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ABSTRACT

Glutathione transferase-P1-1 (hGSTP1-1), which
is associated with acquired drug resistance in
some tumour cells, requires two identical sub-
units for full activity. Naturally occurring inhibi-
tors for GSTP1-1 quaternary structure could be
interesting therapeutic agents. The aim of this
study was to investigate potential binding sites
for hGSTP1-1 interaction with ligands many of
which occur naturally. Simulations were per-
formed with commercial docking software and
with GST monomer or dimer as template. Dock-
ing results using hGSTP1-1 dimer showed one
binding site for most of the ligands tested. Lyco-
pene, glutathione, ellagic acid, ethacrynic acid,
guercetin, caffeic acid, ferulic acid, porphyrin,
curcumin, cinnamic acid, and also a-tocopherol
bound at the enzyme dimer subunit-subunit in-
terface. In contrast, investigations using hG-
STP1-1 monomer revealed three additional sites
for ligand binding. In conclusion, the docking
simulations suggest that the enzyme subunit
interface may be important for hGSTP1-1 inter-
actions with ligands. These findings may pro-
vide valuable insights for further research to
identify naturally occurring therapeutic agents.

Keywords: Glutathione Transferase; Docking;
Vitamins; Phytochemicals

1. INTRODUCTION

Glutathione transferases (glutathione-S transferase; GST,
EC 2.5.1.18) are phase-II enzymes associated with ac-
quired drugs resistance in tumour cells [1]. The GSTs are
involved also with intracellular signalling and other func-
tions unrelated to catalysis; see [2] for review. The three
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major families of GST are, mitochondrial GST, micro-
somal GST or MAPEG (membrane associated proteins
involved in eicosanoid and glutathione metabolism), and
cytosolic GST. Seven classes of cytosolic GST are dif-
ferentiated (zeta, theta, omega, sigma, alpha, mu, pi/P1-1)
by their sequence homology, kinetic properties, immu-
nological characteristics or subunit structure [1,2]. Hu-
man GST isoform P1-1 (hGSTP1-1) is over-expressed in
several tumours, suggesting that its selective targeting
may have chemotherapeutical potential [1,2].

Each hGSTP1-1 enzyme molecule contains two iden-
tical subunits (A and B) with an accessible surface area
(ASA) of 8975 A? per monomer. Dimerization of the
enzyme subunits reduces the total ASA by 13% owing to
the burial of some residues at the subunit-subunit inter-
face [3,4]. The dimerization of hGSTPI-1 seems to be
essential for activity [5,6]. The globular structure of each
GST subunit includes one N-terminal a/f domain (do-
main-1, residues 1-74) and an all-helix C-terminal do-
main (residues 81-207). Each subunit of hGSTP1-1 has
two binding sites for substrate molecules. There is a glu-
tathione binding site (G-site) located within domain-1
(except for residues Glu97 and Asp98) with Tyr8 and
Asp99 identified as essential for activity [3,4]. A second
binding site for electrophilic substrates (the H-site) is
composed of residues from domain-1 and 2 notably Tyr8,
Phe9, Prol0, Valll, Val36, Tyr104, Tyr109 and Gly206
[7]. Finally, hydrophobic non-substrate molecules bind
with the so-called ligandin site (L-site) located within the
H-site [8,9] thought to be near the interface between the
two enzyme subunits [3-5,7]. Currently, the effect of non
-substrate ligands on GST activity is not fully under-
stood [5].

Although the complexes with hGSTP1-1 have yet to
be studied, there is growing interest in naturally occur-
ring compounds such as tocopherol [10,11], quercetin
[12], ellagic acid and cucumin [13] which apparently
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inhibit GST. Docking simulations have been successfully
applied to model the interaction of GST from filaria
[14-16] and insects [17,18]. The aims of this study were
to examine hGSTPI-1 interaction with some naturally
occurring ligands using docking simulations. To allow
for possible receptor-site steric hindrance in the design of
this study, we selected both the native enzyme dimer and
a single GST subunit for docking simulations. The re-
sults are considered in terms of binding site motifs and
their possible interrelationships with GST activity and
structure. This research may provide valuable insights
into the effect of naturally occurring compounds on GST
and the role of such compounds as chemotherapeutic
agents.

