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Abstract

It has been reported that inhibition of fatty-acid synthase (FAS) is selectively cytotoxic to human cancer cells. Considerable interest has
developed in identifying novel inhibitors of this enzyme complex. Our previous work showed that green tea (—)-epigallocatechin gallate
can inhibit FAS in vitro. To elucidate the structure—activity relationship of the inhibitory effects of tea polyphenols, we investigated the
inhibition kinetics of the major catechins and analogues. Ungallated catechins from green tea do not show obvious inhibition compared
with gallated catechins. Another gallated catechin, (—)-epicatechin gallate, was also found as a potent inhibitor of FAS and its inhibition
characteristics are similar to (—)-epigallocatechin gallate. Furthermore, the analogues of galloyl moiety without the catechin skeleton
such as propyl gallate also showed obvious slow-binding inhibition, whereas the green tea ungallated catechin not. Atomic orbital energy
analyses suggest that the positive charge is more distinctly distributed on the carbon atom of ester bond of galloyl moiety of gallate
catechins, and that gallated forms are more susceptible for a nucleophilic attack than other catechins. Here we identify the galloyl moiety

of green tea catechins as critical in the inactivation of the ketoacyl reductase activity of FAS for the first time.
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1. Introduction

Animal fatty-acid synthase (FAS; E.C.3.2.1.85) com-
prises two identical, 260-270 kDa subunits juxtaposed
head to tail, each containing an acyl carrier protein and
seven enzymatic active sites, including acetyl transacylase,
malonyl transacylase, B-ketoacyl synthase, B-ketoacyl
reductase, B-hydroxyacyl dehydratase, enoyl reductase,
and thioesterase. This multifunctional enzyme complex
is encoded by a single gene. Animal FAS complexes are
commonly referred to as type I and discrete monofunc-
tional FAS enzymes found in prokaryotes and plant are
referred to as type II. Animal FAS catalyzes the de novo
synthesis of fatty-acids from acetyl-CoA and malonyl-CoA
in the presence of the reducing substrate NADPH through
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the reaction which elongates the acetyl group by C, units
derived from malonyl-CoA in a stepwise and sequential
manner [1,2]. The overall reaction catalyzed by the animal
FAS can be summarized by the following equation:

Acetyl-CoA + 7Malonyl-CoA + 14NADPH + 14H"
— Palmitic acid + 7CO, + 8CoA +14NADP* +6H,0

The amino acid sequence of the human FAS has 79 and
63% identity with those of the rat and chicken enzymes,
respectively, and most partial specific activities and enzy-
matic characteristics of human FAS are similar to chicken
FAS. Most information about FAS is derived from non-
human animal studies [3]. Traditionally fowl FAS is a good
model for the kinetic study of animal FAS since fowl FAS
mainly exists in liver so that it is relatively easy to obtain
the enough quantity to meet the great need of enzyme.

It has been discovered that FAS is selectively highly
expressed in certain human cancers, including carcinoma
of the breast, prostate, colon, ovary, and endometrium
compared to normal human tissues, and therefore is a
putative tumor marker, which led to the consideration of
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FAS as a target for anticancer therapy [4-7]. In addition,
inhibitors of FAS such as cerulenin and C75 were reported
to be selectively cytotoxic to many human cancer cells [8].
Increased malonyl-CoA, resulting from inhibition of FAS,
is a potential mediator of this cytotoxicity [9]. The inhi-
bitors of FAS have such significant biological functions,
but they are scarce and novel. Therefore, it is significant to
identify the new inhibitors and investigate their inhibition
mechanism in vitro and in vivo.

Epidemiological studies suggest that the consumption of
green tea may help prevent cancers in humans [10]. The
precise mechanisms are not known although there are
several hypotheses proposed. The main components of
green tea are catechins including (—)-epigallocatechin
gallate (EGCG; 9-13%), (—)-epicatechin gallate (ECG;
3-6%), (—)-epigallocatechin (EGC; 3-6%), (—)-epicate-
chin (EC; 1-3%), (+)-catechin (C; less than 1%) and a
small quantity of other flavanol derivatives [11]. Gallated
catechins, especially EGCG, are known to inhibit growth
of cancer cells and induce apoptosis of various types of
tumor cells [12-16]. The mechanisms through which
drinking green tea can prevent cancer growth are most
likely complex, and may be determined by many biological
factors. Our previous work showed that green tea EGCG is
a potent inhibitor of FAS. Inhibition is characterized by a
rapid, reversible phase followed by a slower, irreversible
phase. The inhibitory effects of EGCG on FAS are highly
related to B-ketoacyl reductase [17]. In the present work,
we show that green tea ECG is also a potent inhibitor and
its inhibition characteristics are similar as EGCG. The
green tea ungallated catechins do not markedly inhibit
FAS compared to the gallated catechins. The catechins and
analogues without the galloyl moiety do not show obvious
slow-binding inhibition, whereas the analogue with galloyl
moiety such as propyl gallate does. We identify for the first
time that the galloyl moiety of green tea catechins is the
critical structural feature for inactivation of FAS. This
discovery of the important structural feature will provide
some valuable information for the design of new inhibitors
of FAS.

