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ABSTRACT: Previous work has demonstrated that the ferric form of soybean lipoxygenase-1 will catalyze
an elimination reaction on 12-iodds-9-octadecenoic acid (12-I0DE) to produce 9,11-octadecadienoic
acid and iodide ion. Elimination is accompanied by irreversible inactivation of the enzyme on 1 out of 10
turnovers. In the present work, 11,11-dideuterio-12-10DE-1R-IODE) was synthesized and used to
demonstrate that both the elimination reaction and inactivation of the enzyme exhibit very large kinetic
isotope effects. The rates with the deuterated compound are so low that the isotope effects are difficult to
qguantify, but they appear to be comparable to the isotope effects previously observed for the normal
reaction catalyzed by lipoxygenase and much larger than can be explained by zero-point energy
considerations. ESR spectroscopy was used to demonstrate that 12-IODE can reduce ferric lipoxygenase
to the ferrous form, and a large isotope effect on this process was observed:@BRIODE. It is proposed

that the pathway leading to reduction and inactivation by 12-10DE is initiated by homolytic cleavage of
the C(11)-H bond. Elimination could be initiated either by homolytic or by heterolytic cleavage of this
bond. The results suggest that very large isotope effects may be a general feattitd bb@d cleavages
catalyzed by this enzyme.

Lipoxygenases are non-heme iron proteins that catalyzeThe crystal structure of the Fe(ll) form of the enzyme has
the oxygenation of 1,4-dienes to produce conjugated dienebeen determinedlf, 16.
hydroperoxides], 2. Mammalian lipoxygenase8)(catalyze There is considerable evidence that catalysis by soybean
key steps in the conversion of arachidonic acid into mediators lipoxygenase-1 is initiated by reaction of the ferric form of
of inflammation and anaphylaxig), and may be involved  the enzyme with linoleic acid to generate an intermediate,
in the development of atherosclerotic lesioBsgnd in tumor ~ which reacts with oxygerid, 17-19). It has been proposed
metastasis §). Plant lipoxygenases are involved in the (11, 17 that this intermediate is a pentadienyl radical bound
synthesis of plant growth regulators and other substancesio the ferrous enzyme; such an intermediate might be
that have been implicated in development, wound healing, 9enerated by transfer of a hydrogen atom from the substrate

defense against pathogens, and other functida<.). to a ferric hydroxide moiety20, 21, as shown in Scheme
e . 2. The exact nature of the intermediate is not certain,
Much of our structural and mechanistic insight into

. ) . however; other possible candidates include an organoiron
lipoxygenases comes from studies on soybean I|poxygenase-Species 72) and aA12[9,10,11]-allyl radical bound to the

1, which acts on polyunsaturated fatty acids in which a 1,4- ferrous enzyme23) 7

dien(_a unit begins on the sixth _carb_on frpr_n the methyl Studies on 11,1.1-dideuteriolinoleic aci@4(27) and,
terminus 7, 8, 1. For exampl_e, I|r.10Ie|c. acid is converted more recently, on 11-deuteriolinoleic ac@28f demonstrate

to 13-hydroperoxyoctadecadienoic acid (13-HPODYs

h . h freshl ifiod I that the reaction catalyzed by lipoxygenase-1 exhibits a
shown in Scheme 1. In freshly purified lipoxygenase-1, most mary kinetic isotope effect that is much larger than can

of the iron is in the Fe(ll) state, which can be oxidized 10 g eypained by zero-point energy considerations. Observed
the catalytically active Fe(lll) state by 13-HPODI-14). isotope effects range from 20 to 80, and the intrinsic isotope

effect on the C-H bond breaking step is thought to be about
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Scheme 2 12-I0DE to determine whether the elimination reaction
. COy catalyzed by lipoxygenase exhibits a very large isotope effect,
w_v\/\/v > comparable to that in the oxygenation reaction catalyzed by
H H lipoxygenase. The third objective was to use ESR spectros-
Fe''OH copy to test the hypothesis that 12-IODE reduces ferric
—\y/= L0y lipoxygenase to the ferrous form and to useI2-IODE to
determine whether C(11H bond breaking is involved in
H this process.
Fe''OH,

of this isotope effect have led to the conclusion thatHC
bond breaking involves hydrogen tunnelingi7{29), and
possible models have been explored theoretic&0; 3J).
A large isotope effectP{k.ofKm] = 47) has recently been
reported for a mammalian lipoxygena&2) A large isotope

MATERIALS AND METHODS

Materials. Soybean lipoxygenase-1 was purified by the
method of Axelrod 86), and its concentration was deter-
mined spectrophotometrically usind'*,gonm = 1.6 (37).
Unless otherwise noted, reagent chemicals were obtained

effect, estimated to be between 50 and 100, has also beerffom Aldrich or Sigma and used as supplied.

observed for the reaction catalyzed by methane monooxy-

genase fronMethylosinus trichosporiuni33).

General Synthetic Methodé&inhydrous THF and ether
were distilled under nitrogen from sodium diphenylketyl.

