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

Place a 50-ram. cell containing the CC14 in the cell 
compartment. Set the instrument to the desired wave- 
length, using the wavelength knob. Turn the sensitiv- 
ity knob to position " 1 "  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 continuous sensitivity control ad- 
just the reading to 100%. 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~ ~5~  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 CC14 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 absorbance values should fall between 0.3 and 
0.8 except on the Cary instrument, where values up 
to 3.0 are acceptable. Use the maximum cell size to 
give the desired values. 

Calculations 
p.p.m, chlorophyll, using Beckman " D U "  

A6~ o -f- A71 o 
As~~ 2 

0.1016 L 
p.p.m, chlorophyll, using Beckman B with red 
sensitive tube 

A ~  o -}- A71 o 
A~176 2 

0.0964 L 

p.p.m, chlorophyll, using Cary --~ 

Ao~o -4- A~lo 
A~176 - -  2 

.1086 L 
L = length in cms. 

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

The Coleman Jr. Spectrophotometer can be used 
s determining chlorophyll in amounts above 0.1 
p.p.m. Readings are made in the 25-mm. cuvette 
against CC14 at 630 and 670 millimicrons. 

AoTo - -  A,8o 
p.p.m, chlorophyll  = 

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 

TItOUGH considerable progress has been made in 
e lucidat ing the mechanism whereby soybean 
lipoxidase catalyzes the oxidation of polyun- 

saturated fat ty acid compounds, the reactions are 
sufficiently complex so that a number of details 
await further clarification. BergstrSm (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 deduced 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 Hpoxidase-catalyzed and 
autoxidation reaction mechanisms were both chain 
reactions, the lipoxidase serving primarily to create 
free radicals for the chain mechanism. However Tap- 
pel et aL (15, 16) east doubt on the role of lipoxidase 
as an initiator of reaction chains of the autoxidative 
type and reported that the lipoxidase oxidation ex- 
hibited many of the characteristics of ordinary types 
of enzyme reactions. 

Earlier studies by BcrgstrSm and Holman (3) have 
led to an apparent molecular extinction coefficient of 
31,400 for the products of the lipoxidase oxidation 
of sodium linoleate at 0~ with a pure lipoxidase 

1Hormel Institute publication No. 127 and Paper No. 3842 in the 
scientific journal series of the Institute of Agriculture. 

Supported in part by a grant from the tIormel l~oundation. 

preparation. Since this was considerably higher than 
t h e  molecular extinction coefficient observed for the 
products of autoxidation, it appeared at that time 
that the lipoxidase oxidation led to a higher propor- 
tion of conjugated diene hydroperoxides (3). More 
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 extinction 
coefficient for the products of autoxidation could be 
attributed to the presence of predominantly cis, 
trans isomers. On this basis it might appear that 
the higher molecular extinction coefficient observed 
quite consistently for the products of lipoxidase- 
catalyzed oxidation could be attributed to the for- 
mation of trans, trans conjugation (or possibly c/s, 
cis conjugation since the molecular extinction coeffi- 
cient of the latter has not been determined). How- 
ever, although crude 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 
conjugation existed predominantly in the cis,tr'ans 
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 con- 
ditions to obtain more infornmtion on the nature of 
the reaction. 
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Materials and Methods 

Linoleic Acid. Two prepara t ions  of cis, cis linoleic 
acid were used. For  most of the work the substrate 
was prepared  f rom relat ively p u r e  linoleic acid ob- 
tained by urea  fraet ionat ion and low tempera ture  
crystall ization of the f a t ty  acids of safflower seed oil. 
P re l iminary  experiments  were conducted with a 60% 
concentrate of linoleic acid obtained f rom fract ional ly  
distilled methyl  esters of corn oil f a t ty  acids. 

