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ABSTRACT. The possible role of the hydroxyl group of Tyr 108 in the catalytic mechanism of human
glutathione transferase P1-1 has been investigated by means of site-directed mutagenesis, steady-state
kinetic analysis, and crystallographic studies. Three representative cosubstrates have been used, i.e.
ethacrynic acid, 7-chloro-4-nitrobenz-2-oxa-1,3-diazole, and 1-chloro-2,4-dinitrobenzene. In the presence
of ethacrynic acid, the enzyme follows a rapid equilibrium randofrbibmechanism with a rate-limiting

step which occurs after the addition of the substrates and before the release of products. The replacement
of Tyr 108 with Phe yields a 14-fold decreasekaf, while it does not change appreciably the affinity of

the H site for the substrate. In this case, it would appear that the role of the hydroxyl function is to
stabilize the transition state for the chemical step, i.e. the Michael addition of GSH to the electrophilic
substrate. Crystallographic data are compatible with this conclusion showing the hydroxyl group of Y108

in hydrogen bonding distance of the ketone moiety of ethacrynic acid [Oakley, A. J., Rossjohn, J., Lo
Bello, M., Caccuri, A. M., Federici, G., & Parker, M. W. (199B)ochemistry 36576-585]. Moreover,

no structural differences are observed between the Y108F mutant and the wild type, suggesting that the
removal of the hydroxyl group is solely responsible for the loss of activity. A different involvement of

Tyr 108 appears in the catalyzed conjugation of 7-chloro-4-nitrobenz-2-oxa-1,3-diazole with GSH in which

the rate-limiting step is of a physical nature, probably a structural transition of the ternary complex. The

substitution of Tyr 108 yields an approximately 7-fold increasé&.gfand a constad(ca{K,’}']BD*C' value.

Lack of a critical hydrogen bond between 7-chloro-4-nitrobenz-2-oxa-1,3-diazole and Tyr 108 appears to
be the basis of the increaskgd: Inthe 1-chloro-2,4-dinitrobenzene/GSH system, no appreciable changes
of kinetics parameters are found in the Y108F mutant. We conclude that Y108 has a multifunctional role
in glutathione transferase P1-1 catalysis, depending on the nature of the electrophilic cosubstrate.

The glutathione transferases (EC 2.5.1.18) (G5as) a independent classes: (alpha, mu, pi, and theta) on the basis
family of enzymes involved in the mechanism of cellular of N-terminal sequence, substrate specificity, and im-
detoxification. They catalyze the nucleophilic attack of munological properties (Mannerviét al., 1985; Meyeret
glutathione on the electrophilic center of a number of toxic al., 1991). Very recently, a new class (sigma) has been
compounds and xenobiotics (Jakoby & Habig, 1980). The proposed on the basis of primary structure, three-dimensional
cytosolic enzymes have been grouped into four species-structure, and catalytic properties of a glutathione transferase

from squid (Buetler & Eaton, 1992; &t al., 1995).

TFinancial support from the National Research Council ; ;
(96.03710.CT14) and the Anti-Cancer Council of Victoria is gratefully Human placental glutathione transferase (class pi) (GST

acknowledged. A.J.O. is a recipient of a National Health & Medical P1-1) (Mannerviket al, 1992), a homodimeric protein of
Research Council Postgraduate Research Scholarship. J.R. is a recipierabout 46 kDa, has been extensively studied in different

of a Royal Society Fellowship. M.W.P. is a Wellcome Australian Senior |ahoratories because of clinical interest in it as a potential
Research Fellow.

*The crystallographic coordinates have been deposited in the Marker during chemical carcinogenesis (Kaial, 1987;
Brookhaven Protein Data Bank under the file name 4GSS. Tsuchideet al., 1989) and its potential role in the mechanism
* Address correspondence to these authors. of cellular multidrug resistance against a nhumber of anti-

§ Universityof Rome “Tor Vergata”. : : . .
ISt. Vincent's Institute of Medical Research. neoplastic agents (Batigt al, 1986; Blacket al, 1990;

® Abstract published if\dvance ACS Abstractsarch 1, 1997. Puchalski & Fahl, 1990). A number of amino acid residues
! Abbreviations: CDNB, 1-chloro-2,4-dinitrobenzene; DMSO, di- involved in the binding of GSH have been identified by

methyl sulfoxide; DTNB, 5,5dithiobis(2-nitrobenzoic acid); DTT, 1,4- ; f ; A
dithiothreitol; EA, ethacrynic acid; GS-EA, glutathione conjugate of crystallographic analysis (Reinemer al, 1992) and site

ethacrynic acid; EDTA, ethylenediaminetetraacetic acid; 4-FSB, 4-(flu- directed mutagenesis studies (Manohaetnal., 1992;

]grosulfonyl)benzoibc aﬂd; GSH,ZBQ{;Iutathir?nle; ?Sg gIUtall]Ehione trgns— Widersteret al., 1992; Konget al,, 1992). All these studies
erase; LB, Luria broth; MES, 2N-morpholino)ethanesulfonic acid; indi i cita i i i

NBC, p-nitrobenzyl chloride; NBD-CI, 7-chloro-4-nitrobenz-2-oxa-1,3- |nd!cate that thls site Is .SpeCIfIC for glutathione and Sever?"
diazole; 4-NQO, 4-nitroguinoline 1-oxide; SB®AGE, sodium do- residues are involved in the substrate recognition. It is

decyl sulfate-polyacrylamide gel electrophoresis; WT, wild-type. apparent that the same or similar residues are involved in

S0006-2960(96)02813-9 CCC: $14.00 © 1997 American Chemical Society



6208 Biochemistry, Vol. 36, No. 20, 1997 Lo Bello et al.
the binding of GSH in the other classes (Armstrong, 1994). Scheme 1

On the contrary, three-dimensional structures of all five GST Kast

classes [alpha (Sinningt al.,, 1993), mu (Jet al., 1992), pi E +EA + GSH===E-GSH + EA

