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The wound-inducible lipoxygenase obtained from maize is

one of the nontraditional lipoxygenases that possess dual

positional specificity. In this paper, we provide our results

on the determination and comparison of the kinetic constants

of the maize lipoxygenase, with or without detergents in

the steady state, and characterization of the dependence of

the kinetic lag phase or initial burst, on pH, substrate, and

detergent in the pre-steady state of the lipoxygenase

reaction. The oxidation of linoleic acid showed a typical lag

phase in the pre-steady state of the lipoxygenase reaction

at pH 7.5 in the presence of 0.25% Tween-20 detergent.

The reciprocal correlation between the induction period

and the enzyme level indicated that this lag phenomenon

was attributable to the slow oxidative activation of Fe (II)

to Fe (III) at the active site of the enzyme as observed in

other lipoxygenase reactions. Contrary to the lagging

phenomenon observed at pH 7.5 in the presence of Tween-

20, a unique initial burst was observed at pH 6.2 in the

absence of detergents. To our knowledge, the initial burst

in the oxidation of linoleic acid at pH 6.2 is the first

observation in the lipoxygenase reaction. Kinetic constants

(Km and kcat values) were largely dependent on the presence

of detergent. An inverse correlation of the initial burst

period with enzyme levels and interpretations on kinetic

constants suggested that the observed initial burst in the

oxidation of linoleic acid could be due to the availability of

free fatty acids as substrates for binding with the

lipoxygenase enzyme.
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Introduction

Most lipoxygenases (LOXs, EC 1.13.11.12) contain non-heme

iron, and occur ubiquitously in both animals and plants

(Siedow, 1991; Brash, 1999). LOX is a dioxygenase, which

catalyzes the hydroperoxidation of polyunsaturated fatty acids

containing one or more (1Z, 4Z)-pentadiene structures in the

presence of molecular oxygen. LOX-catalyzed reactions are

generally regiospecific and stereospecific (Feussner et al.,

2002). In plants, linoleic acid (LA) or linolenic acid (LNA) is

oxygenated at the C-9 or C-13 of the hydrocarbon backbone

of the unsaturated fatty acid, by 9-LOX or 13-LOX, respectively.

The corresponding (9S)-hydroperoxy or (13S)-hydroperoxy

derivatives are further metabolized into a variety of biologically

active compounds, via seven metabolic branches. The LOX

pathway is responsible for the initiation of the biosynthesis of

a number of physiologically important oxylipins which can

function as elicitors of the expression of defense genes

(Reymond et al., 1998; Agrawal et al., 2003; Lee et al., 2005),

antimicrobial compounds against biotic stresses (Lee et al.,

2004; Agrawal et al., 2004), and inducers of hypersensitive

cell death (Göbel et al., 2003). For example, jasmonate

biosynthesis is initiated by the 13-LOX pathway and the

peroxidation of lipids in the hypersensitivity response is

mediated primarily by 9-LOX (Jalloul et al., 2002; Montillet

et al., 2005); leaf aldehydes are synthesized via either the 9-

LOX or 13-LOX pathway. Previous experiments have shown

that the orientation of the substrate molecule determines

positional specificity (Egmond et al., 1972), whereas some

recent studies have indicated that the frameshift re-alignment

of the substrate may peform a crucial function in both

positional and stereo specificities (Coffa et al., 2005). Interestingly,

a few nontraditional LOXs (Feussner and Westernack, 2001)

oxygenate at C-9 and C-13 positions and produce both 9-

hydroperoxy and 13-hydroperoxy positional isomers. These

dual positional specific LOXs are found in plants (Hughes et

al., 1998; Hughes et al., 2001; Kim et al., 2001) and animals
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(Bryant et al., 1982). The metabolic roles and a detailed

understanding of the catalytic mechanisms exploited by the

dual positional specific LOX remain unknown.

The LOX-catalyzed reaction in general has a characteristic

kinetic lag phase in the early stage of the reaction (Smith et

al., 1972). It has been assumed that the kinetic lag phase

observed in the pre-steady state is attributable to the

conversion of the LOX from Fe (II) to the catalytically active

Fe (III) by the hydroperoxide product (Slappendel et al.,

1982). The induction period in the kinetic lag phase could, in

fact, be partially eliminated by the addition of the hydroperoxide

product (Smith et al., 1972). However, the initiation of the

LOX reaction with the oxidized LOX (Fe (III)) rather than Fe

(II) LOX does not result in the complete disappearance of the

induction period (Schilstra et al., 1993), which is in apparent

contradiction with this assumption. Two distinct kinetic

models regarding the origin of kinetic lag phase have been

proposed (Schilstra et al., 1994) for explaining this apparent

contradiction. A multiple-site model assumes that both the Fe

(II) and Fe (III) forms of LOX are catalytically active, whereas

in a two-step model only the Fe (III) form of the enzyme is

active.

