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Arg15, conserved in class Alpha GSTs (glutathione transferases), is located at the interface between the G-
and H-sites of the active site where its cationic guanidinium group might play a role in catalysis and ligand
binding. Argl5 in human GSTA1-1 was replaced with a leucine and crystallographic, spectroscopic,
thermodynamic and molecular docking methods were used to investigate the contribution made by Arg15
towards (i) the binding of glutathione (GSH) to the G-site, (ii) the pK, of the thiol group of GSH, (iii) the
stabilization of an analog of the anionic transition state of the SyAr reaction between 1-chloro-2,4-
dinitrobenzene (CDNB) and GSH, and, (iv) the binding of the anionic non-substrate ligand 8-anilino-1-
naphthalene sulphonate (ANS) to the H-site. While the R15L mutation substantially diminishes the CDNB-
GSH conjugating activity of the enzyme, it has little effect on protein structure and stability. Arg15 does not
contribute significantly towards the enzyme's affinity for GSH but does determine the reactivity of GSH by
reducing the thiol's pK, from 7.6 to 6.6. The anionic o-complex formed between GSH and 1,3,5-
trinitrobenzene is stabilized by Arg15, suggesting that it also stabilizes the transition state formed in the SNAr
reaction between GSH and CDNB. The trinitrocyclohexadienate moiety of the o-complex binds the H-site
where the catalytic residue, Tyr9, was identified to hydrogen bond to an o-nitro group of the o-complex. The
affinity for ANS at the H-site is decreased about 3-fold by the R15L mutation implicating the positive
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electrostatic potential of Arg15 in securing the organic anion at this site.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The canonical cytosolic glutathione transferases (GSTs) are a large
superfamily of dimeric enzymes involved in the metabolism of
xenobiotic compounds by conjugating them to reduced glutathione
(GSH) in preparation for their elimination via the mercapturate
pathway [1,2]. The active site on each subunit has two adjacent sites; a
GSH-binding site (G-site) and a hydrophobic site for binding nonpolar
electrophilic substrates (H-site) [3]. While the binding of GSH to the
G-site is conserved in GSTs and is highly specific towards the thiol
substrate, the H-site is capable of binding a wide range of structurally
diverse electrophilic compounds. A fundamental event in the catalytic
mechanism of GSTs is the deprotonation of the thiol group of GSH to

Abbreviations: ANS, 8-anilino-1-naphthalene sulphonate; CDNB, 1-chloro-2,4-
dinitrobenzene; DTT, dithiothreitol; ITC, isothermal titration calorimetry; GSH, reduced
glutathione; GSOs, glutathione sulphonate; GST, glutathione transferase; GTX, S-
hexylglutathione; PEG, poly(ethylene glycol); TNB, 1,3,5-trinitrobenzene.

* Corresponding author. Tel.: +27 11 717 6352; fax: 427 11 717 6351.
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form the GS™ anion. In many GSTs, this event is facilitated by either a
tyrosine or a serine residue [1,2]. The nucleophilic GS™ anion then
reacts with an aromatic electrophilic substrate (e.g., the most widely
used substrate CDNB [4]) through an SyAr reaction that proceeds via a
high-energy anionic transition state referred to as a Meisenheimer or
o-complex [5,6]. The structural basis for the binding and stabilization
of the transition state has been reported for class Mu and Pi GSTs
which have a transition state analog, 1-S-(glutathionyl)-2,4,6-trini-
trocyclohexadienate, bound at their active sites [7-9]. Crystallograph-
ic data indicate the involvement of a pair of topologically equivalent
tyrosine residues (Tyr6 and Tyr115 in class Mu and Tyr7 and Tyr108 in
class Pi) in catalysis through transition state stabilization via
hydrogen bonding. Very little, however, is known about the residues
involved in the binding of the transition state to class Alpha GSTs.

In addition to their catalytic functions, GSTs can bind a wide
variety of non-substrate ligands many of which are organic anions
(e.g., ANS) [10]. This ligandin function is known to result in the
inhibition of catalytic function, due to the binding of non-substrates to
the promiscuous H-site of GSTs ([11] and references therein).
However, the residues involved in binding these ligands are unknown.


mailto:heinrich.dirr@wits.ac.za
http://dx.doi.org/10.1016/j.bpc.2009.11.003
http://www.sciencedirect.com/science/journal/03014622

