43

Biochimica et Biophysica Acta, 397 (1975) 43—49
© Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

BBA 67534

CHANGES IN THE FLUORESCENCE AND ABSORBANCE OF
LIPOXYGENASE-1 INDUCED BY 13-Ls-HYDROPEROXYLINOLEIC
ACID AND LINOLEIC ACID

MAARTEN R. EGMOND?, ALESSANDRO FINAZZI- AGRO?®, PAOLO M. FASELLA?,
GERRIT A. VELDINK® and JOHANNES F.G. VLIEGENTHART®

¢ Istituto di Chimica Biologica, Universita degli Studi di Roma e Centro di Biologia
Molecolare, C.N.R., Roma, Italy and
b Organisch Chemisch Laboratorium der Rijksuniversiteit te Utrecht, The Netherlands

(Received January 13th, 1975)

Summary

1. The addition of 13-Lg-hydroperoxylinoleic acid to lipoxygenase-1
(linoleate: oxygen oxidoreductase EC 1.13.11.12) from soybeans at pH 9 and
25°C causes a quenching of the fluorescence of the enzyme at 328 nm when
exciited at 280 nm and gives rise to an increase of the absorbance of the
enzyme in the 300 nm to 450 nm region.

2. In the absence of O,, addition of linoleic acid to enzyme treated with
13-Lg-hydroperoxylinoleic acid, causes an increase of the fluorescence at 328
nm and a decrease of the absorbance in the 300 nm to 450 nm region.

3. The fluorescence changes are suggested to be directly coupled to the
absorbance changes via a non-radioactive energy transfer process.

4. It is proposed that the observed fluorescence and absorbance changes
are related to changes in the formal charge of iron in the protein.

Introduction

Lipoxygenase-1 from soybeans (linoleate:0, oxidoreductase, EC 1.13.11.
12) is a non-heme [1,2] iron protein (1 Fe/mol of enzyme [3,4]) of high
molecular weight:(M, = 98 600) [1]. At pH 9.0 the enzyme catalyses the
conversion of linoleic acid into 13-Lg-hydroperoxylinoleic acid (13-ROOH) in
the presence of O, [5]. The oxygenation reaction involves the abstraction of
the 11 L;,,,s H atom from linoleic acid [6], which is the rate-limiting step at
saturating O, concentrations [7]. Indirect evidence [6,8] suggested, that the

Abbreviation: 13-ROOH, 13-Lg-hydroperoxylinoleic acid.
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reaction is more likely to proceed via a radical mechanism than via singlet
(' 4y) O,.

Recently De Groot et al. [2] demonstrated, that lipoxygenase-1 produces
linoleic acid radicals under anaerobic conditions. However, the anaerobic reac-
tion only proceeds in the presence of 13-ROOH [9—11]. Since 13-ROOH is
also converted into oxodienoic fatty acids, n-pentane [9—12] and fatty acid
dimers together with linoleic acid, lipoxygenase-1 can be considered as a
peroxidase under these conditions.

The recent detection of iron in lipoxygenase-1 [1,3,4], which was pre-
viously considered to be a non-metal enzyme [13], stimulated research on the
role of the iron in the enzymic reaction. Pistorius and Axelrod [14] suggested,
that lipoxygenase-1 contains ferric iron. However, EPR studies by De Groot et
al. [15] revealed, that in the native enzyme iron is present in an EPR-silent
(ferrous) state. The involvement of iron in the reaction mechanism was demon-
strated by the observation [15], that 13-ROOH converts the iron in the protein
into the ferric state. When linoleic acid was added to the ferric enzyme in
excess over both 13-ROOH and O, present in the incubation medium, the
ferric EPR signals disappeared, suggesting that linoleic acid counteracts the
effect of 13-ROOH under anaerobic conditions.