To probe the mechanism by which soybean lipoxygenase Organic extracts were dried with Mgg@rior to concentra-
catalyzes G-H bond cleavage, we have been investigating tion. Flash chromatograph$®) was carried out using silica
the action of lipoxygenase on analogues of linoleic acid in 9€l 60 (236-400 mesh, Aldrich). NMR data were obtained
which the C(12)-C(13) double bond is replaced by a ©Ona Bruker 300 MHz spectrometer, and chemical shifts are
potential leaving group at C(12) (Scheme 1). Our initial reported relative to tetramethylsilane. GC/MS analyses were
studies led to the discovery that 12-iodis-9-octadecenoic ~ carried out on an Extrel ELQ 400 system.
acid (12-10DE) is a time-dependent, irreversible inactivator ~ Synthesis of P12-I0DE. This substance was synthesized
of ferric lipoxygenase34). Subsequent work3g) demon- by the method outlined in Scheme 3. The key step was the
strated that ferric lipoxygenase catalyzes elimination reactionsreaction of the lithium acetylide derived frothwith 1,1-
on both 12-IODE and 12-BrODE to produce 9,11-octadeca- dideuterioepoxyoctane3) in the presence of Bf~etherate
dienoic acid (9,11-ODA) and halide ion (see Scheme 1). In (39) to produced. The required deuterated epoxice was
the case of 12-I0DE, about 10 turnovers of elimination occur, prepared by reduction of ethyl 2-bromooctanoate with LIAID
on average, before the enzyme becomes inactivated. Nofollowed by cyclization of the resulting deuterated alcohol
inactivation can be detected with 12-BrODE. The presence under basic conditions (Scheme 4). The triple bondivas
of free radical scavengers, such as ascorbate, protects theeduced to a cis double bond by catalytic hydrogenation, and
enzyme from inactivation by 12-I0DE but does not affect the hydroxyl group was converted to a methanesulfonate to
the elimination reaction35). This result implies that the  produce6. Treatment o6 with sodium iodide in refluxing
pathway leading to inactivation involves scavengeable acetone converted the methanesulfonate to an iodide and also
radicals. Our working hypothesis is that inactivation occurs removed theert-butyldimethylsilyl protecting group to give
by a pathway in which 12-IODE transfers one electron to 7, which was oxidized to B12-I0DE using Jones reagent
ferric lipoxygenase to produce ferrous lipoxygenase plus a (40). A sample of undeuterated 12-IODE was synthesized
radical derived from 12-IODE. The relationship between this by this route using undeuterated 1,2-epoxyoctane, and the
pathway and the pathway leading to elimination is not clear product of this synthesis had spectroscopic properties identi-
from our previous work. cal to those of samples of 12-I0DE prepared by our

The work reported in this paper had three objectives. The previously published metho®4). The experimental proce-
first was to determine whether -H bond breaking is dures for the synthesis of the deuterated material are
involved in the pathway leading to inactivation by 12-IODE. Ppresented below.

To answer this question, 11,11-dideuterio-12-I0DEk-(2- 8-(Dimethyl-tertbutylsilyloxy)-1-bromooctanél). A solu-
IODE) was synthesized and used to test for a kinetic isotopetion of 8-bromo-1-octanol (4.75 g, 22.8 mmolgrt-butyl-
effect on inactivation. The second objective was to use D dimethylsilyl chloride (4.02 g, 26.6 mmol), and imidazole
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Scheme 4 1,1-Dideuterio-1,2-epoxyoctan8)( Solid LiAID4 (0.5 g,
Br 11.9 mmol) was added in 15 portions at 1 min intervals to
AA/_>,_ 1) LiAID, N WO a stirred solution of 6.0 g (24 mmol) of ethyl 2-bromooc-
g OGS K OH, isoprapanol ,DD tanoate (Lancaster) in 50 mL of anhydrous ether &CO

under N. The mixture was stirred for 15 min at®@ and

for 3 h atroom temperature. Subsequent addition of 0.5 mL
of H,O followed by 0.5 mL of 15% NaOH and 1.5 mL of
H,O (43) produced a granular precipitate, which was
removed by filtration. The filtrate was partitioned between
30 mL of CH,CI; and 30 mL of HO, and the aqueous layer
was extracted twice with Ci€l,. The combined organic
extracted with hexanes (8 100 mL). Evaporation of the ~ Phases were concentrated on a rotary evaporator to an oil,
hexanes and fractionation of the residue by flash chroma-Which was treated with a solution of 1.75 g of KOH in 40

tography (hexanes/ethyl acetate, 15:1) yielded 5.9 g (80%)mL of methanol. A white precipitate formed almost im-

of 1 as a clear oil!H NMR (CDCls;, 300 MHz) 6 3.56 (t,J mediately. The mixture was stirred for 30 min at room
= 6.4 Hz, 2 H, CHO), 3.36 (t,J - 6.8 Hz. 2 H CHBr,) temperature and then partitioned between ether (100 mL)

1.82 (qi,J = 6.8 Hz, 2 H), 1.15-1.6 (m, 10 Hz), 0.86 (s, 9 and HO (100 mL). The aqueous layer was washed with ether