S. Gildenhuys et al. / Biophysical Chemistry 146 (2010) 118-125 119

Class Alpha GSTs, major detoxication enzymes and ligand-binding
proteins in the liver, have a conserved arginine residue (Argl5)
located at the interface between the G- and H-sites. It has been
proposed that Arg15 is involved in the binding of GSH via hydrogen
bonding and in stabilizing the thiolate form of the tripeptide at the G-
site [12], and in binding the anionic non-substrate ligand ANS at the
H-site [13] of GSTA1-1. Argl5 is also involved in a salt bridge
interaction across the interface between domains 1 and 2 [14]. In the
present study, we have used crystallographic, spectroscopic, thermo-
dynamic and molecular docking methods to investigate the contribu-
tions made by Arg15 in human GSTA1-1 towards stability, catalysis
and ligand binding. Arg15 was replaced with a leucine residue and the
wild-type and R15L mutant enzymes studied with respect to their
conformational stability, the binding of GSH and its oxidized analog
GSOs to the G-site, the deprotonation and pK, of GSH at the G-site, the
formation and stabilization of the anionic transition state analog 1-S-
(glutathionyl)-2,4,6-trinitrocyclohexadienate at the active site, and
the binding of the anionic non-substrate ligand ANS to the H-site.
Arg15 was replaced with a leucine in order to remove the cationic
moiety and maintain most of the bulk. A leucine residue is
accommodated at this position in the GST fold as shown for class
Mu GSTs.

2. Experimental
2.1. Mutagenesis, expression and purification

The pKHA1 plasmid encoding cDNA sequence for the wild-type
hGSTA1-1 was a gift from Prof. B. Mannervik (Uppsala University,
Uppsala, Sweden; [15]) and was used as a template for mutagenesis to
create the R15L mutant by the QuikChange™ site-directed mutagen-
esis method (Stratagene, La Jolla, CA). The replacement of the arginine
AGA codon with the leucine TTA codon was confirmed by sequencing
(Ingaba Biotechnical Industries (Pty) Ltd., Pretoria, South Africa).
Wild-type and R15L hGSTA1-1 were over-expressed in BL21 (DE3)
Escherichia coli cells by IPTG induction and purified using CM-
Sepharose chromatography [16]. The column was pre-equilibrated
with 10 mM sodium phosphate buffer, 1 mM EDTA, and 0.02% sodium
azide, pH 7.0, and the bound protein was eluted with a 0-0.3 M
sodium chloride gradient. Following buffer-exchange into 20 mM
sodium phosphate, 100 mM sodium chloride, 1 mM EDTA, and 0.02%
sodium azide, pH 6.5, protein purity was assessed by SDS-PAGE and
the concentration was determined spectrophotometrically at 280 nm
using a molar extinction coefficient of 38,200 M~'cm~! for both
wild-type and R15L hGSTA1-1 [17].

2.2. Crystallization, X-ray detection and data processing

R15L hGSTA1-1 crystals were grown at 298 K using the hanging
drop vapor diffusion method. Each 4 pl drop comprised 2 pl of 14 mg/
ml of R15L hGSTA1-1 in 0.1 M Tris-HCl, pH 7.5, 10 mM DTT, 0.02%
sodium azide solution and 2 pl of the reservoir buffer (5mM S-
hexylglutathione, 0.1 M Tris-HCl, pH 7.5, 10 mM DTT, 5-30% PEG
2000 or 4000). The drops were equilibrated against 1 ml of reservoir
buffer in sealed wells of Linbro 24-well microplates. Crystals were
grown for 3 days, then harvested and soaked briefly in reservoir buffer
before mounting on a cryoloop (Hampton Research). X-ray data were
collected on a Rigaku RUH3R copper rotating anode X-ray source set
at 40 kV and 22 mA with the crystal-detector distance set to 100 mm.
Crystals were cooled with an X-stream 2000 low-temperature system.
Diffraction data were recorded at 113 K on a Rigaku R-axis [V+ image
plate camera with an X-stream 2000 low-temperature system and an
AXCO PX50 glass capillary optic system. Images were collected
covering an oscillation angle of 0.5° per image. Data were processed
using the software packages DENZO [18] and merged and scaled with
SCALEPAK [18].

2.3. Structure determination

The structure of R15L hGSTA1-1 complexed with S-hexylglu-
tathione was solved by the molecular replacement method using
CCP4 software [19]. A phasing model was constructed by removing
the water molecules, the Argl5 side chains and the S-hexylglu-
tathione ligand coordinates from the 1K3L.pdb wild-type hGSTA1-1
structure [20]. Phasing was done with MOLREP [21] yielding an R-
factor of 0.387 and a correlation coefficient of 0.607. Model
refinement was done with REFMAC5 [22] and model building
performed with O [23]. O was also used to build in the Leul5 side
chains. After refinement of the ligand-free protein, the model of S-
hexylglutathione from 1K3L was built into the R15L structure using
SwissProt Deep Viewer [24]. Solvent molecules were added using
COOT [25]. The final model gave an R-factor of 19.2 and R-free of 25.9.
The final refinement statistics are given in Table 1. Stereochemical
validation of the model was performed using PROCHECK [26].

