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Lipoxygenase was purified homogeneously from cups of Pleurotus ostreatus by Sephacryl S-400
HR gel filtration, Dyematrex Green A affinity, and DEAE-Toyopearl 650M ion-exchange chromatog-
raphies. The molecular weight of the enzyme was estimated to be 67 000 by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and 66 000 by gel filtration; the isoelectric point was pH 5.1. The
optimum pH and temperature of the enzymatic activity were 8.0 and 25 °C, respectively. The enzyme
contained non-heme iron, and a thiol group seemed to be involved in its activity. The Km, Vmax, and
kcat values of the enzyme for linoleic acid were 0.13 mM, 23.4 µmol‚min-1‚mg-1, and 25.7 s-1,
respectively. The enzyme showed high specificity toward linoleic acid. When linoleic acid was incubated
with the enzyme, 13-hydroperoxy-9Z,11E-octadecadienoic acid was found to be the main oxidative
product.
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INTRODUCTION

Mushrooms have been consumed for a long time in many
countries. The aroma contributes significantly to the character-
istic flavor of mushrooms, and it is one of the attractive elements
as a food material. Therefore, the aroma compounds have been
analyzed in various species of mushrooms and many volatile
compounds have been identified (1-3). These analyses have
also revealed that the C8 volatile compounds such as 3-octanol,
3-octanone, 2-octen-1-ol, and 1-octen-3-ol contribute to the
aroma in most of species. Among them, 1-octen-3-ol, which is
well-known as mushroom alcohol, is the most important aroma
because of its abundance and low threshold value (4, 5).

In general, 1-octen-3-ol is formed enzymatically by the
oxidative cleavage of linoleic acid. Two pathways have been
proposed in the biosynthesis. Tressl et al. (6) proposed the
following pathway: 13-hydroperoxy-9Z,11E-octadecadienoic
acid (13-Z,E-HPOD) first results from the hydroperoxidation
of linoleic acid by lipoxygenase (LOX) and is converted
subsequently into 1-octen-3-one and 10-carbon compounds by
a cleaving enzyme, and the former is finally reduced by alcohol
oxidoreductase to 1-octen-3-ol. In contrast, Wurzenberger and
Grosch (7-10) demonstrated inPsalliota bisporathat linoleic
acid is converted into 1-octen-3-ol via 10-hydroperoxyocta-
decadienoic acid (10-HPOD) by LOX- and hydroperoxide lyase-
like enzymes. However, these pathways are not completely clear,
because little information has been obtained about the enzymes

involved in the biosynthesis. For example, the LOX that
produces 10-HPOD from linoleic acid has not yet been found
in nature.

LOX is considered to be a key enzyme in the biosynthetic
pathways of 1-octen-3-ol (11). This enzyme, which catalyzes
the oxidation of polyunsaturated fatty acid containing aZ,Z-
1,4-pentadiene moiety, is widely distributed in nature (12, 13).
The activity has been detected also in the various species of
mushrooms (14-16). However, the homogeneous purification
and characterization of LOX from mushroom has not been
reported until now, as far as we know.

We examined LOX activity in eight species of industrial-
cultivated mushrooms in Japan:Lentinus edodes, Pleurotus
ostreatus, Pholiota nameko, FlammulinaVelutipes, Hypsizigus
marmoreus, Grifora frondosa,and white and brown types of
Agaricus bisporus. The result revealed thatP. ostreatus, which
emits a fairly pleasant aroma, shows the highest activity. In the
present study, to solve the biosynthetic mechanism of 1-octen-
3-ol, we purified LOX homogeneously from caps of the
mushroom and examined the properties.

MATERIALS AND METHODS

Mushroom Material. Fresh mushroom,P. ostreatus, was obtained
from Shirone garden (Niigata, Japan). Cut caps were frozen with liquid
nitrogen and stored at-85 °C.

Chemicals.4-Chloromercuribenzoic acid (pCMB), 2,4,6-trinitroben-
zenesulfonic acid (TNBS), and glycine ethyl ester hydrochloride (GEE)
were purchased from Tokyo Kasei Kogyo (Tokyo, Japan). 1-Ethyl-3-
(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) and soy-
bean LOX-1 were from Nacalai Tesque (Kyoto, Japan) and Serva
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Feinbiocheminca GmbH.& Co. (Heidelberg, Germany), respectively.
All other chemicals were of analytical grade.