2. MATERIALS AND METHODS

The crystal structures for hGSTP1-1 (pdb id: 3HIM)
used were from the Protein Data Bank (www.rcsb.org;
[19]. The quality of structures was evaluated using a global
QMEAN scoring function (http://swissmodel.expasy.org/
qmean/cgi/index.cgi). PROCHECK (http://www.ebi.ac.
uk/thornton-srv/software/PROCHECK/) was used to ass-
ess the stereo-chemical properties of the polypeptide str-
ucture. The structure for ligands were downloaded from
the ChEBI database (www.ebi.ac.uk/chebi/ init.do) using
CHERBI id, CAS numbers (www.chemicalbook.com) or their
PDB id code (www.ligand-expo.rcsb.org). Ligand structures
were cleaned using gradient optimisation after adding ex-
plicit H-atoms using Marvin Sketch 5.0.7 software. Mo-
lecular dynamics was performed for 1000 cycles using
Dreiding force fields at 300 K. Ligand structures were
selected by energy minimization and geometry, and
saved using a *pdb file format.

Docking simulations employed Hex version 5.1 (from
http://www.loria.fr/~ritchied /hex/) which uses a special
polar Fourier correlation to attain precision and speed of
operation. Modelling operations were performed using a
4GB-64-bit computer to facilitate large 5D rotational
grids. The structure for either hGSTP1-1 dimer or single
monomer was loaded to Hex 5.1 keeping default pa-
rameters. Shape, electrostatics and potential distributions
were used for docking control. Simulations were con-
ducted in the full rotation mode where the ligand is
flexible but the receptor is rigid. Docked poses were
analysed based on the minimum values for the interac-
tion energy (A4E,); AE i, = AE, 4, + AE,, where, AE,;,
refers to non-bonded van der Waals interactions and AE,;,
refers to electrostatic interactions. Structures with low
values for 4E,;, were selected and amino acid residues
within 4 A of the ligand were noted as possible binding
sites. Graphical displays were generated using a Disco-
very Studio Visualizer (http://accelrys.com/products/dis-
covery-studio/visualization.html).
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3. RESULTS AND DISCUSSION

Glutathione transferases are phase-Il enzymes associ-
ated with detoxification and resistance to drugs and
xenobiotics. The GSTs are also implicated in intracellular
signalling [1,2]. The active form of hGSTP-P1 consists
of two subunits [5,6]. However, the role of enzyme sub-
unit-subunit interactions on GST structure and activity is
not fully understood. Claims that hGSTP-P1 single sub-
unit was involved in the inhibition of c-JUN kinase [20]
were discounted recently in favour of the dimer [21]. In
the present work, docking investigation using hGSTP1-1
dimer (Figure 1(a)) showed that the majority ligands
tested bound at sites bordering the enzyme subunit-sub-
unit interface (site D2/D3; Table 1). Amino acid residues
from sites D2/ D3 (Table 3) were partly from the 3,o-
helix (residues 45 - 46), strand /4 (residues 51 - 64) or
oC helix (residues 63 - 74) from subunit A. Other resi-
dues from subunit-B helices aD (residues 81 - 85) and
aE (residues 109 - 132) were also involved in ligand
binding. According to crystallographic data, some 27 re-
sidues form the inter-subunit contact [4]. However, only
a sub-set of amino acid residues stabilize interactions be-
tween hGSTPI1-1 subunits, notably Tyr50 which func-
tions as a key whilst Met92, Gly96, Pro129, Phel130 and
Leul33 functions as a lock [22,23]. Mutation of Tyr50
had a profound effect on the stability and kinetic proper-
ties of hGSHP1-1 [22]; Glu65, Ser66, Arg67 and Phel04
were also reported as important for subunit-subunit con-
tact [23]. The residues important for the stabilization of
hGSTP1-1 dimer are highlighted in Table 3.

The list of residues for site D2 (Tables 1 and 3) agrees
closely with the only other study to our knowledge that
employed hGSTP1-1 dimer as the template for docking.
It was shown that 89% of docking sites for four green tea
catechins occurred at the hGSTP1-1 subunit-subunit in-
terface [24]. According to the literature, residues within 5
A of the binding site for the catechins included (from
subunit A) GIn52, Pro54, Asn67, Glu97, Asp94 and also
residues that overlap with the G-site (Tyr8, Phe9, Argl4,
Trp39, GIn66, Ser67, Glu98) or the H-site (Tyrl04,
Tyr109, Gly208). Other residues for catechin binding
were (Thr68, Arg71, Arg75, Asp91, Asp95 and Asp99)
located at the subunit-subunit interface [24]. Not all
amino acid residues mentioned above are important for
enzyme subunit-subunit association [4,19,21,22].