Finazzi-Agro et al. [1] studied the interaction between 13-ROOH and
lipoxygenase-1 by fluorescence spectroscopy and observed, that either in the
absence or in the presence of O, the intrinsic fluorescence of the enzyme is
quenched by the addition of a stoichiometric amount of 13-ROOH to the
enzyme. The quenching could not be attributed to a change in the absorbance
of the enzyme, since at the range of enzyme concentrations studied (approx.
107% M) no absorbance changes due to the addition of 13-ROOH were detect-
able. The present paper describes a more detailed study of the interaction
between 13-ROOH and lipoxygenase-1 and also between linoleic acid and the
enzyme at higher enzyme concentrations (approx. 10™* M).

Materials and Methods

Lipoxygenase-1 was isolated from soybeans and purified according to
Finazzi-Agro et al. [1].

Linoleic acid was a gift from the Unilever Research Laboratories, Vlaar-
dingen/Duiven, The Netherlands (purity 99% by gas-liquid chromatography). A
fresh solution of linoleic acid in 0.1 M Tris + HCI, pH 9.0, contained less than
0.2% linoleic acid hydroperoxides, based on a molar extinction coefficient of
the hydroperoxides at 234 nm, being 250001 - M™' - cm™ [16]. 13-ROOH
was prepared from linoleic acid with lipoxygenase-1 at pH 9.0 and 0°C, ac-
cording to Veldink et al. [17]. The 13-ROOH contained approx. 10% of
racemic linoleic acid hydroperoxidase. [1-'*C]Linoleic acid was purchased
from The Radiochemical Centre, Amersham, U.K. (specific activity: 54
Ci/mol). (1-'*C)-labelled 13-ROOH was prepared from the labelled linoleic
acid after dilution with unlabelled linoleic acid (specific activity 10 Ci/mol).

Thin-layer chromatography was carried out on 0.25 mm silica gel plates
(20 X 20 cm. DC silica gel 60F254, E. Merck, Darmstadt, G.F.R.); solvent
system: light petroleum (bp. 60—80°C)/diethylether, (3 : 2, v/v). Radioactivity
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was scanned with a Berthold Dunnschicht scanner II model LB 2723; detection
gas: methane.

Fluorescence experiments were performed with a FICA model 55 L spec-
trofluorimeter. This instrument corrects the spectra in terms of incident ener-
gy. Absorbance spectra were recorded with a Beckman DB-GT grating spectro-
photometer. Anaerobiosis was obtained essentially as described previously [1].

Results

(1) Effect of 13-ROOH on lipoxygenase-1

The influence of 13-ROOH on the fluorescence and absorbance of lipoxy-
genase-1 under aerobic conditions at pH 9.0 and 25°C is shown in Figs 1a and
1b, respectively. The hydroperoxide was generated in situ by adding small
amounts of linoleic acid to the enzyme. Previously it has been shown [1], that
in air saturated solutions the addition of linoleic acid or 13-ROOH produces
the same quenching of the enzyme fluorescence. However, under anaerobic
conditions only 13-ROOH affects the fluorescence of the enzyme. From these
results it was concluded [1], that either in the absence or in the presence of O,
only 13-ROOH quenches the fluorescence of the enzyme. In the range of
enzyme concentrations studied the maximum fluorescence quenching is ob-
tained, when a stoichiometric amount of linoleic acid or 13-ROOH is added. As
is shown in Fig. 2, the maximum absorbance change at 330 nm is obtained
when approximately a stoichiometric amount of linoleic acid is added to the
enzyme.

Fluorescence

1

300 400 T T T . T
Wavelength (nm) 350 400 450 500 nm

Fig. 1. Effect of 13-ROOH or linoleic acid on the fluorescence (a) and absorbance (b) of lipoxygenase-1
under aerobic conditions at 25°C in 0.1 M Tris - HCl, pH 9.0; 07 concentration 2.4 + 1074 M. (a) 5 -
1076 M lipoxygenase (1); 5+ 1076 M linoleic acid added (2); 2 - 105 M linoleic acid added (3).8-105M
lipoxygenase (1); concen of linoleic acid added: 8.5+ 1076 M (2); 1.7 - 1075 M (3): 2.6 - 1075 M (4); 4.3 -
1075 M (5):16.0- 1075 M (6): 8.5+ 1075 M (7); 1.7 - 1074 M (8).
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Fig. 2. Absorbance change at 330 nm induced by the aerobic addition of linoleic acid (conlitions see Fig.
1b).

