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Abstract
The anti- and pro-oxidant effects of green tea catechins have been implicated in the alterations of cellular functions
determining their chemoprotective and therapeutic potentials in toxicity and diseases. The glutathione S-transferases (GSTs;
EC 2.5.1.18) family is a widely distributed phase-II detoxifying enzymes and the GST P1-1 isoenzyme has been shown to
catalyze the conjugation of GSH with some alkylating anti-cancer agents, suggesting that over-expression of GST P1-1 would
result in tumor cell resistance. Here we report the docking study of four green tea catechins and four alkylating anticancer
drugs into the GST P1-1 model, as GSTs were found to be affected by tea catechins. The EGCG ligands exhibit higher
docking potential with respect to the anticancer agents, with a ligand-receptor interaction pattern indicating an high
conformational stability. Consequently, the competition mechanisms favourable for the green tea catechins could lead to
enzyme(s) desensitisation with a reduction of the alkylating drugs metabolism. The results provide a useful theoretical
contribution in understanding the biochemical mechanisms implicated in the chemotherapeutic use of green tea catechins in
oxidative stress-related diseases.

Keywords: Green tea chemoprevention, epigallocatechingallate, molecular docking, alkylating anti-cancer drugs, glutathione
S-transferases (GSTs, EC 2.5.1.18), phase-II detoxifying enzymes

Abbreviations: GSH, L-glutamyl-L-cysteinyl-glycine; HGST, human glutathione S-transferase; GTP, green tea polyphenols;
EGCG, epigallocatechin gallate; ECG, epicatechin gallate; GCG, gallocatechin gallate; CG, epicatechin gallate; RGS, regulators
of G-protein signaling

Introduction

Advances in molecular medicine resulting in new drugs

with specific cellular targets are not still sufficient to

cover the multidisciplinary aspects related to drug

resistance and individual patient variability [1]. In

particular, the resistance of human tumor to multiple

chemotherapeutic drugs (multidrug resistance, MDR)

is known to be a major reason for the failure of cancer

therapy [2]. Drug–metabolizing enzymes (DME) play a

key role in the activation and deactivation of drugs,

including a number of cytotoxics. They are subject

to significant inter- and intra-individual variability,

displaying both genetic polymorphism and in some

cases inducibility. The glutathione S-transferases

(GSTs; EC 2.5.1.18), is a family of widely distributed

phase-II detoxifying enzymes (DME) involved in the

cells protection (against many xenobiotic substances

and products of oxidative stress) and detoxification, by

catalytic conjugation of toxic electrophiles (including

carcinogens and cytotoxic drugs) with the tripeptide

glutathione [L-glutamyl-L-cysteinyl-glycine, (GSH)],

making them less toxic and more readily excretable from
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the body [3,4]. Beside detoxification, the GST system

possesses an additional function in the development of

cytotoxic resistance in cancer cells, playing a negative

regulatory role on the mitogen-activated protein (MAP)

kinase pathway (through which many cytotoxics induce

apoptosis). This effect is mediated by a direct binding to

c-Jun-N-terminal kinase I (JNK) that is involved in the

stress response and apoptosis by activation of the MAP

kinase system [5]. Glutathione is the most abundant

intracellular non-protein thiol [6] and its levels are

primarily regulated by the enzyme glutamate-cysteine

ligase (GCL), which catalyzes the rate-limiting step in

overall GSH biosynthesis (Figure 1).

Mammalian cytosolic glutathione S-transferases

(GSTs) exist either as homo- or hetero-dimers with a

subunit molecular mass of about 25 kDa and with one

active site per monomer [7]. The active site can be

divided into two adjacent functional regions, a highly

specific G-site binding the tripeptidic substrate and a

non-specific H-site for binding non polar electrophilic

substrate. Most GSTs exist as soluble enzymes, although

a small family of microsomal GSTs has been characteri-

zed [8,9] and a mitochondrial GST (GST Kappa) has

also been identified [10]. GSTs have been classified into

at least five distinct gene classes (alpha, mu, pi, sigma and

theta) based on substrate specificity and primary

structures [11–13]. Three polymorphisms have been

reported to decrease or abolish the GST activity

[5,14,15], one of these, the human pi-class GST

(hGST P1-1), was found to be over expressed in many

tumor types, where it catalyzes the conjugation of GSH

with some alkylating anti-cancer agents (such as

chlorambucil, cyclophospamide and metabolites and

melphalan) [16]; hGST P1-1 is also implicated in the

development of tumor resistance towards various anti-

cancer drugs [17–20]. The introduction of the enzymes

in colon, stomach, pancreas, uterine cervix, breast and

lung tumorcell lines reduces thecytotoxicactivityof these

drugs, suggesting that over-expression of GSTs (in

particular the hGST P1-1 isozyme [21]) would result in

tumor cell resistance. Moreover, hGST P1-1 selective

inhibitors increase the efficacy of anti-cancer drugs

chemotherapeutic in resistant tumor cells [22]. Both

results stress the importance of using highly potent hGST

P1-1 selective inhibitors, since they could increase the

therapeutic outcome of anti-cancer agents [23–26].

