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ABSTRACT

Three lipoxygenase isoenzymes from flour of durum wheat endosperm
were isolated and partially purified by ammonium sulfate fractionation and
by DEAE- and CM-cellulose column chromatography. The three
isoenzymes are designated as lipoxygenase-1 (L-1), lipoxygenase-2 (L-2),
and lipoxygenase-3 (L-3), according to their inverse order of elution from
CM-cellulose column. The L-3 isoenzyme (first off the column) and the L-2
isoenzyme (next off the column) had optimum lipoxygenase activity at pH
4.8, and the L-1 (last off the column) had activity optima at pH 10.2 and
11.4. The L-1 isoenzyme also had peroxidase activity with an optimum at
pH 4.8. The L-1 was further fractionated by preparative disk
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polyacrylamide gel electrophoresis. Agarose-con A affinity chromatography
of L-1 gave three active fractions, all having peroxidase, lipoxygenase, and
carotene bleaching activity. Both L-2 and L-3 isoenzymes exhibited
optimum carotene bleaching activity at pH 6.6, whereas L-1 had its
optimum at pH 10.2. All three isoenzymes required high concentration of
linoleic acid for carotene bleaching, and the L-1 isoenzyme also required
high linoleic acid concentration for linoleic acid oxidation. The relative
lipoxygenase activity in crude extract from endosperm flour of Golden Ball
durum wheat was 21.3, 33.8, and 44.9%, respectively, for L-1, L-2, and L-3
at their pH of optimum activity.

The bright yellow color of pasta products is attributed to the
natural carotenoid pigments of amber durum wheat. This yellow
color is usually one of the major criteria of quality (Irvine 1971).
Macaroni with a high content of yellow pigment can be obtained
only from durum semolina that is high in carotenoid pigments. This
factor in itself, however, does not necessarily ensure a good yellow
pasta product, because of the oxidative degradation of yellow
pigments by lipoxygenase to colorless or off-color pigments during
processing of pasta products (Irvine and Winkler 1950).

Lipoxygenase (EC 1.13.11.12) of durum wheat semolina has
been studied manometrically (Irvine and Anderson 1953a, 1953b;
Irvine 1959) and spectrophotometrically (Walsh et al 1970,
McDonald 1979). Among the varieties examined, Golden Ball was
ranked highest in lipoxygenase activity followed by Pelissier (Irvine
and Anderson 1953b, Walsh et al 1970, McDonald 1979).

Activity optima (pH optima) reported for lipoxygenase of
durum wheat semolina are pH 4.8 (McDonald 1979), pH 5.9
(Walsh et al 1970), and pH 6.5 (Irvine and Anderson 1953a).
McDonald (1979) also observed peaks of activity at pH 6.0 and 7.0.
An activity optimum of pH 9.0 was found by McDonald (1979) for
the bleaching of the carotenoid lutein by enzymes of semolina, but
there also were two smaller peaks of activity at pH 6.0 and 4.0. The
peaks of activity occurring over a range of pH suggests that more
than one enzyme (isoenzymes) has lipoxygenase and carotenoid
bleaching activity in durum wheat endosperm. Several
lipoxygenase isoenzymes from soybeans have been isolated and
extensively studied (Axelrod 1974, Axelrod et al 1981), but the
isolation and purification of endogenous lipoxygenase from flour
of durum wheat endosperm has not been reported. This paper
describes the isolation and purification of durum wheat
lipoxygenase.

MATERIALS AND METHODS

Materials

Golden Ball variety of durum wheat (14.8% protein content, 14%
moisture basis) was grown in 1979 at Langdon, ND. Wheat was
cleaned, tempered to 17.5% moisture, and milled on a Brabender
Quadruplex (C. W. Brabender Instruments, Inc., South
Hackensack, NJ) to give 53.5% yield of flour (12.7% protein, 14%
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mb). This flour was stored in a sealed container at 4° C. Moisture
and protein in wheat and flour were determined by AACC methods
44-11, 44-15A, and 46-10 (AACC 1982). Chemicals used
throughout this study were analytical grade unless otherwise
stated.