(2) Effect of H, O, on lipoxygenase-1

In order to obtain more information about the type of interaction be-
tween 13-ROOH and lipoxygenase-1, also the effect of H, O, on the fluores-
cence and absorbance of the enzyme was investigated. Small amounts of H, O,
were added to the enzyme at pH 9.0 and 25°C and immediately after mixing
the fluorescence (Fig. 3a) and absorbance (Fig. 3b) of the enzyme were re-
corded. Comparison of Figs 1a, b and 3a, b, respectively, shows that the effects
of 13-ROOH and H, O, are qualitatively similar. However, at an enzyme con-
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Fig. 3. Effect of H302 on the fluorescence (a) and absorbance (b) of lipoxygenase-1 under aerobic
conditions at 25 C in 0.1 M Tris - HCl, pH 9.0. (a) 1.6 - 1076 M lipoxygenase-1 (upper curve); concentra-
tions of H05 added: 4 - 1075 M and 8 - 1075 M (lowest curve). (b) 4.6 - 1075 M lipoxygenase; concentra-
tions of Hy O3 added are shown in the inserted figure.
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centration 4.6 - 107> M a 4-fold molar excess of H, O, over 13-ROOH is re-
quired to obtain the maximum effect (see Figs 2 and 3b). It must be noted,
that H, O, (unlike 13-ROOH) strongly impairs the catalytic activity of the
enzyme. At 3.5 - 107 M H, O, the activity of 10"® M lipoxygenase-1 at pH 9.0
is completely destroyed.

(3) Conversion of 13-ROOH

The nature of the interaction between 13-ROOH and lipoxygenase-1 was
further studied by investigating, whether the fluorescence and absorbance
changes of the enzyme induced by 13-ROOH are accompanied by a conversion
of the latter. Therefore, 2 - 107> M lipoxygenase-1 was incubated with an
equimolar amount of (1-! * C)-labelled 13-ROOH, either in the absence or in the
presence of O, at pH 9.0 and 25°C. 1 min after mixing the reactants the
medium was acidified to pH 2 with 2 M HCI and rapidly thereafter extracted
with cold diethylether. The extracts were washed once with water, treated with
diazomethane at 0°C and analyzed via thin-layer chromatography. Approxi-
mately 90% of the hydroperoxide was found to be converted by the enzyme
both under aerobic and anaerobic conditions. Although the extent of the con-
version of 13-ROOH is not influenced by O, , under anaerobic conditions prob-
ably only one compound is formed, while in the presence of O, several prod-
ucts are formed. The identity of the final products formed remains to be
elucidated.

