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Abstract

Ž . wŽ X X . x Ž Y Y .Racemic 1SR,2SR,4SR,5SR -2- 4 -hydroxy-3 -methoxy -phenoxy -4- 4 -hydroxy-3 -methoxy-phenyl -8-hydroxy-6-
w x Ž .oxo-3-oxabicyclo 3.3.0 -7-octene 2, C H O was isolated as major product of soybean lipoxygenase action on curcumin21 20 8

Ž . 1 131, C H O . The structure of 2 was elucidated by HPLC-APCI-MS and tandem MS, H, C, DEPT, H,H-COSY,21 20 6

H,C-HMQC, H,C-HMBC and phase sensitive 2D NOESY NMR techniques. For kinetic studies the rate of substrate
degradation was followed spectrophotometrically at 430 nm, and the rate of oxygen consumption was measured polaro-

Žgraphically. As evaluated by both methods, K for 1 was about four times higher than that obtained for linoleic acid as them
.best substrate for soybean lipoxygenase ; V was reduced five-fold. Lipoxygenase-mediated oxygenation of 1 wasmax

Ž . Ž .confirmed by the following criteria: i curcumin did not react with inactivated lipoxygenase; ii the enzymatic reaction was
Ž . Žstrongly inhibited by inhibitors such as BHA, deferoxamine and HgCl ; iii oxygen consumption measured polarographi-2

. Ž .cally and curcumin degradation measured photometrically were shown to occur simultaneously at a ratio of 0.8 to 1,
Ž .suggesting insertion of oxygen into 1 by lipoxygenase; iv molecular mass estimation by APCI-MS showed a shift of 32 in

Ž . Ž .molecular mass from 1 M 368 to 2 M 400 being equivalent to an insertion of dioxygen. Curcumin meets none of ther r

common features for lipoxygenase substrates and, therefore, may represent a new type of substrates for this enzyme. q 1998
Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Lipoxygenases LOX are nonheme-iron con-
taining dioxygenases. They catalyze the inser-
tion of molecular oxygen into polyunsaturated

w xfatty acids 1,2 . Some LOX, e.g., soybean
LOX-1 and LOX from tomatoes, exhibit a dis-

w xtinct regio- and enantioselectivity 3 . Common
Ž . Ž .substrates, linoleic 18:2 , linolenic 18:3 or

Ž .arachidonic acid 20:4 , containing at least one
1,4-Z,Z-pentadiene moiety, are oxidized to the
corresponding chiral 2,4-E,Z-hydroperoxides.
Only little is known about LOX substrates that
differ from this pattern, i.e., ketoenoic acids
w x w x4,5 or 1,4-Z,E-pentadienes 6 . Oxygenation of
other uncommon substrates such as carotenes
w x w x7 or retinoids 8 occurs via cooxidation, i.e.,
products are formed by action of intermediate
fatty acid alkoxy and fatty acid peroxy radicals

w xleading to unspecific oxidation 9,10 .
In mammalian tissues, LOX catalyze the ini-

tial steps of the biosynthesis of physiologically
active compounds such as leukotrienes and

w xlipoxins 11 . The role of LOX in plants is less
clear. They might be involved in seed germina-
tion, senescence and in plant wound response
by formation of anti-pathogens, as well as com-

w xpounds regarded as plant hormones 12–14 .
Natural curcumin, a mixture of at least three

Žrelated compounds curcumin, demethoxy-
.curcumin, and bisdemethoxy-curcumin , is iso-

lated from the rhizomes of Curcuma longa L.,
which have been reported to exhibit anti-in-

w xflammatory activity 15 and antiproliferative
effects against human breast tumor cell lines
w x16 . Curcumin has been shown to have an
inhibitory effect on mammalian 5-LOX and cy-

w xclooxygenase 17 . For further studies on the
mechanism of anti-inflammatory properties of
curcumin, a possible inhibitory effect on mam-
malian 15-LOX was investigated using soybean

w xLOX-1 and linoleic acid as substrate 18 . De-
pending on its concentration, curcumin has been
found to have a significant catalytic effect on
the peroxidation of linoleic acid. This was in-
consistent with results obtained with mam-

malian 5-LOX, but may be explained by differ-
w xent curcumin preparations used 18 .