(Reinemeret al.,, 1991, 1992), theta (Wilcet al., 1995), Kea }zm
OKGsn X

and sigma (Jet al,, 1995)] show that the binding site for
the electrophilic substrate (H site) is quite different among
them and very little is known about the key determinants of of 15 mM EDTA. The mixture was used to transform
xenobiotic substrate specificity. So far, only a few amino competent BMH 71/18 mut&. coli cells (Krameret al.,
acid residues have been identified as key determinants 0f1984) that were inoculated in Luria broth (LB) medium and
the H site: Tyr 115, involved in the catalysis of rat mu GST incubated overnight at 37C. Plasmid DNA was extracted
(isoenzymes 3-3 and 4-4) (Johnsenal., 1993; Jiet al, and newly transformed in BMH 71/18 cells that were plated
1994); Met 208, involved in the catalysis of GST Al-1 on LB/ampicillin in order to obtain segregation of mutant
(Widerstenet al, 1994); lle 104 in GST P1-1 (Zimnia&t and wild-type plasmids. Colonies containing the mutated
al., 1994); and Val 10, Arg 11, and Val 104 in the murine plasmid were identified by colony hybridization. The
class pi GST (Bammleet al., 1995). nucleotide sequence of the plasmid carrying the Y108F
In order to map the hydrophobic binding site of GST P1- mutation (pGST-F108) was verified by the dideoxy chain
1, we have started site-directed mutagenesis studies usingermination method.
as primary targets the residues which contribute to the Protein Expression and Purification.Wild-type and
formation of the hydrophobic pocket, as suggested by mutant GST P1-1 were produced as previously described
crystallographic analysis of GST P1-1, complexed with (Lo Bello et al.,, 1995; Battistonet al., 1995). Briefly, TOP
Shexylglutathione (Reinemeet al, 1992). Tyr 108, the  10E. colicells, harboring plasmid pGST-1 or plasmid pGST-
equivalent to Tyr 115 in class mu, is positioned in close F108, were grown in LB medium containing 1@@/mL
contact to the hydrophobic substrate (less than 4 A) and isampicillin and 50 mg/mL streptomycin. The synthesis of
a possible candidate for involvement in catalysis. In the GST was induced by the addition of 0.2 mM isopropyl
present study, this residue has been mutated to phenylalaninel -thio-3-galactopyranoside when the absorbance at 600 nm
The mutant enzyme has been expressédekicherichia coli was 0.5. Eighteen hours after induction, cells were harvested
purified by affinity chromatography, and characterized with by centrifugation and lysed as previously described (Battis-
respect to its enzymatic properties, toward three selectedtoni et al.,1995). Wild-type and Y108F mutant GSTs were
substrates, i.e. ethacrynic acid (EA), 7-chloro-4-nitrobenz- purified by affinity chromatography on immobilized glu-
2-oxa-1,3-diazole (NBD-CI), and 1-chloro-2,4-dinitrobenzene tathione (Simons & Van der Jagt, 1977). After affinity
(CDNB). The results show that Tyr 108 plays very different purification, the wild-type and the Y108F mutant enzymes
roles depending upon the nature of the electrophilic cosub-were homogeneous as judged by SEFAGE (Laemmli,
strate. The crystal structure of the Y108F mutant in complex 1970). The protein concentration was determined by the
with Shexyl-GSH, determined to 2.5 A resolution, and method of Lowryet al. (1951).
molecular modeling help explain this differential behavior.  Kinetic Studies.The enzymatic activities were determined
spectrophotometrically at 28C with different cosubstrates
EXPERIMENTAL PROCEDURES under the conditions reported below. Spectrophotometric
Expression Plasmids and Site-Directed Mutagene$ise measurements were performed in a double-beam Uvicon 940
plasmid pGST-1, producing large amounts of recombinant spectrophotometer (Kontron Instruments) equipped with a
wild-type GST P1-1 in the cytoplasm dE. coli, has thermostated cuvette compartment. Initial rates were mea-
previously been described (Battistoei al, 1995). The sured at 0.1 s intervals for a total period of 12 s after a lag
expression plasmid pGST-4 was obtained by inserting a 2350time of 5 s. Enzymatic rates were corrected for the
bp EcoRI-SpH DNA fragment from the plasmid pGST-1  spontaneous reaction.
(containing the ladlgene, thdrc promoter, and the complete Kinetic experiments with EA were performed in 1 mL
GST P1-1 sequence) into the corresponding sites of plasmid(final volume) of 0.1 M potassium phosphate buffer (pH 6.5)
pPEMBL18(+). This vector, which directs the synthesis of containing 1 mM EDTA, GSH (from 0.04 to 1 mM), EA
GST P1-1 in the cytoplasm d. coli to an extent thatis  (from 0.05 to 0.5 mM), and about 50g of GST P1-1.
comparable to that of pGST-1, was used to generate theKinetic data were collected by varying EA at a fixed GSH
single-stranded DNA template used for site-directed mu- concentration (and vice versa) over a matrix of 48 substrate
tagenesis according to the method described by Kunkel andconcentrations by following the increase of absorbance at
co-workers with minor modifications (Kunkeit al., 1990; 270 nm where the conjugate of EA with GSH (GS-EA)
Lo Bello et al, 1995). The oligonucleotide’' FAGTTG- absorbs ;70 = 5700 Mt cm™1) (Habiget al., 1974). The
GTGAAGATGAGGG was used as mutagenic primer for the calculation of enzymatic activity was done by taking into
Y108F mutation. The oligonucleotide and the single- account the decrease of absorbance at 270 nm due to the
stranded DNA were mixed in a 10/1 molar ratio in 20 mM disappearance of EA{;o = 3200 M1 cm™1). Kinetic data
Tris-HCI (pH 7.4), 2 mM MgC}, and 50 mM NaCl, heated  were fitted to the simplest equation which describes the rapid
at 90°C for 2 min, and allowed to cool to room temperature equilibrium random sequential bbi model (eq 1, see
at an approximate rate of cooling oC/min. Thein vitro Scheme 1):
DNA polymerization was performed in 1Q. of 20 mM
Tris-HCI (pH 7.5), 2 mM 1,4-dithiothreitol (DTT), dATP, ¢ = Vino{ GSH][EA)/(aKgsKea + 0Kgs {EA] +
dCTP, dGTP, and dTTP (5L each), 0.4 mM ATP, 1 unit aKgA[GSH] + [GSH][EA]) (1)
of native T7 DNA polymerase, and 2 units of T4 DNA ligase.
After 1 h at 37°C, the reaction was stopped by the addition whereuv is the initial velocity,a is the coupling factorKesn

E-EA + GSH = EA-E-GSH —»E-P —=E +P
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is the dissociation constant of GSH, afgh is the dissocia- controlled with an Ostwald viscosimeter. Viscosities are
tion constant for EA. The parameters to be varied in the reported relative to 0.1 M potassium phosphate buffer at pH

fitting procedure wer&/,a the coupling factor,, andKga, 6.5 and 0.1 M sodium acetate at pH 5.0.
while a fixed Kgsy value has been used, on the basis of Thermal Stability. The wild-type and Y108F mutant
Ivanetich and Goold (1989). enzymes were incubated at different temperatures (range of

Inhibition experiments with GS-EA were performed over 25-60°C) for at least 30 min, at a protein concentration of
a 35-substrate concentration matrix in the presence of fixed0.1 mg/ml in 0.1 M phosphate buffer (pH 6.5) containing
inhibitor concentrations ranging from 0 to 0.1 mM. Several 0.1 mM EDTA. At regular time intervals, aliquots were
sets of 14 versus1/[GSH] (or 1/[EA]) plots at various fixed ~ Withdrawn from the incubation mixture and assayed for GST
GS-EA concentrations and constant EA concentrations (oractivity. The results (data not shown) showed that the
GSH concentrations) were obtained. The slopes within eachthermal stability of the Y108F mutant enzyme was unaffected

set are replotted against the corresponding GS-EA concentraby replacement of Tyr with Phe.

