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INTRODUCTION

1 , P o rp h y rin  M etabolism  in  Human and E x p erim en ta l P o rp h y r ia s .

1 ,  1 , Cl a s s i f i c a t i o n  o f Human P o rp h y ria s and R e la t io n s h ip  to

E x p erim en ta l P o rp h y r ia s ,

The h e p a t ic  p o rp h y r ia s  a re  a  group o f d is o r d e r s  c h a r a c te r iz e d  

by e x c e s s iv e  l e v e l s  o f p o rp h y rin s  and t h e i r  p re c u r s o r s  in  th e  l i v e r .  

C e r ta in  ty p e s  o f p o rp h y r ia s  a re  g e n e t ic a l ly  t r a n s m i t te d  d is e a s e s ,  o f te n  

p r e c i p i t a t e d  by th e r a p e u t i c  d osages  o f d rugs o f  d iv e r s e  s t r u c t u r e .  

C l a s s i f i c a t i o n  o f  th e  p o rp h y r ia s  based  on th e  mode o f  in h e r i ta n c e ,  th e  

p a t t e r n  o f  haem p re c u r s o r  accu m u la tio n  and e x c re t io n  have been p re s e n te d  

(E a le s ,  1961 ; G o ldberg  & R im ing ton , 1962; Tschudy? I 963 ; Schmid, I 966) . 

T ab le  1 sum m arizes c e r t a i n  human p o rp h y c ia s  w hich may be s im u la te d  

e x p e r im e n ta lly  i n  a n im a ls .

1 . 2 . The Haem B io s y n th e t ic  Pathvray and L o c a l iz a t io n  o f  I t s

Enzymes in  th e  L iv e r  C e l l ,

The s te p s  o f th e  haem b io s y n th e t ic  pathw ay a re  p re s e n te d  in  

P ig .  1 , in c lu d in g  th o se  in te rm e d ia te s  o f th e  pathw ay th a t  a re  e x c e s s iv e ly  

e x c re te d  d u r in g  a c u te  a t t a c k s  o f each o f  th e  p o rp h y r ia s .

The i n i t i a l  s te p  in v o lv e s  th e  c o n d e n sa tio n  o f  succinyl-C oA  

w ith  g ly c in e  w hich h as  been  a c t iv a t e d  by p y rld o x a l-3 '™ p h o sp h a te , and 

r e s u l t s  in  th e  fo rm a tio n  o f  ô -am in o lae v iü .in ic  a c id  (ALA). T h is r e a c t io n  

i s  c a ta ly s e d  by th e  m ito c h o n d r ia l  enzyme, 6 -a ra ln o la e v u lin ic  a c id



T able 1  .

C l a s s i f i c a t i o n  o f  V ario u s  Types o f  Human P o rp h y r ia s  and P o s s ib le  

R esem blance to  C l in ic a l  E x p erim en ta l Animal P o rp h y r ia

A nimal P o rp h y r ia

E r y th r o p o ie t i c  
p o rp h y r ia  i n  c a t t l e ?  
p ig s ,  and c a t s  
(G o ldberg  & R im ington , 
1962 ; Kaneko & 
C o rn e l iu s ,  1970)

R a b b its  g iv e n  
p h e n y lh y d ra z in e , le a d , 
and u l t r a v i o l e t  l i g h t  
(S chw artz  £ t  ,
1952 )

Type o f  Human P o rp h y ria  
Resem bled B io c h em ica lly

A nim als g iv e n  AIA, 
( r a b b i t s ,  r a t s ,  and 
m ice)
(G o ldberg  & R im ing ton ,
1962 )

A nim als g iv e n  DBG 
( r a b b i t s  and m ice) 
(hakao e t  a l . ,  19&7 )

C o n g e n ita l e r y th r o p o ie t i c  
p o rp h y r ia  ( e r y th r o p o ie t i c  
u ro p o rp h y r ia )

C o n g e n ita l e r y th r o p o ie t i c  
p o rp h y r ia  ( e r y th r o p o ie t i c  
u ro p o rp h y r ia )

A cute i n t e r m i t t e n t  
p o rp h y r ia  (AIP)

P o rp h y r ia  v a r ie g a ta  
d u r in g  a c u te  a t t a c k  (VP)

M ice g iv e n  g r i s e o f u lv i n  P o rp h y r ia  v a r ie g a ta  
(Be M a t te is ,  I 967 ) d u r in g  a c u te  a t t a c k  (VP)

R a ts  g iv e n  h ex a -
ch lo ro b e n zen e
(Be M a t te is ,  I 967 )

H e re d i ta ry  c o p ro p o rp h y ria  
d u r in g  a c u te  a t t a c k  (HCP)

Comments

I n h e r i t e d  a s  an  a u to 
somal r e c e s s iv e  t r a i t ;  
u z 'opo rphy rin  I  and co
p ro p o rp h y rin  I  e x c re te d  
in  u r in e  and fa e c e s  : 
d e c re a se d  l e v e l  o f -uro
p o rp h y rin o g en  I I I  co
s y n th e ta s e  (E in  P ig  1

L iv e r  p o rp h y rin  c o n te n t 
i s  norm als e x c e ss  u ro 
p o rp h y r in  I  e x c re te d  in  
u r in e  by a n im a ls ; 
r a b b i t s  e x c re te d  
in c re a s e d  am ounts o f 
p o rp h o b ilin o g e n  w hich 
i s  n o t  o b serv ed  in  huma 
c o n g e n i ta l  e ry th ro 
p o i e t i c  p o rp h y r ia

ALA. and p o rp h o b ilin o g e n  
e x c re te d  duuring 
re m is s io n  a s  w e ll as 
d u r in g  an a c u te  a t t a c k ;  
i n h e r i t e d  a s  a  
M end.elian au tosom al 
dom inant t r a i t

AIA and p o rp h o b ilin o g e n  
e x c re te d  in  -urine on ly  
d u r in g  an a c u te  a t t a c k ;  
p ro to p o rp h y r in  I  and 
C O proporphyrin I  
e x c re te d  i n  fa e c e s  ■

ALA and p o rp h o b ilin o g e n  
in  u r in e  d u r in g  a c u te  
a t  "back; p ro to p o rp h y r in  
I  and  co p ro p o rp h y rin  I  
e x c re te d  i n  fa e c e s

ALA, p o rp h o b ilin o g e n , 
u ro p o rp h y r in  and copro- 
p o rp h y r in  e x c re te d  in  
u r in e



Table 1 (c o n t'd )

Animal P o rp h y r ia

R a b b its  g iv e n  
h ex ach lo ro b en zen e  
(be l la .t te is ?  I 967)

Type o f  Human P o rp h y ria  
Resem bled B io ch em ica lly

Comments

Porphyt?ia cu ta n e a  ta r d a  
sym ptom atica (PCT)

In c re a s e d  am ounts o f  
u ro p o rp h y r in  and copro
p o rp h y r in  e x c re te d  in  
r a b b i t  u c in e ;  no 
in c re a s e  o f  ALA o r 
p o rp h o b ilin o g e n
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Fig* 1 . . D i s t r i b u t io n  o f th e  enzymes o f th e  haem b io s y n th e t ic  c h a in  

betw een m ito ch o n d rio n  and c y to s o l .  In te rm e d ia te s  o f  th e  pathway 

e x c e s s iv e ly  e x c re te d  d u r in g  a c u te  phases  o f  each  o f  th e  h e p a t ic  p o rp h y r ia s  

a r e  w ith in  th e  r e s p e c t iv e  b ra c k e ts  î AIP -  a c u te  i n t e r m i t t e n t  p o rp h y r ia ,

PCT -  p o rp h y r ia  c u ta n e a  t a r d a ,  HCP « h e r e d i ta r y  c o p ro p o rp h y r ia ,

VP -  v a r ie g a te  p o rp h y ria*  (AM - 8 - a m in o la e v u l in i c  a c id ,  PBG -  

p o rp h o b il in o g e n , U ro-gen  -  u ro p o rp h y rin o g en , Copro-geii -  co p ro p o rp h y rin o g en , 

Uro -  u ro p o rp h y r in ,  Copro -  co p ro p o rp h y rin , P ro to  -  p ro to p o rp h y rin o g e n ,
Ep •“ ALA d e h y d ra ta s e ,  -  PBG deam inase , E^ ~ U ro-gen  c o - s y n th e ta s e ,

^  U ro-gen  d e c a rb o x y la s e , E^ -  C opro-gen d e c a rb o x y la s e , E^ -  P ro to -g e n  

d e h y d ra ta s e ,  Eg -  F e r r o c h e la ta s e ,  a-KG o x id a se  -  a - k e to g lu ta r a t e  o x id a se )

E



s y n th e ta s e  (su c c in y l-C o A sg ly c in e  s u c c in y l t r a n s f e r a s e )  (ALA-S) ,  th e  

r a t e - l i m i t i n g  enzyme in  th e  b io s y n th e s is  o f haem (G ranick? I 966 ) .  The 

t r a n s f e r  o f AIA o u t o f th e  m ito ch o n d rio n  may o ccu r r a p id ly  b e c a u se , a,t 

l e a s t  i n  a  m o le c u la r  m odel, ALA can ta k e  on a  h e a d - t o - t a i l - l o o p  

c o n f ig u r a t io n  w hich i s  e l e c t r i c a l l y  n e u tra l*  A f te r  le a v in g  th e  m ito 

ch o n d rio n , A3jA i s  c o n v e rte d  to  p o rp h o b ilin o g e n  (PLG) by ô -a m in o la e v u lin ic  

a c id  d e h y d ra ta s e  (ALA-D; E ^ ), P o rp h o b ilin o g en  deam inase (u ro p o rp h y rin o g en  

I  s y n th e ta s e ;  E^) c a u se s  p o ly m e r iz a tio n  o f PPG to  an  urxknown p o ly p y rro le  

s t r u c t u r e .  At t h i s  p o in t  two p o s s ib le  pathw ays a r i s e ,  ( i )  A h e a t  

l a b i l e  enzyme, u ro p o rp h y rin o g en  I I I  c o -s y n th e ta s e  (e ^ )  may c y c l iz e  th e  

in te rm e d ia te  p o ly p y r ro le  to  form  th e  u ro p o rp h y rin o g en  I I I  iso m e r. T his 

i s  fo llo w e d  by a  d e c a rb o x y la t io n  by u ro p o rp h y rin o g en  d e c a rb o x y la se  (E^) 

to  y ie ld  co p ro p o rp h y rin o g en  I I I ,  ( i i )  A l t e r n a t iv e ly ,  i f  ux-oporphyrinogen 

I I I  s y n th e ta s e  (E^) i s  a b s e n t th e n  uroporphyx‘inog;en I  s y n th e ta s e  (E^) 

c o n v e r ts  th e  p o ly p y r ro le  to  ur’opo rphy rinogen  I  w hich in  tu r n  i s  

d e c a rb o x y la te d  by u ro p o rp h y rin o g e n  d eca rb o x y la se  (E^) to  g iv e  

co p ro p h y rin o g en  I .  . The movement o f co p ro p o rp h y rin o g en  I I I  from th e  

c y to s o l  back  in to  th e  m ito ch o n d rio n  m ust be r a t h e r  slow i f  i t  o ccu rs  m erely  

by d i f f u s io n  and. n o t by an  a c t iv e  p ro c e s s ,  b ecau se  th e  m o lecu le  h as  fo u r  

io n iz e d  p ro p io n ic  a c id  g ro u p s . Once cop ro p h y rin o g en  I I I  has r e - e n te r e d  

th e  m ito c h o n d rio n , co p ro p h y rin o g en  o x id a t iv e  d e c a rb o x y la se  (E^) c a ta ly z e s  

th e  d e c a rb o x y la t io n  o f  cop ro p o rp h y rin o g en  I I I  to  p ro to p h o rp h y rin o g e n  I I I ,  

S ix  hydrogen  atom s a re  removed from th e  p ro to p o rp h y rin o g e n  I I I  by 

p ro to p h o rp h y rin o g e n  d e h y d ra ta se  (E ^) and th e  new ly formed, p ro to p o rp h y r in  

c h e la te s  f e r r o u s  i r o n  to  y i e ld  haem, th e  c h e la t io n  b e in g  c a ta ly z e d  by 

f e r r o c h e l a ta s e  (haem s y n th e ta s e ;  E g ),



R ecen t s tu d ie s  have a tte m p te d  to  l o c a l i z e  th e  re g io n s  w ith in  

th e  m ito ch o n d rio n  where th e  s p e c i f i c  enzymes o f  th e  haem b io s y n th e t ic  

c h a in  r e s i d e .  M ito c h o n d ria  from  an im al l i v e r s  in d u ced  w ith  a l l y l i s o 

p ro p y la c e ta m id e  (AIA); when f r a c t i o n a t e d ,  r e v e a le d  t h a t  AIA-S was b o th  

i n  th e  m a tr ix  space  and on th e  c r is ta .e  membranes b ecau se  th e  p r o p e r t i e s  

o f  l o c a l i z a t i o n  were s im i la r  to  th e  m arker enzymes g lu ta m a te  dehydrogenase 

( f o r  m a tr ix  enzyme) and cytochrom e o x id a se  ( f o r  c r i s t a e  membrane) (McKay 

_et a l  *, 196 9 ? Zuyderhooidt ? I 969) .  I t  i s  obv ious t h a t  th e  l o c a l i z a t i o n

o f  AIA-S w ith in  th e  in n e r  m ito c h o n d r ia l  membrane? a d ja c e n t  to  th e  enzyme 

com plex o f  o :-k e to g lu ta ra te  o x id a se  (Shnaitm an & G reen aw alt, I 968)? would 

make i t  i d e a l  f o r  a c t i v i t y  b ecause  succ in y l-C o A ? w hich i s  a  s u b s t r a te  o f  

ALA-S, i s  p roduced  by th e  o x id a se  a c t io n .  S ucciny l-C oA , once made, m ust 

be u t i l i z e d  b e fo re  i t  i s  h y d ro ly ze d  by a  h ig h ly  a c t iv e  d e a c y la se  o r 

b e fo re  i t  i s  r e a c te d  to  y i e ld  ATP. In  th e  l i v e r  th e  o n ly  so u rce  o f 

succiny l-C oA  i s  i n  th e  m ito c h o n d rio n , so t h a t  o n ly  i n  th e  m ito ch o n d rio n  

can  ALA-S fu n c t io n  to  s y n th e s iz e  ALA from succiny l-C oA  and g ly c in e .  The 

i r o n  f e r r o c h e l a ta s e  enzyme (E^) i s  c o n s id e re d  to  r e s id e  on th e  c r i s t a e  

membranes ( Jo n es  & J o n e s , 1969; Z uyderhoudt', I 969) w h ile  th e  lo c a t io n  

o f  th e  co p ro p o rp h y rin o g en  I I I  d eca rb o x y la se  (e ^ )  and p ro to p o rp h y rin o g e n  

d e h y d ra ta se  (E^) i s  w ith in  th e  m a tr ix  s^m ce. The fo u r  c y to so l  enzym es, 

AIA-L (E g ), p o rp h o b ilin o g e n  deam inase (E ^ ), u ro p o rp h y rin o g en  I I I  

c o -s y n th e ta s e  (E ^ ) , and u ro p o rp h y rin o g en  d e c a rb o x y la se  (E^) a r e  lo c a l iz e d  

in  th e  c y to s o l  p o s s ib ly  a s  a means o f p re v e n t in g  th e  o x id a t io n  o f th e  

p o rp h y rin o g en s  v i a  th e  e l e c t r o n  t r a n s p o r t  system  o f th e  m ito ch o n d rio n .



2 . Some P r o p e r t i e s  o f th e  In d u c in g  System  o f ALA-S in  L iv e r ,.

2 . 1 , S p e c i f i c i t y  o f T issu e  Response to  In d u c t io n ,

R esponse to  in d u c in g  compounds depends on th e  t i s s u e .  I t  

a p p e a rs  t h a t  i n  d ru g -in d u c e d  e x p e rim e n ta l p o rp h y r ia ,  th o se  ch em ica ls  

w hich i n  whole a n im a ls  in d u ce  th e  fo rm a tio n  o f AM -S o r  in c re a s e  th e  

p o rp h y r in  and haem p ro d u c tio n  a re  th e  same ones which in d u ce  e x c e s s iv e  

p o rp h y r in  fo rm a tio n  in  c h ic k  embryo l i v e r  c e l l s  in  v i t r o  (G ran ick , I 966) .  

In  th e  whole an im al o n ly  l i v e r ,  and no o th e r  t i s s u e  a p p e a rs  to  be 

in d u c ed  by p o rp h y rin o g e n ic  a g e n ts  such a s  th e  b a r b i t u r a t e s  o r  th e  

d ih y d r o c o l l id in e s  (G ran ick  & G ra ta ,  I 965 ) .  S im i la r ly ,  in  in  v i t r o  

c u l tu r e s  o f  v a r io u s  c h ic k  embryo t i s s u e s  ( l i v e r ,  k id n e y , s p le e n ,  and 

b r a in  t i s s u e )  o n ly  th e  l i v e r  a p p e a rs  to  re sp o n d  to  th e se  c h e m ic a ls , a s  

d e te rm in e d  by f lu o re s c e n c e  m icroscopy  (G ran ick , I 966) ,

I t  sh o u ld  be em phasized t h a t  th e re  i s  a  spectrum  of 

s e n s i t i v i t y  in  th e  v a r io u s  system s employed in  th e  s tu d y  o f  in d u c tio n  of 

p o rp h y r ia  by chem ica l a g e n ts .  The ch ick  embryo l i v e r  c e l l  system  i s  

p ro b a b ly  th e  m ost s e n s i t i v e  o f  a l l ,  \Vhether t h i s  i s  r e l a t e d  to  s p e c ie s  

d i f f e r e n c e s  o r  th e  f a c t  t h a t  em bryonic t i s s u e  i s  em ployed o r  w hether i t  

i s  b ecause  th e  c e l l s  a r e  b a th ed  in  a  s o lu t io n  o f  th e  compound t e s t e d  

w ith  no e x c re to ry  mechanism to  low er i t s  c o n c e n tr a t io n  i s  n o t knov/n. I t  

i s  p ro b a b ly  n o t a  h ig h  s e n s i t i v i t y  o f  em bryonic l i v e r  in  g e n e ra l to  

in d u c t io n  o f h e p a t ic  ALA-S, s in c e  no in d u c tio n  cou ld  be d em o n stra ted  in  

em bryonic r a t  l i v e r  in  v iv o  (Song e t  a l . ,  I 968 ) ,  o r  i n  v i t r o  (Tschudy, 

u n p u b lish e d  r e s u l t s ,  c i t e d  from Tschudy & Bonkowsky, 1 9 7 2 ). The 

a d u l t  mammalian l i v e r  a p p e a rs  to  be l e s s  s e n s i t i v e  th a n lc h ic k  embryo



l i v e r  system  and th e  s e n s i t i v i t y  in  r a t  d e c l in e s  a s  th e  r a t  in c re a s e s  

i n  w eig h t from  100 g to  200 g . F u rth e rm o re , even among d i f f e r e n t  

ty p e s  o f r a t s  th e r e  i s  a  v a r ia b le  s e n s i t i v i t y  o f in d u c t io n  o f h e p a t ic  

ALA-S to  compounds l i k e  AIA. B u ffa lo  r a t s ,  f o r  exam ple, a re  s i g n i f i c a n t l y  

l e s s  s e n s i t i v e  th a n  Oprague-Bawley r a t s ,

2 . 2 . A dvantage o f C u ltu re  Technique Over t/ho le  Animal E x p e rim en ts ,

The p ro d u c tio n  o f  p o rp h y rin s  in  c h ic k  embryo l i v e r  c e l l s  

grown in  p rim ary  c u l tu r e  p ro v id e s  a  u s e fu l  te c h n iq u e  f o r  s tu d y in g  th e  

mode o f  a c t io n  and s t r u c t u r a l  b a s is  f o r  th e  p o rp h y ro g en ic  a c t io n  o f 

c h e m ic a ls , d ru g s , and s t e r o i d s .  In  th e  whole an im al a d i s t i n c t i o n  

can n o t be drawn betw een th e  e f f e c t  o f s t r u c t u r a l  v a r i a t i o n s  a t  th e  s i t e  

o f  a c t io n  and on th e  dynamic phenomena ( a b s o rp t io n ,  d i s t r i b u t i o n ,  

m e ta b o lic  d e s t r u c t io n ,  and e x c re t io n )  t h a t  c o n t ro l  d ru g  c o n c e n tr a t io n  a t  

t h a t  s i t e .  The u se  o f  p rim ary  ch ick  embryo c u l tu r e s  i n v i t r o  as  

c o n t r a s te d  to  in d u c t io n  in  th e  whole an im al p e rm itte d  th e  in fe re n c e  t h a t  

th e  in d u c in g  d ru g  a c te d  d i r e c t l y  on th e  h e p a t ic  c e l l s  and n o t v i a  o th e r  

s t im u l i  g e n e ra te d  from  o th e r  o rg a n s .

The l i v e r  c e l l  c u l tu r e  system  was o r i g i n a l l y  developed  by 

G ran ick  ( I 966 ) ,  B r ie f l y ,  u s in g  c e r t a in  c o n d i t io n s  o f  c u l tu r e ,  l i v e r  

c e l l s  from  16 to  I 7 d a y -o ld  c h ic k  embryos a re  grown in  v i a l s  c o n ta in in g  

a  sm a ll co v e r s l i p .  F o llo w in g  an i n i t i a l  p e r io d  o f in c u b a tio n  d u r in g  

w hich th e  l i v e r  c e l l s  form a, m onolayer on th e  co v er s l i p ,  th e  c u l tu r e s  

a re  t r e a t e d  w ith  ch em ica ls  b e l ie v e d  to  enhance po rphyrin -haem  fo rm a tio n .

The e f f e c t  o f  duug tre a tm e n t i s  de te rm in ed  by u se  o f  e i t h e r  f lu o re s c e n c e



m icroscopy  o r  s p e c t r o f lu o r i r a e t r y .  In  c u l tu r e s  w ith  o p tim a l grow th 

th e  co v er s l i p s  w i l l  be l a r g e ly  covered  w ith  c o n f lu e n t  c o lo n ie s  o f c e l l s  

o f  w hich 80 -  90% a re  h e p a t ic  parenchym al c e l l s  (G ran ick , 1 9 66 ),

The im p o rtan ce  o f th e  in  v i t r o  c e l l  system  i s  two f o ld .

F i r s t ,  i t  h as  been u sed  to  s tu d y  th e  f a c t o r s  c o n t r o l l i n g  haem b io s y n th e s is  

and th e  e f f e c t  o f numerous compounds on th e  haem b io s y n th e t ic  pathw ay 

(G ran ick , I 966 ; G ran ick  & Kappas, 1967s L evere & G ran ick , 1967s 

L evere .e t a l , ,  1967a; Kappas & G ran ick , 1968a ;  Kappas ^  al._e, I 968 ;

S assa  & G ran ick , 1 9 ? 0 ) . Second, th e  l i v e r  c e l l  system  may p e rm it th e  

s c re e n in g  o f  d ru g s  t h a t  co u ld  prove harm fu l when a d m in is te re d  to  p a t i e n t s  

w ith  h e p a t ic  porph;^rria. G ran ick  has shovm th a t  a  number o f  d rugs 

p roduce s i g n i f i c a n t  d e g re e s  o f p o rp h y r ia  in  th e  c h ic k  embryo l i v e r  c e l l s .  

These in c lu d e  bem eg rid e , to lb u ta m id e  (O r in a s e ) ,  meprobamate (H ilto v rn ), 

S u lfo n a l ,  g lu te th i in id e  ( lo r i d e n ) ,  th e  h y d a n to in  d rugs M esan to in , C e lo n tin ,  

and M ilo n t in ,  m eth y p ry lo n  (N o lu d a r) , ch lo ram p h en ica l (C h lo ro m y ce tin ) , 

sodium p h é n o b a r b i ta l ,  g r i s e o f u lv in ,  and method (G ran ick , I 966) .

The in d u ced  re sp o n se  can be p re v e n te d  o r ,  su b se q u e n tly  

p ro m p tly  te rm in a te d  by th e  a d d i t io n  to  th e  c u l tu r e s  o f  i n h i b i t o r s  o f 

n u c le ic  a c id  and p r o te in  s y n th e s is ,  such a s  ac tin o m y c in  B, purom ycin , o r 

cy o lo h ex im id e . These f in d in g s  su p p o rt th e  in fe re n c e  t h a t  in c re a s e d  

p o rp h y r in  s y n th e s is  in  th e  c u l tu r e s  i s  due to  enhanced de novo fo rm a tio n  

o f  ALA-S, th e  r a t e - l i m i t i n g  enzyme in  th e  pathw ay (G ran ick , I 966) ,  For 

th e s e  r e a s o n s ,  th e  t i s s u e  c u l tu r e  system  i s  u t i l i z e d  to  examine th e  

e f f e c t s  c h e m ic a ls , d ru g s  and n a tu r a l  s te r o id s  have on p o rp h y rin  s y n th e s is  

in  th e  l i v e r .
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3 . P ro p e r t i es o f ALA-S.

5 . 1 .  K in e t ic s  w ith  R esp ec t to  S u b s tra te s ?  C o fac to rs?  and pH,

An a b s o lu te  re q u ire m e n t f o r  th e  s u b s t r a te s ?  g ly c in e  and 

su cc in y l-C o A , and f o r  th e  c o f a c to r ,  p y r id o x a l - 5 ’*”'PH osphate i s  e x h ib i te d  

by ALA-S in  i t s  p u r i f i e d  form  (S ch o ln ick  a l . ,  1 9 7 2 a ) . V/hen any o f 

th e s e  s u b s ta n c e s  i s  o m itte d  from  th e  a ssa y  m ed ia , no fo rm a tio n  o f ALA 

i s  d e t e c ta b le .  O ther in v e s t i g a t o r s  have a tte m p te d  to  c h a r a c te r i z e  th e  

s u b s t r a t e  and c o f a c to r  re q u ire m e n ts  o f  ALA-S u s in g  c rude  enzyme o r  

p a r t i a l l y  p u r i f i e d  ALA-S ( f a b le  2 ) .  These s tu d ie s  have shown th a t  

ALA-S r e q u i r e d  p y r id o x a l - 5 ‘“ PLosphate a s  a  c o f a c to r  and u t i l i z e d  g ly c in e  

and suco iny l-C oA  as  s u b s t r a t e s  (P reshney  & P a u l, 1970; Aoki o t  a l , ,  1971; 

V ih iting  d E l l i o t t ,  1972 ) .

The p u r i f i e d  enzyme showed a  pH optimum betw een 7 «4 and 7*6 

when a ssa y e d  in  e i t h e r  T ris-H C l o r po tass iu m  p h o sp h a te  (T able 2) (Aoki 

.e t _al. ,  1971 ; S ch o ln ick  £ t  a l . , 1972aj W hiting  & E l l i o t t ,  1 9 7 2 ). The 

enzyme became u n s ta b le  a t  pH v a lu e s  below  6 .8  and above 8 .0  w ith  i r 

r e v e r s ib l e  l o s s  o f  a c t i v i t y  (S c h o ln ic k  _et a l . , 1 9 7 2 a).

The aiiino  a c id  re q u ire m e n t f o r  enzyme a c t io n  o f  p u r i f i e d  

ALA-S i s  s p e c i f i c  f o r  g ly c in e ;  n e i th e r  a la n in e  n o r s e r in e  form s an 

am inoketone o r  i s  d e c a rb o x y la te d  by th e  enzyme (S c h o ln ic k  a t  a l , ,  1 9 72a). 

The s p e c i f i c  acyl-C oA  re q u ire m e n ts  in d ic a te d  tha/b ace ty l-C o A  b u t n o t 

p rop ionyl-C oA  can  be u sed  i n  a d d i t io n  to  suociny l-G oA . However, th e  

r a t e  o f  t h i s  r e a c t io n  w ith  ace ty l-C oA  i s  l e s s  th a n  1% t h a t  o f succinyl-C oA  

(S c h o ln ic k  ^ t  a l , ,  1 9 7 2 a).
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T able 2

S u b s tr a te  and C o fa c to r  R equ irem en ts f o r  O ptim al ALA-S A c t iv i ty

Source o f Drug P u r i f i  Km pH R e fe re n c e s
ALA-S c a t io n

( f o ld )
g ly c in e
(10- 2%)

succ -CoA 
(1 0 ‘”3m)

PLP^
( 10- 0%)

o p t .

r a t  l i v e r ?  
c y to s o l

AIA 150-200 1*1 7.0 3oO 7*5 S ch o ln ic k  e t  a l , , 
(1972a)

r a t  l i v e r ?  
m itocliond.

DBG 40 1*9 2 .0 0 e 3.“' 
1 .0

7*4 W hiting  & E l l i o t t
(1972)

r a b b i t  r e 
t i c u lo c y t e

PH 4400 1 .0 6*0 7.6 Aoki e t  a l , ,
(1971)' "

mouse
l i v e r "

0 f 4
” "

7.0 Preshney  & Paul
(1970)

A b b re v ia t io n s Ï ?H -  p h e n y lh y d ra z in e , pH opt*  -  optimum pH o f  a s s a y  
medium? PLP -  pyridoxal™ 3*-pho8phate? m itochond* ™ m ito c h o n d ria

T able 3

R ep o rted  M o lecu la r W eights o f  P a r t i a l l y  P u r i f i e d  ALA-S

H ayash i e t  a l , .
(19707

S ch o ln ick  e t  a l , ,  
(1972a )

O hashi & 
K ikuch i

( 1972)

W hiting  & 
E l l i o t t

(1972 )

S ource r a t  l i v e r r a t  l i v e r cock l i v e r r a t  l i v e r

P u r i f i 
c a t io n  ( fo ld ) 80 40

Drug AIA AIA AIA BBC

M,W, o f  c y t ,  
ALA-8

600,000  178,000 300.000  ( , 3M
NaCl)

500.000  (no
NaCl)

250,000 178,000

M,W, o f 
m itochc 
ALA-S

115 ,000  113,000 170.000
110.000

77 ,000

Method f o r  
M,W, D e te r 
m in a tio n

g e l f i l -  su c ro se  
t r a t i o n  d e n s i ty  
(G 200) c e n t r i 

fu g a t io n

g e l f i l 
t r a t i o n  
(G 200)

g e l  f i l 
t r a t i o n  
(G 200)

g e l  f i M  
t r a t i o n
(c  150)

Abbr e v i a t  i  on s 
w eig h t

cy t*  -  c y to so l?  m ito c h . ™ m ito c h o n d r ia l?  M.W, -  m o le c u la r
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5• 2 . A c t iv a t io n  o f ALA--S by C a tio n s .

P u r i f i e d  r a t  l i v e r  c y to s o l AIA-S r e q u i r e s  m e ta l c a t io n s  f o r  

maximum a c t i v i t y  and s t a b i l i z a t i o n ;  e i t h e r  m onovalen t c a t io n s  a t  

r e l a t i v e l y  h ig h  c o n c e n tra t io n s  ( 0„25 M) o r  d iv a le n t  c a t io n s  a t  low 

c o n c e n tr a t io n s  (0 ,0 5  M). The l a t t e r  had a  p a ra d o x ic a l  e f f e c t  on ALA-S; 

t h a t  i s ,  th e y  a c t iv a t e d  th e  enzyme a t  low c o n c e n tra t io n s  and in h ib i t e d  

i t  a t  h ig h  c o n c e n t r a t io n s .  The e x te n t  o f  th e  s t im u la t io n  i s  s im i la r  

r e g a r d le s s  o f w h eth er m onova len t, d iv a le n t  o r  b o th  c a t io n s  were used  

(S c h o ln ic k  ,ot , 1 9 7 2 a), M oreover, th e  a d d i t io n  o f e i t h e r  m ercap to - 

e th a n o l o r  d i t h i o t h r e i t o l  d id  n o t enhance th e  s t a b i l i z i n g  e f f e c t  o f 

th e s e  c a t io n s .  The s p e c i f i c  n a tu re  o f  t h i s  s t a b i l i z a t i o n  and a c t iv a t io n  

e f f e c t e d  by c a t io n s  i s  n o t knovm, S ch o ln ick  e_t a l , , ( l9 ? 2 a , b ) su g g es ted

th e  fo llo w in g ' two p o s s i b i l i t i e s  : ( i )  th e  a c t i v a t io n  o f th e  enzyme by 

m e ta l c a t io n s  may be a  r e f l e c t i o n  o f th e  io n ic  s t r e n g th  o f  th e  a s sa y  

m ix tu re  and c o u ld  r e s u l t  from h y d ra tio n  changes i n  th e  enzyme,

(ii) alternatively, the electrophilic nature of succinyl-CoA could be 

increased by divalent cations thus rendering it more susceptible to the 

nucleophilic attack by the glycine-pyxidoxal-'^'“Phosphate complex. This 

would result in enhancement of the condensation of these substrates.

R ecen t d a ta  has shown th a t  O.9  M PaCl p re v e n te d  th e  

c o n v e rs io n  o f th e  p a r t i a l l y  p u r i f i e d  enzyme from a  h ig h ly  a c t i v e ,  

r e l a t i v e l y  sm all m o lecu le  to  a  l a r g e r ,  l e s s  a c t iv e  form (S ch o ln ick  e t  a l . , 

1972a ) ,  E x p erim en ta l ev id en ce  has been p re s e n te d  by O hashi & K ikuch i 

( 1972) in  ag reem ent w ith  t h i s  f in d in g  o f  S ch o ln ick  a t  a l . ,,, ( l9 7 2 b ) .  The 

la r g e  m o le c u la r  s iz e  o f  ALA-8 from th e  h e p a t ic  c y to s o l  o f  A IA -induced cock
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was c o n v e rte d  to  s m a lle r  s iz e s  o f th e  enzyme when t r e a t e d  w ith  0*4 M 

NaCl, In  a d d i t io n ,  s e v e ra l  la rg e  m o lecu la r form s o f  ALÂ.-S e x i s t e d  in  

th e  h e p a t ic  c y to s o l  o f A lA -tre a te d  cock , w hich when t r a n s f e r r e d  in to  th e  

m ito c h o n d r ia l  m a tr ix ,  were c o n v e rte d  to  two s m a lle r  m o le c u la r  s iz e s  

(O hashi & K ik u c h i, 1 9 72 ). T his a s s o c ia t io n  o f  a  more a c t iv e  ALA-S w ith  

a  s m a lle r  m o le c u la r  s iz e  may be o f  p h y s io lo g ic a l  im p o rtan ce  s in c e  

H ayash i £ t  ? ( I 970) and O hashi & Kiku.chi (1972) found s u f f i c i e n t  

ev id en ce  s u g g e s tin g  th a t  th e  enzyme in  th e  m ito c h o n d rio n , i t s  a p p a re n t 

s i t e  o f p h y s io lo g ic a l  a c t io n ,  i s  sm a lle r  in  s iz e  th a n  t h a t  i d e n t i f i e d  in  

th e  c y to s o l .

3 . 5* The H a lf -L if e  o f ALA-8 and I t s  mRNA,

R e v e ll  & H ia t t  ( I 964 ) have su g g e s te d  t h a t  th e  b u lk  o f r a t  

l i v e r  mldlA i s  s t a b l e  f o r  a t  l e a s t  40 h o u rs . In  c o n t r a s t ,  m ost o f th e  

mammalian m ito c h o n d r ia l  p r o te in s  have been r e p o r te d  to  have a  h a l f - l i f e  

o f  a p p ro x im a te ly  8 days (B e a t t ie  a l , ,  I 967 ) .  R a t l i v e r  ALA-8 has 

one o f  th e  s h o r t e s t  h a l f - l i v e s  (20 to  70 m in u te s ; Tschudy e t  a l e ,  19^5? 

M arver e t  a l , ,  1966a; M atsuoka e t  a l . ,  1968 ; H ayash i e t  a l . ,  I 969) ,  y e t  

r e p o r te d  f o r  any  mammalian l i v e r  enzyme, even th e  in d u c ib le  o n es . T his 

su g g e s ts  t h a t  th e r e  i s  a  r a p id  s te a d y  r a t e  o f s y n th e s is  o f  ALA-8 and o f  

i t s  break-dovair In  c o n t r a s t ,  th e  h a l f - l i v e s  o f two o th e r  m ito c h o n d r ia l  

enzym es, alanine™  and o rn i th in e - a m in o tr a n s f e r a s e s ,  in d u c ib le  by th e  

c o r t i c o - s t e r o i d  p re d n is o lo n e  a c e ta t e  were ab o u t 17 to  24 h o u rs  (Swick 

e t  a l . , 1969)0

The m ethods f o r  e s t im a t io n  o f th e  h a l f - l i v e s  o f ALA-8 a re  

based  on th e  u se  o f i n h i b i t o r s  f o r  b lo c k in g  RNA o r  p r o te in  s y n th e s is  in
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th e  whole an im al and in  t i s s u e  c u l tu r e .  The r a t  l i v e r  m ito c h o n d r ia l 

ALA-8 form ed by in d u c t io n  h as  been  sho^m to  be v e ry  u n s ta b le  and tu rn s  

o v e r v e ry  r a p id l y  w ith  a  h a l f - l i f e  o f  60 to  JO m in u tes  (Tschudy ak a l . , 

1965a ;  M arver e t  a l , , 1966a; H ayashi e t  a l . ,  I 969 ; B e a t t i e  & S tu c h e l l ,  

1970 )* However, th e  decay  o f  ALA-8 in  th e  c y to s o l  o f  r a t  l i v e r  was 

much f a s t e r  th a n  t h a t  in  th e  m ito c h o n d r ia l  f r a c t i o n .  I t s  h a l f - l i f e  

was found  to  be a s  s h o r t  a s  20 m in u tes  (H ayashi al^, ? I 969)» S ince  

th e  h a l f - l i f e  o f  ALA was found to  be in d ep en d en t o f  th e  l e v e l  o f  enzyme, 

i t  was su g g e s te d  th a t  th e  d e g ra d a tio n  o f th e  in d u ced  enzyme i s  a  f i r s t  

o rd e r  p ro c e s s  (M arver , 1 9 66a).

In  c h ic k  embryo l i v e r  in  c u l tu r e ,  th e  h a l f - l i f e  o f th e  

mRNA f o r  th e  ALA-8 i s  a b o u t doub le  t h a t  o f th e  enzyme i t s e l f  (S a ssa  & 

G ran ick , 1 9 7 0 ). These w orkers s tu d ie d  th e  e f f e c t  o f in d u c in g  ch em ica ls  

on th e  a c c u m u la tio n  o f  mRNA w h ile  p r o te in  s y n th e s is  was in h i b i t e d  w ith  

cy c lo h e x im id e , and on th e  s y n th e s is  o f th e  enzyme from  accum ula ted  mRNA 

w h ile  RNA was in h i b i t e d  w ith  ac tin o m y c in  D. TI10 AL/wS a c t i v i t y  in  

A IA - tre a te d  and c o n t ro l  t i s s u e  c u l tu r e  decayed a t  a  f i r s t - o r d e r  r a t e  w ith  

a  h a l f - l i f e  o f 5 h o u rs .  fu r th e rm o re , in d u c in g  ch em ica ls  d id  n o t  a c t  to  

enhance o r  d e c re a se  th e  r a t e  o f  d e g ra d a tio n  o f p refo rm ed  ALA-S in  ch ick  

embryo l i v e r  c e l l  system  in  v i t r o  (S assa  & G ran ick , 1 9 7 0 ), and th u s ,  

th e  chem ica l in d u c e rs  AIA, DLC, a e t io c h o la n o lo n e ,  and y -h e x a c h lo ro c y c lo -  

hexane (L indane) had no e f f e c t  on th e  h a l f - l i f e  o f ALA-8,

5 . 4* D i s t r i b u t io n  o f  ALA-8 in  th e  L iv e r  C e ll  and M u ltip le

M o lecu la r fo rm s .

U n t i l  r e c e n t ly ,  ALA-8 has been c o n s id e re d  g e n e ra l ly  to  e x i s t
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e x c lu s iv e ly  in  th e  m ito c h o n d r ia , h u t th e  s i t e  o f  t h i s  enzyme has 

rem ained  u n c le a r .

