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ABSTRACT. I'GSTAL-1 has been shown to catalyze the hydrolysis of the thiol ester glutathionyl ethacrynate
(E-SG). In contrast, neither the retro-Michael addition with the substrate EA-SG, to yield GSH and
ethacrynic acid (EA), nor the conjugation reaction between GSH and EA to yield the thiol ester E-SG
was catalyzed to any measurable extent under similar conditions. The steadty, v for hydrolysis

of E-SG by wild type rGSTA1-1 were 0.1 0.009 mirr! and 15.7+ 1.6 mM, respectively. The site-
directed mutant, Y9F, in which the catalytic Tyr-9 is substituted with Phe, was completely inactive in
this reaction. To uncover a mechanistic signature that would distinguish between direct hydrolysis and
covalent catalysis involving acylation of Tyr-9, solvent isotope exchange and mass spectrometry experiments
were performed. N&PO incorporation into the starting thiol ester was detected with initial velocity solvent
isotope exchange experiments. However, covalent adducts corresponding to acylated protein also were
not observed by electrospray ionization mass spectrometry, even with an assay that minimized the
experimental dead time and which allowed for detectioN-afcetyltyrosine acylated with EA in a chemical
model system. Thk,, andke rate constants for association and dissociation of E-SG were determined,
by stopped flow fluorescence, to bes51® s~ M~ and 6.7 st, respectively. Together with the isotope
partitioning results, these rate constants were used to construct partial free energy profiles for the GST-
catalyzed hydrolysis of E-SG, assuming that Tyr-9 acts as a generallzase catalyst. The “one-way

flux” of the thiol esterase reaction results directly from the thermodynamic stability of the products after
rate-limiting attack of the thiol ester by-B or Tyr-9, and is sufficient to drive the hydrolysis to completion,

in contrast to GST-catalyzed breakdown of other GSH conjugates.

The glutathioneStransferases (GSTsatalyze the nu-  to, and stabilizes, the nucleophilic G#iolate in each of
cleophilic conjugation of the tripeptide glutathione (GSH) the cytosolic GSTs8—10). The resulting GSthiolate reacts
with xenobiotics and endogenous electrophiles, including readily with an extraordinary range of electrophilic functional
drugs, toxins, and prostaglandiris(3). As a result of their groups.

central role in detoxication, and a putative role in GSH- |, aqdition to conjugation reactions, however, GSTs also
dependent tumor cell resistance to electrophilic chemothera—cata|yze the release of GSH from its conjugates, as required
peutic agents4), the GSTs have been the recent focus of y the Haldane relationship. Examples of “reverse” GST
intense structural, mechanistic, and clinical reseabet}. reactions have been limited to retro-Michael additiot,(
Although differences in active site topology clearly result 5nq hydrolysis of activated carbamate thiol esters and
in variable §ubstrate se_:lectwltles between |nd.|V|duaI isozymes, thincarbamate thiol esters formed from GSH conjugation with
the catalytic mechanism appears to be highly Conserved'isocyanates and isothiocyanates, respectividy-(4). The
Specifically, an active site tyrosine or serine hydrogen bonds e, erse reactions are of therapeutic and toxicological im-
portance, because the generation of GSH and an electrophile
from GSH conjugates represents a potential pathway for
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Ficure 1: Summary of reactions studied. Mlchael addition of GSH to ethacrynic acid (EA) is catalyzed by several GSTs, including rGSTA1-
1. The reverse reaction is not catalyzed by rGSTA1-1 under any conditions studied here, which did not include any trapping agent. The
thiol ester E-SG is catalytically hydrolyzed by rGSTA1-1, although formation of the GSH thiol ester conjugate is not catalyzed by rGSTA1-
1. At longer reaction times, the EA and GSH products formed by the thiol esterase activity react enzymatically and nonenzymatically to
yield the EA-SG and the diadduct, EA-diGS. The reaction shown at the bottom is the hydrolysis of the ester (NAT-EA) formed from
N-acetyltyrosine (NAT) and E-SG. NAT-EA is used here as a chemical model for a potential enzymatic intermediate formed during hydrolysis
of E-SG. The nonenzymatic hydrolysis of NAT-EA is discussed along with results concerning the ESI-MS experiments with GSTA1-1
during turnover.

