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SUMMARY 

In the reaction of soybean lipoxygenase (EC 1.13.11.12) with polyunsaturated fatty acids such as 
linoleic, linolenic and arachidonic acids, some radical species were detected using the electron spin 
resonance (ESR) spin-trapping technique. The radical species derived from the three polyunsatu- 
rated fatty acids were not distinguishable because the ESR spectra of the spin adducts of nitrosoben- 
zene with their three radical species showed no difference in their hyperfine splittings. To overcome 
this defect of the spin-trapping technique, these spin-adducts were separated by employing high- 
performance liquid chromatography (HPLC ) combined with ESR spectroscopy. The spin adducts 
were eluted from a Cl8 reversed-phase column in the order linolenic acid, linoleic acid and arachidonic 
acid. The half-lives of the spin adducts separated by HPLC-ESR were determined as linoleic acid 
600 min, linolenic acid 360 min and arachidonic acid 160 min. The use of an ultraviolet detector 
together with the HPLC-ESR technique resulted in a 500-fold increase in sensitivity in the detection 
of the radical species. 

INTRODUCTION 

Lipoxygenase is an enzyme that catalyses the conversion of polyunsaturated 
fatty acids containing a 1,4-cis,cis- pentadiene system to the lipid hydroperoxides 
[ l-41, This enzyme has been found in plants [ 5-71 and animals [ 8-151 and the 
role of this enzyme, e.g., as an initiating factor of the arachidonate cascade, has 
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been investigated [ 16,171. It is well known that some positional and stereochem- 
ical isomers of the hydroperoxides occur in the reactions of soybean lipoxygenase 
(EC 1.13.11.12) with linoleic acid, linolenic acid and arachidonic acid [ 18-231. 
It has been suggested that the radical species are produced during the formation 
of the isomeric hydroperoxides [ 241. Indeed, the radical species have been de- 
tected by using the electron spin resonance (ESR) spin-trapping technique [ 25- 
27], suggesting that a lone-pair electron is located at C-9 and/or C-13 in the 
linoleic acid radical [ 25,271. Moreover using 1702, it was confirmed by Connor et 
al. [ 271 that carboncentre radical species are formed. 

In order to separate and identify spin adducts, Makino and Hatano [28] pro- 
posed the combination of high-performance liquid chromatography (HPLC ) with 
ESR spectroscopy (HPLC-ESR). By using this technique, retinoic acid radicals, 
the formation of which is catalysed by haemoglobin, were separated [ 29,301. In 
this investigation, we used this technique to study the radical species formed in 
the reactions of soybean lipoxygenase with unsaturated fatty acids, because this 
technique allowed us to separate the radical species and to compare the three 
reactions of soybean lipoxygenase with linoleic, linolenic and arachidonic acids 
simultaneously. 

EXPERIMENTAL 

Materials 
Linoleic, linolenic and arachidonic acids were purchased from Sigma (St. Louis, 

MO, U.S.A.). Lipoxygenase (type I) was obtained from Biozyme (Gwent, U.K. ). 
Nitrosobenzene was a product of Nakarai Chemicals (Kyoto, Japan). 

ESR spectroscopy 
ESR spectra were recorded on a JEOL-FXBXG ESR spectrometer with the 

field set at 3365 + 50 G, modulation frequency 100 kHz, modulation amplitude 
1.0 G, recorder amplitude 5 x 1000, response 1.0 s, microwave power 20 mW and 
microwave frequency 9.435 GHz. 

HPLC-ESR 
HPLC-ESR chromatograms were achieved on a Jasco Trirotar-VI HPLC sys- 

tem with the above ESR spectrometer as a detector. A column (250 mm x 4.6 mm 
I.D.) packed with TSK-ODS gel (5 pm) was used with a flow-rate of 1.4 ml/min 
of methanol-l0 mM sodium borate buffer (pH 8.0) (55:45, v/v). The column 
was kept at 20°C throughout. The magnetic field of the ESR spectrometer was 
fixed at the position (g= 2.020) indicated by the arrow in Fig. 1. 

HPLC-UV 
In order to improve the sensitivity of the detection of the radical species, a UV 

detector was combined with the HPLC-ESR system (HPLC-UV) . The HPLC 
conditions using the HPLC-UV system were the same as those using the HPLC- 
ESR system. The wavelength of the UV detector was set at 300 nm. 
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Reaction mixture 
A standard reaction mixture was prepared containing 0.2 M sodium borate 

buffer (pH 8.0), 0.8 mM polyunsaturated fatty acid, 6.6 mM nitrosobenzene and 
1300 U/ml soybean lipoxygenase. Polyunsaturated fatty acid and nitrosobenzene 
were dissolved in ethanol and added to the reaction mixture. The final concen- 
tration of ethanol was 2.5 % (v/v). The reactions were initiated by adding lipoxy- 
genase and were carried out at 20°C for 30 s. Volumes of the reaction mixtures of 
500 ~1 (HPLC-ESR) and 1~1 (HPLC-UV) were applied. 

