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Abstract—Lignostilbene-a,b-dioxygenase cleaves the olefinic double bond of phenolic stilbenes by a mechanism similar to that of
9-cis-epoxycarotenoid dioxygenase, a key enzyme in abscisic acid biosynthesis. Several analogues of stilbene were designed and
synthesized, and their efficacy as inhibitors of lignostilbene-a,b-dioxygenase was examined. The compound (Z)-1-(4-hydroxy-
phenyl)-1-fluoro-2-phenylethene (2) was found to be a potent inhibitor of this enzyme with an IC50 of 3 mM. # 2002 Elsevier
Science Ltd. All rights reserved.

Lignostilbene-a,b-dioxygenase (LSD, EC 1.13.11.43) is
an enzyme of functional interest from Pseudomonas
paucimobilis TMY 1009.1,2 LSD is involved in oxidative
cleavage of the central double bond of stilbene-type
intermediates arising from degradation of dimeric lignin
model compounds. LSD catalyzes the reaction of lig-
nostilbene and molecular oxygen to form the corre-
sponding aldehydes, as illustrated in Figure 1. This
reaction is closely analogous to the carotenoid cleavage
reaction catalyzed by 9-cis-epoxycarotenoid dioxygen-
ase (NCED) in biosynthesis of the plant hormone
abscisic acid (ABA), which performs several specific
functions in plant growth and development. The LSD
and NCED reactions require molecular oxygen and an
Fe cofactor, and they each yield two molecules of alde-
hyde from one substrate molecule.3 In addition, the
protein sequences of NCED and LSD are similar. Thus,
the LSD and NCED are thought to comprise a novel
class of dioxygenases that catalyze similar double-bond

cleavage reactions.3,4 Drought-induced NCED genes
encoding NCED-like enzymes were subsequently
isolated from in tomato, Arabidopsis, bean, cowpea,
and avocado. Furthermore, these studies have provided
the hypothesis that the cleavage of 9-cis-epoxy-
carotenoids by NCED is a key regulatory step in ABA
biosynthesis.5

Organisms possessing mutations in biosynthetic path-
ways are useful in investigations of the physiological
functions of endogenous substances. Inhibitors specific
for the biosynthetic pathway of interest also have been
used for this purpose. Likewise, inhibitors of LSD or
NCED would be valuable for investigating the physio-
logical functions of these enzymes. The design of spe-
cific enzyme inhibitors is greatly aided by prior
knowledge of the enzyme reaction mechanism and the
structure(s) of the substrate(s), but the structures of
double-bond cleaving dioxygenase active sites are not
known, and no specific inhibitors have been found.
Therefore, we used the structure of the stilbene sub-
strate of LSD as a starting point for the design of LSD
inhibitors. We selected LSD as our target because
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(1) the simple structure of the LSD substrate suggested
that the design and synthesis of LSD inhibitors would
be relatively straightforward, and (2) the reaction cata-
lyzed by LSD is analogous to that catalyzed by NCED,
so information gleaned from LSD inhibitors is likely to
be useful in design of NCED inhibitors. In this report,
we describe the synthesis of various stilbene analogues
and their inhibitory activity against LSD.