tion. Kfaene andKiiooH which represent the intercepts on ~ Crystallization and Data CollectionCrystallization was

the x-axis, are plottedersusthe concentration of the fixed ~Performed by the hanging drop vapor diffusion method
substrate. (McPherson, 1982) using 24-well tissue culture plates. A 2

Apparent kinetic parametergqs, K(ri;)sub’ and kca/KrcT?sub uL droplet of prot_ei_n solution (concentration between 7 and
(reported in Table 4), for different cosubstrates were 12 mg/mL) containing 10 mM phosphate buffe_r (pH 7.'0)' 1
determined at a fixed GSH concentration and with various mM EDTA, and 2 mM njercap.toethanol was mixed with an
cosubstrate concentrations, by fitting the collected data to equal volume of reservoir squtlpn (as Qescrlbe_d below). Each
the Michaelis-Menten equation by nonlinear regression well conta|r_1ed 1_mL of reservoir soluthn. Suitable crystals
analysis using the Graph PAD Prism (Graph PAD Software, for X'@( diffraction experiments required t_he presence of
San Diego, CA) computer programs. Experimental condi- the |nh|b|torShgxngIutath|0ne in the reservoir solution. The
tions for each substrate were (1) 0665 mM EA in the tnals_ were carrl_ed outat a constant temperature of@2 .
presence of 1 mM GSH in 0.1 M potassium phosphate buffer Initial crystallization trials were performed using condi-

' tions similar to those for the wild-type crystallization (Parker

GSH ; :
2;2(':—'6?{%&??06?%5;“2” dvzlzsrigggalggiaégng)éi?r;@ns et al, 1990). Crystals appeared in the shape of tetragonal
X prisms within 2-4 days using ammonium sulfate as a

(from 0.05t0 1 mM). (2) This set of conditions was 0.0825 precipitant. The crystallization conditions varied from the

0.5 mM NBD-CI in the presence of 0.5 MM GSH in 0.1 M . : " .
; ) . . published wild-type conditions (Parket al., 1990) in two
sodium acetate at pH 5.0; the reaction was monitored at 419respects. Firstly, it was found that the presence of 100 mM

_ TN o
”Z‘SS 14500 M cm ) (Riccietal, 1.994)' The "?‘ppare”t DTT improved the crystal quality and has sometimes proved
Ky~ was calculated in the same conditions at a fixed NBD- 1, 1o 5 essential ingredient in the crystallization of wild-

Cl concentration (0.2 mM) and various GSH concentrations type protein. Secondly, suitable crystals could only be

(from 0.002 to 0.5 mM). (3) This set of conditions was  ghained in the presence of certain organic compounds such
0.1-2 mM CDNB in the presence 0of 5mM GSH N 0.1 M o5 athanol, dimethyl sulfoxide (DMSO), acetone, ethylene
potassium phosphate buffer (pH 6.5) containing 0.1 MM g0 or 2-methylpentane-2,4-diol. The best additives were
EDTA; the reaction was monitored at 340 nmééSHQGOO either 5-10% v/v ethanol or 5% DMSO. The crystals grown
M~ cm™) (Habig et al, 1974). The apparer{,™" was  ynder these conditions tended to give highly mosaic diffrac-
also determined at a fixed CDNB concentration (1 mM) and o patterns and diffracted barely past 3.0 A resolution. We
various GSH concentrations (from 0.02 to 5 mM). (4) This (ecently crystallized the wild-type protein in a new crystal
set of conditions was 0.610.4 mM 5,8-dithiobis(2-ni-  form (A. J. Oakleyet al., unpublished results) and subse-
trobenzoic acid) (DTNB) in the presence of 0.4 mM GSH gyently found that the Y108F mutant yielded much better
in 0.1 M sodium acetate buffer at pH 5.0; the reaction was ¢rystals which diffracted to greater than 2.5 A resolution,
monitored at 412 nme(= 13 600 M cm™) (Ellman, 1959).  ynder the new conditions. The optimal reservoir buffer
(5) This set of conditions was 0.029.3 mM 4-nitroquino- consists of 29% (w/v) ammonium sulfate, 55 mM DTT, 7
line 1-oxide (4-NQO) in the presence of 1 MM GSH in 0.1 3\ Shexylglutathione, 5% DMSO, and 100 mM RK
M phosphate buffer at pH 6.5; the reaction was monitored morpholino)ethanesulfonic acid (MES) buffer at pH 5.8
at 350 nm ¢ = 7200 M™* cm™) (Stanley & Benson, 1988). g0, The crystals grow as plates within 1 week with maximal
(6) This set of conditions was 0.6%.8 mM p-nitrobenzyl dimensions of 0.3 mnx 0.5 mm x 0.5 mm.
chloride (NBC) in the presence of 5 mM GSH in 0.1 M The X-ray diffraction data were collected using a MAR-
potassium phosphate buffer at pH 6.5; the reaction wWasRESEARCH area detector with CybK-rays generated by
monitored at 310 nme(= 1900 M™* cm) (Habig et al, a Rigaku RU-200 rotating anode X-ray generator. The
1974). Kinetic parameters reported in this paper representcyysials were transferred in one step into reservoir solution
the mean of at least three different experimental data Sets-containing 20% glycerol. The crystals were flash-frozen with
The pH dependence Ok and kea/Knm for different an Oxford Cryosystems Cryostream cooler and the data
cosubstrates was obtained by using 0.1 M sodium acetatecollected at 100 K. The diffraction data were processed and
buffers (from pH 4.0 to 5.5) and potassium phosphate buffers analysed using programs in the HKL (Otwinowski, 1993)
(from pH 6.0 to 7.5). and CCP4 (1994) program suites. The relevant data statistics
Viscosity Variation ExperimentsThe effect of viscosity  are presented in Table 1.
on kinetic parameters was assayed by using 0.1 M potassium Structure Solution and Refinementhe initial analysis
phosphate and 0.1 M sodium acetate buffers, both containingof the mutant included examination of difference Fourier
various glycerol concentrations. Viscosity valug} &t 25 maps calculated with SIGMAA-weightd€hytant — Fnatve@nd
°C were calculated from Wolét al. (1985) and randomly  2Fnuant— Fraive CO€fficients (Read, 1986). Native amplitudes



6210 Biochemistry, Vol. 36, No. 20, 1997

Table 1: Crystallographic Data for the Glutathione Transferase

Mutant Y108F

data
space group
cell dimensions

a, b,andc (A) and (deg)

maximum resolution (A)
no. of crystals
total no. of observations
no. of unique reflections
completeness of data (%b)
no. of data>3a; (%)?
Rmerge((%)a1

refinement
non-hydrogen atoms

Rconventional((%))
Riee (%)
reflections used iR factor
calculations (15.62.5 A)
number, completeness (%)
rmsds from ideal geometry
bonds (A)
angles (deg)
dihedrals (deg)
impropers (deg)

C2

78.5,90.3, 69.0, and 97.5
2.5
2
79 944
14 346
88.5 (90.0)
58.4 (38.2)
11.1 (29.1)

3260 protein
52 S-hexyl-GSH inhibitor
189 water
24 MES buffer
20.4
26.4

13938, 84.5

0.007
1.30
221
12

residues in the most favorable
regions of the Ramachandran plot (%) 93.6

a TRe values in parentheses are for the highest-resolution bin{2.60
2.50 A).

and phases were derived from a model of the wild-type
enzyme in theC2 space group (A. J. Oaklegt al,
unpublished results). TheF2utant — Fnative €l€ctron density
maps were further improved by 2-fold noncrystallographic
averaging using the MAMA (Kleywegt & Jones, 1994),
RAVE (Kleywegt & Jones, 1994), and CCP4 (1994) program

suites. Refinements began with the wild-type model, and

rigid body refinement in XPLOR version 3.1 (Brger et

al., 1987) was used to compensate for any possible changes.

in crystal packing. The model was then subjected to
simulated annealing and individulfactor refinement with
XPLOR. Tight noncrystallographic symmetry restraints were
used throughout the refinement.

