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Effects of lipoxygenase I-B (LOX)-catalyzed oxidation of linoleic acid on soybean proteins was
evaluated by electron spin resonance (ESR) and fluorescence spectroscopy in different model systems
in the presence or absence of antioxidants. A strong central singlet signal was detected by ESR
spectroscopy and identified as the carbon radical (g value range 2.0041—2.0054). A downfield shoulder
attributed to the sulfur radical (g value 2.019—2.028) was also observed. The changes in soybean
proteins were accompanied by an increase in fluorescence, indicating the formation of cross-links.
Natural antioxidants such as ascorbic acid and a-tocopherol as well as synthetic antioxidants butyl
hydroxytoluene (BHT) inhibited the development of both the free radical signal and the fluorescence
when added to soybean proteins prior to incubation with linoleic acid and lipoxygenase 1—-B; the
central singlet signal attributed to the carbon radical was reduced by 35—65%. This paper clearly
indicates direct free radical transfer from oxidizing linoleic acid catalyzed by LOX to soybean proteins.
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INTRODUCTION ature range of 136400 K. Lee et al. 11, 12) investigated free

Radicals involved in lipid oxidation are short-lived species radicals |ny.-|rr<'_;1d|ated soybean paste by I.ES.R spectroscopy and
and can be measured by electron spin resonance (ESR cgmpared |t_W|th tho_se of soybean _protgm_ isolate and sqybean
spectroscopy, which is the only method available for direct oil to examine the_ mfluence:_s of_lrr_adlatlon dose, moisture
detecting of free radicals in biological systen.(Detection ~ content, and heating after irradiation of the free radical
of free radicals in food systems by ESR spectroscopy is widely concentration and species.
used in the fields of food irradiatior2(3), lipid oxidation @, The oxidized lipids in lipid—protein systems are considered
5), antioxidants, and food processir&),(and the characteristic ~ to induce polymerization and aggregation of proteins, causing
g value provides enough information to distinguish the carbon-, undesirable changes in the nutritional and functional properties
nitrogen-, and sulfur-centered radic@).(Saeed and HowelBj of the proteins13). It has been demonstrated that linoleic acid
and Saeed et al9) used this technique to show the transfer of oOxidation products induced by lipoxygenase were very reactive
free radicals from fish oil to proteins (including Atlantic substances that may react with soybean proteins and that the
mackerel myosin as well as ovalbumin, lysozyme, and amino structural characteristics of soybean proteins were affected by
acids) by ESR spectroscopy. Using the combined techniquesthe interactions in a pronounced manng4,(15).
of on-line high-performance liquid chromatography/electron spin  Commercial soybean protein isolates are prepared from low
resonance and mass spectrometry (LC/ESR and LC/MS), Qiandenatured defatted soybean flours with substantially high
etal. @, 5) identified spin trapped lipid-derived carbon-centered |ipoxygenase activityi4). At the same time, the residual lipids
radicals formed in linoleic acid peroxidation and the reactions present in soybean flours are typically 1% and are easily
of two w-6 polyunsaturated fatty acids (linoleic and arachidonic oxidized by soybean lipoxygenase during the preparation of
acids) with soybean lipoxygenase in the presenee dfpyridyl soybean proteins. Boatright and Hettiarachch§)(found that
1-oxide]-N-t-butyl nitrone. Polat and Korkmad) used ESR  the lipids associated with soybean protein isolates contributed
spectroscopy to study kinetics of radiation-induced free radical o protein insolubility and protein oxidation. Adding antioxidants
and Mr?* signals iny-irradiated ground soybeans at a temper- o soybean protein isolates during processing resulted in a
marked increase in protein solubility4). Obata et al.15) found

85;6T501%/\éh0Em CC_)IVrehSpon%enlcgee ;Cgoulﬁ be addressed. TeB6-0510- that degradation of sulfhydryl groups in soymilk was related to
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In a previous paper1d), we studied soybean protein A model system consisting of 8.5 mL of linoleic acid suspension
aggregation induced by lipoxygenase-catalyzed linoleic acid (0.107 M), 10 mL of soybean LOX type I-B suspension, and 100 mL
oxidation. Soybean proteins obtained from the model systems©f 5% (wt %) protein suspension was shaken, and water was incubated
consisting of soybean proteins and different levels of linoleic ?r:es?l;ilzgrv(\iésr’eltgl; ezﬁotlnjio’q%ri]gkef.r(c));é;e;pﬁgﬂ\i/olelxitgf;ir:n(;%%attﬁgﬁ
ac!d e.md lipoxygenase showed_lncreased turbidity, protein freeze-dried for 24 h in a LGJ10-C model freeze-drier (Four-Ring
oxidation, and surface hydrophobicity but decreased sulfhydryl

