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STUDIES OK PEROXIDASE, 2 ,4 - DICHLOROPHENOL STIMULATED 

AND L-THYROXINE STIMULATED DPNH OXIDASE 

ACTIVITIES JEN RAT UTERUS

CHAPTER I  

INTRODUCTION

S in c e  th e  d e m o n s tra t io n  by Lucas e t  a l . ( l ) ,  in  1955, o f  t h e  

e x i s t e n c e  o f  p e ro x id a s e  in  t h e  r a t  u t e r u s ,  many r e p o r t s  have a p p e a re d  

c o n c e rn in g  th e  n a tu r e  and p o s s ib l e  fu n c t io n  o f  p e ro x id a s e .  Lucas 

r e p o r te d  t h a t  p e ro x id a s e  a p p e a re d  to  be more p r e v a le n t  in  p r o l i f e r a t i n g  

t i s s u e s .  U te r in e  p e ro x id a s e  a c t i v i t y  v a r i e s  c o n s id e r a b ly  d u r in g  th e  

e s t r o u s  c y c le ,  p resum ab ly  in  r e s p o n s e  to  ch an g es in  c i r c u l a t i n g  e s t r o g e n .

P e ro x id a s e  has  b e e n  c o n s id e re d  more c h a r a c t e r i s t i c  o f  p l a n t s  

th a n  o f  a n im a ls  ( 2 ) .  D e m o n s tra tio n  o f  th e  c o n v e rs io n  o f  p e ro x id a s e  to  

a p e ro x id a s e - o x id a s e  by m anganese ( 2 ) h as  in d ic a te d  new p o s s i b i l i t i e s  

f o r  i d e n t i f y i n g  t h e  p h y s io lo g ic a l  r o l e s  o f  t h i s  enzyme. When a c t i n g  as  

an  o x id a s e ,  p e ro x id a s e  u t i l i z e s  m o le c u la r  oxygen r a t h e r  th a n  h y d rogen  

p e ro x id e  ( 3 ) .

The o x id a t io n  o f  re d u c e d  d ip h o s p h o p y r id in e  n u c le o t id e  by u t e r i n e  

p e ro x id a s e - o x id a s e  r e q u i r e s  th e  p re s e n c e  o f  a p h e n o lic  compound ( 4 ) .  T h is  

c a t a l y t i c  p h e n o l re q u ire m e n t i s  r e l a t i v e l y  n o n - s p e c i f i c ;  a p p a r e n t ly  th e  

m ain n e c e s s i t y  i s  an  a ro m a tic  h y d ro x y l g roup  ( 5 ) .  Tem ple e t  ^ . ( 6 ) have
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s u g g e s te d  t h a t  no d i f f e r e n c e  e x i s t s  in  th e  m echanism  m e d ia tin g  s t im u la t io n  

by d i f f e r e n t  p h e n o ls . S e v e r e t  a l .  ( 7 ) ,  how ever, have  r e p o r te d  e v id e n c e  

t h a t  im p l ie s  a  d i s t i n c t i o n  i n  m echanism  betw een  th e  two p h e n o lic  s tim u ­

l a t o r s ,  d ic h lo ro p h e n o l  and th y r o x in e .  I n  a d d i t i o n .  S ev er ^  a l . ( 7 )  

r e p o r te d  d ic h lo ro p h e n o l  s t im u la te d  red u c e d  d ip h o sp h o p y r id in e  n u c le o t id e  

o x id a s e ,  b u t  n o t  th y ro x in e  s t im u la te d  re d u c e d  d ip h o sp h o p y r id in e  n u c le o ­

t i d e  o x id a s e  a c t i v i t y  t o  be f u r t h e r  s t im u la te d  by in o rg a n ic  p h o sp h a te  ( P i ) .

S a k e r  and S c h u l tz  ( 8 ) r e p o r te d  r e c e n t l y  t h a t  p e ro x id a s e  was 

i n a c t iv a t e d  by lo s s  o f  in o rg a n ic  p h o sp h a te  by d i a l y s i s .  O rth o p h o sp h a te  

co u ld  be r e p la c e d  by a d e n o s in e  d ip h o sp h a te  and a d e n o s in e  t r ip h o s p h a te  

b u t n o t  by a d e n o s in e  m onophosphate.

S e v e ra l  m echanism s b ased  on f r e e  r a d i c a l s  have  been p ro p o se d  to  

e x p la in  th e  p a r t i c i p a t i o n  o f  c a t a l y t i c  q u a n t i t i e s  o f  m anganese and p h e n o l, 

and th e  re q u ire m e n t o f  o n e - h a l f  m ole o f  m o le c u la r  oxygen p e r  mole o f  

red u c e d  d ip h o sp h o p y r id in e  n u c le o t id e  o x id iz e d . D i r e c t  e v id e n c e  o f  th e  

p a r t i c i p a t i o n  o f  f r e e  r a d i c a l s  p roduced  from  p e ro x id a s e  s u b s t r a t e s  was 

p ro v id e d  by Y am azaki, Mason and P i e t t e  ( 9 ) .

I n h i b i t i o n  o f  p e ro x id a s e -o x id a s e  a c t i v i t y  by compounds such  a s  

c y s te in e  and g lu ta th io n e  have been  r e p o r te d  ( 6 ) and s u b s ta n t ia te d  

s e v e r a l  t im e s  ( 1 0 ,1 1 ,1 2 ) .  No a tte m p t has been  made to  advance a  r e a s o n  

fo r  t h e  o b se rv e d  i n h i b i t i o n  o f  t h e  p e ro x id a s e -o x id a s e  a c t i v i t y  o th e r  

th a n  s u g g e s t in g  th e  p o s s i b i l i t y  o f  f r e e  r a d i c a l  t r a p p in g  by th e s e  t h i o l  

com pounds.

The p u rp o se  o f  t h e  p r e s e n t  s tu d y  was t o  d e te rm in e  w h e th e r  a 

d i s t i n c t i o n  a t  th e  le v e l  o f  th e  enzyme m o lecu le  c o u ld  be made betw een 

th e  m echanism  o f  th e  two p h e n o lic  s t im u la to r s ,  d ic h lo ro p h e n o l  and
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th y r o x in e .  One o f  t h e  f i r s t  r e q u ire m e n ts  o f  su ch  a s tu d y  would b e  to  

p u r i f y  t h e  enzyme a s  much a s  p o s s ib l e .  S in c e  a l l  p re v io u s  a t te m p ts  to  

p r e s e r v e  enzyme a c t i v i t y  have  p ro v ed  u n s u c c e s s f u l ,  i t  was hoped t h a t  

te c h n iq u e s  c o u ld  be d e v e lo p e d  to  a id  i n  s t a b i l i z a t i o n .  A more c o m p le te  

e x a m in a tio n  o f  th e  p h o sp h a te  s t im u la t io n  o b se rv e d  by B ever and a  su rv e y  

o f  i n h i b i t o r s  and  t h e i r  k i n e t i c  im p l ic a t io n s  sh o u ld  y i e l d  d a ta  c l a r i ­

f y in g  th e  re q u ire m e n ts  o f  t h e  enzyme w ith  r e s p e c t  to  th e  two p h e n o ls .



CHAPTER I I  

LITERATURE REVIEW

D i s t r i b u t i o n  o f  P e ro x id a s e  

A lth o u g h  t h e r e  a r e  many e x c e p t io n s  to  th e  r u l e ,  c a t a l a s e s  

a r e  more ab u n d an t in  a n im a ls  and p e ro x id a s e s  in  p l a n t s  ( 2 ) .  The 

r i c h e s t  s o u rc e s  o f  p e ro x id a s e  known a t  p r e s e n t  a p p e a r  to  be th e  

sap  o f  th e  f i g  t r e e  and th e  r o o t  o f h o r s e r a d is h  p l a n t .  P e ro x id a s e  

r e a c t i o n  i s  r a r e l y  found  i n  m ic ro o rg an ism s b u t  t h i s  may be due to  

u n s u i t a b le  c h o ic e s  o f  a c c e p to r s  f o r  th e  r e a c t i o n .  P la n t  p e ro x id a s e s  

in  g e n e ra l  have a r e l a t i v e l y  low s p e c i f i c i t y  f o r  hydrogen  d o n o rs  b u t 

c e r t a i n  an im al p e ro x id a s e s  show c o n s id e r a b le  s u b s t r a t e  s p e c i f i c i t y  (1 3 ) .

The m ost r e c e n t  an im al s o u rc e s  o f  p e ro x id a s e  t o  be i n v e s t i g a t e d  

a r e  u t e r i n e  t i s s u e  (1 )  and lum enal f l u i d  ( 7 ) .  Most o f  t h e  p h y s io ­

l o g i c a l  a c c e p to r s  a r e  n o t  known f o r  th e  p e ro x id a s e s  found in  mammalian 

t i s s u e s .  T a b le  1 sum m arizes mammalian t i s s u e  p e ro x id a s e  s o u rc e s .

N e u fe ld  ^  aJL. (1 4 )  p r e s e n t  d a ta  to  s u b s t a n t i a t e  th e  s u g g e s t io n  o f Lucas 

e t  a l . ( 1 ) t h a t  th e  p re s e n c e  o f  p e ro x id a s e  m ig h t be c h a r a c t e r i s t i c  o f  

p r o l i f e r a t i n g  t i s s u e .  The o rg a n s  w ith  s i g n i f i c a n t  c o n c e n t r a t io n  o f  

p e ro x id a s e  and a h ig h  p e ro x id a se -c y to c h ro m e  o x id a s e  r a t i o  a r e  among 

th o s e  w hich  L eblond e t  al^. (1 7 )  found to  h av e  a h ig h  r a t e  o f c e l l  

re n e w a l . I n  c o n t r a s t ,  t h e  t i s s u e s  w ith o u t  p e ro x id a s e  a r e  th o s e  w i th

l i t t l e  o r  no c e l l  renew al u n d e r norm al c o n d i t io n s .
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t a b l e  1

S ources  o£ Mammalian T is s u e  P e ro x id a s e

H igh A c t iv i t y Low A c t iv i t y

U te ru s  ( 1 ) H e a rt (1 4 )
Lumenal f l u i d  (7 ) K idney (1 5 )
W alker C arc in o scarco m a B ra in  (1 4 )

No. 256 (1 4 ) S k e le t a l  m uscle  (14 )
I n t e s t i n e  (1 4 ) L iv e r  (15 )
Stom ach (1 4 ) M ilk  (1 4 )
S p le e n  (1 5 ) L eu co cy te s  (1 4 )
Lung (1 5 )
T h y ro id  (1 6 )

The in v e r s e  r e l a t i o n  o£ p e ro x id a s e  and cy toch rom e o x id a s e  in  

t h e  t i s s u e s  t h a t  w ere s tu d ie d  le d  to  th e  h y p o th e s is  by N e u fe ld  e t  a l ■ 

(1 4 )  t h a t  p e ro x id a s e  may p a r t i a l l y  s u b s t i t u t e  f o r  th e  o x id a s e  in  

th e  o x id a t iv e  m etab o lism  o f  th e  p r o l i f e r a t i n g  t i s s u e .

P e ro x id a s e  S u b s t r a te s  

S in c e  p e ro x id a s e  h a s  b een  shown t o  b e  w id e ly  d i s t r i b u t e d  in  

mammalian t i s s u e  in d ic a te d  i n  T a b le  1 , c o n s id e r a b le  e f f o r t  h as  b een  

expended to  f in d  p o s s ib le  p h y s io lo g ic a l  s u b s t r a t e s .  P e ro x id a s e  h a s  th e  

c a p a c i ty  t o  o x id iz e  a l a r g e  number o f  s u b s ta n c e s  and c o n s e q u e n tly  

e x h ib i t s  a  low s u b s t r a t e  s p e c i f i c i t y  f o r  hydrogen  dono r compounds w h ile  

i t  s im u l ta n e o u s ly  m a in ta in s  a  h ig h  s p e c i f i c i t y  f o r  hyd rogen  p e ro x id e . 

D i r e c t  p h y s ic a l  e v id e n c e  by e l e c t r o n  s p in  re so n a n c e  i n d ic a te s  t h a t  f r e e  

r a d i c a l s  a r e  form ed from  s u b s t r a t e s  in  enzymic o x id a t io n - r e d u c t io n  ( 9 ) .  

Some o f  t h e  m ore w id e ly  u se d  s u b s t r a t e s  in  p e r o x id a t i c  o x id a t io n  a r e :  

I n d o le a c e t i c  a c id  ( 1 8 ) ,  e p in e p h r in e  ( 1 9 ,2 0 ) ,  g lu ta th io n e  ( 1 3 ) ,  e r g o th io -  

n e in e  ( 2 1 ) ,  l u c i f e r i n  ( 1 0 ) ,  h o m o g e n tis ic  a c id  ( 1 7 ) ,  m e th io n in e  ( 2 2 ) ,  

t ry p to p h a n  ( 2 3 ,2 4 ) ,  ty ra m in e  ( 2 3 ) ,  t y r o s i n e  ( 2 3 ) ,  fe r ro c y to c h ro m e  c ( 2 0 ) ,
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h y d ro q u in o n e , a s c o r b ic  a c id ,  d ih y d ro x y fu m a ric  a c id  ( 9 ) ,  s u l f i t e  io n s  

( 1 9 ) ,  r e s o r c in o l  (1 2 )  and DPNH o r TPNH ( 1 2 ) .  DPNH o r TPNH have been  

found  to  r e p la c e  e a c h  o th e r  s u c c e s s f u l ly  i n  r e a c t i o n s .  E s t r a d io l  (5 )  

h a s  a l s o  been  p ro v ed  t o  a c t  a s  a  s u b s t r a t e  w i th  a  low e f f i c i e n c y  b u t  

i t s  r o l e  a s  such  i s  b e l ie v e d  to  be u n r e l a te d  t o  i t s  e f f e c t i v e n e s s  a s  a 

p h y s io lo g ic a l  s t im u la to r  ( 6 ) .

E s t r a d io l

Lucas e t  ja l .  ( 1 )  found t h a t  i n j e c t i o n s  o f e s t r o g e n s  i n to  

o v a r ie c to m iz e d  r a t s  c a u se d  a pronounced  a c t i v i t y  o f  p e ro x id a s e  in  th e  

U te ru s ,  w hereas t h i s  a c t i v i t y  i s  n o rm a lly  v e ry  low. The p e ro x id a s e  

a c t i v i t y  was r e l a t e d  to  t h e  amount o f e s t r o g e n  i n j e c te d .  B ever e t " a l .

(2 5 )  d e m o n s tra te d  t h a t  1 7 / - e s t r a d io l  w i l l  e l e v a te  u t e r i n e  DPNH o x id a s e  

a c t i v i t y  in  o v a r ie c to m iz e d  r a t s ,  b u t a l s o  o b se rv e d  t h a t  an  e le v a te d  

enzyme l e v e l  c o u ld  n o t  be m a in ta in e d  by c o n s ta n t  d a i l y  i n j e c t i o n s .

M aximal a c t i v i t y  o c c u rre d  in  3 days and was fo llo w ed  by a m inim al 

a c t i v i t y  i n  5 -6  d a y s , a p p ro x im a tin g  th e  o r i g i n a l  a c t i v i t y  o f  c a s t r a t e  

n o n - t r e a te d  r a t s .  F ig u re  1 i l l u s t r a t e s  th e  e f f e c t  o f  v a r io u s  l e v e l s  o f 

17 ^ - e s t r a d i o l  on u t e r i n e  p e ro x id a s e .

The e f f e c t  ^  v i t r o  o f  e s t r a d i o l  on DPNH o x id a t io n  a s  d is c u s s e d  

l a t e r  i s  n o t  r e l a t e d  t o  i t s  b io lo g ic a l  a c t i v i t y  ( 6 ) .  A cc o rd in g  to  a 

h y p o th e s is  by M u e lle r  ( 2 6 ) ,  th e  i n t e r a c t i o n  o f  th e  e s tr o g e n  w ith  t h e  c e l l s  

a p p e a r s  to  s e t  in  o p e r a t io n  a p ro c e s s  le a d in g  i n i t i a l l y  to  t h e  r e l e a s e  

o r  a c t i v a t i o n  o f  a num ber o f  proenzym es. T h is  i s  fo llo w ed  by a p e r io d  

o f  p ro d u c t io n  o f  " s p e c i f i c "  enzym es. A c c o rd in g  to  t h i s  view  th e  e a r l y  

in c r e a s e  in  m o le c u la r  oxygen u p tak e  s e rv e s  to  su p p o rt th e  en e rg y  

r e q u ire m e n ts  o f  "enzym e a c t i v a t i n g "  p e r io d  ( 2 7 ) .
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H o lla n d e r  and S te p h e n s  (2 8 )  found  t h a t  a  s i g n i f i c a n t  i n c r e a s e  in  

enzyme a c t i v i t y  o c c u rre d  w i th in  two h o u rs  a f t e r  a s in g l e  i n t r a - c a r d i a c  

i n j e c t i o n  o f e s t r a d i o l  was g iv e n  to  spayed  r a t s .  T h is  i n c r e a s e  o c c u rre d  

d u r in g  th e  p e r io d  o f  c o n c o m ita n t r a p id  w a te r  im b ib i t io n  (2 9 ) and enhanced  

oxygen consum ption  ( 3 0 ) .

The u t e r u s  o f  t h e  o v a r ie c to m iz e d  r a t  has  an  80% w a te r  c o n te n t  

w h ich  r i s e s  to  a  maximum o f  85% w i th in  s ix  h o u rs  a f t e r  th e  a d m in is t r a t io n  

o f  e s t r a d i o l  and r e t u r n s  t o  80% w a te r  c o n te n t  in  72 h o u rs  ( 3 1 ) .  A 

s tu d y  u s in g  im m ature r a t s  g iv e n  i n t r a c a r d i a c  i n j e c t i o n s  o f  e s t r a d i o l  

i n d i c a t e s  t h a t  t h e  u t e r u s  may show an  in c r e a s e  i n  w e ig h t a s  a  r e s u l t  o f  

e s t r o g e n  s t im u la t io n  w ith o u t  show ing an accom panying g a in  in  DPNH o x id a s e  

a c t i v i t y  ( 2 8 ) .  In  a d d i t i o n  to  in c re a s e d  p e ro x id a s e  a c t i v i t y ,  S c o t t  and 

L i s i  (2 7 )  have  n o te d  ch a n g es  in  amount o f h e x o k in a s e , t ra n s h y d ro g e n a s e , 

g lu c o s e - 6-p h o s p h a ta s e  and  p h o s p h o -g lu c o n a te  d e h y d ro g en ase  in  th e  u te r u s  

f o l lo w in g  i n j e c t i o n s  o f  e s t r a d i o l .

The developm ent o f  h o rm o n a lly  s t im u la te d  e n z y m a tic  a c t i v i t y  

a f t e r  a d m in is t r a t io n  o f  e s t r a d i o l  i s  n o t  due to  an  in c r e a s e  in  some 

th e r m o s ta b le  c o f a c to r  in  t h e  s t im u la te d  t i s s u e  ( 6 ) .  Temple e t  £ l .  ( 6 ) 

fo u n d  t h a t  a c t i v e  hom ogenates from  s t im u la te d  a n im a ls  w ere  c o m p le te ly  

i n a c t iv a t e d  by h e a t in g  a t  100° C. f o r  5 m in u te s . S in c e  f r e s h  w e ig h t 

and d r y  w e ig h t rem a in  a t  an  e le v a te d  l e v e l  throughout th e  p e r io d  o f  

s t im u la t io n  ( 2 5 ) ,  th e  a c t i v i t y  does  n o t a p p e a r  to  be r e l a t e d  t o  th e  

g e n e ra l  p r o te in  re s p o n s e  in d u ce d  by e s t r a d i o l  a d m in is t r a t io n .

B ever (3 2 )  and B ever and C am pbell (3 3 )  made s tu d i e s  o f  t h e  e f f e c t  

o f  ( a )  hypophysectom y, ( b )  a d re n a le c to m y , and ( c )  com bined hypophysectom y 

and a d re n a le c to m y  upon t h e  e n z y m atic  a c t i v i t y  in  o v a r ie c to m iz e d  r a t s .



They c o n c lu d e d  t h a t  th e  enzyme re s p o n s e  to  d a i l y  e s t r a d i o l  i n j e c t i o n s  

in  o v a r ie c to m iz e d  r a t s  i s  n o t  d e p e n d en t p r im a r i ly  upon th e  p i t u i t a r y  

o r  a d re n a l  g la n d s , a lth o u g h  t h e  a d re n a l  g la n d s  may have a m o d ify in g  

in f lu e n c e .  T hese  f in d in g s  s t r e n g th e n  th e  p r o b a b i l i t y  t h a t  th e  d e c l in e  

p h a se  o f  t h e  r e s p o n s e  i s  due t o  th e  e f f e c t s  o f  m e ta b o lic  p ro d u c ts  o f  

e s t r o g e n  c a ta b o lis m .

B ever e t  a l .  ( 7 )  found t h a t  th e  lum enal f l u i d  in  th e  u te r u s  

c o n ta in s  p e ro x id a s e  a c t i v i t y  w hich  i s  in c re a s e d  by e s t r a d i o l  s t im u la t io n ,  

a s  se e n  i n  F ig u re  1. T a b le  2 , w h ich  i l l u s t r a t e s  th e  d i f f e r e n c e s  o f  

a c t i v i t y  be tw een  lum enal f l u i d  and  u te r u s  hom ogenate, shows th e  v a ry in g  

v a lu e s  p ro d u ced  by d i f f e r e n t  p h e n o lic  s t im u la to r s  o f  DPNH o x id a t io n  by 

p e ro x id a s e  a f t e r  hormone i n j e c t i o n s .

TABLE 2

E f f e c ts  o f  P h e n o lic  S t im u la to r s  on DPNH
O x id a tio n  a f t e r  Hormone S t im u la t io n

S ta g e  o f  
T rea tm en t S ou rce P DCP Thyr E s t

I n t a c t  e a r l y Homog . 18 5 .3 1 .3 1 . 1
e s t r u s Lum. F lu id 32 2 . 0 None None

C a s t r a te d  + Homog. 10 1 . 1 0 . 2 T race
0 .5  pg e s t r a d i o l Lum. F lu id 120 6 . 0 None None

C a s t r a te d  + Homog. 5 0 .5 T race None
0 , 5  fig  e s t r a d i o l  + 
0 .5  mg p r o g e s te ro n e

Lum. F lu id 97 6 . 0 None None

P e ro x id a s e  ( P ) ,  D ic h lo ro p h e n o l (DCP), T h y ro x in e  (T h y r) and E s t r a d i o l  ( E s t )  
A c t i v i t i e s  b a se d  on Change in  C D ./m in u te /m g  N.

T hese d a ta  s u g g e s t  t h a t  u t e r i n e  and lum enal p e ro x id a s e  and d ic h lo ro p h e n o l

s t im u la te d  p e ro x id a s e -o x id a s e  a c t i v i t i e s  resp o n d  s i m i l a r l y  to  horm onal

t re a tm e n t  and t h a t  p h e n o lic  s t im u la t io n  o f p e ro x id a s e -o x id a s e  by th y ro x in e
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and e s t r a d i o l  te n d  to  p a r a l l e l  e a ch  o th e r .  In  a d d i t io n ,  i t  can  be seen  

t h a t  th y ro x in e  and e s t r a d i o l  s t im u la te d  DPNH o x id a s e  a c t i v i t i e s  a r e  

a b s e n t  in  lum enal f l u i d ,  w h ile  p e ro x id a s e  and d ic h lo ro p h e n o l  a c t i v i t y  i s  

q u i t e  h ig h . The p a r a l l e l  re s p o n s e s  betw een p e ro x id a s e  and d ic h lo ro p h e n o l  

and betw een  e s t r a d i o l  and  th y ro x in e ,  and th e  n o n - p a r a l l e l i s m  betw een th e  

two g ro u p s , s u g g e s t  t h a t  t h e  m echanism  m e d ia tin g  d ic h lo ro p h e n o l  re sp o n se  

and t h a t  m e d ia tin g  th y ro x in e  and e s t r a d i o l ,  a r e  n o t n e c e s s a r i ly  th e  same.

As p r e v io u s ly  s t a t e d ,  th e  re s p o n s e  o f  u t e r i n e  p e ro x id a s e  in c r e a s e s  

in  s p e c i f i c  a c t i v i t y  i s  n o t  u n iq u e  n o r s p e c i f i c  to  i n j e c t e d  e s t r o g e n .  

I n j e c t i o n s  o f  e s tr o g e n  have p ro v ed  to  be a  v a lu a b le  t o o l  in  o b ta in in g  

more a c t i v e  s t a r t i n g  s o u rc e  o f u t e r i n e  p e ro x id a s e . F ig u re  1 d e m o n s tra te s  

t h a t  t h e  s p e c i f i c  a c t i v i t y  o f  u t e r i n e  p e ro x id a s e  in c r e a s e s  l i n e a r l y  w ith  

th e  lo g  o f  i n je c te d  e s t r o g e n  ( 7 ) .  T ab le  3 in d ic a te s  th e  manner in  w hich 

p e ro x id a s e  re sp o n d s  to  th e  n o rm a lly  f l u c t u a t i n g  l e v e l s  o f  c i r c u l a t i n g  

e s t r o g e n s  d u r in g  th e  e s t r o u s  c y c le .  I n je c te d  e s tro g e n  i s  assum ed to  

m agn ify  a norm al p h y s io lo g ic a l  re s p o n s e  and a t  t h e  same tim e  y i e l d  a 

p r e d i c t a b l e  and r e p r o d u c ib le  s o u rc e  o f  u t e r i n e  p e ro x id a s e .

TABLE 3

P e ro x id a s e  R esponse  to  E s tro g e n  L ev e ls  
D u rin g  E s tro u s  C ycle

C y c le  S ta g e P (U/mgN) DCP (U/mgN) Thyr (U/mgN)

D ie s t r u s 0 .5 3 0 .3 0 0 .1 7
E a r ly  p r o e s t r u s 4 .6 1 .0 3 0 .5 0
P r o e s t r u s 7 .3 2 .1 4 0 .3 5
E a r ly  e s t r u s  (b a l lo o n e d ) 1 6 .5 5 .0 3 1 .05
F u l l  v a g in a l  e s t r u s 1 . 1 1 .58 0 .62
E a r ly  e s t r u s / d i e s t r u s

r a t i o 31 17 6

P e ro x id a s e  ( P ) ,  D ic h lo ro p h e n o l (DCP) and T h y ro x in e  (T h y r)  A c t i v i t i e s
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M o le c u la r  Oxygen R equ irem en t

K le b a n o ff  ( 3 )  a s s o c i a te d  th e  o x id a t io n  o f  DPNH by a th y ro x in e  

s t im u la te d  h o r s e r a d is h  p e ro x id a s e  sy stem  in  th e  a b se n c e  o f  added 

hydrogen  p e ro x id e  w ith  u p ta k e  o f  oxygen. The r e a c t i o n  was fo llo w e d  

m a n o m e tr ic a lly . A p p ro x im a te ly  o n e -h a l f  mole o f  oxygen was ta k e n  up 

f o r  e v e ry  m ole o f  DPNH o x id iz e d .

For th e  o x id a t io n  o f  DPNH o r TPNH by p e ro x id a s e  th e  p re s e n c e  o f  

Mn'*"*' and oxygen may s u b s t i t u t e  f o r  hydrogen  p e ro x id e  ( 3 ) .  W ith  th e  

o x id a t io n  o f  DPNH o r  TPNH by th e  M n '^ ^ -p e ro x id a se -o x id a se , th e  o x id a t io n  

o c c u rs  in  t h e  a b se n c e  o f added  hydrogen  p e ro x id e  and i s  a s s o c ia te d  w i th  

an  oxygen u p ta k e . P e ro x id a s e  has been found to  c a ta ly z e  t h e  o x id a t io n  

o f a number o f  hyd rogen  d o n o rs  in  th e  a b sen c e  o f  added hydrogen  p e ro x id e  

i f  m o le c u la r  oxygen and sm a ll  amount o f  Mn'*"*' a r e  p r e s e n t  in  t h e  r e a c t i o n  

m ix tu re  ( 5 ) .

