides Present from Three Different Experiments Showing a Inactivation with MOFP
Decreased Amount of Trp in Cycle 3

% residual activity

sample 1 sample 2 sample 3 isoenzyme at limit Kobs(Min™) x 107
amino amount amino amount amino amount pi (7-7) 14.0 7.1+0.2
cycle acid (pmol) acid (pmol) acid (pmol) alpha (1-1) 324 2205
1 Gl 35 Glu 2932 Gl 327 alpha (2-2) 20.0 1803
mu (3-3) 443 1.3t 0.3
2 Thr 9.9 Thr 159.4 Thr 13.7 2.4 20.6 2706
3 Trp 09  Trp 18  Trp 2.7 mu (4-4) : & 0.
4 Pro 7.2 Pro 81.6 Pro 13.8 a GST isoenzymes (0.4 mg/mL) were incubated with 260MOlI,
5 Pro 3.1 Pro 49.5 Pro 8.7 25 °C and pH 7.7, until maximum inactivation. Rate constants were
6 Leu 5.4 Leu 47 Leu 12.4 calculated by the method illustrated in Figure 2, inset, whgrdor
7 Lys 0.2 Lys 44.4 Lys 3.2 each isoenzyme is the residual activity at the limit.
8 Pro 1.9 Pro 46.3 Pro 4.5
9 Ser 2.6 Ser 28.8 Ser 3.9 . .
10 _c _ _c _ cleavage. The second digest with V8 protease would not
11 Leu 2.7 Led 19.5 remove the C-terminal Glu36 of the chymotryptic peptide
12 Phé 15 (ETWPPLKPSCL) as V8 protease acts as an endopeptidase
2Pig lung GST pi (0.4 mg/mL) was incubated with 20@ [*H]MOI only.

at pH 7.7, 25C. The modified enzyme was isolated, treated with NEM, ; ;
and digested with chymotrypsin. Peptides were separated by HPLC Alternate cleavage sites of the two endopeptidases resulted

and then the modified peptide peak was redigested with V8 protease in the peptide VVTMETWPPLKPSCL being identified, and
and separated by HPLC; the labeled peak was sequenced. The sequencswas one of these samples on which MALDI-TOF-MS was
are representative of the labeled peptide Il of Figure 6 derived from performed. MALDI-TOF-MS of the isolated modified pep-
three expcerimen_té’.T_he tryptophan level is significantly lower than  tige yields a major peak aitVz 2071 which correlates with
Sggﬁgf_gLgxsﬂﬁrﬁ;gﬁﬁgg ;g;n;r}ggdl.(nown sequeridend of thg predominant peptide identified by_ ;equencing (amino
acids 32-46, 1701 Da) with the addition of the matrix
) ) , ) ) compounda-cyano-4-hydroxycinnamic acid (190.17 Da),
in the flrs_t cycle of sequencing (in this case Glu36), the 0 (145 Da), oxidation of Met35 to the corresponding
samples in Table 2 have an average of £&.3%. The g foxide (16 Da), and one water (18 Da). The water is most
average of all of the experimental sequencing data for the jie|y due to hydrolysis of the imide ring of MOI under acidic
labeled peptide isolated from GST pi is 0.590.32% of  qngitions (with the addition of water). The modified peptide

cyclg 1, which is significantly lower than from commercjal lacking a-cyano-4-hydroxycinnamic acid was also detected
peptides (Asp-Leu-Trp-GIn-Lys and Tyr-Pro-Trp-Gly) with = 5 1y,"1865.3. No peaks at high molecular weight were
tryptophan in the third cycle (232 0.78% of cycle 1). The identified.