Polyunsaturated fatty acid (PUFA), a substrate of LOX,

aggregates to form micelles in an aqueous phase and detergents

are frequently used to solubilize aggregated micelles in the

LOX reaction. The incorporation of substrate molecules into

detergent micelles complicates the situation regarding the

availability of substrate molecules for binding with the LOX

enzyme. Substrate availability is one of the obstacles to the

characterization of the kinetics of the LOX reaction unless the

role of detergents in the steady and pre-steady state of the

LOX reaction can be clarified. We have reported previously

that the wound-inducible LOX obtained from maize is one of

the nontraditional LOXs that possess dual positional specificity,

and that the expression of LOX is modulated by both methyl

jasmonate and wounding (Kim et al., 2002; Kim et al., 2003)

in vivo. In this paper, we have first determined and then

compared the kinetic constants of the maize LOX with or

without detergents in the steady state, and more importantly,

investigated the dependence of the kinetic lag phase or initial

burst phenomenon, on pH, substrate, and detergent in the pre-

steady state of the LOX reaction.

Materials and Methods

Reagents. LA and LNA with 99% purity, stored in sealed ampoules,

were purchased from Sigma-Aldrich. All other chemicals were

obtained either from Sigma-Aldrich or from Duchepa.

Heterologous expression and purification of LOX. The enzyme

was heterologously expressed and purified as previously reported

(Kim et al., 2003), with some slight modifications. The pZL1/LOX

(6C02E12) was acquired from the University of Missouri-Columbia

Clone Distribution Center, and digested with SalI and XbaI. The

resultant 1.3 kb fragment was then employed as a polymerase chain

reaction (PCR) template. Two primers were used to introduce a

BglII site (underlined) at the 5' side (5'-GGAAGATCTTCCATGCG

CACCTCAATGGCAAC-3') and an EcoRI site (underlined) at the

3' side (5'-CCGGAATTCCGGTCAAATGGAGATGCTGTTTG-3')

of the 6C02E12 sequence. The PCR product was then cloned into

pGEM-T Easy vector for amplification, and subcloned into the

BglII/EcoRI sites of pRSETB to generate the recombinant plasmid

(pRSETB/LOX). E. coli BL21(DE3) pLysS cells were transformed

with pRSETB/LOX vector and grown for 4 h at 25oC, and LOX

expression was induced with the addition of isopropyl-β-D-thio-

galactopyranoside (1 mM). The cells were grown for an additional

14 h at 25°C, harvested by centrifugation (3,000 × g, 15 min, 4oC),

briefly washed with 50 mM Tris-HCl (pH 7.5), and resuspended in

extraction buffer (50 mM Tris-HCl, pH 7.5) containing 10%

glycerol, 0.1% Tween-20, 1 mM EDTA, 500 mM NaCl, 1% 1,10-

phenanthroline, 0.2 mM PMSF, and 100 µg/ml egg white lysozyme.

The resuspended cells were then disrupted by sonication and

centrifuged, and the supernatant was loaded on the His-Tag column

(ProBond Resin, Invitrogen, USA). The LOX was eluted with 50

mM Tris-HCl (pH 6.0), 350 mM imidazole, and the purity of the

LOX was confirmed by SDS-PAGE.

Enzyme assay. The enzyme activity was determined by the

modification of the previously reported procedure (Surrey, 1964)

depending on the presence of detergents. In the presence of

detergents, the assay mixture contained 50 mM Tris-HCl (pH 7.5),

2.5 mM substrate, 0.25% Tween-20, 0-20 mg of LOX in a 3 ml of

final volume. In the absence of detergents, ethanol was used to

solubilize substrate molecules and the assay mixture contained 50

mM Tris-HCl (pH 7.5), 1.0 mM substrate, 0.8% ethanol, 0-20 mg

of LOX. The initial reaction velocity was determined at 25oC by

following the formation of the conjugated diene of hydroperoxydienoic

acid (HPODE) or hydroperoxytrienoic acid (HPOTE) at 234 nm by

using a Perkin-Elmer spectrophotometer. The amount of HPODE

or HPOTE was calculated using a molecular extinction coefficient

of 25,000 cm−1 M−1. The buffers used for pH profiling were 50 mM

sodium phosphate for pH 6.0-6.8, Tris-HCl for pH 7.4-7.9, and

sodium borate for pH 8.0-8.9.

