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ABSTRACT. Triple bond analogues of natural fatty acids irreversibly inactivate lipoxygenase during their
enzymatic conversion [Nieuwenhuizen, W. Bt,al. (1995) Biochemistry 3410538-10545]. To gain
insight into the mechanism of the irreversible inactivation of soybean lipoxygenase-1, we studied the
enzymatic conversion of two linoleic acid analogue%)9ictadec-9-en-12-ynoic acid (9-ODEYA) and
12(2)-octadec-12-en-9-ynoic acid (12-ODEYA). During the inactivation process, Fe(lll)-lipoxygenase
converts 9-ODEYA into three productse. 11-oxooctadec-9-en-12-ynoic acid, racemic 9-hydroxy-10-
(E)-octadec-10-en-12-ynoic acid, and racemic 9-hydroperoxiid¢tadec-10-en-12-ynoic acid. Fe(ll)-
lipoxygenase does not convert the inhibitor and is not inactivated by 9-ODEYA. Fe(lll)-lipoxygenase
converts 12-ODEYA into 13-hydroperoxy-Z){octadec-11-en-9-ynoic acid (34/689, 13-hydroperoxy-
11(E)-octadec-11-en-9-ynoic acid (36/6%9, 11-hydroperoxyoctadec-12-en-9-ynoic acid (11-HP-12-
ODEYA, enantiomeric composition of 33/67), and 11-oxooctadec-12-en-9-ynoic acid (11-oxo-12-ODEYA)
during the inactivation process. Also, Fe(ll)-lipoxygenase is inactivated by 12-ODEYA. It converts the
inhibitor into the same products as Fe(lll)-lipoxygenase does, but two additional products are formed,
viz. 13-0x0-11E)-octadec-11-en-9-ynoic acid and 13-oxo-A)t¢ctadec-11-en-9-ynoic acid. The purified
reaction products were tested for their lipoxygenase inhibitory activities. The oxo compounds, formed in
the reaction of 9-ODEYA and 12-ODEYA, do not inhibit Fe(ll)- or Fe(lll)-lipoxygenase. The 9- and
13-hydroperoxide products that are formed from 9-ODEYA and 12-ODEYA, respectively, oxidize Fe(ll)-
lipoxygenase to its Fe(lll) state and are weak lipoxygenase inhibitors. 11-HP-12-ODEYA is, however,
the most powerful inhibitor and is able to oxidize Fe(ll)-lipoxygenase to Fe(lll)-lipoxygenase. 11-HP-
12-ODEYA is converted into 11-o0x0-12-ODEYA by Fe(lll)-lipoxygenase. We propose a mechanism
for the latter reaction in which Fe(lll)-lipoxygenase abstracts the bisallylic hydrogen H-11 from 11-HP-
12-ODEYA, yielding a hydroperoxyl radical which is subsequently cleaved into 11-oxo-ODEYA and a
hydroxyl radical which may inactivate the enzyme.

Lipoxygenases (linoleate:oxygen oxidoreductase, EC regulatory molecules, senescence, and response to wounding
1.13.11.12) are non-heme iron-containing dioxygenases thatand pathogens (Siedow, 1991).

catalyze the conversion of unsaturated fatty acids with one | jpoxygenase-1 from soybeans shares many important
or more 1F),4(2)-pentadiene systems infhE-conjugated  characteristics with lipoxygenases from other sources. It is
hydroperoxy fatty acids. Lipoxygenases are widespread available in quantities that allow detailed structural and
among eukaryotes. Mammalian lipoxygenases catalyse thephysical studiesd.g Shibataet al. (1988), Van der Heijdt
first step in the formation of leukotrienes and lipoxins from et al. (1992), Boyingtoret al. (1993), Minor (1993), Minor
arachidonic acid (Yamamoto, 1992). These products play et al. (1996), Priggeet al. (1996), and Garet al. (1996)],

an important role in the immune response and in inflamma- and mechanistic studiese.p. De Groot et al. (1973),
tory processes. Because of their potential therapeutic ap-Verhagenret al. (1978), Ludwiget al. (1987), and Schilstra
plications, there is considerable interest in compounds thatet al. (1993)], and is therefore widely used as a model for
inhibit the lipoxygenase reaction (Nuket al. 1991; Ford- lipoxygenases from other sources.

Hutchinsoret al. 1994). The function of lipoxygenases in  Triple bond analogues of polyunsaturated fatty acids have
plants is only partly understood, but roles have been peen known as inactivators of lipoxygenase since 1965, and
suggested in plant growth and development, biosynthesis oftheir inactivating potential has been investigated by a number
of authors (Blain & Shearer, 1965; Downirgd al. 1970,
*To whom correspondence should be addressed. 1972; Hammarsf‘m* 1977; Corey & Munr(_)e, 1982; Corey
* Department of Bio-Organic Chemistry, Utrecht University. & Park, 1982; Kinn et al. 1984, 1991; Shielet al. 1985).
§ Department of Biomolecular Mass Spectrometry, Utrecht Univer- The mechanism by which triple bond analogues of natural
sity. . . . i
I Debye Institute, Utrecht University. §ubstrates mactlvate Ilpoxygenase_s has not yet been estab
O Unilever Research Laboratories. lished unambiguously. However, it is generally accepted that
® Abstract published ilAdvance ACS Abstractdarch 15, 1997. the inactivation is caused by an-@ependent, suicide-like
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action of the enzyme, since triple bond analogues are Lipoxygenase activity measurements were carried out
converted by lipoxygenase during the inactivating process. using a Hewlett-Packard 8452A diode array spectrophotom-
We observed that octadec-9,12-diynoic acid (ODYWps eter, by measuring the increase of the absorbance at 234 nm.
converted into 11-oxooctadec-9,12-diynoic acid (11-oxo- The lag phase and the burst of the lipoxygenase reaction
ODYA) by Fe(lll)-lipoxygenase and that an unknown short- were determined as described (Schilgtral. 1996) using a
lived intermediate, formed during the conversion of ODYA, Hi-Tech SF-51 stopped-flow apparatus equipped with an LS-
is responsible for the inactivation of lipoxygenase (Nieu- 10 light source and PM-60 photomultiplier.
wenhuizenet al. 1995; Schilstreet al. 1996). In order to obtain sufficient amounts of the reaction
To investigate the mechanism of the irreversible inactiva- products, typically, 1uM lipoxygenase was incubated for
tion of lipoxygenase by triple bond analogues of linoleic acid, 60 min at 25°C in air-saturated 0.1 M sodium borate buffer
we identified the products that are formed fror@R¢ctadec- (pH 10.0) with 40uM 9-ODEYA or 12-ODEYA in a total
9-en-12-ynoic acid (9-ODEYA) and 12)-octadec-12-en-  volume of 100 mL. The reaction was terminated by
9-ynoic acid (12-ODEYA) by soybean lipoxygenase-1. acidifying the mixture to pH 4 wit 4 M HCI. Then the
MATERIALS AND METHODS reaction products were extracted. as describgd (Nieuwenhui-
zenet al. 1995) and concentrated vacuousing a rotary
Materials. 9(2)-Octadec-9-en-12-ynoic acid (9-ODEYA)  evaporator. The water bath temperature was kept below 30