Enzyme Substrate Preparation and Enzyme Assay

Lipoxygenase. The linoleic acid emulsion used as the
lipoxygenase substrate was prepared by the method of Surrey
(1964), with modifications similar to that of Ben Aziz et al (1970).
The concentrations of linoleic acid (99%+, Nu Check Prep,
Elysian, MN) and Tween 20 were 8.02 X 107°M and 2.5 ul/ml,
respectively, in 0.05M sodium borate buffer (pH 9) prepared with
deoxygenated solvents and stored at —15° C under No.

For lipoxygenase assays at high linoleic acid concentration and
for bleaching assays, the substrate emulsion was prepared by the
method of Ben Aziz et al (1971). In a second high concentration,
linoleic acid substrate Tween 80 was replaced by Tween 20, and the
ethylenediamine tetraacetic acid (EDTA) was omitted. The
concentrations of linoleic acid, Tween 80, EDTA, and Tween 20
were 2.67 X 107 M, 3.2 ul/ml, 0.25%, and 1.6 ul/ml, respectively.
The substrates were also stored at —15° C under No.

Lipoxygenase activity at 25°C was determined by measuring
conjugated diene absorption at 234 nm by the procedure described
by Zimmerman and Vick (1970) in a Beckman DB-G
spectrophotometer fitted with a constant-temperature water-
jacketed cell holder and a strip-chart recorder. For low
concentration of linoleic acid, the reaction mixture in 3-ml volume
contained 25°C nondeoxygenated 0.05M buffer of desired pH,
enzyme extract and 0.025 ml of linoleic acid substrate solution (8.02
X 107 M), which were added to the cell in the sequence given. For
lipoxygenase assay at high concentration of linoleic acid, 0.15 ml of
Tween 80 solution (3.2 ul/ml) or Tween 20 solution (4.8 ul/ml),
0.15 ml of linoleic acid (2.67 X 107 M), 1.68 ml of buffer of desired
pH, and 0.02 ml of enzyme were added to the cell in the order given.
At low substrate concentration, the initial linoleic acid and Tween
concentration were 6.7 X 107 M and 0.02 ul/ml, respectively; at
high substrate concentration they were 2 X 10 M and 0.48 ul/ml,
respectively. One unit of enzyme activity corresponded to the
production of 1 umole of conjugated hydroperoxydienoic per
minute, using a molar absorptivity of 2.8 X 10* (Privett et al 1955).

Carotene Bleaching

This activity at 25° C was determined by measuring the decrease
in absorbance at 460 nm according to the method of Ben Aziz et al
(1971) with some modifications. The final reaction mixture of 2 ml
of volume contained 0.15 ml of B-carotene (55.8 X 107° M), 0.15 ml
of linoleic acid (2.67 X 10 M), and buffer (0.05M) of desired pH
added to the cell in the sequence given. The solution was mixed



rapidly, and enzyme preparation (0.02 or 0.08 ml) was added to

initiate the reaction. One unit of activity corresponded to the
destruction of one umole of B-carotene per minute. uMoles of
B-carotene were calculated using a molar absorptivity of 1.235 X10°
or a standard calibration curve of aqueous B-carotene-linoleate
mixture. The concentration of reagents in the initial reaction
mixture were as follows: B-carotene, 4.2 X 107 M; linoleic acid, 2.0
X 107 M; EDTA, 1.0 X 107 M; and Tween 80 or 20, 0.48 ul/ml.