Cis-9, trans-12-1inoleic Acid. This acid was isolated 
f rom the nonconjugated f ract ion of dehydrated cas- 
tor  oil f a t t y  acids by low tempera tu re  crystall ization 
f rom acetone, essentially by the procedure described 
by  Jackson et al. (7). Analyt ical  data  were as fol- 
lows: m.p. - -3.5 ~ to --3.0~ ; k2.~2 z 0.302 (no maxi- 
mum)  ; n~) ~176 ~--- 1.4645; I. V. (Wijs)  ---- 156.0. The 
compound exhibited a single strong inf rared  absorp- 
tion band at 10.33 microns, characteristic of isolated 
trans double bonds. 

Methyl Cis-9, trans-ll-linoleate. The conjugated 
f ract ion of the methyl  esters of dehydrated castor 
oil acids which was presumed to consist p r imar i ly  of 
methyl  cis-9, trans-ll-linoleate (7, 10) was separated 
by f rac t ional  distillation, and the desired compound 
then isolated by  low tempera tu re  crystallization f rom 
acetone, using the procedure described by  J a c k s o n  
et al. (7) for  the isolation of methyl  trans-lO, cis-12- 
linoleate. Reerystallizations were conducted unt i l  no 
fu r the r  purification could be effected as evidenced by 
ultraviolet  and inf rared  spectra. 

Analyt ical  data  were as follows: k at 233 mtL ~--- 
87.2; n]~ ~ 1.4697; I. V. (hydrogenat ion)  ~ 171.3. 
Melting point of the free acid was 7.5 to 8.6~ In-  
f ra red  spectra of acid and ester showed double ab- 
sorption at 10.55 and 10.18 microns characteristic of 
cis, trans diene conjugation. Although the specific 
extinction coefficient of the ester at 233 m~ was lower 
than 97.7 repor ted by Jackson et al. (7) and 93.2 by 
Nichols et al. (10) for methyl  trans-lO, cis-12-linole- 
ate, this may  be due in pa r t  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 ni trogen according 
to the method of Kass et al. (6). The crude elaidin- 
ized esters were converted to acids f rom which rela- 
t ively pure  linoleaidie acid was obtained by  repeated 
crystallizations f rom acetone. Melting point of the 
final product  was 27.5-27.6~ ; n ~  ---- 1.4650. The in- 
f ra red  spect rum of this compound showed a strong 
band at 10.33 microns, approximate ly  double the 
intensi ty of tha t  observed with elaidic acid at  this 
wavelength. 

Lipoxidase. Crude lipoxidase prepara t ions  obtained 
by  the aqueous extraction of defat ted soybean meal 
were used in this study. In  general, the following 
extraction procedure was employed: soybean flour, 
150 g. (Areher-Daniels-Midland " N u t r i s o y " )  was 
suspended in 1,000 ml. of acetate buffer at p H  4.5. 
The mix was st irred for 1 hr. and filtered. The fil- 
t ra te  containing the enzyme was adjusted to p H  7 
with 1 N sodium hydroxide and filtered again. Ex- 
t racts  p repared  in this manner  usually contained 
f rom 30 to 50 units of lipoxidase act ivi ty per  ml. as 
measured by the assay method of Theorell et al. 
(18, 1). 

Preparation of Substrate. The sodium soaps were 
made by slowly adding the calculated amount  of 1 N 

sodium hydroxide to neutralize a known weight of 
f a t t y  acid. Dur ing  the addition of sodium hydroxide 
and subsequent dilution with distilled water, the so- 
lut ion was stirred vigorously to br ing about complete 
solution of soaps. Enough distilled water  was added 
to give a 5% solution in terms of f a t t y  acid concen- 
tration.  The final step in the p repara t ion  of the sub- 
strate was to dilute the soap solution with two par ts  
by volume of 1 N ammonium hydrox ide -ammonium 
chloride buffer at  p H  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  pr ior  to the start  of each 
experiment.  

