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digtilled water. Turn on the instrument at least 15
min, before use.

Place a 50-mm. cell containing the CCL, in the cell
compartment, Sct the instrument to the desired wave-
length, using the wavelength knob. Turn the sensitiv-
ity knob to position ‘1’7 and, with the cell aperture
closed, adjust the dark current to give a reading of
zero. Open the cell aperture and adjust the slit to
0.1 mm. With the continnous sensitivity control ad-
just the reading to 1009%. Again check the dark
current and readjust if necessary. Close the cell ap-
erture. Fill a second cell with the sample, which
must be clear and brilliant. Adjust the temperature
of the oil to 85°F. =5°F. Place in the instrument.

Open the cell aperture and read the absorption as
shown by the meter. Close the cell aperture and
read the absorption as shown by the meter. Close the
cell aperture and change the wavelength setting to
the next desired wavelength with CCl, in the light
beam. Readjust the dark current and sensitivity con-
trol to give 0 and 100% readings. Again put the
sample in the light beam. Make all of the desired
readings following these procedures,

All ahsorbance values shonld fall between 0.3 and
0.8 except on the Cary instrument, where values up
to 3.0 are acceptable. Use the maximum eell size to
give the desired values.
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Caleulations
p.p-m. chlorophyll, using Beckman “DU"’ =
A Assu '+' Ano
670 7

.2
01016 L, i
p.p.m. chlorophyll, using Beckman B with red

sensgitive tube —
A530 + ATlO
A670 - _2—
0.0964 L
p.p-m. ¢hlorophyll, using Cary —
A _ A630 + ATIO
670

2
1086 L

L — length in cms.

This method of determining chlorophyll is not ap-
plicable to hydrogenated oils, deodorized oils, and
finished produets since the chlorophyll absorption
no longer oceurs at 670 millimieromns.

The Coleman Jr. Spectrophotometer can be used
for determining chlorophyll in amounts above 0.1
p.p.m. Readings are made in the 25-mm. cuvette
against CCl, at 630 and 670 millimicrons.

Amu - Assu

pm. chlorophyll —
P-p.m. chlorophy 0.0668

Products of the Lipoxidase-Catalyzed Oxidation of

Sodium Linoleate’

O. S. PRIVETT, CHRISTENSE NICKELL, W. O. LUNDBERG, Hormel Institute, Austin, and
P. D. BOYER, Institute of Agriculture, University of Minnesota, St. Paul, Minnesota

elucidating the mechanism whereby soybean

lipoxidase catalyzes the oxidation of polyun-
saturated fatty acid compounds, the reactions are
sufficiently complex so that a number of details
await further clarification. Bergstrém (2) found
that the monohydroxystearic acids and other hy-
droxylated compounds present in the hydrogenated
products from autoxidation and lipoxidase-catalyzed
oxidation of linoleate were quite similar, On the
basis of this and other evidence he dedticed that the
principal products of the lipoxidase-catalyzed oxida-
tion of linoleate were 9 and 13 hydroperoxides.

Subsequent studies led to the belief by some in-
vestigators (1, 8) that the lipoxidase-catalyzed and
autoxidation reaction mcchanisms were both chain
reactions, the lipoxidase serving primarily to create
free radicals for the chain mechanism. However Tap-
pel et al. (15, 16) cast doubt on the role of lipoxidase
as an initiator of reaction chains of the auntoxidative
type and reported that the lipoxidase oxidation ex-
hibited many of the characteristics of ordinary types
of enzyme reactions.

Barlier studies by Bergstrém and Holman (3) have
led to an apparent molecular extinetion eoeffieient of
31,400 for the products of the lipoxidase oxidation
of sodium linoleate at 0°C. with a pure lipoxidase

aLTIIOUGH considerable progress has been made in

1 Hgrmel Institute publication No. 127 and Paper No. 3342 in the
scientific journal series of the Institute of Agriculture.
z Qupported in part by a grant from the ITormel Foundation.