H ayash i £ t  _al. ,  (1969)? re p o r te d  t h a t  h ig h  a c t i v i t i e s  o f 

ALA-8 o c c u rre d  n o t  o n ly  in  th e  m ito c h o n d r ia l f r a c t i o n  b u t in  th e  s o lu b le  

f r a c t i o n  o f  r a t  l i v e r  when th e  enzyme was induced  by AIA. On th e  o th e r  

hand , th e  s o lu b le  f r a c t i o n  from c o n t ro l  r a t s  w ith o u t AIA had no a c t i v i t y  

o f  ALA-8. As much a s  $0 -  50% o f th e  t o t a l  ALA-S a c t i v i t y  i n  AIA t r e a t e d  

an im a ls  accu m u la ted  in  th e  s o lu b le  f r a c t i o n .  S tu d ie s  on th e  k in e t i c s  

and e f f e c t  o f i n h i b i t o r s  o f  p r o te in  and n u c le ic  a c id  s y n th e s is  on th e  

in d u c t io n  p ro c e s s  in d ic a te d  th a t  ALA-S in  th e  s o lu b le  f r a c t i o n  may be a  

p r e c u r s o r  o f  t h a t  i n  th e  m ito c h o n d ria  (H ayashi n t  a l . ,  I 969) .  These 

i n v e s t i g a t o r s  su g g e s te d  t h a t  ALA-S was s y n th e s is e d  o r i g i n a l l y  on th e  

rib o so m es o f th e  ro u g h  endoplasm ic re t ic u lu m  and m o d ified  to  some e x te n t  

e i t h e r  b e fo re  o r  a f t e r  e n t ry  in to  th e  m ito c h o n d r ia , B e a t t i e  & S tu c h e l l  

( 1970 ) o b se rv ed  s u b s t a n t i a l  in h i b i t i o n  o f ALA-S (50  -  60^o) by chloram phen

i c o l  (a s  w e ll a s  cy c lo h ex im id e) i n  th e  m ito c h o n d r ia l  f r a c t i o n  b u t v e ry  

l i t t l e  e f f e c t  on ALA-S in d u c tio n  in  th e  p o s tm ito c h o n d r ia l  f r a c t i o n .

T h is  f in d in g  was n o t i n  agreem ent w ith  th e  r e p o r t  o f  H ayash i £ t  a l , , ( I 969) 

They found t h a t  ch lo ram p h en ico l had no in h i b i to r y  e f f e c t  on th e  AIA- 

in d u c t io n  o f s o lu b le  o r  m ito c h o n d r ia l  ALA-S in  r a t  l i v e r .

T h is  o b s e rv a tio n  o f ALA-S a c t i v i t y  i n  th e  s o lu b le  f r a c t i o n  of 

A IA .-trea ted  r a t  l i v e r  was r a t i f i e d  by o th e r  i n v e s t i g a t o r s  (S ch o ln ick  

e t  a l , ,  19691  H ayash i e t  a l , , 1970 ; B arnes e t  a l , ,  1971)* who a l s o  

found th e  s u b s t r a t e  and c o - f a c to r  re q u ire m e n ts  f o r  th e  s o lu b le  and 

m ito c h o n d r ia l  enzyme to  be s im i la r .  Subsequen t s tu d y  by H ayashi e t  a .1 ,, 

(1970 ) ,  u s in g  ammonium su lp h a te  and g e l f i l t r a t i o n  showed th e  m o le c u la r
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s iz e  o f  th e  m ito c h o n d r ia l  ALA-S to  be c o n s id e ra b ly  s m a lle r  (115 ,000 ) 

th a n  t h a t  o f th e  s o lu b le  ALA-S (600 ,000 ; in  th e  ab sen ce  o f NaCl)

(T ab le  3 )? und s u g g e s te d  th e  p o s s i b i l i t y  o f  s o lu b le  ALA-S a s  a  p re c u r s o r  

o f  th e  m ito c h o n d r ia l  enzyme. R e c e n tly  S ch o ln ick  e t  a l . ,  (1972a, b) 

have p u r i f i e d  th e  s o lu b le  ALA-S from p o rp h y r ic  r a t  l i v e r s  I 50-  to  200- 

f o l d .  In  th e  p re se n c e  o f  NaCl th e  m o le c u la r  w eig h t was ap p ro x im a te ly  

300,000  w hereas when d e te rm in ed  in  th e  absence o f  NaCl th e  a p p a re n t 

w e ig h t was in  e x c e ss  o f  500 ,000 . O hashi & K ikuch i (1972) added 

f u r t h e r  ev id en ce  to  th e  view  th a t  c y to s o l  ALA-S may be a p re c u r s o r  o f  

m ito c h o n d r ia l  AL/u-S, S o lu b le  ALA-S from l i v e r  o f A IA -induced cock 

e x h ib i te d  m u l t ip le  s iz e  h e te ro g e n e i ty .  M oreover, a s  th e  d u ra t io n  o f 

th e  in d u c t io n  in c re a s e d  th e  i n i t i a l ,  r e l a t i v e l y  s m a lle r  m o le c u la r  form s 

o f  s o lu b le  ALA-S changed and th e  enzyme o f th e  l a r g e s t  s iz e  became 

p red o m in an t. M ito c h o n d ria l ALA-S o f A IA -tre a te d  and u n t r e a te d  cock 

showed th e  same two m o le c u la r  s iz e s  170,000  and 110 ,000  when e s tim a te d  

by Sephadex 0 200 g e l f i l t r a t i o n .  C y toso l ALA-S i s o l a t e d  from AIA-
' f

t r e a t e d  r a t  l i v e r  gave m o le c u la r  w eigh t o f a p p ro x im a te ly  250 ,000 . In  

c o n c lu s io n , O hashi & K ikuch i (1972) p roposed  th e  fo l lo w in g  h y p o th e s is :  

( i )  ALA-S i s  s y n th e s iz e d  o r i g i n a l l y  in  th e  cy to rib o so m a l p r o te in  

s y n th e s is  sy stem , ( i i )  th e  la r g e  m o lecu la r s iz e  o f  c y to s o l  ALA-S i s  

due to  a g g re g a tio n  o f s m a lle r  s iz e s  o f th e  enzyme, ( i i i )  t h i s  a g g re g a te  

i s  d is r u p te d  by some means to  y i e ld  in te rm e d ia te  s iz e  enzym es, ( iv )  th e  

enzyiie w hich h as  been  made sm all enough in  th e  c y to s o l  i s  t r a n s f e r r e d  

in to  th e  m ito c h o n d r ia , (v ) once in s id e  th e  m ito c h o n d ria  th e  enzyme i s  

f u r t h e r  c o n v e rte d  to  a  s m a lle r  enzyme o f raoleou].ar w eig h t 110 ,0 0 0 .
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3. 5* A ssay M ethods f o r  ALA-S A c t iv i ty .

Qt-jo a s s a y  p ro ced u re s  a re  used  d ep end ing  on th e  so u rce  and

amount o f  t i s s u e  a v a i la b le  and a ls o  th e  l e v e l  o f ALA-S a c t i v i t y .  One

i s  c o lo u z lm e tr ic .  ALA-S a c t i v i t y  i s  a ssay ed  by d e te rm in in g  th e  amount

o f ALA form ed . Two d i f f e r e n t  p ro ced u re s  may be u s e d . The f i r s t

in v o lv e s  s e p a r a t io n  o f ALA from M  by r e s in  chrom atography , i t s  co n v e rs io n

to  a  p y r r o le  by c o n d e n sa tio n  w ith  a c e ty la c e to n e  and th e  p ro d u c tio n  o f

c o lo u re d  d e r iv a t iv e  o f th e  p y r ro le  w ith  E h r l ic h s  re a g e n t c o n ta in in g  Hg"̂ *

to  remove i n t e r f e r i n g  SH groups (B a le s , 1961; G o ldberg  & R im ing ton , 1962),

The é l t e r n a t i v e  p ro ced u re  in v o lv e s  th e  s e p a ra t io n  o f th e  A LA -pyrrole

from  A A -pyrro le  by chrom atography and th e  c o n c e n tra t io n  o f  A LA -pyrrole

by ch rom atography  (M arver e t̂ a l , ,  1966b, c ) .  To a v o id  chrom atography

w hich l i m i t s  s e n s i t i v i t y ,  G ran ick  ( I 966) d ev eloped  a  method f o r  th e

s e p a r a t io n  o f  ALA-p;^'rrole from A A -pyrro le by e x t r a c t i o n  o f  th e  l a t t e r

from  an aqueous n e u t r a l  m ix tu re  u s in g  ethyl e t h e r .  T h is  method i s
**.♦0

ca p a b le  o f  d e t e c t in g  ALA in  th e  ran g e  o f 10 M. The use  o f sem i

m ic ro c u v e t te s  o f  50 mm le n g th  by L evere o t a l , , (1 9 7 0 ) , h as  made p o s s ib le  

th e  c o lo u r im e tr ic  d e te rm in a tio n  o f AM in  th e  ran g e  o f  10*"^^ m ole.

The o th e r  g e n e ra l method f o r  d e te rm in a tio n  o f ALA-S i s  by 

th e  fo rm a tio n  and d e te rm in a tio n  o f i s o to p i c a l ly  l a b e l l e d  ALA. I r v in g  & 

E l l i o t t  ( 1969 ) have d e s c r ib e d  a  s e n s i t i v e  t r a c e r  m ethod b ased  on th e

in c o rp o r a t io n  o f  | l , s u c c in a te  in to  ALA. To p re v e n t th e  in c o r 

p o r a t io n  o f  th e  | l s u c c i n a t e  in to  o th e r  p ro d u c ts  t h a t  m ight move 

w ith  ALA on th e  ch ro m ato g rap h ic  column i n h i b i t o r s  o f  th e  c i t r i c  a c id  c y c le  

and th e  r e s p i r a t o r y  c h a in  were in c lu d e d  in  th e  r e a c t io n  m ix tu re , A 

s im p le r  p ro ced u re  in v o lv e d  a  d i l u te d  a l iq u o t  o f whole homogenate a s  a
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so u rc e  o f th e  enzyme, and l a b e l l e d  s u c c in a te  o r  a - k e t o g lu t a r a t e  a s  a  

s u b s t r a t e  ( j lb e r t  e_t ^1  *, 1970)* A method o f s u c c e s s iv e  w ashing  on 

Dowex 50 (n^ ) column p e rm itte d  th e  i s o l a t i o n  o f  AM unco n tam in a ted  w ith  

o th e r  l a b e l l e d  m e ta b o lic  p ro d u c ts ,  F reslm ey  & Paul (1970) u sed  an

g ly c in e  as

a  p r e c u r s o r ,  u n f r a c t io n a te d  homogenate as  th e  so u rce  o f  enzyme and

is o to p i c  method f o r  e s t im a t io n  o f  ALA-S which involvedj^2~-^^C

e le c t r o p h o r e s i s  to  s e p a ra te  ALA, AA and g ly c in e .  These m ethods a re  

s e n s i t i v e  in  th e  ra n g e  o f 10*”^^ mole ALA,

4» In d u c t io n  o f  ALA-S by C hem icals, D rugs, and S te r o id s .

C e r ta in  ch em ica ls  a re  cap ab le  o f  in d u c in g  c l i n i c a l  and 

e x p e rim e n ta l m a n if e s ta t io n s  ( in  an im als  and c h ic k  embryo l i v e r  c e l l s  in  

c u l tu r e )  s im i la r  to  th o se  o f human h e p a t ic  p o rp h y r ia .  These in d u c e rs  

c o n s i s t  o f a  wide v a r i e t y  o f  o rg a n ic  compounds t h a t  d i f f e r  in  p h y s io 

lo g i c a l  a c t i v i t y ,  Tliey in c lu d e ,  f o r  exam ple, th e  c e n t r a l  n ervous 

system  d e p re s s a n ts  such  a s  th e  b a r b i t u r a t e s ,  su lfo m ie th a n e s  and 

g lu te th im id e s ;  th e  a n t ic o n v u ls a n t  m ethsux im ide; th e  c e n t r a l  nervous 

s t im u la n t  bem egride ; th e  fu n g ic id :es g r i s e o f u lv in  and h ex a c h lo ro b e n z e n e ; 

some c h lo r in a te d  i n s e c t i c i d e s ;  and th e  iso p ren o id s, te rp e n e s  and s te r o id s  

(G ran ick , 196$; De M a t te is ,  1967? P e ls lie r  & R edeker, 1967? M arks, I 969 : 

Raca & M arks, 1972L), The in d u c in g  compounds may be d iv id e d  in to  fo u r  

c l a s s e s  on th e  b a s is  o f t h e i r  su b seq u en t groups -  b a r b i t u r a t e ,  c o l l i d i n e ,  

s t e r o i d ,  and m isc e lla n e o u s  (G ran ick , I 966) (P ig . 2 ) .

Numerous s tu d ie s  have confirm ed, th e  f a c t  t h a t  AIA (M arver 

e t  a l . , 1966a ;  N arisaw a & K ik u sh i, I 966 ; Nakao e t  a l* .  1 9 6 ? î



o

^CH 2CH -CH 2 
H2N HC CH 3

2-allyl '-2-isopropyIaceî‘amide

(a I a")

O
il

O
I I 19

HN C
C  CH2-CH=:CH2

\
CH^-CHzzCH^

Diolfylbarbituric acid 

O C H 3

C CH2 CH-CH2

/  >CH3
NH2

Sedormid

HC3 CH3 CH3

O

3,5 “'Dicarbetho)(y"l,4~Dihydrocollidine Griseofulvin

( d d c )

O

HO

Aetiocholanolone

Cl

Cl

C

C
Cl

OH

HO

Hexcchlorobenzene 

CH3

5 ^ -p re q n a n e  -~3»c, l7«-diol^ll,20-dione

F ige 2 a , Some ch em ica ls  t h a t  ind u ce  porphyx'in  fo rm a tio n  and
in c re a s e  ALA-S a c t i v i t y  in  p rim ary  c u l tu r e s  o f  c h ic k  
em bryonic l i v e r  c e l l s  and i n t a c t  a n im a ls .

F ige  2bo H y p o th e t ic a l  m o le c u la r  s t r u c t u r e  r e q u i r e d  to  p roduce 
p o rp h y r ia .

O  
II

•N“ C“ HC.

^C H 2-C H —CH ^

HC
.CH3

CH2

> b

D io lk y l-su b s t i tu te d  acetam ide 

I

example o f  the empirical rule of six

n



20

M atsuoka e t  a l . ,  I 968 ; H ayashi ^  a l •? 19&9? B e a t t i e  & S tu c h e l l ,  1970;

De M a t te is ,  1970; H ayashi a l  • 5 1970; Kaufman eji a l  « ? 1970;

K urish im a a t  a ]^ ,, 1970; A b b r i t t i  & De M a t te is ,  1 9 7 1 /1 9 7 2 ), DDC (G ran ick  

& ü r a t a ,  196$ ; De M a t te is ,  1964; D e -M a tte is , 1967; Nakao a t  , 1967; 

H u tto n  & G ro ss , 1970; De M a tte is  & G ibbs, 1972) g r i s e o f u lv in  (Nakao 

e4 , 1967? De M a t te is ,  1 9 72 ), t™he%achloroben%ene (De M a t te is ,  1964; 

Nakao e t  a i e ,  I 967 ) ,  s t e r o i d  hormones (Watson e t  a l . ,  1962; V /elland e t  a l .  

1964a ;  M arver e t  e l , 1966d; G ran ick  & K appas, I 967 ; Kappas & G ran ick , 

1968a ,  1968b) and a l t e r a t i o n s  in  d i e t  (Rose e t̂ a j^ ., I 96I ;  De M a t te is ,  

1 9 6 4 » Tschudy e t  a l . ,  I 964 ; W elland £ t  a l . , 1964b ; L o t t s f e ld t  à  Labbe, 

1 96 5 ; F e ls h e r  & R edeker, I 967) ,  can.se marked in c r e a s e s  in  th e  l e v e l  o f 

h e p a t ic  ALA-S in  i n t a c t  an im als  and i s o l a t e d  c e l l  sy stem s. AIA and DDC 

a re  th e  compounds m ost f r e q u e n t ly  used  to  p roduce e x p e rim e n ta l h e p a t ic  

p o rp h y r ia ,  hen ce -m o st o f  th e  p r e s e n t  d is c u s s io n  u i l l  r e l a t e  to  s tu d ie s  o f  

th e  e f f e c t s  o f  th e s e  compounds.

4* 1* A lly l is o p ro p y la c e ta m id e  (aIA ), a  Member o f th e

B a r b i tu r a te s ,  and In d u c tio n  o f ALA-S,

The in d u c t io n  o f e x p e rim e n ta l p o rp h y r ia  by AIA i s  accom panied 

by a  sequence o f  com plex chan g es. L iv e rs  o f  s ta rv e d  r a t s  t r e a t e d  w ith  

AIA f o r  t t i r e e  days showed a  marked hepatom egaly  when compared to  th o se  

o f  s ta r v e d  c o n t r o l s  ( L o t t s f e l d t  à  Labbe, I 965 ) .  M ic ro sco p ic  exam in a tio n  

o f  th e s e  e n la rg e d  l i v e r s  showed p r im a r i ly  c e l lu l .a r  h y p e rtro p h y  and to  a  

l e s s e r  e x te n t  c e l l u l a r  h y p e rp la s ia  ( L o t t s f e ld t  & Labbe, I 969) .  ChemicaJ. 

a n a ly s i s  found th e  RNA c o n te n t p e r  c e l l  s i g n i f i c a n t l y  in c re a s e d  (44%) in  

th e  p o rp h y r ic  l i v e r ,  b u t RNA p e r  u n i t  wet w eig h t was s im i la r  i n  b o th
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p o rp h y r ic  and c o n t ro l  an im a ls  ( L o t t s f e ld t  & Labbe, 1965 )» The DNA 

c o n te n t  p e r  c e l l  rem ained  unchanged a lth o u g h  DNA p e r  gram o f w et w eig h t 

o f  l i v e r  d e c re a se d  by 36/0 ( L o t t s f e ld t  & Labbe, I 965) .  M arver e t  a l , ,  

( 1966a )  r e p o r te d  t h a t  tw en ty  fo u r  h o u rs  a f t e r  th e  second o f  two d a i ly  

i n j e c t i o n s  to  f a s te d  r a t s ,  th e  l i v e r  s i s e  and l i v e r  p r o te in  a re  b o th  

in c re a s e d  by 65%. The p r o te in  c o n c e n tra t io n s  o f  th e  v a r io u s  s u b c e llu l.a r  

f r a c t i o n s  were n o t  a l t e r e d  s i g n i f i c a n t l y ,  w ith  th e  p o s s ib le  e x c e p tio n  o f 

15/0 in c re a s e  in  th e  m ito c h o n d r ia l  f r a c t i o n .  E le c tro n  m icroscopy  o f th e  

l i v e r s  from fe d  r a t s  g iv e n  a  s in g le  dose o f AIA ( 4OO m g/kg) re v e a le d  a  

p ro g re s s iv e  in c re a s e  i n  number and s iz e  o f l i p i d  d r o p le t s ,  w hich were 

e v id e n t  a s  e a r l y  a s  90 m inu tes a f t e r  AIA a d m in is t r a t io n ,  re a c h e d  a  peak 

betw een 12 to  24 h o u rs  and d e c re a se d  to  norm al by 72 h o u rs  (B iem pica 

a t  aJL, ,  1967 ) .  O th er in v e s t ig a t o r s  r e p o r te d  t h a t  tw e lv e  h o u rs  a f t e r  AIA 

a d m in is t r a t io n  to  s ta rv e d  r a t s ,  th e re  won an in c re a s e  in  c y to p la sm ic , 

n u c le a r  and n u c le o la r  volum es o f 54 6̂, 21%, and 122% r e s p e c t iv e ly  when 

com pared w ith  th e  l i v e r  c e l l s  o f s ta rv e d  c o n t ro l  r a t s  (Moses e_t a l . ,  1970). 

In  a d d i t io n  to  t h i s ,  e l e c t r o n  m icroscopy  showed tu b u la r  h y p e rtro p h y  o f th e  

smooth endop lasm ic  re t ic u lu m  ( s t e i n  £ t  a l , ,  1970)•

A d m in is tra t io n  o f AIA to  an im als  ap p ea red  to  have a  marked 

e f f e c t  on c e r t a i n  h e p a t ic  enzymes and m e ta b o lic  pathw ays : in c re a s e s  o f

ty r o s in e  a m in o tra n s fe ra s e  (Moses e t  a l , ,  1970; S te in  e t  a l . ,  1970; 

W e tte rb e rg  e_t a l * Î 1 9 7 0 ), NADP-cytochrome c re d u c ta s e  (N arisaw a & K ik u ch i, 

1966 ) ,  and glucose-»6“ p h o sp h a te  dehydrogenase (N arisaw a & K ilcuchi, I 966) ; 

changes in  hem oprote in s  in c lu d in g  d e c re a se s  o f l i v e r  c a t a la s e  ( i t r ic e  e t  a l * 

1962 ; Tschudy e t  a l . ,  1 9 6 2 ), in c re a s e s  o f  try p to p h a n  p y r ro la s e  (P ie g e lso n  

& G reengard , I 96I ;  M arver £ t  a l , ,  1966e ) ,  and h e p a t ic  m ito c h o n d r ia l 

cy tochrom es a - a ^ ,  b , c - c ^ ,  (B e a t t ie  & S tu c h e l l ,  1 9 7 0 ), and changes in
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m icrosom al cytochrom e P-450 (badda £ t  , I 968 ; Meyer & M arver, 1971)•

AIA (a s  w e ll a s  DDC-) - t r e a t e d  r a b b i t s  d ev eloped  in c re a s e d  serum l e v e l s  

o f  t o t a l  l i p i d s  and p h o sp h o lip id s  (T ad d e in i e_t a l . ,  I 964) ,  In  m ice 

g iv e n  AIA, c h o le s t e r o l  s y n th e s is  i s  in c re a s e d  w hereas DDC, d e c re a se s  

c h o le s t e r o l  s y n th e s i s .

S e v e ra l s tu d ie s  have been  made o f  th e  r e l a t i o n s h ip  betw een 

th e  chem ica l s t r u c t u r e  and p o rp h y r ia - in d u c in g  a c t i v i t i e s  o f a  v a r i e t y  o f 

d ru g s r e l a t e d  to  AIA, These d ru g s  were in j e c te d  in t o  th e  y o lk  sac  o f 

8 -d ay  o ld  c h ic k  em bryos, and th e  p o rp h y rin  c o n c e n tr a t io n  o f  th e  a l l a n t o i c  

f l u i d  m easured  (T allm an  e t  a l . , 1 9 5 7 ) ' The m o le c u la r  s t r u c tu r e  

r e q u i r e d  to  p roduce p o rp h y r ia  in  th e se  c h ic k  embryos was i d e n t i f i e d  as  

a  d i a l k y l - s u b s t i t u t e d  ace tam id e  o r ace tam id e  d e r iv a t iv e  (a s  i l l u s t r a t e d  

in  P ig ,  2 -1 )  w here one s u b s t i tu e n t  i s  an a lk y l  group (d en o ted  a ) ,  and th e  

o th e r  c o n ta in s  a t  l e a s t  th r e e  carbon  atom s, p r e f e r a b ly  in  a  b ran ch ed  

c h a in  (d en o te d  b) (T allm an  e t  a l . , 19 5 7 ).

The s tu d ie s  o f  H irsc h  ejt a l . , ( 1966) have shown th a t  th e  

a l l y l  g roup  i s  n o t e s s e n t i a l  f o r  p o rp h y r ia - in d u c e d  a c t i v i t y  in  th e  ch ick  

embryo l i v e r  c e l l  system  and can be r e p la c e d  by a  p ro p y l g roup , H irsc h  

e t  a l . ,  ( 1967^ )  su g g e s te d  t h a t  th e  u n d e r ly in g  c r i t i c a l  f e a tu r e  f o r  a c t i v i t y  

in  th e  AIA i s  an am ide group w hich i s  s t e r i c a l l y  h in d e re d  from h y d r o ly s is .  

In  an  a t te m p t to  p r e d ic t  th e  p o rp h y r ia - in d u c in g  a c t i v i t y  o f a  d ru g ,

Schneck & Marks (1972) employed th e  e m p ir ic a l r u l e  o f  s ix .  T h is 

h y p o th e s is ,  d ev e lo p ed  by Newman (Newman, 1 9 5 6 ), en a b le d  r e s e a r c h  w orkers 

to  e s t im a te  th e  d eg ree  o f s t e r i c  h in d ran c e  o f  an amide o r e s t e r  to  

chem ica l h y d ro ly s is  by a  base  o r a c id .  ’The r u l e  o f  s ix  s t a t e s  t h a t  

i n  r e a c t io n s  in v o lv in g  a d d i t io n  to  an u n s a tu r a te d  f u n c t io n  c o n ta in in g  a
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d oub le  bond, th e  g r e a t e r  th e  number o f atoms i n  th e  s ix  p o s i t io n  th e  

g r e a t e r  w i l l  be th e  s t e r i c  e f f e c t ’ , The h y d ro ly s is  o f a  s e r i e s  o f 

a l i p h a t i c  am ides by ch ick  embryo l i v e r  am idases was s tu d ie d  by Schneck 

& Marks (1972) and i t  was found t h a t  th e  a l i p h a t i c  am ide w ith  a  h ig h  s ix  

number ( i . e .  AlA’ s s ix  number = 8 ; d em o n stra ted  in  F ig ,  2 - U )  had 

g r e a t e r  r e s i s t a n c e  to  h y d ro ly s is  by ch ick  embryo l i v e r  araidase a n d , a s  

w e l l ,  a  p a r a l l e l  l a r g e r  p o rp h y rin o g en  e f f e c t  in  c u l tu r e d  c h ic k  embryo 

l i v e r  c e l l s  th a n  th o se  d ru g s  w ith  a  low s ix  num ber. They concluded  th a t  

th e  d eg ree  o f s t e r i c  h in d ra n c e  to  enzyme h y d ro ly s is  a s  a s s e s s e d  in  th e  

s e r i e s  o f  a l i p h a t i c  am ides ap p ea red  to  p a r a l l e l  th e  d eg ree  o f  s t e r i c  

h in d ra n c e  to  chem ica l h y d ro ly s is  a s  a s s e s s e d  by th e  s ix -n u m b er. I t  has 

been  shovm t h a t  f o r  a  chem ica l to  induce p o rp h y r ia  i t  m ust rem ain  in  

c o n ta c t  w ith  l i v e r  c e l l s  f o r  a  p e r io d  o f a t  l e a s t  s e v e r a l  h o u rs  in  o rd e r  

to  in d u ce  and m a in ta in  h ig h  l e v e l s  o f ALA-S (Racz & M arks, 1972b). Drugs 

t h a t  may be m e ta b o liz e d  by a  h y d r o ly t ic  mechanism do n o t g iv e  r i s e  to  

in c re a s e d  haem p ro d u c tio n  in  l i v e r  c e l l s  ( h i r s c h  a l . ,  1967b ) ,  However, 

where h y d ro ly s is  i s  p re v e n te d  by s t e r i c  f a c t o r s  (a s  m entioned  a b o v e ) , th e  

d ru g s  a re  o x id a t iv e ly  m e ta b o liz e d  sjid in c re a s e d  haem and p o rp h y rin  

fo rm a tio n  ta k e s  p la c e  (H irsc h  e t  a l . ,  1967b ) ,  Thus, th e  p o ten cy  o f AIA 

a s  a  p o rp h y r ia - in d u c in g  d ru g  may be p a r t i a l l y  e x p la in e d  on th e  b a s i s  o f 

i t s  r e s i s t a n c e  to  h y d ro ly s is  to  th e  in a c t iv e  f r e e  a c id  by l i v e r  araidase 

(Schneck & M arks, 1 9 7 2 ).

4* 2 . 3 . 5 - D ic a rb e th o x y - l ,4 -d ih y d ro c o l l id in e  (PDC), a  Member

o f th e  C o l l id in e s ,  and In d u c tio n  o f ALA-S.

G ran ick  & h r a t a  ( I 963) showed t h a t  a c u te  p o is o n in g  o f 

g u in e a  p ig s  w ith  DDC caused  an in c re a s e  o f ALA-S ( >  40 f o ld )  in  th e  l i v e r
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parenchym al c e l l s .  In  a d d i t io n ,  th e  s y n th e s is  o f  p ro to p o rp h y r in  was 

g r e a t ly  enhanced , a lth o u g h  th e re  was no m ajor change in  any o f th e  

enzym atic  a c t i v i t i e s  o f th e  p o rp h y rin  b io s y n th e t ic  c h a in . H is to lo g ic a l ly ,  

th e  l i v e r s  o f  a c u te ly  p o iso n ed  an im als  d id  n o t ap p e a r abnorm al.

E le c tro n  m icroscope  s tu d ie s  in d ic a te d  t h a t  d u r in g  th e  f i r s t  two days o f 

DBG tr e a tm e n t ,  th e  m ito c h o n d ria  in c re a s e d  in  d ia m e te r  ap p ro x im a te ly  15% 

and th e  c r i s t a e  ap p ea red  to  in c re a s e  in  a r e a .

I n v e s t i g a to r s  have r e p o r te d  t h a t  a d m in is t r a t io n  o f  DDC (o r  

AIA o r  g r i s e o f u lv in )  to  m ice , r a b b i t s  and r a t s  caused  a  r e d u c t io n  in  

cytochrom e .P45D and haem c o n te n t ,  c o in c id e n ta l  w ith  th e  r i s e  i n  a c t i v i t y  

o f  ALA-S (Wada e t  a l . , 1968; W a te r f ie ld  e t  a l , ,  1969; he M a t te is ,  1970; 

Meyer & M arv er, 1971; he M a tte is  & G ibbs,’ 1 9 7 2 ). In  a d d i t io n ,  DDC and 

th e  o th e r  p o rp h y ro g en ic  d rugs m entioned  above have a l l  been r e p o r te d  to  

lo w er th e  a c t i v i t y  o f  l i v e r  c a ta la s e  (De M a tte is ,  I 967 ; A b b r i t t i  & De 

M a t te is ,  1 9 7 1 /7 2 ) , a  f in d in g  which may in d ic a te  t h a t  th e y  d e c re a se  th e  

c o n c e n tr a t io n  o f  more th a n  one poo l o f haem in  th e  l i v e r ,  Tephly e^t a l . , 

(1971 ) have d e s c r ib e d  an  in h i b i t i o n  o f  th e  f e r r o c h e l a ta s e  in  th e  l i v e r  o f 

r a t s  24 h o u rs  a f t e r  a  s in g le  dose o f DDC. As e a r ly  a s  one hour a f t e r  

a d m in is t r a t io n  o f DDC to  r a t s  th e re  was an i n h i b i t i o n  o f m ito c h o n d r ia l 

f e r r o c h e l a t a s e  a l th o u g h  th e  ALA-S a c t i v i t y  was s t i l l  norm al o r j u s t  

s t a r t i n g  to  r i s e  (De M a tte is  & G ibbs, 1972).

Marks and co -w orkers  have in v e s t ig a t e d  th e  r e l a t i o n s h i p  

betw een chem ica l s t r u c t u r e  o f DDC (and i t s  a n a lo g u e s )  and p o rp h y r ia  

in d u c in g  a c t i v i t y  i n  c u l tu r e d  p rim ary  c e l l s  o f c h ic k  embryo l i v e r  (Marks 

e t  a l , ,  1965 ; H irs c h  e t  a l , ,  1967b : Schneck e t  a l , , I 968 ; Racz &

M arks, 1972a; Racz & M arks, 1972b; Schneck & M arks, 1 9 72 ). The
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fo l lo w in g  a re  e s s e n t i a l  f o r  o p tim a l po rp h y ro g en io  a c t i v i t y  (a )  A s tu d y  

o f  th e  F is h e r - H ir s c h f e ld e r - T a y lo r  m odels o f DDC and i t s  an a lo g u es 

in d i c a te d  t h a t  th e  2 - ,  4- ,  and 6-m ethy l s u b s t i tu e n t s  cause  a  tw is t i n g  

o f  th e  3-  and 5*”©th o x y carb o n y l s u b s t i tu e n ts  o u t o f  th e  p la n e  o f th e  r in g .  

T h is n o n p la n a r  r e l a t i o n s h i p  betw een th e  e th o x y ca rb o n y l s u b s t i tu e n t s  and 

th e  p y r id in e  o r  d ih y d ro p y r id in e  r i n g  ap p ea rs  to  be n e c e s s a ry  f o r  a c t i v i t y  

(Marks a t  , I 965) .  (b ) An ethoxy  ca rb o n y l fu n c t io n  on a  p y r id in e ,

d ih y d ro p y r id in e  o r  benzene r i n g  w ith  two o r th o  -  a lk y l  s u b s t i t u e n t s ,  i n  

w hich one o f th e  a llcy l groups m ust be in  th e  4 p o s i t i o n  o f  th e  r i n g  i s  

r e q u i r e d .  In  a d d i t io n ,  a  second e th o x y carb o n y l group in  th e  m o lecu le  

w ith  two o r th o  -  m ethy l s u b s t i tu e n t s  r e in f o r c e s  th e  in d u c in g  power 

(H irsc h  a t  a l . ,  1967b ) , (c )  These o r th o  -  a llcy l groups s t e r i c a l l y

h in d e re d  th e  two e th o x y c a rb o n y ls  from  enzym ic h y d ro ly s is  (H irsc h  ab a l . , 

1967b ) ,  (d ) R eplacem ent o f  th e  3“  and 5™©tlio>cycarbonyls fu n c t io n s  o f

DBG w ith  a c e ty l  s u b s t i tu e n t s  le d  to  lo s s  o f in d u c in g  power (Schneck a t  a l ,3 

1968 ) ,  ( e )  In  a ro m a tic  (and a l i p h a t i c )  e s t e r s ,  a  s t e r i c a l l y  h in d e re d

e s t e r  group i s  a  re q u ire m e n t f o r  p o rp h y r ia  in d u c in g  a c t i v i t y  (Schneck 

e^t a l , , 1968 ) .

4* 3 » S te r o id s  and In d u c t i on o f  ALA-S.

I n te n s iv e  in v e s t ig a t io n s  o f  s te r o id s  a s  p o s s ib le  porphyro  g en ic  

a g e n ts  i n  l i v e r  c e l l s  have been perfo rm ed  f o r  two r e a s o n s :  (a )  o f  a l l

in d u c in g  ch em ica ls  s tu d ie d ,  o n ly  th e  s te r o id s  a re  d e r iv e d  from p h y sio 

lo g i c a l  s o u rc e s ,  and (b ) a number o f c l i n i c a l  cuid e x p e rim e n ta l 

o b s e rv a tio n s  (G o ldberg  & R im ing ton , I 962 ; W elland e t  a l . ,  1964a ;

Zirfimerman e t  a l , ,  I 966 ; K o ttr a  & K appas, 1 9 6 7 ), su g g e s te d  t h a t  en d o crin e
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s e c r e t io n s  -  p a r t i c u l a r l y  s t e r o id s  ™ r e p r e s e n t  one c l a s s  o f  natu i*al 

a g e n ts  w hich , in  a p p r o p r ia te  c irc u m s ta n c e s , may e x a c e rb a te  th e  chem ica l 

and sym ptom atic a b n o rm a li t ie s  o f h e p a t ic  p o rp h y ria ,. C e r ta in  c l i n i c a l  

o b s e rv a t io n s  su g g e s te d  t h a t  d u r in g  p u b e r ty , p reg n an cy , and m e n s tru a tio n  -  

th a t  i s ,  when s t e r o i d  p ro d u c tio n  i s  a l t e r e d  m arked ly  -  th e  symptoms o f 

h e p a t ic  p o rp h y r ia  in  p a t i e n t s  w ith  t h i s  d is e a s e  were e x a c e rb a te d  o r 

d im in ish e d  (he M a t te is ,  1967)0

When t r i io d o th y r o n in e  o r h y d ro c o r tis o n e  were a d m in is te re d  to  

r a t s  s im u lta n e o u s ly  w ith  AIA, th e re  was a  marked in c re a s e  o f  m ito c h o n d r ia l 

ALA-S a c t i v i t y  (M atsuoka e t  a l . ,  I 968) ,  In  c o n t r a s t ,  th e  enzyme le v e l  

was n o t in c re a s e d  when th e  r a t s  were t r e a te d  by th e  hormone a lo n e . There 

ap p ea red  to  be a  m arked s y n e r g i s t i c  a c t io n  o f AIA and th e se  hormones to  

b r in g  ab o u t th e  s t im u la t io n  o f  th e  in d u c t io n ,  how ever, AIA ap p ea red  to  

p la y  th e  p rim ary  r o l e  in  in d u c tio n  w h ile  th e  fu n c t io n  o f  hormones was on ly  

a u x i l i a r y .  I t  was a l s o  su g g e s te d  t h a t  a d m in is t r a t io n  o f  AIA caused  an 

i n i t i a l  in t e n s iv e  in d u c t io n  phase which was fo llo w e d  by an u n re a c t iv e  o r 

r e f r a c t o r y  p h a se . In  t h i s  p e r io d ,  when enzyme s y n th e s is  ap p ea red  to  be 

e x tre m e ly  sm a ll a s  judged  by th e  v e ry  r a p id  d e c l in e  in  enzyiie a c t i v i t y ,  

th e  in d u c t io n  m ach inery  o f  th e  r a t  l i v e r  does n o t re sp o n d  to  e i t h e r  AIA o r 

horm ones. The cause  o f  t h i s  r e f r a c t o r y  phase i s  p o s s ib ly  due to  th e  

tr e a tm e n t  w ith  th e se  horm ones. I t  was su g g es ted  t h a t  in te n s iv e  s y n th e s is  

o f  ALA-S may su b se q u e n tly  s t im u la te  th e  s y n th e s is  o f  an i n h i b i t o r  which 

i n t e r f e r e s  w ith  th e  s y n th e s is  o r  fu n c t io n  o f mlïNA f o r  ALA-S (M atsuoka 

e t  a l , ,  1968 ) ,

C e r ta in  n a t u r a l  s t e r o i d s ,  l i k e  d rugs and f o r e ig n  c h e m ic a ls , 

m arked ly  enhanced p o rp h y r in  fo rm a tio n  in  ( i )  c u l tu r e d  c h ic k  embryo l i v e r
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t i s s u e  as ' d e te rm in e d  by f lu o re s c e n c e  m icroscopy  (G ran ick , I 966 ; G ran ick  

& K appas, 19675 Kappas & G ran ick , 1968a ) ,  ( i i )  th e  de novo fo rm a tio n  

o f  ALA-S i n  th e  i n t a c t  c h ic k  em bryo, d e te c te d  d i r e c t l y  by th e  in c re a s e  

o f  ALA-S a c t i v i t y  (Kappas £ t  a l . ,  I 968 ) ,  and ( i i i )  haem oglobin  

s y n th e s is  i n  th e  b lo o d  i s la n d s  o f th e  c u l tu r e d  c h ic k  b la s to d e rm  (L evere & 

G ran ick , 1965%; Levere e t  a l «, 1967a ) ,  The same s t e r o i d s ,  m ain ly  

p reg n an a  lo n e ,  p re g iia n d io l ,  lla -h y d ro x y p re g n a n o lo n e , p reg n an d io n e ,

11 -  k e to p re g n a n o lo n e , a e t io c h o la n o lo n e ,  a e t io c h o la n d io n e ,  a e tio c h o la n o lo n e -  

17(3, w hich in d u ced  enhanced p o rp h y r in  s y n th e s is  i n  c h ic k  embryo l i v e r  c e l l s  

i n  v i t r o  and in  v iv o  a l s o  induced  a  more r a p id  s y n th e s is  o f haem oglobin 

in  th e  e r y th r o b la s t s  o f  th e  c h ic k  b la s to d e rm  (L evere ^ t  a l , ,  1967a ) ,  In  

a l l  t l i r e e  e x p e r im e n ta l d e s ig n s ,  th e  in c re a s e d  p o rp h y r in  fo rm a tio n  o r  

ALA-S a c t i v i t y  can be p re v e n te d  o r  te rm in a te d  by a d d i t io n  o f in h i b i to r s  

o f  n u c le ic  a c id  and p r o te i n  s y n th e s is ,  such  as a c tin o m y c in  L , m itom ycin , 

purom ycin o r  cy c lo h ex im id e . T h is su g g e s ts  t h a t  th e  mechanism o f s te r o id  

a c t io n  in v o lv e s  th e  fo rm a tio n  o f ALA-S, th e  r a t e - l i m i t i n g  enzyme in  th e  

haem b io s y n th e t ic  pathw ay. However, in t e n s iv e  a d m in is t r a t io n  o f th e se  

s te r o i d s  to  g u in e a  p ig s  o r  r a t s  f a i l e d  to  s t im u la te  ALA-S a c t i v i t y ,  

a l th o u g h  th e  enzyme i n  th e s e  an im a ls  i s  r e a d i ly  induced  by d ru g s  and 

f o r e ig n  ch em ica ls  (G ran ick  & H ra ta ,  1963s M arver e l * , 1966a ) ,  T h is 

la c k  o f  re sp o n se  in  th e s e  an im a ls  to  th e  s t e r o i d  in d u c t io n  o f ALA-S ,

ma,y in d i c a te  th e  p re se n c e  o f  an a d d i t io n a l  mechanism f o r  c o n t r o l l i n g  haem 

fo rm a tio n  w hich may be a  p ro p e r ty  o f on ly  th e  mammalian l iv e r '(K a p p a s  

_et a l . ,  1968c ) .  In  c o n t r a s t ,  f o r e ig n  c h e m ic a ls , such a s  AIA and DDC, 

w hich a re  p o te n t  in d u c e rs  o f h e p a t ic  p o rp h y rin  p ro d u c tio n  in  ch ick  embryo 

l i v e r  c e l l s  i n  v i t r o  and in  v iv o  (G ran ick , I 966 ; Kappas & G ran ick , 1968b) 

8,nd in  a n im a ls  (G ra n ic k , 1 9 6 6 ), f a i l e d  to  in c re a s e  haem oglobin  s y n th e s is
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i n  th e  e r y th r o b l a s t s  o f th e  c h ic k  b la s to d e rm  (L evere  e t  , 1967^)»

L evere _et a d . , ( 1967 'a) p roposed  t h a t  r e g u la t io n  o f  haem s y n th e s is  i n  th e se  

e r y th r o id  c e l l s ,  a s  compared to  t h a t  o f  th e  l i v e r  c e l l s ,  may r e s id e  in  a  

more r e s t r i c t e d  c o n t ro l  mechanism w hich i s  re s p o n s iv e  o n ly  to  c e r t a in  

ty p e s  o f p h y s io lo g ic a l  su b s ta n c e s  such  a s  th e se  s t e r o i d s .  The

s t r u c t u r a l  re q u ire m e n ts  f o r  p o te n t  in d u c in g  a c t i v i t y  by th e  s t e r o i d s  

have been  sum m arized a s  fo l lo w s ;  ( i )  a  c o n f ig u r a t io n ,  ( i i )  a  f u l l y

s a tu r a t e d  s t e r o i d  o f  th e  C-19 o r  C-21 s e r i e s ,  ( i i i )  a lc o h o l and ca rb o n y l 

s u b s t i 'tu e n ts  a t  C -3 , C -17, C~20, and p o s s ib ly  C - l l .  In  a d d i t io n ,  th e  

s t e r o i d s  ind u ce  p o rp h y ro g e n e s is  i n  c o n c e n tr a t io n s  a t  l e a s t  a s  low a s  

10 ^ to  10 ^ M (S a ssa  & K appas, I 967) .  The s t r u c t u r e  o f  some 

r e p r e s e n t a t iv e  ALA-S in d u c in g  s t e r o id s  a re  i l l u s t r a t e d  in  F ig .  2 .