In the current study, glutathione and ethacrynic acid
bound with the interface site D2 from hGSTP1-1 dimer
rather than G-site or H-site as expected from X-ray data
[7,8]. A possible explanation for this result is that using
the enzyme dimer leads to steric hindrance and docking
poses with unreliable energy minima [25]. As support of
this view, when we used hGSTP1-1 monomer as tem-
plate, glutathione bound with the G-site (Table 2 and Ta-
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Table 1. Energy values (AE,,) of ligand binding with glutathione transferases dimer".

Ligand 3D Shape + Electrostatics AE,,;,, (KJ/Mol) AE, 4, (kJ/Mol) AE,;. (kJ/Mol) Nominal Site
a-Tocopherol acetate —227.47 -209.29 -13.18 D3
Lycopene -211.98 -230.41 18.42 D2
Glutathione —211.42 -172.12 -39.30 D2
Ellagic acid —-175.90 —142.86 —33.04 D2
Ethacrynic acid -159.43 -139.23 —20.20 D2
Quercetin -151.51 -129.93 -21.59 D2
Cafteic acid —142.88 -107.00 -35.88 D2
Ferulic acid —138.12 -129.21 -8.91 D2
Porphyrin -110.30 —-155.18 44.88 D2
Curcumin —-103.49 -165.19 61.70 D2
Cinnamic acid -93.54 -100.12 6.57 D2
a-Tocopherol —62.01 —139.08 77.07 D2
"Binding sites identified when using GSTP1-1 dimer as template for docking studies.
Table 2. Energy values (AE,,;,) of ligand binding with glutathione transferases monomer .
Ligand 3D Shape + Electrostatics 4E,,;, (KJ/Mol) AE, 4, (kJ/Mol) AE,. (kJ/Mol) Nominal Site
Glutathione —229.10 —-189.98 -32.12 MI (G-site)
Quercetin -236.12 -157.33 -78.79 M4, Interface
Ellagic acid —-196.29 —184.86 —11.43 M5
a-Tocopherol acetate —190.80 -214.31 23.51 M2, Interface
Ethacrynic acid —184.19 -162.02 —22.17 M5
Lycopene -175.97 —178.48 2.48 M6
a-Tocopherol -171.94 -171.38 -0.57 M7
Curcumin -171.29 -171.67 0.38 M2, Interface
Caffeic acid -161.12 —135.25 —25.87 M5
Ferulic acid —-155.23 —-143.36 -11.87 M8
Porphyrin —123.40 —-130.76 7.36 M3, Interface
Cinnamic acid -114.84 -102.51 —12.34 M5

"Binding sites identified when using hGSTpl1-1 single subunit as docking template, Interface = groups bordering the GST subunit interface [3,4].

Table 3. The ligand binding sites identified using glutathione transferases dimer (D) or monomer (M) as docking template.

Nominal site*

D1, H-site
D2, Interface
D3, Interface

M1, G-site
M2, Interface
M3, Interface
M4, Interface

M5
M6
M7
MS8

Amino acid residues
Tyr*, Tyr®, Phe’, Pro'’, Val", Arg', Val®, Cys'® Tyr'® Tle'”, Tyr'®, Gly*®, Pro*”, Gly*®, Gly*”®
Arg", GIn™, Leu™, GIn®, Ser®, Asn®, Thr®® 11e®, Arg”', Arg”™, Asp’', Asn®, Asp®, Glu®®, Asp”, Cys'®™, 11e®
Cys*® Leu®, Asp®, Leu® Thr® Tyr®, Lys®, Asp®, GIn*, GIn*, Glu®, Leu®, Met* , Leu'**
Tyr®, Tyr®, Gly", Arg", Trp®, Lys*, Tyr®, Leu®, Pro™, GIn%, Ser®, Glu*®, Asp”
GIn®, Leu®®, GIn®, Asn® Thr® Arg”', Arg”, Asp’’, Met®, Val®®, Asp®, Glu®, Asp”, Cys'®?, Pro*®, Phe®®, Leu®®, Asn'”
VLIQS’ M’ G_I\E, Asp‘)g’ LySIOS’ GlyIZS’ G1n126, Leu127, LYSIZS, PLQQ, Lemo’ LLm
Tyr, Asp®, Gly*, Asp®, Leu®, His”*, Thr'®
Gly*, GIn”, Ser®®, Trp”, Lys*, Glu™", Lys'”, Ala'*?, Phe'”*, Ser'*’, Glu'*®
ValléS, Leu]“, Proms, Glymg, Cys”o, Leum, Aspm, Pro'” , Ser'
Glum, Pro]ss, Glylbg, Cys”o, Leum,ASpm, Pro 175’ Serm, Vallsl’ Glylsz, Serlss, Ala]86, LySlQ] , Leu'™