preparation. Sinee this was considerably higher than

"the molecular extinetion ecoefficicnt obscrved for the

products of autoxidation, it appeared at that time
that the lipoxidase oxidation led to a higher propor-
tion of conjugated diene hydropecroxides (3). Morc
recent studies (4, 11) have revealed that at least
90% of the hydroperoxides formed in the low tem-
perature autoxidation of methyl linoleate are also
conjugated  dienes; the lower molecular extinetion
coefficient for the produets of autoxidation could be
attributed to the presence of predominantly ers,
trans isomers. On this basis it might appear that
the higher molecunlar extinction coefficient observed
quite consistently for the products of lipoxidase-
catalyzed oxidation could be attributed to the for-
mation of tranms, frans conjugation (or possibly eds,
cis conjugation since the molecular extinetion coeffi-
cient of the latter has not been determined). How-
ever, although ecrude lipoxidase preparations were
used in our work, this possibility appeared to be
very unlikely in view of the results of the present
investigation in which it was found that the diene
eonjugation existed predominantly in the eds,trans
configuration when the oxidation was conducted un-
der mild conditions. Presented herewith is a detailed
study of the products formed in the lipoxidase-cata-
lyzed oxidations conducted under relatively mild eon-
ditions to obtain more information on the nature of
the reaction.
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Materials and Metho{ds

Linoleic Acid. Two preparations of eis, cis linoleic
acid were used. For most of the work the substrate
was prepared from relatively pure linoleic acid ob-
tained by urea fractionation and low temperature
erystallization of the fatty acids of safflower seed oil.
Preliminary experiments were conducted with a 609%
concentrate of linoleie acid obtained from fractionally
distilled methyl esters of corn oil fatty acids.

Cis-9, trans-12-linoleic Aeid. This acid was isolated
from the nonconjugated fraction of dehydrated cas-
tor oil fatty acids by low temperature crystallization
from acetone, essentially by the procedure described
by Jackson ef ol. (7). Analytical data were as fol-
lows: m.p. —3.5° to —3.0°C.; k,,, == .302 (no maxi-
mum) ; pi°C = 1.4645; . V. (Wijs) = 156.0. The
compound exhibited a single strong infrared absorp-
tion band at 10.33 microns, characteristic of isolated
trans double honds.

Methyl Cis-9, trans-11-linoleate. The conjugated
fraction of the methyl esters of dehydrated ecastor
oll aeids which was presumed to consist primarily of
methyl ¢is-9, {rans-11-linoleate (7, 10} was separated
by fractional distillation, and the desired compound
then isolated by low tecmperature crystallization from

acetone, using the procedure described by Jackson:

et al. (7) for the isolation of methyl frans-10, cis-12-
linolcate. Recrystallizations were conducted until no
further purification could be effected as evidenced by
ultraviolet and infrared spectra.

Analytical data were as follows: k at 233 mp —
87.2; n¥ — 14697; L. V. (hydrogenation) — 171.3.
Melting point of the free acid was 7.5 to 8.6°C. In-
frared spectra of aeid and ester showed double ab-
sorption at 10.55 and 10.18 microns characteristic of
cis, trans diene conjugation. Although the specific
extinetion coefficient of the ester at 233 my was lower
than 97.7 reported by Jackson et al. (7) and 93.2 by
Nichols et al. (10) for methyl trans-10, cis-12-linole-
ate, this may be due in part to the difference in the
position of the double bonds with respect to the ester
group.

Linoelaidic Acid. Highly purified methyl linoleate
was elaidinized by the oxides of nitrogen according
to the method of Kass e¢f al. (6). The crude elaidin-
ized esters were converted to acids from which rela-
tively pure linoleaidic acid was obtained by repeated
crystallizations from acetone. Melting point of the
final produet was 27.5-27.6°C.; n}{ — 1.4650. The in-
frared spectrum of this compound showed a strong
band at 10.33 microns, approximately double the
intensity of that observed with elaidie acid at this
wavelength.

Lipoxidase. Crude lipoxidase preparations obtained
by the aqueous extraction of defatted soybean meal
were used in this study. In general, the following
extraction procedure was employed: soybean flour,
150 g. (Archer-Daniels-Midland *‘Nutrisoy’’) was
suspended in 1,000 ml. of acetate buffer at pH 4.5.
The mix was stirred for 1 hr. and filtered. The fil-
trate containing the enzyme was adjusted to pH 7
with 1 N sodium hydroxide and filtered again., Ex-
tracts prepared in this manner usually contained
from 30 to 50 units of lipoxidase activity per ml. as
measured by the assay method of Theorell ef al.
(18, 1).

Preparation of Substrate. The sodium soaps were
made by slowly adding the caleulated amount of 1 N
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sodinm hydroxide to neutralize a known weight of
fatty acid. During the addition of sodium hydroxide
and subsequent dilution with distilled water, the so-
Intion was stirred vigorously to bring about complete
solution of soaps. Enough distilled water was added
to give a 5% solution in terms of fatty aeid concen-
tration. The final step in the preparation of the sub-
strate was to dilute the soap solution with two parts
by volume of 1 N ammonium hydroxide-ammonium
chloride buffer at pH 9.0. The soap solution was usu-
ally made one day before its use in oxidation studies
and stored under an atmosphere of purified nitrogen.
The buffer was added just prior to the start of each
experiment.

