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The biosynthetic pathways to various prostaglandins 
from uolyunsaturated fatty acids have been outlined by 
numerous reports from the laboratories of Bergstrbm(l967) 
and Samuelsson(l967),in Sweden,and van Dorp(1967),in The 
Netherlands. 

the Karolinska Institute working in collaboration with 
Professor B. Samuelsson. At that time we were able to de- 
velop thin-layer techniques which allowed quantitative 
measurement of the many different products appearing during 
prostaglandin biosynthesis. This led to the identification 
of the unusual pros t ag land in , l l -ke to -PGFl , , f rom reaction 
mixtures(Granstr8m et a1,1968),and a recognition that the 
oxidative cyclization most probably occurs after the liber- 
ation of the essential acid(Lands & Samuelsson,l968),by 
action of an acylhydrolase. Last year I began again to use 
those methods to examine in more detail the regulation of 
prostaglandin biosynthesis. A useful review of the factors 
in the biosynthesis of prostaglandins recognized up to that 
point was provided by Samuelsson in that year's Progress of 
Biochemical Pharmacology(Samuelsson,l969). 

certain aspects of the multi-enzyme system that are still 
being investigated. A principal feature in our work is re- 
garding each enzyme-catalyzed step as a potentially inde- 
pendent process to be examined individually. Thus,prosta- 
glandins are formed from precursor lipids by many sequent- 
ial reactions,as shown in Fig.1. 

forms seems necessary for any appreciable synthesis to 
occur(Lands & Samuelsson,l968). At the present time the 
recognized acylhydrolase activities are relatively low and 
not well characterized. The subsequent oxidative and re- 
arrangement steps are the main concern of this report. They 
were followed in our experiments by incubating radioactive 
arachidonate with tissue preparations. 

extracted from the reaction mixtures and separated from each 
other by TLC on silica gel G. After developing to 15 cm in 
benzene:dioxane:acetic acid:formic acid(82:14:1:l),the 
plate was dried briefly and redeveloped to 7.5 cm in 
acet0ne:methylene chloride(60:40)to get better separation of 
the products more polar than monohydroxy acids. With these 

Three years ago I was privileged to spend six months at 

The present report is designed to indicate briefly 

The release of the unesterified acid from esterified 

The various products of the different reactions were 
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Figure 1. 

solvents there was no separation of the products derived 
from arachidonate(e.g.,PGE2)from the corresponding products 
from eicosatrienoate(PGE1). The silicic acid was scraped 
from regions of the platelas indicated in Fig.2,and the 
radioactivity determined by liquid scintillation spectometry. 

recovery of unreacted substrate at an RF value of 0.9. The 
radioactive materials in the 6-min incubation mixture were 
principally unreacted acid and PGE. The changes in 

Biosynthetic routes to various prostaglandins. 

The non-incubated control(1eft side of Fig.2)shows the 
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Figure  2 .  Thin-layer chromatographic sepa ra t ion  of r e a c t i o n  
products .  

r ad io i so tope  produced upon incuba t ion  a r e  shown i n  t h e  l a s t  
column a t  t h e  r i g h t .  The decrease  i n  f r e e  ac id  from t h e  top  
of t h e  p l a t e  i s  r e f l e c t e d  i n  corresponding inc reases  i n  t h e  
hydroxy a c i d  and more po la r  r eg ions  of t he  chromatogram. 
This  TLC technique  was used t o  fo l low, inso fa r  as p o s s i b l e ,  
t h e  va r ious  enzyme-catalyzed s t e p s  r e l a t e d  t o  p ros t ag land in  
product ion .  By s e l e c t i n g  e a r l y  t i m e  p o i n t s  w e  a t tempted t o  
o b t a i n  va lues  r e f l e c t i n g  i n i t i a l  v e l o c i t i e s  and enzymic 
a c t i v i t i e s , r a t h e r  t han  t h e  amounts of product  t h a t  might 
accumulate wi th  t i m e .  

