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The 70 kDa heat-shock protein (Hsp70) involved in various cellular functions, such as protein folding,
translocation and degradation, regulates apoptosis in cancer cells. Recently, it has been reported that the green
tea flavonoid (−)-epigallocatechin 3-gallate (EGCG) induces apoptosis in numerous cancer cell lines and could
inhibit the anti-apoptotic effect of human Hsp70 ATPase domain (hATPase). In the present study, docking
model between EGCG and hATPase was determined using automated docking study. Epi-gallo moiety in
EGCG participated in hydrogen bonds with side chain of K71 and T204, and has metal chelating interaction
with hATPase. Hydroxyl group of catechin moiety also participated in metal chelating hydrogen bond. Gallate
moiety had two hydrogen bondings with side chains of E268 and K271, and hydrophobic interaction with Y15.
Based on this docking model, we determined two pharmacophore maps consisted of six or seven features,
including three or four hydrogen bonding acceptors, two hydrogen bonding donors, and one lipophilic. We
searched a flavonoid database including 23 naturally occurring flavonoids and 10 polyphenolic flavonoids with
two maps, and myricetin and GC were hit by map I. Three hydroxyl groups of B-ring in myricetin and gallo
moiety of GC formed important hydrogen bonds with hATPase. 7-OH of A-ring in myricetin and OH group of
catechin moiety in GC are hydrogen bond donors similar to gallate moiety in EGCG. From these results, it can
be proposed that myricetin and GC can be potent inhibitors of hATPase. This study will be helpful to
understand the mechanism of inhibition of hATPase by EGCG and give insights to develop potent inhibitors
of hATPase.
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Introduction
(−)-Epigallocatechin 3-gallate (EGCG) is a major catechin
in green tea. Catechin is a representative flavonol related
biological regulation.1 Activity of EGCG against various
diseases is well known. For example, EGCG has an antioxidative effect that helps protect the skin from UV radiation
induced damage and an effect of remitting multiple
sclerosis.2,3 EGCG has a significant effect against tumorigenesis and tumor growth by selectively induced apoptosis
in various cancer cell-lines.4,5 Recently, it has been reported
that EGCG was found to bind the Hsp70, ‘glucose regulated
protein 78 (Grp78)’ thus inhibiting its antiapoptotic actions.4-6
The 70 kDa heat-shock proteins (Hsp70) are a family of
molecular chaperones, which promotes various cellular
functions, such as protein folding, translocation and degradation.7-9 In normal conditions, Hsp70 functions as an
ATP-dependent chaperon by assisting the folding of newly
synthesized proteins and polypeptides, the assembly of
multiprotein complexes and the transport of proteins across
cellular membranes. In contrast, its upregulation, as a consequence of either cellular stress or transfection, inhibits the
induction of apoptosis by several insults and may contribute
to oncogenic transformation.10,11 Over-expression of Hsp70
inhibits the apoptosis which is also characterized by caspaseindependent processes.10,11 The antiapoptotic function of
Hsp70 involves interactions with several components of the

