
2 5 2  T H E  ,IOIUCNAI, OF T H E  A M E I C t C A N  O 1 L  C H E M I S T S '  S O C I E T Y  Vo[,. 32 

T A B L E  V 

Draves' Wetting Timr 

Second, 25~ 

I ConcenSration / 0.05 0.10 (%)  O.Ol 
4 

I~enex 3 5 

0.25 0.50 1.0 

1-600 148 
8 0 3.5 ins tantaneous  

type to solid compositions by eomplexing with urea. 
I t  is shown how these solid products may be made in 
the form of free-flowing powders, flakes, bars, pellets, 
or tablets. 

The surface-active properties of two commercial 
detergents based on this discovery are reported. Be- 
sides showing the excellent detergency of these prod - 
ucts in washing artificially soiled cotton, it has been 
shown that  they enhance the detergency of alkali- 
built sodium alky]aryl sulfonates in hard  water. 
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Catalysis of Linoleate Oxidation by Copper-Proteins 
A. L. TAPPEL, Department of Food Technology, University of California, Davis, California 

m O P P E R  is a well known catalyst for the oxidation 
i of unsatura ted fats. Copper also catalyzes t h e  

~ ' ~  oxidation of ascorbic acid and various polyphe- 
nols. Copper-protein enzymes occur in nature  which 
specifically catalyze the oxidation of aseorbic  acid 
and polyphenols (1). Also model aseorbic acid oxi- 
dases and polyphenolases can be made by adsorbing 
ionic copper on proteins. This analogy has been ex- 
tended to show that  copper-protein complexes give 
greater catalysis of unsatura ted fa t ty  acid oxidation 
than does copper alone. 

Catalysis of unsatura ted fat  oxidation by copper- 
proteins may be the cause of oxidative fat  rancidi ty  
in but ter  and other dai ry  products. A copper-protein 
occurs natura l ly  in milk (2),  and most of the copper 
found in but ter  has been isolated in the form of 
copper-protein complexes (13). 

The iron porphyr in  compounds, hemoglobin and 
myoglobin, are powerful oxidation catalysts for  un- 
saturated fats (12). The  resu l t s  of th is  r e sea rch  
indicate that  hemocyanin, the oxygen t ransport ing 
copper-protein of some invertebrates, is similarly a 
catalyst for  unsatura ted fa t  oxidation. 

Experimental 
Highly  purified linoleic acid (Hormel Foundation) 

was neutralized with ammonium hydroxide to form a 
homogeneous 0.1 M ammonium linoleate solution and 
was stored under  pure ni trogen at --20~ Dilution 
of 0.1 M a m m o n i u m  l ino lea te  with 0.1 M sodium 
phosphate buffer at pH  7.0 produced a stable col- 
loidal suspension of linoleate which was used in this 
study. 

The proteins used in this s tudy included purified 
conalbumin, crystalline bovine serum albumin (Ar- 

mour and Company),  and sodium caseinate Nutri-  
tional Bioehemicals Company).  

Oxygen a b s o r p t i o n  m e a s u r e m e n t s  at 0~ were 
made by conventional techniques, using a refriger-  
ated Warburg  respirometer. The main compartment  
of the reaction flask contained 3 ml. of colloidal lin- 
oleate dispersed in 0.1 M phosphate buffer pH  7.0 
and at a concentration which resulted in 0.02 M lin- 
oleate in the final reaction mixture. 0he-half  ml. of 
protein to give a final concentration of 1 X 10 -4 iV[ 
was mixed with 0.5 ml. copper sulfate in the side 
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FIG. 1. C a t a l y s i s  o f  l i n o l e a t e  o x i d a t i o n  b y  i o n i c  c o p p e r  a n 4  
c o p p e r - p r o t e i n s .  

A. 1 X 10 -~ Iv/copper -4- 1 X 10 -4 lVf conalbumin 
B. 1 X 10 -4 l~i copper 4- 1 X 10 -a M conalbumin 
C. 1 X 1 0 - a M c o p p e r  
D, 1 X 10 -a ~ copper 
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arm. Spectral  absorption of the oxidized linoleate 
was determined af ter  dilution of the reaction mix- 
ture with 60% ethanol. Suitable blanks were used 
for both oxygen absorption and spectral  absorption. 

R e s u l t s  a n d  D i s c u s s i o n  

Typical  oxygen absorption data for the oxidation of 
linoleate by eopper-conalbumin are given in F igure  
]. In  comparison to the catalytic act ivi ty  of copper 
alone, copper-eonalbumin is a more effective catalyst  
for linoleate oxidation at  0~ At  1 }( 10 -4 M copper 
or copper-protein the rates are 0.004 mole linoleate 
oxidized/mole Copper/minute and 0.01 mole linoleate 
oxidized/mole copper -p ro te in /minu te .  Fur the rmore  
the  r a t e :o f  linoleate oxidation catalyzed by copper- 
protein increases as a funct ion of time. Linoleate oxi- 
dation catalyzed by ionic copper or copper-protein 
proceeds at a rapid  rate  compared to autocatalysis 
which was nil a f te r  50 hrs. at 0~ For  comparison 
with more powerful  unsa tura ted  fa t  oxidation cata- 
lysts, the ra te  of linoleate oxidation catalyzed by the 
hematin compounds under  these same conditions is 0.6 
mole linoleate oxidized/mole hemat in /minu te  (12). 

