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Relationship between the Biological Activities of Methylated
Derivatives of ( —)-Epigallocatechin-3- O-gallate (EGCG) and Their
Cell Surface Binding Activities
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It was previously reported that (—)-epigallocatechin-3-O-gallate (EGCG) suppresses the expression
of the high-affinity IgE receptor FceRI in human basophilic cells and that this suppressive effect is
associated with EGCG binding to the cell surface. This study examined the effects of five methylated
derivatives of EGCG, (—)-epigallocatechin-3-O-(3-O-methyl)gallate (EGCG 3""Me), (—)-epigallocat-
echin-3-0-(4-O-methyl)gallate (EGCG 4""Me), (—)-4'-O-methyl-epigallocatechin-3-O-gallate (EGCG
4'Me), (—)-epigallocatechin-3-0-(3,4-O-methyl)gallate (EGCG 3"4"diMe), and (—)-4'-O-methyl-
epigallocatechin-3-O-(4-O-methyl)gallate (EGCG 4'4"diMe) on FceRI expression and ERK1/2 phos-
phorylation, and each of their cell surface binding activities was measured. Of these five methylated
derivatives, three that are methylated at the 3"- and/or 4"'-position, EGCG 3''"Me, EGCG 4"'Me, and
EGCG 3"4"diMe, suppressed FceRI expression and ERK1/2 phosphorylation, although the suppres-
sive effects were lower than that of EGCG. EGCG 4'Me and EGCG 4'4"diMe, both of which are
methylated at the 4'-position, did not demonstrate a suppressive effect. Furthermore, it was found
that EGCG 3"Me, EGCG 4"'Me, EGCG 3"4"diMe, and EGCG 4'Me, which are methylated at the 3"'-
and/or 4"-positions or the 4'-position, could bind to the cell surface even though their binding activities
were lower than that of EGCG. Only EGCG 4'4"diMe, which is methylated at both the 4'- and 4"-
positions, could not bind. These results suggest that the trihydroxyl structure of the B ring is essential
for EGCG to exert the suppressive effects and that the hydroxyl groups on both the 4'-position in the
B ring and the 4"-position in the gallate are crucial for the cell surface binding activity of EGCG.
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INTRODUCTION nol in green tea, suppressed the expression of the high-affinity

IgE receptor FeRI by inhibiting the phosphorylation of the

extracellular signal-regulated kinasel/2 (ERK1/3, (5).
urthermore, our previous paper indicated that EGCG exerts

Tea (Camellia sinensi&.) has been consumed worldwide
since ancient times. The three most common types, nonfer-
mented green tea, semifermented oolong tea, and fermente h . L .
black tea, are derived from leaves of the same tea plant with € suppressive effects by binding to the cell surface in human
the characteristics of each determined by the manufacturing basophilic cell lines (15).
processes. It has been reported that tea has various bioregulatory Recent research has shown that@methylated derivatives
activities, such as antioxidativd {3), anticancer4—7), and  of EGCG, (-)-epigallocatechin-8-(3-O-methyl)gallate (EGCG
antiallergic —14) activities. The principal group of compounds 3'Me) and (-)-epigallocatechin-8-(4-O-methyl)gallate (EGCG
responsible for these activities was shown to be the catechins 4" Me), which are isolated from Tong ting oolong tea, which is
a group of polyphenolic compounds. We previously reported a Taiwanese oolong tea product, and Benifuki cultivar, which
that (—)-epigallocatechin-8-gallate (EGCG), the major polyphe- is one of the cultivars used for Japanese black tea, inhibited

type | and type IV allergiesl, 17). It has been demonstrated

* Author to whom correspondence should be addregtsephone/fax that these two methylated derivatives ane)4'-O-methyl-