The formation of PGE compounds 

i l l u s t r a t e d  by t h e  e f f e c t  of g l u t a t h i o n e  on t h e  o v e r a l l  
s y n t h e t i c  pa ths  f o r  p ros t ag land in  product ion.  W e  wished t o  
know i f  t h e  g r e a t e r  amount of PGE produced i n  t h e  presence 
of glutathione(Samuelssonl1967;van DorpIl967;Lapidus e t  a l ,  
1 9 6 8 ) i s  i n  a d d i t i o n  t o l o r  a t  t h e  expense o f , t h e  o t h e r  pro- 
d u c t s  observed. The former would sugges t  a s t i m u l a t i o n  of 
o v e r a l l  oxygenat ion and c y c l i z a t i o n  r e a c t i o n ( l , 2 , 3  and 5 i n  
F ig . l ) ,whereas  t h e  l a t t e r  would i n d i c a t e  a s p e c i f i c  st imu- 
l a t i o n  of t he  breakdown of c y c l i c  peroxide  t o  PGE(react i0n 
5 ) .  S ince  the  C17 and C 2 0  hydroxy a c i d s  o r i g i n a t e  by d i f f e r -  
e n t  r o u t e s , t h e  hydroxy ac id  r eg ion  of t h e  t h i n  l a y e r s  was 
sc raped , the  a c i d s  eluted,derivatized,separated by GLC and 
t h e i r  r a d i o a c t i v i t y  determined s e p a r a t e l y .  I n  t h i s  way,the 
amount of hydroxyheptadecadienoate could be included wi th  

An example of t h e  a p p l i c a t i o n  of t he  TLC techniques i s  
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t h a t  of o t h e r  p r o d u c t s  a r i s i n g  a f t e r  t h e  c y c l i z a t i o n  re- 
a c t i o n .  

v e s i c u l a r  g l a n d s  a r e  shown i n  Tab le  1. A s  t h e  molar  r a t i o  of 

Tab le  1. E f f e c t  of g l u t a t h i o n e  on p r o s t a g l a n d i n  fo rma t ion .  

R e s u l t s  from two expe r imen t s  w i t h  homogenates of sheep  

P roduc t s  * 
Cofac to r  

R a t i o  a b C d (b+c+d) PGE 
(GSH/Acid) ( 2 E )  (17c )  (PGF) 

0 . 4  . 6  2.7 .9  4 . 2  1 . 5  
1 . 4  . 3  2 . 1  .8  3.2 2 . 4  

1 0  .8 .5 2.0 . 4  2 .9  3.9 
0 2.3 2.3 8.0 2.8 1 3 . 1  3.3 

1 0  .9  . 2  2 .1  . 5  2 . 8  13 .5  
30 1 . 5  . 4  3.0 . 7  4 . 1  11.5 

* t h e  p r o d u c t s  l i s t e d  under a and b a r e  a c y c l i c  hydroxy 
a c i d s  ( ~ 1 7  and C20, r e s p e c t i v e l y )  . Column c i n d i c a t e s  t h e  
amount i n  t h e  11-dehydro-PGF r e g i o n  and d , t h a t  i n  t h e  PGF 
r e g i o n .  A l l  v a l u e s  are a s  nmoles. 

g l u t a t h i o n e  t o  s u b s t r a t e  a c i d  was i n c r e a s e d , t h e  ra te  o f  PGE 
p r o d u c t i o n  a l s o  r o s e .  However , t h e  p r o d u c t i o n  of r a d i o a c t i v e  
p r o d u c t s  i n  r e g i o n s  b , c  and d , a l l  r e g a r d e d  t o  b e  d e r i v e d  
from t h e  c y c l i c  endoperoxide,  d e c r e a s e d , w h i l e  t h a t  o f  PGE i n -  
c r e a s e d .  S i n c e  a l l  t h e  p r o d u c t s  mentioned would r e q u i r e  
r e d u c t i o n  of  t h e  1 5 - h y d r o p e r o ~ i d e ~ t h e  r educed  g l u t a t h i o n e  
does n o t  s e e m  t o  a c t  p r i n c i p a l l y  by s t i m u l a t i n g  Type 3 
r e d u c t i o n s  t o  an a l c o h o l .  R a t h e r , t h e  dec reased  p r o d u c t i o n  
by r o u t e s  4 , 6  and 7 s u g g e s t  t h a t  g l u t a t h i o n e  i s  s e l e c t i v e l y  
a c c e l e r a t i n g  t h e  r ea r r angemen t  r e a c t i o n  5.  

