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ABSTRACT. GlutathioneStransferases are a family of multifunctional enzymes involved in the metabolism

of drugs and xenobiotics. Two tyrosine residues, Tyr 7 and Tyr 111, in the active site of the enzyme play
an important role in the binding and catalysis of substrate ligands. The crystal struct@esisitbsoma
japonicumglutathioneS-transferase tyrosine 7 to phenylalanine mutant [SJGST(Y7F)] in complex with

the substrate glutathione (GSH) and the competitive inhiltoctylglutathione $octyl-GSH) have been
obtained. These new structural data combined with fluorescence spectroscopy and thermodynamic data,
obtained by means of isothermal titration calorimetry, allow for detailed characterization of the ligand-
binding process. The binding &octyl-GSH to SjGST(Y7F) is enthalpically and entropically driven at

temperatures below 3TC. The stoichiometry of the

binding is one moleculeSabctyl-GSH per mutant

dimer, whereas shorter alkyl derivatives bind with a stoichiometry of two molecules per mutant dimer.
The SjGST(Y7FGSH structure showed no major structural differences compared to the wild-type enzyme.
In contrast, the structure of SjGST(Y#Bjoctyl-GSH showed asymmetric binding 8foctyl-GSH. This
lack of symmetry is reflected in the lower symmetry space group of the SjGST{$0E)yl-GSH crystals
(P63) compared to that of the SJGST(Y7BSH crystals P6:22). Moreover, the binding ds-octyl-GSH

to the A subunit is accompanied by conformational
to the B subunit.

Glutathione Stransferases (GSTs, EC 2.5.1.18) are a
family of multifunctional dimeric enzymes involved in the
detoxification of harmful physiological and xenobiotic
compounds. They catalyze the nucleophilic addition of
glutathione (GSH)to the electrophilic center of both endo-
and xenobiotic toxins. The conjugation of GSH to such
molecules increases their solubility and facilitates further
metabolic processind.¢4). In addition, GSTs can function
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*The crystallographic coordinates have been deposited in the
Brookhaven Protein Data Bank under the filenames 1U87 and 1U88.

changes that may be responsible for the lack of binding

as ligand-binding proteins involved in intracellular storage
and transportg). The precise functions of GST binding to
nonsubstrate ligands remains uncleér9).

In recent years, GSTs from a variety of organisms have
been the subject of intense research and have been classified
into at least 13 different classed)( Cytosolic GSTs of
mammals have been particularly well-characterized and were
originally classified intoa, «, 77, andf classes on the basis
of a combination of criteria such as substraitghibitor
specificity, primary and tertiary structural similarities, and
immunological identity. The intraclass amino acid sequence
identity ranges from 60 to 80%, while interclass homology
is considerably lower (2535%). A number of GST crystal
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1 Abbreviations: SjGST,Schistosoma japonicumglutathione S
transferase; SjGST(Y7Fgchistosoma japonicuglutathioneStrans-
ferase tyrosine 7 to phenylalanine mutant; GSH, glutathi&raxtyl-
GSH, S-octylglutathione;S-hexyl-GSH, S-hexylglutathione;S-butyl-
GSH, Sbutylglutathione S-propyl-GSH,S-propylglutathione S-methyl-
GSH, S'methylglutathione; CDNB, 1-chloro-2,4-dinitrobenzene; SEC,
size-exclusion chromatography; ITC, isothermal titration calorimetry;
ASA, accessible surface area; MES,Ne+frorpholino)ethanesulfonic
acid; ACES N-(2-acetamido)-2-aminoethanesulfonic acid; TRIS, tris-
(hydroxymethyl)aminomethane; PIPES, piperazihi:-bis-2-ethane-
sulfonic acid; PDB, Protein Data Bank; rmsd, root-mean-square
deviation.

the structure-function knowledge of this enzyme3,(10).
Despite the low sequence identity among these different
classes, these proteins share a two-domain structure. The
N-terminal domain | has aa/$ structure, consisting of four

