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A C-terminal helix («9) adjacent to the active site on each subunit is a structural feature unique to the alpha
isoform of glutathione transferases which contributes to the catalytic and ligandin functions of the enzyme. The
ionisation state of Tyr-9, a residue critical to catalysis, influences 9 dynamics, although the mechanism is poorly
understood. In this study, isothermal titration calorimetry was used to probe the binding energetics of G-site
(glutathione and glutathione sulfonate) and H-site (ethacrynic acid) ligands to wild-type and a YOF mutant of
human glutathione transferase A1-1. Although previous studies have reported a favourable entropic component
to the binding of conjugates occupying both sites, our data reveal that ligand binding is enthalpically driven when
either the G- or H-site is occupied independently. Also, heat capacity changes demonstrate that a9 is fully
localised by H-site but not G-site occupation. The Tyr-9 hydroxyl group contributes significantly to ligand binding
energetics, although the effect differs between the two binding sites. G-site binding is made slightly enthalpically
more favourable and entropically less favourable by the YOF mutation. Binding to the H-site is more dramatically
affected, with the Ky for ethacrynic acid increasing 5 fold despite a more favourable AS. The heat capacity change is
more negative for G-site binding in the absence of the Tyr-9 hydroxyl (AAC, = —0.73 k] mol ! K~1), but less
negative for H-site binding to the YOF mutant (AAC,=0.63 k] mol ' K~ '). This suggests that the relationship
between Tyr-9 and a9 is not independent of the ligand. Rather, Tyr-9 appears to function in orienting the ligand
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optimally for a9 closure.
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1. Introduction

The cytosolic glutathione transferases (GSTs; EC 2.5.1.18) are impor-
tant detoxification enzymes in aerobes which catalyse the conjugation
of reduced glutathione (GSH) to a range of drugs and toxins [1].
Although diverse in primary sequence, members of the GST superfamily
share a common fold and subunit structure characterised by an active
site with two distinct binding sites [2-4] (Fig. 1). The G-site is specific for
GSH and highly conserved across the GST gene classes, while the H-site
can accommodate various hydrophobic, electrophilic substrates. The
major catalytic residue in GSTA1-1 is Tyr-9, the hydroxyl group of which
functions to activate the GSH thiol for nucleophilic attack on the
electrophilic substrate [5]. Previous studies have investigated the
binding of a GSH-conjugate (GS-NBD) to Y9F GSTA1-1 using isothermal
titration calorimetry [6]. Despite a complete loss of enzyme activity, the

Abbreviations: &9, C-terminal helix-9 of GSTA1-1; ASA, accessible surface area; AG; caic,
the calculated (predicted) change in heat capacity; AG,qps, the observed (experimental)
change in heat capacity; EA, ethacrynic acid; G-site, glutathione binding site; GSH, reduced
glutathione; GS-NBD, glutathione conjugate with 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole;
GSO3, glutathione sulfonate; hGSTA1-1, human class Alpha glutathione transferase with
two type one subunits; H-site, hydrophobic electrophilic binding site; ITC, isothermal
titration calorimetry.
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conjugate appears to bind more tightly to the mutant enzyme, with the
gain in affinity coming at an entropic cost. The structural basis for these
thermodynamic effects was suggested by pre-steady state Kinetics
experiments which show a correlation between the ionisation state of
Tyr-9 and 9 localisation that is associated with the binding of GSH-
conjugates [7-9]. A C-terminal helix («9) completing the active site is a
structural feature unique to class alpha GSTs (Fig. 1). As shown in Fig. 2,
this helix exists in an open conformation in the apo enzyme but
becomes localised onto the surface of the protein in crystal structures
where the H-site is occupied [10-12]. In the structures shown (Fig. 2),
Phe-10 is displaced by Phe-220 when the helix is localised onto the
protein surface, and as such is diagnostic of a9 closure. Although not a
determinant of protein stability, &9 is critical to both the catalytic and
ligandin functions of GSTA1-1 [8,13-15]. The mechanism by which Tyr-
9influences o9 dynamics remains, however, unclear. This study extends
our understanding of the role played by the Tyr-9 hydroxyl group in
ligand binding to GSTA1-1 and sheds light on the link between Tyr-9 and
the closure of o9 over the active site. [sothermal titration calorimetry
was used to investigate the energetics of ligand binding to the G-site
(glutathione and glutathione sulfonate) and H-site (ethacrynic acid) of
both wild-type and Y9F mutant GSTA1-1. By partitioning G- and H-site
binding energetics and reporting heat capacity changes for ligand
binding, new insight is gained into the structural events accompanying
ligand binding in the absence of the Tyr-9 hydroxyl group. Tyr-9-


