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ABSTRACT

In this paper, we use our quantitative >'P NMR spin trapping methods, already developed for simple oxy-
gen- and carbon-centered radicals, to understand the radical intermediates generated by enzymatic sys-
tems and more specifically lipoxygenases. Our methodology rests on the fact that free radicals react with
the nitroxide phosphorus compound, 5-diisopropoxy-phosphoryl-5-methyl-1-pyrroline-N-oxide (DIP-
PMPO), to form stable radical adducts, which are suitably detected and accurately quantified using >'P
NMR in the presence of a phosphorus containing internal standard. This system was thus applied to bet-
ter understand the mechanism of enzymatic oxidation of linoleic acid by soybean lipoxygenases-1 (LOX).
The total amount of radicals trapped by DIPPMPO was detected by >'P NMR at different experimental
conditions. In particular the effect of dioxygen concentration on the amount of radicals being trapped
was studied. At low dioxygen concentration, a huge increase of radicals trapped was observed with

respect to the amount of radicals being trapped at normal dioxygen concentrations.

© 2011 Published by Elsevier Ltd.

1. Introduction

Lipoxygenases (LOXs) form a heterogeneous family of lipid
peroxidizing enzymes that catalyze dioxygenation of polyunsatu-
rated fatty acids (PUFA) to their corresponding hydroperoxy
derivatives.! In animal tissues, the most common substrate
encountered is the arachidonic acid (C20:4), which is dioxygen-
ated by lipoxygenases into precursors of products involved into
inflammatory processes,” cell membranes maturation,® cancer
metastases,*® atherogenesis®’ and osteoporosis.® The role of
plant lipoxygenases, whose main substrates are linoleic (C18:2)
and linolenic acids (C18:3), is not very fully elucidated, although
they are implied in processes such as senescence or plant
response to wounding.®

A single non-heme iron is present in each enzyme and it exists
in two oxidation states: Fe(Il) and Fe(IlI).!° According to the cur-
rent working mechanism,'®!'! the native enzyme is inactive in
the Fe(Il) form. When treated with an equimolar amount of
product, the iron is oxidized to the Fe(Ill) form, resulting in an
active enzyme. The ferric form can then catalyze the abstraction
of a hydrogen from the bis-allylic carbon atom of the substrate
from 11 position of linoleic acid, in a stereospecific manner,
yielding a pentadienyl radical complexed with the ferrous enzyme.

* Corresponding author. Tel.: +1 919 515 7708; fax: +1 919 515 6302.
E-mail address: dsargyro@nscu.edu (D.S. Argyropoulos).
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Bimolecular oxygen is then inserted to the pentadienyl radical,
through a channel in the lipoxygenase, which leads to the forma-
tion of the hydroperoxide product and the reoxidation of the cofac-
tor to the ferric form (Scheme 1).

Although the LOX-reaction involves the formation of radical
intermediates it may not be considered an effective source of free
radicals as most of the intermediates remain enzyme bound.
However, under certain conditions a considerable portion of radi-
cals may escape the active site leaving the enzyme in the inactive
form Fe(I1).'>!3 These observations were based on the change in
LOXs regiospecificity at different dioxygen concentrations. In fact,
under most conditions, soybean lipoxygenase-1 is highly specific
for the position at which the dioxygen is inserted (position 13).
However, this specificity can be greatly influenced by the dioxygen
concentration.'3

In order to obtain direct evidence of the increase in the radical
escaping mechanism from the enzyme active site at different
dioxygen concentrations, a spin trap technique could be applied.
Using the 5-diisopropoxy-phosphoryl-5-methyl-1-pyrroline-N-
oxide (DIPPMPO) as spin trap, the presence of phosphorus allows
for the use of phosphorus nuclear magnetic resonance (>'P NMR)
spectrometry to investigate the detailed chemistry of the radical
reaction. 3'P NMR could be exploited to perform quantitative
analyses, in the presence of a suitable internal standard.'® Early
qualitative work showed that the chemical shift of the 3'P atom
depends on the nature of the adducts.'>!®
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Scheme 1. Partial reaction mechanism for soybean-1 lipoxygenase.