and 12g)-octadec-12-en-9-ynoic acid (12-ODEYA) were °C. Compounds were dissolved in 260 of methanol and
synthesized as described (Otsekal. 1986). On the basis  immediately stored under nitrogen a25 °C until use.

of the*C-NMR analyses, it was estimated that the 9-ODEYA  FAB-MS analyses were carried out on a JEOL JMS SX/
and 12-ODEYA contained-36% of theE isomers. Linoleic SX 102A four-sector mass spectrometer, equipped with a

acid, 9¢),12(2)-octadec-9,12-dienoic acid (99% pure), was JEOL MS-FAB 10 D FAB gun, as described (Nieuwenhuizen
from Sigma. 13§)-Hydroperoxy-9%),11(E)-octadec-9,12- et al. 1995).

dienoic acid (13-HPOD) and 8(-hydroperoxy-10),12(2)- HPLC analyses were performed using a Hewlett-Packard
octadec-10,12-dienoic acid (9-HPOD) were prepared enzy-Hp 1090 liquid chromatograph, equipped with an HP 1040A
matically as described (Van Aarkt al. 1991; Schilstreet  diode array detector and an HP 7994A analytical workstation.

al. 1992). Solutions of 13-HPOD (200 mM), 9-HPOD (250 HPLC analyses and purification of fatty acids were carried
mM), linoleic acid (300 mM), 9-ODEYA (300 mM), and  out on Cosmosil 5C18-AR (6m, 250 mmx 4.6 mm inside
12-ODEYA (300 mM) were stored in methanol (Merck, diameter, Nacalai Tesque) or Cosmosil 5C18-ARiS 250
gradient grade) under nitrogen a5 °C until use. mm x 10 mm inside diameter, Nacalai Tesque) columns,
Acetic acid and NaBWl were from Merck. Pyridine,  ysing methanol/water/acetic acid mixtures (75/25/0.1 or 80/
hexamethyldisilazane, and trimethylchlorosilane were from 20/0.1, v/v/v) as the eluents at flow rates of 1 or 3 mL/min,
Fluka. ©-(+)-2-Phenylpropionic acid and oxalyl chloride respectively. During purification procedures, the collected
were from Acros Chimica. Pyridine and toluene were dried fractions were kept on melting ice. The fractions were

by refluxing with CaH for 16 h and then distilled. Al diluted with 5 volumes of water, extracted, concentrated, and
reagents were of the purest grade available. stored as described above.

Lipoxygenase-1 from soybean§lfcine maxL.] Merr. For GG-MS analysis after purification, the products were
var. Maple Glen, Canada, 1993) was purified as describedreduced with NaBh hydrogenated, methylated, and silylated
(Finazzi Agroet al. 1973). Its concentration was estimated zs described (Nieuwenhuizen al. 1995).
from the absorbance at 280 nmdg = 1.6 x 10> mol™* L GC—MS analysis was performed on a Fisons GC 8000
cmY). The enzyme was stored at’€ at a concentration  series gas chromatograph, equipped with a DB-1 column (25
of 8 mg/mL in 0.05 M sodium acetate buffer (pH 5.5) ,m film thickness, 30 mx 0.31 mm inside diameter, J&W
containing 20% (w/v) ammonium sulfate. The purified scientific) using a temperature gradient from 140 to 280
enzyme consists predominantly of Fe(ll)-lipoxygenase with (10 min), rising at 4°C/min. Mass spectra were recorded
traces of Fe(lll)-lipoxygenase (Slappendtlal. 1981) and  every 0.2 s with a Fisons Instruments MD 800 MassLab
is called Fe(ll)-lipoxygenase throughout this paper. Fe(lll)- spectrometer under electron impact with an ionization energy
lipoxygenase was prepared as described (Nieuwenheizen of 70 eV.
al. 1995). _ _ (9-(+)-2-Phenylpropionic acid chloride was prepared by

Methods. UV-absorption spectra were recorded with a heating a solution ofS)-(+)-2-phenylpropionic acid (50 mg,
Hewlett-Packard HP 8452A diode array spectrophotometer. g 33 mmol) and oxaly! chloride (0.14 mL, 1.6 mmol) in dry

'H-NMR spectra were recorded with a Bruker AC 300 tglyene (1 mL) to 50C for 3 h. The reaction mixture was

(300 MHz) spectrometer in CDEht 27°C. *H chemical  concentratedn vacua The acid chloride was dissolved in
shifts are given in parts per milliod) relative to internal 5 mL of dry toluene and stored at25 °C until use.
TMS. To determine the enantiomeric composition of the 9- and