(+81) (92) 642-3008; e-mail tatibana@agr.kyushu-u.ac.jp]. epigallocatechin-3-@4-O-methyl)gallate (EGCG 4''diMe),
s b?]?\?éf‘stﬁ;yo?fsi?fgofg_em'S”y' Kyushu University. which was detected in the blood and urine samples of humans,
# Laboratory of Functional Food Design, Kyushu University. mice, and rats after oral administration of green t&g, (9),
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Figure 1. Chemical structures of EGCG and the methylated derivatives of EGCG.

have an inhibitory effect on nitric oxide generation and inducible methylated derivatives was confirmed #y NMR. Mouse anti-human
nitric oxide synthase expressio®Q). However, little is known FceRlo chain monoclonal antibody CRA-1 was obtained from Kyokuto
about the relationship between the biological activities of the Seiyaku (Tokyo, Japan). Mouse IgG2b antibody, which was used as a
methylated derivatives of EGCG and their cell surface binding negative control, was purchased from Dako. Fluorescein isothiocyanate

C s (FITC)-conjugated goat anti-mouse 1gG antibody was purchased from
activities. Recently, we have reported that the inhibitory effect Protos Immunoresearch (Burlingame, CA). Mouse anti-phosphorylated

Of E.GCG on tumor cell pro!lferatlon 1S exerted _by EGCG ERK1/2 antibody and rabbit anti-ERK1/2 antibody were obtained from

binding to the cell surface via the 67 kDa laminin receptor gania cruz Biotechnology, Inc. (Santa Cruz, CA). Horseradish per-

(67LR) (21). This suggests that the biological activities of EGCG  oxidase (HRP)-conjugated anti-mouse IgG antibody and HRP-

are mediated by the target molecule 67LR. conjugated anti-rabbit antibody were obtained from Zymed Laboratories,
In this study to elucidate the structurfinction relationship Inc. (San Francisco, CA) and ICN Pharmaceuticals, Inc. (Aurora, OH),

of EGCG, we examined the effects of the methylation of EGCG respectively.

on cell surface binding and measured the corresponding biolo- Cell Culture. KU812 is a human basophilic cell line, which has

gical response using the five methylated derivatives of EGCG. characteristics of basophilic leukocytes ¢Rt expression, basophilic
granules, histamine production). The cells were obtained from the

Japanese Cancer Resources Bank (Tokyo, Japan) and were maintained
MATERIALS AND METHODS in RPMI 1640 (Nissui, Tokyo, Japan) supplemented with 10% fetal
Reagents.EGCG, EGCG 3'"'Me, and EGCG 4"'Me were isolated bovine serum (Intergen, Purchase, NY), 100 units/mL penicillin G, 100
from green tea leaves or Tong ting oolong tea according to the method mg/mL streptomycin, and 10 mM HEPES buffer. The cells were
previously reported (1&2). EGCG 3"4"diMe and EGCG 4'4"diMe  cultured at 37°C in a humidified atmosphere with 5% GO
were prepared as follows. EGCG was dissolved in dimethylformamide  Flow Cytometric Analysis of Cell Surface F&RI Expression.
and methylated with methyl iodide and lithium carbonate under stirring KU812 cells (1x 1P cells/mL) were cultured in serum-free RPMI
for 7 days at room temperature. The reaction mixture was acidified 1640 medium with or without 2aM of one of the methylated deri-
with diluted hydrochloride and chromatographed on a Diaion HP-20 vatives of EGCG for 24 h. To assess the cell surface expressioriRf,Fc
column after dilution with water. The column was washed with water, flow cytometry was performed as described in our previous p&&r (
and the adsorbed material was eluted with methanol to give a pale Immunoblot Analysis for ERK1/2 Phosphorylation. KU812 cells
brown residue. This residue was chromatographed on a silica gel column(1 x 1C° cells/mL) were cultured with 2M of one of the methylated
to give three fractions (AC) eluting with chloroform/methanol (92: derivatives of EGCG for 3 h under serum-free conditions. Cells were
8). Half of fraction A was subjected to preparative HPLC [column, rinsed once with PBS and lysed in 1% Triton X-100 lysis buffer (50
TSKgel ODS-80TS; solvent, GE&N/H,O (80:20-72:28) linear gradi- mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, 50 mM NaF, 30
ent (16 h); UV, 280 nm] to give the colorless and amorphous EGCG mM Na,P,O7, 1 mM phenylmethanesulfonyl fluoride,/&/mL apro-
3'4"diMe and EGCG 4'diMe. EGCG 4Me was prepared as follows.  tinin, and 1 mM pervanadate). Insoluble material was removed by
EGCG was dissolved in methanol and methylated with diazomethane centrifugation at 12000¢pr 20 min at 4°C. Prior to analysis, total
ether solution at-20 °C for 1 h. The reaction mixture was concentrated protein in the cell lysates was measured using a colorimetric BCA
and subjected to preparative HPLC [column, TSKgel ODS-80TS; sol- protein assay (Pierce Biotechnology, Inc., Rockford, IL) against bovine
vent, HO/CH;CN (85:15); UV, 280 nm] to give the colorless and serum albumin standards. To detect the ERK1/2 phosphorylation,
amorphous EGCG 4'Me. The purity (=95%) of EGCG and all of the immunoblot analysis was performed as described in our previous paper
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(23). The density of each band was quantified using a computer program A 4
obtained from the U.S. NIH. Control
Binding Analysis by SPR.Analysis of the interaction between one