Peroxidase

The peroxidase activity at 25° C was assayed by measuring the
increase in absorbance at 470 nm due to oxidation of guaiacol to
reddish brown tetraguaiacol in the presence of H,0; (Chance and
Maehly 1955). The assay mixture contained 2.80 ml of 0.05M
buffer of desired pH, 0.05 ml of 2.0 X 107> M guaiacol dissolved in
water, and 0.1 ml of enzyme preparation. Also 5X 10™* M Ca++ was
added for activating L-1 peroxidase in later assays. The assay was
initiated by addition of 0.05 ml of 8.0 X 107 M H,0, (A235 nm =
0.45, equivalent to the absorption reported by Chance 1954). One
unit of peroxidase activity corresponded to one umole of H,O,
consumed per minute in the assay. uMoles H,0; were calculated
using a molar absorptivity of 2.66 X 10* for tetraguaiacol (Maehly
and Chance 1954) and 0.25 umoles of tetraguaiacol being produced
from 1 pmole of H,0:.

All assays on enzyme preparations were performed in duplicate
or triplicate.

Isolation of Lipoxygenase and Carotene Bleaching Enzyme

The isolation and purification of lipoxygenase isoenzymes at
2-5°C is summarized in Fig. 1. After the first precipitation at 30%
saturation with ammonium sulfate, the mixture was centrifuged at
18,000 X g for 30 min and after the second precipitation at 60%
saturation, following standing overnight, the centrifugation was
for 70 min.

For chromatography DEAE-cellulose (DEAE-32, Whatman,
Inc., Clifton, NJ) was treated before use and packed by the method
described in the manufacturer’s information leaflet. The packed
column (4.4 X 50 cm ) was then equilibrated to an effluent pH of 6.8
with 0.05 M sodium phosphate buffer. After dialyzing against three
10-fold volumes of 0.05M sodium phosphate buffer (pH 6.8), the
enzyme fraction (75 ml) containing 2,025 mg of protein was applied
to the DEAE-cellulose column. Protein was eluted at pH 6.8 by a
linear concentration gradient from 0.05 to 0.18M sodium
phosphate buffer, using a flow rate of 40 ml/hr and collected in
10-ml fractions while the eluant was continuously monitored by
light absorption at 280 nm (model 226 Absorption Monitor, ISCO,
Lincoln, NE). Active fractions from two consecutive runs were
pooled and concentrated in dialysis bags by covering with sucrose.
The concentrate was simultaneously dialyzed against 0.05M
sodium citrate buffer (pH 5) while concentrated further to about
38.1 ml in a dialysis concentrator (Micro-ProDicon Unit, Bio-
Molecular Dynamic, Beaverton, OR), with a membrane having a
molecular-weight cutoff of 15,000.

Protein in the concentrate was determined by the method of
Lowry et al (1951) and compared to a standard curve on bovine
serum albumin prepared by plotting reciprocal absorbance (A™)
versus reciprocal protein concentration (P™'), as suggested by
Coakley and James (1978).

The enzyme concentrate (2,780 mg of protein) from the DEAE-
cellulose column was loaded on a CM-cellulose column (CM-32,
Whatman, Inc.) (4.4 X 50 cm) that had been equilibrated with
0.05 M sodium citrate buffer at pH 5.0. Ata flow rate of ISml/hr,a
linear concentration gradient of 0.05-0.7M in pH 5.0 sodium
citrate buffer eluted active isoenzyme, and the isoenzymes in 10-ml
fractions were pooled and concentrated by sucrose as already
described.

The last isoenzyme (L-1) was further concentrated by a dialysis
concentrator against 0.035M B-alamine-acetate bufferat pH 4.5, in
preparation for preparative disk polyacrylamide electrophoresis by
a method adapted from the analytical procedure described by
Reisfeld et al (1962). Using a Buchler apparatus (Poly Prep 100,
Buchler Instruments, Inc., Fort Lee, NJ), the sample (2 ml, 100 mg

of protein) was applied carefully in 10% glycerol containing 0.01
mg of methyl green per milliliter as a layer on the surface of the
stacking gel. During electrophoresis at 4° C, a constant current of
30 mA was used for 3 hr, and then it was raised to 50 mA
throughout the rest of the run. Proteins migrating off the end of the
column were eluted with 0.045 M potassium acetate buffer (pH 4.3)
at a flow rate of 0.5 ml/min and collected in 4-ml fractions. The
enzyme-active fractions from four consecutive runs were pooled for
further studies.