In the present study we have attempted to determine and explain
the influence of dioxygen concentration on soybean lipoxygenase-1
radical generation. The dioxygen concentration in a reaction solution
is a function of two parameters: the initial dioxygen concentration
and the rate of consumption. As such we have systematically varied
the initial and subsequent oxygenation conditions (argon head-
space, air bubbling) and have been able to determine and quantify
the radical intermediates involved under the different conditions.

2. Experimental procedures
2.1. Chemicals

Soybean lipoxygenase-1 (type I-B, activity 150,000 U/mg), lino-
leic acid and all chemicals were purchased from Sigma (St. Louis,
MO, USA) and used as received. DIPPMPO was synthesized as de-
scribe below. All reagents and buffers were prepared using Milli-
pore MilliQ deionized water (p = 18 MQ cm).

2.2. Synthesis of DIPPMPO

DIPPMPO (5-diisopropoxyphosphoryl-5-methyl-1-pyrroline-N-
oxide) was synthesized according to the literature.!” The spin trap
was stored under argon at —78 °C.

2.3. Linoleic acid oxidation by lipoxygenase

The linoleic acid oxidation was carried out at room temperature
at three different experimental conditions: in an atmosphere of air
with continuous bubbling and magnetic stirring, in an idle atmo-
sphere without stirring and in a closed reaction vial whose head
space was purged with argon. Briefly, in a glass reaction vial
equipped with a screw cap (inner volume 70 mL), different
amounts of linoleic acid (3.25, 5.0, 6.3 and 13 pL) were dissolved
in 65 mL of 0.1 M carbonate buffer (pH 9.0) containing 0.01 M of
EDTA (ethylendiaminetatracetic acid), corresponding to 160, 247,
311 and 642 uM concentration, respectively. In order to com-
pletely dissolve the substrate, 2-3 drops of a NaOH 5% were added.
For the spin trapping experiments, 5 mg of DIPPMPO were added
to the mixture. Finally different amounts of soybean lipoxyge-
nase-1 were added (9.0, 12.5, 17.5, 36 and 90 nM). After 30 min
the solution was acidified with a 1.0 M HCl solution to pH 4 and ex-
tracted three times with chloroform. Then the organic layer was
recovered, dried with Na,SO,4 and evaporated under reduce pres-
sure. The residue was dissolved in CDCl; for 3'P NMR analyses.

2.4. LOX reaction analysis

The LOX reaction was followed spectro photometrically by
measuring the increase in absorbance at 234 nm, using a ¢ of

25.000M~'cm™!. For photometric measurements a Hewlett
Packard 8453E spectrophotometer was used.

2.5. 3P NMR spectra

31P NMR spectra were acquired on a Bruker-300 spectrometer
(operating at 121.49 MHz). The chemical shifts reported are rela-
tive to external orthophosphoric acid (85%). All spectra were ac-
quired with proton decoupling. The total number of scans for all
experiments was 256-1024 with an acquisition time of 1.60 s. Tri-
methylphosphate was used as the internal standard for quantifica-
tion and added to the sample prior to measurement. The results
reported are means + SD, for three individual experiments.

3. Results and discussion

Soybean lipoxygenase-1 shares good sequence identity with
mammalian lipoxygenases, and its X-rays crystal structure reveals
similar details with that of the rabbit 12/15-lipoxygenase. For this
reason, soybean lipoxygenase-1 has been used in place of the
mammalian enzyme.'®-2° Qjan et al.2'~2 examined the free radical
generation in the reaction between soybean lipoxygenase-1 and
linoleic acid by using nitrone spin trapping including DMPO
(5,5'-dimethyl-1-pyrroline-N-oxide) and POBN (o-(4-pyridyl-1-
oxide)-N-t-butylnitrone). Koshiishi et al.>* have studied the same
reaction in the presence of CmP (3-carbamoyl-2,2,5,5-tetra-
methyl-pyrrolinidine-N-oxyl), a well-examined and convenient ni-
troxyl radical, as an indicator for redox balance and free radical
reactions. In the present study, we used DIPPMPO (5-diisopropyl-
oxy-phosphoryl-5-methyl-1-pyrroline-N-oxide) as the spin trap-
ping system to study the radicals involved in the linoleic acid
oxidation catalyzed by lipoxygenase.

