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Lipoxygenase Reaction Mechanism: Demonstration That Hydrogen Abstraction
from Substrate Precedes Dioxygen Binding during Catalytic Turdover
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ABSTRACT:. Molecular oxygen is generally unreactive toward covalent bonds, due to spin conservation
rules; a major role for oxygen-utilizing enzymes is, therefore, to activate dioxygen through a change in
electronic configuration. In an effort to understand how lipoxygenase catalyzes lipid hydroperoxidation
under conditions of catalytic turnover, kinetic deuterium isotope effects have been measured as a function
of oxygen concentration. The properties of oxygen binding to lipoxygenase have also been pursued.
The results presented herein show that, under steady state conditions, atmospheric oxygen enters the reaction
pathway only after abstraction of hydrogen from substrate. Furthermore, it has not been possible to detect
any form of lipoxygenase capable of binding molecular oxygen in the absence of activated substrate. We
propose that molecular oxygen is not productively bound by lipoxygenase but rather interacts directly
with the substrate radical lipoxygenase to form the hydroperoxyl radical of linoleate. A mechanism
involving substrate activation, instead of the more familiar oxygen activation pathway, is a unique
mechanism for a metallo-oxygenase.

A major question regarding the utilization of molecular Siedow, 1991). The role of mammalian lipoxygenase is to
oxygen in chemical and biological reactions is the nature of catalyze the first committed step in the cascade converting
oxygen activation. While oxidation reactions are generally arachidonic acid to lipoxins and leukotrienes, hormones with
thermodynamically favorable, molecular oxygen is kinetically a role in inflammation of the respiratory and nervous systems
unreactive toward most biological compounds. The limita- (Samuelssoet al, 1987). These enzymes may also play a
tions on spontaneous reactions of atmospheric oxygen carrole in the degradation of subcellular membranes (Schewe
be explained by spin conservation rules. Oxygen with two et al, 1986).
electrons in its highest energetic state can exist in two Soybean lipoxygenase-1 (SBL!1s often used as the
electronic configurations: singlet (electron spins paired) and prototype for studying the homologous family of lipoxy-
triplet (unpaired). While covalent diatomic bonds are singlet genases from tissues of different species. The reaction with
and would react readily with singlet oxygen, only triplet linoleic acid (LA), the standard substrate for SBL-1, pref-
dioxygen remains in the atmosphere. As a rule, enzymeserentially produces 18-hydroxyperoxy-9%),11()-octa-
utilize dioxygen by first activating oxygen to overcome the decadienoic acid (LOOH):
barrier described by spin conservation rules (Feig & Lippard,

1994; Que, 1980). An alternative strategy for the introduc- SBL
tion of molecular oxygen would be to catalyze homolytic ©:+ /\/\/_\<_\/\/\/\/\/COOH -
cleavage of a covalent bond. Organic radicals thus produced

could spontaneously react with triplet molecular oxygen QoH

while maintaining spin conservation. AN~ CO0H @

Lipoxygenase is a non-heme iron dioxygenase that cata-
lyzes the conversion of unsaturated fatty acids to hydro- The precise chemical mechanism of lipoxygenase is not yet
peroxides. Lipoxygenase was discovered in plants over 60known and has been surrounded by some controversy |[cf.
years ago (Andre & Hou, 1932) and now is known to be Stubbe (1989) and Wiseman (1989)]. Recently, progress has
found in cyanobacteria, fungi, algae, plants, and numerousbeen made in understanding the structure and function of
vertebrates [for reviews, see Gardner (1991), Schewad. soybean lipoxygenase-1. The enzyme has been crystallized
(1986), Siedow (1991), and Veldink and Vleigenthart and its structure determined (Boyingtenhal., 1993; Minor
(1984)]. Plant lipoxygenases aid in germination by cata- et al, 1993). On the basis of the crystal structure and other
lyzing initial steps of fatty acid turnover (Gardner, 1991; spectroscopic techniques (Scarretal, 1994), the ferrous
Siedow, 1991) and have been proposed to participate in theiron in the resting form of the enzyme is described as a
synthesis of fatty acid-derived wound response and pest
deterrent products such as jasmonic acid (Gardner, 1991; 1 apbreviations: SBL-1, soybean lipoxygenase-1; LA, linoleic acid;

D-LA, [?Hzg]linoleic acid; k.ot first-order rate constant at saturating
substrate concentration&./Km, second-order rate constant at low
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distorted octahedron with four or five protein side chains as  Unless stated otherwise, all enzyme, substrate, and reaction
ligands: three histidines, the carboxyl terminal of the protein, solutions were in 0.1 M borate buffer (pH 9). All other
and possibly an asparagine side chain. Most spectroscopichemicals were of the highest purity available from Sigma.
data suggest that the iron in the active ferric form of the  Reaction Rates at Varying x0Concentrations. Direct
enzyme is octahedral, with six ligands (Dunhatal, 1990;  comparisons of reaction rates of soybean lipoxygenase-1 with
Nelson, 1988b; Van der Heijét al, 1992; Zangetal, 1991)  jingleic acid (LA) and fHsglinoleic acid (D-LA) were

and the sixth ligand being ascribed to hydroxide ion (Scarrow getermined by measuring oxygen consumption on a Clark
et al, 1994). Other than the iron, no other obvious candidate oxygen monitor. Reactions were carried out as a function

as an enzymatic cofactor has been revealed from the currenpy tatty acid substrate concentrations in 1 mL solutions which
crystal structures. Two channels from the surface to the yere constantly stirred and equilibrated under air at@5
active site are apparent. It is postulated that the existenCeEnzyme was held at C until use. Reaction was initiated
of the two cavities allows separate access of substrate andOy addition of a £5 uL solution of 0.02-0.15 mg/mL SBL
dioxygen to the active site iron (Boyingt@tal, 1993). The  (gepending on reaction conditions) via a gastight Hamilton
reduction potential of the active site ferric iron is known 0 gyringe to the reaction chamber. The air-equilibrated solution
be high (close to 0.6 V, Nelson, 1988a), making lipoxygenase -ontains 258M O, at 25°C; experiments were repeated at
a significantly stronger oxidizing agent than other non-heme 5 ,ymber of different concentrations of oxygen dissolved in
iron-containing enzymes. It has not been clear whether O aaction solution by passing mixtures of lnd Q over