p strands and three helices. Domain I, a largex domain,

has five to sixa helices. The active site can be further
subdivided into the glutathione-binding (G site) and hydro-
phobic substrate-binding (H site) sites. The same or similar
residues are involved in the G site of all GST classes. On
the contrary, three-dimensional structures of all five GST
classesd (11), u (12), & (13, 14), 6 (15), ando (16)] show
that the H site is quite different and the variability in this
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site largely accounts for the wide range of substrate specifici- MATERIALS AND METHODS
ties of GSTs. The same variability has been observed for . . )
the nonsubstrate-binding site (L site) located in the dimer ChemicalsAll chemicals used were analytical-grade and
interface of GSTs fronschistosoma japonicd7) and squid ~ Were obtained either from Sigma Aldrich Quica (Madrid,
(18), near the G site oArabidopsisGST (L9), and nextto ~ SPain) or Merck Farma y Qmica (Barcelona, Spain). GSH
the H site in human GST P1-1 isozyn20). Sepharose 4B and the Superdex 200HR 10/30 column were
Schistosoma japonicu@ST (SjGST) is more similar in optam.ed from Amershar_‘n Biosciences (Barcel_o.na,_Spaln).
sequence and structure to thelass than any other class of Site-directed mutagenesis, expression, and purification were
GST, although S|GST shares a number of biochemical conducted as previously describezb(
properties with thex, x, andx classes of GSTs4]. The _ Protein Concentration and Enzyme Assayse concentra-
crystal structure of SjGST has been determined for the tion of both S|GST and SjGST(Y7F) was measured spec-
apoenzyme X7) and for complexes with the physiological tr_ophotometrlcally at 278 nm, using the extinction coeffi-
substrate GSH2() or nonsubstrate ligand@2). Tyr 7 (or  cients of 3.5x 10*and 3.56x 10* M~* cm™* for the SjGST
equivalent in other GST sequences) is one of the mostand SJGST(Y7F) monomers, respectively (AjaSaichez
conserved residues in the G site and has been postulated t§t al., 2003). Enzyme activity toward 1-chloro-2,4-di-
play a central role in the catalytic mechanism of GSTs by Nitrobenzene (CDNB) was assayed at@3using the Habig
stabilizing the thiolate anion of GSH and enhancing the and Jakoby methodBg).
nucleophilicity of the thiolate anion versus the protonated Crystallization SJGST in 0.2 M sodium citrate (pH 5.6)
thiol. In the o class of GSTs, it has been proposed that this and 1 mM dithiothreitol (DTT) was concentrated to a final
amino acid plays a role in the interaction between the G and concentration of 20 mg/mL using a Microcon YM-10
H sites through a conformational change upon substrate(Millipore, Billerica, MA). Crystals were grown using the
binding in the G site Z3). sitting-drop vapor-diffusion method at room temperature in
Isothermal titration calorimetry (ITC) has been widely used 24-well plates using a modified version of the conditions
to obtain thermodynamic information related to the binding previously described by McTigue et al.4). Briefly, 10 uL
process in biological macromoleculésll and has been used  of reservoir solution (1 mL of 0.2 M sodium citrate, 2 M
as an important tool for understanding the correlation ammonium sulfate, 10 mM DTT, and 10 mM threalose at

between structure and thermodynamic parame&5s26). pH 5.6) was mixed with 1QuL of concentrated protein
ITC measurements have been performed with native SjGSTsolution. For the SjGST(Y7Fpoctyl-GSH complex, a
to characterize the binding of GSH and a numbeg-afkyl- saturating amount ds-octyl-GSH (0.01 mM) was added to

GSHs @7, 28). Previous results have shown that the mutation the protein solution. The mixture was centrifuged at 14000
of Tyr 7 to Phe results in the enzyme binding GSH with a for 5 min to remove precipitated protein and mixed with an
higher affinity than the wild-type enzyme9, 30), and it equal volume of the reservoir solution. To avoid excessive
has been postulated that another Tyr residue in the activenucleation, ethanol (2% v/v) was added to the reservoir
site may play an important role in the binding of GSH. solution. Crystals appeared after-3 days and grew as
Moreover, this mutant shows similar fluorescence quenching hexagonal rods with maximal dimensions of 0<50.2 x
upon binding of GSH, which has been attributed to a charge- 0.2 mm.
transfer process between a Tyr residue and the thiol group Data Collection, Refinement, and Model Buildirgif-
of GSH 81). To date, no structure for SJGST mutants have fraction data were collected at 295 K on a Rigaku R-AXIS
been reported. Here, we present the structures of the SjGSTV ++ image-plate area detector using Ca Kadiation from
tyrosine 7 to phenylalanine mutant [SjGST(Y7&EH and a Rigaku RU-200HB rotating-anode X-ray generator (50 kV
SjGST(Y7F)Soctylglutathione $-octyl-GSH) complexes as  and 100 mA). The X-ray source was equipped with an Osmic
well as fluorescence and ITC studies of the binding of various confocal mirror assembly. Images were collected as 1
Salkyl-GSH inhibitors to SjGST and SjGST(Y7F). We rotations about the crystallographic 6-fold axis, and the data
analyze the binding of these inhibitors in light of the new were processed with MOSFLM8) and scaled with SCALA
structural information available, where it is shown for first (34). SJGST(Y7F)GSH complex crystals belong to the
time that a large GSH conjugate molecule binds in a mannerhexagonal space group6s22, with unit cell parametera
that interacts with amino acids from the SjGST(Y7F) dimer = b = 123.05 andc = 72.51 A, and contain one SjGST
interface that forms part of the L site. This binding produces monomer per asymmetric unit resulting in an approximate
conformational changes that may be responsible for the lacksolvent content of 59%36). The SjGST(Y7FS-octyl-GSH
of binding to the second subunit. complex crystals belong to the hexagonal space gRsp
The role that GSTs play in the binding of different ligands with unit cell parameters = b =116.1 andc = 73.2 A,
is an important factor related to the function of these and contain two SjGST(Y7F) monomers per asymmetric unit
enzymes. The overexpression of GSTs, particularlysthe resulting in an approximate solvent content of 55%. The
class of GST, has been proposed as one of the biochemicastructures of the SiGST(Y7f3SH and SjGST(Y7Fp-octyl-
mechanisms responsible for drug resistance in cancer cheGSH were solved by molecular replacement techniques with
motherapy. Inhibition of overexpressed GST has been CNS (36). The coordinates for wild-type SjGST [Protein
suggested as an approach to combat GST-induced drudgata Bank (PDB) code 1GTA] with the water molecules
resistance. Moreover, schistosomiasis, the disease cause bsemoved were used as a search model. After successful
helminth worms of the genuSchistosomgais a very costly identification of each orientation solution, the structures were
and widespread parasitic disease of the developing world.refined using CNS package. Rigid-body refinement was
A better knowledge of the binding process of GST can assist performed before positional refinement using data V#th
in a rational design of therapeutic drudby. > 20 in the resolution range of 384 A. Cycles of positional
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Table 1: Data Collection and Refinement Statistics for the SJGST(GEH and SjGST(Y7FB-Octyl-GSH Complexes