 Abbreviat EABMS. fast atom bombardment 12-ODEYA lipoxygenase products, the lipids were converted
reviations: -MS, fast atom bombardment-mass spec- ; ; ; :

tromety; FAB-MS/MS, FAB ionization, collision-induced decomposi- Into hydrOXySte.anC aC'.d methy] esters as qescnbe.d above
tions (CIDs) in the third field-free region (third FFR); GBS, gas and_ ConvertEd_th theil§-(+)-2-phenylpropionate diaste-
chromatographymass spectrometry; HPLC, high-performance liquid reoisomer derivatives (Hammaratmo& Hamberg, 1973).

gh{g”&‘;’ggg{gp;é’ialgﬂggg- é?ﬁ%?ggg%g;yi%vﬁg'ggtgggg' The hydroxystearic acid methyl esters were dissolved in 300
10,12-dienoic acid; 11-HP-12-ODEYA, 11-hydroperoxyoctadec-12-en- #L Of dry pyridine together with a catalytic amount of
9-ynoic acid:*H- and*C-NMR, proton and carbon nuclear magnetic ~ 4-(dimethylamino)pyridine. To this solution was added 100
resonance, respectively; 9-ODEYA Z){octadec-9-en-12-ynoic acid;  uL of 70 mM (S)-(+)-2-phenylpropionic acid chloride in dry

12-ODEYA, 12¢)-octadec-12-en-9-ynoic acid; ODYA, octadec-9,12-
diynoic acid; 11-ox0-9-ODEYA, 11-oxooctadec-9-en-12-ynoic acid; 11- toluene. After 2 h, S0@L of methanol was add‘?d and the
ox0-12-ODEYA, 11-oxooctadec-12-en-9-ynoic acid; 11-ox0-ODYA, Solvents were evaporated under a stream of nitrogen. The

11-oxooctadec-9,12-diynoic acid; TMS, tetramethylsilane. residue was dissolved in 4Q4_ of dichloromethane and
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washed twice with 40@L of 1 mM HCI. The organic phase 120
was concentrated under a stream of nitrogen and dissolved
in 50 uL of dichloromethane. 100 4
Separation of theSj-(+)-2-phenyl propionate diastereoi- I
somer derivatives of the 9-, 11-, and 13-hydroxystearic acid
methyl esters was performed on a Fisons GC 8000 series
gas chromatograph, equipped with a BPX70 columru {25
film thickness, 25 mx 0.22 mm inside diameter, SGE) using
a temperature gradient from 220 to 280, rising at 3°C/
min. Mass spectra were recorded as described above. The 204
diastereoisomers were identified by coinjection of the dias- (@)
tereoisomers derived from 9¢ or 13(S-HPOD. 0 : : : : :
Molar absorption coefficients and lipid concentrations were 0 10 20 30 40 50 60
determined with a Varian 3700 gas chromatograph, equipped Time (min)
with a DB-1 column (25«m film thickness, 30 mx 0.31
mm inside diameter, J&W Scientific) using a temperature
gradient from 140 to 280C (10 min), rising at £C/min. 100
The concentrations of the NaB#educed, methylated, and
silylated compounds were calculated from the response factor
of the internal standard, 19¢O-(trimethylsilyl)-9(2),11E)-
octadec-9,11-dienoic acid methyl ester. The concentrations
were compared with the measured ultraviolet absorbances
at 228 and 230 nm.
In the inhibition studies, incubations of lipoxygenase with
9- or 12-ODEYA or their purified reaction products were 204
carried out at 25C in 0.1 M sodium borate buffer at pH

80

60

40 1

Residual Activity (%)

120

80
60

40

Residual Activity (%)

(b)
10. The total volume of the incubation mixtures was 0.5 0 T J T T T

0 10 20 30 40 50 60

mL, and the lipoxygenase concentration wagM unless Time (min)

stated otherwise. Since the lipids were dissolved in metha- _ o _
nol, which could affect the lipoxygenase activity, care was FISURE 1: Time-dependent inactivation ofudM Fe(ll)-lipoxyge-

. . . nase (closed symbols) opiM Fe(lll)-lipoxygenase (open symbols)
taken that the final methanol concentration did not exceed ;, 5"1" M sodium borate buffer at pH 10.0 by (a) 9-ODEYA and

1% in the incubation miXture.S,.inCh:Iding the Control m!xtures. (b) 12-ODEYA at concentrations of 10 (Squares)' 100 (Circ|es)’ and
Measurements of the remaining lipoxygenase activity were 1000uM (triangles) inhibitor. Each point represents the mean value
performed after 46 h of incubation, unless stated otherwise. of three to six determinations. The vertical bars depict the SD.
Typically, 10uL of lipoxygenase solution was added to 1 ) ) ) -

mL of borate buffer at pH 10, and the reaction was started Insightll software package (Biosym/MSI suite) on a Silicon
by adding 10uL of a 4 mM linoleic acid solution in  Graphics Indigo computer.

methanol. Duplicate measurements were performed 30

60 min after the first measurement to ensure that no RESULTS
significant changes in residual activities occurred after the 1 gain insight into the molecular mechanism of the

first measurement. All measurements were performed atjrreversible lipoxygenase inactivation by triple bond ana-
least in triplicate. _ _ ~logues of linoleic acid, we studied the conversion aZ)9(
Ab initio quantum mechanical calculations were carried octadec-9-en-12-ynoic acid (9-ODEYA) and ZRpctadec-

out using the programme GAMESS-UKAIl geometries  12_en-9-ynoic acid (12-ODEYA) by soybean lipoxygenase-
corresponding to the stationary points on the potential energy1 .

surface were located by spin-restricted HartrEeck (RHF)

calculations with use of the 6-31g* basis set. Average Inactivation of Fe(ll)- and Fe(lll)-Lipoxygenase by 9-
gradients of 0.0005 and maximum gradients of 0.0075 were and 12-ODEYA

taken as convergence criteria. Z¢Hepten-5-yne and 4-hy-
droperoxy-2%)-hepten-5-yne were used as model compounds g At
for 12-ODEYA and 11-hydroperoxyoctadec-12-en-9-ynoic ODEYA on lipoxygenase activities, a 0, 10, 100, or 1000
acid, respectively. uM concentration of either inhibitor was added (at 0) to

Atomic structures for 9-ODEYA and 12-ODEYA were <+ #M solutions of either Fe(ll)-lipoxygenase or Fe(ll)-
constructed and manually fitted to the putative substrate I|pqugenas_e n 0.1 M sodium borate buffer at pH. 10.0. The
binding site of the three-dimensional structure of soybean residual activities were assessed as described in Materials
lipoxygenase-1 (2sbl; Boyingtoet al. 1993) using the and Methods and are expressed as percentages of the 13-

(9-hydroperoxy-9%),11()-octadec-9,11-dienoic acid (13-
- — - HPOD) formation rate in the control samples. The results
2 GAMESS-UK is a package @b initio programs written by M. F.