Val'®, Leu'®, Pro'®, Leu'®, Ala!®, Glym . Pro's, Cys”o

Interface = groups bordering the GST subunit interface, cf. Ref. [3,4]. Groups known as important for dimer stabilization are underlined/ bold cf. Ref. [22,23].
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ble 3) near Tyr 8 (Figure 1(b)). The G-site residues iden-
tified using the hGSTP1-1 monomer as the docking tem-
plate [3,7,8] was apparently inaccessible when hG-
STP1-1 dimer was used as template. Clearly, the docking
simulations may not accommodate conformational changes
important for substrate binding to hGSTP1-1 [4,19,22,
23]. These and other limitations of docking simulations
have been discussed extensively [25; and reference cited
therein].

We now turn to docking simulations using a single
hGSTP1-1subunit. The rational for including the GST
monomer in the study was to consider possible steric
restrictions to binding sites arising from the presence of
two subunits. Another possible justification for including
GST monomer in this study comes from the results of a
recent investigation using variety of indices which showed
that, the dissociation constant (Kd) for hGSTP1-1 dimer
was < 1.0 nanomolar [21]. Apparently, the GST will not
dissociate to from the monomer at the concentration of
enzyme employed in most previous studies. Current evi-
dence also suggests that GST monomer is catalytically
inactive [21]. It has also been found that substrate bind-
ing to the active sites of GST dimer may affect interface
groups and vice versa [5]. Docking simulations compar-
ing either one or two GST subunits offers a prospect for
identifying ligands which bind according to the state of
enzyme dissociation equilibrium and which might alter
Kd and GST activity (see below).

The docking studies using a single hGSTP1-1 subunit
(M) as template showed a variety of binding sites (num-
bered M2-M8 in Table 2). Three binding sites from the
single GST subunit (M2-M4; Tables 2 and 3) contained
amino acid residues from the enzyme subunit-subunit in-
terface. Site M2 (for a-tocopherol acetate) included many
residues previously noted for site D2 from hGSTPI1-1
dimer (Table 1). The binding site for ellagic acid, etha-
crynic acid, caffeic acid, and cinnamic acid (M5; Tables
2 and 3) contained amino acid residues from helix aA of
GST domain 1, and also helices aH and al from GST
domain 2 [4]. Lycopene and a-tocopherol bound with
site M6 and M7 (respectively) which shared overlapping
amino acid residues (Table 2). Interestingly, a-tocopherol
acetate and a-tocopherol did not bind to a similar site.
Binding site M6, M7 and also M8 occurred within do-
main-2, involving helixes oF and aG [4].

We now turn to the docking interaction energy (AE,,;,)
estimates for hGSTP1-1 (Tables 1 and 2). Results using
the single GST monomer with ethacryinic acid showed
AE,,;, was —181.9 kJ/mol which compares with AE,,;, of
—162 kJ/mol for filarial GST binding with ethacrynic
acid [14]. Since two entirely different enzyme isoforms
were used in these studies, some disparity between AE,,;,
estimates is to be expected. Overall, the interaction en-
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ergy values (and association constants, Ka) obtained from
docking simulations were substantially different from
values determined from wet-lab experiments. Practical
measurements using isothermal titration calorimetry showed
that the Gibbs free energy change (AG) for hGSTPI1-1
binding with ethacrynic acid was —28 kJ/mol (Ka = 7.64
x 10°* M' ) [23]. The differences between virtual and
actual binding energies are probably due to inherent
limitations of the docking approach [25].