Lignostilbene-a,b-dioxygenase was obtained by a
method previously described.1 Transformed Escherichia
coli MV1184 cells were grown aerobically at 26.5 �C in
500 mL of YT medium (8 g/L Bacto tryptone, 5 g/L
Bacto yeast extract, 5 g/L NaCl, pH 7.6) containing 150
mg/mL ampicillin in a 3-L flask. After 12 h of cultiva-
tion, isopropyl b-d-thiogalactopyranoside was added to
a final concentration of 1 mM to induce expression.
Cells were shaken for an additional 6 h at 37 �C and
then harvested by centrifugation. The cell pellet was
resuspended in 20 mL of 20 mM sodium phosphate
buffer (pH 7.5), disrupted by ultrasonication, and cen-
trifuged at 20,000 g for 30 min. The resulting super-
natant fraction was used in enzyme assays. Protein
concentration was determined by the method of Lowry,
using bovine serum albumin as the standard. LSD
activity was assayed at 30 �C in 2 mL of 50 mM Tris–
HCl buffer (pH 8.5) containing a suitable amount of
enzyme solution (4 mg/mL=1 U) and various con-
centrations of inhibitor. Reactions were started by
addition of the substrate 4-trans-hydroxystilbene to the
indicated concentration. Enzymatic activity was esti-
mated by detection of the 4-hydroxybenzaldehyde pro-
duct at 280 nm by HPLC on a Shiseido Capcell Pak C18
column (4.6�250 mm), using a solvent system of aceto-
nitrile/water (80:20, v/v) at a flow rate of 0.7 mL/min.
IC50 is the concentration of inhibitor that causes 50%
inhibition of the reaction.

Stilbene analogues were synthesized according to the
methods described below and evaluated for their inhi-
bitory activity against LSD (Table 1). The fluoro olefin

Figure 1. Oxidative cleavage of central double bonds by dioxygenases. Arrows indicate the cleaved bonds: (a) lignostilbene-a,b-dioxygenase (LSD);1

(b) 9-cis-epoxycarotenoid dioxygenase (NCED).4

Table 1. Inhibition of lignostilbene-a,b-dioxygenase with stilbene

analogues

Compd IC50 (mM)a

1 >100
2 3
3a >100
3b 22
4a 15
4b 7
5 12

aLSD activity was assayed at 30 �C in 2 mL of 50 mM Tris–HCl buffer
(pH 8.5) containing a suitable amount of enzyme solution (4 mg/
mL=1U). Reactions were started by addition of the substrate 4-trans-
hydroxystilbene to a final concentration of 10 mM. IC50 values were
determined by adding the enzyme to mixtures of substrate and inhibitor.
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group has useful functionality in designing mechanism-
based enzyme inhibitors since the fluorine can mimic a
hydrogen atom while creating a different electronic
environment.6�8 Thus, in this research, the fluoro olefins
1 and 2 were designed as inhibitors of LSD (Table 1). In
the synthesis of (Z)-1-fluoro-1, 2-diphenylethenes (1, 2),
the first step is a fluoro Pummerer reaction. Fluoro-
methyl phenyl sulfide was prepared and then readily
oxidized to sulfone with 3-chloroperbenzoic acid at
room temperature. 1-Fluorovinyl phenyl sulfone
was synthesized by condensation of the fluoromethyl
phenyl sulfone with benzaldehyde. Reaction of the
1-fluorovinyl phenyl sulfone with 2 equivalents of tri-
butyltin hydride in refluxing benzene afforded the
required 1-fluorostannane. Coupling of 1-fluorovinyl-
stannane to iodobenzene under standard conditions
gave the expected cross-coupled product (Z)-1-fluoro-1,
2-diphenylethenes (1, 2). The Z conformation of fluor-
ostilbene was established on the basis of the 3JH�F cou-
pling constant of about 39 Hz for trans coupling by
proton NMR.9�13 Fluoro olefin 2 is a potent inhibitor
(IC50=3 mM), whereas 1 is substantially less active
(IC50>100 mM). At least a 33-fold increase in potency
was observed when the 4-hydrogen atom on the phenyl
ring was replaced with a hydroxy group. 4-Hydro-
xystilbene was cleaved faster than trans-stilbene as a
substrate of LSD (data not shown), suggesting that the
4-hydroxy group should be involved in specific favor-
able interaction(s) between the substrate and the
enzyme active site. In this context, the 4-hydroxy group
in the phenyl ring of the inhibitor was expected to play a
role in enhancing specific interaction(s) with the enzyme
active site. Bonding to a sp2-carbon reduces the electron
density at the carbon of a C–F bond but increases the
electron density at the b-carbon. The electronic effects
of fluorine bonded to a sp2-carbon were identified by the
chemical shift of the carbon in the C–F bond (d 159.0,
d, J=255.0 Hz) and at the b-carbon (d 104.3, d, J=9.9
Hz) by 13C NMR.9 Thus, the polarization of the double

bond by fluorine explains its effect on the interaction of
the inhibitor with the enzyme.