S|GST(Y7F)GSH SjGST(Y7FSoctyl-GSH

space group P6522 P63
cell dimensions

a(h) 123.05 116.10

b (A) 123.05 116.10

c(A) 72.51 73.20
maximum resolution (A) 35 35
number of observations 37 326 15203
number of unique reflections 4301 5760
data completeness (%) 97.9 (97.9) 82.5 (82.5)
Rinerg® (%) 17 (59) 15 (47)
1o(l) 3.8(1.3) 5.7 (1.9)
protein residues 209 418
R (%) 20 22
Riree (%) 28 31
rmsd from ideal geometry

bonds (A) 0.008 0.009

angles (degrees) 1.42 1.64
meanB (protein) (A2

main chain 37.7 36.0

side chain 39.9 36.5
residues in favored regions of Ramachandran plot (%) 100 99.5

2The values in parentheses are for the highest resolutior? Berge = niYilli — |1]|, Wherel; is the intensity for théth measurement of an

equivalent reflection with indiceb, k, andl. ¢ From PROCHECK statistics.

and temperature-factor refinements using the resolution rangeplexed with the studied inhibitors as describéd)(using
30-3.5 A were alternated with manual building using the NACCESS #1), with a probe radius of 1.4 A and a slice
resultingoA-weighted (F, — F) and &, — F¢) electron- width of 0.05 A. This program allowed us to calculate the
density maps and the program 7). Electron density for ~ ASA values according to the algorithm defined by Lee and
the bound substrate (GSH) was visible in the G site for the Richards 42). The changes in the ASA upon complex
S|GST(Y7F)YGSH complex. The tyrosine 7 to phenylalanine formation, AASA, were calculated using the equation
mutation was confirmed by a lack of electron density in the
area where the hydroxyl group of Tyr 7 should be. The final AASA = ASA ompiex— (ASAgsTr+ ASA|)
model contains 216 of 218 amino acid residues and the
substrate GSH with amR factor of 0.20 Riee = 0.28). where ASAompiex IS the water-accessible surface of the
Because of the low resolution (3.5 A), no attempt to model SjGST(Y7F)-inhibitor complex, ASAsr is the water-
water molecules was made. accessible surface of the protein alone, and A$Athe
Because the asymmetric unit of the SjGST(Y-B9)ctyl- water-accessible surface of the inhibitor. This calculation was
GSH complex crystals contained two GST monomers, done for the two types of surface areas, nonpolar and polar.
noncrystallographic symmetry restraints were used on all Because the functional entity for the GSTs is the dimer and
non-hydrogen atoms during the initial rounds of refinement. the binding site is at the interface of the dimer, the
The inspection of the electron-density mapg{2- F., Fo coordinates of the dimer were used for all of the calculations.
— F., and simulated annealing omit map) showed major The coordinates for th&hexylglutathione &hexyl-GSH)
differences between some loops in subunit A and B; complex where taken from the PDB (1M9A) where the Tyr
therefore, no noncrystallographic symmetry restraints were 7 residue was truncated to Phe. To calculate the ASA for
applied to the amino acids in those loops. In subunit B, the the SJGST(Y7FS-octyl-GSH complex, the coordinates from
electron density is poor for amino acids HT20 and the  this study were used. There are no available coordinates for
carboxyl terminal residues. The H-site region of subunit B SjGST(Y7F)Smethylglutathione$methyl-GSH); therefore,
is distorted and has relatively high factors compared to  the structure for this complex was modeled from the SjGST-
the averageB factor of the entire structure. Interpretable (Y7F)-GSH and SjGST(Y7Fp-octyl-GSH complexes by
electronic density for the inhibitd®-octyl-GSH was found deletion of the alkyl chain carbon atoms.
in subunit A but not in subunit B; therefore, only one Size-Exclusion Chromatographitigh-Performance Lig-
molecule ofSoctyl-GSH was modeled in subunit A. The uid Chromatography (SEEHPLC). To determine the ag-
final model contains 209 of 218 amino acid residues and gregation state afteG-alkyl-GSH binding, SEGHPLC
the inhibitor S-octyl-GSH with anR factor of 0.22 Ryee = experiments were performed with SjGST and S|jGST(Y7F)
0.31). The data collection and final refinement statistics for in 20 mM 2-(N-morpholino)ethanesulfonic acid (MES), 1
both structures are presented in Table 1. Superposition andnM ethylenediaminetetraacetic acid (EDTA), and 2 mM
root-mean-square deviation (rmsd) analysis of the structuresDTT at pH 6.5 in the presence of a saturating concentration
were performed using the CCP4 program LSQKATB)( of each inhibitor (0.1 mM foiSmethyl-GSH,S-propylglu-
PROCHECK 89) was used for stereochemical analysis of tathione &propyl-GSH), andSbutylglutathione $-butyl-
the refined structures. GSH) and 0.01 mM forShexyl-GSH andS-octyl-GSH).
Calculation of Salent-Accessible Surface Areascces- Experiments were performed in a HPLC system (Breeze
sible surface area (ASA) values were computed using theHPLC System, Waters, Barcelona, Spain) using a Superdex
modeled three-dimensional structures of SJGST(Y7F) com- 200 HR 10/30 column. Samples of 4M SjGST and
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SJGST(Y7F) were dialyzed for 24 h against each buffer

before sample injection. Protein elution was monitored at

280 nm. Molecular-mass determination was performed using

protein standardsp-amylase (200 kDa), alcohol dehydro- /
genase (148 kDa), ovalbumine (44 kDa), and ribonuclease
A (14 kDa).