Modeling Studies Modeling was performed on a Silicon
Graphics Indigo2 EXTREME workstation using the software-
modeling package INSIGHT Il (Biosym Technologies Inc.,
San Diego, CA). Molecular dynamics simulations and
energy minimization calculations were performed using
DISCOVER (Biosym Technologies Inc.). A model of NBD-
Cl was built and energy minimized to tidy its geometry. The
ligand was roughly positioned in the H site of the human
GST P1-1 (Reinemeet al., 1992) so it was bound in a

Lo Bello et al.

group could be found. Molecular dynamics simulation was
performed on the remaining possibilities, followed by 200
steps of conjugate gradient energy minimization to relieve
any residual strain and to optimize any potential electrostatic
and van der Waals contacts. Of the two remaining pos-
sibilities, the five-membered ring pointing into the H site
yielded more favorable proteitfligand interactions.

RESULTS

Crystallographic Analysis of the Y108F Crystal3he
protein crystallized in space grouf2 with the following
cell dimensions:a = 78.5 A,b=90.3 A,c=69.0 A, and
p = 97.5. There is a dimer in the asymmetric unit, and
crystals diffracted to beyond 2.5 A resolution. An 88.5%
complete data set was collected from two frozen crystals with
an overallRmerge Of 11.1% (Table 1). The initial Rmytant —
Fratve €lectron density map was of sufficient quality to
demonstrate the lack of any significant conformational
change to the enzyme because of replacement of the tyrosine.
Among the significant features found in tR@utant — Fnative
were negative peaks (approximately up to 6 times the rms
error of the map) over the position of the hydroxyl group of
Tyr 108 in both monomers, thus confirming the mutation
and large positive peaks correspondin@toexylglutathione
inhibitor which was not included in the phase calculation.
The residue at position 108 was changed from tyrosine to
phenylalanine and the model refined. After rigid body
refinement, the convention& factor was 41.9% Riee =
40.2%) for all data between 8.0 and 2.5 A. After grdgip
factor refinement and rebuilding, the inhibit8hexylglu-
tathione was included in the model. TRdactor was 28.8%
(Riee = 33.7%) at this stage. Following further rounds of
refinement, individual restraineB factor refinement was
carried out (conventiond® factor= 27.2%,Rqce = 32.7%).
A bulk solvent correction was applied and the model refined
gainst all data between 15 and 2.5 A resolution. In the
inal model, the convention& factor is 20.4% and the free
Rvalue is 26.4% for all data between 15.0 and 2.5 A (Table
1). The quality of the final map is excellent (Figure 1). A
stereochemical analysis of the refined structure with the
program PROCHECK (Laskowskt al., 1993) gave values
either similar to or better than those expected for structures
refined at 2.5 A resolution.

The final model demonstrates that there are no significant
differences between wild-type and mutant crystal structures
(Figure 2) so any changes in the catalytic properties of Y108F
are due solely to the removal of the hydroxyl group of Tyr
108.

Enzymatic Conjugation of GSH with Ethacrynic Acid.

productive mode (i.e. the chlorine atom was positioned close Ethacrynic acid (EA) is used in chemotherapeutic treatments
to where the thiol group of the glutathione substrate would to minimize drug resistance due to GST activity (Yaelg

be located when bound). The rings of the ligand were al., 1992). EA is generally considered to be a GST inhibitor
orientated such that they were stacked in parallel fashion because most GST isoenzymes display low activity toward
between the aromatic rings of Tyr 108 and Phe 8 as observedt. Some detailed studies have been performed to define its
in other GST-ligand complexes (GaratS&z et al,, 1994; inhibitory action toward the classical CDNB/GSH reaction
A. J. Oakleyet al., unpublished results). This reduced the (Ploemenret al., 1990; Phillips & Mantle, 1991; Awasttt
number of possible binding geometries to be explored to threeal., 1993). Although the GST P1-1 enzyme has been shown
general possibilities: two in which the nitro moiety pointed to display activity toward EA, incomplete kinetic investiga-
out toward solution (and the five-membered ring points either tions have been performed using it as the substrate. It is
toward the H site or out toward the solvent) and the other evident that a steady-state kinetic characterization needs to
where it pointed into the H site. The latter possibility was be established for any other investigation concerning the
excluded because no favorable interactions with the nitro enzymatic mechanism. As shown in Figure 3, sets of
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Ficure 1: Stereodiagram of the finalFg,.ant — Fc €lectron density map of the Y108F mutant in the vicinity of the mutation. This map
was calculated using all reflections between 40.0 and 2.5 A and contoured at téeel

N204 N204
Y108 Y108

V10 w 10
FrV35 \ T\’35
F8 Y7 F8 Y7

Hexyl-GS Hexyl-GS

FiIGURe 2: Superposition of the wild-type and Y108F mutant structures in the vicinity of mutation. Filled bonds are for the wild-type
structure, and hollow bonds are for the mutant. The figure was generated with the program MOLSCRIPT (Kraulis, 1991).

reciprocal plots of initial velocities in the presence of a fixed Table 2: Kinetic Parameters and Dissociation Constants for
GSH concentration and various EA concentrations ¢doel EA/GSH Conjugation by GST P121

versg intercept just below thg-axis; these kinetic data were Kea (MM) 0.1404 0.008
well fitted to the simplest rapid equilibrium random sequen- Kesn (mM) 0.1254+ 0.006
tial bi—bi equation (see eq 1) or with the mathematically 3 i'goiioblol

equivalent steady-state ordered-bi model (Segel, 1975
d y (Seg ) @ Kgsnis the dissociation constant as reported by Ivanetich and Goold