amount of radioactivity applied to the sequencer correlates ) . )
with the amount of PTH-Trp38 containing peptide detected _ Comparison of the Effect of MOI on the Agly of Five
from the sequencer. For example, sample 2 (Table 2) hadGS_T Iso_enz_ymeEourother isoenzymes of GST were tested
396 pmol applied to the sequencer (calculated from the fOr inactivation by MOI: alpha class (1-1 and 2-2) and mu
specific activity of PH]MOI), similar to the amount of class (373 and 4-4) from rat I|.ver as representative of
peptide identified. This sequence also exhibits the low level Mammalian GST$MOI reacted with all of the isoenzymes;
of tryptophan in cycle 3 and yielded some radioactivity in nowever, there were striking differences in the limiting
cycle 3 from the sequencer, correlating with the amino acid residual activity and the rate of inactivation (Table 3). The
Trp38. Thus, Trp38 was identified as the amino acid labeled. résidual activity was decreased to a greater extent in pi (14%
Trp38 has previously been implicated in catalytic function residual activity) than in the other classes{221% residual
(47). activities). Furthermore, the inactivation rate of GST pi was
The cysteine residues were not detected by sequencing2~ 7 times higher than for the other isoenzymes. For
however, they are not likely to be the sites of reaction as €xample, when the isoenzymes were all incubated with 200
the identification of cross-linked peptides was made by mass#M MO, at 30 min, the GST 2-2 isoenzyme exhibited 94%
spectrometry. The controls for the experiment (no MOI added residual activity, the 3-3 isoenzyme 91%, the 4-4 isoenzyme
to the reaction mixture but manipulated the same way as in €0%, and the 1-1 isoenzyme 57%, while the pi enzyme had
the MOI modification experiments) also contained the cross- Only 18% residual activity. These results indicate that MO
linked peptides, indicating that MOI does not initiate the 1S much more effective in inactivating the pi enzyme than
cross-link. Similar results were found with the compound any of the other GST isoenzymes.
S(4-bromo-2,3-dioxobutyl)glutathione that labeled a Tyr of
rGST 4-4 and had two cysteines being cross-link&). (It 8 Alignment of the rat and pig pi class GSTs shows an 84% identity

is not possible from these results to determine whether theplus 15% similarity in amino acid sequence, thereby justifying the
cross-link is intra- or intersubunit. comparison of these rat and pig GST isoenzymes. Comparison of all

. . . mammalian GST amino acid sequences within an isoenzyme category
Chymotrypsin catalyzes the hydrolysis of peptide bonds g es the following: for alpha class, type 1, 63% identity plus 18%

following aromatic amino acids and, under the experimental similarity; for alpha class, type 2, 58% identity plus 20% similarity;
conditions, should have catalyzed the hydrolysis of the for mu class, type 3, 76% identity plus 17% similarity; and for mu
peptide bond following Trp38. The absence of cleavage at class, type 4, 76% identity plus 15% similarity. The close resemblance

. . b among all of the amino acid sequences of the glutath®tmansferases
this bond suggests that MOl is attached to Trp38 and is t00 yjthin a given isoenzyme category justifies the use of the rat GSTs as
large for the active site of chymotrypsin, thus preventing representative of the mammalian GSTs.
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DISCUSSION human GST P1-1, Trp38 forms a hydrogen bond with the
) . ) carboxylate of the glycine part of glutathione when com-
Methyleneoxindole (MOI) is found in nature as the g ayeq with glutathione sulfonat&%). Pig lung and human
ph_otoomdatlon product of the plant auxin |nqlole-3-acet|c GST P1-1 amino acid sequences have 82% identity plus 9%
acid. We have now demonstrated that this compound gimijarity. An overlay of the backbone38) shows that the
inactivates pig lung GST pi to 14% residual activity. o|ding topology of the subunits and the overall structure
Protection studies show that MOl is reacting at the interface .o very similar. In human and pig GST pi, the two conserved
of the glutathione and xenobiotic active sites, with Trp38 residues, Trp38 and Lys42, are involved in binding glu-

