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AbstractÐGalloy esters with `substrate-like' isoprenoid or phenylalkyl side chains were newly synthesized and tested for the enzyme
inhibition activities toward recombinant rat squalene epoxidase. Isoprenyl gallates (4±6) showed good inhibition (IC50=1.5±
5.1mM), as potent as previously reported substrate analogues, while phenylalkyl gallates (7±10) were moderate inhibitors of the
enzyme (IC50=12±61 mM). # 2000 Elsevier Science Ltd. All rights reserved.

Introduction

Squalene epoxidase (SE) (EC 1.14.99.7) is a non-metal-
lic ¯avoprotein monooxygenase that catalyzes the con-
version of squalene to 2,3-oxidosqualene, a rate-limiting
step of cholesterol biosynthesis.1 Vertebrate SE requires
FAD, NADPH, a supernatant protein factor, and
NADPH-cytochrome P-450 reductase. The ¯avopro-
tein-mediated epoxidation is thought to proceed via
formation of ¯avin C(4a)-hydroperoxide (Fig. 1). The
overall reaction of the epoxidation reaction can be
described by the following equation:

Squalene�O2 �NADPH�H�

! �3S�2;3-Oxidosqualene�NADP� �H2O

SE controls the throughput from squalene to sterols in
cholesterol biogenesis.1 Therefore, regulation of the
level of SE in vivo has become a potential target for
design of cholesterol-lowering drugs. In principle,
enzyme inhibitors for SE selectively inhibit cholesterol
biosynthesis, and do not a�ect the synthesis of non-
sterol mevalonate-derived isoprenoids (e.g. dolichol,
ubiquinone, isopentenyl tRNA, and protein prenyla-
tion), which play important roles in regulation of nor-
mal cellular processes. To-date, several potent and
speci®c SE enzyme inhibitors including chemically

synthesized squalene analogues and allylamine deriva-
tives have been developed, however, there are as yet no
reports of human clinical trials.2,3

In our previous papers, we reported that galloyl esters
such as (ÿ)-epigallocatechin-3-O-gallate (EGCG) (1)
(IC50=0.69 mM), a major component of the cholesterol
lowering green tea polyphenols, were potent and selec-
tive inhibitors of recombinant rat SE.4ÿ6 In particular,
synthetic n-dodecyl gallate (DG) (2) (IC50=0.061 mM)
showed the most potent inhibition, suggesting that the
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presence of both galloyl moiety and the `substrate-like'
hydrophobic side chain were important for the potent
SE inhibition.7 From these observations, we postulated
that the inhibition by DG would be caused by speci®c
binding to the enzyme; possibly, the dodecyl side chain
occupying the substrate (squalene) binding site, while
the galloyl moiety being in close proximity to the FAD
binding domain, where the antioxidative gallate would
trap the reactive oxygen species required for the epox-
idation reaction. In this work, in order to optimize the
SE inhibition activities, several galloy esters with the
`substrate-like' isoprenoid or phenylalkyl side chain
were newly synthesized and tested for the inhibition
activities toward recombinant rat SE enzyme.

Materials and Methods

Chemicals. [1,25-14C]Squalene (57.1mCi/mmol)8 and
trisnorsqualene alcohol9 were synthesized as described.
Geraniol, farnesol, and geranylgeraniol were purchased
from Sigma. 4-Phenyl-1-butanol, 6-phenyl-1-hexanol, 8-
phenyl-1-octanol, and 10-phenyl-1-decanol were from
Lancaster. For the synthesis of galloyl esters (3±10),
esteri®cation of gallic acid with the corresponding alco-
hol (1 equiv) was carried out under re¯ux for 6 h in the
presence of dicyclohexyl carbodiimide (1.1 equiv) and 4-
N,N-dimethylaminopyridine (0.1 equiv). Products were
®rst puri®ed by silica gel column chromatography, then
®nally by reverse-phase HPLC. Spectroscopic data for
the obtained esters are as follows.