H o lla n d e r  and S te p h e n s  (4 )  a ls o  d e te rm in e d  th a t  o n e -h a l f  m ole o f  

oxygen was r e q u i r e d  f o r  e a c h  mole o f  DPNH o x id iz e d .b y  a p h e n o l- s t im u la te d  

p e ro x id a s e  r e a c t i o n  c a ta ly z e d  by  u t e r i n e  t i s s u e .  T a b le  4 i n d ic a te s  th e  

consum ption  o f  oxygen and p ro d u c tio n  o f  DPN in  t h e  p e r o x id a t i c  o x id a t io n  

o f  DPNH.
TABLE 4

Oxygen Consum ption S tu d ie s

DPNH Added 
)i  m oles

Ü2 Consumed 
m oles

DPN Formed 
)i m oles

C om plete aystern-DPNH 6 . 0 0 0
C om plete system-DCP 6 . 0 0 0
C om plete  syatem -enzym e 6 . 0 0 0
C om plete sy s tem 2 . 0 1 .0 8 1 .5
C om plete sy stem 4 .0 1 .3 6 3 .0
C om plete  svstem 6 . 0 1 . 8 8 4 .5
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P ro d u c tio n  o f  DPN i n  th e  o x id a t io n  o f  DPNH i s  i n d ic a te d  by 

H o l la n d e r  and S tep h en s  ( 4 )  in  F ig u re  2 . T h is  f i g u r e  i l l u s t r a t e s  th e  

e f f e c t  o f  a d d i t i o n a l  DPNH a f t e r  r e a c t i o n  has  gone t o  c o m p le tio n  and 

a l s o  shows th e  a c c u m u la tio n  o f  DPN, w h ich  i s  re d u c e d  by t h e  a lc o h o l  

d e h y d ro g e n a se .
M anganese

O x id a tio n  by p e ro x id a s e  o f  d ih y d ro x y fu m a ric  a c id ,  p h e n y l-  

a c e ta ld e h y d e ,  p h e n y lp y ru v ic  a c id ,  d ic a r b o x y l i c  a c id ,  i n d o le a c e t i c  a c id ,  

DPNH, TPNH, fe r ro c y to c h ro m e  c , g lu ta th io n e  and m e th io n in e  a l l  r e q u i r e ,  

o r  a r e  s t im u la te d  by, m anganese ( 3 4 ) .  Mudd and B u r r is  (3 5 )  have shown 

t h a t  Ce'*"*'* c an  r e p la c e  Mn** in  p e r o x id a s e - c a ta ly z e d  o x id a t io n s  o f  DPNH, 

lAA, and 2 - n i t r o p r o p a n e . M a z e lis  (3 4 )  in  th e  p e ro x id a s e  o x id a t iv e  

d e c a r b o x y la t io n  o f  m e th io n in e , found  t h a t  Mn’*'*' c o u ld  n o t  be r e p la c e d  by 

th e  f o l lo w in g  m e ta ls :  Mg'*"*, Co++, Zn"*"*, Cu'*"*', Al*'*"*', Fe"*"*"*, Ni"*"*, Ca*+

o r  Sn++.

The re q u ire m e n t f o r  Mn*"* a p p e a rs  t o  be s p e c if ic ,  o n ly  in  th e  

a e r o b ic  o x id a s e  a c t i v i t i e s  o f  p e ro x id a s e .  Yamazaki and Souzu (1 8 ) u s in g  

h o r s e r a d i s h  p e ro x id a s e ,  d e m o n s tra te d  t h i s  a s  sum m arized in  T a b le  5. 

M anganese a p p e a rs  t o  p rom ote  r e a c t i o n  betw een  f r e e  r a d i c a l s  and 0^ to  

fo rm  h y d ro g en  p e ro x id e  ( 1 8 ) ,  how ever, hydrogen  p e ro x id e  w i l l  n o t 

r e p l a c e  Mn"*"*" re q u ire m e n t in  a e ro b ic  r e a c t io n s  (3 4 ) .

D i f f e r e n t  r e s u l t s  o c c u r  w i th  v a ry in g  c o n c e n t r a t io n s  o f  Mn'*"*'.

Mudd and  B u r r is  (3 6 )  s u g g e s t  t h a t  p e r o x id a s e - c a ta ly z e d  o x id a t io n s  

may p ro c e e d  by d i f f e r e n t  m echanism s d e p e n d in g  on th e  c o n c e n t r a t io n s  

o f  m anganese p r e s e n t  in  th e  r e a c t i o n .  H o lla n d e r  and S te p h e n s  (4 )  

i n d i c a t e  t h a t  i n  t h e  p h en o l s t im u la te d  o x id a t io n  o f DPNH by u t e r i n e
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Figure 2. Production o f DPN in the oxidation of DPNH. At A. 0 .60;iniole of 
dichlorophenol was added to  a system consisting  of 0.016 M phosphate buffer, 
pH 7.0; 6 X 10"® M DPNH; 5 x 10'® M MnClg; 0.10 ml. of 5% uterine homogenate in 
a to ta l  volume o f 3.0 ml. At B, 0 .17/»mole of DPNH was added. At C, addition 
of alcohol dehydrogenase shows accumulation of DPN.
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p e ro x id a s e  th e  o x id a s e  a c t i v i t y  i s  t r e b l e d  o v e r  c o n t r o l  a c t i v i t y  by 

3 X 10” ^ M Mn̂ "*" and c o m p le te ly  i n h ib i t e d  by  10~^ M Mn’*"*’. The change 

in  a c t i v i t y  w i th  v a ry in g  c o n c e n t r a t io n s  o f  Mn'*"*’ i s  shown in  F ig u re  3 .

The r e a c t i o n  m ix tu re s  c o n ta in  0 .0 5  M p h o sp h a te  b u f f e r ,  pH 7 .0 ;  DPNH,

7 X 10“ ^ M; 0 .6  ^  d ic h lo ro p h e n o l  and th e  c o n c e n t r a t io n  o f  Mn"*"*" i n d ic a te d .

TABLE 5

o f  P e ro x id a s e

H -A ccep to r H-Donor E f f e c t  o f  Mn"*"*"

(A e ro b ic , w i th o u t  added HoO?)
02 T r io s e  re d u c to n e +
02 D ih yd roxy fum ara te +
O2 I n d o le a c e t ic +
M ethy lene  b lu e T r io s e  re d u c to n e +
Cytochrom e c T r io s e  r e d u c to n e +
Fe+++ I n d o le a c e t ic +

(A n e ro b ic , w ith added H2 O2 )
H2 O2 T r io s e  re d u c to n e -

M ethy lene  b lu e T r io s e  r e d u c to n e -

C ytochrom e c I n d o le a c e t ic -

Cytochrom e c T r io s e  r e d u c to n e -

Cytochrom e c H ydroquinone
Fe+++ I n d o le a c e t ic -

(+ ) i n d i c a t e s  s t im u la t io n  ( - )  i n d i c a t e s  no e f f e c t  o r  i n h i b i t i o n

Akazawa and Conn (1 2 )  c o n s id e re d  th e  m echanism  o f  DPNH o x id a t io n  

t o  be d i f f e r e n t  from  p e ro x id a s e - c a ta ly z e d  o x id a t io n  o f  i n d o le a c e t i c  a c id  

b e c a u se  a lo w er o p tim a l c o n c e n t r a t io n  o f  m anganese i s  r e q u i r e d  f o r  th e  

o x id a t io n  o f  DPNH. F o r in d o le a c e t ic  a c id  o x id a t io n  th e  o p tim a l concen­

t r a t i o n  o f  m anganese i s  o f  th e  o rd e r  o f  10"^ M to  10“ ^ M; f o r  DPNH 

o x id a t io n  10"^ M i s  th e  o p tim a l c o n c e n t r a t io n  o f  m anganese.

C i t r a t e  and p y ro p h o sp h a te  b u f f e r s  i n h ib i t e d  t h e  p e ro x id a s e -  

c a ta ly z e d  o x id a t io n  o f  in d o le a c e t ic  a c id  when e i t h e r  m anganese o r
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Figure 3. E ffec t of Mn"  ̂ on phenol-stimulated oxidase. Incubation conditions 
id e n tic a l to  Figure 2 except fo r v a ria tio n  in Mn"*̂  concentration and I n i t i a l  
volume of DPNH, which was 7 % iQ-5 ^
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c e riu m  was u sed  a s  m e ta l l i c  c o f a c to r s .  The m e ta ls  a p p e a r  t o  g iv e  

s im i l a r  r e s u l t s .

Akazawa and Conn (1 2 )  have r e p o r te d  t h a t  h o r s e r a d is h  p e ro x id a s e  

c a ta ly z e d  o x id a t io n  o f  DPNH i s  n o t  i n h i b i t e d  by c i t r a t e  and p y ro p h o sp h a te . 

They s t a t e  t h a t  i n c r e a s e  i n  m anganese c o n c e n t r a t io n  in c r e a s e s  i n h i b i t i o n  

by c i t r a t e .

H o l la n d e r  and S te p h en s  ( 4 ) ,  u s in g  u t e r i n e  p e ro x id a s e ,  d e m o n s tra te d  

th e  f a i l u r e  o f  c i t r a t e  o r  p y ro p h o sp h a te  to  i n h i b i t  DPNH p e ro x id a s e  

c a ta ly z e d  r e a c t i o n s .  T h is  o b s e rv a t io n  seems to  b e  i n c o n s i s t e n t  w i th  a 

m echanism  in v o lv in g  r e v e r s i b l e  o x id a t io n  o f  Mn** to  Mn'*"*"*’. T h is  

r e v e r s i b l e  o x id a t io n  o f  Mn*+ d u r in g  th e  o x id a t io n  o f in d o le a c e t ic  a c id  

was shown in  r e a c t i o n s  c a ta ly z e d  by h o r s e r a d is h  p e ro x id a s e  p r e p a r a t io n s  

by K en ten  and  Mann ( 3 7 ) .  C i t r a t e  and  p y ro p h o sp h a te  form ed s t a b l e  

com plexes w i th  Mn'*’"'"*’ and i n h i b i t e d  th e  a e r o b ic  o x id a t io n  o f  i n d o le a c e t i c  

a c id  i n  t h e i r  s tu d y .

The c o n v e rs io n  by m anganese o f  a p e ro x id a s e  to  a p e ro x id a s e -  

o x id a s e  ( 2 ) w h ich  th e n  does n o t  r e q u i r e  hydrogen  p e ro x id e , b u t 

r e q u i r e s  a  p h e n o l and m o le c u la r  oxygen in  a d d i t io n  to  m anganese 

d e m o n s tra te s  two f u n c t io n s  f o r  m anganese io n . The f i r s t  i s  a redox  

f u n c t io n  a s  w i th  i n d o le a c e t i c  a c id .  The second  f u n c t io n  i s  co n c e rn e d  

in  t h e  o x id a t io n  o f  DPNH and in v o lv e s  no change in  v a le n c e  s t a t e .

P h e n o ls

Akazawa and Conn (1 2 )  f i r s t  d e m o n s tra te d  t h a t  h o r s e r a d is h  

p e ro x id a s e  c a n  c a ta ly z e  t h e  a e ro b ic  o x id a t io n  o f  DPNH o r TPNH. T h is  

a e r o b ic  o x id a t io n  r e q u i r e s  Mn'*"'’ o r  Ce'*"*"*’ and i s  s t im u la te d  by c e r t a i n  

p h e n o lic  compounds ( 3 ,1 2 ,3 8 ) ,  a ro m a tic  am ines (3 9 ) ,  and s u l f i t e  io n s
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( 4 ,1 4 ) .  The p h e n o lic  compounds and a ro m a tic  am ines a r e  b e l ie v e d  to  a c t  

a s  o x id a t io n - r e d u c t io n  c a t a l y s t s ,  b e in g  a l t e r n a t e l y  o x id iz e d ,  p ro b a b ly  

to  a  f r e e  r a d i c a l  i n te r m e d ia te ,  by th e  p e ro x id a s e  sy s tem  and red u c e d  

by DPNH o r  TPNH ( 4 0 ) .

Akazawa and Conn (1 2 )  i n d i c a t e  t h a t  in  th e  o x id a t io n  o f  DPNH 

by p e ro x id a s e  i t  seem s r e a s o n a b le  t o  s u g g e s t  t h a t  a t e r n a r y  com plex 

c a ta ly z e s  t h e  o x id a t io n  o f  th e  p h e n o ls  by oxygen w ith  hydrogen  p e ro x id e  

and an  o x id iz e d  p h e n o lic  p ro d u c t .  Though i t  i s  p o s s ib l e  t h a t  DPNH m ight 

r e a c t  w i th  oxygen u n d e r s im i la r  c o n d i t io n s ,  s e v e r a l  o b s e rv a t io n s  i n d ic a te  

t h a t  p h en o l i s  th e  r e d u c t a n t .  T h e re  i s  no s p e c tro p h o to m e tr ic  e v id e n c e  

f o r  o x id a t io n  o f  DPNH u n le s s  th e  m ix tu re  c o n ta in s  p e ro x id a s e ,  Mn*+, and 

a p h e n o l. I f  t h e  DPNH w ere th e  r e d u c t a n t ,  some i n d i c a t i o n  o f  o x id a t io n  

sh o u ld  be  o b se rv e d  when no p h e n o ls  w ere  p r e s e n t  in  th e  r e a c t i o n  m ix tu re . 

S e v e ra l  compounds o th e r  th a n  DPNH and TPNH undergo  s im i l a r  a e ro b ic  

o x id a t io n  in  t h e  p re s e n c e  o f  p e ro x id a s e ,  Mn’*"*’, and c e r t a i n  p h e n o ls .

T h is  s u g g e s ts  t h a t  fo rm a tio n  o f  an  o x id iz e d  p h e n o lic  p ro d u c t i s  an  

i n i t i a l  s te p  i n  th e  r e a c t i o n .  T h is  p ro d u c t c o u ld , by t h e  a c t io n  o f 

p e ro x id a s e ,  o x id iz e  a  v a r i e t y  o f  o th e r  compounds o r  c o u ld  be f u r t h e r  

red u c e d  by DPNH (1 2 ) .

B eard  and H o lla n d e r  (4 1 )  i n d i c a t e  in  t h e i r  s tu d y  o f  t h e  o x id a t io n  

o f  s c o p o le t in  by u t e r i n e  p e ro x id a s e  t h a t  a  v e ry  r e a c t i v e  s u b s ta n c e  i s  

g e n e ra te d  from  d ic h lo ro p h e n o l  when s c o p o le t in  i s  o m it te d  from  th e  sy stem . 

T h is  r e a c t i v e  s u b s ta n c e  i s  n o t  a  q u in o n e  s in c e  2 ,4 ,6 - t r i c h lo r o p h e n o l  

s e rv e s  a s  a  p h e n o lic  c a t a l y s t  in  t h e  r e a c t i o n  and i t s  s t r u c t u r e  p re c lu d e s  

th e  fo rm a tio n  o f  a  q u in o n e -h y d ro q u in o n e  e le c t r o n  t r a n s p o r t  sy stem  ( 4 ) .

The c o m p le te  r e g e n e r a t io n  o f  t h e  phen o l from  th e  e n z y m atic  r e a c t i o n



18

m ix tu re  i s  c o m p a tib le  w ith  t h e  r o l e  o f  a f r e e - r a d i c a l ,  su ch  a s  (RO*) 

in  th e  n o n -en zy m atic  r e a c t i o n .  B eard  and H o lla n d e r  (4 1 )  d e m o n s tra te d  

t h a t  th e  p h en o l i s  n o t  c h e m ic a l ly  a l t e r e d  in  th e  p re s e n c e  o f  e x c e s s  

s u b s t r a t e  in  th e  p h e n o l- s t im u la te d  en zy m atic  o x id a t io n  o f  DPNH.

F ig u re  4 (Akazawa and Conn, 12) i l l u s t r a t e s  t h e  s t im u la to r y  

e f f e c t  o f  a p a r t i c u l a r  p h e n o l, r e s o r c in o l ,  on th e  o x id a t io n  o f  DPNH by 

h o r s e r a d is h  p e ro x id a s e .

Akazawa and Conn (1 2 )  p ro p o se  th e  fo llo w in g  e x p la n a t io n  o f  th e

a c t io n  o f  p h e n o ls  i n  t h e  o x id a t io n  o f  DPNH by p e ro x id a s e .

2 ROH + O2 --------ÿ 2 RO- + H2 O2

2 ROH + H2 O2 ------^ 2 RO- + H2 O

4 RO- + 2  DPNH + 2 H*— > 4 ROH + 2 DPN+
2 DPNH + 2 H+ + O2 ----- > 2 DPN"̂  + 2 HgO

A v a r i e t y  o f  p h e n o lic  s u b s ta n c e s  have been shown to  c a ta ly z e  

th e  o x id a t io n  o f  DPNH by u t e r i n e  p e ro x id a s e . D ic h lo ro p h e n o l was found 

by Temple e t  a l .  (6 )  to  have  th e  g r e a t e s t  c a t a l y t i c  e f f e c t  o f  an y  of 

th e  p h e n o lic  c o f a c to r s  s tu d ie d  in  t h e  o x id a t io n  o f  DPNH by u t e r i n e  

o x id a s e . H o lla n d e r  and S tep h en s  ( 4 )  i n d i c a t e  s im i la r  f in d in g s .  In  

t h e i r  s tu d ie s  th e y  found  th e  o p tim a l pH f o r  pheno l c a ta ly z e d  DPNH 

o x id a t io n  t o  be 5 .6 ;  how ever, to  a v o id  a c id  d e s t r u c t i o n  o f  DPNH th e y  

used  pH 7 .0  f o r  t h e i r  o b s e r v a t io n s .  E f f e c t s  o f  v a ry in g  c o n c e n t r a t io n s  

o f  d ic h lo ro p h e n o l  i n  t h e i r  sy s tem  i s  shown i n  F ig u re  5 . The r e a c t i o n  

m ix tu re  c o n ta in e d  0 .016  M p h o sp h a te  b u f f e r ,  pH 7 .0 ;  DPNH, 6 x 10"^ M; 

MnCl2 , 5 X 10“ ^ M; and u t e r i n e  hom ogenate in  a d d i t io n  to  th e  c o n c e n t r a t io n  

o f  d ic h lo ro p h e n o l  in d ic a te d .

G o ld ac re  and G a ls to n  (4 2 )  n o te  t h a t  th e  s u p e r i o r i t y  o f  d ic h lo r o ­

pheno l in  th e  p e ro x id a s e - o x id a s e  sy stem  may be due to  i t s  c a p a c i ty  t o
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Figure 4. Effect of Resorcinal on DPNH oxidation. The reaction 
mixture contained 0.25^M resorcinol; 0.3 MnCl2 : 7.6/tM DRffl and 
horseradish peroxidase in 0.8 M Tris buffer, pH 7.4.
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Q040

M y 10  ̂ DICHLOROPHENOL

Figure 5. Effect of dichlorophenol on phenol-stimulated oxidase. 
Conditions identical with those of Figure 1 except variation in 
concentration of dichlorophenol and initial concentration of DPNH 
which was 7 x 10"® M.
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i n h i b i t  c a ta l a s e .  I n  t h i s  m anner i t  p r e v e n ts  d e s t r u c t i o n  o f  th e  

h y d rogen  p e ro x id e  p roduced  in  th e  sy stem .

Temple e t  a l .  ( 6 )  s t a t e  t h a t  th e r e  i s  no re a s o n  t o  b e l i e v e  t h a t  

th e  a c t i v a t i o n  by p h e n o lic  e s t r o g e n s  a f f e c t s  a sy stem  d i f f e r e n t  from  

t h a t  a c t i v a t e d  by d ic h lo ro p h e n o l .  The a d m in is t r a t io n  o f  l a r g e  d o ses  o f  

e s t r o g e n  in c r e a s e s  th e  a c t i v i t y  o f  p h e n o l- a c t iv a te d  o x id a s e  so  t h a t  th e  

e f f e c t  o f  th e  weak a c t i v a t o r ,  e s t r a d i o l ,  can  be o b se rv e d . E s t r a d io l  

c a ta ly z e d  DPNH o x id a t io n  does n o t  go to  c o m p le tio n , b u t  i n c r e a s e  in  th e  

amount o f  e s t r a d i o l  i n c r e a s e s  th e  f i n a l  e x te n t  o f  th e  r e a c t i o n .  The 

c a t a l y t i c  p heno l e f f e c t  o f  e s t r a d i o l  i s  a  g e n e ra l  one and i t s  a c t i v i t y  

in  v i t r o  b e a rs  no r e l a t i o n s h i p  t o  e s t r o g e n ic  a c t i v i t y  v iv o  ( 6 ) .

K le b a n o ff  and S e g a l (5 )  i n d i c a t e  th e  im p o rta n c e  o f  an  i n t a c t  

p h e n o lic  h y d ro x y l g roup  i n  th e  i n a c t i v a t i o n  o f  e s t r a d i o l  by t h e  p e ro x id a s e  

sy stem  i n  t h e i r  work w i th  1 7 ^ - e s t r a d i o l , e s t r a d i o - 3 - a c e t a t e ,  and e s t r a d i o l .  

They fo und  th e  p h e n o lic  e s t e r  o f  e s t r a d i o l  to  be  i n a c t i v e .  They s t a t e  

t h a t  th e  p r o t e c t i v e  e f f e c t  o f  e s t é r i f i c a t i o n  in  th e  3 - p o s i t i o n  s u g g e s ts  

t h a t  t h e  o x id a t io n  o c c u rs  th ro u g h  th e  p h e n o lic  h y d ro x y l g ro u p . In  an 

e a r l i e r  p u b l i c a t i o n ,  K le b a n o ff  (1 9 )  su g g e s te d  t h a t  th y r o x in e ,  a n o th e r  

p h e n o lic  compound w hich  i s  c a p a b le ,  in  p h y s io lo g ic a l  c o n c e n t r a t io n s ,  o f 

a c t i n g  a s  a pheno l c a t a l y s t  o f  DPNH o x id a t io n  by h o r s e r a d is h  and  m yleo- 

p e ro x id a s e ,  may a l s o  a c t  by means o f  a p h e n o lic  h y d ro x y l g ro u p . T h is  is  

in d ic a te d  by th e  o b s e rv a t io n  t h a t  th e  m ethy l e th e r  o f  a  th y r o x in e  a n a lo g  

i s  i n a c t i v e  i n  c o n d i t io n s  w here  th y r o x in e  i s  a c t i v e .

As w ith  d ic h lo ro p h e n o l  and  e s t r a d i o l  s t im u la te d  DPNH o x id a t io n  

by u t e r i n e  p e ro x id a s e ,  v a r i a t i o n  i n  c o n c e n t r a t io n s  o f  th y r o x in e  shows 

d i f f e r e n t  r e s u l t s .  F ig u r e  6 , w h ich  i s  from  th e  w ork o f  S e v e r  e t  £ l .  ( 7 ) ,
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Figure 6. Effect of Thyroxine on DPNH oxidation. Reaction mixture 
contained 0.025 M phosphate buffer, pH 7.8; 1 x 10"* M DPNH; 3.3 x 10'® 
M Mn^; and 0.1 ml. % uterine Homogenate.
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d e m o n s tra te s  th e  e f f e c t  o f  v a r io u s  c o n c e n t r a t io n s  o f  th y ro x in e  in  a 

r e a c t i o n  m ix tu re  c o n ta in in g  0 .025  M p h o s p h a te , pH 7 .8 ;  DPNH, 1 x  10“^ ;  

MnClg, 3 .3  X 10“ ^ ;  0 .1  ml 5% u te r u s  hom ogenate and th e  in d ic a te d  

c o n c e n t r a t io n  o f  th y ro x in e .

B oth e s t r a d i o l  and  th y ro x in e  may th e m se lv e s  be o x id iz e d  by 

p e ro x id a s e  in  th e  p re s e n c e  o f  hydrogen  p e ro x id e . U nder c o n d i t io n s  in  

w hich  a h ig h  a c c u m u la tio n  o f  hydrogen  p e ro x id e  w ould be e x p e c te d  in  a 

manganese-DPNH sy s te m , e s t r a d i o l  and th y ro x in e  may a g a in  be e n z y m ic a lly  

o x id iz e d .  The l a t t e r  o x id a t io n s ,  i . e . ,  w i th o u t  added h y d ro g en  p e ro x id e , 

r e q u i r e  u n u s u a l ly  f a v o r a b le  c o n d i t io n s  w h ich  a r e  n o t  o r d i n a r i l y  

e n c o u n te re d .

B ever e t  a l . ( 7 )  s t a t e  two l i n e s  o f  e v id e n c e  w h ich  i n d i c a t e  t h a t  

d i f f e r e n t  m echanism s may be in v o lv e d  i n  d ic h lo ro p h e n o l  s t im u la te d  and 

th y ro x in e  s t im u la te d  DPNH o x id a t io n  by u t e r i n e  p e ro x id a s e .  T h e ir  

f in d in g s  show o p tim a l pH o f  6 .0  f o r  u t e r i n e  p e ro x id a s e ,  l e s s  th a n  6 .0  

f o r  d ic h lo ro p h e n o l  s t im u la te d  DPNH o x id a t io n s ,  w h ereas  f o r  th y ro x in e  

s t im u la te d  DPNH an  optim um  pH o f  7 4  was d e te rm in e d . They a l s o  found 

t h a t  u t e r i n e  t i s s u e  from  c a s t r a t e d  r a t s  t r e a t e d  w ith  e s t r o g e n  showed 

o n ly  p e ro x id a s e  and d ic h lo ro p h e n o l  s t im u la te d  DPNH o x id a t io n .  No 

l e v e l  o f  e s tro g e n  d o sa g e  was found w hich  w ould r e s t o r e  th y ro x in e  

s t im u la te d  DPNH o x id a t io n .

A co m p ariso n  made by B ever e t  a l .  (7 )  o f  th e  i n  v i t r o  e f f e c t s  

o f  s t im u la t io n  by d ic h lo r o p h e n o l ,  e s t r a d i o l  and th y ro x in e  on DPNH 

o x id a t io n  by u t e r i n e  p e ro x id a s e  i s  shown in  F ig u re  7 .

T h is  i n v e s t i g a t i o n  o f  t h r e e  im p o r ta n t  p h e n o lic  s t im u la to r s  

i n d i c a t e s  t h a t  th e  p h e n o lic  h y d ro x y l g roup  i s  a  p r in c i p a l  re q u ire m e n t
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Figure 7. Stimulation of DPNH oxidation in Rat uterus 
by three phenolic compounds.
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f o r  a  p h e n o lic  s t im u la to r  o f  DPNH o x id a t io n  by p e ro x id a s e .  I n  th e  

fo l lo w in g  t a b l e s ,  com piled  from  Akazawa and Conn (1 2 )  and K le b a n o ff  

( 3 ,4 )  a re  shown a number o f  p h e n o lic  compounds and t h e i r  e f f e c t s  on 

DPNH o x id a t io n  by p e ro x id a s e .