E v idence h as  been  p re s e n te d  th a t  s t e r o i d  in d u c t io n  o f  

p o rp h y ro g e n e s is  in  l i v e r  r e q u i r e s  s y n th e s is  o f luRÎ'IA f o r  AM--S and t h a t  

haem and o th e r  m e ta llo p o rp h y r in s  in h ib i t e d  t h i s  s t e r o id - in d u c t io n  p ro c e ss  

(Kappas & G ra n ic k , 1 968b). T h is su g g es ted  t h a t  n a t u r a l  s t e r o id s  and 

f o r e ig n  ch em ica ls  o r  d ru g s  a c te d  a t  th e  same c e l l u l a r  s i t e ,  t h a t  i s ,  they  

com peted f o r  a  b in d in g  s i t e  on a  r e p r e s s o r  p r o t e i n ,  a s  h as  been s t a t e d  

f o r  AIA and DDC (G ra n ic k , I 966) .

Once th e  s t e r o i d  i s  in s id e  th e  c e l l ,  i t  may e x i s t  in  th e  f r e e ,  

a c t iv e  form  o r  be c o n v e rte d  to  th e  in a c t iv e  g lu c u ro n ic  c o n ju g a te  by 

u r id in e  d ip h o sp h a te  g lu c u ro n ic  a c id  (U D P-glucuronic a c i d ) .  In  th e  

r e a c t io n  in v o lv in g  th e  i n a c t iv a t io n  o f  s t e r o i d s ,  UDF-g lu c u ro n ic  a c id  

d o n a te s  g lu c u ro n ic  a c id  w ith  th e  a id  o f th e  enzyme, U D P -g lucuronyl- 

t r a n s f e r a s e .  \ùien  th e  in te rm e d ia te s  o f  th e  g lu c o s e -g lu c u ro n ic  a c id  

pathw ay were t e s t e d  f o r  p o s s ib le  i n h i b i to r y  e f f e c t  on s t e r o i d  in d u c t io n
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i n  c u l tu r e d  c e l l s ,  o n ly  U D P-glucuronio a c id  showed s i g n i f i c a n t  

i n h i b i t i o n  (Kappas & G ran ick , 1968b)* Chick embryo l i v e r  s y n th e s iz e s  

sm a ll am ounts o f  HDP-glucvironic a c id  and has  d e te c ta b le  l e v e l s  o f  DDP- 

g lu c u ro n y l t r a n s f e r a s e  a c t i v i t y  (Skea & Nemeth, 1969)*

Kappas ojk ^ «, (1968b) su g g es ted  th a t  in d u c in g  s te r o id s  

c o n t ro l  th e  s y n th e s is  o f  ALA-S a t  th e  t r a n s c r i p t i o n a l  l e v e l  in  th e  same 

fa s h io n  a s  th e  b a r b i t u r a t e s  o r d ih y d ro c o l l id in e s  (Pig® 3 ) .  However, 

th e  c o n c e n tr a t io n  o f  a c t iv e  s t e r o i d  in d u c e rs  in  th e  h e p a t ic  c e l l  would 

depend on th e  r a t e  o f  t h e i r  co n v e rs io n  to  th e  i n a c t iv e  g lu c u ro n id e s  by 

U D P -g lu c u ro n y ltra n s fe ra se  and on th e  r a t e  o f h y d ro ly s is  o f  th e  g lu c u ro n id e  

back  to  th e  a c t iv e  f r e e  s t e r o i d s  by [3 -g lu cu ro n id ase ,

The a d m in is t r a t io n  o f  g lu c o se  to  an im a ls  i s  known to  p re v e n t 

th e  in d u c t io n  o f  p o rp h y r ia  by c e r t a in  chem ica ls  (he M a tte is ,  I 964 ;

Tschudy £ t  j 1964)* T his has been r e f e r r e d  to  a s  th e  "g lu c o se  e f f e c t "  

and i s  th o u g h t to  have no r e l a t i o n  to  th e  phenomenon o f  " c a ta b o l i t e  

r e p r e s s io n " ,  t h a t  i s ,  th e  a b i l i t y  o f  g lu co se  in  b a c t e r i a  to  r e p r e s s  

fo rm a tio n  o f  c e r t a i n  in d u c ib le  enzymes. The g lu c o se  r e p r e s s io n  may r e s u l t  

from  th e  m etabo lism  o f  g lu c o se  to  y i e ld  h ig h  l e v e l s  o f  ID P -g lu c u ro n ic  

a c id .  T h is would r e s u l t  in  g lu c u ro n id a tio n  o f  th e  a c t iv e  s t e r o id s  and , 

p o s s ib ly ,  o th e r  in d u c in g  su b s ta n c e s  th u s  c o n v e r t in g  them to  th e  in a c t iv e  

form ,

3 . P o s s ib le  Mechanism f o r  th e  In d u c tio n  o f  ALA-S in  L iv e r ,

3 . 1 .  Tra n s c r ip t io n a l  and T r a n s la t io n a l  L e v e ls ,

Two g e n e ra l mechanisms f o r  th e  c o n tro l  o f th e  f i r s t  enzyme,
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ALA-Sj and haem s y n th e s is  in  th e  l i v e r  c e l l  have been  p roposed  (G ran ick , 

1 966 ; S a ssa  & G ran ick , 1970; ’. r y r r e l l  & M arks, 1 9 7 2 ),

G ran ick  ( I 966) h y p o th e s ise d  t h a t  th e  in d u c in g  a c t io n  o f 

ch em ica ls  which caused  in c re a s e d  ALA-S, i n t e r f e r e d  w ith  a  r e p r e s s o r  

mechanism in  w hich a  s p e c i f i c  r e p r e s s o r  ( c o n s i s t i n g  o f a  p r o te in ,  

a p o r e p r e s s o r t o  w hich i s  a t ta c h e d  th e  haem, c o re p re s s o r )  i s  c o n s id e re d  

to  b lo c k  a  s p e c i f i c  DMA re g io n  (o p e ra to r  g e n e ) . The fu n c t io n  o f an  

o p e r a to r  gene i s  to  c o n t ro l  th e  t r a n s c r i p t i o n  o f th e  operon  (a  s h o r t  

l e n g th  o f  LNA) in to  mRNA. V/hen th e  o p e ra to r  gene i s  b lo c k e d , no mRNA 

w i l l  form  t h a t  can  be t r a n s l a t e d  in to  th e  p o ly p e p tid e  c h a in  o f ALA-S,

A summary o f  t h i s  h y p o th e s is  on in d u c tio n  o f  chem ica l p o rp h y r ia  in  th e  

l i v e r  c e l l  i s  p re s e n te d  in  F ig ,  3« There a p p e a rs  to  be o n ly  one s i t e  

to  w hich th e  in d u c in g  ch em ica ls  can  a t t a c h  ( i . e .  th e  c o re p re s s o r  s i t e ) .  

T h is  in d u c in g  s i t e  o r  c o re p re s s o r  s i t e  i s  r e l a t i v e l y  l a r g e ,  has d i f f e r e n t  

r e g io n s ,  each  more o r  l e s s  s p e c i f i c  f o r  one o f  th e  f iv e  in d u c in g  groups 

(G ra n ic k , 1 9 6 6 ), These g roups can a t t a c h  r e v e r s ib l y  to  th e  s i t e  and 

th u s  b lo c k  th e  a t ta c h m e n t o f haem. In  F ig , 4 » u h y p o th e t ic a l  c o re p re s s o r  

s i t e  i s  p ic tu r e d  w hich i l l u s t r a t e s  how th e  c o re p re s s o r  s i t e  m ight be 

o ccu p ied  by a  b a r b i t u r a t e  o r  c o l l i d i n e  ty p e  m o le c u le . A ccord ing  to  t h i s  

h y p o th e s i s ,  a l l  in d u c in g  d ru g s would a c t  i n d i r e c t l y  a t  th e  t r a n s c r i p t i o n a l  

l e v e l  (G ran ick , I 966 ) .

I n  th e  hujnan m e ta b o lic  d is e a s e  o f  a c u te  i n t e r m i t t e n t  h e p a t ic  

p o rp h y ria ., w hich i s  in h e r i t e d  a s  a  Mendel 1 (in dom inant t r a i t ,  th e  

d e f e c t iv e  gene i s  p ro b a b ly  an  o p e ra to r  gene (Op V II, F ig .  3) w hich i s  

m u ta ted  so t h a t  i t  i s  r e p re s s e d  w ith  d i f f i c u l t y  by th e  r e p r e s s o r .  Thus, 

sm a ll am ounts o f d ru g s , such as  b a r b i t u r a t e s ,  w hich would cause  no
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d e te c ta b le  p o rp h y r ia  in  norm al in d iv id u a l s ,  b r in g s  ab o u t a  h e p a t ic  

p o rp h y r ia  in  in d iv id u a l s  w ith  t h i s  d e f e c t iv e  gene .

G ran ick  h as  su b se q u e n tly  r e v is e d  h i s  th e o ry  on th e  mechanism 

o f  th e  in d u c t io n  o f  ALA-S i n  l i v e r  (S assa  & G ran ick , 1 9 7 0 )« V/hile 

n a t u r a l l y  o c c u r r in g  s t e r o id s  ( i . e .  a e t io c h o la n o lo n e )  and some

in d u c e rs  such  a s  DDC may a c t  a t  th e  t r a n s c r i p t i o n a l  l e v e l  a s  a l re a d y  

d e s c r ib e d  (fig. 3? Fig* 5? R e a c tio n  l ) ,  i n  c o n t r a s t ,  in d u c in g  ch em ica ls  

l i k e  AIA and y -h ex a c h lo ro c y c lo h e x a n e  ap p ea r to  a c t  p r im a r i ly  a t  th e  

t r a n s l a t i o n a l  l e v e l  (F ig , 5» R e a c tio n  2 ) .  A t  t h i s  l e v e l  a  haem o p ro te in  

a s  r e p r e s s o r  i s  assum ed, w ith  haem s e rv in g  a s  c o r e p r e s s o r .  T h is haemo

p r o te i n  w ould p re v e n t th e  mRNA o f  ALA-S from b e in g  a c t iv a t e d  o r  t r a n s 

l a t e d .  In d u c e rs  l i k e  AIA o r  Y -h ex ach lo rocyclohexane  would a c t  i n d i r e c t l y  

to  d e re p re s s  th e  h aem o p ro te in , p e rh ap s  by c a u s in g  th e  d e s t r u c t io n  o f th e  

haem. T hus, th e  " s i l e n t "  mRNA, co n ce iv ed  a s  a  com plex o f  th e  haemo

p r o te in  r e p r e s s o r  w ith  th e  s p e c i f i c  mRNA, m igh t be c o n v e rte d  to  a c t iv e  

RNA (Fige 5s R e a c tio n  2 ) .  T y r r e l l  & Marks (1972) r e p o r te d  t h a t  tre a tm e n t 

o f  c h ic k  embryo l i v e r  c e l l  cu3-tures w ith  DDC and AIA r e s u l t e d  in  th e  

in c re a s e d  l e v e l s  o f  " in d u c t io n - s p e c i f i c "  RNA f o r  A IA-S. T h is in d u c t io n  

o f  th e  enzyme in  c h ic k  embryo l i v e r  c e l l s  in  v i t r o  by th e se  two p o rp h y r in -  

in d u c in g  compounds i s  d iv id e d  in to  two p h a se s ; a  t r a n s c r i p t i o n a l  phase 

in d e p e n d e n t o f  t r a n s l a t i o n ,  and a  t r a n s l a t i o n  phase  in d e p en d en t o f 

t r a n s c r i p t i o n  ( th e s e  in d u c t io n  phases a r e  d e s c r ib e d  in  more d e t a i l  i n  

INTRODUCTION, 5. $).



32

Fig* 3« E y p o th e tic a l  schema f o r  th e  d e t o x i f i c a t io n  o f  chem ical 

in d u c e rs  in  l i v e r  by d e re p re s s io n  o f th e  r e p r e s s o r  c o n t ro l  on th e  

s y n th e s is  o f  ALA-S. The c o n t ro l  o f haem b io s y n th e s is  in  th e  l i v e r  

i s  p ic tu r e d  a s  a  c o m p e tit io n  bet\^een haem and a  chem ica l in d u c e r ,  

such  a s  a  b a r b i t u r a t e ,  f o r  a  s i t e  on th e  a p o re p re s s o r  t h a t  governs 

th e  s y n th e s is  o f  ALA-S. The e f f e c t  o f haem i s  th e n  u sed  f o r  

oxygenase r e a c t io n s  to  " d e to x ify "  th e  ch em ica l.

The schema shows th e  i n t e r a c t i o n  o f th e  n u c le u s ,  

m ito c h o n d rio n , and endop lasm ic  re t ic u lu m  in  t h i s  c o n t r o l .  In  th e  

n u c le u s  a t  I ,  th e r e  i s  a  s t r u c t u r a l  gene ( s .G .)  t h a t  codes f o r  ALA-S. 

T h is  code i s  t r a n s c r ib e d  in to  an mRNA a t  I I .  The mRNA i s  t r a n s l a t e d  

in to  th e  p o ly p e p tid e  c h a in  o f  ALA-S w hich comes to  r e s id e  i n  th e  

m ito ch o n d rio n  a t  I I I .

The ALA-S i s  th e  l i m i t i n g  enzyme in  haem 

b io s y n th e s i s .  V/hen i t  i s  in c re a s e d ,  more ALA i s  form ed. The ALA

i s  c o n v e rte d  to  haem by enzymes o f  th e  b io s y n th e t ic  c h a in . The

haem th u s  form ed can e n te r  th e  endoplasm ic reticu3.um  to  become p a r t  

o f  th e  oxygenase enzyme (ix) t h a t  d e to x ic a te  chem ical in d u c e rs  w ith  

th e  a id  o f  NADPH and Og, o r  th e  haem may be c o n v e rte d  to  b i l e  

p igm ent (V ), o r  th e  haem may e n t e r  th e  n u c leu s  to  form  p a r t  o f  th e  

r e p r e s s o r  (V l) t h a t  c o n t ro l s  th e  s y n th e s is  o f  ALA-S. V/hen haem s i t s  

on th e  a p o re p re s s o r ,  th e n  th e  o p e ra to r  gene (Op) (V Il)  i s  in a c t iv e  

and no mRNA can be form ed. V/hen th e  chem ica l in d u c e r  ( v i l l )  d is p la c e s  

haem from th e  a p o re p re s s o r  (V l) ,  th e  o p e ra to r  (V Il)  becomes a c t iv e ,  

ALA-S can now be made, and p o rp h y rin s  and haem a re  form ed.
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F ig ,  4 ® H y p o th es is  on th e  c o m p e tit io n  o f th e  in d u c in g  chem ica ls
DDC and d i a l l y l  b a r b i t u r a t e  f o r  a  p o r t io n  o f  a  s i t e  on th e  a p o re p re s s o r
(VX i n  F ig ,  3 ) n o rm a lly  o ccu p ied  by haem, th e  c o re p re s s o r  (G ran ick , I 966) ,

F ig ,  5® C o n tro l on in d u c t io n  o f  ALA-S a s  p rop o sed  by S assa  & G ran ick
(1970 ) .

d e r e p re s s o r  t r a n s c r i p t i o n  o f  mldïA
(O p e ra to r -   f r e e  o p e ra to r  — — --------—- — f o r  ( l )
r e p r e s s o r )  5P~H s t e r o i d  

DDC
d e re p re s s io n  by 

(mENA-haemoprotein haem d e s t r u c t io n  
r e p r e s s o r )  ——— —  —  ^ a c t iv e  mENA

s t r u c t u r a l  gene ALA-S 

t r a n s l a t i o n̂  ALA-S ( 2 )
AIA, L indane o f  mRNA
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5 , 2 . R ole o f  R ib o n u c le ic  A cid in  E x p erim en ta l P o rp h y r ia .

Hickman R t s i . ,  (1967? 1968) have p ro v id ed  d i r e c t  ev id en ce  

s u p p o r tin g  th e  th e o ry  t h a t  chem ica l in d u c tio n  o f  ALA-S r e s u l t s  from an  

in c r e a s e  o f  mRNA f o r  ALA-S, ENA was i s o l a t e d  from th e  l i v e r s  o f 

A IA -tre a te d  and c o n t ro l  r a t s  by th e  method o f P arish . & K irby  ( I 966 ) ,

The ERA f r a c t i o n  c o n ta in e d  rib o so m a l ERA and r a p id ly  l a b e l l e d  com ponents 

a s  in d ic a te d  by th e  se d im e n ta tio n  p r o f i l e  in  a  l i n e a r  su c ro se  g r a d ie n t .

The RNA was added to  c u l tu r e d  medium c o n ta in in g  c h ic k  embryo l i v e r  

frag m e n ts  and a f t e r  a  p e r io d  o f  in c u b a tio n  (u s u a l ly  16 to  18 h o u rs )  th e  

c u l tu r e d  l i v e r  t i s s u e  was a ssay ed  f o r  p ro d u c tio n  o f  p o rp h y rin s  (u ro 

p o rp h y r in s  and c o p ro p o rp h y r in s ) .  The h e p a t ic  ENA from l i v e r s  o f 

p o rp h y r ic  r a t s  a s  compared to  RITA from c o n t ro l  r a t s ,  caused  a  1 ,5 ”  to  

15” f o ld  in c re a s e  in  p o rp h y r in  c o n te n t .  A n e g a t iv e  d ipheny lam ine r e a c t io n ,  

th e  ab sen ce  o f  c o n ta m in a tin g  p r o te in ,  th e  n e g a t iv e  ex p erim en ts  w ith  

added AIA to  c o n t ro l  r a t - l i v e r  p r e p a ra t io n s  and th e  a b o l i t i o n  o f th e  

ALA-8 in d u c in g  e f f e c t  by p u r i f i e d  p a n c re a t ic  r ib o n u c le a s e  in d ic a te d  th a t  

RNA was r e s p o n s ib le  f o r  th e  in d u c tio n  and n o t  DNA, o r  ALA-S o r  kJA t h a t  

may have been  c a r r i e d  o v e r by th e  e x t r a c t io n  p ro c e d u re . E vidence t h a t  

exogenous RNA may be in c o rp o ra te d  by ch ick  embryo l i v e r  c e l l s  in  t i s s u e  

c u l tu r e  h as  been p re s e n te d  by Amos & K earns ( I 965) and Amos et^ a l , ,  (1964 ) .

P re v io u s  s tu d ie s  have shown th a t  th e  in c re a s e  o f  p o rp h y rin  

p re c u r s o r s  i n  a c u te  i n t e r m i t t e n t  p o rp h y r ia  i s  r e c i p r o c a l l y  r e l a t e d  to  

c a rb o h y d ra te  in ta k e  in  th e  d i e t  (W eiland a l , ,  1964c ) ,  and t h a t  t h i s  

in c re a s e  r e s u l t s  from m arked ly  e le v a te d  le v e l s  o f  ALA-S (Tschudy e_t a l . , 

1965b ) .  M arver e t  a l_ ., (1966a )  and Hickman e t  a l . ,  ( 1968) found th a t
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c a rb o h y d ra te  ( in  p a r t i c u l a r ,  g lu c o se )  and ac tin o m y c in  D in h ib i t e d  th e  

in d u c t io n  o f  h e p a t ic  ALA-S by AIA and su g g e s te d  t h a t  th e s e  compounds may 

cxffect th e  in d u c t io n  p ro c e s s  by a  s im i la r  m echanism , i . e .  t h i s  e f f e c t  

m igh t be r e l a t e d  to  th e  d e g ra d a tio n  o f ALA-S and i t s  mRNA. Hickman 

ejb ad «, ( 1968 ) have t e s t e d  t h i s  h y p o th e s is .  P o rp h y rin  s y n th e s is  was 

g r e a t ly  in c re a s e d  when RNA, e x t r a c te d  from l i v e r s  o f r a t s  made p o rp h y ric  

w ith  AIA, was added to  em bryonic c h ic k  l i v e r  c e l l s  in  t i s s u e  c u l tu r e .

In  c o n t r a s t ,  when RNA e x t r a c te d  from th e  l i v e r s  o f an im a ls  g iv en  AIA and 

fe d  on g lu c o se  was added to  th e  l i v e r  c e l l s  in  t i s s u e  c u l tu r e ,  th e  

in c re a s e  in  p o rp h y r in  p ro d u c tio n  wan s i g n i f i c a n t l y  s m a l le r .

O th er i n v e s t i g a t o r s  found th e  in d u c t io n  o f  ALA-S a c t i v i t y  

i n  c u l tu r e d  c h ic k  embryo l i v e r  c e l l s  to  be r ib o n u c le ic  a c id  dependen t 

(Skea e;t a l  « , I 97O ). P o r p h y r ic - r a t  l i v e r  wa,s f r a c t i o n a t e d  on Sephadex 

G—100 in to  th r e e  f r a c t i o n s  o f  w hich th e  f i r s t  c o n ta in e d  Q̂P/o o f  th e  RNA 

ex c lu d ed  from  th e  co lu n n  (28S and 188 rib o so m a l RNA) and th e  o th e r  two 

f r a c t i o n s  c o n ta in e d  s m a lle r  m o le c u la r  w eigh t RNA, A lthough a l l  th re e  

RNA f r a c t i o n s  showed s i g n i f i c a n t  in d u c in g  a c t i v i t y ,  th e  g r e a t e s t  e f f e c t  

was shown by th e  two low er m o le c u la r  w eig h t f r a c t i o n s .  S im ila r  f r a c t io n s  

o f  norm al r a t  l i v e r  RNA showed no s i g n i f i c a n t  in c re a s e  i n  enzyme a c t i v i t y .

5 9 5* Mechanism s of  R egu la t i o n  by Haemin o f th e  L evel o f

ALA-S in  Mammalian and A vian L iv e r C e l l s .

T h e o r e t ic a l ly ,  th e  end p ro d u c t o f a  b io s y n th e t ic  c h a in  may 

c o n t ro l  th e  f i r s t  enzyme e i t h e r  by feedback  in h i b i t i o n  ( i . e .  haem 

i n h i b i t i n g  th e  a c t i v i t y  o f ALA-8) o r  by r e p r e s s io n  ( i . e .  haem i n h i b i t i n g  

th e  s y n th e s is  o f  A M -8) ,
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U til ig i in g  p rim ary  c u l tu r e s  o f em bryonic a v ia n  h e p a to c y te s  

a s  a  system  f o r  p o rp h y r in  b io s y n th e s is  in  e x p e rim e n ta l p o rp h y r ia  i t  was 

r e p o r te d  t h a t  in c re a s e d  s y n th e s is  o f AbA-8 by AIA co u ld  be overcome by 

a d d i t io n  o f  p ro to h ae ra in  (C ra n ic k ; I 966) ,  G ran ick  s u g g e s te d  t h a t  haem in 

m igh t f u n c t io n  a,t th e  t r a n s c r i p t i o n a l  l e v e l  (Fig* 3)*

There a r e  s e v e ra l  c o n f l i c t i n g  r e p o r t s  a s  to  th e  mechanism 

o f  r e g u la t io n  by haem in o f th e  l e v e l  o f  AI-A-S in  mammalian l i v e r  c e l l s ,

Schneck e_t , ( l 9 ? l )  r e p o r te d  t h a t  p ro to h aem in  e x e r te d  an 

in h i b i to r y  e f f e c t  on p o rp h y r in  b io s y n th e s is  s im i la r  to  t h a t  o b serv ed  w ith  

ac tin o m y c in  D and cyc lo h ex im id e  when added a t  th e  same tim e a s  AIA., 

However, when added  9 h o u rs  a f t e r  th e  p o rp h y rin  in d u c in g  d ru g , p ro tohaem in  

e x e r te d  no i n h i b i to r y  e f f e c t .  As a  r e s u l t  o f  th e s e  ex p erim en ts  th e y  

were im ab le  to  d e m o n stra te  p ro tohaem in  i n h i b i t i o n  o f t r a n s c r i p t i o n .  In  

a d d i t io n ,  p ro to h aem in  i n h i b i t i o n  d id  n o t e x e r t  an e f f e c t  s im i la r  to  t h a t  

o f  cyc lo h ex im id e  and th u s  i t  was n o t c o n s id e re d  to  i n h i b i t  a t  th e  t r a n s 

l a t i o n  l e v e l .

C o n tra ry  to  t h i s ,  ev id en ce  has been p re s e n te d  t h a t  p ro tohaem in  

i n h i b i t s  ALA-S in d u c t io n  a t  th e  l e v e l  o f t r a n s l a t i o n  on th e  b a s is  o f  th e  

fo l lo w in g  ex p erim en t in  w hich p rim ary  c u l tu r e s  o f c h ic k  embryo l i v e r  c e l l s  

were u t i l i z e d  (S a ssa  & G ran ick , 1 9 70 ). The h a l f - l i f e  o f  AIA™induced 

ALA-S a c t i v i t y  in  th e  p re se n c e  o f  ac tin o m y c in  I) i s  3*2 h o u rs  and 3 h o u rs  

f o r  cy c lo h ex im id e . The h a l f - l i f e  o f th e  enzyme d e c re a se d  to  3 .6  h o u rs  

upon a d d i t io n  o f haem in and ac tin o m y c in  I), and rem ained  unchanged, i . e .  3 

h o u rs  f o r  cy c lo h ex im id e  p lu s  haem in. T y r r e l l  & lla rk s  (1972) have 

in t e r p r e t e d  th e s e  r e s u l t s  a s  fo l lo w s . G ra n ic k 's  a s s a y  p ro ced u re  ( I 966 )
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m easures b o th  m ito c h o n d r ia l  and c y to s o l  ALA-S a c t i v i t y .  When th e  

h a l f - l i f e  o f  th e  enzyme d e c re a se d  from 5*2 h o u rs  to  3*8 h o u rs  f o r  

a c tin o m y c in  h and ac tin o m y c in  D p lu s  haem in r e s p e c t iv e l y ,  haem in may 

ha,ve i n t e r f e r e d  w ith  th e  movement o f new ly s y n th e s is e d  ALA-S i n  th e  

c y to s o l  in to  th e  m ito c h o n d ria  a s  has been  su g g es ted  by Kurashirna e t  a l . , 

(1970) .  I f  p ro to h aem in  i n h i b i t s  ALA-S movement in to  th e  m ito c h o n d ria , 

fo rm a tio n  o f ALA-S and c o n se q u e n tly  o f p o rp h y rin s  would d e c re a se  in  th e  

ab sen ce  o f  th e  m ito c h o n d r ia l  succinyl-C oA  g e n e ra t in g  system  and p y r id o x a l 

p h o sp h a te . T h is  would a cc o u n t f o r  th e  d e c re a se  in  th e  h a l f - l i f e  o f th e  

enzyme in  th e  p re se n c e  o f  haem in.

U sing  a  s l i g h t l y  d i f f e r e n t  e x p e rim e n ta l d e s ig n  from  th e  

m ethod o f  S a ssa  and G ran ick  (1 9 ? 0 ) , T y r r e l l  and Marks (1972) found th e  

in d u c t io n  p ro c e s s  o f  ALA-S a c t i v i t y  in  p rim ary  c u l tu r e s  o f  c h ic k  embryo 

l i v e r  c e l l s  by th e  p o rp h y r in  in d u c in g  compounds, DUG and AIA, to  be 

d iv id e d  in to  two p h a se s . Phase one in v o lv ed  th e  acc u m u la tio n  o f 

i n d u c t io n - s p e c i f i c  IÎMA i n  th e  p re sen ce  o f AIA o r  hDC, and was c l a s s i f i e d  

a s  a  t r a n s c r i p t i o n a l  p h ase , in d ep en d en t o f t r a n s l a t i o n .  Then, th e  c e l l s  

w ere w ashed, and th e  in c re a s e d  ALA-8 a c t i v i t y  n o rm ally  o b serv ed  a f t e r  

w ash ing  was i n h i b i t e d  by cyc lohex im ide  b u t n o t ac tin o m y c in  D, I t  was 

concluded  t h a t  t h i s  second t r a n s l a t i o n  phase was in d e p en d en t o f  t r a n s 

c r i p t i o n .  G ra n ic k 's  model f o r  haem c o n tro l  o f  p o rp h y rin  b io s y n th e s is  

w ould r e s u l t  in  haem r e p r e s s io n  o f  ALA-8 s y n th e s is  ( i . e .  t r a n s c r i p t i o n ) .  

T hat i s ,  i f  c e l l s  were t r e a t e d  w ith  AIA o r  DDC p lu s  p ro tohaem in  f o r  5 

h o u rs  ( t r a n s c r i p t i o n a l  p h a s e ) ,  washed and f r e s h  medium added ( t r a n s l a t i o n a l  

p h a s e ) ,  th e  ALA-8 a c t i v i t y  shou3,d n o t in c re a s e  because  th e  p ro tohaem in  

would r e p r e s s  fo rm a tio n  o f  niRNA f o r  ALA-8 s y n th e s i s .  Thus, haem shou ld
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cause  r e p r e s s io n  o f  th e  i n i t i a l  phase o f in d u c tio n  ( t r a n s c r i p t i o n )  and 

h e a r  no in t e r f e r e n c e  on th e  second phase o f  in d u c t io n  ( t r a n s l a t i o n ) .

However, th e s e  i n v e s t i g a t o r s  found th a t  when c e l l s ,  t r e a t e d  w ith  AIA o r  

hhO p lu s  cy c lo h ex im id e  f o r  5 h o u rs  ( i . e .  t r a n s c r i p t i o n a l  p h a s e ) ,  were 

w ashed, and re in c u h a te d  w ith  f r e s h  medium p lu s  p ro tohaem in  ( t r a n s l a t i o n a l  

p h a s e ) ,  no in c re a s e  in  ALA-8 a c t i v i t y  was observed  ( T y r r e l l  & M arks, 1 9 7 2 ). 

T h is  in d ic a te d  t h a t  p ro tohaem in  in h ib i t e d  a t  th e  t r a n s l a t i o n a l  l e v e l .

I n  a n o th e r  ex p erim en t c e l l s  were t r e a te d  w ith  AIA o r  DDC p lu s  ( i )  c y c lo 

hex im ide o r  ( i i )  cyc lohex im ide  and p ro tohaem in  f o r  5 h o u rs  ( t r a n s c r i p t i o n 

a l  p h a s e ) ,  w ashed, and re in c u h a te d  w ith  f r e s h  medium ( t r a n s l a t i o n a l  p h a se ) . 

The in c re a s e  i n  ALA-8 a c t i v i t y  f o r  ( i )  and ( i i )  was i d e n t i c a l .  I t  was 

co n cluded  t h a t  th e  in h i b i to r y  e f f e c t  o f  p ro tohaem in  resem b led  th a t  

e x e r te d  by cy c lo h ex im id e , and p ro tohaem in  ap p ea red  to  a c t  a t  th e  t r a n s 

l a t i o n a l  l e v e l ,  T y r r e l l  and Marks (1972) were u n a b le  to  r u le  o u t th e  

p o s s i b i l i t y  t h a t  p ro tohaem in  i n h i b i t s  th e  t r a n s c r i p t i o n a l  p ro c e ss  because  

o f  th e  fo l lo w in g  f in d in g .  When c e l l s  were exposed to  p ro tohaem in  f o r  

5 h o u rs , w ashed, and r e in c u b a te d  w ith  LDO, th e  p ro to h aem in  p re tre a tm e n t 

ap p ea red  to  d e c re a se  th e  a b i l i t y  o f c e l l s  to  produce in c re a s e d  AL/i-S 

when exposed  to  DDC. I t  v;as su g g es ted  t h a t  p ro to h aem in  was n o t co m p le te ly  

removed by w ash ing  a s  some o f  th e  p ro tohaem in  may be i r r e v e r s i b l y  bound 

to  p r o te in  in  th e  c y to s o l  o f th e  l i v e r  c e l l .

S c h o ln ic k  e t  s i . ,  (1 9 6 9 , 1972b) were a b le  to  d em o n stra te

t h a t  p ro tohaem in  (b x 10 ^ M) in h ib i t e d  th e  a c t i v i t y  o f  p a r t i a l l y  

p u r i f i e d  ALA-8 ( I 50 -  2 0 0 -fo ld )  from male W is ta r  r a t s  by 67% (T able 3 ) 

b u t d id  n o t i n l i i b i t  c ru d e  p r e p a ra t io n s  o f  t h i s  enzyme a t  t h i s  c o n c e n tra t io n , 

Both r a t  and human a lbu ia in  and c e l l  sap  from a  norm al r a t  l i v e r  p re v e n te d
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th e  haem i n h i b i t i o n  o f  p a r t i a l l y  p u r i f i e d  ALA-S, p ro b a b ly  by b in d in g  

haem and th u s  r e n d e r in g  i t  l e s s  e f f e c t iv e  a s  an  i n h i b i t o r .  T h is may 

p a r t i a l l y  e x p la in  why u n p u r i f ie d  p re p a ra t io n s  o f  m ito c h o n d r ia l  ALA-S 

a re  n o t i n h i b i t e d  by haem in . M oreover, th e re  may be inco m p le te  

p e n e t r a t io n  o f th e  m ito c h o n d r ia l  membranes by haem in due to  th e  f a c t  

t h a t  haem p o s s ib ly  b in d s  c y to s o l  p r o te in s ,  in c lu d in g  ALA-S (S ch o ln ick  

e t  a l . ,  1 9 6 9 , 1972b ) .  Kurashirna e t  a l . ,  ( I 970 ) have found t h a t  haem in

cau sed  i n h i b i t i o n  o f th e  c o n v e rs io n  o f  th e  s o lu b le  form  o f ALA-8 in to  

m ito c h o n d r ia l  ALA-8, They o b served  in  r a t s  t h a t  when haem was 

a d m in is te re d  a t  2 , 4 a-iid 10 h o u rs  a f t e r  AIA, a m arked r e d u c t io n  in  

m ito c h o n d r ia l  ALA-8 was b a lan ced  by an in c re a s e  in  a c t i v i t y  in  th e  

s o lu b le  f r a c t i o n .
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EESULTS

1 , I n t r o d u c t io n .

’JVo g e n e ra l a s sa y  m ethods a re  u sed  f o r  m easu rin g  

Ô-a m in o la e v u lin ic  a c id  s y n th e ta s e  (a lA -S ) a c t i v i t y .  One i s  th e  

c o n v e n tio n a l c o lo u ir im e tr ie  te c h n iq u e  (Majrver ejt a d , ,  1966c, Dowdle 

e t  a l . ,  1967 ) ,  and th e  o th e r  in v o lv e s  th e  fo rm a tio n  and i s o l a t i o n  o f 

i s o t o p i c a l l y  l a b e l l e d  5 ~ a m in o la e v u lin ic  a c id  (AIA) ( I r v in g  & E l l i o t t ,

196 9 ? E b e r t  _et a l . ,  1970; F reshney  & P a u l, I 970)*

My i n i t i a l  i n v e s t ig a t io n  in v o lv e d  an a t te m p t to  i s o l a t e  

raMA f o r  ALA-8 from  p o rp h y r ic  r a t  l i v e r s  and t e s t  i t s  b io lo g ic a l  a c t i v i t y  

i n  c u l tu r e d  c h ic k  embryo l i v e r  c e l l s .  A lthough th e  r e s u l t s  from  th e  

c o lo u r im e tr ic  a s s a y  in d ic a te d  some ev id en ce  f o r  in d u c t io n  o f ALA-8 

by RNA, th e  a c tu a l  o p t i c a l  d e n s i ty  d i f f e r e n c e  f o r  R L A -trea ted  c u l tu r e d  

c e l l s  was e x tre m e ly  low ( i . e .  maximum -  O.O5 ) and th u s  th e  c o lo u r im e tr ic  

a s s a y  method was found to  be in a d e q u a te . In  a d d i t io n ,  2 x 10 cm p e t r i  

d is h e s  w ith  a p p ro x im a te ly  I 50 to  180 rag w et w eigh t o f  c u l tu r e d  l i v e r  

t i s s u e  p e r  d is h  were r e q u ir e d  to  o b ta in  a  re a s o n a b le  homogenate s t r e n g th  

f o r  th e  c o lo u r im e tr ic  a s s a y  m ethod. T his m eant t h a t  2 ,0  mg ENA (s in c e  

th e  c o n c e n tr a t io n  u sed  by Skea _et a l , , (1970) was 0 ,2  mg ENA p e r  ml 

E ag le s  medium, 10 ml o f E ag les  p e r  d is h )  was e s s e n t i a l  f o r  each  ex p erim en t. 

I n  o rd e r  to  co n se rv e  on tim e and amount o f  t i s s u e  r e q u ir e d  f o r  each  

ex p erim en t I  d e c id e d  t h a t  a  more s e n s i t i v e  a s s a y  f o r  m easurem ent o f  

ALA-S a c t i v i t y  w hich would u t i l i z e  sm a lle r  am ounts o f  ENA and c u l tu r e d  

l i v e r  t i s s u e  was im p e ra tiv e .
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1 , 1 . C o lo u r im e tr ic  A ssay o f AM-S A c t iv i ty  in  L iv e r  Homogenates.