is coordinated to the iron as part of the steady state reactiong;jrred solutions in the reaction chamber for 20 min. The
mechanism, although X-ray absorption measurements peryye\; oxygen concentration in the solution was calibrated
formed under nonturnover conditions suggest thatl@es  4qainst the value of Qilissolved in air-saturated solution at

not bind in a detectable manner to a specific site on the 5g o (258 uM). The rate of oxygen consumption after

lipoxygenase molecule (Van der Heijeft al., 1995). , initiation of reaction with SBL was then determined as a
Regarding the catalytic mechanism, the one most widely jecrease in dissolved,n the reaction solution. Rates of

accepted proposes that hydrogen is abstracted from the C-1}o,tion were measured ap @ncentrations which varied
position of substrate to yield a delocalized carbon-based ¢, 258 1o 54M. At each G concentration, the substrate

radical, which then reacts with dioxygen, producing a peroxyl ,ncentration was varied between 1.5 and 180 LA or
radical. EPR has detected a peroxyl-based radical (Nelsony | o '

et al, 1990, 1994), supporting the idea that-B bond " i . .
cleavage produces an organic radical which then reacts with Initial rates fc_>r each.substrate were fitted to the Michaelis
oxygen. A homolytic mechanism, involving a delocalized Menten equation using the KaleidaGraph program on a
radical as an intermediate, is also supported by the secondar;?"ac'mOSh computer. Errors for initial rate pargmetegs were
hydrogen isotope effects that are larger than unity (Glickman oM these MichaelisMenten fits. Up to the first 15% of
etal, 1994b). Kinetic studies have shown that aZ5the (1€ reaction was monitored. At substrate concentrations
reaction is partially diffusion-controlled and that the-8 above 35.M, a brief lag phase was notlced_; initial ratgs
bond cleavage step is also partially rate-determining; this Were: therefore, measured for Fhe Ilnear portion of reaction
step is characterized by an enorméuio kinetic intrinsic ~ &1ter the lag phase. The reaction with D-LA did not show
isotope effect (Glickman & Klinman, 1994). The precise 2 |29 phase but rather an initial burst since3 of the
stage at which oxygen enters the reaction under steady statSubstrate was contaminated with unlabeled linoleic acid; due
conditions has not yet been determined. The work presentedto the large isotope effect, protonated linoleic acid substrate

herein attempts to answer the following questions. (1) Can IS Preferentially exhausted in the first 3% of the reaction,
an enzyme form be detected that is capable of binding after which linear kinetics are observed. Thus, for deuterated

dioxygen? (2) Is there an obligatory order to the reaction substrate, thg region showing linear kinetics between 3 and
binding sequence with regard to LA and dioxygen? And 15% conversion of substrate to product peroxide was used

finally, (3) does Q participate in any manner in the steady to determine initial rates. The kinetic isotope effect was

state activation of the €H bond? calculated from the ratio of the kinetic parameters determined
for each substrate; errors were propagated into ratios from
MATERIALS AND METHODS the individual parameters.
Materials. Soybean lipoxygenase-1 (SBL-1) was purified  In a previous study of lipoxygenase (Glickman & Klinman,
from dry soybeans as published (Axelred al., 1981). 1995), noncompetitive primary deuterium isotope effects

Soybeans were a gift of Pioneer Hi-Bred International (lowa). were measured by spectrophotometric monitoring of the rate
Purity was>95% by SDS-PAGE, and the maximal activity ~ of product formation from H-LA or D-LA at 234 nm. An
was about 180 units/mg (units defined as micromoles of interesting feature of the experiments reported herein is that
product produced per minute). After purification, lyophilized the rate of lipoxygenase as determined by oxygen consump-
enzyme was stored at70 °C. Stock solutions of small  tion at low substrate concentrations is slower than that
amounts of enzyme dissolved in borate buffer (pH 9) served determined spectrophotometrically. The difference is due
to initiate reaction. to aKr, for linoleic acid almost 3-fold larger using the Clark

Sodium linoleate was purchased from Sigma Chemical oxygen monitor. The maximal rate at saturating concentra-
Co., and sodium?Hsj]linoleate (isotopic purity, 98%) was tions of linoleic acid is similar with both analytical tech-
from Cambridge Isotope Labs. Substrates were further niques. Very similar (though not identical) increase&gf
purified and their concentrations determined as describedwere measured by oxygen consumption for linoleic acid and
earlier (Glickman & Klinman, 1994). Stock solutions of deuterated linoleic acid (Glickman, 1994). It follows that
either substrate were about 4081 substrate in 0.1 M borate  the magnitudes of the isotope effects determined by either
buffer (pH 9) and were stored at70 °C up to 1 month. method are similar but not identical.
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It is not clear what the source of discrepancy is between reconcentrated. Vacenic acid (Sigma), in excess of enzyme
the values of the observed second-order rate constantconcentration and at least 1 mM in reaction solution, was
measured by the two techniques. One of the differencesused as a substrate analog.
between the analytical techniques is that the reaction solution Tritium Labeling ExperimentsLinoleic acid was incu-
is constantly stirred with a rotating magnetic bar in the bated in tritiated water (TOH) in the presence of lipoxyge-
reaction chamber of the oxygen monitor but not in the nase. The reaction with lipoxygenase was stopped before
spectroscopic cuvette. The second-order rate constant excompletion, and residual linoleic acid was analyzed for
pression includes the steps for substrate binding and releaselfitium incorporation. Linoleic acid was also incubated in
whereas at saturating substrate, the maximal velocity reflectsTOH without enzyme for an identical period of time to
only steps after formation of the enzymsubstrate complex.  control for nonspecific incorporation of tritium. Two reac-
The simplest cause for a decrease in the second-order ratéion chambers were linked to an argon line and to a vacuum
constant without a similar decrease in maximal velocity line. A portion of linoleic acid, which had been purified,
would be a decrease in the association rate of substrate witrdissolved in borate buffer (pH 9), and lyophilized to dryness,
enzyme; it is possible that the stirring has an effect on the was weighed out and dissolved in 0.5 mL of 1 Ci/mL TOH
affinity of the enzyme for substrate. It is also possible that to a final concentration of 1.5 mM linoleic acid in each
specific premicellar aggregates of the fatty acid are the reaction chamber. A slow stream of argon decreased the
preferred substrate for lipoxygenase. The fatty acid substrateconcentration of oxygen dissolved in solution, but care was
can be present in a number of forms in solution which greatly taken not to make it fully anaerobic so as to maintain turnover
affect the kinetic parameters of lipoxygenase; the sheer forceconditions for lipoxygenase. Enzyme solution800f 0.1
from rapid stirring could disrupt these complexes, thereby Mg/mL SBL-1 (180 units/mg), was injected into one of the
decreasing the effective concentration of substrate availablechambers via syringe to initiate reaction. Both reaction
for reaction. We note thatll of the results presented herein Mixtures were incubated for 35 min and the reactions