. . . Science Instrument Plant Beijing, Beijing, China). The freeze-dried
and disulfide contents. These observations led us to Proposesamples were stored in a desiccator at*25over CaSQ to avoid

that lipoxygenase-catalyzed linoleic acid oxidation products may interference from dielectric energy absorption by water. Freeze-dried
react with soybean proteins via free radical transferring and that samples prepared with this method were good at stabilizing and trapping
the structural characteristics of soybean proteins were affectedradicals that required examination. Control systems either consisting
by the interactions. of 100 mL of 5% (wt %) protein suspension added to 10 mL of soybean

In this paper, we present the effect of lipids such as linoleic LOX type I-B suspension or 8.5 mL of linoleic acid suspension (0.107
acid catalyzed by soybean lipoxygenase I-B (LOX) and pure M) or only 100 mL of 5% (wt %) protein suspension in the absence of

linoleic acid (LA) from Sigma Chemical Corporation on soybean P°th linoleic acid and soybean LOX type I-B were prepared in the

L S same manner. Samples, in which LRSP was first mixed with antioxi-
proteins in the presence and absence_of ant_|OX|dants. _Fluores-dams (BHT, vitamin C and E, or the mixtures of vitamins C and E)
cence spectroscopy was compared to investigate protein crossang then incubated with soybean LOX type I-B and linoleic acid, were

linking and aggregation. The purpose was to study free radical aiso prepared alongside the previous samples.

transfer from oxidizing linoleic acid catalyzed by LOX to ESR MeasurementsThe freeze-dried samples were ground to pass
soybean proteins that results in protein denaturation and thethrough 80 meshes, and sample aliquots (20 mg) were transferred to
formation of aggregates in the model system. (3.5 mmi.d.) silica tubes. A JES-FA200 ESR Spectrometer (JEOL Ltd.,

Tokyo, Japan) with 100 kHz modulation was used to conduct the ESR
analyses at room temperature under the following conditions: micro-
wave frequency 9.06 GHz (X-band frequency), power 1 mW, central
Materials. Low denatured, defatted soybean flour was obtained fi€ld 323.5 mT, sweep width 10 mT, modulation 0.5 mT, sweep time
locally. The protein and fat contents were 57.36 and 1.93%, respectively. €0 S, and receiver gain in the range of 2GD00. Manganese oxide
Soybean lipoxygenase type I-B (70 800 units/mg), linoleic acid (assay WaS Used as a reference marker to calculatg tredue between 1.9804
>99.0% (GC)), ascorbic acid, andtocopherol were all obtained from a_nd 2.0357. To observe_whether oxidizing I|n_ole|c amd_t_:atalyzed by
Sigma Chemical Co. Antioxidants BHT (butyl hydroxytoluene) and iPoXygenase gave the signals under the previous conditions, a model
quinine sulfate were obtained from China Aroma Chemical Co., Ltd. SyStem consisting of 8.5 mL of linoleic acid suspension (0.107 M), 10

(Hangzhou, China). All other reagents and chemicals were of analytical ML Of soybean LOX type I-B suspension, and 100 mL of distilled water
grade. was being shaken, and water was incubated &C3fbr 0.5, 1.0, 2.0,