Fluorescence Emission Spectra of S-Alkyl-GSH Binding
to SJGST and SjGST(Y7Huorescence emission spectra
were measured at 2% in a Perkin-Elmer LS55 spectro-
fluorimeter. The temperature of the cuvette holder was GSH
controlled with a temperature-controlled circulating water
bath. Intrinsic fluorescence of the protein was measured by
recording the emission spectra using an excitation wavelength Ser68
of 280 nm, and fluorescence was monitored at 339 nm. An
excitation wavelength of 295 nm was used to selectively
excitate tryptophan residues. Tryptophan-specific fluores-
cence was monitored at 350 nm. The excitation bandwidth
was 2.5 nm, and the emission bandwidth was 5 or 10 nm. Gln67
The binding constant for eadalkyl-GSH was determined Ficure 1: SjGST(Y7F) GSH-binding site. Superposition of the

: . : coordinates of SjGST with GSH (from PDB code 1GNE, blue) and
using the measured decrease/increase in tryptophan fluoresg ;i + csH (from PDB code 1GTA, light blue) and SJGST(Y7F)

cence upon ligand binding. The observed fluorescence (jight green). Upon binding, a displacement of Tyr 111 takes place
intensity at each dilution was corrected for the emission in both the wild-type and mutant enzyme. In SjGST(Y7F), a
intensity of free enzyme. The saturation fraction of the ligand displacement of the thiol group of GSH toward Tyr 111 increases
bound to the total protein was determined from the change the distance between the mutated residue (Tyr7Phe) and the
in the ratio of ligand-bound and free-enzyme fluorescence substrate at the same time that a twist«#0° at the aromatic ring

. . L ' - of the phenylalanine takes place. [This figure was created with
intensity. Binding constant valueK)were determined using  pymol 56)].

Tyrlll

eql
released or taken up by the binding process. To calculate
_ [S-alkyl-GSH]K 1) the change in heat capaci#C,), the titration was performed
1+ [Salkyl-GSH} K at four different temperatures. Similar experiments were also
conducted witlfsmethyl-GSH and-hexyl-GSH, but in these
where6 is the saturation fraction andfalkyl-GSHiee is cases, only three temperatures and the phosphate buffer were
the free concentration of inhibitor. Data were analyzed as used. Phosphate buffer is known to have a small enthalpy
described previously2Q). of ionization (AHioni; = 1.22 kcal mot?) in conjunction with

Spectroscopic Determination of Tyr pKhe K, of the a small K, change with rising temperaturé\K/dT =
active-site tyrosines in SjGST were determined from the ratio —0.0028 K™). Therefore, only small corrections to the
305:335 nm of fluorescence intensity emission spectra, usingobserved binding enthalpiH,ns Were required to take into
lexe = 280 nm. At this wavelength, both tyrosine and account the possible protonation/deprotonation effects upon
tyrosinate have the same absorption; therefore, the correctiorbinding.
for screening effect is not needed3|. The maximum
emission of tyrosine and tyrosinate residues occurs at 305RESULTS
and 335 nm, respectively. Therefore, the fluorescence )
intensity ratio of these wavelengths represents the change SIGST(Y7FGSH and SjGST(Y7F-Octyl-GSH Complex
in the protonation state of the tyrosine residues. SamplesStructures.The overall structure of the SjGST(Y7F) com-
contained 2«M SjGST or SjGST(Y7F) in a 50 mM buffer plexed WIFh the substrate_GSH is es_sen.tlally the same as that
[phosphate, tris(hydroxymethyl)aminomethane (TRIS), and of the native enzyme as illustrated in Figure 1. The rmsd of
glycine] solution were measured alone or with the inhibitor the Gx positions from those of the native enzyme (PDB code
at 25°C within the appropriate range of pH values. Samples 1GTA) is 0.5 A for all 209 residues in the mutant model.
were stored in the buffer for at lgag h prior to data However, there are some significant local changes in the G
acquisition. Titration data were fitted to an equation describ- @nd H sites as a consequence of the Y7F mutation (Figure
ing either a single or double ionization using Origin software. 1)- Phe 7 is moved away from the thiol group of GSH at the

ITC Experiments.ITC enables the determination of Same time that Tyr 111 is moved a short distance toward
thermodynamic parameters, association constants, and stoithe GSH thiol. In wild-type SjGST, the distance between
chiometry of binding by direct measurement of the released the thiol group of GSH and the hydroxyl group of Tyr 111
or absorbed heat. ITC experiments were conducted asiS 5:43 A, whereas the distance between these two groups
described in Andjar et al. @9). Briefly, solutions of SGST-  In SIGST(Y7F) is 4.08 A.

(Y7F) in 2 mM DTT, 1 mM EDTA, and 20 mM buffer at The structure of the SJGST(Y7f5-octyl-GSH complex

pH 6.5 were titrated witls-octyl-GSH dissolved in the same  (Figure 2) was solved using a lower symmetry space group
buffer. Four different buffers N-(2-acetamido)-2-amino-  (P63). The asymmetric unit of the6; crystal is composed
ethanesulfonic acid (ACES), MES, phosphate, and pipera- of two SjGST(Y7F) molecules, related by a 2-fold noncrys-
zineN,N'-bis-2-ethanesulfonic acid (PIPES)] were used at tallographic symmetry, that form the functional dimer. The
pH 6.5 to measure the enthalpy of ionization of protons differences observed between subunits A and B in the
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Ficure 2: SjGSTS-octyl-GSH-binding site. B, — F. electron-density map of the complex of SjGST(Y&dctyl-GSH, with molecule
A (blue), molecule B (red), an&octyl-GSH. Selected residues in contact with the inhibitor are shown. [This figure was created with
Pymol (6)].