were determined on a Clark oxygen electrode. guenched by a mixture of acetic acid and{CN. Samples
were then lyophilized and redissolved in,® for eight

consecutive times until the overall radioactivity decreased
to a few hundred thousand dpm. An aliquot from each
reaction mixture was subjected to HPLC, in order to separate
substrate from product [see Glickma al. (1994) for a
previously published procedure].

Oxygen Binding ExperimentsExperiments were per-
formed as published (Tian & Klinman, 1993). In brief, the
partial pressure of total £n solution, with and without SBL,
is analyzed by separating oxygen from other gases and
converting itto CQ. An isolated reaction chamber of about
100 mL, sufficient for two 50 mL aliquots of reaction
solution, is connected to a vacuum line. An air-equilibrated RESULTS

reaction solution, in this case 100 mL of 0.1 M borate buffer Magnitude of Steady State Deuterium Isotope Effects as

(Flf]H 9) at room terlr_lperature, ][5 then Seﬁled in the Ireactiona Function of Linoleic Acid and Dioxygen Concentrations.
chamber and an aliquot transferred to the vacuum ling. O a | kinetic study of lipoxygenase was performed to

is extracted by degassing under vacuum and sparging Withgetermine the order of binding of the fatty acid substrate
helium for a total of 60 min. A series of four liquid nitrogen 5,4 dioxygen under steady state conditions. The kinetic

traps separates;drom water vapor, argon, and GO0, iS  parameters of lipoxygenase were deduced by measuring
then converted to COin a furnace and trapped by liquid  jnitia| rates as a function of unlabeled (LA) or deuterated

nitrogen to separate it from the remaining. NThe partial  jinoleic acid (D-LA) at a given concentration obas plotted
pressure of C@is determined and correlated to that of j, Figure 1. These data were replotted to obtain initial rates
oxygen in the initial reaction solution, which is 2a81 at 55 g function of @at different concentrations of unlabeled

25 °C. A concentrated enzyme solution equilibrated with o deuterated linoleic acid (Figure 2). The data in Figure
air is then injected via syringe through a serum cap into the 15 indicate that, when LA is the substrate, both the maximal
reaction chamber and the oxygen concentration measurec{,ebcity at saturating substratk..(app), and the second-
on another aliquot. The final concentration of SBL in the grder rate at low concentrations of LAcaf KmLay(@pp),
reaction solution was between 50 and 300. The pressure  decrease as the concentration of the second substrats, O
of oxygen in aliquots of the solution with enzyme is thus |owered. In contrast, when D-LA is substituted for LA
measured and compared to that of the solution without (Figure 1b), the kinetic parameters are only slightly affected
enzyme. The oxygen concentration in the buffered solution py dioxygen concentrations within the attainable experimen-
is subtracted from the oxygen content of enzyme-containing tal range (2585 uM Q).

solutions, representing oxygen in solution plus oxygen bound  This characteristic is even clearer in Figureki(app)

to enzyme, to determine the number of moles of dioxygen and k./Km(o,(app) both decrease as the LA concentration
bound per mole of enzyme in solution. These determinations decreases (Figure 2a). However, when D-LA is the substrate,
were performed on solutions containing different forms of the reaction is close to saturated with hder all experi-
lipoxygenase: native (ferrous) enzyme, oxidized (ferric) mental conditions (Figure 2b). Since the observed enzymatic
enzyme, enzyme that was first oxidized and then reducedrate is nearly independent of oxygen concentration when
back to ferrous, and enzyme in the presence of a substrateD-LA is the second substrate (Figure 2b), tg for O, is
analog. SBL was oxidized to the ferric form by an excess below the lowest oxygen concentration attainable by our
of product peroxide [13)-hydroxyperoxy-9Z),11(E)-octa- experimental procedure (BM). The upper limit for the
decadienoic acid] produced enzymatically from LA. Li- value ofK(Oy) is thus estimated as 2/8M, and K, may
poxygenase was reduced to the ferrous form by nordihy- be much smaller.

droguaiaretic acid (NDGA) (Kemal, 1987). After reaction, Extrapolated values fd.,(app) ank.o/Km(app) for each
enzyme was desalted by a column (G-50) technique andsubstrate, obtained from the data in Figures 1 and 2, were
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acid concentration (a) or deuterated LA concentration (b). Rates

of oxygen consumption were determined as described in Materials FIGURE 3 Limiting-rate constants. (a) Rates at saturating concen-
and Methods and are defined as micromoles of dioxygen consumedtrations of H-LA @) and D-LA (O) as a function of @concentra-

per minute per milligram of lipoxygenase. Data are fit to the
Michaelis—Menten equation. Examples are shown for 258 O,
(O), 77 uM 05 (x), and 13uM O, ().
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FIGURE 2: Initial rates of lipoxygenase as a function of @ith

linoleic acid as substrate (a) or deuterated linoleic acid as substrate
(b). Rates of oxygen consumption were determined as described

in Materials and Methods and are defined as micromoles of
dioxygen consumed per minute per milligram of lipoxygenase. Data
are fit to the Michaelis-Menten equation. Examples in panel a are
shown at 5quM LA (O), 20uM LA ( x), and 5uM LA (2).