http://dx.doi.org/10.1016/j.bpc.2011.04.005
mailto:Yasien.Sayed@wits.ac.za
http://dx.doi.org/10.1016/j.bpc.2011.04.005
http://www.sciencedirect.com/science/journal/03014622

154 D. Balchin et al. / Biophysical Chemistry 156 (2011) 153-158

Fig. 1. Subunit structure of GSTA1-1. Tyr-9 and the ligand, S-hexylglutathione, are shown
asred and cyan sticks respectively. «9 and the G- and H-sites are indicated. (1K3L) [2]. The
figure was generated using PyMOL (http://pymol.sourceforge.net/).

induced localisation of a9 was found to be ligand dependent, suggesting
that the phenolic hydroxyl group of the active site tyrosine influences
a9 dynamics by mediating the orientation of the bound ligand.

Fig. 2. Active site alignment of GSTA1-1 bound to different ligands. Ligands are depicted in
ball-and-stick animation and helix 9 is shown as a ribbon. Red, apo GST (1PKZ) [10]. Green,
GST-GSH (1PKW) [10]. Cyan, GST-GSO3 (1EV9) [40]. Magenta, GST-EA (1GSF) [11].
Yellow, GST-(EA-GSH conjugate) (1GSE) [11]. Phe-10 is shown in sticks. Note how the
position of Phe-10 correlates with the degree of closure of helix-9 over the active site, with
the helix more localised (and Phe-10 displaced) in structures where the H-site is occupied.

2. Experimental procedures
2.1. Materials

Reduced glutathione and glutathione sulfonate were from Boehringer-
Mannheim (Mannheim, Germany). TCEP (tris-(carboxyethyl)-phos-
phine) and ethacrynic acid were purchased from Sigma-Aldrich (St.
Louis, MO, USA). All other reagents were of analytical grade.

2.2. Mutagenesis, protein expression and purification

Wild-type and Y9F human GSTA1-1 proteins were over-expressed
using the plasmid pKHA1 [16] in Escherichia coli BL21 (DE3) cells
containing the pLysS plasmid. The wild-type plasmid was a gift from B.
Mannervik (Department of Biochemistry, University of Uppsala,
Sweden). The Y9F mutation was incorporated using the QuikChange™
Site-Directed Mutagenesis Kit (Stratagene). The mutant plasmid cDNA
was sequenced using an ABI Prism 310 genetic analyser (PE Biosystems)
to ensure that no other mutations were present. Wild-type and Y9F
mutant proteins were over-expressed and purified using S-hexylglu-
tathione affinity chromatography. The bound protein was eluted from
the column using 50 mM glycine-NaOH, pH 10 [11]. The purification
method described above ensured that the protein was prepared in the
absence ofligand (i.e. the apo-form). The proteins were stored in 20 mM
sodium phosphate buffer, pH 6.5 containing 0.1 M NaCl, 1 mM EDTA and
0.02% sodium azide. The purity and homogeneity of all protein samples
were assessed using SDS-PAGE [17] and SEC-HPLC. Dimeric protein
concentrations were determined spectrophotometrically using a molar
extinction coefficient of 38 200 M~! cm™~! and 35 520 M~ cm™! for
the wild-type and mutant, respectively.