2.4. Spectroscopic methods

Fluorescence emission spectra were measured at 20 °C on a Perkin
Elmer LS50B luminescence spectrometer with the excitation and
emission bandwidths set at 4 nm and emission spectra collected at a
scan rate of 200 nm/min. All spectra were corrected for buffer (in a
20 mM sodium phosphate buffer, pH 6.5, containing 1 mM EDTA and
0.02% sodium azide). Tryptophan residues in the proteins were
selectively excited at 295 nm and the emission monitored from
300 nm to 450 nm. When ANS was present with protein, fluorescence
resonance energy transfer from tryptophan to ANS was determined by
monitoring the emission from 300 nm to 550 nm.

Far-UV CD measurements were conducted at 20 °C using a Jasco
model 810 CD spectropolarimeter. CD signals in millidegree ellipticity
were converted to mean residue ellipticity [@] (deg cm?dmol™1)
according to:

[©] = 100 (signal) / Cnl (1)

where Cis the concentration of protein in mM, n is the number of amino
acid residues in the polypeptide chain and ! is the pathlength in cm.

2.5. Determination of the pK, of the thiol group of enzyme-bound GSH

Absorbance spectra were recorded from 230 nm to 310 nm on a
Jasco V-550 UV-VIS spectrophotometer at 20 °C for 2 mM GSH and

Table 1

Crystallographic data collection and refinement statistics for R15L hGSTA1-1.
PDB code 2R3X
Space group C121
Unit-cell dimensions
a (A) 99.103
b (A) 93.858
c (b 51.566
Resolution ranges (A) 19.68-1.80
Unique reflections 43444
Completeness (%) 89.9 (85.0)
1/o (I) 7.4 (1.0)
Reac (%) 19.2
Rfree (%) 259
Protein atoms 3572
Water molecules 616
Average B-value (A?) 1838
r.m.s. deviations in bond length (A) 0.017
r.m.s. deviations in bond angles (A) 1.508
Residues in most allowed regions of Ramachandran plot (%) 934
Overall average G-factor 0.13
Asymmetric unit content Dimer

Reree Was calculated against 5% of the reflections removed at random.
G-factor calculated by PROCHECK.
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50 uM R15L hGSTA1-1 (subunit concentration) in 0.1 M sodium
phosphate, pH 5.2-9.3. Difference spectra were obtained by subtract-
ing the spectrum for enzyme alone (at pH 5.2) and that for GSH alone
at the different pH values from the spectrum of the binary enzyme-
GSH complex. The pK; of the thiol group of enzyme-bound GSH was
calculated from a plot of the absorbance at 239 nm versus pH
[6,27,28].

2.6. Equilibrium unfolding studies

Equilibrium unfolding studies were conducted as described
previously [17]. Protein concentration was 2 uM in urea at 0 M to
8 M in a 20 mM sodium phosphate buffer, pH 6.5, containing 1 mM
EDTA and 0.02% sodium azide. Structural changes were monitored by
far-UV CD at 222 nm and tryptophan fluorescence at 330 nm.
Unfolding data were analyzed according to a two-state model with
only folded (N;) and unfolded (U) states [29].

2.7. Enzyme activity studies

The hGSTA1-1 catalyzed conjugation of CDNB to GSH at 20 °C was
monitored spectrophotometrically at 340 nm in 0.1 M sodium
phosphate, 1 mM EDTA, pH 6.5, with 1 mM CDNB and 1 mM GSH
[30]. Non-enzymatic rates were subtracted from the enzymatic rates.

2.8. Formation of o-complex between glutathione and
1,3,5-trinitrobenzene

The formation of the o-complex (1-S-(glutathionyl)-2,4,6-trini-
trocyclohexadienate) between 5mM GSH and 0-1000 uM 1,3,5-
trinitrobenzene (TNB) was carried out at 20 °C with 20-30 uM
enzyme subunits in 0.1 M sodium phosphate buffer, pH 6.5, contain-
ing 0.02% sodium azide, essentially as described [6]. The formation
constant for the o-complex, K;, was determined by non-linear
regression analysis of the absorbance data at 450 nm as described
previously [31].