identified as the residue labeled. One mole of MOI is (5ihione and have almost identical spatial positions in the
incorporated per mole of dimer concomitant with 10ss Of ¢y sta| structure, despite the two-residue insertion in the pig
activity. o GST pi sequences); therefore, it can be assumed that MOI
The phenomenon of a compound binding only 1 mol per would bind to the human enzyme in a manner similar to
dimer with complete inactivation has previously been found that of the pig GST pi.
for rGST 1-1 with S{[(2,2,5,5-tetramethyl-1-oxy-3-pyrro- Nishihira et al. 47) usedN-bromosuccinimide to chemi-
lidinyl)carbamoyl]methyl]glutathione4@) and glutathionyl  cajly modify the two tryptophan residues of hGST P1-1.
S-[4-(succinimidyl)benzophenone}@) and for mGST A3-3  They found that Trp38 was important in the catalytic function
with 8,9-dihydro-8-G-glutathionyl)-9-hydroxylaflotoxin B and substrate binding of the enzyme. MOI is more specific
(51). These observations suggest there is cross-talk betweeRhan N-bromosuccinimide in that it only binds to Trp38
the subunits so that when MOI is bound in one active site, ithin the active site of GST pi. Failure of the modified
it has a deleterious effect on the ability of the other site to enzyme to bind to aS-hexylglutathione affinity column is
bind substrate and catalyze conjugation. The MOI-modified ¢gnsistent with the lack of binding of Trp38 mutant),
enzyme’s secondary structure (monitored by circular dichro- Fyrthermore, the inactivation of GST pi with 4-(fluorosul-
ism) does not show significant difference from the control, fonyl)benzoic acid (an affinity label of the glutathione active
as was found for rGST 1-1 modified with glutathiorg{4- site) prevents binding to the affinity column when the enzyme
(succinimidyl)benzophenone}Q); therefore, the conforma- s inactivated to 0.64 mol of reagent/mol of suburgey
tional change is very subtle. The two Trp38 residues are atThjs was proposed to reflect an interaction between the two
least 35 A away from each other, and therefore, MOI (with supunits, which is consistent with the results presented here,
dimensions of approximately & 5 A) reacted with Trp38  gyggesting that two functional active sites are required for
on one subunit could natterically block reaction of MOI binding to theS-hexylglutathione affinity column.
with Trp38 on the second subunit. An induced conforma-  The addition of several different ligands to the reaction
tional change in the second binding site, upon occupancy of mixture resulted in the conclusion that MO is reacting within
the first site, could result in the dimer binding only 1 mol of the active site and that it is near the glutathione and
ligand (52—54). The absence of any catalytic cooperativity yenobiotic binding sites (not the steroid or buffer binding
for GST pi is well established; however, it is possible that, sjtes). The crystal structures of hGST P1-1 complexed with
upon binding MOI at one site, the enzyme’s conformation ethacrynic acid and TER-117{glutamyl-&benzyl)cys-
changes a}nd thereby d.ecreases accgssibility for MOI bi”dingteinyI—D—phenngchine] were compared. TER-117 is known
and reaction. The regions surrounding the two tryptophan g selectively and significantly inhibit h\GST P1-1 compared
residues are flexible}@), and the enzyme may therefore bind o the other isoenzyme$§, 57). The crystal structure of
MOI differently depending on conformation. hGST P1-1 in complex with TER-11B9, PDB identifier
The inactivation of GST pi with MOI is time dependent 10GS) shows that the indole ring of Trp38 is 3.04 A from
and has a level of maximal inactivation similar to that the benzoyl moiety (Figure 7A). Similarly, the crystal
observed using the substrates CDNB and ethacrynic acid.structure of hGST P1-1 in complex with ethacrynic a&f; (
The Kn values of the maximally inactivated enzyme for PDB identifier 2GSS) shows that the indole ring of Trp38
CDNB, ethacrynic acid, and glutathione showed no signifi- is less tha 4 A from ethacrynic acid (Figure 7B). Trp38
cant difference, indicating that binding to residual unreacted has close contacts with both TER-117 and ethacrynic acid;
subunits was not affected. However, the 14% residual activity however, in complex with glutathione or glutathione con-
shows that the unreacted subunits have decréasedThus  jugates, the side chain of glutathione binds close8tPDB
we propose that reaction of MOI at one subunit completely identifier 3GSS). This explains why the glutathione deriva-
inactivates that subunit and markedly decreaggs of the tives protected from inactivation caused by MOI and why
second subunit for the catalytic reaction with normal the ethacrynic acid derivatives also prevented reaction. Since
substrates such as CDNB and ethacrynic acid. Trp38 was identified as the target of MOI labeling, MOI is
The peptide labeled by MOI was identified by chymo- hypothesized to bind close to the binding site of TER-117
trypsin and V8 protease digest and subsequent amino acidand of ethacrynic acid. Figure 7A shows the binding of TER-
sequencing and MALDI-TOF-MS analysis. The specific 117 in the active site of hGST P1-39), Figure 7B shows
amino acid labeled is Trp38. The PTH-Trp was missing from the binding of ethacrynic acid in the active site of hGST
the Edman degradation sequence data, indicating that theP1-1 68), and Figure 7C shows MOI docked in the same
amino acid at that position is not the normal tryptophan. The site near Trp38, with the indole ring of Trp38 less than 4 A
pig lung GST pi contains tryptophan residues at positions from MOI.
28 and 38. Trp28 is located at the N-terminus of str8d Once MOI binds within the active site of GST pi, the
while Trp38 is at the N-terminus of the helix2. The closest residue is likely to be Trp38 on the basis of the
nonessential role of Trp28 in the binding of substrates has comparisons of the crystal structures of the two inhibitors
been confirmed by site-directed mutagenedig).(In the mentioned above. The reaction of MOI may occur via a
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Ethacrynic
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Ficure 7: Part of the hGST P41 crystal structure showing Trp38. (A) Ribbon representation of the chain fold of the hGST P1-1 dimer
complexed with TER-117309; PDB identifier 10GS). (B) Ribbon representation of hGST P1-1 complexed with ethacrynico&ciliB