Guest, J. H. van Lenthe, J. Kendrick, K. Schoffel, P. Sherwood, and are shown 'r' pane!s a anpl b of Flgu.re 1 .

R. J. Harrison with contributions from R. D. Amos, R. J. Buenker, M. Over a 1 hincubation period, the residual activity of Fe(ll)-

\?VUDuiS. NC Hantl\l}/, :.RH.SHiIieé, P.J. K(rj\ox\vle;, \S/ Bona%:it::-Kouticky, _ lipoxygenase was not affected by 9-ODEYA. The residual
. von Niessen, V. R. Saunders, and A. J. Stone. The package is 4nti /i i

derived from the original GAMESS code by M. Dupuis, D. Spangler, aCtIVItyOOf Fe(lll)-lipoxygenase, howeyer’ dropped_ to 28, 46,

and J. Wendoloski in the NRCC Software Catalog Vol. 1 Program No. &nd 75% of the control values when incubated with 10, 100,

QGO01 GAMESS (1980). and 1000uM 9-ODEYA, respectively. The most rapid

In order to investigate the effect of 9-ODEYA and 12-
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A3
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Ficure 3: UV-absorption spectra, recorded in methanol, of the
B1 purified reaction products formed in the reactions of 9-ODEYA
and 12-ODEYA with lipoxygenase. The intensities of the spectra
were arbitrarily matched to facilitate comparison. (a) Spectrum of
B4. The spectrum oAl is identical with that oB4. (b) Spectrum
of A2. The spectra oA3 andB5 are identical with that oA2. (c)
Spectrum ofB1. (d) Spectrum ofB3. The spectrum o6 is
identical with that ofB3.

Time (min)

B1

,'\l 87, 74, and 40% of the control values for both Fe(ll)- and
Fe(ll)-lipoxygenase when incubated with 10, 100, and 1000
uM 12-ODEYA, respectively. In contrast to the results with

9-ODEYA, the residual activity decreased faster with

increasing 12-ODEYA concentrations (see Discussion).

———
11.6 12.0

(b)

Time (min) HPLC and UV Analysis of Reaction Products
B1 Fe(ll)- but not Fe(l)-lipoxygenase converted 9-ODEYA.
In Figure 2a, the HPLC chromatogram of the produgts
A3) formed in the reaction of kM Fe(lll)-lipoxygenase
with 40 uM 9-ODEYA for 60 min in borate buffer at pH
10.0 is shown. The average peak area ratidé®fand A2
was 7/1.
12-ODEYA was converted by both Fe(ll)- and Fe(lll)-
lipoxygenase. In panels b and c of Figure 2, the HPLC
chromatograms of the products formed in the reactions of 1
uM Fe(ll)-lipoxygenase or kM Fe(lll)-lipoxygenase with
40 uM 12-ODEYA for 60 min in borate buffer at pH 10.0
are shown, respectively. When 12-ODEYA is converted
f T T T T T 1 starting with Fe(ll)-lipoxygenase, six producB&l—B6) are
10 12 14 Tin:: (min) 18 2 2 formed. The average peak area ratio8&fandB5 and of
B6 and B3 were 2.1/1 and 4.5/1, respectively. When the
FIGURE 2: (a) Reversed phase HPLC Chromatogram (75/25/01 reaction with 12-ODEYA is started with Fe(lll)-lipoxyge-

methanol/water/acetic acid, 1 mL/minn C;g, 250 mmx 4.6
mm inside diameter) of the products formed in the reaction of Nase, only the compoundgl, B2, B4, andB5 are formed,

9-ODEYA with Fe(lll)-lipoxygenase. (b) Reversed phase HPLC and notB3 andB6. In this case, the average peak area ratio
chromatogram (80/20/0.1 methanol/water/acetic acid, 3 mL/min, of B1 and B5 was 1.4/1.
et e soneion 0110 DOV A i R oogenast. ) 1o1he UY secta of he ipoxygenase producis of & and
Reversed phase HPLC chromatogram (75/25/0?1 nz/egthanollwaterllz'ODEYA are shown in Flgl.”e 3. Compo_un@ﬁ aanA'
acetic acid, 1 mL/min, 5um Cys, 250 mm x 4.6 mm inside have identical UV spectra with an absorption maximum at
diameter) of the products formed in the reaction of 12-ODEYA 256 nm (spectrum a); compound&, A3, and B5 have
with Fe(lll)-lipoxygenase. The solid lines represent the traces at identical UV spectra with an absorption maximum at 230
228 nm; the dashed lines represent the traces at 270 nm. The insetgy, (spectrum b), and compouBd. has a UV spectrum with
:’?n’??i?gll.lsnzBafd ¢ depict magnification of the trace recorded at 205 an absorption maximum at 228 nm (spectrum c). Com-
pounds B3 and B6 have identical UV spectra with an
decrease in residual activity was observed at low inhibitor absorption maximum at 270 nm (spectrum d). Compound
concentrations (see Discussion). From this experiment, it B2 has no chromophore and was detected at 205 nm (see
can be concluded that 9-ODEYA inactivates Fe(lll)-lipoxy- the insets in panels b and c of Figure 2).
genase, but not Fe(ll)-lipoxygenase. Upon reduction with NaBl compound#A1 andB4 lost
Both Fe(ll)- and Fe(lll)-lipoxygenase are inhibited by 12- their chromophores. After reduction with NaBHA3
ODEYA. The rates at which the residual activities of the coeluted withA2 on HPLC. The UV spectra of the NaBH
two lipoxygenase preparations decreased did not differ reducedB3 and B6 are identical to those oB1 and B5,
significantly. The residual activity dropped to approximately respectively, and they coelute on HPLC with Naiidduced