Green tea polyphenols, mainly catechins like epigal-

locatechin gallate (EGCG), epicatechin gallate (ECG)

and epicatechin (EC), have been implicated, in

protection against cancer, diabetes, cardiovascular and

neurodegenerative disorders [27]. Following oral inges-

tion, EGCG are found in the blood and tissues in high

concentrations [28].Catechins are believed to react with

biomolecules either directly or after cellular metabolism

and thus alter their functions. Catechins are antiox-

idants and scavengers of reactive oxygen (ROS) and

nitrogen species, and are used in the prevention of

oxidative stress related disorders [29]. On the contrary,

the most abundant green tea catechin EGCG and other

catechins have been shown to spontaneously generate

H2O2 in vitro, with subsequent cell death [30]. EGCG

targets multiple cells signalling pathways and control the

cell proliferation and apoptosis, especially in cancer cells

[31]. In particular, EGCG has important effects on the

expression of GSTs and these effects are cancer-specific

[32].

Nowadays, the use of antioxidant help to alleviate the

toxic chemotherapic side effects and increase the

efficacy of chemotherapy [33–37], but much debate

has arisen about whether and how antioxidant

supplementation alters the efficacy of cancer

chemotherapy.

Figure 1. Representative scheme of the glutathione pathway and ABC-transporters family role in drug elimination and defence. Glutathione

S-transferases (GSTs) conjugate GSH to drugs and drug metabolites facilitating the ATP-dependent elimination of drugs or drug-GS

conjugates, involving ABC transporters (like ABCB1, ABCC1 and ABCG2). The drug/drug metabolites and intracellular GSH equilibrium is

a major determinant of blood drug level.
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Even if numerous cancer-related proteins are

affected by green tea polyphenols [38,39], the

molecular bases for green tea polyphenol-mediated

cancer prevention remain unknown [25,26].

In particular, they significantly interfere with GSTs

activity [40] and the induction of these enzymes by

either naturally or synthetic agents represents a

promising chemoprevention strategy [41,42]. A recent

study have shown that a four weeks green catechins

administration in healthy subjects leads to differential

effects on lymphocytes GSTactivity, depending on the

its baseline activity. In fact, in this study it has been

observed that individuals with the highest level of

GST baseline exhibited a statistically significant

decrease in mean GST activity. This effect is

particularly relevant in clinical protocols where the

green tea catechins are combined with anti-cancer

drugs, as the GST baseline level is already high for the

chemotherapy. In this case the catechins principally

could reduce the anti-cancer agents metabolism

through GSTs inhibition, affecting the pharmacoki-

netics and pharmacodynamics of the anticancer drugs.

For this reason the achieving of further insight into the

mechanism of interaction between green tea catechins

and GST isoform(s) could give deepen confidence to

their chemotherapeutic efficacy.

As an X-ray diffraction model of the complexes

between the isoform hGST-P1 with the clinically used

anti-cancer drugs are still absent, we have performed

computational docking calculations to define the

putative interactions of four alkylating anti-cancer

drugs (cyclophosphamide, ifosfamide, melphalan and

chlorambucil) and four natural green tea polyphenols

((2)-EGCG, (2)-GCG, (2)-ECG and (2)-CG) [30]

(Figure 2). In the binding model obtained, the natural

EGCG ligand exhibits high docking potential over the

other studied anti-cancer drugs to the hGST-P1-1, with

a ligand-receptor interaction pattern indicating an high

conformational stability. This competition in the ligand-

enzyme interaction favourable for the catechins with

respect to the conventional alkylating drugs, could lead

to a decreased tumour cell drug resistance.

Materials and methods

Molecular modelling

Molecular modelling and graphics manipulations

were performed using an optimized Mac OSX version

Figure 2. Chemical structures of the green tea catechins and of the alkylating anti-cancer drugs docked. The oxygen numbering scheme and

the ring nomenclature [43] used throughout the text is indicated only for (2)-EGCG.