Oxidation Procedure. Usually the oxidations were 
conducted with 300-ml. batches of substrate (contain- 
ing 5 g. of neutral ized linoleic acid) and vary ing  
amounts  of enzyme. The enzyme extract  and the 
substrate  were sa tura ted  with oxygen before being 
mixed together, and dur ing  tl~e oxidation oxygen was 
passed over or through the solution. The mixture  
was st irred vigorously by means of a magnetic s t i r rer  
to insure a good supply  of dissolved oxygen at all 
times. Oxidations to a peroxide value of about 600 
m.e./kg,  required f rom 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 occurred, an equal volume of cold 
alcohol (0~ or less) was added to stop the reaction. 
The entire mixture  was then cooled to 0~ or below, 
acidified with cold 10% aqueous HC1, and extracted 
four  times with approximate ly  equal volumes of cold 
(0~ ethyl ether. The ether extract  was washed 
with distilled water  unti l  free of HC1, as deter- 
mined by  testing the wash water  with methyl  orange 
indicator. 

At  this point the other extracts f rom several batch 
oxidations per formed under  the same conditions were 
usual ly  combined, and most of the solvent was re- 
moved by evaporat ion under  reduced pressure. The 
concentrate was dissolved in Skellysolve F, the sep- 
ara ted  water  was removed in a separa tory  funnel  and 
then diluted to volume in a 250-ml. volumetr ic  flask. 

Usual ly  by this procedure more than  95% of the 
original weight of f a t t y  acid was recovered. Af t e r  
aliquots were taken for  analyses, the products of the 
oxidation were separated f rom the unoxidized frac-  
tion by  a countercurrent  extract ion method (12). 

Methods of Analyses 

Analytical Distillation. Reduced peroxide concen- 
t ra tes  were esterified with diazomethane at 0~ in 
ethyl ether and were f ract ionated into monomer and 
polymer  fractions in a micromolecular still similar to 
that  described by Paschke et al. (14). 

Infrared Absorption. All in f ra red  spectra repor ted 
in this s tudy were obtained with a P e r k i n - E l m e r  
Model 21 double beam instrument.  Measurements 
were made on a 10% solution of the compounds in 
carbon disulphide. 

Molecular Weight. The cryoseopic method of Wil- 
son et al. (19) was used. Anhydrous  cyclohexanol 
required as solvent was obtained by  fract ional  dis- 
t i l lation of eyclohexanol (Eas tman)  through a Pod- 
bielniak Hypcr-ca l  column. The progress of the frac-  
t ionation was followed by measurements  of refract ive 
index. The best fract ions (m.p. 25.0-25.2~ were 
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sealed under  vaenum in glass and stored at - -18~ 
until  used. 

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

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

Details of the methods for the determinat ion of 
peroxide value, hydroxyl  value, iodine value by  hy- 
drogenation, and ultraviolet  spectra have been de- 
scribed in other publications f rom this labora tory  
(11, 13). 

R e s u l t s  

The original p lan of the s tudy was to conduct 
oxidations under  a few selected conditions based 
on results of previous kinetic studies, separate the 
oxidized fract ion as quant i ta t ively as possible by 
countercurrent  extraction, and make detailed chemi- 
cal and spectral  analysis of the products  of the reac- 
tion. This was eventual ly accomplished, but  only 
af ter  m a n y  false starts  had been made and m a n y  
supplementa ry  experiments  per formed in which it  
was found that  the analytical  results could be pro- 
foundly  influenced by relatively slight variat ions in 
the oxidation techniques and by  chemical changes 
that  could occur dur ing  the handl ing of ~he products.  
The following results were obtained in experiments  
where the effects of spurious factors were successfully 
eliminated. 

Infrared Spectra. In  F igure  1 in the in f ra red  spec- 
t ra  of a typical  linoleic acid peroxide concentrate 3 
(C) and a reduced methyl  ester of linoleic acid per- 

ox ide  concentrate (D) obtained f rom a lipoxidase- 
catalyzed oxidation of sodium linoleate are compared 
with corresponding samples of cis-9, trans-ll-octa- 
decadienoic acid (A) ,  and methyl  cis-9, trans-ll- 
octadecadienoate (B).  Clearly, the conjugated diene 
products  of the oxidation were predominant ly  cis, 

a St r ic t ly  speaking,  the terms "linoleic acid peroxide"  and "l inoleate  
peroxide"  are incorrect ;  the i r  use is just i f ied on the g rounds  of con- 
venience  in  the belief t ha t  most  readers  of th is  paper  wil l  u n d e r s t a n d  
what  is meant .  