Many s tu d ie s  on ALA-8 have used  th e  c o lo u r im e tr ic  a s sa y  

method s in c e  th e  m easurem ent has been made on in d u ced  l e v e l s  o f  enzyme 

a t  w hich th e  p ro ced u re  p ro v es  a d e q u a te . However, l e v e l s  o f  t h i s  

enzyme i n  norm al t i s s u e s  a r e  ex trem ely  low and th e  amount o f m a te r ia l  

a v a i l a b l e  in  c h ic k  embryo c u l tu r e  system s (G ran ick , I 966 ) and b lood  c e l l s  

(Takalm e t  a l o , I 968 ) i s  l im i t e d .  T his i s  o f im p o rtan ce  i n  a s s e s s in g  

th e  work o f  Hiclcman e t  a l , ,  (1967 , I 968) and Skea a t  a l . ,  ( 1970) who 

re a so n e d  t h a t  s in c e  th e  ALA-8 a c t i v i t y  in c re a s e d  in  l i v e r s  o f  r a t s  

re n d e re d  p o rp h y r ic  by a l ly l i s o p ro p y la c e ta m id e  (AIA), th e r e  would be a  

c o rre sp o n d in g  r i s e  in  s y n th e s is  o f  mEM f o r  t h i s  enzyme. Both r e s e a r c h  

g roups i s o l a t e d  RNA from  p o rp h y r ic  r a t  l i v e r s  by th e  method o f P a r is h  & 

K irby  ( I 966) and in c u b a te d  th e  RNA w ith  c u l tu r e d  c h ic k  embryo l i v e r  

c e l l s ,  a  c u l tu r e  system  i n  which th e  ALA-8 a c t i v i t y  i s  n e g l ig ib l e  when 

m easured  by th e  c o n v e n tio n a l c o lo u r im e tr ic  a s s a y  method (G ran ick , I 966 ) ,

ALA-8 a c t i v i t y  i s  m easured by c o n v e r t in g  th e  ALA to  

2-m ethyl-3™ & G etyl"4^P^opio#lc a c id  p y r ro le  by c o n d e n sa tio n  w ith  a c e t y l -  

a c e to n e , th e  A LA -pyrrole th e n  b e in g  m easured c o lo u r im e t r ic a l ly  by th e  use  

o f  E h r l ic h  r e a g e n t .  U n fo r tu n a te ly ,  th e  a s s a y  i s  co m p lica ted  by th e  f a c t  

th a t  th e  l i v e r  s y n th e s iz e s  am inoacetone (AA). AA, l i k e  ALA, i s  an 

am inoketone o f  p h y s io lo g ic a l  im p o rtan ce . I t  s e rv e s  a s  a  so u rce  o f 

1 -c a rb o n  frag m en ts  (L evere  & G ran ick , I 965I

The AA r e a c t s  w ith  a c e ty la c e to n e  to  g iv e  2 ,4 ^ d im e th y l-3 -a c e ty l  p y r ro le  

w hich in  tu r n  com bines w ith  E h r l ic h  r e a g e n t and th u s  i n t e r f e r e s  w ith  th e  

q u a n t i t a t i v e  e s t im a t io n  o f  ALA. However, ALA and AA a re  u s u a l ly
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s e p a ra te d  on r e s i n  columns b e fo re  (U ra ta  & G ran ick , I 963) o r  a f t e r  

(M arver a l . ,  1966b; N arisaw a & K ik u ch i, I 966 ; H ayashi £ t  _al, ,  1969) 

c o n v e rs io n  to  p y r r o le ,  a  te c h n iq u e  th a t  i s  n o t r e a d i l y  a d a p te d  to  sm all 

volum esc F u rth e rm o re , A LA -dehydratase (ALA-I)) i n  l i v e r  hom ogenates 

c o n v e r ts  ALA to  p o rp h o b ilin o g e n  (PBG). T h e re fo re , th e  e s t im a te  o f ALA-S 

may be in  e r r o r  by th e  amount o f ALA co n v e rte d  to  PBG d u r in g  th e  co u rse  

o f  in c u b a t io n ,  M arver e_t a l , ,  (1966c ) foim d t h a t  EDTA (10 ikiM) enhanced 

ALA p ro d u c tio n  and red u ce d  AA s y n th e s is  by a b o u t 70% o r  90% in  p o rp h y ric  

l i v e r  hom ogenate c o n ta in in g  75 Tb?is-HCl (pH 7*2) o r  75 nild sodium 

p o ta ss iu m  p h o sp h a te  (pH 7»0) a s  b u f f e r ,  r e s p e c t iv e ly *  T h is  in c re a s e  o f 

ALA p ro d u c tio n  a p p e a rs  to  be th e  r e s u l t  o f  n o n c o m p e titiv e  i n h i b i t i o n  o f  

ALA-B by EDTA (G ibson _et a l . ,  1955? G ran ick  & M a u z e ra ll ,  1958)*

The method o f  Dowdle e,t , (1967 ) ;  s l i g h t l y  m o d if ie d , was 

u sed  f o r  th e  d e te rm in a tio n  o f  e n z y m a tic a lly  form ed ALA. E xcep t where 

o th e rw is e  s t a t e d ,  th e  in c u b a t io n  m ix tu re  c o n ta in e d  in  qmoles p e r  m l: 

g ly c in e ,  100; sodium c i t r a t e ,  50 (pH 7*4)? T ris -H C l, 75 (pd 7*2 );

EDTA, 10; th e  t o t a l  in c u b a t io n  volume b e in g  200 p i .  In c u b a tio n s  were 

c a r r i e d  o u t i n  p o ly e th y le n e  m icro fuge  tu b e s  (46 ram x 4*5 mm) f o r  one hou r 

i n  a  sh a k in g  w a te r  b a th  a t  37^0 and th e  r e a c t io n  s to p p ed  by a d d i t io n  o f 

100 p i  o f  15% t r i c h l o r o a c e t i c  a c id .  The AIA g e n e ra te d  d u r in g  th e  one 

h o u r in c u b a t io n  was m easured  c o lo u r im e t r ic a l ly  a s  d e s c r ib e d  in  MATERIALS 

AND METHODS.
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1 o 2 , Ra d io c h e m ic a l As s ay Method f o r  ALA-8 A c t iv i ty

in  L iv e r  Homogenates,

T hree ra d io c h e m ic a l p ro ced u res  f o r  m easurem ent o f ALA-8 

a c t i v i t y  have been  d e s c r ib e d  ( I r v in g  & E l l i o t t ,  1969; E b e r t  e t  a l , ,

1970 ; F resh n ey  & P a u l , 1 9 7 0 )« These m ethods p e rm it m easurem ent o f 

th e  enzyme in  m inu te  q u a n t i t i e s  o f norm al t i s s u e .  The i s o to p ic  method 

f o r  e s t im a t io n  o f  ALA-8 a c t i v i t y ,  r e p o r te d  by F resh n ey  & P au l (1970) 

u t i l i z e d  u n f r a o t io n a te d  homogenate in  a  sm all in c u b a t io n  volume (30 p i 

a s  com pared to  200 p i  f o r  th e  c o lo u r im e tr ic  a s s a y ) .  An a tte m p t to  

rep ro d u ce  t h e i r  a s s a y  p ro ced u re  was u n s u c c e s s fu l ,  V/hen a  p o rp h y ric  r a t  

l i v e r  hom ogenate was u sed  a s  a  sou rce  o f  ALA-8 a c t i v i t y ,  th e  c o lo u r im e tr ic  

a s s a y  m ethod o f  Dowdle e t  a l , ,  ( I 967) gave a  s a t i s f a c t o r y  o p t i c a l  d e n s i ty  

d i f f e r e n c e .  On th e  o th e r  hand , u s in g  th e  p ro ced u re  o f  F resh n ey  & P au l 

(1970 ) o n ly  background  dpm o f  g ly c in e  were found in  ALA i s o l a t e d

by e le c t r o p h o r e s i s  from  th e  t r i c h l o r o a c e t i c  a c id  t r e a t e d  s u p e rn a ta n t  o f 

th e  in c u b a t io n  m ix tu re .  Subsequent a l t e r a t i o n  o f  th e  v a r io u s  m edia to  

th o se  d e s c r ib e d  f o r  th e  c o lo u r im e tr ic  a s sa y  r e s u l t e d  in  a  la r g e  in c re a s e  

i n  dpm o f g ly c in e  in c o rp o ra te d  in to  ALA, E le c tro p h o re s is  o f  th e

d e p ro te in iz e d  s u p e rn a ta n t  on s i l i c a  g e l t h i n - l a y e r  s h e e ts  (M alin k ro d t 

"Chromar 1000" g la s s  f i b r e  m at, im pregnated  w ith  s i l i c a  g e l ;  t o t a l  

th ic k n e s s  1 mm; Camlab, Cam bridge) was d i f f i c u l t  to  p e rfo rm . The 

th i n - l a y e r  s h e e ts ,  when m o is ten ed  w ith  0*05 M p h th a la te  b u f f e r ,  to r e  v e ry  

e a s i l y  and th u s  had to  be h an d led  w ith  ex trem e d e l ic a c y .  E lu t io n  o f  th e  

in c u b a t io n  g e n e ra te d  ALA from th e  s i l i c a  g e l t h i n - l a y e r  s h e e ts  w ith

e i t h e r  1 N IIGl o r  hyam ine hy d ro x id e  ( s c i n t i l l a t i o n  g ra d e ) y ie ld e d  

I n c o n s i s t e n t  r e s u l t s  and proved  cumbersome and v e ry  tim e consum ing.
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The ra d io c h e m ic a l p ro ced u res  o f I r v in g  & E l l i o t t  ( I 969 ) 

and E b e r t  £ t  a l , ,  ( I 970 ) u t i l i z e d  l a r g e r  in c u b a tio n  volum es (2 m l) and 

a t  l e a s t  4 'to 5 tim es  a s  much p r o te in  a s  th e  amount u sed  by F reshney  & 

P au l (1970 ) ,  In  a d d i t io n ,  i t  ap p ea red  from t h e i r  r e p o r t  t h a t  a  Dowex 

50 (h"̂  ) column p e r  a s s a y  was u sed  to  i s o l a t e  th e  new ly s y n th e s iz e d  

AIA from  th e  in c u b a t io n  r e a c t io n  mixture® T his m eant t h a t  numerous 

Dowex 50 coluamis would be re q u ir e d  a lo n g  w ith  s e v e ra l  b u ffe rs ', o f

v a r io u s  pH to  e lu te  th e  l a b e l l e d  AIA from th e  co lum ns. As a r e s u l t ,  

th e s e  two te c h n iq u e s  d id  n o t ap p e a r to  f u l f i l l  th e  re q u ire m e n ts  f o r  a s sa y  

o f  pmole q u a n t i t i e s  o f ALA in  th e  ch ick  embryo c u l tu r e  sy stem . T here

f o r e  I  d ev eloped  a  s e n s i t i v e  ra d io c h e m ic a l a s s a y  m ethod, in d e p en d en t o f 

th e  th r e e  e x i s t i n g  p ro c e d u re s , w hich p e rm its  i n v e s t i g a t io n  o f  c o n t ro l  

m echanisms in  m inu te  am ounts o f norm al t i s s u e s ,  A com parison  o f  t h i s  

ra d io c h e m ic a l a s s a y  w ith  th e  c o n v e n tio n a l c o lo u r im e tr ic  method o f Dowdle 

e t  , (1967 ) h a s  been  made.

In  th e  ra d io c h e m ic a l a s s a y  e s t im a t io n  o f ALA-8 a c t i v i t y ,  

j2-^ '^c| g ly c in e  a c t s  a s  a  p re c u r s o r  o f  ALA and u n f r a c t io n a te d  homogenate 

a s  th e  so u rce  o f  enzyme.

S e v e ra l ad v an tag es  o f  my ra d io c h e m ic a l a s s a y  when compared 

to  th e  m o d ifie d  c o l o u r i n e t r i e  a s s a y  p ro ced u re  o f  Dowdle £,t a l . ,  ( 1967) 

a r e  a s  f o l lo w s ;  ( i )  o n ly  50 mg w et w eig h t o f  c u l tu r e d  c h ic k  embryo l i v e r  

p e r  5 cm p e t r i  d is h  i s  u sed  a s  opposed to  2 x 10 cm d is h e s  c o n ta in in g  a t  

l e a s t  75 mg w et w e ig h t o f  t i s s u e  p e r  d is h  f o r  th e  c o lo u r im e tr ic  a s s a y ;  

( i i )  10 p i  o f  hom ogenate i s  r e q u ir e d  compared w ith  4OO p i f o r  th e  

c o lo u r im e tr ic  a s s a y ;  ( i i i )  a s  many a s  100 a s s a y s  may be perfo rm ed  in
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one day w hereas any more th a n  $0 a s sa y s  u s in g  th e  c o lo u r im e tr ic  

te c h n iq u e  p ro v id e d  p rob lem s: ( iv )  th e  p o ly e s te r  t h i n - l a y e r  s h e e ts ,

c o a te d  w ith  s i l i c a  g e l  P I5OO (Camag) a re  much e a s i e r  to  h an d le  th a n  

th e  s i l i c a  g e l t h i n - l a y e r  s h e e ts  u sed  by F resh n ey  & P au l (1 9 7 0 ):

(v ) once th e  t r i c h l o r o a c e t i c  a c id  s u p e rn a ta n t  o f  th e  r e a c t io n  m ix tu re  

i s  s p o t te d  and a llo w ed  to  dry  on th e  p o ly e s te r  t h i n - l a y e r  s h e e ts  th e

ALA t h a t  was g e n e ra te d  in  th e  r e a c t io n  does n o t  a p p e a r  to  degrade 

w ith  tim e : ( v i )  th e  ra d io c h e m ic a l a s s a y  r e q u i r e s  l e s s  tim e f o r  co m p le tio n

th a n  any o f  th e  p re v io u s  i s o to p ic  a s s a y  p ro c e d u re s  ( I r v in g  & E l l i o t t ,

1969 ; E b e r t  e t  a l , ,  1970? F reshney  & P a u l, 1 9 7 0 ) : ( v i i )  t h i s  ex tre m ely

s e n s i t i v e  a s s a y  i s  cap a b le  o f  d e te c t in g  ALA produced  in  pmoles q u a n t i t i e s .  

The AIjA-S a c t i v i t y  in  c u l tu r e d  ch ick  embryo l i v e r  sy stem , when a ssay ed  by 

th e  ra d io c h e m ic a l p ro c e d u re , i s  n e g l ig ib l e .  Upon a d d i t io n  o f  th e  

p o rp h y rin o g e n ic  c h e m ic a l, AIA, th e  in c re a s e  in  ALA-8 i s  e a s i l y  observ ed  

from  th e  la r g e  in c re a s e  o f  dpm o f  in  AIA and may be ,m easu red  in

pm oles ALA p e r  pg o f  p r o te in .

The in c u b a t io n  m ix tu re  f o r  th e  ra d io c h e m ic a l a s s a y  c o n ta in e d  

th e  fo l lo w in g , u n le s s  o th e rw ise  s t a t e d ,  in  pmoles p e r  m l: g ly c in e ,  10;

1 fiC g ly c in e  ( s p e c i f i c  a c t i v i t y  52 mC/mmol); sodium c i t r a t e ,  50

(pH 7*4 ) ;  T ris -H G l, 75 (pH 7 .2 ) ;  EDTA, 10; in  a  t o t a l  volume o f 20 p3.. 

The p o ly e th y le n e  tu b e s  (46  mm x 4*5 mm) were in c u b a te d  a t  57^0 in  a  

sh a k in g  w a te r  b a th  f o r  one h o u r . The r e a c t io n  was s to p p ed  by a d d i t io n  

o f  5 p i  o f  30% t r i c h l o r o a c e t i c  a c id .  The ALA produced  d u r in g  th e

in c u b a t io n  i s  s e p a ra te d  by e le c t r o p h o r e s is  and e s t im a te d  by s c i n t i l l a t i o n  

c o u n tin g , a s  d e s c r ib e d  in  MTERIALS AND METHODS.
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1 , 3* R e s o lu t io n  o f  g ly c in e  and , 3- ^ h1 ALA by

E le c t r o p h o r e s i s  on S i l i c a  Gel P o ly e s te r  S u pported  

T h in -L ay er S h e e ts ,

The th r e e  e x i s t i n g  ra d io c h e m ic a l p ro c e d u re s  f o r  m easu rin g  

ALA-8 a c t i v i t y  in v o lv e  e i t h e r  s u c c in a te  ( I r v in g  & E l l i o t t ,

1969s E b e r t  £ t  a l . ,  1970) o r  g ly c in e  (P resh n ey  & P a u l,  1970)

in c o r p o r a t io n  in to  AIA g e n e ra te d  by l i v e r  and sp le e n  hom ogenates.

However, th e  m ethods f o r  s e p a r a t io n  o f  ^ ^ C -s u b s tr a te s  from th e  new ly 

form ed [  ALA d i f f e r  f o r  each  o f  th e  th r e e  m icro  a s s a y s ,

I r v in g  & E l l i o t t  (1969 ) s tu d ie d  | l. , s uc c i na t e  

in c o r p o r a t io n  in to  AIA by m ito c h o n d r ia l  ALA-8 from  L H C -trea ted  g u in e a  

p ig  l i v e r .  T r i c h lo r o a c e t ic  a c id  s u p e rn a ta n ts  o f  in c u b a t io n  m ix tu re s  

w ere a p p l ie d  to  Dowex 50 (H ')  columns and th e  new ly g e n e ra te d  ALA

was e lu te d  by 2 M p y r id in e  a c e ta t e  b u f f e r ,  pH 6*0, The e lu a te  was 

d r i e d ,  d is s o lv e d  i n  w a te r  and co u n ted  on g la s s  f i b r e  d is c s  by l i q u i d  

s c i n t i l l a t i o n .  A l t e r n a t iv e ly ,  th e  AL/i i n  th e  e lu a te  from th e

Dowex column was c o n v e r te d  to  A LA -pyrrole by th e  method o f  U ra ta  &

G ran ick  ( 1963 ) and ch rom atographed  on t h i n - l a y e r  p l a t e s  c o a te d  w ith  

K ie s e lg e l  G7731* T h is  s e p a ra te d  A JA -p y rro le  from any p o s s ib le

A A -pyrro le  c o n ta m in a tio n . The A IA -p y rro le  was th e n  e lu te d

and  c o u n te d . To e n su re  t h a t  j l , s uc c i na t e  was in c o rp o ra te d  s o le ly  

in t o  ALA, a n tim y c in  A and m alo n a te  were added to  i n h i b i t  s u c c in ic  

deh yd rogenase  a c t i v i t y  w h ile  a r s e n i t e  in h i b i t e d  th e  u -o x o g lu ta r a te  oxidase 

sy stem  th u s  p re v e n t in g  succiny l-C oA  fo rm a tio n  from  a - o x o g lu t a r a t e , The 

l a t t e r  would be u n la b e l le d  and th u s  compete w ith  succ iny l-C oA .
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E b e r t , (19?0) r e p o r te d  a  s im i la r  m icro  method f o r

d i r e c t  d e te rm in a tio n  o f  ALA p ro d u c tio n  in  mouse sp le e n  o r  l i v e r

hom ogenatesc ALA g e n e ra te d  in  th e  r e a c t io n  by homogenate o f

sp le e n  l i v e r  in c u b a te d  w ith  a -k e to  g l u t a r a t e  o r  | l , 4 s uc c i na t e

s u b s t r a t e s  r e s p e c t iv e l y ,  i s  s e l e c t i v e ly  ad so rb ed  on to  a  Dowex 50 (H ‘ ) 

column ru n  a t  pH 5o9* M oreover, l a b e l l e d  amino a c id s  and u n re a c te d  

s u b s t r a t e s  a r e  n o t r e t a in e d  by th e  column a t  t h i s  pH and th u s  c o n ta m in a tio n  

o f  [ ALA by th e se  su b s ta n c e s  d id  n o t  o c c u r ,

F resh n ey  ejk a l , ,  (1970) e s ta b l i s h e d  a  m icro  a s sa y  p ro ced u re  

t h a t  in v o lv e d  e le c t r o p h o r e t i c  s e p a r a t io n  o f  ALA from  g ly c in e

on s i l i c a  g e l t h i n - l a y e r  s h e e ts .  The d i s t r i b u t i o n  o f  r a d i o a c t i v i t y  

co rre sp o n d ed  to  th e  ab so rb an ce  o f g ly c in e  and added m arker ALA, and 

th u s  in d ic a te d  no c o n ta m in a tio n  by o th e r  m e ta b o l i te s  w hich would i n t e r f e r e  

w ith  th e  s p e c i f i c i t y  o f  th e  a s s a y .

F ig ,  6 shows th e  s e p a r a t io n  o f g ly c in e  and --

ALA by h ig h  v o l ta g e  e le c t r o p h o r e s i s  on s i l i c a  g e l  P I50O p o ly e s te r  

su p p o r te d  t h i n - l a y e r  s h e e ts .  A sp ra y  o f th e  chrom atogram  w ith  0,1% 

n in h y d r in  in  a b s o lu te  a lc o h o l  r e v e a le d  o n ly  two s p o ts :  y e llo w  f o r  added

u n la b e l le d  ALA and p u rp le  f o r  g ly c in e .  When th e  t h i n - l a y e r  s h e e t  was 

c u t  up in t o  s e c t io n s  ( l , 5  % 2 cm) and counted  by l i q u i d  s c i n t i l l a t i o n ,  

th e  d i s t r i b u t i o n  of r a d i o a c t i v i t y  co rresp o n d ed  to  th e  n in h y d r in  s ta in e d  

c a r r i e r  ALA and g ly c in e .  Only background c o u n ts  o f  ( i . e .  below

50 dpm) from  g ly c in e  were found in  th e  ALA s p o t .  However, a

sm a ll amount o f  t a i l i n g  by ALA was o b se rv ed  in  th e  g ly c in e  s p o t ,
X 34

p o s s ib ly  due to  overla ,p  o f  ''̂ H co u n ts  in  th e  c h a n n e l. When t h i s

e l e c t r o p h o r e t i c  method was u sed  to  i s o l a t e  ^ ^ ^ 0  ALA g e n e ra te d  in  a  l i v e r
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Fig» 6» I d e n t i f i c a t i o n  o f  p ro d u c ts  by e l e c t r o p h o r e t i c  s e p a r a t io n  o f 
[3 ,5™ ^H ]& -am inolaevu lin ic  a c id  (A31A) and [2—T-4c] g ly c in e  on p o ly e s te r  
s h e e ts  c o a te d  w ith  s i l i c a  ge l»  5 M-1 o f  th e  in c u b a t io n  m ix tu re  was 
s p o t te d  on th e  s i l i c a  g e l  t h i n - l a y e r  s h e e t ,  e le o tro p h o re s e d  f o r  $0 m in u tes  
a t  150 -  195 lûA. and 3 u s in g  0»05 M p h th a la te  b u f f e r  c o n ta in in g  0 .0 1  M 
EDTA. S e c t io n s  ( I .5  ^  2 .0  cm) were c u t o u t and co u n ted  a s  d e s c r ib e d  in  
MATERIALS AMD METHODS. The in c u b a tio n  c o n ta in e d  10 |.il o f I 50 mM T ris-H O l 
in  20 mM EDTA,_pH 7*2, 10 pd o f  20 mM g ly c in e  in  100 mM sodium c i t r a t e d ,  
pH 7«4j 1 pG g ly c in e  (52 mCi/mmol ) y 1 pC [ 3 ; AI A (2 mCi/mmol)
5 p i  o f  30% t r i c h l o r o a c e t i c  a c id ,  and 5 p l  o f  I 5 mM u n la b e l le d  ALA.



5 0

hom ogenate, AA, s y n th e s is  o f w hich i s  low in  th e  p re se n c e  o f  EDTA 

(M arver £ t  a l . ,  1 9 6 6 c ), ap p ea red  to  m ig ra te  j u s t  i n  advance o f  g ly c in e  

and th u s  d id  n o t  c o n tam in a te  ALA. T his AA s p o t was n o t  alw ays v i s i b l e  

when th e  n in h y d r in  was a p p l ie d .  M oreover, th e  d i s t r i b u t i o n  o f  r a d io 

a c t i v i t y  i n  t h i s  ex p erim en t co rresp o n d ed  p r e c i s e ly  to  th e  n in h y d r in  

s ta in e d  ALA. and g ly c in e  w ith  n e g l ig ib l e  t a i l i n g  betw een th e  p ro d u c t and 

s u b s t r a t e  r e s p e c t iv e l y .  T h is  in d ic a te d  th e  ab sen ce  o f  o th e r  m e ta b o li te s  

w hich would p o s s ib ly  a l t e r  th e  s p e c i f i c i t y  o f  th e  a s s a y .  However, i f  

g r e a t e r  th a n  1 pC o f  g ly c in e  p e r  a s s a y  tu b e  were u se d , th e n  se v e re

t a i l i n g  o f  c o u n ts  o c c u rre d  betw een th e  two s e p a ra te d  com ponents.

1 ,  4• D e te rm in a tio n  o f Optimum S u b str a t e  Co n c e n t r a t io n

f o r  th e  C olo u r im e tr ic  and Radiochem ic a l  As sa y  o f

ALA-S Ac t i v i t y  in  Crude L iv e r  Homog e n a te s .

M arver £ t  pH. ,  ( 1966c ) ,  u s in g  th e  c o lo u r im e tr ic  a s s a y  

p ro c e d u re , r e p o r te d  maximal ALA s y n th e s is  and m inim al AA s y n th e s is  w ith  

100 mM g ly c in e  f o r  p o rp h y r ic  l i v e r  hom ogenate. The v a lu e s  f o r  ALA-8  

and AA-S in  th e  a s s a y  system  w ere a p p ro x im a te ly  5 mM and g r e a t e r  th a n  

150 mM, r e s p e c t i v e l y .

O ptim al s u b s t r a t e  c o n d i t io n  f o r  ALA-S a c t i v i t y  in  crude  

A lA - l iv e r  hom ogenates were d e te rm in ed  w ith  th e  c o lo u r im e t r ic  a s s a y  method 

in  o rd e r  to  d e v is e  a  s u i t a b l e  in c u b a tio n  system  f o r  th e  ra d io -c h e m ic a l 

a s s a y  m ethod. O m ission o f  c i t r a t e  a n d /o r  g ly c in e  r e s u l t e d  in  n e g l ig ib le  

ALA s y n th e s is  i n  p o rp h y r ic  o r  norm al l i v e r  hom ogenate. ALA fo rm a tio n  in  

c ru d e  l i v e r  hom ogenate was maximal w ith  100 to  200 mM g ly c in e  in  50 mM 

sodium c i t r a t e  (pH 7o4)* R e p e t i t io n  o f  t h i s  ex p erim en t u s in g  b o th
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a s s a y  p ro c e d u re s  on th e  same l i v e r  homogenate i s  i l l u s t r a t e d  in  F ig .  7» 

A lthough  th e  r a t e  o f AIA s y n th e s is  i s  h ig h e s t  w ith  100 itiI'I u n la b e l le d  

g ly c in e  f o r  th e  ra d io c h e m ic a l a s s a y ,  th e  t o t a l  dpm o f  g ly c in e

c o n v e rte d  ALA was g r e a t e s t  in  th e  absence  o f  u n la b e l le d  g ly c in e .

I t  v^as d ec id ed  t h a t  in  f u tu r e  ex p erim en ts  th e  c o lo u r im e tr ic  a s s a y  

p ro ced u re  would c o n ta in  100 mM g ly c in e  and 10 mM u n la b e l le d  g ly c in e  f o r  

th e  ra d io c h e m ic a l a s s a y  te c h n iq u e  in  o rd e r  to  e n su re  t h a t  s u b s t r a te  

c o n c e n tr a t io n  d id  n o t  become l i m i t i n g .  The f i n a l  n u m e rica l v a lu e  o f  

nm oles ALA. p roduced  p e r  g p r o te in  p e r  m inu te d i f f e r e d  betw een th e  two 

m ethods when m easu rin g  enzyme a c t i v i t y  o f  th e  sarnie hom ogenate becau se  o f 

th e  i n i t i a l  g ly c in e  c o n c e n tr a t io n s .  The ra d io c h e m ic a l te c h n iq u e , 

h ow ever, was more s e n s i t i v e  s in c e  a  s l i g h t  in c re a s e  in  ALA-8  a c t i v i t y  

cau sed  a  more n o t ic e a b le  in c rem en t o f dpm in  th e  in c u b a t io n  g e n e ra te d  

^'^cj ALA. U n fo r tu n a te ly ,  in c re a s e d  s p e c i f i c  a c t i v i t y  o f  g ly c in e  caused  

th e  a s s a y  to  be more s e n s i t i v e  b u t  le d  to  o th e r  problem s such a s  

c a sc a d in g  o f  th e  s c i n t i l l a t i o n  c o u n te r ,  c o s t  o f th e  i s o to p e ,  and poor 

r e s o lu t io n  by e le c t r o p h o r e s i s  due to  t r a i l i n g  o f  c o u n ts ,

1 . 5* E f f e c t  o f  EDTA C o n c e n tra tio n  o f ALA P ro d u c tio n

i n Crude L iv e r  Homogen a t e s .

M arver e_t a l  «, (1966c) d e s c r ib e d  a  c o lo u r im e tr ic  method f o r  

m easurem ent o f  ALA-8 a c t i v i t y  in  crude l i v e r  hom ogenates o f  norm al and 

p o rp h y r ic  an .im als. EDTA was in c lu d e d  in  th e  in c u b a t io n s  to  m inim ize 

A L A -dehydratase a c t i v i t y  and a l s o  to  red u ce  AA s y n th e s i s .  The e f f e c t  

o f  EDTA c o n c e n tr a t io n  upon ALA p ro d u c tio n  i s  shown in  F ig ,  8 , The 

lo w e s t p ro d u c tio n  o f  AIA o c c u rre d  in  th e  ab sence  o f  EDTA. ALA acc u m u la tio n
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F ige 7* Com parison o f  ra d io c h e m ic a l and c o lo r r im e t r i c  a s s a y  m ethods 
f o r  0™ am inolaevul.inic a c id  (AM) p ro d u c tio n  in  p o rp h y r ic  r a t  l i v e r  
hom ogenate a s  a  f u n c t io n  o f  g ly c in e  c o n c e n t r a t io n s . A f a s te d  r a t  
r e c e iv e d  2 d o ses  o f  4OO mg AIA p e r  kg  body w eig h t a t  24 h ou r i n t e r v a l s  
and was s a c r i f i c e d  3 h o u rs  a f t e r  th e  l a s t  dose* The l i v e r  was hom ogenised 
i n  2 volum es o f  I 50 mPl T ris-H C l and 20 Æ. PJDÏA, pH 7«2« 100 |.l3. and 10 p i
sam ples o f  hom ogenate w ere t r a n s f e r r e d  to  m icro fuge  tu b e s  c o n ta in in g  100 p i 
and 10 p i  o f  100 iriM sodium c i t r a t e  and th e  a p p r o p r ia te  g ly c in e  c o n c e n tr a t io n  
f o r  th e  c o lo u r im e tr ic  and ra d io c h e m ic a l a s s a y , r e s p e c t iv e l y .  P ro ced u res  
f o r  m easurem ent o f  ALA g e n e ra te d  d u r in g  th e  one h o u r in c u b a tio n  a t  37^0 by 
th e  c o lo u r im e tr ic  and ra d io c h e m ic a l a s sa y s  a re  d e s c r ib e d  in  I4ATSRÏALS AM) 
METHODS. Numbers w ith in  th e  sq u are  b ra c k e ts  in d i c a te  dpm o f g ly c in e
in c o rp o ra te d  in to  ALA form ed d u r in g  th e  in c u b a t io n .  The c o lo u r im e tr ic  
a,ssay m ethod m easured  ALA p ro d u c tio n  in  a  p o rp h y r ic  r a t  l i v e r  homogenate 
d i f f e r e n t  from  th e  hom ogenate u sed  in  th e  ra d io c h e m ic a l a s s a y  p ro c e d u re .
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F ige 8e ALA p ro d u c tio n  i n  p o rp h y r ic  r a t  l i v e r  hom ogenate a s  a  

f u n c t io n  o f  EBTA c o n c e n tr a t io n ,  ĈP/o hom ogenate was in c u b a te d  in  th e  

p re se n c e  o f  100 mM g ly c in e  in  50 mM sodium c i t r a t e ,  pH 7*4> and 75 

T ris -H C l, pH 7^2, f o r  th e  c o lo u r im e tr ic  a s s a y  ( a ) ,  and i n  10 mM g ly c in e ,

1 pC g ly c in e  (52 mCi/mmol) in  50 mM sodium c i t r a t e ,  pH 7»4,

and 75 mM T r is -E C l, pH 7*2, f o r  th e  ra d io c h e m ic a l ( b ) ,  and v a ry in g  

c o n c e n tr a t io n s  o f  FOTA a s  in d ic a te d *  The t o t a l  volume f o r  (a )  was 

200 p i  and (b )  20 p i*  The r e a c t io n  m ix tu re s  were in c u b a te d  f o r  40 m inu tes 

w ith  sh a k in g  a t  57^0 and th e  r e a c t io n  s to p p ed  by a d d i t io n  o f 100 p i o f 

15;?̂  t r i c h l o r o a c e t i c  a c id  f o r  (a )  and 5 p l  o f  50% t r i c h l o r o a c e t i c  a c id  

f o r  (b )c  The g e n e ra te d  AM was i s o l a t e d  and d e te rm in e d  a s  d e s c r ib e d  in  

MATERIALS AM) MFTHODS s e c t io n .

( 0 —0  , c o lo u r im e tr ic  a s s a y ;  , ra d io c h e m ic a l a s s a y )
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v a s  maximal a t  EDTA c o n c e n tra t io n  o f 10 mM w hich i s  in  agreem ent w ith  

th e  d a ta  r e p o r te d  hy M arver £ t  a l  *, (1966c) <» A lthough  no exp erim en t 

was p erfo rm ed  to  d e t e c t  AA p ro d u c tio n  a t  10 mM EDTA, i t  h as  been shovm, 

u s in g  a  s im i la r  c o lo u r im e tr ic  a s s a y  p ro ced u re  to  th e  one u sed  in  t h i s  

l a b o r a to r y ,  t h a t  AA s y n th e s is  i n  l i v e r  hom ogenates i s  i n h ib i t e d  by ab o u t 

70% and t t i a t  10 mM EDTA a lm o st co m p le te ly  b lo ck ed  th e  c o n v e rs io n  o f  ALA 

to  p o rp h o b ilin o g e n  (M arver e,t a l  *, 1 9 6 6 c), Thus, f u tu r e  ex p erim en ts  

in c lu d e d  EDTA a t  a  f i n a l  c o n c e n tra t io n  o f 10 mM to  y i e l d  o p tim a l ALA 

s y n th e s i s ,

1 . 6 , E f f e c t  o f  In c u b a t io n  Time on ALA s y n th e s is  in
Crude L iv e r  Homogenates.

P re v io u s  in v e s t ig a t io n ( M a r v e r  e t  a l . .  1966c ; Dowdle e t  a l , ,  

1967 ) have shown t h a t  KIA s y n th e s is  was l i n e a r  up to  one hou r a s  m easured 

by  th e  c o lo u r im e t r ic  m ethod o f  M arver ad » s (1966c ) ,  U sing  t h e i r  

ra d io c h e m ic a l a s s a y  m ethod, F resh n ey  & P au l ( I 970) found th e  r a t e  o f 

^^^C ALA s y n th e s is  i n  norm al mouse l i v e r  hom ogenate l i n e a r  up to  fo u r  

h o u rs  w h ile  E b e r t  o,t a l , ,  ( I 970 ) r e p o r te d  a  c u r v i l i n e a r  re s p o n s e . In  

th e  l a t t e r  c a s e ,  a  p la te a u  o f  [^ '^c] ALA p ro d u c tio n  was o b serv ed  f o r  

in c u b a t io n  g r e a t e r  th a n  90 m in u te s .

The re sp o n se  o f  ALA p ro d u c tio n  in  c ru d e  A lA - tre a te d  l i v e r  

hom ogenate i s  shown in  F ig .  9# The r e s u l t s  from  th e  c o lo u r im e tr ic  a s sa y  

m ethod showed a  l i n e a r  re sp o n se  o f ALA s y n th e s is  up to  60 m in u te s . AM 

fo rm a tio n  d e te rm in e d  by b o th  a s s a y s ,  p la te a u e d  f o r  in c u b a tio n s  above 60 

m in u te s . The dpm o f  g ly c in e  in c o rp o ra te d  in t o  new ly s y n th e s iz e d
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Fig* 9« ALA p ro d u c tio n  in  c in d e  l i v e r  homogenate from  an  AIA- 

t r e a t e d  r a t  a s  a  f u n c t io n  o f tim e . In c u b a t io n  c o n d i t io n s  and 

p ro c e d u re s  f o r  th e  c o lo u r im e tr ic  and ra d io c h e m ic a l a s s a y  m ethods a re  

d e s c r ib e d  i n  MATERIALS AMD METHODS w ith  th e  in c u b a t io n  tim e v a r ie d  a s  

in d i c a te d .  V alues^”' sq u a re  b ra c k e ts  in d ic a te  dpm o f  g ly c in e

in c o rp o ra te d  in to  ALA.

( O- -O , c o lo u r im e tr ic  a s s a y ; ra d io c h e m ic a l a s s a y )
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d u r in g  th e  in c u b a t io n  re a c h e d  a  maximum a f t e r  40 m inu tes 

w h ile  th e  ab so rb an ce  o f  th e  ALA“ p y r ro le  -  E h r l ic h  complex a t  552 nm 

ap p ea red  to  l e v e l  o f f  a f t e r  60 m in u tes  o f  in c u b a tio n  (Fig* 9)« As a  

r e s u l t  o f  t h i s  ex p erim en t i t  was d ec id ed  th a t  in c u b a t io n  tim e f o r  th e  

c o lo u r im e tr ic  and ra d io c h e m ic a l a s s a y  m ethods would be 60 amd 40 m in u te s , 

r e s p e c t iv e l y ,

1 . 7 • Com parison o f  C o lo u r im e tr ic  and R ad iochem ical A ssay

M ethods f o r  M easurem ent o f ALA as  a  F u n c tio n  o f

Crude L iv e r  Homogena/bes.

P re v io u s  r e p o r t s  u s in g  e i t h e r  th e  c o lo u r im e tr ic  a s s a y  (M arver 

^  a l , ,  1966c ) o r  th e  ra d io c h e m ic a l a s s a y  ( I r v in g  & E l l i o t t ,  1969;

E b e r t  et: a l . ,  1970; F resh n ey  & P a u l, 19?0) have shown th a t  th e  r a t e  o f 

ALA s y n th e s is  i s  p r o p o r t io n a l  to  th e  amount o f p r o te in  added to  th e  

incuba,t i o n  m ix tu re .

Fig* 10 shows th e  e f f e c t  o f v a ry in g  l i v e r  homogenate 

c o n c e n tr a t io n  upon AL/i. p ro d u c tio n , A l i n e a r  in c re a s e  o f ALA s y n th e s is  

w ith  enzyme c o n c e n tr a t io n  was o b serv ed  ov er th e  ran g e  o f 5 mg to  12 mg 

p r o te in  p e r  a s s a y  f o r  th e  c o lo u r im e tr ic  method and l i n e a r  from  'JO pg to  

270 pg p r o te in  p e r  a s s a y  tu b e  f o r  th e  ra d io c h e m ic a l te c h n iq u e .