Enzyme and Protein Assays.A substrate solution was prepared as
described by Ben-Aziz et al. (17). LOX activity was determined either
by a spectrophotometric procedure based on the formation of conjugated
diene (18) or by a polarographic procedure based on the consumption
of oxygen (19). The spectrophotometric procedure was performed in 3
mL of the standard reaction mixture containing 50 mM potassium
phosphate buffer (pH 8.0), 125µM linoleic acid, 0.0125% (v/v) Tween
20, and an appropriate amount of enzyme solution. Adding the substrate
solution started the reaction, and the increase in absorbance at 234 nm
(ε ) 2.5 × 104 M-1 cm-1) was measured at 25°C with a spectropho-
tometer (U-2000, Hitachi, Tokyo, Japan). One unit of enzyme activity
was defined as the amount of enzyme producing 1µmol of hydrop-
eroxide per min under the assay condition. The polarographic procedure
was performed by using the same reaction mixture as described above
except for the concentration of linoleic acid and Tween 20, 1.25 mM
and 0.0075% (v/v), respectively. After the addition of the substrate
solution, the oxygen consumption was measured at 25°C with a Clark-
type oxygen electrode (Rank Brothers, England). One unit of enzyme
activity was defined as the amount of the enzyme consuming 1µmol
of O2 per min under the assay condition.

The protein concentration was estimated from the absorbance at 280
nm or by the method of Bradford (20) with bovine serum albumin as
the standard protein.

Purification. All steps were conducted at less than 4°C. The frozen
caps were homogenized with 20 mM potassium phosphate buffer (pH
7.0) containing 10 mM EDTA by using an Osterizer blender (Oster,
Mexico) at 16 800 rpm for 30 s, and next an ultrasonic disruptor (UR-
200P, Tomy Seiko, Tokyo, Japan) four times for 5 min. After the
homogenate was centrifuged at 30000g for 20 min, the supernatant
was recentrifuged at 90000gfor 60 min. The supernatant was
concentrated with poly(ethylene glycol) (PEG) 20 000 as described by
Pohl (21), and the concentrate was used as a crude enzyme solution.
The enzyme solution was passed through a Sephacryl S-400 HR column
(2.6 × 70 cm, Amersham Pharmacia, Uppsala, Sweden) which was
equilibrated with 20 mM potassium phosphate buffer (pH 7.0) at a
flow rate of 1.0 mL/min. The eluate was collected in 4-mL fractions.
The active fractions were combined and concentrated with PEG 20 000.
The concentrate was loaded on a Dyematrex Green A column (1.4×
8.5 cm, Amicon, Beverly, MA) equilibrated with 20 mM potassium
phosphate buffer (pH 7.0) at a flow rate of 0.4 mL/min. The column
was thoroughly washed with the same buffer, and the adsorbed protein
was eluted from the column with 500 mM potassium phosphate buffer
(pH 7.0). The eluate was collected in 2-mL fractions. The active
fractions were pooled and applied to a DEAE-Toyopearl 650M column
(1.4 × 6.5 cm, Tosoh, Tokyo, Japan) equilibrated with 20 mM
potassium phosphate buffer (pH 7.0) at a flow rate 0.5 mL/min. The
column was thoroughly washed with 70 mM potassium phosphate
buffer (pH 7.0), and 2-mL fractions were collected. The adsorbed
protein was eluted from the column with a linear gradient of 70-370
mM potassium phosphate buffer (pH 7.0) and collected in 1-mL
fractions. The active fractions were combined, concentrated with PEG
20 000, dialyzed against 20 mM potassium phosphate buffer (pH 7.0),
and used for subsequent studies.

Electrophoresis.Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) was performed by the method of Laemmli
(22). Proteins were visualized by silver stain (23).

Analysis of Iron. To remove extraneous metals, the enzyme solution
was dialyzed against 250 volumes of metal-free water for 24 h at 4
°C. The iron concentration of the purified enzyme was determined by
atomic absorption spectrophotoscopy by using an atomic absorption
spectrophotometer (Z-8200, Hitachi, Tokyo, Japan).