H, C(CH)3), 0.01 (s, 6 H, Si(Ch),); 3C NMR (CDCk, 75 (2 x 50 mL), and the combined ether extracts were
MHz) 6 63.2 (CHO), 33.8 (CHBI), 32.8, 32.8, 29.2, 28.8, gonpentrated on a rotgry evaporator. The cloudy residual
28.1, 26.0, 25.7, 18.3;5.3; EI-MS: mle 324/322 (M), 267/ Ilqwd was suspended inJ@ (15 mL) and then extracted
265 (M* — t-Bu). with CH,Cl, (2 x 15 mL). The CHQIz_extraCts were
10-(Dimethyl-tertbutylsilyloxy)-1-decyn€2). Compound concentrated Fo a clear liquid that was distilled under reduced
1(3.78 g, 11.7 mmol) was added dropwise undgioher 1 pressure to give 1.6 g (52%) 8fat 74-76 °C (22 mm).*H
h to a stired solution of 1.23 g (13.3 mmol) of lithium NMR (CDCL) 6 2.90 (tJ=4.5 Hz, 1 H), 1.3-1.6 (m, 10
acetylide-ethylenediamine complex (Aldrich) in 6 mL of H), 0.89 (t,J = 7 Hz, 3H);*C NMR (CDCE) 6 52.1, 34.5,
dimethyl sulfoxide at 8C (external bath temperature)?). 31.8, 29.1, 26.0, 22.6, 14.0; CI-MS(GH m'z 131 (M +
When the addition was complete, the mixture was stirred 1).
for 2 h atroom temperature. The reaction was quenched by 11,11-Dideuterio-12-hydroxy-1-(dimethyl-téxaitylsilyloxy)-
addition of 50 mL of HO and then extracted 3 times with  9-octadecyned). n-Butyllithium (1.3 mL of a 1.6 M solution
hexanes. Evaporation of the hexanes followed by flash in hexanes, 2.1 mmol) was added by syringe to a stirred
chromatography (hexanes/ethyl acetate, 15:1) gave 2.5 gsolution of2 (0.54 g, 2.0 mmol) in 2.5 mL of dry THF and
(80%) of2 as a clear oil*H NMR (CDCl;) 6 3. 51 (t,J = maintained at—78 °C under N. Boron trifluoride diethyl
6.4 Hz, 2 H, CHO), 2.09 (dtJ = 2.6, 6.9 Hz, 2 H, CKHC= etherate (0.30 mL, 2.4 mmol, distilled before use) was
C), 1.84 (tJ= 2.6 Hz, 1 H, HG=C), 1.15-1.55 (m, 12 H), subsequently added, and the resulting mixture was stirred
0.82 (s, 9 H, C(Ch)3), —0.04 (s, 6 H, Si(CH),); *C NMR for 15 min at—78 °C. Finally, a solution of3 (0.14 g, 1.1
(CDCly) 6 84.6, 68.0, 63.2, 32.8, 29.3, 29.1, 28.7, 28.5, 26.8, mmol) in dry THF (2.0 mL) was added. The reaction mixture
25.9, 25.7, 18.4:-5.3; EI-MS: m/z 268 (M'), 211 (M" — was stirred at-78 °C for 30 min and subsequently warmed
t-Bu). to room temperature and stirred for an additional 15 min.

(3.71 g, 54.4 mmol) in dimethylformamide (10 mL) was
stirred at room temperature for 10 #1j. GC/MS analysis
indicated that protection of the hydroxyl group was nearly
complete at this point and that longer reaction times led to
significant displacement of bromide thby chloride. The
reaction was quenched by addition 0§ (200 mL) and
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The reaction was quenched by addition of a solution of and this signal is absent from the spectrum eflR2-IODE.
ammonium chloride (0.11 g) in# (20 mL) and extracted  As expected, the multiplet at 5.38 ppm [due to the vinyl
with hexanes (3x 20 mL). Evaporation of the hexanes proton at C(10)] in 12-I0DE is simplified to a doublet in
followed by flash chromatography (hexanes/ethyl acetate, 15:the spectrum of the deuterated substance, and the coupling
1) gave 0.57 g (72%) of as a pale yellow oil'H NMR constant of this doubletd(= 11 Hz) confirms the cis
(CDCl3) 6 3.65 (m, 1H, CHOH), 3.57 (t,J = 7 Hz, 2 H, stereochemistry. The multiplet at 4.1 ppm in 12-IODE [due
CH,0Si), 2.13 (t,J = 7 Hz, 2 H, CHC=C), 1.2-1.5 (m, to the hydrogen on C(12)] is simplified to a doublet of
22 H), 0.89 (s, 9 H, C(Ch}3), 0.88 (t, 3 H, CH), 0.02 (s, 6 doublets in B-12-IODE. The remaining signals are identical
H, Si(CHg),); °C NMR (CDCk) 6 83.3, 76.2, 70.2, 63.4, in the spectra of the deuterated and undeuterated materials.
36.3,32.9,31.9,29.4,29.4,29.2,29.1, 28.9, 26.1, 25.9, 25.7,The 13C NMR spectrum of B-12-I0DE is identical to that
22.7,18.8, 18.5, 14.2;5.2. of the undeuterated material, except that it lacks the peak at
11,11-Dideuterio-12-hydroxy-1-(dimethyl-tdxtitylsilyloxy} 36.8 ppm, which we assign to carbon 11. Complete NMR
cis-9-octadecenés). Compoundt (120 mg) was stirred with  data for B-12-10DE are as follows:*H NMR (CDCl;) o
Pd/BaSQ (6 mg) and quinoline (L) in methanol (3 mL) 55 (m, 1H, CH,CH=CH), 5.37 (d,J = 11 Hz, 1 H,
under hydrogen for 40 min and then diluted with methanol CD,CH=CH), 4.07 (ddJ = 8.7, 4.5 Hz, 1 H, CHI), 2.35 (t,
(2 mL) and centrifuged. The supernatant was concentrated] = 7.5 Hz, 2 H, H,CO,H), 2.0 (m, 2 H, GH,CH=CH),
to give 80 mg ob, which was homogeneous by GC. In some 1.2—1.8 (m, 10 H), 0.84 (tJ = 6.4, 3 H, CH); *C NMR-
runs, a longer reaction time was required (as judged by GC) (CDCls) 6 132.5, 127.3, 39.8, 38.4, 34.0, 31.7, 29.6, 29.4,
to completely reducd to 5. *H NMR (CDCl3) 6 5.5 (m, 1 29.2, 29.2, 29.1, 28.5, 27.7, 24.7, 22.7, 14.1. The FTIR
H, CH,CH=CH), 5.34 (d,J = 11 Hz, CB,CH=CH), 3.55 spectra of the deuterated and undeuterated samples were
(m, 1 H, CHOH), 3.55 (t,J = 6.7 Hz, 2H, CHOSI), 2.0 virtually identical, and both lacked the strong band at 960
(m, 2 H, CHC=C), 1.2-1.7 (m, 22 H), 0.85 (s, 9 H, cm!that is present iirans-12-IODE. Diazomethane was
C(CHg)3), 0.85 (t, 3 H, CH), 0.02 (s, 6 H, Si(Ch),); °C used to convert a small sample of-D2-I0DE to its methyl
NMR (CDCly) 6 133.5, 125.2, 71.4, 63.4, 36.9, 32.9, 31.9, ester, and a Cl mass spectrum ({Hf this substance gave
29.8, 29.6, 29.5, 29.5, 29.3, 27.5, 26.1, 25.9, 25.8, 22.7, 18.4 the expected M1 peak atm/z 425. Ozonolysis of methyl
14.2,—5.2; CI-MS(isobutane)m/z 401 (M + 1). D,-12-I0DE followed by treatment with dimethyl sulfide
11,11-Dideuterio-12-iodo-ci8-octadecenao(7). The gen- gave two products that were identical by capillary GC to
eral method of Crossland and Serdg)was used to convert  the two products obtained from ozonolysis of unlabeled
5 to its methanesulfonaté, A solution of6 (190 mg, 0.40 methyl 12-10DE.
mmol) in 10 mL of 0.4 M Nal in acetone was refluxed for 12-(2-Naphthoxy)dodecanoic Acidhis substance was
6 h under nitrogen. The reaction mixture was then partitioned used as an internal standard for the HPLC assay for 9,11-
between 25 mL b1 M NaHSQ; and 25 mL of ethyl acetate.  ODA formation. 12-Bromododecanoic acid (Aldrich) was