TABLE 6

P h e n o lic  Compounds A c tiv e  in  D PNH -O xidizing S ystem s 
a t  C o n c e n tra tio n  o f  1 .7  x  10-5 m

Compound P e r c e n t A c t i v i t y

2 , 4 -d ic h lo ro p h e n o l 100
2 -c h lo ro -4 -p h e n y lp h e n o l 70
p - c r e s o l 51
R e s o rc in o l 44
p - c h lo ro th io p h e n o l 38
1-n a p h th o l 32
3 , 4 -d im e th y lp h e n o l 27
m -c re s o l 17
o - c r e s o l 15
P h en o l 8
m -hydroxybenzo ic  a c id 7
O rc in o l 3

TABLE 7

P h e n o lic  Compounds A c t iv e  i n  DPNH-Oxidizing System s 
a t  C o n c e n tra tio n  o f  2 x  IC r*

Compound P e r  c e n t A c t i v i t y

2 .4 - d ic h lo ro p h e n o l  100
o -c h lo ro p h e n o l  87
p -c h lo ro p h e n o l  82
2 .4 -d ib ro m o p h e n o l 79
P heno l 58
p -b en z o q u in o n e  51
2 .4 .6 - t r i c h lo r o p h e n o l  47
H ydroqu inone 36
o -b en z o q u in o n e  33
M enadione sodium  b i s u l f i t e  29
R e s o rc in o l  23
2 .6 -d ib ro m o p h en o l 16
T y ro s in e __________________________ '_____ 15 ____________
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lABLE 8

P h e n o lic  Comnounds I n a c t iv e  in  D PN H -O xidizing System
I n  H e a o rc in o l S u b s t r a te

P y r o g a llo l p - to lu q u in o l
P h lo ro g lu c in o l N a p h th o re s o rc in o l
2 , 6 -d ic h lo ro b e n z e n o n e - H ydroxyhydroqu i  none

in d o -3 -c h lo ro p h e n o l P i c r i c  a c id
Thymol S a l i c y l i c  a c id

TABIE 9

P h e n o lic  Compounds I n a c t iv e  and I n h i b i t o r y  i n  DPNH -O xidizing
System  i n  R e s o rc in o l S u b s t r a te

H ydroquinone G a l l i c  a c id
C a te c h o l 3 - hyd roxycinnam ic  a c id
o-am inophenol 3 ,4 -d ih y d ro x y p h e n y la la n in e
2 ,5 -d ih y d ro x y b e n z o ic  a c id Q u e rc e t in
2 ,4 - d in i t r o p h e n o l 2 ,4 - d ic h lo r o - 4 - n i t r o p h e n o l
4 -m e th y lc a te c h o l C h lo ro g e n ic  a c id
2 , 6 -d ic h lo ro b e n z e n o n e 2 ,4 -d iam in o p h en o )
In d o p h en o l 2 , 4 -d im e th y lp h e n o l
3 -h y d ro x y a n th ra n i l ic  a c ic 2- n a p h th o l
C a f f e ic  a c id A n th r a n i l i c  a c id
D ihyd roxy fum aric  a c id * 17 / 9 - e s t r a d io l*
A s c o rb ic  a c id * p - n i t ro p h e n o l*
V ersene* p - io d o a n i l in e *

*Not in  r e s o r c in o l  s u b s t r a t e

I n h ib i to r s

The u s e  o f  i n h i b i t o r s  has been  w id e ly  u t i l i z e d  as  a to o l  to  

d e m o n s tra te  th e  p re s e n c e , c h a r a c t e r i z a t i o n ,  and m echanism  o f  a c t i o n  o f  

a p e ro x id a s e .  P e ro x id a s e  i n h i b i t i o n  by c y a n id e ,  h y d ro x y l am ine, and 

a z id e  h as  been  u sed  a s  c l a s s i c a l  i n h i b i t o r s  o f  f e r r i c - p o r p h y r in  enzyme 

( 4 3 ) ;  th e  l i g h t  r e v e r s i b l e  c a rb o n  m onoxide i n h i b i t i o n  a s  c h a r a c t e r i s t i c  

o f f e r r o u s  p o rp h y rin s  (4 3 )  a r e  t y p i c a l  ex am p les . T a b le  10 i s  a  l i s t  o f  

compounds e f f e c t i v e  i n  low c o n c e n t r a t io n s  on th e  v a r io u s  s o u rc e s  and



TABLE 10

I n h i b i t o r s

Compound

R a t. U t. 
E s t .  o r  
T h y r. DPNH

R at U t. 
DCP DPNH

R at U t. 
P e ro x id a s e

L u c i f e r a s e
P e ro x id a s e

C yan ide - ( 6 ) - ( 4 ,4 9 ) - ( 4 ) - ( 1 0 )
NHoOH
A zid e - ( 4 ) - ( 4 ) - ( 1 0 )
Cu^^ - ( 4 . 6 ) - ( 4 )
C a ta la s e - ( 6 ) - ( 4 ) - ( 4 )
C a ta la s e  ( h e a t

i n a c t i v a t e d )
C i t r a t e * ( 4 )
P y ro p h o sp h a te * (4 )
H ydrogen p e ro x id e - ( 6 )
R e s o r c in o l t ( 6 )
C y s te in e - ( 6 ) - ( 1 0 )
G lu ta th io n e  (R e d .) - ( 6 ) - ( 1 0 )
DPN ( o r  TPN) * ( 6 ) * (1 0 )
DPNH ( o r  TPNH) - ( 1 0 )
PCMB
Mn"̂ * - ( 2 ) - ( 1 0 )
P y r o g a l lo l - ( 1 0 )
C a te c h o l - ( 1 0 )
2-m e rc a p to e th a n o l - ( 1 0 )
I n d o le a c e t i c  a c id - ( 1 0 )
C y s t in e * (1 0 )
G lu ta th io n e  ( O x id .) * (1 0 )
C arbon m onoxide * (1 0 )
H ydroqu inone
D ie th y ld i th io c a r b a m a te
A s c o rb ic  a c id * (1 0 )
EDTA - ( 4 )
F lu o r id e * ( 4 )
Fe^+
E r g o th io n e in e
Im id a z o le -
2- m e r c a p to h is t id in e
2-m e rc a p to im id a z o le
l -m e th y l-2 -m e rc a p to -

im id a z o le
H i s t i d i n e
S u l f i t e + (1 1 )

( )  i n d i c a t e s  r e f e r e n c e * = no e f f e c t  
-  = i n h i b i t i o n

+ = s t im u la t io n
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TABLE 10 ( c o n t . )

I n h i b i t o r s

HRP
T h y ro x in e
DPNH

HRP
lAA

U t. o r  HRP 
S u l f i t e  
DPNH, Thyr

T h y ro id
P e ro x id a s e

Myelo
P e ro x id a s e

P e ro x id a s e
S u l f i t e
O x id a tio n

- f l 2 , 1 9 , 5 ) + (48 ) - ( 1 9 )
“ V. 1 2  )
-(5,m ^ ( l 2 ) - ( 1 9 )
- ( 3 .1 2 ) - ( 1 1 ) - ( 5 0 )
- ( 3 .1 2 .3 6 ) + (3 6 ) * (1 1 ) * (4 8 ) - ( 1 1 )

* (1 2 ) * (1 1 )  ..........
* (3 6 ). - ( 3 6 ) * (3 6 ) * (5 0 )
* ( 3 6 ) ......... _ - ( 3 6 ) * (3 6 )

- ( 1 2 ) * (4 7 )
- ( 1 1 ) - ( 1 1 )

- ( 4 8 ,5 0 ) * (4 7 )

- ( 1 2 )

- ( 1 1 ) - ( 1 1 )

- ( 1 2 )
- ( 1 2 )
- ( 3 ) - ( 1 1 ) * (4 7 ) - (1 1 )
- ( 3 6 ) * (4 7 )

- ( 4 7 )
+ (2 1 ) + (2 1 )
- ( 2 1 ) - ( 2 1 )
+ (2 1 ) + (2 1 )
+ (2 1 ) + (2 1 )

+ ( 2 l ) + (2 1 )
* (2 1 )
- ( 4 ,1 1 ,1 4 )
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fu n c t io n s  o f  p e ro x id a s e s .  T h is  com piled  t a b l e  i s  u sed  a s  a b a s i s  f o r  

th e  fo llo w in g  rev ie w  o f  th e  mechanism d i f f e r e n c e  and th e  s i t e  o f  

i n h i b i t i o n  o f  th e  p e ro x id a s e  r e a c t i o n s .

C yanide and a z id e  a r e  w e ll  known i n h i b i t o r s  o f  p e ro x id a s e  

b e c a u se  o f  t h e i r  a f f i n i t y  f o r  b in d in g  w ith  t h e  heme p r o s t h e t i c  g ro u p s  

o f  th o s e  enzym es. C arbon m onoxide u s u a l ly  i n h i b i t s  p e ro x id a s e s  when 

th e y  f u n c t io n  as  p e ro x id a s e - o x id a s e s ,  b u t does n o t i n h i b i t  m ost 

p e r o x id a t iv e  r e a c t i o n s .  T h is  i s  b e c au se  th e  i r o n  in  p e ro x id a s e , 

f u n c t io n in g  s t r i c t l y  p e r o x id a t iv e ly ,  i s  th o u g h t n o t  to  go in to  th e  

f e r r o u s  s t a t e  ( 2 ) .  D ure and C orm ier (1 0 ) have d e m o n s tra te d  t h a t  

c y a n id e  and a z id e  i n h i b i t i o n  can  be overcom e w ith  in c r e a s in g  concen­

t r a t i o n  o f  hydrogen  p e ro x id e  and t h e r e f o r e  i s  i n d i c a t i v e  o f  t h e  p re s e n c e  

o f  a  p e ro x id a s e -

C a te c h o l, i n d o le a c e t i c  a c id  and p y r o g a l lo l  a r e  commonly known 

p e ro x id a s e  s u b s t r a t e s  ( 2 ) .  I f  th e  p e ro x id a s e  i s  c a p a b le  o f  f u n c t io n in g  

a s  a DPNH o x id a s e , th e n  th e s e  compounds w ould be  e x p e c te d  to  i n h i b i t  th e  

r e a c t i o n  by co m peting  w i th  DPNH, o r  in  t h e  c a s e  o f  l u c e r i f a s e ,  w ith  

l u c i f e r i n .  T a b le  10 i n d i c a t e s  t h i s  to  be th e  c a s e .  O th e r  s u b s t r a t e s  

h a v in g  th e  same a c t i v i t y  a r e  a s c o r b ic  a c id  ( 3 ,1 0 ,1 1 ) ,  r e s o r c in o l  ( 6 ) ,  

h y d ro q u in o n e  (1 2 ) and e rg o th io n e in e  (2 1 ) ,

Manganous io n  i s  known to  c o n v e r t  many p e ro x id a s e s  to  p e ro x id a s e -  

o x id a s e s  ( 2 ) .  I n h i b i t i o n  by manganous io n  o f  a  p e ro x id a s e  a c t io n  and 

s t im u la t io n  o f  i t s  o x id a s e  a c t i v i t y  i s  a l s o  c o n s i s t e n t  w i th  t h e  p ro p o s a l  

t h a t  u t e r i n e  p e ro x id a s e  and th e  pheno l s t im u la te d  DPNH o x id a s e  a r e  

i d e n t i c a l  p r o te in s .

I t  h a s  been d e m o n s tra te d  r e c e n t l y  t h a t  f r e e  r a d i c a l s  a r e
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p roduced  d u r in g  th e  en zy m atic  p e ro x id a t io n  o f  a v a r i e t y  o f  s u b s t r a t e s  

( 9 ) .  T h is  o b s e rv a t io n  i s  a  c o n firm a tio n , o f  a p r e v io u s ly  p roposed  

m echanism  f o r  p e ro x id a t io n  r e a c t i o n s  in  w hich  f r e e  r a d i c a l s  w ere  p o s tu ­

l a t e d  a s  in te r m e d ia te s  ( 1 8 ,4 4 ,4 5 ) ,  Thus i t  i s  o f  i n t e r e s t  t h a t  r a d i c a l  

t r a p p e r s  su ch  a s  2 -m e rc a p to e th a n o l and  c y s te in e  a l s o  i n h i b i t  p e ro x id a s e  

r e a c t i o n s  by com peting  w i th  t h e  s u b s t r a t e  ( 1 0 ) .  The i n h i b i t i o n  by f r e e  

r a d i c a l  t r a p p e r s  has been  u se d  to  i d e n t i f y  p e ro x id a s e s  and  a s  p ro o f  o f 

t h e i r  f r e e  r a d i c a l  m echanism  ( 1 8 ,4 4 ) .

P e rh ap s  th e  m ost i n t e r e s t i n g  and u s e f u l  i n h i b i t o r  o f  p e ro x id a s e -  

o x id a s e  i s  c a t a l a s e .  S in c e  h e a t - i n a c t i v a t e d  c a t a l a s e  does n o t  i n h i b i t ,  

( 3 ,4 ,6 ,1 1 ,1 2 ,3 6 ) ,  th e  a c t i o n  o f  c a t a l a s e  i s  e v id e n t ly  a s s o c ia te d  w ith  

i t s  c a t a l y t i c  a b i l i t y  ( 3 6 ) .  T h is  i n h i b i t i o n  by c a t a l a s e  has  been used  

as  e v id e n c e  t h a t  hydrogen  p e ro x id e  was an  in te r m e d ia te  in  th e  DPNH 

o x id a t io n ;  how ever, a t te m p ts  t o  d e te c t  a s  l i t t l e  a s  0 . 0 5 ^  m olar 

c o n c e n t r a t io n  o f  hydrogen  p e ro x id e  w ere  c o m p le te ly  u n s u c c e s s fu l  (1 2 ) .

K le b a n o ff  (2 1 )  h a s  r e p o r te d  t h a t  th e  s to ic h io m e t r ic  o x id a t io n  

o f  s u l f i t e  io n s  i s  i n i t i a t e d  by  p e ro x id a s e  in  th e  p re s e n c e  o f  o r

c e r t a i n  p h e n o lic  compounds su c h  a s  th y ro x in e  o r  e s t r a d i o l .  T h is  r e a c t i o n  

i s  i n h i b i t e d  by a  number o f s u b s ta n c e s ,  i . e . ,  GSH and h y d ro q u in o n e , 

p resu m ab ly  as a  r e s u l t  o f  t h e i r  a b i l i t y  to  r e a c t  w ith  f r e e  r a d i c a l  

i n te r m e d ia te s  in  th e  c h a in  r e a c t i o n  ( 1 1 ) .  K le b a n o ff  (1 1 )  has demon­

s t r a t e d  th e  f a i l u r e  o f  s u l f i t e  o x id a t io n  to  be i n s e n s i t i v e  t o  c a t a l a s e .  

The m echanism  o f  o x id a t io n  t h e r e f o r e  m ust n o t  p ro ceed  by p ro d u c tio n  and 

su b se q u e n t u t i l i z a t i o n  o f  hydrogen  p e ro x id e , and c o n s e q u e n tly  s u l f i t e  

o x id a t io n  c a n n o t be c o n s id e re d  a  t r u e  p e ro x id a s e  o r  p e ro x id a s e -o x id a s e  

m echanism .
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The s t im u la to r y  e f f e c t  o f  e rg o th io n e in e  on DPNH o x id a t io n  by 

h o r s e r a d is h  p e ro x id a s e  i s  s h a re d  by 2 - m e r c a p to h is t id in e ,  2 -m e rc a p to -  

im id a z o le  and l -m e th y l-2 -m e rc a p to im id a z o le  b u t  n o t  by h i s t i d i n e  o r  

im id a z o le  ( 2 1 ) .  The s u l f h y d r y l  r a d i c a l  i s  t h e  i n i t i a l  o x id a t io n  p ro d u c t  

o f  e r g o th io n e in e ,  and th e  o p e r a t io n  c f  an  e r g o th io n e in e - e r g o th io n e in e  

s u l f h y d r y l  r a d i c a l  o x id a t io n - r e d u c t io n  sy s te m  w ould b e  an a lo g o u s  to  th e  

sy s tem s p ro p o sed  f o r  th e  c a t a l y t i c  e f f e c t  o f  c e r t a i n  m onophenols (1 1 , 

1 2 ,3 8 )  and a ro m a tic  am ines (4 6 )  on th e  a e ro b ic  o x id a t io n  o f  DPNH by 

p e ro x id a s e .  K le b a n o ff  (2 1 )  p o in t s  o u t ,  how ever, t h a t  h i s  d a ta  do n o t 

s u p p o r t ,  and , in  f a c t ,  c o n t r a in d i c a t e s  an  e r g o th io n e in e - e r g o th io n e in e  

d i s u l f i d e  o x id a t io n - r e d u c t io n  sy stem .

The c h e la t i o n  e f f e c t  o f  EDTA (4 ,3 6 )  w ould b e  a n t i c ip a t e d  in  

v iew  o f  th e  r o l e  o f  Mn'*’"*'. H o lla n d e r  and S te p h en s  ( 4 )  r e p o r t  t h a t  

DPNH o x id a t io n  i s  n o t  i n h i b i t e d  by c i t r a t e  o r  p y ro p h o sp h a te . The 

l a t t e r  a u th o r s  have u t i l i z e d  t h i s  c h e la t i o n  e f f e c t  a s  e v id e n c e  f o r  a 

m anganese v a le n c e  change i n  th e  o x id a t io n  o f  i n d o le a c e t i c  a c id ,  w h ile  

DPNH o x id a t io n  depends o n ly  upon Mn'*"*'. One f u r t h e r  d i f f e r e n c e  i s  w i th  

r e s p e c t  to  c a t a l a s e .  DPNH o x id a t io n  i s  i n h i b i t e d  by c a t a l a s e ;  in d o le ­

a c e t i c  a c id  o x id a t io n  i s  s t im u la te d  by c a t a l a s e .

V ery sm a ll q u a n t i t i e s  o f  hyd rogen  p e ro x id e  (1 0 " % )  s t im u la te  

th e  DPNH o x id a s e  a c t i v i t y  o f  p e ro x id a s e  ( 6 ) .  T h is  s t im u la t io n  i s  

l im i te d  t o  th e  e l im in a t io n  o f an  i n i t i a l  l a g  tim e  r e a c t i o n  p e r io d .

Tem ple e t  a l.. ( 6 )  p o s tu l a t e s  t h a t  t h i s  l a g  p e r io d  i s  d u e  to  t h e  tim e  

r e q u i r e d  f o r  p ro d u c t io n  o f  h y d ro g en  p e ro x id e  by th e  Mn**, pheno l and 

O2 sy s tem . At th e  end o f  t h i s  l a g  p e r io d  f u r t h e r  a d d i t io n s  o f  hydrogen  

p e ro x id e  became in c r e a s i n g ly  i n h i b i t o r y .
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S c h u l tz  and R o s e n th a l  (4 7 )  show t h a t  i n  th e  p re s e n c e  o f  oxygen 

f e r r o u s  io n  i n a c t i v a t e s  p u r i f i e d  p r e p a r a t i o n  o f  m y e lo p e ro x id a se . D ata 

a r e  p r e s e n te d  w h ich  s u g g e s t  t h a t  th e  mode o f  i n a c t i v a t i o n  may be  th ro u g h  

th e  fo rm a tio n  o f  oxygen r e d u c t io n  p r o d u c ts .  H o r s e ra d is h  p e ro x id a s e  

i s  n o t  i n h i b i t e d  u n d e r  s im i la r  c o n d i t io n s .

DPN ( 6 ,1 0 )  o r  TPN ( 1 0 ) ,  r e s p e c t i v e  p ro d u c ts  o f  DPNH o r  TPNH 

o x id a t io n  by p e r o x id a s e - o x id a s e s ,  do n o t  i n h i b i t  t h e  fo rm er r e a c t i o n .

K le b a n o ff  (2 1 )  h a s  s u g g e s te d  t h a t  im id a z o le  i s  i n h i b i t o r y  to  

DPNH o x id a t io n  by h o r s e r a d is h  p e ro x id a s e ,  and i n  th e  same r e p o r t  (2 1 )  

in d ic a te d  t h a t  h i s t i d i n e  and im id a z o le  a r e  I n a c t iv e  a s  s t im u la n t s .

T h y ro id  p e ro x id a s e  i s  i n s e n s i t i v e  to  c y a n id e  and c a t a l a s e  ( 4 8 ) .  

S u l f i t e - p o t e n t i a t e d  DPNH o x id a t io n  by th y ro x in e  s t im u la te d  u t e r i n e  o r  

h o r s e r a d is h  p e ro x id a s e  i s  c a t a l a s e  i n s e n s i t i v e  (1 1 ) . O x id a tio n  o f 

i n d o le a c e t i c  a c id  by h o r s e r a d is h  p e ro x id a s e  i s  s t im u la te d  by c a t a l a s e  

(3 6 )  and i s  a z id e  i n s e n s i t i v e  (1 2 ) .  M y e lo p e ro x id ase  i s  n o t i n h i b i t e d  

by c y s t e i n e ,  a s c o r b ic  a c id  o r  EDTA (4 7 ) .  L u c i f e r in  p e ro x id a s e  i s  

c a rb o n  m onoxide i n s e n s i t i v e ;  i t  i s  i n h i b i t e d  by Mn** and i s  t h e r e f o r e  

f u n c t io n in g  s im p ly  a s  a  p e ro x id a s e  i n s t e a d  o f  a p e ro x id a s e - o x id a s e .  

U te r in e  p e ro x id a s e  i s  i n h ib i t e d  by c y a n id e , a z id e ,  c a t a l a s e ,  a s c o r b ic  

a c id ,  EDTA, and c y s te i n e  when f u n c t io n in g  a s  a  pheno l a c t i v a t e d  DPNH 

o x id a s e  ( 4 ,6 ) .

T h is  summary i s  in te n d e d  to  d e m o n s tra te  t h a t  d i f f e r e n t  s o u rc e s  

o f  p e ro x id a s e s  re sp o n d  d i s s i m i l a r l y  to  i n h i b i t o r s  and a r e  n o t  n e c e s s a r i l y  

m e d ia te d  by  th e  same m echanism . I t  i s  t o  show t h a t  th e  i n h i b i t o r y  

e f f e c t s  o f  c y s te i n e ,  GSH, and 2 -m e rc a p to e th a n o l have  been  c o n s id e re d  a s  

i n h i b i t o r y  o n ly  t o  th e  f r e e  r a d i c a l  m echanism s. In  a d d i t io n ,  no
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d i s t i n c t i o n  c o u ld  be  made on th e  b a s i s  o f  th e  r e p o r te d  i n h i b i t o r s  to  

a d i f f e r e n c e  betw een d ic h lo ro p h e n o l  and th y ro x in e  o r  e s t r a d i o l  

a c t i v a t e d  u t e r i n e  p e ro x id a s e - o x id a s e  m echanism  o r  a c t i v e  s i t e  r e q u i r e ­

m en ts.
Mechanism

P e ro x id a s e

P e ro x id a s e  i s  an  exam ple o f  th e  m echanism  shown in  th e  

fo l lo w in g  e q u a tio n :
E + A r—i  EA.

EA + B V—̂  E + C + D

A M ic h a e l is  c o n s ta n t  h a s  been  o b ta in e d  f o r  hydrogen  p e ro x id e ,  b u t  t h e  

v e l o c i t y  i s  p r o p o r t io n a l  t o  th e  c o n c e n t r a t io n  o f  hyd rogen  d o n o r (5 2 ) .

I n  a  few c a s e s ,  i t  i s  p o s s ib l e  t o  d e te rm in e  th e  c o n c e n t r a t io n  

o f  t h e  com plex ES d i r e c t l y ,  u s u a l l y  by s p e c tro p h o to m e tr ic  m eans. T h is  

f i e l d  h a s  been  d e v e lo p e d  p r i n c i p a l l y  by Chance ( 5 2 ,5 3 ) .  P e ro x id a s e  h as  

been  shown by K e i l in  and Mann (5 4 )  to  ch an g e  i t s  a b s o rp t io n  sp e c tru m  

when com bined w ith  h y d ro g en  p e ro x id e .

T h e re  a re  fo u r  d i s t i n c t  ty p e s  o f  com plexes t h a t  have been 

d i s t i n g u i s h e d  w hich b e a r  r e l a t i o n s h i p  on th e  m echanism  o f  p e ro x id a s e .  

Two o f  th e s e  com plexes ( I I I  and IV) a r e  r e d  compounds form ed w ith  

e x c e s s  o f  hyd rogen  p e ro x id e ;  th e s e  com plexes a r e  c a t a l y t i c a l l y  i n a c t iv e  

and  th e  r e a c t i o n  i s  i n h i b i t e d  when th e y  a r e  fo rm ed . The c o n v e rs io n  o f  

Complex I  t o  Complex I I  p ro c e e d s  more r a p i d l y  i n  th e  p re s e n c e  o f  a 

h y d ro g en  dono r and may t h e r e f o r e  be  assum ed to  c o n t r ib u te  to  th e  

f o rm a tio n  o f  th e  p ro d u c t  o f  th e  r e a c t i o n  (5 2 ) .

As t o  th e  ch e m ica l n a tu r e  o f  th e  two com plexes , t h e r e  a r e  two 

d i f f e r e n t  h y p o th e s e s  s u p p o r te d  by two g ro u p s  o f  i n v e s t i g a t o r s .  Chance
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(5 3 )  fo rm u la te d  Complex I  a s  F ep***(H 202), i . e . ,  an  a d d i t io n  compound 

o f  t h e  enzyme w ith  hyd rogen  p e ro x id e ;  t h e  s u b s c r ip t  p d e n o te s  t h a t  th e  

i r o n  fo rm s a p a r t  o f  th e  h a e m o p ro te in  enzyme. Complex I I  i s  c o n s id e re d  

to  b e  Fep'*’‘'"‘’(OH* ) ,  w here  th e  g roup  (O H ') i s  m ere ly  w r i t t e n  a s  a  symbol 

f o r  h a l f  red u c e d  hyd rogen  p e ro x id e . E le c t r o n ic  re so n a n c e  a b s o r p t io n  

m easurem ents show t h a t  Complex I I  does n o t  c o n ta in  a f r e e  r a d i c a l ,  and 

in  f a c t ,  Yamazaki e t  £ l .  ( 9 )  have r e c e n t l y  shown t h a t  AH2 a s  th e  hydrogen  

donor does form  a  f r e e  r a d i c a l .  Thus t h e  n a tu r e  o f  Complex I I  i s  

u n c e r t a in  in  C h a n c e 's  fo rm u la t io n .

G eorge ( 5 2 ,5 5 ) ,  on t h e  o th e r  hand , b e l i e v e s  t h a t  t h e  hydrogen  

p e ro x id e  o x id iz e s  th e  i r o n  in  th e  enzyme t o  a  v a le n c y  s t a t e  h ig h e r  th a n  

t h a t  n o rm a lly  fo u n d , and s u g g e s ts  t h a t  Complex I  c o n ta in s  q u in q u e v a le n t  

and  Complex I I  q u a d r iv a le n t  i r o n .

The fo llo w in g  m echanism  h a s  been  p ro p o se d  by G eorge (4 4 )  and by 

Y am azaki, Mason and P i e t t e  (9 )  f o r  t h e  p e r o x id a t i c  o x id a t io n :

Fep+++ + H2O2 -------^  (FepO)+++ + H2O
Complex I

(FepO)+++ + AH2 ---- ^  (FepO)++ + -AH
Complex I  Complex I I

(FepO)++ + AH2 — ^  Fep+++ + AH

Complex I I  P e ro x id a s e

2 'AH -------^  A + AHg ( o r  HA AH )

w here AH2 i s  th e  s u b s t r a t e  e l e c t r o n  d o n o r, AH* th e  f r e e  r a d i c a l  

in te r m e d ia te  such  a s  sem iq u in o n e , and A i s  th e  o x id iz e d  p ro d u c t .

In  c o n s t r a s t  t o  th e  m echanism  o f  C hance, t h i s  p ro c e s s  in v o lv e s  

an  o x id a t io n  and r e d u c t io n  o f  th e  enzyme. T h is  i s  s u p p o rte d  by G e o rg e 's  

o b s e r v a t io n  t h a t  u n d e r c e r t a i n  c o n d i t io n s  one m o lecu le  o f  hydrogen
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p e ro x id e  g iv e s  r i s e  to  c o n s id e r a b ly  more th a n  one m o le c u le  o f  Complex 

I I ,  w h ich  he e x p la in s  by an o x id a t io n  o f  f r e e  enzyme by Complex I  a s  

fo llo w s  ( 5 5 ) :
Fep^*+ + PepO*** + HgO --- > 2 (FepO)++ + 2H+

P e ro x id a s e  Complex I  

Chance o b je c t s  t o  G e o rg e 's  m echanism  on t h e  g round  t h a t  a l l  

com ponent r e a c t io n s  a r e  in d e p e n d e n t o f  pH and he  c o n s id e r s  t h a t  th e  

e x i s t e n c e  o f  such  h ig h e r  o x id a t io n  s t a t e s  o f  i r o n  i s  d o u b tfu l  ( 5 2 ) .