Kinetic measurements in the steady state. The lag or initial burst

period was excluded and data points in the steady state period were

selected for measuring the initial velocity in the steady state.

Kinetic constants (Km and kcat ) were calculated by the Lineweaver-

Burk plot. The ranges of substrate concentration employed for

Lineweaver-Burk plot were 0.5-2.5 mM LA or LNA in 0.25%

Tween-20, 0.05-0.5 mM LA in 0.8% ethanol, 0.05-1.0 mM LNA in

0.8% ethanol.

Determination of induction or initial burst period in the pre-

steady state. For the pre-steady state kinetic experiments, the

formation of HPODE or HPOTE was monitored for 0-4 min

depending on the amount of enzyme using the conditions used for

the kinetic measurements. The initial linear line in the pre-steady

state was separated from the second straight line in the steady state.

The induction or initial burst period was calculated from the initial

linear time period in the pre-steady state of the LOX reaction.
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Results and Discussion

Effect of Tween-20 and pH on specific activity. Since PUFA

aggregates to form micelles in the aqueous phase, the

solubilization of the substrate molecules by detergents is an

important factor in the LOX reaction. Several detergents have

been employed to stabilize the emulsion of the substrate in

LOX studies (Butovich et al., 1998). As seen in Fig. 1, the

activity of the maize LOX was increased markedly by Tween-

20 and the specific activity achieved a maximal flat value at a

molar ratio of 1.23-3.07 LNA to Tween-20 (0.10-0.25% of

Tween-20 at 2.5 mM LNA). All of the experiments with

detergents described herein were conducted in the presence of

0.25% Tween-20, unless otherwise noted.

As ionization of the substrate, as well as the LOX enzyme

itself, would be affected by pH of the LOX reaction mixture,

the pH dependence of the LOX reaction was examined in the

presence of 0.25% Tween-20 or 0.8% ethanol, using LA or

LNA as a substrate. As is shown in Figure 2, the optimal pH

ranged from 6.8 to 6.9 depending on the substrate and the

presence of Tween-20, and the specific activity was generally

higher with LA than LNA as a substrate in the presence of

Tween-20 or ethanol over the pH range of 6.0-9.0. Butovich et

al. (1998) suggested that the ionization of the carboxyl group

in a substrate molecule is not an essential requirement for the

enzymatic reaction to occur in the presence of detergents

based on the pH profile of dual positional specific potato LOX

with various substrate analogs, and concluded that the rate of

enzymatic reaction is primarily controlled by two ionizable

groups of the enzyme which have not been identified. If this is

the case in the dual positional specific maize LOX, the pH

dependence seen in Fig. 2 is the consequence of the ionization

of specific amino acids of the maize LOX enzyme.

Kinetic constants. Since the specific activities of the LOX

reaction were influenced significantly by the presence of

detergent molecules, kinetic experiments with detergents

(0.25% Tween-20) and without detergents (0.8% ethanol)

were conducted with LA or LNA as a substrate, and their

results compared (Table 1). As would be anticipated from Fig.

2, the maize LOX was a more effective catalyst with LA than

with LNA as a substrate in terms of both Km and kcat values.

Since the maize LOX was not able to catalyze the oxidation of

trilinolein or trilinolenin even in the presence of detergent

(Table 1), and could be severely inhibited by β-cyclodextrin, a

host molecule for the host-guest complexing with free fatty

acids (Park, 2004), the dual positional specific maize LOX

seems to utilize only free fatty acid as a substrate. The

apparent Km values of the maize LOX in 0.8% ethanol were

smaller than those in 0.25% Tween-20, particularly with using

LA as a substrate. This result indicates that substrates as free

fatty acids might be more available for the LOX enzyme in

the absence of detergents. In other words, the detergent

molecule may play a negative role in providing effective free

fatty acids for binding with the LOX enzyme even though the

detergent helps to solubilize substrate molecules by their

Fig. 1. Dependence of the specific activity of the dual positional

specific maize LOX on the molar ratio of linolenic acid to

Tween-20. The specific activity was determined using 2.5 mM of

linolenic acid as described in Materials and Methods. The molar

ratios of linolenic acid to Tween-20 were in a range of Tween-20

concentrations from 0.08-1.22%.