2.3. Isothermal titration calorimetry

Calorimetric studies were conducted using a VP-ITC MicroCalorime-
ter from MicroCal Incorporated. All proteins were prepared in the ligand-
free form. The wild-type and Y9F proteins were eluted from the S-
hexylglutathione affinity column using high pH and subsequently
passed through a Sephadex-G25 column. The protein samples were
dialysed extensively against 20 mM sodium phosphate buffer, pH 6.5
containing 0.1 M NaCl, 1 mM EDTA, 1 mM TCEP and 0.02% sodium azide.
The ligands were prepared in the final dialysate buffer at concentrations
of 20 mM, 1.1 mM and 8 mM for GSH, GSO3 and ethacrynic acid,
respectively. Monomeric protein concentrations of ~0.10 mM wild-type
and 0.08 mM Y9F hGSTA1-1 were used for the GSH binding study. The
wild-type and YOF monomeric protein concentration used in the GSO3°
study ranged between 0.05 mM and 0.06 mM whereas monomeric
protein concentrations of ~0.33 mM were used for the ethacrynic acid
study. In all the experiments, the ligand (GSH, GSO3™ or ethacrynic acid)
was injected into the ITC sample cell containing protein solution.
Computer-controlled injections (3 pl) of ligand into protein solution
were carried out until all the binding sites on the protein molecules were
saturated. To correct for heats of dilution, control experiments were
performed by making identical injections of ligand into the buffer
solution. The heat capacity change of the binding reaction was
determined from identical experiments performed in the temperature
range 5-37 °C. Linked protonation effects were determined by perform-
ing identical experiments at 25 °C in a combination of phosphate
(AHion = 5.12 k] mol 1), Pipes (11.45 k] mol~!), Mes (15.53 k] mol™!),
Mops (21.82 k] mol~') and imidazole (36.59 k] mol~") buffers [18,19].
Linked protonation effects were calculated using the equation:

AHobs = n;‘AHion + AHb (])
where AH,ys is the observed enthalpy of binding, n;} is the number of

protons absorbed or released, AHjo,, is the ionisation enthalpy of the
buffer and AH,, is the net binding enthalpy. No significant changes in
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binding affinities in the buffers used above were observed (data not
shown).

All raw data from the calorimetric experiments were collected and
integrated using the ORIGIN 5 analysis software (MicroCal). For GSH
binding, the stoichiometry was fixed to a value of one (N=1) based
on high resolution crystallographic data [10].

2.4. Calculation of AC, values

ASA values were calculated using the NACCESS programme
[designed by S.J. Hubbard and J.M. Thornton (1993), Department of
Biochemistry and Molecular Biology, University College, London, U.K.]
from the structures of GSTA1-1 in complex with GSH (1PKW) [10] and
EA (1GSF) [11]. Apo co-ordinates were generated by removing the
coordinates for the ligand from the GSH complexed structure in order
to avoid errors resulting from using different crystal structures in ASA
calculations. Changes in solvent-accessible surface area upon complex
formation were estimated as follows:

AASA = ASAdimerfligand_ASAdimer_ASAligand- (2)

The AASA values were converted to expected heat capacity changes
by employing the empirical relationship [20-22]:

AC, caie = 2.14-AASA 5 _polar —0-88 - AASA (3)

where the subscripts non-polar and polar represent the change in ASA of
non-polar and polar surface area.

3. Results

All thermodynamic parameters for ligand binding are reported in
Table 1. The temperature dependence of binding enthalpy for each
ligand is illustrated in Fig. 3. ITC thermograms and integrated profiles are
shown in the supplementary information accompanying this manuscript
for GSH (Fig. S1), GSO3 (Fig. S2) and EA (Fig. S3).

3.1. Energetics of ligand binding to wild-type GSTA1-1

Fitting of the integrated ITC profiles indicates that both G-site (GSH,
GSO37) and H-site (EA) ligands bind to wild-type hGSTA1-1 with a
stoichiometry of one molecule per protein monomer. No evidence of
binding cooperativity was observed. The binding of all three ligands is
enthalpically driven between 5 and 25 °C. GSH and GSO3™ binding is
entropically favourable below 25 °C and 1.3 °C respectively, whereas no
favourable entropic component for EA binding was observed over the
temperature range 5-37 °C. Determination of dissociation constants
revealed that GSO3™ binds the G-site about two-orders of magnitude
more tightly than GSH and almost 7-fold more tightly than does EA at
the H-site. The heat capacity changes are negative and similar for
the binding of GSH (AC,=—0.44kJ mol ' K™') and GSO3 (AC,=

0
20 W’\\
S -40 -\O\—O_\C»\v\a\
E
—
=2
OE -60 1
-80
-100 T T T T
275 280 285 290 295 300
Temperature (K)
0
s
E
—
<
5
-60 T T T T
275 280 285 290 295 300

Temperature (K)

Fig. 3. Temperature dependence of enthalpy of ligand binding to A, wild-type and B, YOF
hGSTA1-1. For the ligands: GSH (@), GSO3™ (O) and EA (A).