2.9. Isothermal titration calorimetry

The energetics of complex formation between R15L hGSTA1-1 and
GSH, GSO3 or ANS were determined in 20 mM sodium phosphate,
100 mM NaCl, 1 mM EDTA and 0.02% sodium azide, pH 6.5, using a VP-
ITC microcalorimeter (MicroCal Inc.) [32]. R15L hGSTA1-1 (69 to
336 uM subunit concentration) in the sample cell was titrated with 3-
10 l aliquots of either 40 mM GSH, 12 mM GSO3™ or 30.3 mM ANS at
25 °C. For ANS, the temperature range was 5-25 °C. Raw data were
integrated, corrected for heats of dilution, and analyzed with ORIGIN
v.5. The best fits were obtained for the one-site fitting model giving
values for the independent parameters AH,ps, N and K, The
parameters ASyps and AGops Were obtained from AG= — RTInK, and
AG=AH —TAS where R is the gas constant and T is the absolute
temperature in Kelvin. No correction was made for possible proton-
linkage effects occurring during binding. AG, for the binding of ANS to
R15L hGSTA1-1 was obtained from the slope of the linear plot of AH,ps
versus temperature.

2.10. Molecular docking

The o-complex 1-S-(glutathionyl)-2,4,6-trinitrocyclohexadienate,
an analog of the anionic transition state of the SyAr reaction between
CDNB and GSH, was docked into the crystal structures of wild-type
hGSTA1-1 (PDB code 1K3L) and R15L hGSTA1-1 (PDB code 2R3X)
using Accelrys Discovery Studio 2.1. A binding sphere with a radius of
7 A was defined for docking using the location of S-hexylglutathione
bound to both structures. Docking of the o-complex to the proteins
was conducted using CDocker and the highest scoring pose according

to CDocker Energy for each protein structure was then selected.
Further energy minimization employing CHARMm was performed to
optimize the o-complex-to-protein interactions which involved a full
protein minimization with fixed atom constraints applied to the
protein backbone and not the side chains of each structure. A
Generalized Born with molecular volume (GBMV) solvation model
was employed in the minimization. Models were drawn using PyMOL
Molecular Graphics Software (http://pymol.sourceforge.net/).

3. Results and discussion
3.1. Structural properties of R15L hGSTA1-1

Crystals of R15L hGSTA1-1 complexed with S-hexylglutathione
(GTX) were grown in 15% (w/v) PEG4000, 0.1 M Tris-HCl, pH 7.5,
10 mM DTT, and 0.02% sodium azide, at 20 °C. The electron density of
the final model is well defined for residues 2-222 and 4-222 for
chains A and B, respectively. Table 1 shows the statistics for the
crystallographic data collection and refinement of the R15L hGSTA1-
1-S-hexylglutathione complex. Fig. 1A shows that the electron density
for residue 15 in chains A and B is consistent with a leucine residue at
this position. Electron density defining the locations and conforma-
tions of S-hexylglutathione bound to chains A and B were clear except
for the terminal three carbons of the hexyl moiety bound to chain A
and the terminal carbon of the hexyl moiety bound to chain B
(Fig. 1B). The backbone structures of wild-type hGSTA1-1 (PDB code
1K3L; [20]) and R15L hGSTA1-1 superimpose with an RMSD of 0.27
indicating that the mutation has very little effect on the overall
structure of the protein. The hydrogen-bond interactions across the
domain interface between Arg15 (domain 1) and Glu104 (domain 2)
in the wild-type are disrupted in the R15L structure, and the shorter
side chain of Leu15 in the mutant creates a cavity that is filled by three
water molecules (Fig. 1C). The hydrogen bonding requirements of
Glu104 in the mutant are satisfied by interacting with two of these
water molecules (W2 and W3) and with another (W1) found in both
mutant and wild-type structures.

The global structure of apo hGSTA1-1 in solution is not perturbed by
the R15L mutation, as demonstrated by the overlapping far-UV CD and
tryptophan fluorescence spectra for the mutant and wild-type proteins
(Fig. S1 in supplementary online data). Furthermore, the loss of the
hydrogen bonds across the domain interface in the mutant and the
cavity created at the domain interface by truncating the side chain of
Argl15 (Fig. 1C), do not destabilize the structure. This is most likely
attributed to the involvement of the three ordered water molecules in
hydrogen bonding and in improving packing density in lieu of the
guanidinium group of Arg15 (Fig. 1C). The thermodynamic parameters
of stability, obtained from urea-induced unfolding curves (Fig. S2 in
supplementary online data), are similar for both proteins (AG(H,0) =
22+1.74kcalmol™ !, m=33+038 kcalmol 'M~ ! and C,=4.6 M
urea for R15L, and AG(H,0)=22.6+1.02 kcalmol™', m=3.2+
0.22 kcal mol~ ' M~ ! and C;, =4.5 M urea for wild-type.