The organic layer was washed with 25 mE DM NacCl converted to its methyl ester by refluxing in methanegl/H
and concentrated to give an oil (80 mgjl NMR (CDCls) SO, (6:1) for 1 h. Reaction of methyl 12-bromooctanoate
0 5.5 (m, 1H, CH,CH=CH), 5.35 (dJ = 11 Hz, COCH= with 2-naphthol (1.25 equiv) and DBU (1.25 equiv) in

CH), 4.05 (dd,J = 8.7, 45 Hz, 1 H, CHI), 3.61 ) =7 dimethylformamide for 96 h at room temperature yielded
Hz, CH0), 2.0 (m, G,CH=CH), 1.2-1.8 (m), 0.84 (t, methyl 12-(2-naphthoxy)dodecanoate, which was saponified
CHjy). Signals for a small amount of unreacted methane- by stirring with THF/1.0 M LiOH (1:1) at room temperature
sulfonate were also detectable. This substance was usedor 24 h. Acidification and two recrystallizations (ethanol/

without purification for the next step. H>0, 1:1) gave 12-(2-naphthoxy)dodecanoic acid (mp- 86
11,11-Dideuterio-12-iodo-9-cis-octadecenoic Acid-(2- 88 °C).

IODE). Compound’ was oxidized to B-12-10DE in several HPLC Assay for Formation of 9,11-ODAt time zero,

portions. In a typical run, 25 mg afin 1.5 mL of acetone  6.0uL of a 12.5 mM solution of 12-I0DE or p12-I0DE

was treated dropwise with Jones reagent (1.0 g of;@1Q in ethanol was added to 1.5 mL of a solution of lipoxygenase

mL of H,SQ, diluted with 3 mL of HO) (40) until the orange and 50uM 13-HPOD in 50 mM borate, pH 9.0, at 2C.
color of the reagent persisted. The excess reagent wasAt the indicated times (Table 1), 450L aliquots were
guenched by addition of several drops of 2-propanol, and withdrawn and quenched by addition to an equal volume of
the reaction mixture was partitioned between 3 mL @®H  ice-cold acetonitrile/methanolfRO, (12.5:5:0.2, v/v) that
and 3 mL of ethyl acetate. The organic layer was washed contained 5.0uM 12-(2-naphthoxy)dodecanoic acid as
twice with 1 M NaCl and concentrated to an oil, which was internal standard. Aliquots (25@L) of the quenched
purified by HPLC in 1 mg portions using a 250 4.6 mm solutions were analyzed by HPLC on a 2504.6 mm
Alltech Adsorbosphere C18 {gm) column with acetonitrile/  Alltech Adsorbosphere C18 (@m) column at 1.0 mL/min.
H,O (85:15) as elution solvent (flow rate 1.0 mL/min) to Mobile phase A was 0.1% acetic acid in® and mobile
give 10 mg of purified 3-12-IODE. This HPLC system is  phase B was 0.1% acetic acid in acetonitrile. Elution was
capable of separating 12-IODE frotrans12-IODE (34), carried out as follows: 93 min, 60% B; 3-6 min, linear
and analytical HPLC of the purified material confirmed that gradient from 60 to 85% B; 630 min, 85% B. Detection
it contained no detectabteans-12-IODE (limit of detection was by UV absorbance at 234 nm. Concentrations of 9,11-
<2%). ODA were determined from the ratio of the area of the 9,-
The structure of B12-I0DE was confirmed by compari- 11-ODA peak (ca. 20 min) to that of the peak for the internal
son of its spectroscopic properties with those of the unlabeledstandard (ca. 16 min) using a standard plot obtained with
compound 84). The'H NMR spectrum of 12-I0DE exhibits  solutions of 6-25 M 9,11-ODA, and 5.0uM internal
a multiplet at 2.65 ppm, assigned to the hydrogens on C(11),standard.
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Determination of 12-I0DE by HPLC with Aporative