In our present study we show that soybean
LOX-1 directly oxygenates curcumin as a sub-
strate. The enzymatic nature of this oxygenation
and the structure of the main product are de-
scribed.

2. Materials and methods

2.1. Chemicals

Curcumin was synthesized according to the
w xmethod described by Pabon 19 . Lipoxygenase

Ž .LOX, L-8383, Type I-S was purchased from
Sigma. BHA, deferoxamine, hydroquinone,
dithizone were from Fluka, HPLC grade ethanol

Žfrom Roth, solvents diethyl ether and ethyl
.acetate were of highest purity available and

redistilled before use.

2.2. Photometric lipoxygenase assay

Ten mg of curcumin was dissolved in 4 ml of
Žethanol, then 6 ml of 0.1 M borate buffer pH

.8.0 was added. This stock solution was kept
protected from light and was prepared freshly
every day. Enzyme stock solution was prepared
by dissolving 10 mg of LOX in 1 ml of buffer.

Ž .Two milliliters of borate buffer pH 8.0 and
Ž .substrate 14–68 mM were given in two cu-

vettes of the photometer. The reaction was
started by adding 10 ml of enzyme solution into
the blank cuvette. The decreasing absorbance at
430 nm in the blank cuvette due to degradation
of curcumin resulted in a positive signal. The
slope of the recorded curve was used to calcu-

Ž .late the velocity Õ of the reaction. The molar
absorbance coefficient ´ of curcumin in 0.1 M

Ž .borate buffer pH 8.0 was determined to be
27,500 My1 cmy1.

The Michaelis–Menten parameters K andm

V were obtained by a Lineweaver–Burk plotmax

as well as calculated using a computer
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Žprogram DNRPEASY, version 3.55, R.G. Dug-
.glebyrD.R. Leonhard, 1992 .

Heat-inactivated LOX was obtained incubat-
ing the enzyme stock solution at 908C for 10
min. For inhibitor studies the reaction was al-
lowed to proceed for 1 min, then the inhibitor
was added rapidly to the reaction mixture. All
measurements were performed at ambient tem-

Ž .perature 258C on a Shimadzu UV-2101 PC
double beam spectrophotometer.

2.3. Polarographic lipoxygenase assay

All polarographic measurements were carried
out using a Clark type oxygen electrode. Buffer
Ž . Ž1 ml 0.1 M borate pH 8.0 , substrate 27–270

. Ž .mM and inhibitors see Table 2 were given
into the cell; then the reaction was started by
adding 10 ml of enzyme stock solution. The
slope of the tangent laid onto the recorded curve
was used to calculate the maximum velocity of
the reaction.

2.4. Synthesis of acetylated curcumin

One hundred milligrams of curcumin was
dissolved in 10 ml of dry pyridine, 10 ml of
acetic anhydride was added and the mixture
stirred under nitrogen for 24 h at room tempera-
ture. Remaining acetic acid anhydride was hy-
drolyzed by addition of 40 ml of ice-cold water
and the solution was extracted three times with
diethyl ether. The combined organic layers were
washed three times with 0.1 M HCl and twice
with water. After drying with Na SO the sol-2 4

vent was evaporated and the residue was dis-
solved in ethanol. Acetylated curcumin was pu-
rified by preparative HPLC on a Lichrospher

Ž100 NH column 250=16 mm, 5 mm, 5 ml2
y1 .min , Knauer, Berlin, Germany with isocratic

Ž .elution EtOHrH O 85:15 . The structure of2

the acetylated product was confirmed by 1H-
ŽNMR appearance of an additional 6-proton sin-

.glet at 2.48 ppm and HPLC-MS analysis.