S|GST(Y7F)S-octyl-GSH complex were not present in the
native structure, where the dimer arises from the crystal-
lographic symmetry of th®6322 space group. The differ-
ences between the SjGST(Y765H and S|GST(Y7F5
octyl-GSH structures were limited to the B subunit and
include poor electron density for residues #1120 and
C-terminal residues, as well as a lack of electron density for
the boundS-octyl-GSH.

Binding of S-Alkyl-GHSs to SjGST(Y7F): Fluorescence.
The binding of Salkyl-GSHs to wild-type SjGST and
S|GST(Y7F) was observed by monitoring the change in
intrinsic fluorescence as a function of the ligand concentra-
tion at 25°C and pH 6.5, following the procedure outlined
in the Materials and Methods. SjGST has 14 Tyr and 4 Trp

residues, and fluorescence spectra results mainly from the g e

emission of the indole ring of trytophan residues. In SjGST, Q s

two Tyr residues, Tyr 7 and Tyr 111, are in proximity to the ’_Oi

binding site ofS-alkyl-GSHs, whereas, in SJGST(Y7F), only 0,0 , - ,
one Tyr residue is present. In an effort to isolate the Tyr 0 10 20 30
component of the fluorescence spectrum, the emission spectra [Inhibitor] uM

resulting fromexcz 280 nm was compargd to the emission  Fgyre 3: Fluorescence titration of the-alkyl-GSH binding to
spectra resulting fromex. = 295 nm. Experimental data from  SjGST and SjGST(Y7F). A total of 2M SjGST (A) or S|jGST-
the tryptophan emission spectra were fit to eq 1 (Figure 3), (Y7F) (B) in 20 mM MES, 2 mM DTT, and 1 mM EDTA (pH

; sl ; ; 6.5) at 25°C was titrated by addition ds-alkyl-GSH inhibitors in
and the resulting binding constants are provided in Table 2. the same bufferSmethyl-GSH ®), Spropyl-GSH 0), Sbutyl-

The fluorescence-binding experiments show two different Gsp ), shexyl-GSH (1), andSoctyl-GSH @). Line plots are
behaviors upon the binding &alkyl-GSHs. These differ-  the fitting curves using a noncooperative model with two sigs (
ences were dependent on the length of the alkyl chain andhexyl-GSH,S-butyl-GSH, Spropyl-GSH, andS-methyl-GSH) or
excitation wavelength. When the shorter chain length inhibi- ©ne site &octyl-GSH).

tors are used (methyl and propyl chains) with. = 295
nm, a significant quenching of fluorescence is observe

d Table 2: SAlkyl-GSH Binding to SjGST and SjGST(Y7F)

while the binding of longer chaig-alkyl-GSH (butyl, hexyl, SjGST S|GST(Y7F)

and octyl) results in an enhancement of fluorescence for both KM KM

the wild-type and mutant enzyme. The increased fluorescence gmethyllggg iaﬁti 8-% x ﬁ 2-;‘ri 8-% x ig
associated with the binding of long chasralkyl-GSHs has SEL‘;&{’GSH 28t 0.1 10F 27t 01 % 10

been previously reported for the binding®hexyl-GSH to Shexyl-GSH 6.2+ 0.1 x 10F 21+ 02x 10F

rat GSTAL-1 44). The results obtained from SjGST(Y7F) Soctyl-GSH 5.1+ 0.1x 10° 49+0.1x 10°
usinglexc = 280 nm show clear fluorescence quenching for

all of the inhibitors excep®-octyl-GSH. On the other hand, A structural feature common to nearly all GSTs is a

SjGST shows a different behavior &, = 280 nm, with conserved hydrogen bond between the hydroxyl group of
only Smethyl-GSH causing fluorescence quenching. The Hill the catalytic Tyr or Ser and the thiol group of GSH. This
plot for all of the experiments yields a Hill coefficient near hydrogen bond contributes to the lowering of tlig pf GSH
unity, indicating that the binding of alB-alkyl-GSHs to from approximately 9.3 in solution to 6-47.4 in the active
SjGST and SjGST(Y7F) is honcooperative. site of several GST#4). It has been proposed that Tyr 7
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Ficure 4: Effect of GSH ands-alkyl-GSH conjugates on the<p

of the Tyr present in the active site of SjGST (A) and SjGST-
(Y7F) (B). The enzyme concentration wag:®I. Titrations were
performed in the presence of non€) (or saturating concentrations
of the substrate 0.1 mM GSHr{§, 0.02 mM Smethyl-GSH @),
and 0.02 mMS-octyl-GSH @).