traditional GSH conjugation with electrophilic functional The potential toxicological significance of the thiol esterase
groups. However, the ability of GSTs to catalyze retrocon- reaction lies in the precedent that it provides for metabolism
jugation reactions remains largely unexplored. Here, we of other GSH thiol esters, which are commonly found. An
document the thiol esterase activity of GSTA1-1 toward the example of a thiol ester GSH conjugate resulting from in
thiol ester formed from GSH and ethacrynic acid (gluta- vivo metabolism of an administered drug is the conjugate
thionyl ethacrynate, E-SG, Figure 1). formed with clofibrate, which may result from GSH attack
The diuretic ethacrynic acid (EA) is frequently used in of the glucuronide conjugate that is initially forme#0j.
vitro as a GST model substrate, wherein the Michael acceptorMoreover, endogenously synthesized, hepatic, oxalyl gluta-
is the only site of GSH conjugation. EA is converted by thione has been proposed to regulate insulin functiip (
several GST isozymes to EA-SG&-18). Both EA and 22). Other endogenous GSH thiol esters incl&lactoyl
EA-SG are well-documented inhibitors of several GST GSH,S-succinyl GSH, an&-formyl GSH 3). In addition
isoforms. As aresult, EA and EA-SG have been consideredto these examples, GSTs presumably encounter other GSH
as candidates for chemotherapy adjuvants with antitumor thiol esters, and if GSTs efficiently hydrolyze a wide range
agents that are metabolized by P-class GSTs overexpressedf GSH esters, then these reactions must contribute to the
in tumor cells 7, 16, 19). The mechanism of GST inhibition  cellular distribution and steady state levels of both GSH
by EA is complex and isozyme-dependent. For A- and conjugate thiol esters and their hydrolysis products. The
M-class GSTs, reversible inhibition by both EA and the results presented here extend the range of GSH conjugates
product EA-SG is observed®). For P-class GSTs, Michael that are candidates for GST-mediated hydrolysis to include
addition of EA to a cysteine thiol on the protein (Cys-47 for stabile thiol esters and provide mechanistic details about
hGSTP1-1) yields a slowly reversible, inhibited complex, these, largely unstudied, reactions. The GST-catalyzed
although enzyme-catalyzed formation and breakdown of EA- hydrolysis of thiol esters has not been previously reported.
SG compete with this proces&g 17). Formation of the
thiol ester E-SG has not been reported in any incubations MATERIALS AND METHODS
containing GST, EA, and GSH. During the characterization = Chemicals.E-SG was synthesized by dissolving 1.6 mmol
of various nonenzymatically synthesized GSH conjugates, of EA in 25 mL of dry THF at room temperature and adding
we observed a significant GST-catalyzed hydrolysis of E-SG. 1.6 mmol of triethylamine while the solution was stirred.
The reactions that are studied in this paper are summarized\Next, 1.6 mmol of ethyl chloroformate was added and the
in Figure 1. mixture stirred for an additional 30 min. The precipitate
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was removed by filtration and the filtrate added directly to were run to correct for nonenzymatic hydrolysis of E-SG.
25 mL of H,O/THF (1:1.5) containing 1.6 mmol of GSH All assays were run in triplicate. Samples were shown to
and 1.6 mmol of NaHC® No enzymatic reaction products be stable for more than 24 h with no detectable hydrolysis,
were precipitated by these conditions. The resulting mixture under these conditions (data not shown).
was stirred fo 1 h atroom temperature under nitrogen, at  Analysis was carried out with an isocratic HPLC system.
which time the reaction was terminated by the addition of 8 Samples were loaded in a thermostated autoinject6Cj4
drops of c-HCI. The THF was removed under vacuum, and and run with a 10 cmx 4.6 mm (inside diameter) C18
the remaining aqueous phase was extracted four times withcolumn, a mobile phase of 60% acetonitrile/methanol (1:1)
50 mL of ethyl acetate. The product, E-SG, was precipitated and 40% 20 mM acetic acid, and a flow rate of 1 mL/min.
at the interface of the two layers. The E-SG was recovered All compounds were monitored by their absorbance at 230
and washed four times with 50 mL of water to remove nm, and the detector response was linear over the entire range
unreacted GSH. The resulting product was then washed fourof concentrations usedf > 0.99, data not shown). This
times with 50 mL of acetone to remove unreacted EA. The system allowed rapid analysis and separated E-SG from EA-
final precipitate was dried under a stream of nitrogen. The SG, EA-diSG, and EA. EA, E-SG, and EA-SG standards
resulting E-SG was pure as determined by reversed phasevere used to aid peak identification
HPLC. The CID MS/MS spectrum in the positive ion mode  Assay Optimization.The E-SG assay was performed at
of E-SG was as follows: [Mt+ H] m/z (relative intensity) varying pHs, times, and GST concentrations to optimize the
[M + H — Gly] mz517 (30%), [M+ H — pyroglutamic assay and ensure that, under the conditions employed, the
acid] m/z 463 (14%), [ethacryny&-acyl-CH,CH=NH;] m/z assay was linear. A mixed buffer of MES, Tris, and CAPSO
360 (42%), [M+ H — GS — CO] nV/z 257 (28%), [M+ H (50 mM each) was used, and buffers at pH 5.5 and 9.5 were
— GS — COCH,] m/z 243, [pyroglutamic acidt H] nvz blended to achieve the desired pH. The activity of GST was
130 (18%), [pyroglutamic acig- CO,H] m/z 84 (25%), [Gly measured from pH 6.5 to 9.0, with 68 M GST, and
+ H] m/z76 (22%). *H NMR in DMSO-ds gave peaks with  from 0 to 30 min.
the following chemical shifts (in parts per million)) 1.08 Kinetics of E-SG Hydrolysis andO Incorporation. The
(t, 3H,J = 7.2 Hz), 1.86-1.84 (m, 2H), 2.3 (m, 2H), 2.38  rate of E-SG hydrolysis was measured by incubatingM5
(g, 2H,3=7.2 Hz), 3.6-3.5 (m, 2H), 3.43 (m, 1H), 3.7 (m,  GST for 20 min at pH 7.25 with 3:1100 uM E-SG in
1H), 4.64 (m, 1H), 5.15 (s, 2H), 5.5%.10 (2 s, 2H), 7.26 triplicate in two separate assays. For quantitation, we used
7.40 (m, 2H), 8.49 (d, 1H) = 8.49 Hz), 8.78 (t, 1H]) = the HPLC system described above. F¥ incorporation,
6.6 Hz). 3C NMR in DMSO-ds gave the following chemical  conditions were the same as for kinetic measurements except
shifts (in parts per million): 6 12.43 (CHCH,), 22.88 that 100uM E-SG was used in 50 mM potassium phosphate
(CHsCH,), 26.61 (Cys @), 29.45 (Glu @), 31.31 (Glu @), buffer (pH 7.5) and 85% K80. Incorporation of?0 was
41.12 (Gly Qv), 51.61 (Glu @), 52.88 (Cys @), 72.99 monitored by LC-ESI-MS.
(OCH,C=0), 112.20 (Ar), 127.53 (Ar), 129.47 (Ar), 132.98 LC—ESI-MS. To follow 80 incorporation and allow
(Ar), 149.25 and 154.74 €C), 170.06 (Cys CON), 170.24  positive identification of peaks, an LEESI-MS system was
(Glu COOH), 170.80 (Glu CON), 171.75 (Gly COOH), used. As in the isocratic system described above, a 10 cm
195.05 (CO-Ar), 195.91 (COS). x 4.6 mm (inside diameter) C18 column was used and a
EA-SG was synthesized by mixing 250 mg of GSH in 25 flow rate of 1 mL/min. However, to separate all peaks from
mL of H,O with 500 mg of EA in 50 mL of 1:1 bD/EtOH, each other and the buffer salts eluting in the void volume, a
containing 2.5 mL of saturated NaHGOThe mixture was linear gradient was used starting at 40% acetonitrile/methanol
stired for 24 h at room temperature. Solvents were (1:1) from O to 2 min, changing to 70% acetonitrile/methanol
evaporated to afford a solution ir2 mL. Aliquots were (1:1) by 15 min, holding at 70% until 17 min, and returning
purified by HPLC (silica) with a mobile phase of 80:20 to 40% acetonitrile/methanol (1:1) at 18 min. The column
acetonitrile/HO. Chromatographically pure EA-SG, ob- was re-equilibrated for 7 min between runs. A postcolumn