2.5. On-line liquid chromatography-tandem
( )mass spectrometry LC-MSrMS

Mass spectrometry was performed on a
Finnigan triple stage quadrupole TSQ 7000 LC-
MSrMS system with atmospheric pressure

Ž . Žchemical ionization APCI interface Finnigan
.MAT, Bremen, Germany . For APCI, the tem-

peratures of the heated vaporizer and inlet capil-
lary in the nebulizer interface were set to 3008C
and 2008C, respectively. The current of the
APCI corona discharge needle was set to 5.0
mA, resulting in 4.6 kV needle voltage. Nitro-

Ž y1.gen served both as sheath 10 l min and
Ž .auxiliary gas 50 psi . Data acquisition and

evaluation were carried out on a Personal DEC-
Žstation 5000r33 Digital Equipm ent,
.Unterfohring, Germany and ICIS 8.1 software¨

Ž .Finnigan MAT . HPLC separations were car-
ried out on a Lichrospher 100 NH column2
Ž .250=4 mm, 5 mm, Knauer using isocratic
elution with EtOHrH O 96:4 at 0.8 ml miny1.2

Runs were performed in positive mode. Product
ion spectra were available by collision induced

Ž .dissociation 1.8 mTorr Argon, y15 eV .

2.6. Product isolation

For preparative scale conversion, 100 mg
curcumin was dissolved in 40 ml ethanol and

Ž .poured into 1 l of 0.1 M borate buffer pH 8.0 .
After addition of 50 mg of LOX the mixture
was stirred for 3 h at ambient temperature with
air constantly bubbling through the mixture.
The reaction was terminated by adjusting the
pH to 4, then solid sodium chloride was added
up to saturation. The solution was subsequently
extracted with three portions of diethyl ether
and ethyl acetate each. The combined, dried
Ž .Na SO and concentrated extracts were ana-2 4

lyzed by HPLC on a Lichrospher 100 NH 2

column. Large scale purification was done on a
ŽLichrospher 100 NH column 250=16 mm, 52

.mm using isocratic elution with EtOHrH O2

90:10 at 5.0 ml miny1 flow rate. Chiral phase
HPLC was performed on a Ceramospher Chiral
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Ž .RU-1 column Shisheido, Japan by isocratic
elution with MeOH at a flow rate of 0.9 ml
miny1. For all HPLC separations detection was
done at 230 nm. CD-spectra of separated enan-
tiomers were recorded in acetonitrile on a Jasco
J-600 spectropolarimeter.

2.7. NMR spectroscopy

The 1H and 13C NMR measurements were
carried out on Bruker AÕance DMX-600 and
DRX-500 spectrometers in acetone-d . The6

chemical shifts are referred to d s0 ppm.TMS

For structure elucidation DEPT, H,H-COSY,
H,C-HMQC, H,C-HMBC and phase sensitive
2D NOESY spectra were run. The pulse pro-
grams were taken from the Bruker software
library.

3. Results

3.1. Spectroscopic studies

The conversion of curcumin 1 by soybean
LOX-1 was monitored by the decrease in ab-
sorbance at 430 nm in a double-beam spectro-
photometer. In preliminary studies, an optimum
of pH 8.0 was established. Thus, in a typical
assay, 20 ml of curcumin stock solution was

Ž .Fig. 1. Time-course photometric assay of the decomposition of
Ž .curcumin 1 by LOX-1; increasing amounts 14–68 mM of 1

Žwere used as substrate arrow indicates addition of LOX-1. ls430
Ž .nm, 2 ml 0.1 M borate buffer pH 8.0 .

Table 1
Ž .Kinetic parameters K , V and k of LOX-catalyzed oxy-m max cat

genation of curcumin 1 and linoleic acid

Substrate Assay K V km max cat
y1 y1Ž . Ž . Ž .mM mM min s

Curcumin photom. 95 53 2.8
Curcumin polarogr. 76 36 1.9
Linoleic acid photom. 20 250 13.3

Ždissolved in 2 ml of 0.1 M borate buffer pH
.8.0 . The reaction was started adding 10 ml

Ž y1.LOX-1 10 mg protein ml and allowed to
proceed for 4 min. UV spectra indicated that the
remaining amount of 1 after 4 min was negligi-
ble. As the enzymatic reaction was done in the
blank cuvette, an increase in absorbance at 430
nm was recorded. Fig. 1 shows the time course
of the degradation of 1 at different concentra-