2. Experimental procedures
2.1. Materials

The preparation, storage and use of FAS from chicken
liver were performed as described previously [18]. The
final purified enzyme was homogeneous on polyacryla-
mide gel electrophoresis (PAGE) in the presence and
absence of SDS. Acetyl-CoA, malonyl-CoA, NADPH
and all catechins (from green tea) were purchased from
Sigma. C75 was provided by Procter & Gamble Co.
p-Cresol, 4-methyl catechol, and gallic acid were purchased
from Aldrich. All other reagents were local products of
analytical grade.

2.2. Assay of fatty-acid synthase

The enzyme and substrates concentrations were deter-
mined by absorption measurements with the following ex-
tinction coefficients: chicken liver FAS, 4.83 x 105 M ™!
cm™!' at 279 nm; acetyl-CoA, 1.54 x 10* M ' em™' at
259 nm, pH 7.0; malonyl-CoA, 1.46 x 10*M ' cm™'
at 260 nm, pH 6.0; NADPH, 6.02 x 10° M~ 'cm ™' at
340 nm and 1.59 x 10* M 'em™' at 259 nm, pH 9.0
[19]. FAS activity of the overall reaction, B-ketoacyl
reduction and enoyl reduction was determined with a
Hitachi UV557 Double wavelength/Double beam spectro-
photometer at 37° by following the decrease of NADPH at
340 nm. The overall reaction mixture contained potassium
phosphate buffer, 100 mM, pH 7.0; EDTA, 1 mM; acetyl-
CoA, 3 uM; malonyl-CoA, 10 uM; NADPH, 35 uM and
chicken liver FAS 10 pg in a total volume of 2.0 mL. The
ketoacyl reduction reaction mixture contained ethyl acet-
oacetate, 40 mM; NADPH, 35 uM; 1 mM EDTA and
the enzyme 10 pg in 100 mM phosphate buffer, pH 7.0.
The enoyl reduction reaction mixture contained ethyl
crotonate, 40 mM; NADPH, 35 uM; 1 mM EDTA and
70 pg FAS in 10 mM phosphate buffer, pH 6.3 [20].

2.3. Measurement of inhibition of fatty-acid synthase

Inhibition of FAS in the inhibitor solution with different
concentrations was measured and repeated three times. 1C5q
values were obtained from the dose-response curves of
inhibitors. Time course of inactivation was determined by
taking aliquots to measure the residual activity at the
indicated time intervals after the enzyme solution was
mixed with the inhibitor. The time-dependent inhibition
is often an irreversible process to form the covalent bond
between the inhibitor and enzyme known as slow-binding
inactivation. The vehicles without inhibitors were used as
control in these experiments. FAS activity in control does
not change in 4 hr during these experiments. The apparent
first-order rate constant, k., can be obtained from the
semilogarithmic plot of inactivation time course.

Centrichromatography to estimate the reversibility of
the inhibition was carried out as follows: The enzyme
solutions were mixed with the inhibitors and aliquots were
taken to Sephadex G25 column to centrifugation to exclude
the small molecules at the indicated time intervals, and
then the activities of eluted fractions were measured.
Centrifuged fractions of the same enzyme solution without
inhibitors were used as control.

2.4. Chemical calculation

All calculations were performed with the GAUSSIAN98
software package version A.9 (Gaussian, Inc.). The initial
geometries were constructed with help of MOLDEN. The
chemicals were completely optimized by Density func-
tional theory B3LYP with 3-21g(d) basis set without any
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restriction. Atomic orbital energy analysis is performed by
the applications of linear combination of atomic orbital
(LCAO). The lower value of gap energy between the
highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) indicates
the higher susceptibility toward nucleophilic attack. Mul-
liken population analysis shows the charge distribution of
atoms [21].

3. Results

3.1. Comparison of inhibitory effects of tea polyphenols
and C75 on FAS

Major tea polyphenols of green tea can be divided into
two groups, ungallated and gallated catechins. Ungallated
catechins, such as EGC, EC, and C, do not have a galloyl
moiety, whereas gallated catechins, ECG and EGCG are
gallated. Catechins have an A ring that has a characteristic
hydroxylation at the 5 and 7 positions and a B ring that is
usually 3’4’ or 3’4’5’ hydroxylated (Fig. 1).