(4) Effect of linoleic acid

As was mentioned before, linoleic acid itself does not change the fluores-
cence or absorbance of the native enzyme. However, an effect of linoleic acid
on the fluorescence and absorbance of the enzyme does occur, if the fatty acid
is added under anaerobic conditions to enzyme, which is previously treated
with a stoichiometric amount of 13-ROOH. The resulting fluorescence anc
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Fig. 4. Effect of linoleic acid on the fluorescence (a) and absorbance (b) of lipoxygenase-1, which was
previously treated with a stoichiometric amount of 13-ROOH at 25°C in 0.1 M Tris - HCl, pH 9.0
anaerobically. (a) 5 - 1076 M lipoxygenase (1); 5+ 1076 M 13-ROOH added anaerobically (2); 1.0 - 1075 M
linoleic acid added anaerobically (3). (b) 8 - 105 M lipoxygenase, treated with 8 + 1075 M 13-ROOH
anaerobically (1); 1.6 - 107 M linoleic acid added anaerobically (2).
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absorbance spectra of the enzyme are shown in Figs 4a and 4b, respectively.
Fig. 4a shows, that addition of 13-ROOH quenches the fluorescence, while
subsequent addition of linoleic acid under anaerobic conditions partially re-
stores the fluorescence of the enzyme. Fig. 4b shows the absorbance spectra of
the enzyme before and after addition of linoleic acid. The addition of more
than a 2-fold molar excess of linoleic acid over enzyme did not result in further
changes. Approximately 40% of the fluorescence at 328 nm and 70% of the
absorbance at 330 nm of the untreated enzyme were obtained. The apparent
inability of linoleic acid to fully counteract the effect of 13-ROOH may have
several causes: (i) the secondary products formed in this anaerobic process
absorp in the 280-330 nm region, (ii) the enzyme is partly inactivated by
intermediary radicals, giving rise to a decrease of the fluorescence yield or (iii)
linoleic acid reacts slowly with the enzyme. Repeated recordings of the fluores-
cence and absorbance spectra gave identical results, while no loss of activity
was observed. This leaves possibility (i) as the most likely source of interference
with the results.

When linoleic acid is added anaerobically in excess over enzyme and 13-
ROOH, subsequent addition of O, by shaking in air causes a quenching of the
fluorescence at 328 nm and an increase of the absorbance at 330 nm. The
fluorescence at 328 nm is quenched to a value, lower than that shown in curve
2 (Fig. 4a), probably due to possibility (i), while approx. the same or a slightly
higher absorbance at 330 nm is obtained.

Discussion

Figs 1a and b clearly show, that 13-ROOH affects both the fluorescence
and absorbance of lipoxygenase-1 at pH 9.0. The absorption band, just in the
tail of the ultraviolet absorption of the protein, previously remained unnoticed
because of its rather low molar extinction coefficient (€33, is approx. 1.6 -
10° 1- M - em™!). However, this extinction coefficient is sufficiently high to
attribute the observed fluorescence quenching to a non-radiative energy trans-
fer between the tryptophans [1,18] and the chromophore responsible for this
absorption [19].

Considering the parallels with the EPR experiments by De Groot et al.
[15], one is tempted to speculate, that the chromophore formed upon treat-
ment with 13-ROOH or H, O, (Fig. 3b) stems from the oxidized enzyme, the
iron being in the ferric state. It is worth noting, that apoazurin, which can bind
one ferric iron atom per molecule, shows an identical absorption band and a
similar fluorescence quenching when the ferric iron is bound to the protein
[20].

As a result of the oxidation of lipoxygenase-1, 13-ROOH and H, O, are
converted probably as shown below:

13-ROOH + E(Fe'l) = 13-RO" + OH™ + E(Fe'!!) (a)
H,0, + E(Fe'l) > OH + OH™ + E(Fe!'!) (b)

The incubations with (1-!' % C)-labelled 13-ROOH showed, that the hydroperox-
ide is converted into one main compound under anaerobic conditions. In the
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presence of O, more final products were found, probably due to nonenzymic
oxygenation of the intermediary alkoxy radicals (RO’) [9—11]. The inac-
tivation of the enzyme by H, O, is likely to be due to the formation of OH’
radicals (b) which may modify amino acids in the protein.

According to De Groot et al. [15], linoleic acid (RH) converts the ferric
iron in the protein into the ferrous state via:

RH + E(Fe!''y > R- + H' + E(Fe'") (c)

We propose, that the spectral changes (Figs 4a,b) occuring upon.anaerobic
addition of linoleic acid to an enzyme, which was treated with 13-ROOH, are
concomitant with the previously reported disappearance of the ferric EPR
signals. Research is in progress to measure the rates of the changes in the
fluorescence and absorbance of the enzyme, brought about by 13-ROOH and
linoleic acid.
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