Light-Scattering DetectiorSolutions of 25-50u4M 12-IODE 100 ly
%’_ i\ili
| 1

in 50 mM borate, pH 9.0, were diluted with equal volumes
of quench solution [acetonitrile/methanodfD; (12.5, 5.0,
0.2, v/v)] containing 15GM oleic acid as internal standard. 80 .
Aliquots (400uL) of these diluted solutions were analyzed
by HPLC on a 250x 4.6 mm Alltech Adsorbosphere C18
(5 um) column at 1.0 mL/min. Mobile phase A was 0.1%
acetic acid in HO, and mobile phase B was 0.1% acetic
acid in acetonitrile. Elution was carried out as follows=3
min, 60% B; 3-6 min, linear gradient from 60 to 88% B;
6—25 min, 88% B. Detection was carried out with a Varex
MKIII evaporative light-scattering detector (Alltech) with a
nitrogen flow of 2.1 L/min and a drift tube temperature of
90°C. Using solutions of known concentration, it was found
that plots of 12-IODE concentration vs the ratio of the peak 0
areas of 12-I0DE (ca. 18 min) to oleic acid (ca. 20 min) 0 5 10 15 20
were linear, provided the final concentration of 12-I0DE was Time (min)

between 12 and 20M; significant deviations from linearity =~ Ficure 1: Time-dependent inactivation of soybean lipoxygenase
occurred outside this range. by D,-12-I0DE and 12-I0DE. Soybean lipoxygenase (M) was

) incubated with M) 50 M D,-12-I0DE (average of four experi-
_ In assays f(_)r the consumption of 12-I0ODE QFDZ"O_DEa_ ments), ©) no inactivator (average of two experiments®) (50
incubation mixtures were quenched at the appropriate timesuM 12-I0DE, synthesized as described previousg)(or (2) 50
with an equal volume of quench solution (see above), and,HMd12E|0DtEaslygtheSlzed ?y theEmetrl]nod in _SChe;ne 3 Staftl_n% Wltth .
; ; : ; undeuterated 1,2-epoxyoctane. Each experiment was carried out ai
if necessary, the solutlons were further diluted W|th equal 20°C in 50 mM borate, pH 9.0, containing 50 13-HPOD and
volumes of quench solution and borate buffer to bring the o g4 ethanol. Time zero is the time of addition of the inactivator,
final concentration of 12-I0DE into the linear response range dissolved in ethanol, or ethanol alone in the case of the control. At
of the detector. HPLC analysis was carried out as above,the indicated times, aliquots were withdrawn and assayed for
and concentrations of 12-IO0DE were determined from the liPoxygenase activity spectrophotometrically using linoleic acid as

- . gubstrate 34). Error bars are standard deviations.
peak area ratios using a standard plot prepared on the sam
day. A 2um in-line prgﬁlter (A"teCh)_Was used tO_ protect Table 1: Formation of 9,11-ODA from 12-I0DE and-{2-IODE
the column from the high concentrations of protein present :
in some of the assays; despite this precaution, repeated yield of 9,11-ODA (M)
injections of samples containing high concentrations of substrate (5@M) enzyme concngM) 10 min 20 min 30 min

Percent Activity
[o2]
o

S
o

20

protein resulted in clogging of the column frit and/or peak 12-I0DE 5 26 23
broadening. Column performance could usually be restored Dz-12-I0DE 5 <1 12

by replacing the frit and washing the column with organic 2z1219PE S0 4 8
solvents. 2Incubations were carried out at 2@ in 50 mM borate, pH 9.0, in

. . . the presence of 50M 13-HPOD. At the indicated times, aliquots were
ESR Experiment&SR spectra were obtained on a Micro  withdrawn, quenched, and analyzed by HPLC with UV detection, as

Now 8300 ESR spectrometer. To prepare lipoxygenase fordescribed under Materials and Methods.

ESR experiments, solutions of purified enzyme were adjusted

to pH 9.0 by repeated cycles of dilution with 50 mM borate, these conditions, rapid inactivation was observed with
pH 9.0, followed by concentration in an Amicon ultrafiltra- undeuterated 12-I0DE. Indistinguishable results were ob-
tion cell with a YM 30 membrane. Further concentration to tained with two samples of undeuterated 12-IODE, one
about 50 mg/mL was carried out in a Centricon-30 (Amicon). synthesized as described previousB4)( and the other

An aliquot of the concentrated solution was subjected to prepared by the same route used to synthesize the deuterated
fluorescence titration with 13-HPOD to determine the amount sample (Scheme 3). These results indicate that there is a very
of 13-HPOD required to minimize the fluorescence intensity large Kinetic isotope effect on the inactivation of soybean
at 325 nm following excitation at 280 nm; this value lipoxygenase by 12-IODE.