Geranyl gallate (3). 1H NMR (400MHz, CDCl3): d 7.23
(2H, s), 5.43 (1H, t, J=7.2Hz), 5.09 (2H, d, J=7.2Hz),
4.77 (2H, d, J=6.8Hz), 2.10±2.04 (4H, m), 1.74 (3H, s),

1.68 (3H, s), 1.60 (3H, s). HRMS (FAB/glycerol, nega-
tive) for C17H21O5: calcd 305.1389, found 305.1383.

Farnesyl gallate (4). 1H NMR (400MHz, CDCl3): d
7.23 (2H, s), 5.43 (1H, t, J=6.4Hz), 5.09 (2H, m), 4.77
(2H, d, J=6.8Hz), 2.12±1.96 (8H, m), 1.74 (3H, s), 1.68
(3H, s), 1.60 (6H, s). HRMS (FAB/glycerol, negative)
for C22H29O5: calcd 373.2015, found 373.2010.

Geranylgeranyl gallate (5). 1H NMR (400MHz,
CDCl3): d 7.23 (2H, s), 5.43 (1H, t, J=6.8Hz), 5.12±
5.09 (3H, m), 4.78 (2H, d, J=6.8Hz), 2.11±1.98 (12H,
m), 1.75 (3H, s), 1.68 (3H, s), 1.60 (9H, s). HRMS
(FAB/glycerol, negative) for C27H37O5: calcd 441.2641,
found 441.2641.

Trisnorsqualene gallate (6). 1H NMR (400MHz,
CDCl3): d 7.22 (2H, s), 5.15±5.10 (5H, m), 4.24 (2H, t,
J=8Hz), 2.08±1.99 (18H, m), 1.83 (2H, m), 1.68 (3H,
s), 1.62±1.60 (15H, m). HRMS (FAB/glycerol, negative)
for C34H49O5: calcd 537.3583, found 537.3577.

Phenylbutyl gallate (7). 1H NMR (400MHz, CDCl3): d
7.26 (2H, s), 7.21±7.18 (5H, m), 4.26 (2H, m), 2.65 (2H,
t, J=7.2Hz), 1.70 (2H, m), 1.62 (2H, m). HRMS (FAB/
glycerol, negative) for C17H17O5: calcd 301.1076, found
301.1080.

Phenylhexyl gallate (8). 1H NMR (400MHz, CDCl3): d
7.24 (2H, s), 7.17±7.15 (5H, m), 4.23 (2H, m), 2.60 (2H,
t, J=8Hz), 1.71 (2H, m), 1.63 (2H, m), 1.43±1.37 (4H,
m). HRMS (FAB/glycerol, negative) for C19H21O5:
calcd 329.1389, found 329.1384.

Phenyloctyl gallate (9). 1H NMR (400MHz, CDCl3): d
7.24 (2H, s), 7.17±7.15 (5H, m), 4.24 (2H, m), 2.59 (2H,
t, J=7.8Hz), 1.71 (2H, m), 1.60 (2H, m), 1.34±1.28 (8H,

Figure 1. Proposed mechanism of epoxidation of squalene to (3S)2,3-oxidosqualene by SE.
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m). HRMS (FAB/glycerol, negative) for C21H25O5:
calcd 357.1702, found 357.1700.

Phenyldecyl gallate (10). 1H NMR (400MHz, CDCl3): d
7.23 (2H, s), 7.16±7.14 (5H, m), 4.19 (2H, m), 2.57 (2H,
t, J=8Hz), 1.65 (2H, m), 1.58 (2H, m), 1.28±1.24 (12H,
m). HRMS (FAB/glycerol, negative) for C23H29O5:
calcd 385.2015, found 385.2015.

Enzymes. As described previously, a recombinant rat SE
(Glu100-His573) without the N-terminal putative mem-
brane domain and with an additional hexahistidine tag
at the C-terminal was expressed in E. coli, and puri®ed
by Ni-NTA agarose and Blue Sepharose CL-6B col-
umns.10 The puri®ed recombinant enzyme, with an
apparent KM=3.8 mM and kcat=4.1minÿ1 for squalene,
showed properties very similar to those of native
microsomal enzyme with regard to co-factor require-
ment, pH dependency, and sensitivity to most known
SE enzyme inhibitors.