Preparation of Lipid-Reduced Soybean Proteins (LRSP)To 4.0, and 6.0 h, respectively. After incubation, the flasks were taken

obtain lipid-reduced soybean flour, defatted soybean flour, which had ou(;[;;L?ozzofgeigtzcrr?gn?grgﬁeb\?vti?r'l ';heor:]elx;lier: \gfa;rgg(esrz(tjotr?cr)aggh
been ground to pass 80 meshes, was extracted with a mixed solvent of: ) P -
hexane and ethanol at 2C for 1.0 h with a flour, hexane, and ethanol Company, GermanY)' The f|IFrate of 1.0 mL was transferreq to silica
ratio of 1:2:4. The slurry was vacuum filtered, and the filter cake was tu_bes, frt_eeze-dned for 24 h Im a LG.‘.J.IO'C m_9de| frehz_aze-dnerd(Fr?ur-
washed with 95% ethanol at 2€ for 1.0 h with a flour solvent ratio Ring Science Instrument Plant Be”m.g’ Beijjing, China), and then
of 1:5. Then, the slurry was vacuum filtered, and the cake was vacuum measured by an ESR spectrometer using the same parameters. A total

. ; ) of 0.5 mL of linoleic acid or 0.5 mL of oxidized linoleic acid, in which
dried at the same temperature. The dried material was ground to Pasg. . leic acid was exposed to air for 7 days at°&5 was transferred to
through 80 meshes and then vacuum heated &C@r 30 min to

reinforce lipoxygenase inactivation. The obtained lipid-reduced soybean silica tubes and_measureo_l by an .ESR s_pe(_:trometer using the same
flour was suspended in distilled water in a liquid solid ratio of 10:1 parameters mentioned previously. First-derivative spectra were recorded,

and adiusted to bH 7.0 with 1 N NaOH. and the mixture was stirred and the data were processed using Microcal Origin 6.0 (Microcal
Jus pri 7. . . - Software, Inc.). The relative radical concentration was measured by
for 30 min and then centrifuged at 13pdor 15 min at room h . g - .
- comparing the intensities of the ESR signals of the samples being
temperature. The supernatant was adjusted to pH 415 Wik HC1 studied under the same conditions
and centrifuged at 13@0for 15 min. After washing with water, the "
protein precipitate was resuspended in water and neutralized to pH 7.0 r;jlﬂg{gsffggciosgzggosf&gﬁ;%?,:'ﬁeioflgfnéggusblgc?rlézgscerxere
with 1 N NaOH. The samples were freeze-dried and stored in a cool p Y p . P p Py
place extracted and analyzed according to Fletcher etl8l).(A total of 0.2
) ) . . . . g of freeze-dried samples prepared for ESR spectroscopy was homog-
. Pre_parat_lon of Oxidized L|no|e|(_: AC'd. _for ESR Measurements. enized (FA25 model homogenizer, Fluko Equipment Shanghai Co., Ltd.,
L!nolelc acid (1 mL) was poured into S|I|_ca guvettes and gxposed to Shanghai, China) with 20 mL of chloroform—methanol (2:1, v/v) at
air for 7 dezs at 3503 Thle level OL.OX'?atLEn watsh nzjon;tc:zred byt | 45°C for approximately 1 min. An equal volume of water was added,
measuring the peroxide value according to the metnoa of £gan et al. 5,y 4fier thorough vortex mixing, the samples were centrifuged for 10
(18). The perolX|_oI(_e values after 7 days for oxidized linoleic acid were min at 3000g(4 °C). The chloroform-rich layer was pipetted into a
1679 MEq .kg lipid. . small screw-capped pyrex tube for subsequent fluorescence measure-
Preparation of Samples for ESR SpectroscopyMost of the studies  ments. Fluorescence intensities were obtained on a Hitachi 680
were conducted on a model system using lipoxygenase. The procedurg,grescence spectrophotometer (Hitachi Ltd., Tokyo, Japan) with an
used is described ne>§t. o _ _ excitation at 360 nm (slit width 4 nm) and an emission maximum at
A total of 1.5 g of linoleic acid was suspended in 10 mL of Tris- 435 nm (slit width 5 nm). The fluorescence intensity qid mL™*
HCl buffer (50 mM, pH 9.0) and 1 mL of 5 mM NaOH, and two drops  quinine sulfate in a 0.1 M 80, solution was used as a standard for
of Tween 20 were added to it. The linoleic acid suspension was shakenmeasuring the relative fluorescence intensities of the samples. All
up and diluted to 0.107 M with Tris-HCI buffer (50 mM, pH 9.0) before  samples were measured in triplicate, and the means were reported.
use.

The soybean lipoxygenase (LOX type I-B) suspension (1.8 mg of RESULTS AND DISCUSSION
protein/mL) was prepared in phosphate buffer solution (0.1 M, pH 9.0).