apoptotic machinery.12 Metal ions are among the stimuli that
affect the transcription of some chaperone proteins like
Hsp70.13 In addition, these proteins need metal ions for ATP
binding and hydrolysis, and for chaperone activity.
Human Hsp70 is a 640 amino acid protein composed of
two major domains. N-terminal ATPase domain of Hsp70
binds to and hydrolyzes ATP, whereas the C-terminal
domain is required for polypeptide binding.13 The crystal
structure of human Hsp70 ATPase domain (hATPase) has
been determined by x-ray crystallography.13 EGCG might
inhibit the antiapoptotic activity of Hsp70 by competing
with adenosine triphosphate (ATP) for binding to the
hATPase, but the mechanism of this action is not clear.
Here, in order to understand the interactions between
hATPase and EGCG, automated docking study was performed and a docking model between hATPase and EGCG
was proposed. Furthermore, we determined a pharmacophore map by receptor-oriented pharmacophore-based in
silico screening and screened potent flavonoids inhibitors of
hATPase.
Methods
Docking Study. Docking model between EGCG and
Hsp70 was determined by AutoDock14-16 in order to find
specific binding model based on the x-ray structure of
hATPase (1S3X.pdb and 2E8A.pdb).13 The Lamarckian
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Genetic Algorithm (LGA) of the AutoDock 3.05 was used
for docking experiments. MD simulations on the final
docking structure were performed in the canonical ensemble
(NVT) at 300 K and distance-dependent function of the
dielectric constant was used for the calculation of the energetic maps in vacuum system using the program InsightII/
Discover. All atoms of the system were considered explicitly, and their interactions were computed using the
consistent valence force field. A distance cutoff of 10 Å was
used for van der Waals interactions and electrostatic interactions. The time step in the MD simulations was 1 fs and
MD simulation was performed for 2 ns. Coordinates were
saved every 1 ps. The average structure was calculated for
the 2 ns trajectory and submitted to final energy minimization by performing 10,000 steps of steepest descent method.
Receptor-oriented Pharmacophore-based in silico
Screening. The interaction model used for this process is a
list of features: hydrogen bonds and lipophilic interactions.
These features include hydrogen bond donors (HBDs),
hydrogen bond acceptors (HBAs) and lipophilicity (lipo).
Pharmacophore maps were generated with the excluded
volume for the heavy atoms. The exclusion volume is the
forbidden area in the active site, which defines its shape. To
account for excluded volume regions occupied by the heavy
atoms in the receptor, an exclusion model is generated for
the active site and the surrounding receptor regions. Each
atom of the receptor selected for inclusion in the model is
represented as an exclusion point. This procedure was
performed using SBF (structure-based focusing) module in
Cerius2 (Accelrys, San Diego, USA).
Active site of Hsp70 ATPase domain was defined around
the center of the EGCG, and an interaction model was
generated within 11 Å from the center of the active site.
Multiple pharmacophore maps were determined with six or
seven features for each map. The exclusion volume was built
from the heavy atoms within 11 Å from the center of the
active site. We selected the proper pharmacophore map
which reproduced the docking model of EGCG and Hsp70.
We built a flavonoid database which included twenty three
naturally-occurring flavonoids and ten catechin based polyphenolic flavonoids extracted from green and black tea.
Twenty three naturally-occurring flavonoids were collected
considering subclass of flavonoids (flavones, flavonols,
flavonones, and isoflavones) and are listed in Table 1. The
structures of polyphenolic flavonoids are shown in Figure 1.
This database was browsed using selected pharmacophore
maps. The scoring functions (LigScore2, PLP1, and PLP2)
were calculated for hits to establish a relationship between this pharmacophore and the set of inhibitors using
Cerius2.17,18
Results and Discussion
Analysis of the X-ray Structure of hATPase-ADP Complex. Several crystal structures of ATP family compounds
(ADP or ANP) bound to ATPase domain of Hsp70 have
been reported.13,19 Metal ions affect the transcription of some
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Table 1. Classification of flavonoids based on the position of their
substituent

Class of Flavonoids
Flavones

Chrysin
Techtochrysin
Baicalein
Apigenin
Luteolin
Diosmetin
Tangeretin

Position of Substituent’s
3

5

7

H OH OH
H O-Me OH
H OH OH
H OH OH
H OH OH
H OH OH
H O-Me O-Me
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Rhamnetin
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OH
OH

OH OH
OH OH
OH OH
OH OH
H
OH
OH OH
OH OH
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Flavonones Pinocembrin
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Eriodictyol
Hesperitin
Taxifolin

H
H
H
H
OH

OH
OH
OH
OH
OH

Isoflavones Genistein
Genistin
Daidzin

−
−
−
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OH
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OH
OH
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H OH OH H
H OH O-Me H
H OH OH H