Enzyme assay. Gallates were dissolved in 2 mL of etha-
nol containing 0.5% Triton X-100. The assay mixture
contained in a total volume of 200 mL of 20mM Tris±
HCl, pH 7.4, the recombinant rat SE (1.5 mg/mL),
NADPH-cytochrome P-450 reductase (0.05 U), 1mM
NADPH, 0.1 mM FAD, 0.1% (w/v) Triton X-100, and
[1,25-14C]squalene (5 mM, 2�104 dpm). After incubation
at 37 �C for 1 h, the enzyme reaction was quenched by
addition of 200 mL of 10% KOH in methanol, and
10 mL of 0.1% (w/v) cold carrier squalene and oxido-
squalene in ethanol. The lipids were extracted with
400 mL of CH2Cl2, and separated by TLC (Whatman
silica gel 60A with preadsorbed strip) which was devel-
oped with 5% ethyl acetate in hexane. The Rf values
were 0.84 for squalene and 0.54 for oxidosqualene.
Radioactivities were analyzed by radio±TLC scanning
(Bioscan Imaging Scanner System 200, IBM with
Autochanger 4000). All experiments were carried out in
duplicate. The IC50 values were determined by non-lin-
ear regression analysis of % control versus semi-log
concentration. Dose±inhibition curves were generated
with eight sample concentrations ranging from 0.1 mM

to 100 mM. This time, DG (2) (IC50=0.1�0.02 mM) was
employed as a positive control.

Results and Discussion

Galloy esters with isoprenoid side chain (3±6) or phe-
nylalkyl side chain (7±10) were chemically synthesized
by conventional esteri®cation methods, and tested for the
inhibition activities toward recombinant rat SE enzyme.
Isoprenyl units were incorporated since our previous
work suggested that the presence of both galloyl moiety
and the `substrate (squalene)-like' hydrophobic side
chain were important for the potent SE inhibition.7 On
the other hand, the phenyl alkyl side chain was chosen
since we expected p±p interactions with aromatic amino
acid residues located at the active site of the enzyme.1

Inhibition assay results are summarized in Figure 2.
Isoprenyl gallates (C15, C20, and C27) were found to be
good inhibitors of SE (IC50=1.5±5.1 mM). Among
them, farnesyl (C15) gallate (4) showed the most potent
inhibition (IC50=1.5 mM), which was more potent than
those of known vertebrate SE inhibitors (substrate ana-
logues); trisnorsqualene alcohol (IC50=4 mM for pig
SE),9 trisnorsqualene cyclopropylamine (IC50=2 mM
for pig SE),11 and trisnorsqualene di¯uoromethylidene
(IC50=5.4 mM for rat SE).12 Geranyl (C10) gallate and
phenylalkyl (C10±C16) gallates just showed
moderate inhibition (IC50=12±61 mM).

None of the compounds showed more potent inhibition
than the previously reported DG (2) (IC50=0.061 mM).
Incorporation of neither the `substrate-like' isoprenyl
units nor aromatic ring signi®cantly enhanced the inhi-
bition activities. Apparently, more ¯exible and/or less
bulky dodecyl (C12) side chains ®t much better into the
active site of the enzyme. As proposed in our previous
paper,7 the galloyl moiety would bind in close proxi-
mity to the FAD binding domain, while the hydro-
phobic side chain occupies the substrate binding site
of the ¯avin monooxygenase. The SE enzyme reaction
has been thought to proceed via formation of ¯avin

Figure 2. Inhibition activities of galloyl esters (3±10) toward recombinant rat SE.
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C(4a)-hydroperoxide intermediate, which would be
trapped by the antioxidative galloyl moiety, leading to
the inactivation of the enzyme.

In order to test this hypothesis, since as yet no three-
dimensional crystal structure has been reported for SE,
a molecular modeling study is now in progress with
the crystal structure of bacterial p-hydroxybenzoate
hydroxylase, the best characterized ¯avin mono-
oxygenase which shows ca. 20% amino acid sequence
identity to that of rat SE. This ¯avoenzyme also su�ered
potent inhibition by the gallates.13 Finally, as we have
recently reported, galloyl esters are known to be potent
inducers of apoptosis in human monoblastic leukemia
U937 cells.14 The apoptosis inducing activities of the
newly synthesized gallates will be reported in due
course.
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