(me_?rtl) ;quarederrog Egb_Otherhrea_sonabledmodel; (rapid (1989). Kga, the coupling factor, and Vimax (expressed adAzzonnd
équilibrium oraere I mechanisms and steady-staté i, yith 0.05 mg of GST P1-1) are derived by fitting the kinetic data

random sequential mechanism) are less reliable on the basigshown in Figure 3) to eq 1.
of high mean square errors {5). Product inhibition studies
with GS-EA allows discrimination between the two possible
mechanisms. GS-EA is a competitive inhibitor toward both . H EA
GSH and EA (data not shown), and the replots of inhibition "° remarkable changgs n .b.OK.ﬁS and K, . have bgen .
data, performed as described in Experimental Proceduresfound. Due to the rapid equilibrium mechanism, the invari-
are diagnostic for the rapid equilibrium model (Segel, 1975) @nce ofKm values in WT and mutant must be related to an
(Figure 4, see Scheme 1). unchanged thermodynamic bmdmg gﬁflnlty conEs/;[a(u) (_for
Kinetic parameters obtained by the fitting procedures are Poth EA and GSH. The catalytic efficiengya/K,", which
reported in Table 2. Kinetic data are also consistent with a IS 12.2 mM™* s in the WT enzyme, is 0.94 mM s™* in
negative synergistic modulation of one substrate on the the mutant. Similarlyk./K$™" is also lowered from 14.5
binding of the second one (coupling factor = 1.6). mM~t st (WT) to 1 mMtstin Y108F. These lowered
Viscosity variation experiments shed light on the rate-limiting Kea/Km Values in Y108F rule out the possibility that replace-
step of this reaction. As reported in Table 3, an increased ment of Tyr 108 caused a nonproductive binding of EA or
viscosity by glycerol does not yield any change of #yg GSH at the active site in the ternary complex. The pH
value so we can exclude the release of GS-EA or diffusion- dependence df,; for Y108F, explored between pH 5 and
ally controlled structural transitions as rate-determining steps. 8, is also very similar to that found for WT and identifies a
Effect of Replacement of Tyr 108 with Phe on the kinetically relevant ionization in the ternary complex with a
Conjugation of EA. The substitution of Tyr 108 with Phe  pK, of 6.22+ 0.08 (6.36+ 0.06 for WT) (data not shown).
yields a marked decrease of tkg; value which is 14-fold As previously suggested (8t al., 1995), this Ka is likely

lower than that found with WT (Table 4). On the contrary,
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Table 3: Viscosity Effect on Kinetic Parameters of Y108F and WT
A 201 f toward Selected Substrates
Keat/Keat
substrate enzyme (nn° = 3.83) o
e EA WT 1 0.02+ 0.01
2 Y108F 1 0.01+ 0.01
- g CDNB WT 3.3 0.81+ 0.04
b Y108F 34 0.86+ 0.06
a NBD-CI WT 1.2 0.07+0.02
Y108F 21 0.38t 0.03
. akeat represents the turnover number when the relative viscosity
110 -5 5 10 15 20 25 (n/n°) is 1; keat is the experimental value observed when the relative
viscosity is 3.83, with glycerol as the cosolvent.is the slope of the
1/[GSH] dependence dé.¢/k-:onn/y° (varied from 1 to 3.83) as derived from

the best linear fit of the experimental data.

the k.ot value when the viscosity is increased with glycerol

B 20+ h (Table 3).
Effect of Replacement of Tyr 108 on the Conjugation of
15+ 9 NBD-CI. NBD-Cl is a poor cosubstrate for GST P1-1, and
‘ its conjugation rate with GSH is about 70-fold lower than
104 that in the GSH/CDNB system (Table 4). Even with this
substrate, GST follows a rapid equilibrium random-bi
mechanism, but the rate-limiting step seems to be related to

é a conformational transition of the ternary complex which

1iv

nTOO®

probably involves helix 4 (Caccugt al., 1996). A strong

~10 5 5 10 15 20 synergistic modulation between G and H sites also occurs
so the affinity for GSH increases about 30 times at saturating
1/[EA] cosubstrateo = 0.036) (Caccuret al.,, 1996). Removal of

Ficure 3: Double-reciprocal plots for the EA/GSH conjugation the hydroxyl group of Tyr 108 yields an increased catalytic

by GST P1-1. Assay conditions and data analysis are reported inefficiency and a lowered affinity toward GSH and NBD-CI.

Experimental Procedures. (A) With GSH as the varied substrate, ; ; ~ ;
EA concentrations (millimolar) were 0.5 (a), 0.4 (b), 0.3 (c), 0.2 In particular, theke: value increases about 7-fold while

(d), 0.1 (e), and 0.05 (f). (B) With EA as the varied substrate, GSH Ko (8 uM in the WT) becomes 5%M in the mutant
concentrations (millimolar) were 1 (a), 0.6 (b), 0.4 (c), 0.2 (d ), (Table 4). Similf:lrly,Kr':',BD_CI increases from 4 to 32M.

0.15 (e), 0.1 (f), 0.06 (g). and 0.04 (). Velocities are expressed asThe possible influence of the hydroxyl group of Tyr 108 on
APgzonn{min. the K, values of kinetically relevant ionizations was also
due to the sulfhydryl group deprotonation of the bound GSH checked by studying the pH dependencekaf and kea/
which therefore seems unaffected by this point mutation. Like KN*°~¢" The turnover number of WT is pH-independent
the WT enzyme, the Y108 mutant displays no change of (between pH 4.2 and 6.5), while in Y108F, it decreases below

100 100

A B

g. x 8
[=} @ o
g s 50+ g E 504
4 x 4
0 T : T T T 0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 00 01 02 03 04 05 06
[GSH] (mM) [EA] (mM)

FIGURE 4: Secondary plots of GS-EA inhibition on EA/GSH conjugation by GST P1-1. Secondary plléﬁéﬁﬁg) versus[GSH] (A) and

Kl vETSUS[EA] (B) are obtained from a set of reciprocal plots at different fixed concentrations of GS-EA (with EA as the varied

substrate and fixed GSH concentrations and vice versa) as reported in Experimental Procedures.
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Table 4: Steady-State Kinetic Parameters of GST P1-1 WT and Y108F with Selected Hydrophobic S#ébstrates

kcat KgSH KfT?SUb kcallK(r:T;aSUb
substrate enzyme (s (mM) (mM) (stmM?)
EA WT 2.57+0.01 0.17H 0.006 0.21+ 0.02 12.2+ 0.8
Y108F 0.18+ 0.02 0.18+ 0.01 0.19+ 0.02 0.94+ 0.9
NBD-CI WT 1.140.2 0.008+ 0.002 0.004+ 0.001 275+ 12
Y108F 7.9+ 0.2 0.055+ 0.004 0.032+ 0.005 247+ 16
CDNB WT 76+ 2 0.15+ 0.03 1.2+ 0.1 63+ 2
Y108F 65+ 1 0.15+ 0.04 0.97+ 0.07 67+ 4
4-NQO WT 73+ 2 ncb 0.33+0.03 222+ 20
Y108F 21+ 3 nd 0.31+ 0.03 67+ 6
DTNB WT 6.2+ 0.1 nd 0.053+ 0.09 117+ 8
Y108F 5.6+ 0.2 nd 0.048+ 0.004 116+ 5
NBC WT 0.23+ 0.05 nd 0.5 0.12 0.45+ 0.04
Y108F 1.0+ 0.1 nd 0.48+ 0.1 2.1+ 0.2

a Apparent kinetic parameters were calculated as described in Experimental Procktiatedetected.