The g e n e ra l  r e s u l t s  o f  th e  d i r e c t  s tu d ie s  o f  e n z y m e -s u b s tra te  

compounds o f  p e ro x id a s e s  p ro v e  t h a t  th e  r a t e  o f  t h e s e  r e a c t i o n s  i s  

-g o v ern ed  by th e  c o n c e n t r a t io n  o f  a c t i v e  e n z y m e -s u b s tra te  compounds.

The r e a c t i o n  m echanism  d i f f e r s ,  how ever, r a t h e r  d r a m a t ic a l ly  

from  t h a t  o f  i n v e r t a s e  and o th e r  enzymes in  w h ich  t h e r e  o c c u rs  a r a p id  

e q u i l ib r iu m  o f  enzyme and s u b s t r a t e  and an  o c c a s io n a l  sp o n ta n e o u s  

d e c o m p o s itio n  o f  th e  e n z y m e -s u b s tra te  com plex. I n  t h e  r e a c t i o n s  o f  t h e  

p e r o x id a s e s ,  th e  c o m b in a tio n  o f  enzyme and s u b s t r a t e  i s  v e ry  t i g h t ;  t h e  

r e v e r s i b l e  r e a c t i o n  p la y s  no s i g n i f i c a n t  p a r t  in  t h e  e n z y m atic  a c t i v i t y .  

F u r th e rm o re , th e  e n z y m e -s u b s tra te  com plex, once fo rm ed , does n o t 

s p o n ta n e o u s ly  decompose a t  a r a p id  r a t e ;  i t  i s  r e l a t i v e l y  s t a b l e  u n t i l  

c o l l i s i o n  w i th  th e  dono r m o le c u le  o c c u rs . The k i n e t i c s  o f  p e ro x id a s e s  

in v o lv e  th e  c o n s e c u t iv e  r e a c t i o n s  o f  s u b s t r a t e  and d o n o r m o le c u le  w i th  

t h e  enzym es and w ith  th e  e n z y m e -s u b s tra te  com plex. S in c e  th e s e  two 

r e a c t i o n s  may be e q u a l ly  e f f e c t i v e  in  d e te rm in in g  th e  a c t i v i t y ,  a s p e c i f i ­

c a t i o n  o f  th e  a c t i v i t y  o f  th e  p e ro x id a s e s  r e q u i r e s  a  m easurem ent o f  b o th  

th e  v e l o c i t y  c o n s ta n t  f o r  th e  fo rm a tio n  o f  th e  e n z y m e -s u b s tra te  com plex 

and f o r  th e  r e a c t i o n  o f  th e  e n z y m e -s u b s tra te  com plex w i th  th e  donor 

m o le c u le . I n  a d d i t io n ,  th e  c l a s s i c a l  M ic h a e lis  c o n s ta n t  f o r  th e
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e n z y m e -s u b s tra te  com plex becom es o£ l i t t l e  v a lu e  i n  s p e c i f y in g  th e  

n a tu r e  o f  th e  enzym e. F o r th e  p e ro x id a s e s  th e  M ic h a e lis  c o n s ta n t  i s  

a  f u n c t io n  o f  th e  d o n o r c o n c e n t r a t io n  an d , i n  f a c t ,  may be l i n e a r l y  

r e l a t e d  to  i t .  The c o n c e p t o f  optimum a c t i v i t y  a s  a p p l ie d  to  p e ro x id a s e s  

h a s  l i t t l e  m ean ing ; t h e o r e t i c a l l y  th e  optim um  a c t i v i t y  would be  found  

o n ly  a t  i n f i n i t e  s u b s t r a t e  and  donor c o n c e n t r a t io n s — a s a t i e t y  seldom  

a c h ie v e d  p h y s io lo g ic a l ly  ( 5 2 ,5 3 ) .

F e ro x id a s e -O x id a s e

As p r e v io u s ly  d i s c u s s e d  in  th e  s e c t io n  on manganese^ m anganese 

h a s  t h e  a b i l i t y  t o  c o n v e r t  p e ro x id a s e s ,  w hich  r e q u i r e s  hydrogen  p e ro x id e ,  

to  p e ro x id a s e - o x id a s e  ( 2 ) .  The l a t t e r  th e n  r e q u i r e s  a pheno l and 

m o le c u la r  oxygen i n  a d d i t io n  to  m anganese f o r  i t s  o x id a s e  f u n c t io n .

I n  t h e  o x id a t io n  o f  DPNH o r  TPNH, m anganese u n d e rg o e s  no change in  

v a le n c e  s t a t e  ( 4 ,1 2 ) .  D iv a le n t  m anganese c a n  be  r e p la c e d  o n ly  by 

Ce+++ ( 3 5 ) .

A c c o rd in g  t o  Yam azaki and Souzu (1 8 )  m anganese a p p e a rs  t o  p rom o te  

r e a c t i o n  betw een  f r e e  r a d i c a l s  and oxygen t o  fo rm  hydrogen  p e ro x id e ;  

how ever, hydrogen  p e ro x id e  w i l l  n o t  r e p la c e  Mn** i n  a e ro b ic  r e a c t i o n s  

( 3 4 ) .  The s to i c h io m e t r i e s  o f  bùi** c o n c e n t r a t io n  (10“ ^ M) i n d i c a t e  a 

c a t a l y t i c  e f f e c t  ( 4 ) .

The s t r u c t u r e  o f  t h e  f i n a l  p ro d u c ts  o f  p e r o x id a t i c  o x id a t io n  

( 2 ,5 6 ) ,  th e  s to i c h io m e t r i e s  and  r e l a t i v e  r a t e  o f  r e d u c t io n  o f  

p e ro x id a s e  Compounds I  and  I I  ( 4 4 ,5 7 ) ,  and t h e  red o x  p r o p e r t i e s  o f  

s u b s t r a t e  in te r m e d ia te s  (4 5 )  make i t  l i k e l y  t h a t  th e  in te r m e d ia te s  

a r e  f r e e  r a d i c a l s .

R e c e n tly  Y am azaki e t  a l .  ( 9 )  h ave  p ro v id e d  d i r e c t  p h y s ic a l
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e v id e n c e , w i th  e l e c t r o n  p a ra m a g n e tic  re s o n a n c e  s p e c tro s c o p y , t h a t  

f r e e  r a d i c a l s  a r e  p ro d u ced  from  s u b s t r a t e s  d u r in g  th e  enzy m atic  

p e r o x id a t io n  o f  a  v a r i e t y  o f  s u b s t r a t e s .  T h is  o b s e rv a t io n  c o n firm s  

a p r e v io u s ly  p ro p o sed  m echanism  f o r  p e r o x id a t io n  r e a c t i o n s  w hich  

p o s tu l a te d  f r e e  r a d i c a l s  a s  in te r m e d ia te s  ( 1 8 ,4 4 ,4 5 ) .  Yamazaki e t  a l .  

( 9 ,1 8 )  s u g g e s t  t h a t ,  i n  t h e  m ain , th e  f r e e  r a d i c a l s  form ed in  t h i s  

sy s te m  a r e  n o t  com bined w i th  th e  enzyme, b u t  e x i s t  f r e e  in  s o lu t io n .

O th e r  a d d i t i o n a l  s u p p o r t iv e  e v id e n c e  f o r  t h i s  f r e e  r a d i c a l  

m echanism  h as  been f u rn is h e d  by th e  f a c t  t h a t  r a d i c a l  t r a p p in g  compounds 

such  a s  2 -m e rc a p to e th a n o l ( 1 0 ) ,  c y s te in e  ( 6 ,1 0 ,1 2 ) ,  and GSH (1 1 )  i n h i b i t  

p h en o l s t im u la te d  DPNH p e ro x id a s e - o x id a s e .  P resum ab ly  t h i s  i n h i b i t i o n  

i s  a r e s u l t  o f  t h e i r  a b i l i t y  t o  r e a c t  w i th  f r e e  r a d i c a l  in te r m e d ia te s  

in  th e  c h a in  r e a c t i o n  p ro d u ce d  from  e i t h e r  t h e  p h en o l o r  DPNH o r  b o th .

O x id a t io n - r e d u c t io n  sy stem s have been  p ro p o se d  f o r  th e  c a t a l y t i c  

e f f e c t  o f  c e r t a i n  m onophenols (1 1 ,1 2 ,3 8 )  and a ro m a tic  am ines (3 9 )  on 

th e  a e r o b ic  o x id a t io n  o f  DPNH by p e ro x id a s e .  T h ese  compounds a r e  

b e l ie v e d  t o  a c t  a s  o x id a t io n - r e d u c t io n  c a t a l y s t s ,  b e in g  a l t e r n a t e l y  

o x id iz e d  and red u ced  by  DPNH ( o r  TPNH) p ro b a b ly  t o  a  f r e e  r a d i c a l  

in te r m e d ia te  by th e  p e ro x id a s e  sy stem . I t  h a s  b een  p ro p o sed  ( 4 )  t h a t  

DPNH i s  o x id iz e d  by h ig h ly  r e a c t i v e  i n te r m e d ia te s ,  and t h a t  t h i s  i s  a 

c h a in  r e a c t i o n  i n i t i a t e d  by  f r e e  r a d i c a l s  g e n e ra te d  by c e r t a i n  p e ro x id a s e  

c a ta ly z e d  r e a c t i o n s  ( 4 ,1 4 ,5 8 ) .

Akazawa and Conn (1 2 )  s u g g e s te d  t h a t  a  t e r n a r y  com plex o f  

p e ro x id a s e ,  M i**, and H2 O2 c a ta ly z e s  th e  o x id a t io n  o f  th e  pheno l (ROH) 

by oxygen t o  an  o x id iz e d  fo rm  (RO") ,  ( th e  l a t t e r  p resu m ab ly  o f  a f r e e  

r a d i c a l  n a tu r e )  and H2 O2 ' By t h e  a c t i o n  o f  p e ro x id a s e ,  hydrogen
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p e ro x id e  c o u ld  th e n  o x id iz e  a n o th e r  m o le c u le  o f  th e  p h en o l t o  th e  

o x id iz e d  ( f r e e  r a d i c a l )  form . R educed DPN co u ld  f u r t h e r  re d u c e  th e  

o x id iz e d  p h e n o l. A cco rd in g  t o  W illiam a-A shm an, Cassman and  K la v in s  ( 3 8 ) ,  

th e  p r o c e s s  c an  b e  e n v is io n e d  a s :

2 ROH + Og ----------- > 2 RO* + HgOg

2 ROH + H2 O2 ------------ > 2 RO* + 2  H2 O

4 RO* + 2  DPNH + H +  > 4 ROH + 2 DPN'*’

2 DPNH + 2H* + O2 ----------»  2 DPN'*' + 2 H2 O

On t h e  o th e r  hand , Yamazaki and Souzu (1 8 )  p ro p o sed  a  scheme

f o r  th e  p ro m o tin g  e f f e c t  o f  Mn++ and s u b s t r a t e  XH2 on th e  o x id a s e  

r e a c t io n s  c a ta ly z e d  by p e ro x id a s e  ( F ig u r e  8 ) .  As i l l u s t r a t e d  in  th e  

f ig u r e ,  (H2 O2 ) shows a t r a c e  amount o f  H2 0 2 ,w hich  i n i t i a t e s  th e  

r e a c t io n .  Mn’*"*' may prom ote th e  r e a c t i o n  betw een th e  f r e e  r a d i c a l s  and 

O2 t o  form  H202* XH2 p rom otes t h e  o x id a s e  r e a c t i o n  when YH r a d i c a l  i s  

p roduced  more r a p i d l y  by th e  r e a c t i o n  o f  YHg w ith  XH r a d i c a l  th a n  th e  

d i r e c t  p e ro x id a s e  r e a c t io n  o f  YH2 ( 4 5 ) .  A lthough  th e  r a t i o  o f  o n e -h a lf

m ole o f  O2 p e r  m ole o f  YH2 i s  c o r r e c t ,  t h i s  mechanism c o u ld  a l lo w  f o r

a c c u m u la tio n  o f  l a r g e  am ounts o f  H2 O2 ( 1 8 ) .

M o le c u la r  oxygen i s  consumed by th e  p e ro x id a s e  o x id a t io n  o f 

DPNH in  a r a t i o  o f  o n e -h a l f  m ole o f  O2 p e r  mole DPNH ( 3 , 4 ) .  DPNH i s  n o t 

c o n s id e re d  t o  be  th e  d i r e c t  r e d u c ta n t  o f  O2 , b u t  r a t h e r  p h en o l ( 1 2 ) .

The i n i t i a l  s te p  i n  th e  r e a c t i o n  i s  c o n s id e re d  to  be fo rm a tio n  o f  th e  

o x id iz e d  p h e n o lic  p ro d u c t (R O * )(1 2 ,4 1 ).

S tu d ie s  w ith  t h e  th r e e  m ore commonly u sed  p h e n o ls , d ic h lo ro p h e n o l  

( 4 1 ) ,  th y ro x in e  ( 1 9 ) ,  and e s t r a d i o l  (5 )  have  d e m o n s tra te d  th e  n e c e s s i ty  

o f  a f r e e  a ro m a tic  h y d ro x y l g ro u p , and t h a t  t h i s  pheno l i s  n o t  c h e m ic a lly
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Figure 8. Effect of M n ^  and substrate XH2  on oxidase 
reactions catalyzed by Peroxidase.
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a l t e r e d  by t h e  t o t a l  r e a c t i o n .  T hese  d a ta  w ere o b ta in e d  by  s u b s t i t u t i o n  

f o r ,  e s t é r i f i c a t i o n  o f ,  o r  d e l e t i o n  o f  t h e  phenol h y d ro x y l g ro u p . In  

e a c h  c a s e ,  th e  p h e n o lic  s t im u la t io n  i s  l o s t .

I n  summary, p e ro x id a s e  i s  c o n v e r te d  t o  a  p e ro x id a s e - o x id a s e  by 

Mn**. Mh'*"*’ c an  be r e p la c e d  by Ce***. Mn** does n o t  u n d erg o  a  redox

r e a c t i o n  d u r in g  DPNH o x id a t io n .  A r a t h e r  n o n - s p e c i f i c  p h en o l g roup  i s  

r e q u i r e d .  The phen o l re q u ire m e n t seems t o  be o n ly  f o r  a  f r e e  a ro m a tic  

h y d ro x y l g ro u p . The pheno l i s  n o t  c h e m ic a l ly  a l t e r e d  by  t h e  r e a c t i o n  

b u t d o es  te m p o r a r i ly  c o n t r i b u te  a  f r e e  r a d i c a l .  A f r e e  r a d i c a l  

m echanism  i s  in v o lv e d . M o le c u la r  oxygen ( o n e - h a l f  m o le /m o le  DPNH) 

i s  consum ed, a p p a r e n t ly  u t i l i z e d  t o  fo rm  H2 O2 . DPNH ( o r  TPNH) i s  

r e a d i l y  o x id iz e d  to  DPN ( o r  TPN).

P r e p a r a t io n  o f  Sample 

L ucas e t  a l ,  ( 1 )  p re p a re d  hom ogenates from  m a tu re , o v a r ie c to m iz e d , 

e s t r o g e n - s t im u la t e d  r a t s .  The u t e r i  w ere  q u ic k ly  rem oved, s t r i p p e d  o f  

f a t  and c h i l l e d .  A 20% hom ogenate in  c o ld  0 .1  M NagHPO^-KH^PO^ b u f f e r ,  

pH 7 .4 ,  was p re p a re d  in  a c h i l l e d ,  a l l - g l a s s  hom ogen izer. H o lla n d e r  and 

S te p h e n s  ( 4 ) ,  Tem ple e t  a l . ( 6 ) ,  and  H o lla n d e r  e t  a l .  (2 8 )  p re p a re d  5% 

hom ogenates i n  0 .2 5  M s u c ro s e  u s in g  s im i l a r  te c h n iq u e s .  L ucas e t  a l . ( l )  

r e p o r te d  t h a t  hom ogenates p re p a re d  in  d i s t i l l e d  w a te r  u n d erg o  r a p id  lo s s  

o f  a c t i v i t y .  H o lla n d e r  e t  a l . ( 4 ,2 8 )  f i l t e r e d  hom ogenate th ro u g h  n y lo n  

g auze  b e f o r e  t e s t i n g  i t .

Tem ple ^  ^ . ( 6 )  c e n t r i f u g e d  hom ogenate f o r  10 m in u te s  a t  

500 X g and fo u n d  t h a t  t h e  s u p e r n a ta n t  l i q u i d  r e t a in e d  i t s  a c t i v i t y  

f o r  s e v e r a l  h o u r s .  H o lla n d e r  and S te p h e n s  (4 )  f r a c t i o n a t e d  th e  homo­

g e n a te  by  c e n t r i f u g a t i o n  a t  500, 5 ,0 0 0  and 100 ,000  x  g and found  no
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g r e a t  s e p a r a t i o n  o f  a c t i v i t y  i n  t h e  p a r t i c u l a t e  f r a c t i o n s .  They 

o b se rv e d  t h a t  d i a l y s i s  r e s u l t e d  i n  v a r i a b le  l o s s  o f  a c t i v i t y .

E f f e c t i v e  i s o l a t i o n  and  p u r i f i c a t i o n  o f  p e ro x id a s e  h a s  th u s  

f a r  been  r e l a t i v e l y  u n s u c c e s s f u l .

B eard  and H o lla n d e r  ( 4 1 ) ,  who r e p o r t  p u r i f i c a t i o n s  o f  5 0 -100  f o ld ,  

p re p a re d  20% hom ogenates in  0 .0 0 5  M p h o sp h a te  b u f f e r ,  pH 7 .0 ,  c o n ta in in g  

0 .0 0 1  M V e rsen e . The hom ogenates w ere  c e n t r i f u g e d  a t  600 x  g , f ro z e n  

t o  s o l u b i l i z e  a c t i v i t y ,  thaw ed , f i l t e r e d  th ro u g h  gauze  and d ia ly z e d  

a g a in s t  0 .0 0 5  M p h o sp h a te , pH 7 .0 ,  c o n ta in in g  0 .0 0 1  M V ersen e  and 

0 .1 5  M NaCl, th e n  e lu te d  w ith  NaCl by g r a d ie n t  e l u t i o n  te c h n iq u e s .

T h is  p ro c e d u re  may be  c o n t r a s te d  w ith  r e p o r t s  t h a t  v e rs e n e  i n h i b i t s  

p e ro x id a s e  a c t i v i t y  by 77% in  c o n c e n t r a t io n s  o f  0 .006  M and t h a t  

f r e e z in g  th e  hom ogenate c a u se s  a  50% l o s s  o f  a c t i v i t y  ( 4 ) .

L ucas e t  ( 1 )  a l s o  n o te d  t h a t  hom ogenates p re p a re d  in  

d i s t i l l e d  w a te r  show r a p id  l o s s  o f  a c t i v i t y  and th o s e  p re p a re d  in  

0 .1  M Na^HPOa-KHaPO* b u f f e r ,  pH 7 .4 ,  rem ained  e s s e n t i a l l y  c o n s ta n t  

f o r  s e v e r a l  h o u rs  i n  th e  c o ld .

H o lla n d e r  and S tep h en s  ( 4 )  i n d ic a te  t h a t  d i a l y s i s  f o r  4 h o u rs  a t  

2 °  C. r e s u l t s  i n  v a r i a b l e  l o s s  i n  a c t i v i t y .  The lo s s  o f  a c t i v i t y  i s  

c o n s id e re d  to  be due t o  rem oval o f  an  endogenous amount o f  hydrogen  

p e ro x id e ,  s in c e  a d d i t io n  o f  a  c a t a l y t i c  amount o f  hydrogen  p e ro x id a s e  

r e s u l t s  i n  t h e  o x id a t io n  o f m ore DPNH th a n  w ould be  a t t r i b u t e d  to  a 

s to i c h io m e t r ic  r e a c t i o n  w ith  p e ro x id e .

P a r t i c u l a t e  f r a c t i o n s  c o l l e c t e d  by  c e n t r i f u g a t i o n  a t  500,

5 ,0 0 0  and 100 ,000  x g c o n ta in e d  p h e n o l - a c t iv a te d  DPNH o x id a s e  and 

u t e r i n e  p e ro x id a s e .  T hese  f r a c t i o n s  w ere  found to  l o s e  p h e n o l-
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a c t i v a t e d  DPNH o x id a s e  a c t i v i t y  more r a p i d l y  th a n  u t e r i n e  p e ro x id a s e  

a c t i v i t y  was l o s t  d u r in g  s to r a g e  a t  -2 0 °  C. ( 4 ) .

£H

V a r ia t io n s  in  o p tim a l pH v a lu e s  f o r  d i f f e r e n t  r e a c t i o n s  have  

b een  o b se rv e d  by many. Tem ple e t  a l .  (6 )  I n d ic a te d  t h a t  th e  o p tim a l 

pH o f  a c t i v a t i o n  o f  p h e n o l- s t im u la te d  DPNH o x id a t io n  depends on th e  

n a tu r e  o f  t h e  c o f a c to r .

L ucas ^  ( 1 )  found  6 .0  t o  be  th e  o p tim a l pH f o r  th e  o x id a t io n

o f  le u c o  dye by p e ro x id a s e . A t t h i s  pH n e i t h e r  t h e  r a t e  o f  a u to o x id a t io n  

n o r  th e  u n c a ta ly z e d  o x id a t io n  o f  t h e  dye by p e ro x id e  was s i g n i f i c a n t .

H o lla n d e r  and S te p h en s  (4 )  d e te rm in e d  t h a t  t h e  o p tim a l pH f o r  

p h e n o l- c a ta ly z e d  DPNH o x id a s e  r e a c t i o n  was 5 .6 ;  how ever, t o  a v o id  a c id  

d e s t r u c t i o n  o f  DPNH m ost o b s e rv a t io n s  w ere  c a r r i e d  o u t a t  pH 7 .0 .

B ever ^  a l .  ( 7 )  r e p o r t  t h a t  a  pH s tu d y  o f  th y r o x in e - s t im u la te d  

DPNH o x id a s e  showed a  peak  a t  pH 7 .4  w i th  an  u n c h a r a c t e r i s t i c  s h o u ld e r  

i n  u p p e r  pH l e v e l s ,  a s  shown in  F ig u re  9 . T h is  pH may be c o n t r a s te d  w i th  

th e  op tim a o f  u t e r i n e  p e ro x id a s e  a t  pH 6 .0  and d ic h lo ro p h e n o l  s t im u la te d  

DPNH o x id a t io n  a t  pH l e s s  th a n  6 .0 .  F ig u re  10 i l l u s t r a t e s  th e  d i f f e r e n t  

pH o p tim a  f o r  p e ro x id a s e  and f o r  p e ro x id a s e  s t im u la te d  by e s t r a d i o l  and 

d ic h lo ro p h e n o l .  T h is  f i g u r e  i s  com piled  a f t e r  L ucas e t  ( 1 ) ,

H o lla n d e r  and S tep h en s ( 4 ) ,  and Tem ple ^  a l .  ( 6 ) .

B u f fe r  E f f e c t s

The b u f f e r  m ost commonly u sed  in  a s s a y  m ix tu re s  f o r  p e ro x id a s e  

o x id a t io n s  i s  a p h o sp h a te  b u f f e r  w ith  pH ra n g in g  from  6 .0 - 7 .7 .  K le b a n o ff  

(2 1 )  found t h a t  g ly c y lc in e ,  t r i s ,  a r s e n a te ,  and im id a z o le  b u f f e r s  w ere  

r e l a t i v e l y  I n e f f e c t iv e  and im id a z o le  b u f f e r  had a  s t r o n g  I n h ib i to r y
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Figure 9. pH Effect on Activity of Thyroxine stimulated 
DPNH oxidase of Rat Uterus.
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(1), Hollander and Stephens (4), and Temple et ^  (6). a. Based on 
AO.D. 340 M*i/min. b. Based on 40.0. 650 Mp/min.
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e f f e c t  on e rg o th lo n e ln e  o x id a t io n s  when used  w ith  p h o sp h a te  b u f f e r .  

Lucas ^  a l .  ( 1 )  u sed  0 .2  M p h o s p h a te - c i t r a t e  b u f f e r  ( M c l lv a in e 's )  a t  

pH 6 .0 .

K le b a n o ff  (2 1 )  o b se rv e d  t h a t  th e  p e ro x id a s e  o x id a t io n  o f  

e r g o th io n e in e  in d ic a te d  some dependence  on c e r t a i n  b u f f e r s ,  and t h a t  

p h o sp h a te  was th e  m ost e f f e c t i v e  b u f f e r .

B ever e t  a l .  (7 )  r e p o r te d  t h a t  b o ra te  b u f f e r  h a s  l i t t l e  e f f e c t  

on p e ro x id a s e  and  th y ro x in e  a c t i v i t i e s ,  b u t i n h i b i t s  DPNH o x id a s e  

r e a c t io n s  s t im u la te d  by e s t r a d i o l  and d ic h lo ro p h e n o l ,  a s  shown in  

T a b le  11.
TABLE 11

B o ra te  Io n  E f f e c t s

S t im u la to r B u ffe r* pH A c t iv i ty % I n h i b i t i o n

D ic h lo ro p h e n o l P h o sp h a te 7 .0 180 — —
D ieh lo ro p h e n o 1 B o ra te 7 .0 60 33
T hyrox ine P h o sp h a te 7 .8 40 — —
T hyrox ine B o ra te 7 .8 43 0
E s t r a d io l P h o sp h a te 7 .6 44
E s t r a d io l B o ra te 7 .6 24 45

* B u f fe r s 0 .0 2 5  M

Upon i n v e s t i g a t i n g  th e  c a u se  o f  t h e  b o r a te  io n  e f f e c t ,  Bever 

e t  a l . (7 )  d e te rm in e d  t h a t  i t  was n o t th e  p re s e n c e  o f  b o r a te  b u t  th e  

a b sen c e  o f  p h o sp h a te  w h ich  p roduced  th e  i n h i b i t i o n ,  s in c e  i t  was found 

t h a t  t r i s  and g ly c y lc in e  b u f f e r s  in  th e  a b se n c e  o f  p h o sp h a te  d id  n o t 

a llo w  f u l l  a c t i v i t y .  T a b le  12 and 13 i l l u s t r a t e  th e  p h o sp h a te  

re q u ire m e n t o f  d ic h lo ro p h e n o l  and th y ro x in e  s t im u la te d  o x id a t io n .

B aker and S c h u ltz  (8 )  r e p o r t s  t h a t  u n d e r c e r t a i n  c o n d i t io n s  

t h e  i n a c t i v a t i o n  o f  p e ro x id a s e  i s  P i  d e p e n d e n t. I t  was shown t h a t  

a d i a l y s a b le  f a c t o r  en h an ces  t h e  i n a c t i v a t i o n .  B aker and S c h u ltz
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S t a te  t h a t  u n d er t h e  l a t t e r  c o n d i t io n s  th e r e  i s  a  d is a p p e a ra n c e  o f  

P i  a lo n g  w ith  th e  i n a c t i v a t i o n  p r o c e s s .  ADP o r  ATP, b u t  n o t  AMP, ca n  

r e p la c e  th e  P i  in  t h e  i n a c t i v a t i o n  p ro c e s s .