corresponds to the amount of 13-HPOD required to oxidize Isotope Effect on EliminationHaving established that

all of the ferrous enzyme in a particular sample to the ferric inactivation by B-12-IODE was insignificant, we set out to
form (45). Samples of ferric lipoxygenase-1 for ESR were measure the isotope effect on the elimination reaction. In
prepared by treating samples of the ferrous enzyme with theour initial experiments, samples of lipoxygenas@K#) were
appropriate amount of 13-HPOD, as determined from the incubated with 5quM 12-I0DE or D,-12-I0DE at 20°C,

fluorescence titrations. pH 9.0, in the presence of 3M 13-HPOD. After appropri-
ate time intervals, aliquots were removed and analyzed for
RESULTS 9,11-ODA by HPLC, as described under Materials and

Methods. Some of the results are presented in Table 1. With

Isotope Effect on Inactation. The data in Figure 1  unlabeled 12-I0DE, about half of the racemic substrate was
indicate that little or no inactivation occurred when lipoxy- converted to 9,11-ODA after 10 min. This result is consistent
genase (0.xM) was incubated with 5@M D,-12-IODE at with essentially complete conversion of the active enantiomer
20°C, pH 9.0, in the presence of 50 13-HPOD. Under over this time and is in good agreement with results obtained
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Table 2: Consumption of 12-I0DE or,E12-I0DE in the Presence
of Lipoxygenase

substrate

substraté  enzyme concrM) time (min) consumedy/M)
12-I0DE 5 0.5 4.5+ 0.7
12-I0DE 5 1.0 9.2
12-I0DE 5 5 225
D.-12-I0DE 5 20 <2 A
D,-12-10DE 10 20 3.2 B
D-12-I0DE 25 10 4304 — T~
D,-12-10DE 25 20 6.5+ 1.2
D,-12-I0DE 0 20 0.4 0.2

& Incubations were carried out at 2G in 50 mM borate, pH 9.0, in
the presence of 50M 13-HPOD. P Each experiment contained between
48.5 and 51.7uM substrate; the exact initial concentration was
determined by HPLC, as described under Materials and Metlidde
difference between the initial concentration of substrate and the D
concentration at the indicated time.

L t i
800 1000 1200
GAUSS

. . lipoxygenase. (A) Ferric lipoxygenase (12 nmol). (B) Sample A
12-10DE prepared by the route in Scheme 3; in other plus 24 nmol of 12-IODE. (C) Sample B plus 48 nmol of 12-IODE.

experiments, it was shown that the results are not signifi- (D) Sample C plus 12 nmol of 13-HPOD. Each spectrum is the
cantly different with 12-IODE synthesized as described average of 6 scans obtained under the following conditions:
previously @4). In contrast, the formation of 9,11-ODA from ~ Spectrometer frequency, 9.0 GHz; modulation amplitude, 32 G;
D,-12-I0DE was barely detectable and difficult to quantify Microwave power, 20 mW; temperature, 77 K.

when 5uM lipoxygenase was used. To observe a substantial to observe consumption of substrate at a quantifiable rate.
amount of 9,11-ODA formation, the enzyme concentration Based on the 10 min time point (and correcting for the very

had to be increased to 5fM. Even at this concentration,  slow nonenzymatic breakdown of 12-I0DE), we estimate

only 8uM 9,11-ODA was formed after 30 min. the initial rate to be about 0.48M/min at 25uM lipoxy-

The data in Table 1 indicate that there is a large isotope genase, which leads to an estimated rate of 0/0@6mnin
effect on the elimination reaction. The interpretation of the at 5uM lipoxygenase. These data are consistent with an
data is complicated, however, by the fact that 9,11-ODA isotope effect on the order of 100.
breaks down slowly in the presence of high concentrations As expected from the results in Figure 1, spectrophoto-
of |ipoxygenase_ This reaction has been noted previo@@y ( metric assays with linoleic acid indicate that no Significant
and is probably responsible for the fact that the yield of 9,- inactivation by B-12-I0DE occurred under the conditions
11-ODA produced from unlabeled 12-I0DE in Table 1 is of the experiments in Table 2. This result demonstrates that
slightly lower at 20 min than at 10 min. The occurrence of thg Iarg_e isptope effect observed on elimination is not due
this reaction has been confirmed by monitoring the con- to inactivation of the enzyme.
sumption of authentic 9,11-ODA in the presence of lipoxy- ~ Reduction of Ferric Lipoxygenase by 12-IODESR
genase; the products of the reaction have not been identified €XPeriments were carried out to test the hypothesis that ferric
The reaction is sufficiently slow that it should not interfere 1POXygenase can be reduced by 12-I0DE. The ferric form
with measuring the initial rate of formation of 9,11-ODA ©f lipoxygenase exhibits an ESR signal near= 6; the
from unlabeled 12-10DE, but it probably does interfere with ferrous form IS ESR-silent. Spectrum A in Figure 2 shows
measuring the much slower initial rate at which 9,11-ODA theg - 6 region of the_ ESR spectrum at 77 K of 12 nmol
is formed from B-12-I0DE. Consequently, the data in Table of ferric lipoxygenase in 150L of 50 mM borate, pH 9.0.