3.1. Identification of lipid-derived radical adducts

As shown on Figure 1, the radical specie (R’) reacts with the
double bond of the nitrone spin trap DIPPMPO (a) to form the para-
magnetic adduct (b). The species (b) decays with time via different
reactions (unimolecular and/or bimolecular processes) such as oxi-
dation, reduction, dismutation and rearrangement. In many cases
the products of the decomposition reactions are the diamagnetic
corresponding hydroxylamine (c) and nitrone (d).

These species are suitably detected and quantified using 3'P
NMR in the presence of phosphorus containing internal standard.
Moreover, the chemical shift of the phosphorus atom is related
to the nature of the radical being trapped.!4-1¢

Figure 2 shows acquired typical >'P NMR spectra obtained after
the DIPPMPO trapping reaction that was carried out under a series
of different oxygenation conditions. The experiments were run: (A)
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Figure 1. The general trapping chemistry of the DIPPMPO spin trap system.

in a glass vial with air saturated buffer whose head space was filled
with argon, (B) in air without stirring, (C) with air bubbling and
stirring. The initial dioxygen concentrations (approximately
260 pM) were in any case smaller than the substrate concentration
(642 uM) and the amount of lipoxygenase was 36.0 nM in all the
experiments. Under conditions (A) the dioxygen is limited, assum-
ing a 1:1 stoichiometric reaction between dioxygen and linoleic
acid, while the unreacted linoleic acid remained in solution. The
amount of the resulting hydroperoxides, detected by UV, correlates
with the initially dissolved dioxygen concentration in the reaction
mixture (data not shown). Under conditions (B), the dioxygen con-
centration at some point of the reaction becomes limited due to the
low dioxygen dissolution rate in the absence of stirring. This in
turn affected the consumption of linoleic acid.’® Under conditions
(C) the dioxygen concentration is not limited relative to the sub-
strate linoleic acid since there was a continuous supply of air in
the system. In this case a complete depletion of the substrate
was detected by UV and all the linoleic acid was converted in the
corresponding hydroperoxide.

In the 3!P NMR spectra of Figure 2 the large signal at 22.2 ppm is
due to the original and unreacted spin trap. In the case of linoleic
acid oxidation under conditions (A), the *'P NMR spectrum showed
the presence of different adducts at 23.2 and 29.5 ppm (Fig. 2A). On
the basis of the chemical shift values, the adducts have been inter-
preted as carbon-centered radicals.'*'® As reported by Khramtsov
et al.,?® during the trapping of methyl radicals with DEPMPO, the
31P NMR spectrum showed the presence of three radical adduct
decomposition products at: 24.5, 30.8 and 32.3 ppm, respectively.
The peak at 24.5, due to the similarity with the original spin trap
(DEPMPO 23.7 ppm) was related to the nitrone product decay
(1), while the peaks at 30.8 and 32.3 ppm were assigned to the
two stereoisomeric hydroxylamines (2). In our work, the trapped
methyl radical with DIPPMPO resulting in the nitrone form was
detected at 23.1 ppm!* and other studies confirmed the radical
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Figure 2. >'P NMR spectra of DIPPMPO after reaction with linoleic acid in the
presence of lipoxygenase. (A) In a glass vial with air saturated buffer and head space
filled with argon; (B) in air without stirring; and (C) with a continuous air stream
and stirring.

adduct structure by GC-MS.2® In view of this data, the peak at
23.2 ppm in the linoleic/lipoxygenase oxidation system was re-
lated to the nitrone form (1) of the radical adduct decay products
(Fig. 3).

In fact the nitrone is shifted by 1.0 ppm downfield from the par-
ent spin trap, as observed for the methyl radical (0.8 for DEPMPO
and 0.9 ppm for DIPPMPO).142?> In the same manner the peak ob-
served at 29.5 ppm was related to the hydroxylamine degradation
product (2). The difference between these adducts and the parent
spin trap (7.3 ppm downfield) matches with the difference be-
tween the DEPMPO parent spin trap and the hydroxylamine of
the methyl radical adduct (7.1 and 8.6, respectively, for the two
stereoisomers). Moreover, the peak related to the hydroxylamine
appears broad, possibly indicating the presence of different
diastereoisomers.