S t u d i e s  w i t h  h i g h l y  p u r i f i e d  systems a r e  needed t o  be  
c e r t a i n  whe the r  t h e  g l u t a t h i o n e  i s  s p e c i f i c a l l y  s e r v i n g  i n  
r e a c t i o n  5 a s  a n u c l e o p h i l i c  c o f a c t o r  w i t h o u t  o x i d a t i o n  o r  
r e d u c t i o n .  Such a r e a c t i o n  c o u l d  occur  i n  a manner analog-  
ous t o  t h e  w e l l  e s t a b l i s h e d  r o l e  of g l u t a t h i o n e  i n  glyoxa- 
lase action(Lohmann,l932;RackerI 1951;Rose, 1957) (see F ig .3 )  . 
The conve r s ion  of me thy lg lyoxa l  t o  lactate  i s  c a t a l y z e d  by 
two p r o t e i n  f r a c t i o n s , g l y o x a l a s e  I and g l y o x a l a s e  11. The 
f i r s t  enzyme r e q u i r e s  g l u t a t h i o n e  t o  c a t a l y z e  a n  i n t e r n a l  1, 
2 h y d r i d e  s h i f t  and forms t h e  l a c t y l  t h i o l e s t e r .  The second 

CH 
HO-C-H l 3  11 FH3 tr - 

GSH 
H 

F i g u r e  3 .  The role of g l u t a t h i o n e  i n  g l y o x a l a s e  a c t i o n .  An 
enzyme-catalyzed g l u t a t h i o n e  s p e c i f i c  i n t e r n a l  1, 
2 h y d r i d e  s h i f t .  
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enzyme, an a c y l  h y d r o l a s e ,  l i b e r a t e s  l a c t a t e  and u n a l t e r e d  
g l u t a t h i o n e  which can  c o n t i n u e  t o  s e r v e  a s  a c o f a c t o r  w i th -  
o u t  n e t  consumption. The g l u t a t h i o n e - a s s i s t e d  s h i f t  of a 
h y d r i d e  t o  a n  a d j a c e n t  i n c i p i e n t  carbonium atom may b e  re- 
l a t e d  to a g l u t a t h i o n e - a s s i s t e d  s h i f t  of a h y d r i d e  t o  a n  
a d j a c e n t  i n c i p i e n t  oxonium a tom,as  i l l u s t r a t e d  i n  F i g . 4 .  

F i g u r e  4 .  Proposed mechanism f o r  a g l u t a t h i o n e  a s s i s t e d  1, 
2 h y d r i d e  s h i f t  i n  PGE f o r m a t i o n .  

I n  t h e  l a t t e r  case,however ,  t h e  r e s u l t a n t  i n t e r m e d i a t e  is a 
metastable t h i o h e m i k e t a l  ( r a t h e r  t h a n  a s t a b l e  , i s o l a b l e  
t h i o 1 e s t e r ) s o  t h a t  proof  f o r  i t s  e x i s t e n c e  would b e  h a r d e r  
t o  o b t a i n .  A cor re spond ing  1,2 s h i f t  t o  a p o s i t i v e  oxygen 
atom o c c u r s  w i t h  a phenyl  group d u r i n g  t h e  a c i d - c a t a l y z e d  
decomposi t ion of cumene hydroperoxide(Seubo1d & Vaughan, 
19531,as  shown i n  F i g . 5 .  I n  p r i n c i p l e , a  h y d r i d e  s h i f t  cou ld  

F i g u r e  5. Rearrangement of cumene hydrope rox ide .  

o c c u r  i n  ana logous  f a s h i o n , w i t h  a l l  l i p i d  peroxides ,when no 
pheny l  g roups  a r e  a v a i l a b l e  f o r  m i g r a t i o n  t o  t h e  i n c i p i e n t  
oxonium. A n u c l e o p h i l e  would t h e n  combine w i t h  t h e s e  i n t e r -  
med ia t e  carbon i o n s  i n  t h e  same way GSH i s  proposed t o  re- 
a c t  w i t h  t h e  r e a r r a n g e d  i n t e r m e d i a t e  t o  form PGE ( F i g . 4 )  

may p r e v a i l  under  c o n d i t i o n s  which produce 11-dehydro-PGF 
(GranstrGm e t  a l ,  1 9 6 8 ) .  When reduced g l u t a t h i o n e  h a s  been 
removed from t h e  enzyme complex t h e  c y c l i c  endoperoxide may 
be a t t a c k e d  by a n u c l e o p h i l e  of  t h e  enzymic p r o t e i n  t o  g i v e  
m i g r a t i o n  of t h e  11-hydride r a t h e r  t h a n  t h e  normally p re -  
f e r r e d  9-hydride.  I n  some i n c u b a t i o n s  w e  were a b l e  t o  ob- 
t a i n  6 0 %  of t h e  r a d i o a c t i v e  p r o d u c t  chromatographing i n  t h e  
11-dehydro-PGF r e g i o n .  