Analytical Disk Polyacrylamide Gel Electrophoresis

Isolated isoenzymes (L-2 and L-3) were examined by disk
electrophoresis (Polyanalyst Apparatus; Buchler Instruments,
Inc., Fort Lee, NJ) according to the method of Reisfeld et al (1962)
atacidic pH and the method of Davis (1964) at basic pH. Gels were
fixed in 209 trichloroacetic acid (TCA) for 5 min and then stained
with 0.5% serva blue W (Fine Chemicals, Inc., Garden City, NY) in
water for 5 min. The gels were destained with several changes of
water and stored in water.

Carbohydrate Affinity Chromatography

Glycosylex-A (concanavalin-A attached to agarose) (Miles
Laboratories, Elkhart, IN), was used to separate glycoproteins in
the L-1 enzyme in a procedure similar to the method described by
Kahn et al (1981). A 0.9 X 8-cm glass column was packed with
Glycosylex-A resin equilibrated with 0.01 M sodium phosphate
buffer (pH 7.0) containing 0.15M NaCl. An aliquot (1.15 ml) of
electrophoretically purified L-1 enzyme concentrate (15 mg of
protein) in 0.01 M sodium phosphate buffer (pH 7.0) containing
0.15M NaCl was added to the column, and the enzyme and
adsorbent were allowed to equilibrate for 1 hrat 4° C. Unadsorbed
material was eluted with 30 ml of 0.01 M sodium phosphate buffer
(pH 7.0) at a flow rate of 1 ml/ min and then adsorbed material with
40 ml of the same buffer containing 5% 2-methyl-pD-mannoside.
Fractions (2 ml) were assayed for bleaching and peroxidase
activities.

RESULTS AND DISCUSSION

Isolation of Lipoxygenase Isoenzymes

Figure 1 outlines the isolation procedure. During the isolation,
bleaching activity was assayed at pH 9.2, lipoxygenase at pH 4.8,
and peroxidase at pH 7.0. A previous study (McDonald 1979) and
our preliminary work indicated that, at pH 4.8, lipoxygenase
activity is high and bleaching activity is low, whereas at pH 9.2,
bleaching activity is high and lipoxygenase activity is low.
Preliminary studies also indicated that more pH 9.2 carotene
bleaching activity was extracted with 0.05M sodium citrate at pH

Durum wheat flour (2160 g)
Extract with 10,800 ml 0.05 M sodium citrate pH 5.0

0-30% A.S. fractionation

Centrifuge | ... . ...._,pellets
B ?(discard)
30-60% A.S. fractionation
Centrifuge . _ySupernatant
(discard)

Pellets
Dissolve in 0.05 sodium phosphate pH 6.8
DEAE-Cellulose column
Equilibrate with 0.05 M sodium citrate pH 5.0
CM-cellulose column

Buchler preparative disc electrophoresis

Fig. 1. A scheme for isolation and purification of lipoxygenase isoenzymes
from flour of durum wheat endosperm. A.S. = ammonium sulfate.
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5.0 than with 0.1 M sodium phosphate at pH 7.0, but about equal
amounts of pH 4.8 lipoxygenase activity was extracted with both
buffers. Also most lipoxygenase and carotene bleaching activity
precipitated between 30 and 609 saturation with ammonium
sulfate.