Table 3: SjGST and SjGST(Y7F) Tyrosin&pValues

SjGST S|GST(Y7F)
ligand Kal pKa2 pKa
none 9.1+ 0.2 9.3+ 0.1 9.3+0.1
GSH 8.7+ 0.1 9.3+ 0.1 9.2+ 0.1
Smethyl-GSH 8.8t 0.2 9.4+ 0.1 9.5+ 0.1
Soctyl-GSH 9.3+0.2 9.9+ 0.1 9.8+ 0.1

or its equivalent in other GSTs is responsible for lowering
the (K, of GSH. An additional change thought to occur upon
binding of GSH is a decrease in thEgof Tyr 7, while the
pKa, of Tyr 111 remains unchange@3, 46). To determine
if the binding of Salkyl-GSHs modifies the Ig, of the
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Ficure 5: Calorimetric titration of the binding d&-octyl-GSH to
S|GST(Y7F). Titrations were performed in 20 mM MES, 2 mM
DTT, and 1 mM EDTA (pH 6.5) at 30C. A solution of 33.62«M
SjGST(Y7F) was titrated with 25 injections at 4-min intervals of 7
uL each of a 0.8 mM stock solution &octyl-GSH.

calorimetric measurements performed at different tempera-
tures, ranging from 20 to 33C. ITC data were analyzed
using the Origin data analysis package, and data were fit
using a single set of sites model. All of the parameters were
allowed to float freely during fitting. A typical ITC profile

for the binding ofS-octyl-GSH to SJGST(Y7F) with the raw
and integrated data for the titration in 20 mM MES, 2 mM
DTT, and 1 mM EDTA (pH 6.5) at 30C is provided in
Figure 5. These data are representative of the exothermic
binding of S-alkyl-GSHs to SjGST(Y7F). The smooth solid
line represents the best fit of the experimental data to a model
of one binding site per enzyme dimer with a microscopic

tyrosine residues in the GSH-binding sites of SJGST, tyrosine aSsociation constank] and the standard enthalpy change
titration experiments were conducted in the presence of GSH(AHobd. Thermodynamic parameters of the binding of

andS-alkyl-GSHs. The amplitude of the titration curves for
wild-type SjGST is almost twice that of those obtained for
S|GST(Y7F) (Figure 4); therefore, titration curves for SjGST-
(Y7F) were fit to a one-proton titration curve, while wild-
type SjGST data were fit to a two-proton titration curve
(Table 3). There is a small decrease in tig pf one of the
two tyrosine residues upon binding of GSH to the wild-type
enzyme, but no changes in th&gof the single tyrosine
residue of the mutant enzyme were detected. TKagop 8.7
determined for SjGST agrees with that obtained for Tyr 9
of rat GST Al-1 (K, = 8.3—8.5) @7). A slight increase in
the K, of one tyrosine is observed as the alkyl chain is
increased in lengthApK, = 0.5 from free enzyme to the
enzymeS-octyl-GSH complex) for both the wild-type and

S-alkyl-GSHs to SJGST(Y7F) are provided in Table 4. The
calorimetrically determined binding constant®élkyl-GSH

to SJGST(Y7F) agrees with that obtained from fluorescence
measurements. The binding &methyl-GSH ands-hexyl-
GSH to S|GST(Y7F) is noncooperative within the temper-
ature range analyzed and has stoichiometry of two molecules
of inhibitor per SJGST(Y7F) dimer.

To study the protonation effects, calorimetric titration
experiments were repeated in various buffers with different
AHioniz (ACES, MES, phosphate, and PIPES) at pH 6.5 and
a range of temperatures between 20 anéiG%or the binding
of Soctyl-GSH. The number of protons exchanged upon
binding of S-octyl-GSH to SjGST(Y7F) is practically On{
= 0.1), and the measured enthalpies are equivalent to the

mutant enzyme. The same behavior has been observed irenthalpies of binding.

rat GST Al-1 upon addition d&hexyl-GSH @7).
Binding of S-Alkyl-GHS to SjGST(Y7F): ITC Experiments.

A linear dependence of the binding enthalgyHp) with
the temperature was observed for the binding of the three

Independent estimates of the thermodynamic parametersS-alkyl-GSH inhibitors. The slope of this straight line was

governing the binding o&methyl-GSH,Shexyl-GSH, and
Soctyl-GSH to SjGST(Y7F) were determined by direct

used to determine the change in heat capadi@,f (Table
5). A strong dependence &fH, and TAS with the temper-
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Table 4: Thermodynamics Parameters of the Binding#ikyl-GSHs to SjGST(Y7F)

T(°C) AH°, (kJ/mol) AS® (J/Kmol) AG® (kd/mol) K (M)
Smethyl-GSH 25 —-19.2+ 0.5 235+ 0.5 —26.2+£0.1 3.9+ 0.2 x 10°
30 —26.5+1.9 —32+1.9 —255+0.1 2.5+ 0.2 x 10°
35 —-32.4+2.8 257427 —24.5+0.1 1.4+ 0.2 x 10¢
Shexyl-GSH 25 —31.3+ 06 —-3.8+0.6 ~30.1£0.1 1.9+ 0.2 x 10F
30 —36.9+ 0.5 —22.240.5 —30.1£0.1 1.5+ 0.2x 10°
35 —42.4+0.7 —38.0+ 0.7 ~30.7+0.1 1.6+ 0.2x 10P
Soctyl-GSH 20 —27.9+0.7 14.6+0.7 —32.24£0.1 5.4+ 0.3 % 10P
25 ~30.4+ 0.8 7.2+ 0.8 ~32.540.1 5.1+ 0.6 x 10F
30 —33.5+ 0.6 —2.2+06 —32.840.1 4.6+ 0.2 % 10P
35 —38.1+0.7 ~18.14£0.7 —32.5+0.1 3.3+ 0.1x 10°

Table 5: AC, of the Binding ofS-alkyl-GSHs to SjGST(Y7F)