Ozidation Procedure. Usually the oxidations were
conducted with 300-ml. batches of substrate (contain-
ing 5 g. of neutralized linoleic acid) and varying
amounts of enzyme. The enzyme extract and the
substrate were saturated with oxygen before being
mixed together, and during the oxidation oxygen was
passed over or through the solution. The mixture
was stirved vigorously by means of a maguetic stirrer
to insure a good supply of dissolved oxygen at all
times. Oxidations to a peroxide value of about 600
m.e./kg. required from less than 1 min. up to 1 hr,,
depending on the concentration of the enzyme.

Recovery of Products. When the desired amount
of oxidation had oceurred, an equal volume of cold
aleohol (0°C. or less) was added to stop the reaction.
The entire mixture was then cooled to 0°C. or below,
acidified with cold 10% aqueous HCI, and extracted
four times with approximately equal volumes of cold
(0°C.) ethyl ether. The ether extract was washed
with distilled water until free of HCI, as deter-
mined by testing the wash water with methyl orange
indiecator.

At this point the other extracts from several batch
oxidations performed under the same conditions were
usually eombined, and most of the solvent was re-
moved by evaporation under reduced pressure. The
concentrate was dissolved in Skellysolve F, the sep-
arated water was removed in a separatory funnel and
then diluted to volume in a 250-ml. volumetrie flask.

Usually by this proeedure more than 95% of the
original weight of fatty acid was recovercd. After
aliguots were taken for analyses, the products of the
oxidation were separated from the unoxidized frac-
tion by a countercurrent extraction method (12).

Methods of Analyses

Analytical Distillation. Reduced peroxide concen-
trates were esterified with diazomethane at 0°C. in
cthyl ether and were fractionated into monomer and
polymer fractions in a micromolecular still similar to
that described by Paschke ef al. (14).

Infrared Absorption. All infrared spectra reported
in this study were obtained with a Perkin-Elmer
Model 21 double beam instrument. Measurements
were made on & 10% solution of the compounds in
carbon disulphide.

Molecular Weight. The eryoscopic method of Wil-
son ef al. (19) was used. Anhydrous eyelohexanol
required as solvent was obtained by fractional dis-
tillation of cyclohexanol (Eastman) through a Pod-
biclniak Hyper-cal column. The progress of the frae-
tionation was followed by measurements of refractive
index. The best fractions (m.p. 25.0-25.2°C.) were
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sealed under vacuum in glass and stored at —18°C.
until used.

Optical Rolalion. Measurements were made at
room temperature in a Schmidt and Haenseh polar-
imeter, using a 5-cm. cell; dioxane was used as a sol-
vent in some measurements in order to diminish the
effects of association.

The hydroperoxide eoncentrates were reduced with
stannous chloride; the reductions were carried out
with a five-fold excess of a 1% aleoholie solution of
the reagent at room temperature.

Details of the methods for the determination of
peroxide value, hydroxyl value, iodine value by hy-
drogenation, and ultraviolet spectra have been de-
scribed in other publications from this laboratory
(11, 13).