RESULTS 

Detection of the radical species formed in the reactions of Zipoxygenuse with unsat- 
urated fatty acids 

A characteristic ESR spectrum with thirteen peaks was detected in the com- 
plete reaction mixture containing each unsaturated fatty acid, lipoxygenase and 
nitrosobenzene by using the ESR spin-trapping technique (Fig. la, d and e). 
Weak signals were observed in the absence of lipoxygenase (Fig. lb) and no sig- 
nals were observed in the absence of unsaturated fatty acid (data not shown) or 
nitrosobenzene (Fig. 1~). 

The ESR spectra observed in the reactions of lipoxygenase with linoleic acid 
(Fig. la), linolenic acid (Fig. Id) and arachidonic acid (Fig. le) showed similar 
hyperfine splittings. 

Fig. 1. ESR spectra of lipoxygenase-polyunsaturated fatty acid systems containing nitrosobenzene. 
(a) Spectrum of a system containing 0.8 mM linoleic acid, 6.6 m&f nitrosobenzene and 1300 U/ml 
lipoxygenase in 0.2 M sodium borate buffer (pH 8.0); (b) spectrum of the system in (a) without 
lipoxygenase; (c) spectrum of the system in (a) without nitrosobenzene; (d) spectrum of the system 
in (a) w&h linolenic acid instead of linoleic acid; (e) spectrum of the system in (a) with arachidonic 
acid instead of linoleic acid. The arrow (g= 2.020) m (a) indicates the position at which the magnetic 
field was fixed m HPLC-ESR spectrometry. 
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Separation of the radical species formed in the reaction mixtures by using the HPLC- 
ESR technique 

In the HPLC-ESR elution profile of the reaction mixture of linoleic acid, two 
peaks with retention times ( tR) of 2.0 min and 14.6 min appeared in opposite 
directions with respect to the baseline (Fig. 2a). The peak with a retention time 
of 2.0 min was common to the elution profiles of the reaction mixtures of all the 
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Fig. 2. HPLC-ESR traces of lipoxygenase-polyunsaturated fatty acid systems containing mtroso- 
benzene. Reaction conditions as in Fig. 1. (a) Linoleic acid; (b) linolenic acid; (c) arachidonic acid. 
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Fig. 3. HPLC-ESR traces of lipoxygenase-linoleic acid systems containing nitrosobenzene. Reaction 
conditions as in Fig. 1. (a) Complete reaction mixture; (b) as (a) but without lipoxygenase; (c) as 
(a) but without linoleic acid; (d) as (a) but without mtrosobenzene. 
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Fig. 4. ESR spectra of the separated radical species from the reaction mixtures of (a) linoleic acid, 
(b ) linolenic acid and (c ) arachidonic acid. 

unsaturated fatty acids examined (Fig. 2), Prominent peaks other than this com- 
mon peak were observed in the HPLC-ESR elution profiles of the reaction mix- 
tures of linolenic acid at tn= 10.2 min (Fig. 2b) and arachidonic acid at tn= 19.0 
min (Fig. 2~). Except for the common peak at tn= 2.0 min, no peaks were ob- 
served in the absence of lipoxygenase (Fig. 3b), linoleic acid (Fig. 3c) or nitro- 
sobenzene (Fig. 3d). The same was also observed with linolenic and arachidonic 
acids (data not shown). The ESR spectra of the respective HPLC-ESR peaks 
agreed completely with those of the reaction mixtures (Fig. 4 ) . 

Peaks other than the common peak at tR - - 2.0 min were not detected when 50% 
(v/v) methanol was used as the mobile phase and/or a column was kept at 40°C. 
The radical species formed in the reaction mixtures seem to be unstable. 

Half-lives of the radical species separated by using the HPLC-ESR technique 
The ESR intensity changes for the non-separated and separated radical species 

are shown in Fig. 5. The intensities of the non-separated radical species of the 
three unsaturated fatty acids decreased exponentially (Fig. 5a). The half-lives 
periods of the non-separated radical species are linoleic acid 30.2 min, linolenic 
acid 14.0 min and arachidonic acid 29.2 min. On the other hand, the intensity of 
the separated radical species decreased linearly (Fig. 5b). The half-lives of the 
separated radical species are linoleic acid 600 min, linolenic acid 360 min and 
arachidonic acid 160 min. 