kcat (5-1)

0.0 L L L L L

15001

10001

KooKy (87 mM-T)

A (

4.0 45 5.0 55 6.0 6.5 7.0
pH

Ficure 5: pH dependence of kinetic parameters for NBD-CI/GSH
conjugation. The solid lines are computer fits of the experimental
data with Y108F M) and WT (&) GST P1-1 to the equatiorga

= KI™/(1 4+ 107PH/K) (A) and keafKNEP ™! = (Keof KNEP~C)im/(1

+ 107PH/Ky) (B). Thekesvalues in panel A for the wild-type enzyme
were multiplied 2-fold to facilitate comparison with those of Y108F.
The solid line forke,:0f WT in panel A only represents the average

4.0

3.5

3.0

2.5

Kcat® /Kcat

0.5¢

0075715 20 25 30 35 4010 15 20 25 30 35 40

nm° ni°
FiGUure 6: Viscosity effect on kinetic parameters of wild-type and
Y108F mutant enzymes. Dependence of the reciprocal of the relative
turnover numbersk{,’/kea) On the relative viscosityz7{n°) for
CDNB as the cosubstrate (A) with the native enzym énd the
Y108F mutant 4) and for NBD-CI as the cosubstrate (B) with the
native enzymel{) and Y108F mutant&). Kinetic data for the
enzymatic reactions were obtained as described in Experimental
Procedures. Slopes of linear fits are 0.81 and 0.86 with the native
and Y108F mutant enzymes, respectively, with CDNB as the
substrate, and 0.07 and 0.38 with the native and Y108F mutant
enzymes, respectively, with NBD-CI as the substrate.

(see Figure 5A). Moreover, a similar pH dependencie.gf
KNBP=C! at saturating GSH concentrations, has been seen
for WT and Y108F (Figure 5B). Although experimental
conditions above pH 6.5 cannot be used for the high rate of
the spontaneous reaction, & pvalue of 6.2 can be
calculated. This K, may be related to the ionization of GSH

value. Experiments were performed as described in Experimentalin the binary complex (Liwet al.,, 1992).

Proceduresk'c”;‘t and the apparentify values for Y108F (A) were
9.1 st and 4.5, respectivelyk.o values for Y108F, measured at
pH 5.0 after a short preincubation at pH 4.25, 4.50, and 4.75,
respectively, are very similar to that obtained at these specific pH
values. k., values, corrected for this irreversible pH-dependent
inactivation, are shown as hollow squares. TKg yalues in panel

B, calculated by computer fits, wees6.2 for both WT and Y108F.

pH 5.0 (Figure 5A). However, the lowerekl, values
observed below pH 5.0 are due to an irreversible pH-

Interesting results come from viscosity experiments.
While there is no substantial effect of the viscosity lag
for the wild-type enzyme (slope &fa/keat = 0.07), thekeq
value for the Y108F mutant enzyme is significantly lowered
by an increased viscosity, giving a slopekgf/k.a: of 0.38
(Table 3 and Figure 6).

Effect of Replacement of Tyr 108 on the Conjugation of
CDNB and Other SubstratesThe effect of the point

dependent inactivation (as checked by a short preincubationmutation in Tyr 108 on the conjugation reaction of GSH

of the enzyme at the given pH and subsequent activity

with CDNB is negligible. Bothkes and KE*" and KSPN®

determination at pH 5.0) and cannot be ascribed to reversiblevalues remain essentially unchanged (Table 4) as well as

ionizations occurring in the ternary complex. Kinetic data,
corrected for this aspecific inactivation, show that no relevant
reversible ionizations occur in the rate-limiting step of Y108F

the dependence d¢¢,: on pH (data not shown). A similar
invariance of kinetic parameters was obtained with DTNB
as the cosubstrate which displays; values of 6.2 and 5.6
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s1in the WT and Y108F mutant, respectively (Table 4). combined with kinetic data, fulfill a possible scenario of
On the contrary, other substrates behave like EA. For catalysis; binding of GSH may produce an induced fit
example, 4-NQO, which is a good cosubstrate for GST P1-1 transition which also involves the H site and which locates
(keat= 73 5%, Ky = 0.33 mM), is conjugated about 3.5-fold EA in a productive manner. This is not surprising as an
more slowly in the Y108 mutant without any change of the induced fit mechanism by GSH has been recently observed
Kn value (Table 4). With NBC as the cosubstrate, the for GST P1-1 (Ricciet al, 1996). Now, the hydroxyl
removal of the hydroxyl group causes a 4-fold increase of function of Tyr 108 may assist the Michael addition by
keat (from 0.23 to 1 s1), and this behavior resembles that of stabilizing the enolate of EA through a hydrogen bonding

NBD-CI (Table 4). interaction with the carbonyl group of EA. The observation
that the substitution of Tyr 108 with Phe does not alter the
DISCUSSION affinity of the H site for EA indicates that an incipient

) ) ) _hydrogen bond between Tyr 108 and EA is more likely than
Tyr 108 is located near the top of helix 4, and its aromatic 4 stronger water-mediated hydrogen bond. This incipient

ring is nestled in a hydrophobic crevice made up of the side jy4rogen bond could become stronger during the transition
chains of lle 104 and 107, the aliphatic portions of Asn 204 state. Moreover, the observed decrease 0W¢($SH and

and 206, and the hexyl moiety of the bound inhibitor. There EA o pi no

is a hydrogen bonding interaction between the hydroxyl kaalKyy _ ratios in the mutant ruled out the possibility that

group of Tyr 108 and the amide nitrogen of Gly 205. The Tyr 108 may act to locate EA (or GSH) in a correct
X orientation in the active site; otherwise, in the case of

o-carbon atoms of the wild-type (A. J. Oaklest al, . o ; .
unpublished results) and Y108F mutant models superimposenonprOdUCUVe substrate binding produced by this point

using the algorithm of Rossmann and Argos (1975) with a mutation, we would expect unchangeg/K values (Fersht,

rms deviation of 0.16 A. There is no significant movement 198.5)‘_ ] ) ]
of either main chain or side chain atomic positions within a Similar general conclusions about the effect of this residue

10 A sphere of the mutation (Figure 2), and no significant On EA conjugation have been reported by Barycki and
movement of the aromatic ring of Phe 108. Despite these Colman (1993) using an affinity labeling approach for the
crystallographic observations, the substitution of Tyr 108 class mu enzyme (isozyme 4-4). Tyr 115 (the counterpart

with Phe greatly affects the catalytic properties of GST P1-1 Of Tyr 108 in class pi) was reacted with 4-(fluorosulfonyl)-
toward a number of substrates, as discussed below. benzoic acid. This chemical modification yielded a 4-fold

decrease o, in the EA/GSH system and a modest change
of the apparenk5” value. These kinetic data have been

GST isoenzymes, GST P1-1 displays the highest activity with interpreted as a direct involvement of Tyr 115 in catalysis
EA. Kinetic data and viscosity experiments presented here rather than facilitating the binding of the xenobiotic substrate.