3.2. Role of Arg15 in the binding and activation of GSH

The specific activity of hGSTA1-1 in conjugating CDNB to GSH
(both at 1 mM) is significantly diminished (1.53 pumol/min/mg) when
compared to that of the wild-type enzyme (34.9 pmol/min/mg), in
agreement with that reported previously [12].

Reduced GSH binds to the G-site of the enzyme in a manner
essentially the same as that observed for the GSH moiety of S-
hexylglutathione shown in Fig. 1B. Although Arg15 forms part of the
G-site, the crystal structure of the hGSTA1-1-GSH complex (PDB code
1PKW; [33]) shows that its guanidinium group does not hydrogen
bond to the thiol group of GSH (distance>4 A), as suggested by others
[12]. While the Ky, for CDNB is not significantly affected when Arg15 is
substituted with either a leucine or an isoleucine, the Ky for GSH is
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E104  //

Domain 1

R15L -

Domain 2

eos )/

Domain 1

Fig. 1. Electron density maps of R15L hGSTA1-1 (PDB code 2R3X) and active site of GST A1-1. (A) Residue 15 in chain A (right) and in chain B (left) contoured at 20. The stick model is
that of leucine. (B) S-hexylglutathione bound to chain A (right) and bound to chain B (left) contoured at 1.50. (C) Stick representations showing bound S-hexylglutathione (GTX),
amino acids Tyr9, Arg15 (wild-type), Leu15 (R15L) and Glu104. Water molecules are shown as red spheres and hydrogen bonds as dashed lines. Domain 1 and domain 2 are the two
structural domains in each subunit with the interactions between Arg15 and Glu104 occurring across the domain interface.

increased 6- to 10-fold [12,34]. Our ITC data at 25 °C indicate that the
affinity between GSH and R15L is reduced only 1.31-fold (Table 2; see
Fig. S3 in supplementary online data). This suggests that the
significant reduction in activity and increase in the Ky; for GSH for
the R15L mutant are not a consequence of a loss in affinity for GSH, as
suggested by others [12]. Argl5 does, however, contribute signifi-
cantly towards the affinity of the anionic GSH analog, GSO3, as
indicated by ITC-determined Ky values (Table 2; see Fig. S4 in
supplementary online data). Crystal structures show that the bulkier,
negatively charged sulphonate group of GSOs3 is situated closer to,
and hydrogen bonds with, the guanidinium group of Argl5 (PDB
codes 1EV4 and 1EV9; [35]).

When GSH binds to the G-site of GSTA1-1, the pK, of the thiol
group is reduced by 2.7 pH units from 9.2 to 6.5 [36], equivalent to a
AG of —15.4 k] mol ™. The hydroxyl group of Tyr9 hydrogen bonds to
the sulfur atom of GSH [14] facilitating the deprotonation of GSH and,
consequently, the formation of the highly nucleophilic GS™ thiolate
anion at the active site, a fundamental event in the catalytic
mechanism of GSTs. In addition to Tyr9, Arg15, through the positive

Table 2
Thermodynamic parameters for the binding of GSH and GSO3 to wild-type and R15L
hGST A1-1 at 25 °C.

Wild-type R15L

GSH GSO3 GSH GSO3°
Kq (1M) 351 1.7 460 118
AG (k] mol~ ) —19.6 —30.8 —19.0 —225
AH (k] mol~ ') —195 —41.8 —19.2 —59.1
TAS (k] mol~ 1) 0.9 —11 —0.18 —37
N 1.0 1.0 1.0 0.7

electrostatic potential generated by its guanidinium group, is also
proposed to play an important role in stabilizing the negatively
charged thiolate form of GSH [12,34]. This was tested directly by
measuring the formation of the thiolate GS™ anion in the R15L mutant
E-GSH binary complex. Absorbance data at 239 nm, due to the
thiolate anion [37,38], show that the replacement of Argl5 with a
leucine residue raises the pK; of the thiol group to 7.6 in the mutant
E-GSH complex (Fig. 2), suggesting that Argl5 contributes about
6 k] mol~ ! towards the stabilization of the GS~ anion at the wild-type
G-site. Therefore, since the affinity of GSH is not significantly affected
by the R15L mutation, the reactivity of GSH bound to the enzyme
appears to be an important determinant of the k.. for the GSH/CDNB
reaction pathway and, thus, the Ky for GSH. The k¢, is lowered to
about 3-6% of the wild-type value for the R151 and R15L mutations
[12,34]. It has been suggested that Arg15 forms part of an electron-
sharing network in class Alpha GSTs that assists in the ionization of
GSH at the G-site, and that a similar electrostatic motif is conserved at
the G-sites of other GST classes that operates in the “base-assisted
deprotonation” model for activating GSH [39,40].