TABLE 12

E f f e c t  o f  P h o sp h a te  on D ic h lo ro p h e n o l
S S I imilAtAd DPNH O xidase

B u ffe r  System A c t i v i t y
M T r i s M P h o sp h a te A O .D . X 10-3 P e r  C en t I n h i b i t i o n

0 2 .5  X  10-2 104 0
.025 0 31 70
.025 1 .6  X 10-3 57 45
.025 3 .2  X 10-3 77 26
.025 1 .0  X  10-2 105 0

TABLE 13

EffArt ftf Phosphate on Thyroxine 
S tim u la te d  DPNH O xidase

B u ffe r  System A c t i v i t y i> I n h i b i t i o n

0 .025  M T r i s ,
No p h o s p h a te , pH 7 .8 75 33

0.025  M P h o sp h a te ,
No t r i s ,  pH 7 .8 112 0



CHAPTER I I I  

MATERIALS AMD METHODS 

M a te r ia l s

A lb in o  fem a le  f a t s  w e ig h in g  140-160 gram s w ere  o b ta in e d  from  

H oltzm an R a t  Company, M adison, W isc o n s in .

The c h e m ic a ls  w ere  o b ta in e d  from  th e  i n d ic a te d  s o u rc e s :  

O x id ize d  and  red u c e d  d i - a n d  t r i -  p h o sp h o p y rid in e  n u c le o t id e s ,  

a d e n o s in e - 5 '- t r i p h o s p h a te ,  L - th y r o x in e ,  p - c h lo ro m e rc u r ib e n z o a te ,  

o - io d o s o b e n z o ic  a c id ,  1 7 ^ - e s t r a d i o l ,  and  Sigma 7 -9  T r i s  b u f f e r —  

Sigma C hem ical Company, S t .  L o u is , M is s o u r i;  a d e n o s in e  m onophosphate , 

a d e n o s in e  d ip h o s p h a te — P a b s t  B rew ing  Company, M ilw aukee, W isc o n s in ; 

o - d i a n i s i d i n e ,  2 -m e rc a p to e th a n o l , t h io g l y c o l i c  a c id — E astm an Kodak 

Company, R o c h e s te r ,  New Y ork ; t h i o g l y c e r o l — Evans C h em atics  C o r p . , 

W a te r lo o , New Y ork; b o v in e  a lb u m in —Armour L a b s . , K ankankee, 1 1 1 .;  

im id a z o le  and N -e th y l  m a le im id e— C a l i f o r n i a  Corp. f o r  B io ch em ica l 

R e s e a rc h , Los A n g e le s , C a l i f o r n ia  ; im id a z o le  a c e t i c  a c id — K & K L a b s . , 

I n c . , J a m a ic a , New Y ork; p -c h lo ra c e to p h e n o n e —M atheson , Coleman and 

B e l l ,  Norwood, O hio ; o x id iz e d  and re d u c e d  g l u ta th io n e ,  L - c y s t in e ,  

c y s ta m in e , h o m o cy s tin e , D- and L- h i s t i d i n e ,  and io d o a c e ta te —Mann 

R e se a rc h  L a b s . , I n c . ,  New Y ork ; Sephadex G-25 and G-50— P h a rm a c ia , 

U p p sa la , Sweden.

47



48

M ethods

P r e p a r a t io n  o f  Sam ple 

A lb in o  r a t s  o f  th e  H oltzm an s t r a i n  w e ig h in g  140-160 gram s 

w ere  u t i l i z e d .  A nim als w ere  e s t r o g e n  "p rim ed "  by t h r e e  d a i l y  sub ­

c u ta n e o u s  I n j e c t i o n s  o f  10 ^ g  o f  1 7 ^  - e s t r a d i o l  c o n ta in e d  i n  0 .1  ml 

o f  sesam e o i l .  The a n im a ls  w ere  s a c r i f i c e d  on th e  f o u r th  d ay ; t h e  u t e r i  

w ere  q u ic k ly  rem oved and s t r i p p e d  o f  f a t ,  c o n n e c t iv e  t i s s u e  and b lood  

v e s s e l s .  A l l  s u b se q u e n t s o l u t i o n s  and p r e p a r a t i o n  s t e p s  w ere  c a r r i e d  

o u t  a t  50  C.

A 10% hom ogenate o f  f r e s h  u t e r i  (w e ig h t by volum e) was made 

in  0 .0 5  M N a ,K -p h o sp h a te  b u f f e r ,  pH 6 .0 ,  i n  a K ontes a l l - g l a s s  

h o m o g en iz e r. The hom ogenate was c e n t r i f u g e d  a t  300 x g f o r  10 m in u te s , 

th e  s u p e r n a ta n t  d i s c a r d e d ,  and  th e  se d im e n t hom ogenized w ith  0 .0 5  M 

p h o s p h a te  b u f f e r ,  th e n  w i th  0 .2 5  M s u c ro s e  and w ith  1.1% KCl. The 

s u p e r n a ta n t  i s  a  v e ry  a c t i v e  s o u rc e  o f  p e ro x id a s e  and d ic h lo ro p h e n o l  

s t i m u la ta b l e  DPNH o x id a s e  a c t i v i t y . ^  The f r a c t i o n  in s o lu b le  i n  5%

KCl, when re su sp e n d e d  in  5% KCl o r  0 .5  M p h o sp h a te  b u f f e r ,  pH 6 .0 ,  

i s  an  a c t i v e  s o u rc e  o f  th y ro x in e  s t i m u la ta b l e  DPNH o x id a s e  a c t i v i t y .

D e m o n s tra tio n  o f  I o n ic  S t r e n g th  E x t r a c t io n  B a s is  

The i o n ic  s t r e n g th  o f 0 .5  M N a ,K -p h o sp h a te  b u f f e r ,  pH 6 .0 ,  i s  

0 .6 2  M. E qual io n ic  s t r e n g th  s o lu t io n s  w e re  p re p a re d  o f  p o ta s s iu m  

c h lo r i d e ,  sodium  c h lo r id e  and m agnesium  c h lo r id e .  The sam ple was

H e r e a f t e r  th e  f o l lo w in g  a b b r e v ia t io n s  a r e  u se d : d ic h lo ro p h e n o l
o r  th y r o x in e  a c t i v i t i e s  r e f e r  t o  d ic h lo ro p h e n o l  o r  th y r o x in e  s t im u la te d  
DPNH o x id a s e  a c t i v i t y .
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p re p a re d  a s  d e s c r ib e d  p r e v io u s ly  e x c e p t t h a t  b e f o r e  c e n t r i f u g a t i o n  o f  

th e  1.1% KCl e x t r a c t i o n  p r e p a r a t i o n ,  th e  m ix tu re  was d lv id l e d  i n t o  f o u r  

e q u a l am o u n ts , e a ch  o f  w hich  was th e n  c e n t r i f u g e d .  The s u p e rn a ta n t  was 

d i s c a r d e d .  E qual volum es o f  th e  0 .5  M p h o sp h a te  b u f f e r ,  sodium  c h lo r i d e ,  

p o ta s s iu m  c h lo r id e  and  m agnesium  c h lo r id e  w ere  u sed  I n d iv id u a l ly  t o  t e s t  

t h e i r  e x t r a c t i o n  e f f e c t i v e n e s s .  E x t r a c t io n  was a c h ie v e d  by hom ogenizing  

th e  1.1% KCl I n s o lu b le  p r e c i p i t a t e  in  a  c o ld  s o lu t i o n  o f  each  o f  th e  s a l t s  

f o r  60 se c o n d s , th e n  c e n t r i f u g in g  f o r  10 m in u te s  a t  500 x  g. The s u p e r ­

n a ta n t  w as s u b s e q u e n tly  a n a ly z e d  fo r  p e ro x id a s e ,  d ic h lo ro p h e n o l ,  th y ro x in e  

and p r o t e i n .  The ex p e rim e n t was r e p e a te d  th r e e  t im e s  and  each  sam ple 

a n a ly z e d  In  t r i p l i c a t e . ^

D ia ly s i s

Sam ples w ere  p la c e d  In  d i a l y s i s  tu b in g  w h ich  had been  p re ­

t r e a t e d  by  w ash in g  In  1 N H C l, 1 mM EDTÂ, and th o ro u g h ly  r in s e d  In  

d e - io n lz e d  w a te r .  The tu b in g  was p la c e d  i n  3 l i t e r s  o f  d i s t i l l e d  w a te r  

o r  1 mM EDTA, s t i r r e d  s lo w ly  I n  th e  c o ld  f o r  2 to  24 h o u rs  a g a in s t  th r e e  

c h an g es  o f  w a te r .  The m a te r i a l  I n s id e  th e  d i a l y s i s  bag  was c e n t r i f u g e d  

a t  500 X g f o r  10 m in u tes  t o  s e p a r a te  th e  I n s o lu b le  m a te r i a l .  T h is  

se d im e n t was su spended  by hom ogenatlon  In  5% KCl.

P e ro x id a s e  A ssay  

The a s s a y  p ro c e d u re  u se d  was d e v e lo p e d  by  W o rth in g to n ^  and I s  

b a sed  upon th e  u se  o f  o - d l a n l s l d ln e  a s  th e  h y d ro g en  d o n o r. The a s s a y

^U n less  o th e rw is e  I n d ic a te d ,  a l l  e x p e r im e n ts  r e p o r te d  In  t h i s  
p r e s e n t  w ork w ere r e p e a te d  t h r e e  t im e s  and e a c h  a n a ly s i s  w i th in  th e  
e x p e rim e n t was c a r r i e d  o u t In  t r i p l i c a t e .

^Enzyme D e s c r ip t iv e  M anual No. 11, W o rth in g to n  B iochem ica l 
C o rp o ra t io n .
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m ix tu re  c o n ta in s  5 .9  ml o f  0 .0 1  M HgOg w i th  0 .0 1  M p h o s p h a te  b u f f e r ,  

pH 6 .0 ;  0 .0 5  ml 1% o - d i a n i s i d in e  in  m ethano l an d  0 .1  ml o f  enzyme to  be

t e s t e d .  F o r t e s t s  in  w h ich  no p h o sp h a te  was d e s i r e d ,  th e  hydrogen

p e ro x id e  was i n  0 .0 1  M t r i s  b u f f e r ,  pH 6 .0 .  The r a t e  o f  c o lo r  developm ent

was m easured  s p e c t r o p h o to m e t r ic a l ly  a t  460 np u s in g  a  B ausch and Lomb

S p e c tro n ic  340 in s t r u m e n t .  The r e a c t i o n  was s t a r t e d  w i th  a d d i t io n  o f 

sam ple and a llo w e d  to  ru n  f o r  2 m in u tes  i n  m ost o f  th e  t e s t s .  A few  

s e le c te d  r e a c t i o n s  w ere  fo llo w e d  f o r  5 o r  10 m in u te s .

S p e c i f i c  a c t i v i t y  o f  t h e  sam ples was c a l c u l a t e d  in  te rm s  o f  

change in  o p t i c a l  d e n s i t y  p e r  m in u te  a t  460 mp p e r  gram  o f  p r o te in  

c o n ta in e d  in  t h e  sam ple . P r o t e i n  was m easured  by  Low ry’ s m ethod ( 5 9 ) .

I n h i b i t i o n  s t u d i e s  w ere  done in  a  manner s i m i l a r  t o  th o s e  w ith  

d ic h lo ro p h e n o l  e x c e p t t h a t  th e  pH was a d ju s te d  and o th e r  changes w ere  

made w hich w ere  n e c e s s a ry  t o  a d a p t m ethods t o  c o n d i t io n s  f o r  p e ro x id a s e  

a s s a y .
D ic h lo ro p h e n o l A ssay

The norm al a s s a y  m ix tu re  c o n s is te d  o f  3 .0  ml o f  0 .0 5  M p h o sp h a te  

b u f f e r ,  pH 7 .0 ;  0 .2  ml MnCl^, 2 x  10“ 5 M; 0 .2  ml d ic h lo r o p h e n o l ,  2 x  1 0 " ^ ;  

0 .6  ml DPNH, 1 m g/m l; sam ple  and w a te r  to  t o t a l  6 .0  m l. I n  t e s t s  w here  

no p h o sp h a te  was d e s i r e d  0 .0 5  M t r i s  b u f f e r ,  pH 7 .0 ,  was u se d . In  s tu d i e s  

w here  g iv e n  c o n c e n t r a t io n s  o f  p h o sp h a te  w ere  n e e d e d , m ic ro m o lar am ounts, 

u s u a l ly  25 p t i ,  o f  p h o sp h a te  b u f f e r  r e p la c e d  p a r t  o f  t h e  t r i s  b u f f e r  

volum e.

The r e a c t i o n  was s t a r t e d  by  th e  a d d i t io n  o f  DPNH and th e  

d is a p p e a ra n c e  o f  DPNH was fo llo w e d  s p e c t r o p h o to m e t r ic a l ly  f o r  2 m in u tes  

o r  lo n g e r  w ith  a  Bausch and  Lomb 340 a t  340 ny .
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V a rio u s  i n h i b i t i o n  s tu d i e s  w ere  c a r r i e d  o u t u t i l i z i n g ,  a  10 

m inu te  in c u b a t io n  p e r io d  o f  enzym e, b u f f e r ,  and i n h i b i t o r .  I n  a s s a y s  

c a r r i e d  o u t  in  th e  p re s e n c e  o f  c o f a c to r s ,  t h e  in c u b a t io n  in c lu d e d  Mn++, 

d ic h lo ro p h e n o l  and p h o sp h a te . A l l  i n h i b i t o r s  w ere b u f f e r e d  to  th e  

a p p r o p r i a t e  pH f o r  th e  r e a c t i o n  i n  w hich  th e y  w ere u s e d . The change 

in  o p t i c a l  d e n s i ty  a t  340 ngi p e r  m in u te  p e r  gram of p r o t e i n  was th e  

u n i t  f o r  t h e  c a l c u l a t i o n  o f  th e  s p e c i f i c  a c t i v i t y  o f  t h e  sa m p le s .

T h y ro x in e

A ssay  o f  th y ro x in e  s t im u la te d  DFHH r e a c t i o n s  was done i n  th e  

same m anner a s  t h a t  o f  d ic h lo ro p h e n o l .  The pH f o r  t h i s  a s s a y  was 7 .8 ;  

0 .4  ml o f  DPNH (1 m g/m l) was u se d  and  0 .2  ml o f  L - th y r o x in e ,  2 x  10“ ^ M, 

r e p la c e d  th e  d ic h lo ro p h e n o l .

P r o te in  A n a ly s is  

A s ta n d a r d  c u rv e  was p re p a re d  by u s in g  known q u a n t i t i e s  o f  

c r y s t a l l i n e  b o v in e  a lb u m in . The c o lo r  d ev e lo p m en t, due t o  r e a c t i o n  

o f  a l k a l i  c o p p e r - t r e a t e d  p r o te in  and t h e  r e d u c t io n  o f  phosphom olybd ic- 

p h o s p h o tu n g s t ic  r e a g e n t  ( 3 9 ) ,  was re a d  in  a  Bausch and  Lomb 340 s p e c t r o ­

p h o to m e te r  a t  500 a g a in s t  a  r e a g e n t  b la n k .

P hosphorus D e te rm in a t io n  

O ur m ethod o f  d e te rm in a t io n  i s  b ased  upon th e  r e d u c t io n  o f  

phosphom olybdic  a c id  by N -p h e n y l-p -p h e n y le n e d ia m in e  a s  d e v e lo p e d  by 

D ry e r, Tammes and R ou th  (6 0 ) .

I n  d e te rm in in g  in o rg a n ic  p h o sp h o ru s  c o n te n t ,  s a m p le s , p re p a re d  

a s  d e s c r ib e d  i n  t h e  a s s a y  c o n d i t io n s  s e c t i o n ,  w ere  d i l u t e d  to  10  ml w ith
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1 N HgSO^. Of sam p les  to  w h ich  p h o sp h a te  had been  ad d e d , 0 .1  ml o f  th e  

10 ml d i l u t i o n s  was f u r t h e r  d i l u t e d  t o  3 ml w i th  1 N H2SO4 . T h ree  ml o f  

th e  10 ml d i l u t i o n  w ere  r e q u i r e d  f o r  d e te r m in a t io n  o f  sam ples n o t 

c o n ta in in g  added  p h o sp h a te . To th e s e  3 ml sam p les  w ere  ad d ed , in  o r d e r ,

1 . 0  ml o f  0 .0 2 5  M ammonium m olybdate  and 2 . 0  ml o f  p -se m id in e  hyd ro ­

c h lo r id e  (50  mg o f  N -p h e n y l-p -p h e n y ld ia m in e  in  100 ml o f  1% NaHSO^). 

A f te r  a 10 m in u te  w a i t in g  p e r io d ,  th e  c o lo r  developm en t was re a d  

a g a in s t  a  b la n k  o f  1 N a t  770 m^ w ith  a  B ausch  and Lomb 340

s p e c tro p h o to m e te r  e q u ip p e d  w ith  i n f r a - r e d  f i l t e r  and tu b e .

The am ount o f  th e  o rg a n ic  p h o sp h a te  in  sam p les was c a lc u la t e d  

by d e te rm in in g  t h e  t o t a l  p h o sp h o ru s  c o n te n t  and  s u b t r a c t i n g  from  th e  

t o t a l  phosp h o ru s  t h e  amount o f  in o rg a n ic  p h o sp h o ru s  c o n ta in e d .

I n  t h e  t o t a l  a n a l y s i s ,  1 .0  ml o f  10% TCA was added  t o  

p r e c i p i t a t e  t h e  p r o t e i n  in  sam ples p re p a re d  by a s s a y  c o n d i t io n s .

The sam ples w ere  c e n t r i f u g e d  and th e n  d i l u t e d  w i th  2 ml o f  5 N H2SO4  

and d ig e s te d .  When d e n se  w h i te  fumes a p p e a re d , a few d ro p s  o f  30%

H2 O2 and th e n  a  few d ro p s  o f  w a te r  w ere  added s lo w ly  t o  th e  sam ples 

a f t e r  w h ich  th e y  w ere  t r e a t e d  a s  d e s c r ib e d  above i n  th e  d e te r m in a t io n  

o f  in o rg a n ic  p h o s p h a te  c o n te n t .

R e la t i o n s h ip  o f  I n o rg a n ic  P h o sp h a te  C o n c e n tra t io n  
t o  th e  A c t i v i t y  o f  P e ro x id a s e , D ic h lo ro p h e n o l 

and  T h y ro x in e  S t im u la te d  DPNH O x idase

T h ree  b u f f e r s  w ere  t e s t e d  f o r  t h e i r  e f f e c t  on e a ch  o f  th e  t h r e e  

a c t i v i t i e s  a t  t h e  a p p r o p r i a t e  c o n c e n t r a t io n  and  pH o f  t h e  s ta n d a rd  a s s a y . 

I n  th e  d ic h lo ro p h e n o l  a s s a y ,  g rad ed  l e v e l s  o f  P i  w ere  added i n  th e  

p re s e n c e  o f  a c e t a t e  b u f f e r ,  t r i s  b u f f e r  o r  w a te r .
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C om parison o f  Na and K P re p a re d  E x t r a c ts  and P i S o u rce  

A l l  sodium  s a l t s  ( o r  a l l  p o ta s s iu m  s a l t s )  o f  c h lo r id e  and 

p h o sp h a te  w ere  u sed  to  p r e p a r e  th e  sam ple in  t h e  u s u a l  m anner. The 

sam ple  p re p a re d  in  a l l  sodium  b u f f e r  was t e s t e d  f o r  a d i f f e r e n c e  in  

re s p o n s e  to  e q u iv a le n t  sodium  and p o ta s s iu m  s o u rc e s  o f  P i .  The sam ple 

p re p a re d  in  a l l  p o ta s s iu m  b u f f e r  was t r e a t e d  in  th e  same m anner, i . e . ,  

r e s p o n s e  to  e q u a l m icrom o lar c o n c e n t r a t io n  o f  p o ta s s iu m  o r  sodium  s a l t s  

o f  P i .

D e te rm in a tio n  o f  E x te n t  o f  DPNH O x id a tio n  

S ta n d a rd  c u rv e s  w ere  p re p a re d  by th e  a d d i t io n  o f  known 

q u a n t i t i e s  o f  DPNH to  a  d ic h lo rp h e n o l  sy s te m , in c o m p le te  w ith  

r e s p e c t  to  enzym e. The d e n s i ty  was d e te rm in e d  a t  340 m/a i n  a  Bausch 

and Lomb 340 s p e c tro p h o to m e te r .

Change in  P i  C o n c e n tra tio n  a s  a R e s u l t  
o f  D ic h lo ro p h e n o l A c t iv i t y

From t h i s  p o in t  o n , u n le s s  o th e rw is e  s p e c i f i e d ,  a c o n c e n t r a t io n

o f  25 pM P i was u se d  in  d ic h lo ro p h e n o l  a s s a y . The u s u a l a s s a y  c o n d i t io n s

w ere u se d  e x c e p t r e a c t i o n  was a llo w e d  to  p ro ce e d  f o r  10 m in u te s . P i

was d e te rm in e d  a f t e r  a 10 m in u te  in c u b a t io n .  The amount o f enzyme and

DPNH ( 3 ,6  and 9 ^ I )  was v a r i e d .  The q u a n t i ty  o f  DPNH o x id iz e d  i n  10

m in u te s  was d e te rm in e d  by u se  o f  th e  s ta n d a rd  DPNH c u rv e .

P r o te in  P h o sp h a te  A n a ly s is  B e fo re  and A f te r  P i  T rea tm en t 

The u s u a l  10 m in u te  in c u b a t io n  o f  d ic h lo ro p h e n o l  r e a c t i o n  

c o n d i t io n s  w ere  u sed  (25  joM P i ,  9 ^  DPNH, 2 x  10"^ M d ic h lo ro p h e n o l)  

u n le s s  o th e rw is e  i n d ic a te d .  In c u b a t io n s  f o r  10 m in u tes  w ere s to p p ed  

by p r o t e i n  p r e c i p i t a t i o n  by th e  a d d i t io n  o f  10% TCA to  th e  r e a c t io n
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m ix tu re . The p r e c i p i t a t e  was w ashed once w i th  10% TCA. The p r e c i p i t a t e  

was c o l l e c t e d  in  e a ch  c a s e  by c e n t r i f u g a t i o n  a t  500 x  g f o r  10 m in u te s . 

The sed im en t was d ig e s te d  w i th  s u l f u r i c  a c id  and  P i  a n a ly s i s  ru n , a s  

d e s c r ib e d  f o r  o rg a n ic  p h o sp h a te  a n a ly s i s .  The enzyme c o n c e n t r a t io n  was 

v a r ie d  o v e r  a  t h r e e  f o ld  r a n g e . C o n tro ls  in c lu d e d  0 t im e , w ith o u t DPNH, 

w ith o u t  d ic h lo ro p h e n o l  and  w ith o u t  P i .  The p o s s i b i l i t y  o f  re p la c e m e n t 

o f  P i  by  e q u a l m o lar c o n c e n t r a t io n s  o f  AMP, ADP, and ATP i s  in c lu d e d .

D ic h lo ro p h e n o l Enzyme P h o s p h o ry la t io n  a s  Shown 
by 3 6 ,0 0 0  x  g C e n t r i f u g a t io n

Enzyme was a ssa y e d  in  t h e  u s u a l  m anner w i th  and  w ith o u t  25 jiM

P i and 9 DPNH. A f t e r  10 m in u te s  in c u b a t io n  i n  w h ich  6 ^  DPNH had

been consum ed, th e  a s s a y  m ix tu re s  w ere c e n t r i f u g e d  f o r  3 h o u rs  a t

3 6 ,000  X g , th e  sed im en t w ashed once w ith  0 .2 5  M s u c ro s e  and c e n t r i f u g e d

a s  b e fo r e .  The enzyme was su spended  e i t h e r  d i r e c t l y  in  t r i s  b u f f e r

(0 .0 5  M, pH 7 .0 )  o r  f i r s t  i n  5% KCl, th e n  p la c e d  i n  b u f f e r  and a s s a y

m ix tu re .

I n h i b i t i o n  S tu d ie s  

D ic h lo ro p h e n o l a c t i v i t y  was d e te rm in e d  in  t h e  a b se n c e  o r  

p re s e n c e  o f  i n h i b i t o r s .  DPNH was p r e s e n t  i n  a  9 jiM c o n c e n t r a t io n ;  

d ic h lo ro p h e n o l ,  2 x  IC r^  M; 25 p h o sp h a te  b u f f e r ,  pH 7 .0 ;  enzyme, 

w a te r  and i n h i b i t o r  to  make a  t o t a l  volume o f  6 .0  m l. I n c u b a t io n  tim e  

was 10 m in u te s . I n h i b i t o r  c o n c e n t r a t io n  i s  th e  am ount added to  6 .0  m l. 

I n h i b i t o r  was in c u b a te d  w ith  enzyme and b u f f e r  f o r  10 m in u tes  u n le s s  

o th e rw is e  s p e c i f i e d .  R e v e rs a l  o f  i n h i b i t i o n  w as done in  t h e  same 

m anner, i . e . , an  a d d i t io n a l  10  m in u te s  in c u b a t io n  i n  t h e  p re s e n c e  o f  

r e v e r s a l  compound. A lp h a - to c o p h e ro l  (10 ^ g )  when u s e d , was added in
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e th a n o l  (0 .0 2  m l) and  rehdm ogenlzed  w i th  th e  f r a c t i o n  u s e d . S o lu t io n s  

o f  i n h i b i t o r s  w e re  c o r r e c te d  by  d i l u t e  a c id  o r  b a s e  t o  th e  a p p r o p r ia t e  

pH, i . e . ,  pH 7 .0  f o r  d ic h lo ro p h e n o l .  A nalogous p ro c e d u re s  w ere  fo llo w e d  

f o r  i n h i b i t i o n  s tu d i e s  o f  p e ro x id a s e  and th y ro x in e  a c t i v i t i e s .

Sephadex 6 -25  Column 

A l l  a t te m p ts  t o  o b ta in  e n z y m atic  a c t i v i t y  a f t e r  a n  a c t i v e  

sam ple was p la c e d  on colum ns o f  DBA3 c e l l u l o s e ,  p o ta to  s t a r c h ,

Sephadex G-25 and G-50 have been  w ith o u t  s u c c e s s .  How ever, th e  

" m o le c u la r  s ie v e "  a c t i o n  o f  t h e  Sephadex G-25 column was u sed  to  

s e p a r a te  f r e e  h i s t i d i n e  from  th e  p r o t e i n .  One ml o f  enzyme was 

p a sse d  th ro u g h  a  S ephadex  G-25 co lum n, 1 x 4  cm ., w h ich  had  been  

e q u i l i b r a t e d  w i th  1.1% KCl. E lu t io n  w as a c co m p lish ed  by a  g r a d i e n t  

e l u t i o n  w ith  10% KCl, w i th  a  25 ml 1.1% KCl r e s e r v o i r  in t r a c o n n e c te d .  

N in h y d rin  was u se d  t o  show s e p a r a t io n  o f  p r o te in  (3 ml f r a c t i o n s ,

#4 -10 ) from  h i s t i d i n e  ( f r a c t i o n s  # 1 2 -2 0 ) .

T ry p s in  D ig e s t io n  

D ig e s t io n  was fo llo w e d  a t  280 mp f o r  th e  h y d r o ly s i s  o f  p e p t id e  

bonds, pH 8 .0 ,  25° C . , 0 ,001  mg t r y p s i n  added . The ch an g e  in  o p t i c a l  

d e n s i ty  a t  280 ay  was fo llo w e d  a t  tim e d  i n t e r v a l s .



CHAPTER IV

RESULTS

A c t i v i t y  D i s t r i b u t i o n  d u r in g  Sample P r e p a r a t io n  

A 10% hom ogenate was p re p a re d  in  0 .0 5  M p h o sp h a te  b u f f e r ,  

pH 6 .0 .  S e p a ra t io n  o f  th e  i n s o lu b le  m a te r ia l  was ac co m p lish e d  by 

c e n t r i f u g a t i o n  a t  500 x  g f o r  10 m in u te s . S u c c e s s iv e  e x t r a c t i o n s  

w ith  0 .2 5  M s u c ro s e ,  1.1% KCl and 5% KCl w ere made i n  th e  same m anner. 