clearly indicate that, like with CDNB (Riccét al, 1996)  Very recently, Jetal (1995) mutated the sigma class squid
and NBD-CI (Caccuret al., 1996), the GST P1-1-catalyzed GST residue F106 to Tyr (the residue equivalent to Y108 in

reaction between EA and GSH follows a rapid equilibrium CGST P1-1 and Y115 in the class) and found an increased
random sequential bibi kinetic mechanism with a rate- efficiency of the enzyme in the Michael addition of GSH to

limiting step localized after the binding of the two substrates 4-Phenyl-3-buten-2-one. Itis worth noting that, in the alpha
and before the release of products. In a manner similar to€125s GST (where the residue equivalent to Tyr 108 is Val
that observed with CDNB (Ivanetich & Goold, 1989), a 111), the specific activity with ethacrynic acid is very low,

negative intrasubunit synergistic modulation of one substrate €ONSistent with the importance of the tyrosine residue for
on the binding of the second one occurs (coupling faator Michael addition reactions. The fact that there is still some

= 1.6). Replacement of Tyr 108 with Phe sheds light on activity in the alpha class enzyme, even though it is much
the function of this residue in this enzymatic conjugation. 'OWer compared to that of other GST classes, was recently
Tyr 108 is in a structurally conserved position within the discussed by Cameragt al. (1995), who suggested that the
mu, pi, and theta classes and appears to be one of the fewole of the general acid in the Michael addmon with this
polar residues contributing to the H site. It has also been €nZyme could be played by a nearby residue such as Tyr 9,
suggested previously that Tyr 115 (the equivalent residue in A9 15 (N atom), or a water molecule located close to the
the mu class) may assist, through its hydroxyl group, in substrate. The residual activity toward EA of the Tyr 108
stabilizing the enol or enolate intermediate in Michael 0 Phe mutant may be due to a water molecule we observe
addition reactions (Jét al, 1994). Kinetic data for GST  In the wild-type complex with GS-EA (Oaklest al,, 1997),
P1-1 are all consistent with this hypothesikasis lowered in wh_lch tr_]e water molecule is positioned within hydrogen
about 14-fold in Y108F and no changes in the kinetically Ponding distance of both Y108 and the carbonyl of EA. The
important acig-base equilibria have been observed in the Same water molecule is observed in other complexes of the
ternary complex (data not shown). Crystallographic analysis €NZYme, including the Y108F crystal structu_re, where_lt is
of GST P1-1 in complex with EA (Oaklest al, 1997) shows hydrogen bonded to other water molecules in the H site.
that this substrate is bound to the H site in a nonproductive Effect of the Remal of the Hydroxyl Group of Tyr 108
manner in the binary complex. On the contrary, the three- on Catalysis with NBD-Cl.The effect of mutation of Tyr
dimensional structure of GST P1-1 in complex with GS-EA 108 into Phe, using NBD-CI as the substrate, appears to be
indicates a completely different orientation of EA with its very different from that seen in the EA/GSH system. The
carbonyl oxygen in incipient hydrogen bonding geometry Y108F mutant enzyme shows a significant increas&n

of Tyr 108 (the two groups are 3.0 A distant but they lie values toward NBD-Cl and GSH and kay value 7-fold
parallel to one another) or in a water-mediated hydrogen bondhigher than that of wild-type enzyme (Table 4). These
which displays a better geometry. These structural data,findings suggest a negative influence of the hydroxyl group

Effect of the Remal of the Hydroxyl Group of Tyr 108
on Catalysis with Ethacrynic Acid as a Substrat&mong
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FIGUrRe 7: Stereofigure of the glutathione conjugate of NBD-CI bound in the H site of humanzxl&S&T P1-1. The figure was derived
from coordinates based on modeling the substrate into the crystal structure of the enzyme as described in Experimental Procedures. The
figure was generated with the program MOLSCRIPT (Kraulis, 1991).

on this catalysis and a positive contribution on the affinity Y108F for GSH and NBD-Cl is still 3- and 30-fold higher
of the enzyme for both GSH and NBD-CI. than that observed for GSH and CDNB. Thus, other
Recent studies on the catalytic mechanism of GST P1-1, interactions of the H site with NBD-CI, and not present with
either with NBD-CI or with CDNB as cosubstrates, may help CDNB, are likely.
to explain this different effect caused by Tyr 108. It has
been suggested that the rate-limiting step with both com-
pounds is a physical event probably involving structural
transitions of the ternary complex (Riatial., 1996; Caccuri
et al, 1996). In the case of CDNB, diffusion-controlled
motions of helix 2 and helix 4 are possibly involved in the
kearand in theKS®" modulation (Ricciet al., 1996). In the
case of NBD-Cl k.o seems related to slow and then non-
diffusion-controlled motions of helix 4; the observed low
keat Value and its viscosity independence have been inter-
preted as being caused by an increased rigidity of helix 4
(Caccuriet al., 1996). Now, molecular modeling shows the
heterocyclic portion of NBD-CI packed against the aromatic
rings of Tyr 108 and Phe 8 and the hydroxyl group of Tyr
108 within hydrogen bonding distance of the oxygen atom
of NBD-CI (Figure 7). Just this additional link could produce

an increased internal friction and then could be responsible . : ) .
for the low and viscosity-independekit; value, and of the absent in the wild-type enzyme (Figure 6 and Table 3). This

high affinity for NBD-Cl as well. In addition, the structural Provides a strong indication that the enzyme, after removal
constraint caused by this additional bond seems to be©f the hydroxyl group of Tyr 108, becomes more flexible
transmitted to the G site, via helix 4, yielding an increased @nd functionally important motions are now diffusion-

affinity for GSH (K" = 8 uM). All kinetic data reported controlled and viscosity-dependent. The appearance of a

here for Y108F support these suggestions. Removal of the"iSCOSity dependence & in Y108F would be difficult to
explain if this point mutation only caused a more productive

hydroxyl function of Tyr 108 causes a 7-fold increase in the “7F'€ y
keat value (Table 4) and a concomitant decrease of the Pinding of NBD-CI. The fact that théc. modulation by

- _ [ ity of Y108F with NBD-Cl is not as higho(= 0.38)
affinity both for NBD-Cl and for GSH I(ﬁSH =55uM and VISCOSI _ O :
= . ) _ —Cl _ as that observed with CDNRy(= 0.81) indicates again that
KNEDCl — 32 M in Y108F; KSSH = 8 uM and KNEP~¢ = (= 0.81) g

4"uM in WT). These results are all consistent with the other additional interactions with NBD-CI could be present
in\//lolvement of Tyr 108 in the binding of NBD-CI, in the in the mutant which partially limit the flexibility of helix 4.

synergic modulation of G and H sites, and in an unfavorable Al these suggestions about the negative role of Tyr 108
modulation ofk.;, probably due to less flexibility of helix  in the GSH/NBD-CI system are indirectly supported by the
4. The possibility that the incresdg,; for Y108F is due to kinetic properties that the mu and alpha GSTs exhibit toward
a changed pH depencence of kinetically important ionizations NBD-CI. In fact, the mu GST, which has Tyr 115 as the

may be ruled out (see Figure 5). However, it is evident that equivalent residue of the pi class, displays very lgywalues

the hydrogen bond between Tyr 108 and NBD-Cl is just one like the pi isoenzyme; on the contrary, theGST, in which

of the factors modulating the helix 4 flexibility as a further a Val residue replaces Tyr 108, shows a very high catalytic
8-fold increase irk.4;is required to reach ke, value similar efficiency similar to that found with CDNB (Ricoét al.,

to that observed with CDNB. In addition, the affinity of 1994).