Interaction of green tea catechins with GST 289
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NAMD [44], AutoDock [45] and UCSF Chimera

software packages [46] on an Applew MacPro quad-

Xeon workstation running Mac OSX 10.4 (Tiger).

Model building and geometry optimizations of the

studied compounds were accomplished with the

Gaussian 03 (6-31g* base set) [47] quantum

mechanical calculations package. The output from

AutoDock and all modeling studies as well as images

were build with PyMOL [48] and Accelrys DSVisua-

lizer [49] and rendered with POVRay [50]. DSVi-

sualizer was used to calculate the hydrogen bonds

distances measured between the hydrogen and its

assumed binding partner.

Ligand setup

The green tea polyphenols starting conformations

were optimized with quantum mechanical calculations

by means of Gaussian 03 suite (6-31g* base set) [47].

All ligands atomic charges were assigned using the

Gasteiger-Marsili formation, which is the atomic

charges type used in calibrating the AutoDock

empirical free energy function.

Protein setup

The three-dimensional GST P1-1 starting model was

obtained from the Protein Data Bank (PDB code:

1J9H [51]) and it was checked through the OSX

version of the AutoDock Tools (ADT, [52]) and UCSF

Chimera to guarantee the system conformity with the

molecular modelling programs. All the protonation

states were set to the normal ionisation forms at pH 7.0

and His residue and both molecular topology and

connectivity have been created. The GST P1-1

aminoacidic chain has been terminated with ZCOO2

and ZNH3
þ groups in their zwitterionic form and the

polar hydrogen atoms were added in their calculated

positions. The GST-substrate complex was built

docking the green tea polyphenols into the equilibrated

GST P1-1 structure and the resulting system was then

equilibrated with a series of minimizations interspersed

by short molecular dynamics simulations. The result-

ing structure was submitted for the 1 ns molecular

dynamics simulation and then it was optimized by

means of an AMBER force field as implemented in the

NAMD package [44]. The simulation was performed

at constant temperature and pressure (NPTensemble)

in a periodic cubic box of TIP3P water molecules

[53,54]. The water bond distances and angles were

constrained using the SETTLE algorithm [55], while

the protein bond lengths were constrained with the

LINCS algorithm [56]. The coupling time was set to

1.0 ps and the isothermal compressibility was set to

4.6 £ 1025 bar21. Both protein and solvent were

independently coupled to a temperature of 2988K,

with a coupling time of 0.1 ps and the pressure was

held at 1 bar, with a coupling time of 0.2 ps, using

a Berendsen thermostat maintaing temperature and

pressure constant. The time step used was 1.0 fs.A total

of 6000 snapshots were saved every 0.2 ps. Hydrogen

bonds and close contacts were automatically identified

using the “contact” module of CCP4 [57] and UCSF

Chimera [46], while the other interactions were

identified visually.

Docking simulations

Docking of green tea cathechins and alkylating drugs

to hGST P1-1 was carried out using AutoDock

version 4.0 [45]. The AutoDock suite uses an

automated docking approach that allows ligand

flexibility, and it is able to locate docking poses in a

consistent way with respect to the X-ray crystal

structures [58]. Default parameters (including a

distance-dependent dielectric “constant”) were used

as described in the AutoDock manual and both the

protein crystal structure and the ligands were prepared

for docking by following the default protocols (except

for the changes mentioned below). AutoDock uses an

empirical scoring function able to approximate the

binding free energies, as it includes a solvation free

energy term. The energy-scoring grid was prepared

as a 20 £ 20 £ 20 Å box centered around the

S-Hexylglutathione crystallographic molecule, with a

0.375 Å grid resolution. The ligands were limited to

move inside this searching space during docking.

Atomic solvation parameters were assigned to the

protein and the default parameters for the Lamarckian

genetic algorithm were used as search protocol, except

for the maximum number of energy evaluations,

which were changed to 10 million (the population size

was raised to 100). For the genetic algorithm, the

default parameters were kept for mutation, crossover,

and elitism. The docked energy also includes the

ligand internal energy or the ligand intramolecular

interaction energy. AutoDock also reports a binding

free energy excluding the ligand internal energy but

including a torsional free energy term, based on the

rotatable ligand bonds.