—0.47 kf mol~! K1), while EA binding results in a more negative AC,
(=159 k mol~' K~1). ITC experiments in four buffers of different
ionisation enthalpies revealed that GSH binding is associated with the
release of 0.44 protons into the buffer system per protein monomer
(njf = —0.44). GSO5 binding releases 0.5 protons per monomer into
solution (nij = —0.50). EA, in contrast, binds with the concomitant
uptake of 2 protons per monomer (n;; = +2.01) (Fig. S4).

3.2. GSH binding to Y9F mutant
As with the wild-type protein, GSH binding to the Y9F mutant is

enthalpically driven, with entropic contributions favourable below
15.8 °C. At 25 °C, the GSH complex with the mutant is marginally more

Table 1
Thermodynamic parameters for ligand binding to wild-type and YOF GSTA1-1.
Kq® AG°? AH°? TAS® @ AC,° Nd
(uM) (kJ mol—") (kJmol~'K~1)
Wt GSH 370410 —19.6 —19.54+0.3 +0.09 —0.444+0.05 1¢
GSO5 4403 —30.8 —41.84+0.6 —10.9 —0.47+0.04 1.0+0.01
EA 2742 —26.1 —81.240.17 —55.1 —1.59+0.14 1.040.003
Y9F GSH 310+10 —20.1 —33.8 £0.6 —13.7 —1.17+£0.14 1¢
GSO35 11.54+0.7 —28.2 —513+13 —23.1 —1.38+0.09 1.0+0.02
EA 150+2.9 —21.8 —40.34+6.7 —185 —0.96+0.30 0.7+0.1
@ Obtained at 25 °C in phosphate buffer.
b Obtained between 5 and 25 °C.
¢ Stoichiometry (N) fixed at one molecule of GSH per protein monomer.
d

Reported errors are from data fitting using the ORIGIN software (MicroCal).


image of Fig.�3

156

stable than that with the wild-type enzyme, reflected in a lower K4 for
the former. Enthalpy is more favourable for GSH binding to the mutant
than to wild-type GST (AAH® = —14.3 k] mol™!), although the entropic
contribution to binding is less favourable (TAAS®= —13.79 k] mol ™).
The Y9F mutation is associated with a more negative AC, for GSH
binding than the wild-type.

3.3. GSO3 binding to Y9F mutant

Binding of the charged glutathione analogue GSO3" to the G-site of the
mutant protein is dominated by enthalpically favourable interactions,
with entropy contributing favourably only below 9.5 °C. The mutation
reduces the affinity of the enzyme for GSO3 (AAG°=2.6k mol™!)
despite the more favourable AH for binding in the absence of the phenolic
hydroxyl of Tyr-9. The observed effect on enthalpy is countered by a less
favourable entropy change for binding to the mutant. The heat capacity
change is more negative than for GSO3™ binding to the wild-type, with the
magnitude of the difference similar to that observed for GSH binding.

3.4. EA binding to Y9F mutant

Although EA binding to the H-site of GSTA1-1 is enthalpically driven
for both proteins, the mutation results in a favourable entropic compo-
nent to binding (below 12 °C) not observed for the wild-type. The
mutation also causes a significant destabilisation of the protein complex
with EA, manifested in a 5-fold reduction in affinity. The enthalpy of
binding is much less favourable for the YOF mutant at 25 °C when
compared to the wild-type enzyme. The entropy change upon binding,
however, is markedly more favourable when EA binds to the mutant
(TAAS°=36.6 k] mol™!). Unlike the binding of GSH and GSO3, the
interaction of EA with the H-site of the mutant results in a less negative
AG, than observed for wild-type GSTA1-1.