3.3. Role of Arg15 in o-complex formation

The nucleophilic aromatic substitution, SyAr, reaction between
CDNB and GSH is believed to proceed through a high-energy anionic
intermediate, a Meisenheimer or o-complex [5]. An analog of this
transition state can be formed between GSH and 1,3,5-trinitrobenzene
(TNB) but, because the hydride ion is a poor leaving group, the reaction
with TNB does not proceed to product formation resulting in a dead-end
o-complex (1-(S-glutathionyl)-2,4,6-trinitrocyclohexadienate) in equi-
librium with the reactants [6,31,41] (Fig. 3A). To establish the role of
Arg15 in the formation of this anionic transition state analog at the
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Fig. 2. Ionization of GSH at the G-site of R15L hGSTA1-1. Titration curve of GSH bound to
R15L hGSTA1-1 as a function of pH. The ionization of GSH to its thiolate form GS™ was
monitored by UV-difference spectroscopy at 239 nm. The inset shows a difference
spectrum for the enzyme-GSH complex at pH 7.5. Curve fitting of the data (solid line)
yielded a pK, value of 7.6 for the thiol group of GSH.

active sites of wild-type and R15L hGSTA1-1, the reaction between GSH
and TNB was monitored spectroscopically at 450 nm [31,42] (Fig. 3B).
The formation constant, K¢, and corresponding Apax values for enzyme-
bound o-complex, determined using absorbance values at 450 nm, are
Kr=7769+774M~ " and Amax=11380+253M~'cm™! for wild-
type, and K;=4047 + 184 M~ ! and A =8665+150 M~ ' cm™ ! for
R15L hGSTA1-1. The K; value for wild-type compares well with that
reported earlier [31]. Assuming that the molar extinction of the o-
complex formed at the active site of hGSTA1-1 is the same as that in
solution (25,000 M~ !cm™!) [42], the maximum absorbance values
obtained for wild-type and R15L correspond to 46% and 35% o-complex
formed at their active sites at pH 6.5, respectively.

A
H
20 N02
as +N —
NO,

1,3,5-trinitrobenzene

The difference in the free energy change for the formation of the
o-complex (AAG), calculated from AAG= — RTIn(Ks r1sL hgsta1-1/
Kt wild-type hcstai1-1), indicates that Arg15 stabilizes the o-complex at
the active site of wild-type hGSTA1-1 by 1.6 kj mol~'. This value,
however, is significantly lower than a AAG of 9.9 k] mol ™! calculated
from the kea/KSPNE values for the R15L and wild-type enzymes [12],
suggesting that the contribution made by Arg15 towards the catalytic
rate in terms of stabilizing the transition state may not be the only major
factor for GSTA1-1. The differences between the o-complex formed
with TNB and the actual intermediate formed with CDNB (1-chloro-1-
(S-glutathionyl)-2,4-trinitrocyclohexadienate) are the presence of an
extra o-nitro group and the absence of a chlorine leaving group bound to
C1 in the trinitrocyclohexadienate moiety. Whether these differences
contribute towards the different AAG values for TNB and CDNB is not
clear at present.

Since no crystal structure is available for the hGSTA1-1-0-
complex, molecular docking experiments were performed with the
o-complex and both forms of hGSTA1-1. The final energy-minimized
models for wild-type and R15L indicate that the GSH moiety of the o-
complex is positioned in essentially the same way as observed for GSH
bound at the G-site of hGSTA1-1 (Fig. 4). The trinitrocyclohexadienate
moiety fits into the same binding pocket to which the hexyl chain of
S-hexylglutathione binds. The hydrophobic pocket is formed by the
side chains of Tyr9, Phel0, Gly14, Argl15, Leul07, Leu108, Val111,
Phe220 and Phe222 (Fig. 4). The latter two residues are located in
helix 9 implying that the highly dynamic behavior of this helix [43] is
most likely involved in the formation and stabilization of the o-
complex. Further, Phe220 and Phe222 have been shown to play an
important role in hGSTA1-1 catalysis with CDNB possibly by
modulating the motions of the substrates and steering them into
the transition state [44].