tained in 80% yield, was characterized by MS aHINMR, split of 20:1 was used for introduction of the sample into

and the results were consistent with the expected product.the ESI-MS instrument which was run in positive ion mode.
Protein Expression, Purification, and Mutageneswl/ild Stopped Flow KineticsStopped flow fluorescence experi-

type and mutant GSTs were expressedestherichia coli ments were performed with a SLM-8100 spectrofluorimeter

strain DH% and purified as described previousB4). The equipped with a SLM milliflow reactor. Intrinsic tryptophan
“wild type GST” used here is a site-directed mutant W21F, fluorescence was monitored with excitation at 295 nm and
which has been previously described and which exhibits emission at 335 nm, with 2ZM GST in 50uM MES at pH
kinetic properties essentially identical to those of the “true” 6.5 and 14C. Thek,, was determined by fitting the change
wild type. The Y9F mutant is a double mutant containing in fluorescence intensity to the equatitf) = Ae it at
the W21F substitution. E-SG concentrations between 10 andi40, wherel(t) is
Assay of Thiol Esterase Aciy. GST was incubated at the fluorescence intensity at time after mixing. The
25°C with E-SG and the assay terminated by withdrawing recovered rate constants,s at each E-SG concentration
a 200uL aliquot at a single time point and mixing with an  were plotted and fit to the equatidgys = kon[E-SG] + Kot.
equal volume of stop solution (4:1:0.2 acetonitrile/methanol/ The k. was determined by diluting the preformed binary
formic acid). The mixture was then centrifuged to pellet complex GSTE-SG in solutions containing 2V GST and
precipitated GST and placed on ice. No enzymatic reaction 20 uM E-SG with buffer containing 1 mM&-hexyl GSH as
products were precipitated by these conditions. An aliquot a trapping agent.
was also withdrawn immediately upon addition of E-SG to  Mass Spectrometry with GST and a Chemical Model for
provide a zero time point. Parallel incubations without GST Tyr-9 Acylation. Incubations containing 1M GST and
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100 uM E-SG in 50 mM NHHCO; (pH 7.3) were loaded _ 251

on a5 cmx 4.6 mm (inside diameter) Poros R2H column © O +GsT
(Perseptive Biosystems) interfaced with an AP1350 MS E 21 © Background
system, to separate the protein from buffer and excess ligand. E 1.5 o

A fast linear gradient from 30% acetonitrile in® (0.05% @

TFA) at 0 min to 80% acetonitrile at 8 min was used. The el

orifice voltage was kept low (30 V) to minimize fragmenta- 8 0.5 -

tion. At variable times after addition of E-SG, mass spectra §

were obtained.

A chemical model for the acylated protein adduct was
obtained by incubation of varying concentrations Mf
acetyltyrosine and E-SG in acetonitrile, at room temperature, Figure 2: pH dependence of the GST-catalyzed and nonenzymatic
overnight. Reaction products were analyzed by-1ESI- hydrolysis of E-SG. The remainder of the studies described here
MS using a mobile phase of 50% acetonitrile/50%0H were pe_rformed at pH 7.25. Incubations were ana_llyzed at a single
(0.1% acetic acid), and a C8, 15 cm, reversed phase columrﬂ:“e point (20 min), and 10@M E-SG was used in them. Less

. oo an 10% of the starting E-SG is hydrolyzed in this time. The
at a flow rate of 1 mL/min. The orifice voltage was 80 V. 5mount of E-SG consumed does not reflect the adtglat each
Reaction products were the ester resulting from transacylationpH. See the text for details.

(MH* =508 m/z) and GSH (MH = 307 mV/z). The ester
was not obtained when EA was incubated wiNkacetyl-
tyrosine. The ester was purified by HPLC using the same
conditions, and the purified compound was incubated at room
temperature under conditions identical to those used for
enzymatic reactions. At various times, aliquots were re-
moved and analyzed by HPLC. The peak area corresponding =, 1—, . -
to the ester was integrated and normalized to the “zero time” 2 3 4 5 550 600 650
aliquot. The half-life under these conditions was determined Time (min) miz