R e s u l t s  from  a  t y p i c a l  e x p e rim e n t a r e  shown in  T a b le  14.

The f i r s t  e x t r a c t i o n  w ith  0 .0 5  M p h o sp h a te  b u f f e r ,  pH 6 .0 ,  

removed a p p ro x im a te ly  50% o f  th e  p r o te in .  A seco n d  w ash w ith  th e  same 

b u f f e r  rem oved an  a d d i t io n a l  15% o f  th e  p r o te i n  now p r e s e n t .  N ext 

0 .2 5  M s c u ro s e  rem oved 6-15% o f  th e  p r o te in .  A n o th e r  10-20% was 

removed by  1.1% KCl. A l l  o f  t h e s e  p r o te in  e x t r a c t i o n s  w ere  n o t 

e n z y m a tic a l ly  a c t i v e ,  w i th  th e  e x c e p tio n  t h a t  a  s m a ll am ount o f  d ic h lo r o ­

phen o l a c t i v i t y  was l o s t  by  1.1% KCl. The 5% KCl s o lu b le  and i n s o lu b le  

f r a c t i o n s  r e t a i n  75% o f t h e  o r i g i n a l  a c t i v i t i e s  i n  10% o f  t h e  o r i g i n a l  

p r o t e i n .  P e ro x id a s e  and d ic h lo ro p h e n o l  w ere  p r e s e n t  in  t h e  5% KCl s o lu b le  

w h i le  t h e  in s o lu b le  f r a c t i o n  c o n ta in s  d ic h lo ro p h e n o l  and th y ro x in e  b u t  

n o t  p e ro x id a s e .
Ammonium S u l f a t e  F r a c t io n a t io n  

E ach o f  t h e  5% KCl f r a c t i o n s  was made 20% s a tu r a te d  w ith  

ammonium s u l f a t e .  The r e s u l t s  on th e  b a s is  o f  s p e c i f i c  a c t i v i t y  a r e
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TABLE 14

A c t iv i ty  D i s t r i b u t i o n  D u rin g  Sam ple P r e p a r a t io n

T o ta l  mg.
T re a tm e n t P r o te in

P e ro x id a s e D ic h lo ro p h e n o l T h y ro x in e
A O .D ./m in  
gm p r o te in

T o ta l
U n i ts

A O .D ./m in  
gm p r o te i n

T o ta l
U n i ts

^ O .D ./m in  
gm p r o te i n

T o ta l
U n i ts

10% Hom ogenate 167 8 1 ,3 3 6 70 1 1 ,690 23 3 ,8 4 1
1 s t  0 .0 5  M P h o sp h a te  S o lu b le 82 2 164 0 0 0 0
2nd 0 .0 5  M P h o sp h a te  S o lu b le 12 0 0 0 0 0 0
0 .2 5  M S u c ro se  S o lu b le 5 0 0 0 0 0 0
1.1% KCl S o lu b le 13 0 0 45 675 0 0
5% KOI S o lu b le 14 80 1 ,1 2 0 520 7 ,2 8 0 0 0
5% KCl I n s o lu b le 15 0 0 201 3 ,0 1 5 224 3 ,3 6 0

Kn



58

p r e s e n te d  in  T a b le  15. D ic h lo ro p h e n o l s p e c i f i c  a c t i v i t y  was n o t  changed  

by th e  p r e c i p i t a t i o n  o f  a p p ro x im a te ly  50% o f  t h e  p r o te in  p r e s e n t  by a  

20% ammonium s u l f a t e  s a t u r a t i o n .  I n  t h e  5% KCl s o lu b le  f r a c t i o n ,  

p e ro x id a s e  s p e c i f i c  a c t i v i t y  was d o u b led . The s p e c i f i c  a c t i v i t y  o f  

th y ro x in e  i n  t h e  f r a c t i o n  in s o l u b l e  i n  5% KCl was a l s o  d o u b led  by 

rem oval o f  a p p ro x im a te ly  o n e - h a l f  o f  th e  p r o t e i n  p r e s e n t  w hich  i s  

th y ro x in e  i n a c t i v e .

TABLE 15

6aiti.fi A c t iv i ty Los o f  DCP/T

F r a c t io n P DCP T DCP/T

O r ig in a l  hom ogenate a 70 23 3 /1
5% KCl S o lu b le 80 520 0
20% ( ^ 8 4 )2 8 0 4  s u p e r ­

n a ta n t  o f  KCl s o lu b le 185 490 0
5% KCl in s o lu b le 0 201 224 1 /1
20% ( ^ 4 )2 8 0 4  su p e r­

n a ta n t  o f  KCl in s o lu b le 0 190 451 1 /2 .5
P , p e ro x id a s e  a c t i v i t y ;  DCP, d ic h lo rp h e n o l  a c t i v i t y ;  T, th y ro x in e  a c t i v i t y

B a s is  f o r  D e m o n s tra tio n  o f  I o n ic  S t r e n g th  E x t r a c t io n s  

P r e v io u s ly  i t  h as  been  n o te d  t h a t  th e  e n z y m atic  a c t i v i t i e s  

e x t r a c te d  v a r ie d  c o n s id e r a b ly  w i th  th e  s t r e n g th  o f  e i t h e r  p o ta s s iu m  

c h lo r id e  o r  p h o sp h a te  b u f f e r .  T a b le  16 r e p r e s e n t s  d a ta  in  w h ich  e q u a l 

io n ic  s t r e n g th s  o f  0 .5  M p h o s p h a te  b u f f e r ,  pH 6 .0 ,  p o ta s s iu m  c h lo r i d e ,  

sodium  c h lo r id e  and magnesium c h lo r id e  w ere  com pared to  t e s t  t h e i r  

e f f e c t i v e n e s s  a s  e x t r a c t o r s  o f  e n z y m atic  a c t i v i t y .
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TABLE 16

E ffec t q£ EauLyalant ipnitt.S trftngtb
mg S p e c i f i c  A c t i v i t y

T re a tm e n t P r o t e i n P DCP T

0 .5  M P h o sp h a te  
b u f fe r ,p H  6 .0 * 2 . 6 23 886 0 (141)

H a d 2 .5 23 1000 0 (1 3 5 )
KCl 2 . 6 26 1050 0 (1 4 1 )
MgClg 2 .5 23 975 0 (1 2 9 )

* I o n ie  s t r e n g th  * 0 .6 2  M. ( )  r e p r e s e n t s  am ount o f  T 
p r e s e n t  in  re su sp e n d e d  in s o lu b le  f r a c t i o n s .
P , P e ro x id a s e  a c t i v i t y ;  DCP, d ic h lo ro p h e n o l  a c t i v i t y ;  
T , T h y ro x in e  a c t i v i t y

D ia ly s i s

A l l  a t te m p ts  t o  r e c o v e r  th e  a c t i v i t y  a f t e r  d i a l y s i s  w ere  

u n s u c c e s s f u l .  B oth  t h e  re su sp e n d e d  p r e c i p i t a t e s  and  th e  s u p e r n a ta n ts  

w ere  i n a c t i v e .  C om bination  o f  t h e  p r e c i p i t a t e s  and s u p e r n a ta n ts  d id  

n o t  r e s t o r e  p e ro x id a s e ,  d ic h lo ro p h e n o l  o r  th y ro x in e  a c t i v i t i e s .

In o rg a n ic  P h o sp h a te  D ependence o f  D ic h lo ro p h e n o l 

D ic h lo ro p h e n o l shows a  d e f i n i t e  P i  depen d en ce  w i th  a  s te e p  

g rad e d  r e s p o n s e  betw een  1 and  35 pH  P i ;  above 35 jpM a  p la te a u  seems 

t o  be  re a c h e d . F ig u re  11 d e m o n s tra te s  t h e  r e s p o n s e  o f  a 5% KCl 

s o lu b le  enzyme p r e p a r a t io n  t o  g rad ed  l e v e l s  o f  in o rg a n ic  p h o sp h a te  ( P i ) .

P e ro x id a s e  o r  th y ro x in e  shows n e i t h e r  a  dependence  n o r  s tim u ­

l a t i o n  by P i ,  sodium  o r  p o ta s s iu m . A t eq u a l m o l a r i t i e s  a c e t a t e  b u f f e r  

seem s t o  be  s u p e r io r  to  p h o sp h a te  o r  T r i s  b u f f e r s  (T a b le  17) f o r  

p e ro x id a s e .  T r i s  b u f f e r  ( 0 .0 5  M, pH 7 .0 )  seem s t o  i n h i b i t  t h e  d ic h lo r o ­

p h en o l a c t i v i t y  s in c e  t h e  same a c t i v i t y  e l i c i t e d  by  P i  c a n n o t be  a t t a i n e d  

a t  th e  same P i  l e v e l s  in  th e  p re s e n c e  o f  T r i s .  The a c t i v i t y  v a r i e s  i n  

r e l a t i o n  t o  th e  c o n c e n t r a t io n  o f T r i s  p r e s e n t .
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Figure 11. Phosphate Dependence of Dichlorophenol Stimulated DPNH Oxidase. 
Reaction mixture contained 0.05 Tris buffer, pH 7.0; 0.4 nU MnCl2 : 0.4 /iM 
Dichlorophenol; 9 /iM DPNH; enzyme, water, and the indicated amount of phosphate 
to a total volume of 6.0 ml.
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TABLE 17

A c t i v i t y  i n  D i f f e r e n t  B u f fe r s

B u f fe r P e ro x id a s e * DCpb Thyroxine®
Na2 NaZ Na2

T r i s 60 44 0 0 290 317
A c e ta te 66 50
Sodium  P h o sp h a te 55 46 906 1 ,0 7 0 308 321
P o ta s s iu m  P h o sp h a te 58 46 920 1 ,0 5 5 300 330
150 P i 906
150 P i +

20 T r i s 838
150 pM P i  +

30 j(iM T r is 638

a .  B u f fe r  0 .0 1  M, pH 6 .0  b . B u f fe r  0 .0 5  M, pH 7 .0
c .  B u f fe r  0 .0 5  M, pH 7 .8
1 Sam ple p re p a re d  i n  a l l  p o ta s s iu m  s a l t s
2 Sam ple p re p a re d  i n  a l l  sodium  s a l t s

Change in  P i  C o n c e n tra t io n  a s  a R e s u lt  o f  D ic h lo ro p h e n o l A c t iv i t y

T ab le  18 shows t h a t  th e  consum ption  o f  P i  depends upon enzyme 

c o n c e n t r a t io n  and n o t  DPNH c o n c e n t r a t io n ,  a lth o u g h  a  c e r t a i n  minimum 

o x id a t io n  o f  DPNH i s  n e c e s s a ry  to  m eet a  1 /1  r a t i o  o f  P/DPNH. When 

TPNH i s  s u b s t i t u t e d  f o r  DPNH, s im i la r  r e s u l t s  a r e  o b ta in e d ,  m ole f o r  

m ole.
TABLE 18

P i CnnAumntinn v« Rnzvme o r  DPNH Conce n t r a t i o n

UM DPNH added A 0 ifl
ml enzyme P i  . P/DPNH Pi P/DPNH P i P/DPNH PI P/DPNH

0.1 1 1/2 2 2/4 2 2/4
0.2 2 2/2 4 4/4 4 4/6
0.3 2 2/2 4 4/4 6 6/6 6 6/12

I n  t h i s  p a r t i c u l a r  a s s a y , e a c h  0 .1  ml enzyme r e q u i r e s  a  maximum 

o f  2 ^  P i .  T h is  maximum consum ption  o f  P i  ( i . e . ,  c o n v e rs io n  o f  In o rg a n ic  

p h o s p h a te  to  p r o te in  bound p h o sp h a te )  w i l l  o n ly  b e  re a c h e d  when s u f f i c i e n t
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DPNH i s  o x id iz e d  ( a t  a  1 /1  r a te ) - .  A f te r  t h i s  f i r s t  re q u ire m e n t o f  P i  

f o r  DPNH o x id a t io n ,  DPNH o x id a t io n  c o n tin u e s  w ith o u t  r e s p e c t  to  P i .

P r o te in  P h o sp h a te  A n a ly s is  B e fo re  and A f t e r  P i  T re a tm en t 

I n o rg a n ic  p h o sp h a te  b in d in g  t o  t h e  p r o te i n  a s  a  f u n c t io n  o f  

enzyme c o n c e n t r a t io n  i s  a g a in  d e m o n s tra te d  i n  T a b le  19. I n  a d d i t io n ,  

no u p ta k e  o f  P i  by  p r o te i n  i s  n o ted  w ith o u t  th e  p re s e n c e  o f  DPNH ( o r  

TPNH) o r  d ic h lo ro p h e n o l .  ADP and ATP b u t n o t  AMP c o u ld  s u b s t i t u t e  f o r  

P i  i n  t h e  DPNH o x id a t io n .  How ever, when ADP o r  ATP a r e  u se d  in  l i e u  

o f  P i ,  no p r o te in  p h o s p h o ry la tio n  o c c u rs . As in  th e  p re v io u s  e x p e rim e n t, 

TPNH c a n  r e p la c e  DPNH.

TABLE 19

P r o te in  P h o sp h a te  A n a ly s is

C o n d itio n

Enzyme C o n c e n tra tio n
jiM DPNH 
Consumed

.2 5  ml 0 .5  ml 0 .7 5  ml
pM P i  P r o te in

0 m in u te s .0 2 .05 .05 0
10 m in u te s 3 .2 6 . 1 6 . 0 6
No DPNH .02 .06 .08 0
No DCP .04 .0 7 .0 9 0
AMP (no  P i ) .0 2 .03 .0 4 0
AMP (w ith  P i ) 3 .1 5 .9 6 .1 5 6
ADP (no  P i ) .0 2 .05 .0 6 6
ADP ( w i th  P i ) .0 7 .07 . 1 0 6
ATP (n o  P i ) .03 .03 .0 6 6
ATP (w ith  P i ) .08 .1 1 .0 7 6

D ic h lo ro p h e n o l Enzyme P h o s p h o ry la t io n  a s  Shown 
By 5 6 ,0 0 0  x  g  C e n t r i f u g a t io n

As p r e v io u s ly  shown. P i  d is a p p e a rs  from  th e  r e a c t io n  medium, and

re a p p e a rs  a s  p h o s p h o ry la te d  p r o te i n .  T h is  e x p e rim e n t (T a b le  2 0 ) c l a r i f i e s

th e  e f f e c t  o f  io n ic  s t r e n g th  on d ic h lo ro p h e n o l  a c t i v i t y  w i th  r e s p e c t  to

P i .  T h is  P i  i s  a t t a c h e d  to  th e  p r o te in  so t h a t  i t  i s  n o t  l i b e r a t e d  by



63

0 .2 5  M s u c ro s e  and th e  enzyme i s  n o t  P i  r e q u i r in g .  On t h e  o th e r  hand, 

h ig h  io n ic  s t r e n g th  does  l i b e r a t e  P i  so  t h a t  added P i i s  now r e q u i r e d  f o r  

a c t i v i t y .  S in c e  some P i  i s  a p p a r e n t ly  l o s t  from  th e  c o n t r o l ,  some P i 

s t i m u la t i o n  o f  t h e  s u c ro s e  t r e a t e d  p r e p a r a t i o n  i s  s e e n .

TABLE 20

R eco v ery  o f  P i  In d e p e n d e n t Enzyme

O r ig in a l
3 6 .0 0 0  X e R e s id u e

0 .2 5  N s u c ro s e 5% KCl
^  p i  Added 0 25 0 25 0 25

jiM P i  consumed p e r
10 m in u te s 0 5 .7 3 .9 5 .1 0 5 .0

DPNH consumed
p e r  10 m in u tes  . 0 6 .1 4 .3 5 .5 0 5 .6

C o n c u rre n t L oss o f  P i  and G ain o f  P r o te in  P hospho rus 

T w e n ty -f iv e  juM o f  P i  and  9 jiM o f  DPNH w ere added to  th e  

u s u a l  r e a c t i o n  c o n d i t io n s .  T a b le  21 i l l u s t r a t e s  t h a t  th e  l o s s  o f  P i 

from  th e  r e a c t i o n  medium i s  e q u a l to  t h a t  g a in e d  by th e  p r o t e i n  by 

t h e  same sam ple a t  t h e  same tim e  d u r in g  a 10  m in u te  in c u b a t io n .

TABLE 21

C oncu rre n t  L oss o f  P i  and G ain  o f  P r o te in  P hospho rus

Loss o f  P i G ain  in
ml Enzyme from  Medium O rgan ic  P

0 .1 1 .9 1 .7
0 .2 3 .8 3 .8
0 .3 5 .7 5 .6
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R eplacem ent o f  P i  R equ irem en t by A rs e n a te  

D ic h lo ro p h e n o l a c t i v i t y  i n  th e  p re s e n c e  o£ b o th  P i and  a r s e n a te  

was com pared  a t  e q u a l m o la r c o n c e n t r a t io n  o£ t h e  two io n s  (T a b le  2 2 ) .

As c an  be  s e e n , a r s e n a te  i s  a lm o s t a s  e f f e c t i v e ,  on a  m ole f o r  m ole 

r a t i o ,  a s  P i ,  u n d e r norm al a s s a y  c o n d i t io n s .

TABLE 22

P i R ep lacem en t by A rs e n a te

/iM P h o sp h a te  
o r  A rs e n a te

S p e c i f i c  A c t iv i t y
P i A rs e n a te

0 0 0
5 250 220

10 409 394
20 526 502
35 611 597

T h io l  I n h i b i t i o n  

T a b le  23 shows th e  r e s u l t s  o f  a  group o f  i n h i b i t o r y  o r  

s t im u la to r y  compounds on th e  a c t i v i t i e s  o f  p e ro x id a s e ,  d ic h lo r o p h e n o l ,  

and th y r o x in e .  The low c o n c e n t r a t io n s  w hich  a r e  e f f e c t i v e  ( o. 1 and 

1 ^M) i n d i c a t e  enzyme b in d in g  e f f e c t s .  P e ro x id a s e ,  th y ro x in e ,  and 

d ic h lo ro p h e n o l  a c t i v i t i e s  a r e  i n h ib i t e d  by compounds su ch  as  c y s te in e ,  

re d u c e d  g lu ta th io n e  ( 6SH ), and 2 -m e rc a p to e th a n o l w hich c an  d e s t r o y  

-S -S -  bond i n t e g r i t y  and t r a p  f r e e  r a d i c a l s .  F ig u re  12 d e m o n s tra te s  a 

m ixed c o m p e t i t iv e  and n o n -c o m p e ti t iv e  i n h i b i t i o n  by 2-m e rc a p to e th a n o l.  

T h is  "m ixed" ty p e  o f i n h i b i t i o n  p resum ab ly  can  b e  a s c r ib e d  to  two 

s e p a r a te  i n h i b i t i o n  s i t e s  ( 6 1 ) .  The im p l ic a t io n  i s  t h a t  some o f  i t s  

i n h i b i t i o n  i s  c o m p e t i t iv e  w i th  DPNH. T h is  i n h i b i t i o n  i s  n o t r e v e r s i b l e  

o r  c o f a c to r  p r o te c te d .  Compounds w hich  a r e  S-H bond i n h i b i t o r s  ( i . e . ,



65

.04--

.03--Activity

.0 2 - -

23 2 0 3
1

UM DPNK

Figure 12. Mixed Inhibition by 2-MercaptoethanoI of Dichlorophenol Activity,
a. Without inhibitor; b. With 1 /iM of 2-Mercaptoethanol Added. Reaction mixture 
contained 0.05 Tris buffer, pH 7.0; 0.4 /jM MnClg: 0.4 nM Dichlorophenol; 9 uM 
DPNH; 25 ;iM PO^, enzyme and water to make total volume of 6.0 ml. Each sample 
had a 10 minute incubation of enzyme, buffer, and inhibitor, when used.
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o x id iz e d  g lu ta th io n e ,  PCMB, lOB, N -e th y l m a le im id e , and  i o d o a c e t a t e ) , 

a r e  e f f e c t i v e  i n h i b i t o r s  o f  d ic h lo ro p h e n o l  a c t i v i t y  b u t  a r e  i n e f f e c t i v e  

a g a in s t  p e ro x id a s e  and th y ro x in e .

TABLE 23 

T h io l  I n h i b i t o r s

juM Compound Added 0 . 1 1 0 .1 1 0 ,1 1
I n h i b i t o r DCP T h y ro x in e P e ro x id a se '
2 -m e rc a p to e th a n o l 17 0 0 0 0 0
T h io g ly c e ro l 43 0 0 0 0 0
T h io g ly c o l ic  a c id 22 0 """" —  — — —
C y s te in e 17 5 0 0 0 0
G lu ta th io n e  ( r e d . ) 83 13 31 0 0 0
G lu ta th io n e  ( o x .) 108 37 100 100 100 100
C y s tin e 56 51 100 100 126 112
H om ocystine 82 63 100 100 155 142
C ystam ine 63 56 100 100 100 100
NaHS 43 62 —  — — — —  —

HgClg 70 51 100 52 100 100
I o d o a c e ta te — — —  — 100 100 100 100
Pb(N 03)2 30 9 100 73 102 95
C h lo ro ac e to p h e n o n e 75 61 100 100 88 88
PCMB 56 43 100 95 100 100
N -e th y l  m ale im ide 68 52 100 100 100 100
Io d o so b e n z o a te 69 56 100 100 100 100
A r s e n i te 56 56 100 31 100 100

D ata  a r e  e x p re s s e d  a s  p e r  c e n t  o f  c o n t r o l  a c t i v i t y .  Ten 
m in u te  in c u b a t io n  i n  th e  a b sen c e  o f c o f a c to r s ,  DCP, P i  and Mn'*"*’.

C o fa c to r  P r o te c t io n  o f  S-H Groups o f  D ic h lo ro p h e n o l 

M ost S-H group  i n h i b i t o r  compounds i n h i b i t  d ic h lo ro p h e n o l  

a c t i v i t y  ( b u t  n o t p e ro x id a s e  o r  th y ro x in e )  o n ly  when in c u b a te d  in  th e  

a b sen c e  o f  c o f a c to r s  (d ic h lo ro p h e n o l ,  P i  and M n**). (S e e  T a b le  2 4 ) .

I f  t h e  enzyme i s  f i r s t  exposed  to  th e  c o f a c to r s  and th e n  th e  S-H 

i n h i b i t o r  i s  added , no i n h i b i t i o n  i s  s e e n , and some s t im u la t io n  o c c u rs .  

I n h i b i t i o n  o f  -S -S -  g roups i s  n o t  a p p re c ia b ly  a f f e c te d  by th e  a b sen c e  

o r  p re s e n c e  o f  c o f a c to r s .  F ig u re  13 i s  a L inew eaver-B urke  (6 2 )  p l o t  o f
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Figure 13. Non-competitive Inhibition of Dichlorophenol Activity, a. Without 
inhibitor; b. With 1 ̂ iM of Chloroacetophenone; c. With 1 /uM of N-ethyl maleimide. 
Reaction mixture same as in Figure 12 except for inhibitors. The 10-minute 
incubation period was also used.
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th e  e f f e c t  o f  N -e th y l  m ale im ide  and c h lo ro a c e to p h e n o n e  ( 1 / s  v s 1 /v ) ,  

N o n -c o m p e tit iv e  i n h i b i t i o n  w i th  r e s p e c t  to  DPNH c o n c e n t r a t io n  i s  

i l l u s t r a t e d  by th e  S-H bond i n h i b i t o r s .

TABLE 24

C o fa c to r  P r o te c t io n  o f  S-H Group

Compound Enzyme
Enzyme + 
C o fa c to r s

GSH 13 60
6 SSG 37 118
C y s te in e 5 17
C y s t in e 56 135
PCMB 56 102
lOB 56 94
2 -m e rc a p to e th a n o l 0 0
C h lo ro ace to p h en o n e 61 106
N -e th y l  m ale im ide 52 98

D ata  a r e  e x p re s s e d  a s  p e r  c e n t  o f  c o n t r o l  a c t i v i t y .  Ten m inu te  
in c u b a t io n  in  th e  a b se n c e  o f  c o f a c to r s ,  DCP, P i ,  and Mn**.

R e v e rsa l  o f  S-H I n h i b i t i o n  o f D ic h lo ro p h e n o l A c t i v i t y  

The i n h i b i t i o n  o f  S-H bonds on t h e  enzyme by -S -S -  compounds 

c an  b e  r e v e r s e d  by th e  a d d i t i o n  o f  S-H com pounds, b u t o n ly  t o  th e  

e x te n t  o f  th e  i n h i b i t i o n  c a u se d  by th e  added  com pounds. D ata  in  T a b le  

25 i n d i c a t e  a s to ic h io m e t r ic  r e l a t i o n s h i p  f o r  r e v e r s a l . I n h i b i t i o n  

o f  t h e  enzyme -S -S -  g ro u p s  was n o t found to  be r e v e r s i b l e ;  i n s t e a d  a  

c u m u la tiv e  i n h i b i t i o n  was d e m o n s tra te d . A te n  m inu te  in c u b a t io n  o f  

in d ic a te d  compound w i th  b u f f e r  and enzyme was done . R e v e rsa l  was 

a c c o m p lish e d  by an  a d d i t i o n a l  10  m in u te  in c u b a t io n  in  t h e  p re se n c e  o f  

0 .1  jpM o f r e v e r s a l  compound. The u s u a l  d ic h lo ro p h e n o l  a s s a y  was u s e d .
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TABLE 25

R e v e r s i b i l i t y  o f  S-H I n h i b i t i o n  o f 
D ic h lo ro p h e n o l by S-H Compounds

R e v e r s a l  Compound 
I n h i b i t o r  (juM) 1 ;iM 0 .1  /iM

1 ;uM +
0 .1  juM GSH

0 .1  >iM + 
0 .1  ^  GSH

0 .1  juM +
0 .1  juM GSSG

GSH 13 85 12 81 85
GSSG 37 108 50 87 90
C y s te in e 5 17 5 16 17
C y s tin e 56 51 65 81 50
PCMB 43 56 48 78 50
lOB 56 69 62 81 64
2-m e rc a p to e th a n o l 0 17 0 15 18

A c t i v i t y  r e p o r te d  a s  p e r  c e n t  c o n t r o l  a c t i v i t y

T o co p h e ro l P r o te c t io n  o f  S-H Groups 

When 10 jug o f  cx. - to c o p h e ro l  was p r e - in c u b a te d  w ith  t h e  

enzyme b e fo re  a d d i t io n  o f  1 /iM o f  PCMB, no s i g n i f i c a n t  i n h i b i t i o n  

was s e e n . (S ee  T a b le  2 6 ) .  T h is  c o n c e n t r a t io n  o f  PCMB (1  jaM) was 

s u f f i c i e n t  to  c a u se  a  h a lf -m a x im a l i n h i b i t i o n  o f  d ic h lo ro p h e n o l  

a c t i v i t y .  I f  to c o p h e ro l  was added  a f t e r  PCMB, no a p p r e c ia b le  p ro ­

t e c t i o n  was m a n if e s te d .

TABLE 26 

T o c o p h e ro l P r o te c t io n  from  PCMB
Enzyme P e r c e n t  o f  C o n tro l A c t iv i t y
Enzyme 100
Enzyme + 1 jüM PCMB 56
Enzyme + 10 pg T o co p h e ro l 100
Enzyme ♦ 10 ;ag T o co p h ero l a f t e r

10 m in u te s  w i th  1 ;aM PCMB 94
Enzyme + 1 ^  PCMB a f t e r  10 m in.

w ith  10 jug T o cophero l 58
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E f f e c t  o f  DPN ( o r  TEN)

DPN ( o r  TPN) was n o t e f f e c t i v e  in  a l t e r i n g  t h e  am ount o f  DPNH 

(o r  TPNH) o x id iz e d ;  n e i t h e r  d o es  t h i s  o x id a t io n  p ro d u c t  a f f e c t  th e  

i n h i b i t i o n  c a u se d  by  t h i o l  compounds (T a b le  2 7 ) .