In the model of the wild-type-o-complex, only the pro-R o-nitro
group of the trinitrocyclohexadienate moiety hydrogen bonds to the

NO,
+ H*

NO,

o-complex

1-(S-glutathionyl)-2,4,6-
trinitrocyclohexadienate

B
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Fig. 3. Formation of the anionic o-complex at the active site of R15L hGSTA1-1. (A) Reaction between the glutathione thiolate GS™ and trinitrobenzene. The second reaction step does
not occur due to the absence of a leaving group on carbon 1 of trinitrobenzene. (B) Difference Vis-spectra of the o-complex bound to wild-type (solid line) and R15L (dashed line)
hGSTA1-1. Spectra were recorded at 20 °Cin 0.1 M sodium phosphate buffer, pH 6.5, containing 0.02% sodium azide. GSH was at 5 mM, enzyme subunit concentrations were 20-30 pM

and trinitrobenzene was at 0.8 mM.
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A
Helix 9

Wild-type

B

Fig. 4. Model of the anionic o-complex bound at the active site hGSTA1-1. (A) Wild-type active site with Arg15. (B) R15L active site with Leu15. Stick representations showing bound
o-complex, amino acids Tyr9, Phe10, Arg15 (A), Leul5 (B), Leu107, Leu108, Val111, Phe220 and Phe222. Helices 1, 4 and 9 are indicated by ribbons and hydrogen bonds as dashed

lines.

protein via the hydroxyl group of Tyr9 (Fig. 4A). Therefore, in addition
to its role in deprotonating the thiol group of glutathione [45], the
model implicates Tyr9 in catalysis through transition state stabiliza-
tion. The proximity of a positive electrostatic potential, generated by
both the guanidinium cation of Arg15 and the N-terminus of helix 1, to
the trinitrocyclohexadienate moiety may further stabilize the o-
complex. In the R15L- o-complex, the trinitrocyclohexadienate moiety
moves towards the cavity created by the mutation thus eliminating the
hydrogen bonding between an o-nitro group and Tyr6 (Fig. 4B).
Although the pKj, of the hydroxyl group of Tyr9 is reduced in the R15L
mutant [12], it would still be protonated at pH 6.5. The position of the
trinitrocyclohexadienate moiety in the R15L mutant structure is very
similar to that observed for the moiety bound to rGSTM1-1 [7], which
has a leucine residue (Leu12) in a position topologically equivalent to
Arg15 (Fig. S5 in supplementary online data). Hydrogen bonding is
also observed between an o-nitro group of the trinitrocyclohexadie-
nate moiety of the o-complex and the active site tyrosine residue in
Mu (Tyr6) [7,8] and in Pi (Tyr7) [9] class GSTs. In these structures, an
additional hydrogen bond is formed between the same o-nitro group
and the hydroxyl group of a topologically equivalent tyrosine residue
(Tyr115 in Mu and Tyr107 in Pi) located in the loop between helices 4
and 5 (Fig. S5 in supplementary online data). In hGSTA1-1, the residue
is a valine residue (Val111 in Fig. 4). Furthermore, the other o-nitro
group and the p-nitro group of the trinitrocyclohexadienate moiety at
the Mu active site are hydrogen bonded to ordered water molecules
[7]. When compared to hGSTA1-1, the Mu GST binds the o-complex
significantly more tightly (Kr=51,000 M~ ! at pH 7) at its active site
[6]. While class Pi GSTP1-1 has an arginine (Arg13) that is topologically
equivalent to Arg15 in GSTA1-1, no interactions are observed between
its guanidinium group and the trinitrocyclohexadienate moiety of the
o-complex [9].

Spatially, the active site of GSTA1-1 is far more restrictive than that
of the GSTM1-1 site due to the presence of helix 9 in the former
(Fig. S5 in supplementary online data). In the crystal structure of
rGSTM1-1-0-complex (PDB code 4GST), there is sufficient space to
accommodate the chlorine leaving group present in the authentic
anionic intermediate (1-chloro-1-(S-glutathionyl)-2,4-dinitrocyclo-
hexadienate) and that the chlorine atom is accessible to solvent that
would facilitate the decomposition of the intermediate to products [7].
However, according to the model of the hGSTA1-1-o-complex (Fig. S5
in supplementary online data), the sp3-hybridized C1 of the authentic

intermediate would position the chlorine leaving group close to
Phe220 and Phe222 thereby significantly diminishing its accessibility
to solvent. However, the dynamic motions of the C-terminal region of
the enzyme in catalysis [44] could facilitate the decomposition of the
intermediate to products. Unlike that for the class Mu GSTs, formation
and decomposition of the Meisenheimer complex in class Alpha GSTs
might be rate-limiting for catalysis [46-49].