During linoleic acid oxidation catalyzed by lipoxygenase, the
enzyme reacts with the substrate by hydrogen abstraction from
the bisallylic methylene position, as reported by De Groot et al.'®
The enzyme/substrate radical complex (LOX-R) may react with
molecular dioxygen to form an enzyme/peroxyl radical complex
(LOX-ROO). This complex is stabilized during the catalytic cycle
via an intracomplex electron transfer process, which reduces the
radical to the corresponding anion (ROO-). Alternatively, under
anoxic conditions, the LOX-R' could decay liberating the inactive
enzyme and the substrate radical R'. The carbon-centered radicals,
shown in Figure 3, are thus trapped by DIPPMPO and the nitroxide
radical adducts, after decomposition reactions, are detected by 3'P
NMR.

During reaction under conditions (B) (air without stirring) we
detected similar radical adducts at 23.2 and 29.5 ppm. Moreover,
additional signals were detected at 17.0 and 18.0 ppm (Fig. 2B).
We interpreted these data as adducts formed by the trapping of
oxygen-centered radicals (3) and (4). In actual fact, during the
lipoxygenase cycle, the LOX-ROO" complex, could decay releasing
peroxyl radicals (ROO") in solution. The peroxyl radicals could be
trapped by DIPPMPO. Furthermore, the peroxyl radicals could also
be generated in solution via a stereo random oxygenation of the
carbon centered radical R' that has escaped from the lipoxygenase
active site. As reported by Argyropoulos et al.,'* the HOO" radical
adducts were trapped with DIPPMPO and detected by 3'P NMR
with their chemical shifts being at 16.9 and 17.1 ppm. The trapping
reaction is shown in Figure 4.

Similar radical adducts have been reported by Reis et al. and de-
tected by LC-MS.2728 The authors have studied the radicals in-
volved in the Fenton system oxidation of linoleic acid using
DMPO as a spin trap. Using LC-MS they detected the formation
of carbon- and oxygen-centered radical of linoleic acid. Partial con-
firmation of our conclusion was also established via the 3!P NMR
spectra obtained under reaction conditions (C) (Fig. 2C). In the
presence of a continuous stream of air and stirring, the spin trap
DIPPMPO was able to trap only oxygen-centered radicals.

3.2. Quantification of radical adducts

The presence of an internal standard in our reactions offered the
possibility to measure the radical concentrations being trapped by
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Figure 4. The trapping reaction of the lipid-derived oxygen-centered radicals from linoleic acid/lipoxygenase system and their relative decomposition reactions of the spin
adducts with DIPPMPO. For clarity, the structure of the adducts reported is only for the 13 stereoisomers.

DIPPMPO. Consequently we explored the effect of the experimen-
tal conditions on the relative amount of free radicals present in
solution. Initially one may compare the amount of radicals trapped
by DIPPMPO in the LOX/linoleic acid system under the three con-
ditions examined (A), (B) and (C). The data of Figure 5 shows
how these three different environments affected the total amount
of the trapped radicals.

Furthermore, >'P NMR spin trapping was applied in order to
understand how the dioxygen concentration affected the lipoxyge-
nase reactivity. To study this effect, the amount of radical adducts
formed under two different oxygenation conditions was compared.
The first series of experiments were carried out in an atmosphere
of air and under vigorous stirring. This system permitted the main-
tenance of a constant dioxygen concentration (water saturated
with air, containing approximately 260 uM of dioxygen). The second

series of experiments were conducted with the medium satu-
rated with air but in a sealed reaction vessel whose head space was
filled with argon. Under the conditions of the first series of exper-
iments the dioxygen was not limited and the reaction occurred un-
til the complete depletion of the linoleic acid substrate (examined
by UV-vis measurements). In the second series of experiments the
dioxygen was limited, being consumed by the linoleic acid oxida-
tion reaction. Therefore, depending on the starting linoleic acid
concentration (160, 247,311 and 642 pM), a condition was eventu-
ally reached being varied from normoxic (linoleic acid 160 M) to
anoxic (linoleic acid 642 pM). The amount of lipoxygenase was 9.0,
12.5, 17.5 and 36.0 nM, respectively, in a constant ratio respect to
the substrate. The amounts of total radicals being trapped and de-
tected for these experiments are shown in Figure 6. The amount of
radicals trapped by DIPPMPO in the lipoxygenase/linoleic acid



3026 L. Zoia et al./Bioorg. Med. Chem. 19 (2011) 3022-3028

50.00

40.00

30.00

20.00

Rad/DIPPMPO (uM)

10.00

C B A

Figure 5. The effect of different experimental conditions on the total amounts of
radical adducts: (A) in a glass vial with air saturated buffer and head space filled
with argon; (B) in air without stirring; and (C) with a continuous air stream and
stirring.

system under normoxic conditions (gray bars) was in all cases low-
er that ipoxic conditions (black bars). Thus, the increasing of the
linoleic concentration increased the amount of radicals being
trapped.

