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Abstract
Background: Animal, epidemiological and clinical studies
have demonstrated the anti-tumor activity of pharmacological proteasome inhibitors and the cancer-preventive effects
of green tea consumption. Previously, one of our laboratories reported that natural ester bond-containing green tea
polyphenols (GTPs), such as ()-epigallocatechin-3-gallate
[()-EGCG] and ()-gallocatechin-3-gallate [()-GCG],
are potent and specific proteasome inhibitors. Another of
our groups, for the first time, was able to enantioselectively
synthesize ()-EGCG as well as other analogs of this natural GTP. Our interest in designing and developing novel
synthetic GTPs as proteasome inhibitors and potential
cancer-preventive agents prompted our current study.
Materials and Methods: GTP analogs, ()-EGCG, ()GCG, and a fully benzyl-protected ()-EGCG [Bn-()EGCG], were prepared by enantioselective synthesis.
Inhibition of the proteasome or calpain (as a control) activities under cell-free conditions were measured by fluorogenic substrate assay. Inhibition of intact tumor cell
proteasome activity was measured by accumulation of
some proteasome target proteins (p27, IB- and Bax)
using Western blot analysis. Inhibition of tumor cell

proliferation and induction of apoptosis by synthetic GTPs
were determined by G1 arrest and caspase activation, respectively. Finally, inhibition of the transforming activity
of human prostate cancer cells by synthetic GTPs was
measured by a colony formation assay.
Results: ()-EGCG and ()-GCG potently and specifically
inhibit the chymotrypsin-like activity of purified 20S proteasome and the 26S proteasome in tumor cell lysates, while
Bn-()-EGCG does not. Treatment of leukemic Jurkat T
or prostate cancer LNCaP cells with either ()-EGCG or
()-GCG accumulated p27 and IB- proteins, associated
with an increased G1 population. ()-EGCG treatment also
accumulated the pro-apoptotic Bax protein and induced
apoptosis in LNCaP cells expressing high basal levels of
Bax, but not prostate cancer DU-145 cells with low Bax expression. Finally, synthetic GTPs significantly inhibited
colony formation by LNCaP cancer cells.
Conclusions: Enantiomeric analogs of natural GTPs,
()-EGCG and ()-GCG, are able to potently and specifically inhibit the proteasome both, in vitro and in vivo, while
protection of the hydroxyl groups on ()-EGCG renders
the compound completely inactive.

Introduction

is the most active component responsible for the aforementioned mechanisms in these pre-clinical studies.
In contrast, very little information about tea clinical trials is currently available. A recently completed phase I
clinical trial using green tea extract has concluded that
a dose of green tea equivalent to 7–8 cups could be
taken safely, three times a day, for at least six months
(21,22). Another phase I pharmacokinetic study has
found that the EGCG and tea polyphenol formulations
containing the same amount of EGCG resulted in similar plasma EGCG levels (23).
It has been shown recently that the proteasome
is essential for tumor cell survival, and pharmacological inhibition of the proteasome in various cancer cell models can induce tumor cell growth arrest
and/or apoptosis (24–30). In addition, proteasome
inhibitors are able to inhibit human tumor growth
in various animal models (31–33). It has been
shown that proteasome-mediated degradation of
important cell cycle regulators plays an essential
role in cell cycle progression. One such proteasome