4. Discussion

Previous studies investigating the energetics of ligand association
with class alpha glutathione transferase have focused on the binding of
glutathione conjugates and non-substrate ligands to the enzyme
[6,23,24]. Here, the thermodynamics of both G-site (glutathione and
glutathione sulfonate) and H-site (ethacrynic acid) binding have been
characterised comprehensively. In addition, although ligand binding
thermodynamics in other GSTs [25-29] have been reported, class
alpha is poorly characterised in this respect. Unique to this isoform is a
C-terminal helix (a9) which completes the active site and is known to
influence the ligandin and catalytic functionality of the enzyme [14].
Insight into the relationship between a9 and ligand binding is therefore
an important contribution of this study. Further, the proposed role of
Tyr-9 in modulating the dynamics of helix 9 is re-evaluated in light of
these new energetics data.
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The binding of all three ligands is enthalpically driven. Only GSH
binding involves a favourable entropic component and this is minor
(TAS®°= +0.09 k] mol™"). This stands in contrast to the binding of
GSH-conjugates, which is reported to be driven by both enthalpic and
entropic effects [30]. This discrepancy suggests that the simultaneous
occupation of both the G- and H-sites contributes favourable entropy
to binding that is not realised when either the G- or H-site is occupied
independently. Considering the large negative entropy change
associated with EA binding to the H-site, the source of this favourable
entropy is difficult to discern. One possibility is suggested by crystal
structures of EA bound at the active site of the protein [11]. These show
that EA alone occupies a different conformation at the active site than
the EA moiety of EA-GSH conjugates. This conformation (Fig. 4C)
might contribute less to active site desolvation than the binding of
GSH-complexed EA. The unfavourable entropy change due to ligand
and protein ordering (ASconf) is therefore overcome by the favourable
entropy change that accompanies the liberation of solvent molecules
from the active site (ASsoy ).

The determination of linked protonation effects for ligand binding to
the wild-type enzyme revealed further disparities between G- and H-site
binding. While the binding of G-site ligands results in about 0.5 protons
per active site being released into the buffer system, EA binding is
accompanied by the uptake of 2 protons per active site. The pK;, values of
active site residues are therefore differently affected at each binding site.
In the context of this study, it is not possible to unambiguously determine
which residues or groups are involved in proton transfer.

The fact that GSH binds much more weakly to the wild-type enzyme
than does the other G-site ligand GSO3™ and the H-site ligand EA, may
have physiological relevance. With intracellular concentrations of GSH at
approximately 10 mM, GST likely exists in complex with this substrate in
vivo. Arelatively high K, for GSH would therefore minimise the enthalpic
cost associated with product release. The extremely tight binding of the
charged glutathione analogue, glutathione sulfonate, is also informative.
Although Tyr-9 at the active site of class Alpha GSTs is reported to have
an unusually low pK, [31], our ITC results demonstrate that it is
protonated at pH 6.5 since the ionised tyrosinate form would destabilise
rather than stabilise the binding of GSO5". Tyr-9, therefore, likely acts as a
general acid rather than a general base in catalysis [32]. The tight binding
of GSO3 relative to GSH is explained by two factors. First, the sulfonate
moiety introduces new contacts at the active site, forming two hydrogen
bonds with the Tyr-9 hydroxyl and at least one hydrogen bond with the
guanidinium group of Arg-15 (Fig. 4A and B). This is reflected in a large
negative enthalpic component to binding. Second, unlike that with the
physiological substrate GSH, binding energy is not spent activating the
thiol group for catalysis.

Substitution of Tyr-9 for a phenylalanine residue does not have a
large effect on the overall stability of the enzyme complex with either of
the G-site ligands. Differences are, however, observed upon parameter-
isation of the binding energy. The phenolic hydroxyl of Tyr-9 contributes

C

Y9

Fig. 4. Protein-ligand interactions at the active site of GST A1-1. A, GSH (blue) (1PKW) [10]. B, glutathione sulfonate (pink) (1EV9) [40]. C, ethacrynic acid (yellow) (1GSF) [11]. Active
site residues are shown in red sticks and helix 9 is depicted as a green ribbon. Water molecules are modelled as blue spheres. Potential hydrogen bonds are represented by green

dashed lines.
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favourably to the entropy of G-site binding but unfavourably to binding
enthalpy, a surprising result given that the mutation removes a polar
group expected to interact with both ligands. This effect may be due to
greater solvation of the mutant active site, resulting in favourable
contacts being formed between the ligand and water molecules at the
expense of solvation entropy.