to be 6.5 h. The ester was converted exclusively to

N-acetyltyrosine and EA; no other products were observed. 2000 450 EA-diSG
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Characterization of the ReactionAs part of the initial 1 890
characterization of GST thiol esterase activity, the pH
dependence of the reaction was determined, and compared G S5 7 as 250 300 350
to that of the nonenzymatic reaction. Reaction components, miz miz
including GSH, E-SG, EA-SG, and EA, were chromato- Ficure3: LC—MS assay for hydrolysis of E-SG. HPLC conditions
graphically monitored as described in Materials and Methods. are given in Materials and Methods. ESI-MS spectrum of hydrolysis
Whereas the nonenzymatic reaction exhibited a constantp:ggﬂgﬁs Tig‘gnﬁfa{['\tﬂostsg‘?tgé?uﬂ gﬁesgfgéfg%?dﬁ“;égﬁ%f“
increase in rate with mcre._slsmg pH, abO_WPH 7.5, the 'Phe diadduct EA-dIGS is forl?ned at longer incubatioﬁ times. ’
enzyme-catalyzed hydrolysis of E-SG exhibited a broad pH
optimum between pH 7.0 and 8.25. Therefore, further been reported for Tyr-9 of the human GSTA128), The
characterization of this enzymatic activity was performed at relevance of this point is discussed below.
pH 7.25. Also, we observed a time- and concentration- The identity of the reaction product EA was verified by
dependent dimerization of E-SG at pHs abev&0, on the LC—MS. The product peak coeluted with standard EA and
basis of mass spectrometric analysis. This hampered deteryielded an ESI mass spectrum identical to the standard
mination of Vmax andKy at higher pHs. Therefore, the pH  (Figure 3). The MH doublet at 303 and 306Vz reflects
profiles for the enzymatic and nonenzymatic hydrolysis the expected isotopic distribution of the chlorine-containing
reactions are summarized in Figure 2, using a single commonproduct, as does the Nadduct at 325 and 32Tz
concentration of E-SG (10@M). Although Ky varied The k.ot and Ky values for hydrolysis of EA-GS at pH
slightly with pH, E-SG concentrations approach saturation 7.25 and 25°C are summarized in Table 1. Notably, the
at each pH and the rates indicated in Figure 2 approximateKy for the thiol ester is remarkably low compared to the
closelyVmax Because the rates shown in Figure 2 are not Kys for GSH and many electrophilic substrates. Together
true Vmax Values, the pH dependence should not be interpretedwith the relatively slow turnover rate, this makes E-SG a
in terms of specific microscopic rate constants, and it significantly more potent inhibitor in the GST-dependent
provides only a qualitative comparison of enzymatic and metabolism of electrophiles other than EA or EA-SG. The
nonenzymatic processes. Under the conditions used for theinhibitor characteristics of E-SG will be described in detail
remainder of the experiments, the extent of formation of EA elsewhere. Also, the EA-SG conjugate resulting from
and GSH from E-SG was linear with time for at least 30 Michael addition at the terminal olefin is not converted to
min, and dimerization of E-SG and nonenzymatic hydrolysis EA and GSH via a retro-Michael type reaction under any
were negligible. Notably, we have demonstrated previously conditions studied, by rGSTA1-1. No EA-trapping agent
that the active site tyrosine of —GSTAL-1 is partially ionized was included in the incubations. Importantly, the site-
at this pH, with a K, of 8.2 25—27), and a similar K, has directed mutant Y9F, for which the catalytic tyrosine has

901
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Table 1: Kinetic Parameters for Reactions with Ethacrynic Acid and Analogues

system catalyst/reactatit product Km (uM) KuncatOF Kear (Min~?)
thiol ester hydrolysis
GST/E-SG— EA + GSH 0.0019+ 0.0003
wild type GST/E-SG— EA + GSH 15.7+ 1.56 0.11+ 0.009
Y9F GST/E-SG— EA + GSH 0.6
thiol ester formation
GST/EA+ GSH— E-SG 0.0
wild type GSTAL1-1/EA+ GSH— E-SG 0.0
GSTA1-1 Y9F/EA+ GSH— E-SG 0.0
Michael addition
GST/EA+ GSH— EA-SG 0.0066+ 0.0004
wild type GSTA1-1/EA+ GSH— EA-SG 554+ 1¢° 294+0.1

a A value of 0.0 means none was detected, although it was soughe Ky reported for Michael addition is for EA at a saturating GSH
concentration.

been replaced with Phe, does not catalyze detectable thiol
esterase activity, thus demonstrating that this reaction occurs
at the active site. The results are also summarized in Table
1.

One obvious possible mechanism of thiol esterase activity
entails direct hydrolysis by active site;&. The complete
absence of esterase activity with the Y9F mutant, together
with the K, of Tyr-9 in the wild type, suggested the —_—
additional formal possibility that the phenolate anion of Tyr-9 0 20 40 60
could be a nucleophilic catalyst, yielding a covalently

. . % E-SG turnover
acylated protein adduct, followed by hydrolysis to regenerate . 4 Solventisot itioni rent of hvdrolvsis. Th
3 ; ; e g IGURE 4: Solvent isotope partitioning vs extent of hydrolysis. The
the Tyr-9. .TO examlne this possibility, .egnezymatlc and rate of180 incorporation into the starting thiol ester is plotted as a
nonenzymatic reactions were conducted %8, and the  fynction of the extent of reaction (% E-SG hydrolyzed). In the

180 content of the substrate E-SG was determined during absence of enzymé80 incorporation into the starting thiol ester
turnover, by ESI-MS. The extent of solvent isotope ex- is observed (squares). In contrast, H® incorporation above
change into thiol esters is highly dependent on pH, and background is observed in the presence of sufficient GST to catalyze