plotted as a function of the other substrate concentration in

tion. The extrapolated values at infinite linoleic acid concentrations,
obtained by fitting the rates of lipoxygenase as a function of H-LA
(from Figure 1la) and D-LA (from Figure 1b) at a given, O
concentration to the MichaelidVlenten equation, are replotted
against Q@ concentration for H-LA @) and D-LA (O) concentra-
tions. Due to the difference of greater than 1 order of magnitude
between the rates with D-LA and H-LA, theaxis is displayed as
logarithmic. Extracted values representigg andk../Km(o, at high
linoleic acid concentrations are in Table 1. Note that only a lower
limit could be obtained fokca/Km(o, with D-LA. (b) Rates at low
concentrations of H-LA®) and D-LA (O) as a function of @
concentration. Extrapolated values at low linoleic acid concentra-
tions, obtained by fitting results in Figure 1a,b, are plotted against
O, concentration. The values kf./Kma) at high Q concentrations
are summarized in Table 1.

were used to extract the limiting values laf: and Keaf Km

for each substrate. The ratio of the kinetic parameters
obtained from the secondary plots yielded the isotope effects
displayed in Table 1. In order to illustrate the pattern in the
behavior of isotope effects between concentration extremes,
isotopic effects have also been calculated in the intermediate
concentration range, and these are presented in Figure 5.
From the data in Figures 3a and 4a, we find that the isotope
effect on the maximal velocity(kea) is 64+ 5 and 59+ 5,
respectively. These values are close to the intrinsic isotope
effect previously determined for SBL-1 (Glickman & Klin-
man, 1995). A similar result is observed for the isotope
effect on the second-order rate constant at low concentrations
of linoleic acid and saturating £°[Kea/Kmea)] = 58 + 5
(Figure 3b) or 59+ 9 (Figure 4a). In contrast to these
enormous isotope effects, the value of the deuterium isotope
effect at low concentrations of dioxygen and saturating
linoleic acid,P[kealKm(oy)], is small (Figures 4b and 5a) and
represents an upper limit (since, as discussed abovéthe
for oxygen with D-LA is lower than we can measure
experimentally, being estimated 42.5uM). The true value

of PlkealKm(oy)] is, therefore, below 4 and may be as small

Figures 3 and 4, respectively. These secondary kinetic plotsas unity (Table 1).
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Table 1: Kinetic Parameters for SBL-1

rate constarit isotope
parameter figure H-LA D-LA effect
Keat (573 3a 140 ¢10) 2.2 ¢0.1) 64+ 5
4a 150 ¢8) 2.6 0.2) 59+ 5
kealKma) (M~1s71) 3b 6.3 ¢0.1) x 10° 1.1 #0.1) x 10° 58+5
4a 5.4 0.5) x 10° 0.92 @0.12) x 10° 50+9
kca/Km(Oz) (M_1 S_l) 3a 4.2 6:09) x 108 >1 x 106 ¢ <4
4ab 3.7 ¢£0.2) x 1¢° ~0.96 @0.6) x 1(P ¢ ~3.8

a Extracted by nonlinear fitting of the data in Figures 3 and 4 to the MichaMisnten equation. Numbers in parentheses are errors derived
from the fit. ® Isotope effects and propagated errors, obtained by dividing constants for H-LA by those for TEk#mated fromkcy for D-LA,
divided by aKn, of <2.5uM. 9 Since the rate of lipoxygenase could not be determined at or biélpfor O, with D-LA (Figures 1 and 2), the
isotope effect is only estimated.
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FIGURE 4: Limiting-rate constants. (a) Rates at saturatinge®a 10 i
function of H-LA concentration®) and D-LA concentration(). 0
The extrapolated values at infinite, @oncentrations, obtained by 0 5‘ 0 ] 60 ] ,‘50 2 6 0 2 15 o 300

fitting the rates of lipoxygenase as a function of €@ncentration
at given H-LA concentrations (from Figure 2a) and D-LA concen- [0,], 1M
trations (from Figure 2b) to the Michaelidlenten equation, are
replotted against H-LA®) and D-LA (O) concentrations. Due to
the difference of greater than 1 order of magnitude between the
rates with D-LA and H-LA, they-axis is displayed as logarithmic.
Extracted value representirga and kea/Kma) at saturating @
concentrations are given in Table 1. (b) Rates at low concentrations
of O, as a function of H-LA @) and D-LA (O) concentration. The
extrapolated values of low Lconcentrations, obtained by fitting
results in Figure 2a,b, are replotted against H-LA concentration
(@) and D-LA concentration®). The values ok.a/Km(o, at high
linoleic acid concentrations are in Table 1.

Ficure 5: Kinetic isotope effects for the lipoxygenase reaction as
a function of substrate concentration. (a) The observed experimental
values for the isotope effects at high concentrations of dioxygen,
P(kea)(app) @), and at low concentrations of dioxygéifikealKm(o,]-

(app) @), as a function of linoleic acid concentration (Figure 4a,b).
Within the experimental concentrations, the observed isotope effects
decrease significantly with decreasing €@ncentration but do not
appear to be sensitive to linoleic acid concentration. It is important
to note that the plotted values Bfk.a/Km(o,)](app) represent an
upper limit. As evident from Figures 1 and 2, it has only been
possible to estimate a lower limit fd¢a/Km(o, using D-LA. (b)

. L . The observed values for the isotope effects at high concentrations
Attempted Detection of Oxygen Binding by Lipoxygenase. o jinoleic acid,®(k..)(app) @), and at low concentrations of linoleic