Because thé/KN*°~“ ratio does not differ appreciably
between the mutant and WT enzymes, a completely different
explanation of the above data may be given by assuming
that removal of the hydroxyl function of Tyr 108 yields a
more productive binding of NBD-CIl. Comparison of the
viscosity effect on the kinetics of Y108F and of wild-type
enzyme in the presence of CDNB or NBD-CI provides
critical information in this context. With CDNB as the
cosubstrate k.. iS viscosity-dependent in WT, and this
dependence is very similar to that found with Y108F (Figure
6 and Table 3); this confirms that the hydroxyl function of
Tyr 108 does not interact with CDNB and does not alter the
diffusion-dependent motions of protein regions (probably
helix 4) which are related to the rate-limiting step in catalysis.
On the contrary, with NBD-Cl as the cosubstrate, the mutated
enzyme shows a viscosity dependenck.gfwhich is nearly
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Effect of the Remal of the Hydroxyl Group of Tyr 108

on Catalysis with CDNB, DTNB, and 4NQO as Substrates.

There is little effect of this point mutation on the reaction

with CDNB, DTNB, and 4NQO as there is a small decrease

in the k.o values, while theK, values remain unchanged

Lo Bello et al.

Caccuri, A. M., Ascenzi, P., Lo Bello, M., Federici, G., Battistoni,
A., Mazzetti, P., & Ricci, G. (1994Biochem. Biophys. Res.
Commun. 2001428-1434.

Caccuri, A. M., Ascenzi, P., Antonini, G., Parker, M. W., Oakley,
A. J., Chiessi, E., Nuccetelli, M., Battistoni, A., Bellizia, A., &
Ricci, G. (1996)J. Biol. Chem. 27116193-16198.

(Table 4). These results suggest that, in these nucleophiliccameron, A. D., Sinning, 1., L'Hermite, G., Olin, B., Board, P. G.,

aromatic substitutions and thiol disulfide exchange reactions,

the hydroxyl group of Tyr 108 is involved neither in the

rate-limiting step nor in the binding of these cosubstrates.

Modeling of GST P1-1 in complex with the GSH conjugate

with CDNB shows the cosubstrate packed between Phe 8

and Tyr 108 aromatic rings, but no specific interaction
between the hydroxylic portion of Tyr 108 can be seen (A.
J. Oakleyet al.,, unpublished results). Similarly, Pennington

Mannervik, B., & Jones, T. A. (1995 tructure 3 717-727.
CCP4 Suite (1994Acta Crystallogr. D 50 750-763.
Ellman, G. L. (1959)Arch. Biochem. Biophys. 820-77.
Fersht, A. (1985Enzyme Structure and Mechanisgnd ed., pp
109-111, W. H. Freeman and Co., New York.
Garce-Saez, |., Paaga, A., Phillips, M. F., Mantle, T. J., & Coll,
M. (1994)J. Mol. Biol. 237 298-314.
Habig, W. H., Pabst, M. T., & Jakoby, W. B. (1974)Biol. Chem.
249 7130-7139.

and Rule (1992) mutated Tyr 116 of human muscle class Ivanetich, K. M., & Goold, R. D. (1989Biochim. Biophys. Acta
mu GST to Phe and did not observe any decrease in the 998 7—13.

specific activity of the enzyme toward CDNB. These last

results are again consistent with the idea that the contribution

of this residue in the CDNB/GSH system is solely to provide
hydrophobic interactions through the aromatic ring of the
tyrosine residue. The results reported by Barycki and
Colman (1993) concerning chemical modification of rat GST,
isozyme 4-4 (class mu) with 4-(fluorosulfonyl)benzoic acid
(4-FSB), indicated that thK., for CDNB increased 9-fold

and thek.; decreased over 4-fold. These authors interpreted

Jakoby, W. B., & Habig, W. H. (1980) ifEnzymatic Basis of
Detoxification(Jakoby, W. B., Ed.) Vol. 2, pp 6394, Academic
Press, New York.

Ji, X., Zhang, P., Armstrong, R. N., & Gilliland, G. L. (1992)
Biochemistry 3110169-10184.

Ji, X., Johnson, W. W., Sesay, M. A,, Dickert, L., Prasad, S. M.,
Ammon, H. L., Armstrong, R. N., & Gilliland, G. L. (1994)
Biochemistry 331043-1052.

Ji, X., von Rosenvinge, E. C., Johnson, W. W., Tomarev, S. |,
Piatigorsky, J., Armstrong, R. N., & Gilliland, G. L. (1995)
Biochemistry 345317-5328.

these results by suggesting that Tyr 115 may position the Johnson, W. W., Liu, S., Ji, X., Gilliland, G. L., & Armstrong, R.

C(1) atom of CDNB in proximity to the thiolate anion of
GSH only by providing hydrophobic interactions through the

N. (1993)J. Biol. Chem. 26811508-11511.
Kano, T., Sakai, M., & Muramatsu, M. (1980Qancer Res. 47

benzene ring of the substrate. A different result has been 5626-5630.

reported by Johnsoat al. (1993), who studied the role of

the equivalent residue in isozyme 3-3 of rat GST (class mu)
using CDNB as a second substrate. They found in the

Y115F mutant enzyme an increase in fygvalue of about
3-fold compared to that of the wild-type enzyme. This higher
catalytic efficiency was explained with the removal of the
hydroxyl function of Tyr 115 which, in hydrogen bonds by
the main chain NH moiety of Ser 209, limits the product
release (rate-limiting). All these experimental results dem-

Kleywegt, G., & Jones, T. A. (1994) iRrom First Map to Final
Model (Bailey, S., Hubbard, R., & Waller, D., Eds.) pp-566,
EPSRC Daresbury Laboratory, Warrington, U.K.

Kong, K. H., Inoue, H., & Takahashi, K. (1993) Biochem. 112
725-728.

Kramer, B., Kramer, W., & Fritz, M. J. (1984}ell 38 879-887.

Kraulis, J. P. (1991). Appl. Crystallogr. 24946—950.

Kunkel, T. A., Bebenek, K., & McClary, J. (1991)Methods
Enzymol. 204125-139.

Laemmli, U. K. (1970)Nature 227 680-685.

onstrate that Tyr 108, and its equivalent in the other GST Laskowski, R. A., McArthur, M. W., Moss, D. S., & Thorton, J.

classes, can play different roles within and between GST

isoenzyme families.
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