trans and fu r t he r  there was no evidence of any  iso- 
lated trans double bonds. Curves similar to those in 
F igure  1 were obtained in o x i d a t i o n s  c o n d u c t e d  
either in dayl ight  or dark  at either 0 ~ or 26~ and 
in oxidations carried to a peroxide value as high as 
2600 m.e./kg, of acid (Exper iment  2, Table I ) .  

Analysis of Peroxide Concentrates. Table I sum- 
marizes some of the results f rom a number  of typi-  
cal oxidations, analyses of concentrates of oxidation 
products,  and esterified and reduced concentrates. 
Also in Table I, the results of one experiment  (five) 
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FIG.  1 .  I n f r a r e d  S p e c t r a  

A .  C i s - 9 ,  t r a n s - l l - o c t a d e c a d i e n o i c  acid 
B. M e t h y l  c i s - 9 ,  t r a n s - l l - o c t a d e c a d i e n o a t e  
C. Linoleic  acid peroxide concentrate  
D. Methyl l inoleate peroxide concentrate 

T A B L E  I 

Lipoxidase-Catalyzed Oxidat ion  of Sodium Linoleate  a 

Exper imen t  : I 1 I 2 3 I 4 

Oxidat ion and  Recovery of Acids 

1. U n i t s  of enzyme per  g r a m  of l inoleic acid .................................................. 15 I 200 50 50 15 
Tempera tu re  of oxidat ion  ........................................................................... t 0~ I 0~ 20~ 20~ 0~ 

3: P.V. of soaps m.e . /kg.  (calculated on basis  of wt. of linoleic acid)  ........ ] 632 2600 775 780 632 
. ke~ of soaps (calculated on basis  of wt. of l inoleic acid) ........................ 8.0 38.0 9.74 10.6 8.0 

P.V. of recovered acids m.e . /kg  ........................................................ ......... 636 2625 754 774 2 8 2  
6:kss4  of recovered acids ................................................................................ 8.4 35.6 9.6 10.4 3.68 

Coun te r cu r r en t  Ex t rac t ion  

7. Weigh t  of recovered acids, grams ................................................ I 46.88 
8. Peroxide  content of recovered acids (calculated as monohydroperoxide  4.66 

f rom l ines 5 and  7) ,  g rams  ........................................................................ i 
9. W e i g h t  of oxidized f rac t ion  recovered by extraction,  g rams  .................... I 4.99 

10.  P.V. of recovered oxidized fract ion,  m.e . /kg  ............................................. ] 5960 
11. Peroxide  content  of recovered oxidized f rac t ion  (calculated as mono- I 4.64 

hydroperoxide  f rom l ines 9 and 10) ,  g rams  .............................................. ] 
12. k~.~ of recovered oxidized f rac t ion  .............................................................. 76.6 
13. Calculated k~a~ for oxidized f rac t ion  (calculated f rom lines 6, 7, and  9) 78.8 

23.45 
9.58 

10.91 
5660 

9.63 

73.7 
76.4 

37.93 
4.45 

5.30 
5600 

4.63 

71.5 
68.7 

35.6 
4.31 

5.20 
5440 

4.41 

69.1 
71.2 

45.67 
2.0 

4.17 
2660 

1.73 

36.0 
40.2 

I~educed and Ester i f ied Oxidized Frac t ions  

14. P.V., m.e . /kg  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  132 78.2 75.5 173.0  58 
15. k~sa ................................................................................................................ 76.6 71.6 71.7 71.1 35.0 
16. OH, percent  by weight  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.13 5.23 4.94 4.43 5.0 
17. Iod ine  value (by hydrogena t ion )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  140 136 140 140 112 
18. Monomer percent  by weight  ........................................................................ 92.0 87.5 90.5 91.1 91.5 
19. Polymer  percent  by weight  ......................................................................... ,. 8.0 12.5 9.5 8.9 8.5 