identifier 2GSS). (C) Proposed binding of MOI in the hGST P1-1 dimer with the indole ring of Trp38 within binding distance of MOI. The
benzene ring of MOI was overlaid on the benzene ring of ethacrynic acid. Oxygen is colored red to highlight the similarity of MOI to part
of ethacrynic acid. The structures are colored as follows: cyan, hGST P1-1 dimer; orange, Trp38; white, TER-117; red, oxygen; pink,
ethacrynic acid; yellow, MOI.

nucleophilic attack of the C2 of the indole ring of Trp38 on that GST pi is sufficiently different from other isoenzymes
the exocyclic double bond of MOI in a manner analogous that it can be differentially inhibited.

to the dimerization of tryptopharb9) or via a nucleophilic
attack of the N1 of the indole ring of Trp38 on theG+

moiety of MOI in analogy to the dimerization of MOZRE). We thank Dr. Yu-Chu Huang for sequencing the peptides,
The inactivation rate and levels caused by MOI on each py jiho Wang for the purified rat GST isoenzymes, and

GST enzyme class tested were dissimilar, with the pi class prederick Cox for MALDI-TOF mass spectrometric analysis

inactivated more extensively and at the highest rate. The of the peptides.

residue labeled, Trp38, is well conserved in GST class pi,

and it forms part of the glutathione binding site along with  REFERENCES

Tyr7, Phe8, Arg13, Lys44, GIn51, Leu52, GIn64, Ser65, and

Asp98 from the second subunB8). A comparison of the

sequences of the rat isoenzymes tested (alpha and mu classes),,

showed the absence of tryptophan in a position similar to M. K., Warholm, M., and Jornvall, H. (198B)roc. Natl. Acad.

that of Trp38 of the pig lung pi class enzyme. It was observed Sci. U.S.A. 857202-7206.

by Oakley and co-workers9) that other GSTs do not have 3. Rossjohn, J., Polekhina, G., Feil, S. C., Allocati, N., Masulli,

an equivalent Trp38 and Phe8 and proposed this as a reason M., Dilllio, C., and Parker, M. W. (1998ptructure 6 721~

S 734.
for the lower inhibition of the alpha and mu classes by TER- 4. Pemble, S. E., Wardle, A. ., and Taylor, J. B. (198i@chem.

117. J. 319, 749-754.

MOI is also a known inhibitor of glyoxylase 160) (an 5. Board, P. G., Baker, R. T., Chelvanayagam, G., and Jermin,
enzyme which conjugates glutathione with methylglyoxal). L. S. (1997)Biochem. J. 328929-935.
The MOI inhibition of GST pi and glyoxylase may act in 6. Buetler,_ T. M., and Eaton, D. L. (1998ywiron. Carcinogen.
synergy in the cell and improve the effectiveness of Ectotoxicol. Re. C10 181-203,

7. Meyer, D. J., Coles, B., Pemble, S. E., Gilmore, K. S., Fraser,
chemotherapy, as was also proposed for the compound TER- "5 {1 "and Ketterer. B. (1991Biochem. J. 274409-414.

117 61). The significantly greater reactivity of MOI toward 8. Board, P. J., Coggan, M., Chelvanayagam, G., Easteal, S.,
GST pi may aid in the development of combinational drugs Jermin, L. S., Schulte, G. K., Danley, D. E., Hoth, L. R.,
to help in tumor treatment without the complete inhibition Griffor, M. C., Kamath, A. V., Rosner, M. H., Chrunyk, B.

of the other GST classes, which are required for normal A Perregaux, D. E., Gabel, C. A, Geoghegan, K. F., and
detoxification functions. Pandit, J. (2000). Biol. Chem 275, 24798-24806.

L ) 9. Armstrong, R. N. (1997Chem. Res. Toxicol0, 2—18.
In summary, MOI acts as an affinity label for the pi class  10. Jakoby, W., Ketterer, B., and Mannervik, B. (1984&)chem.