TABLE 27 

E f f e c t  o f  DPN o r  TPN

9 uM DPNH P r e s e n t 9 pM TPNH P r e s e n t
A d d itio n uM DPNH consumed A d d it io n pM TPNH consumed

0 6 .1 0 6 .1
4 .5  pM DPN 6 .0 4 .5  pM TPN 6 .4
9 .0  pM DPN 6 .1 9 .0  pM TPN 6 .3
9 .0  ;iM DPN + 9 .0  pM TPN +

1 >iM 2-ME 0 .2 1 pM 2-ME 0 .5
9 .0  DPN + 9 .0  pM TPN +

1 jüiM PCMB 2 .7 1 pM PCMB 3 .1
1 )iM 2-ME 0 .3 1 pM 2-ME 0 .4
1 pM PCMB 2 .5 1 pM PCMB 3 .0

DPNH o r  TPNH w ere  added a f t e r  10 m in u te  p r e - in c u b a t io n  o f  t h e  
in d ic a te d  compound in  th e  s ta n d a r d  d ic h lo ro p h e n o l  a s s a y .

E f f e c t  o f  H i s t i d i n e  A nalogs on P e ro x id a s e ,
D ic h lo ro p h e n o l and T h y ro x in e

When h i s t i d i n e  and th e  a n a lo g s  h is ta m in e , im id a z o le  and im id a z o le  

a c e t i c  a c id  w ere  in c u b a te d  f o r  10 m in u te s  in  t h e  p re s e n c e  o f  c o f a c to r s ,  

e i t h e r  s t i m u la t i o n ,  i n h i b i t i o n  o r  no e f f e c t  was o b se rv e d  (T a b le  2 8 ) .

No e f f e c t  was e l i c i t e d  by th e  p re s e n c e  o f  100 jaM o f  g ly c in e ,  a la n in e ,  

p h e n y la la n in e ,  t y r o s i n e ,  u ro c a n ic  a c id ,  t ry p to p h a n  o r  l y s i n e .  W ith  

in c r e a s in g  c o n c e n t r a t io n ,  th e  e f f e c t  p roduced  by t h e  a n a lo g  changed from  

no e f f e c t  e i t h e r  to  i n h i b i t i o n  o r  t o  s t im u la t io n .  The p re s e n c e  o f  th e  

im id a z o le  r i n g  a lo n e  c o u ld  y i e l d  s t im u la t io n .  The p re s e n c e  o f  b o th  th e  

im id a z o le  r i n g  and th e  #<, -am ino  g ro u p  cau sed  i n h i b i t i o n .  T hese  e f f e c t s
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o f  h i s t i d i n e  and i t s  a n a lo g s  w ere  n o te d  o n ly  on d ic h lo ro p h e n o l  a c t i v i t y .  

N e i th e r  s t im u la t io n  n o r  i n h i b i t i o n  o f p e r o x id a s e  o r  th y ro x in e  a c t i v i t i e s  

c o u ld  be d e m o n s tra te d . U n f o r tu n a te ly ,  o n ly  10-15% o f  t h e  5% KCl s o lu b le  

f r a c t i o n s  w ere  s e n s i t i v e  t o  h i s t i d i n e  i n h i b i t i o n ;  th o s e  sam ples s e n s i t i v e  

t o  h i s t i d i n e  i n h i b i t i o n  l o s t  t h i s  s e n s i t i v i t y  i n  24 h o u r s .  A l l  a t t e m p ts  

t o  p ro d u ce  f r a c t i o n s  c o n s i s t e n t l y  s e n s i t i v e  t o  h i s t i d i n e  i n h i b i t i o n  w ere  

n o t  s u c c e s s f u l .  T hose  sam p les  w hich  w ere i n h i b i t e d  by  h i s t i d i n e  p ro ­

duced c o n s i s t e n t  and r e p r o d u c ib le  d a ta .

TABLE 28

E f f e c t  o f  H i s t i d i n e  A naloffs
pM added 0 .0 1 0 .1 1 . 0 10 100

L - H is t id in e 100 94 80 45 10
H is ta m in e 100 100 81 62 16
Im id a z o le 100 85 94 88 145
Im id a z o le  a c e t i c 100 95 94 176 145
D - H is t id in e 100 100 100 98 85

S ta n d a rd  d ic h lo ro p h e n o l  a s s a y  w ith  10 m in u te  in c u b a t io n  o f  
enzym e, b u f f e r  and i n h i b i t o r .  A c t iv i t y  r e p o r te d  in  p e r  c e n t  c o n t r o l  
a c t i v i t y .

N o n -C o m p e titiv e  I n h i b i t i o n  o f  H i s t i d i n e  
W ith  R e sp e c t to  DPNH

A L in e w e a v e r-B u rk e " p lo t (6 2 )  o f  1 /v  vs 1 / s  ( F ig u r e  14) a t  

5 c o n c e n t r a t io n s  o f  h i s t i d i n e  d e m o n s tra te s  n o n - c o m p e ti t iv e  i n h i b i t i o n  

o f  h i s t i d i n e  w here s i s  DPNH c o n c e n t r a t io n  in  t h e  p re s e n c e  o f  25 juM P i .  

The a p p a re n t  i s  2 .2  x  10“ ^ M/L. Four c o n c e n t r a t io n s  ( 1 .3 3 ,  4 .5 ,

6 .0  an d  9 .0  pM) o f  DPNH w ere  u t i l i z e d .

N o n -C o m p e titiv e  I n h i b i t i o n  o f  H i s t i d i n e  
W ith  R e sp e c t to  P i

F ig u re  15 shows a  1 /v  v s  1 / s  L inew eaver p l o t .  F iv e  l e v e l s  o f

P i  w ere  a n a ly z e d  in  t h e  p re s e n c e  o f  s ix  l e v e l s  o f  h i s t i d i n e .  T h is  p l o t
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Figure 14. Non-competitive Inhibition of Histidine with respect to Pi.
a. No histidine; b. 1 wM histidine; c. 5 uü histidine; d. 10 uM histidine; 
e. 20 ;jM histidine; f. 50 uU histidine. Reaction mixture contained 0.05 M Tris 
buffer. pH 7.0; 0.4 wM MnCl2 ; 0.4 uM Dichlorophenol; enzyme, water and indicated 
amounts of Histidine and phosphate to make total of 6.0 ml. A 10 minute incub­
ation period of enzyme, buffer, and inhibitor was used.
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Figure 15. Non-competitive Inhibition of Histidine with respect to DPNH. 
a. No histidine: b. 1 jiM histidine; c. 5 uM histidine; d. 10 uM histidine; 
e. 20 uM histidine; f. 50 wM histidine. Reaction mixture contained 0.05 M Tris 
buffer, pH 7.0; 0.4 uM MnClg: 0.4 wM Dichlorophenol; 25 uM phosphate, enzyme, 
water and indicated amounts of histidine and DPNH to make a total of 6.0 ml. 
A 10 minute incubation period of enzyme, buffer and inhibitor was used.
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i l l u s t r a t e s  t h a t  h i s t i d i n e  i n h i b i t i o n  i s  n o n -c o m p e ti tiv e  w ith  r e s p e c t  

t o  P i .  The a p p a re n t  K„, was 2 .8  x  10“ ® M/L-

I n h i b i t o r - A c t i v a t i o n  by H i s t i d i n e  

A d u a l n a tu r e  o f  th e  h i s t i d i n e  i n h i b i t i o n  i s  d e m o n s tra te d  by 

a  p l o t  o f  S /v  vs I  (6 3 ) in  F ig u re  16. The two w id e ly  d i f f e r e n t  K-> 

v a lu e s  depend  on c o n c e n t r a t io n  o f  h i s t i d i n e .  T hese  two d i f f e r e n t  

s lo p e s  w ere  n o t  a p p a re n t  in  1 /v  vs 1 / s  p l o t s .  The p r e s e n t  a t  th e  

h ig h e r  c o n c e n t r a t io n s  i s  th e  r e s u l t  o f  i n h i b i t o r - a c t i v a t i o n  by h i s t i d i n e .

Enzyme a s  M o d if ied  by  H i s t i d i n e  
Shown by  T ry p s in  D ig e s tio n

The p re v io u s  e x p e rim e n t s u g g e s te d  a  d u a l n a tu r e  o f  t h e  h i s t i d i n e

e f f e c t .  S in c e  a  h i s t i d i n e  s e n s i t i v e  sam ple  would lo s e  i t s  s e n s i t i v i t y

to  h i s t i d i n e  i n h i b i t i o n  w ith  t im e ,  th e  q u e s t io n  p r e s e n te d  i t s e l f  a s  to

w h e th e r  h i s t i d i n e  c o u ld  s t i l l  a f f e c t  t h e  enzyme a t  a  p o in t  o th e r  th a n

i n h i b i t i n g  t h e  o b se rv ed  o x id a t io n  o f  DPNH, To t e s t  t h i s  p o s s i b i l i t y  a

h i s t i d i n e  i n s e n s i t i v e  and a h i s t i d i n e  s e n s i t i v e  sam ple w ere  t r e a t e d  w ith

5 h i s t i d i n e  f o r  10 m in u te s . The f r e e  h i s t i d i n e  was s e p a r a te d  by a

Sephadex G-25 colum n. C o n tro l enzyme p r e p a r a t io n s  ( d u p l i c a t e  sam ples

n o t  t r e a t e d  w i th  h i s t i d i n e )  a l s o  w ere  p a s se d  th ro u g h  th e  Sephadex

colum n. A l l  f r a c t i o n s  w ere e lu t e d  w i th  10% KCl. No en zy m atic  a c t i v i t y

was re c o v e re d . The h i s t i d i n e  t r e a t e d  enzym es ( b o th  s e n s i t i v e  and

i n s e n s i t i v e  t o  h i s t i d i n e  i n h i b i t i o n )  w ere  tw ic e  a s  s e n s i t i v e  t o  t r y p s i n

d ig e s t io n  a s  n o n - t r e a te d  ( F ig u r e  1 7 ) . When th e  s e n s i t i v i t y  t o  t r y p s i n

d i g e s t io n  was m easured on aged enzyme p r e p a r a t io n s  t h a t  had l o s t  h i s t i d i n e

s e n s i t i v i t y ,  t h e  r a t e s  o b ta in e d  w ere  i n d i s t i n g u i s h a b l e  from  th o s e  i n

F ig u re  17. H i s t i d i n e  a l t e r s  t h e  enzyme so  t h a t  i t s  t r y p s i n  d i g e s t i o n
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Figure 16. Dual nature of Histidine inhibition. -----  indicates slope above 5 ;jM.
  indicates slope below 5 »iM. Reaction mixture same as in Figure 14. a. 5 Pi:
10 ;jM Pi; c. 20 xjH Pi: d. 50 «M Pi; e. 100 Pi.
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Figure 17. Trypsin Digestion of Histidine, a. Control without Histidine,
b. Histidine treated enzyme. Enzyme incubated for 10 minutes with buffer and 
5 yM of histidine. Free histidine separated from enzyme by Sephadex G-25 (see 
text for conditions of Sephadex column). Trypsin digestion was followed at 
280 Mu, pH 8.0; 25°C with 0.001 mg. Trypsin added. Fresh histidine sensitive, 
aged histidine sensitive and histidine insensitive preparations yield similar 
curves.
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r a t e  i s  in c r e a s e d  w h e th e r  th e  enzyme i s  s e n s i t i v e  o r  i n s e n s i t i v e  t o  

i n h i b i t i o n  by  h i s t i d i n e .  T h is  o b s e rv a t io n  s u p p o r ts  th e  h y p o th e s is  

t h a t  th e  b in d in g  o f  h i s t i d i n e  by th e  enzyme does n o t  by i t s e l f  

a c c o u n t f o r  h i s t i d i n e  i n h i b i t i o n .



CHAPTER V 

DISCUSSION

The e x t r a c t i o n  p ro c e d u re  d e s c r ib e d  in  t h i s  work d i f f e r s  

s i g n i f i c a n t l y  from  t h a t  o f o th e r  w o rk e rs  on th e  enzyme in  t h a t  a 

p a r t i a l  f r a c t i o n a t i o n  o f  p e ro x id a s e ,  d ic h lo ro p h e n o l  s t im u la te d ,  and 

th y ro x in e  s t im u la te d  a c t i v i t i e s  i s  a c h ie v e d . The b a s i s  o f  t h i s  

f r a c t i o n a t i o n  i s  a d i f f e r e n c e  in  s o l u b i l i t y  in  v a ry in g  io n ic  s t r e n g th s .

Two m ain f r a c t i o n s  a r e  o b ta in e d . P e ro x id a s e  and d ic h lo ro p h e n o l  

a c t i v i t i e s  a r e  p r e s e n t  in  a 5% KCl s o lu b le  f r a c t i o n ,  w h ile  th e  f r a c t i o n  

in s o lu b le  in  5% KCl c o n ta in s  d ic h lo ro p h e n o l  and th y ro x in e  b u t n o t 

p e ro x id a s e  a c t i v i t i e s .  The ab sen c e  o f  th y ro x in e  a c t i v i t y  from  th e  

h ig h ly  a c t i v e  s o lu b le  f r a c t i o n  i n d i c a t e s  t h a t  th y ro x in e  a c t i v i t y  does 

n o t  n e c e s s a r i l y  have th e  same s o l u b i l i t y  c h a r a c t e r i s t i c s  a s  p e ro x id a s e  

and d ic h lo ro p h e n o l .  The a b se n c e  o f  p e ro x id a s e  from  th e  in s o lu b le  

f r a c t i o n ,  w hich c o n ta in s  h ig h  th y ro x in e  and m odera te  d ic h lo ro p h e n o l  

a c t i v i t i e s  i s  i n d i c a t i v e  t h a t  d i f f e r e n c e s  e x i s t  on th e  enzyme in  

re s p o n s e  to  th e s e  p h e n o lic  s t im u la to r s .  T h is  i s  f u r t h e r  s tr e n g th e n e d  

by th e  f a c t  t h a t  th e  r a t i o  o f  s p e c i f i c  a c t i v i t y  o f d ic h lo ro p h e n o l  to  

th y ro x in e  u n d e rg o es  a  s ix  f o ld  change d u r in g  f r a c t i o n a t i o n  (T a b le  1 5 ).

I f  th e  p h y s ic a l  and ch em ica l r e q u ire m e n ts  f o r  th e  enzym ic e x p re s s io n  

o f  th e  e f f e c t  o f  t h e s e  two p h e n o lic  s t im u la to r s  w ere t h e  same, t h i s  

r a t i o  would be e x p e c te d  to  have rem ain ed  c o n s ta n t  th ro u g h o u t f r a c t i o n a t i o n .
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D e m o n s tra tio n  t h a t  io n ic  s t r e n g th  was t h e  b a s i s  o f  t h e  e x t r a c t i o n  

r e s i d e s  i n  th e  f a c t  t h a t  e q u a l io n ic  s t r e n g th s  o f  p h o sp h a te  b u f f e r ,  

p o ta s s iu m  c h lo r i d e ,  sodium  c h lo r id e  and magnesium c h lo r id e  have  th e  same 

e f f e c t .  Low io n ic  s t r e n g th  s o lu t i o n s ,  i . e . ,  1.1% KCl a r e  i n e f f e c t i v e  

a s  e x t r a c t o r s  w h i le  h ig h e r  s t r e n g th s  (T a b le  16) r e s u l t  i n  f r a c t i o n a t i o n .

T h re e  m ajo r d i f f i c u l t i e s  w ere  e n c o u n te re d  w hich  h in d e r e d  f u r t h e r  

u t i l i z a t i o n  o f  t h i s  te c h n iq u e . Ammonium s u l f a t e  a t  h ig h e r  c o n c e n t r a t io n s  

i n t e r f e r e d  w i th  p e ro x id a s e ,  d ic h lo ro p h e n o l  and th y ro x in e  a c t i v i t y  a s s a y s .  

Ammonium s u l f a t e  c o u ld  n o t  be removed by  d i a l y s i s  s in c e  d i a l y s i s  a lw ays 

r e s u l t e d  in  c o m p le te  l o s s  o f  a c t i v i t y .  In  a d d i t io n ,  p r o t e i n  p r e c i p i t a t e s  

by  h ig h e r  c o n c e n t r a t io n s  o f ammonium s u l f a t e  w ere e n z y m a tic a l ly  i n a c t iv e .  

To d a t e ,  any te c h n iq u e  w hich  r e s u l t s  in  p r e c i p i t a t i o n  o f  e n z y m atic  

a c t i v i t y  i s  c o n c o m ita n t w i th  l o s s  o f  a c t i v i t y .

The u s e  o f  h ig h  io n ic  s t r e n g th  e x t r a c t i o n s  y ie ld e d  a p r e p a r a t i o n  

d i s t i n c t l y  d i f f e r e n t  from  any p r e v io u s ly  d e s c r ib e d .  D ic h lo ro p h e n o l 

s t im u la te d  DPNH o x id a s e  a c t i v i t y  c an  be  o b ta in e d  o n ly  in  t h e  p re s e n c e  o f  

added  p h o s p h a te . P e ro x id a s e  and th y ro x in e  a c t i v i t i e s  a r e  n o t  a f f e c t e d  

by p re s e n c e  o r  a b se n c e  o f  p h o sp h a te . S e v e r  e t  a l .  ( 7 ) ,  u s in g  a  sam ple 

p re p a re d  u n d e r  m ild e r  io n ic  c o n d i t io n s ,  r e p o r te d  s t im u la t io n  o f  d i c h lo r o ­

phen o l a c t i v i t y  by added P i ,  b u t n o t  dependency  on th e  P i .  K le b a n o ff  (2 1 ) 

r e p o r te d  t h a t  m axim al a c t i v i t y  o b ta in e d  in  p h o sp h a te  b u f f e r  c o u ld  n o t  

be a c h ie v e d  w i th  o th e r  b u f f e r s .  A dependency  o f  d ic h lo ro p h e n o l  a c t i v i t y  

upon P i h a s  n o t been  p r e v io u s ly  r e p o r te d .

The o r i g i n a l  hom ogenate and th e  sam ple w ashed i n  weak io n ic  

s t r e n g th  a r e  n o t  d ep en d en t upon p h o s p h a te , a lth o u g h  some s t im u la t io n  by 

P i  can  be  d e m o n s tra te d . P h o sp h a te  dependency  o c c u rs  o n ly  a f t e r  h ig h
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io n ic  s t r e n g t h  e x t r a c t i o n .  T h is  w ould  s u g g e s t  t h a t  P i  ( o r  i t s  e q u iv a le n t )  

i s  l i b e r a t e d  from  th e  enzyme by t h e  h ig h e r  i o n ic  s t r e n g th .  T h is  h y p o th e s is  

i s  s u p p o r te d  by t h e  d a ta  in  T ab le  20 . A P i d ep en d en t sam ple i s  c o n v e r te d  

to  a  P i  in d e p e n d e n t p r e p a r a t io n  by d ic h lo ro p h e n o l  s t im u la te d  DPNH o x id a t io n  

in  t h e  p re s e n c e  o f  P i .  T h is  enzym e, a f t e r  s e p a r a t i o n  from  th e  P i  c o n ta in in g  

medium by 3 6 ,0 0 0  x  g c e n t r i f u g a t i o n ,  d o es  n o t r e q u i r e  added P i  f o r  a c t i v i t y .  

I f  t h i s  sam ple  i s  t r e a t e d  w i th  h ig h  i o n i c  s t r e n g th  p o ta s s iu m  c h lo r id e ,  i t  

a g a in  becom es P i  d e p e n d en t.

A n o th e r  l i n e  o f  e v id e n c e  w hich  s u g g e s ts  an a c t i v e  p h o sp h o ry la te d  

enzyme i s  t h a t  t h e  o x id a t io n  o f DPNH, s t im u la te d  by d ic h lo ro p h e n o l ,  

shows a l i n e a r  c o r r e l a t i o n  to  th e  u p ta k e  o f  P i  from  th e  r e a c t i o n  medium.

The maximum d is a p p e a ra n c e  o f  P i by  a g iv e n  am ount o f  enzyme w i l l  be 

re a c h e d  o n ly  when s u f f i c i e n t  DPNH i s  o x id iz e d .  No u p ta k e  o f  P i  was 

n o te d  w i th o u t  th e  p re s e n c e  o f  DPNH ( o r  TPNH) o r  d ic h lo ro p h e n o l .

S p e c i f i c a l l y ,  th e  o x id a t io n  o f  re d u c e d  n u c le o t id e  was n e c e s s a ry  f o r  

P i  u p ta k e .  The o x id a t io n  o f  1 )iM DPNH y i e l d s  u p ta k e  o f  1 P i  u n t i l  

t h e  enzyme becomes c o m p le te ly  p h o s p h o ry la te d . A f t e r  t h i s  f i r s t  r e q u i r e ­

ment o f  P i ,  DPNH o x id a t io n  c o n tin u e s  w ith o u t  f u r t h e r  consum ption  o f  

P i  (T a b le  1 8 ) .

T a b le  18 shows t h a t  th e  co n sum ption  o f P i  depends upon enzyme 

c o n c e n t r a t io n  and n o t  upon DPNH c o n c e n t r a t io n ,  a l th o u g h  a  c e r t a i n  

minimum o x id a t io n  o f  DPNH i s  n e c e s s a ry  t o  m eet a 1 /1  r a t i o  o f  P/DPNH.

A d e f i n i t e  q u a n t i t a t i v e  c o r r e l a t i o n  i s  e s t a b l i s h e d  betw een  th e  amount 

o f  P i  d is a p p e a ra n c e  from  th e  r e a c t i o n  medium and th e  am ount o f enzyme 

a d d e d .

S tro n g  e v id e n c e  o f  enzyme p h o s p h o ry la t io n  i s  e s t a b l i s h e d  by th e
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c o r r e l a t i o n  o f  P i  d is a p p e a ra n c e  from  th e  r e a c t i o n  medium w ith  th e  

ap p e a ra n ce  o f  an  e q u iv a le n t  in c r e a s e  i n  p r o te in  phosp h o ru s  (T a b le  2 1 ) . 

E v idence  t h a t  a r s e n a te  i s  a lm o s t a s  e f f e c t i v e  on a  m ole f o r  m ole b a s i s  

a s  P i ,  u n d e r norm al a s s a y  c o n d it io n s  i s  a d d i t i o n a l l y  s u g g e s t iv e  o f  

p h o s p h o ry la tio n  (S e e  T a b le  2 2 ) .

ADP and ATP, b u t n o t AMP, can  s u b s t i t u t e  f o r  th e  P i  re q u ire m e n t 

f o r  DPNH o x id a t io n .  When ADP o r  ATP a r e  u sed  i n  l i e u  o f  P i ,  no p r o t e i n  

p h o s p h o ry la tio n  o c c u r s .

S u b s t a n t i a t i n g  e v id e n c e , o b ta in e d  from  i n a c t i v a t i o n  p r o c e s s e s ,  

h a s  been r e p o r te d  r e c e n t l y  by B aker and S c h u l tz  ( 8 ) .  They r e p o r te d  

t h a t  u n d e r  c e r t a i n  c o n d i t io n s  th e  i n a c t i v a t i o n  o f  p e ro x id a s e  i s  P i  

d e p e n d en t. B aker and S c h u ltz  s t a t e  t h a t  t h e r e  i s  a d isa p p e ra n c e  o f  P i  

a lo n g  w ith  t h e  i n a c t i v a t i o n  p ro c e s s .  A t h r e e  f o ld  in c r e a s e  i n  th e  r a t e  

o f  i n a c t i v a t i o n  t a k e s  p la c e  when ADP o r  ATP b u t  n o t  AMP r e p la c e  t h e  P i .

T h io l i n h i b i t o r s  have p roved  to  be a u s e f u l  to o l  in  d e m o n s tra tin g  

a n o th e r  a r e a  o f  d i f f e r e n c e  betw een th e  two p h e n o lic  s t im u la to r s .  D ic h lo ro ­

phenol a c t i v i t y  c an  be i n h ib i t e d  by S-H, - S - S - ,  and f r e e  r a d i c a l  i n h i b i t o r s .  

P e ro x id a s e  and th y ro x in e  a c t i v i t i e s  a r e  i n h ib i t e d  by -S -S -  i n h ib i to n  and 

f r e e  r a d i c a l  t r a p p in g  compounds, b u t n o t by s u lf h y d r y l  i n h i b i t o r s .  The 

a b i l i t y  o f  2-m e rc a p to e th a n o l ,  c y s te in e ,  and red u c e d  g lu ta th io n e  to  a c t  

a s  - S -S -  bond i n h i b i t o r s  ( 2 )  and a s  f r e e  r a d i c a l  t r a p p in g  a g e n ts  (1 0 )  i s  

w e ll  e s t a b l i s h e d .  I f  t h e s e  compounds, i . e . ,  2 -m e rc a p to e th a n o l,  w ere 

a c t in g  o n ly  by - S - S -  bond i n h i b i t i o n ,  a  L inew eaver-B urke  p l o t  o f 1 /v  vs 

1/ s  would d e m o n s tra te  a  n o n -c o m p e ti tiv e  i n h i b i t i o n ,  p ro v id e d  th e  - 8- 8 -  

bond in v o lv e d  was n o t  a t  t h e  a c t i v e  s i t e .  F re e  r a d i c a l  t r a p p in g  w ould 

d e m o n s tra te  c o m p e t i t iv e  i n h i b i t i o n  w ith  r e s p e c t  to  e i t h e r  DPNH concen­
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t r a t i o n  o r  HgOg p ro d u c t io n . The l a t t e r  p o s s i b i l i t y  i s  r u le d  o u t s in c e  

sm a ll am ounts o f  added HgOg d id  n o t r e v e r s e  o r  re d u c e  th e  i n h i b i t i o n .

A m ixed c o m p e t i t iv e  and n o n -c o m p e ti t iv e  i n h i b i t i o n  shown by 2 -m e rc a p to ­

e th a n o l  w i th  r e s p e c t  t o  DPNH ( F ig u re  12) i s  i n d i c a t i v e  t h a t  two 

s e p a r a te  i n h i b i t i o n  s i t e s  a re  in v o lv e d . T hus, th e  a s s ig n m e n t o f a 

s e n s i t i v e  -S -S -  bond n e c e s s a ry  f o r  p e ro x id a s e ,  d ic h lo ro p h e n o l  and 

th y ro x in e  a c t i v i t i e s  i s  in  ag reem en t w i th  th e  d a ta .  T h is  l a b i l e  g roup 

i s  n o t  p r e s e n t  a t  th e  a c t i v e  s i t e  f o r  DPNH. T h is  - S -S -  bond c o u ld  n o t  

be  d e m o n s tra te d  t o  b e  c o 'fa c to r  p r o te c te d  o r  r e v e r s i b l e .  The l a t t e r  

r e s u l t  i s  s u g g e s t iv e  o f  a  c o n fo rm a tio n  ( s t r u c t u r e  o r  c o n f ig u r a t io n )  

change o f  th e  enzyme m o le c u le .

Compounds w h ich  a r e  S-H bond i n h i b i t o r s  a r e  e f f e c t i v e  i n h i b i t o r s  

o f  d ic h lo ro p h e n o l  a c t i v i t y  and i n e f f e c t i v e  i n h i b i t o r s  o f  p e ro x id a s e  

and th y ro x in e  a c t i v i t i e s .  A gain  a  d i s t i n c t i o n  betw een  re q u ire m e n ts  

o f  t h e s e  p h e n o lic  s t im u la to r s  i s  e v id e n c e d  w ith  r e s p e c t  to  th e  enzyme 

as  such .