To distinguish among possible kinetic mechanisms, the extentacid, P[k.a/Kmea)](@pp) @), are plotted as a function of O

of O, binding by lipoxygenase was analyzed using a vacuum concentration (Figure 3a,b). The limiting behavior of the isotope
line/oxygen trap method. Lipoxygenase is known to exist effects at very low @is not known, due to the inability to attain
in two forms, which differ with regard to the valence state Koy for D-LA (see above and tex).

of the iron. The resting enzyme as isolated from the cell is buffer control. We, therefore, attempted to detect oxygen
generally ferrous, whereas the active enzyme is consideredbinding to reduced forms of enzyme. Neither the native
to be in the ferric state (deGroet al,, 1975a; Schilstraet ferrous form of lipoxygenase nor a form which had been
al., 1994). As expected for the ferric form of enzyme, we oxidized by product hydroperoxide and reduced by nordi-
were unable to detect any bound molecular oxygen above ahydroguaiaretic acid indicated any binding of oxygen. We
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Table 2: Oxygen Binding Properties of SBE-1

micromoles background O
of enzyme O; in buffert total Q1 from protein
enzyme form iron stafe in the sample («mol, £0.3) («mol, £0.3) («mol, £0.6)
native Fé* 2.0 13.2 13.2
55 13.2 12.9
reduced Fet 7.0 13.2 13.2
3.0 12.9 12.9
“yellow” oxidized’ Fet 15 16.8 16.8
15 12.9 12.9
15 12.9 12.9
reduced, after oxidatién Fet 4.1 12 12
4.1 12 12
reduced plus vacenic aéid Ferr 6.6 11.4 11.4
oxidized plus vacenic acid Fe* 6.3 13.2 12.6
controls$
hemoglobin Fe& 6.0 12 18 6
hemoglobin plus reduced SBL-1 Fe 6.0 12.0 17.7 5.7
Fet 1.5

aThe partial pressure of Qlissolved in buffer with or without enzyme was determined after extraction and conversion, ts&OMaterials
and Methods)® The presence of ferric iron was confirmed by measuring absorbance at 330 nm (detGigdt975; Slappendeit al., 1983)¢ The
partial pressure of ©dissolved in buffer in the absence of enzyme was determined in each case and converted to mictdmzledioxygen in
solution of protein dissolved in buffet.Native enzyme reduced Byjs x moles of NDGA (0.5:1.0 molar ratio) to ferrous form (Van der Ztal.,
1989; Kemalet al,, 1987)." Native enzyme oxidized by an excess of lipid hydroperoxide to ferric férvfellow (Fe**) SBL-1 reduced by/, x
moles of NDGA (0.5:1.0 molar ratio) to ferrous forfSBL-1 in the presence of 1 mM vacenic acid as substrate andbmgection of dioxygen
bound to reduced hemoglobin was performed as published (Tian & Klinman, 1993) in the absence or presence of reduced,$BuUld t®
hemoglobin in the presence of oxidized SBL-1 could not be determirfedm the limits of detection, we estimate that #efor O, dissociation
from SBL-1 is=3 mM, relative to a concentration of dissolved i@ buffer of ca. 0.26 mM.

also considered the possibility that oxygen binding was ESH*K— ESﬂEPOOH )

dependent on an enzymatic conformational change triggered

by substrate binding. Using saturating levels of vacenic acid \wnen the oxygen concentration was lowered to trace levels,
(a competit_ive inhibitor and substrate analog of Iinoleic acid), the return to substrate was expected to be strongly favored.
we also failed to produce any detectable nding. As  Ajthough these reactions could have been conducted anaero-
summarized in Table 2, we were unable to find an experi- pically we reasoned that maintenance of low-turnover
mental condition which led to detectable binding of dioxygen ¢ongitions both would ensure that the results be relevant to
to lipoxygenase. steady state conditions and would provide an internal control
Hydrogen Exchange from the Enzyn@ubstrate Complex. (94 product formation) for quantitation of any measurable
In order to assess the reversibility of the-B bond cleavage exchange. For the observationaaf 10% product formation
under slow turnover conditions (i.e., in the presence of trace jn 35 min, we estimate that(O,) ~ 0.7 s’ (corresponding
dioxygen), lipoxygenase reactions were conducted in highly to ca 0.154M dissolved Q). Our lack of detectable tritium
labeled tritiated water (1 Ci/mL). The reaction with lipoXy- incorporation indicates, is <7 x 1075 s for tritium
genase was stopped before completion, and residual linoleicexchange. Although the tritium isotope effect has not yet
acid was analyzed for tritium incorporation. From the size peen measured in this reaction, we estimate that H/T is in

of substrate and product peaks after separation by HPLC, itihe range of (H/DY*22or 560. Thusk, for protium transfer
could be concluded that-510% of the substrate had been g estimated to be<0.04 s

converted to product during the course of the reaction.
Analysis of these peaks showed background levels of DISCUSSION
radioactivity (data not shown). From the specific activity
of the water (2x 10" dpmfzmol), we expected to be able to A main task of these studies has been to differentiate
detect a 0.01% exchangea( 2 x 10° dpm in unreacted LA). between a steady state mechanism that involves a ternary
Clearly, if any back-exchange from solvent to substrate complex (enzymelinoleic acid-dioxygen) as a prerequisite
occurred in these reactions, it was below this level. for catalysis and a mechanism where the chemical step of
What amount of exchange could we have expected? Inhydrogen abstraction occurs prior to oxygen binding. In the
order to observe exchange, several conditions are necescase of a ternary complex, we can further distinguish between
sary: first, that solvent-derived hydrogen is present in the @ truly random mechanism where either substrate can bind
active site prior to substrate binding; second, that the to free enzyme (Scheme 1a), an ordered binding of dioxygen
activated enzymesubstrate intermediate (presumably a followed by binding of LA (Scheme 1b), or an ordered biding
carbon-based radical) has access to this solvent-derived®f LA prior to O, (Scheme 1c) (for an example and
hydrogen; and third, that this intermediate is subject to a derivations of isotope effect expressions for these types of
partitioning between return to substrate or reaction with reactions, see Ahn and Klinman (1981) and Klinneral.
dioxygen and conversion to product perioxide. The first (1980)]. A distinct possibility, whereby £binds after GH
condition is supported by the sizable solvent isotope effects bond cleavage, is shown in Scheme 1d and is described in
previously reported in the SBL-1 reaction (Glickman & Table 3.
Klinman, 1995) and suggests that the substrate radical would The simplest case is that of ordered binding. In one case
have access to solvent: of an ordered binding sequence, LA bind first as a require-
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Scheme 1: Possible Mechanisms for the Lipoxygenase Re&ction
ki[LA]