An i n t e r e s t i n g  v a r i a t i o n  o f  t h i s  r e a c t i o n  mechanism 
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Most r e a c t i o n s  of t h e  c y c l i c  peroxide  in t e rmed ia t e  are 
non-oxidat ive rearrangements  and do n o t  r e q u i r e  a d d i t i o n a l  
c o f a c t o r s .  A v a r i e t y  of o t h e r  oxygenated c y c l i c  a c i d s , i n -  
c luding  PGB (Green 6, Samuelsson,l964) and 8-iso-PGE (Danie ls  e t  
a1,1968)have chromatographic p r o p e r t i e s  s i m i l a r  t o  l l -dehy-  
dro-PGF. I n  a d d i t i o n , t h e  m e t a l  c a t a lyzed  decomposition of 
hydroperoxide produces h igh ly  p o l a r  m a t e r i a l  ( 0  ‘Br ien ,  1 9 6 9 )  
t h a t  a l s o  may chromatograph wi th  11-dehydro-PGF. Therefore ,  
t h i s  reg ion  of t h e  p l a t e  cannot  be unequivocal ly  ass igned  
t o  t h a t  p a r t i c u l a r  product .  

Formation of PGF compounds 
One r e a c t i o n  of t h e  c v c l i c  peroxide t h a t  i s  of major 

i n t e r e s t  t o  us i s  des igna ted  # 6  i n  Fig.1.  This r e a c t i o n  d i f -  
f e r s  from t h e  o t h e r s  i n  r e q u i r i n g  a n  a d d i t i o n a l  source  of 
e l e c t r o n s  t o  r educ t ive ly  c l eave  t h e  endoperoxide t o  a d i o l .  
Our f i r s t  a t tempts  a t  c h a r a c t e r i z i n g  the  s e p a r a t e  c a t a l y s t s  
and r equ i r ed  co fac to r s  w e r e  d i r e c t e d  a t  s epa ra t ing  the  sub- 
c e l l u l a r  membrane f r a c t i o n s  t o  see whether one f r a c t i o n  pro- 
duced more PGF r e l a t i v e  t o  PGE. The p r i n c i p a l  s y n t h e t i c  
a c t i v i t y  sedimented from 0 . 2 5  sucrose  homogenates i n  t h e  
c e n t r i f u g a l  range  of 5 , 0 0 0  g f o r  5 min t o  2 5 , 0 0 0  f o r  30 min. 
General ly ,  t h e  a c t i v i t y  was d i s t r i b u t e d  between t h e  succin-  
a t e  dehydrogenase,a mitochondria1 marker and acyl-GPC:acyl 
CoA a c y l t r a n s f e r a s e ,  a microsomal marker ( E i b l  e t  a 1 , 1 9 6 9 )  . 
A s  t h e  f r a c t i o n s  w e r e  s epa ra t ed ,  t h e  need f o r  added co fac t -  
o r s  became more apparent .  I n  a l l  f r a c t i o n s  s t u d i e d , t h e  c a t -  
a l y s t s  f o r  r e a c t i o n s  5 and 6 ( s e e  F ig . l ) appea red  i n  s i m i l a r  
propor t ions ,wi th  no apparent  enrichment of t h e  r educ t ive  
enzyme(#6) in  any p a r t i c u l a r  f r a c t i o n .  S ince  an added source  
of e l e c t r o n s  i s  needed f o r  PGF product ion wi th  t h e  washed 
p a r t i c l e s , a  number of c o f a c t o r s  w e r e  cons idered .  The follow- 
ing  concepts  l e d  t o  dramatic  experimental  r e s u l t s .  