AC, AASAE  AASApR  ACpcaf
inhibitor (kJ/Kmol) (A? (A2 (kJ/Kmol) sl
Smethyl-GSH —1.324+0.2 —644 —613 —0.54 <
Shexyl-GSH —1.14+0.1 —1035 -621 -1.27 2
Soctyl-GSH —0.74+ 0.2 —707 —661 —0.61 E )
a8 AASAqp, AASAy., andAC, ca were calculated using NACCESS
as indicated in the Materials and Methods.

ature is observed, whereAs$s° is almost insensitive to the 0 30 160 150 260
change of temperature over the temperature range investi-
gated for all of the !nthItOI’S. A plot ofAH; versgsTAS Ficure 6: rmsd of the superposition of the main-chain atom in
values for the binding of eacB-alkyl-GSH at different  molecules A and B of the SJGST(Y7#octyl-GSH complex.
temperatures shows a slope near unity. This behavior is . . .

common for proteirligand processes and has been de- and the second is poor electron density for residues-110
scribed in terms of enthalpyentropy compensatiod®). The ;20 and the (_:-termlnal reS|dues._ A similar lack of density
values of binding enthalpies over the examined temperaturein the H site in one of the subunits of the GST dimer has
ranges were always negative, while the entropies are positivebeen recently reported for the rtGSTM1481J. The lack of

at temperatures lower than 3C for Smethyl-GSH and inhibitor density in the B subunit was proposed to arise from
Soctyl-GSH and negative for all of the temperatures assayedthe different crystallographic environment of subunits A and
for Shexyl-GSH. Therefore, the binding process is enthal- B. In the case of ~GSTM1-1, the region around the Y115F

Residue number

pically and entropically driven for the inhibitoiSmethyl- mutation, in molecule A, was stabilized by lattice interactions
GSH andS-octyl-GSH at temperatures lower than 30. that constrain the area around the mutation. However, in
The entropy of binding is a result of contributors from molecule B of SJGST(Y7FFoctyl-GSH, a large number
changes in conformational degrees of freedofS.{n), of salt bridges and hydrogen-bond contacts resulting from
changes in solvationAS,), and changes in translational, Ccrystal packing are present in the complex. These contacts
rotational, and vibrational degrees of freedaft8(;) (49): suggest that the differences in electron density between

AS= ASioi+ ASoni+ ASwix. Binding is expected to restrict ~ Subunit A and B, in SjGST(Y7Fp-octyl-GSH, must be
the degrees of freedom of mobile and flexible groups in the caused by a different mechanism. Besides, the lack of
interacting surfaces oSalkyl-GSH and SjGST, but the  inhibitor density in the B subunit cannot be attributed to local
favorable entropic changes upon inhibitor binding indicate disorder as in the case of tGSTM1-1, where the ligand was
desolvation of water molecules at the surface of the protein. built into both molecules of the dimer. Superposition of the
AC, is an approximate measure of the surface area buriedS|GST(Y7F)Soctyl-GSH and the SjGSEhexyl-GSH com-

in an association reaction and can be used to predictPlex structures show a different orientation of the alkyl
conformational rearrangements in associating protein mol- moiety (Figure 7). In SjGSThexyl-GSH, the alkyl moiety
ecules. Murphy and Freir&() have suggested the following  is placed within van der Waals contacts with several residues

equation forAC: (Tyr 7, Gly 12, Leu 13, Arg 103, Ser 107, Tyr 111, and GIn
204) 22). When the alkyl chain oSoctyl-GSH is placed
AC, = 1.88AASA,, — 1.0NASA,, (2) in the same orientation as the hexyl chain in SjGShexyl-

) i GSH, the alkyl chain oS-octyl-GSH is too large to fit in
Table 5 shows the comparison of the experimental deter-ihe same protein pocket with the two additional carbons and
mined AC, values and the\C, values obtained from eq 2 ig placed in a new orientation with the octyl chain facing
using the change in nonpolar and polar ASA calculated from e dimer interface near the L site of SjGSTs. Fewer van
NACCESS &1). der Waals contacts take place between the octyl chain and
the protein residues in this orientation (only Leu 13 from
DISCUSSION chain A and Arg 108 and Asp 101 from chain B). The
There are two outstanding features of the SJGST(Y7F) stoichiometry of binding apparently varies according to the
S-octyl-GSH three-dimensional structure, as compared to thesize of the ligand. Because the binding process is very tight,
S|GST(Y7F)GSH and other SjGSTs structures. The firstis ITC experiments allowed us to accurately determine the
the lack of electron density for the inhibitor in the B subunit, number of high-affinity S-alkyl-GSH binding sites. ITC
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Tyr residues are within a reasonable distance of the thiol/
thioether group in SjGST, but in SJIGST(Y7F), only Tyr 111
can be responsible for fluorescence quenching. It has been
@ noted that it is difficult to distinguish between tyrosinate, a
strongly hydrogen-bound tyrosine, and partial-charge transfer