of the methylated derivatives of EGCG and KU812 cells was performed

using the surface plasmon resonance (SPR) biosensor SPR670 (Moritex
Corp., Tokyo, Japan). Sensor chips with 50 nm thick gold films were

irradiated with ultraviolet. After activation of the sensor chip with ethyl °mn Pr IR Py i O
dimethylaminopropy! carbodiimide hydrochloride aNehydroxysuc- ,
cinimide, KU812 cells (6x 1C° cells) were immobilized on the sensor § EGCG 8 EGCG 4’Me
chip. This chip was equilibrated in PBS at a flow rate of dSmin. - -
EGCG or one of the methylated derivatives (@0) diluted in PBS Mean : 19.8 Mean : 25.1
was injected at a flow rate of 1GL/min at 25 °C. The value of

resonance units (RU) iRigure 4 corresponds with the binding strength.

150

Mean : 25.5

o o

w0 ' ot wf wt 1w e et 0f ot

RESULTS EGCG 3”Me EGCG 3”4”diMe

Effect of the Methylated Derivatives of EGCG on the Cell 2
Surface Expression of FeRI. Our previous papers demon-
strated that EGCG and EGCG 3""Me suppressed the cell surfacee
FceRI expression by down-regulating the expression of mMRNA

in KU812 cells 8, 9). We first investigated the suppressive °1',,o o IR 1 1ot °1|:P br M- M A
effect of the other methylated EGCG derivatives on FceRI » y 491
expressionFigure 1 shows the structures of the five methylated g EGCG 4"Me EGCG 4'4"diMe
derivatives of EGCG examined in this study. EGCG has flavan- -
3-ol structure with A and B rings and a galloyl group. KU812
cells were cultured for 24 h with each of these methylated
derivatives. The results of the flow cytometric analysis for cell e ol
surface FeRI expression have been expressed as a relative [T T ST T ' 102 0d ot
inhibitory index as shown ifrigure 2. EGCG 3Me, EGCG . .
4"Me, and EGCG 3"4"diMe demonstrated the ability to Log fluorescence intensity
suppress cell surface expression oéRE but the suppressive

effect for each derivative was lower than that of EGCG itself. B 30
Interestingly, EGCG Me and EGCG 4}'diMe, both of which
have a methyl ether group in thegosition of the B ring, could

not suppress kRl expression. These results suggest that the
4'-position of the B ring is critical for EGCG’s ability to
suppress the cell surface expression of FceRI.