3.4. Binding of anionic ANS to R15L hGSTA1-1

Molecular docking and ligand-displacement studies indicate the
anionic non-substrate ligand ANS to bind the hydrophobic H-site of
hGSTA1-1 [13]. The negatively charged sulphonate group of ANS is
located at the interface between the G- and H-sites and is in close
proximity to Argl5 but does not hydrogen bond to the residue.
Fluorescence measurements show that the emission intensity of ANS
bound to the R15L mutant is reduced by about one-third when
compared to that for the wild-type-ANS complex (Fig. S6 in
supplementary online data), suggesting that the mutation reduces
the affinity for ANS. The emission maximum wavelength at 475 nm
for ANS, however, is unchanged by the mutation suggesting that the
hydrophobic nature of the binding site is not compromised.

ITC experiments were conducted to quantify the contribution of
Arg15 towards the binding energetic of ANS over the temperature
range of 5-25 °C. Binding to R15L hGSTA1-1 is exothermic and the
binding data fit well to a model describing one binding site per
subunit (Fig. S7 in supplementary online data), consistent with the
wild-type data [32]. The affinity of hGSTA1-1 for ANS is diminished
3.3-fold by the R15L mutation (Kq =215 uM for R15L and 65 pM for
wild-type [32] at 25 °C), indicating the importance of this residue in
the binding of ANS. The temperature dependence of the thermody-
namic parameters obtained for the R15L- ANS interaction is presented
in Fig. 5. The observed free energy (AGons) remains essentially
constant over the 5-25 °C range and is defined by negative favorable
enthalpy values (AH,,s) and positive favorable entropy values
(TASops). The importance of van der Waals contacts between the
anilino and naphthyl rings of ANS and protein surface for the
enthalpically driven binding of ANS to wild-type hGSTA1-1 and
other proteins has been shown [32,50-52]. At 25 °C, the enthalpy
change for the R15L protein is less favorable (AH,,s = — 18.6 k] mol)
than that for the wild-type protein (AH,ps= —30.5 k] mol),
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Fig. 5. Calorimetric titration of R15L hGSTA1-1 with the anionic ligand ANS.
Temperature dependence of (B)AHqps, (A)TASops and (@) AGeps for the binding of
ANS to R15L hGSTA1-1 in 20 mM sodium phosphate, 1 mM EDTA, and 0.02% sodium
azide, pH 6.5. The solid lines represent linear fits to the experimental data.

demonstrating the contribution of electrostatic interactions between
the negatively charged sulphonate group of ANS and the positively
charged guanidinium group of Arg15. The presence of electrostatic
interactions between the sulphonate group of ANS and the guanidi-
nium group of an arginine residue has also been demonstrated for
other protein-ANS complexes [50,52-55].

The positive TASyps value for the R15L mutant (2.3 k] mol at 25 °C)
reflects a net favorable entropy change of solvation in that restrained
water molecules solvating, at least, the nonpolar surface of the
anilinonaphthalene moiety and negatively charged sulphonate group
of free ANS are released to bulk solvent upon complex formation [56].
Free ANS has a relatively constrained conformation with the position
of the sulphonate group relative to the anilinonaphthalene moiety
being defined by a dihedral angle and a torsion angle [50]. The
favorable TASqps value for the R15L mutant compared to the
unfavorable TAS,,s value for the wild-type (—6.5k] mol [32])
indicates a much smaller unfavorable change in conformational
entropy due to a loss of degrees of freedom at the interface between
ANS and protein. It is possible that in the absence of the interactions
between the sulphonate groups of ANS and Arg15, the conformation
of ANS bound to R15L is not as rigid as it would be when bound to the
wild-type protein.

The change in heat capacity (AGp, obs) for the binding of ANS to
R15L hGSTA1-1, calculated from the linear temperature dependence
of AHyps (Fig. 5), is —0.30 k] mol~ 'K~ ! compared to a value of
—0.84 Kk mol~ 'K~ ! reported for the wild-type hGSTA1-1-ANS
interaction [32]. Since the change in heat capacity originates primarily
from the changes in the hydration of nonpolar and polar molecular
surface areas [57], the negative change observed for the mutant
suggests the burial of nonpolar surface area on complex formation
[58], consistent with the hydrophobic nature of the binding site and
ligand.
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