The inhibitory effects on FAS of these compounds were
measured and compared with that of C75, a novel inhibitor
synthesized by Kuhajda et al. of Johns Hopkins University
[22] at the same concentration in the reaction system
(Fig. 2). The FAS activity did not change in control sample.
After the preincubation with FAS for 3 hr, gallic acid, C,
EC and EGC did not show noticeable inhibition of FAS
(>90% residual activity of FAS), whereas C75, EGCG and
ECG exhibited marked inhibition of FAS. The residual
activity of FAS inactivated by EGCG or ECG was approxi-
mately 21%, and the residual activity of FAS inactivated by
C75 was 27%.

HGC. o)

OH

3.2. Inhibition kinetics of ECG

ECG exhibited similar FAS inhibition characteristics to
EGCG. ECG lacks a 5’ hydroxyl group on the B ring of
catechin skeleton compared to EGCG (Fig. 1). Therefore,
this hydroxyl group is not important for the inhibition of
FAS. 42 + 2 uM ECG inhibited 50% of the overall reaction
activity of FAS and 68 4+ 2 uM ECG inhibited 50% of the
ketoacyl reduction reaction activity of FAS. Inhibition of
ketoacyl reduction was considerable, but inhibition of
enoyl reduction was much less than inhibition of the
overall reaction and ketoacyl reduction. Therefore, it is
plausible that the inhibition is highly related to B-ketoacyl
reductase.

The inactivation time course of ECG is also similar to
EGCG [17]. The inactivation rate of ketoacyl reduction was
comparable to that of the overall reaction but the inactiva-
tion rate of the enoyl reduction was much less under the
same conditions. The apparent rate constants of inactivation
of FAS by ECG in the presence of one of the three
substrates are measured to test whether the time-dependent
inhibition is related to the substrate binding sites. NADPH
slowed the apparent inactivation rate of the overall reaction
about 3.25-fold, while malonyl-CoA and acetyl-CoA had
no obvious effect on the inactivation rate. Only B-ketoacyl
reductase and enoyl reductase have NADPH binding sites
among the seven enzymatic active sites on FAS [1]. Since
ECG had obvious inhibitory effects not on enoyl reduction
but ketoacyl reduction, ECG may interact on the NADPH
binding sites of B-ketoacyl reductase.

We tested the dependence of the inactivation rate on
ECG concentration. The plot of ks, the apparent first-
order rate constant vs. [ECG], shown in Fig. 3, is hyper-
bolic, indicating that the inhibition of ECG also follows the

Galloyl (G) OH

(+)-Catechin

R1 R2
(-)-Epicatechin (EC) H H
(-)-Epigallocatechin (EGC) H OH
(-)-Epicatechin gallate (ECG) G H
(-)-Epigallocatechin gallate (EGCG) G OH

Fig. 1. Structures of five major tea polyphenols.
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Fig. 2. Comparison of the inhibitory effects of tea polyphenols and C75 on FAS. The residual activities of FAS were measured after the enzyme was
incubated with tea polyphenols and C75 for 3 hr. Data are expressed as the mean = SEM of three independent measurements. The concentration of each
reagent in preincubation system was 0.5 mM. The concentration of FAS was 1.95 uM.
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Fig. 3. The dependence of the apparent first-order rate constant (kons) on ECG concentration. The concentration of FAS in the inactivation system was

1.4 uM. ks, defined as the apparent first-order rate constant, is expressed as the mean £+ SEM of three independent measurements. The activity of FAS
preincubated with vehicles as control did not change during the experiment.
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Table 1
Residual activity of inactivated FAS by ECG at different periods after
centrichromatography

Time of inhibition by ECG Residual activity of FAS (%)

Control group® Test group®

0s 100 100
1 min 69 99
1.5 hr 7.6 8.1

* At the indicated time the residual activity of inactivated FAS without
centrichromatography.

® At the indicated time the inactivated FAS was taken to centrichro-
matography and the elution after centrifuge was assayed.

saturation kinetic with the two-step inhibition mechanism,
a rapid equilibrium step to form a reversible enzyme-
inhibitor complex (E - - -I) followed by a slower, irrever-
sible first-order inactivation step [17]. K, the dissociation
constant of E-- -1 reversible complex at the first step of
0.373 mM and k, the first-order irreversible inactivation
rate constant at the second step of 0.0141 min~' were
calculated from the data in Fig. 3 by the data analysis
method shown in our previous work [17].