Effect of the Methylated Derivatives of EGCG on the
Phosphorylation of ERK1/2.1n our previous work, EGCG was
shown to decrease the level of ERK1/2 phosphorylation and
that the reduction of ERK1/2 phosphorylation may be involved
in the down-regulation of FceRI expression (15). Then, we
investigated the effect of each methylated derivative of EGCG
on the ERK1/2 phosphorylation in KU812 cells. Cells were
treated with one of the methylated derivatives for 3 h, and the
levels of phophorylated ERK1/2 were assessed by immunoblot
analysis. As shown ifrigure 3, EGCG 3Me, EGCG 4'Me,
and EGCG 34"diMe, which all suppressed the cell surface rigye 2. Effect of methylated derivatives of EGCG on cell surface
expression of FeRI, also showed reduced phosphorylated eypression of FceRI. KUBL2 cells were cultured with each methylated
ERK1/2 levels, and the strength of inhibition of ERK1/2  yeyjyative (25 uM) for 24 h. Cells were examined by immunolabeling
phosphorylation for each derivatives was lower than that for yging the anti-FceRlot chain antibody followed by staining with the FITC-
EGCG itself. Again, interestingly, EGCG'Me and EGCG  (onjygated goat anti-mouse IgG antibody. Mouse IgG2b antibody was
4'4"diMe, which have above shown not to have the ability 10 seq s the isotype-matched negative control. Data acquisition was
suppress FceRI expression, also demonstrated the inability t0performed on a FACSCalibur flow cytometer (A). Inhibitory index of FceRI

reduce the level of ERK1/2 phosphorylation. These results gypression expressed as a percentage of reduction compared to the mean
suggest that the reduction of ERK1/2 phosphorylation is f,orescence intensity of control (B).

involved in the down-regulation of ERI expression and that

the methylation attenuates the inhibitory effect of EGCG on the immobilization of KU812 cells on a sensor chip, EGCG or

ERK1/2 phosphorylation. Especially, the methylation of the 4  one of the methylated derivatives was tested. As shown in

position of the B ring is shown to be a crucial site for abrogating Figure 4, EGCG 3"Me, EGCG Me, EGCG 4Me, and EGCG

the inhibitory effects of EGCG via ERK1/2 phosphorylation. 3"4"diMe were able to bind to the cell surface, but the strength
Cell Surface Binding Activities of the Methylated Deriva- of binding for each derivative was lower than that of EGCG

tives of EGCG. We previously demonstrated that EGCG binds itself. On the other hand, EGCG4'diMe was shown not to

to the cell surface of KU812 cells by the SPR analy&k)(To be able to bind to the cell surface. These results suggest that

examine whether the methylated derivatives of EGCG actually the cell surface binding activity of EGCG is affected by the

bind to the cell surface, we again performed SPR analysis. After methylation and the methylated position.

Mean : 22.4 Mean : 21.1

elative cell number

Mean : 23.2 Mean : 24.9

v

20

10 4

Relative inhibitory index
of FceRl expression (%)
o

EGCG

EGCG 3"Me
EGCG 4”Me
EGCG 4'Me
EGCG 3”4”diMe
EGCG 4'4”diMe



Biological Activities of EGCG Derivatives J. Agric. Food Chem., Vol. 55, No. 17, 2007 7147