To determine if copper-proteins in general are Cat- 
alysts for  linoleate oxidation this s tudy  was extended 
to include th ree  proteins with added ionic copper f rom 
a ratio of 1:1 to 600:1 atoms of copper per  molecule 
of protein. The reaction rates determined f rom the 
slope of the oxygen absorption vs. t ime curves are 
given in Tab le  I. In  each case linoleate oxidation 
was allowed to progress about 50 hrs. in order to give 
sufficient data  for  an accurate determinat ion of the 
reaction rates. 

i 

T A B L E  I 

The  Effec t  of Added  Copper  on the  R a t e  of L ino lea t e  Oxida t ion  

L ino lea t e  Ox ida t ion  tCate 

Copper  su l fa te  
X 10 -2 M 

0 .01  .. . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . .  
0 .03 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0 . 1 , . . . . : . . : : . :  . . . . . . . . . . . . . . . . . . . . . . .  , . . .  

0.3....._ . . . . . . . . . . . . . . . . . . . .  i .............. 
1 . 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3 . 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

6 . 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Cona lbumin  S e r u m  
a l b u m i n  

mm a Oz/hr .  mms O.,/hr.  

4 .9  2.2 
6,8 5 .0 
7.8 7.5 
8.3 10.5  
9.7 14 .4  
7.7 14 .0  
4 .4  36 .5  

Case inate  
mm 3 O2/hr .  

5;0 
8.3 

10.5  
9.5 
7.2 
7.2 
3.9 

Spectral  absorption studies of the linoleate oxida- 
tion products  for  each of the copper-protein catalysts 
indicated tha t  the major  product  was a conjugated 
diene with max imum absorption in the region 233 mt~. 
Typical  spectral  absorption curves are shown in Fig- 
ure 2. The low absorption in the region of 270 m~ 
to 290 mt~ indicates that  the amount  of carbonyl  com- 
pounds produced was small. The moleCular extinction 
coefficients at  233 mt~ for  six samples of linoleate oxi- 
dation product  oxidized to 0.39-0.48 mole oxygen /  
mole linoleate in the presence of copper-conalbumin 
were determined. The molecular extinction coefficients 
average 22,300, which are similar to the accepted ex- 
t inction coefficient of par t ia l ly  autoxidized linoleate 
(10, 11). Hence the major  product  of linoleate oxi- 
dation catalyzed by copper-proteins is probably  a con- 
jugated  diene linoleate hydroperoxide of the cis-trans 
configuration. Recent studies of the oxidation prod- 
ucts of methyl  linoleate oxidized in the presence of 
copper s tearate  also indicate that  the conjugated diene 
hydroperoxide is the major  product  (5). 
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FIG. 2. Spectral absorption of the linoleate oxidation prod- 
ucts of copper-protein catalysis. 

To explore the possibility that  h e m o c y a n i n  is a 
catalyst  for  linoleate oxidation, 1 ml. of pooled blood 
taken by  cardiac puncture  f rom the crayfish Paci- 
fastacus leniusculus (St impson)  was used as the cat- 
alyst. At  37~ linoleate was catalyt ical ly oxidized at 
an average rate  of 105 mm 3 O2/hr. Autoxidat ion dur- 
ing the period of assay was nil. I t  is probable that  
the hemocyanin of the crayfish blood is the linoleate 
oxidation catalyst,  but  definite proof  will require work 
with purified hemocyanin. 

Copper-proteins probably  catalyze the oxidation of 
linoleate by react ing with linoleate peroxides and cat- 
alyzing their  decomposition into cha in  ini t ia t ing free 
radicals. The over-a l l  reaction might  be represented 
as follows : 

Cu ++ -- Protein + ROOH ~_.-_-A~ RO0- -- Cu § -- Protein 

~, RO. + �9 OH + Cu § -- Protein. 

This type of mechanism is suggested by the present  
knowledge of copper  catalysis of the oxidation of un- 
sa tura ted  f a t t y  acids (9) and  hydrocarbons (3),  and 
the autoxidat ion of d ry ing  oils in the presence of 
metals (4). 