To test this two-step inhibition mechanism, the reversi-
bility of inhibition on FAS by ECG was measured. After
centrichromatography, the activity of FAS recovered
from 69 to 99% when inhibition occurred after 1 min,
while the activity could not recover when inactivation
occurred after 1.5 hr (Table 1). These results indicate that
the initial inhibition is reversible, and that the subsequent
inactivation is irreversible. This observation is consistent
with characteristics of the above two-step inhibition.

3.3. Inhibition kinetics of analogues and ungallated
catechins

The gallated forms of green tea catechins have obvious
inhibitory effects on FAS, whereas ungallated not. It is
plausible that galloyl moiety of green tea catechins may be
the important structural feature. To elucidate this hypoth-
esis, we studied the steady-state kinetics of analogues with
and without galloyl moiety. The icsy values of some
catechins and analogues are summarized in Table 2. 1c5
values of ungallated catechins are much higher than gal-
lated catechins. C showed more obvious inhibitory effects
than EC. Because C and EC are optical isomers, their
optical configuration differences probably result in the
differences of inhibition abilities. The analogues that have
phenolic hydroxyl groups exhibited weak inhibition of the
overall reaction and ketoacyl reduction of FAS, whereas
those without phenolic hydroxyl groups such as propyl
benzoate and propyl acetate not. Therefore, it is concei-
vable that the phenolic hydroxyl groups of B ring and
gallate group are involved in the inhibition. The 1cs, values
of the analogues of the B ring without the galloyl moiety
are approximately 175- to 600-, 5- to 17- and 2- to 7-fold of
that of ECG, C, and EC, respectively. It is plausible that the
A and C rings of catechins may increase the inhibition to
some extent since the ungallated catechins have more
obvious inhibitory effects on FAS than the analogues of
the B ring without the galloyl moiety.

The analogues that contain both the ester bond and the
phenolic hydroxyl group such as propyl gallate and propyl
p-hydroxylbenzoate exhibited the stronger inhibition
than the B ring analogues and ungallated catechins. It is

Table 2
The 1cs values of some catechins and the analogues of the B ring and the gallate group
The reagents IC50 (MM) Structures
Overall Ketoacetyl
reaction reduction
Gallated catechin
EGCG* 0.052 £ 0.002 0.10 + 0.003 Fig. 1
ECG 0.042 £ 0.002  0.068 £ 0.002
Ungallated catechins
(+)-Catechin 1.6 + 0.4 74402 Fig. 1 Ry
(—)-Epicatechin 3.8 +£0.04 9.38 £0.2 Fig. 1
The analogues of the B ring R1 R2 R3 R4
Phenol 26+ 5 38+3 H OH H H R4 R2
Catechol 7.4+ 09 21 £2 OH OH H H
p-Cresol 16 £2 21 £4 H OH H CH;
p-Hydroxylbenzoic acid 22+£2 53+£8 H OH H COOH
3,4-Dihydroxylbenzoic acid 9.0+ 1 30 £8 OH OH H COOH Rj
Gallic acid 21 +£2 26 £ 1 OH OH OH COOH Ri
o]
The analogues of the gallate group R1 R2 R3 H, ||
Propyl gallate 0.5 £0.08 1.4+09 OH OH OH (o] o—cC R,
Propyl p-hydroxylbenzoate 1.1 £0.2 26 £04 H OH H HSC/ \C/
Propyl benzoate 30 30 H H H H
Propyl acetate >30 >30 CH;CH,CH,OCOCH;

R3

# These data were from our previous work [17].
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plausible that the ester bond strengthens the inhibitory
effect. Therefore, the ic5o values of gallated catechins are
about two orders of magnitude lower than the catechins
without the galloyl moiety.

In a concentration range of 5-20 mM, the time-depen-
dent inhibition was not observed among all the analo-
gues without galloyl moiety. It is plausible that these
analogues only reversibly associate with FAS, and can-
not form covalent bonds with FAS. EC and C also did
not exhibit time-dependent inhibition at about two orders
of magnitude higher concentrations than gallated cate-
chins. Because EC and C lack the gallate ester group
compared to ECG and EGCG (Fig. 1), it is likely that
the time-dependent inhibition may be highly related to
the galloyl moiety. We investigated the time-dependent
inhibition kinetics of the gallate analogues including
propyl gallate, propyl p-hydroxybenzoate, propyl benzo-
ate and propyl acetate. Interestingly, in a concentration
range of 10-30 mM propyl p-hydroxybenzoate, propyl
benzoate and propyl acetate did not exhibit obvious
time-dependent inhibition, whereas only propyl gallate
did at a concentration of about 2-3 mM even though
it has not the catechin skeleton (Fig. 4). Inactivation rate
of FAS by 5mM propyl gallate is similar to about
0.5 mM gallated catechins, whereas 5 mM ungallated
catechins did not show the obvious slow-binding inacti-
vation to FAS.