: R . This sample was prepared by treatment of 19.5 nmol of
1 probably underestimate the rate of the elimination reaction > =™ i
WiEc)h D2-1)2/—IODE since a significant amount of the 9,11- purified lipoxygenase with 12 nmol of 13-HPOD. After the
ODA that is fo;med by this reaction is subsequéntly spectrum was obtained, the sample was thawed, treated with

24 nmol of 12-I0DE (in 1.QuL of ethanol), incubated for 4
consumed. . .

min at room temperature, and refrozen. This treatment

The difficulty described in the previous paragraph could (educed they = 6 signal by about 50% (spectrum B). No

be avoided if the elimination reaction was monitored by other Changes were observed between 500 and 4000 G.
disappearance of the substrate. Since 12-IO0DE absorbs Onl)Longer incubation periods at room temperature following
weakly in the UV, we developed an assay in which 12-I0DE addition of 12-I0DE did not cause any further reduction of
is detected by HPLC with an evaporative light-scattering the g = 6 signal. Subsequent addition of 48 nmol of 12-
detector (see Materials and Methods). The data in Table 2|ODE nearly eliminated the signal (spectrum C). Further
were obtained using this assay. These results confirm thatadditions of 12-I0DE did not eliminate the small residual
the isotope effect is very large. When BB unlabeled 12-  signal in spectrum C. The signal for the ferric enzyme was
IODE was incubated with BM lipoxygenase under the usual  restored by addition of 12 nmol of 13-HPOD (spectrum D).
conditions (20°C, pH 9.0, in the presence of M 13- These results indicate that treatment of ferric lipoxygenase
HPOD), 12-I0DE was consumed at an initial rate of 2NV with excess 12-I0DE reduces most, but not quite all, of the
min (based on the 0.5 min time point). With-2-I0DE, a ferric ions in the enzyme preparation. The results of several
concentration of 2xM lipoxygenase was necessary in order similar experiments indicate that% equiv of 12-I0DE is
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C—H bond breaking, the kinetic isotope effect reported here
conclusively demonstrates that 12-IODE is a mechanism-
based inactivator.

Our results indicate that there is a very large deuterium
isotope effect on the lipoxygenase-catalyzed elimination
reaction on 12-IODE. The reaction of the deuterated form
is so slow that the isotope effect is difficult to quantify, but
our data suggest it might be as high as 100 af@0lt is
clearly much larger than can be explained by zero-point
energy considerations. Since-D2-IODE bears two deute-
rium atoms on carbon-11, it is not possible to separate the
contributions of primary and secondary isotope effects to
the large effect that we observe. In the case of the normal
reaction, recent work on 11-deuteriolinoleic acid has dem-
onstrated that the primary isotope effect is anomalously large
and the secondary isotope effect is of normal magnit@gp (
Presumably, this is also the case with-I2-IODE.

Large observed isotope effects can sometimes arise in
branched pathways with more than one isotopically sensitive
step @6). The processing of 12-IODE by lipoxygenase
almost certainly involves branching, but the likelihood that
branching is responsible for the large isotope effect is
minimized by the fact that the effect was observed on

gconsumption of substrate. The only sort of branched pathway

its ESR spectrum was recorded under the conditions of Figure 2 tothat could account for a large isotope effect on substrate
give the 0 min scan. The sample was then thawed by immersion inconsumption is one in which an isotopically insensitive

a room-temperature water bath and treated with 12-IODE (final
concentratior= 5004M) and incubated at 2%C. At the indicated

times, the sample was frozen and its ESR spectrum scanned. Pan

B shows the spectra obtained in an identical experiment usjpg D
12-10DE.

branch leads back to starting material (see appendix to ref
%6). As in the case of the normal reaction catalyzed by
%poxygenase, it is difficult to envision a chemically plausible
mechanism that is consistent with this constraint.

Recent work has shown that the L546A mutant of soybean

required to reduce the ESR signal to the level of the residual lipoxygenase oxygenates linoleic acid with an isotope effect

signal observed in Figure 2C.

that is essentially identical with that of the wild-type enzyme

It is possible that the reduction of the enzyme that was (28). Thus, at least in this one case, modification of the

detected in Figure 2 might actually be due to the products Protein does not affect the special features of this enzyme
of the elimination reaction. To test for this possibility, a that are responsible for the large isotope effect. Our results
control experiment was carried out in which 12 nmol of ferric indicate that these special features remain operative when
lipoxygenase was incubated with 72 nmol of 9,11-ODA and the substrate is modified to allow the energetically favorable
72 nmol of sodium iodide. The height of thp= 6 ESR  dissociation of a leaving group.
signal was reduced to about 80% of the initial height (data  The ESR results demonstrate that 12-I0DE can reduce
not shown). Thus, some reduction in the intensity ofghe  ferric lipoxygenase to the ferrous form. The rate of reduction
= 6 signal can be observed in the presence of iodide andiS much lower with R-12-I0DE. This observation indicates
9,11-ODA, but this is much less than what was observed that reduction, like inactivation, involves breaking of the
after treatment with 12-I0DE. This result demonstrates that C(11)~H bond in 12-I0DE. The fact that thg= 6 signal
most of the reduction detected in Figure 2 is due to 12-IODE due to ferric lipoxygenase is not completely eliminated by
itself rather than to the reduction of the ferric enzyme by €xcess 12-IODE may be due to the presence of a small
the products of the elimination reaction. amount of ca_talytlcally inactive enzyme in our preparations.
Figure 3 shows the results of an experiment in which the Since reduction by 12-0DE involves-CH bond breaking,