Several epidemiological studies have suggested that
green tea consumption may be associated with prevention of cancer or inhibition of cancer reoccurrence
(1–6). Other studies have also demonstrated that green
tea can inhibit tumor growth and development in several animal models (7–10). The responsible molecular
mechanism(s) is/are unknown, but thought to be related to inhibition of several tumor-promoting proteins, such as epidermal growth factor receptor (11),
mitogen activated protein kinase (12,13), telomerase
(14), and the proteasome (15), a large multi-catalytic
protease. Extracts from green tea contain several
polyphenols that possess the primary biological activities of tea (16–20). It has been found that ()-EGCG
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target protein is cyclin-dependent kinase inhibitor
p27. Accumulation of p27 by proteasome inhibition
is associated with cell cycle arrest (25,32). IB-, another important proteasome target protein, is an endogenous inhibitor of transcription factor NFB.
IB- inhibits NFB by binding to it in the cytosol
and preventing its translocation to the nucleus
where NFB elicits its transcriptional control of several anti-apoptotic genes (34,35). Expression of IB-
protein is regulated at the level of degradation by
the proteasome (36). Therefore, treatment with a proteasome inhibitor is also able to accumulate IB-
protein levels (15,26,30,36,37).
Bax, a Bcl-2 family member, is an important mitochondrial associated proapoptotic protein. It has
been shown that Bax plays a role in regulating the
release of cytochrome C from the mitochondria to
the cytosol during the initiation of apoptosis (38).
This released cytosolic cytochrome C is able to initiate the caspase cascade (38). Bax has also been
shown to be regulated by ubiquitin/proteasomemediated degradation (28,39). Indeed, inhibition of
the proteasome accumulates Bax in mitochondria
and induces tumor cell apoptosis (28).
Previously, we reported that ester bond-containing
tea polyphenols, such as ()-EGCG, potently and
specifically inhibit chymotrypsin-like activity of
the proteasome in vitro (IC50 86–194 nM) and in vivo
(1–10 M) at the concentrations found in the serum
of green tea drinkers (15). Atomic orbital energy
analyses and high-performance liquid chromatography suggest that the carbon of the polyphenol ester
bond is essential for targeting and thereby inhibiting the proteasome in cancer cells. This inhibition
of the proteasome by ()-EGCG in several tumor
and transformed cell lines results in accumulation
of p27Kip1 and IB-, followed by G1 arrest. Furthermore, compared to their simian virus-transformed
counterpart, the parental normal human fibroblasts were much more resistant to ()-EGCGinduced p27Kip1 protein accumulation and G1
arrest (15).
Until recently, all pre-clinical and clinical studies were conducted with GTPs extracted or purified
from green tea leaves. Synthesis of EGCG has been
long awaited by the tea research field so that mechanistic elucidation of EGCG and its activities, by
structural manipulation, might be evaluated. Due to
the past unavailability of GTP analogs, at present
there is no literature describing the usage of synthetic tea polyphenols and analogs thereof in any
form of pre-clinical research. Only recently have
synthetic forms of GTPs including ()-EGCG and its
synthetic analogs thereof (including ()-EGCG),
been created by one of our groups (40). Here we
report, for the first time, synthetic GTPs exhibit
proteasome-inhibitory activity in vitro and in vivo.
In addition, these synthetic GTPs are able to inhibit
cell growth, induce apoptosis, and suppress the
transforming activity in human cancer cells.
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Materials and Methods
Materials
Highly purified tea polyphenols ()-EGCG (95%)
and ()-GCG (98%) were purchased from Sigma
(St. Louis, MO). ()-EGCG, Bn-()-EGCG, ()-GCG
and ()-GCG were prepared by enantioselective synthesis (see below). The synthetic and the commercial
()-GCG gave identical proteasome-inhibitory properties and therefore only the commercial ()-GCG was
used in the experiments presented in this manuscript.
Purified 20S proteasome (Methanosarcina thermophile,
Recombinant, E. coli) and purified calpain I (Human
Erythrocytes) were purchased from Calbiochem (La
Jolla, CA). Fluorogenic peptide substrates Suc-LeuLeu-Val-Tyr-AMC (for the proteasomal chymotrypsinlike activity), Suc-Leu-Tyr-AMC (for the calpain I
activity), and Ac-DEVD-AMC (the specific caspase-3
substrate) were also obtained from Calbiochem (La
Jolla, CA), and Z-Gly-Gly-Arg-AMC (for the proteasomal trypsin-like activity) was from Bachem (King
of Prussia, PA). Monoclonal antibody to p27Kip was
purchased from PharMingen (San Diego, CA); polyclonal antibodies to IB-, Bax (N-20), and actin were
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
Polyclonal antibodies to human PARP were from
Boehringer Mannheim (Indianapolis, IN).
Enantioseletive Synthesis of GTPs
()-EGCG and the fully benzyl protected ()-EGCG
[Bn()-EGCG] were prepared according to our previously reported procedures (40). Preparation of
()-GCG. To a solution of ()-[2R, 3S]-5,7-bis
(benzyloxy)-2-[3,4,5-tris(benzyloxy)phenyl]chroman3-ol (35) (145 mg, 190 mol, 1.0 equiv) in CH2Cl2
(15 mL) was added dimethylaminopyridine (58 mg,
470 M, 2.5 equiv) under N2. The solution was
cooled to 0C, and 3,4,5-tris(benzyloxy)benzoic acid
chloride (131 mg, 285 mol, 1.5 equiv) was added.
The mixture was allowed to warm to room temperature and stirred for 16h. Saturated NaHCO3 aqueous
solution (20 mL) was added and the mixture stirred at
room temperature for an additional 1h. The layers
were separated, and the aqueous layer was extracted
with EtOAc (4  25 mL). The combined organic phase
was washed with brine (20 mL), dried over Na2SO4,
and was concentrated by rotary evaporator and vacuum
drying to give crude product which was purified by silica gel chromatography (C6H6/EtOAc  100/1) to afford pure product 195 mg (87%) of the fully benzyl
protected gallate ester as a white solid. []D  22.17
(c1.09, CHCl3); 1H NMR (300 MHz, CDCl3): 7.31 (m,
42H), 6.70 (s, 2H), 6.32 (s, 1H), 6.31 (s, 1H), 5.48 (m,
1H), 5.12 (m, 1H), 5.01 (m, 16H), 2.99 (dd, J  16.8,
5.2, 1H), 2.84 (dd, J  16.8, 10.2, 1H); 13C NMR (75
MHz, CDCl3): 165.07, 158.92, 157.64, 154.78, 152.86,
152.39, 142.54, 138.36, 137.66, 137.33, 136.76, 136.71,
136.47, 133.38, 128.59, 128.53, 128.48, 128.43, 128.39,
128.25, 128.15, 128.08, 128.02, 127.98, 127.94, 127.90,
127.81, 127.75, 127.62, 127.50, 127.48, 127.21, 124.92,
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109.06, 106.23, 101.29, 94.26, 93.78, 78.41, 75.10,
75.05, 71.22, 71.13, 70.09, 69.90, 69.80, 24.00.
To a solution of the fullyl benzyl protected gallate ester (100 mg, 84.8 mol) obtained above in
MeOH/THF (10/10 mL) was added Pd(OH)2 (105 mg,
20% on carbon). The mixture was stirred at room
temperature under H2 and monitored by TLC. When
the starting material was consumed (in about 4h),
the mixture was filtered through cotton to remove
the catalyst, and eluted with acetone (5.0 mL). The
combined eluate was concentrated by rotary evaporator and vacuum drying to give the crude product
which was purified by silica gel chromatography
(EtOAc/CH2Cl2  2.5/1) to afford the pure ()-GCG,
28.6 mg (74%) as a white solid. []D  11.78
(c 0.78, THF); 1H NMR (300 MHz, acetone-d/D2O 
2/1): 6.94 (s, 2H), 6.44 (s, 2H), 5.98 (d, J  2.5, 1H),
5.88 (d, J  2.5, 1H), 5.23 (q, J  6.6, 1H), 4.93
(d, J  6.6, 1H), 3.00 (dd, J  16.5, 5.2, 1H), 2.61
(dd, J  16.5, 6.6, 1H); 13C NMR (75 MHz, CDCl3):
166.25, 156.73, 156.33, 155.24, 145.66, 145.22, 138.69,
132.97, 129.64, 120.34, 109.47, 106.07, 98.70, 95.87,
94.81, 78.30, 70.27, 24.25. The compound had identical NMR spectra as the commercially available
natural ()-GCG (Sigma, []D  12.44 (c 0.8,
THF).
Cell Culture and Cell Extract Preparation
Human Jurkat T and prostate cancer (LNCaP, DU-145)
cells were cultured in RPMI 1640, supplemented with
10% fetal calf serum, 100 units/ml of penicillin and
100 g/ml of streptomycin. All cells were maintained
in a 5% CO2 atmosphere at 37C. A whole cell extract
was prepared as described previously (25). Briefly,
cells were harvested, washed with PBS twice and homogenized in a lysis buffer (50 mM Tris-HCl, pH 8.0,
5 mM EDTA, 150 mM NaCl, 0.5% NP-40, 0.5 mM
PMSF, and 0.5 mM dithiothreital) for 30 min at 4C.
After that, the lysates were centrifuged at 10,000 g
for 30 min and the supernatants were collected as
whole cell extracts.