Ž .tions 14–68 mM . Quantification was per-
formed using ´s27,500 My1 cmy1. A plot of

w xÕ vs. S showed the typical Michaelis–Menten
kinetics as derived with linoleic acid as sub-
strate. K and V values were different fromm max

Ž .those obtained for linoleic acid Table 1 . Km

for 1 was about four-fold higher than that
recorded for linoleic acid; V was decreasedmax

five-fold. No conversion of 1 was observed
when heat-inactivated LOX-1 was used.

3.2. Polarographic studies

Oxygen consumption of the enzymatic reac-
tion was monitored in a Clark type oxygen

Želectrode. Different concentrations of 1 10–100
y1 .mg ml corresponding to 27–270 mM were

used in this assay. Again, the reaction was
started by addition of LOX-1. The rate of oxy-
gen consumption was found to be dependent on
the concentration of substrate establishing

Ž .Michaelis–Menten first order kinetics of oxy-
gen insertion. A non-linear regression of the
data obtained in this assay revealed 76 mM as
K and 36 mM miny1 as V . No oxygenm max

consumption was observed when LOX-1 was
heat-inactivated prior to reaction. Correlation
between the absolute amount of oxygen con-
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Table 2
Inhibition of LOX-catalyzed oxygenation of curcumin 1

Substrate Inhibitor Assay Relative reaction
Ž Ž .. Ž .concentration mM rate %

Curcumin y photom. 100
Curcumin y polarogr. 100
Acetylated y polarogr. 19
curcumin

Ž .Curcumin HgCl 1.0 polarogr. 02
Ž .Curcumin BHA 0.06 photom. 0

Ž .Curcumin deferoxamine 0.5 photom. 52
Ž .Curcumin hydroxylamine 8.8 photom. 0
Ž .Curcumin hydroquinone 1.8 photom. 18

Ž .Curcumin dithizone 0.2 photom. 0

Ž .sumption mmol and the amount of 1 used in
Ž .the assay mmol was linear; the obtained ratio

was 0.8 to 1.
Ž .When acetylated curcumin C H O was25 24 8

used in the polarographic assay, the relative
Ž .reaction rate was decreased five-fold Table 2 .

3.3. Inhibition experiments

In an additional series of experiments the
enzymatic nature of LOX-1 action on 1 was
investigated. In order to exclude degradation of
1 by free radicals generated from LOX-1 activ-
ity, inhibition of the enzymatic reaction was
carried out in the presence of different in-
hibitors. The photometric assay was allowed to

proceed for 1 min after the addition of LOX-1
and was terminated by rapid addition of typical

Ž . Žinhibitors Table 2 . Addition of BHA 0.06
. Ž .mM , hydroxylamine 8.8 mM and dithizone

Ž .0.2 mM immediately stopped the conversion
Ž .of 1, while deferoxamine 0.5 mM and hydro-

Ž .quinone 1.8 mM left a relative reaction rate of
52% and 18%, respectively. When 1 mM HgCl2

was present in the polarographic assay, no con-
sumption of oxygen was observed.

3.4. Product isolation and identification

For preparative scale conversion, 100 mg
curcumin was oxygenated with LOX-1 and the
mixture extracted subsequently. The concen-
trated extract was analyzed by HPLC on a
Dichrospher 100 NH column. A typical run is2

shown in Fig. 2. As major conversion product 2
was detected. Product 2 was isolated by prepar-
ative scale HPLC and further examined by spec-
troscopic and chromatographic techniques.

Chiral phase HPLC on a Ceramospher Chiral
RU-1 column separated compound 2 into two

Ž .peaks of identical area Fig. 2, insert . CD
Žspectroscopy of the isolated enantiomers ob-

.tained by multiple injection yielded two oppo-
site CD spectra which proved metabolite 2 to be
a racemic mixture of two enantiomers.