a Crude l ipoxidase p repa ra t ion  obtained by aqueous extract ion of defa t ted  soybean meal. 
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are reported in which approximately one-half of the 
alcoholic-poisoned substrate f rom Exper iment  1 was 
allowed to stand at room temperature  for  three days 
af ter  deaeration and acidification with an excess of 
HC1 before being extracted with ethyl ether. Some 
difficulty was experienced in obtaining a good recov- 
ery of the liberated linoleic acid af ter  oxidation by 
conventional extraction procedures, as has been pre- 
viously reported (5), but it was found ~hat by keep- 
ing the solutions cold, 0~ 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. 

I t  is evident f rom the peroxide values and diene 
conjugation (k234) shown in lines 3, 4, 5, and 6 o f  
Table I (before and after  recovery of the acids) that  
little, if  any, decomposition or alteration of the per- 
oxides occurred when the recovery of the oxidized 
acids was carried out as described. Also, no appre- 
ciable alteration of the peroxides or of the spectral 
absorption of the products  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 unusual ly 
stable in the alcoholic solution used as the hypophase 
in the eountercurrent  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- 
t ra  when, af ter  the oxidation was stopped by the ad- 
dition of alcohol and the solution purged with N2, 
the solution of soaps was allowed to stand for six 
days at room temperature.  

On the other hand, precautions were necessary to 
prevent changes dur ing neutralization of the soaps. 
In one supplementary experiment (Exper iment  5, 
Table I ) ,  when the free acids were obtained with an 
excess of HC1 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 millimicrons 
indicated considerable destruction of conjugated di- 
ene, but  there appeared to be little change in the cis, 
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 product  were presumed to exist in the form 
of monohydroperoxide (lines 9 and 11, Table I ) .  The 
analytical distillation of the reduced and esterified 
products of the recovered oxidized fractions indi- 
cated that  polymeric products were formed in all 
oxidations. Some polymers were undoubtedly formed 
dur ing distillation. However the polymer content 
varied consistently with variations in the conditions 
of oxidations, indicating that  formation took place 
pr imari ly  during the enzymatic reaction. 

In  supplementary experiments no additional poly- 
meric material  was formed either when peroxides 

were allowed to decompose extensively under acid 
conditions or when the oxidized soaps were permit ted 
to stand at room temperature  for  a prolonged period 
before recovering the free acids. These findings there- 
fore also substantiated the belief tha t  the polymers 
were formed mainly during the active oxidation of 
the substrate. Fur ther ,  since the polymeric material 
exhibited a relatively high degree of optical activity 
(Table I I I ) ,  the enzyme appeared to be involved 
direct ly in its formation. 

The polymer fractions generally had an average 
molecular weight between 600 and 800, indicating 
that  they consisted mostly of dimers. Absorptivities 
at 234 m/~ varied f rom 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 
millimicrons were observed (Figure 2). The hydroxyl  
content averaged about 2.5%. Efforts to measure the 
degree of unsaturat ion by hydrogenation, using a 
palladium-on-charcoal catalyst and 95% alcohol as 
the solvent, were unsuccessful. The uptake of hydro- 
gen was very  slow and prolonged. 
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F i n .  2. U l t r a v i o l e t  , u b s o r p t i o n  s p e c t r a  

A. Distilled monomer of reduced ester peroxide collcentrate 
B. Original  reduced ester peroxide concentrate  
C. Polymeric residue recovered f rom distilled redaced ester 

peroxide concentrate  

I t  was also apparent  that  the monomeric fract ion 
of the oxidation products  did not consist entirely 
of diene monohydroperoxides. This was indicated 
chiefly by the iodine values and hydroxyl  content 
(lines 16 and 17, Table I ) .  The monomer fract ion 
also generally exhibited a maximum in ultraviolet 
absorption at about 272 millimicrons (Figure 2). 