In the following section, we consider the significance
of docking results in terms the reported activity of se-
lected ligands. Previous work has shown that a-toco-
pherol inhibits hGSTP1-1 non-competitively with the
concentration for 50% inhibition (ICs,) equal to (0.5 - 0.8)
x 10°° M [10,11]. Interestingly also, curcumin or ellagic
acid inhibits hGSTP1-1 with an ICs, value of 1 x 10° M
and 5 x 10° M and the Ka value of 1.1 x 10° M™' (AG =
—34 kJ/mol) or 8.8 x 10* M (AG =—11 kJ/mol), respec-
tively [13]. Quercetin also inhibits hGSTP1-1 but the
process is irreversible, probably leading to covalent mo-
dification of Cys47 followed by disulfide bond formation.
The net reaction involved quercetin oxidation of GST
[12]. There was some evidence from this study that ly-
copene may be an important ligand for hGSP1-1 (Table
1; Figure 1(c)). However, there is no literature support
for an inhibitory action of lycopene towards GST. Cell
culture based studies indicate that hGSP1-1 expression is
increased by the presence of lycopene [26]. It has been
proposed that hGSTP1-1 may function as a carotenoid-
binding protein in the eye [27]. Clearly, a wide range of
interactions appear to be possible between GST and dif-
ferent ligands. Phenolic ligands, such as quercetin and
cucumin which bind to GST reversibly at first can then
produce enzyme irreversible inhibition following auto-
xidation to form quinone derivatives [12,13]. Perhaps in
view of the solvents effects referred to above, and the
wide range of interactions possible with different ligands,
current docking interaction energies should not be con-
sidered as quantitative indicators of bioactivity.

Finally, it may be useful to compare docking interact-
tion energies observed from modelling studies using ei-
ther the single GSTP1 subunit or the enzyme dimer as
template. In principle, the relative strength of ligand
binding to hGSTP1-1 monomer and dimer was calcu-
lated from AE,,;, values (Tables 1 and 2) and the relation:

Ka/Ka, = exp [(AEin1 — AEin2)/RT

where AE,,;,1 and AE,,;,, is the interaction binding en-
ergy for a particular ligand with hGSTP1-1 dimer or
monomer, and Ka; or Ka, are the corresponding associa-
tion constants. For ligands which bind preferentially to
the hGSTP1-1 monomer, the ratio Ka;/Ka,>1.0. From
the preceding analysis, Ka;/Ka, ranged from 6.78 x 10"
for quercetin, 1.89 x 10" for a-tocopherol, and 7.67 x
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Figure 1. Three dimensional structures of human glutathione transferase P1-1 (hGSTpl-1). (a) Enzyme dimer—arrow shows the
dimer interface; (b) enzyme complex with glutathione at G-site—docking simulations were with a single GST subunit; and (c) bind-
ing of lycopene at hGSTp1-1 dimer subunit interface. Docking posses were rendered with Discovery Studio Visualizer (see text for

details).
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10" for curcumin. These ligands were predicted to bind
more strongly to the GSTP1-1 monomer and less strong-
ly to the enzyme dimer. By contrast, the values for
Ka,/Ka, were (= (1.0 - 5.42) x 10*) moderate for ferulic
acid, glutathione, caffeic acid, ellagic acid and cinnamic
acid, suggesting that these ligands have only moderately
higher affinity for the hGSTP1-1 monomer compared to
dimer. A similar analysis showed that a-tocopherol and
lycopene (Ka;/Ka, = (3.7 - 4.87) x10”7) may bind pref-
erentially to hGSTP1-1 dimer compared to the monomer.
These predictions suggest that the presence of different
ligands might alter the dimerization state of hGSTP1-1.

In conclusion, docking simulations using the dimer
form of GST (corresponding to the native enzyme)
showed that most ligands bound to the interface between
the two enzyme subunits. By contrast, the single enzyme
subunit was found to provide a wider range of binding
sites for naturally occurring ligands. Some inherent limi-
tations of docking were considered perhaps explaining
the low level of agreement between docking interaction
energies and observed experimental values for en-
zyme-ligand binding. Finally, evidence is presented also
for differential ligand binding to the GST monomer or
dimer which, if confirmed by direct measurements, could
open the intriguing possibility that the single hGSTP1-1
subunit might be formed under some physiological con-
ditions. More research is needed to determine whether
naturally occurring ligands can disturb the structure and
stability of hGSTP1-1.
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