Fig. 2. pH-Dependence of the specific activity of the dual

positional specific maize LOX. The activity was measured in the

presence of 0.25% Tween-20 or 0.8% ethanol as described in the

Materials and Methods. A: LA as a substrate, B: LNA as a

substrate.
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incorporation of substrate molecules into the micelles. If this

is the case, the increased activity of maize LOX by Tween-20

as seen in Fig. 1 could be due to the interaction between the

detergent and the LOX enzyme. In fact, the kcat and kcat/Km

values of the maize LOX were higher in 0.25% Tween-20

than those in the 0.8% ethanol (Table 1). These results are

consistent with the conclusion drawn from Fig. 2 that the

ionization of a carboxyl group in a substrate molecule may not

constitute a critical determinant in the reaction rate and that

the ionization of specific amino acids of the LOX enzyme is

the essential requirement for the enzymatic reaction to occur

in the presence of detergents. Actually, the activation of the

LOX enzyme by detergents has been observed by others in

potato tubers (Butovich et al., 2000; 2001). Thus, Tween-20

seems to interact with the maize LOX enzyme and this

interaction might be responsible for the increased activity of

the maize LOX in the presence of detergents.

Dependence of lagging and initial burst on pH, detergent,

and substrate. Kinetic lag phases have been commonly

observed at high pH in reactions catalyzed by several LOXs

from soybean LOX-1 (Schilstra et al., 1993), T. Claveryi LOX

(Perez-Gilabert et al., 2005), and potato tuber LOX (Butovich

et al., 1998). The induction period attributable to the kinetic

lag phase has been explained by the oxidative activation of the

enzyme by hydroperoxy fatty acid (Schilstra et al., 1993). It is

known that the activation associated with lagging includes the

oxidation of Fe (II) to Fe (III) in the active site of the LOX

enzyme by HPODE, and the lagging period is dependent on

the distribution of the Fe (II) and Fe (III) forms of the enzyme

(Schilstra et al., 1994). As seen in Fig. 3A, the oxidation of

LA catalyzed by the dual positional specific maize LOX at pH

7.5 also showed the typical lag phase in the pre-steady state

(Fig. 3A). The induction period of the maize LOX was rather

long compared with values of other traditional LOXs (Schilstra

Table 1. Kinetic constants of the nontraditional LOX with dual positional specificity

Plant LOX name Substrates Additives
Kinetic constants

Km (mM) kcat (s
−1) kcat/Km (s−1 mM−1)

Maizea LOX1-Zm1

LA
0.25% Tween-20 1.6 13.9 8.7

0.8% Ethanol 0.1 0.3 3.0

LNA
0.25% Tween-20 2.2 1.0 0.5

0.8% Ethanol 1.3 0.4 0.3

Trilinolein 0.25% Tween-20 NR

Trilinolenin 0.25% Tween-20 NR

Potatob LOX1-St2 LA 0.01% Tween-20 0.2 106.0 530.0

Peac
LOX1-Ps2 LA 0.01% Tween-20 0.3 2.0 6.7

LOX1-Ps3 LA 0.01% Tween-20 6.7 78.0 12.2

aThis study.
bHughes et al. (2001)
cHughes et al. (1998)

NR, No reaction.

Fig. 3. Dependence of lagging or initial burst on pH in the

oxidation of LA catalyzed by the dual positional specific maize

LOX. The production of HPODE was monitored at 234 nm as

described in the Materials and Methods. A: pH 7.5 in the

presence of 0.25% Tween-20, B: pH 6.2 in the presence of 0.8%

ethanol.
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et al., 1993), which implies that the oxidative activation of Fe

(II) to Fe (III) by HPODE in the maize LOX reaction at high

pH is so slow that the lag phase can be detected as a

prolonged induction period in the pre-steady state. Slow

oxidative activation may be functionally correlated to the dual

positional specificity of the maize LOX, however, an exact

relationship between the dual positional specificity and a

mechanistic origin of the slow activation of the maize LOX

remains unclear.