. . : significant thiol ester hydrolysis (circles). The tetrahedral intermedi-
therefore on mechanism, in nonenzymatic systezfs @t ate formed in the nonenzymatic reaction partitions efficiently to

pHs near neutrality, little exchange is observed, due to nearly ihe starting thiol ester, or it is not derived from nucleophilic solvent.
complete partitioning of the tetrahedral intermediate to The isotopic distribution is corrected for the mole fractiond
products and the poor electrophilic nature of the resulting in the K0 used (0.85).
carboxylate. However, we reasoned that the active site of a
GST enzyme, evolved to favor GSH Conjugate formation, of 1 mM EA and GSH, no thiol ester was detected under a
may demonstrate a poor commitment to Ca[a|ysis in the range of conditions which afforded the Michael adduct, EA-
hydrolytic direction. Upon generation of G$ an intimate SG. Together with the results from solvent isotope experi-
complex with the EA carboxylate, a GST may be expected ments, the results indicate that GSTA1-1 does not catalyze
to catalyze the re-formation of the thiol ester conjugate such t0 @ measurable extent the conjugation of GSH to the
that theKi, [GST-E-SG]/[GSTEA-GS], may be signifi- carboxylate of EA to afford the thiol ester.
cantly larger than theéKeq for the chemical equilibrium, Stopped Flow Analysis of E-SG Association and Dissocia-
[E-SGJ/[EA + GS7]. Thus, initial velocity solvent isotope  tion. Inasmuch as the rate of GSH conjugate dissociation is
exchange experiments were exploited as a probe of com-often the rate-limiting step in catalysis, particularly for
mitment to catalysis after formation of the tetrahedral A-class isoforms 30), and because this may control the
intermediate or ternary complex GEA-GSH. Further- extent of solvent isotope exchange into the thiol ester,
more, if GSTA1-1 catalyzed the solvent isotope exchange determining theky for release of E-SG from the enzyme,
reaction, then this would eliminate Tyr-9 as a candidate for and ko, for its association, was of interest. Therefore, the
the initial nucleophile during the net hydrolysis. Obviously, ligand-induced change in intrinsic fluorescence of Trp-21
the presence dfO in the hydrolysis product EA is required  was exploited 1), in stopped flow experiments (Figure 5).
by either mechanism. The results from hydrolysis reactions The determined.; andk,, values were 6.78 and 5x 10°
conducted in K80 are summarized in Figure 4. Interest- M™! s!, respectively. These results indicate that the
ingly, the starting thiol ester incorporat& in the absence  dissociation of E-SG is sufficiently fast to expect aii@-
of GST, albeit at a slow rate. However, under initial velocity containing thiol ester formed from the tetrahedral intermedi-
conditions, no additional enzyme-catalyzed solvent isotope ate to dissociate from the enzyme. The E-SG is not
exchange was observed. In fact, the enzyme suppressed theufficiently “sticky” to mask solvent exchange. Also, the
solvent exchange reaction. This is a result of a larger fraction experimentally determined rate constamkts,andkos, yield
of the hydrolyzed products being from the GST-complexed a kinetically determinedp of 13.4 uM. This is nearly
tetrahedral intermediate when enzyme is present. identical to the experimentally measurg, as expected

In addition, we attempted to observe catalysis of the for a reaction that is severely limited by the chemical step
formation of E-SG from EA and GSH. At concentrations following substrate association.

1.2 ]

0.8 <

0.4

% [180] Incorporation
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25 amino acid sequences, including the relevant amino acid
substitutions, are 25391.93 and 25375.93 amu for the wild
20 type and Y9F, respectively. No ions corresponding to the
expected mass for an acylated adduct (MH285.14 amu)
were observed for either protein at any time during the steady
+15 state. In addition to the absence of observable acylated
-g adducts, the chromatographic retention time of each protein
<10 was identical in the presence or absence of E-SG. Adducts
such as the acylated product sought here frequently alter
chromatographic retention times, but no change in retention
5 time or peak shape was observed upon incubation with E-SG.
On the basis of these observations, we concluded that a stable
0 acylated GST adduct was not formed during the enzymatic
0 2 4 6 8 101214 16 18 20 hydrolysis of E-SG. Positive control experiments were
E-GS (uM) performed in which a chemical model for the acylated Tyr
0.16 was synthesized. These experiments were designed to