On a DEAE-cellulose column, both lipoxygenase and carotene
bleaching activity eluted in the fast-running protein fraction (Fig.
2), indicative of low net negative charge at pH 6.8. Although
lipoxygenase activity was only partially separated from carotene
bleaching activity, the latter activity overlapped almost identically
with pH 7.0 peroxidase activity. Active fractions from two
consecutive runs were pooled. After being dialyzed and
concentrated, the enzyme material separated on a CM-cellulose
column into two lipoxygenase peaks (L-3 and L-2) and one
carotene bleaching peak (L-1) (Fig. 3). These three peaks of activity
were later found to possess both lipoxygenase and carotene
bleaching activity and are designated as lipoxygenase-3 (L-3),
lipoxygenase-2 (L-2), and lipoxygenase-1 (L-1), according to their
inverse order of elution. Peroxidase separated into two active
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peaks, one associated with carotene bleaching peak (L-1). The
elution profile also idicated that L-1 is the most basic lipoxygenase
and, therefore, the most highly adsorbed. The next to the most
weakly bound was L-2, and the weakest bound was L-3.

The L-2 and L-3 from the CM-cellulose column (Fig. 3) may be
similar to the two major lipoxygenase fractions isolated from wheat
germ by Wallace and Wheeler (1979) and Nicolas et al (1982) and
from wheat grain ( Triticum aestivum L.), by Weber et al (1973). L-1
isoenzyme migrated mostly as one peak by preparative disk
electrophoresis with both carotene bleaching and peroxidase
activity (Fig. 4). In red pepper fruits, Kanner et al (1977) were also
unable to separate the carotene bleaching factor from peroxidase.
Since both activities had the same pH optimum, they concluded the
peroxidase was indeed responsible for the bleaching of B-carotene.
However, here the pH optimum for peroxidase is 4.8 and for the
carotene bleaching activity 10.2.

The purification of isoenzymes is summarized in Tables I and II.
An increase in total activity of L-1 with DEAE-cellulose
chromatography (Table 1) indicates that an inhibitor was removed.

ABSORBANACE (280nm)

35 40 45 50 55 60

FRACTION NUMBER

Fig. 2. DEAE-cellulose chromatography of crude durum flour lipoxygenase. —= Protein (A280); A =lipoxygenase activity at pH 4.8; ® = carotene bleaching

activity at pH 9.2; o = peroxidase activity at pH 7.0.
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Fig. 3. Elution pattern of lipoxygenase isoenzymes from a CM-cellulose column. — = Protein (A280); A = lipoxygenase activity at pH 4.8; ® = carotene

bleaching activity at pH 9.2.
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On the basis of crude extract, a low degree of purification was
attained, but on the basis of endosperm flour, the purification
would be about five times higher. Low purification has also been
reported in peas (Eriksson and Svensson 1970, Yoon and Klein
1979, Truong and Mendoza 1982), soybeans (Axelrod et al 1981),
and red pepper fruits (Kanner et al 1977).

The relative lipoxygenase activity of the isoenzymes in crude
extract from flour of Golden Ball durum wheat endosperm is
calculated to be 21.3, 33.8, and 44.99%, respectively, for L-1, L-2,
and L-3.

Analytical Electrophoresis of L-2 and L-3
The low rate of migration at acidic pH for both [.-2 and L-3 (Fig.
5) indicates that both isoenzymes had low net positive charge at
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Fig. 4. Preparative disk polyacrylamide gel electrophoresis of the carotene

bleaching fraction (L-1) obtained from CM-cellulose column. — = Protein
(A280); ® = carotene bleaching activity at pH 9.2; 0 = peroxidase activity at

pH 7.0,

acidic pH, which is consistent with the elution pattern from CM-
cellulose column (Fig. 3). Each isoenzyme separated into one major
and one minor protein band at acidic pH, whereas one extra minor
band was exhibited by both isoenzymes at a basic pH. Wallace and
Wheeler (1979) reported that wheat germ lipoxygenase-1I
dissociates into two active fractions when held at a pH above 7.0,
with the amount of dissociated fraction being dependent
apparently on the length of exposure. No attempt was made to
isolate dissociated fraction from our L-2 and L-3, although extra
bands were observed on electrophoresis at basic pH.