Isoelectric Focusing. The isoelectric point of the enzyme was
determined by two-dimensional electrophoresis with IPGphor IEF
system (Amersham Pharmacia, Uppsala, Sweden) and Immobiline
DryStrip Gel (pH 4-7, 11 cm) according to the method of Tasaki et
al. (24).

Analysis of Reaction Products.The enzyme preparation of 1 unit
was incubated at 25°C in 10 mL of the reaction mixture containing
2.5 mM linoleic acid, 0.015% (v/v) Tween 20, and 50 mM potassium

phosphate buffer (pH 8.0) with gentle aeration for 30 min. After
extraction by the Bligh-Dyer extraction method (25), the reaction
products were dried by the stream of nitrogen, dissolved in 2 mL of
n-hexane/2-propanol/acetic acid (984:15:1, v/v/v), and then injected onto
a LiChrosorb Si-60 column (0.46× 25 cm, 5µm, GL Sciences, Tokyo,
Japan), which was equipped with a L-6300 pump (Hitachi, Tokyo,
Japan) and a L-4250 UV-vis detector (Hitachi, Tokyo, Japan). The
reaction products were eluted withn-hexane/2-propanol/acetic acid (984:
15:1, v/v/v) at a flow rate of 1 mL/min and detected at 234 nm. The
HPOD standards were prepared with partially purified potato LOX (26)
and commercial soybean LOX-1.

RESULTS

LOX Activity in the Crude Enzyme. The activity in the
crude enzyme was assayed by spectrophotometric and polaro-
graphic procedures in the pH range from 3.0 to 10.0. As shown
in Figure 1, two peaks were detected by both procedures: a
major peak at pH 8.0 and a minor peak at pH 4.5.

Purification. LOX, which showed high activity in the alkaline
region, was purified fromP. ostreatusby Sephacryl S-400 HR
gel-filtration chromatography (Figure 2A), Dyematrex Green
A affinity chromatography (Figure 2B), and DEAE-Toyopearl
650M ion-exchange chromatography (Figure 2C). A summary
of the purification is given inTable 1. The homogeneity of the
purified enzyme was analyzed by SDS-PAGE. The result
showed that it gives a single band (Figure 3). With the final
step, the recovery of the purified enzyme activity was 5.4%
with 126.3-fold purification from the crude enzyme solution
(Table 1). Although the recovery was low, the purified LOX
was used in the following experiments.

Molecular Weight and Isoelectric Point. The molecular
weight of the enzyme was estimated to be approximately 67 000
and 66 000 by SDS-PAGE and gel filtration, respectively
(Figures 2A and 3). The results show that the enzyme is a
monomeric protein. The isoelectric point of the purified enzyme
was found to be 5.1 by two-dimensional PAGE.

Effects of pH and Temperature. The effects of pH and
temperature on the enzyme activity were examined with linoleic
acid as substrate (Figure 4). The optimum pH of the enzyme
was 8.0. A relatively small peak was also found at pH 4.5. After

Figure 1. pH-LOX activity profile in the crude enzyme from P. ostreatus.
The activity was assayed by spectrophotometric and polarographic
procedures with the following buffers: 9, 50 mM acetate buffer (pH 3.0−
5.5); b, 50 mM potassium phosphate buffer (pH 5.5−8.0); 2, 50 mM
borate buffer (pH 8.0−10.0).
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the incubation at 4°C for 24 h at various pH values, the activity
was measured. The enzyme was stable at pH values between
5.0 and 8.5. The optimum temperature was estimated to be 25
°C. Pretreatment of the enzyme at various temperatures for 5
min revealed that the enzyme was relatively stable below 40
°C, but rapidly lost the activity above 40°C.

Analysis of Iron. Atomic absorption spectrometry was used
to investigate whether the purified enzyme contains Fe atom.
The results revealed that only every fourth molecule of the
enzyme still contains iron. Further, the absorbance spectrum of
the enzyme was recorded with a spectrophotometer (U-2000,
Hitachi, Tokyo, Japan). The absorption spectrum of the enzyme

showed a peak at 280 nm, and no characteristic absorbance of
a heme protein in 300-800 nm was found, suggesting that the
enzyme is a non-heme iron protein.