determine whether an acylated Tyr-9, if formed, would be
intrinsically unstable to such an extent that it would be
hydrolyzed before ionization in the ESI-MS experiment.
Specifically, E-SG was mixed witN-acetyltyrosine, and the
chemical stabilities of the products under conditions of the
assay were validated. On the basis of ESI-MS, the product
obtained was the ester resulting from transacylation, with
an MH" of 508 m/z. The transacylation product was
sufficiently stable to be isolated by HPLC and was readily
monitored by ESI-MS. It was found to have a half-life under
these conditions of 6.5 h. Moreover, the conditions used
0.04 for ESI-MS did not cause any detectable breakdown of the
0 0.1 0.2 0.3 04 05 0.6 0.7 ester formed fromN-acetyltyrosine and E-SG. Thus, the
Time (sec) chemical stability of an EA-acylated Tyr-9, in the absence
Ficure 5: Stopped flow analysis of E-SG association and dis- of en;yme-catalyzed deacylation, is'sufficient to be qbserved
sociation. Thekys Vs [E-SG] plot was used to obtaiky, as by this approach. The model reaction is shown in Figure 1.
described in Materials and Methods (top). Typical progress curves It is interesting that the ester NAT-EA was not obtained
for the approach to equilibrium after mixing or dilution are shown directly from EA and NAT, but only from transacylation
(bottom): (@) dissociation and<¢) association. Solid lines are fitted  \yith E-SG.
curves corresponding to the determined rate constants. Also, these experiments provided an unexpected additional
Mass SpectrometryTogether, the results do not rule out “positive control”. Specifically, we observed that upon
the possibility that Tyr-9 acts a nucleophilic catalyst. To incubation for>1 h, protein adducts were apparent. lons
explicitly address this possibility, we searched for a protein corresponding to MM + 593 amu were observed for both
adduct corresponding to acylated GST during the steady stateyvild type and YOF proteins. Presumably, these ions reflect
by using electrospray ionization mass spectrometry (ESI- a slow Michael addition of E-SG to the proteins at a site
MS). For these experiments, wild type GSTA1-1 and Y9F other than Tyr-9, which remains to be determined. These
were incubated with excess E-SG under conditions identical species could not be observed above baseline in the first 40
to the assay conditions described above. At various times,min, and their levels were found to increase with time upon
aliquots were removed for analysis. A Poros reversed phasencubation for longer periods of time. Because the formation
HPLC column was used to rapidly separate protein, ligand, of these adducts is clearly distinct temporally from the thiol
and buffer salts with a minimum “dead” time between ester hydrolysis, we have not pursued their identity here.
removal of the aliquot and ionization. The minimal dead However, the results do suggest that adducts formed are
time achieved that afforded sufficient chromatographic readily detected under the conditions used here, and they
separation was 5.1 min, which included the chromatographic further diminish the possibility that acylated Tyr-9 is the
retention time of the protein. Obviously, for many enzyme- predominant species during steady state hydrolysis by
catalyzed processes, this dead time would not provide GSTA1-1. The results of the mass spectrometry experiments
sufficient time resolution for detection of a reaction inter- are summarized in Table 2. The possibility still exists that
mediate. However, the thiol ester hydrolysis described heredeacylation of Tyr-9 is fast relative to the dead time of the
is sufficiently slow that an acylated intermediate could be experiment, as discussed in more detail below.
observed if the rate of deacylation corresponded to the overall
turnover rate. Throughout the steady state, between 0 anoDISCUSSlON
40 min after addition of E-SG to the protein, the only protein  rGSTA1-1 has been shown to catalyze the hydrolysis of
species observed by ESI-MS was the unmodified wild type the non-carbamate thiol ester E-SG. GSTs have been shown
or the unmodified YOF. The recovered masses were previously to catalyze the breakdown of GSH conjugates via
25391.1-25392.4 amu for the wild type and 25374.7  retro-Michael additions, and hydrolysis of carbamate thiol
25375.9 amu for YOF. The theoretical masses predicted fromesters or thiocarbamate thiol estetd{13). Interestingly,

e o
- -
N s

o°
o
®

Fluorescence Intensity
o
° (=)
[«}] —h




Dietze et al.

14954 Biochemistry, Vol. 37, No. 42, 1998
~0.1 min'l/'\ k3 /k,> 125
k., ks
/-\ /\

e
, \\
“—l “\ ¢ [\
[} ’ “
‘\—
kl k2 k3 k4
E-SG +GST =< E-SG+GST == Tetrahedral = p\ .GSH.GST =— FA +GSH
kK, Intermediate k.5 k4 + GST

k‘l + H2180

- 180 —_—
FIGURE 6: Schematic representation of a possible free energy profile for GSTA1-1-catalyzed thiol ester hydrolysis. This scheme assumes

direct hydrolysis by active site 4@, rather than nucleophilic catalysis by Tyr-9. The kinetic constants that have been experimentally determined
in this work are indicated with the relevant values. The flux of the tetrahedral intermediate favors the products EA and GSki/kwith a

of >125. On the basis of the data presented here, the rate-limiting step is attagld.oThe arrow under the kinetic barrier fig is a

reminder that the data provide an upper limit for this rate constant; this step may be faster. See the text for further explanation.
Also observed in reaction mixtures containing GSTA1-1

and E-SG, at greater extents of reaction, were the EA-SG

Table 2: Mass Spectrometry Results
rt:aesosf%tf'ctﬁ'e determined rtr:‘aessr%tf'ctﬁ{a and the di-adduct, EA-diGS. The formation of EA-SG and
unmodified mass acylated of EA-diGS was confirmed directly by LEMS (Figure 3).
proteirt protein (amu) (amu) protein (amu) Thus, at longer incubation times and lower concentrations
wild type of E-SG, GSTA1-1 serves as an “isomerase” whereby the
0 mire 25391.93  25391.1 25677.07 GSH hydrolyzed from E-SG in the thiol esterase reaction is
2—40 min 25391.3+-25392.4 reconjugated at the Michael acceptor to yield a net GSH
YgE'SZO—QO min 25984.1 and 25391.6 transfer reaction. At the concentrations of E-SG used in
0 min 2537593  25374.0 25661.07 these studies, this Michael addition with hydrolyzed GSH
25374.%#25375.9 and EA does not compete significantly with E-SG for the
enzyme active site, and the nonenzymatic Michael type

2—40 min
60—90 min 25967.2 and 25374.8
2 Times refer to the time of incubation with GSTA1-1 and E-SG, addition predominates. Determination of the rates of these
prior to chromatography on a Poros R2H reversed phase column.  processes, and a detailed kinetic analysis of these sequential
reactions, requires additional study. Here, we have focused

GSH conjugate analogues have been exploited to deliveron the thiol ester hydrolysis.
cytotoxic drugs to GST-expressing neoplastic ce3).(In It is useful to compare the catalytic parameters for E-SG
these cases, however, the GST-catalyzed hydrolysis does natydrolysis with those from common GST-catalyzed conjuga-
afford GSH as a reaction product, but rather the glutathione tion reactions, GST-mediated hydrolysis of GSH conjugates,
sulfone is obtained. In essentially all cases in which the GSH and glutathione thiol esterase activity exhibited by enzymes
conjugate is catalytically degraded to GSH, the “forward” unrelated to GSTs. For GST-catalyzed conjugation of GSH
conjugation reaction is more efficiently catalyzed, and the with CDNB and EA, the turnover rates observed with
GSH conjugate remains the favored product at equilibrium. rGSTA1-1 are 12834) and 2.9 min?, respectively, com-