Time courses of the overall reaction, ketoacyl reduction
and enoyl reduction of FAS in the presence of propyl
gallate are shown in Fig. 4. The inactivation rate of overall
reaction was almost the same as that of ketoacyl reduction,
and propyl gallate had no effect on enoyl reduction. The
kons values, the apparent first-order rate inactivation con-
stants of 0.0090 and 0.0088 min ' for the overall reaction
and ketoacyl reduction respectively were obtained from
Fig. 4. The similarity of the inactivation rates indicates the
slow-binding inactivation of the overall reaction is mainly
due to that of ketoacyl reduction. The apparent rate con-
stants of inactivation of FAS by propyl gallate in the
presence of one of the three substrates were also measured
to test whether the time-dependent inhibition is related to
the substrate binding sites. NADPH preincubation with
FAS slowed the inactivation rate by propyl gallate 3.8-fold
for the overall reaction and 4.4-fold for ketoacyl reduction,
but acetyl-CoA and malonyl-CoA had no effect. Therefore,
the inactivation by propyl gallate is related not to acetyl-
and malonyl-CoA binding sites of FAS but to NADPH
binding sites. Similar to gallated catechins propyl gallate
had no effects on enoyl reduction activity of FAS. So the
binding sites of B-ketoacyl reductase are highly related to
the inactivation of FAS by propyl gallate. All these results
accordingly indicate that the galloyl moiety probably
specifically acts on NADPH binding sites of B-ketoacyl
reductase resulting in loss of the overall reaction activity.

0.00 @ o

In R.A.

o O

' I
0 40

80 120

Pre-incubation Time(min)

Fig. 4. First-order plot of the inactivation of FAS by propyl gallate. The aliquots of the propyl gallate inactivation system were taken to assay residual activity
of the overall reaction (), B-ketoacyl reduction (@) and enoyl reduction (Q) at the indicated time intervals. The linear slope of the plot can be obtained as
the apparent first-order rate constant. Conditions of these experiments were the same as those described in Fig. 3 legend. The concentration of propyl gallate
was 5 mM. R.A. is the abbreviation of residual activity, which can be calculated as A, — A, /Ao — Acc-
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Fig. 5. The dependence of ks on propyl gallate concentration. Conditions of these experiments were the same as those described in Fig. 3 legend except that

the concentration of each reagent was varied as indicated.

We tested the dependence of the inactivation rate on
propyl gallate concentration. A plot of kyus vs. [propyl
gallate] is a straight line with a linear coefficient of 0.998
(Fig. 5). This indicates that the inactivation of FAS by
propyl gallate is a second-order reaction, a simple bimo-
lecular reaction between enzyme and inhibitor shown as
below.

E + I5El

The reaction rate is fitted to the equation: v = k[I][E].
When the concentration of inhibitor is much more than that
of enzyme as is likely in this case, kops = k[I], in which [I]
is the concentration of inhibitors, the second-order rate
constant k of 2.1 x 1073 min~! mM ™" of the inactivation
of FAS by propyl gallate was calculated from the data in
Fig. §.

Table 3
The calculation results of catechins and analogues of the gallate group

3.4. Chemical calculation of tea polyphenols and the
gallate analogues

The optical configuration of (+)-catechin is different
from other major tea polyphenols (Fig. 1). We analyzed the
tea polyphenols with similar optical configurations includ-
ing EC, EGC, ECG, and EGCG. The tea gallated catechins
such as EGCG and ECG have lower gap energies between
the HOMO and the LUMO than those without galloyl
moiety (Table 3). The carbon atoms of the galloyl moiety
of gallated catechins have a Mulliken positive charge 2- to
3-folds that of carbon atoms at other sites. The results
suggest that carbon atoms of the galloyl moiety of ECG
and EGCG have higher susceptibility toward a nucleophi-
lic attack than those of other catechins. It is possible that
EGCG and ECG can act on electronegative site of FAS
more easily than other tea polyphenols. The slow-binding

Chemicals HOMO (eV) LUMO (eV) H-L gap (eV) Mulliken charge on carbon atoms
The catechins