M arver ê b a l . , (1966c) used  la r g e  am ounts o f  homogenate so 

t h a t  s a t i s f a c t o r y  o p t i c a l  d e n s i t i e s  were o b ta in e d  f o r  th e  A L A -pyrro le- 

E h r l ic h  c o lo u r  com plex. The p r e s e n t  r e s u l t s  show t h a t  th e  ra d io c h e m ic a l 

m ethod h as  th e  ad v an tag e  o f  p e rm i t t in g  use  o f  much s m a lle r  amounts o f 

t i s s u e .  From F ig ,  10 i t  i s  observ ed  t h a t  o n ly  70 to  100 pg p r o te in  were
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P ig ,  10 , R ate  o f 5»«am ino laevalin ic  a c id  (ALA) p ro d u c tio n  by d i f f e r e n t  
c o n c e n tr a t io n s  o f  p o rp h y r ic  r a t  l i v e r  hom ogenate a s  m easured by th e  
c o lo u r im e t r ic  (a )?  and ra d io c h e m ic a l (b ) a s s a y  m ethods. V ary ing  
c o n c e n tr a t io n s  o f  l i v e r  hom ogenate were in c u b a te d  in  75 niM T ris -H C l, and 
10 mil EDTA, pH 7*2, w ith  th e  s u b s t r a te s  200 rnM g ly c in e  and 100 mM sodium 
c i t r a t e  (pH 7o4)s in- a  t o t a l  volujne o f 200 p i  f o r  th e  c o lo u r im e tr ic  a ssay  
( a ) ,  o r  20 mM g ly c in e ,  1 pG g ly c in e  (52 mCi/ramol) and 100 mM
sodium  c i t r a t e  (pH 7 *4)9  i n  a  t o t a l  voluiïie o f  20 p i  f o r  th e  ra d io c h e m ic a l 
a s s a y  ( b ) .  The 40 m inu te  in c u b a tio n  a t  37*^0 i n  a  shalcing w a te r  b a th  was 
s to p p e d  by a d d i t io n  o f  100 p i  o f  15% t r i c h l o r o a c e t i c  a c id  to  ( a ) , o r  5 h i 
o f  3CÇ0 t r i c h l o r o a c e t i c  a c id  to  ( b ) .  The ALA g e n e ra te d  in  th e  r e a c t io n  
m ix tu re  was i s o l a t e d  and d e te rm in ed  a c c o rd in g  to  p ro c e d u re s  d e s c r ib e d  in  
MATERIALS Al'îD M3TH0DS. T o ta l pm oles ALA produced  p e r  tu b e  a re  p lo t t e d  
a s  a  f u n c t io n  o f  t o t a l  p r o te in  in  th e  r e a c t io n  m ix tu re .  Each p o in t  i s  a  
s in g le  o b s e rv a t io n .  B oth a s s a y  m ethods were perfo rm ed  on th e  same 
so u rc e  o f  porphynric l i v e r  t i s s u e .
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n e c e s s a ry  i n  o rd e r  to  m easure ALA s y n th e s is  i n  pm oles p e r  m in u te .

I n  c o n t r a s t ,  a t  l e a s t  2 mg p r o te in  i s  r e q u ir e d  f o r  th e  c o lo u r im e tr ic  

a s s a y  in  o rd e r  to  o b ta in  an o p t i c a l  d e n s i ty  d i f f e r e n c e  o f 0 ,1 0 . \Ihen 

b o th  a s sa y  m ethods were perfo rm ed  on th e  same p o rp h y r ic  l i v e r  homogenate 

10^ dî m were o b ta in e d  in  ALA. by th e  ^"^0 method p e r  mg o f  p r o te in  w h ile  

th e  c o lo u r im e tr ic  m ethod gave an o b serv ed  o p t i c a l  d e n s i ty  d i f f e r e n c e  o f  

0 .053  f o r  th e  same amount o f  p r o te in .  In  norm al c h ic k  embryo l i v e r  and 

c u l tu r e d  c h ic k  embryo l i v e r  th e  a c tu a l  o p t i c a l  d e n s i ty  d i f f e r e n c e s  a re  

so sm a ll (ioOo maximum ab so rb an ce  o f  c o lo u r  com plex i s  O.O3 ) t h a t  i t  i s  

im p o ss ib le  to  p la c e  s ig n i f i c a n c e  on th e  c o lo u r im e tr ic  a s s a y  r e s u l t s .

1 . 8 , C o n c lu sio n .

A new s e n s i t i v e  m ethod f o r  m easu rin g  ALA-S a c t i v i t y  has 

been  d ev e lo p ed , b ased  on th e  in c o rp o ra t io n  o f g ly c in e  in to  ALA

and u s in g  c ru d e  hom ogenate a s  th e  so u rce  o f  enzyme. E le c tro p h o re s is  o f

th e  t r i c h l o r o a c e t i c  a c id  s u p e rn a ta n ts  o f th e  in c u b a t io n  m ix tu re  on s i l i c a  

g e l t h i n - l a y e r  s h e e ts  s e p a r a te s  th e  AM from  g ly c in e .

2 , - P h y s ic a l  P r o p e r t i e s  o f  ALA-8 i n  D i f f e r e n t  T is s u e s .

S assa  & G ran ick  ( 1570 ) have p roposed  t h a t  DDC in d u c tio n  o f 

ALA-8 i n  c u l tu r e d  c h ic k  embryo l i v e r  system  o c c u rs  a t  th e  t r a n s c r i p t i o n a l  

l e v e l  and AIA in d u c t io n  a t  th e  t r a n s l a t i o n a l  l e v e l .  I t  i s  p o s s ib le  

t h a t  fo rm a tio n  o f  d i f f e r e n t  isozym es o f ALA-8 may a r i s e  depend ing  on 

w hich d rugs a r e  u sed  .to in d u ce  th e  enzyme. Thus, h e te ro g en o u s  m o le c u la r
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form s o f  th e  enzyme (a s  have been re p o r te d  to  e x i s t  f o r  A IA -induced 

A M -8 in  cock l i v e r  by O hashi & K ileuchi, 1972) in d u ced  by AIA may have 

c e r t a i n  p h y s ic a l  c h a r a c t e r i s t i c s  ( i . e .  m e ta l c a t io n  re q u ire m e n ts ,  pH 

optimum, and h e a t  s t a b i l i t i e s )  which d i f f e r  from th o se  o f  th e  DDC-induced 

iso zy m es,

A IA -induced  ALA-S, p u r i f i e d  I 50-  to  2 0 0 -fo ld  from h e p a t ic  

c y to s o l  o f  r a t  l i v e r ,  r e q u i r e s  m e ta l c a t io n s  from  maximum a c t i v i t y  and 

s t a b i l i z a t i o n  (S c h o ln ic k  a t  a 2 ;,, 1972a, b) (d e s c r ib e d  in  more d e t a i l  in  

XHTRODIJCÏION, s e c t io n  3®2). NaCl (0*3 M -  0«4 M), r e s u l t s  i n  c o n v e rs io n  

o f  th e  l a r g e r ,  b u t l e s s  a c t iv e  form  o f th e  A IA -induced ALA-S to  a  s m a l le r ,  

more a c t iv e  m o lecu le  (O hashi & K ik u ch i, 1972; S c h o ln ic k  e;b a l . ,  1972a, b ) .  

I n  com parison , V /h iting  & E l l i o t t  (1972) found t h a t  a  h ig h  s a l t  concen

t r a t i o n  (0*8 M) and a  re d u c in g  a g e n t d i t h i o e r y t h r i t o l  ( l  mhl) was r e q u ir e d  

to  c o n v e r t  th e  a g g re g a te d  form  o f h e p a t ic  m ito c h o n d r ia l  ALA from  DLO- 

in d u ced  r a t s  to  i t s  s o lu b le  form  (m o lecu la r  w eig h t o f  7 7 ,800 ) o f  g r-ea te r 

a c t i v i t y .  T rea tm en t o f  th e  c y to s o l  enzyme (m o le c u la r  w eig h t o f  178 ,000) 

u s in g  th e  same c o n d i t io n s  d id  n o t c o n v e rt i t s  m o le c u la r  w eigh t to  t h a t  

o b ta in e d  f o r  th e  s o lu b i l i z e d  m ito c h o n d r ia l enzyme.

The n a tu r e  and p h y s io lo g ic a l  s ig n i f i c a n c e ,  i f  an y , o f NaCl 

c o n v e rs io n  o f  th e  h e p a t ic  c y to s o l  A IA -induced ALA-S (O hashi & K ik u ch i,

197 2 ; S c h o ln ic k  e t  a l . ,  1972a, b ) , b u t n o t th e  c y to s o l  DDC-induced, i s  

n o t  Imovm. The d i f f e r e n t  e f f e c t  o f  NaCl may be due to  an  a r t e f a c t  

p roduced  d u r in g  th e  i s o l a t i o n  p ro c e d u re s , b u t i t  i s  f e a s ib l e  t h a t  ALA-S 

in d u ced  by AIA may have d i f f e r e n t  m e ta l c a t io n  re q u ire m e n ts  th a n  th e  

enzyme in d u ced  by DDC.
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2 . le  E f f e c t  o f  C a tio n s  on ALA-S A c t i v i t y .

ALA-S in  cxnide hom ogenates from AIA and DDC-induced c h ic k  

embryo l i v e r s  a p p e a rs  to  r e q u ir e  s im i la r  Na**" ca ti.o n  c o n c e n tr a t io n s  

(Ool M) (P igo 1 1 ) .  In  c o n t r a s t ,  a d d i t io n  o f  Mĝ   ̂ to  th e  in c u b a tio n  

m ix tu re s  d e c re a se d  th e  enzyme a c t i v i t y  f o r  b o th  d ru g  induced  enzymes 

b u t  betw een 0 ,0 2  M and Ool M th e re  was a  s i g n i f i c a n t  in c re a s e  o f

th e  DDC-induced ALA-S b u t  n o t f o r  th e  A IA -induced enzyme. I t  i s  

im p o ss ib le  to  compare th e se  r e s u l t s  w ith  th o se  o f  o th e r  i n v e s t ig a t o r s  

s in c e  th e  l a t t e r  have s tu d ie d  c a t io n  re q u ire m e n ts  o f  th e  p a r t i a l l y  

p u r i f i e d  enzyme* I t  i s  o f  i n t e r e s t ,  how ever, t h a t  b o th  ra d io c h e m ic a l 

a s s a y s  d e v ise d  by I r v in g  and E l l i o t t  (1969) and F re sh n ey  & P au l ( l9 ? 0 )  

in c lu d e d  20 mM Mg'”  ̂ i n  th e  a s sa y  in c u b a tio n  medium*

2 o 2o Com parison o f H eat S t a b i l i t y  o f AIA- and DLG-Induced

ALA-S in  Crude Homogenates o f  R at and C hick Embryo 

L iv e r  and C u ltu re d  L iv e r  C e l ls .

H eat i n a c t i v a t i o n  ex p erim en ts  perfo rm ed  on th e  p a r t i a l l y  

p u r i f i e d  m ito c h o n d r ia l  and so lu b le  ALA-S o f  p o rp h y r ic  r a t  l i v e r  

re s u ] .te d  i n  s im i la r  b e h a v io u r  o f b o th  enzyme f r a c t i o n s  (H ayashi e t  ,

1969 ) .

A com parison  o f  h e a t  s t a b i l i t y  p a t t e r n s  a t  45^8 was made 

on AIA- and LLC-induced ALA-S in  r a t  and c h ic k  embryo l i v e r  and c u l tu r e d  

m onolayer l i v e r  c e l l s  (F ig* 1 2 ) .  There was no a p p a re n t  d i f f e r e n c e  in  

th e  i n a c t i v a t i o n  p a t t e r n  f o r  e i t h e r  AIA- o r  DDC-induced enzyme in  r a t  

l i v e r  (F igo 12 , a  & b ) .  S im ila r  f in d in g s  were o b se rv ed  f o r  c h ic k  embryo
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l i v e r  and th e  c u l tu r e d  l i v e r  c e l l s  (F ig . 12 , h & c ) .  However, th e  

d é n a tu r a t io n  o f  in d u ced  enzyme a c t i v i t y  f o r  r a t .  and c h ic k  embryo l i v e r  

d i f f e r e d  from  t h a t  o f  th e  c u l tu r e d  l i v e r  c e l l s .  A f te r  10 m in u tes  o f 

hom ogenate in c u b a t io n  a t  45^8, a p p ro x im a te ly  80% o f  th e  i n i t i a l  enzyme 

a c t i v i t y  had  d is a p p e a re d  f o r  r a t  and c h ic k  embryo l i .v e r  w hereas th e re  

was l e s s  th a n  75% o f  o r ig i n a l  a c t i v i t y  f o r  c u l tu r e d  l i v e r  c e l l s .  A f te r  

20 m in u tes  o f  in c u b a t io n  a t  45^0 had e la p s e d , th e r e  was n e g l ig ib l e  enzyme 

a c t i v i t y  f o r  b o th  r a t  and c h ic k  embryo l i v e r  w h ile  even a f t e r  ^0 m in u tes  

a t  45^0 10% o f  o r ig i n a l  a c t i v i t y  s t i l l  rem ained  i n  th e  homogenate o f th e  

c u l tu r e d  l i v e r  c e l l s .

2 . 3* Com parison o f  pH Optima o f  AIA.- and DDG-Induced AIA-S

in  Crude Homogenates o f  R at and Chick Embryo L iv e r .

R ecen t s tu d ie s  on th e  dependence o f th e  a c t i v i t y  o f  th e  

f o u r  p a r t i a l l y  p u r i f i e d  form s o f  h e p a t ic  ty r o s in e  a m in o tra n s fe ra s e  on 

pH have shovrni t h a t  form  I  h as  a  h ig h e r  pH optimum (pH 8*4) th a n  th e  

o th e r  th r e e  form s ( l I ,  I I I ,  IV) (pH 7*7) ( iw a sa k i e t  a l . ,  1973).

Up to  th e  p r e s e n t  tim e th e re  have been  no p u b lish e d  r e p o r t s  

w hich compare th e  pH op tim a o f  AIA- and DDC-induced ALA-S in  crude 

hom ogenates o f  r a t  and c h ic k  embryo l i v e r .

The cu rv es  o f  th e  dependence o f  th e  AIA- and DBC-induced 

enzyme a c t i v i t i e s  on th e  pH o f  th e  in c u b a tio n  medium a re  i l l u s t r a t e d  in  

F ig ,  1 3 » In  c h ic k  embryo l i v e r ,  th e r e  was o n ly  one pH optimum f o r  th e  

DDC-induced enzyme, w h ile  th e  A lii-in d u ced  ALA-S a p p ea red  to  have two pH 

o p tim a Î ( i )  one a t  pH 7*7? w hich was i d e n t i c a l  to  t h a t  o f  th e  DDC-induced
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enzyme, and ( i i )  th e  o th e r  a t  a  low er pH o f 6 ,7 ,  In  r a t  l i v e r ,  

how ever, th e re  was o n ly  one pH optiiniim f o r  b o th  AIA- and HDC-induced 

ALA*"S* n o te w o rth y  was ( i )  th e  absence o f  a  pH optimum a t  7*7 f o r  th e  

A IA -induced enzyme in  r a t  l i v e r ,  and ( i i )  th e  d i f f e r e n c e  betw een th e  

o b se rv ed  pH optimum o f  th e  bDC-induced  enz^rrae f o r  r a t  l i v e r  (pH 6o7) 

and c h ic k  embryo l iv e x ’ (pH 7 * 7 )« These ex p erim en ts  were r e p e a ta b le  

and th e  im p o rtan ce  o f  th e s e  o b s e rv a tio n s  i s  a n a ly se d  i n  th e  blSCUSSIOH.

3 . K in e t ic s  o f  A IA -Induced In c re a s e  o f  ALA-S in

R a t L iv e r  M ito c h o n d ria  and C y to so l.

S in ce  a t te m p ts  w ere to  be made to  i s o l a t e  th e  h e p a t ic  mRHA 

f o r  ALA.-S, i t  was n e c e s s a ry  to  f in d  th e  e x p e rim e n ta l c o n d i t io n s  t h a t  

f u rn is h e d  o p tim a l l e v e l s  o f  A IA -induced enzyme a c t i v i t y .

There a re  s e v e r a l  r e p o r t s  on th e  k i n e t i c s  o f  A IA -induced 

fo rm a tio n  o f  ALA-S in  r a t  l i v e r  m ito c h o n d r ia l and c y to s o l  (Tschudy e t  s i . ,  

1966c j M arver e^  p i . ,  1966aj H arisaw a & K ik u ch i, 1966; H ayashi e t  a l . , 

1968 ; M atsuoka e t  a l . ,  I 968 ; H ayashi e t  a l , ,  1969» B e a t t i e  & S tu c h e l l ,  

1970; S te in  e t  a l_ ,, I 970 ) .  The g e n e ra l p ro ced u re  h as  been to  a d m in is te r  

A3’A (m u l t ip le  d o ses  were u s u a l ly  12 h o u rs  a p a r t )  to  f a s t e d  m ale r a t s ,  

s a c r i f i c e  th e  a n im a ls  a t  d i f f e r e n t  p e r io d s  o f  t im e , i s o l a t e  th e  h e p a t ic  

m ito c h o n d r ia  a n d /o r  c y to s o l ,  and m easure th e  ALA-8 a c t i v i t y  u s in g  th e  

c o n v e n tio n a l c o lo u r im e t r ic  a s s a y .  Tschudy £ t  a l , , ( 1963c ) ,  M arver e t  a l . . 

(1966a ) ,  and S te in  e t  a ^ . , (1970) r e p o r te d  a  pronounced r i s e  ( l .5 ~  to
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NaCLDDC
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Na CI.AiA

Mg Ck.DDC
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I Mg Cl 2,A! A J  Q
0 1 5  2 0

Figo 1 1 . E f f e c t  o f  c a t io n s  on AIA™ and ID C -induoed ô -* a m in o la e w lin ic  

a c id  s y n th e ta s e  (ALA-S) a c t i v i t y  from  c h ic k  embryo l i v e r .  A ssays o f 

AIA-8 were perfo rm ed  by th e  ra d io c h e m ic a l a s s a y  a s  d e s c r ib e d  in  th e  

MAÏEÎflALS AFJ) METHODS s e c t io n  w ith  th e  e x c e p tio n  t h a t  th e  c a t io n  

c o n c e n tr a t io n  v a r ie d  a s  in d ic a te d .  AIA™ treated l i v e r  hom ogenate, 0 —— 

M g'^, Æ A  Na ; D D C -treated  l i v e r  hom ogenate, o  O  M g'^,

14 d a y -o ld  c h ic k  embryo re c e iv e d  10 rag AIA o r  4 mg DDC
4-land were s a c r i f i c e d  9 h o u rs  l a t e r .  E xperim ents in v o lv in g  Mg were

H-perfo rm ed  s e p a r a te ly  from  th e  Na ex p erim en ts
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Fig* 12 . H eat s t a b i l i t y  o f AIA™ and DDC-induced ô -a m in o la e v u lin ic  

a c id  s y n th e ta s e  (ALA-8) i n  c ru d e  hom ogenates o f r a t  and c h ic k  embryo 

l i v e r  and c u l tu r e d  c h ic k  embryo l i v e r  c e l l s ,  50% l i v e r  hom ogenate 

c o n ta in in g  75 T ris-H C l and 10 #1 SDTA, pll 7*2, (80 p i t o t a l  

volum e) were in c u b a te d  a t  45^0 in  a  sh ak in g  w a te r b a th .  10 p i  

a l iq u o t s  were removed a t  th e  tim es in d ic a te d  and th e  ALA-S a c t i v i t y  

d e te rm in e d  by th e  ra d io c h e m ic a l a s s a y  p ro ced u re  a s  d e s c r ib e d  in  

MATERIALS AND METHODS. A 250 g f a s t e d  r a t  and a  14 d a y -o ld  ch ick  

embryo w ere re n d e re d  p o rp h y r ic  by an  i n j e c t i o n  o f  AIA (450 mg p e r  kg 

body w eig h t o r  10 rag p e r  egg , r e s p e c t iv e ly )  o r  DDC (200 mg DDC p e r  kg  

body w eig h t o r  4 mg p e r  eg g , r e s p e c t iv e ly )  f o r  5 h o u rs .  C u ltu re d  

l i v e r  c e l l s  from  I 4 d a y -o ld  c h ic k  embryos were in c u b a te d  w ith  200 pg 

AIA/ral E ag les  o r  100 pg DDC/ml E ag les  f o r  22 h o u rs  a t  57°0 , 

E x p erim en ta l r e s u l t s  a re  e x p re s se d  a s  p e rc e n ta g e  o f ALA-S a c t i v i t y  

a t  tim e 0 a t  45°0 ( O—— o  A IA -induced ALA-S; ©— — © DDC-induced 

ALA—8 ) .
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Fig'o 1 5 » Com parison o f  pH op tim a f o r  th e  AIA- and 

DhC-ind-aced ALA-8 a c t i v i t y  in  c ru d e  l i v e r  hom ogenate 

from  r a t  and c h ic k  embryo l i v e r .  ALA-8 a c t i v i t y  was 

in d u ced  in  r a t  l i v e r  by AIA (4OO m g/kg) DUG (200 m g/kg) 

and i n  c h ic k  embr^'-o l i v e r  by AIA (lO  m g/egg) o r  DDC 

(4  m g /eg g ). In  g e n e r a l ,  th e  l i v e r  was hom ogenized in  

an  eq u a l volume o f norm al s a l i n e .  T h is  homogenate 

was f u r t h e r  d i l u te d  w ith  an eq u a l volume o f  3dO raM 

T ris-H C l c o n ta in in g  40  mM EDTA (pH was v a r ie d  a s  

i n d i c a t e d ) .  100 p i  o f  t h i s  hom ogenate was t r a n s f e r r e d  

to  a  p o ly e th y le n e  m ic ro fu g e  tu b e  (46  mm x 4-5  

c o n ta in in g  100 p i  o f  200 mM g ly c in e  i n  100 mM sodium 

c i t r a t e  (pH v a r ie d  a s  i n d i c a t e d ) .  The ALA produced 

d u r in g  th e  one hou r in c u b a t io n  a t  57°C was d e te rm in ed  

by th e  c o lo u r im e tr ic  a s s a y  p ro ced u re  d e s c r ib e d  in  

MATERIALS IŒD MMTHOLS.

( s e e  pp 136-137 FOR MORE DETAIL OF Fig >3 o,bj
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0- f o l d  g r e a t e r  th a n  c o n t ro l  l e v e l s )  o f ALA-8  i n  -u n fra c tio n a te d  l i v e r  

hom ogenates one h o u r fo llo w in g  a  s in g le  i n j e c t i o n  o f  AIA (4OO mg p e r  k g ) ,  

OptirnoA enzyme a c t i v i t y ?  ap p ro x im a te ly  5^0- to  6 oO*™fold above c o n t ro l  

v a lu e s?  o c c u rre d  betw een 8 to  16 h o u rs  a f t e r  t h i s  s in g le  a d m in is t r a t io n  

o f  AIA and th e  enzyme a c t i v i t y  r e tu rn e d  to  c o n t ro l  l e v e l s  w ith in  4^ h o u rs .

F u r th e r  s tu d ie s  o f  th e  in d u c tio n  p ro c e s s  o f  AIA™S i n  r a t  

l i v e r  m ito c h o n d r ia  have shovan t h a t  s e q u e n t ia l  d o ses  o f  AIA g iv e  in c re a s in g  

le v e l s  o f  enzyme a c t i v i t y  (N arisaw a & K ilcuchi, I 966 ; H ayash i e t  a l , ,  

1969 )* The enzyme l e v e l  in c re a s e d  im m ed ia te ly  a f t e r  th e  f i r s t  dose o f 

AIA and re a c h e d  maximum a c t i v i t y  (3«0- to  4«0™IoTd above c o n t ro l  vaAues) 

w ith in  6 h o u rs .  Ih e  second a d m in is t r a t io n  o f t h i s  d ru g , 12 h o u rs  l a t e r ,  

gave r i s e  to  a n o th e r  r a p id  in c re a s e  o f enzyme a c t i v i t y .  T h is second 

in d u c t io n  p hase  to o k  p la c e  e a r l i e r  a s  l a r g e r  d o ses  o f  th e  d ru g  (up to  

250 mg p e r  kg) were a d m in is te re d  to  th e  a n im a ls . I t  was a ls o  r e p o r te d  

t h a t  a s  th e  number o f  d o ses  o f  AIA a d m in is te re d  to  r a t s  in c re a s e d ,  each 

12 h o u rs  a p a r t ,  so d id  th e  ALA-S a c t i v i t y  in  th e  u n f r a c t io n a te d  l i v e r  

hom ogenate (h a r isa w a  & K ik u c h i, I 96 .6 ) ,  i n  r a t  l i v e r  m ito c h o n d ria  

(H ayashi ^ t  , I 968 ) and in  th e  so lu b le  and m ito c h o n d r ia l  f r a c t i o n  o f 

r a t  l i v e r  (H ayash i e t  a l . ,  I 969) ,

A com parison  betw een th e  ALA-8 a c t i v i t y  in  r a t  l i v e r  

m ito c h o n d r ia l  and s o lu b le  f r a c t i o n s  e s ta b l i s h e d  t h a t  th e  l e v e l  o f  enzyme 

a c t i v i t y  changed in  c lo s e  p a r a l l e l  and in c re a s e d  b ip h a s i c a l ly  a f t e r  AIA 

a d m in is t r a t io n  (H ayashi ^  aA. ,  I 969 ; H e a t t ie  & S tu c h e l l ,  1970 ), In  

th e  e a r ly  s ta g e s  o f  in d u c t io n  a f t e r  th e  f i r s t  dose o f  AIA, maximum 

enzyme a c t i v i t y  was reac h ed  w ith in  4 h o u rs  and th e  m a jo r i ty  o f ALA-S 

a c t i v i t y  was lo c a te d  in  th e  m ito c h o n d r ia l f r a c t i o n .  However, a f t e r
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a n o th e r  dose o f  AXA? th e  enzyme a c t i v i t y  was e q u a l ly  d i s t r i b u t e d  

betw een  th e  two i s o l a t e d  t i s s u e  f r a c t i o n s .

3 o 1 , Time C ourse o f  t he A IA -induced In c re a s e  o f  ALA-S

A c t iv i ty  in  U n f ra c tio n a te d  H at L iv e r ,

Idle d a ta  p re s e n te d  by Bock £ t  sA* > ( l 9 7 l )  showed th a t  i n  

A IA - tre a te d  r a t s  enzyme in d u c t io n  i s  red u ced  in  fe d  a s  compared w ith  

s ta rv e d  a n im a ls . T h is  h as  been  confirm ed  in  t h i s  l a b o r a to r y .  In  

a d d i t io n ?  my r e s u l t s  a r e  in  g e n e ra l  agreem ent w ith  th o se  o f M arver ej;b a A ., 

( 1966a )  and H ayash i e t  aA. ,  (1969)» who r e p o r te d  th e  dose re sp o n se  o f  

h e p a t ic  ALA-8 a c t i v i t y  fo l lo w in g  a  s in g le  i n j e c t i o n  o f  AIA and showed 

t h a t  maximum l e v e l s  a r e  a t t a in e d  w ith  $00 to  45^ mg p e r  kg  body w e ig h t. 

T h e re fo re ,  450 mg AIA p e r  kg  was th e  dosage used  in  f a s t e d  an im als  t h a t  

r e c e iv e d  o n ly  a  s in g le  i n j e c t i o n .  I f  2 o r  more d ru g  a d m in is t r a t io n s  

were made, th e n  i t  became n e c e s s a ry  to  low er th e  AIA l e v e l  to  4OO mg p e r  

kg  o th e rw ise  th e  f a t a l i t y  r a t e  was h ig h ,  th e  an im a ls  g e n e ra l ly  became 

u n c o n sc io u s  a f t e r  th e  t h i r d  dose o f  AIA, and a l s o  ap p ea red  to  be s u f f e r in g  

w h ile  i n  t h e i r  in d u c ed  s t a t e  o f  p o rp h y r ia .

S tu d ie s  on th e  A IA -induced in c re a s e  in  l e v e l s  o f  ALA-S in  

r a t  l i v e r  d em o n stra ted  th e  o c c u rre n c e  o f d i s t i n c t  p h ases  which commenced 

a f t e r  each  AlA tr e a tm e n t (F ig ,  I 4 )* F a s te d  r a t s  r e c e iv e d  in t r a p e r i t o n e a l  

i n j e c t i o n  o f  4OO mg AIA p e r  kg  body w eigh t a t  12 and 24 h o u r i n t e r v a l s  

f o r  d i f f e r e n t  p e r io d s  o f tim e . As shovm, th e  maximum enzyme a c t i v i t y  

was o b ta in e d  ab o u t 3 h o u rs  fo llo w in g  th e  f i r s t  AIA d o se ja fk v w h ich  tim e 

th e  a c t i v i t y  d e c re a se d  s l i g h t l y  b u t  was m a in ta in e d  a t  a  f a i r l y  e le v a te d
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F ig ,  1 4 . Time c o u rse s  o f  AIA™induced in c re a s e  o f ALA-8 a c t i v i t y  in  

u n f r a c t io n a te d  r a t  l i v e r  hom ogenate. AIA (40  mg p e r  100 g body w e ig h t)  

was i n j e c t e d  a t  th e  tim es  in d ic a te d  Ly th e  a rro w s . Each p o in t  r e p r e s e n ts  

one e x p e r im e n ta l a n im a l. The c o lo u r im e tr ic  a s s a y  method was u sed  to  

m easure th e  ALA-S a c t i v i t y .
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l e v e l  above c o n t r o l  v a lu e s .  A second i n j e c t i o n  o f AIA a t  12 h o u rs  

a f t e r  th e  f i r s t  r e s u l t e d  in  a  second in d u c tio n  phase o f  AIA-S. T h is 

i s  i n  good ag reem en t w ith  th e  d a ta  o f H ayashi £ t  ^ 1 , (1 ^ 6 8 ), H ayashi

_et 5 (1969 ) and B e a t t i e  & S tu c h e l l  (1 9 7 0 ).

F o llo w in g  each  a d m in is t r a t io n  o f  AIA a t  0 , 12 , 24? 4 8 ? and 

72 h o u r s , th e re  was alw ays a  sh a rp  in c re a s e  i n  a c t i v i t y  w ith  maximum 

l e v e l s  re a c h e d  a t  a p p ro x im a te ly  3 h o u rs  a f t e r  each  dose (F ig , I 4 ) .

However, th e  l e v e l  o f  A IA -induced ALA-S in  th e  e x p e rim e n ta l an im als  

v a r ie d  d r a s t i c a l l y  from  one an im al to  th e  n e x t ,  and t h i s  v a r i a t i o n  

in c re a s e d  w ith  th e  number o f  d ru g  a d m in is t r a t io n s .

S e v e ra l r e p o r t s  have in d ic a te d  th a t  in  ra d  l i v e r  th e  h a l f -  

l i v e s  o f  mldtA f o r  ALA-S and th e  enzyme i t s e l f  may be ab o u t one h o u r, 

(Tschud.y e t  a l . ,  1965c ; M arver e t  a l . ,  1966a; M atsuoka e t  a l . ,  I 968 ; 

H ayash i _et a d . ,  I 969) and ab o u t 5 and 5 h o u rs  in  c h ic k  embryo l i v e r  c e l l s  

in  c u l tu r e ,  r e s p e c t iv e l y  (S a s sa  & G ran ick , 1 9 70 ), I t  sh o u ld  be 

em phasized th a t  th e s e  r e p o r t s  a r e  based  on th e  assu m p tio n  t h a t  a t  th e  

dosage u sed  purom ycin s p e c i f i c a l l y  b lo c k s  th e  a b i l i t y  o f  mRHA to  

s t im u la te  p r o te in  s y n th e s is  and ac tin o m y c in  H s p e c i f i c a l l y  i n h i b i t s  th e  

s y n th e s is  o f mMA, T hree h o u rs  a f t e r  th e  f o u r th  a d m in is t r a t io n  o f  AIA 

( ie C , 75 h o u rs  o f  AIA ex p o su re  to  th e  e x p e rim e n ta l a n im a ls , a s  shovai in  

F ig ,  14 ) ,  th e  AIA-S a c t i v i t y  in  r a t  l i v e r  was ap p ro x im a te ly  1 0 - to  1 2 - fo ld  

above norm al r a t  l e v e l s  a s  opposed to  a  3 -  to  4 - f o ld  in c re a s e  o b se rv ed  3 

h o u rs  a f t e r  th e  f i r s t  i n j e c t i o n  o f  AIA, T h e re fo re , ta k in g  in to  

c o n s id e r a t io n  t h a t  th e  l i f e  span  o f raMA f o r  ALA-8 in  r a t  l i v e r  has been 

r e p o r te d  to  be ab o u t 3 h o u rs  (Tschudy e t  a l , ,  1965c ; M arver e t  a l , ,

1966a ; Msdsuoka ejt a l , ,  I 968 ; B e a t t i e  & S tu c h e l l ,  1 9 7 0 ), th e  h ig h e r



72

l e v e l s  o f  in d u ced  enzyme a c t i v i t y  a f t e r  fo u r  d o ses  o f  AIA a s  opposed 

to  a  s in g le  a d m in is t r a t io n ,  and th e  sh a rp  in c re a s e  in  A IA -induced ALA-S 

a c t i v i t y  up to  3 h o u rs  a f t e r  each  d ru g  trea/bm ent, I  d ec id ed  th a t  

s y n th e s is  o f  mHNA f o r  ALA-8 may be maximal 3 h o u rs  a f t e r  an  AIA i n j e c t i o n  

s in c e  th e  peak  o f in d u ced  enzyme a c t i v i t y  o c c u rre d  a t  t h i s  tim e . Thus, 

RhA was i s o l a t e d  from  r a t  l i v e r s  3 h o u rs  a f t e r  e i t h e r  a  s in g le  o r 

m u l t ip le  d o ses  o f AIAo

4* R ole o f R ib o n u c le ic  A cid in  E x p erim en ta l P o rp h y r ia .

P re v io u s  i n v e s t ig a t io n s  have shown t h a t  AIA in d u c t io n  o f 

ALA-S in  r a t  l i v e r  i s  m ed ia te d  by n u c le ic  a c id s  (Tschudy a t  , 1965c; 

M arver e t  a l . ,  1966a; M atsuoka e t  a l , ,  1968; S te in  e t  a l . ,  I 969 ) .  

F u rth e rm o re  R.NA, i s o l a t e d  from  p o rp h y ric  r a t  l i v e r s  by th e  P a r is h  &

K irb y  ( I 966 ) p ro c e d u re , was r e p o r te d  to  s t im u la te  p o rp h y r in  fo rm a tio n  

(Hicîcman £ t  a l . ,  196?? 1968) o r  AIA-S a c t i v i t y  in  em bryonic c h ic k  l i v e r  

c e l l s  in  t i s s u e  o u i t u r e . These l a t t e r  i n v e s t ig a t o r s  u t i l i z e d  r a t  

l i v e r s  f o r  th e  so u rce  o f  mREA f o r  AIA-S and c u l tu r e d  c h ic k  embryo l i v e r  

c e l l s  to  t e s t  f o r  mRNA t r a n s l a t i o n  o f ALA-S f o r  th e  fo llo w in g  main 

r e a s o n s :  ( i )  th e  k i n e t i c s  o f th e  A IA -induced in c re a s e  o f  ALA-8 a c t i v i t y

in  r a t  l iv e rA w e ll docum ented (Tschudy e t  a l , ,  1965c ;  M arver e t  a l , ,  

1966a ;  N arisaw a & K ik u c h i, I 966 ; M atsuoka e t  a l , ,  I 968 ; H ayashi e t  a l .  

1969? B e a t t i e  & S tu c h e l l ,  1970; S te in  e t  a l . ,  1 9 7 0 ), ( i i )  compounds 

w hich i n h i b i t  th e  s y n th e s is  o r  b io lo g ic a l  f u n c t io n  o f n u c le ic  a c id s  

a l s o  i n h i b i t  th e  in d u c t io n  o f AIjA-S in  l i v e r  (G ran ick , 1966; M arver 

a t  a l , 5 1966a ;  R arisaw a & K ik u ch i, I 966) ,  ( i i i )  a  l a r g e  y ie ld  

o f  REA can be o b ta in e d  due to  th e  bu lky  s iz e  o f  r a t  l i v e r ,
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( iv )  e v id en ce  t h a t  exogenous REA may he in c o rp o ra te d  in to  c h ic k  embryo 

l i v e r  c e l l s  in  t i s s u e  c u l tu r e  has  been p re s e n te d  by Amos & co -w orkers  

(/unos & K earn s , 1963? Amos & M oore, 1963? Amos e t  , 1964) ? (v ) in

an im a ls  th e  r e g u la t io n  o f  haem b io s y n th e s is  a p p e a rs  p r im a r i ly  to  be a  

c o n t ro l  on th e  r a t e  o f  b io s y n th e s i s  o f th e  enzyme, ALA-S, ( v i )  th e  

ad v an tag e  o f  s tu d y in g  c e l l s  grow ing  in  m onolayers in  c u l tu r e  i s  t h a t  

th e y  can be o b se rv ed  w ith  th e  a id  o f  a  phase m icroscope and th u s  one may 

e s t a b l i s h  w h eth er th e  e f f e c t  o f an added chem ica l o r  REA i s  s p e c i f i c  o r  

i s  m ere ly  th e  r e s u l t  o f  c e l l  i n j u r y ,  ( v i i )  th e  u se  o f  c h ic k  embryo 

l i v e r  c u l tu r e  in  v i t r o  would p e rm it th e  in fe re n c e  t h a t  th e  in d u c in g  

chem ica l o r  REA a c t s  d i r e c t l y  on th e  h e p a t ic  c e l l s  and n o t v ia  o th e r  

s t i m u l i ■g e n e ra te d  from  o th e r  o rg an s a s  may happen in  ex p erim en ts  

in v o lv in g  whole a n im a ls , ( v i i i )  th e  enzyme a c t i v i t y  in  c u l tu r e d  ch ick  

embryo l i v e r  c e l l s  i s  n e g l ig ib l e ,  so any in c re a s e  i n  AlA-S a c t i v i t y  w i l l  

be e a s i l y  d e te c te d .

4 . 1 . G en era l P ro ced u re  Used f o r  I s o l a t i o n  and I d e n t i f i c a t i o n

o f  rnREA f o r  ALA~S.

R a ts ,  f a s t e d  a f t e r  th e  l a s t  two d o ses  o f  AIA ( i . e .  ap p ro x - 

.ijnate ly  48 h o u r s ) ,  were re n d e re d  p o rp h y r ic  by fo u r  i n t r a p e r i t o n e a l  

in j e c t i o n s  of AIA (4OO mg p e r  kg) i n  p ro p y len e  g ly c o l a t  24 h o u r p e r io d s  

and k i l l e d  5 h o u rs  a f t e r  th e  l a s t  dose (a s  su g g e s te d  in  RESULTS, 3« l ) « 

C o n tro l r a t s  r e c e iv e d  s im i l a r  volum es o f p ro p y len e  g ly c o l w ith o u t AIA.

A t th e  tim e o f  d e a th ,  th e  l i v e r s  were p u ic k iy  removed and p la c e d  in  

c ru sh ed  i c e ,  A sm all sam ple (0 ,1  -  0 .2  g) o f  l i v e r  was removed and th e  

ALA-S a c t i v i t y  d e te rm in e d  u s in g  th e  Dowdle e t  a l . ,  ( I 967 ) c o lo u r im e tr ic
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a s s a y  m ethod. ENA was i s o l a t e d  from  th e  rem a in in g  l i v e r  u s in g  th e  

s p e c i f i e d  p ro c e d u re .

14-  to  18 d a y -o ld  c h ic k  embryo l i v e r s  w ere c u l tu r e d  u s in g

10 cm p e t r i  d is h e s  (2 d is h e s  p e r  a s s a y )  and a llo w ed  18 h o u rs  a t  57°G

to  form  com plete  m o n o lay e rs . The o ld  medium was d is c a rd e d  and th e  

c e l l s  were washed th r e e  tim es  w ith  warm (37°C) E a g le s  to  remove any  c a l f  

serum t h a t  may c o n ta in  RNase. E ag les  p lu s  th e  ENA to  be t e s t e d  wa-s

added to  2 d is h e s  and in c u b a te d  a t  37^8 f o r  3*5 h o u rs .  C e l ls  were

h a rv e s te d  from  th e  2 d is h e s  and a ssay ed  in  d u p l i c a te  f o r  AÏA-S a c t i v i t y .

4 . 2 . I n c r e a s e o f  AIA-S A c t iv i ty  in  C u ltu re d  C hick

L iv e r  C e l ls  by R at L iv e r  I s o la t e d  by Di f f e r e n t  M ethods.

V ario u s  c e l l u l a r  EI'̂ As were i s o l a t e d  from  p o rp h y r ic  and 

nor-mal r a t  l i v e r s  and were t e s t e d  f o r  a b i l i t y  to  in c re a s e  AIA-S a c t i v i t y  

in  c u l tu r e d  em bryonic c h ic k  l iv e r .c e lU .

4* 2 , 1 . E ibosom al ENA (^Parish & K irb y , 1966 ).