OH OH H
OH O-Glu H
H O-Glu H

H
H
H

OH
OH
OH

H
H
H

-O-Me = Methoxy -O-Glu = Glucosyl -O-R' = Alkoxy

chaperone proteins such as Hsp70, and these proteins need
metal ions for ATP binding and hydrolysis, and for chaperone activity.20-23 In the ATP-binding site of Hsp70, two
calcium ions are included. One corresponds to the catalytic
site in hATPase and appears to be important for ATP
hydrolysis and in vitro phosphorylation.13 Local changes in
protein structure as a result of calcium binding may facilitate
phosphorylation. The second calcium site represents a new
calcium binding motif that can play a role in the stabilization
of protein structure and does not have interactions with ADP.
Second calcium ion was found on the surface of protein and
formed salt bridges with E231 and D232.13 The two calcium
binding sites of hATPase are presented in Figure 2. In the
ADP binding site, the interactions between ADP and
hATPase included complicated hydrogen bonding network.
The ribose hydrogen of ADP bonds to the side chain of E268
and K271 and β-phosphate forms a salt bridge with calcium
ion. The x-ray structure of hATPase is containing ADP and
free phosphate (Pi) group. The Pi group forms a salt bridge
with K71 and makes hydrogen bonds with T13 and T204.
The binding model between ADP/Pi and hATPase is shown
in Figure 2(B).
Study on Docking between EGCG and hATPase. The
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Figure 1. Chemical structures of catechin based flavonoids. (A) EGCG family flavonoids extracted from green tea. (B) Theaflavin family
flavonoids from black tea.

Figure 2. (A) Crystal structure of hATPase (B) ADP binding site of hATPase showing the hydrogen bonds with ADP and free phosphate.

interactions of EGCG and hATPase were similar to that in
X-ray structures of hATPase complex with ADP, and similar
patterns of hydrogen bonds are also found in our docking
model.
Structure of EGCG is divided into three chemical groups,
such as catechin (A-C ring), epi-gallo (B-ring), and gallate
(D-ring) moieties, as shown in Figure 1. Three hydroxyl
groups of epi-gallo in EGCG participated in hydrogen

bonding interactions with side chain of K71, T204, and had
metal mediated hydrogen bonding with Y15. In addition,
one more metal chelated hydrogen bonding interaction was
formed with hydroxyl group of catechin moiety. This propensity could promote the strong binding interaction with
hATPase.24 Gallate group formed two hydrogen bonding
interactions with side chain of E268 and K271, and hydrophobic interaction with Y15. It is already known that the
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Figure 3. (A) Docking model of d hATPase with EGCG. Optimal pharmacophore map I (B) and map II (C).

hydrogen bond between inhibitor and K71 has significant
effect to hydrolyze ATP.13,25 The interaction model between
EGCG and hATPase is shown in Figure 3. From docking
study, we confirmed that EGCG and hATPase formed
specific and tight hydrogen bonding interactions.
Receptor-oriented Pharmacophore-based in silico
Screening. Two pharmacophore maps were determined based
on the hydrogen bonding interactions and hydrophobic
interactions between EGCG and hATPase. Map I consisted
of six features: HBA1 (K71), HBA2 (Ca2+), HBA4 (K271),
HBD1 (T204), HBD2 (E268), and Lipo1 (Y15). Map II
included seven features and one more feature (HBA4) was
added. HBA2 depicted a metal chelating interaction with
epi-gallo moiety, while HBA4 represented an additional
metal chelation with catechin moiety of EGCG. Map I described tightly the interactions between ADP and hATPase,
while Map II represented the interactions between EGCG
and hATPase. Two pharmacophore maps are shown in
Figure 3.
The database of compounds screened in the current in
silico study includes 23 well known naturally occurring
flavonoids listed in Table 1 and 10 polyphenolic flavonoids
extracted from green and black tea shown in Figure 1. Green
and black teas are two major types of tea manufactures from
the leaves of the plant Camellia sinesis.26 Six catechin based
flavonoids are the major products in green tea. Theaflavins
are flavan-3-ols that are found from catechins in tea leaves
during the enzymatic oxidation of tea leaves, or those in
black tea. Biological activities of these polyphenolic flavonoids against various human diseases are already known.26-28
From the in silico screening, only two flavonoids, myricetin and GC ((+)-Gallocatechin), were hit by map I. Hit
models of myricetin and GC are very similar to each other.
Myricetin is a flavonol found in grapes, berries, fruits,
vegetables, and herbs.29 Hit model of myricetin satisfied
each features of pharmacophore map with proper configurations. Three hydroxyl group of B-ring of myricetin participated in hydrogen bonding interaction with K71, T204,
and in metal chelating interaction. B-ring of myricetin plays
a role similar to epi-gallo moiety of EGCG. 7-OH of myri-