A é g 4 N Sample injection
5 = .
m a m 2 ? 0.154
= £ =2 ¥ ¥ ~—— EGCG
— o < T o 2« 0101 -
g ® 0O 0 0 0 O vas EGCG 3”’Me
8888838 |-
&) w w w w 11} w 005 T T T
0 100 200 300 400
p_ERK‘“’Z - — - I - Sample injection R
0.20
0154
ERK1/2 | == s s sue o= g 1 EGCG
0.05- ——1 EGCG 4”Me
B 120 0.00
£ 100+
g 1:2 ] o 0 100 200 300 400
o —
Y 60 =2 Sampile injection
< 404 x 020
& 20- o
® o g | — | EGCG
Figure 3. Effects of one of each of the methylated derivatives of EGCG ._'E: 0410
on ERK1/2 phosphorylation in KU812 cells. KU812 cells were cultured in g o054 EGCG 4'Me
the presence of each methylated derivative (25 uM) for 3 h. The cell g o
lysates were prepared and subjected to 10% SDS-PAGE. Phosphorylated 7
ERK1/2 was detected by immunoblotting using the anti-phospho-ERK1/2 3 B 100 200 a00 0
or anti-ERK1/2 antibody (A). Relative phosphorylation levels of ERK2 o Sample injection
expressed as a percentage compared to the intensity of control (B). 015
DISCUSSION 0 ———— EGCG
We examined the effects of five methylated derivatives of 7 %N‘— EGCG 3”4”diMe
EGCG on FeRI expression and ERK1/2 phosphorylation. o0
EGCG 3'Me, EGCG 4Me, and EGCG 34"diMe were shown
to be able to suppress the cell surface expression eREc et o 0 w00 pA
although the strength of suppression for these three methylated Sample injection
derivatives was lower than that for EGCG itself. On the other o5
hand, EGCG 41e and EGCG 4t'diMe had no effect on Fé&l
expression. Furthermor&jigure 3 shows that EGCG 'Me, 07 ———— EGCG
EGCG 4"Me, and EGCG"3""diMe all showed the ability to 005
decrease ERK1/2 phosphorylation, but both EGCMetand 5 A3
EGCG 44"diMe could not. The effects of these five methylated 000 EGCG 4'4"diMe
derivatives on the cell surface expression of FceRI correlated —ans ' ' '
very well with their effects on the ERK1/2 phosphorylation. In ’ 100 0 0 “
our previous study, we demonstrated thad-gepicatechin-3- - >
O-gallate (ECG), which has a dihydroxy! structure in the B ring, Times (s)

does not suppress &l expression in KU812 cell2d). Among Figure 4. Cell surface binding activities of EGCG and each of the
the five methylated EGCGs, EGCGMe and EGCG 4'diMe methylated derivatives of EGCG. Cells were immobilized on the sensor
have two hydroxyl groups in the B ring. These results suggest chip. The cell surface interaction of each methylated derivative (25 xM)
that the trihydroxyl structure of the B ring is important for with KU812 cells was measured using the SPR biosensor. The thin solid
EGCG to suppress both &I expression and the ERK1/2 line and the thick solid line show EGCG and methylated derivatives of
phosphorylation. EGCG, respectively.

Next, we investigated the cell surface binding activity of the
five methylated derivatives of EGCG. As a result of SPR These results suggest that hydroxyl groups on not only the
analysis, the binding activities of all the methylated derivatives 4'-position in the gallate moiety but also the 4'-position in the
were shown to be lower than that of EGCGidure 4). B ring are crucial to bind to the cell surface.
Previously, we reported that catechin, epicatechin, and epigal- Among the four methylated EGCGs that could indeed bind
locatechin could not bind to the cell surface of human lung to the cell surface, only EGCGMe was not able to suppress
cancer A549 cells1). These findings suggest that the gallate FceRI expression. These findings suggest that although the
(gallic acid ester) moiety is indispensable for EGCG'’s binding binding of EGCG and its methylated derivatives to the cell
to the cell surface, and this may be why the strength of binding surface is necessary for initiation of the biological response,
for the four methylated derivatives that have the methyl ether binding alone is not sufficient to induce the reduction of ERK1/2
group in their gallate moiety was lower than that of EGCG. phosphorylation, which in turn may lead to a decrease #RIFc
Among the methylated derivatives we tested in this study, only expression.
EGCG 4'4"diMe, which has the methyl ether group in both the  In summary, not only the gallate moiety but also the structure
B ring and the gallate moiety, could not bind to the cell surface. of the B ring are involved in the binding of EGCG to the cell
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surface. Moreover, the cell surface binding is necessary for (10) Kakegawa, H.; Matsumoto, H.; Endo, K.; Satoh, T.; Nonaka,

EGCG to suppress ERI expression and ERK1/2 phosphory- G. |.; Nishioka, 1. Inhibitory effect of tannins on hyaluronidase
lation. However, it is not sufficient to exert both activities. activation and on the degradation from rat mesentery mast cells.
We recently found that 67LR is the molecular target on the Chem. Pharm. Bull1985,33, 5079—5082.