ACKNOWLEDGMENT

1. Hayes, J. D., and Pulford, D. J. (1996RC Crit. Re.
Biochem. Mol. Biol. 30445-600.
. Mannervik, B., Alin, P., Guthenberg, C., Jensson, H., Tahir,

GST, causing an 86% reduction in the rate of catalysis, with
0.4 mol of MOl incorporated into the dimeric enzyme. MOI
reacts with Trp38, a well conserved residue in the glutathione
binding site of pi class GSTs. Although other GST isoen-
zymes are partially inactivated by MOI, neither the extent
of inactivation nor the rate of inactivation is as striking as
the effects produced by MOI on GST pi. This study indicates

Pharmacol 33, 2539-2540.

. Di llio, C., Del Boccio, G., Aceto, A., Casaccia, R., Mucilli,

F., and Federici, G. (1988}arcinogenesis .9335-340.

12. Aceto, A., Di llio, C., Angelucci, S., Felaco, M., and Federici,

G. (1989)Biochem. PharmacoB8, 3653-3660.

13. Lewis, A. D., Forrester, L. M., Hayes, J. D., Wareing, C. J.,

Carmichael, J., Harris, A. L., Mooghen, M., and Wolf, C. R.
(1989)Br. J. Cancer 60327—331.



7558 Biochemistry, Vol. 40, No. 25, 2001

14. Peters, W. H. M., Nagengast, F. M., and Wobbes, T. (1989)
Carcinogenesis 12371-2374.

15. Hayes, J. D., Kerr, L. A., Harrison, D. J., Cronshaw, A. D.,
Ross, A. G., and Neal, G. E. (199Bjochem. J268 295—
302.

16. Tsuchida, S., and Sato, K. (1992RC Crit. Re. Biochem.
Mol. Biol. 27, 337—-384.

17. Kitahara, A., Satoh, K., Nishimura, K., Ishikawa, T., Ruike,
K., Sato, K., Tsuda, H., and Ito, N. (198@ancer Res44,
2698-2703.

18. Morrow, C. S., Smitherman, P. K., Diah, S. K., Schneider,
E., and Townsend, A. J. (1998) Biol. Chem. 27320114~
20120.

19. Batist, G., Tulpule, A., Sinha, B. K., Katki, A. G., Myers, C.
E., and Cowan, K. H. (1986). Biol. Chem 261, 15544~
15549.

20. Mannervik, B., Castro, V. M., Danielson, U. H., Tahir, M.
K., Hansson, J., and Ringborg, U. (198Zarcinogenesis 8
1929-1932.

21. Moscow, J. A, Townsend, A. J., and Cowan, K. H. (1989)
Mol. Pharmacol 36, 22—28.

22. Kantor, R. R. S., Gardina, S. L., Bartolazzi, A., Townsend,
A. J., Myers, C. E., Cowan, K. H., Longo, D. L., and Natali,
P. G. (1991)int. J. Cancer 47193-201.

23.Volm, M., Mattern, J., and Samsel, B. (199ncer 70 764—
769.

24.Hasson, J., Berhane, K., Castro, V. M., Jungnelius, U.,
Mannervik, B., and Ringborg, U. (1990ancer Res51, 94—

98.

25. Petrounia, I. P., Goldberg, J., and Brush, E. J. (1994)
Biochemistry 332891-2899.

26. Pettigrew, N. E., Brush, E. J., and Colman, R. F. (26BSEB
J. 15, A180.

27. Hinman, R. L., and Bauman, C. P. (1964)0rg. Chem29,
1206-1215.

28. Hinman, R. L., and Bauman, C. P. (1964)0rg. Chem29,
2431-2438.

29. Dixit, B. L., Balendiran, G. K., Watowich, S. J., Srivastava,
S., Ramana, K. V., Petrash, J. M., Bhanagar, A, and Srivastava,
S. K. (2000)J. Biol. Chem 275, 2158721595.