Lipid-reduced soybean proteins (LRSP) were suspended in distiled ESR spectra of LA, oxidized LA, and LA LOX are shown
water to obtain 5% (wt %) protein suspension and adjusted to pH 9.0 in Figure 1. Neither pure LA nor oxidized LA gave signals
with 1 N NaOH. under the testing conditions. Linoleic acid peroxide produced

MATERIALS AND METHODS
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Figure 1. (A) ESR spectra of linoleic acid and oxidized linoleic acid. 0: l
Oxidized linoleic acid was prepared by exposing linoleic acid (purchased ]
from Sigma Chemical Co., assay >99.0% (GC)) to air for 7 days at 35 100
°C. The peroxide values after 7 days for oxidized linoleic acid were 1679
MEq kg~? lipid. (B) EPR spectra of linoleic acid peroxide produced in 200
LOX-dependent linoleic acid peroxidation. The model system consisting "7 MnO marker
of 8.5 mL of linoleic acid suspension (0.107 M), 10 mL of soybean LOX ]
type I-B suspension, and 100 mL of distilled water was water incubated -300+
at 30 °C for (a) 0.5 h, (b) 1.0 h, (c) 2.0 h, (d) 4.0 h, and (e) 6.0 h, a5 30 325 a0
respectively. Magnetic field (mT)

in LOX-dependent linoleic acid peroxidation did not yet give Figure 3. ESR spectra of soybean proteins incubated with or without
signals under the same conditions. This means that the freejinoleic acid. (a) Incubated without linoleic acid for 6.0 h, (b) incubated
radical signals observed in the following experiments existed with linoleic acid for 2.0 h, (c) incubated with linoleic acid for 4.0 h, and
only in the soybean proteins that were incubated with or without (q) incubated with linoleic acid for 6.0 h.
linoleic acid.

ESR spectra of soybean proteins incubated without addedneither LOX nor LA (Figure 3a—d). As a result, the intensity
antioxidants are shown #higure 2. When LRSP was incubated  of the ESR signal of the LRSP LA sample (2.0 h) Figure
with LOX and LA for 2.0 h, the ESR spectra showed a sharp »c) was slightly higher than that of the LRSP or LRSR.OX
central free radical signal arising from the carbon-centered free samples (Figure 2b,d). Since LA, oxidized LA, or LA LOX
radical (Figure 2a). The similarities of central singlgvalues 4, it own gave no signals in this study, the free radical signals
(range from 2.0041 to 2.0054), line widths, and line shapes in bserved were only produced when soybean proteins were
the signals observed here and elsewhere suggest.carbon.radicaEsresent_ In other words, the free radical detected here was
either on the backbone of thea-carbon or on the side chains. o nqferreq from LOX-catalyzed oxidizing LA to soybean
The intensity of the ESR signal increased with incubating time :
until LRSP was incubated with LOX and LA for 2.0 h. After 6 proteins. o .
h incubation, the free radical signal of the sample decreased ESR spectra of soybean proteins incubated with added
remarkably by 80% (Figure 2e). To understand further the free @ntioxidants are shown iigure 4. Addition of BHT to LRSP
radical transfer from LA catalyzed by LOX to soybean proteins, Prior to incubation with LA and LOX (Figure 4b) reduced the
the spectra of control samples under the same conditions wergradical signal by 65% of the original size, while vitamin C
investigated. Control LRSP samples, in the presence of either(Figure 4c) and vitamin E (Figure 4d) reduced the peak by 34
LOX or LA, or in the absence of both LOX and LA, showed and 33.5%, respectively. Using both vitamins C and E together
very minor radical peaks (Figure 2b—d). decreased the level of intensity by 38%idure 4e). Although

Autoxidation of LA caused an ESR signal increase by 5% synthetic antioxidant BHT is suspected as a possible carcinogen
per hour as compared with the protein samples that contained(20), it inhibited the development of the free radical signal better
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Figure 4. ESR spectra of soybean proteins incubated with added

antioxidants. (a) Control incubated with soybean LOX type I-B and linoleic
acid for 2.0 h without any added antioxidants, (b) mixed with BHT (200
ppm) and then incubated with soybean LOX type I-B and linoleic acid for
2.0 h, (c) mixed with vitamin C (500 ppm) and then incubated with soybean
LOX type I-B and linoleic acid for 2.0 h, (d) mixed with vitamin E (500
ppm) and then incubated with soybean LOX type I-B and linoleic acid for
2.0 h, and (e) mixed with vitamins C and E (250 ppm:250 ppm) and then
incubated with soybean LOX type I-B and linoleic acid for 2.0 h.