W e  specu la t ed  t h a t  Cu++ might s t a b i l i z e  a d i r a d i c a l  
form of t h e  endoperoxide and a s s i s t  t he  r educ t ive  cleavage 
i n  favor  of o t h e r  rearrangements .  Add i t iona l ly Ian  e a r l y  
choice  of e l e c t r o n  donors was t h e  d i t h i o l  c l a s s  of compounds 
known t o  form s t a b l e  c h e l a t e s  w i th  Cu++. This  combination 
of cofac tors ,more  than any o t h e r s  tes ted ,proved  capable  of 
s h i f t i n g  t h e  product ion of p ros t ag land in  d e r i v a t i v e s  i n  
favor  of PGF.  Although a more d e t a i l e d  r e p o r t  w i l l  appear  
elsewhere,some e f f e c t s  of copper and d i t h i o l s  are shown i n  
Table 2 .  I nc reas ing  t h e  equimolar concen t r a t ion (wi th  d i t h i o -  
t h r e i t o 1 ) f r o m  0 t o  1 0  s h i f t e d  t h e  r e l a t i v e  amount of PGF 
from 0.3 t o  3.2 t i m e s  t h e  amount of PGE. W e  observed t h a t  1, 
3 d i t h i o g l y c e r o l  was c o n s i s t e n t l y  more e f f e c t i v e  than 1,2 
isomer and dihydrol ipoamide w a s  t h e  most e f f e c t i v e  of 1 2  d i -  
t h i o l s  t e s t e d .  When added a l o n e , t h e  d i t h i o l s  w e r e  po ten t  in -  
h i b i t o r s  of t h e  i n i t i a l  f a t t y  ac id  o x i d a t i o n ( r e a c t i 0 n  1 ,F ig .  
1 )and  high l e v e l s  of d i th io1 , even  i n  t h e  presence of Cu++ 
diminished t h e  t o t a l  amount of ox id ized  products .  The l a t t e r  
condi t ions,however ,did al low product ion of PGF i n  l a r g e  ex- 
cess  over PGE. The method of d e t e c t i n g  all products  and un- 
r e a c t e d  s u b s t r a t e  on one chromatogram w a s  p a r t i c u l a r l y  
h e l p f u l  i n  i n t e r p r e t i n g  t h e  decrease  i n  o v e r a l l  ox id i zed  
products  wi th  the  concomitant s h i f t  i n  r a t i o s  of products .  

The r e s u l t s  i n  Table 3 show t h a t  when g l u t a t h i o n e  was 
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Tab le  2. E f f e c t  of d i t h i o l s  on p r o s t a g l a n d i n  F/E r a t i o s .  

E F 
Exp. Cof a c t o r s  nmoles nmoles F/E 

Cu++ + DTT 
none 

1 0.5 mM 
5 m M  

1 0  mM 

Cu++ + 1 , Z - D T G  
2 CU++ + 1,3-DTG 

Cu++ + DHLA 

cu++ 
3" CU++ + 1.2-DTG 

1 . 7  .6 . 3  
1 . 9  1 . 5  0 . 8  
1 . 3  3.4 2 . 6  
1 . 0  3.2 3.2 

. 23  . 4 2  1 . 8  

.33 . 9 0  2 . 7  

.28 1.28 4 . 6  
7.7 1 4 . 4  1 . 9  
6 .7  16.2 2 . 4  

Cu++ + DHLA 10 .5  59.4 5.7 
*exDeriment 3 c o n t a i n e d  300 nmoles of  s u b s t r a t e  and was 
a l lbwed  t o  proceed f o r  30 min. 

t h e  c o f a c t o r ,  t h e  p r i n c i p a l  products,PGE and 11-dehydro-PGF, 
w e r e  c o n v e r t e d  by t r e a t m e n t  w i t h  sodium borohydr ide  t o  
m a t e r i a l  co-chromatographing w i t h  PGF. On t h e  o t h e r  hand, 
t h e  d i s t r i b u t i o n  of r a d i o a c t i v e  p r o d u c t s  of t h e  copper- 
d i t h i o l  s y s t e m ( p r i n c i p a l 1 y  PGF) w a s  n o t  a p p r e c i a b l y  a l t e r e d  
by bo rohydr ide  t r e a t m e n t .  Apparen t ly  o n l y  ve ry  s m a l l  amounts 

Tab le  3. S e p a r a t i o n  of  p r o d u c t  from sheep v e s i c u l a r  g l a n d s .  

Cof ac t o r  TLC NaBH4 
Added Region U n t r e a t e d  T r e a t e d  

11-dehydro-PGF 4 . 4  0 . 4  
GSH PGE 20.8 1 . 9  

P GF 1 . 6  23.3 

Cu++/DHL A P GE 3.9 3.2 
P GF 18.2 19.8 

1 1-dehy dro- P GF 0 . 8  1 . 2  

of PGE are  produced i n  t h e  p r e s e n c e  of  t h e  d i t h i o l  c o f a c t o r .  
T h i s  r e s u l t  a l s o  h e l p s  emphasize t h a t  o t h e r  p o l a r  r e a r r a n g e -  
ment p r o d u c t s  may occur  i n  r e g i o n s  o f  t h e  TLC p l a t e  u s u a l l y  
a s s i g n e d  t o  11-dehydro-PGF and P G E .  To f u r t h e r  c h a r a c t e r i z e  
t h e  PGF produced, t h e  t r i m e t h y l s i l y l  e t h e r s  o f  t h e  methyl  
esters w e r e  chromatographed on SE-30 and OV-1 l i q u i d  phases  
on GLC. The PGF produced from e i c o s a t r i e n o a t e  co-chromato- 
graphed w i t h  a PGFlc, s t a n d a r d  and t h a t  from a r a c h i d o n a t e  
co r re sponded  t o  PGF2,. Mass s p e c t r a * o f  t h e  p r o d u c t s  resemb- 
l e d  t h e  spectrum p u b l i s h e d  e a r l i e r  (Granstr6m e t  a1,1968) 
and  showed c h a r a c t e r i s t i c  f r agmen t s  for PGFicl and PGF2, 
( F i g .  6 )  