As reported by Berry et al.,'> when the dioxygen is not limited
with respect to the linoleic acid substrate, the specificity of
the lipoxygenase oxidation reaction is high: the hydroperoxy-
octadecadienoic acid (HPOD) 13:9 isomer ratio was close to the
generally reported 95:5. When the reaction buffer was bubbled with
N, before the reaction, LOX was found to catalyze the oxygenation
reaction with a specificity lower than that observed under higher
dioxygen concentrations (13-HPOD/9-HPOD = 55:45). According
to the mechanism reported in Scheme 1, it has been hypothesized
that the complex enzyme-linoleic acid radical could dissociate
instead of associating with O,, leading to a release of radicals in
solution. Under normal dioxygen concentrations (air bubbling),
the amount of radicals released is low. As shown in Figure 6 (grey
bar), the amount of radicals trapped was linearly correlated with
the amount of starting linoleic acid, and the maximum radical ad-
ducts measured was 8.6 uM. The enzyme cycle is complete, with
the formation of 13-HPOD as the major oxidation product. The per-
centage of radical adducts (2.7, 3.3, 5.3 and 8.7 uM) with respect to
the initial linoleic acid (160, 247, 311 and 642 puM) is a constant va-
lue around 1.5%. These data are in agreement with the observed
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Figure 6. Radical adduct formation under normoxic conditions (with a continuous
air stream and stirring, gray bars) and under anoxic conditions (in a glass vial with
air saturated buffer and head space filled with argon, black bar).

specificity of 95:5. Under anoxic conditions (argon head-space),
the amount of trapped radicals was found to be increased in a very
significant way (Fig. 6, black bars). At a linoleic acid concentration
of 160 UM the total amount of radicals trapped was found to be
similar to those obtained under normoxic conditions. The amount
of trapped radicals, however, at an initial linoleic acid concentra-
tion of 642 pM, was increased by about ten fold (8.6 vs 73.3 pM).

Assuming a stoichiometric ratio of 1:1 dioxygen and linoleic
acid consumption, with an initial linoleic acid concentration of
160 uM and 247 pM, respectively, the dioxygen (260 uM) was
not limiting during the reaction. At 311 and 642 uM initial linoleic
acid concentration, during the reaction, the dioxygen started to be
limiting. In this condition the amount of radicals released in solu-
tion and trapped increased. At the end of these reactions, the
amount of radicals trapped was measured to be around the 12%
of the starting substrate. Again this observation is in agreement
with the observed reduction of specificity at low dioxygen
concentration.'®

Qualitative spectral observations showed that the radical ad-
ducts trapped under normoxic conditions were mainly oxygen-
centered radicals (ROO’) while under anoxic conditions and at high
linoleic acid concentrations they were mainly carbon-centered
radicals. All these data are in agreement with the following quali-
tative mechanistic description: under normal oxygenation condi-
tions the LOX system is a weak radical generator (low amount of
R could escape from the active site and it reacts with dioxygen
in non stereospecific way, leading to the formation of oxygen-cen-
tered radicals trapped by DIPPMPO). When the dioxygen starts to
be limited the amount of radicals escaping the active site is higher.
These radicals are then trapped mainly as carbon-centered radicals
R’ due to the low concentration of dioxygen.

In an effort to better integrate our knowledge, similar experi-
ments were conducted at a constant LOX concentration
(17.5 nM) (Fig. 7). As in the previous series of data the amount of
radicals trapped increased when the linoleic acid concentration
varied from lower (160 and 247 puM) to higher (311 and 642 pM)
concentration with respect to the dioxygen (260 pM). In this series
of experiments the radical adducts detected are not related to the
initial linoleic acid concentration. This is because when the dioxy-
gen is not limited the amount of radicals trapped was found to be
around 7.0 pM, while at the end of reaction, when the dioxygen is
depleted the radicals trapped were approximately constant (38.0
and 35.0 uM, respectively).