than natural antioxidants ascorbic acid antbcopherol when
added to soybean proteins prior to incubation with LA and LOX.
In addition to the sharp central signal, there was an extra
downfield signal observed on the spectra vgthalues ranging
from 2.019 to 2.028 (Figures 2and4a,b,d), suggesting the
presence of the sulfur radical. It should be noticed that the
intensity of the sulfur resonance obtained in our experiments
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Figure 5. Fluorescence spectra of LRSP + LOX + LA mixtures after
reaction extracted with chloroform—methanol (2:1, v/v) and fluorescence
intensities relative to quinine sulfate in 0.1 M H,SO, solution. Emission
wavelength 435 nm and excitation wavelength 360 nm. The model system
consisting of 8.5 mL of linoleic acid suspension (0.107 M), 10 mL of
soybean LOX type I-B suspension, and 100 mL of 5% (wt %) protein
suspension was water incubated at 30 °C for (a) 0.5 h, (b) 1.0 h, (c) 2.0
h, (d) 4.0 h, and (e) 6.0 h, respectively, and then freeze-dried.
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was much lower than carbon radicals’ signal. The sulfur radical Figure 6. Fluorescence formation in LRSP and fluorescence intensities
had a short spin relaxation time as compared to other paramagrelative to quinine sulfate in 0.1 M H,SO, solution. Emission wavelength
netic centers; thus, the microwave power used here could not435 nm and excitation wavelength 360 nm. Bars represent means + SD
make the sulfur radical saturate at this level. A progressively for = 3. LRSP + LA + LOX + V¢ + Ve (©); LRSP + LA + LOX + Ve
amplified sulfur resonance is observed by increasing the (M); LRSP + LA +LOX + Vc (4); LRSP + LA + LOX + BHT (x); LRSP
microwave power level from 1 to 50 mW, while the carbon + LA +LOX (A); LRSP + LOX (#); LRSP + LA (O0); and LRSP ().

radical signal decreased since they were easily saturated (datayycture by oxygen radicals, such as bityrosine production and
are not shown here). Partial sulfur oxidation may also contribute tryptophan loss, were also observed in all 16 widely different
to the reduction of the signal as lipid peroxides could react with proteins p6). Liang 23) and Braddock and Duga@2) observed
protein thiols to form sulfonic acid and other monomeric g increase in fluorescence that is attributed to the formation

oxidation products that were not reduced by 2-mercaptoethanolof certain oxidized lipie-protein complexes, and some fluo-

(21).

Fluorescence spectra of the sample LRSR.OX + LA
reacting for different times is shown Figure 5. The incubation
of LRSP with LOX and LA at the beginning showed very little
fluorescence (Figure 5a,b). However, after the first hour, the
fluorescence increased sharply in the systefrigufe 5c¢,d,e).
A reduction in the ESR signal occurred with the onset of
fluorescence (Figure 2a,e), showing the formation of more
stable bonds between either protelipid or protein—protein
cross-links. As compared with LRSPLOX + LA, the control
samples, LRSP, LRSP LA, and LRSP+ LOX showed very
little fluorescence during the whole incubation tinfriégure 6).

rescent compounds have been isolated from the oxidation
reaction of linoleate and myosin in frozen Coho salmag)(
These compounds were shown to contain phosphorus a&nd C
N functional groups. Here, a greater fluorescence was observed
in LRSP + LA + LOX samples, indicating that bityrosine
formation was at least one of the covalent forces that contributed
to soybean protein aggregation induced by lipoxygenase-
catalyzed linoleic acid oxidation.