F ig u re  13 d e m o n s tra te d  n o n -c o m p e ti t iv e  i n h i b i t i o n  o f  c h lo r o ­

a c e to p h en o n e  and N -e th y l  m ale im id e  w ith  r e s p e c t  to  DPNH. T hese  compounds 

w ere s e le c te d  from  a  l i s t  o f  many p o s s ib l e  s u lf h y d r y l  g roup  i n h i b i t o r s  

b e c au se  th e y  w ere  c o n s id e re d  to  be h ig h ly  s p e c i f i c  f o r  th e  s u lf h y d r y l  

group ( 6 4 ) .  Compounds such  as  io d o a c e ta te  and m ercury  a r e  c a p a b le  o f  

r e a c t i n g  w i th  o th e r  g ro u p s  (6 4 ) .

M ost o f  t h e  compounds e f f e c t i v e  a s  s u lf h y d r y l  g roup  i n h i b i t o r s  

i n h i b i t  d ic h lo ro p h e n o l  a c t i v i t y  o n ly  when in c u b a te d  i n  th e  a b sen c e  o f  

th e  c o f a c to r s ,  d ic h lo r o p h e n o l ,  o r th o p h o s p h a te  and Mn**. I n  t h e  p re s e n c e  

o f  c o f a c to r s ,  compounds su c h  a s  o x id iz e d  g lu ta th io n e  and c y s t i n e  show 

some s t im u la t io n  r a t h e r  th a n  i n h i b i t i o n .  T h is  s t im u la t io n  w ould im ply
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t h a t  some o f  th e  i n h e r e n t  S-H g roups e x i s t  a s  -S -S -  b o n d s. The 

r e d u c t io n  o f  t h e s e  -S -S -  bonds to  form  S-H groups r e s u l t s  in  an  

in c re a s e d  a c t i v i t y .

The e x i s t e n c e  o f  S-H bonds w hich  can  undergo  r e v e r s i b l e  

o x id a t io n - r e d u c t io n  i s  su p p o rte d  by th e  o b s e rv a t io n  t h a t  red u c e d  

g l u ta th io n e  can  p a r t i a l l y  r e v e r s e  th e  i n h i b i t i o n  cau se d  by o x id iz e d  

g lu ta th io n e  and c y s t i n e .  T h is  r e v e r s a l  o f  S-H bond i n h i b i t i o n  c a u se d  

by -S -S -  compounds by th e  a d d i t io n  o f  s u lf h y d r y l  r e a g e n ts ,  i s  l im i te d  

to  th e  e x te n t  o f  th e  i n h i b i t i o n  c a u se d  by th e  added s u l f h y d r y l  r e a g e n t .  

The i n h i b i t i o n ,  due to  th e  s u l f h y d r y l ,  i s  t h e  e f f e c t  on th e  n o n - 

r e v e r s i b l e  -S -S -  b o n d s . The p o in t  o f  em phasis i s  t h a t  t h e  in h e r e n t  

S-H bonds can  be  r e v e r s i b l y  o x id iz e d  and red u c e d  w ith  c o n c o m ita n t 

re c o v e ry  o f a c t i v i t y .  T hese  S-H bonds a r e  a l s o  p r o te c te d  by th e  

en zy m atic  c o f a c to r s .  The -S -S -  bonds can  n e i t h e r  be r e v e r s i b l y  

o x id iz e d  and re d u c e d  w ith  r e c o v e ry  o f  en zy m atic  a c t i v i t y  n o r c o f a c to r  

p r o te c te d .

T o co p h ero l p r o t e c t s  th e  enzyme from  s u lf h y d r y l  i n h i b i t o r s .

T h is  p r o te c t io n  i s  s im i l a r  to  t h e  c o f a c to r  p r o te c t i o n  in  t h a t  no 

p r o te c t i o n  i s  m a n ife s te d  i f  PCMB i s  added b e fo r e  to c o p h e r o l .  Corw in 

and Schwarz (6 5 )  r e p o r t  s im i la r  r e s u l t s  w i th o i- k e to  g l u t a r a t e  o x id a s e  

in  v iv o  and ^  v i t r o . S in c e  th e  p r o te c t i o n  r e q u i r e d  to c o p h e ro l  a t  th e  

b e g in n in g  o f  th e  in c u b a t io n  p e r io d ,  th e y  su g g e s t  t h i s  i n d ic a te d  t h a t  

p r o te c t io n  i s  due to  p r o t e c t i n g  t h e  s e n s i t i v e  S-H g ro u p s from  o x id a t io n .

The p o s tu l a te d  t h i o l  i n h i b i t i o n - s t i m u l a t i o n  m echanism  in  F ig u re  

18 i l l u s t r a t e s  t h e  above  m en tioned  i n t e r p r e t a t i o n s .

The p re s e n c e  o f  l a b i l e  S-H and -S -S -  bonds n e c e s s a ry  f o r  d i c h lo r o -
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Figure 18. Postulated Thiol Inhibition-Stimulâtion Mechanism.

(a) SH - reversible group, also cofactor protected.

(b) I - non-reversible (for activity).
S

(D Native enzyme- active.
@  Inactive but reversible, maybe some native, would explain GSH stimulation. 
(|) Inactive, not reversible, explains inability for 100% reversibility since 

either compound could be formed although obviously (J) predominates over (3) 
@  Inactive and not reversible.
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phenolr a c t i v i t y  w ould p a r t i a l l y  a c c o u n t f o r  th e  i n s t a b i l i t y  o f  th e  enzyme. 

The a c t i v i t y  i s  q u ic k ly  l o s t  a t  room te m p e ra tu re ,  by f r e e z in g ,  s to r a g e  

a t  5 °  C . , upon a p p l i c a t i o n  t o  c h ro m a to g ra p h ic  co lum ns, and d i a l y s i s ;  

n e i t h e r  c an  a c t i v i t y  be p r o te c te d  by th e  p re s e n c e  o f  m ild  a n t i - o x id a n t s  

o r  r e d u c t a n t s  ( su c h  a s  o x id iz e d  o r  red u c e d  g l u t a th i o n e ) .

H i s t i d i n e  has  p roved  to  b e  an  im p o r ta n t  to o l  in  f u r t h e r  

d e m o n s tra t in g  a  d i s t i n c t i o n  be tw een  th e  re q u ire m e n ts  on th e  enzyme 

m o le c u le  f o r  th e  two p h e n o lic  s t im u la to r s  o f  DPNH o x id a t io n .  H i s t i d in e  

and h is ta m in e  y ie ld e d  i n h i b i t i o n  o f  d ic h lo ro p h e n o l  a c t i v i t y  w h ile  

im id a z o le  and im id a z o le  a c e t i c  a c id  r e s u l t e d  in  s t im u la t io n .  T hese 

e f f e c t s  o f  h i s t i d i n e  and i t s  a n a lo g  w ere n o te d  o n ly  on d ic h lo ro p h e n o l 

a c t i v i t y .  N e i th e r  s t im u la t io n  n o r  i n h i b i t i o n  o f p e ro x id a s e  o r  th y ro x in e  

a c t i v i t i e s  c o u ld  be d e m o n s tra te d .

A p p a re n tly  th e  p re s e n c e  o f  th e  im id a z o le  r i n g  c o u ld  y i e ld  

s t im u la t io n .  The p re s e n c e  o f  b o th  th e  im id a z o le  r i n g  and th e  of-amino 

g roup  y i e l d s  i n h i b i t i o n .

N o n -c o m p e titiv e  i n h i b i t i o n  o f  h i s t i d i n e  w ith  r e s p e c t  to  DPNH 

and o r th o p h o s p h a te  was d e m o n s tra te d  by L inew eaver-B urke  p l o t s  w ith  

a p p a re n t  v a lu e s  o f  2 .2  x  10“ ^ and 2 .8  x 10” ® M/L r e s p e c t i v e ly .  An 

S /v  v s  I  p l o t  shows two w id e ly  d i f f e r e n t  v a lu e s .  The v a lu e  o f  

h i s t i d i n e  depends upon c o n c e n t r a t io n .  One v a lu e  i s  a p p a re n t  a t  th e  

low er c o n c e n t r a t io n  and a n o th e r  a t  h ig h e r  c o n c e n t r a t io n s .  T h is  would 

s u g g e s t  a  d u a l  n a tu r e  o f  th e  e f f e c t  o f  h i s t i d i n e ,  i . e . ,  two d i f f e r e n t  

i n h i b i t i o n  a f f i n i t i e s  s u g g e s t  two d i f f e r e n t  s i t e s .

A c c o rd in g  t o  c l a s s i c a l  i n h i b i t i o n  k i n e t i c s ,  th e  number o f  

i n h i b i t o r  m o le c u le s  i n t e r a c t i n g  w i th  an  enzyme m o le c u le  can  be
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a s c e r t a in e d  by p l o t t i n g  th e  r a t i o  o f  c o n t r o l  a c t i v i t y  t o  a c t i v i t y  in  

th e  p re s e n c e  o f  i n h i b i t o r  a t  v a ry in g  i n h i b i t o r  c o n c e n t r a t io n s  (6 6 ) .

A l i n e a r  r e l a t i o n s h i p  i n d i c a t e s  t h a t  one i n h i b i t o r  m o le c u le  i n t e r a c t s  

w ith  on e  enzyme m o le c u le . A c u rv e  t h a t  s lo p e s  away from  a n  i n h i b i t o r  

c o n c e n t r a t io n  c o o rd in a te  i s  i n t e r p r e t e d  a s  in d ic a t in g  an  i n t e r a c t i o n  

o f  enzyme w i th  two o r  m ore i n h i b i t o r  m o le c u le s . When t h e  d a ta  in  T ab le  

15 a r e  so  p l o t t e d ,  th e  c u rv e  s lo p e s  tow ard  th e  i n h i b i t o r  c o n c e n t r a t io n  

a x i s ,  p o s s ib ly  s u g g e s t in g  t h a t  one h i s t i d i n e  m o le c u le  i n t e r a c t s  w ith  

more th a n  one enzyme m o le c u le  ( 6 7 ) .  A cco rd in g  t o  M a r tin  ( 6 6 ) ,  c u rv a tu re  

o f t h i s  ty p e  w ould be e x p e c te d  i f  a s p e c ie s  o f  th e  enzyme t h a t  was 

i n s e n s i t i v e  to  h i s t i d i n e  w ere p r e s e n t ,  i . e . ,  th e  c u r v a tu r e  c o u ld  be an  

a r t i f a c t  a r i s i n g  from  th e  p re s e n c e  o f  some " h i s t i d i n e - i n s e n s i t i v e "  

enzym e. The same ty p e  o f  c u r v a tu r e  w ould r e s u l t  i f  two s i t e s  on one 

m o le c u le  w ere b o th  s u b je c t  to  h i s t i d i n e  a t t a c k ,  o n ly  o n e  o f  w hich  

r e s u l t s  i n  i n h i b i t i o n .

The f a c t  t h a t  h i s t i d i n e  s e n s i t i v i t y  i s  l o s t  r a p i d l y  w i th  age , 

w h i le  t h e  e n z y m a tic  a c t i v i t y  rem a in s  h ig h , and t h a t  many sam p les  a re  

o b ta in e d  w hich  w ere  h i s t i d i n e - i n s e n s i t i v e ,  would s u g g e s t  t h a t  th e  

I n h i b i t i o n  o f  th e  enzyme by h i s t i d i n e  i s  n o t n e c e s s a r i l y  t h e  r e s u l t  o f 

h i s t i d i n e  i n t e r a c t i n g  a t  th e  a c t i v e  s i t e  o f th e  m o le c u le . The f in d in g  

t h a t  h i s t i d i n e  i n h ib i to n  i s  n o n -c o m p e ti t iv e  w ith  o r th o p h o s p h a te  and 

DPNH and t h a t  sm a ll q u a n t i t i e s  o f  HgOg do n o t a l t e r  t h e  i n h i b i t i o n  

c o r r o b o r a te  t h i s  h y p o th e s is .

E v id en ce  i s  o b ta in e d  from  a  s tu d y  o f  t r y p s i n  d i g e s t i o n  o f  th e  

enzyme p r e p a r a t i o n  t h a t  h i s t i d i n e  c an  be  bound to  th e  enzyme w h e th e r  

o r  n o t i t  i n h i b i t s  t h e  enzyme. F ig u re  17 shows t h a t  t h e  enzyme i s
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s e n s i t i v e  t o  t r y p s i n  d i g e s t i o n .  H i s t i d i n e - t r e a t e d  enzyme i s  d ig e s te d  

a t  a p p ro x im a te ly  two t im e s  th e  c o n t r o l  r a t e .  When th e  s e n s i t i v i t y  to  

t r y p s i n  d ig e s t io n  i s  m easured  on h i s t i d i n e - i n s e n s i t i v e  enzym e, th e  

c u rv e s  o b ta in e d  a r e  i n d i s t i n g u i s h a b l e  from  th o s e  o b ta in e d  w i th  h i s t i d i n e -  

s e n s i t i v e  enzym e. H i s t i d i n e  a l t e r s  t h e  enzyme so t h a t  i t s  s e n s i t i v i t y  

to  t r y p s i n  d i g e s t io n  i s  in c r e a s e d  w h e th e r  th e  enzyme i s  h i s t i d i n e -  

s e n s i t i v e  o r  h i s t i d i n e - i n s e n s i t i v e .  T h is  o b s e rv a t io n  s u p p o r ts  th e  

h y p o th e s is  t h a t  t h e  b in d in g  o f  h i s t i d i n e  by th e  enzyme d o es  n o t  i n  

i t s e l f  a c c o u n t f o r  h i s t i d i n e  i n h i b i t i o n .  T hese  e x p e r im e n ts  a l s o  

s u g g e s t  t h a t  h i s t i d i n e  m ust a l t e r  t h e  c o n fo rm a tio n  ( s t r u c t u r e  o f  

c o n f ig u r a t io n )  o f  th e  enzyme m o le c u le  in  some m anner t h a t  r e n d e r s  th e  

enzyme more s e n s i t i v e  to  t r y p s i n  d ig e s t io n .

Two l i n e s  o f  e v id e n c e  s u g g e s t  t h a t  th e  b in d in g  o f  h i s t i d i n e  by 

th e  d ic h lo ro p h e n o l  s t im u la te d  DPNH o x id a s e  i s  n o t  s u f f i c i e n t  t o  c a u se  

i n h i b i t i o n  o f  enzyme a c t i v i t y .  H i s t i d i n e  i n c r e a s e s  th e  r a t e  o f  t r y p s i n  

d i g e s t i o n  o f  t h e  enzyme. When an  aged enzyme p r e p a r a t i o n  w hich  has  

become i n s e n s i t i v e  t o  h i s t i d i n e  i n h i b i t i o n  i s  t e s t e d  f o r  i t s  s e n s i t i v i t y  

to  t r y p s i n ,  i t s  r a t e  o f  h y d r o ly s i s  i s  i d e n t i c a l  w i th  t h a t  o f  f r e s h  enzyme. 

More s i g n i f i c a n t ,  t h e  r a t e  o f  h y d r o ly s i s  o f  h i s t i d i n e - i n s e n s i t i v e  

enzyme i s  a l s o  in c r e a s e d  by h i s t i d i n e  t r e a tm e n t .  One i n t e r p r e t a t i o n  o f  

t h e s e  r e s u l t s  i s  t h a t  h i s t i d i n e  can  b in d  t o  t h e  enzyme and a l t e r  th e  

t r y p s i n  s e n s i t i v i t y  o f  th e  enzym e, b u t t h a t  th e  s i t e  o f  such  b in d in g  i s  

d i f f e r e n t  from  th e  s i t e  a t  w hich  h i s t i d i n e  b in d s  when i t  i n h i b i t s  th e  

enzyme. An a l t e r n a t i v e  e x p la n a t io n  i s  t h a t  h i s t i d i n e  b in d in g  a t  a 

s in g l e  s i t e  i s  th e  o n ly  p r e r e q u i s i t e  t o  h i s t i d i n e  i n h i b i t i o n  and o n ly  

i n t e r a c t i o n  o f  t h e  bound h i s t i d i n e  w ith  a seco n d  s i t e  r e s u l t s  in  

enzyme i n h i b i t i o n .
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A seco n d  ty p e  o f  e x p e rim e n t w h ich  s u g g e s ts  t h e  p re s e n c e  o f  two 

s i t e s  o f  h i s t i d i n e  b in d in g  came from  th e  p l o t  o f  S /v  v s  I .  A t low 

h i s t i d i n e  c o n c e n t r a t io n ,  one i s  d e m o n s tra te d , w h e re as  a t  h ig h e r  

c o n c e n t r a t io n  a n o th e r  i s  e v id e n c e d ; i . e . ,  h i s t i d i n e  h as  two e f f e c t s  

on th e  enzym e. As w ith  t h e  t r y p s i n  e x p e r im e n ts , t h e s e  d a ta  can  be 

i n t e r p r e t e d  in  te rm s  o f  h i s t i d i n e  i n t e r a c t i n g  a t  one o r  m ore s i t e s  on 

t h e  enzyme m o le c u le .

The p l o t  o f  S /v  v s  I  d e m o n s tra te s  i n h i b i t i o n - a c t i v a t i o n . ^

T h a t i s ,  t h e  v e lo c i ty  t h a t  w ould be p r o je c te d  on t h e  b a s i s  o f  th e  

i n i t i a l  s lo p e  i s  g r e a t e r  th a n  w ould  b e  e x p e c te d  w i th  in c r e a s in g  

i n h i b i t i o n  c o n c e n t r a t io n .  I n h i b i t i o n  by h i s t i d i n e  i s  n o t  r e v e r s i b l e .

The two v a lu e s  s u g g e s t  th e  p o s s i b i l i t y  o f two enzyme s i t e s ,  each  

h a v in g  a  d i f f e r e n t  a f f i n i t y  f o r  h i s t i d i n e .  I n  some m anner i t  would 

seem t h a t  a t t a c k  by th e  f i r s t  m o le c u le  o f  h i s t i d i n e  r e s u l t s  in  

i n h i b i t i o n ;  a t t a c k  by th e  second  m o le c u le , a t  a n o th e r  s i t e ,  r e s u l t s  

in  d e c r e a s in g  th e  i n h i b i t i o n  c a u se d  by th e  f i r s t  h i s t i d i n e  m o le c u le .

The p o s tu la te d  scheme i n  F ig u re  19 d e p ic t s  th e  e f f e c t s  o f  

h i s t i d i n e  on d ic h lo ro p h e n o l  a c t i v i t y .  Two s i t e s  o f  h i s t i d i n e  a tta c h m e n t 

t o  th e  enzyme m o le c u le  a r e  r e p r e s e n te d  a s  p o in ts  ( b )  and  ( c ) .  S i t e  (b )  

i s  lo c a te d  c lo s e  t o ,  b u t n o t i n ,  t h e  a c t i v e  s i t e  a t  p o i n t  ( a ) .  T h is  i s  

s u g g e s te d  s in c e  h i s t i d i n e  i n h i b i t i o n  i s  c o f a c to r  p r o t e c t e d .  S i t e  ( b )  

i s  r e p r e s e n te d  a s  t h e  o n ly  p o in t  o f  h i s t i d i n e  i n h i b i t i o n .  S in c e  enzyme 

p r e p a r a t i o n s  a re  n o t a lw ays s e n s i t i v e  to  h i s t i d i n e  i n h i b i t i o n  o r  lo s e  

t h e i r  h i s t i d i n e  s e n s i t i v i t y ,  t h i s  w ould im ply  t h a t  t h e  n e c e s s a ry  b o n d in g  

r e q u ir e m e n ts  a t  s i t e  (b )  a r e  l a b i l e .  When a v a i l a b l e ,  th e  a f f i n i t y  o f

The p l o t  o f  S /v  vs I  and th e  scheme d e p ic te d  in  F ig u re  19 w ere 
th e  r e s u l t  o f  a  p e rs o n a l  com m unication  w ith  Dr. P a u l W. W ig le r .
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(S) (b)

Figure 19. Postulated Scheme for non-reversible Inhibition Activation by 
Histidine on Dichlorophenol Activity. Histidine-inhibited enzyme, attack by 
first histidine (g) molecule at point (b) close to active site (a). Effect of 
second histidine molecule at point (c), partially removes steric block by first 
histidine molecule.
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s i t e  ( b )  f o r  h i s t i d i n e  i s  g r e a t e r  th a n  t h a t  a t  s i t e  ( c ) .  S i t e  ( c )  i s  

r e p r e s e n te d  a s  th e  p o in t  o f  a t ta c h m e n t by th e  seco n d  h i s t i d i n e  m o le c u le . 

T h is  a t t a c k  r e s u l t s  in  a  c o n f ig u r a t io n  change i n  such  a manner t o  l e s s e n  

t h e  i n h i b i t i o n  produced  a t  s i t e  ( b ) ,  i . e . ,  i n h i b i t i o n  a c t i v a t i o n .  S i t e  

( c )  i s  s e n s i t i v e  to  h i s t i d i n e  a t t a c k  w h e th e r o r  n o t  s i t e  ( b )  i s  a v a i l a b l e  

t o  h i s t i d i n e .  T h is  w ould e x p la in  why a l l  h i s t i d i n e  t r e a t e d  enzyme 

p r e p a r a t i o n s ,  s e n s i t i v e  to  h i s t i d i n e  i n h i b i t i o n  o r  n o t ,  undergo  a 

d i g e s t i o n  by t r y p s in  a t  a  r a t e  tw ic e  t h a t  o f  u n t r e a te d  c o n t r o l s .

T he d a ta  seem t o  s u g g e s t  t h a t  h i s t i d i n e  m ig h t a c t  by c a u s in g  a 

c o n fo rm a tio n a l  change i n  th e  enzyme s t r u c t u r e  and  by p r e v e n t in g  c o f a c to r  

p a r t i c i p a t i o n  r a t h e r  th a n  i n t e r f e r i n g  w ith  t h e  b in d in g  o f  one o f  t h e  

s u b s t r a t e s .  T h is  h y p o th e s is  i s  su p p o rte d  by th e  o b s e r v a t io n  t h a t  

h i s t i d i n e  i s  a " n o n -c o m p e ti t iv e "  i n h i b i t o r  o f  th e  enzyme w ith  r e s p e c t  

to  s u b s t r a t e ,  P i  and DPNH. The n o n - r e v e r s ib le  i n h i b i t i o n - a c t i v a t i o n  

p ro d u ced  by th e  t r y p s in  d i g e s t i o n  s tu d y  a ls o  d e m o n s tra te s  t h a t  some 

c o n fo rm a tio n a l  a l t e r a t i o n  in  t h e  p r o te in  o c c u rs  in  t h e  p re s e n c e  o f  

h i s t i d i n e .  I n  v iew  o f  t h e  c o n c lu s io n  t h a t  h i s t i d i n e  b in d in g  o c c u rs  

in  th e  ab sen c e  o f  h i s t i d i n e  i n h i b i t i o n ,  i t  does n o t a p p e a r  t h a t  a 

c o n fo rm a tio n a l  a l t e r a t i o n  o f  t h e  p r o t e i n  i s  o f  im p o rta n c e  i n  c a u s in g  

i n h i b i t i o n .  The i n h i b i t i o n - a c t i v a t i o n  s tu d y  s u g g e s ts  t h a t  two s i t e s  

o f  h i s t i d i n e  s e n s i t i v i t y  a r e  in v o lv e d . One s i t e  r e s u l t s  i n  i n h i b i t i o n ,  

t h e  o th e r  s i t e  d e c re a s e s  th e  fo rm er i n h i b i t i o n ,  p e rh a p s  by c o n fo rm a tio n a l 

a l t e r a t i o n s .



CHAPTER VI

SUMM^Y

A m ajo r d i f f e r e n c e  in  th e  ch e m ica l and p h y s ic a l  re q u ire m e n ts  

on th e  enzyme m o lecu le  h as  been  shown to  e x i s t  f o r  e l i c i t i n g  th e  

s t im u la t io n  o f  DPNH o x id a s e  In  r a t  u te r u s  by d lc h lo ro p h e n o l  and th y ro x in e .  

F our m a jo r  l i n e s  o f e v id e n c e  r e s u l t i n g  from  t h i s  work s u b s t a n t i a t e  th e  

d i f f e r e n c e  i n  en zy m atic  re q u ire m e n ts  o f  th e  enzyme m o le c u le .

1 . F r a c t io n s  w ere p re p a re d  f r e e  o f  th y ro x in e  s t im u la te d  DPNH 

o x id a s e ,  b u t  w h ich  c o n ta in e d  d lc h lo ro p h e n o l  s t im u la te d  DPNH o x id a s e .

The p r e p a r a t io n  o f  a  f r a c t i o n  c o n ta in in g  a  h ig h  l e v e l  o f th y ro x in e  

a c t i v i t y  and a  low le v e l  o f  d lc h lo ro p h e n o l  a c t i v i t y  was d e m o n s tra te d .

A d i s p r o p o r t i o n a te  r a t i o  o f  d lc h lo ro p h e n o l  to  th y ro x in e  a c t i v i t y  was 

e v id e n t  d u r in g  t h e  f r a c t i o n a t i o n  p r o c e s s ,  i . e . ,  a s i x  f o ld  o v e r a l l  

ch an g e .

2 . The u s e  o f  h ig h  io n ic  s t r e n g th  f o r  e x t r a c t i o n  o f  d lc h lo ro p h e n o l  

a c t i v i t y  r e s u l t e d  In  a  p r e p a r a t io n  w hich  was d ep en d en t on p h o s p h a te . A 

p h o s p h o ry la te d  p r o te in  was d e m o n s tra te d  a s  n e c e s s a ry  f o r  d i c h lo r o -

pheno l a c t i v i t y ,  b u t n o t f o r  p e ro x id a s e  o r  th y ro x in e  a c t i v i t i e s .  ADP 

and ATP, b u t n o t  AMP, s u b s t i t u t e d  f o r  o r th o p h o s p h a te .

3 . P e ro x id a s e ,  d lc h lo ro p h e n o l  and th y ro x in e  a c t i v i t i e s  w ere 

i n h i b i t e d  by f r e e  r a d i c a l  t r a p p e r s  and -S -S -  bond I n h i b i t o r s .  A l a b i l e
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S-H bond was d e m o n s tra te d  to  be n e c e s s a ry  f o r  d lc h lo ro p h e n o l  a c t i v i t y  b u t 

n o t f o r  p e ro x id a s e  and th y ro x in e .  The s u l f h y d r y l  bond i n h i b i t i o n  c o u ld  

be r e v e r s e d  and was p r o te c te d  by P i ,  Mn**, d lc h lo ro p h e n o l  and to c o p h e r o l .  

A t h i o l  I n h i b i t i o n - s t i m u l â t Ion  m echanism  was p ro p o se d .

4 . H i s t i d i n e  and i t s  a n a lo g s  p roduced  I n h i b i t i o n  o r  s t im u la t io n  

o f d lc h lo ro p h e n o l  a c t i v i t y .  H i s t i d i n e  h as  been  shown to  be an  e f f e c t i v e  

n o n -c o m p e ti t iv e  i n h i b i t o r  o f  d lc h lo ro p h e n o l  a c t i v i t y  w i th  r e s p e c t  to  

p h o sp h a te  and DPNH. H i s t i d i n e  c o u ld  r e s u l t  In  i n h i b i t o r - a c t i v a t i o n  

and had two v a lu e s .  P e ro x id a s e  and th y ro x in e  a c t i v i t i e s  w ere n o t 

a f f e c t e d  by h i s t i d i n e .  I t  was p ro p o sed  t h a t  h i s t i d i n e  h as  two 

s e p a r a te  e f f e c t s  on th e  d lc h lo ro p h e n o l  a c t i v i t y .  H i s t i d i n e  b in d in g  

a lo n e  d id  n o t  c au se  I n h i b i t i o n .  E v idence  has  been  p r e s e n te d  t h a t  a 

c o n fo rm a tio n a l  change I s  a s s o c i a te d  w i th  h i s t i d i n e  b in d in g .
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