These data are indicative that the amount of radicals trapped
may be related to the concentration of the complex LOX/Linoleic
(Scheme 1). In order to confirm this hypothesis, we carried out a
series of experiments under argon head-space conditions at a high
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[a]
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Figure 7. Total radicals trapped under argon head-space conditions at different
initial linoleic acid concentrations and at a constant LOX concentration.
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initial concentration of linoleic acid (642 pM) aimed to reach an
anoxic condition during the reaction, under different LOX concen-
trations (Fig. 8). The data indicated that the amount of radicals
trapped was linearly correlated with the LOX concentration.

By taking into account all the above data we arrived at the con-
clusion that the total amount of radicals generated is linearly re-
lated to the LOX concentration. Furthermore, if one considers
separately the data from the experiments where the dioxygen con-
centration was not limited throughout the reaction versus the
experiments where the dioxygen concentration was completely
depleted, the correlations showed two different slopes (Fig. 9).

Overall our data can be rationalized by considering that during
the linoleic acid oxidation the enzyme exists as a complex with the
allyl radical. Under normal conditions the dioxygen is inserted in
position 13 leading to the formation of the linoleic acid hydroper-
oxide. Part of the complex could then release the radical in solu-
tion. This natural decay is described quantitatively by the linear
coefficient 0.24. When the dioxygen concentration is low, the re-
lease of the radical becomes more important as a reaction path-
way. This reactivity is quantitatively describes by the linear
coefficient 1.65 (Fig. 9).

Moreover, the literature accounts?® on the fact that the enzyme,
when releases the radical in solution becomes inactive and the iron
is in the form Fe(Il). Consequently, the enzyme needs to be reacti-
vated by formation of Fe(Ill) and this could occur by reaction with a
hydroperoxide specie (Scheme 1).

To confirm this hypothesis, we carried out the following exper-
iment: linoleic acid was oxidized with lipoxygenase with air bub-
bling and stirring, until the complete depletion of the starting

12.00
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Figure 10. Amount of radical trapped under different conditions: in air with
bubbling and stirring; during the anoxic reactivation cycle; in argon head-space
condition.

material occurred (as verified by UV-vis). The reaction medium
was then purged with argon and kept under a constant stream of
argon. Thus an aliquot of linoleic acid was finally added together
with the spin trap. After 2 h the total amount of radicals trapped
was determined using >'P NMR. Qualitatively the radical detected
were of the same type as on all previous experiments. Quantita-
tively, however, the data varied as shown in Figure 10, were we
put in comparison the amount of radical trapped in air stirring oxi-
dation, in argon head space and during the above describe anoxic
reactivation cycle.

These experiments demonstrated that the radicals can be also
generated from the linoleic acid/lipoxygenase system in complete
absence of dioxygen. As such in the experiments when the initial
dioxygen concentrations were smaller than the substrate concen-
tration, the reaction could show three distinct phases in term of
radical generation:

- A dioxygen consumption phase due the enzymatic reaction,
where the dioxygen concentration is not limited and the radicals
generated by the system are low. In this condition the DIPPMPO
is able to trap a limited amount of oxygen-centered radicals in
agreement with the observed high lipoxygenase specificity.!

- Asecond phase where the dioxygen concentration becomes lim-
iting and the amount of radical trapped increases. This higher
amount of released radicals (mainly carbon-centered) is corre-
lated to the previous observed decrease in the enzymatic
specificity.!?

- A third phase where the dioxygen concentration is ~ 0, and the
enzyme in the presence of both product and residual substrate is
able to generate radicals until its complete deactivation.?®
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Figure 9. Linear correlations observed between the amounts of total radicals trapped as a function of LOX concentration for anoxic (left) and normoxic conditions (right).
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The present set of experiments suggests the relevance of the DIP-

PMPO spin trapping system toward understanding the chemistry
and the radical intermediates involved in the linoleic acid/lipoxyge-
nase reaction. This spin trapping system allows the quantification of
the radicals involved and their correlation with the amount of diox-
ygen present. In this effort we report that under certain conditions,
the LOX system may generate a considerable amount of free radicals
and the release of these intermediates may increase the multiplicity
of the LOX-induced secondary reactions.
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