B1

B2

()

A
14.5 15.0
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B1 andBS5, respectively. This indicates thBB is the oxo
derivative ofB1 andB6 is the oxo derivative oB5. After
reduction with NaBH, compound#3, B1, B2, andB5 had
shorter retention times on HPLC, but the retention time of
A2 did not change, indicating th&3, B1, B2, andB5 are
hydroperoxides ané2 is a hydroxide.

multiplet. d=

B6

2.36 (t)3= 7.41)
1.64 (m)

1.18-1.45 (m)

1.50 (m)
2.38 (dt,J;s= 6.79;

Mass Spectrometric Analysis of the Reaction Products

6.64 (th11,12: 1595)
6.44 (d)

2.51 (014,15: 742)
0.89 (t,]17,13: 679)

J3,11: 209)

The reaction products were converted into their hydroxy-
stearic acid methyl ester derivatives, silylated (see Materials
and Methods), and then analyzed with GRS (El ioniza-
tion; data not shown). The mass spectra of compouids
B2, andB4 show major ions atn/z201 and 287 which were
assigned to [CE(CH,)s — (OTMS)CHJ" and [CH(OTMS)-
(CH,)sCOOCH;] ™, respectively, indicating the presence of
a hydroxyl group at C-11. The mass spectra of compounds
A2 andA3 show major ions amn/z229 and 259, which were
assigned to [CE(CH,)s — (OTMS)CHJ" and [CH(OTMS)-
(CH,);COOCH;]", respectively, indicating the presence of
a hydroxyl group at C-9. The mass spectra of compounds
B1, B3, B5, andB6 show ions atn/z173 and 315, assigned
to [CH3(CH2)4 - (OTMS)CHr and [CH(OTMS)(CH)M-
COOCHj]*, respectively, indicating the presence of a hy-
droxyl group at C-13.

B5

2.36 (tJo5 = 7.48)
604 (dd]12,13: 647)
412 (qv‘]13,l4: 684)

\]3,11: 198)
2.35 (m)

1.22-1.44 (m)
0.89 (t,]]],la: 687)

a Chemical shifts §) are given in parts per million at 27C and were measured in CDGElative to internal TMS. Coupling constantd,(in parentheses) are given in hertz triplet. m

doublet. dd= double doublet. ta= triple doublet. g= quartet. dt= double triplet.

1.47 (m)
2.30 (dt, 7= 7.01;
5.67 (dd‘,]j_l,lz: 1588)
1.55 (m)

B3
2.36 (tJ23= 7.46)
J8,11: 239)
276 (01415: 746)
1.2+1.39 (m)
0.90 (t,.]17,18: 687)

1.64 (m)

1.45 (m)
2.44 (dt,J; = 7.05;

'H-NMR Analysis of the Reaction Products

6.10 (thn,lz: 1161)

6.20 (d)

In order to establish the geometry of the double bonds,
the NaBH-reduced reaction products were analyzed with
'H-NMR spectroscopy. Th#H-NMR data are listed in Table
1, and the structures of the products are shown in Figure 4.

A2 and A3. The 3Jy04; of 15.82 Hz in the spectrum of
A3 indicates that the conjugated double bond hasEhe
geometry. A2 and A3 have identical UV spectra, and the
silylated hydroxystearic acid methyl ester derivativeé\af
andA3 have identical mass spectra. Furthermé/@has a
longer retention time on reversed phase HPLC tharbut
coelutes with A2 after reduction with NaBl A2 is
therefore identified as 9-hydroxy-IE)-octadec-10-en-12-
ynoic acid andA3 as 9-hydroperoxy-1®)-octadec-10-en-
12-ynoic acid.

B1 and B5. The 3Jy; 1, 0f 11.61 Hz in the spectrum of
B1 indicates that the conjugated double bondihhas the
Z geometry, and théJy; 1, of 15.88 Hz in the spectrum of
B5 indicates that the double bond 8% has theE geometry.

B1 andB5 are therefore identified as 13-hydroperoxy-11-
(2)-octadec-11-en-9-ynoic acid and 13-hydroperoxyE)}4(
octadec-11-en-9-ynoic acid, respectively.

B3 and B6. The 3J;; 1, 0f 11.61 Hz in the spectrum of
B3 indicates that the conjugated double bondBhas the
Z geometry, and théJy; 1o of 15.95 Hz in the spectrum of
B6 indicates that the conjugated double bondthhas the
E geometry. Compoun®3 is therefore identified as 13-
0x0-11@)-octadec-11-en-9-ynoic acid aB® as 13-o0xo-11-
(E)-octadec-11-en-9-ynoic acid.

B2. From the'H-NMR spectrum oB2, the geometry of
the double bond could not be deduced. Because the exact
chemical shifts of H-12 and H-13 cannot be derived from
the spectrum, attempts to determine the geometry of the
double bondvia a simulation of the spectrum failed.

Al andB4. There was insufficient material available for
accurate'H-NMR analyses oAl and B4.