Skea _^t a l . ,  ( 1970) r e p o r te d  th a ,t p o rp h y r ic  r a t  l i v e r  ENA

(P-RNA), i s o l a t e d  by th e  P a r is h  & K irby  method ( I 966) ,  caused  a  2 -  to

3- f o l d  in c re a s e  in  ALA-S a c t i v i t y  in  em bryonic c h ic k  l i v e r  c e l l s  in  

c u l tu r e  a t  a  c o n c e n tr a t io n  o f  0 ,2  mg ENA p e r  ml E ag les  medium. T h is  

e f f e c t  was n o t  o b se rv ed  f o r  c u l tu r e s  in c u b a te d  w ith  norm al r a t  l i v e r  ENA 

(N-RNA). M oreover, in c u b a t io n  o f  RNase w ith  t h i s  P-RNA p r io r  to  i t s

a d d i t io n  to  th e  c u l tu r e d  c e l l s ,  a b o l is h e d  th e  in d u c t io n  e f f e c t .

F r a c t io n a t io n  o f  t h i s  P-RNA on Sephadex G-lOO by th e  method o f Kay &
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Cooper ( 1969 ) in d ic a te d  t h a t  th e  b io lo g ic a l ly  a c t iv e  RM was o f  low 

m o le c u la r  w e ig h t. These s tu d ie s  u sed  th e  c o lo u r im e tr ic  a s s a y  

p ro ced u re  to  m easure ALA-S a c t i v i t y .

I s o l a t i o n  o f  P-REA in  t h i s  l a b o ra to r y  by th e  P a r is h  & K irby  

(1966 ) p ro c e d u re  from  th e  l i v e r s  o f  p o rp h y ric  r a t s  (a s  d e s c r ib e d  in  

RESULTS 4« 1 ) f a i l e d  to  in c re a s e  AIA-S a c t i v i t y  in  c u l tu r e d  c h ic k  embryo 

l i v e r  c e l l s  above c o n t ro l  l e v e l s .  The enzyme a c t i v i t y  was d e te rm in ed  

u s in g  th e  c o lo u r im e tr ic  a s s a y  m ethod o f Lowdle e_t a l_ ., ( I 967 ) .  An 

a c t iv e  P-RM  w hich Skea ,e t e l  * > (1970 ) had i s o l a t e d  and was knov/n to  

carise in d u c t io n  o f  ALA-S in  c u l tu r e d  c e l l s  was t e s t e d  on 7*5% sodium 

d o d ccy l s u lp h a te  (SDS) p o ly a c ry la m id e  g e ls  f o r  th e .p r e s e n c e  o f low 

m o le c u la r  w eig h t REA. When th e  g e ls  were scanned  a t  Ag^^, o n ly  48 was 

p r e s e n t  in  t h e i r  P-R.NA p r e p a r a t io n .  However, a l l  o f my P-Rl'ÏA 

p r e p a r a t io n s ,  w hich were i s o l a t e d  by th e  same p ro c e d u re , d id  n o t  c o n ta in  

4S a s  in d ic a te d  by i t s  ab sence  on th e  7 «5% SUS p o ly a c ry la m id e  g e l s .  

A lthough  i s o l a t e d  by th e  same method (a s  d e s c r ib e d  by P a r is h  & K irb y ,

1966) th e  d i f f e r e n c e  in  my rRNA p re p a r a t io n  and t h a t  o f  Skea £ t  a l , ,  may 

be due to  one c r i t i c a l  s te p  i n  th e  RNA p r e p a r a t iv e  p ro c e d u re . A t one 

s ta g e  d u r in g  th e  P a r is h  & K irby  ( 1966) p r e p a r a t io n  o f r ib o so raa l RNA (rRNA) 

and r a p id ly  l a b e l l e d  RNA from  r a t  l i v e r ,  th e  e th a n o l p r e c i p i t a t e d  t o t a l  

c e l l u l a r  n u c le ic  a c id s  (DM and RNA.) were d is s o lv e d  in  0 = 1 M sodium 

a c e t a t e .  In  o rd e r  to  s e p a r a te  DMA and t r a n s f e r  RNA from  th e  d e s i r e d  

rRNA, s o l id  NaCl i s  added to  g iv e  a  5 M s o lu t io n  and l e f t  a t  - 5^8 f o r  

a b o u t 15 h o u rs . T h is a llo w ed  o n ly  th e  rRNA to  p r e c i p i t a t e  le a v in g  th e  

UNA and t r a n s f e r  RNA d is s o lv e d  in  0 ,1  M sodium a c e t a t e .  However, Skea 

e t  s i . , ( 1970 ) d id  n o t  remove a l l  o f  th e  t r a n s f e r  RNA w hereas I  had
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co m p le te ly  e l im in a te d  a l l  t r a c e s  o f  i t .  T h is  su g g e s te d  t h a t  th e  

a c t i v e  RNA was p o s s ib ly  o f  low m o le c u la r  w e ig h t, t h a t  i s ,  below  188 rRNA.

4c 2 , 2 . P o ly rib o so m a l RM (Henshaw, I 968) .

R a ts  were re n d e re d  p o rp h y r ic  by AIA in j e c t i o n s  (d e s c r ib e d  

i n  RESULTS, 4 = l )  and p o ly rib o so m a l RNA was i s o l a t e d  from  t h e i r  l i v e r s  

a c c o rd in g  to  th e  m ethod o f  Henshaw ( I 968) ,  P rim ary  c u l tu r e s  o f ch ick  

embryo l i v e r s  were in c u b a te d  w ith  E ag les  medium c o n ta in in g  th e  RNA to  be 

t e s t e d  f o r  i t s  i n d u c i b i l i t y  o f  AIA-S, As shovm i n  T ab le 4? o n ly  th e  

c u l tu r e d  c e l l s  exposed to  P-RNA had a  2 - f o ld  in c re a s e  in  ALA-S a c t i v i t y  

above th e  v a lu e s  o b ta in e d  f o r  c e l l s  in c u b a te d  w ith  N-RNA o r  w ith o u t any 

RNA. I n  a d d i t io n ,  th e  a b i l i t y  o f  P-RNA to  in c r e a s e  ALA-S a c t i v i t y  in  

c h ic k  embryo l i v e r  c e l l s  in  c u l tu r e  was a b o l is h e d  by p re v io u s  in c u b a tio n  

w ith  p u r i f i e d  p a n c r e a t ic  r ib o n u c le a s e  (RNase) (p ro p o r t io n  10 mg RNA -5- 

0 ,5  rjig RNase a t  37^8 f o r  12 h o u rs , pH 7*5) • TSiis in d u c t io n  e f f e c t  was 

r e p e a ta b le  from  one p r e p a r a t io n  to  a n o th e r  o f  p o rp h y r ic  p o ly rib o so m al RM,

4 . 2* 3« O ther RNA S h e c ie s .

O ther h e p a t ic  c e l l u l a r  RNAs, such  a s  n u c le a r  (m o d ified  

Henshaw m ethod, I 968 ) ,  t r a n s f e r  RNA (henshaw m ethod, I 968 ) ,  whole 

c y to p la sm ic  (m o d ified  Henshaw m ethod, I 968) ,  r ib o so m a l (P a r is h  & K irb y , 

1966 ) ,  and p o ly rib o so m a l (Henshaw m ethod, I 968) were i s o l a t e d  from poo led  

l i v e r  o f  4 r a t s  t h a t  had  been  re n d e re d  p o rp h y r ic  by AIA tre a tm e n t (as  

d e s c r ib e d  in  RESULTS 4* l )  and from  l i v e r s  o f  norm al r a t s .  The AIA- 

in d u ced  in c re a s e  o f  ALA-S a c t i v i t y  in  th e  ra ,t l i v e r s  ran g ed  from  20*3 to
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Table 4

In c re a s e  o f  ALA-S A c t iv i ty  in  C u ltu re d  Chick Embryo L iv e r  C e l ls  

A f te r  In c u b a t io n  w ith  P o ly rib o so m al RNA

ALA-S a c t i v i t y  i n  r a t  
l i v e r  u sed  a s  so u rce  
o f  RNA
(nm oles A L A /gpro te in /m in)

Source o f IŒA ALA-S a c t i v i t y  in  c u l tu r e d  
c e l l s  a f t e r  in c u b a tio n  w ith  
o r  w ith o u t RItA 
(nm oles A L A /gpro te in /m in )

C o n tro l 
(no RNA)

7.4
7 .0

10.2
11.1

I I I

7.9

3.2  6.6  5.7 P o ly rib o so m al 8 .6
RNA from  7•6
norm al r a t s

12.3 9 .0

70.5 88.8 137.0 Poljoribosom al 1 8 .6  
RNA from  AIA 2 0 .6  
in j e c te d  r a t s

20.4 17.1

7 0 .5  8 8 .8  1 3 7 .0 P o ly rib o so m al 
RNA from AIA 
in j e c te d  r a t s  
in c u b a te d  
w ith  RNase

7.3 8.8
7.9

I^ ', 11^’, I I I ^  a r e  tir re e  s e p a ra te  e x p e rim e n ts .

P o ly rib o so m a l RNA was i s o l a t e d  from  r a t  l i v e r s  by th e  method d e s c r ib e d  
by Henshaw ( I 968 ) ,

The c o lo u r im e t r ic  a s s a y  was u sed  to  m easure th e  ALA-S a c t i v i t y .
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43*6 nm oles ALA p e r  g p r o te in  p e r  m inute a t  37°C w h ile  l e v e l s  i n  c o n t ro l  

r a t s  were 1 .2  to  4«3 nm oles ALA p e r  g p r o te in  p e r  m inu te  a t  37°C. RNA, 

L oth  P-RNA and N-RNA a t  0*2 mg p e r  ml o f E a g le s , was in c u b a te d  w ith  th e  

p rim ary  c u l tu r e s  a t  37^8 f o r  3 .5  h ou rs a f t e r  w hich th e  enzyme a c t i v i t y  

was d e te rm in e d  by th e  c o lo u r im e tr ic  a s s a y  method o f Dowdle e t  a l . , ( I 967 ) .  

As shown i n  T ab le  5 th e  r e s u l t s  in  column (a )  and (b ) in d ic a te d  t h a t  th e  

a c t iv e  RNA e x i s t s  s o le ly  in  th e  p o ly rib o so m al RNA p re p a ra tio n *

4 . 2 1 4 » ALA-8 A c t iv i ty  in  Cul t u r e d  Ce l l s  A f te r  In c u b a t io n

w ith  288, 188 , and Below 188 Ribosom al RNA F ra c t io n s

From B io lo g ic a l ly  A c tiv e  P o ly rib o so m a l RNA.

Hickman e t  a l . , ( I 967) r e p o r te d  t h a t  th e  rib o so m a l RNA, 

i s o l a t e d  from  th e  l i v e r s  o f  A IA -tre a te d  r a t s  by th e  P a r is h  & K irby  ( I 966) 

te c h n iq u e , c o n ta in e d  a  r a p id ly  l a b e l l e d  component t h a t  sed im en ted

s l i g h t l y  above th e  188 rib o so m a l RNA in  a  l i n e a r  su c ro se  g r a d ie n t .  In

t h i s  la b o r a to r y ,  p o ly rib o so m a l p o rp h y ric  RNA (P-RNA), w hich was 

p re v io u s ly  t e s t e d  aiid known to  induce  ALA-S in  c u l tu r e d  c e l l s ,  was 

f r a c t i o n a t e d  in to  288, 188, and below  188 r ib o so ra a l Rl̂ fA f r a c t io n s  u s in g  

su c ro se  d e n s i ty  c e n t r i f u g a t io n  (se e  MTERIALS AND Î-DETHODS f o r  d e t a i l ) .

As i l l u s t r a t e d  i n  T ab le 6 , columns 1 and 2 , th e  f r a c t i o n  c o n ta in in g  188 

rRNA induced  th e  g r e a t e s t  in c re a s e  o f  ALA-S a c t i v i t y  in  th e  c u l tu r e d  c e l l s ,  

a l th o u g h  some in c re a s e d  a c t i v i t y  was observ ed  f o r  th e  f r a c t i o n  c o n ta in in g  

th e  288 rRNA, B io lo g ic a l ly  a c t iv e  p o ly rib o so m a l RNA, which vras f r a c t i o n 

a te d  and u sed  i n  ex p erim en ts  1 amid 2 in  T able 6 , was a g a in  f r a c t io n a t e d

by su c ro se  d e n s i ty  c e n t r i f u g a t io n .  However, th e  188 rl'iNA peak was 

d iv id e d  in to  a  l e f t  and r ig h t -h a n d  f r a c t i o n s .  When a l l  f r a c t i o n s ,  t h a t
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Table 5

ALA-S Activity in Embryonic Chick Liver Cells in CMture Incubated 
with Different Hepatic Cellular RNAs

Treatment of cells with 
Eagles medium plus?

ALA-S activity in cultured cells after 
incubation with RNA

(a) (t)
Control (no RNA) 5.0 5.5
N-Ribosomal RNA 2*9 4.0
P-Ribosomal RNA 5.4 5.9
N-Cytoplasmic RNA 5.5 5.5
P-Cytoplasmic Rl'fA 2*9 5.5
N-Transfer RNA 4.5 5.0
P-Transfer RNA 2.2 2.6
N-Nuclear RNA 2.2 1.9
P-Nuolear IN̂ A 2.1 1.8
N-Polyribosomal RNA 2*9 5.8
P-Polyribosomal RNA 8.2 9.1

(a) and (b) are separate incubations using the same RNA preparation. 
ALA-S activity, measured by the colourimetric assay, is expressed in 
nmoles ALA/gprotein/min at 37̂ 0.
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i s  288, u n f r a c t io n a te d  188, th e  l e f t -  and r ig h t - h a n d  f r a c t i o n s  o f  188 

rRNA, were t e s t e d  i n  c u l tu r e d  ch ick  embryo l i v e r  c e l l s  f o r  i n d u c i b i l i t y  

o f  ALA-S, th e r e  was no in c re a s e  in  enzyme a c t i v i t y  f o r  any f r a c t i o n  

e x c e p t th e  u n f r a c t io n a te d  IBS rîîNA (T ab le  6 ) .

4* 2e 5® Com parison o f  C o lo u rim e tr ic  and R ad iochem ical A ssays 

f o r  M easurem ent o f RNA M ediated  In c r e a s e  o f  ALA-S 

A c tiv i t y  in  Cul tu re d  Chick Ihibryo L iv er  C e l l s ,

I n  th e  p re v io u s  s e c t io n  ( 4 . 2 , 4 )? th e  ex p erim en ts  used  th e  

c o lo u r im e tr ic  a s s a y  to  m easure th e  AIA-S a c t i v i t y  in  c u l tu r e d  c h ic k  

embryo l i v e r  c e l l s  a f t e r  in c u b a tio n  w ith  P-RNA and N-RNA o f v a r io u s  

m o le c u la r  s i z e s .  P r e p a r a t io n  o f th e se  RNA f r a c t i o n s ,  a s  w e ll a s  th e  

amount o f c u l tu r e d  l i v e r  t i s s u e  n e c e s s a ry  f o r  each  e x p e rim en t, proved  

v e ry  la b o r io u s .  A t l e a s t  20 250 g r a t s  (10 r a t s  f o r  norm al p o ly rib o so m a l

RNA and 10 f o r  p o rp h y r ic  p o ly rib o so m al RNA) were r e q u ir e d  to  p ro v id e  

enough c rude  p o ly rib o so m a l RNA i n  o rd e r  t h a t  a f t e r  f r a c t i o n a t i o n  by 

su c ro se  d e n s i ty  c e n t r i f u g a t io n ,  a t  l e a s t  8 mg o f  e i t h e r  288, 188, o r 

below  188 rRNA f r a c t i o n s  were o b ta in e d . T h is am ount o f each  IRÏA f r a c t io n  

e n ab led  th e  ex p e rim en ts  to  be r e p e a te d  u s in g  th r e e  d i f f e r e n t  s e t s  o f  

c u l tu r e d  l i v e r  c e l l s .  To p ro v id e  enough o f  t h i s  f r a c t i o n a t e d  RNA f o r  

t e s t i n g  in  c u l tu r e d  c e l l s ,  two c e n t r i f u g a t io n s  o f  th e  crude  p o ly rib o so m al 

RNA, each  l a s t i n g  $2 h o u rs  in  le n g th ,  were r e q u i r e d .  T h e re fo re , th e  

ra d io c h e m ic a l a s s a y  m ethod, d e s c r ib e d  p re v io u s ly ,  which would r e q u i r e  pg 

q u a n t i t i e s  o f RNA, m easure ALA p ro d u c tio n  d i r e c t l y  and u se  1 x 5 cm p e t r i  

d is h  o f  c u l tu r e d  l i v e r  t i s s u e  p e r  a s s a y  a s  opposed to  2 x 10 cm d is h e s ,

W3.S em ployed.
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Table 6

AÎA-S A c t iv i ty  i n  C u ltu re d  C e lls  a f t e r  In c u b a t io n  w ith  28S* 18S, 

and below  188 R ibosom al RNA F ra c t io n s

T rea tm en t o f  c e l l s  w ith  AIA-S a c t i v i t y  in  c e l l s  a f t e r  in c u b a tio n
E ag les  medium p lu s  : w ith  RNA

(1 )  (2 )  (5 )

C o n tro l (no RNA) 2*1 1 .1  1 .3

N 288 RNA 1*6 1 .1

P 288 RNA 3 .7  4 .4  3 .0

N IBS RNA 0 .8  0 .9

P IBS RNA 5 .9  6 .8  6 .8

P LtlS IBS ENA . -  -  5 ,2

P RHS 188 RNA -  -  2 .2

N below  IBS RNA 1 .3  2 .4

P below  IBS RNA 1 .6  4 .2  2 .6

U n f ra c t io n a te d  N-RNA 2 .3  1*9

U n f ra c t io n a te d  P-RNA 8 ,5  8 .2  8 ,4

(1), (2), & (3) are three separate experiments,
ALA-S a c t i v i t y ,  a s  m easured  by th e  c o lo u r im e tr ic  a s s a y  m ethod, i s
e x p re s se d  in  nm oles ALA/g p ro te in /m in  a t  37 0 ,

O rc in o l e s t im a t io n s  in d ic a te d  a p p ro x im a te ly  0*2 mg RNA p e r  ml
o f  E a g le s  medium e x c e p t f o r  th e  u n f r a c t io n a te d  N-RNA and P-RNA which 
w ere 0*36 and 0 .2 9  mg RNA p e r  ml E a g le s ,  r e s p e c t iv e l y .
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P o ly rib o so m a l RNA was i s o l a t e d  by th e  method d e s c r ib e d  

by Henshaw ( I 968 ) from  nomiad. (N-RNA) and p o rp h y r ic  (P-RNA) r a t  l i v e r s .

RNA (0 ,2  rag p e r  ml E a g le s  medium, 5 ml p e r  d is h  o f  c u l tu r e d  c e l l s ,  2 

d is h e s  p e r  a s s a y )  was d is s o lv e d  in  E ag les medium and in c u b a te d  w ith  

th e  cu ltm ?ed  l i v e r  c e l l s  f o r  3*5 h o u rs  a t  37°C, The c o lo u r im e tr ic  and 

ra d io c h e m ic a l a s s a y  m ethods w ere perform ed  on th e  same hom ogenate. As 

shown in  T ab le  7? o n ly  th e  P-RNA m ed ia ted  an in c r e a s e  o f AIA-S a c t i v i t y  

o v e r  c o n t r o l  l e v e l s  a s  d e te c te d  by th e  c o lo u r im e tr ic  a.ssay . In  

c o n t r a s t ,  and s u r p r i s in g ly ,  th e  r e s u l t s  from th e  ra d io c h e m ic a l a s s a y  

in d i c a te d  no in c re a s e  o f  enzyme a c t i v i t y  f o r  c u l tu r e d  c e l l s  in c u b a te d  

w ith  P-RNA (o v e r c o n t ro l  l e v e l s ) .  Due to  th e  outcome o f t h i s  ex p erim en t 

th e  c o lo u r im e tr ic  a s s a y  was c o n s id e re d  in  d e t a i l .  The a c tu a d  

ab so rb a n c e s  from  th e  t e s t  and t r i c h l o r o a c e t i c  a c id  in c u b a tio n  m ix tu re s  

(d e s c r ib e d  in  MATERIALS AND I'ffiTKODS), o b ta in e d  from  th e  c o lo u r im e tr ic  

m easurem ent o f  ALA in  hom ogenates o f  c u l tu r e d  l i v e r  c e l l s  in c u b a te d  w ith  

P-RNA, ran g ed  from  0 ,1 5 0  to  0 ,0 8 0  r e s p e c t iv e ly ,  and f o r  N-RNA, 0 .120  to  

0 ,0 8 0 , r e s p e c t iv e l y .  In  a  p e rs o n a l com m unication from  Skea e t  a l . , 

th e y  in d ic a te d  th a t  d i f f e r e n c e s  in  ab so rb an ces  from  th e  c o lo u r im e tr ic  

a s s a y  o f  t e s t  and t r i c h l o r o a c e t i c  a c id  in c u b a tio n  m ix tu re s  o b ta in e d  were 

s im i la r  to  th e  above v a lu e s  from t h i s  l a b o r a to r y .  M oreover, th e y  s t a t e d  

t h a t  d u p l ic a te  d e te rm in a tio n s  by th e  c o lo u r im e tr ic  a s s a y  u s in g  th e  same 

hom ogenate (o b ta in e d  from  c u l tu r e d  l i v e r  t i s s u e  in c u b a te d  w ith  P-RNA) 

re n d e re d  in d e c i s iv e  r e s u l t s .  Nor exam ple, a  d u p l ic a te  d e te rm in a tio n  

gave ab so rb a n c e s  o f  0 ,1 5 0  and 0 ,130  f o r  t e s t  in c u b a t io n  m ix tu re s  w h ile  th e  

t r i c h l o r o a c e t i c  a c id  v a lu e s  were 0 .080  to  0 ,0 9 0 . These a m b ig u it ie s  in  

th e  ab so rb an ce  v a lu e s  made i t  v e ry  d i f f i c u l t  to  d e te rm in e  w hich ones were 

a  t r u e  r e p r e s e n ta t io n  o f  ALA p ro d u c tio n .
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Table 7

Comparison of Colourimetric and Radiochemical Assays for Measurement 
of Increased ALA-S Activity in Cultured Chick Enbryo Liver Cells by

Rolyribosomal RNA

Incubation of cuH-tured 
cells with Eagles medium 

plus:
ALA-S activity in cultured cells after 

incubation with RNA 
Colourimetric assay Radiochemical assay

Control (no RNA)

Normal polyribosomal ENA

2.9

2.8

1.4

1.6

Porphyric polyribosomal
RNA 6.5 1.7

Allyli s opropylacetamide 
(200 pg/ffil) 8 ,4 9.4

Polyribosomal RNA, isolated from the livers of normal and porphyric 
(4 doses of AIA at 4OO rag per kg) by the method described by Henshaw
(1968)5 was incubated with cultured chick embryo liver cells for 
3 .5 hours at 37̂ 0, ALA-S activity was determined by the colourimetric
method (Dowdle ,et , 196?) and my radiochemical assay, Orcinol
estimations indicated approximately 0,2 rag RNA per ml Eagles.
ALA-S activity is expressed as nmoles ALA/gprotein/min at 57̂ 0.
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P re v io u s ly ,  I  r e p o r te d  in  th e  RESULTS, s e c t io n  4« 2* 4 » t h a t  

o n ly  IBS n:RRA f r a c t i o n ,  a s  s e p a ra te d  from  p o rp h y r ic  p o ly rib o so m a l RNA by 

su c ro se  d e n s i ty  c e n t r i f u g a t io n ,  in c re a s e d  ALA-S a c t i v i t y  in  c u l tu r e d  

c e l l s  above c o n t ro l  l e v e l s .  However, in  th o se  e x p e r im e n ts , th e  c o lo u r

im e t r i c  a s s a y  method was employed to  m easure th e  enz^mie a c t i v i t y .  S in ce  

th e n  i t  h as  been  o b se rv ed  (T ab le  7? and a s  m en tioned  in  th e  above p a ra 

g rap h ) t h a t  th e  c o lo u r im e tr ic  a s s a y  gave in c o n c lu s iv e  r e s u l t s  which were 

n o t  in  ag reem en t w ith  th o s e  o f  th e  ra d io c h e m ic a l a s s a y ,  and i t  was 

d e c id e d  to  t e s t  th e s e  same RNA f r a c t io n s  f o r  i n d u c i b i l i t y  in  c u l tu r e d  

c h ic k  embryo l i v e r  c e l l s  and m easure th e  enzyme a c t i v i t y  u s in g  th e  r a d io 

ch em ica l a s s a y  m ethod. As i l l u s t r a t e d  in  T able 0 , none o f th e  RNA 

f r a c t i o n s  from  P-RNA in c re a s e d  th e  enzyme a c t i v i t y  above v a lu e s  o b ta in e d  

f o r  c e l l s  in c u b a te d  w ith  th e  N-RNA f r a c t io n s  o r  w ith o u t any RNA ( c o n t r o l ) .  

T here w ere no d i f f e r e n c e s  in  th e  number o f dpm o f  g ly c in e

in c o rp o ra te d  in to  th e  in c u b a tio n  g e n e ra te d  ALA f o r  c o n t r o l ,  N-RNA,

and P-RJM t r e a t e d  c e l l s .  In  a d d i t io n ,  AIA in c re a s e d  AM-S a c t i v i t y  

w hich in d ic a te d  t h a t  in d u c t io n  co u ld  o ccu r i n  th e s e  c u l tu r e d  c e l l s .

B ecause o f th e  d is c r e p a n c ie s  in  a b so rb an ces  o b ta in e d  from 

th e  c o lo u r im e tr ic  a s s a y  d e te rm in a tio n  in  t h i s  la b o r a to r y ,  which a r e  in  

ag reem en t w ith  th o s e  o f  Skea a t  a d . ,  (1970)? and due to  th e  f a i l u r e  by 

th e  ra d io c h e m ic a l a s s a y  to  d .e te c t any ENA m ed ia ted  in c re a s e  o f  enzyme 

a c t i v i t y ,  I  c o n s id e re d  t h a t  th e  p re v io u s  r e p o r t s  by Hickman e_t a l , , (1967 , 

1968 ) and Skea £ t  a l „, (1970)? which in d ic a te d  ENA in d u ced  ALA-S a c t i v i t y  

in  c u l tu r e d  l i v e r  c e l l s ,  to  be i n s i g n i f i c a n t  and in v a l id .
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Table 8

Measurement of ALA-S Activity in Cultured Chick Embryo Liver Cells 
Incubated with RNA of Various Molecular Sizes

Incubation of cells with 
Eagles medium plus;

Control (no RNA)

N 2BS E m  

P 288 ENA 

N 188 RNA 

P 188 ENA 

N below 188 RNA 

P below 188 RNA 

Unfractionated N RNA 

Unfractionated P RNA 

AIA (200 pg/ral)

ALA-S activity in cells after 
incubation with RNA

2*7

2*9

1.4

1.5 

2 .9

1.7 

2.3

2.7

2.5

8.6

ALA-S activity, as measured by the radiochemical assay method, is 
expressed in nmoles A U i/g protein/min at 37̂ 0
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The p o ly a n io n , d e x tra n  s u lp h a te ,  and th e  c a t io n ic  

d ie  thy  1 amino e th y l  d e x tra n  (.DEA.E d e x tra n )  have been  u sed  in  whole an im al 

and c u l tu r e d  c e l l  ex p erim en ts  to  p re v e n t d e g ra d a tio n  o f  added RM by 

e x t r a c e l l u l a r  and endogenous r ib o n u c le a s e s  (.D ianzian i £ t  od « ? 1970?

Deckers & P i l c h ,  1 9 7 1 )« Up to  th e  p r e s e n t  tim e , i t  h as  been assumed 

t h a t  th e  bond e s ta b l i s h e d  betw een REA and DEÂE d e x tra n  o c c u rs  a lo n g  th e  

n u c le ic  a c id  p hosphate  backbone and th e  b a se s  a re  l e f t  f r e e .  The 

r e s u l t  i s  t h a t  when t h i s  com plex e n te r s  th e  s u s c e p t ib le  c e l l s  th e  f r e e  

b a se s  a r e  a b le  to  perfo rm  t h e i r  m essenger fu n c t io n  (Maes ojb a l , ,  I 967) .

In  t h i s  la b o r a to r y ,  a d d i t io n  o f  e i t h e r  DEAE d e x tra n  o r  d e x tra n  sulpha,te  

to  p o rp h y r ic  p o ly rib o so m a l RNA j u s t  p r io r  to  in c u b a tio n  w ith  c u l tu r e d  

c h ic k  embryo l i v e r  c e l l s  d id  n o t enhance ALA-S a c t i v i t y  above c o n tro l  

l e v e l s ,  a s  m easured  by th e  ra d io c h e m ic a l a s s a y  m ethod. The p o rp h y r ic  

p o ly rib o so m a l RNA u se d  in  t h i s  ex p erim en t i s  from th e  same RNA p re p a ra t io n  

w hich cau sed  an  in c r e a s e  o f  ALA-S a c t i v i t y  which was m easu rab le  by th e  

c o lo u r im e tr ic  a s s a y  method b u t n o t d e te c te d  by th e  ra d io c h e m ic a l method 

(results 4® 2* 5 and T ab le 7)« T h is  exp erim en t in v o lv in g  th e  u se  o f 

i n h i b i t o r s  o f  e x t r a c e l l u l a r  and endogenous RNase su g g e s te d  th e  two 

fo llo w in g  re a s o n s  f o r  no Rîhl m ed ia ted  in c re a s e  in  enzyme a c t i v i t y ;

( i )  th e  t r a n s l a t i o n a l  m ach inery  o f  th e  i n t a c t  c h ic k  embryo l i v e r  c e l l  in  

c u l tu r e  i s  in c a p a b le  o f  r e a d in g  th e  mRNA f o r  ALA-S, t h a t  i s ,  th e  code i s  

n o t u n iv e r s a l  betw een mammalian and non-mammalian t i s s u e s ,  and ( i i )  AIA 

may ind u ce  ALA-8 a t  th e  t r a n s l a t i o n a l  l e v e l ,  w hich would r e s u l t  in  no 

in c re a s e d  s y n th e s is  o f th e  mRNA.
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4 . 2 . 6 . I s o l a t i o n  o f  th e  R at L iv e r  mRKA f o r  ALA-8 by B in d in g

to  M il l ip o r e  F i l t e r s  o r  O ligodeoxy thym idy la te -G ell-u .lo se  =

A d i s t i n c t i v e  c h a r a c t e r i s t i c  o f  th e  mRMs from en l^ s ry o tic  

o r  v i r a l  o r ig i n  i s  th e  p o ly a d e n y lic  a c id  segm ent (p o ly (A )) j  ap p ro x im a te ly  

IbO to  200 n u c le o t id e s  lo n g  (D a rn e ll e t  a l^ ., 19715 Edmonds e t  a l  *,

197 1 5 bee js t  s 197b? A desnik e t  5 1972) w ith  th e  m essenger f o r  

h i s to n e s  b e in g  th e  o n ly  r e p o r te d  e x c e p tio n  (A desnik  & D arn e ll?  1 9 72 ),

RWAs c o n ta in in g  t h i s  sequence have been s e p a ra te d  from t o t a l  c e l l u l a r  

RDAs by t h e i r  s e l e c t i v e  a d s o rp t io n  a t  h ig h  io n ic  s t r e n g th  to  m i l l ip o r e  

f i l t e r s  ( n i t r o c e l l u l o s e  membrane f i l t e r s )  o r  by b in d in g  to  p o l ; \n r id y la te  

(p o ly  ( b ) ) o r  o lig o d e o x y th y m id y la te  (o lig o  d ( l ) )  c o v a le n t ly  l in k e d  to  

c e l l u l o s e .  I s o l a t i o n  o f  th e  mRlTA f o r  ovalbum in and a v id in  (Means £ i  a l • i 

1972 ; R o se n fe ld  _et a l , , 1972) employed th e  m i l l ip o r e  f i l t e r  m ethod.

O ligo  d (T )“ c e l lu lo s e  h as  been used  f o r  p u r i f i c a t i o n  o f  th e  rnldTA f o r  

g lo b in  (Aviv & L ed e r, 1972)? mouse l i g h t  c h a in s  (Swan e l  , 1972)? and 

mouse myeloma heavy  and l i g h t  iimmmoglobin c h a in s  (S tev en s  & W illiam so n ? 

1972 ) .  C hrom atography on p o ly  (X ])-c e llu lo se  columns was s u c c e s s f u l ly  

employed f o r  th 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  th e  g lo b in  mRDA (M orrison  

_et , 1972 ) ,  w h ile  S ch ü tz  , (1972) have d em o n stra ted  t h a t  a t

h ig h  io n ic  s t r e n g th  c e l lu lo s e  (n u c le o tid e  f re e ?  S ig m ace ll ty p e  98) 

s e l e c t i v e l y  r e t a i n  inRDA f o r  g lo b in  and ovalbum in .

S in ce  th e  mRDAs d e sc r ib e d  above have been  r e p o r te d  to  

c o n ta in  po ly (A ) r i c h  r e g io n s  i t  seemed l i k e l y  t h a t  t h i s  f e a tu r e  may be 

t r u e  f o r  th e  iriRM f o r  ALA-S.
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4c 2c 7» A]jA“ S A c t iv i ty  i n  C u ltu re d  C hick Embryo L iv e r  C e l ls

A f te r  I n cu b a t io n  w ith  MA I s o l a t e d from  T o ta l  Ce l l u l a r

RLAs by S e le c t iv e  Bin d in g to  M ill ip o re  Fi l t e r s .

HenshavCs m ethod (1968) f o r  i s o l a t i o n  o f  p o ly rib o so m a l RNA 

in v o lv e d  a  pheno l e x t r a c t io n  o f th e  po ly ribosom es in  th e  p re sen ce  o f  

T ris-H C lf pH 7 06 a t  4^C* However? u n d er th e se  c o n d i t io n s  Brav/erman 

epb a i . ? (1972) found th a t?  d u r in g  pheno l e x t r a c t io n  o f RHA from  p o ly 

rib o so m es i s o l a t e d  from  mouse carcinom a 180 A s c ite s  c e l l s ,  n e a r ly  a l l  

th e  rRNA i s  removed in  th e  aqueous p h ase , b u t th e  m a jo r i ty  o f r a p id ly  lu-Wlleti. 

non-rENA rem ained  b eh in d  in  th e  nonaqueous r e s id u e  ( in t e r p h a s e ) .

These i n v e s t i g a t o r s  d is c o v e re d  t h a t  th e  po ly (A ) - c o n ta in in g  RNA m olecu le  

bound to  d e n a tu re d  p r o te in s  in  th e  nonaqueous phase u n d er c o n d i t io n s  

o f  p heno l e x t r a c t io n  (4°C ) in  th e  p resen ce  o f T ris -H C l, pH 7*8. T h is 

u n u su a l b e h a v io u r  o f  th e s e  RNA m o lecu les  r i c h  in  poly(A ) segm ents was 

th o u g h t to  be th e  r e s u l t  o f  th e  e f f e c t s  o f  th e  io n ic  s t r e n g th  and pH o f 

th e  w a te r-p h e n o l m ix tu re s . R e -e x t r a c t io n  o f t h i s  nonaqueous phase w ith  

p heno l and T r is  b u f f e r ,  pH 9«0 a t  4^0 (Brav/erman u t  a d . ,  1972) o r  sodium 

a c e ta t e  b u f f e r ,  pH 9*1 a t  60^C (Edmonds & C aram ella , 1969) le d  to  th e  

a p p ea ran ce  o f th e  p o ly (A )-c o n ta in in g  m o lecu les  a lm o s t f r e e  o f rRNA in  

th e  aqueous p h ase .

I n  t h i s  l a b o ra to r y  PdîA v/as i s o l a t e d  from  p o ly rib o so m es, 

t h a t  were p re p a re d  by th e  Henshaw method ( I 968 ) and o b ta in e d  from 

p o rp h y r ic  and norm al r a t  l i v e r s ,  by th e  methods d e s c r ib e d  by Burdon jqt a d ^ ,

(1969 ) o r  Brawerman e t  a d , ,  (1 9 7 2 ), RNA was a p p l ie d  to  m i l l ip o r e  

f i l t e r s  (M il l ip o re  F i l t e r  C o rp ., 25 mm (0 .2 2  p ) )  u s in g  th e  method 

d e s c r ib e d  by Lee e t  a l e ,  ( l9 7 l )  o r  RosenfeXd e t  a l . ,  (1 9 7 2 ).
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Unfraotionated polyribosomal RNA? millipore filter bound and eluted RNA, 

from N“RNA and P-RNA preparations were incubated with embryonic chick 
liver cells in culture for 5̂ 5 hours at 97̂ 0, The ALA-S activity, as 
measured by the sensitive radiochemical assay method? was not increased 
above control levels? that is? the enzyme activity obtained for cells 
incubated without RÎ A. This experimental design wa.s repeated several 
times using polyribosomal RNA from individual RNA preparations but none 
of these RNA fractions (either unfractionated? millipore filter bound? 
or eluted RNA) increased the ALA-S activity in cultured cells above 
control levels.

4. 2. 8. Isolation of Rat Liver inRNA for ALA-8 by
Chromatography on Oligodeoxythymidylate •««Cellulose,

As has been mentioned in RESULTS 1, oligo d(T), covalently 
linked to cellulose, has been used to bind poly(A)-rich RNA and thus 
isolate and purify the mRNA of globin (Aviv & Leder? 1972) and myeloma 
light chain (Swan et al., 1972). There are several advantages of this 
method over the millipore filter technique. The oligo d(T) is chemically 
stab-ie and can be repeatedly used after treatment with alkali. Milli
pore filters can be used only once. These columns have a relatively 
high capacity and can be used to bind several mg of poly(A)-mRNA. from 
several mg of crude polysomal RNA as compared to (ig quantities adsorbed 
to the millipore filters. The chromatography on oligo d(l') can be done 
at room temperature when suitable precautions to avoid nuclease contamin
ation are taken.
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Total cellular RNA? isolated by the method described by 
Burdon et al., (1969) from porphyric (P-RNA) and normal (N-RNA) rat 
livers, was applied to an oligo d(T)-cellulose column (purchased from 
Collaborative Research Inc.). Over ^6% of the total RIXA applied was 
eluted with application in presence of a high salt (,KCl) concentration. 
When the column was washed with a, low salt buffer (no KCl) a small 
amount of RNA (less than 4%) was released from the column. However, 
incubation of unfractionated RNA, RNA eluted in the high salt and low 
salt (in Eagles) with cultured chick embryo liver cells did not increase 
ALA-S activity (determined by the radiochemical assay method) above 
control levels (Table 9)»
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Table 9

ALA-S Activity in Cultured Chick ICrnbryo Liver Cells After 
Incubation with REA Fractions Obtained by Chromâtogxauhy 

on 01 i godeoxythyniidylate-C e 1 lul,o s e

Incubation of cu-ltured cells ALA-8 activity in cultured cells after 
with Eagles medium plus; incubation with REA

Control (no REA) 2,5

RNA eluted from column 2«0
by high salt buffer

REA bound to column and 5*5
eluted by low salt buffer

A11ylisopropylaoe tamide 9*0
(200 fig/ml)

Unfractionated REA 2*0

ALA-8 activity, as measured by the radiochemical assay? is expressed 
in nmoles ALA/g protein/min at 37̂ 0,
The REA used in this experiment was isolated from livers of rats 
rendered porphyric by 4 doses of AIA (4OO mg per kg). One 5 om petrie 
dish of cultured cells was used per assay.
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DISCUSSION

In animais, chick embryo liver in vivo, and in culture? 
the regulation of haem biosynthesis appears to be primarily a control 
on the rate of biosjmthesis of the enzyme, ALA-8. The activity of this 
enzyme may be stimu].ated several fold above normal levels by such drugs 
as barbiturates, dihydrocollidines, and certain 5p“H steroids. Since 
conflicting reports appear in the literature it was of interest to 
determine whether or not AIA (a barbiturate) and DUG (a dihydrocollidine) 
have similar or different modes of inductions of ALA-8. In particular,
X explored the possibility that AIA-induced ALA-8 activity was the 
result of increased synthesis of mRNA for this enzyme. Since ALA-S 
activity was found to be negligible in chick embryo liver cells in 
culture? this system provided a means for translation of possible mRNA 
from livers of AIA-treated rats. This assumed that the intact liver 
cell in culture could ingest the added macromolecules of RNA and that 
these molecules could function in the host cell for at least a, few hours. 
Direct evidence that exogenous RNA from the liver of AIA-treated rats 
can be translated by a heterologous species such as the chick embryo 
liver cells in tissue culture has been presented by Hickman ejt , (1967? 
1968) and Skea at al., (19?0)® RNA, isolated from livers of porphyric 
rats was incubated with cultured chick embryo liver cells. Only the 
induced RNA, as compared with non-induced RNA, RNase-treated induced-RNA, 
and non-induced RNA preparations contaminated with AIA prior to 
purification, caused an increase in porphyrin formation (Hiclonan £t , 
1967? 1968) or ALA-8 activity (skea et al,, I97O). Using the same
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e x p e r im e n ta l d e s ig n  a s  t h a t  em ployed by Skea ? ( I 970) ,  I  was

u n a b le  to  o b ta in  any  in c re a s e d  AL.A.-S a c t i v i t y  (a s  m easured by th e  

(c o lo u r im e tr ie )  a s s a y  m ethod) in  cu ].tu red  ch ick  embryo l i v e r  c e l l s  

in c u b a te d  w ith  RNA i s o l a t e d  from  l i v e r s  o f  A IA -tread ed  r a t s .  Even 

p o ly rib o so m a l RNA from  p o rp h y r ic  r a t s  and i t s  f r a c t i o n a t e d  com ponents 

(2 8 8 , IBS, and low m o le c u la r  w eigh t RNA f r a c t i o n s )  d id  n o t in c re a s e  

ALA-S a c t i v i t y  (m easured by th e  s e n s i t i v e  ra d io c h e m ic a l a s sa y  m ethod) 

i n  th e  c u l tu r e d  l i v e r  c e l l s .  R ecen t in v e s t ig a t io n s  have sh o rn  t h a t  

th e  mRNAs f o r  g lo b in ,  a v id in ,  ovalbum in , and th e  l i g h t  and heavy c h a in s  

o f  im m unoglobins c o n ta in  po ly (A ) segm ents w hich b in d  to  m i l l ip o r e  

f i l t e r s ,  p o ly  ( u ) - ,  o r  o l ig o  d ( T ) - c e l lu lo s e  a t  h ig h  io n ic  s t r e n g th .  