k3[Oy]
BrlA ——= BASS k
5 k
a 2 k:_;‘\ EOxlA ——— E.Oale — 5 E4P
k1[O2] 3/1// ke
E+O; ———= EO -
ko- «
k1[O>] kg[LA] ks k7
b E+0, —/———= EO, EOxA = EQzL+ —» E+P
ko kg ke
k4[LA] k3[O2] ks k7
c E+LA T—= ElA ——= EO2lA |——= EOzls —> E+P
k2 kg ke
k4[LA] ks ks[O2] k7 ko
d  E+lA == ElA —=—= E.l. —= ELOO —= ELOOH —> E+P
ko K4 ke ks

a Part a represents a random-binding mechanism where either substrate can bind to free enzyme. Part b is an ordered-binding mechanism where
only dioxygen can bind to free enzyme. Part c describes ordered binding of linoleic acid as a prerequisite for oxygen binding. A mechanism that
involves hydrogen abstraction from substrate prior to oxygen binding to enzyme is shown in part d. To simplify these derivations, the step in

kealKmay that is sensitive to BD (Glickman & Klinman, 1995) has been included in the step representirig Bond cleavage.

Table 3: Isotope Effect Expressidrfer Reactions Described in Scheme—it
random binding ordered binding O, binds after G-H cleavageé
KIE limit Scheme 1a Scheme 1b (&first)e Scheme 1c (LA firs§ Scheme 1d
D(kcat) high LA D kS D k6 D k5 D kﬁ D ks D kﬁ D k3 k3 kB k3
hlghOz k5+|(—7+ Keqq; k5+k—7+ Keqq; k5+k—7+ Keqqz k3+k_9+k_gk_7 E
ks ks ks ks ks ks ks kskg kg
1+—+— 1+—+— 1+—+— 1+—+——++—
kK kK k kg Ky kok; kg
OkealKm]  highO: o kg o ks LT L D+ e
k5+k_4'+ Kquk—7 k5+k_4,+ Keq% . k3+k_2
ks ke ks, ko ks
1+ k_4. + E 1+ k_4. + E 1+ E
Plkeal Km(op] high LA b ks 5 ks b ks o ks b ks
k5+k—4+ Keqq(—7 . k5+k—4+ Keqﬁz Keqs—l—?4
ks ks ks ks ks
1+ k_4 + k_7 1+ k_4 + k_7 1+ E
D[kcale(Oz)]f low LA D, kS D kG D kS D kG D, k5 D k6
OlkealKmea] — low O st it Keage K T Keage ks i, T Keage Ko
ks Kk ks Ko ks ks
1+—k4,+k4+f7 1+k_4.+f7 1+k_4+k_7

a Expressions were derived for the limiting cases at extremes of high and low concentrations of each stuGstnapere to experimental results
in Table 1.°PKqs represents the isotope effect on the equilibrium constglkt in Scheme 1d¢ For simplicity, the steps after the-&H bond
cleavage were made irreversible in Scheme-d.& In order to correctly compare all the mechanisms shown in Schemed,lthe C-H bond
cleavage was made reversible. Simpler expressons for the isotope effect can be ofiéakiad the equilibrium isotope effect terfKegs in
both the numerator and the denominatashen the chemical step is treated as being irreversible. However, the conclusions are not affected
(Glickman & Klinman, 1996) The expression for the isotope effect at low concentrations of both substrates is identical Bk {&o,] at
a low [LA] and for P[kea/Kma)] at a low [Oy]; the later was not determined experimentally.

ment for Q binding to enzyme (Scheme 1c); the prediction will go to unity at saturating linoleic acid (Table 1). Within

is that the isotope effedtkeafKma)] Will be unity under

the attainable experimental range of €ncentrations, the

conditions where @is saturating the enzyme. The second- first statement is valid (Figure 5b). Unfortunately, due to

order rate constaf{kea/Km(a)] includes steps up to the first

the low K, value for Q with deuterated LA, we could not

irreversible step; at high concentrations of dioxygen, step 1 accurately determine the behavior Bfk.a/Kmo,] as a
is basically irreversible, and the isotopically sensitive step function of LA concentration. Another characteristic of the

(step 5) is not expressed in the isotope effect tern?fiy/
Kmwa] (Table 1). SinceP[kea/Kmea] ~ 60 at high Q

ordered-binding mechanism in Scheme 1b is ¥lat/Km(o,)]
is expected to increase as the concentration of LA is

concentrations (Figure 3b and 4a), this scenario can definitelydecreased until it equals the valuePPf.a/Kma)] (cf. Table
be ruled out as a mechanism for lipoxygenase. Regarding3). From the upper limit we have obtained fjk.a/Km(o,]
an ordered binding sequence of dioxygen prior to LA (Figure 5a), there is no evidence that this parameter increases