Comparison of the ultraviolet spectra (Figure 2) 
of the original reduced peroxide concentrate with 
that of the monomer and polymer indicated that  the 
substance responsible for  the maximum at 270 mtL in 
the monomer might be produced dur ing  the distilla- 
tion. However the maximum for reduced 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 fract ion 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 monomeric. 

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

Purification of Hydroperoxides. By fur ther  coun- 
te rcur rent  fractionation of oxidized fractions similar 
to that  of Exper iment  1, Table I, relatively pure  
samples of hydroperoxides were obtained as shown 
in Table II .  Sample I was obtained by eountercur- 
rent  separation of the hydroperoxide rich fractions 
of an acid oxidized fraction. Sample 2 was obtained 
by a similar fraetionation of an esterified oxidized 
fraction. Esterification was accomplished with diazo- 
methane in ethyl ether at 0~ and proceeded without 
any apparent  side reactions as determined by chemi- 
cal, ultraviolet, and infrared analyses. 

T A B L E  II 
Analyses  of t I y d r o p e r o x i d e  Concen t ra te s  

P e r o x i d e s  
1 2 

P .V. ,  ( m . e . / k g . )  ............................... i 6350 ( ac id )  6060 ( e s t e r )  
k,,,a4 .... 78.0 79.2 

Reduced  Es t e r s  

P.V., (m.e./kg.) ................................ I 174.0 
ke~ .................................................... 1 77.0 
OI-I, moles/mole of ester ................. I 1.02 
I:[ydrogen uptake, 1.82 

moles/mole of ester ....................... L 
IV[onomer, pe r cen t  ............................. ] 94.4 
Polymer ,  pe r cen t  .............................. 5.6 
k,2~, m o n o m e r  ................................... / 82.6 
O H  monomer ,  moles /mole  of ester. . /  1.03 
H y d r o g e n  u p t a k e  monomer ,  [ 

moles /mole  of ester  ..................... ., 1.92 

75.7 
84.3 
5.01 
2.01 

96.0 
4.0 

86.6 
1.01 

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 earlier, a port ion of the poly- 
meric material  could have originated from polymeri- 
zation occurring dur ing  the distillation. The difficulty 
of separating all of the polymer by  countercurrent  
extraction makes it appear  that  the polymers, like the 
monomeric peroxides, are quite highly polar. 

Polarographic Analysis. In  accord with the results 
of the chemical and other analyses, polarographic 
analysis showed that  the principal  products of the 
lipoxidase reaction were hydroperoxides (curve A, 
Figure  3). However p o l a r o g r a p h i c  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 refr igerat ion showed a change in 
half-wave potential  to 0.00 volts (curve B, F igure  3). 

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

" / 
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/ 
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F I G .  3. P o l a r o g r a p h i c  a n a l y s i s  
A. Lipox idase -p roduced  hyd r ope r ox ide  concen t r a t e  
B. P e r o x i d e  concen t ra te  p roduced  on pro longed  exposu re  of 

hyd rope rox ides  to r o o m  tempera~tures 
C. I - Iydroperoxide  concen t ra te  isolated f r o m  autoxid ized  

methyl  l inoleate 

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. I f  the lipoxidase-catalyzed oxi- 
dation of sodium linoleate occurs by a more or less 
typical type of enzymatic process, as postulated by 
Tappel et al. (15), one may expect that  the reduced 
h.ydroperoxides would be optically active and would 
give about the same degree of rotation as methyl 
r i c ino lea te .  The reduced hydroperoxides obtained 
from lipoxidase catalyzed oxidations did, in effect, 
give rotations approximating that  for methyl  ricin- 
oleate (Table I I I ,  lines 5 and 6) whereas the hydro- 
peroxides and corresponding reduced products  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 f rom the lipoxidase reaction. 
Although a real difference may exist, par t  of the dif- 
ference may have been due to experimental  difficul- 
ties imposed by the darker  and more viscous nature  
and the instabili ty of the peroxide concentrates. 