The increased catalysis by copper-protein complexes 
as compared to ionic copper is best explained by  the 
profound effects this combination has on the metal  
and the protein (6). Copper  is most s t rong ly  bound 
among the metals, and it may  be bound by  several 
possible polar  side-chains of the proteins. Conalbu- 
min shows a marked affinity for  copper. I t  binds 
two metal  ions per  protein molecule, and these are 
probably  bound by the phenoxide ion of tyrosine. 
Serum albumin has a single a v a i l a b l e  s u l f h y d r y l  
group, which readily binds heavy metals as mercap-  
tides. More  copper  ions may  be bound to Serum al- 
bumin by  the imidazolium and the carboxyl  ions. 
Casein possesses a large number  of anionic phosphate 
groups which may  bind copper. In  the fo rm of its 
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protein complexes and at the p H  used in this study, 
copper would be solubilized. A stabilization of the 
valence state of copper would also occur in the pro- 
tein complex. In  fact, it is doubtful  if copper changes 
valence dur ing its catalytic decomposition of perox- 
ides (4).  The fact  that  copper tends to form square- 
planar  complexes together with its increased linoleate 
oxidation catalysis when complexed with protein in- 
dicates a similari ty between copper-protein complexes 
and iron porphyr in  compounds. Iron. porphyr in  com- 
pounds which are powerful  catalysts for  linoleate oxi- 
dation appear  to undergo no valence change dur ing 
the reaction (12). At high concentrations of protein 
and low concentrations of copper, copper catalysis of 
unsaturated fat  oxidation is inhibited (8). This in- 
hibitory action of protein is modified as the molecular 
ratio of copper to protein is brought near unity.  Par t  
of the catalytic activity of copper-protein complexes 
call be ascribed to the combined effect of copper and 
protein in forming chelate bridges and in stabilizing 
the activated complex of linoleate peroxide-copper- 
protein (6).  

This s tudy of copper-protein catalysis of linoleate 
oxidation does not give any greater  insight into the 
intimate mechanism of peroxide decomposition but 
does allow a kinetic evaluation of the major  role of 
copper. In  this s tudy the concentration of protein 
and linoleate was held constant while the copper con- 
centrat ion was varied. At  low levels of copper the 
reaction rate depends upon the formation of the cata- 
lytic copper-protein complex. The catalysis will be a 
maximum when the maximum amount of copper is 
bound to the protein in locations and by groups which 
allow the formation of the activated complex with lin- 
oleate peroxide. Formation of the catalytically active 
copper-protein is analogous to an enzymic catalyst de- 
pendent upon a metallic prosthetic group or eoenzymc. 
The equilibrium constants for binding of catalytically 
active copper can be approximated by the well known 
methods of enzyme chemistry (14). 

For  the reaction 

Cu + P r o t e i n  ~--------~ C a t a l y t i c a l l y  A c t i v e  Cu - -  P r o t e i n  

K c ,  ~ : E q u i l i b r i u m  c o n s t a n t  f o r  t he  f o r m a t i o n  of  c a t a l y t i -  
c a l l y  a c t i v e  c o p p e r - p r o t e i n  

[Cu -- Protein] 
[Cu] [Protein] 

also lett ing 
v ~ m e a s u r e d  v e l o c i t y  of  l l n o l e a t e  o x i d a t i o n  

V ~ m a x i m u m  v e l o c i t y  

the following linear relationship existed between the 
reciprocal of the rate of linoleate oxidation and the 
reciprocal of the copper concentration, 

1 1 1 1 - -  _ _  •  
v V Kc. [Cu] V 

The experimental  data plotted in Figure  3 show a 
linear relationship at low copper concentration. The 
equilibrium constants evaluated  from these data are 
1.4 X 10 4, 2.2 X 10 3, and 7.0 X 10 s for  conalbumin, 
serum albumin, and caseinate, respectively. Assum- 
ing each molecule of copper bound to be equally cat- 
alytic, the equilibrium constant determined f rom these 
studies of linoleate oxidation catalysis should be equal 
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FIG. 3. Plot of the reciprocal of the rate of linoleate oxida- 

tiou versus the reciprocal of the concentration of ~dded copper. 
A. Copper-serum albumin 
B. Copper-conalbumin 
C. Copper-caseinate. 

to the equilibrium constant for copper binding deter- 
mined by more direct means. Klotz and Curme (7) 
have studied copper b inding by serum albumin at 
0~ and pH 4.8 by all equilibrium dialysis technique. 
Calculation of an e q u i l i b r i u m  co n s t an t  from their  
data for  the average conditions used in the author 's  
s tudy gives a value of 3 )< 10 3. 

S u m m a r y  

Copper-proteins formed by the binding of copper 
ions to conalbumin, serum albumin, or caseinate are 
more effective catalysts for linoleate oxidation than is 
copper alone. The main product  is conjugated diene 
linoleate hydroperoxide.  Hemocyanin shows similar 
catalytic activity. 

The increase in linoleate oxidation catalysis of cop- 
per-proteins compared to ionic copper is ascribed to 
increased ease of formation and increased stability of 
the intermediate complex of linoleate peroxide-copper- 
protein. 
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