EC —0.200 0.0129 0.213 0.230-0.300

EGC —0.209 0.00214 0.211 0.230-0.300

ECG —0.207 —0.0486 0.158 0.708

EGCG —0.205 —0.0354 0.170 0.679
The gallate analogues

Propyl gallate —-0.212 —0.0325 0.180 0.705

Propyl p-hydroxylbenzoate —-0.230 —-0.0319 0.198 0.699
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inhibitor propyl gallate and its analogue propyl p-hydro-
xybenzoate which does not exhibit the time-dependent
inhibition were also analyzed. Interestingly the Mulliken
charge values of carbon atoms of the ester bond of these
two chemicals are similar, whereas propyl gallate has a
lower gap energy than propyl p-hydroxybenzoate. The
hydroxyl groups at the position 3 or 5 of the gallate group
may increase the susceptibility toward a nucleophilic
attack resulting in the lower gap energy. The results might
suggest that the relative lower gap energy might indicate
higher probabilities for slow-binding inactivation among
these structural analogues.

4. Discussion

Since the crystal structure of animal FAS has not yet
been determined due to the size of this enzyme complex, it
is difficult to directly study inhibition mechanisms and
design specific inhibitors. Our work provides some valu-
able information about the inhibition mechanism of FAS
by catechins through the steady-state kinetics and chemical
calculation, although we have not been able to elucidate the
exact binding mode.

In the present work, we demonstrate that the galloyl
moiety of green tea catechins is critical for inhibition of
FAS by the following evidences. Firstly, the catechins
without galloyl moiety did not show obvious slow-binding
inactivation compared to gallated catechins. In addition,
the reversible inhibitory effects of ungallated catechins on
FAS activity were much poorer than gallated catechins.
Secondly, ECG, another gallated catechin, exhibited the
similar inhibition characteristics to EGCG. Thirdly, the
analogues without galloyl moiety did not show the slow-
binding inactivation but the reversible weak inhibition just
like the ungallated catechins. Lastly and most importantly,
the analogue with galloyl moiety showed obvious slow-
binding inactivation although it has not the catechin
skeleton. It is plausible that catechin skeleton only
strengthens the inhibitor effects and lowers the effective
concentration.

We also found phenolic hydroxyl groups have some
influences on the FAS activity. Since the analogues without
galloyl moiety did not show the time-dependent inhibition
often considered as irreversible slow-binding inactivation,
the phenolic groups on the B ring and galloyl moiety of
catechins may be involved in the reversible inhibition. The
galloyl moiety of green tea gallated catechins, probably the
carbon atom of the ester bond, is involved in the irrever-
sible slow-binding inactivation that is primarily associated
with B-ketoacyl reductase. Atomic orbital energy analyses
show that the lower gap energies of the gallated catechins
which indicate a higher susceptibility toward a nucleophi-
lic attack are consistent with the slow-binding inactivation
abilities of green tea catechins. It is possible that the
irreversible chemical modification of FAS resulting in a

total loss of its activity is a covalent reaction between the
electronegative groups of amino acid residues such as the
guanidinium group, amino group and hydroxyl group of
B-ketoacyl reductase and the carbon atom of the ester bond
of gallated catechins. Based on the two-step inhibition
behaviour of gallated catechins and the above analysis, we
assume that the mechanism of inhibition of FAS by gal-
lated catechins is as follows: (1) inhibitors rapidly associ-
ate reversibly with the NADPH binding site or adjacent
area of PB-ketoacyl reductase of FAS for reversible inhibi-
tion. (2) Subsequently, the ester bond of the gallate group
of inhibitors covalently reacts with some essential group of
B-ketoacyl reductase of FAS resulting in the irreversible
loss of enzyme total activity.

The specific antitumor activity of the inhibitors of FAS
has led to their consideration as the potential lead com-
pounds for the anticancer drug development [22,23]. How-
ever, inhibitors of FAS are scarce. It is a new approach to
find this novel inhibitor from the natural resources. Our
work showed that the gallated catechins (EGCG and ECG)
exhibit potent inhibition of FAS similar to C75 (Fig. 2). Itis
reported that the 1csq values of cerulenin is 53.7 pM, which
is a little higher than ECG [24]. Cerulenin was known to
mimic the condensation transition state to inhibit B-ketoa-
cyl ACP synthase [25]. C75 was synthesized following the
inhibition mechanism of cerulenin [22]. It is plausible that
C75 acts specifically on B-ketoacyl synthase just as does
cerulenin. The green tea gallated catechins are totally
different inhibitors from C75 and cerulenin with regard
to the molecular structure and inhibition mechanism. With
the characteristics of saturation inhibition kinetics, gallated
catechins only require lower concentrations than C75 to
inhibit FAS completely.