The large difference between two samples of the 
same material  (lines 6 and 7) was probably due to 
association of the hydroxyl  groups. The levorotation 
of the polynleric fract ion in contrast to the dex- 
t rarotat ion of the monomers was not surprising in 
the light of the correlations between the direction of 
rotation and radical size described by Levine and 
Marker (9). 

Specificity of Lipoxidase. In Table IV the rates 
of oxidation of solutions of sodium soaps of natural  
linoleic acid and the cis-9, trans-12, and trans-9, trans- 
12 isomers are compared. The conditions used in this 
experiment were identical with those outlined in the 
assay method of Theorell et al. (18, 1). Whereas the 
cis, cis linoleate was oxidized rapidly,  as evidenced 
by a marked increase in absorptivity at 234 millimi- 
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TABLE I I I  

Optical Activity Observations 

Specific r o t a t i o n  a 
Sanlple Compound Source No. [a] ~oo,. t~p. 

1 Peroxide concentrate, P .u  6100 (no solvent) Autoxidized methyllinoleate zero 
2 Distilled monomer peroxide concentrate (no solvent) Autoxidized methyllinoleate zero 
3 Methyl ricinoleate b Castor oil +5.2 
4 Peroxide concentro/te, P.Y. 4470 (no solvent) Lipoxidase-catalyzed oxidation +2.84 
5 Reduced and esterified peroxide concentrate (25% solution in dioxane) Lipoxidase-catalyzed oxidation +4.65 
6 Distilled monomer reduced and esterified peroxide concentrate (25% solution in dioxane) Lipoxidase-catalyzed oxidation +5.3 
7 Distilled monomer reduced and esterified peroxide concentrate (no solvent) Lipoxidase-catalyzed oxidation +13.3 
8 Polymeric residue from molecular distillation (25% solution in dioxane) Lipoxidase-catalyzed oxidation --5.5 

aAssuming a density of 0.9 for the peroxides and reduced derivatives. 
~)A. tIaller Compt. rend. 144, 462 (1907).  

erons, 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 
s t ructure  for  attack by lipoxidase is a cis, cis 1,4-pen- 
tadiene system. 

TABLE IV 
Relative Rates of Oxidation of Linoleic Acid Isomers 

(crude soybean lipoxidase) 

Cis-9, cis-12- Cis-9, trans-12- Trans-9, transol2- 
Reaction octadeeadienoie octadeeadienoic octadecadienoie 

time acid acid acid 
absorptivity absorptivity absorptivity 

(minutes) (ks.~ rote) (k:s, m/t) (ke.~ hire) 
0 0.30 0.23 0.10 
1 21.4 0.36 0.13 
2 44.4 0.30 0.21 
5 57.5 0.59 0.30 

10 67.8 0.88 0.69 

Discussion 

Several of the results obtained in this s tudy shed 
fur ther  light on the mechanism involved in lipoxi- 
dase-catalyzed oxidations of lnlsaturated fa t ty  acids 
and the character of the products  formed. The ana- 
lytical data show conclusively that  the principal ini- 
tial products formed from linoleates under  ordinary  
circumstances are cis, trans conjugated mononteric 
monohydroperoxides. I t  is evident however that  va- 
rious secondary products always are produced but  
that  the quantities of these may be decreased by 
using a low concentration of lipoxidase and a low 
temperature  of oxidation. 

Inasmuch as the principal products are cis, trans 
conjugated dienes, it 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 calculated on the basis of oxygen absorbed in a 
system involving a pure lipoxidase preparat ion (3) 
is not immediately apparent.  One possibility that  
would lead to this high coefficient would be the for- 
mation of vir tual ly  pure trans, trans conjugated hy- 
droperoxides with the pure lipoxidase prepara t ion;  
it appears unlikely however that  a pure lipoxidase 
preparat ion should give all trans, trans and a crude 
lipoxidasc preparat ion vir tual ly 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 trans, trans material  
are obtained only under  conditions which give rise 
to appreciable secondary reactions and secondary 
products, such as higher lipoxidase concentrations, 
higher temperatures,  and higher levels of oxidation; 
our evidence suggests that  the trans, trans materials 
are formed in secondary reactions. 