: o ) it is likely that catalytically inactive enzyme would not be
xd:ggo&_(fgﬁglggp&?fgng)s \?vz(azﬂsﬂn)o?i{cgrzetljob?/EEggn?rlhe reduced. The residual signal can be eliminated by treatment

results indicate that the reduction of the ferric enzyme shows with 'N—octylhydroxylamlrje, a reducing agent that does not
a large isotope effect. require C-H pond break|ng47). -
Presented in Scheme 5 is a mechanistic pathway that can

explain both the elimination reaction and the reduction of
the enzyme and also provide a starting point for explaining
Previous work implies that the pathway leading to inactivation. According to this hypothesis, the processing of
inactivation by 12-IODE involves a radice8%). Formation 12-10DE is initiated by homolytic cleavage of the C(¥H
of this radical might be triggered by a one-electron oxidation bond by the ferric hydroxide moiety at the active site to
of the iodine or homolytic cleavage of the C(1) bond. produce g3-iodoallylic radical 8) and a hydrated ferrous
The large isotope effect on inactivation provides compelling ion. This step is analogous to the initial step in one of the
evidence for C(11yH bond breaking. Since the normal proposed mechanisms for the oxygenation reaction catalyzed
reaction catalyzed by lipoxygenase on linoleic acid requires by lipoxygenase (Scheme 2). Homolytic fragmentatio of

DISCUSSION
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would produce 9,11-ODA and an iodine atom. If the iodine Scheme 7
atom acquired an electron from the ferrous ion, the overall I)
result would be an elimination reaction to convert 12-IODE — Com
to 9,11-ODA and iodide ion, which is the reaction that we
observe. On some turnovers, the iodine atom might diffuse H H
away from the active site and acquire an electron from some ‘
other source, possibly a residue on the surface of the protein. enz-Fe''OH
This would also lead to the observed productsand 9,- r
11-ODA, but it would leave the iron in the ferrous state. Vau coy
The mechanism in Scheme 5 is consistent with the fact W
that ferrous lipoxygenase does not catalyze an elimination H
reaction on 12-IODE35). Furthermore, the hypothesis that enz-FeOH,

iodine atoms sometimes diffuse away from the iron, leaving
it in the ferrous form, leads to the prediction that the in Scheme 5 reacts with a functional group at the active site,
elimination reaction catalyzed by ferric lipoxygenase should which then reacts with § leading to inactivation (Scheme
cease after several turnovers unless excess 13-HPOD i$h).
present to reoxidize the ferrous enzyme to the ferric form.  Steps a and b of Scheme 5 are analogous to a mechanism
This is in accord with previous observatiorgb). suggested by Wright and Nelso#8] to explain the reduction

In the presence of excess 13-HPOD, lipoxygenase will of ferric lipoxygenase by 12,13-epithiooleic acid. The
convert about 50% of racemic 12-I0DE to 9,11-ODA and observation of an isotope effect on the reduction of ferric
iodide ion @5). This observation probably indicates that only lipoxygenase by B12-I0DE strengthens the case for the
one enantiomer of 12-IODE undergoes enzymatic elimina- viability of this sort of mechanism. The loss of iodide atoms
tion. The ESR results imply that<% equiv of racemic 12-  from f-iodoalkyl radicals is known to be rapik ¢ 5 x
IODE is required to reduce the ferric enzyme; this presum- 10° s™1) (49), and this process has been used to provide
ably corresponds to-22.5 equiv of the active enantiomer. evidence for radical intermediates in photochemical dimer-
Within the context of Scheme 5, this stoichiometry implies izations of pyrimidines§0) and in reactions of oligonucle-
that the iodine atom diffuses away from the iron on-40 otides with bleomycin§1).

50% of turnovers. An alternative mechanism for the elimination reaction is
Earlier studies have demonstrated that 12-I0DE inactivatesa heterolytic process in which the ferric hydroxide moiety
the enzyme at a rate that allows for formation of about 10 accepts a proton, rather than a hydrogen atom, to trigger the
iodide ions per molecule of enzyme inactivated5)( loss of iodide ion and formation of a double bond (Scheme
Inactivation requires @(34), and the major pathway for 7). It is conceivable that elimination takes place by this
inactivation does not involve covalent attachment of the heterolytic mechanism while reduction occurs by a competing
carbon skeleton of the inactivator to the proteBb)( A homolytic processsteps a and b of Scheme 5. According
possible mechanism for inactivation is that on about 1 out to this view, step ¢ in Scheme 5 does not occur to a

of 10 turnovers, theg-iodoallylic radical,8, in Scheme 5  significant extent. An intriguing feature of this alternative
reacts with Qto form a peroxy radical (Scheme 6a), which hypothesis is the notion that ferric lipoxygenase can cleave
then abstracts a hydrogen atom or an electron from aa C—H bond either homolytically or heterolytically. This is
catalytically essential residue at the active site. Alternatively, plausible if the key player at the active site is a ferric
it is possible that on 1 out of 10 turnovers, the iodine atom hydroxide moiety. If this mechanistic duality occurs, our
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results, combined with those of othg1—28), imply that

both homolytic and heterolytic€H cleavages catalyzed by
lipoxygenase exhibit anomalously large isotope effects. This 19-
possibility may not be as unlikely as it intuitively appears.
In one of the models proposed to account for the isotope

effect on the normal reactior8@), proton tunneling from

the substrate to the ferric hydroxide moiety precedes electron
transfer, but the two steps are inseparable, so that the processp2.
would be viewed as homolytic. If this idea is correct, there
might also be a very large isotope effect on a heterolytic 23.
process, such as that in Scheme 7, since the proton tunneling
step would still occur. Distinguishing between homolytic and
heterolytic pathways for the elimination reaction is one of

the goals of future work in our laboratory.

In sum, our results demonstrate that cleavage of the g
C(11>-H bond of 12-I0ODE is involved in elimination,
reduction, and inactivation of the enzyme. Additional experi-
ments to test the mechanistic ideas presented here are in

progress.
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