B2
2.36 (t)o3= 7.37)

1.45 (m)

2.21 (dt,J;5= 6.87;
5.54 (m, H-12F H-13)

\]3,11: 195)
5.14 (td‘]]_]_,]_z: 716)
1.22-1.43 (m)
0.89 (t,J17,;|_8: 683)

2.12 (m)
1.55 (m)

B1

2.36 (tJ23= 7.35)
1.48 (m)

2.33 (dt}rs= 7.57;

J8,11: 223)

5.53 (dell,]_z: 1161)
5.81 (dd,Ji1213= 6.50)
4.65 (qr‘]13,14: 690)
2.35 ()

1.54 (m)

1.29-1.45 (m)

0.90 (t,]17,18: 683)

A3
2.35 (t,Jp3 = 7.50)

1.57 (m)
J14'15: 709)

5.68 (dd,]l()'ll: 1582)
2.29 (dtJ11,14: 206,
1.53 (m)

1.281.49 (m)
0.91 (t,\]17|18: 688)

6.04 (dd ,Jg,m = 646)

4.12 (q,Js0= 7.01)

2.33 (m)

protons

O NM<
C}Il\lw O

ITITI ITIIIIT

H-3, -4, -5, -6, -16, -17

H-15
H-18

Table 1: 300 MHZ'H-NMR Data of Compound#3, B1-B3, B5, andB6?
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H""00H FIGURE 6: Spectra, corrected for the protein absorbance, of the
(R/S 34:66) (enantiomeric ratio 33:67) reaction between 500 nM lipoxygenase andi®0 B2 in 0.1 M
B3 B4 sodium borate buffer at pH 10.0.
V\/\Mcm _ = COOH concentration oB2 was determined as described in Materials
0 and Methods.
After 10 min, the mixtures were stopped-flow mixed in a
B6 . . . . . .
B 1/1 ratio with a solution of 10@M linoleic acid. The redox
BB T coon YA ~coon state of lipoxygenase at the start of the reaction is apparent

from the shape of the curve during the pre-steady-state phase
(Schilstraet al. 1996). All tested hydroperoxides were able

to oxidize Fe(ll)-lipoxygenase to the Fe(lll)-lipoxygenase.
The initial lag phase of 0.6% 0.03 s changed into a burst
(Schilstraet al. 1994) of 1.184+ 0.04 s in the samples
containing 13-HPODB1, B2, andB5 and into a burst of
0.42+ 0.10 s in the sample containirfg.

(R/S 36:64)
FiIGUrRe 4: Structures of 9-ODEYA, 12-ODEYA, and their lipoxy-
genase products. The structuresAdf, B2, andB4 are shown as

the Z isomers, although the geometries of the double bonds were
not established.

120

100 Inactivation of Lipoxygenase by the Purified Lipid

Hydroperoxides

The lipid hydroperoxide#\3, B1, B2, B5, 9-HPOD, and
13-HPOD were added to Fe(ll)-lipoxygenase (see Figure 5).
The time course of the inactivation processes was not
determined, and the residual activities were determined after
several hours to ensure that the inactivation reactions were
complete. The residual activities with increasing hydro-
peroxide concentrations show that 9- and 13-HPOD have
0 %0 100 1t 200 250 30 3% 400 only a minor effect on the enzymatic activity, the 13-
. hydroperoxidedB1 and B5 reduced the enzymatic activity
Unhibitor] (uM) slightly, whereas the 9-hydroperoxide is a more potent

FiGURe 5: Influence of increasing concentrations of compounds inhibitor. The strongest inhibition, however, was observed
B1(m), B2 (@), BS (4), A3 (4), 13-HPOD (), and 9-HPOD ©) with the 11-hydroperoxidB2, reducing the residual activity

on the residual activity of kM lipoxygenase in 0.1 M sodium 0 .
borate buffer at pH 10.0 and Z%&. The residual activities were to less than 10% at 20@M concentrations. The oxo

measured 46 h after addition of the lipids. Duplicate measurements COmMpounds\1, B3, B4, andB6 did not affect the enzymatic
were performed 3060 min after the first measurement to ensure activity of either Fe(ll)- or Fe(lll)-lipoxygenase.

that no significant changes in residual activities occurred after the

first measurement. Each point represents the mean value of threeCorwersion ofB2 during Lipoxygenase Inhibition

to six determinations. The vertical bars depict the SD.

80

60

40

Residual Activity (%)

20~

0 T

After the inactivation of lipoxygenase with3, B1, or B5,
no UV spectral changes or reaction products were detected
with UV/VIS or HPLC analyses. However, when 20/
B2 was added to a 500 nM Fe(ll)-lipoxygenase solution in
To 100 nM Fe(ll)-lipoxygenase solutions in borate buffer porate buffer at pH 10.0, the formation of a compound with
at pH 10.0 was added 500 nM, 13-HPORBS, B1, B2, or a UV spectrum identical to that &4 was observed (Figure
B5. At these hydroperoxide concentrations, no significant ). WhenB2 was added to a 500 nM solution of heat-
lipoxygenase inactivation is observed (see below). The denatured lipoxygenase, no spectral changes were observed,
concentration of hydroperoxides was determined using molarindicating that the conversion 82 is an enzymatic process.
absorption coefficientszss of 2.5 x 10* mol~* L cm™ for The irreversible inactivation of lipoxygenase B is not a
13-HPOD anckzpdezs0 of (1.5+ 0.2) x 10* mol~* L cm™? suicide inactivation because more than &2molecule per
for A3, B1, andB5. The latter value is close to that reported lipoxygenase molecule is converted.
for 11(E)-octadec-11,17-dien-9-ynoic acid methyl estgpd The disodium salt of thB2-derived product was analyzed
= 1.6 x 10* mol™* L cm™%; Hopkins et al. 1968). The without further derivatization with FAB-MS/MS, using

Corwersion of Fe(ll)- into Fe(lll)-Lipoxygenase by the
Hydroperoxide Products
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—Z COONa, Table 2: Total Energies Calculated with the Program GAMESS-UK
100 - n7 8 337 Using Spin-Restricted Hartred-ock (RHF) Calculations with the
6—31g Basis Set
104
relative energy total energy
90 173 compounds (kJ/moly (kJ/mol)
S CHjy - R
S a _ 0 711040.9
.E 293 e
= b CHy +296.5 -709436.3
131 7
3 159 199 280 HaC
b
| } 1 X
c CHg 0 -1103823.7
4
0 .l .\ l.h#m.'ml »&IJL, HC