(Scheme 1b), the prediction is th8tke.a/Kmea)] will be
independent of the oxygen concentration whlle.a/Km(oy)]

at low linoleic acid concentrations to anywhere approximat-
ing the value of 60 measured fBfkcalKmea)]. Thus, while
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we cannot exclude such a mechanism from the initial rate is that the isotope effect at low concentrations of dioxygen
data, we think it highly unlikely. reflects the equilibrium isotope effect regardless of the
If we consider the general case of a random-binding concentration of linoleic acid. At the other extreme, isotope
mechanism (Scheme 1a), the isotope effedt.afK,, should effects at high concentrations of dioxygen reflect the kinetic
alternate between two finite values for each of the two isotope effect. This behavior is fully consistent with our
substrates. Considering, for example, a mechanism such asbservation thaP[Kea/Kmway] > P[KkealKm(oy] under a full
that described in Scheme 1la, the isotope effect at low LA range of oxygen and linoleic acid concentrations. We note
concentrations or low ©concentrations can be expressed that the abnormally large intrinsic kinetic isotope effect in

as follows: the lipoxygenase reaction makes the disparity betWilen/
Kmay)] and P[keafKm(o,] particularly easy to discern.
b ks o ks It is evident that the mechanism in Scheme 1d can explain
k. ks + K. + Keqq? all the trends in isotope effects observed in the data presented.
D A O, — 0= 4 ! 3) At first glance, the magnitude &fkeafKmo,)] < 4 appears
Kin(a) 1+ E + k_6 anomolously large. However, as already discussed, the
ky k; observed value of this isotope effect is an upper limit due to
an oxygenK, value with D-LA which lies outside the
D ks D ke experimentally accessible range fof €@ncentrations. Both
of Keat ks + E + Kqu}?7 Km(o, With D-LA as substrate an®{k../Km(o,] are expected
K LA — o= K ke 4) to be overestimated. To summarize these results, kinetic
m(Q,) 142458 studies suggest that molecular oxygen enters the lipoxyge-
k,  k; nase-catalyzed reaction only after the substrat¢i@®ond

is cleaved. The mechanistic possibility in which dioxygen
While an accurate experimental value for eq 3 is presentedbinds to free enzyme before linoleic acid has not been
in this work, only an upper limit value for eq 4 could be unambiguously excluded however.
estimated (Figures 3a and 4b); it is evident, however, from Oxygen Binding by Lipoxygenaselhe kinetic studies
the presented results tHkca/Kma)] > P[KealKmo,]. For above indicate two very distinct possibilities: either dioxygen
this result to be consistent with a random-binding mechanism, binds tightly to free enzyme (Scheme 1b), or it does not bind
binding of G to the ternary complex must be much tighter to enzyme in the absence of an activated enzysubstrate
than that of LA. In other words, the rate of linoleic acid complex (Scheme 1d). To distinguish between them, we
release from the ternary comples;, must be much faster  analyzed for released oxygen using a vacuum line/oxygen
than the rate of dioxygen releask;. This increased trap (cf. Materials and Methods and Table 2). Lipoxygenase
“stickiness” of oxygen will show up as a very large inits commercial or “native” form is ferrous, whereas active

commitment, ks/ks, decreasing the value Of[kealKm(oy] enzyme is considered to be in the ferric state (deGetot
compared t@[k.a/Kmwa)l- In a practical sense, the kinetic al., 1975a; Schilstrat al, 1994). As displayed in Table 2,
pathway is effectively pushed to ordered binding gfp@ior free ferric enzyme does not bind molecular oxygen. This
to LA (Scheme 1b), due to the enormous difference in result does not come as a surprise since the iron-containing
magnitude between the isotope effects’fca/Kmo,] and reversible oxygen carrier proteins (hemoglobin, myoglobin,

PlkealKmeay]- In this extreme case, the mechanism cannot and hemerythrin) bind oxygen in their ferrous states. Reduc-
be truly random binding but reduces instead to an ordereding lipoxygenase to its ferrous state (Table 2) does not lead
mechanism in which ©binding precedes linoleic acid. As to dioxygen binding, even though other non-heme iron-
discussed above, such an ordered mechanism for lipoxyge-containing proteins (including other dioxygenases) have the
nase cannot be rigorously excluded but is considered capability to bind molecular oxygen in their ferrous state
unlikely. (Feig & Lippard, 1994; Que, 1980). It is possible that the
Another distinct mechanism that can explain the observed enzyme is reduced to a form that can then bind oxygen only
results is a reaction in which the isotopically sensitive during the catalytic cycle. Lipoxygenase was thus reduced
chemical step occurs prior to oxygen binding (Scheme 1d). after it had been first oxidized; this form does not bing O
In this scenario, oxygen binding occurs after the isotopically either. Another possibility was that oxygen binding was
sensitive step, and a large kinetic isotope effect ferHC dependent on an enzymatic conformational change upon
bond cleavage is not expected to be expresseki/Km(oy)- substrate binding. However, the presence of vacenic acid,
In the event that €H bond cleavage is reversible, an a substrate analog that behaves as a competitive inhibitor,
equilibrium isotope effect representikgandk, is anticipated does not produce any oxygen binding with different enzyme
for P[kealKmo,]. 1IN general, primary deuterium equilibrium  forms. Our conclusion from these results is that lipoxygenase
isotope effects are small compared to kinetic isotope effectsdoes not bind dioxygen in the absence of activated substrate.
and are usually close to unity (Klinman, 1978). The kinetic In conjunction with the models predicted by the kinetic
parameters (Table 3) demonstrate how the isotope effectsisotope effects above, it would seem that the only plausible
are influenced by substrate concentrations. This rathermechanism for the lipoxygenase reaction is one in which
unusual enzymatic mechanism is virtually identical to a the C—H bond cleavage takes place prior to any kinetically
similar mechanism derived by Cook and co-authors [egs 19 productive interaction of @with enzyme.
25 in Cooket al. (1993)]. The derivations presented in Table  Accessibility of Substrate Intermediate to &wit. Our
3 predict that[k.afKm(o,] Will be relatively insensitive to  working hypothesis is that the hydrogen at position 11 is
LA concentration and, importantly, be close to or equal to transferred to an enzymatic group, possibly a hydroxide ion
unity for all conditions of linoleic acid concentration. The coordinated to iron. After trapping of the substrate-derived
especially striking characteristic of this type of mechanism radical by dioxygen, the resulting peroxide radical is
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Scheme 2: Free Energy Profile of Lipoxygenase aft@%