T h u s l i t  seems clear t h a t  i n  t h e  p re sence  o f  coppe r ,  

*An LKB m a s s  s p e c t r o m e t e r  i n  combinat ion w i t h  gas  chromato- 
graphy and a computer ized d a t a  h a n d l i n g  system was used w i t h  
t h e  a s s i s t a n c e  of t h e  s t a f f  i n  t h e  l a b o r a t o r y  of D r .  C .  C .  
Sweeley a t  Michigan S t a t e  U n i v e r s i t y .  
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R. 

Figure 7 .  A role for copper in reduction of the endo-perox- 
peroxide to PGF. 

dihydrolipoamide can effectively prevent the formation of 
PGE and allow reduction of the endoperoxide to form PGF. 
The heuristic concept indicated in the upper part of Fig. 
7 served adequately for experimental designsfbut may be less 
favored than the mechanism shown in the lower half of the 
figure. The latter mechanism is somewhat analogous to that 
deduced by Sigel for the Cu++ catalyzed decomposition of 
hydrogen peroxide(Sigel,l969). Regardless of which mechan- 
ism is preferred on chemical considerationsfboth proposals 
need some further development to account for a physiologi- 
cal supply of the reductant dithiol. A likely possibility 
Gould be an enzyme dithiol which can be maintained in vitro 
in a reduced form by the exogenous dithiol added to our in- 
cubations. 

The initial oxidation reaction 

by monitoring the total products on TLC,was that incubation 
mixtures that were poor producers of either prostaglandin E 
or F were generally poor in producing any oxidized acid 
from the starting substrate. It seemed as if the most labile 
catalysts were those involved in the initial attack by oxy- 
gen and that many incubations would have succeeded if an 
adequate supply of peroxide intermediates could have been 
assured. With this in mind we attempted to study the first 
reaction(Fig.l)in isolation from the many subsequent enzy- 
mic steps so that we could more systematically determine 
what was needed to keep it functioning. One approach had an 

One general observation in our studies,made possible 

pigure 6. Mass spectrum of the PGF derivatives produced 
from incubations with Cu++ and dihydrolipoamide. 
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unusual  consequence. 

c u b a t i o n  mixtures  t o  a r t i f i c a l l y  a c c e l e r a t e  type  3 r e a c t i o n s  
and h o p e f u l l y  produce e x c l u s i v e l y  hydroxyeicosa te t raenoic  
a c i d .  G l u t a t h i o n e  peroxidase  ( L i t t l e  e t  a l ,  1970) c a t a l y z e s  t h e  
n u c l e o p h i l i c  c leavage  of t h e  l i p i d  hydroperoxide,as  shown 
i n  F ig .8 .  The enzyme i s o l a t e d  from r a t  l i v e r  c a t a l y z e s  t h e  

W e  added p r e p a r a t i o n s  of g l u t a t h i o n e  peroxidase  t o  i n -  

[ESOH + ROH) 

r [ E S 0 R  + HOH] 

GSSG 

ROOH + GSH + GSH GSSG + ROH + HOH 

F i g u r e  8. A mechanism f o r  g l u t a t h i o n e  peroxidase .  

r e a c t i o n  of a wide v a r i e t y  of hydroperoxides  ( i n c l u d i n g  H 2 0 2 )  
w i t h  a v a r i e t y  of mercaptans ( L i t t l e  & O'Brien, 1968) . When 
t h e  peroxidase  w a s  added t o  i n c u b a t i o n s  of  v e s i c u l a r  g land  
p r e p a r a t i o n s  i t  d i d  n o t  l e a d  t o  a n  accumulation of  hydroxy- 
a c i d s t b u t  r a t h e r  i n h i b i t e d  a l l  oxygenat ion of t h e  s u b s t r a t e .  
The i n h i b i t i o n  w a s  a lmost  complete ,with 765 u n i t s  of  peroxi -  
dase(Tab1e 4 ) .  S i n c e  t h i s  i n h i b i t i o n  was n o t  caused by t h e  
g l u t a t h i o n e  peroxidase  a lone ,  and c e r t a i n l y  n o t  by t h e  g l u t -  
a t h i o n e  alone,we i n f e r r e d  t h a t  some a c t i v e  form o f  t h e  v e s i -  
c u l a r  gland enzyme 1 was i n a c t i v a t e d  by t h e  f u n c t i o n i n g  
g l u t a t h i o n e  peroxidase  system. 