AutoDock docking and hybrid QM/MM scoring

To find out the binding regions of the green tea

polyphenols derivatives into the GST structure auto-

mated docking simulations were implemented with the

AutoDock program version 4.0. As stated above, 100

independent docking runs were performed for each

docking experiment. The best generated conformations

of each ligand were ranked (clustered) into families of

similar binding modes, with a root mean square

deviation (RMSD) clustering tolerance of 2 Å. In the

second step, we have docked the ligands in the binding

sites previously found (“refined docking”). The poses

obtained from the docking run were scored using

the pseudo-bond ab-initio QM/MM approach

R. Artali et al.290
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as implemented in Gaussian03 [47]. For the QM/MM

calculations, the GST-ligands resulting from the dock-

ing were partitioned into a QM and MM subsystems.

The reaction system used a smaller QM subsystem

formed by the ligand and aminoacids side chains within

3.5 Å from the centre of the catalytic site, while the rest

of the protein (the MM subsystem) was treated using

the AMBER force field, together with a low memory

convergence algorithm. The boundary problem

between the QM and MM subsystems was treated

using the pseudo-bond approach. An iterative optim-

ization procedure was applied to the QM/MM system,

using a B3LYP/3-21G* QM/MM calculations, leading

to an reactants optimized structure. The convergence

criterion was set in order to obtain an energy gradient

less than 1024 using the twin 2 range cut-off method

for non-bonded interactions, with a long- and short-

range cut-off of 14 Å and 8 Å, respectively.

Results and discussion

Docking experiments were performed using the

crystal structure of hGST P1-1 complexed with the

S-Hexylglutathione (PDB entry code: 1J9H), in order

to get a better insight into the interaction of the natural

EGCG analogs and of the antitumoral alkylating

agents with hGST P1-1. An analysis of principles and

methods adopted by AutoDock for energy calcu-

lations, conformational search and clustering, and for

the QM/MM interaction energy ranking is briefly

presented in Materials and Methods. The confor-

mations resulting from the automated docking runs of

the green tea polyphenols were clustered and most of

them (up to 89% of the docking solutions) were found

at the interface between the two GST P1-1 subunits,

close to the crystallographic S-Hexylglutathione

ligand. The most important residues (within 5 Å

from the ligands) of this binding site are Asp95, Glu98,

Asp99 and Ala102 (a-subunit), Tyr8, Phe9, Arg14,

Trp39, Gln52, Pro54, Gln65, Ser66, Asn67, Glu98,

Arg101, Lys103 and Tyr104, Tyr109, Thr110, Asn205 and

Gly206 (b-subunit). The conformer population gene-

rated during the docking simulations into the GST

P1-1 active site revealed a convergent binding mode of

the EGCG analogs, in contrast to what found for the

considered alkylating drugs, where the antitumoral

chlorambucil is characterized by a divergent orien-

tation with respect to the other (see Figure 3).

The (2)-EGCG ligand exhibits the most favourable

energy score (see Table I), with a ligand-receptor

interactions pattern indicative of a high conformational

stability.

The rather hydrophobic A–C rings (see Figure 2)

are oriented towards the b–subunit binding pocket,

with the gallate group projected up into the a–b

subunits interface, bridging the two walls of the

binding cleft. The B ring points towards Tyr8(b),

which is partially exposed to the solvent and located in

a hydrophobic pocket surrounded by Phe8, Val10,

Gly12, Arg14 and Pro53. (2)-EGCG fills the majority

of the binding cleft, as evidenced by drawing the

water-accessible surface after the docking into the

binding site, as depicted by a ribbon structure

(Figure 4).

In addition, (2)-EGCG is characterized by one

carbonyl oxygen and eight polar hydrogen’s available

for H-bonding and among these three actively

participate to the formation of an extensive hydrogen

Table I. Heavy atoms (HA), molecular weight (MW) and QM/MM interaction energies (kcal/mol) for the eight studied compounds.

Ligand HA MW Int. Energy Ligand HA MW Int. Energy

(2)-EGCG 33 458 224.7 cyclophosphamide 14 230 27.1

(2)-GCG 33 458 220.6 ifosfamide 14 230 27.3

(2)-ECG 32 442 223.5 melphalan 19 305 211.3

(2)-CG 32 442 224.4 chlorambucil 19 304 210.0

Figure 3. Left: binding into hGST P1-1 of (2)-EGCG red, (2)-GCG yellow, (2)-EGC blue and (2)-CG green. Right: binding into hGST

P1-1of cyclophosphamide gray, ifosfamide light blue, melphalan pink and chlorambucil gold. The protein is represented as a light grey