A tte m p ts  w ere made to  p u r i f y  th e  mRNA f o r  AM-S from  h e p a t ic  p o ly rib o so m al 

and  t o t a l  c e l l u l a r  RNAs o f  A IA - tre a te d  r a t s .  The RNA f r a c t io n s  

i s o l a t e d  by th e  two p ro c e d u re s ,  how ever, d id  n o t  in c re a s e  ALA-8 a c t i v i t y  

in  c u l tu r e d  c e l l s  above c o n t ro l  l e v e l s .  The p o s i t i v e  r e s u l t s  r e p o r te d  

by Hickman ojk , (1967? I968) and Skea a t  a l . ? (1970) were o b ta in e d  in  

s p i t e  o f  (a )  th e  p re se n c e  o f  e x t r a c e l l u l a r  and endogenous RNase a c t i v i t y  

i n  c u l tu r e d  c e l l s ,  (b )  th e  s h o r t  h a l f - l i f e  o f  th e  mRNA f o r  ALA-8, (c )  

th e  u se  o f  a  c o lo u r im e t r ic  a s s a y  method (o n ly  by Skea e t  , 1970) (an  

a n a l y t i c  p ro ced u re  w hich i s  in a d e q u a te  f o r  a c c u ra te  m easurem ent o f  c o n t ro l  

and RNA m e d ia te d  in c r e a s e s  i n  AIA-S a c t i v i t y  and i s  a l s o  l im i t e d  by th e  

sm a ll am ounts o f  t i s s u e  w hich can be o b ta in e d  i n  ex p erim en ts  in v o lv in g  

c u l tu r e d  c h ic k  embryo l i v e r  c e l l s ) ,  and (d) problem s o f  p e rm e a b il i ty  o f  

th e  i n t a c t  c e l l  membraoie by RI'ÎA.

I t  i s  p o s s ib le ,  th e r e f o r e ,  t h a t  t h i s  p o rp h y ri nogen io  d ru g , 

AIA, does n o t  in c re a s e  o r  stirau3 .ate  s y n th e s is  o f  th e  mRNA f o r  ALA-8,



94

a n d /o r  th e  c u l tu r e d  c h ic k  embryo l i v e r  c e l l s  was n o t  a  s e n s i t i v e  

enough system  to  d e t e c t  changes in  AIA-8 a c t i v i t y  due to  added mRNA. 

C u r re n tly  th e r e  a re  two c o n f l i c t i n g  th e o r i e s ,  S a s sa  & G ran ick  ( l9 7 0 )  

and su b se q u e n tly  S tra n d  e;b a l ,? (1972) have su g g e s te d  th a t  th e  c o n t ro l  

o f  th e  enzyme o c c u rs  a t  th e  t r a n s l a t i o n a l  l e v e l  i f  AIA i s  u sed  and a t  

th e  t r a n s c r i p t i o n a l  l e v e l  f o r  DDC. Y e t, S tra n d  e t  a l . ,  (1 9 7 2 ), in  th e  

same r e p o r t ,  f a i l e d  to  d is c u s s  th e  f in d in g  th a t  b o th  2 -m e rc a p to - l- (2 -  

(4 ™ p y rid y l)-e th y l)b e n z im a d o le  (a  p u r in e  a n a lo g  i n h i b i t o r  o f  RNA po lym erase) 

and c o rd y c e p in  ( ^ ’-d eo x y ad en o sin e ) (an  i n h i b i t o r  o f  mRNA m a tu ra tio n )  

p re v e n te d  AIA in d u c t io n  o f  ALA-S a c t i v i t y  i n  p rim ary  c u ].tu re s  o f  a v ia n  

h e p a to c y te s .  These o b s e rv a tio n s  would g iv e  su p p o r t to  th e  th e o ry  

p roposed  by T y i? re ll & Marks (1 9 7 2 ), who su g g es ted  t h a t  AIA and DDC caused  

an  a c c u m u la tio n  o f  an  in d u c t io n - s p e c i f ic  RNA (mRNA) w hich ap p ea red  to  

m e d ia te  ALA-S a c t i v i t y  by t r a n s l a t i o n  in to  e i t h e r  t h i s  enzyme o r  i n to  

some o th e r  p r o te in  in v o lv e d  in  AIA-S a c t i v a t i o n .  I t  i s  p o s s ib le  to  

r e c o n c i le  th e  r e s u l t s  o f  T y r r e l l  & Marks (1972) w ith  th o se  o f  S a ssa  & 

G ran ick  ( I 970) and S tra n d  e t  a l . . (1972) i n  th e  fo llo w in g  m anner. DDC 

s t im u la te s  th e  mRNA f o r  ALA-S by in c r e a s in g  th e  r a t e  o f  i t s  t r a n s c r i p t i o n .

On th e  o th e r  h and , AIA may r e t a r d  th e  d e g ra d a tio n  o f  th e  mRNA, o r 

f a c i l i t a t e  th e  mRNA t r a n s p o r t  th ro u g h  th e  n u c le a r  membrane to  th e  c y to 

plasm  th u s  in c r e a s in g  th e  l e v e l  o f  cy to p la sm ic  mRNA. The r e s u l t s  

d e s c r ib e d  in  t h i s  t h e s i s  i n d i c a t in g  th e  f a i l u r e  o f  v a r io u s  ty p e s  o f  RNA 

i s o l a t e d  from  l i v e r s  o f  A IA -induced r a t s  to  in c re a s e  ALA-8 a c t i v i t y  would 

how ever add some s u p p o r t to  th e  o r ig in a l  p ro p o sa l by S a ssa  & G ran ick  ( I 970) ,  

assum ing  t h a t  any mRNA f o r  ALA-8 added to  c u l tu r e d  c h ic k  l i v e r  c e l l s  i s  

c a p a b le  o f  p e n e t r a t i n g  th e  c e l l  membrane and can be t r a n s l a t e d  by th e  

h e te ro lo g o u s  sy stem .
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It was suggested by Skea £t _gl. ? (l970) that the RNA gained 
entry by pinocytosiso Contamination with extracellular RNase contributed 
by the calf serum used in culture procedure and also by cell surfaces 
probably constitutes a major obstacle to the penetration of intact El'îA 
molecules. In the experiments reported in this thesis involving 
incubation of normal and porphyric RNA with the cultured cells, the 
latter were washed 5 times with warm Eagles (57̂ C) as a precautionary 
method to remove most of the calf serum and any dead cells, both of which 
act as a source of RNase activity. Even the addition of either DEAE™ 
dextran or dextran sulphate to porphyric polyribosomal RNA just prior to 
incubation with culture cells did not ezdiance ALA-8 activity as measured 
by the radiochemical assay. This does not. appear to support the theory 
that mRNA for ALA-S accumulates in AIA-induced rad liver.

The translational efficiency of the added rat liver mRNA 
for ALA-8 to the cultured intact liver may be very low if the mRNAs of 
rat (mammalian) liver are different from those of chick embryo (avian) 
liver. This consideration seems un]_ikely because mouse mRNA for globin 
is translated as well by a non-marimalian (duck) reticulocyte system as it 
is by the mammalian rabbit system which indicates no evidence for species • 
specific factors in the reticulocytes for the translation of globin niRNA 
(Lockard & Lingrel, 1972), On the other hand differences have been 
reported in translational efficiencies by a cell-free extract of its 
endogenous mRNA as opposed to added mRNA, The translation efficiency of 
mouse haemoglobin mRNA in rabbit and duck reticulocyte cell-free systems 
is lowered compared with the respective endogenous mRNA efficiency 
(Lockard & Lingrel, 1972), Clearly, this is of dmiportance in assessing 
the validity of the findings reported here.
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The r e p o r te d  d i f f e r e n c e s  in  m o le c u la r  s iz e s  o f  c y to so l  

ALA-S from  AIA- and D B G -treated  r a t  l i v e r s  may he an  in d i c a t io n  o f  AIA-S 

e x i s t i n g  in  iso zy m ic  form s (see  INTRODUCTION 3«>4f & T ab le  5 ) ,  M o lecu la r 

w e ig h t v a lu e s  f o r  th e  A IA -induced enzyme in  th e  r a t  l i v e r  c y to s o l  ran g ed  

from  150,000  to  600,000 a s  compared to  th e  s in g le  o b s e rv a t io n  o f  178 ,000 

f o r  th e  DDC-induced enzym e. These m o lecu la r  w eigh t v a lu e s  sho u ld  be 

c o n s id e re d  w ith  ex trem e c a u t io n  s in c e  th e re  a r e  v a s t  d is c r e p a n c ie s  

betw een v a lu e s  o f  th e  sane A IA -induced ALA-S when a p p l ie d  to  Sephadex 

C 200 g e l f i l t r a t i o n  (600 ,0 0 0 ) and su c ro se  d e n s i ty  c e n t r i f u g a t io n  (178 ,000 ) 

(H ayash i a l * » 1 9 7 0 ). One may e s tim a te  th e  s i z e  o f  RNA re s p o n s ib le  f o r  

th e  c y to s o l  AIA- and DDC-induced enzymes assum ing  th e  av e ra g e  w eig h t o f 

an  amino a c id  and a  n u c le o t id e  to  be 120 and 550, r e s p e c t iv e l y .  From th e  

m o le c u la r  w eig h t v a lu e s  o b ta in e d  from e i t h e r  g e l f i l t r a t i o n  o r  su c ro se  

d e n s i ty  c e n t r i f u g a t io n  o f  AIA- and DDC-induced ALA-8, assum ing  a  s in g le  

p r o te in  c h a in  and n o t  s u b u n i ts ,  th e  ex p ec ted  RNA s iz e  f o r  th e  A IA -induced 

enzyme (m o le c u la r  w e ig h t v a lu e  o f  2 0 0 -fo ld  p u r i f i e d  enzyme i s  150,000  a.s 

d e te rm in e d  on su c ro se  d e n s i ty  c e n t r i f u g a t io n  by S c h o ln ic k  e t  a l . ,  1970) 

i s  a p p ro x im a te ly  1 .2  x 10^ , w h ile  f o r  th e  DDC-induced enzyme (m o lecu la r 

v/eight v a lu e  o f  th e  40- f o l d  p u r i f i e d  enzyme i s  178 ,000  a s  d e te rm in ed  by 

su c ro se  d e n s i ty  c e n t r i f u g a t io n )  i s  ab o u t I .5  % 10^ , B oth th e se  t h e o r e t i c a l  

m o le c u la r  w eig h t v a lu e s  o f th e  mRNA f o r  ALA-8 a re  l a r g e r  th a n  th e  mammalian 

c e l l  188 rRNA (m o le c u la r  w eigh t o f  0^7 x 10^) w h ile  s m a lle r  th a n  288 rRNA 

(m o le c u la r  w eig h t o f  1 .8  x 1 0 ^ ), I f  th e  mRNA f o r  A IA -induced ALA-8 i s  

ab o u t th e  s iz e  o f  288 rRNA th e n  th e  o b s e rv a tio n  by Skea _et , (1970) 

t h a t  th e  b io l o g ic a l ly  a c t iv e  RNA was o f low m o le c u la r  w eigh t s iz e  f u r t h e r  

c a s t s  doub t on th e  v a l i d i t y  o f  t h e i r  f in d in g .
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During the past decade investigation on the control and 
synthesis of other hepatic enzymes such as tyrosine aminotransferase, 
and serine dehydratase have been numerous. It has been demonstrated 
that serine dehydratase exists in two distinct isozymic forms, each of 
which is controlled by different hormones, such as cortisone and 
glucagon (inoue pjb_ ? 19711 Iwasalti & Pitot, I97I; Iwasaki et al. ?
1975)• Similarly, isolatable forms, arbitrarily designated I  (found 
only in kidney, heart, and brain), I I ,  I I I ,  IV (all three located in rat 
liver), of soluble tyrosine aminotransferase have been demonstrated to 
exist in both crude extracts as well as in the partially purified for/a 
(iwasalci ̂  al., 1975)* I n  view of the possibility that those four 
enzymes were the result of mechanisms involved in enzyme induction, the 
four purified forms have been characterized such that forms I I ,  I I I ,  IV 

have similar molecular weights, identical h e a t  stability curves at 60°C, 

the same and pH optimum (in the incubation medium). In contrast, 
form I was very heat labile even in the presence of substrate or cofactors, 
required a higher pH in the incubation mixture and had a significantly 
different It was of particular interest that one or more of these
closely related multiple forms of soluble tyrosine aminotransferase may 
be regulated independently by various hormones. That is, administration 
of hydrocortisone to perfused rat liver resulted in a simultaneous and 
virtually equal induction of forms I I ,  I I I ,  and IV but not I .  Stimulation 
by adenosine-5'™5*™monophosphate (cyclic Al#) was limited to forms I I  and 
I I I  as compared to an insu].in increased level of form IV only. Experiments 
described in this thesis in the form of pH optimum and cation
requirements of ALA-S may serve to suggest that one or more multiple forms 
of ALA-S may be regulated independently by barbiturates as opposed to
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dihydrocollidines. Hepatic AM-S activity from AIA and IIDG treated 
rats and chick embryo liver gave different pH optima. This suggested 
that those experiments of Tyrrell & Marks (1972) and Sassa & Granick (I970) 
which compared the mechanism of AIA- and DDG-induotion of ALA-S, may be 
detecting only one of several forms of ALA.-S, That' is, since the pH of 
their incubation media was 7*2 - 7*4» then not all of the induced forms of 
ALA-8 may have been measured. Moreover, further evidence for support 
of multiple inducible forms of ALA-8 is that the activation of the AIA- 
and LLG-induced ALA-S in chick embryo liver occurred at different Mg^^ 
concentrations, a finding which has also been observed by Beattie (B,S, 
Beattie, personal communication).

On the basis of the results described in this thesis it would 
appear that AIA and DBG possibly induce different forms of the enzyme, 
ALA-8, even should both drugs act at a. transcriptional level, as suggested 
by Tyrrell & Marks (1972), Indeed, it is clear that failure to take 
this into account requires a re-assessment of much of the previous work 
in this field of work on drug induction of AIA-8. While no direct 
evidence for increased levels of the mRNA for ALA-8 in AIA-induced rat 
liver was obtained the limitations of the cultured chick embryo liver cell 
system do not allow one to dismiss the possibility that AIA acts at the 
transcriptional level.
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SUMMARY

le  A new s e n s i t i v e  ra d io c h e m ic a l a s s a y  m ethod h as  been

d e s c r ib e d  f o r  th e  m easurem ent o f  pmole q u a n t i t i e s  o f  0-»am inolaevu].inic 

a c id  (AIA) i n  m inu te  am ounts o f  norm al t i s s u e s ,  f o r  w hich th e  e x i s t i n g  

c o n v e n tio n a l c o lo u r im e tr ic  a s s a y  method i s  in a d e q u a te .

2 , T h is  i s o to p ic  p ro c e d u re , b ased  on th e  in c o rp o r a t io n  o f

g ly c in e  i n to  ALA, u t i l i z e d  crude hom ogenate a s  th e  so u rce  o f

enzyme.

5 . E le c t r o p h o r e s i s  o f  th e  t r i c h l o r o a c e t i c  a c id  s u p e rn a ta n t  o f

th e  in c u b a t io n  m ix tu re  on s i l i c a  g e l t h i n - l a y e r  s h e e t  s e p a ra te s  th e  

r e a c t io n  g e n e ra te d  ALA from  g ly c in e  and am in o ace to n e ,

4* Maximal [  ALA p ro d u c tio n  i n  l i v e r  hom ogenate was

o b ta in e d  in  th e  p re se n c e  o f  g ly c in e ,  c i t r a t e ,  T r i s ,  and EDTA (pH 7 ,2 - 7 ,4 ) ,

5 . A com parison  o f t h i s  ra d io c h e m ic a l a s s a y  w ith  c o n v e n tio n a l

c o lo u r im e tr ic  a s s a y  was made. S e v e ra l a d v an tag es  o f  my ra d io c h e m ic a l 

a s s a y  m ethod when com pared to  th e  c o lo u r im e tr ic  a s s a y  p ro ced u re  a r e  as  

fo llo w s

( i )  Only 70 to  100 pg p r o te in  were r e q u i r e d  in  o rd e r  to  m easure

ALA s y n th e s is  in  pm oles p e r  m in. In  c o n t r a s t ,  a t  l e a s t  2 rag p r o te in  i s  

r e q u i r e d  f o r  th e  c o lo u r im e tr ic  a s s a y  in  o rd e r  to  o b ta in  an  o p t i c a l  

d e n s i ty  d i f f e r e n c e  o f  0 ,1 ,  When b o th  a s sa y  m ethods were perform ed  on 

th e  same p o rp h y r ic  l i v e r  hom ogenate, 10^ dpm were o b ta in e d  in  AIA by th e  

method p e r  mg o f  p r o te in  w h ile  th e  c o lo u r im e tr ic  method gave an 

o b se rv ed  o p t i c a l  d e n s i ty  d i f f e r e n c e  o f 0,055  f o r  th e  same ajiiount o f  p ro te in ,
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(il) As many as 100 assays may be performed in one day whereas
more than $0 assays using the colourimetric technique proved cumbersome 
and laborious.

(ill) Once the trichloroacetic acid deproteinised supernatant of
the reaction mixture was spotted and allowed to dry on the silica gel 
polyester thin-layer sheets, AIA that was generated in the reaction
did not appear to degrade with time,

6. Certain chemical agents, allylisopropylacetamide (AIA), and
5,5'“8-ic8rbethoxy-l,4”8ihydrocollidine (DDC) are known to increase the 
activity of ô-aminolaevulinic acid synthetase (ALA-S), the rate-limiting 
enzyme in porphyrin biosynthesis, in rat and chick embryo livers and 
cultured chick embryo liver cells. There is conflicting evidence on 
the mode of action of these drugs. It has been suggested that AIA acts 
at the transcriptional level. Initial investigations described in this 
thesis involved an attempt to isolate mllNA for ALA-S from porphyric rat 
livers and test its biological activity in cultured chick embryo liver 
cells. Although results from the colourimetric assay indicated some 
evidence for induction of ALA-S by RNA, the actual optical differences 
for HNA-treated cultured cells was extremely low (i.e. maximum = 0,05) 
and thus colourimetric assay was found to be inadequate,

7* Attempts were made to purify the rnRNA for AIA-S from poly
ribosomal RNA and total hepatic cellular RNA, obtained from livers of 
AIA-treated rats, by such methods as sucrose density centrifugation, 
adsorption to nitrocellulose filters, or oligodeoxythymidylate-cellulose. 
However, the RNA fractions isolated by these methods did not increase
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ALA-S activitys as measured by the radiochemical assay? in cultured 
chick embî ’-o liver cells above control levels. Even the addition of 
either diethylaminoethyl-dextran or dextran sulphate to porphyric poly
ribosomal RNA prior to incubation with cells did not enhance ALA-S 
activity? as measured by the radiochemical assay method.

8. Tlie failure by the radiochemical assay to detect any RNA
mediated increase in ALA-S activity? contrary to previous reports by 
Hickman et al., (1967? 1968) and Skea et al.? (1970) which indicatedP —##W \  ̂ • f  ̂ f tJxrtsoa * \  * i

RNA induced ALA-S activity (measured by the colourimetric assay) in 
cultured liver cells, suggested two feasible explanations î™

(i) The cultured chick embryo liver cell system is not sensitive
enough to detect mRNA for ALA,

(ii) The porphyrogenic drug, AIA, does not increase or stimulate
synthesis of the mRNA for ALA-8,

9® The AIA- and LDC-induced ALA-8 of rat and chick embryo
livers and cultured chick embryo liver cells have been compared phyBio
chemically in vitro,

(i) ALA-8 in crude homogenates from AIA- and LDC-induced chick
embryo liver appeared to require similar Na** cation concentrations. In 
contrast, addition of Mg"̂  ̂ to the incubation mixtures decreased the enzyme 
activity for both drug induced enzymes but between 0 .0 2  M and 0 ,1  M Mg^ 
there was a significant increase of the DLC-induced ALA-8 but not for the 
AIA-S induced enzyme.
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(ii) The AIA- and BBC-induced ALA-S in rat liver had identical 
pH optima (pH 6,7)* In contrast, the BBC-induced ABA-8 in chick embryo 
liver had a higher pH optimum (pH 7*7)» Moreover? the AIA-induced 
ABA-8 in chick embryo liver showed two distinct pH optima? one which 
coincided with the AIA-induced enzyme in rat liver (pH 6.7)» and the 
other was identical to the BBC-induced ABA-8 pH optimum (pH 7*7)»

(iii) Heat stability curves for the induced enzyme were examined. 
The results suggested that the enzyme having ABA-8 activity in rat and 
chick embryo liver may differ from the enzyme in cultured chick embryo 
liver cells.
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MTERIAIH AND METHODS

1, Biological Materials,

1. 1. Tissue Culture Material.

14-18 day old chick embryos were obtained from Join R, Todd 
Ltd,, Sidehead, Stewarton, Kilmarnock, Ayrshire KA3 5LW. Difco 
Laboratories, P,0, Box No# I4I3 Central Avenue, East Mollesey, Surrey 
provided the trypsin.

Calf seiTum and penicillin/streptomycin were purchased from 
Plow Laboratories Inc., Irvine, Scotland,

1. 2, Composition of Culture Media and Standard Solutions,

1, 2, 1, Eagles Minimal Essential Medium (EC)
"■■n il I f  mi » * H# ' L *,! a iwinmnif  in ■ iiuuw i ■ \  «

The Eagles minimal essential medium was obtained from 
Biocult Laboratories Ltd., 3 Washington Road, Abbotsinch Industrial 
Estate, Paisley, Scotland, The Glasgow modification of the medium 
described by Eagle (1959) containing 100 pg/ml Streptomycin and 100 pg/ml 
Penicillin and supplemented with 10% (v/v) calf serum was the growth 
medium EClO) for propagation of chick embryo liver cells.
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1 , 2 , 2 , and F ree  B alanced  S a lin e  S o lu t io n  + G lucose (CMP)

NaCl 7.0 g
KCl 0.4 g
Na HgPO.. 2SgO O.I4 g
1% Phenol re d  1 ,5  ml

T his s o lu t io n  was made up to  1 l i t r e  and a u to c la v e d  in  

45 ml a l i q u o t s .  To each  a l iq u o t  was added 5 ml G lucose (l% w /v ) ) ,

1 ml b ic a rb o n a te  (5*6% (w /v ) ) , and 0 .5  ml P e n ic i l l in / s t r e p to m y c in  

(5000  u n i t s /m l )  to  com plete  th e  CMP n e c e s s a ry  f o r  th e  c u l tu r e  p ro ced u re ,

1 .  2e 5 , T ryps in  i n CMP.

The pH o f  a  2,5% (w /v) T ry p s in  in  0.15M NaCl s o lu t io n  was 

a d ju s te d  to  7*8, fo llo w e d  by f i l t r a t i o n  th ro u g h  V/liatman No, 1 f i l t e r  

p a p e r ,  th e n  s t e r i l i z e d  by m i l l ip o r e  f i l t r a t i o n  and s to r e d  a t  -10°C .

T h is  s o lu t io n  was d i l u t e d  one to  te n  w ith  CMP j u s t  p r i o r  to  u s e .

2 , Chem ical M a te r ia ls ,

2 . 1 , G e n e ra l,

A ll  c h e m ic a ls , u n le s s  o th e rw ise  s t a t e d ,  were o f  A nalar 

g ra d e , and were o b ta in e d  from BBH Chem icals L td . ,  P o o le , D o rse t,  U.K.
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2 , 2o Reagents for Purification of ENA,

Baycovin was a gift from the Bayer Chemicals Ltd,, 
Leverkusen, Germany, Phenol was redistilled before use, while m-cresol 
was twice redistilled under reduced temperature and pressure, Tri- 
isopropylnapthalenesulphonic acid was purchased from Kodak Ltd,, Kirkby, 
Liverpool, TJJi,

Millipore filters, 2.5 om diameter and 0*22 p pore size 
were obtained from Millipore Filter Corp., Bedford, Mass., U.S. 
Collaborative Research Inc., I565 Main Street, Waltham, Massachusetts, 
02154s U.S., supplied the oligodeoxythymidylate (oligo d(T))-cellulose. 
This cellulose was Whatman CF-11, washed with acid, base and ethanol 
and the fines removed. Oligo d(T) had chains up to 10 nucleotides 
long, covalently attached via the terminal 5*’"Phosphates, 1 g of oligo
d(T)-cellulose bound at least 55.5 OB^^  ̂poly rA,

2 , 3o Acrylamide gel Materials,

Acrylamide and NNN'N'-te trame thyle thylone diamine (TEMED) 
were obtained from Koch-Light Laboratories Ltd., Colnbrook, Bucks,, U.K. 
The acrylamide was purified as described by Loening (I967)® Acrylamide 
was dissolved at a concentration of 70 g/l in chloroform ad 50 0̂. Hie 
crystals were collected by filtration at O Ĉ in a chilled filter funnel.

NN’-Methylene bisacrylamide was purified according to the 
method of Loening (1967 )» The solid was dissolved at 10 g/l in acetone



1 0 6

a t  f i l t e r e d  h o t  and r e c r y s t a l l i z e d  by s lo w ly  c o o lin g  to  -2 0 ° 0 .

The c r y s t a l s  w ere re c o v e re d  by f i l t r a t i o n  and washed w ith  co ld  ace to n e .

2 , 4* Drugs and Enzymes.

A gen ero u s g i f t  o f  50 g  o f  a l ly l i s o p ro p y la c e ta m id e  (AIA) 

from  Roche P ro d u c ts  L td . ,  Weli-yn Garden C ity ,  H e r t s . ,  i s  g r a t e f u l l y  

acknow ledged. D ie th y l 1 ,4“*cl-thydro-2,4 ? 6 - t r im e th y l  pyridine-3 » 5- 
d ic a rb o x y la te  (DDC) was o b ta in e d  from Eastm an Kodak C o ., R o c h e s te r ,  New 

York 14650  H .S , b -a m in o la e v u lin ic  a c id  and e l e c t r o p h o r e t i c a l l y  

p u r i f i e d  RNase w ere p u rch ased  from  Sigma London C hem icals Co, L td . ,

N o rb ito n  S ta t io n  Y ard , K ingston-upon-T ham es, S u rre y  KTZ YDH.

2 . 5* M a te r ia ls  u sed  i n  R ad iochem ical A ssay .

S i l i c a  g e l  t h i n  l a y e r  s h e e ts  (M a llin c ltro d t "Chromar 1000" 

g la s s  f i b r e  m at, im p reg n a ted  w ith  s i l i c a  g e l ;  t o t a l  th ic k n e s s  1 mm) 

w ere p u rch ased  from  C am lab ., Cam bridge, U.K. P o ly e s te r  s h e e ts ,

400 mm X 200 mm, c o a te d  w ith  s i l i c a  g e l F I5OO, m an u fac tu red  by Camag,

4132 M atternzp  S w itz e r la n d , were su p p lie d  by th e  U.K. d i s t r i b u t o r s .

G r i f f i n  & G eorge, D raeview  P la c e ,  N e rs to n , E a s t K i lb r id e ,  S c o tla n d .

The Camag h i^ . - v o l t a g e  e le c t r o p h o r e s i s  (HVE) a p p a ra tu s  c o n s is te d  o f  one 

HYE c e l l  ( Camag 6IOO) w hich c o n ta in e d  a  s in g le  w a te r  co o led  p l a t e ,  one 

s a f e ty  c a se  (Camag 62000) and a  HV-power su p p ly  (Camag 63OOO) (o u tp u t 

O-5OOOV d .c ,  a t  maximum c u r r e n t  o f 250ïï]A). A ll  a c c e s s o r ie s  f o r  t h i s  

Camag H\^E a p p a ra tu s  w ere o b ta in e d  from G r i f f in  & G eorge, D raeview  P la c e , 

N e rs to n , E a s t K i lb r id e ,  S c o tla n d . N in h y d rin  was p u rch ased  from  K och-L igh t
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L a b o ra to r ie s  L td * , Colnbrook? Bucks*? U.K* M icrofuge tu b e s  (p o ly 

e th y le n e ) ,  46 mm X 4*6 mm? were s u p p lie d  by Beckman, G le n ro th e s , F i f e ,  U,K«

2 . 60 R eag en ts  f o r  th e  C o lo u r im e tr ic  A ssay .

4 -B im ethy l-am inobenzaldehyde  was s u p p lie d  by Anderman & Co, 

L t d . ,  B a t t le b r id g e  H ouse, 87-95 Tooley S t . ,  London S .E . l ,  th e  U.K. 

d i s t r i b u t o r s  o f  E. Merck L a b o ra to ry  C hem icals,

2o 7 R a d io iso to p e s  and M a te r ia ls  f o r  L iq u id  S c i n t i l l a t i o n  C oun ting

[2-^'^cJ g ly c in e  ( 52-56  mCi/mmol) and |^5»5““̂ ij] 6 -am ino- 

la e v u 3 .in ic  a c id  (2 mCi/mmol) w ere pu rch ased  from  The R ad iochem ical C e n tre , 

Amershajn, B u c k s ., U.K. N u c lea r E n te r p r is e s  (G .B ,) L t d . ,  S i g h t h i l l ,  

E d in b u rg h , s u p p lie d  IM hyaraine h y d ro x id e  in  m ethano l and K och-L ight 

L a b o r a to r ie s ,  C olnbrook , B u c k s ., s u p p lie d  2,5™ dlphenyl o x a z o le . Toluene 

b ased  s c i n t i l l a t i o n  f l u i d  was p re p a re d  by d i s s o lv in g  5 g 2 , 5 -d ip h e n y l 

o x azo le  i n  1 l i t r e  o f  A n a la r  to lu e n e  a t  room te m p e ra tu re .

2 , 6 .  M a te r ia ls  u sed  d u r in g  In c u b a tio n s  o f  C u ltu re d  L iv e r  C e l ls

w ith  RNA.

BEA E-dextran (M.W. 2 x  10^) and d e x tra n  s u lp h a te  (M.W, 500,000) 

w ere o b ta in e d  from  P harm ac ia , U p p sa la , Sweden,
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2 . 9, M isc e lla n e o u s

Doclonaji Spinco  L td . ,  P alo  A lto ,  C a l i f o r n ia ,  U oS., s u p p lie d  

th e  c e l lu lo s e  n i t r a t e  tu b e s  1 ,6  era x 7 .6  ora f o r  th e  T itan ium  50 R o to r 

and 2*54 cm x  8*89 cm f o r  th e  SVJ 27 r o t o r .  15 ml and 50 ml Corex h ig h  

speed  c e n t r i f u g e  tu b e s  made by C orn ing  G lassw a re , N u tle y , New J e r s e y ,  U eS,, 

were s u p p lie d  by t h e i r  UJC, d i s t r i b u t o r s .  A, G allenkam p & Co, L td . ,  

D raeview  P la c e ,  N e rs to n , Glasgow G74 5KJo

METHODS

B io lo g ic a l  method

1.  1, C u ltu re d  Chick Embryo L iv e r  C e ll System

In s tru m e n ts  were s t e r i l i z e d  by im m ersing in  7O70 e th a n o l f o r  

10 m in. The eggs w ere swabbed w ith  70% e th a n o l .  The egg was c rack ed  

n e a r  th e  a i r  space  and th e  p ie c e s  o f  s h e l l  rem oved. U sing  s t e r i l i z e d  

f o r c e p s ,  a  p o r t io n  o f  egg  membrane and c h o r io a l la n to ic  membrane were 

p u n c tu re d . The embryo was removed th ro u g h  t h i s  h o le  in to  a  s t e r i l e  

p e t r i  d is h  (10 cm d ia m e te r ) .  U sing  fo rc e p s  and s c i s s o r s ,  th e  l i v e r  was 

removed a s c e p t i c a l l y  and im mersed in  CIW in  a n o th e r  w eighed p e t r i  d is h .  

T h is  p ro ced u re  was r e p e a te d  w ith  th e  o th e r  eggs u n t i l  enougii t i s s u e  had 

been  o b ta in e d . These l i v e r s  w ere th en  c u t in to  sm a ll p ie c e s  u s in g  f in e  

s c i s s o r s  and f o r c e p s .  The CMP medium was d is c a rd e d  and re p la c e d  w ith  

20 ml o f 0 , 25% t r y p s in  in  CMP a t  57°0 , C e l ls  were t r y p s in iz e d  f o r  

15 min a t  57^0 in  a  h u m id if ie d  in c u b a to r .  The t r y p s in  s o lu t io n  was
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d is c a rd e d  and th e  t i s s u e  was washed tw ic e  w ith  f r e s h  CM'' a t  room 

te m p e ra tu re  in  a  u n iv e r s a l  b o t t l e .  The t i s s u e  was im m ed ia te ly

d i s s o c ia te d  in  a  sm a ll volume o f  CMP by re p e a te d  (lO x) a s p i r a t i o n  and

th e n  th e  c o n c e n tra te d  c e l l  su sp e n s io n  was added to  10 ml EC and th e  

a s p i r a t i o n  p ro c e d u re  (10%) r e p e a te d .  The u n d is s o c ia te d  t i s s u e  frag m en ts  

w ere a llo w ed  to  sed im en t and th e n  rem oved. U sin g  a  C o u lte r  c o u n te r

0 .1  ml was c o u n te d . The volume o f  th e  suspension , was a d ju s te d  (w ith

EG a t  37°0) to  g iv e  a  c e l l  d e n s i ty  o f  ap p ro x im a te ly  5 % 10^ c e l l s  p e r  m l. 

N ine ml a l iq u o t s  o f  c e l l  su sp e n s io n  were t r a n s f e r r e d  to  10 cm p e t r i  

d is h e s ?  fo llo w e d  im m ed ia te ly  by 1 ml o f  c a l f  serum . The d is h e s  were 

s w ir le d  q u i t e  v ig o ro u s ly  to  e n su re  tho ro u g h  m ix ing  and th e n  in c u b a te d  f o r  

18 to  22 h o u rs  in  a  h u m id if ie d  in c u b a to r  a t  57^0 m a in ta in e d  a t  an 

a tm o sp h ere  o f  5% (v /v )  CO  ̂ i n  a i r ,  20 to  $0 x 10^ c e l l s  p e r  p la te  gave 

good dense  m o n o lay e rs . A f te r  th e  a p p ro p r ia te  tim e o f in c u b a tio n ?  th e  

d is h e s  were removed and th e  v i a b i l i t y  o f  th e  m onolayers was checked u s in g  

an  in v e r t e d  m ic ro sco p e ,

1 , 2 . In c u b a t io n  o f  C u ltu re d  Chick lümbryo L iv e r  C e l ls  w ith

RNA, AIA o r  DDC.

When th e  c o lo u r im e tr ic  a s s a y  was u sed  to  m easure th e  ALA-S 

a c t i v i t y ?  i t  was n e c e s s a ry  to  u se  2 x 10 cm p e t r i  d is h e s  o f  c u l tu r e d  

c e l l s  and 10 ml o f  EG, c o n ta in in g  ap p ro x im a te ly  2 mg RNA p e r d is h .  

T h e re fo re ,  th e  RNA to  be t e s t e d  was d is s o lv e d  in  18*5 oil o f  EG (which 

c o n ta in e d  no g lu c o se , v ita m in s  and amino a c i d s ) .  I t  was im p o r ta n t t h a t  

th e  c u l tu r e  medium (e c ) u sed  to  d is s o lv e  th e  RNA sh o u ld  be f r e e  from 

g lu c o s e , w hich g iv e s  a  d a rk  c o lo u r  in  th e  c o n d i t io n s  o f  th e  o r c in o l  

r e a c t i o n ,  0<,5 ml o f  t h i s  s o lu t io n  'was removed f o r  a c c u ra te  d e te rm in a tio n
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o f  th e  ENA c o n c e n tr a t io n  by th e  o r c in o l  method (H u tch iso n  & Munro? I 96I ) .

2 ml o f  E ag les  g lu co se?  v ita m in s  and amino a c id s  s o lu t io n  (10%) were 

th e n  added to  com plete  th e  EC mediimi. Only 2 d ish e s?  each  tim e , were 

removed from  th e  In c u b a to r , The medium was s u c tio n e d  o f f  by a  p a s te u r  

p i p e t t e  and th e  m ono layers in  b o th  d ish e s  washed 5 tim es  w ith  EC ($ 7 ^ c ) ,

10 ml o f  th e  EC/RNA s o lu t io n  were added to  each  d is h  and b o th  d is h e s  were 

r e tu r n e d  to  th e  same h u m id if ie d  in c u b a to r  (37°C) f o r  5*5 h o u rs .  S ince  

th e  ra d io c h e m ic a l a ssay ?  when u sed  to  m easure th e  ALA-8 a c t i v i t y ,  

r e q u i r e d  o n ly  1 % 2*5 om d is h  o f  c u l tu r e d  c e l l s ,  th e n  2 ml o f th e  EC/RNA 

was added to  each  d i s h .

AIA (10  mg/ml w a te r)  o r  DDC (20 mg/ml e th a n o l)  was 

a d m in is te re d  e i t h e r  a t  th e  same tim e a s  th e  a d d i t io n  o f  c e l l  su sp e n s io n  

to  th e  p e t r i  d is h e s ,  o r  a f t e r  th e  m onolayers had fo3?med, w ith  th e  f i n a l  

c o n c e n tr a t io n  b e in g  200 pg AIA/ml EG o r  100 pg DDC/ml EC f o r  o p tim a l 

in c r e a s e  i n  ALA-8 a c t i v i t y .

E xperim en ts  in v o lv in g  a d d i t io n  o f DEAE-dextran and d e x tra n  

s u lp h a te  to  RNA p r i o r  to  in c u b a t io n  w ith  th e  c u l tu r e d  c h ic k  embryo l i v e r  

c e l l s  were perfo rm ed  a s  fo l lo w s ,  DEAE-dextran and d e x tra n  s u lp h a te  

d is s o lv e d  in  0*15 M p h o sp h a te -b u ffe re d  s a l i n e  and th e  pH a d ju s te d  to  7*2 

w ith  NaOH, w ere added to  each  RNA p re p a ra t io n  in  q u a n t i t i e s  v a ry in g  from  

0 ,2  mg/ml EC up to  2 ,0  mg/ml EC ( l / l  to  lO / l  r a t i o  o f RNase in h ib ito r/R N A ) 

a s  su g g e s te d  by Maes _et a l . ,  ( 1967 ) and D eckers & P i lc h  ( l9 7 l)*

1® 3 . H a rv e s tin g  o f  th e  C u ltu re d  Chick Embryo L iv e r  C e l ls  f o r  

D e te rm in a tio n  o f  AIA-S A c t i v i ^ .