Results

The original plan of the study was to conduet
oxidations under a few secleeted econditions based
on results of previous kinetic studies, separate the
oxidized fraction as quantitatively as possible by
countercurrent extraction, and make detailed chemi-
cal and spectral analysis of the products of the reac-
tion. This was eventually accomplished, but only
after many false starts had been made and many
supplementary experiments performed in which it
was found that the analytical results eould be pro-
foundly influenced by relatively slight variations in
the oxidation techniques and by chemical changes
that could oceur during the handling of the produets.
The following results were obtained in experiments
where the effects of spurious factors were successfully
eliminated.
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trans and further there was no evidence of any iso-
lated ¢rans double bonds. Curves similar to those in
Figure 1 were obtained in oxidations conducted
either in daylight or dark at either 0° or 26°C. and
in oxidations carried to a pcroxide value as high as
2600 m.e./kg. of acid (Experiment 2, Table I).
Analysis of Peroxide Concentrates. Table 1 sum-
marizes some of the results from a number of typi-
cal oxidations, analyses of concentrates of oxidation
produets, and esterified and reduced concentrates.
Also in Table I, the results of one experiment (five)
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Infrared Spectra. In Figure 1 in the infrared spec- ¢ o
tra of a typical linoleic acid peroxide concentrate ?
(G) and a rednced methyl ester of linoleic acid per- —-1052
oxide concentrate (D) obtained from a lipoxidase-
catalyzed oxidation of sodium linoleate are compared '°l7 ;
with corresponding samples of ¢is-9, frans-11-octa- ' 1055 — 1014
decadienoie acid (A), and methyl ¢is-9, trans-11-
octadecadienoate (B). Clearly, the conjugated diene
products of the oxidation were predominantly eis, WAVELENGTH, MIGRONS
- F1g. 1. Infrared Spectra
¥ Strictly speaking, the terms “linoleic acid peroxide” and “linoleate A. (Ms-9, trans-11-octadecadienoie acid
peroxide’’ are incorrect; their use ig justified on the grounds of con- B, Methyl 0ig-9, trans-11-octadecadicnoate
venience in the belief that most readers of this paper will understand C Linoleic umd peroxide concentrato
what is meant. . Methyl lincleate peroxide concentrate
TABLE 1
Lipoxidase-Catalyzed Oxidation of Sodium Linogleate #
Experiment: 1 2 3 4 5
Oxidation and Recovery of Acids
L, Units of enzyme per gram of lincleie acid......... 15 200 50 50 15
2. Temperature of 0xiAation ....ccccevirvvermriiirenrerenn " 0°C 0°C 20°d, 20°C 0°C
3. P.V. of soaps m.e./ke. (caleulated on basis of wt, of linoleic a.cld) 632 2600 75 780 632
4. kuyy 0f soaps (ealeulated on basis of wt. of hnolem ac1d) ............. . 38.0 9.74 10.6 8.0
5. V. of recovered acids m. e/ - e . 636 2625 T54 w4 282
6. kasa of recovered acids «..ceesvcnnn T L TP P O OTUUPPUON 8.4 35.6 9.6 10.4 3.68
Countercurrent Extraction ,
7. Weight of recovered acidg, grams... 46.88 23.45 37.93 35.6 45.67
8, Peroxide content of recovered acids lculated as monchydroperoxide 4.66 9.58 4.45 4.31 2.0
from lineg 5 and 7), BYAMS........oeiiriiirrrninnens
9. Weight of oxidized fraction recovered by extraction, Zrams.,........ccresree 4,99 10.91 5.30 5.20 4.1%
30, P.V. of recovered oxidized fraction, m.e./k 5960 5660 5600 5440 2660
11. Peroxide content of recovered oxidized fraction (calculated as mono- 4.64 9,63 4.63 4.41 1.73
hydroperoxide from lines 9 and 10), grams....
12, kosa of recovered oxidized fractiom......c..csoese 76.6 73.7 71.5 69.1° 36.0
13. Calculated koy for oxidized fraction (calculated from lines 6, 7, and 9) 78.8 76.4 68.7 71.2 40.2
Reduced and Esterified Oxidized Wractions
14. P V., m.e./kg. . 132 78.2 75.5 173.0: 58
15 76.6 71.6 71.7 711 35.0
16 P 5.18 5.28 4.94 4.43 5.0
17. Tedine valuc (by hydro, 140 136 140 140 112
18. Monomer pereent by Welght $82.0 87.5 90.5 911 91,5
19, Polymer percent Dy welghb.iiisinmiineiieosrnsss e 8.0 12.5 0.5 8.9 8.5

* Crode lipoxidase preparation obtained by agueous extraction of defatted soybean meal.
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are reported in which approximately one-half of the
aleoholic-poisoned substrate from Experiment 1 was
allowed to stand at room temperature for three days
after deaeration and acidification with an excess of
HCI1 before being extraeted with ethyl ether. Some
difficulty was experienced in obtaining a good recov-
ery of the liberated linoleic acid after oxidation by
conventional extraction procedures, as has been pre-
viously reported (3), but it was found that by keep-
ing the solutions cold, 0°C. or slightly lower, the
linoleic acid was readily recovered in four or five ex-
tractions with ethyl ether., The low extraction tem-
peratures also were desirable to avoid decomposition
of the peroxides when the free acids were obtained
from the soaps.