020 60 100 140 }{;o 220 260 300 340 H'oon
m/z

FIGURE 7: FAB-MS/MS spectrum of the disodium salt of the ¢ /:\‘/CHS 039 oL
compound formed in the reaction of lipoxygenase vth He L
collision induced decomposition (CID) in the third field- ¢ //C”a 775 -904532.2
free region (third FFR) of the mass spectrometer. In the e
high-mass region of the FAB-MS/MS spectrum (Figure 7), ° 13081
the sodium-cationized molecular ion [M 2Na — H]* at ‘H
m/z 337 is observed, indicating that the compound has a ¢ e - -197905.9
molecular mass of 292. The ions @tz 293 and 280 are i ) 199566.2
assigned to fragments [M- C3Hg]™ and [M — C4Hg]*t, H20 '

respectively. The SpeCtru.m also shows ions&90, 104, @ Compounda is a model for 12-ODEYA, compournidl for the 12-
117, and 173, corresponding to [@%]‘+'_ [C2H202N3Q1.+’ ODEYA pradical, compoundc for B2, cor’npourl?dd for the 11-
[CsH30.Nay] ", and [GH110:Na] *, respectively, proving that  hydroperoxyl-12-ODEYA radical, and compoure for B4. b The
the seven methylene groups of the molecules adjoining theenergies relative to Zj-hepten-5-yned) or 4-hydroperoxy-Z)-hepten-
carboxyl group have not changed. The mass spectrum is5-yne €) are corrected for the missing hydrogéndr hydroxyl radical
identical to that oB4 (not shown), and it can be concluded -
that 11-hydroperoxyoctadec-12-en-9-ynoic a@@)(is con-
verted into 11-oxo-octadec-12-en-9-ynoic adi#t) during the number of atoms is the same in every reaction step, and
the irreversible inactivation of Fe(lll)-lipoxygenase. energy differences are only caused by the breaking of
chemical bonds.

BecauseB2 consists of both enantiomers of the bisallylic
) hydroperoxide (enantiomeric composition of 33/67, see

CompoundsA2, A3, B1, B2, andB5 were reduced with  5p0ve), and Fe(lll)-lipoxygenase is capable of abstracting
NaBH,, methylated, and hydrogenated as described (Nieu-the pisallylic pro-S hydrogen of an unsaturated fatty acid
wenhuizenet al. 1995).. The'hydroxystearlc acid methyl (Egmondet al. 1972), the first step in the formation &4
esters were converted into diastereoisomers vaj(r)-2- (Table 2,€) is most likely the abstraction of the H-11 (see
phenylpropionic acid chloride (Hammaratmo& Hamberg, also Figure 8). The H-11 abstraction froB2 (c) yields
1973). The assignment of the diastereoisomers was madgagicald and costs 303.9 kd/motl (- f — c), which is on
by coinjection of the diastereoisomers derived romS3(  the same order of magnitude as the abstraction of the first
or 9S}HPOD. CompoundsA2 and A3 are formed as  pjgg|lylic hydrogen H-11 from 12-ODEYA4) that costs
racemic mixtures. Interestingly, compoyrBﬂsandBS ha\_/e 4296.5 kJ/mol § + f — a) and yields a 12-ODEYA radical
R/Sratios of 34/66 and 36/64_, respectively. TR&Sr{;\tlo (b). Radicald is then cleaved into a hydroxyl radica)(
of B2 could not be established because a chiral 11- 5hqB4 (e), yielding —77.5 kd/mol € + g + f — ¢). If the
hydroxystearic acid standard was not available. However, gpstracted hydrogen and the hydroxyl radical react and form

Enantiomeric Composition of the Hydro(pero)xide
Products

an enantiomeric ratio of 33/67 was observed. water, the total dehydration reaction yield274.7 kJ/mol
Quantum Mechanical Study of the Reactions of Bisallylic (e + h — c; see Discussion).
Hydroperoxides

BecauseB2 is converted intdB4 during the irreversible DISCUSSION

inactivation of lipoxygenase, the putative intermediates of In previous studies, we showed that, during the irreversible
the reaction mechanism were evaluated usalg initio inactivation of lipoxygenase by the linoleic acid analogue
quantum mechanical calculations in whichZpfepten-5- octadec-9,12-diynoic acid (ODYA), the inhibitor is converted
yne and 4-hydroperoxy-Zj-hepten-5-yne were used as into 11-oxooctadec-9,12-diynoic acid (11-oxo-ODYA) but
model compounds for 12-ODEYA argP, respectively. The  that 11-oxo-ODYAper sedoes not inactivate the enzyme
structures of the model compounds and the calculated total(Nieuwenhuizeret al. 1995). The irreversible inactivation
energies are shown in Table 2. To compare the different of lipoxygenase is caused by a short-lived intermediate,
reaction steps, the energies relative to the energy &fF2(  possibly 11-hydroperoxyoctadec-9,12-diynoic acid (11-HP-
hepten-5-yne or 4-hydroperoxyZthepten-5-yne were cal- ODYA,; Schilstraet al. 1996). To further investigate the
culated. The energies of the free radicals were correctedinactivation mechanism, we tested the linoleic acid analogues
for the missing hydrogen, hydroxyl radical, or water. Hence, 9(2)-octadec-9-en-12-ynoic acid (9-ODEYA) and Z}(
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OH B6 are formed than is expected on the basis of a 1/1 reaction
—F i B2 of hydroperoxide and lipoxygenase. It is conceivable that
H “OOH 9-ODEYA is not converted by Fe(ll)-lipoxygenase if the C-9
hydroperoxideA3 is less active than the C-13 hydroperoxides
Fe(lll)-LOX B1 andB5 in oxidizing Fe(ll)- to Fe(lll)-lipoxygenase. The

latter is indicated by the shorter burst phase that is observed
after the addition oA3 to Fe(ll)-lipoxygenase than that with
Fe(ll)-LOX...H" the sameB1 or B5 concentrations. This implies that in the
presence of 9-ODEYA too littléd3 is formed to oxidize
Fe(ll)-lipoxygenase to the catalytically active Fe(lll) state