For many years, it has been shown through epidemio-
logical studies that green tea is a cancer-preventative agent
[26]. A growing body of evidence in vitro and in vivo
indicates that components of green tea offer protection
against cancer [10]. The cancer-preventative effect of tea
polyphenols is probably complex and is affected by many
biological factors. Our work provides a new possible
explanation for the anticancer effects of green tea. The
green tea gallated catechins may inhibit FAS of the tumor
tissues resulting in the inhibition of the growth of the
cancer cells just as C75 does. Recently, it has been
reported that FAS has a role in the control of feeding
behavior, and that the treatment of mice with FAS inhibitor
C75 can result in the inhibition of feeding and dramatic
weight loss. The accumulation of the substrate malonyl-
CoA through the inhibition of FAS appears to inhibit the
expression of neuropeptide Y which promotes ingestion
[27,28]. There are reports that treatment of EGCG or
consumption of tea beverage can reduce body weight
[29,30]. Although it was supposed that this effect is related
to the thermogenesis of caffeine and catechins, gallated
catechins may also act as inhibitor of FAS through the
same pathway of C75. It needs more investigation to
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elucidate the possible link between anticancer and fat-
reducing effects of green tea and inhibition of FAS by
green tea gallated catechins.

Given the potential of green tea catechins to inhibit FAS,
these compounds may have utility in clinical therapy as
they are relatively abundant and non-toxic based upon the
long term and wide spread use of tea as a beverage, and
are bioavailable in humans [31]. Our work has described
the critical structural characteristics of gallated catechins
and the mechanisms by which they inhibit FAS, thereby
providing guidance for the design of potent new inhibitors
of FAS.

Acknowledgments

This work is supported by Procter & Gamble Company.
We appreciate the suggestion of Dr. Gary Kelm and
Dr. Deng lingyi about this report.

References

[1] Smith S. The animal fatty acid synthase: one gene, one polypeptide,
seven enzymes. FASEB J 1994;8:1248-59.

[2] Wakil SJ. Fatty acid synthase, a proficient multifunctional enzyme.
Biochemistry 1989;28:4523-30.

[3] Jayakumar A, Tai MH, Huang WY, al-Feel W, Hsu M, Abu-Elheiga L,

Chirala SS, Wakil SJ. Human fatty acid synthase: properties and

molecular cloning. Proc Natl Acad Sci USA 1995;12:8695-9.

Pizer ES, Wood FD, Heine HS, Romantsev FE, Pasternack GR,

Kuhajda FP. Fatty acid synthase (FAS): a target for cytotoxic anti-

metabolites in HL60 promyelocytic leukemia cells. Cancer Res

1996;56:1189-93.

Swinnen JV, Roskams T, Joniau S, Van Poppel H, Oyen R, Baert L,

Heyns W, Verhoeven G. Overexpression of fatty acid synthase is an

early and common event in the development of prostate cancer. Int J

Cancer 2002;98:19-22.

[6] Wang Y, Kuhajda FP, Li JN, Pizer ES, Han WF, Sokoll LJ, Chan DW.

Fatty acid synthase (FAS) expression in human breast cancer cell

culture supernatants and in breast cancer patients. Cancer Lett 2001;

167:99-104.

Gabrielson EW, Pinn ML, Testa JR, Kuhajda FP. Increased fatty acid

synthase is a therapeutic target in mesothelioma. Clin Cancer Res

2001;7:153-7.

Kuhajda FP. Fatty-acid synthase and human cancer: new perspectives

on its role in tumor biology. Nutrition 2000;16:202-8.

Pizer ES, Thupari J, Han WF, Pinn ML, Chrest FJ, Frehywot GL,

Townsend CA, Kuhajda FP. Malonyl-coenzyme-A is a potential

mediator of cytotoxicity induced by fatty-acid synthase inhibition

in human breast cancer cells and xenografts. Cancer Res 2000;60:

213-8.

[10] Yang CS, Wang ZY. Tea and cancer. J] Natl Cancer Inst 1993;85:

1038-49.
[11] Coxon DT, Holmes A, Olis WD, Vora VC, Grant MS, Tee JL. Flavanol
digallates in green tea leaf. Tetrahedron 1972;28:2819-26.

[4

=

[5

—

[7

—

[8

—

[9

—

[12] Yang GY, Liao J, Kim K, Yurkow EJ, Yang CS. Inhibition of growth
and induction of apoptosis in human cancer cell lines by tea poly-
phenols. Carcinogenesis 1998;19:611-6.

[13] Lyn-Cook BD, Rogers T, Yan Y, Blann EB, Kadlubar FF, Hammons
GJ. Chemopreventive effects of tea extracts and various components
on human pancreatic and prostate tumor cells in vitro. Nutr Cancer
1999;35:80-6.