It is evident from the peroxide values and diene
conjugation (k,,) shown in lines 3, 4, 5, and 6 of
Table I (before and after recovery of the acids) that
little, if any, decomposition or alteration of the per-
oxides oceurred when the recovery of the oxidized
acids was carried out as deseribed. Also, uo appre-
ciable alteration of the peroxides or of the spectral
absorption of the preduets at 234 millimicrons took
place during the countercurrent extraction, and re-
covery of the peroxides was quite complete (lines 8
and 11, and lines 12 and 13, Table I).

The peroxides, in fact, appeared to be unusually
stable in the aleoholic solution used as the hypophase
in the countereurrent extraction. Samples that were
allowed to stand in this solution under an oxygen-
free atmosphere for six days at room temperature,
either in daylight or in the dark, showed little change
in their peroxide values, diene conjugation, or infra-
red spectra.

Also, no great changes appeared to take place in
peroxide content or the ultraviolet and infrared spec-
tra when, after the oxidation was stopped by the ad-
dition of aleohol and the solution purged with N,
the solution of soaps was allowed to stand for six
days at room femperature.

On the other hand, precautions were unecessary to
prevent changes during neutralization of the soaps.
In one supplementary experiment (Experiment 5,
Table I), when the free acids were obtained with an
excess of HOL and allowed to stand for three days at
room temperature before being extracted with ethyl
ether, approximately 55% of the peroxides decom-
posed. The ultraviolet absorption at 234 millimierons
indicated considerable destruetion of conjngated di-
ene, but there appeared to be little change in the cts,
trans configuration of the conjugated diene that
remained.

In spite of the foregoing observations that the per-
oxides were stable under suitable conditions, a larger
amount of reaction product was obtained by counter-
current extraction than could be accounted for if all
of the produet were presumed to exist in the form
of monohydroperoxide (lines 9 and 11, Table I)., The
analytical distillation of the reduced and esterified
produects of the recovered oxidized fractions indi-
cated that polymeric products were formed in all
oxidations. Some polymers were undoubtedly formed
during distillation. However the polymer econtent
varied consistently with variations in the conditions
of oxidations, indicating that formation took place
primarily during the enzymatie reaction.

In snpplementary experiments no additional poly-
merie material was formed either when peroxides
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were allowed to decompose extensively under acid
conditions or when the oxidized soaps were permitted
to stand at room temperature for a prolonged period
before recovering the free acids. These findings there-
fore also substantiated the belief that the polymers
were formed mainly during the active oxidation of
the substrate. Further, since the polymeric material
exhibited a relatively high degree of optical activity
(Table IIl), the enzyme appeared to be involved
directly in its formation.

The polymer fraetions generally had an average
molecular weight between 600 and 800, indicating
that they consisted mostly of dimers. Absorptivities
at 234 mp varied from 14.0 to 27.3 in the few sam-
ples that were analyzed, and, in contrast to the
monomer fractions, no absorption maxima at 272
millimierons were observed (Figure 2). The hydroxyl
content averaged about 2.5%. Efforts to measure the
degree of unsaturation by hydrogenation, using a
palladinm-on-chareoal catalyst and 95% aleohol as
the solvent, were unsuccessful. The uptake of hydro-
gen was very slow and prolonged.
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It was also apparent that the monomeric fraction
of the oxidation products did not comsist entirely
of diene monohydroperoxides. This was indicated
chiefly by the iodine values and hydroxyl content
(lines 16 and 17, Table I). The monomer fraction
also generally exhibited a maximum in ultraviolet
absorption at about 272 millimicrons (Figure 2).

Comparisen of the ultraviolet spectra (Figure 2)
of the original reduced peroxide concentrate with
that of the monomer anhd polymer indicated that the
substanee responsible for the maximum at 270 mp in
the monomer might be produced during the distilla-
tion, However the maximum for redueed and unre-
duced hydroperoxides from this source at this wave-
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length is generally much greater than the example
shown, Although strong general absorption was pro-
duced on distillation, especially in the case of the
polymer since there was no maximum produced in
this fraction as compared with the monomer, it ap-
peared that the substances in the original hydroper-
oxide concentrate responsible for the absorption in
this region of the spectrum were monomerie.

Nonhydroperoxidic material may form to some ex-
tent by decomposition of the hydreperoxides during
and subsequent to, oxidation, but various evidences
indicated that secondary products also formed di-
rectly during the oxidation. It is perhaps significant
that the highest percentages of hydroperoxides and
the lowest percentages of polymer and nonhydroper-
oxidic produets were formed when low oxidation tem-
peratures and minimal amounts of enzyme were used.