Table  4 .  E f f e c t  of  g l u t a t h i o n e  peroxidase  upon pros tag land-  
i n  format ion  by sheep v e s i c u l a r  gland enzymes. 

O'Control  +O u +35 u +173 u +765 u Product  

13963 8984 10026 11893 13045 
1 2 7  7 1  102 175 84 
549 1393 1225 850 600 Hydroxy a c i d  
2 7 6  1048 8 1 7  686 630 11-dehydro-PGF 

2 2  200 155 138 10  4 
63 2 6 1 1  2 0 0 2  1175 50 5 P GE 

2 431 30 0 2 4 1  6 7  
28 1 89 2 2 8  358 133 P G F  

1 7 0  29 2 334 260 374 
v a r i e d  amounts of  peroxidase(0  t o  765 u n i t s  of  enzyme)were 
added t o  homogenates of an ace tone  powder p r e p a r a t i o n  p r i o r  
t o  t h e  a d d i t i o n  of  t h e  s u b s t r a t e ,  20 :  4,which chromatographs 
a t  t h e  uppermost s e c t i o n  of t h e  t h i n  l a y e r  p l a t e .  
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To examine t h i s  phenomenon i n  m o r e  d e t a i l  w e  employed 
soybean l ipoxygenase  as a model dioxygenase system f o r  
s t u d y i n g  t h e  i n i t i a l  a t t a c k  by 0 2 .  Hamberg and Samuelsson 
(1967)have r e p o r t e d  t h a t  an  i n i t i a l  removal of t h e  13-L 
hydrogen is common t o  b o t h  l ipoxygenase and t h e  v e s i c u l a r  
g land  system, a l though t h e  0 2  molecule  is  i n s e r t e d  a t  d i f -  
f e r e n t  p o s i t i o n s  w i t h  t h e  two systems.  The r e s u l t s  i n  Fig.9 
show t h a t  g l u t a t h i o n e  p e r o x i d a s e , i n  t h e  presence  of m e r -  
c a p t a n  completely i n h i b i t s  t h e  a c t i o n  of soybean l ipoxy-  
genase.  Thus , in  one more f e a t u r e  t h e  mechanism of t h i s  un- 
u s u a l  dioxygenase resembles t h a t  f a c i l i t a t i n g  t h e  product ion  
of p r o s t a g l a n d i n s  i n  v e s i c u l a r  g land .  The i n h i b i t o r y  a c t i o n  
i s  dependent  upon t h e  presence  of f r e e  mercaptan and i s  
r e v e r s e d  by t r e a t m e n t  w i t h  NEM,as shown i n  t h e  lower h a l f  
of F ig .9 .  The r a t e  of format ion  of conjugated  d i e n e , a s  
measured by t h e  i n c r e a s i n g  absorbance  a t  234  m u  was n o t  

GSEI 
Feroxidase 

t ime 

F i g u r e  9 .  E f f e c t  of g l u t a t h i o n e  peroxidase  on l ipoxy-  
genase r a t e s .  The + and - s i g n s  a t  t h e  upper 
p a r t  of t h e  f i g u r e  i n d i c a t e  t h e  p r e s e n c e  or 
a b s e n c e , r e s p e c t i v e l y , o f  t h e  peroxidase .  
The lower c u r v e  i n d i c a t e s  t h e  format ion  of 
conjugated  d i e n e  i n  t h e  presence  of g l u t -  
a t h i o n e  w i t h  a d d i t i o n s  as noted .  
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I I I 1 

time 

A 

I I I 1 

time 

i’ t 

2 

Substrate 
Figure 10. The self-catalyzed destruction of lipoxygenase 

with eicosatrienoic acid. Part A indicates form- 
ation of conjugated diene with time. Additional 
enzyme was added,as indicated by arrows,to get 
complete reaction of initial substrate. Part B 
shows the instantaneous rates during the course 
of reaction involving several enzyme additions. 
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diminished by the presence of glutathione,but did stop im- 
mediately after adding glutathione peroxidase. 