Fig. 2. HPLC chromatogram of products formed by LOX-catalyzed oxygenation of 1. Elution time of 1 is indicated by the arrow; column:
Ž y1 .Lichrospher 100 NH 250=16 mm, 5 mm, 0.8 ml min , EtOHrH O 85:15, UV 230 nm . Insert shows separation of 2 by CP-HPLC,2 2

Ceramospher Chiral RU-1, 0.9 ml miny1, MeOH, UV 230 nm.
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Table 3
1 13 Ž .H and C chemical shifts 600r125 MHz, acetone-d and6
Ž .J H,H coupling constants observed for 2

1 13No. d H Multiplicity Coupling d C
Ž . Ž . Ž .ppm constant Hz ppm

1 3.63 dd J s6.3r 55.81-H,5-H

J s1.01-H,7-H

2 5.90 s J s0 97.92-H,1-H

4 5.41 d J s8.2 80.24-H,5-H

5 3.26 dd J s6.3r 54.85-H,1-H

J s8.25-H,4-H

6 y y y 200.8
7 4.89 d 1.0 109.4
8 y y y 187.9

X1 y y y 148.4
X2 6.92 d 2.7 105.4
X3 y y y 149.0
X4 y y y 145.6
X5 6.87 d 8.6 115.9
X6 6.71 dd 2.7r8.6 112.9
X3 -OMe 3.87 s y 56.4
Y1 y y y 129.8
Y2 6.84 d 1.9 111.5
Y3 y y y 147.6
Y4 y y y 146.7
Y5 6.69 d 8.1 114.9
Y6 6.74 dd 1.9r8.1 120.5
Y3 -OMe 3.76 s y 56.1

HPLC-APCI-MS and tandem MS in positive
mode of product 2 revealed mrz 401 as molec-

w xq Ž .ular adduct ion MqH . Curcumin MW 368
w xqshowed a molecular adduct ion MqH mrz

369 under the same conditions. So, we con-
cluded a molecular mass of 400 for the metabo-

Žlite. Tandem MS studies of 2 product ions of
mrz 401, collision energy y15 eV, 1.8 mTorr

.Ar yielded the following fragment ions: mrz
Žw xq. Žw xq.401 MqH , 383 MyH OqH , 3552

Žw xq. Žw xq.M y 46 q H , 277 C H O , 25914 13 6
Žw xq. Žw xq.C H O –H O and 249 C H O as14 13 6 2 13 13 5

base peak.
In the 13C NMR spectrum of 2 21 signals

appeared. DEPT measurement proved the exis-
tence of seven 5CH, four CH and two MeO
units. The five signals between 145 and 150
ppm substantiate five quaternary aromatic sp2

carbon atoms, which are attached to oxygen
atoms. A b-diketone moiety in enolated form is
in accordance with the quaternary signals at

200.8 and 187.9, and with dsCH at 109.4
ppm, the signal of the attached proton appearing

Ž . 1 13at 4.89 ppm d, 1H . H and C NMR chemical
Ž .shifts and characteristic J H,H couplings are

summarized in Table 3. Similar to 1, two 1,3,4-
trisubstituted aromatic rings can be identified in
the product 2. The NOESY cross-peaks between
2X-H and 3X-MeO, and between 2Y-H and 3Y-MeO
Ž .Table 4 , respectively, allowed assignment of
the methoxy groups to the different aromatic
rings. The HMQC supported the assignment of
the aromatic tertiary carbon atoms, while the
HMBC measurement unequivocally proved the
assignment of the quaternary signals, since the
cross-peaks revealed the two- or three-bond cor-
relation between protons and carbon atoms. The
connectivities obtained from HMBC between
d 3X-MeO at 3.87 ppm and C-3X, furthermore
between d 3Y-MeO at 3.76 ppm and C-3Y sup-
ported their 13C assignment to the signals 149.0
and 147.6, respectively. The cross-peaks of the

X X X Ž .5 -H proton delivered d C-3 and d C-1 148.4 .
The high chemical shift of this carbon atom
provides strong evidence that this ring is con-
nected via an oxygen atom to the molecule. The