fluorogenic peptide substrates for various activities
of the proteasome, Suc-Leu-Leu-Val-Tyr-AMC and
Z-Gly-Gly-Arg-AMC, in 100 l of the assay buffer
with or without a synthetic or natural tea polyphenol. The hydrolyzed AMCs were quantified as
described above.
Assay for Calpain I Activity
To measure calpain I activity, 3 g purified calpain I
was incubated with 40 M of a fluorogenic peptide
calpain substrate, Suc-Leu-Tyr-AMC, for 30 min at
37C in 100 l of assay buffer (50 mM Tris-HCl, pH
7.5, 50 mM NaCl, 1 mM EDTA, 1 mM EGTA, 5 mM
-Mercaptoethanol, 5 mM CaCl2, and 0.1% CHAPS),
with or without a synthetic or natural tea polyphenol, and the hydrolyzed AMCs were quantified as
described above.
Assay for Caspase 3 Activity
Cell-free caspase 3 activity was determined by measuring the cleavage of AMC groups from a caspase 3
specific substrate (Ac-DEVD-AMC). Briefly, a prepared protein extract (20 g) was incubated in a
buffer containing 50 mM Tris/pH 7.5 along with the
caspase substrate at 20 M in a 96 well plate. The reaction mixture was incubated at 37C for 1 h. After
incubation, the liberated florescent AMC groups
were quantified as described above.
Western Blot Analysis
Jurkat T, LNCaP or DU-145 cells were treated with
various concentrations of synthetic or natural tea
polyphenols for indicated hours (see figure legends).
This was followed by preparation of whole cell extracts. The enhanced chemiluminescence (ECL) Western Blot analysis was then performed using specific
antibodies to p27Kip, IB-, PARP, Bax, or actin, as
described previously (25).