D20 C-H Dzo
Binding Solvent Cleavage 0, Binding Solvent Dissociation
02

E +SH ESH E'SH <-——- E'Se E'SOO- E'SOOH E+P

a Summary of reaction steps resolved by this and previous work. With the standard stat&attmeentration, the energy levels of E and ESH
are equivalent. Dotted lines represent energies of intermediates or transition states that are uncertain. Three kinetic barriers leading to the substrate-
derived radical have similar heights: substrate binding, an unidentified step sensiti¥@ toDent, and substrate-E bond cleavage (Glickman
& Klinman, 1995). Molecular oxygen enters the reaction site only after hydrogen abstraction has occurred and under saturating conditions is
proposed to react rapidly with activated substrate. The intermediate thus produced is reduced and reprotonated in a step that may be sensitive to
D,O but that is not a rate-determining step at°@5(Glickman & Klinman, 1995). Finally, product peroxide is released in a step that is likely to
limit the O, portion of the reaction and to contribute to net turnover (Glickman, MeHal, in preparation). The oxygen portion of the reaction
is shown as reversible, whereas the substrate portion of the reaction is best described as an irreversible process.

subsequently reduced and protonated. The identity of thethe future, a more productive tritium incorporation experi-
enzymatic group is unknown, and it is unclear whether the ment may involve incubation of enzyme under strictly
hydrogen from position 11 is retained to be inserted at the anaerobic conditions to suppress trapping of the substrate
peroxide position. The tritium exchange experiment at- radical intermediate by £© Given the fact that the isotope
tempted to address whether reversibility of-B bond effect is much smaller for deuterium than for tritium,
cleavage could be observed under turnover conditions. examination of exchange in,D should also be undertaken.
As described in Results, we could not detect any exchange The lack of tritium label in residual substrate under the
of substrate hydrogen atoms with a tritium label from solvent conditions of the current experiment supports the conclusion
during the course of the reaction. Given the likelihood of that reaction branching involving loss of substrate radical
tritium in the active site as Fe(IH)OH(T), the most likely  from enzyme and its conversion back to SH is not likely to
explanation for this observation is an unfavorable partitioning be a major contributor to the overall reaction or to be a factor
of the linoleyl radical back toward substrate vs trapping with in the very large observed isotope effects (Glickman &
dioxygen, eq 2. From our level of detection for tritium, we  Klinman, 1995). If a substrate-derived radical had been lost

therefore estimate thate, for the interconversion of from enzyme undeca. 0.14M dissolved Q, this intermedi-
ate may have been expected to react with solvent to some
E/Fe('“)—OH ~200s1 E/Fe(“)—OHz extent, incorporating a tritum label. A second strong
“SH oo4st s argument against reaction branching comes from the data in
Figure 5b, where it can be seen tRfk.a/Kmwa)] remains
isca 5 x 10 large as the @concentration is elevated (appearing inde-

This finding has implications for the formalism of the pendent of dioxygen concentration). If branching were
mechanism in Scheme 1d. In the event that the substrate-0ccurring to a significant extent at low.Qevels and was
derived radical does not revert readily to starting material, the cause of inflated isotope effects, elevation of the dioxygen
the lipoxygenase mechanism reduces to a ping-pong mech-concentration would have been expected to reduce the
anism. Under these circumstanc®&:./Kma)] is predicted ~ magnitude oP[kea/Kmn)]. This is clearly not occurring in
to be large at all @ concentrations, while the reversible the lipoxygenase reaction.

mechanism shown in Scheme 1d predicts Bjld./Kma)] Mechanism of Lipoxygenasén Scheme 2, we propose a
will go toward PKeqs in the limit of very low dioxygen mechanism for lipoxygenase based on the results presented
concentration. Once again, our inability to achiéyglevels in this paper together with previously published work.

of O, with D-LA precludes unambiguous conclusions. Lipoxygenase is unique in that catalysis is achieved via
However, there is no evidence from Figure 5b of a downward substrate activation instead of the more familiar oxygen
trend in PlkealKma)] at low O,, in support of a largely  activation. Molecular oxygen is proposed to neither bind
irreversible C-H bond cleavage process. As predicted for nor react with lipoxygenase but rather to trap activated
a ping-pong mechanismP[kea/Kmea)] is close to being enzyme-substrate complex. Linoleic acid binding is par-
independent of @concentration (Figure 3b); by contrast, tially rate-limiting at pH 9 and 25C and is followed by
DlkeafKm(o,] Shows about a 3-fold increase with increasing two partially rate-limiting isotopically sensitive steps. The
linoleic acid (Figure 4b). The latter effect may be due to a first step is slowed by solvent deuteration, whereas the second
second (nonsubstrate) site for interaction of linoleic acid with step is highly sensitive to substrate deuteration (Glickman
enzyme, as already implicated from the chang€[iq./ & Klinman, 1995). The latter step produces a linoleyl-based
Kmwa)] as a function of linoleic acid concentration (Glickman radical which upon reaction with £Ogenerates a peroxyl
etal, 1994). Additional kinetic studies suggest the capacity radical. The peroxyl radical is subsequently reduced to
of SBL-1 to bind more than a single molecule of long chain peroxide anion and protonated to yield bound linoleate
fatty acid (Jonegt al, 1992; Wangget al, 1993; Lagockiet hydroperoxide (proposed to be the source of the 585 nm
al., 1976; Garseret al, 1972; Butovichet al, 1991). For charge-transfer band seen in purple lipoxygenase, Neon
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al., 1995). Release of product to solvent completes the (Van der Heijdtet al, 1995). Interestingly, this mechanism
catalytic cycle. is much closer to that of the autoxidation of lipids (Porter,
The nature of rate-limiting steps after production of the 1986; Porter & Wujek, 1984) than to model systems for a
linoleyl radical can be inferred from the magnitude of lipoxygenase type reaction that involves oxygen activation
deuterium and®O isotope effects. Solvent deuterium isotope by iron (Raoet al, 1994). The weight of these conclusions
effects onk.y are negligible at 25°C, but the substrate focuses attention on the ferric iron center as the locus of
deuterium isotope effect dqais reduced from its maximum  substrate oxidation and the origin of the large isotope effects.
value (Glickman & Klinman, 1995). The simplest mecha-
nism attributes partial rate limitation &4 to the product ~ ACKNOWLEDGMENT
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