The fluorescence produced by incubation of LRSP with LOX
and LA in the presence of antioxidants was almost-80%
less intense as compared with the samples incubated without
BHT, vitamin C, or vitamin E Figure 6). It showed that all

Fluorescence spectroscopy has been widely used for studyingantioxidants inhibited fluorescence development, while the effect

lipid—protein interactions 22, 23). Exposure of proteins to
oxidized lipids is known to alter the amino acid sequence and
protein conformation24), leading to protein cross-linking. In
particular, dityrosine formation from exposure to oxygen free
radicals R4—27) exhibits fluorescence at an excitation of 320
360 nm and emission of 432160 nm. Modifications to primary

of vitamin C, vitamin E, or mixtures of vitamins C and E on

the inhibition was not as great as that shown for BHT. The
formation of fluorescence in soybean proteins was evident in
the systems incubated with LOX and LA. Both natural anti-
oxidants such as vitamin C and vitamin E and synthetic
antioxidant BHT inhibited the development of the fluorescence.
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The mechanisms by which lipids and soybean proteins interact (10) Polat, M.; Korkmaz, M. Kinetics of the Mt ion and the free
to produce aggregation during the preparation of soybean radical observed i-irradiated soybear@lycine max L.)Food
proteins are not completely understood. However, in this study, Res. Int.2003,36, 1073—1080.
we have direct evidence by ESR spectroscopy that the major (11) Lee, E. J.; Volkov, V. I.; Lee, C. H. Electron spin resonance
mechanism of LA oxidative damage to soybean proteins is due studies of free radicals ip-iradiated soybean pasta. Agric.
to the free radical transfer from LOX-catalyzed oxidizing LA FLOOdEZE.T/z?SlA\%’ ?4;7_3432'\/\/ Lee. C. H. Detection of
to soybean proteins. Increasing fluorescence implied formation (+2) L€ E. J;; Volkov, V. 1.; Byun, M. W.; Lee, C. H. Detection o

. ; . free radicals iny-irradiated soybean paste and model system by
of cross-links by soybean proteins, which may affect the texture electron spin resonance spectroscagadiat. Phys. Chen2002

of soybean proteins during the preparation. Synthetic antioxi- 64, 61-66.

dants (BHT), natural antioxidants (ascorbic acid and vitamin (33 Nakhost, Z.; Karel, M. Changes in bovine myoglobin due to
E), and combinations of vitamin E/ascorbic acid inhibited interaction with methyl linoleate in a model syste.Food
development of the free radical peak and fluorescence when Sci. 1983,48, 1335—1339.

added to soybean proteins prior to incubation with LA and LOX.  (14) Huang, Y. R.; Hua, Y. F.; Qiu, A. Y. Soybean protein aggregation
These data show that soybean protein aggregation induced by induced by lipoxygenase-catalyzed linoleic acid oxidatfsod
LOX-catalyzed LA oxidation is mainly a free radical reaction. Res. Int.2006,39, 240—249.

Oxidation of LA leads to the formation of organic free radicals  (15) Obata, A.; Matsuura, M.; Kitamura, K. Degradation of sulthydryl
that set off a destructive chain reaction in L4 5). Free radical groups in soymilk by lipoxygenases during soybean grinding.
transfer from oxidizing LA to soybean proteins results in the Biosci. Biotechnol. Biochen1996,60, 1229-1232.

(16) Boatright, W. L.; Hettiarachchy, N. S. Effect of lipids on soy
protein isolate solubilityJ. Am. Oil Chem. S0d.995 72, 1439~
1444.

(17) Boatright, W. L.; Hettiarachchy, N. S. Soy protein isolate
solubility and surface hydrophobicity as affected by antioxidants.

formation of large amounts of protein radicals. Protein free

radicals may recombine to form the protein aggregates. How-
ever, the types of free radicals were not estimated from the ESR
spectra except for carbon and sulfur radicals observed in the

study. Further experiments should be focused on the measure- J. Food Sci1995 60, 798—800.

ment of free radical composition for the understanding of (18) Egan, H.; Kirk, R. S.; Sawyer, Rearson’s Chemical Analysis
chemical reactions occurring in the model systems, as well as of Foods Longman Scientific and Technical: New York, 1981;
for the understanding of the mechanism of soybean protein pp 535—536.

aggregation induced by lipoxygenase-catalyzed linoleic acid. (19) Fletcher, B. L.; Dillard, C. J.; Tappel, A. L. Measurement of
fluorescent lipid peroxidation products in biological systems and
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