Inhibition of Purified 20S Proteasome Activity
by Synthetic Tea Polyphenols
The chymotrypsin-like activity of purified 20S proteasome was measured as follows. Briefly, 0.5 g of
purified 20S proteasome was incubated with 20 M
of a fluorogenic peptide substrate, Suc-Leu-Leu-ValTyr-AMC for 30 min at 37C in 100 l of assay buffer
(50 mM Tris-HCl, pH 7.5), with or without a synthetic
or natural tea polyphenol. After incubation, production
of hydrolyzed 7-amido-4-methyl-coumarin (AMC)
groups were measured using a multi-well plate VersaFluorTM Fluorometer with an excitation filter of
380 nm and an emission filter of 460 nm (Bio-Rad).

Flow Cytometry
Cell cycle analysis based on DNA content was performed as follows. At each time point, cells were
harvested, counted, and washed twice with PBS.
Cells (5  106) were suspended in 0.5 ml PBS, fixed
in 5 ml of 70% ethanol for at least 2h at 20C, centrifuged, resuspended again in 1 ml of propidium
iodide staining solution (50 g propidium iodide,
100 units RNase A and 1 mg glucose per ml PBS), and
incubated at room temperature for 30 min. The cells
were then analyzed with FACScan (Becton Dickinson
Immunocytometry, CA) and ModFit LT cell cycle
analysis software (Verity Software, Topsham, ME).
The cell cycle distribution is presented as the percentage of cells containing G1, S, G2 and M DNA content as judged by propidium iodide staining.

Inhibition of the Proteasome Activity in Whole Cell
Extracts by Synthetic Tea Polyphenols
A whole cell extract (10 g) of Jurkat T cells was
incubated for 60 min at 37C with 20 M of the

Soft Agar Assay
The soft agar assay was prepared as described previously with a few modifications (41). In brief, in a
six-well plate, a bottom feeder layer (0.6% agar)

D. M. Smith, et al.: Synthetic Tea Polyphenols Inhibit the Proteasome

was prepared with DMEM media containing 10%
fetal bovine serum and 1% penicillin/streptomycin.
A top layer was prepared with 0.3% agar and the
same media as described above containing 2  104
prostate cancer LNCaP cells and each respective GTP
compound. Plates were incubated at 37C in 5%
CO2 in a humidified incubator for two weeks. The
plates were then imaged and the number of colonies
were quantified by Quantity one v.4.0.3 software (BioRad, Hercules, CA).

Results
Synthetic GTPs Potently and Selectively Inhibit the
Proteasomal Chymotrypsin-like Activity Under
Cell-free Conditions
We have previously demonstrated that naturally occurring green tea polyphenols, which contain esterbonds, can inhibit the chymotrypsin-like activity of
the proteasome (15). We now have synthesized novel
analogs of the naturally occurring tea polyphenols

385

(40 and see Materials and Methods), and have tested
their inhibitory potencies against the proteasome.
Two analogs of ()-EGCG were synthesized. The
first analog, ()-EGCG, was the enantiomer (mirror
image) of the natural ()-EGCG, having the 2R, 3R
configuration instead of the natural 2S, 3S configuration. [see Fig. 1, ()-EGCG vs. ()-EGCG]. The
second analog, Bn-()-EGCG, was synthesized with
all eight hydroxyls protected by benzyl groups. This
should eliminate any hydrogen bonding created by
the hydroxyls in ()-EGCG while maintaining the
integrity of the ester bond. In addition the enantiomer of the natural ()-GCG was also synthesized,
giving ()-GCG with the 2R, 3S configuration [see
Fig. 1., ()-GCG and ()-GCG].
We first determined the ability of each purified
synthetic GTP analog to inhibit the chymotrypsinlike activity of purified 20S proteasome, using the
natural GTPs for comparison. In this experiment,
the synthetic ()-EGCG at 1 M inhibited 86% of
the proteasomal activity, similar to that of its natural