In marked contrast, the GSTAL-1 isozyme does not catalyzepared to 0.11 mint for the thiol esterase reaction described
formation of the E-SG thiol ester at a detectable rate, but here. Thus, the catalytic efficiency for thiol ester hydrolysis
the enzyme efficiently catalyzes its hydrolysis, thus driving is relatively poor compared to that of the conjugation reaction
to completion the “reverse reaction” of the traditional GST with a “good” substrate such as CDNB, but the hydrolysis
conjugation activity. This reflects the thermodynamic driv- rate is comparable to those of some GST-catalyzed conjuga-
ing force for thiol ester hydrolysis, wherein the hydrolyzed tion reactions, such as with EA. Notably, tKg for the
products are favored by as much as8rkcal/mol at neutral  thiol esterase activity described here~i25-fold lower than
pH (33). This thermodynamic driving force, along with the Ky values for common electrophilic substrates, and it is more
kinetic competence of GSTs in thiol ester hydrolysis, may than 1 order of magnitude smaller than g for GSH in
provide advantages for GSH-based prodrugs by ensuring thatonjugation reactions{350uM). Interestingly, the rate of

hydrolysis of E-SG by rGSTA1-1 is nearly identical to the

the reaction goes to completion.



Thiol Esterase Activity of GST Biochemistry, Vol. 37, No. 42, 19984955

hGSTA1-1-catalyzed rates of hydrolysis of several GSH the thiol leaving group or to the oxyanion formed in the
isothiocyanate conjugate$3). Although the thiol esterase tetrahedral intermediate; and (4) multiple roles for Tyr-9,
activity of —GSTAL-1 is markedly less efficient than many including both general acid and base catalysis. Each of these
GST-catalyzed conjugation reactions, and nearly identical mechanisms would be facilitated by the unusually |dy p
to hydrolytic rates of GSHisothiocyanate conjugates, the of Tyr-9 of the A-class GSTs;-8.2. Therefore, it will be
“net” thiol esterase activity is significantly more efficient of interest to determine the efficiency of other GST isoforms,
than the GST-mediated breakdown of GSH thiocarbamatefor which the active site tyrosine has #&gof >10, in
thiol esters or retro-Michael additions, owing to the enzyme- catalyzing this reaction. Whichever mechanism is operative,
mediated re-formation of the GSH conjugates in the latter several constraints that limit the mechanistic possibilities are
cases [1-13). provided by the results of the experiments reported here.
Also, it should be noted that the thiol esterase activity = The explicit search for an adduct corresponding to acylated
reported here is significantly less efficient than that observed Tyr-9 indicates that, if this mechanism is operative, then
with other, previously characterized, GS8acyl thiol deacylation does not control the turnover rate. If the majority
esterases, although direct comparison is difficult due to the of GST during the steady state was the acylated Tyr adduct,
characterization of those enzymes in crude tissue homogendue to rate-limiting deacylation at 0.1 mih then the
ates and with few recent data with cloned enzynas; 35, acylated species would have a half-life of 6.9 ndin The
36). Presumably, enzymes which play specific roles in the LC—MS assay developed here included a dead time of 5.1
metabolism of GSH thiol esters will be more efficient than min between removal of an aliquot at the steady state and
the GSTs. However, itis well appreciated that the individual ionization. With this dead time, 63% of the protein would
GST enzymes exhibit broad substrate specificity in conjuga- remain adducted in MS experiments on the basis of the rate
tion reactions, with pronounced differences in conjugation law for irreversible decay of the adductd[acyl-GST]/d
efficiency with different electrophiles. By analogy, it is = klacyl-GST]. If deacylation of Tyr-9 was catalyzed by
likely that other GSH thiol esters may be catalytically the enzyme, then a deacylation rate at leaStfold faster
hydrolyzed by GSTs with dramatic differences in kinetic than the turnover rate would be required to eliminate a
parameters, and some GST thiol ester combinations maydetectable level of adduct within the experimental dead time,
result in much faster hydrolysis. assuming a conservative detection limit of 5% of the total
The toxicological or therapeutic importance of thiol protein existing as an acylated adduct. Thus, the results from
esterase activity described here depends on the generalitghese experiments indicate that either acylation of Tyr-9 does
of this catalysis with respect to other GSH thiol esters. The not occur or the deacylation is much faster than the overall
measured kinetic parameters demonstrate that, in principle turnover rate.
endogenous or synthetic GSH thiol esters could effectively  Other methods for observing a transiently acylated enzyme
compete with GSH for GST active sites and be hydrolyzed will provide increased time resolution. Specifically, rapid
at a modest, but significant, rate in vivo, without GST- quench approaches or stopped flow spectroscopic methods
mediated re-formation of the starting thiol ester. Obviously, may reveal a kinetic burst corresponding to accumulation
such reactions would be most efficient in tissues with low of acylated enzyme or released GSH. However, spectro-
GSH concentrations. In light of the numerous GSH thiol scopic reporters or trapping agents of GSH that are com-
esters likely to be formed from drugs or endogenous pletely stabile and react quantitatively remain to be identified.
carboxylic acids, it is reasonable to speculate that GST- Therefore, additional effort will be required either to observe
catalyzed hydrolysis of some of these compounds formed such an intermediate or to increase further the lower limit
in specific tissues or cellular compartments may contribute that we can apply to the deacylation rate.
to the distribution and steady state levels of free acid and In the absence of a detectable covalent intermediate, and
GSH conjugate in sites that are remote from their initial sites without prior precedent for the active site Tyr of any GST
of ingestion or synthesis. acting as a nucleophilic catalyst, direct hydrolysis of E-SG
Details of the catalytic mechanism of thiol ester hydrolysis may be considered the more likely mechanism. Although
remain to be determined, but the critical role of Tyr-9 is the isotope tracer experiments described here do not allow
clear, on the basis of the experiments with the Y9F mutant. for a quantitative analysis of rate constants for partitioning
In fact, the relative decrease in enzymatic activity when of the initially formed tetrahedral intermediate to G&T
comparing Y9F to the wild type is greater for the thiol SG versus GSEA-GS-, due to the lack of exchange, a
esterase activity than for most conjugation reactions catalyzedpartial qualitative free energy profile can be constructed,
by GSTA1-1. For the conjugation reactions, the substitution using limiting values for the exchange rate and the experi-
of Tyr-9 with Phe reduces the catalytic activity by-180- mentally determined.. Figure 6 provides a convenient
fold, but some enzymatic activity remains. We estimate that framework for considering these processes. In Figure 6, a
the Y9F mutant is at least 85-fold less efficient than wild qualitative free energy profile is shown for this mechanism,
type rGSTAL-1 in the hydrolytic reaction, on the basis of using the constraints determined experimentally here. In
the limits of detection of the assay. Thus, Tyr-9 may be Figure 6,kon = ki andkos = k-s.
considered to be more critical to the GSTA1-1 hydrolysis  For hydrolysis, the partitioning of the tetrahedral inter-
activity than to its conjugation activity, at least with some mediate to afford®0-containing substrate versus hydrolyzed
substrates. For the hydrolytic reaction described here, severaproducts may be considered as two downhill processes for
mechanisms are easily envisioned, and include (1) acylationwhich the end products!§O]E-SG or [BO]JEA and GSH,
of the tyrosinate-9 anion, followed by hydrolysis of the acyl are trapped by dilution, and do not re-enter the pool of
adduct; (2) general base catalysis by the tyrosinate-9 anion;substrates that contribute to formation of additioiD-
(3) general acid catalysis by Tyr-9, with proton donation to labeled intermediate. Any§O]E-SG that might be formed
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will not effectively compete for binding to the enzyme with
the [l°0O]E-SG that is in vast excess. Similarly, ad§g]EA
formed at a low extent of turnover is unlikely to compete
for the active site. Therefore, the relative rates of partitioning
of the tetrahedral intermediate to the starting thiol ester,
versus hydrolyzed productks, can be estimated from the
method of net rate constant87. Under initial velocity
conditions, k-4 and k; approach zero, for any hydrolysis
products or*0-containing thiol ester derived from the