Carbohydrate Affinity Chromatography of L-1

Peroxidases from a variety of sources are glycoprotein with 18%
carbohydrates reported in horseradish peroxidase (Shannon et al
1966) and differences in carbohydrate content reported in basic,
neutral, and acidic isoenzymes of Japanese radish peroxidase

+
D

Fig. 5. Disk polyacrylamide gel electrophoresis of lipoxygenase. A =L-2, B
= L-3, both at acidic pH; C = L-2, D = L-3, both at basic pH.
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TABLE I
Summary of Purification of Lipoxygenase-1*
Specific
Activity Total Activity
Volume X 102 Activity Protein X 10% Yield Degree of
Procedure (ml) (units/ml) (units) (mg/ml) (units/mg) (%) Purification
Crude extract 9,287.0 0.8 74.3 3.1 2.6 100.0 l
(NH.4):50.
0.3-0.6 saturation 216.0 17.0 36.7 27.0 6.3 49.4 2
DEAE-cellulose
chromatography 38.1 152.0 57.9 73.0 20.8 77.9 8
CM-cellulose
chromatography 6.3 282.0 17.8 62.6 45.0 24.0 17
Preparative disk
electrophoresis 70.0 11.3 7.9 1.9 59.5 10.6 23
"Carotene bleaching activity.
TABLE II
Summary of Purification of Lipoxygenase-2 and -3
Total Specific
Volume Activity Activity Protein Activity Yield Purification
Procedure (ml) (units/ml) (units) (mg/ml) (units/mg) (%) (fold X 10)
Crude extract 9,287.0 0.6 5,572.2 3.1 1.9 100 1
(NH4)2:804
0.3-0.6 saturation 216.0 275 5,940.0 27.0 10.2 106.6 5
DEAE-cellulose
chromatography 38.1 101.7 3.874.8 73.0 13.9 69.5 7
CM-cellulose
chromatography
L-2 9.8 112.7 1,104.5 38.0 29.7 19.8 16
L-3 12.0 123.1 1,477.2 233 52.8 26.5 28
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(Moritaetal 1971). An affinity column containing concanavalin-A
(Con A), a plant lectin, was used by Kahnetal (1981) toabsorb and
purify soluble potato peroxidase isoenzymes. In an attempt to
separate the carotene bleaching from the peroxidase activity in L-1,
a Con A-agarose affinity column was used (Fig. 6). From L-1
isoenzyme, two distinct protein peaks (A and C) and one tailing
peak (B) were observed. All three peaks possessed carotene
bleaching and pH 4.8 peroxidase activity. Peroxidase activity,
however, was barely detectable until the need to activate the
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Fig. 6. Chromatography on glycosylex-A affinity column of the carotene
bleaching factor (L-1) obtained from preparative disk polyacrylamide gel
electrophoresis. — = Protein (A280); ® = carotene bleaching activity at pH
9.2; o = peroxidase activity at pH 4.8.
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Fig. 7. Activity of L-1 lipoxygenase as a function of pH. A Lipoxygenase
activity, reaction mixture contained linoleic acid (2X 10~ * M) and Tween 80
(0.48 u1/ml); ®=B- carotene bleachingactivity, reactnon mixture contained
B-carotene (4.2 X 10~ M), linoleic acnd 2 X 10 *M) and Tween 80 (0.48
ul/ml); o = peroxidase activity, Ca®* (5 X 10 * M) added.
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enzyme with 5 X 107 M Ca*" ions was discovered. This explains the
continual loss of peroxidase activity during the purification. The
presence of both enzyme activities in relatively similar amounts in
peaks A, B, and C indicate that the peroxidase and carotene
bleaching activity may reside on one protein molecule. The
isoenzymes in the three peaks are designated as L-1A, L-1B, and
L-1C.