Fig. 1. Structures of synthetic and
natural green tea polyphenols (GTPs).
The two natural GTP compounds are ()Epigallocatechin gallate and ()-Gallocatechin
gallate, and the three synthetic analogs are
()-Epigallocatechin gallate, ()-BnEpigallocatechin gallate, and ()Gallocatechin gallate.
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counterpart, ()-EGCG (Fig. 2A). However, the
benzyl-protected compound, Bn-()-EGCG, did not
significantly inhibit the proteasome activity even at
10 M concentrations, demonstrating the requirement
of one or more hydroxyl groups for the proteasomeinhibitory activity of EGCG. The synthetic ()-GCG
was found to inhibit 70% of the proteasomal activity
at 1 M, similar to the natural ()-GCG (Fig. 2A). It
is also worthy to note that both forms of EGCG are
more potent than the two GCG analogs. As a control
in this experiment, a well-known tripeptidyl proteasome inhibitor LLnL at 1 and 10 M inhibited 20 and
70% proteasomal activity, respectively (Fig. 2A).
To further determine the proteasome-inhibitory
activities of the synthetic GTP analogs, multiple concentrations of each GTP was used in order to measure
their one-half maximal inhibition values (IC50s). An
IC50 of 210 nM was found for the synthetic ()EGCG, similar to the control ()-EGCG (Fig. 2B). In
addition, the ()-GCG compound, similar to the natural ()-GCG, produced an IC50 value of 410 nM,
nearly twice that of ()-EGCG (Fig. 2B-C).
To determine the specificity of the synthetic GTP
analogs, we tested their effects on the chymotrypsinlike and trypsin-like activities of the 26S proteasome
in a Jurkat cell lysate. Similar to inhibition of the

purified 20S proteasome, the synthetic ()-EGCG at
10 M inhibited 76% of the chymotrypsin-like activity of 26S proteasome in cell lysates (Fig. 3A). In
contrast, the Bn-()-EGCG analog could not inhibit
the proteasomal chymotrypsin activity at all. ()GCG at the same concentration inhibited 50% of
the chymotrypsin-like activity. The potencies of ()EGCG and ()-GCG were similar to those of their
natural partners, respectively. However, none of the
synthetic or natural GTPs could significantly inhibit
the proteasomal trypsin-like activity in the Jurkat
cell extract (Fig. 3B). Furthermore, none of the synthetic or control natural compounds could inhibit
more than 15% of activity of a purified calpain enzyme (Fig. 3C). These data strongly suggest that the
synthetic GTPs with ester bonds selectively inhibit
the chymotrypsin-like activity of the proteasome.
Accumulation of Proteasome Target Proteins p27
and IB- and Induction of Tumor Cell G1 Arrest
by Synthetic GTPs
Having discovered that the synthetic GTP analogs
are potent and specific inhibitors of the proteasomal
chymotrypsin-like activity in vitro (Figs. 2, 3), we
then determined whether the synthetic compounds
could also be effective in inhibiting intact tumor cell

Fig. 2. Inhibition of purified 20S proteasome by synthetic and natural GTPs. Inhibition of chymotrypsin-like activity of the
purified 20S proteasome was measured as described in Materials and Methods (A). LLnL was chosen as a positive control. Dosedependant inhibition of purified 20S proteasome by ()-EGCG and ()-EGCG (B), or ()-GCG and ()-GCG (C) is graphed on a log
plot. All values are means of independent triplicate experiments. Error bars denote standard deviations (error bars were not included
on B and C for clarity of presentation).
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Fig. 3. Specific inhibition of proteasome activity by
synthetic GTPs. A Jurkat cell extract was incubated for 1 hr
with various fluorogenic peptide substrates for the proteasomal
chymotrypsin-like (A) or trypsin-like activity (B), or a purified
calpain I was incubated for 1 hr with a fluorogenic calpain
substrate (C), in the absence or presence of 10 M GTPs, as
indicated, followed by measurement of free AMC groups as
described in Materials and Methods. Values are mean
triplicates and error bars denote standard deviations.

proteasome activity. Because inhibition of the proteasome activity in tumor cells would result in increased levels of proteasome target proteins, we
measured levels of p27 and IB- proteins by Western blot assay in Jurkat T cells treated with each
GTP. After a 12h treatment, ()-EGCG at 10 M
accumulated p27 and IB- levels by 3.5- and
3.1-fold, respectively (Fig. 4A). In comparison, the
natural ()-EGCG accumulated p27 and IB-, to a
slightly lesser extent, by 2.7- and 2.1-fold, respectively
(Fig. 4A). In addition, synthetic ()-GCG increased
p27 and IB- levels by 3.7- and 3.3-fold, respectively,
similar to the results from ()-GCG treatment.
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Fig. 4. Accumulation of p27 and IB- proteins by
synthetic and natural GTPs. Jurkat T (A) and prostate cancer
LNCaP (B) cells were incubated for 12 hr with either solvent
(H2O) or 10 M indicated GTP, followed by a Western blot
assay using specific antibodies to p27, IB-, or actin (a loading
control). Molecular masses of IB- and actin are 40 and
43 kDa, respectively. Relative Density (RD) values are
normalized ratios of the intensities of p27 and IB- band
to the corresponding actin band. Data is representative of
at least three independent experiments.