UV detection of the radical species 
To detect the radical species, the HPLC-ESR technique required fairly large 

500-~1 portions of the reaction mixtures; no peak was detected when 1 ~1 was 



14 

1.4 ) 

3 
ii 1.2 
:: 

; 1.0 

$ 0.8 

P 
E 0.6 
a 

g 0.4 

2 
8 0.2 

c 0.0 

g 
1.0 

P 
F 6.8 

e 

g 06 

P 
.E 04 

E 
z 02 

z 
$ 00 

(b) 

F? 
u 

1 I I t 

0 20 40 60 80 100 0 100 200 300 400 500 

Time (mm) Time (mm) 

Fig. 5. ESR intensity changes of the non-separated and separated radical species. (a) Non-separated 
radical species; (b) separated radical species. (0 ) Linoleic acid; ( 0 ) linolenic acid; (0 ) arachidonic 
acid. 
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Fig. 6. HPLC-ESR and HPLC-UV traces of the lipoxygenase-polyunsaturated fatty acid systems 
containing nitrosobenzene. Reaction conditions as in Fig. 1 except for the volume injected (1 ~1) 
(a) HPLC-ESR, linoleic acid; (b) HPLC-UV, linoleic acid; (c) HPLC-UV, linolenic acid; (d) HPLC- 
UV, arachldonic acid. The peaks corresponding to the respective radical species are indicated by 
arrows. 

injected (Fig. 6a). On the other hand, when 1~1 of the reaction mixture of linoleic 
acid was subjected to the HPLC-UV method, the radical species were detected 
by the UV detector (Fig. 6b). The same results were observed with linolenic and 
arachidonic acids (Fig. 6c and d). The peaks of the radical species were assigned 
by comparing the HPLC-UV retention times with he HPLC-ESR data (Fig. Za, 
b andc). 
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DISCUSSION 

Some radical species that are formed during the peroxidation of linoleic, lin- 
olenic and arachidonic acids by lipoxygenase have been detected by using the 
ESR spin-trapping technique [ 26,271. The ESR spectra were so similar in their 
hyperfine splittings that the radical species formed in the three reaction mixtures 
were not distinguishable. 

To establish whether the radical species formed in the reactions are derived 
from the respective unsaturated fatty acids or not, the radical species were sep- 
arated by using the HPLC-ESR technique. The peak with a retention time of 2.0 
min, which was common in all the HPLC-ESR elution profiles (Fig. 2 ) , may not 
come from the radical species, because injection of the reaction buffer also re- 
sulted in the appearance of this peak. This is probably due to the baseline change 
with elution of the reaction buffer. Prominent peaks other than the downward 
peak with a retention time of 2.0 min were observed at different retention times 
in the HPLC-ESR elution profiles of the three reaction mixtures. The prominent 
peaks seem to come from the reaction products in which bonds are formed be- 
tween the nitrogen atom of nitrosobenzene and C-13 (for linoleic and linolenic 
acids) or C-15 (for arachidonic acid), because the ESR spectra of the peaks agree 
completely with those of the corresponding reaction mixtures (Fig. 4). This find- 
ing suggests that different radical species are formed in the three reaction mix- 
tures. From the investigations using 1702 and under anaerobic conditions, Connor 
et al. [27] also concluded that fatty acid-derived radical were formed in the re- 
action of linoleic acid with lipoxygenase. 

The HPLC-ESR technique allowed us to determine the half-lives of both sep- 
arated and non-separated radical species. Separation of the radical species in- 
creased the half-lives. The longer half-lives of the separated radical species may 
be due to the absence of compounds that could react with the radical species or 
to a solvent change from water to 55% methanol. The separation of the radical 
species by the HPLC-ESR technique did not succeed under conditions such as a 
low methanol concentration, a low pH of the mobile phase and/or a high column 
temperature. Hence various factors seem to influence the half-lives of the radicals. 

Detectors with high sensitivity are necessary to detect the radical species formed 
in biological systems containing very low concentrations of these species. In order 
to improve the sensitivity, we employed a UV detector with the HPLC-ESR tech- 
nique. The sensitivity was improved 1500-fold compared with the HPLC-ESR 
analysis. In addition, the use of the HPLC-UV technique resulted in good sepa- 
ration of the peaks because of the small volume of sample injected. Small peaks 
with retention times 16.1 and 17.5 min can be seen behind the main peak (tn= 14.6 
min) in the HPLC-UV elution profile of the reaction mixture of lipoxygenase 
with linoleic acid (Fig. 6~). In the absence of lipoxygenase the small peaks were 
not observed, The results indicate that the small peaks are due to spin adducts of 
nitrosobenzene with some radical species. The small peaks may be due to radical 
species which are positional and stereochemical isomers [ 25,271. The peaks ob- 
served in front of the main peak are probably due to the reagents or the reaction 
products of lipoxygenase with linoleic acid. Well separated peaks of the radical 
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species were also observed in the HPLC-UV analysis of reaction mixtures of 
linolenic and arachidonic acids. 

In conclusion, HPLC-UV analysis is a powerful method of the separation of 
radical species with similar structures. Further, the structures of radical species 
might be determined using the HPLC-ESR technique in combination with other 
techniques such as mass and NMR spectrometry. 
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