The lipoxygenase activity was slowly recovered after 
NEM was added to combine with the free mercaptan. The lag 
following NEM addition may be due in part to slow removal of 
mercaptan,but the definite lag after adding lipoxygenase 
suggests that some intermediate must accumulate prior to 
attainment of the maximal enzymic rate. A series of experi- 
ments convinced us that soybean lipoxyqenase is activated by 
lipid peroxide. This was shown most clearly when the lag 
phase was eliminated completely by small amounts of added 
product. A number of conflicting reports on the lag pheno- 
menon with lipoxygenases appear in the literature(Tappe1 et 
alIl952;Haining & Akelrodr1958;Koch et a1,1958;Koch,1968)but 
most can be reconciled with the earlier report of product 
activation(Haining & Akelrod,1958). Our results with gluta- 
thione peroxidase suggest that the product activation may be 
an obligatory feature of the mechanism for both systems. 

In addition to the lag phase,we found another interest- 
ing feature of soybean lipoxygenase was its tendency to in- 
activate itself prior to complete use of added substrate. 
Thus,as shown in Fig.lO,the rate of reaction drops to zero 
until fresh enzyme is added. The reaction then proceeds with 
no lag phaseland to an extent dependent upon the amount of 
enzyme added,until it stops again. The instantaneous veloci- 
ties obtained at various points along the curve are replott- 
ed versus substrate concentration and show reproducibly lin- 
ear decreases in velocity. The decrease in velocity in the 
presence of saturating levels of substrate is a measure of 
the decrease in active enzyme. The average slope for the ex- 
perimental points gave a value of 0.17 min-1 for the de- 
struction of lipoxyqenase in the presence of 8,11,14-eico- 
satrienoate and 02. More detailed studies to be reported 
elsewhere indicate that the enzyme-limited extent of react- 
ion can be interpreted most simply as self-catalyzed de- 
struction at the stage of active enzyme-substrate-02 complex. 
This phenomenon occurs to different degrees with different 
substrates,so each may be characterized by a different rate 
constant in the self-destruction reaction of lipoxygenase. 
The approximate values in Table 5 show a tenfold range from 
linoleate to docosahexaneoate. 

There are some important similarities in the inability 
of lipoxygenase to sustain its catalytic activity under con- 
ditions necessary for reaction and the recognized lability 
of the vesicular gland dioxygenase(reaction 1,Fig.l). Both 
systems are characterized by varied specific activities be- 
tween preparations and by a rapid loss  of activity in react- 
ing systems,so further reaction requires not fresh cofactors, 
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Table 5. The self-catalyzed destruction of lipoxygenase 
in the presence of unsaturated acids. 

Fatty Acid Approximate 
Substrate k Value 

18:2 (n-6) 1.2 sec -1 
20:2 (n-6) 1.1 
18 : 3 (n-3) 3.7 
18:3 (n-6) 2.9 
20: 3 (n-3) 5.7 
20 : 3 (n-6) 3.5 
20 : 4 (n-6) 7.8 
20:5(n-3) 11.4 
22:6 (n-3) 13.8 

but fresh catalyst. A number of unsaturated fatty acids 
that occur naturally in tissues may be oxidized but do not 
serve as precursors for the eventual formation of prosta- 
glandins. It seems possible the vesicular gland dioxygenase 
may be inactivated irreversibly by action on those acids,as 
well as precursor acids. Such inactivation could diminish 
the capacity of the tissue to form the hormonal compounds 
and help emphasize the significance of the formation of new 
protein as a regulatory mechanism in prostaglandin 
synthesis. 

SUMMARY 

tures allowed quantitative estimates of the many products 
of the multi-enzyme complex that oxidatively rearranges 
fatty acids into prostaglandins. The enzymes appear togeth- 
er in subcellular fractions that sediment more rapidly than 
endoplasmic reticulum from liver. Although enzyme preparat- 
ions produce PGF/PGE in a ratio of 0.5,added glutathione 
stimulates the internal 1,2 hydride shift(simi1ar to that 
observed with glyoxa1ase)to increase PGE formation. On the 
other handladding Cu++ plus dithiol(especial1y dihydrolipo- 
amide)stops PGE formation and stimulates reduction to form 
PGF. The supply of metabolic intermediates for these react- 
ions,in turn,is limited by the activity of the enzyme cat- 
alyzing the initial combination of 02 with the polyunsatur- 
ated fatty acid. This dioxygenase appears to react by a 
mechanism including a reducible intermediate formland is un- 
stable under the conditions necessary for reaction. 

TLC of total radioactive lipids from incubation mix- 
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