The above experiment was also performed in
prostate cancer LNCaP cells. The synthetic ()-EGCG
increased the levels of p27 and IB- by 3.1- and 2.6fold, respectively, comparable to the effects of ()EGCG (Fig. 4B). A 5.8- and 3.7-fold increase in p27
and IB- levels, respectively, was observed after
treatment with ()-GCG (Fig. 4B). The control compound ()-GCG did not accumulate as much p27
protein as the synthetic compound did, although both
compounds accumulated similar levels of IB-
(Fig. 4B).
It has been shown that overexpression of p27
(42,43) and IB- (44,45) results in G1 arrest. If increased levels of these proteasome target proteins
by synthetic GTPs are functional, we would expect
to see growth arrest of tumor cells in G1 phase.
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Fig. 5. Synthetic GTPs induces G1 arrest in
prostate cancer LNCaP cells. Asynchronous
prostate LNCaP tumor cells were treated for 24 hr
with either solvent (C for control) or 10 M of the
indicated GTP. Cells were then harvested, and analyzed by flow cytometry (see Materials and Methods
for details). The amount of G1, S and G2/M cell
populations was demonstrated by DNA histogram.
Growth arrest is determined by the increase in the
percentage of the G1 population. Data is representative of at least three independent experiments.

To test this hypothesis, LNCaP cells were treated
with 10 M of synthetic ()-EGCG and ()-GCG,
along with each respective natural GTP as control,
for 24h, followed by cell cycle analysis by flow cytometry. It was observed that treatment with each
of the GTPs significantly increase the G1 population, accompanied by a reduction in S and G2/M
phase cell populations. Specifically, the synthetic
()-EGCG increased the G1 population by 18%,
while ()-EGCG, ()-GCG and ()-GCG all induced 14% G1 arrest (Fig. 5). Therefore, the synthetic GTPs have the ability to inhibit prostate tumor
cell growth, with potency either similar to, or even
greater than, that of the natural compounds.
Accumulation of the Pro-apoptotic Bax Protein
and Activation of Tumor Cell Apoptotic Program
by Synthetic GTPs
The pro-apoptotic protein Bax is another target
protein of the proteasome (28,39). To investigate
whether synthetic tea polyphenols have the ability
to induce Bax-associated cancer cell apoptosis, we
used two human prostate cancer cell lines, LNCaP
and DU145. It has been shown previously that
LNCaP cells express much higher levels of Bax protein than DU145 cells (46–48). The comparison between these two cell lines provides an excellent
model for studying the role of Bax in the process of
GTP-mediated proteasome inhibition and apoptosis
induction.
Indeed, we also observed high Bax protein levels in LNCaP cells, and very low Bax expression in
DU145 cells (Fig. 6A). Treatment of LNCaP cells for
24h with synthetic ()-EGCG at 10 M significantly
increased Bax protein levels, similar to the effect of
the natural ()-EGCG (Fig. 6B). In contrast, neither
()-EGCG nor ()-EGCG was able to increase the
levels of Bax protein in DU145 cells.
To examine whether ()-EGCG could induce
apoptosis only in LNCaP, but not DU-145, cells,

both cell lines were treated with 10 M ()-EGCG
for 24, 48 or 72h, followed by performance of cellfree caspase-3 activity assay. ()-EGCG activated
caspase-3 in LNCaP cells in a time-dependent manner:
by 2.5-, 3.5- and 6-fold at 24, 48 and 72h, respectively (Fig. 6C). In contrast, little caspase-3 activity was detected in ()-EGCG-treated in DU145
cells: only 2-fold induction at 72h (Fig. 6C). In the
same experiment, ()-EGCG at 10 M was used
as a control. We found that the potency of ()EGCG to activate caspase-3 was comparable to that
of ()-EGCG in both LNCaP and DU145 cells
(Fig. 6C). Consistent with that finding, ()-EGCG,
as well as ()-EGCG, induced the apoptosisspecific PARP cleavage only in LNCaP, but not
DU145 cells (Fig. 6D). Therefore, the abilities of
()-EGCG to activate apoptotic program in these
prostate cancer cell lines are correlated well to their
abilities to accumulate Bax protein levels to a critical high threshold (compare Fig. 6C-D vs. B). These
data suggest that EGCG accumulated Bax protein
plays an essential role in activating caspases and inducing apoptosis in human prostate cancer cells.
Inhibition of Colony Formation in Soft Agar Assay
by Synthetic GTPs
Thus far, we have demonstrated that synthetic GTPs
can inhibit the proteasome in its purified 20S form,
in cell extracts, and in intact Jurkat and LNCaP cells,
and that inhibition of tumor cell proteasome activity
by synthetic GTPs is associated with induction of
growth arrest or apoptosis (Figs. 2–6). We then
wanted to test the in vivo effects of the synthetic GTPs
in soft agar, an assay that mimics tumor growth
in tissue. LNCaP cells were plated in soft agar (see
Materials and Methods) along with 10 M of each
indicated GTP or solvent (H2O), followed by a
14 day-incubation to allow for colony formation
(Fig. 7). The solvent-treated plates allowed for the
development of 1,400 colonies, while synthetic
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Fig. 6. Induction of Bax-associated apoptosis by synthetic
and natural GTPs. Exponentially growing LNCaP and DU-145
prostate cells were harvested and the levels of Bax protein
was detected by Western blotted analysis (A). Bax (21 kD) is
indicated. A high-molecular-weight band, recognized by the
anti-Bax antibody, is indicated by an arrowhead. Although its
nature remains unknown, this high-molecular-weight band can
be used as a loading control. LNCaP or DU-145 cells were
treated for 24 h with either H2O (C, for control) or 10 M
()-EGCG or ()-EGCG (B). Cells were then harvest and
Western-blotted with specific antibodies to Bax, actin (B) or
PARP (D). Data are representative of at least three independent
experiments. Caspase-3 activity was determined in LNCaP and
DU-145 cells after 0, 24, 48, or 72 h treatment with 10 M
()-EGCG or ()-EGCG. Cells were harvested at each sequential time-point and activity was determined by incubating
whole cell extracts with caspase-3 substrate and measuring free
AMCs (C). All the time-points were normalized to 0 hour.
Values are means of triplicate independent experiments and
error bars denote standard deviations.