Changes in heat capacity originate primarily from changes in
solvation [20], with the burial of apolar surface reflected by a negative
AC,,. This observation has been previously applied to the analysis of
conformational changes associated with protein-protein [33], protein—
DNA [34] and protein-small molecule [35] binding. The heat capacity
changes for the binding of a panel of ligands to wild-type hGSTA1-1 have
been reported here for the first time, contributing to our understanding
of the conformational changes associated with G- and H-site binding.
Tertiary interactions are known to lock the amphipathic &9 onto the bulk
protein [36,37] (Fig. 4C) and a number of residues in both domains of the
protein are within van der Waals distance of the localised helix,
including V111, F10, 135, S37, A38, 141, D42, R45 and V55 [38]. a9
localisation is therefore a source of negative heat capacity, and the
variation in AG, values for the different ligands likely reflects the varying
degrees of a9 closure associated with G- and H-site binding. It is clear
from the more negative AC, associated with EA binding, when compared
to that for GSH and GSO5’, that the C-terminal helix is more localised to
the surface of the protein when the H-site is occupied. H-site rather than
G-site occupation therefore drives a9 closure. This effect is also apparent
in the large, unfavourable AS that accompanies EA binding, reflecting the
entropic cost associated with a9 localisation (ASqon¢) that is apparently
not overcome by desolvation effects. Additional support for this
conclusion comes from AGC, values predicted from the differences in
accessible surface area between the apo and ligand bound forms of the
enzyme. The AC,cc for GSH binding calculated from a crystal
structure [10] with o9 removed is —0.41 k] mol~! K™, very close to
the experimentally determined value. This indicates that a9 is not
localised by G-site binding alone. In contrast, the AC; caic for EA binding
(—1.73 kJmol~!'K™!) is comparable to the experimental value in a
model where the helix is present. This model is also consistent with
structural analyses of ligand binding to the enzyme [10].

Nieslanik and Atkins [6] have demonstrated that the degree of
closure of a9 over the active site when a GSH-conjugate binds is coupled
to the ionisation state of Tyr-9. However, the mechanism by which Tyr-9
influences the C-terminal helix is unclear, as the phenolic hydroxyl is not
within van der Waals distance of any residues in the localised helix [38].
Ibarra et al. [39] have speculated that the Tyr-9 hydroxyl communicates
with a9 by modulating an edge-to-face interaction between Tyr-9 and
Phe-10. This is proposed to influence the docking of the helix onto the
protein via Phe-220 in the helix, which occupies the same space in the
ligand-bound enzyme as Phe-10 does in the apo enzyme (Fig. 2). In
contrast to previous studies [6,39], we have shown equilibrium
energetics data for the binding of ligands which induce a9 localisation
to different degrees, giving new insight into the modulation of the helix
by Tyr-9. In this regard, the heat capacity changes are most revealing. If
Tyr-9, as has been proposed, communicates with a9 via tertiary
interactions with other residues in the active site (and not through the
ligand), the helix should be less localised in the apo enzyme when these
interactions are absent. This interpretation is potentially consistent with
our data for the G-site ligands, which show a more negative AC, for
binding to theY9F mutant than to the wild-type enzyme. In isolation,
this could suggest that the mutation causes a9 to assume a conforma-
tion that is more open than the open conformation in the apo wild-type.
More hydrophobic surface area would therefore be buried upon ligand
binding and helix localisation. However, structural (Fig. 2), spectro-
scopic [40] as well as thermodynamic evidence from this work, indicate
that G-site binding does not fully localise a9 to the surface of the protein.
Indeed, EA binding, which is known to drive a9 closure, is oppositely
affected by the mutation. The less negative AC,, for H-site binding to the
Y9F mutant indicates that the helix fails to localise fully over the active

site in the absence of the Tyr-9 hydroxyl. In support of this, the more
favourable AS and less favourable AH® for EA binding to the mutant are
consistent with a more dynamic a9 forming fewer contacts with the
protein and bound ligand. The communication between Tyr-9 and a9 is
not, therefore, independent of the ligand. Instead, we propose that the
Tyr-9 hydroxyl group functions to position the ligand in the correct
orientation to drive the closure of a9 over the active site.
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