Purification of Hydvroperoxides. By further coun-
tereurrent fractionation of oxidized fractions similar
to that of Experiment 1, Table I, relatively pure
samples of hydroperoxides were obtained as shown
in Table II. Sample 1 was obtained by countercur-
rent separation of the hydroperoxide rich fractions
of an acid oxidized fraction. Sample 2 was obtained
by a similar fractionation of an esterified oxidized
fraction., Esterification was accomplished with diazo-
methane in ethyl ether at 0°C. and proceeded without
any apparent side reactions as determined by chemi-
cal, ultraviolet, and infrared analyses.

TABLE II
Analyses of Hydroperoxide Concentrates
‘Peroxides
1 2
P.V, (m.e./kg).. 8350 (neid) 6060 (ester)
Teong . 78.0 79.2
Reduced Baters
P.V., (1.8./KZ.) e vnnninenemenens] 174.0 75.7
Kot eaacemeeernseerien e recernens - 77.0 84.3
OH, moles/mole of ester... 1.02 1.01
Hydrogen uptake, 1.82 2.01
males/maole of ester......
Monomer, percent... 94.4 96.0
Polymer, percent.... . 5.6 4.0
Koy, MOILOMLIET .. uunurrmrrarrrssreassioeens 82.6 Ré.6
OH monomer, moles/mole of ester.. 1.03 1.01
Hydrogen uptake monomer,
moles/mole of estev................... 1.92 2,03

Although the chemical analyses indicated that these
peroxide concentrates consisted of relatively pure hy-
droperoxides, the analytical distillation of the reduced
esters suggested that they contained some polymeric
material. As indicated carlicr, a portion of the poly-
meric material could have originated from polymeri-
zation oceurring during the distillation. The difficulty
of separating all of the polymer by countercurrent
extraction makes it appear that the polymers, like the
monomerie peroxides, are quite highly polar.

Polarographic Analysis. In accord with the results
of the chemical and other analyses, polarographic
analysis showed that the prineipal products of the
lipoxidase reaction were hydroperoxides (curve A,
Figure 3). However polarographic analysis also
showed that unless every precaution was taken in
handling the peroxide concentrates, they were con-
verted to products having quite different half-wave
potentials. A sample of peroxide concentrate which
was not protected by refrigeration showed a change in
half-wave potential to 0.00 volts (curve B, Figure 3).

Although some changes ocenr at the same time in
the physical and chemical values that have been meas-
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A

METHYL LINOLEATE PEROXIDE CONGEWTRATE
(LIPONIDASE OXIDATION)

2001

MIGCROAMPERES

METHYL LINOLEATE PEACXICE CONCEHTRATE
{LIPOXIDASE  OXIDATION)

100

METHYL LINOLEATE WYDROREROXIDE
{ AUTOXIDATION )

1 1 H I | 1 1
=030 - -0.50 =120 -1.50 -1.80 -2,10 -240
aee VOLTS
Fia. 3. Polarographic analysis

A. Lipoxidase-produced hydroperoxide concentrate

B. Peroxide concentrate produced on prolonged exposure of
hydroperoxides to room temperatures

C. Hydroperoxide concentrate iselated from autoxidized
methyl linoleate

ured, none of the changes appears to be sufficiently
marked to account for the remarkable change in half-
wave potential during storage of the peroxides at
room temperature. The nature of the chemical change
is therefore unknown as yet.

Optical Rotation. If the lipoxidase-catalyzed oxi-
dation of sodium linoleate oeccurs by a more or less
typical type of enzymatic process, as postulated by
Tappel et al. (15), one may expect that the reduced
hydroperoxides would be optically active and would
give about the same degree of rotation as methyl
ricinoleate. The reduced hydroperoxides obtained
from lipoxidase ecatalyzed oxidations did, in effect,
give rotations approximating that for methyl ricin-
olecate (Table ITI, lines 5 and 6) whereas the hydro-
peroxides and corresponding reduced produets iso-
lated from autoxidized methyl linoleate were optically
inactive (lines 1 and 2). The specific rotations were
always higher for the reduced than for the unreduced
peroxide concentrates from the lipoxidase reaction.
Although a real difference may exist, part of the dit-
ference may have bheen due to experimental difficul-
ties imposed by the darker and more viscous nature
and the instability of the peroxide concentrates.

The large difference hetween two samples of the
same material (lines 6 and 7) was probably due to
association of the hydroxyl groups. The levorotation
of the polymeric fraction in contrast to the dex-
trarotation of the monomers was not surprising in
the light of the correlations between the direction of
rotation and radical size described by Tievine and
Marker (9).