Connolly surface, while the ligands as stick models.
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bonds network (Figure 4). The gallate ring

interacts with Arg14, Gln65 and Glu98 through O(6)

and O(7), while the only interaction of the A–C ring

is between Og1Thr110(b) and O(2). The B ring is

located near Arg14, Leu53 and Tyr8 (H-site), and is

involved in five H-bonds, O(3)· · ·OLeu53,

O(4)· · ·OLeu53, O(4)· · ·HOTyr8, O(5)· · ·HOTyr8

and O(6)· · ·NArg14. In particular the O(5)· · ·

HOTyr8 interaction has a key role for the hGST

activity, as indicated by site-directed mutagenesis

studies [59,60] showing that its catalytic role is due to

the formation of an hydrogen bond between the

HOTyr8 and GSH stabilizing the thiolate anion form

of the substrate. In hGST the direct hydrogen bond

between Tyr8 and GSH is replaced by an indirect one,

mediated through a water molecule [61]. The same

binding behaviour is common to all the EGCG

analogs except (2)-GCG, the catechin presenting the

worse interaction energy. In GCG the A–C ring flips

to exchange its position with the B ring, leading to an

interaction between the gallate ring and Leu53 and

Ser66 through O(6) and O(8). The A–C ring O(2)

oxygen is now in contact with HOTyr8(b) and the

O(4) B ring oxygen hydrogen bonds Og1Thr110(b),

replacing the A–C ring O(2) oxygen atom, while the

gallate ring points towards Tyr8(b).

The binding mode of the alkylating anti-cancer

agents shows the conservation of the Tyr8 H-bond,

confirming the importance of this residue for GST

enzymatic activity. Cyclophosphamide and ifosfamide

are completely buried within the H-Site and present

the worst energy scores compared with the other

studied compounds (Table I). Their phosphamidic

nitrogen atoms bind to Tyr8, giving rise to one and two

H-bonds, respectively. The H-bond network is

completed by an additional contact for both com-

pounds between chlorine and NLeu53 (see Figure 5).

On the other hand, chlorambucil and melphalan are

located close to the catechin positions, with the

carboxylic group projected up into the a–b subunits

interface and the chloro-ethane groups directed

towards the H-Site. Consequently, chlorambucil

Figure 4. Left: 3D structure of hGST P1-1 (solid ribbon) in complex with (2)-EGCG (top) and (2)-GCG (bottom). Residues lining the

ligand position are represented as a white Connolly surface, while the ligands are represented by a green Connolly surface. Right: binding

mode of (2)-EGCG (top) and (2)-GCG (bottom) within hGST P1-1. Ligand (CPK) and the residues involved in interactions (orange,

labelled) are represented in stick while the hydrogen bonds are shown as green dotted lines.
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makes two strong H-bonds, between Cl· · ·HOTyr8

and between the carboxylic oxygen and Od2Asp99.

Melphalan forms a network of H-bonds: two between

the carboxylic oxygen and NH1Arg101-OGly13, two

between the aliphatic nitrogen and NArg14-NGly13

and the last between the chlorine and NPhe9 and it is

the only ligand that do not contact Tyr8.

Conclusions

In conclusion, this molecular docking study has been

carried out to deepen characterize the possible

interactions between EGCGs and alkylating agents

on the GST catalytic site. In particular, the interaction

mechanisms of the main green tea catechins and of

four alkylating drugs with GST P1-1 has been

investigated, which may be responsible for the greater

systemic concentration of several conventional anti-

cancer drugs. The docking experiments have shown

that catechins and the examined drugs compete for

the same catalytic binding site, close to the substrate

GSH, using a comparable binding mode. This latter

involve hydrophilic and steric interactions and, in

particular, a direct and strong contact with Tyr8

(except melphalan), that provides an indirect evidence

of the competition between alkylating drugs and

catechins. This hypothesis is also supported by the

values of the calculated QM/MM interaction energies,

showing that all the green tea catechins bind the

hGST P1-1 with higher affinity with respect to the

alkylating agents. This could lead to a enzyme

desensibilization, decreasing the anti-cancer drugs

metabolism resulting in a greater systemic concen-

tration of alkylating agents.

The results presented in this study are useful in view

of the potential use of the green tea polyphenols both

as anticancer as well as chemopreventive agents.

In particular, we have determined the potentially

bioactive conformations of EGCGs and anticancer

drugs which may constitute the basis for generating

GSTs binding models. On the other hand, we have

confirmed the importance of the interaction with Tyr8

for the GST enzymatic activity. Finally, the observed

differences in potency between the EGCGs and

anticancer drugs have been explained through their

different binding site occupancy.
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for the content and writing of the paper.
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