Table 2. LigScore2 and PLP scores of known substrates and
flavonoids
Compound

LigScore2

PLP1

PLP2

ADP
EGCG
Myricetin
GC

7.14
7.30
7.05
7.11

144.0
151.3
135.1
136.4

142.3
153.6
128.8
130.5

cetin also formed hydrogen bonds with the side chain of
E268 and K271. Interaction model between myricetin and
hATPase are shown in Figure 4A. Among 23 flavonoids,
only myricetin has hydroxyl group of 5'-position. 5'-OH
group participated in metal mediated hydrogen bonding
interaction with hATPase. 3',4',5'-OH of flavonoids are
necessary for the tight and specific hydrogen bonding interactions with hATPase similar to those between EGCG and
hATPase.
GC ((+)-Gallocatechin) is one of the catechin based flavonoids extracted from green tea. Since GC has a gallo group,
it formed two hydrogen bonds with K71 and T204, and had
metal chelating interaction with Y15 as shown in Figure 4B.
Hydroxyl group of catechin moiety participated in hydrogen
bonding interaction with the side chain of E268 and K271.
Although EC ((−)-Epigallocatechin), a stereo isomer of GC,
also has a gallo group similar to GC, gallo group of EC
could not form hydrogen bonds with hATPase because of the
steric hinderance problem caused by the stereo structure.
Comparisons of the structure of EGCG and its derivatives
indicate that the presence of the epi-gallo moiety on the B
ring is necessary for the tight metal mediated binding to
hATPase and the presence of the gallate moiety is also
important for hydrophobic and hydrogen bonding interactions with hATPase. Other catechin based polyphenolic
flavonoids shown in Figure 1 could not satisfy the pharmacophore maps because of the improper stereochemical
structures or lack of gallate moiety.
Evaluation of the Docking Study. In order to verify the
results of the docking study, we calculated scoring functions;
LigScore2, PLP1, and PLP2. The LigScore2 is a scoring
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Figure 4. (A) Binding model of hATPase with myricetin. (B) Binding model of hATPase with GC.

function that possesses high predictive accuracy of affinity
of ligand-receptor binding as well as pKi values.17 The PLP
(Piecewise Linear Potential) is an empirical scoring function
with two types, PLP1 and PLP2. In the PLP1 function, each
non-hydrogen ligand or non-hydrogen receptor atom is
assigned as PLP atom types. In both PLP functions, the
higher PLP score indicates the stronger binding affinity with
the receptor.18 EGCG gives higher score values than the
known substrate ADP and this implied that EGCG can be a
stronger substrate for hATPase than ADP. The competitive
binding of EGCG to the Hsp70 ATPase domain was assessed using ATP-agarose, a dot blot and chemiluminescence
techniques.5 The dot blot suggested 200 μM EGCG competed with ATP for binding to Hsp70, presumably by
binding its ATPase domain, implying this flavonoid could
inhibit the antiapoptotic effect of Hsp70. High scoring values
in Table 2 imply that myricetin and GC also can be potent
inhibitors for hATPase. Scoring functions, especially PLP 1
and 2 proved that automated docking process for EGCG and
hATPase was performed well and the docking model represented the critical features for inhibitors of hAPTase suitably.
Conclusion
From automated docking study, we modeled a docking
pose between EGCG and hATPase. Based on the docking
model, we determined the multiple pharmacophore maps
using by receptor-oriented pharmacophore-based in silico
screening and determined two maps consisted of six or
seven features; three or four HBA, two HBD, and one Lipo.
We built a flavonoids database included 23 normal flavonoids and 10 catechin based polyphenolic flavonoids and
searched this database with determined pharmacophore
maps. From the results of docking study and receptororiented pharmacophore based in silico screening, it can be
proposed that myricetin and GC can be potent inhibitors of
hATPase. Three hydroxyl group of B-ring in myricetin and
gallo group of GC formed important hydrogen bonds similar
to epi-gallo moiety of EGCG. 7-OH of A-ring in myricetin
and OH group of catechin moiety in GC participated in
hydrogen bonding interactions with E268 and K271 of
hATPase. From these results, we suggested that a flavonol
“myricetin” and a polyphenolic flavonoids “GC” can be
potent inhibitors of hAPTase and effective anticancer drugs

by suppression of antiapoptotic activity. This study may
provide a strategy for the development of novel hAPTase
inhibitors as apoptosis inducing anticancer drugs.
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