tetrahedral intermediate, as a result of the vast excess of

[1*O]E-SG. The net rate at which the tetrahedral intermedi-
ate, TI, partitions to starting thiol ester is described by
[TITk-g[k-1/(k-1 + ko)]. Similarly, the net rate of partitioning

of Tl to hydrolysis products is described by [Ki[ki/(ks +
k-3)]. The limit of detection of:€0 in starting thiol ester as
determined by the mass spectrometric method used is
estimated to be~1 part in 250. If we account for the
statistical factor of 0.5 for the probability that the same
oxygen atom introduced from solvent in the Tl would be
lost upon breakdown (i.e., no enzyme-induced preference),
the two expressions must differ by a factor of at least 125.

125[TI]k_[k_y/(k_y + k)] = [TI ks[ky/(k, + k_3)]
and
125 /(K ; + Kk , = [ky(k, + K o)k,

If we assume thatk, > k-3 and on the basis of the
experimental values that show that > k,, the expression
simplifies to 12% , = ks. Apparently, the presumed
tetrahedral intermediate formed at the active site nearly
completely partitions to hydrolysis products. This result is
most striking when compared to the nonenzymatic system,
in which the starting thiol ester incorporaté® during
incubation under identical conditions for the same length of
time. During this incubation, much less of the starting thiol
ester is hydrolyzed than incorporaté®. In turn, this
indicates that the tetrahedral intermediate formed from the
specific base-catalyzed (nonenzymatic) reaction preferentially
partitions back to the thiol ester, rather than to hydrolysis
products. Therefore, the active site dramatically alters the
partitioning of the tetrahedral intermediate, which suggests
that the enzymatic and nonenzymatic reactions proceed with
different mechanisms. An interesting possibility is that the
tetrahedral intermediate formed in the enzymatic reaction
does, in fact, partition significantly to the starting thiol, but
the same atom of solvent-derived oxygen that attacks is
specifically expelled such that n§O is detected in the
substrate. Alternatively, tyrosinate-9 may be the nucleophile
from which the tetrahedral intermediate is generated, as
discussed above. This would precld® incorporation into
starting E-SG. In either case, the enzyme does not efficiently
control the flux of the tetrahedral intermediate or acylated
protein to allow for efficient formation of the GSH ester
conjugate. The apparent “one-way flux” of the reaction is
not due to rate-limiting release of E-SG, which equilibrates
with EA and GSH or EA-GST and GSH at the active site.
Rather, the efficient hydrolysis reflects the partitioning of
the tetrahedral intermediate or the acylated intermediate to
the thermodynamically favored products.

In summary, we report for the first time a GST-dependent
hydrolysis of a GSH thiol ester and propose that this catalytic

Dietze et al.

potential could be exploited in the design of GSH-based
prodrugs. Furthermore, analogous hydrolytic reactions may
contribute to metabolism of endogenous GSH thiol esters.
The available data suggest that Tyr-9 of GSTA1-1 acts as a
nucleophilic catalyst or a general aeidase catalyst. Which-
ever mechanism is used, the rate-limiting step is apparently
attack of HO or Tyr-9 to form the tetrahedral intermediate.
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