Next, we replaced the hydrogen on the double bond
between the two phenyl rings with a methyl group and
evaluated these cis- and trans-stilbene derivatives as
LSD inhibitors. 1,2-Diphenylpropene (3) was prepared
by the reaction of diethyl benzylphosphate with aceto-
phenone in the presence of sodium hydride.14 4-(2-
Phenyl-1-propenyl)-phenol (4) was synthesized by pal-
ladium-catalyzed coupling of a-methylstyrene with
4-iodophenol.15 The E and Z isomers were separated by
HPLC on a Chiralpak AD column (n-hexane/iso-
propanol=19:1). The (Z)-isomers 3b and 4b were 4.5-
and 2-fold more potent than the corresponding (E)-iso-
mers 3a and 4a, respectively. Furthermore, when a
hydrogen at the 4-position of the aromatic ring was
replaced with a hydroxy group, the inhibitory potency
of the resulting 4a and 4b was increased by up to 6.7-
and 3-fold compared with 3a and 3b, respectively. This
result is similar to that observed in the case of fluori-
nated olefins 1 and 2. The difference in activity of geo-
metrical isomers of 3 and 4 suggests that the geometry
of the olefin or phenyl ring moiety plays an important
role in LSD inhibition. a-Methyl-4-methoxystyrene (5)
was also active as an LSD inhibitor (IC50=12 mM).16

These results suggest that the 4-hydroxystyrene group
has important functionality in inhibition of LSD.

The Km value of LSD was determined to be 8.3 mM by
varying the substrate concentration from 1.25 to 20 mM.
The data in Figure 2 demonstrate that the inhibition of
LSD by (Z)-1-(4-hydroxyphenyl)-1-fluoro-2-phenyl-
ethene (2) was competitive with 4-hydroxystilbene, with
a Ki of 0.98 mM. In summary, we prepared stilbene
analogues, tested them for inhibition of LSD, and found
2 to be a potent inhibitor of LSD. Effective inhibition of
LSD requires not only polarization of the double bond
but also the Z configuration, which limits the delocali-

Figure 2. Kinetic analysis of the inhibition of lignostilbene-a,b-dioxygenase by (Z)-1-(4-hydroxyphenyl)-1-fluoro-2-phenylethene (2). Lignostilbene-
a,b-dioxygenase activity was measured in the presence of 1.25 mM (^), 5 mM (&), and 20 mM (~) 4-hydroxystilbene using the indicated concentrations
of (Z)-1-(4-hydroxyphenyl)-1-fluoro-2-phenylethene (2). The inhibition constant (Ki) was determined to be 0.98 mM from a Dixon plot.
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zation of p-electrons. In addition, the presence of the
hydroxy group at the 4-position of the phenyl group is
crucial for potent LSD inhibition.

To examine whether 2 could inhibit NCED, we per-
formed an enzymatic assay of NCED as described. 17 As
a result, 2 was not effective in inhibiting NCED activity
(data not shown). The lack of the inhibitory activity of
this LSD inhibitor seems to be due to the lack of the
affinity to NCED enzyme. The information provided in
this study may allow us to define the specific binding
characteristics of the LSD-substrate and LSD-inhibitor
complexes, and may be useful in revealing mechanistic
details for this intriguing enzyme. In addition, fluorina-
tion or methylation of the 9- and/or 10-positions of 9-cis
epoxycarotenoid may be important in the design of
NCED inhibitors, which could then be developed as
specific inhibitors of ABA biosynthesis.
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