pH Activity Profiles of L-1 and Affinity Column Fractions

The purified carotene bleaching factor (L-1) and its fractions
from Glycosylex-A affinity chromatography were characterized by
their pH profiles. The L-1 enzyme had very low lipoxygenase
act1v1ty at the linoleic acid concentration normally used (6.7 X
10° M) but was active when the linoleic acid concemrauon was
raised to the level used for carotene bleaching (2 X 10 M). The pH
activity profiles of L-1 (Fig. 7) have an optimum at pH 10.2 and at
11.4for lipoxygenase activity, an optimum at pH 10.2 for carotene
bleaching activity, and one optimum for peroxidase activity at pH
4.8. The linoleic acid emulsion for bleaching assay that contains
Tween 80 was also used for the lipoxygenase assay. The pH optima
of L-1A, L-1B, and L-1C affinity column fractions of Fig. 6 were all
similar to that of L-1. McDonald (1979) reported an optimum at
pH 9.0 for lutein bleaching activity in durum semolina, but no
corresponding lipoxygenase activity was found at the same pH
region when using a much lower linoleate concentration than used
here. Insoybean, a large number of investigators have attributed an
optimum at pH 9.0 to the Theorell enzyme or to soybean
lipoxygenase-1.

The optimum activity at pH 4.8 for peroxidase (Fig. 7)
corresponded with that of pH 5.0 found in wheat seeds (T. aestivum
L.) and other cereals with 1,2-phenylenediamine as hydrogen
donor (Fretzdorff 1980). Values ranging from pH 4 to 7 were
reported for other plant peroxidase (Vamos-Vigyazo 1981).

pH Activity Profiles of L-2 and L-3
In determining the pH profiles of L-2 and L-3, the lipoxygenase
activity was assayed at the normally low linoleic acid concentration
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Fig. 8 Lipoxygenase activity of L-2 as a function of pH. 0= Assay with 6 7
X 107 M linoleic acid and Tween 20 (0.02 u1/ ml); ® = assayed with 2X 10°M
linoleic acid and Tween 20 (0.48 ul/ml).



(6.7 X 107%), and at the higher concentration used for carotene
bleaching (2 X 107 M). The optimum for both L-2 and L-3 at low
substrate concentration was pH 4.8, whereas, with high substrate
concentration both had a second smaller activity peak at pH 7.2
(Figs. 8 and 9). The lipoxygenase activity of L-2 and L-3 at pH 4.8
with high concentrations of linoleic acid was 68 and 63%,
respectively, of the activity with low substrate concentration. A
similar observation of apparent substrate inhibition was also noted
by Wallace and Wheeler (1975) for wheat germ lipoxygenase. The
activity at pH 7.2 for L-2 and L-3 at high substrate concentration
was respectively about 70 and 66% of the activity at pH 4.8.

In durum semolina, with 2.0 X 107> M linoleic acid dispersed in
Triton X-100 (2.1 ul/ ml), Irvine and Anderson (1953a) reported an
activity optimum at about pH 6.5 for lipoxygenase, using a
manometric assay (Warburg Apparatus). Walsh et al (1970)
reported a pH optimum at pH 5.9 and McDonald (1979) pH 4.8
with a diene conjugation assay and linoleic acid dispersed in Tween
20 at concentrations of 2.2 X 10™ and 6.3 X 107° M, respectively.
Also with the same assay method, Lulai and Baker (1976) reported
an optimum at pH 6.0 for crude barley lipoxygenase with 5.5
X 107 M linoleic acid dispersed in Tween 20. For wheat germ
isoenzymes, pH optima at 5.5 X 107 M and 5 X 10~ M linoleic acid
concentration have been reported, respectively, to be between pH
6—7 and pH 6-6.5 when polarographic types of assays are used
(Wallace and Wheeler 1979, Nicolas et al 1982). Wallace and

18

N
T

10 F

UNITS PER MLx10™

i | I I ! J

2 4 6 8 10 12
pH

Fig. 9. Lipoxygenase activity of L-3 as a function of pH. 0= Assay with 6.7

X 107 M linoleic acid and Tween 20 (0.02 u1/ ml); ® = assayed with 2X 107 M
linoleic acid and Tween 20 (0.48 ul/ ml).