()-EGCG treatment abolished formation of nearly all
the colonies (99.5% inhibition), similar to the natural
()-EGCG (99.0% inhibition; Fig. 7A-B). As expected, the inactive synthetic Bn-()-EGCG, which
cannot inhibit the proteasome activity (Figs. 2–3), had
little inhibitory activity on colony formaiton (10%
inhibition). The synthetic ()-GCG compound was
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Fig. 7. Synthetic GTPs inhibit soft agar colony formation.
Prostate LNCaP tumor cells were plated in soft agar with the
solvent H2O or 10 M of the indicated GTP as described in the
Materials and Methods. Cells were then cultured for 14 days
without addition of new drug. A representative plate from each
treatment was scanned and selected for presentation (A). Colonies
were quantified with an automated counter and presented as
mean values from triplicate independent experiments. Error
bars denote standard deviations.

found to inhibit 91.5% of colony formations, however,
it was not as potent as the synthetic ()-EGCG or the
natural ()-GCG (99% inhibition, Fig. 7A-B). These
data demonstrate that synthetic GTPs, especially ()EGCG, can inhibit prostate cancer cell growth and
colony formation in a semi-in situ assay.

Discussion
There is currently a large amount of literature describing the different anti-cancer mechanisms of natural tea
polyphenols. Sorting out the anti-cancer mechanisms
that are indeed responsible for the observed epidemiological and animal study effects of tea could be
a daunting task. We believe the first criteria for sorting out these mechanisms is to select mechanistic
activities that occur at concentrations at or near the
observed physiological concentrations of GTPs (15).
The physiological concentration of a single GTP
(such as EGCG) has been observed to be in the single digit M to high nanomolar ranges (49,50).
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Therefore, if a GTP of interest is to function physiologically, the mechanism of action must therefore occur at concentrations similar to those found for GTPs
in serum.
Synthesis of GTP analogs should also prove
beneficial for determining which mechanisms are
responsible for the observed anti-cancer effects. For
example, it is possible that the kinase-inhibitory
activity of EGCG (11–13) could be removed in some
EGCG analogs while retaining the proteasomeinhibitory activities, and vice-versa. These synthetic
GTP analogs could therefore help to solve the problem of distinguishing the important mechanistic
properties of tea polyphenols.
The work presented here demonstrates, for the
first time, that synthetic GTPs are active and comparable to their natural counterparts in biological
assays. The proteasome-inhibitory potency of the
synthetic ()-EGCG was found to be similar to, and
sometimes higher than, that of the natural stereoisomer ()-EGCG (Figs. 2–7). A similar characteristic
was also found for the ()-GCG compound and its
control ()-GCG. However, the benzyl-protected
compound, Bn-()-EGCG, which has no available
hydroxyls for hydrogen binding, can not inhibit the
proteasome despite the presence of the ester-bond
that is susceptible to a nucleophilic attack by the
proteasome’s N-terminal threonine (15). This suggests that hydrogen bonding to some or all of
EGCG’s eight OH groups are important in binding
to the proteasome active site for inhibition. However, introduction of eight such benzyl groups
would also no doubt add a lot of mass to EGCG as
well as cause other steric difficulties during proteasomal binding in addition to the elimination of
hydrogen bonding potentials.
The aforementioned experiments demonstrate
that the synthetic enantiomers of these two GTPs,
()-EGCG and ()-GCG, at least did not loose
any, and even may have gained some potency in regards to proteasome inhibition. Figure 3 also demonstrates that the specificity profile is also the same
in regards to three different protease activities:
chymotrypsin-like, trypsin-like, and calpain. This
at least suggests that the synthetic stereoisomers are
inhibiting via a similar mechanism as the natural
occurring compounds. Normally, most biological
processes show chiral discrimination, where enantiomers display different biological activities. While
it is too early to speculate on the reason for the lack
of chiral discrimination in the present case, an argument can be made that the presence of the two trihydroxyphenyl rings in EGCG (or GCG) may have
rendered the molecule pseudo-symmetric in terms
of its binding to the active site of proteasome.
It has been suggested that under in vivo conditions, GTPs, specifically ()-EGCG, are unstable and
can be degraded or altered, quickly making them
unavailable for inhibition of enzymatic activities
(15,50,51). It was then thought that synthetic GTPs