Specificily of Lipoxidase. In Table IV the rates
of oxidation of solutions of sodinm soaps of natural
linoleic acid and the eis-9, trans-12, and trans-9, trans-
12 isomers are compured. The conditlons used in this
experiment were identical with those outlined in the
assay method of Theorell et a¢l. (18, 1). Whereas the
¢is, cis linoleate was oxidized rapidly, as evidenced
by a marked inerease in absorptivity at 234 millimi-
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TABLE IIT
Optical Activity Observations

Specific rotation®

bag;[':le Compound Source [a] Eoom tomp.
1 Peroxide concentrote, P.V. 6100 (no solvent) Autoxidized methyl linoleate zer0
2 Distilled monomser peruxide concentrate (no solvent) Autoxidized methyl linoleate 2ET0
3 Methyl ricinoleate P Castor oil +5.2
4 Peroxide concentrate, P.V. 4470 (no solvent) Lipoxidase-catalyzed oxidation +.2.84
3 Reduced and esterified peroxide concenirate (259 solution in dioxane) Lipoxidase-catalyzed oxidation +4.85
6 Distilled monomer reduced and esterified peroxide concentrate (25% solution in dioxanc)| Lipoxidase-catalyzed oxidation +5.2
7 Digtilled monomer reduced and csterified peroxide concentrate (no solvent) ‘ Lipoxidase-cutalyzed oxidation —+33.3
8 Polymeric residue from molecular distillation (25% solution in dioxane) Lipoxidase-catalyzed oxidation —5.5

2 Agsuming a density of 0.9 for the peroxides and reduced derivatives.

ba . Haller Compt. rend. 144, 462 (1907).

crons, there was no indication of any oxidation of the
other isomers. These results are in accord with the
general conclusion (1) that the necessary substrate
gtrueture for attack by lipoxidase is a ¢is, ¢is 1,4-pen-
tadiene system.

TABLE 1V

Relative Rates of Oxidation of Linoleic Acid Isomers
(erude soybean lipoxidase)

Cis-9, ¢is-12- (iz-9, trans-12- Trans-Q, trans-12-
Reaction ottadecadienoic octadecadienoic octadecadicnoic
time acid aeid acid
absorptivity absorptivity absorptivity
(minutes) (kase M) (ke Mmu) (Teops mp)
0 .30 0.23 0.10
1 214 0.36 0.13
2 44.4 0.30 0.21
3 57.5 Q.59 0.30
10 67.8 0.88 0.69
Discussion

Several of the results obtained in this study shed
further light on the mechaniym involved in lipoxi-
dase-catalyzed oxidations of unsaturated fatty aecids
and the characier of the products formed. The ana-
Iytical data show coneclusively that the prineipal ini-
tial produets formed from linoleates under ordinary
eircumstances are cis, frans conjugated monomeric
monchydroperoxides. It is c¢vident however that va-
rious secondary products always are produced but
that the guantities of these wmay he decreased by
using a low concentration of lipoxidase and a low
temperature of oxidation.

Inasmuch as the prineipal products are cis, trans
conjugated dienes, 1t is not to be anticipated that a
molecular extinction coefficient greater than 28,000
would be observed. The reason for the significantly
higher molecular extinction coefficient, 31,400, previ-
ously caleulated on the basis of oxygen absorbed in a
system involving a pure lipoxidase preparation (3)
is not immediately apparent. One possibility that
would lead to this high coefficient would be the for-
mation of virtually pure frans, trens conjugated hy-
droperoxides with the pure lipoxidase preparation;
it appears unlikely however that a pure lipoxidase
preparation should give all #rans, frans and a crude
lipoxidase preparation virtually all cis, trans as we
found under the mild conditions of oxidation em-
ployed in our study. With the crude lipoxidase prep-
aration, appreciable quantities of {rans, frans material
are obtained only under conditions which give rise
to appreciable secondary reactions and secondary
products, such as higher lipoxidase coneentrations,
higher temperatures, and higher levels of oxidation;
our evidence suggests that the frans, frans materials
are formed in secondary reactions.

The suggestion that lower coefficients are oblained
with crude lipoxidase preparations because of en-

zymes other than lipoxidase, or other contaminants,
in the crude preparations appears untenable, not only
because a cis, trans hydroperoxide would not be ex-
pected to exhibit a coefficient above 28,000, or there-
abouts, but because a pure lipoxidase preparation
(although it had undergone appreciable deterioration
at the time it was used) was reported by others to
give a molecular extinction coefficient not in excess
of 27,400 under conditions similar to those we have
cmployed (15).