Interestingly, the oxidation of LA at pH 6.2 in the absence

of detergents (in 0.8% ethanol) showed the typical initial burst

(Fig. 3B) which is contrary to the lagging phenomenon

observed at pH 7.5 in the presence of 0.25% Tween-20. Since

pH and detergents are involved in the ionization and the

activation of the maize LOX enzyme as discussed previously

in Fig. 2 and Table 1, it is reasonable to assume that the

lagging or initial burst associated with the activation of the

LOX enzyme would depend upon pH and the presence of

detergents.

The initial burst phenomenon illustrated in Fig. 3B can be

explained in two ways. One possibility is that the oxidative

activation rate of Fe (II) to Fe (III) is so high that the majority

of the enzyme is present in the Fe (III) form during the pre-

steady state. This situation might be plausible at low pH since

the oxidation of the Fe (II) to Fe (III) form of the LOX with

the concomitant reduction of hydroperoxide would be accelerated

as the pH decreases. However, the initial burst could not be

observed at low pH values in the presence of 0.25% Tween-

20 (data not shown). Therefore, the initial burst phenomenon

can not be explained by the rapid oxidation of Fe (II) to Fe

(III) due to the low pH. The other possibility is that a greater

quantity of free fatty acids as substrates is available at low pH

in the absence of detergents during the pre-steady state since

the initial burst can be observed at low pH only in the absence

of detergents. This explanation is consistent with our previous

speculation that more free fatty acids would be available for

binding with the LOX enzyme in the absence of detergents

based on the fact that the K
m
 of LA in 0.8% ethanol was much

smaller than that in the presence of 0.25% Tween-20 (Table

1). If K
m
 values in Table 1 represent the effective concentration

of substrates for binding with the LOX enzyme, then free fatty

acids as substrates in the oxidation of LNA would be limitedly

available since the K
m
 values of LNA were large (comparable

to that of LA in the presence of detergent). This finding

predicts that the LNA may not show the initial burst

phenomenon, even at low pH, in the absence of detergents.

Indeed, a lag phase instead of the initial burst was observed in

the oxidation of LNA catalyzed by the maize LOX at pH 6.2

(Fig. 4). Therefore, the initial burst observed in the maize

LOX-catalyzed oxidation of LA can be attributed principally

to the availability of free fatty acids as substrates at low pH in

the absence of detergents.

Dependence of induction period and initial burst period

on the amount of enzyme at low pH. Reciprocal relationships

between the induction period and the enzyme concentration

have been reported in several LOX reactions taking place at

Fig. 4. Lagging phenomenon in the oxidation of LNA catalyzed

by the dual positional specific maize LOX. The production of

HPOTE was monitored at 234 nm in the presence of 0.8%

ethanol at pH 6.2 as described in the Materials and Methods.

Fig. 5. Dependence of induction period and initial burst period

on the amount of enzyme at pH 6.2 in the presence of 0.8%

ethanol. The induction period and initial burst period was

calculated as described in Materials and Methods. A: LNA as a

substrate, B: LA as a substrate.
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high pH values (Perez-Gilabert et al., 2005). The dual positional

specific maize LOX also showed a reciprocal correlation

between the induction period and the amount of enzyme in the

oxidation of LNA even at low pH (Fig. 5A). This reciprocal

relationship is consistent with our conclusion that the lagging

phenomenon is due to the slow oxidative activation of Fe (II)

to Fe (III) by the hydroperoxy fatty acid derivatives. To evaluate

the initial burst as a function of enzyme concentration in the

oxidation of LA at low pH, the initial burst period was

measured at a pH of 6.2 with 0.8% ethanol, and plotted

against the quantity of enzyme present within the reaction

mixture. The result shown in Fig. 5B indicates that the initial

burst period was inversely proportional to the quantity of

enzyme in the reaction mixture. This inverse correlation is

concordant with our presumption that the initial burst observed

in maize LOX-catalyzed LA oxidation is due primarily to the

availability of free fatty acids as substrates at low pH.

In conclusion, our kinetic data and the characterization of

initial burst or lagging phenomenon of the dual positional

maize LOX reaction indicate that detergent molecules are

involved in both the interaction with the LOX enzyme and the

solubilization of substrates. The solubilization of substrate

involves the incorporation of substrate molecules into the

detergent micelles, which leads to decreased availability of

effective free fatty acids for binding with the LOX enzyme.

The unique initial burst phenomenon of the maize LOX

observed in the oxidation of LA at low pH may also be

attributed to the availability of free fatty acids as substrates.
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