Table 4
Results from the two-dimensional NMR experiments: 1H and 13C
long-range correlations observed by 2D HMBC measurement
Ž Ž . .600r125 MHz, J H,C s5 Hz and characteristic proton–proton

Žsteric proximities resulted from 2D NOESY measurement 500
.MHz, t s0.5 s observed for 2mix

131Proton H and C long-range Proton–proton steric
Ž . Ž .correlations HMBC proximities 2D NOESY

Carbon NOE observed

1 2; 8 2-H; 4-H; 5-H
2 1; 4; 5; 8 1-H

Y Y Y Y Y4 6; 1 ; 2 ; 6 5-H; 1-H; 2 -H; 6 -H
5 6; 8 4-H; 1-H
7 1; 5

X X X X X X2 1 ; 3 ; 4 ; 6 3 -OMe
X X X X5 1 ; 3 ; 4
X X X X6 1 ; 2 ; 4
X X3 -OMe 3
Y Y Y Y Y2 4; 3 ; 4 ; 6 4-H; 3 -OMe
Y Y Y Y5 1 ; 3 ; 4
Y Y Y6 4; 2 ; 4 4-H
Y Y3 -OMe 3
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Y Ž .assignment of d C-1 129.8 is based on the
correlation with 5Y-H, and its chemical shift
indicates the connection of this ring to a carbon
atom. The cross-peaks between 4-H and C-2Y,
and between 4-H and C-6Y, respectively, proved

Ž .that this ring is attached to C-4 80.2 . Consider-
ing the downfield appearance of this signal we
can conclude that C-4 is connected to an oxygen

Ž .atom. The strong shielding of C-2 97.9 is
diagnostic for its connection with two oxygen
atoms as substituents. The proton–proton
cross-peaks observed in the COSY experiment
supported the connectivities among 1-H, 4-H
and 5-H, but no coupling with 2-H was observ-

Ž .able because of J 1-H, 2-H ;0 Hz. The bond-
ing of C-2 to C-1 and O-3, respectively, was
determined from HMBC cross-peaks between
2-H and carbon atoms C-1, C-4, C-5 and C-8.
On the basis of the long-range C,H connectivi-
ties between 2-H and C-8, and furthermore be-
tween 4-H and C-6, we concluded that in the
b-diketo moiety C-6 appears in keto, C-8 in
enol form.

NOESY measurements were used to eluci-
date the steric arrangement of the substituents of
the tetrahydrofuran ring. The results of these
measurements are shown in Table 4. The NOE
response between 1-H and 4-H proved their cis
arrangement. The annelation of the two five-
membered rings only allows cis configuration

Fig. 3. Three-dimensional structure of 2 as derived by molecular
modelling; note: bond angle between H-1 and H-2 is 908.

for 5-H. 2-H exhibits a NOE cross-peak only
with 1-H, which indicates that 2-H should be
trans situated to 1-H, 4-H and 5-H in the tetra-
hydrofuran ring. In this case the dihedral angle
between 1-H and 2-H is nearly 908, which is in

Ž .accordance with the observed J 1-H, 2-H ;0
Hz coupling. On the basis of all chromato-
graphic and spectroscopic data product 2 was
identified as a racem ic m ixture of
Ž . wŽ X X1SR ,2 SR ,4SR ,5SR -2- 4 -hydroxy-3 -metho-

. x Ž Y Yxy -phenoxy -4- 4 -hydroxy-3 -methoxy-phe-
. w xnyl -8-hydroxy-6-oxo-3-oxabicyclo 3.3.0 -7-

Ž .octene 2, C H O . Molecular modelling21 20 8
Ž .Hyperchem 4 was carried out to visualize the
stereochemistry of the product. The result is
depicted in Fig. 3.