Effect of Various Chemicals.The effect of chemicals on
the enzyme activity was examined. Chemicals were added to
the reaction mixture without the substrate and incubated at 25
°C for 1 h. After the addition of substrate, the activity was
monitored by the polarographic procedure. BecauseN-ethyl-
maleimide andpCMB were solubilized in ethanol, the control
reaction was assayed in the mixture containing ethanol without
the chemicals. Treatment with EDC and GEE was performed
as described by Sanz et al. (27). For the investigation of metal
ions, because they form insoluble salts with phosphate in the
buffer used in the purification process, the enzyme was dialyzed
at 4°C for 5 h against 250 volumes of 20 mM Tris-HCl buffer
(pH 7.0), and 50 mM Tris-HCl buffer (pH 8.0) was used as the
reaction buffer. In addition, the substrate solution containing
50 mM borate buffer (pH 9.0) was used (28). The results are
shown in Table 2. A chelating reagent for Fe3+, sodium
thiocyanate, had no stimulatory effect on the activity, whereas
a chelating reagent for Fe2+, o-phenanthroline, inhibited 50%
of the activity at 10 mM. Although an inhibitor of heme protein,
KCN inhibited the enzyme activity at 10 mM; NaN3 also did
not affect it. Among thiol-blocking agents tested,pCMB,

Figure 2. Purification of LOX from P. ostreatus. (A) Sephacryl S-400 HR
gel filtration chromatography; (B) Dyematrex Green A chromatography;
(C) DEAE-Toyopearl 650M chromatography. The inset in Figure 2A shows
the estimation of molecular weight of LOX by Sephacryl S-400 HR.

Table 1. Summary of Purification of LOX from P. ostreatus

protein
(mg)

LOX
activity
(units)

specific
activity

(units/mg)
recovery

(%)
purification

(fold)

crude enzyme 451.9 117.8 0.3 100.0 1.0
Sephacryl S-400 HR 43.3 49.1 1.1 41.9 4.3
Dyematrex Green A 6.6 18.1 2.7 15.4 10.5
DEAE-Toyopearl 650M 0.2 6.4 33.0 5.4 126.3

Figure 3. SDS−PAGE analysis of the purified LOX from P. ostreatus.
About 2 µg of protein from the adsorbed active fractions in DEAE-
Toyopearl chromatography, nos. 51−63 in Figure 2C, was submitted to
electrophoresis and stained by a silver stain method. Molecular weights
of the maker proteins are given to the left of the figure.

Table 2. Effects of Various Chemicals on the Activity of LOX from P.
ostreatus

relative activity (%)

chemicals 1 mM 10 mM

control 100.0 100.0
sodium thiocyanate 90.6 89.9
o-phenanthroline 90.2 53.2
KCN 94.2 0.1
NaN3 89.7 85.5
pCMB 1.1 −a

iodoacetate 99.5 0.1
TNBS 62.3 31.8
N-ethylmaleimide 97.4 83.5
EDC and GEE 89.3 83.6
Ca2+ 49.8 13.1
Mn2+ 21.6 8.8
Hg2+ 0.0 −a

Co2+ 12.9 4.6
Cu2+ 110.3 0.1

a LOX activity from P. ostreatus was not detected by the polarographic procedure.
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iodoacetate, and TNBS inhibited the activity, butN-ethylma-
leimide did not change it. EDC and GEE, a modifying agent
for carboxyl group, had no significant effect on the activity.
Ca2+, Mn2+, Hg2+, and Co2+ greatly inhibited the enzyme
activity. Cu2+ had no effect on the activity at 1 mM, but
inhibited it at 10 mM.

Substrate Specificity. Relative activities of the purified
enzyme toward various substrates at 125µM are shown inTable
3. The enzyme exhibited the highest activity toward linoleic
acid among the free polyunsaturated fatty acids tested, and a
high level of activity toward linolenic acid. However, the activity
towardγ-linolenic acid was low. Acylglycerols such as 1-mono-
linolein, 1,3-dilinolein, and trilinolein were poor substrates. The
Km, Vmax, andkcat values for linoleic acid were determined from
Lineweaver-Burk plots under the conditions of a spectropho-
tometric procedure. They were found to be approximately 0.13
mM, 23.4µmol‚min-1‚mg-1, and 25.7 s-1, respectively.