The higher coefficient may be explained only in
part on the basis that a higher yield of hydroperoxide
was produced with pure enzyme, Further increase in
absorption very likely was due to nonhydroperoxide
substances, netably polymers formed under the con-
ditions used by Bergstrom and Holman, in which
the enzyme apparently was used In relatively high
concentrations.

In general, high enzyme concentrations give high
yvields of polymeric materials, especially when the re-
action 1 allowed to proeeed beyond the initial stages.
Thus a combination of conditions as wsed by Berg-
strom and Holman may well give a high molecular
extinction cocfficient even though es, trans diene con-
jugated hydroperoxides are produced primarily. This
sitnation appears to he far more probablg than any
explanation implying that a different mechanism is in-
volved with the use of crude lipoxidase preparations.

Nothing conelusive can be ascertained about the
structure of the polymers from the currently avail-
able data. The hydroxy content generally was found
to be about 2.5%, that is, about one hydroxy group
per molecule. On the other hand, the absorptivity at
234 mp was quite variable.

The formation of less polymer at low enzyme con-
centrations and lower temperatures might superfi-
cially seem to support the auntoxidative chain reaction
theory of lipoxidase oxidation. In the autoxidative
mechanism, reaction chains become shorter with in-
creasing free radieal concentrations and hence higher
proportions of polymers are formed in chain termina-
tion reactions. Ilowever this view cannot be recon-
ciled with the observation that the majer products of
the lipoxidase oxidation, even under conditions that
would favor long reaction chains, are optically active
monomeric hydroperoxides, and thercfore different
from the optically inactive hydroperoxides formed in
autoxidation. There is no reason why, on the basis of
a more normal type of enzymatic mechanism (15),
polymeric products should not form. If polymers are
formed by interaction of two enzyme-substrate com-
plexes, for example, a higher proportion of polymers
would be anticipated at higher enzyme concentrations
and at higher oxidation temperatures. The observa-
tion that the polymer is optically active is further
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evidenee that the enzyme probably is involved in its
formation.

The levorotation of the polymer in contrast to the
dextrarotation of the rednced hydroperoxides may be
explained on the basis of the observation of lievine
and Marker (9) that when a large radical is attached
to the asymmetric molecule in place of a relatively
small group, direction of rotation may be reversed.

The probability that lipoxidase will attack ounly the
cis, cis form of the 1,4-pentadiene system is further
supported by the finding that ecis-9, frans-12, and
trans-9, {rans-12-octadecadicnoates were not oxidized.
It is interesting to note, whether it be biologically
significant or mere coinecidence, that the eis-1, cis-4-
pentadiene system for which lipoxidase 1s specifie, is
also essential to biological activity of the so-called
essential fatty aeids.

Summary

Studies of products formed in the lipoxidase-
catalyzed oxidation of linoleates have been made by
physical and chemical measurements dirvectly on the
oxidized substrate, on concentrates of the oxidized
fraction, and on reduced and esterified products of
the oxidized fraction. The following prineipal obser-
vations and conclusions have been reached:

a) The principal products obtained in the oxidation
of agueous solutions of sodinm linoleate are optieally
active ers, {rans conjugated monomeric monohydro-
peroxides. This was found true whether the oxida-
tions were conducted at 0° or 26°C., in either daylight
or darkness,

b) Other products of the enzymatic reaction were
optically active polymers, and these were formed in
ereater proportions at higher concentrations of en-
zyme and at higher oxidation temperatures. The
polymers contained added oxygen in an apparently
constant proportion, irrespective of the conditions of
oxidation, but conjugated diene which was also pres-
ent in the polymer was more variable.

¢) The formation of hydropecroxides was predomi-
nantly substantiated by polarographic analysis. It
was further found however that when peroxide con-
centrates from the lipoxidasc reaction were kept at
room temperature for any appreciable time, they un-
derwent a relatively marked change in their half-
wave potential, the nature of which was not readily
apparent.
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d) The results further substantiate a previously
proposed mechanism (15) for the lipoxidase reaction
in which the enzyme Is considered to be involved in
the formation of each peroxide molecnle. The mech-
anism may be extended to aceount for the formation
of optically active polymeric products,

e) Iipoxidase was inactive with respect to the eis-9,
{rans-12, and trans-9, trans-12-isomers of natural lin-
oleic acid.
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