30. Awashi, S., Sricastaca, S. K., Ahmad, F., Ahmad, H., and
Ansari, G. A. S. (1993Biochim. Biophys. Acta 116473—
178.

31. Dirr, H. W., Mann, K., Huber, R., Ladenstein, R., and
Reinemer, P. (1991Fur. J. Biochem196, 693-698.

32. Pettigrew, N. E., Moyer-Myers, M., and Colman, R. F. (1999)
Arch. Biochem. Biophy$864, 107-114.

33. Hu, L., Borleske, B. L., and Colman, R. F. (19%otein
Sci 6, 43-52.

34. Habig, W. H., Pabst, M. J., and Jakoby, W. B. (1974Biol.
Chem 249, 7130-7139.

35. Barycki, J. J., and Colman, R. F. (199ipchemistry 32
13002-13011.

36. Penefsky, H. S. (197 ethods Enzymob6, 527—530.

37. Bradford, M. M. (1976)Anal. Biochem72, 248-254.

38. Reinemer, P., Dirr, H. W., Ladenstein, R., Huber, R., Lo Bello,
M., Federici, G., and Parker, M. W. (1992) Mol. Biol. 227
214-226.

Pettigrew et al.

39. Oakley, A. J., Lo Bello, M, Battistoni, A., Ricci, G., Rossjohn,
J., Villar, H. O., and Parker, M. W. (1997) Mol. Biol. 274
84—100.

40. Listowsky, I., Abramovitz, M., Homma, H., and Niitsu, Y.
(1988) Drug Metab. Re. 19, 305-318.

41. Graminski, G. F., Kubo, Y., and Armstrong, R. N. (1989)
Biochemistry 283562-3568.

42. Barycki, J. J., and Colman, R. F. (199Kjch. Biochem.
Biophys 345, 16—31.

43. Bico, P., Erhardt, J., Kaplan, W., and Dirr, H. (198&)chim.
Biophys. Acta 1247225-230.

44. Oakley, A. J., Lo Bello, M., Nuccetelli, M., Mazzetti, A. P.,
Federici, G., and Parker, M. W. (1999)Mol. Biol. 291 913—
926.

45, Ji, X., Tordova, M., O'Donnell, R., Parsons, J. F., Hayden, J.
B., Gilliland, G. L., and Zimniak, P. (199 Biochemistry 36
9690-9702.

46. Prade, L., Huber, R., Manoharan, T. H., Fahl, W. E., and
Reuter, W. (19975tructure 5 1287-1295.

47. Nishihira, J., Ishibashi, T., Sakai, M., Nishi, S., and Kumazaki,
T. (1992)Biochem. Biophys. Res. Comma85 1069-1077.

48. Katusz, R. M., and Colman, R. F. (199Rjochemistry 30
11230-11238.

49. Schramm, V. L., McCluskey, R., Emig, F. A., and Litwack,
G. (1984)J. Biol. Chem 259 714-722.

50. Wang, J., Bauman, S., and Colman, R. F. (2008)ol. Chem
275, 5493-5503.

51. McHugh, T. E., Atkins, W. M., Racha, J. K., Kunze, K. L.,
and Eaton, D. L. (1996). Biol. Chem 271, 27470-27474.
52. Lo Bello, M., Nuccetelli, M., Chiessi, E., Lahm, A., Mazzetti,
A. P., Battistoni, A., Caccuri, A. M., Oakley, A. J., Parker,
M. W., Tramontano, A., Federici, G., and Ricci, G. (1998)

Mol. Biol. 291, 1717-1725.

53. Oakley, A. J., Lo Bello, M., Ricci, G., Federici, G., and Parker,
M. W. (1998)Biochemistry 379912-9917.

54. Ricci, G., Lo Bello, M., Caccuri, A. M., Pastore, A., Nuccetelli,
M., Parker, M. W., and Federici, G. (1993) Biol. Chem
270, 1243-1248.

55. Dirr, H. W., Reinemer, P., and Huber, R. (1994Mol. Biol.
243 72—92.

56. Lyttle, M. H., Hocker, M. D., Hui, H. C., Caldwell, C. G.,
Aaron, D. T., Engqvist-Goldstein, A., Flatgaard, J. E., and
Bauer, K. E. (1994)). Med. Chem. 37189-194.

57. Koehler, R. T., Villar, H. O., Bauer, K. E., and Higgins, D.
L. (1997) Proteins: Struct., Funct., Genet. 2802-216.

58. Oakley, A. J., Rossjohn, J., Lo Bello, M., Caccuri, A. M.,
Federici, G., and Parker, M. W. (199Bj)ochemistry 36576~
585.

59. Carter, D. S., and Van Vranken, D. L. (199B8trahedron
Lett 37, 5629-5632.

60. Brush, E. J., and Maciorakowski, L. A. (200eASEB J. 14
A1522.

61. Johansson, A. S., Ridderstrom, M., and Mannervik, B. (2000)
Mol. Pharmacol 57, 619-624.

B1002840W