Analysis of Reaction Products.For characterization of the
specificity of purified enzyme, the products obtained from
linoleic acid were analyzed by straight-phase high-performance
liquid chromatography (Figure 5). The elution profile showed
one major peak at 24.05 min and one minor peak at 32.43 min.
The standards of 13-Z,E-HPOD and 13-hydroperoxy-9E,11E-

Figure 4. Effects of pH and temperature on the purified LOX activity. Optimum pH and pH stability of the enzyme were determined by using the following
buffers: 9, 50 mM acetate buffer (pH 3.0−5.5); b, 50 mM potassium phosphate buffer (pH 5.5−8.0); 0, 50 mM Tris-HCl buffer (pH 7.0−9.0); 2, 50 mM
borate buffer (pH 8.0−10.0).

Table 3. Substrate Specificity of LOX from P. ostreatus

substrate relative activity (%)

linoleic acid 100.0
linolenic acid 76.3
γ-linolenic acid 25.5
1-monolinolein 13.7
1,3-dilinolein 0.4
trilinolein 0.0

Figure 5. High-performance liquid chromatography analysis of linoleic
acid oxygenized by the purified LOX.
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octadecadienoic acid (13-E,E-HPOD) prepared with LOX-1
from soybean had retention times of 24.42 and 28.38 min,
respectively. The standards of 9-hydroperoxy-10E,12Z-octa-
decadienoic acid (9-E,Z-HPOD) and 9-hydroperoxy-10E,12E-
octadecadienoic acid (9-E,E-HPOD) obtained from partially
purified potato LOX were found as one peak with a retention
time of 32.09 min. The comparison of retention times with the
standards revealed that the products of purified enzyme are 13-
Z,E-HPOD and 9-HPODs, which are produced with a ratio of
9:1. In addition, the correspondence of retention time between
the reaction products and the standards was confirmed by
cochromatography analysis.

DISCUSSION

In this study, we purified LOX homogeneously fromP.
ostreatusby using gel-filtration, affinity, and ion-exchange
chromatographies. LOX is regarded as a key enzyme in the
biosynthesis of 1-octen-3-ol in mushrooms. However, to the best
of our knowledge, the isolation of this enzyme from mushrooms
has not been reported. Therefore, the catalytic properties of the
purified enzyme would provide the biosynthesis of 1-octen-3-
ol with the important information.

The apparent LOX activity in the crude enzyme was measured
at various pH values. The pH-activity profile showed two active
peaks in both spectrophotometric and polarographic procedures.
Their activities at the optimum pH 8.0 were 4.3 and 6.0 units/
g, respectively, and only a small difference was found between
the procedures. Therefore, we considered that it was possible
to monitor the major LOX activity by the simple spectropho-
tometric procedure at pH 8.0 during the purification. The result
also shows that the LOX inP. ostreatusmainly converts linoleic
acid to the products containing conjugated diene, that is, not
10-HPOD but 13-Z,E-HPOD may be the intermediate of
1-octen-3-ol biosynthesis in the cap fromP. ostreatus.

The purified enzyme is considered to consist of a single
subunit with a molecular weight of about 66 000. This molecular
weight is smaller than that of the typical LOXs from plant,
which are generally about 90 000 (29-31). Because a part of
native LOXs in plants has been reported to be proteolytically
cleaved to produce a fragment of about 65 000, it is possible
that the purified enzyme in this study is a proteolytic product.
However, in some plant sources such as avocado (32) and horse
bean (33), LOXs with the molecular weights of 66 000-74 000,
which are almost the same as that ofP. ostreatus, have also
been found. On the other hand, the LOXs from fungal sources
seem to have a broad range of molecular weights from 13 000
in Fusarium oxysporum(34) to 100 000 in Thermomyces
lanuginosus(35), although the reports are few.

The pH-activity profile of the purified enzyme was similar
to that of crude enzyme. Moreover, there was no active fraction
that was detectable by the spectrophotometric procedure in the
purification process besides the purified enzyme. These indicate
that this enzyme is the main LOX in cap ofP. ostreatus. In
general, enzymes have one optimum pH. However, the purified
LOX shows two active peaks at pH 4.5 and 8.0. A similar
property has been reported in a few enzymes; for example, a
homogeneous glutamyl endopeptidase fromBacillus intermedius
has two pH optima at 7.5 and 9.0 for casein (36). The property
of the purified LOX is probably natural.