might have identical potencies as natural ones, but
with increased stability. To test this idea synthetic
and natural GTP compounds were used in both suspension (Jurkat) and solid tumor (LNCaP) cell lines
to determine their ability to accumulate proteins that
are degraded by the proteasome. In Jurkat cells this
hypothesis seemed at least partially fulfilled because
there was nearly a 30% increase in p27 levels and a
47% increase in IB- levels in cells treated with
()-EGCG, as compared to ()-EGCG (Fig. 4A).
However, the accumulation of p27 and IB- levels in
LNCaP cells was nearly identical for both ()-EGCG
as well as ()-EGCG (Fig. 4B). The ()-GCG compound also increased the levels of both proteins to
higher levels in both cell lines as compared to the ()GCG compound, except p27 in Jurkat cells (Fig. 4).
Though these differences are marginal it at least suggest the possibility that synthetic enantiomers may
have better effects in animal models and clinical trials than do their natural counterparts, possibly due
to an increase in drug stability in vivo.
In agreement with p27 and IB- accumulation in the in vivo experiments, cell cycle arrest was
also observed after LNCaP cells were treated with
these GTPs. Again, ()-EGCG was found to be the
most potent compound and induced an 18% G1 arrest, compared to the positive control ()-EGCG
which induced 14% G1 arrest, an approximately
30% increase just by changing the stereochemistry
of the natural compound (Fig. 5). This again could
suggest an increased stability of the synthetic compound might be responsible for increased ability to
induce growth arrest.
To better determine whether these synthetic compounds induce Bax-dependent apoptosis, a pair of
prostate cancer cell lines with either high or low Bax
protein expression were used. It has been demonstrated that proteasome inhibitors can induce tumor
cell death via accumulation of the pro-apoptotic Bcl-2
family member Bax (28). GTPs have been shown to
induce apoptosis (52–55) so we hypothesized that
the synthetic EGCG analog should be able to accumulate levels of Bax and induce apoptosis in LNCaP
cells which contain high basal leveles of Bax, but
should not induce apoptosis in DU-145 cells which
express low Bax protein. Indeed, when these two
prostate cancer cell lines were treated with either
()-EGCG or natural ()-EGCG, apoptosis was induced by both compounds in LNCaP cells but not in
DU-145 cells, as judged by caspase-3 activation and
PARP cleavage (Fig. 6). This suggests that the synthetic EGCG analog can induce apoptosis in a Baxdependant manner, supporting the conclusion that
apoptosis would have been initiated via inhibition
of proteasome-mediated Bax degradation.
The desired effect of any anti-tumor compound
including cancer-preventative agents is to inhibit
tumor growth and formation in situ. An assay developed to semi-mimic cellular growth in tissue is the
colony forming soft agar assay. We hypothesized that
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the synthetic GTPs that can inhibit the proteasome
activity and cell cycle progression as well as induce
cell death should be able to inhibit colony formation
in a soft agar assay. Indeed, when LNCaP tumor cells
were cultured in the presence of synthetic GTPs, an
almost complete inhibition of colony formation was
observed, as compared to the solvent control and the
inactive Bn-()-EGCG (Fig. 7). This demonstrates
that usage of these synthetic GTPs in future animal
studies and in clinical trials at this stage looks
promising.
Inhibition of the proteasomal activity by tea
polyphenols is a new mechanism for the explanation
of anti-cancer activities associated with tea. Synthetic
analogs of natural tea polyphenols should help to
create more potent or stable compounds for the prevention and treatment of cancer. Many of the current
chemotherapeutic drugs were developed by leads
from natural products, and we believe that the research presented here is the initial development for
such novel, potentially successful cancer-preventive
drugs.
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