[14] Suzuki Y, Isemura M. Inhibitory effect of epigallocatechin gallate on
adhesion of murine melanoma cells to laminin. Cancer Lett
2001;173:15-20.

[15] Ahmad N, Feyes DK, Nieminen AL, Agarwal R, Mukhtar H. Green
tea constituent epigallocatechin-3-gallate and induction of apoptosis
and cell cycle arrest in human carcinoma cells. J Natl Cancer Inst
1997;89:1881-6.

[16] Cao YH, Cao RH. Angiogenesis inhibited by drinking tea. Nature
1999;398:381.

[17] Wang X, Tian W. Green tea epigallocatechin gallate: a natural
inhibitor of fatty-acid synthase. Biochem Biophys Res Commun
2001;288:1200-6.

[18] Tian WX, Hsu RY, Wang YS. Studies on the reactivity of the essential
sulfhydryl groups as a conformational probe for the fatty acid synthe-
tase of chicken liver. Inactivation by 5,5'-dithiobis-(2-nitrobenzoic
acid) and intersubunit cross-linking of the inactivated enzyme. J Biol
Chem 1985;10:11375-87.

[19] Tang CL, Hsu RY. Mechanism of pigeon liver malic enzyme. Mod-
ification of sulfhydryl groups by 5,5'-dithiobis(2-nitrobenzoic acid)
and N-ethylmaleimide. J Biol Chem 1974;249:3916-22.

[20] Kumar S, Dorsey JA, Muesing RA, Porter JW. Comparative studies of
the pigeon liver fatty acid synthetase complex and its subunits.
Kinetics of partial reactions and the number of binding sites for acetyl
and malonyl groups. J Biol Chem 1970;245:4732-44.

[21] Hehre WJ, Radom L, Schleyer PV, Pople J. AB initio molecular orbital
theory. Canada: John Wiley & Sons, Inc.; 1986.

[22] Kuhajda FP, Pizer ES, Li JN, Mani NS, Frehywot GL, Townsend CA.
Synthesis and antitumor activity of an inhibitor of fatty-acid synthase.
Proc Natl Acad Sci USA 2000;97:3450-4.

[23] Kuhajda FP, Jenner K, Wood FD, Hennigar RA, Jacobs LB, Dick JD,
Pasternack GR. Fatty acid synthesis: a potential selective target for
antineoplastic therapy. Proc Natl Acad Sci USA 1994;91:6379-83.

[24] Vance D, Goldberg I, Mitsuhashi O, Bloch K. Inhibition of fatty acid
synthetases by the antibiotic cerulenin. Biochem Biophys Res Com-
mun 1972;48:649-56.

[25] Price AC, Choi KH, Heath RJ, Li Z, White SW, Rock CO. Inhibition of
beta-ketoacyl-acyl carrier protein synthases by thiolactomycin and
cerulenin. J Biol Chem 2001;276:6551-9.

[26] Ahmad N, Mukhtar H. Green tea polyphenols and cancer: biologic
mechanisms and practical implications. Nutr Rev 1999;57:78-83.

[27] Loftus TM, Jaworsky DE, Frehywot GL, Townsend CA, Ronnett GV,
Lane MD, Kuhajda FP. Reduced food intake and body weight in mice
treated with fatty-acid synthase inhibitors. Science 2000;288:2379-81.

[28] Bouchard C. Inhibition of food intake by inhibitors of fatty-acid
synthase. N Engl J Med 2000;343:1888-9.

[29] Kao YH, Hiipakka RA, Liao S. Modulation of endocrine systems and
food intake by green tea epigallocatechin gallate. Endocrinology
2000;141:980-7.

[30] Han LK, Takaku T, Li J, Kimura Y, Okuda H. Anti-obesity action of
oolong tea. Int J Obes Relat Metab Disord 1999;23:98-105.

[31] Warden BA, Smith LS, Beecher GR, Balentine DA, Clevidence BA.
Catechins are bioavailable in men and women drinking black tea
throughout the day. J Nutr 2001;131:1731-7.



	The galloyl moiety of green tea catechins is the critical structural feature to inhibit fatty-acid synthase
	Introduction
	Experimental procedures
	Materials
	Assay of fatty-acid synthase
	Measurement of inhibition of fatty-acid synthase
	Chemical calculation

	Results
	Comparison of inhibitory effects of tea polyphenols and C75 on FAS
	Inhibition kinetics of ECG
	Inhibition kinetics of analogues and ungallated catechins
	Chemical calculation of tea polyphenols and the gallate analogues

	Discussion
	Acknowledgements
	References