Wheeler (1975) also found that the pH optimum usually shifted to
higher pH values with an increase in substrate concentration from
2.3X107*t03.6 X 107 M, and they attributed this phenomenontoa
pH-dependent inhibition by excess substrate. Ben Aziz et al (1970)
also noted a shift in the activity optimum of soybean lipoxygenase
at pH 7.5 and 9.0, with a threefold increase in substrate
concentration.

In initial work, low B-carotene bleaching activity was observed
for the isoenzymes L-2 and L-3. This low activity was found to be
caused by inhibition by Tween 80 that was used to solubilize the
substrates. The use of Tween 20 in place of Tween 80 overcame this
problem. McDonald (1979) also reported low lutein bleaching
activity for durum semolina at pH 3—-7 when using Tween 80.

For carotene bleaching, the optimum activity of both L-2 and
L-3 occurred at pH 6.6, with a smaller peak of activity at pH 4.8
(Fig. 10). Blain and Todd (1955), with rather unstable emulsions of
carotene and linoleic acid (formed without emulsifiers), reported
an optimum between pH 5.0 and 6.0 for carotene bleaching activity
in crude extracts of wheat endosperm. They also noted that the
concentration of linoleic acid required to obtain a comparable level
of carotene destruction was greater than that for soybean extracts.
With substrate dispersed by Tween 80, McDonald (1979) reported
that two smaller peaks of lutein bleaching activity occurred at pH
6.0 and 4.0, with crude extract of durum semolina as an enzyme
source. The optimum found here for carotene bleaching does not
coincide exactly with that for lipoxygenase activity (Figs. 8 and 9),
even when the linoleic acid concentrations are identical. This might
indicate a difference in linoleic acid micelles in the two methods of
assay or that bleaching is not caused by a simple random oxidation
of B-carotene by linoleic acid-free radicals formed during the
reaction, but that the B-carotene itself is being adsorbed in some
way onto the enzyme molecule by ionizable groups of the enzyme
or the conformation of the enzyme molecule is being changed by
pH to a form that might cause stronger adsorption of the -
carotene. The active center for linoleic acid oxidation may be active
in adsorbing the B-carotene, or another site close to it may be
involved in adsorbing the B-carotene.
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Fig. 10. Carotene bleaching activity as a function of pH. @ = L-2; 0 = L-3,
both reaction mixtures contained 4.2 X 10" M B-carotene, 2.0 X 107 M
linoleic acid and Tween 20 (0.48 ul/ml).
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SUMMARY AND CONCLUSIONS

Three fractions with lipoxygenase and carotene bleaching
activities were isolated from endosperm flour of durum wheat.
They have been designated as L-1, L-2, and L-3 isoenzymes.

The activity optima for L-1 are very high in pH, with
lipoxygenase ones being pH 10.2 and 11.4, and the bleaching one
being pH 10.2. This casts some doubt on the L-1 fraction being a
classical lipoxygenase. The L-1 also has peroxidase activity withan
activity optimum at pH 4.8. This peroxidase either must be part of
the L-1 molecule or must be very closely associated, since it could
not be separated by carbohydrate affinity chromatography. At the
pH found during pasta processing, the peroxidase activity of L-1
should be active, whereas the lipoxygenase and carotene bleaching
activities should be inactive.

The L-2 and L-3 isoenzymes have an activity optimum of pH 4.8
for lipoxygenase activity and pH 6.6 for carotene bleaching
activity. These two isoenzymes should be primarily responsible for
the loss of carotenoid pigments during pasta processing, since they
should be active at the pH found in pasta dough. In the endosperm
flour of Golden Ball durum, they apparently occur in considerably
greater amounts than the L-1.

Work on the characterization of the three isoenzymes will be
published in a later paper.
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