“m (52). To investigate the protonation state of the tyrosines
Lsm., present in the binding site, proton tyrosine titration was
G-site conducted by means of fluorescence. These experiments
show that upon binding of the substrate (GSH) a decrease
in the K, of one of the Tyr is observed for the wild-type
enzyme but no significant decrease is observed for the mutant
g @ \ enzyme. At the same time, the addition of long cHaadkyl-
GSHs results in a slight increase of thi€;pvalues of both

enzymes. The lack of Tyr 7 in the mutant enzyme allows us
to attribute the lowering of thelfy to the Tyr 7 residue and
FIGURE 7: S|jGST d|merSOctyl-GSH (green) binds to subunit A the increasing I§a to the Tyr 111 residue. In SjGST, a
(blue) and interacts with the G and H sites and with the octyl chain partially deprotonated Tyr 7 can be responsible for the charge
O e g e a1 el (o UATSEE N the SIGSTSH and SIGSTSmethyl-GSH
S}/HexyI-GSHg(cyan) binding site in subun?tgA a0r|1d B is show%. complexes. However, in SJGST(Y7F), 9”'3’ Tyr 111 with a
strong hydrogen bond can be responsible for fluorescence
qguenching. In the wild-type structure2l), two water
results show that the stoichiometry binding®iexyl-GSH molecules are within hydrogen-bond distance of the Tyr 111.
or shorter chain inhibitors is two molecules of inhibitor per In the SjGST(Y7F)GSH model, no water molecules were
S|GST(Y7F) dimer, whileS-octyl-GSH binds with a stoi-  modeled. Despite the absence of modeled water, the small
chiometry of one molecule of inhibitor per SjGST(Y7F) distance between the thiol group of GSH and the hydroxyl
dimer. Control experiments were conducted with the wild- group of Tyr 111 suggests that a water molecule bound
type SjGST, and the resulting binding stoichiometry was the between the thiol group of GSH and Tyr 111 would form a
same as that of SJGST(Y7F) for the three inhibitors assayed strongly polarized hydrogen bond. However, whe®alkyl-
(data not shown). As can be seen in Figur&octyl-GSH GSH with a sufficiently large alkyl chain occupies the H
binds to the G and H site with the alkyl chain oriented toward site, Tyr 7 in SjGST is fully protonated and no fluorescence
the L site. Because no steric impediment is observed, thequenching is observed fa&butyl-GSH or longer chain
explanation for the lack of binding to the other subunit must S-alkyl-GSHs. SjGST is most structurally similar to the
arise from a major protein conformational change resulting class of GSTs, but its H site is more similar to that of human
from the inhibitor binding to the first subunit. The superposi- o GST A4-4 (hGST A4-4), where the features of the H site
tion of subunits A and B of the SJGST(Y745octyl-GSH are responsible for the specificity toward alken&g)( The
complex shows a major rmsd of amino acids in the entrancecritical role that Tyr 212 of hGST A4-4 plays in substrate
of the H site (aromatic residues Trp 206 and Tyr 104). These polarization has been demonstrated by means of mutagenesis
results provide evidence for a conformational change that analysis $3). The role of Tyr 212 in thex class of GSTs
increases the flexibility of these amino acids in the second seems to be accomplished by Tyr 111 in SjGST.
molecule upon binding of the inhibitor to the first molecule ITC and fluorescence titration experiments show that the
(Figure 6). Y7F point mutation has little effect on the binding affinity
Additional evidence for a conformational change was of the S-alkyl-GSHs. The binding constant values obtained
provided by fluorescence measurements. The fluorescenceoy means of fluorescence measurements are of the same
of aromatic amino acids is highly dependent on the environ- order of magnitude as those obtained from the wild type.
ment where these residues are placed and provides a meanBhe binding constants are higher as the length of the alkyl
to measure conformational changes that affect the environ-chain of the inhibitors increases. The same results are
ment of these residues. Our results show different behaviorsobtained by means of ITC, where additional thermodynamic
for SJGST and S|jGST(Y7F) whehex. = 280 nm is used, information is obtained. Several interactions contributed to
but no major differences were observed whigp, = 295 the binding of GSH an&-alkyl-GSHSs to SjGST(Y7F). The
nm is used. The increase of fluorescencéat= 295 nm major difference between SjGST and SjGST(Y7F) is that
is correlated with the length of the alkyl chain. Upon binding the thiol group of the GSH moiety is unable to form a
of Sbutyl-GSH or longer chairSalkyl derivatives, the hydrogen bond with Tyr 7. This is supported by the
binding site becomes more hydrophobic and results in an correlation of the affinity constants obtained for teethyl-

enhancement of the tryptophan fluorescence. Using= GSH binding to SJGST and SjGST(Y7F) as compared with
280 nm, fluorescence quenching is observed for all of the the results obtained for the binding of GSH to both enzymes.
inhibitors tested with SJGST(Y7F), except for tiBoctyl- In SJGST(Y7F), the binding constant of the substrate GSH

GSH, where an increase of fluorescence takes place.(K = 5.2 x 10* M™?) is equivalent to the binding constant
However, the wild-type enzyme only shows fluorescence of the Smethyl-GSH K = 4.4 x 10* M%) and 10 times
quenching for the binding of GSF29) and S methyl-GSH. higher than that measured for the wild-type enzyme. More-
The fluorescence quenching of GSTs upon binding of GSH over, in SJGST, the lack of the hydrogen bond between Tyr
has been characterized as a charge transfer between the Ty# and the thiol group reduces the affinity of the inhibitor
7 (or equivalent) and the thiol group of GSH1j. Only two S'methyl-GSH K = 8.9 x 10° M) (28). SHexyl-GSH and
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Soctyl-GSH showed higher binding constants than shorter opens new avenues for the design of novel drugs to fight
chain Salkyl derivatives, but the nature of the binding schistosomiasis and drug resistance in cancer chemotherapy.

interactions are slightly different for these long-chain inhibi-
tors as shown by the thermodynamic paramet8lkyl-
GSH inhibitors show a higher hydrophobicity as the length

of the hydrophobic effect to the binding affinity can be
expected. The classic hydrophobic effect is characterized,
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thermodynamically, by a positive entropy change and a large REFERENCES

negative change iAC,. Meanwhile,AC, values obtained
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