P OH to start the reaction.
=7 o Because the oxo compoumi is formed in the reaction
OOH of Fe(Il)- and Fe(lll)-lipoxygenase with 12-ODEYA, whereas

the oxo compoundB3 andB6 are formed only by Fe(ll)-

lipoxygenase, it is proposed thAR is converted intB4 by

Fe(ll)-lipoxygenase. Fe(lll)-lipoxygenase can abstract bis-
*oH =————=> inactivation allylic hydrogen atoms, and the enzymatic abstraction of the

H-11 from B2 and the concomitant formation &4 and a

hydroxyl radical is conceivable (Figure 8), although a

mechanism involving a peroxyl radical cannot be excluded

_ OH B4 on the basis of the present data.

o) It is not clear if both enantiomers @2 are converted,
0 but it is most likely that the bisallylipro-SH-11 is abstracted
FIGURE 8: Proposed mechanism for the formation of 11-oxoocta- (Egmondet al. 1972) since the required energy (303.9 kJ/
dec-12-en-9-ynoic aciddd) from 11-hydroperoxyoctadec-12-en-  mol, see Results) is comparable with the abstraction of the
9-ynoic acid B2) during the irreversible inactivation of Fe(lll)- pro-SH-11 (296.5 kd/mol) from 12-ODEYA. The abstrac-
lipoxygenase [Fe(ll)-LOX]. . . . . .

tion of the bisallylic H-11 by Fe(lll)-lipoxygenase yields a

bisallylic hydroperoxide radical. The subsequent cleavage
of the O—0O bond is energetically favorable-{7.5 kJ/mol),
and a hydroxyl radical an&4 are formed. The hydroxyl
radical is an extremely reactive species that may inactivate
the enzyme, possibly by the oxidation of the iron histidine
ligands, resulting in the release of iron from the enzyme
(Hohneet al. 1991). The competition between the inactiva-
tion of the enzyme and the formation of water from the
hydroxyl radical and the abstracted hydrogen atom may
explain why more than onB2 molecule per lipoxygenase
molecule is converted, and no true suicide inhibition is
observed. The inactivation mechanism is in line with the
observed inactivation of Fe(lll)-lipoxygenase by a short-lived
intermediate formed during the conversion of ODYA into
11-ox0-ODYA (Nieuwenhuizewet al. 1995; Schilstraet al.

octadec-12-en-9-ynoic acid (12-ODEYA) as substrates and
inhibitors for soybean lipoxygenase-1.

When the conversion of 12-ODEYA is started with Fe-
(IN-lipoxygenase, the products 13-hydroperoxy-2)t¢cta-
dec-10-en-12-ynoic acid (34/@8/S B1), 11-hydroperoxy-
octadec-12-en-9-ynoic acid (enantiomeric composition of 33/
67,B2), 13-oxo-11F)-octadec-11-en-12-ynoic aciBg), 11-
oxooctadec-12-en-9-ynoic aciB4), 13-hydroperoxy-1H)-
octadec-11-en-12-ynoic acid (36/&4S B5), and 13-oxo-
11(E)-octadec-11-en-12-ynoic acid3§) are formed (see
Figure 4). Fe(lll)-lipoxygenase also converts 12-ODEYA
into B1, B2, B4, and B5, but no B3 or B6 is formed.
Interestingly, Fe(ll)-lipoxygenase does not convert 9-ODEYA,
whereas Fe(lll)-lipoxygenase converts 9-ODEYA into 11-
oxooctadec-9-en-12-ynoic acidl), racemic 9-hydroxy 10-

en-12-ynoic acid £2), and racemic 9-hydroperoxy 10-en- 1996)_' _ ) o o

12-ynoic acid A3) (see Figure 4). Al is formed during the irreversible inactivation of Fe(lll)-
Fe(l)-lipoxygenase preparations contain traces of catalyti- liPoxygenase by 9-ODEYA. Although no 11-hydroperoxy-

cally active Fe(lll)-lipoxygenase (Slappendet al. 1981; octadec-9-en-12-ynoic acid was isolated, the presence of the

Nieuwenhuizeret al. 1995) that produce lipid hydroperox- ~ corresponding 11-oxo compound suggests that an 11-
ides which initially are used to convert Fe(ll)-lipoxygenase hydroperoxide has been formed, and an inactivation mech-
into the Fe(lll) form. Conversion of Fe(ll)- to Fe(lll)- anism identical to that presented above is conceivable.

lipoxygenase should lead to the conversionBdf and B5 BecauseA3 is also a lipoxygenase inhibitor, the effects of
into the oxo compound83 and B6. The absence oB3 poth compounds will be additive in the irreversible inactiva-
and B6 in the reaction of Fe(lll)-lipoxygenase with 12- tion of lipoxygenase by 9-ODEYA.

ODEYA suggests that the dioxygenation reaction goes The rate of decrease in the residual activity of lipoxygenase
through a complete catalytic cycle and that no 12-ODEYA decreases with increasing 9-ODEYA concentrations, whereas
radicals or peroxyl radicals are released from the enzymethe residual activity of lipoxygenase decreases faster with
because this would leave the enzyme in the Fe(ll) state. Bothincreasing 12-ODEYA concentrations (see Figure 1). This
B1 andB5 can oxidize Fe(ll)-lipoxygenase to catalytically indicates that the conversion of 9-ODEYA is slow and small
active Fe(lll)-lipoxygenase. However, the ratiosRif and amounts of the inactivating species compete with the other
B5 of 2.1/1 and 1.4/1 formed in the reaction of Fe(ll)- and substrates for interaction with lipoxygenase, leading to slower
Fe(lll)-lipoxygenase, respectively, indicate that predomi- inactivation at high 9-ODEYA concentrations (Schilstta
nantly B5 is used for the formation of Fe(lll)-lipoxygenase. al. 1996). The faster inactivation with increasing 12-
The hydroperoxide®1 and B5 do not efficiently oxidize ODEYA concentrations corresponds to the faster production
Fe(ll)-lipoxygenase to the Fe(lll) state because n@8end of the inactivating species.
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Insight into the interactions of a substrate with lipoxyge- Imperial College, London) for helpful discussions and
nase can be obtained through molecular modeling, startingreading of the manuscript.
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