4. Discussion

Our studies revealed 1 as an excellent sub-
strate for LOX-1 despite the lack of a pentadi-
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ene system. Spectroscopic and polarographic
assays showed rapid conversion of 1 by the
enzyme. In neither of the assays degradation of
1 was observed with heat-inactivated LOX-1.
Conversion of 1 was immediately stopped by

Žaddition of typical LOX-1 inhibitors which did
.not act as radical scavengers . These findings

clearly demonstrated the enzymatic nature of
the reaction. Therefore, we exclude that degra-
dation of 1 was effected by free radicals, as they
may be derived during the LOX reaction.

w xGardner 2 has presented a pH-dependent
head-to-tail mechanism for LOX selectivity in-
dicating that the carboxylic moiety acts as a
signal for orientation of the substrate in the
active site of the enzyme. Protonation of the
carboxylic group leads to decreased hydropho-
bicity and inverse orientation of the substrate
molecule resulting in a lack of regioselectivity.
Thus, the carboxylic moiety of a fatty acid acts
as signal for the enzyme. We provide evidence
that under alkaline conditions the phenolic hy-
droxyl group of 1 mimics the carboxylate group.
Nevertheless, 1 is a symmetric molecule, so
there is no regioselectivity to be expected. This
view is supported by our data obtained with
acetylated curcumin. When both phenolic proups
are blocked the enzymatic degradation is signif-
icantly slowed down.

Scheme 1 summarizes the formation of 2 by
LOX action on curcumin 1. Major formation of
2 was observed. The structural elucidation of

Ž .by-products see Fig. 2 is still under progress.
None of the products that arise from chain
cleavage as effected by light or alkaline pH
w x20,21 were detected. Oxygen insertion was
confirmed by the MS data of the main product 2
isolated from the reaction mixture. The molecu-

Ž .lar mass of 2 M 400 is 32 Da higher com-r
Ž .pared to 1 M 368 , which is equivalent tor

dioxygenation of the substrate. Structure eluci-
dation of 2 was done by extensive NMR analy-
ses. All obtained spectroscopic data proved

Ž . wŽ Xidentity of 2 with 1SR, 2SR, 4SR, 5SR -2- 4 -
X . x Ž Yhydroxy-3 -methoxy -phenoxy -4- 4 -hydroxy-

Y .3 -methoxy-phenyl -8-hydroxy-6-oxo-3-oxa-bi-

w x Ž .cyclo 3.3.0 -7-octene 2, C H O . To our21 20 8

knowledge 2 represents a new type of bicyclus
that has not been described before.

Markus et al. have reported oxidation of
isoeugenol, coniferyl benzoate and analogues by

w xLOX 22 . LOX-mediated cleavage of the dou-
ble bond adjacent to the substrate’s phenolic
ring yielded considerable amounts of phenolic
aldehydes, e.g., vanillin. The enzymatic reac-
tion, however, was not described as a dioxy-
genation and remained unresolved. In our exper-

Žiments, we detected only minor amounts below
.1% of vanillin as cleavage products.
Hydroperoxides are the major products iso-

lated after LOX action on its common sub-
strates, i.e., 1,4-Z,Z-pentadienoic fatty acids. Al-
though we were not able to detect any, we
assume intermediate formation of a curcumin
hydroperoxide, the peroxy group presumably

Žlocated at C-1 of curcumin for numbering see
.Scheme 1 . Certainly, such a hydroperoxide

should be very unstable and easily undergo
rearrangement reactions. Product 2 should arise
via rearrangement and migration of the phenolic
ring which is a common phenomenon that oc-
curs with, e.g., cumene hydroperoxide.
Nonetheless, this explains neither formation of
the furanone nor of the attached five-membered

Scheme 1.
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ring. Further work is necessary to elucidate the
mechanism leading to formation of 2.

Usually stereospecific abstraction of a proton
from the double allylic methylene group of a
substrate is the first step in LOX catalysis.
Curcumin, despite its lack of an apparent 1,4-
Z,Z-pentadiene system, is an excellent substrate
for soybean lipoxygenase and is oxygenated at a
high reaction rate. One may suggest that the
1,3-diketo form of 1 may offer a quasi-double
allylic methylene, although we have no experi-
mental evidence for this assumption to date.
Furthermore, this tautomer is only to about less
than 1% present in curcumin solutions.
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