The medium was removed v ia  p a s te u r  p i p e t t e ,  r in s e d  tw ic e  w ith
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150 inM T ris-H C l and 20 niM EDTA (pH 7*2) and th e n  1 ml o f  th e  same 

Tris-EDTA b u f f e r  was added and th e  c e l l s  removed u s in g  a  ru b b e r  s c r a p e r .  

The c e l l  su sp e n s io n  was t r a n s f e r r e d  to  c e n t r i f u g e  tu b e s  and re c o v e re d  

by c e n t r i f u g a t io n  ( I 5OO rprn f o r  5 min. a t  4^0 , u s in g  a  MSE M is t r a l  6L 

c e n t r i f u g e ,  450 p i  o r  10 p i o f I 50 mM T ris-H C l (pH 7*2) c o n ta in in g  

20 mM EDTA w ere added to  th e  p e l l e t  o f  c e l l s  f o r  u se  in  th e  c o lo u r im e tr ic  

and ra d io c h e m ic a l a s s a y ,  r e s p e c t iv e ly .  The c e l l  su sp e n s io n  was 

t r a n s f e r r e d  to  a  home-made g la s s  h o m ogen isa tion  tu b e  (70  itim x 10 mm) and

hand hom ogenized w ith  a  c lo se  f i t  p e s t l e .  The hom ogenate was th e n

a ssa y e d  f o r  ADA-8 a c t i v i t y  by e i t h e r  th e  c o lo u r im e tr ic  o r  ra d io c h e m ic a l 

a s s a y .

1* 4 ® E x p e rim en ta l A nim als,

Male r a t s ,  w hich were d e r iv e d  from th e  W is ta r  s t r a i n ,  and

b re d  a t  Glasgow U n iv e r s i ty ,  were fe d  ad l ib i tu m  on d i e t  4I  D. They were

u se d  o n ly  a t  w e ig h ts  o f  25O g o r  g r e a t e r .

1* 5* A d m in is tra t io n  o f  AIA and DDC to  E x u erim en ta l A nim als,

H ats  r e c e iv e d  in t r a p e r i t o n e a l  i n j e c t i o n s  o f  0*25 ml (4OO mg 

AIA p e r  kg  body w e ig h t)  in  p ro p y len e  g ly c o l ,  o r  0 ,2 5  ml o f  DDC (200 mg 

p e r  kg  body w e i ^ t )  i n  95% e th a n o l and were s ta r v e d  d u r in g  th e  l a s t  36 -  

48 h o u rs  o f  th e  e x p e r im e n ts . C o n tro l an im als  r e c e iv e d  p ro p y len e  g ly c o l 

o r  95% e th a n o l ,  dep en d in g  on w hich d ru g  had been  a d m in is te re d .
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In d u c t io n  o f ALA*»S in  l i v e r s  o f whole c h ic k  emhryos hy AIA 

o r  DDO was a s  fo l lo w s ,  A f e r t i l i z e d  egg , in c u b a te d  f o r  I 4 -  18 d a y s 5 

was in o c u la te d  u n d er s t e r i l e  c o n d itio n s  th ro u g h  th e  a i r  sac  w ith  0*5 

o f  AIA (10  mg) in  w a te r  o r  0«2 ml o f IDG (4 rag) in  p ro p y le n e  g ly c o l j  v ia  

a  p in h o le  made in  th e  s h e l l ,  The h o le  was co v ered  w ith  s c o tc h  ta p e ,  

and th e  egg was in c u b a te d  in  an u p r ig h t  p o s i t io n  in  a  h u m id if ie d  in c u b a to r  

a t  37°C.

2 . C hem ical m ethods.

2# 1* C o lo u riB ie tr ie  Assay Method f o r  D e te rm in a tio n  o f  ALA-S

A c t i v i ty  in  Crude L iv e r  Homogenatcs,

The c o lo u r im e tr ic  a s s a y  method o f  Dowdle e t  a l , « (1967)5 

s l i g h t l y  m o d if ie d , was u sed  to  d e te rm in e  th e  ALA-8 a c t i v i t y  in  c rude  

hom ogenates o f  r a t  and c h ic k  embryo l i v e r  and c u l tu r e d  c h ic k  embryo l i v e r  

c e l l s .  The t i s s u e  was homogenized in  I 50 mM T ris -H G l, pH 7*2, c o n ta in in g  

20 mM EDTA. 4 % 100 |LL o f  t h i s  homogenate were t r a n s f e r r e d  to  4 m ic ro -  

fu g e  tu b e s  (46  mm x 4®5 mm), each  tu b e  c o n ta in in g  200 mM g ly c in e  in  100 mM 

sodium c i t r a t e ,  pH 7*4* 2 o f  th e s e  m icro fuge  tu b e s  had  an  a d d i t io n a l

100 p i  o f 15% (w /v) t r i c h l o r o a c e t i c  a c id .  The l a t t e r  p a i r  o f a s sa y  tu b e s  

e n a b le d  th e  d e te rm in a tio n  o f  th e  o r ig i n a l  amount o f  ALA p re s e n t  (term ed  

’ t r i c h l o r o a c e t i c  a c id  t r e a t e d ’ ) ,  w h ile  th e  fo rm er p a i r  o f tu b e s  m easured 

th e  in c u b a t io n  g e n e ra te d  ALA (te rm ed  ’ t e s t ’ ) .  A f te r  in c u b a t io n  o f th e  

’ t e s t ’ and ’ t r i c h l o r o a c e t i c  a c id  t r e a t e d ’ hom ogenates in  a  sh ak in g  w a te r  

b a th  a t  57*^0 f o r  1 h o u r , th e  tu b e s  were p la c e d  i n  ic e  and 100 p i o f  15% 

t r i c h l o r o a c e t i c  a c id  added to  th e  ’ t e s t ’ sam ples . A ll  m ix ing  o f  th e
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m icro fu g e  tu b e s  was perfo rm ed  u s in g  th e  BecloTian I 54 M icrom ixer, A f te r  

10 mill a t  O^Cj th e  tu b e s  were c e n t r i f u g e d  f o r  5 rain u s in g  th e  Bsclcman I 52 

M ic ro fu g e , a t  room te m p e ra tu re .  200 p i o f th e  t r i c h l o r o a c e t i c  a c id  

s u p e rn a ta n ts  were t r a n s f e r r e d  to  g la s s  tu b e s  (8 cm x 1 cm) w hich a l re a d y  

c o n ta in e d  100 p i  o f  0 ,6  M sodium a c e t a t e ,  200 p i  w a te r , and 20 p i  ace ty l-»  

a c e to n e  ( r e d i s t i l l e d  tw ic e  b e fo re  u s e ) , The tu b e s  w ere s e a le d  o f f  w ith  

No. 7 ru b b e r  s to p p e r s ,  m ixed th o ro u g h ly  on a  V o rtex  and h e a te d  f o r  10 min 

a t  100^0. A f te r  a  r a p id  c o o l in g  in  ic e  w a te r ,  th e  c o n te n ts  were mixed 

a g a in ,  and th e  s to p p e rs  rem oved. 1 ml o f s p e c ia l  E h r l ic h s  re a g e n t 

(d e s c r ib e d  below ) was added to  each  tube  and th e  c o n te n ts  mixed im m ed ia te ly . 

The g la s s  tu b e s  w ere c e n t r i f u g e d  a t  room te m p e ra tu re  f o r  5 min a t  2000 rpm 

u s in g  th e  KBE M is t r a l  6L i n  o rd e r  to  sed im en t any  c o n ta m in a tin g  p a r t i c l e s  

and d u s t .  The p in k  c o lo u r  r e s u l t i n g  from th e  com plex o f th e  ALA-pjccrole 

w ith  E h r l ic h  r e a g e n t  was a llo w ed  10 min to  d ev e lo p  and th e  o p t i c a l  d e n s i ty  

a t  552 nm was r e a d  a g a in s t  a  r e a g e n t  b la n k  u s in g  4 cm c u v e t te s .  The 

nm olar e x t in c t i o n  c o e f f i c i e n t  f o r  ALA was assum ed to  be 13*7 a t  552 nm. 

Amounts o f  AM form ed were d e te rm in e d  by s u b t r a c t in g  th e  c o n t ro l  v a lu e s  

found  a t  z e ro  tim e in c u b a t io n  ( ’ t r i c h l o r o a c e t i c  a c id  t r e a t e d ’ ) from th e  

■values o b ta in e d  a t  60 min o f  in c u b a tio n  ( ’ t e s t ’ ) .  P ro te in  c o n c e n tra t io n  

in  th e  hom ogenate was d e te rm in e d  by th e  Lowry £ t  a l . ,  (l95 -t) m ethod,

2 , 2 , E h r l ic h s  R eagen t f o r  Use in  th e  C o lo u r im e tr ic  A ssay ,

T h is  r e a g e n t  was p re p a re d  f r e s h  j u s t  p r i o r  to  i t s  u s e ,

2«5 E o f  4“ d im ethy lam inobenzaldehyde  was d is s o lv e d  in  40 ral o f  g l a c i a l  

a c e t i c  a c id .  4 ral o f  th e  HgOlg s o lu t io n  (O.25  g  HgCl^ d is s o lv e d  in  5 ral 

o f  g l a c i a l  a c e t i c  a c id  by g e n t le  h e a t in g )  was added to  th e  4*"d-tmethyl-
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a m in o b e n z a ld e h y d e /a c e tic  a c id  m ix tu re  fo llo w ed  by a d d i t io n  o f  24*5 ral 

o f  p e r c h lo r ic  a c id  ( s p ,  g r .  = 1 . 7 ) w ith  th e  f i n a l  volume made up to  

100 ml w ith  g l a c i a l  a c e t i c  a c id .  T h is r e a g e n t  was f u r t h e r  d i l u t e d  

by an  e q u a l volume o f  d i s t i l l e d  w a te r and s to r e d  a t  O^C u n t i l  u se d .

2 . 3» R ad io ch em ical A ssay Method f o r  M easurem ent o f  ALA-S

A c t i v i ty  in  Crude L iv e r  Homogenates.

The ra d io c h e m ic a l a s s a y  p ro ced u re  u sed  f o r  m easurem ent o f  

AIjA-S a c t i v i t y  in  c rude  l i v e r  hom ogenates was d ev e lo p ed  in d e p e n d e n tly  

o f  th e  e x i s t i n g  i s o to p i c  m ethods o f  I r v in g  & E l l i o t t  ( I 969 ) ,  E b e r t £ t  ^ 1 . ,  

(1970)5  and E reshney  & P au l (1970 ) .  The t i s s u e  was hom ogenised i n  I 50 mM 

T r i s “HClj pH 7*2, c o n ta in in g  20 mM EDTA. 10 p i  o f  homogenate were 

t r a n s f e r r e d  to  m ic ro fu g e  tu b e s  (p o ly e th y le n e , 46 mm x 4*5 mm) w hich 

c o n ta in e d  10 p i  o f  20 nfi g ly c in e  in  100 mM sodium c i t r a t e ,  pH 7*4s 

1 p C i/a s sa y  tu b e  o f [2-^^C^ g ly c in e  (52-56 mCi/mmol). The tu b e s  were 

th e n  s e a le d ,  m ixed u s in g  th e  Beckman I 54 M icrom ixer, and in c u b a te d  f o r  

40 rain i n  a  sh a k in g  w a te r  b a th  a t  37^0» The r e a c t io n  was s to p p ed  by 

a d d i t io n  o f  5 p i  o f  3O/0 (w /v) t r i c h l o r o a c e t i c  a c id ,  fo llo w e d 'b y  an 

a d d i t io n  o f  5 p i  o f  I 5 mM ALA, w hich a c te d  a s  a  m arker in  th e  e l e c t r o 

p h o re s is  p ro c e d u re . A f te r  I 5 min a t  0°C, th e  t r i c h l o r o a c e t i c  a c id  

p r e c i p i t a t e  wa,s p e l l e t e d  by c e n t r i f u g a t io n  f o r  3 rain u s in g  th e  Beckman 

152 M ic ro fu g e , The p r o te i n  o f th e  sed im en t was d e te rm in ed  (Lowry e t  a l» ,

1951 ) .  5 p i  o f  th e  d e p r o te in iz e d  s u p e rn a ta n t was d is s o lv e d  in  10 ml

o f  a  to lu e n e  b ased  s c i n t i l l a n t  to  d e te rm in e  th e  t o t a l  dpm o f  co u n ts  in  

th e  5 p i  a l iq u o t s  t h a t  w ere a p p l ie d  to  th e  t h i n - l a y e r  s h e e t .  A nother 

5 p i  sam ple was a p p l ie d  to  a  4OO mm x 200 mm s i l i c a  g e l t h i n - l a y e r  s h e e t
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(Camag, S w itz e r la n d )  end e le c tro p h o re s e d ,  u s in g  th e  Camag Î-TVE a p p a ra tu s ,  

f o r  50 min a t  1 30-195  mA and 3 a t  3™5°C in  0 ,0 5  M p h th a la te  b u f f e r

(pH 4®0) c o n ta in in g  0 ,0 1  M EDTA. The t h i n - l a y e r  s h e e t  was d r ie d  w ith

h o t a i r ,  sp ray ed  w ith  O.l^o (w /v) n in liy d r in  in  95% e th a n o l ,  and h e a t  d r ie d  

a g a in  u n t i l  th e  ALA (y e llo w ) and g ly c in e  (p u rp le )  s p o ts  had f u l l y  

d e v e lo p ed . Each ALA s p o t was c u t  o u t ,  p la c e d  in  a  s c i n t i l l a t i o n  v i a l  

c o n ta in in g  1 ml o f  IM hyam ine h y d ro x id e  in  m ethanol and l e f t  a t  60^0 f o r  

30 m in , 10 ml o f  to lu e n e  b ased  s c i n t i l l a t o r  was th e n  added to  each  v i a l

and th e  r a d i o a c t i v i t y  a s sa y e d  by l i q u i d  s c i n t i l l a t i o n  sp e c tro m e try  u s in g  

a  P h i l l i p s  L iq u id  S c in t: 

e f f i c i e n c i e s  o f  63*“?2%.

a  P h i l l i p s  L iq u id  S c i n t i l l a t i o n  A n aly ser PW45IO . was coun ted  w ith

3 . P r e p a ra t io n  o f MA,

3c 1 ,,/ G lassw are  and S o lu t io n s ,

A ll  g la ssw a re  u sed  in  th e  p r e p a ra t io n  was e i t h e r  r in s e d  in  

m e th y la te d  s p i r i t  and flam ed  b e fo re  u se  o r  a u to c la v e d  a,t I 5 p .S o i ,  f o r  

30 m in , and a l l  s o lu tio n s ,w h e n  p o s s ib le ,  were s t e r i l i z e d  by a u to c la v in g  

to  remove c o n ta m in a tin g  n u c le a s e s .

3* 2 , P r e p a ra t io n  o f  Ribosom al ENA.

W ith m inor m o d if ic a t io n s ,  r ib o so m a l ENA (rRNA) was i s o l a t e d  

from  r a t  l i v e r  and p w r if ie d  by th e  method o f  P a r is h  & K irby  (1966 ) .  

T re a te d  and c o n t ro l  r a t s ,  f a s t e d  f o r  36 to  48 h o u rs  to  d e p le te  l i v e r  o f 

g ly co g en , were a n a e s th e t i s e d  w ith  e th e r  and k i l l e d  by e x s a n g u in a tio n .
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The l i v e r  was im m ed ia te ly  b u r ie d  i n  cubed ic e  and f r e e d  from f ib ro u s  

m a te r ia l  and  any a d h e s io n s . A bout«01 g  o f each  l i v e r  was removed f o r  

a s s a y  o f  endogenous ALA-S a c t i v i t y .  The rem a in d er was w eighed as  

q u ic k ly  a s  p o s s ib le  (a  t o t a l  o f 12 ■» I 4 g was c o n v e n ie n t)  and hom ogenized 

a t  0°C in  10 volum es o f  ic e  co ld  6% 4”-a iJ i in o sa lic y la te , 1% NaCl, 1% sodium 

t r i - i s o p r o p y ln a p th a le n e  su lp h o n a te  and 6% 2 -b u ta n o l by 6 p a s se s  in  a  

c lo s e  f i t  t e f l o n / g l a s s  hom ogen iser. The homogenate was t r a n s f e r r e d  to  

a  500 ml c o n ic a l  f l a s k  and an  e q u a l volume ( i . e .  11 x w t. o f  l i v e r )  o f 

p h e n o l/m -c re so l/w a te r /S -h y d ro x y q u in o lin e  ( 500 : 7 0 : 5 5 : 0 . 5 ? by volum e) a t  

room te m p e ra tu re  was added . The f l a s k  was shaken  a t  room te m p e ra tu re  

f o r  1 m in. The m ix tu re  was c e n t r i f u g e d  f o r  I 5 m in u tes  a t  12 ,000  g 

(1 0 ,0 0 0  rpm in  a  MSE h ig h  speed  c e n t r i f u g e )  a t  0 -  4 °0 . B e t te r  

s e p a r a t io n  o f  th e  p h ases  was o b ta in e d  i f ,  a f t e r  th e  f i r s t  s p in ,  th e  to p  

l a y e r  p lu s  some o f th e  m a te r ia l  from th e  f l u f f y  la y e r  i s  t r a n s f e r r e d  and 

c e n t r i f u g e d  a g a in .  The u p p er la y e r  was removed by p a s te u r  p i p e t t e ,  th e  

volume m easured  end s u f f i c i e n t  s o l id  NaCl added ( d e p r o te in i s a t io n  a g e n t)  

to  g iv e  a  c o n c e n tr a t io n  o f  A f te r  a  second e x t r a c t io n  w ith  p h e n o l/

m -c re so l /w a te r /8 -h y d ro x y q u in o lin e  a t  room te m p e ra tu re  ( t h i s  tim e f o r  10 min 

w ith  0*5 volum es o f  th e  p heno l m ix tu re ) ,  th e  u p p er l a y e r  was s e p a ra te d  by 

c e n t r i f u g a t io n  in  50 ml Corex tu b e s ,  and th e  volume m easured . Two 

volum es o f  i c e - c o ld  e th a n o l/m -e re s o l  ( 9 :1 ,  v /v )  was added , th e  f la sk . 

shaJcen and a llo w ed  to  s ta n d  in  ic e  f o r  50 “■ 60 m in . The w h ite  p r e c i p i t a t e  

was th e n  spun down ( 25OO rpm f o r  10 min a t  0°C in  a  KSE M is t r a l  6L ), 

washed tw ice  w ith  2% s o d im  a c e ta t e  in  75% e th a n o l and d is s o lv e d  in  0 .1  M 

sodium a c e ta t e  (O ^c). S o l id  NaCl was added to  g iv e  a  f i n a l  c o n c e n tra t io n  

o f  3 M and  th e  s o lu t io n  was s to r e d  a t  -5^0  o v e rn ig h t .  The v e ry  f in e



117

p r e c i p i t a t e  o f  RNA was spun dovm ( I 5 min a t  12 ,0 0 0  g ) , washed tw ic e  

w ith  3 M sodium a c e ta t e  (pH 6) to  remove NaCl, r e s id u a l  DNA and g ly co g en , 

tw ic e  w ith  2% sodium a c e ta t e  i n  75% e th a n o l and tw ic e  w ith  e th a n o l (0 °C ). 

The rRNA was re su sp e n d e d  in  a p p ro x im a te ly  5 ml o f  e th a n o l ,  and s to r e d  

a t  -10°G . V/hen r e q u i r e d ,  th e  a p p ro p r ia te  volume o f  f r e s h ly  a g i t a t e d  

su sp e n s io n  was spun a t  25OO rpm f o r  10 min a t  0^0 and th e  p r e c i p i t a t e  

a llo w ed  to  d r a in .  The ENA c o n te n t  o f th e  RN A /ethanol su sp e n sio n  was 

o f te n  e s t im a te d  by m easurem ent o f  W  a b s o rp t io n  a t  260 nm so t h a t  th e  

amount o f  ENA added  to  c u l tu r e d  c e l l s ,  when d is s o lv e d  in  EC, would be 

a p p ro x im a te ly  0 .2  mg/ml EG ( l  OD 20 pg R M /m l).

3 . 3« P r e p a r a t io n  o f C y to p lasm ic . N u c le a r , P o lyx ib o so m al,

and  T ra n s fe r  RNA,

The p ro ced u re  u sed  was e s s e n t i a l l y  th e  method d e s c r ib e d  by 

Henshaw ( I 968 ) ,  A IA - tre a te d  and c o n t ro l  r a t s  were f a s t e d  f o r  56 -  

h o u rs  to  d e p le te  l i v e r  o f g ly c o g en , and k i l l e d  by e x s a n g u in a tio n . The 

l i v e r s  were b u r ie d  in  cubed i c e  and hom ogenized a s  q u ic k ly  a s  p o s s ib le  

in  2 volum es o f  TE/UMN h o m o g en isa tio n  medium (0«25 M s u c ro s e , 0 .0 2  M 

tr ie th a n o la m in e ,  0 .001  M MgClg, 0 .0 1  M NaCl, 0.1% B aycov in , pH 7*6) in  

a  c lo s e  f i t  t e f I o n / g l a s s  hom ogeniser a t  O^C. About 30 -  50 g o f l i v e r  

was s u f f i c i e n t .  The hom ogenate was spun f o r  10 min a t  15 ,000  g (12 ,000  

rpm i n  sjn 8 x  50 r o t o r  in  a  MSE 18 h ig h  speed  c e n t r i f u g e )  to  remove 

n u c l e i ,  m ito c h o n d r ia  and ly so so m es, and th e  u p p er 3 /4  o f  s u p e rn a ta n t  was 

r e t a in e d  a s  th e  c y to p la sm ic  f r a c t i o n .  N u c lea r and cy to p la sm ic  RNA, 

when r e q u i r e d ,  was e x t r a c te d  from  th e  p e l l e t  and th e  u p p er 3 /4  s u p e rn a ta n t ,  

r e s p e c t iv e l y ,  w ith  p h e n o l/m -c re so l m ix tu re  a s  in  th e  P a r is h  & K irby  (1966 )
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p r e p a r a t io n .  However, i f  p o ly rib o so m al and t r a n s f e r  RNA were d e s i r e d ,  

th e  p e l l e t  was d is c a rd e d .  The cy to p lasm ic  f r a c t i o n  was d iv id e d  3 :1  

f o r  p r e p a r a t io n  o f  c e l l  sap  and po ly ribosom es r e s p e c t iv e l y :  th e  l a r g e r

volume was spun f o r  2 h o u rs  a t  150,000 g (49?000 rpm) a t  2^0 i n  a  T i 50 

r o t o r  u s in g  th e  Beckiman Spinco L-2 65B and th e  s u p e rn a ta n t  r e ta in e d  as  

th e  c e l l  s a p . M eanw hile, th e  re m a in in g  I / 4  o f  c y to p la sm ic  f r a c t i o n  was 

d i s t r i b u t e d  i n  2 ml p o r t io n s  in  13*5 ral (7*6 cm x 1*6 cm) c e l lu lo s e  

n i t r a t e  sp in co  tu b e s .  To each  tu b e  was added 4*2 ml o f  2*3 M su c ro se  in

TEAMN, The tu b e s  were w e ll m ixed and k e p t on i c e  u n t i l  th e  c e l l  sap  was

p re p a re d . H a lf  o f  th e  c e l l  sap  was r e ta in e d  a s  th e  " c e l l  sap  f r a c t io n "  

and th e  rem a in d e r was u sed  f o r  p re p a ra t io n  o f  p o ly rib o so m es a s  fo l lo w s . 

S u cro se  was d is s o lv e d  in  th e  c e l l  sap  a t  0°C to  g iv e  a  c o n c e n tr a t io n  o f  

2 .0  M (p ro lo n g e d  s t i r r i n g  was r e q u i r e d ) ,  and 5 ral p o r t io n s  o f  t h i s  

s o lu t io n  were c a r e f u l ly  in tro d u c e d  u n d er each  c y to p la sm ic  p r e p a r a t io n  in  

th e  tu b e s .  These tu b e s  were spun f o r  4 h o u rs  a t  150 ,000  a t  0 -2^0  and th e  

u p p e r  l a y e r s  were rem oved. In  o rd e r  to  p re v e n t c o n ta m in a tio n  by 

membranous e lem en ts  a d lie r in g  to  th e  w a ll ,  th e  to p  o f  th e  tube  was c u t o f f

(a b o u t 1 /2  in c h  from  th e  b a s e ) .  The tu b e s  w ere q u ic k ly  in v e r te d  and

d radned  and th e  p e l l e t s  ta k e n  up in  TEAMN s o lu t io n  by s t i r r i n g  w ith  a  

s t e r i l e  g la s s  ro d  fo llo w e d  by g e n t le  h o m o g en isa tio n  by hand in  a  c lo s e  f i t  

t e f l o n / g l a s s  h o m ogen iser. The " c e l l  sap" and "po ly ribosom e" p r e p a ra t io n s  

o b ta in e d  a s  above were e x t r a c te d  tw ice  w ith  p h e n o l/m -c re so l a s  in  th e  

P a r is h  & K irb y  ( I 966) rRNA p r e p a r a t io n ,  RNA was p r e c i p i t a t e d  from  th e  

aqueous p h ases  by th e  a d d i t io n  o f 2 volum es o f e th a n o l/m -c re s o l  a t  O^C, and 

th e  f l a s k  a llo w ed  to  s ta n d  in  ic e  f o r  30 ™ 60 m in. The p r e c i p i t a t e  was 

spun dov/n, washed tw ic e  w ith  2% sodium a c e ta te  in  75% e th a n o l ,  and tw ic e  

w ith  e th a n o l .  The RNA was s to r e d  under e th a n o l a t  —5°C.
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The a l t e r n a t i v e  te c h n iq u e  u sed  f o r  i s o l a t i o n  o f  RNA from  

p o ly rib o so m es was th e  method d e s c r ib e d  by Brawerman ejfc , (1 9 7 2 ).

A ll  o p e ra t io n s  were c a r r i e d  o u t sd  0~4°G. F o r e x t r a c t i o n  o f  th e  t o t a l  

p o ly rib o so m a l RNA, th e  po ly rib o so m es were d i l u t e d  i n  s t e r i l e  w a te r 

( c o n c e n tr a t io n  was low er th a n  50 ^2$0  '^ ^ b t/m l) , 0 .1  volume o f 5% SBS 

and o f  1 M T r is  (pH 9®0) fo llo w e d  by 1 volume o f  88% (v /v )  phenol 

e q u i l i b r a t e d  w ith  w a te r .  The m ix tu re  was shaken  f o r  10 min and th e  

aqueous phase  ( in te r p h a s e  p lu s  pheno l ph ase) was r e - e x t r a c t e d  w ith  0 .1  M 

T r i s  (pH 9®0) and th e  two aqueous phases were com bined. The aqueous 

phase  was r e - e x t r a c t e d  a t  l e a s t  3 tim es  w ith  68% p h e n o l. T h is  se rv ed  

to  remove r e s id u a l  p r o te in  a s  w e ll a s  th e  re m a in in g  SDS, The RNA was 

p r e c i p i t a t e d  by a d d i t io n  o f  2 .3  volum es o f  e th a n o l and 0 .1  volum es o f  

1 M NaCl and s to r e d  o v e rn ig h t  a t  -10°G , The p r e c i p i t a t e  was c o l le c te d  

by c e n t r i f u g a t io n  and washed tw ic e  w ith  2% sodium a c e ta t e  in  75% e th a n o l, 

tw ice  w ith  e th a n o l ,  and s to r e d  in  e th a n o l a/b -3 °8  u n t i l  u se d .

3 . 4® Hot P henol -  Sodium B odecyl S u lp h a te  Technique f o r

P o ly rib o so m a l and T o ta l H ep a tic  C e l lu la r  RNA.

T his  was c a r r i e d  o u t e s s e n t i a l l y  a s  d e s c r ib e d  by Burdon & 

C lason  ( 1969 ) .  P o ly rib o so m es w ere i s o l a t e d  from r a t  l i v e r s  by th e  

Henshaw ( I 968 ) m ethod, P o ly rib o so m a l RNA o r  t o t a l  c e l l u l a r  RNA from 

r a t  l i v e r s  were i s o l a t e d  by th e  fo llo w in g  p ro c e d u re . The po ly ribosom es 

o r  r a t  l i v e r  was hom ogenised in  0 ,0 5  M ammonium a c e ta t e  (pH 5 * l)  

c o n ta in in g  0,1% SI)S (w /v) b u f f e r  and shaken  a t  60^0 f o r  5 min w ith  an 

e q u a l volume o f  80% (v /v )  pheno l e q u i l ib r a t e d  w ith  th e  same b u f f e r .  The 

r e s u l t a n t  em ulsion  was s e p a ra te d  by c e n t r i f u g a t io n  a t  10 ,000 g f o r  10 min
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i n  a  MSE 18 h ig h  speed  c e n t r i f u g e  a t  4^0. The aqueous phase p lu s  

in te r p h a s e  was th e n  r e - e x t r a c te d  w ith  an eq u a l volume o f  p h e n o l/0 .0 5  M 

ammonium s u lp h a t e /0,1% SIS (pH 5®l)« The aqueous phase from  th e  

e x t r a c t i o n  wras p r e c i p i t a t e d  w ith  2 volum es o f  95% a lc o h o l  c o n ta in in g  

0 .2  M NaCl and s to r e d  a t  -20^C f o r  18 h o u rs . The p r e c i p i t a t e  was 

c o l l e c t e d  by c e n t r i f u g a t io n  a t  2500 rpm f o r  10 min a t  4 °0 , washed tw ic e  

w ith  2% sodium a c e ta t e  in  75% e th a n o l ,  tw ice  w ith  a b s o lu te  a lc o h o l and 

s to r e d  in  e th a n o l a t  -5 ^ 0 .

5« 5® P u r i f i c a t i o n  o f  mRNA by A d so rp tio n  on M ill ir jo re  F i l t e r s ,

The RNA, e i t h e r  p o ly rib o so m al i s o l a t e d  by th e  Henshaw ( 1968) 

Burdon & C lason ( I 969 ) o r  Brawerman e t  a l , ,  ( l9 7 2 )  m ethods, was d is s o lv e d  

in  580 mM KCl, 10 mM T r is  (pH 7*6) and 1 mM HgClp, a t  c o n c e n tr a t io n  o f 

Del to  0 .3  m g/m l, was p assed  s lo w ly  th ro u g h  a  n i t r o c e l l u l o s e  m i l l ip o r e  

f i l t e r  (25  ]Bm d ia m e te r ,  0*22p po re  s iz e )  p reso ak ed  in  th e  same s o lu t io n ,  

a t  a  r a t e  o f  a p p ro x im a te ly  1 drop  p e r  second . The q u a n t i ty  o f  RNA 

ad so rb ed  on a  s in g le  f i l t e r  was n o t d e te rm in e d . The f i l t e r  was c u t  in to  

sm a ll p ie c e s  and th e  ad so rb ed  m a te r ia l  was e lu te d  w ith  an ic e - c o ld  

s o lu t io n  o f  Co5% 8BS (v /v )  in  0«1 M T r is  (pH 9 « 0 ), The f i l t e r  was k e p t 

i n  1 ml o f  t h i s  s o lu t io n  f o r  ab o u t 38 min w ith  o c c a s io n a l  shalcing. The 

f l u i d  was removed and th e  f i l t e r  washed w ith  1 ml o f  0 ,1  H T r is  (pH 9 « 0 ), 

T h is  was com bined w ith  th e  f l u i d .  The RNA s o lu t io n  was c h i l l e d  to  4^8 

and r e p e a te d ly  c e n t r i f u g e d  to  remove a l l  t r a c e s  o f SBS, The s u p e rn a ta n t  

was made 200 mM w ith  NaCl and th e  RNA p r e c i p i t a t e d  w ith  2 volum es o f  95% 

e th a n o l .  A f te r  24 h o u rs  a t  -lO ^C , th e  RNA was p e l l e t e d ,  washed tw ice  

w ith  95% e th a n o l ,  tw ic e  w ith  a b s o lu te  a lc o h o l ,  and s to r e d  in  e th a n o l a t  -5°C,
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3* 6 . O lig o d eo x y th y m id y la te -C e llL ilo se  Chrom atography

o f T o ta l C e l lu la r  H ep a tic  M A,

The p ro ced u re  u sed  h e re  i s  e s s e n t i a l l y  t h a t  d e s c r ib e d  by 

A viv & L eder (1 9 7 2 ). A ll  ch rom atog raph ic  o p e ra t io n s  were perform ed  a t  

room te m p e ra tu re  w ith  a l l  g la ssw a re  and re a g e n ts  (e x c e p t f o r  o l ig o  

d ( T ) - c e l lu lo s e )  h a v in g  been  a u to c la v e d . A pprox im ate ly  240 OD^^^ u n i t  

o f  t o t a l  c e l l u l a r  RNA i s o l a t e d  from  r a t  l i v e r s  by th e  method o f  Burdon & 

C lason  (1969)5  was d is s o lv e d  in  th e  a p p l ic a t io n  b u f f e r  c o n ta in in g  0 .0 1  M 

T ris-H C l (pH 7»5)? 0 .5  M KCl was a p p lie d  to  a  2 ml (ab o u t 1 g  d ry  w e ig h t) 

o l ig o  d ( T ) - c e l lu lo s o  column p re v io u s ly  washed w ith  th e  a p p l ic a t io n  b u ffe r*  

The n o n -ad so rb ed  m a te r ia l  was e lu te d  by c o n tin u e d  w ashing  w ith  th e  

a p p l i c a t io n  b u ffe r*  Ttie m a te r ia l  r e ta in e d  by th e  column was e lu te d  by 

O9OI M T ris-H C l (pH 7*3)? im m ed ia te ly  p r e c i p i t a t e d  i n  2 volum es o f e th a n o l 

and s to r e d  a t  -lO^C f o r  24 hours* The ENA was p e l l e t e d ,  washed tw ice  

w ith  2% sodium a c e ta t e  in  75% e th a n o l ,  tw ice  w ith  e th a n o l and s to r e d  in  

e th a n o l a t  -5^0*

3 . 7* F r a c t io n a t io n  o f  RNA on P o ly ac ry lam id e  G e ls .

G els were p re p a re d  a s  d e s c r ib e d  by L oening  ( I 967 ) .  Hig^i 

m o le c u la r  w e ig h t ENA was exam ined by e le c t r o p h o r e s is  on g e ls  c o n ta in in g  

2 «5% (w /v) a c ry la m id e  find low m o le c u la r  w eigh t m a te r ia l  was exam ined in  

g e ls  c o n ta in in g  7*5% (w /v) ac ry la m id e  in  a  v e r t i c a l  tu b e  system  by th e  

fo llo w in g  p rocedure*  The fo llo w in g  s to c k  s o lu t io n s  were p re p a re d  

(a c ry la m id e  and m ethy lene  b is a c ry la m id e  were p u r i f i e d  a s  d e s c r ib e d  in  

MATE1ÎIALS 2 , 3 ) : **’ (a )  30% (w /v) a c ry la m id e , 1*5% (w /v) m ethy lene
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b is a c ry la m id e  in  d i s t i l l e d  w a te r ,  (b ) 30% (w /v) a c ry la m id e , 1% (w /v) 

m e thy lene  b is a c ry la m id e  in  d i s t i l l e d  w a te r , (c )  1% (v /v )  

te tra m e th y le th y le n e d ia m in e  in  d i s t i l l e d  w a te r ,  (d ) 2.8% (w /v) ammonium 

p e r s u lp h a te  in  d i s t i l l e d  w a te r ,  (e )  e le c t r o p h o r e s i s  b u f f e r  c o n s i s t in g  

o f  36 mM T r i s ,  30 mM NaE^PO , 1 mM EDTA, and 0.2% 81)8 (pH 7*7 ™ 7 .8 ) .

The 2*3% g e ls  w ere p re p a re d  by m ix ing  th e se  s o lu t io n s  a s  fo llo w s : -  

0 .8 3  p a r t  (a ) ,  1 p a r t  ( c ) ,  0*4 po-rt ( b ) ,  1 p a r t  (e ) ,  and 6 .8  p a r t s  

d i s t i l l e d  w a te r . 7*5% g o ls  were p re p a re d  a s  fo l lo w s :  -  2 .5  p a r t s  (b ) ,

1 p a r t  ( c ) ,  0 .4  p a r t  ( b ) ,  1 p a r t  ( e ) ,  and 5 p a r t s  w a te r .  The p re p a re d  

s o lu t io n s  w ere c a r e f u l ly  m ixed to  av o id  a e r a t io n  and 3 ml a l iq u o ts  were 

r a p id l y  p ip e t t e d  i n to  v e r t i c a l  I 50 mm x 10 mm p e rsp e x  tu b e s .  W ater was 

th e n  c a r e f u l ly  la y e re d  o v er th e  s o lu t io n  u s in g  a  s y r in g e .  The 2 «5% 

g e ls  s e t  in  a p p ro x im a te ly  I 5 min and th e  7*5% g o ls  in  ab o u t 2 m in. A ll  

g e l s  were p r e - e le c t r o p h o r e s e d  a t  5 mA./gel f o r  50 min b e fo re  RNA (40  -  100 pg) 

d is s o lv e d  in  0 .0 5  ml o f  e l e c t r o p h o r e s is  b u f f e r  c o n ta in in g  2 d rops o f  

g ly c e r o l  and 1 d rop  o f 1% brom ophenol b lu e  m arker dy e , was la y e re d  on th e  

to p .  Tlie g e ls  w ere e le c tro p h o re s e d  a t  5 mA/gel u n t i l  th e  m arker was 

a p p ro x im a te ly  1 cm from  th e  end o f th e  g e l (u s u a l ly  1 h o u r ) .  The g e ls  

w ere th e n  rem oved, s ta in e d  in  0*1% (w /v) to lu id in e  b lu e  in  d i s t i l l e d  w ate r 

f o r  58 m in and a f t e r  d e s ta in in g  o v e rn ig h t ,  were scanned  a t  260 nm in  th e  

l i n e a r  t r a n s p o r t  a t ta c h m e n t f o r  th e  G ilfo rd  24O re c o rd in g  sp e c tro p h o to m e te r .

3 . 8 . F r a c t io n a t io n  o f RNA by S ucrose  D e n s ity  C e n tr i f u g a t io n .

The m ethod u se d  was a  m o d if ic a t io n  o f  t h a t  d e s c r ib e d  by 

G ira rd  ^ t  , ( I 965 ) .  Hp to  5 mg o f  RNA in  a p p ro x im a te ly  1 ml o f  LETS 

b u f f e r  ( 0 ,005  M T ris -H C l, pH 7 .2 ,  0 .01  M EDTA, 0 .1  M L iC l, and 0,55% SDS)
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was la y e r e d  on to  a  3 7 «5 m l, 15-48% l i n e a r  su c ro se  d e n s i ty  g r a d ie n t  in  

LETS b u f f e r  i n  a  2 ,5 4  cm d ia m e te r  x 8 ,8 9  cm c e l lu lo s e  n i t r a t e  tu b e . 

C e n t r i f u g a t io n  was f o r  $2 h o u rs  a t  131,800 g (27 ,000  rpm) and a t  2°C in  

th e  SW 27 r o t o r  o f  a  Beckman model L2 65’B u l t r a c e n t r i f u g e .  G ra d ie n ts  

w ere e lu te d ,  by th e  u se  o f a  p e r i s t a l t i c  pump, th ro u g h  th e  flow  c e l l  o f  

a  G i l fo rd  24O re c o rd in g  sp e c tro p h o to m e te r  and th e  e x t in c t io n  a t  260 nm 

was c o n tin u o u s ly  m o n ito re d . 28S, IBS, and low m o le c u la r  w eigh t RNA 

f r a c t i o n s  were c o l le c t e d  and th e  RNA was p r e c i p i t a t e d  by 2 volum es o f  95% 

e th a n o l and s to r e d  a,t -lO^C f o r  24 h o u rs . The RNA was c o l le c te d  by 

c e n t r i f u g a t io n ,  washed tw ic e  w ith  2% sodium a c e ta t e  in  75% e th a n o l ,  tw ic e  

w ith  e th a n o l ,  and s to r e d  in  e th a n o l a t  -5 ^ 8 ,
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