(11) Wagner, H. Search for new plant constituents with potential
antiphlogistic and antiallergic activityPlanta Med.1996, 37,
77-82.

(12) Konishi, H. Antiallergic constituents from oolong tea st&iaol.

cell surface for EGCG and that EGCG suppressesRFc
expression through binding to 67LRY, 25). In addition, we
reported that 67LR is located in lipid raft regions and that EGCG

localizes in the raft regions_ (25)._ E(_BCG _4'Me could bind_ to Pharm.Bull. 1995,18. 683—686.

the cell surface; however, this derivative did not suppress either (13) shiozaki, T.; Sugiyama, K.; Nakazato, K.; Takeo, T. Effect of
FceRI expression or ERK1/2 phosphorylation. Interestingly, tea extracts, catechin and caffeine against type-I allergic reaction.
ECG also binds to the cell surface but could not, however, Yakugaku ZassHi997,117, 448—454,

suppress Fdrl expression, and ECG localizes in nonraft regions  (14) Matsuo, N.; Yamada, K.; Shoji, K.; Mori, M.; Sugano, M. Effect
(24). EGCG 4'Me may prefer to bind to nonraft regions rather of tea polyphenols on histamine release from rat basophilic
than to raft regions as well as ECG. In the future, we intend to leukemia (RBL-2H3) cells: the structurénhibitory activity

examine whether the methylated derivatives of EGCG also exert relationship Allergy 1997,52, 58-64. . _
their biological activities via 67 LR. (15) Fujimura, Y.; Tachibana, H.; Yamada, K. Lipid raft-associated

In this study, we found that the suppressive effect of EGCG catechin suppresses thecR¢ expression by inhibiting phos-

" " . phorylation of the extracellular signal-regulated kinaseEEBS
3"Me and EGCG 4""Me, which have been shown to be potent Lett. 2004,556, 204—210.

anti-allergic agents (16,7), on FceRI expression and their cell (16) Sano, M.; Suzuki, M.; Miyase, T.. Yoshino, K.. Maeda-

binding activities are low compared with those of EGCG. EGCG Yamamoto, M. Novel antiallergic catechin derivatives isolated
is known to be unstable and is degraded easily in animal bodies. from oolong teaJ. Agric. Food Chem1999,47, 1906—1910.
On the other hand, EGCG 3"Me and EGCG 4"Me are absorbed (17) Suzuki, M.; Yoshino, K.; Maeda-Yamamoto, M.; Miyase, T.;
efficiently and are more stable than EGCG in animal and human Sano, M. Inhibitory effects of tea catechins a@eimethylated
plasma (unpublished data), suggesting the reason for the derivatives of {-)-epigallocatechin-3-O-gallate on mouse type
methylated derivatives of EGCG having potent inhibitory IV allergy. J. Agric. Food Chem2000,48, 5649—5633.

activities to allergiesn vivo, whereas the biological activites ~ (18) Meng, X; Lee, M. J.; Li, C.; Sheng, S.; Zhu, N.; Sang, S.; Ho,
in zitro are lower than those of EGCG. C. T.; Yang, C. S. Formation and identification ¢f@-methyl-

(—)-epigallocatechin in humanBrug Metab. Dispos2001, 29,
789—793.

(19) Meng, X.; Sang, S.; Zhu, N.; Lu, H.; Sheng, S.; Lee, M. J.; Ho,
C. T.; Yang, C. S. Identification and characterization of
methylated and ring-fission metabolites of tea catechins formed

in humans, mice, and rat€hem. Res. Toxica2002,15, 1042—
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