The purified LOX showed the maximum activity at 25°C
and had high activity even at relatively low temperatures; for
example, at 10°C, the enzyme retained about 60% of its
maximum activity. The activity of purified LOX at low
temperatures is higher than that of other LOXs such as soybean

(37) and sweet corn germ (38). The initiation of fruiting is
usually caused by the stimulation of low temperatures (39). Mau
et al. (40) reported that 10-oxo-trans-8-decenic acid produced
concurrently with 1-octen-3-ol might be involved in the
development of fruit bodies. Because it has been assumed that
the formation of 1-octen-3-ol requires actions of LOX and
hydroperoxide lyase-like enzyme, LOX in the mushroom may
play some role in the fruiting.

Many LOXs from plant and animal sources have one non-
heme iron atom per enzyme molecule (13, 41). The purified
enzyme fromP. ostreatusalso seems to contain non-heme iron.
This is supported by the lack of absorption in the wavelength
range of 300-800 nm, the inhibitory effect ofo-phenanthroline,
a chelating reagent for Fe2+, and the lack of inhibitory effect
of KCN at 1 mM and NaN3, inhibitors of heme protein. KCN
at 10 mM strongly inhibited the enzyme activity. Although
cyanide is used frequently to discriminate between heme protein
and non-heme LOX, the use at a high concentration causes a
cleavage of a disulfide bond. Actually, KCN at a high
concentration reduces the activities of LOXs (42-44). The
atomic absorption spectrometry of the enzyme also demonstrated
the presence of iron atom, but only every fourth molecule of it
still contained iron. Although the purified enzyme was stored
at -20 °C until the amount required for the analysis of iron
was accumulated, the stored enzyme had lost about 90% of its
original activity. Percival (45) described that the catalytic iron
atom could not be detected from inactivated LOX, because the
enzyme was destroyed and the iron atom was lost by the
exposure to oxygen. Therefore, the result means that the iron
atom, which is probably contained in the ratio of one atom per
molecule, might come off the enzyme during the storage.
Typical thiolytic inhibitors inhibited the activity significantly
when the enzyme was preincubated with them, indicating that
the thiol groups are involved in the enzymatic activity, similarly
to other LOXs (46, 47). This also suggests that the oxidation
of thiol groups may cause the inactivation of enzyme during
the storage. As shown inTable 1, the recovery in the
purification process was low. One of the reasons is also
considered to be the oxidation of thiol groups; the addition of
an appropriate reducing regent such as dithiothreitol and
2-mercaptoethanol to the buffers for purification and storage
may be effective to increase the recovery of enzyme and iron
atom.

The increase of LOX activity by stimulation of metal ions
has been reported in some sources such asF. oxysporum(34),
soybean (48), and sea algae (49). However, the purified enzyme
was strongly inhibited by all metal ions tested. Only two
concentrations of metal ions used are not enough to explain
the inhibition mechanism. In addition to their direct effects on
the enzyme, they could be considered to affect the substrate,
for example, the oxidation by oxidizing metal ions such as Cu2+.

The analysis of substrate specificity of the purified LOX
showed that free linoleic acid, which is the most abundant fatty
acid (72.4% of total fatty acid) in the pileus ofP. ostreatus
(50), was the best substrate. The analysis of reaction products
revealed that the purified LOX mainly converts linoleic acid to
13-Z,E-HPOD. As described in the introduction, 13-Z,E-HPOD
and 10-HPOD have been proposed as precursors of 1-octen-3-
ol, suggesting that the purified LOX occupying most of the LOX
activity in P. ostreatusmay be involved in the synthesis of
1-octen-3-ol via 13-Z,E-HPOD. However, Assaf et al. (51, 52)
have indicated that 13-Z,E-HPOD was not converted into
1-octen-3-ol in mycelial homogenate ofPleurotus pulmonarius.
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More detailed studies are required about whether the purified
LOX is actually involved in the formation of 1-octen-3-ol inP.
ostreatus.
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