Tile suggestion that  lower coefficients are obtained 
with crude lipoxidase preparat ions because of en- 

zymes other than lipoxidase, or other contaminants, 
in the crude preparat ions 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 preparat ion 
(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 
employed (15). 

The higher coefficient may be explained only in 
par t  on the basis that  a higher yield of hydroperoxide 
was produced with pure enzyme. F u r th e r  increase in 
absorption very  likely was due to nonhydroperoxide 
substances, notably polymers formed under the con- 
ditions used by Bergstrom and Holmau, in which 
the enzyme apparent ly  was used in relatively high 
concentrations. 

In  general, high enzyme concentrations give high 
yields of polymeric materials, especially when the re- 
action is allowed to procee(1 beyond the initial stages. 
Thus a combination of conditions as used by Berg- 
strom and Holman may well give a high molecular 
extinction coefficient even though cis, trans diene con- 
jugated hydroperoxidcs are produced primarily. This 
situation appears to be far  more probable than any 
explanation implying that  a different mechanism is in- 
volved with the use of crude lipoxidase preparations. 

Nothing conclusive can be ascertained about the 
s t ructure  of the polymers from the current ly  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 mt~ was quite variable. 

The formation of less polymer at low enzyme con- 
centrations and lower temperatures  might superfi- 
cially seem to support  the autoxidative chain reaction 
theory of lipoxidase oxidation. In the autoxidatNe 
mechanism, reaction chains become shorter with in- 
creasing free radical concentrations and hence higher 
proportions of polymers are formed in chain termina- 
tion reactions. However this view cannot be recon- 
ciled with the observation that  the major  products of 
the lipoxidase oxidation, even under  conditions that  
would favor long reaction chains, are optically active 
monomeric hydroperoxides,  and therefore 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. I f  polymers are 
formed by interaction of two enzyme-substrate com- 
plexes, for example, a higher proport ion of polymers 
would be anticipated at higher enzyme concentrations 
and at higher oxidation temperatures.  The observa- 
tion that  the polymer is optically active is fu r ther  
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evidence that  the enzyme probably is involved in its 
formation. 

The levorotation of the polymer in contrast to the 
dextrarotat ion of the reduced hydroperoxides may be 
explained on the basis of the observation of IJevine 
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 probabil i ty that  lipoxidase will attack only the 
cis, cis form of the 1,4-pentadiene system is fu r ther  
supported by the finding that  cis-9, trans-12, and 
trans-9, trans-12-octadecadienoates were not oxidized. 
I t  is interesting to note, whether it be biologically 
significant or mere coincidence, that  the cis-1, cis-4- 
pentadiene system for which lipoxidase is specific, is 
also essential to biological activity of the so-called 
essential f a t t y  acids. 

Summary 
Studies of products formed in the l ipoxidase-  

catalyzed oxidation of linoleates have been made by 
physical and chemical measurements direct ly on the 
oxidized substrate, on concentrates of the oxidized 
fraction, and on reduced and esterified products  of 
the oxidized fraction. The following principal  obser- 
vations and conclusions have been reached: 

a) The principal  products  obtained in the oxidation 
of aqueous solutions of sodium linoleate are optically 
active cis, trans conjugated monomeric monohydro- 
peroxides. This was found true whether the oxida- 
tions were conducted at 0 ~ or 26~ in either daylight 
or darkness. 

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

c) The formation of hydroperoxides was predomi- 
nant ly  substantiated by polarographic analysis. I t  
was fu r the r  found however that  when peroxide con- 
centrates f rom the lipoxidase 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.  

d) The results fu r ther  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 molecule. The mech- 
anism may be extended to account for  the formation 
of optically active polymeric products. 

e) Lipoxidase was inactive with respect to the cis-9, 
trans-12, and tra ns-9, trans-12-isomers of natural  lin- 
oleic acid. 
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